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Effect of BDNF on airway inflammation in a rat model of COPD
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Abstract. Chronic obstructive pulmonary disease (COPD) is
characterized by airflow limitation that is not fully reversible.
The airflow limitation is usually progressive and associated
with an abnormal inflammatory response of the lungs to noxious
particles or gases. The present study aimed to investigate the
effect of brain-derived neurotrophic factor (BDNF) on lung
function and airway inflammation in a rat model of COPD. A rat
model of COPD was established in this study, and anti-BDNF
antibody was injected to observe the effect of BDNF on
pulmonary function and airway inflammation. Lung function
and hematoxylin and eosin staining analyses were performed.
BDNF in the airway was examined using immunohistochem-
istry, western blotting and enzyme-linked immunosorbent
assay. Levels of oxidant stress and inflammatory cytokines were
measured. After long-term heavy cigarette exposure, pulmo-
nary inflammation and emphysema were observed, while lung
function had deteriorated in the COPD, COPD + anti-BDNF
and COPD + normal saline groups. Levels of BDNF expression,
malondialdehyde, tumor necrosis factor-a and interleukin-6
were increased in rats with COPD compared with control rats,
while levels of superoxide dismutase and glutathione peroxidase
were decreased. Anti-BDNF intervention improved airway
inflammation. To conclude, anti-BDNF intervention could
alleviate inflammation and improve any imbalance between
oxidation and antioxidation in the airway.

Introduction

Chronic obstructive pulmonary disease (COPD) is a type of
pulmonary disease characterized by airflow restriction that is
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largely irreversible and a progressive course (1). According to
the World Health Organization, COPD will become the third
deadliest disease worldwide by 2030, and is projected to affect
an increasingly large proportion of the global population (2,3).
Airway inflammation and remodeling are major types of
structural and functional changes in COPD, which contribute
to exaggerated airway narrowing and resistance to airflow (4).
Air pollution, tobacco exposure and repeated respiratory tract
infection lead to persistent lung inflammation, which eventu-
ally causes deterioration of lung function (1).

Airway smooth muscle and the mucous membrane receive
sensory innervation, and the sensory terminals can release
a series of regulatory factors (e.g. neurotrophic factors) (5).
Brain-derived neurotrophic factor (BDNF) is a major member
of the neurotrophic factor family, which also plays an important
role in the regulation of airway neurogenic inflammation (6).
BDNF is a key neuroprotective factor that promotes and
maintains the survival of sensory neurons, and the growth of
neurites (7). BDNF can be produced by and act on immune
inflammatory cells (8). Moreover, the levels of BDNF are
increased in inflammatory, autoimmune and allergic diseases,
such as asthma and allergic rhinitis (9).

Although its presence in the nervous system is
well-known (10), BDNF is also expressed by structural cells of
the lung. Thus, it has the potential to influence airway structure
and function (11,12). For example, sputum and bronchoalveolar
lavage fluid from patients with asthma show increased levels of
BDNF (13,14). Previous studies regarding the effect of BDNF
on the airway mainly focused on asthma and airway inflam-
mation after viral infection (15-17). Few studies have focused
on the role of BDNF in COPD-related airway inflammation.
Thus, the aim of the present study was to investigate the effect
of BDNF on pulmonary function and airway inflammation in
a rat model of COPD.

Materials and methods

Animals and models. A total of 28 male Sprague-Dawley rats
(age,6-8 weeks; weight, 180-200 g) were obtained from Shanghai
Sipper-BK Laboratory Animal Co. All animal experiments and
procedures were approved (approval nos. AS20180042GZL
and 20180213) by the Animal Care and Use Committee of the
Affiliated Kunshan Hospital of Jiangsu University (Kunshan,
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China). They were performed in accordance with the Guide
for the Care and Use of Laboratory Animals, published by the
United States National Institutes of Health (18). All animals
were fed in a silent environment at 18-25°C (relative humidity,
40-70%), housed away from bright light under a 10/14 h
day/night cycle, and given free access to food and water. The
rats were acclimated for 1 week before the experiments. The
animals were divided into control, COPD, COPD + anti-BDNF
and COPD + normal saline (NS) groups (n=7 rats per group).

