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Inhibiting pathological cardiac remodelling is considered an important
therapeutic approach for heart failure, although effective strategies are still
lacking in the clinic. Jaranol was found to be widely distributed in Chinese
herbal medicine with multi biological functions, however, its effects on
pathological cardiac remodelling remain unexplored. The present study
identified the potential therapeutic effects of jaranol on cardiac remodelling
base-joint analysis of the serum proteomic profile of patients with heart failure
and Astragalus membranaceus-related potential targets. Jaranol treatment
ameliorated angiotensin II (Ang II)- and transverse aortic constriction (TAC)-
induced pathological cardiac remodelling in vitro and in vivo, as evidenced by the
improved cardiac function, hypertrophy and fibrosis. The mRNA-sequencing and
biochemical analyses showed that Toll-like receptor (TLR) signaling and
TLR2 expression were suppressed in myocardial tissue after jaranol treatment.
Mechanistically, jaranol enhanced the expression of transcription factor Snai3,
leading to decreased expression of TLR2 in myocardium, meanwhile, adding
Snai3 protein to culture media could suppressed TLR2 expression in neonatal
mouse primary cardiomyocytes. Proteome microarray assays indicated that
jaranol could interact with NF-κB, a key regulatory factor of the TLR signalling
pathway. Indeed, jaranol suppressed the Ang II-induced translocation of NF-κB
from the cytoplasm to the nucleus in human induced pluripotent stem (hiPS)-
cardiomyocytes. In conclusion, the present study demonstrated a novel role of
jaranol in preventing pathological cardiac remodelling via multi-target inhibition
of Snai3/TLR2 and NF-κB signaling pathways.
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Introduction

Heart failure, a type of mortality equivalent to cancer, is the end
stage of many cardiovascular diseases and a threat to life and health
(Zhuang et al., 2022). Cardiac remodelling is defined as a
compensatory and decompensated alteration of cardiac structure
and function that occurs in response to chronic stress (aortic
atherosclerosis or hypertension)/increased volume loading (aortic
or mitral regurgitation), ischaemic injury (infarction), inflammatory
diseases (myocarditis), and genetic mutations (Schnelle et al., 2021).
The clinical presentation of pathological cardiac remodelling varies,
with ventricular wall and septum thickening, systolic and diastolic
dysfunction, and decreased left ventricular ejection fraction. Cardiac
remodelling has an extremely complicated pathological mechanism,
and different types of remodelling and pathological stages are
regulated by distinct signalling pathways (Ritterhoff and Tian,
2023). Therefore, cardiac remodelling, accompanied by the
pathological progression of infarction arrhythmias and chronic
heart failure, is a risk factor for the development of many
cardiovascular diseases and death (Chen et al., 2021). Although
cardiac metabolic remodelling, cardiomyocyte apoptosis,
phenotypic switching of cardiac fibroblasts, noncoding RNAs,
immune regulation, protein translation, and epigenetic

modifications have been reported to be associated with
pathological cardiac remodelling, the mechanism is still unclear
(Nakamura and Sadoshima, 2018). Clinically, angiotensin-
converting enzyme/receptor inhibitors (ACEIs/ARBs), beta
receptor blockers, and calcium channel blockers (CCBs) are
commonly used to treat cardiac remodelling, however, these
drugs aim to eliminate risk factors and relieve clinical symptoms,
not fundamentally reverse or prevent the development of cardiac
remodelling (Zhou et al., 2022). Therefore, screening and identifying
new factors that play key regulatory roles in developing cardiac
remodelling and elucidating their mechanisms are important for
understanding the pathogenesis and identifying potential
intervention targets for cardiac remodelling.

Astragalus membranaceus (Fisch.) Bunge root has long been
used as an herbal Chinese medicine to protect against cardiovascular
diseases (Liu et al., 2024). Various chemical constituents from
Astragalus membranaceus, including triterpenoid saponins,
flavonoids, and glycosides, have been reported in previous
studies, however, it has still been challenging to elucidate the
mechanism by which Astragalus membranaceus protects against
cardiovascular diseases (Guo et al., 2019). When jointing analysis of
serum proteomic profile in patients with heart failure and targets of
Astragalus membranaceus, jaranol showed a potential biological
activity for cardiac remodelling based on its 6 targets related to
cardiac remodelling and good drug-like properties through
Lipinski’s rule of five. Jaranol, also called as kumatakenin (5,4′-
dihydroxy-3,7-dimethoxyflavone), is a flavonoid widely distributed
in various Chinese herbal medicines, such as liquorice (Glycyrrhiza
spp.), Psychotria serpens and Siparuna cristata (Xue et al., 2013;
Chen, 2011). Although jaranol has been reported to have anticolitic
(Arenbaoligao et al., 2023), anticancer (Woo et al., 2017), antiviral
and microbial (Leal et al., 2021; Zhang et al., 2019), alpha-
glucosidase inhibitory (Dao et al., 2021), and antioxidative (Quek
et al., 2021) bioactivities, there have been no reports on the effects
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and mechanisms of jaranol in cardiovascular disease. The present
study aimed to assess the beneficial effects of jaranol against
pathological cardiac remodelling.

Materials and methods

Patients

Twenty patients were aged 18 years or older, had chronic heart
failure had chronic heart failure (New York Heart Association
functional class II, III, or IV) with a decreased left ventricular
ejection fraction (≤50%), a significant change in cardiac
structure, and a serum pro-B-type natriuretic peptide (NT-
proBNP) level>2,500 pg/mL. The exclusion criteria were: (1)
congenital heart disease, (2) acute coronary syndrome in the last
30 days, (3) pericardial disease, (4) tumors, and (5) metabolic
diseases except for diabetes mellitus. Normal subjects were
matched 1:1 according to the age and sex of the patients as
controls. Serum proteomics analysis of 40 participants was
performed to screen protein targets related to cardiac
remodelling by APPLIED PROTEIN TECHNOLOGY Co., Ltd.
(Shanghai, China). The study protocol was reviewed and
approved by the Ethics Committee of Inner Mongolia Medical
University (NO. YKD2019070). All participants gave written
informed consent.

Animal study

All the mice were housed in an environmentally controlled
animal facility at Inner Mongolia Medical University with a room
temperature of 22 °C–23 °C, a 12 h light/dark cycle, and access to a
normal diet and purified water ad libitum. The mice were randomly
divided into groups and acclimatized to the laboratory
environments for at least 7 days before the experiments.

Mouse cardiac remodelling model

A mouse model of cardiac remodelling was generated via
transverse aortic constriction (TAC). The details of the TAC for
the model and sham surgeries were described previously (Tavakoli
et al., 2017). In brief, the mice were anaesthetized via an
intraperitoneal injection of a single dose of 2% 2,2,2-
tribromoethanol (Avertin) (Sigma‒Aldrich, St. Louis, MO). A
10 mm longitudinal midline cervical incision was made from the
suprasternal notch to the mid-chest to expose the sternum after the
fur in the surgical region was shaved and the skin was disinfected
with 70% alcohol. The pretracheal muscles were separated to
uncover the trachea, and then the pleura was removed. A
3–4 mm upper partial sternotomy was performed, and the aortic
arch was located under low-power magnification. The aortic arch
and a blunted 27-gauge needle were ligatured with a 6–0 suture line,
after which the needle was removed quickly but gently to achieve
0.4 mm diameter narrowing and reproducible transverse 65%–70%
aortic constriction. The sternum was sutured, and the skin was
closed with a 5–0 suture line in one layer. The mice were allowed to

warm until they were fully awake and were fed in standard cages.
The sham mice underwent the same operation, but the aortic arch
was not constricted.

