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Abstract: Astragali Radix is a significant traditional Chinese medication, and has a long history of clinical application in the 
treatment of diabetes mellitus (DM) and its complications. AS-IV is an active saponin isolated from it. Modern pharmacological study 
shows that AS-IV has anti-inflammatory, anti-oxidant and immunomodulatory activities. The popular inflammatory etiology of 
diabetes suggests that DM is a natural immune and low-grade inflammatory disease. Pharmacological intervention of the inflammatory 
response may provide promising and alternative approaches for the prevention and treatment of DM and its complications. Therefore, 
this article focuses on the potential of AS-IV in the treatment of DM from the perspective of an anti-inflammatory molecular basis. AS- 
IV plays a role by regulating a variety of anti-inflammatory pathways in multiple organs, tissues and target cells throughout the body. 
The blockade of the NF-κB inflammatory signaling pathway may be the central link of AS-IV’s anti-inflammatory effect, resulting in 
a reduction in the tissue structure and function damage stimulated by inflammatory factors. In addition, AS-IV can delay the onset of 
DM and its complications by inhibiting inflammation-related oxidative stress, fibrosis and apoptosis signals. In conclusion, AS-IV has 
therapeutic prospects from the perspective of reducing the inflammation of DM and its complications. An in-depth study on the anti- 
inflammatory mechanism of AS-IV is of great significance for the effective use of Chinese herbal medicine and the promotion of its 
status and influence on the world. 
Keywords: astragaloside IV, anti-inflammatory property, molecular basis, diabetes, complications

Introduction
Diabetes mellitus (DM) is a metabolic disease, clinically characterized by high levels of blood glucose, and symptoms 
such as polydipsia, polyphagia, polyuria, and weight loss.1 Together with cardiovascular and cerebrovascular diseases 
and malignant tumors, it constitutes three threats to human life. According to the 2021 Global Diabetes map released 
officially by the International Diabetes Federation, 537 million adults aged 20–79 years currently have diabetes, which 
represents 10.5% of the global population in this age group. China has the largest number of diabetics, with the number 
of cases increasing from 90 million to 140 million over the past 10 years and the number of diabetics in China is 
predicted to reach 174.4 million by 2045, which will pose a serious threat to people’s health and quality of life. 
Unfortunately, DM is prone to various acute and chronic complications; the latter covers almost the whole body, 
including eyes, feet, kidneys, nerves, vasculature, and even the heart and brain, thereby becoming the main cause of 
disability and death.2

Drug Design, Development and Therapy 2023:17 771–790                                                 771
© 2023 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy                                               Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 28 November 2022
Accepted: 3 February 2023
Published: 10 March 2023

D
ru

g 
D

es
ig

n,
 D

ev
el

op
m

en
t a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Inflammation is central in the pathogenesis of diabetes and metabolic syndrome, particularly in the development of 
complications involving innate immunity. In T1D and T2D, dysregulation of glucose and lipid metabolism drives 
chronic, unresolved tissue inflammation, manifested by increased levels of inflammatory biomarkers and immune cell 
infiltration.3,4 The primary goal of immune-therapy for type 1 diabetes is to prevent or delay the loss of functional β-cell 
masses involved in systemic immune dysregulation and autoreactive T cell, cell- or cytokine- directed interventions.5 For 
T2DM, chronic inflammation caused by obesity is the origin due to destructive behavior in insulin secretion, insulin 
metabolism, and energy homeostasis. Adipose tissue is the most direct effector of obesity. In adipose tissue, the balance 
of M1/M2 macrophages tends to be an M1 proinflammatory phenotype,6 which secretes tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6) and other inflammatory factors to promote low-grade inflammation. On the other hand, systemic 
circulating factors LPS and free fatty acids accumulate in adipose tissue and combine with toll-like receptor 4 (TLR4), 
leading to the activation of the inflammatory cascade nuclear factor kappa light chain enhancer of activated B cells (NF- 
κB) and c-Jun N-terminal kinases 1 (JNK1).7–9 In addition to adipose tissue, carbohydrate metabolism organs, such as 
skeletal muscle and liver, respond in the same way. In general, activated monocytes and macrophages amplify the chronic 
inflammatory state by producing proinflammatory cytokines. This inflammatory state is thought to reduce insulin 
responsiveness in insulin-sensitive tissues, which increases the risk of T2DM and its complications.

Preclinical research supporting the role of inflammation as an underlying etiology of diabetes has increased almost 
exponentially over the past decade. Clinical trials demonstrating the potential of targeting inflammation for the treatment 
of DM are still ongoing. Notably, mounting evidence has proven that pharmacotherapies for DM may have direct or 
indirect anti-inflammatory effects; conversely, some anti-inflammatory approaches may stabilize fluctuating metabolic 
states. Both preclinical and clinical studies have illustrated that many antihyperglycemic agents, including thiazolidine-
dione (TZDs),10 metformin,11 dipeptidyl peptidase-4 inhibitors,12 and sodium-glucose cotransporter-2 inhibitors,13 inhibit 
the inflammatory response associated with their primary mechanisms of action. Several clinical studies have indicated 
that the IL-1β inhibitor canakinumab and anti-IL-1 treatment prevent and manage DM.14–16 Therefore, it is increasingly 
accepted that pharmacological intervention of the inflammatory response may provide promising and alternative 
approaches for the prevention and treatment of DM.

With the advancement of the Chinese medicine business on a global scale, traditional Chinese medicine, especially its 
active ingredients are becoming widespread and acceptable. Astragali Radix is the dried root of A. membranaceus 
(Fisch.) Bge. var. mongholicus (Bge.). As a commonly used Chinese medicine for invigorating qi, it has a history of more 
than two thousand years of clinical application, and it can be traced back to the ancient medical book “Fifty-two Disease 
Prescriptions”. Modern pharmacological studies have proven that it has anti-inflammatory, antioxidant, antiviral, anti-
diabetic and immunomodulatory effects.17 It has been used not only as a clinical traditional Chinese prescription, but also 
as a tea diet and a condiment for cooking. Astragaloside IV (AS-IV) is an active saponin isolated from Astragali Radix, 
and widely used in TCM preparations for treating DM, such as Astragalus injection18 and Shen-Qi-Jiang-Tang granule,19 

and acts as the main active ingredient.20 As the star ingredient of Astragali Radix, AS-IV’s anti-inflammatory effect 
cannot be ignored. Studies have shown that AS-IV inhibits inflammation by blocking the TLR4/NF-κB, mitogen- 
activated protein kinase (MAPK), and Janus tyrosine kinase/signal transducer and activator of transcription (JAK/ 
STAT) signaling pathways.21–23 Inhibiting the activation of NLR family pyrin domain containing 3 (NLRP3) inflamma-
somes and regulating the levels of TNF-α, IL-6 and interleukin-1β (IL-1β) inflammatory factors are also ways that AS-IV 
participates in the complex regulation of the inflammatory response.24,25 In addition, clinical studies have found that AS- 
IV attenuates the expression of TLR4 in diabetic patients through the NF-κB inflammatory signaling pathway.26 

