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Abstract

a-SMA and cyclin D1 in HBSM cells.

PPAR-y/TGF-31/Smad signalling in the context of COPD.

Background: Airway remodelling is the major pathological feature of chronic obstructive pulmonary disease (COPD),
and leads to poorly reversible airway obstruction. Current pharmacological interventions are ineffective in controlling
airway remodelling. In the present study, we investigated the potential role of artesunate in preventing and treating
airway remodelling and the underlying molecular mechanisms in vitro and in vivo.

Methods: A COPD rat model was established by cigarette smoke (CS) exposure. After 12 weeks of artesunate treat-
ment, pathological changes in the lung tissues of COPD rats were examined by ELISA and histochemical and immu-
nohistochemical staining. A lung functional experiment was also carried out to elucidate the effects of artesunate.
Human bronchial smooth muscle (HBSM) cells were used to clarify the underlying molecular mechanisms.

Results: Artesunate treatment inhibited CS-induced airway inflammation and oxidative stress in a dose-dependent
manner and significantly reduced airway remodelling by inhibiting a-smooth muscle actin (a-SMA) and cyclin D1
expression. PPAR-y was upregulated and TGF-31/Smad2/3 signalling was inactivated by artesunate treatment in vivo
and in vitro. Furthermore, PPAR-y knockdown by siRNA transfection abolished artesunate-mediated inhibition of
HBSM cell proliferation by activiting the TGF-31/Smad2/3 signalling pathway and downregulating the expression of

Conclusions: These findings suggest that artesunate could be used to treat airway remodelling by regulating
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Introduction

Airway remodelling is a major pathological abnormal-
ity in chronic obstructive pulmonary disease (COPD)
[1]. Oxidative stress induced by environmental factors,
including exposure to cigarette smoke (CS), has been
shown to induce airway hyperreactivity and airway
remodelling, and these effects involve airway smooth
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muscle [2—4]. Airway remodelling is also caused by the
upregulation of a-smooth muscle actin (a«-SMA) and
Cyclin D1, which are critical regulators of cell prolifera-
tion and cell cycle progression [5].

Ligand-activated transcription factor peroxisome
proliferator-activated receptor y (PPAR-y), a member of
the nuclear hormone receptor superfamily, is frequently
expressed in human airway smooth muscle cells [6].
Increasing evidence has revealed that PPAR-y agonists
can inhibit the proliferation of human airway smooth
muscle cells, and reduce inflammatory cell infiltration
and airway remodelling by activating PPAR-y in the
context of COPD [7-9]. In addition, PPAR-y was also
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reported to inhibit the activation of TGF-B1-Smad2/3
pathway, which plays a vital role in the progression of
epithelial-mesenchymal transition (EMT) and airway
remodelling [10, 11]. Therefore, targeting PPAR-y signal-
ling could represent an effective strategy for the prevent-
ingand treating airway remodelling in COPD.

Current clinical pharmacological therapies, includ-
ing corticosteroids and bronchodilators, are able to
reduce exacerbations and improve symptoms but can-
not suppress the development and progression of COPD
[12]. Drug repurposing is one such strategy for treat-
ing COPD. The repurposing of ‘old’ drugs is gradually
becoming an attractive option because it involves the use
of less risky compounds with potentially lower overall
development costs and shorter development timelines
[13]. Artesunate is a semisynthetic derivative of the Chi-
nese herb Artemisia annua L., which is commonly used
as an antimalarial agent [14]. In addition, artesunate has
been shown to possess anti-inflammatory and antioxi-
dant activity [15, 16]. A recent report demonstrated that
artesunate ameliorated oxidative lung damage in experi-
mental allergic asthma and attenuated CS-induced lung
damage and emphysema in mice [17, 18]. Artesunate
could also inhibit the proliferation of primary human cul-
tured airway smooth muscle cells [19, 20] and improve
bleomycin-induced pulmonary fibrosis pathology in rats
by inhibiting TGF-B1-Smad3 activation [21]. However,
the effects of artesunate on airway remodelling and the
underlying mechanism(s) remain to be further explored.

