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Abstract

Asthma is a chronic inflammatory disease characterized by infiltration and activation of various inflammatory cells and mucus secre-
tion. To investigate the effects of SO, on the expressions of asthma related-genes, male Wistar rats were challenged by ovalbumin (OVA)
or SO, (2 ppm) inhalation alone or together. Bronchoalveolar lavage and histopathologic examination were performed 24 h after the last
treatment. The mRNA and protein levels of MUCSAC and ICAM-1 were analyzed in lungs and tracheas using real-time reverse tran-
scription-polymerase chain reaction (real-time RT-PCR) assay, immunohistochemistry method and Western blot analysis, respectively.
Exposure to OVA or to OVA plus inhaled SO, significantly caused increases of the mRNA and protein levels of MUCS5AC and ICAM-1
in lungs and tracheas of rats compared with the control (P < 0.05 or P <0.01), but the increases of mRNA and protein levels after SO,
inhalation were not statistically significant. Exposure to OVA plus inhaled SO, significantly not only induced the mRNA and protein
expressions of these genes, but also induced the infiltration of inflammatory cells in lungs and tracheas and the increase of the numbers
of inflammatory cells in bronchoalveolar lavage fluids (BALF), versus exposure to OVA alone. Meanwhile, a synergistic effect on the
pathological changes between SO, and OVA was observed in lungs after SO, and OVA exposure. These results suggested that SO, could
increase the expressions of MUCS5AC and ICAM-1 on the transcription and translation levels in the lungs and tracheas from asthmatic

rats, which might be one of the possible mechanisms that SO, pollution aggravates asthma disease.

© 2007 Published by Elsevier Inc.
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1. Introduction

It is estimated that about 155 million people worldwide
are affected by asthma, which is associated with airway
hyperresponsiveness, chronic inflammation, and mucus
overproduction (Wills-Karp, 2000; Duncan, 2004; Wegmann
et al., 2005). Recent study has shown that the development
of asthma involves many genes and environmental factors
(Blumenthal, 2005), of which mucin 5, subtypes A and C
(MUCS5AC) and intercellular adhesion molecule 1
(ICAM-1) play an important role in the pathogenesis of
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asthma among plenty of asthma related-genes (Wegner
et al., 1990; Morcillo and Cortijo, 2006).

Asthma is recognized to a chronic airway inflammatory
disease characterized by infiltration and activation of vari-
ous inflammatory cells (Hamid et al.,, 2003), including
eosinophils, neutrophils, lymphocytes, macrophages, and
so on. Accumulation of these cells within the airways can
be influenced by expression of adhesion molecules on air-
way epithelium (Hogg et al., 1991). ICAM-1 is an adhesion
molecule expressed on multiple cell types throughout the
body, and functions to regulate infiltration of inflamma-
tory cells within the airway. It plays an important role in
establishing and maintaining inflammation in bronchial
asthma (Wegner et al., 1990). MUCS5AC is one of the
mucin genes, which is expressed mostly in the respiratory
tract epithelium and related with mucus secretion (Alimam
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et al.,, 2000). Although mucins mainly encoded by
MUCSAC are the necessary components of host defense,
they represent an important cause of airway obstruction
when secreted in excess (Knowles and Boucher, 2002).

Sulfur dioxide (SO,) is one of the most important air
pollutants. The previous studies showed that SO, inhala-
tion could affect the respiratory system in children and
elderly people (Tseng and Li, 1990; Derya, 2003). Low dose
exposure of SO, might aggravate asthma symptoms in
asthmatic subjects (Sheppard et al.,, 1980; Linn et al.,
1987; Grella et al., 2002). Recent studies showed that SO,
exposure could change the mRNA expressions of apopto-
sis-related genes (p53, bax and bcl-2), proto-oncogenes
(c-fos, and c-jun) and metabolizing enzymes (CYPIA1
and 1A2) in rats (Bai and Meng, 2005; Qin and Meng,
2005, 2006). However, few studies have focused on the
effects of SO, on the expressions of asthma related-genes.

