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Abstract: Although regular exercise-training improves immune/inflammatory status, the influence of
air pollutants exposure during outdoor endurance training compared to a sedentary lifestyle has not
yet been clarified. This study aimed to compare the immune/inflammatory responses in the airways
of street runners and sedentary people after acute and chronic particulate matter (PM) exposure.
Forty volunteers (street runners (RUN, n = 20); sedentary people (SED, n = 20)) were evaluated 1
(acute) and 10 (chronic) weeks after PM exposure. Cytokines [interferon (IFN)-γ, tumor necrosis
factor (TNF)-α, interleukin (IL)-6, IL-10, IL-13, and IL-17A] in nasal lavage fluid, salivary antibacterial
peptides (lactoferrin (LTF), cathelicidin (LL-37), defensin-α 1–3), and secretory immunoglobulin A
(SIgA), plasma club cell protein (CC16), and fractional exhaled nitric oxide (FeNO) were analyzed.
After acute exposure, the RUN group showed lower levels of IL-13, IL-10, and FeNO, but higher
defensin-α than the SED group. After chronic exposure, the RUN group showed elevation of IFN-γ,
IL-10, IL-17A, and a decrease of FeNO levels, whereas the SED group showed elevation of TNF-α, IL-6,
IL-10, and a decrease of IL-13 levels. Comparing these groups, the RUN group showed higher levels
of SIgA and LTF, and lower FeNO levels than the SED group. In relation to the Th immune response
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analysis after acute and chronic PM exposure, the RUN group showed a pattern associated with Th1,
while in the SED group, a Th2 pattern was found. Both groups showed also a Th17 immune response
pattern. Our results allow us to suggest that the immune/inflammatory status of the respiratory tract
after acute and chronic PM exposure was improved by the long-standing regular practice of outdoor
endurance exercise compared to a sedentary lifestyle.

Keywords: runners; air pollutants; cytokines; antibacterial peptides; fractional exhaled nitric oxide;
Th immune response

1. Introduction

It is widely accepted that air pollution represents the biggest environmental risk to health, mainly
associated with the development of respiratory tract illness [1]. In accordance with the World Health
Organization (WHO) [2], the increasing number of acute air pollution episodes in many cities around
the world has been worrying, which leads to a significant excess of mortality or morbidity. Among
several pollutants, including nitrogen oxide, ozone, carbon monoxide, and sulfur dioxides, the most
frequently used as an indicator of exposure to air pollution, in general, is the particulate matter
(PM) [2,3]. Furthermore, it has been demonstrated that exposure to fine PM (PM2.5) accounts for the
sixth-highest mortality risk in 2016 and contributed to 4.1 million deaths, accounting for 7.5% of total
global deaths [4].

Particulate matters are easily deposited in bifurcations or branches of the bronchial tree, causing
local damage due to their interaction with the epithelial surface and mucosa of the bronchi [5,6].
The deleterious effect of particulate pollution has been reported to be associated with its particle
size and/or chemical composition, as well as the physical properties of the particles (including mass,
volume, surface area, and the number of particles), which may influence their retention in the lung [7].
In addition, PM can alter the permeability of epithelial cells throughout a redox imbalance [8], as well
as promoting an inflammatory response in animals and humans [2,9,10]. Indeed, PM can induce the
transcription factor activation of proinflammatory genes that lead to the increase of fractional exhaled
nitric oxide (FeNO), C-reactive protein (CRP), fibrinogen, and proinflammatory cytokines [interferon
gamma (INF-γ), tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1), and IL-6 [7,11–13].

From the 1980s [14,15], it has been shown that air pollutant exposure during exercise can decrease
the pulmonary and vascular function in healthy individuals. It appears to be related to an increased
systemic, and in airways, oxidative stress and inflammation, compromising sports performance [16,17].
Based on the fact that environmental factors, especially air pollution, can affect the health and sports
performance of athletes, the announcement that the Olympic Games would be held in the city of
Beijing reached high attention by all countries [18–20].

This concern led the Chinese government to develop a program named “Air Quality Guarantee
Plan for the 29th Olympics in Beijing” to minimize air pollutant emissions in both Beijing and
surrounding areas before and during Olympic and Paralympic Games [21]. The consequent decrease
of air pollutant levels was associated with a reduction in the acute effects of air pollutants in several
biomarkers of pulmonary and systemic inflammation in healthy young adults [17].

In fact, during exercise, increased ventilation occurs that may result in a greater influx of air and
pollutants into the airways, and those might even reach systemic circulation [22–24]. So, performing
outdoor endurance exercise can lead to an increase in the total number of particles deposited in
the respiratory tract that may exceed 4.5 times than observed at rest [24]. Beyond the high rate of
ventilation, a change from nasal to oral breathing associated with an increase of airflow speed, carry
the pollutants deeper into the lungs [25], further amplifying the dose of pollutants during endurance
physical activity.
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Based on the negative effect of air pollutant exposure in health, it generally is advised to avoid
practicing exercise in polluted areas [26]. Unfortunately, some areas in the world with numerous
inhabitants are polluted for a longer period of the year. Nevertheless, there is no consensus on the
beneficial or harmful effects of exercise performed in such a polluted environment, by comparing the
health-related aspects of air pollution exposure in athletes and sedentary individuals living in those
polluted environments.

Roberts et al. [27] analyzed the association between air pollution and physical inactivity in adults
in the United States, and concluded that increased levels of PM2.5, PM10, and O3 are associated
with reduced physical activity. It is worth mentioning that physical inactivity accounts for 9% of
premature deaths, or more than 3.5 million of the 57 million deaths worldwide in 2008 [28]. The same
study estimates that eliminating physical inactivity would increase the life expectancy of the world’s
population by 0.68 years and over 1.3 million deaths would be avoided each year.

Tainio et al. [29] investigated the risk of physical activity (walking and biking) for active transport
in urban centers and demonstrated that its benefits generally outweigh the health risks caused by air
pollution and therefore should be encouraged. Moreover, Vieira et al. [12] demonstrated that aerobic
exercise inhibits pulmonary inflammation, the release of pro-inflammatory pulmonary and systemic
cytokines, as well as pulmonary oxidative and nitrosative stress levels in a murine model of chronic
exposure to diesel exhausted particles.

Taking into account this information, the current study aimed to evaluate the immune/

inflammatory airway response in street runners and sedentary people after acute and chronic periods
of particulate matter exposure. So, our hypothesis is that even though the practice of outdoor aerobic
exercises is associated with increased inhalation of air pollutants due to hyperventilation, physical
training would be able to mitigate the deleterious effects of air pollutant exposure by modulating the
airways immune/inflammatory responses differently from that found in sedentary people.

2. Material and Methods

As represented in the flow diagram (Figure 1), forty volunteers, both male and female (aged
between 18 and 55 years), residents of the Metropolitan Area of São Paulo (MASP), Brazil were
enrolled in this study. All volunteers were recruited through electronic media using the Press Office
of the Federal University of São Paulo and also through sports advisers and athletes registered at
Corpore, a non-profit entity. To the runners’ group (RUN, n = 20, aged 37.4 ± 8.9) our inclusion criteria
were: regularly performed outdoor running, at least for the last 6 months, ≥ 3 times a week and also
completed an official 10 km outdoor race in the last 6 months with a minimum average speed of
9 km/h. The selection of volunteers to sedentary group (SED, n = 20, aged 31.8 ± 10.2) following the
criteria: not practicing regular physical exercise, at least for the last 12 months. All volunteers signed
the Consent Form previously approved by the Ethics Committee of Federal University of São Paulo
[CEP-UNIFESP (nº 804.597/2014)], which was in agreement with the Ethical Standards defined by
Harris and Atkinson (2015) [30]. Moreover, all experiments were performed in accordance with the
Declaration of Helsinki [31].

Volunteers who presented with diagnosis of chronic inflammatory diseases; chronic respiratory
and/or heart diseases; or reported chronic use of corticosteroids, anabolic agents, or hormones with
action on muscle tissue; current smokers; presence of physical condition that did not permit to carry
out the proposed tests; fertile women who did not use hormonal contraceptives and individuals who
live or work in regions without a station to monitor air pollutants (considering the network of the
Environmental Company of Sao Paulo State (CETESB)) were excluded.
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also ten weeks after first sample collection (ten weeks after winter starts) (Figure 2). 
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followed the quality assurance/quality control (QA/QC) procedure, as approved by the State Council 
of Environment (CONSEMA) of the State of São Paulo. 

