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INTRODUCTION
In 1992, Bousquet reported that the chronic allergic inflamma-
tion of asthma causes structural changes in the airway, and
named these changes “airway remodeling” (1). It took several
years to identify the processes that comprise airway remodel-
ing. In asthma, airway remodeling includes epithelial shedding,
thickening of the basement membrane (lamina reticularis),
increased blood vessel cross-sectional area, airway smooth-
muscle hyperplasia and hypertrophy, mucous gland and goblet
cell hyperplasia, and increased collagen deposition (2,3).
The upper and lower airways have a similar mucosal structure,
and exhibit similar inflammatory reactions to irritants and
allergens. Increasing evidence indicates that there is no differ-
ence in the degree of cell infiltration or cytokine expression
during allergic inflammation between nasal mucosa and
bronchial mucosa (4). Even though inflammation is similar in
allergic rhinitis and asthma, the pathologic extent of nasal
remodeling in patients with rhinitis seems to be far less exten-
sive than that in the bronchi of asthaetic patients (5).

However, the structural changes of nasal mucosa in allergic
rhinitis remain unclear, and conflicting data has been obtained
from biopsy studies of patients with allergic rhinitis (6,7). Many
studies have shown that, although the structural changes in the
upper airway may not be as distinct as those in the lower air-
ways in asthma, the structure of the nasal mucosae in allergic
rhinitis is not normal (6,8).

Allergic rhinitis is a strong risk factor for allergic asthma. It is
probable that the lower airways are affected from allergic rhini-
tis (AR). It is reported that isolated allergic sensitization and
challenge of the upper airway results in lower-airway inflam-
mation and that IL-13 mediates inflammation of both airways
in a murine model (9).

Animal models can be useful for studies of structural changes
of nasal mucosa in allergic rhinitis. While most of the animal
models of allergic upper airway inflammation are restricted to
acute inflammatory changes following relatively short periods
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of allergen exposure (10), a number of other murine studies
have looked at longer challenge periods (11,12). In the present
study, in order to define the features of upper airway remodel-
ing in allergic rhinitis, we developed an experimental animal
model in which ovalbumin (OVA)-sensitized guinea pigs
received brief or prolonged intranasal exposure to OVA. We
chose guinea pigs because we previously established a nasal
allergy model in this species (13). Secondly, using the prolonged
OVA exposure murine model, we examined whether these
changes would be inhibited by antiallergic-inflammatory treat-
ment of nasal allergy. Glucocorticoids and cys-leukotriene
(LT)1 receptor antagonists are both effective antiallergic-
inflammatory agents for treatment of airway allergic inflamma-
tory disease, and are both widely used to treat AR. We hypoth-
esized that glucocorticoids and cysLT1 receptor antagonists
could inhibit the remodeling changes associated with nasal
allergic inflammation.

MATERIALS AND METHODS
(1) Establishment of long-term exposure model (Figure 1A)
Sensitization

We randomly divided 24 male Hartley guinea pigs, (age, 4
weeks; weight, 250~300 g; purchased from Japan SLC) into 4
groups of 6 animals each (groups 1 - 4). Animals in groups 2, 3
and 4 were sensitized to ovalbumin (OVA) by administering
an intraperitoneal injection of 1 ml of a suspension of OVA (50
mg/ml) and aluminum hydroxide (Al(OH)3; 20 mg/ml) in 0.9%
saline on day 0. On day 7, the animals in groups 2, 3 and 4
received an intraperitoneal injection of 1 ml of a suspension of
OVA (5 mg/ml) and Al(OH)3 (20 mg/ml) in 0.9% saline as a
booster. Animals in group 1 (control group) received intraperi-
toneal injections of 0.9% saline on day 0 and day 7. The entire
study has been approved by the Mie University Animal
Experiment Review Board. The guinea pigs were fed an OVA
free diet.

