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Abstract
Purpose  The respiratory redox-state of swimmers can be affected by chronic exposures to chlorinated pools, and the effects of 
different exercises on it are unknown. Our aim was to compare two exercises performed at high-intensity and under habitual 
environmental conditions (swimming indoor vs. running outdoor) on the production of pro-oxidants (hydrogen peroxide 
and nitrite) and pH in exhaled breath condensate (EBC) and spirometry parameters in competitive swimmers chronically 
exposed to chlorinated pools.
Methods  Seventeen men and women (mean age ± SD = 21 ± 2 years) swam 3.5 km in an indoor pool treated with Cl2, and 
after 2-weeks, they ran 10 km outdoors. The pHEBC, [H2O2]EBC, [NO2

−]EBC, [NO2
−]EBC/[NO2

−]Plasma and spirometry param-
eters were analyzed pre-exercise and 20 min and 24 h after exercise ended.
Results  Two mixed models were applied to compare EBC parameters between swimming and running. Lower levels of 
[H2O2]EBC and [NO2

−]EBC (p = 0.008 and p = 0.018, respectively) were found 24-h post-swimming, and the same trend was 
observed for [NO2

−]EBC/[NO2
−]Plasma (p = 0.062). Correlations were found in both exercises between pre-exercise levels of 

pHEBC, [H2O2]EBC, [NO2
−]EBC, and [NO2

−]EBC/[NO2
−]Plasma and their changes (Δ) after 24-h as well as between [H2O2]EBC and 

[NO2
−]EBC for basal levels and for changes after 24 h. A relationship was also found for running exercise between pulmonary 

ventilation and changes after 24 h in [H2O2]EBC. Spirometry data were unaffected in both types of exercise.
Conclusion  In competitive swimmers, at 24-h acute post-exercise follow-up, swimming decreased and running increased 
pro-oxidant biomarkers of pulmonary origin, without changes in lung function.

Keywords  Exercise · Exhaled breath condensate · Oxidative stress · Spirometry.

Abbreviations
DBP	� Derived by-products
EBC	� Exhaled breath condensate
H2O2	� Hydrogen peroxide
NO2

−	� Nitrite anion
V̇O

2
max	� Maximal oxygen consumption

Introduction

Regular physical exercise is essential for maintaining health; 
however, it affects the redox state mainly at the muscular level 
(Finaud et al. 2006) because it induces fatigue when the meta-
bolic demand affects contractile function (Powers and Jackson 
2008). In the respiratory system, the redox state is also altered 
due to the increased pulmonary ventilation (Araneda et al. 
2012), airway dehydration (Freed and Davis 1999), tempera-
ture and humidity (Marek et al. 2013), altitude (Araneda and 
Tuesta 2012) and pollution (Carlisle and Sharp 2001), among 

Communicated by I. Mark Olfert.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s0042​1-018-3958-0) contains 
supplementary material, which is available to authorized users.

 *	 Oscar F. Araneda 
	 ofaraneda@miuandes.cl

1	 Laboratorio de Fisiología Integrativo de Biomecánica y 
Fisiología Integrativa (LIBFE), Escuela de Kinesiología, 
Facultad de Medicina, Universidad de Los Andes, Santiago, 
Chile

2	 Laboratory of Exercise Physiology, Department of Health 
of Science, Faculty of Medicine, Pontificia Universidad 
Católica de Chile, Santiago, Chile

3	 Physiology Section, Department of Cell Biology, Physiology 
and Immunology, Faculty of Biology, Universitat de 
Barcelona, Barcelona, Spain

4	 School of Public Health, Faculty of Medicine, Universidad 
de Chile, Santiago, Chile

http://orcid.org/0000-0002-9501-3159
http://orcid.org/0000-0002-0674-7506
http://orcid.org/0000-0003-4942-2346
http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-018-3958-0&domain=pdf
https://doi.org/10.1007/s00421-018-3958-0


