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Abstract Exercise promotes pulmonary oxidative im-
balance. In this regard, some evidence has been obtained
from the study of exhaled breath condensate (EBC)
during urban races, in which the factors involved in
the occurrence of this process are still not characterized.
In this paper, under laboratory conditions, both the role
of time of exercise on the generation of pro-oxidants
(H2O2, NO2

−) and pH have been assessed in EBC of 16
under-trained subjects who completed three tests of
cycloergometric exercise at low intensity (30 % of
VO2 max) with a duration of 10, 30, and 90 min.

Samples were obtained as follows: immediately before
and at 80 min post exertion in each test. In the 90-min
test, an increase in H2O2, NO2

− concentration in EBC at
80 min post exertion with no changes in the pH was
observed. Total O2 consumption and total ventilation
weakly correlated with the changes in H2O2 and NO2

−.
In conclusion, the concentration of pro-oxidants in the
EBC depends on the duration of the exercise when it is
performed at low intensity under laboratory conditions.
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Introduction

Physical exercise is a recognized trigger of changes in
the redox state, particularly when this activity takes
place under special environmental conditions (cold, al-
titude, and pollution) and when the intensity is high or
the exercise is performed for a prolonged period of time
[2, 23]. So, redox state changes have been previously
described, with the muscle tissue being the main focus
of study, in view of its major functional changes during
exercise. Thus, free radicals have been involved in the
contractile activity, cell damage, inflammation, and fa-
tigue [25, 26, 29]. Another organ that undergoes great
changes in its activity due to exercise is the lung; hence,
the flow of mobilized air increases, the temperature of
the airways decreases [19, 31], the contact with envi-
ronmental pollutants increased [10], and blood flow is
also increased [9]. More details of the mechanisms were
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recently extensively reviewed by our group [1]. Al-
though some of these changes have been suggested as
destabilizers of the redox state, fewworks have ventured
to study this issue, and those are mostly in animal
models [27]. In humans, the difficulty in obtaining
samples, on the one hand, has limited the study of the
lung and fostered the development of non-invasive
methods (induced sputum, exhaled air, exhaled breath
condensate) to study the lung tissue microenvironment.
In exercise, there are previous reports regarding exhaled
breath condensate (EBC) to study changes in the redox
state of both athletes and physically active subjects [6].
Thus, EBC analysis has yielded an increment of H2O2

and malondialdehyde on climbers [2] and subjects train-
ing at medium altitude [15], showing that exercise in
hypobaric conditions implies oxidative lung damage
[5]. In a subsequent study, an increase in the concentra-
tion of pro-oxidants and a tendency towards airway
acidification (a phenomenon associated with lung in-
flammation) were found in the EBC of runners of 21.1-
and 42.2-km urban races [3]. In the same report, direct
correlations between the running time and the absolute
changes in the concentration of nitrite and hydrogen
peroxide in EBC are found. At the same time, there
was an inverse correlation between the race time and
the absolute changes of pH in EBC [3]. The relations
described were found in a field study, under different
environmental conditions, in different subjects, and the
exercise was performed with varying intensity, which
could have affected the results. Consequently, this study
aimed to measure EBC samples, pro-oxidants, and pH
of subjects who exercised under controlled laboratory
conditions, and the main focus was how exercise dura-
tion affected changes in these parameters.

Methods

Subjects

Sixteen male, healthy, active (see Table 1), non-smoker
subjects with no history of rhinitis or asthma, without
respiratory infection during the last month and who had
not participated in any scheduled aerobic physical ac-
tivity such as urban races, swimming, or cycling. They
also did not consume anti-inflammatories, antioxidants,
or any other nutritional supplements. Participants were
informed orally and in writing, before signing an

informed consent. This study was approved by the
Ethics Research Committee of the University of Los
Andes.