Challenge

Sensitized guinea pigs were challenged with brief (group 2) or
prolonged (groups 3 and 4) exposure to allergen. Groups 2, 3
and 4 received a daily intranasal challenge with 1 ml of 5%
OVA in 0.9% saline from day 21 to day 27. Groups 3 and 4 also
received twice-weekly intranasal challenge with 1 ml of 5%
OVA in 0.9% saline for an additional 7 and 11 weeks, respec-
tively. Control animals (group 1) received daily intranasal
administration of 0.9% saline from day 21 to day 27, and
received twice-weekly intranasal administration of 0.9% saline
for an additional 11 weeks. The animals were kept on a stan-
dard diet with free access to water.

Tissue Preparation

At 24 h after the last intranasal challenge, guinea pigs were
killed with an i.p. injection of sodium pentobarbital. The head
of each animal was removed, fixed in 10% neutral buffered for-
malin for 24 hours, and decalcified in 5% trichloroacetic acid
for 10 days. The nasal cavity was transversely sectioned at the
level of the incisive papilla of the hard palate. The tissue block
was embedded in paraffin and cut into sections 3 μm thick.

Morphometry

Paraffin sections were stained with hematoxylin and eosin
(H&E), alcian blue (pH 2.6), periodic acid-Schiff (AB-PAS), or
Masson’s Trichrome (MT). We counted the eosinophils and
gland cells in the nasal septum, and the AB-PAS-positive cells
in the surface epithelium of the nasal septal mucosa. We deter-
mined the percentage area of MT-stained extracellular matrix
(ECM) in septal mucosa and conchae and the damage to the
epithelium, using an image analyzer (SP 500; Olympus, Tokyo,
Japan).

Statistical analysis

The data were presented as mean ± SD. After an ANOVA was
performed, individual t-tests in a multi-group study design

Figure 1. Outlines of study designs for (A) establishment of long-term

exposure model and (B) inhibition by dexamethasone and pranlukast.

(A) Three groups of ovalbumin (OVA)-sensitized Hartley guinea pigs

received daily intranasal challenges with OVA for 1 week. Two of

those 3 groups (groups 3 and 4) then received twice-weekly intranasal

challenges with OVA, for 7 and 11 weeks, respectively. (B) In order to

examine the effect of dexamethasone and pranlukast, the animals were

divided into 4 groups: negative control group (NCG); OVA-sensitized

group (OSG); OVA+dexamethsone group (ODG); and OVA+pran-

lukast group (OPG). During 12 weeks of intranasal exposure to OVA,

the ODG and OPG received daily intraperitoneal injections of dexam-

ethasone and pranlukast, respectively. 
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were done. All comparisons between groups were made using
Student’s t test. All comparisons were two-tailed, assuming
equal variance. P values of < 0.05 were considered to indicate
significance.

(2) Inhibition study (Figure 1B)
Sensitization

We randomly divided 18 male Hartley guinea pigs into 4 groups:
negative control group (NCG) (n=6); OVA-sensitized group
(OSG) (n=4); OVA + dexamethsone group (ODG) (n=4); and
OVA + pranlukast group (OPG) (n=4). Animals in the OSG,
ODG and OPG were sensitized to OVA as stated earlier.
Animals in the NCG were injected with 0.9% saline only.

Challenge and treatment

Sensitized animals received a daily intranasal challenge from
day 21 to day 27, and received a twice-weekly intranasal chal-
lenge for an additional 11 weeks. During those 11 weeks, the
ODG received a daily i.p. injection of 2 mg of dexamethsone
in 1 ml of 0.9% saline, OPG received a daily i.p. injection of 3
mg of pranlukast in 1 ml of 0.9% saline, and OSG and NCG
received a daily i.p. injection of 1 ml of 0.9% saline only.
Tissue preparation, morphometry and statistical analysis were
performed as stated earlier.

Tissue preparation, morphometry, and statistical analysis

Tissue preparation, morphometry and statistical analysis were
done in the same way as in section (1).