Rats in the COPD, COPD + anti-BDNF and COPD + NS
groups were exposed to cigarette smoke (Hongmei cigarettes;
13 mg CO; 13 mg tar oil) for 30 min/day, twice per day at 6-h
intervals. This treatment was performed 6 days per week for
16 weeks in an 8050™ inhalation exposure system (Tianjin
Hope Industry & Trade Co., Ltd.) (19). Rats in the COPD +
anti-BDNF and COPD + NS groups were intraperitoneally
injected with anti-BDNF antibody (1:1,000; 0.1 g/ml; 4 ml/kg;
cat. no. abl08319; Abcam) and NS (4 ml/kg), respectively,
once per week for 4 consecutive weeks. The experimental
procedure is shown in Fig. 1.

Lung function. Lung function was assessed based on the
ratio of forced expiratory volume (FEV) at 0.2 sec (FEV,,)
to forced vital capacity (FVC), as well as the peak expiratory
flow (PEF) (20). Rats were injected with 1% pentobarbital
sodium (40 mg/kg, intraperitoneal injection), and then admin-
istered with appropriate anesthetics for the maintenance of
anesthesia. The trachea of each rat was cut, intubated, and
attached to a ventilator at a respiratory rate of 75 beats/min
with a tidal volume of 5 ml/kg. The FEV,,/FVC and PEF
were measured using the AniRes2005 pulmonary mechanics
analyzer (Beijing Bestlab High-Tech).

Specimen processing. After lung function measurements
were performed, rats were anesthetized with 1% pentobarbital
sodium (40 mg/kg, intraperitoneal injection), and subsequently
transcardially perfused with 0.3% PBS. Lung and bronchial
tissues were rapidly removed. Left lung tissue was sectioned
at 5 ym for H&E staining, immunohistochemistry and western
blotting. Right lung tissue was used for enzyme-linked immu-
nosorbent assay and detection of oxidative stress.

H&E staining. Lung tissues were fixed in 10% neutral
formalin for 24 h at room temperature and subsequently
paraffin-embedded. Sections (5 ym) were prepared from the
paraffin-embedded tissue blocks by dehydration through a
graded ethanol series (75, 85, 95 and 100%) and washed with
xylene. Sections were stained with H&E for 12 min at room
temperature. Morphological changes in the lung tissues were
evaluated using an Olympus light microscope (magnification,
x400; Olympus Corporation).

Immunohistochemistry. Lung tissues were frozen with
optimal cutting temperature compound (cat. no. ZLI9302;
ZSBIO Co.) and coronally sectioned using a Leica freezing
microtome (Leica Microsystems, Inc.). Lung tissue sections
were incubated with 3% H,O, for 15 min to block endogenous
peroxidase activity, washed with 0.3% PBS (3x5 min), incu-
bated for 1 h at room temperature with a blocking solution (10%
goat serum; cat. no. ZLI19022; ZSBIO Co.), and then incubated

at 4°C overnight with the primary antibody (rabbit anti-BDNF;
1:1,000; cat. no. abl08319; Abcam). Tissue sections were
washed with 0.3% PBS (3x5 min) and then incubated for 1 h
at room temperature with a biotinylated secondary antibody
(goat anti-rabbit; 1:500; cat. no. ab6721; Abcam). After tissue
sections had been washed with 0.3% PBS (3x5 min), they were
incubated for 30 min with avidin/biotinylated horseradish
peroxidase, washed with 0.3% PBS (3x5 min), and reacted
with DAB as a chromogen. Sections were observed using an
Olympus light microscope (Olympus Corporation).

