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Abstract. Nephrotic syndrome (NS) is the most common kidney 
disease in clinical practice and may lead to end‑stage renal 
failure. Astragalosides (AST) have been clinically tested for the 
treatment of NS, but their mechanism of action has remained to 
be elucidated. The aim of the present study was to investigate 
the effect of AST on the structure and function of podocytes 
with adriamycin (ADR)‑induced damage and to elucidate the 
underlying molecular mechanisms. The mouse podocyte clone 
5 (MPC5) immortalized mouse podocyte cell line was treated 
with 0.5 µmol/l ADR to establish a podocyte injury model. The 
MPC5 podocytes were divided into a control group, a podo-
cyte injury group and a low‑, medium‑ and high‑concentration 
AST treatment group. The results indicated that the survival 
rate of the podocyte injury group was significantly decreased 
compared with that in the control group and each AST‑treated 
group had an increased survival rate compared with that in 
the podocyte injury group. Furthermore, each dose of AST 
significantly inhibited the ADR‑associated increases the levels 
of lactate dehydrogenase and malondialdehyde and the decrease 
in the activity of superoxide dismutase in MPC5 podocytes. In 
addition, AST improved the migration ability of MPC5 podo-
cytes and suppressed the cytoskeletal rearrangement associated 
with ADR‑induced damage. Furthermore, matrix metallopro-
teinase (MMP)‑2 and ‑9 were decreased in the podocyte injury 
group, which was inhibited by different concentrations of 
AST. Thus, AST was able to maintain the balance of oxidative 

stress in podocytes cultured with ADR and protect them from 
ADR‑induced injury. The mechanism may be associated with 
the upregulation of MMPs.

Introduction

Nephrotic syndrome (NS) is one of the most common kidney 
diseases in children and adults. Its pathology includes protein-
uria, with consequent hypoalbuminemia and generalized 
edema. Proteinuria is considered to be caused by impaired 
glomerular function. Podocytes (foot processes) represent an 
important structure of the glomerular filtration membrane. 
Podocyte injury is considered to be one of the most critical 
factors in the development of proteinuria caused by glomerular 
filtration barrier dysfunction and continuous injury may cause 
severe apoptosis, leading to proteinuria, glomerulosclerosis and 
renal impairment; the major reason is that podocytes are highly 
differentiated cells with specific structural and biological func-
tions, which are not renewable after sustained injury (1,2). 
To date, a large number of studies have indicated that podo-
cyte injury, loss and dysfunction have an important role in 
pathologies including focal segmental glomerulosclerosis and 
membranous nephropathy (3‑5). Immunosuppressants (e.g., 
steroids or cyclosporine A) have been used based on anecdotal 
evidence to treat NS  (6). Unless a contraindication exists, 
glucocorticoids (GC) continue to be the first‑line therapy (7). 
However, chronic exposure to GC results in significant toxicity, 
including obesity, growth retardation, hypertension, poor bone 
health and cosmetic effects, particularly for children. Therefore, 
novel therapeutic strategies for NS are required.

Chinese medicinal herbs are considered to be a promising 
source of potential treatments, as the large variety of species 
contains pharmaceutically active components with broad 
medicinal applications. Radix Astragali (Huangqi), the root of 
Astragalus membranaceus Bunge, is widely used in Traditional 
Chinese Medicine due to its anti‑inflammatory, anti‑oxidative, 
immunoregulatory and neuroprotective activities (8,9), and is 
also commonly used in the treatment of NS (10‑12). The prin-
cipal bioactive components extracted from Radix Astragali 
are known as astragalosides (AST). The results of a previous 
study suggested that intravenous infusion of AST was safe and 
well tolerated in healthy Chinese volunteers, and the adverse 
events, including raised total bilirubin and rash, were mild 
and spontaneously resolved (13). A study by Wang et al (14) 
confirmed that AST improved the expression of the glomerular 
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podocyte‑associated proteins nephrin and podocin in rats with 
adriamycin (ADR)‑induced nephropathy. However, the effects 
of AST on podocytes, their signaling transduction pathways 
and the internal regulatory mechanisms require further study. 
ADR‑induced NS is a classical NS model, which was first 
reported by Bertani et al (15). ADR induces thinning of the 
glomerular endothelium and podocyte effacement associated 
with the loss of the size‑ and charge‑specific barrier for the 
filtration of plasma proteins. Therefore, the present study used 
this ADM‑induced podocyte injury model, which was treated 
with different doses of AST and oxidative stress, proliferation 
and migration were assessed to explore its effect on injured 
podocytes, as well as the underlying mechanisms.

