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Abstract. Endothelial progenitor cell (EPC) dysfunction 
is associated with the formation of carotid atherosclerosis. 
It has been demonstrated that angiotensin II (Ang II) may 
impair the function of EPCs and puerarin, a natural product, 
possesses cardiovascular protective effects against oxidative 
stress and inflammation. Therefore, the present study aimed to 
investigate the beneficial effects of puerarin in Ang II‑induced 
EPC injury, and to elucidate the underlying mechanisms. 
Treatment with Ang  II suppressed EPC proliferation and 
migration, increased the expression of the senescence marker 
β‑galactosidase, and the adhesion molecules intracellular 
adhesion molecule‑1 and vascular cell adhesion molecule‑1. 
However, the above effects were markedly alleviated by treat-
ment with puerarin in a dose‑dependent manner (1, 10 and 
100 µM). In addition, Ang II significantly increased reactive 
oxygen species production and the levels of the inflammatory 
cytokine tumor necrosis factor‑α and interleukin‑6. Notably, 
these effects were reversed by puerarin. However, it was 
identified that the impaired EPC functions were due to inhibi-
tion of the phosphorylation of extracellular signal‑regulated 
kinase 1 and 2 (ERK1/2) and the degradation of nuclear factor 
erythroid 2 like 2 (Nrf2), and treatment with puerarin acti-
vated the ERK1/2‑Nrf2 signaling pathway. The results of the 
present study indicated that puerarin protected Ang II‑induced 

EPC dysfunction via activation of the ERK1/2‑Nrf2 signaling 
pathway.

Introduction

Endothelial progenitor cells (EPCs) mobilized from bone 
marrow into the peripheral blood have been observed to 
serve an important role in endothelial repair and vascular 
regeneration by incorporating into the site of vessel injury, 
differentiating into endothelial cells, and releasing paracrine 
factors (1‑3). Thereby, EPC depletion may lead to endothe-
lial dysfunction. However, it has been demonstrated that the 
number of circulating EPCs in patients with atherosclerosis 
(AS) was decreased (4) and studies have reported that the 
number of EPCs may be associated with certain indicators of 
atherosclerosis, including intima‑media thickness, in healthy 
adults (5,6). Angiotensin II (Ang II), the main active effector 
of the renin‑angiotensin system, serves an important role in 
the pathobiology of AS (7). A previous study demonstrated 
that Ang II is essential for EPC function, as Ang‑II‑induced 
oxidative stress causes senescence of EPCs and endothelial 
dysfunction (8). This, in turn, may accelerate the develop-
ment of AS. A recent study demonstrated that natural extracts 
may restore the migration, adhesion and tube formation of 
EPCs, which are diminished by Ang II  (9). This provided 
novel insights into the protection of EPCs from functional 
impairment.

Puerarin (4‑7‑dihydroxy‑8‑beta‑D‑glucosylisoflavone), one 
of the principal isoflavone glycosides extracted from the roots 
of Pueraria lobata, has been clinically used for the treatment 
of diseases, including hypertension, angina, myocardial infarc-
tion, arrhythmia, cerebral infarction and diabetes (10,11). A 
number of studies have revealed that puerarin may protect 
the retina by inhibiting inflammation and neuronal damage 
induced by pro‑inflammatory factors (12), may ameliorate 
endothelial dysfunction in isolated rat aortas (13), and may 
inhibit the endothelial inflammatory response (14). In addition, 
puerarin may function as a defender against Ang II‑mediated 
oxidative stress‑induced cell damage (15). The previous results 
described above suggested that puerarin may possess thera-
peutic potential for cardiovascular disorders, including AS. 
However, it remains unclear whether puerarin may serve an 
antioxidant role in Ang II‑induced EPC damage. The present 
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study, therefore, assessed the potential protective effects of 
puerarin on Ang II‑mediated EPC injury, and investigated 
whether nuclear factor erythroid 2 like 2 (Nrf2) activation 
and extracellular signal‑regulated kinase 1 and 2 (ERK1/2) 
phosphorylation may be involved.

Materials and methods

Identification of EPCs. EPCs were prepared as described previ-
ously (16). Peripheral blood mononuclear cells were obtained 
from the peripheral blood of ten healthy volunteers. Informed 
consent was provided by each participant and the above proce-
dure was approved by the Ethics Committee of Dongfang 
Hospital (Beijing, China). Cells were isolated using Ficoll 
gradient centrifugation and cultured in endothelial growth 
medium‑2 (EGM‑2; Lonza Group, Ltd., Basel, Switzerland) 
supplemented with 10% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA), in a humidified 
incubator with 5% CO2 at 37˚C.

