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Quercetin-induced apoptosis ameliorates vascular smooth
muscle cell senescence through AMP-activated protein kinase
signaling pathway
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ABSTRACT Aging is one of the risk factors for the development of cardiovascular
diseases. During the progression of cellular senescence, cells enter a state of irre-
versible growth arrest and display resistance to apoptosis. As a flavonoid, quercetin
induces apoptosis in various cells. Accordingly, we investigated the relationship
between quercetin-induced apoptosis and the inhibition of cellular senescence, and
determined the mechanism of oxidative stress-induced vascular smooth muscle cell
(VSMC) senescence. In cultured VSMCs, hydrogen peroxide (H,0,) dose-dependently
induced senescence, which was associated with increased numbers of senescence-
associated B-galactosidase-positive cells, decreased expression of SMP30, and acti-
vation of p53-p21 and p16 pathways. Along with senescence, expression of the anti-
apoptotic protein Bcl-2 was observed to increase and the levels of proteins related
to the apoptosis pathway were observed to decrease. Quercetin induced apoptosis
through the activation of AMP-activated protein kinase. This action led to the allevia-
tion of oxidative stress-induced VSMC senescence. Furthermore, the inhibition of
AMPK activation with compound C and siRNA inhibited apoptosis and aggravated
VSMC senescence by reversing p53-p21 and p16 pathways. These results suggest
that senescent VSMCs are resistant to apoptosis and quercetin-induced apoptosis
attenuated the oxidative stress-induced senescence through activation of AMPK.
Therefore, induction of apoptosis by polyphenols such as quercetin may be worthy
of attention for its anti-aging effects.

INTRODUCTION genetic toxicity, and oncogene activation [2,3]. Senescent cells are
characterized by changes in cell morphology, DNA damage, cell
Aging is a physiological phenomenon observed in all eukary- cycle arrest, increased senescence-associated B-galactosidase (SA-
otes. The risk factors for cardiovascular diseases such as hyper- f3-gal) activity, and resistance to apoptosis [3,4].
tension and arteriosclerosis are observed to increase with age [1]. Apoptosis, called programmed cell death, is the active process
The fundamental mechanism of aging is related to the process of self-destruction as a means of defense against stressful stimuli.
of cellular senescence. While senescent cells are observed to be In continuous stresses such as aging, the suppression of apoptosis
in a state of irreversible growth arrest, they remain metabolically can affect cell survival because cells will not maintain homeosta-
active. This cellular senescence is caused by loss of telomere func- sis [5,6]. It has been initially suggested in 1995 that senescent cells

tion and oxidative stresses, such as hydrogen peroxide (H,0,),

have resistance to apoptosis and that the Bcl-2 protein is involved
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in this effect [7]. Previous studies have reported that senescent
human keratinocytes are relatively resistant to UV-induced apop-
tosis compared to young keratinocytes [8]. Additionally, it was
reported that in human fibroblasts, the failure of stress-induced
downregulation of Bcl-2 caused the resistance of senescent fibro-
blasts to apoptosis [9].

AMPK plays a key role in the energy homeostasis [10]. It has
been demonstrated that AMPK is associated with aging [11,12].
The activation of AMPK pathway ameliorated aging-related
vascular endothelial dysfunction in aged rats [13]. Moreover, the
induction of autophagy through the LKBI-AMPK signaling path-
way inhibited senescence in VSMCs [14].

According to various studies, the mortality rates due to cardio-
vascular diseases are improved by a diet with high consumption
of fruits and vegetables. This is attributed to the polyphenols that
are present in these foods [15]. Quercetin is a flavonoid that be-
longs to the group of polyphenols, found mainly in apples, grapes,
berries, and red wine [16]. It is widely known that quercetin dis-
plays not only an inhibitory effect against proliferation but also
anti-cancer, anti-inflammatory, and anti-oxidative activities [16-
18]. In breast cancer cells, quercetin regulated apoptosis and cell
cycle arrest [19]. Additionally, several studies have indicated that
the quercetin-induced AMPK signaling pathway induced apopto-
sis in several cancer cells [20-22].

