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Introduction: Oxidative stress plays an important role in the development of diabetic cardio-

myopathy (DCM). Previously, we reported that Astragalus polysaccharides (APS) improved 

DCM by inhibition of cardiac oxidative stress. In this study, we evaluated the beneficial effect 

of APS on high glucose-induced oxidative stress in cardiomyocytes in vitro.

Materials and methods: H9C2 cells were cultured in the presence of high concentration of 

glucose or transfected with siRNASOD2, followed by APS treatment. The cellular mitochondrial 

ultrastructure was observed using a transmission electron microscope. Cell apoptosis was detected 

using hairpin oligonucleotide probes and quantified by flow cytometry analysis. Superoxide produc-

tion was determined by immunohistochemistry using the fluorescent dye dihydroethidium (DHE). 

Nitrotyrosine and 8-OH-dG antibodies were employed to detect oxidative damage to cytoplasmic 

proteins and oxidative stress in the nuclei, respectively. Superoxide dismutase (SOD) activity was 

measured utilizing the SOD Assay Kit, and SOD protein levels were analyzed by Western blotting.

Results: APS treatment protected cellular mitochondrial ultrastructure, reduced cell apoptosis 

(hairpin-1), inhibited cellular superoxide production (DHE), and reduced oxidative damage 

to cytoplasmic proteins (nitrotyrosine) and oxidative stress in the nuclei (8-OH-dG) in high 

glucose-induced and/or SOD2-silenced H9C2 cells, together with induction of SOD2 enzyme 

activity and increase of protein levels.

Conclusion: Our findings indicated the beneficial effect of APS on high glucose-challenged 

H9C2 cells, which was associated with inhibition of oxidative stress in vitro.

Keywords:  superoxide dismutases, oxidative stress, apoptosis, cardiomyocyte, ROS, diabetic 

cardiomyopathy

Introduction
It is widely acknowledged that oxidation contributes to the development of diabetic 

cardiomyopathy (DCM), a kind of characteristic cardiomyopathy independent of 

coronary artery disease or elevated blood pressure in diabetes.1 Recent investiga-

tions have demonstrated that the major causes of DCM are activated oxidative stress, 

which enhances the formation of mitochondrial ROS, and the subsequent oxidation-

mediated apoptosis by hyperglycemia.2 Superoxide dismutases (SODs) are essential 

anti-oxidative enzymes, which catalyze the conversion of highly reactive superoxides 

into hydrogen peroxide. Due to the localization within mitochondria, manganese SOD 

(Mn-SOD, coded by the SOD2 gene) is the most effective member of the SOD enzyme 

family which protects the mitochondria from oxidation.

Astragalus polysaccharides (APS) are the main bioactive hydrosoluble hetero-

saccharide component of Astragalus, a traditional Chinese herbal medicine, and is 
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extracted utilizing direct water decoration with optimized 

techniques.3 Previously, we reported that APS therapy  

improved heart function and reduced cardiac oxidation in 

diabetic mice.4 We also demonstrated that APS treatment 

protected heart function and inhibited cardiac oxidation 

in heterozygous SOD2 knockout (SOD2+/−) mice.5 In 

our current study, we employed H9C2 rat cardiomyocytes 

cultured in the presence of high concentration of glucose 

or transfected with siRNASOD2 to further explore the 

beneficial effect of APS treatment on the inhibition of high 

glucose-induced oxidative stress in vitro.

Materials and methods
aPS treatment
APS were acquired from Shanghai Institute of Physiology, 

Academia Sinica, China, utilizing direct water decoration 

with optimized techniques (97% purity).3 APS include 

three subtypes. One subtype is a heterosaccharide with an 

average molecular weight of 36.3 kDa and molar ratios of 

1.75:1.63:1, and is composed of d-glucose, d-galactose, 

and l-arabinose. The other two subtypes are composed of 

high-molecular weight dextran with average molecular 

weights of 12.3 and 34.6 kDa bonded with α-(1→4)-d-

glycosidic linkages, respectively. The optimal in vitro 

concentration of APS was decided on the basis of our 

earlier study.6

cell culture, exposure to high glucose, 
knockdown experiment, and treatment
Embryonic rat heart-derived H9C2 cells obtained from 