In the present study, we hypothesized that airway
inflammation and airway remodelling, which are already
accompanied by clearly abnormal lung function that is
ameliorated by artesunate, are closely associated with the
PPAR-y/TGEF-B1/Smad signalling pathway. Using human
bronchial smooth muscle (HBSM) cells and an experi-
mental rat model of COPD, the present study described
the protective effects of artesunate and the underlying
mechanism(s). The present study provides new uses for
the old drug artesunate and the potential mechanisms
by which artesunate affects airway inflammation and
remodelling in COPD.

Materials and methods

Rat model of COPD

Thirty Sprague-Dawley (SD) rats (8 weeks, 230£25 g,
half male and half female) were purchased from Shang-
hai Laboratory Animal Company (Shanghai, China). All
rats were housed in a room temperature of 25 °C and in
a light—dark cycle of 12:12 h with free access to diet and
water ad libitum. All animal experiments were approved
by the Experimental Animal Ethics Committee of
Fudan University and performed in accordance with the
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guidelines for the care and use of laboratory animals set
by Fudan University (Shanghai, China).

30 rats were randomly divided into five groups (6 rats/
group) as follows: Control group, CS group, CS+ 25 mg/
kg Artusenate group, CS+50 mg/kg Artusenate group,
CS+100 mg/kg Artusenate group. The CS-induced
COPD rat model was established as our previous report
[22]. Rats were exposed to cigarette smoke from four
cigarettes (Double Happiness, Shanghai) burning simul-
taneously and each exposure lasted 75 min consuming
48 cigarettes totally. The smoke exposure was performed
twice per day and 5 days per week for 12 weeks by using
a custom-designed and purpose-built nose-only, directed
flow inhalation and smoke-exposure system (handmade)
housed in a fume and laminar flow hood. Artesunate
(25, 50, 100 mg/kg) was administered via intraperitoneal
injection 1 h before the first exposure of a day. Control
group was treated with normal saline. The rats were anes-
thetized with 40 mg/kg intraperitoneal sodium pento-
barbital for sample collection and further analysis after
12 weeks of smoke exposure.

Lung function test

Lung function was measured as we previously described
[22]. After anaesthesia, trachea cannula was inserted at
the throat to examine lung function by PowerLab 8sp Life
Analysis System (AD Instrument, Australia), including
peak inspiratory flow (PIF), peak expiratory flow (PEF),
airway inside pressure (IP) and airway pressure maxi-
mum rising slope (IP-slope).

Bronchoalveolar lavage fluid (BALF)

After rats were anesthetized by injecting sodium pento-
barbital, tracheotomy was performed and a cannula was
inserted into the trachea. BALF was collected from the
right lungs through three lavages of 1 ml phosphate-buff-
ered saline (PBS). Extracted BALF was immediately cen-
trifuged at 1000 rpm for 5 min at 4 °C, and then used for
further assays.

Airway smooth muscle isometric tension assay

The airway isometric contraction assay was performed
as described previously [5]. To measure airway smooth
muscle isometric tension of rats, the main bronchus was
rapidly separated from surrounding connective tissue
after the extraction of BALF. The bronchial rings were
fixed on the stainless-steel hooks in a 37 °C bath of modi-
fied Kreb’s solution (composition in mM: NaCl 118; KCI
4.7; MgSO, 1.2; KH,PO, 1.2; NaHCO; 25; CaCl, 2.5;
glucose 11, EDTA-Na, 0.5) and then continuously bub-
bled with 95% O, and 5% CO,. The bronchial rings were
connected vertically to a force—displacement transducer
under a resting tension of 500 mg. After the separated



Pan et al. Respir Res (2021) 22:91

bronchial rings were washed every 15 min for 1 h, the
values of isometric tension were recorded by PowerLab
8sp Life Analysis System (AD Instruments, Sydney, Aus-
tralia) to generate the cumulative concentration-response
curves for carbachol (CCh). The values of isometric ten-
sion were expressed as force.

Histology and immunohistochemistry

After bronchoalveolar lavage, the right lungs were
immersed in 4% paraformaldehyde for 24 h. After fixa-
tion, paraffin embedding and section, H&E and Masson
stainnig were performed for inflammation and fibrosis
evaluation, respectively. Inmunohistochemistry staining
of a-SMA and cyclin D1 (CST, Cell Signalling Technol-
ogy, Beverly, MA, USA) was performed for remodling
evaluation. Quantitative analysis was performed by
Image-Pro plus 6.0.