Protocol

Evaluations were performed as described as follows: (1)
Survey of habits and anthropometric assessment (An-
thropometric Gaucho Kit, Rosscraft™, USA); (2) De-
termination of maximum oxygen uptake (VO2max) on a
cycle ergometer (VIAsprint™ 150/200p, Viasys™,
USA) using exhaled gases analysis (Oxycon mobile,
Jaeger™, Germany); (3) In the following three visits,
exercise was performed on a cycle ergometer at a stable
load equal to 30 % of VO2 max for 10, 30, and 90 min,
in which ventilation, VO2, heart rate, perceived exertion,
and pedaling cadence (60 rpm) were controlled. Partic-
ipants appeared between 8:00 and 12:00 a.m., at least
1 h after a light breakfast and they hydrated only with
the same isotonic electrolyte replacement drink, free of
stimulating substances, antioxidants and/or anti-inflam-
matories, after exercise was completed. All the de-
scribed physical tests were performed at a temperature
between 18 and 22 °C and humidity between 60 and
70 %. To obtain EBC samples, exhaled air was cooled
and condensed through an instrument designed and
previously validated by our group [2, 4]. Subjects were
at rest, wearing a nasal clip and having previously
washed their mouths with distilled water. Then, they
were asked to breathe at tidal volume for approximately
15 min or until 1.5 ml was obtained. The team had a
saliva trap to avoid contamination with some mediators
that occur in the mouth. Once samples were obtained
theywere stored in liquid nitrogen and later at −80 °C up
until their analysis. In all three protocols, EBC samples
were taken before (pre) exercise and 80 min after exer-
cise completion (80-post), given that previous studies

Table 1 General description of participants

Values

Age (years) 22.3 ± 4.2

Weight (kg) 73.5 ± 8.4

Height (cm) 1.75± 0.1

VO2 max (ml kg−1 min−1) 46.0 ± 8.2

BMI (kg m−2) 24 ± 2.2

Values are shown as mean± SD
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conducted by our group have typically shown changes
in this time of sampling [3, 6].

Hydrogen peroxide

The hydrogen peroxide in EBC was measured using a
FOX2 reagent [21]. This reagent contains Fe+2

(250 μM), which, in an acidic medium (HClO4,

110 mM), is oxidized to Fe+3 by the presence of H2O2.
The amount of H2O2 is monitored through the reaction
between the ferric ion and the xylenol orange indicator
(250 μM). Sorbitol (100 mM) was added to the original
reagent according to Gay and Gebicki [12]; this method
has been previously used by our research group [3, 6].
For measurements, 350 μL of EBC and 150 μL of
modified FOX2 were taken, then the sample was incu-
bated for one hour at room temperature and absorbance
was read at 560 nm on a microplate spectrophotometer
(EPOCH™, BioTek Instruments, USA). Three calibra-
tion curves were performed for each measurements’
group by using H2O2 (Merck) as standard.

pH

The pHwasmeasured using Paget-Brown et al. protocol
[24]. One hundred microliters of EBC were bubbled
with Argon for 8 min at a flow rate of 350 mL/min,
and pH was later measured using a 3 × 38 mm
(diameter × length) microelectrode (Cole and Palmer)
connected to a pH meter (Oakton™ Acorn pH 6).

Nitrites (NO2
−)

Nitrite concentration was measured using the spectro-
photometric test based on the Griess reaction [13]. Three
hundred microliters of Griess reagent (0.1 %
naphthylethylenediamine-dihydrochloride, 1 %
sulphanilamide, 3 % H3PO4) were added to 300 μL of
EBC. The mixture was incubated for 10 min, and ab-
sorbance was measured at 550 nm on a microplate
spectrophotometer. Three curves were made for each
measurement, with sodium nitrite as standard.

Statistics

Once individual values were tabulated, the Shapiro-
Wilk test was applied to evaluate the distribution of
the samples. When a normal distribution was obtained,
a Student’s t test for paired samples was applied to the

mean values; otherwise, the Wilcoxon test was applied.
The absolute changes were compared using ANOVA or
the Friedman test. Correlations were determined using
the Spearman correlation coefficient or the Pearson test
according to the distribution. For the parameters mea-
sured in the EBC, the average and range of the intra-day
coefficients of variation were obtained from the pre-
exercise values of the three assessments for the same
subjects. The significance level used was of p<0.05.
For statistical analysis, GraphPad Prism 6.0, USA soft-
ware was used.