American Type Culture Collection (Manassas, VA, USA; 

catalog # CRL-1446) were cultured in a growth medium 

composed of DMEM supplemented with 10% FBS. To sim-

ulate diabetic condition in vitro, H9C2 cells were cultured 

in the presence of high (30 mM) or normal concentration 

of glucose (5 mM) added with 25 mM of d-mannitol for 

osmotic control. After 72 hours, cells were transfected with 

siRNASOD2 (Dharmacon Technologies, Lafayette, CO, 

USA) to silence SOD2 or the relevant scrambled siRNA 

(20 pM/μL) as a control, using lipofectamine 2000 (Thermo 

Fisher Scientific, Waltham, MA, USA), and cultured in the 

same conditions for another 48 hours. Effective silencing 

was confirmed by assessing SOD2 activity and SOD2 

protein levels. After transfection with siRNASOD2, SOD2 

enzyme activity and SOD2 protein level were reduced by 

almost 85%–90% (Figure 1). Transfected H9C2 cells were 

exposed to APS (100 μg/mL) or vehicle (normal saline) 

for another 48 hours. The optimal in vitro concentration 

of APS was decided on the basis of our earlier studies.6 

At the end of the experiment, the cultured cells were col-

lected and processed for further analyses (six wells per each 

condition, n=4 samples per group). The cells were grouped 

as follows: 1) Ctrl: normal control group; cells that were 

cultured in normal concentration of glucose, transfected 

with scrambled siRNA, and treated with vehicle. 2) HG: 

high glucose-induced group; cells that were cultured in 

high concentration of glucose, transfected with scrambled 

siRNA, and treated with vehicle. 3) APS-HG: APS-treated 

high glucose-induced group; cells that were cultured in 

high concentration of glucose, transfected with scrambled 

siRNA, and treated with APS. 4) siRNASOD2: SOD2-

knocked down group; cells that were cultured in normal 

concentration of glucose, transfected with siRNASOD2, 

and treated with vehicle. 5) APS-siRNASOD2: APS-treated 

SOD2-knocked down group; cells that were cultured in 

normal concentration of glucose, transfected with siRNA-

SOD2, and treated with APS.

Ultrastructural evaluation
Cultured cells were collected and fixed in diluted Kar-

novsky’s fixative. After staining with uranyl acetate and 

lead citrate, the ultrastructural changes of cultured cells 

were viewed on a Philips Morgagni electron microscope 

(Philips, Amsterdam, Netherlands). The morphology 

of cultured cells was also evaluated with a confocal 

microscope.

assessment of cell apoptosis
Hairpin oligonucleotide probes were employed to detect the 

magnitude of cell apoptosis. Cultured cells were incubated 

with T4 DNA ligase and hairpin-1 (biotinylated hairpin 

probe with a single-base 3′ overhang; Synthetic Genet-

ics,  Bayer, Leverkusen, Germany) overnight. Cells were 

filtered, and hairpin-1-stained positive cells were sorted 

by flow cytometry for characterization and quantification. 

Hairpin-1 was utilized for detection of double-strand DNA 

breaks in apoptotic cells, while ligated oligonucleotides 

were detected with fluoresceine isothiocyanate-avidin. 

Propidium iodide (PI) staining was used to identify non-

viable cells. The level of fluorescence was calibrated, 

and images were taken with InSpeck Microscopy Image 

Intensity Calibration microspheres (Molecular Probes, 

Rochester, NY, USA). Each experiment was repeated four 

times in triplicate.
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Detection of rOS
The fluorescent dye dihydroethidium (DHE;  Thermo Fisher 

Scientific) was utilized to evaluate superoxide production in 

cultured cells. Cultured cells were incubated with 5 μM/L 

DHE at 37°C for 30 minutes. The mean DHE fluorescence 

intensity of nuclei was calculated by dividing the combined 

fluorescence value of the pixels by the total number of 

pixels in 15 randomly selected fields. Fluorescence images 

were taken respectively. The images were processed using 

a Bio-Rad Radiance 2100MP multiphoton microscope and 

ImagePro analysis software (Molecular Probes). Each experi-

ment was repeated four times in triplicate.

