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Background: Type 2 diabetes mellitus increases the risk of cardiovascular disease
including myocardial infarction (MI). Inflammation and apoptosis have been implicated
in the pathophysiology of MI. In the present study, the effects of astragaloside IV (AS-IV)
on MI in diabetic mice were evaluated.

Methods: High glucose/high fat (HG/HF) and hypoxia culture condition were
established to mimic diabetic condition. After administration of AS-IV to H9c2
myocytes, the cell apoptosis, viability, and activation of mitogen-activated protein kinase
(MAPK) signaling pathways were detected. MI was induced in streptozotocin-induced
diabetic mice. After administration of AS-IV to mice, cardiac function, cardiac fibrosis,
inflammation, and activation of MAPK signaling pathway were detected.

Results: Astragaloside IV treatment significantly inhibited HG/HF and hypoxia-induced
apoptosis of H9c2. AS-IV inhibited activation of JNK and p38 signaling pathway while
promoting the activation of EKR signaling pathway. AS-IV treatment rescued cardiac
function, suppressed cardiac fibrosis and inflammation, and differently regulated the
activation of MAPK signaling pathways.

Conclusion: Astragaloside IV prevented apoptosis and restored cardiac function in MI,
which may be due to the regulation of MAPK signaling pathway in diabetes.

Keywords: astragaloside IV, diabetes, apoptosis, MAPK, MI

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a metabolic disorder with high blood sugar
(DeFronzo et al., 2015). T2DM is one of the major health intimidations and causes great
economic burden over the world. T2DM results in multiple clinical complications including
diabetic cardiomyopathy, retinopathy, nephropathy, and neuropathy (Zheng et al., 2018).

Myocardial infarction (MI) is a common cardiac disease caused by decreased or stopped blood
flow to the heart (Anderson and Morrow, 2017). The correlation of T2DM and MI has been
reported. Compared with patients without diabetes, patients with T2DM have greater mortality
and morbidity during MI and post infarction (Jacoby and Nesto, 1992). However, the precise
relationship between MI and diabetes needs further elucidation (Lu et al., 2020).
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Apoptosis has been implicated in MI. It has been detected
that in the hearts of MI patients, the myocytes undergo apoptosis
(Saraste et al., 1997). Extensive experimental studies also
suggest that MI is with inflammation, which contributes
to the pathogenesis of MI (Huang and Frangogiannis,
2018). Anti-apoptotic and anti-inflammatory approaches
have been described to protect against MI (Jian et al., 2016;
Shin et al., 2019).

The mitogen-activated protein kinase (MAPK) family
includes three kinases: extracellular signal-regulated kinases
(ERKs), the c-Jun NH2-terminal kinases (JNKs), and the p38
enzymes (p38 MAPKs). The MAPKs signaling pathways regulate
various types of cellular functions including apoptosis, cell
proliferation, and inflammation (Johnson and Lapadat, 2002).
Activation of the MAPK signaling pathways has been detected in
both ischemic and diabetic heart diseases. The MAPK signaling
pathway has been described to be involved in apoptosis. For
example, activation of p38 induces apoptosis in neonatal rat
cardiomyocytes after hypoxia, while inhibition of p38 protects
cardiomyocytes (Mackay and Mochly-Rosen, 1999). JNK also
demonstrates pro-apoptotic activity, while suppressing JNK
prevents apoptosis in cardiomyocytes (Mizukami et al., 2001).
Therefore, inhibition of p38 and JNK signaling pathways
has been shown to protect against diabetic cardiomyopathy
(Qi et al., 2009; Pan et al., 2014).

Astragalus membranaceus is a traditional Chinese herbal
medicine, which is thought to promote health. Astragaloside
IV (AS-IV) is the major active ingredient in Astragalus
membranaceus with multiple activities including anti-tumor
(Cheng et al., 2014), anti-inflammation (Zhang and Frei, 2015),
anti-oxidation (Gui et al., 2013), anti-diabetes (Lv et al., 2010),
and anti-cardiovascular diseases (Han et al., 2011). Interestingly,
AS-IV has been described to regulate the MAPK signaling
pathway, suggesting its potential effects on MI. In the present
study, the effects of AS-IV on MI were evaluated, and the
underlying mechanisms were explored.

MATERIALS AND METHODS

Cell Culture and Treatment
H9c2 myocytes [obtained from the American Type Culture
Collection (ATCC)] were cultured in DMEM supplemented
with 10% heat-inactivated fetal bovine serum (FBS, Gibco),
100 U/ml penicillin, and 100 mg/ml streptomycin (Thermo
Fisher, Waltham, MA, United States) in an incubator with 5%
CO2 at 37◦C. To mimic the diabetic condition, H9c2 cells were
cultured with high glucose and high-fat medium containing
33 mM glucose and saturated FFA palmitate (16:0, 500 µM) for
12 h as described previously (Dyntar et al., 2001). To induce
hypoxia, cells were cultured in atmosphere with 5% CO2, 95% N2
humidified atmosphere, yielding less than 1% O2 concentrations
for 2 h. Then H9c2 cells were treated with 10 or 50 ng/ml
astragaloside IV (AS-IV) for 48 h. Phosphate-buffered saline
(PBS) was used as the control. HG/HF medium was maintained
during 48 h of AS-IV treatment. After AS-IV treatment, cells were
harvested for analysis.

Flow Cytometry
After treatment, single-cell suspensions of H9c2 cells were
prepared and stained using FITC Annexin V Apoptosis Detection
Kit with PI (BioLegend, San Diego, CA, United States). Briefly,
cells were washed with BioLegend’s Cell staining buffer and re-
suspended in Annexin V binding buffer. FITC Annexin V and
propidium iodide (PI) were added to the cell suspension and
incubated for 15 min at room temperature. After washing, the
cells were analyzed in BD Facscalibur flow cytometry. FlowJo
software was used for data analysis.

