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Abstract

Background: Human obstructive airway diseases are his-
topathologically characterized by inflammatory cell infil-
tration, goblet cell hyperplasia, and mucus hypersecre-
tion in airways. We prepared a rat model of airway injury
by exposure of sulfur dioxide (SO,) and then evaluated
the effects of S-carboxymethylcysteine (S-CMC), a mu-
coregulant. Methods: Rats were exposed to SO, gas for
44 days and orally given S-CMC at 250 mg/kg, twice dai-
ly, from 21 to 44 days of exposure for histopathological
and immunohistochemical evaluation. Results: SO, ex-
posure induced inflammatory cell infiltration and mucus
cell increase in rat airways. S-CMC treatment significant-
ly decreased this inflammatory cell infiltration in proxi-
mal and peripheral airways. Morphometrically, SO, ex-
posure significantly increased the number of Alcian blue
(pH 2.5)- and periodic acid Schiff (AB/PAS)-positive cells
in rat airways (11.8 x 10-2 cell/nuclear profiles per
micrometer basement membrane) compared to normal
rat airways (1.6 x 10-2 cell/nuclear profiles per micro-
meter basement membrane). S-CMC treatment signifi-

cantly decreased the number of AB/PAS-positive cells
(4.4 x 1072 cell/nuclear profiles per micrometer base-
ment membrane, p < 0.01 vs. SO,-exposed rats). Immu-
nohistochemically, SO, exposure increased the expres-
sion of mucin BAC (MUC5AC) protein in the airway epi-
thelium of rats, but S-CMC treatment inhibited the in-
crease. Conclusions: The increased mucus cells and
MUCS5AC protein expression seem associated with SO,-
induced airway inflammation in rats. The fact that S-CMC
suppresses airway inflammation and the increase in mu-
cus cells and MUCSAC protein expression suggests that
this mucoregulant may be advantageous in the treat-
ment of inflammatory airway diseases with goblet cell
hyperplasia.

Copyright© 2004 S. Karger AG, Basel

Introduction

Airway hypersecretion and inflammation are common
in human obstructive airway diseases such as chronic
bronchitis, asthma, and cystic fibrosis. Overproduction of
mucus in the airways adversely affects mucociliary clear-
ance, causes airway obstruction, and contributes to mor-
bidity and mortality. Airway mucus is produced both by
mucus-secreting (goblet) cells in the surface epithelium
and the mucus cells in the submucosal glands. Histologi-
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cally, human obstructive airway diseases are character-
ized by inflammatory cell infiltration, goblet cell hyper-
plasia, and submucosal gland enlargement in the airways
[1-3].

Sulfur dioxide (SO,), a well-known air pollutant, is
closely associated with the development or deterioration
of human obstructive airway diseases [4]. In fact, many
researchers have shown inflammatory cell infiltration,
mucus cell increase, and mucus hypersecretion in the air-
ways of SO,-exposed rats, all of which are similar to those
in human obstructive airway diseases [5-8].

Recently, Rose and Gendler [9] and other teams [10,
11] demonstrated that the overexpression of mucin
(MUC) genes correlates with goblet cell hyperplasia/
metaplasia and suggested that mucin SAC (MUCS5AC)
mRNA and protein expression in airway epithelium
could be a marker of goblet cell hyperplasia. In addition,
upregulation of mucin synthesis has been observed in rats
when their airway epithelium is exposed to ozone [12],
endotoxin [13, 14], and SO, or viral infection [15, 16].
Thus, there are many reports on mucin synthesis or goblet
cell hyperplasia/metaplasia associated with obstructive
airway diseases or animal models.

S-carboxymethylcysteine (S-CMC) has long been used
for the treatment of many chronic airway diseases to
reduce sputum viscosity and facilitate expectoration of
secretions accumulated in the respiratory tract [17-19].
S-CMC has no direct mucolytic activity, but possesses
unique ‘mucoregulating’ properties [20], whose mecha-
nism(s) remain to be clarified, however.

