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Oxymatrine attenuates pulmonary fibrosis via
APE1-mediated regulation of the PINK1/Parkin pathway
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Abstract. Pulmonary fibrosis (PF) is a chronic, progressive
lung disease characterized by impaired gas exchange and
respiratory difficulties, which can ultimately lead to respiratory
failure and mortality. The present study explored the therapeutic
effects and underlying mechanisms of oxymatrine (OMT) in
an 8-week-old C57BL/6 mouse model of bleomycin-induced
PF. The results demonstrated that OMT alleviated lung
tissue damage, inflammation and collagen deposition, while
promoting autophagy and restoring mitochondrial function.
OMT achieved these effects by upregulating apurinic/apyrimi-
dinic endonuclease-1 (APEI) and activating the PTEN-induced
kinase 1 (PINK1)/Parkin pathway, both of which are key for
mitochondrial autophagy. Furthermore, Lewis lung carcinoma
mouse lung cancer cells were transduced with an adeno-
associated virus containing small interfering RNA APE] and a
negative control, and the silencing efficiency was validated by
reverse transcription-quantitative PCR and western blotting.
The results revealed a significant reduction in APE1 expres-
sion in the APEI knockdown group compared with that in the
negative control knockdown group. Immunohistochemistry
and immunofluorescence confirmed that OMT increased the
expression of APE1, PINK1 and Parkin while reducing markers
of fibrosis, such as a-smooth muscle actin and collagen type I
o 1. However, silencing APEI or inhibiting mitochondrial
autophagy with mitochondrial division inhibitor-1 reversed the
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beneficial effects of OMT, suggesting a key role for APEI and
the PINK1/Parkin pathway in its mechanism of action. These
findings provide insights into the antifibrotic potential of OMT
and highlight its potential as a basis for the development of
new therapies for PF.

Introduction

Pulmonary fibrosis (PF) is a chronic, progressive lung disease
of the pulmonary interstitium, characterized by continuous
damage that leads to impaired gas exchange and breathing
difficulties, ultimately resulting in respiratory failure and
mortality (1). The etiology of PF is multifactorial, including
allergens, chemicals, radiation and particulates (2). A previous
epidemiological study indicated that idiopathic PF (IPF)
is the fastest progressing and most lethal type of all fibrotic
diseases, with a median survival time of 3.5 years for affected
patients (3). Acute exacerbation is a notable concern in patients
with progressive PF, leading to poor survival outcomes, with
an increased risk of mortality following acute exacerba-
tion (4). Additionally, a meta-analysis has highlighted the high
incidence of acute exacerbations in patients with IPF, particu-
larly within the first 2-3 years of diagnosis (5). Furthermore,
although inhaled corticosteroids have been studied in chronic
airway diseases, their use has been associated with an
increased risk of IPF, particularly at higher doses (6). Current
treatment modalities include antifibrotic drugs such as pirfeni-
done and nintedanib, which can only slow disease progression
and cannot reverse the established fibrosis (7). In PF, inflam-
matory cytokines produced by lung epithelial cells can trigger
the transformation of fibroblasts into myofibroblasts, leading
to excessive production and deposition of collagen at sites
of lung injury, a pathophysiological outcome of chronic lung
damage (8). These changes are associated with oxidative stress
and inflammatory processes (9,10). During these processes,
cells must effectively respond to DNA damage and cellular
stress, where apurinic/apyrimidinic endonuclease-1 (APE1),
a multifunctional protein, serves a key role in DNA repair
and cellular stress response regulation (11). APEI is not only
involved in base excision repair of DNA but also regulates
various transcription factors through its redox activity, influ-
encing inflammation and cellular stress responses. Studies
have revealed that increased APEI expression in non-small
cell lung cancer promotes disease progression (12), as
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demonstrated by its association with poor prognosis and tumor
growth (13,14). However, the expression and role of APE] in
PF remain unclear.

Oxymatrine (OMT), the main active component of the
traditional Chinese medicine Sophora flavescens, is known for
its antitumor, antiviral and anti-inflammatory properties (15).
A study demonstrated that OMT effectively protects against
organ damage and disease progression, including in the brain,
heart, liver, kidney and gastrointestinal tract, by regulating
inflammation, oxidative stress, apoptosis and fibrosis (16).
Feng et al (17) revealed that OMT, by activating the
PI3K/AKT signaling pathway, can alleviate TGF-f31-mediated
mitochondrial apoptosis in alveolar epithelial cells, thereby
demonstrating potential protective effects in the treatment
of PF. In recent years, increasing attention has been paid to
the role of mitochondrial function in PF therapy (18-20).
Methods that promote mitochondrial biogenesis and transfer
have been revealed to restore mitochondrial homeostasis and
mitophagy in experimental models, effectively slowing the
progression of PF (21). In lung diseases, the PTEN-induced
kinase 1 (PINK1)/Parkin pathway influences mitophagy, mito-
chondrial biogenesis and dynamic equilibrium by regulating
mitochondrial quality, serving a key role in the development
of respiratory-related diseases, such as chronic obstructive
pulmonary disease, lung cancer and IPF (22). Liang et al (23)
revealed that OMT exerts its anticancer activity by inhibiting
leucine-rich pentatricopeptide repeat-containing protein,
promoting Parkin mitochondrial translocation and activating
mitophagy. To the best of our knowledge, it has not yet been
reported whether OMT exerts its therapeutic effects on
PF through PINK1/Parkin pathway-mediated mitophagy.
Therefore, the present study aimed to investigate the effects of
OMT on the APEI and PINK1/Parkin pathways in an animal
model of PF, which is important for further elucidating the
therapeutic targets and pharmacological mechanisms of OMT
in PF.