Following 7 days in culture, cells were incubated with 
Dil‑acetylated low‑density lipoprotein (AcLDL; 10 µg/ml; 
Molecular Probes; Thermo Fisher Scientific, Inc.) at 37˚C 
for 1 h. Cells were fixed with 4% paraformaldehyde at room 
temperature for 10  min and subsequently incubated with 
fluorescein isothiocyanate‑labeled lectin (UEA‑1; 10 µg/ml; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) for 1 h. 
Following staining, the slides were observed under an inverted 
f luorescent microscope (Nikon Eclipse Ti‑U; Nikon 
Corporation, Tokyo, Japan). Dual‑stained cells (positive for 
Dil‑ac‑LDL and UEA‑1) were identified as EPCs.

Treatment paradigm. For each experiment, cells were treated 
with human 1.0 µM Ang II (Sigma‑Aldrich; Merck KGaA) for 
24 h (17) with or without pre‑treatment with various concentra-
tions (1, 10, and 100 µM) of puerarin (99% purity as verified 
by high‑performance liquid chromatography; Sigma‑Aldrich; 
Merck KGaA) for 24 h (18). The molecular structure of puerarin 
is presented in Fig. 1. To identify whether the ERK1/2 signaling 
pathway was involved in the protective effect of puerarin, U0126 
(10 µM; Cell Signaling Technology, Inc., Danvers, MA, USA), a 
highly selective inhibitor of ERK1/2, was added to cell cultures 
30 min prior to treatment with Ang II.

Cell proliferation assay. Cell proliferation was determined 
using the Cell Counting Kit‑8 (CCK‑8; Dojindo Molecular 
Technologies, Inc., Kumamoto, Japan) method. Cells were 
seeded into 96‑well plates at 1x104 cells/well and incubated 
in serum‑free EGM‑2 for 24 h. Subsequently, media were 
removed, and cells were washed with PBS and stimulated 
with 1.0 µM Ang II for 24 h. To evaluate the effects of various 
concentrations of puerarin on the viability of EPCs, CCK‑8 
(10 µl/well) was added to the wells at the end of the experiment. 
Following incubation at 37˚C for 2 h, the absorbance of each 
well was determined using a microplate reader (Multiskan 
Spectrum; Thermo Fisher Scientific, Inc.) at 450 nm. The 
degree of cell proliferation was expressed as the percentage 
absorbance of treated cells compared with control cells.

Cell migration assay. The effect of test substances on the 
migration of EPCs was determined using uncoated Transwell 

chambers. A density of ~106 cells was seeded into the upper 
chambers and medium containing 10% fetal bovine serum was 
used as a chemoattractant in the lower chambers. Following 
24 h of incubation, the medium was removed, and the chambers 
were washed twice with PBS. The cells on the upper surfaces 
of the inserts were removed and those which had migrated to 
the lower surfaces were fixed with 4% paraformaldehyde for 
10 min and stained with 0.1% crystal violet for 15 min, both 
at room temperature. Microphotographs were obtained using 
a digital camera system (Olympus Corporation, Tokyo, Japan) 
at x200 magnification.

Measurement of reactive oxygen species (ROS) production 
and inflammation. For ROS detection, an Image‑iT LIVE 
Green Reactive Oxygen Species Detection kit (Invitrogen; 
Thermo Fisher Scientific, Inc.) was used. EPCs (1x105/well) 
were incubated with EGM‑2 containing 10 µM 2,7‑dichloro-
dihydrofluorescein diacetate for 30 min in 6‑well plates and 
washed with PBS. The results were obtained and analyzed 
using a FACSCalibur™ flow cytometer (BD Biosciences, San 
Jose, CA, USA).

Tumor necrosis factor (TNF)‑α and interleukin (IL)‑6 
concentrations in cell lysates were measured using TNF‑α 
(cat. no. ab181421; Abcam, Cambridge, UK) and IL‑6 (cat. 
no. ab46042; Abcam) enzyme‑linked immunosorbent assay 
kits, according to the manufacturer's instructions. Experiments 
were repeated three times independently.

