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Donepezil attenuates high glucose-accelerated senescence
in human umbilical vein endothelial cells
through SIRT1 activation
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Abstract Cellular senescence of endothelial cells is a damage
and stress response which induces pro-inflammatory, pro-
atherosclerotic, and pro-thrombotic phenotypes. Donepezil is
a drug used for the treatment of mild to moderate dementia of
the Alzheimer’s disease (AD). The aim of the present study
was to investigate the attenuation of endothelial cell senes-
cence by donepezil and to explore the mechanisms underlying
the anti-aging effects of donepezil. Our results indicated that
high glucose (HG) markedly decreased cell viability of human
umbilical vein endothelial cells (HUVECs), and this phenom-
enon was reversed by treatment with donepezil. Importantly,
our results displayed that the frequency of senescent (SA-ß-
gal-positive) cells and the expression level of senescence
genes (PAI-1 and p21) were significantly higher in the HG
group compared with the normal glucose (NG) group, and
these changes were blocked by treatment with donepezil. Al-
so, our results showed that donepezil inhibits the generation of
reactive oxygen species (ROS), which promotes cellular se-
nescence. Pretreatment with nicotinamide (NAM), a sirtuin 1
(SIRT1) inhibitor, inhibited the reduction in senescence asso-
ciated with donepezil. Indeed, our results indicated that
donepezil increased the SIRT1 enzyme activity. Therefore,
these results show that donepezil delays cellular senescence
that is promoted under HG condition via activation of SIRT1.
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Introduction

Aging-related changes in the physiology include the cessation
of cell division and cell senescence. Cell senescence is
accompanied by specific changes in cell function, morpholo-
gy, and gene expression (Alster and Korwek 2014). The
vascular endothelium is a highly specialized cellular system
and active cells exhibiting anti-thrombotic and anti-
inflammatory properties. These cells play essential roles in
the maintenance of vascular homeostasis by regulating vascu-
lar tone and integrity, as well as remodeling processes
(Behrendt and Ganz 2002). Endothelial senescence has been
reported to be involved in age-associated diseases including
hypertension, chronic coronary disease, and diabetes
(Sniderman and Furberg 2008). For example, Minamino and
colleagues reported that senescent vascular endothelial cells
have been found in arteriosclerotic sites in humans, which
indicates a possible relationship of these cells with an
aging-related disease (Minamino et al. 2002). In addition,
multiple lines of evidence have shown that endothelial senes-
cence is associated with increased vascular risk and patholog-
ical states, including those observed in oxidative stress condi-
tions, invoke irreversible growth arrest in vitro within a few
days, a term referred to as stress-induced premature
senescence (SIPS) (Gorbunova et al. 2002; Frippiat et al.
2001). Senescent cells were prepared by culturing human
umbilical vein endothelial cells (HUVECs) until they reached
the Hayflick limit (Yanaka et al. 2011). Senescence of
HUVECs is promoted under high glucose (HG) condition,
and thus a culture in HG was used in this study to induce cell
senescence (Rogers et al. 2013). SA-β-gal, a β-galactosidase
activity detectable at pH 6.0 in cultured cells undergoing
replicative or induced senescence but absent from proliferat-
ing cells, has been widely used for a biomarker for senescence
because of the simplicity of the assay method and its apparent
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specificity for senescent cells (Dimri et al. 1995). Endothelial
cells in atherosclerotic lesions show features of cellular senes-
cence including SA-β-gal-positive staining (Burrig,1991).
Importantly, SA-β-gal activity in mouse microvascular endo-
thelial cells (MMECs) was increased in HG (Arunachalam
et al. 2014).

Donepezil, a potent and selective acetylcholinesterase in-
hibitor used for clinical treatment of Alzheimer’s disease
(AD), has been shown to provide neuroprotection by anti-
inflammatory effects. Multiple lines of evidence have shown
that donepezil could exert its anti-inflammatory effects
through inhibiting the production of pro-inflammatory cyto-
kines, such as interleukin-1β (IL-1β), IL-6, and IL-18 (Reale
et al. 2005) (Hwang et al. 2010). In addition, donepezil also
inhibits the production of monocyte chemoattractant protein 1
(MCP-1) and suppresses microglial activation which was in-
dependent of acetylcholine and its receptor (Yoshiyama et al.
2010). In addition, treatment with donepezil improved
diabetes-induced memory impairment and reduced oxidative
stress (Bhutada et al. 2011). Systemic administration of
donepezil attenuated morphine-induced tolerance and apopto-
sis in the rat cerebral cortex and lumbar spinal cord
(Sharifipour et al. 2014). These pharmacological activities of
donepezil suggested that donepezil might have a potential
therapeutic effect against cell senescence.

