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Fine particulate matter (PM2.5) promotes heart oxidative stress (OS) and evokes anti-inflammatory responses observed by
increased intracellular 70 kDa heat shock proteins (iHSP70). Furthermore, PM2.5 increases the levels of these proteins in
extracellular fluids (eHSP70), which have proinflammatory roles. We investigated whether moderate and high intensity training
under exposure to low levels of PM2.5 modifies heart OS and the eHSP70 to iHSP70 ratio (H-index), a biomarker of
inflammatory status. Male mice (n = 32), 30 days old, were divided into six groups for 12 weeks: control (CON), moderate
(MIT) and high intensity training (HIT), exposure to 5 μg of PM2.5 daily (PM2.5), and moderate and high intensity training
exposed to PM2.5 (MIT+ PM2.5 and HIT+ PM2.5 groups). The CON and PM2.5 groups remained sedentary. The MIT+ PM2.5
group showed higher heart lipid peroxidation levels than the MIT and PM2.5 groups. HIT and HIT+ PM2.5 showed higher heart
lipid peroxidation levels and lower eHSP70 and H-index levels compared to sedentary animals. No alterations were found in
heart antioxidant enzyme activity or iHSP70 levels. Moderate exercise training under exposure to low levels of PM2.5 induces
heart OS but does not modify eHSP70 to iHSP70 ratio (H-index). High intensity exercise training promotes anti-inflammatory
profile despite exposure to low levels of PM2.5.

1. Introduction

Fine particulate matter (PM2.5) inhalation promotes cardio-
vascular injury by direct and/or indirect pathways related to
oxidative stress (OS) [1, 2]. The effect of PM2.5 is augmented
during exercise [3], by increasing deposition in the lungs [4],
and may induce lung reflexes which initiate alterations in the
autonomic nervous system, increasing heart OS [2]. In this
way, under exposure to urban particles or intratracheal

administration of a high amount of particles before a moder-
ate intensity exercise session, it was observed that in fact acute
exercise in those exposed to particles promotes OS in the
heart [1, 5]. Thus, OS induced by particle inhalationmay have
a negative impact on cardiovascular function and decrease
physical performance [6].

The pro-oxidant state of an organism evokes the cell
stress response, identified by increasing levels of stress
proteins such as the 70 kDa heat shock proteins (HSP70).
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Intracellularly located HSP70 (iHSP70) maintain homeosta-
sis, by avoiding the formation of toxic polypeptide aggregates
that may trigger apoptosis or inflammation [7]. Also, OS is
related to alterations in HSP70 release to the extracellular
space (eHSP70), including under PM2.5 exposure [8, 9].
Systemic inflammation and OS induced by PM2.5 in the
bloodstream [10] may be accompanied by increasing plasma
eHSP70 levels [11, 12], suggesting these proteins as
biomarkers of environmental air pollution effects. Once
secreted, eHSP70 works as a proinflammatory cytokine (or
chaperokine) and signals to different organs and cells for
the presence of homoeostatic challenges after eHSP70 bind-
ing to Toll-like receptors (TLR-2, TLR-4, and TLR-7). This
activates NF-κB-centred proinflammatory pathways thereby
stimulating the immune system at different key points and
eventually triggering proinflammatory responses that elevate
immunosurveillance. Also, eHSP72 concentrations positively
correlate with markers of chronic inflammation in humans,
for example, C-reactive protein, monocyte count, and TNF-
α [13–15]. Also, since eHSP70 activate proinflammatory
pathways associated with OS conditions [13, 14] and plasma
eHSP70 levels are correlated with cardiovascular complica-
tions and the severity of cardiac diseases [16], eHSP70 detec-
tion reflects both a proinflammatory biomarker and a
signalling pathway in progress.

On the other hand, increasing eHSP70 levels are related
to the intensity of acute exercise performed in humans [17]
and animal models [18] and may participate in fatigue
perception by “chaperokine” action of eHSP70 [13]. Also,
failure of cell stress response observed by heat shock response
impairment [14] supports the relation between exercise and
immunoinflammatory status, the predicted “inverted U”
relationship (or the “U-shaped” association between exercise
and resistance to disease) [17]. Although exercise induces the
release of eHSP70 and elevates immunosurveillance by trig-
gering a proinflammatory response [18], high levels of
eHSP70, simultaneously with an oxidative profile, may be
considered critical for homeostatic status [8]. Thus, since
eHSP70 have proinflammatory roles and iHSP70 the oppo-
site, the extra-to-intracellular HSP70 ratio (a.k.a. H-index
of HSP70 status) has previously been related to the immune
inflammatory balance in exercise and in PM2.5 exposure
experiments separately [9, 14, 18]. Chronic effects of exercise
(training) at different intensities (representing guideline
recommendations to improved cardiovascular health that
preconizes moderate or vigorous exercise weekly to improve
global health) on eHSP70 levels or H-index (and its relation
with OS induced by environmental pollution) have been
poorly studied. Since alterations in OS, eHSP70, and H-
index can mark the subclinical process of tissue and systemic
injury, we investigated whether exercise training under expo-
sure to low levels of PM2.5 induces heart OS and stress
protein (H-index) imbalance.

2. Materials and Methods

2.1. Animals and Experimental Design.Male (n = 32) 30-day-
old B6.129SF2/J mice (approximately 18 g) from the Animal
Facility of the Regional University of Northwestern Rio

Grande do Sul State (UNIJUÍ) were kept in semimetabolic
cages, under controlled conditions of temperature (22± 2°C)
and light-dark cycles (light from 7:00 a.m. to 7:00 p.m.). The
animals received water and diet ad libitum. This protocol
was approved by the Animal Ethics Committee of UNIJUÍ
(CEUA 011/13).

The experimental design that characterizes the period-
ized exercise training and subchronic PM2.5 exposure proto-
col is summarized in Table 1.

Mice were randomly divided into six treatment groups
for 12 weeks: control (CON), moderate intensity exercise
training (MIT), high intensity exercise training (HIT) (n = 5
per group), exposed to PM2.5 (PM2.5), and moderate and
high intensity training with PM2.5 exposure (MIT+PM2.5
and HIT+PM2.5, resp., n = 6 per group). The PM2.5,
MIT+PM2.5, and HIT+PM2.5 groups received intranasal
instillation of PM2.5 (5μg·10μL−1) once daily, immedi-
ately before each exercise session, when applicable. The
control, MIT, and HIT groups received 10μL of saline
solution. All groups received their respective nasotropic
treatment daily for 12 weeks. The experimental design of
PM2.5 treatments characterizes a subchronic PM2.5 exposure
protocol, defined as the repeated exposure by inhalation
route for more than 30 days up to 90 days in typically used
laboratory animal species (as followed in https://ofmpub.epa.
gov, Terminology Service by the United States Environmental
Protection Agency).

