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Objective:

 

The aim of this study was to investigate the number of Clara cells and the production
and secretion of Clara cell 16 kDa protein (CC16) in a murine model of allergen-induced airway
inflammation, as well as the effects of N-acetylcysteine (NAC) on CC16 and Clara cell numbers, in
order to determine the mechanism of the anti-inflammatory effect of NAC.

 

Methodology:

 

BALB/c mice were divided into control, ovalbumin (OVA) and NAC groups. An
allergen-induced airway inflammation model (OVA group) was established by sensitizing and
challenging  mice  with  OVA.  NAC  was  administered  as  an  oral  treatment.  The  number  of  Clara
cells and the production of CC16 were determined by immunohistochemistry. The CC16 levels in
bronchoalveolar lavage fluid (BALF) were determined by Western blotting.

 

Results:

 

The proportion of Clara cells in terminal and respiratory bronchioles significantly
decreased in the OVA group compared to the control group (

 

P

 

 

 

<

 

 0.01). NAC treatment did not change
the proportion of Clara cells in the OVA group (

 

P

 

 

 

>

 

 0.05). CC16 production by Clara cells in the OVA
groups was significantly lower than that of the control group (

 

P

 

 

 

<

 

 0.01), but was elevated following
NAC treatment (

 

P

 

 

 

<

 

 0.05). The CC16 level in BALF of the OVA group was lower than that of the control
group (

 

P

 

 

 

<

 

 0.01), but was elevated by NAC treatment (

 

P

 

 

 

<

 

 0.05). NAC reduced the total number of
white cells and the percentage of eosinophils in BALF. Moreover, it inhibited airway inflammation.

 

Conclusions:

 

The number of Clara cells and the production and secretion of CC16 were reduced in
a murine model of allergen-induced airway inflammation. Antioxidants can enhance the expression
of CC16, which might be a mechanism by which they suppress airway inflammation.

 

Key words:
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INTRODUCTION

 

Clara cells are non-ciliated cells that are mainly
present in the epithelium of mammalian peripheral
conducting airways. Clara cell 16 kDa protein (CC16)
is the predominant product of these cells. The protein
has a molecular weight of 16 908 Da in the rat,

 

1

 

 and
15 840 Da in humans.

 

2

 

 There is growing evidence that
CC16 may inhibit the activity of phospholipase
(PL)A

 

2

 

,

 

3

 

 a key enzyme in the production of prostag-

landins and  leukotrienes,  as  well  as  the  production
and activity of interferon (IFN)-

 

g

 

. Therefore, CC16 may
act as an important endogenous anti-inflammatory
molecule. Some studies have suggested that airway
inflammation causes a reduction in the number of
Clara cells, as well as in the concentration of CC16 in
bronchoalveolar lavage fluid (BALF).

 

4,5

 

 The objective
of the present study was to investigate the potential
role of Clara cells and CC16 in allergen-induced
airway inflammation. We assessed the number of
Clara cells and CC16 production by immunohis-
tochemistry and determined CC16 levels in BALF by
Western blotting. Increasingly, clinical, epidemiolog-
ical and experimental evidence indicates that there
may be excessive production of reactive oxygen and
nitrogen species as well as defective endogenous anti-
oxidant defence mechanisms in asthma.

 

6,7

 

 Therefore,
antioxidant therapy might be of clinical benefit in the
treatment of asthma. As such, we investigated the
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effects of the antioxidant drug, N-acetylcysteine
(NAC), on Clara cells and CC16, and also its effect on
allergen-induced airway inflammation.