Thus, the purpose of this study was to investigate a
possible relationship among airway inflammation, mucus
cell increase and MUCSAC protein expression associated
with goblet cell hyperplasia in an SO;-induced rat model
of bronchitis, and then to evaluate the effects of S-CMC
on these changes in this rat model.

Materials and Methods

Animals

Thirty male Wistar rats aged 6 weeks and weighing 150-160 g
were purchased from Japan Laboratory Animals, Inc. (Tokyo, Japan).
The animals were acclimatized for 7 days prior to the experiment.
They were housed in cages (3 or 4 animals/cage) in an animal room
maintained at a temperature of 23.2 £ 0.2°C, a humidity of 48.1 +
0.5%, and a 12-hour light-dark cycle (lighting: 7 a.m. to 7 p.m.) and
fed pelleted chow (F-2; Funabashi Farm, Funabashi, Chiba, Japan)
and provided with tap water ad libitum except during daily SO, expo-
sure. All the animals were cared throughout the study in accordance
with the institutional protocol and standard operating procedures
approved by the institutional animal care/use committee.
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Protocol for SO, Exposure

The rats were divided into two groups on the basis of their body
weight. The control group consisted of 10 animals (normal, nonex-
posed rats). The remaining 20 rats were exposed to SO,.

Exposures were performed in a whole body inhalation type 950-
liter cubic exposure chamber system (CIS-1000G; Japan Clea, To-
kyo, Japan). Anhydrous grade SO, (concentration 99.9%; Showa
Denko K.K., Tokyo, Japan) was mixed with a clean air stream
(scrubbed through high-efficiency particulate air filter) and intro-
duced into the exposure chamber. Both the airflow (250 liters/min,
16 air changes/h) and negative pressure of 5-10 mm H,O in the
chamber were monitored continuously and, when required, con-
trolled by an SO, gas generator equipped with the exposure system.
The temperature and relative humidity of the room in which the
chamber was installed were maintained at 17-23°C and 20-41%,
respectively, throughout daily exposures. Rats in stainless steel-wire
mesh cages were placed into the chamber and exposed to 300 ppm
SO, gas, 4 h a day, 6 days per week for 20 days. The SO, concentra-
tions were measured at regular intervals, using a detection tube (Gas-
tec Co., Ayase, Kanagawa, Japan) connected to an air supply tube
placed in the breathing zone of the rats.

The 20 exposed rats were divided into two subgroups on day 21:
one subgroup consisting of 10 animals which remained exposed to SO,
and was dosed orally with the vehicle (0.3% carboxymethylcellulose
sodium; Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan) for 24 days (SO»-
exposed rats); the other group consisted of 10 rats which remained
exposed to SO, and were dosed orally with S-CMC (NipponRika Co.,
Ltd., Tokyo, Japan) at 250 mg/kg, twice a day, 6 days per week, from
days 21 to 44 of SO, gas exposure. Single doses of S-CMC or vehicle
were administered to these two subgroups on the last day (day 45 with-
out gas exposure), i.e., 1 h before necropsy (fig. 1).

Necropsy and Tissue Preparation for Histopathological Analysis

All SO,-exposed rats were euthanized under intraperitoneal anes-
thesia with pentobarbital sodium (50 mg/kg;, Abbott Laboratories
Ltd., Chicago, Ill., USA) on day 45, or 24 h after the end of SO, gas
exposure and the lungs removed. The left and right lungs were sepa-
rated. The left lungs were fixed by immersion in 10% buffered for-
malin, and the right lungs were fixed by immersion in methacarn
solution (methanol:chloroform:acetic acid = 6:3:1). Complete verti-
cal serial sections, approximately 3 mm thick from the hilum, were
cut from each lobe. All lung sections, oriented to include both the
upper and lower lobes, were processed in the usual manner and
embedded in paraftin. Tissue sections 5-6 pm in thickness were pre-
pared and mounted on aminopropyltricthoxysilane-coated glass
slides.

