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A b s t r a c t

Introduction: Previous studies have shown that endothelial cell senes-
cence is involved in cardiovascular diseases such as cardiac fibrosis, ath-
erosclerosis and heart failure. Accumulating evidence indicates that apelin 
exerts protective effects on ageing-related endothelial dysfunction. In this 
study, we aim to investigate the role of the apelin/APJ axis in angiotensin II  
(AngII)-induced endothelium senescence and its associated mechanisms. 
Material and methods: Senescence-related β-gal activity assay and western 
blot were used to evaluate human umbilical vein endothelial cell (HUVEC) 
senescence. In addition, DCFH-DA staining was carried out to detect the 
generation of reactive oxygen species (ROS). A validated, high-sensitivity re-
al-time quantitative telomeric repeat amplification protocol (RQ-TRAP) was 
applied to determine telomerase activity in HUVECs, and a CCK-8 assay was 
employed to measure cellular viability. 
Results: AngII induced an increase in SA-β-Gal-positive cells and upregulation 
on expression of P21 and PAI-1 compared to the control group (p < 0.05), while 
apelin against this process (p < 0.05). The protective effects were attenu-
ated when APJ, AMPK and SIRT1 expression was knocked down (p < 0.05). 
Furthermore, apelin reduced AngII-induced ROS generation and enhanced 
telomerase activity in HUVECs (p < 0.05), which contributed to increased 
HUVEC viability as assessed by the CCK-8 assay (p < 0.05).
Conclusions: The apelin/APJ axis improved AngII-induced HUVEC senes-
cence via the AMPK/SIRT1 signaling pathway, and the underlying mech-
anisms might be associated with reduced ROS production and enhanced 
telomerase activity.
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Introduction

Ageing is an important and independent risk factor for cardiovascu-
lar diseases, which is considered at least partially due to ageing-related 
structural and functional alterations of the cardiovascular system [1]. Ac-
cumulating evidence has consistently demonstrated that ageing-related 
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endothelial dysfunction plays a major role in car-
diovascular disease development [2–4]. Apelin is 
a novel adipocyte-derived factor which has been 
identified as an endogenous ligand for the G pro-
tein-coupled receptor APJ [5]. In the cardiovascular 
system, apelin is predominantly expressed in en-
dothelial cells, and the APJ receptor is expressed 
on endothelial cells, smooth muscle cells and car-
diomyocytes [6]. Several active isoforms of apelin 
have been identified to date. Notably, a  shorter 
peptide which consists of 13 amino acids exhibits 
the greatest activity [7]. Previous studies have re-
vealed that apelin can promote angiogenesis and 
reduce ischemia-induced myocardial injury [8, 9]. 
Recently, some studies have also shown that the 
apelin/APJ pathway is beneficial for improving 
cardiac fibrosis [10]. In addition, in patients with 
heart failure, plasma apelin level is decreased 
while an increased plasma apelin level appears to 
improve left ventricular remodeling [11, 12]. Taken 
together, previous findings indicate that the ape-
lin/APJ pathway is involved in the alterations of 
cardiovascular structure.

Prior studies have revealed that endothelium 
ageing is associated with endothelial dysfunction 
and atherogenesis [13–15], and activation of the 
apelin/APJ pathway appears to ameliorate and im-
prove these pathological processes [9, 10]. How-
ever, the underlying mechanism is still elusive. 
There is a  high homology between APJ receptor 
and angiotensin II receptor type I  (AT1R), which 
shares identity of 54% in the transmembrane 
regions [16]. However, substantial evidence has 
shown that the apelin/APJ pathway has opposing 
actions to AngII/AT1R in regulation of the cardio-
vascular system. Meanwhile, a prior study indicat-
ed that AngII promoted the onset of senescence 
of endothelial cell [17]. In the present study, we 
therefore hypothesized that the apelin/APJ path-
way might antagonize the AngII-induced endo-
thelium senescence. Apelin is highly conserved 
among different species, and the C-terminal 13 
amino acids (65−77) are completely conserved 
across all species studied [16], indicating that ape-
lin-13 should be the best representative agent for 
experimental research. Therefore, in the current 
study, we used apelin-13 as a  representative of 
apelin to investigate the above hypothesis.

