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Calcific aortic valve disease (CAVD) is a serious heart valve condition with increasing global
prevalence. Currently, transcatheter aortic valve implantation (TAVI) or surgical aortic valve
replacement (SAVR) represents the only available treatment strategy, as no pharmaceutical
therapies for CAVD are approved. The aim of this study was to identify compounds capable of
inhibiting osteogenic differentiation of human aortic valve interstitial cells (hVICs), a process
critically implicated in CAVD pathogenesis, and to elucidate the underlying molecular mech-
anism. From an in-house library of 88 compounds screened via dot-blotting, we identified
chipericumin D, a natural compound extracted from Hypericum monogynum L., as a candidate
exhibiting potent inhibitory activity against hVIC osteogenic differentiation. Network pharma-
cology analysis, molecular docking, drug affinity responsive target stability (DARTS), cellular
EGFR thermal shift assay (CETSA), and surface plasmon resonance (SPR) collectively demonstrated
direct binding of chipericumin D to the epidermal growth factor receptor (EGFR). Further-
more, chipericumin D suppressed activation of the EGFR/phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (AKT) signaling pathway in hVICs cultured under osteogenic medi-
um (OM) conditions. These findings indicate that chipericumin D is a promising therapeutic
candidate for CAVD, and provide preliminary evidence that EGFR constitutes a novel molecu-
lar target for CAVD intervention.
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1. Introduction

Calcific aortic valve disease (CAVD) is a serious heart valve
condition associated with substantial global prevalence and mor-
tality . According to the Global Burden of Disease database, the
prevalence of CAVD was 9.4 million in 2019 % Currently, tran-
scatheter aortic valve implantation (TAVI) or surgical aortic valve
replacement (SAVR) represents the only available treatment
strategy for CAVD °. However, surgical interventions are associ-
ated with high risks *, numerous complications °, substantial
costs, and a reduced postoperative quality of life °. Although clin-
ical trials of statin drugs have demonstrated their ability to lower
serum lipoprotein(a) levels, they fail to reverse CAVD progres-
sion . Therefore, the identification of pharmacological agents
capable of delaying CAVD progression remains an urgent clinical
need.
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(Y. Zhang); hzx616@126.com (Z. Hu); 1986xh0694@hust.edu.cn (N. Dong)
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The aortic valve cusps predominantly consist of valve inter-
stitial cells (VICs) and valve endothelial cells (VECs). Numerous
studies have shown that CAVD pathogenesis involves endothelial
injury °, lipid deposition, and inflammatory responses, followed
by pathological osteogenic differentiation of VICs * ', which is be-
lieved to play a crucial role in CAVD development . This process
leads to collagen deposition, extracellular matrix (ECM) remodel-
ing, and nucleation site formation *, accompanied by up-regula-
tion of osteogenic-specific genes such as alkaline phosphatase
(ALP) and RUNX2 “. Consequently, identifying drugs that inhibit
VIC osteogenic differentiation constitutes a promising therapeut-
ic strategy for CAVD.

Current high-content drug screening approaches are primar-
ily based on either disease target-focused virtual screening ' or
disease phenotype-based screening '°. For instance, a compre-
hensive virtual drug screen leveraging a broad gene network in
human disease-relevant iPSC-derived cells identified XCT790 as a
compound effective in both preventing and treating CAVD in a
mouse model . Similarly, phenotype-based screening combined
with deep learning identified TYA-018, a highly selective HDAC6
inhibitor, as a candidate for treating dilated cardiomyopathy

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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(DCM) ". Nevertheless, large-scale drug screening studies spe-
cifically targeting CAVD phenotypes have not yet been reported.

The aim of this study was to screen compounds based on the
VIC osteogenic differentiation phenotype and to explore the un-
derlying mechanisms of drug action in CAVD.

2. Materials and methods

2.1. Reagents and antibodies

Supporting information lists the main reagents and antibod-
ies used in this study.

