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Abstract. Panax notoginseng saponins (PNS) are among the 
most important compounds extracted from Panax notoginseng 
root, and have long been used in traditional Chinese medicine 
to control bleeding. PNS have recently garnered attention for 
the treatment of circulatory system diseases. The present study 
aimed to evaluate the effects of PNS on angiogenesis in vitro 
and to explore the molecular mechanisms underlying their 
actions. The present results demonstrated that the proliferative 
ability of human umbilical vein endothelial cells (HUVECs) 
was augmented following treatment with PNS. In addition, 
wound healing and Boyden chamber assays indicated that PNS 
may enhance HUVEC motility and increase the number of 
capillary‑like tube branches in HUVECs. These effects were 
suppressed by 5' adenosine monophosphate‑activated protein 
kinase (AMPK) and endothelial nitric oxide synthase (eNOS) 
inhibitors. Furthermore, western blot analysis demonstrated 
that PNS stimulated the phosphorylation of AMPK and eNOS 
at Thr‑172 and Ser‑1179, respectively. These results suggested 
that PNS may promote tube formation in endothelial cells 
through AMPK‑ and eNOS‑dependent signaling pathways.

Introduction

Angiogenesis refers to the formation of new capillaries 
from existing vasculature and is a central process during 
normal embryonic development and wound healing  (1,2). 
Angiogenesis serves a critical role during pathological 
neovascularization, which is characteristic of tumor growth 
and ischemic cardiovascular disease (2). Vascular stenosis 

and obstruction are among the main causes of ischemic 
cardiovascular disease, including myocardial infarction and 
angina, and can lead to reduction or depletion of blood flow 
to the heart. Enhanced angiogenic processes may serve as a 
compensatory mechanism to increase the compromised blood 
flow. Therefore, therapeutic angiogenesis has been considered 
as a supplementary strategy for the treatment of patients with 
vascular insufficiency (3). Recently, formulas used in tradi-
tional Chinese medicine have garnered attention in the search 
for novel proangiogenic agents (4).

Panax notoginseng (Burk.) F. H. Chen is a plant mainly 
cultivated in Yunnan, China (5). The root of Panax notogin‑
seng, also known as Radix notoginseng and Sanqi, has been 
used as a tonic and hemostatic agent in traditional Chinese 
medicine for thousands of years. As the interest around 
traditional Chinese medicine increases, numerous studies 
have investigated the chemical constituents and the biological 
activity of Sanqi. It has been demonstrated that Sanqi exerts 
pharmacological effects on the immune, central nervous and 
cardiovascular systems, in diabetes mellitus and cancer (6). 
The chemical constituents of Panax  notoginseng are 
complex and include saponins, flavonoids, carbenes, sterols, 
organic acids/esters, polysaccharides and amino acids  (7). 
Panax notoginseng saponins (PNS) are considered the main 
bioactive ingredients.

5' Adenosine monophosphate (AMP)‑activated protein 
kinase (AMPK) is a heterotrimer composed of three 
subunits: A catalytic α subunit, and two regulatory β and γ 
subunits (8). AMPK has been reported to act as an energy 
sensor that participates in the maintenance of energy 
homeostasis  (9). Stimuli that increase the AMP/adenosine 
triphosphate (ATP) ratio, including exercise, glucose depriva-
tion, adiponectin, leptin, hypoxia and ischemia, are able to 
induce AMPK activation (10‑13). When AMPK is activated, 
ATP‑consuming pathways are inhibited and ATP‑producing 
pathways are enhanced (8). A previous study demonstrated 
that under hypoxic conditions, the angiogenic properties of 
endothelial cells are potentiated, through the activation of 
AMPK signaling pathways (14). AMPK has been reported 
to phosphorylate endothelial nitric oxide synthase (eNOS) at 
Ser‑1179 (15). The present study aimed to examine the effects 
of PNS during angiogenesis. The AMPK inhibitor 6‑[4‑(2‑ 
Piperidin‑1‑yl‑ethoxy)‑phenyl)]‑(13)‑3‑pyridin‑4‑yl‑pyrrazolo 
[1, 5‑a]‑pyrimidine (Compound C) (16) and the eNOS inhibitor 
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Nω‑nitro‑L‑arginine methyl ester (L‑NAME) (17) were also 
used to investigate the molecular pathways underlying the 
effects of PNS during angiogenesis.

