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 Background: Astragaloside IV (AS-IV) has been shown to prevent ischemia-induced acute kidney injury (AKI) in rat models 
of ischemia and reperfusion. However, the effects of AS-IV on AKI during sepsis and endotoxinemia is unclear. 
The current study aimed to investigate the effects and molecular mechanisms of AS-IV on lipopolysaccharide 
(LPS)-induced AKI.

 Material/Methods: Adult male CD-1 mice were randomly assigned into 6 groups (n=8/group): control group: mice were intraper-
itoneally (i.p.) injected with normal saline; LPS group (10 mg/kg, i.p.); low-dose AS-IV (25 mg/kg; gavage for 7 
days) + LPS (i.p., 1 hour after last gavage) group; medial-dose AS-IV (50 mg/kg) + LPS group; high-dose AS-IV 
(100 mg/kg) + LPS group; high-dose AS-IV alone (100 mg/kg; gavage for 7 days) group. Blood samples were 
collected at 24 hours after LPS injection, and plasma uric acid and BUN were measured with colorimetric de-
tection kits. The concentration of plasma tumor necrosis factor (TNF)-a and interleukin 1b, renal p-extracel-
lular signal-regulated kinases, and urinary albumin were evaluated by ELISA. The expression of CCR5 in renal 
tissue was evaluated by PCR and Western blotting. Concentrations of glutathione (GSH) and reactive oxygen 
species (ROS) in renal tissue were also measured.

 Results: AS-IV decreased LPS-stimulated production of blood TNF-a and IL-6, LPS-induced the expression of CCR5, and 
activation of ERK in the kidneys in a rodent model of endotoxinemia. AS-IV attenuated LPS-caused decreased 
GSH and increased ROS. It also attenuated LPS-induced increases in plasma uric acid, BUN, and urinary albumin.

 Conclusions: AS-IV protects against AKI during bacterial endotoxinemia by attenuating expression of cytokines, CCR5, and 
p-ERK, and elevating anti-oxidative ability.
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Background

Sepsis is a systemic inflammatory response induced by in-
fection that can result in organ dysfunction and mortality. It 
causes millions of deaths per year worldwide, and is the most 
common cause of death in hospitalized patients [1,2]. Bacteria 
accounts for 90% of sepsis, and Gram-negative bacteria endo-
toxin lipopolysaccharide (LPS) plays an important role in the 
pathogenesis of septic shock and endotoxinemia. Acute kid-
ney injury (AKI) is one of the most frequent complications of 
sepsis and endotoxinemia. It increases the cost and complexi-
ty of care, and is associated with a very high mortality rate [3].

Developing new therapies for sepsis, endotoxinemia, and sep-
sis-induced AKI is particularly challenging; there have been 
more than 25 failed clinical drug trials for sepsis therapy [4]. 
Candidate therapies for sepsis and endotoxinemia include 
hemoperfusion with polymyxin B coated fiber devices, and 
modulation of the immune system with treatments such as 
mesenchymal stem cells, histone modification, and granulo-
cyte-macrophage colony stimulating factor (GM-CSF) [5–8]. In 
addition, several pharmacologic investigations aimed at lim-
iting or reversing sepsis-induced AKI. Anti-tumor necrosis fac-
tor (anti-TNF) therapy has displayed promising results in ani-
mal models [9–11]. However, a number of large clinical trials 
with neutralizing anti-TNF antibodies and soluble TNF recep-
tor fusion proteins failed to show survival benefits in septic 
patients [11]. Similarly, inhibition of platelet-activating factor, 
endothelin, anti-thrombin, tissue factor pathway, leukocyte ad-
hesion, and administration of natriuretic peptides and growth 
factors are all novel therapeutic methods that either failed to 
make it to clinical trials or did not produce the desired effects 
in large clinical trials [12]. Therefore, medical research is great-
ly needed to generate new therapeutic approaches to treat-
ment of sepsis and endotoxinemia-induced AKI.

