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Effect of icariin on the H2O2-induced
proliferation of mouse airway smooth
muscle cells through miR-138-5p regulating
SIRT1/AMPK/PGC-1α axis
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Abstract
Icariin exerts antioxidative and anti-inflammatory effects and is used in the treatment of bronchial asthma. However,
the specific modes of action are uncertain. In this study, we investigated whether icariin could modulate the silencing
information regulator 2-related enzyme 1 (SIRT1)/adenosine monophosphate-activated protein kinase (AMPK)/
peroxisome proliferator-activated receptor gamma co-activator 1α (PGC-1α) axis by regulating miR-138-5p during
H2O2-induced proliferation of mouse airway smooth muscle cells (ASMCs). Primary BALB/c mouse ASMCs were
cultured using the tissue block adherence method and were induced with hydrogen peroxide (H2O2; 200 μmol/L) to
establish a bronchial asthma ASMC proliferation model. With the aid of Western Blot and quantitative real-time
polymerase chain reaction (qRT-PCR) in H2O2-induced ASMCs, the expression of miR-138-5p, SIRT1, AMPK, PGC-
1α, α-smooth muscle actin (α-SMA), transforming growth factor-β1 (TGF-β1), collagen I, and collagen III protein and
mRNA were investigated. The proliferation rate and activities of superoxide dismutase1 (SOD1), reduced glutathione
(GSH), malonaldehyde (MDA), and reactive oxygen species (ROS) in ASMCs were determined. The results suggest
Compared with the H2O2-induced group, icariin inhibited the miR-138-5p expression; enhanced SIRT1, p-AMPK, and
PGC-1α expression; attenuated MDA activity and ROS level; lowered TGF-β1, collagen I, and collagen III expression
levels; and decreased the proliferation of ASMCs induced by H2O2. The dual-luciferase reporter gene assay results
showed that SIRT1 is a regulatory target of miR-138-5p.The results suggest that Icariin could improve the H2O2-
induced proliferation of ASMCs. The mechanism may be related to the increase of activation of SIRT1/AMPK/PGC-1α
axis by suppressing the expression of miR-138-5p. Thus, SIRT1 is the regulatory target of miR-138-5p.
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Introduction

Asthma is an airway inflammatory illness that is character-
ized by airway inflammation, airway hyper-responsiveness,
and airway remodeling, which is an important pathological
change leading to irreversible airway obstruction and per-
sistent deterioration of airway hyper-responsiveness.1 In
recent years, the incidence of bronchial asthma has increased
significantly. Specific treatment is currently unavailable, and
long-term repeated attacks and prolonged unhealing are
prevalent, leading to airway remodeling, disease aggravation,
and poor treatment effects, thus seriously threatening the
health of patients with bronchial asthma. Therefore, the
prevention and reduction of airway remodeling is useful for
preventing and treating asthma.

An elevation in the level of free oxygen radicals and
reactive oxygen species exacerbates airway injury and
promotes airway smooth muscle cell (ASMCs) prolifera-
tion and airway remodeling.2 MDA is one of the most
important products of membrane lipid peroxidation. The
degree of membrane lipid peroxidation can be understood
through MDA, and SOD is responsible for converting
superoxide to hydrogen peroxide. As second messengers,
ROS play a role in controlling multiple cellular molecular
pathways, such as the proinflammatory and pro-oxidative
molecular pathways. Moreover, ROS enhances the mul-
tiplication of different cells and has crucial effects on the
multiplication of ASMCs.3 In bronchial asthma, increased
ROS and MDA levels or decreased SOD levels can disrupt
the oxidative balance of the body and cause oxidative
stress, leading to bronchial airway remodeling and pro-
moting the occurrence and development of bronchial
asthma.3 Therefore, controlling the production of ROS in
airway tissues affected by bronchial asthma may inhibit
airway remodeling induced by the disease and even its
occurrence.

Epimedium is used to treat nephropathy,4 impotence,5

asthma,6 arthritis,7 and hypertension.8 Its main active in-
gredients are flavonoids, which contain icariin (ICA) and
Epimedium polysaccharides. ICA is the primary active
component of Epimedium. It has no obvious long-term
toxicity and its clinical application is safe and reliable.9 It
has immunomodulatory, anti-inflammatory, antioxidant,
and other pharmacological properties that have an im-
portant impact on oxidative stress regulation in ASMCs
and promote ASMC proliferation.10 However, its specific
mechanism of action remains unclear.

Sirtuin 2-related enzyme 1 (SIRT1) can deacetylate
proteins and plays a key role in oxidative stress.

Peroxisome proliferator–activated receptor-gamma co-
activator 1α (PGC-1α) is an SIRT1 deacetylation sub-
strate. The activation of SIRT1 can trigger PGC-1α, thereby
inhibiting oxidative stress damage.11 Adenosine–activated
protein kinase (AMPK) is an important enzyme that
controls bioenergy metabolism and can improve mito-
chondrial dysfunction through PGC-1α; AMPK activity
can be enhanced to promote cell survival.12

miRNAs play a significant role in the incidence and
progression of bronchial asthma.13 MiR-138-5p gene ex-
pression can inhibit endotoxin-induced acute lung injury,14

whereas the overexpression of miR-138-5p can promote
cardiomyocyte oxidative stress and cardiomyocyte apo-
ptosis.15 Therefore, miR-138-5p may be implicated in
H2O2-induced proliferation of ASMCs in mice. We
identified SIRT1 as a possible regulatory target of miR-
138-5p using TargetScan. Therefore, in this study, we
hypothesized that Epimedium mediates the effect of the
SIRT1/AMPK/PGC-1α axis on H2O2-induced mouse
ASMC proliferation by controlling miR-138-5p gene ex-
pression. Since the protective effect and mechanism of
Epimedium on asthma mice with airway remodeling via
regulated miR-138-5p has been scarcely reported, we
conducted this study to explore the effect of Epimedium on
asthma mice with airway remodeling and its functional
mechanism as well as the potential role of miR-138-5p,
hoping to provide new insights into the development of
therapeutic drugs and the pursuit for gene therapy targets
for asthma with airway remodeling.