Materials and methods

Ethics approval. All animal experiments carried out in the
present study were approved by the Ethics Committee of
Hainan General Hospital [approval no. Med-Eth-Re (2024)718;
Haikou, China]. All experimental procedures were conducted
in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals (24) and adhered
to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines (25) to ensure rigorous and transparent
reporting of animal research.

Experimental design. Male C57BL/6 mice (age, 8 weeks;
weight, 20-25 g) were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. A total of 42 mice were used
in the present study. The experimental mice were housed in a
standard animal facility at 22-24°C and a humidity of 50-60%,
under a 12-h light/dark cycle, and with ad libitum access to
food and water. After 1 week of acclimation, the C57BL/6
mice were randomly divided into seven groups based on body
weight and identification numbers (n=6 mice/group). OMT
(cat. no. SM4048; Beyotime Institute of Biotechnology) was
prepared by dissolving 3 mg OMT in 1.13 ml DMSO to obtain

a 10 mM OMT solution. Bleomycin (cat. no. ST1450; Beyotime
Institute of Biotechnology) was prepared by dissolving bleo-
mycin indeionized water to a concentration of 20 mg/ml for later
use. Mice were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital (35 mg/kg) for 10-15 min. The limbs and
head were secured, and under direct visualization using a head-
lamp, an epidural catheter with a connector was inserted into
the trachea. Subsequently, 0.25 ml of 0.4% bleomycin solution
(5 mg/kg) was administered intratracheally, while the normal
group received an equal volume of normal saline. Immediately
after the injection, the animals were rotated upright to ensure
uniform distribution of the agent within the lungs (26). Based
on previous studies demonstrating the efficacy of OMT in
various animal models of pulmonary diseases (27,28), the
doses of 10 and 40 mg/kg were selected for the present study.
The OMT treatment groups (OMT) received OMT solutions
at doses of 10 and 40 mg/kg daily via gavage for 21 days. The
N-acetylcysteine-treated group (NAC), serving as the posi-
tive control, received NAC (cat. no. A7250; MilliporeSigma)
at a dose of 150 mg/kg daily via intraperitoneal injection for
21 days following model induction. The APE! (GenBank ID,
NM_009687.2) silencing treatment group (OMT + KD-APET)
received a tail vein injection of 1x10'" vector genomes of
adeno-associated virus (AAV) containing small interfering
RNA (siRNA) APEI (AAV-siAPE]) containing the siRNA
sequence: Sense: 5-CGGGTGATTGTGGCTGAATTT-3' and
antisense: 5"AAATTCAGCCACAATCACCCG-3' (Shanghai
GeneChem Co., Ltd.). The mitophagy inhibitor mitochondrial
division inhibitor (mdivi)-1 treatment group (OMT + mdivi-1)
was administered mdivi-1 (cat. no. M0199; MilliporeSigma)
at a dose of 10 mg/kg via gavage twice weekly. On day 21,
the mice were euthanized by intraperitoneal injection of an
overdose of sodium pentobarbital (100 mg/kg), and death was
verified by cessation of heartbeat and respiration (29). The
average time under anesthesia before euthanasia was 5-7 min.
Animal health and behavior were monitored daily throughout
the experiment for signs of distress, abnormal posture, reduced
activity, fur condition and body weight. Lung tissues from each
mouse (six tissues per group) were collected for subsequent
analyses.

H&E staining. Immediately after harvesting the lung tissues
from the mice, the tissues were fixed in 10% neutral formalin
for 24 h at room temperature. Post-fixation, the tissues were
dehydrated using a graded ethanol series (80, 90, 95 and 100%)
for 2 h each, followed by clearing with xylene. The tissues were
then embedded in paraffin using a heated paraffin embedding
system at 60-65°C (cat. no. G1150H; Leica Biosystems). Once
the paraffin had solidified, tissue sections were cut at a thick-
ness of 4 ym using a paraffin microtome (cat. no. RM2235;
Leica Biosystems) and floated on a water bath at 40-45°C. The
sections were then mounted onto slides and dried on a slide
warmer at 60-65°C (cat. no. HI1220; Leica Biosystems) for
15 min. Following deparaffinization in xylene at room temper-
ature and rehydration through a graded ethanol series to water,
the sections were washed with distilled water. The nuclei were
stained with Harris hematoxylin (cat. no. MD911477; MDL) for
5 min at room temperature, differentiated with 1% hydrochloric
acid alcohol and then blued with 0.6% ammonia water for
2 min at room temperature. The cytoplasm was counterstained
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with eosin for 3 min at room temperature. Finally, the sections
were dehydrated through 95% and absolute ethanol, cleared in
xylene and mounted with neutral balsam (cat. no. MD911683;
MDL). The stained sections were then examined and analyzed
under a light microscope (Leica DMS500; Leica Microsystems
GmbH). Alveolitis and inflammation were semi-quantitatively
assessed as the lung injury score, graded on a scale of 0 to
3 according to the Szapiel scoring system (30), as follows: O,
normal; 1, mild; 2, moderate; and 3, severe. For each mouse,
three sections were examined, and 10 random fields per section
were evaluated under a light microscope in a blinded manner.
The median score was calculated and used for statistical
analysis.