2.2. Cell culture and stimulation

As described in previous studies 16 aortic valves were diges-
ted with 2 mg-mL™ type I collagenase at 37 °C for 10 h. The isol-
ated cells were cultured in complete medium consisting of high-
glucose (HG, 4.5 g-L™" D-glucose) Dulbecco's modified Eagle's me-
dium (DMEM, Gibco, Invitrogen, Carlsbad, CA, USA), 1% strepto-
mycin-penicillin, and 10% fetal bovine serum (FBS). Human VICs
(hVICs) at passages 3 to 5 were used for subsequent experiments.
Osteogenic differentiation was induced using osteogenic medium
(OM) containing DMEM, 2% FBS, 100 nmol-L™" dexamethasone,
50 pg-mL™" L-ascorbic acid, and 10 mmol-L™" g-glycerophosphate.
Unless otherwise specified, cells were treated with OM or test
compounds for 3 days for Western blotting, 7 days for ALP stain-
ing, and 21 days for Alizarin Red (AR) staining. All screened com-
pounds were provided by the School of Pharmacy, Tongji Medic-
al College, Huazhong University of Science and Technology.

2.3. Cell viability analysis

As previously described ", cells were seeded in 96-well
plates and treated with various concentrations (0.1, 0.3, 0.5, 1, 3,
5,10, 30, 50, and 100 pmol-L™) of each compound for 72 h. Sub-
sequently, cells were incubated with DMEM containing 10% CCK-
8 reagent at 37 °C for 2 h, and absorbance was measured at 450
nm using a microplate reader (Thermo Fisher Scientific). The half
maximal inhibitory concentration (ICs,) values were calculated
using GraphPad Prism 10.0 software.

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)
assay

Total ribonucleic acid (RNA) was extracted from hVICs using
an RNA extraction kit (TIANGEN, A0508A) and reverse-tran-
scribed into complementary deoxyribonucleic acid (cDNA) using
HiScript III RT SuperMix (Vazyme, R323-01). qRT-PCR was per-
formed on a Step One Plus thermal cycler using SYBR Green
(Vazyme, 7E782]3) according to the manufacturer’s instructions,
with f-actin serving as the internal control. Relative gene expres-
sion was analyzed using the AACt method. Primer sequences are
provided in Supplementary Table S1.

2.5. Western blotting analysis

As previously reported ", cultured cells were lysed on ice in
radioimmunoprecipitation assay (RIPA) buffer (Beyotime,
P0013K) supplemented with 1% protease and phosphatase in-
hibitors. Lysates were sonicated and centrifuged, and protein
concentrations were determined using a bicinchoninic acid (BCA)
assay kit (Beyotime, P0011). Equal amounts of protein were sep-
arated by 4%-20% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE, ACE Biotechnology, ET15412Gel)
and transferred onto polyvinylidene fluoride (PVDF) membranes
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(Millipore, 03010040001). Membranes were incubated overnight
at 4 °C with primary antibodies, followed by 1 h incubation with
appropriate secondary antibodies at room temperature. Immun-
oreactive bands were visualized using an enhanced chemilumin-
escence (ECL) kit (HYCEZMBIO, HYC0316) and quantified using
Image] software (NIH).

2.6. Dot-blotting analysis

VICs treated under different conditions for 72 h were lysed
on ice in RIPA buffer containing 1% protease/phosphatase inhib-
itors for 10 min. Protein extracts were then dotted onto nitrocel-
lulose (NC) membranes and air-dried at 37 °C for 10 min to fix
the proteins. Membranes were blocked at room temperature for
1 h, incubated overnight at 4 °C with specific primary antibodies,
and subsequently incubated for 1 h at room temperature with ap-
propriate secondary antibodies. Immunoreactivity was detected
using an ECL kit per the manufacturer's instructions, and signal
intensities were analyzed using Image] software (NIH).

2.7. Immuno-fluorescent staining assays

VICs were subjected to immunofluorescent staining follow-
ing standard protocols from prior studies '’. After 3 days of treat-
ment, the cells were fixed with 4% paraformaldehyde (PFA) for
10 min, permeabilized, and blocked with QuickBlock™ Blocking
Buffer for Immunostaining (Beyotime, P0260) for 15 min. The
cells were then incubated overnight at 4 °C with specific primary
antibodies, followed by incubation with the corresponding fluor-
escent secondary antibodies for 1 h at room temperature in the
dark. Images were acquired using a fluorescence microscope and
semi-quantitatively analyzed with Image] software (NIH).

