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Background: Diabetic nephropathy (DN), as a chronic inflammatory complication of diabetes, is characterized by hyperglycemia, 
albuminuria and edema, which ultimately becomes the leading cause of end-stage renal disease (ESRD). Astragalus polysaccharide 
(APS), extracted from the Astragalus membranaceus, was widely used in the treatment of diabetes mellitus. However, the functional 
roles of APS ameliorate inflammatory responses in DN, which remain poorly understood. Therefore, the purpose of this study was to 
explore the molecular mechanism of APS on DN in vivo and vitro models.
Methods: We explored the beneficial effects of APS in streptozotocin (STZ)-induced DN rat model and high glucose (HG)-treated 
glomerular podocyte model. The fasting blood glucose (FBG) and ratio of kidney weight to body weight were measured after 4 weeks 
of APS treatment. The renal injury parameters containing serum creatinine (Scr), blood urea nitrogen (BUN) and 24 h urinary protein 
were evaluated. The renal pathological examination was observed by hematoxylin-eosin (HE) staining. The levels of IL-1β, IL-6 and 
MCP-1 were evaluated by ELISA assay. The proliferation of podocytes was determined using CCK-8 assay and flow cytometry. qRT- 
PCR and Western blot analysis were performed to determine the amounts of TLR4/NF-κB-related gene expression.
Results: Our results indicated that APS effectively decreased the levels of FBG, BUN, Scr and renal pathological damage when 
compared with STZ-induced DN model group. Additionally, APS significantly ameliorated renal injury by reducing inflammatory 
cytokines IL-1β, IL-6, MCP-1 expression and inhibiting the TLR4/NF-κB pathway activity in DN rats. Consistent with the results 
in vitro, the HG-induced inflammatory response and proliferation of glomerular podocytes were also alleviated through APS 
administration.
Conclusion: We found that APS ameliorated DN renal injury, and the mechanisms perhaps related to relieving inflammatory 
responses and attenuating the TLR4/NF-κB signaling pathway.
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Introduction
Diabetes nephropathy (DN) is one of the most important microvascular complications of diabetes patients, with hyperglycemia, 
proteinuria and decreased glomerular filtration rate in early stage.1,2 In the wake of DN constantly aggravated, the pathological are 
mainly characterized by accumulation of extracellular matrix, decreased glomerular podocyte, thickened glomerular basement 
membranes and mesangial hypertrophy, which eventually leads to glomerulosclerosis and renal failure.3–5 Accumulating 
evidence has demonstrated that its primary initiating mechanism is related to glucose and lipid metabolism disorder, and 
hemodynamic changes.6,7 However, its development progression are caused by a variety of pathological mechanisms, containing 
cytokines, inflammatory responses, oxidative stress, fibrosis, etc.8,9 Owing to the pathogenesis of DN is complex and has not been 
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adequately elucidated, which potential mechanism of action is still being explored.10,11 In addition, the current clinical treatments 
of DN are not absolutely effective and additional in-depth research is still needed.

In general, DN has been considered endocrine and metabolic diseases, and an increasing research has emphasized that 
inflammatory responses play an important role in the progression of this pathology.12,13 Hyperglycemia aggravates inflammation 
and stimulates the activation and release of various cytokines, chemokines, growth factors and cell adhesion molecules. Recent 
evidence has indicated that some inflammatory cytokines such as IL-1β, IL-6, MCP-1, TNF-α, and TGF-β1 played a critical role 
in hyperglycaemia-induced renal injury.14,15 Therefore, inhibiting inflammatory responses and reducing the expression of 
cytokines will effectively improve renal injury and enhance renal function in DN. Previous researches have demonstrated that 
TLR4/NF-κB as crucial pathway had played crucial role in the DN by mediating immune inflammatory response.16,17 TLR4 is 
a membrane transmembrane protein, which could recognize extracellular antigen or pathogens and transmit it into intracellular.18 

Afterwards, further activates NF-κB and up-regulates inflammatory cytokines, including IL-6 and IL-1β, subsequently trigger 
inflammation and leukocyte aggregation.19 Accordingly, we hypothesise that suppressing the TLR4/NF-κB signaling pathway 
will contribute to help ameliorate DN renal inflammatory responses.

