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Abstract The class of drugs known as statins is attracting great interest for their efficacy in the
treatment of obesity and cardiovascular disease. However, they may be effective in the
treatment of certain neurodegenerative diseases as well. Thus, interest in the interaction
of circulating and brain cholesterol has significantly increased. Recent research has raised
the question whether statins are able to affect the metabolism of brain cholesterol. Actu-
ally, defects in brain cholesterol metabolism have been shown to be implicated in certain
neurodegenerative diseases. Despite considerable efforts, there is a lack of information
concerning the basic pharmacokinetics and pharmacodynamics of statins in the brain due
to poor drug permeability across the blood-brain barrier. The purpose of this review is to
examine biosynthesis of cholesterol in the brain, distribution of statins and their possible
neuroprotective actions. Moreover, review aims to examine types of transporters of statins

across the blood-brain barrier.

INTRODUCTION

Statins are generally recognized for their efficacy in
the treatment of obesity and cardiovascular disease
(Taylor et al 2012). But there is growing evidence to
support the hypothesis that statins may act as neuro-
protectants in several neuropathological conditions
or as potential agents in the prevention of neurode-
generative diseases, particularly Alzheimer’s disease
(Kandiah & Feldman 2009; Barone et al 2014; Zvérova
et al 2014). The association between Alzheimer’s
disease and cholesterol levels has been highlighted
in the last decade. Since dysregulation of cholesterol
homeostasis in the brain has been linked to chronic
neurodegenerative disorders (Vance 2012), the treat-
ment of neurodegenerative disease with statins was
proposed by several authors as an effective emerging
therapy to stop or delay the neurodegenerative process
(Jick et al 2000; Wolozin et al 2000; Hajjar et al 2002;
Silva et al 2013). One of the biggest problems and chal-
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lenges in the development of new drugs and treatment
strategies for neurodegenerative (CNS) diseases is the
difficulty of passing the drugs across the blood-brain
barrier (BBB). Mechanisms for statin uptake into the
brain include diffusion and active transport across the
BBB depending on the acid or lactone form of statins
(Wood et al 2014).

CHOLESTEROL IN THE CNS

Cholesterol is the major lipid compound of the brain
and the brain is the most cholesterol-rich organ
(Dietschy & Turley 2001; Bjorkhem et al 2004).
Approximately one quarter of the total amount of
human cholesterol and its derivatives is found in the
brain while the whole body cholesterol makes only
up 2% of total body weight (Dietschy & Turley 2001;
Dietschy & Turley 2004). This sterol is critically impor-
tant for the maintenance of physiological functions in
the brain such as synaptic transmission (Mauch et al
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2001), axon guydance and growth factor signaling. A
study of Koudinov & Koudinova (2001) indicated that
the lack of cholesterol supply in hippocampal neurons
caused the failure of synaptic plasticity and neurotrans-
mission. Thus, defects in cholesterol metabolism lead
to structural and functional CNS disorders (Di Paolo
& Kim 2011). In the brain generally, cholesterol is pro-
duced by both astrocytes and oligodendroglia (Dietschy
& Turley 2001; Dietschy & Turley 2004; Bjorkhem &
Meaney 2004; Bjorkhem & Meaney 2015). Within the
cells, the biggest reservoirs of cholesterol are found in
the plasma membrane (Mesmin & Maxfield 2009). In
CNS, cholesterol is unesterified and it represents the
major sterol in the adult brain. Neurons, like all other
body cells, must be continuously supplied by unesteri-
fied cholesterol (Cibickova 2011). About only 1% of
the total cholesterol remains as esterified form, as lipid
droplets (Bryleva et al 2010).

Majority of cholesterol present in the brain is in the
form of myelin that surrounds axons and facilitates the
transmission of electrical signals (Snipes & Suter 1998;
Dietschy & Turley 2001; Quan et al 2003).

An excess or deficiency of cholesterol in the brain
might be expected to have profound consequence, but
cellular cholesterol homeostasis is tightly regulated
(Brown & Goldstein 1986). This can be explained by an
efficient recycling of brain cholesterol. The metabolism
of brain cholesterol differs from that of other tissues.
The BBB effectively prevents uptake from the circula-
tion (Dietschy & Turley 2001; Abad-Rodrigue et al
2006). Thus, there is a highly efficient apolipoprotein-
dependent recycling of cholesterol in the brain, with
minimal loses in the circulation (Bjorkhem & Meaney
2015). Whereas efflux of plasma lipoproteins across the
intact BBB is limited, the majority of brain cholesterol
is derived by de novo synthesis from the endoplasmatic
reticulum (ER) within the nerve cells (Goldstein &
Brown 1990; Di Paolo & Kim 2011). Newly synthesized
cholesterol is transferred from ER to plasma membrane
rapidly (DeGrella & Simoni 1982). Cholesterol is syn-
thesized via the isoprenoid biosynthetic pathway, which
starts with acetyl-CoA as substrate. For cholesterol pro-
duction, at least 20 enzymes are involved (Waterham
2006). The half-life of cholesterol in the adult rat brain
has been estimated to be 6 months (Andersson & al
1990), while half-life of plasma cholesterol is only a few
days (Dietschy & Turley 2004). Cholesterol is necessary
for brain development and its synthesis continues at
a lower rate in the adult brain (Dietschy 2009). Thus,
as the CNS matures and cholesterol pools in the brain
become constant, the rate of de novo cholesterol syn-
thesis in the brain probably decline (Thelen et al 2006).
Thelen et al (2006) discovered that during aging, choles-
terol synthesis is decreased in the hippocampus, while
absolute cholesterol content remains at a stable level.

