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Abstract Vascular dementia (VaD) is a degenerative cerebro-
vascular disorder that leads to progressive decline in cognitive
abilities and memory. Several reports demonstrated that oxi-
dative stress and endothelial dysfunction are principal patho-
genic factors in VaD. The present study was constructed to
determine the possible neuroprotective effects of simvastatin
in comparison with cilostazol in VaD induced by L-methio-
nine in rats. Male Wistar rats were divided into four groups.
Group I (control group), group II received L-methionine
(1.7 g/kg, p.o.) for 32 days. The remaining two groups re-
ceived simvastatin (50 mg/kg, p.o.) and cilostazol (100 mg/kg,
p.o.), respectively, for 32 days after induction of VaD by L-
methionine. Subsequently, rats were tested for cognitive per-
formance using Morris water maze test then sacrificed for
biochemical and histopathological assays. L-methionine in-
duced VaD reflected by alterations in rats’ behavior as well
as the estimated neurotransmitters, acetylcholinesterase activ-
ity as well as increased brain oxidative stress and inflamma-
tion parallel to histopathological changes in brain tissue.
Treatment of rats with simvastatin ameliorated L-methionine-
induced behavioral, neurochemical, and histological changes

in a manner comparable to cilostazol. Simvastatin may be
regarded as a potential therapeutic strategy for the treatment
of VaD. To the best of our knowledge, this is the first study to
reveal the neuroprotective effects of simvastatin or cilostazol
in L-methionine-induced VaD.
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Introduction

Vascular dementia (VaD) is a degenerative illness caused by
different vascular lesions that restrict blood supply to different
brain regions [1]. It is usually associated with cognitive dys-
functions as well as impairments of memory and executive
function [2]. Persistent reduction in cerebral blood flow in-
duces hypoxia/ischemia of the brain tissue and deprivation
of oxygen and nutrients, and can contribute to cell death [3].

It has been suggested that oxidative stress might play a
major role in the pathogenesis of VaD [4]. Certainly, free
radicals, including reactive oxygen species (ROS), can react
with substrates essential for the survival of neurons such as
proteins, lipids, and nucleic acid, leading to neuropathological
lesions and brain damage [5]. Moreover, the brain is highly
sensitive to oxidative damage, mostly because of its high level
of polyunsaturated fatty acid, its high oxygen requirement for
metabolic processes, in addition to its low concentration of
antioxidant defenses [6].

Homocysteine (Hcy) is a non-essential sulfur-containing
amino acid that is derived from methionine metabolism [7].
Induction of neurological dysfunction via oxidative stress has
been shown by Hcy. This effect can be elucidated by enhanc-
ing the production of ROS and oxidative deactivation of nitric
oxide (NO) [8]. Hyperhomocysteinemia is coupled with
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increased asymmetric dimethylarginine (ADMA) plasma con-
centrations, a potent endogenous inhibitor of NO synthase [9].
Furthermore, Hcy can be toxic to neurons and can increase
their damage by amyloid beta (Aβ), as the accumulation of
intracellular and extracellular Aβ 42 in neuronal cells results
from homocysteic acid [10].

Simvastatin inhibits 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase, which is the rate-limiting
enzyme in the cascade of cellular cholesterol biosynthesis
[11]. Statins, in addition to their cholesterol-lowering action,
are known to possess many cholesterol-independent actions
including favorable effect on vascular endothelium [12].
Simvastatin has antioxidant effect by direct scavenging of free
radical molecules, independently of their effects on lipid me-
tabolism [13]. Simvastatin was shown to reduce the expres-
sion of inflammatory cytokines and interfere with leukocyte
recruitment and migration to the CNS [14]. Additionally, it
was associated with a pronounced reduction in the incidence
of dementia in Parkinsonism disease, with the improvement of
behavioral outcomes and decrease of the cognitive deficits
[15].

