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Astragaloside IV prevents high glucose‑induced cell apoptosis
and inflammatory reactions through inhibition of the JNK
pathway in human umbilical vein endothelial cells
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Abstract. Endothelial dysfunction is a key pathophysiological
step in early stage diabetes mellitus (DM) macrovascular complications and is also crucial in the inflammatory mechanisms of
macrovascular complications. However, there is currently no
effective intervention to improve endothelial dysfunction associated with DM macrovascular complications. Astragaloside
IV (AS‑IV), which can be extracted from the traditional
Chinese medicine Astragalus membranaceus, has potential
therapeutic effects on DM and its complications. The present
study evaluated the effect of AS‑IV on high glucose‑induced
human umbilical vein endothelial cell (HUVEC) injury and
its possible mechanism. The result indicated that AS‑IV has a
significant protective effect on high glucose‑induced HUVEC
injury. AS‑IV could significantly promote cell proliferation,
reduce apoptosis and decrease the protein and mRNA expression levels of tumor necrosis factor‑α and interleukin‑1β in
HUVECs. Furthermore, AS‑IV could decrease the expression
of phosphorylated c‑Jun NH2‑terminal kinase (JNK) phosphorylated apoptosis signal‑regulating kinase 1, cytochrome c,
cleaved‑caspase‑9, cleaved‑caspase‑3 and the relative ratio of
B‑cell lymphoma‑2 associated X protein/B‑cell lymphoma‑2
in HUVECs. In conclusion, the present study demonstrated that
AS‑IV could suppress apoptosis and inflammatory reactions
promoted by high glucose conditions in HUVECs by inhibiting
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the JNK signaling pathway. These findings suggest that AS‑IV
could inhibit the process of endothelial dysfunction in diabetic
macrovascular complications.
Introduction
Macrovascular complications, mainly characterize the pathological change of atherosclerosis, are primarily associated with
cardiovascular and cerebrovascular diseases. In addition, as
the most common complications of DM, they are also the main
causes of fatality and disability in DM patients (1). Endothelial
dysfunction is a crucial pathophysiological step in the early
stages of macrovascular complications and is an initial event
of atherogenesis (2). Under normal conditions, apoptosis and
the proliferation rate of vascular endothelial cells tends to
be low in order to maintain the balance and the stability of
blood vessels (3). Increased endothelial cell apoptosis is one
of the predominant characteristics of endothelial dysfunction,
which may promote smooth muscle cell proliferation and
migration, increase blood coagulation, enhance leukocyte
infiltration into the endothelium, and give rise to endothelial
dysfunction and atherothrombosis (4). Research has indicated
the role of inflammation in the pathogenesis of macrovascular
complications of DM (5‑7). Furthermore, glucotoxicity and
inflammation can destroy endothelial function, leading to
endothelial dysfunction and atherogenesis (8‑10). Previous
studies have demonstrated that high concentrations of glucose
promote inflammatory damage in vascular endothelial cells
in vitro (11‑13). Therefore, inhibiting inflammation and
decreasing cell apoptosis, which improve vascular endothelial
dysfunction, are important to the treatment of macrovascular
complications of DM.
C‑Jun NH 2 ‑terminal kinase (JNK) is a type of
serine/threonine protein kinase and a member of the family of
mitogen‑activated protein kinase (MAPK) (14). JNK is closely
