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Abstract:

The study was aimed at investigating the effects of pitavastatin, simvastatin (lipophilic statins) and fluvastatin (hydrophilic statin) on
memory deficits associated with Alzheimer’s type dementia in mice. Dementia was induced with chronic administration of a high fat
diet (HFD) or intracebroventricular streptozotocin (icv STZ, two doses of 3 mg/kg) in separate groups of animals. Memory of the
animals was assessed by the Morris water maze (MWM) test. Brain thiobarbituric acid reactive species (TBARS) and reduced glu-
tathione (GSH) levels were measured to assess total oxidative stress. Brain acetylcholinesterase (AChE) activity and total serum
cholesterol levels were also measured. Icv STZ or HFD produced a significant impairment of learning and memory. Higher levels of
brain AChE activity and TBARS and lower levels of GSH were observed in icv STZ- as well as HFD-treated animals. HFD-treated
mice also showed a significant increase in total serum cholesterol levels. Pitavastatin and simvastatin each significantly attenuated
STZ-induced memory deficits and biochemical changes; however, fluvastatin produced no significant effect on icv STZ-induced de-
mentia or biochemical levels. Administration of any one of the three statins not only lowered HFD-induced rise in total serum cho-
lesterol level but also attenuated HFD-induced memory deficits. Further pitavastatin and simvastatin administration also reversed
HFD-induced changes in biochemicals level, while fluvastatin failed to produce any significant effect. This study demonstrates the
potential of statins in memory dysfunctions associated with experimental dementia and provides evidence of their cholesterol-
dependent and -independent actions.
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Introduction

Memory impairment is a key feature of old age and is
associated with various types of dementia [59]. Re-
cently, the type of dementia associated with Alz-
heimer‘s disease (AD) has gained much concern. In
the US alone, more than 10% of people over 60 years
of age suffer from mild to moderate dementia, and

most of these people have AD. The key pathological
features in the AD brain are deposition of insoluble
�-amyloid peptides (�A), formation of neurofibrillary
tangles and neuroinflammation that ultimately leads
to neuronal cell death [56]. Loss of cortical choliner-
gic neurones in AD probably accounts for memory
impairment. Lipids and lipid peroxidation products
play an important role in homeostasis of the central
nervous system. Furthermore, lipid transport genes

784 �����������	��� 
������ ����� ��� �����	�

�����������	��� 
�����

����� ��� �����	�


��� ��������

��������� � ����

�� 
�������� �� �� �! "�#���

��#��� $" %�!� �� �"���"��



and vascular changes associated with peripheral
dyslipidemia were reported to increase risk of AD
[26]. Brain cholesterol is an essential component of
neuronal cell membranes and is involved in several
biological functions, such as membrane trafficking,
signal transduction, myelin formation and synapto-
genesis [55]. Given these widespread activities, it is
not surprising that dysfunctions in cholesterol synthesis,
storage, transport and removal can lead to human
brain diseases. Some of these diseases emerge as
a consequence of genetic defects in the enzymes in-
volved in cholesterol biosynthesis. In other diseases,
such as AD, there is a link between cholesterol me-
tabolism and formation and deposition of �A [55].
Cholesterol overabundance in the brain plasma mem-
brane lipid-raft domains appears to be fundamental in
the generation of the more neurotoxic forms of �A
from the �-amyloid holoprotein precursor [21, 55].

Dementia places an enormous burden on individu-
als, families and society. Consequently, a tremendous
effort is being devoted to development of drugs that
prevent or delay neurodegeneration. Clinical options
to contain dementia are limited, and, so far, acetylcho-
linesterase (AChE) inhibitors, such as donepezil, rivas-
tigmine and galantamine, are considered the gold stan-
dard therapy for AD. In addition, memantine, an N-
methyl-D-aspartate receptor blocker, was recently
marketed as another clinical option. Finally, new
therapeutic approaches, including those targeting the
pathogenesis of the disease, are currently being devel-
oped. These potentially disease-modifying therapeutics
include secretase inhibitors, �-amyloid immunothera-
peutics, hormone modulators and anti-oxidants [60].

