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Background: Asthma is a chronic disease with high morbidity rates. Brain-derived neurotrophic factor (BDNF) has been prov-
en to induce airway hyper-responsiveness, but the function of BDNF in the wound-healing process of asthmat-
ic human airway epithelial cells (HAECs) remains unclear. This study investigated the effects of BDNF in asth-
matic children with injured HAECs.

Material/Methods: HAECs were obtained from healthy children and asthmatic children through bronchoscopy, and then cultured
in air-liquid (ALI) interface with or without BDNF. A mechanical injury model was established for the wound-
healing assay. Quantitative real-time polymerase chain reaction (qRT-PCR) assay was performed to measure
BDNF mRNA expressions, while western blot assay was used for the measurement of BDNF and CCND1 pro-
tein expressions. Cell proliferation of impaired HAECs was assayed in a 3H-thymidine incorporation experiment.

Results: The mRNA and protein levels of BDNF were overexpressed, and the wound-healing ability of HAECs decreased
in asthma samples. Also, the cell proliferation of HAECs was suppressed in the asthmatic injury model and
the injury-induced increase of CCND1 protein expressions was inhibited in asthma. Although mRNA and pro-
tein expressions of BDNF remained unchanging in healthy HAECs, there was an increase in impaired asthmat-
ic HAECs. Upregulating BDNF led to a decrease in wound-healing ability of HAECs in both healthy children and
children with asthma. Simultaneously, overexpressed BDNF reduced the CCND1 protein expressions in healthy
HAECs, but had little impact on asthmatic HAECs.

Conclusions: Brain-derived neurotrophic factor (BDNF) inhibited wound-healing and cell proliferative ability of human air-
way epithelial cells (HAECs) in asthmatic children.
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Material and Methods

Asthma is a chronic inflammation of the airway that involves
multiple inflammatory cells like eosinophils, mastocytes, and
thymus-dependent lymphocytes [1]. In addition, aberrant mu-
cus that plugs the airway and hyper-responsiveness also play
pivotal roles in the pathophysiology of asthma [2-4]. Human
airway epithelial cells (HAECs) are the first barriers in the air-
way. Studies have shown that airway epithelium dysfunction
promotes mucosal permeability of foreign substances, over-
releases epithelial cytokines, and stimulates dendritic cells,
which is potentially relevant to the development of mild, mod-
erate, and severe asthma [5,6]. The symptoms of asthma of-
ten present as recurrent wheezing, chest distress, dyspnea, or
cough, and most children can have asthma symptoms relieved
without treatment, or treatment with drug therapy, targeted
biologic therapy, or by environment control [7]. However, the
morbidity rates of asthma still continue to rise, which creates
health burdens for more and more children, not only physi-
cally, but also financially [8]. Novel and more effective treat-
ments for asthma are still needed.

Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophins family. Mature BDNF mediated by TrkB recep-
tor plays a regulatory role in neuronal differentiation, struc-
ture, and function [9]. Changes in BDNF expression levels and
activities have been reported in the development of numerous
neurodegenerative disorders [10]. Evidence shows that the sup-
pression of BDNF-TrkB signaling and reinforcement of the neu-
ropeptide Y (NPY) system can affect epilepsy treatment [11].
BDNF can also downregulated neuroprotective actions dur-
ing hyperglycemia, contributing to the vulnerability of retinal
neurons and to diabetic retinopathy [12]. In addition, reports
have shown that BDNF has an important effect on asthma.
Research has shown that BDNF can partially regulate neuro-
nal hyper-reactivity in an allergic airway inflammation model
of mice [13]. In addition, smooth muscle-derived BDNF have
been shown to mediate airway hyper-responsiveness modu-
lated by tropomyosin-related kinase B signaling pathway dur-
ing allergic airway inflammation [14]. Moreover, the upregulat-
ed BDNF gene expressions and its mature isoform have been
verified to be involved in airway hyper-responsiveness, asth-
ma severity, and inflammatory signature [15]. Although many
studies have shown the close correlation between BDNF and
airways in asthma, whether BDNF has regulatory effects on
repair of injured HAECs in asthma remains unclear.

To the best of our knowledge, this is the first study to investi-
gate the function of BDNF in repairing the damaged epitheli-
al barrier in asthma to discover new methods for asthma pre-
vention, control, and treatment.

Bioinformatics analysis

GSE43696 microarray data of HAECs in patients with bronchi-
al asthma were obtained from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE43696), the largest and most comprehensive re-
pository of public gene expression data available at present.
We used GEO2R, an interactive web tool that allows users to
compare 2 or more sets of GEO series samples used to iden-
tify differentially expressed genes, to analyze the differential-
ly expressed genes of 20 normal samples and 88 severe asth-
ma samples in GSE43696.