Oxidative damage evaluation
Cultured cells were plated on an eight-chamber multi-well 

slide, fixed with freshly prepared 4% paraformaldehyde, 

and probed with specific antibodies. The 8-OH-dG mouse 

monoclonal antibody (QED Bioscience, San Diego, CA, 

USA) was utilized to detect oxidative stress in the nuclei, 

whereas the nitrotyrosine antibody (Upstate Biotechnol-

ogy, Charlottesville, VA, USA) was used to evaluate the 

oxidative damage to cytoplasmic proteins. The intensity of 

the 8-OH-dG signal and nitrotyrosine signal was measured 

with ImagePro software and normalized for PI fluorescence 

to correct for the differences in nuclear fraction included 

in the section. Each experiment was repeated four times 

in triplicate.

Western blot analyses
The amount of protein was evaluated by Bio-Rad protein 

assay (Bio-Rad Laboratories Inc., Hercules, CA, USA) 

after extraction from cultured cells using the standard tech-

nique. After the separation of whole-cell extracts (50 μg) 

on 12% SDS-polyacrylamide gel by SDS-PAGE, proteins 

were transferred to polyvinylidene difluoride membranes 

(Amersham-Pharmacia, Little Chalfont, UK). Proteins 

were probed with primary antibodies against SOD1 and 

SOD2 (Upstate Biotechnology) after blocking. Following 

the application of horseradish peroxidase-conjugated anti-

rabbit IgG as the secondary antibody, protein bands were 

scanned for quantification of protein expression levels. 

Glyceraldehyde 3-phosphate dehydrogenase was used as 
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Figure 1 SOD2 protein and activity in h9c2 cells after silencing of SOD2.
Notes: (A) representative autoradiographs of Western blots. (B) Bar graphs showing SOD2 protein levels. (C) Bar graphs showing SOD2 activities. h9c2 cells were 
transfected with sirnaSOD2 or scrambled sirna (n=4 per group). SOD activity was measured by the extent of reduction in the appearance of nBT-diformazan utilizing the 
SOD assay Kit. SOD protein levels were analyzed by Western blotting. Values are presented as mean ± SeM. Two-group analysis was performed using t-test. *P<0.05 vs ctrl.
Abbreviations: nBT, nitroblue tetrazolium; SOD, superoxide dismutase; ctrl, normal control group.
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the loading control. The densities of bands in all samples 

were normalized to the densities of corresponding bands 

in the normal control. Each experiment was repeated four 

times in triplicate.

SOD enzyme activity assessment
SOD activities were determined by the Superoxide Dis-

mutase Assay Kit (Trevigen, Gaithersburg, MD, USA). Cells 

were trypsinized and lysed with 500 μL of lysis solution. 

The resulting suspension was centrifuged at 14,000× g for 

5 minutes at 4°C and then transferred to a clean 1.5 mL 

tube. The amount of protein was evaluated by the Bio-Rad 

protein assay as mentioned before. The enzyme activity was 

determined using a colorimetric assay based on the ability of 

SOD to form H
2
O

2
 from superoxide radicals generated by an 

exogenous reaction involving xanthine and xanthine oxidase 

that converts nitroblue tetrazolium (NBT) to NBT-diforma-

zan. NBT-diformazan absorbs light at 550 nm. The extent of 

reduction in the appearance of NBT-diformazan is a mea-

sure of the total SOD activity. The activity was measured 

using 50–500 μg of total cellular protein in the presence of 

5 mM sodium cyanide (NaCN) (Sigma-Aldrich, St. Louis, 

MO, USA) to inhibit SOD1 activity. Absorbance changes 

were recorded for 5 minutes, and the rate of increase in 

absorbance units per minute was calculated. The per-

centage inhibition was then calculated and plotted as a  

function of protein concentration for each group. The 

highest maximum percentage inhibition for each group of 

sample curves to be compared was determined and used 

to calculate the amount of protein that inhibited NBT 

reduction by 50% of this maximum value. Total SOD (reac-

tions not containing NaCN) and SOD2 activities (reactions 

containing 5 mM NaCN) in U/mg protein were then calcu-

lated. SOD1 activities were determined by subtracting the 

SOD2 activity in each experimental sample from the total 

SOD activity. Each experiment was repeated four times in 

triplicate.