2320	 European Journal of Applied Physiology (2018) 118:2319–2329

1 3

other factors. Swimming in indoor pools has been beneficial 
for patients with asthma, as the warm and humid environment 
decreases airway dehydration and exercise-induced bronchos-
pasm (Goodman and Hays 2008). The use of chlorine (Cl2) is 
common for maintaining the microbiological quality of the 
water. In this regard, the literature has reported lung damage 
due to the high concentrations of Cl2 and derived by-products 
(DBP) (Martin et al. 2003; White and Martin 2010). Likewise, 
normal concentrations in swimming pools have been related 
to allergic phenomena (Font-Ribera et al. 2011), increased 
permeability of the respiratory epithelium (Carbonnelle et al. 
2002), increased pro-oxidants (Font-Ribera et al. 2010; Moris-
sette et al. 2016), and inflammation of the airway (Pedersen 
et al. 2009). A non-invasive way to study the changes in the 
redox state of the airway is to analyse the exhaled breath con-
densate (EBC) (Liang et al. 2012). Thus, our study group has 
observed an increase in hydrogen peroxide (H2O2) and malon-
dialdehyde (MDA) using EBC in subjects trained at high alti-
tude (Araneda et al. 2005) as well as in long-distance runners 
(21.1 and 42.2 km), adding to the increased pro-oxidants a 
tendency towards acidification of the airway (a phenomenon 
associated with pulmonary inflammation) (Araneda et al. 
2012). Indoor swimming pools have normal concentrations 
of Cl2 (0.5–2 mg·L−1, free chlorine) (Drobnic et al. 1996), and 
few studies have evaluated the impact of physical exercise on 
swimmers through EBC. Using this method, Font-Rivera et al. 
(2010) did not observe any change in 8-isoprostane (8-Iso-P) 
in healthy adults after swimming for 40 min. Nevertheless, 
another study reported increases of [8-Iso-P]EBC in competi-
tive swimmers after swimming for 105 min at mild–moder-
ate intensity that were inversely associated with changes in 
spirometry parameters (Morissette et al. 2016).

In subjects with chronic exposure to respiratory irritants 
such as Cl2 and DBP, as in the case of competitive swimmers, 
the available evidence is not yet categorical on the effect of 
exercise on pulmonary redox state. Thus, the aim of this study 
was to compare a 3.5-km swim in an indoor chlorine-treated 
pool with a 10-km outdoor run on the production of pro-oxi-
dants (hydrogen peroxide and nitrite) and pH in exhaled breath 
condensate (EBC) and spirometry parameters in competitive 
swimmers chronically exposed to chlorinated pools. Both exer-
cises were performed at high-intensity and under the usual 
environmental conditions. The 10-km run exercise protocol 
has been previously described by our group and their effect 
on the respiratory redox-state has been characterized (Araneda 
et al. 2012, 2014).

Methods

Participants

Seventeen competitive university swimmers with no history 
of asthma or respiratory infection for at least 2 months prior 
to measurements were included. Participants did not con-
sume anti-inflammatory drugs, antioxidants, or any other 
nutritional supplement (Table 1). All participants were 
informed orally and in writing about the study before signing 
the informed consent form. The protocol was in accordance 
with the principles of the Declaration of Helsinki concern-
ing experimental research on humans, and the study was 
approved by the Ethics Committee of the University of Los 
Andes (FONDECYT project #11130082 framework).

Protocol

The evaluations included the following: (1) anamnesis 
interview about swimming experience (years, training vol-
ume) and presence of post-swimming irritation signs; (2) 
anthropometric assessments (Rosscraft™, CA, USA); (3) 
determination of maximal oxygen consumption ( V̇O

2
max ) 

on a treadmill ergometer (HP Cosmos™, Traunstein, Ger-
many) to voluntary exhaustion, despite verbal encourage-
ment (respiratory exchange ratio 1.20 ± 0.05). V̇O

2
max 

was calculated as the highest 30 s value achieved during the 
maximum-effort incremental test and is considered a valid 
index of V̇O

2
max in subjects exercising to their limit of 

exercise tolerance (Day et al. 2003). Respiratory data were 
breath-by-breath analysed using open-circuit spirometry and 

Table 1   Participant characteristics

Other data are reported as the mean ± SD
V̇O

2
max was measured in a treadmill test

M/F‚ male/female

Age (year) 21 ± 2

M/F 11/6
Post-swimming irritation signs (n‚ %) 14–82.3
 Rhinitis 7–41.1
 Dermatitis 6–35.2
 Eye irritation 8–47.0
 Cough 5–29.4

Body weight (BW, kg) 69 ± 11
Height (cm) 172.2 ± 9.1
BMI (kg·m−2) 23.2 ± 2.0
Swimming experience (yr) 9.4 ± 4.2
Training volume (m·week−1) 16647 ± 5711
V̇O

2
max (mL·min−1) 3452 ± 797

V̇O
2
max (mL·min−1·kg−1) 49.9 ± 8.9
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expressed at STPD conditions (MasterScreen CPX, Jaeger™, 
Germany). Before every test, the gas analyser and volume 
transducer were calibrated according to the manufacturer’s 
instructions. Participants were instructed to avoid strenuous 
exercise and alcohol consumption within 24 h before the 
test and caffeinated beverages and meals within 3 h before 
the test.

