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ABSTRACT
Context: Asthma is a common respiratory system disease. Louki Zupa decoction (LKZP), a traditional
Chinese medicine, presents a promising efficacy against lung diseases.
Objective: To investigate the pathogenic mechanism of asthma and reveal the intervention mechanism
of LKZP.
Materials and methods: Forty-eight female Balb/c mice were randomly divided into 6 groups: normal
control group (NC), ovalbumin (OVA)/saline asthma model group, OVA/LL group, OVA/LM group, OVA/LH
group and OVA/DEX group (n¼ 8 per group). The asthmatic mice were modelled through intraperitoneal
injecting and neutralizing OVA. LKZP decoction was administrated by gavage at the challenge stage for
seven consecutive days (2.1, 4.2 and 8.4 g/kg/day). We investigated the change in lung function, airway
inflammation, mucus secretion and TH-1/TH-2-related cytokines. We further verify the activated status of
the IL-33/ST2/NF-jB/GSK3b/mTOR signalling pathway.
Results: LKZP was proved to improve asthmatic symptoms, as evidenced by the down-regulated airway
resistance by 36%, 58% and 53% (p< 0.01, p< 0.001 vs. OVA/saline group), up-regulated lung compliance
by 102%, 114% and 111%, decreased airway inflammation and mucus secretion by 33%, 40% and 33%
(p< 0.001 vs. OVA/saline group). Moreover, the content of cytokines in BALF related to airway allergy
(such as IgE) and T helper 1/T helper 2 cells (like IL-2, IL-4, IL-5, IL-13, TNF-a and IFN-c), were also mark-
edly reduced by 13–65% on LKZP intervention groups compared with model group. Mechanistic research
revealed that the IL-33/ST2-NF-jB/GSK3b/mTOR signalling pathway was activated in the OVA/saline group
and LKZP significantly down-regulated this pathway.
Discussion and conclusion: LKZP improves lung function, airway inflammation, mucus secretion and cor-
rect immune imbalance by intervening with the IL-33/ST2-NF-jB/GSK3b/mTOR signalling pathway, pre-
senting a promising therapeutic choice for asthma.
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Introduction

Asthma, which affects nearly 18% of the worldwide population
(Mattiuzzi and Lippi 2020), is a common disease characterized
by airway hyperresponsiveness and airway inflammation, and the
symptoms of asthma include coughing, wheezing, chest tightness
and dyspnoea. Asthmatic patients could be classified according
to the potential pathogenesis or variable symptoms (Kuruvilla
et al. 2019), such as T helper 2-high (TH2-high) asthma or T
helper 2-low (TH2-low) asthma (according to the expression of
TH2-like cytokines). Currently, the combination of bronchodila-
tors and glucocorticoids aimed at the phenotype is the conven-
tional treatment for asthma, and biological agents, such as
Omalizumab, aimed at the endotype have gradually become the
second treatment option for asthmatic patients. Although bio-
logical agents have a certain relief effect on asthma symptoms,
they have adverse side effects (McGregor et al. 2019). Therefore,
it is one of the most important focuses currently on finding
effective treatments with minimal side effects in asthmatics.

Given the heterogeneity of asthma, a widely accepted method to
study the pathophysiological mechanisms and interventions of
asthma is genetics. Previous studies have suggested that interleu-
kin 33 (IL-33), interleukin 1 receptor-like 1 (IL1RL1) and inter-
leukin 4 (IL-4) are independent gene loci related to the
occurrence of asthma (El-Husseini et al. 2020). According to pre-
vious reports, the IL-33/ST2 pathway may be one of the most
important pathways in the context of genetics (El-Husseini et al.
2020; Saikumar Jayalatha et al. 2021).

IL-33, as a member of the IL-1 protein family, is initially
expressed as a nuclear factor of high endothelial venules (NF-
HEVs) in high endothelial venules (HEVs) of lymphoid organs,
and it plays an important role in controlling the phenotype of
HEV (Baekkevold et al. 2003). Recent research has indicated that
IL-33, also known as the sirens, is a key cytokine released by
bronchial structural cells (such as bronchial epithelial cells) when
a stimulus acts on the airway. IL-33 then combines with its
receptor [suppression of tumorigenicity 2 (ST2)] and induces the
activation of downstream signalling pathways, thereby inducing a
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series of asthma-related symptoms (Schmitz et al. 2005; Bartemes
et al. 2012; Cayrol and Girard 2018; Stier et al. 2019;
Vasanthakumar and Kallies 2019; Finlay et al. 2020). ST2 is
found in immune cells and bronchial structural cells (Finlay
et al. 2020). Previous studies have reported that the IL-33 gene
and ST2 gene are susceptibility genes for asthma, especially in
childhood asthma and early-onset asthma (El-Husseini et al.
2020; Shaban et al. 2021). Another clinical study has suggested
that the combination of ST2 and IL-33 results in continuous
activation of the nuclear factor kappa b (NF-jB) signalling path-
way and recruitment of eosinophils to the airway in an aggra-
vated manner (Portelli et al. 2020). Additionally, the proteolytic
enzymes secreted by neutrophils and mast cells can cleave IL-33
into smaller but more active fragments (Lefrancais et al. 2012).
This cycle further aggravates asthmatic symptoms. However, in-
depth research focussed on the IL-33/ST2 pathway downstream
of the pathogenic mechanism has not been conducted.
Therefore, one of the objectives of the presented study was to
investigate the underlying pathogenic mechanism after the acti-
vation of IL-33/ST2 activation to further uncover its diverse role
and provide more methods for clinical diagnosis and treatment.

