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Abstract
Autophagy is a vital pathway for the removal of β-amyloid peptide (Aβ) and the aggregated

proteins that cause Alzheimer’s disease (AD). We previously found that cilostazol induced

SIRT1 expression and its activity in neuronal cells, and thus, we hypothesized that cilosta-

zol might stimulate clearances of Aβ and C-terminal APP fragment β subunit (APP-CTFβ)

by up-regulating autophagy.When N2a cells were exposed to soluble Aβ1–42, protein lev-

els of beclin-1, autophagy-related protein5 (Atg5), and SIRT1 decreased significantly.

Pretreatment with cilostazol (10–30 μM) or resveratrol (20 μM) prevented these Aβ1–42

evoked suppressions. LC3-II (a marker of mammalian autophagy) levels were significantly

increased by cilostazol, and this increase was reduced by 3-methyladenine. To evoke

endogenous Aβ overproduction, N2aSwe cells (N2a cells stably expressing human APP

containing the Swedish mutation) were cultured in medium with or without tetracycline (Tet+

for 48 h and then placed in Tet- condition). Aβ and APP-CTFβ expressions were increased

after 12~24 h in Tet- condition, and these increased expressions were significantly reduced

by pretreating cilostazol. Cilostazol-induced reductions in the expressions of Aβ and APP-

CTFβ were blocked by bafilomycin A1 (a blocker of autophagosome to lysosome fusion).

After knockdown of the SIRT1 gene (to ~40% in SIRT1 protein), cilostazol failed to elevate

the expressions of beclin-1, Atg5, and LC3-II, indicating that cilostazol increases these

expressions by up-regulating SIRT1. Further, decreased cell viability induced by Aβ was

prevented by cilostazol, and this inhibition was reversed by 3-methyladenine, indicating that

the protective effect of cilostazol against Aβ induced neurotoxicity is, in part, ascribable to

the induction of autophagy. In conclusion, cilostazol modulates autophagy by increasing

the activation of SIRT1, and thereby enhances Aβ clearance and increases cell viability.
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Introduction
Alzheimer’s disease (AD) is characterized by extracellular amyloid β (Aβ)-containing plaques
and intracellular neurofibrillary tangles (NFTs) consisting of aggregated phosphorylated-tau,
and is accompanied by synaptic and neuronal failure and cognitive deficits [1]. Aβ and amyloid
precursor protein (APP) C-terminal fragments (CTFβ) contribute to the pathology of AD and
exhibit neurotoxic properties through multiple pathways [2]. Practically, failure to regulate the
production and clearance of Aβ increases Aβ levels, which leads to neurotoxicity and contrib-
utes to the pathogenesis of AD [3].

Autophagy, an intracellular bulk degradation process of cellular constituents, has been
reported to be highly efficient in healthy neurons and to protect them from Aβ-induced cyto-
toxicity [4, 5, 6], which is indicative of the neuroprotective role of autophagy against cytotoxic
proteins in AD. Accordingly, defects in autophagy resulting from poor clearance of autophago-
somes inside cells, is detrimental to neurons [7]. Thus, drugs that activate autophagy provide a
possible alternative approach to the degradations of Aβ and APP-CTF in AD.

Evidence obtained from a mouse model indicates that calorie restriction attenuates β-amy-
loid neuropathology in AD [8, 9]. Qin et al. [10] described a role for SIRT1 activation by calorie
restriction in the modulation of β-amyloid neuropathology in the AD brain. In one study,
SIRT1 was shown to activate autophagy by deacetylating several essential components of the
autophagy machinery, such as, autophagy-related genes like Atg5, Atg7, and Atg8 [11]. Beclin-
1 plays an initiating role as an essential component of the autophagic pathway [12, 13]. Fur-
thermore, three more components of the autophagy pathway, namely, Atg5, beclin-1, and
Ulk1, have been shown to be involved in the degradations of Aβ and APP-CTF [14]. Mizush-
ima and Yoshimori [15] showed microtubule-associated protein light chain 3 (LC3), which is
localized at autophagosome membranes, is involved in the monitoring of autophagy.

Cilostazol increases intracellular cyclic AMP (cAMP) levels by inhibiting type III phospho-
diesterase. A clinical trial reported a pilot study on 10 patients with moderate Alzheimer’s dis-
ease in a clinical setting where combination therapy of donepezil with cilostazol significantly
improved the Mini-Mental State Exam (MMSE) score and maintained the current status
unchanged until the end of the follow-up period in human patients with AD [16]. In addition
to such effects, Park et al. [17] have reported cilostazol reduces intracellular Aβ and phosphory-
lated tau levels in N2a cells stably expressing human APP Swedish mutation (N2aSwe cells),
and in-line with these results, cilostazol significantly improved brain function such as spatial
learning and memory in an experimental model of Alzheimer’s disease. Most recently, cilosta-
zol was documented to be effective in ameliorating cognitive decline in patients with AD with
cerebrovascular diseases [18] and mild cognitive impairment [19]. In addition, we recently
reported cilostazol-stimulated CK2/SIRT1 activation suppressed tau acetylation and phosphor-
ylation by inhibiting the activations of P300 and GSK3β, and decreasing Aβ expression in
N2aSwe cells [20].

Given (1) autophagy is a major cellular pathway for the removal of β and aggregated pro-
teins, and (2) cilostazol stimulates the expression and activity of SIRT1; we hypothesized that
the therapeutic use of cilostazol to enhance the autophagy pathway might provide an attractive
pharmacological direction for decreasing intracellular Aβ and APP-CTFβ levels in AD. Thus,
in the present study, we investigated whether cilostazol protects N2a cells from Aβ-induced
neurotoxicity by up-regulating the autophagy machinery and its associated proteins (beclin-1,
Atg5, and LC3-II). In addition, we sought to elucidate the mechanism whereby cilostazol inhib-
its Aβ-induced decreased autophagy in N2aSwe cells.
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Results

Time-dependent decreases in beclin-1, Atg5, and SIRT1 expressions in
N2a cells in response to exogenous Aβ 1–42 and cilostazol effects
To determine whether Aβ1–42 affects beclin-1, Atg5, and SIRT1 levels, we examined their pro-
tein expressions in N2a cells. Exposure to Aβ1–42 (10 μM) significantly decreased levels of
beclin-1 (F4,15 = 28.15, P< 0.0001), Atg5 (F4,15 = 10.16, P< 0.0003), and SIRT1 (F4,15 = 16.94,
P< 0.0001) in a time (1, 6, 12 and 24 h)-dependent manner (Fig 1A, 1B and 1C).

