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Gender difference in allergic airway remodelling and
immunoglobulin production in mouse model of asthma
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ABSTRACT

Background and objective: Epidemiological studies
have shown that the prevalence of adult asthma and
severe asthma is higher in women. It has also been
reported that female mice are more susceptible than
males to the development of allergic airway inflamma-
tion and airway hyperresponsiveness (AHR). The influ-
ence of gender difference in the pathogenesis of severe
asthma, especially airway remodelling in an animal
model, has been studied rarely. We investigated gender
difference in the development of airway remodelling
using a long-term antigen-challenged mouse asthma
model.
Methods: Following ovalbumin (OVA)/alum intra-
peritoneal injection, male or female mice (BALB/c)
were challenged with aerosolized 1% OVA on 3 days/
week for 5 weeks, and differences in AHR, airway
inflammation and airway remodelling between the
sexes were investigated.
Results: In OVA-sensitized and OVA-challenged (OVA/
OVA) female mice, eosinophils, lymphocytes, T-helper
type 2 cytokines and growth factors in bronchoalveolar
lavage fluid were increased compared with OVA/OVA
male mice. Histological features of airway remodelling
were also increased in OVA/OVA female mice. Serum
total and OVA-specific immunoglobulin E (IgE) and
serum IgA were significantly elevated in OVA/OVA
female mice.
Conclusions: These results indicate that female mice
experience more airway remodelling compared with
male mice.These results suggest the involvement of sex
hormones and gender differences in cellular functions
in airway remodelling.

Key words: allergy, animal model, asthma, eosinophil,
inflammation.

Abbreviations: AHR, airway hyperresponsiveness; BALF,
bronchoalveolar lavage fluid; IL, interleukin; OVA, ovalbumin;
OVA/OVA, OVA-sensitized and OVA-challenged; PDGF, platelet-
derived growth factor; TGF-b, transforming growth factor-b.

INTRODUCTION

Gender is one of the most fundamental subpopula-
tions for human beings. Therefore, gender differences
for disease rate, disease severity and mortality have
been reported in a variety of diseases.1,2 Only a few
studies investigate differences between males and
females in basic and clinical research. Clinical data
obtained on males are applied to clinical therapy for
females.

Asthma is a chronic inflammatory disorder of the
airway. Airway hyperresponsiveness (AHR) to non-
specific stimuli and mucus production are caused by
airway inflammation.3 Persistent airway inflamma-
tion is associated with airway remodelling character-
ized by irreversible airway changes, which is a factor
of severe asthma.4 Gender differences in the preva-
lence rate of asthma is recognized. Generally, asthma
is more prevalent among boys than girls in childhood,
but this is reversed after puberty.5,6 Women have a
higher disease prevalence and greater severity.7,8 The
mechanism for gender differences in severe asthma is
still unclear. Several studies have reported that female
mice are more susceptible to development of allergic
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SUMMARY AT A GLANCE

Gender differences in airway remodelling were
investigated using long-term antigen-challenged
mouse model of asthma. Female mice experienced
more airway remodelling. This suggests the
involvement of sex hormones and gender differ-
ences in cellular functions of asthma induced
airway remodelling.
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airway inflammation and AHR than males.9,10 We also
reported a female preponderance for allergic airway
inflammation in animal model of asthma.11 Only a
few studies investigate in animal models gender dif-
ferences in severe asthma, as typified by airway
remodelling. In this study, we investigated gender
differences in terms of development of airway remod-
elling using a long-term antigen-challenged mice
model of asthma.

METHODS

Animals

Female and male BALB/c mice (8–10 weeks of age)
were purchased from Charles River Japan, Inc. (Yoko-
hama, Japan). The mice were maintained on a diet
free of ovalbumin (OVA). All experimental animals
used in this study were housed under constant tem-
perature and light cycles, and under a protocol
approved by the Institutional Animal Care and Use
Committee of Akita University Graduate School of
Medicine.

