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Abstract: At present, it is unclear which exercise-induced factors, such as myokines, could diminish
the negative impact of the reduction in pulmonary function imposed by the exercise in question.
In this study, we aim to evaluate the prevalence of exercise-induced bronchoconstriction (EIB) and
also to investigate the effect of myokines in the performance of marathon runners presenting EIB or
not. Thirty-eight male recreational marathon runners (age 38.8 [33–44], height 175.7 [172.0–180.3];
weight 74.7 [69.3–81.6]) participated in this study, and through spirometry tests, a prevalence of 23.6%
of EIB was found, which is in agreement with the literature. The volunteers who tested positive
to EIB (EIB+) presented lower maximum aerobic capacity compared to those who tested negative
(EIB−) (EIB+ 44.02 [39.56–47.02] and EIB− 47.62 [44.11–51.18] p = 0.03). The comparison of plasma
levels of IL-1β (EIB+ p = 0.296, EIB− p = 0.176, EIB+ vs. EIB− baseline p = 0.190 immediately after
p = 0.106), IL-4 (undetectable), IL-6 (EIB+ p = 0.003, EIB− p ≤ 0.001, EIB+ vs. EIB− baseline p = 0.301
immediately after p = 0.614), IL-8 (EIB+ p = 0.003, EIB− p ≤ 0.001, EIB+ vs. EIB− baseline p = 0.110
immediately after p = 0.453), IL-10 (EIB+ p = 0.003, EIB− p ≤ 0.001, EIB+ vs. EIB− baseline p = 0.424
immediately after p = 0.876) and TNF-α (EIB+ p = 0.003, EIB− p ≤ 0.001, EIB+ vs. EIB− baseline
p = 0.141 immediately after p = 0.898) were similar in both groups 24 h before and immediately after
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the marathon. However, negative correlations were found between the marathon finishing time and
the levels of IL-8 (r = −0.81, p = 0.022), and IL-10 (r = −0.97, p ≤ 0.001) immediately after completing
the marathon. In conclusion, for the first time, it is shown that the myokines IL-8 and IL-10 are related
to improvement of the performance of marathon runners presenting EIB.

Keywords: pulmonary function; endurance exercise; EIB; cytokines; FEV1; FVC; aerobic capacity

1. Introduction

Exercise-induced bronchoconstriction (EIB) is defined as a transient narrowing of the airways
that occurs after exercise in individuals with (EIBA) or without underlying asthma (EIBwA) [1,2]. Both
EIBA and EIBwA have peculiarities in pathogenic mechanisms, diagnostic criteria, and responses to
treatment and prevention [3].

Regarding the pathogenic mechanisms, although at present, the cause of EIB is not entirely
understood, two classical theories, i.e., the osmotic and the thermal theories, were purposed to explain
its occurrence. In relation to the latter, the occurrence of vasodilation, associated with airway rewarming,
plays a role in the induction of bronchial obstruction after exercise [4]. Regarding the osmotic theory,
which is currently the most accepted, the hyperventilation through the mouth associated with intense
exercise requires the humidification and heating of large volumes of air in a short period of time, leading
to airway dryness. Water loss by evaporation in airway surfaces is associated with events that can
trigger the contraction of bronchial smooth muscle, such as mast cell degranulation [5], which releases
pro-inflammatory mediators that are involved in smooth muscle contractions, mucus production, and
microvascular permeability, leading to airway edema and bronchoconstriction [5,6]. Furthermore,
as mentioned in the review from Couto et al. [7], epithelial damage can also be involved in EIB, and
several studies have demonstrated increased infiltration of eosinophils, neutrophils, and/or epithelial
cells associated with EIB, as well as an increase in airway inflammatory markers. More specifically,
Seys et al. [8] demonstrated an increased presence of damage-associated molecular patterns (DAMPS)
in athletes with EIB.

In terms of EIB diagnosis, it is important to clarify that the clinical history and the presence of
typical symptoms (dyspnea, chest tightness, cough, and wheeze) can be used only as a complement to
determine the occurrence of EIB [9], since valid diagnoses of EIB should be established though direct
or indirect tests. For instance, the methacholine challenge is direct, whereas the eucapnic voluntary
challenge as well as the standardized treadmill exercise test—whereby exercise may be followed by
a decrease of 10 % or more in forced expiratory volume (FEV1) compared to pre-exercise levels—are
indirect tests [6,7,9]. It is worthy to mention that, for some authors [10,11], the standard treadmill
exercise test is preferred for EIB due to its resemblance to real-life exercise.

The diagnosis of EIBA and EIBwA is of great importance for people who exercise or practice sport;
the disorder can manifest during/after any physical activity, and shows similar prevalence in both
genders [1,2]. It is important to emphasize that this condition is frequently not recognized, often being
attributed to fatigue, and, even when recognized, it does not receive the attention it deserves [12,13]. It is
important to note that EIB is quite common among practitioners of endurance sports [1]. The marathon,
a sport that requires great physical effort, has significantly increased in popularity in recent decades [13,14].
Several publications, including from our group, have shown a significant increase in the production of
pro-inflammatory cytokines, both systemic and in the upper airways [15,16].

Based on this information, we aimed to evaluate the prevalence of EIB in a group of recreational
marathon runners without asthma, as well as to investigate both systemic and upper airway
inflammatory responses and their correlation with marathon performance.
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2. Methods

2.1. Subjects and Study Design

Fifty recreational male athletes registered for the São Paulo International Marathon to be held
on 17 June 2012, in the city of São Paulo, were recruited. Athletes had to meet the inclusion criteria
(i.e., train at least three times per week and have completed a marathon in the last twelve months).
Exclusion criteria were a history of cardiopulmonary, respiratory, or metabolic disease, the use of
medication for chronic diseases, or any factor that did not permit them to run the race or finish the
International Marathon of Sao Paulo.

One week later, the athletes who consented were contacted to fill in a questionnaire about smoking
habits and general health conditions such as the presence/absence of cardiopulmonary or metabolic
diseases. The time they usually need to complete a 10 km training run was also asked, and this was
used to determine the initial treadmill speed in the cardiopulmonary test (as will be described below)
and estimate the time they would need to complete the marathon. In this contact, runners had baseline
measurements (see below) and were also informed about the peripheral blood sample collection,
as well as the ergospirometric and spirometry tests, planned for thirty days after the marathon. From
the 50 athletes recruited, two did not complete the marathon and were therefore excluded from the
study; 10 athletes were excluded because they did not complete the exams, leaving the present study
with a total of 38 athletes.

All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was
approved by the Ethics Committee of Federal University of São Paulo (0573/11).