Material and methods

Cells culture and treatment

Human umbilical vascular endothelial cells 
(HUVECs) were purchased from the Shanghai In-
stitute for Biological Sciences, Chinese Academy 
of Sciences. HUVECs were cultured in endotheli-
al cell medium (ECM) (Gibco, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco, USA), 

100 U/ml penicillin, 100 mg/ml streptomycin 
and 20 mg/ml vascular endothelial growth factor 
(VEGF). The cells were incubated at 37°C in a hu-
midified environment with 5% CO

2. HUVECs with 
the concentration of 105 per well were pre-treated 
with apelin-13 (10–8 M) (Sigma, USA) for 1 h and 
then treated with AngII (10–6 M) (Sigma, USA) for 
24 h. The medium was not changed during culture 
and treatment.

RNA interference

In the following experiment, the APJ, AMPK and 
SIRT1 genes of HUVECs were knocked out using 
RNA interference. In brief, the HUVECs (with 70% 
confluence) were transfected with a plasmid con-
taining siRNAs specific against the APJ, AMPK and 
SIRT1 genes and the scramble control for 48 h in 
accordance with the manufacturer’s instructions. 
The siRNAs were  synthesized and purchased 
from RiboBio Company (China). The short hairpin  
RNA sequences were as follows: siAMPK-1: 5′-GAG-
GAGAGCTATTTGATTA-3′; siAMPK-2: 5′-GCAGAAG-
TATGTAGAGCAA-3′; siAMPK-3: 5′-ACACATGAATG-
CAAAGATA-3′. Meanwhile, three short hairpin RNA 
vectors were constructed to encode sequences  
targeting human SIRT1 mRNA (siSIRT1-001: 5′-GCT- 
AAGAATTTCAGGATTA-3′ and siSIRT1-002: 5′-GGAA- 
ATATATCCTGGACAA-3′ and siSIRT1-003: 5′-CCTTAA- 
AACTAGAGATCAA-3′). Thereafter, the HUVECs were 
harvested and used for the following experiments. 

Senescence-associated β-gal activity assay

Senescence was detected using a  senescence- 
associated β-galactosidase (SA-β-gal)-positive  
approach. The HUVECs were stained with 4′,6-di-
amino-phenylindole (DAPI) (0.2 μg/ml in 10 mmol/l 
Tris-HCl, pH 7.0, 10 mmol/l EDTA, 100 mmol/l 
NaCl) for 10  min and then the total number of 
HUVECs was counted. The cells were imaged un-
der a  bright-field microscope at a  magnification 
of 200×. The senescent cells were observed in an 
optical microscope and counted from 5 random 
fields of vision.

Western blot

After treatments, the HUVECs were harvested 
and lysed with cell lysis solution at 4°C for 30 min. 
Loading buffer was added to cytosolic extracts, 
and after boiling for about 5 min, 30 μg of protein 
of each sample were resolved by 10% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE), and then the total gel was transferred 
into polyvinylidene fluoride (PVDF) membranes. 
The membranes were probed with anti-P21 (CST 
2947), anti-PAI-1 (CST 11907), anti-APJ Recep-
tor (AB 214369), anti-t-AMPK (CST 5832), anti-
p-AMPK (CST 2535), anti-SIRT1 (CST 2493) and 
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anti-GAPDH (GXP 199629) primary antibodies 
overnight at 4°C with 1 : 1000 dilution followed 
by horseradish peroxidase-conjugated secondary 
antibodies (goat anti-rabbit IgG). The immunore-
active signals were visualized by enhanced che-
miluminescence (ECL) detection. In order to quan-
tify the protein expression, the X-ray films were 
scanned and analyzed with Image J 1.47i software. 

Measurement of intracellular reactive 
oxygen species generation

Intracellular reactive oxygen species (ROS) gen-
eration was tested by the oxidative conversion of 
cell-permeable oxidation of 2′,7′-dichlorodihydro-
fluorescein diacetate (DCFH-DA) to fluorescent 
DCF. The HUVECs were cultured on 6-well plates 
with ECM. With different treatments, each well 
was washed 3 times with PBS, and 10 μM DCFH-
DA solution in serum-free medium was added to 
the wells, and then the HUVECs were incubated 
at 37°C for a  further 30 min in an incubator. Af-
ter that, the cells were washed 5 times with PBS, 
and DCF fluorescence was measured over the 
entire field of vision using a fluorescence micro-
scope connected to an imaging system (BX50-FLA, 
Olympus, Tokyo, Japan). The mean fluorescence 
intensity (MFI) of ROS from 5 random fields was 
measured using Image J 1.47i software and the 
MFI was used as an index of the amount of ROS. 
MFI in the AngII group was considered as 100% 
for comparison with other groups.