Sensitization and airway challenge

Mice (six mice/group/experiment) receiving the fol-
lowing treatments were studied: (i) non-sensitized
and non-challenged mice, and (ii) OVA-sensitized
and OVA airway-challenged mice (OVA/OVA). OVA/
OVA mice were immunized by intraperitoneal injec-
tion of 20 mg of OVA (Grade V; Sigma, St. Louis, MO,
USA) emulsified in 2.25 mg of alum (AlumImuject;
Pierce, Rockford, IL, USA) in a total volume of 100 mL
on days 0 and 14. Mice were challenged via the airway
with OVA (1% in saline) for 20 min on days 28, 29
and 30 by ultrasonic nebulization, and further
exposed to aerosolized challenge 3 days per week for 4
additional weeks. AHR and immunological features
were assessed 48 h after the last challenge.12,13

Determination of airway responsiveness and

measurement of bronchoalveolar lavage

fluid cytokine

Resistance of the lung respiratory system (Rl) to
methacholine was measured using an invasive
system, as previously described.12 After measurement
of pulmonary resistance, the lungs were lavaged via
the tracheal tube with saline. The volume of collected
bronchoalveolar lavage fluid (BALF) was measured
in each sample, and the number of BALF cells was
counted. Cytospin slides were stained with May-
Giemsa and differentiated in a blinded fashion by
counting at least 300 cells under light microscopy. The
concentrations of cytokines, growth factors and
chemokine in the BALF supernatants, such as inter-
leukin (IL)-4, IL-5, IL-10, IL-13, interferon-g, platelet-
derived growth factor (PDGF), transforming growth
factor (TGF)-b and eotaxin, were determined using
commercially available enzyme-linked immunosorb-
ent assay kits (R&D Systems, Minneapolis, MN, USA)
per the manufacturer’s instructions.

Measurement of serum ovalbumin-specific

antibodies

Serum total immunoglobulin E (IgE), OVA-specific
IgE and IgA antibody levels were measured by
enzyme-linked immunosorbent assay 48 h after the
last airway challenge, as previously described.14 The
antibody titres of samples were related to pooled
standards that were generated in the laboratory and
expressed as enzyme-linked immunosorbent assay
units per milliliter (EU/mL).

Histological and immunohistochemistry

studies

Mice lungs were inflated through a tracheal tube with
2 mL of air and fixed in 10% formaline, and lung
tissues were embedded in paraffin blocks. Tissue sec-
tions 4-mm thick were affixed to microscope slides
and deparaffinized. The slides were stained with
haematoxylin–eosin for inflammatory cell infiltra-
tion, periodic acid Schiff for identification of mucus-
containing cells (goblet cells), Masson trichrome stain
for the peribronchiolar collagen layer, and immunos-
taining for a-smooth muscle actin (DAKO, Glostrup,
Denmark), and they were examined under light
microscopy and analysed as previously described.12

Statistical analysis

All results were expressed as mean � standard devia-
tion. Significant differences between experimental
groups were determined using analysis of variance
with post hoc Tukey–Kramer multiple comparison
test. The P-value for significance was set at P < 0.05.

RESULTS

Gender differences in allergic airway

hyperresponsiveness and inflammation

There were no significant differences in baseline
pulmonary resistance values among all groups. As
expected, in OVA/OVA female and male mice, pulmo-
nary resistance was significantly increased in a dose-
dependent manner compared with control mice.
Compared with OVA/OVA male mice, pulmonary
resistance to methacholine showed a non-signficant
trend to increase in OVA/OVA female mice (Fig. 1a).
In OVA/OVA female and male mice, a marked increase
of the total cells, eosinophils and lymphocytes were
detected in BALF. Compared with OVA/OVA male
mice, total cells, eosinophils and lymphocytes were
significantly higher in OVA/OVA female mice
(Fig. 1b).

Inflammatory cell infiltration into the airway
was investigated by histological examination with
haematoxylin–eosin staining. In OVA/OVA female
mice inflammatory cells in the peribronchial and
perivascular areas were significantly increased com-
pared with OVA/OVA male mice (Fig. 2).

Gender difference in formation of

airway remodelling

To investigate a gender difference in development
of airway remodelling, periodic acid Schiff, Masson
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trichrome and immune-staining for a-smooth
muscle actin were performed. A significant increase
of periodic acid Schiff-positive cells was found in
OVA/OVA female mice compared with male mice
(Fig. 3). This result indicates that female mice formed
more goblet cell hyperplasia than male. A significant
increase in the peribronchiolar collagen layer on
Masson trichrome stain and the smooth muscle layer
on a-smooth muscle actin stain in OVA/OVA female
mice compared with OVA/OVA male mice were also
noted (Fig. 4).

