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a b s t r a c t

This study was designed to investigate whether the use of a 0.20 mm particulate matter (PM) filter
reduced the cytotoxicity induced by motorcycle exhaust (ME), a mixture of gases and particles, in lung
epithelial cells cultured in air-liquid interface (ALI) inserts. The concentrations of PM, carbon monoxide,
carbon dioxide, total hydrocarbons (THC), total volatile organic compounds, and nitrogen oxides in both
filtered ME (fME) by a 0.20 mm filter and non-filtered ME (non-fME) were measured. Lung epithelial cells
were exposed to clean air, fME, or non-fME in the ALI chamber. Cell relative viabilities (CRV) and the
reactive oxygen species (ROS) generation were determined. Our results revealed that PM2.5 was the main
compound of PM in ME. After filtration, PM and THC levels were significantly reduced, as compared with
non-fME. When compared with the clean air exposed group, the CRV in both fME and non-fME-exposed
group was significantly reduced (p < 0.001), while their ROS generation were markedly increased
(p < 0.001). When compared with non-fME-exposed group, the CRV and ROS generation were signifi-
cantly improved following fME exposure (p < 0.05). As a result, of PM and THC concentrations were
decreased approximately 90% and 22.71%, respectively, the CRV was improved from 40.4% (non-fME) to
55.7% (fME), and the increased ROS generation by non-fME was decreased about 51.6%. When BEAS-2B
cells were exposed to fME, a time-dependent reduction in CRV was observed. In conclusion, our findings
suggest that ME-exposure in the ALI system induces cytotoxicity and oxidative stress responses. The
addition of a 0.20 mm PM filter significantly modifies the particulate composition in PM and the con-
centration of THC, and shows protective effects by improving the survival of exposed lung epithelial cells
and reducing the ROS generation. Therefore, emission factors such as different size of PM and THC from
motorcycles may play a role in ME-induced toxicity.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Motorcycle is an economical transportation in the developing
world. China has the largest number of motorcycles in the world.
Currently, there are more than 224 million motor vehicles and
almost half of them are motorcycles in the mountain villages (Li
et al., 2015). Therefore, motorcycle exhaust (ME) is considered as
a major source of air pollution and a potential health hazard in
e by David Carpenter.
urban areas. As the use of motorcycles increases, the risk for human
exposure to ME is also significantly increased. Thus, it is necessary
to study the impact of ME on the environment and their biological
effects.

Like other air pollution exposure, people are constantly exposed
to ME mainly via the lung (inhalation), but also potentially via the
skin or even the eyes. The lung is exposed to a large volume of
inhaled air that comprises of numerous particles and gases, and
airway epithelial cells are the first cells to come into contact with
inhaled toxic compounds. Toxicology studies in animals have
showed that major effects of short-termME exposure includes lung
and systemic inflammation (Chen et al., 2013; Lee et al., 2004).
Significantly increased IL-8 production was detected in human
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Abbreviations

ALI Air liquid interface
ANOVA Analysis Of Variance
CI Confidence interval
CO Carbon monoxide
CO2 Carbon dioxide
CCK-8 Cell Counting Kit-8
CRV Cell relative viability
DCFH-DAdichloro-dihydro-fluorescein diacetate
DE diesel exhausts
fME Filtered motorcycle exhaust
LDH Lactic dehydrogenase
ME Motorcycle exhaust

MEP Motorcycle exhaust particulates
non-fME Non-filtered motorcycle exhaust
ND Not detectable
NOx Nitrogen oxides
PAHs polycyclic aromatic hydrocarbons
PM Particulate matter
PM2.5 particulate matter with an aerodynamic diameter of

2.5 mm or smaller
PBS Phosphate buffered saline
SD Standard deviation
THC Total hydrocarbons
TVOCs Total volatile organic compounds
TWCC Three-way catalytic converter
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airway epithelial cells following motorcycle exhaust particles
(MEP) (Lee et al., 2005). Since most of MEP toxicity studies are cell-
based in vitro (Kuo et al., 1998; Ueng et al., 2000, 2005; Wang et al.,
2002), the evaluation of pulmonary toxicity induced by ME as a
mixture of gases and particles is limited.