associated with cell differentiation, apoptosis, stress response
and the occurrence and development of various human
diseases (15). Inflammatory cytokines are the predominant
activators of the JNK signaling pathway, which is a key
regulator of pro‑inflammatory gene expression (16,17). It has
previously been suggested that the activated JNK pathway
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contributes to vascular cell apoptosis and endothelial dysfunction under the stimulation of inflammatory cytokines (18‑22).
Furthermore, the JNK signaling pathway mediates apoptosis
by modulating the activities of mitochondrial pro‑apoptotic
and anti‑apoptotic proteins in the cytoplasm (23). Therefore,
inhibition of JNK signaling pathway activation is an important
target for improving vascular endothelial cell disorder in
macrovascular complications of DM.
Radix Astragali, a famous Traditional Chinese
Medicine, is the dry root of the perennial herbaceous plant,
Astragalus menabranaceus (Fisch.) Bunge. Astragaloside
IV (AS‑IV) is one of the primary effective components of
Astragali Radix that has potent protective effects on cardiovascular disease, DM and its complications (24). Furthermore,
Astragali Radix has been reported to have a series of pharmacological actions, including anti‑inflammatory and antioxidant
effects, and can improve endothelial dysfunction and neovascularization associated with DM and its complications (25).
Previous studies have revealed that AS‑IV improves vascular
endothelial dysfunction in diabetic rats through inhibiting the
inflammatory pathways (26) and inhibiting inflammatory gene
expression in lipopolysaccharide (LPS)‑treated mice (27).
However, few studies have investigated the protective effects
and mechanisms of AST‑IV with regard to glucotoxicity and
inflammation in endothelial dysfunction in vitro. The present
study aimed to determine whether AS‑IV could prevent high
glucose‑induced cell apoptosis and inflammatory reactions
through inhibition of the JNK signaling pathway in human
umbilical vein endothelial cells (HUVECs). In addition, an
accessible therapeutic strategy was suggested for the clinical
treatment of diabetic macrovascular complications.
Materials and methods
Chemicals and drugs. AS‑IV (Fig. 1) is a white crystalline
powder and insoluble compound with >98% purity. AS‑IV has
the molecular formula C41H68O14 and a molecular weight of
784.97 Da. AS‑IV was purchased from the National Institute
for Food and Drug Control (Beijing, China). The compound
was dissolved in dimethyl sulfoxide (DMSO) to a concentration of 250 µM in a stock solution. The stock solution was
diluted with Dulbecco's modified Eagle's medium (DMEM).
The final DMSO concentration did not exceed 0.5% (v/v).
Anti‑phosphorylated (phospho/p)‑JNK, anti‑JNK, anti‑
cleaved‑caspase‑3, anti‑cleaved‑caspase‑9 and anti‑β ‑actin
were obtained from Abcam (Cambridge, UK). Phospho‑
apoptosis signal‑regulating kinase‑1 (ASK1), ASK1,
cytochrome c (Cyt‑c) antibody, B‑cell lymphoma‑2‑associated
X protein (Bax) and B‑cell lymphoma‑2 (Bcl‑2) antibodies
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). SP600125, penicillin/streptomycin solution,
0.05% trypsin‑EDTA, DMSO and MTT were purchased from
Sigma‑Aldrich; Merck KGaA (Darmstadt, Germany). DMEM
and fetal bovine serum were purchased from HyClone (Logan,
UT, USA). Radioimmunoprecipitation assay lysis and extraction buffer, horseradish peroxidase‑conjugated AffiniPure
goat anti‑mouse immunoglobulin (Ig)G and anti‑rabbit IgG
antibodies and D‑glucose were purchased from OriGene
Technologies, Inc., (Beijing, China). Annexin V‑fluorescein
isothiocyanate (FITC) and propidium iodide (PI) were obtained

