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Heart failure (HF) is a major contributor to global morbidity and mortality, with myocardial
infarction (MI)-induced HF accounting for a substantial proportion of cases. Although Yangx-
inshi Tablet (YXS) is clinically used, the mechanisms by which it alleviates HF remain unclear.
To elucidate the protective mechanisms of YXS in post-MI HF. An MI-induced HF model was
established in male Sprague-Dawley rats, and cardiac function, exercise endurance, hemody-
namics, serum biochemical indices, and pathological damage were assessed. To investigate
the underlying mechanisms, metabolomics, quantitative polymerase chain reaction (qPCR),
ribonucleic acid sequencing (RNA-seq), Western blot, immunofluorescence, chromatin-im-
munoprecipitation (ChIP)-qPCR, and single-cell RNA-seq were employed. The components of
YXS were analyzed via molecular docking, and their biological activity was validated in cell-
based assays. YXS improved cardiac function and exercise endurance, enhanced hemodynam-
ic parameters, reduced inflammatory cell infiltration, and decreased collagen fiber deposition
in vivo. In vitro, YXS regulated mitochondrial energy metabolism and protected against oxygen-
glucose deprivation (OGD)-induced cardiomyocyte injury. Notably, YXS ameliorated post-MI
HF by inhibiting forkhead box 01 (FOX01)/pyruvate dehydrogenase kinase 4 (PDK4) signal-
ing, thereby promoting the tricarboxylic acid (TCA) cycle and increasing adenosine 5'-triphos-
phate (ATP) levels to restore energy metabolism both in vivo and in vitro. Senkyunolide H,
apigenin, astragaloside IV, and astragaloside VII were identified as active constituents of YXS
using an OGD-induced H9c2 cell injury model. These findings indicate that YXS exerts cardi-
oprotective effects in a rat model of post-MI HF. Mechanistically, YXS inhibits FOXO1/PDK4
signaling, enhances TCA cycle activity, and elevates ATP production to improve cardiac en-
ergy metabolism and restore energy homeostasis.

1. Introduction

This maladaptive remodeling can lead to cardiac decompensa-
tion, manifesting as ventricular dilation and myocardial hyper-

Heart failure (HF) is a clinical syndrome characterized by
dyspnea and/or reduced exercise tolerance, resulting from im-
paired ventricular filling, blood ejection, or both '. Globally, the
incidence of HF continues to rise, affecting an estimated 23 mil-
lion individuals, with approximately 50% of cases classified as HF
with reduced ejection fraction (HFrEF) °. Myocardial infarction
(MI), an acute injury to the heart muscle caused by insufficient
blood supply **, remains the leading cause of morbidity and mor-
tality worldwide and is the primary contributor to HFrEF °. Fol-
lowing an acute MI, the heart frequently undergoes ventricular
remodeling, a process that alters both its structure and function.

* Corresponding author.
E-mail addresses: lengling@tjutcm.edu.cn (L. Leng); miaomiaojiang@
tjutcm.edu.cn (M. Jiang); wangqilong 00@tjutcm.edu.cn (Q. Wang)
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trophy. The interplay between ventricular remodeling and com-
promised cardiac function establishes a vicious cycle that ulti-
mately progresses to HF and poses a substantial threat to human
health °. Although several treatment options are currently avail-
able for patients with HFrEF ", the most widely used therapies
target the renin-angiotensin system as a cornerstone strategy for
HF management . However, numerous studies have reported a
strong association between energy metabolism disorders and HF
progression ' '?, with traditional Chinese medicine (TCM) formu-
lations such as Qili Qiangxin Capsule and Qishen Yiqi Dripping
Pills demonstrating therapeutic potential '*. Given the pivotal role
of energy metabolism dysregulation in HF pathogenesis, further
exploration of therapies targeting this mechanism is warranted.
Metabolic disturbances play a crucial role in the develop-
ment of HF following MI. Under physiological conditions, the

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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heart primarily utilizes various metabolic substrates, including
fatty acids, glucose, and amino acids, which are funneled into the
tricarboxylic acid (TCA) cycle to generate adenosine 5'-triphos-
phate (ATP) via oxidative phosphorylation (OXPHOS) '*. In HF,
however, substrate utilization shifts toward increased glucose
consumption relative to fatty acid oxidation °. Pyruvate dehydro-
genase kinase (PDK) phosphorylates and inhibits pyruvate de-
hydrogenase (PDH), a key enzyme governing the entry of glucose-
derived pyruvate into the TCA cycle, and its activity is sensitive to
cellular metabolic status *. Forkhead box O (FOX0) transcription
factors are critical regulators of energy metabolism '’. Among
them, FOX01 modulates cell cycle progression and metabolic
processes in multiple tissues '®. In the heart, FOX01 directly regu-
lates the transcription of PDK4, thereby suppressing PDH activ-
ity and acting as a novel upstream regulator of PDK4. Moreover,
FOXO1 activation restricts glucose availability for oxidation in
cardiomyocytes, contributing to metabolic derangement *°. Dur-
ing myocardial ischemia, PDK4 overexpression exacerbates car-
diomyopathy by promoting metabolic inflexibility and impairing
cardiac function, ultimately accelerating the transition to HF .
Consequently, targeting energy metabolism regulation has emer-
ged as a promising therapeutic strategy for HF *’,