Materials and methods

ASMC culture and grouping

Airway smooth muscle cells were grown in a culture
medium known as 1640 medium containing 10% fetal
bovine serum (Shanghai Cell Bank, Chinese Academy of
Sciences, Shanghai, China). When the growth and fusion
rates reached 70%, the ASMCs were cultured in a culture
dish with a cell count of 1 × 104/mL per well plate, cultured
at a temperature of 37°C in a 5% CO2 incubator, degraded
with 0.25% trypsin, and cultured with 1:2 passage for
7 days. The cells were seeded at a density of 1 ×105 cell/mL
in a 25 cm2 culture flask. Upon reaching a cell fusion
percentage of approximately 60%, the cells were grown
synchronously for 24 h and then grouped. To determine the
impact of H2O2 on ASMCs proliferation, based on pre-
vious research,16 different concentrations of H2O2 were
added (20–300 μmol/L), and the cells were cultured for

2 International Journal of Immunopathology and Pharmacology



1 day. To determine the effect of ICA on ASMC prolif-
eration triggered by H2O2 (200 μmol/L), we divided the
ASMCs into normal, H2O2-induced, H2O2 + ICA
(50 μmol/L), H2O2 + ICA (150 μmol/L), and H2O2 + ICA
(200 μmol/L) groups. Based on previous research,17 the
H2O2-induced and treatment groups were cultured with
H2O2 (200 μmol/L) for 1 day, followed by the addition of
ICA (50–200 μmol/L) for 24 h. The cell activities and
levels of oxidative stress in the corresponding ASMCs
were quantified, and real-time quantitative polymerase
chain reaction (RT-qPCR) and western blotting were
conducted.

Viability of the ASMCs were measured with a CCK-8 kit. The
viability of ASMCs in the various treatment groups were
determined using a CCK-8 kit. ASMCs were plated in
96-well plates and the confluence rate of cells reached
70–80%. The old culture solution was removed, and each
group contained five pores. The experimental group was
100 μL per well, H2O2 (200 μmol/L) was added to the
model group, and H2O2 (200 μmol/L) was added to the
treatment group for 24 h. Based on previous research,18

ICA (50–200 mol/L) was added to each well for 24 h,
followed by 3 h of CCK-8 solution (10 L). A microplate
reader at 450 nm was utilized for the purpose of de-
termining the absorbance value (450 nm).

Transfection of ASMCs. An appropriate amount of loga-
rithmic ASMCs was introduced into a 6-well plate. Based
on previous research,19 after the ASMCs were allowed to
adhere to 60%–70%, the miR-138-5p mimic, miR-138-5p
inhibitor, miR-138-5p mimic control, and miR-138-5p
inhibitor control were transfected into the ASMCs in ac-
cordance with Lipofectamine 2,000 protocols. The trans-
fection concentration was 50 nM. A new culture medium
was used after 6 h of transfection, and the culture was
continued for 48 h. The cells were then collected for cell
proliferation, RT-PCR, and western blotting.

MTT assay for proliferation rate of ASMCs. Airway smooth
muscle cells were seeded in a 96-well plate and cell fusion of
up to 70–80% was attained. The culture solution was dis-
carded, and five wells were assigned to each group (100 μL/
well in the experimental group). H2O2 (200 μmol/L) was
introduced into the model group, and ICA (50–200 μmol/L)
was added to the treatment group for 1 day. The fluid in each
well of the 96-well plate was emptied, and 270 L of DMEM
was introduced. Based on previous research,20 30 μL of 5 g/
L MTTworking solution was also introduced. The resulting
solution was evenly mixed and incubated for 4 h at 37°C.

The medium in the wells was removed, and each well re-
ceived 270 L of dimethyl sulfoxide. The solution was shaken
for 10 min. A microplate reader was utilized for the purpose
of detecting the OD value of every well at a wavelength of
490 nm. The cell proliferation and cell proliferation inhi-
bition rates of the ASMCs in each well were calculated using
the OD value of the normal group as the control group. Each
measurement was repeated thrice, and the mean values were
calculated. The following formula was used: cell prolifer-
ation rate (%) = OD value of each well/mean OD value of
normal group × 100%5; cell proliferation inhibition rate (%)
= [1� (OD value of experimental group OD value of blank
hole)/(OD value of control group�ODvalue of blank hole)]
× 100%.5

EdU assay for detection of cell proliferation ability. Airway
smooth muscle cells grown in log phase were seeded in
96-well cell culture plates, and the cell count in each well
was 5 × 103/mL. Each group had five duplicate wells,
and H2O2 (200 μmol/L) was added to the treatment and
model groups. After 24 h of culture, ICA (10–50 μmol/L)
was added for 24 h. Based on previous research,21 the
cell culture medium was removed, followed by the ad-
dition of 50 μmol/L EdU medium. Incubation of The
cells were done for 2 h at a temperature of 37°C. The
cells were fixed in 4% paraformaldehyde at room tem-
perature for half an hour. Approximately 2 mg/mL
glycine was incubated for 5 min at room temperature,
followed by incubation for 10 min with 0.5% TritonX-
100 at room temperature, PBS was rinsing with PBS.
This was followed by the addition of 1× Apollo staining
reaction solution and incubating the cells for half an hour
at room temperature. The reaction solution was dis-
carded, TritonX-100 was used to rinse the cells, and
DAPI was used for the purpose of conducting nuclear
staining. Fluorescence microscopy was used to observe
cell luminescence. Red fluorescence was stained for EdU
positivity and blue fluorescence was stained with DAPI.

