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Abstract

Background: Myocardial fibrosis is a key pathological driver of Hypertrophic Cardiomyopathy (HCM), contributing to adverse remod-
eling and poor prognosis. The transforming growth factor-β1/Smad3 (TGF-β1/Smad3) signaling cascade plays a central role in fibroge-
nesis; however, effective antifibrotic therapies remain limited. Astragalus polysaccharide (APS), a bioactive constituent of Astragalus
membranaceus, has demonstrated cardioprotective potential. Nevertheless, the mechanisms underlying its effects in HCM-associated
fibrosis remain unknown. Methods: Pressure overload induced HCMwas established in C57BL/6J mice using transverse aortic constric-
tion (TAC), and animals were randomized to control, TAC, low-dose APS (50 mg/kg/day), or high-dose APS (100 mg/kg/day) groups.
Cardiac function was evaluated by echocardiography, while myocardial hypertrophy and fibrosis were assessed by morphometry, Mas-
son’s staining, and collagen I (Col-I) expression analysis. Parallel in vitro studies employed angiotensin II stimulated (Ang II-stimulated)
H9C2 cardiomyocytes, with or without the TGF-β1/Smad3 agonist SRI-011381, to explore mechanistic pathways. Results: TAC in-
duced marked cardiac dysfunction, ventricular dilation, and extensive fibrosis, accompanied by upregulation of TGF-β1, phosphorylated
Smad3, and Col-I expression (all p < 0.05). APS treatment dose-dependently preserved systolic function, attenuated collagen depo-
sition, and suppressed activation of the TGF-β1/Smad3 axis, with the strongest effects observed in the high-dose group. In vitro, APS
significantly inhibited Ang II induced hypertrophy and fibrotic protein expression; these effects were abrogated by SRI-011381, confirm-
ing pathway specificity. Conclusions: APS exerts cardioprotective and antifibrotic effects in HCM by inhibiting the TGF-β1/Smad3
signaling pathway. These findings highlight APS as a promising therapeutic candidate for targeting myocardial fibrosis and improving
outcomes in HCM.
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1. Introduction
Hypertrophic Cardiomyopathy (HCM) is a common

hereditary cardiovascular disease characterized by the
thickening of the ventricular walls, particularly in the in-
terventricular septum [1,2]. Clinically, HCM manifests in
a variety of ways, including palpitations, chest pain, short-
ness of breath, and syncope, with severe cases leading to
heart failure or sudden cardiac death [3,4]. Thus, there is
an urgent need to develop effective antifibrotic strategies
clinical. Transforming growth factor-β1 (TGF-β1) plays a
crucial role in inflammation, cell proliferation, and tissue
repair. Sustained activation of TGF-β1 induces fibroblast
proliferation and excessive extracellular matrix (ECM) de-
position. In addition, its overexpression has been strongly
associatedwithmultiple fibrotic disorders, exhibiting a pos-
itive correlation with disease severity [5,6]. Astragalus
membranaceus, a widely used traditional Chinese medici-
nal herb, exerts broad cardiovascular protective effects, In-
flammatory factors such as TNF-α promote fibroblast pro-

liferation and collagen synthesis through the TGF-β/Smad
pathway, leading to excessive myocardial fibrosis. This
fibrosis not only diminishes cardiac contractile function
but also increases myocardial stiffness, impairing effec-
tive blood pumping. It reduces atrial conduction veloc-
ity and contributes to structural and electrophysiological
remodeling of the atria, thereby facilitating the initiation
and maintenance of HCM [7]. Among its bioactive con-
stituents, Astragalus polysaccharide (APS) exhibits anti-
inflammatory, antioxidant, and cardioprotective properties
[8,9]. Notably, APS ameliorates diabetic cardiomyopathy
and improves impaired cardiac function, potentially pro-
vidinge multifaceted cardioprotection [10].

In this study, we employed a transverse aortic con-
striction (TAC) model to induce HCM in mice and an an-
giotensin Ⅱ-induced (Ang Ⅱ-induced) hypertrophy model
in cardiomyoceytes to investigate the regulatory effects
of APS on the classical TGF-β1/Smad3 fibrosis signaling
pathway. By using APS as an intervention, we aimed to ex-
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plore the mechanisms underlying its effects in modulating
myocardial fibrosis and provide experimental evidence and
theoretical insights into its potential therapeutic application
in HCM.

