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Epidemiological studies suggest that particulate matter (PMjo) inhalation was associated with adverse
effects on brain-related health, however, existing experimental data lacked relevant evidences. In this
study, we treated Wistar rats with PM; at different concentrations (0.3, 1, 3 and 10 mg/kg body weight
(bw)), and investigated endothelial dysfunction and inflammatory responses in the brain. The results
indicate that mild pathological abnormal occurred after 15-day exposure (five times with 3 days each),
followed by the changes of endothelial mediators (ET-1 and eNOS) and inflammatory markers (IL-1f3,
TNF-a,, COX-2, iNOS and ICAM-1). Also, the sample up-regulated bax/bcl-2 ratio and p53 expression,
and induced neuronal apoptosis. It implicates that PM;o exerted injuries to mammals’ brain, and the
mechanisms might be involved in endothelial dysfunction and inflammatory responses.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

There is mounting evidence that exposure to air pollution can
cause stroke-related sickness and death [1,2], as well as brain dam-
age, neurodegeneration [3-8], and many of these effects seem to be
more strongly associated with particulate matters (PM). Paralleling
this epidemiologic literature are intriguing findings from clinical
experiments [9,10] and in vivo animal models [11,12], all point-
ing to the possibility that PM, especially inhalable particles (PM;q),
can translocate from the upper respiratory tract to the central ner-
vous system and the brain, and has been recorded in red blood cells
(RBC), endothelial cells, and perivascular macrophages in olfactory
bulb and frontal samples of humans and dogs [ 13]. However, exper-
imental studies about its toxicological effects on the brain were
scarce, and the specific mechanisms remained unclear.

A role for endothelial dysfunction and inflammation in various
neurological disorders has recently been proposed on the basis of
multiple lines of evidence [14]. The cerebrovascular endothelium
plays a critical role in the regulation of normal vascular homeosta-
sis, and perturbation of endothelial function is an important step in
the pathogenesis [15]. Endothelial dysfunction is usually caused
by altered production of vasoactive factors; especially, elevated
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ET-1 expression, the most potent vasoconstrictor, contributes to
the reduction of blood flow, interruption of energy metabolism,
and following injuries [16]. Also, the process is accompanied by
dysregulation of the NO synthase pathways, which catalyze the
production of NO from the amino acid L-arginine [17,18]. On the
other hand, during the initiation and development of inflammatory,
endothelial cells actively participate in this process by regulating
leukocyte recruitment via enhancing the expression of proinflam-
matory enzymes, such as iNOS and cyclooxygenase-2 (COX-2),
and the release of cytokines including interleukin-1f3 (IL-18) and
tumor necrosis factor-a (TNF-a), as well as the synthesis of adhe-
sion molecules, such as intercellular adhesion molecule-1 (ICAM-1)
[19]. Overproduction of these enzymes, cytokines, and adhesion
molecules jointly causes circulating leukocytes to adhere to the
endothelium, cross the vascular wall, enter the brain parenchyma,
and eventually contribute to both necrotic and apoptotic neuronal
death [19,20].

Endothelial dysfunction and inflammation do not play mutually
independent roles, but are interrelated with each other. Therefore,
we treated Wistar rats with PMyq at various concentrations (0.3, 1,
3 and 10 mg/kg body weight (bw)) to simulate the sub-acute expo-
sure condition of people, and explored the histopathologic damages
of cortex sections, and the expression of endothelial mediators (ET-
1, eNOS) and inflammatory cytokines (IL-1[3, TNF-c«,, COX-2, iNOS
and ICAM-1). Following this, apoptosis-related gene expression
(bax, bcl-2, p53) and subsequently neuronal apoptosis occurrence
were investigated to clarify PM;g-induced injuries on the brain.
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2. Materials and methods

2.1. PM;y sampling, chemical analysis and suspension
preparation

2.1.1. PMjo sampling

The sampling site was located in Taiyuan city (112°57’E lon-
gitude, 37°73'N latitude), Shanxi Province, China. PM{o middle
volume air sampler (TH-150C, Wuhan, China) was placed on the
rooftop of a building about 10 m tall, and there were no large obsta-
cles and no large pollution sources near the building. Airborne PMq
samples were collected on quartz filters from December 1, 2009
to January 30, 2010. The flow rate of the sampler was 100 L/min,
and the sampling time was nominally 24 h with sampling starting
at 9:00 a.m. During the sampling period, the average temperature
was 2.32 °C and barometric pressure was 94.7 kPa.