However, when cells were pretreated with cilostazol (3, 10, or 30 μM) or resveratrol (20 μM)
for 3 h prior to exposure to exogenous Aβ1–42 (10 μM) in medium, beclin-1 expression reduc-
tion by Aβ1–42 was significantly prevented and rather reversed by cilostazol (by 140.0 ± 7.3%
and 165.8 ± 13.2% at 10 and 30 μM, respectively) (F3,12 = 16.48, P< 0.0001). Similarly, pretreat-
ment with cilostazol (3, 10 and 30 μM) also significantly reversed Aβ1-42-induced reductions in
the expressions of Atg5 (F3,12 = 6.39, P< 0.0033) and SIRT1 (F3,12 = 11.86, P< 0.0002). Simi-
larly, resveratrol (20 μM) also prevented Aβ1-42-induced reductions of beclin-1(by 145.2 ± 5.4%,
P< 0.001), Atg5 (by 122.6 ± 20.3%, P< 0.05), and SIRT1 protein (by 120.9 ± 10.2%, P< 0.05),
respectively (Fig 2A, 2B and 2C).

It has been reported that the transient expression of wild-type SIRT1 stimulates the conver-
sion of LC3-I to LC3-II in HCT116 cells [11]. To investigate the effect of cilostazol on LC3-II
expression, a model of retinoic acid-induced neuronal differentiation was used. As shown in
Fig 2D, LC3-II levels in N2a cells were elevated by 238 ± 11.0% (P< 0.001) in culture media
containing 10 μM retinoic acid as compared with the non-retinoic acid control, and interest-
ingly, cilostazol (10 μM) increased LC3-II levels by 491.3 ± 21.9% (P< 0.001). Furthermore,
this effect of cilostazol was significantly blocked by 3-methyladenine (2.5 mM; an inhibitor of
autophagy), indicating that cilostazol enhanced autophagosome formation.

Fig 1. Time-dependent decreases in beclin-1 (A), Atg5 (B), and SIRT1 (C) protein expression in N2a
cells exposed to exogenous Aβ1–42 (10μ μM).Means ± SDs are expressed as percentages of zero time
values (N = 4). **P < 0.01, ***P < 0.001 vs. Zero time.

doi:10.1371/journal.pone.0134486.g001
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Increases in Full-length APP, Aβ and CTFβ levels in N2aSwe cells and
the inhibitory effect of cilostazol
To investigate endogenous accumulations of full-length APP and Aβ under pathological situa-
tions simulating those in the AD brain, we used mouse neuroblastoma cells stably expressing
human APP Swedish mutation (N2aSwe cells). These cells were exposed to Tet+ and Tet- con-
ditions, as previously described by Anekonda et al. [21]. Briefly, cells were exposed to medium
containing 1 μg/ml of tetracycline (Tet+) for 48 h, and then removed to tetracycline-free (Tet-)
conditions for 3, 12, or 24 h to induce endogenous Aβ overproduction. As shown in Fig 3A, in
Tet+ condition, cells showed thin density, but in the Tet- condition, N2aSwe cells exhibited
time-dependent increases in full-length APP (~100 kDa) at between 3 and 24 h (using anti-Aβ
(6E10) antibody). Accordingly, the accumulation of Aβ (4 kDa) increased from 12 ~ 24 h
under the Tet- condition by 165.4 ± 15.0% (P< 0.001) (Fig 3B). This increase in Aβ level was
significantly reduced by 65.1 ± 9.0% (P< 0.01) under pretreatment with 10 μM of cilostazol,
and this reduction by cilostazol was prevented by co-treating cilostazol with bafilomycin A1
(100 nM; a blocker of autophagosome to lysosome fusion) [22] by 95.6 ± 9.1%, P< 0.05 and
with TIMP-1 (10 μM, by 91.0 ± 8.7%, P< 0.05), an ADAM10 inhibitor [23] (Fig 3C).

In line with these results, β and α subunit levels of APP-CTF protein (as determined using
rabbit polyclonal CTFβ (751–770) antibody) were markedly increased upon exposure to the
Tet- condition. These increased levels of both subunits were similarly decreased by cilostazol
(10 or 30 μM) treatment in a concentration-dependent manner (Fig 3D), and this increase was
significantly reduced by 59.3 ± 6.9% (P< 0.05) after treatment with cilostazol (10 μM). Fur-
thermore, this decrease in CTFβ expression elicited by cilostazol was significantly inhibited by
bafilomycin A1 (by 99.6 ± 12.0%, P< 0.05) and by TIMP-1 (10 μM, by 84.0 ± 10.0%, P< 0.05)
(Fig 3E).

Fig 2. Increases in the expressions of beclin-1 (A), Atg5 (B), and SIRT1 protein (C) by cilostazol (CSZ,
3–30 μM; incubation for 3 h) and resveratrol (RES, 20 μM) in the presence of exogenous Aβ1–42
(10 μM) in N2a cells. D. Enhancement of LC3-II levels in the culture media containing 10 μM retinoic
acid by cilostazol (10 μM), and its blockade by 3-methyladenine (3-MA, 2.5 mM).Means ± SDs are
expressed as percentages of DMSO (vehicle) or absence of retinoic acid (RA-) (N = 4). ###P < 0.001, RA−;
*P < 0.05, **P < 0.01, ***P < 0.001 vs. DMSO; †††P < 0.001 vs. 10 μM cilostazol.

doi:10.1371/journal.pone.0134486.g002
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Beclin-1, Atg5 and SIRT1 reductions in N2aSwe cells in response to
endogenously overproduced Aβ and inhibition of these reductions by
cilostazol
We further confirmed cilostazol significantly inhibited endogenously overproduced Aβin
N2aSwe cells induced by using the model of Tet+ and Tet- conditions. As shown in Fig 4A, 4B
and 4C, the protein expressions of beclin-1, Atg5, and SIRT1 were significantly reduced by
76.1 ± 6.8%, 85.3 ± 3.2% and 76.8 ± 6.4%, respectively (each, P< 0.01) when N2aSwe cells
were exposed to Tet-. Interestingly, by pretreatment with cilostazol (10 or 30 μM), these attenu-
ated levels of SIRT1, beclin-1, and Atg5 were largely overexpressed (10 μM cilostazol: by
155.1 ± 18.1%, 136.6 ± 11.7%, and 125.7 ± 8.0%, respectively). Intriguingly, increased Aβ level
under Tet- condition (by 139.5 ± 9.8%, P< 0.001) was significantly inhibited by cilostazol pre-
treatment (10 or 30 μM) to 89.4 ± 2.4 (P< 0.001) and 75.5 ± 16.0% (P< 0.001), respectively
(Fig 4D). These results were further evaluated by measuring Aβ levels by ELISA. When
N2aSwe cells were exposed to Tet- condition, intracellular Aβ1–42 levels significantly increased
by 362.2 ± 7.7 ng/ml (P< 0.001), and this increase was markedly reduced to 186.4 ± 10.9 ng/
ml (P< 0.001) and 165.9 ± 10.9 ng/ml (P< 0.001) by pretreating cilostazol at 10 and 30 μM,
respectively. Furthermore, this cilostazol-induced inhibition was significantly blocked by
pretreatment with KT5720 (1 μM, a cAMP-dependent protein kinase inhibitor) or sirtinol
(20 μM, a SIRT1 inhibitor) (Fig 4E). In addition, cilostazol-induced inhibition of Aβ1–42 level
was also blocked by bafilomycin A1 (100 nM, P< 0.001) or 3-methyladenine (2.5 mM,
P< 0.05), respectively (Fig 4F). Overall, these results indicate cilostazol stimulates beclin-1,

