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Abstract. Asthma is a common chronic inflammatory 
airway disease. Recent studies have reported that interleukin 
(IL)‑33 is a potential link between the airway epithelium and 
Th2‑type inflammatory responses, which are closely related to 
the progression of asthma. The IL‑33 receptor, ST2, is highly 
expressed in group 2 innate lymphoid cells (ILC2s), Th2 cells, 
mast cells, eosinophils and natural killer (NK) cells. Cnidii 
Fructus is a Chinese herb with a long history of use in the 
treatment of asthma in China. Osthole is one of the major 
components of Cnidii Fructus. The present study examined 
the anti‑asthmatic effects of osthole in mice and aimed to 
elucidate the underlying mechanisms involving the IL‑33/ST2 
pathway. BALB/c mice were sensitized and challenged with 
ovalbumin and then treated with an intraperitoneal injec-
tion of osthole (25 and 50 mg/kg). Subsequently, the airway 
hyper‑responsiveness (AHR) and inflammation of the lungs 
were evaluated. The amounts of IL‑4, IL‑5, IL‑13, interferon 
(IFN)‑γ and IL‑33 in the bronchoalveolar lavage fluid (BALF) 
were measured by Luminex assay and their mRNA levels in 
the lungs were measured by reverse transcription‑quantitative 

PCR. The histopathology of the lungs was performed with 
H&E, PAS and Masson's staining. The expression of ST2 
in the lungs was evaluated by immunohistochemistry. The 
data demonstrated that osthole markedly reduced AHR and 
decreased the number of eosinophils and lymphocytes in 
BALF. It was also observed that osthole significantly inhib-
ited the release of Th2‑type cytokines (IL‑4, IL‑5 and IL‑13) 
and upregulated the IFN‑γ level in BALF. Moreover, osthole 
significantly attenuated the IL‑33 and ST2 expression in the 
lungs of asthmatic mice. On the whole, osthole attenuated 
ovalbumin‑induced lung inflammation through the inhibition 
of IL‑33/ST2 signaling in an asthmatic mouse model. These 
results suggest that osthole is a promising target for the devel-
opment of an asthma medication.

Introduction

Allergic asthma is a common chronic inflammatory airway 
disease. It affects >300 million individuals worldwide with 
increasing prevalence and incidence (1,2). It poses a serious 
global health concern, resulting in heavy economic burdens 
on societies worldwide (3). The main pathological character-
istics of asthma are airway hyper‑responsiveness (AHR), the 
infiltration of inflammatory cells and mucus overproduction. 
In addition, long‑term airway inflammation leads to structural 
alterations in the airways.

Type 2 inflammation is one of the major molecular mecha-
nisms underlying susceptibility to asthma. Type 2 immune 
responses are characteristic of allergic asthma in the lower 
airways. Airway type 2 immune responses are mainly medi-
ated by eosinophils, basophils, mast cells, Th2 cells, group 2 
innate lymphoid cells (ILC2s) and IgE‑producing B cells (4,5). 
Type 2 inflammation is an inflammatory pathway involving a 
subpopulation of CD4+ T cells. Imbalances between T‑helper 
type 1 (Th1) and T‑helper type 2 (Th2) immune reactions are 
well known to be an underlying factor. In particular, Th2 cells 
and their cytokines play essential roles in the development of 
allergic airway inflammation in asthma (6). Briefly, following 
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exposure to allergens, the airway epithelium initiates inflam-
matory reactions involving major pro‑inflammatory factors, 
such as IL‑33, IL‑25 and thymic stromal lymphopoietin 
(TSLP), which are cytokines that regulate maturation of CD4+ 
T cells into Th2 cells (7,8). Moreover, Th2 cells release large 
amounts of Th2 cytokines, such as IL‑4, IL‑5 and IL‑13, while 
decreasing the production of Th1 cytokines. Type 2 cytokines 
drive the cellular events in response to the allergen stimulation 
of the epithelium. These events include activation of the airway 
epithelial cells, chemoattraction of effector cells (mast cells, 
eosinophils, and basophils), and remodeling of the epithelium 
and subepithelial stroma. Such inflammatory responses result 
in maladaptive changes in the airways, causing pathological 
reactions to inhaled irritants (9).