Materials and methods

Reagents. Total saponins extracted from Panax  notogin‑
seng were purchased from Yunnan Yuxi Wanfang Natural 
Medicine Co., Ltd. (Yuxi, China). L‑NAME was purchased 
from Sigma‑Aldrich (Merck KGaA, Darmstadt, Germany). 
Anti‑AMPK α‑pan (cat.  no.  2603), anti‑phosphorylated 
(p)‑AMPK (Thr‑172; cat. no. 2535), anti‑eNOS (cat. no. 9586) 
and anti‑p‑eNOS (Ser‑1179; cat. no. 9570) antibodies were 
purchased from Cell Signaling Technology, Inc. (Danvers, MA, 
USA). Fetal bovine serum (FBS) was purchased from HyClone 
(GE Healthcare Life Sciences, Logan, UT, USA). Cell culture 
media were purchased from Gibco (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA). Vascular endothelial growth factor 
(VEGF) and Compound C were purchased from Merck KGaA. 
Anti‑β‑actin antibody (cat. no. M06209) was obtained from 
Yeasen Biological Technology Co., Ltd. (Shanghai, China) and 
horseradish peroxidase‑conjugated anti‑rabbit (cat. no. 7074) 
and anti‑mouse (cat. no. 7076) secondary antibodies were from 
Cell Signaling Technology, Inc.

Cell culture. Primary human umbilical vein endothelial 
cells (HUVECs) were isolated from 7 neonatal umbilical 
cords in Shanghai Tenth People's Hospital between February 
and August 2015. Umbilical cords were isolated and rapidly 
placed in preheated PBS under aseptic conditions. Total blood 
was harvested from the umbilical cords, and a 20‑cm clip-
ping of the tissue was used for cell isolation. The tissue was 
thoroughly washed with PBS to remove all blood and treated 
with 0.1% collagenase II for 15 min at 37˚C. Subsequently, 
the digested tissue was rinsed with RPMI‑1640 medium and 
centrifuged at 181 x g for 5 min at 4˚C. The supernatants 
were discarded and cells were resuspended in M200 medium 
(Gibco; Thermo Fisher Scientific, Inc.), supplemented with low 
serum growth supplement (Gibco; Thermo Fisher Scientific, 
Inc.), 1% penicillin‑streptomycin (Gibco; Thermo Fisher 
Scientific, Inc.) and 10% heat‑inactivated FBS. Cells (~1x106) 
were inoculated in 0.1% gelatin pre‑coated culture flasks 
and cultured at 37˚C in a humidified atmosphere containing 
5% CO2. The following day, the medium was replaced to 
remove the non‑adherent cells and cells were maintained at 
37˚C in a 5% CO2 atmosphere until further use. The medium 
was replaced every 2  days. HUVECs used in all experi-
ments were between passages 2 and 8. The present study was 
approved by the ethics committee of Shanghai Tenth People's 
Hospital. Written informed consent was obtained from all 
human subjects providing umbilical cord samples.

Cell proliferation assay. HUVECs were seeded at a density 
of 4x103 cells/well in M200 medium, supplemented with low 
serum growth supplement, 1% penicillin‑streptomycin and 10% 
heat‑inactivated FBS into 96‑well plates in triplicate. Following 
24 h of attachment, cells were treated with increasing concen-
trations of PNS (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1 and 2 mg/ml) for 48 h 
at 37˚C. Cells were also treated with L‑NAME (100 µmol/l) 
or Compound C (10 µmol/l) for 2 h, followed by incubation 

with PNS (1 mg/ml) for 48 h at 37˚C. Cells treated with VEGF 
(20 ng/ml) served as positive controls. Cell proliferation was 
assessed using the Cell Counting Kit‑8 assay (CCK‑8; Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan). Following 
further incubation for 48 h at 37˚C, the medium in each well 
was discarded and replaced with fresh medium containing 
10 µl CCK‑8 solution and cells were incubated at 37˚C for 
2 h. Absorbance at 450 nm was measured using a microplate 
ELISA reader (BioTek Instruments, Inc., Winooski, VT, USA). 
A wavelength of 650 nm was used as reference.

