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Exercise training significantly reduced
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Exposure to fine particulate matter (PM, s) can result in adverse cardiovascular responses including vascular en-
dothelial dysfunction, whereas exercise training can promote cardiovascular health. However, whether exercise
training can mitigate adverse vascular response to PM; s has been less studied. In the present study, we aimed to
investigate the preventive effect of exercise training on vascular endothelial dysfunction induced by PM, 5 instil-
lation. Six-week old male Wistar rats (n = 32) were divided into four groups (8 rats per group) by exercise status
(sedentary vs. exercised) and PM, 5 exposure (instilled vs. non-instilled). Rats received treadmill training with
moderate-intensity intervals in week 1 to 6, followed by three repeated PM, 5 instillation on every other day in
week 7. Body weight and blood pressure were measured for each rat regularly during exercise training and before
sacrifice. At sacrifice, thoracic aortas were isolated for functional response measurement to agonists. Nitric oxide
bioavailability and high-density lipoprotein (HDL) function were also assessed. We observed that exercise train-
ing significantly reduced the body weight of rats, while PM, s instillation had little effect. Neither exercise training
nor PM, s instillation had significant effects on blood pressure changes. However, exercise training effectively
prevented endothelium-dependent vasorelaxation dysfunction and nitric oxide bioavailability reduction from
subsequent PM, s instillation. In addition, exercise training promoted HDL function which were characterized
as increased HDL cholesterol level, cholesterol efflux capacity, and reduced oxidization index; whereas PM, 5
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instillation showed limited adverse impact on HDL function. Collectively, our results indicated that exercise train-
ing could promote HDL function and protect against endothelium dysfunction from PM, 5 instillation.

© 2019 Published by Elsevier B.V.

1. Introduction

Exposure to fine particulate matters (with aerodynamic diameter
less than 2.5 um, PM; 5) in ambient air has been associated with in-
creased risks of cardiovascular diseases, such as hypertension and ath-
erosclerosis (Cohen et al, 2017). Although the underlying
mechanisms are still not fully elucidated, it is believed that the abnor-
mal vascular response characterized by reduction in vasorelaxation ca-
pacity or enhancement of vasocontraction might play important roles
(Moller et al., 2011). Emerging epidemiological evidence showed nega-
tive associations between PM, s exposure and nitric oxide (NO)-medi-
ated vasorelaxation, implicating an involvement of NO in the PM, 5-
mediated vascular dysfunction (Krishnan et al., 2012; Tong et al.,
2015). NO derived from endothelial nitric oxide synthase (eNOS) dilates
all types of blood vessels through activating soluble guanylyl cyclase
and increasing cyclic guanosine monophosphate (cGMP) in smooth
muscle cells, playing an essential role in keeping normal vasorelaxation
(Lundberg et al., 2015). In vivo studies further revealed that exposure to
diesel exhaust particles, an important component of ambient PM, s, can
decrease NO bioavailability by uncoupling eNOS and generating super-
oxide anion radicals, and result in the increase of vasocontraction (Rao
et al,, 2018).

To mitigate health risk of air pollution exposure, several intervention
measures have been tailored and assessed in studies with the use of
mask and/or air purifier, taking antioxidant supplement, as well as
performing exercise among individuals or in laboratory animals (Shao
etal., 2017; Zhong et al., 2017; Giles and Koehle, 2014; Li et al., 2017;
Bolcas et al., 2019). Exercise training as a non-pharmacologic interven-
tion measure has been particularly appealing, due to its pleiotropic ben-
eficial effects that can promote cardiovascular health (Schuler et al.,
2013). Exercise can be presumably beneficial on cardiovascular health
by promoting high-density lipoprotein (HDL) functions (Sarzynski
et al,, 2015). Biologically, HDL plays a central role in reverse cholesterol
transport (RCT), the major antiatherogenic process by which choles-
terol in peripheral tissues including arterial wall can be transferred to
liver for excretion through bile (Rader and Hovingh, 2014). Besides,
HDL particles may also possess other potent biological activities, includ-
ing antioxidative, anti-inflammatory and anti-contractile actions to ini-
tiate direct endothelial-protective effects (Ganjali et al., 2017). In a
study conducted in patients with metabolic syndrome, three-month
moderate intensity exercise training significantly increased the ability
of HDL particles to receive free cholesterol and cholesterol ester, and
to prevent CuSO4-mediated low density lipoprotein (LDL) oxidation
(Casella-Filho et al., 2011). Moreover, one in vitro study revealed that
exercise training could modify HDL function via reducing
malondialdehyde (MDA) bound to HDL, which can lead to a lower acti-
vation of PKC-BII, and result in higher activation of eNOS and synthesis
of NO (Adams et al., 2013). However, it is still not clear whether these
beneficial effects of HDL still exist when PM, s exposure presents.