Although quercetin induced apoptosis in VSMCs [23], the
mechanisms are yet to be elucidated. Also, the fundamental in-
hibitory mechanism of senescence in VSMCs has not yet been
demonstrated. We focused on the resistance to apoptosis by
senescent cells in this study. Thus, we investigated whether this
resistance occurs in VSMC senescence and whether quercetin-
induced apoptosis can inhibit VSMC senescence through AMPK
activation.

METHODS
Reagents and antibodies

Quercetin and H,0, were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Antibodies against p-LKB1, AMPK, p-AMPK,
p-acetyl CoA carboxylase (ACC), p53, Bax, cytochrome C, cas-
pase-3, and cleaved caspase-3 were purchased from Cell Signaling
Technology (Beverly, MA, USA). Antibodies against p21, p16, Bcl-
2, SMP30 and actin were purchased from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA) and anti-Bcl-2 was purchased from
GeneTex (Irvine, CA, USA). Compound C, an AMPK inhibitor,
was provided by Calbiochem (La Jolla, CA, USA). Control and
AMPK siRNA were purchased from Santa Cruz Biotechnology.

Primary cell culture

Sprague-Dawley rats were euthanized with 95% CO, and then
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the thoracic aorta was isolated. The isolated aorta was placed in
a 10-cm dish with serum-free DMEM and removed fat tissue
and adventitia. The aorta was longitudinally cut, and the lumen
side was scraped with cotton swab to eliminate the intima. After
the aorta was cut into 3-5 mm pieces, these pieces explanted lu-
men side down on a new 10-cm dish with DMEM supplemented
with 50% FBS. The dish was incubated in a CO, incubator (5%
CO,/95% air, 37°C). After 3 days, aorta pieces were removed and
sprouted VSMCs were collected. The primary cells were cultured
in growth medium (DMEM supplemented with 10% FBS and 1%
antibiotics) and we used VSMCs from passages 4-7 at 70%-90%
confluence in 10-cm dishes. Additionally, their growth was ar-
rested by incubation in serum-free DMEM for 24 h prior to use.

Induction of senescence and drug treatment

To induce senescence, cells in serum-free medium were treated
with different concentrations of H,0, for 1 h. After treatment, the
medium was replaced with growth medium and then incubated
for another 24 h. Subsequently, cells were treated with quercetin
(50 uM) for 6 h.

Western blot analysis

Whole cell extracts were prepared by lysis in a pro-prep protein
extract buffer. The protein concentration was quantified with the
protein assay reagent from Bio-Rad (Hercules, CA, USA). Equal
amounts of protein were mixed with Laemmli Sample Buffer
(Bio-Rad) and heated for 5 min at 95°C before loading. Total pro-
tein samples (20 ug) were subjected to 10% SDS-polyacrylamide
gel electrophoresis for 90 min at 100-120 V. Separated proteins
were electrophoretically transferred to a PVDF membrane for
40 min at 100 V. Membranes were blocked with 5% non-fat
milk in PBS containing 0.05% Tween 20 (PBS-T) for 1 h at room
temperature followed by incubation with the primary antibod-
ies overnight at 4°C in PBS-T. Membranes were washed in PBS-
T and incubated for 1 h at room temperature in 5% non-fat milk
containing anti-rabbit or anti-mouse IgG (GeneTex). After wash-
ing with PBS-T, membranes were exposed to enhanced chemilu-
minescence (ECL) and ECL Plus western blot analysis detection
reagents.

Transfection of siRNA

Transfection of VSMCs with siRNA was performed using the
Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) ac-
cording to the manufacturer's instructions. VSMCs were seeded
on 6-well plates and grown to about 70% confluence. Cells were
then transfected with 10 uM control or AMPK siRNA and 100
pmol of Lipofectamine for 6 h in the Opti-MEM reduced-serum
medium (Invitrogen). After an incubation period of 48 h, the ex-
periments were performed.
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Cell viability

VSMCs were seeded on 12-well plates at 1 x 10° cells per well in
growth media. After treatment with H,0,, 50 pl of 1 mg/mI MTT
solution was added to each well (0.1 mg/well) and incubated for 4
h. Supernatants were aspirated and the formazan crystals in each
well were solubilized with 200 ul of dimethyl sulfoxide (DMSO).
Aliquots (100 ul) were placed in 96-well plates. Cell viability was
assessed by measuring the absorbance at 570 nm using a micro-
plate reader.
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SA-B-gal staining

SA-B-gal staining was performed using a senescence
B-galactosidase staining kit (Cell Signaling Technology). Briefly,
VSMCs (1 x 10°) were seeded on 6-well plates and fixed for 1 h
at room temperature. The cells were then washed with PBS, fol-
lowed by incubation with staining solutions and X-gal (20 mg/ml)
for 16—17 h at 37°C (no CO,).