Cell culture, cell transfection and cigarette smoke extract
(CSE) preparation

The human bronchial smooth muscle (HBSM) cells
were purchased from the ScienCell Research Laborato-
ries (San Diego, California, USA). Cells were cultured in
Smooth Muscle Cell Medium (ScienCell, San Diego, Cal-
ifornia, USA) and performed for experiments at passage
2—-4 with no mycoplasma contamination. HBSM cells
were divided into five groups: Control group, CSE group,
CSE+1 pM Artusenate group, CSE+10 pM Artuse-
nate group, CSE+4100 pM Artusenate group. HBSM
cells were pre-incubated with or without artesunate (1,
10, 100 pM; Sigma-Aldrich, USA), rosiglitazone (RGZ,
100 pM, Sigma-Aldrich, USA) or GW9662 (10 uM,
Sigma-Aldrich, USA) for 1 h, and subsequently co-incu-
bated with 2.5% CSE for 24 h.

The small interfering RNAs (siRNAs) were synthe-
sized by Genema (Shanghai, China) for the PPAR-y
knockdown assay. The sequences of si-PPAR-y are as
follows: 5-TGGAAATGTGATACGCAAAAT-3'. The
siRNA transfection was conducted with Lipofectamine
3000 (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s protocol. The knockdown experiments
included five groups as follows: Negative control group,
PPAR-y siRNA group, PPAR-y siRNA4CSE group,
CSE + Artusenate group, PPAR-y siRNA 4 CSE 4- Artuse-
nate group.

CSE was prepared as our previous reports [22]. The
CSE was prepared by combusting one cigarette (Double
happiness, Chinese, the amount of tar was 12 mg), using
a pump and passing the smoke through 10 ml of FBS-free
culture medium at a rate of 5 min/cigarette. The result-
ing solution was adjusted to pH 7.4 with 1 mol/l of con-
centrated NaOH and filtered through a 0.22 pm filter.
The obtained solution was referred to as 100% strength
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and diluted to the desired concentrations with culture
medium.

Measurement of indicated factors and cell proliferation
After above indicated treatment, BALF or cell superna-
tants were collected to examine TGF-$1, IL-8, TNF-qa,
IL-6 and ICAM-1 level using an enzyme-linked immuno-
sorbent assay (ELISA, Elabscience Biotechnology, China).
Reactive oxygen species (ROS) production was measured
by H2DCFDA reagent (Sigma, St. Louis, MO, USA) using
flow cytometry. Cell lysate was used to measure intra-
cellular GSH with a commercial assay kits (Beyotime,
Jiangsu, China) as manufacturer’s instructions. The cell
proliferation was measured by Cell Counting Kit (CCK)-8
assay and BrdU cell proliferation assay kit (CST, Beverly,
MA, USA) according to manufacturer’s protocols.

Western blot analysis

After serum deprivation for 24 h, HBSM cells were cul-
tured in DMEM with CSE stimulation in the presence or
absence of artesunate. a-SMA, Cyclin D1 and GAPDH
expression were measured after 24 h. Frozen lung tis-
sues were homogenized in RIPA lysate using ultra-sonic
oscillation, total protein extracts were separated by 10%
SDS-PAGE. Immunoblots were probed with anti-a-
SMA, anti-cyclin D1, anti-PPAR-y, anti-p-Smad2, anti-
p-Smad3, anti-Smad2, anti-Smad3, anti-GAPDH and
anti-pB-actin (CST), followed by horseradish peroxidase-
conjugated secondary antibody (Abcam). Protein bands
were visualized with Biorad System (USA), B-actin and
GAPDH were used as internal controls for total protein
extracts, respectively. Band intensity was quantitated
using Image J software.

Statistical analyses

All the experimental data are presented as the
means & SEM and analyzed by Prism version 6.0 (Graph-
Pad Software, San Diego, USA). The ¢-test was performed
to measure the differences between the two groups and
one-way analysis of variance (ANOVA) followed by a
Dunnett’s test was performed to compare the differences
among three or more groups. P-values<0.05 were con-
sidered statistical significance.