Otherwise, sufficient experimental studies have also reported that the mechanism of AS-IV in the treatment of DM 
and its complications is related to its anti-inflammatory effects. However, to date, no systematic review has been 
conducted to assess the anti-inflammatory protection and underlying mechanisms of how AS-IV combats diabetes and 
its complications. As inflammatory signaling is complex and multifaceted, it is not clear which of the available anti- 
inflammatory strategies, alone or in combination, will have the best therapeutic potential. In this sense, it is necessary to 
systematically understand the anti-inflammatory effects of AS-IV in the treatment of DM and complications, which will 
help to guide the application of AS-IV to treat DM in the clinic.
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Pharmacokinetics and Toxicity of AS-IV
AS-IV is rapidly absorbed and widely distributed in various tissues of the body after intravenous injection. Its 
concentration is highest in the liver and kidney, followed by the lung, heart, spleen, stomach, duodenum, skin, and the 
least in the brain.27 Previous studies have found that 30% of AS-IV is recycled in bile and 50% in urine and feces, 
suggesting that nearly 50% of AS-IV may be metabolized in vivo.28 However, AS-IV was barely metabolized in the liver, 
indicating that there was no first-pass elimination.29 At a dose of 0.75 mg/kg intravenously, the elimination half-life of 
AS-IV in rats ranged from 34.0 to 131.6 min, with a systemic clearance of 3 mL/kg/min; and at a dose of 0.5 mg/kg 
intravenously, the elimination half-life in beagles was 50.2 to 68.8 min, and the systemic clearance was 4±1 mL/kg/min, 
indicating a lower systemic clearance of AS-IV and no significant species differences in the pharmacokinetics of AS-IV 
in rats and beagles, with the same linear pharmacokinetic profile.30

AS-IV is a special saponin with poor absorption. After oral administration of 10 mg/kg, the absolute bioavailability of 
AS-IV in rats and beagles was 3.66% and 7.4%.30,31 A study in Caco-2 cells reported that the low absorption of AS-IV 
mainly results from its poor intestinal permeability, high molecular weight, low lipophilicity and paracellular transport.32 

To address this, LS-102, a novel water-soluble derivative of AS-IV was developed and showed a pharmacokinetic profile 
different from AS-IV with higher bioavailability and similar toxic tolerance.33 Therefore, the use of advanced preparation 
to develop new dosage forms of AS-IV is feasible and effective, and become a potential strategy for its new drug 
development.

Even though the toxic effects of AS-IV are ongoing, the acute and long-term toxicity of different dosages of Astragali 
radix, such as capsule,34 lyophilized powder,35,36 combined nutrient solution37 and injection38 have been reported. And 
most of them have no obvious acute and long-term toxicity, suggesting that Astragali radix is a relatively safe medicine. 
For example, the acute toxicity results indicated that LD50 was 90.39 g/kg when Astragalus injection was given 
intravenously, and LD50 was 108.11 g/kg when Astragalus injection was injected intraperitoneally. Chronic toxicity 
studies were conducted in the rats at daily dosage from 6 to 33 g/kg. After 30-day-treatment, the normal food intake, 
weight gain, indices of uric, hematology, serum biochemistry, organ coefficient, and histopathological observation 
indicated no chronic toxicity. Existing researches have shown that AS-IV has no obvious toxicity or adverse reactions. 
Continuous oral administration of AS-IV (10 mg/kg/d) did not affect liver and renal function in rats for 14 weeks.39,40 To 
further ensure the safety of AS-IV, Jiangbo Zhu et al evaluated its acute toxicity, maternal toxicity, embryonic toxicity 
and fetal toxicity. Maternal and fetal toxicity were observed after intravenous administration of AS-IV (0.5–1.0 mg/kg) in 
SD rats and New Zealand rabbits during pregnancy. Further studies indicated that maternal exposure to AS-IV (1.0 mg/ 
kg, 4w) directly leads to the delay in pups fur formation, eye opening, and cliff parry reflex (Neurodevelopmental 
marker), while it has no effect on memory and learning of newborn rats.41 Thus, based on the existing researches, AS-IV 
should still be used with caution in pregnant women to treat diabetes and its complications. Toxicity evaluation is the 
premise of clinical transformation. Pharmacological effects of AS-IV have been extensively reported, but toxicity studies 
are few. Although the reproductive toxicity has been reported, there is still a need of systematical toxicity evaluation, 
including acute toxicity, subacute toxicity, chronic toxicity, genotoxicity, and immunotoxicity.

Anti-Inflammatory Effects of AS-IV for the Treatment of Diabetes Mellitus
AS-IV demonstrates antidiabetic effects on regulating glucose and lipid metabolism, targeting skeletal muscle, liver, and 
adipose tissue. Adipose tissue inflammation is a key contributor to ectopic lipid accumulation in the development of 
insulin resistance and T2DM. Inflammation causes increased circulating free fatty acids (FFAs) by promoting lipolysis 
and halting lipogenesis in adipocytes. When targeting adipose tissue, AS-IV improved insulin resistance through its 
antilipolytic action. In TNF-α-stimulated 3T3-L1 adipocytes, AS-IV inhibited ERK phosphorylation to enhance the 
perilipin level, which coated the surface of intracellular lipid droplets to halt the entrance of lipase to the triacylglycerol 
stored within the lipid droplets.42 In addition to anti-lipolysis action, AS-IV demonstrated activity that promotes lipid 
production by upregulating key enzymes in lipogenesis, including lipoprotein lipase (LPL), fatty acid synthase (FAS) and 
glycerol-3-phosphate acyltransferase (GPAT) in adipocytes.42
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Adipose tissue stores excess energy in the neutral lipid form of triglyceride (TG). However, once the storage function 
is destroyed, circulating FFAs derived from lipolysis favors TG synthesis in non-adipose tissues. This ectopic lipid, 
which accumulates in the liver, skeletal muscle, pancreas and other tissues, induces inflammation and ultimately leads to 
insulin resistance.43–45 Recent studies have revealed the contributory action of AS-IV on whole-body insulin sensitivity 
by relieving ectopic lipids in liver and skeletal muscle, partly relying on anti-inflammatory effects. Zhou46 reported that 
AS-IV was an effective and specific inhibitor of protein tyrosine phosphatase 1B (PTP1B), which not only initiates the 
insulin signaling pathway by dephosphorylating key tyrosine residues of the insulin receptor (IR) and insulin receptor 
substrate-1 (IRS-1), but also inhibits lipogenesis in liver tissue by downregulating SREBP1, in an insulin resistance 
model and a metabolic-associated fatty liver disease (MAFLD) model. In particular, they further indicated that AS-IV and 
PTP1B could be well-combined through hydrogen bonding by molecular docking analysis. Otherwise, it is clear that 
inflammatory cytokines such as TNF-α and IL-6 promote the development of insulin resistance by triggering 
glycogenolysis.47,48 In HFD and STZ treated C57BL/6J mice, with the inhibitory effects of AS-IV on glycogen 
phosphorylase (GP) and glucose-6-phosphatase (G6Pase), the two key enzymes in glycogenolysis, hepatic glucose 
production was reduced.49 Similarly, AS-IV demonstrated anti-inflammatory effects on IR in skeletal muscle. As an 
inhibitor of TLR4, AS-IV effectively halted the inflammatory response in palmitate-stimulated C2C12 myotubes. Zhu50 

reported that AS-IV impeded the IKK/IκBα/NF-κB cascade, blocked IL-6 and TNF-α expression and subsequently 
activated the IRS/Akt pathway against insulin resistance by palmitate in C2C12 myotubes. However, there are no data to 
illustrate the mechanism of AS-IV’s action on TLR4 inhibition.