Anthropometric characteristics (weight, height, BMI, and total body fat) were evaluated at the 
beginning of the study to characterize the groups. Total body fat (%) was determined using the 
BioScan 916 Tetrapolar bioelectrical apparatus (Maltron, United Kingdom), according to the 
manufacturer’s protocol. To evaluate the maximal oxygen uptake (V ̇O2max), all volunteers performed 
a cardiopulmonary test on a treadmill (model TR6, Speedo, Nottingham, UK) coupled to a gas 
analyzer with electrocardiograph monitoring (Oxycon Mobile, Jaeger, Höchberg, Germany; 
CareFusion Corp, BD Medical Technologies, San Diego, USA), using the Ellestad multi-load protocol 
[32] following the III Guidelines of the Brazilian Society of Cardiology on ergometric testing [33]. In 
addition, the “maximum exercise test” was obtained at the moment at which oxygen consumption 
reached its plateau defined by a respiratory exchange rate (RER) greater than 1.15 L; or when the 
volunteer reached an RER greater than 1 L together with the predicted maximum heart rate (HR, 
determined by the Tanaka et al. [34] formula (208 - (0.7 x age)) and validated for the Brazilian 
population [35]). 
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The data of the pollutants came from the database of the Environmental Company of São
Paulo State (CETESB). Data of 2.5 and 10 particle matter and ozone levels were collected from
20 monitoring stations according to the residence, work, and training sites of all volunteers for
15 weeks (https://servicos.cetesb.sp.gov.br/qa/). The CETESB certified that the monitoring systems
strictly followed the quality assurance/quality control (QA/QC) procedure, as approved by the State
Council of Environment (CONSEMA) of the State of São Paulo.

Anthropometric characteristics (weight, height, BMI, and total body fat) were evaluated at
the beginning of the study to characterize the groups. Total body fat (%) was determined using
the BioScan 916 Tetrapolar bioelectrical apparatus (Maltron, United Kingdom), according to the
manufacturer’s protocol. To evaluate the maximal oxygen uptake (

.
VO2max), all volunteers performed a

cardiopulmonary test on a treadmill (model TR6, Speedo, Nottingham, UK) coupled to a gas analyzer
with electrocardiograph monitoring (Oxycon Mobile, Jaeger, Höchberg, Germany; CareFusion Corp,
BD Medical Technologies, San Diego, USA), using the Ellestad multi-load protocol [32] following the III
Guidelines of the Brazilian Society of Cardiology on ergometric testing [33]. In addition, the “maximum
exercise test” was obtained at the moment at which oxygen consumption reached its plateau defined
by a respiratory exchange rate (RER) greater than 1.15 L; or when the volunteer reached an RER greater
than 1 L together with the predicted maximum heart rate (HR, determined by the Tanaka et al. [34]
formula (208 − (0.7 × age)) and validated for the Brazilian population [35]).

https://servicos.cetesb.sp.gov.br/qa/
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2.2. Samples Collection

Biological samples (fasting blood, nasal lavage fluid, saliva, and exhaled air) were collected in the
beginning and ten weeks after (Figure 2).

Blood samples were collected from a peripheral vein using a tube with an anticoagulating agent
(EDTA). Tubes were centrifuged at 2000 rpm at 4 ◦C for 10 min, and 500 µl of plasma were stored at
−80 ◦C for further analysis of club cell protein (CC16) concentration.

Saliva samples were collected directly into 15 mL Falcon® tubes without stimulation. After
that, the samples were centrifuged at 3000 rpm at 4 ◦C for 10 min, and 500 µl of supernatant was
stored at −80 ◦C for further analysis of secretory immunoglobulin A (SIgA) and antibacterial peptides
(defensins-α 1–3, lactoferrin (LTF), and cathelicidin (LL-37)). No buffers or preservatives were added.

Samples of nasal lavage fluid (NLF) were collected by introducing 5 mL of saline solution (0.9%
NaCl) into each nostril using a needleless syringe. The volunteers were instructed not to breathe or
swallow for 10 s and after this time, return the maximum fluid into a disposable universal collection
flask. The collected material was transferred to a graduated polypropylene tube (15 mL Falcon® tube),
centrifuged at 3000 rpm at 4 ◦C for 10 min, and 1000 µl was stored at −80 ◦C for further analysis of
cytokines concentrations. Similarly to saliva, no buffers or preservatives were added [36].

Exhaled air samples used to determine the fractional exhaled nitric oxide (FeNO), were
collected following the American Thoracic Society (ATS) and European Respiratory Society (ERS)
recommendations [37] and manufacturer’s instructions [38,39].

2.3. Determination of Club Cell Protein (CC16)

CC16 concentration was determined in the plasma with an ELISA kit according to the
manufacturer’s instructions (BioVendor Research and Diagnostic Products, Brno, Czech Republic).

2.4. Determination of Cytokines

Cytokine concentration (IFN-γ, TNF-α, IL-6, IL-10, IL-13, and IL-17A) was determined in the
supernatant of NLF using the multiplex U-PLEX MSD (Meso Scale Discovery, Rockville, MD, USA),
following the manufacturer’s instructions. The cytokine concentrations obtained initially (pg/mL) in
the NLF were normalized by the total protein concentration [cytokine (pg/mL)/ total protein (µg/mL)]
using the Bradford method [40].

2.5. Determination of Salivary Concentration

The concentration of SIgA and antibacterial peptides (defensins-α 1-3, LTF, and LL-37) were
analyzed using commercial ELISA kits (Bioassay Technology Laboratory, Shanghai, China) following
the manufacturer’s instructions.

2.6. Determination of Fractional Exhaled Nitric Oxide (FeNO)

FeNO levels (recorded in parts per billion, ppb) were determined within four hours after exhaled
air collection in the Sievers apparatus [37] by a chemiluminescent test using the NO analyzer (NOA 280;
Sievers Instruments Inc., Boulder, CO, USA). During the analysis, a NO analyzer was calibrated using a
device that filters the NO present in ambient air and a reference gas with a known concentration of NO
(standard mixture for NO calibration at 45 ppb NO2) (White Martins Industrial Gases AS, São Paulo, SP,
Brazil). All procedures were in accordance with ATS recommendations for FeNO measurement [37].

2.7. Statistical Analysis

Anthropometric data and
.

VO2max were analyzed using the Student’s t-test. Biological variables
from both of the groups (SED and RUN) were analyzed initially by the D’Agostino–Pearson test to
assess the normality of the data. Independence among biologicals concentrations and immunological
molecule levels were compared by the Welch two-tailed unpaired test, and the strength of associations
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was assessed by Pearson or Spearman correlation tests, according to the needs. A chi-square test was
used to compare proportions. Statistical significance was established at 5.0% level, and all the analysis
was performed on the concentration over time data using GraphPad Prism (version 7.0a) software.

3. Results

As shown in Table 1, the RUN group showed higher
.

VO2max than the SED group as expected.
In addition, total body fat was higher in the SED group compared to the RUN group. No differences
were found in the other physical characteristics between the groups.

Table 1. Physical characteristics (gender and its ratio, age, weight, height, body mass index (BMI), total
body fat, and maximal oxygen uptake (

.
VO2max)) of the volunteers allocated in the groups RUN and

SED. All data were analyzed using Student’s t-test and are presented in mean and standard deviation
(SD). Level of significance was established at 5% (p < 0.05).

Runners Sedentary p Value

Number (n) 20 20
Gender

Women (n) 4 8
Men (n) 16 12

Ratio (W/M) 1/4 1/1.5 0.1675
Age (years) 37.4 ± 8.99 31.8 ± 10.27 0.0746
Weight (kg) 73.9 ± 16.21 77.6 ± 19.65 0.5267
Height (cm) 172 ± 9.72 172.2 ± 10.02 0.9527

BMI 24.7 ± 3.81 26.0 ± 5.65 0.6964
Total body fat (%) 24.9 ± 6.69 30.5 ± 7.17 0.0187

.
VO2max (mL/kg/min) 41.8 ± 6.54 29.3 ± 5.02 <0.0001

Note: Body mass index (BMI); Maximal oxygen uptake (
.

VO2max).

3.1. Air Pollutants Levels

Figure 3 shows the temporal analysis of pollutant levels during the study period (fifteen weeks).
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Figure 3. Daily mean levels of each pollutant considered for the study period. The flashing red line
refers to the maximum concentration of each pollutant established by WHO [2]. The blue dotted lines
refer to the time when the biological samples were collected in the study. (a) PM2.5 levels; (b) PM10

levels; (c) O3 levels.

It is possible to observe that in the week of the first collection there was a peak of particulate
matter levels that were higher in comparison to the levels found in the previous four weeks (PM2.5,
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* p = 0.002, and PM10, # p < 0.001) as can be observed in Table 2. During the ten subsequent weeks,
a stable period of high particulate matter levels was found (Table 2). Ozone levels remained unchanged
during the study and it is worthwhile to highlight that these levels according to WHO were considered
“not harmful” [2].

Table 2. Average levels of pollutants (mean ± standard deviation) at different time intervals and the
ratio of the concentration of pollutants in the sampling week to the concentration of pollutants in
previous weeks. All data were analyzed using the Welch two-tailed unpaired test. Level of significance
was established at 5% (p < 0.05).