SIRT1, a commonly known nicotinamide adenine dinu-
cleotide (NAD+)-dependent class III histone deacetylase,
has been reported to regulate cell cycle, senescence, apo-
ptosis, and metabolism by interacting with a number of
molecules, including p53 (Luo et al. 2001) and FoxO1
(Brunet et al. 2004). The aim of the present study was to
investigate the effects of donepezil on the inhibition of HG-
induced senescence in HUVECs and the role of SIRT1 in
this process.

Materials and methods

Cell culture

Human umbilical vein endothelial cells (HUVECs) were
obtained from Lonza, USA. Cells were cultured in EBM-2
media with supplemental growth factors according to the
manufacturer’s instructions. HUVECs were cultured in
normal glucose (NG; 5.6 mM) and HG (30 mM) in the
presence and absence of donepezil at different concentra-
tions from 10 to 50 μM for 72 h at 37 °C in a 5 % CO2

atmosphere.

Cell viability measurement

Upon completion of indicated treatment, cell viability was
determined by the 3-(4, 5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) reduction assay. Brief-
ly, cells were loaded with 1 mg/mL MTT in serum-free medi-
um and incubated for 4 h in a CO2 incubator at 37 °C. The
resultant insoluble formazan crystals were dissolved by di-
methyl sulfoxide (DMSO), and absorbance recorded at
570 nm by a microtiter plate reader was used to reflect cell
viability.

Cell cycle assay

To determine the effect of donepezil on HG arrested cell cycle
progression, HUVECs were collected and fixed with 70 %
ethanol at 4 °C overnight. Then cells were stained with
50 mmol/L propidium iodide and washed twice with cold
PBS. HUVECs were subjected to flow cytometric analyses
with FACS Calibur and CellQuest software (BD Biosciences,
Franklin Lakes, NJ, USA). Cell cycles were analyzed and the
proportion of cells in the G0/G1, S, and G2/M phases was
recorded.

Galactosidase (β-gal) staining

Upon completion of indicated treatment, HUVECs were fixed
for 5 min with PBS containing 2 % formaldehyde and 0.2 %
glutaraldehyde, and then incubated at 37 °C for 10 h with a
staining solution (40 mmol/L citric acid, sodium phosphate,
pH 6.0, 1 mg/mL 5-bromo-4-chloro-3-isolyl-β-D-galactoside
(X-gal, Sigma), 5 mmol/L potassium ferrocyanide, 5 mmol/L
potassium ferricyanide, 150 mmol/L NaCl, and 2 mmol/L
MgCl2). Senescence-associated (SA)-β-gal-positive cells
were observed by microscopy, and over 500 cells were count-
ed in five independent fields.

Immunoblotting analysis

Cells were lysed on ice for 30 min in lysis buffer containing
50 mmol/L HCl, pH 7.6, 150 mmol/L NaCl, 1 % NP-40,
0.1 % sodium dodecyl sulfate (SDS), 1 mmol/L dithiothreitol,
1 mmol/L sodium vanadate, 1 mmol/L phenylmethylsulfonyl
fluoride, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and
10 mmol/L sodium fluoride. Equal amounts of protein were
separated by SDS polyacrylamide gel electrophoresis, and
then transferred to PVDF membrane (Bio-Rad, USA). Then
the membrane was inoculated in a blocking buffer containing
5 % non-fat milk and Tween 20 (0.1 %, v/v) in PBS (PBS/
Tween 20) at room temperature for 1 h, and then incubated
overnight at 4 °C with the proper primary antibodies. Finally,
it was incubated with HRP-linked secondary antibodies at
room temperature for 2 h. Each membrane was developed
using an enhanced ChemiImager 5500 chemiluminescence
system (Alpha Innotech Corporation, Miami, FL, USA).
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Enzymatic activity assay

The enzyme activity of SIRT1 was assayed by using a com-
mercially available kit (Genmed, USA) in a 96-well plate
according to the manufacturer’s instructions. The reaction
product emitted fluorescence, which was detected using an
excitation wavelength of 350 nm and an emission wavelength
of 405 nm to index the enzyme activity of SIRT1.

