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Introduction: Diabetic cardiomyopathy is characterized by an imbalance between myocyte 

death and regeneration mediated by the progressive loss of cardiac stem and progenitor cells 

(CSPCs) by apoptosis and necrosis due to the activation of oxidative stress with diabetes. In this 

study, we evaluated the beneficial effect of astragalus polysaccharides (APS) therapy on the 

protection of CSPCs through its antioxidative capacity in diabetic hearts.

Materials and methods: Streptozotocin (STZ)-induced diabetic mice and heterozygous 

(SOD2+/−) knockout mice were employed and administered with APS. Ventricular CSPCs 

were isolated for oxidative evaluation. The abundance, apoptosis and proliferation, reactive 

oxygen species (ROS) formation, oxidative damage, and SOD2 protein levels and activities 

were evaluated in ventricular CSPCs.

Results: We confirmed that APS increased the CSPC abundance, reduced the apoptosis of 

CSPCs, and enhanced the proliferation of CSPCs in both STZ-induced diabetic mice and 

nondiabetic SOD2+/− mice. In addition, therapy of APS enhanced SOD2 protein levels and 

enzyme activities, and inhibited ROS formation and oxidative damage of CSPCs from both 

STZ-induced diabetic mice and nondiabetic SOD2+/− mice.

Conclusion: Our findings demonstrated the positive effect of APS on the rescue of CSPC 

preservation in diabetes, dependent on the inhibition of oxidative stress-mediated apoptosis.

Keywords: diabetes, cardiac stem cells, cardiac progenitor cells, oxidative stress, cardio-

myopathy, oxidation

Introduction
Accumulating evidence supports the notion that a compartment of multipotent cardiac 

stem and progenitor cells (CSPCs) are physiologically resident in the heart, leading to 

the reconstitution of cardiac tissues and the possibility of myocardial regeneration.1,2 

CSPCs could differentiate into myocytes, endothelial cells, and smooth muscle cells 

in vivo and in vitro, and play a pivotal role in the maintenance of cardiac repair and 

myocardial homeostasis.3,4 Diabetic cardiomyopathy, regarded as a “cardiac stem cell 

compartment disease”, is characterized by an imbalance between myocytes’ death and 

regeneration mediated by the progressive loss of CSPCs by apoptosis and necrosis due 

to the activation of oxidative stress with diabetes.2–7 Activation of oxidative stress and 

increased production of mitochondrial reactive oxygen species (ROS) by hypergly-

cemia is regarded as the major cause of the clinical cardiomyopathy associated with 

diabetes.8–10 Enhanced oxidative stress in diabetes would specifically impair the growth 

reserve of the heart, and can induce defects in both growth and survival of CSPCs, and 

subsequently senescence, growth limitation, and enhanced apoptotic death of CSPCs 
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in diabetes contribute to the loss of functional myocardial 

tissue, leading to the onset of diabetic cardiomyopathy and 

its progression toward heart failure. Therefore, therapies to 

directly inhibit oxidative stress-mediated apoptosis of the 

CSPCs, and lead to enhanced CSPC survival, might hold a 

great cardioprotective potential.11–13

Astragalus membranaceus (Huang Qi) is a small, bushy 

perennial plant the root of which is commonly used in traditional 

Chinese medicine as an immune stimulant, to strengthen the 

body against disease, and to increase overall vitality and 

stamina. Astragalus polysaccharides (APS) are the main 

effective immune-stimulating and immunomodulatory 

component of the plant and comprise the uniform poly-

saccharide fraction obtained after water extraction. The 

polysaccharides are a mixture of APSI, II, and III. APSI is a 

heterosaccharide composed of D-glucose, D-galactose, and 

L-arabinose in molar ratios of 1.75:1.63:1, with an average 

molecular weight of 36.3 kDa. APSII and III are composed 

of high-molecular-weight dextran that is bonded mainly 

with α-(1→4)-D-glycosidic linkages and average molecular 

weights of 12.3 and 34.6 kDa, respectively.14 Previously, our 

study showed that APS administration (at the dosage of either 

1.0 g/kg body weight per day or 2.0 g/kg body weight per 

day) strikingly reversed the systemic hyperglycemia (includ-

ing reducing levels of blood glucose and glycated hemoglo-

bin [GHb]) in streptozotocin (STZ)-induced diabetic mice 

(DM),15 db/db mice,16 and nonobese DM,17 with the protection 

of pancreatic islets.17 Moreover, APS treatment (at the dos-

age of either 1.0 g/kg body weight per day or 2.0 g/kg body 

weight per day) significantly ameliorated cardiac dysfunc-

tion, inhibited myocardiac fibrosis, and protected myocardial 

ultrastructure well in STZ-induced DM and db/db mice.15,16,18 

In addition, there was no significant difference between mice 

with different APS dosages on the effect of APS on DM.15

However, it has not been investigated whether APS 

could exert the direct influence on the protection of CSPCs 

dependent on the inhibition of oxidative stress in diabetic 

hearts. Heterozygous (SOD2+/−) knockout mice have a 50% 

reduction in SOD2 activity with increased mitochondrial 

oxidative damage leading to reduced myocardial antioxidant 

defenses, which exhibit enlarged/dilated hearts and severe 

cardiomyopathy, and, therefore, have been utilized to explore 

oxidative stress in diabetic cardiomyopathy.12,13 Therefore, 

STZ-induced heterozygous (SOD2+/−) knockout mice were 

employed and CSPCs were isolated to test the hypotheses 

whether APS may improve diabetic cardiomyopathy by 

inhibiting oxidative stress-mediated apoptosis of the CSPCs 

in diabetic hearts.