Some hypoglycemic drugs have intrinsic anti-inflammatory activities associated with their primary mechanisms of 
action. The anti-inflammatory actions of hypoglycemic drugs, including TZDs and metformin are related to adenosine 
monophosphate activated protein kinase (AMPK) activation and NF-κB inhibition.13 Regarding AS-IV, preclinical 
studies suggest that AS-IV has the potential for the treatment of DM in some aspects of anti-inflammation (Table 1). 
First, AS-IV may have the potential to be developed as a health care product for obese patients, since AS-IV initially 
inhibits lipolysis in adipocytes. By decreasing circulating FFAs derived from fat, early administration of AS-IV in 
overweight or obesity populations, even in the absence of DM, may prevent IR. Additionally, preclinical studies suggest 
that AS-IV helps to mobilize liver glucose metabolism, prevent ectopic lipid accumulation, and halt liver and skeletal 
muscle inflammation and insulin resistance. Moreover, FFA has been reported to trigger chronic and low-grade 

Table 1 Summary of Anti-Inflammatory Activities of AS-IV on the Treatment of DM and Its Complications

Species/Cells Model Disease Purification Treatment 
(Conc./Time)

Effect Star 
Molecule or 
Mechanism 
(Direct or 
Indirect)

Reference

3T3-L1 cells Insulin 
resistance

Diabetic 
mellitus

In vitro: 100 μM 
for 12 h

Halt entrance of 
lipase to the 

triacylglycerol; anti- 

lipolysis action; 
promote lipogenesis

Direct: ↓Erk [42]

HepG2 cells Insulin 
resistance

Diabetic 
mellitus

98.05% In vitro: 25.6, 
51.2, and 102.4 

μM for 24 h

Improve hepatic 
insulin resistance; 

inhibit lipogenesis

Indirect: 
↓PTP1B/IR/ 

SREBP1

[46]

C57BL/6J mice T2DM Diabetic 

mellitus

98% In vivo: 12.5, 25, 

50 mg/kg/day for 

2 week

Reduce hepatic 

glucose production

Indirect: ↓GP/ 

G6Pase

[49]

(Continued)
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Table 1 (Continued). 

Species/Cells Model Disease Purification Treatment 
(Conc./Time)

Effect Star 
Molecule or 
Mechanism 
(Direct or 
Indirect)

Reference

C2C12 cells Insulin 
resistance

Diabetic 
mellitus

In vitro: 12.5 μM 
for 2 h

Promote skeletal 
muscle glucose 

transport; inhibit IR

Direct: ↓IKK/ 
IκB/NF-κB; 

↑IRS/Akt

[50]

SD rats Metabolic 

syndrome

Diabetic 

vascular 

diseases

In vivo: 0.5, 

2 mg/kg/day for 

3 week

Improve 

endothelium 

dysfunction

Direct: ↑NO/ 

cGMP-related 

pathway

[52]

SD rats; human 

umbilical vein 
endothelial cells

Vascular 

endothelial 
dysfunction

Diabetic 

vascular 
diseases

In vivo: 40, 

80 mg/kg/day for 
8 week; in vitro: 

100 μM for 48 h

Improve vascular 

endothelium 
dysfunction

Direct: 

↓TLR4/NF-κB

[53]

Human umbilical 

vein endothelial 

cells

Vascular 

endothelial 

dysfunction

Diabetic 

vascular 

diseases

Chemically 

pure

In vitro: 1, 10, 

50, 100 μg/mL 

for 4 h

Reduce adhesion Direct: ↓NF- 

κB

[54]

SD rats; rat 

aortic 
endothelial cells

T1DM; 

endothelial 
dysfunction

Diabetic 

vascular 
diseases

In vivo: 40, 

80 mg/kg/day for 
8 week; in vitro: 

100 μM for 2 h

Rescue endothelial 

dysfunction

Direct: 

↓P2X7R/p38 
MAPK 

signaling 

pathway

[55]

Human umbilical 

vein endothelial 
cells

Vascular 

endothelial 
dysfunction

Diabetic 

vascular 
diseases

98% In vitro: 25, 50, 

100 μM for 48 h

Inhibit inflammation 

and apoptosis

Direct: ↓JNK [56]

Human umbilical 

vein endothelial 

cells

Vascular 

endothelial 

dysfunction

Diabetic 

vascular 

diseases

98% In vitro: 3, 10, 30 

μg/mL for 3 d

Inhibit apoptosis Indirect: 

↑PPARγ
[57]

Human umbilical 

vein endothelial 
cells

Vascular 

endothelial 
dysfunction

Diabetic 

vascular 
diseases

In vitro: 100 μM 

for 1 h

Inhibit apoptosis Indirect: 

↓NOX4/TGF- 
β1/Smad2

[58]

Human umbilical 
vein endothelial 

cells

Vascular 
endothelial 

dysfunction

Diabetic 
vascular 

diseases

99.3% In vitro: 100 μM 
for 24 h

Inhibit apoptosis Indirect: ↑miR- 
140-3p/KLF4/ 

PI3K/Akt

[59]

SD rats T2DM Diabetic 

cardiomyopathy

98% In vivo: 80 mg/ 

kg/day for 7 

week

Prevent fibrosis Direct: 

↓cytokines 

expression

[67]

SD rats Metabolic 

syndrome

Diabetic 

cardiomyopathy

98% In vivo: 0.5, 

2.0 mg/kg/day 
for 2 week

Improved cardiac 

diastolic function

Direct: 

↑eNOS/NO/ 
cGMP pathway

[105]

SD rats; H9c2 
cells

Myocardial 
injury

Diabetic 
cardiomyopathy

In vivo: 10, 20, 
40 mg/mL for 16 

week; in vitro: 

20, 40, 80 μM

Improve 
mitochondrial 

energy metabolism

Indirect: 
↑PGC-1α/ 

NRF1

[69]

(Continued)
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Table 1 (Continued). 

Species/Cells Model Disease Purification Treatment 
(Conc./Time)

Effect Star 
Molecule or 
Mechanism 
(Direct or 
Indirect)

Reference

SD rats T1DM Diabetic kidney 
disease

98% In vivo: 5, 10 mg/ 
kg/day for 6 

week

Ameliorate the 
structural and 

functional 

abnormalities of the 
diabetic kidney

Direct: ↓NF- 
κB

[73]

KKAy mice Renal 
interstitial 

fibrosis

Diabetic kidney 
disease

In vivo: 40 mg/ 
kg/day for 10 

week

Delay renal fibrosis 
process

Direct: ↓TGF- 
β/Smads 

signaling 

pathway

[74]

SD rats T1DM Diabetic kidney 

disease

98% In vivo: 80 mg/ 

kg/day for 12 
week

Minimize the early 

kidney damages and 
fibrosis

Direct: 

↓inflammation- 
related NLR 

signal events

[101]

SD rats T1DM Diabetic kidney 

disease

In vivo: 2.5, 5, 

10 mg/kg/day for 

12 week

Prevent kidney injury Direct: 

↓ERK1/2 

activation

[75]

SD rats T1DM Diabetic kidney 

disease

98% In vivo: 5 mg/kg/ 

day for 12 week

Repress diabetic 

nephropathy 
development

Direct: ↓miR- 

378/TRAF5/ 
NF-κB

[76]