Results

Role of artesunate in reducing airway inflammation

and oxidative stress in the lungs of CS-exposed rats

IL-6, IL-8, TNF-a, and ICAM-1, which amplify the
inflammatory process and induce airway structural
changes were examined in BALF after 12 weeks of CS
exposure. The levels of IL-6, IL-8, TNF-«, and ICAM-1
in BALF were significantly higher in the CS-exposed
group than in the control group (Fig. 1a—d). The increase
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Fig. 1 Artesunate reduced CS-induced airway inflammation and oxidative stress in rats. After CS exposure for 12 weeks, rats were euthanized and
lungs and bronchoalveolar lavage fluid (BALF) were collected. a—d The concentrations of IL-6, IL-8, TNF-a, and ICAM-1 in the BALF were measured by
ELISA. e, f H&E staining was performed for assessment of the inflammatory infiltration. g, h The ROS and GSH concentration in BALF were measured
by kits. Data were expressed as mean 4 SEM, n=6. *P <0.01 compared to control group using unpaired t-test; *P < 0.05, **P <0.01 and ns means no
significant difference compared to CS group using one-way ANOVA with Dunnett test for selected pairs. Arts Artesunate
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(See figure on next page.)

Fig. 2 Artesunate attenuated CS-induced airway remodelling in rats. a Masson’s trichrome staining was performed to determine airway
histopathological changes. b—d The airway fibrosis, airway epithelial thickness and airway smooth muscle thickness were quantified by Image J.
e-h Immunohistochemical staining were performed to determine a-SMA and cyclin D1 expressions in the lungs. i, j The proteins levels of a-SMA
and cyclin D1 in the lungs were analyzed by Western blot. Data were expressed as mean = SEM, n=6, "P <0.01 compared to control group using
unpaired t-test; *P < 0.05, **P < 0.01 and ns means no significant difference compared to CS group using one-way ANOVA with Dunnett test for

selected pairs. Arts Artesunate

in IL-6, IL-8, TNF-a, and ICAM-1 was dose-dependently
attenuated by artesunate treatment (Fig. la-d). Con-
sistently, artesunate treatment also markedly attenu-
ated inflammatory infiltration, which was significantly
increased in the lungs of CS-exposed rats compared to
control rats (Fig. 1e, f).

Oxidative stress induced by CS exposure also largely
correlates with the process of airway remodelling [23]. As
shown in Fig. 1g, CS significantly increased ROS levels in
BALF, and this effect was reversed by artesunate treat-
ment. Furthermore, the decreased GSH level induced by
CS exposure was also significantly reversed by artesunate
treatment (Fig. 1h). Taken together, these findings dem-
onstrated that artesunate could protect against airway
inflammation and oxidative stress in a CS exposure rat
model and suggested a potential role of artesunate in the
prevention and treatment of airway remodelling.

Role of artesunate in attenuating CS-induced airway
remodelling in rats

Airway remodelling, which is generally accepted, is
closely associated with persistent chronic inflammation
and oxidative stress [24]. An clear airway remodelling
phenotype characterized by fibrosis and epithelial and
smooth muscle thickness, was observed after 12 weeks
of CS exposure, and these CS-induced changes were sig-
nificantly reversed by artesunate in a dose-dependent
manner (Fig. 2a—d). a-smooth muscle actin (a-SMA) and
cyclin D1 are key mediators of airway remodelling [5]. In
the CS exposure groups, the expression of a-SMA and
cyclin D1 in the lung was dramatically upregulated and
reversed by artesunate treatment (50 mg/kg and 100 mg/
kg), as measured by IHC (Fig. 2e—h) and western blot-
ting (Fig. 2i, j). These results suggest that airway remod-
elling following CS-exposure in rats could be reversed
by artesunate treatment. In addition, the results of cor-
relation analysises showed that cyclin D1 expression in
lung tissues was significantly correlated with both airway
smooth muscle thickness (P<0.01, r?=0.5403) and air-
way epithelial thickness (P <0.05, r*=0.5664) (shown in
Additional file 1).