Figure 1. Chemical structure of astragaloside IV.

from Absin Bioscience, Inc. (Shanghai, China; http://www.
absin.cn/). A Hoechst 33258 kit was purchased from Beijing
Solarbio Science & Technology Co., Ltd. (Beijing, China).
ELISA kits for IL‑1β (catalog no. SBJH0292) and TNF‑ α
(catalog no. SBJH0038) were purchased from the Nanjing
SenBeiJia Biological Technology Co., Ltd. (Nanjing, China).
Polymerase chain reaction (PCR) primers were obtained from
Sangon Biotech Co., Ltd. (Shanghai, China).
Cell culture and treatment. HUVECs were obtained from the
Fudan Institutes of Biomedical Sciences Cell Resource Center
(The Institutes of Biomedical Sciences, Fudan University,
Shanghai, China) and cultured in DMEM supplemented with
10% fetal bovine serum, 100 µg/ml streptomycin and 100 U/ml
penicillin in a humidified atmosphere containing 5% CO2 at
37˚C. Experiments were performed with cells at 80% confluence.
The first series of experiments were designed to confirm the
optimal glucose concentration to induce the cellular damage
model and the optimal AS‑IV concentration to protect against
damaged cell. Doses of 5.55, 11.1, 22.2, 33.3 and 44.4 mM glucose
were added to HUVECs (2x105 cells/ml), which were cultured
for 24, 48 and 72 h. Doses of 0, 6.25, 12.5, 25, 50, 100, 200, 400,
800 and 1,600 µM AS‑IV were added to HUVECs, which were
cultured for 48 h in the solution of 5.55 mM glucose. In addition,
doses of 25, 50, 100 µM AS‑IV were added to HUVECs, which
were cultured for 48 h in a solution of 33.3 mM glucose.
The second series of experiments were designed to examine
the protective effect and possible mechanism of AS‑IV. Cells
were divided into five groups at a density of 2x105 cells/ml: i)
The control group, where cells were cultured with 5.55 mM
glucose and treated with 30 mM mannitol to balance the osmotic
pressure in culture medium for 48 h; ii) model group, where
cell damage was induced by incubation with 33.3 mM glucose
for 48 h; iii) the SP600125 inhibitor group, where cells were
cultured with 33.3 mM glucose for 48 h prior to the addition of
20 µM SP600125 (JNK inhibitor); iv) AS‑IV group, where cells
were cultured in 33.3 mM glucose for 48 h prior to the addition
of 50 µM AS‑IV; and v) the AS‑IV+SP600125 group, where cells
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were cultured in 33.3 mM glucose for 48 h prior to the addition
of 50 µM AS‑IV and 20 µM SP600125. SP600125 was dissolved
in DMSO (the final concentration did not exceed 0.5%).
Cell viability assay. HUVECs in the logarithmic growth
phase were seeded in 96‑well culture plates at 2x105 cells/well.
Following respective group treatments, 20 µl MTT (5 mg/ml)
was added to 100 µl of culture medium in each well. A total
of 4 h following this, the medium was removed and 150 µl
DMSO was added into each well. The absorbance was
measured at 490 nm using an automated microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA). A total of
five independent experiments were repeated in each group.
Cell viability was calculated according to the following
formula: Cell viability (%)=average absorbance of the treated
group/average absorbance of the control group x100%.
Cell apoptosis assay. Apoptosis was assessed with the
Hoechst 33258 staining method, followed by photofluorography. Following the respective group treatments, the nutrient
solution was removed and cells were washed twice with PBS.
Subsequently, the cells were fixed with 40 g/l paraformaldehyde fluid at 4˚C for 10 min. Slides were then washed twice
with PBS. Once PBS was removed, the nuclear DNA was
stained with 5 mg/ml Hoechst 33258 at room temperature for
10 min and then visualized under a fluorescence microscope
(BX50‑FLA; Olympus Corporation, Tokyo, Japan). The viable
HUVECs exhibited a uniform blue fluorescence throughout
the nucleus, whereas the apoptotic cells had fragmented and
condensed nuclei. The experiment was carried out three times.
Apoptosis rate was analyzed by labeling cells with Annexin
V‑FITC apoptosis assay kit (cat.no. abs50001; Absin Bioscience,
Inc., Shanghai, China; www.absin.cn/). Following the treatment, cells were collected using EDTA‑free trypsin to digest
the cells, followed by centrifugation at 211 x g for 10 min at 4˚C
to collect the cells. Cells were suspended with 500 µl binding
buffer at a concentration of 1x106 cells/ml and subsequently
