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ABSTRACT
Context: Luteolin can affect multiple biological functions, such as anti-inflammatory, antioxidant and
immune enhancement processes. Luteolin can inhibit inflammation of T2-high asthma, but its role in neu-
trophilic asthma has been insufficently studied.
Objective: This study determines the effect of luteolin on IL-36c secretion-mediated MAPK pathway sig-
nalling in neutrophilic asthma.
Materials and methods: The asthma model was established by using ovalbumin/lipopolysaccharide
(OVA/LPS). Female 6–8-week-old C57BL/6 mice were divided into control, asthma, luteolin (20mg/kg) and
asthmaþ luteolin (20mg/kg) groups. To explore the mechanism of anti-inflammatory effects of luteolin in
neutrophilic asthma, Beas-2B cells were treated with luteolin (20 mmol/L), LPS (100ng/mL), recombinant
human IL-36c protein (rhIL-36c; 100ng/mL) or IL-36c siRNA.
Results: IL-36c secretion and MAPK/IL-1b signalling were significantly increased in the asthma mouse
model compared with the control (p< 0.05). However, the levels of IL-36c secretion and MAPK/IL-1b sig-
nalling were reduced by luteolin (p< 0.05). In addition, luteolin inhibited IL-36c and MAPK/IL-1b levels
after LPS (100 ng/mL) stimulation of Beas-2B cells (p< 0.05). We found that in Beas-2B cells, luteolin inhib-
ited activation of the MAPK pathway and IL-1b secretion following stimulation with rhIL-36c (100ng/mL;
p< 0.05). Finally, IL-1b and phosphorylated MAPK levels were found to be lower in the IL-36c
siRNAþ LPS (100ng/mL) group than in the nonspecific control (NC) siRNAþ LPS group (p< 0.05).
Discussion and conclusions: Luteolin alleviated neutrophilic asthma by inhibiting IL-36c secretion-medi-
ated MAPK pathways. These findings provided a theoretical basis for the application of luteolin in the
treatment of neutrophilic asthma.
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Introduction

Bronchial asthma is a common, chronic, inflammatory disease of
the airways characterized by a variety of respiratory symptoms
and limited airflow. Many cells play an important role in the
onset of asthma, including hypertrophic cells, macrophages, eosi-
nophils, T lymphocytes, neutrophils and epithelial cells (Mims
2015). The internationally recognized system of classification of
asthma divides it into two types: T2-high and T2-low. T2-high
asthma is characterized by the presence of eosinophilic airway
inflammation, while T2-low asthma is usually characterized by
neutrophils or fewer granulocytes (Svenningsen and Nair 2017).
T2-low asthma, especially neutrophilic asthma, is often associated
with severe disease and a poor response to treatment (Samitas
et al. 2017). Although the definition of neutrophilic asthma still
lacks a consensus, neutrophilic asthma and eosinophil asthma
are classified mainly according to the proportion of the cells in
sputum (Simpson et al. 2006). Eosinophilic asthma is defined as
an increase in eosinophils in the induced sputum of more than

2% or 3%, and neutrophilic asthma is defined as an increase in
neutrophils in the induced sputum of more than 60% or 76%
(Chung 2016).

Luteolin (30,40,5,7-tetrahydroxyflavone) is a typical flavonoid
found in abundance in many vegetables, fruits and herbs, such
as carrots, cabbage, artichokes, tea, celery and apples (Luo et al.
2017). Luteolin can affect multiple biological functions, such as
anti-inflammatory, antioxidant and immune enhancement proc-
esses (Aziz et al. 2018). Luteolin can inhibit inflammation (Xie
et al. 2021) and fibrosis (Chen et al. 2010) in the lungs and alle-
viate asthma, in which lung inflammation and airway remodel-
ling are the main pathological characteristics. One previous study
showed that luteolin could reduce bronchoconstriction and bron-
chial hyperreactivity in ovalbumin (OVA)-induced asthmatic
mice (Das et al. 2003). Luteolin reduces the excessive production
of airway mucus in asthmatic mice via inhibition of the c-ami-
nobutyric acid (GABA)ergic system (Shen et al. 2016). Luteolin
has been shown to reduce airway inflammation in asthma by
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inducing CD4þCD25– transformation into CD4þCD25þ regula-
tory T cells (Kim SH et al. 2018). In addition, luteolin can
improve asthma by activating the phosphatidylinositol 3 kinase/
protein kinase B/mechanistic target of rapamycin (PI3K/Akt/
mTOR) signalling pathway, inhibiting autophagy in allergic
asthma via inhibition of Beclin-1-PI3K catalytic domain 3
(PI3KC3) complexes (Wang S et al. 2021). However, most stud-
ies of luteolin focused on T2-high asthma, and luteolin’s role in
neutrophilic asthma has been poorly studied.