The asthmatic rat model challenged by ovalbumin
(OVA) had been applied in the experiments and thera-
pies of asthma (Wang and Li, 2003; Pilegaard and
Madsen, 2004; Wu et al., 2006) for the advantages of
genetic homogeneity of the study subjects as well as
ready availability (Hylkema et al., 2002). In this study,
we analyzed the expressions of MUCSAC and ICAM-1
in lungs and tracheas of rats exposed to OVA plus
inhaled SO, using real-time RT-PCR assay and immu-
nohistochemistry method and Western blot analysis,
respectively.

2. Materials and methods
2.1. Animals and treatment protocols

Male Wistar rats were used as described previously (Qin and Meng,
2006). All animal procedures were approved by the Shanxi University Ani-
mal Investigational Committee and performed in accordance with the
Guide for the Care and Use of Laboratory Animals published by Ministry
of Health People’s Republic of China. The treatment protocol was shown
in Table 1.

Table 1
Treatment protocols of rats for gene expression measures

2.2. Cell counts, hematoxylin and eosin (HE) staining, and
immunohistochemistry

Rats were killed by anesthesia (sodium pentobarbital, 90 mg/kg, i.p.)
24 h after the last treatment. Then, the right lung was ligated, and the left
lung was immediately lavaged with phosphate-buffered saline (PBS pH
7.4) solution. Such process was repeated three times with 5 ml PBS as total
volume. The counts of total cells in bronchoalveolar lavage fluids (BALF)
were determined with a hemacytometer, and inflammatory cells were
counted with Wright-Gemisa staining.

After the collection of BALF, the right lung was frozen in liquid nitro-
gen for RNA and protein extraction, and fixed in 4% paraformaldehyde in
PBS for the HE staining and immunohistochemical analysis, respectively.

2.3. Real time quantitative RT-PCR

RNA isolation, cDNA synthesis and PCR analysis were performed as
described previously (Qin and Meng, 2006). Sequences of primers and
probes are listed in Table 2. Each treatment had six samples and each
PCR was carried out in duplicate. The conditions of PCR were as follows:
3 min at 95°C, 45 cycles of 20s at 94 °C, 20 s at 65 °C (MUCS5AC) or
60 °C (ICAM-1), and 20s at 72 °C. Fluorescence data were acquired at
the 72 °C step. The relative quantification of the expressions of the target
genes was measured using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA as an internal control.

2.4. Western blot analysis

Western blot analysis was performed as described previously (Qin and
Meng, 2006). Briefly, proteins were separated by SDS—polyacrylamide gel
electrophoresis (PAGE; 12% separating, 4% stacking) and transferred to
NC membranes (Amersham Pharmacia Biotech, Inc., Piscataway, NJ).
After the membranes were blocked in 5% nonfat dry milk in PBS buffer
containing 0.1% Tween 20, immunostaining was performed with goat
polyclonal antibody specific for rat ICAM-1 (SC-1511, Santa Cruz, CA,
USA) and mouse monoclonal antibody for actin (Oncogene, Boston,
MA) at a concentration of 1:300 (for ICAM-1) or 1:5000 (for actin) over-
night at 4 °C. Anti-goat or anti-mouse secondary antibody (Amersham
Pharmacia Biotech, Inc.) at a concentration of 1:5000 was added to mem-
branes and incubated for 1.5h at room temperature. The protein signal
was amplified and visualized via chemiluminescence using the ECL
Western blotting detection system and Hyperfilm ECL autoradiograhpy
film (Amersham Pharmacia Biotech, Inc.). Images were quantified using
the Labworks v3.0.2 image scanning and analysis software (Ultra-Violet
Products Lds., UVP).

Group Treatment protocols

Day Ist Day 8th Days 15-21

Exposed to SO, (about 2 ppm, 1 h/day)

Challenged with aerosolized 1% OVA
(0.5 h/day)

Non-treatment

Sensitized by 10 mg OVA in
1 ml saline mixed with 100 mg
of AI(OH); /each rat

Sensitized by 10 mg OVA in
1 ml saline mixed with 100 mg
of Al(OH)s/each rat

Injected by 1 ml saline/each rat

Sensitized by 100 mg OVA in
1 ml saline mixed with 100 mg of
Al(OH)s/each rat

Sensitized by 100 mg OVA in
1 ml saline mixed with 100 mg of
Al(OH)s/each rat

Exposure to SO,

Exposure to OVA (Sigma, grade 1)