Very recently, focus has been directed towards 3-
hydroxy-3-methylglutaryl coenzyme A [HMG-CoA]
reductase inhibitors, which are better known as
statins. Statins not only lower cholesterol level but
also possess actions that are independent of their cho-
lesterol lowering property. For example, statins have
been demonstrated to exert potential anti-inflammatory
[28], antioxidant [2] and neuroprotective [27, 53, 57,
58] actions. They also favorably affect endothelial
function [23], platelet function [39], immunological
responses [16] and several other functions. Although
few studies have reported negative effects of statins
on cognitive functions [3, 30], a number of recent ex-
perimental and clinical reports have documented posi-
tive effects of statins in memory dysfunctions associ-
ated with dementias [27, 53, 57, 58]. In our previous

studies, we reported ameliorative effects of simvasta-
tin, atorvastatin and pitavastatin in experimental am-
nesia [35, 36, 47]. However, differential effects of
highly lipophilic versus relatively less lipophilic
statins on modulation of experimental amnesia remain
to be elucidated. Therefore, the present study was de-
signed to investigate the differential effects of simvas-
tatin, pitavastatin (both highly lipophilic) and fluvas-
tatin (less lipophilic) [(9, 46] on high fat diet-induced
and intracerebroventricular streptozotocin(icv STZ)-
induced memory deficits in mice.

Materials and Methods

Animals

Aged matched (six months old) Swiss albino mice
weighing 20–30 g were used in the present study (pro-
cured from Central Research Institute, Kausali, India).
Mice were maintained on standard laboratory pellet
chow (Kisan Feeds Ltd., Chandigarh, India) and wa-
ter ad libitum. The high fat diet groups of animals
were subjected to a standard diet enriched with fat ad

libitum for 90 days. The mice were exposed to a 12-h
light and 12-h dark cycle and were acclimatized to the
laboratory conditions five days prior to the behavioral
study. The experimental protocol was approved by the
Institutional Animal Ethics Committee, and animal care
complied with guidelines of the Committee for the
Purpose of Control and Supervision of Experiments
on Animals, Ministry of Environment and Forest
Government of India (Reg. No. CPCSEA/107/1999).

Drugs and chemicals

Pitavastatin, simvastatin and fluvastatin were ob-
tained as gifts from Zydus Research Centre, Ahmeda-
bad. Folin-Ciocalteu’s phenol reagent was purchased
from Merck Limited (Mumbai, India). 5,5-Dithiobis
(2-nitrobenzoic acid) (DTNB), reduced glutathione
(GSH), bovine serum albumin and thiobarbituric acid
were obtained from Loba Chemie (Mumbai, India).
STZ and 1,1,3,3-tetramethoxypropane were purchased
from Sigma-Aldrich (USA). The cholesterol estima-
tion kit was purchased from Monozyme India Ltd.
(Secundrabad). All reagents used in this study were of
analytical grade. Pitavastatin (10 mg/kg) and simvasta-
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tin (10 mg/kg) were suspended in 0.5% w/v sodium
carboxymethylcellulose (CMC). Fluvastatin (10 mg/kg)
was dissolved in distilled water. Streptozotocin was
dissolved in artificial cerebrospinal fluid (ACSF), pre-
pared according to Sakurada et al. [43]. Statins and
CMC were administered orally with the help of an
oral tube (cannula), and streptozotocin and ACSF
were delivered icv. Drug (statin) administration was
carried out between 3 p.m. and 4 p.m.