Fig 3. A. Time-dependent increases in the expressions of full-length APP (FL-APP) and Aβ in N2aSwe
cells determined using anti-Aβ (6E10) antibody. To evoke endogenous Aβ overproduction, cells were
exposed tomedium containing 1 μg/ml of tetracycline (Tet+) for 48 h and then switched to tetracycline-
freemedium (Tet-) for 3, 12, and 24 h. B. Aβ accumulation after culturing cells in Tet- condition for 24 h.
C. Cilostazol-induced suppression of Aβ expression induced by Tet- condition, and prevention of this
inhibition by bafilomycin A1 (BFA, 100 nM) and TIMP-1 (10 μM), respectively. D. Effect of cilostazol on
the increased CTFβ (11 kDa) and CTFα (9 kDa) levels cultured in Tet- condition (Western blot using
rabbit polyclonal CTFβ (751–770) antibody). TheWestern blots shown are representative of four
independent experiments that yielded similar results. E. Prevention by bafilomycin A1 (BFA, 100 nM)
and TIMP-1 (10 μM) of cilostazol-induced decreases in the CTFβ expressions.Results are the
means ± SDs of percentages (N = 4). ###P < 0.001 vs. Tet+; **P < 0.01, ***P < 0.001 vs. DMSO; †P < 0.05 vs.
cilostazol (CSZ, 10 μM) alone.

doi:10.1371/journal.pone.0134486.g003
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Atg5 and SIRT1 expression even under Aβ-enriched conditions, and that cilostazol inhibits
intracellular Aβ accumulation by elevating autophagy.

Failure of cilostazol to elevate autophagy in SIRT1-gene silenced cells
To confirm cilostazol-induced increases in beclin-1, Atg5, and LC3-II levels are mediated via
SIRT1 activation, N2aSwe cells were transfected with SIRT1 siRNA or scrambled siRNA
duplex (negative control) (both at 100 or 200 nM). In N2aSwe cells subjected to SIRT1-gene
silencing, SIRT1 protein expression was reduced to ~ 40% by 200 nM of SIRT1 siRNA oligonu-
cleotide (Fig 5A). In SIRT1- silenced cells, cilostazol failed to elevate SIRT1 protein expression,
whereas in cells transfected with scrambled siRNA duplex (negative control), cilostazol at 10 or
30 μM significantly elevated the expression of SIRT1 to 159.2 ± 11.2% and 139.8 ± 13.2%,
respectively (Fig 5B). Similarly, beclin-1, Atg5, and LC3-II levels were not increased by cilosta-
zol (10 or 30 μM) in cells transfected with SIRT1 siRNA, whereas levels of these proteins were
increased in cells transfected with scrambled siRNA duplex (negative control) (Fig 5C, 5D and
5E). These results show cilostazol increases the expressions of beclin-1, Atg5, and LC3-II by
up-regulating SIRT1.

Immunoprecipitation and Immunofluorescence studies
To examine the effect of SIRT1 on autophagy components, we assessed and compared the
deacetylations of LC3 by cilostazol or recombinant SIRT1 (rSIRT1) in the N2aSwe cells.
Neuronal cells were exposed to Tet- for 24 h in the absence and presence of 10 μM of cilostazol
or 300 nM of rSIRT1, and then one part of each whole cell lysates was immunoblotted for
LC3. The other portions were immunoprecipitated with LC-3 antibody and immunoblotted
for acetylated LC3 using an anti-acetyl lysine antibody. As shown in Fig 6A and 6B, LC3-II lev-
els were markedly elevated by treatment with cilostazol or rSIRT1. However, after immunopre-
cipitating LC-3, the immunoblotted band intensity of acetylated LC3-II was markedly reduced
(by ~30%) in samples treated with cilostazol or rSIRT1.

Fig 4. A—C. Inhibition of Tet- condition-induced reductions in beclin-1 (A), Atg5 (B) and SIRT1
expressions (C) by cilostazol (10 or 30 μM) in N2aSwe cells. D. Inhibition of Tet- condition-induced
endogenous increases in Aβ level by cilostazol as determined byWestern blotting (D) and of
intracellular Aβ accumulation as determined by ELISA (E, F). The inhibitory effects of cilostazol were
blocked by KT5720 (1 μM), sirtinol (20 μM) (E), bafilomycin A1 (BAF, 100 ng/ml), or 3-methyladenine
(3-MA, 2.5 mM) (F).Results are presented as means ± SDs (N = 4–5). ##P < 0.01, ###P < 0.001 vs. Tet+

condition (as control), **P < 0.01 ***P < 0.001 vs. DMSO; †P < 0.05, †††P < 0.001 vs. cilostazol alone (CSZ,
10 μM). PBS, phosphate-buffered saline.

doi:10.1371/journal.pone.0134486.g004
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In addition, the effect of cilostazol was further examined with respect to autophagy initia-
tion by assaying LC3 puncta in N2a cells treated with or without cilostazol (10 or 30 μM). Fluo-
rescent puncta were significantly increased by cilostazol at 10 and 30 μM (both P< 0.001), but
these increases were significantly blocked by 3-methyladenine (2.5 mM, P< 0.001), bafilomy-
cin A1 (100 nM, P< 0.001), or sirtinol (20 μM, P< 0.001). Overall, these results show that
like rSIRT1, cilostazol stimulates the conversion of LC3-I to LC3-II, which is suggestive of
increased autophagosome formation.