Jaranol treatment

Jaranol (221210X, purity >98%) was purchased from DASF
Biotechnology Co., Ltd. (Nanjing, China); the chromatogram, LC/
MS spectrum, and nuclear magnetic resonance (NMR) spectrum are
shown in Supplementary Figures S1-S3. Jaranol was mixed with
0.1% carboxymethylcellulose sodium (CMC-Na), and the mixture
was then sonicated for 3 min to prepare a suspension. Each animal
received 50 mg/kg jaranol (300 μL) daily by gavage (Liu et al., 2022).
The vehicle and model groupmice received 300 μL of 0.1% CMC-Na
daily by gavage. The mice were treated for 2 weeks before TAC and
for 4 weeks after TAC.

Jaranol targets and functional
enrichment analysis

The SwissTargetPrediction Database was used to predict the
most likely protein targets of jaranol on the basis of the similarity of
the two-dimensional and three-dimensional chemical structures
(Daina et al., 2019). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis of jaranol targets was performed using the
DAVID database (Dennis et al., 2003).

Measurement of jaranol content in
Astragalus membranaceus

Preparation of the control solution
A total of 1.03 mg of the jaranol standard was weighed

accurately, and methanol was used to generate a standard
solution with a concentration of 0.103 mg/mL; the solution was
filtered through a 0.22 μm microporous membrane and stored as a
stock solution. A gradient dilution of the stock solution was tested to
establish standard curves and evaluate the sensitivity of the assay.

Preparation of the test solution
Approximately 10 g of crude powder of Astragalus

membranaceus passed through a 10-mesh sieve was added to
100 mL of 50% ethanol. After soaking for 1 h, the mixture was
heated and reflux extracted 2 times, each for 1 h, concentrated to
50 mL, and filtered through a 0.22 microporous filter membrane.
The content of jaranol in Astragalus membranaceus was
measured via HPLC.

Echocardiography

An ultrasound diagnostic instrument (VINNO 10, Suzhou,
China) was used to evaluate cardiac structure and function after
TAC for 4 weeks. Briefly, the mice were first anesthetized with 3.0%
isoflurane mixed with oxygen (100%, airflow velocity: 1 L/min).
After the heart rate stabilized at 400 to 500 beats per minute after the
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pain reflex disappeared, the M-mode cursor was positioned
perpendicular to the maximum LV dimension in end-diastole
and systole, and M-mode images were obtained to measure wall
thickness and chamber dimensions. Then, the ejection fraction and
fractional shortening were automatically calculated by the software
to evaluate cardiac structure and function.

Cell culture, AngII stimulation, and
jaranol treatment

Isolation and culture of primary neonatal mouse
cardiomyocytes (CMs) and cardiac fibroblasts (CFs)

Primary cardiomyocytes and fibroblasts from neonatal mice
were prepared using a Pierce Primary Cardiomyocyte Isolation
Kit (88281; Thermo Fisher Scientific, USA). In brief, the
ventricles of neonatal mice were cut into small pieces
(approximately 1 mm3) and washed twice with ice-cold HBSS. A
total of 0.2 mL of reconstituted cardiomyocyte isolation enzyme 1
(papain) and 10 µL of cardiomyocyte isolation enzyme 2
(thermolysin) were added to each tube. The contents of the tube
were mixed gently and then incubated in a 37 °C incubator for
30–35 min. The enzyme mixture was gently removed, and the heart
tissue was washed twice with 500 µL of ice-cold HBSS. Complete
DMEM was added to each tube, and then the tissue was dissociated
by pipetting up and down 25–30 times using a sterile 1.0 mL pipette
tip to prepare a single-cell suspension. A total of 1.0 mL of complete
DMEM was added to each tube to bring the total volume to 1.5 mL.
The cells were counted after individual cell suspensions were
combined and then seeded in 10 cm dishes. The dissociated cells
seeded in 10 cm dishes were allowed to settle for 120 min to enrich
cells on the basis of the differential adherence times of cardiac
myocytes and fibroblasts. After being cultured for 120 min, the
adherent cells were CFs, which were cultured continuously in a
10 cm dish with fresh Dulbecco’s modified Eagle’s medium
(DMEM)/high-glucose supplemented with 10% FBS (11965092,
Gibco). The cells in suspension were CMs, which were collected
by centrifugation at 800 rpm for 5 min. After centrifugation, the
CMs were resuspended in DMEM/high-glucose with 10% FBS and
0.1 mmol/L bromodeoxyuridine and then seeded in a 12- or 6-well
plate at 2000 cells/cm2. The cells were maintained in an incubator at
37 °C in the presence of 5% CO2.

hiPSC-CM culture
Human induced pluripotent stem cell-derived cardiomyocytes

(hPSC-CMs, CSM-H230011) were purchased from Cosmos Biotech
Co., Ltd. (Nanjing, China) and resuscitated and cultured in a
specialized medium according to the manufacturer’s instructions.

Cell experiment protocol
CMs, CFs, and hiPSC-CMs were randomly assigned to one of

three experimental groups as follows: (1) control; (2) Ang II: 10−6 M
angiotensin II; and (3) Ang II + jaranol: 10−6 M Ang II with 5 μM
jaranol. At the beginning of the experiment, the CMs and CFs in the
jaranol groups were pretreated with 5 μM jaranol in high-glucose
FBS-free DMEM for 2 h, whereas those in the control and AngII
groups were pretreated with high-glucose FBS-free DMEM for 2 h.
After pretreatment, the culture mediumwas then replaced with fresh

high-glucose FBS-free DMEM containing the appropriate drugs,
and the cells were exposed to those drugs throughout the
experimental period.

Culture and treatment of H9c2 cardiomyoblasts
Rat H9c2 cardiomyoblasts (ZQ0102, Zhong Qiao Xin Zhou

Biotechnology, China) were cultured in 96-well plate within high
glucose dulbeccos modified eagles medium (DMEM, 4.5 g/L
glucose) that include penicillin (100 U/mL), streptomycin
(100 μg/mL) and 10% fetal bovine serum for 24 h in a
humidified atmosphere of 5% CO2 and 95% O2 at 37 °C. The
H9c2 cardiomyoblasts were starved with no serum media for
24 h, then treated with 200, 100, 50, 25, 12.5, 6.25, 3.12, 1.56 μM
of target compounds for 30 min, followed by treated with or without
10−6 M AngII for 24 h, the cell viability was detected by CCK-8 array.

Cell counting kit-8 (CCK-8) assay

In brief, cells were incubated with 10% CCK-8 solution (96992,
Sigma-Aldrich) at 37 °C for 1 h, and A450 was measured using a
microplate reader (Thermo Fisher Scientific).

Histological analysis

For histological analysis, the mice were first anaesthetized with
3.0% isoflurane mixed with oxygen (100%, airflow velocity: 1 L/
min), and the hearts were arrested with a 10% potassium chloride
solution at end-diastole and then fixed in 4% paraformaldehyde for
48 h. The fixed hearts were embedded in paraffin and cut
transversely into 5 μm sections. Serial heart sections were stained
with wheat germ agglutinin (WGA) (W11261, Invitrogen), and
100~200 myocytes of left ventricle were outlined in each group
to assess myocyte cross-sectional areas. The degree of collagen
deposition was evaluated by picrosirius red (PSR) staining
(ab150681, Abcam), and 10~20 fields of left ventricle were
outlined in each heart. The images were analysed using a
quantitative digital image analysis system (Image-Pro Plus 6.0) in
a blinded manner.