Astragalus polysaccharide (APS), as one of the polysaccharide bioactive components of Astragalus membranaceus, 
has been demonstrated to be effective in anti-inflammatory, antioxidant and hypoglycemic biological effects.20,21 Some 
researchers have demonstrated that APS alleviated T2DM rats by activating the sweet taste receptors pathway and 
promoted glucose transport and lipogenesis.22 In addition, others have revealed APS has protective effect on acute renal 
injury in sepsis.23 Even if APS has been widely used in endocrine system diseases, its specific molecular mechanism is 
still not completely clear. Therefore, this study aims to explore the therapeutic mechanisms of APS on DN by improving 
inflammatory responses and inhibiting TLR4/NF-κB pathway.

Materials and Methods
Animal and Ethics Statement
Male Sprague Dawley rats (220±20 g) were purchased from Experimental Animal Center of Anhui Medical University 
(Hefei, China). All animals were housed in the standard laboratory with a constant 12 h light/dark cycle and freely access 
to food and water. The animal experiments were approved by the Committee of Animal Experiment Center of Anhui 
University of Chinese Medicine, which complies with the guidelines of the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals.

DN Model Preparation and Treatment Protocols
After a week of adaptive feeding, the rats were randomly divided into six groups (n=10): control group, diabetic nephropathy 
group (DN), low dosage of APS (200 mg/kg) (purity >90%, Solarbio, Beijing, China), medium dosage of APS (400 mg/kg), high 
dosage of APS (800 mg/kg) and positive control group (metformin, 180 mg/kg). Model and administration group rats were 
intraperitoneally injected with 65 mg/kg streptozotocin (dissolved in 0.01 mM citrate buffer, pH 4.5) to replicate DN. Meanwhile, 
control group rats were injected with equal volume of the citrate buffer. The blood glucose readings above 11.7 mmol/L were 
taken as the success criterion of the DN model. One week later, the drugs were administered by gavage at a dose of 1mL/100g once 
a day. The control and model groups were given the same amount of solvent.

Collection of Blood and Urine
The blood glucose and body weight of rats were measured once a week of study. At the end of the experiment, rats were 
individually housed in metabolic cages and collected 24 h urine samples to assess the level of urinary protein. Before sacrifice, 
blood samples were collected from abdominal aorta of rats under anesthesia conditions (pentobarbital, 30mg/kg, i.p.), centrifuged 
to separate serum, and stored at -80°C until the time of assay. Furthermore, the kidneys were collected and calculated kidney 
weight index.
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Pathological Analysis
The kidneys (in 4% paraformaldehyde solution) were embedded in paraffin and cut into 6μm section. The sections were 
respectively stained with hematoxylin and eosin (HE) to observe histopathological abnormalities. Images were observed 
by the microscope (Olympus Corp, Japan) to examine glomerular, tubular morphology and collagen deposition.

Inflammatory Cytokines Analysis
To assess renal function, the expression of serum creatinine (Scr) and blood urea nitrogen (BUN) were detected using 
a full-automatic biochemistry analyzer (Hitachi, Tokyo, Japan). The levels of inflammatory cytokines, including inter-
leukin 1β (IL-1β), interleukin 6 (IL-6) and monocyte chemotactic protein 1 (MCP-1) in the serum were detected by using 
ELISA kits (Invitrogen, USA) following the instructions of the manufacturer.

Cell Culture and Treatment
A murine podocyte cell line, MPC5, was acquired from Cell Bank of Type Culture Collection (Shanghai, China) and 
cultured in DMEM supplemented with 5.5 mM glucose, 10% fetal bovine serum, 100 U/mL penicillin/streptomycin and 
10 U/mL IFNγ at 33 °C in a 5% CO2 humidified incubator. The cells were pretreated with 30 mM high glucose (HG) for 
24 h before exposure to varying APS medicated serum with different concentrations for 48 h or 100 nM of the TLR-4 
antagonist resatorvid (TAK-242) 4 h prior to APS treatment.

