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ARTICLE INFO ABSTRACT
Keywords: Airborne particulate matter (PM) is associated with adverse cardiorespiratory effects. To better understand
Air pollution source-orientated PM toxicity, a comparative study of the biological effects of fine PM (diameter < 2.5 pm,
Lung ) PM, ) collected during the winter season from Shanxi Province, China, and the Central Valley, California,
Inflammation United States, was conducted. The overarching hypothesis for this study was to test whether the chemical
Cytokines " . . . . . .
Chemokines composition of PM on an equal mass basis from two urban areas, one in China and one in California, can lead to

significantly different effects of acute toxicity and inflammation in the lungs of healthy young mice. Male, 8-
week old BALB/C mice received a single 50 ug dose of vehicle, Taiyuan PM or Sacramento PM by oropharyngeal
aspiration and were sacrificed 24 h later. Bronchoalveolar lavage, ELISA and histopathology were performed
along with chemical analysis of PM composition. Sacramento PM had a greater proportion of oxidized organic
material, significantly increased neutrophil numbers and elevated CXCL-1 and TNF-a protein levels compared to
the Taiyuan PM. The findings suggest that Sacramento PM, s was associated with a greater inflammatory re-
sponse compared to that of Taiyuan PM, s that may be due to a higher oxidice. Male, 8-week old BALB/C mice
received a single 50 pg dose of vehicle, Taiyuan PM or Sacramento PM by oropharyngeal aspiration and were
sacrificed 24 h later. Bronchoalveolar lavage, ELISA and histopathology were performed along with chemical
analysis of PM composition. Sacramento PM had a greater proportion of oxidized organic material, significantly
increased neutrophil numbers and elevated CXCL-1 and TNF-a protein levels compared to the Taiyuan PM. The
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findings suggest that Sacramento PM, 5 was associated with a greater inflammatory response compared to that of
Taiyuan PM, 5 that may be due to a higher oxidized state of organic carbon and copper content.

1. Introduction

Particulate matter (PM) air pollution is a worldwide health problem
associated with adverse effects on the cardiorespiratory system, such as
asthma, COPD, and myocardial infarction. Worldwide air pollution
related annual mortalities have been estimated at 7 million (WHO,
2015). PM has a wide variety of physicochemical characteristics that
depend on the source and atmospheric aging of the particles. Fine PM,
also known as PM; 5 (D, < 2.5 pm), is especially harmful because it can
readily deposit deep in the lung and be retained, irritating lung par-
enchyma or moving into the blood stream (Churg and Brauer, 1997;
Madl et al., 2014; Mannucci et al., 2015).

PM pollution has increased with industrialization and climate
change. It is especially prevalent in areas of rapid economic growth
fueled by fossil fuels, such as China, or arid regions with geographical/
meteorological conditions that trap PM for long periods of time and
concentrate it, such as in the large valleys of the Western United States.
This paper describes a comparative study of the biological effect of
PM, s from two parts of the world known for high PM air pollution,
Shanxi Province in China and the Central Valley in California in the
United States. The study was a joint effort to define the influence of the
chemical composition of PM from diverse urban sources of these two
countries on an equal mass basis in measured biological toxicity to the
lungs following acute exposure.

PM was collected in the capital cities of Shanxi Province and the
state of California, Taiyuan and Sacramento, respectively, based on the
fact that both cities are heavily urbanized, have relatively dry, sunny
winters, economies dominated by agriculture and industry, and a long
history of unhealthy levels of PM,s, especially during the winter
season. Because the economy of Taiyuan is dominated by abundant coal
production and combustion, while the economy of Sacramento is lar-
gely based on government, transportation, and agriculture, it was ex-
pected that the study would provide an opportunity to better under-
stand how PM source influences pulmonary toxicity.

