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Abstract. Asthma is a leading allergic disease worldwide, 
demonstrating an ever‑increasing prevalence over the past 
two decades. Asthma is characterized by allergen‑associated 
airway hyperresponsiveness (AHR) that primarily results from 
T helper 2 (Th2) cell inflammation, in which dendritic cells 
(DCs) serve an important role in determining T cell develop-
ment after encountering an antigen. Atractylodin (ATL), a 
polyethene alkyne extracted from Atractylodis rhizoma (also 
known as Cangzhu), has proven effective in treating digestive 
disorders, rheumatic disease and influenza. In addition, ATL 
was discovered to alleviate mouse collagen‑induced arthritis 
via regulating DC maturation. The present study aimed to 
investigate the effect of ATL on asthma given that DCs serve 

an essential role in Th2‑mediated inflammation in asthma. 
Mouse model of asthma was induced by ovalbumin (OVA). 
OVA‑induced airway hyperresponsiveness (AHR) and inflam-
matory cells in bronchoalveolar lavage fluid (BALF) were 
detected. The production of IgE and IgG1 in serum and cyto-
kines in BALF were detected by ELISA. The effects of ATL on 
dendritic cells maturation and T cell expansion were detected 
by flow cytometry analysis and 3H‑thymidine incorporation. 
Using a model of OVA‑induced asthma, it was demonstrated 
that ATL ameliorated AHR and decreased the levels of IL‑4, 
IL‑5 and IL‑13 in bronchoalveolar lavage fluid (BALF), and 
OVA‑specific IgE and IgG1 in the serum. OVA‑stimulated 
splenocytes were used to demonstrated that ATL decreased 
cell expansion and the production of IL‑4, IL‑5 and IL‑13 in 
the culture medium. In order to determine the cellular mecha-
nism of ATL in asthma, splenic DCs were isolated and it was 
subsequently observed that ATL downregulated the expression 
levels of CD40 and CD80. Furthermore, OVA‑stimulated CD4+ 
T cells were co‑cultured with splenic DCs, which revealed that 
ATL‑treated splenic DCs led to impaired cellular proliferation 
and the production of IL‑4, IL‑5 and IL‑13 in OVA‑stimulated 
T cells. In conclusion, these results indicated that ATL may 
suppress antigen‑specific Th2 responses in an OVA‑induced 
allergic asthma model via regulating DCs. Therefore, ATL 
may exhibit therapeutic potential in the management of asthma 
and other allergic diseases presenting with Th2 inflammation.

Introduction

Affecting ~350 million individuals worldwide in 2015, asthma 
is currently a major global health concern, with the global 
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prevalence of asthma increasing by 12.6% (95% CI, 9.0‑16.4%) 
from 1990 to 2015 (1). Asthma is a complex inflammatory 
disorder of the airways and airway hyperresponsiveness 
(AHR) is a hallmark feature of asthma (2). Asthma had been 
considered to be a single disease for decades; however, previous 
studies have recognized distinct phenotypes among patients 
with asthma (3,4). Allergic asthma with high T helper 2 (Th2) 
inflammation is the primary phenotype among patients with 
asthma, and increasing novel biological agents have been 
developed that target Th2‑associated cytokines, including 
IL‑5 and IL4/13  (5). Dendritic cells (DCs) serve a pivotal 
role in determining T cell development after encountering an 
antigen, and a number of studies have demonstrated that DCs 
were crucial in the pathogenesis of asthma via inducing Th2 
inflammation in response to allergens (6,7).

Atractylodis rhizoma (also known as Cangzhu), a tradi-
tional herbal medicine used to treat digestive disorders, 
rheumatic disease and influenza, consists of a number of 
essential components, including sesquiterpenes, phenolic acids 
and polyethene alkynes (8). Atractylodin (ATL), a polyethene 
alkyne extract, was discovered to ameliorate intestinal inflam-
mation via regulating MAPK activation and alleviate acute 
lung injury via suppressing nucleotide‑binding domain‑like 
receptor protein 3 inflammasome and toll‑like receptor 4 acti-
vation (9‑12). Our recent study further demonstrated that ATL 
ameliorated mouse collagen‑induced arthritis via regulating 
DC maturation (13).

Therefore, the present study aimed to investigate the 
impact of ALT on asthma, as DCs have been identified to 
serve an essential role in Th2 inflammation in asthma. An 
ovalbumin (OVA)‑induced asthma mouse model was used to 
characterize the effect of ATL on AHR, as well as the produc-
tion of Th2‑associated cytokines and OVA‑specific IgE. The 
model was also used to evaluate the impact of ATL on the 
cellular proliferation and cytokine production of OVA‑specific 
T cells, and to determine how ATL affected the maturation of 
DCs. The results provided evidence of the therapeutic effect of 
the i.p. injection of ATL on the maturation of DCs and down-
stream Th2 inflammation in asthma, and indicated a potential 
application of ATL for treating patients with asthma and high 
Th2 inflammatory levels.

