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A B S T R A C T

Alzheimer disease (AD) is a progressive neurodegenerative disorder characterized by severe cognitive

impairment, inability to perform activities of daily living and mood changes. Statins, long known to be

beneficial in conditions where dyslipidemia occurs by lowering serum cholesterol levels, also have been

proposed for use in neurodegenerative conditions, including AD. However, it is not clear that the

purported effectiveness of statins in neurodegenerative disorders is directly related to cholesterol-

lowering effects of these agents; rather, the pleiotropic functions of statins likely play critical roles. The

aim of this review is to provide an overview on the new discoveries about the effects of statin therapy on

the oxidative and nitrosative stress levels as well as on the modulation of the heme oxygenase/biliverdin

reductase (HO/BVR) system in the brain. We propose a novel mechanism of action for atorvastatin which,

through the activation of HO/BVR-A system, may contribute to the neuroprotective effects thus

suggesting a potential therapeutic role in AD and potentially accounting for the observation of decreased

AD incidence with persons on statin.

� 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer disease (AD) is the most common form of dementia
among the elderly and is characterized by progressive loss of
memory and cognition [1]. With the increased life expectancy and
subsequent population aging in developed countries, epidemio-
logical data show the incidence of AD increases with age and
* Corresponding author. Tel.: +1 859 257 318; fax: +1 859 259 5876.

E-mail address: dabcns@uky.edu (D.A. Butterfield).
1 Present address: Brain Mind Institute, School of Life Sciences, Swiss Federal

Institute of Technology (EPFL) Station 15, CH-1015 Lausanne, Switzerland.

0006-2952/$ – see front matter � 2013 Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.bcp.2013.10.030
doubles every 5 years after 65 years of age with 1275 new cases/
100,000 persons/year [1]. The Alzheimer Association points out
that the financial, emotional, and family costs for care of AD
patients are enormous and will increase markedly in the near
future in the absence of a therapeutic modality to slow or stop
onset. It was estimated that delaying the onset of AD by 5 years
would decrease its prevalence by 50%. Given these facts, it is clear
that the impact on the financial resources involved in the care of
this pathology will be enormous. Therefore, it is incumbent for
better understanding of the disease biochemistry, particularly the
mechanisms related to the period prior to onset of the symptoms.
From a neuropathological point of view, amyloid-b-peptide (Ab)
leads to senile plaques, which, together with hyperphosphorylated
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E. Barone et al. / Biochemical Pharmacology 88 (2014) 605–616606
tau-based neurofibrillary tangles and synapse loss, are the
principal pathological hallmarks of AD. Ab is associated with
the formation of reactive oxygen (ROS) and nitrogen (RNS) species,
and induces calcium-dependent excitotoxicity, impairment of
cellular respiration, and alteration of synaptic functions associated
with learning and memory [1].

Statins, a class of hypolipidemic drugs, have been proposed as
potential agents for the treatment or prevention of AD [2,3]. Data
from animal models studies suggest possible mechanisms
underlying the beneficial role of atorvastatin in preventing AD,
including the reduction of Ab [4], b-secretase (BACE1) protein
levels [5] and oxidative stress [6]. However, the importance of
statin treatment in AD is still under debate, given that some
randomized clinical trials did not show any significant benefit on
cognition as reviewed by [7,8]. In particular, the concerns
regarding the mechanism of action by which statins mediate
their potentially beneficial effects remain to be fully clarified. Are
these benefits due to the well-known ability of statins to lower
cholesterol or to their so called pleiotropic effects [9–11]? Statins
in fact, can modulate several cellular pathways, independent of
their ability to inhibit HMG-CoA reductase. These processes
include effects on oxidative and nitrosative stress levels and
modulation of the heme oxygenase/biliverdin reductase (HO/BVR)
system which are area of studies ongoing in the Butterfield
laboratory and will be the main subject of discussion in this review.

2. Statins’ pharmacokinetic and pharmacodynamics profile

Statins are a family of drugs with pleiotropic functions. To this
class belong eight drugs: mevastatin and lovastatin, which were
the first developed and studied in humans; pravastatin and
simvastatin, which can be considered as derivatives of the parental
lovastatin; and atorvastatin, fluvastatin, rosuvastatin and pitavas-
tatin, which are distinct synthetic compounds [12]. Due to their
main mechanism of action, namely the inhibition of the hydroxyl-
methyl-glutaryl-CoA (HMG-CoA) reductase, statins are widely
used for the treatment of dyslipidemias [12]. By inhibiting HMG-
CoA reductase, statins block the conversion of HMG-CoA into
mevalonate, the first step in cholesterol biosynthesis [12,13]. As a
result of statin administration, low-density lipoprotein (LDL)-
cholesterol synthesis decreases in hepatocytes, and this reflects a
reduced cholesterol blood level. In addition to this effect, statins
have been shown to reduce triglyceride and increase HDL-
cholesterol plasma levels. Taken together, the composite effect
of statins in reducing triglycerydes and LDL-cholesterol, coupled
with the increase in HDL-cholesterol, put these drugs in the arena
of cardiovascular agents, due to their ability to counteract
hyperlipidemias, the major cause of atherosclerosis which, in
turn, is a common pathogenetic mechanism for coronary artery
disease, ischemic cerebrovascular disease and peripheral vascular
disease [12,13].

Although all statins share the same main mechanism of action,
their pharmacokinetic profile is quite different. All statins are well
absorbed by the intestine when given orally, even though they
undergo marked first-pass effects in the liver, which reduces the
systemic bioavailability (5–30%) [12]. With the exception of
simvastatin and lovastatim, which are pro-drugs and require
hepatic activation, other statins are administered as b-hydroxy-
acids. Upon administration, statins reach peak plasma concentra-
tion, ranging from 10 to 448 ng/ml, within 0.5–4 h. In the plasma,
statins are bound to albumin (43–99%) and this binding accounts
for their variable half-life [12]. Atorvastatin and rosuvastatin are
the statins with the longest half-life (15–30 and 20.8 h, respec-
tively), whereas fluvastatin, lovastatin, pravastatin and simvastat-
in have half-lives around 0.5–3 h [12]. Statins generally are
metabolized by the liver through the isoforms 3A4 (atorvastatin,
lovastatin and simvastatin) and 2C9 (fluvastatin and rosuvastatin)
of the cytochrome-P-450 (CYP) system, whereas pravastatin
undergoes sulfation. The primary route of elimination is fecal,
and only a minor fraction of statins is eliminated via urine [12,13].

The main adverse effects of statins are hepatotoxicity and
myopathy. A transient elevation of serum transaminases (up to 3-
times the baseline value) is a common outcome of statin therapy
[13]. However, the incidence of this side effect is low and dose-
dependent and does not imply the contraindication of statins in
individuals with concomitant liver diseases such as hepatitis C
[13]. Myalgia is often associated with statin use and is paralleled by
significant elevation in plasma creatine kinase [13]. Rhabdomyo-
lisis is quite rare, and the risk to develop this side effect of statins is
correlated to the dose and plasma concentration [13]. About 30
cases of serious hepatic failure and 42 cases of death due to
rhabdomyolisis associated with statin administration were
reported to the FDA over the last 15 years [13,14]. In order to
reduce the incidence of hepatotoxicity and myopathy, statins
should not be taken with inhibitors of CYP3A4 such as azole
antifungals, erythromycin, ritonavir and grapefruit juice. Also the
association statins and fibrates should be avoided, in particular
gemfibrozil [13].