stained with 5 µl annexin V‑FITC at 4˚C in the dark for 15 min
followed by 10 µl PI at 4˚C in the dark for 5 min. Following
this, cells were immediately examined using a flow cytometer
(Beckman Coulter, Inc., Brea, CA, USA) with FlowJo software
(version 7.6.1; Tree Star, Inc., Ashland, OR, USA).
ELISA analysis. The levels of IL‑1β and TNF‑ α in culture
supernatant were determined using commercial ELISA kits
according to the manufacturers' protocols and determined
using a microplate reader at 450‑nm wavelength (Multiskan
FC; Thermo Fisher Scientific, Inc., Waltham, MA, USA).
Reverse transcription‑quantitative polymerase chain reaction
(RT‑qPCR). Total RNA was isolated from HUVECs using
TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. Template cDNA
was prepared using a RevertAid First Strand cDNA Synthesis
kit (Thermo Fisher Scientific, Inc.). Total RNA (5 µg) was
reverse transcribed to cDNA with 5X Reaction Buffer (4 µl),
Oligo(dT)18 (1 µl), RevertAid Reverse Transcriptase (1 µl),
RiboLock RNase Inhibitor (1 µl), dNTP Mix (2 µl) and ddH2O
to supplement to a total volume of 20 µl. The synthesis temperature protocol was 60 min at 42˚C, 5 min at 70˚C and 1 min
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at 4˚C. The qPCR using the Quanti Nova SYBR Green PCR
kit (Qiagen GmbH, Hilden, Germany). qPCR was performed
using an ABI Prism 7500 Sequence Detection System (Applied
Biosystems; Thermo Fisher Scientific, Inc.). The sequences of
the primers were as follows: 5'‑TCAGCCAATCTTCATTGC
TC‑3' (forward) and 5'‑GCCATCAGCT TCA AAGAACA‑3'
(reverse) for interleukin (IL)‑1β; 5'‑TTTGATCCCTGACAT
CTGGA‑3' (forward) and 5'‑GGCC TAAGGTCCACTTGT
GT‑3' (reverse) for tumor necrosis factor (TNF)‑α; and 5'‑GGG
AAATCGTGCGTGACAT TAAGG‑3' (forward) and 5'‑CAG
GAAG GAAGGC TGGAAGAGTG‑3' (reverse) for β ‑actin.
The reaction conditions included 95˚C for 10 min, followed
by 40 cycles of 95˚C for 30 sec, 58˚C for 1 min and 72˚C for
30 sec. Reaction specificity was confirmed by melting curve
analysis. Gene expression profiles were normalized to β‑actin
and calculated using the 2‑ΔΔCq method (28) for each sample.
Western blot analysis. Total proteins were extracted with a
radioimmunoprecipitation assay buffer (OriGene Technologies,
Beijing, China). Proteins from each experimental group
were quantified using the bicinchoninic acid assay (BestBio,
Shanghai, China). An equal amount of protein (30 µg) was
loaded and subjected to 10% SDS‑PAGE. Gels were run
at 120 V for 1.5 h and transferred to polyvinylidene fluoride
membranes at 120 V for 2 h. Non‑specific protein binding
was blocked with 5% non‑fat dried milk in Tris‑buffered
saline with Tween 20 (TBST; 10 mM Tris‑HCl, pH 7.4,
50 mM NaCl, 0.05% Tween‑20) for 2 h at room temperature.
Membranes were incubated with anti‑phospho‑JNK (1:1,000;
rabbit monoclonal antibody, cat. no. ab124956), anti‑JNK
(1:1,000; cat. no. ab179461), anti‑cleaved‑caspase‑3 (1:1,000; cat.
no. ab49822), anti‑cleaved‑caspase‑9 (1:1,000; cat. no. ab2324),
anti‑phospho‑ASK1 (1:1,000; cat. no. 3764), anti‑ASK1 (1:1,000;
cat. no. 3762), anti‑Cyt‑c (1:1,000; cat. no. 11940), anti‑Bax
(1:1,000; cat. no. 2772), anti‑Bcl‑2 (1:1,000; cat. no. 3498) and
anti‑β‑actin (1:1,000; cat. no. ab179467) overnight at 4˚C. After
washing with TBST, the membranes were incubated with
horseradish peroxidase (HRP)conjugated goat anti‑rabbit IgG
secondary antibody (1:20,000; cat. no. TA130015, OriGene
Technologies) at room temperature for 2 h. The signal was
detected using an enhanced chemiluminescence substrate kit
(GE Healthcare, Chicago, IL, USA). According to the manufacturer's protocol, immunoreactive bands of proteins were scanned
with a digital gel imaging and analysis system (ProteinSimple,
San Jose, CA, USA).
Statistical analysis. Data were expressed as the mean ± standard
deviation of three independent experiments and analyzed
using SPSS version 13.0 (SPSS Inc., Chicago, IL, USA). The
Student's ttest was used for comparison between two groups.
Multiple comparisons were achieved using one‑way analysis
of variance with the StudentNewmanKeuls test. P<0.05 was
considered to indicate a statistically significant difference.
Results
Effect of glucose on HUVEC viability. To confirm the optimal
glucose concentration to induce the cellular damage model,
the MTT assay was performed to observe HUVEC viability
alterations in cells treated with glucose for 24, 48 and 72 h