Louki Zupa (LKZP), as traditional Uyghur medicine, is widely
used clinically and is composed of Hyssopus officinalis L.
(Lamiaceae). and Orris root. Liquid chromatography-tandem
mass spectrometry (LC-MS/MS) analysis has identified rosmari-
nus acid as the main active ingredient of H. officinalis and luteo-
lin, iris and apigenin as the main active ingredients of Orris root
through LC-MS/MS analysis (Wuniqiemu et al. 2021). Both ani-
mal experiments and clinical studies have demonstrated that
LKZP has significant effects on treating respiratory diseases.
However, due to the complexity of the LKZP components and
the diversity of its targets, the exact mechanism of action for
treating diseases needs to be further studied.

In the present study, the potential downstream molecules of
the IL-33/ST2 pathway were investigated in an acute asthma
mouse model. We used pharmacodynamics to investigate LKZP,
and the results indicated that LKZP can improve asthmatic
symptoms by intervening in the IL-33/ST2-NF-kB/GSK3b/
mTOR signalling pathway.

Materials and methods

Experimental animals

Female BALB/c mice (6–8weeks, body weight of 18 ± 2 g), were
purchased from Shanghai Jiesijie Laboratory Animal Co. Ltd.
The mice were housed in the animal holding unit building
(School of Pharmacy, Fudan University), with a pathogen-free

facility and free to standard animal diet and normal drinking
water. All animal experiments in this study were approved by
the Ethics Committee of Animal Experiments of Fudan
University (Authorization number: 2020-HSYY-JS-675).

Asthma model establishment and treatment

Forty-eight female Balb/c mice were randomly divided into 6
groups, 8 in each group, including the normal control group
(NC), ovalbumin (OVA)-induced asthma model group (OVA/
saline), low dose of LKZP group (OVA/LL, 2.1 g/kg), medium
dose of LKZP group (OVA/LM, 4.2 g/kg), high dose of LKZP
group (OVA/LH, 8.4 g/kg) (LKZP decoction, provided by
Sinopharm Xinjiang Pharmaceutical Co. Ltd.), OVA-induced
asthma model groupþ positive control dexamethasone group
(OVA/DEX, 2mg/kg). As shown in Figure 1, on days 0, 7 and
14, the mice in the model group and the four intervention
groups were injected intraperitoneally with 0.2mL sterile PBS
solution containing 20 mg OVA (grade V, Sigma, Taufkirchen,
Germany) and 2mg aluminium hydroxide (Sigma-Aldrich, St.
Louis, MO, USA), the normal group was intraperitoneally
injected with an equal dose of sterile PBS. On days 21–27, mice
in the model group and intervention groups were inhaled 3%
OVA solution through an ultrasonic nebulizer (402AI ultrasonic
nebulizer, Yuyue, China) for 30min each time, and the normal
group was aerosolized with the same amount of PBS for 30min
at the same time. After the aerosolization challenge, the interven-
tion of LKZP groups and the dexamethasone group were admin-
istrated with 0.2mL corresponding drug to each mouse by
gavage, and each mouse in the normal group and the model
group was given an equal dose of PBS per day by gavage.

Measurement of Airway hyperresponsiveness (AHR)

Within 24 h after the last nebulization challenge, each mouse was
tested for lung function by using the Fine Pointe Resistance and
Compliance system (DSI Buxco Electronics, Troy, NY). Each
mouse was weighed and injected with 2% pentobarbital sodium
(Sigma-Aldrich, St Louis, MO, USA) at a dose of 50mg/kg. After
the mouse was successfully anaesthetized, the trachea was cut
and intubated. The mouse was put into a cavity connected with
a ventilator, after the breathing is stable, mice were exposed to
methacholine (Mch, Sigma-Aldrich; St. Louis, MO) at the
increasing dose of 0, 3.125, 6.25 and 12.5mg/mL to detect lung
function. Lung dynamic compliance (Cdyn) and airway resistance
(RL) were recorded during this process.

Figure 1. (A) Experiment protocol for asthma model and treatment. Mice were grouped, sensitized, treated and challenged as described before. LKZP (2.1 g/kg;
4.2 g/kg; 8.4 g/kg) had been given by gavage from day 21 to 27. Within 24 h after the final challenge, mice were sacrificed. (B) Scheme of OVA inhalation.

PHARMACEUTICAL BIOLOGY 1521



Collection and assessment of serum and bronchoalveolar
lavage fluid (BALF)

The blood was taken by removing the eyeballs, The blood vol-
ume of each mouse was between 0.3 and 0.5mL. After standing
for 2 h at room temperature, all samples were centrifuged at
2500 g for 25min at room temperature, all supernatants were ali-
quoted and stored in at �80 �C for later use. The left lung was
lavaged with 0.3, 0.3 and 0.2mL with pre-cooled PBS and the
lavage fluid was collected, the BALF was centrifuged at 4 �C and
500 g for 10min. The supernatant was aliquoted and stored in at
�80 �C for later use. Pellet was resuspended in 50 mL PBS, and
the count of total white blood cells (WBC), eosinophils (EOS),
lymphocytes (LYM), monocytes (MON), neutrophils (NEU) was
measured in an automatic cell counter (Hemavet950 instrument;
Drew Scientific Group, UK).