Statistical analysis

Experimental data are described as mean±S.E.M. Statistical
significance was determined by one-way analysis of variance
(ANOVA). P<0.05 was considered as the minimum level of
statistical significance.

Results

The molecular structure of donepezil is shown in Fig. 1a.
SA-β-gal is a well-accepted biochemical marker of cell senes-
cence (Okatani et al. 2000). The rate of SA-ß-gal-positive cells
was significantly higher in the HG (30 mmol/L) group com-
pared with the NG (5.6 mmol/L) group, and this increase was
suppressed by treatment with donepezil in a concentration-
dependent manner from 10 to 50 μM (Fig. 1b). Progression
through the cell cycle is a critical cellular process and cell
cycle arrest during the G1 phase is a characteristic exhibited
by senescent cells. Our results demonstrated that treatment
with 30 mmol/L glucose arrested HUVECs in the G0/G1
phase as the proportion of cells in the G0/G1 phase was
~69.9 % compared to 53.3 % in the NG (5.6 mmol/L)
group. Donepezil (20 μM) pretreatment eliminated the

Fig. 1 Effects of donepezil on
senescence of HUVECs exposed
to HG. a Chemical structures of
donepezil. b Percentages of SA-ß-
gal-positive HUVECs in different
groups. c Donepezil rescued the
arresting effects of HG on the cell
cycle of HUVECs. d Cell cycle
analysis was performed by FACS.
The effects of donepezil on cell
viability were examined by MTT
assay, and cell viability was
calculated as the percentage of
control (*P<0.01 vs. control
group; #P<0.01 vs. HG group).
HG high glucose, NG normal
glucose

Fig. 2 Donepezil ameliorates the expression of PAI-1 and p21 induced
by HG. a The expression of PAI-1 and p21 at the mRNA level was
determined by real time PCR (*P<0.01 vs. control group; #P<0.01 vs.

HG group). b The expression of PAI-1 and p21 at the protein level was
determined by Western blot analysis (*P<0.01 vs. control group;
#P<0.01 vs. HG group). HG high glucose, NG normal glucose
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effects of HG and reduced the proportion of cells in the G0/
G1 phase to 55.3 % (Fig. 1c). Next, we examined the im-
pact of donepezil on cell viability. Treatment with HG
(30 mmol/L) significantly suppressed endothelial cell via-
bility, which was reversed by treatment with donepezil in a
concentration dependent manner from 10 to 50 μM
(Fig. 1d).

PAI-1 and p21 are two important senescence genes. Here,
the expression levels of mRNA levels for PAI-1 and p21 were
determined by real-time PCR analysis. And the results indi-
cated that HG treatment drastically increased the expression of
PAI-1 and p21, which was markedly suppressed by donepezil
treatment (Fig. 2a). This result was confirmed byWestern blot
analysis at protein levels (Fig. 2b).

To determine whether donepezil regulates HUVECs senes-
cence through a SIRT1-mediated pathway, we examined the
expression and activity of SIRT1. Immunoblot analyses indi-
cated that SIRT1 levels were decreased in response to treat-
ment with HG (30 mmol/L), which was partially rescued by
treatment with donepezil (Fig. 3a). SIRT1 deacetylase activity
was reduced by treatment with HG. However, donepezil re-
stored the deacetylase activity of SIRT1 (Fig. 3b), indicating a
direct effect on SIRT1-mediated pathways.

To elucidate the role of SIRT1, HUVECs were pretreated
with donepezil in the presence or absence of NAM, a selective
SIRT1 inhibitor. And the results indicated that NAM attenu-
ated the decrease in SA-β-gal-positive cells inferred by

donepezil alone (Fig. 4a). Importantly, NAM also abolished
the decrease in expression of PAI-1 and p21 inferred by
donepezil alone (Fig. 4b). These results suggest that donepezil
blocks senescence and promotes cell growth by increasing
SIRT1 deacetylase activity. The regulatory effects of SIRT1
on PAI-1 and p21 expression were mediated by reducing the
acetylation of p53 (Mhaidat et al. 2007). Notably, our
results demonstrated that HG increased the acetylated
levels of p53, which was reduced by donepezil (Fig. 5a).
In addition, we studied the effect of the p53 inhibitor
Pifithrin-α on the expression of PAI-1 and p21. And we
found that the induction of PAI-1 and p21 can be inhibited
by Pifithrin-α, suggesting the involvement of p53 path-
way (Fig. 5b).