Western blot analysis. Treated cells were extracted using radio-
immunoprecipitation lysis buffer (Biyuntian; Beyotime Institute 
of Biotechnology, Haimen, China) and protein concentrations 
were determined using the bicinchoninic acid method (Beyotime 
Institute of Biotechnology), according to the manufacturer's 
protocol. Protein (30 µg) was separated by 10‑12% SDS‑PAGE 
and transferred to polyvinylidene fluoride membranes. Following 
blocking with 1% bovine serum albumin (MedChemExpress, 
Monmouth Junction, NJ, USA) at room temperature for 1 h, 
the membranes were incubated with the following primary 
antibodies overnight at 4˚C: Anti‑β‑galactosidase (β‑gal; cat. 
no. ab168341; 1:500; Abcam), anti‑intracellular adhesion mole-
cule‑1 (ICAM‑1; cat. no. ab20; 1:1,000; Abcam) anti‑vascular 
cell adhesion molecule‑1 (VCAM‑1; cat. no. ab134047; 1:5,000; 
Abcam), anti‑ERK1/2 (cat no. 9102; 1:10,000; Cell Signaling 
Technology, Inc.), anti‑phosphorylated (p‑)ERK1/2 (cat 
no. 9101; 1:500; Cell Signaling Technology, Inc.), anti‑Nrf2 
(1:1,000; cat no. 12721, Cell Signaling Technology, Inc.) and 
anti‑GAPDH (cat. no. ab8245; 1:1,000; Abcam). Subsequently, 
the membranes were incubated with anti‑rabbit IgG horse-
radish peroxidase‑conjugated secondary antibodies (cat. 
no. ab205718; 1:5,000; Abcam) for 2 h at room temperature. 
The immune complexes were detected using an Enhanced 
Chemiluminescence Plus kit (Biyuntian; Beyotime Institute of 
Biotechnology). Bands were then analyzed using the Quantity 
One 4.0 software (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). Each experiment was repeated three times independently.

Statistical analysis. All statistical analyses were performed 
using GraphPad Prism 6.5 (GraphPad Software, Inc., La 
Jolla, CA, USA). Data are presented as the mean ± standard 
deviation. Comparisons among groups were performed using 
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one‑way analysis of variance with post hoc Bonferroni or post 
hoc Dunnett tests. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

Puerarin reverses the Ang  II‑induced inhibition of EPC 
proliferation and migration. EPCs were cultured from human 
peripheral blood mononuclear cells. Following 7 days in culture, 
isolated cells exhibited an endothelial cell‑like morphology. As 
illustrated in Fig. 2, EPCs were characterized by double staining 
with Dil‑AcLDL and UEA‑1. Pre‑incubation with 1.0 µM Ang II 
significantly suppressed EPC proliferation (Fig. 3A) and migra-
tion (Fig. 3B and C). However, puerarin reversed the inhibitory 
effect caused by 1.0 µM Ang II, in a dose‑dependent manner, on 
cell proliferation and migration (Fig. 3; P<0.05).

Puerarin attenuates Ang II‑induced EPCs senescence and 
adhesion. Compared with the control group, EPC senes-
cence in the Ang II group was accelerated, as characterized 
by the increased level of β‑gal (Fig. 4A and B). In addition, 
compared with the control group, the expression of ICAM‑1 
and VCAM‑1, two adhesion molecules, was increased in the 
Ang II group (Fig. 4C and D). When EPCs were incubated 
with increasing concentrations of puerarin for 24 h, the expres-
sion of β‑gal was significantly decreased, in addition to the 
expression of ICAM‑1 and VCAM‑1 (Fig. 4; P<0.05).

Puerarin suppresses Ang  II‑induced oxidative stress and 
inflammation in EPCs. The results of the flow cytometry 
analysis presented in Fig.  5A demonstrated that Ang  II 
significantly increased ROS production, compared with the 
control group, and its effects were attenuated by treatment 
with puerarin (P<0.05). In addition, the levels of TNF‑α and 
IL‑6 were significantly increased in the Ang II‑treated EPCs 
compared with control EPCs. Similarly, puerarin reduced the 
expression of TNF‑α and IL‑6 in a dose‑dependent manner 
(Fig. 5B and C; P<0.05).

Puerarin alleviates Ang II‑induced EPC damage by activating 
ERK1/2‑Nrf2. In order to elucidate the mechanism underlying 
the above protective effects of puerarin on Ang II‑induced 

EPC damage, the present study investigated whether the 
ERK1/2‑Nrf2 signaling pathway was involved in this regula-
tion. EPCs were exposed to Ang II, puerarin or U0126, and 
western blotting was used to determine the protein levels of 
ERK1/2, p‑ERK1/2 and Nrf2. Ang II induced a suppression 
of p‑ERK1/2 and Nrf2 expression (Fig. 6). Notably, puerarin 
significantly increased the p‑ERK1/2 expression level and 
reversed the suppression of Nrf2 protein expression mediated 
by Ang II. The effects of puerarin may be blocked by the 
ERK1/2 inhibitor U0126 (Fig. 6).