According to some studies, cholesterol in the intact
brain is synthesized in such extent that physiological
statin concentrations may have only low cholesterol

reducing effect, if any (Dietschy & Turley 2001; Abad-
Rodrigue et al 2006).

EXPORT OF CHOLESTEROL FROM THE BRAIN

In spite of the efficacy of the cholesterol recycling in the
brain, a small efflux of cholesterol into the circulation
is needed to maintain the steady state. Mechanisms to
export cholesterol into the circulation are required to
maintain homeostasis, because a sufficient availability
of cholesterol is necessary for normal neuronal func-
tion. The brain has lipoprotein transport system inde-
pendent of that in the peripheral circulation. There are
two different pathways to efflux of cholesterol from the
brain. Under steady-state conditions, excretion of apo-
lipoprotein E (ApoE)-bound cholesterol is mediated via
the cerebrospinal fluid (CSF) (Pitas et al 1987a). ApoE is
expressed in the brain in high concentrations, such that
the brain is the organ with the second highest ApoE
expression after the liver (Linton ef al 1991). This apoli-
poprotein is one of the major apolipoproteins in plasma
(Bojar et al 2012) and it is the quantitatively the most
important transport protein for cholesterol in the brain.
The stability of ApoE in the brain requires the associa-
tion with lipids (Wahrle et al 2004). ApoE and choles-
terol are produced by astrocytes (Boyles et al 1985) and
it is shuttled from astrocytes to neurons (Mauch at al
2001; Michikawa et al 2000; Vance & Hayashi, 2010).
The capacity of this pathway is very limited and can
export only 1-2 mg cholesterol per day. The interaction
between ApoE-containing lipoproteins and neuronal
receptors seem to be crucial for normal neuronal func-
tion (Pitas et al 1987b; Vance 2012).

Another, more important mechanism to efflux of
cholesterol from the brain involves conversion of choles-
terol into its brain specific metabolite 24S-hydroxycho-
lesterol (24S-OH-CHOL) by cholesterol 24-hydroxylase
(Lutjohann et al 1996; Bjorkhem et al 1997). This side-
chain oxidized oxysterol is able to cross the BBB at a
much faster rate than cholesterol itself (Pitas et al 1987a;
Bjorkhem et al 1997; Bjorkhem & Meaney, 2015). The
introduction of a hydroxyl group in the side chain of
oxysterols (Figure 1) leads to alocal reordering of mem-
brane phospholipids (Kessel et al 2001). The flux of
24S5-OH-CHOL through the BBB is limited to about 6-7
mg per day (Lutjohann et al 1995; Bjorkhem et al 1998).

In humans, the efflux of 24S-OH-CHOL corresponds
to the uptake of a similar amount of 24S-OH-CHOL by
the liver, which indicates the proprietary production of
24S-OH-CHOL in the brain (Bjorkhem et al 1998).

STATINS AND THEIR EFFECT ON BRAIN
CHOLESTEROL

There is a growing evidence to support the hypothesis
that statins may act as neuroprotectants in several neu-
ropathological conditions (Shitara & Sugiyama 2006).
Statins are well tolerated and have relatively few side
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effects. The primary action of statins is to inhibit cel-
lular cholesterol synthesis. However, the cholesterol
synthesis pathway has different by-products, the non-
sterol isoprenoids that are important in normal cellu-
lar function (Van der Most et al 2009). Thus, except of
cholesterol reducing effect, statins may perform their
neuroprotection via modulation of isoprenoid levels.

