MOLECULAR MEDICINE REPORTS 16: 6558-6569, 2017

Effects of anticholinergic agent on miRNA profiles and
transcriptomes in a murine model of allergic rhinitis
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Abstract. Anticholinergic agent, ipratropium bromide (IB)
ameliorates symptoms of allergic rhinitis (AR) using neuroim-
munologic mechanisms. However, the underlying molecular
mechanism remains largely unclear. In the present study,
27 mice with AR induced by ovalbumin were randomly allo-
cated to one of three groups: Model group, model group with
IB treatment for 2 weeks, and model group with IB treatment
for 4 weeks. Allergic symptoms were evaluated according to
symptoms scores. Differentially expressed genes [microRNAs
(miRNAs) and messenger RNAs (mRNAs)] of nasal mucosa
were identified by microarray analysis. The expression levels
of candidate genes were measured by reverse transcrip-
tion-quantitative polymerase chain reaction (RT-qPCR). The
data indicates that the symptoms scores in allergic mice were
significantly reduced by IB treatment. In the nasal mucosa of
allergic mice with IB treatment, 207 mRNAs and 87 miRNAs
were differentially expressed, when compared with the
sham group. IB treatment significantly downregulated the
expression levels of interleukin-4Ra and prostaglandin D2
synthase, whereas the leukemia inhibitory factor, A20 and
nuclear receptor subfamily 4, group A, member 1 expression
levels were upregulated. Similarly, the expression levels of
mmu-miR-124-3p/5p, -133b-5p, -133a-3p/5p, -384-3p, -181a-5p,
-378a-5p and -3071-5p were significantly increased. RT-qPCR
data further validated these mRNA and miRNA expression
levels. Thus, IB treatment regulated expression of allergic
immune-associated mRNAs and miRNAs of the nasal mucosa
in allergic mice, which may be associated with ameliorated
nasal allergic symptoms.
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Introduction

Allergic rhinitis (AR), an inflammation disorder of the nasal
mucosa, is caused by various allergens, such as pollen. Vidian
neurectomy or anticholinergic therapy with ipratropium
bromide (IB) contributed to attenuation of nasal symptoms
and downregulation of the Th2-polarized immune response
of AR induced by ovalbumin (OVA) (1). MicroRNA (miRNA)
profiles altered in AR and aberrant expression of miRNAs
have been implicated in the modulation of Th2-type inflam-
matory reaction (2). However, the impact of anticholinergic
treatment on the miRNA expression profile in AR following
allergen exposure remains poorly understood, particularly the
interaction between miRNAs and putative target messenger
RNAs (mRNAs), which requires further investigation and
may provide the missing link in the IB-mediated anti-allergic
signaling pathway.

miRNAs are a class of small (18-24 nt) single-stranded,
noncoding RNAs that, in the majority of situations, negatively
regulate the expression of target genes. Previous studies have
determined miRNA profiles in multiple allergic inflamma-
tory disorders, including AR, bronchial asthma and atopic
dermatitis (3). Furthermore, it was demonstrated that specific
miRNAs were critical in regulating the pathogenesis in allergic
inflammation, including polarization and activation of CD4*
T cells, regulation of airway eosinophilia and modulation
of T helper (T,)2 cytokine-induced epithelial responses (3).
Currently, to the best of our knowledge, the miRNA profiles,
which are distinct from other allergic diseases, have not been
specifically defined following an intervention with IB in AR
induced by OVA. Thus, the present study focused on these
areas to comprehensively elucidate the molecular mechanisms
underlying the effects of IB (4).

The aim of the present study was to investigate the mRNA
transcriptome and miRNA profiles in nasal mucosa of allergic
mice using IB treatment, as well as the potential regulatory
mechanism by which IB interferes with allergic inflamma-
tion. The study may elucidate the association between mRNA
transcriptome alternation, particularly the miRNA expression
and intranasal IB therapy, and the molecular mechanisms
intimately involved in the development, maintenance and
exacerbation or attenuation of AR. The findings may facilitate
with the screening and development of novel miRNA-targeting
compounds for AR treatment.
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Materials and methods

Experimental animals. Eight-week-old healthy male BALB/c
mice, free of murine-specific pathogens, were used in the
present study. A total of 66 mice (weight, 24.76+£2.26 g)
were purchased from and maintained at the Experimental
Animal Center of the Third Xiangya Hospital, Central South
University (Changsha, China). The mice were housed in a
controlled environment under a 12-h light/dark cycle with
free access to food and water [Experimental Animal License
no. SCXK-0020003; Environmental Facilities Certificate of
Conformity SYXK-(Hunan) 200,200.20]. All animals used
in the current study were handled according to a protocol
approved by the institutional animal care and use committee
of Central South University.

