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Alzheimer’s disease (AD), a slow progressive form of dementia, is clinically characterized
by cognitive dysfunction and memory impairment and neuropathologically characterized
by the accumulation of extracellular plaques containing amyloid p-protein (Ap) and
neurofibrillary tangles containing tau in the brain, with neuronal degeneration and high level
of oxidative stress. The current treatments for AD, e.g., acetylcholinesterase inhibitors
(AChEls), have efficacies limited to symptom improvement. Although there are various
approaches to the disease modifying therapies of AD, none of them can be used alone
for actual treatment, and combination therapy may be needed for amelioration of the
progression. There are reports that cilostazol (CSZ) suppressed cognitive decline progression
in patients with mild cognitive impairment or stable AD receiving AChEls. Previously,
we showed that CSZ suppressed Ap-induced neurotoxicity in SH-SY5Y cells via coincident
inhibition of oxidative stress, as demonstrated by reduced activity of nicotinamide adenine
dinucleotide phosphate oxidase, accumulation of reactive oxygen species, and signaling
of mitogen-activated protein kinase. CSZ also rescued cognitive impairment and promoted
soluble AB clearance in a mouse model of cerebral amyloid angiopathy. Mature A fibrils
have long been considered the primary neurodegenerative factors in AD; however, recent
evidence indicates soluble oligomers to initiate the neuronal and synaptic dysfunction
related to AD and other protein-misfolding diseases. Further underscoring the potential of
CSZ for AD treatment, we recently described the inhibitory effects of CSZ on Ap
oligomerization and aggregation in vitro. In this review, we discuss the possibility of CSZ
as a potential disease-modifying therapy for the prevention or delay of AD.

Keywords: Alzheimer’s disease, amyloid f-protein, oligomer, cilostazol, neurotoxicity

INTRODUCTION

Alzheimer’s disease (AD), a progressive neurodegenerative disease, is associated with dementia.
The brains of patients with AD are characterized by the occurrence of plaques primarily
composed of amyloid B-protein (AP) and neurofibrillary tangles composed of tau protein
(Selkoe and Hardy, 2016; Gao et al., 2018). Despite the recent advances in symptomatic therapy
involving the use of N-methyl-D-aspartate receptor (NMDAR) antagonist and cholinergic drugs,
no disease-modifying therapies (DMTs) exist, which directly ameliorate AD-related
neurodegenerative processes at the present (Cummings et al., 2016).
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AP aggregation is considered one of the most important
pathogenic processes, ie., the amyloid hypothesis; therefore,
studies on DMTs have primarily focused on the agents that
prevent the accumulation of tau deposits and AP in the central
nervous system (Cummings et al., 2016). Indeed, in vitro and
cell studies, human genetics analyses, and neurophysiological
studies in animal models strongly implicate AP aggregation in
AD-associated neurodegeneration via the promotion of oxidative
stress, inflammation, and apoptosis (Selkoe and Hardy, 2016).

AP molecules aggregate to form soluble oligomers and fibrils
(Ono, 2018). Subsequently, AP aggregates can directly cause
neurodegeneration by acting on neurons or indirectly cause it
by activating astrocytes and microglia, thereby triggering cytotoxic
inflammatory cascades. Hence, to date, several DMTs have been
developed targeting different AP aggregates (Ono, 2018).

Cilostazol (CSZ) is a selective phosphodiesterase (PDE) 3
inhibitor, which increases intracellular cyclic AMP (cAMP)
concentration and activates the cAMP-dependent protein kinase A
(PKA), thus causing inhibition of platelet aggregation as well
as inducing peripheral vasodilation. In addition, CSZ prevents
oxidative stress (Kurtoglu et al., 2014), promotes neurogenesis
(Tanaka et al, 2010), acts as an anti-atherogenic agent by
enhancing cholesterol elimination from macrophages (Nakaya
et al,, 2010), inhibits inflammatory cytokine production and
signaling (Jung et al., 2010), and improves systemic lymphatic
function by inducing the proliferation and stabilization of
lymphatic endothelial cells (Kimura et al., 2014).

CSZ is primarily used to prevent cerebral ischemia (Shinohara
et al., 2010); however, it also reported slow cognitive decline
in patients with mild cognitive impairment (MCI), AD, and
cerebrovascular disease (CVD) (Arai and Takahashi, 2009; Sakurai
et al., 2013; Taguchi et al., 2013; Thara et al, 2014; Tai et al.,
2017). While the mechanisms of cognitive preservation remain
unclear, CSZ has been shown to decrease Ap,s ;s accumulation
and to concomitantly reduce cognitive deficits in animal models
of AD (Hiramatsu et al., 2010; Park et al., 2011). Using the
human-derived neuroblastoma cell line SH-SY5Y cells, we recently
reported that CSZ suppressed AP, ,-induced neurotoxicity via
the inhibition of oxidative stress, as demonstrated by coincident
reduced reactive oxygen species (ROS) accumulation, mitogen-
activated protein kinase (MAPK)-p38 signaling, and nicotinamide
adenine dinucleotide phosphate (NADPH) oxidase activity in
SH-SY5Y cells (Oguchi et al., 2017).

Although fibrils have long been considered to be the primary
neurodegenerative agents, recent evidence indicate that soluble
oligomers initiate neuronal and synaptic dysfunctions associated
with AD (oligomer hypothesis) (Selkoe and Hardy, 2016; Ono,
2018). Furthermore, different evidence suggests that a tau
pathogenesis is mediated by low-molecular-weight (LMW) oligomers
of AP, e.g., dimers and trimers (Ittner and Gotz, 2011). If this
is the case, DMTs should target the neurotoxic activity of these
smaller A assemblies to achieve the highest efficacy. Underscoring
the potential efficacy of CSZ, we recently demonstrated the
inhibitory effects of CSZ on aggregation of AP isoforms in vitro,
including oligomer formation (Shozawa et al., 2018).

In this review, we evaluate the therapeutic possibility of
CSZ for AD pathogenesis based on clinical and basic research

findings, taking account of the present situation in which no
DMTs have been available and some effective combination
therapy is seriously sought after.

