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Abstract: The aim of this study is to investigate the pro-
tective effects of glaucocalyxin A (GLA) on airways in
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mouse models of asthma, concerning the inflammatory
mediators, Th1/Th2 subgroup imbalance, and Toll-like
receptor 4 (TLR4)/NF-xB signaling pathway. Hematoxylin
and eosin/periodic acid-Schiff staining was used to
observe the pathological changes in lung tissues.
Inflammatory cytokine contents in the bronchoalveolar
lavage fluid were detected by enzyme-linked immunosor-
bent assay. Protein expression levels were detected with
Western blot, immunohistochemistry, and immunofluo-
rescence. In vivo studies showed that, in ovalbumin (OVA)-
induced asthmatic mouse models, the GLA treatments
reduced the airway hyperresponsiveness and the secre-
tion of inflammatory cells, declined the proliferation of
goblet cells, decreased the levels of IL-4, IL-5, and IL-13,
and increased the contents of interferon-y and IL-12.
Moreover, GLA inhibited the protein expression levels
of TLR4, MyD88, TRAF6, and NF-«xB in OVA-induced asth-
matic mouse models. Further in vitro studies showed that
GLA inhibited the expression of NF-xB, p-IkBa, tumor
necrosis factor-a, IL-6, and IL-1B and blocked the nuclear
transfer of NF-kB in lipopolysaccharide-stimulated
RAW264.7 macrophages. Conclusively, GLA can inhibit
the inflammatory responses in OVA-induced asthmatic
mice and inhibit the release of inflammatory factors in
LPS-induced RAW264.7 macrophages, which may be
related to the inhibition of TLR4/NF-kB signaling pathway.

Keywords: glaucocalyxin A, asthma, airway, TLR4/NF-xB
signaling pathway, inflammatory responses

1 Introduction

Bronchial asthma is a common chronic disease of the
respiratory system, mainly mediated by the effector cells
(such as eosinophils). Bronchial asthma is always accom-
panied by the accumulation of various inflammatory
factors, which might lead to bronchial lumen stenosis
and pathological changes in the lung tissue. Nowadays,
increasing environmental pollution, involuntarily external
contact, and instantaneous emotional changes would
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represent the inducing factors for bronchial asthma,
bringing huge physical and mental suffering to patients
[1,2].

For the patients with bronchial asthma, the respira-
tory tract is highly sensitive to the external factors. On the
other hand, in the human bodies, the differentiation
of the ThO cells into the Th2 cells, together with the
excessive formation of IgE and inflammatory mediators,
would lead to hypersensitivity and inflammatory-water-
fall effects [3,4]. Moreover, the Th2 cells would infiltrate
into the airway tract and lung tissue, which can stimu-
late the airway mucosa and epithelial smooth muscle to
produce more inflammatory factors, thus aggravating
the inflammatory infiltration and ultimately leading to
asthma [5,6]. In recent years, the Toll-like receptor 4
(TLR4)/NF-xB signaling pathway and the airway inflam-
mation have attracted much attention in asthma research.

TLR4 adaptively activates the immune-related genes in
the immune responses, which identifies various pathogen-
associated molecular patterns (PAMPs, such as lipopoly-
saccharide [LPS]), and therefore represents the primary
barrier against allergic diseases. After activation, the
inflammatory mediators increase and the nonspecific
immunity predominates, causing immune imbalance
and leading to asthma. On the other hand, in an acti-
vated state, NF-kB would be transferred into the nucleus
and bind to a specific sequence of DNA, therefore invol-
ving in the regulation of cellular immune responses
[7,8]. In a previous study, the asthmatic mice were
divided into two groups. In the first group with the pre-
sence of the p50 gene and c-Rel subunit of NF-kB, the
asthmatic symptoms were obvious after challenging;
while in the second group with NF-kB p50 gene knocked
out and the c-Rel subunit silencing, the mice had no
obvious asthmatic symptoms (no high sensitivity) after
challenging [9]. These findings suggest that the occur-
rence of asthma airway inflammation cascade may be
related to the expression of NF-kB.

The first defense barrier of the body’s immune
response against the invading pathogens is achieved
by the pattern recognition receptors on the antigen
presenting cells, in combination with the PAMPs. When
stimulated by the allergen (such as the infection or
inflammatory mediators), TLR4 would bind to PAMPs
to transfer the signal into the cells, by acting with the
linker molecule MyD88. Thereafter, NF-kB migrates into
the nucleus to couple with the DNA-specific sequence
fragments [10,11], including the tumor necrosis factor
(TNF)-a, cyclooxygenase 2, IL-4, and IL-5. Activation of
NF-xB initiates the expression of a variety of inflammatory
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mediators, thus inducing the inflammatory reactions
[12,13]. However, the signaling regulation is somewhat
restrictive. If the pathway is continuously activated, it
will lead to the overexpression of related inflammatory
factors, further resulting in the inflammatory reaction
and even autoimmune diseases. On the contrary, under
the weak pathway signaling condition, inflammatory
factors are insufficiently synthesized, and the immune
system is unable to form a barrier to protect the body. It
has been shown that the activated signaling pathway
would block the downstream processes, which makes
NF-kB fail to bind to DNA or promote DNA self-repairing,
thereby regulating the body’s immune response [14].

