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Abstract. Background/Aim: The purpose of this study was
to assess the oxidative stress of aircraft pilots by evaluating
different markers of oxidative stress and any imbalance
between free radicals and antioxidants in plasma. Patients
and Methods: A group of 13 supersonic aircraft pilots,
following regular exercise and personalized diet, were
compared with a group of 40 healthy controls. Oxidative
stress indicators, such as reactive oxidative metabolites,
carbonyl proteins, 8-hydroxy-2-deoxyguanosine and total
antioxidant status, were evaluated after three months of
intense flight. Results: Reactive oxygen metabolites, carbonyl
protein and 8-hydroxy-2-deoxyguanosine plasma levels did
not differ in supersonic aircraft pilots and healthy controls.
The two groups also had similar total antioxidant status
levels. Conclusion: We suggest that supersonic aircraft pilots
working at high altitude, even if exposed to physiological
stresses, can, with proper diet, regular exercise and
periodical medical examinations, maintain a healthy balance
between oxidant and antioxidant status.
Several environmental challenges are present, when working
at high altitudes. Supersonic aircraft pilots usually suffer
from physiological stress, mainly related to working at high
altitude, from hypoxia, wind, solar UV rays and dehydration
which can all have negative effects on physical and mental
performance (1). At high altitude, the low pressure of
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atmospheric oxygen limits energy generation when it is most
needed and oxygen availability decreases as a result of
reduced partial oxygen pressure, thus accentuating
hypoxemia (2). In particular, an increased production of free
radicals has been described for humans exposed to hypoxia
and altitude (3), causing changes in physiological and
cognitive functions that can persist even for some time after
returning to sea level (4). Free radicals have the potential to
attack any organic molecule, generating reactive oxygen
metabolites (ROMs) which can oxidize proteins and DNA,
causing cellular and tissue damage (5). Protein oxidation
results in the formation of new functional groups, such as
carbonyl or hydroxyl groups, which may lead to protein
fragmentation, formation of protein–protein cross-linkages,
disruption of the tertiary structure and loss of functional
activity (6, 7). Oxygen free radicals can damage DNA in
different ways, both causing DNA single- and double-strand
breaks, and base modifications (8). Hydroxylation of
deoxyguanosine residues in DNA, mainly via hydroxyl
radicals, results in the formation of 2,6-diamino-4-hydroxy5-formamidopyrimidine (8-OH-dG) (9), which is also the
most utilized marker of oxidative damage of DNA, both in
physiological and pathological conditions (10, 11).
The aim of this study was to assess whether daily
exposure for three months to environmental stress due to
flights at high altitude may affect the oxidant/antioxidant
balance of supersonic aircraft pilots from the Italian Air
Force, thus increasing the risk for these individuals to
develop future pathologies related to the increased oxidative
stress, such as atherosclerosis and cardiovascular diseases. In
particular, the following oxidative stress indicators were
measured: dROMs, carbonyl proteins, 8-OH-dG. The total
antioxidant status (TAS) was also evaluated; this is an
integrated parameter that considers the cumulative status of
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all the antioxidants present in plasma and providing
information on the delicate in vivo balance between oxidants
and antioxidants (12-14).