Fluorescence Assay
After treatment, H9c2 cells were subjected to staining using
LIVE/DEADTM Viability/Cytotoxicity Kit (Thermo Fisher,
United States). Briefly, cells were stained with combined
LIVE/DEAD R© assay reagents for 3,045 min at room
temperature and then analyzed using a Nikon Eclipse Ti2
fluorescence microscope.

Cell Viability Assay
Cell viability was measured using CCK-8 assay. Briefly, 104 H9c2
cells were seeded in each well of 96-well plates. After treatment,
CCK-8 reagent (Sigma, St. Louis, MO, United States) was added
to each well at a final concentration of 100 µl/ml for 2 h. The
absorbance at 450 nm was read using a microplate reader.

Western Blot
Total protein from H9c2 cells were extracted using RIPA lysis
buffer (Abcam, Beijing, China). Total protein from heart tissues
were homogenized in RIPA lysis buffer. Then proteins were
loaded in SDS-PAGE gel and then transferred to a nitrocellulose
membrane (Abcam, Beijing, China). After blocking in 5% non-
fat milk, primary antibodies were added the membrane for
incubation overnight at 4◦C. The next day, after washing,
the membranes were incubated with relevant HRP-conjugated
secondary antibodies for 1 h at room temperature. ECL
Substrate Kit (Abcam, China) was used to detect immune-
reactive bands. The band intensity was analyzed using ImageJ.
Primary antibodies used in the present study include anti-
p38 antibody (Abcam, United States, Cat # ab195049), anti-
phospho-p38 (Abcam, Cat # ab4822), anti-JNK1/2 (Abcam,
Cat # ab112501), anti-phospho-JNK1/2 (Abcam, Cat # ab4821),
anti-ERK1/2 (Abcam, Cat # ab214036), anti-phospho-ERK1/2
(Abcam, Cat # ab21436), anti-GAPDH (Abcam, Cat # ab9485),
and goat anti-rabbit IgG H&L (HRP) (Abcam, Cat # ab205718).
The dilutions of primary antibody and secondary antibody were
1:2,000 and 1:5,000, respectively. The densities of bands were
analyzed using ImageJ.

Mice Treatment
The 8-weeks-old male C57BL/6 mice were purchased from
Shanghai Laboratory Animal Center (Shanghai, China). Diabetes
was induced by injecting streptozotocin (STZ). Streptozotocin
(Sigma, St. Louis, United States) was dissolved in 0.1 M of citrate
buffer, pH 4.4. To induce diabetes, mice were fed with a high-
fat diet for 4 weeks and then injected with 50 mg/kg/day of
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streptozotocin for two consecutive days. Then mice were orally
administrated with AS-IV (10 or 50 mg/kg/day) for 2 weeks.
PBS was used as control. During AS-IV treatment, mice were
continually fed with the high-fat diet. Animal studies were
approved by the ethics committee of Xi’an International Medical
Center Hospital.

Blood Glucose Level
Fasting serum glucose level was measured using the Accu-Chek R©

Inform II system blood glucometer (Roche Diagnostics,
Indianapolis, IN, United States). Mice with fasting plasma
glucose (FPG) more than 11.1 mmol/L were considered with
T2DM (Yao et al., 2018).

Myocardial Infarction Model
Myocardial infarction model was established as previously
described (Gao and Koch, 2013; Lu et al., 2020). Briefly, mice
were anesthetized and placed on a heating pad. A tiny cut was
made on the left chest, and a small hole was made in the fourth
intercostal space. When the ligation was completed, the heart was
placed back. After the stature of the muscles and skin, the mice
were put in an incubator for recovery until fully ambulatory.

Echocardiography
A Vevo 2100 high-resolution imaging (FUJIFILM VisualSonics,
Inc., Toronto, ON, Canada) system was used to perform
echocardiographic measurements. Left ventricular ejection
fraction (LVEF) and left ventricular fractional shortening
(LVFS) were measured, and the data were analyzed using the
VevoStrain software.

Histology
Hearts from mice were isolated, fixed in 4% polyformaldehyde,
and embedded in paraffin. Then the blocks were cut into 5-µm-
thick sections. To directly visualize collagen fibers, trichrome
staining was performed using the Masson’s Trichrome Staining
kit (Sigma, St. Louis, MO, United States) following the protocols
of the manufacturer. The viable myocardium was stained in red,
and collagen fibers were stained in blue. ImageJ was used to
quantitate the area of fibrosis.

RT-PCR
Total RNA from heart tissues was extracted by RNeasy Mini
Kit (Qiagen, Germantown, MD, United States). cDNA was
synthesized using the PrimeScriptTM RT Reagent Kit (Takara,
Beijing, China). The TB Green R© Advantage R© qPCR Premix
(Takara, China) was used to set up the real–time PCR, and the
real-time PCR was performed in 7,500 fast Real-time PCR System
(Applied Biosystems, United States). Primers used in the present
study were described previously (Meng et al., 2019). The primers
sequences were IL-1β forward: 5′-AACCTGCTGGTGTGT
GACGTTC-3′, reverse: 5′-CAGCACGAGGCTTTTTTGTTGT-
3′. IL-6 forward: 5′-ACAACCACGGCCTTCCCTACTT-3′,
reverse: 5′-CACGATTTCCCAGAGAACATGTG-3′. MCP-1
forward: 5′-CCACTCACCTGCTGCTACTCAT-3′, reverse: 5′-T
GGTGATCCTCTTGTAGCTCTCC-3′. TNF-α forward: 5′-GC

CTCTTCTCATTCCTGCTTG-3′, reverse: 5′-CTGATGAGAG
GGAGGCCATT-3′. GAPDH forward: 5′-AACTTTGGCATT
GTGGAAGG-3′, reverse: 5′-ACACATTGGGGGTAGGAACA-
3′. GAPDH was used as an internal control.