Masson's trichrome staining. Paraffin-embedded tissue
sections were deparaffinized and rehydrated using standard
protocols (31), and then subjected to Masson's trichrome
staining according to the instructions provided with the
Masson staining kit (cat. no. C0189M; Beyotime Institute of
Biotechnology). The sections were first stained with Weigert's
iron hematoxylin for 5 min at room temperature, followed
by differentiation with acidic ethanol and then rinsed with
water. The sections were subsequently blued with Masson
bluing solution. Next, the sections were stained with Biebrich
scarlet-acid fuchsin solution for 10 min at room temperature,
followed by washing with phosphomolybdic acid solution for
2 min and staining with aniline blue solution for 2 min at room
temperature. After each staining step, the sections were rinsed
with a weak acid working solution (distilled water: weak acid
solution, 2:1) for 1 min. Following rapid dehydration with
95% ethanol, the sections were cleared in xylene three times,
each for 2 min and finally mounted with neutral balsam. The
stained sections were then examined and analyzed under a
light microscope (Leica DM500; Leica Microsystems GmbH).

TUNEL staining. TUNEL staining was carried out using a
commercial kit (cat. no. 11684817910; Roche Diagnostics)
according to the manufacturer's instructions. After deparaf-
finization and hydration, the sections were treated with
proteinase K (20 pg/ml) at room temperature for 15 min.
The sections were then washed with PBS and incubated with
the TUNEL reaction mixture at 37°C for 1 h. Subsequently,
the sections were developed using a DAB staining kit
(cat. no. ZLI-9017; Beijing Zhongshan Jingiao Biotechnology
Co., Ltd.). The stained sections were observed in five fields
of view under a light microscope (Leica DM500; Leica
Microsystems GmbH).

Immunohistochemistry. In the immunohistochemistry experi-
ments, paraffin-embedded tissue sections were heated at 60°C
for 1 h, followed by deparaffinization in xylene (xylene I for
10 min; xylene II for 10 min) at room temperature, rehydration
through a graded ethanol series (100% ethanol for 3 min; 95%
ethanol for 3 min; 85% ethanol for 3 min and 75% ethanol for
3 min), and washing with PBS for 3 min. Antigen retrieval was
carried out using 0.1 mol/I citrate buffer (pH 6.0) with micro-
wave heating for 10 min. To quench endogenous peroxidase
activity, the sections were incubated with 3% H,0, at room
temperature for 10 min. Non-specific binding was blocked
by incubating the sections with 5% BSA blocking solution
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(cat. no. C05-06002; Bioss) at room temperature for 30 min.
The sections were then incubated overnight at 4°C with the
following primary antibodies: a-smooth muscle actin (a-SMA;
1:1,500; cat. no. 14395-1-AP; Proteintech Group, Inc.), collagen
type I a 1 (COLlal; 1:5,000; cat. no. 67288-1-Ig Proteintech
Group, Inc.), APE1 (1:2,000; cat. no. ab189474; Abcam),
PINKI1 (1:1,000; cat. no. 23274-1-AP; Proteintech Group,
Inc.) and Parkin (1:500; cat. no. 14060-1-AP; Proteintech
Group, Inc.). The next day, after washing with PBS, the
sections were incubated with a biotinylated secondary anti-
body (1:200; cat. no. BA1000-1.5; Vector Laboratories, Inc.;
Maravai LifeSciences) at room temperature for 1 h and strep-
tavidin-HRP conjugate (cat. no. SAP-9100; Beijing Zhongshan
Jingiao Biotechnology Co., Ltd.) at room temperature for
30 min. The color was developed using a DAB staining kit
(cat. no. ZLI-9017; Beijing Zhongshan Jingiao Biotechnology
Co., Ltd.), and the sections were counterstained with hema-
toxylin. The sections were then dehydrated, cleared in xylene
and mounted with neutral balsam. The stained sections were
then examined and analyzed under a light microscope (Leica
DM500; Leica Microsystems GmbH).