Astragaloside IV (AS-IV) was reported to have a protective ef-
fect on cardiovascular, immune, digestive, and nervous systems 
due to its regulation of calcium balance, and its anti-oxidant 
and anti-apoptotic properties [13]. In rat models of ischemia 
and reperfusion, AS-IV prevented ischemia-induced AKI through 
inhibiting nuclear factor-kappa B (NF-kB)-mediated expres-
sion of inflammatory genes and upregulating p53-upregulat-
ed modulator of apoptosis (PUMA) [14,15]. Studies also found 
that AS-IV protected against ischemia-induced AKI by inhibit-
ing oxidative stress and apoptosis pathways [16]. However, it 
is unclear what the effects are of AS-IV on sepsis and endo-
toxinemia-induced acute renal injury.

Studies have highlighted possible mechanisms underlying sep-
sis and endotoxinemia-induced AKI, including inflammation, 
renal ischemia-reperfusion injury and oxidative damage, and 
systemic hypotension [17–19]. Therefore, inflammatory and 

oxidative pathways could be potential drug targets to treat 
sepsis and endotoxinemia-induced AKI. Inflammatory cyto-
kines are important mediators that impair cellular and organ 
function during inflammatory responses; and C-C chemokine 
receptor type 5 (CCR5) plays an essential role in inflammato-
ry responses to infection. CCR5 is a protein on the surface of 
T cells, macrophages, dendritic cells, eosinophils, and microg-
lia. It acts as a receptor for chemokines, and is involved in the 
process by which T cells are attracted to specific tissue and or-
gans [20]. Inflammatory responses is also associated with the 
activation of extracellular signal-regulated kinase (ERK) [21]. 
Moreover, Glutathione (GSH) is an important antioxidant in 
plants, animals, fungi, and some bacteria. GSH prevents dam-
age to important cellular components caused by reactive oxy-
gen species (ROS) including free radicals, peroxides and heavy 
metals [22]. The current study aimed to investigate the effects 
of AS-IV on LPS-induced AKI, and explore the molecular mech-
anisms in inflammatory and oxidative pathways.

Material and Methods

Reagents

Reagents included: Escherichia coli LPS (serotype O127: B8; 
Sigma Chemical Co., St. Louis, MO, USA); Astragaloside IV (Sigma 
Chemical Co., St. Louis, MO, USA); anti- C-C chemokine receptor 
type 5 (CCR5) antibody (Abcam Inc., Cambridge, MA, USA); an-
ti-p-extracellular signal-regulated kinases (p-ERK; Cell Signaling 
Technology Inc., Danvers, MA, USA); uric acid testing kit (Sigma 
Chemical Co., St. Louis, MO, USA); blood urea nitrogen (BUN; 
Sigma Chemical Co., St. Louis, MO, USA); urinary albumin test 
kit (Bethyl Laboratories Inc., Montgomery, TX, USA); tumor ne-
crosis factor-alpha (TNF-a) enzyme-linked immunosorbent assay 
(ELISA) kit (Bethyl Laboratories Inc., Montgomery, TX, USA); in-
terleukin (IL)-1b ELISA kit (Bethyl Laboratories Inc., Montgomery, 
TX, USA); p-ERK ELISA kit (ThermoFisher Scientific Inc., Waltham, 
MA, USA); GSH kit (Beyotime Inc., Shanghai, China); ROS kit 
(Beyotime Inc., Shanghai, China); RNALater (Ambion, Austin, 
TX, USA); TRIzol Reagent (Invitrogen, Carlsbad, CA, USA); First 
Strand cDNA Synthesis Kit (Fermentas, Hanover, MD, USA).

Experimental design

Adult male CD-1 mice (8 week-old, 28–32 g) were purchased 
from Animal Center of Chinese Academy of Sciences. Mice 
were randomly divided into 6 groups (n=8/group): (1) control 
group: mice were intraperitoneally (i.p) injected with normal 
saline; (2) LPS group: mice were injected with LPS (10 mg/
kg, i.p); (3) low-dose AS-IV (LA) + LPS group: mice were pre-
treated with 25 mg/kg of AS-IV by gavage for 7 days; (4) me-
dial-dose AS-IV (MA) + LPS group: mice were pretreated with 
50 mg/kg of AS-IV by gavage for 7 days; (5) high-dose AS-IV 
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(HA) + LPS group: mice were pretreated with 100 mg/kg of 
AS-IV by gavage for 7 days. LPS was injected (i.p.) 1 hour after 
last gavage; (6) high-dose AS-IV alone (HA) group: mice were 
pretreated with 100 mg/kg of AS-IV by gavage for 7 days. All 
mice were euthanized with carbon dioxide and cervical dis-
location. Mice were sacrificed at 24 hour after LPS injection 
for LPS-subjected animals, and at day 7 for control group and 
high-dose AS-IV only group. Blood samples were drawn by car-
diac puncture. Kidneys were harvested and kept at –80°C for 
subsequent experiments.