3. Therapeutic use of statins in the treatment of Alzheimer
dementia: insights from epidemiological studies and
randomized clinical trials

The association between Alzheimer disease and cholesterol
levels has grown in the last decade due to population-based
studies supporting the observation that hypercholesterolemia in
midlife correlates with an increase in the risk to suffer AD in later
life [15]. Moreover, polymorphisms in apolipoprotein E (apoE) and
other proteins involved in cholesterol metabolism are considered
as risk factors for AD. Thus, the treatment of AD with statins, to
inhibit cholesterol synthesis and accumulation in the brain, was
proposed by several authors as an effective emerging therapy to
stop or delay the neurodegenerative process [16]. Over time a
number of studies were performed to test the efficacy of statin
treatment on cognitive decline, but many discrepancies exist
among results obtained from preclinical studies, epidemiological
studies and randomized clinical trials and so far statin neuropro-
tective activity is still under debate [17–21] (see Tables 1 and 2).
Several experimental factors, such as the type of statin selected, the
study group employed, the stage of the disease and the duration of
treatment could in part explain the divergence among different
studies [7,2] and should be taken in account to evaluate statins
effectiveness on AD onset and progression.

Epidemiological evidence on the beneficial effect of statins
(atorvastatin, cerivastatin, fluvastatin, pravastatin and simvastatin
analyzed together) in lowering the risk of developing dementia
were found since 2000 by Jick and colleagues [3] (Table 1). In the
same year Wolozin et al. [22] showed that lovastatin and
pravastatin, but not simvastatin was associated with reduced
AD prevalence when compared with the general population or
patients taking other medications for hypertension or heart
disease. In 2002 Hajjar et al. [23] reported a clinical-based study
of 655 patients, and found a lower risk of AD in people who took
statins. In another study Rockwood et al. demonstrated that statin
use among subjects with incident dementia opposed to cognitively
healthy subjects was associated with a lower risk of AD [24]. In a
2007 study by Li et al. [25] a neuropathological assessment on
statin users (simvastatin, lovastatin, pravastatin and atorvastatin
analyzed together) compared to non-users concluded that subjects
had lower Braak stages, but not lowers CERAD scores. Sparks et al.
[26,27] performed in 2008 the Alzheimer’s Disease Anti-inflam-
matory Prevention Trial (ADAPT) study, an observational study on



Table 1
Epidemiological studies on AD subjects using statins.

Reference Statins Cohort size Follow up Results

Jick et al. (2000) [3] Atorvastatin, cerivastatin, fluvastatin, pravastatin and

simvastatin analyzed together

1364 subjects 6 years Lower risk of developing dementia

Wolozin et al. (2000) [22] Lovastatin, pravastatin analyzed together and

lovastatin, pravastatin and simvastatin analyzed

separately

60,349 subjectsN/A Protective effect of lovastatin and

pravastatin on AD prevalence

Hajjar et al. (2002) [23] Not specified 655 subjects 1 year Lower risk of developing AD

Rodriguez et al. (2002) [30] Not specified 845 2 years No effects on elderly people

Rockwood et al. (2002) [24] Not specified 2305 subjects 1 year Lower risk of developing dementia

Zandi et al. (2005) [31] Lovastatin, simvastatin, cerivastatin, atorvastatin,

pravastatin and fluvastatin analyzed together

4895 subjects 3 years No correlation with the risk of

developing any dementia or AD

Rea et al. (2005) [32] Lovastatin, simvastatin, cerivastatin, atorvastatin,

pravastatin and fluvastatin analyzed together

2798 subjects ffi5 years No correlation with the risk of

developing any dementia or AD

Li et al. (2007) [25] Simvastatin, lovastatin, pravastatin and atorvastatin

analyzed together

110 subjects ffi12 years Lower Braak stages

Sparks et al. (2008)

ADAPT study [26,27]

Not specified 2068 subjects 3 years Reduced risk of incident AD

Cramer et al. (2008)

SALSA study [28]

Atorvastatin, cerivastatin, fluvastatin, lovastatin,

pravastatin, rosuvastatin and simvastatin analyzed

together

1021 subjects 5 years Reduction in the incidence of

combined dementia and cognitive

impairment without dementia

Arvanitakis et al. (2008) [33]Simvastatin, lovastatin, atorvastatin, pravastatin and

fluvastatin analyzed together

929 subjects ffi12 years Decreased amyloid pathological

changes, no effects on AD risk or

cognitive ability

Haag et al. (2009)

Rotterdam study [29]

Atorvastatin, cerivastatin, fluvastatin, pravastatin,

rosuvastatin and simvastatin analyzed together and

simvastatin and pravastatin analyzed separately

6992 subjects 9.2 years Reduced risk of late-onset AD

Table 2
Clinical trials on AD subjects using statins.

Reference Phase Statins Cohort size Follow-up Results

Shepherd et al. (2002)

PROSPER study [40,41]

III Pravastatin 40 mg/day 5804 subjects 3.2 years No evident benefit in cognition

MRC/BHF study (2002) [42] III Simvastatin 40 mg/day 20,536 subjects 5 years No differences in cognition

Sparks et al. (2003)

ADCLT study [34]

II Atorvastatin 80 mg/day 67 subjects 1 year Positive effect on the ADAS-cog

performance was observed in

mild-to-moderate AD subjects

Rieske et al. (2006) [37,38] II Simvastatin 40 mg/day,

pravastatin 80 mg/day

23 subjects 14 weeks Protective effect on AD development

Carlsson et al. (2008) [39] II Simvastatin 40 mg/day 57 subjects 4 months Improved cognitive function

in middle-aged adults

Feldman et al. (2010)

LEADe study [43,44]

II Atorvastatin 80 mg/day 641 18 months No benefits on AD treatment

Sano et al. (2011)

CLASP-AD study [46]

