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Abstract: Astragaloside IV (AS-IV) was regarded as the main effective ingredient of Astragalus membranaceus, a 
kind of traditional Chinese herbal medicine, which was widely used in clinical practice, especially in treating cardio-
vascular diseases. In this work acute myocardial infarction (AMI) rat model was established by permanent ligation 
of the left anterior descending (LAD) coronary artery, and then the AMI rats were randomly treated with AS-IV or ve-
hicle. We observed that after AS-IV treatment pathological changes was improved in infarcted tissue and microvas-
cular density around infarcted site was increased compared with control, moreover, AS-IV could up-regulate mRNA 
and protein expression of VEGF, p-AKT together with miR-21 expression in tissue around infarcted site. Further study 
on EA-hy926 cells indicated that both AS-IV and miR-21 mimic could promote angiogenesis in vitro. Research also 
revealed that AS-IV regulated VEGF synthesis by regulating miR-21, and the angiogenic effects of AS-IV could be 
reversed by miR-21 inhibitor, which significantly reduced the proliferation, migration, and tube-forming capacity of 
EA-hy926 cells. Collectively our results demonstrate that AS-IV was a novel regulator of VEGF signaling pathway and 
angiogenesis through regulating miR-21 in vivo and vitro.
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Introduction

Astragaloside IV (AS-IV, 3-O-β-D-xylopyranos- 
yl-6-O-β-D-glucopyranosylcycloastragenol), the 
main effective components purified from the 
Chinese medical herb Astragalus membrana-
ceus (Fisch) Bge, has long been widely used for 
the treatment of various diseases including dif-
ferent systems [1-4]. AS-IV also have been 
developed as a novel cardio-protective agent 
[5], researchers have dedicated long period on 
the clinical and experimental study on its effec-
tiveness and mechanisms in treating cardio-
vascular diseases from different aspects, and 
have assured its important pharmacological 
effects on protecting cardiovascular system, 
including a protection against arrhythmias [6], 
ischemia and reperfusion injury [7], oxidation 
injury [8], cardiac hypertrophy [9] and myocar-
ditis [10]. Recently, some studies [11, 12] 

including ours [13, 14] have suggested that 
AS-IV also has the ability to promote angiogen-
esis via several pathways in vitro, moreover, 
AS-IV enhances healing and anti-scar effects 
on wound repair by promoting angiogenesis in 
rat [15, 16]. Meanwhile, angiogenesis therapy 
is consistently being profoundly investigated as 
a novel non-invasive approach for ischemic 
heart disease [17]. All those findings above hint 
at the potential for the application of AS-IV as a 
pro-angiogenesis therapeutic agent in the man-
agement of myocardial ischemia. However, the 
central mechanism of AS-IV in regulating angio-
genesis remains to be elucidated. 

MicroRNAs (miRNAs) are endogenous small 
non-coding ribonucleotides that regulate ex- 
pression of target genes governing diverse bio-
logical functions, briefly, mature miRNA incor-
porates into the RNA-induced silencing complex 
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(RISC), which directs the miRNA to the target 
mRNA leading either to translational repression 
or degradation of the target mRNA [18]. During 
the last few years, a plethora of work has been 
published characterizing cell specific effects of 
miRNA-21 (miR-21), not only in myocytes, endo-
thelial cells, inflammatory cells [19-21], but 
also in cardiac fibroblasts physiologically and 
pathologically with cardiac stress [22, 23] lead-
ing to profound effects on the cardiac function. 
It is also reported that miR-21 played a neces-
sary role in regulation of both cardiac valvulo-
genesis and angiogenic phenotype of microvas-
cular endothelial cells [24, 25], suggesting that 
regulating miR-21 maybe a target of treating 
ischemic heart disease by promoting angio- 
genesis. 

AS-IV was demonstrated to be a potential ther-
apeutic agent for treating viral myocarditis, 
research showed that AS-IV exerts antiviral 
effects against CVB3 by upregulating expres-
sion of IFN-gamma mRNA [10]. This study indi-
cated that mRNA may be a target on AS-IV’s 
protection. Given that mRNA expression can be 
regulated by miRNA, whether AS-IV had an 
effect on miRNA drew our interest and it was 
totally not been studied. In this research, we 
intend to elucidate whether AS-IV promotes 
angiogenesis by regulating miR-21 expression 
and the potential mechanism of miR-21-medi-
ated angiogenesis.

