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prevents cardiac remodeling by improving mitochondrial Sheck o
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ARTICLE INFO ABSTRACT

Astragali Radix (AR) and Notoginseng Radix et Rhizoma (NR) are frequently employed in car-
diovascular disease treatment. However, the efficacy of the AR-NR medicine pair (AN) in im-
proving cardiac remodeling and its underlying mechanism remains unclear. This study aimed
to evaluate AN'’s cardioprotective effect and potential mechanism on cardiac remodeling us-
ing transverse aortic constriction (TAC) in mice and angiotensin II (Ang II)-induced neonatal
rat cardiomyocytes (NRCMs) and fibroblasts in vitro. High-performance liquid chromato-
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graphy-quadrupole-time of flight tandem mass spectrometry (HPLC-Q-TOF-MS/MS) charac-
terized 23 main components of AN. AN significantly improved cardiac function in the TAC-in-
duced mice. Furthermore, AN considerably reduced the serum levels of N-terminal pro-B-type
natriuretic peptide (NT-proBNP), cardiac troponin T (CTn-T), and interleukin-6 (IL-6) and
mitigated inflammatory cell infiltration. Post-AN treatment, TAC-induced heart size ap-
proached normal. AN decreased cardiomyocyte cross-sectional area and attenuated the up-
regulation of cardiac hypertrophy marker genes (ANP, BNP, and MYH?) in vivo and in vitro.
Concurrently, AN alleviated collagen deposition in TAC-induced mice. AN also reduced the ex-
pression of fibrosis-related indicators (COL1A1 and COL3A1) and inhibited the activation of
the transforming growth factor-p1 (TGF-B1)/mothers against decapentaplegic homolog 3
(Smad3) pathway. Thus, AN improved TAC-induced cardiac remodeling. Moreover, AN down-
regulated p-dynamin-related protein (Drp1) (Ser616) expression and upregulated mitogen 2
(MFN-2) and optic atrophy 1 (OPA1) expression in vivo and in vitro, thereby restoring mito-
chondrial fusion and fission balance. In conclusion, AN improves cardiac remodeling by regu-
lating mitochondrial dynamic balance, providing experimental data for the rational applica-

tion of Chinese medicine prescriptions with AN as the main component in clinical practice.

1. Introduction

Heart failure represents the leading cause of mortality world-
wide, with its prevalence and fatality rates remaining persist-
ently high . Cardiac remodeling constitutes a common patholo-
gical alteration in this context. In response to increased load, the
heart and individual cardiomyocytes typically undergo enlarge-
ment, progressively developing cardiac hypertrophy and activat-
ing pro-fibrotic pathways > °. However, prolonged stress can com-
promise the heart’s systolic function, ultimately leading to heart
failure *. Therefore, the improvement of early pathological cardi-
ac remodeling is crucial to preventing and treating heart failure.

Mitochondria are the primary source of energy for cellular
activities °. Mitochondrial dynamics, encompassing fusion and fis-
sion processes, regulate mitochondrial number and size °. Spe-
cifically, optic atrophy 1 (OPA1) and mitogen 2 (MFN-2) govern
mitochondrial fusion, while dynamin-related protein (Drp1) con-

* Corresponding author.
E-mail address: lifangcpu@163.com
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trols fission ". Research has demonstrated that inhibiting Drp1

mitigates left ventricular hypertrophy and cardiac fibrosis in
stress-induced models °. Moreover, mice with heart-specific het-
erozygous deletion of the Drp1 gene exhibited exacerbated cardi-
ac hypertrophy and mitochondrial dysfunction when subjected to
transverse aortic contraction (TAC) °. Additionally, the decreased
expressions of OPA1 and MFN-2 have been observed in rat mod-
els of heart failure and in vitro hypertrophic cardiomyocytes .
These findings suggest that enhancing mitochondrial homeostas-
is represents a promising approach for treating cardiac remodel-
ing.

