
Abstract. – Objectives: Aim for this study
was to investigate the effect of long-acting ββ2-
adrenoceptor agonist formoterol on airway gob-
let cell hyperplasia and protein Muc5ac expres-
sion in asthmatic mice. 

Materials and Methods: Forty female BABL/c
mice were randomly divided into four groups with
10 mice in each. Mice in group A were treated with
saline as control, and mice in group B, group C
and group D were sensitized by intraperitoneal in-
jection of 10 µg alum precipitated chicken egg
ovalbumin (OVA) to establish asthmatic model, but
group C were pretreated with formoterol and
group D were pretreated with dexamethasone. All
mice were killed 24 hours after the final OVA chal-
lenging. The left lung tissue sections were stained
with periodic acid Schiff (PAS) for identification of
goblet cell hyperplasia. Immunohistochemistry
was used to identify the protein of Muc5ac. The
right lung was isolated for detecting Muc5ac mR-
NA by the method of real-time fluorescence quan-
titative reverse transcription Polymerase Chain
Reaction (real-time qRT-PCR).

Results: The number of the goblet cells, the
percentage of goblet cell to total cell, the transcrip-
tion and the expression of Muc5ac were signifi-
cantly higher in group B than those in group A
[(163.63±16.68) vs (0.46±0.16), (77.36±5.05) % vs
(0.03±0.01) % (10.31±0.73) vs (1.00±0.13),
(0.64±0.03) vs (0.19±0.03) respectively, all P<0.05].
The number of the goblet cells, the percentage of
goblet cell to total cell, the transcription and the ex-
pression of Muc5ac were significantly lower in
group C than those in group B [(52.04±4.60) vs
(163.63±16.68), (30.05±3.72) % vs (77.36±5.05) %,
(1.64±0.14) vs (10.31±0.73), (0.26±0.01) vs
(0.64±0.03) respectively, all P <0.05]� The number
of the goblet cells, the percentage of goblet cell to
total cell, the transcription and the expression of
Muc5ac were significantly lower in group D than
those in group B [(63.41±6.39) vs (163.63±16.68),
(38.52±3.83)% vs (77.36±5.05) %, (1.72±0.10) vs
(10.31±0.73), (0.31±0.01) vs (0.64±0.03) respectively,
all P<0.05]. For mentioned above, no significant dif-
ferences were found between group C and group D
[(52.04±4.60) vs (63.41±6.39), (30.05±3.72) % vs
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Conclusions: This study demonstrates that
the long-acting ββ2-receptor agonist formoterol
may inhibit airway goblet cell hyperplasia and
protein Muc5ac expression in asthmatic mice. 
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Introduction

Airway hypersecretion is one of the most im-
portant pathophysiological changes of asthmatic
airway, that also contributes to the high incidence
and mortality of asthmatic patients1. Goblet cell
is the main producer and secretor of mucus in
airway epithelium. Its hyperplasia is not only a
part of the airway remodeling2, but also an im-
portant mechanism leading to deterioration of
asthma when degranulation happens severely3.
The main ingredient of mucus is mucin. Protein
mucin5ac (Muc5ac) exists mainly in asthmatic
epithelium. Its gene transcription and expression
are significantly increased in asthmatic airway4.
This study was designed to detect the level of air-
way goblet cell hyperplasia and protein Muc5ac
expression in asthmatic mice after treated with
the long-acting β2-adrenoceptor agonist for-
moterol. 

Materials and Methods

Specific pathogen-free female BABL/c mice
aged 6-8 weeks (16-20 g) were purchased and
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lung sections were performed as following. Five
lung tissue sections was randomly selected of
each mouse, where were observed five bronchi
(relatively circular cross-section and diameter of
100 µm above) each in a single-blind randomized
way. Then, the areas of goblet cell dyed purple in
bronchi of each lung tissue sections were mea-
sured by image-pro plus 6.0 software. The purple
areas were expressed as a percentage of the total
areas and the numbers of goblet cells were calcu-
lated.