Paraffin sections from the formalin-fixed left lung tissues were
stained with hematoxylin and eosin (HE) to evaluate the degree of
inflammatory cell infiltration from proximal to peripheral airways.
Separately, some formalin-fixed left lungs were stained with Alcian
blue (pH 2.5)/periodic acid-Schiff (AB/PAS) to evaluate the degree of
mucus cell increase. Paraffin sections from the methacarn-fixed right
lung tissues were used for immunohistochemistry of MUCSAC.

Evaluation of Inflammatory Cell Infiltration in the Airways

Histopathological analysis of inflammatory cell infiltration in the
airways was evaluated according to a modification of the method of
Sadakane et al. [21] using an Olympus BH-2 light microscope (Olym-
pus, Tokyo, Japan). The magnitude of inflammatory cell infiltration
into the submucosal layer of bronchi and bronchioles was scored on a
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semiquantitative scale: 0 = not present, 1 = minimal, 2 = mild, 3 =
moderate, 4 = moderate to severe, and 5 = severe. The specimens
were evaluated independently by two experienced investigators and
an average score was adopted.

Morphometric Analysis of AB/PAS-Positive Cells

AB/PAS-positive cells on the luminal epithelium covering the
proximal airways were analyzed morphometrically on each AB/PAS
reaction slide.

Morphometric analysis was performed with a semiautomatic,
computerized image analysis system consisting of a light microscope
(Olympus BX-50; Olympus Corp., Tokyo, Japan) connected to a
CCD camera (DXC-950; Sony, Inc., Tokyo, Japan), a color monitor,
and a Power Macintosh 8500/120 computer (Apple Computer, Inc.,
Cupertino, Calif., USA) run by a public-domain National Institutes
of Health Image program (version 1.59, the US National Institutes of
Health).

The number of AB/PAS-positive cells (AB/PAS-positive cell
number x 10-2 cell/nuclear profiles per micrometer basement mem-
brane) was determined by counting the total number of AB/PAS-pos-
itive cells of nuclear profiles per total length of the basement mem-
brane underlying the epithelium [22]. Ten microscopic fields per ani-
mal with a magnification of x 100 were randomly sampled at equal
distances apart on the basement membrane line. Data for each exper-
imental group are expressed as the mean number of AB/PAS-positive
cell/nuclear profiles per micrometer basement membrane = SEM.

Immunohistochemistry for MUC5AC

Immunohistochemistry was carried out on deparaffinized tissue
sections using the avidin-biotin complex (ABC) method (Vectastain®
Elite ABC kit; Vector Laboratories, Burlingame, Calif., USA). En-
dogenous peroxidase activity was quenched by immersing the tissue
sections in freshly prepared 1% hydrogen peroxide in methanol for
20 min, and the samples were then rehydrated in a descending etha-
nol series. After treatment with the Biotin Blocking System (Dako
A/S, Glostrup, Denmark) for 10 min to block endogenous biotin and
avidin binding, the sections were incubated with anti-MUCSAC
mouse monoclonal antibody (clone 45M 1, dilution 1:200; Neo Mark-
ers, Fremont, Calif., USA) at 4°C for 16 h. After incubation with the
primary antibody, the sections were washed several times in phos-
phate-buffered saline (PBS) and incubated with biotinylated horse
anti-mouse IgG for 30 min and then with avidin-biotin peroxidase
complex for 30 min. After washing in PBS, the tissue-bound horse-
radish peroxidase activity was visualized by immersing the sections
in diaminobenzidine tetrahydrochloride (Wako Pure Chemical In-
dustries, Ltd., Osaka, Japan) containing hydrogen peroxide. Follow-
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ing completion of the immunohistochemical staining procedures, the
sections were counterstained with hematoxylin, dehydrated, and
mounted for light microscopy.

The sections used as negative control were reacted with the
mouse monoclonal IgG1 antibody (Dako A/S) instead of the primary
antibody, and then treated in the same manner as above.