In addition, cell proliferation and migration following 
treatment with U0126 was decreased compared with treat-
ment with Ang  II and puerarin. However, there were no 
apparent alterations in the Ang II group compared with the 
Ang II + U0126 group or Ang II + puerarin + U0126 group 
(Fig. 7A). The effects of U0126 on cell senescence and adhe-
sion (Fig. 7B and C) was consistent with the above. The levels 
of ROS production and inflammatory cytokines (TNF‑α and 
IL‑6) were also decreased when EPCs were exposed to U0126 
(Fig. 7D‑F). These results indicated that puerarin protected 
EPCs from Ang II‑induced damage by activating ERK1/2 and 
Nrf2.

Discussion

The present study demonstrated that puerarin protected EPCs 
from Ang II‑induced cell damage by decreasing ROS produc-
tion and the expression of inflammatory cytokines. In addition, 
the results of the present study suggested that the protective 
effects of puerarin on EPC function may be dependent on the 
ERK1/2‑Nrf2 signaling pathway.

In patients with carotid AS, it has been observed that the 
number of circulating EPCs is reduced and their function is 
impaired  (19). EPCs may be a potential therapeutic target 
for vascular repair and regeneration, due to their strong 
capacity for proliferation and differentiation (20). However, 
studies have reported that EPCs may be damaged by Ang II 
and there is evidence that Ang II upregulates the levels of 
pro‑inflammatory cytokines (including IL‑6, monocyte 
chemoattractant protein‑1 and VCAM‑1) via the type 1 Ang II 
receptor, which may deteriorate the atherosclerotic inflamma-
tory response (21,22). Consistent with previous studies, the 
results of the present study suggested that cell proliferation and 
migration were decreased by Ang II, and it was demonstrated 
that 1.0 µM Ang II stimulated ROS production to increase 
EPC senescence, and increased the expression of ICAM‑1 
and VCAM‑1, two adhesion molecules of EPCs. Similarly, 
Han et al (23) demonstrated that Ang II caused EPC damage by 
testing proliferation, migration, adhesion, angiogenic capacity 
and tube formation in EPCs. Notably, the present study identi-
fied that puerarin was able to alleviate Ang II‑mediated EPs 
injury.

There has been increasing interest in bioactive molecules 
that modulate cellular homeostasis and biological functioning. 
Puerarin, the principal isoflavone glycoside obtained from the 
root of Pueraria lobata (kudzu), has been observed to possess 
antioxidant (24), anti‑hypercholesterolemic (25) and anti‑hyper-
glycemic properties (26). In the present study, it was observed 
that puerarin had the ability to attenuate Ang II‑induced EPC 
damage by decreasing ROS production. Similar to the results 

Figure 1. Molecular structure of puerarin.
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Figure 4. Effects of puerarin on the senescence and adhesion of Ang II‑induced endothelial progenitor cells. The expression levels of β‑gal were analyzed via 
(A) western blotting and (B) densitometric analysis. The expression of ICAM‑1 and VCAM‑1 were assessed via (C) western blot analysis and (D) densitometry. 
#P<0.05 vs. control; *P<0.01 vs. Ang II. Ang II, angiotensin II; β‑gal, β‑galactosidase; ICAM‑1, intracellular adhesion molecule‑1; VCAM‑1, vascular cell 
adhesion molecule‑1.

Figure 3. Effect of puerarin on the proliferative and migratory ability of EPCs induced by Ang II. (A) A Cell Counting Kit‑8 assay demonstrated that Ang II 
inhibited EPC proliferation, and puerarin alleviated this inhibitory effect in a dose‑dependent manner. (B) Puerarin eliminated the suppressive function of 
Ang II on EPCs migration in a dose‑dependent manner. (C) Representative images of migratory cells. Magnification, x200. #P<0.05 vs. control; *P<0.01 vs. 
Ang II. EPCs, endothelial progenitor cells; Ang II, angiotensin II.