As the integration of studies is required by regulatory author-
ities to reduce or replace in vivo animal experiments, in vitro cell
culture-based studies are still the major approach. To date, there
are two major culture models, submerged culture and air-liquid
interface (ALI), to cultivate and expose lung cells to air particles.
Submerged cell culture is a classic model to study ME exposure-
induced toxicity, however, the major drawback of this exposure
model is that cells are not directly exposed to the whole complex
and dynamic mixture of gases, such as nitrogen oxides (NOx),
carbon monoxide (CO), carbon dioxide (CO2), volatile and particle
compounds consisted in ME. A newly developed ALI exposure
model simulates the real life air exposure allowing for studying
effects of complex air exposures on airway epithelial cells in vitro
under near-realistic conditions (Maier et al., 2008). ALI is a
powerful tool for studying substance effects directly on human
biology without using animals or human volunteers. This exposure
system has been adopted to test toxicity of mixtures such as diesel
exhaust (DE) (Kooter et al., 2013; Okubo et al., 2015) and gasoline
exhaust (Künzi et al., 2015). Direct exposure of cells in the ALI
system has the advantage of minimizing adverse effects from cul-
ture medium, enhancing the pharmacological and/or toxicological
extrapolation from in vitro to in vivo scenario, and representing a
more realistic exposure scenario compared to the exposure system
with cells cultured under submerged conditions (Kim et al., 2013;
Lenz et al., 2009; Paur et al., 2011). Advanced in vitro studies us-
ing combinations of cells cultured in the ALI is useful for particle
uptake and mechanistic studies, in which cell viability and oxida-
tive stress levels are the most commonly measured parameters
(Fr€ohlich and Salar-Behzadi, 2014; Herzog et al., 2013; Lenz et al.,
2009).

As a mixture of particles and gases, ME can induce complex
health effects on human, and the impact of particles is more sig-
nificant. Increasing evidence from animal studies have demon-
strated that MEP can cause adverse health effects. MEP is a complex
group of air pollutants that vary in size, and PM is classified as
coarse particles (Particles between 10 and 2.5 mm in diameter), fine
particles (particles between 2.5 and 0.1 mm in diameter), and ul-
trafine particles (particles with a diameter less than 0.1 mm) (Kim
et al., 2015). Particle properties such as size and surface area may
induce different biological responses (Maier et al., 2008). However,
it remains to be addressed which fraction of MEP responsible for
observed health effects and which particle feature plays a role in
initiating adverse mechanisms.

Cell viability assays are vital step in determining the cellular
response to a toxicant providing information on cell death, survival,
and metabolic activities (Lee et al., 2011). Currently, there are
several cell viability assays including MTT assay, neutral red assay,
Cell Counting Kit-8 (CCK-8) assay, and lactate dehydrogenase (LDH)
leakage assay. ME exposure has been shown to induce genotoxicity
and cytotoxicity, and influence cell proliferation (Kuo et al., 1998;
Lee et al., 2005). CCK-8 and LDH release assays are commonly
used to assess the rate of cellular proliferation and quantify cell
viability. Damages on cell membrane and mitochondria due to
exposure to environmental compounds can cause the release of
cholecystokinin or LDH to medium. Therefore, detections of
cholecystokinin and LDH in the cell culture media will indicate the
occurrence of cell membrane and mitochondrial damages (Vergaro
et al., 2016; Wen et al., 2015).

In the present study we chose to employ human alveolar car-
cinoma cells (A549) and human bronchial normal cells (BEAS-2B),
representing the principal cells of respiratory system, as lungs are
the main potential exposure target organ (Ursini et al., 2014).
Moreover, several recent studies on PM toxicity were performed on
alveolar carcinoma A549 cells which maintain manymorphological
and biochemical characteristics of type II pneumocytes (Durga
et al., 2014; Okubo et al., 2015; Xie et al., 2012). Also bronchial
epithelial cells (BEAS-2B) are targets of inhalation and play an
important role in the maintenance of mucosal integrity as me-
chanical barriers against various PM (Takizawa, 2004).