The immunohistochemical staining of all samples was performed
in a single series to minimize series-to-series variations of staining
intensity.

Evaluation of MUCS5AC Protein Expression in Rat Airway

Epithelium

The levels of immunohistochemical staining were estimated in
two different anatomical compartments of the lung (i.e. proximal and
peripheral airways). The relative number (%) of MUCS5AC-positive
cells (PCN value) was scored as a five-grade scale: no positive cells, 0;
1-10%, 1; more than 10-50%, 2; more than 50-90%, 3, and more
than 90% positive cells, 4. The specimens were evaluated indepen-
dently by two experienced investigators and an average score was
adopted.

Statistical Analysis

Data were inputted in a computer spreadsheet program (Micro-
soft Excel; Microsoft, Redmond, Wash., USA) and all calculations
were performed using a commercial statistical analysis package (SAS;
version 6.12; SAS Institute Inc., Cary, N.C., USA) on a personal com-
puter. A %2 test was used to analyze the histopathologic data on
inflammatory cell infiltration and MUCS5AC protein expression in
the airways. The number of AB/PAS-positive cells morphometrically
obtained is expressed as the mean £ SEM, and statistically analyzed
by one-way analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison test. Differences were considered statistically
significant if p < 0.05.

Results

Effect of S-CMC on SO,-Induced Inflammatory Cell

Infiltration in the Airways

The magnitude of inflammatory cell infiltration was
evaluated as described in Materials and Methods. The
results of this evaluation are shown in figure 2 for the
effect of S-CMC on SO;-induced airway inflammation. In
SO,-exposed rats, inflammatory cells infiltrated the peri-
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Fig. 2. Effect of S-CMC on rat airway inflammation induced by SO, exposure. S-CMC (250 mg/kg) was given orally,
twice a day, from days 21 to 44 of SO, gas exposure. The magnitude of inflammatory cell infiltration in proximal (a)
and peripheral airways (b) was evaluated in lung specimens stained with HE. Data are shown as individual values,
and each horizontal line indicate the mean value per group. * Significantly different from the SO,-exposed rats at p <

0.05 (2 test).

vascular and peribronchial regions of the proximal and
peripheral airways. S-CMC treatment significantly de-
creased the inflammatory cell infiltration in proximal and
peripheral airways (fig. 2).

Effect of S-CMC on Increased Mucus Cells

The effect of S-CMC on the number of AB/PAS-posi-
tive cells in rat airways is shown in figures 3 and 4a—c.

As compared with normal rats (1.6 x 10-2 cell/nuclear
profiles per micrometer basement membrane), SO,-ex-
posed rats showed a 7.4-fold increase in the number of
AB/PAS-positive cells (11.8 x 10-2 cell/nuclear profiles
per micrometer basement membrane, p < 0.01), which
contained cytoplasm filled with AB/PAS-positive materi-
als (fig. 4b).

S-CMC treatment significantly decreased the number
of AB/PAS-positive cells (4.4 x 10-2 cell/nuclear profiles
per micrometer basement membrane, p < 0.01) as com-
pared to SO,-exposed rats. Interestingly, S-CMC treat-
ment also reduced AB/PAS-positive material in mucus
cell cytoplasm (fig. 3, 4c¢).
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MUCS5AC Localization in SO,-Exposed Rat Airways
and Inhibitory Effects of S-CMC on MUC5AC Protein
Expression

We stained the specimens immunohistochemically by
using monoclonal antibody to MUCS5AC and compared
MUCS5AC protein expression in the lungs of SO,-exposed
and normal rats. The results of MUCS5AC immunoreac-
tivity and the staining scores of MUCSAC protein expres-
sion are presented in figures 4d—f and 5, respectively. The
negative control stained with the mouse monoclonal IgG1
antibody gave no positive signals in airway epithelium of
an adjacent section (data not shown).

