
Science of the Total Environment 627 (2018) 1627–1637

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Seasonal and spatial variations in the chemical components and the
cellular effects of particulate matter collected in Northern China☆
Yan Lyu a, Shu Su b,⁎, Bin Wang c, Xi Zhu b, Xilong Wang b, Eddy Y. Zeng d, Baoshan Xing e, Shu Tao b

a College of Geographic and Environment, Shandong Normal University, Jinan 250014, China
b College of Urban and Environmental Sciences, Laboratory for Earth Surface Processes, Peking University, Beijing 100871, China
c Institute of Reproductive and Child Health, Ministry of Health Key Laboratory of Reproductive Health, School of Public Health, Peking University, Beijing 100191, China
d School of Environment, Guangdong Key Laboratory of Environmental Pollution and Health, Jinan University, Guangzhou 510632, China
e Stockbridge School of Agriculture, University of Massachusetts, Amherst, MA 01003, United States
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Significant seasonal and spatial differ-
ences in PM-induced cellular effects

• Responses of A549 cells were more
closely associated with endotoxin and
hydrocarbons of PM10.

• Responses of RAW264.7 cells were
more closely associated with metals of
PM10.
☆ The authors declare no competing financial interest.
⁎ Corresponding author.

E-mail address: sushu@pku.edu.cn (S. Su).

https://doi.org/10.1016/j.scitotenv.2018.01.224
0048-9697/© 2018 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 September 2017
Received in revised form 23 January 2018
Accepted 23 January 2018
Available online 20 February 2018

Editor: Jay Gan
The health effects of airborne particulate matter (PM) are likely to be strongly influenced by its components. The
relationship between the composition of PMand its biological effects has been investigated in vitro/vivo, butmore
studies are needed to achieve a better understanding of the relationship. Such studies are limited in Northern
China, where severe air pollution causes significant health impacts. In this study, we analyzed seasonal PM10

(PM, aerodynamic diameter less than 10 μm) samples from five typical cities in Northern China for their physi-
cochemical properties and their in vitro effects on A549 (human lung epithelial cell line) and RAW264.7 (murine
monocyte macrophage) cells, including cytotoxicity, oxidative stress and inflammatory effects. Principal compo-
nent analysis and multiple linear regressions were used to investigate the relationship between the PM compo-
nents and the cellular responses. The cellular responses of A549 cells were more closely related to the endotoxin
content and the levels of polycyclic aromatic hydrocarbons (PAHs) and their derivatives, while the cellular re-
sponses of RAW264.7 cells were largely related to PM10-bound metals, and the chalcophile elements (Pb, Cu,
Zn, Cd) were more related to the PM-induced oxidative stress, whereas the lithophile and siderophile elements
(Al, Fe, Mg, Co, V, Mn, Ca) were more related to PM-induced inflammation and cytotoxicity. As PM compositions
changed seasonally,more intense cellular responseswere seenwhen A549 cells were exposed towinter samples
that contained higher levels of those components. The autumn and winter samples induced higher levels of ox-
idative stress inRAW264.7 cells, possibly due to higher contents of chalcophile elements,whereas the spring and/
or summer samples weremore cytotoxic and proinflammatory, possibly due to higher contents of lithophile and
siderophile elements. The study suggests that the evaluation of health impacts induced by air pollution should
Keywords:
Particulate matter components
in vitro
seasonal variation
spatial variation

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2018.01.224&domain=pdf
https://doi.org/10.1016/j.scitotenv.2018.01.224
mailto:sushu@pku.edu.cn
Journal logo
https://doi.org/10.1016/j.scitotenv.2018.01.224
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/scitotenv


1628 Y. Lyu et al. / Science of the Total Environment 627 (2018) 1627–1637
take into account different physiochemical properties other than the mass concentration, and that public health
would benefit greatly from effective, prioritized control of the sources that are themajor producers of the central
species.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Adverse health effects, especially cardiopulmonary effects, may be
induced by exposure to particulate matter (PM). There is growing evi-
dence from in vivo, in vitro, and epidemiological studies showing that
the health impacts are not only associated with PM mass but also the
components and the particle size. There has been more evidence re-
garding elemental carbon (EC), organic carbon (OC), and metals than
there has been regarding inorganic ions such as the sulfate and nitrate,
but no PM component had evidence of zero health impact (Lippmann
and Chen, 2009; Mauderly and Chow, 2008; Rohr and Wyzga, 2012).
Metals such as nickel (Ni), vanadium (V), aluminum (Al), silicon (Si),
lead (Pb), zinc (Zn), iron (Fe), and copper (Cu) have been found to be
associated with PM-related health effects on both the respiratory and
the cardiovascular systems (Donaldson and Borm, 2006; Lippmann
et al., 2006; Rohr andWyzga, 2012). EC, OC and representative organics
such as polycyclic aromatic hydrocarbons (PAHs) are common indica-
tors of carbonaceous materials in PM, and have also been found to be
closely associated with adverse health effects (Binková et al., 2003;
Lippmann, 2014). In addition, the role of biological components cannot
be ignored, especially endotoxin, which is the lipopolysaccharide in the
cell walls of gram-negative bacteria. Positive associations of PM endo-
toxin levels with cellular inflammatory effects have been observed in
numerous experiments, particularly those involving exposure to coarse
PM samples (Becker et al., 2005; Wang et al., 2013).

Cellular assays using cell lines such as A549 (human lung epithelial
cell line), BEAS-2B (human bronchial epithelial cell line), J774A.1
(mouse macrophage cell line), and RAW264.7 (mouse macrophage
cell line), are commonly adopted to rapidly screen the biological effects
of airborne particles and to further investigate the toxicity mechanisms
(Ayres et al., 2008; Nemmar et al., 2013). The involvement of inflamma-
tory effects and oxidative stress in particle-induced adverse health ef-
fects has been confirmed many times (Dergham et al., 2012;
Mirowsky et al., 2015). Cytokines, reactive oxygen species (ROS), the
ratio of glutathione and glutathione disulfide levels and the expression
level of heme oxygenase are the most common indicators of inflamma-
tion and oxidative stress in cells (Becker et al., 2005; Gualtieri et al.,
2010; Li et al., 2002).

