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Astragaloside IV alleviates myocardial damage induced by type 2
diabetes via improving energy metabolism
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Abstract. The aim of the present study was to evaluate the
protective effect and mechanism of Astragaloside IV (ASIV)
on myocardial injury induced by type 2 diabetes, with a focus
on energy metabolism. Blood glucose, the hemodynamic
index, left ventricular weight/heart weight (LVW/HW), the
left ventricular systolic pressure (LVSP), the left ventricular
end diastolic pressure (LVEDP) and cell survival rate were
measured in streptozotocin-induced diabetes model rats.
Western blot analysis, PCR, hematoxylin-eosin and TUNEL
staining, flow cytometry and ELISA were used to detect:
i) Cardiomyocyte damage indicators such as atrial natriuretic
peptide (ANP), brain natriuretic peptide (BNP), cytochrome ¢
(Cyt C), caspase-3, cleaved caspase-3 and the apoptotic rate;
ii) energy metabolism indicators such as ATP/AMP and
ADP/AMP; and iii) energy metabolism associated pathway
proteins such as peroxisome proliferator-activated receptor y
coactivator 1-a (PGC-1a) and nuclear respiratory factor 1
(NRF1). The present demonstrated increased blood glucose,
LVW/HW, LVSP, LVEDP and the cardiomyocyte damage indi-
cators (ANP, BNP, Cyt C and caspase-3), in the diabetic and
high glucose-treated groups, which were decreased by ASIV.
The expression of NRF-1 and PGC-1la significantly changed in
the model group and was markedly improved following ASIV
treatment. Furthermore, the abnormal energy metabolism
in the model group was reversed by ASIV. According to the
results, ASIV can regulate energy metabolism by regulating
the release of PGC-1a. and NRF1 to rescue the abnormal energy
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metabolism caused by diabetes mellitus, thus decreasing the
myocardial damage caused by diabetic cardiomyopathy.

Introduction

Diabetes is a metabolic disease, with the number of people
with diabetes estimated to reach 700 million worldwide in
2040 (1). Cardiovascular complications are the main cause of
mortality in diabetic patients, and ~80% of diabetic patients
die from cardiovascular diseases (2). Diabetic cardiomyopathy
(DCM) has the highest mortality rate associated with diabetic
complications, and the methods for treatment are poor (3). In
the early stage of the disease, patients exhibit symptoms such
as ventricular diastolic dysfunction and myocardial remod-
eling; as the disease worsens, microvascular disease and the
necrosis of myocardial tissue occurs, eventually leading to
heart failure (4).

Although there are many unknown mechanisms of in
diabetic cardiomyopathy, previous studies have shown that
metabolic disorders have a significant role in the pathogenesis
of diabetic cardiomyopathy. As the body does not normally
use glucose to supply energy, the oxidation of fatty acids
is exacerbated, causing toxicity from sugar and fat. This
damages the mitochondria in myocardial cells (5), inducing
mitochondrial dysfunction and deficits in ATP production, and
the damage can eventually lead to the apoptosis of myocar-
dial cells, hypertrophy and fibrosis, and, ultimately, cardiac
dysfunction (6). Peroxisome proliferator-activated receptor vy
coactivator la. (PGC-1a), which is one of the members of the
PGC-1a family, plays a vital role in the process of biosynthesis
in mitochondria (7-9); it can stimulate nuclear transcription
factor nuclear respiratory factor (NRF) and other downstream
factors to promote the proliferation of mitochondria and the
expression of proteins in mitochondria, regulate cellular
energy metabolism and provides ATP to heart tissue (10).
The increased expression of PGC-1a can improve myocardial
metabolic disorders (11).

