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Abstract: Physical exercise promotes many health benefits. However, its effects are not well known
in a polluted environment. Thus, this study aimed to compare upper airway inflammatory responses
between street runners and sedentary individuals. Twenty-eight volunteers were recruited: runners
(n = 14) and sedentary individuals (1 = 14), who lived and worked in the same metropolitan area
of Sao Paulo, Brazil. Particulate matter (PM) levels were monitored ten weeks before winter (low
PM levels) and ten weeks after the beginning of winter (high PM levels) [PM;g (p < 0.0001) and
PM;5 (p < 0.0001)]. The cytokines (TNF-c, IL-6, IL-10, and IL-17A) levels in the nasal lavage and
fractional exhaled nitric oxide (FeNO) were taken at the beginning of the winter (baseline) and ten
weeks afterwards (after ten weeks of high PM exposure). IL-6 concentration increased in both runners
(p = 0.037) and sedentary individuals (p = 0.027) after high PM exposure compared to the baseline.
IL-10 concentration increased in sedentary individuals (p = 0.037) while IL-17A levels were increased
in runners (p = 0.001) after high PM exposure compared to the baseline. FeNO levels decreased in
runners (p = 0.025) after high PM exposure compared to the baseline. Outdoor endurance training
acts as an inducer of a differentiated immune response in the upper airways of runners compared to
individuals with a sedentary lifestyle from the same community after elevated PM exposure.
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1. Introduction

Exposure to air pollution causes serious health damage and affects many organ systems, including
the respiratory system. Although this issue is usually associated with large cities, it is now a global
problem. According to the World Health Organization (WHO) [1], it is the cause of premature death in
more than 3 million people per year worldwide and may get worse, becoming the leading cause of
deaths from environmental issues in the near future.

Exposure to air pollution is an issue in Brazil. Emissions of pollutants from the burning of fossil
fuels by motor vehicles is the main cause of pollution in a large number of Brazilian cities and towns,
as even small towns have a large vehicle fleet contributing to the poor air quality [2—4].

Campaigns have promoted reducing the number of vehicles in circulation as well as encouraging
the use of bicycles and walking as means of transportation, with the aim of reducing the pollution as
well as to promote improved health. However, the results are still incipient [5,6].

When sports or physical exercises are practiced in outdoor environments in regions of high
pollutants concentration, especially near roads with a heavy vehicle circulation, an additional question
comes up: can physical exercise inhibit or augment pollutants deposition in the respiratory system? [7].
It is very reasonable to hypothesize that they can, since the practice of sports or physical exercises
often causes hyperventilation, enabling larger amounts of pollutants to enter the respiratory system.
Besides, mouth instead of nasal breathing is more often used while conducting physical exercise,
thereby skipping the normal mechanisms of air filtration [8,9].

Despite the large number of publications demonstrating the health benefits of physical exercises [10,
11], their practice in polluted environments raises the question of whether increased inhalation of
pollutants could have harmful effects or not [12]. Consequently, this raises the questions about the
health gains and health losses when practicing physical exercise outdoor in areas with pollutant
concentrations above those recommended as being safe by the WHO [13].

Concerning the evaluation of the impact to health of air pollutants exposure, fractional exhaled
nitric oxide is a useful tool used to evaluate pulmonary inflammation in several airway diseases [14].
According to the American Thoracic Society (ATS) [15], FeNO levels above 25 parts per billion (ppb)
can be used as a cut off rate for asthma diagnosis and to follow airway diseases, since this remarkable
parameter is closely associated with lung inflammation [15]. Furthermore, to amplify the analysis of
the inflammatory effect of pollutant exposure in the airways, evaluations of proinflammatory cytokines,
such as tumor necrosis factor alpha (TNF-«), interleukin-6 (IL-6), IL-17A, and the anti-inflammatory
IL-10 are widely accepted in the literature [16-18].

Regarding the compounds composing the polluted air, particulate matter (PM) has received
special attention, since increased levels of PM are associated with premature deaths worldwide [13,14].
Particulate matter, a complex mixture of all solid and liquid particles of organic and inorganic substances
suspended in the air [13], has a wide diameter range from 10 um to submicron particles that are <
0.1 um. It is widely accepted that the smallest particles are the most dangerous to human health due
to their ability to penetrate the body in large quantities through the respiratory system and thereby
promote cellular damage [15,16]. According to the review of Morawska et al. [16], the selection of the
PM diameter evaluated in the studies is not a trivial aspect and can provide essential data regarding its
impact on human health.

In Sao Paulo, winter is the season with the greatest pollution due to a sum of climatic factors
in which the cold air prevents the dispersion of PM. This is accentuated by the fact that this season
frequently presents very low rainfall rates and high concentrations of PM [17], with levels above that
recommended by the WHO [1,18]. Therefore, there is a combination of highly unhealthy pollutants at
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this time of the year, and PM concentrations are not the same during the beginning and the end of this
season [17].

This study took advantage of these climate characteristics in two distinct moments that present
different concentrations of pollutants, particularly PM, by observing the responses of two groups
of individuals: one composed by sedentary people and the other by street runners. However, it is
noteworthy that both groups lived, worked, and the group of runners performed outdoor physical
training, in the same area during the same period, leading to expected similar exposure to environmental
levels of air pollutants.