It was an analytical cross-sectional study, with three visits on different days (Figure 1). At the
first visit, all participants were submitted to baseline peripheral blood sampling and measurement of
physical characteristics (weight, height, and body composition). Immediately after they completed
the marathon, a second collection of peripheral blood was performed. In the last visit (30 days later),
the pulmonary function was evaluated at rest and immediately after a maximal cardiopulmonary
exercise test to detect EIB. The athletes were instructed to describe any respiratory symptom during the
study period. All volunteers reported that they did not experience any respiratory symptoms during
the study period (i.e., before, during. or after the race). The researchers were blinded for the results of
the marathon during the whole period of data collection.
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2.2. Cytokines Measurements and Cellular Counting

Plasma samples were obtained from peripheral blood collected in tubes containing
ethylenediamine tetraacetic acid [(EDTA) 2 tubes of 5 mL], which were centrifuged at 900 g for 10 min.
Plasma samples was then stored at −80 ◦C for later determination of circulating cytokine concentration.
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Plasma IL-1β, IL-4, IL-6, IL-8, IL-10, and TNF-α concentrations were obtained by Multiplex
MILLIPLEX (Merck Millipore, Burlington, MA, USA) analysis, according to manufacturer’s instructions.
The concentration of high-sensitivity C-reactive protein (HSCRP) protein and creatine phosphokinase
(CPK) were determined spectrophotometrically.

2.3. Evaluation of Aerobic and Pulmonary Capacity

Thirty days after the marathon, all 38 participants underwent pulmonary function testing with
a computerized pneumotachograph spirometer (SpiroPro, SensorMedics, Yorba Linda, CA, USA)
pre- and post- treadmill exercise test, according to the recommendations of the American Thoracic
Society [17], to diagnosis of EIB. Immediately afterwards (0 min), and 5, 10, 15, and 20 min after the end
of the test, the volunteers performed spirometry tests. EIB was considered positive (EIB+) when FEV1
decreased by 10% or more in relation to the baseline test in any of the spirometric tests performed after
the treadmill test [17].

A maximal effort test was accomplished by all volunteers in order to determine their aerobic capacity.
Cardiopulmonary exercise testing was performed on a treadmill coupled with a gas analyzer

(FitMate ™, Cosmed, Rome, Italy) and with an electrocardiography software (TEB® APEX 2000,
São Paulo, Brazil). The analysis was performed using the maximal incremental treadmill protocol
with a fixed slope of 1% and a 1 km/h increase every minute, until the maximum treadmill speed
(18 km/h) was reached. The first minute on the treadmill was the same for all subjects, i.e., 5 km/h.
In the second minute, a different speed based on the time needed to complete a 10 km run was used as
described: those who reported taking less than 35 min to run 10 km started the second minute of the
test at 9 km/h (group 1: 8 volunteers); those who reported needing between 36 and 45 min started
the second minute of the test at 8 km/h (group 2: 8 volunteers); those who reported taking more than
46 min (maximum 1 h and 10 min) to run the 10 km started the second minute of the test at 7 km/h
(group 3: 22 volunteers) [18]. When the maximum treadmill speed was reached (after 10, 11, or 12 min),
a 2% inclination was added every minute (the treadmill maximum inclination capacity was 26%) until
completion of test. The test was interrupted when the volunteer reported intense fatigue or exhaustion,
or by the physician responsible for monitoring the tests when abnormalities on the electrocardiogram
and oxygen consumption were observed. Oxygen uptake (VO2) was considered maximum (VO2 max)
when a respiratory exchange ratio (RER) > 1.1 L was reached, or when the report of exhaustion was
associated with reaching the maximum predicted heart rate and an RER greater than 1 L. In addition,
the lactate threshold was also determined during the cardiorespiratory test based on the nonlinear
increases in ventilation and changes in respiratory exchange ratio (RER) parameter.

2.4. Statistical Analysis

All results were assessed for testing the null hypothesis of normality using the Shapiro-Wilks test.
The nonparametric baseline prerace and the postrace values from blood inflammatory markers were
compared using the Wilcoxon test. The EIB negative (−) and positive (+) subjects were compared
using the Mann-Whitney U test at significance level of p < 0.05. Spearman’s correlation was applied to
analyze the correlations within each group, and the results were considered statistically significant at
p < 0.02. Parameters such as anthropometric value, oxygen consumption, pulmonary capacity, and
inflammatory marker concentrations are presented as median and percentiles.

A statistical analysis was performed using software GraphPad Prism 8 (version 8.1.2, GraphPad
Software, San Diego, CA, USA).

2.5. Data Availability Statement

The datasets generated and/or analyzed during the current study are available from the
corresponding author upon request.
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3. Results

3.1. Physical Characteristics, and Pulmonary and Aerobic Capacity of All Volunteers

Table 1 presents a description of the anthropometric data, aerobic capacity, and pulmonary
function of all volunteers.

Table 1. Anthropometric data, aerobic capacity, and pulmonary function of all volunteers—International
Marathon of Sao Paulo 2012.

Parameter Minimum 25% Percentile Median 75% Percentile Maximum

Age (years) 24.0 33.0 38.5 44.0 56.0
Height (cm) 166.5 172.0 175.5 180.3 193.5
Weight (kg) 56.2 69.3 74.7 81.6 101.4

Fat (%) 3.0 15.3 18.6 20.8 25.7
Body mass index 19.0 22.4 24.6 25.9 30.3

Predicted max HR (beats/min) 164.0 176.0 181.5 187.0 196.0
Maximal heart rate (beats/min) 167.0 180.0 185.5 191.0 206.0

% of predicted max HR (%) 91.0 99.0 102.0 16.3 113.0
Duration of test (min) 7.7 10.1 11.5 12.0 13.8

VO2 max (mL kg−1 min−1) 38.0 43.6 46.6 50.2 55.3
VO2 aerobic threshold (mL kg−1 min−1) 28.7 32.7 34.9 38.4 47.6
VO2 lactate threshold (mL kg−1 min−1) 34.1 40.9 44.0 47.6 52.7

Maximal ventilation (L) 111.6 139.6 153.2 170.2 193.5
Maximal respiratory exchange ratio (L) 1.0 1.1 1.2 1.2 1.4

Marathon finishing time (min) 190.7 233.8 265.1 312.5 344.6
Predicted FVC (L) 4.4 4.8 5.1 5.5 6.3
FVC baseline (L) 4.2 4.7 5.3 5.6 7.0

% of predicted FVC baseline (%) 79.6 89.7 99.1 109.6 151.4
FVC 0 min (L) 4.1 4.6 5.0 5.4 6.3
FVC 5 min (L) 4.0 4.7 5.1 5.5 6.6
FVC 10 min (L) 3.7 4.7 5.1 5.4 6.4
FVC 15 min (L) 3.5 4.7 5.2 5.4 6.8
FVC 20 min (L) 4.2 4.7 5.2 5.5 6.4

Predicted FEV1 (L) 3.4 3.8 4.2 4.5 5.2
FEV1 baseline (L) 3.0 3.9 4.2 4.5 5.6

% of predicted FEV1 baseline (%) 77.7 90.5 100 106.8 157.8
FEV1 0 min (L) 3.2 3.9 4.2 4.5 5.8
FEV1 5 min (L) 3.3 3.9 4.1 4.4 5.7
FEV1 10 min (L) 3.2 3.8 4.2 4.4 5.3
FEV1 15 min (L) 3.3 3.8 4.1 4.4 5.6
FEV1 20 min (L) 3.2 3.8 4.2 4.5 5.4

Note: FVC (Forced vital capacity), FEV1 (Forced expiratory volume in one second)

Concerning the cardiopulmonary exercise test to evaluate the maximal oxygen uptake, it is worth
mentioning that only five volunteers did not reach the endpoint criterion of RER ≥ 1.1 L (gold standard)
for a maximal test and discontinued the test due to muscle fatigue, despite the fact that they had
reached the predicted maximal heart rate and a RER that was greater than 1 L. Bearing in mind
that these five volunteers reached the secondary endpoint criteria for maximal oxygen uptake, they
remained in the study.

