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Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal interstitial lung disease closely
associated with aging, yet the contribution of cellular senescence to fibrotic remodeling and
its therapeutic implications remain incompletely understood. Syringin, a phenylpropanoid
glycoside derived from Acanthopanax senticosus, has been reported to possess anti-inflam-
matory and antioxidant activities, but its role in IPF has not been elucidated. In this study,
bulk lung transcriptomic data from the GTEx project and nine IPF cohorts were integrated
with IPF scRNA-seq data to characterize senescence-associated fibrotic programs. A systems-
level compound prioritization strategy incorporating reversed gene expression scoring, net-
work proximity analysis, drug-likeness and toxicity evaluation was applied to identify candid-
ate molecules. The results revealed a pronounced aging-associated transcriptomic profile in
IPF lungs, with strong concordance between age-related and IPF-related gene programs.
Single-cell analyses further identified senescent fibroblast populations as key cellular hubs
characterized by elevated expression of SASP factors. Syringin was subsequently validated in
TGFB1-stimulated fibroblasts, and a murine model of bleomycin-induced pulmonary fibrosis.
Syringin consistently attenuated fibroblast activation, cellular senescence markers, and pul-
monary fibrosis in vivo and in vitro. Mechanistically, syringin markedly reversed the activa-
tion of replication stress-associated signaling pathways. Molecular docking and CETSA sug-
gested a potential interaction between syringin and CHK1. Furthermore, CHK1 knockdown
partially abrogated the regulatory effects of syringin on the ATR/CHK1-p53 signaling cas-
cade, supporting CHK1 as a functional mediator of syringin activity. Collectively, these find-
ings identify syringin as a natural small molecule with anti-senescent and anti-fibrotic proper-
ties, and may represent a potential therapeutic strategy for IPF.

1. Introduction

new pathological dimensions.
In recent years, cellular senescence has increasingly been re-

Idiopathic pulmonary fibrosis (IPF) is a lethal interstitial lung
disease characterized by progressive, irreversible lung tissue re-
modeling and scarring, witha complex pathogenesis and ex-
tremely poor clinical prognosis *. Although antifibrotic drugs such
as pirfenidone and nintedanib have been approved for clinical
use, their efficacy primarily manifests in slowing the decline of
lung function. They remain unable to reverse established fibrotic
pathological changes, and the median survival of patients re-
mains significantly limited >, This therapeutic bottleneck indic-
ates that existing intervention strategies have yet to effectively
target the core cellular processes and molecular hubs driving the
persistent progression of IPF. There is an urgent need to identify
key mechanisms and therapeutic targets for intervention from
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cognized as an important biological basis for the occurrence and
progression of IPF *. Several studies have demonstrated that lung
tissue from IPF patients commonly exhibits telomere shortening °,
accumulated DNA damage °, upregulation of cell cycle suppress-
or proteins (such as p21 and p16) /, and enhanced senescence-as-
sociated secretory phenotype (SASP) °. These findings suggest
that IPF possesses a distinct molecular phenotype characterized
by accelerated aging. However, existing studies have primarily fo-
cused on phenomenological level descriptions, lacking systemat-
ic evidence to elucidate whether the aging program is positioned
upstream in the IPF disease cascade and directly drives the form-
ation and maintenance of the fibrotic phenotype. Meanwhile, the
relative contributions of different types of lung cells to aging sig-
nals and their functional localization within the disease microen-
vironment remain unclear, which somewhat limits the feasibility
of translating senescence-associated mechanisms to therapeutic
targets.

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fibroblasts are the central effector cells responsible for ab-
normal extracellular matrix deposition and scar formation in IPF °.
Previous studies have demonstrated that IPF pulmonary fibro-
blasts exhibit not only persistent activation but also a character-
istic senescence-like phenotype '’. While their proliferative capa-
city is limited, they continuously secrete multiple pro-fibrotic and
pro-inflammatory factors, thereby sustaining and amplifying the
pathological microenvironment ''. However, the systematic mo-
lecular features of the fibroblast senescence program and its
coupling with classical fibrosis signaling pathways have yet to be
fully resolved.

Based on the aforementioned scientific questions, this study
systematically analyzes the molecular characteristics and cellular
ecology underlying the pulmonary tissue aging program in IPF,
with a particular focus on key regulatory pathways linking fibro-
blast senescence to the fibrotic phenotype. By integrating multi-
cohort transcriptomic data with single-cell sequencing data, this
study systematically identified highly consistent transcriptomic
signatures between IPF and pulmonary aging, confirming fibro-
blasts as the core cell type in which aging programs are abnor-
mally activated. Furthermore, focusing on the drug-targeting po-
tential of the “senescence-fibrosis” coupling mechanism, this
study established a multidimensional screening system for tradi-
tional Chinese medicine small molecules. We identified syringin
as a candidate molecule that simultaneously inhibits both fibro-
blast senescence and fibrosis phenotypes. Mechanistic studies in-
dicate that syringin regulates aging programs associated with
DNA damage response by inhibiting the activity of the ATR/
CHK1-p53 signaling axis, thereby achieving dual intervention in
the pathological state of fibroblasts.

2. Materials and methods

2.1. Public transcriptomic datasets

Bulk transcriptomic profiles of normal human lung tissue
were obtained from the Genotype-Tissue Expression (GTEx)
project '>. IPF-related bulk RNA-seq datasets were collected
through a systematic search of the DiSignAtlas ** and Gene Ex-
pression Omnibus (GEO) databases '*. Datasets were included if
they met the following criteria: (i) human lung tissue or lung-de-
rived cells; (ii) inclusion of both IPF and healthy control samples;
(iii) availability of raw sequencing count data; (iv) a minimum of
three samples per group; and (v) absence of pharmacological in-
terventions, acute inflammatory models, or complex disease
backgrounds. Based on these criteria, nine independent IPF co-
horts comprising more than 330 samples were included. Single-
cell RNA sequencing (scRNA-seq) data were obtained from GEO
(GSE132771), generated using the 10x Genomics platform and in-
cluding lung tissue samples from IPF patients and matched
healthy controls.

2.2. Data preprocessing and normalization

Bulk RNA-seq data were filtered to remove low-abundance
genes (retained if expressed in at least three samples) and nor-
malized using the size-factor method implemented in DESeq2.
Given the multi-cohort nature of the IPF datasets, batch effects
were assessed and corrected using ComBat-seq. The effective-
ness of batch correction was evaluated by principal component
analysis before and after adjustment.

For scRNA-seq data, stringent quality control criteria were
applied to remove low-quality cells, high mitochondrial content
cells, and potential doublets through DoubletFinder . Data nor-
malization, identification of highly variable genes, scaling, and
batch correction were performed using Seurat in combination

1206

Chinese Journal of Natural Medicines 24 (2026) 1205-1220

with Harmony '°, ensuring consistency in downstream clustering
and cell type annotation across samples.

2.3. Differential expression and aging-associated signature con-
struction

To characterize age-associated transcriptional changes in the
lung, DESeq2 was used to construct multivariable linear models
in the GTEx dataset, with age as the primary explanatory vari-
able and sex and RNA integrity as covariates. Differentially ex-
pressed genes were identified across multiple age group compar-
isons, and genes exhibiting consistent directional changes across
at least three comparisons were defined as the core lung senes-
cence gene set.

IPF-associated differential expression analyses were conduc-
ted at both bulk and single-cell levels. For bulk RNA-seq data, dif-
ferential expression between IPF and control samples was de-
termined using normalized and batch-corrected count matrices.
At the single-cell level, the MAST framework was applied within
annotated cell populations while controlling for potential con-
founders.