IL‑33 is a nuclear cytokine belonging to the IL‑1 family 
and is primarily expressed in epithelial and endothelial 
cells. IL‑33 acts as an initiating signal for the inflammatory 
responses and induces the release of Th2‑type cytokines, trig-
gering Th2‑cell‑mediated immune responses. Recent studies 
have indicated that the IL‑33 level is elevated in asthmatic 
patients (10). In addition to this clinical observation, IL‑33 
overproduction has been observed in the lungs of mice in a 
model of severe influenza‑induced asthma exacerbation. This 
animal model recapitulates all the key features of asthma 
observed in humans, including the physiological response to 
treatment with corticosteroids (11).

Allergic asthma immune responses are initiated by the 
interactions of allergens with epithelial cells, resulting in the 
release of the cytokines, TSLP, IL‑25 and IL‑33. IL‑25 and 
IL‑33 induce the release of IL‑13 and IL‑5 from IL‑25R+ natural 
helper cells. IL‑33 additionally induces the release of IL‑4 
from basophils. These responses initiate a pathogenic cascade 
that leads to the development of asthma in susceptible patients. 
IL‑33 initiates the inflammatory signal transduction pathways 
via its receptor, ST2, which is mainly expressed in ILC2s, Th2 
cells, mast cells, eosinophils, and NK cells (12‑14). Recent 
studies have reported that IL‑33 represents a potential link 
between the airway epithelium and Th2‑type inflammatory 
responses (15‑17). Thus, IL‑33 appears to be closely involved 
in the development of asthma. A clinical study demonstrated 
that the IL‑33 level was significantly elevated in the bronchial 
epithelia of asthmatic patients (18). Accordingly, it has been 
considered one of the indices of asthma severity (19,20).

The present study investigated the effects of osthole against 
asthma in mice and it was determined that it ameliorates 
asthma through the IL‑33/ST2 pathway. Currently, the main 
therapeutic asthma medications include inhaled corticosteroids 
(ICS), β2‑agonists and leukotriene modifiers among several 
others (21). ICS can effectively manage the symptoms of mild 
to moderate asthma. However, a subgroup of asthma patients 
chronically treated with ICS gradually become less sensitive, 
or even resistant, to glucocorticoid. Consequently, the patient 
becomes susceptible to exaggerated inflammatory responses.

Chinese medicine is currently a major interest in the identi-
fication of candidate targets for combinatorial therapy against 
the pathogenesis of allergic reactions (22,23). Osthole (chemical 
structure shown in Fig. 1) is a natural compound found in the 
Chinese herb Cnidii Fructus (She Chuang Zi). This herb has a 
long history of use for asthma in China. Previous studies have 
indicated that osthole has a variety of pharmacological and 

biological activities, including anti‑allergic, anti‑inflammatory, 
anti‑apoptotic, anti‑bacterial and antioxidant stress activi-
ties (24‑26). Additionally, animal studies have demonstrated 
that osthole can alleviate immune‑mediated inflamma-
tory diseases, such as autoimmune encephalomyelitis, IgA 
nephropathy, and contact dermatitis (27‑29). In line with these 
physiological responses, osthole has been found to inhibit 
expression of eotaxin, an IL‑4 induced eosinophil‑specific 
C‑C chemokine, in bronchial epithelial cells (30).

Therefore, it is suggested that osthole affects IL‑33 expres-
sion, whereby it regulates the immune response cascade 
downstream of IL‑33, thus providing a possible new treatment 
option for symptomatic relief medication for allergic asthma. 
In the present study, the anti‑asthmatic effects of osthole in 
asthmatic mice were investigated.

Materials and methods

Reagents. Osthole (C15H16O3; molecular weight, 244.29; purity, 
>98%, Fig. 1) was obtained from Winherb. Ovalbumin (OVA; 
grade V), aluminum hydroxide [Al(OH)3], dexamethasone 
(DEX), methacholine (Mch) and pentobarbital sodium were 
purchased from Sigma‑Aldrich; Merck KGaA. TRIzol reagent 
and phosphate‑buffered saline (PBS) were obtained from 
Invitrogen; Thermo Fisher Scientific, Inc. SYBR‑Green and the 
PrimeScript 1st Strand cDNA Synthesis kit were supplied by 
Takara Biotechnology Co., Ltd. The Luminex multiplex cyto-
kine analysis kit was purchased from Merck KGaA. The DAB 
kit was obtained from Boster Biological Technology Co., Ltd.