3.2. Exercise-Induced Bronchoconstriction Diagnosis, Pulmonary and Aerobic Capacity, and Performance of
Volunteers Presenting or not EIB

In order to determine the presence or absence of EIB, a reduction of at least 10% in FEV1 after the
treadmill cardiopulmonary test [17] was used; it was found that 9 (23.6%) volunteers presented EIB
(EIB+), according to data shown in Table 2 and Supplementary Material (Table S1). In the EIB− group,
3 subjects presented borderline values (decreases of 9%, 8%, and 7%) in maximal fall in FEV1 after
treadmill test (Table S1). During the test, no volunteers reported respiratory distress or any symptom
requiring medical or drug intervention during or after the treadmill test. None of the 5 volunteers who
did not reach a RER ≥ 1.1 L was diagnosed with EIB. In addition, no differences were found in the
anthropometric data when the volunteers were separated into EIB+ and EIB− groups.
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Table 2. FEV1 absolute and relative values of all EIB positive volunteers—International Marathon of Sao Paulo 2012.

Volunteer Absolut Values (L) Relative Values (%) Difference

ID # FEV1
Baseline

FEV1
0 min

FEV1
5 min

FEV1
10 min

FEV1
15 min

FEV1
20 min

FEV1
0 min

FEV1
5 min

FEV1
10 min

FEV1
15 min

FEV1
20 min

FEV1 %
Maximal Fall

7 5.46 3.72 4.04 3.57 3.65 3.57 68 74 65 67 65 −35
12 4.83 4.24 3.72 4.02 3.74 4.6 88 77 83 77 95 −23
6 4.38 3.95 3.87 3.45 3.66 4.48 90 88 79 84 102 −21

25 5.56 4.63 4.43 4.73 5.57 5.39 83 80 85 100 97 −20
32 4.54 3.75 3.66 3.73 3.75 3.75 83 81 82 83 83 −19
24 4.46 4.21 4.79 4.1 4.08 3.73 94 107 92 91 84 −16
9 4.62 4.31 4.05 4.01 3.94 3.92 93 88 87 85 85 −15
8 4.9 4.53 4.59 4.23 4.75 4.41 92 94 86 97 90 −14

49 4.71 4.52 4.2 4.33 4.43 4.55 96 89 92 94 97 −11

Note: The highlighted values indicate the moments when the drop in FEV1 was equal to or higher than 10%.
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Both the % predicted FEV1 (median EIB+ 103.2 and EIB− 98.6; p = 0.09) and FVC (median EIB+

98.6 and EIB− 100.2; p = 0.93) were similar between both groups. Indeed, the comparison between the
percentage of the predicted values of FEV1 and FVC reached in the baseline test did not present any
difference. By contrast, as presented in Figure 2, the absolute values of FEV1 and FVC between EIB+

and EIB− subjects were significantly different at baseline, with higher values in EIB+ subjects.
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Figure 2. Comparison between groups of baseline values of: (a) % predicted FEV1 (p = 0.09); (b) %
predicted FVC (p = 0.93); (c) FEV1 (p ≤ 0.001); (d) FVC (p = 0.02). * < 0.05 and *** < 0.001.

VO2 max, on the other hand, was significantly lower in EIB+ subjects (Figure 3), whereas the values
obtained in the lactate threshold were similar.
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Figure 3. Comparison of aerobic capacity between groups. (a) oxygen consumption in lactate threshold
(p = 0.06). (b) maximal oxygen consumption (p = 0.03). * < 0.05.

In spite of the difference found in VO2max between groups, the marathon finishing time was
similar between both groups (EIB+ 272.6 min ± 43.47; EIB− 266.4 min ± 47.57; p = 0.69).

We next correlated the marathon finishing time with the VO2max. The analysis of performance
and aerobic capacity, as expected, showed a moderately negative correlation between maximal oxygen
uptake and marathon finishing time for EIB– subjects (Figure 4b). However, this was not the case for
EIB+ subjects (Figure 4a).
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Figure 4. Correlation between aerobic capacity and performance. (a): EIB positive; (b): EIB negative.

The correlation result for oxygen uptake in lactate threshold (VO2 LT) and time to finish the
marathon showed a similar result, with a negative correlation between both in EIB– but not in EIB+

subjects (EIB+ p = 0.7, r = −0.166 and EIB− p = 0.03, r = −0.414). To rule out that the absence of
a negative correlation in EIB+ subjects was due to the small number of volunteers in this group,
the correlation analysis was also performed placing all subjects within a single group. Although
a significant negative correlation between VO2max and time to finish a marathon could still been found
(p = 0.003), the correlation strength decreased (r = −0.481 compared to r = −0.531). Similar data were
seen when VO2 LT was compared with the same correlation in the complete group (p = 0.03, r = −0.414
compared to p = 0.03; r = −0.365). This argues against the fact that the correlation in EIB+ subjects was
not observed due to the low subject number.

3.3. Inflammatory Markers

Cytokine levels, and CPK and HSCRP concentrations in blood were compared between both
groups. Table 3 presents the comparisons between the levels of blood inflammatory markers before
(24 h before, i.e., baseline) and immediately after the marathon for each group. IL-6, IL-8, IL-10,
TNF-α, and CPK levels were significantly increased after the race, compared to baseline levels in both
groups. However, no differences were found for IL-1β or HSCRP levels between baseline and after
running in any group. IL-4 values were below the detection level in several samples, and as a result,
no comparison between baseline levels and levels after running could be made.

Table 3. Comparison of blood inflammatory markers before and after the race and between
groups—International Marathon of 2012.

Variables
EIB Positive (n = 9) EIB Positive (n = 29)

Baseline Immediately after Baseline Immediately after

IL-1β (pg/mL) 0.02 [0.01–0.21] 0.13 [0.00–0.27] 0.14 [0.05–0.27] 0.20 [0.13–0.42]
IL-4 (pg/mL) 0.00 [0.00–0.00] 0.00 [0.00–2.30] 0.00 [0.00–0.80] 0.00 [0.00–4.68]
IL-6 (pg/mL) 0.03 [0.00–0.12] 23.23 [20.48–32.16] * 0.08 [0.03–0.18] 28.81 [18.41–52.38] *
IL-8 (pg/mL) 1.62 [1.37–3.38] 15.28 [7.35–19.83] * 2.74 [1.70–4.89] 16.53 [10.35–24.46] *

IL-10 (pg/mL) 0.06 [0.00–1.14] 64.13 [15.88–262.5] * 0.27 [0.07–0.93] 80.83 [30.80–215.90] *
TNF-α (pg/mL) 5.78 [4.52–7.95] 12.32 [9.39–15.19] * 7.95 [5.99–9.43] 11.07 [9.04–15.52] *

CPK (U/L) 145.0 [93.5–454.0] 496.0 [197.5–979.5] * 309.0 [134.0–261.8] 490.5 [328.3–710.0] *
HSPCR (mg/dL) 0.12 [0.07–0.19] 0.15 [0.08–0.25] 0.07 [0.02–0.13] 0.09 [0.03–0.15]

Note: The IL-4 cytokine concentration values for most of the samples were undetectable, which made it impossible to
carry out a statistical analysis. No differences were found in the comparison between EIB+ and EIB– groups’ values
for baseline or immediately after the marathon. * Statistically significant difference in comparison to baseline value.