2. Materials and Methods
2.1 Establishment of the TAC-Induced HCM Model

Male C57BL/6J mice were provided by Beijing Hua-
fukang Bioscience Co., Ltd. (Beijing, China; license num-
ber: SCXK [Jing] 2019-0008). Forty mice after 1 week
of acclimatization, under anesthesia with 1% isoflurane, a
3-mm incision was made at the proximal sternum to fully
expose the aortic arch. A blunt 27-gauge needle was po-
sitioned between the two carotid arteries, directly over the
aortic arch. Using 7-0 silk suture, the aortic archwas ligated
against the needle at a site immediately distal to the brachio-
cephalic artery. The needle was then promptly removed,
creating a reproducible TAC. Following the procedure, the
sternum and skin were closed with 6-0 polypropylene su-
tures, and the mice were placed on a pre-warmed heating
pad until full recovery from anesthesia. Sham-operated ani-
mals underwent the identical surgical exposure without aor-
tic ligation. Beginning on postoperative day 2, the drug
concentration is based on previous literature [11,12], mice
assigned to the high-dose group (APS-H) and low-dose
group (APS-L) received intragastric administration of APS
at 50 mg/kg/day and 100 mg/kg/day, respectively (APS:
Solarbio, China, cat. no.AGV 7970, purity ≥90%); the
remaining groups received an equivalent volume of puri-
fied water. Treatment continued for 4 consecutive weeks.
At 4 weeks post-surgery, mice were re-anesthetized using
a precision gas anesthesia system, with isoflurane concen-
tration titrated to 2.5% ± 0.5% for induction and main-
tained at 1.8%± 0.3% for imaging, while oxygen flow was
maintained at 1 L/min. Following transthoracic echocar-
diographic assessment, animals were euthanized via cervi-
cal dislocation. Freshly excised hearts were immediately
weighed and processed for downstream analyses, including
histopathology and western blotting.

2.2 Echocardiographic Assessment
At 4 weeks post-surgery, cardiac function was as-

sessed using a high-resolution small-animal ultrasound sys-
tem (The manufacturers and production addresses of the
equipment used are listed in Table 1). Measured parame-
ters included left ventricular ejection fraction (LVEF), left
ventricular fractional shortening (LVFS), left ventricular
end-diastolic internal diameter (LVIDd), left ventricular
end-systolic internal diameter (LVIDs), left atrial diameter
(LAD), and left atrial diastolic area (LA diastolic area).

2.3 Histopathological Analysis
Cardiac tissues were paraffin-embedded, sectioned,

and subjected to Masson’s trichrome staining according to
the instructions provided by the manufacturer’s instructions

(The manufacturers, production addresses, and batch num-
bers of the kits used are shown in Table 1). Images were
acquired using an upright microscope under identical set-
tings (magnification: ×20). For each animal, at least three
sections were analyzed, and 5–10 random fields per section
were selected. ImageJ software (Wayne Rasband and con-
tributors National Institutes of Health, USA, Java 1.8.0 345,
http://imagej.org) was used to separate the color channels,
and a uniform threshold for the collagen-positive blue chan-
nel was set based on control and positive reference samples.
Batch processing was applied to all images.

2.4 Immunohistochemistry
Paraffin-embedded sections were subjected to de-

paraffinization, hydration, and antigen retrieval before im-
munohistochemical staining, which was carried out using a
commercially available kit (The manufacturers, production
addresses, and batch numbers of the kits used are shown
in Table 1). Expression of collagen I (Col-I) was detected
under a light microscope, and quantitative evaluation was
subsequently performed.

2.5 Immunofluorescence
Cardiac sections were first fixed and permeabilized,

then blocked with 5% bovine serum albumin. After
overnight exposure to anti-Col-I antibodies, samples were
incubated with fluorophore-conjugated secondary antibod-
ies and counterstained with DAPI. Fluorescence images
were acquired under identical conditions at ×40 magnifi-
cation. The average signal intensity was measured using
ImageJ, normalized to myocardial area, and the percentage
of positive area was compared with the control group (The
manufacturers, batch numbers, and preparation ratios of the
antibodies used are shown in Table 1).