Weeks for Measuring Pollutants PM2.5 PM10 O3

Five weeks prior to first sampling day 17.72 ± 9.6 27.07 ± 13.76 19.75 ± 8.24
First sampling week 32.24 ± 12.28 * 50.18 ± 15.56 # 22.67 ± 5.2

Four weeks prior to the sampling week 14.71 ± 5.52 22.29 ± 6.9 19.14 ± 8.68
Ratio between sampling week and the previous 4 weeks 2.19 2.25 1.18

Ten weeks between sampling days 22.49 ± 8.90 37.39 ± 15.23 29.18 ± 8.77
Nine weeks prior to second sampling day 21.66 ± 8.52 31.29 ± 8.17 35.96 ± 14.22

Second sampling week 20.8 ± 12.6 34.47 ± 18.55 37.24 ± 3.7
Ratio between sampling week and the previous 9 weeks 0.96 1.1 1.03

Note: *,# Difference between first sampling week and four weeks previous sampling week.

Based on the air pollutant levels present in Table 2, it is clear that the first sampling was performed
after acute exposure to air pollutants and the second sampling was performed after chronic exposure
to the same pollutants. So, the description of the biological results was named after acute exposure
(AE) and after chronic exposure (CE).

Before presenting the results related to the biological parameters studied, it is noteworthy that the
statistical analysis between genders showed no significant differences.

3.2. Fractional Exhaled Nitric Oxide is Reduced in Runners but not CC16

As shown in Figure 4a, the RUN group presents lower FeNO levels than SED group both after AE
(p = 0.04) and CE (p = 0.002). In relation to the differences between AE and CE, RUN group showed a
significant reduction in the FeNO levels (AE: 18.99 ± 9.07; CE: 11.29 ± 3.96, p = 0.003), whereas SED
group levels remained unchanged (AE: 28.56 ± 13.61; CE: 21.9 ± 12.7, p = 0.137).
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Figure 4. Comparison of fractional exhaled nitric oxide (FeNO) (a) and club cell protein (CC16) (b)
levels after acute and chronic exposure in the RUN and SED groups. All data were analyzed using the
Welch two-tailed unpaired test. Values are presented in median and with respective quartile. Level of
significance was established at 5% (p < 0.05).

According to ATS guidelines [37], FeNO levels above 25 ppb are associated with eosinophilic lung
inflammation. In this respect, we observed that the percentage of subjects with FeNO levels above
25 ppb after AE was 35.29% and 50% in RUN and SED groups respectively and no differences between
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these values were observed (p = 0.42). After CE, the number decreased in the RUN group (17.65%),
whereas in the SED group the number increased (58.33%) and a significant difference was observed
between the groups (p = 0.02). No differences were observed between time points in both, RUN and
SED groups.

Figure 4b shows that plasma CC16 levels remained unchanged not only between the groups after
AE (p = 0.06) and after CE (p = 0.0889), but also between the time points (RUN, p = 0.4978, and SED
p = 0.5539).

3.3. Different Pattern of Th Immune Response in Upper Airway in the RUN and SED Groups

As observed in Figure 5, the levels of IL-10 (Figure 5d, p = 0.03) and IL-13 (Figure 5e, p = 0.02)
were lower after AE in the RUN group than in SED group. No differences were found after CE between
the groups. In the analysis between time points (AE × CE), higher levels of IFN-γ (Figure 5a, p = 0.02),
IL-10 (Figure 5d, p = 0.01), and IL-17A (Figure 5f, p = 0.005) were found after CE than after AE in the
RUN group. Regarding the SED group, higher levels of TNF-α (Figure 5b, p = 0.04), IL-6 (Figure 5c,
p = 0.004), and IL-10 (Figure 5d, p = 0.01) and also lower IL-13 levels (Figure 5e, p = 0.02) were observer
after CE compared to after AE values.
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Figure 5. Comparison of the cytokine levels of interferon (IFN)-γ (a), tumor necrosis factor (TNF)-α (b),
interleukin (IL)-6 (c), IL-10 (d), IL-13 (e), and IL-17A (f) between RUN and SED groups and between
time points (after acute exposure (AE) and after chronic exposure (CE)). All data were analyzed using
the Welch two-tailed unpaired test. Values are presented in median and with respective quartile. Level
of significance was established at 5% (p < 0.05).

Table 3 shows the analysis of the ratios between time points. In the RUN group, only the ratio
between TNF-α and IL-13 (reflecting Th1/Th2 immune response) showed a significant difference
after CE compared to AE values. Although in RUN the levels of TNF-α and IL-13 only tended
to differ between CE and AE (Figure 5b,d), the ratio of these cytokines made the increase of Th1
immune response after CE also visible in RUN. In addition, in RUN, the ratio between IL-13 and
IL-17A (reflecting Th2/Th17 immune response) showed a significant decrease after CE compared to the
AE values, mainly due to the significantly increased IL-17A levels after CE. So, in runners, chronic
exposure to PM changes the pattern of cytokines towards a more Th1/Th17 driven immune response.
Similar to the RUN group, the ratio between IL-13 and IL-17A (reflecting Th2/Th17 immune response)
significantly increases after CE compared to AE. Instead, it is mainly due to decreased IL-13 levels
after CE, rather than to increased IL-17A levels, however, the net ratio result is comparable.

In contrast to the RUN group, in the SED group, the ratio between TNF-α and IL-6, and TNF-α
and IL-10 (reflecting Th1/Th2 immune response) showed significant differences when comparing AE
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with CE. Although the levels of TNF-α, IL-6, and IL-10 all increased after CE compared to after AE, the
extent of the increase for IL-6 and IL-10 was higher than for TNF-α, which in SED favors a Th2 immune
response. Corroborating this result, the higher levels of IL-10 after CE when compared to AE had its
impact on the ratio between IL-10 and IFN-γ, also favoring a Th2/IL-10-dominated immune response.

Table 3. Comparison of average levels of cytokines ratio between Th1/Th2, Th1/Th17, and Th2/Th17
immune response at different time points in both the RUN and SED group. All data were analyzed
using the Welch two-tailed unpaired test. Level of significance was established at 5% (p < 0.05).

Runners Sedentary

Mean ± SD p Mean ± SD p

Th1/Th2

IFN-γ/IL-6 Acute 15.81 ± 2.90
0.702

17.25 ± 2.61
0.493

Chronic 12.48 ± 2.18 16.27 ± 3.42

IFN-γ/IL-10 Acute 38.61 ± 0.04
0.791

38.61 ± 0.03
0.016

Chronic 43.35 ± 4.20 32.51 ± 3.04

IFN-γ/IL-13 Acute 0.78 ± 0.00
0.091

0.78 ± 0.00
0.558

Chronic 1.21 ± 0.20 0.77 ± 0.07

TNF-α/IL-6 Acute 2.88 ± 0.65
0.393

3.20 ± 0.39
0.035

Chronic 1.89 ± 0.38 2.15 ± 0.35

TNF-α/IL-10 Acute 6.81 ± 0.00
0.052

6.83 ± 0.00
<0.0001

Chronic 6.18 ± 0.50 4.36 ± 0.53

TNF-α/IL-13 Acute 0.13 ± 0.00
0.023

0.13 ± 0.00
0.397

Chronic 0.21 ± 0.02 0.20 ± 0.03

Th1/Th17

IFN-γ/IL-17 Acute 1.23 ± 0.18
0.126

1.40 ± 0.22
0.101

Chronic 0.88 ± 0.18 0.95 ± 0.17

TNF-α/IL-17 Acute 0.22 ± 0.03
0.149

0.31 ± 0.05
0.179

Chronic 0.15 ± 0.032 0.17 ± 0.02

Th2/Th17

IL-6/IL-17 Acute 0.08 ± 0.013
0.423

0.06 ± 0.00
0.922

Chronic 0.06 ± 0.00 0.06 ± 0.01

IL-10/IL-17 Acute 0.02 ± 0.00
0.392

0.03 ± 0.00
0.134

Chronic 0.02 ± 0.00 0.02 ± 0.00

IL-13/IL-17 Acute 1.34 ± 0.25
0.015

1.80 ± 0.25
0.001

Chronic 0.53 ± 0.14 0.54 ± 0.10

Note: T helper (Th); interferon (IFN); interleukin (IL); tumor necrosis factor (TNF). Mann-Whitney comparison,
p < 0.05.

In order to evaluate the pattern of Th immune response in the RUN and SED groups, after AE
and CE, the ratio between the Th1 cytokines (IFN-γ, TNF-α), Th2 cytokines (IL-6, IL-10, and IL-13) and
also Th17 cytokine (IL-17A) were performed.

As observed in Figure 6, the ratio between IFN-γ and IL-13 (Th1/Th2 immune response) the RUN
group showed predominant Th1 response after CE compared to the SED group (Figure 6b, p = 0.02).
No significant differences were found between the other ratios.
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Figure 6. Comparison of Th1/Th2, Th1/Th17, and Th2/Th17 immune response between RUN and SED
groups after acute (a) and chronic (b) exposure. The dotted line represents the value 1. All data were
analyzed using the Welch two-tailed unpaired test. Values are presented in median and with respective
quartile. Level of significance was established at 5% (p < 0.05).