PROTECTIVE EFFECTS OF CILOSTAZOL
ON NEURONAL CELLS

CSZ has been known to protect various cell types from different
stressors, e.g., endothelial cells from H,0,-induced oxidative
stress (Ota et al., 2008), vascular smooth muscle cells from
endothelin-induced vasoconstriction (Kawanabe et al., 2012),
cells constituting the blood-brain barrier (BBB) from collagenase-
induced stroke damage (Takagi et al., 2017), and primary
cultured hepatocytes from ethanol-induced damage (Xie et al,,
2018). It would be reasonable to expect that CSZ may also
be neuroprotective and effective in the treatment of AD or
vascular dementia.

Types of neurodegeneration that possibly cause dementia
include synaptic transmission dysfunction, neuronal cell death,
CREB-related loss of long-term potentiation, and so on.
Researches on possible molecular mechanisms of neuroprotection
by CSZ will be reviewed in the following.

As mentioned in the Introduction, CSZ has been approved
in various countries as an anti-platelet agent, whose inhibition
of PDE3 results in PKA activation to suppress platelet aggregation.
Some study indicated that neuroprotection by CSZ was associated
with the inhibition of PDE3 (Mabuchi et al., 2001), but the
molecular mechanisms underlying neuroprotection remain
uncertain because PDE3 is abundantly expressed in the heart
and vascular smooth muscle cells, but far less in the human
brain (Lakics et al., 2010). Thus, it is unlikely that CSZ-induced
PDE3 inhibition in neuronal cells is the primary mechanism
for improving cognitive impairments in AD. Further, in our
experiments using SH-SY5Y cells, CSZ did not reverse the
decrease in cAMP concentration induced by Ap, , exposure
despite a reduction in neurotoxicity (Oguchi et al., 2017). Thus,
CSZ-mediated neuroprotection seems unrelated to PDE3. In
addition to its action of selective PDE3 inhibition, CSZ is
known to activate other serine/threonine kinase including
AMP-activated protein kinase (AMPK) (Park et al, 2016).
Neuronal cells treated with CSZ exhibit increased expression
of phosphorylated AMPKa, causing upregulation of Ap autophagy
and decreasing intracellular AP accumulation (Park et al., 2016).

Another possible protective mechanism involves the
modulation of NMDA signaling that is critical in synaptic
transmission. Seixas da Silva et al. (2017) recently reported
that NMDA receptor (NMDAR) activation mediates the reduced
AMPK activity and metabolic deficits in cultured hippocampal
neurons exposed to AP, oligomers. CSZ suppressed the
cognitive deficits caused by an NMDAR antagonist in mice
(Hashimoto et al., 2010). In this case, cAMP-response element-
binding protein (CREB) decrease induced by an NMDAR
antagonist was counteracted by CSZ treatment and the
resulting increase in CREB suppressed the cognitive deficits.
CSZ seems to activate AMPK via Sirl in neurons, and this
in turn activates CREB (Park et al., 2016).
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CSZ appears to suppress oxidative stress through multiple
mechanisms. Choi et al. (2002) first reported that CSZ can
ameliorate oxidative stress by scavenging hydroxyl and peroxy
radicals, thus decreasing ischemic cerebral infarction. In a
recent study of mice with permanent focal cerebral ischemia,
CSZ suppressed oxidative stress in ischemic neurons by reducing
NADPH oxidase (NOX) 2 expression, further resulting in
reduced infarct volume (Shichinohe et al., 2015). Moreover,
CSZ treatment in SH-SY5Y cells significantly reduced ROS
generation during Ap, s, exposure by downregulating NOX
activation and Nox-4 mRNA expression (Oguchi et al., 2017).

Furthermore, CSZ treatment significantly reduced the
expression of the proapoptotic protein Bax and the activation
of the apoptosis effector caspases, while significantly increasing
the expression of the antioxidant enzyme superoxide dismutase
and the antiapoptotic protein Bcl-2 (Oguchi et al., 2017). These
results suggest that CSZ attenuates AP, ,-induced cytotoxicity
in neuronal cells by inhibiting NOX-derived ROS production
and mitochondrial damage, resulting in reduced apoptosis.

ROS generated during the early stage of AP aggregation
also activates the p38-MAPK and JNK signaling pathways in
AD brains (Zhu et al., 2002; Tabner et al., 2005). ERK1/2 is
activated by neural signals associated with synaptic plasticity
and cytoprotection. In the mouse hippocampus, ERK1/2 is
activated in postsynaptic neurons by NMDAR activation during
long-term potentiation (LTP) induction (Schmitt et al., 2005).
Calmodulin-dependent kinase kinase/calmodulin kinase I
activity gates extracellular-regulated kinase-dependent LTP.

NMDAR activation phosphorylates (activates) ERK1/2, which
subsequently regulates the various gene expressions by the
CREB phosphorylation. In our recent study, CSZ elevated
ERK1/2 and CREB phosphorylation in SH-SY5Y cells treated
with AP, 4, (Oguchi et al.,, 2017). In another cell system, that
is, mouse neuroblastoma Nm?2a cells with overexpression of
human mutated amyloid precursor protein (APP) cells, CSZ
was shown to increase CREB phosphorylation (Lee et al., 2014).

Recent reports have implicated aberrant CREB signaling in
cognitive and neurodegenerative disorders. The hippocampal
accumulation of AP peptide causes synapse loss and disrupts
LTP, which is critical for encoding long-term spatial, associative,
emotional, and social memories, through deficient CREB signaling
(Saura and Valero, 2011). Further, Qiu et al. (2016) reported
that AP, 4, oligomers induce apoptosis through decreased Akt
and CREB phosphorylation in PC12 cells (Qiu et al, 2016).
In addition, the exposure of SH-SY5Y cells to AP, ,, decreased
phosphorylated CREB, a response prevented by CSZ, and
pretreatment with a MEK1/2 inhibitor significantly suppressed
CSZ-stimulated CREB phosphorylation (Oguchi et al., 2017).

