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Introduction
Allergic asthma is an inflammatory airway disease which is 

characterized by eosinophils and mast cells infiltration, goblet cell 
hyperplasia and airway hyperreactivity (AHR) [1]. IL-25 (IL-17E) 
is a member of IL-17 family and plays a critical role in inflammation 
and autoimmunity [2]. Recent studies have established that high level 
of IL-25 was associated with airway inflammatory disease in humans 
and mice [3] and could activate DCs to prime naive CD4+ T cells to 
differentiate into proinflammatory Th2 cells. To evaluate the role of IL-
25 in asthma, we generated the asthmatic mice model using OVA and 
identified the expression of IL-25 and Th2-type inflammatory cytokines 
in BALF in this process. We found that the expression of IL-25 mRNA 
and protein was significantly elevated in epithelial cells of mice with 
asthmatic inflammation, whereas treated with glucocorticoid decreased 
the eosinophils infiltration and IL-4, IL-5, and IL-13 in BALF [4]. This 
finding showed that IL-25 activated eosinophils to produce a range 
of asthmatic mediators and might play a pivotal role in maintaining 
Th2 central memory and sustaining asthmatic inflammation while 
glucocorticoid treatment was capable of inhibiting the procession.

Materials and Methods
Animals

Female BALB/c mice (n=30, weight 25 ± 5 g) were obtained from 
the Animal Centre of Shandong University, P. R. China. The mice were 
randomly divided into three groups—asthma group (n=10), control 
group (n=10) and glucocorticoid (GC)-treated group (n=10). All 
animal experiments undertaken in this study were done so with the 
approval of the Institutional Animal Care and Use Committee [5] of 
Shandong University. 

Sensitization and provocation procedures

Mice in asthma group were injected intraperitoneally with 100 
ug ovalbumin (OVA) in 1 mg aluminum hydroxide (Sigma) in a total 
volume of 0.25 ml of PBS twice at day 1 and 8, and then challenged with 
OVA aerosols (1% in PBS) for 30 min per day for 7 consecutive days. 
The control mice were sensitized and challenged with PBS instead. 
For the glucocorticoid-treated group, mice were inhaled budesonide 
suspension (0.5 mg/per mouse; R&D) 30 min before each challenged [6]. 

Airway responsiveness analysis

Expiratory resistance (Re) measurements of airway 
hyperresponsiveness (AHR) were made basally and in response to 
increasing doses of methacholine (Sigma-Aldrich). Methacholine was 
given over 5 min and the average Re value was measured 5 min after 
treatment.

Bronchoalveolar Lavage (BAL) and serum collected

We anesthetized the mice by an intraperitoneal injection of chloral 
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Abstract
Objective: To study the expression of IL-25 in airway inflammation of OVA-induced asthmatic mice and the 

effects of glucocorticoid. 

Methods: The asthmatic mice were induced by ovalbumin (OVA) sensitization and challenge. This model was 
confirmed by detecting airway responsiveness, serum levels of IgE and lung histopathology. We also detected the 
inflammatory cells by cell counting plate and cytokines by ELISA, respectively. We also detected the expression of 
IL-25 by quantitative real-time PCR and immunohistochemistry. 

Results: Compared with the mice in control group, the asthmatic mice showed elevated airway responsiveness 
and high serum levels of IgE. We also detected more inflammatory cells and high level of inflammatory cytokines 
in mice of OVA group. The expression of IL-25 was also significantly increased in both mRNA and protein levels in 
OVA group. Furthermore, treating mice with glucocorticoid could inhibit inflammatory cells and cytokines infiltration 
and reduce IL-25 expression. 

Conclusion: IL-25 level is increased in OVA-induced asthmatic airway inflammation and glucocorticoid is 
capable of inhibiting IL-25 expression as well as other Th2 cytokines, thus presents a promising strategy for the 
treatment of asthma.
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hydrate (4 mg/g body weight) at 24 hours after the last challenge. Blood 
was collected by cardiac puncture and serum was stored at -70°C after 
centrifugation [7]. Brocho-alveolar lavage (BAL) was performed with 
PBS lavage six times (0.5 ml each time) through the cannulated trachea. 
A total of 2.5 ml BAL fluid was collected from every mouse [8]. The 
supernatant was decanted and stored at -80°C for further analysis.

Histology

Lungs tissues were excised completely from the chest cavity, 
and fixed with 10% neutral buffered formalin and then stained with 
hematoxylin and eosin (H&E) [9]. All images were developed at ×40. 