LABORATORY MODELS

Exteroceptive behavioral model

Morris water maze

The Morris water maze test was employed to assess
learning and memory of the animals [29, 35]. The
Morris water maze is a swimming-based model in
which animals learn to escape a pool of water (150 cm
in diameter, 45 cm in height, filled to a depth of 30 cm
with water at 28 ± 1°C) by a hidden platform. The wa-
ter was made opaque with white non-toxic dye. The
tank was divided into four equal quadrants by fixing
two threads at right angle to each other on the rim of
the pool. A submerged platform (10 cm�), white in
color, was placed inside the target quadrants of this
pool 1 cm below surface of water. The platform posi-
tion was maintained throughout the training session.
Each animal was subjected to four consecutive train-
ing trials on each day with an inter-trial interval of
5 min. Each mouse was gently placed into the water
between quadrants facing the pool wall. The drop lo-
cation was changed for each trial, and mice were al-
lowed 120 s to locate the submerged platform. Upon
reaching the platform, mice were allowed to stay on
the platform for 20 s. If mice failed to reach the plat-
form within 120 s, they were gently guided onto plat-
form and allowed to remain there for 20 s. The escape
latency time (ELT) to locate the hidden platform in

the water maze on day 4 was noted as an index of ac-
quisition or learning. Mice were subjected to training
trials for four consecutive days, during which the
starting position was changed with each exposure, as
shown below, while the target quadrant (Q4) re-
mained constant (Scheme 1).

On day 5, the platform was removed, and each
mouse was allowed to explore the pool for 120 s.
Mean time spent in all four quadrants was noted. The
mean time spent in the target quadrant searching for
the hidden platform was noted as an index of re-
trieval.

The experimenter always stood at the same posi-
tion. Care was taken to maintain the location of the
water maze relative to other objects in the laboratory
so that prominent visual clues would not be disturbed
during the study. All the trials were completed be-
tween 9.00 a.m and 5.00 p.m.

Interoceptive behavioral models

a) Streptozotocin (STZ)-induced dementia.
b) High fat diet (HFD)-induced dementia.

Intracerebroventricular administration of STZ

(icv STZ)

Mice were anesthetized with anesthetic ether [18] for
icv administrations. Ether was used in this study be-
cause it has a very short duration of action and is rap-
idly reversible. Moreover, brief ether exposure for icv

injection has been reported to exert no significant ef-
fect on learning and memory in animals [49]). Injec-
tions were made with a 0.4 mm external diameter hy-
podermic neddle attached to a 10 µl Hamilton micro-
litre syringe (Top Syringe, Mumbai, India). The
needle was covered with a polypropylene tube except
for 3 mm of the tip region, which was inserted per-
pendicularly through the skull into the brain of
mouse. The injection site was 1 mm to the right or left
of the midpoint on the line drawn through to the ante-
rior base of the ears. Injections were made into the
right or left ventricle randomly. Two doses of STZ
(3 mg kg��, icv) were administered bilaterally. The sec-
ond dose was administered 48 h after the first dose.
The STZ concentration was adjusted to deliver 10 µl
per injection. The injection was made in two locations
due to the difficulty of administering 10 µl to a single
site. Control mice were administered ACSF via icv in-
jection in similar manner.
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Scheme 1



HFD-induced dementia

Animals were subjected to a cholesterol-rich diet for
90 days and allowed free access to the HFD 24 hours/
day for 90 days to induce memory impairment [36,
38, 50]. HFD was prepared by properly mixing the in-
gredients shown in Table 1.

Collection of samples

Animals were sacrificed by cervical dislocation, and
brains were removed and homogenized in phosphate
buffer (pH = 7.4). The homogenates were then centri-
fuged at 3000 rpm (i.e., at 2000 × g) for 15 min. The
supernatant was collected and used for the following
biochemical measures.

Estimation of brain AChE activity

The whole-brain AChE activity was measured by the
method of Ellman et al. [12] with slight modifica-
tions. Change in absorbance per minute of the sample
was read spectrophotometrically (DU 640B spectropho-
tometer, Beckman Coulter Inc., CA, USA) at 420 nm.

Estimation of brain thiobarbituric acid reactive spe-

cies (TBARS) level

The whole-brain TBARS level was measured by the
method of Okhawa et al. [33] with slight modifica-
tions. Absorbance was measured spectrophotometri-
cally at 532 nm.