II Simvastatin 20 mg/day

for 6 weeks and then 40 mg/day

406 18 months No benefits on AD treatment
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elderly individuals at-risk-for-AD that were subjected to statin use,
demonstrating a significantly reduced risk of incident AD. In the
same year Cramer et al. [28] reported the results from the
Sacramento Area Latino Study on Aging (SALSA), a prospective
cohort observational study indicating that statins (atorvastatin,
cerivastatin, fluvastatin, lovastatin, pravastatin, rosuvastatin and
simvastatin analyzed together) were associated with a significant
reduction in the incidence of combined dementia and cognitive
impairment without dementia (CIND). All the above findings were
strongly corroborated by the results of the Rotterdam Study [29], a
prospective study involving a cohort of almost 7000 subjects for an
average a period of 9.2 years. Haag et al. [29] found that statins
(atorvastatin, cerivastatin, fluvastatin, pravastatin, rosuvastatin
and simvastatin analyzed together and simvastatin and pravastat-
in analyzed separately) correlates with almost 50% of reduced risk
of late-onset Alzheimer disease, independently of apoE genotype,
and their lipophilic properties. However, not all observational
studies concluded that statins were associated with beneficial
effects in the setting of AD (Table 1). In 2002 Rodriguez et al. [30]
reported that statins alone did not associate with significant
benefit on elderly people from the cross-sectional component of
the Pennsylvania-based Monongahela Valley Independent Elders
Survey, and in 2005 Zandi et al. [31] showed, on a well-known
American cohort study of dementia conducted in Cache County,
Utah, that statin (lovastatin, simvastatin, cerivastatin, atorvastatin,
pravastatin and fluvastatin analyzed together) therapy did not
correlate with the risk of developing any dementia or AD, although
people taking statins appeared less likely to develop amyloid
plaques. In 2005, another study by Rea et al. [32] demonstrated
that statin (lovastatin, simvastatin, cerivastatin, atorvastatin,
pravastatin and fluvastatin analyzed together) treatment of
patients 65 years or older did not vary their risk of developing
AD or other forms of dementia, and this result was not dependent
on the type of drugs analyzed. Finally, in 2008 Arvanitakis et al.
[33] reported that, although statin (simvastatin, lovastatin,
atorvastatin, pravastatin and fluvastatin analyzed together) users
were less likely to be demented at the time of death and presented
decreased amyloid pathological changes, statin use did not
associate with AD risk or cognitive ability.

Observational studies generated initial enthusiasm for statins
as preventive agents for AD and dementia development and
several randomized clinical trials were planned in order to support
their neuroprotective activity (Table 2). Favorable results were
obtained by Sparks et al. [34] who performed the Alzheimer’s
Disease Cholesterol-Lowering Treatment (ADCLT) study, a ran-
domized double-blind phase II trial in which subjects were
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administered 80 mg/day of atorvastatin or placebo for 1 year,
without dose escalation. A significant positive effect on the ADAS-
cog performance was observed in mild-to-moderate AD subjects
with high serum cholesterol at baseline, or apolipoprotein E4 allele
[35,36]. Riekse et al. [37,38] obtained similar outcomes using
simvastatin (40 mg/day) or pravastatin (80 mg/day) in hyper-
cholesterolemic subjects without dementia, and the authors
suggested that statins may play a preventive role in the risk of
disease development. This hypothesis was further supported by
the findings of Carlsson et al. [39] who reported that simvastatin
(40 mg/day) improved cognitive function in middle-aged adults
whose parents suffered from AD.

In contrast with the above-mentioned results, two double-
blind, randomized, placebo-controlled phase III trials on statins,
PROSPER and the MRC/BHF Heart Protection Study have not
confirmed a clinically demonstrable cognitive benefit of statins in
the treatment of AD. The Prospective Study of Pravastatin in the
Elderly at Risk (PROSPER) [40,41] included 5804 patients ranging in
age from 70 to 82 years with mean follow-up of 3.2 years. PROSPER
patients received pravastatin or placebo, and despite a 34%
reduction in the LDL cholesterol concentration there was no evident
benefit in cognition. The Medical Research Council/British Heart
Foundation Heart Protection Study had the primary goal in
evaluating simvastatin ability to prevent heart disease among older
20,536 adults. Participants were followed for up to 5 years and the
prevention of cognitive impairment was measured as a secondary
outcome [42]. No differences in cognition were observed between
the simvastatin-treated and placebo-control groups.

The results from ‘‘Lipitor’s Effect in AD’’ (LEADe) trial did not
demonstrate significant benefits with atorvastatin in mild to
moderate Alzheimer’s disease [43,44]. Treatment in LEADe
consisted of 80 mg/day atorvastatin compared to placebo for 72
weeks in patients (mean age 74 years) with mild-to-moderate AD
receiving background therapy of donepezil 10 mg daily. Recently,
the Cholesterol-lowering Agent to Slow the Progression of AD trial
(CLASP-AD), a multicenter, randomized, double-blind, placebo-
controlled phase II trial, with the aim to investigate effects of an
18-month simvastatin treatment (20 mg/day for 6 weeks, then
40 mg/day for the remainder of the study period) vs. placebo was
completed [44,45]. Sano et al. [46] found that simvastatin had no
positive effect on the results of mild-to-moderate AD patients.
Interestingly, a recent work by Padala et al. reported that AD
patients under statin regimen experienced an improvement in
cognition with discontinuation of statins and worsening with re-
challenge [47].

High levels of serum cholesterol are thought to contribute to the
pathology of Alzheimer’s disease but overall, the neuroprotective
value of cholesterol synthesis inhibitors still remains unclear. So
far, data obtained from observational studies appear insufficient
due to their heterogeneity and the presence of many confounding
variables, to define the potential role of statin to improve cognitive
decline and to recommend statins for the treatment of Alzheimer’s
disease or dementia [43]. In addition, phase III randomized clinical
trials showed no enhanced benefits in the use of statins on AD
patients in contrast with the outcomes described in phase II
studies. Therefore, further clinical trials with large cohort, long
duration and distinctive stages of disease need to be performed in
order to delineate the ambiguous protective properties of different
classes of statins associated with cognition in patients at risk of AD-
like dementia.

4. Statin-dependent effects on oxidative and nitrosative stress
levels in Alzheimer disease

An intriguing aspect related to the pleiotropic effects induced
by statins treatment regards the modulation of oxidative
stress-related modifications that occur in neurodegenerative
disorders, including AD [48]. From a general point of view, statins
possess a janus face since both in vitro and in vivo statins were able
to modulate several cellular pathways having neuroprotective or
neurotoxic effects independent on their ability to lower cholester-
ol, but, rather, dependent on the kind of statin used [7]. The
neuroprotective effects include: (i) the inhibition of endothelial
O2�

� formation by preventing the isoprenylation of p21 Rac, which
is critical for the assembly of NADPH oxidase after activation of PKC
[49]; (ii) the increase of SOD3 activity as well as the number of
functionally active endothelial progenitor cells [50]; (iii) the
increase of the expression of endothelial nitric oxide synthase
(eNOS) by inhibition of Rho isoprenylation [51]; (iv) the activation
of eNOS via post-translational mechanisms involving activation of
the PI3K/Akt pathway [52]. Coversely, the neurotoxic effects
include: (i) increased cell death [53]; (ii) decreased CoQ10 levels
[54,55]; (iii) inhibition of Ras-induced ERK1/2 phosphorylation
[56]; (iv) decrease neurite outgrowth [57]; (v) reduction of myelin
basic protein expression [58].