Results

With regard to the parameters pertaining to physical
exercise (see Table 2), no differences in mean heart rate
(p=0.24), external load (p=0.69), or pedaling cadence
(p=0.47) were observed. Regarding the minute ventila-
tion and relative oxygen consumption, a higher average
value was observed in the 90-min test, when compared
to the 10-min test. The perceived effort had a greater
value for the 90-min test than in the 10- and 30-min
tests. For both total mobilized air and total oxygen
consumed, a smaller value was observed for the 10-
min test in comparison to the 30- and 90-min tests. Also,
the 90-min test showed higher values in both parameters
when compared to the 30-min test.

With respect to the markers analyzed in EBC, no
differences were observed in the pre-exercise values of
the three tests [H2O2]EBC (p = 0.15), [NO2

−]EBC
(p=0.44), and pHEBC (p=0.12). From these values,
the intra-day coefficient of variation was 51 % (0.65–
115) for [H2O2]EBC, 47 % (12–92) for [NO2

−]EBC, and
1.58 % (0.9–2.8) for pHEBC. An increase in [H2O2]EBC
at 80-post (p=0.0007) was found in the 90-min proto-
col, with no differences in the 10-min (p=0.47) and
30 min (p=0.23) protocols, respectively (see Fig. 1).
A similar result was found in [NO2

−]EBC; thus, no
differences in the 10 min (p = 0.14) and 30 min
(p=0.60) tests were found, showing increases of this
species in the 90 min (p=0.047) protocol, as shown in
Fig. 1. The pHEBC values showed no differences when
comparing pre-values versus 80-post values in the 30-
min (p=0.35) and 90-min (p=0.34) tests, while there is
a tendency to increase in the 10 min (p=0.051) test as
shown in Fig. 2. Absolute changes (Δ), calculated
as the difference between 80-post and pre-exercise,
showed a higher value for nitrite between the 90-min

Effect of exercise duration on pro-oxidants and pH in exhaled 355



versus 10-min protocol. Δ[H2O2]EBC showed differ-
ences between the 30-min versus 90-min protocol (see
Table 3). Finally, no differences between the Δ pHEBC

of the three protocols (p=0.21) were observed (see
Table 3). As for correlations, a significant correlation
between Δ[NO2

−]EBC versus Δ[H2O2]EBC (r= 0.32,
n=16, p=0.023) was observed; no significant correla-
tions between ΔpH EBC and Δ[H2O2]EBC or
Δ[NO2

−]EBC were found. Minute ventilation showed
no significant correlations with pro-oxidants and
pHEBC. Total ventilation correlated with Δ[H2O2]EBC
(r=0.30, n=48, p=0.041) and Δ[NO2

−]EBC (r=0.38,
n=48, p=0.007). No significant correlation between
this parameter versus the changes in pH was observed.
The total oxygen consumption during the test correlated
with Δ[NO2

−]EBC (r = 0.33, n = 48, p = 0.02) and
showed a tendency to show significance with
Δ[H2O2]EBC (r=0.26, n=48, p=0.06) minute-relative
oxygen consumption did not correlate with pro-oxidants
nor with pH EBC.

Discussion

Exercise requires more body oxygen consumption;
therefore, physiological modifications necessary to in-
crease the provision of this element are brought up.
Thus, an increase in ventilatory activity is generated
by increasing both depth of inspiration/exhalation and
respiratory rate. Under exercise conditions, our group
has previously reported increases in the pro-oxidants
generation measured in EBC and correlations between
the time of outdoor exercise and the production of these
species in different groups of subjects [3, 6]. In this

report, we created a protocol that involved three tests
of different duration in which the subjects performed
exercise where the temperature, moisture and contami-
nants from the ambient air were controlled. Moreover,
unlike the tests performed in the field in the current
experimental set, it was possible to continuously mea-
sure relevant physiological parameters and to contrast
them against pro-oxidants. Thus, we find that in front of
intensity close to 30 % of VO2 max, a cycloergometric
protocol, developed at a fixed external load, produced
increases in minute ventilation, minute-relative VO2,
and perceived effort which are probably associated to
the fatigue showed in the last part of 90 min test.
Although we cannot rule out that these changes are
involved in the phenomenon under study, we note that
the big difference of stimulus to our subjects was the
increase in total ventilation and total relative VO2 to
which they were exposed to; so, in both parameters,
nearly 10-fold differences between the 10 and 90 min
stages were observed. The large increase in the total
described ventilation is of particular interest, since this
implies the possibility of lowering the temperature of the
airway, favoring mechanical damage and promoting
evaporation of fluid from the epithelial surface; it has
been suggested that these factors in exercise are in-
volved in the irritation and inflammation of the airway
[1, 11, 19]. As for total relative VO2 during the test, it is
relevant since an association between the highest oxy-
gen consumed and the increase of reactive oxygen and
nitrogen species has been described [18].