Gender difference in cytokine, growth factor

and chemokine levels in bronchoalveolar

lavage fluid

Concentrations of T-helper type 1/T-helper type 2
cytokines, growth factors and chemokines in BALF
were measured by enzyme-linked immunosorbent
assay (Fig. 5a–h). IL-13, IL-10, TGF-b and PDGF in
BALF were significantly increased in OVA/OVA female
compared with OVA/OVA male mice (Fig. 5c,d,g,h).
No significant differences in IL-4, IL-5 and eotaxin in
BALF (Fig. 5a,b,f) were observed.

Gender differences in serum total and

ovalbumin-specific immunoglobulin E,

immunoglobulin G1 and immunoglobulin A

Total and OVA-specific IgE were significantly elevated
in OVA/OVA mice compared with control mice. Total
and OVA-specific IgE were significantly increased in
OVA/OVA female compared with OVA/OVA male mice

(Fig. 6a,b). Serum IgA was significantly increased in
OVA/OVA female (Fig 6c) compared with OVA/OVA
male mice.

DISCUSSION

In this study, we showed in a mice model of asthma
that females were more susceptible to the develop-
ment of airway remodelling than the males. We also
showed that inflammatory cell infiltration into the
airway, as well as T-helper type 2 cytokine and growth
factor production were increased in the female mice
compared with the males. No significant difference
AHR to methacholine was noted between OVA/OVA
male and female mice.

So far, different murine strains have been used to
clarify the gender difference of allergic diseases.9,10,15,16

Zhang Y et al. reported that BALB/c mice showed
stronger OVA-induced allergic responses compared
with C57BL/6 mice.17 Moreover, there were some
studies that investigated the gender difference of
asthma using BALB/c mice.9,10,18 Therefore, we
selected BALB/c mice to investigate gender-related
differences of airway remodelling in this study.

Although airway remodelling is difficult to define,
subepithelial fibrosis, goblet cell hyperplasia and
myofibroblast hypertrophy have been identified as
components of airway remodelling.4 Numerous
researches have reported that airway remodelling is
orchestrated by cytokines such as IL-13 and growth
factors such as TGF-b and PDGF. IL-13, which is
mainly produced by lymphocytes, has been shown to

Figure 1 Development of airway hyperresponsiveness (AHR) and inflammatory cell infiltration were increased in ovalbumin (OVA)-
sensitized and OVA-challenged (OVA/OVA) female mice. (a) Pulmonary resistance to increasing methacholine doses and (b) inflamma-
tory cell accumulation in bronchoalveolar lavage fluid (BALF) were measured as described in Materials and Methods in non-sensitized
and non-challenged (Non/Non) female or male, and OVA/OVA female or male mice. Results for each group are expressed as the
mean � standard deviation (SD) of six mice in each group. *P < 0.05 cf. Non/Non male mice; **P < 0.05 cf. Non/Non female mice.
***P < 0.05 between OVA/OVA male and OVA/OVA female mice. Mono, monocyte; Eos, eosinophil; Lym, lymphocyte; Neutro, neu-
trophil. (a) , Non/Non male; , Non/Non female; , OVA/OVA male; , OVA/OVA female. (b) �, Non/Non male; , Non/Non
female; �, OVA/OVA male; , OVA/OVA female.

Severe airway remodelling in female mice 799

© 2013 The Authors
Respirology © 2013 Asian Pacific Society of Respirology

Respirology (2013) 18, 797–806



(a)
(b)

(c)

(e)

(d)

Figure 2 Inflammatory cell accumulation was significantly increased in ovalbumin (OVA)-sensitized and OVA-challenged (OVA/OVA)
female compared with male mice. Evidence of inflammatory cell infiltration was investigated by histological examination of
hematoxylin–eosin-stained tissue as described in Materials and Methods (final magnification: ¥400). (a) Non-sensitized and non-
challenged (Non/Non) male mice, (b) Non/Non female mice, (c) OVA/OVA male mice and (d) OVA/OVA female mice. (e) Total inflam-
matory cell numbers in the peribronchial tissue. Data represent the mean � standard deviation (SD). *P < 0.05 cf. Non/Non male mice;
**P < 0.05 cf. Non/Non female mice. ***P < 0.05 between OVA/OVA male and OVA/OVA female mice.
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(a) (b)