To investigate the pulmonary toxicity of ME, the ALI exposure
system was adopted in the current in vitro study. Before ME
exposure experiments, we analyzed the characteristics of the
exhaust emission from motorcycle using gasoline fuels with three-
way catalytic converters (TWCC). Human lung cells (A549 and
BEAS-2B) were then cultured on the insert membrane in the ALI
exposure chamber and exposed to the characterized ME. Further-
more, we examined whether the addition of 0.20 mm PM filter
would result in different cytotoxicity and intracellular ROS gener-
ation. Relations between different effects and specific composition
of ME as well as the correlation between exposure time and cyto-
toxicity were also evaluated.

2. Materials and methods

2.1. Sampling of motorcycle exhausts

Sampling exhaust emission was carried out in a two-wheeler
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motorcycle. The vehicle equipped with TWCC. The most widely
used 93# gasoline in China with octane number of 93 from China
Petroleum Company was used as the fuel. The motorcycle was
conditioned at cold starting and idling before the 2 min’ ME sam-
pling using Tedlar bag (Beijing Safelab Technology Ltd, China). All
ME samples were collected for the characterization analysis and
in vitro exposure experiments.

2.2. Characterization of motorcycle exhaust

In order to quantify sizes of particles distributed in ME, we used
two aerodynamic particle size spectrometers, TSI-3321 (scanning
diameter: 0.5e20.0 mm) and SMPS-3938 (scanning diameter:
0.011e0.610 mm) to determine the number, surface area and mass
concentration of ME particles in all diameters (TSI Corporation,
USA). The CO and CO2 concentrations in the emission were
measured using non-dispersive infrared analyzer SM-200 for CO,
and GXH-3011 for CO2 (Beijing Hua Yun Analytical Instrument
Research Institute, China). The concentration of total volatile
organic compounds (TVOCs) was determined using volatile toxic
gas analyzer TVA-1000(Thermo Fisher, USA). The total hydrocarbon
(THC) level was analyzed by gas chromatography GC-2010 (SHI-
MADZU, Japan) using methods for determination of mixed hydro-
carbons in the air of workplace (GBZ/T160.40e2004, No.3 in China).
The NOx concentration was determined using N-(1-naphthyl)-
ethylenediamine dihydrochloride spectrophotometric method as
described previously (Yu et al., 2014).

2.3. Cell culture

The human lung epithelial carcinoma cell line A549 was pur-
chased from the Institute of Basic Medical Sciences, Chinese
Academy of medical sciences (No. 3111C0001CCC 000002) and
maintained as described in previous study (Yu et al., 2014). The
human bronchial normal cell line BEAS-2B was purchased from
Cell Resource Center, Shanghai Institutes for Biological Sciences,
Chinese Academy of Sciences (Shanghai, People's Republic of
China) and maintenance was described previously (Bai et al.,
2016). For exposure experiments, cells were cultured on 24 mm
diameter of 6-well Corning Transwell® permeable culture inserts
with 0.40 mm pore size (Cat.No.3450, Corning, NY, USA). The in-
serts were not coated or treated prior to seeding. Before seeding
cells, inserts were covered with 1 ml of media inner chamber
(apical surface) and 2 ml of media in the outer chamber (the
Fig. 1. A schematic of the air-liquid interface (ALI) exposure system. The motorcycle exha
below the membrane provides nutrition for cells. Cells were exposed directly to the ME or
basolateral side) for 1 h. After removing the media from the inner
chamber, 1 ml cell suspension was added at a density of 4.0 � 105

per insert and cultured for 24 h in an incubator (5% CO2, 37 �C and
maximal relative humidity).

2.4. ME air liquid interface exposure conditions

Before exposure, media was removed from the inner chamber,
and both inner and basolateral side of inserts were washed twice
with phosphate buffered saline (PBS, Gibco). The Transwell inserts
were then transferred into the ALI exposure device (HRH-CES1332,
Beijing Huironghe Technology CO., LtD., China). As show in Fig. 1,
cells were exposed to either clean air consisted of 21% O2 and 79%
N2 (Beijing Oriental Medical Gas Co., Ltd., China); or non-filtered
ME (marked as non-filtered ME exposed group, non-fME) and
filtered ME using the Acro® 50 Vent Device with a 0.20 mm PTFE
Membrane (PN4251, Pall Corporation, USA) (marked as filtered ME
exposed group, fME). The ALI exposure system consisting of three
glass medium-containing wells was temperature controlled by
circulating 37 �C water. The ME or clean air was drawn into expo-
sure wells through upper chambers at a flow rate of 25ml/min/well
for 1 h to A549 cells, and 15 ml/min/well for 30, 60, or 90min to
BEAS-2B cells.