In the lungs, both normal cells and inflammatory-
type cells can form pro-oxidants derived from oxygen
and nitrogen. H2O2, which is one of the reactive oxygen
derivatives, has been determined in EBC samples, in

Table 2 Workload and the physiological response in three different exercise protocols duration

10 min 30 min 90 min

Load (W) 59.93 ± 5.1 59.94 ± 5.1 59.80 ± 6.2

Cadence (rpm) 59.69 ± 0.7 59.95 ± 0.2 59.86 ± 0.8

RPE 1.96± 1.1 2.25 ± 1.0 5.72 ± 1.6*, **

HR (beats min−1) 103.2 ± 8.6 105.1 ± 8.1 106.7 ± 11.5

VE (L min−1) 26.18 ± 2.6 27.21 ± 1.7 28.51 ± 1.8*

Total ventilation (L) 261.6 ± 25.96 816.3 ± 53.26* 2568± 168.30*, **

VO2 (mL kg−1 min−1) 12.66 ± 2.5 13.79 ± 2.4 14.43 ± 2.2*

Total VO2 (mL kg) 126.5 ± 25.57 413.80± 73.50* 1297.0 ± 200.0*, **

Values are expressed as mean ± SD

*p< 0.05 difference from the 10-min test; **p< 0.05 difference from the 30-min test
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both patients with COPD or asthma [20, 35] and in
subjects who perform physical exercise [2, 6, 17, 22].
Although its origin is not clear, there is a history that
links its concentration in EBC with both blood phago-
cytes [32] and inflammatory cells in induced sputum
samples [16], which are active producers of pro-
oxidants and characteristic of defensive processes. In
the present study, an increase in [H2O2]EBC in the 90-
min test was observed. Furthermore, the Δ[H2O2]EBC
was higher in the 90-min test, when compared to the 30-
min test. Taken together, these data suggest that exercise
time determines the [H2O2]EBC. The influence of time
on exercise has not been the focus of a study previously;
however, there are reports of brief protocols of exer-
cises; in this sense, Nowak et al. [22] in a 6-min protocol
at 120 W no change was found. Similarly, in samples
obtained during the performance of a submaximal

exercise (60 and 120 W) lower than 10 min, increases
in [H2O2]EBC [17] were not found, either. In prolonged
exercise, our group has previously reported increases in
[H2O2]EBC, 80 min post exercise in runners who exer-
cise between 1 (10 km) and 4 h (42.2 km). Specifically,
we can compare the current 90-min protocol with a
21.2-km race, so while in the first mentioned example,
increases of +40 % in 21.1 km (about 100 min) are
found, runners showed changes from +200 % to the
80-post [3] at similar baseline of H2O2. The foregoing
suggests the probable influence of exercise intensity on
the generation of H2O2 at this level. In this direction,
Mercken et al. [20] reported increases in H2O2 produc-
tion, measured in the EBC, in healthy people, after about
12min when the exercise wasmaximal, while no chang-
es were observed during the same time of exercise
performed at 40 % of maximum output (80 Wapprox.).

Fig. 1 [H2O2]EBC (A) and [NO2
−]EBC (B) in participants of a cycloergometric exercise of 10, 30, and 90 min. Values are expressed as

median, *p< 0.05 different from pre-value

Fig. 2 pHEBC in participants of a cycloergometric exercise of 10, 30, and 90 min. Values are expressed as median
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Nitrite is another chemical of great importance in
the study of redox state; this substance is part of
nitric oxide metabolism, a chemical species with
multiple physiological and pathological functions.
This substance has also been observed in the EBC
from asthmatics [28] and healthy people who exer-
cise [3, 6]. In this report, [NO2

−]EBC increased in the
90-min protocol. This same exercise time showed
higher Δ[NO2

−]EBC values than in the 10-min pro-
tocol. According to our judgment, these results sup-
port the idea that the increase of time doing exercise,
at low intensity, increases [NO2