Exposure to OVA plus inhaled SO, After SO, inhalation (about 2 ppm, 1 h/

day), the rats were challenged with
aerosolized 1% OVA (0.5 h/day)

The control Injected by 1 ml saline/each rat  Non-treatment Fresh air inhalation

The rats were divided randomly into four equal groups of six animals each. They were treated by an intraperitoneal (i.p.) injection, and 1 ml of Bordetela
Pertusis vaccine containing 6 x 10° heat-killed organisms was also given intraperitoneally as adjuvant. The rats exposed to SO, alone or to OVA plus
inhaled SO, were performed using the technique of SO, dynamic inhalation as described previously (Qin and Meng, 2006). The mean concentration of SO,
was 5.60 £ 1.12 (2 ppm).
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Table 2
Primers and probes sequences used in real-time RT-PCR
Gene Accession Number Sequences
GAPDH NM_017008

Forward primer 5'-ATGTATCCGTTGTGGATCTGAC-3’

Reverse primer 5’-CCTGCTTCACCACCTTCTTG-3'

TagMan probe 5'-FAM-TGCCGCCTGGAGAAACCTGCCA-TAMRA-3'
MUCS5AC AB042530

Forward primer 5'-AACTCTGCCCACCACAAGC-3’

Reverse primer 5'-TGCCATCTATCCAATCAGTCCAAT-3’

TagMan probe 5'-FAM-TGCCAGAGCCAACTTCAGCCACATC-TAMRA-3’
ICAM-1 NM_012967

Forward primer
Reverse primer
TagMan probe

5'-GAACTGGACCTGGCAAGAG-3'
5'-GTACCATTCATCTCCCGTTTG-3'
5'-FAM-AGACTTCACCATCCCGATAGGCAGCG-TAMRA-3’

2.5. Immunohistochemistry

Immunohistochemistry analysis for MUCSAC protein expression was
performed as described previously (Bai and Meng, 2005). The anti-
MUCSAC mouse monoclonal antibody (45M1, Neomarkers, Fremont,
CA) was incubated at a dilution of 1:200 overnight at 4 °C. A horseradish
peroxidase-conjugate polyclonal rabbit anti-mouse antibody was used as
the secondary antibody reagent. The reaction product was visualized using
diaminobenzidine (DAB) as a substrate. The negative control was accom-
plished by substituting MUCS5AC antibody with PBS. MUCS5AC positive
staining was shown at 400x magnification.

2.6. Statistical analysis

All values are expressed as means + SD. Statistical analysis was per-
formed using a one-way ANOVA test. A level of P <0.05 was accepted
as statistically significant.

3. Results

In order to study the effects of SO, and OVA on the
body weights of rats, we quantified the body weights of rats
during the experiment. Although the results showed that
the final weights of both control group and other groups
were significantly increased relative to the beginning values
(data not shown), no significant differences were found in
the mean body weight gain of rats exposed to SO, and/or
OVA compared with control. Moreover, at the end of
treatment the rats in the control were in condition, and
the rats exposed to SO, approximately in good order.
However, other rats exposed to OVA alone or to OVA plus
inhaled SO, showed abnormal symptoms such as quick
breathing and sluggish movement, etc.

3.1. Inflammatory cell counts in BALF

The numbers of total cells, eosinophils, lymphocytes,
macrophages, and neutrophils in BALF exposed to SO,
alone were increased, but no significant difference was found
compared with the control (Fig. 1). The counts of both total
cells and inflammatory cells were significantly increased
exposed to OVA (P <0.05 or P <0.01) or to OVA plus
inhaled SO, (P < 0.05 or P <0.01), versus the control. Fur-
thermore, exposure to OVA plus inhaled SO, significantly
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Fig. 1. Cell countsin BALF of rats in the different groups. (A) The number
of total cells. (B) The numbers of inflammatory cells. Key to abbreviations:
Total, total cells; EOS, eosinophils; LYM, lymphocytes; MAC, macro-
phages; NEU, neutrophils. Data are expressed as means &+ SD of six
individual samples. *P < 0.05, **P <0.01 versus corresponding control;
#p < 0.05 versus corresponding rats exposed to OVA.

increased the numbers of total cells, eosinophils, lympho-
cytes, and macrophages except for neutrophils compared
with exposure to OVA alone (Fig. 1A and B) (P <0.05).