Experimental animals and protocol. Female BALB/c mice 
(n=40; 6 weeks old, weighing 18‑20 g) were purchased from 
Shanghai Xi Puer‑Bikai Experimental Animal Co., Ltd. They 
were housed in a barrier environment free of specific pathogens, 
and maintained at 22±2˚C with 12‑h light/dark cycles and free 
access to standard laboratory food and water. The mice were 
used for the experiments after 7 days of acclimatization. The 
experiments were carried out in accordance with the Guide for 
the Care and Handling of Laboratory Animals of the Institutional 
Animal Care, and the Ethics Committee of Shanghai Municipal 
Hospital of TCM, Shanghai University of TCM.

Sensitization and treatment protocol. The BALB/c mice were 
randomly divided into 5 groups of 8 mice in each as follows: A 
normal control (NC) group, an OVA‑sensitized and challenged 
asthma model (asthma) group, a dexamethasone (1 mg/kg) 
treatment (DEX) group, and 2 osthole treatment groups at 
doses of 25 and 50 mg/kg (OS‑25 and OS‑50). Apart from 
the mice in the NC group, the mice in all the other groups 
were sensitized by an intraperitoneal injection of 20 µg OVA 
together with 2 mg of Al(OH)3 in 200 µl of PBS on days 
1, 7, 14 and 21. The mice were then sprayed with 2% OVA 
(w/v in PBS) for 30 min each day from day 24 to day 30, as 
previously described (31). Briefly, the mice were placed in a 
transparent box that was connected to the atomization tube 
of an ultrasonic nebulizer, and atomized with OVA (402AI, 
Jiangsu Yuyue Medical Instrument Co., Ltd.). PBS was used 
instead of OVA for the NC group. From days 24 to 30, the 
mice in the drug intervention groups were intraperitoneally 
administered osthole (25 or 50 mg/kg) or dexamethasone 
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(1 mg/kg) 1 h prior to the OVA atomization. Osthole and DEX 
treatments were administered daily where indicated. The mice 
in the NC and asthma groups were administered PBS only at 
the same volume used for drug administration. Subsequently, 
the animals were anesthetized by an intraperitoneal injection 
of pentobarbital sodium (50 mg/kg) at 24 h after the final chal-
lenge for AHR detection. A schematic diagram of the airway 
inflammation induction is presented in Fig. 2.

AHR detection. Bronchial hyperreactivity was measured 24 h 
after the final challenge. AHR was detected using an invasive, 
mouse pulmonary function testing system (Buxco Electronics 
Inc.). The entire procedure was performed on anesthetized 
mice. First, the mice were anesthetized with pentobarbital 
sodium (50 mg/kg, intraperitoneal injection), followed by 
tracheotomy, after which a suitable cannula was inserted. The 
mice were then placed in the plethysmograph chamber, and 
the ventilator‑assisted mouse breathing tube was opened while 
increasing the airway pressure baseline with <5% change 
every 2.5 min until it tended to stabilize. Subsequently, PBS 
and 3 concentrations of Mch (3.125, 6.25 and 12.5 mg/ml) 
were introduced into the head chamber via nebulization. The 

airway responses were displayed through changes in airway 
resistance (RL) and lung dynamic compliance (Cdyn) (32). 
The dose‑dependent effect of osthole (25 and 50 mg/kg) on 
airway resistance in asthmatic mice was evaluated by statis-
tical analysis. If the inhibitory effect increased with increasing 
osthole concentration, the inhibitory effect of osthole on airway 
resistance was considered to be dose‑dependent (33‑35).

Collection of bronchoalveolar lavage fluid (BALF). After the 
airway reactivity test was completed, the mice were euthanized 
by cervical dislocation, and death was confirmed on the basis 
of lack of breathing, pulse, pupillary reflex, corneal reflex and 
response to firm toe pinching. The lungs were lavaged through 
the tracheal cannula 3 times with 0.8 ml cold PBS. The BALF 
was then collected and centrifuged at 500 x g for 10 min at 4˚C. 
The supernatants were transferred into new tubes and stored 
at ‑80˚C. The cell pellets were resuspended in PBS to evaluate 
the abundance of inflammatory cells, including lymphocytes, 
eosinophils, basophils and neutrophils. The cytokine (INF‑γ, 
IL‑4, IL‑5, IL‑13 and IL‑33) levels in BALF were analyzed by 
Luminex assay following the manufacturer's instructions.