150
5 "
o 100 ’
= ES
=)
=
2 50 A
G
<

HO,(uM) 0 10 20 50 100 200 400

p53 | - -|
pl6 | - - |
Actn | e en——
H,0, (1M) 0 10 20 50
12 A &
10 1
I
B, 0
1
2 ©1
34
2 e |
0t
CON H,0, (50 1M)

Fig. 1. Induction of senescence in vascular smooth muscle cells by hydrogen peroxide (H,0,). (A) The chemical structure of quercetin. (B) Cells
were incubated with different concentrations of H,0, for 1 h. The cell viability was examined by MTT assay. (C) The cells stained with senescence-asso-
ciated B-galactosidase and the expression of SMP30 was determined by western blot analysis to evaluate the senescent status (scale bar = 100 uM).
(D) Results of western blot analysis indicate that the H,0, treatment induced p53-p21 and p16 expressions. (E) H,0,-induced senescent cells displayed
resistance to apoptosis by increasing Bcl-2 expression and inhibiting the apoptosis pathway. Representative results from three independent experi-

ments are shown (n = 3); *p < 0.05 vs. control.
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Apoptosis analysis

Apoptosis was examined by Annexin V-fluorescein isothiocya-
nate (FITC) staining (BD Biosciences, San Jose, CA, USA). After
seeding of VSMCs (3 x 10°) on 6-well plates, cells were treated
with H,0,, quercetin and/or compound C. The FITC fluores-
cence intensity of 10,000 cells was measured using a Becton-
Dickinson FACS Caliber flow cytometer (BD Biosciences). Ad-
ditionally, analysis by acridine orange (AO) staining was used to
examine the apoptosis. Cells grown in 6-well plates were washed
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with PBS and then incubated with AO solution (Immuno Chem-
istry Technologies, Bloomington, MN, USA) for 20 min at 37°C.
After incubation, cells were washed with PBS and imaged under a
fluorescence microscope (Olympus, Tokyo, Japan).

Immunofluorescence analysis

VSMCs were seeded on 6-well plates at 1 x 10° per well, fixed
in 4% formaldehyde, and permeabilized with 0.2% Triton X-100.
Consequently, the cells were blocked with 5% goat serum for 1 h,
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Fig. 2. The effects of quercetin on vascular smooth muscle cell (VSMC) senescence. (A) The protein level of AMPK was not changed by hydrogen
peroxide (H,0,) (10, 20, and 50 uM). After treatment with H,0, (50 uM, 1 h), cells were incubated with quercetin (50 uM, 6 h). (B) Western blot analysis
indicated that quercetin induced the AMPK signaling pathway in VSMCs. (C and D) The senescence of VSMCs was observed to be delayed by querce-
tin (scale bar = 100 uM). (E) The protein levels of p53, p21, and p16 were determined by western blot analysis. Representative results from three inde-

pendent experiments are shown (n = 3).
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followed by incubation with primary antibodies of Bax (1:500)
and Bcl-2 (1:25) overnight at 4°C. Mouse or rabbit FITC second-
ary antibody (Invitrogen) were used at 1:200 and incubated for
40 min at room temperature. After immunofluorescent staining,
cells were imaged under a fluorescence microscope (Olympus).

Statistical analysis

Excel (Microsoft, Redmond, WA, USA) and GraphPad Prism
(GraphPad Software, San Diego, CA, USA) were used for data
acquisition and analysis. All data were expressed as mean + stan-
dard error of the mean from at least three independent experi-
ments. Differences between data sets were assessed by one-way
analysis of variance (ANOVA) of Bonferroni's t-test, with p-values
<0.05 considered significant.
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RESULTS

H,0, induces senescence and senescent cells have a
resistance to apoptosis in VSMCs