Establishment of the AR model and treatment protocol. The
mouse model of AR was produced as described previously, but
with certain modifications (1). Briefly, 46 mice were randomly
assigned to two groups: Control group (n=16) and model group
(n=30). The model group mice were sensitized with a mixture
of OVA (0.5 mg) (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany), normal saline (NS; 1 ml) and aluminum hydroxide
gel (5 mg) (Sigma-Aldrich; Merck KGaA) four times (on days 1,
5,10 and 14) via intra-peritoneal injection, which was followed
by intranasal 3% (w/v) OVA challenge (20 ul) once per day
from week 3 to week 13 (11 weeks in total). In the control
group, OVA was substituted with an equal volume of NS. The
allergic mouse model was assessed using symptom scores on
the last day of week 13 (1). Subsequently, mice in the control
group (n=15) were randomly allocated to two groups: Group
A (n=7) and group B (n=8), which received intranasal NS
and 0.3% IB (China Pharmaceutical and Biological Products,
Beijing, China) treatment daily, respectively from week 14
to week 15. Mice in the model group (n=27) were randomly
allocated to three groups: Group C (n=_8; sham group) received
NS sham-treatment (10 ul per day) for 2 weeks, group D
(n=10) received intranasal 0.3% IB pre-treatment (10 pl per
day) for 2 weeks and group E (n=9) received intranasal 0.3%
IB pre-treatment (10 pl per day) for 4 weeks. Allergic mice
received the intranasal 3% OVA challenge (20 ul) every 2 days
and non-allergic mice received intranasal NS pseudo-chal-
lenge (20 pl) every 2 days during IB treatment. All mice were
sacrificed within 30 min of the final intranasal OVA challenge.
Evaluation of symptom scores was performed prior to sacri-
fice. Nasal mucosa tissue samples were harvested within a few
min of sacrifice for further investigation (Fig. 1).

Evaluation of induced allergic symptom. Allergic symptoms,
such as sneezing, nasal itching and rhinorrhea were observed
and counted within 10 min of the last challenge with OVA or
IB treatment. Symptom scores were calculated as described
previously, but with modifications (1). Briefly, sneezing, nasal
itching and rhinorrhea were graded from one to three based
on the degree of severity. Sneezing: The frequency of sneezing
<3 within 10 min after the final OVA challenge were scored
1; 4-10 within 10 min were scored 2; >11 within 10 min were
scored 3. Nasal itching: The occurrence of mild and occasional
nasal scratching within 10 min of the final OVA challenge
were scored 1; more severe and persistent nasal scratching
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within 10 min were scored 3; nasal itching in-between these
frequencies were scored 2. Rhinorrhea: Observable watery
discharges within the nasal cavity, but without spilling from
the anterior naris within 10 min of the final OVA challenge
were scored 1; watery discharge spilling from the anterior
naris within 10 min were scored 2, the face covered with
abundant watery discharges within 10 min were scored 3. The
symptom scores refer to the accumulative scores of sneezing,
nasal itching and rhinorrhea. The mouse model of AR was
regarded as successful case when the symptom scores were >5.

Total RNA isolation and detection. The RNA sequencing
procedure was performed by Beijing Novogene Bioinformatics
Technology Co., Ltd (Beijing, China). Total RNA was
extracted from the mixed nasal mucosa tissue samples (three
samples per group) using TRIzol reagent (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) according to the
manufacturer's instructions. RNA purity was assessed using a
NanoPhotometer® spectrophotometer (Implen, Inc., Westlake
Village, CA, USA) and the RNA concentration was measured
using a Qubit® RNA Assay kit in a Qubit® 2.0 Flurometer
(Thermo Fisher Scientific, Inc.). RNA integrity was assessed
using the RNA Nano 6000 Assay kit of the Bioanalyzer 2100
system (Agilent Technologies, Inc., Santa Clara, CA, USA).

mRNA library preparation for transcriptome sequencing
and data analysis. The mRNA libraries were gener-
ated using NEBNext® Ultra™ RNA Library Prep kit for
Illumina® (New England BioLabs, Inc., Ipswich, MA, USA)
according to the manufacturer's instructions. The mRNA
library for groups A-E were designated as Am, Bm, Cm,
Dm and Em, respectively. The five libraries were sequenced
on an Illumina Hiseq 2000 platform for raw data. Clean
reads were obtained by removing unqualified data and
were aligned to the reference genome using TopHat v2.0.9
(https://ccb.jhu.edu/software/tophat/index.shtml). The mapped
gene expression level was evaluated by HTSeq software
v0.6.1 with Reads Per Kilobase of exon model per Million
mapped reads (RPKM) (5). RPKM>1 was considered as the
threshold for gene expression. Subsequently, the DEGSeq R
package (1.12.0) was used to identify differentially expressed
genes (DEGs), and a corrected P<0.005 value and llog2(Fold
change)l>1 were considered statistically significant (6). A
protein-protein interaction (PPI) network was constructed
using Cytoscape software v3.2.1.0 to investigate the PPI of
DEGs and a confidence score of PPI >700 was selected (7).
The node represents a single DEG, and the edges between
nodes indicate the confidence score. The size of the node
reflects the node degree; genes that exhibit a greater number
of interconnections are represented with a larger node. The
width of the edge is positively associated with the confidence
score of the PPIL. The color of the nodes increases from green
to red and represents the clustering coefficient. The clustering
coefficient is an indicator of the network connectivity of the
node; a higher clustering coefficient is representative of a more
central status of the gene in the network.