Estimation of brain GSH level

The whole-brain GSH level was measured by the
method of Beutler et al. [4] with slight modifications.
Absorbance was measured spectrophotometrically at
412 nm.

Estimation of brain total protein: Total amount of
protein in brain was measured according to Lowry et
al. [24] with slight modifications. Absorbance was de-
termined spectrophotometrically at 750 nm.

Estimation of total cholesterol

Total serum cholesterol levels were estimated by Al-
lain’s method with slight modifications by employing
the commercially available standard cholesterol esti-
mation kit [1]. Absorbance was measured spectropho-
tometrically against a blank at 540 nm.

EXPERIMENTAL PROTOCOL

Fourteen groups of mice were employed in the present
study, and each group comprised a minimum of 7 mice.

Group I (normal diet control): Mice subjected to
normal diet for 90 days were administered distilled
water (10 ml/kg, po) 30 min before acquisition trials
conducted from day 1 to day 4 (days 91 to 94 overall)
and 30 min before the retrieval trial conducted on day
5 (day 95 overall) using Morris water maze (MWM).

Group II (CMC control): Mice were administered
0.5% w/v CMC, (10 ml/kg, po) daily for 15 days and
then subjected to MWM test. This vehicle treatment
was also administered 45 min before the acquisition
trials conducted from days 1 to 4 and before retrieval
trial conducted on day 5.

Group III (pitavastatin per se): Mice were admin-
istered pitavastatin (10 mg/kg, po) suspended in CMC
(0.5% w/v) for 15 days and then subjected to the
MWM test. The treatment was continued (adminis-
tered 45 min before) during the acquisition trial con-
ducted from days 1 to 4. Finally, mice were adminis-
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Tab. 1. )���������� �	 ��� ���� 	�� ���� �*+��

Feed Contents Mass (g)

Powdered pellet diet (Standard laboratory diet) 365

Lard 310

Casein 250

Cholesterol 10

Sodium cholate 5

DL-methionine 3

Yee-sac powder 1

* Vitamins and minerals 55

Sodium chloride 1

Total 1000

, )���������� �	 �������� ��� �������� ��-��� ��� .� �	 *+�% �����
��� / � $#### �(�(�� ������� ��� �$!### �(�(�� ������� 0� �!1 ���� �����
��� 2 � 1 ������ ������� 3 �$! ������ ������ ������������ �4# ����
������������ �$!# ���� ������� 0�� � !! ���� ������ � 1 ��� ������
��� �44# ���� ������ �$! ���� ���� � 1# ���� 5��� �64# ���� ������
�!1 ���� ������ � #1 ���



tered vehicle (0.5% w/v CMC, 10 ml/kg, po) 45 min
before the retrieval trial conducted on day 5.

Group IV (simvastatin per se): Mice were admin-
istered simvastatin (10 mg/kg, po) for 15 days, and
the remaining protocol was identical to that for Group
III using simvastatin or vehicle treatment.

Group V (fluvastatin per se): Mice were adminis-
tered fluvastatin (10 mg/kg, po) dissolved in distilled
water for 15 days and then subjected to the MWM
test. The remaining protocol was identical to that for
Group III using fluvastatin treatment or distilled water
vehicle treatment.

Group VI (HFD control): Mice were put on a HFD
for 90 days followed by exposure to the MWM test.

Group VII (HFD + pitavastatin): HFD mice were
treated with pitavastatin (10 mg/kg/day, po) for 15 days
and then subjected to MWM test. The remaining pro-
tocol was identical to that for Group III.

Group VIII (HFD + simvastatin): HFD mice were
administered simvastatin (10 mg/kg, po) and then sub-
jected to the MWM test as described for group VII.

Group IX (HFD + fluvastatin): HFD mice were ad-
ministered fluvastatin (10 mg/kg, po) for 15 days and
then subjected to MWM test as described for group V.

Group X (ACSF control): Mice were injected icv

with ACSF (25 mg/ml, 10 µl) in two dosage sched-
ules (i.e., on first and third day) followed by exposure
to MWM test after 15 days.

