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Abstract

Background: Infection with respiratory syncytial virus (RSV) has the potential to exacerbate asthma by causing prolonged inflammation
in the airways. Mounting evidence has revealed the significant involvement of programmed cell death protein-1 (PD-1) in the devel-
opment of asthma. Although icariin (IC) has shown potential in improving airway remodeling in ovalbumin (OVA)-induced asthma,
its impact and underlying mechanisms in cases of asthma aggravated by RSV infection are not thoroughly understood. Objective: To
explore the effect of IC on RSV-infected asthmatic mice and the mechanism involving PD-1. Methods: A model of asthmatic mice
infected with RSV was developed. To evaluate the effects of IC treatment, general behavioral characterization, histopathologic analysis,
bronchoalveolar lavage fluid (BALF) analysis, and enzyme-linked immunosorbent assays (ELISA) were performed to assess the fre-
quency of sneezing and nose scratching, the content of OVA-specific IgE, oxidative stress and airway inflammation in mice. Apoptosis
was also assessed by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL). Finally, the expression levels of apopto-
sis protein, oxidative stress-related protein, and PD-1 were assessed by western blot. Results: IC significantly ameliorated the sneezing
and nose-scratching frequency (p < 0.001) and decreased OVA-specific IgE levels in asthmatic mice infected with RSV (p < 0.01). IC
treatment remarkably reduced the infiltration of inflammatory cells around the alveoli and lowered the overall inflammation score. It also
notably decreased the levels of inflammatory cytokines interleukin-4 (IL-4), IL-13, and IL-5, and decreased the numbers of neutrophils,
eosinophils, and macrophages in the bronchoalveolar lavage fluid (BALF) (p < 0.001). IC ameliorated oxidative stress in RSV-infected
asthmatic mice (p < 0.001). In addition, IC reduced apoptosis while increasing PD-1 expression in asthmatic mice infected with RSV
(p < 0.001). Interestingly, si-PD-1 significantly reversed IC inhibition of inflammatory cytokines and apoptosis-related proteins, and
promoted PD-1 protein expression (p< 0.01). The findings suggested that IC might be effective in alleviating asthma triggered by RSV
in mice by regulating the expression of PD-1. Conclusion: IC ameliorated RSV-induced asthma in mice by regulating PD-1 expression,
and may hold promise as a potential therapeutic agent for RSV-induced asthma in mice. These findings provide valuable insights into
the possibility of using IC as a treatment option for asthma caused by RSV.
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1. Introduction

Asthma encompasses a diverse set of chronic respi-
ratory conditions characterized by varying causes and a
range of clinical presentations. The primary symptoms in-
clude coughing, tightness in the chest, difficulty breath-
ing, wheezing, and additional related signs [1]. In chil-
dren, severe acute lower respiratory infections are primar-
ily caused by respiratory syncytial virus (RSV), which is
an enveloped, non-segmented RNA virus with a negative
strand. This virus can result in infant hospitalizations and,
in severe cases, fatalities [2,3]. Previous research has veri-
fied that glucocorticoids and leukotriene modifiers, primar-
ily used for preventing and treating RSV-induced asthma,
are effective in managing asthma symptoms and decreasing
the frequency of sudden flare-ups. Nonetheless, these med-
ications do not provide a complete cure for asthma and can
cause a range of side effects [4]. Furthermore, increasing
evidence indicates that conciliatory antiallergic decoction

reduces pyroptosis in asthmaticmice infectedwith RSV and
Lipopolysaccharide (LPS)-stimulated 16HBE cells by sup-
pressing the TLR3/NLRP3/NF-κB/IRF3 signaling pathway
[5]. While icariin is regarded as an innovative treatment for
asthma [6]; there remains a lack of effective therapy specif-
ically for RSV-induced asthma. Consequently, it is cru-
cial to investigate the underlying pathophysiological mech-
anisms behind asthma triggered by RSV and to create ef-
fective treatment strategies for this condition.