RESULTS
(1) Establishment of long-term exposure model
Eosinophil infiltration

Using the H&E-stained sections, we counted the eosinophils in
nasal septal mucosa in 5 high-power fields on both sides of the

septal cartilage (magnification: x400) (Figure 2). In the sensi-
tized groups (groups 2, 3 and 4), we observed significant
eosinophil infiltration. In the control group (group 1), we
observed only a small number of eosinophils. There was no
significant difference between any of the sensitized groups
(groups 2, 3 and 4). The eosinophils were all granulated.

Epithelial damage

Epithelial damage was assessed using H&E-stained sections
(Figures 3 and 4) and the staging system described by Ponikau
(14). In the 1-week exposure group (group 2), there was no sig-
nificant epithelial damage. In the 8- and 12-week exposure
groups (groups 3 and 4, respectively), we observed significant
epithelial damage including upper layer erosion and absence ofFigure 2. (A) Number of infiltrating eosinophils in nasal septal

mucosa. Eosinophils were counted in at least 5 high-power fields on

both sides of the septal cartilage (magnification, x400; n=6). (B) The

number of AB-PAS-positive cells in nasal septal mucosa. The percent

area of MT-stained ECM in mucosa of nasal septum (C) and nasal

conchae (D). * indicates p < 0.05.

Figure 3. Representative microscopic findings of nasal septal epitheli-

um of stage 0 (A), stage 1 (B), stage 2 (C) and stage 3 (D). Epithelial

damage was assessed using H&E-stained sections and the staging sys-

tem described by Ponikau (14). The percent area of each staging of nasal

septal epithelium was calculated. Comparison of goblet cell hyperplasia

in the nasal septal epithelium (E-H). Paraffin-embedded sections of

nasal mucosa were stained with AB-PAS. We observed an increase in

the number of AB-PAS-positive cells in the nasal septum mucosa of

the prolonged allergen-exposure groups (groups 3(G) and 4(H)), but

not in the brief allergen-exposure group (group 2(F)), compared with

the control (group 1(E)).
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cilia. There was no significant difference between any of the
groups in stage 3 (14), in which epithelium eroded away.

Goblet cell hyperplasia

In order to determine the extent of mucus cell metaplasia fol-
lowing allergen challenge, paraffin-embedded sections of nasal
mucosa were stained with AB-PAS (Figures 2 and 3). We
observed an increase in the number of AB-PAS-positive cells
in the nasal septum mucosa of the prolongedallergen-exposure
groups (groups 3 and 4), but not in the briefallergen-exposure
group (group 2), compared with the control (group 1). There
was no significant difference between the 2 prolongedallergen-
exposure groups (groups 3 and 4).

Gland cells

The number of gland cells in the nasal septal mucosa was
counted and expressed as gland cells/mm2. There was no sig-
nificant difference between any of the 4 groups (data not
shown). 

Extracellular matrix deposition 

In order to determine whether the OVA challenge affected
ECM accumulation, paraffin-embedded sections of the nasal
cavity were stained with MT to visualize collagen deposition
(blue colour indicates collagen) (Figures 3 and 5). The percent
area of MT-stained collagen in mucosa of the nasal septum
and conchae was determined to assess ECM deposition. In the
control group (group 1), there was little collagen (MT staining)
beneath the basement membrane of the epithelium and
around the glands and vasculature. In the brief OVA-exposure
group (group 2), there was no increase in collagen fibrils within
the mucosa of the nasal septum or conchae. In contrast, in the
prolonged OVA-exposure groups (groups 3 and 4), we
observed an increase in the amount of ECM. Furthermore, in
both the nasal septum and conchae, the 12-week exposure

group (group 4) exhibited significantly greater ECM deposition
than the 8-week exposure group (group 3).