China is suffering from severe air pollution, especially in some re-
gions such as the North China plain. Exposure to air pollution is associ-
ated withmillions of premature deaths in China. A few previous studies
have used in vitro cell lines to evaluate the toxicity of ambient particles
in some cities such as Beijing (Shang et al., 2013; Wang et al., 2011,
2013), Hangzhou (Zhou et al., 2017) and Nanjing (Jalava et al., 2015)
in East China, and Baotou (Geng et al., 2006) and Wuwei (Geng et al.,
2005) in Northwest China. For example, a study during the summer of
2008 in Beijing showed that most of the individual components of
PM2.5 (e.g. OC, EC, and metallic elements) were significantly correlated
with one or more of the eight detected cytokines/chemokines in the su-
pernatants of murine alveolar macrophage (MH-S) cells and that the
endotoxin content was most significantly associated with all cytokines
(Shang et al., 2013). Another study in Beijing found that inflammatory
effects were significantly correlated to the PM size and the levels of
endotoxin, metals and PAHs, while oxidative stress was not associated
with any of the components (Lu et al., 2014). A recent publication on
the cellular effects of ambient PM2.5 collected from 4 cities in the
Beijing-Tianjin-Hebei region in the winter of 2015 showed that some
PAHs and their derivatives, such as benzo[a]anthracene, 1,4-
chrysenequinone and 1-naphthaldehyde, were significantly correlated
with the levels of cytokines/chemokines (tumor necrosis factor ɑ, and
interleukin 6) in A549 cells (Niu et al., 2017).

It is expected that there are large temporal and spatial variations in
PM physicochemical properties depending on sources and the aging
process; thus, different cellular responses could be induced by PM sam-
ples from different seasons and regions. Analyzing differences in the
PM-induced cellular responses along with the physicochemical proper-
ties of the PMmay provide insight into the specific contribution of cer-
tain PM components. In this study, we analyzed the physicochemical
properties and the biological effects of PM10 samples collected during
four seasons in five cities (Beijing, Dezhou, Taiyuan, Wuwei, and Yin-
chuan) inNorthern China,where severe PMpollution anda significantly
higher frequency of haze have gained much global attention in recent
years. The physicochemical properties as well as the in vitro toxicity of
the PM10 samples were analyzed, and the correlation between them
was also investigated to determinewhich PM components or properties
were most closely related to the biological effects. The results may be
helpful in determining the specific contribution of each PM component
to the cellular effects induced by the whole PM.

2. Methodology

2.1. PM sampling and preparation

From April 2010 to March 2011, a field campaign was conducted to
evaluate air pollution in North China. Details about the study area and
the sampling can be found in Li et al., (2015). Briefly, PM10 samples
were sampled with glass fiber filters using a medium volume sampler
(300 l/min, PM10-PUF-300, Guangzhou, China). The sampling duration
was 72-h permonth. In the present study, samples from five large cities
(Beijing, Dezhou, Taiyuan, Wuwei and Yinchuan) were analyzed for
their cellular effects. For each site, monthly sampleswere pooled to cre-
ate seasonal samples, and thus, a total of 20 PM10 samples were studied.

PM was extracted from the filters in ultrapure water by sonication
for 5 min (50 W, KQ-50, Jiangsu, China) (Camatini et al., 2012; Shang
et al., 2013). The aqueous extraction was considered to be a gentler
method (Shang et al., 2013). The extracted PM was quantified and fur-
ther diluted to obtain a 2mg/ml PM suspension. The above PM stock so-
lution was supplemented with penicillin (100 U/ml, Gibco, CA, USA) as
well as streptomycin sulfate (100 μg/ml, Gibco, CA, USA) and then pre-
served at−80 °C to inhibit the growth of microorganisms. Blank filters
without PM were extracted following the same procedure described
above and were used as controls.

2.2. PM characterization

The characterization of the PM in this study included hydrodynamic
sizes, Zeta potentials, water soluble ions (nitrate and sulfate), dithiothre-
itol (DTT) activity, and the levels of endotoxin, metals, PAHs and PAH de-
rivatives. The Zeta potential, the electrostatic potential of the shear plane
of particles, is associated with the surface charges on particles as well as
the suspension medium (Zhang et al., 2008), and may affect the interac-
tion between the particles and the negatively charged cell surface (Cho
et al., 2012;McGuinnes et al., 2011). The Zeta potentials and the hydrody-
namic sizes of the PM were measured in complete medium (with 10%
fetal bovine serum, FBS) using the Zetasizer Nano (NanoZS90, Malvern,
UK). The PM suspension was filtered through 0.45 μm micropore filters,
and the filtrate was analyzed by an ion chromatograph (792 Basic,
Switzerland) to determine the sulfate and nitrate contents of the PM.
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For the PAHs and their derivatives of PM samples, the extraction, cleanup
and analysis steps were performed using a microwave accelerated
reaction system (MARS2Xpress, CEM, NY, USA), a silica-alumina column,
and a gas chromatograph-mass spectrometer (GC-MS, Agilent 6890/
5973, Agilent 7890/5975, CA, USA), respectively. In total, 21 parent
PAHs (pPAHs), 4 oxygenated PAHs (oPAHs) and 12 nitrated PAHs
(nPAHs) were identified (Li et al., 2015), namely, acenaphthene,
acenaphthylene, fluorene, phenanthrene, anthracene, fluoranthene,
pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, dibenz(a,h)anthracene, indeno(1,2,3-cd)
pyrene, benzo(g,h,i)perylene, benzo(e)pyrene, perylene, retene, dibenzo
(a,l)pyrene, dibenzo(a,e) pyrene, dibenzo(a,h)pyrene, 9-fluorenone,
anthracene-9,10-dione, benzo(a)anthracene-7,12-dione, benzanthrone,
1-nitro-naphthalene, 2-nitro-naphthalene, 5-nitro-acenaphthene, 2-
nitro-fluorene, 3-nitro-phenanthrene, 9-nitro-phenanthrene, 9-nitro-
anthracene, 3-nitro-fluoranthene, 1-nitro-pyrene, 7-nitro-benzo(a)an-
thracene, 6-nitro-chrysene, and 6-nitro-benzo(a)pyrene. A proportion of
filters was digested by a mixture of HNO3 and HClO4 and was analyzed
for metals by the inductively coupled plasma-atomic emission spectrom-
etry (Optima 3300DV, Waltham, MA, USA). Thirteen metals were ana-
lyzed, including Al, Ca, Mg, Fe, V, Co, Cr, Ni, Mn, Cd, Pb, Cu, and Zn. DTT
(Sigma-Aldrich, USA) activity was measured based on methods from
Cho et al. (2005), indicating the oxidative potential of the PM samples.
The PM suspension was diluted by endotoxin-free water to 50 μg/ml
and was analyzed for endotoxin content using commercialized
tachypleus amebocyte lysate kits (Horseshoe Crab Reagent, Xiamen,
China) following the manufacturer's instructions.