SD rats; mouse 
podocytes

T1DM Diabetic kidney 
disease

98% In vivo: 5, 10 mg/ 
kg/day for 10 

week; in vitro: 
50, 100, 200 μg/ 

mg/day for 24 h

Podocyte apoptosis Indirect: 
↓PERK-ATF4- 

CHOP

[77]

SD rats; human 

podocytes

T1DM Diabetic kidney 

disease

In vivo: 10 mg/ 

kg/day for 2 

week; in vitro: 
100 μg/mL

Inhibit loss of 

podocytes

Indirect: ↓ER 

stress

[78]

Mouse 
podocytes

Podocyte 
apoptosis

Diabetic kidney 
disease

In vitro: 10, 20, 
40 μM for 1 h

Inhibit podocyte 
apoptosis

Indirect: 
↑calcineurin/ 

NFAT signaling 

pathway

[79]

Rats; mouse 

podocytes

T1DM Diabetic kidney 

disease

98% In vivo: 2.5, 5, 

10 mg/kg/day for 
14 week; 

in vitro: 50, 100, 

200 μg/mL for 
24 h

Inhibit podocyte 

apoptosis

Indirect: ↓bax/ 

bcl-2/caspase3

[40]

(Continued)
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Table 1 (Continued). 

Species/Cells Model Disease Purification Treatment 
(Conc./Time)

Effect Star 
Molecule or 
Mechanism 
(Direct or 
Indirect)

Reference

Human 
mesangial cell 

line

Glomerular 
contractile 

dysfunction

Diabetic kidney 
disease

98% In vitro: 25, 50, 
100 μM for 48 h

Inhibits mesangial 
cell proliferation and 

glomerular 

contractile 
dysfunction

Direct: 
↓NADPH 

oxidase/ROS/ 

Akt/NF-κB 
pathway

[84]

HK-2 cells Renal 
fibrosis

Diabetic kidney 
disease

In vitro: 50, 100, 
200 μg/mL

Ameliorate high 
glucose-mediated 

renal tubular EMT

Direct: 
↓mTORC1/ 

p70S6K 

pathway

[87]

PTCs NRK-52E Epithelial-to- 

mesenchymal 
transition

Diabetic kidney 

disease

In vitro: 20, 40, 

80, 100 μg/mL 
for 24 h

Ameliorate high 

glucose-mediated 
renal tubular EMT

Direct: ↓TGF- 

β1/Smads 
signaling 

pathway

[88]

SD rats; HK-2 

cells

T2DM; 

epithelial-to- 

mesenchymal 
transition

Diabetic kidney 

disease

In vivo: 40, 

80 mg/kg/day for 

10 week; 
in vitro: 25, 50, 

100 μM for 48 h

Reduction in EMT- 

related proteins and 

alleviation in 
inflammation factors 

release

Direct: ↓Wnt/ 

β-catenin 

pathway

[88]

Tubular epithelial 

cell

Cells 

apoptosis

Diabetic kidney 

disease

In vitro: 25, 50, 

100, 200 μg/mL 

for 48 h

Reverse renal 

tubular epithelial cell 

apoptosis and 
proliferation of 

fibroblasts

Direct: ↓TGF- 

β1 and ↓ 
P38MAPK

[89]

SD rats; RPE 

cells

T1DM Diabetic eye 

disease

In vivo: 20, 40, 

60 mg/kg/day for 
12 week

Inhibit apoptosis of 

retinal pigment 
epithelial cells

Indirect: ↑miR- 

128/PI3K/Akt 
signaling 

pathway

[90]

Db/db mice Diabetic 

retinopathy

Diabetic eye 

disease

98% In vivo: 4.5, 

9 mg/kg/day for 

20 week

Improve RGC 

function and 

protected optic 
nerve by inhibiting 

RGC apoptosis and 

inflammation

Direct: 

↓ERK1/2 and 

NF-κB 
activation

[91]

Abbreviations: ↑, an increase in target protein; ↓, a decrease in target protein; TNF-α, tumor necrosis factor-α; Erk, extracellular regulated protein kinases; PTP1B, protein 
tyrosine phosphatase 1B; IR, insulin receptor; SREBP1, sterol-regulatory element binding protein 1; HFD, high frequency detection; STZ, streptozotocin; GP, glycogen 
phosphorylase; G6Pase, glucose-6-phosphatase; IKK, inhibitor of kappa B kinase; IκB, inhibitor of NF-κB; NF-κB, nuclear factor kappa light chain enhancer of activated 
B cells; IRS, insulin receptor substrate; Akt, protein kinase B; cGMP, cyclic guanosine monophosphate; HUVECs, human umbilical vein endothelial cells; TLR4, toll-like 
receptor 4; LPS, lipopolysaccharide; P2X7R, P2X purinoceptor7 receptor; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinases; PPARγ, peroxisome 
proliferators-activated receptors γ; H2O2, hydrogen peroxide; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; TGF-β1, transforming growth factor-β1; 
Smad2, recombinant mothers against decapentaplegic homolog 2; KLF4, krüppel-like factor 4; PI3K, phosphoInositide-3 Kinase; eNOS, endothelial nitric oxide synthase; 
PGC-1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; NRF1, nuclear respiratory factor 1; KKAy, KKay diabetic mice; Smads, sma mothers against 
decapentaplegic; ERK1/2, extracellular signal-regulated kinase 1/2; TRAF5, tumor-necrosis factor receptor associated factor 5; PERK, PKR-like ER kinase; ATF4, activating 
transcription factor 4; CHOP, cyclophosphamide, doxorubicin, oncovin, prednisone; ER, endoplasmic reticulum; NFAT, nuclear factor of activated T cells; bax, mouse Anti- 
Bax; bcl-2, B-cell lymphoma-2; caspase3, cysteinyl aspartate specific proteinase3; NADPH, nicotinamide adenine dinucleotide phosphate; ROS, reactive oxygen species; 
mTORC1, mammalian target of rapamycin C1; p70S6K, 70 kDa ribosomal protein S6 Kinase 2; EMT, epithelial-mesenchymal transition; NRK-52E, renal tubular duct 
epithelial cells of rat; Wnt/β-catenin pathway, canonical Wnt/β-catenin pathway; RPE, retinal pigment epithelium; RGC, retinal ganglion cells.
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inflammation in human islets.51 Exposure of islets to high glucose levels promotes the expression of proinflammatory 
cytokines. Since AS-IV has shown significant anti-inflammatory effects, whether it can prevent pancreatic inflammation 
in diabetic patients needs to be actively explored in the future.

