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Abstract

Ageing Is associated with an increased susceplibility to free radical-induced tissue damage. One of the most important classes of free
radicals generated in living systems is represented by reactive nitrogen species (RNS), responsible for the so-called nitrosative stress.
It has been shown that physical activity is able to induce up-regulation of antioxidant systems contributing to prevent oxidative stress.
The aim of the present study was to assess whether regular physical activity is able to counteract age-induced nitrosative stress.
Thirty male endurance athletes (average age 70.8 + 6.1 years, VO2max 59.07 + 8.5 mil/kg/min) and thirty age-sex-matched sedentary
controls (average age 71.5 + 4.3 years, VO2max 25.6 + 8.2 ml/kg/min) were studied. Plasma free radlicals antioxidant capacity against
peroxynitrite, one of the most important RNS, was evaluated as Total Oxyradical Scavenging Capacity (TOSC) units. Results. Plasma
TOSC values against peroxynitrite were higher in athletes than in sedentary controls (22.94 + 1.85 vs 15.41 + 1.24 units/ml, p < 0.001).
In the athletes group, TOSC values were related to VO2max (r = 0.44, p < 0.05). In conclusion, these results suggest that regular physi-
cal activity is associated with increased antioxidant defences in elderly athletes. In athletes, a direct correlation between the scavenger
scavenger of the plasma and the VO2max (r = 0.44, p <0.05) was also observed. These results confirm that regular physical activity
practised for many years can determine the best response to nitrosative stress induced by peroxynitrite.
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Riassunto

Linvecchiamento e associato a una maggiore suscettibilita al danno tissutale mediato da radicali liberi. Una delle pit importanti
classi di radicali generati nei sistemi viventi € rappresentata dai radicali liberi dell'azoto (RNS), responsabili del danno cellulare
definito come stress nitrosativo. E stato dimostrato che I'attivita fisica regolare migliori i sistemi antiossidanti dell'organismo,
contribuendo a prevenire e contrastare lo stress ossidativo. L'obiettivo del presente studio & quello di valutare se I'attivita fisica
sia in grado di contrastare lo stress nitrosativo indotto dall'invecchiamento. A tale scopo sono stati reclutati 30 atleti master
di sesso maschile (eta media 70,8 + 6,1 anni, VO, max 59,07 + 8,5 mi/kg/min) e 30 soggetti di controllo (eta media 71,5 = 4,3
anni, VO max 25,6 + 8,2 ml/kg/min) sani, ma con stile di vita sedentario. La capacita antiossidante plasmatica nei confronti del
perossinitrito, uno dei principali RNS, é stata valutata mediante tecnica gascromatografica Total Oxyradical Scavenging Capa-
city Assay (TOSCA). | risultati ottenuti dimostrano che gli atleti anziani presentano una pit alta attivita scavenger plasmatica nei
confronti del perossinitrito rispetto ai soggetti di controllo (22,94 + 1,85 vs 15,41 + 1,24 units/ml, p < 0,007). Negli atleti e stata
inoltre osservata una correlazione diretta tra la capacita scavenger del plasma e il VO, max (r = 0,44, p < 0,05). Tali risultati con-
fermano che l'attivita fisica regolare condotta per molti anni € in grado di determinare una miglior risposta allo stress nitrosativo
indotto dal perossinitrito.

Parole chiave: attivita fisica - stress ossidativo - radicali liberi - perossinitrito

Introduction susceptibility to free radical-induced tissue damage caused
Ageing is one of the most important independent risk factors by a progressive loss of natural antioxidants capacities,
for cardiovascular diseases. It is associated with increased  resulting in increased oxidative stress (1).
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Freeradicals are highly reactive and unstable moleculesin
organic systems produced by oxidative phosphorylation
or as a response to inflammations.

Although a multitude of free radicals exists, those
deriving from oxygen or nitrogen, together defined
as RONS (Reactive Oxygen and Nitrogen Species),
represent the largest class of radicals generated in living
systems (2).

Normally, a delicate balance exists between the
production of oxidant factors, represented by reactive
oxygen species (ROS), and their elimination through
an elaborate system of antioxidant defenses, made
of enzymes being responsible for the conversion of
free radicals and by antioxidant molecules able to
neutralize them, the so-called scavengers. When this
balance is altered in favour of free radical expression,
a condition called oxidative stress is established which
alters the structure and function of proteins, lipids and
nucleic acids, thus inducing cell damage (3)(4). Similarly,
reactive nitrogen species (RNS) as well are in equilibrium
with a buffer system made of scavengers and, as is
the case for ROS, when this balance no longer exists
a condition of cell damage emerges which, given the
type of species involved, is described as nitrosative
stress. The alteration of the RNS / scavenger balance in
vivo has been associated with inflammatory processes,
neurotoxicity and ischemia. In addition, nitrosative
stress frequently coexists with oxidative stress and the
two conditions overlap (5). Among the RNS, the radical
being most associated with neurodegenerative and
cardiovascular diseases was identified in peroxynitrite
(ONOO) (6-8).