Medicine pairs are two relatively fixed herbs that work syn-
ergistically '". Astragali Radix (AR), the dried root of Astragalus
membranaceus (Fisch.) Bge., is known for its Qi-replenishing
properties. Previous studies have demonstrated AR’s efficacy in
reducing apoptosis and improving cardiac function in rats with
myocardial ischemia by inhibiting Ca®* influx and activating mito-
chondrial Kurp channels '> ., Additionally, AR has shown the abil-
ity to mitigate myocardial oxidative stress damage in rats with
viral myocarditis *. Notoginseng Radix et Rhizoma (NR), derived

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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from the dried roots and rhizomes of Panax notoginseng (Burk.)
F. H. Chen, is known for invigorating blood and eliminating blood
stasis. NR extract has been found to alleviate myocardial ischemia
by reducing oxidative stress and inhibiting inflammatory cas-
cades > '°. Furthermore, NR has been reported to induce vascu-
lar dilation . The combination of AR and NR has been explored
in clinical practice " and is widely used for preventing and treat-
ing various diseases, including cardiovascular disorders. Several
Chinese medicine prescriptions incorporating the AR-NR medi-
cine pair (AN) as a primary component are utilized in cardiovas-
cular treatment, with Qishen Capsule and Qishen Yiqi Dropping
Pill being common examples '°. While numerous studies have re-
ported on the independent effects of AR and NR on cardiovascu-
lar disease, the impact of AN on cardiac hypertrophy remains un-
clear. Moreover, the potential role of AN in improving cardiac re-
modeling through the modulation of mitochondrial dynamics re-
quires further investigation.

This study investigated the cardioprotective effects of AN on
cardiac remodeling in TAC-induced mice in vivo and angiotensin
II (Ang II)-induced neonatal rat cardiomyocytes (NRCMs) and
neonatal rat cardiac fibroblasts (NRCFs) in vitro. Furthermore,
the research explored the potential mechanisms by which AN im-
proves cardiac remodeling, with a particular focus on the regula-
tion of mitochondrial dynamics. These findings may provide a sci-
entific basis for the use of AN in the prevention and treatment of
cardiac remodeling.

2. Materials and methods

2.1. Materials

Astragali Radix was sourced from Yunfu Houde Traditional
Chinese Medicine Decoction Pieces Co., Ltd. (Yunfu, China). Noto-
ginseng Radix et Rhizoma was obtained from Sichuan Huotai
Pharmaceutical Co., Ltd. (Chengdu, China). Professor Boyang Yu
from China Pharmaceutical University identified these herbal
medicines. Enalapril (ENP) was procured from Yangtze River
Pharmaceutical Group (Nanjing, China). Ang Il was acquired from
MedChemExpress (NJ, USA). Shanghai Hengyuan Biotechnology
Co., Ltd. (Shanghai, China) supplied interleukin-6 (IL-6), N-ter-
minal pro-B-type natriuretic peptide (NT-proBNP), and cardiac
troponin T (CTn-T) test kits. Bioss antibodies (Beijing, China)
provided the Collagen type [ alpha 1 (COL1A1) antibody. OriGene
Technologies (MD, USA) supplied the Collagen type III alpha 1
(COL3A1) antibody. Abcam (Cambridge, UK) provided anti-trans-
forming growth factor-1 (TGF-B1), anti-mothers against de-
capentaplegic homolog 3 (Smad3) and anti-dynamin-related pro-
tein 1 (Drp1) primary antibodies. Cell Signal Technology (Boston,
USA) supplied anti-p-Smad3 (Ser423/425), anti-MFN-2, anti-
OPA1 and anti-p-Drp1 (Ser616). Zen-bioscience (Chengdu, China)
provided anti-f-actin.

2.2. Decoction preparation

The preparation of AN followed the established clinical ratio
of 3:1 (W/W), as reported in the literature “***. To prepare the
decoctions, AR, NR, and AN (3:1, W/W) were each mixed with
water ata 1:10 (W/V) ratio. The mixtures were soaked for 0.5 h,
followed by two rounds of decoction, with each session lasting
1 h. After each decoction, the extracts were filtered through eight
layers of gauze. The filtered extracts were then concentrated us-
ing a rotary evaporator to achieve a final crude drug content of
1.0 g-mL™". The concentrated liquid was aliquoted and stored at
stored in a refrigerator at —20 °C for future use. Additionally, a
portion of the concentrated liquid medicine was freeze-dried in-
to powder at -80 °C and preserved in dry form.
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2.3. High-performance liquid chromatography-quadrupole-time of
flight mass spectrometry/mass spectrometry (HPLC-Q-TOF/
MS/MS) analysis

