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ARTICLE INFO ABSTRACT

Azithromycin is a potent agent that prevents airway remodeling. In this study, we hypothesized that azi-
thromycin (35 mg/kg orally) alleviated airway remodeling through suppression of epithelial-to-mesenchymal
transition (EMT) via downregulation of transforming growth factor-beta 1 (TGF-B1)/receptor for activated C-
kinasel (RACK1)/snail in mice. An ovalbumin (OVA)-induced Balb/c mice airway allergic inflammatory model
was used. Airway inflammation and remodeling were evaluated with hematoxylin and eosin (HE), periodic
acid-Schiff (PAS), and Masson staining. E-cadherin and N-cadherin (molecular markers of EMT) were analyzed
by immunofluorescence, quantitative reverse transcriptase polymerase chain reaction (QRT-PCR), and western
blotting; a-smooth muscle actin (a-SMA) was evaluated using immunohistochemistry (IHC), qRT-PCR, and
western blotting; and expression of TGF-B1/RACK1/Snail in lungs was measured by qRT-PCR and western
blotting. Our data showed that azithromycin significantly reduced inflammation score, peribronchial smooth
muscle layer thickness, goblet cell metaplasia, and deposition of collage fibers (P < 0.05), and effectively
suppressed airway EMT (upregulated E-cadherin level, and downregulated N-cadherin and a-SMA levels)
compared with the OVA group (P < 0.05). Moreover, the increasing mRNA and protein expressions of TGF-f31
and RACK1 and mRNA level of Snail in lung tissue were all significantly decreased in azithromycin-treated mice
(P < 0.05). Taken together, our results suggest that azithromycin has the greatest effects on reducing airway
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remodeling by inhibiting TGF-B1/RACK1/Snail signal and improving the EMT in airway epithelium.

1. Introduction

Azithromycin, a macrolide antibiotic, exhibits promising effects on
exacerbations of asthma [1]. Our previous studies have indicated that
azithromycin (25 mg/kg) has significant protective effects against al-
lergic airway inflammation and airway remodeling by inhibiting
transforming growth factor-beta 1 (TGF-$1) expression [2] and in-
hibiting epithelial cell apoptosis in rat lungs [3]. Interestingly, azi-
thromycin has been reported to inhibit TGFp1-induced airway epithe-
lial-mesenchymal transition (EMT) by suppressing Smad3 production in
airway epithelial cells [4], implying that azithromycin might be used to
treat asthma through ameliorating airway EMT. However, the exact
cellular mechanism of azithromycin on airway EMT in asthma has
never been investigated.

Airway remodeling is the key pathologic feature of asthma and is
associated with the persistence of asthma symptoms and poor clinical
outcomes [5]. The pathogenesis of asthmatic airway remodeling is
generally believed to be associated with epithelial-mesenchymal

transition [6]. Epithelial-mesenchymal transition is a dynamic process
in which epithelial cells gradually lose their epithelial characteristics
and acquire mesenchymal features. Currently, increasing evidence de-
monstrated that TGF-f1 is the initiation of EMT, and the development
of EMT is generally accompanied with the loss of epithelial markers
such as E-cadherin and the expression of mesenchymal markers such as
N-cadherin and a-smooth muscle actin (a-SMA) [7]. In recent years, a
number of studies have highlighted a critical role of snail on E-cadherin
regulation [8] via binding E-cadherin promoters (E-boxes) [9], espe-
cially in asthma [10]. Moreover, previous studies have demonstrated
that Snail was directly activated by the TGF-B1/Smad signaling
pathway [11,12] or indirectly mediated by receptor for activated C-
kinasel (RACK1) [13], which is the downstream target gene of TGF-B1
in primary hepatic stellate cell (HSCs) [14]. Notably, azithromycin was
also documented to recover the reduction of E-cadherin level induced
by TNF-a in gingival epithelial cells [15].

Based on these literature evidences, we designed our study to in-
vestigate whether azithromycin possessed its antifibrotic effect through

* Corresponding author at: Department of Pharmacology, 3-17 Renmin South Road, West China School of Basic Medical Sciences & Forensic Medicine, Sichuan University, Chengdu,

Sichuan 610041, PR China.
E-mail address: wanlihong1976@sina.com (L. Wan).

https://doi.org/10.1016/j.intimp.2018.03.016

Received 11 December 2017; Received in revised form 15 March 2018; Accepted 16 March 2018

1567-5769/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15675769
https://www.elsevier.com/locate/intimp
https://doi.org/10.1016/j.intimp.2018.03.016
https://doi.org/10.1016/j.intimp.2018.03.016
mailto:wanlihong1976@sina.com
https://doi.org/10.1016/j.intimp.2018.03.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.intimp.2018.03.016&domain=pdf

Y. Pu et al.

suppressing EMT by blocking activation of the TGF-p1 pathway in OVA-
induced Balb/c mice.