To correlate the changes of the EBC parameters with the 
exchange of pulmonary ventilation, the total ventilation dur-
ing the race was estimated. Thus, the mean individual heart 
rate was used in the field test to extrapolate the minute ven-
tilation obtained in the laboratory maximal test and multiply 
it by the total time of the running race.

Subsequently, to reduce exposure to inhalation of Cl2 and 
DBP, all participants refrained from any training, including 
swimming, for 5 days prior to physical testing. Both tests 
were performed between 08:00 a.m. and noon, at least 1 h 
after intake of a light breakfast. After the physical tests were 
completed, participants could only hydrate themselves with 
isotonic drinks free of stimulants, antioxidants and/or anti-
inflammatory substances and with their usual diet regime. 
The participants were instructed to complete the distances 
of both exercises in the shortest possible time, keeping their 
heart rate range between 80 and 90% of the maximum theo-
retical value for their age. To ensure that exercises were com-
pleted at this intensity, all participants used a portable heart 
rate monitor and could freely see its individual value at any 
moment. First, all participants swam 3.5 km in a 25-m long 
indoor swimming pool, freestyle crawl (typically, 1 breath 
every 2–3 strokes). The environmental and water charac-
teristics of the pool were simultaneously recorded. Water 

samples were obtained from different pool points using ster-
ile flasks, immediately stored in liquid nitrogen and subse-
quently at − 80 °C until a further analysis by HPLC was 
performed (Waters 1515 isocratic HPLC Pump, Waters 717 
plus autosampler, Waters 2487 Dual absorbance detector, 
Waters Co., Milford, MA, USA). After a wash-out period of 
14 days, including 5 without swimming, the second physical 
exercise test was performed consisting of a 10-km outdoor 
running in a 1-km circuit. The atmospheric conditions were 
simultaneously recorded for the exercise test, and air qual-
ity data were obtained from the MACAM environmental 
monitoring network. The environmental conditions of both 
exercises are given in Online Resource 1.

In each physical test, three measurement steps were per-
formed: (1) pre-exercise (pre); (2) after 20 min (20 min-
post); and (2) after 24 h (24 h-post). Each measurement stage 
was done in laboratory under environmentally controlled 
conditions (ambient temperature 20 °C, relative humid-
ity 50%) and consisted of a spirometry test, collection of 
exhaled breath condensate (EBC), and a venous blood sam-
ple. Figure  1 shows a scheme of the experimental design.

Immediately after arrival at the laboratory, participants 
started the EBC collection, while a medical professional 
obtained a blood sample. The time between completing 
the exercise test and starting EBC collection was never 
less than 20 min. The spirometry test was done immedi-
ately after the end of EBC sample collection. For spirom-
etry testing, a portable spirometer ML3500 model (Care-
fusion™, San Diego, USA) was used, based on criteria 
established by the American Thoracic Society (ATS) and 
the European Respiratory Society (ERS) (Miller et al. 

Fig. 1   Study design scheme
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2005). The reference values from Knudson et al. (1983) 
were used to interpret the results (see Table 2).

To obtain EBC samples, the exhaled breath was 
cooled and condensed through a previously validated 
instrument (Valenzuela and Encina 2009). Participants 
remained at rest, wore swimming nose clips, and cleaned 
their mouths with distilled water before starting. Right 
away, they were asked to breathe at a tidal volume for 
approximately 15 min or until obtaining an EBC volume 
of 1.5 mL. The equipment used has a saliva receptor to 
prevent any contamination with other mediators present in 
the mouth. Duplicates were obtained for all EBC samples 
and were immediately stored in liquid nitrogen and then 
at − 80 °C until further analysis. Approximately 4–5 mL 
of venous blood was collected from each participant using 
heparinized blood tubes (BD Vacutainer System, Plym-
outh, UK) and through radial vein puncture. Immediately 
after each blood sample was collected, centrifugation for 
10 min at 3000 rpm was performed to obtain separation 
between plasma and cellular components. Duplicates 
were obtained for all plasma samples and were stored in 
liquid nitrogen and then at − 80 °C until further analysis.