Materials and methods

Rat model of AMI

Sprague-Dawley male rats (age, 10 weeks; 
weight, 250±20 g) purchased from the Animal 
Center of Nanjing Medical University were 
employed in this study. The study complied with 
Guide for the Care and Use of Laboratory 
Animals of the National Institutes of Health and 
standards for the Care and Use of Laboratory 
Animals (Laboratory Animal Center of Nanjing 
University of Chinese Medicine). The animal 
protocol was approved by the Ethics Review of 
Lab Animal Use Application of Nanjing University 
of Chinese Medicine.

Briefly, Intraperitoneal Injection of pentobarbi-
tal sodium (50 mg/kg) was performed before 
surgery. After fixed on the pad and linked to 
electrocardiograph, endotracheal intubation 
was carried out on the rat; a ventilator was 

used to maintain respiration. Carefully dissect-
ed pectoralis major and serratus anterior, the 
heart was then exposed between ribs. LAD was 
ligated with a 6-0 polypropylene suture approxi-
mately midway between left atrium and pulmo-
nary conus of the heart. In the sham group, 
operations were carried out by the same meth-
od but without tying the suture on the LAD. ST 
segment elevated on electrocardiograph was a 
sign of successful modeling, pale color of left 
ventricle anterior and apex part also could be 
seen in successful AMI model. Sucked out 
excess air in the thorax with a syringe, then 
quickly closed thoracic cavity with standard 
produces.

Grouping and drug administration

Operated rats survived for 12 h were randomly 
divided into groups below: AMI model group 
(n=8), AS-IV low-dose group (n=8) and AS-IV 
high-dose group (n=8). In addition, 8 sham-
operation rats served as sham group. AS-IV 
was purchased from the National Institute for 
the Control of the Pharmaceutical and Biolo- 
gical Products (Beijing, China) and its purity 
was greater than 98%. The rats in low-dose 
group and high-dose group received continually 
intragastric administration with AS-IV one day 
after surgery, 30 mg/kg/d and 100 mg/kg/d, 
respectively; rats in model group and sham 
group were intragastric administrated with 
equivalent distilled water. Rats were sacrificed 
at 14th day.

Histopathology

To evaluate the morphological changes, the 
hearts were harvested, washed in PBS and 
fixed in 4% paraformaldehyde for overnight and 
embedded in paraffin. Each heart was cut into 
sections of 4 μm sections and stained with 
hematoxylin and eosinstaining. And each sec-
tion was imaged by a microscopy (Nikon, Japan).

Immunohistochemistry staining

In order to evaluate microvascular and arteriole 
formation, CD34+ and α-SMA immunohisto-
chemistry (IHC) staining were employed. Fixed 
tissues were cut into 4 μm sections and were 
incubated with anti-CD34 antibody and anti-α-
SMA antibody (Abcam, Cambridge, UK) at 4°C 
overnight, followed by sequential incubations of 
biotinylated (Vector) secondary antibody for 20 
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minutes at room temperature. Then sections 
were color-developed by DAB and sequentially 
counterstained with hematoxylin. The positive 
signals of CD34 and α-SMA were stained with 
orange-yellow. Percentage of angiogenesis  
was count in area that bearing positive CD34 
and α-SMA signals was analyzed under mic- 
roscope.

Cell culture

Vitro studies were also employed to figure out 
deeper mechanism of AS-IV’s proangiogenic 
ability. EA-hy926 cells (ATCC, Manassas, VA, 
USA) were cultured in DMEM (Gibco, USA) sup-
plemented with 10% fetal bovine serum (Gibco, 
USA), 100 U/ml penicillin (Hycloue, Thermo sci-
entific, USA) and 100 μg/ml streptomycin 
(Hycloue, Thermo scientific, USA). AS-IV was 
purchased as mentioned above, and it was dis-
solved in dimethyl sulfoxide (DMSO), the final 
DMSO concentration was less than 0.1%. The 
EA-hy926 cells were cultured in humidified air 
with 5% CO2 at 37°C. The whole experimental 
process conformed to the principles outlined in 
the Declaration of Helsinki. All participants 
gave written informed consents and the study 
was approved by the ethics committee of 
Jiangsu Provincial Hospital of TCM.

Cell proliferation assay

Viability of cells was assessed by Cell Counting 
Kit-8 (CCK-8) assay (Dojindo Laboratories, 
Kumamoto, Japan). In brief, cells were seeded 
in each well of a 96-well plate according to the 
density of 2×104 cells for each well after trans-
fected with the indicated miRNA, 24 h later, 
cells were exposed to 100 μg/L AS-IV. Premixed 
CCK-8 and medium (10 μL) were added into 
96-well plates, and cells were then incubated 
for 0.5-1 h at 37°C. The values of A450 were 
obtained with the 3,550 automatic detectors 
from Beckman (Brea, CA). 