1606

YOU et al: AS-IV PREVENTS ENDOTHELIAL CELL INJURY VIA JNK PATHWAY

Figure 2. Effect of glucose on HUVEC viability. (A) Effects of mannitol on the viability of HUVECs at 24, 48 and 72 h. (B) Effects of glucose on the viability
of HUVECs at 24, 48 and 72 h using different concentrations of glucose. Data of three experiments were presented as the mean ± standard deviation. *P<0.05
and **P<0.01 vs. the Control group (5.55 mM glucose concentration). HUVECs, human umbilical vein endothelial cells; AS‑IV, astragaloside IV.

Figure 3. Effect of AS‑IV on HUVEC viability. (A) Effects of AS‑IV on the viability of HUVECs in 5.55 mM glucose at 48 h. (B) Effects of AS‑IV on the
viability of HUVECs in 33.3 mM glucose at 48 h. Data of three experiments were presented as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. the
Control group (5.55 mM glucose concentration); ##P<0.01 vs. the Model group (33.3 mM glucose concentration). HUVECs, human umbilical vein endothelial
cells; AS‑IV, astragaloside IV.

at different concentrations (5.55‑44.4 mM). As indicated in
Fig. 2, glucose exhibited a time‑ and concentration‑dependent
inhibitory effect on cell viability. The 50% inhibitory concentration (IC50) value for the HUVECs was 66.90 mM at 24 h
of glucose treatment; however, the maximal glucose treatment
still failed to reach half of cell inhibition. The IC50 value was
21.89 mM at 72 h of glucose treatment; however, the cells were
unstable. Notably, the IC50 value was 32.46 mM glucose treatment for 48 h and the cells were stable. Combining the results
of previous studies (29,30) with the present study results, the
cell state was the most stable with 33.3 mM glucose treatment
for 48 h. Therefore, 33.3 mM glucose for 48 h was selected
to induce the cellular damage model. In addition, there was
no significant difference in HUVEC viability between cells
treated with glucose mixed with mannitol and cells that
received glucose alone (Fig. 2).
Effect of AS‑IV on HUVEC viability. The AS‑IV cell toxicity
assay was performed (Fig. 3A). Data indicated that AS‑IV

could enhance cell viability over a specific concentration
range (16‑200 µM). At higher concentrations (800 µM),
AS‑IV significantly inhibited the cell viability compared
with the control group (P<0.05). The effects of AS‑IV on
HUVEC viability under high glucose conditions were
indicated (Fig. 3B). Data revealed that the cell viability
was optimal when the concentration of AS‑IV was 50 µM
(P<0.01). Therefore, the 50 µM AS‑IV was used in the later
experiments.
Effect of AS‑IV on cell apoptosis in HUVECs stimulated
with high glucose conditions. Hoechst 33258 staining was
performed to identify the nuclear morphology associated with
apoptotic cell death. Exposure to high glucose conditions for
48 h increased the number of apoptotic cells (Fig. 4) and nuclei
pyknosis was observed. Furthermore, a large number of chromosomal contractions could be observed in the model group.
Furthermore, specific apoptotic cell nuclei were light blue and
an apoptotic body was occasionally visible when compared
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Figure 4. Effect of AS‑IV on apoptosis in human umbilical vein endothelial cells stimulated with high glucose conditions. (A) Apoptotic status was determined
using a fluorescent microscope (magnification, x200). (B) Apoptotic rates were assessed using annexin V‑FITC and PI staining analysis. (C) Bar graph of
apoptotic rates. Data of three experiments were presented as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. the Model group. AS‑IV, astragaloside
IV; FITC, fluorescein isothiocyanate; PI, propidium iodide.