Exercise training protocols were applied to separate
groups in three conditions: sedentary, moderate intensity
training, and high intensity training, performed in the
following groups: control (CON: remained sedentary), mod-
erate intensity training (MIT: periodized swimming exercise
training, for 60min, 5x/wk, 4% overload), and high intensity
training (HIT: periodized swimming exercise training, for
20min, 5x/wk, 8% overload). Groups exposed to PM2.5
received daily nasotropic instillation of 5μg of PM2.5
and remained sedentary (PM2.5 group) or were submitted
to moderate or high intensity training (MIT+PM2.5 and
HIT+PM2.5 groups, resp.).

All animals were accustomed to the water environment
prior to exercise to avoid any stress response related to the
new environment and situation. The adaptation period con-
sisted of keeping the animals for 8min in individual swim-
ming pool chambers (10 cm× 10 cm× 30 cm) filled with
water at 31± 1°C (20 cm depth), for three consecutive days,
without any overload, to avoid stress behaviour (dive and
freeze) during exercise training sessions. Afterwards, animals
were randomly assigned to each training intensity protocol
according to the exercise burden imposed by a progressive
lead overload (until 4% or 8% of body weight) attached to
the base of the tail and were then submitted to swimming
exercise. Individual swimming pool chambers (20 cm deep)
avoid jump and dive behaviour and allow energy expenditure
higher than 3 METs [19]. Swimming experiments were
always carried out between 1:00 and 3:00 p.m. Room temper-
ature during the experiments was kept at 24°C. All the proce-
dures were in accordance with those prescribed in The
American Physiological Society’s Resource Book for the
Design of Animal Exercise Protocols [19], and an experienced
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researcher was present at all times to prevent drowning. Sed-
entary animals (CON and PM2.5 groups) remained at rest in
shallow water (2 cm depth; 31± 1°C, 20min) during each
training session. A swimming time of 20min was chosen
for the HIT groups because this is the time limit within which
an animal really swims with 8% workload. Hot (42°C) and
cold (20°C) water may promote hyperthermia and hypother-
mia in rodents, and many authors suggest that 30°C is a good
environment for swimming for Wistar rats and mice (for
review see [19]). At this temperature, there is no increase in
core temperature during exercise [14]. We assessed core tem-
perature of the animals with the Minipa Digital Thermome-
terMT450 equipped with a rectal probe. As depicted in
Materials andMethods, before exercise, averaged animal core
temperature was 36.5± 1.22°C and decreased to 32.5± 0.8°C

after 20min in all test animals (P = 0 008, paired t-test).
However, it was observed that there was no temperature
difference between test groups (P = 0 897, ANOVA), so
any heat shock response modification observed in our
work was induced by exercise or PM2.5 and did not repre-
sent a heat stress or psychological stress situation. The ani-
mals were killed by decapitation 48h after the last exercise
session to obtain blood samples and for heart extraction.
Since acute exercise effects may increase oxidative stress
markers and eHSP70 release above resting levels during
and immediately after exercise and since iHSP70 concen-
tration also increases after exercise and returns to basal
levels in 24–48h later, this 48 h delay period for sample
collection was chosen to avoid acute effects of exercise
(under PM2.5 exposure) that could mask oxidative and/or

Table 1: Experimental protocol of swimming exercise training in mice exposed to fine particulate matter (PM2.5).

Experimental groups Periodized swimming exercise training protocols Fine particulate matter (PM2.5) exposition protocol

CON
Mice maintained sedentary: 20 minutes in 30°C

shallow water (2 cm), 5x/week, 12 weeks.
Mice received 10μL of NaCl 0.9% by intranasal

instillation daily (7x/week) for 12 weeks

MIT

Mice submitted to moderate intensity swimming
training in 20 cm deep water (30°C), 5x/week, 12 weeks.
Protocol started with 20 minutes of exercise. In the

following weeks, the workload increased by additional weight
attached in mice: in the 2nd week it increased to 1%, in the 3rd
week to 2%, in the 4th week to 3%, and in the 5th week to 4%. In
the following weeks, the session duration increased 10min/

week up to 60 minutes reached in the 9th week. These workload
and duration remained unaltered until the 12th week.

Mice received 10μL of NaCl 0.9% by intranasal
instillation daily (7x/week) for 12 weeks

HIT

Mice submitted to high intensity swimming training in 20 cm
deep water (30°C), 5x/week, 12 weeks. Protocol started with 20

minutes of exercise. In the following weeks, the workload
increased by additional weight attached in mice: in the 2nd

week it increased to 1%, in the 3rd week to 2%, in the 4th week
to 3%, and in the 5th week to 4%. In the following weeks, the
workload increased 1%/week up to 8% workload reached in the
9th week These workload and duration remained unaltered

until the 12th week.

Mice received 10μL of NaCl 0.9% by intranasal
instillation daily (7x/week) for 12 weeks

PM2.5
Mice maintained sedentary: 20 minutes in 30°C shallow water

(2 cm), 5x/week, 12 weeks.

Mice received intranasal instillation of PM2.5
(5 μg of PM2.5 suspended in 10μL of NaCl 0.9%)

daily (7x/week) for 12 weeks

MIT+ PM2.5

Mice submitted to moderate intensity swimming training in
20 cm deep water (30°C), 5x/week, 12 weeks. Protocol started

with 20 minutes of exercise. In the following weeks, the
workload increased by additional weight attached in mice: in
the 2nd week it increased to 1%, in the 3rd week to 2%, in the
4th week to 3%, and in the 5th week to 4%. In the following
weeks, the session duration increased 10min/week up to 60

minutes reached in the 9th week. These workload and duration
remained unaltered until the 12th week.

Mice received intranasal instillation of PM2.5
(5 μg of PM2.5 suspended in 10μL of NaCl 0.9%)

daily (7x/week) for 12 weeks

HIT +PM2.5

Mice submitted to high intensity swimming training in 20 cm
deep water (30°C), 5x/week, 12 weeks. Protocol started with 20

minutes of exercise. In the following weeks, the workload
increased by additional weight attached in mice: in the 2nd

week it increased to 1%, in the 3rd week to 2%, in the 4th week
to 3%, and in the 5th to 4%. In the following weeks, the

workload increased 1%/week up to 8% workload reached in the
9th week These workload and duration remained unaltered

until 12th week

Mice received intranasal instillation of PM2.5
(5 μg of PM2.5 suspended in 10μL of NaCl 0.9%)

daily (7x/week) for 12 weeks
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inflammatory effects of subchronic PM2.5 exposure associ-
ated to exercise training.