Materials and methods
animals and treatments
The study protocol was approved by the Institutional Animal 

Care and Use Committee of Shanghai Fudan University 

Medical Center, conforming to the guidelines of the National 

Research Council for the care of laboratory animals in research. 

APS was obtained from Shanghai Institute of Physiology 

Academia Sinica, China, extracted with optimized techniques 

using direct water decoration to 90% purity.14 APS included 

three subtypes: APSI, II, and III. APSI is a heterosaccharide 

composed of D-glucose, D-galactose, and L-arabinose in 

molar ratios of 1.75:1.63:1, with an average molecular weight 

of 36.3 kDa. APSII and III are composed of high-molecular-

weight dextran that is bonded mainly with α-(1→4)- 

D-glycosidic linkages and have average molecular weights 

of 12.3 and 34.6 kDa, respectively.

Four-week-old male heterozygous SOD2-deficient mice 

(SOD2+/− with the C57BL/6J background) (20–25 g) were 

purchased from Jackson Laboratories, Bar Harbor, Maine. 

Four-week-old male C57BL/6J mice (20–25 g) were obtained 

from Core Center of Animal Facility, Fudan University, 

Shanghai. Diabetes was induced at 5 weeks old by a single 

injection of STZ (intraperitoneally, 60 mg/kg body weight, 

Sigma Chemical Co., St Louis, MO, USA) to mice fasted 

overnight. Three days after STZ administration, mice with 

a blood glucose level of at least 15 mmol/L were considered 

diabetic and were included in the study. After DM induction, 

mice were administered by gavage with or without APS 

(2.0 g/kg body weight per day) for 10 weeks.

All group division and the survival were as follows: 

1) Normal control (Ctrl): C57BL/6J mice with no treatment, 

n=6. 2) DM: C57BL/6J mice with STZ injection, n=6. Eight 

mice were injected with STZ, and only six mice were consid-

ered diabetic. 3) SOD2+/−: SOD2+/− mice with no treatment, 

n=6. 4) DM-SOD2+/−: SOD2+/− mice with STZ injection, 

n=6. Eight SOD2+/− mice were injected with STZ and all 

were considered diabetic. Two mice were dead after diabetes 

induction. 5) APS-DM: C57BL/6J mice with STZ injection 

and APS treatment, n=6. Seven mice were injected with STZ. 

Six mice were considered diabetic, and were administered 

with APS. 6) APS-SOD2+/−: SOD2+/− mice with APS 

treatment, n=6. 7) APS-DM-SOD2+/−: SOD2+/− mice with 

STZ injection and APS treatment, n=6. Eight SOD2+/− were 

injected with STZ, and only seven were considered diabetic, 

and one mouse was dead after diabetes induction. The 

remaining six mice were treated with APS.

All mice were housed in Shanghai Fudan University Medi-

cal Center Animal Facility. Glucose blood levels (monitored 
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by Accucheck Roche) and body weight were measured weekly 

and glycated hemoglobin (GHb) was measured at 6 and 

16 weeks of age (Glyco-Tek Affinity Column Method and 

Helena Lab. Test Kit). At 16 weeks of age, all animals were 

anesthetized with ketamine (10 mg/100 g, by peritoneal injec-

tion), and were tested for echocardiographic measurements. 

After killing with cervical dislocation, hearts were harvested 

for ultrastructural evaluations and further experiments.

Ventricular function
Transthoracic M-mode and 2D echocardiography were 

performed with the Acuson Sequoia 256 Echocardiography 

System (Acuson, Mountain View, CA, USA), and left 

ventricle (LV) hemodynamics were evaluated subsequently.

isolation of csPcs
After killing, hearts were harvested from mice, and were 

connected to a plastic cannula through the aorta for ret-

rograde perfusion to remove the circulating blood cells, 

by using modified commercial minimal essential medium 

Eagle-Joklik (Worthington Biochemical Corp, Lakewood, 

USA). The LV was cut into small pieces and these fragments 

were incubated with collagenase (0.02% collagenase II and 

0.02% collagenase IV, Worthington Biochemical Corp), for 

the removal of cardiomyocytes. All cells were filtered through 

a 40 μm mesh. The single-cell suspension was incubated 

with the antibody against a mouse c-kit (CPC Epitope, stem 

cell factor receptor, R&D) and allophycocyanin-conjugated 

anti-lineage markers (BD Bioscience Pharmigen). The c-kit-

positive cells were collected with immunomagnetic beads 

coated with anti-mouse immunoglobulin G (IgG). The c-kit-

positive and lineage-negative cells were identified and sorted 

by flow cytometry analysis. Unstained samples were used as 

controls. As reported, CSPCs were identified by employing an 

antibody against c-kit. Lineage-negative CSPCs correspond-

ing to c-kit positive were negative for transcription factors 

(GATA-1, GATA-2), cytoplasmic and membrane proteins 

specific for cardiac cell lineage (CD34, CD45, CD45RO, 

CD8, CD20, TER-119), and also cardiac markers.19,20 The 

complete list of allophycocyanin-conjugated anti-lineage 

markers used in this study is shown in Table 1.