Real-time quantitative telomeric repeat 
amplification protocol (RQ-TRAP) assay

Telomerase activity in 1,000 HUVECs was as-
sessed using a  SYBR Green (Applied Biosystems, 
Foster City, CA) RQ-TRAP assay as described by 
Henning Wege [14]. The threshold cycle value (Ct) 
of each sample was compared with standard curves 
generated from serial dilutions of telomerase-pos-
itive 293T cell extracts (1000, 100, 10 and 1 cells). 
Standards and negative controls with heat-inac-
tivated samples and lysis buffer were assayed on 
each plate. Each sample was analyzed and the telo-
merase activity was calculated relative to 293T cells. 
Telomerase activity in the control group was con-
sidered as 100% for comparison with other groups. 

Evaluation of HUVEC viability

The HUVECs were seeded on 96-well plates at 
a density of 1 × 104 cells/well, and the CCK-8 assay 
was employed to measure cellular viability. After 
the indicated treatments, 10 μl of CCK-8 solution 
at a 1 : 10 dilution was added to every well and 
then the plate was incubated for 3 h in the incu-
bator. Absorbance at 450 nm was measured with 
a  microplate reader (Molecular Devices, Sunny-

vale, CA, USA), and the means of optical density 
(OD) of 4 wells in the indicated groups were used 
to calculate the percentage of cell viability in rela-
tion to the control group, which was based on the 
following formula: cell viability (%) = (OD treat-
ment group/OD control group) × 100%. 

Statistical analysis

All data were presented as the mean ± SD. Dif-
ferences between groups were analyzed by one-
way analysis of variance (ANOVA) using the SPSS 
19.0 software (SPSS, Chicago, IL, USA), followed 
by the LSD post hoc between-group comparison 
test. P < 0.05 was considered to be statistically 
significant.

Results

Apelin inhibited AngII-induced HUVEC 
senescence and intracellular ROS 
production 

To assess the onset of senescence, senes-
cence-associated β-galactosidase was detected. 
As shown in Figure 1 A, AngII induced an increase 
in SA-β-Gal-positive cells compared to the control 
group, demonstrating that HUVEC senescence 
was successfully induced by AngII. Of note, SA-β- 
Gal-positive cells were significantly reduced by 
apelin. We further tested the effects of apelin on 
the expression of p21 proteins in AngII-treated 
cells since P21 protein has been shown to increase 
during cell senescence. As shown in Figure 1 B, 
p21 expression in the apelin + AngII group was 
significantly lower compared to the AngII group.

It has been well documented that cell senescence 
is closely associated with intracellular ROS produc-
tion [18]. Therefore, we also tested the changes of 
ROS with and without apelin treatment using the 
H2DCF-DA labeling assay. As shown in Figure 1 C, 
AngII remarkably increased the H2DCF-DA oxidation 
level in HUVECs, while treatment with apelin signifi-
cantly inhibited ROS production.

Apelin/APJ inhibited AngII-induced cell 
senescence via AMPK/SIRT1 pathway

To determine whether the APJ/AMPK/SIRT1 
pathway was involved in apelin-mediated HUVEC 
senescence improvement, a non-silencing scram-
bled control (SCR), siAPJ, siAMPK and siSIRT1 were 
used. After transfection of HUVECs with APJ siRNA, 
expression of APJ was determined using western 
blot and the results showed satisfactory transfec-
tion efficiency. As shown in Figure 2 A, siAMPK-2 
significantly reduced t-AMPK expression. In con-
trast, siAMPK-1 and siAMPK-3 did not alter t-AMPK 
expression. In addition, we found that SIRT1 pro-
tein was also significantly decreased by siSIRT1-2. 
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We further investigated whether APJ, AMPK 
and SIRT1 were associated with improvement of 
HUVEC senescence by apelin treatment. As shown 
in Figure 2 B, the expression levels of APJ, p-AMPK 

and SIRT1 were significantly increased by apelin 
treatment while PAI-1 protein was reduced. Fur-
thermore, APJ knockdown led to an increase in 
PAI-1 expression and a decline in AMPK and SIRT1 

 Control AngII Apelin AngII + Apelin

 Control AngII Apelin AngII + Apelin
 p-AMPK         SIRT1         PAI-1
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Figure 2. Apelin/APJ inhibited AngII-induced senescence through AMPK/SIRT1 signal pathway. A – SIRT1, AMPK, 
APJ were respectively knocked down by siRNA transfection as described in the Material and methods section. APJ, 
AMPK and SIRT1 expression was detected by western blot. B – As shown in the left panel, cells were pre-treated 
with apelin (10–8 M) for 1 h followed by exposure to AngII (10–6 M) for an additional 24 h. Western blot analysis 
was performed. As shown in the right panel, APJ was knocked down. At 48 h after transfection, the cells were 
pre-treated with apelin (10–8 M) for 1 h followed by exposure to AngII (10–6 M) for an additional 24 h. Western blot 
analysis was performed