Figure 2. Identification of EPCs. Adherent cells exhibiting double‑positive staining for UEA‑1 (green; excitation wavelength, 488 nm) and Dil‑AcLDL (red; 
excitation wavelength, 549 nm) were differentiated EPCs. (A) UEA‑1; (B) Dil‑acLDL; (C) merge. Magnification, x200. EPCs, endothelial progenitor cells.
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Figure 7. Puerarin attenuates Ang II‑induced EPC dysfunction by activating the ERK1/2‑nuclear factor erythroid 2 like 2 signaling pathway. (A) Cell prolifera-
tion and migration was measured in the different groups. The protein expression of β‑gal, ICAM‑1 and VCAM‑1 was measured by (B) western blotting and 
(C) densitometry, following treatment with puerarin or U0126 (an inhibitor of ERK1/2) in Ang II‑induced EPCs. (D) ROS levels were detected by flow cytometry 
in the different groups. (E) TNF‑α and (F) IL‑6 levels were detected by ELISA analysis in the different groups. #P<0.05 vs. control; *P<0.01 vs. Ang II; $P<0.05 
vs. Ang II + puerarin. Ang II, angiotensin II; EPC, endothelial progenitor cell; ERK1/2, extracellular signal‑regulated kinase; β‑gal, β‑galactosidase; ICAM‑1, 
intracellular adhesion molecule‑1; VCAM‑1, vascular cell adhesion molecule‑1; ROS, reactive oxygen species; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6.

Figure 6. Effect of puerarin on the ERK1/2‑Nrf2 pathway in endothelial progenitor cells induced by Ang II. U0126 is a selective inhibitor of ERK1/2. GAPDH 
was used to normalize protein loading. (A) The expression of p‑ERK1/2 was examined using western blotting. (B) The ERK1/2 phosphorylation was calculated 
as the ratio of normalized arbitrary units of p‑ERK1/2 over total ERK1/2. Nrf2 relative levels were detected by (C) western blot analysis and (D) densitometry. 
#P<0.05 vs. control; *P<0.01 vs. Ang II; $P<0.05 vs. Ang II + puerarin. ERK1/2, extracellular signal‑regulated kinase 1/2; p, phosphorylated; Ang II, angio-
tensin II; Nrf2, nuclear factor erythroid 2 like 2.

Figure 5. Effect of puerarin on EPC ROS production and inflammatory responses induced by Ang II. The ROS levels of EPCs were determined via 2,7‑dichlo-
rodihydrofluorescein diacetate staining and are expressed as a % of the control group. ELISA analysis was used to quantify inflammatory factors. (A) Effect 
of puerarin on ROS levels detected by flow cytometry. (B) Effect of puerarin on TNF‑α expression. (C) Effect of puerarin on IL‑6 expression. #P<0.05 vs. 
control; *P<0.05 vs. Ang II. EPCs, endothelial progenitor cells; ROS, reactive oxygen species; TNF‑α, tumor necrosis factor‑α; IL‑6, interleukin‑6; Ang II, 
angiotensin II.
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of the present study, Lu et al (27) demonstrated that puerarin 
exerted its protective action via the reduction of NADPH 
oxidase‑derived ROS overproduction and activation of the 
phosphatidylinositol 3‑kinase (PI3K)/RAC‑α serine/threonine 
protein kinase (Akt)/endothelial nitric oxide synthase (eNOS) 
pathways, in amyloid β40 peptide‑induced vessel impairment. In 
addition, emerging evidence has indicated the anti‑inflammatory 
effects of puerarin in Ang II‑induced endothelial dysfunction. 
Li et al (18) demonstrated that puerarin inhibited the expression 
of NADPH subunits and VCAM1, and increased the phosphory-
lation of eNOS at Ser 1177 in Ang II‑infused rats. A study by 
Ji et al (28) demonstrated that puerarin inhibited the inflamma-
tory response in atherosclerosis by suppressing the nuclear factor 
(NF)‑κB signaling pathway. This previous study additionally 
demonstrated that puerarin induced the inhibition of adhesion 
molecules, including VCAM‑1 and ICAM‑1, which serve a critical 
role in AS (29,30). The present study demonstrated that puerarin 
downregulated the Ang II‑induced expression of ICAM‑1 and 
VCAM‑1 in EPCs. The mechanism of action of puerarin against 
Ang II‑induced EPC injury was further investigated. As previ-
ously discussed, puerarin exerted antioxidant and cytoprotective 
effects via the activation of a number of signaling pathways, 
including the PI3K/Akt/eNOS (31), NF‑κB (28) and peroxisome 
proliferator‑activated receptor pathways (23,32). It was observed 
that, accompanied by the inhibition of inflammatory cytokines, 
puerarin activated the ERK1/2‑Nrf2 signaling pathway in 
Ang II‑induced EPCs. Subsequent chemical stressor analysis 
validated the hypothesis that puerarin exerted its cellular protec-
tive function by activating the ERK1/2‑Nrf2 pathway. However, 
it remains to be completely understood whether puerarin may 
exert its function via other pathways and whether it affects EPC 
functioning in vivo.

In conclusion, the results of the present study demonstrated 
that puerarin activated the ERK1/2‑Nrf2 signaling pathway, 
leading to cellular protection in EPCs exposed to Ang II.
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