Interleukin (IL)-36 belongs to the IL-1 cytokine family; this
molecule activates its target cells via the mitogen-activated pro-
tein kinase (MAPK) and nuclear factor-jB (NF-jB) pathways via
the receptor IL-36R (Neurath 2020). IL-36 consists of three main
agonists (IL-36a, IL-36b and IL-36c) and two antagonists (IL-
36Ra and IL-38). IL-36R has been found in human bronchial
epithelial cells and pulmonary fibroblasts, and the activation of
p38MAPK, extracellular signal-regulated kinase (ERK) and Akt
signalling pathways via IL-36 signalling can regulate the expres-
sion of proteins and genes, including IL-6 and C-X-C motif che-
mokine ligand 8 (CXCL8) (Zhang et al. 2017). Studies have
shown that IL-36 also plays a role in asthma. Compared with
people with allergic rhinitis alone, the concentrations of IL-36a,
IL-36b, IL-36c, IL-36Ra and IL-38 and associated mRNA levels
in the serum of people with allergic rhinitis combined with aller-
gic asthma are significantly higher (Qin et al. 2019). A previous
study found that IL-36 plays an important role in lung diseases,
especially those characterized by the accumulation of neutrophils,
including severe low T2 asthma (Koss et al. 2021).

The MAPK family is highly conserved and includes c-Jun
NH2-end kinase (JNK), p38MAPK and extracellular signalling
kinase (ERK) among its members, which regulate cellular activ-
ities, including proliferation, differentiation, apoptosis, survival,
inflammation and innate immunity (Kim and Choi 2015). The
MAPK pathway is a classic signal transduction pathway involved
in the development of bronchial asthma (Khorasanizadeh
et al. 2017).

Based on this previous research, the IL-36c and MAPK path-
ways are known to participate in the development of asthmatic
inflammation. Luteolin also has an anti-inflammatory effect on
asthma. Therefore, this research aimed to determine the effect of
luteolin on IL-36c secretion-mediated MAPK pathway signalling
in neutrophilic asthma. This study could provide a new approach
to developing treatments of neutrophilic asthma.

Materials and methods

Materials

Female 6–8-week-old C57BL/6 mice were purchased from Jinan
Pengyue Experimental Animals Co. (Jinan, China). OVA and
lipopolysaccharide (LPS) were purchased from Sigma-Aldrich
(St. Louis, MO). AL(OH)3 was purchased from Thermo
Scientific (Waltham, MA). Luteolin was purchased from GlpBio
(luteolin > 98%, Montclair, CA). The haematoxylin–eosin (HE)
staining kit and glycogen periodic acid–Schiff (PAS/haematoxy-
lin) stain kit were purchased from Solarbio Technology Co.
(Beijing, China). The human IL-36c enzyme-linked immuno-
sorbent assay (ELISA) kit (IL-1F9) was purchased from Abcam
(Waltham, MA). The glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and IL-1b polyclonal antibodies were purchased from
Proteintech (Wuhan, China). The IL-1F9 antibody was pur-
chased from Affinity Biosciences (Cincinnati, OH). The Ly-6G,
phospho-p38 MAPK, p38 MAPK, phospho-p44/42 MAPK

(Erk1/2), p44/42 MAPK (Erk1/2), phospho-SAPK/JNK and
SAPK/JNK monoclonal antibodies were purchased from Cell
Signaling Technology (Boston, MA). Horseradish peroxidase
(HRP)-conjugated AffiniPure goat anti-rabbit IgG antibody was
purchased from Boster Biological Technology (Wuhan, China).
Dulbecco’s modified Eagle’s medium (DMEM) and foetal bovine
serum (FBS) were purchased from GIBCO (Carlsbad, CA).
Recombinant human IL-36 c/IL-1F9 protein (rhIL-36c) was pur-
chased from R&D Systems (Minneapolis, MN). Beas-2B cells
were purchased from Cell Bank (Shanghai, China).

