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Platycodin D Attenuates Airway Inflammation in a Mouse
Model of Allergic Asthma by Regulation NF-kB Pathway

Tianzhu Zhang,l Shihai Yang,2 Juan Du,3 Yao Jinfu,l’4 and Wang Shumin'*

Abstract—In this work, the anti-asthma potential of platycodin D (PLD) was studied by investigation of
its effect to suppress airway inflammation, a murine model of asthma and the possible mechanisms. A
total of 50 mice were randomly assigned to five experimental groups: control, ovalbumin (OVA), OVA+
dexamethasone (2 mg/kg) and OVA+PLD (40, 80 mg/kg). Airway resistance (Raw) were measured;
airway histological studies were evaluated by the hematoxylin and eosin (HE) staining; interleukin-4
(IL-4), interleukin-5(IL-5), and interleukin-13 in bronchoalveolar lavage fluid (BALF) were evaluated
by enzyme-linked immunosorbent assay (ELISA); NF-kBp65, p-NF-kBp65, p-IKK e, IKK o, p-IKKf3,
p-IxkBx, and kB« of airway were measured by Western blotting. Our study demonstrated that PLD
inhibited OVA-induced increases in Raw and eosinophil count in airway; IL-4, IL-5, and IL-13 were
recovered in BALF. Histological studies demonstrated that PLD substantially inhibited OVA-induced
eosinophilia in airway tissue. Western blotting studies demonstrated that PLD substantially inhibited
NF-kB pathway. These findings suggest that PLD may effectively ameliorate the progression of asthma
and could be used as a therapy for patients with allergic asthma.

KEY WORDS: platycodin D; asthma; NF-«B pathway.

INTRODUCTION

Allergic diseases of the airway such as asthma or
allergic rhinitis are on the rise throughout the world, espe-
cially in western countries [1]. One of the most important
diseases is bronchial asthma, that is, defined as a chronic
inflammation of the bronchial airways and characterized
by reversible airway obstruction, increased mucus produc-
tion, and infiltration of the airway with eosinophils, neu-
trophils, mast cells, and T-lymphocytes [2]. Interleukin
(IL)-4 and IL-13, expressed by T-helper type 2 (Th2) cells,
are key cytokines in the pathogenesis of atopy and atopic
asthma [3, 4]. Both IL-4 and IL-13 promote acute inflam-
matory processes and underlying structural changes to the
airways [5].

The NF-kB transcription factor family is the crucial
mediator of the inflammatory process and plays an impor-
tant role in other processes, including development, cell
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growth and survival, and proliferation. Cytokines and
pathogen-associated molecular patterns (PAMPs) stim-
ulate cell surface receptors including toll-like receptors
(TLRs) to initiate a signaling cascade resulting in the
activation of NF-kB, which drives expression of target
genes that mediate the release of anti-microbial mole-
cules and cytokines to activate the immune response.
Recently, many studies have reported that allergic asth-
ma could be improved through regulating the activa-
tion of NF-kB signaling pathway [6].

Platycodi Radix, the roots of Platycodon
grandiflorum (Jacq.), has been used traditionally as an
expectorant and a remedy for bronchitis, tonsillitis, laryn-
gitis, and suppurative dermatitis in China, Korea, and
Japan. In China and Korea, the fresh roots of P.
grandiflorum have been eaten as pickles for preventing
obesity [7]. Platycodin D is a major pharmacological con-
stituent of Platycodi Radix, and it has been shown the
antidiabetic [8], anti-inflammatory [9], anticancer [10],
antinociceptive [11], and immunomodulatory [12] activi-
ties. Despite the several known effects of platycodin D
(PLD), no work on ALI prevention promoted by this
compound has been reported to date. The present study
was designed to examine the effect of PLD on ovalbumin-
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induced airway inflammation in asthma and its possible
mechanism.

