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INTRODUCTION

Essential processes in the regeneration of an injured muscle are the proli-
feration of satellite cells and vascularization. Myogenesis and angiogenesis
are a prerequisite for the subsequent morphological and functional healing
of the injured muscle. It leads to rebuilding of the damaged myocytes and
vessels, restoration of the blood flow and restoration of the oxygen supply
to the tissue. NO plays a key role because it can act as a signal molecule and
vasodilator, and can promote activation of several growth factors which are
extracellular signals regulating functions of muscular, vascular and nervous
systems (Fillipin et al. 2009, Kuang et al. 2008).

NO mediates expression of cytoskeletal proteins in response to mecha-
nical stimuli and is essential for the addition of sarcomeres when working
length is chronically increased. NO, as a cellular mediator in signal trans-
mission, can use several signalling pathways such as activation of guanylyl
cyclase, inhibition of cytochrome c oxidase in the mitochondrial electron
transport chain or S-nitrosylation of transcription factors, including AP-1
(activator protein-1 controls about 80 genes), NF-sB (nuclear factor xB
controls about 300 genes) and HIF-1 (hypozia-inducible factor-1 controls
200 genes) (Lima-Cabello et al. 2010, Lira et al. 2010, Fillipin et al. 20009,
Kuang et al. 2008).

NO is generated continuously by skeletal muscle through the conversion
of L-arginine to L-citrulline by the nitric oxide synthase (NOS), a produc-
tion that is increased by contractions. A skeletal muscle normally expresses
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the neuronal (type I or nNOS), the inducible (type IT or iNOS) and the en-
dothelial (type III or eNOS) isoforms of NOS. nNOS is strongly expressed
in fast-twitch muscle fibres and localized to the muscle sarcolemma where it
as associated with the dystrophin complex. eNOS is localized to the muscle
mitochondria. Abnormalities in specific isoforms, such as nNOS and eNOS,
have been reported in muscle diseases with mitochondrial deficiencies, in-
dicating that specific NOS activities and expression may be involved in the
pathogenesis of these diseases. Increased nNOS activity and expression we-
re observed in muscle fibbers with mitochondrial proliferation, suggesting
that it is related to mitochondrial biogenesis. However, the exact mecha-
nisms involved in these abnormalities are not clear (Tengan et al. 2012).
nNOS content in human skeletal muscle is 60% higher in athletes than
non-athletes while studies investigating eNOS provided conflicting results
(McConell et al. 2007).

The study was designed to explain whether a single exercise trial in-
creases NO generation and whether changes in NO level are related with
skeletal muscle damage and body composition in non-athletes.

MATERIAL AND METHODS

Subjects. Eighteen healthy untrained women and men participated
in the study (tab.1). All the subjects were informed of the aim of the study
and gave their written consent for participation in the project. The protocol
of the study was approved by the local bioethics committee in accordance
with the Helsinki Declaration.

Body composition. Body mass (BM) and body composition (fat-free
mass FFM and fat mass FM) were estimated with the application of Bio-
electrical Impedance Method (BIA) by using Tanita Body Composition
Analyser BC-418MA (Japan) calibrated prior to each test session in ac-
cordance to the manufacturer’s guidelines. Duplicate measures were taken
with the participant in a standing position; the average value was used
for the final analysis. The recurrence of measurement was 98%. The me-
asurements were taken between 7.00 and 8.00 a.m. before blood sampling.
Additionally, FFM and FM indexes were calculated according to the defini-
tion of Van Itallie et al. (1990): FFMI = FFM(kg) /height(m?) and FMI =
FM(kg) /height(m?). Note that, mathematically, BMI (kg/m?) = FFMI +
FMI. Thus, measured FFMI, FMI and %FM values falling below the values
for a BMI of 18.5 kg/m? were defined as low; measured FFMI, FMI and
%FM values falling in the range for BMI between 18.5 and 25.0 kg/m? were
considered normal, and values above that range were considered high and
very high (Bahadori et al. 2006).



NITRIC OXIDE GENERATION IN RESPONSE. .. 55

Ezercise trial. The incremental and progressive exercise test was perfor-
med on a treadmill Trackmaster TM310 (USA) at the temperature of 22°C
between 8 a.m. and 2 p.m. All subjects began at 4.5 mph running speed and
it was increased by 0.5 mph every 2 min until the maximal level of recorded
parameters was achieved. Breath-by-breath oxygen uptake was continuously
recorded using Oxycon Mobile ergospirometry system (Viasys Healthcare
Inc., USA). Heart rate was continuously recorded during the test using
a portable heart rate telemetry device Polar Sport Tester T61 (Finland).

Blood sampling. Blood samples were taken from the elbow vein at rest,
1 min, 30 min, 24 h and 48 h after exercise. Within 20 min, they were
centrifuged at 1000 x g and +4°C for 10 min. Aliquots of serum were stored
at -70°C.