Following stimulation by adverse environmental factors,
the apoptosis of cardiac cells is increased, and changes in cell
function and structure lead to cardiac hypertrophy. Under
conditions of high glucose, a series of metabolites generated
by cardiac cells can stimulate the binding of extracellular
apoptosis-associated ligands to specific receptors on the cell
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membrane, activating cysteine-containing aspartate-specific
proteases (caspases), triggering a series of apoptosis pathways
and accelerating the process of apoptosis (12). The abnormal
structure or function of mitochondria can lead to abnormal
energy metabolism, which not only damages myocardial func-
tion but also causes inflammation and oxidative stress to further
aggravate the damage. Therefore, restoring mitochondrial
function is key to the treatment of diabetic myocardium (13).

Astragaloside IV (ASIV) is a saponin compound isolated
from Astragalus that has the anti-apoptotic, anti-oxidative and
glucose-controlling effects; therefore it has a certain thera-
peutic effect on diabetic cardiomyopathy (14). However, the
pharmacological action of ASIV on diabetic cardiomyopathy
is still unclear and requires further investigation. Previous
studies have found that ASIV can improve energy metabolism
dysfunction induced by isoproterenol in rats by increasing the
expression of PGC-la by isoproterene in rats (15-20).

The aim of the present study was to investigate the phar-
macological mechanism of ASIV in diabetic cardiomyopathy
by focusing on the aspects of energy metabolism and PGC-1a.

Materials and methods

Reagents. ASIV was purchased from Nanjing Jingzhu
Bio-Technology Co., Ltd. Streptozotocin (STZ) and carboxy-
methyl cellulose sodium (CMC-Na) were purchased from
Sigma-Aldrich (Merck KGaA). A TUNEL kit (In Situ
Cell Death Detection kit, AP) was purchased from Roche
Molecular Diagnostics. ATP (kt39623), ADP (kt210319)
and AMP (kt28319) ELISA kits were purchased from
MSKBIO Co. Ltd. A BCA Protein Assay kit was purchased
from Beyotime Institute of Biotechnology. TRIzol reagent and
a reverse transcription-PCR (RT-PCR) kit were purchased
from Dingguo Biological Co. Ltd. PGC-1a, NRFI, atrial
natriuretic peptide (ANP) and brain natriuretic peptide (BNP)
were purchased from ABclonal. Cleaved caspase-3, caspase-3
and cytochrome ¢ (Cyt C) were purchased from Biological
Technology Co. Ltd.

Animals and experimental design. Healthy male
Sprague-Dawley rats (6-8 weeks old, 180-200 g, n=50) were
purchased from the Experimental Animal Center of Jinzhou
Medical University (Jinzhou, China). All experiments and
procedures were approved by the Medical Ethics Committee of
Jinzhou Medical University (approval no. LNMU-2016-121).
The rats were treated in accordance with the Guide for the
Care and Use of Laboratory Animals (8th edition, National
Academies Press) (21). The rats were adapted to their new envi-
ronment (at a temperature of 20-23°C, humidity from 30-48%,
and a 12-h light/dark cycle) for 1 week before the experiment.
There were 5 groups in the in vivo experiments, and each
group consisted of 10 rats. Healthy male SD rats (n=40) were
injected with STZ through the tail vein at a dose of 35 mg/kg.
The fasting blood glucose level was detected 1 week later. If an
animal presented with a fasting blood glucose level >16.7 mM
and symptoms of polydipsia, polyuria and polyphagia, it was
considered a diabetic model rat. Diabetes was successfully
established in 40 rats and 30 of them were randomly selected
and randomly divided into three groups of 10 each. The
ASIV-high (H), ASIV-mid (M) and ASIV-low (L) groups were
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established by the intraperitoneal injection of three different
doses of ASIV (40, 20 and 10 mg/kg, respectively) once a day.
ASIV was dissolved in 1% CMC. The remaining 10 rats were
used for the diabetic model only group, and 10 SD rats were
used as the control group. The same volume of 1% CMC was
administered daily. Blood glucose was measured and recorded
on day 1, and weeks 2, 4, 8, 12 and 16 following administra-
tion. After 16 weeks of ASIV treatment, rats were anesthetized
[urethane, 1.5 g/kg, intraperitoneal injection (i.p.)] (22), and
hemodynamic parameters were measured. Rats were eutha-
nized by cervical dislocation under anesthesia (diazepam,
10 mg/kg and ketamine, 50 mg/kg) and myocardial tissue
was collected. Some of the tissues were fixed with 4% para-
formaldehyde solution at room temperature for 24 h, and the
remaining tissue was stored at -86°C.