Glaucocalyxin A (GLA) is a diterpenoid compound
extracted from cymbidium calyx [15,16]. GLA has the
effects of clearing heat and detoxification, promoting
blood circulation, and removing blood stasis in tradi-
tional Chinese medicine [17]. In recent years, the anti-
inflammatory, immune protection, and anti-tumor effects
of GLA have also been demonstrated. For example, GLA
can regulate the cellular inflammatory responses by inhib-
iting the NF-xB signaling pathway. Moreover, GLA can
attenuate allergic responses and inhibit mast cell degra-
nulation through p38MAPK/NrF2/HO-1 and HMGB1/TLR4/
NF-xB pathways [18]. In addition, it is shown that GLA
could reverse the lung fibrosis in mice [19]. However, there
are few studies concerning the role and mechanism of GLA
in asthma.

In this study, to investigate whether GLA could inhibit
the occurrence of bronchial asthma, a mouse model of
asthma was established with ovalbumin (OVA). The
inhibitory effects of GLA on the TLR4/NF-xB signaling
pathway in the asthmatic mice were analyzed.

2 Materials and methods

2.1 Study animals

A total of 40 female BALB/C mice (6-8 weeks old;
weighing 18-20 g) were purchased from the Yanbian
University Animal Experimental Center. These animals
were kept in a 12/12 h light and dark cycle, with free access
to standard food and drinking water. These mice were
randomly divided into the following five groups (n = 8
each group): the saline (SAL), OVA-sensitized, dexa-
methasone (1 mg/kg) (Dex), and 10 and 20 mg/kg GLA
groups. Animal experimental procedures were approved
by the Yanbian University Medical Ethics Committee.
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2.2 Cell culture and treatment

For the in vitro model, RAW264.7 cells were cultured with
dulbecco’s modified eagle medium containing 10% fetal
calf serum, 4 mmol/L glutamine, and 1% penicillin-strep-
tomycin (Gibco) under 5% CO, at 37°C. For treatment,
cells were first stimulated with LPS (100 ng/mL) for 24 h
and then treated with different concentrations of GLA (0, 0.1,
1, and 5 puM) for another 24 h as previously reported [20].
GLA was purchased from Shanghai Yuanye Biotechnology
(Cat. No., B20698; China). The purity of GLA was over 99%,
which was white crystal, with the melting point of 513.4°C.
The chemical structure of GLA is shown in Figure 1.

2.3 Chronic allergic asthma model
establishment

Animals were adaptively reared for 1 week. Then, on days
1, 8, and 15, except for the SAL group, the mice from other
groups were sensitized with 20 pL of OVA (Sigma-Aldrich
Co, USA) + 2.25mg aluminum hydroxide adjuvant (Al
(OH)3, Sigma-Aldrich Co, USA) in 200 pL intraperitoneal
injection (Figure 2). On day 22, the mice were challenged
with 3% OVA, through aerosol infusion for 1/2h, for 7
consecutive days. At 1h before the fifth day of nebuliza-
tion, 1 mg/kg Dex and 10 mg/kg (or 20 mg/kg) GLA were
injected into the peritoneal cavity, for 3 consecutive days.
The GLA dose was determined based on the previous
study [19]. After the challenge, the mice showed typical
symptoms of asthma, including shortness of breath,
snoring, irritability, and fear.

2.4 Bronchoalveolar lavage fluid (BALF) and
lung sample preparation

At 24 h after the last nebulization, the mice were anesthe-
tized by ether. After disinfection, a longitudinal cut was
made on the neck skin, and the tissues were separated

Figure 1: Chemical structure of GLA (C20H2804).
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Day 1 8 15

Sensitization (i.p.)
20ugOVA+2.25mgAl(OH),

OVA or PBS challenge (aerosol)
10mg/ml OVA in PBS or PBS only

10,20mg/kg GLA in 10% DMSO

Day 22 23 24 25 26 27 28 29

Figure 2: Flow chart for the establishment of mouse asthma model
(N = 8).

until the trachea was exposed. A small opening was cut,
and the catheter was inserted and tied with surgical
thread. The lungs were repeatedly flushed three times
with 0.5 mL of cold SAL, and the volume of BALF was
not less than 0.4 mL. BALF was centrifuged at 500xg at
4°C for 5min, and the supernatant was kept at —80°C.
Remaining cell suspensions were used to prepare the
cyto-smears. Moreover, the lung was collected.