3.4. Salivary Immunological Markers are Increased in Runners

As shown in Figure 7, the comparison between the groups showed higher levels of defensin-α
1–3 in the RUN group after AE than in the SED group (Figure 7c, p = 0.03). In addition, higher levels
of SIgA and LTF were found in the RUN group after CE as compared to the SED group (Figure 7a,
p = 0.03, and Figure 7b, p = 0.02, respectively). No differences were observed in salivary LL-37 levels
(Figure 7c). In the comparison between the time points, no significant differences were found between
the groups.
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Figure 7. Comparison of secretory immunoglobulin A (SIgA (a) and antibacterial peptides lactoferrin
(LTF) (b), defensin-α 1-3 (c), LL-37 (d)) levels in saliva of RUN and SED groups after AE and CE.
All data were analyzed using the Welch two-tailed unpaired test. Values are presented in median and
with respective quartile. Level of significance was established at 5% (p < 0.05).

4. Discussion

Our results showed that runners, compared to sedentary subjects, can profit from increased
immunological protecting mechanisms on different levels. First, we observed the fact that the
salivary levels of antibacterial peptides and SIgA were higher both after acute (salivary defensins)
and chronic (SIgA, LTF) exposure to particulate matter (and/or intense exercise) in RUN compared
to SED. In agreement with results from other authors, some agents, such as SIgA and antibacterial
peptides, are involved in the improvement of airway mucosal immunity by directly inhibiting the
actions of pathogens in this environment. Although SIgA is considered as the main agent in the
mucosa, most recently, the importance of antibacterial peptides in the protection of airway mucosa has
been recognized [41,42]. Higher levels of these immunological agents can be found in physically active
people [43–45] leading to greater protection, which decreases the incidence of upper respiratory tract
infection in this population [42].

In terms of the effect of particulate matter exposure on antibacterial peptides levels, it has been
reported that particulate matter can promote a reduction of airways antibacterial peptides, thereby
enabling pathogens to adhere to the airway epithelial cells, and consequentially increase airway
infection [46]. Corroborating this information, it was found that acute exposure leads to a reduction of
defensin [47]. In a different way, our results showed that after AE the salivary defensin levels were
higher in runners than in sedentary people, demonstrating a positive effect of exercise training in the
maintenance of mucosal immunity. According to other authors, pollutant exposure elicits a mucosal
immune response with an increase of antibacterial peptides, such as lactoferrin [48,49], whereas the
influence of pollutants such as PM2.5 and PM10 on salivary levels of SIgA have shown conflicting
results, since some studies showed no change [50], or reduction [51–53], or increase in salivary levels
after exposure [54]. Based on our data, we can suggest that the hyperventilation that occurs during
the outdoor endurance practice, which induces the accumulation of particles in the airways [24],
can stimulate the increase of lactoferrin and SIgA, that was found after CE. So, the association of
chronic particulate matter exposure and the particle accumulation in airways was able to elicit an
immunological response, improving the mucosal airway protection, albeit only in runners.
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Secondary, in runners the fraction of exhaled NO (FeNO) is always significantly lower in RUN
when compared to SED, whether after acute or chronic exposure to PM. FeNO is a remarkable biomarker
presenting increased levels in association with pulmonary inflammation, mainly in situations with
an evident presence of eosinophils infiltrating in the airways. According to the American Thoracic
Society [37], FeNO levels higher than 25 ppb are clinically significant cut-off points for eosinophilic
inflammation [37,55]. In the literature, it is widely accepted that elevations in the concentration and also
deposition of air pollutant particles in the airways are closely associated with lung inflammation [56].
In relation to physical exercise, this fact is corroborated by data reported by Thornadtsson et al. [57],
in which amateur runners showed increased FeNO levels after a marathon race as compared to
sedentary people, since during an endurance exercise, such as a marathon race the runners presented
hyperventilation that leads to higher deposition of air pollutants in the airways [24]. In a different
way, our results demonstrated that both absolute FeNO levels as well as the proportion of volunteers
presenting levels above 25 ppb, were lower in the RUN group than in the SED group whether after AE
or after CE at rest. Although the RUN group presented with lower FeNO levels, these reduced values
were associated with significantly lower plasma CC16 levels in this group after AE (p = 0.06) nor after
CE (p = 0.08) when compared to the SED group. Plasma analysis of CC16 protein, in general, can be
seen as a marker of injury in the pulmonary epithelial barrier integrity [58,59]. We can conclude that,
in the SED group, the higher FeNO levels indicate that pulmonary inflammation might be particularly
present in this group, whereas potential epithelial damage, which is known to be induced by exposure
to PM [60] seems similar in both groups. It is also worthy to mention that the analysis of FeNO levels
comparing the data found after AE and after CE in runners group showed higher FeNO levels after
AE. This finding corroborates the literature, since that, in a general way, increases in the FeNO levels
occurs acutely in response to air pollutants exposure challenge [57].

Thirdly, looking for the nasal cytokine profile associated with PM exposure, runners showed
stable Th2 related cytokine expression after acute PM exposure, whereas in the sedentary group acute
exposure to PM is specifically associated with increased nasal fluid IL-13 levels. Elevation in nasal
lavage fluid IL-13 levels and an increase in eosinophilic inflammation were similarly found in mice
exposed to PM2.5 [61] and to PM10 [62]. The production of nitric oxide in the airway epithelium can
be induced by IL-13, which is confirmed after the blockage of IL-13 with an antagonist, resulting in
reduced FeNO levels [63,64]. Although IL-13 in our subjects was measured nasally, due to the ‘united
airways’ theory, it is tempting to speculate about its presence in the lower airways, which might be
increased in parallel. This would explain why FeNO levels are also specifically increased in SED
compared to RUN.

Moreover, after chronic exposure, we observed a significant reduction of IL-13 levels in the SED
group, which could be related to the tendency of decreased FeNO levels in this group after chronic
exposure, whereas in the RUN group FeNO levels again remained unchanged. However, the reduction
in IL-13 levels in SED could also be influenced by the increased levels of IL-6 and IL-10 in that group,
as these cytokines are all known to be involved in the Th2 immune response and interact with each
other [65]. On the other hand, IL-13 is reported to stimulate alveolar macrophages to polarize into
the M2 profile, by which a significant release of IL-10 in the respiratory tract can be induced [66].
In addition, particulate matter exposure by itself can also induce macrophage M2 polarization [66].
So we might suppose that M2 polarization due to acute PM exposure could also explain the elevation
of IL-10 levels in both SED and RUN groups, but that the high levels of IL-13 in SED later on (upon
chronic exposure) induced a higher IL-10 induction when compared to RUN due to additional M2
polarization induction. Although we here considered IL-10 to be a Th2 cytokine, it is widely accepted
that IL-10 might also have anti-inflammatory properties and can act as a factor to protect the airways
against mucosal inflammation [67]. Moreover, besides M2, epithelial cells were also reported to
release IL-10, which can induce T-regulatory (T-reg) cell differentiation, involved in the induction of a
non-inflammatory microenvironment that favors homeostasis [67,68]. We also demonstrated earlier
that IL-10 in the airways can inhibit the manifestation of airway symptoms after running a marathon,
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a situation in which of course also increased exposure to air pollutants occurs [67]. Therefore, the higher
IL-10 levels in both groups after chronic PM exposure compared to acute exposure can furthermore
protect the airway environment against the harmful effects of chronic particulate matter exposure.
Corroborating this anti-inflammatory property, the higher IL-10 levels observed in SED group after
CE are responsible for the decrease in the ratio between IFN-γ or TNF-α and IL-10, however it is not
sufficient to reduce the Th2 (IL-13) immune response in this volunteer’s group.

In relation to IL-6, it was demonstrated that particulate matter exposure could lead to a significant
increase of this cytokine in the bronchoalveolar lavage of mice [69], airways epithelial cells [70], and
alveolar macrophages [71]. So, similar chronic exposure to particulate matter could lead to the elevation
of IL-6 levels in the respiratory tract, as found in the SED group. In addition, higher IL-6 levels impact a
decreased ratio between TNF-α and this cytokine, while maintaining the Th2 (IL-13) immune response,
similar to what was observed for IL-10 [67]. So, this suggests that the maintenance of the Th2 immune
response and especially the higher levels of IL-6 can impair the respiratory tract of sedentary people
during chronic particulate matter exposure and counteract the potentially beneficial effects of IL-10.
It is worth to report that higher levels of IL-6 are presented in different airway diseases in which
a Th2 immune response is associated, such as allergic [72], chronic obstructive pulmonary disease
(COPD) [73], and asthma [74]. Regarding exercise, Vaisberg et al. showed that increased IL-6 levels
were associated with inflammation in the respiratory tract and also with manifestation of symptoms in
upper airways in symptomatic marathon runners, whereas the asymptomatic runners showed good
control of inflammation. Although we observed a tendency towards higher nasal IL-6 expression in
runners after chronic exposure to PM, we, unfortunately, have no data on symptoms in these runners,
which could eventually explain the increase in IL-6 in some but not all runners. Another point that
deserves to be highlighted is that IL-6 is involved in the differentiation of T cells towards Th17 cells [74].
Although IL-6 and IL-17A levels both in runners and in sedentary subjects show parallel increase
after chronic exposure, they do not completely correlate with each other. Indeed, IL-17A levels only
increased significantly in runners. IL-17 increased in the airways after intense exercise has been
shown in other reports [75]. IL-17A levels can furthermore be induced by chronic PM2.5 exposure [76].
Higher IL-17A levels released by CD4+ Th17 lymphocytes can stimulate airway epithelial cells to
secrete several factors involved, not only in the physiological regulation [77], but also in the airway
protection [78] and it has been supposed that the Th17 immune response can protect the airways e.g.,
against microorganisms in which the Th1 and Th2 immune responses are not sufficient to guarantee the
protection by themselves [78]. Therefore, the elevation of IL-17A levels can also reflect the maintenance
and protection of the airway mucosa against other factors, such as chronic particulate matter exposure
in runners. Nevertheless, the ratio between IL-13 and IL-17A in runners as well as in sedentary subjects
was lower after CE compared to AE showing that a Th17 immune response is present in both groups.
Interestingly, the pattern of Th17 immune response, though observed in both groups, was due to
different reasons. It has been demonstrated that in the pathogenesis, inflammation, and severity of
airway disease, the association between Th2 and Th17 immune responses is involved [74,78–81]. This
finding can putatively reinforce our suggestion that the chronic particulate matter exposure is harmful.
However, in runners more mechanisms might be present to balance these potential harmful factors
when compared to sedentary subjects.