Materials and methods

Animals and experimental design. A total of 24 six‑week‑old 
male BALB/c mice (weight, 18‑22 g), were obtained from the 
National Laboratory Animal Center. The mice were placed 
in sterile cages under a regulated temperature (22±3˚C), 
humidity (55±5%) and 12‑h day/night cycle conditions 
and ad libitum access to sterilized mouse chow and water. 
Ethical approval for the present study was obtained from 
the Institutional Animal Care and Use Committee (IACUC) 
of National Chung‑Hsing University (Taichung, Taiwan; 
approval no. IACUC 108‑072). Experiments were performed 
in accordance with relevant guidelines for Guide for the 
Care and Use of Laboratory Animals, 8th edition  (14). In 
order to investigate the protective effects of ATL on asthma 
in mice, the 24 male BALB/c mice were randomly divided 
into four groups (n=6 per group): i)  normal control (NC; 
vehicle), containing mice which were not challenged with 

OVA (Thermo Fisher Scientific, Inc.) and received daily 
intraperitoneal injection (i.p.) injection equal volumes of 
vehicle (10% DMSO (ChemCruz; Santa Cruz Biotechnology, 
Inc.) and 90% glyceryl trioctanoate (Sigma‑Aldrich; Merck 
KGaA); ii) OVA group, in which mice were stimulated with 
OVA and received equal volumes of vehicle; iii) OVA/ATL 20 
group, in which mice were stimulated with OVA and received 
20 mg/kg ATL (National Institute for Food and Drug Control); 
and iv) OVA/ATL 40 group, in which mice were stimulated 
with OVA and received 40 mg/kg ATL. The single daily dose 
of ATL was administered via i.p. injection for 16 days starting 
on day 15 of primary immunization (Fig. 1A). The dosage and 
administration frequency were implemented based on previous 
studies (12,13,15). The OVA‑immunized mice received 20 µg 
OVA (i.p.) and 2% alum adjuvant (InvivoGen) dissolved in 
saline (final volume, 200 µl) on days 1, 7 and 14. These mice 
were then challenged with 5% OVA in 0.9% NaCl by inhalation 
for 30 min daily for 5 consecutive days (days 27‑31). On day 32, 
the AHR of each mouse was measured as described below. 
Finally, on day 33, mice were sacrificed using carbon dioxide 
(air displacement rate, 30% of the chamber volume/min). Mice 
were exposed to 50% CO2 until they were unconscious and 
experienced cardiac arrest.

Measurement of AHR via unrestrained whole‑body plethys‑
mography. On day 32, AHR was measured via methacholine 
(Mch; Sigma‑Aldrich; Merck KGaA)‑induced airflow obstruc-
tion in conscious unrestrained mice placed in a whole‑body 
plethysmograph (Buxco; Data Sciences International; Harvard 
Bioscience, Inc.). Pulmonary resistance was evaluated 
and expressed as enhanced pause. Briefly, mice were first 
exposed to aerosolized 1X PBS [0.8% NaCl, 0.02% KH2PO4, 
0.115% Na2HPO4, 0.02% KCl [pH 7.4]), then challenged with a 
series of aerosolized Mch (3.125‑50 mg/ml) with an ultrasonic 
nebulizer over the recording time period. Each nebulization 
lasted for 3 min and records were taken for 3 min after nebu-
lization. Every aerosol was separated by a 15‑min recovery 
period in order to allow airway Penh to return to the baseline 
level.

Collection and analysis of bronchoalveolar lavage fluid 
(BALF). On day 33, mice were sacrificed and placed in a 
supine position. The trachea was surgically exposed and 
cannulated with catheters pointing towards the lungs. The 
BALF was obtained by instilling two 1‑ml aliquots of PBS via 
the catheter followed by 2 aspirations of BALF into the 1 ml 
syringe. The obtained BALF was centrifuged at 3,420 x g at 
4˚C for 5 min and the supernatants were stored at ‑80˚C for 
further experiments.

The levels of cytokines in the BALF supernatant, including 
IL‑4 (cat. no. 88‑7044‑77), IL‑5 (cat. no. 88‑7054‑22), IL‑13 
(cat. no.  88‑7137‑88) and TNF‑α (cat. no.  88‑7324‑22), 
were analyzed using ELISAs (eBioscience; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions.

