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Abstract Azelastine was suggested as a supplementary

choice of glucocorticoid for the control of moderate to

severe allergic rhinitis (AR). However, the underlying

mechanism has not been completely understood. In this

study, primary cultured nasal epithelial cells and bronchial

epithelial cells were stimulated with proinflammatory

cytokines (IL-1b and IL-17A) and anti-inflammatory

agents (azelastine and budesonide) in vitro. The expression

of intercellular adhesion molecule 1 (ICAM-1) and mito-

gen-activated protein kinase phosphatase-1 (MKP-1) was

examined using qPCR and ELISA, respectively. Moreover,

the additive effects of azelastine and budesonide nasal

spray on nasal ICAM-1 level and total nasal symptom

scores were evaluated in six uncontrolled severe AR

patients by budesonide nasal spray alone. We found az-

elastine significantly inhibited cytokine-induced ICAM-1

upregulation, which is reversed by MKP-1 silencing. Az-

elastine and budesonide additively increased MKP-1

expression and inhibited ICAM-1 expression in vitro. After

treatment for two consecutive weeks, combined azelastine

and budesonide nasal spray significantly decreased nasal

ICAM-1 level and TNSS in six uncontrolled AR patients.

Our findings suggested that azelastine is able to additively

enhance the anti-inflammatory effect of budesonide by

modulating MKP-1 expression, which may implicate in the

treatment of uncontrolled severe AR.
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Introduction

Allergic rhinitis (AR) is a very common disorder that is

characterized by Th2-skewed eosinophilic inflammation

and elevated levels of pro-inflammatory cytokines [1].

Currently, the recommended first-line treatment of AR

patients with moderate to severe symptoms is use of nasal

glucocorticoid and/or oral antihistamine which has been

demonstrated to efficiently improve all nasal symptoms [2].

Despite optimal pharmacotherapy, it has been demon-

strated that not all patients with moderate/severe AR are

well controlled [1, 3]. Azelastine is a second-generation

antihistamine which is topically administrated for AR

patients to obtain higher local distribution. Compared with

oral antihistamine treatments, a higher concentration of

azelastine can enhance its anti-allergic and anti-inflam-

matory effects [4]. Recent studies have indicated that

combined azelastine and glucocorticoid nasal spray may

provide a substantial therapeutic benefit for seasonal AR

patients [5, 6]. However, the underlying mechanism has not

been well understood.

The inflammatory response in the nasal mucosa includes

an immediate IgE-mediated mast cell response as well as a

late phase response characterized by recruitment of eosino-

phils and on-going allergic inflammation. Induction of

intercellular adhesion molecule 1 (ICAM-1) and subsequent

migration of inflammatory cells such as eosinophils and
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neutrophils represented one critical step in the pathogenesis

of AR [7]. Therefore, nasal ICAM-1 may be considered as

the critical therapeutic target of AR patients [8]. To evaluate

the additive effects of antihistamine and glucocorticoid on

allergic response in AR patients, we examined the regulatory

effects of azelastine and budesonide on ICAM-1 expression

in cultured epithelial cells and uncontrolled severe AR

patients. Moreover, mitogen-activated protein kinase phos-

phatase-1 (MKP-1), a glucocorticoid-inducible anti-inflam-

matory gene [9], was examined in cultured epithelial cells in

the presence of proinflammatory cytokines, azelastine and

budesonide.

Materials and methods

Subjects

This study was approved by the local ethical committee,

and written informed consent was obtained from all the

subjects. Fifteen moderate to severe adult patients with AR

[visual analogue score (VAS)[3] which accorded with the

standard criterion for AR issued by ARIA guideline were

recruited in the study [1]. Eleven non-atopic patients

undergoing septoplasty because of anatomical variations

were considered as controls. The atopic status of the

patients and control subjects was evaluated by allergen skin

prick tests. None of the subjects used oral or nasal corti-

costeroids 4 weeks before sampling. All subjects were non-

smokers and free from upper respiratory tract infection for

4 weeks preceding the study. The demographic data from

the patients and normal controls enrolled in this study were

listed in Table 1. For cell culture and histological analysis,

nasal specimens were obtained from the anterior part of

inferior turbinate under local anesthesia. Nasal specimen

was fixed for immunohistochemical (IHC) staining and/or

cell isolation and culture.