2. Materials and methods
2.1. Animals and ethics statement

Twenty-four male Balb/c mice, aged 5 to 6 weeks and weighing
20 * 2g, were obtained from Da-Shuo Biological Technology Co., Ltd.
(Chengdu, China). The mice were acclimated for 1 week under standard
conditions of ambient temperature (22°C = 1°C), humidity
(60% = 10%), and with a 12-h light/dark cycle (lights on at 8:00 am).
All experimental procedures were conducted in accordance with the
guidelines of the Experimental Research Institute of Sichuan University
in agreement with the guidelines of the Canadian Council on Animal
Care (Permit Number: 2003-149). Animal ethics approval has been
obtained from West China School of Basic Medical Sciences and
Forensic Medicine.

2.2. Experimental groups

All mice were randomly divided into four groups (n = 6) including
the control group (saline challenge + saline treatment), the OVA group
(OVA challenge + saline treatment), the dexamethasone (DEX) group
(OVA challenge + 0.7 mg/kg DEX treatment), and the azithromycin
(AZM) group (OVA challenge + 35mg/kg AZM treatment, corre-
sponding to human clinical equivalent dosage of 250 mg/d).

2.3. OVA-induced mice airway allergic inflammatory model and treatment

Balb/c mice were sensitized by an intraperitoneal injection of 20 pug
of OVA (Sigma-Aldrich, USA) in 0.2mL saline and 20 mg aluminum
hydroxide (Aldrich, USA) in 0.2 mL of saline on days 0 and 14. From
day 21, mice were given aerosol challenges with 1%OVA for 60 min
using an ultrasonic nebulizer (NE-U12; Omron Co., Tokyo, Japan) once
daily. The control mice were challenged with saline instead of 1%O0VA
aerosol in a similar manner. From day 21, OVA-sensitized mice were
administrated with 0.2mL of saline containing DEX (0.7 mg/kg) or
AZM (35 mg/kg) orally 1 h prior to the 1%OVA challenge, whereas the
control mice were treated in the same way with normal saline. On day
28, all mice were euthanized and decapitated. The inferior lobes of the
right lungs from 6 animals in each group were rapidly removed, dis-
sected, and stored at —80°C. The left lung lobes were immediately
fixed in 10% (v/v) neutral-buffered formalin for 24 h at 4 °C and em-
bedded in paraffin. The schematic diagram of the treatment schedule is
shown in Fig. 1.
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Fig. 1. Mouse model of airway allergic inflammatory and treatment with azithromycin.
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2.4. Lung tissue histopathology

The tissues were sectioned at 4 um thickness and stained with he-
matoxylin and eosin (HE) (Sigma, St. Louis, MO), periodic acid—Schiff
(PAS) solution (IMEB, San Marcos, CA), and Masson trichrome staining
to assess the inflammation, epithelial injury, and degree of collagen
deposition, respectively. The airway wall thickness (Wat) and the
bronchial smooth muscle thickness (Wam) were quantified by Image-
Pro® Plus 6.0 software (Media Cybernetics, Bethesda, MD) by adjusting
to basement membrane length (um), and the inflammatory degree was
scored by two independent observers blinded to the experiment. The
detail methods refer to our previous publication [3]. An increment of
0.5 was given if the inflammation scores were in between two grades,
and the total inflammation score was calculated by the addition of both
peribronchial and perivascular inflammation scores (n = 10 airways
from 3 to 5 animals). The thickness of the epithelial layer and mucus
accumulation in the epithelial layer were quantified using PAS-stained
sections with Image-Pro® Plus 6.0 software by dividing the epithelial
area (pmz) or the PAS™ area in the epithelium (pmz) by the length of
the basement membrane (um) around a bronchus. The bronchi
(0.4-0.6 mm in diameter) in each animal were randomly chosen to
quantify the fibrosis score. The degree of fibrosis was graded from 0 to 3
using Masson-stained sections, and the detail methods refer to our
previous publication [16].