Fig 5. A. Analysis of the effects of SIRT1-knockdown in N2aSwe cells. Proteins (30 μg) from a
negative control and SIRT1- knockdown samples were loaded onto 10 ~ 15% SDS-polyacrylamide
gels. In N2aSwe cells transfected with 200 nM of SIRT1 siRNA, SIRT1 protein levels were at ~ 40% of
the level in negative controls (A). Cilostazol failed to elevate the expressions of SIRT1 (B), beclin1 (C),
Atg5 (D), and (E) LC3 in SIRT1-siRNA treated N2a cells, as contrasted to the levels of all four in the
negative control cells. Results are the means ± SDs of 4 experiments. *P < 0.05, **P < 0.01, ***P < 0.001
vs. DMSO. ††P < 0.01 vs. cilostazol alone (CSZ, 10 μM).

doi:10.1371/journal.pone.0134486.g005

Fig 6. A and D. Immunoprecipitation analysis. Whole cell lysateswere obtained fromN2aSwe cell lysates
that were cultured in Tet- condition for 24 hwith or without cilostazol (10 μM, A) or rSIRT1 (recombinant
SIRT1, 300 nM; B). Upper panels (A and B): the effects of cilostazol and rSIRT1 on LC3-II expression were
confirmed. Lower panels (A and B): cell lysates were immunoprecipitated with LC-3 antibody and then
immunoblotted for acetylated LC3 LC3-1/II-Ac) using an anti-acetyl lysine antibody. The blot shown is
representative of three experiments that produced similar results. C. Immunofluorescent assay of LC3
puncta in N2a cells treatedwith or without cilostazol (10 and 30 μM) after being pretreated with
3-methyladenine (2.5 mM), bafilomycin A1 (100 nM) or sirtinol (20 μM). D. Quantitative analysis was
performed by counting numbers of LC3 puncta/cell. Results are themeans ± SDs of 4 experiments.
***P < 0.001 vs. DMSO. †††P < 0.001 vs. cilostazol (10 μM).

doi:10.1371/journal.pone.0134486.g006
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Cell viability enhancement by cilostazol
The cytotoxic effects of exogenously applied Aβ1–42 in N2a cells and of endogenously released
Aβ in N2aSwe cells were assessed using an MTT assay. Exposure of N2a cells to 10 μM of
Aβ1–42 for 24 h resulted in a significant decline in cell viability by 51.6 ± 2.7% (P< 0.001).
The decreased viability induced by Aβ1–42 was largely recovered by 10 or 30 μM of cilostazol
to 81.7 ± 2.6% (P< 0.001) and 88.0 ± 3.7% (P< 0.001), respectively. Furthermore, this effect
of cilostazol was significantly blocked by pretreating cells with 3-methyladenine (2.5 mM, a
chemical inhibitor of autophagy) (Fig 7A).

In addition, under exposure to endogenously released Aβ, cell viability significantly
decreased to 62.4 ± 2.0% (P< 0.001), and this was prevented by pretreating with 10 μM of
cilostazol to 88.1 ± 1.8% (P< 0.001). Furthermore, this effect of cilostazol was blocked by pre-
treating cells with 3-methyladenine (2.5 mM) to 64.5 ± 3.5% (P< 0.05), indicating cilostazol
failed to protect neurons from Aβ toxicity when autophagy was blocked (Fig 7B). These results
suggest cilostazol protects against Aβ-induced neurotoxicity by inducing autophagy. Fig 7C
provides a hypothetical model for the cilostazol-coupled cAMP/PKA-mediated induction of
autophagy upregulation, including the expressional up-regulations of beclin-1, Atg5, and
LC3-II via SIRT1 activation, which reduces intracellular Aβ and APP-CTFβ and increases cell
viability.

Discussion
The present study demonstrates both applied Aβ1–42 and endogenously generated Aβ from
activated N2aSwe cells decrease the expressions of beclin-1, Atg5, and SIRT1 at the protein
level, and that these suppressions are prevented by cilostazol pretreatment. Interestingly, cilos-
tazol-stimulated upregulations of SIRT1-associated beclin-1, Atg5, and LC3-II reduced the

Fig 7. Effect of cilostazol on Aβ-induced cytotoxicity. Decrease in cell viability in response to exogenous
Aβ1–42 in N2a cells (A) and to endogenously overproduced Aβ in the N2aSwe cells (B), and the recovery by
cilostazol in the absence and presence of 3-methyladenine (3-MA, 2.5 mM). Results are the means ± SDs of
three experiments. ###P < 0.001 vs. PBS (A) and Tet- condition (B); ***P < 0.001 vs. DMSO; †P < 0.05,
††P < 0.01, †††P < 0.001 vs. 10 or 30 μM cilostazol alone. PBS, phosphate-buffered saline. C. Hypothetical
model: Neuroprotective effect of cilostazol against Aβ-induced neurotoxicity is ascribable to the increased
induction of autophagy by increasing the cAMP/PKA coupled SIRT1 activation, thereby enhances Aβ and
CTFβclearance and increases cell viability.

doi:10.1371/journal.pone.0134486.g007
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accumulations of Aβ and APP-CTF β in N2aSwe cells. Furthermore, the decreased viability
induced by Aβ was largely prevented by cilostazol, and this prevention was blocked by
3-methyladenine. These results suggest cilostazol protects against Aβ- induced neurotoxicity
by enhancing the induction of autophagy. The present results also reveal that increases in Aβ
and CTFβ expressions induced by Tet+ and Tet- procedures are attenuated by cilostazol. Previ-
ous study [24] also showed activated N2aSwe cells by depletion of FBS (1%) induced large
accumulations of full-length APP (100 kDa), which peaked at 12 h post activation. These accu-
mulations were significantly and concentration-dependently diminished by pretreatment with
cilostazol (3 ~ 30 μM).

Many authors have reported autophagy induces the degradation of aggregated proteins that
cause AD, and that dysfunction of the autophagy-lysosome system contributes to Aβaccumula-
tion and to the formation of tau oligomers [25–27]. Therefore, pharmacological regulation of
autophagy-lysosome protein degradation is emerging as an important strategy for the treat-
ment of AD.

Intriguingly, Lee et al. [11] emphasized SIRT1 deacetylase is an important regulator of
autophagy: they showed that transiently augmenting SIRT1 activity is sufficient to activate
autophagy, whereas SIRT1-/- mouse embryonic fibroblasts did not fully activate autophagy
under starvation conditions. In addition, the level of beclin-1, a protein that plays a key role in
autophagy, was reported to be diminished in the affected brain regions of AD patients,
although other studies failed to observe this effect [28–30].