Beyond the increase of IL-17A levels, the RUN group also showed higher levels of nasal IFN-γ and
IL-10 after chronic particulate matter exposure, similar to what was already described by other authors
and supposed to be macrophage-dependent [76]. Regarding the elevated IFN-γ (a classical cytokine
presenting in Th1 immune response) levels, it is widely accepted that this cytokine is associated with
protection against infection induced by viruses and other microorganisms, in a variety of cells including
airway epithelial cells [82]. Based on these data and our results, the regular practice of exercise can
enhance airway protection, since the ratio between IFN-γ and IL-13 was higher in the RUN group
than in the SED group after CE, showing that a Th1 immune profile was elicited, in contrast to the Th2
immune response presenting in the SED group.
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Taken together, all the results corroborate our hypothesis that the practice of outdoor aerobic
exercises was able to modulate the airways’ immune/inflammatory responses in a different way than
found in sedentary people.

5. Conclusions

The novelty of this study was that the long-standing regular practice of outdoor endurance
exercise might improve the immunological and inflammatory status in the airways after both acute
and chronic particulate matter exposure differently from that observed in the sedentary lifestyle of
people in the same community.

Author Contributions: Conceptualization, J.d.M.B.d.S., R.F., L.A.L.J., A.L.L.B., and M.V.; data curation, J.d.M.B.d.S.;
formal analysis, J.d.M.B.d.S., A.-C.J., M.R., and J.d.B.A.; funding acquisition, M.V.; investigation, J.d.M.B.d.S.,
R.F., A.-C.J., M.R., L.A.L.J., C.M.K., M.C.d.S., L.G.P., F.M.d.A., J.d.B.A., and R.d.P.V.; methodology, J.d.M.B.d.S.,
A.L.L.B., and M.V.; project administration, J.d.M.B.d.S. and M.V.; resources, J.d.B.A., R.d.P.V., A.L.L.B., D.M.A.B.,
and M.V.; supervision, A.L.L.B., D.M.A.B., and M.V.; validation, J.d.M.B.d.S., F.M.d.A., R.d.P.V., D.M.A.B., and
M.V.; writing—original draft, J.d.M.B.d.S. and A.L.L.B.; writing—review and editing, A.L.L.B., D.M.A.B., and M.V.

Funding: This study was supported by grants from the São Paulo State Research Support Foundation (FAPESP)
# 2012/15165-2, # 2016/04845-3, # 2017/00307-0. ACJ is a recipient of a FWO-SB grant of the Fund for Scientific
Research (FWO) Flanders (#1S20420N). DMA Bullens is a recipient of a senior clinical investigator mandate funded
by the FWO Flanders, Belgium.

Acknowledgments: The authors thank all study volunteers.

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

References

1. Thurston, G.D.; Kipen, H.; Annesi-Maesano, I.; Balmes, J.; Brook, R.D.; Cromar, K.; de Matteis, S.; Forastiere, F.;
Forsberg, B.; Mark, W.F.; et al. A joint ERS/ATS policy statement: What constitutes an adverse health effect of
air pollution? An analytical framework. Eur. Respir. J. 2017, 49, 10600419. [CrossRef] [PubMed]

2. Ambient Air Pollution: A Global Assessment of Exposure and Burden of Disease; WHO: Geneva, Switzerland, 2016.
3. World Health Organization. WHO Air Quality Guidelines for Particulate Matter, Ozone, Nitrogen Dioxide

and Sulfur Dioxide: Global Update 2005: Summary of Risk Assessment; World Health Organization: Geneva,
Switzerland, 2006.

4. Collaborators GRF. Global, regional, and national comparative risk assessment of 84 behavioural,
environmental and occupational, and metabolic risks or clusters of risks, 1990–2016: A systematic analysis
for the Global Burden of Disease Study 2016. Lancet 2017, 390, 1345–1422. [CrossRef]

5. Seinfeld, J.H.; Pandis, S.N. Atmospheric Chemistry and Physics: From Air Pollution to Climate Change; John Wiley
& Sons: Hoboken, NJ, USA, 2016.

6. Sancini, A.; Tomei, F.; Tomei, G.; Caciari, T.; Di Giorgio, V.; André, J.C.; Palermo, P.; Andreozzi, G.; Nardone, N.;
Schifano, M.P.; et al. Urban pollution. G. Ital. Med. Lav. Ergon. 2012, 34, 187–196. [PubMed]

7. Berend, N. Contribution of air pollution to COPD and small airway dysfunction. Respirology 2016, 21,
237–244. [CrossRef] [PubMed]

8. Cachon, B.F.; Firmin, S.; Verdin, A.; Ayi-Fanou, L.; Billet, S.; Cazier, F.; Martin, P.J.; Aissi, F.; Courcot, D.;
Sanni, A.; et al. Proinflammatory effects and oxidative stress within human bronchial epithelial cells exposed
to atmospheric particulate matter (PM(2.5) and PM(>2.5)) collected from Cotonou, Benin. Environ. Pollut.
2014, 185, 340–351. [CrossRef] [PubMed]

9. Falcon-Rodriguez, C.I.; Osornio-Vargas, A.R.; Sada-Ovalle, I.; Segura-Medina, P. Aeroparticles, Composition,
and Lung Diseases. Front. Immunol. 2016, 7, 3. [CrossRef] [PubMed]

10. Environmental Protection Agency US. Ozone Pollution and Your Patients’ Health United States. 2018.
Available online: https://www.epa.gov/ozone-pollution-and-your-patients-health/what-ozone (accessed on
21 August 2019).

11. Qing, H.; Wang, X.; Zhang, N.; Zheng, K.; Du, K.; Zheng, M.; Li, Y.; Chang, Y.; Zhang, L.; Bachert, C. The
Effect of PM2.5 on the Inflammatory Responses in Human Upper Airway Mucosa. Am. J. Respir. Crit. Care
Med. 2019. [CrossRef] [PubMed]

http://dx.doi.org/10.1183/13993003.00419-2016
http://www.ncbi.nlm.nih.gov/pubmed/28077473
http://dx.doi.org/10.1016/S0140-6736(17)32366-8
http://www.ncbi.nlm.nih.gov/pubmed/22888729
http://dx.doi.org/10.1111/resp.12644
http://www.ncbi.nlm.nih.gov/pubmed/26412571
http://dx.doi.org/10.1016/j.envpol.2013.10.026
http://www.ncbi.nlm.nih.gov/pubmed/24333687
http://dx.doi.org/10.3389/fimmu.2016.00003
http://www.ncbi.nlm.nih.gov/pubmed/26834745
https://www.epa.gov/ozone-pollution-and-your-patients-health/what-ozone
http://dx.doi.org/10.1164/rccm.201903-0635LE
http://www.ncbi.nlm.nih.gov/pubmed/31310722


Int. J. Environ. Res. Public Health 2019, 16, 4418 15 of 18

12. Vieira, R.P.; Toledo, A.C.; Silva, L.B.; Almeida, F.M.; Damaceno-Rodrigues, N.R.; Caldini, E.G.; Santos, A.B.G.;
Rivero, D.H.; Hizume, D.C.; Lopes, F.; et al. Anti-inflammatory effects of aerobic exercise in mice exposed to
air pollution. Med. Sci. Sports Exerc. 2012, 44, 1227–1234. [CrossRef] [PubMed]

13. van Eeden, S.F.; Tan, W.C.; Suwa, T.; Mukae, H.; Terashima, T.; Fujii, T.; Qui, D.; Vincent, R.; Hogg, J.C.
Cytokines involved in the systemic inflammatory response induced by exposure to particulate matter air
pollutants (PM(10)). Am. J. Respir. Crit. Care Med. 2001, 164, 826–830. [CrossRef] [PubMed]

14. Hage, P. Air Pollution: Adverse Effects on Athletic Performance. Phys. Sportsmed. 1982, 10, 126–132.
[CrossRef] [PubMed]

15. Fitch, K.D. Management of allergic Olympic athletes. J. Allergy Clin. Immunol. 1984, 73 Pt 2, 722–727.
[CrossRef]

16. Rundell, K.W. Effect of air pollution on athlete health and performance. Br. J. Sports Med. 2012, 46, 407–412.
[CrossRef] [PubMed]

17. Zhang, J.; Zhu, T.; Kipen, H.; Wang, G.; Huang, W.; Rich, D.; Zhu, P.; Wang, Y.; Lu, S.E.; Ohman-Strickland, P.;
et al. Cardiorespiratory biomarker responses in healthy young adults to drastic air quality changes
surrounding the 2008 Beijing Olympics. Res. Rep. (Health Eff. Inst.) 2013, 174, 5.