Triplicate measurements were taken for PM Zeta potentials, DTT ac-
tivity and PAHs analysis, whereas duplicate measurements were taken
for endotoxin contents, and only one measurement was taken for hy-
drodynamic sizes, inorganic ions and metals due to the limitation of in-
sufficient samples. This could contribute to uncertainty in the
interpretation of the results.

2.3. Cell culture and exposure

RAW264.7 and A549 cell lines (Cell Resource Center, IBMS, China)
were used as cellular models. A549 cells and RAW264.7 cells were cul-
tured in RPMI 1640 medium (RPMI, Hyclone, CA, USA) and Dulbecco's
Modified Eagle's Medium (DMEM, Hyclone, CA, USA), respectively,
with 10% FBS (Gibco, CA, USA), 100 U/ml penicillin (Gibco, CA, USA)
and 100 μg/ml streptomycin sulfate (Gibco, CA, USA). Both types of
cells were cultured with 5% CO2 at 37 °C in an incubator (Sanyo,
Japan). A549 and RAW264.7 cells in the logarithmic growth phase
were seeded at a concentration of 3 ∗ 105 cells/well on 12-well plates.
After 24 h of incubation, the above cells were exposed to working con-
centrations (50–400 μg/ml) of 20 PM10 samples along with controls for
different times based on the selected endpoints and cell types. Different
time-points were selected based on our preliminary experiments to
show as many significant differences among the samples as possible
while maintaining acceptable cell viability. The PM stock solution was
thawed,mixed and sonicated for 3min before being diluted into various
working concentrations with complete medium.

2.4. In vitro endpoints

To measure the intracellular ROS concentrations, A549 and
RAW264.7 cells were incubated with 100, 200 and 400 μg/ml PM sus-
pensions for 24 h and 18 h, respectively. After exposure, the cultureme-
dium was removed while the remaining cells were incubated with 10
μmol/l dihydroethidium (DHE, Sigma-Aldrich, USA) at 37 °C for
30 min. The extra DHE solution was then discarded, and the remaining
cells were rinsed twice with RPMI/DMEM medium before being
trypsinized by trypsin-EDTA (Gibco, CA, USA) to obtain the cell suspen-
sion. The fluorescence intensity of the cells was detected at the excita-
tion/emission wavelengths of 488/630 nm by a flow cytometry
(Becton Dickinson, NJ, USA). When analyzing the cytokines in the cul-
ture medium, the exposure time for A549 cells was 45 h, and the expo-
sure time for RAW264.7 cells was 24 h. After the incubation (with 50,
100 and 200 μg/ml PM suspensions), the culture mediumwas collected
and further centrifuged at 3000 g for 15 min. The supernatants were
stored at −80 °C before the analysis of cytokines. Interleukin-8 (IL-8)
and tumor necrosis factor-ɑ (TNF-ɑ) are widely used indicators of in-
flammatory effects for A549 and RAW264.7 cell models, respectively
(Camatini et al., 2012; Jalava et al., 2008), and they were both analyzed
by enzyme-linked immuno-absorbent assay kits according to the man-
ufacturer's instructions (Wuhan Boster, Wuhan, China). To determine
the cell viability, A549 cells were exposed to 50, 100, 200 and 400 μg/
ml PM suspensions for 45 h, while RAW264.7 cells were exposed to
the same concentrations for 24 h. After exposure, the cells were
trypsinized, resuspended, and incubated with 10 μg/ml propidium io-
dide (PI, Sigma-Aldrich, USA) for another 10min. Further determination
of cell death rates (PI positive) was made using a flow cytometry
(Becton Dickinson, NJ, USA). 20,000 cells were analyzed, and the intrin-
sic fluorescence intensity of particles (without PI) were detected and
subtracted to exclude the disturbance of particles.

Triplicate measurements were taken for cell death rates (A549 and
RAW264.7 cells), intracellular ROS concentrations of RAW264.7 cells,
IL-8 and TNF-ɑ concentrations, whereas duplicate measurements were
taken for the ROS concentrations of A549 cells, due to the limited quan-
tities of samples.

2.5. Data analysis

The ratio of PI positive cells to total cells was calculated and identi-
fied as the cell death rate. The fold increases of the DHE fluorescence in-
tensity, the cytokine levels and the cell death rates compared to the
control were also calculated. The results are shown as the means
along with the standard deviations. Seasonal and site differences in
PM components and cellular responses induced by PM were analyzed
by using ANOVA. The cellular response at a specific exposure dose rela-
tive to the control was examined by the t-test. Pearson's correlation
analysis was used to investigate the relationship among the cytotoxic-
ity, oxidative stress, and inflammatory effects. Principal component
analysis (PCA) was conducted (with data from all samples pooled to-
gether) to decrease the interdependency and dimensionality of physi-
cochemical properties of PM. PCA was conducted with a cut-off point
of Eigenvalues N 1.0, and Varimax rotation was applied. The relation-
ships between the cellular responses and the PMphysicochemical prop-
erties were investigated by multiple linear regression models with the
cellular responses (ROS generation, cytotoxicity, and inflammatory ef-
fects) as the dependent variables and the extracted principal compo-
nents (PCs) as the independent variables. Statistical analysis was
carried out with SPSS 18.0 (SPSS Inc., USA), and a significance level of
0.05 was adopted.