To explore relationships between the effects of Aβ and the expressions of molecular compo-
nents, such as, beclin-1, Atg5, and LC3-II, of the machinery of autophagy under pathological
situations, we evoked endogenous Aβ overproduction in N2aSwe cells. N2aSwe cells were
exposed to Tet+ for 48 h, and then placed to Tet- condition instead of using serum-depleted
culture medium, because we observed that serum depletion per se stimulates the upregulations
of beclin-1 and Atg5 in a manner similar to starvation conditions. When N2aSwe cells were
exposed to Tet+/Tet-, they exhibited time-dependent increases in Aβ and APP-CTFβ levels.
The present results also showed elevated intracellular Aβ1–42 levels were markedly inhibited
by cilostazol and that this inhibition was blocked by KT5720 and sirtinol, indicating that
cAMP-dependent protein kinase and SIRT1 underlie the action mechanism of cilostazol, as
has been previously reported by Lee et al. [20].

Our observations of increases in beclin-1, Atg5, and SIRT1 levels by cilostazol (10 or
30 μM) are considered to be related to reduced accumulations of Aβ and APP-CTFβ, which
were induced by Tet- in the presence of cilostazol, because the cilostazol-induced suppressions
of APP-CTFβ expression and intracellular Aβlevels were significantly blocked by bafilomycin
A1 (a blocker of autophagosome to lysosome fusion) [22] or 3-methyladenine (an inhibitor of
autophagy) [31]. In light of the facts that cilostazol-induced decreases in CTFβ and Aβ accu-
mulation were significantly inhibited by bafilomycin A1 or TIMP-1 (an ADAM10 inhibitor)
[23], the inhibition of CTFβ and Aβ accumulation by cilostazol is ascribed to increased autop-
hagic clearance and to reduced production of Aβ through ADAM 10 (α-secretase) activation
[24].

It was also reported some time ago LC3 is necessary for the formation of autophagosomes
and that it localizes to autophagosome membranes [32]. The conversion of LC3-I to LC3-II via
proteolytic cleavage is a hallmark of mammalian autophagy: the amount of LC3-II and LC3-II/
LC3-I ratio are closely related to autophagosome formation [33]. Thus, to evaluate the level of
autophagy in a more specific way, we assessed levels of autophagy protein LC3, a marker of
mammalian autophagy. Cilostazol markedly increased LC3-II levels in N2a cells, and this
increase was significantly blocked by 3-methyladenine, indicating that the autophagy pathway
is up-regulated by cilostazol. Interestingly, after immunoprecipitating LC-3, the acetylated
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LC3-II band was markedly decreased (by ~30%) in cells pretreated with cilostazol or rSIRT1.
Moreover, numbers of immunofluorescent puncta were significantly increased by cilostazol,
and this increase was blocked by 3-methyladenine, bafilomycin A1, or sirtinol, respectively.
These results strongly suggest that like rSIRT1, cilostazol stimulates the conversion of LC3-I to
LC3-II, which is indicative of increased autophagosome formation.

To confirm that the cilostazol-induced elevations of beclin-1 and Atg5 were mediated by
the activation of SIRT1, N2aSwe cells were transfected with SIRT1 siRNA. After silencing the
SIRT1 gene, the expressions of beclin-1, Atg5, LC3-II, and SIRT1 were not induced by cilosta-
zol, whereas negative control cells (transfected with scrambled siRNA duplex) were obviously
responsive to cilostazol. These observations indicate that increases in beclin-1, Atg5, and
LC3-II levels were evoked by cilostazol via SIRT1 activation.

These postulations are strongly supported by the previous reports, in that cilostazol rescued
HT22 apoptosis induced by Aβ toxicity by downregulating phosphorylated p53 (Ser 15), Bax,
and caspase-3 levels and upregulating Bcl-2 levels, and protected against the suppression of
neurite elongation by Aβ [34]. Moreover, cilostazol suppressed the accumulations of Aβ by
increasing the expression of ADAM10 and α-secretase activity via the upregulation of cAMP-
dependent protein kinase-linked SIRT1 expression in activated N2aSwe mutant cells [24].
Based on these reports and the present study, it is considered that cilostazol prevents Aβ-
induced cell viability reduction. A question arises as to how cilostazol clears APPswe metabo-
lites released from N2aSwe cells, since clearance of metabolites generated from APPswe cells
may mechanistically differ from soluble β-amyloid as suggested by Haass et al. [35]. Further
study is required to define the autophagic assessment of metabolites from APPswe cells by
cilostazol.

Taking these results and those regarding the pharmacological inhibition and gene silencing
of SIRT1, cilostazol appears to protect neuronal cells from Aβ-induced neurotoxicity by up-
regulating the autophagy machinery, as demonstrated by the up-regulations of beclin-1, Atg5,
and LC3-II, via activating SIRT1 expression and decreasing Aβ peptide production, and
thereby improves cell viability (Fig 7C).

Materials and Methods

Cell culture
Mouse neuroblastoma N2a wild-type cells and N2aSwe cells were kindly donated by Dr. Take-
shi Iwatsubo (Department of Neuropathology and Neuroscience, Graduate School of Pharma-
ceutical Sciences, The University of Tokyo) [36]. These cells were cultured in media containing
45% Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco, Carlsbad, CA), 55% Opti-MEM
(Gibco), supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 100 units/ml peni-
cillin, 100 μg/ml streptomycin, 1% glutamine, and 0.09% Hygromysin B (Sigma-Aldrich,
St. Louis, MO) in a humidified 5% CO2/ 95% air atmosphere at 37°C. To evoke endogenous Aβ
overproduction, N2a and N2aSwe cells were cultured under the above condition in the pres-
ence of 1 μg/ml of tetracycline (Tet+, which was used as a control) for 48 h and then placed in
tetracycline-free condition (Tet-) and cultured for 3, 12, and 24 h, respectively. When treatment
with either cilostazol or resveratrol was required, cells were pretreated with these drugs for 3 h
in Tet+, and then switched to Tet- condition containing the same drugs and cultured for the
indicated times.

Western blotting
For Western blot analyses, cells were scraped, and lysed in buffer A containing 10 mMHEPES,
10 mMNaCl, 1.5 mMMgCl2, 0.25% Tween 20, 1mM dithiothreitol, 100 mg/ml
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phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin, and 15 mg/ml aprotinin. Thirty μg of total
protein from each sample was then loaded onto 10~15% SDS-polyacrylamide gels, because all
sorts of proteins measured in this experiment have a diversity of molecular weights (from 4 ~
120 kDa). Separated proteins were transferred to nitrocellulose membranes (GE Healthcare
Life Sciences, Piscataway, NJ, USA), which were blocked with 5% skim milk (at 4°C overnight),
and incubated with antibodies against SIRT1 (Santa Cruz, CA), anti-Aβ (6E10) (Covance,
Emeryville, CA), and rabbit polyclonal CTFβ (751–770) (Calbiochem, La Jolla CA. Antibodies
against beclin-1, Atg5, and LC3 (rabbit monoclonal LC3A/B, 1:1000) were obtained from Cell
Signaling Technology (Danvers, MA). Membranes were reprobed with an anti-β-actin anti-
body (MP Biomedicals, LLC, Aurora, OH, USA) as an internal control.