Regarding the effects of physical exercise in polluted environments, the literature is still
conflicted [12], as there are still doubts about the positive and negative results proceeding from
the activities in these environments on the point of view of the inflammatory response of the airway.
Faced with this scope, pro- and anti-inflammatory cytokines were evaluated as well as the exhaled
fraction of nitric oxide (FeNO) in the airway.

2. Materials and Methods

As shown in the flow diagram (Figure 1), 28 male and female volunteers, ranging in age between
23 and 44 years old, were recruited for this study. The volunteers were divided into two groups: street
runners (n = 14, aged 37.4 + 6.6) and sedentary people (n = 14, aged 32.2 + 6.9). Both volunteer groups
were composed by individuals who lived and worked in the metropolitan area of Sao Paulo. Subjects
in the running group trained at least three times per week for six months prior to the study in the same
area. In addition, among the inclusion criteria, these volunteers should have to completed at least a
10 km race in the six months prior to the study within 1 h 10 min (at a minimum average speed of
8.5 km/h). In relation to the subjects enrolled in the sedentary group, they should not have practiced
regular physical activity during the last 12 months.

28 volunteers

Age between 23 and 44
years old

14 street runners 14 sedentary people

12 Men 8 Men
2 Woman 6 Woman

Training in Sdo Paulo Live and working in Sdo
Metropolitan Area Paulo Metropolitan Area

Figure 1. Flow diagram of the volunteer selections to participate in the study.

The exclusion criteria were a diagnosis of cardiovascular disease, respiratory disease, or chronic
inflammatory disease, as well as smoking, fertile women who had not been using hormonal
contraceptives, and volunteers using corticosteroids. In addition, individuals that lived or worked
in areas where pollutants were not monitored by the Environmental Company of Sao Paulo State
(CETESB) monitoring system were excluded.

All volunteers were informed of the objectives and risks of the study and were included by
signing the Informed Consent Form of the Research Ethics Committee of the Federal University of Sao
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Paulo under No. 0570/2017. All experiments were performed in accordance with the Declaration of
Helsinki [19].

The experimental design (Figure 2) is detailed below: the first sampling occurred before winter
with anthropometric measurements, aerobic capacity assessment, nasal lavage fluid collection, and
exhaled air assessment. After 10 weeks, the second collection was performed, with the assessment of
exhaled air and a nasal lavage fluid collection. Pollutants levels were monitored for 10 weeks preceding
the first sampling (before winter) and were maintained until the last collection.

Anthropometric data

Maximal oxygen uptake test Nasal lavage fluid
Nasal lavage fluid Exhaled breath
Exhaled breath

10 weeks 10 weeks

[]

Q-

Autumn Winter

Particulate matter levels measurement

Figure 2. The experimental design.
2.1. Mounting the Pollutant Levels Database

The data for the pollutants came from the database of the CETESB. According to Gongalves
et al. [20], PM levels are recognized as the main pollutants found in winter due to the lower
incidence of rainfall in the state of Sao Paulo during this period. Therefore, hourly data of PM; 5
and PM;( were obtained from 20 monitoring stations located in the Sao Paulo Metropolitan Region
(https://servicos.cetesb.sp.gov.br/qa/), based on the volunteers’ place of residence, work and training of
all volunteers for 20 consecutive weeks (Figure 2). To obtain the PM1( data, a large volume sampler was
used coupled with an inertial particulate separator for the determination of the inhalable particulate
concentration (PMj), which was suspended in the atmosphere by using gravimetric and 3-radiation
methods. For PM; 5, we used a sampler for determination of the fine inhalable particle concentration
with gravimetric/impaction-cyclone and -radiation methods (https://cetesb.sp.gov.br/ar/redes-de-
monitoramento/). All monitoring systems strictly followed the quality assurance/quality control
(QA/QC) procedure established by CETESB, as approved by the State Council of the Environment
(CONSEMA) of the State of Sao Paulo.

2.2. Aerobic Capacity Assessment

Aerobic capacity was obtained by applying and analyzing the results of the maximum oxygen
consumption (VOymax), by using the Ellestad protocol, which consists of a three-minute staged
test and an increase in both speed and inclination, as described by Ellestad et al. [21] The tests
performed provided maximum measurements, which were interrupted by limiting symptoms/intense
physical tiredness.

2.3. Nasal Lavage Collection and Determination of Cytokine Concentration

Nasal lavage fluid is a mildly invasive technique used to determine various airway molecules.
For this collection, the volunteers remained seated and performed a cervical extension. Then, 10 mL of
saline (0.9% NaCl) were instilled with a syringe, with 5 mL in each nostril. After 10 s, the volunteers
bent their heads and expelled the resulting fluid into a disposable vial. Samples of the nasal lavage
obtained were frozen at —80 °C (-176 °F) for determination of cytokine concentrations in the upper
respiratory tract.
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Concentrations of the following cytokines: interleukin (IL) -6, IL-10, IL-17 A, and tumor necrosis
factor (TNF)-« were determined in the supernatant of the nasal lavage by using the U-PLEX MSD
multiplex kit (Meso Scale, Discovery, Rockville, MD, USA), and by following all of the manufacturer’s
instructions correctly.