2.2. Characterization of Particulate Matter. The pollutant
used in the experiment was PM2.5, collected in a polycar-
bonate filter through a gravimetric collector, on the terrace
of the Faculty of Medicine, University of São Paulo (USP)
in São Paulo, Brazil, as previously described [20]. The
exposure site was located close to a monitoring station of
the State of São Paulo Sanitation Agency. It is estimated
that at least 100,000 vehicles circulate daily on the main
and lateral street (~83% cars, ~10% diesel vehicles, and
~6% motorcycles). There are no industries or significant
biomass sources in the surrounding area. Trace element
determinations of PM2.5 content were carried out by neutron
activation analysis, and their concentrations were as follows:
As= 12.91± 0.53; Br = 8.88± 0.39; Co=1.14± 0.04; La= 2.33
± 0.29; Mn=27.5± 2.2; Sb= 8.73± 0.08; Sc = 0.141± 0.009;
Th=0.351± 0.50 (expressed as ng·m−3 of air), and Fe=8.88
± 0.39 and Cl= 7.85± 0.32 (expressed as μg·m−3 of air).
Likewise, the PM sulfur concentration, determined by X-
ray fluorescence analysis, was 1.424± 0.08μm·m−3. Briefly,
after exposure (24 h), the filter was removed and retained;
particles were obtained by sonication, with an ultrasound
bath in seven sessions (50min each), and resuspended in
saline solution at a dose of 5μg·10μL−1. The process of
nasotropic instillation was performed once a day (at 1:00
and 2:00 p.m.), immediately before each exercise session,
when applicable, for 12 weeks with an automatic pipette, with
10μL of solution in the nostril of the animal. This procedure
induces an apnoea reflex promoting inhalation of the pollut-
ant. The dose used (5μg, intranasal) represents a low dose
of particle exposure [9], since the primary ambient air quality
was standard for PM2.5, defined by an annual arithmeticmean
of 12μg PM2.5·m−3 (https://www.epa.gov/pm-pollution).

Our protocol with 5μg/daily represents an exposure to an
urban environment with annual average PM2.5 approxi-
mately 5μg/m3. Also, it is estimated that 2.5μm particles
have deposition close to 50% in nasal, pharyngeal, and
laryngeal areas, while 33–50% of particles of PM2.5 may reach
alveolar spaces after intranasal administration, and that
particles between 0.1 and 0.001μm may translocate to
extrapulmonary organs via the blood compartment. To our
knowledge, this is the lowest dose PM2.5 exposure protocol
used in experimental models [9] and represents an exposure
level below alert recommendation levels.

2.3. Body Weight, Blood Lactate, and Fasting Glycaemia.
The biometric profile was monitored before the randomi-
zation, at the 4th, 8th, and 12th weeks. Body weight was
checked with a semianalytical scale. Caudal venous lactate
concentrations (~25μL of blood) were determined after
exercise in the 5th and 9th weeks by a lactate analyser
(Accutrend®Plus System, Roche). The results were
expressed as mmol·L−1. Blood glucose was evaluated before
the randomization, at the 4th, 8th and 12th week after
12 h of fasting. Blood glucose was measured by an Optium
Xceed Glucometer (Abbott) (5μL of blood), by puncturing

the distal part of the tail of mice. The glycaemia results
were expressed in mg·dL−1.

2.4. Tissue Preparation. At the end of the 12 weeks of inter-
vention, the animals were euthanized. Hearts were dissected,
weighed, freeze-clamped in liquid nitrogen, and stored for
further homogenization and analysis of antioxidant activity
of the enzymes superoxide dismutase (SOD) and catalase
(CAT) and lipid peroxidation levels. A portion of the tissues
was homogenized in potassium phosphate buffer pH7.4
containing the protease inhibitor PMSF (phenylmethylsulfo-
nyl fluoride, 100μM). Afterwards, the homogenates were
centrifuged at 1200×g for 10min at room temperature and
the supernatant fractions were saved for protein determina-
tion by the spectrophotometric method [21] at 595nm, using
bovine serum albumin as standard.

2.5. Lipid Peroxidation. Homogenates were precipitated
with 10% trichloroacetic acid (TCA), centrifuged, and
incubated with thiobarbituric acid (1 : 1 v/v) (T5500,
Sigma) for 15min at 100°C. TBARS were extracted using
butanol (1 : 1 v/v). After centrifugation, the absorbance of
the butanol layer was measured at 535nm. The amount of
TBARS formed was expressed in nanomoles of malondialde-
hyde per milligram of protein (nmol MDA·mg prot−1). MDA
standard was prepared from 1,1,3,3-tetramethoxypropane
(Fluka, USA).

2.6. Determination of SOD and CAT Activity. SOD activity
was determined by inhibition of autoxidation of pyrogallol
[22]. Briefly, in a cuvette, 970μL of 50mM Tris/1mM
EDTA buffer (pH8.2), 4μL of CAT (30μM), and 10μL
of homogenate were added and mixed. After that, pyrogallol
(24mM in 10mM HCl) was added and SOD activity deter-
mined at 25°C in a spectrophotometer (420 nm) for 120 s.
Results were expressed in units of SOD per milligram of
protein (U SOD·mg prot−1).

In a quartz cuvette, 10μL of homogenate and 955μL of
phosphate buffer (50mM, pH7.0) were mixed and, after that,
35μL of hydrogen peroxide (0.01M) was added and mixed.
The decomposition of hydrogen peroxide by CAT activity
was determined at 25°C in a spectrophotometer (240 nm)
for 120 s [23]. The results were expressed in units of CAT
per milligram of protein (U CAT·mg prot−1).

2.7. Plasma eHSP70 Concentration. Animals were decapi-
tated 48 h after the last exercise session, and whole blood
was collected in EDTA-treated tubes. The samples were then
immediately centrifuged (2000×g, at room temperature for
15min) to obtain plasma samples. The HSP70 plasma
concentration (eHSP70) was measured by using a high-
sensitivity HSPA1A-specific HSP70 ELISA Kit (ENZO Life
Sciences, EKS-715) in diluted (1 : 4) plasma samples as
recommended. Absorbance was measured at 450 nm, and a
standard curve constructed from known dilutions of
recombinant 72 kDa heat shock protein (HSP72) to allow
quantitative assessment of eHSP70 plasma concentration.
Quantification was done using a microplate reader (Mindray
MR-96A). The intra-assay coefficient of variation was identi-
fied as being <2%. It is expected that both the inducible
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HSPA1A and HSPA6 (HSP70B) forms as well as the cognate
HSPA8 form of HSP70 (73 kDa heat shock proteins
(HSP73)) should be delivered into the extracellular space of
different cell types after appropriate stressful conditions.
However, only HSPA1A ELISA kits have been sufficiently
tested worldwide and proved to be of enough sensitivity
(pg·mL−1 range) to detect minute HSP70 quantities in culture
media and sera. Additionally, previous results [18] have indi-
cated that the principal eHSP70 forms (HSPA1A and
HSPA8) are secreted in similar amounts. Therefore, it was
assumed that HSPA1A (eHSP72) is a representative of total
eHSP70 secretion.