Cell culture. H9C2 cells were purchased from Wuhan Boster
Biotech Company, Ltd. and the cells were propagated in
DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% FBS (HyClone; GE Healthcare Life Sciences)
and 1% penicillin-streptomycin (Invitrogen; Thermo Fisher
Scientific, Inc.). The H9C2 cells were divided into six
groups: Con (control), mannitol (control + mannitol 7.5 mM),
high glucose (HG; glucose 33.3 mmol1"), HG + ASIV-L
(20 pmol'l"), HG + ASIV-M (40 gmol'l") and HG + ASIV-H
(80 pmol-1™).

Detection of cardiac function indicators. After being anesthe-
tized with 20% urethane (1.5 g/kg, i.p.), all rats were weighed
before the beginning of the experiment. A physiological
recorder was used to monitor the left ventricular systolic pres-
sure (LVSP), the left ventricular end diastolic pressure (LVEDP)
and the maximum left ventricular ascending/descending rate
(+ dp/dt,,,,), after the right common carotid artery was isolated
and intubated into the left ventricle. The hearts of the rats were
harvested and rinsed with precooled normal saline, and then
dissected and weighed. The ratio of the left ventricle weight
to the heart weight (LVW/HW) was separately calculated.
Finally, the heart tissues retained for slicing were placed in
4% polyformaldehyde and the remaining heart tissues were
stored at -86°C.

Hematoxylin and eosin (H&E) and TUNEL staining. After
soaking in 4% formaldehyde at room temperature for 24 h,
the heart tissues were embedded in paraffin and sectioned into
5-pum sections. The sections were stained using H&E (hema-
toxylin 2-3 min and eosin 1 min, both at room temperature)
and TUNEL kits [50 ul TdT and dUTP (1:9) in a dark moist
chamber at 37°C for 1 h], respectively. An inverted micro-
scope (DMI3000B, Leica Microsystems GmbH) was used for
observation (magnification, x400), and the matching software
LAS v4.3 was used to capture and analyze images. The
apoptotic index (%) was calculated as the number of positive
apoptotic cardiomyocytes/the total number of cardiomyocytes
x100.

Detection of the cell survival by MTT. HIC2 cells (Cell concen-
tration ~5x10*/ml) were seeded onto 96-well plates (8 wells per
group) and cultured at 37°C and 5% CO, for 24 h. After 48 h,
20 ul MTT (5 mg/ml) was added, and the cells were incubated
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for 4 h. Subsequently, 150 ul DMSO was added, and the plates
were shaken for 10 min to dissolve the formazan crystals. The
absorbance value (OD value) was measured at a wavelength of
490 nm using an enzyme-labeling instrument. Cell viability
was calculated.

Apoptosis assays. Apoptosis was detected using an
Annexin V-FITC apoptosis detection kit (Annexin V-FITC/PI
Apoptosis Detection kit, Dalian Meilun Biology Technology
Co., Ltd.) according to the manufacturer's instructions. The
cells in each group (5x10°¢ cells/ml) were extracted, 100 ul
1X binding buffer was added, and the cells were resuspended
gently. After adding 5 ul Annexin V-FITC and 5 ul prop-
idium iodide, the cells were mixed gently and incubated at
room temperature without light for 10 min. Following the
addition of 400 ul 1X binding buffer and suspending the
cells gently, Annexin V-FITC staining was detected using
a BD Accuri C6 Plus flow cytometer (BD Biosciences) and
analyzed by FlowJo v10 (FlowJo LLC).

Detection of ATP/ADP and ATP/AMP. According to the ELISA
kit instructions, the OD value was detected and recorded. First,
standard curves were generated, and the related reagents were
added to the myocardial tissues and H9C2 cells. Then, ATP,
ADP and AMP were calculated by measuring the OD values
and the standard curves of each group. Finally, the ATP/ADP
and ATP/AMP ratio were obtained.