With regard to AD, over the past two decade, the predominant
view regarding the cause of the pathology is embodied in the
amyloid cascade hypothesis, which predicts that amyloid pathol-
ogy is upstream from tau pathology and neuronal loss, and hence,
enormous effort was undertaken to research and develop disease-
modifying strategies targeting synthesis, aggregation, and clear-
ance of Ab [1,59]. Ab peptides, together with altered mitochon-
drial function, and the presence of trace metal ions such as iron and
copper, have been identified as potential sources of oxidative stress
[60–62]. Consistent with the Ab-induced oxidative stress hypoth-
esis, oxidative stress is the result of Ab insertion as oligomers into
the bilayer causing ROS production and initiating lipid peroxida-
tion and protein oxidation in AD pathology [60,63–65]. Statins
showed positive effects against AD-relevant Ab-induced oxidative
stress in mice models of AD [66,67] as well as a reduction in CSF tau
protein phosphorylation in humans [37]. However, although
statins’ treatment appears to provide greater benefits, it is difficult
to tease out whether the benefits are really due to lower
cholesterol levels or to statin pleiotropy [11].

In 2008, Kurinami et al. reported that pre-treatment with
fluvastatin (5 mg/kg/day), but not with simvastatin (5 mg/kg/day),
significantly prevented memory impairment induced by Ab in
mice. The beneficial effects of fluvastatin might be explained by the
prevention of cholinergic neuronal loss through a significant
decrease in Ab accumulation and oxidative stress. However, in this
study, Ab was exogenously injected and therefore, the decrease in
Ab accumulation by fluvastatin was not through the direct
inhibition of Ab production and/or secretion, but possibly through
a novel action of statins on Ab metabolism [66].

In 2009, Tong et al. by using 10 month-old mutant amyloid
precursor protein transgenic mice (APP mice), showed that
simvastatin (20 mg/kg/day, 8 weeks) improved reactivity of
cerebral arteries, rescued the blood flow response to neuronal
activation, attenuated oxidative stress and inflammation, and
reduced cortical soluble Ab levels and the number of Ab plaque-
related dystrophic neurites. However, at such an advanced stage of
the pathology, it failed to reduce Ab plaque load and normalize
cholinergic and memory deficits. These findings demonstrated that
low-dose simvastatin treatment in aged APP mice largely salvages
cerebrovascular function and has benefits on several AD land-
marks, which conceivably could contribute to some of the positive
effects of statins reported in AD patients [67].

Subsequently, in 2011, Kurata et al. reported on the beneficial
effects of atorvastatin (30 mg/kg/day, p.o.) and pitavastatin (3 mg/
kg/day, p.o.) in APP transgenic mice treated from 5 months to 20
months of age. These researchers showed improved behavioral
memory and reduced the numbers of senile plaques and
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phosphorylated tau-positive dystrophic neurites at 15 and 20
months of age [4]. These protective effects of statins took 10
months from the beginning of treatment to demonstrate an
improvement, and sensitivity to the statin treatment was linked to
behavioral memory, senile plaques and phosphorylated tau-
positive dystrophic neurites in this order [4]. These findings
suggest that early treatment with both atorvastatin and pitavas-
tatin prevented subsequent worsening of cognitive function and
the amyloidogenic process, probably due to pleiotropic effects,
consistent with a therapeutic potential for AD [4]. In the same year,
Piermartiri et al. showed that atorvastatin (10 mg/kg/day, 7 days)
treatment was neuroprotective against cell degeneration induced
by Ab(1–40), reducing inflammatory and oxidative responses and
increasing the expression of glutamatergic transporters [68].

The different effects obtained in the above-cited studies arise
from a number of aspects including (i) the experimental model
used; (ii) the kind of statin used whose effects in turn are
dependent on both their pharmacokinetics and pharmacodynam-
ics properties; (iii) the scheme of treatment employed; and (iv) the
duration of the observations. In particular, the lipophilic or
hydrophilic nature of statins represents an important aspect.
Nevertheless, because cholesterol and cholesterol synthesis
intermediates and derivatives are important in the brain and
because it is difficult to determine the beneficial statin dose,
currently hydrophilic statins use could be more secure for
investigational purposes. In fact, more lipophilic statins when
prescribed as a treatment for hypercholesterolemia, had a higher
incidence of neurological side effects than others [69]. For this
reason it becomes clear that several variables have to be taken into
consideration when a statin treatment is planned. In addition,
rodent models have a significant limitation because long-term
treatment with statins leads to an up-regulation of HMG-CoA
reductase, thereby preventing any stable, long-term reduction in
cholesterol levels [70]. This fact leads to difficulties in conducting
long term studies in rodents with extensive behavioral testing but
additionally leads to doses of statins that are physiologically
excessive relative to human clinical trials. Thus, translating
outcomes from rodent studies to humans is limited.

Based on this limitation in rodents, an animal model that (i)
could better mimic the development of AD pathology observed in
humans, and (ii) could represent a good model to evaluate the
long-term effects of statins is required. Aged beagles, represent a
good pre-clinical model to study AD because they deposit
endogenous levels of Ab of identical sequence to human Ab
[71] as they age and thus are a natural higher mammalian model of
aging. The canine b-amyloid precursor protein (APP) is virtually
identical to human APP (�98% homology). Most of the deposits in
the canine brain are of the diffuse subtype, but are fibrillar at the
ultrastructural level which models early plaque formation in
humans [72–74]. Moreover, in terms of the pattern and severity of
cognitive decline, the aged canine parallels mild cognitive
impairment in humans [75]. Aged beagles can be used to conduct
long-term studies using statins and extensive behavioral testing, as
HMG-CoA reductase is not up-regulated over time in these
animals.

Murphy et al. in 2010 showed that long-term atorvastatin
(80 mg/day for 14.5 months) did not have any effect on Ab levels,
despite a significant reduction in b-secretase 1 (BACE1) protein
levels and activity in the brain of aged beagles [5]. The lack of
change in Ab levels in canines treated for over one year, in spite of
substantial changes in circulating cholesterol and lipid profiles,
strongly suggested that changes in preexisting Ab pathology may
not be the mechanism related to some reports of clinical benefits of
statin treatment. It is possible that reductions in the activity of
BACE1, may lead to reduced risk in dementia through other
mechanisms [5].
In support of this idea is the overwhelming rate of drugs failing
clinical trials over the past decade indicating that single target
therapies in patients with AD, even in those with milder stages of
the disease, may be insufficient because of the numerous pathways
and resultant damage triggered by accumulation of Ab [69]. As
patients who already have dementia also have extensive neuronal
loss, in addition to the presence of plaques and tangles, it is
unlikely that removing the existing pathologies will be beneficial
without a simultaneous strategy to also help the brain recover
from the extensive neuronal damage. Our view is that researchers
must focus attention on understanding how the brain responds to
extensive neuronal loss and find ways to promote functional
recovery. The increased levels of oxidative and nitrosative stress
and the resultant neurotoxic effects observed in the brain of AD
subjects [76–78] may represent good targets to evaluate in this
sense.