Table 1 antibodies for cardiac immature cells (including cardiac stem cells, cardiac progenitors, cardiac precursor cells, and 
amplifying cells)

Cell markers Function Antibody labeling

1. csPc epitope
c-kit stem cell factor receptor conjugated primary ab

2. hematopoietic Markers
Ter-119 erythroid marker conjugated primary ab
gaTa-1 Differentiation of blood cells conjugated primary ab
gaTa-2 Differentiation of blood cells conjugated primary ab
ch20 B-lymphocyte marker conjugated primary ab
cD45rO T-lymphocyte subset marker conjugated primary ab
cD8 T-lymphocyte subset marker conjugated primary ab
cD45 hsc/ec antigen conjugated primary ab
cD34 Pan-myeloid marker conjugated primary ab

3. Transcription factors of cardiac cell lineages
ets1 Differentiation of ecs conjugated primary ab
MeF2c Differentiation of cardiomyocytes conjugated primary ab
gaTa-4 Differentiation of cardiomyocytes conjugated primary ab
gaTa-5 regulator of nkx2.5 conjugated primary ab
gaTa-6 Differentiation of VsMcs conjugated primary ab

4. structural proteins of cardiac cell lineages
α-sarcomeric actin contractile protein of cardiomyocytes conjugated primary ab
Desmin Intermediate filament of muscle conjugated primary ab
connexin 43 electrical coupling Primary/secondary ab
cardiac myosin contractile protein of cardiomyocytes conjugated primary ab
n-cadherin Mechanical coupling Primary/secondary ab
TgFβ1 receptor VsMc receptor conjugated primary ab
α-sM actin contractile protein of VsMcs conjugated primary ab
flk 1 VegF2 receptor in ecs conjugated primary ab
VWF Factor Viii receptor in ecs conjugated primary ab

Abbreviations: ab, antibody; csPc, cardiac stem/progenitor cells; ecs, endothelial cells; hsc, hematopoietic stem cells; α-sM, α smooth muscle; TgFβ1, transforming 
growth factor β1; VegF2, vascular endothelial growth factor 2; VsMcs, vascular smooth muscle cells; VWF, Von Willebrand factor.
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Quantification of CSPCs
The number of CSPCs per unit area of left ventricular myo-

cardium was counted by the confocal microscopy, whereas 

the average diameter of CSPCs and the number of CSPCs 

per unit volume of myocardium were calculated using the 

Schwartz–Saltykov methodology.5,21 The total number of 

CSPCs in the LV was derived from the product of the number 

of CSPCs per unit volume in each region and the total left 

ventricular volume, respectively.

Detection of apoptosis
The cell apoptosis of ventricular CSPCs was measured using 

hairpin oligonucleotide probes. Briefly, isolated ventricular 

CSPCs were treated with protease K and incubated overnight 

with biotinylated hairpin probe with a single-base 3′overhang 

(hairpin 1, Synthetic Genetics) in the presence of T4 DNA 

ligase. Ligated oligonucleotides were detected with fluores-

cein isothiocyanate–avidin and hairpin 1 was utilized for 

detection of double-strand DNA breaks in apoptotic cells. 

CSPCs were recognized by c-kit labeling. Hairpin 1-positive 

CSPCs were identified by flow cytometry, and the number 

of apoptotic CSPCs per unit volume of myocardium were 

calculated using the Schwartz–Saltykov methodology.5,21

assessment of proliferation
The cell proliferation of ventricular CSPCs was deter-

mined by immunohistochemistry. The nuclear marker Ki67 

antibodies (BD Bioscience Pharmigen) were employed to 

identify proliferating cells. CSPCs were recognized by c-kit 

labeling. The experiments were performed using Bio-Rad 

Radiance 2100 MP multiphoton microscope and ImagePro 

analysis software. Ki67-positive CSPCs were identified by 

flow cytometry, and the number of proliferating CSPCs 

per unit volume of myocardium were calculated using the 

Schwartz–Saltykov methodology.5,21

Detection of rOs
Superoxide production in CSPCs was measured using the 

fluorescent dye 5-(6)-chloromethyl-2′,7′-dichlorodihy-

drofluorescein diacetate (CM-H
2
DCFDA, Invitrogen, Molec-

ular Probes). Briefly, cells were loaded with CM-H
2
DCFDA 

for 30 minutes. The signal generated by CM-H
2
DCFDA was 

directly proportional to intracellular H
2
O

2
 and ⋅OH concentra-

tion. Nuclei were stained by Syto17 capable of entering living 

cells and binding to the DNA. The fluorescence intensity was 

determined by two-photon microscopy, and the generation 

of fluorescence calibration curves and the evaluation of cell 

brightness were measured using InSpeck Microscopy Image 

Intensity Calibration microspheres (Molecular Probes). 

The measurements of ROS formation were performed using 

Bio-Rad Radiance 2100 MP multiphoton microscope and 

ImagePro analysis software.

assessment of oxidative damage
Oxidative damage in CSPCs was determined by immuno-

histochemistry. Nitrotyrosine (NT) antibody (from Upstate) 

was employed to detect the oxidative damage to cytoplasmic 

proteins in CSPCs. The 8-OH-deoxyguanosine (8-OH-dG) 

mouse monoclonal antibody (from QED Bioscience) was 

utilized to determine the oxidative stress in the nuclei in 

CSPCs. The intensity of 8-OH-dG signals was normalized for 

the propidium iodide fluorescence to correct for differences 

in the nuclear fraction included in the region. The measure-

ment was performed using Bio-Rad Radiance 2100 MP 

multiphoton microscope and ImagePro analysis software.

sOD enzyme activity assay
Protein concentrations were measured by BCA protein kit 