Statistical analysis
Results are represented as mean ± SEM. Two-group analysis 

was performed using t-test between HG and ctrl, APS-HG 

and HG, APS-siRNASOD2 and siRNASOD2, and siRNA-

SOD2 and ctrl (Stata 14.0). P-value <0.05 was considered 

statistically significant.

Results
aPS protected mitochondrial 
ultrastructure in high glucose-induced or 
SOD2-knocked down h9c2 cells
The confocal microscopy examination of H9C2 cells revealed 

no obvious cardiomyocyte abnormalities among different 

groups (Figure 2A).

To verify the role of glucotoxicity in DM-induced 

cardiomyocyte damage, we simulated the diabetic 

environment in vitro by exposing H9C2 cells to high 

glucose. As expected, high glucose induced the destruc-

tion of myocyte ultrastructure with serious damage of  

mitochondria. However, the abnormalities were mainly 

Figure 2 aPS abrogated the ultrastructural abnormalities of mitochondria induced by high glucose or silencing of SOD2.
Notes: (A) confocal microscopy images of cultured cells (×200 magnification). (B) Representative ultrastructural profiles of cultured cells observed using a transmission 
electron microscope (×23,300 magnification). H9C2 cells cultured in high or normal concentration of glucose were transfected with siRNASOD2 or scrambled siRNA and 
were further cultured in the presence of aPS or vehicle. cultured cells were observed by a confocal microscope and evaluated using a transmission electron microscope to 
define cardiac mitochondrial structural changes.
Abbreviations: aPS, Astragalus polysaccharides; aPS-hg, aPS-treated high glucose-induced group; ctrl, normal control group; hg, high glucose-induced group..
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ameliorated and well improved after APS treatment, and 

the beneficial effects were characterized by neatly arranged 

mitochondria with intact mitochondrial membrane and 

crests (Figure 2B).

To verify the oxidation mechanism underlying high 

glucose-induced effects, we silenced SOD2 in H9C2 

cells by transfection with siRNA. As predicted, the ultra-

structural evaluation of SOD2-knocked down H9C2 cells 

revealed serious damage similar to those observed in high 

glucose-induced H9C2 cells. Mitochondria were varied 

in size and shape, with disruption and loss of structural 

integrity, whereas cristae were enlarged and partially 

edematous. Notably, the beneficial effects of APS treat-

ment were largely observed in APS-treated SOD2-knocked 

down cells, characterized by integrated and well-shaped 

mitochondria containing regular cristae and intact mito-

chondrial membranes (Figure 2B).

In addition, as shown in Figure 2, 50% of control cells 

itself were in apoptosis which might mainly be due to the 

long time duration of incubation or the transfection with 

relevant scrambled siRNA.

aPS inhibited cell apoptosis in high 
glucose-induced or SOD2-knocked down 
h9c2 cells
To determine whether APS exerts a protective effect on H9C2 

cells against high glucose induction or silencing of SOD2, 

all cells were subjected to the ligation of hairpin oligonucle-

otide probes and then characterized and quantified by flow 

cytometry analysis.

As expected, the percentage of hairpin-1-positive 

cells in high glucose-induced cells was signif icantly 

higher than that in the normal control (88% in the HG 

group vs 54% the in ctrl group), whereas the increase of 

high glucose-induced apoptosis was significantly abrogated 

after APS treatment (56% in the APS-HG group), indicat-

ing the beneficial effect of APS on high glucose-induced 

apoptosis in vitro (Figure 3).

Furthermore, the percentage of hairpin-1-positive 

cells in SOD2-knocked down cells was significantly higher 

than that in the normal control (83% in the siRNASOD2 

group vs 54% in the ctrl group). However, the increase 

of hairpin-1-positive cells induced by silencing of SOD2 

was significantly abrogated after APS treatment (57% in 

the APS-siRNASOD2 group), which suggested that APS 

could prevent SOD2 knockdown-induced apoptosis in 

H9C2 cells (Figure 3).

aPS reduced rOS formation in high 
glucose-induced or SOD2-knocked down 
h9c2 cells
To evaluate the formation of ROS with high glucose induc-

tion or silencing of SOD2, superoxide production in H9C2 

cells was determined by immunohistochemistry using the 

fluorescent dye DHE.