Histopathology of lung tissue assay. The right middle lung 
lobes were removed from the mice and fixed with 4% para-
formaldehyde. First, the lungs were dehydrated with various 
concentrations of alcohol. They were then embedded in 
paraffin and sectioned at a thickness of 3 µm. Subsequently, 
the sections were stained with hematoxylin and eosin (H&E; 
cat. no.  AR1180; Boster Biological Technology, Ltd.) for 
5 min, periodic acid‑Schiff reagent (PAS; cat. no. BA4080B; 
BaSO Biotech) for 10 min, and Masson's trichrome (M‑T; cat. 
no. BA4079B; BaSO Biotech) for 10 min at room temperature. 
The lung tissue sections were examined at x200 magnification 
using an optical microscope (ECLIPSE 80i, Nikon Corp.). 
Finally, lung inflammation was assessed by the degree of 
eosinophil infiltration, the amount of mucus secretion and the 
area of collagen deposition.

qPCR assay. Reverse transcription‑quantitative PCR 
(RT‑qPCR) was performed to determine the levels of the 
following Th1/Th2‑related cytokines in the lungs: IFN‑γ, 
IL‑4, IL‑5, IL‑13, IL‑33 and ST2. Total RNA was extracted 
from the lungs using TRIzol reagent. A reverse transcriptase 
kit was used to perform first‑strand cDNA synthesis according 
to the manufacturer's protocol. The cDNA samples were then 
amplified using an ABI 7500 sequence detector with thermal 
cycling conditions of 30 sec at 95˚C (hot‑start step), followed 
by 40 cycles of 5 sec at 95˚C (denaturation step), 60 sec at 60˚C 
(annealing step) and 60 sec at 72˚C (extension step). Relative 
mRNA expression was analyzed using the 2‑ΔΔCq method (36). 
β‑actin was used as the internal control gene. The sequences of 
the primers used for mouse β‑actin, IL‑4, IL‑5, IL‑13, IFN‑γ, 
IL‑33 and ST2 are presented in Table I.

Immunohistochemistry (IHC). ST2 expression in the lungs was 
evaluated by IHC according to the manufacturer's instructions 
(ProteinTech Group, Inc.). First, the lung sections were deparaf-
finized and washed 3 times with PBS. They were then incubated 
in 3% hydrogen peroxide for 30 min. Subsequently, they were 
washed with PBS, and incubated with rabbit polyclonal anti‑ST2 

Figure 1. Chemical structure of osthole (7‑methoxy‑8‑prenyl coumarin).

Figure 2. Experimental protocol for OVA‑induced asthma murine model. 
BALB/c mice were sensitized with OVA and aluminum hydroxide by 4 
intraperitoneal injections on days I, 7, 14 and 21. Then, mice were sprayed 
with 2% OVA (w/v in PBS) for 30 min each day from day 24 to day 30. The 
normal control group used PBS instead of OVA to sensitize and challenge. 
Dexamethasone and osthole were administered via intraperitoneal injection 
1 h before the challenge from day 24 to 30. Mice were sacrificed within 24 h 
after the final OVA challenge. OVA, ovalbumin; DEX, dexamethasone.



YANG et al:  OSTHOLE ATTENUATES LUNG INFLAMMATION VIA THE IL-33/ST2 PATHWAY1392

antibody (1:100; cat. no. 11920‑1‑AP, ProteinTech Group, Inc.) 
for 12 h at 4˚C in a humid chamber. The sections were washed 
with PBS, covered with biotinylated goat anti‑rabbit (1:300; 
cat. no. SA1022, Wuhan Boster Biological Technology, Ltd.), and 
incubated for 60 min at room temperature. Once the incubation 
was completed, they were washed again with PBS, incubated in 
a peroxidase solution for 20 min at room temperature, and then 
washed again with PBS. Finally, the sections were covered with 
3,3‑diaminobenzidine tetrahydrochloride (DAB) chromogen 
and incubated for 3‑10 min at room temperature before being 
observed under a light microscope (ECLIPSE 80i, Nikon Corp.) 
at x200 magnification.

Statistical analysis. All data are presented as the means ± stan
dard deviation. Data analysis was performed using SPSS 
version 20.0 (IBM SPSS, Inc.). The statistical graphs were 
created using GraphPad Prism 6.0 software (GraphPad 
Software, Inc.). Results were evaluated statistically using 
one‑way analysis of variance (ANOVA) and the Bonferroni 
post hoc test. Values of P<0.05 and P<0.01 were considered to 
indicate statistically significant and highly statistically signifi-
cant differences, respectively.

Results

Osthole reduces AHR in asthmatic mice. The effects of 
osthole on airway responses in a mouse model of asthma 
was determined by nebulization with Mch. A higher level of 
airway resistance was observed in the mice with OVA‑induced 
asthma compared with that observed in the normal control 
group (P<0.05), whereas DEX and osthole treatment 
significantly downregulated the OVA‑induced AHR (P<0.05; 
Fig. 3). In particular, osthole exerted a more prominent effect 
at 50 mg/kg than that observed with 25 mg/kg.