2.5 Airway hyperresponsiveness
assessment

All animals underwent bronchial stimulation test at 24 h
after inhalation of OVA. The mice were anesthetized
by the intraperitoneal injection of 4% pentobarbital at
the dose of 60 mg/kg body weight. After the pain reflex
disappeared, the mice were placed supine in the plethys-
mography box of experimental Animal Lung Function
Detection and Analysis System (AniRes2005, Beijing
Bellambo Technology Co., Ltd.), and the skin was cut
open to separate the subcutaneous tissues. The exposed
trachea was connected to an animal ventilator and an
endotracheal tube was inserted. The external jugular
vein was dissociated and punctured, the needle handle
was fixed, and the body tracing box was closed. Metha-
choline (2.5, 5.0, 10, 25, and 50 g/L) was injected intra-
venously (0.2mL each time) through the external jugular
vein. The bronchopulmonary resistances were expressed
as enhanced pauses (Penh). The results were expressed as
the percentage increase in Penh over the baseline, where
the baseline Penh was expressed as 100%.

2.6 BALF and inflammatory cell counts

The BALF was centrifuged at 50xg for 10 min, and the
precipitate was resuspended in 500 pL of normal SAL.
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To count the inflammatory cells, a total of 300 cells
were enumerated from three different random sites of
each smear under 1,000x magnification. The number of
macrophages, lymphocytes, eosinophils, and neutrophils
and the total number of cells were determined.

2.7 Histological staining

The lung tissue was fixed in formaldehyde, dehydrated,
paraffin-embedded, and cut into 4 pm sections. Sections
were stained with hematoxylin and eosin (H&E) to assess
the lung inflammation. More than five high-power fields
were randomly selected from each group to observe the
histopathological changes. The severity of peribronchial
inflammation was graded semiquantitatively using the
following criteria: O points, normal; 1 point, few cells;
2 points, a ring of inflammatory cells of 1 layer; 3 points,
a ring of inflammatory cells of 2-4 layers; and 4 points, a
ring of inflammatory cells of 4 layers. Periodic acid—Schiff
(PAS) staining was also performed to observe goblet cell
proliferation and mucus production. The number of
PAS-positive cells (goblet cells) and the number of
epithelial cells were counted. According to previous
studies [21,22], the percentage of PAS-positive goblet
cells was calculated as the ratio of the number of goblet
cells to the total number of epithelial cells in the
bronchus

2.8 Enzyme-linked immunosorbent assay
(ELISA)

The contents of IL-4, IL-5, IL-12, IL-13, and interferon-y
(IFN-y) in BALF were determined with ELISA kits (R&D
systems, USA), according to the manufacturer’s instructions.
Briefly, the biotin antibody, enzyme-conjugated working
solution, and substrate solution were sequentially added
to the plate, and the plate was washed between the tests
for different samples. Optical density was measured by
a microplate reader, and the concentrations were calcu-
lated based on the standard curves.

For the measurement of TNF-q, IL-6, and IL-1f pro-
duced by GLA-treated macrophages, the RAW264.7 cells
were stimulated with LPS, in the presence or absence of
GLA (0.1, 1, and 5 pM, respectively), at 37°C for 24 h. The
culture supernatant was harvested and prepared. The
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cytokine concentrations were determined with the kits
as described above.

2.9 Immunohistochemistry

The expression levels of TLR4 in the lung samples were
detected with immunohistochemistry. The sections were
placed in a 60°C dryer, which were then subjected to the
treatment of xylene de-paraffin, dehydration with gra-
dient ethanol, and citrate antigen repairing. The sections
were incubated with the anti-TLR4 (#20379, 1:1,000;
Beijing Biosynthesis Biotechnology Co., Ltd, China) at
4°C overnight. Then, the section was incubated with
anti-mouse secondary antibody (# 5151, 1:1,500; Cell
Signaling Technology, USA) at room temperature for
1h. Color development was performed with the diami-
nobenzidine method. After hematoxylin counterstaining,
dehydrating, and washing, the sections were observed
under microscope. Five different fields of view were ran-
domly selected and observed at 400x magnification.