To facilitate further analysis, 1.0 g-mL™ AN extract solution
was diluted to 0.5 g-mL™ and subsequently filtered through a
0.22 pm microfiltration membrane. The samples were eluted on a
Venusil MP C;g column (4.6 mm x 150 mm, 5 pm) and analyzed
using an ELSD detector and full wavelength scanning. The mobile
phase consisted of acetonitrile (A) and 0.1% formic acid in water
(B). Chromatographic separation was conducted at a flow rate of
1 mL-min”", with the following gradient elution conditions: 5% A
(0-1 min), 10% A (1-2 min), 13% A (2-6 min), 19% A (6-10
min), 22% A (10-14 min), 25% A (14-30 min), 62% A (30-46
min), 80% A (46-52 min), 5% A (52-62 min). The column tem-
perature was maintained at 30 °C, and the injection volume was
10 pL.

The electrospray ionization source (ESI) was utilized in both
positive and negative ionization modes, with a data acquisition
range of 50 to 3000 Da. The MS analysis conditions were estab-
lished as follows: gas temperature at 325 °C, drying gas flow rate
at 9 L-min™", nebulizer pressure at 35 psi, and capillary voltage at
3.5 kV for the negative mode and 4.0 kV for the positive mode.

2.4. Animals

All procedures involving animals were conducted in accord-
ance with the Guidelines for the Care and Use of Laboratory An-
imals published by the National Institutes of Health. The experi-
mental protocol was approved by the Animal Ethics Committee of
China Pharmaceutical University (Approval No. 220226749).
Male Institute of Cancer Research (ICR) mice, 9 weeks old and
weighing 22-25 g, were obtained from the Comparative Medical
Center of Yangzhou University (Yangzhou, China). Neonatal
Sprague-Dawley rats were acquired from Nantong University
(Nantong, China). The experimental animal production license
numbers were SCXK 2017-0007 and SCXK 2019-0001, respect-
ively. ICR male mice underwent a one-week adaptive housing
period, maintained in a stable environment with a 12-h
light/dark cycle at 22 + 2 °C, and provided with adequate food
and water.

2.5. Animal model and drug administration

As previously described, the TAC operation induced cardiac
hypertrophy in mice *. In brief, ICR mice were anesthetized with
sodium pentobarbital (30 mg-kg™) via intraperitoneal injection,
after which the left chest of each mouse was opened to expose the
thoracic aorta. The exposed aorta was then sutured in the
thoracic cavity after constriction with 6-0 silk sutures and a 27-
gauge needle. Concurrently, sham-operated mice underwent a
similar procedure without ligation.

The surviving mice were randomly allocated into seven
groups (n = 8-9/group). Two groups of ICR mice underwent
sham operation: a sham operation group and a sham operation +
AN treatment group (10.4 g-kg™). Five groups of ICR mice under-
went TAC surgery: a TAC group, a TAC + ENP treatment (positive
control drug) group (2.6 mg-kg™"), and three TAC + AN treatment
groups (2.6, 5.2, and 10.4 g-kg™"). The sham group and TAC group
received normal saline. All groups were administered intragast-
rically at a volume of 10 mL-kg ™" once daily for 4 weeks. The ENP
dose was based on the clinical dose, while the AN dose was selec-
ted according to the Chinese Pharmacopoeia (2020 Edition). The
dosage conversion was calculated based on the body surface area
between mice and humans.
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2.6. Cell isolation and culture

Based on previous research “**, NRCMs and NRCFs were
isolated from the cardiac tissue of neonatal Sprague-Dawley rats.
Briefly, after heart extraction, ventricular tissues were preserved
and minced. The minced tissues were then continuously digested
with type II collagenase at 37 °C, and the resulting cell suspen-
sion was collected. Leveraging the characteristic that fibroblasts
adhere more rapidly than myocardial cells, these two cell types
were separated. The adhered NRCFs were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum, and second-generation fibroblasts at 80%-90%
confluence were used for subsequent experiments. Unattached
NRCMs were collected by centrifugation and cultured in DMEM
supplemented with 10% fetal bovine serum and 0.1 mmol-L™ 5-
bromodeoxyuridine (BrdU) for 48 h before being used in follow-
up experiments.