The Butterfield laboratory was the first to use aged beagles in
order to evaluate oxidative and nitrosative stress levels in the brain
following long-term administration of a statin. In 2010, Barone
et al. found that although no change in Ab levels occur [5], long-
term atorvastatin (80 mg/day for 14.5 months) significantly
reduced lipoperoxidation, protein oxidation and nitration, and
increased GSH levels in parietal cortex of aged beagles [6]. This
effect was cholesterol- and Ab-independent and specific for brain
[6] suggesting that an additional benefit of atorvastatin is possibly
based on its induced antioxidant properties. Furthermore, the
significant correlations found among decreased levels of oxidative
stress markers and decreased size discrimination error score –
reflecting improved cognition – observed in aged dogs after
atorvastatin treatment, suggested that the effect on cognition
could be due to the reduced oxidative stress instead of the ability of
atorvastatin to reduce cholesterol levels.

Another main point with regard to the effects produced by
statins on oxidative and nitrosative stress levels is that cholesterol
itself can be oxidized with likely loss of its functions, despite its
lower levels. Cholesterol can undergo oxidative modifications at
least by two mechanisms: a direct radical attack involving ROS or
RNS (non-enzymatic mechanism), or by the activity of a specific
enzymes (enzymatic mechanism) [79]. Cholesterol oxidation leads
to the formation of oxysterols. These latter moieties are major
regulators of cholesterol homeostasis in the central nervous
system [79]. Among oxysterols, 7-ketocholesterol (7-K) and 25-
hydroxycholesterol (25-OH) have been shown to cause apoptotic
neuronal death by inducing mitochondrial dysfunction [80], Ca2+

influx and perturbation of intracellular ionic homeostasis [81,82].
Although some evidence suggests the importance of cholesterol
oxidation products both as in vivo markers of oxidative stress
[25,83,84], as well as for their pro-oxidant features [80–82,85], few
studies exist regarding the effect of statins on cholesterol oxidation
products in vivo [25,86,87]. In 2010, our laboratory showed for the
first time that atorvastatin can have two independent effects on
cholesterol and cholesterol oxidation products, since a reduction of
cholesterol was not associated with a reduction of 7-K or 25-OH
and vice versa. In fact, the levels of both 7-K and 25-OH were
reduced in brain (where no change in cholesterol levels were
observed), while 7-K levels were significantly increased in serum
(where a significant reduction of cholesterol levels was observed)
in dogs receiving atorvastatin [6]. In our opinion, these results
support the idea that atorvastatin possesses pleiotropic functions
that are responsible of the effects observed in the brain. While for
the brain a conceivable conclusion could be that, despite no
changes in cholesterol levels, the decrease of 7-K and 25-OH could
be due to the atorvastatin-dependent or -mediated antioxidant
effects as described below in this review, whereas for the serum
other possibilities have to be explored. Indeed, it seems that
despite a reduction of cholesterol levels in serum [5], an increase of
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its oxidative metabolism occurs. It would not be surprising to find
out that 7-K, due to its pro-oxidant features, is responsible, at least
in part, for the lack of atorvastatin-mediated antioxidant effects
observed in serum [5]. These concerns suggests that an in depth
analysis of the effects mediated by statin therapy should be
performed in order to avoid possible risks related to the production
of cholesterol-dependent toxic species, such as 7-K, despite
cholesterol reduction.

Last, but not least, side effects of long-term statin treatment
include a decrease in CoQ10 levels resulting in impairment of
energy metabolism in heart, skeletal muscle, and liver [88]. CoQ10
is a mitochondrial electron transporter vital for ATP production
and a powerful mitochondrial and cellular antioxidant found in all
cells [89]. CoQ10 is a potent gene regulator, involved in the
expression of hundreds of genes, including those involved in
optimal mitochondrial function and inflammatory processes [90].
HMG-CoA reductase is a key enzyme in CoQ10 biosynthesis.
Inhibition of HMG-CoA reductase by statins is associated with
lower circulating levels of CoQ10 in rodents [91], canines [92] and
humans [93]. CoQ10 deficiency results in decreased mitochondrial
activity and mitochondrial degradation and increased ROS and
inflammation [94]. CoQ10 levels tend to naturally decline with age
and may play a role in both AD-related mitochondrial dysfunction
and inflammation [95]. Further, aged canines show impaired
mitochondrial function and may be particularly vulnerable to
reduced CoQ10 [96].

Our group demonstrated that atorvastatin (80 mg/day for 14.5
months) treatment reduced CoQ10 in the parietal cortex of aged
beagles even if not in a significant manner [97]. Conversely, as
expected, CoQ10 was significantly reduced in serum of statin-
treated dogs compared with controls [97]. Interestingly, we found
that reversal learning error scores were inversely correlated with
parietal cortex CoQ10, but not serum CoQ10. Thus, lower levels of
CoQ10 in the parietal cortex, but not serum, are associated with
deficits in reversal learning ability (impaired cognition) [97].

These results suggest that statins can exert antioxidant/pro-
oxidant effects depending on the site of action and on the
mechanisms modulated. Due to duration of statin treatment, it
would be interesting to carry out in vivo studies to analyze in the
brain changes that occur to cholesterol oxidation products and
CoQ10. Can these changes to be correlated? Do statins decrease
CoQ10 in the brain? Is reduction/increase of CoQ10 associated with
different levels of oxysterols? Supplementation of the diet with
CoQ10 was reported to reverse many of these alterations [98].
Hence, CoQ10 supplementation may respresent a potential
therapeutic strategy to improve statin therapeutic approaches in
AD.

Based on this evidence, we opine that the rationale for statin
therapy in AD should be expanded beyond simple cholesterol
lowering to include the wide range of mechanisms in which statins
can exert an influence. Since human brain analysis is only possible
post-mortem, in the absence of a surrogate peripheral marker for
brain changes secondary to statin therapy, this suggestion above
remains a difficult proposition. Such a surrogate marker would
permit temporal monitoring of effectiveness of statin therapy in
humans.

5. Statin-dependent effects on the heme oxygenase/biliverdin
reductase system in CNS and their relevance for Alzheimer
disease

The up-regulation of the heme oxygenase-1/biliverdin reduc-
tase-A (HO-1/BVR-A) system is one of the earliest events in the
adaptive response to stress [99–101]. Heme oxygenase exists in
two main isoforms named HO-1 and HO-2. Heme oxygenase-1 is
the inducible isoform and is up-regulated in response to oxidative
and nitrosative stress or some pharmacological treatments.
Conversely, HO-2 is the constitutive isoform and is involved in
the physiologic turnover of heme. Both isoforms catalyze the same
reaction [99,100]. Similar to HO, two isoforms of BVR were
described and named BVR-A and BVR-B [102–104]. Both these
enzymes generate bilirubin (BR), but only BVR-A reduces BV-a into
the powerful antioxidant and antinitrosative molecule BR-IX-
alpha [105,106], whereas BVR-B (the fetal isoform) refers the other
BV isoforms, such as BV-b, BV-g and BV-d [102–104].