MUCSAC immunoreactivity in normal rat airways
was only weakly and rarely positive in the cytoplasm of
epithelial cells in the proximal airways (fig. 4d).
MUCSAC immunoreactivity in SO,-exposed rat airways
was strongly positive in epithelial cells in the proximal air-
ways, though negative in alveolar epithelial cells. Epithe-
lial staining by MUCS5AC immunoreactivity was mainly
localized in the intracellular organelles of the epithelial
cells without staining in the nucleus (fig. 4¢). Weakly posi-
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tive materials were also found in the surface mucus over-
laying the airway epithelium. In contrast, the immunore-
activity of MUCS5AC was markedly decreased in S-CMC-
treated rats compared with SO,-exposed, nontreated rats
(fig. 4f).

The PCN value for MUCS5AC protein expression sig-
nificantly increased in the proximal airways of SO,-
exposed rats as compared to those from normal rats. S-
CMC treatment decreased the value for MUCS5AC pro-
tein expression in the proximal airways (p < 0.05 vs. SO,-
exposed rats, fig. 5).

Discussion

We evaluated a possible relation among airway inflam-
mation, mucus cell increase, and MUCS5AC protein ex-
pression associated with goblet cell hyperplasia in rat
model of SO,-induced bronchitis, and then evaluated the
effects of S-CMC on these changes in this rat model.

In the present study, SO, exposure induced mucus
hypersecretion, mucus cell increase, and MUCS5AC pro-
tein expression, all of which were observed in association
with airway inflammation in rats. S-CMC suppressed all
these changes, including SO,-induced MUCS5AC protein
overexpression. All these suppressive effects may be in
favor of the therapeutic properties of S-CMC as a muco-
regulant without direct mucolytic activity [23] but with
established anti-inflammatory properties [24, 25].

S-CMC Decreases Airway Inflammation
and Mucin 5AC Expression in SO,-Exposed
Rats

Sulfur dioxide has considerable potential for inducing
histological alterations in the airways. An experimental
rat model of SO,-induced bronchitis was selected for the
present study since this model is well established [5-8].
The SO,-related airway changes described so far include
increased susceptibility to cell membrane damage by
many other pollutants, as well as a promoted infiltration
of eosinophils into the airway epithelial layer and an
increased release of proinflammatory mediators [26, 27].
These SO,-induced alterations in rats have been suggested
to histologically resemble those in human bronchitis [28].
In the present study, a 40-day exposure to 300 ppm SO,
induced infiltration of inflammatory cells, mainly neutro-
phils, eosinophils, and lymphocytes/monocytes, in rat
lung, and also a marked increase in mucus cells and
mucus hypersecretion in large airways. All these findings
are in agreement with those reported in previous studies
[5,7,8].

Chronic airway inflammation and goblet cell hyperpla-
sia are frequent features in chronic bronchitis, asthma,
and chronic obstructive pulmonary disease. Chronic in-
flammation is characterized by the presence of inflamma-
tory cells, including mast cells, neutrophils, eosinophils,
macrophages, and lymphocytes, all of which release dif-
ferent types and quantities of cytokines and growth fac-
tors leading to aggravation of the morbidity or chronic
presence of structural alterations with goblet cell hyper-
plasia/metaplasia. These alterations in the structure of the
airway wall are defined as so-called airway remodeling
[3]. Since S-CMC reduced almost all these changes in-
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Fig. 4. Histopathology of the proximal airways from normal rats (a,
d), SO,-exposed rats (b, ) and S-CMC treated rats (¢, f). Lung tissue
sections were stained with AB/PAS and counterstained with hema-
toxylin (a—¢). Airway epithelium from the SO,-exposed rats (b)
shows prominent mucus-filled goblets, which are absent in the air-
ways of S-CMC-treated rats (¢). Immunohistochemical staining of
MUCSAC in airway epithelium is also shown for normal rats (d),
SO,-exposed rats (e) and S-CMC treated rats (f). MUCSAC protein

duced by SO, in rat model of bronchitis, it may play a role
in suppressing this remodeling process to some extent.
Mucin glycoproteins (mucins) play an important role
in protecting the mucosa from harmful aggregation of for-
eign or internal particles (pathogens, irritating and other