NRCMs and NRCFs were cultured at 37 °C in an incubator
with 5% CO,. An in vitro model of myocardial hypertrophy in-
duced by Ang II was established. NRCMs were exposed to 1
umol-L™" Ang Il in DMEM containing 0.5% fetal bovine serum for
48 h, while NRCFs were treated with 1 pmol-L™" Ang Il in DMEM
without fetal bovine serum for 24 h. Concurrently, AN freeze-
dried powder was dissolved in dimethyl sulfoxide (DMSO), and
subsequently, NRCMs and NRCFs were treated with AN (12.5, 50,
200 mg-L™") during Ang Il induction.

2.7. Echocardiography analysis

Echocardiography was conducted using the Vevo 3100LT
imaging system following four weeks of TAC induction and med-
ical treatment. Mice were anesthetized with 2% isoflurane and
secured in a supine position on the ultrasound manipulation pan-
el. The probe position was adjusted based on real-time display
images to obtain clear echocardiograms. The following paramet-
ers were measured and calculated from the echocardiography:
left ventricular ejection fraction (LV EF), left ventricular fraction-
al shortening (LV FS), interventricular septum in diastole (IVS; d),
left ventricular mass (LV Mass), and left ventricle volume dia-
stole (LV Vol; d) .

2.8. Enzyme-linked immunosorbent assay (ELISA)

Following collection from mice, blood samples were allowed
to rest for 60 min. Prior to processing, the centrifuge was pre-
cooled to 4 °C. Subsequently, the blood samples were centrifuged
at 3500 r-min”" for 10 min, after which the serum was extracted
and stored at -80 °C. The serum samples were then processed in
accordance with the kit instructions. The absorbance was meas-
ured at 450 nm, and the serum levels of IL-6, NT-proBNP, and
CTn-T were determined using a standard curve.

2.9. Histopathologic examination

Following euthanasia, the heart tissues of the mice were pre-
served in a 10% paraformaldehyde solution. The specimens were
subsequently embedded in paraffin, sectioned into 5 pm thick
slices, and stained with hematoxylin-eosin (H&E) and Masson’s
trichrome. The sections were then promptly photographed to ex-
amine the pathological alterations in the myocardium of the mice.
Quantitative analysis of blue collagen deposition was performed
using Image] software (Bethesda, MD, USA).

2.10. Immunohistochemistry

Heart tissues underwent fixation in paraformaldehyde, fol-
lowed by paraffin embedding and sectioning into 4-5 um thick
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slices. These sections were subsequently dewaxed and treated
with 3% hydrogen peroxide. The tissue samples were then incub-
ated with quick-block liquid for 1 h, after which primary antibod-
ies for COL1A1 and COL3A1 were applied and left overnight at
4 °C. Following this, the sections were exposed to HRP-conjug-
ated secondary antibodies for 1 h. Finally, the prepared samples
were scanned using a NanoZoom 2.0 RS device (Hamamatsu, Ja-

pan).
2.11. Wheat germ agglutinin (WGA) staining

The hearts underwent dehydration using a 40% sucrose solu-
tion, followed by embedding in OCT adhesive. Sections of 4-5 um
thickness were obtained using a freezing microtome. The sec-
tions were equilibrated at room temperature for 30 min, then in-
cubated with 10 pg-L™" WGA solution for 1 h at room temperat-
ure in dark conditions. Subsequently, an anti-fluorescence
quenching agent containing DAPI was applied. WGA staining res-
ults were observed using a confocal laser scanning microscope
(LSM700 Zeiss, Jena, Germany). Image] software was utilized to
calculate the cross-sectional area of the myocardial cells.

2.12. FITC-labeled phalloidin staining

NRCMs were fixed with 4% paraformaldehyde for 30 min,
permeabilized with 0.5% Triton X-100 for 5 min, and blocked
with immunostaining rapid blocking solution for 30 min. The
samples were then stained with 100 nm FITC-labeled Phalloidin
for 30 min at room temperature in darkness, followed by the ad-
dition of an anti-fluorescence quencher containing DAPI. Images
were acquired using laser confocal microscopy, and the cross-
sectional areas of NRCMs were subsequently analyzed using Im-
age] software.

2.13. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from heart tissues, NRCMs, and NR-
CFs using a TRIzol reagent (Vazyme, Nanjing, China). RNA con-
centration and purity were determined by measuring absorption
values at 260 and 280 nm using NanoDrop (San Jose, CA, USA).
Subsequently, cDNA was synthesized through reverse transcrip-
tion of RNA following the manufacturer’s instructions and added
to the qRT-PCR reaction system for amplification. GAPDH served
as the reference gene to normalize sample differences, and the re-
lative expression of target genes was calculated using the 27"
method. The primer sequences used are detailed in Table 1.