To compare the biological effects of the two geographic PM samples,
young male BALB/C mice were exposed by oropharyngeal aspiration
(50 pg) on an equal mass basis to PM, s collected from Taiyuan or
Sacramento. The PM was collected at both sites during winter since
higher air pollution during this season has been associated with in-
creased hospital admissions and the incidence of cardiovascular and
respiratory disease (Rodopoulou et al., 2015). Animals were sacrificed
24 h post-exposure to capture peak inflammation, as is well known to
occur following gas and particle exposure. Patterns of pulmonary
toxicity were assessed by bronchoalveolar lavage (BAL), enzyme-linked
immunosorbent assays (ELISA) and histopathologic assessment. In ad-
dition, the chemical composition of each PM sample was analyzed to
determine if chemical differences could help explain potential differ-
ences in pulmonary toxicity.

2. Materials and methods
2.1. Particle collection

Sampling was done during the winter of 2012 in Taiyuan and 2013
in Sacramento to collect sufficient PM mass for toxicological and che-
mical characterization.

The sampling site in Taiyuan was located on the rooftop of the five
story building of the College of Environmental Science and Resources
on the Shanxi University campus (N37°47’, E112°34’) in downtown
Taiyuan, surrounded by a mixture of residential, commercial and

industrial buildings. The sampling site in Sacramento was located on
the rooftop of a two story building at the northeast corner of T St. and
13th St. (N38°34’, W121°29’), also surrounded by a mixture of re-
sidential, commercial and industrial buildings and within a quarter mile
of a major freeway interchange.

In Taiyuan, PM, s was collected for one day on 3 pm pore size
quartz microfiber filters (Whatman) using a high-volume particle col-
lector with a flow rate of 40 cfm (Thermo Anderson, USA). The quartz
filters were preheated at 450 °C for 24 h before sampling to eliminate
endotoxin. Filters were pre- and post-weighed to calculate the PM mass
and then subsequently cut into fragments, placed in a 250 mL conical
flask with 30 mL Milli-Q water and sonicated for 10 min (repeated three
times for a total of 30 min). The PM extract was filtered through six
layers of sterile gauze. These extraction steps were repeated three times.
The collected solution was lyophilized to powder and stored at —80 °C
until use. Prior to use, the powder was weighed and suspended in Milli-
Q water to a concentration of 1 mg/mL.

In Sacramento, PM, 5 was collected for seven days with a high-vo-
lume sampler system (Tisch Environmental Inc., TE-6070V-2.5-HVS)
that was equipped with a PM;, size-selective head (Tisch
Environmental Inc., TE-6001), operating at a flow rate of 40 cfm and
loaded with Teflon coated borosilicate glass microfiber filters (Pall
Corporation, TX40H120WW-8 x 10) for collecting PM, 5. Glass filters
were pre-cleaned via successive sonication in Milli-Q water, di-
chloromethane and hexane. Field blanks were included. The sample
filters were weighed to calculate the PM concentration, placed in Milli-
Q water and sonicated for 1 h. The sonication extract was filtered using
a 0.2 um pore size syringe filter. The collected solution (approximately
100 mL) was lyophilized and then resuspended in Milli-Q water to a
final PM concentration of 1 mg/mL. Detailed extraction methods can be
found in Bein and Wexler (Bein and Wexler, 2015).

The difference in collection times between China and California
(1 day vs. 7 days, respectively) was due to China having much higher
levels of air pollution. Because the China collection filters had sig-
nificantly higher areal density (heavier loading) of PM than California
filters, the sonification times for the China PM and California PM pre-
parations differed accordingly (30 min vs 60 min, respectively). It is
acknowledged that the differences in extraction and sonication times
might cause different particle extraction efficiencies between the two
PM samples.

2.2. PM suspension preparation

To achieve identical particle concentrations for both CA and CH PM
samples prior to oropharyngeal aspiration, extracted PM samples from
CA and CH were lyophilized to dryness in order to measure a precise
PM mass that was suspended in nanopure water and sonicated for
20 min to derive an identical mass (1 pg/uL) for each PM sample. PM
samples were analyzed for endotoxin using a chromogenic Limulus
Amebocyte Lysate (LAL) test with a PM sample concentration of 1 mg/
mL.