IHC staining

Nasal biopsies were collected from 15 AR patients and 11

normal controls as mentioned above. IHC staining was

performed using the Envision method. A mouse anti-

human ICAM-1 monoclonal antibody (Abcam, Cambridge,

MA, USA) was used at a dilution of 1:100 according to the

manufacturer’s instructions. The histological analyzes were

performed by two blinded investigators who were aware of

the clinical data. The staining intensities of 10 randomly

selected areas (4009) on each section of the subjects were

summed and averaged. The staining intensity of ICAM-1

was semiquantitatively scored as follows: none, 0; weak, 1;

moderate, 2; strong, 3.

Cell culture and stimulation

For in vitro cell culture, primary NECs were randomly

collected from four AR patients by means of enzymatic

digestion. Collected NECs, as well as BECs (Lonza,

Walkersville, MD, USA), were cultured in submersion

cultures in BEGM medium (Lonza) until passaged. When

80–90 % confluence was reached, the epithelial cells were

washed with PBS (37 �C, pH 7.4), and fresh media without

hydrocortisone was added in the presence of different

stimulators or PBS (control) for 0–24 h. These stimulators

included recombinant cytokines such as human IL-1b
(10 ng/mL), IL-17A (10 ng/mL) (all were purchased from

R&D systems, Minneapolis, MN, USA), azelastine

(0.1–1 %) and budesonide (10-7–10-5 M) (all were pur-

chased from Sigma-aldrich, St. Louis, MO, USA). For

RNA interference, MKP-1 siRNA (50 nmol/L) (Shanghai

Genepharma Co., Ltd. Shanghai, China) was transfected

into BECs with Lipofectamine 2000 reagent (Invitrogen,

Rockville, MD, USA) according to the manufacturer’s

protocol. After then, cell pellets and supernatants were

collected for qPCR and ELISA, respectively.

qPCR

qPCR was performed as we previously reported [10]. The

sequences of the primer were as follows: ICAM-1 forward:

50-GCA AGA AGA TAG CCA ACC AAT G-30; reverse:

50-TGC CAG TTC CAC CCG TTC-30; MKP-1 forward: 50-
CGA GGC CAT TGA CTT CAT AGA-30; reverse: 50-TCA

TAA GGT AAG CAA GGC AGA T-30; GAPDH forward:

50-GAA GGT GAA GGT CGG AGT-30; GAPDH reverse:

50-GAA GAT GGT GAT GGG ATT TC-30. All PCR

reactions were performed in duplicate. Melting curve

analysis was used to control for amplification specificity.

Expression of target gene was expressed as fold increase or

decrease relative to the expression of GAPDH, The mean

value of the replicates for each sample was calculated and

Table 1 Demographics of AR patients and normal controls (for IHC

staining)

Groups Controls AR p value

No. 11 15 NS

Sex (M:F) 7:4 9:6 NS

Age (years) 21–39 22–47 NS

Skin prick test (positive:negative) 0:11 15:0 \0.05

VAS \5 (moderate): VAS C5 (severe) – 6:9 –

Asthma in history and present (yes:no) 0:11 2:13 –

Smoking (yes:no) 0:11 0:15 –

Duration of disease (years) – 2–5 –

Age and disease duration are shown as range

M male, F females
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expressed as cycle threshold (Ct). The amount of gene

expression was then calculated as the difference (DCt)

between the Ct value of target gene and the Ct value of

GAPDH. Fold changes in target gene mRNA were deter-

mined as 2�DDCt .

