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Background: Artesunate (ART), is a semi-synthetic water-soluble artemisinin
derivative extracted from the plant Artemisia annua, which is often used to
treating malaria. In vivo and in vitro studies suggested it may help decrease
inflammation and attenuate airway remodeling in asthma. However, its
underlying mechanism of action is not elucidated yet. Herein, an attempt is
made to investigate the ART molecular mechanism in treating asthma.

Methods: The BALB/c female mice sensitized via ovalbumin (OVA) have been
utilized to establish the asthmamodel, followed by carrying out ART interventions.
Lung inflammation scores by Haematoxylin and Eosin (H&E), goblet cell
hyperplasia grade by Periodic Acid-Schiff (PAS), and collagen fibers deposition
by Masson trichrome staining have been utilized for evaluating how ART affected
asthma. RNA-sequencing (RNA-seq) analyses were performed to identify
differentially expressed genes (DEGs). The DEGs were analyzed by Gene
Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways, and Protein-Protein interaction (PPI) function analyses. Hub clusters
were found by Cytoscape MCODE. Subsequently, Real-Time quantitative PCR
(RT-qPCR) verified the mRNA expression profiles of DEGs. Finally,
immunohistochemistry (IHC) and western blots have validated the relevant
genes and potential pathways.

Results: ART considerably attenuated inflammatory cell infiltration, mucus
secretion, and collagen fibers deposition. KEGG pathway analysis revealed that
the ART played a protective role via various pathways including the mitogen-
activated protein kinase (MAPK) pathway as one of them. Moreover, ART could
alleviate the overexpression of found in inflammatory zone 1(FIZZ1) as revealed by
IHC and Western blot analyses. ART attenuated OVA-induced asthma by
downregulating phosphorylated p38 MAPK.

Conclusion: ART exerted a protective function in a multitarget andmulti-pathway
on asthma. FIZZ1 was a possible target for asthma airway remodeling. The MARK
pathway was one of the key pathways by which ART protected against asthma.
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1 Introduction

Asthma is a common chronic inflammatory disease of the
airways that affects at least a 300 million people worldwide
(Soriano et al., 2017). It is defined by heterogeneous respiratory
syndrome such as cough, wheezing, shortness of breath, and chest
tightness. Among chronic respiratory disorders, asthma remained
the second most common and the second leading contributor to
death globally (Collaborators, 2020). Even though many developed
nations have seen a constant or declining asthma rate, it is sweeping
across developing nations (Papi et al., 2018).

Asthma is usually characterized by airway hyperresponsiveness
(AHR), airway inflammation, and airway remodeling. Exogenous
allergens (pollens, viruses, fungi, or dust mites) can cause T cells to
become activated (Holgate, 2012) by antigen-presenting from
dendritic cells or macrophages. Interleukins such as IL-4, IL-5,
and IL-13 are produced by activated T helper 2 (Th2) cells
(Bowen et al., 2008), which induces B cells to generate
immunoglobulin E (IgE), which can bind to the surface of mast
cells (Li-Weber and Krammer, 2003). The interaction of allergen
and IgE causes mast cells to produce active mediators, which lead to
airway smooth muscle contraction (Palmer et al., 2001), increased
mucus secretion, and inflammatory cell infiltration (Bingham and
Austen, 2000). Additionally, Th2 cytokines can directly activate
mast cells, eosinophils, and macrophages, causing them to assemble
around airways (Hammad and Lambrecht, 2021). Additional
inflammatory chemokines secreted by the aforementioned cells,
establish a complex airway inflammation network with
inflammatory cells together, which causes airway
hyperresponsiveness (Cockcroft and Davis, 2006). Besides, it is
thought that Th1/Th17 cells contribute significantly to steroid-
resistant asthma and severe asthma, which are primarily
characterized by neutrophil infiltration (Wenzel, 2012). Chronic
airway inflammation results in a constant injury-repair process of
the airway, which can cause airway remodeling manifestations.
Airway remodeling mostly refers to the alterations of airways
wall structure (Vignola et al., 2003). Airway wall thickening is
the main manifestation (Bergeron and Boulet, 2006). It mainly
consists of airway epithelial cell mucus metaplasia (Holgate,
2007), epithelial-mesenchymal transition (EMT) (Eiwegger and
Akdis, 2011), deposition of extracellular matrix protein (ECMs)
stimulated by epithelial cells, thickening of basement membrane
(Guida and Riccio, 2019), smooth muscle hypertrophy/hyperplasia
(Joubert and Hamid, 2005), and vascular hyperplasia (McDonald,
2001), etc. Airway remodeling can present early in childhood,
suggesting it is not simply a consequence of inflammation
(O’Reilly et al., 2013). Asthma patients who undergo airway
remodeling will have permanent airflow restrictions airflow
obstruction (Lemanske and Busse, 2003). One of the most
important goals of asthma therapy is avoiding complications
such as airway remodeling. Glucocorticoids, beta-2 receptor
agonists, anticholinergic drugs, and biological therapies (Hurtado
et al., 2020) were the mainstays of asthma care when they were both
available and affordable (https://ginasthma.org/reports/). Although
regular diagnosis and treatment can alleviate symptoms for the vast
majority of asthma patients, those with severe asthma may require
long-term inhalation of medium-high doses of glucocorticoids or
even oral large doses of glucocorticoids, both of which carry the risk

of developing undesirable side effects. Some patients do not respond
well to hormone therapy and have to choose biological inhibitors,
which may cause serious social and economic burdens. Meanwhile,
the above drugs cannot completely control airway remodeling,
making the airflow restriction irreversible. Therefore, there is
necessary for searching a safe and economic drug to treat asthma
and even relieve airway remodeling.

Artesunate (ART) (Figure 1) is a semi-synthetic water-soluble
artemisinin derivative with high activation and rare toxicity. It has
been extracted utilizing Artemisia annua by Chinese scientist Tu
Youyou, which possessed poor bioavailability and limited
effectiveness (Sun et al., 2019). To meet the clinical requirements,
some derivatives of artemisinin have been developed including ART
(Zhang et al., 2022). ART was initially used for antimalarial
treatment (Arguin et al., 2008). After extensive study, ART was
found to attenuate inflammation (Feng and Qiu, 2018; Mancuso
et al., 2021), inhibit cancer (Sun et al., 2019; Zhao et al., 2020; Li et al.,
2021), alleviate fibrosis (Kong et al., 2019), promote ischemia and
reperfusion injury (Zhang et al., 2020), inhibit rabies virus (Luo
et al., 2021), and SARS-CoV-2 (Hu et al., 2021) replication.
Especially in asthma, ART could alleviate airway wall remodeling
by inhibiting airway smooth muscle cell proliferation (Tan et al.,
2014) as a combination therapy with glucocorticoids. By preventing
IgE-induced mast cell degranulation, it may potentially exert anti-
allergic effects (Cheng et al., 2013). Meanwhile, it was also reported
to ameliorate oxidative damage in allergic airways and suppressed
OVA-induced eosinophil counts increases in bronchoalveolar
lavage fluid (BALF) cells (Ho et al., 2012). Our earlier research
found that ART could reverse glucocorticoid insensitivity by

FIGURE 1
Chemical structure of Artesunate.

TABLE 1 Method of establishing mice model of asthma.

Groups Sensitization Drug
intervention

Challenge

Day 0, 7, 14 Day 15–26 Day 22–26

CONTROL PBS PBS PBS

OVA OVA PBS OVA

ART + OVA OVA ART OVA

ART +
CONTROL

PBS ART PBS
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inhibiting the Phosphoinositide 3-Kinase (PI3K)/Protein Kinase
B(PKB, also AKT) pathway (Luo et al., 2015), reduce eosinophil
infiltration, and promote eosinophil apoptosis in asthmatic mice
(Wang et al., 2020).

At present, multiple studies have displayed ART’s potential
value in treating asthma, but their research interests often focus
on one specific cell or one target gene (Ho et al., 2012; Cheng et al.,
2013; Tan et al., 2014; Luo et al., 2015; Wang R. Y. et al., 2019; Wang
Y. et al., 2019). There is no systematic description of the mechanism,
so it is worthwhile to explore the corresponding mechanisms (Zhang
et al., 2022).

Using an OVA-induced asthma mouse model, transcriptomic
RNA sequencing (RNA-seq) (Tanner et al., 2022) was conducted to
explore ART’s biological mechanism of action.