Anti-Inflammatory Effects of AS-IV for the Treatment of Diabetic 
Complications
Diabetic Vascular Disease
Under diabetes, blood vessels are directly exposed to high levels of glucose and FFA, which triggers oxidative stress and 
inflammation. A large number of preclinical studies have confirmed that AS-IV plays an anti-inflammatory role in the 
prevention and treatment of diabetic vascular diseases. Endothelial dysfunction is a pathophysiological step in the early 
stage of DM macrovascular complications. Excessive inflammatory cytokines are vital contributors to endothelial 
dysfunction caused by high glucose. In a rodent model of T2DM, AS-IV has been reported to improve endothelial 
dysfunction,52 especially endothelium-dependent relaxation in the aorta.53 Although vascular smooth muscle cells and 
endothelial cells are both vulnerable to damage by hyperglycemia, most studies of AS-IV have focused on endothelial 
cells as the target cells. In TNF-α and LPS-stimulated endothelial cells, AS-IV effectively halts the enhanced expression 
of the adhesion molecules E-selectin and VCAM-1 by inhibiting the nuclear transportation of NF-κB.54 By targeting 
TLR4, in both the aorta of diabetic rats and HUVECs treated with high glucose, AS-IV reduced inflammatory cytokine 
content, including IL-6 and TNF-α, and the expression of VCAM-1 and ICAM-1,53 by inactivating the NF-κB signaling 
pathway. In addition to TLR4, recent research has indicated that AS-IV targets the P2X7 receptor (P2X7R) to inhibit 
inflammation via the P2X7R dependent p38 MAPK signaling pathway. P2X7R is an ATP-gated cation channel. 
Phosphorylated p38 by P2X7R promotes the recruitment of leukocytes to the site of inflammation, accelerates inflam-
mation, and causes endothelial dysfunction by destroying the eNOS/NO signaling pathway as a result. A study 
demonstrated an inhibitory effect of AS-IV on the P2X7R/p38 MAPK signaling pathway.55 Moreover, inflammatory 
cytokines phosphorylate ASK1 and subsequently activate the JNK signaling pathway, which promotes proinflammatory 
gene expression and mitochondrial dependent apoptosis. An in vitro study indicated that AS-IV ameliorated HG-induced 
inflammation and apoptosis in HUVECs by inactivating ASK and JNK phosphorylation, due to the reductive effect of 
AS-IV on TNF-α and IL-1β.56 In addition, Xu57 reported that AS-IV reversed TNF-α-induced HUVEC injury by 
promoting PPARγ expression.

Notably, inflammation induces apoptosis, while apoptosis further accelerates inflammation and induces DM vascular 
lesions. Several studies have reported that AS-IV relieves oxidative stress and oxidized low-density lipoprotein (ox-LDL) 
induced apoptosis of endothelial cells. NADPH oxidase 4 (NOX4)-dependent reactive oxygen species aggregation is the 
main cause of vascular endothelial inflammation and cell apoptosis. Ma et al reported that AS-IV ameliorated H2O2- 
induced oxidative stress by inhibiting NOX4 expression, and subsequently suppressed the TGF-β1/Smad2 pathway and 
halted the apoptosis process.58 However, there are no data to demonstrate changes in inflammatory factors in their report. 
In T2D, endothelial cell apoptosis triggered by ox-LDL induces vascular complications. In HUVECs, ox-LDL down-
regulated miR-140-3p expression, which could promote cell proliferation and inhibit apoptosis. A current study provides 
evidence that AS-IV suppresses ox-LDL-induced apoptosis in HUVECs by upregulating of miR-140-3p expression and 
inactivating the downstream Krüppel-like factor 4 (KLF4)/PI3K/Akt signaling pathway.59 However, there is 
a controversy that the result is not consistent with those in other studies due to the inhibited role of AS-IV on the 
PI3K/Akt signaling pathway, which is worthy of further study.

The low-grade inflammatory reaction of the blood vessel wall induced by hyperglycemia is the basis for the 
occurrence and development of diabetic vascular complications. Under inflammatory conditions, inflammatory mediators 
continuously stimulate vascular endothelial cells, and the stability of the connection between endothelial cells is 
destroyed, along with cell gaps, as a result of increased vascular permeability and leakage of macromolecular 
substances.60 When these leaked macromolecular substances deposit into the blood vessel wall, tissue edema and 
acceleration of atherosclerosis occur. Hyperglycemia is the trigger of endothelial dysfunction, partly attributed to 
enhanced vascular permeability, which is determined by translocation and activation of protein kinase C (PKC), 
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redistribution of filamentous actin (F-actin) and formation of intercellular gaps. Rearrangement of F-actin contributes to 
the maintenance of structural integrity. It has been reported that AS-IV improves barrier dysfunction induced by high 
glucose in HUVECs, by inhibiting PKC translocation from the cytosol to the membrane and improving the redistribution 
of the F-actin cytoskeleton.61 However, it is not clear whether AS-IV regulates rearrangement by exerting its anti- 
inflammatory effects, which remains to be further studied. Whether AS-IV inhibits the activation of PKC by inhibiting 
inflammation and thereby protects vascular permeability also remains to be further illustrated.

In addition to endothelial cells, one of the main causes of vascular dysfunction in DM is the reconstruction of the 
vascular wall caused by the abnormal proliferation and migration of vascular smooth muscle cells (VSMCs), thereby 
promoting the formation of vascular plaque.62,63 Studies have shown that inflammatory cytokines are key inducers of 
smooth muscle cell proliferation. In particular, TNF-α shows mitotic characteristics on smooth muscle cells by directly 
activating the NF-κB and p42/44 signaling pathways.61 An in vitro experiment revealed that AS-IV retarded proliferation 
and promoted apoptosis in VSMCs under high glucose conditions.64 The mechanism involved in intervention with the 
cell cycle, regulating phenotypic modulation, and protecting mitochondria, thereby halting the process of vascular 
remodeling. However, it is unclear whether the inhibitory effect of AS-IV on VSMC proliferation is related to its anti- 
inflammatory action.

In general, sufficient preclinical studies have confirmed the role of AS-IV in the prevention and treatment of diabetic 
vascular disease. AS-IV not only directly inhibits inflammation-related pathways, but also plays a role indirectly by 
suppressing apoptosis (Figure 1, Table 1). The literature has revealed the anti-inflammatory effect of AS-IV on diabetic 
vascular disease from the aspects of pharmacological effects, pathways and target receptors in preclinical studies, 
providing a basis for clinical research. Notably, preclinical studies suggest that AS-IV is an inhibitor of TLR4 and 
NOX4. The latest findings indicated that it is an inhibitor of P2X7R and a miR140 agonist. However, there are many 
challenges including but not limited to clarifying the exact target of AS-IV in the treatment of diabetic vascular disease, 
due to protein interaction technology, including coimmunoprecipitation, protein chip, and fluorescence resonance energy 
transfer.

Diabetic Cardiomyopathy
Diabetic cardiomyopathy is one of the cardiovascular complications of diabetes. The main pathological features are 
myocardial hypertrophy, interstitial fibrosis, diffuse microvascular injury and diastolic dysfunction. Oxidative stress and 
inflammation induced by hyperglycemia can cause vascular endothelial cell damage or dysfunction, and abnormal 
microvascular constriction, causing coronary microvascular disorders, and further leading to capillary basement mem-
brane thickening, myocardial fibrosis, and eventually diabetes cardiomyopathy. In addition, the activation of the 
inflammatory factors TNF-α and IL-6 and the NLRP3 inflammasome65 favors the development of myocardial tissue 
fibrosis and fibroblast transformation, and ultimately leads to heart failure.66 In this sense, inflammation is closely related 
to the development of diabetic cardiomyopathy.

AS-IV improves diabetic myocardial fibrosis at the level of cardiac structure, restores myocardial systolic and 
diastolic functions at the level of cardiac function, and regulates energy metabolism and lipid metabolism at the level 
of cardiac metabolism. The mechanism of AS-IV’s action against diabetic cardiomyopathy has been reported to be 
related to inhibition of oxidative stress and inflammation, thereby restoring NO-mediated myocardial diastolic function.

