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Astragaloside IV alleviates heart failure
by regulating SUMO-specific protease 1
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Abstract. The present study investigated whether the
protective effect and mechanism of astragaloside IV (AS-1V)
on heart failure (HF) involves small ubiquitin-like modi-
fier (SUMO)-specific protease 1 (Senpl). Mouse HF was
established by aortic constriction, inducing pressure overload.
The model was confirmed by echocardiography 6 weeks
after surgery. Mice were randomly divided into control, HF,
HF+AS-IV, and AS-IV groups. Ventricular function was
examined by echocardiography. Morphological changes of
myocardial tissues were examined by H&E staining. The
protein levels of the apoptosis-related proteins, cleaved
caspase-3, caspase-3, Bcl2, Bax, and SUMO-Senpl were
determined by Western blotting. H,0, in isolated mitochon-
dria and cells was determined by Amplex Red. A reactive
oxygen species (ROS) detection kit determined ROS levels in
isolated mitochondria and HL-1 cells. JC-1 reagent measured
mitochondrial membrane potential (AWm). Apoptosis of HL-1
cells was examined by terminal deoxynucleotidyl transferase
dUTP nick end labeling. Compared with the control group,
the heart weight and heart mass/body weight ratio increased
in the HF group (P<0.05). Furthermore, the ejection fraction
and left ventricular shortening fraction decreased (P<0.05),
while the left ventricular end-diastolic diameter (LVID;d) and
end-systolic diameter (LVID;s) increased (P<0.05). Finally,
mitochondrial ROS and H,0, increased (P<0.05), while the
A¥m decreased (P<0.05). However, AS-IV improved the
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cardiac function of HF mice, decreased the level of ROS and
H,0, in the myocardium, suppressed the decrease in AWm,
and decreased the apoptosis of myocardial cells (P<0.05).
AS-IV also decreased the Senpl-overexpression. Furthermore,
in HL-1 cells, Senpl-overexpression significantly inhibited the
protective effects of AS-IV. AS-IV decreased oxidative stress
in cardiomyocytes, decreased mitochondrial damage, inhibited
ventricular remodeling, and ultimately improved cardiac
function by inhibiting HF-induced Senpl-overexpression.
This mechanism provides a novel theoretical basis and clinical
treatment for HF.

Introduction

Chronic heart failure (CHF) is a worldwide public health
problem that severely threatens human health. Its main mani-
festation is abnormal cardiac structure, leading to impaired
cardiac filling or ejection function (1). The majority of cases
of heart failure (HF) have a poor prognosis. According to
European data, acute HF accounts for 17.4% of all-cause
mortality per year, while CHF accounts for 7.2% (2). In
high-income countries, the cost of HF treatment accounts for
2-3% of the total health system expenditure, and is expected to
more than double in the next 20 years (3). At present, the clinical
treatment of HF drugs mainly includes diuretics, angiotensin
converting enzyme inhibitors, angiotensin receptor blockers
and glucocorticoid receptor antagonists (4). Although there
are diverse HF clinical treatments, the mortality and disability
rates due to HF remain high (5).

Traditional Chinese Medicine, including astragalus,
ginseng, ginsenoside and pepperweed seed, has a long history
in the treatment of HF, and has the advantages of multiple
targets, low cost and few side effects (6). Astragalus has been
widely used in the treatment of cardiovascular diseases in
China, and astragaloside IV (AS-IV) is one of its important
effective components. The main pharmacological effects
of AS-IV include enhancing immunity, anti-inflammatory,
antioxidation and anti-viral (7). In recent years, it has been
demonstrated that AS-IV exerts cardiac protection by regu-
lating intracellular calcium homeostasis and the antioxidant
response, improving myocardial energy metabolism, inhibiting
apoptosis and alleviating cytotoxicity. The results of a previous
study supported the effectiveness and safety of AS-IV in HF
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models in vivo and in vitro (7). However, the mechanism of its
action in HF requires further study.