In summary, AB-induced oxidative stress is inhibited by
CSZ by scavenging and suppressing NOX activity. Amelioration
of oxidative stress by CSZ reduces Ap-induced activation of
p38-MAPK signaling, which is strongly linked to apoptosis
and inflammatory responses. Alternatively, CSZ increases ERK1/2
activity in neuronal cells, promoting CREB phosphorylation
and transactivation of CRE-controlled genes including Bcl-2
(Figure 1). In addition, CSZ protects cells from mitochondrial
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FIGURE 1 | Proposed neuroprotective mechanism of CSZ against Ap-induced neurodegeneration. This scheme shows that CSZ suppresses Ap-induced
neurotoxicity via ROS-activated p38MAPK and AMPK/CREB pathways. NOX, NADPH oxidase; ROS, reactive oxygen species; p38MAPK, p38 mitogen-activated
protein kinase; ERK, extracellular regulated kinase; AMPK, 5’-adenosine monophosphate (AMP)-activated protein kinase; GSK3p, glycogen synthase kinase 3p;

CREB, cAMP-responsive element-binding protein; SOD, superoxide dismutase.
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dysfunction, which is another ROS source, by inhibiting
AB-induced increase in Bax and activation of effector caspases.
Thus, CSZ may have multiple cytoprotective actions against
oxidative stress, impaired synaptic plasticity, mitochondrial
dysfunction, and apoptosis and therefore can prevent neuronal
damage and associated cognitive deficits in AD.

CILOSTAZOL INHIBITS Ap OLIGOMER
FORMATION

Several studies have reported the LMW oligomers of AB to
be particularly toxic (Shankar et al., 2007; Ono et al, 2009;
Ono, 2018). LMW oligomers from APP-expressing CHO cells
caused progressive dysfunction of synaptic plasticity in rat
hippocampal slices (Shankar et al., 2007). Further, LMW oligomers,
especially dimers, that were isolated from AD brains exerted
synaptic toxicity (Shankar et al., 2008). In our combined structural
and cellular studies using pure AP oligomers, we revealed that
LMW oligomers (dimer, trimer, and tetramer) are more cytotoxic
than monomer (Ono et al., 2009); this superior toxicity correlated
with the increases in {-sheet content and the seeding activity
to facilitate fibrillization (Ono et al., 2009).

Shozawa et al. (2018) recently demonstrated that CSZ
significantly inhibited both AP, , and AP, ., aggregation,
but with a stronger inhibitory effect on oligomerization than
on fibrillization. Although structural change to P-sheet and
fibrillization generally correlate during peptide assembly
(Levine, 1999), we reported that LMW oligomers including

PICUP-derived oligomers initiated exhibiting B-sheet content
at the dimer stage; conversely, a thioflavin fluorescence increase
was not observed, which is indicative of fibril formation
(Ono et al,, 2009). Although AP oligomers were initially
believed to be positioned on the ON-pathway from monomer
to fibrils, some oligomers (e.g., amylospheroids and PICUP-
derived oligomers) are positioned on the OFF-pathway but
exhibit higher toxicity (Hoshi et al., 2003; Ono, 2018).
Recently, we reported high-molecular-weight oligomers, e.g.,
protofibrils to also be positioned on the OFF-pathway using
combined thioflavin T assay, electron microscopy, and high-
speed atomic force microscopy (Watanabe-Nakayama et al.,
2016). Thus, an explanation for the superior inhibitory
potency of CSZ against AP oligomerization than against
fibrillization is the fact that LMW oligomers generated
by PICUP are positioned on the OFF-pathway (Figure 2;
Shozawa et al., 2018).

Until now, we reported that several hydroxyl radical scavengers,
e.g., rosmarinic acid, curcumin, and rifampicin, exhibit inhibitory
effects on AP, tau, and a-synuclein (aS) oligomer formation
(Ono et al., 2012; Takahashi et al., 2015; Umeda et al., 2016).
Yen and Hsieh (1997) and Tomiyama et al. (1996) reported
a phenolic compound with hydroxyl groups, particularly
orthoquinone and naphthohydroquinone to be a good hydroxyl
radical scavenger. Based on binding assays, we hypothesized
that the orthoquinone ring of rosmarinic acid and curcumin
and naphthohydroquinone of rifampicin facilitate their specific
binding to free Ap/tau/aS, thereby inhibiting aggregation
(Takahashi et al., 2015; Umeda et al., 2016). Regardless of the
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This research was originally published in Neurosci. Lett. (Shozawa et al., 2018).
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FIGURE 2 | Inhibitory effects of CSZ on A aggregation. The A monomer may aggregate to produce toxic intermediate aggregates, such as soluble oligomers,
and finally mature fibrils. CSZ inhibits ON-pathway formation of Ap fibrils concurrently with strong prevention of OFF-pathway Ap oligomers (scale bars = 100 nm).
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absence of a quinone ring in CSZ, its quinolone ring with
free radical scavenging activity may be associated with AP
binding and/or inhibition of A oligomerization (Figure 2;
Orhan Puskullu et al., 2013; Shozawa et al., 2018).

CSZ reportedly suppresses AP accumulation-induced
tauopathy via increased PKA-linked CK2/SIRT1 expression in
vitro (Lee et al., 2014). Additionally, the oral administration
of CSZ to C57BL/6] mice prior to AP, ss injection showed
significant improvement in spatial learning and memory,
prevented Ap-induced immunoreactivity of AP and
phosphorylated tau, and suppressed microglia activation
compared with control Ap,s ;s-injected mice. Nevertheless, post-
treatment with CSZ following Ap,s ;s administration and Af
accumulation did not reduce AP-induced neuropathology.
Moreover, CSZ had no effect on neprilysin and insulin-degrading
enzyme involved in AP peptide degradation (Park et al., 2011).
Additionally, in a mouse model of cerebral amyloid angiopathy
(CAA), CSZ facilitated soluble AP clearance and rescued cognitive
deficits (Maki et al., 2014).

Very recently, administration of CSZ was reported to increase
proteasome activity and reduce the levels of total and aggregated
tau species and cognitive decline in a mouse model of tauopathy
(Schaler and Myeku, 2018).

In summary, these findings suggest that CSZ promotes the
clearance of AP oligomers and blocks AP oligomer formation,
thereby preventing tau pathogenesis. On the other hand, it
does not facilitate the clearance of mature fibrils, possibly
limiting its clinical efficacy in advanced AD.