 

MATERIALS AND METHODS

 

Reagents

 

Ovalbumin (OVA; grade V), poly L-lysine, 3,3

 

¢

 

-
diaminobenzidine and bovine serum albumin (BSA)
were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). Prestained protein marker, nitrocellulose
membrane (0.45 

 

m

 

m) and 5-bromo-4-chloro-3-
indolyl phosphate/nitroblue tetrazolium (BCIP/NBT)
were obtained from Watson Co. Ltd. (Shanghai,
China). Goat polyclonal antibody against murine
CC16 was purchased from Santa Cruz (Santa Cruz,
California, USA). Biotinylated pig antigoat IgG,
alkaline  phosphatase-conjugated  rabbit  antigoat
IgG and streptavidin-horseradish peroxidase (HRP)
conjugate were supplied from Zhongshan Biote-
chnology Co. Ltd. (Beijing, China). The bicinchoninic
acid (BCA) kit for protein determination was from
Shenergy Biocolor Biological Science & Technology
Co. (Shanghai, China). The Centrivap concentrator
was from Labconco Co. (Kansas City, MO, USA). The
results of Western blotting were analyzed on a Fluro-S
multiimager (Bio-Rad Laboratories, Hercules, CA,
USA).

 

Animals

 

Male and female BALB/c mice (6 weeks of age) of
clean grade were obtained from Sippr/DK Co. Ltd.
(Shanghai, China), and weighed approximately 15–
20 g. The animals were housed in an air-conditioned
room (25

 

∞

 

C, 50% relative humidity) with a 12-h
light : dark cycle.

 

Allergen sensitization and challenge of the mice

 

The mice were divided into three groups (control,
OVA and NAC), with 10 mice in each group. As pul-
monary inflammation with eosinophil (EO) infiltra-
tion is a prominent feature of allergic respiratory
diseases, repeated sensitization and challenge of the
mice with OVA was the method used to induce severe
pulmonary eosinophilia in the mice.

 

8

 

 After prelimi-
nary experiments, we sensitized the OVA and NAC
groups by intraperitoneal injection of a 0.2 mL sus-
pension of 20 

 

m

 

g OVA and 2.6 mg aluminium hydrox-
ide on days 0, 7 and 14. Mice in the control group
received an injection of normal saline instead of the
OVA/aluminium hydroxide suspension. On day 21,
allergen challenge was performed by dropping
0.05 mL of a solution of 2 mg/mL OVA diluted in nor-
mal saline into the nose of the mice in both the OVA
and NAC groups. OVA challenge was performed for 6
consecutive days until day 26. Control mice were sub-
jected to normal saline inhalation under the same
conditions. As Kung 

 

et al

 

.

 

9

 

 had observed, there were

few EO in the lung tissue and BALF 4–8 h after chal-
lenge, but by 24 h the number of EO had peaked in the
lung and we sacrificed the mice 24 h after challenge.
On days 15–26, a solution of 230 mg/kg NAC diluted
in pure water was administered orally by gavage, as a
single dose per day, to the NAC group. On days 21–26,
NAC administrations were carried out 1 h before OVA
inhalation. Oral NAC was selected, as this is the usual
method of administration in the clinical setting. We
used a relatively low dose of NAC, which has been
reported to be effective against asthmatic inflamma-
tion in rats.

 

10

 

Bronchoalveolar lavage

 

All mice were sacrificed 24 h after the last OVA chal-
lenge. Lungs were lavaged with 1 mL of normal saline
via a tracheal cannula on three occasions.

 

11

 

 BALF was
centrifuged (1000 r.p.m., 10 min, 4

 

∞

 

C) and the result-
ant cell-free supernatant was stored at 

 

-

 

80

 

∞

 

C until
analysis. The cell pellet was resuspended in 200 

 

m

 

L of
normal saline. Aliquots of the cell suspension were
used to determine the cell numbers using a haemocy-
tometer. Cytospin samples were used for differential
cell counts after staining with May–Grünwald–
Giemsa. A total of 200 cells were counted in each
cytospin sample.

 

Histological examination and 
immunohistochemistry

 

Lungs were fixed in 10% neutralized buffered forma-
lin and embedded in paraffin. Serial 4-

 

m

 

m sections
were obtained from blocks. Some sections were
mounted on common glass slides for haematoxylin
and eosin (HE) staining and the others were mounted
on poly L-lysine 

 

-

 

 coated glass slides, deparaffinized
in xylene, rehydrated in graded alcohol, and rinsed in
distilled water. Cells containing CC16 were localized
in lung sections with a goat polyclonal antibody
against murine CC16 using a slightly modified
streptavidin-biotin immunoperoxidase method.