278 Int Arch Allergy Immunol 2004;134:273-280

expression is rare in normal rat airways (a), but obviously found in
SO»-exposed rat airways (b). In S-CMC treated rats, the expression of
MUCSAC protein is decreased (¢). MUCS5AC immunoreactivity and
AB/PAS stained cells overlap each other. A combination of the AB/
PAS-positive staining and MUCSAC immunoreactivity indicates the
MUCSAC protein is localized to goblet cells. ABC, counterstained
with hematoxylin. Original magnification x 100.

harmful agents, leukocytes). To date, twelve different mu-
cin genes have been identified and cloned from the respi-
ratory tract, intestines, and reproductive organs [29].
Among them, at least eight MUC genes (MUCI, MUC?2,
MUC4, MUC54AC, MUC5B, MUC7, MUC8 and
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Fig. 5. Effect of S-CMC on MUCS5AC protein expression induced by SO, exposure. S-CMC (250 mg/kg) was given
orally, twice a day, from days 21 to 44 of SO, gas exposure. The relative number of MUCS5AC-positive cells (PCN
value) in proximal (a) and peripheral airways (b) was evaluated in lung specimens stained with anti-MUCS5AC anti-
body. Data are shown as individual values, and each horizontal line indicates the mean value per group. * ** Signifi-
cantly different from the SO,-exposed rats at p < 0.05, p < 0.01, respectively (32 test).

MUCI13) are expressed in the airways, but vary in expres-
sion levels depending upon the types of epithelial cells
within the airways [9, 30]. Recently, abnormal expression
of MUC2 and MUCS5 genes has been demonstrated in
association with human respiratory diseases [10], and
MUCSAC mRNA and protein expression is used as a
marker of goblet cell hyperplasia/metaplasia in the human
airways [11]. In the present study, S-CMC suppressed
MUCS5AC protein expression in parallel with reductions
in mucus cell increase in a rat model of SO,-induced bron-
chitis. To try and clarify SO,-induced mucus secretion in
rats, we examined whether SO, would induce the altera-
tions of Clara cells involved in mucus secretion in the
peripheral airway, by using immunohistochemical stain-
ing with an anti-urine protein 1 antibody. However, no
increase or decrease was detected in Clara cells in the
peripheral, or distal airways of SO,-exposed rats (data not
shown). Since it is generally accepted that rats exhibit few
or no submucosal glands [31], a highly probable interpre-

S-CMC Decreases Airway Inflammation
and Mucin 5AC Expression in SO,-Exposed
Rats

tation is that mucus (goblet) cells in the surface epithelium
are the major sources of luminal mucus increased by SO,
exposure.

The cellular and molecular mechanism(s) by which S-
CMC regulates MUCSAC expression is unknown. Since,
however, S-CMC induced reductions in mucus cell in-
crease, one of the inflammatory processes, reduced
MUCSAC expression may be related to its anti-inflam-
matory properties [24]. The fact that S-CMC can alleviate
inflammation-related changes in the airways of SO,-
exposed rats suggests that this drug may have the ability to
favorably influence some of the airway-remodeling pro-
cesses. In this connection, additional studies will be
needed to investigate whether and how S-CMC would
suppress remodeling (for example, hyperplasia/metapla-
sia) and to explain more clearly how S-CMC regulates
MUCSAC expression.

In conclusion, the present findings support that the
SO,-increased mucus cells and MUCSAC protein expres-
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sion are associated with airway inflammation. The results

reveal that S-CMC suppresses this inflammatory cell infil-

tration, mucus cell increase, and mucus hypersecretion,
and thus suggest that S-CMC may be advantageous for the
treatment of inflammatory airway diseases with goblet

cell hyperplasia.
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