Materials and methods

Instruments and materials. AST was purchased from Shanghai 
Jingdu Biotechnology Co., Ltd. (Shanghai, China). The mouse 
podocyte clone 5 (MPC5) cell line was obtained from Tong 
Pai Bio‑tech Co., Ltd. (Shanghai, China). ADR was purchased 
from Wuhan Xinwei Ye Chemical Co., Ltd. (Wuhan, China). 
Hoechst 33342 staining solution and fluorescein isothiocyanate 
(FITC)‑labeled phalloidin was obtained from Sigma‑Aldrich 
(Merck KGaA, Darmstadt, Germany). The reagent kits for lactate 
dehydrogenase (LDH; cat. no. A020‑1), malondialdehyde (MDA; 
cat. no. A003‑4) and superoxide dismutase (SOD; cat. no. A001‑1‑1) 
were supplied by Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China). The ELISA kits for matrix metalloproteinase 
(MMP)‑2 (cat. no. ml002275889) and MMP‑9 (cat. no. ml037717 
were purchased from Shanghai Enzyme‑linked Biotechnology 
Co., Ltd. (Shanghai, China). In addition, a SpectraMAX 190 
microplate reader (Molecular Devices, Sunnyvale, CA, USA), a 
Transwell chamber (Corning Inc., Corning, NY, USA; pore size, 
8 µm), an inverted microscope (Axio Observer A; Zeiss Inc., 
Wetzlar, Germany) and a laser‑scanning confocal microscope 
(Olympus FluoView™ 1000; Olympus Corp., Tokyo, Japan) were 
used in the present study.

Cell culture and treatment. The MPC5 mouse podocytes 
(Tong Pai Bio‑tech Co., Ltd, Shanghai, China) were recov-
ered from freezing and maintained in RPMI 1640 medium 
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
containing 10% heat‑inactivated fetal calf serum (HyClone; 
GE Healthcare, Little Chalfont, UK). The MPC5 cells were 
cultured and expanded by growth in a medium containing 
10 U/ml interferon‑γ (Peprotech, Rocky Hill, NJ, USA) at 37˚C 
with 100% relative humidity and 5% CO2, When cells reached 
70% confluence, they were subcultured and treated in groups.

Grouping. MPC5 podocytes were divided into a control 
group (complete medium), podocyte injury group (0.5 µmol/l 
ADR), low‑concentration AST treatment group (ASTL group; 
0.5 µmol/l ADR + 50 µg/ml AST), medium‑concentration AST 
treatment group (ASTM group; 0.5 µmol/l ADR + 100 µg/ml 
AST) and high‑concentration AST treatment group (ASTH 
group; 0.5 µmol/l ADR + 200 µg/ml AST). Each cell group 
was incubated at 37˚C for 24 h, digested with pancreatin 
(0.25%; Lanzhou Lihe Biotechnology Co., Ltd., Lanzhou, 
China) for subculture (at 37˚C for 24 h) and used for further 
experimentation.

Cell proliferation assay. The differentiated and mature podo-
cytes were seeded into 96‑well plates at a density of 2.0x103 
per well. After full adherence, cells were treated as aforemen-
tioned and each experimental condition was performed in six 
wells. After 24 h of incubation, MTT reagent (5 mg/ml, 20 µl) 
was added and the cells were incubated for another 4 h. After 
the supernatant was discarded, 150 µl dimethyl sulfoxide 
(DMSO) was added to each well, followed by agitation for 
15 min. The optical density of every well at 570 nm (OD570) 
was read with an ELISA plate reader and the survival rate 
was calculated according to the following formula: Survival 
rate=OD570treatment group/OD570control group x100%. The experi-
ment was repeated three times.

Detection of hypoxic damage and oxidative stress indices. 
After the above mentioned treatments, cells were washed three 
times with PBS, followed by radioimmunoprecipitation assay 
buffer with repeated freezing and thawing. Subsequently, the 
lysates were analysed with the LDH, MDA and SOD kits 
following the manufacturer's instructions, and the OD was 
measured at 490, 532 and 550 nm, respectively, to calculate 
the production or activity of LDH, MDA and SOD.