Icariin (IC), with a molecular formula of C33H40O15,
is a monomer of pentenylated flavonoid glycoside derived
from Epimedium, a traditional Chinese medicine. This
compound, known as icariin, is considered one of the key
pharmacologically active components in Epimedium [7]. It
exhibits various effects including immune regulation, anti-
inflammatory and antioxidative activities, and the suppres-
sion of cell apoptosis [8]. In studies related to lung can-
cer treatment, icariin was observed to impact the PI3K-
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Akt signaling pathway, decrease the phosphorylation lev-
els of Bad, and other factors, and lower the mitochondrial
membrane potential to facilitate tumor cell apoptosis [9].
Icariin, a flavonoid compound, shows significant resistance
to oxidative stress when used to treat myocardial damage
and heart failure [10]. Moreover, it has the capability to
bond with inorganic substances like hydroxyapatite, creat-
ing a novel drug scaffold that enhances bone damage re-
pair [11]. Furthermore, in a study with asthmatic mice in-
duced by ovalbumin (OVA), conducted by Hu et al. [12],
it was revealed that icariin intervention to significantly re-
duce the expression of interleukin-13 (IL-13), endothelin-1
(ET-1), and other vital cytokines involved in airway remod-
eling. This intervention also suppressed the activity of the
MAPK/Erk signaling pathway, thereby inhibiting the pro-
liferation of airway smooth muscle cells (AMSCs) and con-
tributing to the enhancement of the airway remodeling pro-
cess through the influence on multiple targets [12]. How-
ever, there is limited understanding of IC’s role in the ex-
acerbation of RSV-induced asthma and the corresponding
mechanisms.

Programmed cell death protein-1 (PD-1) serves as a
crucial regulator of the immune response, playing a signif-
icant role in the effector functions of T cells [13]. PD-1
plays various roles in the regulation of host immunity, in-
cluding the modulation of T cell activation, the priming
of T cells, and the facilitation of effector functions dur-
ing the initial phases of the T cell response [14,15]. Re-
search demonstrated that in neutrophilic asthma, PD-1 in-
duction mainly occurs on T helper cells, and PD-1 knock-
down led to exacerbated neutrophilic airway hyperreactiv-
ity (AHR) and lung inflammation [13]. Furthermore, Song
et al. [16] demonstrated that IC exhibited anti-tumor prop-
erties by modifying the immune microenvironment in mod-
els of breast cancer. Specifically, IC reduced PD-L1 ex-
pression in 4T1 tumors [16]. PD-ligand 1 (PD-L1) is a neg-
ative regulatory molecule present on the surface of cancer
cells. By binding to PD-1 on immune cells, it obstructs
immune system activation, leading to a detrimental role.
While earlier research has indicated potential protective
effects of icariin against respiratory and immune system
diseases [16,17], but its specific role in modulating RSV-
induced asthma through the PD-1 remains unclear.

Thus, we aim to investigate how IC impacts sneez-
ing, nose scratching, airway inflammation, oxidative stress,
apoptosis-related proteins, and PD-1 protein expression in
mouse models of asthma induced by OVA and RSV. This
research could enhance our understanding of how IC could
be used to treat acute asthma exacerbated by RSV infection.

2. Materials and Methods
2.1 Mice and Viral Strain

Thirty 6-week-old female BABL/c mice with SPF
condition, weighing 20 ± 2 g, were obtained from the Bei-
jing Baiaosike Biomedical Technology Co., Ltd (Beijing,

China). The RSV Long strain was acquired from the In-
stitute of Virology of Jiangsu Provincial Center for Dis-
ease Control and Prevention (Nanjing, China), and grown in
Hep-2 cells, which are derived from human epithelial carci-
noma. Additionally, the viral concentration was determined
using the Reed-Muench technique, and the resulting titers
of the samples fell within the range of 108 TCID50 (me-
dian tissue culture infective dose)/mL in this investigation.
All experimental protocols of this study were approved by
ethics committee (NO.DWYJ-2022-001).