Prediction of the miR-138-5p target gene. The target gene of
miR-138-5p may be SIRT1 according to TargetScan (http://
www.targetscan.org/software). Wild-type (Wt) SIRT1 and
mutant (Mut) SIRT1 luciferase gene vectors were devel-
oped in accordance with the conventional methods. The
two plasmids were mixed with miR-138-5p mimic control,
miR-138-5p inhibitor control, miR-138-5p mimic, and
miR-138-5p inhibitor co-transfected into ASMCs. They
were designated as Wt + miR-138-5p mimics, Mut + miR-
138-5pin, Wt + negative control, and Mut + negative
control. After 48 h of culture in a 5% CO2 and incubation at
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37°C, Based on previous research,22 double luciferase
activity was recorded with the aid of a double luciferase
reporter gene kit. SIRT1 levels in ASMCs overexpressing
miR-138-5p were detected by western blotting and RT-
PCR.

Real-time quantitative PCR

Cell fusion of 70%–80%was achieved by planting ASMCs
in 96-well plates. The culture medium was removed, and
each group contained five pores. The cell density in the
experimental group was 100 μL per well. H2O2 (200 μmol/
L) was introduced into the model group, and H2O2

(200 μmol/L) was introduced into the treatment group for
24 h before the addition of ICA (50–200 μmol/L) for 24 h.
Based on previous research,23 a total RNA extraction kit
was used to extract RNA from the ASMCs in each
treatment group. A PrimeScript RT reagent kit was used to
reverse-transcribe RNA into complementary DNA. SIRT1
mRNA and miR-138-5p expression were detected by RT-
PCR. The reaction mixture was as follows: PCR primer,
2 μL; SYBR Premix Ex TaqTM ii, 10 μL; nuclease-free
H2O, 6 μL; DNA template, 2 μL; and total reaction volume,
20 μL. Three parallel holes were created for each sample.
The reaction system was then subjected to a polymerase
chain reaction PCR. Based on previous research,24 to detect
the levels of miR-138-5p, a TaqMan miRNA assay kit was
used to detect (Applied Biosystems, Foster City, CA,
USA). Using the 2�ΔΔCt technique. The following were
The reaction conditions: pre-denaturation for 30 s at 95°C,
reaction for 5 s at 95°C, and annealing for 30 s at 60°C.
Forty cycles were performed in total, and the primer series
are depicted in Table 1. U6 was used as the miR-138-5p
internal reference. To determine the expression level of the

SIRT1 gene, the cyclic threshold (Ct) of each gene was
determined, and a comparison to the U6 gene was
performed.

Western blotting was used in analyzing protein
expression levels in cells

Airway smooth muscle cells were seeded in a 96-well plate
and cell fusion of up to 70–80%was achieved. The old culture
medium was removed, and each group contained five pores.
The experimental group contained 100 μL of eachwell. Then,
H2O2 (200 μmol/L) was added to the model group, and the
treatment group was subjected to immersion for 24 h in H2O2

(200 μmol/L) and then for 24 h in ICA (50–200 μmol/L).
Based on previous research,25 approximately 150 μL of RIPA
cell lysis buffer was added and lysis was performed for 30min
on an ice bath for the extraction of total protein from each cell
group. Centrifugation was performed for 15 min at 4°C, after
which protein purity was determined using BCA protein
quantitative kit. Approximately 50 μg of protein extract was
introduced into 10% SDS-PAGE for electrophoresis sepa-
ration, followed by the addition of 5% skim milk for one and
half hours. The respective primary antibodies, SIRT1,
AMPK, β-actin, and PGC-1α (1:1000) were added at 4°C,
and the cultures were carried out throughout the night. The
next day, the membrane was washed three times with TBST,
and goat anti-rabbit IgG labeled with HRP was added
(volume dilution ratio was 1:3,000). The reaction was per-
formed for 1 h at room temperature. Then, using TBST, the
membrane was washed three times for 10 min each time to
develop the color. ECL chemiluminescence solution was then
added. The gray value of the strip was evaluated using Image
Lab, and β-actin was used as an internal reference.

Detection of intracellular ROS level

Airway smooth muscle cells were plated in 96-well plates
and 70–80% confluency was achieved. The culture me-
dium was removed, and each group contained five pores.
The experimental group contained 100 μL of each well. In
addition, H2O2 (200 μmol/L) was introduced into the
model group, and the treatment group was immersed in
H2O2 (200 μmol/L) for 24 h and then in ICA (50–
200 μmol/L) for 24 h. Based on a previous study,26 the
culture medium was removed. 100 μL of Diluted DCFH-
DA (10 μmol/L) was added to each well and the samples
were incubated in a CO2 incubator for 20 min at 37°C. The
cells were gently rinsed three times with DMEM/F12, a
serum-free medium, to remove DCFH-DA, which did not
penetrate the cells. Cell extraction was then carefully
performed. An emission wavelength (Em) of 525 nm and
an excitation wavelength (Ex) of 488 nm were used to
measure the fluorescence intensity before and after drug
action through flow cytometry.

Table 1. Primer sequence of RT-PCR analysis.