The overlap and concordance between aging- and IPF-re-
lated gene programs were quantified using Fisher’s exact test,
odds ratios, Jaccard indices, and gene set enrichment analysis.

2.4. Single-cell senescence scoring

At the single-cell level, senescence activity and senescence-
associated secretory phenotype (SASP) scores were calculated
using AUCell based on the core lung senescence gene set and
IPF-senescence overlapping signatures.

Fibroblasts were selected as the primary cell type of interest
and further stratified into senescent and non-senescent subpopu-
lations according to SASP activity. Differentially expressed genes
between these subpopulations were identified to characterize
senescence-associated transcriptional programs.

2.5. Functional enrichment and cell-cell communication analysis

Gene Ontology (GO) and pathway enrichment analyses were
performed using the clusterprofile . The GO analysis encom-
passed three categories: biological process (BP), cellular compon-
ent (CC), and molecular function (MF). Enrichment significance
was assessed via hypergeometric tests and corrected using the
Benjamini-Hochberg method (q < 0.05).

Pathway activity scores for aging-related, IPF-senescence
overlapping, and SASP-related pathways were calculated at the
single-cell level using AUCell, and differences between IPF and
control samples were statistically evaluated.

To investigate intercellular communication patterns, Cell-
Chat '* was used to infer ligand-receptor interactions and signal-
ing pathway networks in normal and IPF lungs. Centrality analys-
is was performed to identify key cell types contributing to senes-
cence-associated fibrotic signaling.

2.6. Small-molecule screening and prioritization

Active TCM small-molecule constituents and their RNA-seq
profiles were retrieved from the ITCM database '°, and small mo-
lecule-target associations were extracted from HERB 2.0 *. The
IPF & Aging signature gene set (110 consistent feature genes)
was constructed by intersecting age-related DEGs (GTEx data-
base) with IPF cohort DEGs and enforcing consistent expression
regulation directions, based on multi-omics integration results
and shared IPF-pulmonary senescence pathological features.

Candidate efficacy was validated via a dual-algorithm ap-
proach: (1) the Reverse Gene Expression Signature (RGES) al-
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gorithm *' for vector matching between 496 small-molecule RNA-
seq profiles and the IPF & Aging signature; (2) Network Proxim-
ity algorithm * to calculate topological distances between small-
molecule target sets and disease core gene sets, using a high-con-
fidence STRING-derived PPI network **.

Innovation and safety evaluations included: (1) PubMed
search (up to June 1, 2024) prioritizing candidates with con-
firmed anti-aging evidence but no reported anti-pulmonary
fibrosis activity; (2) QED scoring (RDKit-calculated parameters)
for drug-likeness; (3) ADMETIab 2.0 ** assessment retaining can-
didates with low respiratory toxicity.

A stepwise screening pipeline integrating six dimensions
(RGES reversal potential, PPI network proximity, anti-aging/anti-
pulmonary fibrosis research status, QED properties, respiratory
toxicity) was established to identify top candidates for sub-
sequent in vitro and in vivo validation.

2.7. Experimental materials and reagents

Syringin (Catalog No. T3024, purity 99.56%) was purchased
from TargetMol; ATR inhibitor VE-822 (Catalog No. S7102, pur-
ity 99.77%) was purchased from Selleck (https://www.selleck-
chem.com/); Bleomycin sulfate (purity 98.0%) was purchased
from CSNpharm; Recombinant TGF-1 protein was purchased
from Novoprotein; CCK-8 assay kit was purchased from ApexBio;
SA-B-GAL staining kit was purchased from Beyotime; Total RNA
extraction kit purchased from ONREW; Reverse transcription kit
and SYBR Green I qPCR kit purchased from Takara; Collagen I
(Collal), TGF-B, a-SMA, GAPDH primary antibodies, and HRP-
conjugated secondary antibodies purchased from Abcam; RIPA
lysis buffer, protease-phosphatase inhibitor mixture, and SDS-
PAGE gel preparation kit were purchased from Epizyme; ECL
chemiluminescent substrate was purchased from NCM; PVDF
membranes were purchased from Millipore; other routine chem-
ical reagents were all analytical grade.

2.8. Animal and experimental models of pulmonary fibrosis

Forty male C57BL/6 mice, 8 weeks old, weighing 20 * 2 g,
and free from specific pathogens were provided by Zhejiang Vital
River Laboratory Animal Technology Co., Ltd. (Hangzhou, China).
All animal procedures were performed according to the National
Institutes of Health Guide for the Use of Laboratory Animals with
approval from the Animal Care and Use Committee of Ningbo In-
stitute of Life and Health Industry (GK-2025-XM-0143).

After a 7-day adaptive feeding period, the mice were strati-
fied by body weight to ensure equal weight distribution across
groups. Subsequently, using a simple random number method
implemented, they were randomly assigned to five groups (n =
8): Control, BLM, BLM + SG-H, BLM + SG-M, and BLM + SG-L. On
Day 0, the animals were anesthetized with isoflurane. The BLM
group, BLM + SG-H group, BLM + SG-M group, and BLM + SG-L
group received a single intratracheal instillation of bleomycin
sulfate (3 mg-kg™), while the control group received an equival-
ent volume of sterile saline. The selection of a dose of 3 mg-kg™" is
based on previous studies, as it is sufficient to induce replicable
pulmonary fibrosis while minimizing mortality and reducing un-
necessary animal suffering *°. Animals undergo a 12 h light/dark
cycle at a controlled temperature of (22 * 3 °C). To simulate the
therapeutic intervention model, we started the treatment from
the first day after BLM administration. The BLM + SG-H group,
BLM + SG-M group, and BLM + SG-L group were respectively giv-
en syringin (40 mgkg™-d™", 20 mgkg"-d™", 10 mg-kg-d”’, gav-
age) for 21 consecutive days. Mice in the BLM group and the con-
trol group were given with the same volume of normal saline ac-
cording to the same procedure. On the 21st day, the animals were
sacrificed and the lung tissues were preserved at -80 °C for fur-
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ther analysis.
2.9. Cell culture and treatment

The mouse embryonic fibroblast cell line NIH/3T3 and the
human fetal lung fibroblast cell line MRC-5 were both purchased
from Zhejiang Ruyao Biotechnology Co., Ltd. (Ningbo, China). The
pulmonary fibrosis model was constructed by incubating approx-
imately 60% fused cells in low-serum medium for 12 h and then
stimulating them with TGF-B1 for 24 h. The cells were further in-
cubated in complete culture medium containing different concen-
trations of syringin for another 24 h. The replication stress senes-
cence model was constructed by incubating ~60% fused cells in
low-serum medium for 12 h and then adding BLM for stimula-
tion for 24 h. Meanwhile, under the same conditions, 1 pmol-L™
ATR inhibitor VE-822 was added for pathway inhibition experi-
ments.

2.10. Cell viability and proliferation assays

The cell activity after treatment with syringin was evaluated
by the CCK-8 method. NIH/3T3 cells were seeded in 96-well
plates and adhered overnight. The next day, fresh culture medi-
um containing 0, 5, 10, 20, 30, 40, 50, 75, and 100 pmol-L™" of
syringin was used instead of the culture medium. After incuba-
tion for 24 h, a mixed solution of 10 uL of CCK-8 and 100 pL of
complete culture medium was added to each well. Incubate at
37 °C with 5% CO, for 4 h, away from light.

To conduct proliferation analysis under fibrotic stimulation,
NIH/3T3 cells were seeded in 96-well plates. After cell adhesion
(~ 4-6 h), the cells were treated with complete culture medium
containing TGF-B1 (10 ng-mL™") for 24 h, and then treated with
different concentrations of syringin or fresh culture medium for
24 h. Absor Bance read at 450 nm using an Epoch 2 microplate
reader and calculated the survival rate as a percentage of the un-
treated control. Each experiment was independently repeated six
times.