2.8. ALP staining assays

Following the manufacturer's instructions, cells treated for 7
days were fixed with 4% PFA for 10 min and incubated in the
dark with BCIP/NBT Alkaline Phosphatase Color Development
Kit (Beyotime, C3206) for 15 min. Images were captured using an
optical microscope (Mshot). ALP-positive cells appeared as deep
blue/purple, and stained areas were quantified using Image] soft-
ware (NIH).

2.9. AR staining assays

AR staining was used to assess calcification, with stained
areas reflecting calcification levels. After 21 days of treatment,
cells were fixed with 4% PFA for 10 min and incubated with AR
staining reagent (Servicebio, G1038) for 10 min, following the
manufacturer's protocol. Images were acquired using an optical
microscope (Mshot) and analyzed with Image] software (NIH).

2.10. Prediction of potential compound targets

The SMILES structure of chipericumin D was retrieved from
the PubChem database (https://pubchem.ncbi.nlm.nih.gov/). Po-
tential targets were predicted using the SEA database (https://
sea.bkslab.org/), the Swiss Target Prediction (STP) database (ht-
tp://swisstargetprediction.ch/), and the Super-PRED database
(https://prediction.charite.de/). Additionally, chipericumin D
was screened against a pharmacophore library '*. Following ini-
tial screening, targets were further filtered based on fitness sco-
res and manual curation, as detailed in Supplementary Table S2.

2.11. Acquisition of CAVD target genes

Human genes associated with CAVD were retrieved from the
DisGeNET database (https://www.disgenet.com/), GeneCards
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database (https://www.genecards.org/), and the National Cen-
ter for Biotechnology Information (NCBI) database (https://
www.ncbinlm.nih.gov/) using the keyword "calcific aortic valve
disease." Genes from these sources were consolidated, and du-
plicates were removed to generate a non-redundant set of CAVD-
related target genes ( Supplementary Table S2).

2.12. The PPI network of chipericumin D and CAVD overlapping
targets

The STRING database (https://cn.string-db.org/) was used to
construct a protein-protein interaction (PPI) network of overlap-
ping target genes. Node size and color intensity were adjusted ac-
cording to degree values in the PPI network, with larger and
darker nodes representing higher connectivity.

2.13. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis

Overlapping target genes underwent GO and KEGG pathway
enrichment analyses. Pathways and GO terms with adjusted P-
values < 0.05 were considered significant and were obtained us-
ing the STRING database (Supplementary Table S3). Bubble plots
were generated for visualization using R 4.4.0 software.

2.14. Molecular docking

As previously described ", protein crystal structures were
obtained from the Protein Data Bank (PDB) (Table 2). Molecular
docking was performed using AutoDock Vina. Receptor proteins
were prepared in PyMOL by removing salt ions, water molecules,
and co-crystallized ligands. The docking box was defined, and AD-
FRsuite was used to convert preprocessed small molecules and
receptors into the PDBQT format required for AutoDock Vina.
The global search exhaustiveness was set to 32, with all other
parameters at default values. Docking results were visualized us-
ing PyMOL.

2.15. Drug affinity responsive target stability (DARTS) analysis

As previously reported °, DARTS is a key method for identi-
fying or validating targets of small -molecule compounds. Briefly,
protein extracts from hVICs were quantified using the BCA meth-
od. Chipericumin D was incubated with the protein lysate at room
temperature for 1 h, followed by digestion with pronase E for
10 min. Target protein stability was then assessed by Western
blotting.

2.16. Cellular thermal shift assay (CETSA) analysis

The CETSA experiment was performed as previously de-
scribed *°. hVICs were treated with chipericumin D (3 pmol-L™)
or DMSO for 24 h and harvested in PBS containing protease and
phosphatase inhibitors. Lysates were divided into six aliquots
and heated for 5 min at temperatures ranging from 42 to 67 °C in
a thermal cycler, then cooled at room temperature for 3 min.
After three freeze-thaw cycles in liquid nitrogen and centrifuga-
tion at 13,000 x g for 15 min, samples were mixed with loading
buffer, heated at 100 °C for 7 min, and analyzed by Western blot-
ting.