(Bio-RAD, Hercules, CA, USA). SOD activities in CSPCs 

were determined by the Superoxide Dismutase Assay Kit 

(Trevigen, Gaithersburg, MD, USA), and followed the 

manufacturer’s instructions. The reaction involved xanthine 

and xanthine oxidase converting nitroblue tetrazolium (NBT) 

to NBT-diformazan, generating superoxide radicals, and 

then SOD formed H
2
O

2
 from superoxide radicals. Total 

SOD activity was determined by the extent of reduction in 

the appearance of NBT-diformazan. Activity was evaluated 

using 50–500 μg of total cellular protein with 5 mM sodium 

cyanide (NaCN) to inhibit SOD1 activity. Total SOD activity 

(reactions not containing NaCN) and SOD2 activity (reac-

tions containing 5 mM NaCN) in U/mg protein were finally 

calculated in each experimental sample. SOD1 activity was 

measured by subtracting the SOD2 activity from the total 

SOD activity.

sOD protein levels
Protein content of CSPCs from LV was analyzed using 

Western blots (n=6 samples per group). Briefly, cells were 

washed with PBS, and then suspended in 100 μL of the lysis 

buffer (150 mM NaCl, 20 mM Tris–HCl, 1% Triton X-100, 

1 mM EDTA, protease inhibitor cocktail, 10 mM NaF, and 

2 mM Na
3
VO

4
, pH 7.5). The amount of proteins was valued 

by the Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA), 

and then loaded in each lane with equal amount. Separated by 

12% sodium dodecyl sulfate-polyacrylamide gel electropho-

resis, the proteins were transferred electrically to a polyvi-

nylidene difluoride membrane. After blocking the membrane 

with 5% skim milk, all proteins were immunodetected using 
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the rabbit anti-mouse different targeted antibodies. Primary 

antibodies against SOD1 and SOD2 were purchased from 

Upstate (USA). Glyceraldehyde 3-phosphate dehydro-

genase was detected as loading control. The horseradish 

peroxidase-conjugated anti-rabbit IgG was applied as the 

secondary antibody. All protein bands corresponding to 

targeted antibodies were scanned for quantification of protein 

expression levels. The densities of the bands in all samples 

were normalized to the densities of the corresponding bands 

in the C57BL/6J normal control.

statistical analysis
Results are expressed as means ± SEM from seven repli-

cates. Data were analyzed by one-way analysis of variance 

and post hoc tests with GraphPad Prism 5 (GraphPad, San 

Diego, CA, USA). A P-value ,0.05 was considered statisti-

cally significant.

Results
Prevention of hyperglycemia by aPs 
treatment in diabetes
APS treatment significantly prevented the elevated blood 

glucose and GHb levels in C57BJ/6J and SOD2+/− mice 

treated with STZ. In addition to hyperglycemia, the DM lost 

weight compared to healthy C57BJ/6J control mice (Table 2). 

Similarly, the weight loss in diabetic C57BJ/6J and SOD2+/− 

mice was significantly modified by APS treatment (Table 2). 

Notably, the oxidative stress by partial SOD2 depletion had 

no influence on blood glucose and GHb levels, indicating that 

oxidative stress by partial SOD2 depletion alone might not 

induce hyperglycemia in the absence of STZ treatment.

Protection of cardiac function by aPs 
in diabetic hearts
Consistent with our previous study, our findings also showed 

that the hemodynamic disorder in both the diabetic and the 

SOD2+/− mice were significantly modified by the APS 

treatment21 (Figure 1; Table 3).

rescue of resident csPcs by aPs 
in diabetic hearts
As shown in our study, lineage-negative c-kit-positive CSPCs 

were reduced by 80%, 75%, and 85% in DM, SOD2+/− 

mice, and diabetic SOD2+/− mice, respectively, compared 

with that in C57BJ/6J control mice (Figure 2). These data 

indicated that diabetes reduced the abundance of CSPCs, 

whereas the same reduction of CSPCs was also induced 

by oxidative stress in hearts with partial SOD2 depletion 

(Figure 2). However, after APS treatment, there was a nearly 

4.1-fold increase shown in CSPCs in DM, 3.8-fold increase 

in CSPCs in SOD2+/− mice, and 5.5-fold increase in CSPCs 

in diabetic SOD2+/− mice, respectively (Figure 2). Thus, 

the reduction of CSPCs by diabetes and/or oxidative stress 

with partial SOD2 depletion could significantly be reversed 

by APS treatment in mice. These results suggested that APS 

treatment might interfere with the impact of diabetes and/or 

oxidative stress by partial SOD2 depletion on CSPCs, and 

rescued CSPCs to expand and generate new myocytes, pre-

serving cardiac homeostasis.

effects of aPs on csPc apoptosis 
and proliferation in diabetic hearts
To determine the ongoing apoptotic cell death, left ven-

tricular myocardium was subjected to the ligation of hairpin 

oligonucleotide probes in situ. Our data showed that CSPC 

apoptosis in the LV was almost 10-, 9-, and 10.5-fold in DM, 

SOD2+/− mice, and diabetic SOD2+/− mice, respectively, 

in comparison with C57BJ/6J control mice. However, the 

increase in the CSPC apoptosis in DM, SOD2+/− mice, 

and diabetic SOD2+/− mice was significantly reversed by 

APS treatment (Figure 3). Our results indicated that CSPCs 

appeared to be protected by the effects of APS from either 

diabetes and/or oxidative stress by partial SOD2 depletion.