2.1.2. Chemical analysis

PM;o mass concentration was determined by pre- and post-
weighing the filters under controlled temperature and relative
humidity. Inorganic ions, including ammonium (NH4*), nitrate
(NO3™), sulfate (S042-), chlorine (Cl~) and fluorine (F~) were ana-
lyzed by ion chromatography. PM-bound metals and elements
were assayed by inductively coupled plasma-mass spectrom-
etry (ICP-MS). Organic carbon (OC) and element carbon (EC)
were determined by thermal/optical reflection (TOR) assay, and
polycyclic aromatic hydrocarbon (PAHs) were measured by gas
chromatograph-mass spectrometer (GC-MS).

2.1.3. Preparing PM;¢ suspension and clarifying exposure
concentration

The collected PM;¢ was transferred into aqueous suspension by
30 min soaking of PMqg-loaded filters in Milli-Q deionized water,
followed by vortexing (5 min) and sonication (30 min). Prior to use,
the dried sample was diluted with sterilized 0.9% physiological
saline and swirled for 10 min. As a vehicle control for exposure
experiments with resuspended PM, fresh sterile filters were sham
extracted. Aqueous suspension was pooled and frozen at —20°C.

As usually reported, respiratory volume of an adult rat is
200 ml/min, and respiratory volume for 3 days reaches 0.864 m3.
According to Grade Ill of PMq in China (GB3095-1996),0.25 mg/m3,
the amount of PM;( inhalation for 3 days is 0.216 mg. There-
fore, PM1g exposure concentration for rat every 3 days should be
1.08 mg/kg bw. During the sampling period in the present study,
PM;, concentration was 0.387 mg/m?3, and the highest and inter-
mediate concentrations corresponded to the peak values reported
in working environment reached 0.799mg/m3 [21]. Following
this, different treatment concentrations, including 0.3, 1, 3 and
10 mg/kg, were used in the present study [22,23]. Although the
experiments may be viewed as beyond the normal atmosphere
encountered in the human environment, the following point must
be taken into account. The animals were subjected to regular peri-
ods of extended exposure, with relief periods between protocols
(i.e., 1 time/3 day, for 5 times, with 72 h between exposures). Also,
the similar exposure concentration was reported in other studies.

2.2. Animals and treatment protocols

Male Wistar rats, weighing 190-210 g, were supplied by Exper-
imental Animal Center, Academy of Military Medical Sciences of
Chinese PLA (Beijing, China). The rats were routinely screened for
common rat pathogens and housed in specific pathogen free facil-
ities under standard conditions (24 + 2 °C, 50 & 5% humidity) with
a 12-h light/dark cycle and food and water ad libitum.

The suspension was ultrasonicated for 15min before intra-
tracheal instillation, and the instillation was performed using a

non-surgical intratracheal instillation method adapted [24,25].
Briefly, the animals were anesthetized by chloral hydrate. A ball
tripped needle was maneuvered through the epiglottis, after which
contact with the tracheal rings provides confirmation that the nee-
dle is, in fact, within the trachea. Then an injector with 0.5 ml
physiological saline or PM;( suspension was inserted into the ball
tripped needle. After gently instilled into the trachea, the animal
was maintained in an upright position for 2 min to allow the fluid to
drain into the respiratory tree. The rats were randomly divided into
six equal groups of 6 animals each, and the experiment was carried
outinduplicate. Four treatment groups were instilled PM suspen-
sion at different concentrations, and final exposure concentration
reached 0.3, 1, 3 and 10 mg/kg bw, respectively. The control group
was instilled with same amount of physiological saline, and the
other special control group (vehicle group) was treated with same
amount of suspension from extracts of “blank” filter. Instillation
was performed five times with 3 days each.

When not being treated, the rats had free access to food and
water. Decapitations 48 h after the last exposure, rats were killed.
Cortex and lung were separated immediately after the brain was
removed, and stored in prelabeled freezing tubes for quick freezing
in liquid nitrogen and following by storage at —80 °C. The care and
use of the animals reported in this study were approved by the
Institutional Animal Care and Use Committee of Shanxi University.

2.3. Analytical methods

2.3.1. Hematoxylin—eosin (H&E) staining

The tissue was rapidly removed, washed for several times with
0.1 M phosphate buffer saline (PBS, pH 7.4), fixed in 10% forma-
lin for 24 h at room temperature, dehydrated by graded ethanol
and embedded in paraffin. Sections (5-6-p.m-thick) were deparaf-
finized with xylene, stained with hematoxylin and eosin (HE), and
observed by light microscopy with 400x magnification (Olympus,
Japan).

2.3.2. Reverse transcription and real-time reverse transcription
(RT)-PCR analysis

Total RNA was isolated from less than 100 mg of cortex and lung
by using TRIzol Reagent (Invitrogen Life Technologies) according to
the manufacturer’s protocol. Total RNA was quantified by determi-
nation of optical density at 260 nm. First-strand complementary
DNA (cDNA) was synthesized according to the manufacturer’s
instruction of reverse transcription kit (TaKaRa Biotechnology Co.,
Ltd., Dalian). The cDNA product was stored at —20 °C until use.