Role of artesunate in ameliorating lung function

and airway hyperresponsiveness in CS-exposed rats
Airway remodelling contributes to the progressive loss
of lung function, and declining lung function caused by
persistent airflow obstructions is an important feature of
COPD [25]. We next assessed the effects of artesunate on
lung function in CS-exposed rats. PIF (Fig. 3a) and PEF
(Fig. 3b) significantly decreased after CS exposure for
12 weeks, while IP (Fig. 3c), IP-slope (Fig. 3d) and isomet-
ric force (Fig. 3e) significantly increased compared with
those of rats in the control group (P<0.01). Importantly,
artesunate treatment improved CS-induced pathological
alterations in lung functions, including PIF, PEF, IP and
IP-slope (Fig. 3a—d), as well as isometric force (Fig. 3e)
compared to those of CS-exposed rats. These results
demonstrated that declining lung function caused by
airway remodelling could be ameliorated by artesunate
treatment under CS-induced oxidative stress conditions.

Role of artesunate in inhibiting CSE-induced HBSM cell
proliferation

To further validate the potential role of artesunate in air-
way remoldling, CCK-8 and BrdU incorporation assays
were used to assess the proliferation of HBSM cells.
We found that the significantly increased proliferation
of HBSM cells triggered by low concentration of CSE
(2.5%) was inhibited by treatment with artesunate in a
concentration-dependent manner, as indicated by both
CCK-8 (Fig. 4a) and BrdU incorporation assays (Fig. 4b).
As expected, treatment with artesunate also significantly
attenuated CSE-induced cyclin D1 (Fig. 4c) and a-SMA
(Fig. 4d) expression as compared to that of CSE alone.
These results indicated that artesunate has an inhibitory
effect on the proliferation of HBSM cells by attenuating
the expression of cyclin D1 and a-SMA. Furthermore,
rosiglitazone (RGZ, 100 pM), the PPAR-y agonist,
exerted a similar therapeutic effect to artesunate on CSE-
induced HBSM cells, while the addition of PPAR-y antag-
onist GW9662 (10 uM) has dramatically reversed the
protective effect of artesunate, indicating that PPAR-y
might be the key target of articulate (Fig. 4a—d).
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Role of artesunate in the expression of PPAR-y and TGF-1/
Smad2/3 activation in both HBSM cells and rat lungs
exposed to CS

Next, we validated whether the PPAR-y pathway was
involved in the protective effects of artesunate on
HBSM cells and rat lungs. Western blot analysis showed
that CS significantly decreased PPAR-y expression
in both HBSM cells and rat lungs, and this effect was
reversed by artesunate treatment in a dose-dependent
manner (Fig. 5a, b). CS can trigger TGF-1 release, acti-
vating its downstream signalling pathway Smad2/3 cas-
cade to promote airway remodelling. We subsequently
validated the effects of artesunate on CS-induced acti-
vation of TGF-P1 signalling, and we found that TGF-
B1 was significantly upregulated in CS-exposed HBSM
cells and rat lungs, and these effects were reversed by
artesunate treatment (Fig. 5c¢, f). Additionally, CSE-
induced Smad2/3 phosphorylation was also inhibited
by artesunate treatment (Fig. 5d, e). Taken together,
these results demonstrated the attenuating effects of
artesunate on both PPAR-y upregulation and TGF-p1/
Smad2/3 dephosphorylation in CS-induced airway
inflammation and remodelling.