Group XI (STZ control): Mice were injected with
icv STZ (3 mg/kg, 10 µl) in two dosage schedules
(i.e., on first and third day) and were then exposed to
the MWM test after 15 days.

Group XII (icv STZ + pitavastatin): icv STZ mice
were treated with pitavastatin (10 mg/kg, po) for 15 days
(starting after the second dose of STZ) and then sub-
jected to the MWM test. The administration of pita-
vastatin was continued (administered 45 min before)
during acquisition trial conducted from day 1 to day 4.
The animals were administered vehicle (0.5% w/v CMC,
10 ml/kg, po) 45 min before retrieval trial conducted
on day 5.
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Group Treatment Dose (kg��) ELT (d 1) in s ELT (d 4) in s

I Control (normal diet) 10 ml, po 98.2 ± 3.6 40.4 ± 2.1�

II CMC control 10 ml, po 95.4 ± 3.8 38.5 ± 2.3

III ASCF control 10 µl, icv 92.4 ± 3.4 43.3 ± 2.7

IV pitavastatin 10 mg, po 97.2 ± 3.5 35 ± 2.4

V simvastatin 10 mg, po 93 ± 4 34.2 ± 2.8

VI fluvastatin 10 mg, po 93.4 ± 3.5 39.3 ± 2.9

VII HFD treated for 90 days 99 ± 4.4 78.1 ± 2.6�

VIII HFD + pitavastatin HFD + 10 mg, po 93.1 ± 3.8 49.3 ± 2.5�

IX HFD + simvastatin HFD + 10 mg, po 94.4 ± 3.7 47 ± 2.4�

X HFD + fluvastatin HFD + 10 mg, po 93.2 ± 3.3 53.1 ± 2.8�

XI STZ 3 mg/kg, icv 105 ± 3.8 80.2 ± 2.4�

XII STZ + pitavastatin 3 mg, icv + 10 mg, po 96.5 ± 3.9 55 ± 2.8�

XIII STZ + simvastatin 3 mg, icv + 10 mg, po 91.2 ± 3.4 52.5 ± 2.3�

XIV STZ + fluvastatin 3 mg, icv + 10 mg, po 102.3 ± 4.2 76.3 ± 3.2

2��� ���� �� = "� ���������� ��� ���� > �2:� ����;�� /�?@/ 	����;�� �� 7.��A� ����( +���� ��� 297� �+ ����;��� ����������� =  6� + =
  ("BCD ��� ! 297� ����;��� ����������� =  6� + = 4(14 ( � � E #(#B �� �������� �� ���  297 �� �������D � � E #(#B �� �������� �� ��� !� 297
�� �������D � � E #(#B �� �������� �� ��� !� 297 �� *+� ����D � � E #(#B �� �������� �� ��� !� 297 �� �78 ����



Group XIII (icv STZ + simvastatin): icv STZ mice were
administered simvastatin (10 mg/kg, po) for 15 days and
then subjected to MWM test as described for group XII.

Group XIV (icv STZ + fluvastatin): icv STZ mice
were treated with fluvastatin (10 mg/kg, po) for
15 days (starting after the second dose of STZ) and
then subjected to the MWM test as described for
group XII.

Statistical analysis

Results are expressed as the mean ± standard error of
means (SEM). Data obtained from various groups
were statistically analyzed using one-way ANOVA
followed by Tukey’s Multiple Range test; p < 0.05
was considered to be statistically significant.

Results

Body weight was significantly increased over the pe-
riod of 90 days in mice receiving the normal diet or
the HFD when compared with the body weights of
mice on day 1. Furthermore, body weight was signifi-
cantly increased in mice receiving the HFD treatment

for 90 days relative to mice receiving the normal diet
for 90 days.