In the present study, we aimed to determine the effect of exercise
training prior to PM, 5 exposure on the endothelium-dependent vasore-
laxation. To that extent, male Wistar rats first received moderate inter-
val treadmill training in week 1 to 6, followed by three repeated PM, 5
instillation on every other day in week 7. After sacrifice, thoracic aortas
of rats were then isolated for functional response measurement to ago-
nists, and NO bioavailability and high-density lipoprotein (HDL) func-
tion were further assessed.

2. Materials and methods
2.1. Experimental design

The experimental design that characterizes the exercise training and
sequential PM, s instillation protocol is summarized in Fig. 1. Experi-
mental animals were divided into four groups (8 rats/group) by exercise
status (sedentary vs. exercised) and PM s instillation (instilled vs. non-
instilled) as follows: Sed + PBS (sedentary and non-PM, s-instilled),
Sed + PM, 5 (sedentary and PM, s-instilled), Ex + PBS (exercised and
non-PM, s-instilled) and Ex + PM, 5 (exercised and PM, s-instilled).

Six-week old male Wistar rats were purchased from Vital River Lab-
oratory Technology Co. Ltd. (Beijing, China). Animals were raised under
specific pathogen-free condition with a barrier system with a 12-hour
light/dark cycle and free access to chow and tap water. Body weights
were assessed at the end of week 0, 6 and 7 using an electronic balance
(Youke, Shanghai, China). The protocols and the use of rats were ap-
proved by and in accordance with The Animal Care Committee of the
Peking University. The rats were treated humanely and with regard
for alleviation of suffering.

2.2. PM, 5 particle sampling and solution preparation

PM, 5 samples were collected in March 2017 in Beijing, China for use
in the present study and the detailed procedures have been published
elsewhere (Feng et al.,, 2019; Zhang et al., 2017). Briefly, PM, 5 were col-
lected on quartz fiber filters (Pall Life Science, Port Washington, NY,
USA) using a high-volume air sampler (ThermoFisher Scientific, Wal-
tham, MA, USA). The filters were cut into squares of 1-2 cm? and agi-
tated in ultrapure water with an ultrasonic shaker (Hechuang, Suzhou,
Jiangsu, China). The solution was then frozen and dried using a vacuum
freeze dryer (ThermoFisher Scientific, Waltham, MA, USA). The dried
PM, 5 was weighed and kept at —20 °C before being diluted for the
experiments.

To confirm the size distribution of achieved PM, s samples, equiva-
lent spherical diameter (ESD), a commonly used parameter for particle
sizing, were measured using a field emission environmental scanning
electron microscopy (FEL Hillsboro, OR, USA). Particle area was deter-
mined by Image-] software and ESD was calculated using the formula:
ESD = 2 x (area/m)'”2. Chemical compositions of PM, 5 were analyzed

Week 0 Week 1-6 Week 7
Acclimation Exercise training PM, 5 instillation PM, ; instillation  PM, 5 instillation
I 50 min/day x 5 days/week x 6 weeks Day 1 Day 2 Day 3 Dz;y 4 Day5 Day6
Speed 17 m/min — 21 m/min — 17 m/min — 21 m/min — 17 m/min A

Lasting time

10 min — 10 min — 10 min — 10 min — 10 min

3 mg/kg Sacrifice

Fig. 1. Experimental protocol of exercise training and sequential PM, s instillation in rats.
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using inductively coupled plasma-atomic emission spectrometer
(Shimadzu, Kyoto, Japan).