Statistical Analysis
All experiments have been reproduced at least three times, and
all attempts at replication were successful with self-consistent
results. Data represent means ± standard deviation (SD). One-
way ANOVA analysis followed by a Tukey’s post hoc test,
and Student’s t-test were used for statistical analysis. Statistical
difference was considered as significant when p < 0.05.

RESULTS

Astragaloside IV Prevented H9c2
Myocyte Apoptosis Induced by High
Glucose/High Fat and Hypoxia
To evaluate the effects of AS-IV on apoptosis, we cultured
H9c2 cells with high glucose (HG) and high fat (HF) medium
for 12 h and cultured under hypoxia for 2 h. Then H9c2
cells were treated with 10 ng/ml (low dose) or 50 ng/ml
(high dose) of AS-IV for 48 h. Cell apoptosis was analyzed
by staining with PI and annexin V. As shown in Figure 1A,
HF/HG and hypoxia treatment resulted in significantly increased
PI/Annexin V double-positive cells, indicating HF/HG and
hypoxia condition-induced cell apoptosis. In contrast, low- and
high-dose AS-IV treatment significantly decreased the percentage
of apoptotic cells in a dose-dependent manner, indicating that
AS-IV prevented HF/HG and hypoxia-induced apoptosis. The
preventive effects of AS-IV on cell death were further confirmed
using immunofluorescence assay. After treatment, we stained
H9c2 cells with LIVE/DEADTM Viability/Cytotoxicity Kit. As
shown in Figure 1B, HF/HG and hypoxia resulted in cell death
(red fluorescence reflected dead cells, green fluorescence reflected
live cells), while AS-IV prevented HF/HG and hypoxia-induced
cell death. Similar results were obtained using CCK-8 assay
(Figure 1C). These results demonstrated that AS-IV prevented
HG/HF and hypoxia-induced apoptosis in H9c2 myocytes.

Astragaloside IV Modulated
Mitogen-Activated Protein Kinase
Signaling Pathway in H9c2 Cells
Next, we evaluated the effects of AS-IV on MAPK signaling
pathway. As shown in Figure 2A, we detected an increased
amount of phospho-p38 and phospho-JNK, while a decreased
amount of phospho-ERK in H9c2 cells was detected under
HG/HF and hypoxia condition (Figures 2A,C,E). In contrast,
AS-IV treatment decreased phospho-p38 and phospho-JNK
levels but increased phospho-ERK amount in a dose-dependent
manner (Figures 2A,G). AS-IV treatment did not obviously
change the level of total p38, JNK, and ERK (Figures 2A,B,D,F).
After quantitation, we found that both low and high doses
of AS-IV significantly decreased the amount of phospho-p38.
A high dose of AS-IV significantly reduced the amount of
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FIGURE 1 | Effect of astragaloside IV (AS-IV) on high glucose/high fat and hypoxia-induced apoptosis in H9c2 myocytes. To mimic the pathological condition with
high glucose and high fat (HG/HF), H9c2 myocytes were cultured in HG/HF medium for 12 h followed by hypoxia for 2 h. Then H9c2 myocytes were treated with
phosphate-buffered saline (PBS) or AS-IV solution (10 or 50 ng/ml). HG/HF medium was maintained during AS-IV treatment. Cell apoptosis and proliferation were
examined 48 h later. (A) Cell apoptosis was detected by flow cytometry after staining with propidium iodide (PI) and Annexin V-FITC. Data represent
means ± standard deviation (SD). ***p < 0.001, versus PBS group, n = 3 biologically independent samples. (B) Fluorescence images of live/dead H9c2 myocytes
after AS-IV treatment. Cell viability was detected using LIVE/DEADTM Viability/Cytotoxicity Kit. Live and dead cells were stained as green and red. Scale
bar = 50 µm. (C) Cell viability was examined via Cell Count Kit-8 assay. Data represent means ± SD. **p < 0.01; ***p < 0.001, versus the PBS group, n = 3
biologically independent samples.

phospho-JNK. AS-IV significantly increased the amount of
phospho-ERK at both low and high doses. These results
indicated that AS-IV inhibited phosphorylation of p38 and JNK
but promoted phosphorylation of ERK, suggesting that AS-IV
regulated the activation of MAPK signaling pathway differently.
Since MAPK signaling pathways were involved in the regulation
of apoptosis, we further compared the effects of MAPK inhibitors
including U0126 (inhibitor of MEK), SB20358 (inhibitor of p38),
and SP600125 (inhibitor of JNK) on AS-IV on apoptosis. As
shown in Figure 2H, these inhibitors displayed similar inhibitory
effects on apoptosis when compared with AS-IV.

Astragaloside IV Ameliorated Cardiac
Function in Myocardial Infarction
Diabetic Mice
We continued to evaluate the effects of AS-IV in vivo. We
established the diabetic mice model using streptozotocin, induced
the MI in these mice, and treated them with AS-IV (Figure 3A).
The diabetes in mice was confirmed by FPG (Figure 3B). Cardiac
function was assessed using echocardiography. As shown in
Figure 3C, we detected obvious cardiac geometry change in MI
diabetic mice. MI diabetic mice treated with a high dose of AS-IV

had cardiac geometry similar to control mice, indicating that AS-
IV rescued the cardiac geometry in MI diabetic mice. In addition,
both low and high doses of AS-IV treatment significantly
enhanced ejection fraction (Figure 3D) and fraction shortening
(Figure 3E), while significantly decreasing the LVIDs (Figure 3F)
in MI diabetic mice. Collectively, these data indicated that AS-IV
treatment improved cardiac geometry and contractile function.