Real-Time Reverse
Transcription-Polymerase Chain Reaction
(Real-Time rtPCR) 
For real-time rtPCR, primer sequences for

Muc5ac were selected to minimize primer
dimerization which was designed and synthe-
sized by GenePharma Company Ltd (Shanghai,
China). The primer sequences (amplicon size in
parentheses)were as following: for Muc5ac up-
per primer, 5’-ACC ACT TTC TCC TTC TCC
ACAC-3’ and for Muc5ac lower primer, 5’-
AAC AGG GCT CTT CAC AGA CAA TA-3’
(150 bp). 18s rRNA was used to control en-
dogenously to evaluate threshold cycle and
served as an internal positive control. Total
RNA was extracted from the lung tissue kept in
liquid nitrogen by the way of Trizol based on
the procedure described by Chomczynski and
Sacchi5. After estimation of the purity, all RNA
was turned into cDNA after using M-MLV re-
verse transcriptase kit. The cDNA was placed
in –20°C refrigerator for spare. In SYBR
Green fluorescent dye reaction, fluorescence
was collected during the whole process, in-
cluding pre-denaturation, denaturation, anneal-
ing, extension and re-extension in a total of 40
cycles. All Muc5ac mRNA expression data
were normalized to 18s rRNA expression level
from the same individual samples. After am-
plification of Muc5ac mRNA and 18s rRNA
(each sample repeated 3 times), the original
copies were calculated by the way of 2-∆Ct

method6. Appropriate software was used for
amplification curves of each group samples
comparing with 18s rRNA. Ct values, ∆Ct val-
ues and ∆∆Ct values were calculated and even-
tually came to 2-∆∆Ct value. Ct values means the
amplification cycle times of the PCR products’
fluorescent signal that reached the threshold
set in the amplified process. ∆Ct value means
the difference of the average Ct value between

housed in the laboratory Animal Center of Sun
Yat-sen University (Certificate Number:
2007A045). All mice were maintained in a lami-
nar flow holding unit on a standard of 12 hours
light/dark cycle. Autoclaved food and acidified
water were provided all time. The experimental
and animal handling procedures were approved
by the Institutional Animal Ethics Committee.
Ovalbumin (OVA) was purchased from Sig-
maAldrich Company (St Louis, MO, USA). For-
moterol was purchased from Astra Zeneca Com-
pany (WuXi, JiangSu, China).

Experimental Design
Forty mice were randomly divided into four

groups with 10 mice in each, including group A
(saline control group), group B (asthmatic
group), group C (formoterol pretreated group)
and group D (dexamethasone pretreated group).
The mice in Group B, group C and group D were
sensitized by intraperitoneal injection of 10 µg
alum precipitated chicken egg ovalbumin (OVA)
(grade V, >98% pure, Sigma, St Louis, MO,
USA) and 20 µg aluminum hydroxide (Chemical
Reagent Factory, Guangzhou, China)in the first
day and fourteenth day. From the twenty-first
day, all the mice were exposed to 2.5% ovalbu-
min for 30 min/day on three days/week in a case
(size about 0.5 m × 0.5 m × 0.5 m) for totally 6
weeks. Group C was intraperitoneal injected with
1 mg/kg formoterol 10 min before OVA expo-
sure, and Group D was intraperitoneal injected
with 0.5 mg/kg dexamethasone before exposure.
Saline solution was used instead of ovalbumin in
group A when sensitized and aerosol inhalation
challenged. All mice were anesthetized by in-
traperitoneal injection with 1% pentobarbital (40
mg/kg) 24 hours after the last inhalational expo-
sure. Then we killed all mice and got the lungs.
The right lungs were kept in liquid nitrogen tanks
for extracting mRNA. The left lungs were per-
fused with 4% phosphate buffered saline (PBS)
(pH7.4) under a pressure of 20 cm H2O (1 cm
H2O=0.098 kPa) for 24 hours. 

Lung Histology and Quantitative
Image Analysis 
After fitting in 4% PBS and embedded in

paraffin, tissue sections were stained with dias-
tase-periodic acid-Schiff (PAS) for the detection
of goblet cell by image-pro plus 6.0 analysis
software. Quantitative analyses of PAS-stained



the tested gene and the reference gene in one
sample. ∆∆Ct value means the difference of ∆Ct
values between gene in certain samples and
other samples. 2-∆∆Ct value means the multiples
compared with reference gene. From the 2-∆∆Ct

value, the relative quantitative comparison of
Muc5ac mRNA was obtained in four groups. In
another words, group A (saline control group)
was taken as a reference, the relative expres-
sions of Muc5ac mRNA in other groups were
expressed by 2-∆∆Ct value.