Migration assay
Boyden chamber assay. A Boyden chamber assay was 
performed as previously described (18). Briefly, HUVECs 
were starved overnight in serum‑free medium. Starved cells 
were resuspended in M200 medium supplemented with 
0.5% FBS and diluted to a concentration of 2.0x104  cells 
in 200 µl/well. The cell suspension was then added into the 
upper chambers of Transwell inserts (8.0 µm pore size; BD 
Biosciences, Franklin Lakes, NJ, USA). Cell growth medium 
(600 µl), supplemented with bovine serum albumin (BSA; 
30 µg/ml; Sangon Biotech Co., Ltd., Shanghai, China), PNS 
(1 mg/ml), Compound C (10 µM) or L‑NAME (100 µM) in the 
absence or presence of PNS (1 mg/ml) or VEGF (20 ng/ml) 
was added to the lower chambers. Following 8 h of treatment 
at 37˚C, the upper chambers were removed and washed with 
PBS. Cells attached to the upper surface of the inserts were 
discarded. Cells that had migrated to the lower surface of the 
inserts were fixed with methanol for 15 min and stained with 
crystal violet (Sigma‑Aldrich; Merck KGaA). Stained cells 
were observed under an inverted microscope in five random 
fields per well and the number of cells was quantified using 
Image Pro Plus software version 6.0 (Media Cybernetics, Inc., 
Rockville, MD, USA). Each experiment was performed in 
duplicate and repeated three times.

Scratch wound assay. HUVECs (1.0x105 cells) were seeded in 
6‑well plates in M200 medium, supplemented with low serum 
growth supplement, 1% penicillin‑streptomycin and 10% 
heat‑inactivated FBS. When cells had reached 90% confluence, 
a rectangular lesion was created by scratching the plate with 
a pipette tip. Cells were rinsed twice with PBS and incubated 
in M200 medium without FBS at 37˚C. Photomicrographs 
were captured under an inverted phase‑contrast microscope in 
3 random fields and wound width was measured. Subsequently, 
cells were treated with PNS (1 mg/ml), Compound C (10 µM) 
or L‑NAME (100 µM) in the absence or presence of PNS 
(1  mg/ml), or VEGF (20  ng/ml) for an additional 24  h. 
Photomicrographs were captured in the same fields. The 
migration distance was analyzed using Image‑Pro Plus soft-
ware version 6.0 (Media Cybernetics, Inc.).

Tube formation assay. HUVECs suspended in M200 medium 
supplemented with 1% FBS were seeded into Matrigel 
(BD Biosciences) pre‑coated 96‑well plates at a density of 
1x104 cells/100 µl. Cells were treated with 1 mg/ml PNS, 
Compound C (10 µM) or L‑NAME (100 µM) in the absence 
or presence of PNS (1  mg/ml), 20  ng/ml VEGF or 0.1% 
dimethyl sulfoxide (DMSO) and were incubated for 8 h at 
37˚C. Photomicrographs were captured under an inverted 



MOLECULAR MEDICINE REPORTS  16:  5211-5218,  2017 5213

phase‑contrast microscope and the angiogenic ability was 
quantified via counting the number of branch points of 
formed tubes in three randomly selected fields per well using 
Image‑Pro Plus software version 6.0 (Media Cybernetics, 
Inc.). Each experiment was repeated three times.