2.14. Western blotting assay

Total protein extraction was performed on heart tissues, NR-
CMs, and NRCFs. The protein content was measured using the bi-
cinchoninic acid (BCA) protein assay kit to determine the appro-
priate loading volume. Proteins were separated by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequently transferred to polyvinylidene fluoride (PVDF)
membranes. The membranes were then blocked with 5% bovine
serum albumin (BSA) for 2 h at room temperature. Primary anti-
bodies were applied to the membranes and incubated overnight
at 4 °C, followed by incubation with secondary antibodies for 1 h
at room temperature. All antibodies were diluted according to the
manufacturer’s instructions. Protein signals were detected using
enhanced chemiluminescence (ECL) reagents and quantified us-
ing Image] software.

2.15. Statistical analysis

Experimental data were presented as mean * standard devi-
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Table 1 The sequences of the primer pairs are as follows.

Genes Forward Reverse
Mouse COL1A1  CTGACGCATGGCCAAGAAGA CGTGCCATTGTGGCAGATAC
Mouse COL3A1 TGACTGTCCCACGTAAGCAC GGAGGGCCATAGCTGAACTG
Mouse ANP TCTTCCTCGTCTTGGCCTTT CCAGGTGGTCTAGCAGGTTC
Mouse BNP TGGGAGGTCACTCCTATCCT CGTTACAGCCCAAACGACTG
Mouse MYH7  CGGACCTTGGAAGACCAGAT GACAGCTCCCCATTCTCTGT
Mouse GAPDH  AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
Rat COL1A1 CGCATGGCCAAGAAGACATC CTTTGCATAGCACGCCATCG
Rat COL3A1 GATGAGCCACTAGACTGCCC GATAGCCACCCATTCCTCCG
Rat ANP TGGAGCAAATCCCGTATACAGT TGACCTCATCTTCTACCGGCAT
Rat BNP TCAAAGGACCAAGGCCCTAC GCCGATCCGGTCTATCTTCTG
Rat MYH7 CGGTGACTGTGAAGGAGGAC  TGAGATTGTAGAGCACAGCCG
Rat GAPDH ATGTT;(?[:}?FGC’;/?:’EGACTC GAAG&%&%%:%&AGAC

ation (SD). Statistical analyses were conducted using GraphPad
Prism version 8.0. To evaluate statistical significance among
groups, a one-way analysis of variance (ANOVA) was employed. A
P value < 0.05 was considered statistically significant.

3. Results

3.1. Component analysis of AN

Employing both positive and negative ion modes of HPLC-Q-
TOF-MS/MS and high-performance liquid chromatography, the
corresponding signals were analyzed to identify the primary
chemical constituents of AN (Fig. S1). By comparing retention be-
havior with MS data from published literature ****, a total of 23
distinct chemical components were identified. Table S1 presents
details of the identified compounds.

3.2. AN restored cardiac function in TAC-induced mice

The cardioprotective effect of AN on TAC-induced mice was
evaluated through echocardiography. The results revealed signi-
ficantly lower left ventricular ejection fraction (LV EF) and left
ventricular fractional shortening (LV FS) in the model group com-
pared to the sham group (P < 0.01). Additionally, increases in
LVS; d, LV Mass, and LV Vol; d were observed (P < 0.01).
However, administration of AN at 2.6, 5.2, or 10.4 g-kg”', as well
as ENP treatment, improved these cardiac function indices (Figs.
1A-1F). Further assessment of AN’s cardioprotective effect was
conducted by measuring serum biochemical indicators. The res-
ults demonstrated that AN (10.4 g-kg™') and ENP treatments ef-
fectively reduced serum levels of IL-6, NT-proBNP, and CTn-T in
TAC-induced mice (P < 0.01) (Figs. 1G-1I). In conclusion, AN
treatment significantly improved cardiac function in TAC-in-
duced mice.