2 Materials and methods

2.1 Animals and treatments

Female BALB/c mice aged 6–7 weeks without specific pathogens
(SPF), weighing 16–18 g, have been procured from Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China) and
placed in a pathogen-free environment at the clinical research
institute of China-Japan Friendship Hospital (Beijing, China).
The experimental animals have been randomly classified into
four groups viz (Table 1): the control group (CONTROL), the
ovalbumin group (OVA), the Artesunate + OVA group (ART +
OVA), the Artesunate + control group (ART + CONTROL). Both
the OVA and ART + OVA groups have been subjected to
sensitization utilizing intraperitoneal administration of OVA
suspension (100 μg) (Sigma-Aldrich, St. Louis, MO,
United States; grade V) and aluminum hydroxide (2.25 mg) in
phosphate buffer saline (PBS) (200 µL per mouse) on days 0, 7,
and 14, whereas the CONTROL, as well as the ART + CONTROL
groups, were given an intraperitoneal injection of equivalent
volumes of PBS. Both the ART + OVA and the ART +
CONTROL groups were given Artesunate (30 mg/kg, Sigma-
Aldrich, St. Louis, MO, United States, dissolved in 7.5%
NaHCO3, diluted with PBS) by intraperitoneal injection during
15–21 days. Both the CONTROL as well as the OVA groups have
been injected with equal PBS volume at the same time. Then the
mice were challenged by inhaled OVA (100 µg in 50 ul PBS) (as the
OVA and the ART + OVA groups) or equivalent PBS (as the
CONTROL and the ART + CONTROL groups) from Days 22 to

26. ART (groups: ART + OVA and ART + CONTROL) or PBS
(groups: CONTROL and OVA) was intraperitoneally injected 1 h
before the challenge. The body weight of mice in each group was
measured 24 h after the last challenge, and each mouse was
euthanized (Figure 2).

2.2 Assessment of airway hyper-
responsiveness

Mice in each group were weighed 24 h after the final stimulation,
and then they were anesthetized by intraperitoneal injection of
pentobarbital sodium (50 mg/kg). Tracheotomy and endotracheal
intubation were then conducted. Airway hyper-responsiveness to
methacholine (Mch, Sigma-Aldrich) was assessed by the FlexiVent
system (SCIREQ, Inc., Montreal, Canada) (Wang et al., 2021).
Methacholine solution was dripped into the atomizing pump
from low to high concentration (0, 3.125, 6.25, 12.5, 25, 50 mg/
mL) consecutively. The respiratory resistance (Rrs) was measured
after 30 s of atomization, within 5 min of atomization, and the
average detected value was taken to as the Rrs value under this
excitation concentration. Then the values were used to analyze
the AHR.

2.3 Lung histopathology

Left lung lobes were immersed in 4% paraformaldehyde for 24 h
and then embedded in paraffin. The paraffin-embedded sections
(4 µm) have been stained utilizing Haematoxylin and Eosin (H&E),
Periodic Acid-Schiff (PAS), and Masson trichrome staining.

H&E was employed for assessing the inflammation of the lungs.
The degree of inflammatory cell infiltration surrounding the tiny
airways was used to quantify the level of inflammation, which was
rated on a scale from 0 to 4. The criteria (Brassard et al., 2021) were
as follows: 0, no cells; 1, a little inflammatory cell infiltration around
the airway; 2, 1-2 layers of inflammatory cells infiltrating around the
airway; three points, 3-5 layers of infiltration; 4, more than five layers
of infiltration. Inflammation scores were completed by one
investigator in a single-blind manner. There are eight bronchioles
counted in per slide utilizing Case Viewer software (version 1.3; 3D
Histech, Budapest, Hungary).

The hyperplasia of goblet cells has been examined utilizing PAS
staining with the following grading system (Padrid et al., 1995): 0,
goblet cells absent; 1, goblet cells <25% of epithelial lining cells; 2,

FIGURE 2
The establishment of mouse asthma model.
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goblet cells in 25%–50%; 3, goblet cells in 50%–75%; 4, goblet
cells >75%. The PAS scores were computed by one study-blinded
investigator. Eight bronchioles were counted in each specimen
utilizing a light Axiovert ×200 microscope (Carl Zeiss GmbH,
Jena, Germany).

Masson staining has been applied for assessing the collagen
fibers deposited in airways, which will be stained blue. Then the
percentage of collagen fibers areas were calculated by Image J
software (NIH, Bethesda, MD) (Dong et al., 2021). Each mouse
had at least eight bronchioles counted by measuring the blue-stained
region.

2.4 Transcriptomics analysis

Transcriptomics RNA sequencing has been carried out by
Wekemo Tech Group Co., Ltd. (Shenzhen, China). Considering
that the drug will not be used on healthy people in practical
application, total RNAs of 50 mg lung regions were isolated from
the three groups: CONTROL (n = 3, randomly), OVA (n = 3,
randomly), and ART + OVA (n = 4, randomly) group for the
transcriptional analysis. Genes possessing | log2 (fold change, Fc) | >
1 as well as a significant p-value less than 0.05 as evaluated by
DESeq2 (1.16.1) have been assigned as DEGs between two groups.
The intersection of DEGs between the two groups was taken. The
(GO) and (KEGG) pathway enrichment of DEGs have been
performed through the Functional Annotation Bioinformatics
Microarray Analysis (DAVID) database (Li et al., 2019; Sherman
et al., 2022) (https://david.ncifcrf.gov/). GO includes biological
processes (BP), cellular components (CC), and molecular
function (MF). GO and KEGG terms with p < 0.05 were
considered significantly enriched by DEGs. STRING (v 11.5)
(https://cn.string-db.org/) has been applied for constructing PPI
function analyses for the proteins encoded by intersecting DEGs,
eventually resulting a PPI network. Cytoscape (version 3.9.1) was
used to integrate data, analyze, and visualize the above PPI network,
and then we screened the core modules out using the Molecular
Complex Detection (MCODE) plug-in.

2.5 Real-Time quantitative PCR (RT-qPCR)

The total RNA has been extracted from lung tissue samples
using RNAiso Plus (9109, Takara) following the manufacturer’s
instruction and then reverse-transcribed into cDNA utilizing
PrimeScript™ RT Master Mix (RR036A, Takara). Then Real-time
PCR was performed with TB Green Premix Ex Taq II (RR820A,
Takara) using Applied Biosystems 7500 Real-Time PCR System
(Thermo Fisher Scientific), which exported Ct values. The Relative
mRNA expression level was evaluated by 2−ΔΔCT method (Livak and
Schmittgen, 2001), which based on the assumption that the target
gene had the equal amplification efficiency as the reference gene
(GAPDH). By comparing the relative quantification of target gene
and reference gene between different groups, the differences were
determined.

ΔΔCt � Cttarget − CtGAPDH( )
sample

− Cttarget − CtGAPDH( )
control

PCR primer sequences were listed in Table 2.

2.6 Immunohistochemistry

Immunohistochemistry has been applied for determining
where the FIZZ1 protein was localized and its concentration.
Lung paraffin sections were deparaffinized, rehydrated, and
blocked by 3% H2O2. Sections were then blocked with goat
serum at a concentration of 5% to reduce the absorption of
non-specific immunoglobulins. After that, the specimens were
incubated with anti-FIZZ1 antibody (1:1,000, ab39626, Abcam)
at 37°C for 2 h, followed by incubating with a secondary antibody
at 37°C for 30 min. Image-Pro Plus software (Version X; Adobe,
San Jose, CA) has been applied for evaluating protein expression.
In total, eight images of bronchioles from each tissue section were
examined using ×400 magnification and the program Case
Viewer (version 1.3; 3DHistech, Budapest, Hungary). Data
were presented as an average optical density (AOD) for the
entire sections of lung tissue showing positive staining.

2.7 Western blot

The proteins from lung tissues have been extracted utilizing the
RIPA Lysis Buffer containing protease inhibitor (GRF101, Epizyme)
and phosphatase inhibitor cocktails (GRF102, Epizyme) while
quantification performed utilizing a BCA Protein Assay Kit
(ZJ101, Epizyme). Equivalent amounts of proteins have been
electrophoresed on polyacrylamide gels and electrotransferred
onto polyvinylidene fluoride (PVDF) membranes. The
membranes were incubated for 2 h at room temperature by the
primary antibodies which included ß-Tubulin antibody (HX 1829,
huaxingbio), anti-FIZZ1 antibody (1:1,000, ab39626, Abcam)
p38 mitogen-activated protein kinase (MAPK) Rabbit mAb
(#8690, Cell Signaling Technology), Phospho-p38 MAPK
(Thr180/Tyr182) Rabbit mAb (#4511, Cell Signaling
Technology). Following a 40-min incubation at room
temperature with secondary antibodies, the membranes were
detected using a chemiluminescence substrate system (Bio-Rad
Laboratories, CA, United States). The band intensities of proteins
have been quantitated using Image J software.