ELISA

Blood samples were collected in each group, and renal ho-
mogenates were prepared. The concentration of plasma TNF-a 
and IL-1b, renal p-extracellular signal-regulated kinases (p-
ERK), and urinary albumin were evaluated by ELISA accord-
ing to the ELISA kit instructions. Signals were then detected 
by microplate reader.

Western blot

Protein expression of CCR5 in renal tissue was detected by 
Western blot. Total proteins were extracted. Proteins were 
separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) at 120 V, and transferred to polyvinyl-
idene fluoride (PVDF) membranes at 100 V for 120 minutes. 
Membranes were blocked with 5% non-fat milk powder for 1 
hour at room temperature, and then incubated with primary 
antibodies for CCR5 (1: 1,000) at 4°C overnight. Then mem-
branes were incubated with goat anti-rabbit secondary antibody 
labeled with HRP at room temperature for 1 hour. Membranes 
were incubated with electro-chemiluminescence (ECL) solution, 
and films were exposed in a dark room.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from kidney tissue stored in RNAlater 
with TRIzol reagent following manufacturer’s instructions. First 
strand cDNA for PCR amplification was synthesized from 3 μg 
of total RNA by First Strand cDNA Synthesis Kit. Each reac-
tion contained 1 μL of random hexamer primers (0.2 μg/μL) 
and 40 U M-MuLV reverse transcriptase (20 U/μL). No reverse 
transcriptase was added in the negative control. The specif-
ic primers for detection of CCR-5 genes were designed. PCR 
conditions for CCR-5 were as follows: denaturing at 94°C for 
1 minute; annealing at 55°C for 45 seconds; and polymeriza-
tion at 72°C for 1 minute. PCR was performed in a GeneAmp 
PCR System 9700 thermocycler, and the optimal cycle numbers 
were 25 for CCR-5 and 22 for b-actin. PCR products were sepa-
rated on 2% agarose gel at 150 V for 40 minutes. The intensity 
of bands were quantified by GEL DOC1000/2000 Quantity One 
program software (Bio-Rad Laboratories, Hercules, CA, USA). 

Gene expression was determined as the ratio of relative opti-
cal density of target genes to b-actin. The primers used were: 
CCR5-forward, 5’-CAAAAAGAAGGTCTTCATTACACC-3’; CCR5-
reverse, 5’-CCTGTGCCTCTTCTTCTCATTTCG-3’; actin-forward, 
5’-GCA CCA CAC CTT CTA CAA TG-3’ and actin-reverse, 5’- TGC 
TTG CTG ATC CAC ATC TG-3’.

Biochemical analysis

Blood samples were collected at 24 hours after LPS injection. 
Plasma uric acid and BUN were measured with colorimetric 
detection kits. The level of urinary albumin was measured us-
ing ELISA. For preparation of renal homogenates, 100 mg of 
kidney tissue was homogenized on ice in 1 mL of homogeni-
zation buffer (50 mM Tris–HCl, 180 mM KCl, 10 mM EDTA, pH 
7.4). Renal GSH contents and ROS were measured based upon 
the standard kit instructions.

Statistical analysis

Results were presented as mean ±SEM. One way analysis of 
variance (ANOVA) was used to compare differences among 
three or more groups, followed by Bonferroni post hoc testing 
for multiple comparisons. Student’s t-test was used to com-
pare differences between two groups; p values of 0.05 or less 
were regarded as significant. Statistical analysis and figures 
and were made using GraphPad Prism 5.0 software (GraphPad 
Software Inc., La Jolla, CA, USA).