2.3. Hydrodynamic particle size

Following a 20 min bath sonication of each PM suspension, dynamic
light scattering (DLS) was used to determine hydrodynamic particle size
distribution of each sample immediately prior to oropharyngeal as-
piration.
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2.4. Chemical analysis of PM samples

All chemical analyses were performed at the University of
California, Davis. Frozen 1 mg/mL stock solutions of Taiyuan and
Sacramento PM, 5 were thawed to ~4 °C and sonicated for 20 min to
ensure thorough dispersion of the PM.

2.4.1. High-resolution aerosol mass spectrometry

PM, s samples were analyzed for organic species, as well as nitrate,
sulfate, chloride, and ammonium, and particle size using a high-re-
solution time-of-flight aerosol mass spectrometer (HR-AMS), which has
been used extensively to quantitatively characterize the bulk compo-
sition of ambient aerosols (Canagaratna et al., 2007). Suspended PM
samples were diluted by a factor of 10, and 1 mL of each sample was
atomized using a constant output aerosol generator with argon. The
generated aerosol passed through a silica gel drier before being sampled
by the HR-AMS. The elemental composition of the organic aerosols in
each of the samples was determined by the method of Aiken and col-
leagues (Aiken et al., 2008) to indicate the average degree of oxidation
of organic matter in particles. Greater detail on the analytical methods
and data analysis for the chemical analyses of PM extracts are described
elsewhere (e.g. Sun et al., 2010, 2011).

2.4.2. Inductively coupled plasma-mass spectrometry

Metals were measured using an Agilent 7500ce Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS) at the Interdisciplinary Center for
Plasma Mass Spectrometry at the University of California, Davis
(http://icpms.ucdavis.edu/). PM, s samples were analysed for a broad
range of elements, including vanadium (V), chromium (Cr), iron (Fe),
nickel (Ni), copper (Cu), and lead (Pb). To each of the liquid suspen-
sions, 0.75 mL of concentrated nitric acid (15.968 M, Fischer Scientific)
was added, followed by the addition of Milli-Q water. The final volume
of each sample was 2.5mL and the resulting concentrations of the
samples analyzed by ICP-MS were 0.65 mg/mL for CA and 0.42 mg/mL
for China. Aerosolized particles were generated by nebulizing the
sample solution that was then introduced by carrier gas into a high
temperature argon plasma. Calibration standards were run as well.

2.5. Animals and exposure

Thirty male, 8-week old BALB/C mice were purchased (Envigo,
Hayward, CA). All animal procedures were approved by the UC Davis
Institutional Animal Care and Use Committee in accordance with the
US Animal Welfare Act. Animals were housed four per cage on sterile
laboratory bedding with a 12 h light/dark cycle and access to water and
food ad libitum. The mice were maintained for one week prior to the
beginning of the experiment to allow for acclimation and then ran-
domly assigned to one of three exposure groups (n = 10/group) by
random number generation: 1) vehicle control (Milli-Q water), 2)
Taiyuan PM, or 3) Sacramento PM. Fifty microliters of Milli-Q water,
Taiyuan PM (1 pg/pL) or Sacramento PM (1 ug/pL) was delivered to the
lungs of mice via oropharyngeal aspiration after mice were anesthetized
via inhalation of isoflurane with oxygen (3:1 ratio) (Gilmour et al.,
2007; Plummer et al., 2015). For each exposure group, six animals were
used to collect BALF, while four animals were used for histological
assessment only.

2.6. BALF and lung tissue

Cell and tissue collection occurred 24 h after oropharyngeal as-
piration. All mice were euthanized with Beuthanasia-D (120 mg/kg)
and exsanguinated. A subset of six mice per exposure group underwent
lung lavage with two aliquots of Dulbecco’s Phosphate Buffered Saline
(PBS) (first 0.7 mL and then 0.6 mL). The collected bronchoalveolar
lavage fluid (BALF) was centrifuged at 4 °C at 2000 X g for 15 min to
pellet the cells. The supernatant was collected and saved for total
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protein determination by Lowry Assay. The pelleted cells were re-
suspended in PBS to determine total cell number and viability via
Trypan Blue exclusion assay. Cytospin slides were prepared and stained
with Diffkwik Differential Stain kit (American MasterTech, Lodi, CA)
for cell differentials (500 cells/slide were counted) using a light mi-
croscope. The cranial, middle, caudal and accessory lobes of the right
lung of these animals were placed in cryovials and stored at —80 °C for
further analysis. The right caudal lobes were used for ELISA following
homogenization. The left lung lobes were fixed with 4% paraf-
ormaldehyde for 48 h and subsequently transferred into 70% ethanol.
Left lung lobes (cut into four transverse slices) were embedded in
paraffin and sectioned for histological staining.