2.11. Lung histopathology

Lung tissue specimens were fixed with 4% paraformalde-
hyde (Wuhan, China), embedded in paraffin, and sectioned in 4-
um sections. After dewaxing, ethanol staged dehydration and re-
hydration, lung sections were stained with hematoxylin-eosin
(H&E) and Masson'’s tricolor staining. Histological changes were
observed using the eclipse Ni-E upright microscope (Nikon, NY,
USA) within the randomly selected histological field, and ana-
lyzed using Image] software, including Ashcraft score (0-8
grades) and the determination of the positive area of collagen.

2.12. Western blot assay

Lung tissue or whole cell lysate was lysed on ice for 30 min in
a mixture containing RIPA and protease-phosphatase inhibitors,
then extracted by centrifugation. The protein samples were
separated by SDS-PAGE, followed by transfer to PVDF memb-
rane. The PVDF membrane was blocked with rapid blocking solu-
tion for 15 min, then incubated overnight with the primary anti-
body at 4 °C. Subsequently, incubation with HRP-conjugated
secondary antibody (1:20 000, Abcam) was carried out at room
temperature for 60 min. Detection of protein bands specific-
ally bound to the primary antibody was achieved using ECL sub-
strate. Band intensity was quantified using Image] software, nor-
malized to GAPDH, and the phosphorylated protein level was
presented as a ratio to the total protein. Data were expressed as
relative optical density, with each dataset replicated at least three
times.
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2.13. RT-PCR

RNA was isolated with the high-purity RNA extraction kit
(Full Gold, Beijing) and quantified using the Thermo nanodrop
one ultramicro spectrophotometer. For cDNA synthesis, 1 ug of
total RNA was employed following the manufacturer's protocol
with the reverse transcription kit (Full Gold, Beijing). Gene ampli-
fication was carried out using the SYBR Greenl polymerase chain
reaction master kit (Full Gold) and the qTOWER3 fluorescence
quantitative gene amplification instrument. The relative expres-
sion levels of the target genes were normalized to GAPDH using
the 227**“ method.

2.14. Immunohistochemistry

Immunohistochemistry involved preparing 4-pm formalin-
fixed paraffin-embedded tissue sections, dewaxing with xylene,
and rehumidifying with ethanol. Antigen retrieval in EDTA buffer
(pH 8.0) was done by microwave heating. Sections were treated
with 3% hydrogen peroxide at room temperature for 10 min,
then blocked with normal serum for 30 min. Primary antibodies
(Collal, TGF-B, a-SMA) at 1:200 dilution were incubated
overnight at 4 °C in 10% bovine serum albumin. Protein detec-
tion was done using 3,3'-diaminohydrazine staining, with hem-
atoxylin for nuclear staining. Stained sections were examined un-
der an optical microscope, capturing images with consistent set-
tings. Image] was used to quantify the average optical density
(MOD) of positive staining for each target.

2.15. Immunofluorescence assay

In the multiplex fluorescence staining experiment, the assay
was performed using the multiplex fluorescent immunohisto-
chemistry staining kit from Absin Biotechnology Co., Ltd. The de-
tailed procedure involved sample fixation, permeabilization (for
intracellular antigens), and blocking of endogenous peroxidase
activity. This was followed by sequential incubation with primary
antibodies (at 4 °C overnight or at 37 °C for 1-2 h) and corres-
ponding HRP-conjugated secondary antibodies, with signal amp-
lification achieved using tyramide signal amplification (TSA)
dyes. For multi-target detection, an antibody elution buffer (ap-
plied at 37 °C for 15-30 min) was used to remove signals from
previous rounds before repeating the aforementioned steps for
subsequent staining. Finally, nuclei were counterstained with
DAPI, and the samples were mounted with anti-fade mounting
medium prior to scanning and imaging.

2.16. Hydroxyproline assay

Tissue hydroxyproline levels were measured using the hy-
droxyproline assay Kit from Nanjing Jiancheng Institute of Bioen-
gineering. Oxidation products from hydroxyproline, when ex-
posed to oxidizing agents, react with dimethylaminobenzalde-
hyde, resulting in a purple-red hue. Hydroxyproline concentra-
tion is determined by the intensity of this color. Following kit in-
structions, 1 mL of hydrolyzed solution was added to 30 to 1000
mg of tissue, hydrolyzed at 95 °C for 20 min, pH adjusted to ap-
proximately 6.0 to 6.8, supplemented with water and activated
carbon, thoroughly mixed, centrifuged to collect the supernatant,
measured at 550 nm, and quantified. Each dataset was replicated
at least thrice.

2.17. RNA-sequencing and bioinformatics analysis
RNA sequencing analysis was performed on NIH/3T3 cells

from the control, model, and SG groups. Sequencing was conduc-
ted by Shanghai Personal Biotechnology Co., Ltd. (Shanghai,
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China). Raw data in Fastq format were initially preprocessed us-
ing Fastp software. After gene annotation, gene counting was car-
ried out with StringTie, followed by differential expression ana-
lysis across groups using the edgeR to identify differentially ex-
pressed genes.

2.18. SA-B-gal staining

Cell senescence was detected using the SA-B-GAL kit. The
staining protocol followed the manufacturer’s instructions. After
removing the cell culture medium from 6-well plates, cells were
washed with PBS, fixed with B-galactosidase staining fixative for
15 min at room temperature. Subsequently, the fixative was re-
moved, and cells were washed thrice with PBS for 3 min each.
Staining working solution (1 mL) was added to each well, fol-
lowed by overnight incubation at 37 °C. Images were captured us-
ing a microscope (Leica DMil) equipped with a digital camera. At
least three fields of view were captured per image to quantify SA-
-GAL staining intensity.

2.19. Molecular docking

Molecular docking was performed to explore the potential in-
teractions between Syringin and candidate target proteins. The
crystal structures of checkpoint kinase 1 (CHK1, PDB ID: 3TKI)
and ataxia telangiectasia and Rad3-related kinase (ATR, PDB ID:
9L40) were retrieved from the Protein Data Bank (https://www.
resb.org/) *. Protein structures were prepared using AutoDock-
Tools (version 1.5.7) by removing water molecules and het-
eroatoms, followed by addition of polar hydrogens and assign-
ment of Gasteiger charges *’. The 3D structure of Syringin was ob-
tained from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and
prepared using the same software, with rotatable bonds defined
prior to docking.

Docking simulations were carried out using AutoDock Vina
with a semi-flexible docking protocol. The docking grid box was
defined to cover the predicted active pocket of each protein, and
default parameters were used unless otherwise specified. The
binding conformation with the lowest predicted binding free en-
ergy was selected for further analysis *’. Docking complexes were
visualized using PyMOL (version 3.1.82). Protein-ligand interac-
tion profiles, including hydrogen bonds and hydrophobic con-
tacts, were analyzed using LigPlot + (version 2.3) and the PLIP
web server ~’,

2.20. Cellular thermal shift assay (CETSA)

NIH/3T3 cells were treated with SG or the control com-
pound DMOG for 2 h. Following treatment, cells were harvested
and resuspended in PBS containing protease inhibitors. The
cell suspension was aliquoted into PCR tubes and exposed to a
temperature gradient ranging from 35 to 70 °C for 3 min, fol-
lowed by cooling at room temperature for 3 min. Cells were sub-
sequently lysed by repeated liquid nitrogen freeze-thaw cycles.
The lysates were centrifuged at 15 000 r-min™" for 20 min at
4 °C, and the supernatants (soluble protein fractions) were col-
lected. Target protein levels were quantified by Western blotting,
with band intensities normalized to the signal at 37 °C (set as
100%). Melting curves were plotted and analyzed using Graph-
Pad Prism.