(c)

(e)

(d)

Figure 3 Goblet cell hyperplasia in airway epithelium was significantly increased in ovalbumin (OVA)-sensitized and OVA-challenged
(OVA/OVA) female mice. Periodic acid Schiff (PAS) staining was performed to identify mucus-containing cells in the airway epithelium
as described in Materials and Methods (final magnification: ¥1000). (a) Non-sensitized and non-challenged (Non/Non) male mice, (b)
Non/Non female mice, (c) OVA/OVA male mice and (d) OVA/OVA female mice. (e) The number of mucus-positive cells per millimetre
basement membrane. Data represent the mean � standard deviation (SD). *P < 0.05 cf. Non/Non male mice; **P < 0.05 cf. Non/Non
female mice. ***P < 0.05 between OVA/OVA male and OVA/OVA female mice.
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(a) (b)

(c)

(e) (f)

(d)

Figure 4 Airway remodelling in mice receiving repeated (4 weeks) airway challenges was significantly increased in ovalbumin
(OVA)-sensitized and OVA-challenged (OVA/OVA) female mice. (a–d, e) The area of Masson’s trichrome-positive peribronchiolar
collagen layer and(f–i, j) a-smooth muscle actin (a-SMA)-stained smooth muscle layer was measured as described in Materials and
Methods (final magnification: ¥400). (a, f) Non-sensitized and non-challenged (Non/Non) male mice, (b, g) Non/Non female mice, (c, h)
OVA/OVA male mice and (d, i) OVA/OVA female mice. Data represent the mean � standard deviation (SD). *P < 0.05 cf. Non/Non male
mice; **P < 0.05 cf. Non/Non female mice. ***P < 0.05 between OVA/OVA male and OVA/OVA female mice.
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play a vital role in airway remodelling by regulating
goblet cell hyperplasia.19 TGF-b activates down-
stream signalling and causes myofibroblast differen-
tiation, leading to tissue fibrosis.20 TGF-b is also
involved in migration and proliferation of airway
smooth muscle cells, which are thought to contribute
to airway remodelling in asthma.21 Similarly, PDGF is
known to be an important factor in airway remodel-
ling by redistribution of smooth muscle cells during
inflammation.22

In this study, the level of IL-13, TGF-b and PDGF in
BALF were significantly increased in OVA/OVA female
mice compared with males. These differences corre-
lated with an increased goblet cells hyperplasia, tissue
fibrosis and thickness of airway smooth muscle in
OVA/OVA female compared with male mice. Taken
together, these results appear to correlate with those
of previous reports19–22 with regards to the mecha-
nisms of airway remodelling; thus, the differences
between female and male mice observed in levels of
cytokines and growth factors could account for the
gender differences in airway remodelling observed
here.

Blacquiere M.J. et al. investigated gender differ-
ences in airway remodelling in two mouse models of
asthma using OVA and house dust mite.23 They
reported no gender difference in the development of
airway remodelling in these two mouse models. In
contrast with our study, Blacquiere M.J. et al. did not
report an accumulation of lymphocytes, the main
source of IL-13, in BALF, and they reported a male
predominance for the production of TGF-b in BALF.
These divergences with our results could be imputed
to different protocols that could have caused a differ-
ence in production of T-helper type 2 cytokines and
growth factors mainly released from lymphocytes
and eosinophils, thus leading to a different response.
Data reported by Antunes M.A. et al. support this
hypothesis.18

Both TGF-b and PDGF are mainly released from
eosinophils and lymphocytes.24,25 Hence, eosinophils
and lymphocytes are also considered to contribute to
airway remodelling. In particular, eosinophil infiltra-
tion into lung tissue has been reported to be an
important mechanism in airway remodelling.26,27

In this study, the number of eosinophils and

(g) (h)

(i) (j)

Figure 4 Continued
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lymphocytes in BALF was significantly increased in
OVA/OVA female mice compared with OVA/OVA
male mice. These findings may indicate that the sig-
nificant difference between female and male mice in
eosinophil infiltration into lung tissue could be
involved in gender differences observed for airway
remodelling. Thus, cellular function of eosinophils,
such as migration, holds the potential to cause
gender differences. Eotaxin is known to be involved
in the chemotactic response of eosinophil into lung
tissue through CCR3 stimulation.28 However, in this
study, the level of eotaxin although significantly
increased in OVA/OVA male and female compared
with controls was not significantly different between
OVA/OVA male and female mice.