Furthermore, cell pellets from the BALF were resus-
pended in 200 µl saline. Then, 100 µl cell suspension was 
mixed with 0.4% trypan blue solution for ~3 min at room 
temperature to determine total cell counts using a hemo-
cytometer (Neubauer‑improved; Paul Marienfeld GmbH & 
Co. KG).
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Figure 1. Effect of ATL on AHR and airway inflammation. (A) Experimental procedure. BALB/c mice were randomized into four groups (n=6 mice per 
group). NC mice were not sensitized with OVA or treated with ATL. On days 1, 7 and 14, OVA, OVA/ATL 20 and OVA/ATL 40 groups were sensitized via i.p. 
injection of OVA allergen. OVA/ATL 20 and OVA/ATL 40 mice were i.p. injected daily with 20 and 40 mg/kg ATL, respectively, on days 15‑31. Finally, mice 
in all 4 groups were exposed to OVA aerosols on day 27‑31, and AHR was measured on day 32. BALF, serum, lung and spleen tissue were collected. (B) Effect 
of ATL on AHR levels. Mice inhaled increasing doses of methacholine (3.125‑50 mg/ml). Penh levels represent the degree of AHR. ***P<0.001 vs. OVA. 
(C) Mice treated with ATL exhibited decreased cell counts in the BALF. Total cells, macrophages, eosinophils, lymphocytes and neutrophils were counted 
following Diff‑Quik staining. Histological examination of lung sections stained with (D) Hematoxylin and eosin to examine inflammatory cell infiltration 
and (E) periodic acid‑Schiff staining to examine goblet cell hyperplasia and mucus secretion (magnification, x400 for both). (F) For the semi‑quantification 
of goblet cell hyperplasia, slides were examined in a double‑blind setting using a semi‑quantitative scoring system. A scored scale from grade 0 to 4 was 
implemented depending on the percentage of goblet cells in the epithelium: grade 0 (no goblet cells); grade 1 (<25%), grade 2 (25‑50%), grade 3 (51‑75%) and 
grade 4 (>75%). The mean goblet cell hyperplasia score was then calculated for each mouse. Data are presented as the mean ± SEM of six mice per group. 
*P<0.05, **P<0.01, ***P<0.001 vs. OVA. ATL, atractylodin; AHR, airway hyperresponsiveness; NC, normal control; OVA, ovalbumin; BALF, bronchoalveolar 
lavage fluid; Penh, enhanced pause.
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The remaining 100 µl BALF was used to prepare CytospinR 
slides (Thermo Shandon Inc.). Briefly, samples were centri-
fuged at 30 x g for 6 min at 4˚C and the deposited cells were 
fixed to the microscope slides with 95% alcohol for 30 sec at 
room temperature, and then stained with 1X Diff‑Quik solution 
(cat. no. 38721; Sysmex) for 30 sec at room temperature and 
visualized under a light microscope (magnification, x200). In 
each case, 10 randomly chosen high‑power fields were selected 
from the CytospinR slides. Then, 200 cells were counted, and 
the percentage of each type of cell was calculated. White blood 
cells were classified as eosinophils, neutrophils, macrophages 
and lymphocytes based on cellular staining and morphological 
characteristics.

Lung histology study. Following lavage via trachea with sterile 
saline, lungs were immediately removed and fixed in 10% v/v 
buffered formalin (diluted in 0.01  mol/l PBS; pH 7.2) for 
15 min at room temperature. Pulmonary tissues were subse-
quently sliced, embedded in paraffin and cut into 5‑µm‑thick 
sections. These paraffin sections were stained with hema-
toxylin for 10 min and eosin (H&E; Merck Millipore) for 5 min 
at room temperature or 0.5% periodic acid‑Schiff stain (ScyTek 
Laboratories, Inc.) for 5 min at room temperature to evaluate 
inflammatory cell infiltration and goblet cell hyperplasia, 
respectively. Light microscopy (x200 magnification) was used 
for histopathological assessment. For the semi‑quantification of 
goblet cell hyperplasia, slides were examined in a double‑blind 
setting using a semi‑quantitative scoring system as previ-
ously described (16,17) with certain modifications. Briefly, 
pathological changes were evaluated according to the modi-
fied 5‑point scoring system (grade 0‑4) and were expressed 
by score according to the percentage of the goblet cells in the 
epithelium: 0 (no goblet cells), 1 (<25%), 2 (25‑50%), 3 (51‑75%) 
and 4 (>75%). The mean goblet cell hyperplasia score was then 
calculated for each mouse in each group.

Detection of serum OVA‑specific IgE and IgG1. A total of 
700‑1,000 µl mouse blood were collected from the subman-
dibular vein on days 1, 21 and 33, which were allowed to 
coagulate for 1 h at room temperature. Following centrifuga-
tion at 1,000 x g for 10 min at 4˚C, the serum samples were 
stored at ‑80˚C until further analysis; all samples were thawed 
no more than twice. OVA‑specific IgE and IgG1 levels in the 
mouse serum were analyzed via ELISAs. Briefly, 200 µg 
OVA diluted in 0.1 M NaHCO3 (pH 9.6) was used to coat the 
96‑well microplates at 4˚C overnight. After washing with 
1X PBS and blocking with 1% BSA (Sigma‑Aldrich; Merck 
KGaA) in 1X PBS, diluted sera (1:5 for IgE and 1:2,000 for 
IgG1) in blocking buffer were added to the wells for over-
night incubation at 4˚C. The following day, the plates were 
washed and incubated with horseradish peroxidase‑conju-
gated rat anti‑mouse IgE (1:5,000; clone no. LO‑ME‑3; cat. 
no.  GTX761169; GeneTex, Inc.) or goat anti‑mouse IgG1 
(1:5,000; cat. no. ab97240; Abcam) antibodies at 4˚C overnight. 
After washing the well six times with 1X PBS to remove the 
unbound antibody. Then, 3,3',5,5'‑tetramethylbenzidine (cat. 
no. 00‑4201; Sigma‑Aldrich; Merck KGaA) was added and 
incubated at room temperature for 15 min, and the absorbance 
at 450 nm was measured using an ELISA reader (Sunrise; 
Tecan Group Ltd.).