Preparation of protein extracts and western blot analysis.
Nucleoproteins and mitochondrial proteins were extracted
from the myocardial tissue and H9C2 cells with corresponding
kits (Tissue or Cell Total Protein Extraction kit, Sangon
Biotech Co. Ltd.; Nuclear Protein Extraction kit, Beijing
Solarbio Science & Technology Co., Ltd.; Tissue Mitochondria
Isolation kit, Novland Biopharma Co. Ltd.; www.novland.
com.cn) The procedure was performed according to the
manufacturer's instructions. The total protein, the cytoplasmic
protein and the cytoplasmic protein after the removal of
mitochondria were extracted. After the protein concentration
was determined using the BCA method, the samples were
prepared according to the required concentration and dosage
(40 pg of total protein to each lane). SDS-PAGE (10-12% poly-
acrylamide gels) was used to separate protein samples. The
isolated proteins were transferred to PVDF membranes
(EMD Millipore) and blocked with 1% BSA at room tempera-
ture for 2 h. The membranes were incubated with primary
antibodies against ANP (NPPA polyclonal antibody, ABclonal
Biotech Co., Ltd. A14755, 1:1,000), BNP (BNP polyclonal
antibody, ABclonal Biotech Co., Ltd. A2179, 1:1,000), Cyt C
(anti-cytochrome ¢ antibody, Boster Biological Technology,
A03529, 1:1,000), caspase-3 (anti-caspase-3 antibody, Boster
Biological Technology PB9188, 1:1,000), cleaved caspase-3
(anti-Caspase-3 p12 antibody, Boster Biological Technology
BM4620, 1:1,000), NRF1 (NRF1 polyclonal antibody,
ABclonal Biotech Co., Ltd. A5547, 1:1,000), PGC-1a. (PGCl1
o polyclonal antibody, ABclonal Biotech Co., Ltd. A12348,
1:1,000) and B-actin (B-actin Antibody, ProteinTech Group,
Inc 66009-1-Ig, 1:20,000) at room temperature for 1.5 h.
Then the PVDF membrane was placed in the corresponding
antibody (HRP-conjugated Affinipure Goat Anti-Rabbit
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Figure 1. ASIV inhibits the elevation of blood glucose in STZ-induced
diabetic rats. Data are expressed as the means + SD, n=10, “P<0.01 vs.
control group. “P<0.01 vs. diabetic group. ASIV, astragaloside IV.

IgG(H+L), ProteinTech Group, Inc. SA00001-2, 1:20,000;
HRP goat anti-mouse IgG (H+L), ABclonal Biotech Co., Ltd.
AS003, 1:10,000) and incubated at room temperature for
2 h. All antibodies were diluted with 0.1% BSA. The results
were detected with enhanced chemiluminescence reagents
(Wanleibio Co., Ltd.) and analyzed using Results Quantity
One software v6.0.1 (Bio-Rad Laboratories, Inc.).

Statistical analysis. All data are expressed as the mean + SD
and were analyzed using SPSS 19.0 software (IBM Corp.).
Statistical analysis was performed using one-way ANOVA
followed by Bonferroni's test. P<0.05 was considered to indi-
cate a statistically significant difference.

Results

ASIV has a regulatory effect on blood glucose in diabetic
rats. A broken line graph (Fig. 1) of the blood glucose levels
was made to observe the effect of ASIV on blood glucose. No
significant changes in blood glucose level in the control group
and the diabetic group over the 16-week experimental period,
indicating that the solvent did not regulate blood glucose.
The blood glucose of the three groups administered ASIV
decreased markedly as the duration of ASIV administration
increased, and the degree of the decrease was associated with
the administered dose, indicating that ASIV has an effect on
hypoglycemia.