2.8. Haematological Analysis. After decapitation, blood was
then immediately collected into heparinized (30 IU·mL−1

final volume) tubes (for metabolite measurements) or in
disodium EDTA-treated tubes (2mg·mL−1 final volume).
Haematological parameters were investigated in EDTA
samples in a Horiba ABX Micros 60 haematology analyser
(for quantitative cell analysis).

2.9. Statistical Analysis. Statistical analysis was developed first
using two-way analysis of variance (2-way ANOVA) for the
analysis of PM2.5 exposure, exercise training, and interaction
effects. Post hoc multiple comparisons among groups were
performed with Tukey’s test. All statistical analyses were
performed using GraphPad Prism 6.0 forWindows. The level
of significance was set to P < 0 05. Results were expressed as
mean± SEM.

3. Results

3.1. Effects of Exercise Training Intensity under Exposure to
Low Levels of PM2.5 on Biometrical, Biochemical, and
Haematological Parameters. The body weight profile of
mice (Table 2) during the experimental period was
assessed every 4 weeks. All groups increased body weight
from basal data (before treatments) to the end of the
experimental period (12th week), with no influence of
PM2.5 exposure or exercise by training exposed to PM2.5
(interaction) (Table 2).

Animals were submitted to 12 weeks of periodized exer-
cise training (5x/wk) at moderate or high intensity and were
exposed to low levels of PM2.5 daily. Blood lactate concentra-
tion was measured to confirm different exercise intensities
and evaluated whether PM2.5 exposure influences exercise
response. In the 5th week of training, when all exercised
groups reached 4% of workload (see exercise training proto-
cols in Table 1), blood lactate concentrations were close to
4.0mmol·L−1 in all exercised groups, with no influence of
PM2.5 exposure (Table 3). When groups performed different
exercise training intensities (9th week), blood lactate concen-
tration values were higher in the HIT and HIT+PM2.5
groups than in the MIT and MIT+PM2.5 groups (Table 3)
with no influence of PM2.5 exposure.

Fasting glycaemia of mice (Table 4) was assessed every 4
weeks and showed no influence of PM2.5 exposure or exer-
cise by training exposed to PM2.5 (interaction) (Table 4).
At the end of the experimental period, blood samples were
collected for haematological profile analysis and were

Table 2: Body weight of mice exposed to fine particulate matter (PM2.5) submitted to 12 weeks of exercise training.

CON PM2.5 MIT MIT+PM2.5 HIT HIT+ PM2.5 ANOVA (P value)

Before 19.0± 3.0 18.5± 3.1 18.0± 1.8 17.6± 2.3 19.0± 1.7 19.5± 2.2 0.832

4th week 24.6± 2.2† 24.9± 2.1§ 23.5± 2.7† 23.1± 2.3† 24.9± 0.5† 22.2± 4.0 0.414

8th week 27.3± 1.8§ 28.1± 2.7§ 24.7± 2.5∗ 27.1± 3.0§ 25.3± 0.9† 25.2± 3.9† 0.214

12th week 28.0± 3.6§ 28.7± 2.8§ 26.7± 2.2∗ 27.9± 2.9§ 26.7± 2.5§ 26.0± 3.3† 0.650

Δ (12th week− before) 8.9± 4.5 9.1± 4.4 8.6± 3.2 8.8± 3.7 8.1± 3.1 6.4± 4.7 0.896

Body weight (g) expressed as mean ± standard deviation. CON: control group, received 10 μL saline daily, maintained sedentary. MIT: moderate intensity
training group, received 10 μL saline daily. HIT: high intensity training group, received 10 μL saline daily. PM2.5: exposure group, received 5 μg of PM2.5

daily, maintained sedentary. MIT + PM2.5: moderate intensity training group, received 5 μg of PM2.5 daily. HIT + PM2.5: high intensity training group,
received 5 μg of PM2.5 daily (n = 5-6 per group). Data analysed by two-way ANOVA followed by Tukey’s multiple comparison test. There was an
effect of time (P < 0 001) and no effect of treatment (P = 0 129) or interaction between time and treatment (P = 0 854). Time effects are indicated as
∗P < 0 05, †P < 0 01, and §P < 0 001 versus initial body weight (“before” data) in each respective group. The difference between final and initial body
weight (Δ body weight 12th week − before) was not different among experimental groups (P = 0 911).

Table 3: Blood lactate concentration of mice exposed to fine particulate matter (PM2.5) submitted to exercise training.

CON PM2.5 MIT MIT+PM2.5 HIT HIT +PM2.5 ANOVA (P value)

5th week — — 4.54± 0.21 3.90± 0.33 4.17± 0.22 4.04± 0.19 0.299

9th week — — 4.20± 0.20 4.00± 0.20 5.13± 0.86∗ 5.40± 0.36∗ 0.024∗

Blood lactate concentration (mmol·L−1) expressed as mean ± SEM. CON: control group, received 10 μL saline daily, maintained sedentary. MIT: moderate
intensity training group, received 10 μL saline daily. HIT: high intensity training group, received 10 μL saline daily. PM2.5: exposure group, received 5 μg of
PM2.5 daily, maintained sedentary. MIT + PM2.5: moderate intensity training group, received 5 μg of PM2.5 daily. HIT + PM2.5: high intensity training group,
received 5 μg of PM2.5 daily (n = 5-6 per group). Data analysed by two-way ANOVA followed by Tukey’s multiple comparison test. There was no effect of
PM2.5 (P < 0 940) and interaction (P = 0 617), but there was an effect of exercise (P = 0 033). Both HIT and HIT + PM2.5 showed higher levels in the 8th
week in comparison with the MIT and MIT + PM2.5 groups (

∗P = 0 024) and also higher than itself in the 5th week of exercise effort (∗P = 0 039).

5Oxidative Medicine and Cellular Longevity



found to have a decrease in monocyte and granulocyte
counts in the PM2.5 group in comparison with the CON
group (Table 5).

3.2. Exercise Training under Exposure to Low Levels of PM2.5
Increased Heart OS.We investigated heart lipid peroxidation
levels and antioxidant enzyme activity to provide information
about the effects of exercise training while exposed to low
levels of PM2.5 on OS markers. Our data showed effects of
PM2.5 exposure (P = 0 0006) and interaction between PM2.5
exposure and exercise training (P = 0 012) in increasing lipid
peroxidation levels in the heart (Figure 1(a)). High intensity
exercise per se increased heart lipid peroxidation levels when
compared to sedentary mice, independently of PM2.5 expo-
sure (P = 0 032) (Figure 1(a)). However, the MIT+PM2.5
grouphad increased heart lipid peroxidation levels in compar-
ison with the unexposed group (MIT group, P = 0 001) and
sedentary mice (CON and PM2.5 groups, P = 0 013)

(Figure 1(a)). The antioxidant activity of heart SOD
(Figure 1(b)) andCATactivity (Figure 1(c)) was notmodified.