It has been shown that although physical activity causes
on one hand an increase in the production of RONS,
especially by increasing the mitochondrial oxidative
processes, on the other hand it stimulates adaptive
phenomena of up-regulation of the body’s antioxidant
systems. This phenomenon contributes to maintaining
the balance between the production of RONS and
scavenger systems by helping to prevent and counteract
oxidative stress (9) (10). The fact that physical activity
can improve the scavenger response of the human body
to oxidative stress has been highlighted in a previous
work against two species of ROS: peroxyl (ROO-) and
hydroxyl (OH-) radicals (11). The aim of this study was
to evaluate how physical activity is able to counteract
nitrosative stress caused by ageing, comparing the
antioxidant activity of plasma to peroxynitrite in a group
of elderly sports amateurs and in an age-matched
sedentary control group.

Materials and Methods

Subjects

Thirty masters runners (males, average age 70.8 + 6.1)
belonging to the Marathon Club of Pisa and practicing
endurance activities for many years (average age 28.4
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+ 10.5) were enrolled in the study. They attended at
least 5 training sessions per week for a total of about
7 hours per week, plus a competitive marathon or half
marathon at least one Sunday a month. Thirty sedentary
healthy volunteers (average age 71.5 = 4.3) were
selected by the cardiology clinic of the Department of
Clinical and Experimental Medicine at the University
of Pisa to form the control group. All subjects were
healthy and free of the main cardiovascular risk factors
on the basis of an accurate medical history, a complete
physical examination as well as a baseline and stress
ECG. They were non-smokers and no one of them
was taking medications or vitamin supplements of any
kind. Athletes and controls showed a maximum oxygen
uptake (VO2max), assessed through a cardiopulmonary
exercise testing (CPET) (QUARK PFT ERGO, Cosmed,
ITALY) respectively higher than 50 ml/kg /min and lower
than 35 ml/kg/min. The study was approved by the
Ethics Committee ‘Comitato Etico di Area Vasta Nord
Ovest’ (CEAVNO) for Clinical Trials, and all the parties
signed a written consent to the study.

Experimental Design

After cannulation of the antecubital vein, the subjects
underwent a blood test (50 ml) under controlled
environmental conditions (temperature 22-24 °C)
at least 48 hours after their last sports activity. The
sample obtained and collected in test tubes containing
dipotassium-ethylenediaminetetraacetic acid (EDTA, 10
| ul/ CC) was immediately centrifuged at 3,000 g for 10
min to obtain plasma samples divided into 500 pl aliquots
and stored in Eppendorf at -80 °C for subsequent
analyses. The evaluation of plasma antioxidant capacity
was performed through TOSCA assay (Total Oxyradical
Scavenging Capacity Assay) (12).

In short, the paper is based on the artificial genesis of
peroxynitrite derivatives at 35 °C from the decomposition
of SIN-1 (3-morpholinosydnonimine N-ethylcarbamide)
in a potassium phosphate buffer 100 mM (pH 7.4) with
0.1 mM of DTPA (diethylene-triamine-pentaacetic acid)
(8). Reactions with KMBA (a-keto-y- (methylthiol) butyric
acid) 0.2 mM were performed in 10-ml vials sealed with
Mininert® gas tight valves (Supelco, Bellefonte, PA) in
a final volume of 1 ml (16). The plasma analyzed was
diluted 1/100 into potassium phosphate buffer 100 mM
(PH 7.4) in a final volume of 1 ml (10 pl plasma + 990 pl
potassium phosphate buffer). The production of ethylene
was measured by gas chromatography analysis of a
200 pl aliqguot taken from the vials’ headspace at regular
time intervals throughout the entire duration of the race.
The analysis was carried out with a Hewlett-Packard
Gas Chromatograph (HP 7820A Series, Andoven, MA)
equipped with a Supelco DB-1 capillary column (30 x
0.32 x 0.25 mm) and a flame ionization detector (FID).
The temperatures of the oven, of the injector and of the
FID were respectively 35, 160 and 220 °C. Hydrogen was
used as a gas carrier (at a flow of 1 ml/min). The TOSCA
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values were calculated with the equation: TOSCA =
100 - (JSA / JCA x 100), where [SA and [CA represent
the integrals of the areas for the sample and the control
reaction, respectively. The results were expressed in
TOSCA units per ml of plasma. A TOSCA value of 0
corresponds to a sample without scavenger capacity
(no inhibition of the formation of ethylene compared to
the control reaction, [SA/ JCA = 1), while a TOSCA value
of 100 corresponds to the maximum efficiency of the
sample analyzed.