Western blot analysis. HUVECs (1x105 cells) were seeded 
in 6‑well plates and were pretreated with compound C 
(10 µmol/l) or L‑NAME (100 µmol/l) for 40 min followed by 
PNS (1 mg/ml) for 1 h. Cells were then washed with cold PBS 
twice followed by incubation in lysis buffer (Beijing Solarbio 
Science & Technology Co., Ltd., Beijing, China) for 30 min 
on ice. Cells were centrifuged at 13,523 x g for 10 min at 4˚C. 
Protein concentration was quantified with a bicinchoninic acid 
protein assay kit (Beyotime Institute of Biotechnology, Haimen, 
China). Equal amounts of extracted protein samples (20 µg) 
were separated by 8% or 10% SDS‑PAGE and transferred 
onto polyvinylidene difluoride membranes. The membranes 
were blocked with 5% BSA at room temperature for 1 h and 
incubated with the following primary antibodies overnight at 
4˚C: Anti‑AMPK α‑pan (1:1,000), anti‑p‑AMPK (Thr‑172; 
1:1,000), anti‑eNOS (1:1,000), anti‑p‑eNOS (Ser‑1179; 1:1,000) 
and anti‑β‑actin (1:1,000). Subsequently, membranes were 
incubated with horseradish peroxidase‑conjugated secondary 
antibodies (1:2,000) for 1 h at room temperature. Protein 
bands were visualized using an enhanced chemiluminescence 
detection kit (Thermo Fisher Scientific, Inc.). Blots were 
semi‑quantified by densitometry analysis using ImageJ soft-
ware version 1.6.0 (National Institutes of Health, Bethesda, 
MA, USA).

Statistical analysis. Data are expressed as the mean ± stan-
dard error of the mean of at least 3 independent experiments. 
The statistical significance of the difference between groups 
was assessed by Student's t‑test for pair‑wise comparisons 
or one‑way analysis of variance followed by a post hoc 
Student‑Newman‑Keuls test for multiple comparisons. The 
analysis was performed using GraphPad Prism software 
version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

PNS promote HUVEC proliferation. The proliferative capabili-
ties of HUVECs following PNS treatment were assessed using 
the CCK‑8 assay. The proliferation of PNS‑treated HUVECs 
increased in a dose‑dependent manner; PNS treatment reached 
its maximum effect at a concentration of 2.0 mg/ml (Fig. 1). 
Treatment with VEGF was used as a positive control. These 
results suggested that PNS may stimulate the proliferation of 
HUVECs.

PNS promote HUVEC migration. Neovascularization requires 
proliferating endothelial cells to migrate through the base-
ment membrane to distant sites. Therefore, the migratory 
capabilities of endothelial cells are critical for angiogenesis. 
To elucidate the effects of PNS on endothelial cell mobility, 
Boyden chamber and scratch wound assays were performed 
(Fig.  2). The number of migrated cells in the PNS‑ and 

Figure 1. PNS stimulates HUVEC proliferation. HUVECs were incubated 
with various concentrations of PNS for 48 h. Treatment with VEGF was used 
as a positive control. Control cells received no treatment. Cell proliferation 
was assessed using the Cell Counting Kit-8 assay. Data are expressed as the 
mean ± standard error of the mean of three independent experiments. *P<0.05 
vs. the control group. PNS, Panax notoginseng saponins; HUVECs, human 
umbilical vein endothelial cells; VEGF, vascular endothelial growth factor.

Figure 2. PNS stimulates HUVEC migration. Cells were treated with bovine 
serum albumin (30 µg/ml; control), PNS (1 mg/ml), or VEGF (20 ng/ml; 
positive control). (A) Invasive capabilities of HUVECs were assessed using 
the Boyden chamber assay. Magnification, x10. (B) Migratory capabilities 
of HUVECs were assessed using the scratch assay. Magnification, x10. 
(C and D) Quantitative evaluation of HUVEC mobility following various 
treatments. Data are expressed as the mean ± standard error of the mean 
of three independent experiments. *P<0.05 vs. the control group. PNS, 
Panax notoginseng saponins; HUVECs, human umbilical vein endothelial 
cells; VEGF, vascular endothelial growth factor.
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VEGF‑treated groups was significantly higher compared 
with in the control group (Fig. 2A and C). The scratch assay 
demonstrated that cells in the PNS‑ and VEGF‑treated groups 
exhibited significantly increased motility compared with in 
the control group (Fig. 2B and D). These results suggested that 
PNS may enhance HUVEC migration and exert similar effects 
to VEGF stimulation.