As predicted, the DHE fluorescence levels in high glu-

cose-induced cells were increased by more than twofold in 

comparison with those in normal control cells. However, the 

increase of superoxide production induced by high glucose 

was significantly abrogated by APS treatment, indicating 

the protective effect of APS on high glucose-induced ROS 

formation in vitro (Figure 4A and B).

Moreover, the DHE fluorescence levels in SOD2-knocked 

down cells were increased by almost twofold compared 

with those in normal control cells, whereas the increase of 

superoxide production induced by silencing of SOD2 was 

significantly inhibited by APS treatment, suggesting the 

beneficial effect of APS on SOD2 knockdown-induced ROS 

formation in H9C2 cells (Figure 4A and B).

aPS prevented oxidative damage in high 
glucose-induced or SOD2-knocked down 
h9c2 cells
To detect ROS-mediated oxidative damage with high glucose 

induction or silencing of SOD2, nitrotyrosine antibodies were 

utilized to detect oxidative damage to cytoplasmic proteins, 

whereas 8-OH-dG antibodies were used to detect oxidative 

stress in the nuclei.

As predicted, the percentages of both 8-OH-dG-labeled 

cells and nitrotyrosine-labeled cells were significantly 

increased by three- to fourfold in high glucose-induced cells 

in comparison with those in normal control cells. However, 

the increase of 8-OH-dG-labeled cells and nitrotyrosine-

labeled cells induced by high glucose was significantly 

reversed by APS treatment, indicating the reductive effect of 

APS on high glucose-induced oxidative stress in cytoplasmic 

proteins and nuclei in vitro (Figure 4C and D).

Furthermore, the percentages of both 8-OH-dG-labeled 

cells and nitrotyrosine-labeled cells were increased by almost 

3.5- to 4.5-fold in SOD2-knocked down cells compared with 

those in normal control cells. However, the enhancement 

of 8-OH-dG-labeled cells and nitrotyrosine-labeled cells 

induced by silencing of SOD2 was significantly prevented 

by APS treatment, suggesting the inhibiting effect of APS on 
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SOD2 knockdown-induced oxidative stress in cytoplasmic 

proteins and nuclei in H9C2 cells (Figure 4C and D).

aPS enhanced SOD2 enzyme activities 
and protein levels in high glucose-induced 
or SOD2-knocked down h9c2 cells
As is known, SOD2 is localized only within the mitochondria 

and its only function is to dismutate superoxide anion into 

hydrogen peroxide followed by conversion into water and 

oxygen in turn through the action of catalase or glutathione 

peroxidase. However, SOD1 is distributed throughout the 

cytoplasm, and SOD3 is found in extracellular regions. 

Therefore, SOD enzyme activities and protein levels were 

analyzed to evaluate the effect of APS on SOD2 expression 

in high glucose-induced or SOD2-knocked down H9C2 cells.

As predicted, both SOD2 enzyme activities and SOD2 

protein levels were significantly reduced by 70%–50% in high 

glucose-induced cells in comparison with those in normal 

control cells. However, the decrease of SOD2 enzyme activi-

ties and protein levels induced by high glucose was signifi-

cantly inhibited by APS treatment, indicating the inhibiting 

effect of APS on high glucose-induced reduction in SOD2 

expression in vitro (Figure 5).

Furthermore, both SOD2 enzyme activities and SOD2 

protein levels were reduced by almost 85%–90% in SOD2-

knocked down cells compared with those in normal control 
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Notes: (A) Bar graph showing the percentage of hairpin-1-stained positive cells in cultured cells by flow cytometry quantification. (B) immunocytochemistry microphotographs 
showing the hairpin-1-stained positive (red) cells (×2,000 magnification). (C) Flow cytometry analysis for the quantification of hairpin-1-stained positive cells in cultured cells. 
h9c2 cells cultured in high or normal concentration of glucose were transfected with sirnaSOD2 or scrambled sirna and were further cultured in the presence of aPS 
or vehicle (n=4 per group). Hairpin oligonucleotide probes were employed for the detection of cell apoptosis. Hairpin-1-positive cells were gated and quantified by flow 
cytometry analysis. each experiment was performed in triplicate and repeated three times. Values are presented as mean ± SeM. Two-group analysis was performed using 
t-test between hg and ctrl, aPS-hg and hg, aPS-sirnaSOD2 and sirnaSOD2, and sirnaSOD2 and ctrl. *P<0.05 vs ctrl, !P<0.05 vs hg, and #P<0.05 vs sirnaSOD2, 
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Abbreviations: aPS, Astragalus polysaccharides; aPS-hg, aPS-treated high glucose-induced group; ctrl, normal control group; hg, high glucose-induced group..
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cells. However, the decrease of SOD2 enzyme activities and 