Patients and Methods
Study design and population. Two groups of subjects were studied.
The first included 13 male supersonic aircraft pilots, aged 27-38
years (mean±standard deviation (SD) 32.2±3.6 years), clinically
healthy, as confirmed by biochemical and clinical tests. Physical
examination, electrocardiogram, echocardiogram, and chest
radiogram (15) (periodically performed at the Central Military Aeromedical Board) confirmed that none had cardiovascular problems.
All pilots practiced sports, followed a balanced diet, and their mean
body mass index (BMI) was 24.4±1.28. None had any allergies. The
second group comprised 40 healthy adult male volunteer blood
donors, aged 30-49 years (35.8±4,9 years), from the Italian
Association of Voluntary Blood Donors (AVIS) in Milan, Italy,
living at sea level (122±41m). Their mean BMI was 23.8±2.4. All
controls gave informed consent for blood sampling and the project
was approved by the University of Milan Ethics Committee. All
subjects were normotensive [systolic (SBP) and diastolic blood
pressure (DBP) <130 and <80 mmHg, respectively], normoglycemic
(fasting glucose <110 mg/dl), normolipidemic (total cholesterol
<220 mg/dl, high densitive lipoproteine (HDL)-cholesterol
>50 mg/dl, triglycerides <150 mg/dl) and drug free.
The mean total flight time was 970.76±334.07 h/year and
4.41±1.51 h/day and the mean number of daily flights was
5.88±2.02. All pilots routinely used oxygen masks and wore patented
suits to protect the normal physiological functioning of the body.
Plasma was prepared from heparinized venous blood, collected
after an overnight fasting. After collection, bood samples were
immediately centrifuged for 15 min at 3000 rpm and plasma was
drawn off and stored at –20˚C until assay. For pilots, plasma was
taken before starting the seasonal working activity and after three
months of intense flight.
Measurements. To measure ROM, d-ROMs test (Diacron srl,
Grosseto, Italy) was used in which the hydroperoxides of a
biological sample are subjected to Fenton’s reaction to generate
alkoxyl and peroxyl radicals in vitro. Briefly, a small amount of
plasma is diluted in an acidic buffered solution (pH 4.8). Under
these conditions, Fe++ bound to plasma proteins catalyzes the
breakdown of blood hydroperoxides to alkoxyl and peroxyl radicals.
Chromogenic compound (N,N,-diethylparaphenylen-diamine) was
then added to the solution and oxidization by hydroperoxyl and
alkoxyl radicals was quantified photometrically at a wavelength of
505 nm. The d-ROMs test results are expressed as arbitrary units
called Carratelli units (Carr U), where 1 Carr U corresponds to
0.08 mg/100 ml H2O2 (16). Reference values for healthy individuals
are between 250 and 300 Carr U. Reported maximum intra- and
inter-assay CVs were 2.9% and 4.7% respectively.
Carbonyl protein was detected by an immune-enzymatic assay
(Immun-Diagnostik AG, Stubenwald-Allee, Bensheim) (17, 18).
Samples containing protein were derivatized with 80 μl of
dinitrophenylhydrazine (DNPH); then the non-protein constituents
and unconjugated DNPH were separated by three ultracentrifugations at 11000 rpm for 15 min each. The proteins were
left overnight to coat an ELISA plate then incubated with 200 μl of
anti-DNPH antibody, followed by 200 μl of antibody-linked
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horseradish peroxidase. Absorbance at 450 nm was related to a
standard curve prepared with oxidized serum albumin. The carbonyl
protein content was calculated from the estimated carbonyl
concentration and the total protein content of the sample. Reference
values for healthy individuals in EDTA-plasma are between
75-200 pmol/mg. Reported maximum intra- and inter-assay CVs
were 8.11% and 7.66%, respectively. DNA oxidation was evaluated
by the 8-OH-dG test (OXIS Health Products Inc., Portland, OR,
USA) (19), as previously reported by Looi et al. (12).
This test is based on competition of 8-OH-dG in the sample with
8-OH-dG bound on a precoated plate for 8-OH-dG monoclonal
antibody binding sites using a chromogen (3,3’,5,5’tetramethylbenzidine) which results in the development of color in
proportion to the amount of antibody bound to the plate, measured
at 450 nm (20, 21). Reference values for healthy individuals are
between 10-50 ng/ml. Reported maximum intra- and inter-assay
CVs were 6.65% and 5.82%, respectively.
TAS (Randox Laboratories Ltd., Crumlin, U.K.) was evaluated
spectrophotometrically by redox of methyglobin as previously
described by Lockington (13). TAS results are expressed as mmol/l
(mean±SD), with a normal value of 1.728±0.004 mmol/l. RX
Monza software was used to calculates the TAS concentration.
Reported maximum intra- and inter-assay CVs were 3.08% and
3.75%, respectively.
Statistical analysis. The data are expressed as mean±standard
deviation (SD). Significant differences between the means for
multiple phases were evaluated using one-way analysis of variance
(ANOVA). P<0.05 was considered statistically significant.