PNS promote capillary‑forming capabilities of HUVECs. The 
effects of PNS on the vessel‑forming capabilities of HUVECs 
were assessed using the tube formation assay. Matrigel is a 
basement membrane matrix that facilitates the formation of 
network‑like structures by endothelial cells. HUVECs were 
seeded onto the Matrigel and were treated with 1  mg/ml 
PNS, 20 ng/ml VEGF or 0.1% DMSO. Cells treated with PNS 
or VEGF formed more capillary‑like networks compared 
with DMSO‑treated control cells (Fig. 3A). In addition, the 
proangiogenic effects of PNS were confirmed using quantita-
tive measurements. PNS‑ and VEGF‑treated cells exhibited 
significantly more branch points compared with control cells 
(Fig. 3B).

PNS induce AMPK and eNOS phosphorylation in HUVECs. 
HUVECs were incubated with PNS (1 mg/ml), and phos-
phorylation of the AMPK α‑subunit at Thr‑172 was assessed 
using western blot analysis. Treatment with PNS enhanced 
AMPK phosphorylation in a time‑dependent manner, without 
affecting the levels of total AMPK protein (Fig. 4A and B). 
The maximum effect was demonstrated following 60 min of 
treatment.

AMPK is able to activate eNOS via phosphorylation 
at Ser‑1179 (19), which can trigger endothelial cell growth 
and migration due to increased NO synthesis  (17,20,21). 
Therefore, eNOS phosphorylation was also assessed. PNS 

was demonstrated to enhance eNOS phosphorylation without 
altering total protein levels (Fig. 4A and B). To examine whether 
AMPK may be involved in the regulation of PNS‑induced 
eNOS phosphorylation, the AMPK inhibitor Compound C and 
the eNOS inhibitor L‑NAME were used. AMPK phosphoryla-
tion induced by PNS was inhibited by Compound C, but was 
not affected by L‑NAME. Conversely, eNOS phosphorylation 
was inhibited by Compound C and L‑NAME (Fig. 4B and C). 
These results suggested that the proangiogenic effects exerted 
by PNS may depend on AMPK‑ and eNOS‑mediated signaling 
pathways.

Role of AMPK and eNOS pathways in PNS‑induced HUVEC 
proliferation. To investigate whether AMPK‑ and eNOS‑depen-
dent pathways may be involved in PNS‑stimulated HUVEC 
proliferation, the inhibitors L‑NAME and Compound C were 
use Compound C and L‑NAME abolished the PNS‑induced 
stimulation of HUVEC proliferation (Fig.  5). These 
results suggested that PNS may promote HUVEC prolif-
eration through the activation of AMPK‑ and eNOS‑mediated 
signaling pathways.

Role of AMPK and eNOS signaling pathways in PNS‑ 
stimulated HUVEC migration and capillary formation. 
The implication of AMPK and eNOS signaling pathways in 
PNS‑induced endothelial cell migration and angiogenesis 
were investigated. HUVECs were treated with PNS and the 
inhibitors Compound C and L‑NAME. Results of the Boyden 
chamber assay indicated that Compound C and L‑NAME 
significantly suppressed the PNS‑stimulated HUVEC 
migration (Fig. 6A and B). The scratch assay revealed that 
PNS‑treated HUVECs migrated longer distances compared 
with vehicle‑treated cells, whereas the effects of PNS were 
reversed following treatment with the AMPK and eNOS 
inhibitors (Fig.  6C and D). In addition, a Matrigel assay 
demonstrated that in HUVECs treated with the inhibitors, 
PNS‑induced tube formation was abolished (Fig. 6E and F). 
These results suggested that PNS may promote endothelial 
cell migration and tube formation through AMPK‑ and 
eNOS‑mediated signaling pathways.

Discussion

The present study demonstrated that PNS promoted 
angiogenesis in vitro. PNS were revealed to enhance several 
features of angiogenesis, including the proliferation, migration 
and differentiation of endothelial cells into capillary‑like 
structures. Western blot analysis suggested that the mechanism 
underlying their proangiogenic effects may involve AMPK‑ 
and eNOS‑dependent signaling.