Ubiquitin is a small molecule protein that exists in the
majority of eukaryotic cells. The main function of protein
ubiquitination is to mark the proteins for degradation, followed
by removal by proteolytic enzyme hydrolysis. More than 80%
of cellular proteins are degraded by the ubiquitin proteasome
system (8). Small ubiquitin-like modifier (SUMO) is a
post-translational modification protein with similar structure
but different functions to ubiquitin. SUMO binds to specific
lysine sites on the target protein, to stabilize the target protein
structure, mediate cytosol-nuclear translocation, regulate
downstream transcription factors, regulate protein interac-
tions and suppress ubiquitination (9). Like the ubiquitination
pathway, SUMO precursor synthesis, hydrolysis and activation
involve a series of enzymes, including E1 activating enzyme, E2
binding enzyme, E3 ligase and SUMO proteases (SENPs). At
present, six SENP proteins (SENP1, SENP2, SENP3, SENPS5,
SENP6, SENP7) participate in the SUMOylation process.
Furthermore, deSUMOylation serves an important role in
determining the degree of protein SUMOylation (10). It has
been demonstrated that SENPI1, an important deSUMOylation
enzyme, serves a central role in inhibiting cardiac hypertrophy
and cardiac dysfunction (11). It has also been demonstrated
that SENP1 serves an important regulatory role in oxidative
stress and mitochondrial damage (12). However, its role in
the AS-IV protective effect has not been reported. Therefore,
it was unclear whether AS-IV inhibits the occurrence and
development of HF by regulating SENP1.

In the present study, a mouse HF model was established
by aortic coarctation, and the protective effects of AS-IV on
cardiac function and oxidative stress of myocardial cells were
examined in vivo. Furthermore, the expression of Senpl in
the HL-1 cell line was modulated to determine whether the
protective effects of AS-IV on HF myocardium are associated
with Senpl. The results of the present study provided a novel
theoretical basis and clinical reference for HF treatment based
on SUMOylation in the future.

Materials and methods

Animals and main reagents. Male C57BL/6J mice (8 weeks old)
were purchased from the Institute of Experimental Animals,
Chinese Academy of Medical Sciences. The mouse atrial muscle
HL-1 cell line was purchased from ATCC. A lentiviral plasmid
containing HA-Senpl was constructed by Suzhou Jima gene
Co., Ltd. AS-IV was purchased from Sigma-Aldrich; Merck
KGaA. Claycomb Medium (51800C), penicillin/streptomycin
(V900929) and glutamine (200 mM, G8540) were from
Sigma-Aldrich; Merck KGaA. Fetal bovine serum (10099141C)
and trypsin (25200072) were purchased from Gibco; Thermo
Fisher Scientific, Inc. Antibodies against cleaved-caspase-3
(cat. no. 9661, 1:1,000), caspase-3 (cat. no. 9662, 1:1,000), BCL2
(cat. no. 15071, 1:1,000), Bax (cat. no. 2774, 1:1,000), Senpl
(cat. no. 11929, 1:1,000) and B-actin (cat. no. 3700, 1:1,000)
were purchased from Cell Signaling Technology, Inc. Goat
anti-mouse IgG (cat. no. 115-035-003) and goat anti-rabbit IgG
(cat.no. 111-035-003) were purchased from Jackson Laboratory.
Amplex Red reagent (cat. no. A22177) was purchased from
Invitrogen; Thermo Fisher Scientific, Inc. Mitochondrial

membrane potential detection kit (kit. no. C2006), lactate
dehydrogenase (LDH) cytotoxicity test kit (kit. no. C0016), and
reactive oxygen species (ROS) detection kit (kit. no. SO033M)
were purchased from Shanghai Beyotime Biotechnology Co.,
Ltd. Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) kit (kit. no. 11684817910) was purchased
from Roche Diagnostics GmbH.