2.17. Surface plasmon resonance (SPR) analysis

SPR is a label-free, real-time optical technique used to study
interactions between small molecules and proteins *'. SPR
provides insights into molecular affinity and kinetics by determ-
ining binding parameters, including the dissociation constant
(Kp), association rate constant (K,), and dissociation rate con-

404

Chinese Journal of Natural Medicines 24 (2026) 402-413

stant (K,;) . Human epidermal growth factor receptor (EGFR)
was covalently immobilized on a CM5 sensor chip via amine
coupling: the chip was activated with a mixture of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, GE Healthcare) and N-
hydroxysuccinimide (NHS, GE Healthcare), followed by injection
of EGFR solution and blocking with ethanolamine. In total, 12,030
resonance units (RU) of human EGFR protein were immobilized
(Fig. S4). Binding kinetics and affinity between chipericumin D
and EGFR were analyzed using a Biacore system (GE Healthcare).
Data were globally fitted to the Langmuir binding model using Bi-
acore Insight Evaluation software (Cytiva, Marlborough, MA,
USA) to derive binding and dissociation constants.

2.18. Statistical analysis

Data are presented as mean * SD and were analyzed using
two-tailed unpaired Student's t-test or one-way ANOVA in Graph-
Pad Prism 10.0 software. Statistical significance was defined as
'P<0.05.

3. Results

3.1. Eighty-eight compound library screening in human VICs for
anti-calcification

To validate the 96-well plate dot-blotting assay, hVIC calcific-
ation was induced using OM (see Fig. S1 for VIC phenotyping),
and time-dependent changes in RUNX2 expression were as-
sessed by both dot-blotting and Western blotting (Fig. 1A). Not-
ably, RUNX2 protein expression increased significantly over time
in both assays (Figs. 1B and 1C).

Based on this validation, we performed a drug screen target-
ing hVIC osteogenic differentiation using dot-blotting, as out-
lined in the screening workflow (Fig. 1D). Each 96-well plate in-
cluded negative controls (normal culture medium) and positive
controls (OM). Eighty-eight compounds were tested at a concen-
tration of 4 umol-L™" (Fig. 1E). RUNX2 expression in the four pos-
itive control wells (OM, lower left corner) was significantly high-
er than in the four negative control wells (CTR, upper left corner)
(Figs. 1E and 1F). The relative fold change of RUNX2 protein ex-
pression in OM-treated wells was 1.80 compared to the CTR
group (Table 1). The top 10 candidate compounds reduced
RUNX2 expression to levels ranging from 1.19- to 1.29-fold over
control (Fig. 1G and Table 1). These top candidates were sub-
sequently evaluated to identify the most effective compound.

3.2. Chipericumin D exhibits relatively superior anti-calcification
activity

We performed AR staining to further quantify anti-calcifica-
tion activity in 12-well plates (Fig. 2A). Compounds 61, 49, and
82 significantly reduced calcium deposits in hVICs (Fig. 2B). ALP
staining results indicated that compounds 61, 49, 82, 27, 51, 59,
6 and 48 significantly inhibited ALP activity compared to the OM
group (Figs. 2A and 2C). Western blotting results showed that,
except for compounds 6 and 48, the remaining eight compounds
significantly reduced ALP protein expression (Figs. 2D and 2E).
Moreover, all ten candidate compounds significantly suppressed
RUNX2 protein expression (Figs. 2D and 2F), consistent with the
dot-blotting results in Fig. 1 (Fig. 2F). Collectively, these findings
suggest that compounds 61, 49, and 82 may inhibit osteogenic
differentiation of hVICs. Considering compound availability and
purification complexity, we selected compound 82 for sub-
sequent experiments. The molecular structure of compound 82
has been identified (Fig. 2G), and the compound was character-
ized as chipericumin D ** and isolated from Hypericum mono-
gynum L.
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Fig. 1 Screening of an 88-compound library for anti-calcification effects in human VICs. (A-C) RUNX2, a calcification-related protein, was measured in hVICs cultured in os-
teogenic medium (OM) for 1, 3, or 5 days by dot blotting and Western blotting. CTR denotes the control group, and OM denotes the osteogenic medium group. *P < 0.05 was
considered statistically significant compared with CTR; P < 0.01, P < 0.0001. (D) Workflow of the compound screening process. (E) Representative dot blotting results of
RUNX2 and fS-actin protein expression. (F) Heat-map of RUNX2/B-actin ratio derived from (E). (G) Scatter plot of RUNX2 protein expression derived from (E). Data are

presented as means * SD (n = 3).