Hydrogen peroxide in EBC

The [H2O2] in EBC was measured using a FOX2 reagent 
(Nourooz-Zadeh et al. 1994). 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 (Gay and Gebicki 2002); 
this method has previously been used by our research 
group (Araneda et al. 2012, 2014). For measurements, 
350 µL of EBC and 150 µL of modified FOX2 were taken, 
and then the sample was incubated for 1 h at room tem-
perature and absorbance was read at 560 nm on a micro-
plate spectrophotometer (EPOCH™, BioTek Instruments, 
USA). Three calibration curves were performed for each 
measurement group using H2O2 (Merck) as a standard.

pH in EBC

The pH was measured using the protocol from Paget-Brown 
et al. (2006). One hundred microliters of EBC were bubbled 
with argon for 8 min at a flow rate of 350 mL·min−1, and pH 
was later measured using a 3 × 38 mm (diameter × length) 
microelectrode (Cole and Palmer) connected to a pH metre 
(Oakton™ Acorn pH 6).

Nitrites in EBC and plasma

The [NO2
−] was measured using a spectrophotometric test 

based on the Griess reaction (Green et al. 1982). Griess rea-
gent (300 µL; 0.1% naphthylethylenediamine–dihydrochloride, 
1% sulphanilamide, 3% H3PO4) was added to 300 µL of EBC 
or plasma, previously deproteinized with NaOH/ZnSO4. The 
mixture was incubated for 10 min, and absorbance was meas-
ured at 550 nm. Three calibration curves were performed for 
each group’s measurements using sodium nitrite (Merck) as 
a standard.

Statistical analyses

To evaluate the normal distribution of the data, the Shap-
iro–Wilk test was applied. The values of ambient tempera-
ture, relative humidity, intensity and time for the swimming 
and running tests were compared using unpaired Student’s t 
test. Spirometry values were analysed using the one-way RM 
ANOVA test. The parameters measured in EBC and plasma, 
given their high intrinsic variability, were analysed using a 
linear mixed model for relative values. The mixed model is 
a statistical model containing both fixed effects and random 
effects. They are particularly useful in settings where repeated 
measurements are made on the same statistical units (longi-
tudinal studies) or where measurements are made on clusters 
of related statistical units, as in this case. Because of their 
advantage in dealing with missing values, mixed effects mod-
els are often the first choice over conventional approaches, 
such as RM ANOVA. The trends in the curves for the various 
parameters over time were compared for swimming and run-
ning using the mixed model analysis. For this purpose, model 
1 was designed as follows:

� = 1 + �
1
⋅ t + �

2
⋅ g + �

3
⋅ t ⋅ g

Table 2   Spirometry parameters

Data are reported as the mean ± SD

Swimming Running

Pre 0.33 h post 24 h post Pre 0.33 h post 24 h post

FEV1, L 4.29 ± 0.78 4.44 ± 0.82 4.30 ± 0.78 4.25 ± 0.74 4.38 ± 0.81 4.25 ± 0.70
FVC, L 5.04 ± 1.05 5.03 ± 1.01 4.97 ± 1.00 5.00 ± 1.04 4.99 ± 0.95 4.95 ± 0.97
FEV1/FVC, % 86.0 ± 7.5 88.8 ± 6.0 86.8 ± 4.4 85.7 ± 7.5 88.0 ± 5.8 86.3 ± 5.2
FEF25−75, L·s−1 4.76 ± 1.37 5.24 ± 1.33 4.76 ± 1.11 4.64 ± 1.33 5.05 ± 1.33 4.63 ± 1.04
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where “t” represents time, “g” the exercise performed and 
“t · g” their interaction; when this parameter is significant, 
the trends between the two tests are different. To include the 
times in which potential differences between the physical 
tests could be found, an analysis of variance for repeated 
measures was integrated. Thus, model 2 was designed as 
follows:

where “t2” and “t3” represent the post-exercise times of 
20 min and 24 h, respectively. The variable “g” corresponds 
to the type of exercise performed, and the products “g · t2” 
and “g · t3” to their interactions.

For the parameters measured in EBC, the average and 
the range of intra-day variation coefficients were calculated 
from the pre-exercise values of the two physical tests for 
any subject. Stata 14.0 statistical software was used for sta-
tistical analysis (Stata Corp., TX, USA). GraphPad Prism 6 
software was used for the construction of graphs (GraphPad 
Software Inc., San Diego, USA). Statistical significance was 
considered for p < 0.05.

Results

No differences in environmental temperature (p = 0.299) or 
relative humidity (p = 0.207) were found between the two 
tests, and both values were adequate for the development 
of physical exercise; in turn, the concentration of free and 
combined Cl2 in the swimming pool was found to be in the 
normal range. When the running took place, the levels of 
air pollutants were below the maximum limits according 
to the Chilean Air Quality Standards (see Online Resource 
1). Both exercises were performed at high intensity, with an 
average heart rate (bpm) of 157 ± 13 (79.3 ± 7.0, % HRmax) 
and 165 ± 12 (83.6 ± 5.8, % HRmax) for swimming and run-
ning, respectively (p = 0.980). No changes in time (seconds) 
between the tests (p = 0.890) were observed, therefore, the 
swimming lasted 3260 ± 286 s and the running 3068 ± 471 s.