Table 1

Anthropometric and body composition data in subjects

Women n=6 | Men n=12 | ANOVA HSD Tukey

Age years 21.3 £ 2.2 21.3 £20 p > 0.05
Height cm 165.0 + 3.6 | 184.0 + 10.2 p < 0.01
Weight kg 64.2 + 7.4 81.9 + 17.7 p < 0.01
BMI kg/m? 23.6 £ 3.1 24.0 + 3.8 p>0.05
FFM kg 48.1 + 4.3 70.2 + 11.3 p < 0.001
FFMI kg/m? 177+ 1.6 20.4 + 2.8 p < 0.01
FM kg 16.2 + 4.0 11.7 + 8.1 p > 0.05
FMI kg/m? 6.0 + 1.7 3.3+ 22 p < 0.001
VO2max mL/kg/min 489 £ 1.7 584 £ 79 p < 0.05

Biochemical analysis. Lactate concentration in the capillary blood was
assessed before and at 1 min after exercise trial using LKM 140 Dr Lange Kit
(Germany). Serum myoglobin (Mb) was used as a marker of muscle damage,
and was evaluated by Oxis Research ELISA kit (USA). Mb detection limit
was 5 ng/mL, and the intra-assay coefficient of variation (CV) for the Mb
kit was <6%. Serum nitric oxide (NO) concentration was determined by
using the Oxis Research kit (USA). NO detection limit was 0.5 nmol/mL,
and the intra-assay coefficient of variation (CV) for the NO kit was <10%.

Statistical analysis. Statistical calculations were performed using STA-
TISTICA 10. Statistical significance was assessed by one-way analysis of va-
riances (ANOVA) and a post-hoc test (HSD Tukey). Associations among
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measured parameters were analyzed using Pearson’s linear regression (coeffi-
cient, r). Statistical significance was set at p<0.05. The results are expressed
as mean and standard deviation (mean £ SD).

RESULTS

Body composition (Tab. 1). There were significant differences in bo-
dy composition between women and men and thus significant differences
in BMI. 83% women and men demonstrated normal BMI ranged from 18.5
to 24.9. Figures 1 and 2 show a significantly positive relation between BMI
and FFMI, and the same between BMI and FMI. Normal FFMIs ranged
from 14.8 to 18.5 kg/m? in women, and from 13.6 to 22.4 kg/m? in men
which corresponded very well with studies done by van Itallie et al. (1990),
Schutz et al. (2002) and Bahadori et al. (2006). The FMI values were 3.8 to
7.3 kg/m2 in women, and from 1.2 to 6.2 kg/m2 in men for the normal BMI
ranges. BMI highly correlated with FFMI and FMI (fig.1-2). Furthermore,
FMI significantly correlated with VO2max (r=-0.521, p<0.001). BMI and
FFMI did not correlate with maximal oxygen uptake. This means that fat
mass index composition can be related with VOgomax value.

Myoglobin and nitric oxide (Tab. 2). Mb and NO concentrations signi-
ficantly increased at 1 min after exercise and remained on high level at 24 h
post-exercise. Mb concentration was higher in men than women at 24h and
48h after exercise while NO concentration was similar. The positive cor-
relation was observed between Mb and NO concentrations in both groups
(Fig.3-4). This means that muscle injury following exercise is necessary to
increase in NO production.
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Figure 1. The relationship between a body mass index (BMI) and fat-free mass index
(FFMI); r=0.745, p<0.001.
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Figure 2. The relationship between a body mass index (BMI) and fat mass index (FM);
r=0.731, p<0.001.
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Figure 3. The relationship between myoglobin (Mb) and nitric oxide (NO) in women;
r=0.636, p<0.001.
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Figure 4. The relationship between myoglobin (Mb) and nitric oxide (NO) in men;
1=0.455, p<0.001.
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DISCUSSION

Many studies have demonstrated that intracellular NO production is re-
quired for the exercise adaptation that occurs in cardiovascular system and
skeletal muscles in response to exercises (Anderson 2000, Filippin et al.
2009). Our results demonstrated that incremental exercise elevates NO le-
vel. Contrary to our study, Yamamoto et al. (2007) showed no acute effects
of aerobic exercise on either their serum NO concentration. This result agre-
es with the previous study by Gonzales et al. (2007) indicating a lack of any
significant pre- to post-exercise changes in NO production. Nevertheless, the
authors have stressed that post-exercise NO release requires the further stu-
dy. According to Lima-Cabello et al. (2010) muscle NO production occurs
in signalling pathways controlled by H202. Previously, we observed the si-
multaneous generation of HoOs and NO after running eccentric exercise
(Zembron-Lacny et al. 2010).