with the control group. The increased number of apoptotic
cells was reversed with AS‑IV treatment (Fig. 4). Similarly,
the apoptosis rate of HUVECs was significantly decreased
with AS‑IV pre‑treatment according to annexin V‑FITC and
PI staining analysis (P<0.05; Fig. 4B and C).
Effect of AS‑IV on high glucose‑stimulated inflamma‑
tory mediators. The cytokine levels of IL‑1β and TNF‑α in
HUVECs were measured using an ELISA assay. As indicated
in Fig. 5A, treatment of HUVECs with high glucose resulted in
the significantly increased IL‑1β and TNF‑α levels compared
with the control (P<0.01). However, IL‑1β and TNF‑α levels
were significantly reduced following pre‑treatment with
AS‑IV (P<0.01).

Effect of AS‑IV on the mRNA expression levels of IL‑1β and
TNF‑ α. To further investigate the expression of inflammatory factors, mRNA expression levels of IL‑1β and TNF‑α
were measured by RT‑qPCR. As indicated in Fig. 5B, stimulation with high glucose increased IL‑1β and TNF‑α mRNA
expression levels in HUVECs. However, pretreatment with
AS‑IV with could significantly decrease the mRNA expression levels of IL‑1β and TNF‑α in HUVECs (P<0.01).
Effect of AS‑IV on the expression of the JNK signaling pathway.
The JNK signaling pathway helps regulate the inflammatory
response. Western blot analysis was used to detect the protein
expression levels of JNK, p‑JNK, ASK1 and p‑ASK1 in
HUVECs in order to investigate the mechanism of action of
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Figure 5. Effect of AS‑IV on the inflammatory response of human umbilical vein endothelial cells stimulated with high glucose conditions. (A) Expression
levels of IL‑1β and TNF‑α protein. (B) Expression levels of IL‑1β and TNF‑α mRNA. β‑actin was used as an internal reference. Data of three experiments
were presented as the mean ± standard deviation. **P<0.01 vs. the Control group; #P<0.05 and ##P<0.01 vs. the Model group. AS‑IV, astragaloside IV; TNF,
tumor necrosis factor; IL, interleukin.

AS‑IV. As indicated in Fig. 6, stimulation with high glucose
increased JNK and ASK1 phosphorylation in HUVECs.
AS‑IV and the combination of AS‑IV and JNK inhibitor could
decrease JNK and ASK1 phosphorylation (P<0.01 or P<0.05).
Notably, the JNK inhibitor could significantly decrease JNK
phosphorylation (P<0.01); however, the JNK inhibitor was
unable to significantly decrease ASK1 phosphorylation.
Effect of AS‑IV on the expression levels of Bax and Bcl‑2. In
order to determine the effect of AS‑IV on the protein expression levels of components associated with apoptosis and
the JNK signaling pathway in HUVECs, the Bax and Bcl‑2
protein expression levels were assessed. As indicated in Fig. 7,
stimulation with high glucose increased the protein expression
levels of Bax and decreased the expression levels Bcl‑2 protein
in HUVECs. AS‑IV, the JNK inhibitor and the combination of
AS‑IV and JNK inhibitor could decrease the protein expression levels of Bax, increased the protein expression levels
of Bcl‑2 and significantly decreased the ratio of Bax/Bcl‑2
(P<0.01; Fig. 7).
Effects of AS‑IV on the expression levels of Cyt‑c,
cleaved‑caspase‑9 and cleaved‑caspase‑3. Apoptosis
regulatory proteins Bax and Bcl‑2 are associated with the
cell mitochondrial apoptotic pathways. Therefore, western
blot analysis was performed to detect the expression of
a series of key proteins involved in the mitochondrial
apoptosis pathway, including Cyt‑c, cleaved‑caspase‑9 and
cleaved‑caspase‑3. As indicated in Fig. 7, stimulation with
high glucose increased the protein expression levels of Cyt‑c,
cleaved‑caspase‑9 and cleaved‑caspase‑3; however, AS‑IV,
JNK inhibitor and the combination of AS‑IV with JNK
inhibitor could significantly decrease the expression levels of
these proteins (P<0.05).