CM and hiPSC-CM phalloidin staining

CMs and hiPSC-CMs were cultured in high glucose FBS-free
DMEM containing different drugs for 48 h and then were stained
with iFluor™ 488-labelled phalloidin (40736ES75, Yeasen
Biotechnology, Shanghai, China) to evaluate myocyte size under
a fluorescence microscope (Zeiss, Germany). In brief, the cells were
washed twice with prewarmed phosphate-buffered saline (pH 7.4)
and then fixed in a 3.7% formaldehyde solution for 10 min at room
temperature. The cells were washed twice with PBS and incubated
with 0.1% Triton X-100 in PBS for 5 min. After the cells were washed
twice with PBS, they were stained with 200 μL of phalloidin at room
temperature for 30 min. The cells were washed twice with PBS, and
nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, H-
1200, Vector Laboratories). Images were obtained using a laser
scanning confocal microscope (Carl Zeiss Inc., Thornwood, NY,
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USA) at excitation/emission wavelengths of 493/517 nm and E364/
454 nm (DAPI). Fluorescence was quantified using Image-Pro 6.0
(Media Cybernetics Inc., Bethesda, MD, USA).

Western blotting and quantitative real-
time PCR

Proteins were extracted from mouse hearts with
radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl
pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.25% sodium deoxycholate,
0.1% SDS and protease inhibitor cocktail). Homogenates were sonicated
and centrifuged at 4 °C for 15 min, and the supernatants were used for
Western blotting. Nuclear and cytoplasmic proteins were separated
from CMs using a Minute Cytoplasmic and Nuclear Extraction Kit
(sc003, Invent Biotechnologies). For each sample, 20–50 μg of protein
was separated by SDS‒PAGE and transferred to an NC membrane
(HATF00010, Millipore). After being blocked with 5% nonfat milk, the
membrane was incubated with primary antibodies overnight at 4 °C.
The membrane was subsequently incubated with a horseradish
peroxidase-conjugated secondary antibody (1:10000; sc-2357; Santa
Cruz Biotechnology) and exposed to an enhanced
chemiluminescence (ECL) reagent to detect protein bands.

Total RNA from mouse hearts, CMs, and CFs was extracted
using TRIzol reagent (15596026, Invitrogen), and first-strand cDNA
was synthesized using reverse transcriptase (3735A, Takara). Real-
time PCR was performed with SYBR Green to examine the relative
mRNA levels of the indicated genes. The sequences of the real-time
PCR primers are shown in Supplementary Table S1.

TLR2 expression assessment in CMs

CMs were cultured in 12-well plate in high glucose FBS-free
DMEM, and randomly assigned to one of two experimental groups
as follows: (1) control; (2) Snai3: 0.18 μM Snai3. CMs were treated
with or without 0.18 μM Snai3 in high-glucose FBS-free DMEM for
48 h, then TLR2 expression in CMs was detected by Western blot.

RNA sequencing

Total RNA from the mouse left ventricles in the different
treatment groups was subjected to transcriptome sequencing by
APPLIED PROTEIN TECHNOLOGY Co., Ltd. (Shanghai, China).
Five biological replicates were performed for each group. Functional
enrichment analyses of differentially expressed genes were
performed using R software (version 4.2).

Adeno-associated virus vectors and vector
delivery in vivo

Adeno-associated virus 9 vectors expressing human TLR2 (Ad-
TLR2) and GFP(Ad-GFP) were constructed by Vigene Biosciences,
Inc. (Shandong, China). The average viral titres were 9.23 × 1013 and
7.46 × 1013 vector genome (VG) particles/mL for the Ad-TLR2 and
Ad-GFP vectors, respectively. Vectors were diluted with sterile

saline, and 100 µL of 5 × 1011 VG/mouse Ad-TLR2 vector was
intravenously injected into the mouse tail vein using a 27G insulin
syringe (BD Biosciences, Franklin Lakes, NJ, USA); the same dose of
the Ad-GFP vector was injected into the control group.

After receiving vector injections for 3 weeks, the jaranol
treatment group received 50 mg/kg jaranol (300 μL) per day by
gavage, and the control group received 300 μL 0.1% CMC-Na orally
per day. After 2 weeks of jaranol treatment, cardiac hypertrophy was
induced by TAC for 4 weeks. At the end of the experiment,
echocardiography and histological analysis were performed to
evaluate heart function and the degree of cardiac remodelling.

Molecular docking

The chemical structure of jaranol was obtained through a PubMed
search, and the planar structure was drawn in ChemDraw 21.0.0,
converted into a 3D configuration using Chem3D 21.0.0 and
exported in MOL format. Then, the compound structure was
processed in AutoDock Tools 1.5.6 (hydrogenation, ligand setting,
and torsion bond detection) and exported in PDBQT format. The
structure of NF-κB was obtained from the RCSB database and was
subjected to preprocessing with AutoDock Tools 1.5.6 (addition of
hydrogen, assignment of partial charges and protonation states, and
removal of water molecules and primitive ligands). The resulting data
were exported in PDBQT format. The original location of the protein
ligand was used as the ligand space to generate the config. txt file after
setting up the docking box. Subsequently, QuickVina-W was run on
Linux to dock the processed ligand and receptor PDBQT files as well as
the comfig. txt file, and the docking results were visualized in PyMoL
2.6 and AutoDock Tools 1.5.6.

Proteome microarray assays

Arrayit HuProt™ v2.0 19K Human Proteome Microarrays (CDI
Laboratories, Baltimore, MD) were used to identify jaranol-interacting
proteins. Themicroarrays were blocked with blocking buffer for 1.5 h at
room temperature and protected from light. After blocking, the
blocking buffer was discarded, and the chip was washed once with
1× PBS-T for 5 min. The chip was cultured with 50 µM biotinylated-
jaranol or free biotin at room temperature for 1 h. After culturing, the
chipwas washed once with 1× PBS-T for 5min and thenwith deionized
water twice (5 min each). After washing, Cy5-streptavidn solution (1:
1000, Sigma‒Aldrich, St. Louis, MO) was added. GenePix 4000B (Axon
Instruments, Sunnyvale, CA) was used for scanning. The signal-to-
noise ratio was defined as the ratio of the foreground and background
values. To call candidates, the cut-off was set at a ratio >3.0. The data
were analysed using GenePix Pro 6.0. The entire experimental protocol,
including the synthesis of biotinylated jaranol and proteomemicroarray
assays, was performed at Wayenbiotech Co., Ltd. (Shanghai, China).

Subcellular fractionation of hiPSC-CM

Cytoplasmic and nuclear extracts were prepared according to the
instructions of the NE-PER® nuclear and cytoplasmic extraction
kit (Pierce).
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Statistical analysis

All the data are presented as means ± standard deviation
(SD). One-way or two-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test was used for statistical
comparisons among more than two groups. Statistical analyses
were performed with GraphPad Prism 8.0 (GraphPad Software,
Inc.). The “WGCNA” package was used to construct the weighted
protein coexpression network. P < 0.05 indicated a statistically
significant difference.