Table 2 aPs inhibited hyperglycemia and weight loss in diabetes

Ctrl DM APS-DM SOD2+/− APS-SOD2+/− DM-SOD2+/− APS-DM-SOD2+/−

Body weight, 8 weeks (g) 28.1±0.74 27.1±0.82 28.4±0.64 27.8±0.98 28.6±0.88 26.9±1.5 28.5±0.98
Fasting blood glucose, 8 weeks (mmol/l) 5.6±0.1 17.5±0.4a 5.8±0.2b 5.4±0.1 5.8±0.2 18±0.4a 6±0.2c

Body weight, 20 weeks (g) 33.8±0.68 23.2±0.84a 33.1±0.52b 34.6±0.86 35.2±0.42 22.4±0.9a 34.8±0.24c

Blood glucose (nonfasting), 20 weeks 
(mmol/l)

6.2±0.3 24.7±0.72a 6.4±0.1b 6.1±0.2 6.2±0.2 25.8±0.82a 6.5±0.1c

glycated hemoglobin, 20 weeks (% standard) 4.8±0.3 9.8±0.7a 4.7±0.3b 4.7±0.2 4.6±0.1 9.6±0.6a 4.9±0.2c

Notes: c57BJ/6J and sOD2+/− mice were treated with streptozotocin injection at 6 weeks to induce diabetes. aPs was administered continuously for the following 
12 weeks. c57BJ/6J mice were taken as the control. Mice were weighed, and blood glucose and glycated hemoglobin were tested at 8 and 20 weeks. Values are mean ± seM. 
aP,0.05 vs c57BJ/6J control mice (n=8 per group), bP,0.05 vs diabetic mice, cP,0.05 vs diabetic sOD2+/− mice.
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; ctrl, control 
c57BJ/6J mice; DM-sOD2+/−, diabetic sOD2+/− mice; DM, diabetic mice.
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Subsequently, Ki67 antibodies were employed in the LV 

to identify cycling cells. As showed in our study, the per-

centage of Ki67-labeled CSPCs in LV with diabetes and/or 

partial SOD2 depletion was decreased by 50% compared 

with that in C57BJ/6J control hearts, whereas the decrease 

in CSPC proliferation in hearts with diabetes and/or partial 

SOD2 depletion was significantly inhibited by APS treat-

ment (Figure 4). These results raised the possibility that 

APS treatment positively affected the CSPC division and 

enhanced CSPC proliferation in hearts with diabetes and/or 

partial SOD2 depletion.

reduction in rOs formation by aPs 
in csPcs in diabetic hearts
The intracellular levels of hydrogen peroxide (H

2
O

2
) and 

hydroxyl radicals (⋅OH) were measured to evaluate the 

ROS formation in CSPCs, which were loaded with CM-

H
2
DCFDA. Compared with that in C57BJ/6J control hearts, 

the generation of H
2
O

2
 and ⋅OH nearly doubled in CSPCs 

from hearts with diabetes and/or with partial SOD2 deple-

tion, whereas after APS treatment, ROS formation did not 

increase significantly in CSPCs from hearts with diabetes 

and/or with partial SOD2 depletion (Figure 5). Thus, these 

data indicated that the ROS formation in CSPCs enhanced 

by diabetes and partial SOD2 depletion could be mainly 

attenuated by APS treatment.

impact of aPs on oxidative stress 
in csPcs in diabetic hearts
To explore ROS-mediated cytoplasmic and DNA damage, 

NT and 8-OH-deoxyguanosine were employed, respectively, 

in CSPCs (Figure 5). Our data showed that the percentage 

of both NT-labeled CSPCs and 8-OH-dG-labeled CSPCs 

was increased by three- to fourfold in hearts with diabetes 

and/or with partial SOD2 depletion, compared with that 

in C57BJ/6J control hearts, whereas the increase was sig-

nificantly reversed by APS treatment in hearts with diabetes 

and/or with partial SOD2 depletion (Figure 5). These results 

pointed to the reduction in oxidative stress in CSPCs by APS 

treatment in hearts with partial SOD2 depletion in the absence 

or presence of diabetes.

effect of aPs on sOD2 enzyme activity 
and protein level in csPcs in diabetic 
hearts and sOD2+/− hearts
As reported, SOD1 is distributed throughout the cytoplasm 

and SOD3 is found in extracellular regions, whereas SOD2 

is known to be localized only within the mitochondria.12,13 

Moreover, SOD2 has only one function, which is to dis-

mutate superoxide anion into hydrogen peroxide, which in 

turn is converted into water and oxygen through the action 

of catalase or glutathion peroxidase.8 Notably, superoxide 

anion is the precursor of ROS and a potent initiator of an 

ROS cascade process.10

Ctrl

DM

APS-DM

SOD2+/–

APS-SOD2+/–

DM-SOD2+/–

APS-DM-SOD2+/–

Figure 1 aPs protect cardiac function in diabetes.
Note: representative echocardiography images of hearts from diabetic or nondi-
abetic sOD2+/− mice with or without aPs treatment (n=6 per group).
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs 
treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; ctrl, 
c57BJ/6J mice were taken as the normal control; DM, diabetic mice; DM-sOD2+/−, 
diabetic sOD2+/− mice; sOD2+/−, nondiabetic sOD2+/− mice.
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In our present study, we found that diabetes reduced 

