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Abstract. Asthma is a common chronic inflammatory respi-
ratory disease characterised by airway inflammation and 
hyperresponsiveness. The present study was designed to clarify 
the effect of intranasal miR‑410 administration in an ovalbumin 
(OVA)‑induced murine model of asthma. It was found that 
miR‑410 expression was significantly decreased in the lungs of 
OVA‑induced asthmatic mice (P<0.05) and miR‑410 was over-
expressed via intranasal instillation. Bioinformatics indicated 
that the 3'‑untranslated regions of interleukin (IL)‑4 and IL‑13 
messenger RNAs (mRNAs) contain miR‑410 binding sites. The 
IL‑4 and IL‑13 genes were confirmed to be miR‑410‑regulated 
using the dual‑luciferase reporter assay. Additionally, intra-
nasal administration of miR‑410 markedly attenuated airway 
inflammation and reduced infiltration of inflammatory cells 
into bronchoalveolar lavage fluid (P<0.05) as determined by 
bronchoalveolar lavage fluid analysis. Moreover, miR‑410 
significantly decreased the lung expression of IL‑4 and IL‑13 
(P<0.05), although the levels of mRNAs encoding IL‑4 and 
IL‑13 in lungs did not change significantly as determined by 
real‑time PCR analysis. In conclusion, we found that intranasal 
administration of miR‑410 effectively inhibited airway inflam-
mation in OVA‑induced asthmatic mice by targeting IL‑4 and 
IL‑13 at the post‑transcriptional level. miR‑410 is thus a prom-
ising treatment for allergic asthma.

Introduction

Asthma is a heterogeneous, chronic respiratory disease 
characterised by airway inflammation, increased airway hyper-
responsiveness and variable airflow obstruction (1,2). Asthma 
has the highest rate of morbidity worldwide, and the preva-
lence has increased significantly over the past decades (3,4). 
However, the pathophysiology of asthma remains unclear (5).

Interleukin (IL)‑4 and IL‑13, cytokines expressed by 
T‑helper type 2 (Th2) cells, play key roles in the pathogenesis 
of atopy and atopic asthma (6,7). Both IL‑4 and IL‑13 promote 
acute inflammatory processes of asthma and underlying 
structural changes in the airways; the receptors are expressed 
by various cell types (8,9). The inflammatory mediator IL‑4 
induces eosinophil infiltration in the airway and promotes 
inflammatory cell chemotaxis (10). IL‑13 also induces eosino-
phil inflammation, airway hyperreactivity (AHR) and mucus 
hypersecretion (11,12).

MicroRNAs (miRNAs) are small, noncoding RNAs involved 
in various physiological processes and diseases (13). miRNAs 
regulate gene expression post‑transcriptionally by binding to 
the 3'‑untranslated regions (UTRs) of targeted messenger RNAs 
(mRNAs) for degradation or translational repression (14,15). 
Emerging evidence supports a link between miRNAs and 
bronchial asthma. The levels of miR‑148, miR‑26a, Let‑7a 
and Let‑7d have been found to be altered in sera of asthmatic 
patients (16,17). miR‑410 has not previously been reported to be 
involved in asthma but affects retinal neovascularisation during 
oxygen‑induced retinopathy in mice, exerting an anti‑inflam-
matory action, although the underlying mechanism has not 
been described (18). We speculated that miR‑410 may also be 
involved in the pathogenesis of airway inflammation. Our aim 
was to explore whether intranasal administration of miR‑410 
attenuates such inflammation in OVA‑induced asthmatic mice, 
and the possible therapeutic mechanism in play.

Materials and methods

Animals and reagents. Female BALB/c mice (6‑8 weeks old, 
20±2 g) were obtained from the Laboratory Animal Centre of 
Qingdao University Medical College. The mice were randomly 
divided into 4 groups, with 6 mice in each group: PBS group (A), 
OVA‑induced asthma group (B), OVA+miR‑410 mimic group 
(C), OVA+miR‑410 control group (D). All procedures involving 
animals were approved by the Laboratory Animal Centre of 
Qingdao University Medical College Animal Care and Use 
Committee and conformed to guidelines for the Care and Use 
of Laboratory Animals of the Ministry of Health, China.