TCM has a long-standing role in clinical practice, and Chinese
herbal formulations are widely used in HF management *. Qishen
Yiqi Dripping Pills exert anti-fibrotic effects by inhibiting the ren-
in-angiotensin-aldosterone system and reducing levels of colla-
gen I, collagen III, matrix metalloproteinase-2, and matrix metal-
loproteinase-9 *. Qili Qiangxin Capsules significantly attenuate
cardiac hypertrophy and improve hemodynamics by activating
the adenosine 5'-monophosphate-activated protein kinase
(AMPK)/PGC-1a pathway to modulate glucose and lipid metabol-
ism, thereby lowering free fatty acids and lactate to protect cardi-
omyocytes “*. TCM operates through a multi-component, multi-
target paradigm, and its pharmacological mechanisms in HF
treatment have been explored in numerous experimental studies.
Yangxinshi Tablet (YXS), a traditional Chinese formulation com-
posed of 13 herbs, has been reported to enhance left ventricular
ejection fraction (LVEF), alleviate symptoms, and improve cardi-
ac function in patients with chronic HF **. In murine models of
ischemia/reperfusion injury, YXS improves cardiac function and
exercise tolerance, and it also enhances exercise capacity in
healthy mice. Furthermore, YXS has been shown to improve exer-
cise performance in patients with coronary heart disease follow-
ing percutaneous coronary intervention (PCI) ***. Beyond its
cardioprotective effects via energy metabolism regulation, YXS
also ameliorates post-PCI mental health issues, demonstrating
superior efficacy in reducing depression and anxiety compared to
trimetazidine “°. Mechanistically, YXS activates the PI3K/Akt/mT-
OR/rpS6/hypoxia-inducible factor-1a (HIF-1a) and AMPK/PGC-
1a/GLUT4 signaling pathways to enhance energy metabolism in
chronic ischemic HF **. Additionally, YXS markedly modulates mi-
tochondrial biogenesis and OXPHOS . Network pharmacology
has identified 34 YXS-targeted proteins predominantly involved
in cardiovascular and immune system functions, including im-
mune responses, blood coagulation, circulation, and vasodila-
tion *’. YXS is primarily composed of Ginseng and Astragalus. Gin-
senosides, the active constituents of Ginseng, a key TCM herb for
cardiovascular diseases, exert protective effects against HF by en-
hancing energy metabolism through AMPK and peroxisome pro-
liferator-activated receptor (PPAR) signaling pathways *'. Simil-
arly, Astragalus exerts therapeutic effects in HF via a multi-com-
ponent, multi-target mechanism *. Astragaloside IV, a major act-
ive ingredient in Astragalus, protects against HF by enhancing en-
ergy metabolism through PPAR«a activation, thereby promoting
fatty acid B-oxidation *. Collectively, these findings indicate that
YXS regulates myocardial energy metabolism; however, the pre-
cise mechanisms and active ingredients responsible for these ef-
fects remain unclear.
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In the present study, we aimed to investigate the cardiopro-
tective effects of YXS and elucidate its underlying mechanism in
improving energy metabolism in a post-MI HF rat model. Our res-
ults demonstrated that YXS improved cardiac function, reduced
HF biomarkers, enhanced hemodynamics, and attenuated inflam-
mation and collagen deposition in post-MI HF rats. In-depth
mechanistic analyses revealed that YXS exerts its protective ef-
fects by inhibiting the FOX01/PDK4 signaling pathway, up-regu-
lating oxoglutarate dehydrogenase (OGDH) expression in the TCA
cycle, increasing ATP production, and thereby restoring energy
metabolism. Single-cell ribonucleic acid sequencing (RNA-seq)
analysis further confirmed a strong association between HF and
dysregulated energy metabolism. Moreover, we performed mo-
lecular docking and in vitro experiments on both circulating com-
ponents and major constituents of the principal herbs to identify
the active ingredients responsible for YXS-mediated effects.
These findings provide a theoretical foundation for future clinical
applications and highlight the therapeutic potential of YXS in post-
MI HF through its unique mechanism of inhibiting FOX01/PDK4
signaling to enhance cardiac energy metabolism.

2. Materials and methods

2.1. Chemicals and drugs

YXS was provided by Qingdao Growful Pharmaceutical Co.,
Ltd. Sacubitril/valsartan (Sac/Val) was purchased from Novartis
Co., USA. Calycosin, calycosin-7-0-beta-D-glucoside, cryptotan-
shinone, daidzein, senkyunolide H, apigenin, tanshinone II, (S)-
tetrahydrocolumbamine, ginsenoside Rgl, ginsenoside Rb1, gin-
senoside Rb2, ginsenoside Rc, ginsenoside Rd, ginsenoside Re,
ginsenoside Rf, astragaloside IlI, astragaloside IV, and astragalos-
ide VII were purchased from Sichuan Vicky Biotechnology Co.,
Ltd. (Chengdu, China).Sodium dichloroacetate (DCA) was ob-
tained from MCE (HY-Y0445A). AS1842856 (HY-100596) and tri-
metazidine (HY-B0968A) were also procured from MCE.

2.2. Animal model

Male Sprague-Dawley rats (about 220 g, 8-week-old) were
obtained from SPF Biotechnology Company Ltd. (Beijing, China).
The rats were housed in the Animal Center at Tianjin University
of Traditional Chinese Medicine under standard environmental
conditions and provided with a standard chow diet and water ad
libitum (No. TCM-LAEC2023218g3390; Date, February 20th,
2023). General anesthesia was induced using isoflurane.

Left anterior descending (LAD) coronary artery ligation sur-
gery was performed to induce HF following MI. After surgery,
rats received intramuscular penicillin (105 U-d™") for 7 days and
were allowed access to food and water. After a standard feeding
period of 2 weeks, echocardiography revealed that LVEF was <
50%, confirming the successful establishment of a post-MI model
of HFrEF.

The rats were divided into six groups: Sham, Mod, YXS L, YXS
M, YXS H, and Sac/Val. YXS was crushed and suspended in saline.
Rats in the low-, middle-, and high-dose groups received daily in-
tragastric administration of YXS at 240, 480, and 960 mg~kg‘1, re-
spectively. The positive control group received 36 mg-kg "-day™’
of Sac/Val, equivalent to the clinical dose. An equal volume of sa-
line was administered to the model group. Treatment was initi-
ated after model confirmation and continued for four weeks, after
which heart tissue and blood samples were collected for analysis.

2.3. Echocardiography

Echocardiography was performed using a Vevo 2100 ultra-
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sonography system (VisualSonics) with heart rate maintained at
approximately 400 bpm. Cardiac function parameters were de-
termined by averaging measurements from three consecutive
cardiac cycles.

2.4. Hemodynamics

Hemodynamic assessment provides critical insights for man-
aging complex HF. Following isoflurane anesthesia, a microtip
pressure-conductance catheter (SPR-869; Millar Instruments,
Houston, TX, USA) was inserted into the right carotid artery and
advanced into the ascending aorta. After stabilization of heart
rate and mean arterial pressure, the catheter was advanced into
the left ventricle. Pressure and volume signals were continuously
recorded using a pressure-volume (P-V) conductance system con-
nected to a PowerLab data acquisition system (ML870; AD Instru-
ments, USA).

2.5. Exercise tolerance test

Exercise tolerance was evaluated using a treadmill
(Zhishuduobao Biological, Beijing, China). Rats were acclimated
for 3 days by running 10 min at 10 m-min~". The formal test
began at 10 m'min ", with speed increased by 4 m-min™" every 3
min until exhaustion. Time to exhaustion and total distance were
recorded.

2.6. Quantitative polymerase chain reaction (qPCR) analysis

Heart tissue was homogenized, and total RNA was extracted
using TRIzol reagent. RNA was reverse-transcribed to comple-
mentary deoxyribonucleic acid (cDNA) (Abclonal, Wuhan, China),
and qPCR was performed on a CFX Connect™ Real-Time System
(Bio-Rad, USA). Primer sequences are listed in Table S1. Relative
mRNA expression was calculated using the 272" method with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the ref-
erence gene.

2.7. Histological assessment

Hearts were fixed in 10% formalin for 72 h, paraffin-embed-
ded, and sectioned at 5 pm. Tissue morphology was evaluated us-
ing hematoxylin-eosin (H&E) staining, and collagen deposition
was assessed with Masson’s trichrome staining *'.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Plasma N-terminal pro-brain natriuretic peptide (NT-proB-
NP) levels were measured using an ELISA kit (ColorfulGene Biolo-
gical, Wuhan, China). ANP and BNP concentrations were determ-
ined with a specific ELISA kit (JONLNBIO, Shanghai, China). Tu-
mor necrosis factor o (TNF-a), interleukin (IL)-1, and IL-6 were
quantified using ELISA kits (JONLNBIO, Shanghai, China) *°.