Role of artesunate in suppressing cell proliferation

by targeting PPAR-y/TGF-B1/Smad2/3 signalling

Given that the involvement of PPAR-y and TGF-B1/
Smad2/3 signalling in CSE-induced airway remodelling
and the abnormal proliferation of airway smooth muscle
cells directly contributes to airway remodelling [26], we
investigated whether the suppressive effects of artesunate
on HBSM cell proliferation were associated with PPAR-y
activation and the TGEF-P1 signalling pathway. West-
ern blot analysis showed that siRNA-PPAR-y transfec-
tion significantly abolished PPAR-y expression in HBSM
cells (Fig. 6a). We also showed that PPAR-y knockdown
abolished the effect of articulate, as evidenced by the
enhanced TGF-B1 levels in the supernatant of HBSM
cells (Fig. 6b) and Smad2/3 dephosphorylation (Fig. 6e)
in HBSM cells stimulated by CSE. As expected, PPAR-y
knockdown also enhanced the expression of a-SMA and
cyclin D1 (Fig. 6¢) and significantly increased the pro-
liferation of CSE-exposed HBSM cells, and these effects
were inhibited by artesunate, as measured by CCK-8 and
BrdU assays (Fig. 6d). These results suggest that artesu-
nate suppresses cell proliferation through the TGF-p1/
Smad2/3 signalling pathway by targeting PPAR-y.
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Discussion

The main findings of the present study are that artesu-
nate significantly suppressed CS-induced airway
inflammation as well as airway remodelling in vivo and
in vitro. The effect of artesunate was associated with
CS-induced airway remodelling by targeting PPAR-y/
TGEF-B1/Smad2/3 signalling.

Experimental studies have already confirmed that CS
exposure directly contributes to the inflammation- and
oxidative stress-induced changes in structural cells seen
in the lung tissue and small airways [27]. Thus, to some
extent, inhibiting the inflammatory response, oxidative
stress, and airway remodelling may offer viable strate-
gies for COPD therapy. First, we established a 12-week
CS-exposed rat model to evaluate the therapeutic
effects of artesunate, and we found that artesunate

treatment dose-dependently reduced the levels of IL-6,
IL-8, TNF-a, ICAM-1, ROS and GSH in the BALF of
CS-exposed rats. These results were consistent with
those of another study showing that artesunate could
modulate multiple inflammatory and oxidative stress
mediators in a CS- or ovalbumin-exposed mouse model
[28].

Previous studies in both animals and humans have
shown that CS induces the production of proinflamma-
tory cytokines such as IL-6, IL-8 and TNF-q, as well as
ICAM-1, ROS and GSH, which amplify the inflamma-
tory process and play integral roles in the coordination
and persistence of inflammationin airway remodelling
of COPD patients [29, 30]. These pathological changes
in CS-exposed lungs were significantly ameliorated by
artesunate treatment. Importantly, the increase in iso-
metric force and decrease in lung function, including
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Fig. 5 Effects of artesunate on expression of PPAR-yand activation of TGF-31/Smad2/3 signalling in HBSM cells (n=3) and rat lungs (n=6). The
expressions of PPAR-y, p-Smad2/3, Smad2/3 and GAPDH in rat lungs (a, b) and HBSM cells (d, e) were determined using Western blot. The levels
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one-way ANOVA with Dunnett test for selected pairs. Arts Artesunate
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(See figure on next page.)

Fig. 6 Suppressing cell proliferation by artesunate through PPAR-y/TGF-B1/Smad2/3 signalling pathway. HBSM cells were transfected with
siRNA-PPAR-y in the presence or absence of CSE/artesunate. a The interference efficiency was determined by Western blot. b The level of TGF-31
in supernatant of HBSM cells was determined using ELISA test. ¢ The expressions of a-SMA, cyclin D1 and GAPDH were determined using Western
blot. d The cell viability was measured by CCK-8 assay and the cell proliferation was measured by BrdU incorporation assay. e The expressions of
p-Smad2/3, Smad2/3 and GAPDH were determined using Western blot. Data were expressed as mean # SEM, n=3. #P <0.01 compared to si-NC
group using unpaired t-test; **P <0.01 compared to si-NC+ CSE+ Arts group. Arts Artesunate