ASIV improves the physiological indexes in STZ-induced
diabetic rats and decreases the influence on tissue structure.
Compared with the control group, the LVSP and +dp/dt,,,, in
the diabetes model group were significantly decreased, indi-
cating decreased myocardial systolic ability, whereas LVEDP
was increased and -dp/dt,,,, decreased, reflecting decreased
myocardial diastolic ability. Combined with the above signs
of diabetic cardiomyopathy, myocardial diastolic function was
abnormal and heart failure occurred. According to the results,
the LVEDP gradually decreased as the dose increased, LVSP,
+dp/dt,,,, and -dp/dt,,,, gradually increased, and myocardial
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Figure 2. ASIV improves the physiological indexes of STZ-induced diabetic rats and decreases the effects of diabetes on tissue structures. (A) LVEDP and

LVSP, (B) + dp/dt,,,,

and (C) LVW/HW of rats in the different experimental groups. n=10. (D) Hematoxylin and eosin staining in cardiac tissue sections of

each group. The black arrow indicates myocardial fibers. (E) Cell survival of HOC2 cells determined by MTT assay. n=8 Data are expressed as the mean + SD.
“P<0.01 vs. the control group. “P<0.05 and *P<0.01 vs. diabetic group. LVEDP, left ventricular systolic pressure; LVSP, left ventricular end diastolic pressure;

ASIV, astragaloside IV; L, low; M, mid; H, high; + dp/dt,,,,,
to heart weight.

function was significantly improved by ASIV intervention
(Fig. 2A and B). As shown in Fig. 2C, the LVW/HW was
significantly increased in the diabetic group compared with the
control animals, indicating that diabetes caused the left heart
to increase in weight. Following the administration of ASIV,
the LVW/HW decreased compared with the diabetic model
group, and the degree of the decrease dependent on the ASIV
concentration, demonstrating the effect of ASIV on the degree
of myocardial hypertrophy.

H&E staining showed that the myocardial fibers in the
heart tissues of diabetic rats were disordered and transversely
broken. This damage was improved in the ASIV-treated
groups. The therapeutic effect depended on the dose (Fig. 2D).
The results of the cell viability assay (Fig. 2E) showed that

maximum left ventricular ascending/descending rate; LVW/HW, ratio of left ventricular weight

cells survival in the control and mannitol groups was >95%.
The survival rate in the HG group was significantly decreased
compared to the control group. Furthermore, the survival rate
increased following ASIV intervention. This demonstrated
that ASIV can protect cells and alleviate the damage under
high-glucose conditions.

ASIV decreases the damage of myocardial tissue damage in
diabetic rats and H9C2 cells in high-glucose conditions. As
shown in Fig. 3A-D, the expression of ANP and BNP in the left
ventricle of the diabetic group was significantly higher than
that in the ventricles of the control group, indicating that the
diabetic group exhibited myocardial hypertrophy. The expres-
sion of ANP and BNP decreased in the ASIV group.



4616

>

34
c
S
w
2
f -
g 2 2
o @
(=
g3
5 €
o
=
<

n

MOLECULAR MEDICINE REPORTS 20: 4612-4622, 2019

ANP
— — — w— w— [}-actin

*k
-

H#i

-

Hit
e

Control Diabetic ASIV-L ASIV-M ASIV-H

O

BNP

2.5- - — e [_aCtin
g *k
3 2.0-
e #
g o — fe
5 S 15 =S
£5 idid
53 10 -5
g
o
Z 0.5
0.0 T T T T T
Control Diabetic ASIV-L ASIV-M ASIV-H
N NRE e el
Gl ih s, Easewess s ey
VI = S RS
Control Diabetic ASIV-L
N \‘“w WYY L& -’ B I'-
G .’ [ “_r' i ’o
G }_ 'lj X 9 ._“_r:a'i,a
» \ ; :'l. "Iy AT f
T sy e
- & P | P | TAT T L
ASIV-M ASIV-H

Pl
_1d’ 10 10° 10° 10°

Pl
10° 10' 10° 10° 1¢*

¢ 10

0 10 1 10 10
FITC
Mannitol

Pl
a0 10t 107 10° 10
e
#
PI
_ad” 10 10° 10* 10t
[=]