3. Results

3.1. Physicochemical characterization

3.1.1. Zeta potentials and hydrodynamic sizes
The Zeta potentials of twenty PM10 samples were measured in com-

plete medium, and their values were relatively stable, ranging from −
12.6 to −9.17 mV (Fig. S1). The seasonal differences in Zeta potentials
were not statistically significant in Beijing, Taiyuan or Yinchuan (p =
0.083, 0.073 and 0.228, respectively), although they were generally
lower in the winter. The seasonal difference was statistically significant
in Dezhou (p = 0.003) and Wuwei (p = 0.012). In Dezhou, the Zeta
value was high in the spring and low in the winter. In Wuwei, the
value in the spring was also higher than that in the winter, but the
highest Zeta potentialwas found in PM collected in the autumn. The dif-
ferences among sites were only statistically significant in the spring
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(lower in Wuwei than in the other cities) and the winter (higher in
Dezhou compared to the other cities), while in the other two seasons,
the Zeta potentials of PM from different sites were not significantly dif-
ferent. Based on the size distributions of particles, theweighted average
hydrodynamic size of the PM10 samples could also be analyzed (Fig. S2).
Our results indicated that the size was more related to the sampling lo-
cations than to the sampling time. The samples from Dezhou were gen-
erally smaller than the samples from the other locations.

3.1.2. Nitrate and sulfate
The nitrate and sulfate contentswere 7.43–183 μg/mg and 0–289 μg/

mg, respectively. These two inorganic constituents accounted for
0.743–40.2% of the whole PMmass (Fig. S3). Based on the annual aver-
age, the nitrate and sulfate accounted for as much as 29.8% of the PM in
Dezhou and as little as 8.16% of the PM inWuwei.Wuwei and Yinchuan,
located in the western parts of China, are less developed compared to
the other three cities. Emissions from vehicles and industrial sectors in
the developed cities, especially Beijing and Dezhou, possibly caused
higher levels of NOx, SO2, and VOCs (volatile organic compounds),
which are important precursors of secondary PM. In Beijing, Dezhou
and Taiyuan, higher inorganic contents were found in the summer
and winter, whereas in Wuwei and Yinchuan, the highest inorganic
content was found in thewinter. Longer sunshine duration,more inten-
sive solar radiation and higher relative humidity in the summer facili-
tated the conversion of NOx and SO2 to nitrate and sulfate (Yao et al.,
2003; Zhang et al., 2013). In the winter, increased emissions of gaseous
pollutants from heating were responsible for the increased inorganic
contents (Yao et al., 2003).

3.1.3. Metals
The total concentrations of the 13 metals measured ranged from

20.9 to 85.6 μg/mg, and among them, the Al, Ca, Mg, Fe contents were
higher than the others and were all above 1000 ng/mg in all PM sam-
ples. The above elements were divided into three categories, namely,
lithophile elements (Al, Ca, Mg, V, Cr, Mn), siderophile elements (Fe,
Co, Ni) and chalcophile elements (Cd, Pb, Cu, Zn), according to the
Goldschmidt geochemical classification based on their preferred host
phases (Krauskopf, 1967). As seen in Fig. 1, in general, lithophile ele-
ments and siderophile elements exhibited similar seasonal trends,
namely, having higher levels in the spring. A relatively higher frequency
of sandstorms in the spring could probably explain the tendency for
lithophile elements, as they are mainly derived from the resuspension
of road dust and surface soil (Clayton et al., 1988; Yang et al., 2011).
However, chalcophile elements were higher in the autumn and winter
samples. Combustion sources are thought to be the major sources of
chalcophile elements (Cyrys et al., 2003; Goforth and Christoforou,
2006), and increased emissions from fossil fuel combustionmay explain
the seasonal variation. For the regions, the PM10 samples from Beijing
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Fig. 1. Chalcophile (Cd, Pb, Cu, Zn), lithophile (Al, Ca, Mg, V, Cr, Mn) and siderophile element (F
(TY), Wuwei (WW) and Yinchuan (YC) in four seasons.
and Taiyuan were abundant in all three categories of elements. The
Wuwei samples were more abundant in siderophile elements and less
abundant in chalcophile elements; however, the Dezhou samples ex-
hibited a totally opposite trend. Both siderophile and chalcophile ele-
ment levels were low in the Yinchuan samples. Wuwei is near the
desert and is easily affected by sandstorms, which might explain the
higher levels of lithophile elements in the Wuwei samples. Low indus-
trial activity and vehicle emissions in Yinchuan possibly caused the rel-
atively low metal contents in the samples from this area. It should be
noted that because only one measurement was taken for metals due
to insufficient samples, the temporal and spatial differences here were
not statistically tested.

3.1.4. PAHs and the derivatives
PAHs and their derivatives were analyzed as representatives of the

organic constituents of PM. The sum of 21 pPAHs, 4 oPAHs and 12
nPAHs of 20 PM10 samples were 82.4–3922 ng/mg, 3.49–164 ng/mg
and 0.451–14.1 ng/mg, respectively (Fig. 2). The sampling seasons and
locations exhibited different effects on the contents of PAHs and their
derivatives. PM samples fromdifferent seasonswere significantly differ-
ent (p b 0.05) in their contents of pPAHs, oPAHs andnPAHs,whereas the
samples from different regions were only significantly different in
nPAHs in the summer and the winter, and in oPAHs in the summer. In
general, for all studied cities, high concentrations of pPAHs, nPAHs and
oPAHswere observed in thewinter and low concentrations in the sum-
mer. This trend may be explained by the high emissions from heating
and low evaporation loss that occurred in the winter, and the lower
emissions from the residential sector, more frequent rainwash, and rel-
atively higher evaporation from particles to the gaseous phase in the
summer.

3.1.5. Endotoxin
The endotoxin content of all samples ranged from 2.43 to

17.8 EU/mg (Fig. 3). The winter samples contained higher concentra-
tions of endotoxin in all five cities (p b 0.05). The site differences were
statistically significant in all four seasons. The highest endotoxin levels
were found in PM from Wuwei in the spring, autumn and summer,
while in the winter the endotoxin level in Wuwei was close to that in
Taiyuan, and they were much higher than in the other three cities.