2.7. ELISA

ELISAs (Biolegend, San Diego, CA) for tumor necrosis factor alpha
(TNF-a); monocyte chemoattractant protein-1 (MCP-1); chemokine (C-
X-C Motif) ligand 1 (CXCL-1); interleukins 1 beta, 5 and 6 (IL-1p, IL-5,
IL-6); and heme oxygenase 1 (HO-1: Abcam, Cambridge, MA) were
performed on lung homogenates from the caudal lobe of the right lung.
Samples were analyzed in duplicate, and the plates were read with a
SpectroMax plate reader (Molecular Devices, Sunnyvale, CA) at
450 nm. Protein concentrations were standardized to total lung protein
and are expressed as pg/mg of lung tissue.

2.8. Histology

All lung lobes from each set of four animals from all groups not
lavaged were embedded in paraffin and used for histological analysis.
Sections (5 um thick) were stained with hematoxylin and eosin stain
(H & E, Harris Hematoxylin, and Eosin Y Stain: American MasterTech).
Lung tissue sections were examined for the presence of inflammation,
cellular infiltrates and epithelial abnormalities in alveolar ducts, blood
vessels, and airways.

A semi-quantitative scoring numeric system was used to rank the
degree of alveolar, bronchiolar, perivascular, particle-associated, and
pleural inflammation in H & E-stained tissue sections as described pre-
viously (Silva et al., 2013, 2014). In brief, an initial blind, qualitative
assessment was performed to evaluate the range of inflammatory re-
sponses. Subsequently, to minimize observer scoring subjectivity, a
scoring rubric was made with categorical definitions (focal to diffuse on
a scale of 0-3), as well as pictorial guidelines of severity, again with
ordinal scores (0-3) corresponding to no, minimal, moderate, and
marked inflammation, respectively. Semi-quantitative histological as-
sessment of all samples was then performed for four different regions of
the lungs for each animal with the product of extent and severity scores
used to achieve a final histopathological score.

2.9. Statistical analysis

A power calculation was performed to insure the proper number of
animals was used for all parameters studied to show statistically sig-
nificant differences as low as a 25% change from sham control values.
Data analysis was done by IBM SPSS Statistics 22 software (IBM
Analytics, Armonk, NY). Shapiro-Wilk test and Leneve test was used to
detect normality and homogeneity of variance. One-way analysis of
variance (ANOVA) and post hoc Tukey’s tests were used to determine
significant differences with a significance level of P < 0.05. BALF data
was log transformed to meet the requirements of ANOVA. Graphpad
Prism 5 (GraphPad Software, Inc., La Jolla, CA) was used to present
BALF and ELISA data (mean = standard error of the mean).
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3. Results
3.1. BAL fluid: total cell number and differentials

Total cell number and differential cell counts were determined from
the collected BAL fluid (Fig. 1). There was a trend for the number of
total cells in the Sacramento PM group to be greater than either the
control or Taiyuan PM groups, although no statistical significance was
noted. Macrophages and neutrophils were the predominant cell types
found in all three exposure groups. The Sacramento PM group had
significantly fewer macrophages (26% of the total cell differential) than
the control (97% of total cells) and Taiyuan PM (81% of total cells)
groups. Neutrophil number was significantly increased with PM ex-
posure compared to the control, regardless of country. However, ani-
mals exposed to Sacramento PM had significantly more neutrophils
(74% of cell total) than animals exposed to Taiyuan PM (19% of cell
total) (Fig. 2).