When comparing baseline data between both groups, no differences could be observed in any
parameter. Similarly, data immediately after running did not differ between both groups (Table 3).
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The correlations between marathon finishing time and specific blood inflammatory markers,
in order to investigate whether or not the presence of EIB changes specific correlations, are shown in
Table 4.

Table 4. Correlations between marathon finishing time and blood markers of all volunteers and by
groups. International Marathon of Sao Paulo 2012.

Parameters

EIB Positive EIB Negative

Marathon Finishing Time Marathon Finishing Time
r p r p

IL-1β Baseline 0.4671 0.246 0.0271 0.898
IL-1β Immediately after 0.6138 0.115 0.3807 0.061

IL-4 Baseline −0.2474 0.750 0.0316 0.881
IL-4 Immediately after −0.1559 0.750 0.2054 0.325

IL-6 Baseline 0.5279 0.186 0.4387 0.028
IL-6 Immediately after −0.4286 0.299 0.1436 0.494

IL-8 Baseline 0.0476 0.935 0.1267 0.546
IL-8 Immediately after −0.8095 0.022 −0.0535 0.800

IL-10 Baseline 0.0488 0.928 0.0768 0.715
IL-10 Immediately after −0.9762 ≤0.001 −0.2718 0.189

TNF-α Baseline 0.5952 0.132 −0.0359 0.865
TNF-α Immediately after −0.3095 0.462 −0.1471 0.483

CPK Baseline 0.5476 0.171 −0.0551 0.794
CPK Immediately after 0.6190 0.115 0.1121 0.594

HSCRP Baseline 0.6071 0.167 0.0027 0.990
HSCRP Immediately after 0.7143 0.058 0.0222 0.916

Note: significance level ≤0.02.

In the EIB+ subjects, a strong negative correlation was observed between the time to finish the
marathon and the chemokine IL-8 and cytokine IL-10 levels immediately after the race. A trend
towards a positive correlation (p = 0.058) was observed between marathon finishing time and level of
sensitive C-reactive protein.

In the EIB– group, no statistically significant correlation between time to finish the marathon and
inflammatory markers was found, either baseline or after the race, but a tendency (p = 0.061) towards
a positive correlation between time to finish the marathon and the concentration of IL-1β immediately
after the race was observed in the EIB− group.

4. Discussion

The present study showed that the prevalence of EIB among enrolled marathon runners was
23.6%, which is in agreement with other studies [19–22]. Based on this finding, the volunteers were
distributed into two groups (EIB+ and EIB−), allowing us to evaluate the differences in pulmonary and
aerobic capacities, as well as in the inflammatory response between these groups, in order to correlate
such responses with marathon performance. Higher FVC and FEV1 absolute values were found in the
EIB+ group compared to the EIB– group at baseline, even though the percentage of predicted values
did not show significant differences. In relation to the aerobic capacity, the EIB+ group showed lower
maximal oxygen uptake compared to EIB– group, whereas the aerobic threshold and time to finish the
marathon were similar between the groups. As expected, the EIB– group showed a negative correlation
between maximal oxygen uptake and its threshold; however, this result was not observed in the EIB+

group. Regarding the inflammatory response, an increase of systemic levels of IL-6, IL-8, IL-10, TNF-α,
and CPK was observed immediately after the marathon ending in both groups, compared to the
baseline values. In addition, negative correlations were also observed between circulatory levels of
IL-8 and IL-10 and marathon ending immediately after the marathon only in the EIB+ group.
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The novelty of this study was that the marathon performance found in the EIB+ group was not
determined by the maximal aerobic capacity or its threshold, but could be influenced by the systemic
cytokine levels, highlighting the production of IL-8 and IL-10 during the marathon.

It is worth highlighting that none of the EIB+ volunteers reported any typical subjective symptom
of EIB during or prior to the marathon or during the exercise test, which is typical for mild EIB (reduced
FEV1 among 10–15%). This observation can be explained by the fact that, clinically, the symptoms
of EIB might be confused with typical symptoms of exhaustion/dyspnea during exercise as a result
of performing exercise at such intensive level, such as in a marathon. Nevertheless, the percentage
of EIB+ found here in relation to marathon runners is in agreement with other studies [22,23], and is
higher than in the general population [19–21,23].

Interestingly, the marathon finishing times found in both groups were similar. In this regard, the
higher pulmonary capacity at baseline observed in the EIB+ group compared to the EIB– group helped
them to obtain a similar aerobic threshold as that found in the EIB– group, even after a fall in their
pulmonary capacity and a diminished maximal oxygen uptake. According to the literature, maximal
oxygen uptake and its threshold are the most common parameters evaluated in exercise physiology,
and are used as a basis for the prediction of aerobic performance and for training prescriptions
for athletes [24,25]. Our study corroborates the well-known concept that VO2 max and its threshold
predicts athletes’ performance (e.g., marathon finishing time) [24–27]. However, this prediction pattern
was found only in the EIB– group. Although this observation cannot be directly explained by the
physiological aspects evaluated in this study, the differences in the correlation between the cytokines
and marathon finishing time provide some level of understanding of this phenomenon, or at least,
open a new route of investigation.

Cytokines are proteins that present many functions, such as the regulation of inflammatory
responses, chemotaxis, and cell activation, among others [28,29]. During physical exercise, muscle
contractions elicit the release of several molecules, including cytokines such as IL-1ra, IL-6, IL-8, IL-10,
and TNF-α [30,31]. In this situation the cytokines released from the muscle in contraction are known
as myokines [30]. Therefore, the higher levels of IL-6, IL-8, IL-10, and TNF-α found in this study were
expected after a marathon [31,32]. Concerning IL-1β, although some studies have shown increases in
its circulating level after a marathon, in other studies, its level remained unchanged [31,33–35]. Even
though these results were found in both volunteer groups, significant differences were observed when
the cytokines levels, specifically IL-8 and IL-10, were correlated with marathon finishing time.