2.21. siRNA knockdown experimental methods

Small interfering RNA targeting mouse CHK1 (siCHK1) and a
negative control siRNA (si-NC) were designed and synthesized by
Magi Biotechnology (China). NIH/3T3 cells were cultured in high-
glucose DMEM supplemented with 10% fetal bovine serum and
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1% penicillin/streptomycin at 37 °C in a humidified incubator
containing 5% CO,. Twenty-four hours prior to transfection, cells
were seeded into 12-well plates to achieve approximately 60%-
70% confluence at the time of transfection. Transfection was per-
formed according to the recommended concentration and pro-
tocol provided by the Yaseyue transfection reagent kit. Twenty-
four hours after transfection, cells were harvested, and CHK1
mRNA expression levels were detected by qRT-PCR, while CHK1
protein expression levels were examined by Western blot to eval-
uate knockdown efficiency. Subsequent experiments were per-
formed 48-72 h after transfection.

2.22. Statistical analysis

All bioinformatics analyses were performed in the R 4.3.1 en-
vironment. All the analyses of the experiments were repeated by
at least three organisms. All values are expressed as the mean *
SD. The experimental data were analyzed using one-way ANOVA
and Tukey’s multiple comparisons. Statistical analysis was per-
formed using GraphPad Prism 9.0 (GraphPad Software, USA).

3. Results

3.1. GTEx lung tissue transcriptome analysis reveals age-related
molecular characteristics

Based on the GTEx (v10) database, this study constructed a
lung tissue age gradient transcriptome map covering the age
range of 20 to 79 years old. A total of 604 lung tissue sam-
ples were included (Fig. 1A). The age distribution covered six in-
tervals from 20-29 years old to 70-79 years old. The samples
of middle-aged people (40-59 years old) and the elderly (60-69
years old) accounted for the highest proportion (about 83%).

Using the 20-29 years age group as the baseline, pairwise
differential expression analysis was performed on the remaining
five age groups, revealing that lung tissue transcriptomes under-
go significant age-dependent dynamic changes. The number of
differentially expressed genes (DEGs) increased markedly with
age (Fig. 1B): only 43 significant DEGs were detected in the
30-39 years group (FDR < 0.05), whereas this number surged to
598 in the 60-69 years group (13.9-fold higher than the former).
The 70-79 years group still retained 422 DEGs, indicating that
lung tissue gene expression exhibits a characteristic of progress-
ive reprogramming during aging. Both upregulated and downreg-
ulated DEG counts displayed a synchronous increasing trend,
with a high degree of directional consistency observed in the eld-
erly cohort (60-69 years), which reflects the continuous molecu-
lar trajectory underlying lung tissue aging.

To identify the most representative molecular characterist-
ics of aging across age gradients, we integrated genes with con-
sistent expression directions (= 3 groups of co-directional
changes) in each age comparison to construct the core lung
aging gene set. Ultimately, 335 core up-regulated genes and 202
down-regulated genes were obtained (Figs. 1C and 1D), repres-
enting stable molecular markers accumulated in lung tissue with
age.

Functional enrichment analysis revealed that the core upreg-
ulated genes were mainly concentrated in extracellular matrix
(ECM) remodeling, mechanical stress response, immune and in-
flammatory regulation, and oxidative stress pathways. The core
down-regulated genes are enriched in processes such as cell pro-
liferation and repair, DNA damage response, and lung differenti-
ation and development. These characteristic pathways are highly
consistent with the known molecular mechanisms of IPF, sug-
gesting that lung aging may be an important molecular back-
ground for the occurrence of IPF.
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3.2. Systematic integration analysis of lung aging characteristics
and IPF transcriptome

To systematically evaluate the overall activation status of
pulmonary senescence programs in IPF, this study integrated and
analyzed the IPF bulk RNA-seq cohorts from 9 independent stud-
ies, involving a total of 330 lung tissue samples. Principal com-
ponent analysis (PCA) before integration showed that the
samples were mainly clustered by research source in the princip-
al component space, suggesting significant batch effects among
different cohorts (Fig. 2A). After batch correction by ComBat-seq,
the cohort separation between samples was significantly
weakened, indicating that the batch effect was effectively con-
trolled. The corrected data can be used for robust cross-cohort
biological comparisons.

In the corrected integrated cohort, a total of 1520 IPF up-reg-
ulated genes and 821 down-regulated genes were identified
(Figs. 2B, 2C, and 2D). The intersection analysis of the core lung
aging gene set constructed by GTEx and the IPF differential genes
showed a highly significant direction-specific overlap. Among the
27 685 background genes, the intersection of 335 core age-up-
regulated genes and IPF-upregulated genes reached 101. In con-
trast, the intersection of 202 core age-down-regulating genes
with IPF-down-regulating genes was only 9. The UpSet graph fur-
ther shows that this overlap is almost entirely driven by the dir-
ectionally consistent combination of “age upregulation-IPF up-
regulation”, while the cross-directional overlap is close to zero,
suggesting a highly directionally consistent coupling relationship
between the lung aging program and the IPF molecular pheno-
type.

The above-mentioned directional overlap also shows
tremely strong significance at the statistical level. The odds ratio
(OR) of the “age upregulation-1PF upregulation” combination was
as high as 7.887 (P = 5.06 x 10™), and the Jaccard index was
0.058, indicating an enrichment intensity far exceeding the ran-
dom expectation. The OR of the “age reduction-IPF reduction”
combination was 1.532 (P = 0.207), and the Jaccard index was
only 0.009, not reaching the statistically significant level. This
result indicates that the activated molecular programs in IPF are
highly enriched in the aging upregulated gene set that gradually
intensifies in lung tissue with age, while the aging-related down-
regulated programs do not show a symmetrical inhibitory pat-
tern in IPF.

To further quantify the overall association between age ef-
fects and IPF effects at the genetic level, the median log,FC of
each gene in the GTEx age gradient and its log,FC in the IPF co-
hort were constructed and a correlation analysis was conducted
(Fig. 2E). Across the entire gene range, the two show a weak but
significant positive correlation. In the core aging gene set, this
correlation is significantly enhanced, indicating that this gene set
has higher consistency in the two biological scenarios. The top 10
genes with the most prominent bidirectional effects (including
immunoglobulin family members such as IGHG4, IGHV1-69D, and
structural molecules like COL10A1, COMP) are primarily involved
in humoral immune response and extracellular matrix organiza-
tion, which further supports their potential key role in mediating
the “senescence-fibrosis” axis (e.g., immune dysregulation and
matrix homeostasis imbalance).

GSEA analysis was conducted based on the list of IPF differ-
entially expressed genes sorted by log,FC, further verifying the
systematic activation of the core lung aging program in IPF (Fig.
2F). The enrichment curve shows that the core aging genes are
significantly concentrated at the high-expression end of the se-
quencing list, with a significantly increased standardized enrich-
ment score (NES) and a significant adjusted P-value, indicating
that this gene set is one of the strongest functional enrichment
modules in the IPF full transcriptome.
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Fig. 1 Analysis of age-related transcriptomic features in human lung tissue based on the GTEx database. (A) Compositional distribution of lung tissue samples across differ-
ent age groups. (B) Heatmap of differentially expressed genes by age group. (C) GO biological process enrichment analysis of the core downregulated lung aging gene set
(202 genes consistently downregulated). (D) GO biological process enrichment analysis of the core upregulated lung aging gene set (335 genes consistently upregulated).