Measurement of Aβ levels by ELISA
Cell lysates from cilostazol-treated and untreated cells were collected, and Aβ1–42 levels were
determined using ELISA kit Aβ1–42 (FIVEphoton Biochemicals, San Diego, CA). Optical den-
sities were read at 450 nm using a plate reader, and Aβ1–42 concentrations were determined
using standard curves. All readings taken fell within the linear range of the assay.

Immunofluorescence experiments
For immunofluorescence studies, N2a cells were fixed in 4% (w/v) paraformaldehyde for 30
min at room temperature, permeabilized with PBS containing 3% bovine serum albumin and
0.1% (v/v) Triton X-100 for 30 min, and then incubated for 1 h at room temperature under
constant shaking with antibody against LC3 (rabbit monoclonal LC3A/B antibody; dilution
1:1,000; Cell Signaling). After several washes with PBS, cells were incubated for 1 h with sec-
ondary antibody conjugated to Alexa Fluor 488 and 594 (Invitrogen, Carlsbad, CA) at room
temperature, washed again with PBS, labeled with DAPI, and mounted in Fluoprep (Bio-Mer-
ieux, Craponne-Pays, France). All fluorescent images were acquired at ×100 using an Axiovert
200 (Carl Zeiss, Jena, Germany) fluorescence microscope.

SiRNA SIRT1 transfection assays
N2aSwe cells were grown on 6-well plates (1×10 5 cells/well), placed in 60-mm dishes (1–2 × 106

cells/well) coated with poly-D-lysine in Neurobasal medium containing B-27, and then trans-
fected for 8 h with 100–200 nM of siRNA (small interfering RNA). SIRT1 siRNA oligonucleo-
tides (GenBank accession No. NM_003120.1) were synthesized by Bioneer (Daejeon, Korea). A
scrambled siRNA duplex was used as the control oligonucleotide. siRNA sequences against
SIRT1 were; ACGAUGACAGAACGUCACA (sense), and UGUGACGUUCUGUCAUCGU
(antisense).

Immunoprecipitation
For the immunoprecipitation assay, N2aSwe cells were lysed with lysis buffer containing 50 mM
HEPES-OH pH 7.5, 120 mMNaCl, 1 mM EDTA, 10 mM pyrophosphate, 10 mM glyceropho-
sphate, 50 mMNaF, 1 mM PMSF, 1.5 mMNa3VO4, 0.3% CHAPS, and protease inhibitor cock-
tail (Sigma-Aldrich, St. Louis, MO). Precleared lysates containing 200 μg of whole lysate proteins
diluted with lysis buffer were then mixed with 2 μg of protein G agarose conjugated acetyl lysine
antibody (Cell Signaling) and incubated for 2 h. Samples were washed four times with lysis buffer
and subjected to Western blot analysis.
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Determination of cell viabilities
The cytotoxicities of exogenous Aβ1–42 and endogenously released Aβwere assessed using a
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium] assay. N2A and N2aSwe cells
were seeded onto 12-well plates and cultured for 24 h before beginning the experiment. After
one wash with PBS, cells were placed in a medium containing phenol red-free DMEM and 1%
serum. Cells were pretreated with cilostazol when necessary for 2 h, and then 10 μMAβ 1–42
was added and incubated for 24 h. Alternatively, cells were plated in Tet+ (1 μg/ml of tetracy-
cline) or Tet- condition containing vehicle or cilostazol with or without 3-methyladenine
(3-MA, 2.5 mM). Wells containing medium without cells served as background controls, and
cells cultured in Tet+ condition served as a positive control. The MTT assay was performed by
adding 0.5 mg/ml of MTT and then incubating for 2 h at 37°C. The formazan salt generated by
viable cells was dissolved in DMSO and absorbances were measured at 450 nm.

Chemicals
Cilostazol [OPC-13013, 6-[4-(1-cyclohexyl-1H-tetrazol-5-yl) butoxy]-3,4-dihydro-2-(1H)-
quinolinone] was donated by Otsuka Pharmaceutical Co. Ltd. (Tokushima, Japan) and dis-
solved in DMSO to prepare a 10 mM stock solution. Recombinant SIRT1, resveratrol, and bafi-
lomycin A1 (Sigma-Aldrich) were dissolved in DMSO. Sirtinol (Calbiochem) was dissolved in
DMSO (vehicle< 0.1% v/v on final volume). Aβ1–42 peptide (appearance, white powder;
HPLC purity,>95%) was purchased from AnaSpec (catalog No.24236, run No. 77828; Ana-
Spec, Fremont, CA), dissolved in 1% NH4OH (basic buffer) as a stock solution at 1 mM and
stored at -20°C. When diluted, the stock solution of Aβ1–42 was clear, seedless, and showed no
sign of aggregation. KT5720 (a PKA inhibitor) was purchased from Enzo Life Sciences, and
MTT, 3-methyladenine, bafilomycin A1, and tetracycline were from Sigma-Aldrich. TIMP-1
(Calbiochem) was dissolved in phosphate-buffered saline.

Statistical Analyses
Results are expressed as means ± SDs. One-way analysis of variance followed by Tukey’s post
hocmultiple comparisons was used to determine the significances of differences between vehi-
cle and cilostazol treatment groups. Student’s t-test was used to determine the significance of
difference between the mean of untreated cells and those treated with inhibitors. Statistical sig-
nificance was accepted for P values of< 0.05.

Acknowledgments
We are most grateful to Dr. Dai Hyon Yu (Otsuka Pharmaceutical Co., Ltd., Otsuka Interna-
tional Asia Arab Division, South Korea) for his helpful suggestions and generous comments.

Author Contributions
Conceived and designed the experiments: KWH CDK. Performed the experiments: HRL SYP.
Analyzed the data: WSL BYR. Contributed reagents/materials/analysis tools: HKS SSB. Wrote
the paper: KWHHRL.