Ischemic cardiovascular diseases are one of main causes 
of mortality worldwide and their prevalence increases with 
age (22). Two major revascularization strategies have garnered 
attention: Surgical and catheter‑based revascularization. 
However, a large number of patients are not appropriate 
candidates for these therapies, or remain symptomatic despite 
receiving revascularization therapy and drug treatment. In 
addition, the cost of revascularization surgery limits its use. 
Therefore, the development of alternative treatment strate-
gies, including those aimed at promoting angiogenesis, are 

Figure 3. PNS stimulates capillary‑forming capabilities of HUVECs. 
(A)  Photomicrographs of HUVECs seeded on Matrigel‑coated plates 
following incubation with vehicle (control group), PNS or VEGF (posi-
tive control) for 8 h. Magnification, x10. (B) Cells treated with PNS or 
VEGF exhibited significantly more branch points compared with cells in 
the control group. Data are expressed as the mean ± standard error of the 
mean of three independent experiments. *P<0.05 vs. the control group. PNS, 
Panax notoginseng saponins; HUVECs, human umbilical vein endothelial 
cells; VEGF, vascular endothelial growth factor.
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mandatory for the effective treatment of patients that are not 
successfully treated by these revascularization strategies (23).

Angiogenesisis an essential process during vessel formation 
in adult tissue, and involves complex interactions between endo-
thelial cells, angiogenic growth factors and extracellular matrix 
components  (24). Numerous diseases stem from persistent 
unregulated angiogenesis; however, therapeutic angiogenesis 
has garnered attention for its use in the treatment of ischemic 
diseases (25‑28). Chemical agents with proangiogenic effects 
hold potential as an alternative strategy for the treatment of 
ischemic cardiovascular diseases (29). Radix notoginseng has 
long been used in traditional Chinese medicine and has been 
demonstrated to interfere with angiogenic processes. Radix 
notoginseng has been reported to increase the expression of 
VEGF receptor 2 (VEGFR2), as well as the secretion of VEGF 
in HUVECs (30). The predominant ginsenoside isolated from 
radix notoginseng, Rg1, has previously exhibited strong proan-
giogenic actions, exerted through VEGFR2 activation and 
thephosphatidylinositol‑4,5‑bisphosphate 3‑kinase/Akt/eNOS 
pathway (31). The present study aimed to investigate the proan-
giogenic effects of PNS on endothelial cells and explore the 
molecular mechanisms underlying these actions.

AMPK is a cellular metabolic sensor, which can be acti-
vated by increasing the intracellular AMP/ATP ratio, and in 
turn can inhibit anabolic pathways and stimulate catabolic 
processes (32). In vascular endothelium, AMPK has been 

Figure 4. PNS enhances AMPK and eNOS phosphorylation in HUVECs. (A and B) Time‑dependent alterations were detected in AMPK and eNOS phos-
phorylation following PNS treatment. (C and D) Compound C, an AMPK inhibitor, and L‑NAME, an eNOS inhibitor, suppressed PNS‑induced increases in 
AMPK and eNOS phosphorylation. HUVECs were pretreated with Compound C (10 µmol/l) or L‑NAME (100 µmol/l) for 40 min, followed by treatment with 
PNS (1 mg/ml) for 1 h. Data are expressed as the mean ± standard error of the mean of three independent experiments. *P<0.05 vs. the control group; #P<0.05 
vs. the PNS group. PNS, Panax notoginseng saponins; AMPK, 5' adenosine monophosphate‑activated protein kinase; eNOS, endothelial nitric oxide synthase; 
HUVECs, human umbilical vein endothelial cells; Compound C, 6‑[4‑(2‑Piperidin‑1‑yl‑ethoxy)‑phenyl)](13)‑3‑pyridin‑4‑yl‑pyrrazolo [1,5‑a]‑pyrimidine; 
L‑NAME, Nω‑nitro‑L‑arginine methyl ester.