2.3. Exercise training and intratracheal instillation protocol

2.3.1. Exercise training

Experimental group of exercise Wistar rats were first accustomed to
exercise in week 0 on a motor-driven treadmill (Zhenghua, Huaibei,
Anhui, China), at a running speed of 10 m per minute at 0% inclination
for 10 min per day. In the next six weeks (week 1 to 6), rats were
then subjected to low intensity running (17 m/min, 10 min) at 0% incli-
nation interspersed by moderate intensity running (21 m/min, 10 min)
at 0% inclination for 50 min/day, 5 days/week. The animals were forced
running in parallel tracks as groups on the same treadmill. Stimulations
such as gentle physical handling and electric shock were used to secure
low to moderate levels of exercise intensity, but were kept to a mini-
mum. The groups of sedentary rats were also transported to the exercise
training room, and stayed sedentary on the treadmill for the same
length of time per day as those exercised on the treadmill.

2.3.2. Intratracheal instillation

Dried frozen PM; 5 was diluted in phosphate buffer solution (PBS) at
a concentration of 10 mg/mL and agitated in ultrapure water with an ul-
trasonic shaker for 10 min. The rats were anesthetized using intraperito-
neal injection of 10% chloral hydrate (300 pL/100 g) and instilled with
PBS or PM; 5 at a volume of 300 pL/kg into the bronchus on day 1, 3
and 5 in week 7. Twenty-four hours after the last intratracheal instilla-
tion on day 6 of week 7, all rats were sacrificed. Arterial blood samples
were collected in EDTA-vacuum tubes and centrifuged at 1200g for
15 min at 4 °C. The plasmas were stored at —80 °C before use.

2.4. Biological indicators measurement

2.4.1. Blood pressure

Blood pressure including systolic blood pressure (SBP) and diastolic
blood pressure (DBP) was measured before sacrifice on day 6 in week 7
using a tail-cuff pressure analysis system (Softron, Tokyo, Japan) follow-
ing the protocol described elsewhere (Chen et al., 2015). Before each
measurement, the animals were kept within a net and sent into an insu-
lation tube that is wrapped in a black bag to block light. The inside insu-
lation tube was set at 37 °C and kept dark to create a comfortable and
calming environment for the rats to eliminate the impact of agitation
on blood pressure. Average blood pressure readings were obtained for
each rat from three to five repeated measurements.

2.4.2. Vascular responses in isolated rat aortic rings

Vascular responses in isolated rat aortic rings were measured in tho-
racic aorta as described elsewhere (Munzel et al., 2017; Cuevas et al.,
2015). To measure contractile and dilatory responses, the complete tho-
racic aorta was extracted after sacrifice and perivascular fat was re-
moved. The aorta was cut into 5-mm segments in length and
mounted on an 8-channel wire myograph (Danish Myo Technology,
Aarhus N, Denmark). Each segment was placed in an individual organ
chamber filled with 10 mL Krebs-Henseleit (K-H) solution. The cham-
bers were kept at 37 °C and continuously aerated with 5% carbon diox-
ide balanced in 95% oxygen. Mounted vessels were allowed to
equilibrate for 1 h to a resting distaining pressure equivalent to 1 g be-
fore being subjected to graded doses of agonists. After equilibration,
vessel viability was assessed using a standard challenge of 60 mM KCl
incubation. Then, the vessels were washed three times with K-H solu-
tion and allowed to equilibrate to their resting state before beginning
procedures for graded dose responses.

Phenylephrine (PE) (Sigma-Aldrich, St. Louis, MO, USA) was added
in graded doses (10 nM to 30 uM) to evaluate vasocontraction. PE re-
sponses were expressed as a percentage of the peak response to
60 mM KCl. Vessels were then washed three times with K-H solution

and once equilibrated, vasorelaxation was evaluated by pre-
contracting the segments with 3 uM PE and subsequently relaxing
them with increasing concentrations (3 nM to 100 uM) of acetylcholine
(ACh) (Sigma-Aldrich, St. Louis, MO, USA). Results yielded from the ACh
were expressed as a percentage of pre-contraction by PE (3 pM). The
maximum contraction and relaxation values were used to compare be-
tween groups.