Results

Joint analysis indicated jaranol with
potential activity against cardiac
remodelling

We investigated possible correlations between serum proteins
and the phenotype of heart failure by weighted correlation network
analysis (WGCNA) to screen potential targets related to cardiac
remodelling. The baseline characteristics of patients with heart
failure and controls are shown in Supplementary Table S2. The
total of 672 proteins were considered as the potential targets of
cardiac remodelling (Supplementary Figure S4). To screen active

compounds, total of 1073 targets of 66 ingredients in Astragalus
membranaceus were anticipated in Traditional Chinese Medicine
Systems Pharmacology (TCMSP) platform and
SwissTargetPrediction Databases (Supplementary Table S3).
Finally, 23 ingredients in Astragalus membranaceus could
regulate at least 5 targets related to cardiac remodlling among
66 ingredients by overlapping between targets of ingredients in
Astragalus membranaceus and targets related to cardiac remodelling
fromWGCNA of serum proteomics. According to Lipinski’s rule of
five, Jaranol, Isorhamnetin, Formononetin, and Kaempferol were
considered to have the potential to be used as a drug (Supplementary
Figure S5; Supplementary Table S4) (Lipinski, 2004). Schematic
illustrating screening process was showed in Figure 1A.

The CCK-8 assay further confirmed low dosage of kaempferol
and formononetin (<5 μM) promoted H9c2 viability, while jaranol
and isorhamnetin continuously suppressed H9c2 viability
(Figure 1B). Besides, four compounds significantly suppressed
10−6 M AngII-induced increase in H9c2 viability (Figure 1C).
Meanwhile, the previous studies showed a clear protective effect
of Isorhamnetin, Formononetin, and Kaempferol on multiple
causes–induced cardiac remodelling, further validating the
accuracy of our analytical method (Liu et al., 2017; Qian et al.,
2024; Gao et al., 2017). Therefore, we decided to study the effect of
jaranol on cardiac remodelling, and evaluate the possible
mechanism in vitro and in vivo.

FIGURE 1
Joint analysis indicated jaranol with potential activity against cardiac remodelling. (A) Schematic illustrating screening process of target compounds,
WGCNA: Weighted Gene Co-expression Network Analysis, TCMSP: Traditional Chinese Medicine Systems Pharmacology Database and Analysis
Platform; (B)Cell viability analyzed byCCK-8 array inH9c2 cardiomyoblast treatedwith target compounds at different doses for 24 h (n = 6 per group); (C)
Cell viability analyzed by CCK-8 array in H9c2 cardiomyoblast treated with 5 μM target compounds and 10−6 M AngII for 24 h (n = 6 per group); (D)
HPLC chromatogram of jaranol; (E)Cell viability analyzed by CCK-8 array in CMs treated with jaranol at different doses for 24 h (n = 6 per group). The data
are presented as means±SDs; one-way ANOVA with Tukey’s post hoc test; *P < 0.05, **P < 0.01, and ***P < 0.001. CMs: cardiomyocytes.
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The biological analysis results showed that jaranol regulatedmultiple
protein targets related to cardiac remodelling, and target function
analysis revealed that some signalling pathways closely associated
with cardiac remodelling were significantly enriched (Supplementary
Table S5, Supplementary Figure S6). Based on the potential therapeutic
effects of jaranol on cardiac remodelling, wefirst examined the content of
jaranol in Astragalus membranaceus via high-pressure liquid
chromatography (HPLC), and the results revealed that the average
jaranol content was 0.045 μg/g in 16 batches of Astragalus
membranaceus (Figure 1D; Supplementary Table S6). The CCK-8
assay revealed that the activity of mouse primary cardiomyocytes
(CMs) decreased gradually with increasing jaranol concentration,
ultimately, 5 μM jaranol was selected to evaluate its biological ability
for AngII-induced cardiac remodelling in vitro (Figure 1E).

Jaranol ameliorates AngII-induced cardiac
remodelling in vitro

We found that Ang II induced an increase in cell size for 48 h
(Figures 2A,B), and an increase in the expression of cardiac
remodelling-related genes (Anp and Bnp) for 24 h in CMs
(Figure 2C); these effects were significantly inhibited in jaranol-
treated CMs. The expression level of MYH7 as the hypertrophic
marker significantly increased in Ang II-induced CMs for 48 h,

which was inhibited in jaranol-treated CMs (Figure 2D). In CFs,
jaranol treatment for 24 h significantly inhibited the AngII-induced
expression of phenotype shift-related genes (Col1α1, Col3α1, and α-
SMA) (Figure 2E). Collectively, these data suggested that jaranol had
a protective effect against Ang II-induced cardiac remodelling
in vitro.

Jaranol ameliorates TAC-induced cardiac
remodelling in vivo

To further investigate the protective effect of jaranol against
cardiac remodelling, adult wild-type mice were subjected to TAC, a
surgical model of pressure overload-induced cardiac remodelling.
As expected, compared with mice in the vehicle group, mice in the
TAC group presented changes in cardiac structure, systolic and
diastolic function, as illustrated by an increase in the left ventricular
posterior wall thickness at end diastole (LVPWd) and a decrease in
the ejection fraction (EF) and fraction shortening (FS) in the heart;
however, these effects were reversed in the hearts of jaranol-treated
mice (Figures 3A,B; Supplementary Table S7). In addition, mice in
the jaranol-treated group presented a significantly ameliorated
phenotype, with a reduced heart size and heart weight compared
with mice in the TAC group (Figures 3C,D). The expression level of
MYH7 as the hypertrophic marker significantly increased in heart of

FIGURE 2
Jaranol ameliorates AngII-induced cardiac remodelling in vitro. (A) Immunofluorescence staining of neonatal CMs treated with or without jaranol
during Ang II (angiotensin II)-induced hypertrophy. Scale bar = 50 µm. (B)Quantification of the size of CMs treated with or without jaranol during Ang II-
induced hypertrophy (n = 6 per group). (C) RT‒qPCR analysis of Anp and Bnp mRNA levels in CMs treated with or without jaranol during Ang II-induced
hypertrophy (n = 6 per group). (D) A representative Western blot image showing MyH7 protein levels in CMs, and quantification of MyH7 protein
levels in CMs (n = 6 per group). (E) RT‒qPCR analysis of Col1α1, Col3α1, α-SMA mRNA levels in CFs treated with or without jaranol during Ang II-induced
hypertrophy (n = 6 per group). The data are presented asmeans±SDs; one-way ANOVAwith Tukey’s post hoc test; *P < 0.05, **P < 0.01, and ***P < 0.001.
CMs: cardiomyocytes; CFs: cardiac fibroblasts.
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FIGURE 3
Jaranol ameliorates TAC-induced cardiac remodelling in vivo. (A) Representative echocardiographic images of the mice in each group. (B) Cardiac
structural and functional tests showing the LVPWd, EF, and FS (n = 10 per group). (C) Representative gross appearance of whole hearts; scale bar = 0.5 cm.
(D) The ratio of heart weight to body weight (HW/BW) and tibia length (HW/TL) (n = 10 per group). (E) A representative Western blot image showing
MyH7 protein levels in mouse heart, and quantification of MyH7 protein levels in mouse heart (n = 6 per group). (F) Heart tissues were stained with
fluorophore-conjugated wheat germ agglutinin (WGA) and picrosirius red staining to assess cardiomyocyte hypertrophy (Scale bar = 20 µm) and cardiac
fibrosis (Scale bar = 40 µm); (G) Statistical results for the cell cross-sectional area (n = 6 per group). (H)Quantification of the interstitial fibrotic area (%) in
Sirius Red-stained heart sections (n = 6 per group). (I) RT‒qPCR analysis of cardiomyocyte hypertrophicmarker (Anp, Bnp) mRNA levels (n = 6 per group).
The data are presented as the means±SDs; one-way ANOVA with Tukey’s post hoc test; *P < 0.05, **P < 0.01, and ***P < 0.001.
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FIGURE 4
The protective effect of jaranol against cardiac remodelling is associatedwith the regulation of the TLR signalling pathway. (A)Volcano plots showing
changes in cardiac gene expression in different mice; genes whose expression significantly increased (up) and decreased (down) are highlighted in yellow
and blue, respectively. (B) Principal component analysis (PCA) plot of genes expression in mouse heart from different groups (n = 5 per group), elliptical
areas represent 95% confidence regions. (C)Gene set enrichment analysis of genes whose expression significantly increased (up) or decreased
(down) in mouse hearts was performed to evaluate the mechanism of jaranol action. (D) Gene set enrichment analysis plots of the Toll-like receptor
signalling pathway and NF-κB signalling pathway in different mouse hearts 4 weeks after TAC. NES, normalized enrichment score. (E) Heatmap showing