3.3. AN alleviated TAC-induced cardiac hypertrophy

To elucidate the role of AN in TAC-induced cardiac hyper-
trophy, we observed an enlargement in heart size for TAC-in-
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duced mice compared to the sham group. However, TAC-induced
mice treated with varying doses of AN and ENP exhibited heart
sizes closer to normal (Figs. 2A and 2D). Furthermore, heart
weight/body weight ratio (HW/BW) and heart weight/tibia
length ratio (HW/TL), both indicators of hypertrophy, were signi-
ficantly reduced in both AN and ENP administration groups. Ad-
ditionally, H&E staining results revealed that AN treatment mitig-
ated inflammatory cell infiltration compared to the TAC group.
H&E and WGA staining consistently demonstrated that AN and
ENP treatments significantly inhibited cardiomyocyte enlarge-
ment (P < 0.01) (Figs. 2B, 2C, and 2E). A notable inhibitory effect
was observed in the AN administration group (5.2 and 10.4
g-kg™). Concurrently, we analyzed the expression of hypertrophy-
related mRNA, providing further evidence for the anti-myocardi-
al hypertrophy effect of AN. In the TAC-induced group, AN (10.4
g'kg™) treatment downregulated the expression of ANP, BNP, and
MYH7 mRNA (P < 0.01) (Figs. 2F-2H). These findings suggest that
AN exerts a protective effect against TAC-induced cardiac hyper-
trophy.

3.4. AN ameliorated TAC-induced cardiac fibrosis

As illustrated in Figs. 3A and 3B, Masson staining revealed in-
creased blue collagen deposition and fibroblast infiltration in the
model group, whereas the administration of AN (5.2, 10.4 g-kg™)
and ENP mitigated histopathologic injury and myocardial fibrosis
(P < 0.01). Furthermore, immunohistochemistry and qRT-PCR
were utilized to assess the expression of fibrosis-related proteins
(Figs. 3C-3E). TAC induction significantly elevated COL1A1 and
COL3A1 expression compared to the sham group (P < 0.01).
However, following AN (10.4 g-kg™") administration, the expres-
sion of COL1A1 and COL3A1 was notably reduced (P < 0.01). Col-
lectively, these results suggest that AN contributed to the ameli-
oration of TAC-induced cardiac fibrosis.

3.5. AN inhibited the activation of the TGF-f1/Smad3 pathway and
promoted mitochondrial dynamic balance in vivo

TAC-induced injury activated the TGF-B1/Smad3 pathway
and disrupted mitochondrial dynamic balance. The p-Smad3 and
TGF-B1 levels were elevated in the model group, while AN (10.4
g-kg™) treatment inhibited the TGF-B1/Smad3 pathway (Figs. 4A
and 4B). Additionally, AN (10.4 g-kg™") administration increased
OPA1 and MFN-2 expression and decreased p-Drpl expression
compared to the TAC group (P < 0.01) (Figs. 4C-4E). Immunohis-
tochemical results further demonstrated that AN administration
significantly increased MFN-2 expression and reduced p-Drp1 ex-
pression in TAC mice (Fig. 4F). These findings suggest that AN in-
hibits the TAC-induced activation of the TGF-1/Smad3 pathway
and restores mitochondrial dynamic balance, contributing to the
treatment of cardiac remodeling.

3.6. AN mitigated the myocardial hypertrophy and fibrosis in vitro

To further validate the ameliorative effect of AN in vitro, NR-
CMs and NRCFs were treated with Ang II to establish models of
cardiomyocyte hypertrophy and fibrosis. Compared to the model
group, AN (50, 200 mg-L™") significantly inhibited the increased
cell size in NRCMs (P < 0.01) (Figs. 5A and 5B). Additionally, the
mRNA expression levels of ANP, BNP, and MYH7 were markedly
upregulated upon Ang II induction (P < 0.01), and these changes
were reversed after AN treatment (200 mg-L™") (P < 0.01) (Figs.
5C-5E). Moreover, at the same concentration, AN demonstrated
significantly better treatment efficacy compared to AR or NR
(Figs. S2A-S2B). Furthermore, AN (50, 200 mg-L™") treatment
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Fig. 1 AN ameliorated cardiac dysfunction in TAC-induced mice. (A) Representative echocardiogram images. (B-F) Statistical analysis of LV EF, LV FS, IVS; d, LV Mass and
LV Vol; d following 4 weeks of TAC surgery and treatment in mice (n = 6). (G-I) Quantitative analysis of IL-6, NT-proBNP and CTn-T serum levels (n = 6). Data are presented

as mean * SD. *P < 0.05, **P < 0.01 vs Sham; "P < 0.05, "P < 0.01 vs TAC.

resulted in reduced levels of COLIA1 and COL3A1 mRNA com-
pared to the Ang II group (P < 0.01) (Figs. 5F and 5G). Collect-
ively, these in vitro findings indicate that AN mitigated Ang II-in-
duced myocardial hypertrophy and fibrosis, consistent with the
results obtained in vivo.