The protein concentration in the nasal lavage was used to normalize the cytokine concentration
values. To determine the total protein concentration in the supernatant of the nasal lavage, the kit BCA
developed by Pierce ™ (Pierce Biotechnology, Rockford, IL, USA) was used. For this evaluation, the
study followed the instructions provided by the manufacturer of the kit.

Subsequently, all of the values obtained were individually corrected for total protein concentration
to normalize concentrations by using the formula: [cytokines/ug] = [cytokines pg/mL]/[total protein

ug/mL].
2.4. Exhaled Air Collection and Determination of the Fraction of Exhaled Nitric Oxide (FeNO)

In agreement with ATS, all volunteers were instructed not to consume coffee or any other food
or drink with caffeine in its composition within 12 h before collection [22]. In addition, to obtain
exhaled air, the volunteers were instructed to breathe normally in the mouthpiece for approximately
four seconds at the time of collection. Afterwards, they performed a maximum inspiration. Following
this, the volunteers were asked to exhale steadily for approximately four seconds and the speed of the
air release was monitored by an air volume display with a 12 cm HyO pressure setting, ensuring a
stable flow of 200 mL/s. For all the procedure previously described, we used a kit from Sievers (Sievers
Instruments Inc., Boulder, CO, USA), composed by a “pipe” with an air passage valve that can be
opened and closed manually and a numbered air volume display showing the air in balloons (Mylar
bags). After collecting these balloons, they were sealed and stored in a completely dark place. It worth
mentioning that the samples were obtained in a single test. The concentration of NO (recorded in parts
per billion) was determined within four hours after chemiluminescent collection in a Sievers apparatus
(model Sievers NOA 280, Boulder, CO, USA) [22]. The NO analyzer was calibrated daily 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 NO,) (White Martins industrial gases AS, Sao Paulo,
SP, Brazil).

2.5. Statistical Analysis

Statistical analysis was achieved by using a computer software called GraphPad Prism 7 version
7.0a. All data obtained in this study were previously compared with the Gaussian curve and in order
to evaluate the normal distribution, we used the Shapiro-Wilk test followed by the Levene test to
evaluate the variance homogeneity. Anthropometric and maximal oxygen uptake data were analyzed
by Student’s t-test and the data were presented as a mean and standard deviation. Data regarding
cytokines and FeNO levels were compared for intragroup and intergroups (runners and sedentary
groups) by using the Wilcoxon test and were presented as a median and interquartile range. In the
analysis of air pollutants ten weeks before and after the baseline, we used the Mann-Whitney test.
Statistical significance was established with p values < 0.05.

3. Results

As shown in Table 1, during 10 weeks of winter, the PM levels were higher than in the 10 weeks
prior to the onset of winter.

Table 1. Particulate matter levels ten weeks before and after the baseline.

Pollutants Ten Weeks Before Baseline Ten Weeks Between Sampling Days p Value

PM, 5 17.26 + 13.75 21.69 + 20.69 <0.0001
PM; 29.24 + 19.26 37.32 +23.83 <0.0001
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Table 2 shows that, as expected, the runners’” group presented a higher VOyp,,4 than the sedentary
group. In addition, the runners’ group also demonstrated a lower total fat mass compared to the

sedentary group. No differences were found in the other anthropometric parameters.

Table 2. Anthropometric and aerobic capacity characteristics of both sedentary and running groups.

Sedentary People Street Runners
(n=14) (n=14)
Gender (F/M) 6/8 212
Mean SD Mean SD p Value
Age (years) 322 6.9 37.4 6.6 0.055
Weight (kg) 77.1 19.3 73.7 13.1 0.58
Height (cm) 171.5 10.3 172.8 9.6 0.72
Total Fat Mass (%) 30.2 7 24.5 5.4 0.020 *
28.9 54 43.4 6.3 <0.0001 *

VOomax (mL/kg/min)
Note: SD: standard deviation; VOymay: maximal oxygen uptake. Significance p < 0.05. * Statistically significant
difference between groups.

As shown in Figure 3, no differences in cytokine concentrations were observed between the
runners and sedentary groups. Nevertheless, in the comparison between time points, we observed an
increase of IL-6 levels (Figure 3B) in both groups. IL-10 levels were increased in the sedentary group
after 10 weeks of PM exposure compared to the baseline (Figure 3C), and the runners’ group presented
an increase of IL-17A levels after 10 weeks of high PM exposure compared to the baseline (Figure 3D).
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Figure 3. Cytokine concentrations: (A) TNF-«, (B) IL-6, (C) IL-10, and (D) IL-17A of nasal lavage
fluid were characterized by a median with an interquartile range and compared between groups and
sampling moments. The Wilcoxon test was used. * p = 0.037, # p = 0.027, ** p = 0.001. Significance

p <0.05.