2.4.3. Markers of vascular function

Thoracic aorta protein was extracted using a tissue homogenizer
(Jingxin, Shanghai, China). The levels of endothelial nitric oxide syn-
thase (eNOS) and inducible nitric oxide synthase (iNOS) in thoracic
aorta protein (150 pg) were assessed using commercial ELISA kits
(Meimian, Yancheng, Jiangsu, China) according to the manufacturer's
protocol. Total NO levels in thoracic aorta protein (400 ng) were
assessed using a nitrate/nitrite assay kit (Beyotime, Haimen, Jiangsu,
China). The levels of triglyceride, total cholesterol, high-density lipopro-
tein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-
C) in plasma (2.5 pL) were assessed using commercial kits (Jiancheng,
Nanjing, Jiangsu, China).

2.4.4. HDL function

HDL cholesterol efflux capacity (HDL-CEC) was measured by
fluorescence-labeled cholesterol, which primarily evaluated ABCA1-
specific CEC (Sankaranarayanan et al., 2011; Rohatgi et al., 2014). In
brief, apoB was depleted in the plasma by polyethylene glycol (Sigma,
St. Louis, MO, USA) (Mehta et al., 2012). RAW 264.7 macrophages
were maintained in Dulbecco's Modified Eagle's Medium (DMEM)
(GIBCO, Carlsbad, CA, USA) plus 10% fetal bovine serum (GIBCO, Carls-
bad, CA, USA). Then, cells were plated on 96-well plates at a density of
10* cells/well over night. Cells were labeled by 5 uM BODIPY-
cholesterol (Avanti, Miami, FL, USA) for 1 h, followed by washing with
DMEM. Cells were then incubated with 2 pg/mL acyl-CoA cholesterol
acyltransferase (ACAT) inhibitor (Sigma, St. Louis, MO, USA), 0.3 mM
8-(4-chlorophenylthio)-cyclic AMP (Sigma, St. Louis, MO, USA) and
DMEM containing 2.8% apoB-depleted plasma for 4 h. The resulting
quantity of BODIPY cholesterol in the media or cells was individually de-
termined with Multi-scan Spectrum (excitation 482 nm, emission
515 nm). The HDL-CEC data were expressed as % of Sed + PBS group.

HDL oxidization index (HDL-OI) was measured by the relative rates
of dichlorofluorescein (DCF) in fluorescence that are proportional to the
levels of lipid hydroperoxides in HDL (Navab et al., 2001; Patel et al.,
2011). This cell free assay used CuCl, (Sigma, St. Louis, MO, USA) as
the lipid hydroperoxides-inducing agent (Ou et al., 2005). The quantity
of 10 pL dextran sulfate (10 mg/mL) (Sigma, St. Louis, MO, USA) solution
was incubated with 100 pL of test plasma at room temperature for
5 min, and then centrifuged at 8000g for 10 min. The supernatant con-
taining HDL-C was used in the experiments after cholesterol determina-
tion. DCFH-DA (Life Technologies, Carlsbad, CA, USA) was dissolved in
fresh methanol at 0.5 mg/mL and was incubated at room temperature
with protection from light for 30 min, resulting in the release of DCFH.
Then, 100 puL HDL-C (10 pg/mL) was incubated with 10 pL CuCl,
(60 mM) at 37 °C for 1 h using a black polystyrene 96-well plate. After
incubation, 4 pL of DCFH solution was added to the HDL-Cu?* mixture
in each well. Rates of fluorescence (excitation, 485 nm; emission,
530 nm) were determined by Multi-scan Spectrum over the next hour
at 15 min intervals. The HDL-OI data were expressed as % of Sed
+ PBS group.