2.9. Metabolome analysis

Plasma samples from the Sham, Mod, and YXS M groups were
analyzed using an ultra-high performance liquid chromato-
graphy (UPLC)/Q-Exactive-Orbitrap mass spectrometry (MS) sys-
tem (Thermo Fisher Scientific, MA, USA). Metabolite separation
was achieved on a Waters ACQUITY UPLC HSS T3 column (2.1
mm x 100 mm, 1.8 pm). MS employed an ESI source in both posit-
ive and negative ionization modes, operating in Full MS/dd-MS2
(TopN) scan mode. The MS' scan range was m/z 100-1500 (res-
olution: 120 000), and the MS® range was m/z 200-2000 (resolu-
tion: 150 000). A dynamic exclusion time of 10.0 s and an isola-
tion window of m/z 2.0 were applied *°. Differential metabolites
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were selected based on fold change (FC > 1.2 or FC < 0.83) and P-
value < 0.05.

2.10. RNA-seq analysis

RNA-seq was performed on five randomly selected heart
samples per group (Sham, Mod, YXS M) by LC-BIO Biotech Ltd.
(Hangzhou, China). Libraries were sequenced on an Illumina
NovaSeq™ 6000 platform, generating 2 x 150 bp paired-end
reads. Differentially expressed genes (DEGs) were defined as
|log,foldchange| > 1 and P-value <0.05. Gene Set Enrichment
Analysis (GSEA) was conducted using http://www.broadinsti-
tute.org/gsea/index.jsp.

2.11. Detection of ATP and lactic acid (LA) levels

ATP levels (Beyotime, Shanghai, China) were measured in
heart tissue (10-20 mg) or H9c2 cells. LA concentrations were
determined in 10-20 mg of heart tissue (Solarbio, Beijing, China).

2.12. Western blot analysis

Heart tissue was lysed in RIPA buffer, and protein concentra-
tions were quantified. Primary antibodies included: FOXO1
(A2934; Abclonal, China), OGDH (A22163; Abclonal, China),
PDK4 (ab214938; Abcam, UK), and GAPDH (HC301; TransGen Bi-
otech, China). Blots were imaged using an Amersham Imager 600
(GE Healthcare Bio-Sciences AB, Sweden).

2.13. Single-cell RNA-seq analysis

Dilated cardiomyopathy (DCM) datasets were retrieved from
the NCBI GEO repository (http://www.ncbi.nlm.nih. gov/geo) us-
ing the terms “heart failure”, “snRNA-seq”, and “scRNA-seq”. Nuc-
lei data from dataset GSE183852 were selected for analysis *’.
Data processing was performed using Seurat v5.3.0. The gene ex-
pression matrix was normalized via LogNormalize and subjected
to principal component analysis (PCA). Gene ontology enrich-
ment was conducted with clusterProfiler (v4.0) using human gen-
ome annotation (organism = “hsa”) and a significance threshold
of P.adjust < 0.05. GSEA was applied to assess pathway altera-
tions in cardiomyocytes, with differential expression between
DCM and donor samples calculated using the Wilcoxon rank sum
testin Seurat (logfc.threshold = 0.01). Gene symbols were con-
verted to ENTREZIDs via org.Hs.eg.db, and the MSigDB hallmark
gene set (v7.5.1) was obtained using msigdbr. GSEA significance
was set at pvalueCutoff = 0.1.

2.14. Molecular docking

X-ray crystal structures of human FOX01, PDK4, and the OG-
DH pleckstrin homology domain (PDB IDs: 4LGO, 7EBG, and
8I0K) were downloaded from the Protein Data Bank (http://
www.rcsb.org/). Compound structures were sourced from Pub-
Chem (https://pubchem.ncbi.nlm.nih.gov/). Proteins were pre-
pared for docking using Discovery Studio Client (2019) and Auto-
Dock Vina **. Binding affinities were evaluated based on the low-
est binding energies, and predicted inhibition constants (pKi)
were derived from docking log files (dlg). Mean binding ener-
gies + standard error of the mean (SEM) were calculated from
three independent docking runs. Interactions were visualized us-
ing PyMOL.

2.15. Cellular thermal shift assay (CETSA)

HO9c2 cells or heart tissue lysates were subjected to three
freeze-thaw cycles in liquid nitrogen. Lysates were split into two


http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
http://www.broadinstitute.org/gsea/index.jsp
http://www.ncbi.nlm.nih. gov/geo
http://www.rcsb.org/
http://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/
https://pubchem.ncbi.nlm.nih.gov/

J. Guo etal.

aliquots and treated with either DMSO or 10 pmol-L™" apigenin
for 30 min. After heating at 42-62 °C for 5 min and immediate
cooling on ice, samples were analyzed by Western blot.

2.16. Oxygen-glucose deprivation (OGD)-stimulated H9c2 cells

H9c2 cells were seeded at about 5000 cells/100 pL or 10*
cells/mL in 96- or 6-well plates and incubated for 12 h. The medi-
um was replaced with fresh medium containing various concen-
trations of YXS or its individual components. After 24 h of pre-
treatment, the medium was switched to glucose-free Dulbecco’s
modified Eagle medium (DMEM) without fetal bovine serum (Qri-
Cell Biotech, Guangzhou, China). Cells were then placed in an an-
aerobic chamber (95% N,, 5% CO,) at 37 °C for 14 h (Thermo
Fisher Scientific, America) to establish the OGD-induced injury
model.

2.17. Cell viability analysis

Briefly, 10 pL of CCK-8 reagent (APExBIO, USA) was added to
each well, followed by incubation at 37 °C for 40 min. Absorb-
ance was measured at 450 nm, and cell viability in the treatment
or OGD groups was expressed relative to the control group.

2.18. PDH and a-ketoglutarate dehydrogenase (a-KGDH) activity
assays

The cellular PDH activity was measured using a PDH Activity
Assay Kit (BC0385; Solarbio, China), while cellular a-KGDH activ-
ity was quantified using the a-KGDH Activity Assay Kit (BC0715;
Solarbio, China).

2.19. Chromatin-immunoprecipitation-qPCR (ChIP-qPCR)

ChIP-qPCR was conducted using a reagent kit (RK20258; Ab-
clonal, China). To facilitate cross-linking of proteins to DNA, H9c2
cells were treated with 1% formaldehyde. The cells were lysed in
the presence of protease inhibitors and sonicated to induce DNA
fragmentation. The resulting mixture was then incubated with an
antibody specific for FOX01 (2880; Cell Signaling Technology,
MA, USA) or IgG (negative control). Target DNA fragments were
quantified using qPCR. The primers targeting the PDK4 promoter
were as follows: forward 5'-CAGCTGCTGGACTTCGGTAA-3" and
reverse 5-AGGCTTCTGGGTTCTTCAGC-3".