Astragaloside IV Suppressed Fibrosis
and Inflammation in Myocardial
Infarction Diabetic Mice
Furthermore, we evaluated the effects of AS-IV on fibrosis
and inflammation in the heart tissue of MI diabetic mice. As
shown in Figure 4A, Masson’s trichrome staining illustrated
a remarkable rise of fibrosis in the hearts of MI diabetic
mice when compared with the heart of control mice. In
contrast, AS-IV treatment decreased the fibrotic area. After
quantitation, AS-IV significantly decreased infarct size in
diabetic MI mice (Figure 4B). Both low and high doses of
AS-IV treatments significantly decreased the mRNA expression
of pro-inflammatory cytokines TNF-α (Figure 4C), IL-1β

(Figure 4D), IL-6 (Figure 4E), and chemokine MCP-1
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FIGURE 2 | Effect of AS-IV on the protein expression in mitogen-activated protein kinase (MAPK) signaling pathway post HG/HF and hypoxia treatment.
(A) Representative images of Western blot of MAPKs-p38 enzymes (p38), p-p38, c-Jun NH2-terminal kinases (JNK), p-JNK, extracellular signals-regulated kinases
(ERK), and p-ERK. The protein expressions of p38 (B), p-p38 (C), JNK (D), p-JNK (E), ERK (F), and p-ERK (G) were quantified by Image J software. H9c2
myocytes were cultured in HG/HF medium for 12 h followed by hypoxia for 2 h. Then H9c2 myocytes were treated with PBS, MAPK inhibitors (U0126, 25 nM;
SB20358, 25 nM; SP600125, 25 nM), AS-IV (50 ng/ml), and the cell apoptosis was examined 48 h later. (H) Cell viability of H9c2 myocytes. Data represent
means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, versus the PBS group, normalized to GAPDH level, n = 3 biologically independent samples.

(Figure 4F). These data showed that AS-IV suppressed
inflammation in diabetic MI mice.

Astragaloside IV Regulated
Mitogen-Activated Protein Kinase
Signaling Pathways in Myocardial
Infarction Diabetic Mice
Finally, we evaluated the effects of AS-IV on MAPK signaling
pathway in the heart tissues of MI diabetic mice. We found
a similar protein level of total p38 (Figures 5A,B), JNK
(Figures 5A,D), and ERK (Figures 5A,F) in the heart tissue
of sham mice, PBS-treated mice, and mice treated with AS-
IV. We detected significantly increased amounts of phospho-
p38 (Figures 5A,C) and phospho-JNK (Figures 5A,E), and
decreased amount of phospho-ERK in the heart tissues of
MI diabetic mice when compared with control mice. In
contrast, AS-IV treatment significantly decreased the amount
of phospho-p38 and phospho-JNK (Figures 5A,C), while

it increased phospho-ERK (Figures 5A,G). These results
demonstrated that AS-IV regulated MAPK signaling pathways in
MI diabetic mice.

DISCUSSION

In the present study, we evaluated the effects of AS-IV
on myocardial infarction. We found that AS-IV prevented
HF/HG and hypoxia-induced cell apoptosis of H9c2 cells and
increased the viability of these cells. AS-IV suppressed the
activation of p38 and JNK signaling pathways while promoting
the activation of ERK signaling pathway. In diabetic mice,
AS-IV treatment ameliorated the cardiac function, prevented
fibrosis, and suppressed inflammation after MI. AS-IV also
differently regulated the activation of MAPK signaling pathways
in diabetic MI mice. Our findings strongly suggested that
AS-IV could be used as a potential therapeutic approach to
treat MI in diabetes.
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FIGURE 3 | Effect of AS-IV on cardiac function in post-MI diabetic mice. (A) Experimental protocol. C57BL/6J mice were fed high-fat diet for 4 weeks prior to
overnight fasting. Mice were then given 100 µl solution of streptozotocin (50 mg/kg body weight/day) for two consecutive days. After confirming the characteristic of
diabetes mellitus, myocardial infarction models were established, and the mice were orally administrated with AS-IV (10 or 50 mg/kg/day) for 2 weeks. (B) Detection
of fasting plasma glucose (FPG) with or without high-fat diet and streptozotocin administration. Data represent means ± SD. ***p < 0.001, n = 6 biologically
independent mice. (C) Representative M-mode echocardiographic images from four respective mouse groups. Cardiac function was assessed using
echocardiography at the 2 weeks post-myocardial infarction (MI). (D) Ejection fraction. (E) Fractional shortening. (F) LVIDs, left ventricular internal dimensions during
systole (end-systolic diameter). Data represent means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, versus the PBS group, n = 6 biologically independent mice.

Myocardial infarction is the leading cause of death in patients
with diabetes over the world. Increasing pieces of evidence
have shown that patients with T2DM have higher risk of
developing cardiovascular diseases than the risk in patients
without T2DM (Sarwar et al., 2010). The molecular mechanisms
of MI pathogenesis in diabetic hearts are not fully elucidated.
Upregulated apoptosis of cardiomyocytes has been identified in
diabetic MI rats, and the enhanced apoptosis contributed to
cardiac dysfunction and fibrosis (Bäcklund et al., 2004). In the
present study, we found that the HG/HF and hypoxia condition
also induced apoptosis of H9c2 myocytes, while AS-IV treatment
remarkably prevented HG/HF and hypoxia-induced apoptosis.
AS-IV did not affect the viability of H9c2 myocytes under
normal condition (data not shown), but only prevented HG/HF-
induced apoptosis. Inhibition of apoptosis has been shown to
protect against myocardial injury. Caspases play a pivotal role
in apoptosis. Mocanu et al. (2000) found that caspase inhibitors
limited myocardial infarction in MI. Chang et al. (2017) reported
that the Chinese medicine Qishenkeli prevented myocardial
apoptosis, improved cardiac function, decreased fibrotic area,
and infarct size in heart failure rats. The anti-apoptotic activity of

AS-IV has been described previously. Liu et al. (2020) reported
that AS-IV prevented radiation-induced apoptosis in brain
cells by suppressing the expression of pro-apoptotic proteins.
In another study, Liu et al. (2017) demonstrated that AS-
IV protected against IL-1β-induced chondrocyte apoptosis by
upregulating autophagy activity in chondrocytes. Therefore, the
anti-apoptotic activities of AS-IV widely exist, which are through
multiple mechanisms.