Specimen collection

A total of 8 samples (5 males and 3 females, age 7-14 years) in
a healthy control (HC) group and 24 samples (15 males and 9 fe-
males, age 6-14 years) in an asthma group were collected from
October 2017 to October 2018 in Liaocheng People’s Hospital.
Informed consent was obtained for all patients and permis-
sion was given for use of their tissues in clinical research. The
clinical trial program was reviewed and approved by the Ethics
Committee of Liaocheng People’s Hospital (LPH201612001).
All individuals underwent bronchoscopy, and then epithelial
brushings were obtained from bronchi according to previous-
ly published guidelines [16,17].

Cell isolation and cell culture in air-liquid (ALI) interface

Collected bronchial brushes were placed in serum-free Bronchial
Epithelial Cell Growth Medium (BEGM, Lonza, NJ, USA) con-
taining 100 units/mL of penicillin (TargetMol, Boston, NY, USA)
and 100 pg/mL of streptomycin (TargetMol, Boston, NY, USA),
centrifuged, washed, and then re-suspended in fresh BEGM
for further experiments. HAECs (5x10° per well) were trans-
ferred onto 0.4-um supporting membranes of Transwell pre-
carpeted with collagen from human placenta (also known as
Collagen Type 4, Sigma, CA, USA). BEGM was added under the
membranes. Then, cells were incubated under conditions of
5% CO, at 37°C until reaching 80% confluence, with medium
changed every other day. Next, medium on the membranes
was removed, and air-liquid interface (ALI) medium, consist-
ing of BEGM and Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, California, USA) with or without 50 ng of BDNF (Cat.
2837, Tocris, MN, USA) in a 1: 1 ratio, was placed under the
membranes and changed every other day. Incubation was con-
ducted with 5% CO, at 37°C.
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Wound-healing assay

HAECs were incubated for 15 days until reaching 100% fusion
rate. A 10-pL pipette tip was used to draw horizontal lines at
the bottom of each culture plates crossing the culture hole.
Medium was removed and phosphate-buffered saline (PBS;
Gibco, USA) was used to wash away the cells that crossed.
Next, serum-free BEGM containing 1% B27 (Gibco, CA, USA),
100 units/mL of penicillin, 100 ug/mL of streptomycin, and 2
mmol/L glutamine (Thermo Scientific, CA, USA) was added, fol-
lowed by incubation with 5% CO, at 37°C for 24 h. The wound
closure was then measured and analyzed.

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

Total mRNAs were extracted from HAECs in the HC group and
asthma group using an RNAqueous™-4PCR Total RNA Isolation
Kit (Invitrogen, CA, USA). Then, the first-strand cDNA was syn-
thesized with SuperScript™ IV Reverse Transcriptase (Invitrogen,
CA, USA). Next, 25 pL ABsolute QPCR Mix, SYBR Green, and
ROX (Thermo Scientific, CA, USA) was used for gPCR in the
QuantStudio™ 5 Real-Time PCR System (Applied Biosystems,
CA, USA). The conditions were: 1 cycle at 95°C for 15 min, fol-
lowed by 40 cycles at 95°C for 15 s, 50°C for 30 s, and 72°C
for 30 s. The relative expression of each mRNA was calculat-
ed by comparative cycle threshold (CT) method (2724T) [18].
The primers (BDNF) were:

5’-GGCTTGACATCATTGGCTGAC-3’ (forward) and
5’-CATTGGGCCGAACTTTCTGGT-3’ (reverse).

Western blot analysis

The whole proteins were extracted using the Genomic DNA
Isolation Kit (Biovision, San Francisco, CA, USA) from HAECs
in the HC group and asthma group, followed by detection of
protein concentrations using a Bicinchoninic Protein Assay kit
(BCA, Pierce, Rockford, IL, USA). Then, 50 pg of the protein was
transferred onto 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE, Solarbio, Beijing, China) and
then transferred onto polyvinylidene fluoride (PVDF) mem-
branes. The membranes were blocked with 5% non-fat dried
milk for 2 h, followed by incubation with the primary antibod-
ies at 4°C overnight. The primary antibodies were: recombi-
nant anti-BDNF antibody (EPR1292; 1: 1000, ab108319, Abcam,
USA), recombinant anti-cyclin D1 antibody (SP4; 1: 25, ab16663,
Abcam, USA), and anti-GAPDH antibody (6C5 as loading con-
trol; 1: 500, ab8245, Abcam, USA), with GAPDH serving as the
internal reference. Next, the corresponding secondary antibod-
ies goat anti-mouse 1gG H&L (HRP; 1: 2000, ab205719, Abcam,
USA) and goat anti-rabbit IgG H&L (HRP; 1: 2000, ab205718,
Abcam, USA) were added at room temperature for 1 h Finally,
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the blots were developed by using Pierce™ ECL Western Blotting
Substrate (Thermo Scientific, CA, USA).