The HO-1/BVR-A system reduces the intracellular levels of pro-
oxidant heme and generates equimolar amounts of the free radical
scavengers biliverdin-IX alpha (BV)/bilirubin-IX alpha (BR) as well
as the pleiotropic gaseous neuromodulator carbon monoxide (CO)
and iron [Fe(II)] [100,105,107–109] (Fig. 1). Specifically, the up-
regulation of the HO-1/BVR-A system was proposed as a useful
mechanism to counteract AD-induced oxidative/nitrosative dam-
age [64,101,110–114]. However, BVR-A not only reduces BV into
BR, but it is also a serine/threonine/tyrosine kinase that belongs to
the insulin receptor substrate family [102,103]. Interestingly, BVR-
A stimulates its own reductase activity through the autopho-
sphorylation of specific serine/threonine residues [115]. In
addition, phosphorylated BVR-A interacts with members of the
mitogen activated protein kinase family, in particular, the
extracellular signal-regulated kinases 1/2 (ERK1/2), and regulates
the expression of oxidative-stress-responsive genes such as HO-1
or inducible nitric oxide synthase (iNOS) [102,116–119].

There is a notable degree of sequence similarity between the
primary structure of BVR-A and the kinase domain of the insulin
receptor and insulin receptor substrates (IRS) [115], and the
organization of the protein is similar to that of protein kinase C
(PKC) isozymes [120]. The N terminus contains the catalytic
domain, whereas the bulk of consensus signaling motifs are
crowded in the C terminus. The secondary structure of BVR-A is a
prominent factor in its signaling activity. The C-terminal half of
BVR-A consists of a large six-stranded b-sheet, which is likely to be
the platform for protein–protein interactions [121]. Tyrosine
residues in the two consensus Src homology (SH2)-binding motifs
(Tyr198 in YMKM and Tyr228 in YLSF) are targets of insulin
receptor kinase (IRK), whereas those in the catalytic domain are
autophosphorylated [115]. The basic-leucine-zipper (bZip) motif is
a DNA interactive structure found in all stress-activated transcrip-
tion factors including c-Jun, c-Fos, activating transcription factor 2
(ATF2; also known as cAMP-response element binding protein
[CREB]), and myelocytomatosis viral oncogene (cMyc). BVR-A in
dimeric form binds to DNA [122]. The consensus sequences of the
nuclear-localization signal (NLS) and nuclear-export signal (NES)
are essential for BVR-A-facilitated nuclear transport of activated
signaling components such as extracellular signal-regulated kinase
(ERK1/2) [116] and for cytoplasm-nuclear transport of heme, the
transcriptional regulator of gene expression, including that of HO-
1 [116,117]. The b-sheet features two consensus MAPK binding
sites, the C- and D(d)-box, which are conserved sequences that
provide, respectively, high- and low-affinity binding sites for
kinases in the MAPK pathway [123] and are key elements in BVR-A
regulation of MEK (MAPK–ERK kinase)–ERK1/2–Elk (eukaryotic-
like protein kinase) signaling [116]. The dual specific kinase
activity of BVR-A is characterized by the ability of this protein to
recognize both the hydroxyl groups of Ser/Thr, and Tyr [124]. The
substrates known, so far, to be phosphorylated by BVR-A include (i)
IRS-1 and (ii) the members of conventional and atypical groups of
PKC isozymes: PKC-bII and PKC-z and PKC-d, respectively
[102,125]. Critically for signaling activity, BVR-A also interacts
with several protein kinase such as ERK1/2, MEK, Elk1; this
interaction aids in the activation of these kinases, as well as playing
a role in their translocation to the site of activity. The experiments
used to characterize these sequences relied on site-directed



Fig. 1. Schematic representation of atorvastatin-induced HO/BVR-A system-dependent neuroprotective effects in the brain. Alzheimer disease (AD) is characterized by an

increase of beta amyloid production (Ab) following beta (BACE1) and gamma secretase (g-secretase)-dependent cleavage of amyloid precursor protein (APP). Accumulation

of Ab oligomers is responsible for the observed increased oxidative stress levels in the brain. In order to counteract increased oxidative stress levels, cells promote the up-

regulation of the heme oxygenase-1/biliverdin reductase-A (HO-1/BVR-A) system that is one of the earliest events in the adaptive response to stress. The HO-1/BVR-A system

reduces the intracellular levels of pro-oxidant heme and generates equimolar amounts of the free radical scavengers biliverdin/bilirubin as well as the pleiotropic gaseous

neuromodulator carbon monoxide (CO) and ferrous iron [Fe(II)]. Atorvastatin administration was able to increases (i) HO-1 protein levels and (ii) both BVR-A protein levels

and activity (increased bilirubin (BR) production). Either BVR-A and BR possesses antioxidant features responsible of the reduction of oxidative stress, as demonstrated by the

negative correlations found between oxidative stress biomarkers levels and (i) BVR-A protein levels or (ii) BVR activity in the brain [143]. Furthermore the up-regulation of the

HO-1/BVR-A system is associated with an improvement of cognitive functions (learning) following atorvastatin treatment [143]. Finally, BVR-A protein levels and activity

were significantly associated with decreased BACE1 protein levels suggesting a role for BVR-A in Ab production [143]. All these effects contribute to the neuroprotective role

of the HO-1/BVR-A system in the brain. Arrows, stimulation; dotted lines, inhibition.
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mutagenesis and siRNA studies to disrupt each function
[116,117,122,126–128]. More recent studies have focused on
the use of peptides based on the BVR-A sequence as a means of
disrupting protein/protein interactions, and/or modulating the
enzyme activities of BVR-A or its binding partners (reviewed in
[125]).

Recent studies raised the questions about the activation of the
HO-1/BVR-A system in neurodegenerative disorders, opening a
debate on its real pathophysiological and clinical significance
[101]. Given that up-regulation of HO-1 is widely accepted as a
sensitive and fairly ubiquitous marker of oxidative stress, two
main schools of thought exist with regard to the role of HO-1/BVR-
A system in AD. One of these, accounts for a detrimental activity of
HO-1 suggesting that iron deposition and attendant neuronal
dysfunction in AD may represent downstream effects of sustained
HO-1 over-activity within the astrocyte compartment [129–132];
whereas the other, coming from our group, proposed the up-
regulation of HO-1/BVR-A system as a neuroprotective mechanism
aimed to counteract the rise of oxidative stress observed during the
onset and the progression of AD [60,64,107,113,133]. However,
despite what appears at a first glance to be two completely
different hypotheses, since they propose two opposite effects, an
in-depth analysis based on our novel findings [134–137] suggest
that they complement each other based on the pathophysiological
conditions relevant to AD [101]. In particular, our group reported
alterations in both HO-1 and BVR related to increased oxidative/
nitrosative post-translational modifications in the brain of AD and
MCI subjects [134–137]. Thus, we suggest that the neuroprotective
effects mediated by the HO/BVR-A system can be obtained only if
the fine balance between the activity of HO-1 or HO-2 and that of
BVR-A are maintained [101]. Also the fetal isoform BVR-B [104]
was recently proposed as a serum biomarker in AD individuals
[138], but the presence and pathophysiological role of this isoform
in brain tissue needs further elucidation. In order to complete this
intricate puzzle, the role of BVR-B has to be also carefully
considered. Whether the presence of BVR-B will be confirmed in
AD brain, the differential contribution of both BVR isoforms to the
cell stress response should be further explored. Indeed, it is not
possible to single out the differential contribution of BVR-A and
BVR-B to the generation of BR and the improvement of the cell
adaptive response. Although it is possible to specifically measure
BVR-A activity by using the alpha isomer of BV, it is not possible to
specifically measure BVR-B activity because BV-b, BV-d and BV-g
are also substrates for BVR-A [139].