Animal model. Animal experiments were performed according
to the regulations and guidelines approved by the Animal
Ethics Committee of The Fifth Central Hospital of Tianjin
(approval. no. TTWZX2019018). Animal studies adhered to
the Guide for the Care and Use of Laboratory Animals (8th
edition, 2011, the Institute for Laboratory Animal Research
of the National Research Council in the USA). A total of
24 male C57BL/6J mice (8-week-old; mean weight, 20 g) were
purchased from the Animal Center of Nanjing University.
Animals were housed in the Experimental Animal Center of
The Fifth Central Hospital of Tianjin, and maintained under
a controlled temperature (22-24°C), stable humidity (40-60%)
and a 12 h-light/dark cycle with ad libitum access to food and
water. To establish the HF model, the mice were anesthetized
with 2% isoflurane from Zaozhuang Shuitailan Chemical Co.
Ltd., and then transferred to the operating table. Following
endotracheal intubation, they were connected to a ventilator,
and further anesthetized with 1.5% isoflurane. After the
mouse chest was disinfected, a longitudinal incision was made
in the second rib to open the chest and expose the thoracic
segment of the aorta. Finally, a 7-0 thread was inserted below
the brachiocephalic trunk of the aorta and the left common
carotid artery. A 26 G fine needle was used to ligate the aortic
arch, and the needle was removed following ligation. After
6 weeks, echocardiography was used to determine whether the
model was successfully established. The mice were randomly
divided into control group, HF group, HF+AS-IV group and
AS-IV group. The HF+AS-IV group and AS-IV group were
intraperitoneally injected with 40 mg/kg AS-IV every other
day. The control group and HF group were given the same dose
of solvent (dimethyl sulfoxide, 0.1%). After 4 weeks of drug
intervention, the mice underwent cardiac ultrasound examina-
tion. At the end of the experiments, the mice were euthanized
by CO, exposure (CO, displacement rate equivalent to 20%
of the chamber volume/min, October 2019) and cervical
dislocation.

Cell culture. HL-1 cardiomyocytes from mouse heart tissue were
purchased from ATCC. The cells were cultured in Dulbecco's
modified Eagle's medium (Invitrogen; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum, 100 U peni-
cillin/streptomycin and 2 mM glutamine at 37°C, 5% CO,,
95% air and 95% humidity. Following vector or HA-Senpl
plasmid transfection for 24 h, the HF group was treated with
isoprenaline (ISO, 20 ymol/l) for 24 h, and the HF+AS-IV
group was pretreated with 25, 50, 100 or 200 gmol/l AS-IV for
30 min at 37°C, and then with 20 gmol/l ISO for 24 h at 37°C.
The mitochondrial membrane potential (Aym) and ROS were
examined after 24 h of treatment.

Isolation of mouse left ventricular mitochondria. The
mitochondria and cytoplasm were separated by a Tissue
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Mitochondrial Separation kit (Beyotime Institute of
Biotechnology) using differential centrifugation, according
to the manufacturer's protocols. Briefly, heart tissue blocks
of the same weight and from the same region were washed
with precooled PBS solution, cut into small pieces and
transferred to a precooled glass homogenizer. Mitochondrial
isolation solution containing protease inhibitors was added
and the tissue was homogenized in an ice bath ~10 times. The
supernatant was extracted following centrifugation at 4°C for
5 min at 600 x g. Subsequently, the supernatant was discarded
following centrifugation at 4°C for 10 min at 11,000 x g. The
remaining precipitate comprised the isolated mitochondria.

Measurement of mitochondrial membrane potential. Isolated
mitochondria or HL-1 cells were incubated with JC-1
(10 pg/ml) for 20 min at 37°C. Mitochondria were examined by
a fluorescence reader and HL-1 cells were examined by a laser
scanning confocal microscope (Olympus FV 1200; Olympus
Corporation; magnification x60). The excitation and emission
wavelengths of the green fluorescence of JC-1 monomer were
488 and 525 nm, respectively, and of the red fluorescence
of JC-1 aggregate were 543 and 590 nm, respectively. The
change in fluorescence intensity of each experimental group
is expressed as polymer/monomer. The temperature was main-
tained at 37°C.