Table 1 The top 10 candidate compounds reduced RUNX2 expression.

RUNX2 protei n

Compound rank Compound number el Crmresson el
CTR — 1.00
OM — 1.80

1 28 1.19
2 37 .22
3 61 1.22
4 49 1.25
5 82 1.26
6 27 1.27
7 51 1.28
8 59 1.29
9 6 1.29
10 48 1.29

CTR means control, OM means osteogenic medium, “Compound number” means

different compound, and “—” means no data.

During the purification of Hypericum monogynum, we isol-
ated an additional 11 compounds, four of which are novel natur-
al products (see Supporting Information). The pharmacological

Table 2 The docking scores for the binding of chipericumin D with EGFR, NF-
kB1, TLR4, STAT3, and HIF1A.

Target name PDB ID Docking score (kcal-mol ™)
EGFR 2RGP -7.265
NF-«B1 3GUT -6.313
TLR4 3FXI -6.264
STAT3 6NJS -6.032
HIF1A 4He6] -5.605

properties of these new natural compounds warrant further in-
vestigation to fully elucidate their potential biological effects. In
the following sections, we explore the pharmacological effects of
chipericumin D in CAVD.

3.3. Effect of chipericumin D on cell viability

The ICs of chipericumin D in human epidermoid carcinoma
KB cells and murine lymphoma L1210 cells exceeds 10 pg-mL™" in
vitro *. To assess cytotoxicity against hVICs, we determined the
ICs,, which was approximately 27.57 pmol-L™ (Fig. 3A).

3.4. Chipericumin D inhibits hVIC osteogenic differentiation in vitro

We used Western blotting to determine the optimal concen-
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companson between CTR and OM, whereas “
'P<0.001,"", #**

tration of chipericumin D for suppressing ALP and RUNX2 pro-
tein expression in hVICs under OM induction (Figs. 3B-3D).
Chipericumin D was effective at concentrations above 1 umol-L™.

Subsequently, hVICs were cultured in OM with or without
3 umol-L™ chipericumin D. Although chipericumin D exhibits
cytotoxicity, cell viability was comparable at 1 and 3 pmol-L™,
with a more pronounced inhibitory effect observed at the higher
concentration. After 3 days of culture, hVIC morphology differed
between OM-treated and chipericumin D-treated groups (Fig. S2).
Compared with the control (CTR) group, the OM group induced
disordered cell orientation, whereas chipericumin D treatment
restored consistent alignment. Gene expression levels of ALP
and RUNX2 were significantly down-regulated by chipericumin D
relative to the OM group (Figs. 3E and 3F). Protein expression
levels of ALP and RUNX2 aligned with the gene expression data
(Figs. 3G-3I). Immunofluorescence (IF) staining revealed differ-
ential RUNX2 expression and nuclear import ratios between
the OM and OM + chipericumin D groups (Figs. 3] and 3K). AR
staining demonstrated a significant reduction in calcification
upon chipericumin D treatment (Figs. 3L and 3M). Additiona-
lly, ALP activity in hVICs decreased significantly with chiperic-
umin D (Figs. 3N and 30), consistent with the aforementioned
findings.
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3.5. Network pharmacology analysis identifies the potential target
of chipericumin D

First, we predicted potential targets of chipericumin D, re-
trieving 138 targets from the STP, SEA, and Super-PRED data-
bases, and 24 from the pharmacophore database. After removing
duplicates, we obtained 155 unique targets (Fig. 4A and Table
S2).

Second, using “calcific aortic valve disease” as a keyword, we
identified 1586, 51, and 27 CAVD-associated target genes from
the NCBI, GeneCards, and DisGeNET databases, respectively.
Merging and deduplicating these yielded 1609 CAVD-related
genes (Fig. 4A and Table S2).