2.2 OVA/RSV-Induced Mice Asthma Model and Treatment
The research found that ribavirin + budesonide has

therapeutic efficacy for asthma [5]. The BABL/c mice were
randomly assigned to six groups, each consisting of five
mice: the asthma model (M) group, the normal control
(NC) group, the ribavirin + budesonide (PC) group serv-
ing as the positive control, and three groups receiving dif-
ferent doses of IC (GN10278, GLPBIO, Montclair, CA,
USA): low (IC-L), medium (IC-M), and high (IC-H) dose.
The asthma model in these mice was created based on pre-
viously described methods with some modifications [18].
With the exception of the NC group, all mice in the remain-
ing groups were sensitized on day 1 and day 14 by intraperi-
toneal injection of 100 µg ovalbumin (OVA, S7951, Sigma,
Saint Louis, MO, USA) and 2 mg aluminum hydroxide
(239186, Merck, Germany) dissolved in 200 µL of physio-
logical saline. During days 15–49, the mice were exposed
every other day with a 20-minute exposure to aerosolized
0.99% OVA in saline. Additionally, on days 21, 35, and
49, the mice were intranasally given 50 µL RSV (1 × 106
TCID50/mL). Furthermore, from day 15 to day 49, the IC-
L, IC-M, and IC-H groups received intragastric doses of IC
at 10 mg/kg/d, 20 mg/kg/d, and 40 mg/kg/d, respectively.
The mice in the NC and M groups received an equiva-
lent quantity of normal saline. In contrast the Rbv + Bud
group was given ribavirin (60269ES03, Yeasen Biotech-
nology Co. Ltd., Shanghai, China) at 90 mg/kg/day orally
and aerosolized budesonide at 0.2 mg/kg/day (H20140087,
AstraZeneca AB, Sweden) from days 15 to 49. Apart
from the Rbv + Bud group, all other mice received 30-
minute daily treatments of aerosolized normal saline. On
the 50th day, after the last OVA/RSV challenge, the mice
were observed for sneezing, nose-scratching, and the sever-
ity of asthma, were assessed over a 15-minute interval.
Following this, anesthesia was administered by intraperi-
toneal injection of 1% pentobarbital sodium (40 mg/kg)
(20090512, SINOPHARM, Beijing, China). Cervical dis-
location method: the cervical vertebrae of the mouse are
quickly twisted by hand, causing spinal cord injury, result-
ing in the mouse losing consciousness and stopping breath-
ing immediately. Finally, blood, bronchoalveolar lavage
fluid (BALF) and lung tissues were extracted for subse-
quent analysis.
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2.3 Enzyme-Linked Immunosorbent Assay (ELISA)

Following euthanasia, blood samples from the abdom-
inal aorta. The blood samples were spun in a centrifuge at a
speed of 2700 g for 15 minutes at a temperature of 4 °C
to separate and analyze the inflammatory factors present
in the serum. Ultimately, the concentrations of OVA-
specific IgE, malondialdehyde (MDA), superoxide dismu-
tase (SOD), catalase (CAT), and glutathione (GSH) were
measured using ELISA kits (OVA-specific IgE, ml037618,
Enzyme-linked Biotechnology Co., Ltd. Shanghai, China;
MDA, SP30131; SOD, SP14390; CAT, SP14946; GSH,
SP14856, Saipei Biotechnology Co., Ltd., Wuhan, China).
The concentrations of IL-13, IL-4, and IL-5 were assessed
using Beyotime provided kits (IL-13, PI539; IL-4, PI612;
IL-5, PI620, Shanghai, China).

2.4 Histological Analysis

Lung tissues from each mouse were excised and
weighed. The left lung tissues were then fixed in a 4%
paraformaldehyde solution (41678, Acros Organics, Brus-
sels, Belgium) for 24 hours before being processed in paraf-
fin for further processing. Subsequently, the preserved lung
tissues were sliced into sections that were 3 micrometers
thick. These sections were then stained using hematoxylin
and eosin (HE, GF1010, Shanghai G·fan Biological Co.
Ltd., Shanghai, China) as well as TUNEL staining (C1088,
Beyotime, Shanghai, China), to evaluate inflammation in
the lung airways. Images of the stained tissue sections were
taken with a microscope at a magnification of 200 times. To
determine the severity of inflammatory cell infiltration, a
blind cell count of peribronchial cells was conducted using
a 5-point scoring system described by Duan et al. [19], with
specific scoring criteria: 0, a score of 0 meant there were no
inflammatory cells; 1, a score of 1 indicated a small num-
ber of inflammatory cells; 2, a score of 2 suggested a thin
layer of one or two inflammatory cells around the bronchi
or blood vessels; 3, a score of 3 showed a noticeable layer
of three to five inflammatory cells around the bronchi or
vessels; 4, a score of 4 indicated more than five layers of
inflammatory cells surrounding these structures [18–20].
The thickness of the airway wall was assessed using Image-
Pro® Plus 6.0 software (Media Cybernetics, Silver Spring,
MD, USA) from Media Cybernetics. Five random, non-
overlapping areas were selected from each lung tissue sam-
ple to count the number of apoptotic cells.

2.5 Inflammatory Cells in BALF and Cell Count

After euthanizing the mice, their lungs were rinsed
with cold PBS. The resulting BALF was then spun at 2700
g for 10 minutes at 4 °C. The liquid part was separated and
kept at –80 °C for later analysis. To count the cells, the
samples were stained with Wright-Giemsa dye from Nan-
jing Jiancheng Bioengineering Institute (D010-1-1, Nan-
jing, China). The quantity of inflammatory cells, such as

neutrophils, eosinophils, and lymphocytes, was then de-
termined using a light microscope (XSP-17C, Leica, Ger-
many).