MATERIALS AND METHODS

Materials

PLD powder (pure: 98.7 %) was purchased from
National Institutes for Food and Drug Control (Beijing,
China), and Mat solution (4 mg/mL) was prepared in
distilled water. Dexamethasone was purchased from
Xiansheng drug Store (Nanjing, China). Ovalbumin
(OVA) (Sigma Chemical Co., St Louis, MO), aluminum
hydroxide (Pierce Biotechnology, Rockford, USA),
Wright-Giemsa staining (Nanjing Jiancheng Bioengineer-
ing Institute, Nanjing, China). ELISA kits (R&D, Minne-
apolis, MN, USA). Antibodies of NF-kB p65, phospho-
NF-kB p65 (Ser536), IKK«, IKK{, phospho-IKK«/f3
(Ser176/180), IkBx, and phospho-IkBo(Ser32) were pur-
chased from Cell Signaling Technology.

Animals

Specific pathogen-free female BALB/c mice, aged 6—
8 weeks, which were routinely screened serologically for
relevant respiratory pathogens, were purchased from Ex-
perimental Animal Center of China Pharmaceutical Uni-
versity (Nanjing, China). Animal experiment was carried
out in accordance with the Guidelines for Animal Experi-
mentation of China Pharmaceutical University China Phar-
maceutical University. A total of 60 female BALB/c mice
were obtained from Experimental Animal Center of China
Pharmaceutical University (Nanjing, China). Mice were
maintained in an animal facility under standard laboratory
conditions for 1 week prior to experiments and provided
with water and standard chow ad libitum. All experimental
procedures were carried out in accordance with the NIH
Guidelines for the Care and Use of Laboratory Animals,
and animal handling followed the dictates of the National
Animal Welfare Law of China.

Sensitization, Airway Challenge, and Treatment

Mice were divided into five groups (each of 10 ani-
mals): (1) normal control, (2) asthma-model control, (3)
asthma treated with dexamethasone (2 mg/kg, adminis-
tered by gavage), (4, 5) asthma treated with PLD (40,
80 mg/kg, administered by gavage). Allergic asthma was
induced by ovalbumin (Grade V) in five of the groups,
using the method described by Oh ef al. [13]. Mice were
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immunized via intraperitoneal (i.p.) injection with 10 pg
chicken OVA and 2 mg aluminum hydroxide in 200 pL
phosphate buffered saline (PBS) (pH 7.4), on days 0 and
14. Mice were exposed to a 1 % (w/v) OVA solution in
PBS, for 20 min, using an ultrasonic nebulizer (NE-U12;
Omron Corp., Tokyo, Japan) on days 28, 29, 30 after initial
sensitization. Animals were sacrificed 48 h after the last
challenge (thus on day 32) to characterize the suppressive
effects of PLD. A schematic diagram of the treatment
schedule is shown in Fig. 1.

Measurement of Airway Resistance (Raw)

The forced oscillation technique was used to measure
respiratory mechanics. Regular ventilation was interrupted,
and a computer generated volume signal that consisted of
waveforms of mutually primed frequencies was delivered
to the airway opening. Piston displacement and cylinder
pressure were measured. Impedance values were obtained
before and after the delivery of increasing concentrations
of methacholine aerosols. Prior to the start of the
methacholine concentration response curve, two total lung
capacity breaths were delivered. Methacholine (Sigma)
dissolved in saline was given via an ultrasonic nebuliser
(Hudson RCI, Teleflex Medical) in increasing concentra-
tions (0.125, 0.25, 0.5, and 1 mg mL™"). After delivery of
each aerosol, forced oscillations were delivered every 15 s,
over a 5-min duration. In between impedance measure-
ments, regular ventilation was resumed. The peak response
for each variable was determined.