Measurement of ROS. Isolated myocardial mitochondria or
HL-1 cells were incubated with DCFH-DA (10 M) for 20 min
at 37°C. Mitochondria were examined by a fluorescence reader
and HL-1 cells were examined by a laser scanning confocal
microscope (Olympus FV 1200; Olympus Corporation;
magnification x100). The excitation and emission wavelengths
of DCFH-DA were 488 and 525 nm, respectively. The fluores-
cence intensity of DCFH-DA is expressed as a percentage of
the control group.

Measurements of mitochondrial hydrogen peroxide (H,0,).
The Amplex Red H,0, detection kit was used according to
the manufacturer's protocols; H,O, in isolated mitochondria
or HL-1 cells was detected by a fluorescence plate reader. The
excitation and emission wavelengths of H,O, were 543 and
590 nm, respectively. The change in fluorescence intensity in
each experimental group is expressed as a percentage of the
control group.

Western blotting. Total protein was extracted from cells
or tissues using RIPA buffer (Beijing Solarbio Science &
Technology Co., Ltd.) supplemented with 1 mM PMSF and
20 mM N-ethylmaleimide. The protein supernatant was
collected following centrifugation at 10,000 x g at 4°C for
15 min. Protein concentration was measured using a BCA
protein assay (Beijing Solarbio Science & Technology Co.,
Ltd.). Equal amounts of protein lysates (40 ug per lane; 2 ug/ul)
were separated on SDS-polyacrylamide gel using 10% gels
and were transferred onto PVDF membranes. The membranes
were then blocked with 5% skimmed milk for 1 h at room
temperature. Next, the membranes were incubated overnight
with the aforementioned primary antibodies at 4°C overnight,
and then with secondary antibodies for 1 h at room tempera-
ture. Finally, the protein bands were visualized by enhanced
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chemiluminescence (EMD Millipore). Densitometric
semi-quantification analysis of the Western blot bands was
performed using image analysis software (ImagelJv1.48;
National Institutes of Health). Protein band intensity was
normalized to B-actin and expressed as a percentage of the
naive control.

TUNEL staining. To detect apoptosis, a TUNEL kit (Roche
Diagnostics GmbH) was used. Following treatment, HL-1
cells were fixed in 4% paraformaldehyde for 40 min at 25°C,
blocked with 3% H,0, for 10 min at 25°C, and permeated with
0.1% Triton X-100 for 3 min. Apoptotic cells were labeled
with the TUNEL reaction mixture and nuclei were stained
with DAPI (1 ug/ml) for 3 min at 25°C. Cells were washed
twice with PBS for 5 min at room temperature and mounted
with ProLong Gold Antifade reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Images were randomly obtained
using a fluorescence microscope (Olympus ix73; Olympus
Corporation; dp73 camera; magnification x10).

Echocardiography. Eight weeks after the operation, mice
were anesthetized with pentobarbital sodium (30 mg/kg) and
placed on a warm pad. Vevo 770® (Visualsonics Inc.) and a 716
probe were used to dynamically evaluate the cardiac function
of mice by echocardiography. Left ventricular end-systolic
diameter (LVESD) and left ventricular end-diastolic diameter
(LVEED) were obtained by M-type tracing. Ejection fraction
(EF) and shortening fraction (FS) were automatically obtained
by high-resolution echocardiography (ECG).

Histological examination. Myocardial tissue was fixed with
4% paraformaldehyde for 24 h at 4°C, dehydrated, paraffin
embedded and sectioned (4 ym thick). Pathological sections
were stained with hematoxylin for 5 min at 4°C and eosin
for 3 min at 4°C (Nanjing SenBeiJia Biological Technology
Co., Ltd.). H&E staining was observed under a light micro-
scope (Olympus Medical Systems; magnification, x20). The
hypertrophy of cardiomyocytes was quantified by counting
the cross-sectional area of cardiomyocytes using Image-Pro
Plus 6.0 (Media Cybernetics, Inc.).