18. Rich, D.Q.; Liu, K.; Zhang, J.; Thurston, S.W.; Stevens, T.P.; Pan, Y.; Kane, C.; Weinberger, B.;
Ohman-Strickland, P.; Woodruff, T.J.; et al. Differences in Birth Weight Associated with the 2008 Beijing
Olympics Air Pollution Reduction: Results from a Natural Experiment. Environ. Health Perspect. 2015, 123,
880–887. [CrossRef] [PubMed]

19. Gao, J.; Xu, X.; Ying, Z.; Jiang, L.; Zhong, M.; Wang, A.; Chen, L.; Lu, B.; Sun, Q. Post-Effect of Air Quality
Improvement on Biomarkers for Systemic Inflammation and Microparticles in Asthma Patients After the
2008 Beijing Olympic Games: A Pilot Study. Inflammation 2017, 40, 1214–1224. [CrossRef] [PubMed]

20. Zhang, M.; Song, Y.; Cai, X. A health-based assessment of particulate air pollution in urban areas of Beijing
in 2000–2004. Sci. Total Environ. 2007, 376, 100–108. [CrossRef] [PubMed]

21. Wang, S.; Zhao, M.; Xing, J.; Wu, Y.; Zhou, Y.; Lei, Y.; He, K.; Fu, L.; Hao, J. Quantifying the air pollutants
emission reduction during the 2008 Olympic games in Beijing. Environ. Sci. Technol. 2010, 44, 2490–2496.
[CrossRef] [PubMed]

22. Pierson, W.E.; Covert, D.S.; Koenig, J.Q.; Namekata, T.; Kim, Y.S. Implications of air pollution effects on
athletic performance. Med. Sci. Sports Exerc. 1986, 18, 322–327. [CrossRef] [PubMed]

23. Bermon, S. Airway inflammation and upper respiratory tract infection in athletes: Is there a link? Exerc.
Immunol. Rev. 2007, 13, 6–14. [PubMed]

24. Daigle, C.C.; Chalupa, D.C.; Gibb, F.R.; Morrow, P.E.; Oberdörster, G.; Utell, M.J.; Frampton, M.W. Ultrafine
particle deposition in humans during rest and exercise. Inhal. Toxicol. 2003, 15, 539–552. [CrossRef] [PubMed]

25. Lippi, G.; Guidi, G.C.; Maffulli, N. Air pollution and sports performance in Beijing. Int. J. Sports Med. 2008,
29, 696–698. [CrossRef] [PubMed]

26. An, R.; Zhang, S.; Ji, M.; Guan, C. Impact of ambient air pollution on physical activity among adults:
A systematic review and meta-analysis. Perspect. Public Health 2018, 138, 111–121. [CrossRef] [PubMed]

27. Roberts, J.D.; Voss, J.D.; Knight, B. The association of ambient air pollution and physical inactivity in the
United States. PLoS ONE 2014, 9, e90143. [CrossRef] [PubMed]

28. Lee, I.M.; Shiroma, E.J.; Lobelo, F.; Puska, P.; Blair, S.N.; Katzmarzyk, P.T.; Lancet Physical Activity Series
Working Group. Effect of physical inactivity on major non-communicable diseases worldwide: An analysis
of burden of disease and life expectancy. Lancet 2012, 380, 219–229. [CrossRef]

29. Tainio, M.; de Nazelle, A.J.; Götschi, T.; Kahlmeier, S.; Rojas-Rueda, D.; Nieuwenhuijsen, M.J.; de Sa
Thiago, H.; Kelly, P.; Woodcock, J. Can air pollution negate the health benefits of cycling and walking?
Prev. Med. 2016, 87, 233–236. [CrossRef] [PubMed]

30. Harriss, D.J.; Atkinson, G. Ethical Standards in Sport and Exercise Science Research: 2016 Update. Int. J.
Sports Med. 2015, 36, 1121–1124. [CrossRef] [PubMed]

31. World Medical Association. World Medical Association Declaration of Helsinki: Ethical principles for
medical research involving human subjects. J. Am. Coll Dent. 2014, 81, 14–18.

32. Ellestad, M.H.; Allen, W.; Wan, M.C.; Kemp, G.L. Maximal treadmill stress testing for cardiovascular
evaluation. Circulation 1969, 39, 517–522. [CrossRef] [PubMed]

33. Meneghelo, R.S.; Araújo, C.; Stein, R.; Mastrocolla, L.; Albuquerque, P.; Serra, S., III. Diretrizes da Sociedade
Brasileira de Cardiologia sobre teste ergométrico. Arquivos Brasileiros Cardiologia 2010, 95, 1–26.

http://dx.doi.org/10.1249/MSS.0b013e31824b2877
http://www.ncbi.nlm.nih.gov/pubmed/22297803
http://dx.doi.org/10.1164/ajrccm.164.5.2010160
http://www.ncbi.nlm.nih.gov/pubmed/11549540
http://dx.doi.org/10.1080/00913847.1982.11947188
http://www.ncbi.nlm.nih.gov/pubmed/29267047
http://dx.doi.org/10.1016/0091-6749(84)90314-2
http://dx.doi.org/10.1136/bjsports-2011-090823
http://www.ncbi.nlm.nih.gov/pubmed/22267572
http://dx.doi.org/10.1289/ehp.1408795
http://www.ncbi.nlm.nih.gov/pubmed/25919693
http://dx.doi.org/10.1007/s10753-017-0564-y
http://www.ncbi.nlm.nih.gov/pubmed/28444548
http://dx.doi.org/10.1016/j.scitotenv.2007.01.085
http://www.ncbi.nlm.nih.gov/pubmed/17316765
http://dx.doi.org/10.1021/es9028167
http://www.ncbi.nlm.nih.gov/pubmed/20222727
http://dx.doi.org/10.1249/00005768-198606000-00012
http://www.ncbi.nlm.nih.gov/pubmed/3088377
http://www.ncbi.nlm.nih.gov/pubmed/18198657
http://dx.doi.org/10.1080/08958370304468
http://www.ncbi.nlm.nih.gov/pubmed/12692730
http://dx.doi.org/10.1055/s-2008-1038684
http://www.ncbi.nlm.nih.gov/pubmed/18512178
http://dx.doi.org/10.1177/1757913917726567
http://www.ncbi.nlm.nih.gov/pubmed/28829249
http://dx.doi.org/10.1371/journal.pone.0090143
http://www.ncbi.nlm.nih.gov/pubmed/24598907
http://dx.doi.org/10.1016/S0140-6736(12)61031-9
http://dx.doi.org/10.1016/j.ypmed.2016.02.002
http://www.ncbi.nlm.nih.gov/pubmed/27156248
http://dx.doi.org/10.1055/s-0035-1565186
http://www.ncbi.nlm.nih.gov/pubmed/26671845
http://dx.doi.org/10.1161/01.CIR.39.4.517
http://www.ncbi.nlm.nih.gov/pubmed/5778252


Int. J. Environ. Res. Public Health 2019, 16, 4418 16 of 18

34. Tanaka, H.; Monahan, K.D.; Seals, D.R. Age-predicted maximal heart rate revisited. J. Am. Coll Cardiol. 2001,
37, 153–156. [CrossRef]

35. Camarda, S.R.d.A.; Tebexreni, A.S.; Páfaro, C.N.; Sasai, F.B.; Tambeiro, V.L.; Juliano, Y.; Barros Neto, T.L.D.
Comparison of maximal heart rate using the prediction equations proposed by Karvonen and Tanaka.
Arquivos Brasileiros Cardiologia 2008, 91, 311–314.

36. Belda, J.; Parameswaran, K.; Keith, P.K.; Hargreave, F.E. Repeatability and validity of cell and fluid-phase
measurements in nasal fluid: A comparison of two methods of nasal lavage. Clin. Exp. Allergy 2001, 31,
1111–1115. [CrossRef] [PubMed]

37. Society, A.T.; Society, E.R. ATS/ERS recommendations for standardized procedures for the online and offline
measurement of exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am. J. Respir. Crit. Care
Med. 2005, 171, 912–930.