Lung histopathologic examination

The middle lobe of the right lung was taken and fixed in 4%
phosphate-buffered formalin, and the remaining lung tissues
were frozen at �80 �C for later protein and mRNA analysis. The
middle lobe was embedded in paraffin and cut into 4 mm sec-
tions to expose the largest surface area of lung tissue in the
bronchial plane. Hematoxylin-eosin (HE) staining and Periodic
Acid-Schiff (PAS) staining were used to observe airway inflam-
mation and mucus secretion. Image results were recorded under
an optical microscope (�200, �100), the semi-quantitative
method was used to score the degree of inflammatory infiltration
and secretion of mucus (Cho et al. 2001; Bao et al. 2018). Five
views in each tissue section and three tissue sections in each
group were randomly scored in a double-blind screen performed
by two independent pathologists with Image-pro plus 6.0 soft-
ware (Media Cybernetics Inc., Warrendale, PA, USA). In short,
the degree of peribranchial inflammation was assessed according
to the following histologic grading system: (1) absence of peri-
branchial inflammatory cells; (2) a few scattered peribranchial
inflammatory cells involving less than 25% of the circumference
of the bronchus; (3) focal peribranchial inflammatory cell infil-
trate not completely surrounding a bronchus (i.e., involving
approximately 25–75% of the circumference of the bronchus);
(4) 1 definite layer of peribranchial inflammatory cells com-
pletely surrounding a bronchus; (5) 2 definite layers of peribran-
chial inflammatory cells completely surrounding a bronchus; (6)
3 or more layers of peribranchial inflammatory cells completely
surrounding a bronchus. In each lung section, the mean peri-
branchial inflammatory score was calculated by adding the scores
of all the individual bronchioles in the lung section and dividing
this score by the number of bronchioles present in the lung sec-
tion. Bule or purple goblet cells were determined as PAS-posi-
tive, percentage of PAS-positive cells in total goblet cells was
calculated to reflect goblet cell metaplasia. The numbers of PAS-
negative and PAS-positive cells were counted around the internal
perimeter of the airway by image software. A morphometrical
analysis of the volume density of PAS-positive material in lobar
bronchi and segmental bronchi was performed to evaluate mucus
hypersecretion. The data are expressed as a percentage of PAS-
positive material area in the total epithelial area.

Detection of cytokines, IgE

Enzyme-linked immunosorbent assay was used to detect the con-
centration of Immunoglobulin (IgE) in serum and IL-33,

Interleukin-2 (IL-2), Interleukin-4 (IL-4), Interleukin-13 (IL-13),
Interleukin-5 (IL-5), tumour necrosis factor a (TNF-a),
Interferon-gamma (IFN-c) in BALF according to the experimen-
tal manual (MultiSciences, Hangzhou, China).

Detection of gene expression

Take the upper lobe of the left lung cryopreserved at �80 �C,
total RNA was extracted by Trizol (BIO TNT) according to the
manufacturer’s instruction, then the total RNA was reverse tran-
scripted into the first strand of cDNA (PrimeScriptTMRT Master
Mix (Perfect Real Time) Takara BIO INC) according to the
instruction, the concentration and A260/280 of cDNA were
checked to judge the purity of the sample extract. Real-time
quantitative polymerase chain reaction (qPCR) experiment (TB
GreenVR Premix Ex TaqTM II (Tli RNaseH Plus) Takara BIO
INC) was performed to detect the expression level of IL-33, ST2,
IL-4, IL-13, IL-5, TNF-a, IFN-c (primer sequences are presented
in Table 1), and the results were analyzed as previously reported
(Wei et al. 2016).

Immunohistochemical staining

Immunohistochemical staining was used to detect the expression
of IL-33 and ST2 in lung tissues according to the experimental
manual (Siding, Shanghai, China). Tissue images were captured
under an optical microscope (�400), and the semi-quantitative
analysis was used to score the degree of IL-33 and ST2 expres-
sion (Tang et al. 2021). Five brown or tawny views in each tissue
section and three tissue sections in each group were randomly
selected under the microscope, and integrated optical density
(IOD) values of tissue sections were measured by Image-pro plus
6.0 software (Media Cybernetics Inc., Warrendale, PA, USA),
and the mean IOD values were considered as the relative expres-
sion of IL-33 and ST2.

Western blot test

Lungs were mechanically disrupted to extract total protein and
phosphorylated protein according to the manufacturer’s instruc-
tion (Beyotime, Beijing, China). Lung proteins were separated by
SDS-PAGE and transferred to polyvinylidene fluoride membrane
for immunoblotting with antibodies. Antibodies used include
Phospho-GSK-3b (Ser9) (1:1000; Cell Signalling Technology),

Table 1. Primer sequences of the genes detected by real-time
quantitative polymerase chain reaction.

Target Primer sequence

TNF-a 50-TAG CCA GGA GGG AGA ACA GA-30
50-CCA GTG AGT GAA AGG GAC AGA-30

IFN-c 50-TCA GGT AGT AAC AGG CTG TCC-30
50-CAT TCG GGT GTA GTC ACA GTT-30

IL-33 50-GCG TTG GTA AAG AAA CTG AAG-30
50-CCG TGA GTG TGA TTT CAT ACA-30

ST2 50-TCC TGT GCC ATT GCC ATA GA-30
50-TAC TGC CCT CCG TAA CTG TCA-30

IL-4 50-TCA TCC TGC TCT TCT TTC TCG-30
50-CTT CTC CTG TGA CCT CGT TCA-30

IL-5 50-ACC ACA ACC TTA CTA CCC CAT-30
50-GCA TAC ATC TGT TTT TCC TGG-30

IL-13 50-GCC CCT TCT AAT GAG GAG AGA-30
50-CCC AGC AAA GTC TGA TGT GA-30

b-actin 50-CCT CTA TGC CAA CAC AGT-30
50-AGC CAC CAA TCC ACA CAG-30
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GSK-3b (1:1000; Cell Signalling Technology), NF-jB p65
(1:1000; Cell Signalling Technology), Phospho-mTOR (Ser2448)
(1:1000; Cell Signalling Technology), recombinant anti-mTOR
(phospho S2448) antibody (1:1000; Abcam), Anti-ST2 antibody-
BSA free (1:1000; Abcam), recombinant anti-IL-33 antibody
(1:1000; Abcam), Beta Actin Monoclonal Antibody (1:10,000;
Proteintech group). The secondary antibody is goat anti-rabbit
IgG H&L (HRP) (1:10,000; Beyotime) or goat anti-mouse
(1:10,000; Proteintech group). ECL Plus (Solabao) was used to
detect chemiluminescence, images were acquired by LAS4000
imaging system (Fujifilm Corporation, Tokyo, Japan). Semi-
quantitative analysis was conducted by ImageJ software.