3.3. High Intensity Exercise Training Promotes Anti-
Inflammatory Profile, Independently of Exposure to PM2.5.
Blood samples were collected to evaluate plasma eHSP70
levels as a proinflammatory biomarker. The levels of
eHSP70 were not influenced by PM2.5 exposure (P =
0 672) or by interaction between exercise training and
PM2.5 exposure (P = 0 783) (Figure 2(a)). However, the
HIT and HIT+PM2.5 groups had decreased eHSP70 levels
(P = 0 032) in comparison to sedentary animals (CON and
PM2.5) (Figure 2(a)). There were no alterations in heart
iHSP70 levels (Figure 2(b)). Also, low levels of PM2.5 expo-
sure did not modify the inflammatory profile observed by
the extra-to-intracellular HSP70 ratio (H-index), as observed
by similar H-index values (close to 1.0) in CON and
PM2.5 (Figure 2(c)). However, the H-index in the HIT

Table 4: Fasting glycaemia of mice exposed to fine particulate matter (PM2.5) submitted to 12 weeks of exercise training.

CON MIT HIT PM2.5 MIT+ PM2.5 HIT +PM2.5 ANOVA (P value)

Before 120.3± 6.4 123.6± 23.0 127.2± 26.2 116.0± 22.4 104.8± 37.9 119.2± 27.4 0.789

4th week 112.5± 19.5 96.2± 23.9 85.6± 13.7† 104.8± 23.0 104.0± 14.8 99.2± 16.6 0.328

8th week 102.5± 14.7 93.4± 14.7 96.0± 19.6 94.8± 15.2 96.2± 15.1 109.4± 22.0 0.652

12th week 91.5± 21.3 74.0± 10.9§ 80.7± 17.0† 80.1± 8.8∗ 77.2± 15.6 81.6± 4.0∗ 0.458

Fasting glycaemia (mg·dL−1) expressed as mean ± standard deviation. CON: control group, received 10 μL saline daily, maintained sedentary. MIT: moderate
intensity training group, received 10 μL saline daily. HIT: high intensity training group, received 10 μL saline daily. PM2.5: exposure group, received 5 μg of
PM2.5 daily, maintained sedentary. MIT + PM2.5: moderate intensity training group, received 5 μg of PM2.5 daily. HIT + PM2.5: high intensity training
group, received 5 μg of PM2.5 daily (n = 5-6 per group). Data analysed by two-way ANOVA followed by Tukey’s multiple comparison test. There was
an effect of time (P < 0 0001) and no effect of treatment (P = 0 422) or interaction between time and treatment (P = 0 791). The time effects are indicated as
∗P < 0 05, †P < 0 01, and §P < 0 001 versus initial body weight (“before” data) in each respective group.

Table 5: Haematological parameters of mice exposed to fine particulate matter (PM2.5) submitted to 12 weeks of exercise training.

CON PM2.5 MIT MIT+PM2.5 HIT HIT+PM2.5
ANOVA
(P value)

WBC (103·mm−3) 10.8± 2.8 6.8± 3.1 8.9± 3.3 7.2± 3.1 7.6± 1.2 6.6± 0.8 0.146

LYM 103·mm−3

(%LYM)
8.96± 2.38
(83.0± 4.4)

5.86± 2.87
(84.5± 1.5)

7.56± 3.13
(83.4± 3.2)

6.85± 2.68
(82.3± 2.4)

6.51± 0.93
(84.5± 4.5)

5.46± 0.81
(82.0± 3.0) 0.214

MON 103·mm−3

(%MON)
0.58± 0.19
(5.3± 0.8)

0.31± 0.14∗
(5.0± 0.9)

0.43± 0.12
(5.0± 1.2)

0.47± 0.17
(5.1± 0.8)

0.37± 0.06
(5.2± 0.9)

0.35± 0.06
(5.1± 0.8) 0.041∗

GRA 103·mm−3

(%GRA)
1.34± 0.56
(12.5± 3.8)

0.63± 0.31∗
(9.6± 2.8)

0.97± 0.19
(11.6± 3.2)

0.99± 0.30
(12.5± 2.5)

0.71± 0.50
(10.2± 4.9)

0.87± 0.15
(13.2± 3.1) 0.047∗

RBC (106·mm−3) 10.5± 1.1 7.92± 0.4 9.7± 1.3 8.94± 0.9 7.8± 1.7 8.31± 0.6 0.220

HGB (g·dL−1) 17.4± 3.9 13.6± 1.5 15.8± 4.0 14.6± 2.9 13.3± 5.1 13.2± 2.2 0.286

HCT (%) 40.2± 1.5 34.5± 1.5 39.8± 1.5 40.6± 4.5 37.1± 1.6 37.6± 2.9 0.291

PLT (103·mm−3) 1436± 329 975± 372 1124± 364 1157± 248 1036± 575 906± 145 0.210

NEU/LYM ratio
(103·mm−3)

0.15± 0.05 0.11± 0.03 0.14± 0.04 0.15± 0.03 0.10± 0.06 0.16± 0.04 0.425

Haematological parameters expressed as mean ± SEM. CON: control group, received 10 μL saline daily, maintained sedentary. MIT: moderate intensity training
group, received 10 μL saline daily. HIT: high intensity training group, received 10 μL saline daily. PM2.5: EXPOSURE group, received 5 μg of PM2.5 daily,
maintained sedentary. MIT + PM2.5: moderate intensity training group, received 5 μg of PM2.5 daily. HIT + PM2.5: high intensity training group,
received 5 μg of PM2.5 daily (n = 5-6 per group). Data analysed by two-way ANOVA followed by Tukey’s post hoc test. P values describe here in
each variable in terms of the PM2.5 effect, exercise effect, and interaction, respectively. WBC: white blood cell (P = 0 291, P = 0 139, and P = 0 106).
%LYM: lymphocyte percentage (P = 0 629, P = 0 548, and P = 0 214). %MON=monocyte percentage (P = 0 680, P = 0 575, and P = 0 220). %GRA:
granulocyte percentage (P = 0 910, P = 0 985, and P = 0 761). RBC: red blood cells (P = 0 567, P = 0 783, and P = 0 741). HGB: haemoglobin (P = 0 118,
P = 0 777, and P = 0 931). HCT: haematocrit (P = 0 438, P = 0 367, and P = 0 291). PLT: platelet total count (P = 0 0810, P = 0 335, and P = 0 224).
∗P < 0 05 versus the control group; one-way ANOVA.
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and HIT+PM2.5 groups decreased by approximately by half
(H-index =0.48 and 0.39 in the HIT and HIT+PM2.5 groups,
resp.; P = 0 044) (Figure 2(c)), despite PM2.5 exposure. The
summary of effects of 12 weeks of exercise training combined
with low levels of PM2.5 exposure is expressed in Table 6.