Enzyme-linked immunosorbent assay. The bronchi and lungs
were weighed, boiled (100°C) for 10 min in 1 M acetic acid
(1:10, wt/vol), suspended in 0.1 M PBS, and homogenized.
Homogenates were transferred to polypropylene tubes and
centrifuged (40,000 x g,4°C, 20 min). Before measurements were
taken, the supernatant was centrifuged again at 40,000 x g and
4°C for 20 min. BDNF (cat. no. DBNTO00; R&D Systems, Inc.),
IL-6 and TNF-a (cat. no. 31857, Cayman Chemical Company)
concentrations were measured using enzyme-linked immuno-
sorbent assay kits, according to the manufacturer's instructions.

Western blotting. Lung samples were placed in lysis buffer
containing protease inhibitors, and then homogenized and
centrifuged at 15,000 x g and 4°C for 10 min. Protein concen-
trations were measured using a BCA protein assay kit. A total
of 50 ug total protein was separated via 10% SDS-PAGE gel
electrophoresis, and then transferred by electroblotting onto
PVDF membranes. The membranes were blocked at room
temperature with 3% BSA (cat. no. 9998; CST Biological
Reagents Co., Ltd.) in TBS containing 0.1% Tween-20 for
1 h, and then incubated overnight at 4°C with the primary
antibody rabbit, anti-BDNF (1:500; cat. no. abl08319; Abcam).
The membranes were then washed with TBS containing 0.1%
Tween-20 and incubated for 1 h at room temperature with
a horseradish peroxidase-conjugated secondary antibody
(1:2,000; cat. no. 31461; Invitrogen; Thermo Fisher Scientific,
Inc.). Protein bands were detected using an ECL substrate
kit (cat. no. WP20005; Invitrogen; Thermo Fisher Scientific,
Inc.) and then exposed to CL-XPosure film (Pierce; Thermo
Fisher Scientific, Inc.). GAPDH (1:4,000; cat. no. 9545;
Sigma-Aldrich; Merck KGaA) was used as the internal control.

Oxidant stress detection. The levels of malondialdehyde
(MDA cat. no. A003-1-2), glutathione peroxidase (GSH;
cat. no. A005-1-2) and superoxide dismutase (SOD;
cat. no. AOO1-3-2) were measured in the lung tissues using
appropriate kits (Nanjing Jiancheng Bioengineering Institute).

Statistical analysis. All experiments were performed in triplicate.
Data are expressed as the mean + standard deviation and were
analyzed using SPSS software (17.0; SPSS Inc.). Comparisons
among multiple groups were performed using one-way analysis
of variance, followed by Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

Lung functions and histological changes. Smoking is a
major risk factor for the development of COPD. In the control
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Figure 1. Experimental protocol. Rats in the COPD, COPD + anti-BDNF
and COPD + NS groups were exposed to cigarette smoke for 4 weeks.
Rats in the COPD + anti-BDNF group were injected intraperitoneally
with anti-BDNF antibody (1:1,000, 0.1 g/ml, 4 ml/kg) once per week for 4
consecutive weeks, while rats in the COPD + NS group were injected with
NS (4 ml/kg). n=7 rats per group. COPD, chronic obstructive pulmonary
disease; BDNF, brain-derived neurotrophic factor; NS, normal saline.

group, the bronchial mucosa was normal and the alveoli were
uniform. In the COPD group, the bronchial mucosa epithelium
was necrotic and showed exfoliation with infiltrating inflam-
matory cells (mainly neutrophils and macrophages). The
alveoli were of different sizes, and their walls were thinned
and broken, as some had fused to form pulmonary bullae.
Anti-BDNF treatment alleviated the inflammation compared
with the COPD group (Fig. 2A and B). After long-term heavy
cigarette exposure, the FEV,,/FVC and PEF values in rats
with COPD were reduced significantly compared with control
rats (P<0.01). However, there were no differences between rats
in the COPD group and those in the COPD + anti-BDNF or
COPD + NS groups (P>0.05; Fig. 2C). These results indicated
that anti-BDNF intervention did not affect lung function or
histopathological findings.