As H,0, induced premature senescence or apoptosis in previ-
ous studies [24-27], we first investigated the cell viability using the
MTT assay after treatment with different concentrations of H,0,
(10, 20, 50, 100, 200, and 400 uM). While the difference of cell
viability was not observed from control to 100 pM, cell viability
was reduced after treatment of more than 200 uM with statisti-
cal significance (Fig. 1B). To confirm H,0,-induced senescence,
we investigated the SA-B-gal activity and expression of SMP30,
a senescence marker. As shown in Fig. 1C, H,O, treatment led to
a dose-dependent increase in senescence. In addition, it was ob-
served that p53-p21 and pl6 expressions, indicators of senescent
cells, were accelerated dose-dependently (Fig. 1D). Consequently,
we tested whether the senescent VSMCs by H,0, had a resistance
to apoptosis. As VSMCs were not senescent state in control, the
protein levels of Bax, cytochrome C and cleaved caspase-3, which
are involved in the apoptosis pathway, were expressed. However,
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Fig. 3. The effects of quercetin on apoptosis in vascular smooth muscle cells. After treatment with hydrogen peroxide (H,0.) (50 uM, 1 h), cells
were incubated with quercetin (50 uM, 6 h). (A) Quercetin inhibited H,0,-increased protein level of Bcl-2 and induced the apoptosis pathway. (B)
Apoptosis was assessed with Annexin V-FITC staining by flow cytometric analysis followed by determination of the percentage of apoptotic cells. (C)
The apoptotic cells were stained with acridine orange solution. Representative results from three independent experiments are shown (n = 3); *p < 0.01

vs. control, “p < 0.01 vs. H,0, alone.
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these protein levels were declined by H,0, treatment. Further-
more, it was observed that the ratio of Bcl-2/Bax was enhanced
because of an increase of anti-apoptotic protein Bcl-2 level and a
decrease of pro-apoptotic protein Bax level after H,0, treatment
(Fig. 1E). Based on these results, we selected 50 uM H,0, as the
ideal concentration to induce VSMC senescence to be used in our
following experiments. Taken together, these data show that H,0,
induced the senescence of VSMCs and senescent VSMCs were

Quercetin attenuates H,0,-induced senescence in
VSMCs

In our previous study, we ascertained the ideal concentration
and time of quercetin to activate the AMPK in VSMCs [28]. To
confirm whether quercetin affected the senescence through
AMPK activation in this study, we first investigated the activation
of AMPK by H,0, treatment. As shown in Fig. 24, the activation

of AMPK was not changed by H,0, (10-50 uM), whereas quer-
cetin (50 uM) activated the LKBI-AMPK signaling pathway (Fig.
2B). In other words, the concentration of H,0, (50 uM) we se-
lected induced VSMC senescence without any change of AMPK.
In addition, the LKBI-AMPK signaling pathway was activated by

observed to have a resistance to apoptosis.
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Fig. 4. The inhibitory effect of quercetin-induced AMPK activation on vascular smooth muscle cell (VSMC) senescence. (A-C) Cells were incu-
bated with quercetin (50 uM, 6 h) alone or quercetin + compound C (C.C; 10 uM, 1 h) after pretreatment with hydrogen peroxide (H,0,) (50 uM, 1 h). (A)
The activation of p-AMPK is observed to be inhibited by C.C. (B) Senescence-associated B-galactosidase (SA-B-gal) staining and expression of SMP30
were restored by inhibiting AMPK activation. (C) The expressions of p53, p21, and p16 were determined by western blot analysis. (D-F) VSMCs were
transfected with the control or AMPK siRNA for 48 h, and incubated with H,0, and quercetin. (D) VSMCs were subjected to western blot analysis to
determine the level of p-AMPK. (E) After transfection, cells were stained with SA-B-gal and expression of SMP30 was confirmed. (F) Results of western
blot analysis indicated that p53-p21 and p16 pathways were restored in the AMPK siRNA-transfected cells. Scale bar = 100 uM. Representative results
from three independent experiments are shown (n = 3).
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only quercetin, not H,0,. Subsequently, we tested the inhibitory
effect of quercetin in VSMC senescence. Quercetin treatment led
to a decrease in SA-B-gal activity and increase in SMP30 expres-
sion (Fig. 2C, D). As shown in Fig. 2E, H,0,-activated p53-p21
and p16 pathways were inhibited by quercetin.