Small RNA library preparation, sequencing and data analysis.
The small RNA libraries were generated using NEBNext®
Multiplex Small RNA Library Prep Set for Illumina® (New
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4 Evaluation of AR model ( Symptom scores >5 indicated successful AR model )

Figure 1. Flowchart demonstrating the establishment of the AR model and treatment protocol. Stage I, systemic sensitization by OVA; stage I1, nasal mucosa
local challenge with OVA; Stage III, IB treatment with a concomitant OVA challenge. Control: Groups A and B. Model: Groups C-E. AR, allergic rhinitis;

OVA, ovalbumin; IB, ipratropium bromide; NS, normal saline.

England BioLabs, Inc.) according to the manufacturer's
instructions. The sRNA library for groups A-E were desig-
nated as Ami, Bmi, Cmi, Dmi and Emi, respectively. The five
sRNA libraries were sequenced on Illumina Hiseq 2500/2000
platform for raw data. Clean reads, length 18-35 nt, were
obtained by removing unqualified data and mapped to
the reference sequence using Bowtie software v0.12.9 (8).
Subsequently, mapped small RNAs (sSRNAs) were aligned
to miRBase20.0 (http://www.mirbase.org/) to obtain known
miRNAs with software mirdeep2 v0.0.5 and srna-tools-cli
(http://Srna-tools.cmp.uea.ac.uk/) (9-11). The level of identi-
fied miRNAs was accessed by ‘transcripts per million’
according to the following normalization formula: miRNA
expression level = mapped read counts x 1,000,000 / total
read counts (12). The DEGSeq R package was used to identify
the differentially expressed miRNAs, and g-value (adjusted
P-value) <0.01 and log2(fold change)>1 were considered
to be statistically significant. Target genes for differen-
tially expressed miRNAs were predicted using miRanda
(http://www.microrna.org/) (13). Finally, Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway analysis of DEGs
was implemented with KOBAS software v2.0, and corrected
P<0.05 values were considered to indicate statistically signifi-
cant differences (14).

Determination of nasal mucosa candidate mRNAs and
miRNAs by reverse transcription-quantitative polymerase
chain reaction (RT-qPCR). Total RNA and sRNA within
nasal mucosa were extracted using a total RNA/sRNA kit
(Omega Bio-Tek, Inc., Norcross, GA, USA) according to the
manufacturer's protocol. RT-qPCR for SRNA was performed
using the All-in-One™ gqRT-PCR miRNA Detection kit
(GeneCopoeia, Inc., Rockville, MD, USA) according to
the manufacturer's protocol, and U6 served as the refer-
ence gene. RT-qPCR for total RNA was performed using a
commercial kit (Toyobo Co., Ltd., Osaka, Japan) according
to the manufacturer's protocol and B-actin served as the
reference gene. A melting curve was performed to determine
potential non-specific amplifications. The relative expression
level of candidate miRNAs or mRNAs was calculated using
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Table I. Primers used for reverse transcription-quantitative polymerase chain reaction.

mRNA Sense Sequence (5'-3")
IL-4 receptor-a Forward 5'-GTGCCCTTATTTACTTTCGG-3'
Reverse 5'-CTGGCTGTGGTGTTGCTT-3'
Prostaglandin D2 synthase Forward 5'-TGCTGTGGATGGGTTTGG-3'
Reverse 5-TTGAGTTGGAGGCGAGGC-3'
Leukemia inhibitory factor Forward 5-AAGTTGGTGGAGCTGTATAGG-3'
Reverse 5'-AAGGCTTCTTTGTCAGAGTGGT-3'
A20 Forward 5-GCCTCACTTCCAGTATCCC-3'
Reverse 5-CTTGCTTGTCCCTGCTCT-3'
Nuclear receptor subfamily 4, group A, member 1 Forward 5'-AAAATCCCTGGCTTCATTG-3'
Reverse 5'-AGGACCATGAACCCAAGT-3'
Eotaxin-2 Forward 5-GCTGCACGTCCTTTATTTCC-3'
Reverse 5-TCTTATGGCCCTTCTTGGTG-3'
IL-4 Forward 5-CATCGGCATTTTGAACGAG-3'
Reverse 5-TGGAAGCCCTACAGACAAGC-3'
Interferon-y Forward 5'-CTGCTGATGGGAGGAGATGT-3'
Reverse 5-ATTTGTCATTCGGGTGTAGTCA-3'
IL-5 Forward 5-GGGCTTCCTGCTCCTATCTAA-3'
Reverse 5'-CAACCTTCTCTCTCCCCAAG-3'
IL-13 Forward 5'-GAGGAGGGTTGAGGAGGAAG-3'
Reverse 5-TTTCTGTAGGGATGGGATGG-3'
IL-17 Forward 5-CGGCTGACCCCTAAGAAAC-3'
Reverse 5'-CAGAAAAACAAACACGAAGCAG-3'
Forkhead box P3 Forward 5-CCAGTGCCCATCCAATAAAC-3'
Reverse 5'-GTATCCGCTTTCTCCTGCTG-3'
IL-10 Forward 5-GGACAACATACTGCTAACCGACT-3'
Reverse 5-TGGGGCATCACTTCTACCA-3'
IL, interleukin.
the 2-24%4 method (15). The primers used are presented in E=3 Bofore 1B treatment .
Table 1. 991 &R After IB treatment # 1

Statistical analysis. Statistical comparisons of symptoms
scores were performed using one-way analysis of variance
followed by the Student-Newman-Keuls post hoc test, and
RT-qPCR data were analyzed using the Kruskal-Wallis test
followed by pairwise multiple comparisons. PASW Statistics
19.0 (IBM Corp., Armonk, NY, USA) was used to perform all
analyzes and P<0.05 was considered to indicate a statistically
significant difference. The data are presented as means + stan-
dard deviations.