BDNF expression in the airway. BDNF-like immunoreactivity
(red arrow) was indicated by brown staining of bronchial and
lung tissues, predominantly in the cytoplasm of epithelial cells
in the peribronchial region (Fig. 3A). The BDNF expression
level measured by western blotting was significantly increased
in the COPD group compared with the control group (P<0.01).
However, this level was decreased in the COPD + anti-BDNF
group compared with the COPD group (P<0.01). BDNF
expression did not significantly differ between the COPD and
COPD + NS groups (P>0.05; Fig. 3B). BDNF concentrations
measured by enzyme-linked immunosorbent assay showed
similar results. The BDNF concentration was higher in the
COPD group than in the control group (P<0.01). Conversely,
the BDNF concentration was lower in the COPD + anti-BDNF
group than in the COPD group (P<0.05). The BDNF concentra-
tion did not significantly differ between the COPD and COPD
+ NS groups (P>0.05; Fig. 3C). These results indicated that
anti-BDNF antibody injection could reduce BDNF expression
level in the airway.

Oxidative stress in the airway. Long-term cigarette smoking
induces oxidative stress (21). Therefore, the levels of MDA,
SOD and GSH in the airway and lung were measured. After
cigarette smoke exposure, the level of MDA was significantly
increased in the COPD group compared with the control
group (P<0.01), and was significantly decreased in the COPD
+ anti-BDNF group compared with the COPD group (P<0.01).
The MDA level did not significantly differ between the COPD

EXPERIMENTAL AND THERAPEUTIC MEDICINE 22: 1116, 2021 3

and COPD + NS groups (P>0.05; Fig. 4A). By contrast,
the levels of SOD and GSH were significantly decreased
in the COPD group compared with the control group (both
P<0.01), and were increased in the COPD + anti-BDNF group
compared with the COPD group (both P<0.01). The SOD and
GSH levels did not significantly differ between the COPD and
COPD + NS groups (both P>0.05; Fig. 4B and C). These data
demonstrated that anti-BDNF could improve the imbalance of
oxidation and antioxidation in the airway and lung.

Pro-inflammatory cytokines in the airway. Inflammation
is an important component of COPD pathogenesis (22). In
this study, levels of the representative inflammatory markers
TNF-a and IL-6 were examined. The levels of both markers
were significantly increased in the COPD group compared
with the control group (both P<0.01). However, the levels of
these markers were decreased in the COPD + anti-BDNF
group compared with the COPD group (P<0.05 and P<0.01,
respectively). The levels of TNF-a and IL-6 did not signifi-
cantly differ between the COPD group and the COPD + NS
group (both P>0.05; Fig. 5A and B). These results indicated
that anti-BDNF treatment could alleviate smoking-induced
airway inflammation.

Discussion

COPD is a common respiratory disease characterized by
progressive and irreversible airway obstruction. Because of
the long course of disease, repeated episodes, delays, exacer-
bation and reduced quality of life, patients with COPD often
experience anxiety and depression (23). BDNF is a protein
synthesized in the brain and then widely distributed in the
central nervous system. BDNF plays an important role in the
survival, differentiation, and growth of neurons (24). Notably,
it can prevent neurons from being damaged and undergoing
apoptosis, in addition to promoting the regeneration and
differentiation of damaged neurons (25). Therefore, BDNF is
an important target of antidepressant treatment (26,27).

Previous studies have reported that BDNF is closely
associated with multiple pulmonary diseases (28-31). BDNF
has shown an association with allergic airway inflamma-
tion, especially asthma (32). Air pollutant exposure is a risk
factor for the development of allergic diseases and respira-
tory infections (33). Active smoking and secondhand smoke
can both potentiate the effects of other allergens. In a mouse
model of allergic asthma, BDNF contributed to airway hyper-
reactivity and allergic inflammation (16). Airway BDNF
secretion is regulated at multiple levels, thus influencing
airway contractility and remodeling (29,34). Specific BDNF
gene polymorphisms may contribute to bronchial asthma
susceptibility, and a positive association between selected
functional BDNF polymorphisms (i.e., 1s6265) and asthma has
been suggested in children (35).

