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ABSTRACT 

We hypothesize that oxidative stress induced by trichloramine exposure during swimming could be 

related to etiopathogenesis of asthma among elite swimmers. 

Aim: To investigate the effect of a swimming training session on oxidative stress markers of asthmatic 

compared to non-asthmatic elite swimmers using exhaled breath (EB) metabolomics. 

Methods: Elite swimmers annually screened in our department (n=27) were invited and those who 

agreed to participate (n=20, of which 9 with asthma) had EB collected (Tedlar® bags) before and after a 

swimming training session. SPME fibre (DVB/CAR/PDMS) was used to extract EB metabolites followed 

by a multidimensional gas chromatography analysis (GC×GC-ToFMS). Dataset comprises 8 metabolites 

end-products of lipid peroxidation: 5 aliphatic alkanes (nonane, 2,2,4,6,6-pentamethylheptane, decane, 

dodecane, and tetradecane) and 3 aldehydes (nonanal, decanal, and dodecanal). To assess exercise 

impact on lipid peroxidation markers, data were analyzed using Principle Component Analysis (PCA), 

which was run on the original data set and on the data set constructed using differences in the metabolite 

total areas before and after exercise session.  

Results: Heatmap representation revealed that metabolites content decreased after exercise, both for 

control and asthma groups; however the greater decrease was observed for controls. Asthmatics and 

controls did not form separated clusters, however control swimmers demonstrated a more varied 

response to the exercise being dispersed along all score plot.  

Conclusion: In well-trained athletes, swimming is associated with a decrease in oxidative stress markers 

independently of the presence of asthma, although a more pronounced decrease was seen in controls.  
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BACKGROUND 

The high prevalence of asthma among elite athletes has been related to bronchial epithelial damage. 

Oxidative stress is believed to contribute to the pathophysiology of asthma and, together with increased 

ventilation induced by exercise, may be a final common pathway leading to tissue damage (1). Swimmers 

are among the athletes with higher prevalence of asthma and present an increased risk for a specific 

phenotype (2), but the cause for it remains under debate. Trichloramine exposure in swimming pools may 

result in oxidative stress through reaction with substrates in the epithelial lining, therefore decreasing 

bronchial intrinsic antioxidants and producing subsequent inflammation, progression of bronchial 

hyperresponsiveness and a vicious cycle of continued airway oxidative stress and inflammation (3). 

Therefore, we hypothesized that exposure to chloramines during swimming would induce oxidative 

stress, which could be related to the etiopathogenesis of asthma in swimmers. In an exploratory study 

using metabolomic analysis of exhaled breath (EB) of elite swimmers, we aimed to assess the effect of a 

swimming training session on oxidative stress lipid peroxidation markers and to investigate whether the 

impact is similar across asthmatic and non-asthmatic subjects. 

METHODS 

The participants included in this observational study have been previously described (4). Data from the 

screening visits performed at the beginning of the training season were retrospectively collected (skin 

prick tests with aeroallergens, spirometry, bronchodilation (BD), and airway responsiveness to 

methacholine). In these visits, swimmers were asked to withhold anti-asthmatic and/or anti-allergic 

medication (5). Demographic data, respiratory parameters and skink prick tests results are presented as 

supplementary files (Table E1 and Table E2). No significant differences were observed between asthmatic 

and non-asthmatic swimmers for demographic and personal characteristics, except for the expected 

lower PD20 among those with asthma (4).  

The 20 swimmers who agreed to this study (9 had asthma according to the International Olympic 

Committee criteria (6)), had a specific evaluation collecting EB before and 5 minutes after a training 

session at their swimming pool. This evaluation was performed during summer, and 2 to 3 swimmers had 

EB collected in each visit (a total of 8 investigators’ visits of the over 2 weeks). Swimmers performed their 

regular 1 hour training in an open-air chlorine disinfected swimming-pool, and no changes on the training 

session (swimming style and the intensity of the training – Table E1) were imposed by the investigators. 

Written informed consent and ethical commission approval were obtained.  
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Procedures 

Airway responsiveness to methacholine was measured using a five-breath dosimeter protocol with 

quadrupling doses (MEFAR MB3), starting with a 0.0625 mg/mL solution (5). Spirometry was performed 

according to guidelines (7). Results of spirometry (FEV1, FVC, FEF25-75) are presented as absolute and 

predicted values, according to reference algorithms (8). Positive BD was defined as an increase in FEV1 

≥12% and 200 mL, after 15 minutes of 400μg inhaled salbutamol (9). Skin prick tests to common 

aeroallergens were performed (Leti®) (Table E2), defining atopy as the presence of at least one positive 

(≥3mm) result. A heart rate monitor watch was used to measure heart rate.  