Gene Primer

miR-138-5p F-50-GGAGCTGGTGTTGTGAATCA -30

R-50-CAGTGCGTGTCGTGGAGT-30

U6 F-50-CTCGCTTCGGCAGCACA-30

R-50-AACGCTTCACGAATTTGCGT-30

SIRT1 mRNA F-50-CGCTGTGGCAGATTGTTATTAA-30

R-50-TTGATCTGAAGTCAGGAATCCC-30

AMPKmRNA F-50-CTCACCTCCTCCAAGTTATT -30

R-50-TCAGATGGGCTTATACAGC-30

PGC-1α mRNA F-50-CTACAATGAATGCAGCCCTCTT -30

R-50-TGCTCCATGAATTCTCGGTCTT-30

SOD1mRNA F-50-CAAAGATGGTGTGGCCGATG-30

F-50-TTTCCACCTTTGCCCAAGTCA-30

NF-κBmRNA F-50-AGGAGAGGATGAAGGAGTTGTG-30

F-50-CCAGAGTAGCCCAGTTTTTGTC-30

β-actin F-50-ATGGTGAAGGTCGGTGTG-30

R-50-AACTTGCCGTGGGTAGAG-30
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SOD, GSH activity, and MDA content detection

Based on previous research,27 the cell homogenate of each
group was placed on ice for lysis, and the supernatant was
collected by centrifugation. SOD and GSH activity de-
tection kits were used to detect SOD and GSH activity,
respectively, and malonaldehyde levels were determined
using a malonaldehyde content detection kit.

Colorimetric detection of caspase 3 and caspase 9
activities in cells

Airway smooth muscle cells were seeded in 96-well plates
at 70–80% confluence. Before dosing the following day,
the culture medium was discarded, and five replicate wells
were set up in each group. The model group received H2O2

(200 μmol/L) and the treatment group received H2O2

(200 μmol/L). After culturing for 24 h, ICA (50–200 μmol/
L) was added and the cells were cultured for 24 h. The cells
were isolated and lysed as previously described.28 Fol-
lowing residue collection, activity was detected according
to the instructions of the caspase 3 and caspase 9 kits, and
the OD405 nm value was determined using a microplate
reader.

Apoptosis detection

Airway smooth muscle cells were seeded in 96-well plates
and grown to 70–80% confluence. Before dosing the next day,
the old culture solution was discarded, and five wells were
used in every group (100 μL per well in the experimental
group). H2O2 (200 μmol/L) was introduced into the model
group and ICA (50–200 μmol/L) was added to the treatment
group for 24 h. Based on previous research,29 the samples
were extracted, washed thrice in PBS, centrifuged for 5 min at
1200 r/min, suspended in 200 μL of 1× binding buffer, mixed
with 5 μL of annexin V-EGFP, mixed with 5 μL of propidium
iodide, and reacted for 15min in the dark at room temperature.
Flow cytometry was used for the purpose of detecting Em of
530 nm and Ex of 488 nm. The FITC channel detected green
fluorescence of annexin V-EGFP, whereas the PI channel
detected red fluorescence of PI. Fluorescence compensatory
regulation was performed using untreated normal cells to
induce apoptosis as a control for removing spectral overlaps
and setting the position of crosshairs.

Statistical analysis

GraphPad Prism 6 was used for all statistical analyses. The
data obtained from the experiment are presented as the mean

Figure 1. Effect of ICA on H2O2-induced cell proliferation and apoptosis in H2O2-induced ASMCs. ASMCs were incubated for 24 h in
H2O2 (200 µM) in the presence or absence of increasing concentrations of ICA (10, 20, and 50 μM). (a and b): Cell proliferation in the
ASMCs was measured using MTT. (c and d): Flow cytometry technique was employed in the quantification of cell apoptosis in ASMCs.
Data obtained from three independent experiments were reported as mean ± SD. *p < 0.05 versus the control group. #p < 0.05, ##p <
0.01 versus the H2O2 group. Control: control group; Model: model group (H2O2 group).
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± standard deviation. For conducting group comparisons, a
one-way ANOVA was utilized, and for the comparison of
pairwise significance between groups, the LSD method was
utilized. Statistical significance was set at p < 0.05.

Results

ICA decreased H2O2-induced cell proliferation and
increased apoptosis in H2O2-induced ASMCs

Inhibiting the proliferation of ASMCs and increasing their
apoptosis can help reduce airway remodeling in patients with
bronchial asthma. To investigate the effect of ICA on H2O2-
induced cellular proliferation and enhanced apoptosis in
H2O2-induced ASMCs, ASMCs were incubated for 24 h in
H2O2 (200 μmol/L) and different concentrations of ICA (50,
150, and 200 μmol/L). Cell proliferation in ASMCs was
measured using an MTT assay. Flow cytometry was used to
detect apoptosis in the ASMCs. As depicted in Figure 1, ICA
decreased H2O2-induced cell proliferation and increased
H2O2-induced apoptosis (Figure 1(a)–(d)).

ICA decreased H2O2-induced oxidative stress
in ASMCs

Oxidative stress plays an important role in airway re-
modeling. To observe the effect of ICA on H2O2-induced
oxidative stress in ASMCs. ASMCs were incubated with
H2O2 (200 μmol/L) and different concentrations of ICA
(50, 150, and 200 μmol/L) for 24 h. The activities of ROS,
SOD1, GSH1, and MDA were evaluated according to the
manufacturer’s guidelines. As shown in Figure 2, ICA
decreased the H2O2-induced activity of ROS and MDA
(Figure 2(c) and (d)) and increased the activity of SOD1
and GSH1 in ASMCs (Figure 2(a) and (b)).