2.5. Determination of cell viability using Cell Counting Kit (CCK-8)
assay and lactate dehydrogenase (LDH) released assay

In order to determine the cellular toxicity following ME expo-
sure, both CCK-8 assay (purchased from Dojindo Laboratories,
Japan) and LDH released assay (purchased from Beyotime Bioen-
gineering Institute, China) were applied in A549 cells, and CCK-8
assay was used in BEAS-2B cells. Both assays were processed ac-
cording to manufacturers’ instructions. Results were expressed as
cell relative viability percentage (CRV %).

2.6. Analysis of intracellular reactive oxygen species (ROS) by flow
cytometry

Intracellular ROS generation was detected by flow cytometry
using a peroxide-sensitive fluorescent probe 20,7’-dichloro-dihy-
dro-fluorescein diacetate (DCFH-DA, Nanjing Jiancheng Bioengi-
neering Institute, China) as described by Zhang et al. (2015) with
slight modification. In brief, cells cultured on the Corning Transwell
inserts were washed twice with PBS after the ALI exposure and
ust (ME) or clean air was delivered to cells grown on the membrane, and 37 �C medium
clean air inside the ALI chamber.
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then detached from the insert by 0.25% trypsin digestion (Gibco,
USA). Cell suspension was transferred to an Eppendorf tube and
centrifuged at 800g for 3 min at room temperature (PBS washing
and centrifuge were repeated twice), followed by the incubation
with 1 ml 10 mM DCFH-DA at 37 �C for 30 min. Experiments were
performed under dim light. Cell suspension samples were centri-
fuged to remove the DCFH-DA solution and washed three times
with PBS (800 g, 3 min, at room temperature). Cell pellet was re-
suspended in 500 mL PBS. The fluorescent intensity of 10,000 cells
per sample was analyzed using a FACSC alibur flow cytometer
(Becton-Dickinson, San Jose, CA) with 488 nm excitation and
525 nm emission wavelengths. Results were expressed as mean
relative fluorescence intensity.

2.7. Statistical analysis

All data are presented as mean ± standard deviation (SD) or
median (95% CI). Statistical analyses of the differences among three
groups were carried by one-way ANOVAwith post hoc comparisons
by the Tukey test. Data from the time-course study of cell viability
in BEAS-2B cell following clean air and fME exposures were
analyzed by two-way ANOVAwith the post hoc multi-comparisons
of the Tukey test. All statistical tests were two-sided with a sig-
nificant level of p � 0.05.

3. Results

3.1. Characterization of filtered and non-filtered motorcycle
exhausts particles

As shown in Fig. 2, PM with diameter >0.5 mm were hardly
detected in fME, and only a little was detected in non-fME. Fig. 3
showed that most of particles in both non-fME and fME had the
size ranged from 0.02 to 0.40 mm.

With the cut-off value of PM diameter <10.0 mm, PM were
classified into three categories, including coarse particles
(2.5 mm < PM � 10 mm), fine particles (0.1 mm < PM � 2.5 mm) and
ultrafine particles (PM � 0.1 mm) (Kim et al., 2015). In non-fME,
when compared the number and surface area of all three catego-
rized particles, fine particles were the highest followed by ultrafine
particles and coarse particles (p < 0.001, Table 1). In addition, the
mass of fine particles was also significantly higher than that of
coarse particles and ultrafine particles (p < 0.001, Table 1). In fME,
83.65% particles were found to be ultrafine particles, which was
significantly higher than that of fine particles (p < 0.001; Table 1).
No coarse particles were detected in fME. In addition, the surface
area and mass concentration of fine particles were significantly
higher than those of ultrafine particles (p < 0.001; Table 1).
Compared to non-fME, therewas a decreased percent in fME for the
three kinds of particles (p < 0.001). Themean decreased percentage
of number, surface area and mass concentration in the fME-
exposed group was 92.95%, 96.93%, and 97.55%, respectively.
These results indicate that the addition of the 0.20 mm filter
remarkably reduces the total mass and changes the composition of
these three categorized particles in the whole ME, which may lead
to differential toxicology consequences following the exposure.