Collection of Bronchoalveolar Lavage Fluid

Mice were sacrificed using an overdose of 50 mg/kg
of pentobarbital 48 h after the last challenge, and tracheot-
omy was performed. After instilling ice-cold PBS (0.5 mL)
into a lung, bronchoalveolar lavage (BAL) fluid was ob-
tained by three successive aspirations (total
volumel.5 mL) via tracheal cannulation [14]. BAL fluid
(BALF) samples were centrifuged at 1500 rpm for 10 min
at 4 °C; the supernatants were stored in —80 °C for analysis

l —
0 14 28 29 30 31 32
Senstization PLD tratment (oral)/Raw Sacrifice
Senstization Ovalbumin/Alu .
Ovalbumin/Alu m Jp. measurement Ovalbumin
m.ip. (Nebnlization challenge)

Fig. 1. Sensitization, challenge treatment protocols for the different gro-
ups in this study.
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of cytokine concentrations, and the pellet was resuspended
in 100 pL of saline, centrifuged onto slides, and stained for
8 min with Wright-Giemsa staining. The slides were quan-
tified for differential cell count by counting a total of 200
cells/slide at 40 magnification.

Histological Assessment

Airway tissues were detached from the mice and fixed
with Carnoy’s solution overnight at 4 °C. The fixed tissues
were embedded in paraffin and cut into 4-pum sections with
a microtome (Leica, Nussloch, Germany). The sections
were placed on slide glasses, deparaffinized, and stained
with hematoxylin and eosin (Sigma, Korea) in order to
examine the cells that had infiltrated into the airway tissues.
Airway cells count based on a five-point scoring system
was performed as previously described to estimate the
severity of leukocyte infiltration [15, 16]. The scoring
system was 0, no cells; 1, a few cells; 2, a ring of cells 1
cell layer deep; 3, a ring of cells 2—4 cell layers deep; and 4,
a ring of cells more than 4 cell layers deep.

Enzyme-Linked Immunosorbent Assay Detection
of BALF Cytokines IL-4, IL-5, and IL-13

BALF levels of IL-4, IL-5, and IL-13 were measured
by ELISA according to the manufacturer’s instructions
(R&D, Minneapolis, MN, USA). All measurements were
performed in duplicate. Briefly, the BALF samples were
added in duplicate to 96-well plates with 100 mL per well.
The appropriate biotin-conjugated antibodies were added
to each well. The samples were incubated at room temper-
ature for 2 h. The wells were then aspirated, and each well
was washed 5 times. The substrate solutions were added to
each well and were incubated for 30 min at room temper-
ature in the dark. The optical density (O.D.) of each well
was determined using a microplate reader (Bio-Rad Model
680, USA) that was set to 450 nm. A standard curve was
created of the average of the O.D. duplicate readings. The
results were calculated using Excel 2007 (Microsoft office,
USA).

Western Blotting of NF-kB Pathway

The airway tissues were homogenized, washed with
PBS, and incubated in lysis buffer in addition to a protease
inhibitor cocktail (Sigma, St. Louis, MO) to obtain extracts
of lung proteins. The samples were loaded to 10 % SDS-
PAGE gels and were electrotransferred to nitrocellulose.
The blots were incubated with the appropriate concentra-
tion of specific antibody. After washing, the blots were

incubated with horseradish peroxidase-conjugated second
antibody. The membranes were stripped and reblotted with
anti-GAPDH antibody (Sigma) to verify the equal loading
of protein in each lane. Quantification of protein expres-
sion was normalized to GAPDH using a densitometer
(Imaging System).

Statistical Analysis

All values were expressed as the mean+SD and ana-
lyzed by one-way analysis of variance (ANOVA) followed
by Duncan’s multiple range test using SPSS version 13.0
software; a P value of less than 0.05 was considered
significant, and P<0.01 was considered to be statistically
very significant.