ICA decreased the activity of caspase 3 and caspase
9 in H2O2-induced ASMCs

Caspase 3 and caspase 9 are important proapoptotic proteins.
We observed the impact of ICA on the activity of both caspase
3 and caspase 9 in H2O2-induced ASMCs. ASMCs were
incubated for 24 h with H2O2 (200 μmol/L) and different

Figure 2. Effect of ICA on H2O2-induced oxidative stress and activity of caspase 3 and 9 in ASMCs. ASMCs were incubated for 24 h in
H2O2 (200 µM) in the presence or absence of increasing concentrations of ICA (10, 20, and 50 μM). (a and b): Cell proliferation was
determined in the absence (A) and presence (B) of H2O2-induced stress by MTT assay. (c and d): Apoptosis was determined by flow
cytometric quantification of annexin V binding. (c). Quantification of apoptosis was determine by flow cytometric quantification of
annexin V binding (d). Representative flow cytometry charts for cells treated without H2O2 (control), H2O2 alone (model), or H2O2 in
the presence of ICA. The presentation of data obtained from three independent experiments was as mean ± SD. *p < 0.05 versus the
control group. #p < 0.05, ##p < 0.01 versus the only H2O2 group. Control: control group; Model: model group (H2O2 group).
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Figure 3. Effect of ICA on the activity of SIRT1/AMPK/PGC-1α signaling pathway and miR-138-3p expression in H2O2-induced ASMCs.
ASMCs were incubated for a duration of 24 h in H2O2 (200 μmol/L) and various concentrations of ICA (10, 20, and 50 μmol/L). (a–f):
SIRT1, p-AMPK, NF-κB65, and PGC-1α protein expression levels were assayed using theWestern blot technique. (g): The expression of
miR-181a-5p was assayed through RT-PCR. The data obtained from three independent experiments were reported as mean ± SD. **p <
0.01 versus the control group. #p < 0.05, ##p < 0.01 versus the H2O2 group. Control: control group; Model: model group (H2O2

group).

Figure 4. Effect of ICA on ATF6, IRE1, GRP78, ki67, α-SMA, TGF-β1, and collagen I expression in H2O2-induced ASMCs. ASMCs were
incubated in H2O2 (200 μmol/L) and various concentrations of ICA (10, 20, and 50 μmol/L) for 24 h. The expression of ATF6, IRE1,
GRP78, ki67, α-SMA, TGF-β1, and collagen I protein expression was measured through Western blotting. The presentation of data
obtained from three independent experiments was as mean ± SD. **p < 0.01 versus the control group. #p < 0.05, ##p < 0.01 versus the
H2O2 group. (a–d): Expression of ATF6, IRE1, and GRP78 protein in H2O2-induced ASMCs. (e–i): Expression of ki67, α-SMA, TGF-β1,
and collagen I protein expression in H2O2-induced ASMCs.
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concentrations of ICA (50, 150, and 200 μmol/L). The activity
of both caspase 3 and caspase 9 was assayed. As depicted in
Figure 2, ICA increased the activity of both caspase 3 and
caspase 9 in H2O2-triggered ASMCs (Figure 2(e) and (f)).

ICA increased the activity of the SIRT1/AMPK/
PGC-1α signaling pathway and downregulated miR-
138-3p expression in H2O2-induced ASMCs

SIRT1/AMPK/PGC-1α is an important pathway that regulates
cellular oxidative stress and apoptosis. We investigated the
influence of ICA on the function of the SIRT1/AMPK/PGC-
1α signaling pathway and downregulation of miR-138-3p
expression in H2O2-induced ASMCs. ASMCs were incu-
bated with H2O2 (200 μmol/L) for 24 h at different concen-
trations of ICA (50, 150, and 200 μmol/L). The expression of
miR-181a-5p, SIRT1, p-AMPK, NF-κB65, and PGC-1α
mRNAwas measured using RT-PCR, SIRT1, p-AMPK, and
NF-κB65, whereas PGC-1α protein expression was evaluated

by western blotting. As depicted in Figure 3, ICA down-
regulated miR-138-3p expression (Figure 3(f)), increased
SIRT1 p-AMPKand PGC-1α protein expression (Figure 3(a)–
(d)), and decreased NF-κB65 protein expression in H2O2-
induced ASMCs (Figure 3(e)).

ICA decreased ATF6, IRE1, and GRP78 expression
in H2O2-induced ASMCs

ATF6, IRE1, and GRP78 are mainly involved in the
regulation of cellular oxidative stress. We investigated the
effect of ICA on ATF6, IRE1, and GRP78 expression in
H2O2-induced ASMCs. ASMCs were incubated for 24 h
with H2O2 (200 μmol/L) and different concentrations of
ICA (50, 150, and 200 μmol/L). ATF6, IRE1, and GRP78
protein expression levels were measured using western
blotting. As shown in Figure 4(a)–(d), ICA decreased the
expression of ATF6, IRE1, and GRP78 in H2O2-induced
ASMCs.

Figure 5. SIRT1 is a downstream target of miR-138-5p. (a–c): mIR-138-3p was overexpressed in ASM cells and then RT-PCR and
Western blotting used to determine SIRT1 mRNA and protein levels (p < 0.01). (d): miR-138-5p was bound to the 30-UTR regions of
SIRT1. Mutant SIRT1’s binding was disrupted. E: Dual-luciferase reporter evaluation showed that the miR-138-5p mimic was bound to
the 30-UTR region of the wild-type SIRT1 rather than to the SIRT1 mutants (p < 0.01).
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ICA decreased ki67, α-SMA, TGF-β1, and collagen I
expression in H2O2-induced ASMCs

ki67 is an important marker for cell proliferation.
α-SMA, TGF-β1, and collagen I are involved in regu-
lating cell proliferation and airway remodeling. In this
study, we investigated the effect of ICA on ki67, α-SMA,
TGF-β1, and collagen I expression and found that ICA
increased the activities of caspase 3 and caspase 9 in
H2O2-induced ASMCs. ASMCs were incubated with
H2O2 (200 μmol/L) and various concentrations of ICA
(50, 150, and 200 μmol/L) for 24 h. The expression status
of ki67, α-SMA, TGF-β1, and collagen I proteins in
H2O2-induced ASMCs was assessed by western blotting.
As shown in Figure 4(e)–(i), ICA decreased the ex-
pression of ki67, α-SMA, TGF-β1, and collagen I in
H2O2-induced ASMCs.