Each 20 .l PCR reaction contained 1 .l cDNA (5-fold dilution
of original cDNA product), 2 pl PCR buffer, 3.5 mM MgCl,, 0.2 mM
of each dNTP, 500 nM each primer, 200 nM TagMan probe and 1U
Taq DNA polymerase. The primers and probes were designed by
using DnaStar and Beacon Design, and the sequences and cycling
conditions were listed in Table 1. Reactions were run on a Rotor-
Gene 3000 Real-Time Cycler (Corbett Research, Sydney, Australia).

Each treatment had six samples and each PCR reaction carried
out in duplicate. In each PCR run, serial dilutions of known amounts
of corresponding cDNA standard were included. To minimize inter-
assay variability, the same dilution series of each gene-specific
standard were run with samples in each experiment. The threshold
cycle (Ct) was calculated by the Rotor-gene 6.0 software to indi-
cate significant fluorescence signals above noise during the early
cycles of amplification. Quantification of the samples by the soft-
ware was calculated from Ct by interpolation from the standard
curve to yield copy numbers for the target samples. The relative
quantification of the expression of the target genes was measured
using 3-actin mRNA as an internal control. The copy number of
target gene [3-actin mRNA was measured in all samples.
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Table 1
The sequences of primers and probes and cycling conditions.

Gene Accession no. Sequence

Temperature (t) Cycles

Initial denaturation Denaturation Annealing Extended

B-Actin NM_017008  Sense: 5'-GCCCTAGACTTCGAGCAAGAG-3'

Antisense: 5'-AGCACTGTGTTGGCATAGAGGT-3’

95°C(3 min) 94°C(20s)  55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-CCACTGCCGCATCCTCTTCCTCCCT-TAMRA-3'

ET-1 NM_012548 Sense: 5'-AAGCGATCCTTGAAAGACTTACTTC-3'

Antisense: 5-TGTGTATCAACTTCTGGTCTCTGTA-3’

95°C(3 min) 94°C(20s)  55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-ACCACAGACCAAGGGAACAGATGCC-TAMRA-3’

eNOS NM_021838 Sense: 5'-CAGCGCCCACCCAGGAGAG-3’

Antisense: 5'-ATCGGCAGCCAAACACCAAAGTC-3'

95°C(3 min) 94°C(20s)  56°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-CTGTAGCTGTGCTGGCATACAGAAC-TAMRA-3'

IL-1B NM.031512 Sense: 5'-GCCTCAAGGGGAAGAATCTATACC-3’

Antisense: 5'-GGGAACTGTGCAGACTCAAACT-3’

95°C(3 min) 94°C(205) 55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-TGATGAAAGACGGCACACCCACCCTTAMRA-3’

TNF-a  NM.012675 Sense: 5'-GCCGATTTGCCATTTCATACC-3’

Antisense: 5'-GGACTCCGTGATGTCTAAGTAC-3'

95°C(3 min) 94°C(205) 58°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-AGTCAGCCTCCTCTCCGCCATCAAG-TAMRA-3'

COX-2  NM.017232 Sense: 5'-AAATCGGGAGTTGGAATCACTTTC-3’

Antisense: 5'-CCATCGTTTAGGACAGAACATCAC-3'

95°C(3 min) 94°C(205) 55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-TCCGCCACCTTCCTACGCCAGCA-TAMRA-3'

iNOS NM_012611 Sense: 5'-CAGAAGCAGAATGTGACCATCAT-3'

Antisense: 5'-CGGAGGGACCAGCCAAATC-3’

95°C(3 min) 94°C(205) 55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-ACCACCACACAGCCTCAGAGTCCTT-TAMRA-3’

ICAM-1 NM.012967 Sense: 5-TTCAACCCGTGCCAGGC-3'

Antisense: 5'-GTTCGTCTTTCATCCAGTTAGTCT-3’

95°C(3 min) 94°C(20s)  58°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-TCTGCTCCTGGTCCTGGTCGCCG-TAMRA-3’

bax NM_017059 Sense: 5'-CCAAGAAGCTGAGCGAGTGTCTC-3'

Antisense: 5'-AGTTGCCATCAGCAAACATGTCA-3’

95°C(3 min) 94°C(20s)  55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-CCACCCGGAAGAAGACCTCTCGGGG-TAMRA-3’

bcl-2 NM_016993 Sense: 5'-GGAGCGTCAACAGGGAGATG-3'

Antisense: 5'-GATGCCGGTTCAGGTACTCAG-3'