3.2. Histopathological observation and
immunohistochemistry analysis

In histopathologic examination, there was no abnormal-
ity in lungs and tracheas of rats in the control (Figs. 2A and
3A). The pathological changes, such as the influx of inflam-
matory cells, the thickened alveolar walls, the diminished
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Fig. 2. HE staining and immunohistochemical staining using antibody to MUCSAC in lungs of rats exposed to SO, or/and OVA. (A-D) HE staining in
lungs of rats exposed to the control, exposed to SO,, exposed to OVA and exposed to OVA plus inhaled SO,, respectively; (E-H) immunohistochemical
staining for MUC5AC in lungs of rats exposed to the control, exposed to SO,, exposed to OVA and exposed to OVA plus inhaled SO, , respectively; and
(I) negative control without primary antibody. At 400x magnification. —, Positive staining

alveolar spaces and hyperplasia of basement membrane
and smooth muscle layer in the lungs and tracheas, were
observed in rats exposed to OVA or SO, inhalation alone
or together (Figs. 2B-D and 3B-D) compared with the
control. Meanwhile, exposure to OVA plus inhaled SO,
induced more pathological changes compared with expo-
sure to OVA alone (Figs. 2C, D and 3C, D).

MUCSAC positive expression was mainly observed in
the surface of both bronchial and tracheal epithelial cells,
and partly expressed in the tracheal submucosal gland cells
of rats (Figs. 2E-H and 3E-H, arrows). MUCS5AC expres-
sion was induced by exposure to SO, alone (Figs. 2F and
3F), while its expression was significantly increased in
bronchi and tracheas exposure to OVA alone or to OVA
plus inhaled SO, (Figs. 2G, H and 3G, H) compared with
the control (Figs. 2E and 3E). After treatment with the SO,
plus OVA, MUCS5AC was highly expressed compared with
exposure to OVA (Figs. 2G, H and 3G, H). Weak back-
ground staining appeared in negative control slides not
treated with MUCSAC antibody (Figs. 2I and 3I).

3.3. Real time RT-PCR analysis

The mRNA levels of MUCSAC and ICAM-1 were
assessed in lungs and tracheas of rats exposed to SO,

and/or OVA (Fig. 4). The mRNA expressions of
MUCSAC and ICAM-1 were significantly induced in lungs
and tracheas of rats treated with OVA compared with the
control (for lungs: 1.23- and 1.40-fold, P <0.01 or
P <0.05; for tracheas: 1.49- and 2.60-fold, P <0.05 or
P <0.01). Significant increases in the mRNA levels of
MUCS5AC and ICAM-1 were observed in rats treated with
OVA plus inhaled SO, (for lungs: 1.41- and 2.01-fold, P <
0.01; for tracheas: 1.76- and 3.12-fold, P <0.01 or P <
0.001), relative to the control (Fig. 4). No changes of
mRNA levels were observed in rats exposed to SO, alone.
Furthermore, the MUCS5AC and ICAM-1 mRNA levels
exposed to OVA and SO, were increased more strongly
than those of lungs and tracheas of rats exposed to OVA
alone (P <0.05 or P <0.01).

3.4. Effects of chemicals on ICAM-1 protein expressions in
lungs

In Fig. 5, exposure to OVA or to OVA plus inhaled SO,
significantly caused increase of ICAM-1 protein levels in
lungs of rats compared with the control (P <0.05 or
P <0.01), but the increase of protein levels after SO, inha-
lation was not statistically significant. Moreover, exposure
to OVA plus inhaled SO, significantly induced ICAM-1
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Fig. 3. HE staining and immunohistochemical staining using antibody to MUCS5AC in tracheas of rats exposed to SO, or/and OVA. (A-D) HE staining
in tracheas of rats exposed to the control, exposed to SO,, exposed to OVA and exposed to OVA plus inhaled SO,, respectively; (E-H)
immunohistochemical staining for MUCS5AC in tracheas of rats exposed to the control, exposed to SO,, exposed to OVA and exposed to OVA plus
inhaled SO, respectively; and (I) negative control without primary antibody. At 400x magnification. —, Positive staining
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Fig. 4. mRNA levels of MUCS5AC and ICAM-1 in lungs and tracheas of rats in the different groups. Mean expression in each treated group is shown as a
fold increase compared to mean expression in the control that has been ascribed an arbitrary value of 1. Each column and bar represents means + SD of
six individual samples. Statistical significances were analyzed using one-way ANOVA compared with the control, *P <0.05, **P <0.01, ***P <0.001.
Exposure to OVA plus inhaled SO, increased MUCSAC and ICAM-1 mRNA expressions versus exposure to OVA alone (*P < 0.05, **P < 0.01).