 

12

 

Before immunostaining, rehydrated sections were
immersed in 0.3% hydrogen peroxide for 30 min, then
placed in plastic jars containing 10 m

 

m

 

 citrate buffer
in  distilled  water,  pH 6.  The  jars  were  microwaved
at 98

 

∞

 

C for 10 min to unmask antigens and increase
the overall reaction sensitivity. After being cooled for
about 20 min, the pretreated sections were washed in
phosphate-buffered saline (PBS) and incubated in
10% normal pig serum in PBS for 20 min. Slides were
then incubated sequentially at 37

 

∞

 

C in the following
solutions: (i) goat polyclonal antibody against murine
CC16 (diluted 1:4000) for 1 h; (ii) biotinylated pig
antigoat IgG (diluted 1:200) for 30 min; and (iii)
streptavidin-HRP conjugate (diluted 1:200) for
30 min. Bound HRP activity was visualized by incuba-
tion with 0.02% 3,3

 

¢

 

-diaminobenzidine-0.01% H

 

2

 

O

 

2

 

 in
PBS, producing a dark brown plasma immunostain-
ing. After each step of the immunostaining proce-
dure, the sections were rinsed in PBS three times. The
sections were finally counterstained with haematox-



 

N-acetyleysteine effects

 

159

ylin, dehydrated, and mounted with a permanent
mounting medium.

Controls for the specificity of immunolabelling
included  the  omission  of  the  primary  antibody  or
the substitution of the primary antibody with non-
immune serum. In each case, these assays confirmed
the  specificity  of  the  observed  immunolabelling.
In addition, the antiserum used in this study was
checked to ensure it gave clear-cut immunostaining
patterns on control lung sections, namely labelling
restricted to Clara cells. The analysis of CC16-
immunoreactive cells was performed on one lung
section per experimental animal by scanning at a
magnification of 400. Five terminal and five respira-
tory bronchioles were selected at random in the sec-
tion. Only nucleated epithelial cells were counted
manually. The total number of epithelial cells was
assessed by counting all nuclei located above the
basement membrane. A cell was identified as a Clara
cell when a typical dome-shaped cytoplasm was dis-
tinctly immunostained for CC16. The proportion of
Clara cells was calculated. A total of 50 immunoreac-
tive cells (Clara cells) were selected randomly from
the terminal or respiratory bronchioles of each lung
section and, therefore, there were 500 immunoreac-
tive cells from each group. We estimated the numbers
of cells showing different grades of immunostaining:
(–) no immunostaining; (

 

+

 

) scarce brown immun-
ostaining; (

 

+

 

) 1/2 plasma area was immunostained
brown; (

 

++

 

) 3/4 plasma area was immunostained
brown; and (

 

+++

 

) all of the plasma area was immun-
ostained brown.

 

Western blot analysis

 

All BALF  supernatants  were  lyophilized  and  the
total protein concentrations were measured by the
BCA assay. Protein (10 

 

m

 

g) from each sample was
electrophoresed on 15% sodium dodecylsulfate–
polyacrylamide gels.

 

13,14

 

 Western transfer to a nitro-
cellulose membrane (0.45 

 

m

 

m) was performed at 80 V

for 1 h at 0

 

∞

 

C. The membrane was incubated with 5%
non-fat dry milk/Tris-buffered saline containing 0.1%
Tween 20 (TBST) at room temperature for 2 h, and
then washed three times with TBST, followed by incu-
bation at 4

 

∞

 

C overnight with goat polyclonal anti-
mouse CC16 antibody (diluted 1:1000 in 5% BSA).
After washing three times with TBST, the membrane
was incubated with alkaline phosphatase-conjugated
rabbit antigoat IgG (diluted 1:1000 in 5% BSA) for 1 h
at room temperature. The membrane was again
washed three times with TBST. Detection of CC16 was
performed using a BCIP/NBT kit. The results were
analyzed on a multiimager.