95°C(3 min) 94°C(20s)  55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAM-TCCACAGAGCGATGTTGTCCACCA-TAMRA-3'

p53 NM_030989  Sense: 5'-CAGCTTTGAGGTTCGTGTTTGT-3'

Antisense: 5-ATGCTCTTC GCGGAAA-3

95°C(3 min) 94°C(20s)  55°C(20s) 72°C(20s) 55

TagMan probe: 5'-FAMCCTGTCCTGGGAGAGACCGTCGG-TAMRA-3’

2.3.3. Protein isolation and immunoblot analysis

Protein was extracted from cortex in ice-cold lysis buffer,
and concentration was determined by bicinchoninic acid assay to
ensure equal loading for assessment by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Briefly, 50 g total
protein was separated by SDS-PAGE, transferred to a nitrocellulose
membrane, and blocked with 5% nonfat milk. Blocked membranes
were incubated in either rabbit polyclonal antibodies specific for
rat ET-1, eNOS, COX-2, iNOS and ICAM-1 (Beijing Biosynthesis
Biotechnology Co., Ltd.), or mouse monoclonal antibodies for 3-
actin (Oncogene, USA) at a concentration of 1:100 (for ET-1, eNOS,
COX-2,iNOS and ICAM-1), or 1:5000 (for [3-actin) at 4 °C overnight.
Exposure to fluorescently labeled secondary antibody (1: 2000)
(IRDye 800CW Goat anti-Rabbit IgG (H + L), LI-COR) was followed by
scanning and detecting with LI-COR Odyssey® Infrared Fluorescent.

2.3.4. Determination of cytokine level

The tissue was weighed and homogenized in ice-cold 0.9% NaCl
and centrifuged for 10 min at 3000 rpm. Cytokine (IL-1[3 and TNF-
a) levels in the supernatant were measured with commercially
ELISA kits (Westang Company, China), according to the manufac-
ture instruction.

2.3.5. TUNEL assay

Tissue section of rat brain was fixed with 4% paraformaldehyde
and embedded in paraffin, and then processed for the terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) assay according to manufacture instructions (Apoptag®
Plus Peroxidase in situ Apoptosis Detection Kit, Roche Com-
pany, Purchase, Shanghai). After developed with diaminobenzidine
(DAB) substrate, slides were also counterstained with hematoxylin,

and then examined for evidence of apoptosis. Cell with bright
brunette nucleus was considered to be TUNEL-positive cell.

2.4. Data analysis

Data were presented as mean + SE. Unless stated otherwise,
analysis of variance (ANOVA) was applied for between-group sta-
tistical comparison using StatView Software. Results presented
were representative, and those with p-values <0.05 were consid-
ered significant.

3. Results
3.1. Analysis of PM1¢ chemical characteristics

The daily average sampling weight of PM;g was 0.0557 g, and
the concentration was 0.387 mg/m3. As shown in Table 2, inorganic
ions in the PM;o sample mainly included NH4*, NO3~, SO42~, Cl-
and F~, and elements were consisted of Na, K, Mg, P, Ca, Fe, Al. The
data from ICP-MS and GC-MS indicate that the heavy metal Mn, Zn,
As, Cu, Nij, Cr, Cd, Co, Pb, Ba, Sc and Sb were detected, and 17 PAHs
were found. Also, we analyzed EC and OC, and the values reached
38.130 and 85.338 pg/m3, respectively.

3.2. Effects of PM1g on brain histology and apoptosis

Representative H&E staining images were shown in Fig. 1A-E.
No histopathological abnormalities were observed in control and
vehicle group animals (data not shown). After different con-
centration PM;q exposure, astrocytes occurred around neurons,
following with a small amount of eosinophilic cytoplasm. Numer-
ous glial nuclei surrounded with shrunken cytoplasmic bodies were
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Table 2
The chemical characteristics of PM;o sample.

Elements (pg/m?) Inorganic ions (ug/m?)

Heavy metal (ng/m3)

Polycyclic aromatic hydrocarbon (PAHs, ng/m3)

Na 2.684 NH,4* 6.924 Mn
K 5.085 NO3~ 19.129 Zn
Mg 14.748 S042~ 75.155 As
P 1.222 Cl- 46.430 Cu
Ca 96.635 F- 0.600 Ni
Fe 9.679 Cr
Al 17.490 Ccd
ocC 85.338 Co
EC 38.130 Pb
Ba
Sc
Sb

