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a b s t r a c t

Vascular cells have a limited lifespan with limited cell proliferation and undergo cellular senescence. The
functional changes associated with cellular senescence are thought to contribute to age-related vascular
disorders. AMP-activated protein kinase (AMPK) has been discussed in terms of beneficial or harmful
effects for aging-related diseases. However, the detailed functional mechanisms of AMPK are largely
unclear. An aging model was established by stimulating vascular smooth muscle cell (VSMC) with adri-
amycin. Adriamycin progressively increased the mRNA and protein expressions of AMPK. The phosphor-
ylation levels of LKB1 and acetyl-CoA carboxylase (ACC), the upstream and downstream of AMPK, were
dramatically increased by adriamycin stimulation. The expressions of p53 and p21, which contribute to
vascular senescence, were also increased. Inhibition of AMPK diminished senescence-associated b-galac-
tosidase (SA-b-gal) staining, and restored VSMC proliferation. Cytosolic translocation of LKB1 by adriamy-
cin could be a mechanism for AMPK activation in senescence. Furthermore, p53 siRNA and p21 siRNA
transfection attenuated adriamycin-induced SA-b-gal staining. These results suggest that LKB1 depen-
dent AMPK activation elicits VSMC senescence and p53–p21 pathway is a mediator of LKB1/AMPK-
induced senescence.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Senescence is one of the major risk factor for the development
of vascular diseases such as coronary artery disease, hypertension
and atherosclerosis [1]. Cellular senescence is accompanied by a
specific set of changes in cell function, morphology, and gene
expression. Recent studies have indicated that many of the changes
in senescent vascular cells are consistent with atherosclerosis [2].
Atherosclerosis is an intrinsically age-related disease, attributed
to a proliferative process that selectively affects arterial wall. Ath-
erosclerosis also may be viewed as a form of accelerated vascular
aging [3].

Prevention of vascular aging may be important for effective
therapy to age-related vascular changes in atherosclerotic degen-
eration. According to recent report, vascular cell senescence may
play a pivotal role in the pathogenesis of atherosclerosis [4]. Cell
senescence refers to the process by which cells lose their ability
to replicate after a number of cell divisions. Vascular smooth mus-
cle cells (VSMCs) derived from atherosclerotic plaques show a low-
er rate of cell proliferation in vitro and undergo senescence earlier
than normal vessels [5]. However, the molecular mechanisms
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underlying the increased risk of such conditions that is conferred
by aging remained unclear.

A number of studies have demonstrated that senescence is
accompanied by an increase in AMP/ATP ratio and AMP-activated
protein kinase (AMPK) levels in multiple tissues [6]. AMPK is a cru-
cial cellular energy sensor that controls fatty acid oxidation, myo-
cardial morphology and contractile action [7]. AMPK is a
heterotrimeric protein kinase consisting of a catalytic subunit (a)
and two regulatory subunits (b and c). The a subunit contains a ki-
nase domain and exist as both a1 and a2 isoforms, which have dif-
ferent tissue expression patterns. AMPK is activated under
conditions that promote the AMP/ATP ratio such as glucose depri-
vation and muscle contraction [8]. AMPK controls cell metabolism
and proliferation in response to low energy levels by phosphorylat-
ing a variety of substrates in the cell, including acetyl-CoA carbox-
ylase (ACC), p53, and p21 [9,10]. AMPK activation is also associated
with increased activity of an upstream AMPK kinase. LKB1 is one of
the upstream kinases of AMPK [11]. The LKB1/AMPK pathway has
been implicated in tumor suppression [12].

Recent evidence suggests a role for AMPK signaling in the
senescence process. Senescence-associated loss of AMPK activity
was reported in skeletal muscle, which may contribute to the
interrupted mitochondrial function and intracellular lipid metabo-
lism in advanced age [13,14]. In addition, hypoxic insult was un-
able to turn on AMPK signaling in hepatic cells in aged rats,
indicating a reduced stress tolerance with senescence. However,
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the role of AMPK in VSMC senescence has not been studied despite
the high AMPK expression [15] and cardiovascular senescence rep-
resents the largest portion of age-related mortality. Since adriamy-
cin has been reported to induce senescence of thymus [16], we
therefore tried adriamycin as a chemical inducer of senescence.