38. Kharitonov, S.; Alving, K.; Barnes, P.J. Exhaled and nasal nitric oxide measurements: Recommendations. The
European Respiratory Society Task Force. Eur. Respir. J. 1997, 10, 1683–1693. [CrossRef] [PubMed]

39. Leme, A.S.; Kasahara, D.I.; Nunes, M.P.; Martins, M.A.; Vieira, J.E. Exhaled nitric oxide collected with two
different mouthpieces: A study in asthmatic patients. Braz. J. Med. Biol. Res. 2002, 35, 1133–1137. [CrossRef]
[PubMed]

40. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

41. 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] [PubMed]

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

43. Shimizu, K.; Hanaoka, Y.; Akama, T.; Kono, I. Ageing and free-living daily physical activity effects on salivary
beta-defensin 2 secretion. J. Sports Sci. 2017, 35, 617–623. [CrossRef] [PubMed]

44. Gillum, T.; Kuennen, M.; McKenna, Z.; Castillo, M.; Jordan-Patterson, A.; Bohnert, C. Exercise increases
lactoferrin, but decreases lysozyme in salivary granulocytes. Eur. J. Appl. Physiol. 2017, 117, 1047–1051.
[CrossRef] [PubMed]

45. Akimoto, T.; Kumai, Y.; Akama, T.; Hayashi, E.; Murakami, H.; Soma, R.; Kuno, S.; Kono, I. Effects of 12
months of exercise training on salivary secretory IgA levels in elderly subjects. Br. J. Sports Med. 2003, 37,
76–79. [CrossRef] [PubMed]

46. Zhang, S.; Huo, X.; Zhang, Y.; Huang, Y.; Zheng, X.; Xu, X. Ambient fine particulate matter inhibits innate
airway antimicrobial activity in preschool children in e-waste areas. Environ. Int. 2019, 123, 535–542.
[CrossRef] [PubMed]

47. Chen, X.; Liu, J.; Zhou, J.; Wang, J.; Chen, C.; Song, Y.; Pan, J. Urban particulate matter (PM) suppresses
airway antibacterial defence. Respir. Res. 2018, 19, 5. [CrossRef] [PubMed]

48. Nishida, N.; Yamamoto, Y.; Tanaka, M.; Kataoka, K.; Kuboniwa, M.; Nakayama, K.; Morimoto, K.;
Shizukuishi, S. Association between involuntary smoking and salivary markers related to periodontitis:
A 2-year longitudinal study. J. Periodontol. 2008, 79, 2233–2240. [CrossRef] [PubMed]

49. Ghio, A.J.; Carter, J.D.; Dailey, L.A.; Devlin, R.B.; Samet, J.M. Respiratory epithelial cells demonstrate
lactoferrin receptors that increase after metal exposure. Am. J. Physiol. 1999, 276, L933–L940. [CrossRef]
[PubMed]

50. Leonardi, G.S.; Houthuijs, D.; Steerenberg, P.A.; Fletcher, T.; Armstrong, B.; Antova, T.; Lochman, I.;
Lochmanova, A.; Rudnai, P.; Erdei, E.; et al. Immune biomarkers in relation to exposure to particulate matter:
A cross-sectional survey in 17 cities of Central Europe. Inhal. Toxicol. 2000, 12 (Suppl. 4), 1–14. [CrossRef]
[PubMed]

51. Ewing, P.; Otczyk, D.C.; Occhipinti, S.; Kyd, J.M.; Gleeson, M.; Cripps, A.W. Developmental profiles of
mucosal immunity in pre-school children. Clin. Dev. Immunol. 2010, 2010, 196785. [CrossRef] [PubMed]

52. Marth, E.; Möse, J.R.; Bencko, V.; Tichacek, B.; Sixl, W.; Köck, M.; Sixl-Voigt, B. Air pollution emissions and
changes in lung function. Zentralblatt Hygiene Umweltmedizin 1989, 188, 439–448.

http://dx.doi.org/10.1016/S0735-1097(00)01054-8
http://dx.doi.org/10.1046/j.1365-2222.2001.01133.x
http://www.ncbi.nlm.nih.gov/pubmed/11468003
http://dx.doi.org/10.1183/09031936.97.10071683
http://www.ncbi.nlm.nih.gov/pubmed/9230267
http://dx.doi.org/10.1590/S0100-879X2002001000004
http://www.ncbi.nlm.nih.gov/pubmed/12424484
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.3390/nu11071678
http://www.ncbi.nlm.nih.gov/pubmed/31336570
http://www.ncbi.nlm.nih.gov/pubmed/21446352
http://dx.doi.org/10.1080/02640414.2016.1182640
http://www.ncbi.nlm.nih.gov/pubmed/27237844
http://dx.doi.org/10.1007/s00421-017-3594-0
http://www.ncbi.nlm.nih.gov/pubmed/28341903
http://dx.doi.org/10.1136/bjsm.37.1.76
http://www.ncbi.nlm.nih.gov/pubmed/12547749
http://dx.doi.org/10.1016/j.envint.2018.12.061
http://www.ncbi.nlm.nih.gov/pubmed/30622078
http://dx.doi.org/10.1186/s12931-017-0700-0
http://www.ncbi.nlm.nih.gov/pubmed/29310642
http://dx.doi.org/10.1902/jop.2008.080149
http://www.ncbi.nlm.nih.gov/pubmed/19053911
http://dx.doi.org/10.1152/ajplung.1999.276.6.L933
http://www.ncbi.nlm.nih.gov/pubmed/10362717
http://dx.doi.org/10.1080/08958370050164833
http://www.ncbi.nlm.nih.gov/pubmed/12881884
http://dx.doi.org/10.1155/2010/196785
http://www.ncbi.nlm.nih.gov/pubmed/21234378


Int. J. Environ. Res. Public Health 2019, 16, 4418 17 of 18

53. Wagner, V.; Wagnerová, M.; Zavázal, V.; Kríz, J. Immunoglobulins and some serum proteins in children
with altered resistance coming from areas with variously polluted atmosphere. J. Hyg. Epidemiol. Microbiol.
Immunol. 1990, 34, 17–26. [PubMed]

54. Wagner, V.; Wagnerová, M.; Kríz, J.; Kodl, M.; Wokounová, D. Relationship of blood protein levels to outdoor
air pollutant concentrations in a semicohort of school-age children living in urban areas differing by quality
of air. J. Hyg. Epidemiol. Microbiol. Immunol. 1988, 32, 121–136. [PubMed]

55. Olin, A.C.; Rosengren, A.; Thelle, D.S.; Lissner, L.; Torén, K. Increased fraction of exhaled nitric oxide predicts
new-onset wheeze in a general population. Am. J. Respir. Crit. Care Med. 2010, 181, 324–327. [CrossRef]
[PubMed]

56. Gong, J.; Zhu, T.; Hu, M.; Wu, Z.; Zhang, J.J. Different metrics (number, surface area, and volume concentration)
of urban particles with varying sizes in relation to fractional exhaled nitric oxide (FeNO). J. Thorac. Dis. 2019,
11, 1714–1726. [CrossRef] [PubMed]

57. Thornadtsson, A.; Drca, N.; Ricciardolo, F.; Högman, M. Increased levels of alveolar and airway exhaled
nitric oxide in runners. Upsala J. Med. Sci. 2017, 122, 85–91. [CrossRef] [PubMed]

58. Bernard, A.; Carbonnelle, S.; Nickmilder, M.; de Burbure, C. Non-invasive biomarkers of pulmonary damage
and inflammation: Application to children exposed to ozone and trichloramine. Toxicol. Appl. Pharmacol.
2005, 206, 185–190. [CrossRef] [PubMed]

59. 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] [PubMed]

60. Gomes, E.C.; Stone, V.; Florida-James, G. Impact of heat and pollution on oxidative stress and CC16 secretion
after 8 km run. Eur. J. Appl. Physiol. 2011, 111, 2089–2097. [CrossRef] [PubMed]

61. Ramanathan, M.; London, N.R.; Tharakan, A.; Surya, N.; Sussan, T.E.; Rao, X.; Lin, S.Y.; Toskala, E.;
Rajagopalan, S.; Biswal, S. Airborne Particulate Matter Induces Nonallergic Eosinophilic Sinonasal
Inflammation in Mice. Am. J. Respir. Cell Mol. Biol. 2017, 57, 59–65. [CrossRef] [PubMed]

62. Huang, K.L.; Liu, S.Y.; Chou, C.C.; Lee, Y.H.; Cheng, T.J. The effect of size-segregated ambient particulate
matter on Th1/Th2-like immune responses in mice. PLoS ONE 2017, 12, e0173158. [CrossRef] [PubMed]

63. Agrawal, S.; Townley, R.G. Role of periostin, FENO, IL-13, lebrikzumab, other IL-13 antagonist and dual
IL-4/IL-13 antagonist in asthma. Expert Opin. Biol. Ther. 2014, 14, 165–181. [CrossRef] [PubMed]

64. Dimitrova, D.; Youroukova, V.; Ivanova-Todorova, E.; Tumangelova-Yuzeir, K.; Velikova, T. Serum levels of
IL-5, IL-6, IL-8, IL-13 and IL-17A in pre-defined groups of adult patients with moderate and severe bronchial
asthma. Respir. Med. 2019, 154, 144–154. [CrossRef] [PubMed]