EB was collected in 1 L Tedlar® bags (SKC Inc., Eighty Four, PA, USA) and two samples were collected 

for each swimmer (one before and other after a training session). Before collecting EB, all bags were 

thoroughly cleaned to remove residual contaminants by flushing with high purity nitrogen gas. The breath 

sampling parameters were previously optimized (10). Briefly, at each sampling moment, the swimmer was 

asked to cleanse mouth with water before sampling, and subsequently instructed to inhale and exhaled 

normally and then exhale deeply using a disposable mouthpiece into the Tedlar® bag previously holding 

the breath for 5 seconds. The solid phase microextraction (SPME) fibre (DVB/CAR/PDMS - 50/30 μm 

divinylbenzene/carboxen™/poly(dimethylsiloxane StableFlex™ 1 cm) was used to extract breath 

metabolites from Tedlar® bag. The bags were stored at 22ºC, and analyzed in a maximum of 6 hours, as 

recommended (11). The SPME fibre with sorbed metabolites was introduced into the GC×GC-ToFMS 

(comprehensive two-dimensional gas chromatography combined with time of flight mass spectrometry 

detection) injection port as reported by Caldeira et.al (12). Each breath represented a single sample, being 

analyzed once. A LECO Pegasus 4D (LECO, St. Joseph, MI, USA) GC×GC-ToFMS system was used, 

which consist of an Agilent GC 7890A gas chromatograph, with a dual stage jet cryogenic modulator 

(licensed from Zoex) and a secondary oven. The detector is a high-speed ToF mass spectrometer. The 

instrumental parameters for breath analysis were previously established (12). For identification purposes, 

the mass spectrum of each selected metabolite was compared to those in mass spectral libraries of one 

home-made (using standards) and two commercial databases (Wiley 275 and US National Institute of 

Science and Technology (NIST) V.2.0 - Mainlib and Replib). The identification is also supported by 

experimentally determining the RI (retention index) (13) and standards co-injection (Table E3, 

supplementary file). The DTIC (Deconvoluted Total Ion Current) GC×GC area data were used as an 

approach to estimate the relative content of each metabolite in the EB from each subject and collection time.  

Data analysis 

From several hundreds of metabolites detected on EB, a specific metabolite data set was established for 

a fast access of information from EB metabolomic profile, reducing the time of data pre-processing (from 

raw instrumental data to clean data for statistical processing), and thus, becoming more expedite method 

for clinical purposes. Five aliphatic alkanes (nonane, 2,2,4,6,6-pentamethylheptane, decane, dodecane, 
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and tetradecane) and three aldehydes (nonanal, decanal, and dodecanal), which may be used to assess 

lipid peroxidation state, were selected based on previous data (12). 

For comparison of before and after exercise session, peak areas of the selected aliphatic aldehydes and 

alkanes were extracted from the chromatograms and used to build the data matrix. This matrix consisted 

of 40 observations (breath samples of 20 individuals, with two observations from each subject - before 

and after exercise) and 8 variables (peak areas of selected metabolites – Table E3, supplementary file). 

Data set was normalized, i.e. variables were mean centered and divided by their standard deviations, 

prior to all calculations. To assess exercise impact on lipid peroxidation markers Principle Component 

Analysis (PCA), as an unsupervised tool, was used, which was run on the data set constructed using 

differences in the metabolite total areas before and after exercise session. In addition, a heatmap 

visualization has been done on the data from control and asthma groups before and after exercise. 

Calculations were performed using MATLAB (MATrix LABoratory) v.7.3.0. 

RESULTS 

Specific changes of each selected metabolite for each swimmer, before and after the exercise session, 

are shown in a heatmap representation (fig. 1), separated by asthma and control groups. Each 

metabolite was illustrated through different colors, corresponding dark blue and dark red colors to the 

lower and higher intensities, respectively. Heatmap representation revealed that generally the metabolites 

content decreased after exercise, both for control and asthma groups; however, the greater decrease was 

observed for controls.  