Tube formation

A Matrigel tube-formation assay was also  
performed to assess in vitro angiogenesis. 
Growth factor-reduced Matrigel (BD) was 
placed in 96-well culture plates and allowed to 
set at 37°C for 1 h. Then 1×104 EA-hy926 cells 
were added to each well and incubated in  
basic medium. Five fields were counted for 
each well. The length of the tube was measured 
by Image-Pro Plus 6.0 (Media Cybernetics, Beth- 
esda, MD).

Cell transfection and infection

The miR-21 mimics and inhibitors were pur-
chased from RiBoBio (Guangzhou, China). 
Transfection of miRNAs was performed by 
using Lipofectamine 2000 (Invitrogen, CA, USA) 
according to the protocol. The final concentra-
tion of miRNA mimics and miRNA inhibitors 
were 50 nM and 100 nM, respectively.

Quantitative real-time PCR

The total RNA was isolated using Trizol-reagent 
(Invitrogen Company) according to manufactur-
er’s instructions. Real-time PCR was used to 
measure the expression of VEGF, AKT and miR-
21 in myocardial tissue and EA-hy926 cells. 
Real-time PCR was performed with the follow-
ing PCR primers: GAPDH: forward 5’-CGGG- 
AAACTGTGGCGTGAT-3’ and reverse 5’-CAAAG- 
GTGGAGGAGTGGGT-3’; U6: forward 5’-CTCGCT- 
TCGGCAGCACA-3’ and reverse 5’-AACGCTTCA- 
CGAATTTGCGT-3’; VEGF: forward 5’-ATGAACT- 
TTCTGCTGTCTTG-3’ and reverse 5’-TGCATGG- 
TGATGTTGGAC-3’; AKT: forward 5’-GAGGAG- 
CGGGAAGAGTG-3’ and reverse 5’-GAGACAGG- 
TGGAAGAAGAGC-3’. miR-21: forward 5’-GCGC- 
GCTAGCTTATCAAGCTGATG-3’ and reverse 5’- 
GTGCAGGCTCCGAGGT-3’. SYBR-Green Univer- 
sal Master Mix kit (ABI) was employed to detect 
the levels of these genes. The program was ini-
tially run for 12 min at 95°C, followed by 40 
cycles of 10 sec at 95°C, 25 sec at 60°C and 
25 sec at 72°C. MiR-21 expression levels were 
normalized to the U6 rRNA endogenous control, 
while other RNA was normalized to GAPDH. 
Fold changes were calculated using the ΔΔCt 
method.

Western blotting

Total protein in vivo was obtained from left  
ventricular myocardial tissues. EA-hy926 cells 
were lysed in Lysis Buffer containing protease 
inhibitor and phosphatase inhibitor. After cen-
trifugation, they were followed by sonication 
and heat denaturation. A total of 20 μg protein 
lysates were electrophoresed and separated 
on 6%-12% SDS-PAGE and transferred onto 
nitrocellulose membranes (Invitrogen Company, 
USA). After blocking in 1× TBST, 5% nonfat dry 
milk, 0.2% Tween-20 at room temperature for 
30 min, the membranes were incubated with 
the primary antibodies in blocking buffer (1× 
TBST, 3% nonfat dry milk, 0.2% Tween-20) over-
night at 4°C. The membranes were washed 
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three times for 30 min with 1× TBST and then 
incubated with secondary antibodies. After 
final washes with 1× TBS, 0.2% Tween-20, the 
signals were detected using ECL chemilumines-
cence reagents (Pierce). Antibodies of VEGF 
(1:200, Santa Cruz, USA), p-AKT (1:800, Cell 
Signaling Technologies, USA) and β-actin 
(1:1000, Santa Cruz, USA) were used in this 
assay.

Statistical analysis

Results were expressed as the mean ± stan-
dard error of the mean (SEM). Statistical analy-
sis was performed by a one-way analysis of 
variance (ANOVA) followed by a Student-
Newman-Keul’stest (SNK) with SPSS 22.0 soft-
ware (IBM, Armonk, NY, USA). Difference was 
considered significant at P<0.05.

Results

AS-IV treatment improved pathological chang-
es in infarcted tissue

After 2 weeks treatment, as shown by H-E stain-
ing, in the untreated group (Figure 1B), the sur-

viving myocardial cells were found in the border 
zones and arranged irregularly, and there were 
much infiltration of inflammatory cells. However, 
in AS-IV treatment group (Figure 1C and 1D), 
most of myocardial cells were normal and 
arranged in an orderly manner, and the area of 
necrosis was smaller compared to the untreat-
ed group.