(Continued )
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TAC-inducedmice compared to vehicle mice for 4 weeks, which was
inhibited in heart of jaranol-treated mice compared to TAC-induced
mice (Figure 3E). Cardiac sections stained with WGA revealed that,
compared with mice in the vehicle group, mice in the TAC group
presented marked cardiac hypertrophy 4 weeks after surgery, as
revealed by an increased cardiomyocyte cross-sectional area.
Compared with mice in the TAC group, mice in the jaranol-
treatment group exhibited a decreased response to TAC-induced
cardiac hypertrophy (Figures 3F,G). Sirius red staining showed that,
compared with mice in the vehicle group, mice in the TAC group
presented significantly greater fibrosis in the interstitial and
perivascular areas of the heart, and jaranol treatment for 4 weeks
alleviated TAC-induced cardiac fibrosis (Figures 3F,H). In addition,
the expression of cardiac remodelling-related genes (Anp and Bnp)
was significantly greater in the hearts of mice in the TAC group than
in the hearts of mice in the vehicle group 4 weeks after surgery,
whereas the expression of these genes was lower in the hearts of mice
in the jaranol-treatment group than in the hearts of mice in the TAC
group (Figure 3I). Overall, jaranol treatment ameliorated TAC-
induced cardiac remodelling in vivo.

The protective effect of jaranol against
cardiac remodelling is associated with
suppressing TLR signalling pathway

To investigate the underlying mechanism by which jaranol
alleviated cardiac remodelling, RNA sequencing of mouse hearts
was performed, with five replicates per group. Genes with│log2
Foldchange│≥0.58 and P < 0.05 were considered differentially
expressed genes (DEGs) between groups. Compared with those in
the hearts of mice in the vehicle group, 1210 and 575 genes were
significantly upregulated and downregulated, respectively, in the
hearts of mice in the TAC group. Compared with that in the
hearts of mice in the TAC group, the expression of 671 and
517 genes in the hearts of jaranol-treated mice was significantly
upregulated and downregulated, respectively (Figure 4A).
Principal component analysis (PCA) showed a clear difference
among different groups, indicating that gene expression
characteristics in mouse heart of jaranol-treated mice
exhibited different from vehicle and model mice (Figure 4B).
Gene set enrichment analysis of the DEGs revealed that jaranol
treatment inhibited several signalling pathways related to cardiac
remodelling in mouse hearts, such as the NF-κB signalling
pathway (Takemoto et al., 1999), cell adhesion molecules (Liu
et al., 2019), and the chemokine signalling pathway (Wang et al.,
2018) (Figure 4C). Further analysis revealed that the Toll-like
receptor signalling pathway and NF-κB signalling pathway were
significantly more active in the hearts of mice in the TAC group
than in the hearts of mice in the vehicle group and was

suppressed in the hearts of mice in the jaranol-treatment
group relative to that observed in the hearts of mice in the
TAC group (Figures 4D,E). Among differential expression
genes among groups, Tlr2 gene was significantly upregulated
in heart of TAC-induced mice compared with vehicle mice,
however, which was significantly downregulated in heart of
jaranol-treated mice compared with TAC-induced mice
(Figure 4F). To validate the RNA sequencing results, the
expression levels of TLR2, TGF-β, P-P65-NF-κB, ERK, and
p-ERK in mouse hearts were examined by Western blotting.
The expression levels of these proteins were significantly higher
in the hearts of mice in the TAC group than in the hearts of mice
in the vehicle group 4 weeks after surgery, and jaranol treatment
inhibited the TAC-induced expression of these proteins in the
heart (Figures 4G,H). Previous studies have shown that cardiac-
specific TLR2 overexpression aggravates cardiac remodelling,
whereas the inhibition of TLR2 improves cardiac pathological
remodelling (Wang et al., 2014). Therefore, we speculated that
the protective effect of jaranol against cardiac remodelling was
related to the inhibition of TAC-induced TLR2 expression in
the heart.

Cardiac-specific TLR2 overexpression
exacerbated TAC-induced cardiac
remodelling and reversed the protective
effect of jaranol against cardiac remodelling

To further understand the relationship between the protective
effect of jaranol against cardiac remodelling and TLR2 signalling, we
engineered an adeno-associated virus-9 (AAV-9) vector to
overexpress TLR2 under the control of the cardiomyocyte-
specific cardiac troponin (cTnT) promoter. The mice were
injected with 1012 AAV9 viral particles 5 weeks before TAC
surgery. Three weeks after virus injection, jaranol-treated mice
received 50 mg/kg jaranol (300 μL) per day by gavage for
2 weeks. After 2 weeks of jaranol pretreatment, mice in the TAC
group and jaranol-treatment group underwent TAC surgery, and
cardiac function was analysed by echocardiography 4 weeks after
surgery (Supplementary Figure S7). The results revealed that
TLR2 expression was significantly higher in the hearts of AAV9-
TLR2-injected mice than in AAV9-control-injected mice 3 weeks
after injection (Supplementary Figure S8). Representative
echocardiographic M-mode images are shown in Supplementary
Figure S9. Cardiac-specific TLR2 overexpression significantly
altered cardiac structure and function, as demonstrated by
decreases in the LVPWd, EF, and FS in the hearts of AAV9-
TLR2-injected mice. Four weeks after TAC surgery, AAV9-
control-injected mice presented an increase in LVPWd and a
decrease in EF and FS, which are typical phenotypes of