10
FITC

Diabetic

10 10° 10° 10*

i

PI
1 10° 10° 10° 10*
%

ﬁ il

¢ 100 100 T 100 100 w00 10t el 10 107 107 10
FITC FITC FITC

ASIV-L ASIV-M ASIV-H

ANP protein expression in HIC2 cell

BNP protein expression in HC2 cell

- ANP
— o —— — B-actin
2.5+ ke
2.0 paes
éﬂ s #H
e #it
[&]
T 1.0
NS
0.54
0.0-
Mannitol ~ ASIV-L ASIV-H
Control Diabetic ASIV-M
™ BNP
55 pm——— LR
Ty 2.04 #H#
4 i
2 15
[&)
o H#
£ 10
0.5
0.0
Mannitol CASIV-L ASIV-H
Control Diabetic ASIV-M
40-
= 301
3]
IS]
8 20-
a .
2 i
104
0
Control Diabetic ASIV-L ASIV-M  ASIV-H
40+ *%
#H#
& 30-
o = Hit
S 8 20
g8 # #t
gz
10- —
c T T T T T T
Mannitol ~ASIV-L ASIV-H
Control Diabetic ASIV-M
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TUNEL staining and FITC/PI double staining were
used to detect the apoptosis of the myocardial tissue and
HOC?2 cells, respectively (Fig. 3E-H). In the myocardial tissue
and HI9C?2 cells, the apoptotic rate of the control group was
<10%. Apoptosis was significantly increased in the diabetic
group and HG group compared with the control in tissue and
cells. The apoptotic rate was dose-dependently decreased by
ASIV compared with the diabetic model groups.

The expression of caspase-3, cleaved caspase-3 and
cytoplasmic Cyt C (Fig. 3I-N), revealed that the expres-
sion of Cyt C in the cytoplasm and cleaved caspase-3 was
significantly increased and that caspase-3 was decreased in

the model group, whereas the expression of Cyt C and cleaved
caspase-3 in the control group was not significantly different
from that in the mannitol group; this excluded the influence of
osmotic pressure on the results. Following ASIV administra-
tion, the protein expression of Cyt C and cleaved caspase-3
were decreased both in heart tissues and HOC?2 cells, whereas
caspase-3 was significantly increased. The results demon-
strated that ASIV can downregulate the increased expression
of Cyt C and cleaved caspase-3 induced by the diabetes model.

ASIV can regulate the expression of energy metabolism-asso-
ciated signals and the level of energy metabolism in myocardial
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Ratio of (A) ATP/ADP and (B) ATP/AMP in HIC2 cells. n=8. The protein expression of NRF1 in (C) the myocardium and (D) HIC2 cells. n=4. The protein
expression of PGC-1a in (E) the myocardium and (F) H9C2 cells. n=4. The data are expressed as the mean + SD. “P<0.01 vs. control group. “P<0.05 and
#P<0.01 vs. diabetic group. ASIV, astragaloside IV; L, low; M, mid; H, high; NRF-1, nuclear respiratory factor 1; PGC-1, peroxisome proliferator-activated

receptor A coactivator 1-a.

tissue and H9C2 cells. The ATP/ADP and ATP/AMP ratios of
each group were calculated. The results show that, compared
with that of the control group, the ratios were significantly
decreased in the diabetic group. These ratios were increased
by the different doses of ASIV (Fig. 4A and B).