Immunohistochemistry
Lung tissues were perfused and immersed in the

paraformaldehyde. Paraffin sections were made 5
µm in thickness preparing for immunohistochem-
istry. For protein MUC5ac immunostaining, a
monoclonal anti-MUC5ac antibody (Abcam Com-
pany, Cambridge, UK) and Histostain-Plus Kits
(ZSGB-BIO, Beijing, China) were used. After 30
min baking, paraffin sections were washed by xy-
lene gradient before 20 min incubation by perio-
dates. Then the sections were placed in 0.01 mol/L
citric acid buffer (pH 6.0) for microwave antigen
retrieval before treatment with 3% H2O2 for 30 min
(37°C) and pre-incubation with goat serum (1:10).
The sections were then incubated with anti-
MUC5ac antibody (1:200) overnight at 4°C. After
15 min rinse in PBS, the sections were incubated
with biotinylated secondary antibody and avidin-
biotin peroxidase complex for 30 min each at a
room temperature. Immunoreactions were visual-
ized in diaminobenzidine (DBA) for 2 min and
then hematoxylin for dyeing. The positive
MUC5ac protein was dyed brown in bronchial ep-
ithelia and was measured by image-pro plus 6.0
software which was corrected by the average opti-
cal density. Cumulative optical density (IOD
SUM) divided by the area of the selected region
(area SUM) leads to average optical density.

Statistical Analysis 
All data were expressed by arithmetic means ±

SD (±) and were processed by Statistical Pack-
age of Social Sciences (SPSS Inc.) version 13
(Chicago, IL, USA) statistical software. Measur-
ing data of each group was used univariate analy-
sis of variance (ANOVA), comparison between
groups was used LSD method. Statistical differ-
ences were considered to be significant when
P<0.05. Two variables were used for rank corre-
lation analysis Pearson correlation.

Results

Goblet Cell Hyperplasia in Airway 
There were obvious differences of purple-

stained areas representing numbers of goblet
cells in airway epithelium among 4 groups (Fig-
ure 1). After analysis by image-pro plus 6.0 soft-
ware, we got data in Table I. Test showed that the
differences of the numbers of goblet cells be-
tween Group A and Group B, Group C, Group D
were all significant (t values were 163.17, 51.58
and 62.96 respectively, all P<0.05); the number
of goblet cells of group C and D were signifi-
cantly less than those of group B (t values were
111.59 and 100.22 respectively, all P<0.05);
whereas, the difference between group C and D
was not significant (t = 1.32, P>0.05). At the
same time, the difference of the percentage of
goblet cells to total cells between group A and
group B, group C, group D were all significant (t
values were 77.33, 30.02 and 38.50 respectively,
all P<0.05); the percentage of goblet cells to to-
tal cells of group C and D were significantly less
than those of group B (t values were 47.31 and
38.84 respectively, all P<0.05); the difference
between group C and D was not significant (t =
0.47, P>0.05). 

Analysis of MUC5ac mRNA
Relative Expression
The state of MUC5ac mRNA expression was

evaluated by real-time rtPCR method. Taking
Group A (saline control group) a standard, we
calculated the Ct values, ∆Ct values, ∆∆Ct values
and 2-∆∆Ct values of Group B, Group C and Group
D (see Table II). Test showed that the differences
of the MUC5ac mRNA expression were signifi-
cant between group A and group B, group C,
group D (t values were 9.31, 0.65 and 0.72 re-
spectively, all P<0.05). The transcription levels
of group B were significantly higher than those
in group C and D (t values were 8.66 and 8.60 re-
spectively, all P<0.05). Differences of the tran-
scription levels between group C and D were not
significant (t = 0.07, P>0.05). 

Analysis of Relative Protein 
Muc5ac Expression
Protein Muc5ac mainly expressed in cyto-

plasm of airway epithelial cells. There were ob-
vious differences of brown-stained areas repre-
senting protein Muc5ac in airway epithelium
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Figure 1. PAS staining studies of purple-stained airway epithelial goblet cells in 4 groups. Group A (saline control
group): few goblet cells in airway epithelium; Group B (asthmatic group): thickening of airway epithelial mucosa and
proliferation of large amount of purple goblet cells; Group C (formoterol pretreated group): compared with asthmatic
group, fewer goblet cells in airway epithelium; Group D (dexamethasone pretreated group): compared with asthmatic
group, fewer goblet cells in airway epithelium, but no obvious different from formoterol pretreated group. (PAS staining
× 200).