In the present study, we investigated whether adriamycin-in-
duced LKB1/AMPK activation can promote VSMC senescence and
mechanisms responsible for AMPK-induced VSMC senescence.
2. Materials and methods

2.1. Reagents and antibodies

Adriamycin was supplied by Il-dong Pharmaceuticals Co., Ltd.
(Seoul, Korea). Antibodies specifically recognizing AMPK, p-AMPK,
p-ACC, p-LKB1, and p53 were purchased from Cell Signaling Tech-
nology, Inc. (Beverly, MA, USA). The antibody against p21 was sup-
plied by Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Compound C, an AMPK inhibitor, was provided by Calbiochem
(La Jolla, CA, USA). AMPK, LKB1, p53, p21, and control siRNA were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
TO-PRO-3 was obtained from Invitrogen (Carlsbad, CA, USA) for
use as a nuclear counterstain.

2.2. Cell culture

Sprague–Dawley rats were anesthetized with pentobarbital
(50 mg/kg). VSMCs were isolated from the thoracic aorta. The cells
were processed using a 1-mm chop setting in a 10-cm culture dish,
and cultured with 50% FBS-Dulbecco’s modified eagle’s medium
(DMEM) with 1% antibiotics in a CO2 incubator (5% CO2/95% air,
37 �C). Aortic VSMCs were maintained in DMEM with 10% FBS
and 1% antibiotic–antimycotic (penicillin 10,000 U/ml, amphoteri-
cin B 25 lg/ml, streptomycin 10,000 lg/ml). We used VSMCs from
passages 4 to 8 at 70–90% confluence in 10 cm dishes, and cell
growth was arrested by incubation of the cells in serum-free
DMEM for 24 h prior to use.

2.3. Senescence-associated b-galactosidase (SA-b-gal) staining

SA-b-gal staining was performed as previously described [6].
Briefly, the VSMCs were seeded in 6-well plates and fixed with
4% formaldehyde for 2–3 min at room temperature. The cells were
then washed with PBS and incubated with SA-b-gal staining solu-
tion (1 mg/ml of X-gal) (Stratagene, La Jolla, CA, USA), 40 mM citric
acid/sodium phosphate buffer, pH 6.0, 5 mM potassium ferricya-
nide (Sigma, St. Louis, MO, USA), 5 mM potassium ferrocyanide
(Sigma, St. Louis, MO, USA), 150 mM NaCl, and 2 mM MgCl2 in
37 �C for 16–17 h to visualize SA b-gal staining.

2.4. Western blot analysis

Whole cell extracts were prepared by lysing the cells in pro-
prep protein extract buffer. The protein concentration was quanti-
fied with protein assay reagent from Bio-Rad (Hercules, CA, USA).
Equal amounts of protein were mixed with Laemmli sample buffer
(Bio-Rad, Hercules, CA, USA) and heated for 5 min at 100 �C before
loading. Total protein samples (30 lg) were subjected to 10% SDS–
polyacrylamide gel electrophoresis (SDS–PAGE) for 1 h 30 min at
100–120 V. The separated proteins were electrophoretically trans-
ferred onto PVDF membranes for 1 h at 100 V using SD semi-dry
transfer cell. The membranes were blocked for 1 h at room temper-
ature with 5% non-fat milk in PBS containing 0.05% Tween 20 (PBS-
T). The membranes were then incubated overnight with the pri-
mary antibodies at a dilution of 1:1000 at 4 �C in PBST. The mem-
branes were then washed with four changes of wash buffer (0.05%
Tween 20 in PBS) and incubated for 1 h at room temperature in PBS
containing anti-rabbit (Cell Signaling Technology, Inc., Beverly, MA,
USA) or anti-mouse Ig G (Sigma, St. Louis, MO, USA) antibodies. Fi-
nally, after three more rinses with wash buffer, the membranes
were exposed to ECL or ECL plus Western blot analysis detection
reagents.