0.403 Acenaphthylene (ANY) 0.822
1.163 Acenaphthene (ANA) 0.136
0.413 Fluorene (FLU) 1.142
0.587 Benzo(g,hi)perylene (BPE) 54.381
0.026 Indeno(1,2,3-cd)pyrene (IPY) 41.407
0.044 Dibenzo(a,h)anthracene (DBA) 18.828
0.007 Benzo(b)fluoranthene (BbF) 82.352
0.009 Coronene (COR) 33.375
0.693 Phenanthrene (PHE) 27977
2.730 Anthracene (ANT) 7.310
0.020 Fluoranthene (FLT) 78.284
0.184 Benzo(a)anthracene (BaA) 66.592

Chrysene (CHR) 67.184

Pyrene (PYR) 87.524

Benzo(a)pyrene (BaP) 41.678

Benzo(e)pyrene (BeP) 32.968

Benzo(k)fluoranthene (BKF) 13.939

observed. Moreover, large pyramidal neurons were particularly
affected while neuronal cell loss was remarkable.

Following the qualitative description, TUNEL staining was
applied to quantificate the changes. As shown in Fig. 2A-F, little
specific staining occurred in control and vehicle group (5.6 £ 0.51%
and 5.5+ 0.73% (p > 0.05 vs control) immunoreactive cells), and the
number of TUNEL-positive neurons increased in a concentration-
dependent manner (6.6+1.12%, 10.6+0.51%, 17.24+0.92% and
22.44+1.29% immunoreactive neurons at 0.3, 1, 3 and 10 mg/kg bw,
respectively).

3.3. Effects of PMyq on expression of endothelial mediators in the
cortex

ET-1 mRNA level varied with treatment concentration in a bell-
shape manner, and reached peak value at 1 mg/kg bw (2.24-fold

A

1 mg/kg

3 mg/kg

of control) (Fig. 3A1). Whereas, ET-1 protein increased with a
concentration-dependent property, and the statistical difference
occurred at all treated concentrations (1.55-, 1.62-, 1.67- and 1.70-
fold of control for 0.3, 1, 3 and 10 mg/kg bw, respectively) (Fig. 3A;).

Conversely, eNOS mRNA and protein expression decreased after
PM;o exposure with a concentration-dependent property (Fig. 3B),
and reached 0.74-, 0.57-, and 0.13-fold of control for mRNA, and
0.72-,0.59-, and 0.72-fold of control for protein at 1, 3 and 10 mg/kg
bw.

3.4. Effects of PM1qy on expression of inflammatory markers in the
cortex

PM;qo exposure tended to increase IL-1[3 expression at mRNA
and protein levels at all concentrations tested, and statistical dif-
ferences were observed at higher concentrations (for mRNA, 1.90-,

10 mg/kg

Fig. 1. The morphological characteristics in the brain of rats from control (A), 0.3 mg/kg (B), 1 mg/kg (C), 3 mg/kg (D) and 10 mg/kg (E). The brain from different treatment
group was rapidly removed, washed for several times with 0.01 M PBS (pH 7.4), fixed in 10% formalin for 24 h at room temperature, dehydrated by graded ethanol and
embedded in paraffin. Sections (5- or 6-pm-thick) were deparaffinized with xylene, stained with hematoxylin and eosin, and observed by light microscopy with 400x
magnification. The control reported in the figure represented normal control. The control group was instilled with same amount of physiological saline, and instillation was

performed five times with 3 days each. Bar=10 pm.
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0.3, 1, 3 and 10 mg/kg bw, respectively. The control group was instilled with same
amount of physiological saline, and the other special control group (vehicle group)
was treated with same amount of suspension from extracts of “blank” filter. The
rats were instilled for five times with 3 days each. Each treatment had six samples
and each PCR reaction carried out in duplicate. Value in each treated group was
expressed as a fold increase compared to mean value in control group, which has
been ascribed as an arbitrary value of 1. The control reported in the figure repre-
sented normal control, and no statistical difference was observed between normal
control and vehicle control group (p >0.05, n=6). Data are expressed as means + SE
(n=6); *p<0.05, **p<0.01, ***p<0.001 vs negative control.
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each PCR and ELISA reaction carried out in duplicate. Value in each treated group
was expressed as a fold increase compared to mean value in control group, which
has been ascribed as an arbitrary value of 1. The control reported in the figure repre-
sented normal control, and no statistical difference was observed between normal
control and vehicle control group (p > 0.05, n=6). Data are expressed as means + SE
(n=6); *p<0.05, **p<0.01, **p<0.001 vs negative control.
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1.55- and 4.22-fold of control at 1, 3 and 10 mg/kg bw; for protein,
1.15- and 1.32-fold of control at 3 and 10 mg/kg bw) (Fig. 4A). TNF-
a mRNA expression followed a bell-shape concentration-response,
with a peak value occurring at 0.3 mg/kg bw (1.90-fold of control).
Whereas, TNF-a protein increased with treatment concentration,
and statistical difference was observed after 10 mg/kg bw (1.59-fold
of control) (Fig. 4B).