 

Statistical analysis

 

All results are reported as means 

 

±

 

 standard error of
the mean. Significance was determined by Student’s

 

t

 

-test using Microsoft Excel software. The intensity of
Clara cell immunostaining was analyzed as a contin-
gency table using SPSS version 10.0 for Windows
(SPSS Inc., Chicago, IL, USA). A 

 

P

 

-value 

 

<

 

0.05 was
considered statistically significant.

 

RESULTS

 

Immunohistochemistry

 

The immunohistochemistry showed that CC16 was
localized in non-ciliated cells lining the terminal and
respiratory bronchioles, corresponding to Clara cells
(Fig. 1a). No staining was observed in alveolar tissue
or in ciliated epithelial cells of the airways (Fig. 1b). In
the OVA group, the abundance of immunoreactive
cells and the intensity of immunostaining were
reduced compared to that in the control group
(Fig. 1c). In the NAC group, the abundance of immu-
noreactive cells did not change, but the intensity of
immunostaining was increased compared to the OVA
group (Table 1, Fig. 2).

 

Figure 1

 

Immunohistochemistry (

 

¥ 

 

100) of murine distal airways. (a) In the control group, there were many Clara cells with
brown immunostaining in the terminal bronchiole; no staining was observed in alveolar tissue. (b) In the control group, no
staining was observed in ciliated epithelial cells of the airways. (c) In the ovalbumin challenged group, the number of Clara
cells decreased; the abundance of immunoreactive cells and the intensity of immunostaining were both reduced.

a b c
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Clara cell 16 kDa protein levels in 
bronchoalveolar lavage fluid

 

The  CC16  levels  in  BALF  were  54.7 

 

±

 

 5.0,  35.6 

 

±

 

 4.0
and 44.1 

 

± 

 

3.2 in the control, OVA and NAC groups,
respectively. By Student’s 

 

t

 

-test, the CC16 level in the
OVA group was significantly lower than that in the
control group (

 

P

 

 

 

<

 

 0.01), while CC16 in the NAC group
was significantly greater than that in the OVA group
(

 

P

 

 

 

<

 

 0.05; Fig. 3).

 

White cell counts and cell differential analysis in 
bronchoalveolar lavage fluid

 

Total white cell count and the percentage of eosino-
phils in BALF were significantly increased in the OVA

group compared to the control group. NAC reduced
the total number of white cells and the percentage of
eosinophils in the OVA group (Table 2).

 

Histological findings

 

Figure 4 shows representative histological findings.
Marked bronchial inflammation was detected in the
OVA group (Fig. 4b). There was an infiltration of
inflammatory cells (mostly eosinophils) into the peri-
bronchial interstitial area and into the mucosal and
submucosal areas of the bronchus. Goblet cell forma-
tion was observed in the epithelium. Hypertrophy of
the smooth-muscle cell layer was also observed. In
the control group, these phenomena were not
observed (Fig. 4a). Inflammation in the NAC group

 

Table 1

 

Percentage of Clara cells in terminal and respiratory bronchioles (mean 

 

±

 

 standard deviation)

Group Cases
Terminal bronchioles Respiratory bronchioles 

Total cell number Clara cells (%) Total cell number Clara cells  (%)

 

Control 10 2148 74.54 

 

± 

 

5.81 2037 78.46 

 

± 

 

1.68
OVA 10 2363 58.05 

 

± 

 

3.75* 2216 63.70 

 

± 

 

1.79*
NAC 10 2236 62.74 

 

± 

 

1.72** 2341 67.47 

 

± 

 

3.53**

 

*

 

P

 

 

 

<

 

 0.01 versus the control group; **

 

P

 

 

 

>

 

 0.05 versus the OVA group.
NAC, N-acetylcysteine; OVA, ovalbumin.