Myocardial lipid metabolism disorder characterized by excessive intake of FFA and storage of TG in cardiomyocytes 
is an important cause of myocardial fibrosis by activating inflammation. In T2DM and HFD rats, AS-IV effectively 
inhibited increased systemic TC, TG and myocardial FFA, as well as inflammatory factors, including TNF-α, IL-6, and 
IL-1β.67 As a result, AS-IV improved myocardial systolic function by preventing fibrosis. Furthermore, Lin reported that 
AS-IV improved cardiac diastolic function by activating the endothelial eNOS/NO/cGMP pathway. Diabetes leads to 
mitochondrial dysfunction and insufficient ATP production, which contributes to energy metabolism disorders in the 
heart. Energy metabolism disorders induce excessive production of ROS, which activate mediators of inflammation. 
PGC-1α and nuclear respiratory factor 1 (NRF1) are energy metabolism associated pathway proteins. PGC-1α promotes 
the expression of oxidative respiratory chain subunits and the replication and transcription of mtDNA through interaction 
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Figure 1 The anti-inflammatory mechanism of AS-IV on the treatment of diabetic cardiovascular complications. 
Notes: In endothelial cell, AS-IV facilitates anti-inflammatory action via inactivating TLR4, TGF-β1, P2X7R, NOX4 and upregulates miR140 expression. In vascular smooth 
muscle cell, AS-IV indirectly inhibits inflammation via anti-apoptosis. In cardiomyocyte, AS-IV suppresses inflammation signaling pathway via promoting PGC-1α and clearance 
of ROS. In cardiac fibroblast, AS-IV exhibits eliminating FFA, cytokines and inhibiting TGF-β1 to halting fibrosis. 
Abbreviations: ox-LDL, oxidized low density lipoprotein; KLF4, recombinant kruppel like factor 4; ROS, reactive oxygen species; Smad, Sma mothers against 
decapentaplegic; AP-1, activator protein 1; ICAM-1, intercellular cell adhesion molecule-1; VCAM-1, vascular cell adhesion molecule 1; LPS, lipopolysaccharide; FFA, free 
fatty acid; TLR4, toll-like receptor 4; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4.
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with NRF1.68 In high glucose-induced H9c2 cells and STZ-injured mice, AS-IV increased the expression of PGC-1α and 
NRF1, resulting in increased ATP generation.69

The etiology of diabetic cardiomyopathy is complex. Anti-inflammatory strategies are used to treat diabetic cardio-
myopathy through multiple pathways in the long run. AS-IV facilitates protective effects on cardiomyocytes mainly by 
inhibiting lipids, alleviating energy metabolism, and improving oxidative stress and inflammation (Figure 1, Table 1). 
However, the possible targets of the actions and the specific protein with which AS-IV interacts are not clear. In addition 
to cardiomyocytes, how AS-IV modulates fibroblasts and Purkinje cells and even epicardial fat and pericardial fat is 
unknown.

Diabetic Kidney Disease
Diabetic kidney disease (DKD) is one of the most serious complications of DM and has a large tendency to progress to 
end-stage renal disease (ESRD). The pathophysiology of DKD is complicated and involves oxidative stress, inflamma-
tion, transforming growth factor-β (TGF-β)-mediated fibrosis, and a variety of adhesion molecules. However, inflamma-
tion can be considered a center linked to several molecular pathways. Since tubular and glomerular cells are particularly 
sensitive to inflammation, inflammation caused by toxic metabolites during hyperglycemia is the trigger of early 
pathological changes in the glomerulus and tubules. Mounting clinical studies have shown that inhibiting the inflamma-
tory response can effectively delay the continuous progression of diabetic nephropathy.70–72

Many preclinical studies have suggested that AS-IV can effectively inhibit the inflammatory response to treat or 
prevent diabetic nephropathy. In vivo studies of streptozotocin (STZ)-induced diabetic rats,73 KKAy74 and db/db75 mice 
indicated that AS-IV reduced albuminuria and attenuated glomerular sclerosis and tubulointerstitial fibrosis, especially 
decreased the serum levels of TNF-α, MCP-1 and ICAM-1 due to NF-κB inhibition.73 A study by Zhang74 elucidated 
that in STZ-induced diabetic rats, AS-IV minimized early kidney damage and fibrosis, which was related to the inhibition 
of inflammation-related NLR signaling events. Meanwhile, they also demonstrated that AS-IV suppressed ERK1/2 
activation, and reduced the production of IL-1β and TNF-α in DKD caused by iatrogenic hyperinsulinemia.75

Mechanistically, the target cells of AS-IV for the treatment of DKD mainly focus on glomerular podocytes, mesangial 
cells, and renal tubular epithelial cells (Figure 2). Glomerular basement membrane (GBM) thickening, mesangial 
hyperplasia and extracellular matrix (ECM) accumulation are the early pathological processes of glomerulosclerosis, 
which are mainly related to podocyte loss, mesangial cell proliferation, and contraction dysfunction. In addition, early 
pathological changes in renal tubules, characterized by thickening tubular BM, interstitial edema, and inflammatory 
infiltrate, are mainly related to renal tubular epithelial cells. Many studies support that AS-IV has an early preventive 
effect on both glomerulosclerosis and renal tubulointerstitial fibrosis via multiscale mechanisms related to anti- 
inflammation.

Podocytes are an important part of the glomerular filtration membrane. The loss of podocytes in the form of apoptosis 
is the trigger of glomerulosclerosis, which is mainly associated with glomerular hyperfiltration resulting in increased 
renal albumin permeability. Inflammation is a key factor in inducing podocyte apoptosis. Tumor-necrosis factor receptor 
associated factor 5 (TRAF5) triggers the NF-κB inflammatory pathway leading to podocyte apoptosis, which is 
negatively regulated by miR-378. AS-IV exhibited its anti-inflammatory action by targeting the increase in miR-378 
expression in STZ-induced diabetic rats and high glucose-stimulated podocytes.76 Otherwise, endoplasmic reticulum 
(ER) stress is involved in the pathogenesis of podocyte apoptosis. Studies in STZ-induced diabetic rats and high glucose- 
stimulated conditionally immortalized mouse podocytes show that AS-IV could protect the kidney from ER stress- 
induced apoptosis under diabetic conditions, by regulating the PERK-ATF4-CHOP signaling pathway, balancing Bax/ 
Bcl-2 expression and inhibiting caspase-3 activation.77 Wang used PBA as an ER function restorer and tunicamycin as an 
ER stress inducer to further confirm these results. In addition to high glucose stimulation, AS-IV also inhibited loss of 
podocytes due to ER stress induced by palmitic acid, when targeting transient receptor potential channel 6 (TRPC6).78 As 
TRPC6 is a Ca2+ permeable cation channel, and its reduction directly affects the decrease of intracellular Ca2+ 

concentration, the inhibitory effect of AS-IV on TRPC6 determines its regulation of intracellular calcium signaling. AS- 
IV not only inhibits podocyte apoptosis induced by calcium-dependent ER stress, but also reverses increased calcium- 
dependent transcription factor nuclear factor of activated T cells (NFAT2) expression, thereby halting the expression of 

Drug Design, Development and Therapy 2023:17                                                                             https://doi.org/10.2147/DDDT.S399423                                                                                                                                                                                                                       

DovePress                                                                                                                         
781

Dovepress                                                                                                                                                                 Li et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

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


Figure 2 The anti-inflammatory mechanism of AS-IV on the treatment of diabetic kidney disease. 
Notes: AS-IV blocks the progression of DKD by acting as an anti-inflammatory in renal tubular epithelial cell, podocyte, and mesangial cell. In renal tubular epithelial cell, AS- 
IV inhibits TGF-β and Wnt. In podocyte, AS-IV inactivates TRPC6 and downregulates miR378. In mesangial, AS-IV inactivates NOX4. 
Abbreviations: mTOR, mammalian target of rapamycin; TGF-β, transforming growth factor-β; EMT, epithelial-mesenchymal transition; ECM, extracellular matrix; TRPC6, 
transient receptor potential cation channel 6; GBM, glomerular basement membrane; TRAF5, tumor-necrosis factor receptor associated factor 5.
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pro-apoptotic proteins.79 Moreover, a preliminary study by Gui40 found that the inhibition of podocyte apoptosis by AS- 
IV was related to its antioxidative stress effect.