2.5. Immunohistochemistry (IHC)

Paraffin-embedded sections of lung tissue were assessed with IHC.
After quenching with 3% H,0,, the sections were incubated with anti-
a-SMA antibody (1:2000, G13044, Servicebio, China) overnight at 4 °C,
followed by incubation with a secondary antibody (G1211, Servicebio,
China) at room temperature for 50 min. Immunoreactivity was visua-
lized with diaminobenzidine (DAB) (G1211, Servicebio, China). Brown
staining was considered positive. Images were captured using an
Olympus microscope (IX51; Olympus Corporation, Tokyo, Japan).The
sections were evaluated by Image-Pro Plus 6.0 software, and the
average of optical density (AOD) was quantified at 200 X magnifica-
tion.

2.6. Immunofluorescence

Co-staining was performed on lung tissue sections. Antigen retrieval
was performed in a pressure cooker using ethylenediamine tetraacetic
acid (EDTA; pH 8.0) for 20 min in boiling water. Then, sections were
incubated overnight at 4 °C with primary antibodies raised against E-
cadherin (GB11082; 1:200; Guge, China) and N-cadherin (GB11135;
1:400; Guge, China). Subsequently, CY3 conjugated goat anti-rabbit IgG
antibody (GB25303; 1:300; Guge, China) was used as a secondary an-
tibody and incubated with the sections for 50 min at room temperature.
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 1:200)
for 10min at room temperature. Images were captured using an
Olympus microscope (IX51; Olympus Corporation, Tokyo, Japan).

2.7. mRNA and protein preparation

The total RNA and protein of lung were extracted by the
Eastep®Super Total RNA Extraction Kit (Promega, China). Protein
concentrations were determined using the BCA protein assay kit
(Beyotime Institute of Biotechnology, China).

2.8. qRT-PCR

Total RNA (1 ug) was reverse-transcribed with a Revert Aid First
Strand cDNA Synthesis Kit (Thermo, USA). The CFX96™ Real-Time PCR
Detection System (Bio-Rad, USA) was applied for the mRNA amplifi-
cation of related genes using the following forward and reverse primers
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Table 1
PCR primers.
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Gene Forward primer (5" to 3") Reverse primer (5’ to 3’) Condition PCR product length (bp)
GAPDH GGTTGTCTCCTGCGACTTCA GGGTGGTCCAGGGTTTCTTA 95 °C 30s, (95 °C 55, 65°Cor60°C0r55°C, 30s) for 39 cycles, melt curve. 186
E-cad CAGGTCTCCTCATGGCTTTGC CTTCCGAAAAGAAGGCTGTCC 95°C 30s, (95°C 55, 65 °C, 60s) for 39 cycles, melt curve. 175
N-cad AGCGCAGTCTTACCGAAGG TCGCTGCTTTCATACTGAACTTT 95°C 30s, (95°C 55, 65 °C, 60s) for 39 cycles, melt curve. 101
a-SMA CCCAACTGGGACCACATGG TACATGCGGGGGACATTGAAG 95°C 30s, (95°C 55, 55 °C, 60s) for 39 cycles, melt curve. 170
Snail CACACGCTGCCTTGTGTCT GGTCAGCAAAAGCACGGTT 95°C 30s, (95°C 55, 65 °C, 30s) for 39 cycles, melt curve. 133
TGF-f1  TCGCTGCTTTCATACTGAACTTT GCCTTAGTTTGGACAGGATCTG 95°C 30s, (95°C 55, 60 °C, 30s) for 39 cycles, melt curve. 133
RACK1 GGATCTCAATGAAGGCAAGC TTGCTGCTGGTGCTGATAAC 95 °C 30s, (95°C 55, 60 °C, 30s) for 39 cycles, melt curve. 183
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Fig. 2. Protective effects of azithromycin on OVA-induced lung inflammation and airway remodeling.

Histological examination of lung tissue was performed 24 h after the final OVA challenge. Lung tissues were fixed, sectioned at 4 um thickness, and stained with hematoxylin-eosin (HE),
periodic acid-Schiff (PAS), and Masson stain. (A) Representative HE (upper panel), PAS (middle panel), and Masson (lower panel) stained sections of lung of mice in the control group,
OVA group, OVA +DEX group, and OVA+AZM group (magnification x 200). (B) Quantified results of airway wall thickness (Wat) and bronchial smooth muscle thickness (Wam)
analyzed by Image-Pro® Plus 6.0 software. (C) Total inflammation score. (D) Degree of mucus accumulation was calculated by dividing PAS* area (um?) in the bronchus by the length
(um) of basement membrane. (E) Total fibrosis score. Values are presented as mean + S.E.M. *P < 0.05, versus control group (n = 6). “P < 0.05, versus OVA group (n = 6).