In the spirometry measurements (see Table 2), no differ-
ences were found in the swimming test for FEV1 (p = 0.816), 
FVC (p = 0.978), FEV1/FVC (p = 0.400) or FEF25−75 
(p = 0.459); no differences were found in the running trial for 
FEV1 (p = 0.835), FVC (p = 0.987), FEV1/FVC (p = 0.566) 
or FEF25−75 (p = 0.540).

The average absolute values of pH and pro-oxidants in 
EBC showed great variability and tendency towards higher 
values in the pre-exercise (pre) stage when participants swam 
(see Online Resource 2), so the relative values in relation to 
the baseline values were used for the statistical evaluation. 
The analysis of the trends using model 1 showed differences 
in [H2O2]EBC (p = 0.018). Thus, compared to swimming, in 
running, an increase was observed that shows a decrease 

� = 1 + �
1
⋅ t

2
+ �

2
⋅ t

3
+ �

4
⋅ g ⋅ t

2
+ �

5
⋅ g ⋅ t

3

over time. For [NO2
−]EBC (p = 0.008) and the relationship 

between [NO2]EBC/[NO2
−]Plasma (p = 0.062), the same behav-

iour of the curves was observed (see Fig. 2). No changes in 
[NO2

−]Plasma (p = 0.480) or pHEBC (p = 0.728) were found.
The comparison between physical test type at the same 

measurement stage using model 2 showed higher [H2O2]EBC 
24 h after the participants ran (p = 0.007). A similar result 
(p = 0.017) was found in [NO2

−]EBC. In blood, this metabo-
lite did not show any difference based on physical test type. 
The relationship between [NO2

−]EBC/[NO2
−]Plasma showed 

a tendency to increase in the 24  h post-running stage 
(p = 0.061). Finally, lower pHEBC (p = 0.002) was observed 

Fig. 2   Analysis of trends in pro-oxidants after a 10-km run (solid 
line) or a 3.5-km swim (dashed line) using mixed model 1. a Hydro-
gen peroxide in EBC. b Nitrite anion in EBC. c EBC/plasma nitrite 
ratio. The p value represents the difference between the two exercises 
tests after 24 h
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in the 20 min post stage after participants swam, with no 
subsequent changes.

In both physical tests, correlations were found between 
the pre-exercise value and the absolute changes (Δ) cal-
culated as [24-post]–[pre], for pHEBC (r = − 0.58, n = 34, 
p ≤ 0.001), [Η2O2]EBC (r = − 0.79, n = 34, p ≤ 0.001), 
[ΝΟ2

−]EBC (r = − 0.74, n = 34, p ≤ 0.001), and [NO2
−]EBC 

/[NO2
−]Plasma (r = − 0.77, n = 34, p ≤ 0.001) (see Fig. 3).

Figure 3 shows the correlations between the absolute 
values of [H2O2]EBC and [NO2

−]EBC (r = 0.62, n = 34, p ≤ 
0.01) (Fig. 3a) and between Δ[Η2O2]EBC and Δ[ΝΟ2

−]EBC 
(r = 0.72, n = 34, p ≤ 0.01), both in swimming and running 
(b). Finally, estimated total ventilation during running was 
correlated with Δ[H2O2]EBC (r = 0.53, n = 17, p = 0.028), as 
seen in c. No significant correlations were observed with 
Δ[NO2

−]EBC (p = 0.130) and ΔpHEBC (p = 0.170).

Discussion

In this research, competitive swimmers chronically exposed 
to chlorine and its derivatives had decreased [H2O2]EBC, 
[NO2

−]EBC, and [NO2
−]EBC/[NO2

−]Plasma after swimming 
3.5 km in a chlorinated indoor swimming pool in compari-
son to a similar workload effort of outdoor 10 km running, 
with no changes in the pHEBC. When the participants ran, 
they showed higher values of [H2O2]EBC and [NO2

−]EBC in 
the 24-h post-running stage and pHEBC in the 20-min post-
running stage when compared to the same times after swim-
ming. Although differences between exercises regarding the 
pro-oxidants measured in EBC were found, the spirometry 
parameters were not modified.