References
1. Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer’s disease: progress and problems on

the road to therapeutics. Science 297: 353–356. PMID: 12130773

2. Walsh DM, Selkoe DJ (2007) Aβ oligomers—a decade of discovery. J Neurochem 101: 1172–1184.
PMID: 17286590

Cilostazol and Autophagy via SIRT1

PLOSONE | DOI:10.1371/journal.pone.0134486 August 5, 2015 12 / 14

http://www.ncbi.nlm.nih.gov/pubmed/12130773
http://www.ncbi.nlm.nih.gov/pubmed/17286590


3. Bharadwaj PR, Dubey AK, Masters CL, Martins RN, Macreadie IG (2009) Aβ aggregation and possible
implications in Alzheimer's disease pathogenesis. J Cell Mol Med 13:412–421. doi: 10.1111/j.1582-
4934.2009.00609.x PMID: 19374683

4. Caccamo A, Majumder S, Richardson A, Strong R, Oddo S (2010) Molecular interplay between mam-
malian target of rapamycin (mTOR), Amyloid-β, and Tau: Effects on cognitive impairments. J Biol
Chem 285:13107–13120. doi: 10.1074/jbc.M110.100420 PMID: 20178983

5. Hung SY, HuangWP, Liou HC, FuWM (2009) Autophagy protects neuron from Aβ-induced cytotoxic-
ity. Autophagy 5:502–510. PMID: 19270530

6. Spilman P, Podlutskaya N, Hart MJ, Debnath J, Gorostiza O, Bredesen D, et al. (2010) Inhibition of
mTOR by rapamycin abolishes cognitive deficits and reduces amyloid-β levels in a mousemodel of Alz-
heimer's disease. PLoS ONE 5:e9979. doi: 10.1371/journal.pone.0009979 PMID: 20376313

7. Wong E, Cuervo AM (2010) Autophagy gone awry in neurodegenerative diseases. Nat Neurosci 13:
805–811. doi: 10.1038/nn.2575 PMID: 20581817

8. Wang J, Ho L, Qin W, Rocher AB, Seror I, Humala N, et al. (2005) Caloric restriction attenuates β-amy-
loid neuropathology in a mouse model of Alzheimer's disease. FASEB J 19:659–661. PMID:
15650008

9. Patel NV, Gordon MN, Connor KE, Good RA, Engelman RW, Mason J, et al. (2005) Caloric restriction
attenuates Aβ-deposition in Alzheimer transgenic models. Neurobiol Aging 26:995–1000. PMID:
15748777

10. QinW, Yang T, Ho L, Zhao Z, Wang J, Chen L, et al. (2006) Neuronal SIRT1 activation as a novel
mechanism underlying the prevention of Alzheimer disease amyloid neuropathology by calorie restric-
tion. J Biol Chem 281:21745–21754. PMID: 16751189

11. Lee IH, Cao L, Mostoslavsky R, Lombard DB, Liu J, Bruns NE, et al. (2008) A role for the NAD-depen-
dent deacetylase Sirt1 in the regulation of autophagy. Proc Natl Acad Sci U S A 105:3374–3379. doi:
10.1073/pnas.0712145105 PMID: 18296641

12. Yue Z, Jin S, Yang C, Levine AJ, Heintz N (2003) Beclin 1, an autophagy gene essential for early
embryonic development, is a haploinsufficient tumor suppressor. Proc Natl Acad Sci USA 100:15077–
15082. PMID: 14657337

13. Cao Y, Klionsky DJ (2007) Physiological functions of Atg6/Beclin 1: a unique autophagy-related pro-
tein. Cell Res 17:839–849. PMID: 17893711

14. Tian Y, Bustos V, Flajolet M, Greengard P (2011) A small-molecule enhancer of autophagy decreases
levels of Aβ and APP-CTF via Atg5-dependent autophagy pathway. FASEB J 25:1934–1942. doi: 10.
1096/fj.10-175158 PMID: 21368103

15. Mizushima N, Yoshimori T (2007) How to interpret LC3 immunoblotting. Autophagy 3:542–545. PMID:
17611390

16. Arai H, Takahashi T. 2009. A combination therapy of donepezil and cilostazol for patients with moder-
ate Alzheimer disease: pilot follow-up study. Am J Geriatr Psychiatry 17:353–354. doi: 10.1097/JGP.
0b013e31819431ea PMID: 19307864

17. Park SH, Kim JH, Bae SS, Hong KW, Lee DS, Leem JY, et al. (2011) Protective effect of the phosphodi-
esterase III inhibitor cilostazol on amyloid β-induced cognitive deficits associated with decreased amy-
loid β accumulation. Biochem Biophys Res Commun 408:602–608. doi: 10.1016/j.bbrc.2011.04.068
PMID: 21530492

18. Sakurai H, Hanyu H, Sato T, Kume K, Hirao K, Kanetaka H, et al. (2013) Effects of cilostazol on cogni-
tion and regional cerebral blood flow in patients with Alzheimer’s disease and cerebrovascular disease:
a pilot study. Geriatr Gerontol Int 13: 90 900 doi: 10.1111/j.1447-0594.2012.00866.x PMID: 22672107

19. Taguchi A, Takata Y, Ihara M, Kasahara Y, Tsuji M, Nishino M, et al. (2013) Cilostazol improves cogni-
tive function in patients with mild cognitive impairment: A retrospective analysis. Psychogeriatrics 13:
164riatr

20. Lee HR, Shin HK, Park SY, Kim HY, LeeWS, Rhim BY, et al. (2014a) Attenuation of β-Amyloid-induced
Tauopathy via Activation of CK2a/SIRT1: Targeting for Cilostazol. J Neurosci Res 92:206–217.

21. Anekonda TS, Wadsworth TL, Sabin R, Frahler K, Harris C, Petriko B, et al. (2011) Phytic acid as a
potential treatment for Alzheimer’s pathology: evidence from animal and in vitro models. J Alzheimers
Dis 23:21–35. doi: 10.3233/JAD-2010-101287 PMID: 20930278

22. Yamamoto A, Tagawa Y, Yoshimori T, Moriyama Y, Masaki R, Tashiro Y. (1998) Bafilomycin A1 pre-
vents maturation of autophagic vacuoles by inhibiting fusion between autophagosomes and lysosomes
in rat hepatoma cell line, H‑4‑II‑E cells. Cell Struct Funct 23:33‑42. PMID: 9639028

23. Amour A, Knight CG, Webster A, Slocombe PM, Stephens PE, Knäuper V, et al. (2000) The in vitro
activity of ADAM-10 is inhibited by TIMP-1 and TIMP-3. FEBS Lett 473:275–279. PMID: 10818225