Phosphorylated protein array detection

Commercial human and mouse MAPK pathway phosphorylation
array C1 kit (Ray Biotech, USA) was used to semi-quantitatively
detect 17 phosphorylated MAPK pathway proteins according to
the manufacturer’s protocol. In short, frozen lung tissues were
taken, and protease inhibitors and two phosphatase inhibitors
(Ray biotech, USA) were added to RIPA Lysis Solution (Strong)
(Beyotime, P0013B) to extract total phosphorylated protein. The
total protein concentration was determined using the BCA detec-
tion kit and standardized to 1mg/mL in blocking buffer. The
phosphorylated array membrane was incubated in a blocking
buffer (room temperature, 30min). The total protein extract was
incubated overnight at 4 �C. The membrane was washed and add
HRP-anti-rabbit IgG to incubate overnight at 4 �C. The mem-
brane was incubated with chemiluminescence detection buffer
(ECL detection reagent) and observed by the LAS4000 imaging
system. Phosphorylated protein signal point intensity was

calculated by ImageJ software. Quantified and normalized against
the positive control point for comparison.

Statistical analysis

SPSS software was used for all data analysis, GraphPad Prism 9
(GraphPad Software, La Jolla, CA, USA) was used for all chart
production, and all data were expressed as mean± standard error
of mean (SEM). Comparisons between groups were performed
using one-way analysis of variance (ANOVA) with a post hoc
least significantly different (LSD) test to calculate the statistical
significance of differences between more than two groups. A dif-
ference with a p-value < 0.05 was considered statistically
significant.

Results

LKZP decoction improved lung function in OVA-induced
asthma mouse model

The lung function of mice was tested within 24 h after conduct-
ing the last OVA challenge, as shown in Figure 2. The basic val-
ues of airway resistance (RL) and lung compliance (Cdyn) were
excited by PBS, meanwhile, Mch was applied to detect the RL

and Cdyn. Compared with the NC group, the asthma mice pre-
sented an obvious increase in RL [p< 0.001 at the dose of 25mg/
mL, Figure 2(A)] and a decrease in Cdyn [Figure 2(B)], indicating
the successful establishment of OVA-induced asthma mouse
model. The stimulation of Mch decreased in the three treatment
groups and OVA/DEX group. The deviation of ameliorating
effects on RL between the LKZP intervention groups and the
model group was observed with 12.5mg/mL of Mch, and the

Figure 2. Effects of LKZP on lung function to Mch in asthma mice. (A) Increase of RL (%); (B) Decrease of Cdyn (%); (C) Increase of RL (%) (Mch:25mg/mL); (D)
Decrease of Cdyn (%) (Mch:25mg/mL). The data are presented as the mean± SEM. n¼ 3–5 mice/group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. normal control group.�p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group. Ns: not significant.
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statistical difference was presented in 25mg/mL [p< 0.01 or
p< 0.001, Figure 2(C)]. OVA/LM and OVA/LH groups possess a
better effect on improving lung function than OVA/LL group.
The Cdyn decreased among all groups while no significant differ-
ence among normal control, asthma model, LKZP treatment and
OVA/DEX groups [Figure 2(D)].

LKZP decoction diminished inflammatory cells and cytokines
levels in serum and BALF of OVA-induced mouse
asthma model

The excessive infiltration of inflammatory cells and elevated pro-
duction of IgE are two typical features that happen in an asthma
attack period. As shown in Figure 3, we detected the total
inflammatory cells and populations in BALF, and the content of
IgE in serum was tested by ELISA. Results indicated that the
number of total WBC and EOS in the model group increased
significantly compared with the NC group, and the production
of IgE also significantly increased in OVA/saline group [p< 0.01
or p< 0.001, Figure 3(A,B)]. These inflammatory changes further
indicated the allergic asthma model was established successfully.

With LKZP intervention, the number of inflammatory cells in
BALF was decreased than OVA/saline group, especially EOS (76,
33 and 22%), one of the indicators of allergic asthma, significant
difference can be seen between OVA/LL group and OVA/saline
group (p< 0.001). The content of IgE was decreased among
LKZP (35, 56 and 54%) and DEX treatment groups (p< 0.05,
p< 0.01 or p< 0.001). Interestingly, as opposed to the result of
EOS, OVA/LM and OVA/LH groups showed markedly reduced
concentration of IgE than the OVA/LL group.

To determine the change of IL-33 in BALF, we detected the
concentration of IL-33, as depicted in Figure 3(C). The result
demonstrated that the expression level of IL-33 increased sharply
in OVA/saline group compared with the NC group. In addition,
the expression level of IL-33 significantly decreased in treatment
groups, especially in OVA/LM (25%) and OVA/DEX groups
(p< 0.01 or p< 0.001). However, the concentration of IL-33 in
the OVA/LL and OVA/LH groups was not significantly different
from the model group.

To explore the intervention of LKZP in inhibiting the activa-
tion of both TH1/2 cells, the content of cytokines that are typic-
ally derived from these two groups of cells in BALF were tested

Figure 3. Effects of LKZP on ameliorating inflammatory cells and cytokines. (A) Leukocytes in BALF. (B) Content of IgE in serum. (C–I) Content of IL-33, IL-2, IL-4, IL-5,
IL-13, TNF-a and IFN-c in BALF. The data are presented as the mean± SEM. n¼ 4–5 mice/group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. normal control group.�p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.
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[Figure 3(D–I)]. The number of TH1 cell-related cytokines (e.g.,
IL-2, TNF-a and IFN-c) in the OVA/saline group were signifi-
cantly higher than in the NC group (p< 0.001). The statistical
results of the number of TH2 cell-related cytokines, such as IL-4,
IL-5 and IL-13, showed the same changes as TH1 cell-related
cytokines. The results of LKZP and DEX intervention groups
showed a markedly reduced effect on these two types of cyto-
kines (p< 0.05, p< 0.01 or p< 0.001), but not in a dose-depend-
ent manner.