ELISA

The levels of soluble ICAM-1 in the nasal secretions and

supernatants of cultured epithelial cells were measured

using ELISA. Commercially available ELISA kit of solu-

ble ICAM-1 (R&D Systems, Minneapolis, MN) was used

according to the manufacturer’s protocols. The detection

limit for soluble ICAM-1 was 256 pg/mL. For convenient

analysis, all values below the detectable limit were con-

sidered to be zero.

Nasal ICAM-1 examination

Six uncontrolled severe AR patients (VAS C5) after per-

sistent administration of budesonide nasal spray (Rhinocort

Aqua; AstraZeneca, Lund, Sweden) were specifically

recruited after signing the written informed consent form.

They were administrated with combined budesonide

(Rhinocort Aqua) and azelastine nasal spray (Azep, MEDA

Pharma GmbH & Co. Bad Homburg, Germany) for two

consecutive weeks. The total nasal symptom scores

(TNSS) were evaluated by VAS scale before and after

treatment. The nasal secretions were collected before and

after treatment as we described elsewhere [11], and the

nasal ICAM-1 expression was determined by ELISA.

Statistical analysis

For in vitro experiment, data were expressed as mean and

the standard error of the mean (SEM), and were analyzed

with one-way ANOVA and the paired Student’s t test. For

tissue examination, data were expressed as the median and

interquartile range (IQR), and were analyzed via non-

parametric Mann–Whitney U test. A p value of less than

0.05 was considered statistically significant.

Results

Increased ICAM-1 expression in AR patients is

associated with disease severity

To investigate the importance of ICAM-1 expression in AR

patients, we firstly examined the immunoreactivity of

ICAM-1 in AR and normal controls. As showed in Fig. 1,

we found ICAM-1 was extensively distributed in nasal

mucosa of AR patients. The intensity of ICAM-1

expression in AR patients was significantly upregulated

compared to the normal controls (p \ 0.05). Moreover,

when correlated the immunoreactivity of ICAM-1 with the

VAS score, we found the intensity of ICAM-1 expression

in AR patients was significantly associated with disease

severity (p \ 0.05).

Proinflammatory cytokines and azelastine inhibited

ICAM-1 expression in vitro

To determine the effects of proinflammatory cytokines on

ICAM-1 expression, we firstly examined the mRNA and

protein expression of ICAM-1 in response to IL-1b (10 ng/

mL) and IL-17A (10 ng/mL) in primary cultured NECs. As

showed in Fig. 2a, b, we found both IL-1b and IL-17A

significantly increased mRNA and protein expression of

ICAM-1 in primary cultured NECs (p \ 0.01). Next, we

tested the effects of azelastine (0.1 %) on cytokine-induced

ICAM-1 upregulation in primary cultured NECs. Conse-

quently, we found azelastine significantly inhibited cyto-

kine-induced ICAM-1 mRNA and protein expression in

primary cultured NECs (p \ 0.01) (Fig. 2c, d).

MKP-1is required for Azelastine inhibited- ICAM-1

expression in vitro

To further evaluate the possible mechanism underlying

ICAM-1 inhibition in azelastine-treated airway epithelial

cells, we then examined MKP-1 mRNA expression in

cultured NECs and BECs in response to cytokine and az-

elastine administration. When adding cytokine alone, we

found neither IL-1b nor IL-17A significantly changed

MKP-1 mRNA expression in cultured NECs and BECs

(data not shown). In the presence of IL-1b or IL-17A, we

found azelastine significantly increased MKP-1 mRNA

expression in cultured NECs and BECs, in a dose-depen-

dent manner (p \ 0.01) (Fig. 3a, b). Conversely, when

adding siRNA to specifically knock down MKP-1 expres-

sion (nearly 65 % knockdown of MKP-1 expression com-

paring to mock control, data not shown), we found added

MKP-1 siRNA significantly abolished azelastine inhibition

on ICAM-1 mRNA expression in cultured BECs

(p \ 0.01) (Fig. 2c). These findings suggested azelastine

modulates ICAM-1 expression in epithelial cells through a

MKP-1-dependent manner.