3.2. ELISA: chemokines and cytokines associated with inflammation

ELISA was used to quantitate select chemokines and cytokines as-
sociated with inflammation (Fig. 3). TNF-a expression in mice exposed
to CA PM was significantly higher than both the control and CH PM
groups. CXCL-1 expression, which is associated with neutrophil che-
moattraction, was significantly increased in the CA PM group compared
to the control. No statistically significant differences were found for
MCP-1, HO-1, IL-1pB, IL-5 or IL-6 levels with either of the exposures,
although there was a pattern of higher levels of MCP-1, HO-1, and IL-5
for CA PM, but not to a level of statistical significance.

3.3. Histological analysis

Tissue sections from four different regions of the lungs for each
animal were stained with H&E to examine the airways, parenchyma
and peribronchiolar regions of the lungs for each exposure group
(Fig. 3). Control mice and mice exposed to CH PM had no visible
neutrophils and few macrophages in the airways, peribronchiolar re-
gions or alveolar parenchyma (Fig. 3A and B). In contrast, neutrophil
influx into the lungs was clearly apparent in peribronchiolar regions
following PM exposure (Fig. 3C and D), in particular with CA PM. This
exposure group had numerous neutrophils within the alveolar air
spaces as well as the walls and epithelium of the lower conducting
airways. Neutrophils within the bronchial epithelium appeared to be in
the process of migrating to the airway lumen from the underlying
vasculature (Fig. 3D).

Histological scoring of the lung tissues for inflammation is shown in
Fig. 4. Lung structures evaluated included the alveoli, airways, blood
vessels and pleura, as well as a general score for particle-associated
inflammation in four completely different regions of the lungs. Scoring

Toxicology Letters 278 (2017) 1-8

demonstrated significantly greater avleolitis in the lungs of mice ex-
posed to CA PM compared to control, while particle-associated in-
flammation was significantly greater in the lungs of mice exposed to CH
PM compared CA PM or sham control mice.

3.4. Chemical analysis of PM

Both PM samples consisted primarily of organic compounds: 45% of
total mass for Taiyuan PM (Fig. 4A) and 54% for Sacramento PM
(Fig. 4C). However, while the organic matter of Taiyuan PM was
composed of approximately 58% carbon, 31% oxygen, 9% hydrogen
and 2% nitrogen, the Sacramento PM was more oxidized, consisting of
approximately 46% carbon, 45% oxygen, 7% hydrogen and 2% ni-
trogen on mass basis. Another major difference was that Taiyuan PM
had a much higher percent of sulfate (Taiyuan PM 26% versus Sacra-
mento PM 2%), whereas Sacramento PM had a much greater percent of
nitrate (Taiyuan PM 11% versus Sacramento PM 32%). A wide range of
metals was detected in both samples (Table 1). Notable differences in
metal concentration (greater than a two-fold difference in value) be-
tween the two PM samples included the following: calcium, copper,
magnesium, barium, lead and vanadium. Endotoxin assays of PM
samples showed no signal (EU/mL) above the detection limit by the
Limulus Amebocyte Lysate (LAL) test (Fig. 5).

3.5. DLS and HR-AMS particle analysis

Hydrodynamic particle size was determined for each PM following
20 min of sonication. The average hydrodynamic particle size for CA
PM was 312 nm, while the average hydrodynamic particle size of CH
PM was 728 nm. In contrast, AMS analysis demonstrated no differences
in particle size with an almost identical bell-shaped size distribution for
CA and CH PM peaking at 170 nm.

It should be noted that DLS size distribution is determined with
respect to scattered light intensity rather than particle number or par-
ticle mass concentration. Knowledge of the physical and optical prop-
erties of the particle population, the latter of which depends on particle
composition, must be used in conjunction with Mie theory to inter-
convert between scattered light intensity and number or mass con-
centration. According to measurements by HR-AMS, which measures
the physical size of dry particles, there were no differences between the
two PM samples.