In conclusion, the multi-cohort integrated analysis consist-
ently revealed that the molecular modules that are upregulated
with age in the lung aging program are significantly and system-
atically activated in the IPF, while the down-regulation program
of aging does not show corresponding inhibition. This result
provides direct and strong evidence for the hypothesis that “ex-
cessive activation of the aging program drives the pathological
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progression of IPF” at the transcriptome level of human lung tissue.

3.3. Single-cell level analysis of the cellular mechanisms of lung sen-
escence programs in IPF

To clarify the main cellular sources and target sites of lung
aging programs in IPF, this study systematically analyzed the
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scRNA-seq data of lung tissues from 3 IPF patients and 3 normal
controls in the GEO dataset GSE132771.Based on unsupervised
clustering and classical marker gene annotation, a total of 16 ma-
jor cell types were identified (Fig. 3A), including alveolar macro-
phages, classical monocytes, vascular endothelial cells, alveolar
fibroblasts, alveolar epithelial cells, and various immune and in-
terstitial cells. The Top 5 marker genes of each cell type were dis-
played through heat maps (Fig. 3B), verifying the accuracy and
consistency of cell annotation.
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Cell composition analysis revealed significant differences in
cell proportion and spatial distribution between the IPF group
and the normal group (Fig. 3C). Compared with normal lung tis-
sue, the proportion of alveolar macrophages and classical mono-
cytes in IPF samples was significantly reduced. tSNE visualiza-
tion further shows that IPF and normal samples are significantly
separated in low-dimensional space, especially the distribution
differences of fibroblast and epithelial cell populations are most
prominent (Fig. 3D), suggesting that these two types of cells may
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Fig. 3 ScRNA-seq reveals key cell types in lung aging and functional abnormalities

in IPF. (A) TSNE plot of scRNA-seq clusters from IPF and normal lung tissues, identifying

16 cell types. (B) Heatmap of top 5 marker gene expression across 16 cell types. Rows: cell type; columns: gene. (C) Stacked bar chart showing proportion changes of each
cell type between IPF and normal lung tissues. (D) TSNE space visualization of overall distribution differences between IPF and normal lung cells. (E) Comparison of IPF-as-
sociated differentially expressed genes across 16 cell types. (F) AUCell scores (quantifying senescence levels per cell type) based on core senescence gene sets. (G) TSNE plot
showing senescence score distribution patterns in single-cell space. (H) Volcano plot of differentially expressed genes between “senescent” and “non-senescent” subpopula-
tions of alveolar fibroblasts (grouped by SASP scores). (I) CellChat-constructed intercellular communication network in IPF lung tissue, with node size representing cell

abundance. (J) Heatmap of cell communication patterns for key signaling pathways

play a key functional role in the pathological process of IPF.

On this basis, differential expression analyses were conduc-
ted on 16 cell types respectively (Fig. 3E). The results show that
alveolar epithelial cells have the largest number of differentially
expressed genes, followed by alveolar macrophages and alveolar
fibroblasts. However, the number of differentially expressed
genes in NK cells, CD4 T cells and CD8 T cells is extremely small.

(IL6, HGF), showing sender-receiver pair strengths.

This result indicates that the main molecules of IPF are abnor-
mally concentrated in epithelial cells, fibroblasts and innate im-
mune cell populations, which may carry the most significant
aging-related transcriptional reprogramming.

To identify key cellular sources of the senescence program,
AUCell was employed to calculate senescence scores at the single-
cell level based on a core lung senescence gene set (Fig. 3F). Res-
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ults revealed that airway fibroblasts and peribronchial fibro-
blasts exhibited the highest senescence scores, which were signi-
ficantly elevated in the IPF group compared to the normal group.
Enrichment distributions in tSNE space further confirmed that
senescence-related genes were highly concentrated in the IPF
fibroblast population (Fig. 3G), indicating that fibroblasts repres-
ent the core cell type abnormally activated in the pulmonary
aging program during IPF.

Further, with alveolar fibroblasts as the research focus, they
were classified into the “senescent subgroup” and the “non-sen-
escent subgroup” based on the median SASP score. Differential
expression analysis (Fig. 3H) revealed that genes such as IL6, IGF-
BP7, and SERPINF1 in the senescent subpopulation were signific-
antly upregulated. These genes are widely involved in inflammat-
ory response, extracellular matrix remodeling, and cellular senes-
cence regulation, suggesting that alveolar fibroblasts in IPF have
undergone significant “senior-like reprogramming”. And it may
promote the fibrosis process by secreting the SASP factor.

To further explore the mechanism of senescent fibroblasts in
the regulation of the IPF microenvironment, a cellular communic-
ation network between IPF and normal lung tissue was construc-
ted based on CellChat. The results show (Fig. 3I) that airway
fibroblasts have the strongest communication intensity with vas-
cular endothelial cells and alveolar macrophages, while perbron-
chial fibroblasts mainly interact closely with smooth muscle cells
and alveolar epithelial cells. Further analysis of the key signaling
pathways (Fig. 3]) revealed that in the IL6 pathway, alveolar
fibroblasts act as the main signal receivers, while vascular en-
dothelial cells are the main signal transmitters. In the HGF path-
way, alveolar fibroblasts transform into the main signal transmit-
ters, while alveolar epithelial cells act as strong signal receivers.

The above communication mode suggests that fibroblasts
may form a closed-loop regulatory node of “inflammation-senes-
cence-fibrosis” in IPF: on the one hand, they enhance their own
senescence phenotype by receiving inflammatory signals; on the
other hand, they regulate the function of epithelial cells by secret-
ing factors such as HGF, thereby stabilizing and amplifying the
fibrotic microenvironment.

3.4. Multi-dimensional integrated screening system for identifying
candidate small molecules of traditional Chinese medicine against
IPF

To accurately identify the active ingredients of traditional
Chinese medicine that can simultaneously reverse the core mo-
lecular characteristics of IPF and lung senescence, this study con-
structed a multi-dimensional and progressive small molecule
comprehensive screening system. This system takes “functional
reversal ability - disease network proximity - prior research evid-
ence - drug-like and safety prediction” as the four core assess-
ment dimensions (Fig. 4A), achieving a systematic and multi-level
quantitative assessment of the intervention potential of small
molecules in traditional Chinese medicine. The screening process
takes 496 active ingredients of traditional Chinese medicine with
high-quality transcriptome response data as the initial candidate
library, and gradually enriches candidate molecules that simul-
taneously possess targeted action, biological rationality and po-
tential for drug development through multiple rounds of con-
straint conditions.

At the functional level, the RGES score was first adopted to
quantitatively evaluate the overall reversal ability of small mo-
lecules against the abnormal co-expression characteristics of IPF -
aging. The more negative the RGES value is, the stronger the cor-
rection effect of this molecule on the abnormal expression pat-
tern of the disease at the transcriptome level. Secondly, at the
Network level, the topological distance between the set of small
molecule targets of traditional Chinese medicine and the aging-
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Fig. 4 Multidimensional screening for identifying candidate traditional chinese
medicine small molecules with synergistic effects against IPF and senescence. (A)
Multidimensional screening workflow for identifying anti-IPF and anti-senes-
cence TCM small molecules; (B) Comparison of core screening parameters for the
top 5 candidate small molecules; (C) Chemical structure and key physicochemical
parameters of syringin.