3.7. AN inhibited activation of TGF-1/Smad3 pathway and pro-
moted mitochondrial dynamic balance in vitro

As illustrated in Figs. 6A and 6B, p-Smad3 and TGF-f1 ex-
pression levels exhibited significant upregulation in Ang II-in-
duced NRCFs, while AN treatment (200 mg-L™") led to their down-
regulation. Additionally, Ang Il induction resulted in the activa-
tion of p-Drp1 levels (P < 0.05) and the attenuation of MFN-2 and
OPA1 expression in NRCMs. However, administration of AN (200
mg-L™") reduced p-Drp1 expression (P < 0.05) and enhanced the
expression of OPA1 and MFN-2 (P < 0.05) (Figs. 6C-6E). These
findings suggest that AN inhibits the activation of the TGF-
f1/Smad3 pathway and promotes mitochondrial dynamic bal-
ance in vitro, aligning with the aforementioned in vivo results.

4. Discussion

Heart failure is primarily a clinical syndrome resulting from
impaired systolic or diastolic heart function, secondary to cardi-
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#%3% pathological cardiac re-

ac impairment of diverse etiologies
modeling, a risk factor for heart failure development *', typically
activates signaling pathways, including fibrosis and mitochondri-
al dysfunction °. Consequently, identifying effective treatment
methods and therapeutic agents to address pathological cardiac
remodeling is crucial. AR-NR, traditional Chinese medicines, are
commonly employed in treating various cardiovascular diseases
and demonstrate cardioprotective effects **. However, research
on the mechanism of AN in treating cardiac remodeling is cur-
rently limited. Our study elucidates that AN could prevent cardi-
ac remodeling by improving mitochondrial dynamic balance.
Furthermore, the multi-component and synergistic combina-
tion of traditional Chinese medicine exerts pharmacological ef-
fects through network regulation **. In this study, 23 ingredients
in the water extract of AN were characterized. Calycosin *, calyc-
osin-7-0-glucoside * formononetin *°, and ononin *’ have
demonstrated potential to ameliorate atherosclerosis and drug-
induced cardiotoxicity. Additionally, notoginsenoside R1 has
been shown to alleviate damage caused by myocardial ischemia-
reperfusion and promote angiogenesis. These findings suggest
that the cardioprotective effect of AN may result from the com-
bined action of the aforementioned components ***’, However,
this study has certain limitations. The specific active ingredients
in AN that exert therapeutic effects on cardiac remodeling re-

main unclear, and the interaction of these active ingredients and
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their potential mechanisms require further investigation.

Cardiac hypertrophy develops gradually through the thicken-
ing of the ventricular wall in response to pressure overload or
heart damage *. Persistent compensatory reactions, however,
transition into decompensation and trigger various abnormal sig-
nals, including myocardial cell death, fibrosis, mitochondrial dys-
function, and fetal gene re-expression, exacerbating cardiac re-
modeling and dysfunction *’. This study employed a TAC-induced
cardiac remodeling model that exhibited characteristics consist-
ent with pathological cardiac hypertrophy *', as evidenced by the
increased cross-sectional area of cardiomyocytes and elevated
expression of fetal genes (ANP, BNP, and MYH7). Additionally,
changes in cardiac function indices such as LV EF, LV FS, LVS;
d, LV Mass, and LV Vol; d aligned with previously reported res-
ults > *'. Notably, AN significantly reduced serum levels of NT-
proBNP, CTn-T, and IL-6 while improving inflammatory cell in-
filtration, indicating its ameliorative effects on TAC-induced
myocardial injury. Furthermore, AN enhanced cardiac function,
normalized morphological parameters and sizes of the heart and
cardiac myocytes, and inhibited fetal gene expression. In vitro ex-
perimental data corroborated these observations, demonstrating
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that AN treatment partially counteracted the adverse effects of
Ang Il on NRCMs. These findings collectively suggest that AN ex-
hibits favorable therapeutic effects on cardiac hypertrophy and
dysfunction.