Results

Animal model of AR evaluated by symptom scores. The number
of sneezes, nasal itching and rhinorrhea were observed in order
to calculate the symptom scores of the allergic mouse models
(Fig. 2). A successful mouse model of AR was determined by
symptom scores >5. By week 14, 27 of the 30 OVA-sensitized
mice in the model group had symptom scores >5. The average
score was significantly higher in the allergen-challenged
model group than those in the non-allergic control group prior
to IB treatment (7.72+1.03 vs. 1.93+0.35; P<0.05).

Changes of symptom scores

s

s

Model group

Control group

Figure 2. Symptom scores in different groups before and after IB treatment.
Control: Group A (n=7) and group B (n=8). Model: Group C (n=8), group D
(n=10) and group E (n=9). Data are expressed as the mean + standard devia-
tion. *P<0.05 vs. group C before IB treatment; "P<0.05 vs. group C after IB
treatment; “P<0.05. IB, ipratropium bromide.

Attenuation of allergic symptoms of AR using anticholinergic
drug IB. The symptom scores decreased significantly to
5.89+1.05 and 4.44+0.72 in the allergic mice of group D and
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Figure 3. Venn diagram of differentially expressed (A) mRNAs and (B) miRNAs. Control: Group A (n=7) and group B (n=8). Model: Group C (n=8), group D
(n=10) and group E (n=9). When mRNAs or miRNAs exhibit similar characteristics, they appear in the overlapping boxes. mRNA, messenger RNA; miRNA,

microRNA.

E, respectively following IB treatment when compared with
group C (7.63+0.92; P<0.05). The symptom scores of allergic
mice in group D were higher than those of group E following
IB treatment, indicating that IB pre-treatment may reduce the
symptom scores in a time-dependent manner (Fig. 2).

DEGs in nasal mucosa following IB treatment. Compared
with group C, 92 transcripts were identified to be differentially
expressed in the nasal mucosa of allergic mice in group D, and
92,143, and 160 transcripts in group A, B, and E, respectively.
Of which 81, 112, 67 and 116 transcripts were upregulated,
whereas 11,31, 25 and 44 transcripts were downregulated in the
group A, B, D and E, respectively (data not shown). The tran-
scripts of the different groups overlap and the Venn diagram
for mRNA demonstrates the similarity in their responses to IB
treatment among the different groups (Fig. 3A). Notably, 207
mRNAs were differentially expressed in the nasal mucosa of
the allergic mice that received IB treatment compared with the
NS sham-treatment (data not shown).

Compared with group C, various allergic-associated genes
changed their expression response to IB, which was validated
by RT-qPCR. IB treatment induced significant 23- and 30-fold
decreases in interleukin (IL)-4 receptor-o (IL-4Ra) mRNA
expression levels in groups D and E, respectively. Furthermore,
30- and 100-fold decreases in prostaglandin D2 synthase
(PGDS) were observed in groups D and E, respectively.
Additionally, leukemia inhibitory factor (LIF), tumor necrosis
factor a-induced protein 3/A20 and nuclear receptor subfamily
4, group A, member 1 (NR4A1) in group D exhibited significant
14-, 5- and 74-fold increases in mRINA expression, respectively,
and a 53-, 3- and 290-fold increase in group E, respectively. The
expression levels of IL-4Ra and PGDS exhibited a decreasing
tendency, whereas LIF and NR4A1 demonstrated a tendency to
increase following IB treatment (Fig. 4 and Table II).

Interaction network analysis for DEGs following IB treatment.
The interaction network for differentially expressed transcripts

was established based on the string score to investigate the role
and function of the DEG response to IB treatment. Finally,
a total of 162 transcripts were identified to participate in the
formation of the interaction network (Fig. 5). According to the
network, a series of the above-mentioned genes were associ-
ated with allergic inflammation responses, and interacted in
the network directly or indirectly (data not shown). These gene
products are located in the cytoplasm (A20), nucleus [early
growth response protein 1 (EGR-1), dual-specificity phospha-
tase 1 (DUSP-1), serine (or cysteine) peptidase inhibitor, clade
B (ovalbumin), member 3A, Fos/FosB and NR4A] or secreted
into the extracellular space [LIF and chemokine (C-X-C motif)
ligand 1)], which may locally co-regulate the nasal mucosa
allergic immune response.