OVA‑specific splenocyte responses. Mouse spleens from 
each treated group were collected immediately following 
sacrifice on day 33, and a single‑cell suspension of sple-
nocytes for OVA‑specific cell proliferation and cytokine 
tests were obtained via repeatedly pressing the spleens with 
sterile 50‑mesh stainless meshes and plungers as previously 
described (18). Then, the cells (2x106) were stimulated with 
100 µg/ml OVA in complete RPMI‑1640 medium (Gibco; 
Thermo Fisher Scientific) for 72 h in humidified incubator 
at 37˚C with 5% CO2. The OVA‑specific cell proliferation 
responses were quantified via incorporation of radiolabeled 
[3H] thymidine with specific activities of 1Ci (3.7 GBq) per 
well in humidified incubator at 37˚C with 5% CO2 for 18 h. 
After labelling, cells were precipitated twice with ice‑cold 
10% trichloroacetic acid (TCA) 30 min at RT each, to remove 
acid soluble materials and then solubilized overnight in 1.0 M 
NaOH. The sample was then transferred into a scintillation 
vial and the radioactivity was measured via liquid scintillation 
counting β‑Counter (Beckman Coulter, Inc.). The readout is 
radiation counts per minute (cpm) per well.

Additionally, centrifugation was performed at 1,000 x g 
for 15 min at 4˚C, the supernatant from the culture system 
of cells was collected to measure cytokine concentrations, 
including mouse IL‑4, IL‑5 and IL‑13 levels, via standard 
sandwich ELISAs (eBioscience; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol.

Flow cytometric analysis of DC surface markers in vivo. On 
day 33, splenocytes from each treated group were extracted 
and fixed in 100 µl 2% formaldehyde (Sigma‑Aldrich; Merck 
KGaA) in PBS buffer (pH 7.4) for 15 min at 4˚C and washed 
twice with 1 ml PBS followed by centrifugation of 400 x g for 
5 min at 4˚C. Fixed cells were then blocked in 2% BSA/PBS for 
15 min at 4˚C and resuspended in 50 µl staining buffer (PBS 
containing 2.00% FCS and 0.05% sodium azide). Subsequently, 
the cells were surface stained with FITC‑conjugated mouse 
anti‑CD11c (1:100; cat. no. 117306, clone no. N418; BioLegend, 
Inc.), phycoerythrin (PE)‑anti‑CD40 (1:100; cat. no. 124610, 
clone no. 3/23; BioLegend, Inc.) and PE‑CD80 antibodies 
(1:100; cat. no. 104708, clone no. 16‑10A1; BioLegend, Inc.) for 
30 min at 4˚C. Isotype‑matched, PE Rat IgG2a, λ Isotype Ctrl 
Antibody (1:100 dilution, cat. no. 402304, clone no. G0C3C12; 
BioLegend, Inc.) and PE Armenian Hamster IgG Isotype Ctrl 
Antibody (1:100 dilution, cat. no. 400908, clone no. HTK888; 
BioLegend, Inc.) were stained for 30 min at 4˚C and used 
for negative staining. CD40 and CD80 fluorescence inten-
sity was measured using an BD Accuri™ 5 flow cytometer 
(BD Biosciences). Events were acquired with a forward side 
scatter threshold of 80,000 and a live gate on CD11c‑positive 
events. The mean fluorescence intensity was calculated using 
BD Accuri™ C6 system software (CFlow version 1.0.264.15; 
BD Biosciences).

Isolation of CD11c(+) DCs. On day 33, splenocytes were 
collected. CD11c(+) DCs were positively selected using mouse 
CD11c MicroBeads UltraPure (cat. no. 130‑125‑835) and LS 
separation columns (both Miltenyi Biotec, Inc.), according 
to the manufacturer's instructions. Purified CD11c cells were 
determined via forward and side scatter and gated according 
to the size and granular characteristics of DCs. Based on flow 
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cytometry staining with FITC‑conjugated mouse anti‑CD11c, 
CD11c(+) DCs were found to be >80% pure (Fig. S1).

Reverse transcription‑quantitative (RT‑q)PCR. Total RNA 
was extracted from purified CD11c(+) DCs using TRIzol® 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), as previ-
ously described  (19). RNA concentration was measured 
spectrophotometrically at 260 nm (A260) and 2 µg RNA was 
reverse transcribed into cDNA using an Applied Biosystems 
2720 Thermal cycler (Thermo Fisher Scientific, Inc.) along 
with the following reagents: Moloney murine leukemia virus 
(MMLV) reverse transcriptase, 5X reaction buffer, dNTPs, 
RNAasin (RNase inhibitor) and oligo (dT) 15  primers 
(Promega Corporation). Briefly, primer annealing was initiated 
at 70˚C for 5 min followed by the addition of MMLV reverse 
transcriptase at 37˚C for 60 min. The reverse transcription 
reaction was terminated following heating to 72˚C for 10 min.