As explained throughout this review, the HO/BVR-A axis is a
major signal transduction pathway involved in the regulation of
important cell functions. The multiple effects produced by CO and
BR in several experimental systems have prompted some authors
to propose the HO/BVR-A system as a potential target for new
drugs. In support of this proposal, these investigators have cited
evidence that many drugs with seemingly well-established
mechanisms of action also interact with the HO/BVR-A system
and that this interaction may potentiate the drug’s therapeutic
effects [140]. These drugs include opioids, anti-inflammatory,
antineoplastic, cardiovascular, and immunosuppressive drugs as
well as drugs actin on the central nervous system (reviewed in
[100]). However, the prospect of therapeutic manipulation of the
HO/BVR system also raises a number of very legitimate concerns,
mainly related to the dual nature of heme, CO, and bilirubin. In
particular, uncontrolled activation of this axis can lead to toxic
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effects stemming from heme depletion or the accumulation of CO
and bilirubin. Furthermore, all these drugs were shown to have an
effect on HO without any information about BVR.

The challenge will be to find any possible pharmacological
treatment that might conceivably be capable of overcoming or at
least reducing these obstacles related to the neurotoxic effects.

Particularly interesting with regard to this is the ability of
statins to modulate the HO/BVR-A axis. Statins’ effects on HO-1
expression and HO activity have both proved to be drug- and
tissue-type specific. A single dose of simvastatin, lovastatin,
atorvastatin, and rosuvastatin increased HO activity in rat heart,
lung, and liver tissues [141,142]. This effect appears to be
protective since the administration of zinc protoporphyrin-IX
(Zn-PP-IX), an inhibitor of HO activity, increases simvastatin
toxicity, as manifested by elevated alanine transaminase levels
[141,142]. However, despite a number of studies that over the
years addressed the ability of statins to induce HO-1 in several
tissues both in vitro and in vivo [100,140], few reports account for
their role in the central nervous system (CNS). Furthermore, the
analyses were limited to the only HO-1, missing any kind of
information with regard to the effects on BVR-A. Indeed, the
activation of BVR-A is required for the production of BR, whose
antioxidant and antinitrosative properties were associated with
reduced oxidative and nitrosative stress levels following statins
treatment [143]. Due to the topic of this review, we will limit our
discussion to the effects in the CNS, highlighting the progress
obtained with regard to AD.

5.1. Statin-induced effects on HO in the CNS

In 2008, Hsieh et al. reported that simvastatin (50–100 mM, for
24 h) induced HO-1 in glucose-deprived Neuro2A cells [144].
However, this effect was paralleled by an increase in apoptotic cell
death perhaps due to the HO-1-dependent increase of Fe(II)
release, since both the HO inhibitor Zn-PP-IX and the iron chelator
desferrioxamine resulted in blockade of the elevated apoptosis
[144]. The same group reported that simvastatin (50–100 mM, for
24 h)-induced HO-1 led to increased NF-kappaB activation and
superoxide production in Neuro 2A cells when exposed to LPS, and
that Fe(II) production may play a role in such a response [145].

In 2010, Kannan et al. showed that mevastatin (300 nM/day, for
34 days) was able to promote HO-1 induction, but also to
accelerate loss of synaptic proteins and neurite degeneration in
aging cortical neurons in a heme-independent manner. Compari-
son of mevastatin-treated and heme-deficient neurons showed
that inhibition of heme synthesis had a similar damaging effect on
neurite integrity and NMDR receptor expression and function
[146].

The above-cited reports clearly account for a detrimental role of
statin administration in neurons, showing the up-regulation of
HO-1 as a risk factor associated with the neurotoxic effects.
However, in our opinion, the evaluation of the only HO-1
expression is not enough to explain its role in mediating the
observed effects. In addition, the same concerns with regard to the
kind of statin, the scheme of the treatment as well as the
experimental model used have to be taken into consideration for
an overall evaluation of the results.

The Butterfield group reported about the effects of atorvastatin
long-term administration (80 mg/day for 14.5 months) in the brain
of aged canine, thus proposing novel in vivo data which support the
idea that a statin promotes beneficial effects in the brain through
the modulation of the HO/BVR-A system[143,147] (Fig. 1). In a first
set of experiments, we evaluated the effects of atorvastatin on
brain HO-1 and HO-2, thus extending the neurobiological benefits
of atorvastatin to include potentiation of the cell stress response.
We found that atorvastatin was able to significantly up-regulate
HO-1 in parietal cortex, a well-known area associated with
cognitive function [147]. More interesting was the observation
that also HO-2, usually considered as constitutive isoform, was up-
regulated in the cerebellum of the same animals, thus suggesting
regional- and isoform-specific effects for atorvastatin in the brain
[147]. Atorvastatin-induced HO-1 up-regulation was associated
with a significant reduction of oxidative stress biomarkers, 4-
hydroxy-2-nonenal (HNE) and 7-K, in parietal cortex [147],
highlighting a potential antioxidant effect. Interestingly, the
significant correlations found between HO-1 overexpression and
lower size discrimination error scores (improved cognition),
observed in aged dogs after treatment with atorvastatin, led us
to speculate that the effect on cognition could be due not only to an
HO-1 mediated reduction of oxidative stress but also to the
generation of carbon monoxide, one of the by-products of HO
activity, which plays an important role in the maintenance of
synaptic plasticity [148]. Another intriguing correlation was found
between higher HO-1 levels and higher GSH intracellular levels.
These results were not surprising as the expression of both HO-1
and g-glutamylcysteine synthetase, a key enzyme in GSH
synthesis, is mediated by the transcription factor Nuclear Factor
(erythroid-derived 2)-like 2 (Nrf2) [149]. In turn, statins stimulate
Nrf2 in several experimental systems, including cultured neurons
[144]. Thus, the neuroprotective effect of atorvastatin could be
attributable to the coordinated increase of both HO-1 and GSH
synthesis. Furthermore, Collinson et al. in 2011 provided a new
point of view about the mechanism of action of HO-1 which
functions more than a catabolic and antioxidant enzyme [150]. In
particular, these researchers showed that antioxidant activity of
HO-1 is dependent on the up-regulation of several genes encoding
for antioxidant enzymes such as g-glutamylcysteine synthetase,
glutathione peroxidase, catalase, and methionine sulfoxide reduc-
tase [150]. In light of this report, the coordinated increase of HO-1
and GSH observed following atorvastatin treatment could be
explained not only by the effect of statins on Nrf-2, but also by the
HO-1-induced up-regulation of g-glutamylcysteine synthetase
[147].