TABLE 2 Nucleotide sequences of primers used in RT-qPCR.

Gene Primer Sequence (5′-3′)

IL5RA Forword GGTTGTCTCCTGCGACTTCA

Reverse TGGTCCAGGGTTTCTTACTCC

CCR3 Forword AAGGTGGAGAGTGACTAGGCAGATC

Reverse GGGAATGGTGTCTTTGTGTTGTGTG

IL13RA2 Forword GGAGCGAATGGAGTGAAGAGGAATG

Reverse CTGCTGGCTGGCTCTATGTCAAG

TNFRSF8 Forword CCAGCACGGGACACAAGTTGAG

Reverse CATCCAGCAGCGGCAGGTTC
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2.8 Statistical analysis

All data were analyzed by GraphPad Prism 9.3 software (San
Diego, CA, United States) using non-parametric tests. Measurement
data were expressed as mean ± standard deviation (mean ± SD).
When comparing multiple groups, ordinary one-way analysis of
variance (ANOVA) followed by Tukey’s test, was used to perform
significant differences. The variations were assumed statistically
significant when p < 0.05.

3 Results

3.1 The behavioral change of mice

The asthma model OVA group and drug ART + OVA group
mice were restless and irritable, accompanied by breathing hard,
erected neck hair, and scratchy and uneasy forelimbs after OVA
stimulation. The above symptoms and signs can partially relieve
after 30 min when the mice were quiet in the cage. The CONTROL
and ART + CONTROL groups mice did not show the above signs.
Based on the observed alteration in participant behavior, it is
tentatively concluded that the asthma model had been effectively
developed.

3.2 ART attenuated OVA-induced AHR

To determine the effect of ART on AHR, we conducted the
bronchial provocation test to measure the Rrs. As shown in
Figure 3, when the concentration of acetylcholine increased,
the Rrs had no significant change in CONTROL and ART +
CONTROL groups, while increased in OVA and ART + OVA
groups. When the concentration reached 50 mg/mL, the airway
resistance of OVA group was significantly higher than
CONTROL group (p < 0.0001). After treatment with ART, the
airway resistance of mice decreased considerably (p < 0.01),
compared with OVA group.

3.3 ART reduced OVA-induced lung
inflammation, goblet cell hyperplasia, and
airway remodeling

In comparison to the CONTROL group, the OVA group’s
inflammatory cells significantly infiltrated the peribronchiolar,
perivascular, alveolar interval, and alveolar cavity, where
eosinophils were predominant, macrophages, lymphocytes, and a
little quantity of neutrophils could also be observed. Thickening of
the bronchial wall, and swelling of airway epithelium, could also be
found in the OVA group. The aforementioned infiltration was
suppressed by ART, with a lower HE scores compared to the
OVA-treated group (Brassard et al., 2021) (Figures 4A, B).
Meanwhile, mice with OVA showed a significantly obvious
mucus production in epithelial layers. PAS staining specimens of
the ART + OVA group revealed that the score of PAS was lower
compared with the OVA group (Figures 4C, D). Results gained from
Masson’s staining suggested collagen fiber accumulation increased
around airways in the OVA group, compared with the CONTROL
group. Moreover, compared with the OVA group, the collagen
around the airway was less in the ART + OVA group (Figures
4E, F). Masson staining demonstrated that ART administration
prevented lung remodeling in OVA-induced mice. Overall, the
pathological changes of ART-treated mice showed more
amelioration than asthma model group, but not completely
attenuated when compared with the control mice.

3.4 RNA-seq transcriptomics in ART-treated
OVA-induced asthma

Analyzing the effects of ART on OVA-induced asthma at the
molecular level required the use of transcriptomics to identify DEGs
across the control, asthma, and ART groups. As per the screening
criteria of |log2 (Fc) | > 1 as well as a significant p-value < 0.05 (as
compared with the control group), 4,233 genes in the asthma group
showed significant changes, out of which 2099 were upregulated,
while 2,134 were downregulated. ART intervention substantially
altered 2,323 genes compared to the asthma group, with 1,262 genes
upregulated and 1,061 genes downregulated. Volcano plots showing
the upregulated and downregulated genes among Asthma vs.
Control and ART + asthma vs. Asthma groups have been
illustrated (Figures 5A, B). ART could reverse 863 upregulated as
well as 928 downregulated genes during OVA induction as
illustrated by the Venn diagram of DEGs (Figures 5C, D). To
further investigate the mechanisms of ART, GO enrichment as
well as KEGG signaling pathway analyses have been conducted
on DEGs of ART + Asthma vs. Asthma group. Compared with the
asthma group, the terms of GO in the ART + Asthma group were
mainly the B cell receptor signaling pathway, extracellular matrix
organization, and immune system process. More detailed
information on these is illustrated in Figure 5E. According to the
p-value < 0.05, the top 15 pathways were demonstrated as the main
pathways as shown in Figure 5F. The results show that the KEGG
pathways of ART on asthma mainly included pathways in cancer,
cytokine-cytokine receptor interaction, PI3K/AKT signaling
pathway, JAK-STAT signaling pathway, MAPK signaling
pathway, and so on. The most enriched gene pathway is

FIGURE 3
The effect of ART on airway hyperresponsiveness in OVA-
induced asthma mice. **p < 0.01, ****p < 0.0001.
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FIGURE 4
Effects of ART treating OVA-induced asthma in mice. (A), Representative Images of HE (Images were captured at ×100, ×400,
and ×1000 magnification). Blue arrows, yellow arrows, black arrows and red arrows refer to eosinophils, lymphocytes, macrophages, and neutrophils
respectively. (C,E), PAS and Masson staining from lung sections each group (Images were captured at ×100, ×200, and ×400 magnification). (B,D,F) The
inflammatory infiltration, goblet cell hyperplasia and Masson positive area were quantified by inflammation scores, PAS scores and percentage of
collagen fibers (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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pathways in cancer, which had 76 genes. Besides the pathways in
cancer, the cytokine-cytokine receptor pathway was most closely
associated with ART treatment of asthma.

Also, a PPI network of DEGs between ART + Asthma and
Asthma groups has been constructed by the STRING database. The
network performed secondary processing by using Cytoscape. Large

FIGURE 5
Transcriptional analysis of ART against Asthma by RNA-seq technology. (A,B) Volcano plot of differentially expressed genes (DEGs) between Asthma
vs. Control, and ART + asthma vs. Asthma based on RNA-seq results. (C,D) Venn diagram of upregulated and downregulated DEGs. (E,F)GO and pathway
enrichment analysis of the DEGs between ART + asthma and Asthma groups.
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PPI networks have densely linked areas that may represent
molecular complexes, which were identified using MCODE
(Bader and Hogue, 2003). It has been shown that highly-
connected regions of the PPI network (molecular complexes)
have a higher probability of being involved in biological
regulation. A total of 41 clusters were screened. Taking
score >7 and node >30 as a standard, there were four clusters
with MCODE. Cluster 1 mainly was related to mitosis. Cluster
2 mainly included leukocyte activation and migration, adaptive
immune response, activation and differentiation of T cells,
regulation of cytokine production, and cytokine-mediated
signaling pathway (Figure 6A). Cluster 3’s primary biological
functions were the control of inflammation, cytokine synthesis,
leukocyte-mediated immunity, and B cell development
(Figure 6B). Extracellular matrix structure, angiogenesis
regulation, inflammatory response positive regulation, tissue
remodeling regulation, smooth muscle cell migration control, and
so on were all covered under Cluster 4 (Figure 6C). The other three
clusters, except the first, may be explained by the immune system,
inflammation, or the remodeling process. As a result of the
aforementioned biological processes, ART was more likely to
have a role in treating asthma.

3.5 Quantitative Real-time PCR (qPCR)

The credibility of results has been verified by selecting four genes
(IL5RA, CCR3, IL13RA2, TNFRSF8) which were upregulated in
Asthma groups, but downregulated in ART + Asthma groups,
according to the log2 (fold change) value. And then analyzed their
mRNA levels by qPCR. In the lung tissues of the animals with
experimental allergic asthma induced by OVA, the IL5RA, CCR3,
IL13RA2, and TNFRSF8 expression levels were considerably higher in
comparison to the control group as illustrated in Figure 7. After
treatment with ART, there was considerable downregulation in the
expression. The mRNA levels were prominently upregulated in the
model group, and ART treatment strongly reduced their upregulation.
This demonstrated the credibility of this study’s findings.