3.2. Concentrations of CO, CO2, THC, TVOCs, and NOx in motorcycle
exhaust

The concentration of CO, CO2, THC, TVOCs, NOx in ME were
shown in Table 2. The level of THC in the non-fME was significantly
higher than that in the fME (p < 0.001). When compared to non-
fME, there was a 22.71% decrease of THC median in fME. There
were no significant differences in CO, CO2, TVOCs, and NOx between
fME and non-fME. Thus, applying a 0.20 mm filter can reduce the
THC level, but doesn't change concentrations of other gases in the
ME.

3.3. Motorcycle exhaust induces cytotoxicity and the generation of
reactive oxygen species in A549 cells

The cell viability of the clean air group tested by CCK-8 assay and
LDH released assay was more than 90%; While those of non-fME
and fME were about 40% and 55%, respectively (p < 0.001)
(Table 3). When compared between non-fME and fME-exposed
groups, the cell viability of fME-exposed-group was about 1.3
times higher than that in the non-fME exposed group, both in using
(p < 0.05; Table 3), indicating that reducing PM, and decreasing the
THC level in the whole ME, the additional filtration by the 0.20 mm
filter provides a protection barrier and improves the cell viability.

We further determined ROS generation as oxidative stress re-
sponses in A549 cells. As shown in Table 3, both non-fME and fME
groups showed significantly higher relative fluorescence intensity
of DCFH-DA (1352.17 ± 24.84 and 654.49 ± 92.8, respectively) than
that of the clean air-exposed group (46.58 ± 6.81). Also, the ROS
generation in fME-exposure group decreased half in comparison of
one in non-fME exposed group.

3.4. Time-dependent cytotoxicity in BEAS-2B cells following fME
exposure

To explore the time-dependent cytotoxicity effect, we exposed
BEAS-2B cells to fME and evaluate the cell viability using CCK-8
assay. Based on the high cytotoxicity induced by ME in A549 cells
(50% CRV) at the flow rate of 25 ml/min/well, we adjusted the
exposure flow rate to 15 ml/min/well and used fME for exposure.
Four exposure time points were set to 0, 30, 60, and 90min. Fig. 4
shows no significant difference in CRV percentages after 30min
exposure (p ¼ 0.311), but CRV percentages decreases remarkably
after 60min and 90min exposure, and was significantly lower than
those of the corresponding clean air control groups. In addition,
there was a time-dependent decrease in CRV% following fME
exposure. These findings indicate that the cytotoxicity of ME-
exposure was sensitive using ALI.

4. Discussion

The main objective of this study was to evaluate the cytotoxicity
in lung epithelial cells (A549 and BEAS-2B) after the exposure to
non-fME or fME (filtered with a 0.20 mm PM filter) using the ALI
exposure system in vitro. Our results reveal that: 1) 0.20 mm PM
filter removes all coarse and most of fine and ultra-fine PM; and
reduces the THC level inME from a two-wheeler TWCCmotorcycle;
2) Both fME and non-fME can induce significant cytotoxicity in lung
epithelial cells by reducing cell viability and increasing the gener-
ation of ROS; 3) Filtration by using 0.20 mm PM filter significantly
improved viability of lung epithelial cells and reduced ROS gener-
ation; and 4) The viability of BEAS-2B cells decreases with exposure
time. So far, this is the first report on cytotoxicity and oxidative
stress induced by ME in lung epithelial cells using the ALI exposure
system. In addition, our findings also indicate that the introduction
of a 0.20 mm PM filter efficiently decreases the cytotoxicity induced
by ME exposure.