CILOSTAZOL IMPROVES COGNITIVE
DECLINE IN PATIENTS WITH
ALZHEIMER’S DISEASE

As an antiplatelet therapy, patients generally use 100 mg
CSZ orally twice daily; hence, one potential mechanism for
cognitive improvement is anti-thrombotic activity and
prevention of focal ischemia. At this dose, the plasma
concentration attains a steady state between 1.5 and 3.2 pM.
Similarly, rats orally administered 10 mg/kg CSZ had a plasma
concentration of 993 ng/ml (2.69 puM) as measured by
radioactive carbon; however, the concentration was only
99 ng/g in the cerebrum and 946 ng/g in the hypophysis
following an oral administration of 10 mg/kg CSZ, suggesting
only a minor fraction of CSZ passes through the BBB (Akiyama
et al,, 1985). Whether the prevention of Ap oligomer formation,
neurodegeneration, and cognitive impairment can occur in
patients with AD at these clinical CSZ doses needs to
be clarified.

The concentrations required to prevent A aggregation are
10- to 40-fold higher (25-100 uM) than the effective concentration
of 2.5 uM identified in the present AP toxicity assay, which is
notably within the range of normal plasma concentrations. Further,
its brain concentrations may be substantially lower than its plasma
concentrations. However, the cerebrospinal fluid concentrations

of AR were only 200-300 pg/ml (~50 pM) in patients with AD
(Hu et al,, 2015), which is approximately 1,000,000-fold lower
than the AP concentrations observed in this aggregation study.
Considering the effective AP to CSZ ratio, it needs to examine
whether a long-term clinical administration of CSZ continues
to inhibit AR oligomer formation in vivo.

In Japan and other Asian countries, CSZ is clinically
used to prevent cerebral ischemic diseases (Shinohara et al.,
2010), including CAA, because it carries a limited risk of
hemorrhage in most elderly patients (Charidimou et al.,
2012; Saito and Thara, 2014). The second CSZ Stroke Prevention
Study (CSPS2) for patients with cerebral infarction reported
hemorrhagic stroke to be significantly less frequent in a
CSZ group than in an aspirin group (Shinohara et al., 2010;
Uchiyama et al., 2014). These effects may be explained, at
least partially, by an inhibitory effect on matrix
metalloproteinase-9 expression and the protection of vascular
endothelial cells (Hase et al., 2012; Kasahara et al., 2012).

The efficacy of CSZ in patients with MCI (Taguchi et al.,
2013), AChEI-treated patients with clinically probable AD (Arai
and Takahashi, 2009; Tai et al, 2017), and patients with AD
and CVD (Sakurai et al., 2013; Hishikawa et al, 2017) has
been evaluated in several small-scale clinical studies. In a pilot
study involving 10 patients with moderate AD who were
administered AChEI donepezil, a 5- to 6-month add-on CSZ
treatment significantly increased the Mini Mental State
Examination score in comparison with the baseline score (Arai
and Takahashi, 2009). In a larger pilot study comprising 30
participants, a 12-month CSZ add-on therapy improved cognitive
impairments in those with stable AD (Tai et al., 2017). Recently,
a pilot study including 101 patients with AD and asymptomatic
lacunar infarction reported that combination therapy with CSZ
and the AChEI galantamine significantly improved the Geriatric
Depression Scale and Abes behavioral and psychological
symptoms of dementia scores and a 6-month CSZ monotherapy
significantly improved the Geriatric Depression Scale score
(Hishikawa et al., 2017). The effects of a 6-month CSZ treatment
on cognition and regional cerebral blood flow (rCBF) were
examined in 20 elderly patients with mild-to-moderate AD
and CVD (Sakurai et al, 2013). As the results showed, the
CSZ group did not show any changes in cognitive function,
whereas the control group showed a cognitive decline on the
AD Assessment Scale-Cognitive Subscale. Analysis of treatment
effect revealed that the CSZ group showed increased rCBF in
the right anterior cingulate lobe, whereas the control group
showed decreased rCBF in the left middle temporal gyrus.
On the other hand, initiated study in 2011 by the Seoul National
University Hospital revealed that no difference between CSZ
and placebo groups was reported on cognitive measures, which
included the MMSE and the cognitive scale of the cognitive
part of the AD Assessment Scale in 36 mild-to-moderate AD
patients with subcortical white matter hyperintensities treated
with donepezil for a 6-month period (Prickaerts et al., 2017).

Furthermore, an approximately 2-year retrospective analysis
concluded that CSZ improves cognitive function in patients
with MCI (Taguchi et al., 2013). Randomized placebo-controlled
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clinical phase II trials are currently ongoing for patients with
MCI (Saito and Thara, 2014).

Side effects of CSZ include most commonly headache,
diarrhea, abnormal stools, irregular heart rate, and palpitations.
It is contraindicated in patients with severe heart failure or
severe hepatic/renal impairment (Chapman and Goa, 2003).

CONCLUSION

CSZ was reported to promote AP clearance, inhibit AP
oligomerization, and suppress AP-induced neurotoxicity
in vitro and in vivo. CSZ is reported to suppress cognitive decline
progression in some patients with MCI or AD. For examination
of these effects in a larger scale, randomized placebo-controlled
phase II trials are ongoing for patients with MCI (Saito and
Thara, 2014). As future direction, potential effects of CSZ on
AD comorbidities, such as depression or metabolic dysfunctions
(e.g., diabetes), will also have to be examined in AD or MCI

REFERENCES

Akiyama, H., Kudo, S., and Shimizu, T. (1985). The absorption, distribution
and excretion of a new antithrombotic and vasodilating agent, cilostazol,
in rat, rabbit, dog and man. Arzneimittelforschung 35, 1124-1132.