Azelastine and budesonide synergistically modulated

MKP-1-mediated ICAM-1 expression in vitro

To comparably evaluate the effects of glucocorticoid on

MKP-1-modulated ICAM-1 expression in airway epithelial

cells, we then examined cytokine-induced MKP-1 and

ICAM-1 expression in the presence of budesonide.
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Fig. 1 The expression of ICAM-1 in AR patients and normal

controls. a Representative IHC staining of ICAM-1 was shown

(9200); b intensity of ICAM-1 in nasal mucosa of AR patients was

significantly increased compared to that in normal controls; c intensity

of ICAM-1 in nasal mucosa of AR patients was significantly

associated with disease severity. The data indicated the median

(IQR) of AR patients and normal controls

Fig. 2 The mRNA and protein expression of ICAM-1 in cultured

NECs. Proinflammatory cytokines IL-1b (10 ng/mL) and IL-17A

(10 ng/mL) significantly increased mRNA and protein expression of

ICAM-1 in primary cultured NECs (a, b), which can be significantly

inhibited by azelastine (0.1 %) (c, d). The mRNA and protein levels

of ICAM-1 were determined by qPCR (6 h) and ELISA (24 h),

respectively. The data indicated the means (SEM) of three indepen-

dent experiments
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Consequently, we found budesonide alone significantly

increased MKP-1 mRNA expression and inhibited ICAM-1

mRNA expression in cultured NECs, in a dose-dependent

manner (p \ 0.01) (Fig. 4a, b). Both azelastine and bu-

desonide significantly increased MKP-1 mRNA expression

in cultured NECs in the presence of IL-1b (p \ 0.01), but

only azelastine significantly increased MKP-1 mRNA

expression in cultured NECs (p \ 0.01) in the presence of

IL-17A (Fig. 4c, d). When adding two agents simulta-

neously, we found azelastine and budesonide additively

increased MKP-1 mRNA expression in cultured NECs in

the presence of IL-1b or IL-17A (Fig. 4c, d).

Azelastine and budesonide synergistically modulated

MKP-1-mediated ICAM-1 expression in vitro

To further validate the in vitro data, we next examined

ICAM-1 expression in AR patients and evaluated the

additive effects of azelastine and budesonide on ICAM-1

expression and nasal symptom in six uncontrolled severe

AR patients to budesonide nasal spray alone. The six AR

patients were instructed to use combined azelastine and

budesonide nasal spray for two consecutive weeks. Con-

sequently, combined azelastine and budesonide nasal spray

was found to significantly inhibit ICAM-1 expression in

nasal mucosa of AR patients when compared to budesonide

alone (baseline value) (p \ 0.05) (Fig. 5a). Accordingly,

combined azelastine and budesonide nasal spray signifi-

cantly improved total nasal symptom scores compared to

budesonide alone (baseline value) in 6 severe AR patients

(p \ 0.05) (Fig. 5b). These findings suggested azelastine is

able to enhance anti-inflammatory activity of budesonide

and improve nasal symptom in uncontrolled severe AR

patients.

Discussion

Although there are growing evidences suggest combined

antihistamine and nasal glucocorticoid are more efficacious

in the treatment of moderate to severe AR [1], the

molecular mechanism underlying the add-on effect of

Fig. 3 The mRNA expression of MKP-1 in cultured NECs and

BECs. In the presence of IL-1b (10 ng/mL) and IL-17A(10 ng/mL),

azelastine significantly increased MKP-1 mRNA expression in

cultured NECs and BECs in a dose-dependent manner (a, b), and

silencing MKP-1 with siRNA significantly abolished azelastine

inhibition on ICAM-1 mRNA expression in cultured BECs (c, d).