Cilostazol, a potent inhibitor of type III phosphodiesterase
(PDE3), has been shown to increase cellular levels of cAMP,
and to thereby inhibit platelet aggregation [16]. Moreover, it
has been approved as a therapeutic agent for intermittent clau-
dication [17]. Cilostazol increases cerebral blood flow and
decreases the size of cerebral infarcted area through edema
reduction [18]. It also protects against brain white matter dam-
age and improves neurologic deterioration, spatial memory,
and learning [19]. Furthermore, cilostazol has been shown to
inhibit lipid peroxidation and apoptosis in a model of cerebral
ischemia [20].

The current study aimed to explore the possible neuropro-
tective effects of simvastatin in comparison with cilostazol in
VaD induced in rats by L-methionine. To the best of our
knowledge, this is the first study to explore the protective roles
of simvastatin or cilostazol in VaD. The study design included
understanding the mechanisms underlying the pathophysiolo-
gy of the disease and the actions of simvastatin and cilostazol.

Material and Methods

Animals

Adult male Wistar rats, weighing 150–200 g each, were used
in the present study. Animals were allocated in groups and
were allowed to accommodate for 1 week in the animal house
at the Faculty of Pharmacy, Ahram Canadian University, be-
fore subjecting them to experimentation. They were provided
with a standard diet and water. The animals were kept at a
temperature of 22 ± 3 °C and a 12-h light/dark cycle, as well
as a constant relative humidity. The study was conducted in

accordance to the Ethics Committee for Animal
Experimentation at the Faculty of Pharmacy, Cairo
University, Egypt, PT (1048).

Drugs and Chemicals

L-methionine was purchased fromCornell Lab (Cairo, Egypt).
It was dissolved in saline and administered orally in a dose of
1.7 g/kg [21]. Simvastatin and cilostazol were purchased from
Hikma Company (Cairo, Egypt) and Al Debeiky Pharma
(Cairo, Egypt), respectively. They were suspended in 1 %
tween 80 and administered orally in doses of 50 [22] and
100 mg/kg [23], respectively. Kits for acetylcholinesterase
(AChE) enzyme, endothelial nitric oxide synthase (eNOS)
enzyme, β-amyloid protein (Aβ 42), acetylcholine (ACh),
and catecholamines were purchased from Kamiya
Biomedical Company (USA), LifeSpan BioSciences Inc.
(USA), Immuno-Biological Laboratories Inc.(USA), USCN
Life Science Inc. (China), and Mybiosource Company
(USA), respectively. Kits for total cholesterol and reduced
glutathione (GSH) were purchased from Biodiagnostic
(Egypt). Finally, kits for malondialdehyde (MDA),
interleukin-6 (IL-6), and interleukin-10 (IL-10) were pur-
chased from Mybiosource Company (USA), RayBiotech
Inc. (USA), and Immuno-Biological Laboratories Inc.
(USA), respectively.

Experimental Design

The animals were randomly divided into four experimen-
tal groups (ten rats each). Group I served as control group,
group II received L-methionine (1.7 g/kg, p.o.) for 32 days.
The remaining two groups received simvastatin (50 mg/kg,
p.o.) and cilostazol (100 mg/kg, p.o.), respectively, for
32 days after induction of VaD by L-methionine.
Memory and cognitive performance of the animals were
assessed by Morris water maze (MWM) test on the last
5 days of the experiment. Immediately after performing
the behavioral test, the rats were sacrificed by decapita-
tion; the brains were carefully isolated and chilled, and
one of the hemispheres was homogenized in ice-cold
50 mM phosphate buffer (pH 7.4) for the estimation of
dementia-related parameters such as AChE activity,
eNOS, ACh, and Aβ 42, in addition to oxidative stress
parameters such as MDA and GSH. Furthermore, total
cholesterol, IL-6, and IL-10 were also assessed. The other
hemisphere was homogenized in ice cold-acidified buta-
nol (0.85 ml HCl per 1 l N-butanol) for the determination
of brain neurotransmitters (NA, DA, and 5-HT). Finally,
the brains of 2–3 rats from each group were preserved in
10 % formalin and kept for histological examination of
cortical and hippocampal tissues.
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Morris Water Maze