2.6 Small Interfering RNA (siRNA) Transfected in Vivo
Both the PD-1-specific siRNA and its corresponding

control siRNA were designed and synthesized by HUA-
GENE (Shanghai, China). The sequences for si-PD-1
was 5′-CATTCACTTGGGCTGTGCTGCAGTT-3′. Lipo-
fectamine 3000 (L3000015, Invitrogen, Mountain View,
CA, USA) served as the transfection reagent, while si-
NC acted as the control. The sequence of si-NC was
5′-CTACTTACTGCGTGGTTCGGCTTGA-3′. The si-NC
and si-PD-1 were injected via the tail vein separately for
48 hours. The injection frequency was once every two
days, and after three repetitions of siRNA treatment, PD-
1 knockdown was assessed by reverse transcription quan-
titative polymerase chain reaction (RT-qPCR) and western
blot.

2.7 Western Blot
To extract total protein from 100 mg of right lung tis-

sue, the tissue was treated with cold-RIPA lysis buffer. The
amount of protein was then measured using a bicinchoninic
acid (BCA) reagent kit (P0010S, Beyotime, Shanghai,
China). Following this, protein samples with uniform con-
centrations were separated through 10~15% SDS-PAGE
(P0012A, Beyotime, Shanghai, China). Upon transfer
to the PVDF membranes (FFP19, Beyotime, Shanghai,
China) provided by Millipore in the USA, the membranes
were blotted and subjected to overnight incubation with the
primary antibodies (Bax, ab53154, Abcam, 1:1000; Bcl-
2, ab194583, Abcam, 1:2000; Cleaved-Caspase 3, ab2302,
Abcam, 1:2000; Nrf2, AF0639, Affinity, 1:2000; HO-1,
AF5393, Affinity, 1:1000; PD-1, ab89828, Abcam, 1:1000;
Lamin B1, ab65986, Abcam, 1:5000; β-actin, ab230169,
Abcam, 1:4000) at 4 °C. Subsequently, the blots under-
went incubation with the appropriate goat anti-rabbit or
goat anti-mouse secondary antibody (1:4000, Cell Sig-
naling Technology Inc, Boston, MA, USA) at 37 °C for
one hour. Finally, enhanced chemiluminescence (ECL)
reagents (PE0010, Solarbio, Beijing, China) were used to
visualize the protein bands. The relative amounts of these
proteins were calculated using Image J software (https://
imagej.nih.gov/ij/, National Institutes of Health, Bethesda,
MD, USA) from the National Institutes of Health.

2.8 RT-qPCR
Following the manufacturer’s guidelines, the reaction

system was generated using TB Green® Premix Ex TaqTM
Kit (RR071A, BIOSCIENCE, Boston, MA, USA). The pre-
pared mixture was reacted in the Real-Time PCR System
(Roche, Shanghai, China) with the reaction program con-
sisting of an initial denaturation at 97 °C for 4 minutes,
followed by 38 cycles of denaturation at 97 °C for 4 sec-
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Fig. 1. Effect of the icariin on the overall behavior of mice with asthma induced by respiratory syncytial virus (RSV) was exam-
ined. The number of sneezing (A), and catching nose (B) of the mice. (C) The contents of ovalbumin (OVA)-specific IgE in serum were
detected by Enzyme-Linked Immunosorbent Assay (ELISA). n = 5. **p < 0.01, ***p < 0.001 vs NC group;#p < 0.05, ##p < 0.01, ###p
< 0.001 vs M group. NC, normal control; M, asthma model; PC, ribavirin + budesonide; IC, icariin.

Table 1. The primers used in this study.
Primer names Forward primer (5′-3′) Reverse primer (5′-3′)

Nrf2 ACCGGAGAATTCCTCCCAAT AGCTCCTGCCAAACTTGCTC
HO-1 AGACCGCCTTCCTGCTCAACAT TCTGACGAAGTGACGCCATCTGT
Bax AGGCCTCCTCTCCTACTTCG CCTTTCCCCTTCCCCCATTC
Bcl-2 AACATCGCCCTGTGGATGAC AGAGTCTTCAGAGACAGCCAGGAG
Cleaved caspase-3 CTCGCTCTGGTACGGATGTG TCCCATAAATGACCCCTTCATCA
PD-1 ATCTACCTCTGTGGGGCCAT GAGTGTCGTCCTTGCTTCCA
b-actin GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC
Lamin B1 AAGGCTCTCTACGAGACCGA TCCTTCTTAGCATAATTGAGCAGC
Note: Bax, Bcl-2 associated X Protein; Bcl-2, B-cell lymphoma-2; PD-1, programmed cell death 1; Nrf2,
nuclear factor-erythropoietin 2-related factor 2; HO-1, heme oxygenase-1.

onds and annealing/extension at 60 °C for 30 seconds. All
measurements were performed in triplicate to eliminate op-
erational errors. The primers sequences listed in Table 1.
The relative expression levels of the genes were calculated
using the 2−∆∆Ct method.