LKZP decoction attenuated airway inflammation in OVA-
induced mouse asthma model

In order to determine the effects of LKZP on attenuating airway
inflammation and mucus secretion, pathological changes in lung
tissues were detected by Hematoxylin-eosin (HE) and Periodic
Acid-Schiff (PAS) staining, results were shown in Figure 4, sig-
nificant inflammatory cell aggregation and mucus secretion were
found around the blood vessels and small airways in the model
group. However, the degrees of inflammation and mucus secre-
tion were relieved in the LKZP and DEX administration groups

[Figure 4(A)]. The OVA/LL and OVA/LM groups possessed bet-
ter effects than OVA/LH group. The inflammatory pathology
score suggested that the change level of inflammatory infiltration
between the model group and intervention groups had a statis-
tical difference [p< 0.001, Figure 4(B)]. The mucus secretion
level and percentage of abnormal goblet cells were remarkably
improved in mice treated with LKZP and DEX compared with
OVA/saline group [p< 0.001, Figure 4(C)].

LKZP decoction suppressed the protein expression level of
IL-33 and ST2 in OVA-induced mouse asthma model

To further explore the regulatory mechanism of LKZP in asthma,
based on the preliminary research result, we selected OVA/LM
group to confirm its treatment mechanism for asthma. To
research the pathogenic mechanism of the IL-33/ST2 pathway in
OVA-induced asthma attacks, we performed an immunohisto-
chemical experiment and western blot experiment to detect the
protein expression level of IL-33 and ST2 in mouse lung tissues.
The results are presented in Figure 5. The result of the immuno-
histochemical experiment revealed that IL-33 and ST2 were

Figure 4. LKZP attenuated airway inflammation and mucus secretion in OVA-induced asthma mouse. (A) HE staining in lung tissue (�100, �200), Bar ¼ 100 mm. (B)
Periodic Acid-Schiff (PAS) staining in lung tissue (�100, �200), Bar ¼ 100 mm. (C) Scores of airway inflammation. (D) Percentage of PAS (þ) epithelial cells. The data
are presented as the mean± SEM. n¼ 4–5 mice/group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. control group. �p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.
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almost not expressed in the NC group. However, markedly upre-
gulated expression of them presented around lung tissues and
small airways in the OVA/saline group, and significant downre-
gulation of IL-33 and ST2 was also observed in the LKZP treat-
ment group [Figure 5(A,B)], significant statistical difference was
found between the OVA/LM group and the model group
through semi-quantitative analysis [p< 0.001, Figure 5(C,D)].
The expression levels of IL-33 and ST2 were further verified by a
western blot experiment; this experiment result demonstrated
consistency with the result of the immunohistochemistry test (as
shown in Figure 5(E–H), p< 0.01 or p< 0.001). The above
results revealed that the IL-33/ST2 pathway is markedly activated
in OVA-induced asthmatic mice. We also predict the obvious
improvement effectiveness of LKZP on asthma may be due to
the inhibition of IL-33/ST2 pathway.

LKZP affects the inflammatory response mediated by the IL-
33/ST2-NF-kB/GSK3b/mTOR signalling pathway

To further verify the downstream activated mechanism after the
activation of the IL-33/ST2 pathway, based on the related litera-
ture, the expression level of total proteins and phosphorylated
status of key proteins in the NF-jB/MAPK signalling pathway
were detected through a western blot experiment (Figure 6).
Obviously increased expression level of phosphor-NF-jB p65
(pp65) was presented in the OVA/saline group. The expression
was effectively suppressed after the intervention of LKZP and
DEX [Figure 6(A,B)]. No significant deviation in the expression
of total protein p65 was found no among the NC group, OVA/
saline group and intervention group [Figure 6(A,C)].

The detailed phosphorylated status of the protein in the
MAPK signalling pathway was further analyzed by a commercial

human/mouse MAPK protein phosphorylation array. As shown
in Figure 7(A) and Table 2, a 1.09-fold increase in the signal
intensity of GSK3b in NC array vs. OVA/saline array; a 30%
decrease in the signal intensity of GSK3b in OVA/LM array vs.
OVA/saline array. A 1.32-fold increase in the signal intensity of
mTOR in NC array vs. OVA/saline array; 29% decrease in the
signal intensity of mTOR in OVA/LM array vs. OVA/saline
array (as shown in Figure 7(B) and Table 2). compared with the
NC group, increased phosphorylation levels of GSK3b (P-S9)
and mTOR (P-S2448) were presented in the OVA/saline group,
while the inhibited phosphorylated status of GSK3b (P-S9) and
mTOR (P-S2448) were demonstrated in the LKZP treatment
group [Figure 7(C)]. The above-filtered results were also con-
firmed by the western blot experiment [Figure 7(D)]. The results
displayed that GSK3b and mTOR phosphorylation were remark-
ably increased in asthmatic mice (p< 0.01), while significantly
suppressed by LKZP (p< 0.01). However, different from previous
literature reports, our results showed that DEX appeared to be
ineffective in inhibiting phosphorylation of GSK3b and mTOR
[Figure 7(D–H)].

LKZP regulates the expression level of inflammation-
related genes

We performed a qPCR experiment to detect the gene level of IL-
33, ST2 and inflammatory-related cytokines (e.g., IL-4, IL-5, IL-
13, TNF-a and IFN-r). The results are shown in Figure 8.Gene
expression levels of IL-33 and ST2 are presented as increased in
the OVA/saline group, while their expression levels are greatly
downregulated after the administration of LKZP and DEX
[Figure 9(A,B)]. The elevated levels of inflammation-related indi-
cators (e.g., IL-4, IL-5, IL-13, TNF-a and IFN-r) were found in

Figure 5. Effects of LKZP on the IL-33/ST2 signalling pathway detected by immunohistochemical (A, B) and western blot (E, F). (A, C) Immunohistochemical results of
IL-33 in lung (�400), Bar ¼ 100 mm. (B, D) Immunohistochemical results of ST2 in lung (�400), Bar ¼ 100 mm. (G, H) The relative density quantifications of IL-33 and
ST2, respectively. The results were expressed as the ratio of IL-33 and ST2 relative to b-actin, respectively. The data are presented as the mean± SEM. n¼ 4 mice/
group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. control group. �p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.
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the model group and markedly decreased expression levels of
them could be found after the administration of LKZP and DEX
[Figure 9(C–G)]. Among the three LKZP intervention groups,
OVA/LM showed the best anti-inflammatory effect, followed by
the OVA/LL group. This may suggest that 4.2 g/kg/day is the
optimal intervention concentration of LKZP.