2.6 H9C2 Hypertrophy Model
H9C2 rat cardiomyoblasts (ATCC® CRL-1446™)

were obtained fromATCC (Manassas, VA, USA). Cell lines
were authenticated by short tandem repeat profiling, regu-
larly screened for mycoplasma contamination with the My-
coAlert™ kit (Lonza, Switzerland), and cross-referenced
with ICLAC and Cellosaurus databases. Cells were main-
tained in high-glucose DMEM supplemented with 10%
fetal bovine serum and 1% penicillin–streptomycin. Af-
ter reaching ~50–60% confluence, cultures were serum-
deprived for 24 h. Hypertrophy was induced by Ang II (1
× 10−5 mmol/L) for 24 h. To examine the involvement of
TGF-β1/Smad3 signaling, cells were exposed to the agonist
SRI-011381 (10 µM), either alone or in combination with
APS (600 µg/mL).

2.7 Cell Counting Kit-8 (CCK8)
Cells were seeded into 96-well plates and incubated

for 24 hours (1 × 104 cells per well), followed by treat-
ment with varying concentrations of Ang II for an addi-
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Table 1. Related consumables and companies.
Reagent/Instrument name Technology (cat. no)

Bovine serum albumin Lanjieko Technology, Beijing, China
PMSF (100 Mm) Beyotime, Shanghai, China
5×sodium dodecyl sulfate-polyacrylamide gel electrophoresis Beyotime, Shanghai, China
Enhanced chemiluminescence NCM Biotech, Suzhou, China
Astragalus polysaccharides AGV 7970, Solarbio, Beijing, China
Non-fat milk Yili Global, Inner Mongolia, China
TEMED Shanghai, China
Masson’s trichrome staining abs9347, Absin, Shanghai, China
Commercial immunohistochemical kit Kaiji, Shanghai, China (KGC3201-300)
Dulbecco’s modified Eagle’s medium Sevicebio, Wuhan, China
1% penicillin–streptomycin Thermo Fisher, Shanghai, China
Fetal bovine serum Thermo Fisher, Shanghai, China
4’,6-diamidino-2-phenylindole Beyotime, Shanghai, China
Cell Counting Kit-8 C0038, Beyotime, Shanghai, China
SRI-011381 1629138-41-5, MedChemExpress, Princeton, NJ, USA
Collagen I Antibody (mouse) 1:1000, sc-59772, Santa, Shanghai, China
TGF-β Antibody (mouse) 1:1000, sc-130348, Santa, Shanghai, China
Smad3 (rabbit) 1:1000, 9523, Cell Signaling Technology, Danvers, MA, USA
p-Smad3 (rabbit) 1:1000, 9520, Cell Signaling Technology, Danvers, MA, USA
α-Tubulin (rabbit) 1:1000, 2144, Cell Signaling Technology, Danvers, MA, USA
Upright microscope Chongqing UPO Optoelectronic Technology Co., Ltd., Chongqing, China
Fluorescence microscopy Nikon, Beijing, China
High-resolution small-animal ultrasound system VINNO Corporation, Suzhou, China
Precision gas anesthesia system MIDMARK, Versailles, OH, USA

tional 24 hours. Subsequently, 10 µL of CCK-8 solution
was added to each well and incubated in the incubator for
2 hours. Absorbance was then measured at 450 nm using a
dual-wavelength method, and the data were analyzed with
GraphPad Prism 8.4.0 (GraphPad Software Inc., San Diego,
CA, USA).

2.8 Western Blotting
Proteins were extracted from ventricular tissues or cul-

tured cells, quantified, and separated by SDS-PAGE. After
transfer onto PVDF membranes, blocking was performed
with 5% non-fat milk. Membranes were incubated with
primary antibodies overnight, followed by HRP-conjugated
secondary antibodies (The manufacturers, batch numbers,
and preparation ratios of the antibodies used are shown in
Table 1). Protein bands were visualized using enhanced
chemiluminescence and analyzed with ImageJ software.

2.9 Statistical Analysis
Data analysis was conducted with GraphPad Prism

8.4.0 (GraphPad Software Inc., SanDiego, CA,USA). One-
wayANOVA followed by Tukey’smultiple comparison test
was applied to determine intergroup differences. A two-
tailed p-value < 0.05 was considered statistically signifi-
cant.