Quercetin induces apoptosis through AMPK pathway
in VSMCs

Next, we investigated the relationship of quercetin with apop-
tosis. Results of the western blot analysis indicated that H,O,-
induced resistance to apoptosis, considered as a feature of senes-
cence, was inhibited by quercetin (Fig. 3A). Besides, the result of
flow cytometric analysis was consistent with that of the western
blot analysis (Fig. 3B). We performed AO analysis, which dyed
apoptotic cells with an orange color. The orange-colored cells
were observed to be decreased by H,0,, but increased by querce-
tin (Fig. 3C). These results suggested that quercetin inhibited the
H,0,-induced senescence by activating apoptosis in VSMCs.
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The inhibitory effect of AMPK activation aggravates
senescence in VSMCs

To determine whether quercetin-induced AMPK activation
ameliorated cellular senescence, we treated the cells with com-
pound C, a chemical inhibitor of AMPK, and transfected the
cells with AMPK siRNA. First, we confirmed the protein level
of p-AMPK by compound C (10 uM) or AMPK siRNA using
western blot analysis (Fig. 4A, D), followed by investigation of SA-
f3-gal activity and SMP30 expression. Although treatment with
quercetin inhibited cellular senescence, the inhibition of AMPK
increased SA-B-gal-positive cells and SMP30 expression (Fig. 4B).
Additionally, quercetin-inhibited p53-p21 and p16 pathways were
observed to be accelerated by compound C (Fig. 4C). Thereafter,
we checked the features of senescence in AMPK siRNA-transfect-
ed cells. As shown in Fig. 4E, AMPK siRNA-transfected cells re-
sulted in an increase in senescent cells compared with the control
siRNA-transfected cells. Besides, p53-p21 and pl16 pathways were
observed to increase by transfection with AMPK siRNA (Fig. 4F).
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Fig. 5. The inhibitory effect of compound C on quercetin-induced apoptosis in vascular smooth muscle cell (VSMC). Cells were incubated with
quercetin (50 uM, 6 h) alone or quercetin + compound C (C.C; 10 uM, 1 h) after pretreatment with hydrogen peroxide (H,0,) (50 uM, 1 h). (A) Bcl-2 and
pro-apoptotic proteins were determined by western blot analysis. (B) Results of flow cytometric analysis indicated that quercetin induced apoptosis
by activating AMPK. (C) VSMCs were stained with acridine orange solution to visualize apoptotic cells. Representative results from three independent
experiments are shown (n = 3); *p < 0.05 vs. control, p < 0.05 vs. H,0, alone, “p < 0.05 vs. C.C.
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These results suggested that the inhibitory effect of quercetin on
H,0,-induced senescence is regulated through AMPK activation
in VSMCs.

Quercetin induces apoptosis through the AMPK
signaling pathway in senescent VSMCs

We tested the possibility of whether quercetin-induced apop-
tosis inhibited cellular senescence by AMPK activation, when se-
nescent cells show resistance to apoptosis. We first confirmed the
levels of protein related to apoptosis using western blot analysis.
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Quercetin decreased H,0,-activated Bcl-2 levels and increased
the amount of apoptosis. However, compound C inhibited the
apoptosis pathway (Fig. 5A). The result of flow cytometric analy-
sis corresponded with that of the western blot analysis (Fig. 5B).
To visualize the apoptotic cells, we performed AO staining. As
expected, the inhibition of AMPK reduced the amount of orange-
stained cells compared to co-treatment with H,0, and quercetin
(Fig. 5C).
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Fig. 6. The inhibitory effect of AMPK
siRNA transfection on quercetin-
induced apoptosis in vascular smooth
muscle cell (VSMC). VSMCs were
transfected with control or AMPK siRNA
for 48 h and incubated with hydrogen
peroxide (H,0,) and quercetin. (A) The
protein levels of Bcl-2, Bax, cytochrome
C, Caspase-3 and cleaved caspase-3
were determined by western blot analy-
sis. (B) Apoptosis was confirmed by flow
cytometric analysis followed by indica-
tion of the percentage of apoptotic cells.
(C) Transfected cells stained with anti-
Bax (green) and anti-Bcl-2 (red). VSMCs

transfected with AMPK siRNA showed
lower Bax expression and higher Bcl-
2 expression. (D) The graphic abstract
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Genetic inhibition of AMPK decreases quercetin-
induced apoptosis in VSMCs