AS-IV treatment promoted angiogenesis after 
AMI

Compared with AMI model group, microvascu-
lar and arteriole density around infarcted site in 
AS-IV treatment groups was enhanced signifi-
cantly in a dose-dependent manner (Figure 
2A-D and 2F-I). protein and the total RNA was 
extracted from myocardial tissue, Western blot 
and real-time PCR was used to detect the VEGF, 
VEGF mRNA, p-AKT, AKT mRNA and miR-21 
level (Figure 3). Protein expression of VEGF and 
p-AKT in groups with AS-IV treatment was also 
upregulated compared to untreated groups; 
AS-IV was also capable of enhancing level of 
mRNA of VEGF and AKT, together with miR-21 
in the area around infarcted site.

Figure 1. A. Shamgroup; B. Modelgroup; C. AS-IV 30 mg/kg/d group; D. AS-IV 30 mg/kg/d group. H-E. Staining dem-
onstrated the intense inflammatory response and myocardial cells arranged irregularly after AMI in model group 
compared to sham group, and it was alleviated in AS-IV treating group in a dose-dependent manner.
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AS-IV stimulated cell prolif-
eration, VEGF expression and 
miR-21 expression

In vitro study, AS-IV signifi-
cantly stimulated EA-hy926 
cells proliferation at the con-
centration of 10 to 150 μg/
mL, whereas 100 μg/mL AS- 
IV demonstrated the most sig-
nificant effect (Figure 4A). In 
addition, we applied real-time 
PCR and Western blot to 
detect the miR-21 expression 
and VEGF expression when 
the cells were treated with 
AS-IV (0, 10 μg/mL, 30 μg/
mL, 100 μg/mL) for 24 h 
(Figure 4B-D), whereas AS-IV 
at 100 μg/mL notably stimu-
lated miR-21 expression and 
VEGF expression significantly, 
compared with the control 
group.

Transient transfection of 
miR-21 mimic enhanced tube 
formation ability of EA-hy926 
cells compared with AS-IV

Cells were treated with the 
miR-21 mimics and inhibitors 
for 48 h, another group with 
100 μg/mL AS-IV for 24 h. 
Then capillary-like structures 
were examined further (Figure 
5). Treatment with AS-IV and 
miR-21 mimic promoted cell 
tube formation and transient 
transfection of miR-21 mimic 
showed a significant effect 
compared with AS-IV group. 
However, the effect of AS-IV 
was abrogated by miR-21 
inhibitor. These results toge- 
ther indicate that miR-21 

Figure 2. (A and F) Sham group; (B and G) Model group; (C and H) AS-IV 30 
mg/kg/d group; (D and I) AS-IV 30 mg/kg/d group. (A-D) CD34+ and (F-I) 
α-SMA Immunohistochemistry staining represent newly formed microvas-

cular and arteriole in different 
groups, respectively (n=8 per 
group). Figures showed the an-
giogenic potential of AS-IV treat-
ment after AMI in rats. (E & J) Mi-
crovascular density and arteriole 
density were calculated in each 
group. *: P<0.05 versus sham 
group, △: P<0.05 versus model 
group.
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Figure 3. A. Cellularlysate from myocardial tissue was used to measure VEGF and p-AKT levels by western blot. B. 
Bar graph represents VEGF levels. C. Total RNA was extracted from myocardial tissue, real-time PCR was used to 
detect the VEGF mRNA levels. D. Bar graph represent p-AKT levels. E. Total RNA was extracted from myocardial tis-
sue, real-time PCR was used to detect the AKT mRNA levels. F. MiR-21 expression in each group. Data are expressed 
as the mean ± S.E.M. Data shown are representative of three independent experiments. *: P<0.05 versus sham 
group, △: P<0.05 versus model group.

Figure 4. A. The effects of AS-IV on cell proliferation were determined by CCK-8 assay after treat with AS-IV (10, 30, 
100, 120, 150 μg/mL); B. Effects of AS-IV on the level of miR-21 expression. Cells were treated with AS-IV (0, 10 μg/
mL, 30 μg/mL, 100 μg/mL) for 24 h. Then, the total RNA was extracted, and real-time PCR was used to detect the 
miR-21 level. C. Cells were treated with AS-IV (10, 30, 100 μg/mL); Cellular lysate from EA-hy926 cells was collected 
to measure VEGF levels by western blot. D. Bar graph represents VEGF levels. Data are expressed as the mean ± 
S.E.M. Data shown are representative of three independent experiments. *: P<0.05 versus control group.

mimic can activate angiogenesis like AS-IV. 
Based on these results, we hypothesize that 
miR-21 may be involved in the process of cell 
proliferation and angiogenesis by AS-IV in 
EA-hy926 cells, and miR-21 maybe regulates 
angiogenesis in EA-hy926 cells.