However, to the best of our knowledge, there have been
few studies regarding the relationship between BDNF expres-
sion and airway inflammation in patients with COPD. In the
present study, the effects of anti-BDNF treatment on airway
inflammation and lung function in a rat model of COPD were
explored. The results indicated that cigarette smoking could
induce BDNF expression in the airway. Although anti-BDNF
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Figure 2. Effect of anti-BDNF treatment on airway inflammation and lung function. (A) Histological changes observed in the lung tissues. Inflammatory cells
were marked by red arrows. In the control group, the alveoli exhibited uniform size, and there was no obvious inflammatory cell infiltration in the airway. In
the COPD group, the bronchial mucosa epithelium was necrotic and exhibited exfoliation with infiltrating inflammatory cells. Additionally, multiple alveoli
were fused to form pulmonary bullae. In the COPD + anti-BDNF group, inflammatory cells in the airway were slightly reduced compared with the COPD
group, but alveolar fusion was similar to that observed in the COPD group. Pulmonary histopathological changes in the COPD + NS group were similar to
those in the COPD group. Scale bar, 200 ym. (B) Numbers of inflammatory cells and mean size of alveoli. Cigarette smoke inhalation may cause airway
inflammation, emphysema and inflammatory cell infiltration of bronchial tissue. The numbers of inflammatory cells were greater in the COPD group than in
the control group. When rats were treated with anti-BDNF antibody, the number of inflammatory cells was significantly lower than that in the COPD group.
There were no significant differences between the COPD + anti-BDNF and COPD + NS groups. The alveolar space was markedly dilated in the COPD, COPD
+ anti-BDNF and COPD + NS groups, indicating that anti-BDNF antibody treatment did not improve emphysema. (C) Lung functions. After cigarette smoke
exposure, lung function indices (FEV,,/FVC% and PEF) were significantly decreased compared with the control group. Anti-BDNF antibody and NS injection
both caused no significant changes in the COPD + anti-BDNF or COPD + NS group relative to the COPD group. n=7 rats per group. “P<0.01 vs. COPD group.
COPD, chronic obstructive pulmonary disease; BDNF, brain-derived neurotrophic factor; NS, normal saline; FEV,, forced expiratory volume at 0.2 sec; FVC,
forced vital capacity; PEF, peak expiratory flow.
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Figure 3. BDNF expression levels in the lung. (A) Immunohistochemistry of BDNF expression levels (brown staining, red arrow) in the airway. In the COPD
group, the BDNF expression level was significantly increased compared with the control group, whereas it was decreased in the COPD + anti-BDNF group. In the
COPD + NS group, the BDNF expression level was similar to that in the COPD group. BDNF-like immunoreactivity was indicated by brown staining in bronchi
and lung tissues, predominantly in the cytoplasm of epithelial cells in the peribronchial region. Scale bar, 100 ym. (B) Western blotting of BDNF expression in
the airway. Similar to the immunohistochemistry findings, BDNF expression, as detected by western blotting, was increased in the COPD group compared with
the control group. The ratio of BDNF/GAPDH was near 0.8 in the COPD group (vs. 0.2 in the control group), but decreased in the COPD + anti-BDNF group.
BDNF expression did not differ between the COPD + anti-BDNF and COPD + NS groups. (C) Enzyme-linked immunosorbent assay measurement of BDNF
concentrations. The BDNF concentration was higher in the COPD group than in the control group, but decreased upon treatment with anti-BDNF antibody.
The BDNF concentration did not differ between the COPD + anti-BDNF and COPD + NS groups. n=7 rats per group. 'P<0.05, “P<0.01 vs. COPD group.
COPD, chronic obstructive pulmonary disease; BDNF, brain-derived neurotrophic factor; NS, normal saline.
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Figure 4. Effect of anti-BDNF treatment on oxidative stress. Levels of (A) MDA, (B) SOD and (C) GSH. Cigarette smoke exposure may induce an imbalance
between oxidation and antioxidation in the airway. The level of MDA was increased, whereas those of SOD and GSH were decreased, in the COPD group
compared with the control group. After anti-BDNF antibody administration, the levels of MDA, SOD and GSH were improved. There was no difference in the
MDA, SOD or GSH level between the COPD and COPD + NS groups. n=7 rats per group. ~"P<0.01 vs. COPD group. MDA, malondialdehyde; GSH, glutathione
peroxidase; SOD, superoxide dismutase; COPD, chronic obstructive pulmonary disease; BDNF, brain-derived neurotrophic factor; NS, normal saline.