A clear analysis of the characteristics of the ME is an important
step in its inhalation toxicity studies. In this work, PM, CO, CO2, THC,
TVOCs and NOx were measured. Our characterization results
revealed that the PM2.5 (fine and ultrafine particles) was the main
fraction of PM in ME and accounted for more than 90% of the total
PM that was closer to the percentage of ambient PM2.5 (Billet et al.,



Fig. 2. Characterizations of number, surface area and mass concentration of ME by TSI-3321 aerodynamic particle size spectrometer. The x-axis is the particle size of par-
ticulate matter (mm). The y-axis represents the number, surface area, or mass concentration of all particulate matter in ME: (A) Number of fME; (B) Number of non-fME; (C) Surface
area of fME; (D) Surface area of non-fME; (E) Mass concentration of fME; and (F) Mass concentration of non-fME.
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2007). When a 0.20 mm diameter filter was involved, no significant
changes in NOx, CO2, CO, and TVOCs levels in the gas phase of ME
were observed, while the THC level and the number, surface area,
and mass concentration of PM were significantly affected by the
interference of filter. However, the THC emission tends to be
associated with the emission of PM, suggesting that a potential
interaction between THC and PM. Our findings are consistent with
previous reports that there is interaction between polycyclic aro-
matic hydrocarbons (PAHs) and PM from motorcycle engines
exhaust (Pham et al., 2013; Yang et al., 2005). Carcinogenic PAHs
have been found to absorb onto particulates, predominantly onto
fine particulates generated by internal combustion engines in
motor vehicles, which are mainly fine particulates with a diameter
smaller than 0.25 mm (Kleeman et al., 2000; Pham et al., 2013; Yang
et al., 2005). Therefore, it may be the reason for the change of the
concentration of the THC between fME and non-fME. Based on the
value of “median”, it was exactly more NOx in the fME compared to
the non-fME. When shown the concentration of NOx according to
the “95% CI”, the upper limits (3.14 (fME) vs.3.03 (non-fME)) were
similar. Due to the big variations at the lower limits, a wider range
could result in a smaller median value. Previous studies have
revealed that the confidence intervals (CI) of NOx are even bigger,
since the absolute values are quite small (Weilenmann et al., 2005).

ME is an important PM source, however, whether exhausts from
modern motorcycle can induce health effects remains unclear. Our
work showed that ME exposure significantly decreased the cell



Fig. 3. Characterizations of number, surface area and mass concentration of ME by SMPS-3938 aerodynamic particle size spectrometer. The x-axis is the particle size of
particulate matter (nm). The y-axis represents the number, surface area, or mass concentration of all particulate matter in ME: (A) Number of fME; (B) Number of non-fME; (C)
Surface area of fME; (D) Surface area of non-fME; (E) Mass concentration of fME; and (F) Mass concentration of non-fME.
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viability using CCK-8 and LDH released assay, and increased the
generation of ROS indicating that the exposure of cells to the ME
induces cell membrane injury and mitochondrial injury (Table 3).
Results obtained from the current study are in agreement with our
previous data from in vitro exposure of primary human airway
epithelia to powered generator aerosols of gasoline combustion (Yu
et al., 2014) and diesel engine exhaust (Gao et al., 2015). These
previous studies were performed at high TVOCs, NOx and particles
concentrations with similar experimental conditions and showed
similar pulmonary toxicity of motorcycle exhaust from combustion
of gasoline (Yu, T., 2014). In addition, our data support findings in
murine precision-cut lung slice exposure that adverse health ef-
fects occur on oxidative response at high doses of gasoline exhaust
(Maikawa et al., 2016) and exhausts from gasoline-ethanol fuel
blends using a multi-cellular human lung model (Bisig et al., 2016),
as well as aged gasoline exhaust particles to normal and diseased
airway epithelia (Künzi et al., 2015).

Results from this study showed that gas and particle phases of
combustion aerosols from motorcycle engines could induce dif-
ferential cytotoxicity effects in A549 cells suggesting that the
emitted whole ME-aerosol has stronger impacts on cytotoxicity,
while the gas phase of the ME-aerosol (treated by 0.20 mm filter)
has lower toxic effects. The stronger cytotoxicity effects induced by
the whole phase of ME-aerosol may due to the PM and THC, or
interaction between these two phases. As gas exposure and com-
bined exposure to gas and particles result in different cellular re-
sponses, the ALI exposure system used in current study indirectly
highlighted particle-induced changes in cytotoxicity and oxidative



Table 1
Characterizations of number, surface area and mass concentration of particles with the diameter <10 mm in non-fME and fME.