Differentially expressed miRNAs in the nasal mucosa
following IB treatment. The specific miRNA responses in
nasal mucosa with AR following treatment with IB were
investigated. Compared with group C, 40 miRNAs were
identified to be differentially expressed in the nasal mucosa
of the allergic mice in group D, and 88, 95 and 68 miRNAs
in group A, B, and E, respectively. Of which 60, 77, 31 and
40 miRNAs, respectively, were upregulated, and 28, 18, 9 and
28 miRNAs were downregulated in groups A, B, D and E,
respectively (data not shown). Similarly, there were overlaps
in the miRNAs of the different groups and the Venn diagram
of the miRNAs demonstrates the similarity of responses to IB
treatment between the different groups (Fig. 3B). Notably, 87
miRNAs were differentially expressed in the nasal mucosa
of the allergic mice with IB treatment compared with the NS
sham-treatment (data not shown).

Prediction of potential target genes of differentially expressed
miRNAs and function analysis of putative target genes. Based
on the differentially expressed miRNAs induced by IB treat-
ment, the potential targets of these dysfunctional miRNAs
were identified, and the interaction between miRNAs and
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Figure 4. IB treatment regulated mRNA expression levels of allergic-associated genes. (A-M) The mRNA expression level in nasal mucosa was determined
by reverse transcription-quantitative polymerase chain reaction with 3-actin as the reference gene. Control: Group A (n=7) and group B (n=8). Model: Group
C (n=8), group D (n=10) and group E (n=9). Data are presented as the mean = standard deviation. "P<0.05 vs. group C following IB treatment; "P<0.05. IB,
ipratropium bromide; mRNA, messenger RNA; IL, interleukin; PGDS, prostaglandin D2 synthase; LIF, leukemia inhibitory factor; A20, tumor necrosis factor
a-induced protein 3; NR4A, nuclear receptor subfamily 4, group A, member 1; IFN-v, interferon-gamma; FoxP3, forkhead box P3.

corresponding predicted genes associated with allergic inflam-
mation were analyzed. IL-4Ra was identified to be potentially
regulated by mmu-miR-124-3p, -181a/b/c-5p, -128-3p, -129-5p,
129b-3p. In addition, PGDS was predicted as the target gene of
mmu-miR-378a-3p. A20 was likely to be negatively regulated
by mmu-miR-384-3p, -7b-5p and -592-5p. mmu-miR-133a-3p,
-133b-3p, -181a/b/c-5p, -138-5p and -128-3p may be nega-
tive regulators of LIF, and mmu-miR-124-3p, -138-5p and
-200a/b-5p were expected to target NR4A1 (data not shown).
In order to further understand the role of these miRNAs, their
candidate targets underwent KEGG analysis. T/B cell receptor,

high-affinity IgE receptor (FceRI) and neurotrophin signaling
pathways, as well as leukocyte transendothelial migration were
perceived as the most enriched pathways (data not shown).

Modulation of allergic inflammation-associated genes
expression by IB treatment. The microarray analysis identified
a substantial number of differentially expressed mRNAs and
miRNAs with various functions. The genes associated with
allergic inflammation were subsequently selected for further
confirmation by RT-qPCR. Nasal mucosa IL-4Ra, PGDS,
LIF, A20 and NR4A1 mRNA expression responses to 1B
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Table II. Fold change of differentially expressed genes in the nasal mucosa of allergic mice post-treatment with ipratropium
bromide.

Expression level (RPKM?) log2 (Fold change)*
Gene description A B C D E A/C B/C D/C E/C
Interleukin 4 receptor-a 66.08 6276 6487 3737 2808 O -003 -09 -134
Prostaglandin D2 synthase 112.15 16123 10191 6251 3447 001 047 -0.66 -1.69
Leukemia inhibitory factor 1042 1028 10.16 1805 2686 -0.1 -0.18 0.73 1.27
Tumor necrosis factor a-induced protein 3 3935 4974 3547 6261 9708 002 029 072 132

Nuclear receptor subfamily 4, group A, member 1 ~ 15.62 1609 2238 2538 51.83 -0.65 -0.67 008 1.08

“Fold change, RPKM of group D (or E or A or B)/RPKM of group C. RPKM, reads per kilo-base of exon model per million mapped reads
(reflection of gene relative expression level).
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Figure 5. PPI network for differentially expressed proteins. The gene network was constructed using Cytoscape software based on the STRING database. The
circular node represents a single differentially expressed gene, and edges between nodes indicate the confidence score between them. The size of the node is
correlated with the positivity degree, namely the number of genes interacting with it, and the width of the edge is positively associated with the confidence
score of PPI. The colors of the nodes gradually change from green to red, reflecting the clustering coefficient depicting the positive connectivity of the nodes.
PPI, protein-protein interaction.

were presented above, and are consistent with the microarray  or -restraining genes, which were not in included in the afore-
analysis. Furthermore, no significant differences in IL-4Ra, mentioned DEGs. The mRNA expression levels in response
PGDS, LIF, A20 and NR4A1 mRNA expression levels were  to IB treatment in the nasal mucosa of allergic mice for
identified between group A and B (Fig. 4). In addition, we have ~ forkhead box P3 (FOXP3), IL-10 and eotaxin-2 (termed C-C
determined the mRNA expression of Th2 response-promoting  motif chemokine ligand 24; CCL24) increased, whereas those
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for interferon (IFN)-vy, IL-4, IL-5, IL-13 and IL-17 decreased
(Fig. 4).