2.10 Western blot analysis

Tissues and cells were lysed for protein extraction. Protein
concentrations were determined with the bicinchoninic
acid methods. The protein samples were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and then electronically transferred onto the mem-
brane. The membranes were blocked with the skimmed
milk at room temperature for 1h and then washed before
antibody incubation. For the detection of protein levels in
tissues, the membrane was incubated with primary anti-
bodies of TLR4, NF-xB (#8242, 1:1,000), MyD88 (#50010,
1:1,000), IxB-a (#4814, 1:1,000), TRAF6 (#8028, 1:1,000),
and B-actin (#3700, 1:1,500) at 4°C overnight. For the
detection of protein levels in cells, the membrane was incu-
bated with primary antibodies of NF-kB (#8242, 1:1,000),
p-IkBa (#9246, 1:1,000), IxB-a (#4814, 1:1,000), and gly-
ceraldehyde-3-phosphate dehydrogenase (GAPDH) (#97166,
1:1,000) at 4°C overnight. After washing, the membrane
was incubated with anti-mouse secondary antibody (#5151,
1:1,500) at room temperature for 1h. The aforementioned
antibodies are all from Cell Signaling Technology. Color
development was performed with the electrochemilumines-
cence method. The images of the protein bands were
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obtained and analyzed by Image] software. B-Actin and
GAPDH were used as internal reference.

2.11 Immunofluorescence

The expression level of NF-kBp65 was detected with
immunofluorescence. The lung tissue section was degraded
with ethanol gradients, repaired with citrate antigen.
For the detection of NF-kBp65 in the RAW264.7 cells,
treated cells were fixed with 4% paraformaldehyde.
The prepared lung sections and cells were permeabilized
with 0.2% Triton X-100. After blocking with 10% goat
serum, the samples were incubated with anti-NF-kBp65
(#8242, 1:1,000; Cell Signaling Technology) at 4°C over-
night. Then, the samples were incubated with Donkey Anti-
Rabbit IgG H&L (Alexa Fluor® 488) (ab150073) for 2h at
room temperature. The immunofluorescence was observed
with laser confocal microscopy (Cytaion 5, Beckman, USA).

2.12 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT)
assay

The cells in the logarithmic growth phase were subjected
to the viability assessment with the MTT assay. Cells were
seeded on the 96-well plate and treated with different
concentrations of GLA (0, 0.1, 1, and 5uM). When the
confluence reached 80%, each well was incubated with
5mg/mL of MTT for 4 h. Then, the supernatant was dis-
carded, and 150 uL of dimethyl sulfoxide (#12611; Cell
Signaling Technology) was added. The optical density
at 570 nm was measured with a microplate reader (Bio-
Rad Labs, Sunnyvale, CA, USA), and cell viability was
calculated accordingly.

2.13 Statistical analysis

Data were expressed as mean + SD. SPSS 22.0 software
(SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. Data distribution was analyzed. The ¢t-test was
used for the pairwise group comparison of data with
normal distribution. Multiple comparisons among groups
were performed using analysis of variance (ANOVA) (for
data with normal distribution) or Wilcoxon’s rank-sum test
(for data with non-normal distribution). The experiment
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was repeated three times. P < 0.05 was considered sta-
tistically significant.

3 Results

3.1 Effects of GLA on airway
hyperresponsiveness

As the concentration of methylacetylcholine increased
exponentially, inspiratory resistance was increased in
both the OVA group and the SAL control group. When the
concentration reached more than 10 g/L, there was a signif-
icant difference between the OVA + GLA group and the OVA
group (P < 0. 01), as shown in Figure 3. This suggests that
GLA could inhibit airway hyperresponsiveness.

3.2 Effects of GLA on inflammatory cells

The total cells and inflammatory cells in the BALF were
counted. Our results showed that, compared with the SAL
group, the counts of the total cells, macrophages, lympho-
cytes, eosinophils, and neutrophils in the OVA-sensitized
group were significantly higher, which were decreased in
the GLA groups with different doses, with statistical signif-
icance for the high-dose GLA group (P < 0.05) (Figure 4).

3.3 Effects of GLA on lung histopathology

Next, the effects of GLA on the pathological features of
lung tissue were detected by the H&E and PAS staining.

800~ -e- SAL
= OVA

600 — OVA+GLA10 #
< -+ OVA+GLA20
< - OVA+DEX ”

400
& #*
o

200+

Figure 3: Effects of GLA on the airway hyperresponsiveness (AHR) to
methacholine. The baseline Penh of the SAL-treated control group is
considered 100%. The percentage increase in Penh over the base-
line is shown. N = 3; #P < 0. 01 vs the SAL group; "P < 0.05 vs the
OVA group; analyzed by ANOVA.
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4001 = Total Our results from the H&E staining showed that, compared
P —— with the SAL group, a large amount of secretion around