qPCR was subsequently performed using a Fast SYBR™ 
Green Master Mix (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) on an ABI 7500 Fast Real‑Time system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol. The following ther-
mocycling conditions were used for the qPCR: Initial 
denaturation at 95˚C for 10 min; annealing and extension, 
95˚C for 10 sec and 60˚C for 30 sec for 40 cycles. The following 
primers sequences were used (Tri‑I Biotech, Inc.): IL‑4 
forward, 5'‑TTTGAACGAGGTCACAGGAGAAG‑3' and 
reverse, 5'‑AGGACGTTTGGCACATCCA‑3'; IL‑12 forward, 
5'‑GCCAGTACACCTGCCACAAA‑3' and reverse, 5'‑TGT 
GGAGCAGCAGATGTGAGT‑3'; and hypoxanthine guanine 
phosphoribosyl transferase 1 (HPRT) forward, 5'‑GTTGGA 
TAAGGCCAGACTTTGTTG‑3' and reverse, 5'‑GATTCA 
ACTTGCGCCATCTTAGGC‑3'. Quantification of the expres-
sion levels of the IL‑4 and IL‑12 genes in the samples was 
accomplished by measuring the fractional cycle numbers at 
which the expression levels reached a fixed threshold (Cq). The 
relative gene expression levels were calculated via the 2‑∆∆Cq 
method (20), using the constitutively expressed gene, HPRT, as 
a control for normalization. Data are expressed as n‑fold rela-
tive to the NC group.

In  vitro DC functional assays. In order to measure 
antigen‑specific CD4+ T cell proliferation and Th2 cytokine 
production, CD4+ T  cells were used to assay the antigen 
presenting capacity of CD11c(+) DCs. Briefly, the EasySep™ 
Mouse CD4 Positive Selection kit (Stemcell Technologies, Inc.) 
is used to isolate CD4(+) cells from single‑cell suspensions 
of spleen, according to the manufacturer's protocol. Enriched 
CD4+ T cells were co‑cultured with enriched CD11c(+) DCs 
generated from the spleens of different groups of mice at a 2:1 
DC: CD4+ T cell ratio in RPMI‑1640 medium supplemented 
with 10 % fetal bovine serum, 100 U/ml penicillin‑strepto-
mycin (both Gibco; Thermo Fisher Scientific, Inc.) and 50 µM 
β‑mercaptoethanol (Sigma‑Aldrich; Merck KGaA) for 96 h in 
humidified incubator at 37˚C with 5% CO2, and cell prolifera-
tion was assayed via 3HTdR incorporation as aforementioned.

In addition, DC/CD4+ T cell culture supernatants were 
collected after 96 h by centrifugation of 400 x g for 5 min at 
4˚C, and IL‑4, IL‑5 and IL‑13 production levels were measured 
via ELISA kits (eBioscience; Thermo Fisher Scientific, Inc.).

Statistical analysis. The data are expressed as the mean ± 
SEM of three independent experiments. A Kruskal Wallis 
and Dunn's post hoc test, or one‑ or two‑way ANOVAs and 
a Tukey's post hoc test were used to compare multiple experi-
mental groups with GraphPad Prism software (version 5.0; 
GraphPad Software, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

ATL decreases OVA‑induced AHR and airway inflamma‑
tion. The anti‑allergenic effect of ATL was investigated in 
an OVA‑induced asthmatic animal model. The experimental 
procedure for the treatment is presented in Fig. 1A. To inves-
tigate the therapeutic effect of ATL on asthma, AHR and 
inflammatory cell infiltration in the lungs were analyzed. 
Following the exposure to increasing concentrations of Mch 
(3.125‑50 mg/ml), the degree of AHR was significantly 
increased in the OVA group compared with the NC mice, 
whereas treatment with 20 and 40 mg/kg ATL significantly 
decreased the response to Mch in a dose‑dependent manner 
compared with the OVA group (Fig. 1B). In addition, there 
was a significantly increased number of inflammatory cells 
(including total cells, macrophages, eosinophils, neutrophils 
and lymphocytes) in the BALF from the OVA group compared 
with the NC group (Figs. 1C and S2). However, the influx of 
inflammatory cells in the OVA/ATL 20 and OVA/40 groups 
was significantly decreased compared with the OVA group 
(Figs. 1C and S2). Next, the effect of ATL on inflammatory 
cell influx was determined using H&E staining. The degree of 
inflammatory cells around the bronchioles was notably elevated 
in OVA‑exposed mice compared with the NC group (Fig. 1D). 
However, in mice receiving 20 and 40 mg/kg ATL, the level of 
inflammatory infiltration was decreased (Fig. 1D). Moreover, a 
significant increase was observed in the number of goblet cells 
and mucus overproduction, which was indicated by a violet 
color, in the bronchial airways of the OVA group compared 
with the NC group (Fig. 1E and F). The ATL‑treated groups 
did not exhibit notable changes in mucus production compared 
with the NC group (Fig. 1E and F). However, a significant 
reduction in the number of goblet cells was observed in both 
the OVA/ATL 20 and OVA/ATL 40 group compared with the 
OVA group. Collectively, these data indicated that ATL may 
attenuate OVA‑induced allergic airway inflammation in mice.

ATL suppresses the production of OVA‑induced Th2 cytokines 
in the BALF. BALF from the OVA group exhibited signifi-
cantly elevated levels of typical Th2 cytokines, including IL‑4, 
IL‑5 and IL‑13, and the proinflammatory cytokine, TNF‑α, 
compared with the NC group (Fig. 2). However, IL‑4, IL‑5 and 
IL‑13 levels in the BALF of OVA‑sensitized mice were signifi-
cantly decreased following the treatment with 20 or 40 mg/kg 
ATL, while TNF‑α levels were only significantly decreased 
following the treatment with 40 mg/kg ATL. Collectively, 
these findings indicated that ATL modulated the magnitude of 
Th2‑mediated cytokine expression levels of BALF during the 
development of OVA‑induced allergic asthma.