Figure 5. AMPK‑ and eNOS‑mediated pathways are implicated in 
PNS‑stimulated HUVEC proliferation. HUVECs were pretreated 
with Compound C (10 µM) or L‑NAME (100 µM) for 2 h, followed by 
incubation with PNS (1  mg/ml) for 48  h. Compound C and L‑NAME 
suppressed PNS‑stimulated cellular proliferation. Data are expressed 
as the mean ±  standard error of the mean of three independent experi-
ments. *P<0.05 vs. the control group; #P<0.05 vs. the PNS group. AMPK, 
5' adenosine monophosphate‑activated protein kinase; eNOS, endothelial 
nitric oxide synthase; PNS, Panax notoginseng saponins; HUVECs, human 
umbilical vein endothelial cells; Compound C, 6‑[4‑(2‑Piperidin‑1‑yl‑ethoxy)‑ 
phenyl)](13)‑3‑pyridin‑4‑yl‑pyrrazolo [1,5‑a]‑pyrimidine; L‑NAME, 
Nω‑nitro‑L‑arginine methyl ester.
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demonstrated to serve a role in the regulation of angiogenesis, 
particularly under hypoxic conditions (14). A previous study 
reported that 5‑aminoimidazole‑4‑carboxamide ribonucleo-
tide (AICAR), an AMPK stimulator, promoted angiogenesis 
in mouse myoblasts, via enhancing VEGF production and 
AMPK phosphorylation (33). Another study demonstrated 
that AICAR improved angiogenesis via upregulating VEGF 
gene expression, promoting AMPK phosphorylation and 

activating mitogen‑activated protein kinase/extracellular 
signal‑regulated kinase pathways in myocardial microvas-
cular endothelial cells (34). eNOS is a substrate for AMPK, 
and is critical for cardiovascular homeostasis, vascular 
remodeling and angiogenesis  (19). Therefore, the present 
study investigated whether the activation of AMPK‑ and 
eNOS‑dependent pathways may participate in the proangio-
genic actions of PNS.

Figure 6. AMPK‑ and eNOS‑mediated pathways are implicated in PNS‑stimulated HUVEC migration and angiogenesis. HUVECs were treated with compound 
C (10 µmol/l) or L‑NAME (100 µmol/l) in the presence or absence of PNS (1 mg/ml). (A and B) Boyden chamber assay; (C and D) scratch wound assay; and 
(E) Matrigel assay. (F) Number of branch points was detected during HUVEC capillary formation. Magnification for all images, x10. Data are expressed 
as the mean ± standard error of the mean of three independent experiments. *P<0.05 vs. the control group; #P<0.05 vs. the PNS group. AMPK, 5' adenosine 
monophosphate‑activated protein kinase; eNOS, endothelial nitric oxide synthase; PNS, Panax notoginseng saponins; HUVECs, human umbilical vein endothe-
lial cells; Compound C, 6‑[4‑(2‑Piperidin‑1‑yl‑ethoxy)‑phenyl)](13)‑3‑pyridin‑4‑yl‑pyrrazolo [1,5‑a]‑pyrimidine; L‑NAME, Nω‑nitro‑L‑arginine methyl ester.
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To investigate the angiogenic capabilities of PNS, angio-
genesis was assessed in vitro in HUVECs, using proliferation, 
migration and capillary formation assays. The present results 
demonstrated that endothelial cell proliferation was enhanced 
by PNS in a dose‑dependent manner. HUVEC migration was 
also increased by PNS treatment. Furthermore, PNS increased 
the number of branch points in the tube formation assay. These 
results suggested that treatment with PNS promoted angio-
genesis in HUVECs in  vitro. Conversely, PNS‑stimulated 
proangiogenic processes were abolished following treatment 
of HUVECs with AMPK and eNOS inhibitors. In conclusion, 
these results suggested that PNS may hold potential for the 
development of alternative strategies aiming to promote thera-
peutic angiogenesis in patients with ischemic cardiovascular 
diseases.

Limitations of the present study should be noted: The study 
was performed using only in vitro experimental systems, and 
further in vivo experiments are required to confirm the proan-
giogenic effects of PNS. Further research is also required to 
elucidate the complex molecular mechanisms underlying the 
involvement of AMPK and eNOS, as well as their modulation 
by PNS, in angiogenic processes.

In conclusion, the present study demonstrated that PNS 
stimulated angiogenesis in endothelial cells in  vitro. The 
present results suggested that the mechanisms underlying the 
observed proangiogenic effects may involve the activation 
of AMPK‑ and eNOS‑dependent pathways. These findings 
suggested that PNS may hold potential for the development of 
alternative therapeutic strategies to be used in clinical practice 
for the treatment of patients with ischemic diseases.
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