B Eosinophils the airway wall was observed, to cause mucus plug accu-

. O Lymphocytes ~ mulation, in the OVA-sensitized group (Figure 5a). How-
i B2 Neutrophils ever, after the GLA treatment, inflammatory secretion
around the airway was reduced, in a dose-dependent
manner. Moreover, the pathological changes of lung
tissue in the Dex group were lighter, with no mucus
plug formation. Statistically, OVA treatment induced sig-
nificantly increased inflammation score than control,
while GLA and Dex treatment significantly decreased
inflammation score than OVA (P < 0.05) (Figure 5b).
These results suggest that GLA can reverse the patho-
logical damages of lung tissue in asthmatic mice. On
Figure 4: Effects of GLA on inflammatory cell counts in BALF. The the other hand, our results from the PAS staining showed
numbers of total inflammatory cells, macrophages, lymphocytes, the adhesion of inflammatory cells and the invasion of
eosinophils, and neutrophils were counted in the BALF in the SAL,  goblet cells in the SAL group (Figure 5a). However, in the
OVA-sensitized, Dex (1mg/kg), and 10 and 20 mg/kg GLA groups.  QVA-sensitized group, a large number of inflammatory

. # . : . .
Compared with the SAL*group, P < 0.05; and compared with the cells were observed around the airway wall, with the
OVA-sensitized group, P < 0.05. N = 3; analyzed by ANOVA.
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Figure 5: Effects of GLA on histological changes in lung tissues of OVA-sensitized asthmatic mice. (a) Lung sections were stained with H&E
(200x%) to measure the inflammatory cell infiltration and stained with PAS (400x) to detect the goblet cell hyperplasia, in the SAL, OVA-
sensitized, Dex (1 mg/kg), and 10 and 20 mg/kg GLA groups. (b) Inflammation score and percentage of PAS (+) cells. #p < 0.05 vs the control
mice, “P < 0.05 vs the OVA mice. N = 3; analyzed by ANOVA.
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excessive invasion of goblet cells. Moreover, these patho-
logical damages were improved in the GLA groups of
different doses, in which the numbers of inflammatory
cells and goblet cells were reduced. Statistically, com-
pared to control, OVA treatment significantly increased
the percentage of PAS(+) cells. However, compared with
OVA, GLA and Dex treatment significantly decreased the
percentage of PAS(+) cells (P < 0.05) (Figure 5b). These
results suggest that GLA can inhibit the formation of
mucus plugs around the airway wall and the proliferation
of goblet cells.

3.4 Effects of GLA on cytokine expression
levels

Subsequently, the expression levels of IL-4, IL-5, IL-13,
IL-12, and IFN-y were determined by ELISA. Our results
showed that, compared with the SAL group, the expres-
sion levels of IL-12 and IFN-y were significantly decreased
(Figure 6a), while the expression levels of IL-4, IL-5, and
IL-13 were significantly increased (Figure 6b) in the OVA-
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sensitized group. However, after the treatment of GLA at
appropriate concentrations, the expression levels of IL-12
and IFN-y were significantly increased (P < 0.05), while
the expression levels of IL-4, IL-5, and IL-13 were signifi-
cantly decreased (P < 0.05). These results suggest that
GLA may have regulatory effects on related cytokine
expression levels during the asthma attack.

3.5 Effects of GLA on TLR4 protein
expression

Immunohistochemistry was performed to observe the
expression levels of TLR4 in the lung tissue. Our results
showed that there were no pathological damages in
the lung tissue in the SAL group, and the TLR4 expres-
sion was rarely seen. However, in the OVA-sensitized
group, a large amount of TLR4 protein expression was
observed (staining dark brown-yellow). Moreover, after
the GLA treatment, the expression levels of TLR4 around
the bronchi were reduced, which was more obvious in the
lung tissue for the high-dose GLA group (Figure 7).

250 -
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Figure 6: Effects of GLA on cytokine expression levels. (a) Levels of IL-4, IL-5, and IL-13 in the BALF were analyzed using ELISA. (b) Levels of
IL-12 and IFN-y in the BALF were analyzed using ELISA. Compared with the SAL group, #P < 0.05; and compared with the OVA-sensitized

group, "P < 0.05. N = 3; analyzed by ANOVA.

TLR4

OVA+DEX

¥ i~

Figure 7: Immunohistochemical staining of lung tissues in asthmatic mice. Representative histological images of the lung tissues in the SAL,
OVA-sensitized, Dex (1 mg/kg), and 10 and 20 mg/kg GLA groups (200x).
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3.6 Effects of TLR4, NF-kBp65, TRAF-6,
IkB-a, and MyD88 expression levels

The TLR4/NF-kB signaling pathway plays an important
role in the mechanism underlying the asthmatic inflam-
matory response. Therefore, the effects of GLA on the
expression levels of related proteins (TLR4, NF-xB, IxB-a,
TRAF6, and MyD88) in the signaling pathway were inves-
tigated by Western blot analysis. As shown in Figure 8,
our results showed that the expression levels of TLR4,
MyD88, NF-kB (nucleus), and TRAF6 were significantly
increased, while the expression levels of NF-kB (cytosol)
and IkB-a were significantly decreased, in the OVA-sensi-
tized group. In the GLA groups with different doses, the
expression levels of TLR4, MyD88, NF-xB (nucleus), and
TRAF6 were significantly decreased (P < 0.05), while the
expression levels of NF-kB (cytosol) and IxB-a were sig-
nificantly increased (P < 0.05), in a dose-dependent
manner. These results suggest that GLA may inhibit
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the nuclear transfer of NF-kB by interfering with the
activation of NF-xB.