Luciferase experiment. We used dual‑luciferase reporter 
assay to explore whether miR‑410 targets IL‑4 and/or IL‑13 
mRNA. The wild‑type murine IL‑4 and IL‑13 mRNA 3'‑UTR 
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segments were amplified and cloned into the psiCHECK 
vector (Sangon Biotech Co., Shanghai, China). 293T cells 
were transfected with 0.1  µg of psiCHECK‑IL‑13‑mu-
tant, psiCHECK‑IL‑4‑mutant, psiCHECK‑IL‑13 or 
psiCHECK‑IL‑4 along with 40 nM miR‑410 mimic or miR‑410 
control using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA). The reporter gene assay 
was performed 48 h after transfection using the Dual lucif-
erase assay kit (Promega Corporation, Madison, WI, USA) 
according to the manufacturer's instructions.

Establishing the OVA‑induced asthmatic murine model and 
intranasal administration of miR‑410 in asthmatic mice. 
Female BALB/c mice weighing ~20 g were randomly divided 
into four groups (n=6). Mice were maintained in a controlled 
environment and fed standard food pellets and water. After 
1 week of adaptation, mice were injected intraperitoneally on 
days 0 and 14 with either 20 µg OVA (Grade V; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) and 20 mg Al(OH)3 in 
0.2 ml phosphate‑buffered saline (PBS), or PBS only (control). 
Following sensitisation, mice were exposed to either aero-
solised 1% OVA/PBS or PBS only for 20 min once daily on 
days 21‑27 (19). The miR‑410 mimic and a control oligonucle-
otide were chemically synthesised and specially modified for 
transfection into animals by Biomics Biotechnologies Co., 
Ltd. (Shanghai, China). For both the OVA+miR‑410 mimic 
group and OVA+miR‑410 control group, miR‑410 or its control 
oligonucleotide was dissolved in endotoxin‑free water. Each 
working dilution was administered intranasally into asthmatic 
mice at a dose of 10 µg on days 21, 22 and 23. Mice were sacri-
ficed after intraperitoneal administration of 1% pentobarbital 
sodium (50 mg/kg, P3761; Sigma‑Aldrich; Merck KGaA) on 
day 28 (Fig. 1). Mice did not become severely ill or moribund 
at any point during the experiment. All mice were raised in a 
specific pathogen‑free facility and sacrificed by cervical dislo-
cation which was following the guidelines for the Care and 
Use of Laboratory Animals of the Ministry of Health, China.

Bronchoalveolar lavage fluid analysis. BALF was centri-
fuged at 240 x g for 5 min. The supernatant was collected 
and stored at ‑80˚C prior to measurement of cytokine levels. 
Precipitated cells were resuspended in 0.4 ml PBS and 0.1 ml 
was taken to determine the total cell count. The remaining 
cells were smeared onto a clean slide and a differential count 
was performed following Wright‑Giemsa staininging. For 
Wright‑Giemsa staininging, two or three drops of resuspen-
sion solution of BALF were spread onto the microscope slides, 
heated, stained with Wright‑Giemsa staining for 10 min, and 
subsequently washed under running tap‑water for 2 min (20). 
IL‑4 and IL‑13 levels were measured using enzyme‑linked 

immunosorbent assays (ELISAs) (eBioscience; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions.

RNA extraction and quantitative polymerase chain reaction 
(PCR). Total lung RNA was extracted from cells using TRIzol 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). Primers 
amplifying miR‑410, IL‑4 and IL‑13 were purchased from 
Sangon Biotech Co. (Shanghai, China). mRNA levels were 
normalised to GAPDH levels and quantitated using the 2‑ΔΔCq 
method (21). PCR was performed on a 7500 Fast Real‑Time 
PCR System (Fermentas; Thermo Fisher Scientific, Inc.).

Histopathology. Mouse lungs were removed 24 h after the 
final challenge. Left lungs were immediately fixed in 10% (v/v) 
buffered formalin and embedded in paraffin. Lung sections were 
stained with hematoxylin and eosin (H&E) (Baso, Zhuhai, China) 
to detect eosinophil infiltration, as described previously (20).

Statistical analysis. The results were analysed with GraphPad 
Prism software (version 5.0; GraphPad Software, Inc., La Jolla, 
CA, USA) and are expressed as means ± standard deviation. 
Correlations among the four groups were calculated using 
one‑way analysis of variance followed by Tukey's multiple 
comparison post hoc test. A P‑value <0.05 was considered 
statistically significant.

Results

Prediction of miR‑410 target genes. To elucidate the potential 
relationship between miR‑410 and asthma, we first screened 
for potential target genes that contain a highly conserved 
complementary 3'‑UTR sequence using a publicly available 
bioinformatics tool  (http://www.mirna.org/)  (22,23). The 
3'‑UTRs of both IL‑4 and IL‑13 mRNAs were predicted to 
contain a binding position for miR‑410 (Fig. 2).