The linearity of the dose-response curve between the
plasma (in ml) and the antioxidant response (TOSCA
value) was tested, and good correlation coefficients were
obtained (generally greater than 0.9) for the different
doses of plasma which were used to test the validity of
our experiments. Each experiment was performed twice.
The coefficient of variation (CV) of the method is <5%.

Statistical Analysis

The results were expressed as mean =+ standard
deviation. The differences between the two populations
were measured using the Student t-test. The differences
were considered statistically significant when p <0.05. To
assess any correlation between variables, the univariate
and multivariate linear regression was used.

Results

The two study groups proved similar in terms of age,
weight, height, BMI, systolic and diastolic blood pressure,
blood sugar, total cholesterol and LDL cholesterol (Tab.
l). As expected, the athletes had a significantly lower
heart rate (53.9 + 5.2 vs 65.3 + 9.2, p <0.001) and a
significantly higher VO2max (59.07 + 8.5 vs 25.6 + 8.2,
p <0.001) compared to sedentary controls. Furthermore,
it was found that the plasma concentration of HDL

cholesterol in the group of athletes was significantly
higher than that in the control group (59.7 + 11.3 vs
43.4 = 8.7, p <0.01) (Tab. ). As shown in Figure 1, the
antioxidant capacity against peroxynitrite measured in
the group of athletes was significantly higher than that in
the control group (TOSCA value: 22.94 + 1.85vs 15.41 +
1.24 units / ml, p <0.001).

The analysis of the correlation between variables also
highlighted a direct correlation in the whole population
studied between the antioxidant capacity against
peroxynitrite and the VO2max (r = 0.44, p <0.05) (Fig. 2).
No correlation was found between the other variables
measured.

Discussion

Our group has previously shown that physical activity
can improve the response of the human body against
oxidative stress induced by ROS, in particular by
peroxyl (ROO-) and hydroxyl (OH-) radicals (11).
However, to our knowledge, there are no data on the
effectiveness of exercise in improving the capacity of
the human body to counteract nitrosative stress. This
paper documents the fact that regular physical activity
is also effective in reducing nitrosative stress induced
by ageing. Peroxynitrite has been linked to various
pathologies of the cardiovascular and central nervous
system (6-8). In the human body it is mainly generated
through a process of controlled diffusion between
nitric oxide (NO) and superoxide (O,), according to the
following reaction:

0, +NO ——> ONOO-

This reaction is one of the fastest known in chemistry,
even faster than the dismutation catalyzed by the enzyme

Table 1. Clinical characteristics of the study population (mean + SD).

Athletes Controls
Age (anni) 70,8 = 6,1 715+43
Height (cm) 172,1 + 5,8 173,5+6,2
Weight (kg) 75954 77,2 +6,9
BMI (kg/m?) 23,8+ 2,1 25+16
HR (bpm) 53,9 +52* 65,3 +9,2
SAP (mmHg) 126,3 + 4,2 128,2 + 5,4
DAP (mmHg) 782+52 79,7+538
Blood glucose (mg/dL) 93,0 £ 9,1 92,2 +10,0
Total cholesterol (mg/dL) 185,9 + 21,3 187,4 +17,0
HDL cholesterol (mg/dL) 59,7 = 11,3 43,4 +8,7
LDL cholesterol (mg/dL) 111,8 12,8 117,5+10,2
VO,max (ml/kg/min) 59,07 = 8,5 25,6 + 8,2

*p<0.001; "p<0.01 vssedentary.
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Figure 1. Plasma Antioxidant activity against peroxynitrite in the
group of athletes and sedentary controls. * p < 0.001.
|

superoxide dismutase, one of the most represented
endogenous antioxidants (13).

For its chemical properties, peroxynitrite is considered
an important biological oxidant and a central mediator
of many pathological processes affecting both the
cardiovascular system and the central nervous system
(14). In fact, given its radical nature, it can interact with
all cellular components, including DNA, thus altering
their structure and consequently their function. At a
cellular level, a major production site of peroxynitrite is
represented by the mitochondrion (15), the main source
of O,-~ which combines with NO given the easy diffusion
of the latter from the cytosol to this site (6) (16).

The subsequent reaction of peroxynitrite with mitochon-
drial components irreversibly alters the activity of com-
plexes | and Il of the electron and ATPase transport chain,
thus modifying mitochondrial bioenergetics and calcium

= r=0.44; p<0.05

TOSCA vs. ONOO™ (Units/ml)

10 20 30 40 50 60 70 80
VO, max (ml/Kg/min)

Figure 2. Analysis of the correlation between maximum oxygen
consumption and plasma antioxidant activity against peroxynitrite in
the study population.