The mRNA level of ICAM-1 was determined by qPCR (6 h). The

data indicated the means (SEM) of three independent experiments
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Fig. 4 Synergistic effects of

azelastine and budesonide on

MKP-1 mRNA expression in

cultured NECs. a, b Budesonide

alone significantly increased

MKP-1 mRNA expression and

inhibited ICAM-1 mRNA

expression in cultured NECs, in

a dose-dependent manner; c,

d in the presence of IL-1b and

IL-17A, azelastine (0.1 %) and

budesonide (10-7 M)

Synergistically increased MKP-

1 mRNA expression in cultured

NECs. The mRNA level of

MKP-1 was determined by

qPCR (6 h). The data indicated

the means (SEM) of three

independent experiments

Fig. 5 Synergistically effects of azelastine and budesonide nasal

spray on nasal ICAM-1 expression and total nasal symptom scores in

six severe AR patients after 2 weeks treatment. a Compared to

budesonide alone, combined azelastine and budesonide nasal spray

significantly inhibited ICAM-1 expression in nasal mucosa of AR

patients; b accordingly, combined azelastine and budesonide nasal

spray significantly improved total nasal symptom scores compared to

baseline value (budesonide alone) in six severe AR patients. The data

indicated the median (IQR) of six AR patients

1170 Eur Arch Otorhinolaryngol (2015) 272:1165–1173

123



antihistamine on glucocorticoid therapy has been largely

unknown. In the present study, we provided the first evi-

dence that azelastine, an antihistamine that administrated

topically, is able to inhibit cytokine-induced ICAM-1

upregulation in a MKP-1-dependent manner in cultured

epithelial cells. Moreover, azelastine is shown to enhance

budesonide efficacy by means of MKP-1 induction and

ICAM-1 suppression in vitro and ex vivo. These findings

therefore, expand our understanding on the pathogenesis of

AR and contribute to designing optimal therapeutical

strategy.

Since increased ICAM-1 expression is responsible for

the persistent cellular recruitment and inflammation, nasal

ICAM-1 levels have been proposed as a hallmark for

clinical severity and follow-up evaluation in AR patients

[12]. For example, Gorska-Ciebiada et al. [13] reported

the serum and nasal ICAM-1 levels were significantly

lower in mild AR patients than in moderate to severe AR

patients, demonstrating a correlation of ICAM-1 level and

AR severity. Klaewsongkram et al. [14] showed nasal

ICAM-1 expression significantly correlates with infiltra-

tion of eosinophils and neutrophils in nasal mucosa of AR

patients. The expression of ICAM-1 in nasal mucosa as

the hallmark of persistent inflammation has been well

documented. Previous studies showed environmental

stimulus (e.g., virus, allergen) and cytokines (e.g., IFN-c,

TNF-a) can increase ICAM-1 expression in AR patients

[15]. In this study, we found the intensity of ICAM-1

expression in AR patients was significantly upregulated

compared to the normal controls. Moreover, when corre-

lated the immunoreactivity of ICAM-1 with the VAS

score, we found the intensity of ICAM-1 expression in

AR patients was significantly associated with disease

severity, suggesting ICAM-1 may be regarded as the

therapeutic target for the management of AR. Consis-

tently, we found ICAM-1 expression was significantly

increased in cultured epithelial cells in response to pro-

inflammatory cytokines IL-1b and IL-17A. Moreover, we

showed that azelastine is able to significantly inhibit

ICAM-1 upregulation in vitro. Interestingly, we found the

inhibition of ICAM-1 in epithelial cells is MKP-1-

dependent by siRNA transfection. This finding provides

us a novel pharmacological mechanism underlying the

anti-inflammatory effect of azelastine.

MKP-1, an archetypical member of MAPK phospha-

tases family, functions as a vital negative regulator in the

innate immune system. It localizes to the nucleus through

its N terminus and preferentially dephosphorylates acti-

vated p38 and JNK relative to ERK in vitro [16]. Recently,

Manetsch et al. found dexamethasone is able to activate

MKP-1 transcription in airway smooth muscle cells via a

cis-acting glucocorticoid-responsive region located

between -1,380 and -1,266 bp of the MKP-1 promoter

[17]. Additionally, dexamethasone exerted anti-inflamma-

tory effects has been demonstrated to be through MKP-1-

dependent mechanisms [18]. These findings suggested

increased MKP-1 expression in response to azelastine may

exert addictive effect of glucocorticoid by increasing the

sensitivity of glucocorticoid in the treatment of uncon-

trolled severe AR patients.