Reduced expression of miR‑410 in lungs of OVA‑induced 
asthmatic mice. As shown in Fig. 3, miR‑410 expression was 
significantly decreased in the OVA‑induced asthmatic mice, 
suggesting that miR‑410 may negatively regulate OVA‑induced 
asthma. To further evaluate the role played by miR‑410, we 
administered miR‑410 intranasally, affording lung gene trans-
duction.

miR‑410 targets IL‑4 and IL‑13 mRNAs. To explore whether 
miR‑410 modulates IL‑4 or IL‑13 expression directly, we 
transfected miR‑410 and the luciferase‑encoding plasmids 
psiCHECK‑IL‑4, psiCHECK‑IL‑13, psiCHECK‑IL‑4‑mutant, 
and psiCHECK‑IL‑13‑mutant into 293T cells. The lucif-
erase activities of psiCHECK‑IL‑4 and psiCHECK‑IL‑13 

Figure 1. Schematic representation of intranasal instillation of miR‑410 into ovalbumin (OVA)‑induced asthmatic mice. i.p., intraperitoneal.
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were significantly decreased in the presence of miR‑410 
mimics (Fig. 4A and B). Hence, modulation of IL‑4 and IL‑13 
expression by miR‑410 was sequence‑specific.

Alleviation of airway inflammation in asthmatic mice via 
intranasal instillation of miR‑410. Histological analysis 
revealed numerous inflammatory cell infiltrations around the 

bronchiole and a thickened airway epithelium in the OVA 
and OVA+miR‑410 control groups compared with the PBS 
group. However, OVA‑induced asthmatic mice treated with the 
miR‑410 mimic exhibited a marked reduction in bronchiole 
inflammatory cell infiltration (Fig. 5). We examined whether 
miR‑410 affects inflammatory cells in BALF of OVA‑induced 
asthmatic mice. The numbers of total cells and eosinophils in 
BALF were significantly increased in the OVA‑induced mice 
after the last challenge, compared with the control mice. These 
increases were not evident in the miR‑410 mimic group (Fig. 6).

IL‑4 and IL‑13 expression in lungs of OVA‑induced mice is 
suppressed by intranasal instillation of miR‑410. The protein 
levels of IL‑4 and IL‑13 in BALF were determined by ELISAs. 
IL‑4 and IL‑13 were significantly increased in the OVA 
group after the last challenge compared with the PBS group. 
The increased levels of IL‑4 and IL‑13 were significantly 
reduced following intranasal administration of the miR‑410 
mimic (Fig. 7). We further assessed the mRNA levels of IL‑4 
and IL‑13 in the lung tissues; those of IL‑4 and IL‑13 did not 
differ significantly among the four groups (Fig. 7).

Discussion

In the present study, the role of intranasal instillation of 
miR‑410 was evaluated in an OVA‑induced murine model of 

Figure 2. Interleukin (IL)‑4 and IL‑13 messenger RNAs (mRNAs) are targets of miR‑410. Predicted matching target sites of miR‑410 in the 3'‑UTRs of IL‑4 
and IL‑13 mRNA transcripts. UTR, untranslated region.

Figure 3. Expression of miR‑410 in lungs of ovalbumin (OVA)‑induced asth-
matic mice following intranasal administration of miR‑410, as determined 
by quantitative real‑time PCR. The results are expressed as means ± standard 
error of the mean (SEM). *P<0.05 vs. the phosphate‑buffered saline (PBS) 
group; &P<0.05 vs. the OVA and OVA+miR‑410 control groups.

Figure 4. An miR‑410 mimic or miR-410 control was co‑transfected with luciferase plasmids containing (A) IL‑4 3'‑UTR (psiCHECK‑IL‑4) or IL‑4 mutant 
3'‑UTR (psiCHECK‑IL‑4-mutant), and (B) IL‑13 3'‑UTR (psiCHECK‑IL‑13) or IL-13 mutant 3'-UTR (psiCHECK-IL-13-mutant) into 293T cells. Luciferase 
activity was measured with the aid of the dual‑luciferase reporter assay kit. Each bar represents the mean ± SEM, *P<0.05. All experiments were independently 
repeated three times, with similar results. UTR, untranslated region.
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asthma. Administration of miR‑410 intranasally attenuated 
inflammatory cell infiltration in bronchioles of OVA‑induced 
asthmatic mice by directly targeting the 3'‑UTRs of IL‑4 and 
IL‑13 mRNAs.