2.5. Statistical analysis

Statistical comparisons among groups were evaluated by one-way
analysis of variance (ANOVA) followed by Student-Newman-Keuls
(SNK) test using the SPSS 21 software package. A P-value less than
0.05 was considered statistically significant.
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3. Results
3.1. Chemical characterizations of PM- 5

As shown in Fig. 2A, the PM achieved from the filters displayed dif-
ferential size distributions and morphology. Over 85% of the collected
PM showed an ESD less than 2.5 pm and the mean ESD of PM was
1.29 + 0.86 um (Fig. 2B). We observed that a small fraction of PM
with an ESD over 2.5 pm which might be aggregated from small parti-
cles (i.e. PMys). The chemical analysis of the PM, s indicated that Ca,
Fe, Al, K, and Mg were the major components of the collected PM, 5
samples, with concentrations of 19.8, 11.1, 10.3, 6.7 and 5.2 pg/mg, re-
spectively (Fig. 2C).

3.2. Effects of exercise training and PM5 s instillation on body weight and
blood pressure

As shown in Fig. 3, the profiles showed increases in body weights in
rats toward the end experiment in week 6 and 7 in all study rat groups.
However, the body weights in exercised groups were about 10% less
than that in sedentary groups at the end experiment in week 6 (Sed
+ PBS vs. Ex + PBS; Sed + PM, 5 vs. Ex + PM, 5), which persisted at
the end experiment in week 7. By contrast, PM; 5 did not show any ef-
fects on body weight between the groups of PM, 5 instilled and non-
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instilled at the end experiment in week 7 (Sed + PBS vs. Sed + PM, s;
Ex + PBS vs. Ex + PM,5).

Fig. 4 shows that no significant difference on the levels of blood pres-
sure in all study rat groups remained at the end of experimental period
(week 7), indicating no significant effects of exercise training or PM; 5
instillation on blood pressure in the present study.

3.3. Exercise training prevented endothelium-dependent vasorelaxation
dysfunction and NO bioavailability reduction by subsequent PM,s
instillation

No significant differences were observed in the percentage of PE-
induced contraction across groups (Fig. 5A) and were therefore used
to normalize Ach-mediated vasorelaxation. The results demonstrated
that PM, s instillation significantly reduced the maximum Ach-
induced vasorelaxation in sedentary rats (Sed + PBS vs. Sed + PM,5)
but not in exercised rats (Ex + PBS vs. Ex + PM, ) (Fig. 5B). Similarly,
the levels of NO and eNOS in thoracic aorta were significantly reduced in
sedentary rats but not in exercised rats after PM, s instillation (Fig. 5C-
D). By contrast, the levels of iINOS (Fig. 5E) remained unchanged both in
sedentary and exercised rats after PM, 5 instillation. These findings sug-
gested that exercise training could increase NO production and inhibit
endothelium-dependent vasorelaxation dysfunction induced by PM, 5
exposure.
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Fig. 2. Characteristics of ambient PM, 5 collected for experimental instillation. (A) Scanning electron micrographs of collected PM, 5 mass samples. (B) ESD distribution of collected PM; s.

(C) Chemical compositions of collected PM, 5 (ug/mg).
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Fig. 3. Body weight of rats in groups received exercise training followed by PM, 5 instillation.

3.4. Exercise training promoted HDL function

To explore the possible effect of exercise training on HDL, we mea-
sured HDL function including HDL-CEC and HDL-OI As shown in
Fig. 6, exercised rats had relatively higher levels of HDL-CEC and lower
levels of HDL-OI compared with sedentary rats (Sed + PBS vs. Ex
+ PBS; Sed + PM, 5 vs. Ex + PM,5), indicating that exercise training
could significant promote HDL function. However, the levels of HDL-
CEC and HDL-OI showed no significant changes between the groups of
Sed + PBS and Sed + PM, s, Ex + PBS and Ex + PM, s, indicating that
PM, 5 instillation didn't significantly alter HDL function. Consistently,
the levels of HDL-C showed significant changes with higher level in
exercised rats (Sed + PBS vs. Ex + PBS; Sed + PM; 5 vs. EX + PMjy55);
while the levels of triglyceride, total cholesterol, and LDL-cholesterol
mostly remained similar across groups with no significant effects by ex-
ercise training or PM, 5 instillation (Fig. 7).