3.6 ART alleviated FIZZ1 expression in
asthma mice model

RETNLA, which also be called FIZZ1 (found in inflammatory zone
1), was found to be highly expressed (Figure 5A) in asthma-vs-control
groups. In addition to being secreted by epithelial cells and eosinophils
(Lin and Johns, 2020), alternatively activated macrophages
(M2 macrophages) can also secret FIZZ1 (Gordon and Martinez,
2010), which contributed to airway remodeling (Dong et al., 2008;
Wang et al., 2014; Zhao et al., 2015). Meanwhile, in a mouse model of
asthma triggered by OVA, our research team discovered that ART can
suppress M2 macrophage polarization in an OVA-induced asthma
mice model (not yet published). Therefore, the effect of ART on
FIZZ1 and subsequent airway remodeling clearly attracted us to do
the follow-up study. To explore the potential effects of ART on airway
remodeling in OVA-induced asthma, immunohistochemistry has been
performed for examining FIZZ1 expression. FIZZ1 expression was
mainly located in bronchial epithelium, according to
immunohistochemistry, but it was also seen in alveolar macrophage,
particularly in the lung tissues of the model group (Figure 8A).
Additionally, the expression level of the OVA group was noticeably
higher than that of the control group, but significantly lower following
the ART intervention (Figures 8A, B). RT-qPCR, as well as Western
blotting analyses, revealed that the expression level of FIZZ1 in the
asthma lung tissues was increased in comparison to the control group
but decreased after ART treatment (Figures 8C–E).

3.7 ART suppressed the MAPK signaling
pathway

The genes came into play by several signaling pathways, including
cytokine-cytokine receptor interaction, PI3K-Akt signaling pathway,
MAPK signaling pathway. The MAPK signaling pathway may play a
major role based on transcriptome analysis. One of these pathways is
the P38 MAPK signaling pathway, which is active in the form of
phosphorylated p38 (p-p38) MAPK. Thickening of the sub-epithelial
basement membrane and other structural alterations seemed to

FIGURE 6
The clusters using MCODE via Cytoscape software based on RNA-seq results. (A) The cluster 2. (B) The cluster 3. (C) The cluster 4. (The nodes color
and size were arranged by betweenness value, cutoff = 2, node score cutoff = 0.2, k-core = 2, and max. Depth = 100).
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underlie airway remodeling, suggesting a role for p38MAPK in asthma
(Pelaia et al., 2020). Meanwhile, p38 MAPK-induced bronchial
inflammation and remodeling significantly contributed to the
development, persistence, and amplification of airflow limitation

(Pelaia et al., 2021). Besides, our previous researches confirmed that
ART can exert an effect in asthma by PI3K/AKT pathway. So, the
protein levels of p-p38 MAPK and p38 MAPK have been detected in
this study. As documented by the Western blot (Figure 9), the protein

FIGURE 7
Effect of ART on OVA-induced asthma on mRNA expression levels. (A–D) Relative mRNA expression of IL5RA, CCR3, IL13RA2, TNFRSF8 in three
groups: control, asthma (OVA), and ART + asthma (ART + OVA) group (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

FIGURE 8
Effect of ART on FIZZ1 in OVA-induced asthmamice. (A) Representative immunohistochemistry photographs of FIZZ1 (n= 6) (Images were captured
at ×100, ×200, and ×400 magnification). (B) The results are expressed as mean ± SD. AOD, average optical density. (C) Relative mRNA expression of
FIZZ1 in four groups: control, asthma (OVA), ART + asthma (ART + OVA), and ART + CONTROL group (n = 6). (D, E) Western blot analysis of FIZZ1 (β-
Tubulin was used as protein loading control) in the lungs from each group (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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expression levels of p-p38 MAPK were considerably higher in the
model group. However, a significant decrease in the expression of p-p38
MAPK has been observed following ART treatment. The levels of
p38 MAPK had no changes. The data suggested that ART ameliorated
asthma by suppressing the activation of the p38 MAPK pathway.

4 Discussion

Asthma is a very heterogeneous disease with different endotypes. It
can be divided into type 2 (T2) high (Th2-high endotype) and T2 low
inflammation (Salter et al., 2021). A precise but more expensive
alternative to conventional corticosteroid therapies is monoclonal
antibody biologic therapy (Salter et al., 2021). The lengthy course of
treatment might not be financially feasible for some patients. Patients
must frequently visit the hospital where the drug is available. In
addition, the aforementioned medications cannot completely prevent
airway remodeling. At the same time, airway remodeling occurs earlier

and more severely in severe asthma than in mild-to-moderate asthma
(James et al., 2009). It is urgent to seek for new and economic treatments
to prevent the emergence or alleviate the progression of airway
remodeling. The operation method of Artesunate included oral,
intravenous, rectal, and intramuscular injection. There was no
significant difference in drug utilization rate among the different
methods (Karbwang et al., 1994; van Agtmael et al., 1999; Kitabi
et al., 2021). Oral artesunate might be the optimum usage on the
basis of its likely higher convenience and economic benefit.

A previous study showed that ART inhibited IgE-induced Syk
and PLCγ1 phosphorylation, production of IP(3), and rise in
cytosolic Ca2+ level in mast cells (Cheng et al., 2013).
Furthermore, nuclear levels of nuclear factor erythroid-2-related
factor 2 (Nrf2), oxidative damage markers 8-isoprostane, 8-
hydroxy-2-deoxyguanosine, and 3-nitrotyrosine were considerably
elevated following ART treatment (Ho et al., 2012). Meanwhile,
ART reduced the area of a-Smooth muscle actin-positive cells
and decreased cyclin D1 protein abundance, targeting airway

FIGURE 9
ART attenuated OVA-induced asthma by inhibiting p38 phosphorylation. (A) The expression of total p38 and phospho-p38 proteins in each group
lungs (n = 4). (B–D) Quantitative analysis of protein levels in each group (n = 4). *p < 0.05, **p < 0.01.
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smooth muscle cells (ASMCs) hyperplasia via the PI3K/Akt/
p70(S6K) pathway (Tan et al., 2014). ART blocked epidermal
growth factor-induced phosphorylation of Akt and its
downstream substrates tuberin, p70S6 kinase, and 4E-binding
protein 1, as well as transactivation of NF-κB in normal human
bronchial epithelial cells (Cheng et al., 2011). ART also reduced
traction force and induced an increase in [Ca2+] in the cultured
arterial smooth muscle cells, which was mediated by TAS2R
signaling in part (Wang R. Y. et al., 2019). In summary, ART can
ameliorate experimental allergic airway inflammation, airway
resistance, airway smooth muscle cell proliferation, oxidative
lung damage, and mast cell degranulation via multiple
pathways. There have been experiments conducted in vivo and
in vitro in these studies. ART has been studied not only because of
its economic value but also its potential immunomodulatory
effect, playing a role in many diseases, particularly those
related to allergies (Lin et al., 2022). However, the overall
mechanism of ART on asthma is unelucidated.