Compared with that in the control group and the model
(diabetic and HG) groups, the expression of PGC-1a. and NRF1
was significantly decreased in the model group (Fig. 4C-F).
Following ASIV administration, the expression of PGC-1la

and NRF1 was increased, and the expression increased with
increasing ASIV concentration. This indicated that ASIV may
improve myocardial energy metabolism abnormalities caused
by diabetes. By detecting the mRNA expression of PGC-1a
and NRF1 in the H9C2 cells, under high-glucose condi-
tions, the influence of osmotic pressure was determined and
obtained the same result as that of histone expression, fully
demonstrating the function of ASIV in improving myocardial
energy metabolism.
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Discussion

The main cause of morbidity and mortality in diabetic
patients is cardiovascular complications, which accounts for
80% of mortalities in diabetic patients (23). The most notable
cardiovascular complication is diabetic cardiomyopathy,
which increases the risk of future heart failure 5-fold (24-28).
Diabetes has adverse effects on the different cell types of
the heart, including endothelial cells (29,30), fibroblasts and
myocardial cells (31), and the damage to myocardial cells may
be the main cause of heart failure (31-35). With the develop-
ment of diabetes mellitus, the heart experiences cardiac
hypertrophy, decreased compliance, decreased contractility
and cell stability damage, leading to cardiac dysfunction (36).
The number of apoptotic and necrotic cardiomyocytes began
to increase. When the normal physiological structure was
destroyed to a certain extent, compensatory adjustment can no
longer compensate for myocardial damage, ultimately leading
to heart failure (37).

Damage to the myocardium was mainly manifested
by myocardial hypertrophy and apoptosis. ASIV, as one
of the main active components in Astragalus, is a purified
small-molecule saponin. According to existing studies, ASIV
has anti-inflammatory and antioxidant effects. In previous
studies, ASIV demonstrated efficacious inhibitory effect on
apoptosis in vascular endothelial cells and to regulate the
energy metabolism of vascular endothelial cells (15-20,38,39).
Additionally, in other experiments, it was found that its
anti-inflammatory and antioxidant effects can improve the
hypertrophy and apoptosis of the myocardium due to inflam-
mation. Therefore, a diabetes model and the administration of
ASIV was conducted, in order to study the effect and mecha-
nism of ASIV in diabetic cardiomyopathy.

For the choice of index of hypertrophy, ANP and BNP
were measured. Of course, there are other subtypes of natri-
uretic peptide, especially C-type natriuretic peptide (CNP) and
N-terminal-proBNP (NT-proBNP) (40). CNP is involved in
the regulation of myocardial changes in myocardial infarction,
ischemia-reperfusion and heart failure, but its expression level
was also affected by blood pressure and vascular endothelial
cells, which cannot specifically respond to myocardial changes.
Although NT-proBNP has no biological activity, it has a longer
half-life and is more stable than BNP, and has been proposed as a
biomarker of heart failure by the American Society of Clinical
Chemistry (40-42). However, NT-proBNP could not reflect
the changes in cardiac myocytes. ANP and BNP, as impor-
tant biological signals of myocardial hypertrophy, are mainly
synthesized in the atrium and left ventricle respectively, and in
addition to indexes such as heart weight index (HWI) and left
ventricular weight index (LVWI), ANP and BNP correspond
to increased wall tension (43-46). The plasma level of polypep-
tides was shown to be positively correlated with the pressure
caused by the filling of the heart, making it a good marker
of LV dysfunction and LV wall stress abnormalities. There
was a 23- to 85-fold increase in BNP, particularly in tissues
with hypertrophy, compared with that in the control group.
Apoptosis is regulated by a series of enzyme-linked reactions,
mainly including two signal transduction pathways. One is the
extrinsic pathway, that is, the death receptor pathway, which is
under the stimulation of external factors; extracellular signal
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are transmitted to the intracellular caspase-protease promoter
enzyme (47). The other is the intrinsic pathway, that is, the
mitochondrial pathway (48). Caspase-3, the core protease in
the apoptosis signal transduction pathway and an important
executive enzyme for apoptosis, acts downstream in both the
external pathway and the internal pathway (48,49). The protein
expression of caspase-3, as a downstream regulator in the
death receptor pathway and mitochondrial apoptosis pathway,
directly affects the apoptosis of myocardial cells. After Cyt C
is transported from the mitochondria to the cytoplasm, it regu-
lates the activity of the downstream caspase-3 enzyme and
promotes the apoptosis of myocardial cells (50,51).