The impact of the swimming session on the athletes was individualized, as illustrated by the scores and 

loadings bi-plot (fig. 2) produced using differences in metabolite concentrations after and before the 

exercise session. Swimmers were dispersed through Principle Component 1 (PC1), that explains 34% of 

the data variability, being the controls closer to PC1 negative and origin (swimmers that had no or very 

small changes in the metabolites content before and after exercise session, are situated close to origin). 

The asthmatics are dispersed through PC1 positive more close to the metabolites position. Moreover, 

non-asthmatic atopic subjects seem to be located closer to those with asthma in the PCA score plot. 

Combining results from figures 1 and 2, it should be highlighted that asthma and control groups did not 

form separated clusters with respect to studied metabolites. However, controls demonstrated a more 

varied response to the exercise being dispersed along all score plot (fig. 2) while asthmatics formed a 

more compact group located closer to the origin. 

DISCUSSION 

Our results show that oxidative stress markers decrease after a swimming session both for control and 

asthmatic elite swimmers. There are possible explanations. These are well-trained athletes and, although 

acute physical exercise performed at high intensity may result in oxidative stress due to reactive oxygen 
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species (ROS) being generated excessively by enhanced oxygen consumption (14) (known as exercise-

induced oxidative stress), several studies have demonstrated that continuous aerobic training reduces 

ROS production and increases antioxidant defenses (14-17). Exercise training may compensate oxidative 

stress by adaptation of the antioxidant and repair systems; this may result in a decreased resting level of 

oxidative damage and an increased resistance to oxidative stress (14, 18-20). Increased levels of ROS 

and oxidative damage are initiators of specific adaptive responses, such as the activation of antioxidant 

enzymes (21) and enhanced oxidative damage repair (19). On the other hand, we cannot exclude the 

hypothesis of the oxidative stress markers reduction being related to changes in bronchial diameter: 

exercise leads to increased ventilation and reduced airway caliber in asthmatic subjects, increasing 

airflow velocity; the reduced airway surface area may result in a lower diffusion of the metabolites through 

the airways. Also, EB was collected shortly after exercise, so the decrease observed in the oxidative 

stress markers may be due to washout of markers in EB given the high minute ventilation, as occurs with 

exhaled nitric oxide levels after forced breathing maneuvers. Besides, the usefulness of alkanes has been 

demonstrated to distinguish children with allergic asthma from healthy controls (12), which is not the case 

for many swimmers that present a specific phenotype of asthma not related to atopy (2). 

Swimmers with and without asthma did not aggregate into separated clusters with respect to studied 

metabolites, however, a more pronounced decrease was observed for controls,  raising the possibility of a 

parallel production of these compounds in asthmatic swimmers. These findings suggest that a possible 

relation between asthma and oxidative stress could not be ruled out. Activated inflammatory cells in the 

airways of asthmatic subjects may be responsible for the biosynthesis of these metabolites. The 

production of aldehydes and alkanes by asthmatic subjects possibly turns them less prone to evidence 

such a marked decrease in oxidative stress metabolites as controls do. Exposure to environmental 

irritants leads to the recruitment and activation of inflammatory cells in asthmatic airways. Activated 

inflammatory cells respond with a "respiratory burst" that involves the uptake of oxygen and subsequent 

release of ROS into surrounding cells (1), which can damage lung tissue, contributing to oxidative stress 

in asthma. Oxidative stress can have many detrimental effects on airway function, including airway 

smooth muscle contraction, airway hyperresponsiveness, mucus hypersecretion, epithelial shedding and 

vascular exudation (1). (22)Under oxidative stress condition, damaged, dead or activated structural cells, 

can release Damage-Associated Molecular Patterns (DAMPs) and cytokines, able to promote dendritic 

cells maturation (23). In agreement, it has been recently shown that in competitive swimmers, the 

intensive training combined with exposure to by-products of chlorination induces airway epithelial damage 

and is associated with increased DAMPs, innate cytokine release and neutrophilic airway inflammation 

(24). Moreover, non-asthmatic atopic subjects seem to be located closer to those with asthma in the PCA 

score plot, which is also in agreement with recent studies showing that inadequate anti-oxidant responses 

are strongly associated with allergic sensitization (23). It has been hypothesized that oxidative stress 

occurs in many allergic and immunologic disorders as a result of the imbalance between the endogenous 

production of free ROS and/or the reduction of antioxidant defense mechanisms. About half the asthmatic 
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swimmers were atopic, but meanwhile, also 67% were on inhaled corticosteroids at the time of EB 

collection, which could reverse the production of lipid peroxidation metabolites biosynthesis by the 

inflammatory cells. More studies with larger samples are needed to clarify these differences. 