(Table 1). The amplification conditions were as shown in Table 1. The
mRNA levels of E-cad, N-cad, Snail, a-SMA, TGF-$1, and RACK1 were
normalized by the expression of GAPDH. Experiments were performed
in triplicate. All the data were analyzed using the 2~ “*°T method
(ACt = CtTarget gene_CtGAPDH: AACt = ACt]&lxp‘ACtControl)-

2.9. Western blotting

Equal amounts of total protein were loaded onto 10% SDS-PAGE
gels. Loaded proteins were separated at 100 V for 60 min and electro
transferred to PVDF membranes by the wet transfer method (200 mA,
90 min). The membranes were blocked in 5%fat-free milk at 4°C
overnight. Subsequently, the membranes were incubated with primary
antibody at room temperature for 2h, including anti-GAPDH (ZSGB-
BIO, China) antibody (dilution 1:1000), anti-TGF-31 (R&D, USA) anti-
body (dilution 1:500), anti-RACK1 (Santa Cruz Biotechnology, USA)
antibody (dilution 1:100), anti-E-Cadherin Rabbit mAb (CST, USA)
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antibody (dilution 1:1000), anti-N-Cadherin (abcam, UK) antibody
(dilution 1:1000), anti-a-SMA (Proteintech, USA) antibody (dilution
1:500), and anti-Snail (Wanleibio, China) antibody (dilution 1:1000).
After washing with TBST, the membranes were incubated with sec-
ondary goat anti-mouse IgG (ZB-2305, ZSGB-BIO, China) antibody
(dilution 1:1000) at room temperature for 1h, and were conjugated
with horseradish peroxidase. Then, proteins were detected by chemi-
luminescence reagent (GE Healthcare). Protein band density was
quantified using Bio-Rad Quantity One v4.62. The relative protein le-
vels were normalized to GAPDH level.

2.10. Statistics

Statistical analysis was performed by one-way analysis of variance
(ANOVA) with Bonferroni correction (GraphPad Prism version 5). All
values were expressed as mean = SEM, and P < 0.05 was considered
to be statistically significant.
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Fig. 3. Protective effects of azithromycin on OVA-induced airway epithelial-to-mesenchymal transition (EMT).
(A) Representative immunofluorescent (upper: E-cadherin; middle: N-cadherin; magnification X 400) and immunohistochemistry (IHC) (lower: a-SMA; magnification x 200) stained
sections of lung of mice in the control group, OVA group, OVA + DEX group, and OVA + AZM group. (B) Quantified results of a-SMA. (C-E) The mRNA levels of E-cadherin, N-cadherin,

and a-SMA were determined by quantitative real-time polymerase chain reaction (qQRT-PCR). mRNA value = 2724%, AACt = (Ctrarger —

Ctgappn) Of the treated mice- (Ctrargec — Ctgappr)

of the control mice. (F) The protein expressions of E-cadherin, N-cadherin, and a-SMA were analyzed by western blotting. GAPDH was used as an internal standard. (G-I) The relative
levels of E-cadherin, N-cadherin, and a-SMA expressions in the lung. The results were expressed as the ratio of the investigated gene to GAPDH. The band intensity was analyzed by Bio-
Rad Quantity One v4.62 software. Values are presented as mean = S.E.M. *P < 0.05, versus control group (n = 6). #P < 0.05, versus OVA group (n = 6).

3. Results

3.1. Azithromycin alleviates OVA-induced airway inflammation and
remodeling in mice

To confirm the potential effect of azithromycin in Balb/c mice, mice
challenged with 1%OVA as described previously were treated with DEX
(0.7 mg/kg) or AZM (35 mg/kg) (daily, intragastically) for 1 week, and
histopathologic analysis was performed on HE, PAS, and Masson
stained lung sections. As shown in Fig. 2A, the 1%0VA challenge sig-
nificantly induced peribronchial infiltration of inflammatory cells
compared with the control mice. Conversely, treatment with AZM or
DEX significantly ameliorated the inflammatory changes around the
bronchus (Fig. 2A), which was confirmed by the inflammation score.
Compared with control mice, inflammatory scores were significantly
increased in the OVA-challenged mice (P < 0.05) (Fig. 2C), which as
expected, were notably decreased by AZM or DEX treatment
(P < 0.05) (Fig. 2C). Similarly, AZM or DEX intervention significantly
reduced the damage to normal lung architecture and inhibited ex-
cessive collagen deposition due to OVA, as determined by HE, PAS, and
Masson staining.