Animal grouping and model establishment

C57BL/6 mice were stratified into the following groups with six
mice in each: control, asthma, luteolin and asthmaþ luteolin.
Animal models of neutrophilic asthma were constructed accord-
ing to previously described methods (Lu et al. 2016). OVA
(100 mg) and 1mg of AL(OH)3 were dissolved in 0.2mL of
physiological saline in the allergenic phase (asthma and asth-
maþ luteolin group). On days 0, 7 and 14, mice in the asthma
and asthmaþ luteolin groups received the resulting solution by
intraperitoneal (IP) injection. In the excitation phase, the mice in
the asthma and asthmaþ luteolin groups were intranasally
administered 50 mg OVA and 1 mg LPS in 50 mL saline on days
15, 17 and 19, and atomization was carried out on the mice for
30min with 3% OVA on days 21, 23 and 25. The mice were
treated with IP luteolin (20mg/kg body weight) (asthmaþ
luteolin group and luteolin group) or an equivalent volume of
physiological saline (control group and asthma group) 1 h after
each nasal drop or atomization. Mice in the control and luteolin
groups were given the same volume of physiological saline for
sensitization and challenge. The mice were sacrificed within 24 h
of the last stimulation, and lung tissue was isolated for HE, PAS,
IHC and western blotting. Lung tissue was fixed in 4% polyfor-
maldehyde for three days, dehydrated, and embedded in paraffin.
Then, the embedded tissues were cut into 5 mm sections for HE
staining, PAS staining and IHC.

HE staining

Prepared paraffin sections of mouse lung tissue were used for
HE staining. Pathological changes around the mouse airways
were assessed under a microscope at �200 and �400 magnifica-
tion. The samples were scored based on the number of inflam-
matory cells around the airways in the HE-stained section as
follows (Li et al. 2019): 0, no inflammatory cells; 1, a small num-
ber of inflammatory cells; 2, a circle of inflammatory cells (1–2
layers of cells); 3, a circle of inflammatory cells (3–5 layers of
cells); 4, a circle of inflammatory cells (>5 layers of cells).

PAS staining

PAS staining was carried out on the pulmonary tissue paraffin
sections; changes in airway mucus secretion were observed under
a microscope at �200 and �400 magnification. The PAS staining
results were analysed with ImageJ (Bethesda, MD).

Detection of IL-36c expression by IHC

Fixed and paraffin-embedded sections of the dewaxed lung tissue
of mice were placed in citric acid repair fluid for 15min to carry
out heat-induced epitope retrieval and allowed to cool naturally
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to room temperature (RT). Then, the sections were washed three
times in PBS for 15min. Endogenous peroxidase was removed
from the sections with 3% hydrogen peroxide for 20min at RT.
After washing with PBS, the sections were incubated in goat
serum for 90min at RT. The sections were subsequently incu-
bated in anti-IL-36c antibody at 4 �C overnight. The next day,
the sections were rewarmed to RT and washed with PBS. Then,
the sections were incubated in goat anti-rabbit antibody for
60min at RT and after washing, the 3,3-diaminobenzidine
(DAB) solution was dropped on the sections for colouration.
The sections were observed under a microscope as the colour
developed and they were placed in PBS to terminate the reaction.
Then, the tissue sections were stained with haematoxylin for
10min, dehydrated, cleared and placed in neutral balsam for
subsequent image acquisition.

Detection of Ly6G and IL-36c expression and p38, ERK and
JNK phosphorylation in lung tissue by Western blotting

The protein samples were extracted from the lung tissues and
used for sodium dodecyl sulphate–polyacrylamide gel electro-
phoresis (SDS–PAGE). The transfer time and current were deter-
mined according to the molecular weight of the target protein.
After incubation for 90min in 3% BSA, the PVDF membrane
was incubated with the primary antibodies (against Ly6G, IL-1b,
p-p38, p38, p-ERK, ERK, p-JNK, JNK and GAPDH) at 4 �C
overnight. Then, the PVDF membrane was washed with Tris-
buffered saline Tween 20 (TBST) and incubated for 60min in a
1:5000 dilution of HRP-conjugated goat anti-rabbit IgG. After
washing in TBST, the staining of the PVDF membrane was
visualized. The images were subjected to grayscale analysis and
quantification with ImageJ (Bethesda, MD).