HA-Senpl-overexpression plasmid and cell transfection. Total
RNA was extracted from the HL-1 cells using a TRIzol® RNA
extraction kit (Tiangen Biotech Co., Ltd.). The RNA extracted
from HL-1 cells was used to obtain the full-length cDNA of
mouse Senpl by RT-PCR using a RT-PCR kit according to
the manufacturer's protocol (Thermo Fisher Scientific, Inc.).
The full-length Senpl cDNA (Accessions; NM_001379573.1;
Insert size: 2019 bp) was subcloned into mammalian Lentivirus
Expression Vector pwpxl (Thermo Fisher Scientific, Inc.) with
a HA tag at the C-terminus (HA-SENPI), and the empty
plasmid, pwpxl, was used as the negative control group
(vector). The empty vector and the vectors encoding the
SENP1 (HA-SENPI1) were transiently transfected into HL-1
cells using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocols
(DNA=4 ug, reagent=10 ul). In brief, cells were seeded into
a 6-well plate at 37°C, 5% CO, and 95% humidity. A total of
18-24 h after seeding, the density of the HL-1 cells reached
40-50%, prior to being transfected with empty vector or
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Figure 1. AS-IV treatment improved the contraction function in transverse aortic constriction-induced HF. (A) Representative M-mode echocardiography
images. (B) Summarized data of HW/BW, ejection fraction, fractional shortening; LVIDs, LVIDd, (n=6). Data are presented as the mean + standard deviation.
One-way analysis of variance, followed by Tukey's test. "P<0.05 vs. control; “P<0.05 vs. HF. AS-IV, astragaloside; HF, heart failure; HW/BW, heart mass/body
weight; EF, ejection fraction; FS, fractional shortening; LVIDs, left ventricular internal systolic diameter; LVIDd, left ventricular internal diastolic diameter;

DMSO, dimethy] sulfoxide.

HA-SENPI using Lipofectamine 2000 transfection reagent
(DNA=4 ug, reagent=10 pl). Cells were then inoculated into
fresh medium 24 h after the transfection. All subsequent
experiments were performed 48 h after transfection.

Cell viability assay. Cell viability was examined using a
Cell Counting Kit-8 (CCK-8; Beijing Solarbio Science &
Technology Co., Ltd.) assay. HI-1 cells were cultured in
96-well plates (2x10° cells/well) and treated as described in
‘cell culture’. Subsequently, 10 1 CCK-8 solution was added
to each well and incubated at 37°C for 2 h. A microplate reader
(VersaMax™ Microplate Reader; Molecular Devices, LLC)
was used to analyze the absorbance at 450 nm. To increase
the reliability of measures, each experiment was performed
three times.

Statistical analysis. All HL-1 cell culture dishes and mice
were randomly assigned to different experimental groups.
Data are presented as the mean + standard deviation.
Statistical analysis was performed using GraphPad Prism 6.0
software (GraphPad Software, Inc.). The differences between
the experimental and control groups were tested using
unpaired t-test. For comparing differences among more than
two experimental groups, the means were compared using
one-way analysis of variance (ANOVA), followed by Tukey's
test, or two-way ANOVA, followed by Bonferroni's test.
Normal distribution was assessed with the Shapiro-Wilk test.

P<0.05 was considered to indicate a statistically significant
difference.

Results

AS-1V treatment improves contraction function in transverse
aortic constriction (TAC)-induced heart failure. Compared
with the control group, the heart weight and the heart
mass/body weight ratio were increased in the HF group
(P<0.05); however, AS-IV reversed this increase induced by
pressure overload-driven heart failure (P<0.05; Fig. 1). The
ultrasound results demonstrated that, compared with the
control group, the EF, FS, LVID;d and LVID;s were increased
in the HF group (P<0.05; Fig. 1A and B), suggesting that the
heart function of the HF group was impaired. However, AS-IV
improved the heart function.