The thickness of the peribronchial smooth muscle layer (Fig. 2B),
goblet cell metaplasia (mucus production) (Fig. 2D), and collagen de-
position (Fig. 2E) were also significantly increased in the OVA-chal-
lenged mice (P < 0.05). However, AZM- and DEX-treated mice
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demonstrated a significant reduction in thickness of the peribronchial
smooth muscle layer (Fig. 2B), goblet cell metaplasia (mucus produc-
tion) (Fig. 2D), and collagen deposition (Fig. 2E), when compared with
the OVA-challenged mice (P < 0.05).

3.2. Azithromycin represses epithelial-to-mesenchymal transition in mice

To investigate whether EMT occurs in lung tissue from the OVA-
challenged mice, we examined the level of the EMT markers including
E-cadherin, N-cadherin, and a-SMA in lung tissue.

Immunofluorescent staining of lung sections found significantly
decreased staining of E-cadherin and significantly increased expression
of N-cadherin in the airway epithelium after the OVA challenge, as
compared to that in the control mice (Fig. 3A). Airway smooth muscle
mass as determined by immunostaining for a-SMA was significantly
increased after the OVA challenge (Fig. 3A, B). Moreover, pretreatment
with DEX and AZM significantly prevented alterations in EMT markers
induced by the OVA challenge (Fig. 3A, B).

To further evaluate the effect of AZM on EMT, we performed qRT-
PCR and western blotting in lung to determine the mRNA and protein
expressions of E-cadherin, N-cadherin, and a-SMA. As we expected, the
qRT-PCR results showed similar patterns. In detail, the expressions of
N-cadherin and a-SMA significantly increased with the OVA challenge
and were significantly suppressed by AZM, whereas E-cadherin was
expressed in the opposite pattern (Fig. 3C-E) in mRNA levels
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Fig. 4. Effects of azithromycin on TGF-B1/RACK1/Snail signaling pathway.
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(A) The mRNA levels of TGF-1, RACK1, and Snail were determined by quantitative real-time polymerase chain reaction (QRT-PCR). mRNA value = 27AACt AACE = (Ctrarget — Ctgappn)
of the treated mice- (Ctrarger — Ctgappn) Of the control mice. (B) The protein expressions of TGF-B1, RACK1, and Snail were analyzed by western blotting. GAPDH was used as an internal
standard. (C) The relative levels of TGF-1, RACK1, and Snail expressions in the lung. The results were expressed as the ratio of the investigated gene to GAPDH. The band intensity was
analyzed by Bio-Rad Quantity One v4.62 software. Values are presented as mean + S.E.M. *P < 0.05, versus control group (n = 6). “P < 0.05, versus OVA group (n = 6).
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Fig. 5. Graphical summary of the results.

On exposure to OVA, snail was upregulated directly by TGF-B1 or indirectly by RACKI1.
Subsequently, Snail activated the EMT marker. Azithromycin suppresses airway EMT by
inhibiting the TGF-B1/RACK1/Snail signaling pathway.
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(P < 0.05). Nevertheless, the E-cadherin and N-cadherin mRNA were
not affected by DEX treatment (P < 0.05) (Fig. 3C-D). Furthermore,
the protein levels of N-cadherin and a-SMA were significantly upre-
gulated with OVA and reversed by AZM treatment (P < 0.05) (Fig. 3F,
H-I). However, OVA, AZM, and DEX had no effect on E-cadherin ex-
pression (Fig. 3F, G), indicating that some N-cadherin and a-SMA up-
regulating may be required for OVA-induced EMT, and AZM could
regulate the tissue remodeling involved in EMT.

3.3. Azithromycin targets the TGF-$1/RACK]1 signaling pathway to
suppress EMT

TGF-B1 is a well-known key regulator of tissue remodeling in the
airway epithelium through activation of EMT signals [17]. To elucidate
the hypothesis that azithromycin-repressed EMT was coupled to a de-
creased TGF-f1 level, qRT-PCR and western blotting analysis for mRNA
and protein expressions of TGF-Bf1 were performed, respectively. Con-
sistent with our previous publication [2], azithromycin notably de-
creased TGF-f1 mRNA and protein levels from repetitive OVA chal-
lenged mice (P < 0.05) (Fig. 4A-C).