4. Discussion

Exercise training can promote countless benefits to the body
with highlighted effects on the cardiovascular system. The

volume and intensity employed in exercise prescription are
crucial to better results. Exercise clearly provides health ben-
efits to humans that subsist even with short sessions beneath
the recommended intensity and duration. However, there is
no definitive “dose” of exercise that may positively impact
the cardiorespiratory system, especially if exercise is per-
formed under the influence of an inadequate air pollution
environment. Thus, we investigated whether a “good dose”
of exercise can be changed to a “risk dose” if it is practised
while exposed to low levels of environmental air pollution.
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Figure 1: Effect of 12 weeks of exercise training combined with PM2.5 exposure on heart oxidative stress profile in mice. Lipid peroxidation
levels (a), superoxide dismutase (b), and catalase activity (c) in the heart. CON= control, maintained sedentary. MIT =moderate intensity
training. HIT= high intensity training. PM2.5 = exposed to PM2.5, maintained sedentary. MIT +PM2.5 =moderate intensity training
exposed to PM2.5. HIT+ PM2.5 = high intensity training exposed to PM2.5. PM2.5 groups received 5 μg of PM2.5 daily (nasotropic) while
respective controls received saline. Data analysed by two-way ANOVA followed by Tukey’s post hoc test and expressed as mean± SEM
(n= 5-6 per group). Lipid peroxidation levels (a): PM2.5 effect (P = 0 0006), exercise effect (P = 0 170), and interaction (P = 0 012). Post hoc
analyses: ∗HIT and HIT +PM2.5 versus CON and PM2.5 groups (P = 0 032), ∗∗MIT+PM2.5 versus CON and PM2.5 groups (P = 0 013), and
#MIT+ PM2.5 versus MIT group (P = 0 001). Superoxide dismutase activity (b): PM2.5 effect (P = 0 811), exercise effect (P = 0 334), and
interaction (P = 0 078). Catalase activity (c): PM2.5 effect (P = 0 339), exercise effect (P = 0 472), and interaction (P = 0 488).
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In this case, the population may not interpret a risk and con-
sider an urban area a safe environment in which to walk or
run. The major findings of our study were the following: (a)
exercise training, even at low levels of environmental air pol-
lution, may predispose to subclinical heart risk (OS); (b)
heart OS mediated by particle exposure can be increased by
exercise training; (c) training intensity influences OS per se
and HSP balance; and (d) high intensity training can

promote an anti-inflammatory stress protein profile despite
environmental pollution.

First, it is important to highlight that the majority of
experimental studies regarding adverse effects of PM2.5 on
OS parameters (and others) are conducted with animals
under rest conditions and use higher levels of particle expo-
sure. Usually, OS is observed in experimental designs that
expose mice or rats to high levels of concentrated particles
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Figure 2: Effect of 12 weeks of exercise training combined with PM2.5 exposure on plasma eHSP70, heart iHSP70, and extra-to-intracellular
HSP70 ratio (H-index) levels in mice. Plasma eHSP70 (a), heart iHSP70 (b), and extra-to-intracellular HSP70 ratio (H-index) (c) levels.
CON= control, maintained sedentary. MIT=moderate intensity training. HIT= high intensity training. PM2.5 = exposed to PM2.5,
maintained sedentary. MIT+PM2.5 =moderate intensity training exposed to PM2.5. HIT +PM2.5 = high intensity training exposed to
PM2.5. PM2.5 groups received 5μg of PM2.5 daily (nasotropic) while respective controls received saline. Data analysed by two-way
ANOVA followed by Tukey’s post hoc test and expressed as mean± SEM (n= 5-6 per group). eHSP70 levels (a): PM2.5 effect (P = 0 436),
exercise effect (P = 0 032), and interaction (P = 0 436). Post hoc analyses: ∗HIT and HIT +PM2.5 versus CON and PM2.5 (P = 0 032).
iHSP70 heart levels (b): PM2.5 effect (P = 0 952), exercise effect (P = 0 827), and interaction (P = 0 628). Extra-to-intracellular HSP70 ratio
(H-index) levels (c): PM2.5 effect (P = 0 425), exercise effect (P = 0 044), and interaction (P = 0 473). ∗HIT and HIT+PM2.5 versus CON
and PM2.5 (P = 0 044).
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[2], higher levels of aerosol suspension, or intratracheal par-
ticle instillation [1, 20]. In the same strain of mice used herein
(B6.129SF2/J), in a similar PM2.5 exposure protocol (intrana-
sal instillation of 5μg PM2.5, daily for 12 weeks), no increase
in OS was observed in the PM2.5 exposure group [9]. Consid-
ering the filtration possibility by which mouse upper airways
can avoid 50% of particle deposition in alveolar spaces, the
dose of 5μg of PM2.5 used herein represents a low level of
environmental air pollution exposure. To our knowledge,
this is the lowest dose of PM2.5 exposure ever used in exper-
imental models and represents an exposure level below alert
recommendation levels. Thus, OS can be observed under
low levels of PM2.5 exposure only if associated with another
challenge to the organism, such as exercise effort. During
exercise, breath frequency (n·min−1) and minute ventilation
(mL·min−1) increases dependent on exercise intensity, and
particle deposition in the lungs may also increase in a
workload-dependent way [3]. In comparison to rest condi-
tions, exercise increases particle deposition 4.5-fold in
humans [24] and 6.0-fold in rodents [25]. These observations
corroborate that exercise training under environmental air
pollution exposure may represent at least a subclinical risk,
marked by inflammatory and oxidative stress profile, but
can turn into a clinical risk for more susceptible subjects as
aged and cardiovascular disease patients.

Our study evidenced chronicity effects of interaction
between exercise and PM2.5 exposure since our data repre-
sents 12 weeks of continuous exposure and exercise training.
Also, biological samples (heart and blood) were extracted
48 h after the last exercise session and PM2.5 administration
to avoid acute effects on OS and stress protein levels. A pre-
vious study showed that intratracheal particle administration
(500μg of residual oil fly ash) in rats, before an acute exercise
session at light/moderate intensity (without loads attached to
the tail) with a duration of 20min, promoted an increase in
lipid peroxidation levels and a decrease in antioxidant
defence (CAT enzyme activity) in lung tissue [1]. In the heart
tissue, the same study showed an increase in lipid peroxida-
tion levels without modification of CAT activity. Under
urban particulate air exposure, one exercise session at moder-
ate intensity with a duration of 60min increased lung lipid
peroxidation levels when compared to exercise under

filtrated air conditions [5]. Since particle inhalation may
cause autonomic nervous system imbalance associated with
OS damage in the heart and lungs [2] and exercise intensity
has a great impact on autonomic nervous system modulation
[26], the sum of these challenges (exercise plus particle inha-
lation) to the cardiopulmonary system can be related to the
heart lipid peroxidation observed in our data.