COX-2 mRNA level varied with treatment concentration in a
bell-shape manner (Fig. 5A;). The value reached peak value at
1 mg/kg bw (2.23-fold of control) and then decreased with the
increase of concentration. However, COX-2 protein expression was
continuously up, and the statistical difference occurred at 1, 3
and 10mg/kg (1.28-, 1.38- and 1.26-fold of control). PM¢ expo-
sure significantly enhanced iNOS mRNA and protein expression
with a concentration-dependent property, and statistical difference
occurred at all concentrations tested (Fig. 5B). Also, PM;( tended
to increase ICAM-1 expression at mRNA and protein levels at all
concentrations tested, and statistical differences were observed at
higher concentrations (for mRNA, 1.30-, 1.44-, 1.51- and 1.91-fold
of control at 0.3, 1, 3 and 10 mg/kg bw; for protein, 1.33-, 1.38- and
1.50-fold of control at 1, 3 and 10 mg/kg bw) (Fig. 5C).

3.5. Effects of PM1g on expression of apoptosis-related genes in
the cortex

To clarify the sequent injuries of PM;g on the brain, we fur-
ther investigated the expression of apoptosis-related genes (Fig. 6).
PM;o exposure tended to increase bax expression at mRNA and
protein levels at all concentrations tested, and statistical differ-
ences were observed at 1, 3 and 10 mg/kg bw. The sample tended to
decrease bcl-2 expression, but no statistical difference was found.
Whereas, the ratio of bax to bcl-2 mRNA/protein elevated with
the increase of exposure concentration, and statistical differences
occurred at all tested concentrations. Also, the sample elevated
p53 mRNA and protein expression in a concentration-dependent
manner, and the significant difference occurred at 3 and 10 mg/kg
bw.

3.6. Effects of PMyg on expression of endothelial and
inflammatory marker genes in the lung

As shown in Fig. 7, ET-1 mRNA level increased with a
concentration-dependent property, and the statistical difference
occurred at the two treated concentrations (1.76- and 2.79-fold of
control for 0.3 and 3 mg/kg bw, respectively). IL-13 and ICAM-1
expression at mRNA increased with treatment concentration, and
statistical difference was observed at 3 mg/kg bw (1.27-fold and
2.45-fold of control, respectively). TNF-ao mRNA level tended to
increase with treatment concentration, and no statistical difference
was observed at present exposure levels.

4. Discussion

Air pollution is a complex mixture of gases and particulate mat-
ter. In some urban areas, the air quality is so poor that the threshold
considered ‘safe’ is consistently surpassed due to the combustion
of fossil fuels. In such environments, exposure to ambient air pol-
lution and the possibility of adverse human health effects is a
realistic cause for concern. While the connection between expo-
sure to particulate matter and harmful cardiopulmonary effects has
been reasonably well established [26,27], there is growing evidence
that the central neuronal system (CNS) may be another target and
PM may be associated with cerebrovascular and neurodegenerative
diseases [3,15,28]. In the present study we demonstrate that mild
pathological abnormal occurred in the brain after PM;¢ exposure in
heating season, followed by the changes of endothelial mediators
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Fig. 5. Effects of PM;o exposure on COX-2 (A; and A;), iNOS (B; and B;), ICAM-
1 (C; and C;) mRNA and protein expression in rat brain. Male Wistar rats were
instilled PM;o suspension at different concentrations, and final exposure concen-
tration reached about 0.3, 1, 3 and 10 mg/kg bw, respectively. The control group
was instilled with same amount of physiological saline, and the other special control
group (vehicle group) was treated with same amount of suspension from extracts of
“blank” filter. The rats were instilled for five times with 3 days each. Each treatment
had six samples and each PCR and ELISA reaction carried out in duplicate. Value
in each treated group was expressed as a fold increase compared to mean value
in control group, which has been ascribed as an arbitrary value of 1. The control
reported in the figure represented normal control, and no statistical difference was
observed between normal control and vehicle control group (p > 0.05,n=6). Data are
expressed as means =+ SE (n=6); *p<0.05, **p<0.01, **p <0.001 vs negative control.