3.7 Effects of GLA on NF-kBp65 expression
levels in the lung tissue

To investigate the effects of GLA on NF-kBp65 expression
levels in the lung tissue, immunofluorescence was per-
formed. As shown in Figure 9, our results showed that
compared with the SAL group, the expression level of
NF-kBp65 was significantly increased in the OVA-sensi-
tized group. Moreover, after the treatments of GLA, the
expression level of NF-kBp65 was decreased in a dose-
dependent manner compared with the OVA-sensitized
group. These results suggest that GLA can significantly
inhibit the expression level of NF-kBp65 in the lung
tissue.
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Figure 8: Effects of GLA on TLR4, NF-kBp65, TRAF-6, IkB-a, and MyD88 expression and NF-kB translocation. (a) The protein expression levels
of TLR4, NF-kBp65 (nucleus), TRAF-6, IkB-a, and MyD88 expression, as well as the NF-kB translocation, in the SAL, OVA-sensitized, Dex
(1mg/kg), and 10 and 20 mg/kg GLA groups, were detected with Western blot analysis. (b) The protein expression levels of NF-kBp65

(cytosol) and IkB-a expression, as well as the NF-kB translocation, in the SAL, OVA-sensitized, Dex (1 mg/kg), and 10 and 20 mg/kg GLA
groups, were detected with Western blot analysis. Compared with the SAL group, #P < 0.05; and compared with the OVA-sensitized group,

*P < 0.05. N = 3; analyzed by ANOVA.
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3.8 Effects of GLA on inflammatory
mediators and cytokines in LPS-
stimulated RAW264.7 cells

It has been shown that macrophages play important roles
in the development of allergic asthma. Therefore, the
effects of GLA on production of pro-inflammatory cyto-
kines, such as TNF-q, IL-6, and IL-1B, were investigated,
in the RAW264.7 cells treated with 100 ng/mL LPS, in the
presence or absence of GLA (0.1, 1, and 5pM, respec-
tively). As shown in Figure 10a, the expression levels of
TNF-q, IL-6, and IL-1B were significantly raised at 6 h
after the treatment of LPS, which were reversed by the
pretreatment of GLA. These results suggest that GLA can
inhibit the release of inflammatory mediators in LPS-induced

OVA+GLA10

Merge
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RAW264.7 cells. In addition, as shown in Figure 10b, the
macrophages were treated with LPS in the presence of
5puM GLA, exhibiting the highest cell survival rate.

3.9 Effects of GLA on LPS-induced NF-kB
nucleus translocation

Activation of NF-xB depends on the phosphorylation and
degradation of IkB-a. Therefore, the expression levels of
IxB-a, pIkB-a, and NF-kB were detected by Western blot
analysis. Our results showed that the expression levels
of pIkB-a and NF-xB were increased, while the IkB-a
expression level was decreased in the LPS-stimulated

OVA+GLA20 OVA+DEX

‘. .\ . .

Figure 9: Effects of GLA on nuclear transcription of NF-kBp65 in lung tissue. The nuclear transcription of NF-kBp65 in lung tissue in the SAL,
OVA-sensitized, Dex (1 mg/kg), and 10 and 20 mg/kg GLA groups was detected with immunofluorescence (200x). The fluorescent-specific

antibody (green) stained NF-kBp65.
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Figure 10: Effects of GLA on pro-inflammatory cytokine production and cellular viability. (a) Production of TNF-a, IL-6, and IL-1B in the LPS-
stimulated RAW264.7 cells, in the presence or absence of GLA (at indicated concentrations) was detected with ELISA. (b) Cell viability of the
LPS-induced macrophage RAW264.7, treated with GLA (at indicated concentrations), was detected with the MTT assay. Compared with the
SAL group, #P < 0.05; and compared with the LPS-treated group, ‘P < 0.05. N = 3; analyzed by ANOVA.

RAW264.7 cell culture medium. After the GLA treatment in the LPS group, NF-kBp65 expression was upregulated
at indicated concentrations (0, 0.1, 1, and 5pM), the significantly and, however, was downregulated after the
expression levels of plkB-a and NF-kB were decreased, GLA treatment dose dependently. These results suggest
while the IkB-a expression was increased (Figure 11), that GLA can inhibit the NF-kBp65 expression when chal-
with statistical significance for the GLA (5pM) group. lenged with LPS on RAW264.7 cells.