(2) Inhibition study
Eosinophil infiltration

Using the H&E-stained sections, we counted the number of
eosinophils in nasal septal mucosa in at least 5 high-power
fields on both sides of the septal cartilage (magnification: x400)
(Figure 6A). The number of eosinophils was significantly high-
er in OSG than in NCG (p < 0.05). This change was signifi-
cantly inhibited by administration of dexamethasone or pran-
lukast (p < 0.05 and p < 0.05, respectively to OSG). There was
no significant difference between the two treatment groups. 

Figure 4. The percent area of each staging of epithelium in septal nasal

mucosa (length of basal membrane of each stage of epithelium divided

by the total length of the membrane). * indicates p < 0.05.

Figure 5. Airway collagen deposition/fibrosis in OVA-treated mice.

Nasal septum mucosa was obtained from saline-treated guinea pigs (A)

and OVA-treated guinea pigs (B-D), stained with Masson’s trichrome,

and examined by light microscopy. Nasal conchae tissue was obtained

from saline-treated guinea pigs (E) and OVA-treated guinea pigs (F-H)

and examined as above. Little collagen is observed in the nasal septum

(A) and nasal conchae (E) of the control guinea pigs or of the brief

(one week) OVA exposure guinea pigs (B, F). In contrast, relatively

strong collagen deposition is seen in the nasal septum and nasal con-

chae of the prolonged OVA exposure guinea pigs (C, G for eight week

OVA exposure: D, H for twelve week OVA exposure).
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Epithelial damage

In the OSG, we observed significant epithelial damage includ-
ing upper layer erosion and absence of cilia compared with
NCG (p < 0.05) (Figures 6E-H). This change was significantly
inhibited by administration of dexamethasone or pranlukast (p
< 0.05 and p < 0.05, respectively to OSG). There was no signif-
icant difference between the two treatment groups.

Goblet cell hyperplasia

The number of goblet cells was significantly higher in OSG
than in NCG (p < 0.05) (Figure 6B). This change was signifi-
cantly inhibited by administration of dexamethasone or pran-
lukast (p < 0.05 and p < 0.05, respectively to OSG). There was
no significant difference between the two treatment groups.
The data was expressed as goblet cells per mm basement
membrane of nasal septal mucosal epithelium.

Extracellular matrix deposition

In the NCG, there was little collagen (MT staining) beneath
the basement membrane of the epithelium and around the
glands and vasculature (Figure 6C and D). In contrast, in the
OSG, there was a significant increase in ECM deposition in the
submucosa of the nasal septum and conchae (p < 0.05). This
change was significantly inhibited by administration of dexam-
ethasone or pranlukast (p < 0.05 and p < 0.05, respectively to
OSG). There was no significant difference between the two
treatment groups.    

DISCUSSION
There is controversy as to whether structural changes occur in
allergic rhinitis. The few published studies contain conflicting
findings (6,7).
In the present study, prolonged allergen challenge of sensitized
guinea pigs produced persistent allergic inflammation of the
nasal mucosa with significant infiltration of eosinophils into
the epithelium and submucosa. Eosinophils are thought to be
a source of several molecules implicated in tissue remodeling
processes, including transforming growth factor-α (TGF-α),
TGF-β1, fibroblast growth factor-2 (FGF-2), vascular endothe-
lial growth factor (VEGF), matrix metalloprotease-9 (MMP-9),
tissue inhibitor of metalloproteinase-1 (TIMP-1), interleukin-
13 (IL-13) and IL-17 (15). Amin has demonstrated that the num-
ber of eosinophils is increased in patients with perennial rhini-
tis, and that the increased number of eosinophils is related to
the increased epithelial damage observed in patients with
perennial rhinitis (6).