65. Singh, V.K.; Mehrotra, S.; Agarwal, S.S. The paradigm of Th1 and Th2 cytokines: Its relevance to autoimmunity
and allergy. Immunol Res. 1999, 20, 147–161. [CrossRef] [PubMed]

66. Shi, Q.; Zhao, L.; Xu, C.; Zhang, L.; Zhao, H. High Molecular Weight Hyaluronan Suppresses Macrophage
M1 Polarization and Enhances IL-10 Production in PM. Molecules 2019, 24, 1766. [CrossRef] [PubMed]

67. 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]

68. Mayer, A.K.; Bartz, H.; Fey, F.; Schmidt, L.M.; Dalpke, A.H. Airway epithelial cells modify immune responses
by inducing an anti-inflammatory microenvironment. Eur. J. Immunol. 2008, 38, 1689–1699. [CrossRef]
[PubMed]

69. Ma, J.H.; Song, S.H.; Guo, M.; Zhou, J.; Liu, F.; Peng, L.; Fu, Z.R. Long-term exposure to PM2.5 lowers
influenza virus resistance via down-regulating pulmonary macrophage Kdm6a and mediates histones
modification in IL-6 and IFN-β promoter regions. Biochem. Biophys. Res. Commun. 2017, 493, 1122–1128.
[CrossRef] [PubMed]

70. De Grove, K.C.; Provoost, S.; Brusselle, G.G.; Joos, G.F.; Maes, T. Insights in particulate matter-induced
allergic airway inflammation: Focus on the epithelium. Clin. Exp. Allergy 2018, 48, 773–786. [CrossRef]
[PubMed]

71. Luo, B.; Liu, J.; Fei, G.; Han, T.; Zhang, K.; Wang, L.; Shi, H.; Zhang, L.; Ruan, Y.; Niu, J. Impact of
probable interaction of low temperature and ambient fine particulate matter on the function of rats alveolar
macrophages. Environ. Toxicol. Pharmacol. 2017, 49, 172–178. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2351815
http://www.ncbi.nlm.nih.gov/pubmed/2457610
http://dx.doi.org/10.1164/rccm.200907-1079OC
http://www.ncbi.nlm.nih.gov/pubmed/20007926
http://dx.doi.org/10.21037/jtd.2019.03.90
http://www.ncbi.nlm.nih.gov/pubmed/31179118
http://dx.doi.org/10.1080/03009734.2017.1317886
http://www.ncbi.nlm.nih.gov/pubmed/28481126
http://dx.doi.org/10.1016/j.taap.2004.10.022
http://www.ncbi.nlm.nih.gov/pubmed/15967207
http://dx.doi.org/10.1111/all.12540
http://www.ncbi.nlm.nih.gov/pubmed/25358760
http://dx.doi.org/10.1007/s00421-011-1839-x
http://www.ncbi.nlm.nih.gov/pubmed/21267745
http://dx.doi.org/10.1165/rcmb.2016-0351OC
http://www.ncbi.nlm.nih.gov/pubmed/28245149
http://dx.doi.org/10.1371/journal.pone.0173158
http://www.ncbi.nlm.nih.gov/pubmed/28245275
http://dx.doi.org/10.1517/14712598.2014.859673
http://www.ncbi.nlm.nih.gov/pubmed/24283478
http://dx.doi.org/10.1016/j.rmed.2019.06.024
http://www.ncbi.nlm.nih.gov/pubmed/31260861
http://dx.doi.org/10.1007/BF02786470
http://www.ncbi.nlm.nih.gov/pubmed/10580639
http://dx.doi.org/10.3390/molecules24091766
http://www.ncbi.nlm.nih.gov/pubmed/31067702
http://www.ncbi.nlm.nih.gov/pubmed/23977719
http://dx.doi.org/10.1002/eji.200737936
http://www.ncbi.nlm.nih.gov/pubmed/18421791
http://dx.doi.org/10.1016/j.bbrc.2017.09.013
http://www.ncbi.nlm.nih.gov/pubmed/28887033
http://dx.doi.org/10.1111/cea.13178
http://www.ncbi.nlm.nih.gov/pubmed/29772098
http://dx.doi.org/10.1016/j.etap.2016.12.011
http://www.ncbi.nlm.nih.gov/pubmed/28064136


Int. J. Environ. Res. Public Health 2019, 16, 4418 18 of 18

72. Hassoun, Y.; James, C.; Bernstein, D.I. The Effects of Air Pollution on the Development of Atopic Disease.
Clin. Rev. Allergy Immunol. 2019, 1–12. [CrossRef] [PubMed]

73. Barnes, P.J. Targeting cytokines to treat asthma and chronic obstructive pulmonary disease. Nat. Rev.
Immunol. 2018, 18, 454–466. [CrossRef] [PubMed]

74. Domvri, K.; Porpodis, K.; Tzimagiorgis, G.; Chatzopoulou, F.; Kontakiotis, T.; Kyriazis, G.; Papakosta, D.
Th2/Th17 cytokine profile in phenotyped Greek asthmatics and relationship to biomarkers of inflammation.
Respir. Med. 2019, 151, 102–110. [CrossRef] [PubMed]

75. 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] [PubMed]

76. Ma, Q.Y.; Huang, D.Y.; Zhang, H.J.; Wang, S.; Chen, X.F. Exposure to particulate matter 2.5 (PM2.5)
induced macrophage-dependent inflammation, characterized by increased Th1/Th17 cytokine secretion and
cytotoxicity. Int. Immunopharmacol. 2017, 50, 139–145. [CrossRef] [PubMed]

77. Cua, D.J.; Tato, C.M. Innate IL-17-producing cells: The sentinels of the immune system. Nat. Rev. Immunol.
2010, 10, 479–489. [CrossRef] [PubMed]

78. Ponce-Gallegos, M.A.; Ramírez-Venegas, A.; Falfán-Valencia, R. Th17 profile in COPD exacerbations. Int. J.
Chronic Obstr. Pulm. Dis. 2017, 12, 1857–1865. [CrossRef] [PubMed]

79. Naji, N.; Smith, S.G.; Gauvreau, G.M.; O’Byrne, P.M. T helper 17 cells and related cytokines after allergen
inhalation challenge in allergic asthmatics. Int. Arch. Allergy Immunol. 2014, 165, 27–34. [CrossRef] [PubMed]

80. Agache, I.; Ciobanu, C.; Agache, C.; Anghel, M. Increased serum IL-17 is an independent risk factor for
severe asthma. Respir. Med. 2010, 104, 1131–1137. [CrossRef] [PubMed]

81. Cosmi, L.; Liotta, F.; Annunziato, F. Th17 regulating lower airway disease. Curr. Opin. Allergy Clin. Immunol.
2016, 16, 1–6. [CrossRef] [PubMed]

82. Ye, L.; Schnepf, D.; Becker, J.; Ebert, K.; Tanriver, Y.; Bernasconi, V.; Gad, H.H.; Hartmann, R.; Lycke, N.;
Staeheli, P. Interferon-λ enhances adaptive mucosal immunity by boosting release of thymic stromal
lymphopoietin. Nat. Immunol. 2019, 20, 593–601. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s12016-019-08730-3
http://www.ncbi.nlm.nih.gov/pubmed/30806950
http://dx.doi.org/10.1038/s41577-018-0006-6
http://www.ncbi.nlm.nih.gov/pubmed/29626211
http://dx.doi.org/10.1016/j.rmed.2019.03.017
http://www.ncbi.nlm.nih.gov/pubmed/31047104
http://dx.doi.org/10.1111/all.13224
http://www.ncbi.nlm.nih.gov/pubmed/28599081
http://dx.doi.org/10.1016/j.intimp.2017.06.019
http://www.ncbi.nlm.nih.gov/pubmed/28654841
http://dx.doi.org/10.1038/nri2800
http://www.ncbi.nlm.nih.gov/pubmed/20559326
http://dx.doi.org/10.2147/COPD.S136592
http://www.ncbi.nlm.nih.gov/pubmed/28694696
http://dx.doi.org/10.1159/000367789
http://www.ncbi.nlm.nih.gov/pubmed/25301201
http://dx.doi.org/10.1016/j.rmed.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20338742
http://dx.doi.org/10.1097/ACI.0000000000000227
http://www.ncbi.nlm.nih.gov/pubmed/26600259
http://dx.doi.org/10.1038/s41590-019-0345-x
http://www.ncbi.nlm.nih.gov/pubmed/30886417
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Material and Methods 
	Experimental Design 
	Samples Collection 
	Determination of Club Cell Protein (CC16) 
	Determination of Cytokines 
	Determination of Salivary Concentration 
	Determination of Fractional Exhaled Nitric Oxide (FeNO) 
	Statistical Analysis 

	Results 
	Air Pollutants Levels 
	Fractional Exhaled Nitric Oxide is Reduced in Runners but not CC16 
	Different Pattern of Th Immune Response in Upper Airway in the RUN and SED Groups 
	Salivary Immunological Markers are Increased in Runners 

	Discussion 
	Conclusions 
	References