Cell Proliferation Analysis
The podocytes were seeded into a 96-well plate with a density of 1×105 cells/well. After 24 h incubation, the cells were 
treated with different concentrations of APS medicated serum for 24 hours, 48 hours, or 72 hours. After that, 10 µL of 
CCK-8 (Servicebio, Wuhan, China) solution was added to each well. After 1 hour incubation, the absorbance was 
examined at 450 nm by a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).

Quantitative Real-Time PCR (qRT-PCR)
The total RNA was extracted from renal tissues and podocytes with TRIzol reagent (Invitrogen, USA). cDNA was synthesized 
from 1 µg total RNA by reverse transcription using PrimeScript RT Master Mix (TaKaRa, Japan). Quantitative PCR analysis was 
performed with SYBR Premix Ex Taq II kit (TaKaRa, Japan) and specific primers on an Applied Biosystems 7900 Real-Time 
PCR system (Applied Biosystems, USA). The relative quantification of mRNA levels was calculated based on the 2−ΔΔCt method 
and normalized to GAPDH. The primer sequences were shown in Table 1.

Western Blot Analysis
Kidney tissue homogenates or podocytes were collected and lysed using RIPA buffer supplemented with protease and 
phosphatase inhibitor cocktail for protein extraction. Equal amount of protein lysates (30 μg) were separated by 10% 
SDS-PAGE and electrotransferred to nitrocellulose membranes (Millipore, USA).24,25 After being blocked with 5% non- 
fat dry milk in PBS for 1 h, the membranes were probed with the primary antibodies at 4 °C overnight. Afterwards, the 
membranes were incubated with a horseradish peroxidase-conjugated secondary antibody for 2 h at room temperature. 
The protein was visualized with enhanced chemiluminescence, and protein intensity was quantified using ImageJ 
software. All employed antibodies were obtained from Affinity Biologicals, USA.

Table 1 The Primer Sequences

Gene Forward Primer Reverse Primer

β-Actin AGTGTGACGTTGACATCCGT TGCTAGGAGCCAGAGCAGTA

TLR4 AAGTGGCCCTACCAAGTCTC CTGCAGCTCTTCTAGACCCA
p65 GCTCCTGTTCGAGTCTCCAT TTGCGCTTCTCTTCAATCCG

IκBα TTGGTCAGGTGAAGGGAGAC GGATCACAGCCAGCTTTCAG
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Statistical Analysis
All data were displayed as the means ± standard deviation and analyzed by SPSS 17.0 software. The differences among 
multiple groups were performed using one-way ANOVA. P < 0.05 was considered statistically significant.

Results
APS Attenuated the Fasting Blood Glucose and Body Weight
In order to evaluate whether APS alleviate typical symptoms in diabetes mellitus, we monitored FBG level. Relative to 
the control group, the fasting blood glucose was remarkable increased in the DN group on week 0, which suggested that 
STZ effectively induced hyperglycemia in the DN model (Figure 1A). The FBG levels were continuously elevated once 
every week in DN rats. After APS treatment, the FBG levels have displayed dose-dependently decreased, indicating that 
APS could effectively ameliorate symptoms of DN.

Meanwhile, the body weight of rats was measured once a week. The weights were displayed a continuous increase in 
control group, while it gradually decreased in the DN group (Figure 1B). In addition, treatment with APS significantly 
increased the body weight compared with the DN group. Moreover, the ratio of kidney weight to body weight exhibited 
same significant influence (Figure 1C). Therefore, the results indicated that high dose of APS could effectively ameliorate 
diabetes symptoms in DN rats.

APS Ameliorates Renal Injury in DN Rats
The biochemical indexes associated with kidney function were measured to evaluate the protective effect of APS 
in DN, including Scr, BUN and 24 h urinary protein. The results revealed that these parameter levels of DN 
were significantly increased in comparison to control rats (Figure 2A–C). Administration with APS significantly 

Figure 1 The physiological outcomes of APS in the treatment of DN rats. (A) Fasting blood glucose levels. (B) Body weight. (C) Ratio of kidney weight to body weight. 
**P<0.01 vs control, ##P<0.01 vs model.