The comprehensive resource, microrna.org, was utilized 
for target site analysis; this revealed that miR‑410 had binding 
sites on the 3'‑UTRs of both IL‑4 and IL ‑13 mRNAs. miRNA 
binds specifically to the 3'‑UTR of the target mRNA to suppress 
translation or induce degradation  (24‑26). Accumulating 
evidence suggests that miRNAs regulate a variety of biological 
processes, including inflammation and allergic diseases (25). 
Abnormal expression of several miRNAs has been observed 
in the airways, in BALF lymphocytes of asthmatic patients 
and in several asthmatic murine models  (27,28). To date, 
a~10  miRNAs have been found to play a role in asthma 
pathogenesis; most have been validated in house dust mite‑ or 

OVA‑induced asthma mouse models (29,30). Accordingly, our 
data suggest that miR‑410 levels were significantly decreased 
in the OVA‑induced asthmatic mice and miR‑410 overexpres-
sion reduced the expression levels and stabilities of IL‑4 and 
IL‑13 mRNAs. The luciferase reporter assay showed that the 
miR‑410 sequence specifically bound to the 3'‑UTRs of IL‑4 
and IL‑13 mRNA. Therefore, we hypothesise that the inhibi-
tory effects of miR‑410 on the production of IL‑4 and IL‑13 
may be direct; however, further studies are needed to confirm 
this using luciferase reporter plasmids containing the 3'‑UTR 
of STAR‑6, which plays an important role in Th2 cytokine 
networking (31).

Asthma is a heterogeneous disease with patients presenting 
with several distinct clinical phenotypes (2,32). The OVA‑induced 
allergic asthma model is characterised by chronic airway 
inflammation with infiltration of eosinophils, lymphocytes, 

Figure 5. Administration of miR‑410 reduces airway inflammation in ovalbumin (OVA)‑induced asthmatic mice. (A‑D) miR‑410 suppressed infiltra-
tion of inflammatory airway cells in OVA‑induced asthmatic mice. Lung sections from the four groups stained with hematoxylin and eosin are shown 
(x200 magnification): (A) PBS group, (B) OVA group, (C) OVA+miR‑410 mimic group and (D) OVA+miR‑410 control group.

Figure 6. miR‑410 decreases the numbers of total cells and eosinophils in BALF compared with both ovalbumin (OVA)‑treated and miR‑410‑control‑treated 
asthmatic mice. *P<0.05 vs. the PBS group and the OVA+miR‑410 mimic group; and &P<0.05 vs. the OVA and OVA+miR‑410 control groups.
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macrophages and neutrophils into the bronchial lumen (3,33,34). 
OVA‑induced asthma is associated with pulmonary production 
of Th2 cytokines (IL‑4, IL‑5 and IL‑13) in BALF (35). Similar 
changes, such as histopathological alterations in lung tissues 
and inflammatory cells in BALF, were observed in our present 
study. As Kumar et al previously reported, intranasal delivery 
of miR‑let‑7 to mice with ovalbumin (OVA)‑induced allergic 
airway inflammation triggered overexpression of miR‑let‑7; 
others found that intranasal miRNA administration effectively 
triggered miRNA overexpression in murine models (36,37). We 
successfully administered miR‑410 or a control mimic intrana-
sally to OVA‑induced mice.

The aberrant Th2‑type response to allergens during 
asthma initiation and progression is characterised by exces-
sive production of IL‑4 and IL‑13, which in turn triggers 
inflammatory airway infiltration by mast cells, eosinophils 
and basophils (38). IL‑4 triggers the type 2 immune response 
whereas IL‑13 is an effector molecule (39). However, pharma-
cological experiments showed that inhibition of IL‑4 or IL‑13 
alone did not adequately attenuate the allergic inflammation 
associated with asthma. Thus, further research is needed. 
Intranasal miR‑410 exerted a marked anti‑inflammatory effect 
on airway inflammation in the mouse, attributable to signifi-
cant reductions in the levels of IL‑4, IL‑13 and eosinophils in 
BALF. Through dual‑luciferase reporter assay, we found that 
miR‑410 targets the 3'‑UTRs of both IL‑4 and IL‑13 mRNAs. 
Therefore, miR‑410 may directly target lung IL‑4/IL‑13 
mRNAs, reducing lung pathology via a continued decrease in 
Th2 cytokine levels. Thus, intranasal miR‑410 may alleviate 
asthma; early studies evaluating IL‑4‑ and IL‑13‑targeting 
therapies yielded disappointing results (39).

In conclusion, intranasal administration of miR‑410 
significantly suppressed airway inflammation and exerted 
therapeutic effects by directly targeting post‑transcriptional 

expression of IL‑4 and IL‑13. The mechanisms underlying 
these outcomes are complex, involving both direct and indirect 
effects on multiple regulatory processes. However, intranasal 
instillation of miR‑410 may protect against asthma.
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