We then generated a Venn diagram illustrating the intersec-
tion of chipericumin D and CAVD targets (Fig. 4A). To elucidate
the complex interactions among chipericumin D, CAVD, and their
targets, we constructed a chipericumin D-CAVD-targets network
(Fig. 4B). Furthermore, we built a PPI network of overlapping tar-
gets using the STRING database, which comprised 30 nodes and
129 edges (Fig. 4C). Visualization in Cytoscape 3.9.1 revealed that
signal transducer and activator of transcription 3 (STAT3), EGFR,
NF-kB1, hypoxia-inducible factor 1A (HIF1A), and Toll-like re-
ceptor 4 (TLR4) were the top five nodes by degree (Fig. 4C).
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Finally, we selected these top five proteins for molecular Chipericumin D exhibited the highest affinity for EGFR (-7.265
docking analysis. Chipericumin D interacted with EGFR, NF-kB1, kcal-mol™) and the lowest for HIF1A (-5.605 kcal-mol™) (Table
TLR4, STAT3, and HIF1A via multiple amino acid residues (Figs. 2). Hydrogen bonding between chipericumin D and its targets en-
4D-4H). Lower docking scores indicate stronger binding affinity. hanced binding stability, while hydrophobic interactions at mul-

407



Z. Fan etal.

Chinese Journal of Natural Medicines 24 (2026) 402-413

A B C RXRA C?Ks COR1. popy
CAVD Chipericumin D
C5AR1
Ccra-” SHDACS
< o= VEGFA
VEGFA_ e S
Lo > TLR
Chipericumin D = =4 CAVD R

2RXZADRBY——————————

1578 31 124 e RhoC Cs}:m
_— \
?iﬁ NTRK3
DA
- Degree
_GSK3B 19
ACE EGFR FGF2
D E F
EGFR NF-«xB1 TLR4

LEU-718 ; ¥wzﬁ

ASP.800 E
LEU-799

ALA 722

ARG-841

“_wvnorsla
/

HE-487

¢
GLN-579 W

G STAT3

PRO-639 4

H HIFIA

Fig. 4 Identification of potential targets of chipericumin D in CAVD. (A) Venn diagram showing the numbers of targets related to chipericumin D and CAVD. (B) Chiperic-
umin D-CAVD target network, in which pale yellow indicates targets, purple indicates CAVD, and green indicates chipericumin D. (C) Protein-protein interaction (PPI) net-
work of overlapping targets. Node color was scaled according to degree value, with redder nodes indicating higher degree values. (D) Molecular docking analysis of chiperic-
umin D with EGFR, showing a hydrogen bond formed with Asp-800 in EGFR. (E) Chipericumin D forms hydrogen bonds with Ile-580 and Phe-598 in NF-«B1. (F) Chiperic-
umin D forms hydrogen bonds with Lys-560 and Leu-511 in TLR4. (G) Chipericumin D forms hydrogen bonds with Lys-615, Thr-641, and Glu-616 in STAT3. (H) Chiperic-
umin D forms a hydrogen bond with Leu-248 in HIF1A. The left panel presents the overall structure, whereas the right panel shows an enlarged view. Yellow sticks indicate
the small molecule, cyan cartoons indicate the proteins, blue lines indicate hydrogen bonds, and gray dashed lines indicate hydrophobic interactions.

tiple sites contributed strong van der Waals forces.
3.6. Chipericumin D binds to the target of EGFR

To validate binding between chipericumin D and its pre-
dicted targets, we performed DARTS, CETSA, and SPR assays.
First, we used the DARTS method in vitro °, which relies on the
resistance of target proteins to pronase E hydrolysis upon com-
pound binding, resulting in differential band intensities on West-
ern blots. Because pronase E hydrolysis reduces protein concen-
tration, we quantified protein levels via BCA assay before termin-
ating the reaction (Fig. 5A, Figs. S3A and S3H). We validated bind-
ing for targets with docking energies < -6 kcal-mol™, namely
EGFR, NF-kB1, TLR4, and STAT3. Binding between EGFR and
chipericumin D in vitro was evident at 1000 umol-L™ chiperic-
umin D and a pronase E-to-protein mass ratio of 1:200 (Figs.
S3B-S3G), whereas binding to other targets was minimal (Figs.
S3B-S3G). Consistent results were obtained across a chiperic-
umin D concentration gradient at the same protease ratio (Figs.
S31-S3N), confirming that under optimal conditions (1000
umol-L™" chipericumin D, 1:200 pronase E-to-protein ratio),
DARTS corroborated prior findings (Figs. 5A-5C). Thus, EGFR is
the most probable target.