FIGURE 4 (Continued)

the expression levels of Toll-like receptor and NF-κB signalling pathway-related genes. (F) The FPKM value of Tlr2 in different groups (n = 5 per
group). (G,H) Western blot analysis and densitometric quantification of TLR-2, TGF-β, P-P65-NF-κB, ERK, and P-ERK in different mouse hearts, with
GAPDH as a control (n = 6 per group). The data are presented as means±SDs; one-way ANOVA with Tukey’s post hoc test; *P < 0.05, **P < 0.01, and
***P < 0.001.
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FIGURE 5
Cardiac-specific TLR2 overexpression exacerbated TAC-induced cardiac remodelling and reversed the protective effect of jaranol against cardiac
remodelling. (A)Cardiac structural and functional tests showing the LVPWd, EF, and FS from AAV9-cTnT-GFP- and AAV9-cTnT-TLR2-injected mice
4 weeks after TAC or vehicle surgery (n = 6 per group). (B) Representative images of the gross morphology of hearts from AAV9-cTnT-GFP- and AAV9-
cTnT-TLR2-injected mice 4 weeks after vehicle or TAC surgery. Scale bar = 1 cm. (C) The ratio of heart weight to body weight (HW/B.W) and tibia
length (HW/TL) for AAV9-cTnT-GFP- and AAV9-cTnT-TLR2-injected mice 4 weeks after vehicle or TAC surgery (n = 6 per group). (D) Representative
images of left ventricular muscle sections stained with WGA frommice in different groups. Scale bar = 40 µm. (E)Quantitative analysis of cross-sections
of WGA-stained cardiomyocytes from AAV9-cTnT-GFP- and AAV9-cTnT-TLR2-injectedmice 4 weeks after vehicle or TAC surgery (n = 6 per group). (F)
Representative images of Picro Sirius Red-stained histological sections from AAV9-cTnT-GFP- and AAV9-cTnT-TLR2-injected mice 4 weeks after

(Continued )
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hypertrophic cardiomyopathy. A significantly lower LVPWd in
AAV9-TLR2-injected mice than in AAV9-control-injected mice
repressed dilated cardiomyopathy; moreover, the cardiac-specific
overexpression of TLR2 aggravated TAC-induced cardiac
dysfunction. Jaranol treatment had a significant therapeutic effect
on the cardiac structure and functional response to TAC for 4 weeks
in both the AAV9-control- and AAV9-TLR2-injected mice, but
these effects were reversed by cardiac-specific TLR2 overexpression
(Figure 5A). Similarly, the effect of jaranol on morphological
improvements was evidenced by a lower heart weight-to-body
weight ratio and heart weight-to-tibial length ratio in mice in the
jaranol-treatment group than in mice in the TAC group 4 weeks
after TAC. Nevertheless, a significant increase in the heart weight-
to-tibial length ratio in AAV9-TLR2-injected mice compared with
that in AAV9-control-injected mice indicated that jaranol activity
decreased due to TLR2 overexpression (Figures 5B,C). WGA
staining of myocardial tissue revealed that the cross-sectional
area of cardiomyocytes was significantly smaller in the hearts of
mice in the jaranol-treatment group than in the hearts of mice in the
TAC group, illustrating the protective effect of jaranol against TAC-
induced cardiac hypertrophy; however, this effect was blunted after
TLR2 overexpression (Figures 5D,E). Although there was no
influence on the cross-sectional area of cardiomyocytes under
normal physiological conditions, cardiac-specific
TLR2 overexpression for 3 weeks not only led to fibrosis but also
exacerbated TAC-induced cardiac fibrosis. Jaranol treatment
significantly alleviated TAC-induced cardiac fibrosis in both the
AAV9-control- and AAV9-TLR2-injected mice, but cardiac fibrosis
levels were significantly greater in the hearts of the jaranol-treated
AAV9-TLR2-injected mice than in those of the jaranol-treated
AAV9-control-injected mice, which indicated a decreased
protective effect of jaranol against TAC-induced cardiac fibrosis
after TLR2 overexpression (Figures 5F,G). At the molecular level,
cardiac-specific TLR2 overexpression promoted the TAC-induced
expression of hypertrophic markers, such as atrial natriuretic
peptide (Anp) and brain natriuretic peptide (Bnp), while it
inhibited the effect of jaranol on the expression of hypertrophic
markers (Supplementary Figure S10). At the protein level, cardiac-
specific TLR2 overexpression did not affect TAC-induced TGF-β
expression in the heart; however, it upregulated the expression levels
of P-ERK and P-NF-κB in the hearts of AAV9-TLR2-injected mice
compared with those in the hearts of AAV9-control-injected mice.
In addition, the inhibitory effect of jaranol on TAC-induced P-ERK
expression in the hearts of AAV9-TLR-2-injected mice was
significantly attenuated compared with that in the hearts of
AAV9-control-injected mice, but a similar result was not found
for P-NF-κB expression (Figures 5H,I). These data demonstrated
that cardiac-specific TLR2 overexpression exacerbated TAC-
induced cardiac remodelling while reversing the protective effect
of jaranol against cardiac remodelling.

Transcription factor Snai3 was involved in
TAC and jaranol-regulated TLR2 expression
in mouse heart

Next, we investigated the molecular mechanism by which
jaranol regulate TAC-induced TLR2 expression. The mRNA-
sequencing of mouse myocardium showed that the expression of
90 transcription factors were significantly altered in mouse heart
between different groups (Figure 6A). Among 90 transcription
factors, Snai3 expression was significantly downregulated in heart
of TAC-induced mice compared with vehicle mice, however, it was
significantly upregulated in heart of jaranol-treated mice compared
with TAC-induced mice (Figure 6B). Further analysis revealed a
significant negative correlation between Snai3 and TLR2 expression
in mouse heart (Figure 6C). Western blot result also showed jaranol
administration inhibited TAC-induced decrease in Snai3 expression
in mouse heart (Figures 6D,E). Therefore, we speculated that
transcription factor Snai3 could bind to the promoter region of
the TLR2 gene to inhibit its expression. The promoter sequence of
the human TLR2 gene was searched in NCBI database
(Supplementary Table S8), indeed, the total 19 putative sites that
binding transcription factor Snai3 in the promoter region of
TLR2 gene were predicted with relative profile score threshold
80% in JASPAR CORE database (Supplementary Table S9).
Moreover, Snai3 treatment resulted in a significant
downregulation of TLR2 expression in CMs (Figures 6F,G).
These results suggested that jaranol inhibited TAC-induced
TLR2 expression was potentially associated with promoting
Snai3 expression in mouse heart.

Identification of NF-κB as a direct jaranol-
binding protein

To identify the molecular mechanism by which jaranol prevents
TAC-induced cardiac remodelling, we screened for potential
jaranol-binding proteins. First, biotinylated jaranol was
synthesized (Figure 7A). The mass spectrometry (MS) and
nuclear magnetic resonance (NMR) spectra of biotinylated
jaranol are shown in Supplementary Figures S11-S12. The
biological activity of biotinylated jaranol was evaluated in
H9c2 cells, the results of which are shown in Supplementary
Figure S13. Following incubation with biotinylated jaranol or free
biotin, binding was assessed using Cy5-streptavidin solution
(Figure 7B; Supplementary Figure S14). Thirty-four proteins were
identified as being able to interact directly with jaranol (Figure 7C;
Supplementary Table S10). Cluster analysis was performed using the
STRING software and revealed that NF-κB was a hub gene among
those proteins (Figure 7D). To validate the interaction between
jaranol and NF-κB, molecular docking was performed with software.