In recent years, transcriptomics has emerged as a powerful tool
for studying the action mechanisms of a drug (Li et al., 2022). The
OVA-induced mouse model is a common experimental asthma
model. Numerous literatures have shown that OVA-induced
asthmatic model mice are more likely to develop allergic asthma,
which was mainly associated with eosinophilic infiltration (Bruselle
et al., 1997; Kanehiro et al., 2001; Wagner et al., 2007; Luo et al.,
2015; Wang Y. et al., 2019; Wang R. Y. et al., 2021; Li et al., 2022).
Allergic asthma was triggered by exogenetic allergens, presenting
type two inflammation (Salter et al., 2021), and led to aggregation of
eosinophils in BALF, paravascular and paratracheal region. The
transcriptomic analysis has been applied to shed light on
Artesunate’s protective mechanisms, which provided a more

holistic understanding. Except for the mice behavioral change
that was observed subjectively, the asthma model has been
successful based on a series of objective indicators such as lung
histopathology. With Artesunate intervention, airway
inflammation, airway mucus secretion, and airway remodeling
were found to be ameliorated, compared with the model
group. It is suggested that artesunate exerts a protective effect on
the eosinophilic predominantly asthma phenotype. Meanwhile,
transcriptomic analysis was conducted to explore the overall
regulatory effects of ART. In comparison to the OVA group,
2,323 DEGs have been identified among ART administrated
asthma group of which 1,262 were upregulated and 1,061 were
downregulated. It showed that ART’s effects on asthma are exerted
through numerous genes rather than just one. Meanwhile, the genes
involved, innate immune response, and inflammatory response by
several signaling pathways, including cytokine-cytokine receptor
interaction, PI3K-Akt signaling pathway, MAPK signaling
pathway, and so on. Further, four genes including IL5RA, CCR3,
IL13RA2, and TNFRSF8 have been selected to verify the accuracy
and reliability of transcriptomic analysis by quantitative RT-PCR.
Afterward, the PPI network was analyzed again using MCODE by
Cytoscape. According to the relationship between edges and nodes
in the huge network, the key subnetworks and genes can be found
for downstream analysis, mainly including immune system,
inflammation, or the remodeling process. The impact of
artesunate on mast cells, eosinophils, and ASMCs has been
investigated in the past. However, how artesunate affects alveolar
epithelial cells biologically, for instance alveolar epithelial type II
cells, which were shown to potentially contribute to the
fibroproliferative response (Ruaro et al., 2021; Confalonieri et al.,
2022). These are something that also piques our curiosity.

FIGURE 10
Potential mechanism of ART alleviating OVA-induced asthma by inhibiting p38 MAPK signaling pathway.
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As seen on Figure 4A, asthmatic mice had higher levels of
FIZZ1 expression than the control group. FIZZ1 was first
discovered in experimental OVA-induced allergic pulmonary
inflammation mice (Holcomb et al., 2000). Early research
discovered that lung fibroblasts overexpressing recombinant
FIZZ1 increased type I collagen and a-smooth muscle actin
(Dong et al., 2008). And type I collagen and fibronectin-1,
were able to express excessively in vitro when induced by the
FIZZ1 recombination protein (Zhao et al., 2015), but their
expression levels decreased when FIZZ1 was silenced. In
addition to damaging the epithelial barrier, FIZZ1 could also
alter the contraction property of tracheal smooth muscle by
activating the mitogen-activated protein kinase pathway (Chen
et al., 2010). FIZZ1 contributed to airway remodeling. After the
intervention of ART, the FIZZ1 level was observed to be lowered
compared with the model group. Immunohistochemistry showed
that the protein was mainly located in epithelial cells, and the
density in the airways epithelial cells layer was obvious. Whether
this protein is involved in epithelial-mesenchymal transition
needs to be realized by further studies. As a result of the
aforementioned, ART may interfere with airway remodeling
by controlling and alleviating the over expression of FIZZ1.
IHC, WB, and RT-qPCR testing all revealed that
FIZZ1 decreased after ART treatment. However, in contrast to
the asthma group, FIZZ1 expression did not change according to
the RNA-seq results in ART group. We hypothesized that this
discrepancy might have been caused by the sample size
restriction. This small episode cannot deny the crucial role of
RNA-seq technology in revealing the global level of gene
expression.

In the KEGG pathway enrichment, the MAPK signaling
pathway was involved in ART + asthma-vs.-asthma groups.
MAPK signaling pathway has four main branching routes: ERK,
JNK, p38 MAPK, and ERK5 signaling pathway. The basic
component of the MAPK pathway is a tertiary kinase pattern,
including MAPK kinase kinase (MAPKKK), MAPK kinase
(MAPKK), and MAPK. These three kinases can be activated
sequentially. P38 MAPK signaling pathway is relatively simple
and straight, with multilevel regulation, cascade amplification,
and phosphorylation-based forms (Fang and Richardson, 2005).
There was evidence that P38 MAPKs might respond to
inflammation and stress as well as regulate proliferation,
differentiation, and survival in certain types of cells (Cuadrado
and Nebreda, 2010). Baines found that there was increased
p38 signaling activity via induced sputum transcriptomics in
severe asthma patients (Baines et al., 2020). Blocking p38 MAPK
could effectively alleviate the exacerbation of allergic asthma
induced by formaldehyde and high relative humidity (Duan
et al., 2020). Meanwhile, p38 MAPK significantly contributed to
bronchial inflammation and remodeling (Pelaia et al., 2021). It has
been hypothesized that ART could improve asthma in part by
regulating the p38 MAPK pathways. As result, ART indeed
significantly inhibited P38 MAPK phosphorylation, which can
induce downstream biological processes such as cell proliferation
and differentiation, inflammatory response, then promotes the
improvement of disease status (Figure 10).

This study provided a holistic genetic understanding of the
role of ART in asthma, including gene functions, components,

processes, and pathways. This study provided new theoretical
evidence and potential pathways for the pharmacological
mechanism of ART in improving asthma. But there were
some limits. Firstly, the animal models are not fully
representative of human disease. Besides, we only investigated
the effect of ART on OVA-induced BALB/c asthma mice, and
more animal models are needed, such as the HDM-induced
asthma model or rat model.

5 Conclusion

This study confirmed the definite efficacy of ART in the
treatment of asthma and revealed that ART can inhibit the
expression of FIZZ1 protein and airway remodeling, which
could act by inhibiting the p38 MAPK signaling pathway.
Several genes and pathways have been implicated in the
treatment of asthma by ART. The findings of this research
add to the growing body of data supporting ART in treating
asthma and provide the groundwork for its potential use in future
clinical practice.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/supplementary material.

Ethics statement

The animal study was reviewed and approved by Committee of
China-Japan Friendship Hospital.

Author contributions

MZ was the first author, designed of the study, carried out the
experiments, and finished the data analysis as well as data acquisition,
contributing to the writing and revisions of the manuscript. JL and YN
participated in its design, revised the article, and approved for the
version to be published. JZ, JW, and RZ carried out the experiments
besides collecting the data. All authors contributed to the article, read
and approved the final manuscript.

Funding

This work was supported by the National Natural Science
Foundation of China (8217010602).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Frontiers in Pharmacology frontiersin.org12

Zhang et al. 10.3389/fphar.2023.1145188

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145188


Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Arguin, P. M., Weina, P. J., and Dougherty, C. P. (2008). Artesunate for malaria. N.
Engl. J. Med. 359 (3), 314–315. doi:10.1056/NEJMc081180

Bader, G. D., and Hogue, C. W. (2003). An automated method for finding molecular
complexes in large protein interaction networks. BMC Bioinforma. 42, 2. doi:10.1186/
1471-2105-4-2

Baines, K. J., Fricker, M., McDonald, V. M., Simpson, J. L., Wood, L. G.,Wark, P., et al.
(2020). Sputum transcriptomics implicates increased p38 signalling activity in severe
asthma. Respirology 25 (7), 709–718. doi:10.1111/resp.13749

Bergeron, C., and Boulet, L. P. (2006). Structural changes in airway diseases:
Characteristics, mechanisms, consequences, and pharmacologic modulation. Chest
129 (4), 1068–1087. doi:10.1378/chest.129.4.1068

Bingham, C. R., and Austen, K. F. (2000). Mast-cell responses in the development of
asthma. J. Allergy Clin. Immunol. 105 (2), S527–S534. doi:10.1016/s0091-6749(00)
90056-3

Bowen, H., Kelly, A., Lee, T., and Lavender, P. (2008). Control of cytokine gene
transcription in Th1 and Th2 cells. Clin. Exp. Allergy 38 (9), 1422–1431. doi:10.1111/j.
1365-2222.2008.03067.x

Brassard, J., Marsolais, D., and Blanchet, M. R. (2021). Mutant mice and animal
models of airway allergic disease.MethodsMol. Biol. 2241, 224159–224174. doi:10.1007/
978-1-0716-1095-4_6

Bruselle, G. G., Kips, J. C., Peleman, R. A., Joos, G. F., Devos, R. R., Tavernier, J. H.,
et al. (1997). Role of IFN-gamma in the inhibition of the allergic airway inflammation
caused by IL-12. Am. J. Respir. Cell Mol. Biol. 17 (6), 767–771. doi:10.1165/ajrcmb.17.6.
2820

Chen, H., Jacobson, B. A., Mason, L., Wolf, S. F., and Bowman, M. R. (2010).
FIZZ1 potentiates the carbachol-induced tracheal smooth muscle contraction. Eur.
Respir. J. 36 (5), 1165–1173. doi:10.1183/09031936.00097609