It may be questioned whether the oxidative effects
observed in HIT and HIT+PM2.5 were induced by higher
total energy expended during exercise than in MIT and
MIT+PM2.5. Also, it may be questioned whether the oxida-
tive effects observed in MIT+PM2.5 (in comparison to
MIT) were due to distinct exercise performance. Measure-
ments of blood lactate during exercise provide information
concerning the energy necessary for execution effort in the
animals of our study. A maximum lactate steady state con-
centration is postulated between 3% and 6% of workload in
92% of mice [27], and a moderate intensity range of 60–
75% of VO2max at 4.0–4.6% workloads has been suggested
[19]. Additionally, an 8% workload may represent a high
intensity swimming exercise estimated as representing more
than 90% of VO2max [28]. Despite this, the estimated total
energy expended by animals from the HIT+PM2.5 and HIT
groups in each session of the last 4 weeks (20min× 8% work-
load, blood lactate concentration close to 5.5mmol·L−1) was
lower than the MIT+PM2.5 and MIT groups (60min× 4%
workload, blood lactate concentration close to 4.0mmol·L−1).
Assuming 4.8 kcal (20 kJ) of energy equivalent of consumed
O2 and 100mL·kg−1·min−1 as mouse VO2max [19, 29], the
total energy expended in each exercise session in the MIT
and MIT+PM2.5 groups was between 0.45 and 0.56 kcal
(assuming 60min× 0.025 kg× 60–75mL·kg−1·min−1), while
in the HIT and HIT+PM2.5 groups it was 0.22 kcal (assum-
ing 20min× 0.025 kg× 90mL·kg−1·min−1). Our HIT protocol
was performed by the attachment of an overload in the tail
(8% of body weight) during swimming exercise session. The
fatigability of this protocol was previously tested in mice
and rats with this workload. Indeed, this swimming time
(20min) was chosen because this is the time limit within
which an untrained animal really swims before learning
how to perform bobbing, which is a survival strategy used
to conserve energy without doing exercise. On the other

Table 6: Summary of effects of 12 weeks of exercise training combined with low levels of PM2.5 exposure.

Sedentary + low
levels of PM2.5

Moderate intensity exercise
training + low levels of PM2.5

High intensity exercise
training + low levels of

PM2.5

Observed effects

Heart oxidative stress — Increase∗# Increase∗

∗Compared to sedentary
animals exposed or

not to PM2.5
#Compared to mice exercised

without PM2.5 exposure

eHSP70/iHSP70
(H-index) inflammatory
state

— — Decrease∗∗
∗∗Compared to sedentary
animals exposed or not to

PM2.5

Leucocyte count
(granulocytes and
monocytes)

Decrease## — —
##Compared to sedentary

animals not exposed to PM2.5
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hand, with 4% weight attached to the tail, mice can swim 60
minutes or more. For this reason, the workloads used herein
characterized adequately two distinct exercise intensities.
Although our HIT protocol represents higher exercise inten-
sity (as well as a higher fatigable exercise), our MIT protocol
represents a more energy-expensive protocol (higher volume
of training). Thus, the main effects observed herein (by HIT
protocol) were representatives of a high-intensity exercise
training effect, despite low energy expended in each exercise
session compared to the MIT groups. In this case, HSP70
response observed in our work supports the hypothesis that
exercise intensity is an important modulator of HSP70 levels.
Thus, the intensity of exercise training increased heart lipid
peroxidation in HIT and HIT+PM2.5 in comparison to sed-
entary animals. Also, the HIT and HIT+PM2.5 heart lipid
peroxidation levels were similar because exercise intensity
may be considered a stronger factor than low levels of
PM2.5 in terms of influence on oxidative metabolism. In this
way, MIT did not promote oxidative effects despite the
higher amount of energy expended, but when trained and
exposed to PM2.5, MIT+PM2.5 promoted OS. Exercise-
induced oxidative stress and HSP70 response include mode,
duration, and intensity of exercise, specific biomarkers cho-
sen, the time course of tissue sampling, and the training
status. In this way, the majority of the studies have reported
an increase in TBARS and HSP70 following both maximal
and submaximal exercises, with values typically returning
to baseline within one-hour postexercise while the peak of
iHSP70 levels is typically four hours after exercise session
returning to preexercise levels 24 or 48 h later [14, 30]. Thus,
in our study, we collected samples 48 hours after the last
exercise session to avoid acute exercise effects on oxidative
or HSP70 response.

In our study, exercise training did not avoid the oxidative
effects of pollution. Exercise performed before environmental
pollution exposure can provide some protection by reducing
minute ventilation and frequency of breaths at rest [31]. At
an epidemiological level, habitual exercise may prevent pre-
mature death attributable to air pollution that decreases
being close to the 2.5% risk of mortality for cardiorespiratory
diseases by particulate matter with an aerodynamic diameter
of 10μm or smaller [32]. The benefits of exercise training in
promoting anti-inflammatory and antioxidant adaptations
are well known, observed by increased anti-inflammatory
cytokine levels and antioxidant defences [33], protecting
against many different challenges and acting as a “polypill”
[34]. These adaptations are able to prevent oxidative and
inflammatory challenges that reach a trained organism, such
as air pollution challenge itself [31], but may not prevent
injury if exercising under PM2.5 exposure, with increasing
particle deposition.

Exercise intensity has also been studied in terms of stress
protein response. Historically, studies have been dedicated to
iHSP70 analysis in cardiac or skeletal muscle after exhaustive
animal protocols [13]. This acute heat shock response
(iHSP70 content) remains increased 24 h after an acute
exercise session, according to exercise load. This overex-
pression of iHSP70 is associated with many cytoprotective
effects under physiological conditions, since HSP70 family

members act as molecular chaperones. iHSP70 protect cells
against lethal damage induced by stress and support folding
and transport of newly synthesized polypeptides and aber-
rant proteins as well as the assembly of multiprotein com-
plexes [35]. In our data, the iHSP70 level was similar
among experimental groups due to its measurement 48 h
after the last exercise session. Also, the exercised mice had
the same intensity and duration of exercise during the last 4
weeks of the protocol (from 9th to 12th weeks), providing
cellular adaptation to the same exercise effort.