2.9 Statistical Analysis
The data were presented as mean± standard deviation

(SD), and the statistical analysis was performed using SPSS
22.0 software (IBM, Armonk, NY, USA). For comparisons
involving more than two groups, one-way analysis of vari-
ance with Tukey’s post hoc test was employed. A p-value of
less than 0.05 was used to determine statistical significance.
Each experiment was repeated biologically thrice.

3. Results
3.1 Icariin Reduced the Number of Sneezing and Catching
Nose in Asthmatic Mice Induced by RSV and Decreased
OVA Specific IgE Levels

The mice belonging to the M group exhibited elevated
instances of sneezing and nose-catching associated with
asthma compared to mice in the NC group (Fig. 1A,B) (p<
0.001). Conversely, the mice treated with PC or IC showed
a dose-dependent decrease in the frequency of sneezing and
nose-catching when compared to the M group (p < 0.001).
Additionally, it was observed that M resulted in a signifi-
cant increase in OVA-specific IgE levels in comparison to

the NC group (Fig. 1C) (p < 0.01). In the asthma model
group (M), the frequency of sneezing, nose scratching, and
head/face scratching gradually increased, accompanied by
slowed breathing and nodding respiration, leading to the
gradual exacerbation of asthma symptoms. These manifes-
tations indicate the successful establishment of the asthma
model. Following this, mice were administered PC and
varying concentrations of IC, which resulted in substan-
tially lower OVA-specific IgE levels in the PC, IC-M and
IC-H group compared to the M group (Fig. 1C) (p < 0.01).
These results indicated that IC effectively reduced the fre-
quency of sneezing and catching nose in RSV-induced asth-
matic mice and decreased OVA specific IgE levels.

3.2 IC Decreased Airway Inflammation in RSV-Infected
Asthmatic Mice

A predominant clinical characteristic of asthma is the
excessive accumulation of inflammatory cells in lung tis-
sue. Subsequently, lung tissue from asthmatic mice was
gathered for HE staining. HE staining showed a noticeable
increase in inflammatory cells around the alveolar walls
compared to the NC group (p < 0.001). Treatment with IC
or PC significantly reduced the presence of inflammatory
cells surrounding the airways (Fig. 2A). The analysis of in-
flammatory cell infiltration in lung sections was conducted
according to previously described methods, and the results
are shown as the inflammation score in Fig. 2A [19]. Ad-
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Fig. 2. Effect of the icariin (IC) on inflammatory cells in RSV-infected asthmatic mice. (A) Histopathological changes were as-
sessed using HE staining of mouse lung tissue. Bar = 200 µm. (B) The cell numbers of neutrophils, eosinophils, and macrophages in
bronchoalveolar lavage fluid (BALF) of mice in each group. (C) Inflammatory cytokines IL-4, IL-13, and IL-5 in BALF were measured
using ELISA. n = 5. ***p< 0.001 vs NC group; #p< 0.05, ##p< 0.01, ###p< 0.001 vs M group. IL-4, interleukin-4; IL-5, interleukin-5;
IL-13, interleukin-13; NC, normal control; M, asthma model.

ditionally, BALF was collected and the count of inflamma-
tory cells was conducted. Examination of the neutrophils,
eosinophils, and macrophages in BALF revealed a notable
rise in the M group. Conversely, the RSV-infected asth-
matic mice treated with IC at 20 mg/kg/d and 40 mg/kg/d
exhibited a marked decrease in the count of inflammatory
cells compared to the M group (Fig. 2B) (p < 0.001). Be-
sides, ELISA results demonstrated a notable rise in the lev-
els of cytokines IL-13, IL-5, and IL-4 in the BALF of RSV-
infected asthmatic mice in the M group when compared
to the NC group (p < 0.001). Remarkably, the levels of
these cytokines were reduced by IC-M and IC-H treatment
(Fig. 2C). Overall, these findings indicate that IC treatment

played a role in alleviating airway inflammation in RSV-
infected asthmatic mice.