Immunofluorescence. After deparaffinization and rehydra-
tion, sections were subjected to antigen retrieval by heating
in 0.1 mol/l citrate buffer (pH 6.0) in a microwave for 10 min.
Endogenous peroxidase activity was quenched by incubating
the sections with 3% H,O, at room temperature for 10 min.
Subsequently, the sections were blocked with 5% BSA blocking
solution at room temperature for 30 min. The sections were
then incubated overnight at 4°C with the following primary
antibodies: Microtubule-associated proteins 1A/1B light chain
3 (LC-3; 1:200; cat. no. 14600-1-AP; Proteintech Group, Inc.)
and mitochondrial import receptor subunit TOM20 homolog
(TOM20; 1:200; cat. no. 11802-1-AP; Proteintech Group,
Inc.). The next day, after washing with PBS, the sections
were incubated at room temperature for 1 h with Alexa Fluor
488-conjugated (1:500; cat. no. A-11008; Invitrogen, Thermo
Fisher Scientific, Inc.) and Alexa Fluor 594-conjugated (1:500;
cat. no. A-11012; Invitrogen, Thermo Fisher Scientific, Inc.)
secondary antibodies. The sections were then counterstained
with DAPI (cat. no. D9542; MilliporeSigma) for 5 min at room
temperature, washed with PBS and mounted with antifade
mounting medium (cat. no. P36930; Thermo Fisher Scientific,
Inc.). Fluorescence staining results were observed using a
fluorescence microscope (DMi8; Leica Microsystems). Images
were captured with a confocal microscope (Zeiss LSM 880;
Leica Microsystems) to analyze the expression and colocal-
ization of LC-3 and TOM20. Semi-quantitative analysis was
carried out using Imagel software (version 1.53; National
Institutes of Health).

Cell culture and transduction. Lewis lung carcinoma (LLC)
mouse lung cancer cells (cat. no. CL-0140; CVCL_4358;
Wuhan Pricella Biotechnology Co., Ltd.) were cultured in
RPMI-1640 medium (cat. no. 11875-093; Gibco; Thermo
Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (cat. no. 10099-141; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin-streptomycin solution
(cat. no. 15140-122; Gibco; Thermo Fisher Scientific, Inc.)
at 37°C in a humidified incubator with 5% CO,. Ready-to-use
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recombinant lentiviral particles (third-generation system)
encoding an siRNA targeting mouse APE! (KD-APEI,
vector GV493; Shanghai GeneChem Co., Ltd.) which carries
the same siRNA sequence as that used for in vivo AAV
delivery but with a lentiviral backbone optimized for in vitro
transduction, and the matched negative control lentivirus
(NC-KD; Shanghai GeneChem Co., Ltd.) were supplied by
the manufacturer. According to the supplier's documenta-
tion, the lentiviral particles were produced by Shanghai
GeneChem Co., Ltd. using 293T cells by co-transfecting
10 pg GV493-siAPE1, 7.5 ug psPAX2 (packaging) and 2.5 ug
pMD2.G (envelope) per 10 cm dish with Lipofectamine®
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for
6 h. LLC cells were seeded at 3x10° cells/well in 6-well plates
and when they reached ~70% confluence, they were trans-
duced for 24 h at 37°C with KD-APE! or NC-KD lentivirus
at a multiplicity of infection of 100 in the presence of 8 pg/ml
polybrene. After transduction, the medium was replaced
with fresh complete medium. The cells were then incubated
for an additional 48 h before subsequent experiments. For
the generation of stable cell lines, cells were selected with
2 pg/ml puromycin for 5 days and maintained in 1 pug/ml
puromycin. The siRNA sequences were as follows: siAPE],
sense 5'-CGGGTGATTGTGGCTGAATTT-3' and antisense
5'-AAATTCAGCCACAATCACCCG-3"; NC-KD, sense:
5'"TTCTCCGAACGAGTCACGT-3' and antisense: 5'-ACG
TGACTCGTTCGGAGAA-3". The transduction efficiency
was assessed by reverse transcription-quantitative PCR
(RT-gPCR) and western blotting.

RT-qPCR. Total RNA was isolated from transfected LLC
cells using TRIzol® reagent (cat. no. 15596026; Invitrogen;
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. cDNA synthesis was carried out in a
single step at 42°C for 60 min using the PrimeScript™ RT
Reagent Kit (cat. no. 6110A; Takara Bio, Inc.). The cDNA
was then subjected to qPCR amplification with SYBR Green
PCR Master Mix (cat. no. 4367659; Thermo Fisher Scientific,
Inc.) on a StepOnePlus™ Real-Time PCR System (Applied
Biosystems; Thermo Fisher Scientific, Inc). The primers
for APE] amplification were: Forward, 5'-GGGAAGAAC
CCAAGTCGGAG-3' and reverse, 5" TTGCCACTGGGT
GAGGTTTT-3". The expression levels of APE] mRNA was
measured using the following thermocycling conditions:
95°C for 10 min, followed by 40 cycles at 95°C for 15 sec
and 60°C for 1 min, and were normalized to GAPDH as
an internal control, using the following GAPDH primers:
Forward, 5'-TTGCAGTGGCAAAGTGGAGA-3' and
reverse, 5S'-ACTGTGCCGTTGAATTTGCC-3'". The relative
mRNA expression levels of APE] were calculated using the
2-48C method (32). Data were analyzed using StepOnePlus
software (version 2.3; Applied Biosystems; Thermo Fisher
Scientific, Inc.).