Discussion

The disruption of the epithelial cell barrier caused by allergens is
the initial step of asthma attacks. IL-33 has been demonstrated
to be the key cytokine released by damaged epithelial cells, and
it plays an important role in AHR, inflammatory infiltration, air-
way contraction and other pathological changes in asthma
(Barlow et al. 2013). IL-33 has been demonstrated to be more
important than IL-25 and TSLP during the onset of asthma,
which are released at the same time (Bartemes et al. 2012). The
initial purpose of IL-33/ST2 pathway activation is to help the
body eliminate exogenous pathogenic factors (Artru et al. 2020).
However, excessive, and continuous activation may induce an
excessive cascade of downstream pathways, then causing long-
term inflammatory diseases such as bronchial asthma.

Current drugs to treat asthma mainly include glucocorticoids
and b2-receptor agonists, which are classic but do not meet the
needs of clinical patients. Several antibodies against the IL-33/
ST2 pathway and other cytokines (such as IL-4) are under devel-
opment. Although a number of clinical trials of these antibodies
have been conducted, the side effects that are as clear as the effi-
cacy prevent them from being approved by the FDA and becom-
ing an option for asthmatic patients (Heck et al. 2015; Leung

and Mitchell 2018; Roan et al. 2019; Agache et al. 2020; Pelaia
et al. 2021).

LKZP has been demonstrated to have a reliable effect on
respiratory diseases. Our previous study demonstrated that LKZP
significantly improves asthmatic symptoms in OVA-induced
acute asthma Balb/c mice (Wei et al. 2016). The same efficiency
of LKZP has also been confirmed in a multicenter, randomized
double-blind, placebo-controlled clinical study on chronic
asthma patients, which also showed that LKZP treatment signifi-
cantly ameliorates lung function, decreases asthma control test
(ACT) scores, and reduces the onset of daytime symptoms
within two weeks compared to placebo control. However, there
is no significant difference in the number of night awakenings
due to asthma attacks and the improvement of inflammatory-
related cytokines compared with the placebo group (Lv et al.
2018). In a chronic asthma mouse model, the targeted proteins
treated with LKZP have been investigated using proteomics tech-
nology, which demonstrated that in addition to improving lung
function and airway inflammation, LKZP also has a significant
effect on improving collagen deposition and mucus secretion by
regulating the RMB 10 and COL6A6 activated proteins
(Wuniqiemu et al. 2021). More in-depth research to clarify the
precise mechanism and targeted proteins in acute asthma is
urgently needed. In another common disease of the respiratory
system, COPD, LKZP improves lung function and airway inflam-
mation by inhibiting the IL6/pla2g2a signalling pathway, and it
alleviates lung tissue fibrosis in COPD rats by intervening in the
TGF-b/smad2/3 signalling pathway (Mohammadtursun et al.
2020). To explore the efficacy and mechanism of LKZP in the
entire process of asthma attacks, an acute bronchial asthma
model in Balb/c mice was created by OVA, and LKZP was

Figure 6. Effects on NF-jB signalling pathway of LKZP. (A) The protein expression of pp65 and p65 in lung tissues were detected by western blot. (B, C) The relative
density quantifications of pp65 and p65 respectively. The results were expressed as the ratio of pp65 and p65 relative to b-actin, respectively. The data are presented
as the mean± SEM. n¼ 4 mice/group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. control group. �p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.
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administrated to asthmatic mice in the present study. Compared
to the normal group, IL-33 and ST2 were found significantly
increased at the cytokine, protein and gene expression levels in
the model group, which was consistent with the previously
reported results (Doherty et al. 2015; Yu et al. 2018). However,
the activation status of the IL-33/ST2 pathway was significantly
inhibited after the administration of LKZP. Thus, we hypothe-
sized that LKZP may prevent airway epithelial cells from being
damaged during the process of OVA sensitization and challenge.

IgE, which is mainly released from B cells, is a recognized ele-
vated indicator in allergic asthma, and it is also the main medi-
ator of airway hyperresponsiveness and airway inflammatory
changes. An increased expression level of IgE was observed in

the OVA/saline group, and the expression level was decreased
after LKZP intervention of LKZP, suggesting that LKZP may
regulate humoral immunity.

IL-5, which is mainly released from TH2 cells, is an import-
ant regulator of the proliferation and differentiation of B cells
and eosinophils. The increased expression level of IL-5 indirectly
indicates the aggravation of TH2 cell responses. Consistently, the
present study found that OVA sensitizations and inhalation pro-
moted airway hyperresponsiveness and increased eosinophils in
BALF. Severe eosinophil infiltration around the airway and peri-
vasculature was also demonstrated in the model group, which
may have been caused by the massive secretion of IL-5. The
above inflammatory changes were significantly improved in the
treatment groups, indicating that reducing the secretion of IL-5
may be a mechanism by which LKZP improves asthma-related
symptoms. IL-4 is the gold standard of TH2 cell activation, and
it acts on many immune cells and structural cells. The expression
level of IL-4 was sharply increased in the model group but
decreased after LKZP intervention. Both ELISA and qPCR results