Inflammatory cells count

We examined the cellular influx in the BALF by cell counting 
plate. The cell pellet was resuspended with PBS and washed twice 
and was subjected to count the number of eosinophils with Wright’s 
staining. All scoring and measurements were performed blinded by the 
same observer. Two hundred leukocytes were counted in each slide. 
Differential counts of cells were performed at ×400 (dry objective) 
using an Olympus microscope (Olympus). Cell types were identified 
based on morphologic criteria.

Cytokines in BALF and IgE in serum by ELISA

The levels of immunoglobulin (IgE) in serum and IL-25、IL-4
、IL-5、IL-13 and interferon (IFN)-γ in the BAL supernatants were 
examined accordingly by ELISA kits (R&D Systems) as described 
in the instructions. The kit is a solid phase phase sandwich enzyme 
linked immuno sorbent assay (ELISA). Samples were first pipetted into 
the wells. During the first incubation, the antigen and a biotinylated 
monoclonal antibody are simultaneously incubated. After washing, 
the enzyme (streptavidin-peroxydase) is added. After incubation and 
washing to remove the unbound enzyme, a substrate solution which 
is acting on the bound enzyme is added to induce a colored reaction 
product. The intensity of this colored product is directly proportional 
to the concentration of inflammatory cytokines present in the samples.

Quantitative real-time PCR

Total RNA was isolated from mouse bronchus by the RNeasy 
Mini Kit (Qiagen, West Sussex, United Kingdom) and then reverse 
transcribed with random hexamers and AMV reverse transcriptase 
(Promega, Southampton, United Kingdom). cDNA was amplified by 
SYBR Green PCR Master Mix Reagent (Qiagen) in Rotor Gene 3000 
(Corbett Research, Sydney, Australia). PCR conditions were 95°C 10 s, 
then 35 cycles of 95°C 5 s, 56°C 10s, 72°C 10 s. The quantity of IL-25 
expression was assessed by the comparative Ct method. Glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) was used as a loading control.

Immunohistochemistry analysis

The sections were dewaxed, rehydrated and antigen retrieval 
was performed with 10 mM sodium citrate (pH 6.1). The slides were 
incubated with an anti-IL-25 antibody (Santa Cruz, USA) (l:25) 
overnight at 4°C and then processed with polyclonal rabbit anti-goat 
immunoglobulins/horseradish peroxidase (HRP) (1:100) for 30 min at 
37°C. The nuclei were counterstained with hematoxylin. Control slides 
were incubated with normal Ig instead of a primary anti-body. IL-25-
positive areas were quantified by densitometry using the image-pro 
plus software (Media Cybernetics, USA).

Statistical analysis

All the data were analyzed and computed by SPSS17.0 and 

demonstrated as mean ± standard deviation (SD). Both the level of 
cytokines and the quantity of IL-25 were analyzed by one-way analysis 
of variance. Person correlation analysis was performed to test the linear 
relationship between the quantitative variables. All test results were 
considered significant at p<0.05. 

Results
Asthmatic model

This model was confirmed by detecting airway responsiveness, 
airway inflammation, serum levels of IgE and lung histopathology. As 
shown in Figure 1, the expiratory resistance of OVA-group mice was 
elevated, which indicated the marked airway hyperresponsiveness. The 
serum levels of IgE were increased dramatically in OVA-challenged 
mice relative to values in control group (Table 1). Histological analysis 
demonstrated an asthmatic phenotype with significantly increased 
airway eosinophil infiltration and goblet cell metaplasia (Figure 2). All 
these data indicate that we successfully generated the asthma mouse 
model by OVA.

Inflammatory cells 

To determine the inflammatory response of mice, we examined 
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Figure 1: Airway responsiveness in mice. Expiratory resistance was measured 
to assess airway responsiveness. Expiratory resistance was detectable in OVA 
model and in a methacholine dose–dependent manner.

   
Control group                      OVA group         Glucocorticoid treated group 

Figure 2: Lung histology. Sections of lung tissues were harvested 24 hours 
after last challenge, fixed with buffered formalin, and 5-μm sections were 
analyzed by HE staining. Original magnification,×40.