2.5. RT-PCR and real-time PCR analysis

The total RNA was isolated from the cultures using Trizol re-
agent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. RT-PCR was performed using 1 lg of total
RNA. The total RNA was reverse-transcribed using the Superscript
III kit (Invitrogen, Carlsbad, CA, USA). Primers for PCR analysis were
synthesized at Bioneer (Daejeon, Korea). Each reaction was carried
out as follows: 5 min at 94 �C, 40 cycles of 94 �C for 30 s, 60 �C for
45 s, and 72 �C for 1 min, and 10 min at 72 �C. The primer se-
quences were as follows: AMPK, forward (F) 50-TCAGGCACCCTCA-
TATAATC-30 and reverse (R) 50-TGACAATAGTCCACACCAGA-30.
AMPK has two isoforms: AMPK a1 and a2. We also determined
the mRNA levels of AMPK a1 and a2 in VSMC using real-time
PCR. The primers were as follows: AMPK a1, forward (F) 50-GCAGA
GAGATCCAGAACCTG-30 and reverse (R) 50-CTCCTTTTCGTCCAACC
TTCC-30 and AMPK a2, forward (F) 50-GCTGTGGATCGCCAAATTAT-
30 and reverse (R) 50-GCATCAGCAGAGTGGCAATA-30. Real-time
PCR was performed using the quantitect SYBR green kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s
instructions. Reaction volume was 20 ll and the annealing temper-
ature was 57 �C. Fluorescence was detected using ABI Prism 7700
detection system. Ratios of target gene to GAPDH were calculated
and compared in the presence or absence of adriamycin.

2.6. Transfection of siRNA

Transfection of VSMCs with siRNA was performed using Lipo-
fectamine 2000, according to the manufacturer’s instructions
(Invitrogen, Carlsbad, CA, USA). Aliquots of 1 � 104 cells were pla-
ted on 6-well plates the day before transfection and grown to
about 70% confluence. The cells were then transfected with
10 lM AMPK, LKB1, p53, and p21 siRNA (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA) plus 100 pmol of Lipofectamine for 6 h in Opti-
MEM�I reduced serum medium (Invitrogen, Carlsbad, CA, USA).
Following an incubation period of 48 h, the protein level was mea-
sured using Western blot analysis.

2.7. Cell proliferation assay

VSMC were seeded on 24-well plates at 1 � 104 cells per well in
DMEM supplemented with 10% FBS. After different treatments,
50 ll of 1 mg/ml MTT solution was added to each well (0.1 mg/
well) and incubated for 4 h. The supernatants were aspirated,
and the formazan crystals in each well were solubilized with
200 ll dimethyl sulfoxide. An aliquot of each solution (150 ll)
was placed in 96-well plates. Cell proliferation was assessed by
measuring the absorbance at 570 nm using a microplate reader.
The experiments were repeated 3 times.

2.8. Adenoviral transduction

Adenoviruses expressing the control gene GFP and the domi-
nant-negative isoform of the a1 and a2 subunits of AMPK (AMPK
DNa1 and DN a2) were amplified in AD293 cells using standard
methodologies. The transductions were carried out in VSMC in ser-
um-free DMEM for 6 h.
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2.9. Immunofluorescence analysis

VSMCs were seeded on coverslips in 10 cm dishes, fixed in 4%
formaldehyde, and permeabilized with 0.2% Triton X-100. LKB1
primary antibody was used at 1:125 (Cell Signaling Technology,
Inc., Beverly, MA, USA) and incubated with cells overnight at
4 �C. Rabbit FITC secondary antibody (Invitrogen, Carlsbad, CA,
USA) was used at 1:100 and incubated with cells for 1 h at room
temperature. The nuclei were stained with TO-PRO-3 at 1:150.
Fixed and immunofluorescently stained cells were imaged using
leica confocal microscope (Bannockburn, IL, USA).

2.10. Statistical analysis

All data are represented as the mean ± S.E.M. Differences be-
tween data sets were assessed by analysis of variance (ANOVA) fol-
lowed by Bonferroni’s t-test. P values < 0.05 were considered
significant.