Although current ARIA guidelines recommend the

combination of antihistamine and nasal glucocorticoid for

the treatment of AR, the efficacy of antihistamine and nasal

glucocorticoid therapy remains controversial. Some studies

failed to demonstrate significant improvement when using

the combination of fluticasone with cetirizine and mo-

metasone with deloratadine [19–22]. In contrast to oral

antihistamine, nasal antihistamine therapy represents an

effective mode of drug delivery in AR and non-AR patients

and its effect has been shown on many mediators (e.g.,

histamines, cytokines, chemokines and eosinophils) at

clinically relevant concentrations [4]. Previously, azelas-

tine nasal spray is found to be effective to patients with

seasonal AR who do not respond to oral antihistamine. For

example, LaForce et al. [23] showed azelastine nasal spray

is effective monotherapy for seasonal AR patients who

remain symptomatic after treatment with fexofenadine.

Unlike to oral antihistamine, azelastine nasal spray and

fluticasone nasal spray in combination may provide a

substantial therapeutic benefit for patients with seasonal

AR compared with therapy with either agent alone [5, 6,

24].

Based on our findings, we postulated this local delivery

with its unique pharmacologic profile of adding MKP-1

expression may be the reason that azelastine is so effective

at relieving symptoms of AR. To test our hypothesis, we

comparably evaluate the effects of azelastine and gluco-

corticoid on MKP-1-modulated ICAM-1 expression in

cultured airway epithelial cells. As expected, we found

both azelastine and budesonide significantly increased

MKP-1 mRNA expression in cultured NECs in the pre-

sence of IL-1b. However, in the presence of IL-17A, az-

elastine but not budesonide significantly increased MKP-1

mRNA expression in cultured NECs. The relative insen-

sitivity of budesonide to IL-17A-induced inflammation

may be ascribed to the property of IL-17A on glucocorti-

coid-mediated signaling pathway. For example, McKinley

et al. [25] demonstrated that Th17 cell-mediated airway

inflammation and airway hyperresponsiveness are steroid

resistant in asthmatic mice model, indicating a potential

role for Th17 cells in steroid-resistant asthma. In addition,

our group and Vazquez-Tello et al. [26] showed Th17 cells

are able to induce glucocorticoid receptor-b expression in

epithelial cells of AR and asthma [10], which may account

for the relative insensitivity of glucocorticoid in uncon-

trolled AR.
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Several factors are proposed to be responsible for the

severe AR patients who do not respond well to medication.

Of them, inadequate medication and relative insensitivity

of glucocorticoid may be the major reasons for lack of

control in some severe AR patients [3]. Previously, we

have shown IL-17A level is associated with AR severity

and relative glucocorticoid insensitivity [10]. Considering

IL-17A is able to affect clinical efficacy of glucocorticoid,

more efficacious therapies for the management of AR are

thus required. In this study, the interesting finding is that

azelastine and budesonide can synergistically increase

MKP-1 mRNA expression in the presence of IL-17A

in vitro, which may implicate in the treatment of severe AR

who didn’t respond well to glucocorticoid. To further

validate the synergistic effects of azelastine and budeso-

nide ex vivo, we specifically enrolled six uncontrolled

severe AR patients to budesonide nasal spray alone. As a

result, we found combined azelastine and budesonide nasal

spray significantly inhibited ICAM-1 expression, as well as

TNSS compared to budesonide alone (baseline value). Our

study is thus very important for we can observe synergistic

effects of azelastine and budesonide in the presence of IL-

17A, which may be helpful to improve the clinical efficacy

of uncontrolled severe AR.

Conclusion

Our findings suggested that azelastine is able to additively

enhance the anti-inflammatory effect of glucocorticoid by

modulating MKP-1 expression, which may implicate in the

treatment of uncontrolled severe AR.
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