Results

Astragaloside IV decreased LPS-stimulated production 
of inflammatory cytokines in a murine model of 
endotoxinemia

Animals were pretreated with 3 doses of AS-IV by gavage for 
7 days, and LPS was injected intraperitoneally 1 hour after 
last gavage. Mice were sacrificed at 24 hours after LPS injec-
tion for LPS-subjected animals, and at day 7 for the control 
group and AS-IV only group. Blood samples were collected for 
each group, and concentrations of TNF-a and IL-1b in the plas-
ma were detected by ELISA. LPS induced production of TNF-a 
and IL-1b in the plasma was comparable to the control group, 
whereas AS-IV attenuated the increase in a dose-dependent 
manner (TNF-a: p<0.0001; IL-1b: p<0.0001; Figure 1). Medial 
and high dose-AS-IV markedly decreased plasma TNF-a and 
IL-1b levels in LPS-subjected animals (p<0.05; Figure 1). AS-
IV alone did not alter TNF-a and IL-1b when compared to the 
control group.
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Astragaloside IV decreased LPS-induced expression of 
CCR5 in renal tissue during endotoxinemia

The protein expression of CCR5 in renal tissue was detected by 
Western blotting, and mRNA of CCR5 was detected by RT-PCR. 
LPS increased protein and mRNA levels of CCR5, while AS-IV 
decreased levels of CCR5 as its concentration increased (pro-
tein: p=0.0028; mRNA: p=0.0007; Figure 2). High-dose AS-IV 

attenuated the increase of protein and mRNA of CCR5 signifi-
cantly in LPS-subjected animals (p<0.05; Figure 2). Compared 
to the control group, AS-IV did not alter the protein and mRNA 
levels of CCR5 in the absence of LPS.
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Figure 1.  Astragaloside IV decreased LPS-stimulated production of inflammatory cytokines in a murine model of endotoxinemia. 
(A) Concentration of plasma TNF-a; (B) Concentration of plasma IL-1b. Concentrations of TNF-a and IL-1b in the plasma were 
detected by ELISA. LPS induced production of TNF-a and IL-1b in the plasma compared to the control group, whereas AS-IV 
attenuated the increase in a dose-dependent manner (mean ±SEM, n=8/group). * Indicates that p<0.05 when compared to 
the LPS group. LPS – lipopolysaccharide; LA – low-dose AS-IV; MA – medial-dose AS-IV; HA – high-dose AS-IV; TNF – tumor 
necrosis factor; IL – interleukin.
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Figure 2.  Astragaloside IV decreased LPS-induced expression of CCR5 in renal tissue during endotoxinemia. (A) Representative Western 
Blot image of CCR5, and the relative ratio of protein expression in each group compared to the control group; (B) The 
relative ratio of mRNA levels in each group compared to the control group. The protein expression of CCR5 was detected by 
Western Blot, and mRNA of CCR5 was detected by RT-PCR. LPS increased protein and mRNA levels of CCR5. High-dose AS-
IV attenuated the increase of protein and mRNA of CCR5 in LPS-subjected animals (mean ±SEM, n=8/group). * Indicates that 
p<0.05 when compared to the LPS group. LPS – lipopolysaccharide; LA – low-dose AS-IV; MA – medial-dose AS-IV; HA – high-
dose AS-IV; CCR5 – C-C chemokine receptor type 5.
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Astragaloside IV decreased LPS-stimulated activation of 
ERK in renal tissue during endotoxinemia

The concentration of p-ERK in renal tissue was detected by 
ELISA. Levels of p-ERK increased in LPS-treated animals. AS-IV 
decreased the protein expression of p-ERK as its dose increased 
in LPS-subjected animals (p=0.0002; Figure 3). High-dose AS-IV 
markedly decreased the concentration of p-ERK in LPS-subjected 

animals compared to the LPS group (p<0.05; Figure 3), where-
as it did not alter p-ERK levels in animals without LPS insult.

Astragaloside IV attenuated LPS-induced decrease in GSH 
and increase in ROS in renal tissue during endotoxinemia

GSH and ROS levels were measured in renal homogenates. 
LPS-subjected animals displayed decreased GSH levels and in-
creased ROS levels. AS-IV attenuated the changes in a dose-
dependent manner (GSH: p=0.0008; ROS: p<0.0001; Figure 4). 
High-dose AS-IV increased GSH levels and decreased ROS lev-
els markedly in LPS-subjected animals compared to the LPS 
group (p<0.05; Figure 4).