−]EBC. This parame-
ter has also been previously reported by our group
and increases in [NO2

−]EBC in exercise for more
than 1 h duration have been described in both poorly
trained people who ran 10 km [6] and runners of
21.2- and 42.2-km races [3]. In this last work, cor-
relations between time of exercise and Δ[NO2

−]EBC
have been found, which somehow led to specifically
study the effect of exercise time. As in the case of
H2O2, it is seen that the magnitude of changes
observed for [NO2

−]EBC for 90 min of exercise,
under controlled conditions, is 13 %, while for the
21.2-km race, increases of 90 % are found. This
reinforces the idea that exercise intensity (after total
ventilation) is involved in generating this difference.

Airway acidity has been studied by determining the
pHEBC, which is lower in the case of pulmonary inflam-
matory processes [7, 28]. It has a high rate of reproduc-
ibility [34], which we found in our sample, too. In this
report, a tendency to increase after 10 min is observed,
with no changes at a longer exercise time; deltas showed
no differences, either. The reported tendency to increase,
in the current work, is similar to that found in by another
authors [8, 14, 30]. For example, Riediker et al. [30] in
an exercise on a treadmill at a slight higher intensity to
the one presented here (calculated as 60 % of maximum

heart rate), where an increase in pHEBC was found,
measured 1 h after exercise.

Along the same lines, we have also found a tendency
for pHEBC to increase in participants of 10 km race in
both untrained [6] and runners [3]; the last two races
were performed at maximum effort. Contrary to what
we expected, the result of low pHEBC by prolonged
exercise was not reproduced, as it was previously found
in runners [3]. In part, this can probably be explained
due to the low intensity of our current protocol.

In the search for the mechanisms of the observed
variations in pro-oxidants and pH in the EBC as de-
scribed above, we correlate their absolute changes ver-
sus some measured relevant physiological parameters.
In first place, it was of particular interest to assess the
minute-relative oxygen consumption and total con-
sumption in these samples during exercise, as well as
the known relationship between oxygen consumption
and formation of pro-oxidants [18]. In this regard, we
found a significant but weak correlation between
Δ[NO2

−]EBC and total relative VO2 in addition to a
tendency to significance for Δ[H2O2]EBC; according to
this, it is likely that, at least in part, the increased
consumption of O2 may explain the increase in the
pro-oxidants in this organ. Regarding ventilatory chang-
es, as mentioned in the first paragraph, these would be
the primary source of changes that occur in the lung
microenvironment measured in the EBC. In this way,
while minute ventilation did not correlate with any of
the markers measured, we did find significant correla-
tions, albeit weak, between the total ventilation and
changes in the studied pro-oxidants. From our point of
view, this helps to support the idea that the total amount
of mobilized air inflames and generates oxidative
changes on airway epithelium, but it probably only
constitutes one of the factors involved in the phenome-
non described. In another aspect, it is likely that the low

Table 3 Effect of exercise duration on the absolute changes in pro-oxidants and pH in exhaled breath condensate

10 min 30 min 90 min

Δ [H2O2] (μmol L−1) −0.03
(−0.18, 0.07)

−0.03
(−0.12,0.025)

0.06 *

(0.03,0.12)

Δ[NO2
−] (μmol L−1) −0.26

(−0.59, 0.0)
0.12

(−0.48, 0.61)
0.21 **

(0.0, 0.85)

Δ pH 0.10
(−0.02, 0.19)

−0.02
(−0.12, 0.04)

0.00
(−0.08, 0.23)

Values are expressed as median with interquartile range in parentheses

*p< 0.05 difference from the 30-min test; **p< 0.05 difference from the 10-min test
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correlations are also influenced by the reproducibility
found (similar to other authors [33]) for [NO2

−]EBC and
[H2O2]EBC. In this regard, an advance in the search of
strategies (improvement of sampling devices, protocols,
obtention of fractions) should be made, in order to use
these samples in the non-invasive monitoring of athletes
in the future.

In conclusion, a low-intensity cycloergometric exer-
cise, performed under laboratory conditions, the con-
centration of pro-oxidants in EBC depends on the
exercise time. Moreover, the increase of the observed
pro-oxidants, depends, in part, on the total oxygen
consumed and the total air mobilized through the airway
during exercise.
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