AS-1V reduces TAC-induced cardiomyocyte hypertrophy and
mitochondrial damage. H&E staining demonstrated that,
compared with the control group, myocardial cells in the
HF group exhibited hypertrophy, disordered arrangement,
increased intercellular stroma and inflammatory infiltration.
However, AS-IV reversed the morphological changes of the
myocardial tissue induced by TAC (Fig. 2). Furthermore,
compared with the control group, the ROS levels in myocardial
mitochondria of the HF group were increased, while AS-IV
decreased the ROS content in HF myocardial cells (Fig. 3A).
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Figure 2. H&E staining showing the protective effect of AS-IV on transverse aortic constriction-induced HF. (A) Myocardial cells showed hypertrophy,
disordered arrangement, increased intercellular stroma and inflammatory infiltration in the HF group, which were reversed by AS-IV. (B) Summarized data
of H&E staining (n=6). Data are presented as the mean + standard deviation. One-way analysis of variance, followed by Tukey's test. "P<0.05 vs. control;
"P<0.05 vs. HF. AS-IV, astragaloside; HF, heart failure; DMSO, dimethyl sulfoxide.

w

g

1504

(% of control)

H,0, concentration >
(%2
<

DCF fluorescence
(% of control)
=)
<

Control

0
Control

HF Control HF

—_
w

-
=]
3

e
n

Control  HF Control __ HF Control _ HF

DMSO

AS-IV

DMSO

JC-1 (aggregation/monomer)

AS-IV DMSO AS-IV

Figure 3. Effects of AS-IV on oxidative stress and mitochondrial membrane potential in transverse aortic constriction-induced heart failure. (A) ROS levels
were tested by DCFH-DA. (B) H,O, was tested by an Amplex Red kit (n=6). (C) The mitochondrial membrane potential was tested by JC-1 (n=6). Data are
presented as the mean + standard deviation. One-way analysis of variance, followed by Tukey's test. “‘P<0.05 vs. control; “P<0.05 vs. HF. AS-IV, astragaloside;

HF, heart failure; H,O,, hydrogen peroxide; DMSO, dimethyl sulfoxide.

The Amplex Red results demonstrated that, compared with the
control group, the H,0, content in myocardial mitochondria of
the HF group was increased, which was abrogated by AS-IV
(Fig. 3B). The JC-1 results demonstrated that, compared with
the control group, the Aym of the HF group was decreased,
which was also reversed by AS-IV (Fig. 3C).

Expression of cardiomyocyte apoptosis-related proteins and
Senpl protein. Western blotting demonstrated that, compared
with the control group, the cleaved-caspase-3/caspase-3 ratio
was increased, but the Bcl2/Bax ratio was decreased in the
HF group, indicating that apoptosis of cardiomyocytes in the
HF group was increased. This effect was abolished by AS-IV
(Fig. 4A and B). Additionally, compared with the control
group, the expression of Senpl was increased in the HF model,
while AS-IV decreased this expression (Fig. 4A and B), indi-
cating that Senpl may participate in the myocardial protection
of AS-IV.

Effect of Senpl-overexpression on oxidative stress. To further
investigate the effect of Senpl-overexpression on oxidative
stress in HL-1 cells, the present study examined the effect of

different concentrations of AS-IV on the survival of HL-1
cells subjected to ISO, which induces myocardial injury. The
CCK-8 results demonstrated that HL-1 cells treated with ISO
had significantly decreased cell viability. AS-IV at 50 and
100 mmol/1 significantly improved the cell viability, but the
protective effect of 25 and 200 mmol/l was not notable (Fig. 5A).
Next, the HA-Senpl plasmid was transfected into HL-1 cells. In
the subsequent experiments, 50 mmol/l AS-IV was used as the
intervention concentration. Western blotting demonstrated that,
compared with the vector group, the expression of Senpl was
increased in the HA-Senpl group (Fig. 5B). Compared with the
HF group, AS-IV decreased the increase in intracellular H,O,,
while the Senpl-overexpression in HL-1 cells inhibited the
effect of AS-IV (Fig. 5C). Furthermore, confocal detection of
DCF demonstrated that AS-IV decreased the increase in ROS
compared with the HF group, while Senpl-overexpression in
HL-1 cells abolished the effect of AS-IV (Fig. 6).