3. Results
3.1 APS Enhances Cardiac Function in TAC Mice

Four weeks after TAC surgery, compared with con-
trols, mice displayed significant cardiac impairment. TAC
mice showed marked declines in LVEF and LVFS, accom-
panied by enlarged LVIDd, LVIDs, LAD, and LA diastolic
area, consistent with ventricular remodeling, and the heart
weight/body weight (HW/BW) ratio was significantly ele-
vated. These changes are consistent with the typical fea-
tures of HCM. For example, studies have shown that the
TAC model leads to a significant reduction in EF, with FS
decreasing from 53.2% to 32.3%, indicating impaired car-
diac contractile function [13]. In addition, TAC-induced
pressure overload can trigger cardiac remodeling, mani-
fested as ventricular wall thickening and chamber dila-
tion. These alterations correspond well with the imaging
characteristics observed in clinical HCM [14]. Adminis-
tration of APS ameliorated these abnormalities in a dose-
dependent manner. The APS-H exhibited notable improve-
ments in systolic performance and reduced ventricular dila-
tion, whereas the APS-L showed moderate but significant
benefits. These findings highlight the cardioprotective ac-
tion of APS against pressure overload induced dysfunction
(Fig. 1A–I).
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Fig. 1. Astragalus polysaccharide (APS) improves cardiac function in transverse aortic constriction (TAC) mice. (A) Heart photo
(scale bar = 1 mm). (B) Heart weight/body weight (HW/BW). (C) Transthoracic echocardiography. (D) Left ventricular ejection fraction
(LVEF). (E) End-systolic left ventricular diameter (LVIDs). (F) Eend-diastolic left ventricular diameter (LVIDd). (G) Mean left atrial
straight diameter (LAD). (H) Left ventricular short axis shortening (LVFS). (I) Left atrial diastolic area (LA diastolic area). ns, no
statistical difference. APS-L, low-dose APS, 50 mg/kg/day; APS-H, high-dose APS, 100 mg/kg/day. n = 6.

4

https://www.imrpress.com


Fig. 2. APS attenuates TAC-induced myocardial fibrosis. (A) Ventricular Masson staining. (B) Collagen I (Col-I) is a representative
immunohistochemical staining of the ventricle. (C) Statistical analysis of the atrial fibrosis area (scale bar = 50 µm). (D) Col-I average
histochemical analysis. (E) Col-I (red) and DAPI (blue) representative ventricular immunofluorescence staining (scale bar = 100 µm).
(F) Col-I average fluorescence intensity analysis. n = 6.
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Fig. 3. APS modulates the expression of growth factor-β1 (TGF-β1)/Smad3 pathway-related proteins. (A) Western blotting de-
tecting the expression of TGF-β1, Smad3, phosphorylated Smad3 (p-Smad3), and Col-I in ventricular tissue. (B–E) Western blotting
quantitative analysis. ns, no statistical difference. n = 6.

3.2 APS Attenuates Myocardial Fibrosis Triggered by TAC

Masson’s staining demonstrated a robust increase in
collagen accumulation in the TAC group, confirming ex-
tensive fibrotic remodeling. Quantitative analysis revealed
a substantial rise in collagen volume fraction relative to con-
trols. Treatment with APS effectively reduced collagen de-
position, with the most profound suppression observed in
APS-H mice. Consistently, Col-I expression, as assessed
by immunohistochemistry and immunofluorescence, was
significantly diminished following APS treatment, indicat-
ing its potent antifibrotic effect (Fig. 2A–F).

3.3 APS Modulates Fibrosis-Related Proteins in the
TGF-β1/Smad3 Axis

Western blot analysis revealed that TAC-induced re-
modeling was associated with increasedmyocardial expres-
sion of TGF-β1, phosphorylated Smad3 (p-Smad3), and
Col-I, while total Smad3 remained unchanged. APS admin-
istration markedly suppressed TGF-β1 and p-Smad3 lev-
els, along with Col-I expression. The reduction was most
pronounced in APS-H animals, suggesting that APS exerts
its antifibrotic activity largely through inhibition of TGF-
β1/Smad3 signaling (Fig. 3A–E).