Another novel finding was the observation about atorvastatin-
induced differential modulation of HO isoforms in the brain. While
HO-1 was up-regulated in parietal cortex, HO-2 was increased in
the cerebellum [147]. This pattern of expression seems to be
specific for brain, since no difference was observed in the liver, the
main target organ for statins [147]. However, increased HO-2 in the
cerebellum was not paralleled by a concomitant reduction of
oxidative stress biomarkers in this brain area. A possible
explanation for this discrepancy, could reside in the different
degree of deposition of the pro-oxidant Ab [151].

5.2. Statin-induced effects on BVR-A in the CNS

As explained above, before any conclusion with regard to the
potential neuroprotective or neurotoxic effects mediated by the
HO/BVR-A system can be drawn, it is necessary that the expression
and activity of the entire system be evaluated. Our group was the
first to propose BVR-A as a novel drug-target for atorvastatin in the
brain [7,143]. The importance of our findings rests in the fact that
atorvastatin, in a good pre-clinical model of AD such as aged
beagles, was able to rescue the impaired phenotype with regard to
the HO/BVR-A system [143]. We observed a similar phenotype in
AD and MCI brain [134,135,137]. Indeed, we previously reported
BVR-A’s involvement in both AD and MCI, by showing phosphor-
ylation (decreased) and oxidative modification (increased) along
with the decreased levels and activity of BVR-A in brain of both AD
and MCI subjects [134,135].

In aged beagles, long-term atorvastatin treatment increased
BVR-A protein levels and was associated with increased BVR-A
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phosphorylation and decreased 3-NT-BVR-A in parietal cortex, a
brain area involved in cognitive function [143]. These changes led
to an increased activation of the HO/BVR-A system as demonstrat-
ed by the higher levels of BR produced in parietal cortex of
atorvastatin-treated dogs [143].

Our results are innovative in that for the first time in a higher
mammalian in vivo model of AD not only the protein levels, but also
the post-translational modifications that affect BVR-A’s activities
following atrovastatin treatment have been analyzed. We posit
that the analysis of expression levels alone is not sufficient to
explain BVR-A’s contribution to cell signaling networks
[102,134,135]. Significant correlations were found among BVR-A
protein levels, activity or phosphorylation with decreased levels of
oxidative/nitrosative stress as well as decreased size discrimina-
tion error score (reflecting improved cognition) observed in aged
dogs after treatment with atorvastatin. These results led us to
speculate that the effects on oxidative stress and cognition could
be mediated by the activation of the HO-1/BVR-A system. We
believe that increased BVR-A protein levels together with its
improved functioning could trigger a cell stress response and thus
improve cognitive behavior by the following mechanisms: (i)
Activation of both conventional and atypical protein kinase C
isoforms [102] whose involvement in memory function is now well
established [152]; (ii) Interaction with members of the MAPK
family, such as ERK1/2-Mek-Elk1, through which BVR-A regulates
important metabolic pathways as well as the expression of
oxidative-stress-responsive genes including HO-1 or inducible
nitric oxide synthase (iNOS) [102,116–118]; (iii) Production of the
powerful antioxidant BR as result of BVR-A’s reductase activity.
Since the phosphorylation of BVR-A on Tyr residues is required to
interact with ERK-Mek-Elk1 [116], the increase of pTyr-BVR-A in
the parietal cortex following atorvastatin treatment, coupled with
the negative correlation between pTyr-BVR-A and size discrimi-
nation error scores, could suggest an activation of the MAPK-
related signal transduction pathways that, in turn, promotes a
robust cell stress response [102]. At the same time, the significant
correlations found among BVR activity and decreased total PC and
3-NT levels suggest an indirect antioxidant role for BR, consistent
with prior studies [106,153–155] (Fig. 1). Furthermore, as
previously demonstrated, BR increased neuronal NOS expression
and nitric oxide formation in both primary cultures of cerebellar
granule neurons and neurotrophin-sensitive PC12 cells [156]. And
NO plays a key role in the long-term potentiation and synaptic
plasticity [110]. In addition, in PC12 cells BR upregulated CREB
[156], which is considered an important transcription factor
regulating both short- and long-term memory [157]. However,
from a mechanistic point of view, it is not known exactly how
atorvastatin regulates the enzymatic properties of BVR-A and
research to gain insights on this topic is ongoing in our laboratory.

These results together with those obtained for HO and
oxidative/nitrosative stress levels strongly support the notion
that removing pre-existing Ab may not be enough to recover
impaired neuronal functions observed in AD, and that other
mechanisms have to be taken into account. Despite that no
changes for Ab levels were observed in the brain of aged beagles
[5], significant association among decreased oxidative/nitrosative
stress levels, HO/BVR-A activation, and decreased size discrimina-
tion error scores (reflecting improved cognition) was found. These
results suggest that atorvastatin independent of its ability to lower
cholesterol and thus Ab (as was initially supposed [9–11]) can
promote beneficial effects by modulating other pathways (Fig. 1).
This shift in thinking implies that statin therapy for AD could be
used in support of other treatments aimed to reduce Ab/tau-
induced pathology. In this regard, due to their pharmacokinetic
and pharmacodynamics properties, the effects produced by more
lipophilic statins [which theoretically should cross better the blood
brain barrier (BBB)] such as simvastatin, would need to be
evaluated. One limitation of our studies in fact could be that
atorvastatin does not possess a high ability to cross the BBB, even if
robust CNS effects are consistent with: (i) decreased oxidative and
nitrosative stress levels; (ii) HO protein levels and (iii) BVR-A
protein levels, post-translational modifications and activity
outcome measures.

6. Future directions

An interesting finding coming from our studies was the
association between BVR-A and BACE1. BVR-A protein levels
and phosphorylation were negatively associated with BACE1
protein levels in the parietal cortex of atorvastatin-treated aged
beagles. In particular, the increased phosphorylation of BVR-A
following atorvastatin treatment was associated with a reduction
of BACE1 protein levels (Fig. 1). These correlations may be related
to the increased kinase activity of BVR-A, which in turn could
either directly or indirectly promote BACE1 degradation in
lysosomes [158–160], which would have an effect on Ab
production. In other words, atorvastatin likely is not able to
promote the clearance of pre-existing Ab, but, rather, would
inhibit the production of new Ab. This mechanism could represent
a good topic to address in order to rule out any possible
involvement of statins in the primary prevention of AD.

Another direction for statin basic and clinical research in stages
of AD concern their effects in preclinical AD (PCAD), a stage in
which AD-related pathology, but normal cognition, exists. Such
studies could evaluate the potential of statins to slow progression
of PCAD to amnestic MCI and AD and on Ab clearance vs.
production.

Determining the fate of oxysterols and CoQ10 in brain at
different stages of AD may provide new insights of action of statins
in neurodegeneration. Given the enormous burden on worldwide
population that AD currently presents, with even more burden in
the near future, gaining new insight into molecular action and
usefulness of statin in AD may offer a promising strategy for
progress.
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