RACK1, a downstream target gene of TGF-B1 [14], has been de-
monstrated to promote upregulation of snail in primary HSCs [13]. To
further examine whether the inhibitory effect of azithromycin on OVA
challenge was associated with the reduction in RACK1, the mRNA and
protein expression levels of RACK1 in lung were analyzed with qRT-
PCR and western blotting. As shown in Fig. 4A-C, both the mRNA and
protein expression levels of RACK1 were significantly elevated in OVA-
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challenged mice compared with that in saline-challenged mice
(P < 0.05), whereas AZM and DEX treatment notably reversed this
elevation (P < 0.05).

Moreover, snail is a zinc-finger transcriptional repressor also di-
rectly activated by TGF-1 [11]. It was considered to downregulate E-
cadherin expression and induce EMT by binding E-boxes [9]. We ex-
amined whether the OVA challenge promoted Snail expression and
whether AZM terminated the EMT process via Snail. The mRNA and
protein levels of Snail were significantly upregulated by the OVA
challenge and suppressed by AZM (P < 0.05).

4. Discussion

Excessive airway epithelial damage followed by aberrant repair is
believed to play an important role in asthma [18]. The EMT has been
proposed as one of the mechanisms responsible for dysfunction of the
epithelial barrier in asthma [6]. In agreement with previous reports [7],
our data demonstrate that E-cadherin as an epithelial marker is sig-
nificantly decreased, whereas a-SMA and N-cadherin as mesenchymal
markers are significantly increased in OVA-challenged Balb/c mice.

Although glucocorticoids (GCs) possess potent anti-inflammatory,
immunosuppressive properties and have been documented to block
EMT initiated by TGF-$1 in chronic rhinosinusitis with nasal polypsis
(CRSwWNP) [19], adverse effects and the development of GC resistance
limit its widespread and long-term use. Whereas, azithromycin has been
reported to improve quality of life in symptomatic asthma, even as
inhale maintenance therapy [20], and is considered to be the useful
add-on therapy in persistent asthma [21]. Our previous studies have
demonstrated that azithromycin is an alleviator of airway inflammation
and remodeling in OVA-challenged rats and cultured BEAS-2B cells
[2,3]. Recent research suggests that EMT is a complex manifestation of
epithelial plasticity and plays a critical role in airway remodeling in
asthma [6]. In the present study, we investigated the possible role of
azithromycin on airway EMT in vivo. Consistent with our previous
findings in rats, our data showed that azithromycin effectively inhibited
goblet cell hyperplasia and excessive deposition of collagen fibers, two
characteristic components of airway remodeling in OVA-challenged
Balb/c mice. Further, azithromycin administration significantly allayed
the EMT process by recovering E-cadherin expression and suppressing
a-SMA and N-cadherin induction in OVA-challenged Balb/c mice.

TGF-f1 is a pleiotropic profibrotic cytokine that has been shown to
be produced by epithelial cells to induce airway EMT in asthma [22].
Accumulating evidence indicates that in asthma [10], TGF-f1 directly
activates transcriptional factor Snail [23], which directly binds to E-
boxes in E-cadherin promoters [9] and represses transcription of E-
cadherin [8]. Although TGF-B/Smad signaling is regarded as the main
pathway in EMT, TGF-f activates the non-Smad signaling pathway as
well, including RACK1, which is the downstream target gene of TGF-f1
[14]. In particular, a high level of RACK1 is necessary for regulatory T-
cell function in patients with asthma [24]. Interestingly, a recent re-
search has demonstrated that the activation of snail is mediated by
RACK1 in primary HSCs [13]. Our data showed that mRNA and protein
levels of TGF-f1, RACK1, and Snail were notably elevated in OVA
challenged mice, indicating the central role ascribed to TGF-B1/
RACK1/Snail in triggering EMT. Considering the role of azithromycin in
recovering the reduction of E-cadherin level in gingival epithelial cells
[15], we hypothesized that azithromycin exerted its efficacy via in-
activation of key molecules in the TGF-B1/RACK1/snail signaling
pathway. We found that snail, TGF-$1, and RACK1 were significantly
repressed by azithromycin in OVA-challenged Balb/c mice. Thus, we
speculate that azithromycin may play a therapeutic role in airway EMT
by blocking TGF-1/RACK1/Snail signaling.

In summary, our results indicate that azithromycin inhibits the TGF-
B1/RACK1/Snail signaling pathway and subsequently suppresses
airway EMT and remodeling, thus leading to an improvement in OVA-
induced asthma in Balb/c mice (Fig. 5).
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qRT-PCR
EMT
RACK1

hematoxylin and eosin

airway wall thickness

bronchial smooth muscle thickness
azithromycin

dexamethasone

transforming growth factor-f1

quantitative real-time polymerase chain reaction
epithelial-to-mesenchymal cell transition
receptor for activated C-kinasel

References

[1] G. Brusselle, I. Pavord, Azithromycin in uncontrolled asthma, Lancet 390 (2017)
629-630.