SOD2 but not SOD1 enzyme activities and protein levels 

in CSPCs, to the extent of the inhibition of SOD2 enzyme 

activities and protein levels in CSPCs from hearts by partial 

SOD2 depletion alone, suggesting that diabetes had nega-

tive effect on SOD2 enzyme activities and protein levels in 

CSPCs (Figure 6). After APS administration, SOD2 enzyme 

activities and protein levels in CSPCs from either diabetic or 

Table 3 aPs protected heart function in diabetes

Ctrl DM APS-DM SOD2+/− APS-SOD2+/− DM-SOD2+/− APS-DM-SOD2+/−

lV systolic pressure (mmhg) 96.1±2.1 80.5±3.0a 95.2±2.2b 81.6±2.3a 96.6±1.8c 80.5±3.6a 94.8±1.2d

lV fractional shortening (%) 58±2.8 34±1.4a 54±2.4b 32±1.3a 53±2.3c 30±1.0a 50±2.0d

lV end-diastolic pressure (mmhg) 7.4±1.2 11.6±3.2a 7.6±1.6b 11.1±2.4a 7.0±1.0c 12.0±1.8a 7.2±0.9d

lV dP/dt-max (mmhg/s) 8,142±477 5,010±602a 8,158±352b 5,125±424a 8,124±245c 5,000±612a 8,010±312d

lV dP/dt-min (mmhg/s) 6,640±573 4,242±325a 6,502±477b 4,412±288a 6,260±498c 4,018±250a 6,312±388d

Notes: lV hemodynamics were evaluated in all mice at 16 weeks. Values are mean ± seM. aP,0.05 vs c57BJ/6J control mice (n=6 per group), bP,0.05 vs diabetic mice, 
cP,0.05 vs sOD2+/− mice and dP,0.05 vs diabetic sOD2+/− mice.
Abbreviations: aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; ctrl, control c57BJ/6J mice; DM, diabetic mice; 
DM-sOD2+/−, diabetic sOD2+/− mice; lV, left ventricle.

Figure 2 aPs increased the abundance of csPcs in diabetes.
Notes: left ventricle was obtained from all mice after killing (n=6 per group). csPcs were recognized by staining for the cell surface marker c-kit, and the c-kit-positive 
and lineage-negative cells were characterized and sorted by flow cytometry. (A) The number of CSPCs in left ventricle. Ventricular CSPCs were quantified utilizing the 
schwartz–saltykov methodology. Values are mean ± seM. !P,0.05 vs diabetic mice, #P,0.05 vs sOD2+/− mice, =|P,0.05 vs diabetic sOD2+/− mice, and *P,0.05 vs c57BJ/6J 
control mice. (B) Flow cytometry analysis for the identification of CSPCs. C-kit-positive and lineage-negative cells were gated from total population extracted from the left 
ventricle and the percentage of csPc population was analyzed. (C) confocal microscopy images showing c-kit-positive (blue) and lineage-negative csPcs by ihc staining for 
the sections of left ventricle. (D) confocal microscopy images showing c-kit-positive (blue) and lineage-negative csPcs by ihc staining for the isolated ventricular csPcs 
(original magnification: ×8 million).
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; ctrl, c57BJ/6J 
mice were taken as the normal control; DM, diabetic mice; DM-sOD2+/−, diabetic sOD2+/− mice; ihc, immunohistochemistry; sOD2+/−, nondiabetic sOD2+/− mice.
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SOD2+/− hearts were significantly elevated to the extent of 

the levels in CSPCs from the healthy controls. In addition, 

APS treatment markedly reversed the reduction of SOD2 

enzyme activities and protein levels in CSPCs in diabetic 

SOD2+/− mice, compared with those in C57BJ/6J control 

mice (Figure 6). Thus, our findings indicated that APS treat-

ment might have beneficial effects on the SOD2 enzyme 

activities and protein levels in CSPCs, which were mainly 

adversely affected by diabetes.