ATL decreases OVA‑specific antibody levels in the serum and 
T cell expansion in the spleen. Allergic asthma is recognized 
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as a Th2‑dependent immune response with increased serum 
antigen‑specific IgE and IgG1 production (21). In order to 
investigate the potential mechanism of ATL‑induced inhibi-
tion of airway inflammation, the effect of ATL on the changes 
of serum IgE and IgG1 levels was evaluated. OVA challenge 
in sensitized mice induced a significant increase in serum 
OVA‑specific IgE and IgG1 levels on days 21 and 33 (Fig. 3) 
compared with the NC group. However, 40 mg/kg ATL signifi-
cantly inhibited Th2‑dependent IgE and IgG1 expression levels 
compared with OVA group on day 21 (Fig. 3). In addition, 
both 20 and 40 mg/kg ATL significantly suppressed IgE and 
IgG1 levels on day 33. The high dose of ATL (OVA/ATL 40) 
exhibited a greater suppressive effect than the medium dose 
(OVA/ATL 20) on both IgE and IgG1 levels (Fig. 3).

To further investigate the effect of ATL on Th2 cell 
responses, splenocytes from the different groups of mice were 
stimulated ex vivo with OVA protein for 72 h. Following stim-
ulation with OVA, ELISAs demonstrated that the splenocyte 
culture supernatants from OVA/ATL 20 and OVA/ATL 40 
groups exhibited a significantly decreased production of Th2 
cytokines, including IL‑4, IL‑5 and IL‑13, compared with 
the splenocytes from the OVA group (Fig. 4A). In addition, 
decreased OVA‑stimulated splenocyte proliferation was also 
found in OVA/ATL 20 and OVA/ATL 40 groups compared 
with the OVA group (Fig. 4B). Taken together, these results 
indicated the potential specific inhibition of the antigen 
specific Th2 response by ATL in a murine asthmatic model.

ATL decreases the capacity of spleen‑enriched DCs to stimulate 
OVA‑specific T cell activation in vitro. Antigen presenting cells, 
such as DCs, previously served an important role in the regula-
tion of T cell‑mediated immune responses in an OVA‑induced 
asthma model (6,7). Our previous study also demonstrated that 
ATL modulated the lipopolysaccharide‑induced maturation of 
mouse bone marrow DCs and suppressed the capacity of DCs 
to stimulate the T cell response (13). Thus, to further elucidate 
the cellular mechanism of ATL treatment on OVA‑induced 
allergic asthma in mice, the phenotype and function of DCs 
obtained from the spleens were characterized. The treatment 
with 40 mg/kg ATL resulted in the sigsup (Fig. 5A and B). 
Consistent with the activated phenotype, OVA challenge in 
sensitized mice induced a significant increase in IL‑4 expres-
sion levels of DCs compared with the NC group. However, 
DCs from the spleens of mice in the OVA/ATL 40 group had 
significantly downregulated expression levels of IL‑4 (Fig. 5C) 
compared with OVA group, which serves a critical role in the 
induction of the Th2 immune response (5). However, no signifi-
cant differences in Th1 cytokine IL‑12 expression levels were 
noted between groups.

The potency of purified splenic CD11c(+)‑enriched 
cells isolated to stimulate allogeneic OVA‑stimulated T 
cell proliferation and cytokine production was compared 
between the different groups. CD11c(+) DCs from mice 
treated with 40  mg/kg ATL significantly decreased 
CD4+ T cell proliferation (Fig. 5D) and decreased Th2 
responses (IL‑4, IL‑5, IL‑13; Fig.  5E) compared with 
CD11c(+) cells obtained from OVA mice. The OVA/ATL 
20 group exhibited significantly inhibited IL‑4 and 
IL‑13 expression levels (Fig. 5E) but T cell proliferation 
(Fig. 5D) and the IL‑5 expression levels (Fig. 5E) were 

Figure 2. Effect of ATL on cytokine production levels in BALF. IL‑4, IL‑5, 
IL‑13 and TNF‑α levels in BALF were determined using ELISA kits. Data 
are presented as the mean ± SEM (n=6 mice per group). *P<0.05, **P<0.01, 
***P<0.001 vs. OVA. ATL, atractylodin; BALF, bronchoalveolar lavage fluid; 
NC, normal control; OVA, ovalbumin.

Figure 3. Effect of ATL on serum IgE and IgG1 levels. Serum OVA‑specific 
IgE and IgG1 levels on days 1, 21 and 33 were analyzed via ELISA kits. 
The absorbance was measured at 450 nm with a microplate reader. *P<0.05, 
**P<0.01, ***P<0.001 vs. OVA. ATL, atractylodin; OVA, ovalbumin; NC, 
normal control.
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not significantly altered. These results indicated that high 
dose of ATL (OVA/ATL 40) modulation of DC function 
in  vivo may serve an important role in the suppression 
of antigen‑specific Th2 responses in an OVA‑induced 
allergic asthma model.