These results suggest that GLA can block the activation

of NF-xB by inhibiting the phosphorylation and degrada-

tion of IxB-a.

4 Discussion

3.10 Effects of GLA on LPS-induced level of In this study, the effects of GLA on the inflammatory
NF-kB expression responses in vivo and in vitro asthmatic models were
investigated, and the possibly underlying mechanisms

In order to further verify whether GLA inhibited the level of = concerning the TLR4/NF-B signaling pathway were ana-
NF-kBp65 by immunofluorescence. As shown in Figure 12, lyzed. Our results showed that GLA could inhibit the
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Figure 11: Effects of GLA on the expression of IkB-a, p-IkBa, and NF-kBp65. (a) Expression levels of IkB-a, p-IkBa, and NF-kBpé5 in the LPS-
stimulated RAW264.7 cells, in the presence or absence of GLA (at indicated concentrations), were detected with Western blot analysis. (b)
Statistical analysis of the expression levels of IkB-a, p-IkBa, and NF-kBp65. Compared with the SAL group, *P < 0.05; and compared with the
LPS-treated group, "P < 0.05. N = 3; analyzed by ANOVA.
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Figure 12: Effects of GLA on NF-kBp65 nuclear translocation in RAW264.7 cells. The expression level of NF-kBp65 in the LPS-stimulated
RAW264.7 cells, in the presence or absence of GLA (at indicated concentrations), was detected with immunofluorescence (200x). The

experiments were repeated at three times.

airway inflammation of OVA-induced asthmatic mice,
including alleviation of airway hyperreactivity, reduction
of inflammatory cells recruitment, and inhibition of the
mucus plug formation and goblet cell proliferation
around the airway. In addition, GLA reduced the expres-
sion levels of IL-4, IL-5, IL-13, TNF-a, IL-6, and IL-1f and
increased the production of IL-12 and IFN-y. GLA could
also downregulate the expression of TLR4 in the lung
of asthma mice. GLA blocked the TLR4/NF-xB signaling
pathway, consisting of TLR4, MyD88, TRAF6, as well as
IkB-a phosphorylation and NF-kB nuclear translocation.
In the in vitro settings, GLA reduced TNF-a, IL-6, and
IL-1B expressions after LPS challenge and the NF-«xB
expression and nuclear translocation. These results sug-
gest that GLA inhibits the inflammatory responses in
asthmatic mice by blocking the TLR4/NF-kB signaling
pathway.

T lymphocytes are divided into the CD4" and CD8"
cells according to the cell surface antigens. It is confirmed
that the CD4" cells can develop into the Th1 and Th2 sub-
groups, which can secrete a variety of cytokines and play
immunomodulatory roles in the pathogenesis of asthma.
IL-12 and IFN-y are important cytokines of Thl immune
response, while the IL-4, IL-5, and IL-13 are important
cytokines of Th2 immune response. Cytokine dysfunction
is a key factor in the asthma attack, i.e., the Th1/Th2
disorder. When the Th2 expression is hyperactive, the
IL-4 and IL-13 synthesize specific allergen IgE, which
binds to the eosinophil/mast cell membrane high-affinity
substance and induces the release of inflammatory water-
fall that causes asthma [23]. On the other hand, IL-12 can
indirectly inhibit the secretion of IL-4 and IL-13, prevent
ThO from differentiating into Th2, inhibit the immune
effect of Th2 subpopulation, reduce the IgE synthesis,
and decline the airway resistance and inflammatory infil-
tration, thereby improving the lung function. Hershey
et al. [24] have shown that IL-4 can cause a large amount

of eosinophil infiltration in the trachea, and the IL-4 gene
mutation is associated with atopic constitution and high
IgE syndrome. Moreover, Ruffilli and Bonini [25] have
found that the IL-4, IL-5, and IL-13 genes are located in
the 5g31-33 region, which are related to the serological
total IgE levels. In China, the factors causing asthma are
closely related to the gene expression of IL-12 in the body.
IL-12 is a proinflammatory cytokine, always secreted in
the form of heterodimers, which can induce the produc-
tion of IFN-y, promote the transition of ThO cells into Th1
cells, and participate in the in vivo immune responses.
Chen et al. [26] have shown that people without IL-12
are less likely to develop asthma compared to those
with IL-12. On the other hand, Kodama et al. [27] have
shown that IL-12 can increase the degranulation by eosi-
nophil, thus improving the asthma incidence. GLA is a
representative of diterpenoid compounds extracted from
cymbidium calyx. It is shown that GLA has anti-inflam-
matory, anti-tumor, and immunomodulatory effects [28].
Hou et al. [29] demonstrated that GLA could alleviate
LPS-induced septic shock and inflammation via inhi-
biting NLRP3 inflammasome activation. GLA dose-depen-
dently inhibited the production of IL-1fB after LPS stimu-
lation in vivo. Piao et al. [18] found that GLA significantly
reduced the production of cytokines, including IL-4,
TNF-a, IL-1B, IL-13, and IL-8, in the rat basophilic leu-
kemia cells, and peritoneal mast cells in vitro. Consistently,
our results showed that GLA reversed the pathological
damages of the lung tissues in asthmatic mice, reduced
the expression levels of IL-4, IL-5, IL-13, TNF-q, IL-6, and
IL-1B, and increased the production of IL-12 and IFN-y.
These results suggest that GLA may inhibit airway inflam-
mation in asthmatic mice by inhibiting the inflammatory
cytokine production.