Morris water maze test was employed to assess learning and
memory of rats [24]. Morris water maze apparatus consists of
a large circular pool (150 cm in diameter, 45 cm in height),
filled to a depth of 30 cm with water at 28 ± 1 °C. The water
was made opaque with white-colored dye. The tank was di-
vided into four equal quadrants with the help of two threads. A
submerged platform (10 cm2) was placed inside the target
quadrant of this pool 1 cm below the surface of the water.
Each animal was subjected to four consecutive trials on each
day with a gap of 5 min. Starting position on each day to
conduct four acquisition trials was changed as described be-
low, and Q4 was maintained as target quadrant in all acquisi-
tion trials.

1. Day l Q1Q2Q3Q4
2. Day 2 Q2Q3Q4Q1
3. Day 3 Q3Q4Q1Q2
4. Day 4 Q4Q1Q2Q3

The rat was gently placed in the water between quadrants
(Q) and allowed 120 s to locate the submerged platform. Then,
it was allowed to stay on the platform for another 20 s. Escape
latency time to find the hidden platform in the target quadrant
was noted as an index of acquisition or learning. On the 5th
day, the platform was removed, and each animal was allowed
to explore in the pool for 120 s. Mean time spent in each
quadrant was noted. The mean time spent in the target quad-
rant for finding the hidden platform was noted as an index of
retrieval (memory).

Estimation of Brain Contents of ACh and Catecholamines

Brain ACh, noradrenaline (NA), dopamine (DA), and seroto-
nin (5-HT) contents were measured according to the methods
described by Mathew et al. [25], Aviles et al. [26], Kobori
et al. [27], and Song et al. [28], respectively, using rat-
specific ELISA kit. ACh and NA were expressed as nmol/g
tissue and pg/g tissue, respectively; meanwhile, DA and sero-
tonin were expressed as ng/g tissue. All the procedures of the
used kits were performed according to the manufacturer’s
instructions.

Estimation of Brain AChE and eNOS

Brain AChE (ng/g tissue) and eNOS (pg/g tissue) were deter-
mined according to the method described by Den Blaauwen
et al. [29] and Frick et al. [30], respectively, using rat-specific
ELISA kit. All the procedures of the used kits were performed
according to the manufacturer’s instructions.

Estimation of Aβ 1–42 in the Brain

Aβ 1–42 activity was determined according to the method
described by Wang et al. [31] using ELISA kit and was
expressed as pg/g tissue.

Estimation of Brain GSH

Brain GSH (mg/g wet tissue) was determined using Ellman’s
reagent according to the method described by [32] after
deproteinizing homogenates with 5-sulfuosalicylic acid.

Estimation of Lipid Peroxidation

As a marker of lipid peroxidation, MDA was determined in
brain homogenates according to the method described by
Armstrong, Browne [33] using ELISA kit and expressed as
pmol/g tissue.

Estimation of Total Cholesterol Levels

Total cholesterol levels were determined in the brain based on
the method described by Allain et al. [34] using commercial
reagent kits and were expressed as mg/g tissue.

Estimation of Brain Contents of IL-6 and IL-10

IL-6 and IL-10 were measured according to the methods de-
scribed by Venihaki et al. [35] and Eskdale et al. [36], respec-
tively, using ELISA kits and were expressed as pg/g tissue.

Histological Examination of Cortical and Hippocampal
Tissues

Histological assessment was performed on the brains of 2–3
rats randomly selected from each group. The brains were im-
mediately fixed in 10 % phosphate buffered formaldehyde,
subsequently embedded in paraffin, and 5-μm longitudinal
sections were performed. The sections were stained with he-
matoxylin and eosin (H & E) and examined microscopically.