Group A                                           Group B

Group C                                           Group D

Number of Area percentage of goblet 
Group Cases goblet cells cell to total cell (%)

Saline control group 10 0.46 ± 0.16 0.03 ± 0.01
Asthmatic group 10 163.63 ± 16.681 77.36 ± 5.051
Formoterol pretreated group 10 52.04 ± 4.602 30.05 ± 3.722
Dexamethasone pretreated group 10 63.41 ± 6.393 38.52 ± 3.833

F value 546.89 750.28
P value <0.05 < 0.05

Table I. Comparison of airway epithelial goblet cells in different groups (±).

*Significantly different (P<0.05).
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P<0.05). The optical density measurement of B
group was significantly higher than those of
group C and D (t values were 0.3820 and 0.3320
respectively, all P<0.05). However, the differ-
ence between group C and D was not significant
(t = 0.050, P>0.05). 

among 4 groups (Figure 3). Optical density was
measured by software for relative protein
Muc5ac expression (Table III). It showed that
there were significant differences between Group
A and Group B, group C, group D (t value were
0.4500, 0.0680 and 0.1180 respectively, all
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Group Case 2-∆∆Ct values 

Saline control group 10 1.00 ± 0.130
Asthmatic group 10 10.31 ± 0.731
Formoterol pretreated group 10 1.64 ± 0.142
Dexamethasone pretreated group 10 1.72 ± 0.103

F value 1508.46
P value < 0.05

Table II. Comparison of MUC5ac mRNA relative expression of different groups (±).

*Significantly different (P<0.05).

Figure 2. Histogram of gene expression of MUC5ac mRNA of different groups (to 18s rRNA). Take group 1 (saline control
group) as control, the MUC5ac mRNA expression level of group 2 (asthmatic group) significantly increased. MUC5ac mRNA
expression levels of group 3 (formoterol group) and group 4 (dexamethasone group) increased to group 1 but significantly de-
creased to group 2. 
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reason for asthma deterioration and fatal asth-
ma7. Previous research showed that epithelial
goblet cells are the major producer and secretor
of mucus in airway8. With increasing goblet
cell number and volume, hyperplasia changes
play an important role of airway remodeling in
asthma9. In this study, mouse asthma model
was built in Temelkovski et al10 way. After
pathological staining of airway epithelia, the
percentage of goblet cell to total cell and the
number of goblet cells were differently signifi-
cant between asthma group (group A) and
saline control group (group B), which means
there were goblet cell hyperplasia changes. It
was consistent with what reported. 

Correlation Analysis
The transcription and expression levels of

Muc5ac were positively correlated with the num-
bers of bronchial goblet cells. (Correlation coef-
ficient were 0.878 and 0.962 respectively, all
P<0.01).

Discussion

Airway mucus hypersecretion is one of the
most important pathophysiology  features of
asthma, which can not only lead to airway ob-
struction causing infection but also is the main



Figure 3. Immuno-histochemical study of brown-stained protein Muc5ac expression in different groups. Group A (saline con-
trol group): few brown-stained protein Muc5ac in airway epithelium; Group B (asthmatic group): thickening of airway epithe-
lial mucosa and proliferating of large amount of brown protein Muc5ac; Group C (formoterol pretreated group): compared
with group B, fewer protein Muc5ac in airway epithelium but more than group A; Group D (dexamethasone pretreated group):
compared with asthmatic group, fewer protein Muc5ac in airway epithelium, but no obvious different from group C. (Immuno-
histochemical staining × 200).

Group A                                           Group B

Group C                                           Group D

Group Case Muc5ac mucin protein expression

Saline control group 10 0.1903 ± 0.0312
Asthmatic group 10 0.6389 ± 0.03082
Formoterol pretreated group 10 0.2606 ± 0.0074
Dexamethasone pretreated group 10 0.3131 ± 0.01268

F value 256.980
P value < 0.05

Table III. Comparison of MUC5ac protein relative expression of different groups (±).

*Significantly different (P<0.05).
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creased transcription and expression of Muc5ac
suggest that Muc5ac may be the major sign of
goblet cell hyperplasia and secretion12. Our re-
sults showed that transcription and expression
of Muc5ac increased in Group B increased with

Mucin (MUC), polymer glycosylation, is the
main component for airway mucus elasticity
and adhesion. Protein Muc5ac is the major
mucin in adult respiratory tract11. In asthmatic
airway, goblet cell hyperplasia together with in-
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