2.20. Analysis of mitochondrial respiration and energy metabolism

Mitochondrial respiration was assessed using the Seahorse
XFp Cell Mito Stress Test. XF Base Medium was used instead of
DMEM. The appropriate compounds were loaded onto suitable
ports of a hydrated sensor cartridge at the following final concen-
trations: oligomycin (10 pumol-L™), FCCP (10 pmol-L™"), and a
mixture of rotenone (5 pmol-L™") and antimycin A (10 pmol-L™)
(103015-100; Agilent, USA).

2.21. Data analysis

Statistical analysis was conducted using SPSS version 21.0
(IBM Corp., Armonk, NY, USA). Data were first subjected to nor-
mality testing (Shapiro-Wilk test) and homogeneity of variance
testing. For continuous data that followed a normal distribution,
results are expressed as mean *+ SEM, and intergroup comparis-
ons were performed using one-way ANOVA. When the assump-
tion of homogeneity of variance was met, the LSD method was
used for post-hoc pairwise comparisons; when the assumption
was violated, Dunnett’s T3 method was employed. For continu-
ous data that did not follow a normal distribution, results are
presented as median (interquartile range), and intergroup com-
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parisons were conducted using non-parametric tests.

3. Results

3.1. YXS improves cardiac function and exercise endurance in HF
post-MI

To evaluate the effect of YXS on post-MI HF, rat HF models
were constructed using LAD ligation. Rats with LVEF <50% after
2 weeks were considered successful models, and YXS was admin-
istered for 4 weeks (Fig. 1A). In the Mod group, LVEF and left
ventricular fractional shortening (LVFS) values were signific-
antly reduced, whereas left ventricular end-systolic volume (LV
Vols), left ventricular end-diastolic volume (LV Vold), and left
ventricular internal dimensions in end-systole and end-diastole
(LVIDs and LVIDd, respectively) were significantly elevated,
while interventricular septum thickness at end-systole (IVSs) and
left ventricular posterior wall thickness in systole (LVPWs) were
considerably reduced. After YXS administration for 2 weeks,
LVEF and LVFS were significantly increased in the YXS M and YXS
H groups, while LV volumes and LVID were decreased. Sac/Val,
as a positive control, significantly increased LVEF and LVFS val-
ues (Figs. 1B-1F and Figs. S1A-1F). However, YXS treatment did
not significantly improve movement distance and time in the ex-
ercise tolerance test (Figs. 1G-1H).

Next, we assessed the effects of YXS administration for 4
weeks. In the Mod group, LVEF and LVFS were further reduced,
indicating progression of HF severity over time. After 4 weeks of
YXS treatment, LVEF and LVFS were significantly increased in the
YXS M and YXS H groups, accompanied by improvements in LV
volumes, LVID, IVSs, and LVPWs, indicating that YXS effectively
alleviates cardiac dysfunction (Figs. 11-1M and Figs. S1G-1L).
Movement distance and time significantly improved, indicating
that YXS enhances exercise endurance in rats with HF (Figs.
1N-10). Sac/Val, the positive control, improved cardiac function.
These results indicated that YXS improved cardiac function and
exercise endurance in rats with post-MI HF.

3.2. YXS improves hemodynamics, HF biomarkers, and cardiac
pathology in post-MI HF

The P-V loop reveals ventricular hemodynamic changes dur-
ing ejection by illustrating the relationship between ventricular
pressure and volume throughout the cardiac cycle *. Treatment
with YXS improved the Tau constant and * dp/dt max in rats
(Figs. 2A-2D). YXS also reduced the levels of HF biomarkers, in-
cluding ANP, BNP, and NT-proBNP (Figs. 2E-2G). Additionally,
our research findings indicate that YXS significantly reduces ser-
um levels of ANP, BNP, and NT-proBNP, thereby ameliorating HF.
Furthermore, YXS lowers the levels of inflammatory markers TNF-
a, IL-6, and IL-1f, alleviating inflammation (Fig. S2). Examina-
tion of H&E-stained sections revealed that YXS improved the ar-
rangement of cardiac muscle fibers and reduced inflammatory
cell infiltration (Fig. 21). Masson staining demonstrated markedly
reduced cardiac fibrosis in the YXS M and H groups (Figs. 2H, 2]).
These results further confirmed that YXS protects against post-MI
HF.

3.3. YXS regulates energy metabolism

To explore the mechanism of action of YXS, we conducted a
metabolomics study and identified 40 differentially expressed
metabolites (Fig. S3, Fig. 3A, Table S2). Enrichment analysis of
the differential metabolites revealed that the TCA cycle was the
primary affected pathway (Fig. 3B). In mitochondria, the TCA
cycle and OXPHOS are central to cellular energy metabolism.
Moreover, the oxidation of sugars, lipids, and amino acids ulti-
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Fig. 1 YXS improves cardiac function and exercise endurance in post-myocardial infarction heart failure. Male Sprague-Dawley rats are subjected to LAD ligation, then
treated with different doses of YXS for 2 and 4 weeks, respectively. (A) A flow chart illustrating the pharmacodynamic study design. (B) Representative ultrasonic image of
cardiac function at 2 weeks post-YXS treatment. (C-F) Quantitative analysis of LVEF, LVFS, LV Vold, and LV Vols at 2 weeks post-YXS treatment. (G-H) Treadmill-assessed
movement distance and movement time at 2 weeks post-YXS treatment. (I) Representative ultrasonic image of cardiac function at 4 weeks post-YXS treatment. (J-M) Quant-
itative analysis of LVEF, LVFS, LV Vold, and LV Vols at 4 weeks post-YXS treatment. (N-0) Treadmill-assessed movement distance and movement time at 4 weeks post-YXS
treatment. Data are analyzed using one-way ANOVA with LSD post-hoc test after confirmation of homogeneity of variance. Data are expressed as mean + SEM (n = 8-10).
'P<0.05,"P<0.01, P < 0.001 vs Sham group; P < 0.05, **P < 0.01, ***P < 0.001 vs Mod group. LV, left ventricle; LVEF, left ventricular ejection fraction; LVFS, left ventricu-
lar fractional shortening; YXS, Yangxinshi Tablet

mately converges into the TCA cycle, enabling these substrates to and UCP2 and UCP3 genes in the OXPHOS pathway. These results
support bioenergy production, biosynthesis, and redox homeo- suggest that YXS modulates the TCA cycle by regulating PDK4
stasis *. Analysis of RNA levels of key TCA cycle-related genes re- activity in glucose metabolism (Figs. 3C-3F). Treatment with YXS
vealed changes in PDK4, HK2, and SLC2A1 in the glucose meta- significantly increased OGDH protein expression (Figs. 3G-3H).
bolism pathway; OGDH and SUCLG1 in the TCA cycle pathway; Moreover, YXS increased ATP levels, which reflect OXPHOS activ-
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Fig. 2 YXS improves hemodynamics, heart failure biomarkers, and cardiac pathology in post-myocardial infarction heart failure. (A) Representative ultrasonic image of the
P-V loop at 4 weeks post-YXS treatment. (B-D) Quantitative analysis of the dp/dt max, -dp/dt max, and TAU at 4 weeks post-YXS treatment. (E-G) Levels of ANP, BNP, and
NT-proBNP at 4 weeks post-YXS treatment. (I) Representative images of hematoxylin-eosin-stained sections at 4 weeks post-YXS treatment. (H, J) Representative diagram

and statistical analysis of Masson-stained sections at 4 weeks post-YXS treatment.