3.1.6. DTT activity
The DTT activity of our samples ranged from 0.0103 to 0.0308 nmol/

(min·μg). As shown in Fig. S4, the DTT activity was higher for the sam-
ples from Beijing than those from the other cities (p b 0.05). The activity
was also significantly affected by the sampling time (p b 0.05). The DTT
activity of PM samples collected in thewinterwasmuch higher than the
activity of those collected in the other seasons in the four cities other
than Beijing. In Beijing, the DTT activity of the PM in the winter was
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similar to that in the autumn, and they were higher than the DTT activ-
ity of the PM collected in the spring and the summer. As mentioned be-
fore, the winter samples were rich in pPAHs, oPAHs and chalcophile
elements, whichmay be responsible for the relatively higher DTT activ-
ity of these samples.

3.2. In vitro toxicity

3.2.1. Cellular responses in A549 cells
The cytotoxicity, oxidative stress, and inflammatory effects induced

by PM in A549 cells had positive correlations, although they were not
significant (Table S1). The death rates of A549 cells caused by 20 PM10

samples were all below 7% (Fig. S5), indicating the relatively low cyto-
toxicity of these samples. Compared to the control, samples from the
summer, autumn and winter significantly increased the cell death rate
from the concentration of 100 μg/ml (p b 0.05, except for the Beijing
sample in summer), however, only a few spring samples significantly
increased the death rate at higher exposure concentrations (e.g. 400
μg/ml in this study) (Fig. 4a). Although PM-induced cytotoxicity was
not very significant here, all PM10 samples induced significant dose-
dependent responses (p b 0.05). In line with the cytotoxicity results,
the intracellular ROS levels were enhanced by a factor of 1.0–1.6 in
A549 cells; however, significant dose-dependent responses (p b 0.05)
were still induced by nearly all PM10 samples, apart from summer sam-
ples fromBeijing and Yinchuan (Fig. 5a). PM-induced inflammationwas
more obvious than the above two responses, as indicated by the
0.85–32 fold increase in IL-8 concentrations (Fig. 6a). Except for the
summer sample from Yinchuan and the winter sample from Dezhou,
the other 18 samples significantly increased the secretion of IL-8, even
at the exposure concentration of 50 μg/ml (p b 0.05). Furthermore,
dose-dependent increases in IL-8 were seen in cells exposed to all
20 PM10 samples (p b 0.05).
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Fig. 3. Endotoxin contents of twenty PM10 samples collected in Beijing (BJ), Dezhou (DZ), Taiyu
and standard deviations.
Significant differences in cellular responses were proven for cells ex-
posed to different seasonal and regional samples (Figs. 4a, 5a, and 6a).
Differences in the cellular effects induced by PM from different seasons
were statistically significant for the five cities (p b 0.05). The winter
samples were more potent in inducing all three cellular responses of
A549 cells. Differences in the cellular responses induced by PM fromdif-
ferent sites were also observed, but they varied seasonally. Generally,
when incubated at the concentration of 200 μg/ml, the samples from
Yinchuan exhibited the highest ability to enhance intracellular ROS
levels, while the samples fromWuwei seemed to be more powerful at
inducing cytotoxicity and inflammatory effects.

3.2.2. Cellular responses in RAW264.7 cells
The cytotoxicity, oxidative stress and inflammatory effects in

RAW264.7 cells induced by PMwere not significantly correlated, except
the cytotoxicity with the inflammatory effects (r=0.451, p=0.046) at
the exposure concentration of 100 μg/ml (Table S1). All 20 samples sig-
nificantly enhanced the death rates of RAW264.7 cells from the concen-
tration of 100 μg/ml (p b 0.05) (Fig. 4b), with death rates ranging from
1.83% to 14.9% (Fig. S6). Furthermore, all PM10 samples induced signifi-
cant dose-dependent responses in cells (p b 0.05). Oxidative stress and
inflammatory effects in RAW264.7 cells were even more significant
than cytotoxicity (Figs. 5b, 6b). Except for the Beijing sample in winter,
the other samples all induced significant dose-dependent responses, for
both oxidative stress and inflammation (p b 0.05). The ROS levels in
RAW264.7 cells were enhanced 0.97–2.0 fold. Additionally, 13–190
fold increases in TNF-ɑ concentrations were observed. Nearly all PM
samples significantly raised the cytokine levels from the concentration
of 50 μg/ml (p b 0.05, except the Beijing sample in autumn) compared
to the control.

The death rates, ROS levels and TNF-ɑ concentrations were signifi-
cantly different for cells exposed to samples from different seasons
TY WW YC

an (TY),Wuwei (WW) and Yinchuan (YC) in four seasons. The results are shown asmeans



Fig. 4. Death rates (fold increase compared to control) of (a) A549 cells and (b) RAW264.7 cells exposed to twenty PM10 samples collected in Beijing (BJ), Dezhou (DZ), Taiyuan (TY),
Wuwei (WW) and Yinchuan (YC) in four seasons. Spr, sum, aut and win stand for spring, summer, autumn and winter, respectively. The results are shown as means and standard
deviations. * Significantly different from the control (p b 0.05). # Significant dose-dependent increase (p b 0.05).
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(Figs. 4b, 5b, and 6b). Generally, the winter PM samples were more po-
tent at increasing the ROS concentrations in RAW264.7 cells than the
spring and/or summer samples. However, the spring or summer PM
Fig. 5.ROS levels (fold increase compared to control) in (a) A549 cells and (b) RAW264.7 cells ex
(WW) and Yinchuan (YC) in four seasons. Spr, sum, aut and win stand for spring, summer, aut
Significant dose-dependent increase (p b 0.05).
samples were apparentlymore cytotoxic and proinflammatory. The dif-
ferences in cellular effects induced by samples from different regions
were also statistically significant. Higher ROS levels and cytotoxicity
posed to twenty PM10 samples collected inBeijing (BJ), Dezhou (DZ), Taiyuan (TY),Wuwei
umn and winter, respectively. The results are shown as means and standard deviations. #



Fig. 6. (a) IL-8 concentrations (fold increase compared to control) of A549 cells and (b) TNF-ɑ concentrations (fold increase compared to control) of RAW264.7 cells exposed to twenty
PM10 samples collected in Beijing (BJ), Dezhou (DZ), Taiyuan (TY), Wuwei (WW) and Yinchuan (YC) in four seasons. Spr, sum, aut and win stand for spring, summer, autumn and
winter, respectively. The results are shown as means and standard deviations. * Significantly different from the control (p b 0.05). # Significant dose-dependent increase (p b 0.05).