SIRT1 is a regulatory target of miR-138-5p

We established that SIRT1 is a crucial regulator of H2O2-
triggered ASMC proliferation. After overexpression of
miR-138-5p, SIRT1 mRNA and protein levels were found
to be significantly lower according to the results of sta-
tistical analysis (Figure 5(a)–(c)). TargetScan was used to
predict the potential miR-138-5p targets to determine how
miR-138-5p mediates ASMC proliferation through H2O2

induction (Figure 5(d)). We developed wild-type and
mutant SIRT1 for a dual-luciferase reporter assay to verify
the interplay between miR-138-5p and SIRT1. As ex-
pected, miR-138-5p bound to wild-type SIRT1 rather than
to the mutants (Figure 5(e)).

Effect of ICA and miR-138-5p mimic on H2O2-
induced oxidative stress and the activity of caspase
3 and caspase 9 in ASMCs

We analyzed the impact of ICA and the miR-138-5p
mimic on H2O2-induced oxidative stress and the activity
of both caspase 3 and caspase 9 in ASMCs. In the
presence of H2O2 (200 mol/L) and ICA (150 mol/L),
ASMCs were transfected with the miR-138-5p mimic for
24 h. The activities of MDA, ROS, GSH, SOD1, caspase
3, and caspase 9 were established in accordance with the
manufacturer’s guidelines. As depicted in Figure 6, the
miR-138-5p mimic enhanced the H2O2-induced activi-
ties of ROS, MDA, caspase 3, and caspase 9 (Figure
6(c)–(f)), and attenuated the activities of SOD1 and GSH
(Figure 6(a) and (b)). ICA decreased the miR-138-5p
mimic–induced activities of ROS, MDA, and caspases 3
and 9 (Figure 6(c)–(f)) and increased the activities of
SOD1 and GSH in H2O2-induced ASMCs (Figure 6(a)
and (b)).

Figure 6. Effect of ICA and miR-138-3p mimic on H2O2-induced oxidative stress and the activities of caspase 3 and caspase 9 in ASMCs.
The ASMCs were transfected for 24 h with a miR-138-3p mimic in the presence of H2O2 (200 μmol/L) and ICA (20 μmol/L). The
activities of SOD1, ROS, MDA, caspase 3, and caspase 9 were assayed in accordance with the guidelines of the kit. The presentation of
data obtained from 3 independent experiments was as mean ± SD. *p < 0.05, **p < 0.01 versus the control group. #p < 0.05, ##p < 0.01
versus the H2O2 group. :p < 0.05, ::p < 0.01 versus the mimic group. (a–d); The activities of SOD1, ROS, and MDA in H2O2-
induced ASMCs. (e and f): The activities of caspase 3 and caspase 9 in H2O2-induced ASMCs. Mimic: miR-138-3p mimic.
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Effect of ICA and miR-138-5p mimic on the activity
of the SIRT1/AMPK/PGC-1α signaling pathway in
H2O2-induced ASMCs

We analyzed the effect of ICA and miR-138-5p mimics
on the function of the SIRT1/AMPK/PGC-1α signaling
pathway in H2O2-induced ASMCs. In the presence of
H2O2 (200 mol/L) and ICA (150 mol/L), ASMCs were
transfected with the miR-138-3p mimic for 24 h. The
protein expression of SIRT1, AMPK, and PGC-1α was
evaluated by western blotting. The mRNA expression
levels of SIRT1, AMPK, SOD1, NF-κB, and PGC-1α
were evaluated by RT-PCR. As depicted in Figure 7, the
miR-138-5p mimic lowered H2O2-induced SIRT1,
AMPK, SOD1, and PGC-1α mRNA (Figure 7(e)–(h))
and SIRT1, p-AMPK, and PGC-1α protein expression
levels (Figure 7(a)–(d)) and enhanced NF-κB expression
(Figure 7(i)), and ICA increased miR-138-3p mimic-
induced SIRT1, AMPK, SOD1, and PGC-1α mRNA
(Figure 7(e)–(h)) and SIRT1, p-AMPK, SOD1, and
PGC-1α protein expression (Figure 7(a)–(d)) and

decreased NF-κB expression (Figure 7(i)) in H2O2-in-
duced ASMCs.

Effect of ICA and miR-138-5p mimic NF-κB65,
ki67, ATF6, IRE1, and GRP78 expression in H2O2-
induced ASMCs

We analyzed the effects of ICA and miR-138-5p mimic
on NF-κB65, ki67, ATF6, IRE1, and GRP78 expression
in H2O2-induced ASMCs. In the presence of H2O2

(200 mol/L) and ICA (150 mol/L), ASMCs were
transfected for a duration of 24 h with the miR-138-3p
mimic. The expression levels of ki67, ATF6, IRE1, NF-
κB65, and GRP78 in H2O2-induced ASMCs were as-
sessed using western blotting. As depicted in Figure 8,
miR-138-5p mimics increased H2O2-induced ki67,
ATF6, IRE1, NF-κB65, and GRP78 protein expression
(Figure 8(a)–(g)), and ICA decreased miR-138-3p
mimic-induced ki67, ATF6, IRE1, NF-κB65, and
GRP78 protein expression in H2O2-induced ASMCs
(Figure 8(a)–(g)).