3. Results

3.1. AMPK-related protein kinases promoted senescence of VSMC

We examined whether activation of AMPK induced cellular
senescence in VSMCs. Adriamycin 500 nM stimulation significantly
increased SA-b-gal cell staining, a biomarker of cellular senescence
(Fig. 1A). As seen in Fig. 1B, the protein levels of AMPK and AMPK-
associated kinase were increased during the adriamycin-induced
senescence process. After adriamycin stimulation, mRNA level of
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Fig. 1. Adriamycin promoted cell senescence and increased expressions of kinases associ
(ADR), SA-b-gal staining was performed to evaluate the senescent status of the VSMCs. ⁄p
Western blotting to determine the level of p-AMPK, p-ACC, p-LKB1, p53, p21, and AMPK
mRNA levels of AMPK a1 and AMPK a2 in VSMCs were determined using real-time PCR.
given as means ± S.E.M (n = 3) with ⁄p < 0.01 versus absence of ADR.
AMPK was increased in RT-PCR (Fig. 1C) and AMPK isoforms
(AMPK a1 and a2) were also elevated in real-time PCR analysis
(Fig. 1D). We tried metformin as an activator of AMPK and investi-
gated relationship between AMPK activation and VSMC senes-
cence. Metformin treatment increased SA-b-gal staining and
induced AMPK activation in VSMCs. Metformin-induced AMPK-
associated kinase expressions were similar to the changes in adri-
amycin-induced VSMC senescence (Supplemental Fig. S1). These
results showed that activation of AMPK signaling cascades are rel-
evant to the senescence in VSMCs.
3.2. Inhibition of AMPK activation prevents VSMC senescence and
restores VSMC proliferation

To further demonstrate the interaction of VSMC senescence and
AMPK activation, we examined the effects of AMPK inhibitors on
senescence. Treatment of compound C, a specific inhibitor of
AMPK, reduced the adriamycin-stimulated SA-b-gal-positive cells
and promoted proliferation of VSMCs (Fig. 2A and B). The protein
levels of p-AMPK, p-ACC, and AMPK were confirmed by Western
blotting (Fig. 2C). Genetic inhibition of AMPK with siRNA also
diminished the adriamycin-induced SA-b-gal-positive cells and re-
stored proliferation. The protein levels of p-AMPK, p-ACC, and
AMPK were confirmed with same protocol (Supplemental
Fig. S2). The adriamycin-induced AMPK and ACC phosphorylation
in VSMCs was significantly inhibited by pretreatment with com-
pound C or AMPK siRNA. These findings indicated that AMPK plays
a role in senescence of VSMC.
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Fig. 2. Pharmacological inhibition of AMPK diminished VSMC senescence and induced VSMC proliferation. (A) VSMCs were treated with compound C (Comp C) 10 lM for 2 h
and then stimulated with adriamycin (ADR) 500 nM for 4 h. After incubation, the cells were stained with SA-b-gal. ⁄p < 0.01 versus ADR. (B) After ADR treatment, cell
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levels of p-AMPK, p-ACC, and AMPK proteins were assayed by Western blot. Results were confirmed by three repeated experiments.
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3.3. Ad-AMPK-DN prevents VSMC senescence and restores VSMC
proliferation

The adenovirus-mediated overexpression system was used to
determine whether AMPK could induce senescence in VSMCs.
Compared to the GFP controls, VSMCs infected with adenovirus
encoding AMPK DNa1 and AMPK DNa2 exhibited remarkably de-
creased SA-b-gal staining (Fig. 3A). Compared to the GFP control,
expressions of AMPK DNa1 and AMPK DNa2 promoted the prolifer-
ation of VSMCs (Fig. 3B). In Western blotting, transduction of Ad-
AMPK DNa1 and Ad-AMPK DNa2 also prevented the increase in
phosphorylation of the AMPK and ACC (Fig. 3C). These results con-
firmed that inhibition of AMPK diminished characteristics of senes-
cent VSMC.
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3.4. LKB1 provokes senescence in VSMCs through activation of AMPK

LKB1 is the upstream kinase of AMPK. Under conditions of high
cellular energy stress, LKB1 acts as an AMPK activator through an
AMP-dependent mechanism [17]. To determine whether LKB1
plays a crucial role in adriamycin-stimulated AMPK activation,
we investigated the effect of LKB1 siRNA on VSMCs. LKB1 siRNA re-
duced the adriamycin-stimulated SA-b-gal positive cells. We also
tried LKB1 siRNA to show AMPK is downstream of LKB1 in adria-
mycin-induced VSMC senescence. In LKB1 siRNA transfected
VSMCs, adriamycin failed to activate AMPK (Fig. 4A). Under normal
physiological conditions, LKB1 is predominantly localized in the
nucleus. In present study, we demonstrated that senescence in-
duced LKB1 translocation from nucleus to cytosol, leading to in-
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creased AMPK activation. Cellular fractionation analysis showed
that adriamycin treatment increased nuclear export of LKB1. Frac-
tionation was evaluated by immunoblotting with specific antibod-
ies against tubulin and lamin-B1 (Fig. 4B). Our results demonstrate
that enhanced cytosolic localization of LKB1 is the mechanism
responsible for adriamycin-stimulated AMPK activation in VSMCs.