Arai, H., and Takahashi, T. (2009). A combination therapy of donepezil and
cilostazol for patients with moderate Alzheimer disease: pilot follow-up study.
Am. ]. Geriatr. Psychiatry 17, 353-354. doi: 10.1097/JGP.0b013e31819431ea

Chapman, T. M., and Goa, K. L. (2003). Cilostazol: a review of its use in
intermittent claudication. Am. J. Cardiovasc. Drugs 3, 117-138. doi:
10.2165/00129784-200303020-00006

Charidimou, A., Gang, Q., and Werring, D. J. (2012). Sporadic cerebral amyloid
angiopathy revisited: recent insights into pathophysiology and clinical spectrum.
J. Neurol. Neurosurg. Psychiatry 83, 124-137. doi: 10.1136/jnnp-2011-301308

Choi, J. M., Shin, H. K., Kim, K. Y, Lee, J. H, and Hong, K. W. (2002).
Neuroprotective effect of cilostazol against focal cerebral ischemia via antiapoptotic
action in rats. . Pharmacol. Exp. Ther. 300, 787-793. doi: 10.1124/jpet.300.3.787

Cummings, J., Aisen, P. S., Dubois, B., Frolich, L., Jack, C. R. Jr,, Jones, R. W,,
et al. (2016). Drug development in Alzheimer’s disease: the path to 2025.
Alzheimers Res. Ther. 8:39. doi: 10.1186/s13195-016-0207-9

Gao, Y., Tan, L, Yu, J. T,, and Tan, L. (2018). Tau in Alzheimer’s disease:
mechanisms and therapeutic strategies. Curr. Alzheimer Res. 15, 283-300.
doi: 10.2174/1567205014666170417111859

Hase, Y., Okamoto, Y., Fujita, Y., Kitamura, A., Nakabayashi, H., Ito, H., et al.
(2012). Cilostazol, a phosphodiesterase inhibitor, prevents no-reflow and
hemorrhage in mice with focal cerebral ischemia. Exp. Neurol. 233, 523-533.
doi: 10.1016/j.expneurol.2011.11.038

Hashimoto, K., Fujita, Y., Ishima, T., Horio, M., Hagiwara, H., Tanibuchi, Y.,
et al. (2010). Effects of cilostazol on cognitive deficits in mice after repeated
administration of phencyclidine. Clin. Psychopharmacol. Neurosci. 8, 26-29.

Hiramatsu, M., Takiguchi, O., Nishiyama, A., and Mori, H. (2010). Cilostazol
prevents amyloid B peptide(25-35)-induced memory impairment and
oxidative stress in mice. Br. J. Pharmacol. 161, 1899-1912. doi: 10.1111/j.
1476-5381.2010.01014.x

Hishikawa, N., Fukui, Y., Sato, K., Ohta, Y., Yamashita, T., and Abe, K. (2017).
Comprehensive effects of galantamine and cilostazol combination therapy
on patients with Alzheimer’s disease with asymptomatic lacunar infarction.
Geriatr. Gerontol. Int. 17, 1384-1391. doi: 10.1111/ggi.12870

Hoshi, M., Sato, M., Matsumoto, S., Noguchi, A., Yasutake, K., Yoshida, N.,
et al. (2003). Spherical aggregates of p-amyloid (amylospheroid) show high
neurotoxicity and activate tau protein kinase I/glycogen synthase kinase-3p.
Proc. Natl. Acad. Sci. USA 100, 6370-6375. doi: 10.1073/pnas.1237107100

patients with or without CVD because oxidative stress plays
the important role in these diseases as in AD (Novais and
Starkstein, 2015; Karki et al., 2017; Morgese et al., 2017).

AUTHOR CONTRIBUTIONS

KO and MT wrote the manuscript and approved the final
version of the manuscript.

FUNDING

This work was supported by Grants-in-Aid for Scientific
Research (Kakenhi) from the Japan Society for the Promotion
of Science (JSPS) under Grants JP26461266 and JP19K07965
(KO), and Research and Development Grants from the Japan
Agency for Medical Research and Development
(16dk0207021h0001) (KO).

Hu, W. T., Watts, K. D., Shaw, L. M., Howell, J. C., Trojanowski, J. Q., Basra, S.,
et al. (2015). CSF B-amyloid 1-42-what are we measuring in Alzheimer’s
disease? Ann. Clin. Transl. Neurol. 2, 131-139. doi: 10.1002/acn3.160

Thara, M., Nishino, M., Taguchi, A., Yamamoto, Y., Hattori, Y., Saito, S., et al.
(2014). Cilostazol add-on therapy in patients with mild dementia receiving
donepezil: a retrospective study. PLoS One 9:e89516. doi: 10.1371/journal.
pone.0089516

Ittner, L. M., and Gotz, J. (2011). Amyloid-B and tau-a toxic pas de deux in
Alzheimer’s disease. Nat. Rev. Neurosci. 12, 65-72. doi: 10.1038/nrn2967

Jung, W. K., Lee, D. Y., Park, C, Choi, Y. H.,, Choi, I, Park, S. G, et al.
(2010). Cilostazol is anti-inflammatory in BV2 microglial cells by inactivating
nuclear factor-kappaB and inhibiting mitogen-activated protein kinases.
Br. J. Pharmacol. 159, 1274-1285. doi: 10.1111/j.1476-5381.2009.00615.x

Karki, R., Kodamullil, A. T., and Hofmann-Apitius, M. (2017). Comorbidity
analysis between Alzheimer’s disease and type 2 diabetes mellitus (T2DM)
based on shared pathways and the role of T2DM drugs. J. Alzheimers Dis.
60, 721-731. doi: 10.3233/JAD-170440

Kasahara, Y., Nakagomi, T., Matsuyama, T., Stern, D., and Taguchi, A. (2012).
Cilostazol reduces the risk of hemorrhagic infarction after administration
of tissue-type plasminogen activator in a murine stroke model. Stroke 43,
499-506. doi: 10.1161/STROKEAHA.111.635417

Kawanabe, Y., Takahashi, M., Jin, X., Abdul-Majeed, S., Nauli, A. M., Sari, Y.,
et al. (2012). Cilostazol prevents endothelin-induced smooth muscle constriction
and proliferation. PLoS One 7:e44476. doi: 10.1371/journal.pone.0044476

Kimura, T., Hamazaki, T. S., Sugaya, M., Fukuda, S., Chan, T., Tamura-Nakano, M.,
et al. (2014). Cilostazol improves lymphatic function by inducing proliferation
and stabilization of lymphatic endothelial cells. J. Dermatol. Sci. 74, 150-158.
doi: 10.1016/j.jdermsci.2014.01.001