Discussion
The glucotoxicity of diabetes induces sustained hyperglycemia, but also participates in the development of chronic
diabetic complications (31,32). A large amount of medical
evidence indicates that glucotoxicity is associated with endothelial dysfunction, which is an important factor involved
in the development of macrovascular and microvascular
diabetic complications (32,33). Notably, a number of diabetic
incidents are associated with inflammatory reactions (34‑36).
The inflammatory response is the important mechanism of
endothelial dysfunction that can be promoted by glucotoxicity. Upon exposure to high glucose conditions, HUVECs
produce high levels of proinflammatory cytokines, including
TNF‑ α and IL‑1β (37,38). In the present study, the results
indicated that high glucose conditions decreased the HUVEC
survival rate, increased cell apoptosis and promoted the
protein and mRNA expression levels of TNF‑α and 1L‑1β.
Previous studies have demonstrated that AS‑IV inhibits
inflammation and protects endothelial function (26,39‑41).
AS‑IV has also been revealed to decrease the serum levels
of TNF‑a in diabetic rats (39) and can inhibit the expression
of inflammatory factors in TNF‑ α‑induced HUVECs (40).
Furthermore, AS‑IV can improve the structure of the aortic
endothelium wall, inhibit over‑activation of monocyte
chemoattractant protein‑1 and TNF‑α in diabetic rats (26) and
protect endothelial cells from high glucose‑induced barrier
impairment (41). In the present study, no direct cytotoxic
effect of ASIV was identified in HUVECs. Additionally, the
present findings suggested that ASIV enhanced the HUVEC
viability under high glucose conditions but also exerted an
inhibitory effect on high‑glucose‑induced HUVEC apoptosis
and inflammation. Notably, SP600125, an inhibitor of JNK,
inhibited high‑glucose‑induced TNF‑α and IL‑1β expression
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Figure 6. Effect of AS‑IV on expression of JNK pathway components. (A) Western blot analysis of p‑ASK1, ASK1, p‑JNK and JNK protein. (B) JNK
phosphorylation. (C) ASK1 phosphorylation. Data of three experiments were presented as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. the Model
group; #P<0.05 and ##P<0.01 vs. the SP600125 group. AS‑IV, astragaloside IV; JNK, c‑Jun NH2‑terminal kinase; ASK1, apoptosis signal‑regulating kinase‑1;
p‑, phosphorylated‑.

levels and cell apoptosis. Similar effects were also observed
with AS‑IV and SP600125 treatment. These results suggest
that the effects of AS‑IV are associated with the JNK signaling
pathway.
The JNK signaling pathway is sensitive to the inflammatory response in diabetes complications. It has previously
been suggested that, under the stimulation of inflammatory
cytokines, which are involved in the endothelial dysfunction process, the JNK signaling pathway is activated and
raises the number of endothelial cells damaged and cell
apoptosis (18‑20). Inflammatory cytokines are the primary
activators of the JNK signaling pathway, which is a key regulator of pro‑inflammatory gene expression (16). It has been
reported that TNF‑ α induces increased phosphorylation of
JNK in HUVECs (42). ASK1 is a member of the MAPK kinase
kinase family, which activates JNK in response to a variety
of stress stimuli (43). A previous study revealed that high
glucose conditions induced the increase of ASK1 expression