3.3 IC Attenuated Oxidative Stress in Asthmatic Mice
Induced by RSV

To further analyze the effect of IC on oxidative stress
in RSV-induced asthma mice, we examined the levels of
MDA, GSH, SOD and CAT in lung homogenates. The
results from the ELISA analysis revealed that MDA level
of RSV-induced asthma mice was markedly elevated, and
GSH, SOD and CAT was markedly reduced compared with
that in NC group (Fig. 3A) (p< 0.001). In contrast with the
M group, the level of MDA in tissue reduced remarkably
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Fig. 3. Effect of the IC on oxidative stress in asthmatic mice induced by RSV. (A) The levels of MDA, SOD, CAT and GSH in lung
tissue homogenates were detected by ELISA. (B,C) Western blot was conducted to investigate the expression levels of Nrf2 and HO-1.
(D,E) RT-qPCR was used to assess the mRNA levels of Nrf2 and HO-1. n = 5. ***p < 0.001 vs NC group; #p < 0.05, ##p < 0.01,
###p < 0.001 vs M group. MDA, malondialdehyde; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; Nrf2, nuclear factor-
erythropoietin 2-related factor 2; HO-1, heme oxygenase-1; RT-qPCR, reverse transcription quantitative polymerase chain reaction.

after PC and IC treatment (p < 0.001), while the level of
GSH, CAT and SOD were markedly increased (Fig. 3A) (p
< 0.001). In addition, the nuclear factor-erythropoietin 2-
related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) pro-
teins in RSV-induced asthmamice were estimated via west-
ern blot and reverse transcription quantitative polymerase
chain reaction (RT-qPCR). Versus the NC group, the pro-
tein and messenger ribonucleic acid (mRNA) expression of
Nrf2 and HO-1 in the M group reduced remarkably (p <

0.001). When IC intervention, Nrf2 and HO-1 protein and
mRNA expression was markedly upregulated (Fig. 3B–E)
(p < 0.001). Hence, the results demonstrated that IC ame-
liorated oxidative stress in asthmatic mice induced by RSV.

3.4 IC Reduced Apoptosis and Increased PD-1 Expression
in Asthmatic Mice Induced by RSV

In the control group of NC mice, a limited number
of TUNEL-positive cells were detected. Contrastingly, a
notable rise in TUNEL-positive cells was observed in the

M group, which was substantially reduced by the treatment
with IC or PC (Fig. 4A) (p < 0.001). Additionally, west-
ern blot and RT-qPCR analysis showed that IC decreased
the amounts of apoptosis markers Cleaved caspase-3 and
Bax in the lung tissues of asthmatic mice, while increasing
the levels of the anti-apoptotic markers Bcl-2 (Fig. 4B,D).
The results illustrate that IC treatment reduced apoptosis in
RSV-infected asthmatic mice.

PD-1 plays an important role in asthma, and its ac-
tivation can reprogram T cells to alleviate asthma. To this
end, we further analyzed whether the improvement of RSV-
induced asthma by IC is related to PD-1 [13]. Compared
with NC group, the protein and mRNA expression of PD-1
was markedly reduced in the M group (p < 0.001). In con-
trast, the PD-1 expression of IC- and PC mice were signif-
icantly higher than in model mice (Fig. 4C,E). The results
showed that the expression of PD-1 increased, indicating
that IC may reduce apoptosis and improve asthma in mice
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Fig. 4. Effect of the IC on apoptosis and the expression of PD-1 in asthmatic mice infected with RSV. (A) The number of apoptotic
cells in lung tissue by TUNEL assay. Bar = 200 µm. (B) The expression of Bax, Bcl-2 and cleaved caspase-3 was detected by Western
blot. (C) The expression of PD-1 in lung tissue was detected by Western blot. (D,E) RT-qPCR was used to determine the mRNA levels
of Bax, Bcl-2, cleaved caspase-3 and PD-1. n = 5. ***p < 0.001 vs NC group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs M group. Bax,
Bcl-2 associated X Protein; Bcl-2, B-cell lymphoma-2; PD-1, programmed cell death protein-1.

by regulating the expression of PD-1. In addition, based on
the therapeutic effects of the above three concentrations of
IC it was found that a medium dose of IC not only achieves
the experimental results, but also reduces some of the dam-
ages caused by high doses of the drug in rats. Therefore,
we used the medium dose of Icariin (IC-M; 20 mg/Kg) for
the next experiment.