Kurtoglu, T., Basoglu, H., Ozkisacik, E. A., Cetin, N. K., Tataroglu, C., Yenisey, C.,
et al. (2014). Effects of cilostazol on oxidative stress, systemic cytokine
release, and spinal cord injury in a rat model of transient aortic occlusion.
Ann. Vasc. Surg. 28, 479-488. doi: 10.1016/j.avsg.2013.08.005

Lakics, V., Karran, E. H., and Boess, E. G. (2010). Quantitative comparison of
phosphodiesterase mRNA distribution in human brain and peripheral tissues.
Neuropharmacology 59, 367-374. doi: 10.1016/j.neuropharm.2010.05.004

Lee, H. R,, Shin, H. K,, Park, S. Y, Kim, H. Y,, Lee, W. S,, Rhim, B. Y,, et al.
(2014). Attenuation of B-amyloid-induced tauopathy via activation of CK2a/
SIRT1: targeting for cilostazol. J. Neurosci. Res. 92, 206-217. doi: 10.1002/
jnr.23310

Levine, H. IIT (1999). Quantification of p-sheet amyloid fibril structures with
thioflavin T. Methods Enzymol. 309, 274-284.

Mabuchi, T., Kitagawa, K., Kuwabara, K., Takasawa, K., Ohtsuki, T., Xia, Z.,
et al. (2001). Phosphorylation of cAMP response element-binding protein

Frontiers in Pharmacology | www.frontiersin.org

May 2019 | Volume 10 | Article 559


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1097/JGP.0b013e31819431ea
https://doi.org/10.2165/00129784-200303020-00006
https://doi.org/10.1136/jnnp-2011-301308
https://doi.org/10.1124/jpet.300.3.787
https://doi.org/10.1186/s13195-016-0207-9
https://doi.org/10.2174/1567205014666170417111859
https://doi.org/10.1016/j.expneurol.2011.11.038
https://doi.org/10.1111/j.1476-5381.2010.01014.x
https://doi.org/10.1111/j.1476-5381.2010.01014.x
https://doi.org/10.1111/ggi.12870
https://doi.org/10.1073/pnas.1237107100
https://doi.org/10.1002/acn3.160
https://doi.org/10.1371/journal.pone.0089516
https://doi.org/10.1371/journal.pone.0089516
https://doi.org/10.1038/nrn2967
https://doi.org/10.1111/j.1476-5381.2009.00615.x
https://doi.org/10.3233/JAD-170440
https://doi.org/10.1161/STROKEAHA.111.635417
https://doi.org/10.1371/journal.pone.0044476
https://doi.org/10.1016/j.jdermsci.2014.01.001
https://doi.org/10.1016/j.avsg.2013.08.005
https://doi.org/10.1016/j.neuropharm.2010.05.004
https://doi.org/10.1002/jnr.23310
https://doi.org/10.1002/jnr.23310

Ono and Tsuiji

Cilostazol for AD

in hippocampal neurons as a protective response after exposure to glutamate
in vitro and ischemia in vivo. J. Neurosci. 21, 9204-9213. doi: 10.1523/
JNEUROSCI.21-23-09204.2001

Maki, T., Okamoto, Y., Carare, R. O., Hase, Y., Hattori, Y., Hawkes, C. A,
et al. (2014). Phosphodiesterase III inhibitor promotes drainage of
cerebrovascular $-amyloid. Ann. Clin. Transl. Neurol. 1, 519-533. doi: 10.1002/
acn3.79

Morgese, M. G., Schiavone, S., and Trabace, L. (2017). Emerging role of amyloid
B in stress response: implication for depression and diabetes. Eur. J. Pharmacol.
817, 22-29. doi: 10.1016/j.ejphar.2017.08.031

Nakaya, K., Ayaori, M., Uto-Kondo, H., Hisada, T., Ogura, M., Yakushiji, E.,
et al. (2010). Cilostazol enhances macrophage reverse cholesterol transport
in vitro and in vivo. Atherosclerosis 213, 135-141. doi: 10.1016/j.
atherosclerosis.2010.07.024

Novais, E, and Starkstein, S. (2015). Phenomenology of depression in Alzheimer’s
disease. J. Alzheimers Dis. 47, 845-855. doi: 10.3233/JAD-148004

Oguchi, T.,, Ono, R., Tsuji, M., Shozawa, H., Somei, M., Inagaki, M., et al.
(2017). Cilostazol suppresses AP-induced neurotoxicity in SH-SY5Y cells
through inhibition of oxidative stress and MAPK signaling pathway. Front.
Aging Neurosci. 9:337. doi: 10.3389/fnagi.2017.00337

Ono, K. (2018). Alzheimer’s disease as oligomeropathy. Neurochem. Int. 119,
57-70. doi: 10.1016/j.neuint.2017.08.010

Ono, K., Condron, M. M., and Teplow, D. B. (2009). Structure-neurotoxicity
relationships of amyloid B-protein oligomers. Proc. Natl. Acad. Sci. USA
106, 14745-14750. doi: 10.1073/pnas.0905127106

Ono, K., Li, L, Takamura, Y., Yoshiike, Y., Zhu, L., Han, E, et al. (2012).
Phenolic compounds prevent amyloid B-protein oligomerization and synaptic
dysfunction by site-specific binding. J. Biol. Chem. 287, 14631-14643. doi:
10.1074/jbc.M111.325456

Orhan Puskullu, M., Tekiner, B., and Suzen, S. (2013). Recent studies of
antioxidant quinoline derivatives. Mini Rev. Med. Chem. 13, 365-372. doi:
10.2174/1389557511313030005

Ota, H., Eto, M., Kano, M. R., Ogawa, S., lijima, K., Akishita, M., et al. (2008).
Cilostazol inhibits oxidative stress-induced premature senescence via
upregulation of Sirtl in human endothelial cells. Arterioscler. Thromb. Vasc.
Biol. 28, 1634-1639. doi: 10.1161/ATVBAHA.108.164368