protein expression compared with exposure to OVA alone  low levels may affect the respiratory system in human

(P <0.05). beings (Bethel et al., 1985; Myers et al., 1986), and the pre-
vious reports had demonstrated that SO, at dose levels of
4. Discussion 1.5 and 2 ppm could induce the respiratory tract inflamma-

tion and increase of airway resistance in experimental ani-

SO, is a common air pollutant in densely populated  mals (Mehiman 1983; Samukawa et al, 2003). SO, at 2 ppm
areas as well as in areas polluted by coal-fired power plants, =~ was used in this study to examine the effects of its exposure.
smelters, and sulfuric acid factories. Exposure to SO, in  Although the experiment may be viewed as beyond the



R. Li et al. | Regulatory Toxicology and Pharmacology 48 (2007) 284-291 289

A Control SO; OVA 50, “OVA MW
Control S0, OVA S0;-OVA MW

Actin 42 KDa

B 3; protein levels of ICAM-1 in lungs from rats
3 25} =
£ 2 *
EREN
3 1
“ost

0

Control 50, OVA SO +OVA

Fig. 5. ICAM-1 Protein levels of in lungs of rats in rats treated with OVA
or SO, inhalation alone or associated. (A) Western blot analysis was
performed with antibody against ICAM-1 and with actin. Each figure
corresponds to a representative experiment out of six experiments. (B)
Each column and bar represents means & SD of six individual samples.
Mean expression in each treated group is shown as a fold increased
compared to mean expression in the control that has been ascribed an
arbitrary value of 1. Statistical significances were analyzed using one-way
ANOVA compared with the control, *P <0.05, **P <0.01. Exposure to
OVA plus inhaled SO, increased ICAM-1 protein expression versus
exposure to OVA alone (*P <0.05).

normal atmosphere encountered in the human environ-
ment (<0.5 ppm), there are three important considerations
to be made. First, it was reported that asthma symptoms
could be aggravated in the asthmatics at the concentrations
of SO, (1 and 5 ppm) (Sheppard et al., 1980; Horstman
et al., 1988). In animal experiment, lung function changes
were observed in asthmatic guinea pigs challenged by
OVA following exposure 5 ppm SO, on 5 consecutive days
over 8 h per day (Riedel et al., 1992). Recently, Park et al.
(2001) reported that repeated exposure to low levels of SO,
(<1 ppm) even could enhance the development of OVA-
induced asthmatic reactions in guinea pigs. Second,
Threshold Limit Value (TLV) in the US American Confer-
ence of Governmental Industrial Hygienists (ACGIH) for
SO, in industrial environment is 2 ppm, occupational expo-
sure limit values (OELs) for SO, with a respiratory critical
effect in workplace air in Swedish is also 2 ppm (Hansson
and Rudén, 2006). The dose of SO, (2 ppm) therefore used
in this study may have the actual meaning in an occupa-
tional exposure. Third, the animals in this study were sub-
jected to intermittent exposure with relief periods between
protocols (1 h a day on 5 consecutive days, with 23 h
between exposures). Accordingly, the actual concentrations
of gas reaching the airways in rats might have been lower
than that in the exposure chamber (2 ppm). And the effect
level for SO, in animal model might have been lower than
OELs (2 ppm) for longer periods of time. This level is per-
haps close to doses found in most industrial environments.

The lungs and tracheas are the first structures in the
human airways that encounter most environmental expo-
sures. Bronchi, bronchioles and alveoli in respiratory tract
are responsible for the exchange of gases. It was demon-
strated that allergen challenge of sensitized animals includ-
ing rats induced infiltration of inflammatory cells in lung
tissue or increase of inflammatory cells in BALF (Zeng
etal., 2001). In this study, the numbers of total cells and most
inflammatory cells in BALF of rats treated with OVA alone
or with OVA plus inhaled SO, were increased, relative to the
control rats. This result is in accordance with above report.