While iHSP70 represent the intracellular stress response,
eHSP70 are considered molecules with immunomodulatory
functions, such as chaperokines that can stimulate innate
and adaptive immunity [35]. Studies have shown that
chronic exposure to air pollutants increases eHSP70 levels
in exposed workers and this effect is related to lipid peroxida-
tion [11, 12], suggesting that plasma eHSP70 levels could be
used as a sensitive responsive biomarker for environmental
challenges. Interestingly, in response to acute exercise, cells
can release these proteins to extracellular fluids, and they
can be measured in plasma samples [30]. eHSP70 release by
lymphocytes and monocytes is inferred from the analysis of
heat shock response in an acute exercise session, related to
the profile of immune responses [13, 14, 18]. Since eHSP70
exist in the extracellular space as a danger signal from the
heat shock response pathway, molecular interactions with
cell surface receptors may occur and signalling pathways
could be triggered in many cell types, whereas there is a
variety of receptors to HSP70 binding, amplifying the pos-
sible targets of these extracellular molecules. The potential
of the whole organism to efficiently trigger a robust heat
shock response has enormous clinical repercussions, with
inflammatory-related effects, and these effects are depen-
dent on exercise intensity [14].

Since iHSP70 are anti-inflammatory proteins whose
expression is highly depressed in chronic inflammatory con-
ditions, eHSP70 operate in an opposing fashion. In fact, the
extra-to-intracellular HSP70 ratio (H-index), measured in
different tissues and cell types in relation to plasma or
culture media, has started to be ascribed as a novel and
overall index of the immunoinflammatory status of an
individual [9, 13, 14, 18]. In other words, higher eHSP70
amounts represent more inflammatory signals and may
be related to danger or stress physiological markers since
the adrenergic response mediated by α1-adrenoceptors also
influences circulating levels of eHSP70, as a general protec-
tive role of eHSP70 in warning physiological systems [13]
about the presence of homeostasis-threatening situations.
Thus, decreased eHSP70 and H-index levels may be a marker
of the autonomic modulation effect of high intensity training
observed in both the HIT and the HIT+PM2.5 groups. Thus,
despite environmental pollution, which may impair auto-
nomic function resulting in heart OS [2], exercise training
may promote protective and therapeutic effects by having
the opposite impact on the autonomic nervous system, by
improving vascular function and cardiac remodelling [36].
Because eHSP70 is proinflammatory cytokine in its nature
and participates in the local inflammatory process in the
heart [16] suggested as a biomarker for early diagnosis of
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heart failure [37], the state of anti-inflammation indicated
in HIT and HIT+PM2.5 by reduced H-index [14] indi-
cates the ability to counteract noxious/danger signals and
protect chemotaxis signalling to the organ [16] affected
by PM2.5-induced OS.

Recently, one study showed that exercise training can
decrease eHSP70 levels [38] but, to our knowledge, our study
is the first evidence suggesting that exercise training is able to
reduce the H-index. Since H-index directly correlates with
the pro/anti-inflammatory cytokine ratio [14] and there is a
positive correlation between eHSP70 levels and the proin-
flammatory cytokine profile [14, 39, 40], our work reinforces
the anti-inflammatory effects of exercise.

Finally, to avoid possible interpretation mistakes in
eHSP70 levels and H-index, we evaluated fasting glycaemia,
body weight, and haematological parameters. Since obesity,
type two diabetes mellitus, and inflammation [9, 40] increase
eHSP70 levels, no alterations in fasting glycaemia and body
weight exclude the hypothesis of confounding factors that
explain the reduction of eHSP70 levels and H-index.
Although it is well known that acute particle exposure can
stimulate bone marrow to enhance the release of neutrophils
and monocytes into the circulation (which facilitates a cellu-
lar inflammatory response), there was evidence that PM2.5
exaggerated adhesion of monocytes in mesenteric microves-
sels, culminating in accumulation in visceral adipose [41].
These intriguing findings suggest that longer-term exposure
to PM air pollution may promote chronic development of
insulin resistance, obesity, and the metabolic syndrome, as
recently reported by us [9]. In addition, longer PM2.5 inhala-
tion may represent the sequestration of these cells into tissue
compartments such as the lung or vasculature, including the
recruitment of circulating monocytes into atherosclerotic
plaques that may be an important step in the PM2.5-induced
progression of atherosclerosis [42]. Also, decreases in blood
monocytes, basophils, eosinophils, and CD54 and CD18
adhesion molecule expression on monocytes after exposure
to ultrafine carbon among exercising asthmatic individuals
and healthy adults have also been reported [41]. In both
exercise training groups (MIT+PM2.5 and HIT+PM2.5),
these effects (decrease in monocyte and granulocyte count)
were not observed, suggesting beneficial effects of exercise
in agreement of H-index data.

Our study has some limitations in terms of variables
that could allow more detail about cardiovascular function
and inflammatory and oxidative markers. Also, it can be
pointed that larger sample sizes could possibly show that
the activities of heart antioxidant enzymes CAT (P =
0 132) and SOD (P = 0 071) became statistically different
between the MIT and the MIT+PM2.5, groups. However,
even if antioxidant enzyme activities were now considered
to be altered, the oxidative damage observed (lipid perox-
idation levels) as an effect of combination MIT+PM2.5
still remains unaltered, reinforcing the effects of exercise
and PM2.5 interaction. Although TBARS assay may be
considered an unspecific test, allowing a global approach
of lipoperoxidation, other more specific determinations
can confirm the end-product formed during oxidative
stress. Also, aldehydes other than MDA can form

chromogens and many different aldehydes are formed dur-
ing lipid peroxidation and/or during the acid-heating stage
of the TBARS test [43]. Whether H-index might be used as
a biomarker of environmental air pollution injury (as it is
the case for obesity and T2DM) and if the decrease in H-
index following high exercise training might guarantee better
cellular protection requires further investigation.

It is important to know that the sum of evidence from
epidemiological, clinical, and experimental studies strongly
indicates that exercise performance [6] and cardiovascular
health are both affected by other air pollutants such as the
gaseous pollutants ozone, nitrogen dioxide (NO2), volatile
organic compounds (including benzene), carbon monoxide
(CO), and sulphur dioxide (SO2) [44]. Also, stress pro-
teins (HSP70 in particular) are suggested to be potentially
sensitive indicators of any chemical or physical insult andhave
been successfully used recently as an early, first tier marker for
the assessment of environmental chemicals [9, 45] as well
as a biomarker of cardiovascular health status [15, 46].
Thus, new studies to evaluate H-index under exercise/
training conditions concomitantly with air pollution expo-
sure represent a promising and extensive field of research
in air pollution biomarkers.

5. Conclusion

Together, these previous studies and our data indicate that
acute and chronic exercise exposed to PM2.5, even at low
doses of pollution, may be a risk for heart OS. Also, the inten-
sity of exercise training is a critical parameter for exercise
prescription under PM2.5 exposure to avoid adverse environ-
mental pollution effects on an organism. Moderate exercise
training under exposure to low levels of PM2.5 induces heart
OS but does not modify eHSP70 to iHSP70 ratio (H-index)
balance. High intensity exercise training promotes anti-
inflammatory profile despite exposure to low levels of PM2.5.
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