ME Diameter (mm) Number ( � 103 N/cm3) Surface area ( � 109 nm2/cm3) Mass concentration (mg/m3)

Mean ± SD Percent% Mean ± SD Percent% Mean ± SD Percent%

Non-fME Coarse particles (2.5e10) 0.0 ± 0.00* <0.01 0.3 ± 0 .0.04* 2.98 227.5 ± 33.10* 42.80
Fine particles (0.1e2.5) 102.3 ± 2.64#,: 66.99 7.8 ± 0.21#,: 85.60 289.4 ± 9.75#,: 54.45
Ultrafine particles (<0.1) 50.4 ± 1.37D,, 33.00 1.0 ± 0.03D,, 11.42 14.6 ± 0.38D,, 2.75

fME Coarse particles (2.5e10) ND 0.00 ND 0.00 ND 0.00
Fine particles (0.1e2.5) 1.9 ± 0.71# 16.35 0.2 ± 0.05# 67.39 5.1 ± 1.27# 86.05
Ultrafine particles (<0.1) 9.7 ± 5.59, 83.65 0.1 ± 0.03, 32.61 0.8 ± 0.33, 13.95

Note. Data represent mean ± SD, n ¼ 5/group. ND represents not detectable.
*: p < 0.001, comparison between coarse particles and fine particles in the same ME.
#: p < 0.001, comparison between fine particles and ultrafine particles in the same ME.
D: p < 0.001, comparison between ultrafine particles and coarse particles in the same ME.
:: p < 0.001, comparison of fine particles between non-fME and fME.
,: p < 0.001, comparison of ultrafine particles between non-fME and fME.

Table 2
Concentrations of CO, CO2, THC, TVOCs, NOx in non-fME and fME.

Group CO CO2 THC TVOCs NOx

(V/V%,95%CI) (V/V%,95%CI) (mg/m3,95%CI) (ppm, 95%CI) (mg/m3,95%CI)

Non-fME 0.4 (0.43e0.46) 4.6 (4.50e4.60) 1552 (1537.0e1588.0) 129 (126.0e137.0) 1.9 (0.84e3.03)
fME 0.4 (0.44e0.45) 4.6 (4.50e4.60) 1205 (1199.0e1211.0) ** 128 (123.0e136.0) 3.1 (2.35e3.14)

Note. Data represent median (95% CI), n ¼ 5/group. CI: confidence interval.
**: p < 0.001, as compared with non-fME.

Table 3
Cytotoxicity and the ROS generation of A549 cells following non-fME and fME exposures.

Group CRV% (By CCK-8) CRV% (By LDH) Fluorescent Intensity of DCFH-DA (ROS Generation)

Clean air 91 ± 5.1 94 ± 6.0 47 ± 6.8
Non-fME 40 ± 10.6* 40 ± 9.1* 1352 ± 24.8*
fME 56 ± 8.1*,D 53 ± 7.3*,D 654 ± 92.8*,D

Note. Data represent mean ± SD, n ¼ 3/group.
*: p < 0.001, as compared with the clean air exposed group.
D: p < 0.05, as compared with non-fME.

T. Yu et al. / Environmental Pollution 227 (2017) 287e295 293
stress response. It has been reported that the adverse effect of PM
on human health is determined by the size, surface area, and
chemical composition of PM (Deng et al., 2013; Gualtieri et al.,
2010; Künzi et al., 2015). Recent studies have suggested that
oxidative stress is a key underlying mechanism responsible for
toxic effects induced by PM10 exposure (Yi et al., 2014). Particularly,
PM2.5 has been listed as an important air pollutant due to its po-
tential to cause oxidative damage in humans (Billet et al., 2007;
Fig. 4. Time-dependent cytotoxicity of BEAS-2B cells induced by fME using CCK-8
assay. Data represent mean ± SD, n ¼ 3/group. ***: p < 0.001, as compared with the
clean air exposed group; DDD: p < 0.001, as compared with the 30 min fME; ▪▪▪:
p < 0.001, as compared with the 60 min fME.
Brunekreef and Holgate, 2002). In addition, increasing exposure
to PM2.5 is associated with an increased risk of respiratory death
(Anderson et al., 2012). Although it is difficult to determine the
contribution of each contaminant in MEP to the total cytotoxicity
and oxidative stress, using a 0.20 mm filter can relatively identify
contributions of gas or particle phase aerosol in ME to the cyto-
toxicity and oxidative response in bronchial epithelial cell.