Data are analyzed using one-way ANOVA with LSD post-hoc test after confirmation of ho-

mogeneity of variance. Data are expressed as mean + SEM (n = 4-5). 'P < 0.05, "P < 0.01, ""P < 0.001 vs Sham group; P < 0.05, *"P < 0.01, "**P < 0.001 vs Mod group. ANP, at-

rial natriuretic peptide; BNP, brain natriuretic peptide; YXS, Yangxinshi Tablet.
ity, while decreasing lactate levels, a marker of glycolytic meta-
bolism (Figs. 31-3]). Collectively, YXS regulates cellular energy
metabolism by enhancing the TCA cycle (Fig. 3K).

3.4. YXS inhibits FOX01/PDK4 signaling

To gain a comprehensive transcriptional perspective of the

effects of YXS on HF, RNA-seq analysis was performed, identify-
ing 186 DEGs across the three groups, including 96 up-regulated
and 90 down-regulated in the YXS group (Figs. 4A-4B). Further-
more, compared with the YXS group, the Mod group exhibited
837 DEGs, including 344 upregulated and 493 downregulated
genes (Fig. 4C). The transcriptome results were verified by qPCR,
showing trends consistent with the sequencing results (Fig. S4).
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GSEA analysis indicated that YXS exerts its actions through the
FOXO pathway, with the gene set significantly down-regulated
(Figs. 4D-4E). FOXO transcription factors are known to regulate
energy metabolism *'. Western blot analysis was performed to
further verify the protective mechanisms of YXS. The Mod group
exhibited markedly higher FOX01 and PDK4 expression than the
Sham group, and these levels were significantly reduced by YXS
treatment (Figs. 4F-4H). Immunofluorescence analysis revealed
that FOXO1 expression was significantly enhanced after OGD in-
duction. In contrast, YXS significantly decreased FOX01 expres-
sion (Figs. 41-4]). ChIP-qPCR further confirmed that FOXO1 func-
tions as a transcription factor for PDK4 (Figs. 4K-4L). These res-
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ults suggest that YXS exerts its protective effects by inhibiting
FOX01/PDK4 signaling.

3.5. Energy metabolism is closely associated with HF

To further validate our experimental results, we selected
datasets from healthy individuals and patients with DCM and
conducted single-cell RNA-seq analysis based on the literature.
Unsupervised clustering of the single-cell RNA-seq data identi-
fied multiple cardiac cell clusters, with characteristic cell marker
gene expression consistent with prior reports (Figs. 5A-5B) */.
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway ana-
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lysis was subsequently conducted on these clusters (Fig. 5C).
GSEA analysis of the identified genes revealed that OXPHOS was
closely related to HF (Fig. 5D). The OXPHOS process is linked to
energy metabolism and metabolic processes. Moreover, expres-
sion of OXPHOS-related genes was reduced. We also observed
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changes in FOX01 and PDK4 in cells, with their expression up-
regulated in the cardiomyocytes of patients with HF, consistent
with our experimental findings (Figs. 5SE-5F). The change in
PDK4 was particularly pronounced, consistent with our experi-
mental results.
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3.6. YXS regulates mitochondrial energy metabolism via the
F0X01/PDK4 pathway

To further investigate the mechanism of action of YXS, OGD-
stimulated H9c2 cells were used to mimic hypoxic HF, and mito-
chondrial respiration was examined using the Agilent Seahorse
XFp Cell Mito Stress Test. H9c2 cells were pretreated with YXS for
24 h before OGD induction. The OGD group exhibited reductions
in basal respiration, ATP production, and maximal respiration,
suggesting mitochondrial energy metabolism dysfunction. Con-
versely, treatment with YXS (200 pg-mL™") elevated basal respira-
tion, ATP production, and maximal respiration (Figs. 6A-6D).
PDK4 is a key regulator of PDH activity *’. Subsequently, we de-
tected cell viability, ATP levels, and PDH enzyme activities follow-
ing YXS treatment, which revealed that YXS (200 pg-mL™ ) im-
proved energy metabolism and cell survival (Figs. 6E-6G). Sub-
sequently, cell viability, ATP levels, and PDH enzyme activity
were determined after treatment with the PDK inhibitor DCA
(Figs. 6H-6]) or FOX01 inhibitor AS1842856 (Figs. 6K-6M). In-
terestingly, DCA and AS1842856 enhanced H9c2 cell viability,
ATP levels, and PDH enzyme activity, with no significant addi-
tional enhancement observed upon co-treatment with YXS.

To further investigate the mechanism of YXS in combating
HF, we constructed FOX01 small interfering RNA (siRNA) and
overexpression vectors. The results showed that after overex-
pression of FOX01, ATP and PDH levels in OGD-induced cardi-
omyocytes significantly decreased following YXS administration
(Figs. 7A-7C). Conversely, after administration of FOX01 siRNA,
ATP and PDH levels in OGD-induced injured cardiomyocytes sig-
nificantly increased, demonstrating the direct regulatory effect of
YXS on FOXO01 (Figs. 7D-7F). The H9c2 cell line represents fea-
tures of cardiac myoblasts *’; therefore, we extracted primary
cardiomyocytes from neonatal rats aged 1 to 3 days to further
validate our experimental results. We administered YXS to
primary cardiomyocytes after OGD induction, demonstrating that
YXS has a protective effect on primary cardiomyocytes, capable of
improving the decline in ATP content and PDH activity. Further-
more, the addition of DCA and AS1842856 enhanced ATP levels
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and PDH enzyme activity in primary cardiomyocytes, while co-
treatment with YXS did not show a significant additional en-
hancement effect. This result is consistent with our previous find-
ings (Figs.7G-7L). These findings suggest that YXS enhances mi-
tochondrial energy metabolism by inhibiting the FOX01/PDK4
signaling pathway.

3.7. Main components regulating FOX01 transcription

To identify the active constituents of YXS that regulate en-
ergy metabolism, we analyzed the blood components of YXS,
along with the main components of Ginseng and Astragalus. First,
the total ion chromatogram was obtained, and 16 blood com-
pounds were identified in both positive and negative ion modes
(Fig. 8A, Table S3). Second, we selected eight saponins from Gin-
seng and Astragalus for further investigation (Fig. 8B). Finally, all
32 compounds were subjected to molecular docking analysis with
FOXO01, PDK4, and OGDH (Figs. 8C-8E, Tables S4-S5). Based on
the binding affinities of the compounds to the selected targets,
the most promising compounds were selected for subsequent cell
experiments.