TLRs represent the body’s innate immune recogni-
tion receptors. When microorganisms break through the
body barrier, TLR4 can immediately recognize the event
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and activate the body to regulate the cellular immune
responses [30,31]. LPS, as an activator of TLR4, is a potent
inflammation-inducing molecule. LPS is expressed in the
antigen-presenting cells by activating the MyD88/NF-kB
signal transduction, which promotes the production of
intracellular inflammatory transcription factors and med-
iates the occurrence and development of inflammatory
damages. For example, Saturnino et al. [32] have shown
that when asthma attack occurs, the spasm of airway
smooth muscle can aggravate the airway inflammation
and infection. Moreover, TLR4 induces the expression of
MyD88 and TRAF6 and promotes the secretion of pro-
inflammatory factors (such as IL-4, IL-5, and IL-13),
resulting in the airway inflammation and increasing
the mucus [32]. The TLR4/NF-kB signaling pathway
mediates the inflammatory responses. NF-kB is one of
the important factors involved in the pathogenesis of
asthma, which has been recognized as a therapeutic
target. Luo et al. [33] have shown the elevated expression
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of TRAF6 in the peripheral blood of allergic rhinitis. More-
over, Riba et al. [34] have shown that TRAF6 may be asso-
ciated with bronchial asthma. High expression of TRAF6
would activate the NF-kxB pathway, which ultimately leads
to the chronic inflammation and asthma. Kim et al. [20]
have shown that GLA inhibits the activation of NF-kB and
degradation of IkBa in LPS-induced microglia and inhibits
the production of proinflammatory cytokines TNF-a, IL-1p,
and IL-6 to play an anti-neuroinflammatory role. Yang
et al. [19] suggested that GLA could alleviate the infiltra-
tion of macrophages and neutrophils in lungs and inhib-
ited the activation of NF-xB in fibrotic lungs induced by
bleomycin. Chen et al. [26] revealed that GLA treatment
could inhibit the phosphorylation of NF-kBp65 and the
nuclear expression in vivo and in vitro in the melanoma
cells. Based on the above, we detected the related pro-
teins of TLR4/NF-xB signaling pathway. We found that
after treatments of GLA at appropriate concentrations, the
expression of TLR4 around the bronchi was significantly

inflammatory cell
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Figure 13: Schematic diagram of the role and mechanism of GLA in asthmatic inflammation. GLA could inhibit the airway inflammatory of
asthmatic mice. This effect might be through the downregulation of the expression of TLR4/NF-kB signaling pathways; the inhibition of IL-4,
IL-5, IL-13, TNF-a, IL-6, and IL-1B; and the enhancement of IL-12 and IFN-y levels, as well as inflammatory response mediated by neutrophils,

eosinophils, macrophages, and lymphocytes.
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decreased, which was least for the high-dose GLA group.
Moreover, our results showed that expression levels of
NF-xB were inhibited by the GLA treatment in the lung
tissue. This was validated by in vitro experiments in RAW264.7
macrophages. In summary (Figure 13), the antigens such
as endotoxin secreted by bacteria would act on the
TLR4 receptor on the cellular surface. MyD88 exerts
the biological effects through binding to TLR4, acti-
vating TRAF6, and promoting the activation of NF-xB
and its translocation into the nucleus. GLA could regulate
the Th1/Th2 balance; increase the IL-12 level; decrease the
IL-4, IL-5, and IL-13 levels; and inhibit the inflammatory
responses in asthma. Therefore, GLA may protect the
airway by blocking the TLR4/NF-kB signaling pathway.

4 Conclusion

In conclusion, our results showed that GLA inhibited the
waterfall-inflammatory responses in the asthmatic mice.
GLA downregulated the expression of related proteins
possibly by blocking the activation of the TLR4/NF-kB
signaling pathway. In view of the immunomodulatory
effects, the application of GLA in treating asthma deserves
further study. Based on these findings, GLA should be
further evaluated as an alternative of targeted drugs for
the clinical treatment of asthma.
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