4. Discussion

The purpose of this study was to better understand PM, s toxicity on
an equal mass basis from two different regions of the world experien-
cing periods of high air pollution: the city of Taiyuan in Shanxi
Province, China and Sacramento, California, United States. In this
study, healthy young mice received an acute dose (50 pg) of PM, s by

Total Cells Macrophages Neutrophils Fig. 1. Total and differential cell count of BAL fluid.
Neutrophil numbers following Taiyuan (CH) PM is sig-
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Fig. 2. Lung ELISA: TNF-a in the lungs following exposure to
Sacramento (CA) PM is significantly higher than either the
controls (CTRL) or mice exposed to Taiyuan (CH) PM, while
CXCL-1 expression in mice exposed to Sacramento (CA) PM is

60_ significantly higher only than control. A trend but no sig-
nificance is noted for MCP-1, HO-1 and IL-5 levels for CA PM.
Q * # Data is presented as mean (SEM) from 6 animals. * indicates
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oropharyngeal aspiration and were evaluated for pulmonary toxicity
24 h later. Despite appearing visually less dark in suspension (Fig. 4B),
Sacramento PM, s was found to be more toxic than Taiyuan PM, s, with
a significant influx of neutrophils in the bronchiolar lavage fluid asso-
ciated with elevations in CXCL-1 and TNF-a protein expression in lung
tissue. Extensive chemical analysis revealed differences in organic
matter, sulfate, nitrate, and metal composition between the Taiyuan
and Sacramento PM, which most likely influence the toxicity of each
PM sample.

PM, s sample collection and extraction protocols were designed for
optimal working conditions in both countries. Some differences be-
tween collection and extraction protocols included collection time,
filter types for extraction, and sonication time to disaggregate the ori-
ginal particulate matter collected. During filter extraction, the China
filter samples were sonicated for 10 min and the CA samples for 60 min.
Sonication times are typically optimized to the point where increases in
extraction efficiency begin to plateau with respect to additional soni-
cation time. Given the significantly higher areal density of PM on the
China filters compared to CA, the sonication time was accordingly
shorter. Although it has been speculated that sonication can produce

free radicals to initiate reactions that alter the chemical composition of
the PM sample, this has never been definitively proven given the
complexity of the measurement and the nature of the PM collected.
AMS measurements performed on PM samples due to sonication time
demonstrated no evidence of such an occurrence.

It is well-known that PM composition and concentration in the at-
mosphere are influenced by emission sources, formation and removal
processes, and meteorological conditions that can change on time scales
ranging from seconds to days. Nevertheless, because human activities
(e.g., driving and cooking) and meteorological conditions (e.g., solar
radiation and wind patterns) tend to vary diurnally, the average com-
position of PM collected over one day in general represent that col-
lected over multiple days. Since the PM concentration in China was
almost an order of magnitude higher than in California, it was necessary
that we sample for a longer time in California to collect a comparable
amount of PM sample.

While we acknowledge some differences in extraction methods used
(sterile gauze versus nucleopore filters) for the PM collected from these
two sites, we have minimized all other parameters to allow for a direct
comparison of each PM sample on an equal mass basis for acute toxicity
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Fig. 3. The peribronchiolar region of the lung shows no neutrophils and limited macrophages in controls (A) and mice exposed to China PM (B), In contrast, neutrophils were observed in
the peribronchiolar region of mice exposed to Sacramento PM (C and D). Please note a visible thickening and vacuolization of the airway epithelium following exposure to Sacramento PM
(C and D) in contrast to the airway epithelium of the sham controls and mice exposed to China PM (A and B). Black arrows show the position of neutrophils. AW = airway, BV = blood

vessel. Scale bar is 20 pm.
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Fig. 4. Histopathologic Scoring. Semiquantitative scores of lung inflammation within
alveolar, bronchiolar, perivascular and pleural regions, as well as particle-associated in-
flammation throughout the lungs. In general, inflammatory scores were higher following
exposure to CA PM, compared to controls or CH PM exposure. However, only the in-
flammation of the alveoli was significantly different following exposure to CA PM com-
pared to control (* p < 0.05). In contrast, particle-associated inflammation was sig-
nificantly greater in mice exposed to CH PM, compared to the control (* p < 0.05) or to
CAPM (¥ p < 0.05). This difference is likely to be due to the greater amounts of black
soot found in CH PM.