Park, S. H.,, Kim, J. H,, Bae, S. S., Hong, K. W,, Lee, D. S, Leem, J. Y, et al.
(2011). Protective effect of the phosphodiesterase III inhibitor cilostazol on
amyloid B-induced cognitive deficits associated with decreased amyloid B
accumulation. Biochem. Biophys. Res. Commun. 408, 602-608. doi: 10.1016/j.
bbrc.2011.04.068

Park, S. Y, Lee, H. R, Lee, W. S., Shin, H. K., Kim, H. Y,, Hong, K. W,
et al. (2016). Cilostazol modulates autophagic degradation of B-amyloid
peptide via SIRT1-coupled LKB1/AMPKa signaling in neuronal cells. PLoS
One 11:¢0160620. doi: 10.1371/journal.pone.0168958

Prickaerts, J., Heckman, P. R. A, and Blokland, A. (2017). Investigational
phosphodiesterase inhibitors in phase I and phase II clinical trials for
Alzheimer’s disease. Expert Opin. Investig. Drugs 26, 1033-1048. doi:
10.1080/13543784.2017.1364360

Qiu, C.,, Wang, Y. P, Pan, X. D, Liu, X. Y,, Chen, Z,, and Liu, L. B. (2016).
Exendin-4 protects AP(1-42) oligomer-induced PC12 cell apoptosis. Am.
J. Transl. Res. 8, 3540-3548.

Saito, S., and Ihara, M. (2014). New therapeutic approaches for Alzheimer’s
disease and cerebral amyloid angiopathy. Front. Aging Neurosci. 6:290. doi:
10.3389/fnagi.2014.00290

Sakurai, H., Hanyu, H., Sato, T., Kume, K., Hirao, K., Kanetaka, H., et al.
(2013). Effects of cilostazol on cognition and regional cerebral blood flow
in patients with Alzheimer’s disease and cerebrovascular disease: a pilot
study. Geriatr. Gerontol. Int. 13, 90-97. doi: 10.1111/j.1447-0594.2012.00866.x

Saura, C. A, and Valero, J. (2011). The role of CREB signaling in Alzheimer’s
disease and other cognitive disorders. Rev. Neurosci. 22, 153-169. doi: 10.1515/
rns.2011.018

Schaler, A. W,, and Myeku, N. (2018). Cilostazol, a phosphodiesterase 3 inhibitor,
activates proteasome-mediated proteolysis and attenuates tauopathy and
cognitive decline. Transl. Res. 193, 31-41. doi: 10.1016/j.trsl.2017.11.004

Schmitt, J. M., Guire, E. S., Saneyoshi, T., and Soderling, T. R. (2005). Calmodulin-
dependent kinase kinase/calmodulin kinase I activity gates extracellular-regulated

kinase-dependent long-term potentiation. J. Neurosci. 25, 1281-1290. doi:
10.1523/JNEUROSCI.4086-04.2005

Seixas da Silva, G. S., Melo, H. M., Lourenco, M. V., Lyra, E. S. N. M,,
De Carvalho, M. B., Alves-Leon, S. V., et al. (2017). Amyloid-p oligomers
transiently inhibit AMP-activated kinase and cause metabolic defects in
hippocampal neurons. J. Biol. Chem. 292, 7395-7406. doi: 10.1074/jbc.
M116.753525

Selkoe, D. ], and Hardy, J. (2016). The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol. Med. 8, 595-608. doi: 10.15252/
emmm.201606210

Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J.,
and Sabatini, B. L. (2007). Natural oligomers of the Alzheimer amyloid-p
protein induce reversible synapse loss by modulating an NMDA-type glutamate
receptor-dependent signaling pathway. J. Neurosci. 27, 2866-2875. doi: 10.1523/
JNEUROSCI.4970-06.2007

Shankar, G. M., Li, S., Mehta, T. H., Garcia-Munoz, A., Shepardson, N. E.,
Smith, I, et al. (2008). Amyloid-p protein dimers isolated directly from
Alzheimer’s brains impair synaptic plasticity and memory. Nat. Med. 14,
837-842. doi: 10.1038/nm1782

Shichinohe, H., Tan, C., Abumiya, T., Nakayama, N., Kazumata, K., Hokari, M.,
et al. (2015). Neuroprotective effects of cilostazol are mediated by multiple
mechanisms in a mouse model of permanent focal ischemia. Brain Res.
1602, 53-61. doi: 10.1016/j.brainres.2015.01.022

Shinohara, Y., Katayama, Y., Uchiyama, S., Yamaguchi, T., Handa, S., Matsuoka, K.,
et al. (2010). Cilostazol for prevention of secondary stroke (CSPS 2): an
aspirin-controlled, double-blind, randomised non-inferiority trial. Lancet
Neurol. 9, 959-968. doi: 10.1016/S1474-4422(10)70198-8

Shozawa, H., Oguchi, T., Tsuji, M., Yano, S., Kiuchi, Y., and Ono, K. (2018).
Supratherapeutic concentrations of cilostazol inhibits 3-amyloid oligomerization
in vitro. Neurosci. Lett. 677, 19-25. doi: 10.1016/j.neulet.2018.04.032

Tabner, B. J., El-Agnaf, O. M., Turnbull, S., German, M. J., Paleologou, K. E.,
Hayashi, Y., et al. (2005). Hydrogen peroxide is generated during the very
early stages of aggregation of the amyloid peptides implicated in Alzheimer
disease and familial British dementia. J. Biol. Chem. 280, 35789-35792. doi:
10.1074/jbc.C500238200

Taguchi, A., Takata, Y., Ihara, M., Kasahara, Y., Tsuji, M., Nishino, M., et al.
(2013). Cilostazol improves cognitive function in patients with mild cognitive
impairment: a retrospective analysis. Psychogeriatrics 13, 164-169. doi: 10.1111/
psyg.12021

Tai, S. Y, Chen, C. H., Chien, C. Y,, and Yang, Y. H. (2017). Cilostazol as
an add-on therapy for patients with Alzheimer’s disease in Taiwan: a case
control study. BMC Neurol. 17:40. doi: 10.1186/s12883-017-0800-y