Observation of the cytoskeleton. Cells in each group were 
fixed with 4% paraformaldehyde at room temperature for 
10 min, washed once with PBS, treated with 0.1% Triton X‑100 
for 10 min and blocked with 5% bovine serum albumin (cat. 
no. A8010‑10g; Beijing Solarbio Science & Technology Co., 
Ltd., Beijing, China) for 30 min. After washing twice with PBS, 
10 µg/ml FITC‑phalloidin was added to the central cell surface, 
followed by incubation away from light at 37˚C for 2 h and 
washing for three times with PBS for 5 min each time. Hoechst 
33342 staining solution was then added, followed by incubation 
away from light at room temperature for 10 min. Subsequent 
to washing for 3 times with PBS for 5 min each time, the cells 
were mounted with anti‑fade fluorescence mounting medium, 
observed with the Olympus FluoView™ 1000 laser confocal 
scanning microscope and images were captured.

Cell migration assay. Each group of MPC5 podocytes was 
pre‑processed by starvation treatment for 6 h, digested with 
0.25% pancreatin (Lanzhou Lihe Biotechnology Co., Ltd., 
Lanzhou, China) at room temperature for 2 min, the cell 
density was adjusted and 2x105  cells were inoculated to 
each compartment of a Transwell chamber. A total of 500 µl 
medium containing 10% serum was added to the bottom wells 
of the 24‑well plate and the plate was cultured at 37˚C for 
12 h, followed by fixing with methanol at 4˚C for 10 min and 
staining with 0.1% crystal violet for 30 min at room tempera-
ture. The cells were observed and images were captured under 
an inverted microscope after wiping off the cells in the upper 
chamber with cotton swabs. Subsequently, the crystal violet 
was extracted by rinsing each well with 33% acetic acid. The 
eluent was added to a 96‑well plate and the absorbance was 
read with a microplate reader at a wavelength 570 nm, which 
indirectly reflects the number of migrating cells.

ELISA. The levels of MMP‑2 and MMP‑9 in the supernatants of 
the cells were determined by ELISA. The MPC5 culture medium 
was collected and centrifuged at a speed of 13,000 x g for 15 min 
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at 4˚C to pelletize the debris. The levels of the two proteins were 
determined according to the manufacturer's protocols for the 
kits. The colorimetric reaction was measured at 450 nm.

Statistical analysis. The experiment was repeated at least 
three times and values are expressed as the mean ± standard 
deviation. Statistical analyses were performed using SPSS 20.0 
(IBM Corp., Armonk, NY, USA). A Student's t‑test was used 
to compare the means between two groups and comparisons 
between multiple groups were made by one‑way analysis of vari-
ance, after that a post‑hoc Tukey's tests was conducted. P<0.05 
was considered to indicate a statistically significant difference.

Results

AST improves the survival rate of podocytes with ADR‑induced 
injury. The results of the MTT assay indicated that the survival 
rate of MPC5 podocytes was 52±2.4% after treatment with 
0.5 µmol/l ADR for 24 h, which was significantly reduced 
compared with that in the control group (P<0.01; Fig. 1). The 
survival rates in the ASTL, ASTM and ASTH groups were 
63±3.4, 75±3.2 and 67±3.0, respectively, which were higher 
than those in the podocyte injury group (P<0.05). However, no 
dose‑dependent effect was observed among the groups treated 
with different AST concentrations.

AST reduces the oxidative stress levels of podocytes with 
ADR‑induced injury. Quantification of LDH released from 
each group of MPC5 podocytes with kits indicated that treat-
ment of MPC5 cells with 0.5 µmol/l ADR for 24 h resulted in 
a ~2‑fold increase compared with the control group (P<0.05). 
The low, medium and high concentrations of AST reduced 
the ADR‑induced increase of LDH generation to 1.64±0.07‑, 
1.33±0.09‑ and 1.46±0.11‑fold of that in the control group, 
respectively, which was significantly lower than that in the ADR 
injury group (P<0.05; Table I). Furthermore, compared with that 
in the control group, the 24‑h treatment of MPR5 podocytes with 
0.5 µmol/l ADR significantly increased the relative content of 
MDA in podocytes to 2.71±0.40‑fold (P<0.05), while decreasing 
the SOD activity to 0.78±0.01‑fold (P<0.05). The low, medium 
and high concentrations of AST inhibited the ADR‑induced 
increase of relative MDA generation to 2.06±0.23, 1.70±0.19 
and 1.98±0.26, respectively, which was significantly different 
from that in the ADR injury group (P<0.05). Furthermore, 
AST at the low, medium and high concentrations significantly 
increased the SOD activities relative to those in the control group 
from 0.77±0.01 in the ADR group to 0.86±0.03, 0.93±0.02 and 
0.87±0.03, respectively (P<0.05; Table I).