Furthermore, the expression levels of miRNAs targeting
the above-mentioned corresponding putative genes
were confirmed by RT-qPCR. The expression levels of
mmu-miR-124-3p/5p, -133a-5p, -384-3p, -181a-5p, -378a-3p
and -3071-5p in the nasal mucosa of allergic mice increased
by IB treatment compared with the NS sham-treatment group,
which are consistent with the observations of microarray
analysis, apart from mmu-miR-378a-3p (Fig. 6 and Table I1I).

Discussion

AR is an inflammatory disorder within the nasal mucosa.
Currently, correlation between the immune and nervous
systems in AR have gained substantial attention. IB is a
nonselective anticholinergic agent and its anti-inflammatory
effect may function via muscarinic acetylcholine receptors
(mAChRs) (16). In the current study, the effects of mAChR
antagonist, IB on nasal mucosa allergic-associated inflam-
mation were investigated by microarray analysis of the
transcriptome and miRNAome in a mouse model of AR
induced by OVA. Treatment with IB mitigated the nasal mucosa
allergic symptoms induced by OVA challenge. IB treatment
significantly modulated the expression levels of multiple
mRNAs and miRNAs. IL-4Ra and PGDS mRNA expression
levels were downregulated, and LIF, A20 and NR4A1 mRNA
expression levels were upregulated. mmu-miR-124-3p/5p,
-133a-5p, -384-3p, -181a-5p, -138-5p and -3071-5p expression
levels increased, while the mmu-miR-378a-5p expression
level decreased. Furthermore, IB treatment promoted or
inhibited the cytokine mRNA level of particular CD4* T cell
subpopulations, and enhanced FOXP3 and CCL24 mRNA
expression levels. These observations indicate the involvement
of IB in modulating upper airway allergic inflammation, influ-
encing regulatory T cell (T,,) differentiation and eosinophil
chemotaxis.

The immunoregulatory effect of IB was previously
demonstrated in a mouse model of allergic nasal mucosa
inflammation, which highlighted the inhibition of IL-4 produc-
tion, the increase in FOXP3 expression level and reduction of
eosinophil infiltration (1). However, the present study profiled
allergic nasal mucosa mRNA and miRNA expression levels
in response to IB treatment, which indicated the beneficial
effect of IB on nasal mucosa allergic inflammation partially
via a complex immune mechanism involved in various allergic
reaction-associated candidate genes.

IL-4/-13 were pivotal in allergic inflammation (17). In
the present study, IB treatment significantly decreased the
OVA-triggered upper airway IL-4 and IL-13 mRNA expres-
sion levels, which was consistent with the previous study (1).
IL-4Ra, a common subunit shared by IL-4R and IL-13R,
which is responsible for IL-4/IL-13 pathway signal transduc-
tion (18,19), exhibited a decreased mRNA expression level
in the nasal mucosa following IB treatment compared with
the NS-sham treatment. Therefore, IB treatment appeared
to inhibit nasal allergic inflammation via a dual mechanism
with decreased IL-4/IL-13 expression levels and reduced
IL-4/IL-4Ra and IL-13/IL-4Ra signaling. The percentage of
IFN-vy-expressing cells within the nasal mucosa of allergic
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mice remained unchanged following IB treatment for two
weeks (1), whereas the IFN-y mRNA expression level
decreased following IB treatment for two or four weeks. The
discrepancy may partially be attributed to the prolonged OVA
intranasal challenge in the present study. Repetitive OVA
exposure induced eosinophil accumulation within the nasal
mucosa (20). Furthermore, IL-5 acted synergistically with
eotaxins leading to airway eosinophilia, and IB indeed inhib-
ited eosinophil infiltration in the nasal mucosa via an undefined
mechanism (1). The present study demonstrated that the IL-5
mRNA expression level decreased, although the CCL24
mRNA expression level increased significantly following IB
treatment. Considering that eotaxins primarily account for
eosinophil tissue recruitment (21), the current observations
indicate the potential mechanism for the decreased nasal
mucosa eosinophil count (22).

T,17/T,, cell imbalance has been associated with
airway allergic inflammation (23,24). A previous study
demonstrated that the FOXP3* T,,, cell count in the nasal
mucosa of allergic mice increased significantly following
IB treatment (1), which was consistent with the current
results of enhanced nasal mucosa FOXP3 mRNA expres-
sion following IB treatment. Furthermore, IB inhibited the
nasal mucosa IL-17 mRNA expression level and increased
the IL-10 mRNA expression level, which are predominantly
secreted by IL-10-producing T,,1 cells (25). The LIF/IL-6
axis formed opposing feed-forward loops at the T,17/T,,
axis. LIF directly promoted FOXP3 expression levels and
simultaneously repressed retinoic acid-related orphan
receptor-yt expression levels, resulting in the increased
expansion of inducible FOXP3* T, (iTreg) cells; however,
IL-6 demonstrated the opposite effect, leading to impaired
LIF signaling and enhanced T,17 cell development (26,27).
Allergic mice with IB treatment exhibited significantly
elevated LIF mRNA expression levels and concomitant
decreasing IL-17 mRNA expression levels compared with
the NS sham treatment group, which indicated the role of
IB in modulation of the LIF/IL-6 axis and the subsequent
T,17/T,, axis. T,17/T,,, axis imbalance was observed in the
present study and regarded as a promising therapeutic target
for AR (23). NR4A receptors promoted T, differentiation by
directly enhancing the transcription of FOXP3, and NR4A
deficiency within T, induced an augmented conversion to
cells with a T,2-like phenotype due to impaired depression
of IL-4 expression levels (28-30). The current study demon-
strated that nasal mucosa NR4A1 mRNA expression levels
were significantly upregulated by IB treatment.