-
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homeostasis and ultimately promoting the further forma-
tion of O, (6) (17)(18).

The data collected in this study showed, for the first time,
that the antioxidant activity of plasma for peroxynitrite
derivatives is significantly higher in a group of elderly
people who have done amateur high level running
activities for many years compared to that in sedentary
controls. Our results can therefore assume that exercise
can counteract the damaging effects caused by the
nitrosative stress associated with ageing. This evidence
is supported by the direct correlation between the
scavenging capacity of plasma against peroxynitrite and
VO2max, and shows that the level of fitness and training
and thus the degree of fitness are the main correlate of
the best response to nitrosative stress.

In fact, physical activity is universally recognized as an
important factor in primary and secondary prevention.
Regular physical exercise, in fact, is not only a
fundamental factor which reduces the risk of onset and
progression of arterial hypertension, dyslipidemias,
diabetes and metabolic disorders in general, but has
proven to be extremely important for the direct impact
on mortality (19-23).

However it is assumed that these effects may be fully
obtained only when RONS are produced in physiologi-
cal or slightly higher quantities (24). The excessive pro-
duction of RONS can be the result of a great variety of
stressors ranging from exposure to pollutants to exces-
sive or inappropriate nutrient intake (25). More gener-
ally, any situation in which an increase in oxygen con-
sumption is found can lead to an acute state of oxidative
stress. This condition can then also occur during intense
and / or prolonged exercise (26). Thus, on the one hand
exercise causes an increased production of RONS, es-
pecially through an increase in mitochondrial oxidative
processes, but on the other hand it stimulates adaptive
phenomena rather than oxidative insults thanks to the
increased production of reactive species. A repeated
exposure of cellular systems to an increasing production
of RONS arising from exercise leads, in fact, to an up-
regulation of the body antioxidant systems (9) (10). It is
precisely the alteration of the redox balance, associated
to a smaller environment, that may seem to entail a pro-
tective adaptation to RONS during sequential training
sessions, as well as in case of exposure to conditions
not associated to exercise. The results obtained with the
present work are therefore in favour of the hypothesis
that regular exercise improves plasma antioxidant ca-
pacity and reduces oxidative and nitrosative stress in-
duced by ageing.

Presumably, the increase in antioxidant activity following
physical training is the result of a process of adaptation
according to the principles of hormesis: in response to
a repeated exposure to toxins or stressors of various
origins in limited quantity, the body undergoes a
favourable adaptation which results in an improvement of
physical performance and of general health (27) (28). The
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intermediate level of RONS produced, which is therefore
optimal, apparently leads to a state of equilibrium and
advantage for overall health, whereas a production
being too low or too high leads to an alteration of the
body’s defenses, or to extensive oxidative damage and
inflammation. Although the exact understanding of the
relationship between RONS and exercise still remains
open to interpretation and insights, it is now clear that
both aerobic (29) and anaerobic exercise (30) may
potentially cause acute oxidative and nitrosative stress
through various types of biochemical mechanisms.
Different exercise protocols can induce different levels
of production of RONS, since the oxidative damage they
cause has proved to be dependent on the intensity and
duration of the exercise itself (31). It should be taken into
account, however, that also other factors, including age
(82), degree of training (10) and diet (33) play a crucial
role in the possible alteration of the balance between
antioxidant defenses and pro-oxidant elements. From
a molecular point of view, it is worth considering that
the positive effects of regular physical activity may be
mediated in part by the increased bioavailability of NO

resulting from physical exercise and in part by a RONS-
mediated activation of gene transcription pathways that
ultimately determine a greater production of antioxidant
enzymes. The RONS, in fact, seem to be able to act as
an activation signal of a series of molecules that in turn
activate nuclear transcription factors being sensitive to the
redox state, such as Nuclear Factor kB (NF-kB). The gene
regions promoters of several antioxidant enzymes such
as superoxide dismutase, iINOS (Inducible Nitric Oxide
Synthetase) and glutamylcysteine synthetase contain
binding sites for NF-kB and are therefore potential targets
for the up-regulation induced by exercise through NF-kB
with the RONS as second messengers (26) (34)(35).

In conclusion, given the demonstration of a correlation be-
tween physical activity, mechanisms of gene transcription
and plasma antioxidant activity, it is desirable that future
research in this area lead to identify with greater accuracy
and completeness the molecular mechanisms behind the
adaptation of the antioxidant activity induced by physical
activity, in order to obtain a better quantification of the de-
gree of sporting activity (and consequently of antioxidant
activity) needed to generate a beneficial effect for health.
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