and its activity in HUVECs (44). In the present study, high
glucose conditions in HUVECs resulted in increased ASK1
phosphorylation and JNK expression. However, a significant
decrease in JNK and ASKI phosphorylation was indicated
following treatment with AS‑IV. In addition, an inhibitor of
JNK, SP600125 (45), was used as a reference to compare
the effectiveness of ASIV in the JNK signaling pathway.
The results indicated that AS‑IV could significantly inhibit
the phosphorylation of high glucoseinduced JNK and ASK1,
as well as the expression of TNF‑α and IL‑1β. Furthermore,
SP600125 significantly suppressed the phosphorylation of JNK
but not ASK1. Compared with SP600125, the inhibitory effect
of AS‑IV on JNK phosphorylation was decreased compared
with SP600125; however, there was no notable difference
between SP600125 or AS‑IV in combination with SP600125.
Furthermore, SP600125 and the combination of AS‑IV with
SP600125 had the ability to inhibit ASK1 phosphorylation,
whereas SP600125 did not.
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Figure 7. Mechanism of AS‑IV on cell apoptosis of human umbilical vein endothelial cells stimulated with high glucose conditions. (A) Western blot analysis
of Bax, Bcl‑2 Cyt‑c, cleaved‑caspase‑9 and cleaved‑caspase‑3. (B) Ratio of Bax/Bcl‑2. (C) Expression levels of Cyt‑c, cleaved‑caspase‑9 and cleaved‑caspase‑3.
Data of three experiments were presented as the mean ± standard deviation. *P<0.05 and **P<0.01 vs. the Model group. AS‑IV, astragaloside IV; Bax, B‑cell
lymphoma‑2‑associated X protein; Bcl‑2, B‑cell lymphoma‑2.

The increase of endothelial cell apoptosis is one of the primary
characteristics of endothelial dysfunction (4) and one of the most
important effects on HUVECs in high glucose conditions (46).
The present data indicated that high glucose conditions induced
cell apoptosis. The JNK signaling pathway activates apoptotic
signaling, either by promoting the expression of apoptotic genes
in the nucleus or through modulating the activities of associated
mitochondrial apoptotic proteins by phosphorylation events in
the cytoplasm (23). In higher organisms, mitochondria‑mediated
apoptosis is the predominant pathway of cellular apoptosis (32).
The pathways associated with mitochondrial JNK‑mediated
apoptosis include intrinsic apoptosis and extrinsic apoptosis
pathways (23). In the intrinsic apoptosis pathway, JNK activates the internal cell mitochondrial apoptotic pathway and
changes the mitochondrial structure and function, causing the
release of Cyt‑c into the cytoplasm (47). Following this, Cyt‑c
and an adaptor protein are combined with active caspase‑9,
forming the apoptotic bodies Cyt‑c, caspase‑9 and apoptotic

protease activating factor‑1, which further activates caspase‑3
and causes cell apoptosis (48). Furthermore, JNK can adjust
the activity of Bcl‑2 members by promoting the activation of
apoptosis proteins Bax, which are dimers in the cytoplasm. This
subsequently inhibits the protein expression of Bcl‑2 and regulates cell apoptosis (48,49). In the present study, the expression
levels of Bax, Cyt‑c, cleaved‑caspase‑9 and cleaved‑caspase‑3
were increased and Bcl‑2 expression was decreased in high
glucose‑stimulated HUVECs. However, the expression levels
of Bax, Cyt‑c, cleaved‑caspase‑9 and cleaved‑caspase‑3 were
reduced and Bcl‑2 expression was increased by treatment with
ASIV. Compared with ASIV, the effects of SP600125 and the
combination of AS‑IV with SP600125 were not significantly
different. This suggests that the ability of AS‑IV and JNK
inhibitors in regulating apoptotic proteins is similar. These data
strongly support the mitochondria‑mediated apoptosis pathway
being involved in the pathogenesis of injury induced by high
glucose conditions and ASIV could reduce cell apoptosis
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associated with the mitochondria‑mediated apoptosis pathway.
However, the effect of ASIV on mitochondrial morphology and
mitochondrial membrane potential requires further observation in future studies to identify the mechanism of apoptosis
inhibition.
In conclusion, the present study indicates that high glucosestimulation in HUVECs causes decreased cell activity,
increased the expression of apoptosis and inflammatory factors
and activated the JNK signaling pathway, and mitochondrial
apoptosis pathway. The findings suggested that ASIV may be
valuable for the prevention and treatment of diabetic vascular
complications by reducing cell apoptosis and inflammatory
reactions through the inhibition of the JNK signaling pathway
and mitochondria‑mediated apoptosis pathway. However,
other relevant mechanisms underlying the effects of ASIV
require further investigation.
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