IPF functional module in the protein interaction network is calcu-
lated based on the Network Proximity algorithm. Among them,
the lower the Z-score, the closer the functional correlation
between the target and the core pathway of the disease, and the
clearer the potential targeting effect. At the biological and transla-
tional level, the previous research evidence of each candidate
component in the fields of anti-aging (including studies related to
senescence, SASP, aging, and senolytic) and anti-pulmonary
fibrosis was further systematically retrieved through the PubMed
database. To comprehensively assess its research foundation and
potential innovative value. Finally, at the level of drug develop-
ment feasibility, the drug potential of small molecules was evalu-
ated using the quantitative estimate of drug-likeness QED scor-
ing system, combined with the respiratory toxicity prediction
model of ADMETIlab 2.0 Conduct a prospective assessment of the
potential medication risks of candidate molecules. Based on the
screening results from the above four dimensions (Fig. 4B), ulti-
mately, five small molecules of traditional Chinese medicine
demonstrated outstanding potential in the synergistic interven-
tion of anti-IPF and aging. Among them, Syringin demonstrated
the best or near-best comprehensive performance in all core
evaluation indicators, thus standing out significantly among the
candidate molecules (Fig. 4C).

In terms of the ability to reverse disease characteristics, the
RGES value of syringin for the IPF-aging co-expression feature is
-0.6269, suggesting that it has a significant ability to reverse ab-
normal expression patterns at the transcriptome level. At the dis-
ease network level, the Z-scores of its network proximity in the
AF-senescence and IPF-senescence functional modules were
-1.2359 and -0.5698 respectively, indicating that there is a high
degree of topological proximity and functional correlation
between its target sites and the core functional modules of the
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disease. Support it as it may function by directly intervening in
the key senescent-fibrotic pathway. In terms of research innova-
tion, systematic literature search results show that syringin has
been reported to have clear biological activities related to anti-
aging, but no studies have applied it in the intervention of pul-
monary fibrosis or the treatment of IPF, suggesting that it has sig-
nificant space for innovative exploration and potential transla-
tional value in this disease field. In terms of the potential and
safety of the drug, the QED value of syringin is 0.403, showing a
moderate but acceptable drug-like characteristic. Meanwhile, its
respiratory toxicity prediction score is only 0.017, suggesting that
it has a relatively low toxicity risk in the context of respiratory
system medication.

Based on the above multi-dimensional and systematic com-
prehensive assessment, syringin was identified as the most
promising candidate small molecule of traditional Chinese medi-
cine for anti-IPF in this study and was further incorporated into
the subsequent in vivo and in vitro experimental verification and
mechanism of action analysis system.

3.5. Syringin improves BLM-induced pulmonary fibrosis in mice

To evaluate the anti-fibrotic effect of syringin, we first ex-
amined its function in an animal model of pulmonary fibrosis.
The bleomycin-induced pulmonary fibrosis mouse model is the
most recognized and widely used animal model in pulmonary
fibrosis research *. Therefore, we constructed a bleomycin-in-
duced mouse pulmonary fibrosis model using a single airway in-
jection of bleomycin-to test the therapeutic potential of syringin.
After the animals in each group were treated with BLM or nor-
mal saline on day 0, they were given SG or normal saline by gav-
age starting from day 1 for 21 d (Fig. 5A).

During the entire experimental period (0-21 days), the sur-
vival rate of mice in the BLM treatment group was significantly
lower than that in the control group, while the survival rate of the
SG group was higher than that of the BLM group (Fig. 5B). Mean-
while, the use of SG also mitigated the weight loss in mice in-
duced by BLM to a certain extent (Fig. 5C). Hydroxyproline is a
non-essential amino acid present in collagen and other extracel-
lular animal proteins. It plays a key role in the synthesis of colla-
gen and the thermodynamic stability of the triple helix conforma-
tion of collagen and related tissues. Therefore, the content of HYP
is a key indicator reflecting the degree of collagen deposition in
lung tissue *'. The HYP content in the lung tissue of mice in the
BLM group was significantly higher than that in the control
group. Compared with the BLM group, the HYP content in the SG
group was significantly decreased, indicating that the drug effect-
ively reduced lung collagen deposition (Fig. 5D).

To further explore the therapeutic effect of SG, histopatholo-
gical analysis was conducted on lung tissue. HE staining (Fig. 5E)
showed that the alveolar structure of mice in the normal control
group was intact, the alveolar walls were relatively thin, the alve-
olar epithelium was well preserved, and there was no obvious in-
filtration of inflammatory cells. In the BLM group, the alveolar
structure was severely damaged, the alveolar walls were signific-
antly thickened, a large amount of interstitial fibrous tissue accu-
mulated, and fibrotic foci were widely fused. In the SG treatment
group, the alveolar septum remained thickened, but the fibrotic
lesion was more localized and had a smaller range. The quantitat-
ive assessment of PF severity using the Ashcroft score based on
HE-stained pathological images (Fig. 5F) showed that the score of
the SG treatment group was significantly lower than that of the
BLM group. Masson tricolor staining showed that the alveolar
septum of mice in the BLM group was significantly thickened and
filled with a large amount of blue-stained collagen fibers. Com-
pared with the BLM group, the low-staining blue areas in the SG
treatment group were significantly reduced (Fig. 5G). The result
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was quantified by collagen volume fraction analysis (Fig. 5H).

The immunohistochemical staining results of a-SMA, COL-I,
and TGF-B1 proteins were similar (Fig. 51), all showing that SG
treatment reduced BLM-induced lung tissue structure damage
and collagen deposition in mice. In addition, Western blotting
analysis revealed that the protein expression levels of COL-I, COL-
[II and a-SMA in the lung tissue of the SG treatment group were
significantly lower than those of the bleomycin group (Figs. 5]
and 5K), indicating that SG treatment could inhibit the activation
of myofibroblasts and the synthesis of extracellular matrix (ECM).
These results all confirmed the anti-fibrotic effect of SG in the
mouse model of pulmonary fibrosis.

3.6. Syringin inhibits TGF-f -induced proliferation and activation of
NIH/3T3 cells and alleviates pulmonary fibrosis

To evaluate the effect of SG on fibroblast function, we first
conducted in vitro experiments using NIH/3T3 fibroblasts. We
evaluated the effect of SG on fibroblast activity by using the CCK-8
method. The results showed that SG had no significant inhibitory
effect on fibroblast activity within the range of 0-100 pmol-L™",
indicating that the drug toxicity was relatively low at this concen-
tration (Fig. 6A). Therefore, 10, 20 and 40 pmol-L™" were selected
for subsequent experiments. Then, fibroblasts were stimulated
with TGF-B to induce their differentiation into myofibroblasts,
thereby simulating the PF microenvironment.

As shown in the figure (Fig. 6B), SG significantly inhibited
TGF-B-induced cell proliferation in a dose-dependent and time-
dependent manner. High-dose SG (40 pumol-L™") significantly in-
hibited TGF-B-induced fibroblast proliferation, and the effect was
more obvious compared with the medium and low-dose groups.
On this basis, a concentration of 40 pmol-L™" was selected for the
subsequent experiments. The effect of SG on the migration ability
of fibroblasts was evaluated through wound healing experiments.
Compared with the simple TGF-f treatment group, the SG treat-
ment group significantly slowed down the cell migration rate
within 24 h, resulting in a significant reduction in the wound
healing area (Figs. 6C and 6D), confirming that SG can effectively
inhibit the migration of fibroblasts.

To further confirm whether SG can inhibit abnormal collagen
deposition in the extracellular matrix, we detected the expres-
sion levels of Col-I, Col-III, a-SMA, FN and Vim. The Western blot-
ting results (Figs. 6E and 6F) showed that TGF-f stimulation sig-
nificantly increased the expressions of COL-I, COL-III, a-SMA, FN
and Vim, while SG treatment significantly decreased the levels of
these proteins. These findings suggest that SG effectively hinders
fibroblast activation and the synthesis of ECM elements. This was
corroborated in subsequent RT-qPCR and immunofluorescence
analyses (Figs. 6G, 6H, and 6I). In summary, our experimental
data illustrate that SG can effectively suppress the growth and
movement of lung fibroblasts, as well as the augmentation of
their capacity to generate extracellular matrix prompted by TGF-f.