AST attenuates ADR‑induced decreases in the migratory 
capacity of podocytes. The results of the Transwell cell migra-
tion assay indicated that compared with that in the control 
group, the mobility of podocytes in each experimental group 
changed significantly. The relative mobility of podocytes in the 
ADR injury group was 35±2.1%, of that of the normal MPC5 
cells (P<0.05). AST at the low, medium and high concentra-
tion inhibited the ADR‑induced decline of podocyte migration 
ability (P<0.05 vs. control group). However, no statistically 
significant difference was present between the ASTM and 
ASTH groups (P>0.05; Figs. 2 and 3).

Figure 1. Comparison of podocyte survival rates between the groups. Values 
are expressed as the mean ± standard deviation (n=3). **P<0.01 vs. the control 
group; #P<0.05, ##P<0.01 vs. the podocyte injury group. ASTL/M/H, treat-
ment with low/medium/high concentration of astragaloside. 

Table I. Levels of LDH, MDA and SOD in podocytes in 
different groups. 

Group	 LDH	 MDA	 SOD

Control	 1.00±0.00	 1.00±0.00	 1.00±0.00
Podocyte injury	 1.95±0.11a	 2.71±0.40a	 0.77±0.01a

ASTL	 1.64±0.07b	 2.06±0.21b	 0.86±0.03b

ASTM	 1.33±0.09c	 1.70±0.19c	 0.93±0.02c

ASTH	 1.46±0.11c	 1.96±0.21c	 0.89±0.03c

aP<0.05 vs. the control group; bP<0.05, cP<0.01 vs. the podocyte 
injury group. Values are expressed as the�����������������������     mean  ±  standard devia-
tion. LDH, lactate dehydrogenase; MDA, malondialdehyde; SOD, 
superoxide dismutase; ASTL/M/H, treatment with low/medium/high 
concentration of astragaloside.

Figure 2. Comparison of the podocyte migration rate between the groups. 
Values are expressed as the mean ± standard deviation (n=3). **P<0.01 vs. the 
control group; ##P<0.01 vs. the podocyte injury group. ASTL/M/H, treatment 
with low/medium/high concentration of astragaloside.
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AST inhibits ADR‑induced decreases of MMP‑2 and MMP‑9 
expression in podocytes. The results of the ELISA indicated 
that ADR treatment significantly downregulated the protein 
expression of MMP‑2 and MMP‑9 (P<0.05), while the low, 
medium and high concentrations of AST significantly inhibited 
these declines in the podocyte injury group (P<0.05; Table II).

Effects of AST on the cytoskeleton of podocytes with 
ADR‑induced injury. As presented in Fig. 4, after 24 h of incu-
bation, the podocyte skeleton in the control group exhibited 

bright green filaments, arranged in parallel along the cell 
polarity with the cell microfilament structure being intact and 
clear. The nuclei had regular and clear shapes with uniform 
blue staining, and were located in the cell center. However, in 
the podocytes in the ADR injury group, F‑actin was accumu-
lated with irregular shapes, faint color and uneven distribution. 
The microfilament structure was not intact, the nuclear shape 
was irregular, the cytoplasm and nuclear areas appeared 
non‑specifically stained and apoptotic bodies and micronuclei 
were visible. The podocyte microfilaments co‑treated with 

Figure 3. Migration of podocytes in different groups. Images of crystal violet‑stained cells on the lower side of the Transwell assay membranes are presented 
(magnification, x200). (A) Control group; (B) podocyte injury group; (C) ASTL group; (D) ASTM group; (E) ASTH group. ASTL/M/H, treatment with 
low/medium/high concentration of astragaloside.

Figure 4. Cytoskeletal and nuclear staining of injured podocytes in different groups (magnification, x400). (A) Control group; (B) podocyte injury group; (C) ASTL 
group; (D) ASTM group; (E) ASTH group. ASTL/M/H, treatment with low/medium/high concentration of astragaloside; FITC, fluorescein isothiocyanate.
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a low concentration of AST presented with clearly bundled 
fibers without polar arrangement characteristics and were 
loose. However, non‑specific staining and apoptotic bodies in 
the cytoplasm and nuclear areas were still observed. Compared 
with the control group, the microfilament structure of podo-
cytes co‑treated with the medium and high concentration of 
AST was not clear, but appeared more intact than that in the 
ADR injury group and the ASTL group.