Communication between barrier epithelial cells (ECs)
and dendritic cells determined the outcome of local immune
responses to allergens, and A20 expressed in ECs mark-
edly ameliorated allergic reactions (31). A20, as an inhibitor
of nuclear factor-«B signaling, attenuated IL-5 and IL-13
expression levels, as well as the eotaxin level within bron-
choalveolar fluid induced by OVA challenge (32). The present
study demonstrated that nasal mucosa A20 levels significantly
increased, whereas IL-5 and IL-13 mRNA expression levels
significantly decreased, subsequent to IB treatment in allergic
mice. Thus, IB treatment may modulate various allergic
immune-associated candidate genes leading to resolution of
allergic inflammation.
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Table III. Differentially expressed nasal mucosa miRNAs in allergic mice post-treatment with ipratropium bromide.

Expression level (TPM) log2 (Fold change)®

miRNA A B C D E A/C B/C D/C E/C
mmu-miR-124-3p 293.5 377.3 44 101.4 144 5.6 59 4.5 1.2
mmu-miR-124-5p 26.8 32.6 03 10 12 59 6.1 49 1.3
mmu-miR-133a-3p 7553 964.6 16.3 72.6 1272.6 5.1 54 22 58
mmu-miR-133a-5p 48.9 559 0.7 24 60.1 5.7 58 1.8 59
mmu-miR-133b-3p 46.5 479 1.7 53 749 4.4 43 1.7 49
mmu-miR-138-5p 69 93.6 6.1 23.8 228 3.1 34 2 14
mmu-miR-181a-5p 2,1143 2,962.1 967.2 1,279.7 2,957.1 0.7 1.1 04 1.1
mmu-miR-181b-5p 364.9 453.5 139.3 2233 4932 1 1.2 0.7 1.3
mmu-miR-181c-5p 28.7 322 4.1 44 357 24 2.5 0.1 2.6
mmu-miR-181d-5p 102.7 87.2 332 452 95 12 09 0.5 1

mmu-miR-1a-3p 18,773.7 21,540.8 728.6 43499 21,603.1 43 4.4 2.6 44
mmu-miR-1b-5p 18,7574 21,523.9 7279 4,348.7 21,586.7 4.3 44 2.6 44
mmu-miR-206-3p 79.1 99.1 24 19.7 165.9 4.6 49 3.1 5.6
mmu-miR-3071-3p 39.2 83.8 6.1 244 41.7 2.3 33 2 2.2
mmu-miR-3071-5p 178 160.1 152 74.6 82.5 3.1 29 23 1.9
mmu-miR-378a-3p 3,206.9 4,143.5 65314 4011.7 3,798.9 -1.5 -1.2 -0.7 -1.3
mmu-miR-378¢ 529.6 558.1 900.1 408 4 618.3 -1.2 -1.2 -1.1 -1.1
mmu-miR-384-3p 143 17.8 03 9.1 24 5 52 4.8 2.3
mmu-miR-384-5p 12.8 12.7 03 6.2 12 4.8 4.7 42 1.3

*Fold change, TPM of group D (or E or A or B)/TPM of group C. TPM, transcripts per million (evaluates the relative expression level of
differentially expressed miRNAs); miRNA, micro RNA.
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Figure 6. IB treatment regulated allergic-associated miRNA expression levels. (A-I) The miRNA expression level in nasal mucosa was determined by reverse
transcription-quantitative polymerase chain reaction with U6 as the reference gene. Control: Group A (n=7) and group B (n=8); model: Group C (n=8), group
D (n=10) and group E (n=9). Data are presented as the mean =+ standard deviation. "P<0.05 vs. group C after IB treatment; “P<0.05. IB, ipratropium bromide;
miRNA, microRNA; Mmu: Mus musculus.



HOU et al: miRNAS IN ALLERGIC RHINITIS

In the present study IB significantly attenuated the nasal
allergic symptoms of sneezing, watery rhinorrhea and nasal
itching. However, the symptom scores of allergic mice were
>5 despite IB treatment. Nasal hyper-responsiveness, such as
enhanced sneezing response to allergens in allergic mice was
dependent on allergen-specific CD4* T cells (33). Presumably,
IB partially inhibited, rather than completely abrogated,
the allergen-specific CD4* T cell response. Nsal congestion
was not evaluated in the current study. However, the PGDS,
associated with induction of late-phase nasal blockage (34,35),
exhibited markedly decreased mRNA expression levels
in the nasal mucosa following IB treatment. Whether the
IB-induced decrease in PGDS, and even subsequent PGD2
production, improved nasal obstruction requires further inves-
tigation. Furthermore, A20 attenuates OVA-induced airway
hyper-responsiveness and mucus production (32), which may
account for the IB-mediated improved nasal symptoms.