Our study demonstrated that elevated NO level was related with muscle
damage induced by incremental exercise. One of the first investigations on
the role of NO in skeletal muscle damage was reported by Anderson (2000)
who mechanically crushed muscle of wild, NO knock-out or NO inhibited
mice and observed very different repair processes to reveal the importan-
ce of NO in damage repair. It followed that NO facilitates the activation
of satellite cells, which are located in the basal lamina of skeletal muscle,
and this is one of the first steps in the repair process. Moreover, it appears
that the beneficial function of NO in damage repair is not just restricted
to satellite cell proliferation and differentiation but also to fusion. Hence,
NO and the signalling agent of NO, cGMP, the antagonist of myostatin,
activate follistatin, which is a negative regulator of myogenesis. Despite the
well described role of NO in the repair of muscle injury, it is possible that
the mechanism controlling the repair after unaccustomed exercise-induced
damage might be different from those after crush injury (Radak et al. 2012).
Interestingly, treadmill running related overuse of tendons results in incre-
ased NO production, which suggests a role in the repair process (Szomor et
al. 2006). The induction of mechanical damage to a gastrocnemius muscle
has been shown to result in increased NO formation, which is believed to
initiate a signalling process for damage repair (Valko et al. 2007). In addi-
tion, the importance of NO to muscle function has been demonstrated as
NO inhibition resulted in severe reduction in walking speed of rats (Wang
et al. 2001).

Recently, it was suggested that NO may affect body composition, and
NO precursor-arginine may offer great promise in preventing and treating
obesity in humans (Wu et al. 2012). Unfortunately, we did not observe any
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relationships between the initial NO concentration and components of body
composition as well as FFMI and FMI. However, the concept of FFMI and
FMI was created in analogy to the BMI and appears to be of interest in the
classification of overweight and overfat patients (respectively underweight
and underlean). The partitioning of BMI into FFMI and FMI is obviously
not possible without associated measurements of body composition. Note
that the original idea of calculating the FFM and FM indexes, in analo-
gy to the BMI, was proposed several years ago. The potential advantage
is that only one component of body weight, i.e. FFM or FM, is related to
the height squared (Schutz et al. 2002). Surprisingly, these indexes have
not found a wide application yet, probably because appropriate reference
standards have yet to be defined. By determining these indexes, quantifica-
tion of the amount of excess (or deficit) of FFM, respectively FM, can be
calculated for each individual. Considering that BMI is the sum of FFMI
and FMI, an increase or a decrease in BMI could be accounted for by a rise
or a drop in one component, in the other or in both components. Therefore,
the advantage of the combined use of these indices is that one can judge
whether the deficit or excess of body weight is selectively due to a change
in FFM vs. FM or both combined (Bahadori et al. 2006, Schutz et al. 2002,
Van Itallie et al. 1990). For example, an individual of 1.95m and 103 kg
has a BMI of 27.1 kg/m? and would be judged as overweight. This would
be true if his FMI is higher than the reference values and conversely if his
FFMI is not simultaneously elevated. FMI for this individual was 6.0 and
corresponded from 1.2 to 6.2 kg/m? in men for the normal BMI ranges
in our study.

In conclusion, exercise-induced skeletal muscle damage is necessary to
generate NO which can play an important role in muscle regeneration and
adaptation to intense exercise. However, our study did not confirm the re-
lationship between NO generation and body composition.
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Generacja tlenku azotu w odpowiedzi na intensywny wysikek fizyczny

Stowa kluczowe: tlenek azotu, mioglobina, sklad ciala, uszkodzenie miesni, wysitek
fizyczny.

Tlenek azotu (NO), jako czasteczka sygnalowa, odgrywa kluczowa role w odbudowie
wtokien miesniowych szczegblnie we wezesnej fazie po uszkodzeniu, inicjujac proliferacje
komorek macierzystych miesni (ang. satellite cells), angiogeneze i synaptogeneze w ak-
sonach motoneuronu, i w efekcie wzrost sity skurczu mie$nia. Celem badan byta ocena
zmian stezenia NO pod wplywem intensywnego wysitku fizycznego, zaleznosci miedzy
generacjag NO a uszkodzeniem miesni szkieletowych i sktadem ciala.

Badania przeprowadzono z udzialem 18-osobowej grupy kobiet i mezczyzn w wieku
21,3 £ 2,0 lat. Badani zostali poddani testowi wysitkowemu o wzrastajacej intensywnosci
do odmowy. Krew pobierano przed wysitkiem, w 1 min, 30 min, 24 godz i 48 godz
po wysitku. W surowicy krwi oznaczono stezenie mioglobiny (Mb; wskaznik uszkodzenia
miesni) i tlenku azotu (NO) metodami immunoenzymatycznymi. Analize sktadu ciala
dokonano metoda impedancji bioelektrycznej (ang. bioelectrical impedance, BIA).

Stezenie Mb i NO wzrosto statystycznie istotnie w 1 min po zakoinczeniu wysil-
ku, i utrzymywalo si¢ na wysokim poziomie do 24 godz po wysitku. Miedzy stezeniem
Mb a NO zaobserwowano dodatnia korelacje (r=0,446, P<0,001). Ponadto wykazano
zaleznos¢ pomiedzy komponentami skladu ciala a maksymalnym pochtanianiem tlenu.
Wskaznik masy tkanki ttuszczowej (ang. fat mass index) korelowal z wartoscia VOzmax
(r=-0,521, P<0,001), ale nie korelowal ze stezeniem NO.

Na podstawie przeprowadzonych badan mozna stwierdzi¢, ze uszkodzenie miesni
wywolane intensywnym wysitkiem fizycznym zwieksza wytwarzanie NO, ktéry moze od-
grywaé istotng role w adaptacji organizmu do wysitku fizycznego.