The values are expressed as means ± SD of at least 3 independent experiments.*P < 0.05 vs. control; #p < 0.05, vs. AngII;  
Dp < 0.05, vs. apelin + AngII.
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expression, indicating that APJ might be an  up-
stream  regulator  of the  AMPK/SIRT1 pathway. 
As shown in Figure 2 C, PAI-1 reduction by apelin 
was also abrogated by siAMPK-2 and siSIRT1-2, 
indicating that the apelin/APJ axis improved  
AngII-induced cell senescence via the AMPK/ 
SIRT1 pathway.

Apelin/APJ inhibited AngII-induced 
HUVEC senescence and intracellular ROS 
production via the AMPK/SIRT1 pathway

As shown in Figure 3 A, compared to the AngII 
group, addition of apelin reduced SA-β-Gal-positive 
cells. Of note, as shown in Figure 3 B APJ, AMPK 
and SIRT1 knockdown resulted in a significant in-
crease in H2DCF-DA labeled cells, indicating that 
apelin’s reduction of AngII-induced ROS production 
was associated with the AMPK/SIRT1 pathway.

 
Effects of apelin on telomerase activity in 
AngII-treated HUVEC

Initiation and development of endothelium se-
nescence is known to be influenced by telomerase 

activity [19]. Therefore, we further tested whether 
treatment with apelin was capable of regulating 
telomerase activity in AngII-treated HUVECs. As 
presented in Figure 4 A, AngII significantly dimin-
ished telomerase activity. However, this effect was 
significantly reduced by treatment with apelin. Of 
note, treatment with siAPJ, siSIRT1 and siAMPK 
decreased telomerase activity. In addition, we also 
examined whether increased telomerase activity 
with apelin treatment was associated with im-
provement of cellular viability. As presented in Fig-
ure 4 B, apelin improved cell viability as indexed 
by CCK-8, and this protective effect was abolished 
by APJ, AMPK and SIRT1 knockdown.

Discussion

In the present study, we provide new evidence 
that apelin reduced AngII-induced HUVEC senes-
cence, which in turn improved cellular viability. 
Importantly, we also demonstrated for the first 
time that these cellular protections were associ-
ated with the AMPK/SIRT1 signaling pathway (as 
presented in Figure 5). Moreover, our data sug-
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Figure 2. Cont. C – As shown in the left panel, AMPK was knocked down. At 48 h after transfection, the cells were 
pre-treated with apelin (10–8 M) for 1 h followed by exposure to AngII (10–6 M) for an additional 24 h. Western blot 
analysis was performed. As shown in the right panel, SIRT1 was knocked down. At 48 h after transfection, the cells 
were pre-treated with apelin (10–8 M) for 1 h followed by exposure to AngII (10–6 M) for an additional 24 h. Western 
blot analysis was performed. The bar graphs show the quantification of the indicated protein

The values are expressed as means ± SD of at least 3 independent experiments.*P < 0.05 vs. control; #p < 0.05, vs. AngII;  
Dp < 0.05, vs. apelin + AngII.
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gested that ROS suppression and telomerase ac-
tivation were also involved in these pathological 
alterations.

It is well known that endothelium senescence 
causes endothelial dysfunctional and ageing-re-
lated vascular disorders such as atherosclerosis 
[13]. A  prior study revealed that AngII induced 
atherosclerosis by promoting vascular ageing [20]. 
It is also reported that AngII plays an important 
role in endothelium senescence [17]. It would be 
clinically relevant to improve AngII-induced endo-
thelium senescence. It has been found that the 

apelin/APJ axis exerts the opposite physiological 
effects of AngII/AT1R. Lee et al. reported that ape-
lin had hypotensive properties, which was in con-
trast to the vasopressor effects of angiotensin II 
[16]. Moreover, apelin reduced AngII-induced car-
diovascular fibrosis and atherosclerosis [21, 22]. 
Interestingly and importantly, our current study 
showed that the apelin/APJ axis was involved in 
the ageing-related pathological alterations of  
HUVECs. This finding indicates that the apelin/APJ 
axis may play an important role in the regulation 
of endothelial dysfunction. 
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Figure 4. Apelin promoted telomerase activity in AngII-treated HUVEC. A – SIRT1, AMPK, APJ were knocked down 
by siRNA transfection. At 24 h after transfection, the cells were treated with apelin (10–8 M) for 1 h followed by 
exposure to AngII (10–6 M) for an additional 24 h. Telomerase activity was investigated by RQ-TRAP. Telomerase 
activity in the control group was considered as 100% compared to the other groups. B – Cell viability was detected 
by CCK-8 assay. The bar charts show the cell viability of the indicated group