IL-8 is a classical proinflammatory cytokine that belongs to a subfamily of CXC chemokines. It was
originally identified as a chemoattractant factor for neutrophils [36,37]. Beyond its proinflammatory role,
IL-8 also presents a prominent angiogenic function and, as mentioned, is considered a myokine [38,39].
According to the literature [39], the increased IL-8 levels in response to muscle damage induced
by a physical exercise session are mainly associated with the regulation of muscle angiogenesis by
its binding to the CXC receptor 2 (CXCR2) expressed in microvascular endothelial cells in order
to improve muscle regeneration [40]. In addition, it has been suggested that the release of greater
amounts of IL-8 from muscle can occur concomitant with increases in the circulatory CPK levels
postexercise, as found here, in order to mitigate muscle soreness [39]. Based on these data, we suggest
that the higher IL-8 levels observed in both groups can putatively ameliorate the oxygen and substrate
delivery to the muscle during the marathon. In the EIB+ group, a significant negative correlation
between IL-8 levels and marathon finishing time supports our suggestion, since that volunteers in this
group with better performance showed higher levels of this myokine. It is worth mentioning that,
at this time, no studies have analyzed the effect of IL-8 in the context evaluated in the present study.
Although Chimenti et al. [41] showed that the occurrence of acute bronchial epithelial damage after a
half-marathon was associated with higher IL-8 levels, it is important to clarify that the increased levels
of this cytokine were found in sputum supernatants, and not systemically. Furthermore, in a general
way, according to the literature, the presence of IL-8 in airways is mainly associated with impaired
pulmonary function. However, the overwhelming majority of these studies showed that an association
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between IL-8 and impaired pulmonary function occurs in chronic lung diseases [42–44]. Therefore,
although we were not able to assess the levels of IL-8 in the airways of the individuals participating in
this study, the observation that both groups had similar marathon finishing times allows us to suggest
that, even if IL-8 induced any impairment of lung function, it was not enough to affect the performance
in the EIB+ group.

Another factor that may influence the similar performance observed between the two groups is
the higher circulant IL-10 levels found immediately after the marathon. It is well-known that IL-10 has
a potent anti-inflammatory and proresolving properties [45] and, in the airways, can act as a protective
factor against mucosal inflammation [46].

In relation to physical exercise, it has been reported that the IL-6 released by strenuous exercise
precedes the release of IL-10, in order to regulate the systemic inflammation induced by the exercise [33].
Chen et al. [47] reported remarkable increases in the secretions of myokines, such as IL-8 and IL-10
derived from contraction of cultured myotubes, characterizing IL-10 as a myokine [47,48]. At basal
condition, the secretion of myokines, such as IL-6 and IL-8, was also observed in a circadian manner;
however, this was not the case with IL-10 levels [49]. Therefore, the observation of higher circulating
IL-6 levels in both groups may underly the observed elevation of IL-10 levels. In relation to marathons,
our group previously demonstrated that marathon runners who had increased IL-10 levels in the
circulation immediately after the marathon and also in the nasal mucosa 72 hours after the marathon
did not present upper respiratory symptoms [12,33]. In addition, it has been also reported that
systemic IL-10 can modulate the pulmonary function by modulating the inflammatory response of the
airways [29,45], including that associated with physical exercise [50,51]. However, studies that aimed
to evaluate the effect of IL-10 in the context of EIB are scarce [52,53]. So, for the first time, we observed
that circulating IL-10 levels were negatively correlated with marathon finishing times in the EIB+

group. Taking in account the properties of IL-10, we suggest that the marathon runners in the EIB+

group with higher circulating IL-10 levels were able to finish the race earlier than those with lower
IL-10 levels probably due to better modulation of systemic inflammation, and also by diminishing
the negative impact of the reduction in pulmonary function imposed by the exercise and the reduced
aerobic capacity, as compared with the EIB– group.

Regarding the limitations of the study, a point to be considered is the small number of volunteers,
and also the differences between the number of volunteers in each group (EIB+ and EIB–). It is
important to mention that most studies that have aimed to evaluate EIB, both in the general population
and in practitioners of sports, presented results that included asthmatics; this was not the case in
our study, since one of the objectives of this study was to assess the prevalence of EIB in a group
of recreational marathoners without asthma. Therefore, although it is known that the number of
participants enrolled in a study can impact the power of the statistical tests, the number of volunteers
participating in this study was sufficient to achieve the relevant statistical differences to mitigate this
study limitation. Another limitation of this study is associated to the absence of assessments concerning
to the pulmonary inflammatory condition of the volunteers both before and immediately after the race.
In this way, it has been demonstrated that the evaluation of fractional exhaled nitric oxide (FeNO),
a remarkable biomarker presenting increased levels in association with pulmonary inflammation, can
be useful for monitoring pulmonary inflammatory status in different situations [54–56], including in
the context of running [46,57]. Other points that deserve to be mentioned are related to the inclusion
of only men in this study, the age of the participants, and also, to the environmental conditions
present during the marathon event [58]. With regard to the inclusion of only men, although the
literature shows that the participation of women in marathons has increased, leading to a decrease
in the proportion of men to women, the number of men participating in these races is still greater
than that of women. In addition, we decided to evaluate only men in order to avoid significant
variation of sex hormones, which, especially in women, can influence physical exercise practice and
performance, as reported by Foster et al. [59]. Finally, it is also important to note that, in agreement
with the literature, the environmental conditions during the race can also influence inflammatory
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responses [60,61]; the opportunity to evaluate numerous volunteers who participated in the same
marathon minimizes this issue.

5. Conclusions

In conclusion, the results of this study demonstrate that the percentage of marathon runners
presenting EIB was in agreement to the current literature, and that the increased levels of myokine
IL-10, by its capacity to reduce the systemic inflammation induced by the strenuous and prolonged
exercise, such as a marathon, may influence the maintenance of pulmonary function. Taken together,
our results showed that a relationship between myokines and performance was presented in EIB+

marathon runners, and that this could lead them to achieve similar levels of performance as EIB–
marathon runners. Further studies are needed to clarify the role of IL-8 and IL-10 myokines in the
performance, pulmonary function, and muscle metabolism of EIB+ marathon runners.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/8/2622/s1,
Table S1: FEV1 absolute and relative values of all EIB negative volunteers—International Marathon of Sao
Paulo 2012.

Author Contributions: Conceived and designed the experiments: M.V., A.L.L.B., J.d.M.B.d.S.; Performed the
experiments and investigation: A.L.L.B., J.d.M.B.d.S., L.A.L.J., R.F., A.P.R.S., M.B., J.R.A., N.G., M.A.P.D.K.;
Methodology, J.d.M.B.d.S., A.L.L.B., M.V. Validation: M.V., A.L.L.B., D.M.A.B., R.P.V., N.G., M.A.P.D.K., J.R.A.,
J.d.M.B.d.S. Supervision: M.V.; A.L.L.B.; Writing—review and editing, M.V., A.L.L.B., D.M.A.B., R.P.V., J.d.M.B.d.S.
All authors have read and agreed to the published version of the manuscript.

Funding: Fundação de Amparo à Pesquisa do Estado de São Paulo: 2012/51698-5; Fundação de Amparo à Pesquisa
do Estado de São Paulo: 2012/15165-2.