Table 1
Multiple linear regression (backward regression) of cellular responses of A549 and
RAW264.7 cells to extracted PM principal components.

Cells Responses Predictors Standard
B-value

P-value Adjusted
R square

A549 ROS PC2
b 0.601 0.005 0.326

IL-8 PC6
e 0.645 0.000 0.759

PC2b 0.486 0.001
PC1a 0.381 0.004

Death rate PC2
b 0.559 0.002 0.574

PC1a −0.362 0.029
PC7

f 0.342 0.037
PC6e 0.321 0.049

RAW264.7 ROS PC4
d 0.661 0.001 0.526

PC7f 0.372 0.031
TNF-ɑ PC1a 0.564 0.006 0.375

PC3c −0.349 0.071
Death rate PC1

a 0.677 0.001 0.428

a PC1 (Al, Fe, Mg, Co, V, Mn, Ca).
b PC2 (pPAHs, oPAHs, nPAHs).
c PC3 (sulfate, nitrate, size).
d PC4 (DTT, Pb, Cu, Zn).
e PC6 (Zeta, endotoxin).
f PC7 (Cd).
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were observed in cells exposed to samples from Beijing. Samples from
Wuwei initiated the strongest inflammatory effects in RAW264.7 cells
compared to the samples from the other cities.

3.3. Correlation between chemical compositions and cellular responses

Seven PCs were extracted from the PCA analysis (Table S2): PC1 (Al,
Fe, Mg, Co, V, Mn, Ca); PC2 (pPAHs, oPAHs, nPAHs); PC3 (sulfate, nitrate,
size); PC4 (DTT, Pb, Cu, Zn); PC5 (Cr, Ni); PC6 (Zeta, endotoxin); and PC7
(Cd). These 7 PCs together can explain 93% of the total variance. The re-
sponses of A549 and RAW264.7 cells when exposed to the PM concen-
tration of 200 μg/ml were then linearly regressed depending on the
resultant principal components. The results are listed in Table 1.

According to the linear regression analysis, the characterized com-
ponents showed different impacts on the induction of intracellular
ROS, inflammatory cytokines and cytotoxicity. In addition, the relative
associations of the PM components with the biological responses were
also different between the epithelial andmacrophagic cells. The cellular
responses of A549 cells weremore related to PAHs and their derivatives
(PC2) and biological constituents (PC6). Metals played distinct roles in
various responses. The secretion of IL-8 was most related to the PM en-
dotoxin, while hydrocarbons (like pPAHs, oPAHs, and nPAHs in this
study) and metals (Al, Fe, Mg, Co, V, Mn, and Ca) also made possible
contributions. Cytotoxicity and oxidative stress were mainly related to
PAHs and their derivatives. Cd and endotoxin were also assoicated
with PM-induced cytotoxicity. The cellular responses of RAW264.7
cells were nearly all related to metals (PC1, PC4, and PC7). The PC1 sub-
group (Al, Fe, Mg, Co, V, Mn, Ca) was more related to TNF-ɑ release
and cytotoxicity, while the metals in the PC4 and PC7 subgroups (Pb,
Cu, Zn, and Cd) had more associations with oxidative stress.

4. Discussion

ROS production and cytokine release are common responses in-
duced by PM (Kumagai et al., 1997; Mutlu et al., 2011; Schneider
et al., 2005). In this study, the cellular responses-cytotoxicity, ROS
generation, and inflammatory effects were not significantly correlated
with each other. The hierarchical oxidative stress model presumes
that moderate ROS generation can be dealt with by the cellular antiox-
idant defense system (Li et al., 2008; Nel et al., 2006). However, adverse
responses, such as inflammatory or even cytotoxic effects, may occur
when the level of the ROS exceeds the ability of the system to neutralize
them (Xia et al., 2006). The insignificant correlation may suggest that
oxidative stress and inflammation are independent of each other and
that they may cause cytotoxicity through separate signaling pathways
by different PM constituents. However, this is not conclusive, as the cor-
relation analysis was limited to the sample size, cells and PM types in
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the in vitro experiments. Further studies may be needed to better ex-
plain the relative correlation, as the DHE used in this study merely
acts as an estimate of intracellular ROS production (Pardo et al., 2015).

Compared to A549 cells, RAW264.7 cells were more sensitive to the
collected PM samples, as indicated by the more intense responses and
steeper dose-response curves observed. More significant dose-
dependent cytotoxicity of macrophages compared to epithelial cells
when exposed to the same range of diesel exhaust particles (DEP) was
also found by others (Hiura et al., 1999). The greater tolerance of A549
cells may be associatedwith their higher resistance to a possible distur-
bance of redox homeostasis (Chang et al., 2006; Dandrea et al., 2004).

4.1. Differences in ROS production

The generation of intracellular ROS was largely related to hydrocar-
bons (pPAHs, oPAHs, nPAHs) for A549 cells and to chalcophile elements
(Pb, Cu, Zn, Cd) for RAW264.7 cells. According to the physicochemical
characterization of the PM, pPAHs, oPAHs and nPAHs were more abun-
dant in thewinter samples, and this probably explained the greater induc-
tion of oxidative stress in A549 cells by the winter samples. However, the
high capability of the Yinchuan samples in increasing the ROS levels of
A549 cells seemed to be associated with some undetected PM properties,
as these samples contained moderate hydrocarbons. Higher contents of
chalcophile elements and a greater capacity to induce oxidative stress in
RAW264.7 cellswere simultaneously seen in the autumn andwinter sam-
ples. When exposed to the autumn samples, the relative ROS concentra-
tions in RAW264.7 cells exhibited the same tendency as the relative
chalcophile element contents in the samples from the five cities.