As shown in Figure 4, there was a significant decrease in FeNO levels of the runners’ group after
10 weeks of high levels of PM exposure compared to the baseline (p = 0.025). It is important to highlight
that this reduction observed in the runners’ group led the FeNO levels below the cut-off (25 ppb),
which is associated with the presence of lung inflammation according to ATS/ERS [22]. In relation
to the sedentary group, no differences were found between the time points and the runner’s group

(p > 0.05).
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Figure 4. FeNO levels of runners and sedentary people at the baseline and after winter were
characterized by median, and maximum and minimum values. There was a significant decrease in
FeNO in the runners’ group after ten weeks of exposure to higher PM levels. Sedentary people did not
show a significant difference between the moments. A dashed line represents the cut value used for
the diagnosis of lung inflammation according to ATS/ERS [22]. The Wilcoxon test was used. p < 0.05.
*Statistically significant difference between groups.

4. Discussion

In this study, we demonstrated that a higher exposure to PM for ten weeks elicited different
responses in runners and sedentary people in terms of cytokine concentrations in upper airway and
FeNO levels. No differences were found in TNF-« levels for both groups. The sedentary group
presented an increase in IL-6 and IL-10 cytokines levels, whereas the runners’ group showed increased
levels of IL-6 and IL-17A, as well as decreased FeNO levels.

It is widely accepted that increased air pollutant exposition, especially involving PM exposure, can
induce lung inflammation and that FeNO is a well-established biomarker of pulmonary inflammation.
Based on this information, it would be reasonable to infer that the higher PM exposure is able to induce
an increase of FeNO levels, which already was reported in the literature [23]. Interestingly, in this
study, we verified that the increased average of PM levels (around 25% higher for both PM; 5 and PM)
found after 10 weeks of baseline was not able to induce lung inflammation in both groups, since the
FeNO levels did not increase in the samples obtained after this period. Although we cannot affirm that
the volunteers purposefully avoided air pollutant exposure in order to preserve their health, we can
suggest that the lack of elevation in FeNO levels can be attributed to the fact that, in accordance with
the literature, lung inflammation induced by PM exposure generally occurs in acute situations [23]. So,
even though the averaged of PM levels were higher during this period, variations in its level should
have occurred and, consequently, should have contributed to minimizing the lung inflammation,
which was observed in the FeNO levels analysis for both groups.

It has been reported that elevations in the concentration and deposition of air pollutant particles in
the airways are closely associated with lung inflammation [24]. As previously mentioned, an increase
in ventilation has been observed during endurance training, which can putatively lead to an elevation
of air pollutant deposition, including particulate matter, in the airways [25]. Taken together, it was
expected that the constant hyperventilation imposed by regular endurance training could lead to
higher PM deposition in the airways and consequently could induce lung inflammation. However,
unexpectedly, our results showed that the runners’ FeNO levels found before the winter and after ten
weeks with the elevation of the PM levels were not significantly different to the values observed in the
sedentary group. In addition, significant reductions of FeNO levels were found after the increased
PM exposure in the runners’ group comparing to the baseline levels. It is also worth highlighting
that the values of FeNO levels observed in the majority of runners after ten weeks of baseline data
were below the cut-off (25 ppb). Therefore, these results allow us to suggest that a regular practice of
endurance training can decrease lung inflammation [25,26], even in runners in whom an increased PM
deposition in the airways could have occurred. In addition, our results reinforce the widely accepted
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ability of exercise training to promote an anti-inflammatory status, including in lung tissue, which can
putatively mitigate the harmful effect of a higher PM deposition in the airways. Corroborating with
the results we obtained in humans, Vieira et al. [23] demonstrated that mice exposed to diesel particles
when trained had less lung inflammation than untrained animals exposed to the same environment.

It is widely accepted that among several control mechanisms used to avoid or at least to ameliorate
the impact of PM exposure in the airways, mucus secretion is considered to be the first-line defense
against air pollutant particles [27]. In a general way, mucins are the major molecule that compounds
the mucus and is essential for airway defense due to the capacity of binding pathogenic agents and
pollutant particles [28]. It has been demonstrated that cytokines, such as IL-6, IL-10, and IL-17A are
associated with mucus secretion in different situations [29,30].

In this study, runners presented an increase of IL-17A and IL-6 levels after ten weeks of elevated
PM exposure compared to the baseline values. Both cytokines are involved in the Th17 immune
response and, according to the literature, IL-17A is able to induce expression of the mucins gene in
primary bronchial cells from health donors mediated by IL-6, showing paracrine mediation between
these cytokines [29-31]. Based on these outcomes, elevations of IL-6 and IL-17A levels in airways can
drive the increase of mucus secretion, which may improve the mucosal protection against the PM
deposition and consequently decrease lung inflammation. Although the mucus concentration was
not evaluated in this study, we can presume that the increased levels of IL-6 and IL-17A found in the
airways of the runners’ group can be involved in the activation of a regulatory mechanism of mucosal
protection against the harmful effect of PM exposure.

Regarding our results for the sedentary group, we found increased IL-6 and IL-10 levels after 10
weeks of elevated PM exposure. It has been reported that IL-10 expression in the airways is constitutive
and it is increased in patients with chronic obstructive pulmonary disease, asthma, and bronchial
hyperresponsiveness, as well as in response to challenges that impose an inflammatory response in
airways, such as smoking, and also after prolonged exposition to allergens or other external substances,
such as PM, though the induction of T regulatory cells [32-34]. Although we did not evaluate the
presence of T regulatory cells in the airways of volunteer groups, we can suggest that the higher IL-6
levels in the sedentary group, which clearly indicates that an inflammatory response was induced,
could consequently elicit the up-regulation of IL-10 expression in the airways.