Some authors have observed epithelial shedding in patients
with allergic rhinitis (6,8). The present results indicate that per-
sistent epithelial damage occurs in chronic nasal allergy,
although it is not as severe as the damage previously observed
in the lower airway in asthma (16). Studies suggest that lipid
mediators, cytokines and eosinophil-specificgranule proteins
released by activated eosinophils play important roles in the

epithelial damage associated with allergic rhinitis (17). On the
other hand, some allergens that have protease activity may also
have direct effects on epithelial integrity. In addition to these
direct effects on epithelial structure, many of these agents also
alter cell function by inducing a stress response via receptor-
mediated processes or by generating reactive oxygen with acti-
vation of proinflammatory transcription factors (18).
Allergic rhinitis is also clinically associated with a significant
increase in nasal mucus secretion. In healthy subjects, goblet
cells (another important source of mucus) are distributed most
densely in the inferior turbinate, and less densely in the nasal
septum (19). Berger observed that the number of goblet cells in
the inferior turbinate is not affected by perennial allergic or
non-allergic rhinitis (20). However, Gluck reported increased

Figure 6. Both dexamethasone and pranlukast treatments inhibited

increase of the number of infiltrating eosinophils (A), number of gob-

let cells (B), and collagen deposition in nasal septal mucosa (C) and in

nasal conchae (D). ** indicates p < 0.01, compared with NCG. ##

indicates p < 0.01, compared with OSG. (E-H): The percent area of

each stage of epithelium in septal nasal mucosa (length of basal mem-

brane of each stage of epithelium divided by the total length of the

membrane) in the treatment groups. * indicates p < 0.05, compared

with NCG. # indicates p < 0.05, compared with OSG.
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recovery of goblet cells in nasal smears during the grass pollen
season in subjects with pollen-sensitive rhinitis (21). In the pre-
sent study, the number of AB-PAS-positive cells increased
about 4-fold in the chronic nasal allergy groups (groups 3 and
4). Goblet cell hyperplasia may be induced by allergens and T
helper 2 (Th2) lymphocyte-derived cytokines. In in vitro exper-
imental systems, the Th2 cytokines IL-4, IL-9 and IL-13 are
highly effective in inducing mucin synthesis and /or goblet cell
hyperplasia (22). However, eosinophils do not appear to play a
role in these effects of Th2 cytokines, because several studies
(23-25) have shown that there is no association between mucus
cell hyperplasia and allergen-induced or Th2 cytokine-induced
eosinophilia. 

In the present study, we also found that chronic allergen expo-
sure was associated with significantly increased amounts of
ECM in both the nasal septal mucosa and conchae. We have
evaluated conchae as well as nasal septal mucosa, because infe-
rior mucosal hypertrophy is clinically important. Similar results
were obtained in a previous study, in which total collagen lev-
els increased 3-fold during the chronic phase of asthma, com-
pared with control and acute challenge groups (26). Sanai et al.
(27) studied the amount and distribution of collagen in human
nasal mucosa of perennial allergic patients and non-allergic
subjects and found that the thickness of the basement mem-
brane zone was statistically significantly greater in allergic sub-
jects than in non-allergic ones. Although the mechanism of the
ECM deposition in allergic rhinitis remains unclear, it is possi-
ble that a collagen-producing system is activated in nasal aller-
gic reactions, as occurs in asthma (27). In asthma, studies indi-
cate that TGF-β plays a major role in the development and
maintenance of the fibrotic response (26), and that Th2 cytokin -
es including IL-4, IL-5, IL-9, IL-11 and IL-13 can induce subep-
ithelial fibrosis (28). 

Clinical data suggest that fibrosis is a feature of mucosa
remodeling in AR. In a study of turbinate biopsies from 26
patients with perennial AR, Montero Mora et al. observed
enlargement of the basal membrane in 92.3% of the patients
and subepithelial fibrosis in 92.4% of the patients (29).
Next we demonstrated that these remodeling changes could be
inhibited by early intervention with pranlukast or dexametha-
sone. Leukotrienes can induce many of the abnormalities seen
in airway allergic disease, including permeability of vessels,
mucous gland secretion, and infiltration of inflammatory cells.
Most of their effects are mediated by the cysLT1 receptor,
which is a G-proteincoupled receptor (30). CysLT1 receptor
antagonists represent the first new class of anti-asthma treat-
ment in 20 years, and have recently been used to treat nasal
allergy. Considerable experience has been gained with pran-
lukast worldwide, and the available data regarding its clinical
pharmacology, efficacy and safety indicate that leukotriene
receptor antagonists hold great promise as therapeutic agents
for the treatment of allergic inflammatory airway disease (31).