Outdoor running and pro‑oxidants in EBC

The 10 km outdoor running exercise increased [H2O2]EBC 
and [NO2

−]EBC, which is a similar finding to that observed 
in a previous study conducted on active subjects not accus-
tomed to running (Araneda et al. 2014). H2O2 is widely 
accepted as a biomarker of inflammatory processes and/or 
oxidative stress generated by the combination of O− radicals 
and H+ ions, a reaction accelerated by the superoxide dis-
mutase enzyme. At the respiratory level, its potential sources 
of origin are pulmonary phagocytes, type II pneumocytes 
and airway epithelial cells (Liang et al. 2012). Very little 
research has analysed the [H2O2]EBC in exercise. Nowak et al. 
(2001) found no differences after cycle ergometer exercise 
(120 watts × 6 min) in healthy subjects. A similar result was 
found after maximal exercise (3 min) in elite cyclists at an 
altitude of 670 m (similar to the present study) and 2,160 m 
(Araneda et al. 2005). In runners, few data are available in 
the literature evaluating [H2O2]EBC, therefore, the findings 
of this research are only comparable to previous research in 

our group. In trained long-distance runners, we previously 
found an increase after 21.1 and 42.2 km (Araneda et al. 
2012) as well as in healthy untrained subjects after 10 km 
(Araneda et al. 2014). Increases in this parameter have also 
been reported in patients with chronic respiratory diseases, 
such as COPD and asthma, pathologies characterized by an 
oxidative imbalance at the pulmonary level (Murata et al. 
2014).

Fig. 3   Correlations between hydrogen peroxide and nitrites in 
exhaled breath condensate contents after a 10-km run (filled circles) 
or a 3.5-km swim (hollow circles) in a pre-exercise (pre) values and b 
absolute change (Δ) 24 h after the end of exercise. c The correlation 
between estimated total pulmonary ventilation (VE total) and changes 
after 24  h (Δ) in EBC hydrogen peroxide ([H2O2]) content after a 
10-km run. The continuous line represents the linear regression equa-
tion for both exercise bouts
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NO2
− is a metabolite of nitric oxide (NO), which, given 

its stability, can feasibly be measured in exhaled breath 
(Liang et al. 2012). During exercise, it participates in 
bronchodilation to increase air flow and in vasodilation 
to avoid increases in pulmonary artery pressure; also, in 
pathological processes, NO2

− alters the redox state by par-
ticipating in inflammatory phenomena (Ricciardolo et al. 
2004). To our knowledge, under exercise conditions, this 
marker has only been determined in EBC by our research 
group, where increases in trained runners after 21.1 and 
42.2 km (Araneda et al. 2012) and in healthy untrained 
subjects after 10 km (Araneda et al. 2014) were found. To 
assess whether [NO2

−]EBC could be perturbed by simulta-
neous increases in plasma, [NO2

−]Plasma was also measured 
in this study, although no significant changes were found 
(see Online Resource 2). This finding suggests that the 
alteration of the redox state induced by outdoor running 
was a local phenomenon restricted to the pulmonary level, 
thus giving reliability to our model of physical exercise as 
an oxidant stimulus on the respiratory system.

Although participants were physically active subjects, 
they were not accustomed to outdoor running condi-
tions. Thus, environmental variables such as tempera-
ture, relative humidity, and air pollutants could influence 
our data. In this regard, although the concentration of 
atmospheric contaminants was in the normal range (see 
Online Resource 1), previous studies have documented 
that inhalation of particulate matter (PM) and respiratory 
contaminants commonly present in ambient air (O3, NO2, 
SO2, CO) (Carlisle and Sharp 2001), in addition to increas-
ing lung ventilation and changing the respiratory pattern 
(from nasal to buccal respiration), produce a deeper res-
piratory penetration of environmental irritants causing 
airway inflammation and oxidative stress (Huang et al. 
2012) and, thus, decreasing sports performance (Pierson 
et al. 1986; Marr and Ely 2010). This phenomenon can 
even occur at low concentrations of pollutants (Lima et al. 
2013), as was the case with this research. The ambient 
temperature and relative humidity could also be related 
to the running results. Although no differences in these 
parameters regarding swimming were found, the evidence 
suggests that a decrease in these variables promotes dehy-
dration of the respiratory tract, which has been associated 
with alterations in the redox state at the pulmonary level 
(Marek et al. 2013). In addition, an increase in pulmonary 
ventilation, and with it a greater renewal of alveolar air, 
is another aspect that has been reported to be a stimulant 
for the formation of pro-oxidants at the pulmonary level 
(Freed and Davis 1999). Thus, the higher lung ventilation 
calculated for running in this research was associated with 
higher formation of [H2O2]EBC (see Fig. 3(c)), which is a 
finding previously described under laboratory conditions 
(Tuesta et al. 2016).