(ET-1 and eNOS) and inflammatory markers, (IL-1[3, TNF-c, iNOS,
COX-2 and ICAM-1). Also, the sample up-regulated bax/bcl-2 ratio
and p53 expression, and induced neuronal apoptosis. However,
the sample suspension from the special control group, which was
treated with extracts of “blank” filter, did not affect the expression
of endothelial dysfunction mediators and inflammatory markers,
and no statistical difference was observed between normal control
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Fig. 6. Effects of PM;o exposure on bax (A; and A;), bcl-2 (B; and B;), bax/bcl-2
(Cqy and C;) and p53 (D; and D) mRNA and protein expression in rat brain. Male
Wistar rats were instilled PM;o suspension at different concentrations, and final
exposure concentration reached about 0.3, 1, 3 and 10 mg/kg bw, respectively.
The control group was instilled with same amount of physiological saline, and
the other special control group (vehicle group) was treated with same amount of
suspension from extracts of “blank” filter. The rats were instilled for five times with
3 days each. Each treatment had six samples and each PCR carried out in duplicate.
Value in each treated group was expressed as a fold increase compared to mean
value in control group, which has been ascribed as an arbitrary value of 1. The control

and special control group (data not shown). It implicates that PMq
exerted injuries to mammals’ brain, and the mechanisms might be
involved in endothelial dysfunction and inflammatory responses.

Endothelins are potent vasoactive peptides upregulated in a
number of disorders involving endothelial dysfunction, secondary
to endothelial nitric oxide synthase-derived nitric oxide inhibi-
tion and over-expression of ET-1 [29]. NO is the most important
vasodilator, while ET-1 is one of the most potent endogenous
vasoconstrictors. The critical balance of NO and ET-1 is vital
in normal physiology and is disrupted in pathologic conditions
[30]. After PM o exposure, ET-1 expression increased and eNOS
level decreased with a concentration-dependent property, and the
statistical difference occurred at higher concentrations. As a vaso-
constrictor, ET-1 mediates a host of responses including endothelial
dysfunction, vasomotor contraction, leukocyte activation and cel-
lular proliferation, all of that eventually cause injuries [31]. ET-1
participates in the initiation of gliosis [32,33], a feature of neu-
rodegeneration [34,35]. Elevated plasma ET-1 levels may penetrate
the brain either by transport or leakage across a permeabilized
BBB. ET-1 can also inhibit NO production through regulating the
expression of NO synthases [36], which may explain the decline of
eNOS expression after high concentration PM;g exposure. Consid-
ering the close relationship between ET-1 and eNOS, we suggest
that ET-1 and eNOS were two key factors in the development of
PMjo-mediated brain endothelial injury.

Accumulating experimental studies show that air pollution-
induced neuronal disorders are associated with a marked
inflammatory reaction, and proinflammatory enzymes including
iNOS and COX-2 play an important role among the process. In
general, cytokines, produced by macrophages, endothelial cells,
astrocytes, fibroblasts, and neurons, are likely to contribute to
the expression. Principal among the factors are IL-1f3 and TNF-
o, two typical pro-inflammatory cytokines and form an important
part of inflammatory response, which enhance the permeability
of endothelial cells and display important physiological activities
in the initiation and development of the host response to brain
injuries [19,37]. In addition to attracting leukocytes into damage
sites, cytokines also stimulate the synthesis of adhesion molecules,
such as ICAM-1, on leukocytes and endothelial cells as well as other
cell types to promote the infiltration of leukocytes to the brain
through the endothelial wall [38,39]. In the present study, we first
measured IL-13 and TNF-a release, and found that the two typi-
cal pro-inflammatory cytokines was stimulated by PM;y exposure
and it implicated the initiation of inflammatory process. Following
this, induced excessive COX-2, iNOS and ICAM-1 expression pro-
moted blood-borne inflammatory cell adherence and infiltration.
Consequently, leukocytes exacerbated brain injury by physically
obstructing capillaries and reducing blood flow and/or by migrat-
ing into the brain parenchyma and releasing cytotoxic products,
which implicates the occurrence and development of injuries in
rat brains via inflammatory mechanism after PM;¢ exposure.

Interestingly, we observed the disagreement of the mRNA and
protein expression for the inflammatory markers. Usually, the
timing for mRNA expression and protein is different, and the
expression of mRNA is earlier than that of protein. It was probably
due to PMjg at various concentrations stimulated mRNA expres-
sion at different time point, and the time to induce the elevation of
mRNA level was shorter at higher concentrations than that at lower
concentrations. Therefore, the protein level followed a similar
concentration-course as the corresponding mRNA at lower concen-
trations, but did not follow a similar course as the corresponding

reported in the figure represented normal control, and no statistical difference was
observed between normal control and vehicle control group (p > 0.05, n=6). Data are
expressed as means =+ SE (n=6); *p<0.05, **p<0.01, **p<0.001 vs negative control.
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mRNA at higher concentrations, where the maximal mRNA expres-
sion was earlier than that of protein expression.