Results
Participant characteristics. Some clinical characteristics of
supersonic aircraft pilots and control individuals are reported
in Table I. As shown, no statistically significant differences
in anthropometric and clinical parameters were observed
between the two groups, nor for pilots between parameters
before (T0) and after three months of intensive flights (T1).
Oxidant and antioxidant balance. Oxidative stress analysis
revealed that at plasma levels dROMS in supersonic
aircraft pilots (17.6±1.22 mg/100 ml of H 2O 2) were not
statistically different from those of healthy controls
(15.95±3.96 mg/100 ml of H 2O 2, p=0.164) (Figure 1A).
Similarly, carbonyl proteins (201.77±44.95 vs.
213.45±34.83 pmol/mg, p=0.466) (Figure 1B), 8-OH-dG
(16.42±3.47 vs. 15.10±1.52 ng/ml, p=0.221) (Figure 1C)
and TAS (1.62±0.26 vs. 1.58±0.26 mmol/l, p=0.71)
(Figure 1D) values were similar in supersonic aircraft
pilots and controls. The same analyses were also
performed after three months of intensive flights (T1) and
revealed that dROMS (18.036±1.22 mg/100 ml of H2O 2;
p=0.371 vs. pilots at T0 and p=0.082 vs. controls) (Figure
1A), carbonyl proteins (219.94±49.90 pmol/mg; p=0.339
vs. pilots at T0 and p=0.704 vs. controls) (Figure 1B), 8OH-dG (17.07±3.65 ng/ml; p=0.645 vs. pilots at T0 and
p=0.085 vs. controls) (Figure 1C) and TAS levels
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Table I. Anthropometric and clinical parameters.
Parameters

Pilots
Control group (A)

Weight (kg)
Height (m)
BMI
Age (years)
Leukocyte (n)
Glucose (mg/dl)
Triglycerides (mg/dl)
Cholesterol, total (mg/100 ml)
HDL (mg/100 ml)
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

68±9
1.68±12
23.8±2.4
35.8±4.9
5125±1925
62.1±3.01
80.12±15.2
180.2±12.5
58.2±8.3
131.5 ±1.9
70.3±3.1

p-Value

T0 (B)

T1 (C)

A vs. B

A vs. C

B vs. C

71.5±13
1.71±7
24.4±1.28
32.2±3.6
5835±1354
60.85±1.89
72.9 ±24.2
171±21.2
61.6±6.1
132.6±1.85
69.8±2.3

NR
NR
NR
NR
6032±1135
61.02±1.35
74.12±17.3
173.5±16.2
63.8±5.9
133.1±2.21
70.1±2.5

0.43
0.99
0.42
0.13
0.28
0.21
0.37
0.20
0.25
0.15
0.64

NR
NR
NR
NR
0.16
0.25
0.36
0.26
0.06
0.06
0.86

NR
NR
NR
NR
0.69
0.79
0.88
0.73
0.36
0.54
0.18

NR: Not relevant; BMI: body mass index; HDL: high-density lipoproteins.

(1.56±0.21 mmol/l; p=0.524 vs. pilots at T0 p=0.83 vs.
controls) (Figure 1D) were almost the same as at T0 and
as in controls.
Correlation between hours of flying and molecules of
interest. Linear regression analysis performed to evaluate a
possible correlation between the change (ΔT=T1-T0) of the
levels of each parameter and the hours of flight suggested
that in these pilots, increasing flight time was not related to
variation of their oxidant status: d-ROMs: r2=0.02 and
p=0.67 (Figure 2A); carbonyl proteins: r2=0.12 and p=0.24
(Figure 2B); 8-OH-dG: r2=0.11 and p=0.25 (Figure 2C);
TAS: r2=0.22 and p=0.11 (Figure 2D).

Discussion
Physiological stresses from hypoxia at altitude, caused by the
low atmospheric pressure, cold, wind, solar UV rays and
dehydration can all have negative effects on physical and
mental performance and, in particular, can affect, the
cardiovascular system (22). A considerable body of literature
documents an increased production of indicators of oxidative
stress both in laboratory rats and humans exposed to hypoxia
and high altitude (23); moreover, the oxidative theory of
atherosclerosis emphasizes the role of ROS in the initiation
of endothelial damage and in the development of
atherosclerotic plaque (2).
In our study, we selected a peculiar group of flying
personnel, supersonic aircraft pilots from the Italian Air
Force. Since these individuals are clinically healthy and their
lipid concentrations are in the expected normal ranges, they
represent a distinctive and homogeneous population in which
to study the effect of environment stress on the
oxidant/antioxidant status which, in addition to other well-