It was reported in the literature that particleswith higher contents of
PAHs could induce higher oxidative stress in epithelial cells
(Totlandsdal et al., 2015). Compounds such as quinones can catalyze
the generation of intracellular reactive radicals through redox-cycling
between semiquinones and quinones mediated by NADPH cytochrome
P450 reductase (Li et al., 2003a). Nevertheless, they may just act as the
surrogate for other undetected PM properties or only play a partial role
in cellular ROS generation, since the high inductive activity of Yinchuan
samples in A549 cells could not bewell explained by their PAH contents.
Metals such as Fe, Cu, Cr, Ni, and V are supposed to disturb cellular redox
homeostasis by directly taking part in the electron transfer process, as
they are stable in at least two valence states. Other metals such as Zn,
Pb and Cdmay indirectly increase oxidative stress by depleting intracel-
lular reductants (glutathione, sulfhydryl proteins) or disturbing the ho-
meostasis of othermetals, especially Fe (Donaldson and Borm, 2006). In
this study, the chalcophile elementsweremore active than othermetals
in the generation of intra-RAW264.7 ROS. Further studies should be
done to determine the possible reason.

Apart from interfering with cellular ROS generation, particles could
also generate acellular oxidants by themselves. Reactive radicals, such as
semiquinone radicals,may be initially generated at the surface of particles
through heterogeneous reactions and could be stable during the migra-
tion of PM (Dellinger et al., 2001). Additional oxidants may also be
produced and act as free diffusible groups when the particles are
prepared in an aqueous solution (Knaapen et al., 2004). The DTT activity
of PM partially illustrates its capacity to generate acellular oxidants. In
this analysis, the capacity of PM to induce acellular (DTT activity) and
cellular oxidants (intracellular ROS) were highly correlated for
RAW264.7 cells (Pearson's correlation, PM= 100 μg/ml, r = 0.450, p =
0.046; PM = 200 μg/ml, r = 0.645, p = 0.002; PM = 400 μg/ml, r =
0.689, p=0.001). The close relationshipwas also demonstrated by others
(Li et al., 2003b), and thus, the DTT activity of PM could serve as an indi-
cator of its inductive activity of cellular oxidative stress.

4.2. Differences in cytokines

The metals (Al, Fe, Mg, Co, V, Mn, Ca) were related to the inflamma-
tory responses in both cells, especially RAW264.7 cells. The endotoxin
and hydrocarbons (pPAHs, oPAHs, nPAHs) were evenmore strongly re-
lated to the inflammation of A549 cells. Samples fromWuwei displayed
potent inductive activity in both epithelial cells andmacrophages, prob-
ably due to their richness in endotoxin, lithophile elements and
siderophile elements. Higher contents of endotoxin, together with
PAHs and their derivatives in the winter samples explained well the
stronger ability of these samples to trigger inflammation in A549 cells.
Although the spring samples were rich in lithophile and siderophile el-
ements, these samples did not show too much advantage in inflamma-
tion activation of RAW264.7 cells. More detailed physicochemical
characterization of PM should be done in future studies to determine
other possible reasons.

Gualtieri et al. (2010) investigated both A549 and BEAS-2B cell lines
and found that the PM10-induced inflammation of epithelial cells could
be partially attributed to endotoxin, as polymyxin B treatment partly
inhibited the proinflammatory effects of PM samples. Crustal elements
and organic compoundswere also proposed by the author as other pos-
sible inducers. When RAW264.7 cells were exposed to PM of different
size fractions, including PM1 (PM, aerodynamic diameter less than 1
μm), PM1–2.5 (PM, aerodynamic diameter between 1 and 2.5 μm) and
PM2.5–10 (PM, aerodynamic diameter between 2.5 and 10 μm), their in-
flammatory responses were also found to be highly correlated with the
metal contents (Fe, Cr, Mn) of the PM, whereas no correlation was ob-
served with the organic carbon (Huang et al., 2003). Endotoxin could
lead to the release of interleukin and TNF-ɑ in epithelial cells and mac-
rophages through a series of signaling pathways starting from binding
to the MD-2/CD-14/Toll-like receptors (Camatini et al., 2012;
Guastadisegni et al., 2010; Monn and Becker, 1999). Other components,
such as metals and hydrocarbons, could trigger inflammatory effects
through pathways that are activated by ROS produced during theirmet-
abolic processes (Donaldson and Borm, 2006). Although the large con-
tribution of water-soluble metals to the in vivo inflammatory effects
has been demonstrated (Pardo et al., 2015), further studies are still
needed to clarify the respective contributions of soluble versus insoluble
metals, as particles could enhance the bio-accessibility of metals
through increased internalization and more interaction with biomole-
cules due to the large specific area (Thomson et al., 2015). A comparison
between raw particles (especially DEP samples) and their organic ex-
tracts revealed that the organic fractions of PM played a relatively im-
portant role in inducing inflammatory effects (Baulig et al., 2009;
Vogel et al., 2005). However, the separation of these organic extracts
into more detailed fractions may be needed to further determine the
crucial constituents.

In RAW264.7 cells, a negative correlation between TNF-ɑ concentra-
tions and PC3 (sulfate, nitrate, size) was observed. Due to the negative
correlation between the hydrodynamic size and inorganic salts
(Table S2), positive effects of the particle size and/or negative effects
of the nitrate and sulfate may exist. The smaller hydrodynamic size
and weaker proinflammatory ability of the samples from Dezhou just
supported the positive effects of the particle size, and such effects
were also observed in our previous studies (Lu et al., 2014). More con-
tact with cells due to the more rapid sedimentation rates of larger par-
ticles is a possible reason. Secondary inorganic species were supposed
to have minimal biological effects (Rohr and Wyzga, 2012). The nega-
tive effects of the inorganic contents may be explained by the dilution
effects of these inactive components on the relatively active compo-
nents (hydrocarbons, metals, etc.) (Guastadisegni et al., 2010).