Inflammation plays a critical role in MI. During MI, multiple
cytokines are produced, and these cytokines amplify the pro-
inflammatory response. For example, IL-1β is one of the major
cytokines mediating the inflammatory response in MI. Inhibition
of IL-1β and its signaling pathway reduced MI size and prevented
LV remodeling (Abbate et al., 2008; Bujak et al., 2008). We
found that AS-IV treatment results in suppressing the production
of pro-inflammatory cytokines IL-1β, IL-6, TNFα, and the
chemokine MCP-1 in diabetic MI mice. The anti-inflammation
activities of AS-IV have been described (Zhang and Frei, 2015)
reported that AS-IV inhibits the LPS-induced NF-κB activation
and inflammatory cytokine expression in mice. Hsieh et al. (2020)
reported that AS-IV inhibits inflammation and oxidation by
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FIGURE 4 | Effects of AS-IV on cardiac fibrosis and inflammation in post-MI diabetic mice. (A) Representative Masson’s trichrome-stained myocardial sections in
hearts. Blue, scar tissue; red, viable myocardium. (B) Quantitation of infarct size in the four indicated experimental groups. Data represent means ± SD. **p < 0.05;
**p < 0.01. n = 6 biologically independent mice. Quantitative analysis of mRNA expression of proinflammatory cytokines and chemokines, including TNF-α (C), IL-1β

(D), IL-6 (E), and MCP-1 (F), in the border zone of infarct at 1 week post-MI. mRNA expression normalized to GAPDH expression of the same group. Data represent
means ± SD. *p < 0.05; **p < 0.01; ***p < 0.001, n = 6 biologically independent mice.

inhibiting NF-κB, MAPK, and HO-1/Nrf2 signaling pathways
in epithelial cells. The anti-inflammatory activities of AS-IV
contribute to the amelioration of MI.

The MAPK signaling pathways participate in various cell
functions and have been implicated in several diseases including
MI. In experimental MI animals, ERK, JNK, and p38 MAPK
signaling pathways are all activated (Yoshida et al., 2001; Ren
et al., 2005). Using a dominant negative p38 transgenic mice,
which express a dominant negative form of p38 MAPK, Ren
et al. (2005) found that DN-p38 mice had markedly decreased
cardiomyocyte apoptosis and had reduction in pathological
cardiac remodeling after MI. See et al. (2004) described that
the p38 inhibitor RWJ-67657 had biennial effects on cardiac
remodeling and function after MI. We also demonstrated that
AS-IV treatment suppressed the activation of p38 signaling
pathway in vivo and in vitro. The inhibition of p38 signaling
pathway should contribute to AS-IV-mediated protection against
MI. Lu et al. (2020) reported that melatonin inhibited HG/HF
and hypoxia-induced cardiomyocyte apoptosis by inhibiting the
activation of the JNK signaling pathway, while these effects
were impaired by the JNK activator anisomycin. Similar to this

finding, we found that AS-IV treatment suppressed the activation
of JNK and prevented HG/HF and hypoxia-induced apoptosis
of H9c2 myocytes. The anti-apoptosis activity of AS-IV, which
was also described in other models (Jia et al., 2014; Dong
et al., 2017), should contribute to AS-IV-mediated protection
against MI. The ERK signaling pathway has been reported
to protect the myocardium from ischemic injury. Using Ekr
heterozygous gene-targeted mice, Lips et al. described that Erk2±
mice had increased infarction area apoptosis. They concluded
that ERK signaling protected hearts and preserved hemodynamic
function after ischemia–reperfusion injury. Interestingly, in our
cell model, we found that AS-IV promoted the activation of ERK
signaling pathway. The upregulated ERK signaling should also
contribute to AS-IV-mediated protection against MI. Therefore,
AS-IV ameliorates MI by differently regulating the MAPK
signaling pathways.

Several issues need to be addressed in future studies. In the
current study, we only evaluated the effects of AS-IV on apoptosis
and MAPK signaling pathway. As AS-IV has demonstrated
other activities such as anti-oxidation, it should be interesting
to evaluate the anti-oxidative effects of AS-IV in MI. In the
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FIGURE 5 | Effect of AS-IV treatment on the activation of MAPK signaling pathway in diabetic MI hearts. (A) Representative images of Western blot of p38, p-p38,
JNK, p-JNK, ERK, and p-ERK. The protein expressions of p38 (B), p-p38 (C), JNK (D), p-JNK (E), ERK (F), and p-ERK (G) were quantified by Image J software.
Data represent means ± SD. ns, no significant difference, *p < 0.05; **p < 0.01; ***p < 0.001, versus PBS group, normalized to GAPDH level, n = 3 biologically
independent samples.

in vitro experiment, we used two dosages (10 and 50 ng/ml)
of AS-IV. These dosages were utilized based on results from
our pilot experiments in which we used different amounts of
AS-IV including 0.5, 1, 2.5, 5, 10, 15, 25, 50, 75, and 100 ng/ml.
We found that 5 and 10 ng/ml exhibited similar effects on cell
apoptosis, and 50, 75, and 100 ng/ml also exhibited similar effects
on cell apoptosis, so 10 and 50 ng/ml were selected for further
examination. In our in vivo model, we utilized the dosages of
10 and 50 mg/kg, which are much higher than the dosages
used for intravenous administration (Zhang et al., 2006). The
reason is that AS-IV had low bioavailability after oral treatment
(Artursson and Karlsson, 1991; Zang et al., 2020). Therefore, it
is of great importance to test other desired administration routes
and amounts of AS-IV. In the present study, we identified that
AS-IV regulated the activation of ERK, p38, and JNK, and it
would be interesting to determine whether AS-IV affects their
upstream factors MAP2Ks and MAP3Ks. It has been reported
that AS-IV regulates the Akt signaling pathway (Yang et al.,
2019), which is involved in apoptosis (Franke et al., 2003).
Experiments need to be designed to explore the effects of
AS-IV on Akt in MI.