Despite both Th17 and Th2 immune responses presenting an increase in mucus production, the
induction of the Th2 immune response is associated with lung inflammation, even though FeNO levels
did not differ between the values found before and after higher PM exposure in the sedentary group.

Taken together, our results demonstrate that the practice of outdoor endurance training modulates
the mucosal airway response against PM exposure in a different way to the manner observed for a
sedentary lifestyle. Even though the sedentary volunteers did not present inflammatory airway disease,
which would be in accordance with the Th2 immune response found here, the maintenance of a Th2
immune response can putatively be deleterious to the respiratory tract [35]. In this study, the increase
of IL-17A, found in runners, can avoid the effect of PM exposure driving to a Th2 immune response, as
observed in sedentary people, leading to the improvement of lung protection in runners [36].

Limitations of the Study

While this study presents variables that should be interpreted with caution, such as the small
number of volunteers that could directly impact on the power of statistical tests used to calculate
the statistical significances, leading to false-negative results (or type-II error), the relevant differences
found here in the FeNO and cytokine levels in samples obtained from two populations presenting
well-defined lifestyles (runners and sedentary people) before and after ten weeks of increased PM
exposure can jointly mitigate the limitations of this study.

Another limiting point worth mentioning is that, according to the literature and as previously
described, the particle diameter represents a fundamental aspect that should be considered. As
previously cited, PM has a wide diameter ranging from 10 um to submicron particles that are as
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little as < 0.1 pm. It is worth mentioning that, in this study, we can only present data on PM;( and
PM, 5, because the monitoring stations that provide us with PM data do not evaluate the outdoor
concentrations of particles with small diameters, which are generally classified as ultrafine particles.
Regarding the ultrafine particles (UFP), these are considered to be particles with a diameter of less
than 100 nm and due to their size, these particles can easily penetrate and diffuse throughout the
body, leading to adverse health effects in different organs, such as the lung, heart, and brain, through
activation of inflammatory and oxidative stress responses [37]. Based on these pieces of information, it
is clear that data regarding the UFP levels could provide us with useful information about the impact
of air pollution on our volunteers. However, in this study, the monitoring stations that provide the PM
data do not evaluate the ultrafine particles separately. In this regard, it has been pointed out that the
lack of a standardized protocol for UFP data collection [37,38], especially in outdoor environments,
impairs the progress of knowledge of the effects of UFP exposure on people’s health. Therefore, the
need to develop additional PM metrics to improve knowledge of the impact of PM on people’s health,
especially the role of ultrafine particles, has been debated. In this regard, Lowther et al. [39] reported in
their recent review that the two main metrics often used to measure the concentration of atmospheric
PM are the particle mass and particle number. In addition, other additional metrics, such as particle
size distribution and chemical composition of particles, can also be measured and used to provide
valuable information on the nature of atmospheric PM. However, the same authors highlight that,
so far, it is unclear “how each of these metrics relates to health effects and therefore which metric is
the best suited to measuring health risk”. Furthermore, it is important to mention that the relative
importance of each metric in terms of health is extremely closely associated with the composition,
location, and time of PM exposure [40].

Moreover, there is a huge debate concerning the amount of PM that can be deposited in the
airways from the external environment, since, according to the literature, this evaluation is performed
only with the use of an environment chamber which allows monitoring and regulation of exposure
to pollutants.

Finally, another point that deserves some commentary is associated with the fact that all monitoring
stations used in this study are located in the metropolitan region, an area in which it is estimated
that more than 21 million people live and work currently. This area contains most of the urban traffic
and industries responsible for the largest release of air pollutants in the state of Sao Paulo. In this
way, we can suggest that this number of monitoring stations used in this study may represent the
“worst case of urban background stations”. In addition, according to WHO Air Quality Guidelines [18],
the assessment of PM levels can affect health in terms of long- and short-term exposure. Regarding
short-term exposure, WHO points out that the 24-h average is useful for identifying pollution peaks
that may be associated with increased morbidity. Thus, we decided to evaluate the range of PM levels
for 24 h, in order to verify the possible occurrence of a peak of PM levels during the study period,
which could impact the health of the volunteers in an acute way. It is important to mention that we
did not observe a peak in PM levels during the 10 weeks between samples. Based on these pieces of
information, all the data obtained from the monitoring stations can be considered to be representative
of volunteers’ pollutant exposure due to their urban background.

5. Conclusions

The results obtained in this study showed that the practice of outdoor endurance training can
induce an anti-inflammatory status in a lung environment, which may protect this tissue against the
higher PM exposure effect. Furthermore, the long-standing regular practice of outdoor endurance
training can also induce a different immune response that may be beneficial to the airway tract compared
to the immune response observed for persons with a sedentary lifestyle in the same community after a
period of higher PM exposure.