3H-thymidine incorporation

3H-thymidine incorporation assay was performed after 7 days
of ALl culture to detect cell proliferative ability of healthy and
asthmatic HAECs in the wound model. Cells were cultured
in Roswell Park Memorial Institute-1640 (RPMI-1640) medi-
um (0.2 mL/well, Hyclone, UT, USA), then phytohemaggluti-
nin (Sigma, CA, USA) was added to each well. After 56-h in-
cubation, 20 pL 3H-TdR (Isotope Research Institute of China
Atom Science Research Institute, Beijing, China) was added
for another 72-h incubation. All the incubations were con-
ducted with 5% CO, at 37°C. Scintillation solution consisting
of 2,5-diphenyl oxazole (PPO, Sigma, USA), 1,4-bis-2(5-pheny-
loxazoyl)benzene (POPOP, Sigma, USA), and dimethylbenzene
(Thermo Scientific, CA, USA) was then added. The liquid-scintil-
lation counting system Beckman LS-9800 (Beckman, CA, USA)
was used for measurement of radioactivity of HAECs at 3 h
and 24 h after wounding.

Statistical analysis

All the experimental data from this study are expressed as
mean+standard deviation (mean+SD) and were analyzed
by Statistical Product and Service Solutions (SPSS, NDtimes,
Beijing, China). The t test and one-way analysis of variance
(ANOVA) were used to compare differences between or among
groups. P<0.05 was considered statistically significant.

Results

BDNF was overexpressed in asthmatic samples and groups

According to bioinformatics analysis, we found that the gene
expressions of BDNF was significantly higher in asthmatic sam-
ples. Then, gRT-PCR was performed to detect the relative mes-
senger RNA (mRNA) expression levels of BDNF in HAECs. We
found that BDNF mRNA expressions were much higher in the
asthma group than in the healthy control (HC) group (P<0.001;
Figure 1A). BDNF-related protein expressions in HAECs were
measured through western blot analysis. BDNF protein expres-
sions in the HC1 group were different from that in HC2 and
HC3 groups. Protein expression levels of BDNF in the Asthmal,
Asthma2, and Asthma3 groups were greatly overexpressed
compared with HC groups (P<0.001; Figure 1B).
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Figure 1. The expression of BDNF in HAECs of asthmatic children was higher than that in the healthy control group. (A) gqRT-PCR was
used to detect the mRNA expressions of BDNF in newly separated asthmatic HAECs and healthy control HAECs. (B) The
protein expression of BDNF in asthmatic and healthy controls was measured through western blot. & P<0.001 versus HC,
*** P<0.001 versus HC1, **" P<0.001 versus HC2, ### P<0.001 versus HC3, n=3. BDNF — brain-derived neurotrophic factor;
gRT-PCR — quantitative real-time reverse transcription polymerase chain reaction; mRNA — messenger RNA; HAECs — human

airway epithelial cells; HC — healthy controls.

Wound-healing and cell proliferative ability of HAECs was
inhibited in the mechanical injury model of asthma

Wound-healing assay showed that the wound closure of HAECs
in the asthma group was remarkably led than in the HC group
(P<0.01; Figure 2A). We performed a *H-thymidine incorpora-
tion experiment to test cell proliferative ability. HAECs had sim-
ilar radioactivity in the HC and the asthma groups at 3 h af-
ter wounding. Nevertheless, the counts per minute (CPM) of
asthmatic HAECs cultured for 24 h in the mechanical injured
model were significantly lower than in the HC group (P<0.001,
Figure 2B). Western blot assay was then conducted to measure
CCND1 protein expressions. Figure 2C shows that the relative
protein expressions of CCND1 in the scratch group were much
higher than that in the control group, and the CCND1 protein
expressions in asthmatic HAECs were inhibited in comparison
with the HC group (P<0.001).

Upregulation of BDNF inhibited wound healing

gRT-PCR and western blot analysis showed that the relative
gene expression levels of BDNF in the mechanical injury model

of asthmatic HAECs were significantly higher than in the con-
trol group and the HC group (P<0.001; Figure 3A, 3B). Moreover,
the upregulation of BDNF greatly suppressed the wound-heal-
ing ability of HAECs, which was more notable in the HC group
(P<0.001; Figure 3C). The relative protein expression levels of
CCND1 were inhibited with the increase of BDNF in the HC
group compared with the asthma group (P<0.001; Figure 3D).

Discussion

Asthma is a chronic inflammatory disease of the airway in
which various cells (e.g., eosinophils, mast cells, lymphocytes,
neutrophils, and airway epithelial cells) and neurotransmitters
are involved. The etiology of asthma is complicated, and there
are many factors that induce it and participate in it [2,19,20].