Osthole attenuates airway inflammation in asthmatic mice. 
Inflammatory cell infiltration is one of the most prominent 

features of asthma. The total and differential cell counts of 
BALF were estimated with an automated cell counter. The 
numbers of total leukocytes and differential cells, including 
neutrophils, eosinophils, lymphocytes, basophils and mono-
cytes were markedly increased in the asthma group compared 
with those of the NC group (P<0.05; Fig. 4). After the mice 
were treated with osthole or DEX, the numbers of leukocytes 
and differential cells markedly decreased (P<0.05). In addi-
tion, osthole treatment decreased the number of eosinophils 
in a dose‑dependent manner. It was clearly indicated that the 
optimal dose of osthole with which to reduce the number of 
inflammatory cells was 50 mg/kg (P<0.05). H&E staining also 
revealed that there were more inflammatory cells infiltrated in 
the lungs of mice in the asthmatic group (Fig. 5B) compared 
with those in the lungs of mice in the NC group (Fig. 5A). 

Table I. Primer sequences of the genes detected by quantitative 
polymerase chain reaction.

Gene	 Primer sequences (5'‑3')

β‑actin	 F: 5'‑CCTCTATGCCAACACAGT‑3'
	 R: 5'‑AGCCACCAATCCACACAG‑3'
IL‑4	 F: 5'‑TAGTTGTCATCCTGCTCTTCTT‑3'
	 R: 5'‑CTCACTCTCTGTGGTGTTCTTC‑3'
IL‑5	 F: 5'‑CCATTGCCCACTCTGTAC‑3'
	 R: 5'‑AGGCTTCCTGTCCCTACT‑3'
IL‑13	 F: 5'‑CAGCCTCCCCGATACCAAAAT‑3'
	 R: 5'‑CCCCAGCAAAGTCTGATGTGA‑3'
IFN‑γ	 F: 5'‑CAGCGACCGTGTCTGTAT‑3'
	 R: 5'‑GAGGAGCGTCTGGAAATA‑3'
IL‑33	 F: 5'‑GTCAACAGACGCAGCAAA‑3'
	 R: 5'‑TTAGGAAAGAACCCACGAA‑3'
ST2	 F: 5'‑CTGGCACTGCATTTCCT‑3'
	 R: 5'‑GCCTACGAGCAGGAGATT‑3'

Figure 3. Osthole reduces AHR in asthmatic mice. Effect of osthole on 
AHR in response to increasing concentrations of aerosolized methacholine 
(3.125, 6.25 and 12.5 mg/ml) or PBS 24 h after the final OVA challenge for 
mice. AHR was assessed by lung resistance (RL). The normal control group 
(NC), OVA sensitized and challenged asthma group (asthma), dexametha-
sone (1 mg/kg) treatment group (DEX), and osthole treatment groups at 
doses of 25 and 50 mg/kg (OS‑25 and OS‑50). The data are presented as the 
mean ± SD. ##P<0.01 vs. the normal control group; *P<0.05, **P<0.01 vs. the 
asthma model group. OVA, ovalbumin; DEX, dexamethasone; AHR, airway 
hyper‑responsiveness.

Figure 4. Osthole reduces the number of inflammatory cells in the alveolar 
lavage fluid of asthmatic mice. Total, leucocytes; eos, eosnophils; lym, 
lymphocytes; neu, neutrophils; bas, basophils; mon, monocytes. The normal 
control group (NC), OVA‑sensitized and challenged asthma group (asthma), 
dexamethasone (1 mg/kg) treatment group (DEX), and osthole treatment 
groups at doses of 25 and 50 mg/kg (OS‑25, OS‑50). The data are presented 
as the means ± SD. #P<0.05, ##P<0.01 vs. the normal control group; *P<0.05, 
**P<0.01 vs. the asthma model group. OVA, ovalbumin; DEX, dexamethasone.
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However, airway inflammation was alleviated in the OS and 
DEX groups (Fig. 5C‑E).