Statistical Analysis

Data were expressed as means ± S.E.M., and comparisons
between means were carried out using one-way analysis of
variance (ANOVA) followed by Tukey-Kramer multiple com-
parisons test. A probability level of less than 0.05 was accept-
ed as being significant in all types of statistical tests.
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Results

The rats in each group were trained daily for 4 days in Morris
water maze apparatus starting from 28th day of drugs admin-
istration. The rats that received L-methionine showed a signif-
icant increase in mean escape latency time by 38.01, 56.67,
84.37, and 138.29 %, respectively, during the 4 days as com-
pared to that of the normal control group (Fig. 1). Treatment
with cilostazol showed a significant decrease in mean escape
latency time by 18.89, 30.79, 40.04, and 56.51 %, respective-
ly, as compared to the L-methionine control group.
Meanwhile, treatment with simvastatin resulted in a signifi-
cant decrease in mean escape latency time by 13.76, 27.00,
36.42, and 53.02 %, respectively, as compared to the L-methi-
onine control group (Fig. 1).

The mean time spent in the target quadrant in water maze
was measured on the last day of the experiment after 4 days of
training. The rats that received L-methionine showed signifi-
cant decrease in time spent in target quadrant by 64.40 %, as
compared to that of the normal control group. Treatment with
cilostazol and simvastatin showed significant increase in time
spent in target quadrant by 95.23 and 72.19 %, respectively, as
compared to the L-methionine control group (Fig. 2).

L-methionine resulted in a significant increase in NA and
DA brain contents by 181.15 and 253.18 %, respectively, and
a significant decrease in 5-HT brain content by 63.60 %, as
compared to that of the normal control group. Meanwhile,
treatment with cilostazol showed a significant decrease in
NA and DA brain contents by 26.12 and 30.71 %, respective-
ly, and a significant increase in 5-HT brain content by 65.61%
as compared to the L-methionine control group. In the same
context, treatment with simvastatin showed a significant de-
crease in NA and DA brain contents by 45.78 and 50.92 %,
respectively, and a significant increase in 5-HT brain content

by 93.87 % as compared to the L-methionine control group.
Moreover, treatment with simvastatin resulted in a further de-
crease in brain NA and DA contents by 26.61 and 29.16 %,
respectively, as compared to the cilostazol control group
(Table 1).

Administration of L-methionine significantly increased
brain AChE activity and decrease in brain ACh content by
388.11 and 72.87 %, respectively, as compared to that of the
normal control group. Whereas, administration of cilostazol
significantly decreased brain AChE activity and increased
brain ACh content by 42.88 and 58.81 %, respectively, as
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Fig. 1 Effect of simvastatin and cilostazol on mean escape latency time
in L-methionine-induced vascular dementia in rats. Water maze test was
performed for four successive days starting from 28th day of drugs
administration. Each point with vertical line represents the mean of

escape latency time ± S.E. within each testing session for each group
(eight rats); *p < 0.05 vs normal control group, @p < 0.05 vs L-
methionine control group using one-way ANOVA followed by Tukey-
Kramer multiple comparisons test

M
ea

n 
ti

m
e 

in
 t

ar
ge

t 
qu

ad
ra

nt
 (

s)

Nor
mal 

co
ntr

ol

L-m
eth

ion
in 

ec
on

tro
l

Cilo
sta

zo
l 

Sim
va

sta
tin

0

10

20

30

40

50

*

@

@

Fig. 2 Effect of simvastatin and cilostazol on mean time spent in target
quadrant in L-methionine-induced vascular dementia in rats. Time spent
in target quadrant in water maze was measured at day 5 after 4 days of
training. Each bar with vertical line represents the mean of eight rats
±S.E. *p < 0.05 vs normal control group, @p < 0.05 vs L-methionine
control group using one-way ANOVA followed by Tukey-Kramer
multiple comparisons test
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compared to the L-methionine control group. Similarly, sim-
vastatin decreased brain AChE activity and increased brain
ACh content by 61.19 and 86.14 %, respectively, as compared
to the L-methionine control group. Moreover, administration
of simvastatin resulted in a further decrease in brain AChE
activity by 32.06 % as compared to the cilostazol control
group (Fig. 3).

L-methionine resulted in a significant decrease in brain
eNOS content by 84.83 % as compared to that of the normal
control group. Whereas, treatment with cilostazol and simva-
statin showed significant increase in brain eNOS content by
137.22 and 302.18 %, respectively, as compared to the L-me-
thionine control group. Moreover, administration of simva-
statin resulted in a further increase in brain eNOS activity by
69.53 % as compared to the cilostazol control group (Fig. 4).