Neurotrophic factor is considered to be a bridge between the
neurogenic inflammatory response of the airway induced by the
interaction of nerves and immune mechanisms. The stimulation
of allergen and infection causes the high expression and over-
secretion of airway neurotrophic factor and its receptor, which
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Figure 2. Wound closure and cell proliferation after wounding is impaired in asthmatic HAECs. (A) A mechanical injury model
was established to assess wound closure. (B) Cell proliferation of asthmatic and normal HAECs was assayed through
*H-thymidine incorporation experiments. (C) The protein expression of CCND1 was measured via western blot. ** P<0.01,
" P<0.001 versus HC, *** P<0.001 versus Control, n=3. HAECs — human airway epithelial cells; HC — healthy controls.

leads to changes in neuroplasticity and abnormal differentia-
tion and participates in airway hyper-responsiveness [14,21].
BDNF is an important neurotrophic factor. In recent years,
many studies have proven that BDNF can be produced by a
variety of immune inflammatory cells, which in turn affects
immune inflammatory cells [22,23]. BDNF levels in inflamma-
tory diseases, autoimmune diseases, and allergic diseases are
significantly increased [24-26]. In the present study, we test-
ed the gene expression of BDNF through gRT-PCR and west-
ern blot experiments. The results were consistent with previ-
ous studies. The relative mRNA expression levels and protein
expression levels of BDNF were significantly overexpressed in
the asthma group compared to the HC group, suggesting that
BDNF is essential in the development of asthma.

The first defense of the respiratory system against external
pathogens is the airway mucosa, and the protective barrier
on the surface of the airway mucosa is the airway epitheli-
um, which is composed of a variety of cells [27]. Changes in
the morphology and function of airway epithelial cells occur
in the early stages of asthma and are in a continuous and ab-
normal state of injury and repair [28]. Airway epithelial cells

play an important role in immune regulation and maintain the
stability of the airway mucosal microenvironment. Airway hy-
per-responsiveness is characterized by excessive or prema-
ture contraction of the airway in response to various stimuli
when the epithelial structure in intact, but its structural integ-
rity can be damaged if the airway epithelium participates in
the airway inflammatory response [29]. Airway remodeling is
the main pathological basis of irreversible airflow obstruction
and progressive decline of lung function in asthma. The typi-
cal pathological features are injury and proliferation of airway
epithelial cells [2,27,28]. All of the above evidence shows that
intervention in the abnormal repair process after airway epi-
thelial cell injury is one of the key points affecting airway re-
modeling of asthma. Therefore, in the present study, the me-
chanical injury model of asthmatic HAECs was established in
vitro. Then, the wound-healing ability of HAECs could be test-
ed and analyzed intuitively. Not surprisingly, it was discovered
that the degree of wound closure in asthma was significantly
inhibited compared with the healthy control group. Next, the
3H-thymidine incorporation method was used to test the cell
proliferative ability of HAECs. The results demonstrated that
3 h after wounding, the cell proliferation of HAECs in healthy
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Figure 3. Upregulation of BDNF inhibited the wound from healing. (A) The mRNA expression level of BDNF in asthmatic and normal
HAECs was tested through gRT-PCR. (B) Western blot analysis was performed to measure the relative BDNF protein
expressions. (C) Wound closure in the asthmatic group and normal group was tested after exogenous BDNF was added.
(D) CCND1 protein expression was assayed via western blot. *** P<0.001 versus Control, *** P<0.001 versus HC, n=3.
BDNF — brain-derived neurotrophic factor; mRNA — messenger RNA; gRT-PCR — quantitative real-time reverse transcription
polymerase chain reaction; HC — healthy controls.
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individuals and asthmatic ones was the same. However, with
the passage of time, we found that cell proliferative ability of
HAECs in asthma was greatly suppressed at 24 h after wound-
ing. Further, western blot assays were conducted to test the
protein expression levels of CCND1; it is a test which has been
verified to be a key modulator in the process of cell cycle dur-
ing wound healing [30]. We found that CCND1 protein expres-
sions of HAECs were remarkably increased in the mechanical
injury model, indicating that the upregulation of CCND1 is as-
sociated with cell division and proliferation, but the increas-
ing trend in asthma was lower than that in the healthy con-
trols, suggesting that asthma suppressed the expressions of
CCND1 to some extent.

Previous studies have shown that BDNF can partially regulate
the inflammation, mucus secretion, and hyper-responsiveness
of the airway [11-14], but it has been unclear whether BDNF
affects airway epithelial barrier repair. In the healthy samples,
we found little change of the BDNF mRNA expression levels
in the mechanical injury model. Intriguingly, mRNA expression
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