L. Wan, L. Liu, Z. Zhang, Y. Zhou, Y. Xiong, D. Li, Low-dose azithromycin attenuates
OVA-induced airway remodeling and inflammation via down-regulating TGF-f31
expression in rat, Euro. J. Inflam. (1) (2013) 133-145.

Y. Liu, Y. Pu, D. Li, L. Zhou, L. Wan, Azithromycin ameliorates airway remodeling
via inhibiting airway epithelium apoptosis, Life Sci. 170 (2017) 1-8.

B. Banerjee, M. Musk, E.N. Sutanto, S.T. Yerkovich, P. Hopkins, D.A. Knight,

S. Lindsey-Temple, S.M. Stick, A. Kicic, D.C. Chambers, Regional differences in
susceptibiity of bronchial epithelium to mesenchymal transition and inhibition by
the macrolide antibiotic azithromycin, PLoS One 7 (2012) e52309.

C. Bergeron, W. Al-Ramli, Q. Hamid, Remodeling in asthma, Proc. Am. Thorac. Soc.
6 (2009) 301-305.

T.L. Hackett, Epithelial-mesenchymal transition in the pathophysiology of airway
remodelling in asthma, Curr. Opin. Allergy Clin. Immunol. 12 (2012) 53-59.

J.H. Gong, LH. Cho, D. Shin, S.Y. Han, S.H. Park, Y.H. Kang, Inhibition of airway
epithelial-to-mesenchymal transition and fibrosis by kaempferol in endotoxin-in-
duced epithelial cells and ovalbumin-sensitized mice, Lab. Investig. 94 (2014)
297-308.

M.A. Nieto, The ins and outs of the epithelial to mesenchymal transition in health
and disease, Annu. Rev. Cell Dev. Biol. 27 (2011) 347-376.

D. Olmeda, M. Jorda, H. Peinado, A. Fabra, A. Cano, Snail silencing effectively
suppresses tumour growth and invasiveness, Oncogene 26 (2007) 1862-1874.
Z.C. Yang, M.J. Yi, N. Ran, C. Wang, P. Fu, X.Y. Feng, L. Xu, Z.H. Qu, Transforming
growth factor-B1 induces bronchial epithelial cells to mesenchymal transition by
activating the snail pathway and promotes airway remodeling in asthma, Mol. Med.
Rep. 8 (2013) 1663-1668.

J. Zavadil, L. Cermak, N. Soto-Nieves, E.P. Bottinger, Integration of TGF-beta/Smad
and Jaggedl/Notch signalling in epithelial-to-mesenchymal transition, EMBO J. 23
(2004) 1155-1165.

K. Horiguchi, T. Shirakihara, A. Nakano, T. Imamura, K. Miyazono, M. Saitoh, Role
of Ras signaling in the induction of snail by transforming growth factor-beta, J. Biol.
Chem. 284 (2009) 245-253.

M. Liu, P. Peng, J. Wang, L. Wang, F. Duan, D. Jia, Y. Ruan, J. Gu, RACK1-mediated
translation control promotes liver fibrogenesis, Biochem. Biophys. Res. Commun.
463 (2015) 255-261.

D. Jia, F. Duan, P. Peng, L. Sun, X. Liu, L. Wang, W. Wu, Y. Ruan, J. Gu, Up-
regulation of RACK1 by TGF-1 promotes hepatic fibrosis in mice, PLoS One 8
(2013) e60115.

T. Miyagawa, T. Fujita, H. Yumoto, T. Yoshimoto, M. Kajiya, K. Ouhara, S. Matsuda,
H. Shiba, T. Matsuo, H. Kurihara, Azithromycin recovers reductions in barrier
function in human gingival epithelial cells stimulated with tumor necrosis factor-a,
Arch. Oral Biol. 62 (2016) 64-69.

Y. Zhou, S. Liao, Z. Zhang, B. Wang, L. Wan, Astragalus injection attenuates bleo-
mycin-induced pulmonary fibrosis via down-regulating Jagged1/Notch1 in lungs, J.
Pharm. Pharmacol. 68 (2016) 389-396.