Author Contributions: Conceptualization, L.G.P, ] M.B.S,, R.E, A.L.L.B. and M.V,; Formal analysis, L.G.P,, ].M.B.S.
and M.R,; Funding acquisition, M.V,; Investigation, L.G.P., JM.B.S,, RF, M.R,; L. AL]J., CMK, M.Cd.S.,, AC],



Atmosphere 2020, 11, 43 10 of 12

EM.A,, J.B.A., RPV,; Methodology, L.G.P, ] M.B.S., A.L.L.B. and M.V,; Project administration, L.G.P,, JM.B.S. and
M.V,; Resources, ].B.A., RP.V,, DM.A.B., A.LL.B. and M.V,; Supervision, D.M.A.B., A.L.L.B.,, M.V,; Validation,
EM.A; RPV,; D.M.AB.; M.V,; Writing—original draft, L.G.P, ] M.B.S., A.L.L.B.; Writing—review & editing, M.V.
All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by grants from the Sao Paulo State Research Support Foundation (FAPESP) #
2012/15165-2, # 2016/04845-3, # 2017/00307-0. ACJ is recipient of a Fund for Scientific Research (FWO) Flanders
#1520420N. DMA Bullens is recipient of a senior clinical investigator mandate funded by the Fund for Scientific
Research (FWO) Flanders, Belgium.

Acknowledgments: The authors thank all the volunteers of study.

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

References

1. WHO. Ambient Air Pollution: A Global Assessment of Exposure and Burden of Disease; World Health Organization:
Geneva, Switzerland, 2016.

2. Costa, A.F; Hoek, G.; Brunekreef, B.; Ponce de Leon, A.C. Air Pollution and Deaths among Elderly Residents
of Sao Paulo, Brazil: An Analysis of Mortality Displacement. Environ. Health Perspect. 2017, 125, 349-354.
[CrossRef] [PubMed]

3. Bravo, M.A.; Son, J.; de Freitas, C.U.; Gouveia, N.; Bell, M.L. Air pollution and mortality in Sdo Paulo, Brazil:
Effects of multiple pollutants and analysis of susceptible populations. J. Expo. Sci. Environ. Epidemiol. 2016,
26, 150-161. [CrossRef] [PubMed]

4. Carvalho, V.S.B,; Freitas, E.D.; Martins, L.D.; Martins, ].A.; Mazzoli, C.R.; de Fatima Andrade, M. Air quality
status and trends over the Metropolitan Area of Sao Paulo, Brazil as a result of emission control policies.
Environ. Sci. Policy 2015, 47, 68-79. [CrossRef]

5. Slovic, A.D.; Ribeiro, H. Policy instruments surrounding urban air quality: The cases of Sao Paulo, New York
City and Paris. Environ. Sci. Policy 2018, 81, 1-9. [CrossRef]

6. Requia, W.J.; Roig, H.L.; Koutrakis, P.; Rossi, M.S. Mapping alternatives for public policy decision making
related to human exposures from air pollution sources in the Federal District, Brazil. Land Use Policy 2016, 59,
375-385. [CrossRef]

7.  Daigle, C.C; Chalupa, D.C.; Gibb, ER.; Morrow, P.E.; Oberdorster, G.; Utell, M.].; Frampton, M.W. Ultrafine
particle deposition in humans during rest and exercise. Inhal. Toxicol. 2003, 15, 539-552. [CrossRef]

8.  Cheng, YJ.; Macera, C.A.; Addy, C.L.; Sy, ES.; Wieland, D.; Blair, S.N. Effects of physical activity on exercise
tests and respiratory function. Br. . Sports Med. 2003, 37, 521-528. [CrossRef]

9. Londahl, J.; Massling, A.; Pagels, J.; Swietlicki, E.; Vaclavik, E.; Loft, S. Size-resolved respiratory-tract
deposition of fine and ultrafine hydrophobic and hygroscopic aerosol particles during rest and exercise.
Inhal. Toxicol. 2007, 19, 109-116. [CrossRef]

10. Haskell, W.L.; Blair, S.N.; Hill, J.O. Physical activity: Health outcomes and importance for public health
policy. Prev. Med. 2009, 49, 280-282. [CrossRef]

11. Kohl, HW.,, 3rd; Craig, C.L.; Lambert, E.V.; Inoue, S.; Alkandari, J.R.; Leetongin, G.; Kahlmeier, S. The
pandemic of physical inactivity: Global action for public health. Lancet 2012, 380, 294-305. [CrossRef]

12.  Cavalcante de Sa, M.; Nakagawa, N.K.; Saldiva de Andre, C.D.; Carvalho-Oliveira, R.; de Santana Carvalho, T.;
Nicola, M.L.; de Andre, P.A.; Nascimento Saldiva, P.H.; Vaisberg, M. Aerobic exercise in polluted urban
environments: Effects on airway defense mechanisms in young healthy amateur runners. J. Breath. Res. 2016,
10, 046018. [CrossRef] [PubMed]

13.  Manigrasso, M.; Natale, C.; Vitali, M.; Protano, C.; Avino, P. Pedestrians in Traffic Environments: Ultrafine
Particle Respiratory Doses. Int. J. Environ. Res. Public Health 2017, 14, 288. [CrossRef] [PubMed]

14.  WHO. Ambient (Outdoor) Air Quality and Health; 2016; Available online: http://www.who.int/mediacentre/
factsheets/fs313/en/ (accessed on 30 November 2019).