Figure 2 Effects of APS treatment on renal function. (A) Serum creatinine. (B) Blood urea nitrogen. (C) 24 h urinary protein. **P<0.01 vs control, ##P<0.01 vs model.
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attenuated these effects compared with the DN rats. Collectively, our results demonstrated that APS treatment 
could ameliorate renal injury.

Effect of APS on Kidney Pathological Injury
Hematoxylin and eosin (HE) staining was carried out to investigate the glomerular structural alterations in kidney tissue, 
which could directly reflect the renal histopathology injury. As results showed the sections from the control rats displayed 
normally sized structures (Figure 3A). Conversely, the DN rats exhibited the diffuse mesangial matrix expansion, thicker 
glomerular basement membrane and capillary lumen diminution (Figure 3B). However, APS treatment attenuated renal 
structural injury, which could remarkably ameliorate mesangial cell hyperplasia and thicker glomerular basement 
membrane (Figure 3C–E). In addition, metformin has similar therapeutic effects as high-dose APS in improving renal 
tissue damage (Figure 3F).

APS Decreased HG-Induced Proliferation of Podocytes
To determine the effect of APS in DN, we established an in vitro model by treating podocytes with different 
concentrations of glucose medium. When the podocytes were cultured at 30 mM HG for 24 h, the highest OD value 
was acquired and adopted as model group. TAK-242, a TLR4 inhibitor, was stimulated with 30 mM HG in the presence 
or absence of 100 nM TAK-242, which was employed to explore the underlying mechanism of APS in DN in podocytes. 
The podocytes were cultured in100μL 5% APS serum for 48 hours, which has the higher cell viability and used for 
further experiments (Figure 4A and B). The results exhibited HG treatment strikingly inhibited podocytes proliferation 
relative to the control group (Figure 4C). While, after the APS or TAK-242 treatment, the results were conspicuously up- 
regulated in comparison with the HG-induced model group. It has been demonstrated that APS could notably enhanced 
HG-induced proliferation of podocytes (Figure 4D).

APS Attenuates Renal Inflammatory Responses
The serum inflammatory factors IL-1β, IL-6 and MCP-1 were determined, which played a vital role in the 
pathogenesis of DN. The ELISA results showed that compared with control rats, IL-1β (Figure 5A), IL-6 
(Figure 5B) and MCP-1 (Figure 5C) were significantly increased in DN rats. After the APS administration, 
the levels of inflammatory factors were significantly decreased when compared with DN rats. Consistently with 
the in vivo results, the inflammatory factor amounts of IL-1β (Figure 5D), IL-6 (Figure 5E) and MCP-1 

Figure 3 Effects of APS on the pathological lesions in the kidneys of DN rats (×200). (A) Control. (B) Model. (C) Low. (D) Medium. (E) High. (F) Metformin.
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(Figure 5F) were remarkably up-regulated in HG-induced podocytes. However, HG-induced inflammatory 
response was inhibited by APS or TAK-242, especially combination treatment with TAK-242 and APS more 
effectively suppressed the amounts of these factors. Therefore, these results suggested that APS attenuated the 
inflammatory response and elevated the renal function.

Effect of APS on the mRNA Expression of TLR4, p65 and IκBα
The effect of APS on TLR4, p65 and IκBα mRNA expression in DN rats is shown in Figure 6. The results revealed 
that the mRNA expression levels of TLR4 and p65 were significantly increased in the DN rats compared with the 
control rats (Figure 6A and B). The expression of IκBα was decreased in DN rats, which could be markedly reversed 

Figure 4 APS promotes HG-induced podocytes growth and cell cycle progression. (A) APS medicated serum with different concentrations. (B) Cell viability at different 
culture times. (C and D) Flow cytometric detection of cell cycle distribution and proliferation. **P<0.01 vs control, ##P<0.01 vs model.
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Figure 6 Effects of APS on the mRNA expression of TLR4, p65 and IκBα. (A and D) TLR4. (B and E) p65. (C and F) IκBα. **P<0.01 vs control, ##P<0.01 vs model.

Figure 5 Effects of APS treatment on renal inflammatory responses. (A and D) IL-1β. (B and E) IL-6. (C and F) MCP-1. **P<0.01 vs control, ##P<0.01 vs model.