In the present experiment, L-methionine increased brain
Aβ-42 content by 141.44 % as compared to that of the
normal control group. On the other hand, treatment with
cilostazol and simvastatin caused a significant decrease in
brain Aβ-42 content by 26.28 and 43.91 %, respectively,
compared to the L-methionine control group. Simvastatin

even decreased brain Aβ-42 content by 23.92 % as com-
pared to the cilostazol control group (Fig. 5).

The rats that received L-methionine showed a signifi-
cant increase in brain MDA and a decrease in GSH con-
tents by 419.77 and 79.54 %, respectively, as compared to
that of the normal control group. Meanwhile, treatment
with cilostazol showed a significant decrease in brain
MDA and increase in GSH contents by 39.09 and
120.63 %, respectively, as compared to the L-methionine
control group. In the same context, treatment with simva-
statin decreased brain MDA and increased GSH contents
by 52.92 and 81 %, respectively, as compared to the L-
methionine control group. Even more, simvastatin de-
creased brain MDA content by 22.72 % as compared to
the cilostazol control group (Table 2).

L-methionine caused a significant elevation in brain total
cholesterol content by 233.27 % as compared to that of the
normal control group. Meanwhile, treatment with cilostazol
and simvastatin reduced L-methionine-induced elevation in
brain total cholesterol content by 43.17 and 58.24 %, respec-
tively. Furthermore, treatment with simvastatin decreased

Table 1 Effect of simvastatin
and cilostazol on brain
catecholamines in L-methionine-
induced vascular dementia in rats

Groups NA (nmol/g tissue) DA (ng/g tissue) 5-HT (ng/g tissue)

Normal control 9.02 ± 0.46 8.63 ± 0.46 33.66 ± 1.37

L-methionine 25.36 ± 1.22* 30.48 ± 1.52* 12.25 ± 0.63*

Cilostazol 18.73 ± 0.66*@ 21.12 ± 0.78*@ 20.28 ± 0.58*@

Simvastatin 13.75 ± 0.24*@b 14.96 ± 0.34*@b 23.75 ± 0.53*@

Data are expressed as mean ± S.E. of eight animals

NA noradrenaline, DA dopamine, 5-HT serotonin

*p < 0.05 vs normal control group
@ p < 0.05 vs L-methionine control group
b p < 0.05 vs cilostazol treated group at p < 0.05 using one-way ANOVA followed by Tukey-Kramer multiple
comparisons test
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Fig. 3 Effect of simvastatin and cilostazol on brain acetylcholinesterase
(AChE) activity (a) and ACh content (b) in L-methionine-induced
vascular dementia in rats. Each bar with vertical line represents the

mean of eight rats ±S.E. *p < 0.05 vs normal control group, @p < 0.05
vs L-methionine control group, using one-way ANOVA followed by
Tukey-Kramer multiple comparisons test
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brain total cholesterol content by 26.51 % as compared to the
cilostazol control group (Fig. 6).

Administration of L-methionine significantly increased
brain IL-6 and decreased IL-10 content by 356.73 and
78.65 %, respectively, as compared to that of the normal con-
trol group. Treatment with cilostazol, on the other hand, sig-
nificantly decreased brain IL-6 content and increased brain IL-
10 content by 40.56 and 120.81 %, respectively, as compared
to the L-methionine control group. Moreover, simvastatin de-
creased brain IL-6 and increased IL-10 contents by 46.42 and

80.65 %, respectively, as compared to the L-methionine con-
trol group (Fig. 7).