Indoor swimming and pro‑oxidants in EBC

After swimming to high intensity for 3.5 km in an chlorin-
ated indoor swimming pool (79.3 ± 7.0, % HRmax), partici-
pants in this study had decreased [H2O2]EBC and [NO2

−]EBC 
(see Fig. 2). These results are novel findings since it is our 
understanding that there are no previous studies evaluating 
these parameters in swimmers. It may seem paradoxical 
that active subjects accustomed to the inhalation of Cl2 and 
DBP show a decrease in the pro-oxidants measured in EBC, 
considering the irritative characteristics of these substances 
on the respiratory system that have been described in both 
human and animal models (Martin et al. 2003; White and 
Martin 2010). However, a possible justification may be a 
compensatory higher development of antioxidant defences 
(Radak et al. 2008) and/or a lower inflammatory response as 
a result of chronic exercise (Walsh et al. 2011), which may 
generate a particular response in the redox state. Nor can 
it be ruled out that the acute effect of the [Cl2] used in the 
swimming pool does not affect the pulmonary redox state 
in the long-term.

There are no reports that have evaluated [NO2
−]EBC in 

swimmers, although data are available on NO metabolites 
in samples of fractional exhaled air (FeNO). Bonsignore 
et al. (2003) assessed the effects of swimming into an out-
door pool (OP) with low [Cl2], and compared it with open 
sea swimming (hypertonic exposure), on airway cells and 
FeNO in seven non-asthmatics swimmers which habitually 
trained in OP. After swimming in OP, FeNO decreased and 
airway neutrophils did not increase; after sea swimming, 
FeNO was similar to baseline, associated with a slight 
increase in airway. Authors suggest that high-humidity envi-
ronment of swimming in OP may prevent airway cooling, 
dehydration, and inflammation. In children exposed to high 
concentrations of Cl2 in a swimming pool, Bonetto et al. 
(2006) found increased FeNO in the acute phase, whereas 
the values after two months were normalized. On the other 
hand, Carbonnelle et al. (2008) assessed whether an acute 
swimming session performed in a chlorine-treated pool 
induces lung inflammation as measured by FeNO in eleven 
healthy subjects not habitually exposed to chlorine. The 
exhaled NO increased 34% after exercise post-swimming 
in a non-chlorinated pool and was unaffected in the chlo-
rinated pool. These results suggest that chlorination might 
inhibit NO-induced vasodilation observed during swimming 
in chlorinated pool. It is necessary to remark that these two 
studies used the measurement of fractional exhaled air, and 
consequently their results cannot be directly extrapolated to 
studies as the present where EBC measurement were done. 
Using EBC method, Pedersen et al. (2009) and Font Rib-
era et al. (2010) did not find changes in this parameter in 
elite swimmers. Those studies evaluated only the immediate 
effect of physical exercise, therefore, it is still unknown what 
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happens in later stages in subjects with chronic exposure 
to chlorine and DBP. It has been shown that the activity 
of the endothelial nitric oxide synthase enzyme (eNOS) 
increases after physical exercise (Niess et al. 2000), thus 
suggesting the possibility of increases in NO metabolites 
at post-stimulus stages. Hence, we included measurement 
at the 24-h post-exercise stage in our protocol, expecting to 
find an increase in [NO2]EBC. However, decreases in both 
[NO2

−]EBC and [H2O2]EBC were observed.
Our experimental protocol does not allow us to examine 

the unique effect of physical exercise in competitive swim-
mers. The literature mentions that inhaled Cl2 and DBP react 
with the water vapour present in the mucous lining of the 
airway, producing hydrochloric acid (HCl) and hypochlor-
ous acid (HOCl) (White and Martin 2010); this chemical 
reaction has been observed under in vitro conditions. Since 
we also measured these irritants in our experimental model 
in vivo, a decrease in [NO2

−]EBC after swimming could be 
expected at the early stages (20 min post-exercise), but this 
did not happen in the present study; however, a decrease in 
this parameter occurred in the late 24-h post-exercise stage.

We found a decrease in [H2O2]EBC after swimming 3.5 km 
in an indoor chlorinated pool. Other authors have proposed 
that HOCl can interact with the H2O2 present in the airway, 
which originates from neutrophils and/or other inflammatory 
mediators (Evans 2005; White and Martin 2010), and this 
interaction could explain the decrease in this parameter, as 
seen in the analysis of trends (see Fig. 2a). According to our 
knowledge, there are no previous studies that have measured 
this parameter in swimmers, therefore, our findings should 
be corroborated with future research. In addition, this com-
parison could be done in triathletes whose due to their exer-
cise regime they train in both environmental conditions.