Western blotting. Total protein was extracted from lung tissue
and LLC cells using RIPA buffer (cat. no. 89900; Thermo
Fisher Scientific, Inc.) and quantified using the bicincho-
ninic acid assay. Equal amounts of protein samples (50 ug
protein/lane) were separated by SDS-PAGE on 10% poly-
acrylamide gels and transferred onto polyvinylidene difluoride

membranes. The membranes were blocked with 5% non-fat
milk at room temperature for 1 h, followed by incubation with
primary antibodies against APEI (1:1,000; cat. no. ab189474;
Abcam), PINK1 (1:1,000; cat. no. ab216144; Abcam) and
Parkin (1:2,000; cat. no. ab77924; Abcam) overnight at 4°C.
The following day, the membranes were washed with PBS and
incubated with HRP-conjugated goat anti-mouse IgG(H+L)
secondary antibody (1:5,000; cat. no. SAO0001-1; Proteintech
Group, Inc) or goat anti-rabbit IgG (H+L) secondary antibodies
(1:5,000; cat. no. SA00001-2; Proteintech Group, Inc.) at room
temperature for 1 h. Protein bands were visualized using an
ECL reagent (ECL Plus; cat. no. RPN2232; Cytiva). GAPDH
(1:5,000; cat. no. 60004-1-Ig; Proteintech Group, Inc.) was
used as the internal control. Bands were imaged and were
semi-quantified using ImageJ software (version 1.53; National
Institutes of Health).

Statistical analysis. Statistical analysis was carried out
using GraphPad Prism 8 software (Dotmatics). All data are
presented as the mean + standard deviation. Comparisons
between groups were made using one-way ANOVA, followed
by Tukey's post hoc test to determine differences between
individual groups. Lung injury scores are presented as the
median (interquartile range) and were analyzed using the
Kruskal-Wallis test with Dunn's multiple-comparisons post
hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

OMT treatment reverses bleomycin-induced PF. A schematic
diagram illustrating the treatment protocol is shown in Fig. 1A.
H&E staining revealed that the lung tissue in the normal
group had an intact and clear structure (Fig. 1B). The alveolar
walls were thin and continuous with no notable infiltration of
inflammatory cells in the alveoli. By contrast, the lung tissue
of mice in the bleomycin-induced PF model group exhibited
diffuse consolidation, thickened alveolar walls, disrupted
alveolar septa and substantial infiltration of inflammatory cells
in the alveoli, with numerous fibroblasts present in the lung
interstitium. The lung injury score was significantly increased
in the model group compared with that in the normal group
(P<0.001; Fig. 1G). After treatment with 40 mg/kg OMT or
NAGC, the alveolar structure appeared relatively normal, with
thin and continuous alveolar walls and minimal inflamma-
tory infiltration. The lung injury scores were significantly
decreased compared with that in the model group (40 mg/kg:
P<0.05; NAC: P<0.05).

Masson's trichrome staining revealed that the lung tissue
structure in both the normal and OMT groups was clear, with
no marked inflammatory cell infiltration or deposition of
blue collagen fibers (Fig. 1C). In the model group, the lung
tissue structure was disordered, with evident inflammatory
cell infiltration in the lung interstitium and notably increased
deposition of blue collagen fibers. Following treatment with
10 and 40 mg/kg OMT, the subepithelial deposition of blue
collagen fibers was markedly reduced. Quantification analysis
confirmed a significant reduction in collagen deposition in the
10 and 40 mg/kg OMT, and NAC groups compared with that
in the model group (P<0.001, Fig. 1H).
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Figure 1. OMT treatment reverses bleomycin-induced PF. (A) Schematic diagram of the treatment protocol. (B) H&E staining was used to observe and evaluate
lung tissue structure and morphology. (C) Masson's trichrome staining was performed to assess PF. (D) TUNEL staining was used to detect apoptosis. IHC
staining was conducted to detect the expression levels of (E) a-SMA and (F) COLlal.Semi-quantitative analysis of (G) H&E, (H) Masson's, (I) TUNEL, and
IHC staining of (J) a-SMA and (K) COL1al. Scale bar, 100 ym. (G) Data are presented as median and IQR, and statistical significance was analyzed using the
Kruskal-Wallis test. (H-K) Data are presented as the mean + SD, and statistical significance was analyzed using one-way ANOVA; n=6. "P<0.05, "“P<0.001.
The treatment schematic was designed using Figdraw (https://www.figdraw.com/). PF, pulmonary fibrosis; OMT, oxymatrine; NAC, N-acetylcysteine; a-SMA,
a-smooth muscle actin; COL1al, collagen type I a 1; IHC, immunohistochemical.

TUNEL staining demonstrated that, compared with the indicating an increased level of apoptosis (Fig. 1D). After
normal group, the model group had an increased number treatment with 10 and 40 mg/kg OMT, the number of positive
of positive cells (brown), which were widely distributed, cells in the lung tissue was significantly reduced compared
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with that in the model group (P<0.001; Fig. 11I), suggesting
that OMT may help reverse PF through its anti-apoptotic
effects.

A-SMA and COLIlal are specific markers for myofibro-
blasts and fibroblasts, respectively. Positive signals appear as
brown or tan precipitates observable under a microscope (33).
Observation of immunohistochemistry data revealed that,
compared with the normal group, the expression of a-SMA
(brown) and COL1lal (brown) was increased in the lung tissue
of the model group, indicating successful construction of the PF
model (Fig. 1E and F). After treatment with 10 and 40 mg/kg
OMT or NAC, the expression of a-SMA and COLIlal in the
lung tissue was reduced. Semi-quantitative analysis confirmed
that the positive areas of a-SMA and COLlal were signifi-
cantly decreased in the OMT and NAC groups compared
with those in the model group (P<0.001; Fig. 1J and K). These
findings suggested that OMT may have an inhibitory effect on
the progression of PF.