Neuronal apoptosis is implicated in the pathogenesis of an
increasing number of diseases which can be initiated by diverse
signals (such as oxidative stress and inflammation) and executed
via different biochemical pathways [40]. In the present study,
PMjg-induced apoptosis was mediated by the p53-dependent
mitochondrial apoptotic pathway as indicated by increased expres-
sion of p53 as well as its downstream target bax/bcl-2 ratio. Also,
TUNEL staining assay presented increased apoptotic neuron density
and confirmed the results.

Considering the PMyy sample used in the present study was
collected during heating season from a coal-combustion polluted
city, we further provided extra chemical characteristics data on
the sample, including heavy metals, organic and elemental car-
bon, and PAHSs. Inorganic ions in the PMo sample included NH4",
NOs3~, SO42-, CI- and F~, and SO42~ reached higher level, which
suggesting seriously SO, exhausting from heating process during
winter and industrial coal-combustion [41]. Among heavy met-
als, Mn, As, Pb, Ba and Sb, important contributors of heavy metal
releasing from coal-combustion [42], were richer than others. Also,
17 priority PAHs from coal-combustion process were detected
[43], and Benzo(g,hi)perylene (BPE), Indeno (1,2,3-cd)pyrene (IPY),
Benzo(b)fluoranthene (BbF), Coronene (COR), Fluoranthene (FLT),
Benzo(a)anthracene (BaA), Chrysene (CHR), Pyrene (PYR) and
Benzo(a)pyrene (Bap) showed higher polluting loads. To clarify the
source, we analyzed EC and OC, and the value of OC/EC implied that
the PM sample mainly came from coal-combustion process [44]. It
substantiates the notion that the PMg-bound pollutants result-
ing from coal-combustion played important role on the injuries
of the brain, and PM exposure in coal-combustion atmospheric

environment might contribute to the development and progression
of neuronal dysfunction.

Since the primary sites of PM;g impact are lungs, we further pro-
vided some data on lung toxicity of the PMo sample to interpret
whether the effects on the brain derive from either particle translo-
cation or systemic inflammatory events promoted by lung cells.
Stimulated expression of lung endothelial mediators and inflam-
matory markers from the present PM;g treatment was consistent
with previous literatures that exposures to particulate matter have
been associated with respiratory tract inflammation, disruption of
the nasal respiratory and olfactory barriers, systemic inflamma-
tion, production of mediators of inflammation capable of reaching
the brain and systemic circulation of particulate matter [5,14]. The
olfactory pathway provides a route by which metals and other
toxicants that come into contact with the olfactory epithelium
can enter the central nervous system without the interference of
the blood-brain-barrier. On the other hand, inflammatory media-
tors, produced in the respiratory tract as a consequence of chronic
pollutant-induced epithelial and endothelial injury, and released
into the circulation could activate brain endothelium and cross
the blood-brain barrier (BBB) [7,45]. Respiratory tract endothe-
lial and epithelial injury elicits the production and release into
the circulation of IL-6, IL-1[3, tumor necrosis factor-o (TNF-a) and
GM-CSF [46-48]. Brain blood vessels express receptors for TNF-q,
IL-1p3, and IL-6 [49,50]. TNF-a and IL-1f3 can evoke expression of
inflammatory mediator genes, such as cyclooxygenase-2 (COX2)
[51] and inducible nitric oxide synthase (iNOS) within brain capil-
lary endothelium [52,53]. Systemic cytokines could also affect the
central nervous system (CNS) via sensory nerves such as the vagus.
Alternatively, the carbon core of fine and ultrafine PM and PM-
associated chemicals, including combustion-derived metals, such
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as vanadium and nickel, and polyaromatic hydrocarbons, might
evoke brain inflammation by acting directly on the brain. Con-
trolled exposures of rats to particles or metals suggest that the PM
or PM components accumulate in the olfactory bulb [54,55], and
the trigeminal pathway can transport neurotoxins to the brain [56].
Thus, PM may reach the brain through olfactory receptor neurons
and the trigeminal nerves. Therefore, the observed effects on the
brain in the present study derive from particle translocation and
systemic inflammatory events promoted by lung cells.

5. Conclusion

In this study, we treated Wistar rats with PM; at different con-
centrations (0.3, 1, 3 and 10 mg/kg body weight), and investigated
endothelial dysfunction and inflammatory responses in the brain.
The results indicate that mild pathological abnormal occurred after
15-day exposure (1 time per 3 days), followed by the changes of
endothelial mediators (ET-1 and eNOS) and inflammatory markers,
(IL-1B, TNF-a, COX-2, iNOS and ICAM-1). Also, the sample up-
regulated bax/bcl-2 ratio and p53 expression, and induced neuronal
apoptosis. It implicates that PM;o exerted injuries to mammals’
brain, and the mechanisms might be involved in endothelial dys-
function and inflammatory responses.
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