Some swimmers presented slight changes in the metabolite concentrations while other had large 

changes, and such differences were not explained by the presence of asthma or atopy. During exercise, 

the rate of lipid oxidation is influenced by a number of factors influencing different sites in the metabolic 

pathway, which could be responsible for the differences observed. Some of these factors are related to 

the system/machinery and others to the specific conditions prevailing during exercise. We investigated 

the possible role of some of these factors including the activity of both the parasympathetic and the 

sympathetic nervous systems, exercise intensity, exercise duration, subject’s temperature, sex, age, 

height, weight, body mass index, methacholine PD20, respiratory parameters and the duration of life-time 

years of competition, and we failed to observe any differences that could explain the distinct changes in 

metabolites across swimmers (data not shown). Nonetheless, there are several other possible 

explanatory factors that were not approached and need to be addressed in further studies. 

There are some limitations in our study. First, EB was collected right after exercise and, if repeated later,  

possible washout effects induced by increased ventilation could have been avoided. Second, due to the 

inclusion of only elite swimmers from the same team in order to homogenize the characteristics of training 

and environment, we cannot assure that lack of differences between asthmatic and healthy swimmers are 

not related to low power to detect it. Third, we did not assess lung function after swimming, which could 

have provided some details about the occurrence of EIB. Fourth, the lack of a control group without 

swimming but exposed to chlorinated water disables the possibility to distinguish the effect of exercise 

from that of trichloramine exposure. Also, we have used an indirect measure of oxidative stress, e.g. 

alkanes and aldehydes. However, most of the current literature uses indirect detection of ROS 

intervention, based on the dosage of specific end products resulting from the interaction of the ROS with 

biological macromolecules, such as lipids. The appearance of these end products, mainly alkanes, serves 

as proof of the prior existence of ROS. Finally, swimmers were practicing in an outdoor swimming pool, 

which could have reduced the exposure to chloramines. Nevertheless, competitive swimmers aspirate 

water droplets and chemicals when breathing the air floating just above the water surface and it has been 

reported that a significant increase of asthma occurs with the lifetime number of hours spent also in 

outdoor pools (25).  

Research in this area should be further developed. Our study should be followed by others with more 

athletes, training in indoor environments, and using repeated samples in different point times after 

exercise. Although EB has numerous advantages over other substrates, employing different substrates 

such as urine or plasma, rather than only EB, will support these results. 

This is the first study using a metabolomic analysis of EB in elite swimmers to analyze the impact of an 
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exercise challenge in oxidative stress. It has been advocated that challenging metabolic regulatory 

processes by testing the individual capacity and flexibility to cope with environmental stressors may 

unmask early changes in metabolism (26). Nevertheless, most metabolomics studies to date are limited 

to cross-sectional analysis, and only few report time-resolved metabolome changes in response to a 

challenge (26). The present study contributes to overcome this paucity of data as in-field metabolic 

analyses may be relevant to understand, support and train elite athletes, highlighting the concept of 

sportomics (27). 
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Figure 1. Heatmap representation of selected aliphatic alkanes and aldehydes level of each 

control and asthma subjects before and after exercise session. Each line corresponds to one 

metabolite (organized by aldehydes and alkanes chemical families) and each column 

corresponds to each individual (see individual number assignment in Table E3). Each 

compound was illustrated through different colors, allowing a visual assessment of the relative 

abundance of each one: dark blue and dark red colors correspond to the fewer and larger 

amounts, respectively. 
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Figure 2. Principal Component Analysis (PCA) score and loading biplot. PCA scores and 

loadings were calculated using differences between concentrations of 8 metabolites (see peak 

assignment in Table E3, supplementary file) in the exhaled breath before and after exercise 

session of control (full symbols) and asthma (open symbols) individuals. First and second 

principal components (PC1×PC2) explains 58% of the data variability, being samples dispersed 

according PC1. Metabolite concentrations were calculated as GC×GC peak areas of selected 

aliphatic aldehydes and alkanes. Swimmers that had no or very small alteration in the 

metabolites content before and after exercise session, are situated close to origin. 

Red circles were used to highlight the atopic individuals’ position in the PCA biplot. 
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