15. Manigrasso, M.; Protano, C.; Vitali, M.; Avino, P. Where Do Ultrafine Particles and Nano-Sized Particles
Come From? ]. Alzheimers Dis. 2019, 68, 1371-1390. [CrossRef] [PubMed]

16. Morawska, L.; Afshari, A.; Bae, G.N.; Buonanno, G.; Chao, C.Y.; Hanninen, O.; Hofmann, W.; Isaxon, C.;
Jayaratne, E.R.; Pasanen, P.; et al. Indoor aerosols: From personal exposure to risk assessment. Indoor Air
2013, 23, 462-487. [CrossRef] [PubMed]


http://dx.doi.org/10.1289/EHP98
http://www.ncbi.nlm.nih.gov/pubmed/27713111
http://dx.doi.org/10.1038/jes.2014.90
http://www.ncbi.nlm.nih.gov/pubmed/25586330
http://dx.doi.org/10.1016/j.envsci.2014.11.001
http://dx.doi.org/10.1016/j.envsci.2017.12.001
http://dx.doi.org/10.1016/j.landusepol.2016.09.017
http://dx.doi.org/10.1080/08958370304468
http://dx.doi.org/10.1136/bjsm.37.6.521
http://dx.doi.org/10.1080/08958370601051677
http://dx.doi.org/10.1016/j.ypmed.2009.05.002
http://dx.doi.org/10.1016/S0140-6736(12)60898-8
http://dx.doi.org/10.1088/1752-7163/10/4/046018
http://www.ncbi.nlm.nih.gov/pubmed/28000620
http://dx.doi.org/10.3390/ijerph14030288
http://www.ncbi.nlm.nih.gov/pubmed/28282961
http://www.who.int/mediacentre/factsheets/fs313/en/
http://www.who.int/mediacentre/factsheets/fs313/en/
http://dx.doi.org/10.3233/JAD-181266
http://www.ncbi.nlm.nih.gov/pubmed/31006689
http://dx.doi.org/10.1111/ina.12044
http://www.ncbi.nlm.nih.gov/pubmed/23574389

Atmosphere 2020, 11, 43 11 of 12

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

de Miranda, R.M.; de Fatima Andrade, M.; Fornaro, A.; Astolfo, R.; de Andre, P.A.; Saldiva, P. Urban air
pollution: A representative survey of PM(2.5) mass concentrations in six Brazilian cities. Air Qual. Atmos.
Health 2012, 5, 63-77. [CrossRef]

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.

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

Gongalves, FL.; Carvalho, L.M.; Conde, EC.; Latorre, M.R.; Saldiva, PH.; Braga, A.L. The effects of air
pollution and meteorological parameters on respiratory morbidity during the summer in Sao Paulo City.
Environ. Int. 2005, 31, 343-349. [CrossRef]

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

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. [CrossRef]

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

Gong, J.; Zhu, T.; Hu, M.; Wu, Z.; Zhang, ] .]. 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]

Steerenberg, P.A.; Nierkens, S.; Fischer, PH.; van Loveren, H.; Opperhuizen, A.; Vos, ].G.; van Amsterdam, J.G.
Traffic-related air pollution affects peak expiratory flow, exhaled nitric oxide, and inflammatory nasal markers.
Arch. Environ. Health 2001, 56, 167-174. [CrossRef] [PubMed]

Dweik, R.A.; Boggs, P.B.; Erzurum, S.C.; Irvin, C.G.; Leigh, M.W.; Lundberg, ].O.; Olin, A.C.; Plummer, A.L.;
Taylor, D.R.; American Thoracic Society Committee on Interpretation of Exhaled Nitric Oxide Levels (FENO)
for Clinical Applications. An official ATS clinical practice guideline: Interpretation of exhaled nitric oxide
levels (FENO) for clinical applications. Am. J. Respir. Crit. Care Med. 2011, 184, 602-615. [CrossRef] [PubMed]
Rogers, D.F. Physiology of airway mucus secretion and pathophysiology of hypersecretion. Respir. Care
2007, 52, 1134-1146; discussion 1139-1146. [PubMed]

Ma, J.; Rubin, B.K.; Voynow, J.A. Mucins, Mucus, and Goblet Cells. Chest 2018, 154, 169-176. [CrossRef]
[PubMed]

Chen, Y.; Thai, P.; Zhao, Y.H.; Ho, Y.S.; DeSouza, M.M.; Wu, R. Stimulation of airway mucin gene expression
by interleukin (IL)-17 through IL-6 paracrine/autocrine loop. J. Biol. Chem. 2003, 278,17036-17043. [CrossRef]
Linden, A.; Dahlen, B. Interleukin-17 cytokine signalling in patients with asthma. Eur. Respir. |. 2014, 44,
1319-1331. [CrossRef]

Fujisawa, T.; Chang, M.M.; Velichko, S.; Thai, P.; Hung, L.Y.; Huang, F; Phuong, N.; Chen, Y.; Wu, R.
NF-kappaB mediates IL-1beta- and IL-17A-induced MUCS5B expression in airway epithelial cells. Am. ].
Respir. Cell Mol. Biol. 2011, 45, 246-252. [CrossRef]