3.5 IC Ameliorated RSV-Induced Asthma in Mice by
Regulating PD-1 Expression

To further determine whether IC ameliorates RSV-
induced asthma in mice by modulating PD-1 expression.
RT-qPCR results showed that the expression of si-PD-1 was
significantly lower than that of si-NC, indicating that the
si-PD-1 construct was successful (Fig. 5A) (p < 0.001).
ELISA detected the levels of Inflammatory cytokines IL-
4, IL-13, and IL-5 in BALF. The results showed compared
with NC group, levels of IL-4, IL-13 and IL-5 were notably
higher in M group (p < 0.001). Compared with M group,
levels of IL-4, IL-13 and IL-5 were markedly lower after IC
treatment, but si-PD-1 significantly reversed IC inhibition
of IL-4, IL-13 and IL-5 (Fig. 5B) (p < 0.01).

In addition, the mRNA and protein expression of
cleaved caspase-3 and Bax was markedly reduced and Bcl-

2 expression was markedly increased after IC treatment
(Fig. 5C,E). Knockdown of PD-1 reversed the inhibitory
effect of IC on Bax and cleaved caspase-3, as well as the
promotional effect on Bcl-2 (Fig. 5C,E). Besides, the re-
sults showed that asthmatic mice infected with RSV had
an increased in PD-1 after IC treatment. Conversely, si-
PD-1 treatment reversed PD-1 mRNA and protein levels in
asthmatic mice (Fig. 5D,F) (p < 0.001). In summary, our
findings suggested that that IC ameliorated RSV-induced
asthma mice by regulating PD-1 expression.

4. Discussion

A prevalent respiratory disease worldwide is asthma,
which leads to substantial illness and death [21]. Icariin, de-
rived from Epimedium, has garnered considerable attention
for its clinical applications due to its high safety profile and
its effectiveness in anti-inflammatory, antioxidant, and im-
mune regulation [6]. Clinical research has confirmed that
IC to control the expression of eosinophils and basophils,
thereby delaying the progression to asthma [22,23]. It is a
beneficial treatment for asthmatic mice infected with RSV;
however, its precise mechanism is still unknown. Our study
demonstrates that IC can ameliorate asthmatic symptoms
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Fig. 5. IC affects RSV-induced asthma in mice by modulating PD-1 expression. (A) Transfection efficiency of PD-1 knockdown was
verified using RT-qPCR. (B) Inflammatory cytokines IL-4, IL-5, and IL-13 in BALF were determined by ELISA. (C) The expression
of Bax, Bcl-2 and cleaved caspase-3 was detected by Western blot. (D) Western blot detected the expression of PD-1 in lung tissue.
(E,F) The mRNA levels of Bax, Bcl-2, cleaved caspase-3 and PD-1 was detected using RT-qPCR. n = 5. ***p < 0.001 vs NC group;
##p < 0.01, ###p < 0.001 vs M group; ▲▲p < 0.01, ▲▲▲p < 0.001 vs IC+si-NC group. Bax, Bcl-2 associated X Protein; Bcl-2, B-cell
lymphoma-2; PD-1, programmed cell death protein-1; IL-4, interleukin-4; IL-5, interleukin-5; IL-13, interleukin-13.

in mice by diminishing oxidative stress, airway inflamma-
tion, and apoptosis in asthmatic mice infected with RSV.
Importantly, our research suggests that this effect might be
associated with the modulation of PD-1 expression in lung
tissue.

In this research, we explored the effect of IC on
mice with asthma. Asthma mouse models were established
through RSV nasal infusion and OVA sensitization. Subse-
quently, it was observed that IC enhanced the general condi-
tions of the asthma model mice, as indicated by reductions
in sneezing and nose rubbing incidents. Additionally, IC
notably decreased the levels of OVA-specific IgE. patho-
logical examination showed that the lung tissue of RSV-
infected asthmatic mice had a large number of inflamma-

tory cells, and their airway walls were thickened. Treat-
ment with IC significantly reduced the thickening of the
airway walls and the number of inflammatory cells around
the airways, as confirmed by lower inflammation scores.
Besides, the secretion of IL-13, IL-5, and IL-4 is pivotal
in instigating and advancing chronic airway inflammation
in asthma [24,25]. It’s noteworthy that these cytokines are
thought to play roles in attracting eosinophils, causing ep-
ithelial cell apoptosis, increasing mucus production, pro-
moting the buildup of extracellular matrix, and causing an
overgrowth of goblet cells [26–28]. In line with our earlier
discoveries, the current results indicate a notable increase
in inflammatory cells, especially neutrophils, lung inflam-
mation and decreased the number of inflammatory cells in
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the BALF. Additionally, significant increased levels of IL-
4, IL-13, and IL-5 in the BALF was observed in the serum
of RSV-infected asthma mice.