Group N Total IgE (ng/ml) OVA-IgE (EU/ml)
Asthma 10 216 ± 31a 44 ± 5a

Control 10 29 ± 3 <10

aIndicates a p-value of less than 0.05, compared with control group
Table 1: Concentration of total and OVA-specific IgE in serum.
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(Tables 3 and 4) (Figure 4). Tight Connection between the Expression 
of IL-25 and the Up-regulation of Cytokines

To clarify the role of IL-25 on Th2-type cytokines, we performed a 
Person correlation analysis between IL-25 mRNA and IL-4, IL-5, IL-13 
and IFN-γ in BALF. All the quantitative variables were showed normal 
distribution and we tested the linear relationship between IL-25 and 
the every other quantitative variable with Person correlation analysis. 
We found the expression of IL-25 mRNA was tightly positive correlated 
with the levels of IL-4 (r=0.748), IL-5 (r=0.691), and IL-13 (r=0.793) 
and negative correlated with the levels of IFN-γ (r=-0.574) (Figure 5). 
Thus Th2-type inflammation played a pivotal role in maintaining and 
sustaining asthmatic inflammation, and we presumed that IL-25 could 
activate eosinophils to produce such a range of asthmatic mediators 
and triggered the activation of Th2-type related cytokines network. 

Glucocorticoid inhibited cells infiltration and reduced 
cytokines level

We used inhaled budesonide during the challenge phase to 
determine the effect of glucocorticoid in the pathology of asthma. 
Inhaled budesonide resulted in the decrease of IL-25 mRNA in allergic 
mice; mice treated with inhaled budesonide showed a reduction in 
eosinophils infiltration in airway (Figure 2) as well as the levels of IL-25, 
IL-4, IL-5, and IL-13 in BALF (Figure 6). However there is no difference 
between the glucocorticoid treated group and the control group.

Discussion
IL-25 was identified as being necessary for the up-regulation of the 

the cellular influx in the BALF by cell counting plate (Figure 3). The 
number of total BALF cells was much higher in OVA group than in the 
control group. Mice exposed to OVA also demonstrated a significant 
increase in the number of eosinophils, neutrophils, lymphocytes and 
macrophages. 

Inflammatory cytokines 

In the supernatants of BALF, we also detected much higher secretion 
of IL-4、IL-5, IL-13 as well as IL-25 with lower level of IFN-γ than 
the control group (Table 2). These results indicate that IL-25 worked 
in synergy with other Th2-type cytokines such as IL-4, IL-5 and IL-
13 to induce the recruitment of eosinophils in OVA induced asthmatic 
airway and thus promoted the Th2-type inflammatory responses in 
asthmatic airway inflammation.

IL-25 Expression in asthmatic mice

To identify the role of IL-25 in OVA-induced asthmatic mice, 
we detected the expression of IL-25 mRNA by quantitative real-time 
PCR and IL-25 protein by immunohistochemistry, respectively. The 
expression of IL-25 mRNA and protein on tracheal of mice exposed 
to OVA were significantly higher than that of mice in control group 
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Figure 3: Quantify the number of cells in BALF. Values of cells represent the 
mean ± SD. *p<0.05 compared with control group, ∆p<0.05 compared with OVA 
group.
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Figure 4: Expression of IL-25 in lungs. (A) IL-25 staining is up-regulated in 
airway epithelial cells and the inflammatory cells around the larger airways 
and blood vessels in asthma group while the control and the gucocorticoid 
(GC) treated group showed less staining. (B) Quantitation of IL-25. *p<0.05 
compared with control group, ∆p<0.05 compared with OVA group.

Group N IFN-γ IL-4 IL-5 IL-13 IL-25
OVA 10 27.58 ± 3.40a 58.11 ± 8.09a 97.41 ± 11.04a 81.73 ± 8.25a 189.67 ± 18.15a

control 10 70.96 ± 2.08 20.30 ± 1.88 28.17 ± 4.11 26.53 ± 1.09 70.96 ± 14.31
GC 10 64.97 ± 4.51b 32.18 ± 6.12b 19.45 ± 2.03b 21.82 ± 3.51 76.39 ± 9.58b

F-value 116.12 231.04 85.04 79.87 103.08
P-value <0.01 <0.01 <0.01 <0.01 <0.01

aIndicates a p-value of less than 0.05, compared with control group
bIndicates a p-value of less than 0.05, compared with OVA group 
Table 2: The expression of IL-25, IL-4, IL-5, IL-13 and IFN-γ in BALF by ELISA 
( x ± s, pg/ml).