Osthole alleviates airway remodeling in asthmatic mice. 
The degree of airway remodeling is associated with the 
severity of asthma. In the present study, PAS and Masson's 
trichrome staining were used to assess mucus secretion and 

collagen deposition in addition to the presence of goblet cell 
hyperplasia (Figs. 6 and 7). Compared with the NC group, 
the mice in the asthma group exhibited increased mucus 
production, excessive collagen deposition and goblet cell 
hyperplasia in the lungs (Figs. 6A and B, and 7A and B), 
and these maladaptive changes were suppressed in the DEX 
and OS groups (Figs. 6C‑E and 7C‑E). Of note, no marked 

Figure 5. Osthole alleviates airway inflammation in the lungs of mice with OVA‑induced asthma (H&E staining, x200 magnification). The images show 
the infiltration of inflammatory cells. (A) normal control group, (B) asthma mice model, (C) DEX treatment group, (D) osthole treatment group (25 mg/kg), 
(E) osthole treatment group (50 mg/kg). OVA, ovalbumin; DEX, dexamethasone.

Figure 6. Oshtole decreases goblet cell metaplasia. Goblet cell hyperplasia was estimated with PAS staining (x200 magnification). (A) normal control group, 
(B) asthma mice model, (C) DEX treatment group, (D) osthole treatment group (25 mg/kg), (E) osthole treatment group (50 mg/kg). OVA, ovalbumin; DEX, 
dexamethasone.
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differences were observed between the 2 drug treatment 
groups (Fig. 7C‑E).

Osthole rebalances Th1/Th2‑related cytokines in the BALF 
and lungs of asthmatic mice. Subsequently, the present study 
evaluated the levels of the Th1/Th2‑related cytokines, IFN‑γ, 
IL‑4, IL‑5 and IL‑13, in BALF using a Luminex multiplex 
cytokine analysis kit. The levels of the Th2 cytokines, IL‑4, 
IL‑5 and IL‑13, were significantly elevated in the asthma group 
(P<0.05); however, these elevations were markedly downregu-
lated in the OS‑50 and DEX groups (P<0.05; Fig. 8B‑D). At the 
same time, the level of the Th1 cytokine, IFN‑γ, was decreased 
in the asthma group (P<0.05), while the DEX and OS groups 
exhibited a relatively higher level of IFN‑γ (P<0.05; Fig. 8A). 
Notably, the level of IFN‑γ in the OS‑50 group was much 
higher than that in the DEX group (Fig. 8A). Furthermore, 
the mRNA levels of these cytokines were also evaluated in 
the lungs by RT‑qPCR. The IFN‑γ mRNA levels in the OS 
and DEX groups were higher than those in the asthma group 
(P<0.05), while the IL‑4, IL‑5 and IL‑13 mRNA levels were 
lower in the OS and DEX groups (P<0.05). Notably, the effect 
of osthole (50 mg/kg) on IFN‑γ mRNA expression was much 
more prominent than that of DEX (Fig. 8E).

Osthole inhibits IL‑33/ST2 signaling in asthmatic mice. 
IL‑33/ST2 signaling is involved in airway inflammation 
in asthma. The level of IL‑33 in BALF was assessed using 
the Luminex multiplex cytokine analysis kit. Moreover, the 
protein level of ST2 was evaluated by IHC. Furthermore, 
the mRNA levels of IL‑33 and ST2 in the lungs were quan-
tified by RT‑qPCR. The levels of IL‑33 in BALF of in the 
asthma group were higher than those in the control group 
(P<0.05; Fig. 9F). On the other hand, the OS‑50 and DEX 
groups exhibited significantly lower levels of IL‑33 than the 
asthma group.

In terms of gene expression, there was a significant upregu-
lation in the IL‑33 and ST2 mRNA levels in the asthma group 
compared with the NC group (P<0.05). Of note, the DEX 
and OS groups exhibited significantly lower mRNA levels 
of IL‑33 and ST2 compared with the asthma group (P<0.05; 
Fig. 9G and H). Moreover, the effect of osthole treatment 
appeared to be dose‑dependent, since the IL‑33 and ST2 
mRNA levels were markedly lower in the OS‑50 group relative 
to those in the OS‑25 group. Furthermore, the IHC analysis of 
the lung sections demonstrated that the highest ST2 protein 
expression was observed in the asthma group. By constast, 
the DEX and OS‑50 groups exhibited lower amounts of ST2 
protein (Fig. 9A‑E).

Discussion

AHR is a representative hallmark of allergic asthma. It can be 
induced by exposure to allergens, such as OVA and house dust 
mite (HDM) (37‑39). Osthole is a natural compound isolated 
from the Chinese herb, Cnidii Fructus, which has been widely 
used for centuries in China for the treatment of allergic disor-
ders. In the present study, it was demonstrated for the first time, 
at least to the best of our knowledge, that osthole treatment can 
markedly decrease AHR in a mouse model of asthma.