PIF, PEF, IP and IP-slope, which represent airway hyper-
responsiveness and small airway resistance, respectively,
were also ameliorated. In addition to its antimalarial
properties, artesunate has also been reported to exhibit a
variety of pharmacological activities. For example, artesu-
nate was reported to reduce lung damage in CS-induced
mice [31], which was consistent with our results. Artesu-
nate ameliorated CS-induced airway inflammation,
inhibited the PI3K&/Akt pathway, and restored HDAC2
activity, consequently reversing CSE-induced glucocor-
ticoid insensitivity [28]. These findings prompted us to
further characterize the underlying mechanisms in detail.
Therefore, as a multitarget drug, artesunate is an exam-
ple of repurposing an ‘old’ drug to treat airway remodel-
ling, which is a key feature of COPD and asthma [32]. To
further validate the animal experiment results, cellular
experiments were performed on HBSM cells. It is widely
accepted that CSE has a significant effect on abnormal
airway contractility and the proliferation of HBSM cells
[33]. Our results were consistent with these findings and
further demonstrated that artesunate inhibited HBSM
cell proliferation and reduced the levels of the prolif-
eration markers cyclin D1 and the myofibroblast marker
a-SMA in vivo and in vitro. However, previous studies
have reported that artesunate suppresses the prolifera-
tion of human leukaemic cells by regulating c-Myb and
cyclin D2 expression [34]. Moreover, artesunate signifi-
cantly inhibited the proliferation of hepatoma cell lines
via STAT3 inhibition and DR4 augmentation [35]. In our
study, we observed that the increase in HBSM cell prolif-
eration caused by CSE could be inhibited by artesunate,
accompanied by the recovery of cyclin D1 and a-SMA
expression, revealing the different mechanisms by which
artesunate inhibits cell proliferation in various systems.

It has been reported that PPAR-y activation reduces
lipopolysaccharide-induced inflammation in a mouse
model, suggesting that an activator of PPAR-y may
have a beneficial effect on the inflammatory response in
COPD [36]. In fact, several studieshave shown reduc-
tions in the level and activity of PPAR-y in the lungs of
CS-exposed mice, smokers and COPD patients [37,
38]. Consistently, our data demonstrated that PPAR-y
expression in both rat lungs and HBSM cells was signif-
icantly inhibited in response to CS, which is in consist-
ent with previous reports that CS could inhibit PPAR-y

activation [39]. Treatment with artesunate significantly
enhanced PPAR-y activation in vivo and in vitro, which is
in consistent with previous reports that PPAR-y agonists
reversed CS-induced airway injury in bronchial epithelial
cells [40]. Thus, we hypothesize that PPAR-y activation
may be involved in the protection against CS-induced
airway inflammation and remodelling.

It has been reported that the TGF-f1-Smad signalling
pathway can activated by CS in bronchial rat explant-
sand is identified as the key signalling pathway in EMT
and airway remodelling [11, 41]. It has been reported that
the TGF-B1/Smad2 pathway is significantly activated in
bronchial smooth muscle cells exposed to CS [42]. More
importantly, inhibition of the TGF-f1 gene by PPAR-y
activation can be used to treat TGF-p1l-induced patho-
physiological disorders such as fibrosis [43]. We further
investigated whether the effect of artesunate involved
the TGF-B1 signalling via the activation of PPAR-y.
We found that PPAR-y knockdown and inactivation of
TGF-f1/Smad signalling pathway attenuated the effect
of artesunate on CS-induced cell proliferation in vitro,
which was consistent with a previous study on the acti-
vation of PPAR-y in various cells and diseases [44]. For
instance, activation of PPAR-y in myeloid cells could pro-
mote the progression of epithelial lung tumours by regu-
lating the TGF-f1 signalling pathway. PPAR-y expression
was increased in NSCLC cell lines, and knockdown of
PPAR-y inhibited EMT [45]. Therefore, our results fur-
ther confirmed that artesunate ameliorated CS-induced
bronchial remodelling via the PPAR-y/TGF-p1/Smad2/3
signalling pathway.

However, there are still some limitations in our study.
For example, we did not carry out therapeutic medica-
tion study of artesunate in animal experiment to further
prove its therapeutic effect on cigarette smoke-induced
airway remodelling. In addition, our study did not com-
pletely clarify whether artesunate targeted PPAR-y or
not and whether PPAR-y is the only target of artesunate,
which will be the focus in our follow-up research.

Conclusion

In conclusion, our results revealed that artesunate treat-
ment significantly protected against CS-induced airway
inflammation, as well as airway remodelling via PPAR-y/
TGF-B1/Smad2/3 signalling in vivo and in vitro, and
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provides a novel use for an ‘old’ drug to treat airway remod-
elling in COPD.
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