After transfection, we investigated the protein levels associated
with the apoptosis pathway. Transfection with AMPK siRNA re-
sulted in increased Bcl-2 expression and decreased expression of
apoptotic proteins compared with the control siRNA-transfected
cells (Fig. 6A). The result of flow cytometric analysis was similar
to that of western blot analysis (Fig. 6B). Finally, the transfected
cells were stained with anti-Bax (green) and anti-Bcl-2 (red).
Compared to the treatment with H,O, alone, Bax expression
increased and Bcl-2 expression decreased by co-treatment with
H,0, and quercetin. In contrast, transfection with AMPK siRNA
led to an inhibition of Bax expression and an increase of Bcl-
2 expression (Fig. 6C). Taken together, these results suggested
that quercetin regulated H,0,-induced resistance to apoptosis
through AMPK activation in VSMCs.

DISCUSSION

Aging is one of the major causes of cellular senescence. It is
established that VSMCs in atherosclerotic plaque age faster than
normal vascular cells. Previous studies have supported the fact
that the senescence of vascular cells plays a central role in age-
related vascular disorders [29,30]. Previous studies showed that
AMPK activation is associated with the life span of mammals. In
keratinocytes, AMPK activation was observed to prevent oxida-
tive stress-induced senescence [24,31]. Moreover, metformin and
berberine (AMPK activators) exerted an anti-senescence effect by
inducing autophagy and restoring NAD" synthesis in fibroblasts
and HUVEC:s [32].

Polyphenols have been well known as compounds exerting
physiological effects, such as anti-inflammatory, anti-cancer, and
vascular reactivity. In previous studies, it has been proved that
polyphenols inhibit the inflammation of adipocytes by regulating
the activity of AMPK and SIRT1 [33]. Moreover, we have identi-
fied that the quercetin-induced LKB1-AMPK signaling pathway
had an influence on the vasomotor effect in VSMCs [28]. There-
fore, on the basis of our previous study, we investigated the effect
of AMPK activation by quercetin on VSMC senescence.

According to the paper by Kirkland, as senescent cells con-
tribute to the resistance to apoptosis, it is proposed that killing of
senescent cells could enhance the life span. Moreover, they dem-
onstrated that quercetin induced apoptosis by reduction in the
expression of anti-apoptotic regulators, leading to the suppression
of senescence [34,35]. Similarly, our results showed that senescent
VSMC:s by oxidative stress are resistant to apoptosis and quer-
cetin plays a major role in delaying cellular senescence. Besides,
previous studies demonstrated that the polyphenol curcumin at-
tenuated aging-related cerebro-vascular dysfunction through the
AMPK-UCP2 pathway [36] and polyphenol extracts prevented
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the senescence of VSMCs [37]. Although the effect of quercetin
as a senolytic agent has been investigated in other studies, the
underlying mechanism of the anti-aging effect of quercetin is not
well-known. Therefore, we hypothesized that since senescent cells
have a resistance to apoptosis, quercetin-induced apoptosis can
ameliorate cellular senescence through the AMPK-dependent
pathway in VSMCs.

In this study, there are several key results. First, to simulate the
senescence of VSMCs, we had cells undergo oxidative stress by
H,0,. The treatment of H,0, (50 uM) induced the senescence
without variation of the cell viability in VSMCs. Additionally, we
confirmed that when VSMC senescence was induced by H,O,,
the ratio of Bcl-2/Bax was increased, leading to the suppression of
apoptosis (Fig. 1). Second, quercetin decreased senescence-related
phenotypes and promoted apoptosis (Figs. 2 and 3). Third, quer-
cetin-inhibited senescence was caused by AMPK activation (Fig.
4). Furthermore, quercetin-induced apoptosis through activation
of AMPK was involved in inhibition of VSMC senescence (Figs. 5
and 6).

In conclusion, our data indicate that there is a resistance to
apoptosis due to senescence in VSMCs. Moreover, quercetin-
induced apoptosis can regulate senescence of VSMCs through
AMPK activation. This study also supports the preventive or
therapeutic effect of quercetin against VSMC senescence that
cause cardiovascular diseases such as atherosclerosis and hyper-
tension.
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