Effect of HFD or STZ on ELT, and time spent in

target quadrant (TSTQ) using MWM

Mice treated with distilled water, CMC and ACSF
showed a downward trend in their ELT during subse-
quent exposures to MWM. Specifically, the ELT on day
4 was significantly less than the ELT on day 1 in these
mice, reflecting normal learning ability (Tab. 2). Fur-
thermore, these animals showed a significant increase
in the TSTQ when compared with time spent in the
other quadrants during retrieval trial conducted on day
5, which reflects normal retrieval (memory) (Fig. 1).

STZ-treated mice and mice subjected to HFD
showed a significant increase in ELT on day 4 when
compared with the respective control groups, indicat-
ing impairment of acquisition (Tab. 2). Furthermore,
TSTQ on day 5 for these animals was significantly
decreased, reflecting impairment of memory (Fig. 1).

Effect of statins on HFD- and STZ-induced im-

pairment of learning and memory using MWM

Administration of pitavastatin, simvastatin or fluvas-
tatin significantly attenuated the HFD-induced rise in
ELT on day 4 (Tab. 2) and reversed the HFD-induced
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decrease in TSTQ on day 5, indicating reversal of
HFD-induced learning and memory deficits (Fig. 2).
Treatment with pitavastatin or simvastatin also pre-
vented the STZ-induced increase in ELT on day 4
(Tab. 2) and the decrease in TSTQ on day 5 (Fig. 2).
However, fluvastatin failed to alleviate STZ-induced
impairment of acquisition (Tab. 2) as well as memory
(Fig. 2). Further administration of these statins alone
did not produce any significant effect on the day 4
ELT (Tab. 2) or TSTQ (Fig. 1).

Effect of pitavastatin, simvastatin or fluvastatin

on HFD- and STZ-induced changes in brain

AChE activity

HFD treatment for 90 days or STZ treatment pro-
duced a significant increase in brain AChE activity of
mice when compared to their respective controls
(Figs. 3, 4). However, treatment with pitavastatin and
simvastatin significantly inhibited the HFD- and
STZ-induced rise in brain AChE activity (Figs. 3, 4).
In contrast, treatment with fluvastatin produced no
significant effect on HFD- or STZ-induced rise in

brain AChE activity (Figs. 3, 4). Moreover, these in-
terventions alone had no significant effect on brain
AChE activity (Figs. 3, 4).

Effect of pitavastatin, simvastatin or fluvastatin

on HFD- and STZ-induced changes in brain

oxidative stress levels

HFD treatment for 90 days or STZ treatment pro-
duced a significant increase in brain oxidative stress
levels, as determined by increased thiobarbituric acid
reactive species (TBARS) levels (Figs. 5, 6) and de-
creased levels of the reduced form of GSH (Figs. 7, 8)
relative to their respective controls. However, treat-
ment with pitavastatin and simvastatin significantly
inhibited the HFD- and STZ-induced rise in brain oxi-
dative stress (Figs. 5–8). In contrast, administration of
fluvastatin produced no significant effect on the HFD- or
STZ-induced rise in brain oxidative stress levels (Figs.
5–8). Moreover, these interventions alone produced no
effect on brain oxidative stress levels (Figs. 5–8).
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Effect of pitavastatin, simvastatin, or fluvasta-

tin on HFD-induced change in total serum

cholesterol levels

Mice subjected to HFD for 90 days showed a signifi-
cant increase in total serum cholesterol levels com-
pared with control animals (Fig. 9). However, treat-
ment with pitavastatin, simvastatin or fluvastatin at-
tenuated HFD-induced rise in total serum cholesterol
levels (Fig. 9). Moreover, these interventions alone
produced no significant effect on total serum choles-
terol levels (Fig. 9).

In the present study, STZ (3 mg/kg, icv) produced
no mortality.