Takagi, T., Imai, T., Mishiro, K., Ishisaka, M., Tsujimoto, M., Ito, H., et al.
(2017). Cilostazol ameliorates collagenase-induced cerebral hemorrhage by
protecting the blood-brain barrier. J. Cereb. Blood Flow Metab. 37, 123-139.
doi: 10.1177/0271678X15621499

Takahashi, R., Ono, K., Takamura, Y., Mizuguchi, M., Ikeda, T., Nishijo, H.,
et al. (2015). Phenolic compounds prevent the oligomerization of a-synuclein
and reduce synaptic toxicity. J. Neurochem. 134, 943-955. doi: 10.1111/
jnc.13180

Tanaka, Y., Tanaka, R., Liu, M., Hattori, N., and Urabe, T. (2010). Cilostazol
attenuates ischemic brain injury and enhances neurogenesis in the
subventricular zone of adult mice after transient focal cerebral ischemia.
Neuroscience 171, 1367-1376. doi: 10.1016/j.neuroscience.2010.10.008

Tomiyama, T., Shoji, A., Kataoka, K., Suwa, Y., Asano, S., Kaneko, H., et al.
(1996). Inhibition of amyloid P protein aggregation and neurotoxicity by
rifampicin. Its possible function as a hydroxyl radical scavenger. J. Biol.
Chem. 271, 6839-6844. doi: 10.1074/jbc.271.12.6839

Uchiyama, S., Shinohara, Y., Katayama, Y., Yamaguchi, T., Handa, S., Matsuoka, K.,
et al. (2014). Benefit of cilostazol in patients with high risk of bleeding:
subanalysis of cilostazol stroke prevention study 2. Cerebrovasc. Dis. 37,
296-303. doi: 10.1159/000360811

Umeda, T., Ono, K., Sakai, A., Yamashita, M., Mizuguchi, M., Klein, W. L.,
et al. (2016). Rifampicin is a candidate preventive medicine against amyloid-f
and tau oligomers. Brain 139, 1568-1586. doi: 10.1093/brain/aww042

Watanabe-Nakayama, T., Ono, K., Itami, M., Takahashi, R., Teplow, D. B., and
Yamada, M. (2016). High-speed atomic force microscopy reveals structural

Frontiers in Pharmacology | www.frontiersin.org

May 2019 | Volume 10 | Article 559


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1523/JNEUROSCI.21-23-09204.2001
https://doi.org/10.1523/JNEUROSCI.21-23-09204.2001
https://doi.org/10.1002/acn3.79
https://doi.org/10.1002/acn3.79
https://doi.org/10.1016/j.ejphar.2017.08.031
https://doi.org/10.1016/j.atherosclerosis.2010.07.024
https://doi.org/10.1016/j.atherosclerosis.2010.07.024
https://doi.org/10.3233/JAD-148004
https://doi.org/10.3389/fnagi.2017.00337
https://doi.org/10.1016/j.neuint.2017.08.010
https://doi.org/10.1073/pnas.0905127106
https://doi.org/10.1074/jbc.M111.325456
https://doi.org/10.2174/1389557511313030005
https://doi.org/10.1161/ATVBAHA.108.164368
https://doi.org/10.1016/j.bbrc.2011.04.068
https://doi.org/10.1016/j.bbrc.2011.04.068
https://doi.org/10.1371/journal.pone.0168958
https://doi.org/10.1080/13543784.2017.1364360
https://doi.org/10.3389/fnagi.2014.00290
https://doi.org/10.1111/j.1447-0594.2012.00866.x
https://doi.org/10.1515/rns.2011.018
https://doi.org/10.1515/rns.2011.018
https://doi.org/10.1016/j.trsl.2017.11.004
https://doi.org/10.1523/JNEUROSCI.4086-04.2005
https://doi.org/10.1074/jbc.M116.753525
https://doi.org/10.1074/jbc.M116.753525
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1523/JNEUROSCI.4970-06.2007
https://doi.org/10.1523/JNEUROSCI.4970-06.2007
https://doi.org/10.1038/nm1782
https://doi.org/10.1016/j.brainres.2015.01.022
https://doi.org/10.1016/S1474-4422(10)70198-8
https://doi.org/10.1016/j.neulet.2018.04.032
https://doi.org/10.1074/jbc.C500238200
https://doi.org/10.1111/psyg.12021
https://doi.org/10.1111/psyg.12021
https://doi.org/10.1186/s12883-017-0800-y
https://doi.org/10.1177/0271678X15621499
https://doi.org/10.1111/jnc.13180
https://doi.org/10.1111/jnc.13180
https://doi.org/10.1016/j.neuroscience.2010.10.008
https://doi.org/10.1074/jbc.271.12.6839
https://doi.org/10.1159/000360811
https://doi.org/10.1093/brain/aww042

Ono and Tsuiji

Cilostazol for AD

dynamics of amyloid P1-42 aggregates. Proc. Natl. Acad. Sci. USA 113,
5835-5840. doi: 10.1073/pnas.1524807113

Xie, X., Xu, X., Sun, C, and Yu, Z. (2018). Protective effects of cilostazol on
ethanol-induced damage in primary cultured hepatocytes. Cell Stress Chaperones
23, 203-211. doi: 10.1007/s12192-017-0828-3

Yen, G. C, and Hsieh, C. L. (1997). Antioxidant effects of dopamine and
related compounds. Biosci. Biotechnol. Biochem. 61, 1646-1649.

Zhu, X., Lee, H. G., Raina, A. K,, Perry, G., and Smith, M. A. (2002). The
role of mitogen-activated protein kinase pathways in Alzheimer’s disease.
Neurosignals 11, 270-281. doi: 10.1159/000067426

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Ono and Tsuji. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

May 2019 | Volume 10 | Article 559


https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles
https://doi.org/10.1073/pnas.1524807113
https://doi.org/10.1007/s12192-017-0828-3
https://doi.org/10.1159/000067426
http://creativecommons.org/licenses/by/4.0/

	Pharmacological Potential of Cilostazol for Alzheimer’s Disease
	Introduction
	Protective Effects of Cilostazol on Neuronal Cells
	Cilostazol Inhibits Aβ Oligomer Formation
	Cilostazol Improves Cognitive Decline in Patients With Alzheimer’s Disease
	Conclusion
	Author Contributions

	References