Cell culture and treatment

Beas-2B cells were cultured in DMEM with 10% FBS at 37 �C
and 5% CO2. The cells were pretreated with 20 mmol/L luteolin
and PBS, 100 ng/mL LPS, or 100 ng/mL rhIL-36c by adding these
agents to the medium.

The cells were divided into the following groups: control (no
stimulus), LPS (LPS alone), luteolin (luteolin treatment alone)
and LPSþ luteolin (luteolin pretreatment followed by LPS). After
being cultured for 24 h, the cell supernatant was isolated and
used for IL-36c detection by ELISA after centrifugation for
20min at 1000�g at 4 �C. Then, the cells were divided into the
following groups: control group (no stimulus), rhIL-36c (rhIL-
36c alone), luteolin (luteolin treatment alone) and rhIL-
36cþ luteolin (luteolin pretreatment followed by rhIL-36c).
Finally, the cells were further divided as follows: control (no
stimulus), LPSþNC siRNA (NC siRNA and LPS), NC siRNA
(NC siRNA alone) and LPSþ IL-36c siRNA (IL-36c siRNA and
LPS). The cells were cultured for 24 h at 37 �C. Then, the protein
samples were extracted and detected to determine the IL-1b
expression by western blotting. The cells were cultured for
30min to detect JNK, ERK and p38 phosphorylation by west-
ern blotting.

Statistical analysis

Statistical analysis was carried out using SPSS 18.0 software
(SPSS, Chicago, IL). Unpaired t-tests were used for comparisons

between the two groups. p< 0.05 was considered statistically
significant.

Results

Pathological changes and the expression of Ly6G in a
mouse model of asthma

In the neutrophilic asthma mouse model, the results of HE stain-
ing (Figure 1(B)) showed no significant pathological difference
between the luteolin and control groups. Compared with the
control group, the asthma group showed oedema, a large num-
ber of inflammatory cells infiltrating the tissue around the small
airways, and many inflammatory cells around the blood vessels.
In the asthmaþ luteolin group, these inflammatory pathological
changes were smaller than those in the asthma group. The
results of PAS staining (Figure 1(C)) indicated no significant
lung change in the luteolin group compared with the control
group, while the bronchial cavity of the asthma group showed a
significant increase in mucus and inflammatory cells around the
small airways. Inflammatory cells were significantly reduced in
the asthmaþ luteolin group, with only a small amount of mucus
visible in the bronchial cavity.

The expression of Ly6G, a neutral granulocyte marker, in the
lung tissue of mice was detected by western blotting. The results
(Figure 1(F,G)) showed that the expression of Ly6G in the con-
trol and luteolin groups was similar. Compared with that in the
control group, the expression of Ly6G in the asthma group was
significantly increased. In the asthmaþ luteolin group, the
expression of Ly6G was significantly reduced compared with that
in the asthma group.

IL-36c expression in vivo

The IHC results (Figure 2(A)) showed that IL-36c in the asthma
group was increased compared with that in the control and
luteolin groups. There was no significant difference between the
control and luteolin groups, while IL-36c was significantly
reduced in the asthmaþ luteolin group compared with the
asthma group. The western blot results (Figure 2(C,D)) also
showed a significant increase in IL-36c expression in the asthma
group compared with the control group, while its expression was
lower in the asthmaþ luteolin group compared with the
asthma group.