Discussion

The MWM employed in the present investigation is
one of the most widely accepted models to assess
learning and memory in rodents [29, 35]. In the water
maze, a significant decrease in ELT on day 4 of the
acquisition trials for control animals denoted normal
acquisition of memory, and an increase in TSTQ in
search of the platform during the retrieval trial con-
ducted on day 5 indicated retrieval of memory. These
results are consistent with our earlier finding [36, 38,
47] and reports from other laboratories [34]. We
found no effect of vehicle alone in the present study
on acquisition and retrieval of memory. Therefore, the
effect of pharmacological interventions on acquisition
and retrieval of memory was due to the drugs and not
vehicles. We found a significant increase in body
weight of mice after 90 days of normal diet or HFD

administration. Furthermore, mice subjected to HFD
for 90 days showed a significant increase in body
weight compared with mice fed a normal diet for 90
days. Swimming ability was not altered despite the in-
creased body weight of mice on day 90 because there
was no significant variation in the ELT of mice on day
91 overall (both animals receiving a normal diet or
a HFD) relative to the ELT on day 1 for control mice.
In other words, changes in body weight did not inter-
fere with the swimming ability of animals in any way.

In the present study, chronic (90 days) administra-
tion of HFD not only produced a significant increase
in total serum cholesterol levels but also impaired
learning and memory. In addition, chronic HFD pro-
duced a significant enhancement of brain AChE activ-
ity and brain oxidative stress levels (increase in
TBARS and decrease in GSH). Administration of
a cholesterol-rich (i.e., high fat) diet has been well-
reported to induce memory deficits in rodents [14, 15,
36–38 58]. In spite of the apparent complete separa-
tion of cerebral and extra-cerebral pools of choles-
terol, there is some controversy regarding communi-
cation between plasma cholesterol and the brain cho-
lesterol. Few reports indicate a link between plasma
and brain cholesterol [11]. On the other hand, many
clinical studies have suggested that the net brain cho-
lesterol concentration is regulated by serum choles-
terol level, and cross talk between the CNS and pe-
ripheral cholesterol pools is expected [5, 7, 10, 17,
25]. Therefore, it is plausible that peripheral choles-
terol levels modulate CNS cholesterol levels and vice

versa. Cholesterol turnover appears to play a crucial
role in the deposition and clearance of amyloid pep-
tide in brain [32, 42]. Furthermore, serum cholesterol,
atherosclerosis, apolipoprotein-E (ApoE) and AD all
appear to be interconnected [32, 42]. ApoE is a cho-
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lesterol transporting protein that is associated with
amyloid deposits [19]. Elevated serum cholesterol
levels not only lead to atherosclerosis but also carry
high risk of developing AD [52]. Epidemiological
studies revealed that individuals with high peripheral
cholesterol levels show greater susceptibility to AD,
and the incidence of AD is higher in countries with
high fat and high calorie diets [20]. It has been re-
ported that rats fed with a special diet with higher fat
content showed memory deficits related to AD [41,
54]. Therefore, HFD-induced memory deficits noted
in the present study closely mimic the clinical mani-
festations of AD (i.e., cognitive decline) and highlight
the importance of cholesterol in the pathophysiology
of AD. Administration of pitavastatin, simvastatin or
fluvastatin to HFD mice produced a significant rever-
sal of elevated serum cholesterol levels and memory
impairment. In this study, we used two different types
of HMG-CoA reductase inhibitors (i.e., lipophilic
statins [pitavastatin and simvastatin] and relatively
less lipophilic statin [fluvastatin]). It is noteworthy to
mention that all of these statins, despite of their differ-
ent solubility profiles, have been found to attenuate
HFD-induced elevated serum cholesterol level and
memory impairment because HFD-induced cognitive
deficits can be overcome by cholesterol lowering
drugs [25, 36, 38]. Therefore, the cholesterol lowering
property appears to be a common feature of all of
these statins and is primarily responsible for the ob-
served reversal of HFD-induced memory impairment.