OVA, used as an allergen of murine asthmatic model,
could induce unique histological characteristic of allergic
inflammation in lung. SO, has been proposed to cause
severe respiratory tract symptoms in both humans and ani-
mals. The combination effect of SO, and OVA on lung was
observed in guinea pigs after SO, and OVA exposure
(Riedel et al., 1992). As we observed in lung pathological
data, the significantly pathological changes after co-expo-
sure of OVA and SO, were observed compared with the
rats exposed to either OVA or SO, alone. It was suggested
that exposure to OVA plus SO, inhalation resulted in the
pathological changes, which were possibly caused by
OVA acting with SO, synergistically.

It was reported that ICAM-1 expression on airway epi-
thelial cells had been implicated in the pathogenesis of
inflammatory lung diseases such as asthma (Wegner
et al., 1990). The elevated ICAM-1 levels were observed
in the asthmatic patients (Yong et al., 1997), and the
over-expression of ICAM-1 mRNA in bronchial tissue
from asthmatic guinea pigs was demonstrated (Cao and
Yang, 1997). The expression of ICAM-1 in epithelial cells
causes the adhesion of neutrophils and eosinophils to epi-
thelial cells (Jagels et al., 1999), and increased inflammation
results in exacerbations characterized by dyspnea, wheez-
ing, and coughing. In this study, the ICAM-1 levels in
lungs and tracheas of rats exposed to OVA alone were
higher than those of the control. After SO, and OVA expo-
sure, furthermore, the mRNA and protein levels of ICAM-
1 were significantly increased compared with exposure to
OVA alone. In addition, the counts of total cells, eosinoph-
ils, macrophages and lymphocytes in BALF of rats treated
with OVA plus inhaled SO, were significantly increased
compared with exposure to OVA alone. This result was
consistent with above report. It was implied that SO,
increased ICAM-1 levels in airway and in turn ICAM-1
induced inflammation reactions and caused inflammatory
cell infiltration, suggesting that SO, may enhance the air-
way injury in asthmatic rats.

MUCSAC is mainly expressed in the respiratory tract
and related with mucus secretion (Alimam et al., 2000).
In this study, OVA exposure induced the mRNA expres-
sion of MUCS5AC compared with the control, while SO,
plus OVA inhalation enhanced the mRNA levels of
MUCSAC in lungs and tracheas of rats compared with
exposure to OVA alone. In immunohistochemistry analy-
sis, MUCS5AC was highly expressed in bronchial and
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tracheal epithelial cells of rats exposed to OVA plus
inhaled SO,, versus exposure to OVA alone. It was implied
that SO, could enhance MUCS5AC gene over-expression in
airway of asthmatic rats. Excess mucus production in the
airways, with high viscoelasticity and adhesivity, is not eas-
ily transported by cilia beat or cough interactions. And
accumulated mucus ultimately results in individual asth-
matic symptoms such as sputum production, cough and
dyspnea (Daviskas and Anderson, 2006).

In conclusion, the rat model induced by OVA in this
study was used to investigate the molecular mechanism
between SO, and pathogenesis of asthma and the expres-
sions of MUCS5AC and ICAM-1 in the lungs and tracheas
from asthmatic rats exposed to SO,. The results indicated
that the increases of MUCSAC and ICAM-1 mRNA and
protein levels were not significant in lungs and tracheas
of rats exposed to SO, alone compared with the control,
but the elevated levels of these genes appeared in these tis-
sues of rats exposed to SO, plus OVA compared with either
the control or exposure to OVA, suggesting that SO, expo-
sure could result in OVA-induced increases of transcription
and translation levels of MUCS5AC and ICAM-1 in lungs
and tracheas of rats. At the same time, a synergistic effect
on the pathological changes between SO, and OVA was
observed in lungs after co-exposure of SO, and OVA.
These results provide more useful evidences to understand
the possible mechanism that SO, pollution aggravates
asthma disease. Analysis of the molecular mechanisms of
asthma related-genes has led to a better understanding of
asthma pathogenesis.
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