 

Figure 2

 

Immunostaining inten-
sity of Clara cells was determined
by manually grading 500 cells
from 10 sections of airway from
control mice (

 

n

 

 

 

=

 

 10), mice chal-
lenged with ovalbumin (OVA;

 

n

 

 

 

=

 

 10), and mice challenged with
OVA and treated with N-
acetylcysteine (NAC; 

 

n

 

 

 

=

 

 10). The
intensity of immunostaining
ranged from (–) to (

 

+++

 

). Compar-
ison of the OVA group (

 

�

 

) versus
the control group (

 

�

 

), 

 

c

 

2

 

 

 

=

 

 53.25,

 

P

 

 

 

<

 

 0.01; the NAC group ( ) versus
the OVA group (

 

�

 

), 

 

c

 

2

 

 

 

=

 

 10.38,

 

P

 

 

 

<

 

 0.05.Different immunostaining intensity of Clara cells

(–) (±) (+) (++) (+++)

C
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l n
um
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50

100

150

200

 

Figure 3

 

Clara cell 16 kDa protein (CC16) levels in bronchoalveolar lavage fluid of the control, ovalbumin (OVA) challenged
and with N-acetylcysteine (NAC)-treated groups of mice. The molecular weight of CC16 on sodium dodecylsulfate–
polyacrylamide gel electrophoresis is approximately 10 kDa. 1,2, the OVA group; 3,4, the control group; 5,6,7, the NAC group;
8, protein marker. CC16 levels were reduced in the OVA challenged groups and partially restored by treatment with NAC.
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was significantly reduced compared to the OVA group
(Fig. 4c).

DISCUSSION

The purpose of the present study was to investigate
the effect of allergen-induced airway inflammation
on Clara cells and CC16 production. The number of
Clara cells as well as the production and secretion of
CC16 decreased in the OVA group. However, after
NAC treatment, the production and secretion of CC16
increased compared to the OVA group.

Clara cells can be found in all mammalian lungs,
and CC16 is the main protein secreted by these cells.
CC16 has anti-inflammatory activity, including inhi-
bition of the key enzyme in inflammation, PLA2.15

PLA2 is a rate-limiting enzyme in the production of
arachidonic acid (AA),16 which is the precursor of
pro-inflammatory lipid mediators such as platelet-
activating factors, leukotrienes, prostaglandins and
thromboxanes. Thus, the inhibition of PLA2 activity
is likely to result in a reduction in inflammatory
mediators, and a reduction in extracellular inflam-
matory activity in the lung. CC16 also directly inhib-
its the production and activity of inflammatory
cytokines, such as tumour necrosis factor (TNF)-a,

IFN-g17 and IL-1b,18 which are all relevant to airway
inflammation.

Immunohistochemically, the number of Clara cells
on terminal and respiratory bronchioles in the OVA
group were significantly reduced compared to those
of the control group. The intensity of immunostaining
in Clara cells was also decreased. Therefore, the
decreased CC16 concentration in BALF could be due
to a reduction in Clara cell numbers as well as
reduced production of the protein.

IFN-g  may  also  alter  the  rate  of  production  of
CC16 protein at both the transcriptional and post-
transcriptional levels.19,20 In vitro and in vivo studies
have verified that the binding regions for IFN-g and
hepatocyte nuclear factor-3b (HNF-3b)  are both
localized at the 5¢-prime region of the CC16 promoter.
IFN-g may promote CC16 expression directly through
binding to its response element or indirectly through
an interferon regulatory factor-1-mediated increase
in HNF-3b. CC16 promoter activity might also be
markedly down-regulated by TNF-a treatment,
through regulation of the same promoter element.21

Ohkawara et al.22 observed that when compared to
control  mice,  the  level  of  IFN-g  decreased,  while
TNF-a increased in BALF in a murine OVA model of
allergen-induced airway inflammation. We speculate
that the cooperative effects of decreased IFN-g and

Figure 4 Haematoxylin and eosin staining (¥ 100) of murine airways. (a) The control group showing a normal, non-
inflamed state. (b) In the ovalbumin (OVA) challenged group the bronchial inflammation was significant. There was an infil-
tration of inflammatory cells (mostly eosinophils) into the peribronchial interstitial area and into the mucosal and submu-
cosal areas of the bronchus. Goblet cell formation was observed. Hypertrophy of the smooth-muscle cell layer was also
observed. (c) In the N-acetylcysteine-treated group, inflammation was significantly reduced compared to the OVA group.