It is interesting that the fine and ultrafine particles are much
more toxic than the coarse particles based on the decrease of cell
viability in non-fME and fME. Our results indicated that removing
coarse particles increased only 12e15% of cell viability, but fine
PM þ ultrafine PM þ gas pollutants reduced 36e41% of cell
viability. Also, the whole ME (non-fME) including coarse PM, fine
PM, ultrafine PM, and gas pollutants can reduce about 51e53% of
cell viability. Therefore, while a 0.20 mm filter has been applied, all
coarse PM were removed, but cannot remove the gas pollutants. So
a large decrease in cell viability indicates strong cytotoxicity and
oxidative stress of fine and ultrafine particles.

Currently, the ALI exposure model, by simulating the real life air
exposure, is the most realistic representation of the ambient situ-
ation in the laboratory. The ALI exposure system allows exposing
cells under culture conditions to particles directly from a contin-
uous air flow without affecting the chemical and physical proper-
ties, and deposition of particles (Li, 2016). Previous cell-based
studies on ME exposure were focused primarily on MEP not the
whole-ME that contains particulates and volatile compounds
which humans can be exposed to. The current study is the first
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study to evaluate cytotoxicity effects induced by whole-ME using
the ALI exposure system. Furthermore, the ALI exposures have
higher sensitivity in detecting particle responses than submersed
exposures (Bitterle et al., 2006). The in vitro study presented here
clearly showed that even a single, short-term exposure to fME
increased cell death in BEAS-2B cells in a time-dependent manner
(Fig. 4), which is essential to prove that dose-dependent responses
exist following ME exposure.

Oxidative stress induced by PM2.5 exposure has been considered
as an important molecular mechanism of PM2.5-mediated toxicity.
The oxidative stress refers to a critical imbalance between the
productions and degradation of ROS (Cao et al., 2015). ROS has been
identified as signaling molecules in various pathways regulating
the cell survival (Wu, 2006). Our results revealed that ME induced
the production of ROS, which might prompt cell death and serve as
one pathogenesis of the toxicity induced by ME.

ME is a major source of urban fine and ultrafine particulate
matter, as well as volatile organics, gases such as NOx, CO and CO2.
Results collected from the capital city of Iran have shown that the
CO2 emission mainly comes from private car, motorcycle, bus and
taxi (Kakouei et al., 2012). Several reports about DE have shown
that the whole and particle-free DE can induce differential impact
(Campen et al., 2014; Carll et al., 2012). Bhaskaran et al. investigated
15 cities in the United Kingdom and established an association
between exposure to NO2 and the risk of myocardial infarction
(Bhaskaran et al., 2011). In the present study, we observed the CRV
following fME exposure was decreased about 50%, as compared
with the clean air group, indicating that the gaseous components
that can't be filtered by a 0.20 mm filter might also play a role in ME-
induced toxicity. It is necessary to consider good protections such
as improving the performance of TWCC inmotorcycle to reduce the
concentration of the gas phase of ME.

5. Conclusions

In summary, biological effects induced by ME exposure are
complex and vary according to the size, surface area and mass
concentration of MEP. Our results provided evidence that the major
PM in ME were PM2.5. After filtration, levels of PM and THC in ME
were significantly reduced, and oxidative stress were significantly
improved, as comparedwith non-fME.We also found thatME could
elicit oxidative stress by probably inducing ROS generation, which
indicate thatME-induced oxidative stressmay result in cell death or
apoptosis in lung epithelial cells leading to impairments of pulmo-
nary function. Most importantly, the application of a 0.20 mm-
diameter PM filter can effectively remove all coarse andmost of fine
and ultrafine PM leading to an improvement in the cell viability and
a reduction of ROS generation in lung epithelial cells. The current
work provides basic data for future studies to understand the health
risk of ME exposure and the development of effective preventive
strategies to control this environmental pollution.
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