RESULTS

Effect of PLD on Airway Resistance (Raw)

Measurements of airway resistance (Raw) during
methacholine-induced constriction are shown in Fig. 2.
The Raw value of the OVA-challenged group was signif-
icantly higher than that of the control group (P<0.05). The
treatment groups showed a significant decrease with ace-
tylcholine 0.5 and I mgmL ™" (P<0.05 and 0.01, compared
with model group, respectively).
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Fig. 2. Effect of PLD on airway resistance (Raw). Values are expressed as
means+SDs. Compared with control: “P<0.05; *P<0.01. Compared with
model: *P<0.05, **P<0.01.



Effect of PLD on OVA-Induced Eosinophilia and BAL
Fluid Composition

We examined changes in total cell levels in the BAL
fluid to determine the effects of PLD on asthma. Suppres-
sion of eosinophilia by Mat in OVA-challenged mice was
estimated by counting of cells recruited to the BAL fluid
24 h after the last challenge. As shown in Table 1, OVA
induced a marked influx of leukocytes into BAL fluid in
the control group. Eosinophil levels markedly increased in
the BAL fluid of OVA-challenged mice. OVA-sensitized
and challenged mice treated with GA displayed significant-
ly reduced leukocytosis, a fall in absolute eosinophilia, and
decreased lymphocytosis, upon asthma induction.

Effect of PLD on OVA-Induced Eosinophilia in Airway
Tissue

Because PLD inhibits inflammatory cell recruitment
into the airway tissue, we next examined the anti-asthmatic
effects of the PLD. Airways were collected 24 h after the
final OVA challenge. In OVA-induced asthmatic airway
tissue, we observed marked infiltration of inflammatory
cells into airway tissues, compared with the normal tissue.
Moreover, most leukocytes were eosinophils. The control
group displayed no change in the extent of inflammatory
cell infiltration, similar to what was seen in
dexamethasone-treated positive control mice. Eosinophilia
in OVA-sensitized and challenged mice treated with PLD
was significantly attenuated compared with the level seen
in OVA-challenged mice as shown in Fig. 3.

Effect of PLD on Cytokine Levels in BAL Fluid

To determine whether PLD influenced cytokine se-
cretion into BAL fluid, IL-4, IL-5, and IL-13 in the BAL
fluid were measured by ELISA 24 h after the final chal-
lenge. The results are shown in (Fig. 4), as for BALF levels
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of IL-4, IL-5, and IL-13, compared with control group,
levels of IL-4, IL-5, and IL-13, in model group was mark-
edly increased (P<0.05), while compared with model
group, the treatment groups can markedly decreased levels
of IL-4, IL-5, and IL-13.

Effect of PLD on NF-xBp65 Pathway

The expressions of inflammation-related proteins NF-
kBp65 signaling were changed by OVA in lung. As shown
in Fig. 5. NF-kB pathway was significantly activated in
OVA-induced mice. The increased phosphorylation of NF-
kB(p-NF-kBP65/NF-kBP65) was detected with activation
of IKK (p-IKK o/IKK o;p-IKK 3/IKK 3) and p-IkBo/IkBex
at protein levels in OVA-induced mice. These data demon-
strated airway inflammatory in this model. In PLD, the
protein levels of NF-xBp65 signaling were significantly
decreased in a dose-dependent manner compared to the
model group, respectively.

DISCUSSION

Asthma, a chronic inflammatory disease of the air-
ways, affects many individuals worldwide. The disease
may cause severe morbidity and even mortality if exacer-
bated. To date, a variety of drugs have been developed to
treat asthma; these include steroids, leukotriene inhibitors,
mast cell stabilizers, and 32 adrenergic agonists. Many
herbal medicines, including PLD, were commonly used
to treat asthma, but the therapeutic efficacies and modes of
action of such medicines are currently unclear. Here, using
an OVA-induced mouse model of asthma, we show for the
first time that PLD can be effective as a therapeutic drug for
the treatment of allergic asthma.