To investigate the potential function of DEGs by IB, PPI
networks were constructed in the present study. Multiple
allergic inflammation response-associated genes coexisted
within the PPI regulatory network. Among them, NR4A1,
dual specificity phosphatase 1 (DUSP-1), Fos, FosB, early
growth response 1 (EGR-1), epidermal growth factor (EGF)
and LIF interconnected in a direct or indirect manner.
Reduced EGR-1 and/or DUSP-1 expression levels in the nasal
epithelium resulted in prolonged activated response to aller-
gens (36). Increased DUSP-1 expression levels in airway ECs
enhanced the anti-inflammatory effect of glucocorticoids (37)
and DUSP-1 knockout mast cells demonstrated an enhanced
degranulation response (38). EGR-1 expressed in T2 cells
directly increased T cell receptor-induced IL-4 transcrip-
tion (39). However, EGR-1 deficiency impaired IL-13-induced
inflammatory responses and EGR-1-deficient mast cells
demonstrated reduced stem cell factor-induced IL-13 expres-
sion levels (40). Indeed, IB treatment increased nasal mucosa
NR4AL1, LIF, DUSP-1 and EGR-1 expression levels. Although
the current study does not clarify the mechanism by which IB
modulates the expression levels of the above-mentioned genes,
the network implied that the expression levels of these allergic
response-associated candidate genes changed in response to
IB in the nasal mucosa in a specific manner, which may jointly
affect the local immune status; however, this requires further
investigation.

Dysregulation of nasal mucosa miRNAs is associated with
an allergen-induced T,2-polarized immune response (41).
However, which miRNAs are directly implicated in the upper
airway allergic inflammation was poorly understood. In the
current study, the expression levels of various miRNAs in the
nasal mucosa of allergic mice were demonstrated to change
significantly in response to IB treatment.

miR-124 positively modulated neuropilin-1-expressing
cell responsiveness to semaphorin-3A, which alleviated
allergic nasal symptoms (42,43). Methyl CpG binding protein
2-induced miR-124 promoted the T,1 response via signal
transducer and activator of transcription (STAT)1/STAT3
derepression due to miR-124-mediated reduced expression
of suppressor of cytokine signaling 5 (44). The nasal mucosa
miR-124 expression level in allergic mice was significantly
upregulated with intranasal IB. A decreased miR-384 expres-
sion level was observed in allergic inflammation and miR-384
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mitigated allergic inflammation by inhibiting the level of
histone deacetylase 3 (HDAC3) expression (45,46). In the
present study, the nasal mucosa miR-384 expression level in
allergic mice was undetectable following OVA challenge,
but increased significantly following IB treatment, which is
consistent with a previous study (45). Notably, HDAC3 down-
regulated miR-384 expression forming the negative feedback
loop of miR-384/HDAC3, which appeared to be a candidate
target for allergic inflammation resolution (47).

The canonical myomiRs (miR-1, -133a/b and -206) are
expressed in the nasal mucosa. These miRNA levels in the
nasal mucosa of allergic mice were significantly increased
by IB treatment, and OVA challenge decreased the level of
nasal mucosa miR-133a expression. Circulating miR-206 and
miR-133b expression levels were regarded as biomarkers for
allergic and asthmatic status (48), whereas miR-133b and
miR-206 co-expression in CD4* T cells were deemed to be
specific for T, 17 cells (49). The role and function of miR-133b
and miR-206 expression requires further investigation.
Furthermore, the allergic mice in the present study exhibited a
declined nasal mucosa miR-181a expression level, which was
consistent with a previous study (50). IB treatment markedly
increased the local level of miR-181a, which may negatively
regulate allergic inflammation by targeting osteopontin and
transglutaminase II (51). Taken together, IB treatment may
modulate the expression levels of various immune-associated
candidate miRNAs in the nasal mucosa, which downregulate
the allergic inflammation directly or indirectly. However,
further studies are required to elucidate the molecular
mechanism underlying altered miRNA expression levels.
Subsequently, the putative target gene of these differentially
expressed miRNAs were predicted using bioinformatics.
Unexpectedly, allergic response-associated genes, such as
IL-4Ra, PGDS, A20, LIF and NR4A1 were identified as puta-
tive target gene of these miRNAs. Furthermore, the miRNA
putative target gene-KEGG pathway analysis indicated 1B
treatment-induced changes in the miRNA transcriptome
influenced a broad range of cellular signaling pathways.
Among them, T/B cell receptor, FceRI and neurotrophins,
and leukocyte transendothelial migration signaling pathways
are perceived as the most enriched pathways. These miRNAs
may present as potential novel targets for anti-allergic therapy,
which require further investigation focused on their effects on
allergic inflammation.

In conclusion, the present study demonstrated the effect of
IB treatment on the nasal mucosa mRNA transcriptome and
miRNA profile in allergic mice induced by OVA. A unique
panel of differentially expressed miRNAs and mRNAs
implicated in the T,2 immune response were identified.
Furthermore, IB treatment was shown to downregulate the
expression levels of T, 2 cytokines, and upregulate the expres-
sion levels of FOXP3 and IL-10 locally, which may account
for the IB-elicited ameliorated nasal allergic symptoms. In
addition, IB or other mAChR antagonists may be beneficial
for the treatment of AR.
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