Discussion

In the present study, an OVA‑induced mouse model, 
characterized by OVA‑ induced AHR and allergic airway 
inflammation, was used to demonstrate the therapeutic 
potential of ATL in the management of asthma. The results 
showed that ATL may ameliorate OVA‑induced AHR and 
Th2 inflammation via regulating the maturation of DCs 
in OVA‑induced allergic asthma. ATL alleviated AHR, 
decreased the levels of Th2‑associated cytokines, including 
IL‑4, IL‑5 and IL‑13, in the lung and decreased the produc-
tion of OVA‑specific IgG1 and IgE. OVA‑stimulated 
splenocytes were used to demonstrate that ATL decreased 
OVA‑specific T cell proliferation and cytokine production. 
Furthermore, splenic DCs from OVA‑stimulated mice 
were isolated to determine the regulatory effect of ATL 
on the expression levels of costimulatory molecules and 
OVA‑specific T cells were co‑cultured with splenic DCs 
to demonstrate the regulatory effect of ATL on DCs. The 
present results indicated the potential application of the 

i.p. injection of ATL in patients with asthma with high Th2 
inflammatory levels.

Phytochemicals possess numerous pharmacological 
activities, including antioxidative, anti‑inflammatory, anti-
rheumatic, antimicrobial and anticancer effects  (22,23). 
ATL, a phytochemical extracted from Atractylodis rhizoma, 
has exhibited anti‑inflammatory effects in a number of 
diseases, including intestinal inf lammation, rheumatic 
disease and influenza (9,10). Our previous study reported 
the effect of the i.p. injection of ATL on arthritis using a 

Figure 4. Effect of ATL on levels of cytokine production and proliferation in 
OVA‑stimulated splenocytes. (A) Splenocytes from treated mice in each group 
were stimulated with OVA (20 µg/ml) for 72 h. IL‑4, IL‑5 and IL‑13 levels in 
the supernatant were determined using ELISA kits. (B) OVA‑specific T cell 
proliferation is decreased in ATL‑treated mice. Splenocytes were stimulated 
with OVA for 72 h, then ith 3HRdR was added for 18 h. The cpm values were 
measured via a liquid scintillation counting β‑counter. Data are presented as 
the mean ± SEM (n=6 mice per group). The absorbance was measured at 450 
nm with a microplate reader. *P<0.05, **P<0.01, ***P<0.001 vs. OVA group. 
ATL, atractylodin; OVA, ovalbumin; cpm, counts per minute; NC, normal 
control; 3HRdR, [3H]‑thymidine.

Figure 5. Treatment with ATL inhibits the expression levels of costimula-
tory molecules on splenic DCs. (A) CD40 and CD80 expression levels on 
splenic DCs were analyzed by flow cytometry. (B) Expression levels of 
activation markers are presented as MFI. (C) IL‑4 and IL‑12 mRNA expres-
sion levels were detected in purified splenic CD11c(+) DCs via reverse 
transcription‑quantitative PCR. Data were normalized to hypoxanthine 
guanine phosphoribosyl transferase  1 expression levels. To determine 
the effect of splenic CD11c(+) DCs on the OVA antigen‑stimulated T cell 
response, purified CD11c(+) DCs were co‑cultured with CD4+ T cells from 
OVA‑immunized mice and the (D) proliferative capacity and (E) Th2 cyto-
kine (IL‑4, IL‑5 and IL‑13) production were measured. Data are presented 
as the mean ± SEM (n=6 mice per group) The absorbance was measured 
at 450 nm with a microplate reader. *P<0.05, **P< 0.01, ***P<0.001 vs. OVA 
group. ATL, atractylodin; DC, dendritic cell; MFI, mean fluorescence inten-
sity; OVA, ovalbumin; NC, normal control; 3HRdR, [3H]‑thymidine; cpm, 
counts per minute; Th2, T helper 2 cell.

https://www.spandidos-publications.com/10.3892/mmr.2020.11569


lin et al:  IMPACT OF ATRACTYLODIN ON A MURINE ASTHMATIC MODEL4916

mouse collagen‑induced arthritis model; ATL alleviated 
the severity of disease progression, including paw swelling, 
clinical arthritis scores and pathological changes in joint 
tissues, and suppressed both the Th1 and Th17 pathways (13). 
In addition, ATL downregulated CD40, CD80 and CD86 
expression levels in splenic DCs  (13). The present study 
further demonstrated that the i.p. injection of ATL effectively 
suppressed DC maturation and downstream Th2 inflamma-
tion in asthma. Collectively, these results highlighted the 
potential role of ATL as an anti‑inflammatory medication in 
diseases, including arthritis and asthma.