CONCLUSION

We demonstrated that AS-IV ameliorated the myocardial
injury and rescued the cardiac function in MI. AS-IV

prevented apoptosis and differently regulated MAPK signaling
pathways in MI. These results strongly suggest that AS-
IV could be used as a potential therapeutic reagent to
treat MI.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by Xi’an
International Medical Center Hospital.

AUTHOR CONTRIBUTIONS

CS, GZ, TW, HR, HA, CL, JL, and LG were in charge of the
data curation, data analysis, drafting of the article, and the final
approval of the version to be published. WL handled the study
supervision, coordination, funding support, design of the study,
drafting of the article, and final approval of the version to be
published. All authors contributed to the article and approved the
submitted version.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 July 2021 | Volume 9 | Article 671255

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-671255 July 24, 2021 Time: 17:13 # 9

Sun et al. Astragaloside IV Ameliorates Myocardial Infarction

REFERENCES
Abbate, A., Salloum, F. N., Vecile, E., Das, A., Hoke, N. N., Straino, S., et al.

(2008). Anakinra, a recombinant human interleukin-1 receptor antagonist,
inhibits apoptosis in experimental acute myocardial infarction. Circulation 117,
2670–2683. doi: 10.1161/circulationaha.107.740233

Anderson, J. L., and Morrow, D. A. (2017). Acute myocardial infarction. N. Engl. J.
Med. 376, 2053–2064.

Artursson, P., and Karlsson, J. (1991). Correlation between oral drug absorption
in humans and apparent drug permeability coefficients in human intestinal
epithelial (Caco-2) cells. Biochem. Biophys. Res. Commun. 175, 880–885. doi:
10.1016/0006-291x(91)91647-u

Bäcklund, T., Palojoki, E., Saraste, A., Eriksson, A., Finckenberg, P., Kytö, V., et al.
(2004). Sustained cardiomyocyte apoptosis and left ventricular remodelling
after myocardial infarction in experimental diabetes. Diabetologia 47, 325–330.
doi: 10.1007/s00125-003-1311-5

Bujak, M., Dobaczewski, M., Chatila, K., Mendoza, L. H., Li, N., Reddy, A., et al.
(2008). Interleukin-1 receptor type I signaling critically regulates infarct healing
and cardiac remodeling. Am. J. Pathol. 173, 57–67. doi: 10.2353/ajpath.2008.
070974

Chang, H., Li, C., Wang, Q., Lu, L., Zhang, Q., Zhang, Y., et al. (2017). QSKL
protects against myocardial apoptosis on heart failure via PI3K/Akt-p53
signaling pathway. Sci. Rep. 7:16986.

Cheng, X., Gu, J., Zhang, M., Yuan, J., Zhao, B., Jiang, J., et al. (2014). Astragaloside
IV inhibits migration and invasion in human lung cancer A549 cells via
regulating PKC-α-ERK1/2-NF-κB pathway. Int. Immunopharmacol. 23, 304–
313. doi: 10.1016/j.intimp.2014.08.027

DeFronzo, R. A., Ferrannini, E., Groop, L., Henry, R. R., Herman, W. H.,
Holst, J. J., et al. (2015). Type 2 diabetes mellitus. Nat. Rev. Dis. Primers 1:
15019.

Dong, Z., Zhang, C., Chen, Y., Chen, Y., Yuan, Z., Peng, Y., et al.
(2017). Astragaloside-IV protects against heat-induced apoptosis by inhibiting
excessive activation of mitochondrial Ca2+ uniporter. Cell Physiol. Biochem. 42,
480–494. doi: 10.1159/000477595

Dyntar, D., Eppenberger-Eberhardt, M., Maedler, K., Pruschy, M., Eppenberger,
H. M., Spinas, G. A., et al. (2001). Glucose and palmitic acid induce
degeneration of myofibrils and modulate apoptosis in rat adult cardiomyocytes.
Diabetes 50, 2105–2113. doi: 10.2337/diabetes.50.9.2105

Franke, T. F., Hornik, C. P., Segev, L., Shostak, G. A., and Sugimoto, C. (2003).
PI3K/Akt and apoptosis: size matters. Oncogene 22, 8983–8998. doi: 10.1038/
sj.onc.1207115

Gao, E., and Koch, W. J. (2013). A novel and efficient model of coronary artery
ligation in the mouse. Methods Mol. Biol. 1037, 299–311. doi: 10.1007/978-1-
62703-505-7_17

Gui, D., Huang, J., Liu, W., Guo, Y., Xiao, W., and Wang, N. (2013). Astragaloside
IV prevents acute kidney injury in two rodent models by inhibiting oxidative
stress and apoptosis pathways. Apoptosis 18, 409–422. doi: 10.1007/s10495-
013-0801-2

Han, X. H., Liu, P., Zhang, Y. Y., Zhang, N., Chen, F. R., and Cai, J. F. (2011).
Astragaloside IV regulates expression of ATP-sensitive potassium channel
subunits after ischemia-reperfusion in rat ventricular cardiomyocytes. J. Tradit.
Chin. Med. 31, 321–326. doi: 10.1016/s0254-6272(12)60012-0

Hsieh, H. L., Liu, S. H., Chen, Y. L., Huang, C. Y., and Wu, S. J. (2020).
Astragaloside IV suppresses inflammatory response via suppression of NF-
κB, and MAPK signalling in human bronchial epithelial cells. Arch. Physiol.
Biochem. Online ahead of print.