Statins directly inhibit the first step in the biosyn-
thesis of cholesterol, which is the conversion of the
hydroxyl-methyl-glutaryl-CoA  (HMG-CoA) into
L-mevalonate by inhibiting HMG-CoA reductase
(Shitara & Sugiyama 2006). In the CNS, HMG-CoA
reductase is an enzyme which is expressed with high
transcript levels in cortical, cholinergic and hippocam-
pal neurons (Korade et al 2007). This enzyme catalyzes
the production of L-mevalonate from HMG-CoA.
L-mevalovate is the precursor of a number of different
lipids such as farnesyl pyrophosphate (FPP) and gera-
nylgeranylpyrophosphate (GGPP) (Goldsetin & Brown
1990; Schonbeck & Libby 2004; Wood et al 2010).
Statin-induced neuroprotection in some cases has been
proposed to be therefore due to a reduction in FPP and/
or GGPP levels (Cole & Vassar 2006; Hooff et al 2010;
Li et al 2012). However, short-term statin treatment
does not alter cholesterol levels in the brain (Botti et al
1991). Only long-term treatment can affect the choles-
terol level in the brain. It was reported that more than 6
months of statin treatment reduces cholesterol level in
the CSF (Fassbender et al 2002).

Some data suggest that statins activate a general
neuroprotective mechanism. It has been demonstrated
that the intake of statins is associated with a decreased
incidence of Alzheimer's disease (AD). Higher serum
levels of cholesterol seem to stimulate beta-secretase,
which acts on amyloid precursor protein (APP) and
arise beta-amyloid (Ap). Cholesterol facilitates deposi-
tion of AP into plaques, that is important for develop-
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ment of AD (Cibi¢kova & Pali¢ka 2005). Several studies
reported that statins reduce the production of the Ap
peptide in vitro (Wolozin et al 2006; Hoglund & Blen-
now 2007). Statins are a family of drugs with pleiotro-
pic functions. They are able to decrease oxidative stress,
glial activation and they could up-regulate endothelial
nitric oxide synthase expression. In several studies,
statins maintained the number of Purkinje cells and
their networks in the AD cerebellum (Cibic¢kova 2011;
Kozuki et al 2011).

Statins can activate several neuroprotective signal-
ling pathways. The neuroprotective effect correlate
roughly with the efficacy of blocking HMG-CoA and
neuroprotective impression could be reversed by addi-
tion of mevalonate or cholesterol (Zacco et al 2003).
Some findings also suggest that statins induce neuro-
protection by promoting the release of neurotrophic
factors. For example, simvastatin has been demon-
strated to induce expression of brain-derived neuro-
trophic factor (BDNF) following traumatic brain injury.
The mechanism how statins yield this effect is however
unclear (Wu et al 2008).

Statins could act as neuroprotectants through sev-
eral another mechanisms (Elkid 2006). They can con-
tribute to the neuroprotection by reduction of oxidative
damage via the inhibition of endothelial O,~* formation
(Wallerath et al 2003) and the increase of Cu/Zn super-
oxide dismutase (SOD3) activity as well as the number
of functionally active endothelial progenitor cells
(Landmesser et al 2005). Statins can reduce the pro-
duction of reactive oxygen species (ROS) by inhibiting
the formation and activation of nicotinamide adenine
dinucleotide phosphate (NADPH)-complex (Was-
smann ef al 2001). In addition, they decrease oxidative
damage by the increase of expression and activation of
endothelial nitric oxide synthase (eNOS) (Kureishi et
al 2000; Laufs et al 2005). Statins modulate endothe-
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lial function by enhance nitric oxide production (NO)
(Bellosta et al 2000). eNOS is inhibited by the presence
of oxidized low-density lipoprotein (LDL), so statins
improve eNOS expression (Laufs et al 1998; Liu et al
2009). The production of NO may affect cerebrovascu-
lar disease by enhancing vascular smooth muscle relax-
ation and by increasing cerebral blood flow (Sterzer et
al 2001). To better understand the effects of statins on
cholesterol metabolism in the brain it is necessary to
find out both direct and indirect effects of these drugs
(Beziaud et al 2011). Some effects of statins, described
as pleiotropic effects, including positive influence on
vascular injury and NO production might affect the
integrity of the BBB (Banks & Erickson 2010).

All statins share the same main mechanism of action,
but their pharmacokinetic profile is quite different (Shi-
tara & Sugiyama 2006). In the pharmacodynamic and
pharmacokinetic behavior of statins, hydrophilic or
lipophilic nature plays a very significant role. Hydro-
phobic statins can easily cross the BBB, whereas hydro-
philic statins are thought not to cross the barrier. There
is clinical evidence that the dosage of statins can cause
lower or higher permeability (King et al 2003).

TRANSPORT OF STATINS ACROSS THE BLOOD-
BRAIN BARRIER

The most important factor limiting statins transport
into the CNS is BBB. The BBB limits the brain penetra-
tion of most CNS drug candidates. Drug transport in
the CNS is highly regulated by the BBB, the CSF barri-
ers, and by brain parenchyma. The cellular membranes
of parenchyma cells act as a second ,,barrier to drug
permeability. The anatomical basis of the BBB is the
brain microvascular endothelial barrier. The micro-
vascular cells of the brain include endothelial cells, the
pericyte, astrocyte, and nerve endings that end directly
on the vascular surface (Pardridge 2007). The endo-
thelial barrier is specifically tight at the interface with
the brain astrocytes and in normal conditions can be
passed using endogenous BBB transporters resulting in
carrier mediated transport, active efflux transport and
receptor mediated transport. This barrier exists at the
level of endothelial cells of brain vasculature and main-
tains the brain homeostasis (Koziara et al 2006).

The BBB prevents diffusion of large molecules into
the brain (Reese & Karnovsky 1967), therefore BBB
dysfunction is assumed to contribute to brain injury.
After ischemic stroke and traumatic brain injury,
statins have been shown to provide neuroprotection
with beneficial effects on the neuronal and neurovas-
cular systems (Chen et al 2003; Wu et al 2008; Wible &
Laskowitz 2010). The BBB can be disrupted by different
ways. Disruption may be accompanied by leakage of
plasma proteins into the brain. Since albumin is toxic to
astrocytes (Nadal 1995) this process may be followed by
vascular pathology (Lossinsky et al 1995) and chronic
neuropathologic changes (Salahiddin et al 1988). The

pharmacological access for inducing neuroprotection
after an injury due to cerebral ischemia includes block-
ing of signalig pathways that initiate cell death (Mantz
et al 2010; Moskowicz et al 2010). Similarly, several
epidemiological evidences on the beneficial effect of
statins were found in lowering the risk of developing
dementia (Jick et al 2000; Wolozin et al 2000; Hajjar et
al 2002). A few studies have shown that statins pass the
BBB. The BBB can be traversed due to multiple endog-
enous transporters within the barrier. Mechanisms for
statin uptake into the brain include diffusion and active
transport across the BBB depending on the acid or lac-
tone form of statins (Wood et al 2014). Hydrophobic
statins (atorvastatin, simvastatin, fluvastatin, lovastatin,
cerivastatin) can easily cross the BBB, whereas hydro-
philic statins (rosuvastatin, pravastatin) are thought not
to cross the barrier. There is clinical evidence that the
dosage of statins can cause lower or higher permeability
(King et al 2003, Tsuji et al 1993).

The mechanism of brain drug delivery is based on
knowledge of endogenous BBB transporters and on
reformulating drug structures. The main types of trans-
porters are the adenosine triphosphate (ATP)-binding
cassette (ABC) (Willyerd et al 2015) and solute carrier
(SLC) transporters (Lin et al 2015). SLC is a family of
membrane-bound proteins and it comprises facilitated
and ion-coupled transporters (Lin et al 2015). ABC
transporters, namely ABCA1, ABCG1 and ABCG4 are
expressed by neurons to mediate cellular sterol efflux at
the plasma membrane (Kim et al 2008). ABC transport-
ers rely on ATP to actively pump substrates across cell
membranes (Willyerd et al 2015).

Statins are metabolized in the brain or actively
transported out of the brain. There is the evidence that
hydrophobic statins interact with monocarboxylic acid
transporters-4 (MCT4) to a greater extent than hydro-
philic statins (Kobayashi et al 2006). Monocarboxylic
acid transporters (MCT1, MCT2, MCT3, MCT4) have
been identified in the brain. They are associated with
BBB and reside in astrocytes and neurons to varying
degrees (Pierre & Pellerin 2005). Atorvastatin acid,
simvastatin acid and lovastatin acid were found to be
transported into cells by organic anion transporter poly-
peptide (OATP) family, specifically OATP2 (Hsiang et
al 1999). This polypeptide has been identified in the
BBB of rats and in the choroid plexus (Lee et al 2013).
Some studies have demonstrated the existence of both
efflux and influx transporters within glial cells what
highlight the complexity of drug distribution within the
CNS (Decleves et al 2000; Hong et al 2000; Hong et al
2001; Dallas et al 2001; Lee et al 2001).

A different mechanism which could contribute to
the elimination of statins from the brain is the perme-
ability glycoprotein (P-gp, encoded by ABCBI gene)
transporter. It is an efflux transporter and one of the
most intensively studied cellular multidrug transport-
ers associated with drug removal from cells. P-gp (also
known as ABCB1 or MDRI1) mediates the export of
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drugs from cells located in the blood-brain barrier, in
the luminal membrane of the small intestine, hepa-
tocytes and kidney proximal tubules in many organ-
isms (Juliano & Ling 1976; Giacomini et al 2003; Lin
& Yamazaki 2003; Girardin 2006; Sharom 2006), serv-
ing a protective function for the body against foreign
substances. P-gp is a member of the ATP-binding cas-
sette (ABC) superfamily. It is one of the ATP dependent
efflux transporters that have an important physiologi-
cal role in limiting drug entry into the brain. Because
P-gp is ATP dependent, it is able to transport a variety
of chemical compounds against a concentration gradi-
ent (Girardin 2006; Sharom 2006). P-gp exports struc-
turally diverse hydrophobic compounds from the cells,
driven by ATP hydrolysis. The protein also plays an
important physiological role in limiting drug uptake in
the gut and entry into the brain (Sharom 2006). P-gp is
involved in the excretion, absorption and distribution
of lipophilic and amphipathic drugs (Sharom 2011).

Tight junctions reduce drug transfer between blood
and the cerebrospinal fluid (CSF). P-gp is transporter
that removes drugs from the brain interstitial fluid to
blood or into the CSF (Eyal et al 2009). P-gp expres-
sion in the BBB plays an important role in limiting the
entry of various drugs into the CNS. Inhibition of the
P-gp transporter may lead to increased drug delivery to
the brain (Eyal et al 2009). Several statins, particularly
atorvastatin and lovastatin, have been shown to interact
with P-gp at the molecular level (Holtzman et al 2006).
Results of several studies with in vitro models have
shown that certain statins (lovastatin, simvastatin, ator-
vastatin) are inhibitors for P-gp or may represent the
substrates for this transporter as well (Boyd et al 2000;
Bogman et al 2001; Wang et al 2001; Sakaeda et al 2002;
Hochman et al 2004; Bogman et al 2001; Hirrlinger et
al 2002). The lipid bilayer plays an important role in
P-gp function, and may regulate both the binding and
transport of drugs (Sharom 2006).

CONCLUSION

Despite well-known beneficial effects of statins in the
treatment of obesity and cardiovascular disease their
role in neuroprotection is just starting to study. In the
brain, statins may affect cholesterol level by different
biochemical pathways including direct inhibitory effect
on cholesterol and isoprenoids or indirectly e.g. by
modulating NOS activity. Mechanisms of statin deliv-
ery to the brain include diffusion and active transport
across the blood-brain barrier. Thus, different types of
statin transporters start to be a hot topic worth to study.

REFERENCE

1 Abad-Rodriguez J, Ledesma MD, Craessaerts K, Perga S. Medina
M, Delacourte A, et al (2004) Neuronal membrane cholesterol
loss enhances amyloid peptide generation. J Cell Biol. 167:
953-960.

Act Nerv Super Rediviva Vol.58 No.1 2016

10

1

12

13

14

15

16

17

18

19

20

21

22

23

Brain cholesterol

Andersson M, Elmberger P.G, Edlund C, Kristensson K, Dallner G
(1990) Rates of cholesterol, ubiquinone, dolichol and dolichyl-
P biosynthesis in rat brain slices. FEBS Lett. 269: 15-18.

Banks WA, Erickson MA (2010) The blood-brain barrier and
immune function and dysfunction. Neurobiol Dis. 37: 26-32.
Review.

Barone E, Di Domenico F, Butterfield DA (2013) Statins more
than cholesterol lowering agents in Alzheimer disease: their
pleiotropic functions as potential therapeutic targets. Biochem
Pharmacol. 88: 605-16.

Bellosta S, Ferri N, Arnaboldi L, Bernini F, Paoletti R, Corsini A
(2000) Pleiotropic effects of statins in atherosclerosis and dia-
betes. Diabetes Care. 23: B72-8.

Béziaud T, Ru Chen X, El Shafey N, Fréchou M, Teng F, Palmier B,
etal(2011) Simvastatin in traumatic brain injury: effect on brain
edema mechanisms. Crit Care Med. 39: 2300-7.

Bjorkhem 1, Litjohann D, Breuer O, Sakinis A, Wennmalm
A (1997) Importance of a novel oxidative mechanism for
elimination of brain cholesterol. Turnover of cholesterol and
24(S)-hydroxycholesterol in rat brain as measured with 1802
techniques in vivo and in vitro. J Biol Chem. 272:30178-84.
Bjorkhem |, Lutjohann D, Diczfalusy U, Stahle L, Ahlborg G,
Wahren J (1998) Cholesterol homeostasis in human brain:
turnover of 24S-hydroxycholesterol and evidence for a cerebral
origin of most of this oxysterol in the circulation. J Lipid Res. 39:
1594-600.

Bjorkhem I, Meaney S (2004) Brain cholesterol: long secret life
behind a barrier. Arterioscler Thromb Vasc Biol. 24: 806-15.
Bogman K, Peyer AK, Torék M, Kisters E, Drewe J (2001) HMG-
CoA reductase inhibitors and P-glycoprotein modulation. Br J
Pharmacol. 132: 1183-92.

Bojar I, Wocjik-Fatla A, Owoc A, Lewinski A (2012) Polymor-
phism of apolipoprotein E gene and cognitive functions of
postmenopausal women, measured by battery of computer
tests - Central Nervous System Vital System. Act Nerv Super
Rediviva. 33: 385-392.

Botti RE, Triscari J, Pan HY, Zayat J (1991) Concentrations of
pravastatin and lovastatin in cerebrospinal fluid in healthy sub-
jects. Clin Neuropharmacol. 14: 256-61.

Boyd RA, Stern RH, Stewart BH, Wu X, Reyner EL, Zegarac EA,
etal (2000) Atorvastatin coadministration may increase digoxin
concentrations by inhibition of intestinal P-glycoprotein-medi-
ated secretion. J Clin Pharmacol. 40: 91-8.

Boyles JK, Pitas RE, Wilson E, Mahley RW, Taylor JM (1985)
Apolipoprotein E associated with astrocytic glia of the central
nervous system and with nonmyelinating glia of the peripheral
nervous system. J Clin Invest. 76: 1501-13.

Brown MS, Goldstein JL (1984) A receptor-mediated pathway
for cholesterol homeostasis. Science. 232: 34-47.

Bryleva EY, Rogers MA, Chang CC, Buen F, Harris BT, Rousselet E,
etal (2010) ACAT1 gene ablativ increases 24(S)-hydroxycholes-
terol content in the brain and ameliorates amyloid pathology
in mice with AD. Proc Natl Acad Sci US A. 107: 3081-6.

Chen J, Zhang ZG, Li Y, Wang Y, Wang L, Jiang H, et al (2003)
Statins induce angiogenesis, neurogenesis, and synaptogene-
sis after stroke. Ann Neurol. 53: 743-51. Erratum in: Ann Neurol.
2005; 58: 818.

Cibickova L (2011) Statins and their influence on brain choles-
terol. J Clin Lipidol. 5: 373-9.

Cibickova L, Palicka V (2005) Alzheimer’s Disease, Cholesterol
and Apoliporotein E: New Relations. Klin Biochem Metab. 13:
127-130.

Cole SL, Vassar R (2006) Isoprenoids and Alzheimer’s disease: a
complexrelationship. Neurobiol Dis. 22: 209-22.

DeGrella RF, Simoni RD (1982) Intracellular transport of choles-
terol to the plasma membrane. J Biol Chem. 257: 14256-62.
Dietschy JM, Turley SD (2001) Cholesterol metabolism in the
brain. Curr Opin Lipidol. 12: 105-12.

Dietschy JM (2009) Central nervous system: cholesterol turn-
over, brain development and neurodegeneration. Biol Chem.
390: 287-93.

Elkind MS (2006) Statins as acute-stroke treatment. Int J Stroke.
1:224-5.

15



Radoslava Rehdkovd, Martina Cebovd, Zuzana Matuskovd, Michaela Kostitovd, Mdria Kovdcsovd, Olga Pechdrovd

16

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Eyal S, Hsiao P, Unadkat JD (2009) Drug interactions at the
blood-brain barrier: fact or fantasy? Pharmacol Ther. 123:
80-104.

Holtzman CW, Wiggins BS, Spinler SA (2006) Role of P-glycopro-
tein in statin drug interactions. Pharmacotherapy. 26: 1601-7.
Hooff GP, Wood WG, Miiller WE, Eckert GP (2010) Isoprenoids,
small GTPases and Alzheimer's disease. Biochim Biophys Acta.
1801: 896-905.

Bogman K, Peyer AK, Torék M, Kiisters E, Drewe J (2001) HMG-
CoA reductase inhibitors and P-glycoprotein modulation. Br J
Pharmacol. 132: 1183-92.

Dallas S, Pallapothu MK, Bendayan R (2001) Functional expres-
sion of the multidrug resistance protein (MRP) in brain paren-
chyma: relevance to HIV-infection in the brain. Can J Infect Dis.
12: 16B.

Decléves X, Regina A, Laplanche JL, Roux F, Boval B, Launay JM,
et al (2000) Functional expression of P-glycoprotein and multi-
drug resistance-associated protein (Mrp1) in primary cultures
of rat astrocytes. J Neurosci Res. 60: 594-601.

Dietschy JM, Turley SD (2001) Cholesterol metabolism in the
brain. Curr Opin Lipidol. 12: 105-12. Review.

Di Paolo G, Kim TW (2011) Linking lipids to Alzheimer’s disease:
cholesterol and beyond. Nat Rev Neurosci. 12: 284-96. Review.
Erratum in: Nat Rev Neurosci. 2011; 12: 484.

Fassbender K, Stroick M, Bertsch T, Ragoschke A, Kuehl S,
Walter S (2002) Effects of statins on human cerebral cholesterol
metabolism and secretion of Alzheimer amyloid peptide. Neu-
rology. 59:1257-8.

Giacomini KM, Huang SM, Tweedie DJ, Benet LZ, Brouwer KL,
Chu X, et al (2010) Membrane transporters in drug develop-
ment. Nat Rev Drug Discov. 9: 215-36.

Girardin F (2006) Membrane transporter proteins: a challenge
for CNS drug development. Dialogues Clin Neurosci. 8:311-21.
Goldstein JL, Brown MS (1990) Regulation of the mevalonate
pathway. Nature. 343: 425-30.

Hajjar I, Schumpert J, Hirth V, Wieland D, Eleazer GP (2002) The
impact of the use of statins on the prevalence of dementia and
the progression of cognitive impairment. J Gerontol A Biol Sci
Med Sci. 57: M414-8.

Hirrlinger J, Kénig J, Dringen R (2002) Expression of mRNAs of
multidrug resistance proteins (Mrps) in cultured rat astrocytes,
oligodendrocytes, microglial cells and neurones. J Neurochem.
82:716-9.

Hochman JH, Pudvah N, Qiu J, Yamazaki M, Tang C, Lin JH, et al
(2004) Interactions of human P-glycoprotein with simvastatin,
simvastatin acid, and atorvastatin. Pharm Res. 21: 1686-91.
Hong M, Schlichter L, Bendayan R (2000) A Na+-dependent
nucleoside transporter in microglia. J Pharmacol Exp Ther. 292:
366-374.

Hong M, Schlichter L, Bendayan R (2001) A novel zidovudine
uptake system in microglia. J Pharmacol Exp Ther. 296: 141-149.
Hsiang B, Zhu Y, Wang Z, Wu Y, Sasseville V, Yang WP, Kirchgess-
ner TG (1999) A novel human hepatic organic anion transport-
ing polypeptide (OATP2) Identification of a liver-specific human
organic anion transporting polypeptide and identification of
rat and human hydroxymethylglutaryl-CoA reductase inhibitor
transporters. J Biol Chem. 274: 37161-8.

Jick H, Zornberg GL, Jick SS, Seshadri S, Drachman DA (2000)
Statins and the risk of dementia. Lancet. 356: 1627-31.

Juliano RL, Ling V (1976) A surface glycoprotein modulating
drug permeability in Chinese hamster ovary cell mutants. Bio-
chim Biophys Acta. 455: 152-62.

Kandiah N, Feldman HH (2009) Therapeutic potential of statins
in Alzheimer’s disease. J Neurol Sci. 283: 230-4.

Kessel A, Ben-Tal N, May S (2001) Interactions of cholesterol
with lipid bilayers: the preferred configuration and fluctua-
tions. Biophys J. 81: 643-58.

Kim WS, Weickert CS, Garner B (2008) Role of ATP-binding cas-
sette transporters in brain lipid transport and neurological
disease. J Neurochem. 104: 1145-6. Review.

King DS, Wilburn AJ, Wofford MR, Harrell TK, Lindley BJ, Jones
DW (2003) Cognitive impairment associated with atorvastatin
and simvastatin. Pharmacotherapy. 23: 1663-7.

49

50

51

52

53

54

55

56

57

58

59

60

62

63

64

66

67

68

69

70

Kobayashi M, Otsuka Y, Itagaki S, Hirano T, Iseki K (2006) Inhibi-
tory effects of statins on human monocarboxylate transporter
4, IntJPharm.317:19-25.

Korade Z, Mi Z, Portugal C, Schor NF (2007) Expression and p75
neurotrophin receptor dependence of cholesterol synthetic
enzymes in adult mouse brain. Neurobiol Aging. 28: 1522-31.
Koudinov AR, Koudinova NV (2001) Essential role for choles-
terol in synaptic plasticity and neuronal degeneration. FASEB J.
15: 1858-60.

Koziara JM, Lockman PR, Allen DD, Mumper RJ (2006) The
blood-brain barrier and brain drug delivery. J Nanosci Nano-
technol. 6: 2712-35.

Kurata T, Miyazaki K, Kozuki M, Panin VL, Morimoto N, Ohta Y,
etal (2011) Atorvastatin and pitavastatin improve cognitive fic-
tion and reduce senile plaque and phosphorylated tau in aged
APP mice. Brain Res. 1371:161-70.

Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ et al
(2000) The HMG-CoA reductase inhibitor simvastatin activates
the protein kinase Akt and promotes angiogenesis in normo-
cholesterolemic animals. Nat Med. 6: 1004-10. Erratum in: Nat
Med 2001; 7: 129.

Landmesser U, Bahlmann F, Mueller M, Spiekermann S, Kirch-
hoff N, Schulz S,et al (2005) Simvastatin versus ezetimibe:
pleiotropic and lipid-lowering effects on endothelial function
in humans. Circulation. 111: 2356-63.

Laufs U, La Fata V, Plutzky J, Liao JK (1998) Upregulation of
endothelial nitric oxide synthase by HMG CoA reductase inhibi-
tors. Circulation. 97: 1129-35.

Lee G, Dallas S, Hong M, Bendayan R (2001) Drug transporters
in the central nervous system: brain barriers and brain paren-
chyma considerations. Pharmacol Rev. 53: 569-96.

Lee G, Schlichter L, Bendayan M, Bendayan R (2001) Functional
expression of P-glycoprotein in rat brain microglia. J Pharmacol
Exp Ther. 299: 204-212.

Li L, Zhang W, Cheng S, Cao D, Parent M (2012) Isoprenoids and
related pharmacological interventions: potential application in
Alzheimer's disease. Mol Neurobiol. 46: 64-77.

Lin JH, Yamazaki M (2003) Clinical relevance of P-glycoprotein
in drug therapy. Drug Metab Rev. 35: 417-54.

Lin L, Yee SW, Kim RB, Giacomini KM (2015) SLC transporters
as therapeutic targets: emerging opportunities. Nat Rev Drug
Discov. 14: 543-60.

Linton MF, Gish R, Hubl ST, Biitler E, Esquivel C, Bry WI, et al
(1991) Phenotypes of apolipoprotein B and apolipoprotein E
after liver transplantation. J Clin Invest. 88: 270-81.

Liu PY, Liu YW, Lin LJ, Chen JH, Liao JK (2009) Evidence for statin
pleiotropy in humans: differential effects of statins and ezeti-
mibe on rho-associated coiled-coil containing protein kinase
activity, endothelial function, and inflammation. Circulation.
119:131-8.

Lossinsky AS, Vorbrodt AW, Wisniewski HM (1995) Scanning
and transmission electron microscopic studies of microvascular
pathology in the osmotically impaired blood-brain barrier. J
Neurocytol. 24: 795-806.

Litjohann D, Breuer O, Ahlborg G, Nennesmo |, Sidén A, Dicz-
falusy U, et al (1996) Cholesterol homeostasis in human brain:
evidence for an age-dependent flux of 24S-hydroxycholesterol
from the brain into the circulation. Proc Natl Acad Sci U S A. 93:
9799-804.

Mantz J, Degos V, Laigle C (2010) Recent advances in pharma-
cologic neuroprotection. Eur J Anaesthesiol. 27: 6-10.

Mauch DH, Néagler K, Schumacher S, Goritz C, Miiller EC, Otto
A, et al (2001) CNS synaptogenesis promoted by glia-derived
cholesterol. Science. 294: 1354-7.

Mesmin B, Maxfield FR (2009) Intracellular sterol Dynamics.
Biochem Biophys Acta. 1791: 636-45.

Michikawa M, Fan QW, Isobe |, Yanagisawa K (2000) Apolipopro-
tein E exhibits isoform-specific promotion of lipid efflux from
astrocytes and neurons in culture. J Neurochem. 74: 1008-16.
Moskowitz MA, Lo EH, ladecola C (2010) The science of stroke:
mechanisms in search of treatments. Neuron. 67: 181-98.

Copyright © 2016 Activitas Nervosa Superior Rediviva ISSN 1337-933X



71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

Nadal A, Fuentes E, Pastor J, McNaughton PA (1995) Plasma
albumin is a potent trigger of calcium signals and DNA synthe-
sis in astrocytes. Proc Natl Acad Sci U S A. 92: 1426-30.

Pfrieger FW (2003) Outsourcing in the brain: do neurons
depend on cholesterol delivery by astrocytes? Bioessays. 25:
72-8.

Pierre K, Pellerin L (2005) Monocarboxylate transporters in the
central nervous system: distribution, regulation and function. J
Neurochem. 94: 1-14.

Pitas RE, Boyles JK, Lee SH, Foss D, Mahley RW (1987) Astrocytes
synthesize apolipoprotein E and metabolize apolipoprotein
E-containing lipoproteins. Biochim Biophys Acta.917: 148-61. a)
Pitas RE, Boyles JK, Lee SH, Hui D, Weisgraber KH (1987) Lipo-
proteins and thein receptors in the central nervous system.
Characterization of the lipoproteins in cerebrospinal fluid and
identification of apolipoprotein B,E(LDL) receptors in the brain.
J Biol Chem. 262: 14352-60. b)

Quan G, Xie C, Dietschy JM, Turley SD (2003) Ontogenesis and
regulation of cholesterol metabolism in the central nervous
system of the mouse. Brain Res Dev Brain Res. 146: 87-98.
Reese TS, Karnovsky MJ (1976) Fine structural localization of
a blood-brain barrier to exogenous peroxidase. J Cell Biol. 34:
207-17.

Saher G, Briigger B, Lappe-Siefke C, M6bius W, Tozawa R, Wehr
MC, et al (2005) High cholesterol level is essential for myelin
membrane growth. Nat Neurosci. 8: 468-75.

Sakaeda T, