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Abstract 

Background Bronchial asthma, a chronic inflammatory airway disease, is characterized by airway remodeling, includ-
ing thickening of the airway smooth muscle layer, primarily due to abnormal proliferation of airway smooth muscle 
cells (ASMCs). CBL0137 (Curaxin-137 hydrochloride), a histone chaperone facilitate chromatin transcription (FACT) 
inhibitor, has demonstrated anti-tumor properties, including inhibition of proliferation, promotion of apoptosis, 
and increased autophagy. However, its effects on ASMCs and airway remodeling remain unexplored.

Methods Asthma models were established using ovalbumin (OVA) in female C57BL/6 J mice, with therapeutic 
interventions using CBL0137 and budesonide. Lung tissues were analyzed using Hematoxylin and eosin (H&E), PAS, 
Masson’s trichrome, and α-SMA immunofluorescence staining. ASMCs extracted from Sprague–Dawley rats were cul-
tured in vitro experiments, with phenotypic changes assessed via flow cytometry. Gene and protein expressions were 
analyzed using RT-PCR and Western blotting.

Results CBL0137 significantly reduced airway resistance, goblet cell proliferation, alveolar collagen deposition, 
and airway smooth muscle layer thickening in asthmatic mice. In vitro, CBL0137 inhibited ASMC proliferation 
and induced apoptosis, downregulating cyclin-B1, Cdc2, and Bcl-2 while upregulating caspase-3.

Conclusions CBL0137 mitigates airway remodeling of asthmatic mice by modulating ASMC proliferation and apop-
tosis, presenting a potential therapeutic strategy for asthma treatment.
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Background
Bronchial asthma is a prevalent chronic inflammatory 
disease of the airways [1]. According to the Global Initia-
tive for Asthma (GINA), approximately 300 million indi-
viduals worldwide are affected by asthma, and this figure 
is projected to exceed 400 million by 2025 [2]. Asthma 
imposes a significant economic burden on both society 
and individuals and has emerged as a chronic condition 
that seriously endangers global health [3]. Investigating 
its pathogenesis and identifying effective interventions 
remain major academic priorities.

Chronic airway inflammation is a key factor in the 
pathogenesis of asthma, with airway remodeling being an 
inevitable consequence of prolonged inflammation [4]. 
This remodeling is driven by airway damage and impaired 
repair mechanisms under the influence of various inflam-
matory factors. Pathological changes include alterations 
in airway epithelial morphology, astrocyte hyperplasia, 
collagen deposition in lung parenchyma, smooth mus-
cle cell proliferation, extracellular matrix deposition, and 
neovascularization [5]. Notably, the thickening of the air-
way smooth muscle (ASM) layer is a hallmark of asthma 
[6], with ASM cells (ASMCs), playing a pivotal role in air-
way remodeling by actively participating in its progres-
sion [7]. Consequently, targeting ASMC dysfunction is a 
focus of current asthma research [8–10].

CBL0137, a curacin compound and an inhibitor of 
histone chaperone-FACT, exhibits potent antiprolifera-
tive, proapoptotic, and autophagy-promoting effects on 
tumor cells through various mechanisms [10]. Studies 
have demonstrated that CBL0137 inhibits hepatocellu-
lar carcinoma cell proliferation by modulating P53 and 
nuclear factor-kappa B (NF-κB) pathways and apoptosis-
related proteins, such as PARP and caspases [11]. Similar 
effects have been observed in ovarian cell carcinoma and 
non-Hodgkin’s lymphoma (B-NHL) [12, 13]. However, 
the impact of CBL0137 on ASM remains unexplored. 
Whether CBL0137 can mitigate airway remodeling in 
asthma by influencing ASMC proliferation and apoptosis 
remains unclear.

In preliminary investigations, our group found that 
CBL0137 exhibits cytotoxic effects on rat primary 
ASMCs, with cell viability decreasing as drug concentra-
tion and exposure duration increase. Building on this, we 
aim to evaluate the effects of CBL0137 on asthma-related 
airway remodeling using an ovalbumin (OVA)–induced 
mouse model. The study involves assessing lung func-
tion, histopathological changes, and special staining to 
determine whether CBL0137 affects ASM thickening. 
Additionally, we will explore the underlying mechanisms 
by examining the effects of CBL0137 on ASMC prolifera-
tion and apoptosis, aiming to identify novel therapeutic 
agents for asthma-related airway remodeling.

Materials and methods
Animal models
Female C57BL/6 J mice (6–8 weeks old, 18–22 g) were 
procured from the Hunan Laboratory Animal Center 
(Permit No. SCXK 2019–0004). The mice were housed in 
a specific pathogen-free (SPF) environment, with steri-
lized cages, bedding, and feed. Cages were changed twice 
weekly, and mouse weights were recorded weekly. This 
study was approved by the Laboratory Animal Ethics 
Committee of Guilin Medical University (Approval No. 
GLMC202308001).

Twenty-five female C57BL/6 J mice were randomly 
divided into five groups, with five mice per group: 
phosphate-buffered saline (PBS) control, OVA only, 
OVA + CBL0137 (15 mg/kg), OVA + CBL0137 (30 mg/
kg), and OVA + budesonide. Sensitization was performed 
on Days 1, 14, and 21 by intraperitoneal injection of 0.1 
mg of OVA (Sigma‒Aldrich A5503) dissolved in double-
distilled water and mixed thoroughly with 100 μL of alu-
minum hydroxide (IA5810, Solarbio).

Stimulation period
CBL0137 (Aladdin, 44,519,124, Shanghai, China) was 
administered intraperitoneally at doses of 15 mg/kg or 30 
mg/kg on the 22nd day of each week, specifically on Days 
1, 3, and 5. In the positive control group, 2 mg of bude-
sonide (China Tianqing Speed Fluid) was delivered via 
nebulized inhalation, followed by administration of 5% 
OVA through nebulized inhalation 2 h later for 30 min 
(positive control group: OVA + budesonide). For the con-
trol group, PBS was used instead of OVA. On the 92nd 
day, after lung function measurements, lung tissues were 
harvested for assay (Fig. 1A).

Isoflurane, a safe, efficient, and readily accessible 
anesthetic commonly used in animal experiments, was 
selected for this study. The procedure was approved 
by the Laboratory Animal Ethics Committee of Guilin 
Medical University. Mice were anesthetized, their whisk-
ers were trimmed, and blood specimens were collected 
via eyeball removal into 1.5-mL EP tubes. The mice were 
subsequently fixed on a dissection table, and the abdo-
men was opened to expose the abdominal aorta, which 
was severed for blood drainage. The thoracic cavity was 
opened to expose the lungs and trachea. A small incision 
was made in the main trachea using ophthalmic scis-
sors, and a 1-mL syringe needle with a plastic cannula 
was inserted and secured with a cotton thread ligature. 
The left pulmonary hilar was clamped using hemostatic 
forceps, 500 µL of PBS was infused into the right lung, 
and the lavage fluid was collected. After lavage, the pro-
cedure was repeated for the left lung using 4% paraform-
aldehyde. The left lung was then excised and preserved 
in 4% paraformaldehyde, while the right lung was divided 
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into four lobes, which were stored in specimen tubes. 
Mouse carcasses were disposed of according to ethical 
guidelines.

Previous studies demonstrated that CBL0137 exerts 
anti-tumor effects in a mouse model of pancreatic ductal 
adenocarcinoma when administered via tail vein injec-
tion at 60 mg/kg once weekly [13]. However, the partic-
ipants in this study had not yet mastered the technique 
of tail vein injection in mice. Consequently, a safer and 
more easily implementable intraperitoneal injection 
method was selected. Since the drug was administered 
three times a week for 10 weeks, the cumulative dosage 
exceeded that used in previous tumor studies. Therefore, 
the single dose was less than 60 mg/kg. Considering the 
maximum dissolution volume of CBL0137 and the maxi-
mum intraperitoneal injection volume of 200 μL in mice, 
the experimental dosages were established as 15 and 30 
mg/kg.

Behavioral observations in mice
On the 92nd day of the 10th week of stimulation, mice 
were individually placed in clean cages under natural 
conditions. They were observed for signs of restlessness, 

frequent nose touching, and thoracic tremors indicative 
of respiratory distress during rest. Each mouse was moni-
tored for 10 min, and the frequency of nose touching was 
recorded per unit of time.

Mouse lung function measurement
Lung function was assessed after 10 weeks of stimula-
tion. Acetylcholine excitation solutions were prepared 
with PBS at concentrations of 0, 3.125, 6.25, 12.5, 25, and 
50 mg/mL. Airway resistance was measured using a lung 
function meter while the mice remained awake. Each 
mouse was fixed in a sealed chamber, and the respiratory 
curve was observed after the instrument was activated. 
Once the curve stabilized, 50 μL of the excitation solu-
tion was added to the dosing compartment. The nebu-
lization preparation time was 1 min, followed by 3 min 
of nebulization and inhalation. Airway resistance values 
were recorded in real-time. This procedure was repeated 
for each mouse across all acetylcholine concentrations.

Lung tissue sample collection
The mice were euthanized and secured on a dissec-
tion table. The abdominal cavity was opened, and the 

Fig. 1 Effect of CBL0137 on airway resistance in asthmatic mice. A Schematic representation of the asthmatic mouse model. B Hematoxylin 
and eosin (H&E) staining of lung tissue. C Evaluation of functional airway resistance in the pulmonary system of mice. Mice were exposed 
to nebulized acetylcholine (0, 3.125, 6.25, 12.5, 25, and 50 mg/mL) for 3 min, and airway resistance was measured in real time. Linear plots were 
generated to depict resistance changes. Statistical comparisons between consecutive groups at the same acetylcholine concentration revealed 
significant differences (a vs. b, b vs. c, c vs. d; *p < 0.05)
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abdominal aorta was severed. Blood was expelled from 
the lungs by compressing the chest cavity. The thoracic 
cavity was dissected to expose the main trachea. A small 
diagonal incision was made below the thyroid cartilage 
using ophthalmic scissors. A 5-gauge needle with a rub-
ber cannula (attached to a 1-mL syringe) was inserted 
into the trachea and secured with surgical sutures. The 
right lung portal was clamped with hemostatic forceps, 
and 4% paraformaldehyde was injected into the left lung 
until it was sufficiently distended. The left lung portal 
was then ligated, excised, and preserved in 4% paraform-
aldehyde. The right lung was removed, divided into four 
lobes, and stored at − 80 °C for freezing. The mouse car-
casses were placed in designated disposal bags and sent 
for proper waste treatment.

Enzyme‑linked immunosorbent assay
Collected blood samples were left to stand for 2 h and 
then centrifuged to obtain the upper serum layer. The 
same method was applied to obtain the supernatant 
from alveolar lavage fluid. Enzyme-linked immunosorb-
ent assay (ELISA) was conducted according to the labo-
ratory manual. The average optical density (OD) values 
of standard and sample duplicate wells were calculated 
after subtracting the blank well OD values as calibration. 
A standard curve was generated using a four-parameter 
logistic function, with concentration as the horizontal 
axis and OD values as the vertical axis.

Hematoxylin–eosin staining
Tissue sections were initially soaked in distilled water 
and stained with hematoxylin solution for 5 min. The sec-
tions were then treated with acidic water or ammonia for 
5 s each, rinsed with distilled water, and washed under 
running water for 60 min. For dehydration, the sections 
were sequentially placed in 70% and 90% ethanol for 10 
min each. Eosin stain was added for 3 min during the 
dehydration process. Following dehydration, the sections 
were treated with xylene to enhance transparency. Drops 
of mounting medium were applied to the sections, which 
were then covered with coverslips and allowed to dry 
slightly before use.

For data collection, intact airways were examined 
under a 200 × microscope [14,  15]. Airway inflamma-
tion was scored using a blinded method as follows: grade 
0 (no inflammatory cells observed), grade 1 (occasional 
inflammatory cells observed), grade 2 (bronchial tubes 
surrounded by one to three layers of inflammatory cells), 
grade 3 (bronchial tubes or blood vessels surrounded 
by four to five layers of inflammatory cells), and grade 4 
(bronchial tubes or blood vessels surrounded by more 
than five layers of inflammatory cells).

Periodic acid–Schiff staining
The samples were dewaxed as follows: xylene I, II, and III 
were each used for 5 min; anhydrous ethanol, 95% etha-
nol, and 75% ethanol were applied for 1 min each; and 
distilled water was used for 5 min. Next, 50 µL of Alcian 
blue staining solution was applied at room temperature 
for 20 min. The samples were then rinsed with distilled 
water for 2 min, with this step repeated three times. Oxi-
dation with an oxidizing agent was performed 5 min after 
rinsing with tap water, followed by immersion in distilled 
water, which was repeated twice. Subsequently, 50 µL of 
Schiff staining solution was applied for 20 min at room 
temperature, after which the samples were rinsed with 
running water. The nuclei were stained using hematoxy-
lin solution for 2 min, followed by rinsing with running 
water. After immersion in an acidic differentiation solu-
tion for 5 s, the samples were rinsed again. The nuclei 
were stained with Scott’s blue solution for 3 min and 
rinsed for an additional 3 min.

Under the microscope, purple-blue staining indicates 
cup-shaped cells, while nuclei appear light blue. Data col-
lection: Intact airways were selected under 200 × magni-
fication, and cup-shaped cell hyperplasia was assessed 
based on the method by Padrid et  al. [15]. Pathological 
changes were quantified using a modified 5-point scale 
(0–4) based on the percentage of cup-shaped cells in the 
epithelium: grade 0 (no cup-shaped cells observed), grade 
1 (< 25% of epithelial cells are cup-shaped), grade 2 (25%–
50% of epithelial cells are cup-shaped), grade 3 (51%–75% 
of epithelial cells are cup-shaped), and grade 4 (> 75% of 
epithelial cells are cup-shaped). At least eight bronchioles 
were counted per slide, and the mean hyperplasia score 
was calculated for each mouse.

Masson’s trichrome staining
The tissue sections were dewaxed to a liquid state and 
immersed in ferric hematoxylin staining solution for 10 
min. Following this, the samples were rinsed with run-
ning water. If overstaining occurred, hydrochloric alco-
hol was used to correct it. The sections were then treated 
with Masson bluing solution for 5 min and rinsed again. 
Afterward, the sections were immersed in rejuvenated 
magenta staining solution for 10 min, washed with dis-
tilled water for 1 min, and treated with a weak acid work-
ing solution (1% weak acid to 2% distilled water) for 1 
min.

Subsequently, the samples were rinsed with 1% phos-
phomolybdic acid solution for 2 min and then washed 
with the weak acid solution for 1 min. The sections 
were directly immersed in aniline blue staining solution 
for 2 min. After washing and rinsing with the weak acid 
solution, the samples were rapidly dehydrated in 95% 
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ethanol. This was followed by three rounds of dehydra-
tion using anhydrous ethanol for 10 s each. Finally, the 
sections were immersed in xylene for 2 min, a process 
repeated three times, and sealed with neutral gum.

For the staining results, under the microscope, col-
lagen fibers appear blue, muscle fibers red, and nuclei 
black–blue. Data collection: Intact airways were ana-
lyzed under 200 × magnification. The collagen fiber 
deposition area (blue) was boxed using graphic soft-
ware, and the area (µm2) was measured. The airway 
circumference (µm) was also measured, and the col-
lagen deposition percentage was calculated using the 
formula: perimeter area (µm2)/airway circumference 
(µm) [16]. A minimum of eight fine bronchioles were 
assessed per slide, and the mean percentage of collagen 
fibers was calculated for statistical analysis.

Immunofluorescence staining
The samples were dewaxed by immersion in xylene I, II, 
and III for 20 min each. This was followed by sequential 
washing in anhydrous ethanol I, II, 90% ethanol, and 
80% ethanol for 10 min each. The samples were then 
rinsed with distilled water for 5 min.

For antigen retrieval, slides were placed in a metal box 
containing EDTA antigen repair buffer (pH 8.0). The 
box was heated in an electric cooker at high tempera-
ture for 3 min, then allowed to cool for 10 min before 
reheating for another 3 min. Afterward, the slides were 
allowed to cool naturally and rinsed with PBS (pH 7.4) 
on a shaking table for 5 min, repeated three times.

The sections were soaked in paraffin-containing 
PBS for 3 min, repeated three times. Then, 200 µL of 
5% BSA was applied to each section and incubated for 
30 min. The primary antibody (diluted 1:1000 in PBS) 
was added dropwise (50 µL per section), and the sam-
ples were incubated overnight at 4 °C. Since the pri-
mary antibody was self-fluorescent, secondary antibody 
incubation was unnecessary.

After washing with PBST for 3 min (repeated three 
times), diluted DAPI was added, and the samples were 
incubated at room temperature for 10 min. The sec-
tions were then sealed with 50 µL of antifluorescence 
attenuator sealer and covered with coverslips.

The staining results were as follows: DAPI-stained 
nuclei exhibited blue fluorescence, while positive sites 
showed red fluorescence. Data acquisition: Complete 
airways were selected under 200 × magnification, and 
images were processed using ImageJ software. The 
fluorescence channels were split, and the average fluo-
rescence intensity (mean) was calculated using the 
formula: sum of fluorescence intensity (IntDen)/area 
(Area).

Isolation and culture of rat ASMCs
Female SPF-grade Sprague–Dawley rats (260–300 g) 
were procured from the Hunan Laboratory Animal 
Center. After anesthesia and sterilization, lung tissues 
were excised under aseptic conditions, and bronchial 
tubes were washed with precooled D-Hanks solution (4 
°C). The bronchial tubes were minced, and 0.2% colla-
genase type I was added for 1 h. The centrifuged bron-
chial tissues were resuspended in a complete medium 
containing 20% fetal calf serum and cultured in 25-T 
flasks for 1 week to allow adherent growth.

Wall-adherent cells were digested with 0.25% trypsin–
EDTA and purified by differential wall adherence. 
Smooth muscle cells were identified through immu-
nostaining with anti-α-smooth muscle antibody (α-SMA; 
1:100, Sigma). Cells from passages 3 to 5 were used for 
subsequent experiments.

Cell counting Kit‑8 assay
ASMCs were seeded into 96-well plates (2 ×  103 cells/
well). After 24 h of attachment, CBL0137 (0, 0.1, 0.2, 0.4, 
0.8, 1.6, or 3.2 μM) was added, and the mixture was incu-
bated for 24, 48, or 72 h. Cell viability was assessed using 
a Cell Counting Kit-8 (CCK-8) assay according to the 
manufacturer’s instructions. All experiments were per-
formed three times.

EdU assay
ASMCs were cultured on sterile coverslips placed in 
24-well plates at a density of 2 ×  104 cells per well. After 
24 h of incubation, varying concentrations of CBL0137 
(0, 0.1, 0.2, 0.4, 0.8, 1.6, or 3.2 μM) were added, and the 
cells were incubated for 24, 48, or 72 h. Cell proliferation 
was assessed using the BeyoClick™ EdU Cell Prolifera-
tion Kit with Alexa Fluor. The coverslips were observed 
under an upright fluorescence microscope (Olympus 
BX53, Tokyo, Japan). All experiments were conducted in 
triplicate.

Cell cycle detection
ASMCs were seeded into 6-well plates at a density of 
4 ×  105 cells per well. Following 24 h of incubation, 
CBL0137 (0, 0.5, 1, 1.5, 2, 2.5, or 3 μM) was added. Cells 
were harvested, digested with 0.25% trypsin (without 
EDTA), washed with ice-cold PBS, and fixed in 70% etha-
nol at − 20 °C overnight. The fixed cells were treated with 
RNase A and stained with propidium iodide (PI) solution 
for 15 min. The cell cycle distribution was analyzed using 
flow cytometry, and data were processed with FlowJo 10 
software. All experiments were performed in triplicate.
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Cell apoptosis detection
ASMCs were cultured into 6-well plates at a density of 
4 × 105 cells per well. After 24 h, CBL0137 (0, 0.5, 1, 1.5, 
2, 2.5, or 3 μM) was added, and the cells were incubated 
for 48 h. Apoptosis was assessed using an Annexin 
V-FITC/PI Apoptosis Detection Kit following the man-
ufacturer’s instructions. Each experiment was repeated 
three times.

Quantitative reverse transcription polymerase chain 
reaction assay
ASMCs were seeded into 6-well plates at a density of 
4 × 105 cells per well. After 24 h, CBL0137 (0, 0.5, 1, 1.5, 
2, or 2.5 μM) was added, and the cells were incubated for 
48 h. Total RNA was extracted using TRIzol reagent, and 
0.8 μg of RNA was reverse transcribed into cDNA using 
a dsDNase kit. Quantitative reverse transcription poly-
merase chain reaction (qRT-PCR) was performed using 
MonAmp™ SYBR® Green qPCR mix and a CFX96 Real-
Time System (Shanghai, China).

Primers for Cyclin B1 ((forward: ACA GTC AAG AAT 
ACC CCT CA; reverse: GCT CAT CCA GTT CCA CCT 
), Cdc2 (forward: GAC AAA GGA ACA ATC AAA CT; 
reverse: TAC CAC AGC GTC ACT ACC ), Bc1-2 (forward: 
CAC AGA GGG GCT ACG AGT; reverse: GGC TGG AAG 
GAG AAG ATG ), Caspase-3 (forward: TGG ACT GCG 
GTA TTG AGA C; reverse: CGG GTG CGG TAG AGT 
AAG C), and GAPDH (forward: GAC ATG CCG CCT 
GGA GAA; reverse: AGC CCA GGA TGC CCT TTA GT) 
were synthesized by Gene Create (Wuhan, China). Rela-
tive expression levels were calculated using the ΔΔCT 
method and normalized to GAPDH expression. All 
experiments were conducted in triplicate.

Western blotting
ASMCs were cultured in 6-well plates at a density of 
4 × 105 cells per well. After 24 h, CBL0137 (0, 0.5, 1, 1.5, 
2, or 2.5 μM) was added, and the cells were incubated for 
48 h. Total protein was extracted using RIPA lysis buffer 
and quantified with a BCA protein assay kit. Proteins 
were separated via SDS-PAGE, transferred onto PVDF 
membranes, and blocked with 5% nonfat milk at room 
temperature. Membranes were incubated with primary 
antibodies against Cyclin B1, Cdc2, Bc1-2, Caspase-3 
(1:500; Santa Cruz Biotechnology), GAPDH, and Tubulin 
(1:10,000; Affinity Biosciences) for 1 h. Following washes 
with TBST, membranes were incubated with goat anti-
mouse IgG secondary antibody (1:5000; ZSGB-BIO) for 2 
h. Signals were developed using an ECL reagent, and pro-
tein levels were quantified using ImageJ software. Experi-
ments were conducted in triplicate.

Statistical analysis
All experiments were performed in triplicate, and the 
data are presented as the means ± standard deviations 
(SDs). A one-way analysis of variance (ANOVA) was 
conducted for multiple group comparisons using Graph-
Pad Prism 8. Statistical significance was set at p < 0.05 
(*p < 0.05; **p < 0.01), indicating significant differences 
between groups. Data were imported into GraphPad 
Prism 8, which was used for both statistical analysis and 
graph generation.

Results
CBL0137 reduces airway resistance in asthmatic mice
An asthma mouse model was successfully established 
(Fig. 1A). Compared with the blank control group, asth-
matic mice exhibited reduced locomotion, increased 
irritability, and a significantly higher frequency of nasal 
touches during the resting state. Pronounced thoracic 
fibrillation was observed during upright respiration, 
accompanied by audible forced breathing sounds. His-
tological analysis of H&E-stained lung tissue revealed 
substantial inflammatory cell infiltration in the alveoli, 
bronchial lumen, walls, and surrounding vasculature 
of the OVA group mice. Additionally, these mice exhib-
ited increased bronchial mucosal folding and thickened 
smooth muscle layers (Fig. 1B), confirming the successful 
induction of asthma.

Pulmonary function tests were conducted to assess air-
way resistance in asthmatic mice, which were nebulized 
with acetylcholine at concentrations of 0, 3.125, 6.25, 
12.5, 25, and 50 mg/mL. Real-time monitoring using 
a lung function meter revealed that airway resistance 
increased with acetylcholine concentration in all groups 
(Fig. 1C). At acetylcholine concentrations ≥ 6.25 mg/mL, 
airway resistance in the OVA and treatment groups was 
significantly higher than that in the blank control group 
(p < 0.05). Notably, airway resistance in the CBL0137-
treated groups was lower than that in the OVA group. 
While no significant differences were observed among 
the three treatment groups at 6.25 mg/mL, at concentra-
tions ≥ 12.5 mg/mL, airway resistance in the CBL0137 
low-dose group (15 mg/kg) was significantly higher than 
that in the CBL0137 high-dose group (30 mg/kg) and the 
budesonide group (p < 0.05). However, no significant dif-
ference was noted between the CBL0137 high-dose and 
budesonide groups.

CBL0137 inhibits airway remodeling in asthma
Lung function analysis indicated that CBL0137 effec-
tively reduced airway resistance in asthmatic mice. To 
elucidate the underlying mechanism of this reduction, 
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we investigated key factors related to airway remode-
ling: increased mucus secretion from the airway epithe-
lium, interstitial fibrin deposition, and thickening of the 
ASM layer.

Periodic acid–Schiff staining was performed on 
lung tissue sections from the experimental groups 
(Fig.  2A). Scoring was conducted according to estab-
lished criteria: the blank control group scored 0 or 1, 
the OVA-induced asthma group scored 3 or 4, and 

Fig. 2 CBL0137 inhibits airway remodeling in asthma. A PAS staining of mouse lung tissue sections at 200 × and 400 × magnifications. B Statistical 
analysis of PAS staining scores (*model group vs. blank control group: ##p < 0.01; low-dose CBL group vs. modeling group: **p < 0.01; high-dose 
CBL group vs. modeling group: *p < 0.05; BD group vs. modeling group: *p < 0.05). C Masson’s trichrome staining of mouse lung tissue sections 
at 200 × and 400 × magnifications. D Statistical analysis of collagen fiber deposition area (model group vs. blank control group: ##p < 0.05; low-dose 
CBL group vs. model group: **p < 0.01; high-dose CBL group vs. model group: **p < 0.01; BD group vs. model group: *p < 0.05). E H&E staining 
and α-SMA immunofluorescence staining of mouse lung tissue sections at 200 × and 400 × magnifications. F Statistical analysis of mean α-SMA 
immunofluorescence intensity (*model group vs. blank control group: ##p < 0.01; low-dose CBL group vs. model group: **p < 0.01; high-dose CBL 
group vs. model group: **p < 0.01; BD group vs. model group: *p < 0.01)
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the medicated group scored 1 or 2. The asthma model 
group displayed significantly increased blue-purple 
staining in the airway epithelium compared with the 
blank control group, indicating elevated mucus secre-
tion. In contrast, the medicated groups exhibited 
reduced staining compared with the OVA group, with 
no significant differences observed between these 
groups and the blank control group. Additionally, no 
statistically significant differences were found in pair-
wise comparisons among the three medicated groups 
(Fig. 2B).

Masson’s trichrome staining was used to assess col-
lagen fiber deposition in the lung tissue (Fig. 2C). The 
asthma model group showed substantial collagen depo-
sition in the endothelial basal layer of the airways and 
the paratracheal alveolar tissue compared with the 
blank control group. Treatment with CBL0137 sig-
nificantly reduced collagen deposition in all medicated 
groups relative to the asthma model group, although 
collagen levels remained higher than those in the blank 
control group. No significant differences were detected 
in pairwise comparisons among the medicated groups 
(Fig. 2D).

Hematoxylin and eosin staining, along with α-smooth 
muscle actin (α-SMA) immunofluorescence stain-
ing, was employed to evaluate ASM layer thickening 
(Fig.  2E). H&E staining revealed a pronounced thick-
ening of the ASM layer in the asthma model group 
compared to the blank control group. Higher magnifi-
cation showed proliferation and hypertrophy of smooth 
muscle cells, elongated nuclei, and stacked layers of 
thickened smooth muscle around the airways. α-SMA 
staining confirmed a significant increase in fluores-
cence intensity, indicating elevated α-SMA expression 
in the asthma model group. However, treatment with 
CBL0137 led to reduced smooth muscle layer thick-
ness and α-SMA fluorescence intensity in all medicated 
groups compared to the asthma model group. Notably, 
no significant differences were observed between the 
CBL0137 treatment group and the BD treatment group 
in terms of smooth muscle thickness or α-SMA expres-
sion (Fig. 2F).

To further investigate the potential effects of 
CBL0137 on airway remodeling, we measured the levels 
of asthma-associated inflammatory factors, including 
interleukins (IL-4, IL-5, and IL-13), immunoglobulin 
E (IgE), and immunoglobulin G (IgG), in serum and 
bronchoalveolar lavage fluid using enzyme-linked 
immunosorbent assay (ELISA) kits. The results showed 
that CBL0137 significantly inhibited the expression of 
these inflammatory markers, suggesting its potential to 
mitigate airway remodeling by reducing inflammation 
(Supporting Information Fig. 1A,B).

CBL0137 inhibits airway smooth muscle cell proliferation
The study demonstrated that CBL0137 effectively inhib-
ited airway smooth muscle layer thickening in asthmatic 
mice, suggesting that it may suppress airway smooth 
muscle cell (ASMC) proliferation. Immunostaining con-
firmed that the purity of rat primary ASMCs was nearly 
100% (Fig. 3A). The effect of CBL0137 on ASMC viabil-
ity was assessed using a CCK-8 assay. Results showed 
a dose- and time-dependent inhibition of cell viability 
(Fig. 3B), indicating a substantial role of CBL0137 in sup-
pressing ASMC activity. To assess the inhibitory effect 
of CBL0137 on the proliferation of ASMCs, an EdU 
assay was performed. The results demonstrated a dose-
dependent inhibition of cell proliferation by CBL0137 
(Fig. 3C,D), indicating its potent anti-proliferative effect 
on ASMCs.

Since cell proliferation is tightly regulated by the cell 
cycle, we next investigated the effects of CBL0137 on cell 
cycle progression using flow cytometry. ASMCs were 
treated with varying concentrations of CBL0137 (0, 0.5, 1, 
1.5, 2, 2.5, and 3 μM) for 48 h, and cell cycle distribution 
was analyzed. The results revealed significant changes in 
the cell cycle following CBL0137 treatment. Specifically, 
the proportion of cells in the G1 phase decreased, while 
the proportions in the S and G2/M phases increased in a 
concentration-dependent manner at concentrations ≥ 1.5 
μM. These changes were statistically significant (p < 0.05; 
Fig. 3E and F).

The cell cycle is governed by a series of cyclins and 
cyclin-dependent kinases (CDKs). As expected, CBL0137 
treatment led to a significant reduction in the mRNA lev-
els of Cyclin B1 at concentrations ≥ 1 μM, with a corre-
sponding decrease in Cyclin B1 protein levels observed 
at ≥ 1.5 μM (p < 0.05, Fig. 3G). Additionally, both mRNA 
and protein levels of Cdc2 decreased in a dose-depend-
ent manner at concentrations ≥ 1 μM compared with the 
untreated group (p < 0.05; Fig. 3H).

CBL0137 promotes apoptosis in rat ASMCs
In addition to regulating cell proliferation, apoptosis 
plays a crucial role in maintaining the balance of ASMC 
numbers. To evaluate the effect of CBL0137 on apop-
tosis in ASMCs, flow cytometry was performed. The 
results (Fig. 4A) indicated that both early and late apop-
tosis rates increased with escalating drug concentrations. 
Notably, the late apoptosis rate was significantly higher 
at CBL0137 concentrations of 2 μM or greater (p < 0.01; 
Fig. 4B).

To further investigate the effects of CBL0137 on apop-
tosis-related proteins, Bcl-2 and Caspase-3 mRNA and 
protein expression were measured by qPCR and Western 
blot, respectively. At a concentration of 1 μM CBL0137, 
both Bcl-2 mRNA and protein expression significantly 
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decreased (p < 0.05; Fig. 4C). Correspondingly, caspase-3 
mRNA expression gradually increased, and Western blot 
analysis revealed a significant reduction in Pro-Caspase-3 
protein expression at a concentration of 2.5 μM (p < 0.05; 
Fig. 4D).

Discussion
Asthma is a chronic respiratory condition [17], and cur-
rent treatments primarily focus on controlling inflam-
mation [18, 19]. However, these interventions fail to fully 
restore lung function or halt disease progression, sug-
gesting that additional factors are involved. One criti-
cal pathological feature in individuals with recurrent, 

chronic asthma is airway remodeling, which plays a role 
as significant as inflammation in the disease’s pathogen-
esis [20]. Pathological changes associated with airway 
remodeling include epithelial hyperplasia of airway astro-
cytes with dysregulated secretion, collagen fiber deposi-
tion, and transformation of the subepithelial basement 
membrane and periapical alveolar tissue. Additionally, 
ASM proliferation and contraction, extracellular matrix 
deposition, and an increase in blood vessel number con-
tribute to airway remodeling [21, 22]. These changes lead 
to airway hyperresponsiveness, airway obstruction, air-
flow limitation, and a progressive decline in lung function 
in asthma patients. As such, targeting inflammation alone 

Fig. 3 CBL0137 inhibits airway smooth muscle cell proliferation. A Immunofluorescence staining of rat ASMCs. B Cell viability in rat ASMCs 
treated with various concentrations of CBL0137 (0, 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2 μM) for 24, 48, and 72 h, measured using the CCK-8 assay. Statistical 
significance is denoted as *p < 0.05, **p < 0.01 compared with the control group. C Proliferation of rat ASMCs after treatment with CBL0137 (0, 0.1, 0.2, 
0.4, or 0.8 μM) for 24, 48, or 72 h, measured via the EdU cell proliferation assay. D Comparison of the proliferating cell numbers between the treated 
and nontreated groups. *p < 0.05, **p < 0.01. E Flow cytometric analysis of cell cycle distribution in rat ASMCs treated with CBL0137 (0, 0.5, 1, 1.5, 2, 
2.5, or 3 μM) for 48 h. F Statistical analysis of cell cycle distribution, showing the proportions of cells in G1, S, and G2/M phases. *p < 0.05, **p < 0.01 
compared with the nontreated group. G Changes in Cyclin B1 transcription and protein expression in rat ASMCs following treatment with CBL0137 
(0, 0.5, 1, 1.5, 2, or 2.5 μM) for 48 h, assessed by qPCR and Western blot. *p < 0.05, **p < 0.01 compared with the control group. H Changes in Cdc2 
transcription and protein expression under the same treatment conditions
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is insufficient for optimal clinical management. Studies 
have shown that glucocorticoids and certain anti-inflam-
matory drugs reduce inflammation and improve mild 
to moderate asthma. However, the effects of inhaled or 
oral glucocorticoids on airway remodeling have not been 
conclusively demonstrated, with several reports showing 
conflicting results for inhaled glucocorticoids [23–25]. 
ASMCs play a central role in airway remodeling by con-
trolling muscle tone, regulating airway lumen opening, 
and contributing to various pathological changes. These 
cells are key therapeutic targets, as they are involved in 
airway hyperresponsiveness, inflammation, and remod-
eling, which affect asthma progression [26]. CBL0137, 
a histone FACT inhibitor, has been shown to inhibit the 
proliferation and promote apoptosis in a range of tumor 
cells, significantly reducing tumor growth [10, 11]. How-
ever, its effects on ASMCs have not been previously 
reported. If CBL0137 can inhibit ASMC proliferation 
during airway remodeling, it could be beneficial for treat-
ing airway remodeling.

Histological examination using H&E staining revealed 
significant inflammatory infiltration, endothelial 

hyperplasia in bronchioles, and smooth muscle layer 
thickening in the airways, confirming the success of 
the asthma model and allowing for subsequent experi-
mentation. Lung function tests indicated that as ace-
tylcholine concentration increased, airway resistance 
slightly increased in the blank control group, with the 
most pronounced increase observed in the OVA model 
group, while other conditions remained unchanged. In 
the asthma model treated with CBL0137 and budeson-
ide, airway resistance was lower than the model group. 
However, the low-dose (15 mg/kg) CBL0137 group had 
greater airway resistance than the high-dose (30 mg/
kg) CBL0137 group or the budesonide-treated group, 
with no significant difference between the high-dose 
CBL0137 group and the budesonide group. Lung func-
tion tests are the gold standard for diagnosing chronic 
airway respiratory diseases [27, 27], commonly used for 
asthma evaluation. Several parameters in these tests 
reflect asthma onset and severity, guiding medication 
usage [28]. Increased airway resistance suggests airway 
hyperresponsiveness [29], and our results suggest that 

Fig. 4 CBL0137 promotes apoptosis in rat ASMCs. A After treatment with CBL0137 (0, 0.5, 1, 1.5, 2, 2.5, or 3 μM) for 48 h, the proportion of apoptotic 
ASMCs was assessed using flow cytometry. B Statistical analysis of the proportion of late apoptotic cells. Data were compared with the nontreated 
group (*p < 0.05, **p < 0.01). C The expression levels of Bcl-2 mRNA and protein were evaluated in rat ASMCs treated with varying concentrations 
of CBL0137 (0, 0.5, 1, 1.5, 2, or 2.5 μM) for 48 h (*p < 0.05, **p < 0.01). D The expression of Caspase-3 mRNA and Pro-Caspase-3 protein was measured 
after identical treatment conditions (*p < 0.05, **p < 0.01)
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CBL0137 may alleviate airway hyperresponsiveness in 
asthmatic mice.