4.3. Differences in cytotoxicity

As indicated in the linear regression analysis, hydrocarbons (pPAHs,
oPAHs, nPAHs) and metals (Al, Fe, Mg, Co, V, Mn, Ca) played different
roles in the PM-induced cytotoxicity of A549 and RAW264.7 cells. In
A549 cells, the cytotoxicity was largely related to PAHs and their deriv-
atives, whereas the above metals were negatively associated with the
cytotoxicity. However, in RAW 264.7 cells, the above metals were
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positively related to the cytotoxicity. Winter PM samples were richer in
pPAHs, oPAHs and nPAHs, whereas spring and/or summer PM samples
contained higher contents of lithophile and siderophile elements. This
could probably explain the aforementioned relative tendency of sea-
sonal samples to induce cytotoxicity.

4.4. Potential implications for the control of pollution sources

The present study showed substantial differences in the biological
effects of PM from different seasons and sites, which was explained by
distinct PM components. PAHs and their derivatives, endotoxin, and
metals were found to be associatedwith themost significant cellular re-
sponses. The PM components greatly depend on the emission sources
and the aging process. Effective control of pollution sources may not
only lower the mass concentration levels of ambient PM but also the
levels of several central species, consequently lowering the cellular tox-
icity of ambient particles (Jin et al., 2016; Shang et al., 2013;Wang et al.,
2011).

Findings from the study call for the targeting of primary sources that
contribute largely to these species. Ambient PAHs are mainly from in-
complete combustion processes such as vehicle emissions and coal
and biomass burning in industrial and residential sectors. Inmost devel-
oping countries, including China, solid fuel combustion is amajor source
of PAHs (H. Shen et al., 2013), and residential coal combustion produces
greater amounts of high molecular weight PAHs, which are considered
to be more toxic than the low molecular weight PAHs (Shen et al.,
2013a, 2013b). Coal combustion is also a significant source of heavy
metals, in addition to sources such as ferrous and nonferrous metal
smelting, brake linings and tire wear of vehicles, and re-suspended
road dusts (Dore et al., 2014; Swietlik et al., 2015; Tian et al., 2015).

For the endotoxin, a component in the cell walls of gram-negative
bacteria, debris deposited on soil is considered to be one main source
of airborne endotoxin (Nemmar et al., 2013). In addition, the agricul-
tural sector, especially livestock farms and related activities, could be
an important source of airborne endotoxin (de Roojj et al., 2017;
Mueller-Anneling et al., 2004). High levels of endotoxin were also ob-
served in indoor and ambient air affected by biomass fuel burning and
tobacco smoking (Heidi et al., 2016; McNamara et al., 2013; Padhi
et al., 2017; Rajput et al., 2017; Semple et al., 2010; Sussan et al.,
2014). The endotoxin levels in the present study were close to the
range observed in 13 cities in Southern California (Mueller-Anneling
et al., 2004). Relatively high levelswere found in coldwinter. Higher en-
dotoxin in the cold seasons compared to thewarm seasons was also ob-
served in Mexico (Manzano-León et al., 2016). However, the endotoxin
levels in PM2.5 samples collected in Germany exhibited an opposite pat-
tern, peaking in the warmer seasons (June, July), and the levels were
positively correlated with the ambient temperature (Carty et al.,
2003). Itwas explained that higher temperatures in thewarmer seasons
were favorable to the growth of gram-negative bacteria, causing more
release of endotoxin from these bacteria into airborne particles (Carty
et al., 2003; Degobbi et al., 2011). However, as mentioned above, there
could be other sources of ambient endotoxin. Although ambient endo-
toxin levels could be affected by environmental factors such as temper-
ature, humidity and sunlight, controlling sources such as livestock farms
and indoor combustion sources is very important.

The sources of these toxic components are believed to vary in re-
gions and periods (H. Shen et al., 2013; Tian et al., 2015), and thus,
region-specific pollution control policies should be developed and effec-
tively implemented to reduce pollution and to protect human health.

4.5. Limitations of the study

We acknowledge the limitations of the present study, and additional
future studies are needed to develop a better understanding of the asso-
ciation between PM components and toxicity. PM in the present study
was collected on glass fiber filters, which may be not ideal for the cell
toxicity experiments. Although a control was conducted, and the cellu-
lar response was statistically significant compared to the control, care
should be taken when generalizing the absolute numeric results of the
study. Particle size is central to the toxic effects (Wang et al., 2013).
The present study results regarding PM10 may be different from those
found in PM2.5 and ultrafine particles. While the relationship between
the PM components and cellular toxicity was investigated using linear
regressionmodels, the correlation analysis results could obviously be af-
fected by the sample size and the number of independent variables. In
addition, these results did not indicate any causal relationship.

It should be noted that although the in vitro methods adopted have
been extensively used, there are obvious limitations of the methods.
Among other concerns, the results from the in vitro experiments cannot
be directly extrapolated to the in vivo setting. The results are also very
cell type dependent, which leads to difficulty in the interpretation of
the results. Compared with in vivo PM component studies, the experi-
mental conditions of in vitro tests aremuch easier to control, and the re-
sults are more robust. Considering the complexity of the toxicity issue,
more studies, both in vivo and in vitro, are needed to develop a better
understanding of the toxicity of ambient PM components.

5. Conclusion

This study investigated the associations of cellular responses with
PM components for seasonal samples collected from five cities in
North China. The spring and/or summer PM10 samples produced rela-
tively higher cytotoxic and inflammatory effects in RAW264.7 cells,
and those effects were found to be associated with a relatively high
abundance of lithophile and siderophile elements, whereas the winter
PM10 samples produced relatively higher cytotoxic and inflammatory
effects in A549 cells, and those effects were found to be associated
with relatively high contents of endotoxin, PAHs and their derivatives.
Hydrocarbons (pPAHs, oPAHs, nPAHs) possibly played a partial role in
the cellular redox homeostasis of A549 cells, but other undetermined
PM characteristics also played active roles. For the RAW264.7 cells, the
chalcophile elements seemed to be a key factor in ROS generation. Re-
sults for these two different cells may not be compared directly. Uncer-
tainties in the association based on correlation analysis and linear
regression analysis are affected by the sample size and the physiochem-
ical properties characterized. Thus, it did not indicate any causal
relationship.
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