3.4 APS Suppresses Ang II–Induced Hypertrophy in H9C2
Cells

With increasing concentrations of Ang II, cell viabil-
ity decreased significantly. At 10−5 mmol/L, cell viability
was approximately 70% of the control, which is commonly
used as the experimental concentration; at 10−4 mmol/L,
notable cell damage occurred, indicating potential toxicity.
Therefore, 10−5 mmol/L was selected for subsequent ex-
periments (Fig. 4A). Exposure of H9C2 cardiomyocytes to
Ang II markedly upregulated the expression of TGF-β1,
p-Smad3, and Col-I, whereas co-treatment with APS at-
tenuated these changes. APS alone had no detectable ef-
fect under basal conditions (Fig. 4B–F). Ang II treatment
also significantly increased cell size, confirming success-
ful induction of a hypertrophic phenotype, while APS treat-
ment partially reduced cell size (Fig. 4G,H). Immunofluo-
rescence further confirmed the downregulation of Col-I in
the APS-treated group, reinforcing its role in counteracting
Ang II–induced fibrosis-related remodeling at the cellular
level (Fig. 4I,J).

6

https://www.imrpress.com


Fig. 4. APS suppresses angiotensin IIstimulated (Ang II)-induced hypertrophy in H9C2 cells. (A) Cell counting kit-8 (CCK8) assay
of cell viability at different concentrations of Ang II. (B) Western blotting detecting the expression of TGF-β1, Smad3, p-Smad3, and
Col-I in H9C2 cells. (C–F) Western blotting quantitative analysis. (G) Wheat Germ Agglutinin (WGA) staining, WGA (red) and DAPI
(blue) representative ventricular immunofluorescence staining (scale bar = 100 µm). (H) Cell size analysis. (I) Col-I (red) and DAPI
(blue) representative ventricular immunofluorescence staining (scale bar = 100 µm). (J) Col-I average fluorescence intensity analysis.
ns, no statistical difference. n = 6.
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Fig. 5. APS exerts antifibrotic-Fibrotic effects via the TGF-β1/Smad3 pathway. (A) Western blotting detecting the expression of
TGF-β1, Smad3, p-Smad3, and Col-I in H9C2 cells. (B–E) Western blotting quantitative analysis. (F) Col-I (red) and DAPI (blue)
representative ventricular immunofluorescence staining (scale bar = 100 µm). (G) Col-I average fluorescence intensity analysis. ns, no
statistical difference. n = 6.
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3.5 Antifibrotic Effects of APS Depend on TGF-β1/Smad3
Pathway Inhibition

To further confirm pathway specificity, Ang II-
stimulated cells were co-incubated with the TGF-β1/Smad3
agonist SRI-011381. This intervention enhanced TGF-β1,
p-Smad3, and Col-I expression and abolished the inhibitory
effects of APS. Similarly, the reduction of Col-I fluores-
cence intensity by APS was no longer evident in the pres-
ence of the agonist. These results strongly support the con-
clusion that APS-mediated suppression of myocardial fi-
brosis relies on regulation of the TGF-β1/Smad3 signaling
cascade (Fig. 5A–G).

4. Discussion
HCM is the most common genetic heart disorder and

continues to pose amajor challenge to cardiovascular health
worldwide [15]. A key feature of HCM pathophysiology
is maladaptive cardiac remodeling, characterized by my-
ocyte hypertrophy, interstitial fibrosis, and microvascular
dysfunction [3]. Myocardial fibrosis plays a crucial role in
disrupting normal cardiac structure and function, contribut-
ing to impaired diastolic and systolic performance, and in-
creasing the risk of arrhythmias [16]. Furthermore, myocar-
dial fibrosis is strongly associated with adverse clinical out-
comes, including sudden cardiac death. Therefore, target-
ing myocardial fibrosis has become a promising therapeutic
strategy in the management of HCM [17].