measurements in mice following oropharyngeal aspiration. Both col-
lection sites were chosen so as to be in the middle of their respective
cities to give an accurate reflection of the PM to which residents are
exposed. Sample collection occurred during winter because PM con-
centrations tend to be higher in winter than summer due to fuel com-
bustion heating of buildings as well as meteorological conditions that
favor the accumulation of pollutants. Air pollution levels have been

Table 1
Concentration and fold difference of various elements measured in the California and

China samples by ICP-MS (ppm). Gray highlights greatest fold differences (CA compared
to China).

Fold
Element CA China
difference
K 9.9 12 0.83
Ca 4 19 0.21
B 3.1 37 0.84
Zn 29 3.6 0.81
Cu 13 0.054 24
Mg 1.2 14 0.086
Ba 0.77 3.3 0.23
Fe 0.66 0.66 1
Pb 0.028 0.36 0.078
Ni 0.019 0.015 1.3
Cr 0.015 0.031 0.48




X. Sun et al.

6%
Sulfate

Ammonium
26% 13%

Toxicology Letters 278 (2017) 1-8

C

Chloride
1%

1%

Nitrate
Sulfate
2%

32%

Fig. 5. Chemical composition of winter time Taiyuan, China (A) and Sacramento, California (C) PM at equal mass concentrations (1 ug/pl) in suspension (B). Inorganics dominate Taiyuan
(CH) PM (55%), with sulfate being particularly important. Organics (54%) and nitrate (32%) are the largest contributors to the mass in the case of Sacramento (CA) PM.

found to be approximately three times higher and aerosol optical depth
five times higher during the heating (winter) season compared to the
non-heating season in China (Cao et al., 2007; Xiao et al., 2015). Winter
climate conditions, such as air stagnation, also play an important role in
increasing PM concentration during this season. Wintertime inversions
occur in many of the valleys of the Western United States, such as the
California’s Central Valley in which Sacramento is located (Holmes
et al., 2015), and these periods are associated with increased hospital
admissions and incidence of cardiovascular and respiratory disease
(Rodopoulou et al., 2015).

Twenty-four hours following exposure, mice exposed to either PM
sample had significantly more neutrophils recovered in bronchiolar
lavage fluid than mice exposed to vehicle control. However, the
Sacramento PM group also had significantly more neutrophils than the
Taiyuan PM group. Neutrophil influx is most frequently associated with
acute lung injury (Abraham, 2003; Grammes and Soehnlein, 2011; Lee
and Downey, 2001), and the relative number of neutrophils entering
the lungs typically reflects the severity of the biological response.
Neutrophil recruitment under the conditions of this study was surmised
to occur by egress from the capillaries of the airways through the epi-
thelium into the airway lumen and alveoli (Grammes and Soehnlein,
2011) based on the histological evidence of neutrophils in pulmonary
capillaries, interstitium, epithelial cells, and airspace. Histological
scoring of lung tissues further confirmed differences between treatment
groups with mice exposed to CA PM with greater inflammation com-
pared to mice exposed to CH PM. Animals exposed to Sacramento PM
may have had higher numbers of neutrophils in the lung because they
had significantly increased levels of TNF-a, which is involved in acute
lung inflammation and the acute phase reaction (Li et al., 2013),
compared to animals exposed to the vehicle control and Taiyuan PM.
CXCL-1, a neutrophil chemoattractant (De Filippo et al., 2008), was
also significantly elevated following exposure to Sacramento PM com-
pared to the vehicle control. MCP-1 is a chemoattractant responsible for
monocyte and macrophage recruitment. However, growing evidence
shows MCP-1 may also be involved in attracting neutrophils
(Balamayooran et al., 2011; Reichel et al., 2009). Therefore, the in-
creased level of MCP-1 expression in the Sacramento PM group could
also be associated with the observed elevation in neutrophil number in
the lungs.