PAS staining showed increased astrocyte numbers 
[30], which are typically limited in the respiratory epi-
thelium but rapidly proliferate during allergen exposure 
or inflammation, leading to excess mucus secretion [31]. 
In comparison to the blank control group, PAS scores in 
the asthma model treated with CBL0137 and budesonide 
showed a significant increase in airway epithelial astro-
cytes. Additionally, both treatments strongly increased 
collagen fiber deposition, which, when accumulated in 
lung interstitium, reduces lung elasticity, increases inspir-
atory resistance, and diminishes ventilation [32, 33]. In 
this study, collagen fiber deposition was notably higher in 
the asthma model than the control group, but treatment 
with CBL0137 and budesonide reduced this deposition. 
Despite this reduction, collagen fibers still accumu-
lated in the asthma model, with no significant difference 
between the three treatment groups. H&E staining also 
showed that the smooth muscle layer of the airways was 
thicker in the OVA model than in the control group, sug-
gesting ASM hyperplasia. α-SMA immunofluorescence 
staining revealed significantly higher α-SMA fluorescence 
intensity in the asthma model than in the control group 
[34]. However, the fluorescence intensity of α-SMA in 
the three treatment groups was lower than in the asthma 
model group, with no significant differences among the 
treatment groups. Airway remodeling is characterized 
by epithelial cell damage, increased mucus secretion, and 
increased ASM mass [35]. These results, together with 
H&E, PAS, Masson’s trichrome, and α-SMA immuno-
fluorescence staining, suggest that CBL0137 mitigates 
airway remodeling similarly to budesonide, with no sig-
nificant difference between high- and low-dose CBL0137 
treatments. Notably, lung histopathology indicated that 
both CBL0137 and budesonide treatments resulted in 
similar pathological indices to the control group, but lung 
function tests showed that airway resistance did not fully 
normalize, implying that additional etiological factors 
contribute to airway hyperresponsiveness beyond those 
involved in airway remodeling.

To explore the mechanism by which CBL0137 inhibits 
airway smooth muscle (ASM) proliferation, ASMCs were 
isolated from the lung bronchioles of SD rats. Immuno-
fluorescence staining for α-SMA and light microscopy 
confirmed the high purity of the isolated ASMCs.

To evaluate the effect of CBL0137 on rat ASMCs, we 
initially conducted CCK-8 assays. These assays revealed 
that increasing concentrations and prolonged exposure 
to CBL0137 significantly reduced cell viability, indicating 
cytotoxicity to rat ASMCs. Given its known inhibitory 
effect on cell proliferation in cancer models, we further 
examined the impact of CBL0137 on ASMC proliferation 

using an EdU assay. The results showed a concentration- 
and time-dependent decrease in proliferation, with negli-
gible proliferation at 0.8 μM.

Cell proliferation is regulated by the cell cycle, which is 
controlled by cyclins and CDKs [36]. Disruption of nor-
mal cell cycle regulation can impair proliferation, lead-
ing to reduced or arrested cell growth [37]. CBL0137 
has been reported to block the cell cycle of aggressive 
B-cell non-Hodgkin lymphoma (B-NHL) cells at the S 
phase via the c-MYC/p53/p21 pathway, thereby inhibit-
ing proliferation [38, 39]. In this study, flow cytometry 
revealed that CBL0137 treatment decreased the propor-
tion of G1-phase cells while increasing the percentages 
of S- and G2/M-phase cells after 48 h of exposure to 1.5 
μM of the drug (p < 0.05). These findings suggest that 
CBL0137 arrests the cell cycle at the S and G2/M phases, 
potentially by modulating cyclins involved in these stages 
[39]. These findings suggest that CBL0137 arrests the cell 
cycle at the S and G2/M phases, potentially by modulat-
ing cyclins involved in these stages [40]. To investigate 
this further, we measured the expression of Cyclin-B1 
and Cdc2, key regulators of the G2/M phase, using qPCR 
and Western blotting. CBL0137 significantly decreased 
both the mRNA and protein levels of Cyclin-B1 and Cdc2 
(p < 0.05).

In addition to inhibiting ASMC proliferation, CBL0137 
promoted apoptosis. Flow cytometry showed a marked 
increase in late apoptosis when ASMCs were treated with 
CBL0137 at concentrations of 2 μM or higher. Apopto-
sis is controlled by two main pathways: intrinsic (regu-
lated by Bcl-2 family proteins) and extrinsic (mediated by 
tumor necrosis factor (TNF) death receptors). Both path-
ways converge on the activation of the caspase protease 
family, resulting in characteristic apoptotic features [41]. 
Bcl-2, an apoptosis inhibitor, prevents mitochondrial 
cytochrome C release and inhibits caspase activation 
[42, 43]. We assessed Bcl-2 and Caspase-3 expression 
via qPCR and Western blotting. CBL0137 inhibited both 
mRNA and protein levels of Bcl-2 at concentrations ≥ 1 
μM, while it only increased Caspase-3 mRNA expression 
under the same conditions. At 2.5 μM, Pro-Caspase-3 
protein levels were significantly reduced (p < 0.05).

Conclusions
In conclusion, CBL0137 alleviates asthmatic airway 
remodeling and reduces airway resistance by inhibit-
ing airway epithelial astrocyte proliferation, decreasing 
collagen fiber deposition in lung parenchyma, and pre-
venting thickening of the ASM layer. The mechanisms 
underlying the inhibition of airway smooth muscle 
thickening include the suppression of ASMC prolifera-
tion and the promotion of ASMC apoptosis. The inhi-
bition of proliferation occurs through downregulation 
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of Cyclin-B1 and Cdc2 expression and cell cycle arrest 
at the G2/M phase, while apoptosis is promoted via 
downregulation of Bcl-2 and upregulation of Caspase-3 
(Fig. 5).
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