FIGURE 5 (Continued)

vehicle or TAC surgery; scale bar = 10 µm. (G) Quantitative analysis of left ventricle (LV) collagen content in AAV9-cTnT-GFP- and AAV9-cTnT-
TLR2-injected mice (n = 6 per group). (H,I) Immunoblots and densitometric quantification showing the expression levels of TGF-β, NF-κB, and ERK, with
GAPDH as a control, in myocardia from AAV9-cTnT-GFP- and AAV9-cTnT-TLR2-injected mice 4 weeks after vehicle or TAC surgery (n = 6 per group).
The data are presented as means±SDs; two-way ANOVA with Tukey’s post hoc test; *P < 0.05, **P < 0.01, and ***P < 0.001; NS: not significant.
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The results revealed that the binding energies between jaranol and
the different sites of NF-κB were less than 0, which illustrated
that jaranol is tightly linked to amino acid residues in NF-κB
through hydrogen bonds (Figure 7E). To further clarify the
mechanism by which jaranol affects cardiac remodelling,
hiPSC-CMs were cultured and stimulated with AngII and
jaranol. The results revealed a significant inhibitory effect of
jaranol against Ang II-induced hiPSC-CM hypertrophy
(Figures 7F,G). Besides, we determined the levels of P-NF-κB
protein in the nucleus to validate the interaction between
jaranol and NF-κB in hiPSC-CMs, the results showed that
P-NF-κB level in the nucleus increased in Ang II-induced
hiPSC-CMs, which was significantly blunted in jaranol-
treated hiPSC-CMs (Figures 7H,I).

Discussion

This endeavor was intended to investigate the protective
effect and mechanism of jaranol against pathological cardiac
remodelling in vitro and in vivo. We have demonstrated for the
first time that jaranol protects against TAC- and AngII-induced
mouse and cellular cardiac remodelling model by multi-target
inhibition of the TLR2 signalling pathway. On the one hand,
jaranol promoted transcription factor Snai3 expression in

mouse heart to activity the transcriptional repression of
TLR2 under the pathological condition, while TLR2 played a
critical regulatory role in the development of pathological
cardiac remodelling. On the other hand, proteome
microarray assays indicated that jaranol could interact with
NF-κB, a key regulatory factor of the TLR signalling pathway
involved in pathological cardiac remodelling. These conclusions
are summarised in the graphical abstract.

Pathological cardiac remodelling is a major risk factor for
chronic heart failure, and the prevention and treatment of
cardiac remodelling are considered important therapeutic
strategies for heart failure (Wang et al., 2023; Bei et al., 2023).
Although several risk factors for cardiac remodelling have been
identified, including increased cardiac loading, genetic
mutations, and epigenetic modification alterations, there are
still no effective therapeutic approaches clinically due to
complicated mechanisms and a lack of effective targets (Hou
and Kang, 2012). Indeed, intensive lowering of blood pressure
has been shown to attenuate pathological cardiac remodelling in
patients with hypertension, but a subset of hypertensive patients
still exhibit a clinical phenotype of cardiac remodelling,
especially elderly individuals (Deng et al., 2023; Kanaoka
et al., 2013). These results indicated that blood pressure
control alone has limitations for the treatment of cardiac
remodelling and prevention of heart failure.

FIGURE 6
Transcription factor Snai3 was involved in TAC and jaranol-regulated TLR2 expression in mouse heart. (A) Heatmap of transcription factors with
significantly differential expression in mouse heart between groups; (B) Snai3 expression level in different groups (n = 5 per group); (C) Significantly
negative correlation between the Snai3 and TLR2 expression in mouse heart; (D)Western blot analysis of Snai3 protein levels in mouse heart tissues; (E)
Quantification of the Western blot signals is shown as fold change compared with vehicle (n = 6 per group),the data are presented as means±SDs,
one-way ANOVA with Tukey’s post hoc test; *P < 0.05; (F) Western blot analysis of Snai3 protein levels in CMs; (G) Quantification of the Western blot
signals is shown as fold change compared with vehicle (n = 6 per group), the data are presented as means±SDs, Student’s t-test; ***P < 0.001. CMs:
cardiomyocytes.
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Traditional Chinese medicine, including compounds from
herbal medicines and classic traditional formulas, has advantages
in treating pathological cardiac remodelling (Wang et al., 2024;
Wang et al., 2021). Flavonoids, which are widely distributed in
botanical medicine, have been reported to have protective effects

against cardiac remodelling through their anti-inflammatory,
antioxidative, antiapoptotic, and improved effects on myocardial
metabolites (Fan et al., 2022; Suchal et al., 2016; Zhu et al., 2019).
Like other flavonoids, jaranol also has various bioactivities, such as
anticancer, antimicrobial, and antiviral effects, and inhibits cytokine

FIGURE 7
Identification of NF-κB as a direct jaranol-binding protein. (A) Biotinylated jaranol; (B) protein chip-based proteome microarray assays; (C) Venn
diagram showing 34 proteins that specifically interact with jaranol; (D) protein‒protein interactions revealed by screening 34 proteins; (E) the interaction
between jaranol and NF-κB was validated by molecular docking; (F) immunofluorescence staining of human-induced pluripotent stem cell-derived
cardiomyocytes (hiPSC-CMs) treated with or without jaranol during Ang II (angiotensin II)-induced hypertrophy. Scale bar = 50 µm. (G)
Quantification of the size of hiPSC-CMs treated with or without jaranol during Ang II-induced hypertrophy (n = 6 per group). (H,I) Immunoblots and
densitometric quantification showing the expression level of P-NF-κB in the nuclei of hiPSC-CMs, with H3 as a control (n = 6 per group). The data are
presented as means±SDs; one-way ANOVA with Tukey’s post hoc test; *P < 0.05, **P < 0.01, and ***P < 0.001. CMs: cardiomyocytes.
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expression (Villaflores et al., 2010; Arenbaoligao et al., 2023).
Although previous network pharmacology methods have
successfully revealed that jaranol is considered an active
ingredient of Astragalus membranaceus and multiple formulas,
few systematic studies on the activity of jaranol exist (Fang et al.,
2022; Zhang and Huang, 2021). Our study revealed that the content
of jaranol was low in Astragalus membranaceus, which may be why
it was ignored in the identification of active ingredients in Astragalus
membranaceus; this oversight may have served as a key obstacle to
further research. In our study, a jaranol standard with a purity
greater than 98% was used to treat pathological cardiac remodelling
in vivo and in vitro, ensuring the accuracy of our
experimental results.

TLRs played a critical role in pathogenesis of cardiovascular
disease. Based on their subcellular localization, TLR1, 2, 4, 5, 6,
and 11 are expressed on the plasma membrane, whereas TLR3, 7,
8, and 9 are found in endosomes (Delneste et al., 2007). Except for
TLR3, those TLRs interacted with the adaptor protein via
myeloid differentiation factor 88 (Myd88)-dependent and
independent pathways to activate numerous transcription
factors, and subsequently induce inflammation reaction, which
was involved in development of cardiovascular disease under the
pathological condition (Kawai and Akira, 2011). Among TLRs,
TLR2, 3, 4 and 9 have been widely reported to be associated with
the occurrence of various cardiovascular diseases, including heart
failure, dilated cardiomyopathy, myocardial infarction (Yu and
Feng, 2018). In our study, TLR1, 2, 4 and 6 were enriched in TLRs
signaling pathway, but the expression of TLR2 in mouse heart
was only significantly differential among groups, which was also
validated by Western blot. Previous study showed that members
of the Snai family, including Snail (Snai1), Slug (Snai2), and
Smuc (Snai3), played an important regulatory role in
tumorigenesis and drug resistance (Ogihara et al., 2020). At
present, although Snai-related proteins as zinc-finger
transcription factors had a critical regulatory role in cell-fate
determination, there are few reports on relationship between
SNAI family and cardiovascular disease, especially for regulatory
effect of SNAIs on TLRs expression (Zhuge et al., 2005). Our
results showed that transcription factor Snai3 could potentially
inhibit TLR2 expression in mouse heart, which was speculated to
be related to the binding of Snai2 with the promoter of TLR gene.
Besides, the same transcriptional inhibition effect of Snai3 has
also been observed in other reports (Batlle et al., 2000; Cano
et al., 2000).