Huang, S., and Frangogiannis, N. G. (2018). Anti-inflammatory therapies in
myocardial infarction: failures, hopes and challenges. Br. J. Pharmacol. 175,
1377–1400. doi: 10.1111/bph.14155

Jacoby, R. M., and Nesto, R. W. (1992). Acute myocardial infarction in the diabetic
patient: pathophysiology, clinical course and prognosis. J. Am. Coll. Cardiol. 20,
736–744. doi: 10.1016/0735-1097(92)90033-j

Jia, Y., Zuo, D., Li, Z., Liu, H., Dai, Z., Cai, J., et al. (2014). Astragaloside IV inhibits
doxorubicin-induced cardiomyocyte apoptosis mediated by mitochondrial
apoptotic pathway via activating the PI3K/Akt pathway. Chem. Pharm. Bull.
62, 45–53. doi: 10.1248/cpb.c13-00556

Jian, J., Xuan, F., Qin, F., and Huang, R. (2016). The antioxidant, anti-inflammatory
and anti-apoptotic activities of the bauhinia championii flavone are connected

with protection against myocardial ischemia/reperfusion injury. Cell Physiol.
Biochem. 38, 1365–1375. doi: 10.1159/000443080

Johnson, G. L., and Lapadat, R. (2002). Mitogen-activated protein kinase pathways
mediated by ERK, JNK, and p38 protein kinases. Science 298, 1911–1912. doi:
10.1126/science.1072682

Liu, J., Meng, Q., Jing, H., and Zhou, S. (2017). Astragaloside IV protects against
apoptosis in human degenerative chondrocytes through autophagy activation.
Mol. Med. Rep. 16, 3269–3275. doi: 10.3892/mmr.2017.6980

Liu, X., Chu, W., Shang, S., Ma, L., Jiang, C., Ding, Y., et al. (2020). Preliminary
study on the anti-apoptotic mechanism of Astragaloside IV on radiation-
induced brain cells. Int. J. Immunopathol. Pharmacol. 34, 205873842095
4594.

Lu, L., Ma, J., Sun, M., Wang, X., Gao, E., Lu, L., et al. (2020). Melatonin ameliorates
mi-induced cardiac remodeling and apoptosis through a JNK/p53-dependent
mechanism in diabetes mellitus. Oxid. Med. Cell Longev. 2020:1535201.

Lv, L., Wu, S. Y., Wang, G. F., Zhang, J. J., Pang, J. X., Liu, Z. Q., et al. (2010).
Effect of astragaloside IV on hepatic glucose-regulating enzymes in diabetic
mice induced by a high-fat diet and streptozotocin. Phytother. Res. 24, 219–224.
doi: 10.1002/ptr.2915

Mackay, K., and Mochly-Rosen, D. (1999). An inhibitor of p38 mitogen-activated
protein kinase protects neonatal cardiac myocytes from ischemia. J. Biol. Chem.
274, 6272–6279. doi: 10.1074/jbc.274.10.6272

Meng, X., Zheng, M., Yu, M., Bai, W., Zuo, L., Bu, X., et al. (2019). Transplantation
of CRISPRa system engineered IL10-overexpressing bone marrow-derived
mesenchymal stem cells for the treatment of myocardial infarction in diabetic
mice. J. Biol. Eng. 13:49.

Mizukami, Y., Okamura, T., Miura, T., Kimura, M., Mogami, K., Todoroki-Ikeda,
N., et al. (2001). Phosphorylation of proteins and apoptosis induced by c-Jun
N-terminal kinase1 activation in rat cardiomyocytes by H(2)O(2) stimulation.
Biochim. Biophys. Acta 1540, 213–220. doi: 10.1016/s0167-4889(01)00
137-9

Mocanu, M. M., Baxter, G. F., and Yellon, D. M. (2000). Caspase inhibition
and limitation of myocardial infarct size: protection against lethal reperfusion
injury. Br. J. Pharmacol. 130, 197–200. doi: 10.1038/sj.bjp.0703336

Pan, Y., Wang, Y., Zhao, Y., Peng, K., Li, W., Wang, Y., et al. (2014). Inhibition
of JNK phosphorylation by a novel curcumin analog prevents high glucose-
induced inflammation and apoptosis in cardiomyocytes and the development
of diabetic cardiomyopathy. Diabetes 63, 3497–3511. doi: 10.2337/db13-1577

Qi, D., Hu, X., Wu, X., Merk, M., Leng, L., Bucala, R., et al. (2009). Cardiac
macrophage migration inhibitory factor inhibits JNK pathway activation and
injury during ischemia/reperfusion. J. Clin. Invest. 119, 3807–3816. doi: 10.
1172/jci39738

Ren, J., Zhang, S., Kovacs, A., Wang, Y., and Muslin, A. J. (2005). Role of p38alpha
MAPK in cardiac apoptosis and remodeling after myocardial infarction. J. Mol.
Cell Cardiol. 38, 617–623. doi: 10.1016/j.yjmcc.2005.01.012

Saraste, A., Pulkki, K., Kallajoki, M., Henriksen, K., Parvinen, M., and Voipio-
Pulkki, L. M. (1997). Apoptosis in human acute myocardial infarction.
Circulation 95, 320–323.

Sarwar, N., Gao, P., Seshasai, S. R., Gobin, R., Kaptoge, S., Di Angelantonio, E.,
et al. (2010). Diabetes mellitus, fasting blood glucose concentration, and risk of
vascular disease: a collaborative meta-analysis of 102 prospective studies. Lancet
375, 2215–2222. doi: 10.1016/s0140-6736(10)60484-9

See, F., Thomas, W., Way, K., Tzanidis, A., Kompa, A., Lewis, D., et al. (2004).
p38 mitogen-activated protein kinase inhibition improves cardiac function
and attenuates left ventricular remodeling following myocardial infarction
in the rat. J. Am. Coll. Cardiol. 44, 1679–1689. doi: 10.1016/j.jacc.2004.
07.038

Shin, S., Choi, J. W., Moon, H., Lee, C. Y., Park, J. H., Lee, J., et al. (2019).
Simultaneous suppression of multiple programmed cell death pathways by
miRNA-105 in cardiac ischemic injury. Mol. Ther. Nucleic Acids 14, 438–449.
doi: 10.1016/j.omtn.2018.12.015