In the present study, STZ was used to establish a diabetes
model, and gradient ASIV was used to treat diabetes model
animals. The myocardial injury indicators were examined,
including myocardial hypertrophy and myocardial apoptosis.
HWI, LVWI, ANP and BNP increased, and myocardial
hypertrophy occurred in the model group. The expression
of cytoplasmic Cyt C and cleaved caspase-3 was increased,
and these data combined with the flow cytometry results and
TUNEL staining results suggest that apoptosis was increased
in the model group. Following ASIV treatment, the indexes
of myocardial hypertrophy and myocardial apoptosis recov-
ered to varying degrees. The same results were obtained in
HOC2 cells, indicating that ASIV has a therapeutic effect on
diabetic myocardial injury.

How does ASIV improve myocardial injury in diabetes?
Thus far, previous studies have established the correlation
between diabetic complications and mitochondrial dysfunc-
tion in multiple tissues (52-54), but the potential mechanism of
mitochondrial dysfunction in DCM was not clarified. Normally,
the heart relies on persistent aerobic metabolism to maintain
the ATP supply and redox balance for optimal systolic func-
tion. More than 90% of heart metabolism is aerobic (55,56).
Hyperglycemia is a major driver of mitochondrial dysfunc-
tion in diabetic myocardium (57-59). Due to the high-energy
demand of the heart and the relief of myocardial injury in
diabetic cardiomyopathy following abnormal energy metabo-
lism is corrected, mitochondrial dysfunction was considered
to be the cause of DCM (60-62). Studies using noninvasive 31p
nuclear magnetic resonance imaging found that left ventricular
hypertrophy and contractile inhibition are associated with
decreased ATP levels, indicating that mitochondrial function
was impaired under high-glucose conditions (63,64). PGC-1a
is the most important coactivator in mitochondrial synthesis
and energy metabolism and has a crucial role in regulating
mitochondrial biosynthesis. PGC-la regulates mitochondrial
biosynthesis by activating downstream transcription factors,
such as nuclear respiration factor (NRF). NRF is the most
important transcription factor in the regulation of mitochon-
drial biosynthesis (65). The nuclear transcription factor NRF1
regulates the transcription, translation and replication of
mitochondrial DNA and the expression of various proteins,
including enzymes in the respiratory chain that promote
oxidative energy supply, in the mitochondria.

ASIV was postulated to affect mitochondrial synthesis
by regulating PGC-1a and NRF1, thereby improving mito-
chondrial energy metabolism and decreasing the myocardial
damage caused by diabetic cardiomyopathy. The expression
of PGC-1a and NRF1 protein in myocardial tissues, and the
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mRNA expression of PGC-la and NRF1 in H9C2 cells were
detected in each group. ASIV upregulated the expression
of PGC-1a and NRFI1, and the levels of ATP and ADP in
HIC2 cells were also detected. The results showed that ASIV
improved the energy metabolism level.

Based on the findings of the present study, it can be concluded
that ASIV can decrease the damage of myocardial hypertrophy
and apoptosis by improving mitochondrial energy metabolism
via regulating PGC-1a and NRF1 in diabetic cardiomyopathy.
Moreover, the experimental results showed that ASIV had a
hypoglycemic effect, but the underlying mechanism was still
unclear. In addition, based on previous studies, ASIV also has
a protective and therapeutic role in ischemia-reperfusion and
oxidative stress on the heart; therefore, the protective effect of
ASIV on diabetes mellitus on cardiomyopathy is not specific.
Thus, ASIV has a broad protective effect on the heart.

In conclusion, ASIV can ameliorate myocardial mitochon-
drial energy metabolism abnormalities induced by diabetes
mellitus via regulating the expression of PGC-la and NRFI.
Improving abnormal energy metabolism in mitochondria can
inhibit apoptosis and myocardial hypertrophy, thereby reducing
myocardial injury. Thus, ASIV has the potential to alleviate
myocardial damage induced by diabetes, by improving energy
metabolism.
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