The function of podocytes depends on adherence to the glomerular basement membrane (GBM) through its foot 
process. When podocytes infiltrate an inflammatory environment, the overexpression of inflammatory chemokines such 
as MCP-1/CCL2 participates in the reorganization of the podocyte actin skeleton, leading to the disappearance of the foot 
process and subsequent exfoliation from the GBM.80–82 It has been proven that the continuous high glucose (HG) 
environment causes poor adhesion between podocytes and GBM, which promotes the occurrence and development of 
DKD. α3β1 integrin and integrin-linked kinase (ILK) are important factors that mediate podocyte adhesion. Chen83 

indicated that in HG stimulated immortalized mouse podocyte cells, AS-IV exhibited α3β1 integrin upregulation and ILK 
suppression effects on preventing podocyte exfoliation.

Glomerular mesangial hyperplasia caused by proliferation of mesangial cells is an early pathological manifestation of 
glomerulonephritis, which can lead to glomerular sclerosis as the lesion progresses and eventually to end-stage renal 
disease. Sun84 elaborated that AS-IV attenuated HG-induced MC proliferation in DKD, which was partly attributed to 
regulating the NF-κB pathway. Both oxidative stress and the PI3K/Akt signaling pathway participate in the kidney injury 
caused by the activation of NF-κB. ROS can regulate the activity of AKT and calcium channels. AS-IV could block the 
NADPH oxidase/ROS/Akt/NF-κB pathway and enhance TRPC6 expression, thereby promoting the influx of calcium to 
increase mesangial cell contractile function.

Tubular-interstitial fibrosis is an important pathological feature of DKD. Long-term hyperglycemia induces 
interstitial damage and inflammatory cell infiltration, and releases a variety of proinflammatory and profibrotic 
cytokines, which are the central driving factors of progressive renal interstitial fibrosis.85 Notably, tubular epithelial- 
mesenchymal transition (EMT) is a major cause of renal tubular-interstitial fibrosis. TGF-β1 is a major inflammatory 
factor and a key mediator of EMT. It favors the transcription and expression of mesenchymal markers and inhibits 
epithelial markers by activating multiple downstream signal transduction pathways. In addition, in high glucose 
stimulation, macrophages release IL-1β, TNF-α and other inflammatory factors, accompanied by TGF-β1/Smads 
activation.86 When targeting renal tubules, AS-IV inhibits DM-induced renal tubular EMT via TGF-β1/mTORC1/ 
p70S6K, TGF-β1/Smads, and Wnt/β-catenin signaling pathway. When renal tubular epithelial cells injury is 
activated, the phenotype is transformed into fibroblasts, and the corresponding characteristic proteins are changed 
accordingly, evidenced by the decreased expression of epithelial markers (E-cadherin and occludin) and the 
increased expression of mesenchymal markers (α-SMA and N-cadherin), which are controlled by transcription 
factors including snail and twist. EMT further initiates ECM deposition by enhancing ECM proteins (FN and Col 
IV). Chen87 revealed that AS-IV attenuated HG-stimulated EMT in renal tubular epithelial HK-2 cells. AS-IV 
treatment observably abrogated mTORC1/p70S6K pathway activation to halt EMT transformation and ECM 
deposition, and ultimately inhibited fibrosis. The activated TGF-β1/Smads signaling pathway promotes the expres-
sion of α-SMA protein, which speeds up the development of renal fibrosis. Wang74,88 proved that the protective 
effects of AS-IV on renal interstitial fibrosis were attributed to halting the TGF-β1/Smads signaling pathway in 
a model of diabetic KKAy mice and high glucose-induced renal proximal tubular epithelial cells (PTCs). Moreover, 
docking and molecular dynamics stimulation studies confirmed that AS-IV regulated the Wnt/β-catenin pathway by 
binding with the GSK-3β-APC-Axin protein complex. By this means, AS-IV facilitated reduction in EMT-related 
proteins and alleviation in inflammatory factors release.89 In addition, the apoptosis of renal tubular epithelial cells 
induced by inflammation is also an irreversible part of diabetic renal tubular damage. Wang89 reported that AS-IV 
can reverse renal tubular epithelial cell apoptosis and proliferation of fibroblasts by downregulating the expression 
of TGF-β1 and blocking the p38 MAPK pathway.

A large number of animal and cell experiments have confirmed that AS-IV can regulate the structure and function of 
podocytes, mesangial cells and renal tubular epithelial cells, and save the death destiny of cells caused by DM, thereby 
inhibiting glomerular and renal tubular lesions in the early stage of DKD (Figure 2, Table 1) due to its anti-inflammatory 
effect. It is suggested that diabetic patients use AS-IV in advance for the prevention of DKD, while controlling blood 
glucose in the early stage. However, for diabetic patients with DKD, whether AS-IV can delay the continuous 
progression of DKD is worthy of further experimental study. Moreover, mounting evidence suggests that ROS, 
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inflammation and fibrosis promote each other as part of a vicious cycle that leads to the development and progression of 
DKD. In diabetic patients, when stimulated by high blood glucose, oxidative stress occurs in renal tubules and 
glomerular cells, leading to an inflammatory response, which in turn triggers EMT, resulting in excessive deposition 
of the extracellular matrices (ECM) in the glomerulus and tubule interstitium, leading to interstitial fibrosis and 
glomerular sclerosis. Therefore, the exact mechanism of the intervention effect of AS-IV on podocytes, mesangial 
cells and renal tubular epithelial cells through its anti-inflammatory effect remains to be further studied. How AS-IV 
blocks the vicious cycle of ROS, inflammation and fibrosis in the kidneys of DKD patients also needs to be actively 
explored. Otherwise, the effects of AS-IV on glomerular endothelial cells in a high glucose environment are also of 
concern.

Diabetic Eye Disease
Inflammation is a significant event that is involved in the pathogenesis of diabetic eye disease, including diabetic 
retinopathy (DR) and diabetic macular edema. As a part of blood-retinal barriers, retinal pigment epithelial cells are 
vulnerable in the early development of DR. A recent study demonstrated that AS-IV inhibited apoptosis of retinal 
pigment epithelial cells by upregulating the expression of miR-128 in DM rats, probably via the PI3K/Akt signaling 
pathway.90 However, the exact molecular mechanism is not clear. Neurodegeneration is an early pathogenesis of DR. 
Retinal ganglion cells (RGCs) are essential for maintaining visual function. A study in db/db mice by Ding91 demon-
strated that AS-IV, acting as an AR inhibitor, improved RGC function and protected the optic nerve by inhibiting RGC 
apoptosis and inflammation due to the inhibitory action of AS-IV on ERK1/2 and NF-κB activation, thereby down-
regulating IL-1, IL-6, TNF-β, and VEGF. At present, the mechanism of AS-IV in the prevention of DR is relatively 
preliminary. In addition to RGC and retinal pigment epithelial cells, whether AS-IV has effects on retinal astrocytes, 
Müller cells and pericyte cells is also of concern. Whether AS-IV has an early preventive effect on diabetic eye disease 
needs further verification.