Acknowledgments: This work was supported by the São Paulo Research Foundation (FAPESP) [grant number
[#2012/51698-5, #2012/15165-2].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. MacCallum, D.S.; Comeau, D. Exercise-Induced Bronchoconstriction. Curr. Sports Med. Rep. 2016, 15,
128–129. [CrossRef] [PubMed]

2. Abbasi, A.; Vieira, R.P.; Northoff, H. Letter to the editor: The evidence of exercise-induced bronchoconstriction
in endurance runners; genetic basis and gender differences. Exerc. Immunol. Rev. 2015, 21, 186–188. [PubMed]

3. Bonini, M.; Gramiccioni, C.; Fioretti, D.; Ruckert, B.; Rinaldi, M.; Akdis, C.; Todaro, A.; Palange, P.;
Carlsen, K.H.; Pelliccia, A.; et al. Asthma, allergy and the Olympics: A 12-year survey in elite athletes.
Curr. Opin. Allergy Clin. Immunol. 2015, 15, 184–192. [CrossRef] [PubMed]

4. Torrie, A.M.; Craig, T.J. Exercise-Induced Bronchoconstriction. In Allergy and Asthma; Springer: Berlin,
Germany, 2016; pp. 241–251.

5. Kippelen, P.; Anderson, S.D.; Hallstrand, T.S. Mechanisms and biomarkers of exercise-induced
bronchoconstriction. Immunol. Allergy Clin. 2018, 38, 165–182. [CrossRef]

6. Aggarwal, B.; Mulgirigama, A.; Berend, N. Exercise-induced bronchoconstriction: Prevalence, pathophysiology,
patient impact, diagnosis and management. NPJ Prim. Care Respir. Med. 2018, 28, 31. [CrossRef]

7. Couto, M.; Kurowski, M.; Moreira, A.; Bullens, D.M.A.; Carlsen, K.H.; Delgado, L.; Kowalski, M.L.; Seys, S.F.
Mechanisms of exercise-induced bronchoconstriction in athletes: Current perspectives and future challenges.
Allergy 2018, 73, 8–16. [CrossRef]

8. Seys, S.F.; Hox, V.; Van Gerven, L.; Dilissen, E.; Marijsse, G.; Peeters, E.; Dekimpe, E.; Kasran, A.; Aertgeerts, S.;
Troosters, T.; et al. Damage-associated molecular pattern and innate cytokine release in the airways of
competitive swimmers. Allergy 2015, 70, 187–194. [CrossRef]

9. Pasnick, S.D.; Carlos, W.G.; Arunachalam, A.; Celestin, F.M.; Parsons, J.P.; Hallstrand, T.S.; Anderson, S.D.;
Wilson, K.C.; Thomson, C.C.; Force, A.T.S.I.T. Exercise-induced bronchoconstriction. Ann. Am. Thorac. Soc.
2014, 11, 1651–1652. [CrossRef]

10. Rundell, K.W.; Slee, J.B. Exercise and other indirect challenges to demonstrate asthma or exercise-induced
bronchoconstriction in athletes. J. Allergy Clin. Immunol. 2008, 122, 238–246. [CrossRef]

http://www.mdpi.com/1660-4601/17/8/2622/s1
http://dx.doi.org/10.1249/JSR.0000000000000253
http://www.ncbi.nlm.nih.gov/pubmed/27172072
http://www.ncbi.nlm.nih.gov/pubmed/25828753
http://dx.doi.org/10.1097/ACI.0000000000000149
http://www.ncbi.nlm.nih.gov/pubmed/25961393
http://dx.doi.org/10.1016/j.iac.2018.01.008
http://dx.doi.org/10.1038/s41533-018-0098-2
http://dx.doi.org/10.1111/all.13224
http://dx.doi.org/10.1111/all.12540
http://dx.doi.org/10.1513/AnnalsATS.201409-427OT
http://dx.doi.org/10.1016/j.jaci.2008.06.014


Int. J. Environ. Res. Public Health 2020, 17, 2622 13 of 15

11. Holzer, K.; Anderson, S.D.; Douglass, J. Exercise in elite summer athletes: Challenges for diagnosis. J. Allergy
Clin. Immunol. 2002, 110, 374–380. [CrossRef]

12. Esteve-Lanao, J.; Lucia, A.; deKoning, J.J.; Foster, C. How do humans control physiological strain during
strenuous endurance exercise? PLoS ONE 2008, 3, e2943. [CrossRef] [PubMed]

13. Vaisberg, M.; Suguri, V.M.; Gregorio, L.C.; Lopes, J.D.; Bachi, A.L. Cytokine kinetics in nasal mucosa and
sera: New insights in understanding upper-airway disease of marathon runners. Exerc. Immunol. Rev. 2013,
19, 49–59. [PubMed]

14. Andersen, J. The State of Running 2019. Available online: https://runrepeat.com/state-of-running (accessed
on 15 January 2020).

15. Nieman, D.C.; Henson, D.A.; Smith, L.L.; Utter, A.C.; Vinci, D.M.; Davis, J.M.; Kaminsky, D.E.; Shute, M.
Cytokine changes after a marathon race. J. Appl. Physiol. (1985) 2001, 91, 109–114. [CrossRef] [PubMed]

16. Niemelä, M.; Kangastupa, P.; Niemelä, O.; Bloigu, R.; Juvonen, T. Acute Changes in Inflammatory Biomarker
Levels in Recreational Runners Participating in a Marathon or Half-Marathon. Sports Med. Open 2016, 2, 21.
[CrossRef]

17. Coates, A.L.; Wanger, J.; Cockcroft, D.W.; Culver, B.H.; Carlsen, K.-H.; Diamant, Z.; Gauvreau, G.; Hall, G.L.;
Hallstrand, T.S.; Horvath, I. ERS technical standard on bronchial challenge testing: General considerations
and performance of methacholine challenge tests. Eur. Respir. J. 2017, 49, 1601526. [CrossRef]

18. Sierra, A.P.; Oliveira-Junior, M.C.; Almeida, F.M.; Benetti, M.; Oliveira, R.; Felix, S.N.; Genaro, I.S.;
Romanholo, B.M.S.; Ghorayeb, N.; Kiss, M.A.P.D.; et al. Impairment on Cardiopulmonary Function
after Marathon: Role of Exhaled Nitric Oxide. Oxid. Med. Cell. Longev. 2019, 2019, 5134360. [CrossRef]

19. Becker, J.M.; Rogers, J.; Rossini, G.; Mirchandani, H.; D’Alonzo, G.E. Asthma deaths during sports: Report of
a 7-year experience. J. Allergy Clin. Immunol. 2004, 113, 264–267. [CrossRef]

20. Parsons, J.P.; Mastronarde, J.G. Exercise-induced bronchoconstriction in athletes. Chest 2005, 128, 3966–3974.
[CrossRef]

21. Carlsen, K.H.; Anderson, S.D.; Bjermer, L.; Bonini, S.; Brusasco, V.; Canonica, W.; Cummiskey, J.; Delgado, L.;
Del Giacco, S.R.; Drobnic, F.; et al. Exercise-induced asthma, respiratory and allergic disorders in elite athletes:
Epidemiology, mechanisms and diagnosis: Part I of the report from the Joint Task Force of the European
Respiratory Society (ERS) and the European Academy of Allergy and Clinical Immunology (EAACI) in
cooperation with GA2LEN. Allergy 2008, 63, 387–403.