Next, CETSA analysis assessed the chipericumin D-EGFR in-
teraction. Treatment with chipericumin D (3 pmol-L™) reduced
EGFR degradation across a temperature gradient (Figs. 5D-5E).
Moreover, in hVICs treated with increasing chipericumin D con-
centrations for 24 h, EGFR degradation at 57 °C diminished with
higher compound doses (Figs. 5F-5G). was conducted to further
validate the interaction between chipericumin D and EGFR.
Chipericumin D exhibited dose-dependent binding to EGFR,
with a Kp of 5.11 pumol-L™", a K, of 7.94 x 10*M™s™, and a K, of
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0.406 s™* (Fig. 5H). This K, value indicates high binding affinity,
suggesting formation of a stable chipericumin D-EGFR complex.
Collectively, these results confirm that chipericumin D binds
EGFR, supporting the molecular docking predictions.

3.7. GO analysis and KEGG pathway enrichment analyses

EGFR activates numerous downstream signaling pathways,
including phosphatidylinositol 3-kinase (PI3K)-protein kinase B
(AKT), Ras-Raf-MAPK, and JAK-STAT. Therefore, we conducted
GO and KEGG enrichment analyses using the 31 overlapping tar-
gets identified earlier (Fig. 4A). Using the STRING database and
applying a corrected P-value threshold of P < 0.05, the intersect-
ing targets were enriched in 233 molecular functions, 2687 biolo-
gical processes, and 130 cellular components (Fig. S5 and Table
S3). Additionally, 174 signaling pathways were enriched, with
significant KEGG pathway enrichment observed for EGFR and
PI3K-AKT signaling (Fig. 6A and Table S3).

3.8. Chipericumin D inhibits hVIC osteogenic differentiation by dis-
rupting the EGFR/PI3K/AKT signaling pathway

As established, EGFR is a direct target of chipericumin D. The
PI3K-AKT pathway is significantly up-regulated in CAVD ** and is
activated downstream of EGFR signaling *°. Furthermore,
chipericumin D forms a hydrogen bond with EGFR at Asp-800
(Fig. 4D), a residue spatially proximal to Tyr1068, a well-charac-
terized phosphorylation site essential for EGFR activation ** %’
Thus, we assessed phosphorylated (p)-EGFR, p-PI3K, and p-AKT
protein levels in OM-treated hVICs as indicators of calcification.
Chipericumin D effectively reversed OM-induced increases in p-
EGFR, p-PI3K, and p-AKT (Figs. 6B-6E), although EGFR mRNA
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(SPR) analysis of the interactions between Chip D and EGFR. Data are presented as means + SD (n = 3). P < 0.05 was considered a significant difference; ""P <0.001,

0.0001.

levels remained unchanged (Fig. 6F).IF staining further con-
firmed that chipericumin D significantly reduced p-EGFR levels
(Figs. 6G-6H).

To confirm that chipericumin D modulates osteogenic differ-
entiation via the EGFR/PI3K/AKT pathway, we conducted rescue
experiments using the EGFR phosphorylation activator NSC
228155 and the AKT phosphorylation activator SC79. Consistent
with prior results, chipericumin D significantly suppressed phos-
phorylation of EGFR and its downstream PI3K-AKT effectors
(Figs. 7A-7F). NSC 228155 (100 nmol-L™) markedly enhanced
EGFR and PI3K/AKT phosphorylation without altering total pro-
tein levels in OM-induced hVICs (Figs. 7A-7F). Similarly, SC79 (5
umol-L™") reversed chipericumin D-mediated inhibition of AKT
phosphorylation (Figs. S6A-S6D), further supporting the role of
this pathway. AR and ALP staining confirmed that NSC 228155 or
SC79 reversed the anti-osteogenic effects of chipericumin D (Figs.
7G=71). In summary, chipericumin D inhibits hVIC osteogenic dif-
ferentiation by interfering with the EGFR/PI3K/AKT signaling
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cascade.
4. Discussion

Dot-blotting has long been employed for semi-quantitative
analysis of intracellular DNA/RNA levels °. Its advantages, includ-
ing simplicity, speed, efficiency, and high-throughput capability,
facilitate large-scale compound screening in CAVD. In our study,
VICs were cultured in high-glucose (HG, 4.5 g-L”") DMEM, as gluc-
ose can promote VIC differentiation into osteoblast-like cells and
up-regulate RUNX2 expression *°. Critically, our OM formulation
incorporated HG-DMEM, thereby maintaining a glucose-enriched,
pro-osteogenic metabolic environment while providing addition-
al stimuli that further enhanced VIC osteogenic differentiation
and RUNX2 expression *’. This dual-stimulation strategy estab-
lished an optimized pathophysiological model for drug screening
and mechanistic studies using dot-blotting.