Cheng, C., Ho, W. E., Goh, F. Y., Guan, S. P., Kong, L. R., Lai, W. Q., et al. (2011).
Anti-malarial drug artesunate attenuates experimental allergic asthma via inhibition of
the phosphoinositide 3-kinase/Akt pathway. PLoS One 6 (6), e20932. doi:10.1371/
journal.pone.0020932

Cheng, C., Ng, D. S., Chan, T. K., Guan, S. P., Ho,W. E., Koh, A. H., et al. (2013). Anti-
allergic action of anti-malarial drug artesunate in experimental mast cell-mediated
anaphylactic models. Allergy 68 (2), 195–203. doi:10.1111/all.12077

Cockcroft, D. W., and Davis, B. E. (2006). Mechanisms of airway
hyperresponsiveness. J. Allergy Clin. Immunol. 118 (3), 551–559. doi:10.1016/j.jaci.
2006.07.012

Collaborators, G. C. R. D. (2020). Prevalence and attributable health burden of
chronic respiratory diseases, 1990-2017: A systematic analysis for the global burden of
disease study 2017. Lancet Respir. Med. 8 (6), 585–596. doi:10.1016/S2213-2600(20)
30105-3

Confalonieri, M., Salton, F., Ruaro, B., Confalonieri, P., and Volpe, M. C. (2022),
"Alveolar epithelial type II cellsq", in S. M. JANES (Ed.), Encyclopedia of respiratory
medicine (Second Edition). Academic Press, Oxford, pp. 10–17.

Cuadrado, A., and Nebreda, A. R. (2010). Mechanisms and functions of p38 MAPK
signalling. Biochem. J. 429 (3), 403–417. doi:10.1042/BJ20100323

Dong, L., Wang, S. J., Camoretti-Mercado, B., Li, H. J., Chen, M., and Bi, W. X. (2008).
FIZZ1 plays a crucial role in early stage airway remodeling of OVA-induced asthma.
J. Asthma 45 (8), 648–653. doi:10.1080/02770900802126941

Dong, L., Wang, Y., Zheng, T., Pu, Y., Ma, Y., Qi, X., et al. (2021). Hypoxic hUCMSC-
derived extracellular vesicles attenuate allergic airway inflammation and airway
remodeling in chronic asthma mice. Stem Cell Res. Ther. 12 (1), 4. doi:10.1186/
s13287-020-02072-0

Duan, J., Xie, J., Deng, T., Xie, X., Liu, H., Li, B., et al. (2020). Exposure to both
formaldehyde and high relative humidity exacerbates allergic asthma by activating the
TRPV4-p38 MAPK pathway in Balb/c mice. Environ. Pollut. 256, 256113375. doi:10.
1016/j.envpol.2019.113375

Eiwegger, T., and Akdis, C. A. (2011). IL-33 links tissue cells, dendritic cells and
Th2 cell development in a mouse model of asthma. Eur. J. Immunol. 41 (6), 1535–1538.
doi:10.1002/eji.201141668

Fang, J. Y., and Richardson, B. C. (2005). The MAPK signalling pathways and
colorectal cancer. Lancet Oncol. 6 (5), 322–327. doi:10.1016/S1470-2045(05)70168-6

Feng, F. B., and Qiu, H. Y. (2018). Effects of Artesunate on chondrocyte proliferation,
apoptosis and autophagy through the PI3K/AKT/mTOR signaling pathway in rat

models with rheumatoid arthritis. Biomed. Pharmacother. 102, 1021209–1021220.
doi:10.1016/j.biopha.2018.03.142

Gordon, S., and Martinez, F. O. (2010). Alternative activation of macrophages:
Mechanism and functions. Immunity 32 (5), 593–604. doi:10.1016/j.immuni.2010.
05.007

Guida, G., and Riccio, A. M. (2019). Immune induction of airway remodeling. Semin.
Immunol. 46101346, 101346. doi:10.1016/j.smim.2019.101346

Hammad, H., and Lambrecht, B. N. (2021). The basic immunology of asthma. Cell
184 (6), 1469–1485. doi:10.1016/j.cell.2021.02.016

Ho, W. E., Cheng, C., Peh, H. Y., Xu, F., Tannenbaum, S. R., Ong, C. N., et al. (2012).
Anti-malarial drug artesunate ameliorates oxidative lung damage in experimental
allergic asthma. Free Radic. Biol. Med. 53 (3), 498–507. doi:10.1016/j.freeradbiomed.
2012.05.021

Holcomb, I. N., Kabakoff, R. C., Chan, B., Baker, T. W., Gurney, A., Henzel, W., et al.
(2000). FIZZ1, a novel cysteine-rich secreted protein associated with pulmonary
inflammation, defines a new gene family. EMBO J. 19 (15), 4046–4055. doi:10.1093/
emboj/19.15.4046

Holgate, S. T. (2007). Epithelium dysfunction in asthma. J. Allergy Clin. Immunol. 120
(6), 1233–1244. doi:10.1016/j.jaci.2007.10.025

Holgate, S. T. (2012). Innate and adaptive immune responses in asthma. Nat. Med. 18
(5), 673–683. doi:10.1038/nm.2731

Hu, Y., Liu, M., Qin, H., Lin, H., An, X., Shi, Z., et al. (2021). Artemether, artesunate,
arteannuin B, echinatin, licochalcone B and andrographolide effectively inhibit SARS-
CoV-2 and related viruses in vitro. Front. Cell Infect. Microbiol. 11, 11680127. doi:10.
3389/fcimb.2021.680127

Hurtado, I., Garcia-Sempere, A., Peiro, S., Bengoetxea, A., Prieto, J. L., and Sanfelix-
Gimeno, G. (2020). Real-world patterns of pharmacotherapeutic management of
asthma patients with exacerbations in the Spanish national health system. Front.
Pharmacol. 111323, 1323. doi:10.3389/fphar.2020.01323

James, A. L., Bai, T. R., Mauad, T., Abramson, M. J., Dolhnikoff, M., McKay, K. O.,
et al. (2009). Airway smooth muscle thickness in asthma is related to severity but not
duration of asthma. Eur. Respir. J. 34 (5), 1040–1045. doi:10.1183/09031936.00181608

Joubert, P., and Hamid, Q. (2005). Role of airway smooth muscle in airway
remodeling. J. Allergy Clin. Immunol. 116 (3), 713–716. doi:10.1016/j.jaci.2005.05.042

Kanehiro, A., Ikemura, T., Makela, M. J., Lahn, M., Joetham, A., Dakhama, A., et al.
(2001). Inhibition of phosphodiesterase 4 attenuates airway hyperresponsiveness and
airway inflammation in a model of secondary allergen challenge. Am. J. Respir. Crit.
Care Med. 163 (1), 173–184. doi:10.1164/ajrccm.163.1.2001118

Karbwang, J., Na-Bangchang, K., Thanavibul, A., Bunnag, D., Chongsuphajaisiddhi,
T., and Harinasuta, T. (1994). Comparison of oral artesunate and quinine plus
tetracycline in acute uncomplicated falciparum malaria. Bull. World Health Organ
72 (2), 233–238.

Kitabi, E., Bensman, T. J., Earp, J. C., Chilukuri, D. M., Smith, H., Ball, L., et al. (2021).
Effect of body weight and age on the pharmacokinetics of dihydroartemisinin: Food and
drug administration basis for dose determination of artesunate for injection in pediatric
patients with severe malaria. Clin. Infect. Dis. 73 (5), 903–906. doi:10.1093/cid/ciab149

Kong, Z., Liu, R., and Cheng, Y. (2019). Artesunate alleviates liver fibrosis by
regulating ferroptosis signaling pathway. Biomed. Pharmacother. 109,
1092043–1092053. doi:10.1016/j.biopha.2018.11.030

Lemanske, R. J., and Busse, W. W. (2003). 6. Asthma. J. Allergy Clin. Immunol. 111
(2), S502–S519. doi:10.1067/mai.2003.94

Li, W., Ding, Z., Chen, Y., Wang, Y., Peng, M., Li, C., et al. (2022). Integrated
Pharmacology reveals the molecular mechanism of gegen qinlian decoction against
lipopolysaccharide-induced acute lung injury. Front. Pharmacol. 13, 13854544. doi:10.
3389/fphar.2022.854544

Li, W., Wang, S., Qiu, C., Liu, Z., Zhou, Q., Kong, D., et al. (2019). Comprehensive
bioinformatics analysis of acquired progesterone resistance in endometrial cancer cell
line. J. Transl. Med. 17 (1), 58. doi:10.1186/s12967-019-1814-6