L.H. Park, J.H. Kang, J.M. Shin, H.M. Lee, Trichostatin a inhibits epithelial me-
senchymal transition induced by TGF-B1 in airway epithelium, PLoS One 11 (2016)
e0162058.

F. Moheimani, A.C. Hsu, A.T. Reid, T. Williams, A. Kicic, S.M. Stick, P.M. Hansbro,
P.A. Wark, D.A. Knight, The genetic and epigenetic landscapes of the epithelium in
asthma, Respir. Res. 17 (2016) 119.

H.W. Yang, S.A. Lee, J.M. Shin, L.H. Park, H.M. Lee, Glucocorticoids ameliorate
TGF-B1-mediated epithelial-to-mesenchymal transition of airway epithelium
through MAPK and snail/slug signaling pathways, Sci. Rep. 7 (2017) 3486.

M.B. Stanbrook, Azithromycin reduced exacerbations and improved QoL in symp-
tomatic asthma despite inhaled maintenance therapy, Ann. Intern. Med. 167 (2017)
JC42.

[2]

[3]

[4]

[5]

[6

[71

[8]

[9

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]


http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0005
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0005
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0010
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0010
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0010
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0015
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0015
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0020
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0020
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0020
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0020
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0025
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0025
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0030
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0030
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0035
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0035
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0035
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0035
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0040
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0040
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0045
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0045
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0050
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0050
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0050
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0050
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0055
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0055
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0055
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0060
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0060
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0060
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0065
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0065
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0065
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0070
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0070
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0070
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0075
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0075
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0075
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0075
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0080
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0080
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0080
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0085
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0085
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0085
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0090
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0090
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0090
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0095
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0095
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0095
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0100
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0100
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0100

Y. Pu et al.

[21]

[22]

[23]

P.G. Gibson, I.A. Yang, J.W. Upham, P.N. Reynolds, S. Hodge, A.L. James,

C. Jenkins, M.J. Peters, G.B. Marks, M. Baraket, H. Powell, S.L. Taylor, L.E.X. Leong,
G.B. Rogers, J.L. Simpson, Effect of azithromycin on asthma exacerbations and
quality of life in adults with persistent uncontrolled asthma (AMAZES): a rando-
mised, double-blind, placebo-controlled trial, Lancet 390 (2017) 659-668.

AM. Doerner, B.L. Zuraw, TGF-betal induced epithelial to mesenchymal transition
(EMT) in human bronchial epithelial cells is enhanced by IL-1beta but not abro-
gated by corticosteroids, Respir. Res. 10 (2009) 100.

K. Aomatsu, T. Arao, K. Sugioka, K. Matsumoto, D. Tamura, K. Kudo, H. Kaneda,

93

[24]

International Immunopharmacology 58 (2018) 87-93

K. Tanaka, Y. Fujita, Y. Shimomura, K. Nishio, TGF-} induces sustained upregula-
tion of SNAI1 and SNAI2 through Smad and non-Smad pathways in a human cor-
neal epithelial cell line, Invest. Ophthalmol. Vis. Sci. 52 (2011) (2437-2343).

T. Negoro, S. Shimizu, M. Narushima, A.H. Banham, H. Wakabayashi,

R. Takayanagi, T. Hagiwara, G. Roncador, T. Osabe, T. Yanai, M. Kin, K. Ikeda,
A. Endo, H. Akiyama, Y. Nakano, Elevated receptor for activated C kinase 1 ex-
pression is involved in intracellular Ca2+ influx and potentially associated with
compromised regulatory T cell function in patients with asthma, Clin. Exp. Allergy
44 (2014) 1154-1169.


http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0105
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0105
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0105
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0105
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0105
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0110
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0110
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0110
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0115
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0115
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0115
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0115
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120
http://refhub.elsevier.com/S1567-5769(18)30119-X/rf0120

	Azithromycin ameliorates OVA-induced airway remodeling in Balb/c mice via suppression of epithelial-to-mesenchymal transition
	Introduction
	Materials and methods
	Animals and ethics statement
	Experimental groups
	OVA-induced mice airway allergic inflammatory model and treatment
	Lung tissue histopathology
	Immunohistochemistry (IHC)
	Immunofluorescence
	mRNA and protein preparation
	qRT-PCR
	Western blotting
	Statistics

	Results
	Azithromycin alleviates OVA-induced airway inflammation and remodeling in mice
	Azithromycin represses epithelial-to-mesenchymal transition in mice
	Azithromycin targets the TGF-β1/RACK1 signaling pathway to suppress EMT

	Discussion
	Acknowledgements
	Abbreviations
	References