Drug Design, Development and Therapy 2023:17                                                                             https://doi.org/10.2147/DDDT.S411211                                                                                                                                                                                                                       

DovePress                                                                                                                       
2113

Dovepress                                                                                                                                                             Guo et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


by APS administration (Figure 6C). Similarly, the expression of TLR4 and p65 in HG-stimulated podocytes was 
significantly increased, whereas treatment with APS markedly decreased the levels of these effects (Figure 6D and E). 
Interestingly, the level of IκBα was significantly enhanced by APS treatment compared to the HG-stimulated 
podocytes (Figure 6F).

Effect of APS on the TLR4/NF-κB Signaling Pathway
To elucidate the mechanism underlying the effects of APS on hyperglycemia-induced inflammation in DN rats, the 
TLR4/NF-κB pathway was determined by Western blot (Figure 7A). The levels of TLR4, p-IκBα, p-p65 and p65 were 
strikingly improved in DN rats compared with control rats, whereas APS dramatically reversed these effects (Figure 7B, 
C, E and F). In addition, IκBα was significantly decreased in STZ-induced DN rats, while the effects were significantly 
inverted by APS treatment (Figure 7D). These results suggested that the activation of TLR4/NF-κB signaling pathway in 
DN rats was markedly suppressed after APS treatment.

APS Suppressed Inflammatory Response in Podocytes by Inhibiting the TLR4/NF-κB 
Pathway
Podocytes were stimulated with 30 mM HG in the presence or absence of 100 nM TAK-242, followed by treated with 
100 μM 5% APS for 48 h. The Western blot results manifested that TAK-242 administration prominently repressed up- 
regulation of TLR4, p-IκBα, p65 and p-p65 in HG-induced podocytes (Figure 8A–C, E and F). However, both APS and 
TAK-242 combination treatment markedly decreased above trends in HG-induced podocytes. Additionally, IκBα was 
obviously reduced, which has evidently ascended after the intervention of APS or TAK-242 (Figure 8D). Taken together, 

Figure 7 Effects of APS on the expression of TLR4/NF-κB pathway in DN rats. (A) Western blotting for the protein of TLR4/NF-κB pathway. (B–F) TLR4, p-IκBα, IκBα, 
p-p65 and p65. **P<0.01 vs control, #P<0.05; ##P<0.01 vs model.
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these findings demonstrated that APS treatment significantly suppressed the inflammatory response in HG-induced 
podocytes by blocking TLR4/NF-κB pathway.

Discussion
DN is one of the most severe microvascular complications of diabetes mellitus, glucose metabolic disturbance and 
abnormal hemodynamics, which plays a crucial role in the progression and development. In addition, accumulating 
evidence supposed that oxidative stress and inflammatory stimulation also promoted the aggravation of symptoms. 
However, the underlying pathogenesis of DN remains largely unclear. Therefore, it is meaningful to further investigate 
the intrarenal immunity mechanisms of DN, and seeking drugs available to reduce inflammation and delay the 
development of DN.26,27

APS, naturally extracted from the plant Astragalus membranaceus, is the most effective bioactive ingredients with 
a wide range of pharmacological effects. Numerous studies had reported APS played a vital role in inflammatory 
responses under a variety of pathological conditions.28 Prior experimental pieces of evidence demonstrated APS 
alleviated LPS-induced inflammation via the NF-κB/MAPK signaling pathway, and decreased the expression of IL-Iβ, 
IL-6 and TNF-α.21 Meanwhile, APS could protected renal function and affected the TGF-β/Smad pathway in STZ- 
induced diabetic rats.29 Zhou et al had pointed out that APS performed immunomodulatory effects via TLR4-mediated 
MyD88-dependent signaling pathway in vitro and in vivo.30 Additionally, APS treatment significantly decreased blood 
glucose and blood lipid levels, as well as ameliorated insulin resistance in T2DM mice.31

In our research, the rats appeared to have hyperglycemia and lose weight after STZ injection in 2 weeks, which had 
expressed the common characteristics of DN. Proteinuria as a key index in the development of DN, it directly reflects 
renal function through glomerular filtration rate and renal tubular reabsorption.32 Our study unveiled that APS not only 