Effect of luteolin on the expression of IL-1b in animal
experiments and its relationship with the MAPK pathway

To explore possible signalling pathways mediating the improve-
ments observed in response to luteolin in the mouse model of
neutrophilic asthma, the protein phosphorylation levels of
p38MAPK, ERK and JNK were detected by western blot. The
phosphorylation levels of p38MAPK, ERK and JNK in mouse
lung tissue (Figure 3(B–D,F–H)) all increased significantly in the
asthma group compared with the control group. The levels in
the luteolin group were significantly lower than those in the
asthma group. The expression of the typical inflammatory factor
IL-1b, which is downstream of the MAPK pathway, was also
detected; the results showed that the expression of IL-1b was sig-
nificantly higher in the asthma group than in the control group
(Figure 3(A,E)). The expression of IL-1b in the asthmaþ luteolin
group was significantly lower than that in the asthma group
(Figure 3(A,E)).
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Figure 1. Luteolin reduces inflammation in a mouse model of severe asthma. (A) Animal experimental schedule. (B) Haematoxylin–eosin (HE) staining of airway lung
tissue in mice. (C) Periodic acid–Schiff (PAS) staining of airway lung tissue in mice. (D) Analysis of HE staining of airway lung tissue in mice. (E) Analysis of PAS stain-
ing of airway lung tissue in mice. (F) Ly6G in airway lung tissue in mice as detected by western blotting. (G) Protein intensity analysis of Ly6G in airway lung tissue in
mice. �p< 0.05 versus the control group. #p< 0.05 versus the asthma group.
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Luteolin inhibits the secretion of IL-36c and IL-1b and the
activation of the MAPK pathway

The effects of luteolin on asthmatic inflammation were further
explored in vitro. The results indicated that the highest levels of
IL-36c and IL-1b secretion were observed in the LPS group
(Figure 4), while p38 MAPK, ERK and JNK phosphorylation also
increased significantly. After pretreatment with luteolin, the
secretion of IL-36c and IL-1b and the phosphorylation of p38
MAPK, ERK and JNK in the LPSþ luteolin group were reduced
compared with those in the LPS group. Therefore, these results
suggested that the improvement of inflammation after treatment

of luteolin may be related to the secretion of IL-36c and activa-
tion of the MAPK pathway.

Luteolin inhibits IL-1b secretion induced by IL-36c via the
MAPK pathway

The changes in the level of IL-1b secretion and p38 MAPK, ERK
and JNK phosphorylation in Beas-2B cells in response to stimu-
lation with rhIL-36c were detected by western blot. The secretion
of IL-1b and the phosphorylation of p38MAPK, ERK and JNK
were elevated in the rhIL-36c group compared with the other

Figure 2. Luteolin inhibits IL-36c secretion in a mouse model of severe asthma. (A) Immunohistochemistry (IHC) of IL-36c in mouse lung tissue. (B) Analysis of IL-36c
IHC in mouse lung tissue. (C) IL-36c in mouse lung tissue as detected by western blotting. (D) Protein intensity analysis of IL-36c in mouse lung tissue as detected by
western blotting. �p< 0.05 versus the control group. #p< 0.05 versus the asthma group.
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groups (Figure 5), while the levels in the rhIL-36cþ luteolin
group were somewhat lower than those in the rhIL-36c group.
These results suggested that IL-36c induced Beas-2B cell secre-
tion of IL-1b via the MAPK pathway. Luteolin may also inhibit
the production of IL-1b by inhibiting IL-36c.

IL-36c affects IL-1b secretion

To further establish the relationship between IL-36c and IL-1b,
IL-36c siRNA was used to reduce the synthesis and secretion of
IL-36c in cells. The levels of IL-1b and p38 MAPK, ERK and

Figure 3. Luteolin relieves airway inflammation and inhibits the activation of mitogen-activated protein kinase (MAPK) pathways in asthmatic mice. (A–D) IL-1b, phos-
phorylated (p-)p38, p38, p-REK, ERK, p-JNK and JNK in mouse airway lung tissue as detected by western blotting. (E–H) Protein intensity analysis of IL-1b, p-p38, p38,
p-REK, ERK, p-JNK and JNK in mouse airway lung tissue as detected by western blotting. �p< 0.05 versus the control group. #p< 0.05 versus the asthma group.
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JNK phosphorylation were highest in the LPSþNC siRNA
group, with reduced levels in the LPSþ IL-36c siRNA group
compared with the LPSþNC siRNA group (Figure 6). This

suggests that luteolin may play a similar role to IL-36c siRNA in
inhibiting the secretion of IL-1b via inhibition of IL-36c and
that IL-36c promotes the secretion of IL-1b.