Effects of AS-IV on the level of VEGF, AKT 
mRNA and VEGF, AKT protein expression

Total RNA and protein were extracted. The real-
time PCR and western blotting were performed 

to detect the VEGF, AKT mRNA level and protein 
levels of VEGF as well as the p-AKT expression. 
It was shown that the VEGF mRNA level 
increased nearly 1.5-fold in AS-IV group com-
pared with the normal group, and nearly 2-fold 
in miR-21 mimic group compared with the nor-
mal control group; treatment with AS-IV raised 
AKT mRNA expression over 1.5-fold compared 
with the control, and nearly 2-fold in miR-21 
mimic group compared with the normal control 
group. The effect of AS-IV increasing VEGF 
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mRNA and AKT mRNA was abrogated by miR-
21 inhibitor (Figure 6).

Discussion

The major findings of the present study are that 
miR-21 is a novel regulator of AS-IV-dependent 
angiogenesis. We found that AS-IV was able to 
promote angiogenesis after AMI in rats; further-
more we indicated that miR-21 mimic and AS-IV 
both have the potential of activating angiogen-
esis, whereas miR-21 inhibitor blocked the 
angiogenesis of AS-IV in EA-hy926 cells. We 
also found that AS-IV could increase the VEGF 
and AKT expression by regulating miR-21, and 
these substantial effects were reversed after 
treatment with the miR-21 inhibitor. Thus, we 
presented that AS-IV induced angiogenesis 
was attributed to the activation of VEGF/AKT 
signaling medicated by miR-21.

MicroRNAs (miRNAs) are short non-coding 
RNAs that have been identified in a variety of 

organisms and have been implicated in the 
control of a wide range of physiological path-
ways such as development, differentiation, 
growth and cell metabolism [26-28], particu-
larly in the cardiovascular system [29]. Recent 
studies suggested that miRNAs contribute to 
haemodynamically dependent cardiogenesis 
and angiogenesis [30, 31], and the miR-21 is a 
expressed during cardiac remodeling and 
appears to be functional in cardiovascular dis-
eases [32]. In our present research, by using 
miR-21 mimics and inhibitors, we provided the 
direct evidences that miR-21 expression was 
involved in the process of cell proliferation and 
angiogenesis by AS-IV in vivo and EA-hy926 
cells. 

AKT (also known as protein kinase B) is a major 
component in regulating cell proliferation, 
migration, and survival [33, 34]. Furthermore, a 
report showed that miR-21 is up-regulated in 
cardiac fibroblasts in the failing heart, where it 
represses the expression of Sprouty homolog 1 

Figure 5. A. Control; B. AS-IV; C. miR-21 mimic; D. miR-21 
inhibitor; E. AS-IV+ miR-21 inhibitor. A-E. AS-IV promoted 
Matrigel angiogenesis. Cells were plated on Matrigel-coat-
ed, 96-well plates and treated with with AS-IV (100 μg/ml). 
Photomicrographs represent the Matrigel tube formation 
detected by phase-contrast microscopy. F. Tube formation 
was showed in bar graph. Data are expressed as mean 
± S.E.M (n=3 for each experimental group). Data are ex-
pressed as the mean ± S.E.M. Data shown are representa-
tive of three independent experiments. *: P<0.05 versus 
control group.
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(Spry-1), a negative regulator of the extracellu-
lar signal-regulated kinase/mitogen-activated 
protein (ERK-MAP) kinase [35] AKT and extra-
cellular regulated kinases-1/2 are activated by 
miR-21. Moreover, an interesting study declared 
that miR-21 induced angiogenesis through AKT 
activation and HIF-1α expression, overexpres-
sion of miR-21 in DU145 cells increased the 
expression of HIF-1α and VEGF [36]. Therefore, 
underlying the results of VEGF, AKT expression 
enhancement, we demonstrated that miR-
21-induced substantial gene alteration was  
the central mechanism of Astragaloside 
IV-dependent angiogenesis.

In summary, our present study indicates that 
AS-IV was a novel regulator of VEGF signaling 
pathway and angiogenesis through regulating 
miR-21 in vivo and vitro and administration with 
AS-IV has notable benefits on rats after AMI. 
Given our evolving understanding of AS-IV and 
cardiovascular diseases, AS-IV therapy could 
be effective in ischemic heart diseases as a 
novelty approach.
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