Furthermore, statins have been heavily reported to
exert many actions that are independent of their cho-
lesterol lowering actions, including potential anti-
inflammatory [28], antioxidant [2] and neuroprotec-
tive [27, 53, 57, 58] actions. Hence, the cholesterol-
independent actions of statins cannot be ignored and
likely explain the attenuation of HFD-induced rise in
brain oxidative stress (increased TBARS and reduced
GSH levels) and brain AChE activity by pitavastatin
and simvastatin. Fluvastatin may have shown no sig-
nificant effect on HFD-induced rise in brain oxidative
stress levels and brain AChE activity because of the
relatively poor blood-brain barrier penetration related
to its low lipophilicity (log P –1.27). Furthermore,
statins have recently been reported to modulate brain
AChE activity. Specifically, statins with high lipid
solubility, such as simvastatin, suppressed AChE ac-
tivity, while statins with low lipid solubility failed to
show any significant effect on brain AChE activity
[8]. Therefore, in this study, pitavastatin and simvas-

tatin probably attained sufficient concentration in
brain due to their high lipophilicity, thereby signifi-
cantly reducing brain oxidative stress levels and brain
AChE activity. Furthermore, the effect of simvastatin
appears to be most pronounced of the three drugs,
which may be attributed to its higher lipid solubility
than pitavastatin and fluvastatin. At this point, it may
be suggested that the cholesterol-lowering action of
fluvastatin is solely responsible for its beneficial ef-
fect in HFD memory loss.

In our study, icv STZ significantly impaired learn-
ing and memory in mice. In our previous studies, we
demonstrated that icv STZ at a dose of 3 mg/kg (sub-
diabetogenic dose) in mice produced significant
memory impairment without significant effect on
blood glucose levels and without mortality [47, 48].
Icv STZ-treated animals also exhibited significantly
elevated brain AChE activity and oxidative stress lev-
els. In contrast to few reports in the literature, many
recent studies have reported that icv STZ enhances
brain AChE activity [31, 44, 45]. In our earlier stud-
ies, we also demonstrated an increase in brain AChE
activity after icv STZ [47, 48]. The icv STZ model has
been described as an appropriate animal model for de-
mentia [22, 47, 48]. After icv STZ administration,
a progressive decline in memory functions has been
observed, which is a characteristic feature of dementia
of AD. Although the mechanism of action of STZ on
memory impairment is not yet known, it probably in-
volves induction of oxidative stress [13, 40], which
myelin is particularly vulnerable to [51]. Damage to
myelin by oxidative stress is seen in disorders with
cognitive impairment, such as AD [6]. In the present
study, treatment with pitavastatin or simvastatin sig-
nificantly improved STZ-induced memory deficits
and attenuated the STZ-induced rise in brain AChE
activity and brain oxidative stress levels (increase in
TBARS and decrease in GSH). However, fluvastatin
failed to show any significant effect on STZ-induced
memory loss, STZ-induced increase in brain oxidative
stress levels or brain AChE activity. Based on sup-
porting literature and data, we propose that pitavasta-
tin and simvastatin produced reversal of STZ-induced
memory loss and related changes in brain biochemi-
cals by virtue of their anti-inflammatory [28], antioxi-
dant [2] and neuroprotective [27, 53, 57, 58] actions.

The failure of fluvastatin to evoke any beneficial
effect on STZ-induced dementia may be due to its
poor penetration through the blood-brain barrier be-
cause it is less lipophilic. On the other hand, pitavas-
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tatin and simvastatin, which are highly lipophilic,
might have attained sufficient concentrations in the
brain to produce useful effects. This observation typi-
cally highlights cholesterol-independent actions of
statins and provides evidence of their pleotropic ef-
fects in mediating memory-restorative effects.

It is noteworthy to mention that despite of two en-
tirely different models of experimental dementia em-
ployed in this study, the values of ELT, TBARS, GSH
and AChE were found to be very close. Indeed, this
finding is interesting, and we will explore this finding
further in future studies.

Conclusion

We conclude that both cholesterol-dependent and
cholesterol-independent actions of statins are equally
important for their memory restorative action in ex-
perimental dementia. Nevertheless, further studies are
required to establish cholesterol-dependent and cho-
lesterol-independent actions in mediating the cogni-
tive benefits of statins.
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