Li, Z. J., Dai, H. Q., Huang, X. W., Feng, J., Deng, J. H., Wang, Z. X., et al. (2021).
Artesunate synergizes with sorafenib to induce ferroptosis in hepatocellular carcinoma.
Acta Pharmacol. Sin. 42 (2), 301–310. doi:10.1038/s41401-020-0478-3

Li-Weber, M., and Krammer, P. H. (2003). Regulation of IL4 gene expression by
T cells and therapeutic perspectives. Nat. Rev. Immunol. 3 (7), 534–543. doi:10.1038/
nri1128

Frontiers in Pharmacology frontiersin.org13

Zhang et al. 10.3389/fphar.2023.1145188

https://doi.org/10.1056/NEJMc081180
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1186/1471-2105-4-2
https://doi.org/10.1111/resp.13749
https://doi.org/10.1378/chest.129.4.1068
https://doi.org/10.1016/s0091-6749(00)90056-3
https://doi.org/10.1016/s0091-6749(00)90056-3
https://doi.org/10.1111/j.1365-2222.2008.03067.x
https://doi.org/10.1111/j.1365-2222.2008.03067.x
https://doi.org/10.1007/978-1-0716-1095-4_6
https://doi.org/10.1007/978-1-0716-1095-4_6
https://doi.org/10.1165/ajrcmb.17.6.2820
https://doi.org/10.1165/ajrcmb.17.6.2820
https://doi.org/10.1183/09031936.00097609
https://doi.org/10.1371/journal.pone.0020932
https://doi.org/10.1371/journal.pone.0020932
https://doi.org/10.1111/all.12077
https://doi.org/10.1016/j.jaci.2006.07.012
https://doi.org/10.1016/j.jaci.2006.07.012
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1016/S2213-2600(20)30105-3
https://doi.org/10.1042/BJ20100323
https://doi.org/10.1080/02770900802126941
https://doi.org/10.1186/s13287-020-02072-0
https://doi.org/10.1186/s13287-020-02072-0
https://doi.org/10.1016/j.envpol.2019.113375
https://doi.org/10.1016/j.envpol.2019.113375
https://doi.org/10.1002/eji.201141668
https://doi.org/10.1016/S1470-2045(05)70168-6
https://doi.org/10.1016/j.biopha.2018.03.142
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.1016/j.immuni.2010.05.007
https://doi.org/10.1016/j.smim.2019.101346
https://doi.org/10.1016/j.cell.2021.02.016
https://doi.org/10.1016/j.freeradbiomed.2012.05.021
https://doi.org/10.1016/j.freeradbiomed.2012.05.021
https://doi.org/10.1093/emboj/19.15.4046
https://doi.org/10.1093/emboj/19.15.4046
https://doi.org/10.1016/j.jaci.2007.10.025
https://doi.org/10.1038/nm.2731
https://doi.org/10.3389/fcimb.2021.680127
https://doi.org/10.3389/fcimb.2021.680127
https://doi.org/10.3389/fphar.2020.01323
https://doi.org/10.1183/09031936.00181608
https://doi.org/10.1016/j.jaci.2005.05.042
https://doi.org/10.1164/ajrccm.163.1.2001118
https://doi.org/10.1093/cid/ciab149
https://doi.org/10.1016/j.biopha.2018.11.030
https://doi.org/10.1067/mai.2003.94
https://doi.org/10.3389/fphar.2022.854544
https://doi.org/10.3389/fphar.2022.854544
https://doi.org/10.1186/s12967-019-1814-6
https://doi.org/10.1038/s41401-020-0478-3
https://doi.org/10.1038/nri1128
https://doi.org/10.1038/nri1128
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145188


Lin, L., Tang, Z., Shi, Z., Guo, Q., and Xiong, H. (2022). New insights into artesunate
as a pleiotropic regulator of innate and adaptive immune cells. J. Immunol. Res. 2022,
9591544–9591547. doi:10.1155/2022/9591544

Lin, Q., and Johns, R. A. (2020). Resistin family proteins in pulmonary diseases. Am.
J. physiology. Lung Cell. Mol. physiology 319 (3), L422–L434. doi:10.1152/ajplung.00040.
2020

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method.Methods 25 (4),
402–408. doi:10.1006/meth.2001.1262

Luo, J., Zhang, Y., Wang, Y., Liu, Q., Li, J., He, H., et al. (2021). Artesunate and
dihydroartemisinin inhibit rabies virus replication. Virol. Sin. 36 (4), 721–729. doi:10.
1007/s12250-021-00349-z

Luo, Q., Lin, J., Zhang, L., Li, H., and Pan, L. (2015). The anti-malaria drug artesunate
inhibits cigarette smoke and ovalbumin concurrent exposure-induced airway
inflammation and might reverse glucocorticoid insensitivity. Int. Immunopharmacol.
29 (2), 235–245. doi:10.1016/j.intimp.2015.11.016

Mancuso, R. I., Azambuja, J. H., and Olalla, S. S. (2021). Artesunate strongly
modulates myeloid and regulatory T cells to prevent LPS-induced systemic
inflammation. Biomed. Pharmacother. 143, 112211. doi:10.1016/j.biopha.2021.112211

McDonald, D. M. (2001). Angiogenesis and remodeling of airway vasculature in
chronic inflammation. Am. J. Respir. Crit. Care Med. 164 (10), S39–S45. doi:10.1164/
ajrccm.164.supplement_2.2106065

O’Reilly, R., Ullmann, N., Irving, S., Bossley, C. J., Sonnappa, S., Zhu, J., et al. (2013),
"Increased airway smooth muscle in preschool wheezers who have asthma at school
age", J. Allergy Clin. Immunol. 131 (4). 1024–1032. doi:10.1016/j.jaci.2012.08.044

Padrid, P., Snook, S., Finucane, T., Shiue, P., Cozzi, P., Solway, J., et al. (1995).
Persistent airway hyperresponsiveness and histologic alterations after chronic antigen
challenge in cats. Am. J. Respir. Crit. Care Med. 151 (1), 184–193. doi:10.1164/ajrccm.
151.1.7812551

Palmer, L. J., Rye, P. J., Gibson, N. A., Burton, P. R., Landau, L. I., and Lesouef, P. N.
(2001). Airway responsiveness in early infancy predicts asthma, lung function, and
respiratory symptoms by school age. Am. J. Respir. Crit. Care Med. 163 (1), 37–42.
doi:10.1164/ajrccm.163.1.2005013

Papi, A., Brightling, C., Pedersen, S. E., and Reddel, H. K. (2018). Asthma. Lancet 391
(10122), 783–800. doi:10.1016/S0140-6736(17)33311-1

Pelaia, C., Vatrella, A., Crimi, C., Gallelli, L., Terracciano, R., and Pelaia, G.
(2020). Clinical relevance of understanding mitogen-activated protein kinases
involved in asthma. Expert Rev. Respir. Med. 14 (5), 501–510. doi:10.1080/
17476348.2020.1735365

Pelaia, C., Vatrella, A., Gallelli, L., Lombardo, N., Sciacqua, A., Savino, R., et al. (2021).
Role of p38 mitogen-activated protein kinase in asthma and COPD: Pathogenic aspects
and potential targeted therapies.Drug Des. Devel Ther. 15, 151275–151284. doi:10.2147/
DDDT.S300988

Ruaro, B., Salton, F., Braga, L., Wade, B., Confalonieri, P., Volpe, M. C., et al.
(2021). The history and mystery of alveolar epithelial type II cells: Focus on their
physiologic and pathologic role in lung. Int. J. Mol. Sci. 22 (5), 2566. doi:10.3390/
ijms22052566

Salter, B., Lacy, P., and Mukherjee, M. (2021). Biologics in Asthma: A Molecular
Perspective to Precision Medicine, 12793409.Front. Pharmacol.