Pathological cardiac hypertrophy is frequently associated
with fibrosis *. External pressure stimulation can induce fibro-
blasts to differentiate into myofibroblast-like phenotypes, result-
ing in the release of extracellular matrices such as collagen types |
and III and TGF-B1 *'. Collagen type I (Coll), which is more
abundant than collagen type III (Col3), determines the mechanic-
al strength of cardiac tissue **. Moreover, TGF-B1, a pro-fibrotic
cytokine, stimulates Smad3 under pressure load, initiating the
progression of cardiac fibrosis *"***. Previous studies have shown
that gene deletion of TGF-f1 or Smad3 mitigates pressure over-
load-induced cardiac fibrosis **. In this study, AN decreased colla-
gen deposition, downregulated COL1A1 and COL3A1 expression,
and inhibited activation of the TGF-f1/Smad3 pathway in TAC-
induced cardiac remodeling. Additionally, these findings were
corroborated by our in vitro experiments, which demonstrated
that AN treatment could partially ameliorate the fibrosis associ-
ated with cardiac hypertrophy.
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Fig. 4 AN inhibited the activation of TGF-f1/Smad3 pathway and promoted mitochondrial dynamic balance in vivo. (A-E) Representative Western blotting images and
quantitative analysis of p-Smad3, TGF-B1, p-Drp1, OPA1, and MFN-2 expression in cardiac tissue following 4 weeks of TAC surgery and treatment (n = 3). (F) Representat-
ive immunohistochemical images and quantitative analysis of MFN-2 and p-Drp1 expression in cardiac tissue after 4 weeks of TAC surgery and treatment (scale bar, 200 um,
n = 3). Data are presented as mean = SD. *P < 0.05, **P< 0.01 vs Sham; P < 0.05, "P < 0.01 vs TAC.

Mitochondria, as energy-providing organelles, play a crucial
role in maintaining normal cardiac function. Sustaining favorable
mitochondrial dynamics is essential for cell survival and function-
al activities °.Drpl induces mitochondrial division by phos-
phorylating at serine 616 ** and recruiting the mitochondrial out-
er membrane to shrink mitochondria and divide them into two
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independent organelles. Mitochondrial fusion is mediated by
OPA1 and MFN-2 “°, MFN-2 and OPA1 facilitate the fusion of in-
ner and outer mitochondrial membranes. OPA1 exists in two pro-
cessed forms: the long form (L-OPA1) is associated with mito-
chondrial fusion, while the short form (S-OPA1) is related to mi-
tochondrial fission *’. Furthermore, oligomerized OPA1 regulates
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Fig. 6 AN inhibited activation of the TGFB1/Smad3 pathway and promoted mitochondrial dynamic balance in vitro. (A-E) Representative Western blotting images and
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ridge morphology and maintains electron transfer chain opera-
tion. Previous studies have shown that inhibiting Drp1 could re-
duce mitochondrial fission and mitigate myocardial hypertro-
phy “**. Additionally, OPA1 and MFN-2 overexpression could en-
hance mitochondrial fusion and ameliorate myocardial cell dam-
age . Consequently, the altered function of proteins involved
in mitochondrial fission and fusion can disrupt mitochondrial dy-
namics, leading to abnormal cardiovascular function. In our
study, AN treatment prevented the decrease in OPA1 and MFN-2
levels and the increase in p-Drp1 expression, thereby promoting
mitochondrial fusion and inhibiting fission. These findings sug-
gest that AN could improve cardiac remodeling by restoring mito-
chondrial dynamics balance.

5. Conclusions

This study, employing TAC-induced mice in vivo and Ang II-
induced NRCMs and NRCFs in vitro, elucidated the protective ef-
fects of AN on cardiac remodeling through the modulation of mi-
tochondrial dynamics (Fig. 7). Our experimental findings provide
a scientific basis for the rational application of traditional Chinese
medicine prescriptions primarily composed of AR-NR in clinical
practice.
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Fig. 7 Schematic diagram of the regulatory mechanism of Astragali Radix-Noto-
ginseng Radix et Rhizoma medicine pair on cardiac remodeling (Created with
BioRender.com).
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