Histological examination of stained brain sections revealed
serious damaging effects of L-methionine on brain tissues
compared to a normal brain sections (Fig. 8a, b) manifested
as hemorrhages in the meninges covering the cerebral cortex,
damage in the lining endothelium of the cerebral blood capil-
laries with encephalomalacia in the cerebral matrix, focal
gliosis in the cerebrum in addition to focal hemorrhage in
the cerebellum (Fig. 8c–f). Administration of cilostazol
showed moderate protection against L-methionine-induced
brain injury, where brain sections showed only focal gliosis
in the cerebrum associated with congestion in the meningeal
blood vessels and cerebral capillaries with restoration of the
normal histological structure of the cerebellum (Fig. 9a, b).
Sections from simvastatin-treated group displayed mild
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Fig. 6 Effect of simvastatin and cilostazol on brain total cholesterol
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Table 2 Effect of simvastatin and cilostazol on brain MDA and GSH
concentrations in L-methionine-induced vascular dementia in rats

Groups MDA (nmol/g tissue) GSH (mg/g tissue)

Normal control 11.78 ± 0.53 3.08 ± 0.17

L-methionine 61.23 ± 3.32* 0.63 ± 0.02*

Cilostazol 37.30 ± 1.08*@ 1.39 ± 0.03*@

Simvastatin 28.82 ± 0.79*@b 1.81 ± 0.01*@

Data are expressed as mean ± S.E. of eight animals

*p < 0.05 vs normal control group
@ p < 0.05 vs L-methionine control group
b p < 0.05 vs cilostazol-treated group at p < 0.05 using one-way ANOVA
followed by Tukey-Kramer multiple comparisons test
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pathological changes compared to those from the L-methio-
nine group that appeared as focal gliosis in the cerebrum with
congestion in the blood vessels with restoration of the normal
structure of the cerebellum (Fig. 9c, d).

Discussion

Homocysteine (Hcy) is a non-essential sulfur-containing
amino acid derived from methionine metabolism [7].
Autoxidation of Hcy results in the disruption of redox
homeostasis that affects the redox signaling pathways in

vascular and neuronal cells resulting in the induction of
neurological dysfunction via oxidative stress [37]. Hcy
can thus be toxic to neurons and can increase their sus-
ceptibility to Aβ damage [38] causing profound memory
impairment, neural dysfunction, and impaired brain ener-
gy metabolism [39].

Indeed, in the current study, L-methionine administration
for 32 days resulted in significant increase in escape latency
time of control animals during ongoing acquisition trials,
denoting abnormal acquisition of memory, and a decrease in
time spent in target quadrant at day 5 in searching of missing
platform during retrieval trials. This was coupled with
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d f

Fig. 8 Photomicrograph of sections of brain tissue of control rat showing
(a) the normal histological structure of the meninges (m), cerebral cortex
(c), and cerebrum (cr), and (b) the normal histological structure of the
cerebellum (cl). L-methionine-induced demented rat showing (c)

hemorrhages in the meninges covering the cerebral cortex, (d) damage in
the lining endothelium of the cerebral blood capillaries (v) with
encephalomalacia in the cerebral matrix, (e) focal gliosis (g) in the
cerebrum, and (f) the cerebellum with focal hemorrhage (h) (H & E ×40)
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Fig. 7 Effect of simvastatin and cilostazol on brain interleukin-6 (IL-6)
(a) and interleukin-10 (IL-10) (b) contents in L-methionine-induced
vascular dementia in rats. Each bar with vertical line represents the

mean of eight rats ±S.E. *p < 0.05 vs normal control group, @p < 0.05
vs L-methionine control group using one-way ANOVA followed by
Tukey-Kramer multiple comparisons test
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increased activity of AChE and oxidative stress markers to-
gether with marked histopathologic changes in the brain.

L-methionine-induced changes, in the current study, were
attenuated by treatment of the rats with simvastatin.
Simvastatin have been shown to exhibit important immuno-
modulatory and anti-inflammatory activity independent of
lipid-lowering effects [40]. Statins have pleiotropic effects
on endothelium, platelets, smooth muscle cells, and inflam-
mation. These effects included the improvement of endotheli-
al and microvascular function, the reduction of inflammation
through decreased expression of pro-inflammatory transcrip-
tional factors that in turn decrease cytokines, chemokines, and
inducible nitric oxide synthase (iNOS) expression [41].
Statins also possess antioxidant effects by direct scavenging
of free radical molecules, independently of their effects on
lipid metabolism [42].