3.7. Syringin exerts anti-aging effects by inhibiting the ATR/CHK1
signaling pathway in NIH/3T3 cells

Based on the conclusion revealed by the previous multi-om-
ics integration analysis that the excessive activation of the fibro-
blast senescence program is one of the core pathological events of
IPF, this study further systematically analyzed the molecular
mechanism by which syringin exerts anti-aging effects in the cell
model. The focus is on the signaling pathways related to DNA
damage response (DDR).

RNA-seq analysis was performed on TGF-f-stimulated NIH/
3T3 fibroblasts (Fig. 7A), and the results showed that, compared
with the control group, The “ATR in response to replication stress”
pathway was significantly activated in the TGF-f treatment group
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(Fig. 7B), suggesting that replication stress-related DDR signal-
ing plays an important role in fibroblast senescence and fibrotic
activation. It is worth noting that the intervention of syringin can
significantly reverse the activation trend of the above pathway
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(Fig. 7C), indicating that this compound may alleviate replication
stress and DNA damage accumulation by regulating the
ATR/CHK1 axis. The ATR/CHK1 signaling pathway is the core
regulatory axis for cells to respond to replication stress states
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Fig. 6 Syringin inhibits TGF-B-induced proliferation and activation of NIH/3T3 cells and alleviates pulmonary fibrosis. (A) Dose-dependent effects of SG on cell viability. (B)
SG inhibits TGF-B-induced cell proliferation over time: Fibroblasts treated with SG alone or in combination with different concentrations of SG; 10 pmol-mL™ (L), 20
pmol-mL™ (M), 40 umol-mL™ (H). (C) Wound healing assay demonstrating SG inhibition of cell migration. (D) Quantification of migrated cell area. (E) Western blot results
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such as slowed, paused or broken replication forks during DNA
replication. Its continuous activation can induce irreversible cel-
lular senescence phenotypes through the downstream p53-P21-
P16 cell cycle inhibition pathway. Therefore, this signaling axis is
regarded as an important molecular hub connecting DNA dam-
age, cellular senescence and the progression of fibrosis.

We first examined the effect of SG on fibroblast senescence.
An oxidative stress-related cellular senescence model was con-
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structed by inducing NIH/3T3 cells with BLM. The SA-B-GAL
staining results showed that BLM treatment significantly in-
creased the proportion of senescent fibroblasts, while syringin
intervention significantly inhibited this effect, suggesting that
it effectively inhibited the formation of senescent phenotypes
(Fig. 7D). Subsequently, we further detected the mRNA expres-
sion levels of SASP factors by RT-qPCR. The results showed (Fig.
7E) that BLM induction significantly upregulated the expression
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of various inflammatory factors and chemokines in fibroblasts,
while syringin treatment significantly downregulated the tran-
scriptional levels of these SASP factors, suggesting that SG can al-
leviate the pro-inflammatory microenvironment effect mediated
by senescent fibroblasts.

To further verify whether syringin alleviates fibroblast senes-
cence by inhibiting the ATR/CHK1 pathway, we introduced the
ATR/CHK1-specific inhibitor VE-822 as a pathway intervention
control. The Western blot results showed that compared with the
control group, BLM treatment significantly enhanced the phos-
phorylation levels of ATR and CHK1, accompanied by a marked
upregulation of the protein expressions of aging markers p53,
p21 and p16, suggesting that the DDR checkpoint was strongly
activated. After the intervention with syringin, the above ratios
and the expression levels of p53, p21 and p16 all showed a signi-
ficant and dose-dependent downward trend, and the effect was
highly consistent with that of the VE-822 treatment group, indic-
ating that SG could effectively inhibit the ATR/ CHK1-mediated
senescence signal cascade (Figs. 7F and7G, Supplementary Fig-
ure S1). To further analyze the activation status and subcellular
localization changes of ATR/CHK1, immunofluorescence staining
analysis was conducted on P-ATR and P-CHK1 in this study. The
results showed that the fluorescence signals of P-ATR and P-
CHK1 in the BLM treatment group were significantly enhanced
and mainly located in the nucleus, suggesting that the DNA dam-
age checkpoint was activated and involved in nuclear signal
transduction. However, the treatment with syringin significantly
reduced the fluorescence intensity and nuclear aggregation de-
gree of the above kinases. It is suggested that SG can suppress the
abnormal activation state of ATR/CHK1 from both spatial and
signal strength aspects (Figs. 7H and71).

3.8. Syringin inhibits downstream signaling through CHK1-depend-
ent mechanisms

To investigate the potential interaction between syringin and
key targets of the ATR/CHK1 pathway, molecular docking simula-
tions of syringin with CHK1 and ATR were performed in this
study, combined with pathway inhibition experiments to further
validate its target-binding potential. The results showed that the
predicted binding affinities of syringin for CHK1 and ATR were
~7.4 and -7.0 kcal-mol™, respectively, suggesting that this com-
pound may interact with both kinases.

In the CHK1 docking model (Figs. 8A, 8B and 8C), syringin
was localized within the catalytic pocket and formed multiple
predicted hydrogen bonds with surrounding residues, including
Asn59, Cys87, Glu91, Asp148, and Phe149 (Supplementary Ta-
ble S1). Additionally, hydrophobic contacts involving Leu84 were
observed, which may contribute to ligand stabilization within the
binding cavity. In contrast, fewer stable interactions were pre-
dicted in the ATR docking model, where syringin formed hydro-
gen bonds with Asp2335, Val2380, Asn2480, and Asn2496, along
with hydrophobic contacts involving I[le2377, Val2493, and
Asp2494. Molecular docking analysis indicated that syringin
could accommodate the binding pockets of both CHK1 and ATR.
The slightly lower predicted binding energy and more extensive
hydrogen bond network in the CHK1 complex suggested a cer-
tain degree of structural preference of syringin for CHK1. These
computational observations provide preliminary structural in-
sights for subsequent experimental validation.

To further assess whether syringin interacts with CHK1 in in-
tact cells, a CETSA was employed. NIH/3T3 cells were treated
with syringin or the control compound DMOG for 2 h, followed by
gradient heating from 35 to 70 °C. The results showed that com-
pared with the DMOG control group, syringin treatment induced
a rightward shift in the thermal melting curve of CHK1, whereas
DMOG did not exhibit a thermal stabilization effect on CHK1
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(Figs. 8D and 8E). These findings indicate that syringin may inter-
act with CHK1 and increase its thermal stability in cells.

To determine whether CHK1 is required for the regulatory
effects of syringin, transient knockdown of CHK1 was performed
in NIH/3T3 cells using siRNA. Western blotting analysis con-
firmed that siRNA treatment significantly reduced CHK1 protein
expression, indicating effective knockdown. In control cells, syr-
ingin treatment significantly decreasedthe protein expression
levels of p-CHK1, P53, P21, and P16, indicating inhibition of
CHK1-related senescence signaling. However, in CHK1-knock-
down cells, syringin treatment no longer produced significant
changes in the expression of these proteins (Figs. 8F and 8G).
These results indicate that the regulatory effects of syringin on
downstream signaling are at least partially mediated by CHK1-
dependent signaling.