Because of the growing evidence that particle chemical composition
plays an important role in eliciting health effects (Dreher 2000;
Plummer et al., 2015; Valavanidis et al., 2008), the chemical compo-
sition of both PM samples was determined. Atmospheric PM is very
complex, comprising a large number of compounds including organics,
inorganic species, elemental carbon, crustal components, and metals.
Organic aerosols often represent a major component of the total fine PM
mass (Kanakidou et al., 2005; Zhang et al., 2007), as was the case for
both the Taiyuan and Sacramento PM. As organic aerosols can be

composed of hundreds of carbon-containing compounds, they have the
potential to differentially influence PM toxicity. Such is the case here
where the Sacramento PM had higher levels of oxidized organic com-
pounds compared with the Taiyuan PM. Previous studies indicate that
oxidized organic compounds in fine PM are strongly linked with in-
flammatory responses (Happo et al., 2010; Plummer et al., 2015). Thus,
it could be that the higher levels of oxidized organic compounds in the
Sacramento PM are responsible for its ability to generate a greater acute
inflammatory response in the lungs.

While the bulk of the PM was largely organic material, both samples
also contained nitrates, sulfates, and ammonium. Similar sources of
particulate emission are present in both CH (Taiyuan) and CA
(Sacramento) during the winter season, such as fossil fuels used for
heating, transportation (gas and diesel combustion), and agricultural
production. However, the Sacramento area has greater wood burning,
whereas Taiyuan has greater coal burning during winter (Ge et al,,
2012; Young et al., 2016). The higher abundance of sulfate in the
Taiyuan PM is most likely due to the burning of coal. In addition, mass
spectral fingerprints for wood combustion were observed in the Sa-
cramento sample coal combustion signatures were detected in the
Taiyuan sample.

Metals are associated with various inflammatory responses and
oxidative stress (e.g. Miousse et al., 2015) and have been implicated in
a range of pulmonary health effects in numerous studies (Costa and
Dreher, 1997). CH PM and CA PM contained a wide range of metals;
however, they differed in concentration. In particular, the concentra-
tion of copper was much higher in the CA PM sample than the CH
sample. It was recently reported that Cu produces hydrogen peroxide in
surrogate lung fluid in a study of ambient PM components and their
ability to produce reactive oxygenation species (Charrier et al., 2014).

Although inhalation studies are preferable to understand the bio-
logical effects of PM depositing in the lungs, the goal of this study was
to compare the two PM samples on an equal mass basis. This requires
precise dosing, which can be accomplished with oropharyngeal as-
piration, but is much more difficult to achieve with inhalation.
Oropharyngeal aspiration also allowed us to test the two samples under
identical conditions. Limitations of this study include only one post-
exposure time point observed, differences in PM collection times, and
differences in filter extraction procedures and sonication time between
the CA and CH PM samples. However, all other conditions were iden-
tical for a direct comparison of PM toxicity, on an equal mass basis, due
to the chemical composition of each sample. Future studies would
benefit from either repeated exposure to PM and/or more time points
post-exposure to determine inflammatory time-lag effects of PM from
each country.
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5. Conclusion

The results from this study indicate chemical composition is an
important factor of PM toxicity, especially since the CA and CH PM
samples were evaluated on an equal mass basis. The CA (Sacramento)
PM produced a greater inflammatory response that is thought to be due
to its higher oxidized state than the CH (Taiyuan PM). However, dif-
ferences in copper concentration may also be an important driver in the
acute toxicity differences observed. In addition, hydrodynamic particle
sizes as measured by DLS demonstrated differences between the CA and
CH samples, however, the size distributions of dry particles as measured
by HR-AMS were found to be very similar between the two samples.
Therefore, it is unlikely that particle size was an important factor in
causing the observed acute toxicity differences. It is unlikely that just
one or two components are solely responsible for the observed toxicity
and possible synergistic effects between organic states and metal con-
tent that may be occurring. International collaborations such as this
study are needed to more fully understand how chemical composition
of PM correlates with adverse health effects. These findings provide
scientific evidence that highlight a need to develop source-specific
regulations that support greater protection of human health.
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