Discussion
Growing evidence supports that the heart possesses a com-

partment of multipotent stem and progenitor cells (CSPCs), 

which could differentiate into mature cardiomyocytes and 

play a pivotal role in the maintenance of cardiac repair and 

heart homeostasis.2,3 The c-kitPOS CSPC pool was the first 

identified CSPC in rat and human hearts, and is now still the 

most extensively characterized. Resident adult c-kitPOS CSPCs 

are self-renewing, clonogenic, and multipotent, whereas the 

cardiac precursor cells express transcription factors for early 

myocyte lineage and then lose the c-kitPOS turning into ampli-

fying cells, which subsequently differentiate into mature 

cardiomyocytes.22,23 Emerging documents demonstrate that 

the CSPC compartment disease plays an important role in 

the pathophysiology of diabetic cardiomyopathy.2,3 The heart 

continuously renews itself through the activation of the cell 

death pathway and inhibition of cell replication, whereas 

an imbalance between myocyte death and regeneration 

could result from diabetes and may be mediated by defects 

in growth and survival of CSPCs. Diabetes alters cardiac 

homeostasis by producing premature aging, loss of replica-

tive growth, and death of CSPCs, resulting in an excessive 

number of old, dying, and poorly contracting cardiomyocytes 

and heart failure.3–5 As diabetes specifically impairs the 

10 µm 10 µm 10 µm 10 µm 10 µm 10 µm 10 µm

C

68% 24%

7.1%1.68%

94% 5.4%

0.18%0.46%

69% 23%

6.6%1.58%

94% 5.5%

0.22%0.46%

94% 5.4%

0.17%0.42%

73% 19%

5.1%1.7%

74% 20%

4.93%1.46%

Ctrl DM APS-DM SOD2+/– APS-SOD2+/– DM-SOD2+/–
APS-DM-
SOD2+/–B

Hairpin-1 stained

C
-k

it

0
Ctrl DM

APS-D
M

SOD2+
/–

APS-S
OD2+

/–

DM-S
OD2+

/–

APS-D
M-S

OD2+
/–

10,000

20,000

30,000
*

*

#

*
40,000

A
Left ventricle CSPCs

apoptosis

C
SP

C
s/

10
6

! ǂ

Figure 3 aPs inhibited the apoptosis of csPcs in diabetes.
Notes: left ventricle was obtained from all mice after killing (n=6 per group). CSPCs were characterized and sorted by flow cytometry. Hairpin oligonucleotide probes were 
employed for the detection of cell apoptosis. (A) CSPC apoptosis in left ventricle detected by hairpin 1; Apoptotic CSPCs were quantified utilizing the Schwartz–Saltykov 
methodology. Values are mean ± seM. !P,0.05 vs diabetic mice, #P,0.05 vs sOD2+/− mice, =|P,0.05 vs diabetic sOD2+/− mice, and *P,0.05 vs c57BJ/6J control mice. 
(B) Flow cytometry analysis for the identification of CSPC apoptosis. Hairpin-1-positive cells were gated from total CSPC population extracted from the left ventricle and 
the percentage of apoptotic csPc population was analyzed. (C) confocal microscopy images showing hairpin 1-positive (red) csPcs in left ventricle. csPcs were recognized 
by c-kit labeling (blue) (original magnification: ×10 million).
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; csPcs, 
cardiac stem and progenitor cells; ctrl, c57BJ/6J mice were taken as the normal control; DM, diabetic mice; DM-sOD2+/−, diabetic sOD2+/− mice; sOD2+/−, nondiabetic 
sOD2+/− mice.
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growth reserve of the heart, the enhanced myocyte death 

cannot be counteracted by the regeneration of cardiomyocytes 

from CSPCs. The reduction in cell turnover favors cellular 

senescence and death, and alters cardiac homeostasis, which 

may finally result in loss of contractile tissue, myocardial 

hypertrophy, and cardiac fibrosis.6,7,21 Our present study dem-

onstrated that diabetes led to a dramatic loss of CSPCs, and 

apoptosis/necrosis in CSPCs and myocytes, and a decrease of 

proliferation in CSPCs and myocytes, which together resulted 

in the development of a cardiac myopathy, characterized by 

cardiac ultrastructural abnormalities and impaired ventricular 

function. Thus, diabetic cardiomyopathy may be regarded 

as a stem-cell cardiomyopathy, in which abnormalities in 

CSPCs define the life and death of the heart.

Accumulating evidence supports that increased produc-

tion of mitochondrial ROS is recognized as one of the major 

causes of diabetic cardiomyopathy.7–10 ROS modulate CSPC 

growth and survival: high levels of oxidative stress trigger 

cellular damage pathways and are critically involved in 

CSPC loss. Diabetes-associated cellular senescence and 

augmented ROS generation may result in a shift in the 

pattern of cell death from apoptosis to necrosis, promoting 

fibroblast activation and myocardial dysfunction. Recent 

studies demonstrate that metabolic impairment, generation of 

ROS, and enhanced intracellular oxidative stress may finally 

lead to CSPC dysfunction and death in diabetic hearts.21–23 

Oxidative stress is enhanced with diabetes and may induce 

defects in both growth and survival of CSPCs. The resulting 

imbalance between cell death and cell replacement favors 

the onset of diabetic cardiomyopathy and its progression 

toward heart failure.23–26 Our present study demonstrated 

that the ROS formation in CSPCs and myocytes markedly 
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Figure 4 aPs enhanced the proliferation of csPcs in diabetes.
Notes: left ventricle was obtained from all mice after killing (n=6 per group). CSPCs were characterized and sorted by flow cytometry. The expression of Ki67 was determined 
for the cell proliferation. (A) CSPC proliferation in left ventricle detected by Ki67. Proliferating CSPCs were quantified utilizing the Schwartz–Saltykov methodology. Values 
are mean ± seM. !P,0.05 vs diabetic mice, #P,0.05 vs sOD2+/− mice, =|P,0.05 vs diabetic sOD2+/− mice, and *P,0.05 vs c57BJ/6J control mice. (B) Flow cytometry analysis 
for the identification of CSPC proliferation. Ki67-positive cells were gated from total CSPC population extracted from the left ventricle and the percentage of proliferating 
csPc population was analyzed. (C) Confocal microscopy images showing Ki67-positive (red) CSPCs in ventricle. CSPCs were recognized by c-kit labeling (blue) (original 
magnification: ×8 million).
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; csPcs, 
cardiac stem and progenitor cells; ctrl, c57BJ/6J mice were taken as the normal control; DM, diabetic mice; DM-sOD2+/−, diabetic sOD2+/− mice; sOD2+/−, nondiabetic 
sOD2+/− mice.
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Figure 5 aPs inhibited rOs formation and oxidative damage of csPcs in diabetes.
Notes: left ventricle was obtained from all mice after killing (n=6 per group). The c-kit-positive and lineage-negative cells were characterized and sorted by flow cytometry. 
cM-h2DcFDa was employed to measure the rOs formation, and the intracellular h2O2 and ⋅Oh concentrations were analyzed utilizing inspeak Microscopy image intensity 
calibration microspheres and imagePro analysis software. nitrotyrosine and 8-Oh-dg antibodies were employed to detect oxidative damage to cytoplasmic proteins and 
oxidative stress in the nuclei, respectively. (A) rOs formation in csPcs in left ventricle. (B) Oxidative stress in the nuclei in csPcs of left ventricle. (C) Oxidative damage 
to cytoplasmic proteins in csPcs of left ventricle. Values are mean ± seM. !P,0.05 vs diabetic mice, #P,0.05 vs sOD2+/− mice, =|P,0.05 vs diabetic sOD2+/− mice, and 
*P,0.05 vs c57BJ/6J control mice.
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; cM-h2DcFDa, 
5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate; CSPCs, cardiac stem and progenitor cells; Ctrl, C57BJ/6J mice were taken as the normal control; DM, diabetic 
mice; DM-sOD2+/−, diabetic sOD2+/− mice; h2O2, hydrogen peroxide; ⋅Oh, hydroxyl radicals; rOs, reactive oxygen species; sOD2+/−, nondiabetic sOD2+/− mice.