Asthma is a complex inflammatory disease, and the 
heterogeneity of airway inf lammation indicates that 
distinct mechanisms may be involved  (3). Among the 
increasing number of methods used for the identification 
of phenotypes among asthmatics, phenotyping via exam-
ining inflammatory cells in induced sputum is currently 
a practical method  (4,24). It is estimated that ~30%  of 
asthmatics have high levels of sputum neutrophils instead 
of eosinophilia, and the control of asthma in patients with 
neutrophilic airway inflammation is poor under standard 
inhaled corticosteroid treatment (4). Using endobronchial 
tissue gene expression levels analysis in patients with 
asthma, Choy et al (25) reported that the Th17 pathway was 
implicated in neutrophilic airway inflammation in asthma. 
However, there are heterogeneous phenotypes in patients 
with asthma, and the majority of current mouse models of 
asthma mimic eosinophilic asthma using numerous aller-
gens, including OVA and house dust mite and cockroach 
allergens (26). As only OVA‑induced asthma was used in 
the present study, the impact of ATL on pathways other than 
Th2 inflammation remains to be elucidated by other models 
mimicking neutrophilic asthma (27). However, our previous 
study reported that ATL affected the Th17 pathway in a 
collagen‑induced arthritis mouse model.

In the past decade, a number of novel biological agents 
have been developed in addition to use of a monoclonal 
antibody targeting IgE for the management of patients with 
asthma and other atopic diseases, including atopic dermatitis 
and allergic rhinitis; these biological agents primarily target 
downstream cytokines, including IL‑5 and IL‑4/13  (5). 
The immunological pathways of IL‑5, IL‑4 and IL‑13 are 
associated with DCs during the inflammatory reaction in 
the immunological networks of asthma: IL‑4 enhances the 
capacity of DCs to stimulate the T cell secretion of Th2 
cytokines IL‑5 is implicated in the maturation of DCs, and 
IL‑13 enhances the capacity of DCs to regulate the T cell 
secretion of IFN‑γ (28,29). Furthermore, IL‑4/IL‑13 may 
increase the antigen uptake of DCs and cell migration into 
lymph nodes, wherein DCs prime the differentiation of 
naive T cells into Th2 cells (30). Additionally, IL‑4 drives 
B cell class switching to the production of IgE  (31). As 
illustrated in vivo and ex vivo in the present study, ATL 
regulated the upstream antigen presenting function of DCs; 
therefore, IL‑4, IL‑5, IL‑13, IgG1 and IgE levels were also 
discovered to be decreased following the administration of 
ATL in the asthma model. Notably, in the ex vivo study, 
OVA‑specific T cells treated with splenic DCs were used 
to specifically clarify the regulatory effect of ATL on DCs 
(Fig. 4B). However, an i.p. injection of ATL was used in the 

present study; further studies are warranted to demonstrate 
the future applications via i.v. or oral administration of 
ATL.

As DCs serve an important role in the pathogenesis of 
asthma, therapeutic approaches targeting DCs have been 
suggested  (6). Inhaled corticosteroids, the cornerstone of 
asthma management, were discovered to decrease the number 
of DCs in the bronchial mucosa of patients with allergic 
asthma  (32). Using small interfering RNA to knockdown 
CD80 and CD86 in an OVA‑induced asthma murine model, 
Li et al  (33) reported that the suppression of CD80/CD86, 
markers of DCs, decreased the production of IL‑4, which 
is consistent with the results of CD80 in the present study. 
These findings provided evidence to support the development 
of medication targeting DCs in allergic diseases, including 
asthma.

The number of neutrophils in the NC group was abnor-
mally low. While the percentage of neutrophils accounts for 
>1/2 of total cells in the peripheral blood from normal subjects, 
it constitutes <1% in BALF under non‑inflammatory condi-
tions, which was the primary sample source in the present 
study (Fig. 1C). In line with the findings of the present study, 
Heron et al (34) reported that the percentages of neutrophils 
in human peripheral blood mononuclear cells and bronchoal-
veolar lavage from healthy individuals were ~54.6 and 0.2%, 
respectively. Similarly, Van Hoecke et al (35) described the 
proportions of murine immune cells in naïve and inflamma-
tory mice and demonstrated that neutrophils in the BALF of 
naïve mice accounted for <0.1%, whereas this was raised to 
>80% following lipopolysaccharide stimulation. As a result, it 
is reasonable to expect a low number of neutrophils in the NC 
group in the present study.

Based on our previous study (13), it was hypothesized 
that the mechanisms exerted by ATL on DCs may be associ-
ated with the direct suppression of inflammatory cytokines 
from DCs and the synergistic decrease in the activation 
of T cells via the downregulation of the MAPK signaling 
pathway (9,11,13). Additionally, the decrease in inducible 
nitric oxide synthase was involved in the mechanisms of 
ATL (36). However, despite the potent bioactivity of ATL, 
the cytotoxicity induced by ATL in immune cells, particu-
larly DCs, was limited, as evaluated with Cell Counting Kit‑8 
cell viability assays. Specifically, bone marrow‑derived DCs 
treated with <100 µM ATL exhibited marginal cytotoxicity. 
The same conclusions were drawn from an animal model 
experiment in which 40 mg/kg ATL (the same concentra-
tion as applied in the present study) was injected into mice, 
and no significant weight loss was observed (13. Therefore, 
ATL may be a safe therapeutic option in the management of 
asthma.

In conclusion, the present study demonstrated that ATL 
regulated DC maturation, and subsequent Th2 inflammation 
and AHR in a mouse model of asthma. These results provided 
evidence that ATL may be a potential therapeutic option for the 
management of asthma and other allergic diseases involving Th2 
inflammation.
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