22. Teixeira, R.N.; Teixeira, L.R.; Costa, L.A.; Martins, M.A.; Mickleborough, T.D.; Carvalho, C.R. Exercise-induced
bronchoconstriction in elite long-distance runners in Brazil. J. Bras. Pneumol. 2012, 38, 292–298. [CrossRef]

23. Bekos, C.; Zimmermann, M.; Unger, L.; Janik, S.; Mitterbauer, A.; Koller, M.; Fritz, R.; Gäbler, C.; Didcock, J.;
Kliman, J.; et al. Exercise-induced bronchoconstriction, temperature regulation and the role of heat shock
proteins in non-asthmatic recreational marathon and half-marathon runners. Sci. Rep. 2019, 9, 4168. [CrossRef]
[PubMed]

24. Bassett, D.R.; Howley, E.T. Limiting factors for maximum oxygen uptake and determinants of endurance
performance. Med. Sci. Sports Exerc. 2000, 32, 70–84. [CrossRef] [PubMed]

25. ACSM. ACSM’s Guidelines for Exercise Testing and Prescription; Lippincott Williams & Wilkins: Baltimore, MD,
USA, 2013.

26. Bozzini, B.; Pellegrino, J.; Walker, A.; McFadden, B.; Poyssick, A.; Arent, S. Running economy and its
correlation to performance and fitness variables in recreationally-trained distance runners. Comp. Exerc.
Physiol. 2020, 16, 107–112. [CrossRef]

27. Junior, L.A.L.; dos Santo, J.d.M.B.; Bachi, A.L.L.; Foster, R.; Amaro, A.S.; de Oliveira, A.P.L.; Sierra, A.P.R.;
Kiss, M.A.P.D.M.; Vaisberg, M.W. Relationship between cytokines and running economy in marathon runners.
Open Life Sci. 2016, 11, 308–312. [CrossRef]

28. Walsh, N.P.; Gleeson, M.; Shephard, R.J.; Woods, J.A.; Bishop, N.C.; Fleshner, M.; Green, C.; Pedersen, B.K.;
Hoffman-Goetz, L.; Rogers, C.J.; et al. Position statement. Part one: Immune function and exercise.
Exerc. Immunol. Rev. 2011, 17, 6–63.

29. Branchett, W.J.; Lloyd, C.M. Regulatory cytokine function in the respiratory tract. Mucosal Immunol. 2019, 12,
589–600. [CrossRef]

30. Pedersen, B.K.; Akerström, T.C.; Nielsen, A.R.; Fischer, C.P. Role of myokines in exercise and metabolism.
J. Appl. Physiol. (1985) 2007, 103, 1093–1098. [CrossRef]

http://dx.doi.org/10.1067/mai.2002.127784
http://dx.doi.org/10.1371/journal.pone.0002943
http://www.ncbi.nlm.nih.gov/pubmed/18698405
http://www.ncbi.nlm.nih.gov/pubmed/23977719
https://runrepeat.com/state-of-running
http://dx.doi.org/10.1152/jappl.2001.91.1.109
http://www.ncbi.nlm.nih.gov/pubmed/11408420
http://dx.doi.org/10.1186/s40798-016-0045-0
http://dx.doi.org/10.1183/13993003.01526-2016
http://dx.doi.org/10.1155/2019/5134360
http://dx.doi.org/10.1016/j.jaci.2003.10.052
http://dx.doi.org/10.1016/S0012-3692(15)49641-2
http://dx.doi.org/10.1590/S1806-37132012000300003
http://dx.doi.org/10.1038/s41598-019-39983-9
http://www.ncbi.nlm.nih.gov/pubmed/30862844
http://dx.doi.org/10.1097/00005768-200001000-00012
http://www.ncbi.nlm.nih.gov/pubmed/10647532
http://dx.doi.org/10.3920/CEP190039
http://dx.doi.org/10.1515/biol-2016-0041
http://dx.doi.org/10.1038/s41385-019-0158-0
http://dx.doi.org/10.1152/japplphysiol.00080.2007


Int. J. Environ. Res. Public Health 2020, 17, 2622 14 of 15

31. Sessions, J.; Bourbeau, K.; Rosinski, M.; Szczygiel, T.; Nelson, R.; Sharma, N.; Zuhl, M. Carbohydrate gel
ingestion during running in the heat on markers of gastrointestinal distress. Eur. J. Sport Sci. 2016, 16,
1064–1072. [CrossRef]

32. Bachi, A.L.; Rios, F.J.; Vaisberg, P.H.; Martins, M.; de Sá, M.C.; Victorino, A.B.; Foster, R.; Sierra, A.P.; Kiss, M.A.;
Vaisberg, M. Neuro-immuno-endocrine modulation in marathon runners. Neuroimmunomodulation 2015, 22,
196–202. [CrossRef]

33. Vaisberg, M.; Paixão, V.; Almeida, E.B.; Santos, J.M.B.; Foster, R.; Rossi, M.; Pithon-Curi, T.C.; Gorjão, R.;
Momesso, C.M.; Andrade, M.S.; et al. Daily Intake of Fermented Milk Containing. Nutrients 2019, 11, 1678.
[CrossRef]

34. Passos, B.N.; Lima, M.C.; Sierra, A.P.R.; Oliveira, R.A.; Maciel, J.F.S.; Manoel, R.; Rogante, J.I.; Pesquero, J.B.;
Cury-Boaventura, M.F. Association of Daily Dietary Intake and Inflammation Induced by Marathon Race.
Mediat. Inflamm. 2019, 2019, 1537274. [CrossRef] [PubMed]

35. Neidhart, M.; Müller-Ladner, U.; Frey, W.; Bosserhoff, A.K.; Colombani, P.C.; Frey-Rindova, P.; Hummel, K.M.;
Gay, R.E.; Häuselmann, H.; Gay, S. Increased serum levels of non-collagenous matrix proteins (cartilage
oligomeric matrix protein and melanoma inhibitory activity) in marathon runners. Osteoarthr. Cartil. 2000, 8,
222–229. [CrossRef] [PubMed]

36. Baggiolini, M.; Walz, A.; Kunkel, S.L. Neutrophil-activating peptide-1/interleukin 8, a novel cytokine that
activates neutrophils. J. Clin. Investig. 1989, 84, 1045–1049. [CrossRef] [PubMed]

37. Nielsen, A.R.; Pedersen, B.K. The biological roles of exercise-induced cytokines: IL-6, IL-8, and IL-15.
Appl. Physiol. Nutr. Metab. 2007, 32, 833–839. [CrossRef] [PubMed]

38. Akerstrom, T.; Steensberg, A.; Keller, P.; Keller, C.; Penkowa, M.; Pedersen, B.K. Exercise induces interleukin-8
expression in human skeletal muscle. J. Physiol. 2005, 563 Pt 2, 507–516. [CrossRef] [PubMed]