The values are expressed as means ± SD of at least 3 independent experiments.*P < 0.05 vs. control; #p < 0.05, vs. AngII;  
Dp < 0.05, vs. apelin + AngII.
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We have additionally investigated the un-
derlying mechanisms of the endothelium-pro-
tective effects of the apelin/APJ axis. AMP-acti-
vated protein kinase (AMPK), a  key regulator of 
metabolism, has been reported to be associated 
with ageing-related pathological changes in low-
er organisms such as yeast and worms [23, 24]. 
However, in higher organisms, the role of AMPK 
in the regulation of ageing-related changes is not 
clear yet. Some studies have reported that age-
ing increased AMPK activation [25], while others 
have reported decreased AMPK activity [26]. Pre-
vious studies have demonstrated that apelin can 

activate AMPK phosphorylation, which in turn 
inhibits the ageing-related cardiac fibrosis in an-
imal models [10, 27], indicating a  close connec-
tion between apelin and AMPK in ageing-related 
cardiovascular system changes. We observed that 
apelin-13 improved AMPK phosphorylation which 
in turn resulted in a  reduction of AngII-induced 
HUVEC senescence. Notably, sirtuin 1 (SIRT1), an 
NAD+-dependent protein deacetylase regulated by 
AMPK, also has anti-ageing properties. Prior stud-
ies showed that SIRT1 improved ageing-related 
cardiovascular diseases by regulating a variety of 
cellular processes [28], and the AMPK/SIRT1 sig-



Apelin/APJ axis improves angiotensin II-induced endothelial cell senescence through AMPK/SIRT1 signaling pathway

Arch Med Sci 4, June / 2018 733

naling pathway might play an important role in 
regulation of ageing. As expected, findings from 
our current study supported the notion that ape-
lin attenuated AngII-induced HUVEC senescence 
through the AMPK/SIRT1 signaling pathway. 

Improvement of ROS might be another mech-
anism. It has been reported that AngII-induced 
ROS generation in several pathophysiological 
processes such as vascular smooth muscle cell hy-
pertrophy [29, 30]. Recent studies suggested that 
ROS generation accelerated the onset of cellular 
senescence [18, 31]. Moreover, Li et al. report-
ed that AngII promoted cellular senescence and 
apoptosis via ROS [17]. We also found that apelin 
reduced ROS generation in AngII-treated HUVECs, 
which was abrogated by APJ knockout. In addition, 
AMPK and SIRT1 knockout also led to increased 
ROS generation, indicating that suppressing ROS 
generation might be associated with the endothe-
lium-protective effects of the apelin/APJ axis. 

It is generally believed that telomere length is 
a key factor in regulating cellular life span. Telo-
mere shortening is like a  molecular clock that 
triggers senescence. Telomerase,  an RNA-direct-
ed DNA polymerase, is capable of maintaining 
the length of telomeres in endothelial cells and 
therefore regulates senescence [32]. A prior study 
showed that  telomerase activation delayed en-
dothelium senescence [33]. Therefore, it may be 
a new strategy for anti-ageing by regulating the 
telomerase activity. In this study, we investigated 
the role of telomerase activity in AngII-induced 
HUVEC senescence. Our data revealed that AngII 
diminished telomerase activity. However, apelin 
treatment enhanced telomerase activation and 
decreased HUVEC senescence. Telomerase ac-
tivation induced by apelin was attenuated with 
APJ, AMPK and SIRT1 knockdown, indicating that 
apelin/APJ improved endothelium senescence 
through telomerase inactivation dependent on 
the AMPK/SIRT1.

In conclusion, our current study reveals that the 
apelin/APJ axis improved AngII-induced HUVEC 
senescence through the AMPK/SIRT1 signaling 
pathway, and the associated mechanisms might 
be related to decreased ROS production and in-
creased telomerase activity. Our findings provide 
novel insights into the beneficial effects of apelin 
on ageing-related vascular diseases.
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