enhanced in DM, together with an induction of oxidative 

damage to cytoplasmic proteins and oxidative stress in the 

nuclei in CSPCs and myocytes from diabetic hearts. Hence, 

therapies that can directly inhibit oxidative stress-mediated 

apoptosis of the CSPCs, leading to enhanced CSPC survival, 

hold a great cardioprotective potential.

Our current study has demonstrated that APS therapy might 

have a positive effect on oxidative stress-mediated CSPC 

damage in diabetic hearts. First, APS administration resulted 

in an increased abundance of CSPCs, the decreased apoptosis 

of CSPCs, and enhanced proliferation of CSPCs in diabetic 

hearts, leading to a marked recovery of ventricular function, 

indicating that the reduction of the CSPC pool by diabetes 

could be remarkably prevented by APS treatment, and APS 

may result in an efficient regeneration of myocytes and protect-

ing the integrity of myocardium by differentiation of CSPCs in 
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diabetic hearts, preserving cardiac homeostasis. Secondly, APS 

treatment was shown to decrease NT and 8-OH-dG in CSPCs 

from STZ-induced diabetic hearts, which indicated that APS 

administration could inhibit the oxidative damage to cytoplas-

mic proteins and oxidative stress in the nuclei in CSPCs from 

diabetic myocardium. Thirdly, APS treatment could mainly 

reduce ROS formation and the intracellular H
2
O

2
 and ⋅OH 

concentrations of CSPCs from diabetic hearts, suggesting that 

APS administration could definitely prevent diabetes-induced 

ROS formation in CSPCs. Moreover, APS therapy could 

valuably enhance the SOD2 enzyme activities and protein 

levels in CSPCs from STZ-induced diabetic hearts, showing 

the positive effect of APS on the SOD2 enzyme expression in 

CSPCs in diabetes. In addition, in nondiabetic SOD2+/− mice, 

APS treatment could enhance the abundance of CSPCs from 

the LV, preserve CSPCs with reduced apoptosis and enhanced 

proliferation, together with the significant improvement of ven-

tricular function, suggesting that APS therapy could directly 

inhibit oxidative damage to protect CSPCs in diabetic hearts, 

independent of its effect on hyperglycemia. Finally, in both 

nondiabetic SOD2+/− mice and diabetic SOD2+/− mice, APS 

treatment could enhance the abundance of CSPCs from the 

LV, preserve CSPCs with reduced apoptosis and enhanced 

proliferation, reduce the oxidative damage and ROS forma-

tion in CSPCs, and elevate the SOD2 enzyme activity and 

protein level in CSPCs, demonstrating the beneficial effect of 

APS therapy on protection of the CSPCs through the direct 

inhibition of oxidative stress in diabetic cardiomyopathy, 

independent of its effect on hyperglycemia.

In conclusion, our findings in the current study demon-

strated the positive effect of APS on the rescue of CSPC 

compartment and the preservation of cardiac homeostasis 

in diabetes, dependent on its inhibition of oxidative stress 

in CSPCs. Hence, therapies of APS that can directly inhibit 

oxidative stress-mediated apoptosis of CSPCs in diabetes 

hold great cardioprotective potential.

Figure 6 aPs enhanced sOD2 enzyme activities and protein levels of csPcs in diabetes.
Notes: left ventricle was obtained from all mice after killing (n=6 per group). The c-kit-positive and lineage-negative cells were characterized and sorted by flow cytometry. 
SOD activity was measured by the extent of reduction in the appearance of nitroblue tetrazolium-diformazan utilizing the Superoxide Dismutase Assay Kit. Total SOD 
and sOD2 activities in U/mg protein were calculated, and sOD1 activity was determined by subtracting the sOD2 activity from the total sOD activity. sOD protein levels 
were analyzed by Western blotting. Membranes were stripped and reprobed for glyceraldehyde 3-phosphate dehydrogenase as a loading control. Protein content was 
measured and normalized as a ratio relative to the normal control. (A) sOD1 and sOD2 enzyme activities in csPcs. (B) Protein levels of sOD1 and sOD2 in csPcs. 
(C) representative autoradiographs of Western blots. Values are mean ± seM. !P,0.05 vs diabetic mice, #P,0.05 vs sOD2+/− mice, =|P,0.05 vs diabetic sOD2+/− mice, and 
*P,0.05 vs c57BJ/6J control mice.
Abbreviations: aPs, astragalus polysaccharides; aPs-DM, diabetic mice with aPs treatment; aPs-DM-sOD2+/−, diabetic sOD2+/− mice with aPs treatment; csPcs, 
cardiac stem and progenitor cells; ctrl, c57BJ/6J mice were taken as the normal control; DM, diabetic mice; DM-sOD2+/−, diabetic sOD2+/− mice; sOD2+/−, nondiabetic 
sOD2+/− mice.
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