Sherman, B. T., Hao, M., Qiu, J., Jiao, X., Baseler, M.W., Lane, H. C., et al. (2022). David: A
web server for functional enrichment analysis and functional annotation of gene lists
(2021 update). Nucleic Acids Res. 50 (W1), W216–W221. doi:10.1093/nar/gkac194

Soriano, J. B., Abajobir, A. A., Abate, K. H., Abera, S. F., Agrawal, A., Ahmed, M. B.,
et al. (2017), "Global, regional, and national deaths, prevalence, disability-adjusted life

years, and years lived with disability for chronic obstructive pulmonary disease and
asthma, 1990–2015: A systematic analysis for the global burden of disease study 2015",
Lancet Respir. Med. 5 (9). 691–706. doi:10.1016/S2213-2600(17)30293-X

Sun, X., Yan, P., Zou, C., Wong, Y. K., Shu, Y., Lee, Y. M., et al. (2019). Targeting
autophagy enhances the anticancer effect of artemisinin and its derivatives. Med. Res.
Rev. 39 (6), 2172–2193. doi:10.1002/med.21580

Tan, S. S., Ong, B., Cheng, C., Ho, W. E., Tam, J. K., Stewart, A. G., et al. (2014). The
antimalarial drug artesunate inhibits primary human cultured airway smooth muscle
cell proliferation. Am. J. Respir. Cell Mol. Biol. 50 (2), 451–458. doi:10.1165/rcmb.2013-
0273OC

Tanner, L., Bergwik, J., Bhongir, R., Pan, L., Dong, C., Wallner, O., et al. (2022).
Pharmacological OGG1 inhibition decreases murine allergic airway inflammation.
Front. Pharmacol. 13, 13999180. doi:10.3389/fphar.2022.999180

van Agtmael, M. A., Eggelte, T. A., and van Boxtel, C. J. (1999). Artemisinin drugs in
the treatment of malaria: From medicinal herb to registered medication. Trends
Pharmacol. Sci. 20 (5), 199–205. doi:10.1016/s0165-6147(99)01302-4

Vignola, A. M., Mirabella, F., Costanzo, G., Di Giorgi, R., Gjomarkaj, M., Bellia, V.,
et al. (2003). Airway remodeling in asthma. Chest 123 (3), 417S–22S. doi:10.1378/chest.
123.3_suppl.417s

Wagner, J. G., Jiang, Q., Harkema, J. R., Illek, B., Patel, D. D., Ames, B. N., et al. (2007).
Ozone enhancement of lower airway allergic inflammation is prevented by gamma-
tocopherol. Free Radic. Biol. Med. 43 (8), 1176–1188. doi:10.1016/j.freeradbiomed.2007.
07.013

Wang, R. Y., Li, H. W., Zhang, Q., and Lin, J. T. (2019). Effect of artesunate on airway
responsiveness and airway inflammation in asthmatic mice. Zhonghua Yi Xue Za Zhi 99
(32), 2536–2541. doi:10.3760/cma.j.issn.0376-2491.2019.32.014

Wang, Y., Wang, A., Zhang, M., Zeng, H., Lu, Y., Liu, L., et al. (2019). Artesunate
attenuates airway resistance in vivo and relaxes airway smooth muscle cells in vitro via
bitter taste receptor-dependent calcium signalling. Exp. Physiol. 104 (2), 231–243.
doi:10.1113/EP086824

Wang, J., Gao, S., Zhang, J., Li, C., Li, H., and Lin, J. (2021). Interleukin-22 attenuates
allergic airway inflammation in ovalbumin-induced asthma mouse model. BMC Pulm.
Med. 21 (1), 385. doi:10.1186/s12890-021-01698-x

Wang, J., Li, F., Yang, M., Wu, J., Zhao, J., Gong, W., et al. (2014). FIZZ1 promotes
airway remodeling through the PI3K/Akt signaling pathway in asthma. Exp. Ther. Med.
7 (5), 1265–1270. doi:10.3892/etm.2014.1580

Wang, R., Lin, J., Wang, J., and Li, C. (2020). [Effects of artesunate on eosinophil
apoptosis and expressions of Fas and Bcl-2 proteins in asthmatic mice. Nan Fang. Yi Ke
Da Xue Xue Bao 40 (1), 93–98. doi:10.12122/j.issn.1673-4254.2020.01.15

Wenzel, S. E. (2012). Asthma phenotypes: The evolution from clinical to molecular
approaches. Nat. Med. 18 (5), 716–725. doi:10.1038/nm.2678

Zhang, J., Li, Y., Wan, J., Zhang, M., Li, C., and Lin, J. (2022). Artesunate: A review of
its therapeutic insights in respiratory diseases, 104154259.Phytomedicine

Zhang, K., Yang, Y., Ge, H., Wang, J., Chen, X., Lei, X., et al. (2020). Artesunate
promotes the proliferation of neural stem/progenitor cells and alleviates Ischemia-
reperfusion Injury through PI3K/Akt/FOXO-3a/p27kip1 signaling pathway. Aging 12
(9), 8029–8048. doi:10.18632/aging.103121

Zhao, F., Vakhrusheva, O., Markowitsch, S. D., Slade, K. S., Tsaur, I., Cinatl, J. J.,
et al. (2020). Artesunate impairs growth in cisplatin-resistant bladder cancer cells
by cell cycle arrest, apoptosis and autophagy induction. Cells 9 (12), 2643. doi:10.
3390/cells9122643

Zhao, J., Jiao, X., Wu, J., Wang, J., Gong, W., Liu, F., et al. (2015). FIZZ1 promotes
airway remodeling in asthma through the PTEN signaling pathway. Inflammation 38
(4), 1464–1472. doi:10.1007/s10753-015-0121-5

Frontiers in Pharmacology frontiersin.org14

Zhang et al. 10.3389/fphar.2023.1145188

https://doi.org/10.1155/2022/9591544
https://doi.org/10.1152/ajplung.00040.2020
https://doi.org/10.1152/ajplung.00040.2020
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1007/s12250-021-00349-z
https://doi.org/10.1007/s12250-021-00349-z
https://doi.org/10.1016/j.intimp.2015.11.016
https://doi.org/10.1016/j.biopha.2021.112211
https://doi.org/10.1164/ajrccm.164.supplement_2.2106065
https://doi.org/10.1164/ajrccm.164.supplement_2.2106065
https://doi.org/10.1016/j.jaci.2012.08.044
https://doi.org/10.1164/ajrccm.151.1.7812551
https://doi.org/10.1164/ajrccm.151.1.7812551
https://doi.org/10.1164/ajrccm.163.1.2005013
https://doi.org/10.1016/S0140-6736(17)33311-1
https://doi.org/10.1080/17476348.2020.1735365
https://doi.org/10.1080/17476348.2020.1735365
https://doi.org/10.2147/DDDT.S300988
https://doi.org/10.2147/DDDT.S300988
https://doi.org/10.3390/ijms22052566
https://doi.org/10.3390/ijms22052566
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1016/S2213-2600(17)30293-X
https://doi.org/10.1002/med.21580
https://doi.org/10.1165/rcmb.2013-0273OC
https://doi.org/10.1165/rcmb.2013-0273OC
https://doi.org/10.3389/fphar.2022.999180
https://doi.org/10.1016/s0165-6147(99)01302-4
https://doi.org/10.1378/chest.123.3_suppl.417s
https://doi.org/10.1378/chest.123.3_suppl.417s
https://doi.org/10.1016/j.freeradbiomed.2007.07.013
https://doi.org/10.1016/j.freeradbiomed.2007.07.013
https://doi.org/10.3760/cma.j.issn.0376-2491.2019.32.014
https://doi.org/10.1113/EP086824
https://doi.org/10.1186/s12890-021-01698-x
https://doi.org/10.3892/etm.2014.1580
https://doi.org/10.12122/j.issn.1673-4254.2020.01.15
https://doi.org/10.1038/nm.2678
https://doi.org/10.18632/aging.103121
https://doi.org/10.3390/cells9122643
https://doi.org/10.3390/cells9122643
https://doi.org/10.1007/s10753-015-0121-5
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1145188

	Artesunate inhibits airway remodeling in asthma via the MAPK signaling pathway
	1 Introduction
	2 Materials and methods
	2.1 Animals and treatments
	2.2 Assessment of airway hyper-responsiveness
	2.3 Lung histopathology
	2.4 Transcriptomics analysis
	2.5 Real-Time quantitative PCR (RT-qPCR)
	2.6 Immunohistochemistry
	2.7 Western blot
	2.8 Statistical analysis

	3 Results
	3.1 The behavioral change of mice
	3.2 ART attenuated OVA-induced AHR
	3.3 ART reduced OVA-induced lung inflammation, goblet cell hyperplasia, and airway remodeling
	3.4 RNA-seq transcriptomics in ART-treated OVA-induced asthma
	3.5 Quantitative Real-time PCR (qPCR)
	3.6 ART alleviated FIZZ1 expression in asthma mice model
	3.7 ART suppressed the MAPK signaling pathway

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