b ca 

Table 2 White cell counts and cell differential analysis of bronchoalveolar lavage fluid (mean ± standard deviation)

Group Cases
Total cell number

(¥ 107/L)
Differential cell count (¥ 107/L) 

Eosinophils Neutrophils Macrophages Lymphocytes Epithelial cells

Control 10 2.62 ± 1.36 0.03 ± 0.02 0.28 ± 0.12 2.15 ± 0.63 0.40 ± 0.12 0.26 ± 0.09
OVA 10 7.85 ± 1.46** 4.61 ± 1.37** 1.07 ± 0.18 1.04 ± 0.51 0.58 ± 0.12 0.31 ± 0.07
NAC 10 5.77 ± 1.24* 3.13 ± 0.60* 1.25 ± 0.15 0.22 ± 0.13 0.87 ± 0.29 0.30 ± 0.05

Total cell number and differential cell counts were all expressed as numbers/concentration. *P < 0.05 versus OVA;
**P < 0.01 versus control.

NAC, N-acetylcysteine; OVA, ovalbumin.
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increased TNF-a on the CC16 gene during allergen-
induced airway inflammation inhibits the production
of CC16 protein in Clara cells, but further experiments
are needed to confirm this. As a result, the inhibitory
effect of CC16 on the activity of PLA2 would be
reduced. The release of high levels of AA may
eventually lead to an increased production of pro-
inflammatory lipid mediators, causing migration of
inflammatory cells and T cells into the pulmonary
mucosa. These cells secrete inflammatory cytokines
and further reduce CC16 production. Thus, a vicious
cycle could ensue, initiating and propagating an
inflammatory response in the airways or aggravating
existing inflammatory processes.

NAC is a derivative of the thiol-containing amino
acid, L-cysteine.23 It may act directly as an oxygen
radical scavenger.24 Moreover, since NAC is a cell-
permeable sulphydryl compound, which can enter
cells and promote the production of glutathione,25 it
has become one of the more widely investigated
antioxidants, and has shown some beneficial effects
in disease states in which oxygen radicals are
involved.23,25,26 There is increasing clinical and exper-
imental evidence that an excessive production of
reactive oxygen species and defective endogenous
antioxidant defence mechanisms may be present in
asthma.7,27 Therefore, NAC may be of clinical benefit
in the treatment of asthma. In the present study, NAC
elevated CC16 expression in Clara cells, increased
CC16 levels in BALF, and markedly decreased the
number of eosinophils in BALF compared to the OVA
group. Moreover, NAC substantially reduced the
allergen-induced influx of inflammatory cells into
peribronchial tissue.

Many studies have shown that NAC can abolish the
activity of the redox-sensitive transcription factor,
nuclear factor (NF)-kB, in vivo.28,29 There is experi-
mental evidence that the activation of NF-kB is
important for the expression of various inflammatory
genes, such as IL-1b, TNF-a and IL-6, in models of
allergen-induced airway inflammation.30 Therefore,
NAC may elevate CC16 gene expression by inhibiting
the production of inflammatory cytokines such as
TNF-a, through inhibition of NF-kB. Some experi-
ments have shown that increased levels of CC16 pro-
tein inhibited PLA2 activity, thereby inhibiting airway
inflammation.3 Therefore, NAC may relieve airway
inflammation through elevating the expression of
CC16, which can be seen with HE staining, as well as
in the white cell counts and cell differential analysis of
BALF in the NAC group. We conclude that in addition
to reducing reactive oxygen species, the therapeutic
effects of NAC on allergen-induced airway inflamma-
tion are partly mediated through promotion of the
production and secretion of CC16.

Our data has demonstrated that allergen-induced
airway inflammation induced a decrease in the num-
ber of Clara cells as well as in the production and
secretion of CC16. NAC may have effects that are
partly due to promotion of the production and secre-
tion of CC16. The antioxidant NAC may provide a new
therapeutic approach for treating asthma. However,
the exact mechanisms involved require further
investigation.
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