Figure 7. Effects on MAPK signalling pathway of LKZP. (A, Table 2) 1.09-fold increase in the signal intensity of GSK3b in NC array VS OVA/saline array; 30% decrease
of in the signal intensity of GSK3b in OVA/LM array vs. OVA/saline array. (B, Table 2) 1.32-fold increase in the signal intensity of mTOR in NC array vs. OVA/saline
array; 29% decrease of in the signal intensity of mTOR in OVA/LM array vs. OVA/saline array. (C) Detailed phosphorylation status of the 17 proteins in MAPK signalling
pathway were filtered by Commercial human/mouse MAPK protein phosphorylation array. (D) The protein expression GSK3b, p-GSK3b, mTOR, p-mTOR in lung tissue
were detected by western blot. (E–H) The relative density quantifications of GSK3b, p-GSK3b, mTOR, p-mTOR, respectively. Results were expressed as the ratio of
pp65 and p65 relative to b-actin, respectively. The data are presented as the mean± SEM. n¼ 4 mice/group. #p< 0.05; ##p< 0.01; ###p< 0.001 vs. control group.�p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.

Table 2. Difference fold of GSK3b and mTOR detected by phos-
phorylated protein array.

OVA/saline vs. NC OVA/LM vs. OVA/saline

GSK3b 1.09 0.70
mTOR 1.32 0.71
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suggested that LKZP had a remarkable anti-inflammatory effect
on asthma by interfering with the expression of IL-4 and IL-5.
Although the precise mechanism remains unknown, these results
suggested that LKZP can act directly and/or indirectly on TH2-
type cells. Moreover, the present study only demonstrated that
LKZP reduced the secretion of IL-4 and IL-5 from TH2-type
cells, but it remains unknown whether LKZP inhibits the effect
of IL-4 and IL-5. Thus, additional studies are warranted, which
may help to discover whether LKZP has similar effects as mepo-
lizumab and other biological agents, and they may help to define
the target of LKZP clearly. Asthma is an inflammatory disease
that is imbalanced in the activation of TH1-/2-type cells.
Representative cytokines secreted from TH1-type cells were eval-
uated by ELISA and qPCR. Compared to the normal group, the
model group had significantly elevated expression levels of IL-2,
TNF-a and IFN-c found in the model group, which indicated
that the imbalanced state in asthma is not only the weakening of
TH1 cell function but also the increase of TH2 cells. TH1-type
cells participate in the entire process of asthma and exert an
inflammatory effect on eliminating allergens. Interestingly, there
was no significant difference between the expression levels of
type 1 and type 2 cytokines, which may be attributed to the
acute asthma model, in which TH2 cells were not yet fully func-
tioning. The expression levels of TH1/2 cell-related cytokines
were found reduced after LKZP intervention, indicating that
LKZP has a comprehensive anti-inflammatory effect on asthma.
Thus, these findings suggested that LKZP weakens the function
of the two types of cells and adjusts them to a relatively balanced
state to exert anti-inflammatory effects.

IL-13 is mainly secreted from activated TH2-type cells. IL-13
has been shown to be associated with changes in airway resist-
ance, airway hyperresponsiveness, and mucus secretion in an

asthma model (Kurowska-Stolarska et al. 2009). In the present
study, the number of metaplastic goblet cells and the degree of
mucus secretion were significantly increased in the OVA/saline
group but markedly decreased in LKZP treatment groups, which
may have been due to suppression of the function of IL-13. IL-
13 acts as a bridge between IL-33 and the innate immune
response. Most innate immune cells express the receptor of ST2
on their surface and are activated by direct binding to IL-33.
However, macrophages are the main functional innate immune
cells, and they rarely express ST2. The secretion of IL-13 from
macrophages can be strengthened once IL-33 binds to ST2 on
the surface of macrophages, and macrophages are further acti-
vated and differentiated into M2-type macrophages by IL-13 in
an autocrine manner, which then participates in the inflamma-
tory process of asthma and, in turn, secrete IL-33 (Kurowska-
Stolarska et al. 2009). Therefore, macrophages become the
activated target and secretion source of IL-33 (Portelli et al.
2020). In the present study, the expression level of IL-13 was sig-
nificantly decreased by LKZP. These findings suggested that the
infiltration of inflammatory cells and the secretion of inflamma-
tory cytokines are directly inhibited by LKZP at both the occur-
rence and development stages of asthma, and the cross-linking
between cells after the disruption of the epithelial barrier is
also regulated.

As an Uyghur medicine compound, LKZP has many pleio-
tropic characteristics to treat diseases. ST2 is widely distributed
in the immune and nonimmune cells. Thus, it is important to
investigate pathways other than the IL-33/ST2 pathway to fully
understand the mechanisms of LKZP. Some scholars have
reported that the downstream NF-jB and p38/ERK/JNK-MAPK
signalling pathways are activated after the binding of IL-33 and
ST2 (Schmitz et al. 2005). Inflammatory changes induced by the

Figure 8. LKZP regulated the expression level of inflammation-related genes. The mRNA expression of IL-33, ST2, IL-4, IL-5, IL-13, TNF-a and IFN-c in the lung tissues
were detected by qPCR. (A) mRNA expression of IL-33; (B) mRNA expression of ST2; (C) mRNA expression of IFN-c; (D) mRNA expression of TNF-a; (E) mRNA expres-
sion of IL-4; (F) mRNA expression of IL-5; (G) mRNA expression of IL-13. The data are presented as the mean± SEM. n¼ 5 mice/group. #p< 0.05; ##p< 0.01;
###p< 0.001 vs. control group. �p< 0.05; ��p< 0.01; ���p< 0.001 vs. OVA/saline group.
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activation of the IL33/ST2-NF-jB/MAPK signalling pathway
have been verified in many subsequent experiments (Kato 2019;
Zhang et al. 2019; Ochayon et al. 2020; Zhang et al. 2020).