39. Buford, T.W.; Cooke, M.B.; Shelmadine, B.D.; Hudson, G.M.; Redd, L.; Willoughby, D.S. Effects of eccentric
treadmill exercise on inflammatory gene expression in human skeletal muscle. Appl. Physiol. Nutr. Metab.
2009, 34, 745–753. [CrossRef]

40. Frydelund-Larsen, L.; Penkowa, M.; Akerstrom, T.; Zankari, A.; Nielsen, S.; Pedersen, B.K. Exercise induces
interleukin-8 receptor (CXCR2) expression in human skeletal muscle. Exp. Physiol. 2007, 92, 233–240.
[CrossRef]

41. Chimenti, L.; Morici, G.; Paternò, A.; Santagata, R.; Bonanno, A.; Profita, M.; Riccobono, L.; Bellia, V.;
Bonsignore, M.R. Bronchial epithelial damage after a half-marathon in nonasthmatic amateur runners. Am. J.
Physiol. Lung Cell. Mol. Physiol. 2010, 298, L857–L862. [CrossRef]

42. McGrath-Morrow, S.A.; Collaco, J.M.; Detrick, B.; Lederman, H.M. Serum Interleukin-6 Levels and Pulmonary
Function in Ataxia-Telangiectasia. J. Pediatrics 2016, 171, 256–261. [CrossRef]

43. Reynolds, C.J.; Quigley, K.; Cheng, X.; Suresh, A.; Tahir, S.; Ahmed-Jushuf, F.; Nawab, K.; Choy, K.;
Walker, S.A.; Mathie, S.A.; et al. Lung Defense through IL-8 Carries a Cost of Chronic Lung Remodeling and
Impaired Function. Am. J. Respir. Cell Mol. Biol. 2018, 59, 557–571. [CrossRef]

44. Adegoke, S.A.; Kuti, B.P.; Omole, K.O.; Smith, O.S.; Oyelami, O.A.; Adeodu, O.O. Acute chest syndrome
in sickle cell anaemia: Higher serum levels of interleukin-8 and highly sensitive C-reactive proteins are
associated with impaired lung function. Paediatr. Int. Child Health 2018, 38, 244–250. [CrossRef] [PubMed]

45. LeVan, T.D.; Romberger, D.J.; Siahpush, M.; Grimm, B.L.; Ramos, A.K.; Johansson, P.L.; Michaud, T.L.;
Heires, A.J.; Wyatt, T.A.; Poole, J.A. Relationship of systemic IL-10 levels with proinflammatory cytokine
responsiveness and lung function in agriculture workers. Respir. Res. 2018, 19, 166. [CrossRef] [PubMed]

46. Santos, J.M.B.D.; Foster, R.; Jonckheere, A.C.; Rossi, M.; Luna Junior, L.A.; Katekaru, C.M.; de Sá, M.C.;
Pagani, L.G.; Almeida, F.M.; Amaral, J.D.B.; et al. Outdoor Endurance Training with Air Pollutant Exposure
Versus Sedentary Lifestyle: A Comparison of Airway Immune Responses. Int. J. Environ. Res. Public Health
2019, 16, 4418. [CrossRef] [PubMed]

47. Chen, W.; Nyasha, M.R.; Koide, M.; Tsuchiya, M.; Suzuki, N.; Hagiwara, Y.; Aoki, M.; Kanzaki, M. In vitro
exercise model using contractile human and mouse hybrid myotubes. Sci. Rep. 2019, 9, 11914. [CrossRef]
[PubMed]

48. Leal, L.G.; Lopes, M.A.; Batista, M.L. Physical Exercise-Induced Myokines and Muscle-Adipose Tissue
Crosstalk: A Review of Current Knowledge and the Implications for Health and Metabolic Diseases.
Front. Physiol. 2018, 9, 1307. [CrossRef]

http://dx.doi.org/10.1080/17461391.2016.1140231
http://dx.doi.org/10.1159/000363061
http://dx.doi.org/10.3390/nu11071678
http://dx.doi.org/10.1155/2019/1537274
http://www.ncbi.nlm.nih.gov/pubmed/31686980
http://dx.doi.org/10.1053/joca.1999.0293
http://www.ncbi.nlm.nih.gov/pubmed/10806050
http://dx.doi.org/10.1172/JCI114265
http://www.ncbi.nlm.nih.gov/pubmed/2677047
http://dx.doi.org/10.1139/H07-054
http://www.ncbi.nlm.nih.gov/pubmed/18059606
http://dx.doi.org/10.1113/jphysiol.2004.077610
http://www.ncbi.nlm.nih.gov/pubmed/15618276
http://dx.doi.org/10.1139/H09-067
http://dx.doi.org/10.1113/expphysiol.2006.034769
http://dx.doi.org/10.1152/ajplung.00053.2010
http://dx.doi.org/10.1016/j.jpeds.2016.01.002
http://dx.doi.org/10.1165/rcmb.2018-0007OC
http://dx.doi.org/10.1080/20469047.2018.1519988
http://www.ncbi.nlm.nih.gov/pubmed/30295174
http://dx.doi.org/10.1186/s12931-018-0875-z
http://www.ncbi.nlm.nih.gov/pubmed/30176916
http://dx.doi.org/10.3390/ijerph16224418
http://www.ncbi.nlm.nih.gov/pubmed/31726719
http://dx.doi.org/10.1038/s41598-019-48316-9
http://www.ncbi.nlm.nih.gov/pubmed/31417107
http://dx.doi.org/10.3389/fphys.2018.01307


Int. J. Environ. Res. Public Health 2020, 17, 2622 15 of 15

49. Perrin, L.; Loizides-Mangold, U.; Skarupelova, S.; Pulimeno, P.; Chanon, S.; Robert, M.; Bouzakri, K.;
Modoux, C.; Roux-Lombard, P.; Vidal, H.; et al. Human skeletal myotubes display a cell-autonomous
circadian clock implicated in basal myokine secretion. Mol. Metab. 2015, 4, 834–845. [CrossRef]

50. Rigonato-Oliveira, N.C.; Mackenzie, B.; Bachi, A.L.L.; Oliveira-Junior, M.C.; Santos-Dias, A.;
Brandao-Rangel, M.A.R.; Delle, H.; Costa-Guimaraes, T.; Damaceno-Rodrigues, N.R.; Dulley, N.R.; et al.
Aerobic exercise inhibits acute lung injury: From mouse to human evidence Exercise reduced lung injury
markers in mouse and in cells. Exerc. Immunol. Rev. 2018, 24, 36–44.

51. Andrade-Sousa, A.S.; Rogério Pereira, P.; MacKenzie, B.; Oliveira-Junior, M.C.; Assumpção-Neto, E.;
Brandão-Rangel, M.A.; Damaceno-Rodrigues, N.R.; Garcia Caldini, E.; Velosa, A.P.; Teodoro, W.R.; et al.
Aerobic Exercise Attenuated Bleomycin-Induced Lung Fibrosis in Th2-Dominant Mice. PLoS ONE 2016, 11,
e0163420. [CrossRef]
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