Allergic asthma is a chronic airway inflammatory disorder. 
It is considered to manifest from the immune responses of 
Th2 cells, including innate lymphoid cells (ILC2s), CD4+ Th2 
cells, eosinophils, neutrophils and mast cells. These maladap-
tive immune responses are executed via the overproduction of 
the IL‑4, IL‑5 and IL‑13 cytokines. IL‑4 and IL‑5 promote 
the recruitment of inflammatory cells. For example, IL‑5 
stimulates the generation and activation of eosinophils. In 
the present study, the types of inflammatory cells in BALF 
were analyzed. It was observed that the number of leuco-
cytes, particularly eosinophils, was markedly elevated in the 

Figure 7. Oshtole inhibits collagen deposition. collagen deposition was examined by Masson's trichrome staining (x200 magnification). (A) normal control 
group, (B) asthma mice model, (C) DEX treatment group, (D) osthole treatment group (25 mg/kg), (E) osthole treatment group (50 mg/kg). OVA, ovalbumin; 
DEX, dexamethasone.
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asthmatic mice as was expected, confirming that the asthmatic 
model in the present study recapitulated the major features of 
asthma observed in humans. Notably, the osthole‑treated asth-
matic mice exhibited lower amounts of leucocytes, including 
eosinophils, indicating that osthole treatment reduced the 
number of inflammatory cells. Furthermore, it was found that 
the levels of IL‑4, IL‑5 and IL‑13 were increased in the BALF 
of asthmatic mice, while the level of IFN‑γ was decreased. 
Osthole treatment partially suppressed the imbalance between 
these Th1‑ and Th2‑related cytokines. IL‑13 has been reported 
to induce smooth muscle cell proliferation and hypertrophy, 
goblet cell metaplasia, the overproduction of mucus and exces-
sive collagen deposition (40). The present study also observed 
that the asthmatic mice had significantly less mucus and goblet 
cells when treated with osthole.

Epithelial cells (ECs) are the first line of defense against 
pathogens. They also interact with a various types of immune 
cells that trigger immune responses against foreign pathogens. 
Most importantly, ECs have been reported to affect Th2 

responses by secreting the pro‑inflammatory cytokines, IL‑33, 
IL‑25 and TSLP (41). IL‑33 is a newly discovered member of 
the IL‑1 family (42). It is mainly located in the cell nucleus 
in addition to its extra‑cellular role as a cytokine  (43,44). 
Genome‑wide association studies have indicated that IL‑33 
is one of the genes involved in asthma development (45,46). 
IL‑33 is constitutively expressed in epithelial, endothelial, and 
mast cells (47,48). IL‑33 is rapidly released form epithelial 
cells after allergen exposure or tissue injury (13,49). IL‑33 
can function as an alarm to warn the immune system. IL‑33 
signals activated via its receptor ST2, which is expressed on 
natural helper cells, ILC2s, eosinophils, basophils, Th2 cells, 
mast cells and NK cells (50,51). Previous studies have revealed 
that IL‑33/ST2 signaling is the fundamental Th2‑associated 
immune response (12,52,53). The inhibition of IL‑33 expres-
sion reduces the symptoms of asthma, such as inflammation, 
in asthmatic mice (54). In the present study, it was identified 
that IL‑33 and ST2 levels were significantly elevated in the 
lungs of asthmatic mice; however, this inflammatory response 

Figure 8. (A‑D) Osthole suppresses the secretion of Th2 cytokines, and promotes the production of Th1 cytokines in BALF. The levels of IFN‑γ, IL‑4, IL‑5 
and IL‑13 were measured using a Luminex multiplex cytokine analysis kit. (E‑H) The mRNA levels of IFN‑γ, IL‑4, IL‑5 and IL‑13 in lung tissues. Results 
are expressed as the means ± SD. #P<0.05, ##P<0.01 vs. the normal control group; *P<0.05, **P<0.01 vs. the asthma model group. OVA, ovalbumin; DEX, 
dexamethasone.
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was significantly suppressed by osthole treatment. Further 
studies are required to determine exactly which cells mediate 
IL‑33/ST2 signaling and to elucidate the mechanisms through 
which they interact with other cells.