known risk factors, such as cholesterol and triglycerides,
may also play an important role in the risk of future
development of cardiovascular diseases. By evaluating some
markers of oxidative stress, dROMs, carbonyl proteins, 8OHdG and TAS, we did not observe any substantial increase in
oxidative stress or an impaired oxidant/antioxidant balance
in pilots compared to healthy matched controls; this is still
true for these pilots after three months of intensive flight. In
addition, pilots were periodically monitored using other
instrumental analyses, such as electrocardiogram,
echocardiogram, and chest radiogram, which confirmed a
good health status, especially of the cardiac system.
Our observations thus suggest that although these
individuals are continuously exposed to risk factors which
may induce an imbalance in their oxidant/antioxidant status,
with possible deleterious effects on their cardiovascular
system, they are able to counteract the negative effects of
such hostile working conditions at high altitude. Previous
studies suggested that space flight and aviation seem to
cause consistent oxidative stress, mainly indicated depletion
levels of plasma and white blood cell vitamin E, reduced
coenzyme Q10 (ubiquinol) and total coenzyme Q10,
probably reflecting a high metabolic requirement for
ubiquinol under stressful circumstances (24). There is in fact
evidence that antioxidant defense mechanisms may be
overwhelmed during work at high altitude (2, 25). This
seems not to be the case for our study subjects, who did not
display any significative sign of increased oxidant status.
The main reasons for this may be sought in the lifestyle of
these individuals. In particular, moderate physical activity
and a good daily supply of ‘sacrificial’ antioxidants seem to
be two good ways utilized to counteract any
oxidant/antioxidant imbalance. Oxidative stress can usually
be offset by a strong antioxidant enzyme system coupled
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Figure 1. Plasma levels of A: dROMs, B: carbonyl protein, C: 8-OH-dG and D: TAS in supersonic aircraft pilots before (T0) and after (T1) intensive
flight compared to healthy controls.

with a good daily supply of ‘sacrificial’ antioxidants, such
as vitamin C, β-carotene, vitamin E and other antioxidant
nutrients found in fruit and vegetables. However, there is a
delicate balance between oxidants and antioxidants (26). In
fact, if the regular intake of dietary antioxidants by people
working at high altitude is not optimal, oxidants may
outweigh the antioxidants. Our study subjects followed a
diet that consisted of fish, not processed meat, less
carbohydrate compared to standard Mediterranean diet,
fruits and vegetables that had an oxygen radical absorbance
capacity (ORAC) of 500 units, such as orange, kiwi,
avocado, peppers, all rich in vitamin C, β-carotene, vitamin
E and other antioxidant nutrients. In addition to their diet,
the pilots also performed moderate physical activity, which
has previously been shown to increase the activity of
antioxidative defense enzymes and to preserve antioxidant
capacity, thus allowing the conclusion that proper physical
training has a highly beneficial influence on mechanisms of
defense against the deleterious influence of ROS (7, 27, 28).
Endurance sports, such as distance running, middle distance
running, swimming and cycling, are recommended since the
hypoxia they induce is similar to that experienced in flight
particularly under conditions of high acceleration and
physical or emotional stress, and thus allow the body to
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adapt to this situation by optimizing the processes of oxygen
exchange between air, blood and tissues, resulting in
improved respiratory and cardiovascular functions. Taking
into account the above factors, our pilots were subjected to
exercise such us, diving, trampolining, gymnastics and
rotator exercises which also allowed them to overcome
conditions of psychological stress (fear, anxiety, emotional
tension) often caused by vestibular disorders, frequently
related to spatial disorientation.
To date, it is not clear whether hypoxia itself or oxygenreperfusion after hypoxia, or both, may also cause increased
stress, which in turn is responsible for most cellular damage.
In fact, it is possible that when the availability of oxygen goes
up after a period of hypoxia, similarly to reperfusion after
ischemia, the shift between low to high oxygen concentration
may produce a stress condition characterized by increased
ROMs which result in cellular damage.
In conclusion, since the biomarkers of oxidative stress
remained unchanged and a good health status, also at the
cardiac level, was monitored in our study subjects, medical
advice to pilots should probably highlight the importance of
a balanced diet and adequate physical activity to prevent the
action of oxidants and maintain the normal physiological
balance between oxidant and antioxidant levels.
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Figure 2. Curves of linear regression between changes (T1-T0) in plasma levels of A: dROMs, B: carbonyl protein, C: 8-OH-dG and D: TAS and
hours of flight.
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