Discussion

Aging has been considered as an independent risk factor for
the development of various pathological conditions, including
cardiovascular system (Corella and Ordovás 2014). Increasing
evidence has further demonstrated that cellular senescence
play essential roles in this process (Lakatta and Levy 2003).
Cellular senescence is a process in which the cessation of cell
division is accompanied by specific changes in cell function,

Fig. 3 Donepezil restored the
reduced expression and activity of
SIRT1. a The expression of
SIRT1 at the protein level was
determined by Western blot
analysis. b Activity of SIRT1
(*P<0.01 vs. control group;
#P<0.01 vs. HG group).HG high
glucose, NG normal glucose

Fig. 4 Effects of donepezil on inhibiting senescence of HUVECs is
mediated by SIRT1. a Percentages of SA-ß-gal-positive HUVECs in
different groups. b. The expression of PAI-1 and p21 at the protein level
was determined by Western blot analysis (*P<0.01 vs. control group;
#P<0.01 vs. HG group). HG high glucose, NG normal glucose

Fig. 5 Donepezil attenuates acetylation of p53. a. Levels of acetylated
p53. b. the effect of the p53 inhibitor Pifithrin-α on the expression of PAI-
1 and p21 (*P<0.01 vs. control group; #P<0.01 vs. HG group).HG high
glucose, NG normal glucose
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morphology, and gene expression (Ben-Porath and Weinberg
2005). HUVEC senescence and the consequent reduction of
their proliferative and migration ability may contribute to
miopragia associated with advanced age. In this study, we
established a HG-induced senescent model in vitro using
HUVECs to investigate the protective role of donepezil in cell
senescence. And our results showed for the first time that
donepezil can delay senescence of HUVECs that is promoted
under HG condition. Since there has been no report of the
cytotoxicity of donepezil in HUVECs, our findings showing
that delayed senescence of endothelial cells promoted by
donepezil may be effective for prevention of aging-related
diseases.

SA-β-gal is widely used as a marker of cell senescence
(Zdanov et al. 2007). In our study, SA-ß-gal-positive cells in
HG treated group were significantly more frequent than that in
the NG treated group, which was reversed by the administra-
tion of donepezil. In addition, compared to those cultured with
NG, HG treatment led to a marked decrease in cell viability,
which was reversed by the administration of donepezil. Im-
portantly, the expression of PAI-1 and p21, which are up-
regulated by senescence in HUVECs induced by HG, were
reversed by donepezil. These findings suggest that donepezil
attenuates HG-accelerated senescence in HUVECs and may
be effective for prevention of aging-related diseases.

SIRT1, the most studied mammalian homologue of the
seven sirtuins, has been shown to protect endothelial cells
from premature senescence (Ota et al. 2007) and to regulate
angiogenesis (Potente et al. 2007) and vascular tone
(Mattagajasingh et al. 2007). It regulates cell cycle,
senescence, apoptosis, and metabolism by interacting with a
number of molecules, including p53 (Luo et al. 2001) and
FoxO1 (Brunet et al. 2004). A previous study demonstrated
that SIRT1 inhibition induces premature senescence-like
growth arrest in human cancer cells (Ota et al. 2006). Oxida-
tive stress activates several signaling pathways that regulate
cellular senescence and aging. Saxena and colleagues reported
that donepezil pretreatment significantly prevented
streptozotocin (STZ)-induced oxidative stress in rodent brains
(Saxena et al. 2011). In addition, another study reported
that administrat ion of donepezil (5 mg/kg, p.o.)
significantly restored the levels of glutathione (GSH),
methylenedioxyamphetamine (MDA), and ROS generation
against okadaic acid (Kamat et al. 2010). These findings sug-
gest that donepezil might attenuate HG-accelerated
senescence by decreasing ROS levels. Despite the molecular
mechanisms involved in the modulation of SIRT1 activity,
donepezil affects SIRT1 activity and attenuates senescence.
FoxO1 is a downstream target of SIRT1, which has been
shown to modulate G1-S and G2-M phase transition by coor-
dinating the expression of multiple important cell cycle
regulators (Ho et al. 2008.). In future studies, we aim to
evaluate the effect of donepezil on FoxO1 via SIRT1

expression and activity. Our study showing that donepezil
restored the expression and enzyme activity of SIRT1 im-
plies that donepezil might be able to regulate other cellular
physiological functions through SIRT1 and its downstream
signals.
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