Diabetic Peripheral Neuropathy
Among the complications of diabetes, peripheral neuropathy is by far the most prevalent and appears relatively 
early. Diabetes disturbs the expression of ion channels in axons, which contributes to axon injury.92 Sodium/ 
potassium (Na/K) ATPase plays a vital role in exporting intra-axonal Na+. Reduced Na/K ATPase activity impairs 
normal nerve physiology. It has been reported that AS-IV as an aldose reductase (AR) inhibitor could ameliorate 
peripheral nerve damage by lowing motor nerve conduction velocity and increasing nerve blood flow, due to the 
increasing effect on Na+K+-ATPase activity in both erythrocytes and nerves.93 Moreover, AS-IV promoted GSH 
activity and increased AGEs, thereby retarding peripheral nerve impairment in STZ-treated rats. Studies have 
shown that activation of the inflammatory cascade pathway is one of the mechanisms of diabetic peripheral 
neuropathy.94 Inflammatory factors such as TNF-α and IL-6 can induce microangiopathy and neuronal apoptosis. 
Notably, there is a certain connection between inflammation and aldose reductase.95 Aldose reductase inhibitors 
can block NF-κB-dependent inflammatory signals, which suggests that the therapeutic effect of AS-IV as an 
aldose reductase inhibitor on diabetic peripheral neuropathy may be attributed to the regulation of inflammation.

Diabetic Wound Healing
An in vivo study of diabetes reported that AS-IV has potential efficacy on impaired wound healing. Delayed wound 
healing is a neglected complication of diabetes. It is caused by multiple factors involved in dysregulated leukocyte 
chemotaxis, extracellular matrix deposition, and decreased neovascularization. Normal wound healing usually goes 
through 4 stages: hemostasis, inflammation, proliferation, and remodeling.96 However, in diabetic wounds, leukocytes 
accumulate slowly during the inflammatory phase and their chemotactic effect is reduced, which makes the wounds 
chronically inflammatory for a long time.97,98 Accordingly, it is difficult for macrophages to switch from 
a proinflammatory phenotype to an anti-inflammatory phenotype, so the increased expression of metalloproteinases 
and decreased expression of proangiogenic factors causes the degradation of the extracellular matrix and the reduction in 
angiogenesis,99 which ultimately leads to difficulty in wound healing. Scientists elucidated that AS-IV accelerated 
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diabetic wound healing by enhancing the expression of extracellular matrix-related genes and angiogenic factors in terms 
of promoting collagen deposition and improving new blood vessel formation.100 In addition, the beneficial effect of AS- 
IV was associated with the development of polarized alternatively activated macrophages. After encapsulation by MMP- 
2-responsive nanocarriers, insoluble astragaloside appears to be more effective in promoting wound healing in 
diabetes.101

Perspectives
Existing literatures have shown that AS-IV is effective in treating DM and its complications, including cardiovascular, 
neurological, kidney disease, etc. Since they are a series of diseases that progress continuously, it is necessary to take 
them as a whole. Therefore, from the perspective of the time dimension of disease progression, the follow-up preclinical 
studies urgently need to clarify which period of DM should be administered and what dose should be given to delay the 
progression of DM, as well as the complications occurring at different periods, so as to provide hints for clinical 
medication.

Diabetes is a chronic inflammatory disease. AS-IV has anti-inflammatory effects in the treatment of diabetes and 
its complications, and the mechanism of action involves many aspects. MAPKs, NF-κB, Akt, and TGF-β are the 
main star molecules. However, it is not clear exactly what the target proteins are, nor how AS-IV interacts with 
them. Therefore, follow-up studies need to uncover these by using transgenic and gene knockout techniques, 
molecular docking, protein interaction and structural pharmacology research methods, especially identify the target 
proteins of AS-IV in different target organs. After all, identifying specific sites of actin is helpful for further 
structural modification of AS-IV and target-drug development. Moreover, at the cellular level, the types of functional 
cells affected by AS-IV need to be further explored, not limited to retinal ganglion cells in diabetic eye disease, for 
example, and even neurons, glia (astrocytes and Müller cells), and pericytes changed dramatically at the function 
and structure levels. Inflammation is characterized by the activation of immune and nonimmune cells that protect the 
host from pathogens. Of future note, the effect of AS-IV on systemic and local immune cells deserves exploration. 
Since AS-IV may modulate multiple cells in an organ, the modulatory effect on cell-to -cell inflammatory signaling 
in an organ is also worth investigating.

Pharmacokinetics and toxicology information of AS-IV is a vital premise of clinical transformation. 
Pharmacokinetics evidence indicated the low oral bioavailability of AS-IV, which reduces its transformation value 
and application value. The physicochemical properties are the root cause. AS-IV is characterized by large molecular 
weight, low solubility both in water and lipid, and poor drug permeability. At present, although AS-IV has not been 
successfully developed into a medicine, researchers have tried to increase the oral bioavailability of AS-IV by 
modern methods, such as a novel water-soluble derivative33 and nanomicelle,102 named LS-102 and AST-NMs. It is 
believed that with the improvement of preparation technology and the optimization of dosing regimen, the clinical 
transformation of AS-IV is expected to be further advanced. As for safety, AS-IV is an active saponin isolated from 
Astragali Radix, which has been widely used in numerous TCM preparations, such as Qi-Shen-Yi-Qi pill,103 Shen- 
Qi-Jiang-Tang granule19 and Zhen-Qi-Fu-Zheng granule.104 Thousands of years of clinical usage indicates a good 
safety. At present, although there is no systematic toxicology study, anecdotal studies show that AS-IV has no 
obvious toxicity or adverse reactions. Thinking in another way, we believe that the blank of toxicity research is an 
urgent research topic.

Conclusion
Inflammation is increasingly recognized as a well-established mediator of diabetes and its complications. Mounting 
preclinical evidence has proven that AS-IV has a prominent anti-inflammatory effect in the prevention and treatment of 
diabetes and its complications. It plays a role by regulating a variety of anti-inflammatory pathways in multiple organs, 
tissues and target cells throughout the body (Figure 3). AS-IV can regulate glucose metabolism and reduce lipid 
accumulation, thereby inhibiting insulin resistance caused by inflammation of adipose tissue. The blockade the of NF- 
κB inflammatory signaling pathway may be the central link of AS-IV’s anti-inflammatory effect, reducing the tissue 
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structure and functional damage stimulated by inflammatory factors. In addition, AS-IV can improve diabetes and its 
complications by inhibiting inflammation-related oxidative stress, fibrosis and apoptosis signals.

Furthermore, the oral bioavailability of AS-IV is only 2.2%, greatly limiting its clinical application. Therefore, in 
view of the excellent antidiabetic effect of AS-IV, the development of new biological agents and the provision of 
convenient drug delivery routes to increase bioavailability have become urgent problems to be solved.
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