Group   N GAPDH –Ct
(Ct-G)

IL-25-Ct
(Ct-25)

2∆∆Ct

OVA 10 15.79 ± 0.81 16.03 ± 5.87a 1.48 ± 0.07a

control 10 14.02 ± 0.57 29.65 ± 0.74 0.74 ± 0.03
GC 10 14.21 ± 0.69 27.48 ± 1.28b 0.81 ± 0.06b

F-value 42.75 59.82 105.34
P-value <0.01 <0.01 <0.01

aIndicates a p-value of less than 0.05, compared with control group
bIndicates a p-value of less than 0.05, compared with OVA group 

Table 3: Quantitative detection of IL-25 mRNA in airway epithelium ( x ± s).

Target GAPDH (131bp) IL-25 (192bp)
Forward 5’-AACAGGCGTCCCTTTCCGA-3’ 5’-CAGCAAAGAGCAAGAACC-3’
Reverse 5’- GCCCAAGATGCCCTTCAGT-3’ 5’-CCCTGTCCAACTCATAGC-3’

Table 4: Primers of GAPDH and IL-25 used in study.
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Th2 effecter cytokines and mirroring the role of Th1 response, such 
as asthma [1]. In this study, we showed that the expression of IL-25 
was tightly positive correlated with the levels of IL-4, IL-5 and IL-13 
and negative correlated with the levels of IFN-γ, which demonstrated 
that IL-25 was emerging as a key regulator of asthmatic inflammation 
because of its ability to promote Th2, while suppress Th1 cytokine 
responses. While T lymphocytes are responsible for driving allergen-
specific type 2 responses, multiple reports have identified critical roles 
for innate immune responses. First, IL-25 could activate CD4+ T cells to 
produce chemokines and exacerbate asthmatic inflammation. Besides, 
IL-25 could induce eosinophils, IL-4, IL-5 secretion and lead to airway 
hyperresponsiveness and inflammatory response. Therefore, IL-25 acted 

as the bridge between the innate and the adaptive immune responses in 
allergic asthma needs our further investigation [2]. Besides, there are 
also controversial reports regarding the cell types that produce IL-25. 
For example, Fort et al. [10] showed that IL-25 was expressed exclusively 
by Th2 cells, whereas Wang et al. [4] demonstrated that eosinophils 
and basophils, but not other immune cells (T cells, B cells, monocytes, 
dendritic cells, etc.), secreted IL-25. Our immunohistochemistry 
analysis showed that IL-25 was highly expressed in epithelial cells of the 
airway in mice with asthma, which was consistent with the research of 
Klein et al. [11]. We also demonstrated that in the lungs of mice with 
asthma, the expression of IL-25mRNA and protein is increased in the 
airway epithelium. These results confirm that IL-25 is markedly over 
expressed in the lungs of mice sensitized and challenged with OVA 
[10,12]. 

Glucocorticoid treatment had long been considered to be the way 
to decrease asthmatic inflammation [13]. When the asthmatic animals 
were given inhaled budesonide treatment, this airway inflammation 
could also be inhibited by the decrease of inflammatory cells and 
cytokines infiltration [14]. In our study, animals receiving budesonide 
inhalation showed a significant decrease in total and classified cells as 
well as Th2 cytokines levels (IL-4, IL-5, and IL-13) in BALF. Although 
our data supported IL-25 acting with other Th2 cytokines in asthmatic 
inflammation, mice deficient in IL-4, IL-5, and IL-13 could also 
induced AHR with IL-25 administration, which showed independently 
of the classic Th2 inflammatory reposes. Besides, current clinical 
studies have found that some asthmatic patients were resistant to 
glucocorticoid treatment even with high dose and the animal studies 
also showed that steroid resistant Th17 cells might explain neutrophil-
mediated asthmatic inflammation [15]. Since IL-25 is one of the IL-
17 family members, IL-25 signaling pathway might provide a novel 
target for steroid-resistant asthmatic therapy, which needs our further 
research into mechanisms underlying asthma’s pathophysiology [16]. 
Further investigation will also be required to determine whether IL-
25 acts through the induction of known broncho-constrictors such as 
the leukotrienes, or via molecules such as the recently described acidic 
chitinase [17]. 

Conclusion
The expression of IL-25 was increased in airway of asthma as well as 

other Th2-related cytokines secretion [18]; while budesonide inhalation 
could reduce type 2 cytokine induced inflammation and prevent airway 
hyperresponsiveness [19]. It is noteworthy that IL-25 might provide a 
novel target in the glucocorticoid therapeutic intervention of asthmatic 
inflammation.
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