Yang, P., Zhou, Y., Xia, Q., Yao, L., and Chang, X. (2019). Astragaloside IV regulates
the PI3K/Akt/HO-1 signaling pathway and inhibits H9c2 cardiomyocyte injury
induced by hypoxia-reoxygenation. Biol. Pharm. Bull. 42, 721–727. doi: 10.
1248/bpb.b18-00854

Yao, Y., Zhao, X., Xin, J., Wu, Y., and Li, H. (2018). Coumarins improved type 2
diabetes induced by high-fat diet and streptozotocin in mice via antioxidation.
Can. J. Physiol. Pharmacol. 96, 765–771. doi: 10.1139/cjpp-2017-0612

Frontiers in Cell and Developmental Biology | www.frontiersin.org 9 July 2021 | Volume 9 | Article 671255

https://doi.org/10.1161/circulationaha.107.740233
https://doi.org/10.1016/0006-291x(91)91647-u
https://doi.org/10.1016/0006-291x(91)91647-u
https://doi.org/10.1007/s00125-003-1311-5
https://doi.org/10.2353/ajpath.2008.070974
https://doi.org/10.2353/ajpath.2008.070974
https://doi.org/10.1016/j.intimp.2014.08.027
https://doi.org/10.1159/000477595
https://doi.org/10.2337/diabetes.50.9.2105
https://doi.org/10.1038/sj.onc.1207115
https://doi.org/10.1038/sj.onc.1207115
https://doi.org/10.1007/978-1-62703-505-7_17
https://doi.org/10.1007/978-1-62703-505-7_17
https://doi.org/10.1007/s10495-013-0801-2
https://doi.org/10.1007/s10495-013-0801-2
https://doi.org/10.1016/s0254-6272(12)60012-0
https://doi.org/10.1111/bph.14155
https://doi.org/10.1016/0735-1097(92)90033-j
https://doi.org/10.1248/cpb.c13-00556
https://doi.org/10.1159/000443080
https://doi.org/10.1126/science.1072682
https://doi.org/10.1126/science.1072682
https://doi.org/10.3892/mmr.2017.6980
https://doi.org/10.1002/ptr.2915
https://doi.org/10.1074/jbc.274.10.6272
https://doi.org/10.1016/s0167-4889(01)00137-9
https://doi.org/10.1016/s0167-4889(01)00137-9
https://doi.org/10.1038/sj.bjp.0703336
https://doi.org/10.2337/db13-1577
https://doi.org/10.1172/jci39738
https://doi.org/10.1172/jci39738
https://doi.org/10.1016/j.yjmcc.2005.01.012
https://doi.org/10.1016/s0140-6736(10)60484-9
https://doi.org/10.1016/j.jacc.2004.07.038
https://doi.org/10.1016/j.jacc.2004.07.038
https://doi.org/10.1016/j.omtn.2018.12.015
https://doi.org/10.1248/bpb.b18-00854
https://doi.org/10.1248/bpb.b18-00854
https://doi.org/10.1139/cjpp-2017-0612
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-671255 July 24, 2021 Time: 17:13 # 10

Sun et al. Astragaloside IV Ameliorates Myocardial Infarction

Yoshida, K., Yoshiyama, M., Omura, T., Nakamura, Y., Kim, S., Takeuchi, K., et al.
(2001). Activation of mitogen-activated protein kinases in the non-ischemic
myocardium of an acute myocardial infarction in rats. Jpn. Circ. J. 65, 808–814.
doi: 10.1253/jcj.65.808

Zang, Y., Wan, J., Zhang, Z., Huang, S., Liu, X., and Zhang, W. (2020). An
updated role of astragaloside IV in heart failure. Biomed. Pharmacother. 126:
110012.

Zhang, W. D., Zhang, C., Liu, R. H., Li, H. L., Zhang, J. T., Mao, C., et al.
(2006). Preclinical pharmacokinetics and tissue distribution of a natural
cardioprotective agent astragaloside IV in rats and dogs. Life Sci. 79, 808–815.
doi: 10.1016/j.lfs.2006.02.032

Zhang, W. J., and Frei, B. (2015). Astragaloside IV inhibits NF- κ B activation
and inflammatory gene expression in LPS-treated mice. Mediators Inflamm.
2015:274314.

Zheng, Y., Ley, S. H., and Hu, F. B. (2018). Global aetiology and epidemiology of
type 2 diabetes mellitus and its complications. Nat. Rev. Endocrinol. 14, 88–98.
doi: 10.1038/nrendo.2017.151

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Sun, Zeng, Wang, Ren, An, Lian, Liu, Guo and Li. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2021 | Volume 9 | Article 671255

https://doi.org/10.1253/jcj.65.808
https://doi.org/10.1016/j.lfs.2006.02.032
https://doi.org/10.1038/nrendo.2017.151
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Astragaloside IV Ameliorates Myocardial Infarction Induced Apoptosis and Restores Cardiac Function
	Introduction
	Materials and Methods
	Cell Culture and Treatment
	Flow Cytometry
	Fluorescence Assay
	Cell Viability Assay
	Western Blot
	Mice Treatment
	Blood Glucose Level
	Myocardial Infarction Model
	Echocardiography
	Histology
	RT-PCR
	Statistical Analysis

	Results
	Astragaloside IV Prevented H9c2 Myocyte Apoptosis Induced by High Glucose/High Fat and Hypoxia
	Astragaloside IV Modulated Mitogen-Activated Protein Kinase Signaling Pathway in H9c2 Cells
	Astragaloside IV Ameliorated Cardiac Function in Myocardial Infarction Diabetic Mice
	Astragaloside IV Suppressed Fibrosis and Inflammation in Myocardial Infarction Diabetic Mice
	Astragaloside IV Regulated Mitogen-Activated Protein Kinase Signaling Pathways in Myocardial Infarction Diabetic Mice

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	References