Figure 4. Luteolin reduces the secretion of IL-36c and IL-1b in Beas-2B cells and inhibits the activation of mitogen-activated protein kinase (MAPK) pathways under
lipopolysaccharide (LPS) stimulation. (A–D) IL-1b, p-p38, p38, p-REK, ERK, p-JNK and JNK in Beas-2B cells under LPS stimulation as detected by western blot. (E) IL-36c
in Beas-2B cells under LPS stimulation as detected by enzyme-linked immunosorbent assay (ELISA). (F–I) Protein intensity analysis of IL-1b, p-p38, p38, p-REK, ERK,
p-JNK and JNK in Beas-2B cells under LPS stimulation as detected by western blotting. �p< 0.05 versus the control group. #p< 0.05 versus the LPS group.
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Discussion

Bronchial asthma is a common chronic disease of the respiratory
system. Asthma can be classified into T2-high asthma and

T2-low asthma. T2-low asthma includes neutrophilic and less
granulocytic types (Hudey et al. 2020).

IL-36 is naturally expressed in a variety of tissues, such as the
skin, lungs and intestines, in which it induces inflammation (Bassoy

Figure 5. Luteolin reduces the secretion of IL-1b in Beas-2B cells and inhibits the activation of mitogen-activated protein kinase (MAPK) pathways under IL-36c stimu-
lation. (A–D) IL-1b, p-p38, p38, p-REK, ERK, p-JNK and JNK in Beas-2B cells under IL-36c stimulation as detected by western blotting. (E–H) Protein intensity analysis
of IL-1b, p-p38, p38, p-REK, ERK, p-JNK and JNK in Beas-2B cells under IL-36c stimulation as detected by western blotting. �p< 0.05 versus the control group.
#p< 0.05 versus the IL-36c group.
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et al. 2018). In lung tissue, viruses and bacteria may amplify neutro-
phil inflammation in the tissue via the production of IL-36c
(Chustz et al. 2011). Previous studies have found that IL-36 is a key
upstream amplifier of neutrophilic pneumonia in mice (Koss et al.

2021). In a house dust mite (HDM) allergenic mouse asthma
model, IL-36c was increased (Ramadas et al. 2011). A study previ-
ously found that following stimulation with LPS, the expression of
IL-36c mRNA in monocytes was increased (Towne et al. 2004).

Figure 6. IL-36c siRNA reduces the secretion of IL-1b in Beas-2B cells and inhibits the activation of mitogen-activated protein kinase (MAPK) pathways under lipopoly-
saccharide (LPS) stimulation. (A–D) IL-1b, p-p38, p38, p-REK, ERK, p-JNK, JNK in Beas-2B cells under LPS stimulation as detected by western blotting. (E–H) Protein
intensity analysis of IL-1b, p-p38, p38, p-REK, ERK, p-JNK, JNK in Beas-2B cells under LPS stimulation as detected by western blotting. �p< 0.05 versus the control
group. #p< 0.05 versus the LPSþNC siRNA group.

PHARMACEUTICAL BIOLOGY 173



Luteolin is a typical flavonoid compound with significant
anti-inflammatory, anti-allergic and immune-enhancing effects.
Previous studies on luteolin-reducing asthma have focused on
T2-high asthma, characterized by eosinophilic inflammation,
while fewer studies have been conducted on T2-low neutrophilic
asthma. T2-low asthma tends to respond less well to standard
treatments, including glucocorticoids (Fitzpatrick et al. 2020).
Therefore, research on the anti-inflammatory effect of luteolin in
neutrophilic asthma is significant.

This research used a mouse model of severe neutrophilic
asthma characterized by an increase in neutrophils stimulated by
OVA and LPS to assess the ameliorative effects of luteolin. The
pathological tissue staining results and the levels of Ly6G, a neu-
trophil marker, showed that luteolin improved inflammation and
reduced the production of neutrophils. IL-36c was found to be
associated with neutrophilic inflammation in the lungs and was
elevated in the neutrophilic asthma model; the expression of IL-
36c was found to be decreased after treatment with luteolin.
Luteolin was also associated with improvements in neutrophilic
asthma and IL-36c inhibition.