Among diverse antifibrotic strategies, traditional Chi-
nese medicine has demonstrated unique advantages due to
its multi-target and holistic regulatory properties. Astra-
galus membranaceus, a widely used Qi-tonifying herb in
clinical practice, contains major active components such as
astragaloside IV and APS [18,19]. As a natural polysac-
charide, APS exerts diverse pharmacological effects, in-
cluding antioxidant, anti-apoptotic, anti-inflammatory, and
immunomodulatory activities [20]. Recent studies have
shown that APS plays important roles in attenuating fibro-
sis across multiple organs. For instance, APS significantly
suppresses isoproterenol-induced myocardial hypertrophy
and improves cardiomyocyte morphology [21]. In renal
fibrosis models, APS reduces ECM deposition by inhibit-
ing the TGF-β1/mitogen-activated protein kinase (TGF-
β1/MAPK) pathway [22]. In hepatic fibrosis, it attenuates
disease progression via inhibition of the toll-like receptor
4/nuclear factor-κB (TLR4/NF-κB) pathway [23]; and in
pulmonary fibrosis, APS reduces ECM accumulation and
inflammation by regulating the phosphatidylinositol 3 ki-
nase/protein kinase B (PI3K/AKT) pathway [24]. Collec-
tively, these findings suggest that APS possesses broad-
spectrum antifibrotic potential.

In the present study, we employed a TAC mouse
model to mimic pressure overload-induced HCM. Echocar-
diographic analysis revealed that HCM mice exhibited sig-
nificantly increased LAD, LVIDd, and LVIDs, along with
reduced LVEF and LVFS, reflecting ventricular dilation and

impaired contractile function—typical features of HCM.
Pathological examination further demonstrated elevated
Col-I expression and extensive collagen fiber deposition,
confirming pronounced myocardial fibrosis. These find-
ings underscore the central role of fibrosis in TAC-induced
HCM.

Mechanistically, the TGF-β1/Smad3 signaling axis is
widely recognized as a pivotal driver of fibrotic processes
inmultiple organs [25]. Aberrant activation of TGF-β1 pro-
motes Smad3 phosphorylation and nuclear translocation,
thereby upregulating pro-fibrotic genes such as Col-I, Col-
Ⅲ, and fibronectin. This cascade accelerates fibroblast-
to-myofibroblast differentiation and ECM accumulation,
exacerbating pathological remodeling [26]. Our study
demonstrated that APS treatment significantly downregu-
lated TGF-β1 expression and Smad3 phosphorylation in the
myocardium of TAC mice, with similar results observed in
Ang II-induced H9C2 cells. Importantly, when the TGF-
β1/Smad3 pathway agonist SRI-011381 was applied, the
inhibitory effects of APS on TGF-β1, Smad3, and Col-I
expression were largely abolished, indicating that the an-
tifibrotic effects of APS are indeed mediated through sup-
pression of the TGF-β1/Smad3 pathway. These results clar-
ify the mechanistic basis of APS activity and strengthen its
translational potential in clinical practice.

The significance of this study lies in providing both
systemic and molecular evidence that APS exerts protec-
tive effects against HCM by alleviating myocardial fibro-
sis via TGF-β1/Smad3 inhibition. With the growing preva-
lence of HCM, standard pharmacological therapies (e.g.,
angiotensin converting enzyme inhibitors/angiotensin re-
ceptor blockers and β-blockers) have shown remarkable ef-
ficacy in delaying disease progression [27]. However, their
direct antifibrotic effects remain limited. Therefore, novel
therapeutic approaches targeting fibrosis are of great clini-
cal importance. As a naturally derived polysaccharide with
favorable safety profiles, APS holds promise as a novel can-
didate agent for the comprehensive management of HCM.

Nevertheless, several limitations of this study should
be acknowledged. First, TAC mice and H9C2 cardiomy-
oblasts may not fully replicate the complex pathophysiol-
ogy of human HCM. Validation studies using primary hu-
man cardiac fibroblasts and large animal HCM models are
essential to confirm translational relevance. Second, the
long-term safety, pharmacokinetics, and potential off-target
effects of APS require systematic evaluation. Third, al-
though this study confirmed that the antifibrotic effects of
APS are dependent on the TGF-β1/Smad3 pathway, it is
possible that APS may also modulate other signaling path-
ways through crosstalk mechanisms. Future investigations
employing multi-omics approaches and network analyses
will be necessary to fully elucidate the pleiotropic mecha-
nisms of APS.
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5. Conclusions
Myocardial fibrosis is a major pathological manifes-

tation of HCM. APS may effectively ameliorate HCM by
suppressing myocardial fibrosis through modulation of the
TGF-β1/Smad3 signaling pathway.
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