protein levels induced by the silencing of SOD2 was signifi-

cantly prevented by APS treatment, suggesting the beneficial 

effect of APS on SOD2 knockdown-induced reduction in 

SOD2 expression in H9C2 cells (Figure 5).

Meanwhile, no significant changes in SOD1 enzyme 

activities and protein levels were observed in high glucose-

induced or SOD2-knocked down H9C2 cells, compared with 

those in normal control cells (Figure 5).

Discussion
DCM is characterized by impaired systolic and diastolic 

ventricular function, leading to left ventricular dysfunction, 

which is directly associated with hyperglycemia indepen-

dent of elevated blood pressure or coronary artery disease.2 

Previously, we reported that APS therapy protected cardiac 

function and myocardial ultrastructure in diabetic mice.4,5 As 

shown in our current study, high glucose-challenged H9C2 

cardiomyocytes exhibited serious damage in mitochondrial 

ultrastructure, together with a significant increase of cell 

apoptosis. In agreement with our previous study, APS treat-

ment variably abrogated ultrastructural abnormalities of 

mitochondria and markedly reduced cell apoptosis in high 

glucose-induced H9C2 cells, which indicated the protective 

effect of APS on high glucose-challenged cardiomyocytes 

in vitro.

Emerging evidence demonstrated that hyperglycemia 

could induce intracellular ROS generation and apoptosis in 

multiple experimental models of diabetic heart dysfunction. 

The enhanced superoxide production by mitochondria and 

overactivation of oxidative stress is the central role contrib-

uting to DCM.7–9 The increase in ROS formation related to 

decreased antioxidant capacity of diabetic cardiomyocytes 

mainly results in apoptotic cell death.10 Previously, we 

reported that APS therapy reduced myocardial oxidation in 

diabetic mice in vivo.4,5 As shown in our current study, high 

glucose-induced H9C2 cells presented with highly activated 

oxidative stress, including enhanced levels of superoxide 

Figure 4 aPS inhibited rOS formation and oxidative damage induced by high glucose or silencing of SOD2.
Notes: (A) Fluorescence microphotographs showing Dhe-stained positive (green) cells (×2,000 magnification). (B) Bar graph showing the mean DHE fluorescence intensity of 
nuclei in culture cells. (C) Bar graph showing the intensity of 8-Oh-dg signals in culture cells. (D) Bar graph showing the intensity of nitrotyrosine signals in culture cells. h9c2 
cells cultured in high or normal concentration of glucose were transfected with sirnaSOD2 or scrambled sirna and were further cultured in the presence of aPS or vehicle 
(n=4 per group). Superoxide production in cultured cells was determined using the fluorescent dye DHE. The images were processed, and the mean DHE fluorescence intensity 
of nuclei was evaluated using a Bio-rad radiance 2100MP multiphoton microscope and imagePro advanced software. nitrotyrosine antibodies were employed to detect 
oxidative damage to cytoplasmic proteins, whereas 8-Oh-dg antibodies were utilized to detect oxidative stress in the nuclei. each experiment was performed in triplicate 
and repeated three times. Values are presented as mean ± SeM. Two-group analysis was performed using t-test between hg and ctrl, aPS-hg and hg, aPS-sirnaSOD2 and 
sirnaSOD2, and sirnaSOD2 and ctrl. *P<0.05 vs ctrl, !P<0.05 vs hg, and #P<0.05 vs sirnaSOD2, corresponding to all the repetitions in the study.
Abbreviations: aPS, Astragalus polysaccharides; Dhe, dihydroethidium; aPS-hg, aPS-treated high glucose-induced group; ctrl, normal control group; hg, high glucose-
induced group..
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production, oxidative damage to cytoplasmic proteins, and 

oxidative stress in the nuclei. In agreement with our previous 

findings, APS treatment significantly abrogated the oxida-

tive activation in high glucose-induced H9C2 cells, with 

reduction in superoxide production and oxidative damage 

in both cytoplasmic proteins and nuclei, which suggested 

the protective effect of APS on high glucose-challenged 

cardiomyocytes in vitro.