Further research in lung tissues was conducted to determine
the specific mechanisms underlying the inhibition of IL-36c pro-
duction and improvements in asthmatic inflammation mediated
by luteolin. The results showed that p38MAPK, JNK and ERK
phosphorylation increased to varying degrees in the model of
asthma, while p38MAPK, JNK and ERK phosphorylation
declined after treatment with luteolin. These results revealed that
luteolin could improve neutrophilic asthma by inhibiting IL-36c
and the MAPK pathway.

To further explore the relationship between the improvement
of neutrophilic asthma by treatment with luteolin and the inhib-
ition of IL-36c, in vitro experiments were conducted on Beas-2B
cells. First, IL-36c and IL-1b levels were increased after stimula-
tion with LPS, while the secretion of inflammatory factors
decreased with luteolin pretreatment. The phosphorylation levels
of p38MAPK, JNK and ERK showed trends similar to those of
IL-36c in Beas-2B cells. This phenomenon suggested that luteolin
may inhibit IL-36c and IL-1b in bronchial epithelial cells via the
MAPK pathway in neutrophilic asthma.

IL-36c increased the secretion of IL-1b and activated the
MAPK pathway in Beas-2B cells. Luteolin inhibited the upregula-
tion of IL-1b stimulated by IL-36c. Combined with the results of
LPS stimulation in Beas-2B cells, it can be concluded that IL-36c
may induce an increase in IL-1b via the MAPK pathway.
Luteolin may block inflammation by inhibiting this process. IL-
36c siRNA was used to downregulate IL-36c in Beas-2B cells,
and the secretion of IL-1b was reduced compared with that in
cells treated with LPSþNC siRNA, indicating that IL-36c pro-
motes the secretion of IL-1b.

IL-1b is a cytokine that plays a role in inflammatory diseases
such as asthma (Simpson et al. 2014; Fu et al. 2015; Peebles
2017); it has a significant role in severe steroid-resistant asthma,
which is dominated by neutrophilic inflammation (Kim RY et al.
2017). IL-36c promotes the secretion of the inflammatory factor
IL-1b in keratinocyte (HaCaT) cells in psoriasis (Wang W et al.
2017). IL-1b can also promote the secretion of IL-36c (Ahsan
et al. 2016). Therefore, IL-36c and IL-1b may be involved in a
positive feedback system, which may be broken by luteolin,

Figure 7. Schematic of the process by which luteolin reduces IL-1b by inhibiting the mitogen-activated protein kinase (MAPK) pathway via IL-36c.
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which blocks the induction of IL-36c and IL-1b, thereby reduc-
ing the secretion of inflammatory factors, as in neutrophilic
asthma. Our research showed that the MAPK pathway played an
important role in this mechanism, further illustrating the role of
IL-36c and the efficacy of luteolin in the inhibition of asthmatic
inflammation.

The research showed that the expression of IL-36c in neutro-
philic asthma was significantly increased in animal models, and
luteolin played an important anti-inflammatory role in neutro-
philic asthma. Combined with in vitro experiments, the specific
anti-inflammatory mechanism of luteolin in neutrophil asthma
inflammation was further demonstrated. We suspect that in the
development and progression of neutrophilic asthma, its trigger
factors (e.g., LPS) stimulate the airway and promote the secretion
of IL-36c in airway epithelial cells. IL-36c up-regulates the
expression of IL-1b through the MAPK pathway, and IL-1b pro-
motes the secretion of IL-36c, thus amplifying the inflammatory
response. Luteolin can break this positive feedback by blocking
the induction of IL-1b by IL-36c in human bronchial epithelial
cells, thus reducing the secretion of inflammatory factors and
alleviating the inflammatory response (Figure 7). Whether this
conjecture is true remains to be further explored to prove that
IL-1b can promote the secretion of IL-36c in the Beas-2B cells.

Conclusions

Luteolin alleviated neutrophilic asthma by inhibiting IL-36c
secretion-mediated MAPK pathways. This study is the first to
demonstrate the anti-inflammatory effects of luteolin in neutro-
philic asthma and the inflammatory mechanism of neutrophilic
asthma was further elucidated, establishing the important role of
IL-36c.

This study expanded our understanding of luteolin pharma-
cology and provided a theoretical basis for the application of
luteolin in the treatment of neutrophilic asthma.
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