After molecular docking, all compounds were ranked accord-
ing to their binding affinities to the selected proteins. We selec-
ted the common compounds with the top sixteen binding ener-
gies for each protein **. Eight compounds with high binding ener-
gies to all three proteins were identified (Fig. 9A). For the main
components of Ginseng and Astragalus, we selected seven ginsen-
osides and three astragaloside saponins based on their binding
affinities and compound availability. Among the 18 components,
senkyunolide H, apigenin, ginsenoside Rb2, ginsenoside Rgl, gin-
senoside Re, ginsenoside Rf, astragaloside IV, and astragaloside
VII protected against OGD-induced H9c2 cell injury (Fig. 9B). Fur-
ther assessment of ATP levels revealed that senkyunolide H, api-
genin, astragaloside IV, and astragaloside VII enhanced energy
metabolism (Fig. 9C). The a-KGDH complex comprises OGDH, one
of the key enzymes regulating the TCA cycle . Activities of PDH
and a-KGDH enzymes were measured, further validating the mo-
lecular docking results (Figs. 9D-9E). In addition, senkyunolide



J. Guo etal.

H, apigenin, astragaloside IV, and astragaloside VII increased ATP
levels and PDH activity in primary cardiomyocytes (Fig. S6).
CETSA further confirmed the interactions between FOX01, PDK4,
and OGDH with apigenin (Figs. 9F-9K). PyMol maps of the four
components are presented (Fig. S5). Immunofluorescence analys-
is further confirmed that senkyunolide H, apigenin, astragaloside
IV, and astragaloside VII significantly decreased FOXO1 expres-

sion (Figs. 9L-9M).

3.8. Molecular dynamics simulations reveal differential binding sta-
bility and interaction modes of apigenin, astragaloside IV, astra-
galoside VII, and senkyunolide H within the PDK4 ATP-binding site

To investigate the binding stability and dynamics of poten-
tial inhibitors targeting the ATP-binding site of PDK4, we per-
formed 500 ns molecular dynamics simulations for PDK4 in com-
plex with four different ligands: apigenin, astragaloside 1V, astra-
galoside VII, and senkyunolide H. Initial binding poses were ob-
tained from prior molecular docking studies. We initially as-
sessed the overall structural stability of the protein backbone in
each complex throughout the 500 ns simulations by calculating
the root-mean-square deviation (RMSD) relative to the initial
structure after alignment. All four systems exhibited relatively
stable backbone RMSD values for most of the simulation time,
generally fluctuating around 2.0-2.5 A (Fig. 10A). The PDK4-api-
genin, PDK4-astragaloside 1V, and PDK4-senkyunolide H com-

- Control = 100/(ug'mL™")
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plexes maintained this level of stability throughout the 500 ns
trajectory. However, the PDK4-astragaloside VII complex showed
a noticeable increase in backbone RMSD after approximately
420 ns, increasing from ~ 2.0 A to fluctuate around 3.0 A toward
the end of the simulation, suggesting a potential conformational
change in the protein structure in this specific complex during the
later stages (Fig. 10A).

To evaluate the stability of the ligand binding poses within
the ATP-binding site, we analyzed the persistence of contacts

between the ligand and the initial set of interacting protein
residues (defined as ATP-binding site residues within 4 A of the
ligand in the starting structure). Binding states were categorized

based on the percentage of these initial contacts lost over time:

“Bound” (0%-20% contacts lost); “Partial” (20%-
“Unbound” (> 80% lost) (Fig. 10B). Apigenin displayed moderate
stability, remaining in the “Bound” state for 28.89%, in the “Par-
tial” state for 17.88%, and in the “Unbound” state for 53.23% of
the simulation. Astragaloside IV predominantly occupied the
“Partial” state (98.00%), maintaining a substantial but incom-

least stable ligand, occupying the

80% lost); and

plete set of initial interactions throughout the simulation, with
minimal time spent “Bound” (1.64%) or “Unbound” (0.36%). As-
tragaloside VII behaved similarly, residing mainly in the “Partial”
state (86.34%), but also occupying the “Unbound” state for
13.62% of the time, consistent with the backbone RMSD increase
observed later in its trajectory (Fig. 10A). Senkyunolide H was the

“Unbound” state for the vast
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Fig. 6 YXS regulates mitochondrial energy metabolism via the FOXO1/PDK4 pathway. (A) Respiration profile of H9c2 cells. OCR is measured in H9c2 cells pretreated with
YXS (100 and 200 pg-mL™") for 24 h and then exposed to OGD conditions. (B-E) Quantitative analysis of basal respiration, ATP production, and maximal respiration. (F-G)
Cell viability, ATP level, and PDH activity of H9c2 cells pretreated with YXS (100 and 200 ug'mL™) for 24 h and then exposed to OGD conditions. (H-]) Cell viability, ATP
level, and PDH activity of H9c2 cells pretreated with YXS 200 pg'mL™" and DCA 10 umol -L”* for 24 h and then exposed to OGD conditions. (K-M) Cell viability, ATP level, and
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OVA with LSD post-hoc test after confirmation of homogeneity of variance. Data are expressed as mean + SEM (n = 3). 'P < 0.05, "P < 0.01,

P <0.001 vs Control group; *P <

0.05, P < 0.01, **P < 0.001 vs OGD group. OCR, Oxygen consumption rate; 0GD, oxygen-glucose deprivation; PDH, pyruvate dehydrogenase; YXS, Yangxinshi Tablet.
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majority (94.02%) of the simulation, with negligible time spent
“Bound” (0.42%) or “Partial” (5.56%) (Fig. 10B) states.

Complementary to the contact analysis, ligand mobility was
assessed by calculating the RMSD of the ligand heavy atoms relat-
ive to their initial docked pose after alignment of the protein
backbone (Fig. 10C). The distributions of ligand RMSD values cor-
related well with the contact stability results. Astragaloside IV
and astragaloside VII, the most stably bound ligands according to
contact analysis, showed unimodal RMSD distributions centered
at higher values ( ~ 2.1 A and ~ 2.7 A for astragaloside IV and VII,
respectively), indicating they settled into stable conformations
that slightly deviated from the initial docked pose but main-
tained significant protein contacts. Apigenin exhibited a bimodal
RMSD distribution, with peaks at approximately 0.7 A and 1.8 A,
reflecting its transitions between a near-initial pose (“Bound”
state) and other conformations (“Partial”’/“Unbound” states).
Senkyunolide H, which was mostly unbound, displayed a broad-
er RMSD distribution centered around 1.0 A, consistent with its
higher mobility and loss of specific interactions within the bind-
ing site.