OMT mitigates PF by activating the APEI and PINKI/Parkin
pathways, and promoting autophagy and mitochondrial func-
tion restoration. Transduction efficiency was first assessed in
LLC cells by RT-qPCR and western blotting; compared with
in the NC-KD group, the KD-APE] group exhibited signifi-
cantly reduced expression of APE1 (P<0.001; Fig. 2A and B),
verifying the successful silencing of APEI. Observation of
immunohistochemistry data indicated that the expression of
APEI, PINKI1 and Parkin was reduced in the model group
compared with that in the normal group (Fig. 2C). Treatment
with OMT resulted in an increase in the expression of these
proteins, with the highest levels observed in the 40 mg/kg
group; however, silencing APE] or treating cells with the mito-
chondrial autophagy inhibitor mdivi-1 led to a significant
reduction in the expression levels of APE1, PINK1 and Parkin
compared with those in the 40 mg/kg OMT group (P<0.001;
Fig. 2D-F).

Analysis of western blotting data (Fig. 3A) revealed that
compared with in the normal group, the expression levels of
APE1 (P<0.01; Fig. 3B), PINK1 (P<0.001; Fig. 3C) and Parkin
(P<0.001; Fig. 3D) were significantly decreased in the model
group. By contrast, the expression levels of APEI, PINK1 and
Parkin were significantly increased in the 10 mg/kg OMT,
40 mg/kg OMT and NAC groups compared with those in the
model group (P<0.001). Furthermore, compared with in the
40 mg/kg OMT group, the expression levels of APEI (P<0.01),
PINK1 (P<0.001) and Parkin (P<0.001) were significantly
decreased in both the OMT + KD-APE! and OMT + mdivi-1
groups. Immunofluorescence observation demonstrated
enhanced expression and colocalization of LC-3 and TOM20
in the OMT groups, indicating improved mitochondrial
autophagy (Fig. 3E). The percentage of the yellow fluorescent
colocalization area of LC-3 and TOM20 relative to the entire
field was significantly higher in the 10 and 40 mg/kg OMT
groups compared with that in the model group (P<0.001).
However, in the OMT + KD-APEI and OMT + mdivi-1 groups,
the percentage of the yellow fluorescent colocalization area
was significantly lower compared with in the 40 mg/kg OMT
group (P<0.001; Fig. 3F). These results suggested that OMT
may exert its antifibrotic effects by promoting mitochondrial
autophagy through the APE1 and PINK1/Parkin pathways.

Silencing APEI reverses the antifibrotic effects of OMT
on bleomycin-induced PF. A schematic diagram depicting
the extended treatment protocol including the 40 mg/kg
OMT and KD-APE] intervention group is presented in
Fig. 4A. H&E staining revealed that in the OMT treatment
groups (10 and 40 mg/kg), the alveolar walls were thinner
and more continuous compared with the model group,
with a marked reduction in inflammatory cell infiltration
(Fig. 4B). However, in the OMT + KD-APE] treatment
group, the mice exhibited pathological changes similar
to those in the model group. Semi-quantitative analysis
showed that lung injury score was significantly reduced
by 40 mg/kg OMT or NAC treatment compared with
that in the model group (P<0.05),whereas no significant
difference was observed in the 10 mg/kg OMT group.
Furthermore, the lung injury score was significantly
increased again after APE] knockdown compared with that
in the 40 mg/kg OMT group (P<0.05; Fig. 4G). Masson's
trichrome staining revealed that OMT treatment consider-
ably reduced collagen deposition compared with in the
model group, but in the OMT + KD-APE! group, collagen
deposition increased again, resembling that of the model
group (Fig. 4C and H). TUNEL staining demonstrated that
OMT treatment reduced apoptosis (Fig. 4D), as evidenced
by significantly fewer TUNEL-positive cells in the OMT
treatment groups compared with in the model group
(Fig. 4I). Immunohistochemistry further demonstrated
that the expression of a-SMA and COLlal was lower in
the OMT treatment groups compared with in the model
group (Fig. 4E and F), indicating its potential antifibrotic
effects. However, the OMT + KD-APE! group showed a
significantly increased expression of a-SMA and COLIlal
compared with in the 40 mg/kg OMT group (P<0.001;
Fig. 4] and K), indicating that silencing APE] reversed the
antifibrotic effects of OMT.

Mitochondrial autophagy inhibitor reverses the anti-
fibrotic effects of OMT on bleomycin-induced PF. A
schematic diagram outlining the modified treatment
protocol including the 40 mg/kg OMT and mdivi-1 treat-
ment group is shown in Fig. SA. H&E staining revealed
that the OMT + mdivi-1 treatment group exhibited patho-
logical characteristics similar to the model group, including
consolidation, thickened alveolar walls and disrupted septa
(Fig. 5B). In contrast to the protective effects observed
with OMT treatment alone, mdivi-1 appeared to negate
these benefits. Semi-quantitative analysis showed that the
lung injury score was significantly increased in the OMT +
mdivi-1 group compared with that in the 40 mg/kg OMT
group (P<0.05; Fig. 5G).