Nelson, H.S. Advances in upper airway diseases and allergen immunotherapy. . Allergy Clin. Immunol. 2006,
117,1047-1053. [CrossRef]

Reinmuth-Selzle, K.; Kampf, C.J.; Lucas, K.; Lang-Yona, N.; Frohlich-Nowoisky, J.; Shiraiwa, M.; Lakey, PS.].;
Lai, S.; Liu, F; Kunert, A.T.; et al. Air Pollution and Climate Change Effects on Allergies in the Anthropocene:
Abundance, Interaction, and Modification of Allergens and Adjuvants. Environ. Sci. Technol. 2017, 51,
4119-4141. [CrossRef]

Pathmanathan, S.; Krishna, M.T.; Blomberg, A.; Helleday, R.; Kelly, FJ.; Sandstrom, T.; Holgate, S.T.;
Wilson, S.J.; Frew, A.J. Repeated daily exposure to 2 ppm nitrogen dioxide upregulates the expression of IL-5,
IL-10, IL-13, and ICAM-1 in the bronchial epithelium of healthy human airways. Occup. Environ. Med. 2003,
60, 892-896. [CrossRef] [PubMed]

Truyen, E.; Coteur, L.; Dilissen, E.; Overbergh, L.; Dupont, L.J.; Ceuppens, J.L.; Bullens, D.M. Evaluation of
airway inflammation by quantitative Th1/Th2 cytokine mRNA measurement in sputum of asthma patients.
Thorax 2006, 61, 202-208. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s11869-010-0124-1
http://dx.doi.org/10.1016/j.envint.2004.08.004
http://dx.doi.org/10.1161/01.CIR.39.4.517
http://dx.doi.org/10.1164/rccm.200406-710ST
http://dx.doi.org/10.1249/MSS.0b013e31824b2877
http://dx.doi.org/10.21037/jtd.2019.03.90
http://www.ncbi.nlm.nih.gov/pubmed/31179118
http://dx.doi.org/10.1080/00039890109604069
http://www.ncbi.nlm.nih.gov/pubmed/11339681
http://dx.doi.org/10.1164/rccm.9120-11ST
http://www.ncbi.nlm.nih.gov/pubmed/21885636
http://www.ncbi.nlm.nih.gov/pubmed/17716382
http://dx.doi.org/10.1016/j.chest.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29170036
http://dx.doi.org/10.1074/jbc.M210429200
http://dx.doi.org/10.1183/09031936.00002314
http://dx.doi.org/10.1165/rcmb.2009-0313OC
http://dx.doi.org/10.1016/j.jaci.2005.12.1306
http://dx.doi.org/10.1021/acs.est.6b04908
http://dx.doi.org/10.1136/oem.60.11.892
http://www.ncbi.nlm.nih.gov/pubmed/14573722
http://dx.doi.org/10.1136/thx.2005.052399
http://www.ncbi.nlm.nih.gov/pubmed/16449261

Atmosphere 2020, 11, 43 12 of 12

36.

37.

38.

39.

40.

Li, J.; Casanova, J.L.; Puel, A. Mucocutaneous IL-17 immunity in mice and humans: Host defense vs.
excessive inflammation. Mucosal. Immunol. 2018, 11, 581-589. [CrossRef] [PubMed]

Costabile, F; Alas, H.; Aufderheide, M.; Avino, P; Amato, F; Argentini, S.; Barnaba, F; Berico, M.;
Bernardoni, V.; Biondi, R. First results of the “Carbonaceous aerosol in Rome and Environs (CARE)”
experiment: Beyond current standards for PM10. Atmosphere 2017, 8, 249. [CrossRef]

Stafoggia, M.; Schneider, A.; Cyrys, J.; Samoli, E.; Andersen, Z.].; Bedada, G.B.; Bellander, T.; Cattani, G.;
Eleftheriadis, K.; Faustini, A. Association between short-term exposure to ultrafine particles and mortality in
eight European urban areas. Epidemiology 2017, 28, 172-180. [CrossRef]

Kunecki, P.,; Franus, W.; Wdowin, M. Statistical Study and Physicochemical Characterization of Particulate
Matter in the Context of Krakow, Poland. Atmos. Pollut. Res. 2019. [CrossRef]

Stone, V.; Miller, M.R,; Clift, M.].; Elder, A.; Mills, N.L.; Moller, P,; Schins, R.P,; Vogel, U.; Kreyling, W.G.;
Alstrup Jensen, K. Nanomaterials versus ambient ultrafine particles: An opportunity to exchange toxicology
knowledge. Environ. Health Perspect. 2017, 125, 106002. [CrossRef]

® © 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/10.1038/mi.2017.97
http://www.ncbi.nlm.nih.gov/pubmed/29186107
http://dx.doi.org/10.3390/atmos8120249
http://dx.doi.org/10.1097/EDE.0000000000000599
http://dx.doi.org/10.1016/j.apr.2019.12.001
http://dx.doi.org/10.1289/EHP424
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Mounting the Pollutant Levels Database 
	Aerobic Capacity Assessment 
	Nasal Lavage Collection and Determination of Cytokine Concentration 
	Exhaled Air Collection and Determination of the Fraction of Exhaled Nitric Oxide (FeNO) 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