Simvastatin was not previously investigated in L-methi-
onine-induced VaD; however, in a study performed by
Tramontina et al. [43], simvastatin showed neuroprotec-
tive effect in streptozotocin-induced model of Alzheimer’s
disease (AD) in rats manifested by improved learning and
spatial memory deficits in Morris water maze test.
Moreover, simvastatin was found to strongly reduce levels
of β-amyloid peptides (Aβ42 and Aβ40) in vitro and
in vivo [44]. The reported protective effects of simvastatin
in models of cerebral ischemia [45] were attributed to the
ability of simvastatin to reduce the size of the infarct, in
addition to activation of eNOS as well as its anti-athero-
sclerotic, anti-thrombotic, and anti-inflammatory effects
[46]. Recently, simvastatin was shown to restore vascular
reactivity and endothelial function coupled with reducing
vessel pathology in a mouse model of cerebrovascular
disease [47].

Cilostazol was also not previously investigated in L-methi-
onine-induced VaD; however, the observed neuroprotective
effects and the improvement of neurological function with
cilostazol can be related to its ability to increase cerebral blood
flow and decrease the size of cerebral infarcted area [48].
Moreover, in a study performed by Lee et al. [49], cilostazol
was found to possess neuroprotective effect against apoptotic
white matter changes in rats after chronic cerebral hypoperfu-
sion. Besides, cilostazol improved cognition and neurologic
deterioration in patients with Alzheimer’s and cerebrovascular
diseases [50].

The reported protective effects of cilostazol were attributed
to its ability to scavenge the hydroxyl and peroxyl radicals and
inhibit their cell damage [51]. In addition, cilostazol signifi-
cantly decreases ischemic brain infarction, inhibits apoptotic
and oxidative cell death [52], and attenuates gray and white
matter damage after focal cerebral ischemia in rats [53].
Reduction of the brain ischemic infarction and edema by
cilostazol was confirmed by magnetic resonance imaging
(MRI) in rats [54].

In the current experiments, L-methionine-induced patho-
logical and behavioral changes were coupled by increase in
NA and DA contents as well as decrease in 5-HT content that
was prevented by treatment with simvastatin or cilostazol.
Increased brain noradrenergic activity may contribute to the
agitated behaviors or cognitive deficits of patients with ad-
vanced AD as NA concentration was significantly higher in
the patients with advanced AD than in those with mild to
moderate severity [55]. DA concentration was found to be
increased in the cerebrospinal fluid of patients with subcortical
ischemic VaD [56]. In VaD, it has been shown that DA uptake
sites were dramatically reduced in the caudate nucleus [57].
Serotonergic function has been shown to decrease in patients

a b

c d

Fig. 9 Photomicrograph of
sections of brain tissue of L-
methionine-induced demented rat
treated with cilostazol showing (a)
focal gliosis (g) in the cerebrum
associated with congestion in the
meningeal blood vessels and
cerebral capillaries and (b) normal
histological structure of the
cerebellum (cl). L-methionine-
induced demented rat treated with
simvastatin showing (c) focal
gliosis in the cerebrum with
congestion in the blood vessels
(v) and (d) normal histological
structure of the cerebellum (cl) (H
& E ×40)
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with AD [58]. Concentration of 5-HT and 5-HT metabolites
has been shown to be reduced in a number of brain regions
including the striatum, hippocampus, hypothalamus, and cau-
date nucleus in VaD [59].

Neurotransmitters play a critical role in the brain circuits
involved in various aspects of memory. The importance of
acetylcholine is illustrated by its role in both the pathology
and cognitive deficits. Stimulation of cholinergic neurons in
the nucleus basalis of Meynert causes vasodilatation thus, in-
creasing cortical and hippocampal blood flow in rats [60, 61].
Indeed, in the present study, administration of L-methionine
decreased ACh content that was attenuated by treatment with
simvastatin or cilostazol.