Masson's trichrome staining demonstrated that in the
OMT + mdivi-1 treatment group, collagen deposition was
increased, resembling that in the model group (Fig. 5C).
Quantitative analysis confirmed significantly higher
collagen levels in the OMT + mdivi-1 group compared
with in the 40 mg/kg OMT group (P<0.001; Fig. SH).
Additionally, in the OMT + mdivi-1 treatment group, the
number of TUNEL-positive cells (brown) was significantly
increased compared with that in the 40 mg/kg OMT
group (P<0.001; Fig. 5D and I), indicating an increase in
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Figure 2. OMT mitigates PF by activating the APEIl and PINK1/Parkin pathways, and promoting autophagy and mitochondrial function restoration.
(A) RT-qPCR of the relative expression of APEI mRNA following APE] silencing in LLC cells. (B) Western blotting of the relative expression of APEI protein
following APE] silencing in LLC cells. (C) IHC staining of APE1, PINK1 and Parkin expression in the lung tissue of C57BL/6 mice (scale bar, 100 pgm).
Semi-quantitative analysis of (D) APEl, (E) PINK1 and (F) Parkin IHC staining. Data are presented as the mean + SD. Statistical significance was analyzed
using one-way ANOVA. "“P<0.001. OMT, oxymatrine; NAC, N-acetylcysteine; APEI, apurinic/apyrimidinic endonuclease-1; PINK1, PTEN-induced kinase 1;
KD, knockdown; mdivi-1 mitophagy inhibitor mitochondrial division inhibitor-1, RT-qPCR, reverse transcription-quantitative PCR; LC-3, microtubule-

associated proteins 1A/1B light chain 3; TOM20, outer membrane translocase 20; NC, negative control; IHC, immunohistochemical.

apoptosis. Immunohistochemistry results also revealed compared with those in the 40 mg/kg OMT group (P<0.001;
that the expression levels of a-SMA and COLlal were Fig. 5E, F, J and K), indicating that mdivi-1 counteracted
significantly increased in the OMT + mdivi-1 group the effects of OMT.
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Figure 4. Silencing APE] reverses the antifibrotic effects of OMT on bleomycin-induced PF. (A) Schematic diagram of the treatment protocol incorporating
the OMT + KD-APE] intervention group. (B) H&E staining was used to observe and evaluate lung tissue structure and morphology. (C) Masson's trichrome
staining was performed to assess PF. (D) TUNEL staining was used to detect apoptosis. Immunohistochemical staining was conducted to detect the expression
levels of (E) a-SMA and (F) COLlal. Semi-quantitative analysis of (G) H&E, (H) Masson's, (I) TUNEL, and IHC staining of (J) a-SMA and (K) COLlal.
Scale bar, 100 pm. (G) Data are presented as the median and IQR, and statistical significance was analyzed using the Kruskal-Wallis test. (H-K) Data are
presented as the mean + SD, and statistical significance was analyzed using one-way ANOVA; n=6. "P<0.05, ""P<0.001. The treatment schematic was designed
using Figdraw (https://www.figdraw.com/). PF, pulmonary fibrosis; OMT, oxymatrine; NAC, N-acetylcysteine; a-SMA, a-smooth muscle actin; COLlal,
collagen type I a 1; KD, knockdown; APEL, apurinic/apyrimidinic endonuclease-1; IHC, immunohistochemical.

Discussion and collagen deposition, leading to structural destruction and

functional loss of lung tissue. Myofibroblasts carry out a key
PF, a progressive and fatal interstitial lung disease, is char-  role in the pathogenesis of PF by secreting large amounts of
acterized by persistent inflammation of the alveolar walls  extracellular matrix (ECM) proteins, leading to decreased
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Figure 5. Mitochondrial autophagy inhibitors reverse the effects of OMT against bleomycin-induced PF. (A) Schematic diagram of the treatment protocol
incorporating the OMT + mdivi-1 intervention group. (B) H&E staining was used to observe and evaluate lung tissue structure and morphology. (C) Masson's
trichrome staining was performed to assess PF. (D) TUNEL staining was used to detect apoptosis. IHC staining was conducted to detect the expression levels
of (E) a-SMA and (F) COLlal. Semi-quantitative analysis of (G) H&E, (H) Masson's, (I) TUNEL, and IHC staining of (J) a-SMA and (K) COL1al. Scale bar,
100 ym. (G) Data are presented as the median and IQR, and statistical significance was analyzed using the Kruskal-Wallis test. (H-K) Data are presented as

the mean + SD, statistical significance was analyzed using one-way ANOVA; n=6. "P<0.05,

ok

P<0.001. The treatment schematic was designed using Figdraw

(https://www.figdraw.com/). PF, pulmonary fibrosis; OMT, oxymatrine; NAC, N-acetylcysteine; a-SMA, a-smooth muscle actin; COL1al, collagen type I a 1;
KD, knockdown; APE1, apurinic/apyrimidinic endonuclease-1; IHC, immunohistochemical.