SOD family is a primary antioxidant system, which 

includes a cytoplasmic SOD (SOD1), a mitochondrial SOD 

(SOD2), and an extracellular SOD (SOD3).11–14 Mitochondria 

are the major intracellular sources of oxidative stress. The 

superoxide anion radicals exert their effects locally and fail 

to penetrate the mitochondrial membranes. Therefore, mito-

chondrial SOD (SOD2) is a crucial scavenger of superox-

ides.15–17 As shown in our current study, SOD2-silenced H9C2 

cells presented with destroyed mitochondrial ultrastructure, 

enhanced cellular apoptosis, and increased superoxide pro-

duction and oxidative damage in both cytoplasmic proteins 

and nuclei, comparable to those in high glucose-challenged 

H9C2 cells. In addition, high glucose-induced H9C2 cells 

exhibited reduced SOD2 enzyme activity and protein levels. 

These findings indicated that high glucose-induced oxidation 

in cardiomyocytes was partly associated with the reduction of 

SOD2 expression. Furthermore, our results showed that APS 

treatment mainly improved the ultrastructural abnormalities 

of mitochondria and cellular apoptosis in SOD2-knocked 

down H9C2 cells, together with the obvious reduction of 

superoxide production and oxidative damage in both cyto-

plasmic proteins and nuclei. These findings suggested that 

APS treatment could inhibit the overactivation of oxidative 

stress in cardiomyocytes directly, independent of its effect 

on high glucose in vitro, which might be associated with its 

induction of SOD2 expression.

Taking all these findings together, our current study 

revealed that APS treatment could protect cellular ultrastruc-

ture, prevent cell apoptosis, reduce oxidative damage, and 

increase SOD2 expression in both high glucose-induced and 

SOD2-silenced H9C2 cells. Thus, our findings suggest that 

APS could benefit high glucose-challenged cardiomyocytes 

by direct inhibition of oxidative stress, which may be partly 

associated with its impact on cardiac SOD2 activity. However, 
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Figure 5 aPS enhanced the SOD2 protein expression and activity in h9c2 cells induced by high glucose or silencing of SOD2.
Notes: (A) representative autoradiographs of Western blots. (B) Bar graphs showing the activities of SOD1 and SOD2 in cultured cells. (C) Bar graphs showing the protein 
levels of SOD1 and SOD2 in cultured cells. h9c2 cells cultured in high or normal concentration of glucose were transfected with sirnaSOD2 or scrambled sirna and then 
exposed to aPS or vehicle (n=4 per group). SOD activity was measured by the extent of reduction in the appearance of nBT-diformazan utilizing the SOD assay Kit. SOD 
protein levels were analyzed by Western blotting. each experiment was performed in triplicate and repeated three times. Values are presented as mean ± SeM. Two-group 
analysis was performed using t-test between hg and ctrl, aPS-hg and hg, aPS-sirnaSOD2 and sirnaSOD2, and sirnaSOD2 and ctrl. *P<0.05 vs ctrl, !P<0.05 vs hg, 
and #P<0.05 vs sirnaSOD2, corresponding to all the repetitions in the study.
Abbreviations: aPS, Astragalus polysaccharides; nBT, nitroblue tetrazolium; SOD, superoxide dismutase; aPS-hg, aPS-treated high glucose-induced group; ctrl, normal 
control group; hg, high glucose-induced group..
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aPS inhibit high glucose-induced oxidation in vitro

the direct relationship and mechanism of SOD2 induction by 

APS should be further investigated.

Conclusion
Our findings indicated the beneficial effect of APS on high 

glucose-challenged H9C2 cells, which was associated with 

inhibition of oxidative stress in vitro.
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