Figure 7. Effect of ICA and miR-138-3p mimic on the activity of the SIRT1/AMPK/PGC-1α signaling pathway in H2O2-induced ASMCs.
The ASMCs were transfected for 24 h with a miR-138-3p mimic in the presence of H2O2 (200 μmol/L) and ICA (20 μmol/L). (a–d): The
Western blot technique assayed SIRT1, AMPK, and PGC-1α protein expression. (e–i): SIRT1, AMPK, SOD1, NF-κB, and PGC-1αmRNA
expression were assayed through RT-PCR. The data from 3 independent experiments were presented as mean ± SD. **p < 0.01 versus
the control group. #p < 0.05, ##p < 0.01 versus the H2O2 group.:p < 0.05,::p < 0.01 versus the mimic group. Mimic: miR-138-3p
mimic.
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Effect of ICA and miR-138-5p mimic on α-SMA,
TGF-β1, collagen I, and collagen III protein
expression in H2O2-induced ASMCs

We analyzed the effect of ICA and the miR-138-5p
mimic on TGF-β1, α-SMA, collagen I, and collagen
III protein expression in H2O2-induced ASMCs.
ASMCs were transfected with miR-138-5p mimics for
24 h in the presence of H2O2 (200 mol/L) and ICA
(150 mol/L). Western blotting was used to quantify
α-SMA, TGF-1, collagen I, and collagen III protein
expression. As shown in Figure 9, the miR-138-5p
mimic increased H2O2-induced TGF-β1, α-SMA, col-
lagen I, and collagen III protein expression (Figure 9(a)–
(e)), whereas ICA decreased miR-138-3p mimic-induced
α-SMA, TGF-β1, collagen I, and collagen III protein
expression in H2O2-induced ASMCs(Figure 9(a)–(e)).

Effect of ICA and miR-138-5p mimic on H2O2-
induced ASMC proliferation and apoptosis

We analyzed the impact of ICA and miR-138-5p mimics
on H2O2-induced ASMC proliferation and apoptosis.
ASMCs were transfected with miR-138-5p mimics for
24 h in the presence of H2O2 (200 mol/L) and ICA
(20 mol/L). The EdU method was used to quantify
ASMC proliferation. ASMC apoptosis was quantified by
flow cytometry. As depicted in Figure 10, the miR-138-
5p mimic increased H2O2-induced ASMC proliferation
(Figure 10(a) and (b)) and reduced H2O2-induced ASMC

apoptosis (Figure 10(c) and (d)), whereas ICA decreased
miR-138-3p mimic-induced ASMC proliferation (Figure
10(a) and (b)) and increased H2O2-induced ASMC
(Figure 10(c) and (d)).

Discussion

Bronchial asthma is often accompanied by airway re-
modeling, which is closely related to poor prognosis and
directly affects prognosis.30,31 When asthma occurs,
ASMCs release a large number of free radicals after en-
dogenous or exogenous damage, produce excessive oxi-
dative substances such as ROS, induce the proliferation of
ASMCs, promote airway remodeling in patients with
asthma, and aggravate bronchial asthma.1 Therefore, in-
hibiting oxidative stress may help to reduce airway re-
modeling, improve therapeutic effects, and improve the
prognosis of patients with bronchial asthma. ICA treatment
attenuated ROS production, H2O2-induced oxidative stress
in ASMCs, and ASMC proliferation.

Studies have shown that activated AMPK (p-AMPK)
acts on various downstream substrates, inhibits ATP
consumption, initiates a pathway to generate ATP,
maintains the body’s energy metabolism balance, and
increases the intracellular nicotinamide adenine dinu-
cleotide content. SIRT1, which depends on nicotinamide
adenine dinucleotide, is activated and exerts its corre-
sponding biological effects.32 AMPK and SIRT1 regu-
late PGC-1α expression via phosphorylation and
deacetylation, respectively. PGC-1α regulates the

Figure 8. Effect of ICA and miR-138-3p mimic on H2O2-induced NF-κB65, ki67, ATF6, IRE1, and GRP78 in H2O2-induced ASMCs. The
ASMCs were transfected for a duration of 24 h with a miR-138-3p mimic in the presence of H2O2 (200 μmol/L) and ICA (20 μmol/L).
NF-κB65, ki67, ATF6, IRE1, and GRP78 protein expression were assayed by employing the Western blotting technique. The data
obtained from 3 independent experiments were reported as mean ± SD. **p < 0.01 versus the control group. #p < 0.05, ##p < 0.01
versus the H2O2 group. :p < 0.05, ::p < 0.01 versus the mimic group. (a–d): Expression of ATF6, IRE1, and GRP78 in H2O2-
induced ASMCs. (e and f): Expression of NF-κB65 and ki67 in H2O2-induced ASMCs. Mimic: miR-138-3p mimic.
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activity of antioxidant enzymes and reduces MDA and
ROS levels. It exerts an antioxidative stress effect,
thereby protecting against myocardial ischemic
injury.33,34 Moreover, SIRT1 can inhibit NF-κB activity

by inducing AMPK and PGC-1α activities.35 It regulates
the inflammatory and oxidative stress responses induced
by various factors. In the present study, ICA treatment
increased AMPK and SIRT1 expression, stimulated

Figure 10. Effect of ICA and miR-138-5p mimic on H2O2-induced ASMC proliferation and apoptosis. ASMCs were transfected for a
duration of 24 h with a miR-138-5p mimic in the presence of H2O2 (200 μmol/L) and ICA (20 μmol/L). (a and b): ASMC proliferation
was assayed by applying the EdU method, (c and d): ASMC apoptosis was assayed by applying Flow cytometry. The data obtained from 3
independent experiments were reported as mean ± SD. *p < 0.05 versus the control group. #p < 0.05 versus the H2O2 group.:p < 0.05
versus the mimic group. Mimic: miR-138-3p mimic.