4. Discussion

In this study, we observed that exercise training could effectively
promote HDL function, and prevent nitric oxide bioavailability reduc-
tion and endothelium-dependent vasorelaxation dysfunction from sub-
sequent PM, s instillation, which indicate potential beneficial effects of
exercise training on endothelial function impaired by exposure to

>
-
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SBP, mmHg
3

PM, s. These findings support the public health importance of regular
exercise training that could induce adaptive responses through which
increase cardiovascular capacity to cope with external stimulus such
as air pollutants.

The major finding of the present study is that exercise training
inhibited endothelium-dependent vasorelaxation dysfunction induced
by subsequent PM, s exposure. Exercise training has been recognized
as an effective measure for preventing cardiovascular events in animals
and human (Schuler et al., 2013; Ashton et al., 2018); however, few
studies have been conducted under air pollution exposure. In a cigarette
smoke-exposed mouse model, an eight-week prior exercise training
was shown to alleviate respiratory inflammation induced by exposure
to environmental cigarette smoke (Yu et al., 2012). Martinez-Campos
et al. (2012) reported that a two-week exercise training significantly
blocked ozone exposure induced increase in the levels of 8-
isoprostane, malondialdehyde (MDA) and carbonyls in the plasma of
Wistar rats. Epidemiological studies also showed that regular exercise
training could be a protective factor against the effects that pollution
have on cognition, oxygen transport, arterial stiffness and premature
deaths (Chen et al., 2018; Wong et al., 2007; Molina-Sotomayor et al.,
2019). However, one experimental study revealed that intratracheal in-
stillation of residual oil fly ash in rats before an acute session of moder-
ate intensity exercise promoted an increase in the level of MDA and a
decrease in the activity of catalase in lung tissue (Heck et al., 2014). In
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N
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Fig. 4. Effect of exercise training and PM, s instillation on (A) SBP, (B) DBP in groups received exercise training followed by PM, 5 instillation.
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Fig. 5. Vascular responses of thoracic aorta. (A) Vasocontraction percent to KCl. (B) Vasorelaxation percent to phenylephrine. (C-E) Levels of NO, eNOS and iNOS in thoracic aorta.

arandomized crossover study, the extent of improvement in pulmonary
function and pulse wave velocity observed in subjects with chronic ob-
structive pulmonary disease (COPD) and ischemic heart disease (IHD)
were attenuated while walking in cleaner environment in comparison
with walking in more polluted environment (Sinharay et al., 2018).
Therefore, the question of whether exercise training performed under
air pollution would introduce different consequence remains as an at-
tractive hypothesis that needs further investigation.

Although it has been well documented that exercise training can
bring health benefits, the exact protective mechanism by which it may
protect against air pollution associated adverse cardiovascular effects
remains unclear. It is proposed that exercise training may enable the
body to gain certain adaptive responses to strengthen resistance against
pathological processes promoted by air pollutants (Wong et al., 2007).
Several studies have revealed that exercise training could enhance the
activity of antioxidant enzymes and reduce the expression of inflamma-
tory cytokines (Nemmar and Al-Salam, 2018; Abhijit et al., 2018). Addi-
tionally, exercise training was found to up-regulate the expression of

>

250+ *

200+

150+

100

(2]
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HDL cholesterol efflux capacity, %
o