Effects of Senpl-overexpression on Aym and apoptosis of
HL-1 cells. Mitochondria are associated with apoptosis, and
the decline in Aym is an important indicator of early apop-
tosis. Confocal detection of JC-1 demonstrated that, compared
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Figure 5. Effect of Senpl-overexpression on H,O, in HL-1 cells. (A) The effects of different concentrations of AS-IV (25, 50, 100 or 200 zzmol/l) on the
survival of HL-1 cells subjected to ISO. One-way ANOVA, followed by Tukey's test. (B) The expression of Senpl protein was examined by Western blotting
following HA-SenpI plasmid transfection. T-test. (C) Compared with the control (dimethyl sulfoxide, 0.1%), H,0, was increased in the 20 ygmol/l ISO-induced
HL-1 cells. AS-IV (50 ymol/l, n=6) prevented the ISO-induced increase in H,0,, which was inhibited by Senpl-overexpression (n=7). Data are presented as
the mean + standard deviation. Two-way ANOVA followed by Bonferroni's test. ‘P<0.05 vs. control; “P<0.05 vs. HF; ¥P<0.05 vs. HF+AS-IV. H,0,, hydrogen
peroxide; AS-1V, astragaloside; ANOVA, analysis of variance; ISO, isoprenaline; Senpl, small ubiquitin-like modifier-specific protease 1.

with the HF group, AS-IV inhibited the decrease in Aym,
while Senpl-overexpression in HL-1 cells abrogated the effect
of AS-IV (Fig. 7). The TUNEL assay also demonstrated that,
compared with the HF group, AS-IV decreased the apoptotic
rate, while Senpl-overexpression inhibited the protective
effect of AS-IV (Fig. 8).

Discussion

CHF is the end-stage of numerous cardiovascular diseases,
which severely affect the life span and quality of life of
patients and is a major public health problem. According to
epidemiological data, there are more than 5.8 million patients
with CHF in the United States and 23 million worldwide (13).
It is estimated that the 5-year and 10-year survival rates of
CHF patients are 50 and 10%, respectively, and these are
even lower in developing countries (14). Ventricular remod-
eling is an important pathological feature of CHF, including

ventricular wall thickening, ventricular dilatation and collagen
fiber hyperplasia, leading to ventricular dysfunction, increased
oxygen consumption and even cardiac death (15). Inhibition
of ventricular remodeling is the primary therapeutic target for
patients with CHF. The results of the present study demonstrated
that AS-IV prevents ventricular remodeling by attenuating
mitochondrial dysfunction, including the burst of ROS, the
loss of A¥m and the release of apoptotic factors via SENP1.
The effect of astragalus in the treatment of heart failure
has been verified in a variety of animal models. Its protective
effects involve improving myocardial contraction, protecting
myocardial cells, regulating the neuroendocrine system
and inhibiting left ventricular remodeling (16). In acute HF
induced by pentobarbital sodium, AS-IV increased systolic
and diastolic functions without increasing myocardial oxygen
consumption (17). In CHF rats induced by ligation of the
left coronary artery (LAD), AS-IV significantly improved
cardiovascular parameters and cardiac function (18). AS-IV
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Senpl-overexpression. (B) Summarized data of DCF fluorescence (n=7). Data are presented as the mean + standard deviation. Two-way analysis of variance,
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Figure 7. Effect of Senpl-overexpression on mitochondrial membrane potential in HL-1 cells. (A) Compared with the control (dimethyl sulfoxide, 0.1%), the
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modifier-specific protease 1; ISO, isoprenaline; AS-1V, astragaloside.

treatment reversed FS, the peak values of left ventricular
pressure and left ventricular systolic pressure (LVSP), and
the increase in diastolic left ventricular diameter (LVIDd)
and systolic left ventricular diameter (LVIDs) (18). The
present study also revealed that AS-IV inhibited the
increase in heart weight and heart mass/body weight ratio,
the decrease in EF and FS, and the increase in LVIDd and
LVIDs in mice subjected to pressure overload-driven heart
failure. AS-IV reversed the morphological changes of the
myocardial tissue induced by TAC. Similarly, AS-IV (50
and 100 gmol/l) alleviated the HL-1 cell damage induced by
ISO. However, 25 and 200 ymol/l1 AS-IV did not demonstrate
any protective effect on ISO-induced cardiomyocyte injury,

suggesting that the treatment dose requires consideration,
and the mechanism of AS-IV may vary between high and
low doses of the drug.