The induction phase, which is characterized by IgE
production, is an important reaction in allergic dis-
eases, and the establishment of the induction phase
leads to stronger responses in the effector phase after

antigen re-exposure.29 In this study, female mice pro-
duced more total and OVA-specific IgE than male
mice. These results suggest that the detected eleva-
tion in inflammatory cell infiltration may be due to
the gender difference in the reaction in the induction
phase.

The mechanisms underlying the gender difference
in the pathogenesis of asthma and allergic response
are complex, but they are being increasingly investi-
gated. Hayashi T. et al. showed that allergic airway
inflammation worsen in castrated OVA/OVA male
mice.10 Riffo-Vasquez Y. et al. reported that allergic
responses including inflammatory cell infiltration
were improved in ovariectomized female mice.30 In
addition, Cai Y. et al. reported that oestrogen was
involved in goblet cell hyperplasia and IL-13 release
from mediastinal lymph node cells of allergic mice.31

These results indicate that sex hormones play an
important role in the formation of airway remodelling.

Figure 5 T-helper type 2 (Th2) cytokines and growth factors were increased in ovalbumin (OVA)-sensitized and OVA-challenged
(OVA/OVA) female mice compared with male mice. The levels of (a) interleukin (IL)-4, (b) IL-5, (c) IL-13, (d) IL-10, (e) interferon (IFN)-g,
(f) eotaxin, (g) transforming growth factor (TGF)-b and (h) platelet-derived growth factor (PDGF) in bronchoalveolar lavage fluid (BALF)
of mice were measured by enzyme-linked immunosorbent assay (ELISA). The results are expressed as the mean � standard deviation
(SD) of six mice in each group. *P < 0.05 cf. non-sensitized and non-challenged (Non/Non) male mice; **P < 0.05 cf. Non/Non female
mice. ***P < 0.05 between OVA/OVA male and OVA/OVA female mice.
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On the other hand, it has been reported that the rate of
improvement, exacerbation and stability of asthma
status in advanced pregnancy is almost equal.32 Thus,
the mechanism underlying the gender difference
cannot be explained by sex hormones alone.

We have previously reported that the gender differ-
ence in cellular function may be involved in gender
difference of airway inflammation using adoptive
splenocyte transfer method.11 We have also previously
reported that T-helper type 2 cytokine production by
splenocytes from OVA-sensitized female mice was
significantly increased compared with that from
males.11 In the current study, we demonstrated in a
mouse model a female predominance for producing
IL-13, IL-10, TGF-b and PDGF, and so facilitation a
chemotactic response of human eosinophils. Further
studies are necessary to elucidate the detailed mecha-
nism underlying the gender difference in allergic
responses. Gender difference in cellular functions
such as chemotactic activity and cytokine release
might have had an impact.

Finally, we did not demonstrate a difference in AHR
in our mouse model. Antunes M.A. et al.18 reported
that AHR was enhanced in OVA/OVA male mice com-
pared with females despite a female increased airway
remodelling. The mechanism of AHR is complex.
Several studies found that oestrogen reduces AHR in
female mice.33,34 Other studies demonstrated that
airway remodelling was involved in the enhancement
of AHR.35–37 We postulate that we did not demonstrate
a higher AHR in female mice in our study because of
the cross-interaction between the moderating effect
of oestrogen and airway remodelling. Further investi-
gations are necessary to explain this different result
between Antunes M.A. et al.’s and our study.

In summary, we showed that allergic airway inflam-
mation and airway remodelling were significantly
increased in OVA/OVA female mice compared with

males. These results are congruent with human epi-
demiology for asthma, and the gender difference in
the formation of airway remodelling may be a factor
for female predominance among severe asthma
patients. The mechanism for gender difference of
airway remodelling is complex, and further studies
are needed to elucidate it and to allow the develop-
ment of gender-specific medicine.
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