genes related to energy pathways and lipid metabolism (Robinson
et al.,, 2017; Ling and Ronn, 2014; Dantas et al., 2017). In the present
study, we further observed that exercise training significantly promoted
HDL function characterized as increased HDL cholesterol level, choles-
terol efflux capacity, and reduced oxidization index, culminating in an
increased NO production, a potent vasodilator. It has been well
established that HDL could confer protection against vascular endothe-
lial dysfunction through several eNOS/NO-dependent ways (Luscher
et al., 2014). HDL could activate eNOS by regulating the cholesterol ho-
meostasis of caveolae where eNOS locates and thus facilitating the in-
teraction of caveolin 1 and eNOS (Garcia and Sessa, 2019).
Furthermore, several components carried by HDL like sphingosine-1-
phosphate (S1P) could induce eNOS phosphorylation by binding to cor-
responding receptors and thereby activating PI3K/Akt/eNOS signaling
pathway (Keul et al., 2019). As a resultant vasoprotection of increased
NO production, exercise training inhibited endothelium-dependent va-
sorelaxation dysfunction induced by PM, 5 instillation as observed in
the present study. However, in spite of an increased level of NO, we
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Fig. 6. Exercise promoted HDL function. (A) HDL cholesterol efflux capacity. (B) HDL oxidization index.
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didn't observe significant effect of exercise training on total eNOS level.
This may because exercise training only modifies the activity but not the
expression of eNOS. The activity of eNOS is regulated by phosphoryla-
tion on several residues. The activity increases when phosphorylated
at Ser-1177, Ser-635 and Ser-617, while decreases at Ser-116 and Thr-
495 (Garcia and Sessa, 2019). Therefore, we speculated that the
exercise-induced increase in NO bioavailability and finally the restora-
tion of endothelial function impaired by subsequent PM, s exposure
may partly due to some altered HDL functions.

We observed that PM; 5 instillation significantly reduced the levels
of eNOS expression and NO bioavailability. Several studies have sug-
gested that uncoupling of eNOS can act as a crucial step in vasomotor
dysfunction and progression of atherosclerosis after PM exposure
(Moller et al., 2016). Once uncoupled, the eNOS may produce superox-
ide, dramatically reducing the vasculature's ability to relax through this
primary pathway (Yan et al., 2017). Using L-nitro-arginine-methyl-
ester, an eNOS inhibitor, Knuckles et al. (2008) identified the
uncoupling of eNOS as a mechanism for enhanced vasocontraction
after diesel exhaust exposure. Simultaneously, the reduced NO bioavail-
ability after PM; 5 instillation may also attributed to a higher consump-
tion by reactive oxygen species (Nurkiewicz et al,, 2011). However, the
reduced NO bioavailability observed in the present study may be inde-
pendent of HDL function, as little effects on HDL-CEC and HDL-OI were
observed after PM, 5 instillation.

Several potential limitations of the present study should be taken
into consideration. First, the study rats were under training for
6 weeks in a purified space, which limit generalizability of study results
to exercise conducted in open environment with day-to-day exposure
to air pollution. As aforementioned above, exercise training in polluted
environment may curtail or even reverse the cardiorespiratory benefits
of exercise (Sinharay et al., 2018; Heck et al., 2014). Second, the study
rats only received moderate-intensity interval treadmill training, no
other parallel exercise training groups like low-intensity or high-
intensity were placed, which might limit our ability to identify the in-
tensity of exercise training required for optimal benefits. Third, we
didn't set up other dose groups of PM, 5 instillation. Therefore, we
were unable to assess the dose-response relationship between PM, 5 in-
stillation and endothelium-dependent vasorelaxation dysfunction. And
lastly, we cannot determine if the alterations in HDL function have any
causal relevance for NO bioavailability and endothelium-dependent
vasorelaxation.

Considering the limitations of the present study, future study is war-
ranted to examine the impact of exercise training on mitigating air pol-
lution induced physiological responses, with respect to exercise type,
duration, intensity and frequency. It may be important to use gene
knockout rat models in future research to better understand the mech-
anisms that how exercise training might introduce potential improve-
ments in endothelial function under air pollution exposure. In
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addition, future study to leverage peripheral leukocytes from blood
samples and next generation gene expression analysis may also provide
additional surrogate markers to illustrate physiologic pathways in-
volved in cardioprotective benefits.

5. Conclusions

In this study, we showed that exercise training promoted HDL func-
tion and protected against endothelium dysfunction from PM, 5 instilla-
tion. These changes contribute to the normalization of the altered
vascular function after PM, 5 exposure by increasing endothelium de-
pendent relaxation. Our findings provide strong evidence that regular
exercise training is beneficial to the vascular system and could be con-
sidered as one of the intervention measures to reduce adverse cardio-
vascular responses of short-term air pollution exposure, which can be
of potential public health importance.
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