In summary, this study provides multi-level evidence, includ-
ing transcriptomic analysis, protein expression profiling, molecu-
lar docking, CETSA, and functional knockdown experiments, sup-
porting CHK1 as a potential molecular target of syringin. Through
modulation of the ATR-CHK1-p53 signaling pathway, syringin
suppresses the activation of downstream senescence-associated
regulators, including p53, p21, and p16, reduces the proportion
of SA-f3-gal-positive cells and the secretion of SASP factors, and
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ultimately attenuates fibroblast senescence and the pro-fibrotic
microenvironment. These findings provide mechanistic insight
into the anti-fibrotic effects of syringin (Fig. 8H).

4. Discussion

Through systematic integration of multi-cohort bulk RNA-
seq, ScCRNA-seq, and in vivo/in vitro functional experiments, this
study reveals a significant and consistently upregulated aberrant
activation of the pulmonary senescence program in idiopathic
pulmonary fibrosis (IPF). The study findings indicate that IPF ex-
hibits a significant enrichment of molecular traits within the fun-
damental gene modules associated with aging, which are elev-
ated as individuals age. Conversely, the aging-related suppres-
sion process does not exhibit a comparable hindrance in IPF. This
implies that IPF does not merely represent an uncomplicated
form of “accelerated aging”, but rather a targeted enhancement of
distinct pathological pathways within the aging process. At the
cellular level, fibroblasts have been identified as the core cell type
that carries the abnormal activation of the senescence process.
Further screening and verification based on the framework of
systems biology revealed that the small molecule of traditional
Chinese medicine, syringin can significantly alleviate fibroblast
senescence and its pro-fibrotic phenotype, at least in part
through modulation of the ATR/CHK1-p53 signaling axis. These
findings collectively construct a systematic molecular picture of
“aging-driven fibrosis”.

IPF is widely recognized as a strong age-related disease *,
but for a long time, aging has been more regarded as a back-
ground risk factor or concomitant phenomenon of IPF rather
than a direct pathological driving force *. Previous studies have
mostly focused on individual aging markers (such as p16, SA-f-
GAL) or specific cell types ** ¥, lacking system-level evidence to
clarify the overall relationship between the aging process and the
molecular phenotype of IPF. In this study, by directly integrating
and comparing the age gradient characteristics of lung tissue con-
structed by GTEx with the transcriptome of multiple cohorts of
IPF, it was systematically demonstrated at the human lung tissue
level that there is a highly consistent enrichment relationship
between the differential expression profile of IPF and age-upreg-
ulated aging genes. This discovery holds significant theoretical
importance. It indicates that IPF does not simply replicate the en-
tire molecular trajectory of normal aging, but pathologically amp-
lifies the modules related to inflammation, extracellular matrix
remodeling and stress response in the aging program, while lack-
ing corresponding inhibition of some downregulated aging pro-
grams. This “modular selective activation” model suggests that
aging is not a homogeneous process, and the fate of its different
branches in diseases depends on the tissue environment and the
background of chronic damage. IPF precisely drives the continu-
ous progression of diseases by hijacking the pro-fibrotic dimen-
sion in the aging process.

The DNA damage response (DDR) pathway, especially the
ATR/CHK1 signaling axis, is generally regarded as a protective
mechanism for maintaining genomic stability and cell survival **.
Under acute injury or replication stress, the activation of this
pathway helps cells repair damage and resume proliferation .
However, the results of this study indicate that in the context of
chronic stress related to IPF, the continuous activation of the
ATR/CHK1 pathway may lead to pathological functional trans-
formation. In the fibroblast senescence model, we observed that
the activation of ATR/CHK1 was accompanied by the continuous
upregulation of the p53-P21-P16 axis and the stable mainten-
ance of the SASP phenotype. This suggests that ATR/CHK1 is no
longer merely a transient stress response, but has become a key
node in maintaining the aging state and the pro-fibrotic microen-
vironment. This phenomenon supports the “context-dependent
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signal transformation” theory, that is, in chronic diseases, signal
pathways that should have protective effects may transform into
pathological drivers due to continuous activation. This mechan-
ism provides a new molecular explanation for understanding the
irreversibility of aging in IPF.

In recent years, intervention strategies targeting aging have
gradually attracted attention in IPF research. Senolytic drugs
(such as the combination of dasatinib and quercetin) have been
proven to improve certain fibrosis indicators in animal models
and early clinical studies **. However, such strategies work by
directly eliminating senescent cells, which may be accompanied
by cell loss and potential toxicity risks. Their long-term safety and
applicable population remain controversial ***’. In contrast, the
syringin proposed and verified in this study is a typical seno-
morphic regulatory strategy. By inhibiting the aging maintenance
pathway rather than directly eliminating cells, it may have poten-
tial advantages in terms of safety and tissue homeostasis main-
tenance. In addition, the currently used anti-fibrotic drugs in clin-
ical practice (such as pirfenidone and nintedanib) mainly target
downstream fibrotic pathways ', which have a certain delaying
effect on disease progression, but they cannot reverse the estab-
lished pathological state. This study starts from the more up-
stream pathological process of aging, providing a new perspect-
ive for explaining the limited efficacy of existing treatment meth-
ods and laying a theoretical foundation for the design of com-
bined intervention strategies.

Although this study has revealed a key mechanism by which
syringin exerts anti-fibrotic and anti-aging effects, closely associ-
ated with inhibition of the ATR/CHK1 signaling pathway through
multi-level data integration and experimental validation, several
limitations still exist. First, regarding the mechanistic investiga-
tion, although we have confirmed that the anti-aging effect of syr-
ingin is dependent on CHK1 through CHK1 knockdown experi-
ments, and verified its direct binding to CHK1 by molecular dock-
ing and CETSA, the potential contribution of additional targets or
parallel pathways cannot be excluded. Moreover, the dose-effect
relationship between syringin and components of the ATR/CHK1
pathway has not been systematically elucidated. The concentra-
tion of syringin used in this study was primarily determined
based on preliminary cytotoxicity assays and pharmacodynamic
activity screening. Future studies are needed to conduct more
comprehensive dose-gradient experiments to clarify its concen-
tration-effect relationship and therapeutic window. Second, re-
garding the in vivo efficacy evaluation, although we have em-
ployed gold-standard indicators such as hydroxyproline content
and Ashcroft score to comprehensively evaluate the anti-fibrotic
efficacy of syringin, the current study still relies mainly on end-
point-based histological and biochemical analyses, lacking real-
time monitoring of the dynamic progression of fibrosis. Future
research may introduce advanced imaging techniques such as
small-animal in vivo micro-computed tomography (micro-CT) to
longitudinally track structural changes in the lung, thereby more
intuitively and dynamically evaluating the intervention effect of
syringin on fibrosis progression. Furthermore, this study is
primarily based on the bleomycin-induced acute pulmonary
fibrosis model, which still has limitations in simulating the chron-
ic progressive course and spatial heterogeneity of human IPF.
Meanwhile, the safety of long-term inhibition of the DDR path-
way in the treatment of chronic diseases still needs to be evalu-
ated through more systematic animal experiments and preclinic-
al studies. These limitations will be progressively addressed in
our future research.

This study not only reveals the systematic activation of the
aging program in IPF and its key regulatory nodes, but also pro-
poses a scalable multi-dimensional screening framework for
small molecules in traditional Chinese medicine, providing a new
methodological paradigm for drug discovery of senecsence-re-
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lated diseases. Syringin, as a natural small molecule with definite
anti-aging activity and good safety, provides a strong candidate
for the development of new anti-IPF treatment strategies.

5. Conclusion

This work delineates the multicellular landscape and molecu-
lar wiring of senescence in IPF and establishes a robust integrat-
ive strategy to identify anti-senescence therapeutics. We demon-
strate that syringin is a potent modulator of the ATR/CHK1-p53
axis with dual anti-senescence and anti-fibrotic activity, high-
lighting a mechanistically grounded and actionable strategy for
next-generation IPF therapy.
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