The NF-jB signalling pathway, a well-known inflammation-
related pathway, plays an important role in the inflammatory
changes of asthma. Some scholars have reported that the recruit-
ment of eosinophils is promoted by the activated IL-33/ST2
signalling pathway and regulated by the downstream activated
NF-jB nuclear factor (Chow et al. 2010). In the present study,
the expression levels of the key proteins p65, and pp65 in the
NF-jB signalling pathway were found to increase in the model
group and inhibited after LKZP intervention. These data indi-
cated that LKZP exerts an anti-inflammatory effect on asthmatic
mice by inhibiting the activation of the IL-33/ST2-NF-jB signal-
ling pathway.

The activation status of the MAPK signalling pathway was
evaluated by detecting seventeen phosphorylated proteins in the
MAPK signalling pathway using a commercial human and
mouse MAPK pathway phosphorylation array C1 kit. Glycogen
synthase kinase-3b (GSK3b; P-S9) and mammalian target of
rapamycin (mTOR; P-S2448) were identified as the most signifi-
cantly differentially phosphorylated proteins, and these results
were verified by western blot analyses.

GSK3b regulates the activity of glycogen synthase and is the
main regulator of many signal proteins, transcription factors,
and structural protein signal transduction. At present, there are
relatively few studies on GSK3b in asthma that have mainly
focussed on the barrier function of epithelial cells and the related
pathological mechanisms of airway smooth muscle. GSK3b is a
negative regulator of b-catenin. After the phosphorylation and

inactivation of GSK3b, b-catenin is activated continuously as the
downstream target, which leads to the degradation of E-cadherin
on the epithelial cell membrane, inducing the proliferation and
hypertrophy of airway smooth muscle cells (Bentley et al. 2009;
McCubrey et al. 2014; Yao et al. 2019). In addition, GSK3b can
positively regulate the activation of the NF-jB signalling path-
way, thereby playing an important role in the inflammatory
changes in asthmatic mice (Bao et al. 2007). In the present study,
the total protein expression level of GSK3b and p-GSK3b were
found significantly increased in the model group but decreased
in the LKZP intervention group. These results suggested that air-
way smooth muscle cells, which are of great significance in bron-
chial asthma, may also be one of the targets of LKZP. Follow-up
experiments should be conducted in the mouse chronic asthma
model to verify this mechanism.

mTOR is an important regulator of cell growth and prolifer-
ation. Some scholars have reported that the intracellular mucin
particles in the airway epithelial cells are reduced by inhibiting
the activation of mTOR, and further studies have verified this
result in patients with asthma and COPD (Sweeter et al. 2021).
In the asthmatic mice in the present study, PAS staining identi-
fied mucus secretion around the small airway, which may be
consistent with the increased expression levels of mTOR and p-
mTOR. Previous reports have found that upregulated levels of
mTOR in serum-induced an imbalance in immune responses,
and mTOR inhibitors attenuate asthmatic markers and restore
the balance of TH17/Treg and TH1/TH2 cells (Fredriksson et al.
2012; Zhang et al. 2017). The present study demonstrated that
the p-mTOR expression was increased in the OVA/saline group
but decreased after LKZP intervention. These findings suggested

Figure 9. LKZP can improve the asthmatic symptoms through intervening with the IL-33/ST2-NF-kB/GSK3b/mTOR signalling pathway.
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that LKZP restores the imbalance of the adaptive immune
response in asthma by inhibiting the phosphorylation of p-
mTOR. Based on the above results, we speculated that after IL-
33 binds to the immune and structural cells in the lung tissue,
hypertrophy and metaplasia of goblet cells and the increased
secretion of mucus are promoted by the activated mTOR signal-
ling pathway. This process may be reduced by directly inhibiting
the phosphorylation of mTOR in mast cells (mainly resources of
mucus secretion) by LKZP. The excessive secretion of IL-13 and
IL-5 by TH2 cells stimulated by IL-33 acts as a key element in
OVA-induced asthmatic mice. Studies have found that the
expression process of IL-13 and IL-5 are significantly inhibited
by mTOR inhibitors (Salmond et al. 2012). Therefore, the degree
of inflammatory infiltration around the airway and AHR in
asthma may be improved by LKZP by inhibiting the function
of mTOR.

The activation status of the NF-jB/MAPK signalling pathway
was evaluated to determine the downstream functional roles of
the IL-33/ST2 pathway. Many studies on the classic NF-jB/
MAPK signalling pathway have been conducted in inflammatory
diseases, such as asthma, but there are few reports focussing on
targeting GSK-3b and mTOR, especially rare in respiratory dis-
eases. Research on GSK-3b currently is focussed on glycogen
synthesis and metabolism-related functions. The present study
demonstrated that in the OVA-induced acute asthma mouse
model, the first step is initiated by the activated IL-33/ST2 path-
way in the broken epithelial barrier, and the NF-jB/GSK-3b/
mTOR signalling pathway is presented as the downstream target.
The NF-jB/MAPK/GSK-3b/mTOR signalling pathway is directly
involved in pathological changes in asthma. In contrast, these
signal transduction regulatory molecules also bridge the function
of the inflammatory-related IL-33/ST2 pathway with the immune
response. Our results suggested that during the onset of asthma,
LKZP participates in every stage and that the effects of LKZP on
regulating TH1/2 immune imbalance and reducing the AHR, air-
way inflammation and mucus secretion are especially important.
In the acute asthma mouse model, our results suggested that
LKZP may have an effect on anti-airway remodelling, which was
consistent with previous research results of our team
(Wuniqiemu et al. 2021).

However, limited to the characteristics of the compound, fur-
ther research is needed to define the phenotype and precise tar-
get of LKZP in the treatment of asthma, which will develop new
treatment strategies for asthma.

Conclusions

LKZP can improve the pathological changes such as the damage
to the epithelial barrier, airway inflammatory infiltration and
mucus secretion in the OVA-induced acute mouse asthma model
and control the symptoms of asthma (such as airway hyperres-
ponsiveness) by regulating activation of the IL-33/ST2-NF-jB/
MAPK/GSK-3b/mTOR signalling pathway, as shown in Figure 9.
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