Cilostazol and Autophagy via SIRT1

PLOSONE | DOI:10.1371/journal.pone.0134486 August 5, 2015 13 / 14

http://dx.doi.org/10.1111/j.1582-4934.2009.00609.x
http://dx.doi.org/10.1111/j.1582-4934.2009.00609.x
http://www.ncbi.nlm.nih.gov/pubmed/19374683
http://dx.doi.org/10.1074/jbc.M110.100420
http://www.ncbi.nlm.nih.gov/pubmed/20178983
http://www.ncbi.nlm.nih.gov/pubmed/19270530
http://dx.doi.org/10.1371/journal.pone.0009979
http://www.ncbi.nlm.nih.gov/pubmed/20376313
http://dx.doi.org/10.1038/nn.2575
http://www.ncbi.nlm.nih.gov/pubmed/20581817
http://www.ncbi.nlm.nih.gov/pubmed/15650008
http://www.ncbi.nlm.nih.gov/pubmed/15748777
http://www.ncbi.nlm.nih.gov/pubmed/16751189
http://dx.doi.org/10.1073/pnas.0712145105
http://www.ncbi.nlm.nih.gov/pubmed/18296641
http://www.ncbi.nlm.nih.gov/pubmed/14657337
http://www.ncbi.nlm.nih.gov/pubmed/17893711
http://dx.doi.org/10.1096/fj.10-175158
http://dx.doi.org/10.1096/fj.10-175158
http://www.ncbi.nlm.nih.gov/pubmed/21368103
http://www.ncbi.nlm.nih.gov/pubmed/17611390
http://dx.doi.org/10.1097/JGP.0b013e31819431ea
http://dx.doi.org/10.1097/JGP.0b013e31819431ea
http://www.ncbi.nlm.nih.gov/pubmed/19307864
http://dx.doi.org/10.1016/j.bbrc.2011.04.068
http://www.ncbi.nlm.nih.gov/pubmed/21530492
http://dx.doi.org/10.1111/j.1447-0594.2012.00866.x
http://www.ncbi.nlm.nih.gov/pubmed/22672107
http://dx.doi.org/10.3233/JAD-2010-101287
http://www.ncbi.nlm.nih.gov/pubmed/20930278
http://www.ncbi.nlm.nih.gov/pubmed/9639028
http://www.ncbi.nlm.nih.gov/pubmed/10818225


24. Lee HR, Shin HK, Park SY, Kim HY, LeeWS, Rhim BY, et al. (2014b) Cilostazol suppresses β-amyloid
production by activating a disintegrin and metalloproteinase 10 via the upregulation of SIRT1-coupled
retinoic acid receptor-β. J Neurosci Res 92:1581–1590.

25. Nixon RA (2006) Autophagy in neurodegenerative disease: friend, foe or turncoat? TRENDS in Neu-
rosci 29: 528–535.

26. Jaeger PA, Wyss-Coray T (2009) All-you-can-eat: autophagy in neurodegeneration and neuroprotec-
tion. Mol Neurodeg 4:16–38.

27. Chu C, Zhang X, MaW, Li L, WangW, Shang L, et al. (2013) Induction of autophagy by a novel small
molecule improves Aβ pathology and ameliorates cognitive deficits. PLoS One 8:e65367. doi: 10.
1371/journal.pone.0065367 PMID: 23750258

28. Pickford F, Masliah E, Britschgi M, Lucin K, Narasimhan R, Jaeger PA, et al. (2008) The autophagy-
related protein beclin 1 shows reduced expression in early Alzheimer disease and regulates amyloid β
accumulation in mice. J Clin Invest 118:2190–2199. doi: 10.1172/JCI33585 PMID: 18497889

29. Lee JA, Gao FB (2008) Regulation of Abeta pathology by beclin 1: a protective role for autophagy? J
Clin Invest 118:2015–2018. doi: 10.1172/JCI35662 PMID: 18497881

30. Jaeger PA, Pickford F, Sun CH, Lucin KM, Masliah E, Wyss-Coray T, et al. (2010) Regulation of amy-
loid precursor protein processing by the Beclin 1 complex. PLoS One 5:e11102. doi: 10.1371/journal.
pone.0011102 PMID: 20559548

31. Seglen PO, Gordon PB (1982) 3-Methyladenine: specific inhibitor of autophagic/lysosomal protein deg-
radation in isolated rat hepatocytes. Proc Natl Acad Sci USA 79:1889–1892. PMID: 6952238

32. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, Noda T, et al. (2000) LC3, a mammalian
homologue of yeast Apg8p, is localized in autophagosomemembranes after processing. EMBO J.
19:5720–5728. PMID: 11060023

33. Mizushima N, Yamamoto A, Matsui M, Yoshimori T, Ohsumi Y (2004) In vivo analysis of autophagy in
response to nutrient starvation using transgenic mice expressing a fluorescent autophagosomemarker.
Mol Biol Cell 15:1101–1111. PMID: 14699058

34. Lee HR, Park SY, Kim HY, Shin HK, LeeWS, Rhim BY, et al. (2012) Protection by cilostazol against
amyloid β1–40-induced suppression of viability and neurite elongation through activation of CK2 α in
HT22 mouse hippocampal cells. J Neurosci Res 90:1566–1576. doi: 10.1002/jnr.23037 PMID:
22422579

35. Haass C, Lemere CA, Capell A, Citron M, Seubert P, Schenk D, et al. (1995) The Swedish mutation
causes early-onset Alzheimer's disease by b-secretase cleavage within the secretory pathway. Nat
Med 1:1291–1296. PMID: 7489411

36. Saura CA, Tomita T, Soriano S, Takahashi M, Leem JY, Honda T, et al. (2000) The nonconserved
hydrophilic loop domain of presenilin (PS) is not required for PS endoproteolysis or enhanced abeta 42
production mediated by familial early onset Alzheimer's disease-linked PS variants. J Biol Chem.
275:17136–17142. PMID: 10748144

Cilostazol and Autophagy via SIRT1

PLOSONE | DOI:10.1371/journal.pone.0134486 August 5, 2015 14 / 14

http://dx.doi.org/10.1371/journal.pone.0065367
http://dx.doi.org/10.1371/journal.pone.0065367
http://www.ncbi.nlm.nih.gov/pubmed/23750258
http://dx.doi.org/10.1172/JCI33585
http://www.ncbi.nlm.nih.gov/pubmed/18497889
http://dx.doi.org/10.1172/JCI35662
http://www.ncbi.nlm.nih.gov/pubmed/18497881
http://dx.doi.org/10.1371/journal.pone.0011102
http://dx.doi.org/10.1371/journal.pone.0011102
http://www.ncbi.nlm.nih.gov/pubmed/20559548
http://www.ncbi.nlm.nih.gov/pubmed/6952238
http://www.ncbi.nlm.nih.gov/pubmed/11060023
http://www.ncbi.nlm.nih.gov/pubmed/14699058
http://dx.doi.org/10.1002/jnr.23037
http://www.ncbi.nlm.nih.gov/pubmed/22422579
http://www.ncbi.nlm.nih.gov/pubmed/7489411
http://www.ncbi.nlm.nih.gov/pubmed/10748144