Figure 9. Effect of ICA and miR-138-3p mimic on H2O2-induced α-SMA, TGF-β1, collagen I, and collagen III in H2O2-induced ASMCs.
The ASMCs were transfected for a duration of 24 h with a miR-138-3p mimic in the presence of H2O2 (200 μmol/L) and ICA (20 μmol/
L). (a–e): The expression levels of proteins of α-SMA, TGF-β1, collagen I, and collagen III were assayed by employing the Western blot
technique. The data obtained from 3 independent experiments were reported as mean ± SD. *p < 0.05, **p < 0.01 versus the control
group. #p < 0.05 versus the H2O2 group. :p < 0.05 versus the mimic group. Mimic: miR-138-3p mimic.
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PGC-1α expression, increased SOD1 activity, decreased
ROS activity, and reduced H2O2-induced oxidative
stress. Furthermore, the activity of NF-κB, inflammatory
response of ASMCs induced by H2O2, and airway re-
modeling induced by H2O2 was further reduced. Serving
as major ER stress sensors, ATF6 and IRE1 regulate ER
protein folding by upregulating GRP78 and mediating
XBP1 mRNA splicing, which is also an ER stress re-
sponse factor.36–39 Therefore, ICA treatment may have
decreased the expression levels of ATF6, IRE1, and
GRP78 by increasing the activity of the AMPK/SIRT1/
PGC-1α pathway. The treatment decreased endoplasmic
reticulum-induced oxidative stress translation in
ASMCs, increased H2O2-induced ASMC apoptosis, and
decreased H2O2-induced ASMC proliferation.

miRNAs have a pivotal impact on the onset and
advancement of bronchial asthma,40 controlling
ASMCs’ oxidative stress response, and growth and
proliferation of ASMCs.41 MiR-133a expression is
downregulated in asthmatic airway smooth muscle cells
It can cause excessive contraction by mediating calcium
ions, aberrant proliferation, and death of ASMCs by
upregulating RhoA expression.42 Increased expression
of miR-10a inhibits ASMC hyperplasia. Conversely,
suppression of the expression of miR-10a can remark-
ably reduce ASMC proliferation.43 By targeting the
regulation of zinc finger E-box-binding homeobox 2,
miR-138-5p suppresses epithelial-mesenchymal transi-
tion, proliferation, and metastasis of lung adenocarci-
noma cells.44 By modulating cyclin-dependent kinase-8,
miR-138-5p downregulation enhances non–small cell
lung tumor advancement.45 NF-κB pathway activity,
LPS-induced inflammation, and oxidative stress can be
suppressed and LPS-induced acute lung injury can be
relieved by inhibiting miR-138-5p expression.46 In the
present study, ICA treatment downregulated mir-138-5p
expression, enhanced the function of the SIRT1/AMPK/
PGC-1α pathway, suppressed the activity of the NF-κB
pathway, and reduced H2O2-induced oxidative stress
response and inflammatory reactions in ASMCs. This
process also suppressed the formation of TGF-β1, col-
lagen I, and collagen III proteins and improved airway
remodeling induced by H2O2. To clarify the reciprocal
regulatory mechanism between miR-138-5p and SIRT1,
a dual-luciferase reporter gene kit was used to detect
dual-luciferase activity and to validate whether SIRT1 is
the regulatory target of miR-138-5p. Their expression
status in H2O2-induced ASMCs was negatively associ-
ated, implying that miR-138-5p modulates H2O2-in-
duced ASMC activity and proliferation, as well as airway
remodeling by regulating SIRT1 activity and expression.

ICA suppresses chondrocyte apoptosis and angio-
genesis by controlling the TDP-43 signaling pathway.47

It reduces inflammatory reactions caused by IL-1β in

human nucleus pulposus cells.48 It protects car-
diomyocytes from ischemia or reperfusion damage by
reducing mitochondrial oxidative stress caused by sir-
tuin 1.49 It inhibits the IRE1α-XBP1 signaling pathway
to protect neurons from ER stress-induced apoptosis
following oxygen and glucose deprivation or reperfusion
injury.50,51 In the present study, ICA suppressed the
function of NF-κB by inhibiting the expression of miR-
138-5 and activating the activities of AMPK and PGC-
1α. H2O2-induced oxidative stress and inflammation
inhibited the activity and proliferation of H2O2-induced
ASMCs and improved oxidative stress- and
inflammation-induced airway remodeling.

Limitations of this study

This paper illustrated the protective mechanism of icariin
on the H2O2-induced proliferation of mouse airway smooth
muscle cells through miR-138-5p regulating SIRT1/
AMPK/PGC-1α axis. However, there are also some lim-
itations in this study. First, the effect of miR-138-5p on
SIRT1/AMPK/PGC-1α in mouse airway smooth muscle
cells may not be limited to oxidative stress-related proteins
pathways. Inflammation, apoptosis, autophagy, pyroptosis,
and other proteins and pathways might also be involved.
Second, in addition to the SIRT1/AMPK/PGC-1α pathway,
many other pathways may be associated in the protective
effects of icariin against H2O2-induced proliferation of
mouse airway smooth muscle cells. The protective effect of
icariin might involve inflammation, autophagy, pyroptosis,
ferroptosis, and other processes. Further investigation must
be conducted to determine the underlying mechanisms.
The addition of an in vivo animal model would be valuable;
however, no animal experiments were conducted in vivo in
this study. In addition, the other target genes of miR-138-5p
were not predicted in this study.

Conclusion

The present study demonstrates that ICA can improve
H2O2-induced ASMC proliferation in mice. This
mechanism could be linked to the reduction of oxidative
stress by Epimedium in mouse ASMCs triggered by
H2O2. This reduction was caused by the downregulated
expression of miR-138-5p. This mechanism promotes
SIRT1/AMPK/PGC-1α axis activity. The regulatory
target of SIRT1 was miR-138-5p. This study contributes
to the understanding of the functional mechanism of ICA
treatment for H2O2-induced ASMC proliferation in
mice. The results promote the development of novel
therapeutics and provide new gene targets for future
studies. This work also provides an experimental cell
basis for the ICA treatment of bronchial asthma with
airway remodeling in clinical settings.
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