Discussion

ADR is an antibiotic that is commonly used as an anti‑tumor 
drug in the clinic. However, the oxidation of semiquinone free 
radical products formed by its metabolism in the kidneys results 
in the generation of large amounts of reactive oxygen species, 
which cause irreversible damage to the glomerular ultrafiltra-
tion membrane  (15). To investigate this, the ADR‑induced 
podocyte injury model is widely used (16‑20), as this method 
is simple and likely to cause significant typical manifesta-
tions of podocyte injury and the changes in cell morphology, 
viability and podocyte‑specific proteins conform to the typical 
manifestations of human glomerular podocyte injury, which 
may therefore be used to study this condition. In the present 
study, the experimental results indicated that ADR significantly 
reduced the podocyte survival rate and intervention with 
different concentrations of AST effectively inhibited the reduc-
tion of the podocyte survival rate. Therefore, AST protected 
podocytes from the damaging effect of ADR. However, no 
dose‑dependent effect was observed among the AST treatment 
groups (ASTL, ASTM and ASTL), where the protective effect 
of the medium dose AST against podocyte injury was highest.

The podocyte cytoskeleton mainly consists of F‑actin, 
the changes of which may lead to foot process effacement, 
alter the cell phenotype and induce podocyte apoptosis (21). 
The results of the laser confocal microscopic analysis 
performed in the present study indicated that the structural 
integrity of the nucleus and cytoskeleton of podocytes with 
ADR‑induced injury was severely damaged. It was indicated 
that the ADR‑induced podocyte injury model was success-
fully established in the present study. However, intervention 
with the medium and high concentration of AST maintained 
the structural integrity of the cytoskeleton. In addition, 

compared with the cell migration ability in the podocyte 
injury group, the migration rates of podocytes co‑treated 
with the medium and high concentration of AST were signifi-
cantly higher, which indicated that the podocytes treated by 
AST retained a better cytoskeletal integrity. While it was 
demonstrated that treatment with AST had a protective effect 
against podocyte injury, the precise underlying mechanism 
remains elusive.

MMPs are a specific group of enzymes that perform 
extracellular matrix degradation by zinc‑dependent protein 
hydrolysis. It has been indicated that MMPs, particularly 
MMP‑2 and MMP‑9, have a key role in podocyte injury (22). 
Previous studies have also demonstrated that ADR‑induced 
inhibition of podocyte migration and cell injury may be 
associated with the downregulation of MMP‑2 and MMP‑9 
at the mRNA and protein level (22,23), which was consistent 
with the results of the present study. Furthermore, the present 
study indicated that AST increased the expression of MMP‑2 
and MMP‑9 compared with that in the podocyte injury group. 
It was demonstrated that the protective effect of AST on the 
proliferation and migration ability of ADR‑injured podocytes 
may be associated with the upregulation of the expression of 
MMP‑2 and MMP‑9. In future studies, the molecular signaling 
of the MMP pathway should be further assessed, which may 
reveal the underlying mechanisms.

Oxidative stress has a key role in the pathogenesis of 
various diseases. Antioxidants protect cells and tissues from 
oxidative stress by scavenging free radicals and reactive 
oxygen species. The reactive oxygen species generated during 
oxidative stress‑associated processes reduce the expres-
sion of α3β1, promote lipid peroxidation and affect cellular 
signaling cascades, thereby damaging podocytes (20). In the 
present study, the cell damage index LDH and the oxidative 
stress parameter MDA were significantly increased, while 
the activity of SOD, an antioxidant index, was significantly 
decreased in ADR‑induced podocytes compared with those in 
the normal control group. However, AST decreased LDH and 
MDA levels and increased SOD activity compared with those 
in the podocyte injury group, and the medium concentration 
of AST was most effective. Glomerular podocytes are a highly 
differentiated end‑stage cell type, whose proliferation ability is 
limited and they are difficult to regenerate once damaged. In 
the present study, intervention with AST was likely associated 
with the reduction of the oxidative stress response of podocytes.

In conclusion, co‑treatment with AST maintained a balance 
of the oxidative stress environment in MPC5 podocytes with 
ADR injury to improve their migration ability and inhibit 
the rearrangement and destruction of the cytoskeleton. As a 
possible mechanism, AST inhibits ADR‑induced decreases in 
the expression of MMP‑2, MMP‑9 in order to protect against 
podocyte injury.
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