Activation of the p53–p21 pathway acts as a major mediator of
cellular senescence [18]. Control siRNA transfected VSMC dis-
played enhanced SA-b-gal-positive cells, and loss of p53 and p21
diminished SA-b-gal positive cells (Fig. 4C). These results indicated
that AMPK induced VSMC senescence through LKB1-dependent
pathway by promoting the cytosolic localization of LKB1, and the
inhibition of p53–p21, downstream of AMPK, decreased SA-b-gal-
positive cells.
4. Discussion

Advancing age is a major risk factor for the development of car-
diovascular diseases, such as atherosclerosis, hypertension, and
stroke. Aging also induces several changes in vascular structure
and function, and the risks of aging include increases in arterial in-
tima-media thickness, arterial stiffness, and inflammation [19].
Although cellular senescence is a natural biological process, its role
in living organisms is not completely understood. In general, aging
can be viewed as an alternative response program to cellular stres-
ses and damages that otherwise may cause programmed cell death
[20]. When confronted with metabolic and environmental stress-
ors (e.g. oxidative stress), a self-protective mechanism of aging
may be initiated to halt the energy-consuming process of cell pro-
liferation. The duration of cell survival in the non-dividing state
after cessation of proliferation is a characteristic of longevity
[21]. Mammalian senescence is also triggered by a complex signal-
ing network involving the interactions of multiple proteins [22].

In this study, we elucidated the interplay between LKB1 and
AMPK signaling, a well-known stress resistance and longevity-reg-
ulating pathways. In recent studies, SIRT1 has been shown to pre-
vent vascular senescence of endothelial cells [23,24]. Moreover,
transient activation of LKB1/AMPK signaling protects vascular cells
by ensuring the slow consumption of energy stores and maintain-
ing energy homeostasis against stress [25]. LKB1 mediates AMPK
activation in response to various cellular stresses and pharmaco-
logical agents [26]. Although LKB1/AMPK activation protects cells
against energy stress by maintaining energy homeostasis, this
pathway can also cause cellular senescence, cell cycle arrest, and
apoptosis in eukaryotic systems [27,28]. Activation of LKB1/AMPK
contributes to the premature aging of Zmpste24�/� mice [29].

In quiescent VSMC, more studies are needed to address the ben-
eficial or adverse effects of LKB1/AMPK signaling in the aging pro-
cess, the present study examined the role of AMPK-induced VSMC
senescence and tried to elucidate the underlying mechanisms.

AMPK and AMPK-associated kinase were increased during the
adriamycin-induced senescence process (Fig. 1), this result was
similar to the report that showed AMPK activation caused cellular
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senescence in a mammalian system [29]. AMPK inhibition by both
compound c and AMPK siRNA resulted in profound anti-senes-
cence effect to VSMC and promoted proliferation of VSMCs. AMPK
inhibition by adenoviral infection encoding dominant-negative
form of AMPK also exhibited an anti-senescence phenotype (Figs. 2
and 3). These results confirmed that AMPK induced senescence in
VSMCs and AMPK inhibition could restore proliferation potency
that is characteristics of young cell.

We examined whether LKB1 plays a role in adriamycin-induced
VSMC senescence. Phosphorylation of LKB1 is significantly up-reg-
ulated in adriamycin-induced senescent VSMC (Fig. 1). In contrast,
depletion of LKB1 reduced the adriamycin-stimulated SA-b-gal po-
sitive cells (Fig. 4A). In response to adriamycin stimulation, LKB1 is
translocated from nucleus to cytosol. These results suggested that
LKB1 could induce senescence through AMPK activation (Fig. 4B).
The LKB1/AMPK downstream signaling mechanisms for inducing
VSMC senescence are not clear. Persistent activation of AMPK
was reported to accelerated p53-dependent cellular senescence
[30]. In the present study, p53 and p21 siRNA transfected VSMCs
displayed diminished SA-b-gal cell staining (Fig. 4C).

In summary, these findings suggest that activation of the LKB1/
AMPK catabolic pathway may turn a survival strategy into a pro-
aging mechanism and contribute to progressive degeneration dur-
ing cellular senescence. These results support the idea that inter-
vention to modulate AMPK could be a treatment strategy for
longevity.
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