Astragaloside IV attenuated LPS-induced increase in 
plasma uric acid, BUN, and urinary albumin

Blood samples were collected, and plasma uric acid and BUN 
were measured with colorimetric detection kits. The concentra-
tion of urinary albumin was measured by ELISA. LPS increased 
plasma uric acid, BUN, and urinary albumin, whereas AS-IV at-
tenuated the increase in a dose-dependent manner (plasma 
uric acid: p<0.0001; BUN: p<0.0001; urinary albumin: p<0.0001; 
Figure 5). AS-IV decreased plasma uric acid and BUN at me-
dial and high doses, and decreased urinary albumin at low, 
medial and high doses significantly in LPS-subjected animals 
(p<0.05; Figure 5). AS-IV alone did not alter uric acid, BUN, and 
urinary albumin significantly compared to the control group.
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Figure 4.  Astragaloside IV attenuated LPS-induced decrease in GSH and increase in ROS in renal tissue during endotoxinemia. 
(A) Concentration of GSH in renal tissue; (B) Concentration of ROS in renal tissue. Concentration of GSH and ROS was 
measured in renal homogenates. LPS-subjected animals displayed decreased GSH levels and increased ROS levels. AS-IV 
attenuated the changes in a dose-dependent manner. High-dose AS-IV increased GSH levels and decreased ROS levels 
markedly compared to the LPS group (mean ±SEM, n=8/group). * Indicates that p<0.05 when compared to the LPS group. 
LPS – lipopolysaccharide; LA – low-dose AS-IV; MA – medial-dose AS-IV; HA – high-dose AS-IV; GSH – glutathione; 
ROS – reactive oxygen species.
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Figure 3.  Astragaloside IV decreased LPS-stimulated activation 
of ERK in renal tissue during endotoxinemia. The 
concentration of p-ERK in renal tissue was detected 
by ELISA. Levels of p-ERK increased in LPS-treated 
animals. AS-IV decreased the concentration of p-ERK 
as the dose increased in LPS-subjected animals. High-
dose AS-IV markedly decreased the concentration 
of p-ERK in LPS-subjected animals compared to the 
LPS group (mean ±SEM, n=8/group). * Indicates that 
p<0.05 when compared to the LPS group. 
LPS – lipopolysaccharide; LA – low-dose AS-IV; 
MA – medial-dose AS-IV; HA – high-dose AS-IV; 
ERK – extracellular signal-regulated kinases.
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Discussion

We have demonstrated that AS-IV decreased LPS-induced pro-
duction of inflammatory cytokines, expression of CCR5, and ac-
tivation of ERK in renal tissue in a murine model of endotoxin-
emia. In addition, AS-IV attenuated LPS-stimulated decrease in 
GSH and increase in ROS in renal tissue, and attenuated LPS-
induced increase in plasma uric acid, BUN and urinary albumin.

AS-IV is the chief ingredient of Radix Astragali, which has 
been used in traditional Chinese medicine for tissue and or-
gan repair and regeneration. AS-IV has been shown to inhib-
it allergic inflammation by regulating Th1/Th2 cytokine and 
enhancing CD4+ CD25+ Foxp3 T cells in ovalbumin-induced 
asthma. The rise of IL-4 and the decrease of IL-10 and inter-
feron gamma (IFN-g) were reduced after AS-IV treatment in 
an asthma model [23]. The protective effects of AS-IV against 
ovalbumin-induced lung inflammation were shown to be reg-
ulated by T-cell-specific transcription factor T-bet and GATA-3. 
AS-IV modulated the key switches GATA-3 and T-bet, commit-
ting helper T cells to a Th1 phenotype [24]. In addition, AS-
IV suppressed joint inflammation, and inhibited IL-1b, TNF-a, 

and nitric oxide (NO) production in macrophages in a rat mod-
el of adjuvant-induced arthritis [25]. AS-IV also decreased the 
swelling induced by intraarticular injection of IL-1b, and pro-
tected against IL-1b-induced damage of cartilage proteogly-
can and chondrocyte proliferation [25]. We demonstrated in 
the current study that AS-IV reduced LPS-increased inflamma-
tory cytokines in a murine model of endotoxinemia, providing 
more evidence for the anti-inflammatory properties of AS-IV.