Correlations of parameters in EBC

When evaluating the EBC parameters of outdoor run-
ning and indoor swimming, a direct correlation was found 
between the absolute values of [H2O2]EBC and [NO2

−]EBC 
as well as in the deltas of both markers (see Fig. 4). These 
results are similar to those previously reported (Araneda 
et al. 2012, 2014), which demonstrates the reproducibility 

Fig. 4   Correlations between absolute values of pro-oxidants and pH 
in EBC after a 3.5-km swim (hollow circles) or a 10-km run (filled 
circles). Pre-exercise values (pre) are on the abscissa, whereas the 

changes after 24 h (d) are on the ordinate. The continuous line repre-
sents the linear regression equation for both exercise bouts
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of our exercise and pulmonary inflammation model. A prob-
able explanation of these findings would be a common origin 
and/or be a part of common processes.

pH EBC

In this study, pHEBC does not show a clear-cut trend in model 
1. Long-distance running events (+ 21.1 km) have shown a 
tendency to decrease the pHEBC (Araneda et al. 2012). In this 
research, when the measurement in the 24 h post-exercise 
stage was included, we would have expected a decrease in 
the value; however, no changes were found, in accordance 
with previous investigations is not accustomed to running 
healthy subjects (Araneda et al. 2014). On the other hand, 
a small change in pHEBC after acute exercise can also be 
attributed to the buffering action of the high blood flow in 
tight contact with alveolar gas.

Despite the detection of a difference between swimming 
and running at 20 min post-exercise in model 2, the inter-
pretation of this finding is difficult because there are no dif-
ferences in the trends analysed by model 1 and because it 
does not persist at 24 h post-exercise, which would have 
meant compatibility with inflammatory phenomena of the 
airway. In addition, for a better understanding of this pro-
cess, the time between the first and second stages of pHEBC 
measurement should be reduced because this change is likely 
transient.

Pulmonary function

The pulmonary function assessment, measured by spirom-
etry, did not detect any significant changes; however, it 
showed a tendency to increase close to 3% of FEV1 in the 
20-min post-exercise stage, which was similar between 
both exercises (see Table 2). Hence, we did not perform 
the mixed model statistical analysis, as for EBC parameters. 
We consider that the tendency for post-exercise bronchodila-
tion was largely explained, as the swimmers involved were 
healthy subjects. Contrary to our expectations, we failed to 
demonstrate a relationship between spirometry values and 
EBC parameter alterations. It is necessary to note that the 
spirometry results only 20 min after the end of exercise may 
eventually be affected, and we cannot disregard the possible 
influence of dynamic changes in lung biomechanics and vol-
umes during exercise on these measurements.

Limitations

The experimental design of this study does not allow to 
identify in an isolated way the effects on respiratory redox 
state of each environmental variable under the exercise pro-
tocols were performed. For logistical reasons, it was not 
possible to randomize the order of the two tests between all 

the participants. On the other hand, exhaled breath conden-
sate analysis have a known variability (Horváth et al. 2005), 
which in addition to the relatively small number of partici-
pants, difficult a more clear-cut interpretation of the results.

Furthermore, study participants have a history of chronic 
exposure to chlorine and DBP, which could have triggered 
compensatory responses such as induction of antioxidant 
enzymes, thus eliciting an enhanced ability to cope with 
redox state alterations at the pulmonary level.

Future research

Further studies are needed to know the impact of physi-
cal exercise on the pulmonary redox state in subjects with 
chronic exposure to chlorine-treated swimming pools by 
evaluating antioxidant defences, analysing induced sputum 
samples, and performing new pulmonary function tests to 
determine the physiological adjustments on the respira-
tory system elicited by regular indoor swimming. Also, it 
could be interesting to replicate this experimental design 
in triathletes under their habitual training routine, because 
swimming, running, and biking are performed under differ-
ent environmental conditions. More research is necessary to 
specifically isolate the covariables present in each particular 
environment where the exercises are performed, thus permit-
ting to recognize the influence of each one on the production 
of respiratory pro-oxidants during the increment of pulmo-
nary ventilation in exercise.

Conclusions

In competitive swimmers, the EBC analysis shows that after 
two different exercises, comparable in duration and intensity 
and performed at habitual environment conditions, pro-oxi-
dants decrease when swimming in an indoor chlorine-treated 
swimming pool and increase after outdoor running during a 
24-h follow-up, with no changes in lung function.
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