treatment did not improve lung function in rats with COPD,
the inflammatory cytokine levels and imbalance between
oxidation and antioxidation in the airway were alleviated.
Regarding the underlying mechanism, increased BDNF may
promote airway irritability via the nervous system, modulate
epithelium-derived bronchodilator responses, or increase
airway smooth muscle [Ca®*]; and contractility, especially
in the presence of inflammatory cytokines (36). BDNF may
modulate airway remodeling via proliferation, migration, and
secretion of inflammatory mediators and modulators (37).
Furthermore, BDNF secretion is controlled by nerves. As a
growth factor, BDNF (potentially derived from local tissues
or nerves themselves) can enhance the survival or expansion
of receptive fields of sensory nerve endings (38). Importantly,
increased BDNF expression and secretion by airway smooth
muscle in the inflamed airway may act on postganglionic
parasympathetic airway nerves (39). Given that neuronal
activity itself can enhance BDNF expression and release, a
positive feedback cycle may be established in the disease state,
which would promote nerve expansion (40). BDNF can also
enhance the expression levels of other receptors, and synaptic
transmission, thereby enhancing bronchoconstriction (41,42).
In patients with COPD, abnormal activity of the vagal nerve
innervating the airway may lead to increased secretion of
BDNF and further aggravation of airway inflammation, thus
affecting respiratory function (17). However, in the present
study, anti-BDNF treatment did not improve lung function in
the experimental rats. This may be related to the short-duration
cigarette smoke exposure. Therefore, further experiments are
needed with longer smoke exposure to confirm whether BDNF
has an effect on lung function.

There are a number of limitations to the present study. Smoke
exposure is a key causative factor of COPD, however, alterna-
tive factors, such as environmental pollution and infection may
also impact the pathophysiological process of COPD. Thus,
further investigation into the role of anti-BDNF treatment in the
improvement of airway inflammation in COPD induced by fine
particulate matter exposure or respiratory infection is required.

In conclusion, this study showed that cigarette smoke
exposure could lead to increased BDNF expression levels in
the airway of rats with COPD. Thus, BDNF may be related
to airway inflammation. Anti-BDNF treatment could alleviate
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Figure 5. Effect of anti-BDNF treatment on pro-inflammatory cytokines.
Levels of (A) TNF-a and (B) IL-6. Cigarette smoking exposure may induce
airway inflammation. Levels of TNF-a and IL-6 were increased in the COPD
group compared with the control group. The levels decreased after anti-BDNF
antibody administration compared with the COPD group. There was no
difference in the TNF-a or IL-6 level between the COPD and COPD + NS
groups. n=7 rats per group. "P<0.05, “P<0.01 vs. COPD group. COPD, chronic
obstructive pulmonary disease; BDNF, brain-derived neurotrophic factor; NS,
normal saline; IL-6, interleukin-6; TNF-o tumor, necrosis factor-a.

airway inflammation and improve the imbalance between
oxidation and antioxidation in the airway.
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