TLR-induced inflammatory signalling is pivotal in
pathological cardiac remodelling (Zhang et al., 2023). As a
type I integral membrane glycoprotein, TLRs are widely
distributed in organs and are important components of
innate and adaptive immunity (Duan et al., 2022). In the
heart, TLRs are activated by pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns
(DAMPs) under pathological conditions, such as viral infection
(Okun et al., 2014), oxidative stress (Nozaki et al., 2004),
pressure overload (Oka et al., 2012), and ischaemia‒
reperfusion injury (Gollmann-Tepekoylu et al., 2020).
Activated TLRs enable cellular signal transduction via
myeloid differentiation factor 88 (MyD88)-dependent,
MyD88-independent, and TIR domain-containing adaptor-

inducing interferon-β (TRIF)-dependent pathways to
promote proinflammatory gene expression, prohypertrophic
gene expression, and extracellular matrix component
expression (Seya et al., 2022; Singh et al., 2012). MyD88 and
TRIF, as TLR adaptors, are key in TLR-mediated cellular signal
transduction (Krishnan et al., 2007). Previous studies have
shown that the signals of all TLR family members, except for
TLR3, are transduced through the MyD88-dependent pathway
and that TLR4 signals are also transduced through the TRIF-
dependent pathway (Lin et al., 2021; Oyama et al., 2012).
Interestingly, although TLRs are expressed in various types
of cells, the types of TLR-mediated cellular signal transduction
differ across different tissues under the same stimulation. A
previous study revealed that TLR3- TRIF signalling was
activated in Ang II-induced hypertension, whereas TLR4-
TRIF and TLR3-TRIF signalling was activated in Ang II-
induced cardiac hypertrophy (Singh et al., 2019). In addition
to TLR4 and TLR3, TLR2 is involved in pathological cardiac
remodelling, as confirmed by reduced cardiac hypertrophy and
fibrosis in TLR2 knockout mice compared with those in wild-
type mice, providing an important theoretical basis for the
cardiac-specific overexpression of TLR2 in our study
(Higashikuni et al., 2013). In this study, RNA sequencing of
the mouse heart revealed that jaranol treatment inhibited TAC-
induced activation of the TLR signalling pathway. Further
analysis revealed that the protective effect of jaranol against
cardiac remodelling was related to the inhibition of TAC-induced
TLR2 expression in the mouse heart; moreover, cardiac-specific
TLR2 overexpression exacerbated the protective effect of jaranol
against cardiac remodelling.

NF-κB, an inflammatory transcription factor, is involved in
various signalling mechanisms, biological processes, and
human diseases (Guo et al., 2024). As an important effector
molecule, NF-κB is activated in TLR-mediated cellular signal
transduction through its translocation from the cytoplasm to
the nucleus to regulate the expression of genes, including
inflammatory cytokines and factors related to cardiac
remodelling (Kawai and Akira, 2007). Some studies have
shown that NF-κB is activated through a MyD88-dependent
pathway after pressure overload-induced TLR2 activation
under pathological conditions (Higashikuni et al., 2013;
Zhang D. et al., 2022). NF-κB binds with DNA within
particular promoter regions to regulate the expression of
more than 200 genes in the heart, including genes involved
in NO production, calcium handling, cardiomyocyte function,
cell death, extracellular matrix (ECM) remodelling, cell
adhesion, and natriuretic factor (ANP and BNP) expression,
which are closely associated with the development of cardiac
remodelling (Jones et al., 2003). Based on the crucial biological
role of NF-κB in pathological cardiac remodelling, NF-κB has
been considered a potential therapeutic target for managing
cardiac remodelling. Additionally, some flavonoids from TCM,
proteins, and traditional formulas have been reported to have
protective effects against cardiac remodelling via inhibiting
NF-κB activity (Sen and Roy, 2005; Zhang X. et al., 2022;
Wu et al., 2009; Li et al., 2022; Muhammad et al., 2019).
This is the first study to demonstrate that jaranol
significantly inhibited TLR2 activation-related NF-κB
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signalling, which was achieved by direct interaction between
jaranol and NF-κB.

For cardiac remodelling, another pathological presentation is
cardiac fibrosis in addition to cardiac hypertrophy. The main cause
of cardiac fibrosis is ECM remodelling, which is based on a
phenotypic shift in cardiac fibroblasts from myofibroblasts to
fibroblasts under pressure overload or other pathological
conditions (Frangogiannis, 2021). A previous study revealed that
TGF-β signalling is crucial for activating fibroblasts to induce
fibrosis reactions via different pathways (Frangogiannis, 2019; Ko
et al., 2022; Khalil et al., 2017). We detected a significant increase in
TGF-β expression in mouse hearts 4 weeks after TAC, whereas
jaranol treatment attenuated TAC-induced TGF-β expression,
which is an important reason why jaranol protects against
cardiac fibrosis. Although cardiac-specific TLR2 overexpression
can lead to severe cardiac fibrosis, we did not observe a
significant increase in TGF-β expression in the mouse heart after
cardiac-specific TLR2 overexpression. Therefore, we speculated that
TLR2 signalling activated cardiac fibrosis in a TGF-β-
independent manner.

There are some limitations in this study. Firstly, based on
relationship between the effect of jaranol and TLR2 expression
in mouse heart, the protective effect of jaranol was validated via
cardiac-specific TLR2 overexpression using AAV-9, however, it
still remains unclear whether cardiac-specific TLR2 knockout
affect jaranol activity. Secondly, the experimental period was
4 weeks, which is a short-term study. Although the previous
studies displayed significant cardiac remodelling phenotype in
TAC or AngII-induced mice within 4weeks, long-term
effectiveness of jaranol on cardiac remodelling and heart
failure should be fully assessed with longer experimental
cycles (Ju et al., 2024; Liu et al., 2020). Thirdly, limitation to
the generalisability of the study is that it did not consider
gender/sex issues. The male mice as subjects with a relatively
limited sample size were used in this study, which partly
attributed to the protective effect of oestrogen on
cardiovascular disease, and sex differences as specific risk
factors influencing the prevalence of cardiovascular disease
in unique ways (Colafella and Denton, 2018). Therefore, the
efficacy and safety of jaranol in different sexes need to be
evaluated in future studies. Finally, although jaranol
displayed a potential bioactivity against pathological cardiac
remodelling via multi-target inhibition of Snai3/TLR2 and NF-
κB signalling pathways in animal experiments, it still has a long
way to go to translate these results into clinical applications.
Future studies are needed to elucidate its structure-activity
relationship, tissue distribution characteristics,
pharmacokinetic characteristics, et al.

Conclusion

Collectively, our findings highlight the protective role of
jaranol against cardiac remodelling via multi-target inhibition
of Snai3/TLR2 and NF-κB signaling pathways and suggest that
jaranol, which targets NF-κB, is a feasible and promising option
for the prevention or treatment of cardiac remodelling. In the
future, we will focus on constitutive relationship-based

structural modifications to improve the activity and physical
properties of jaranol to provide a basis for further clinical
translation.
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