In the present study, L-methionine-induced deficits were
accompanied by increased MDA, a marker of lipid peroxida-
tion together with a decrease in GSH content. GSH provides
major protection in oxidative injury by participating in the
cellular defense systems against oxidative damage [62].
Treatment of rats with simvastatin or cilostazol reduced L-
methionine-induced increase in brain MDA, coupled with in-
creased brain GSH.

NO synthesized in endothelial cells by eNOS is the major
source of NO in brain vessels and an important signaling
molecule in vasculogenesis [63] and cerebral blood flow reg-
ulation [64]. Thus, intact endothelial function via NO confers
key homeostatic balance in normal brain physiology, which
raises the possibility that endothelial dysfunction associated
with deficiency of eNOS and endothelial NO causes cerebro-
vascular pathology and neurological disease [65].
Correlations between eNOS polymorphisms and decreased
NO bioavailability or endothelial dysfunction have also been
reported [66], and reduced eNOS expression has been shown
in AD [67]. In the current experiments, L-methionine-induced
endothelial dysfunction was associated with decrease in brain
eNOS content, an effect that was not shown in groups receiv-
ing simvastatin or cilostazol.

The expression of IL-6 and other inflammatory factors in
atherosclerotic lesions can be upregulated by the nuclear
factor-κappaB (NF-κB). The proliferation of vascular smooth
muscle cells can lead to excessive production of extracellular
matrix, and generation of growth factors and cytokines, in-
cluding IL-6 [68]. One of the most ubiquitous eukaryotic tran-
scription factors that regulate expression of genes involved in
controlling cellular proliferation/growth, inflammatory re-
sponses, cell adhesion, and so forth is NF-κB [69]. The tran-
scriptional activity of NF-κB is regulated via an elaborate
series of intracellular signal transduction events in response
to external stimuli. In addition to its central roles in mediating
inflammation, NF-κB is important in control via cell prolifer-
ation, and cell transformation [70].

Reactive oxygen metabolites (ROM) have been reported to
be a crucial event in the activation of NF-κB [71]. Therefore, it
has been proposed that antioxidants, as simvastatin or

cilostazol, by reducing ROM, may in turn block NF-κB acti-
vation and finally inhibit NF-κB-mediated increase in the pro-
duction of pro-inflammatory cytokines [72]. Indeed, in the
current experiments, treatment of the rats with simvastatin or
cilostazol prevented L-methionine-induced increases in IL-6.
Whereas, IL-10, an anti-inflammatory cytokine, was sup-
pressed by L-methionine administration, and this effect was
prevented by treatment with simvastatin or cilostazol.

Amyloid precursor protein (APP)-Aβmetabolism is possi-
bly regulated by lipids. An essential role has been played by
cholesterol in regulating the enzyme activity that is involved
in Aβ protein production and APP metabolism [73]. Proposed
mechanisms include secretase enzyme regulation, Aβ trans-
port disruption, Aβ aggregation promotion, and modulating
the neurotoxicity of Aβ plaque [74, 75]. Hyperlipidemia has
been shown to cause memory impairment, cholinergic dys-
function, inflammation, and microbleedings [76] and thus
may have an important role in the progression of age-related
cognitive decline, mild cognitive impairment, VaD, and AD
[77]. Certainly, in the present study, treatment of the rats with
simvastatin or cilostazol prevented L-methionine-induced in-
crease in brain cholesterol and Aβ42.

In conclusion, the prevalence of dementia has increased
significantly nowadays. As none of the available medications
appears to be able to stop the disease progression, there is an
enormous medical need for the development of novel thera-
peutic strategies that target the underlying pathogenic mecha-
nisms. Simvastatin and cilostazol improved learning and
memory in L-methionine-induced model of dementia.
Keeping in mind that both agents showed antioxidants, anti-
inflammatory and neuroprotective effects in current study,
their use might slow progression of VaD.

Compliance with Ethical Standards The study was conducted in ac-
cordance to the Ethics Committee for Animal Experimentation at the
Faculty of Pharmacy, Cairo University, Egypt, PT (1048).
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