To further characterize the dominant binding modes, cluster-
ing analysis was performed on the last 400 ns of each trajectory
using the GROMOS algorithm, and representative structures from
the most populated clusters corresponding to the "Bound" or
"Partial" states were examined (Figs. 10D-10G). Analysis of these
structures revealed key interactions within the PDK4 ATP-bind-
ing site, typically involving residues in the ranges 254-261,
312-313, and 329-334 *. For apigenin, the representative struc-
ture formed two hydrogen bonds with the backbone of Gly297,
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alongside hydrophobic interactions within the pocket (Fig. 10D).
Astragaloside IV formed two hydrogen bonds, primarily enga-
ging the backbone of Gly331, complemented by extensive hydro-
phobic contacts owing to its larger size (Fig. 10E). Astragaloside
VII formed hydrogen bonds with the side chain of Arg305 and the
backbone of Gly331, while also participating in hydrophobic in-
teractions (Fig. 10F). In contrast, senkyunolide H, consistent with
its unbound state, did not form persistent hydrogen bonds with-
in the canonical ATP-binding site in its most populated cluster,
interacting transiently and non-specifically with the protein sur-
face (Fig. 10G). Overall, the simulations highlighted considerable
differences in binding stability among the ligands within the
PDK4 ATP-binding site, correlating with their specific interaction
modes. Notably, astragaloside IV and VII achieved greater stabil-
ity through hydrogen bonds with key residues like Gly331 and
Arg305 and extensive hydrophobic contacts, whereas apigenin
formed fewer persistent interactions, and senkyunolide H re-
mained largely unbound owing to a lack of specific stabilizing
contacts within the site.

3.9. Senkyunolide H and apigenin are active YXS components regu-
lating energy metabolism

To further investigate the mechanism of action of individual
YXS components, we measured cell viability and PDH enzyme
activity following treatment with the PDK4 inhibitor DCA or the
FOXO1 inhibitor AS1842856 (Figs. 11A-11D). In the presence of
these inhibitors, senkyunolide H, apigenin, astragaloside 1V, and
astragaloside VII significantly enhanced cell viability and PDH en-
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zyme activity, both of which are closely related to energy meta-
bolism. Using H9c2 cells, mitochondrial respiration and energy

metabolism were assessed with the Agilent Seahorse XFp Cell Mi-

to Stress Test to elucidate the mechanisms underlying the pro-
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tective effects of the active compounds. Treatment of the cells improvement in basal respiration, ATP production, and maximal
with senkyunolide H and apigenin resulted in varying degrees of respiration (Figs. 11E-11H). Taken together, senkyunolide H,
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apigenin, astragaloside IV, and astragaloside VII were identified
as active components of YXS.

Finally, we performed SPR experiments to assess the binding
affinity of apigenin to PDK4. We found that apigenin engaged in
fast-binding and fast-dissociation kinetics with PDK4, with a Kj
value of 8.521 x 10™° mol-L™, indicating specific binding to PDK4
(Figs. 111-11J).

4. Discussion

In the current study, we demonstrated the therapeutic ef-
fects and mechanism of action of YXS, a TCM used to treat post-
MI HF. In vivo, YXS improved cardiac function and exercise endur-
ance, enhanced hemodynamics, reduced inflammatory cell infilt-
ration, and decreased collagen fiber deposition, thereby protect-
ing against post-MI HF. To the best of our knowledge, this is the
first study to report that YXS can regulate the TCA cycle and
FOX01/PDK4 signaling to improve metabolism. These findings
indicate that YXS prevents post-MI HF by inhibiting FOX01/PDK4
signaling and enhancing metabolism. Single-cell RNA-seq analys-
is revealed that cardiomyocytes from patients with HF demon-
strated altered energy metabolism. In addition, senkyunolide H,
apigenin, astragaloside IV, and astragaloside VII were identified
as the main active ingredients of YXS responsible for the ob-
served effects.

HF remains one of the leading causes of cardiovascular dis-
ease-associated mortality, with MI being the most common pre-
cipitant of HF *’. Pathophysiological factors contributing to the
development of HF during hospitalization for MI include myocar-
dial damage due to necrosis, myocardial dysfunction, and mech-
anical complications **. Despite the implementation of secondary
prevention measures, several patients experience adverse left
ventricular remodeling, ultimately leading to HF, highlighting the
need for further research to mitigate the development and sever-
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ity of pathophysiological factors and improve patient outcomes “.
Our study demonstrated the protective effects of YXS against the
progression of HF post-MI and elucidated its underlying mechan-
isms of action in both in vivo and in vitro models. In rats with post-
MI HF, the therapeutic effects of YXS were more pronounced after
4 weeks than after 2 weeks of treatment, as evidenced by the re-
duced cardiac function in the Mod group, with a marked improve-
ment observed in the YXS group (particularly in the YXS M
group). YXS not only improved cardiac function and exercise en-
durance but also enhanced hemodynamics, reduced inflammat-
ory cell infiltration, and decreased collagen fiber deposition. Ad-
ditionally, YXS substantially lowered the levels of HF biomarkers,
including ANP, BNP, and NT-proBNP. Multiple studies have re-
ported the therapeutic benefits of YXS in rats with chronic
ischemic HF by evaluating cardiac function and exercise capa-
city *’. Although our findings are consistent with previous re-
ports, we observed that YXS H elicited better exercise endurance
than YXS M and YXS L. Our study further determined the protect-
ive effects of YXS by assessing HF biomarkers and performing his-
tological staining. Moreover, our study detected hemodynamic in-
dicators for the first time, further highlighting the efficacy of YXS
in the treatment of post-MI HF. These findings underscore the
notable protective effects of YXS in rats with post-MI HF.
Cardiomyocytes generate substantial amounts of ATP
primarily through OXPHOS within the mitochondria *’. The regu-
lation of the TCA cycle, along with continuous feedback mechan-
isms involving OXPHOS, is essential for maintaining cellular
homeostasis and energy production *'. During HF, the increased
workload on the heart creates an imbalance between energy con-
sumption and energy production from myocardial mitochon-
dria . Hypoxia *, oxidative stress **, endoplasmic reticulum
stress **, reactive oxygen species *°, inflammation, and mitochon-
drial phagocytosis *° can affect mitochondrial homeostasis,
thereby causing damage to cardiac muscle cells °” *°, Further-
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more, mitochondrial fusion plays a crucial role in the exchange of
mtDNA, membrane phospholipids, respiratory-related proteins,
and intermediates of the TCA cycle ** . As the powerhouses of
the cell, mitochondria are central regulators of cardiomyocyte
homeostasis *>*". Energy demand overload can overwhelm cardi-
omyocyte mitochondria, affecting their function, a process that is
intricately linked to cardiac fibrosis and cardiomyocyte apoptos-
is. Simultaneously, the transformation of metabolic substrates is
accompanied by a reduction in ATP production and an accumula-
tion of LA, ultimately leading to a decline in cardiac function *.
We conducted an in-depth study on the mechanism of action of
YXS and, for the first time, confirmed that YXS improves cardi-
omyocyte energy homeostasis in post-MI HF by inhibiting
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FOX01/PDK4 signaling, regulating OGDH expression in the TCA
cycle, and increasing ATP levels to enhance energy metabolism.
The FOXO family of transcription factors is involved in mul-
tiple cellular processes, including energy metabolism, redox
homeostasis, cell differentiation, and cell cycle arrest  In skelet-
al muscles, FOXO01 regulates glucose and fatty acid metabolism by
down-regulating PDK4 and up-regulating lipoprotein lipase,
thereby controlling energy homeostasis **. PDK4, the predomin-
ant subtype of PDK in the heart, phosphorylates and inactivates
PDH, consequently reducing the capacity of cardiomyocytes to
oxidize glucose '**. Accumulating evidence suggests that FOX01
plays a critical role in cardiometabolic regulation. For instance, in
the diabetic myocardium, FOXO1 activation disrupts glycolysis
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Fig. 11 Senkyunolide H and apigenin are active compounds of YXS that regulate energy metabolism. (A-D) Cell viability and PDH activity were measured in H9c2 cells
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H9c2 cells pretreated with senkyunolide H or apigenin (10 umol-L™, 24 h) and then exposed to oxygen-glucose deprivation conditions. (F~H) Quantitative analysis of basal
respiration, ATP production, and maximal respiration. (I-J) SPR analysis of apigenin Rinding to PDK4. Data are analyzed using one-way ANOVA with LSD post-hoc test after