Chipericumin D, isolated from Hypericum monogynum L. **,
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was considered a significant difference; P < 0.01, P <0.001, ""P < 0.0001.

was identified as a candidate inhibitor of hVIC osteogenic differ-
entiation through screening of our in-house compound library.
Previous studies report that Hypericum *° species constituents ex-
hibit therapeutic potential in neurodegenerative diseases, cardi-
ovascular disorders, and cancers *’. However, the pharmacologic-
al effects of chipericumin D have not been previously investig-
ated in any disease context.

Our results demonstrate that chipericumin D inhibits osteo-
genic differentiation in hVICs at 3 umol-L™, a non-cytotoxic con-
centration. In contrast, effective concentrations of other anti-cal-
cification agents such as curcumin ** and caffeic acid phenethyl
ester *' are higher than that of chipericumin D. Thus, chiperic-
umin D represents a promising candidate for CAVD treatment,
with potentially lower toxicity.

PPI network analysis, molecular docking, DARTS, CETSA, and
SPR collectively confirmed that chipericumin D binds to EGFR. Al-
though multiple pathological targets have been implicated in
CAVD, including proprotein convertase subtilisin/kexin type 9
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(PCSK9) ° and dipeptidyl peptidase 4 (DPP4) **, the role of EGFR
in CAVD remains poorly characterized. EGFR encodes a receptor
tyrosine kinase that regulates cell survival, growth, proliferation,
and differentiation *’. Dysregulation of EGFR has been reported in
various cancers *** and may ** * activate downstream signaling
pathways like PI3K-AKT *’ through tyrosine phosphorylation.
Consequently, EGFR may strongly influence hVIC osteogenic dif-
ferentiation Therefore, EGFR-targeted small molecules,
siRNAs, or viral vectors may offer novel therapeutic strategies for
CAVD.

KEGG enrichment analysis revealed that the 31 overlapping
targets of chipericumin D and CAVD were significantly enriched
in EGFR and PI3K-AKT signaling pathways. Chipericumin D forms
a hydrogen bond with EGFR at Asp-800 (Fig. 4D), near the phos-
phorylation site Tyr1068 “>*". We observed elevated p-EGFR un-
der OM induction, which decreased upon chipericumin D treat-
ment. Rescue experiments demonstrated that EGFR or AKT agon-
ists restored pathway activity suppressed by chipericumin D.
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Fig. 7 Chipericumin D inhibits the osteogenic differentiation of hVICs by interfering with the EGFR/PI3K/AKT signaling pathway. (A-F) Western blotting analysis of hVICs
ubjected to different treatments, including NSC 228155 (100 nmol-L™"), Chip D (3 pumol-L™), and SC79 (5 umol-L™). (G-I) Alizarin Red staining (OM for 21 days) and ALP
staining (OM for 7 days) of hVICs subjected to different treatments, including NSC 228155 (100 nmol-L™), Chip D (3 umol-L™"), and SC79 (5 umol-L™). Data are presented as
means * SD (n = 3). "P < 0.05 and "P < 0.05 were considered statistically significant; "P < 0.01, P <0.001, ", **P < 0.0001.

These findings indicate that chipericumin D modulates hVIC os-
teogenic differentiation by inhibiting EGFR phosphorylation. Fu-
ture work will validate the pharmacological effects of chiperic-
umin D in vivo to assess its potential for drug development.

5. Conclusion

In summary, our findings demonstrate that chipericumin D
inhibits osteogenic differentiation of hVICs by interfering with
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EGFR phosphorylation and subsequent activation of the EGFR/
PI3K/AKT signaling pathway (Fig. 8). Thus, chipericumin D holds
promise as a therapeutic agent for preventing or treating CAVD,
and our data provide preliminary evidence that EGFR is a novel
therapeutic target for this disease.
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