Asthma is defined as a variable level of airway ob-
struction usually accompanied by aryl hydrocarbon

Table 1. Effect of PLD on OVA-Induced Eosinophilia and BAL Fluid Composition

Groups Dose/mg.kg ' White blood cells Lymphocytes Neutrophil Monocytes Eosinophil
/10/L

Control - 18.63+5.58 2.47+1.60 2.59+1.51 14.531+4.18 0.08+0.07

Model - 28.88+3.68" 7.8+4.49™ 4.81+1.63" 13.88+3.87 5.98+1.97"

Dex 2 10.50+5.90%** 2.29+2.08%* 2.09+1.59%* 5.49+2.21% 0.93+0.62%*

PLD 40 19.412.01%* 4.134£2.35% 3.61£2.93* 9.93+6.66* 1.83+1.52*

PLD 80 24.13+5.38%* 3.53£2.53* 3.14£2.53* 7.77+3.35%* 1.79+1.05%*

Values are expressed as means+SDs

Compared with control: # P<0.05; * P<0.01. Compared with model: *P<0.05; **P<0.01
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Fig. 3. Effect of PLD on cytokine levels in BAL fluid. Values are expressed as means=SDs. Compared with control: “P<0.05; "*P<0.01. Compared with

model: *P<0.05; **P<0.01.

receptor airway hyper responsiveness (AHR).
Bronchoconstriction attributable to contraction or hyper-
trophy of airway smooth muscle (ASM), and inflammation
within the airway, leads to decreased lung function [17].
AHR is a measure of the bronchial constriction commonly
observed in individuals with asthma. We monitored the

effects of PLD on AHR by measuring Raw. These exper-
iments disclosed that Mat inhibited the OVA-induced AHR
in response to inhaled methacholine.

The mechanisms of recruitment of inflammatory cells
associated with and presumably causing AHR have been
well studied. Migration of inflammatory cells, specifically
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Fig. 4. Pathological changes of hung tissues observed by HE staining (Light microscopy, *x200): a control, b model, ¢ dexamethasone (2 mg/kg), d PLD
(40 mg/kg), e PLD (80 mg/kg). Scoring of the extent of inflammation via quantitative analysis of inflammatory cell infiltration in lung sections. Values are
expressed as means+SDs. Compared with control: *P<0.05; *P<0.01. Compared with model: *P<0.05; **P<0.01.

eosinophils and lymphocytes, into the lung is a major
contributor to the development of airway inflammation
[18]. A rise in the number of eosinophils in the BAL fluid
is a characteristic of asthma. The present results clearly
demonstrate that Mat significantly reduces eosinophil
numbers in the airway tissue.

Several lines of evidence indicate enhanced NF-«B
pathway activation in asthmatic tissues. Small animal
models of allergic asthma using gene deficient mice high-
light the importance of NF-kB in disease pathogenesis.
While a wealth of small animal studies have demonstrated
the role of NF-kB in inflammation following respiratory
viral or bacterial infections [19]. NF-«kB also appears to be
important in the allergic response. In the ovalbumin (OVA)

sensitisation and challenge model, total lung extracts from
Brown-Norway rats exhibit enhanced NF-kB activity [20].
In a murine model, bronchial epithelium exhibits robust
and rapid NF-kB p65 nuclear translocation and IKKo/f3
activity, compared to controls. Mice that lack NF-«B p50
have reduced eosinophilic responses to aerolised allergen.
This effect was shown to be due to a lack of T cell
production of Th2 cytokines, IL-13, IL-4, and the eosino-
phil growth factor IL-5 (Das et al.), and also the chemokine
eotaxin [21]. The present results clearly demonstrate that
PLD significantly inhibited NF-kBp65 signaling. The re-
sults support that the use of PLD is beneficial in the
treatment of asthma and the exact mechanism and clinical
application needs further investigation
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Fig. 5. Effect of PLD on NF-kB. a control, b model, ¢ dexamethasone (2 mg/kg), d PLD (40 mg/kg), e PLD (80 mg/kg). Values are expressed as means+
SDs. Compared with control: #P<0.05; *#P<0.01. Compared with model: *P<0.05; **P<0.01.
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