Extensive evidence suggested that in asthma, certain
antioxidants such as GSH, CAT, and SOD levels are re-
duced, while the MDA level is elevated in the hippocampus
of asthmatic rats [29–31]. The administration of Myrtenol
led to increased SOD levels and reduced asthma-induced
oxidative stress [30]. Earlier research has proposed that
icariin, as a flavonoid compound, demonstrates significant
capability in combating oxidative stress [10]. Of note, the
impact of Icariin on oxidative stress in asthma model rats
has not been documented. This study demonstrated a sub-
stantial reduction in tissue MDA levels following IC treat-
ment compared to the M group, while the levels of GSH,
SOD, and CAT showed significant increases. IC mitigated
oxidative stress in RSV-induced asthmatic mice. Nrf2, a
transcription factor, is accountable for overseeing the syn-
thesis of internal antioxidants during oxidative stress [32].
Additionally, HO-1 serves as the primary target protein of
Nrf2 [33]. It has been documented that CRE boosts the
expression of antioxidant proteins such as HO-1 and Nrf2,
offering protection against OVA-induced asthmatic inflam-
mation and oxidative stress [34]. Moreover, in a prior in-
vestigation, it was shown that IC controlled carrageenan-
induced paw edema and acute inflammation via the heme
oxygenase-1 (HO-1)/Nrf2 and NF-κB signaling pathways
[35]. The present study revealed a substantial increase in
the protein expression of Nrf2 and HO-1 following IC inter-
vention, which ameliorated oxidative stress in RSV-induced
asthmatic mice.

Apoptosis is a process that requires energy and in-
volves the systematic breakdown of a cell. This process
is characterized by the fragmentation of the cell’s nucleus,
shrinking of the cell membrane, formation of small bulges
or blebs on the plasma membrane, and the condensation
of nuclear chromatin [36]. It is widely recognized that ep-
ithelial cell apoptosis may serve as a potential mechanism
for asthma [37,38]. To further investigate how IC affects
apoptosis in lung tissue, a TUNEL staining analysis was
performed on the lung tissues of mice with asthma. The
results revealed that CAD treatment suppressed the number
of apoptotic airway cells in the lung tissues compared to the
untreated asthmatic mice, as indicated by the TUNEL stain-
ing. The signaling pathway involving cleaved caspase-3,
Bax and Bcl-2 is well-known for its role in regulating cell
death and survival in different diseases, including asthma
[39]. Bcl-2 functions as an inhibitor of apoptosis, while Bax
acts as a promoter of intrinsic programmed cell death, exert-
ing a pivotal role in either inhibiting or promoting this pro-
cess. Additionally, Caspase-3, a crucial protease, is closely
associated with carrying out the final stage of apoptosis. A
previous study has shown that, Zou et al. [40] observed that
treating bronchial epithelial cells with Panax notoginseng
saponins R1 significantly reduced the apoptosis caused by

dexamethasone. Our current study is in accordance with
previous research, as it demonstrates a notable decrease in
the levels of Cleaved caspase-3 and Bax proteins and an in-
crease in Bcl-2 expressions, as well as suppressed airway
cell apoptosis in lung tissues in asthmatic mice following
IC treatment.

PD-1 plays a vital part in regulating immune responses
during viral infections and may represent a therapeutic tar-
get for augmenting antiviral immunity [41]. In this study,
IC treatment increased the expression of PD-1 in asth-
matic mice infected with RSV. The increase in PD-1 ex-
pression might contribute to the suppression of excessive
immune responses and reduction of inflammation, which
are critical in managing asthma exacerbations triggered by
viral infections. The question of whether Icariin can al-
leviate RSV-induced asthma in mice by regulating PD-1
expression still lacks sufficient evidence and requires fur-
ther investigation. Therefore, in this study, si-PD-1 signif-
icantly reversed the inhibitory effects of IC on inflamma-
tion and apoptosis, as well as the stimulatory effects on PD-
1. These findings address the gap in our understanding of
how icariin-mediated PD-1 modulation can improve RSV-
induced asthma in mice.

5. Conclusion
In summary, our findings indicated that IC amelio-

rated RSV-induced asthma in mice by regulating PD-1 ex-
pression, and may hold promise as a potential therapeutic
agent for RSV-induced asthma in mice. These findings pro-
vide valuable insights into the potential use of IC as a treat-
ment strategy for RSV-induced asthma.
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