CCR5 is a protein on the surface of white blood cells. It is in-
volved in the immune system as it acts as a receptor for che-
mokines. This regulates the activation and chemotaxis of leu-
kocytes. Variations in CCR5 are associated with susceptibility to 
kidney disease in patients with type 2 diabetes. CCR5 AA gen-
otype is over-represented in subjects with kidney disease due 
to type 2 diabetes [26]. Research has also shown that block-
ade of CCR5 improved renal function after ischemia-reperfu-
sion injury of the kidney [27]. In our current study, we demon-
strated that AS-IV decreased LPS-induced expression of CCR5 
in renal tissue during endotoxinemia. The anti-inflammatory 
properties of AS-IV may reduce the activation and mobiliza-
tion of white blood cells in tissue and organs. This may protect 
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Figure 5.  Astragaloside IV attenuated LPS-induced increase in plasma uric acid, BUN, and urinary albumin. (A) Concentration of plasma 
uric acid; (B) Concentration of blood urea nitrogen; (C) Concentration of urinary albumin. Blood samples were collected, 
and plasma uric acid and BUN were measured with colorimetric detection kits. The concentration of urinary albumin was 
measured by ELISA. LPS increased plasma uric acid, BUN, and urinary albumin, whereas AS-IV attenuated the increase in a 
dose-dependent manner (mean ±SEM, n=8/group). * Indicates that p<0.05 when compared to the LPS group. 
LPS – lipopolysaccharide; LA – low-dose AS-IV; MA – medial-dose AS-IV; HA – high-dose AS-IV.
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the kidney from damage caused by inflammatory cytokine re-
lease and enzymatic reactions.

ERK is part of the mammalian mitogen-activated protein ki-
nase (MAPK) family. It plays a crucial role as a transducer of 
extracellular stimuli in intracellular phosphorylation cascades, 
which ultimately results in cell differentiation, proliferation, 
survival, and death [28,29]. ERK is activated by inflammatory 
cytokines and extracellular stressors including UV light, heat, 
and glutamate [13,30]. ERK signaling pathway has been im-
plicated in the protective effects of AS-IV in different models. 
AS-IV exerted potent inhibitory effects on receptor activator 
for nuclear factor-kB ligand (RANKL)-induced osteoclastogen-
esis by suppressing ERK signaling pathway in vitro [31]. AS-
IV also prevented glutamate-induced apoptosis in PC12 neu-
roblastic cells by blocking the phosphorylation of ERK [32]. In 
our current study, we showed that AS-IV decreased the acti-
vation of ERK2 in renal tissue in an endotoxinemic model. This 
effect may promote cell survival in renal cells, and account for 
better renal function after AS-IV treatment.

The effects of AS-IV on oxidative damage have been revealed 
in hyperglycemia and nervous system models. AS-IV inhibit-
ed hyperglycemia-induced mesangial cell proliferation and glo-
merular contractile dysfunction through inhibition of NADPH 
oxidase/ROS/Akt/NF-kB pathway [33]. AS-IV also prevented 
1-methyl-4-phenylpyridnium ion (MPP+)-induced cell death in 
SH-SY5Y neuron cells via inhibiting ROS production and Bax-
mediated pathways [34]. We have shown in our current study 
that AS-IV protected the kidney from oxidative injury caused 

by LPS. This finding broadens current understanding of the ap-
plication of anti-oxidant properties of AS-IV.

In our current study, we found that AS-IV attenuated LPS-
induced increases in plasma uric acid, BUN, and urinary al-
bumin. The better renal function can be explained by the de-
creased cytokines and CCR5, decreased activation of ERK2, and 
reduced oxidative injury to the kidney, which may promote cell 
survival and protect again AKI. AS-IV has been proven to be 
protected against ischemia/reperfusion-induced AKI in a rat 
model by suppressing inflammatory cytokines and MPO activ-
ity [14]. Our current study revealed for the first time that AS-
IV was protective against LPS-induced endotoxinemia and AKI 
by suppressing inflammatory cytokine production and signal 
transduction, and reducing oxidative injury in a murine model.

Conclusions

We demonstrated that AS-IV protects against AKI during bacte-
rial endotoxinemia by attenuating the expression of inflamma-
tory cytokines, CCR5, and p-ERK, and elevating anti-oxidative 
ability. Although research is needed to elucidate more under-
lying mechanisms, AS-IV may represent a novel treatment for 
endotoxinemia and sepsis-associated AKI.
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