confirmation of homogeneity of variance. Data are expressed as mean + SEM (n = 3). P < 0.001 vs Control group; *P < 0.05, *P < 0.01, ***P < 0.001 vs OGD group. OCR, oxy-
gen consumption rate; YXS, Yangxinshi Tablet.
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and glucose oxidation, increases fatty acid oxidation, and elev-
ates PDK4 and CPT1 expression, resulting in mitochondrial and
cardiac dysfunction *°. In addition, nuclear localization of FOX01
was shown to increase PDK4 expression, leading to lactate accu-
mulation and impaired mitochondrial oxidation, thereby affect-
ing the maintenance of cardiac homeostasis . Building on these
previous findings, we observed that YXS enhances mitochondrial
respiration in vitro. Importantly, our study, for the first time,
demonstrates that YXS can inhibit FOXO1/PDK4 signaling, ther-
eby improving cardiomyocyte energy metabolism both in vivo
and in vitro, although this mechanism warrants further in-depth
verification. Many studies have extensively explored proteins, ex-
amining not only their functional characteristics but also changes
at their target sites. Therefore, the effect of YXS on FOX01/PDK4
could be further investigated by examining changes in its amino
acid sites or other structural aspects. To strengthen our findings
and provide robust evidence, we conducted single-cell RNA-seq
analysis on patients with HF and healthy individuals, revealing a
close association between energy metabolism and HF.

Chinese medicines that are absorbed into the blood are con-
sidered potential bioactive agents °* *°. Numerous studies have
reported the active ingredients of YXS. For instance, salvianolic
acid B and caffeic acid present in YXS have been identified as po-
tential thrombin inhibitors ’°, while salvianolic acids A and B
have been shown to possess potent anti-oxidant activities ’'. The
efficacy of Ginseng and Astragalus, two key herbal components in
formulating YXS, has long been established in the management of
cardiovascular diseases. In our study, we analyzed the main act-
ive components of YXS and selected the common compounds that
ranked among the top 16 in binding energy for each target pro-
tein. We focused on ginsenosides and astragaloside saponins as
blood-derived components, emphasizing their binding affinity
and compound availability for further analysis. Notably, we
demonstrated for the first time that senkyunolide H and apigenin
are the main active components of YXS responsible for exerting
its protective effects and improving energy metabolism. Senkyun-

Senkyunolide H Apigenin

Yangxinshi tablet

Chinese Journal of Natural Medicines 24 (2026) 574-591

olide H, a phthalide compound, possesses multiple pharmacolo-
gical functions, including neuroprotective effects and the ability
to ameliorate oxidative damage, the latter making it useful in car-
diovascular diseases "*. Conversely, apigenin has been shown to
improve abnormal glucose and lipid metabolism in H9c2 cells by
inhibiting HIF-la expression, while up-regulating CPT1 and
PDK4 expression via PPARa signaling and down-regulating
PPARy-mediated expression of GPAT and GLUT4 "*. Additionally,
astragaloside IV and VII, active ingredients of YXS, have been
shown to improve energy metabolism. The cardioprotective ef-
fects of astragaloside IV could be attributed to the up-regulation
of genes and enzymes involved in free fatty acid metabolism,
thereby enhancing energy metabolism . Additionally, astra-
galoside IV alleviates myocardial injury through mitochondrial
quality control . Accordingly, astragaloside IV and VII can regu-
late energy metabolism; however, further research is required to
comprehensively clarify their roles in HFrEF after MI.

Nevertheless, our study has some limitations, and further
work is needed to fully elucidate the key active compounds of
YXS. Based on previous efficacy studies, we not only incorpor-
ated hemodynamic assessments but also performed a more in-
depth investigation of the underlying mechanisms of YXS and its
compounds both in vivo and in vitro. The binding sites of YXS with
its targets are not sufficiently clear, the investigation of active
substances is not in-depth enough, and the research on YXS re-
garding mitochondrial function and structure is not well-defined.
It is recommended that more comprehensive studies be conduc-
ted in the future.

In summary, this is the first study to demonstrate that YXS
can improve energy metabolism by inhibiting FOX01/PDK4 sig-
naling in post-MI HF. Furthermore, senkyunolide H, apigenin, as-
tragaloside IV, and astragaloside VII exhibited notable protective
effects against OGD-induced damage in H9c2 cells and were iden-
tified as the main active ingredients of YXS (Fig. 12). This study
elucidates a new mechanism through which YXS exerts its pro-
tective effects, clarifying the active substance basis of YXS. It fur-

Astragaloside VII

Astragaloside IV
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Fig. 12 Schematic diagram illustrating the mechanism of action of YXS in heart failure. YXS improves energy metabolism by inhibiting FOX01/PDK4 signaling and regulat-
ing the TCA cycle and ATP levels in rats with post-myocardial infarction heart failure. Senkyunolide H, apigenin, astragaloside 1V, and astragaloside VII are identified as the
active ingredients of YXS in H9c2 cells under oxygen-glucose deprivation conditions. TCA, tricarboxylic acid; YXS, Yangxinshi Tablet.
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ther provides insights for the study of TCM formulas and lays a
foundation for the clinical research of YXS. In the future, we may
also integrate TCM with Western medicine to conduct joint phar-
macological studies.

5. Conclusion

Our study demonstrates that YXS can inhibit FOX01/PDK4

signaling to improve energy metabolism. Moreover, our single-
cell RNA-seq analysis revealed a close association between HF
and energy metabolism. Additionally, we applied a novel ap-
proach to screen for active compounds in YXS. Furthermore, we
identified senkyunolide H, apigenin, astragaloside IV, and astra-
galoside VII as the primary active ingredients of YXS responsible

for

its cardioprotective effects. Our study comprehensively

demonstrates the mechanism by which YXS improves the energy
requirements of cardiomyocytes in post-MI HF and further valid-
ates the clinical application of YXS in treating HF.
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