Basic and clinical studies have demonstrated that ROS
(superoxide, hydrogen peroxide, hydroxyl radical) produced
by HF myocardium are increased. Excessive ROS accu-
mulation will not only cause non-specific oxidative damage
to DNA, protein and lipids, but also regulate redox-related
signaling cascades, leading to further myocardial damage (19).
It has been demonstrated that in ApoE” mice, AS-IV
treatment decreased oxidative stress, inhibited cardiac
remodeling and improved ventricular function by decreasing
nicotinamide adenine dinucleotide phosphate oxidase (NOX)


https://www.spandidos-publications.com/10.3892/etm.2021.10510

8 LIU et al: ROLE OF SENP1 IN ASTRAGALOSIDE-IV-INDUCED CARDIOPROTECTIVE

A Vector

ISO+AS-IV

HA-SENP1

ISO+AS-IV

w
=

Apoptosis rate (%)
o M 2 O o

Control i—|

.
ﬁ T
O 4> 3 O A>
2 8¢ £ © 89
[&]
Vector HA-SENP1

Figure 8. (A) TUNEL staining was used to examine cell apoptosis in HL-1 cells. Compared with the control (dimethyl sulfoxide, 0.1%), cell apoptosis was
increased in 20 ymol/l ISO-induced HL-1 cells. AS-IV (50 gmol/l, n=10) prevented the ISO-induced increase in cell apoptosis, which was inhibited by
Senpl-overexpression. (B) Summarized data of the cell apoptotic rate (n=7). Two-way analysis of variance followed by Bonferroni's test. Data are presented as
the mean + standard deviation. "P<0.05 vs. control; P<0.05 vs. HF; ¥P<0.05 vs. HF+AS-IV.ISO, isoprenaline; AS-TV, astragaloside; Senpl, small ubiquitin-like

modifier-specific protease 1.

expression and/or increasing superoxide dismutase (SOD)
expression (20). Yang et al (21) have reported that AS-IV
significantly enhanced cell viability, increased glutathione
peroxidase and SOD activity, and decreased ROS production,
thereby serving a protective role in cardiomyocytes against
hypoxia/reoxygenation. Similarly, AS-IV decreased the levels
of ROS and H,0, and inhibited the decrease in Aym in HF
mice (17). It has been reported that SENP1 abnormality serves
an important role in oxidative stress injury (22). Therefore,
the present study further investigated whether AS-IV inhibits
myocardial oxidative stress in HF mice by modulating Senpl
expression. In the present study, the expression of Senpl in
myocardial tissue samples from the different treatment groups
was examined. The results showed that, compared with the
control group, the expression of Senpl protein in the HF group
was increased, and this upregulation was inhibited by AS-IV
treatment. Therefore, inhibition of Senpl expression may serve
an important role in the improvement of ventricular function
by AS-IV. To verify this hypothesis, an Senpl-overexpression
plasmid was constructed and the changes in ROS, H,0, and
Aym following Senpl-overexpression in HL-1 cells were
investigated. Senpl-overexpression effectively inhibited the
protective effect of AS-IV against oxidative stress in the HF
model. The findings of the present study preliminarily confirm
the connection between SENP1 in AS-IV-induced cardio
protection. However, the specific target of Senpl and the free
radical types regulated by Senpl following AS-IV treatment
remain unknown and will be the focus in future studies.

The present study demonstrated that AS-IV decreased
oxidative stress and mitochondrial damage, inhibited
ventricular remodeling and improved cardiac function by
decreasing Senpl-upregulation in HF mice. The discovery of
this mechanism provides a novel theoretical basis and clinical
reference for the treatment of HF. However, the present study
only investigated the role of Senpl in AS-IV-treated cardio-
myocytes; therefore, the specific target of Senpl and the free
radical types regulated by Senpl remain to be identified in
order to provide a more comprehensive theoretical basis
for the protective effect of AS-IV against cardiovascular
diseases.
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