Figure 8 Effects of APS on the expression of TLR4/NF-κB pathway in HG-induced podocytes. (A) Western blotting for the protein of TLR4/NF-κB pathway. (B–F) TLR4, 
p-IκBα, IκBα, p-p65 and p65. **P<0.01 vs control, ##P<0.01 vs model.
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effectively attenuated FBG levels but also improved Scr, BUN and 24 h urinary protein. Moreover, the introduction of 
APS dramatically alleviated the expression of inflammatory cytokines, namely, IL-1β, IL-6 and MCP-1, which was 
involved in DN development and progression. Our data disclosed APS has an effect on enhancing the anti-inflammatory 
capacity of the kidneys and alleviating diabetic renal injury.

More recently, there are increasing evidences supporting that inflammation performed critical roles in the onset and 
advancement of DN.33 Accumulating studies have shown that TLR4/NF-κB as one of the most important proinflammatory 
pathway, which has been confirmed to be involved in alleviating renal inflammation of DN.15 TLR4, as a family of Toll-like 
receptors (TLRs), play a vital role in the innate immune system, which could recognized extracellular antigen and activated 
downstream inflammatory signalling pathways.34 Especially in the development of DN, high glucose will promote the 
expression and activation of TLR4 strikingly. Previous research indicated that increased the TLR4 expression could promote 
the pathogenesis of DN by enhancing the inflammatory cell proliferation.35 In addition, Lin et al showed the high expression of 
TLR4 and other inflammatory mediators in DN rats.36 The kidney inflammatory response and fibrosis will be effectively 
attenuated via knocking out TLR4.37 Similarly, in our results, the expression of TLR4 in the DN group was strikingly higher 
than that in the control group. After treatment with APS, the condition was notably improved and these results were consistent 
with previous findings.

In podocytes, HG promoted the activation of TLR4, subsequently stimulates the NF-κB pathway to the production of 
inflammatory cytokines, including TGF-β1, TNF-α, MCP-1 and IL-1β, which will exacerbate the inflammatory response 
and fibrosis. Meanwhile, the over-expressed inflammatory factors will further stimulate the activation of NF-κB.38 

Specifically, NF-κB as a downstream effector of TLR4, is a crucial nuclear transcription factor that mediates a variety 
of inflammatory processes and facilitates the expression of cellular inflammation genes.39 Furthermore, APS ameliorated 
collagen deposition and attenuated pulmonary fibrosis by inhibiting NF-κB pathway.40 IκBα, as an inhibitor protein of 
NF-κB, was combined as a form of an inactive complex in the cytoplasm.41 Along with the external stimuli of response, 
IκBα was degraded after phosphorylation and ubiquitylation. Afterwards, NF-κB transfers from the cytoplasm to the 
nucleus, combines with the inflammation genes and mediates inflammatory responses.

It was reported that IκBα had the low expression, p-IκBα and NF-κB/p65 performed higher expression in glomeruli 
and proximal tubules with DN condition.42 Consistently, we found that the expression of TLR4, p-IκBα and p65 were 
increased in both STZ-induced DN rats and HG-treated podocytes, which was consistent with previous researches. The 
treatment of HG-induced podocytes with TAK-242, a TLR4 inhibitor, decreased the levels of inflammatory cytokines, 
including IL-1β, IL-6 and MCP-1. It was demonstrated that TLR4/NF-κB played critical roles in regulating podocytes 
injury. Furthermore, APS administration has significantly reduced the expression of TLR4, p-IκBα and p65. The results 
suggested that APS ameliorated the progression of DN by restraining the TLR4/NF-κB pathway in vivo and in vitro.

In conclusion, our research provides strong evidence that APS effectively ameliorates renal injury in DN rats by 
decreasing the production of inflammatory cytokines. We further uncovered the underlying mechanism of APS in HG- 
induced podocytes via suppressed TLR4/NF-κB pathway in glomeruli and proximal tubules. These results suggested that 
APS might be a potential therapeutic agent for the therapy of DN.
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