Glucocorticoid therapy is a very effective anti-inflammatory
treatment that is suitable for AR, and has been used as a first-
line treatment for AR. 

Recruitment of eosinophils and nasal mucosal structural
changes were significantly inhibited by administration of dex-
amethasone or pranlukast. These findings suggest that
eosinophil infiltration is a particularly important part of the
remodeling processes in AR. We do not deny the importance
of mast cells in the remodeling process in this model. It is
reported that Chymase-positive mast cells can play a role in
the vascular component of airway remodeling in asthma, possi-
bly through induction of VEGF (32) and that mast cells regulate
procollagen I (alpha 1) production by bronchial fibroblasts
derived from subjects with asthma (33).
The reduction of eosinophil activation and recruitment should
help prevent epithelial damage. In a study by Druilhe et al.,
biopsies from steroid-treated asthma subjects exhibited
increased expression of the anti-apoptotic marker Bcl-2 and
proliferating cell nuclear antigen (PCNA) in epithelial cells (34).
This indicates that steroids increase both the survival and pro-
liferation of epithelial cells, suggesting that they can promote
epithelial repair under airway allergic inflammatory conditions
(34). The present finding that dexamethasone increases epithe-
lial integrity is consistent with this hypothesis.

In the ODG and OPG, goblet cell hyperplasia was significantly
inhibited by administration of dexamethasone or pranlukast.
Similar phenomena have been observed in other studies. In
their in vivo experiments, Liu et al. demonstrated that the
CysLT1 receptor antagonists pranlukast and zafirlukast inhibit-
ed OVA-induced mucus secretion in the trachea of sensitized
guinea pigs (35). Henderson et al. found that in OVA-sensi-
tized/challenged mice, montelukast (another cysLT1 receptor
antagonist) reduced the elevated levels of IL-4 and IL-13 in the
BAL fluid and reduced the allergen-induced increase in the
number of goblet cells in the airways (36). These reports are
consistent with the present results. 
Blyth et al. developed a murine model of atopic asthma, for
use in studies of allergen-induced subepithelial fibrosis in the
lower airway (37). They demonstrated that the development of
subepithelial fibrosis is associated with eosinophil infiltration
into airways, and that this fibrosis is significantly suppressed by
daily intraperitoneal injection of dexamethasone at a dose of 
1 mg/kg (37). Ueda et al. (38) investigated the effects of pran-
lukast on eosinophilic inflammation and cytokine production
in human nasal mucosa. In their pranlukast-treated group, the
levels of eosinophil-derived cytokines and chemical mediators
(IL-4, IL-5, RANTES, cysteinyl leukotrienes, IL-1β, TNF-α,
and IL-8) were significantly decreased. Their results support
the hypothesis that pranlukast exerts its therapeutic effects pri-
marily by blocking the leukotriene receptors on eosinophils.
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It is generally considered that remodeling in asthma is an irre-
versible process. In the present study, we did not show that
stopping the antigen administration after 8 or 12 weeks leads to
persistent changes. This should be studied in the future
research. Moreover, it is necessary to ascertain whether treat-
ment with steroids or pranlukast reverses the process after
remodeling has occurred.

In summary, the present results indicate that prolonged aller-
gen exposure of sensitized guinea pigs causes persistent
remodeling of the nasal mucosa. The features of AR remodel-
ing that we observed were epithelial damage, goblet cell hyper-
plasia and ECM deposition. These structural changes were sig-
nificantly inhibited by intraperitoneal injection of dexametha-
sone or pranlukast. These results indicate that early interven-
tion with glucocorticoids and cysLT1 receptor antagonists can
be an effective method of preventing some features of remod-
eling in AR.
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