Osthole has a long history of clinical application in the 
treatment of dermatitis and eczema. Although it has a variety 
of biological activities, data on its efficacy on allergic asthma 
is limited. In the present study, the immunomodulatory effects 
of osthole in asthmatic mice were investigated. Osthole did 
not exert an adverse side‑effects when administered at 25 
or 50 mg/kg in mice. The results indicated that exposure to 
OVA induced allergic asthma in mice and that osthole signifi-
cantly reduced airway resistance, and the infiltration of the 
above‑mentioned inflammatory cells. In summary, the data 
suggest that osthole can alleviate allergen‑induced airway 
inflammation in mice.

Th2‑type cytokines play a key role in the progression of 
allergic asthma and can promote the development of inflam-
matory phenotypes. IL‑4 is an important inducer of IgE 
production by B lymphocytes, and IL‑5 promotes eosinophil 

activation, maturation and recruitment. IL‑13 is more effective 
in promoting AHR and pathological changes. IL‑33 stimulates 
excessive secretion of Th2 cytokines. The treatment of asth-
matic mice with high doses of osthole (50 mg/kg) significantly 
reduced the expression of the Th2 cytokines, IL‑4, IL‑5 and 
IL‑13. Overall, these data indicate that osthole can attenuate 
OVA‑induced Th2 responses and inhibit the immunopathology 
of allergic asthma in mice. Based on the aforementioned infor-
mation, treatment strategies for the pain suppression of Th2 
immunity may improve the control of allergic asthma. Osthole 
improves the severity of allergic asthma in mice by inhibiting 
the Th2 immune response. The present study further eluci-
dated whether this inhibitory effect was in part due to IL‑33 
downregulation in osthole‑treated mice. The results revealed 
that IL‑33 production was significantly decreased in the lungs 
and BALF. Likewise, it was observed that the IL‑33 ligand, 
ST2, was also significantly downregulated in the lungs.

In the present study, OVA was used to induce asthma in 
mice, whereby it was observed that osthole reduced the degree 
of inflammation in asthma. In the future, the authors aim to 

Figure 9. (A‑E) Expression of ST2 is increased in lung tissue of asthmatic mice by immunohistochemistry. The ST2 immunostaining (brown stain) at x200 
magnification is shown. (A) normal control group, (B) asthma mice model, (C) DEX treatment group, (D) osthole treatment group (25 mg/kg), (E) osthole 
treatment group (50 mg/kg). (F) The secretion of IL‑33 in BALF was assessed using the Luminex multiplex cytokine assat kit. (G) Relative expression of IL‑33 
mRNA in lung. (H) Relative expression of ST2 mRNA in lung. Values were expressed as the means ± SD. ##P<0.01 vs. the normal control group; *P<0.05, 
**P<0.01 vs. the asthma model group. OVA, ovalbumin; DEX, dexamethasone.
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evaluate the effects of osthole on allergic asthma induced by 
other allergens, such as HDM.

IL‑33 has been reported to trigger the activation of inflam-
matory pathways through an IL‑1‑related receptor protein 
complex of ST2 (ST2/IL‑1RAcP) (20). Since dendritic cells 
(DCs) function as antigen‑presenting cells, they play a central 
role in immune responses observed in asthma. The activation 
of Toll‑like receptor 4 (TLR4) by a fungal proteinase derived 
from Aspergillus oryzae has been reported to be involved in 
the epithelial overexpression of IL‑33 in the airways, subse-
quently activating DCs (55). Moreover, HDM extracts can 
directly activate ECs to produce IL‑25 and IL‑33 and act on 
DCs. Thus, ECs appear to modulate DC activation through 
secretion of IL‑33 (56). Given this link between ECs and DCs, 
further studies are required to investigate the role of DCs in 
the osthole‑induced alleviation of airway inflammation in 
asthmatic mice.

There are several other limitations to the present study. It is 
not clear which cell types were affected by Osthole, resulting 
in reduced airway inflammatory responses. Osthole may play 
a regulatory role in airway epithelial cells and dendritic cells, 
which in turn affects the Th2 immune response process, 
leading to a reduction in airway inflammation. The interven-
tion of osthole in airway epithelial cells and DCs is the content 
of follow‑up experiments by the authors.

In conclusion, the results of the present study indicate 
that osthole administration reduces the severe symptoms of 
Th2‑mediated asthma in mice, in part as it reduces the expres-
sion of IL‑33. The data demonstrate that osthole treatment 
suppresses Th2 immune responses by inhibiting the produc-
tion and activation of IL‑33 in the early stages of antigen 
stimulation. Furthermore, it was determined that Th1 and Th2 
cells were rebalanced presumably through the inhibition of 
IL‑33/ST2 signaling. Taken together, the results indicate that 
osthole may be a promising candidate for the development of 
an asthma medication.
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