lung elasticity and function (33). A-SMA and COLIlal are
indicators of fibroblast activation and ECM deposition, and
are commonly used as biomarkers for detecting PF (34).
Andugulapati et al (35) revealed that fibrosis-related genes

(TGF-B1, a-SMA, Twist-I, SNAIL, COL3A1 and CTGF)
are upregulated in LL29 and diseased (IPF) human lung
fibroblast cells (both lung fibroblasts from patient with IPF).
Bleomycin, an antineoplastic drug, induces PF by promoting
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fibroblast proliferation and increasing ECM production (36).
Increased alveolar septal thickening and excessive alveolar
space collapse, accompanied by fibroblast proliferation, have
previously been observed in a bleomycin-induced PF model,
whereas biochanin-A was shown to reverse this phenom-
enon (35). The present study revealed consistent results using
various types of staining. Additionally, TUNEL staining
revealed an increase in positive cells in the lung tissue of
bleomycin-treated mice, indicating elevated levels of apop-
tosis. OMT, an alkaloid extracted from Sophora flavescens,
has demonstrated potential therapeutic effects in hepatic and
renal fibrotic diseases (37,38). Studies have revealed that OMT
is a natural compound that regulates the autophagy network
in various contexts (39,40). In scar repair research, OMT has
been shown to reduce the activity and collagen metabolism
of human scar fibroblasts by inhibiting autophagy, markedly
downregulating the expression of COL1 and a-SMA (41). In
the present study, OMT treatment reduced the elevated levels
of a-SMA and COLIlal induced by bleomycin and improved
lung injury and tissue apoptosis.

Bleomycin treatment stimulates differentiation, prolif-
eration, ECM production and collagen deposition in lung
tissue through classical pathways such as the PI3K/Akt
signaling pathway (42,43). In the present study, following
bleomycin-induced PF in mice, the expression of PINK1 and
Parkin was significantly decreased and LC-3-labeled autopha-
gosomes were reduced. During mitochondrial damage, PINK1
accumulates on the outer mitochondrial membrane, forming
high molecular weight complexes with the TOM complex.
Subsequently, PINK1 phosphorylates ubiquitin, recruiting
and activating Parkin. This process targets damaged mito-
chondria for autophagosomes, which are then degraded and
recycled by the autophagy mechanisms of the cell (44,45). The

PINK1/Parkin pathway is key for maintaining cellular energy
homeostasis and responding to cellular stress (46). Bleomycin
interferes with this pathway, inhibiting mitophagy and poten-
tially exacerbating PF. OMT treatment significantly enhanced
the expression of PINK1 and Parkin, as detected by western
blotting. However, the antifibrotic effects of OMT were
reversed upon treatment with the mitophagy inhibitor mdivi-1,
suggesting that mitophagy may be an important mechanism
underlying the antifibrotic action of OMT.

APE]1, a multifunctional protein, serves a key role in DNA
repair and transcriptional regulation. Its primary functions
include repairing DNA damage during base excision repair and
regulating transcription factors through redox activity (47).
APE] exerts a protective effect in acute lung injury by inhib-
iting ferroptosis and promoting autophagy through nuclear
factor erythroid 2-related factor 2 regulation. Intervention in
APE]1 activity can considerably alleviate liver injury, reduce
oxidative stress and promote the expression of protective
proteins (48). Furthermore, APEI has a key role in main-
taining mitochondrial function. The absence of APE1 leads to
the accumulation of damaged mitochondrial mRNA, thereby
affecting mitochondrial protein translation and ultimately
reducing mitochondrial respiratory function (11). Li et al (49)
demonstrated that APEl overexpression can enhance
mitophagy, promoting cisplatin resistance in lung cancer cells
through Parkin-dependent mitophagy. Tang et al (50) reported
similar findings, demonstrating that APE1 overexpression
protects against cardiac ischemia/reperfusion injury by
inducing PINK1/Parkin-mediated mitophagy. In the present
study, APEI expression was considerably decreased following
bleomycin-induced PF in mice, whereas OMT treatment mark-
edly enhanced APE1 expression. However, silencing APE] led
to a pronounced decrease in PINK1 and Parkin expression,
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reduced LC-3-labeled autophagosomes and reversed the anti-
fibrotic effects of OMT. The potential mechanistic pathway
is illustrated in Fig. 6. Thus, APE1 may be a key target for
the antifibrotic effects of OMT, exerting a protective effect
against PF by regulating mitochondrial function through the
PINK1/Parkin pathway.

Despite these promising findings, the current study has
several limitations. Firstly, it primarily relies on animal models,
which may not fully recapitulate the pathological mechanisms
and therapeutic responses of human diseases. Moreover, the
dose-response relationship and potential side effects of OMT
require further investigation and validation before clinical
application. Additionally, a negative control group for APE]
silencing was not included in the animal experiments, which
limits the ability to fully exclude potential effects from the
vector used.

In conclusion, the present study not only demonstrated
the efficacy of OMT against bleomycin-induced PF in mice
but also preliminarily revealed its potential mechanism of
action through the APEl-mediated PINK1/Parkin pathway.
Future studies should focus on exploring the clinical applica-
tion potential and safety of OMT, aiming to provide more
therapeutic options for patients with PF.
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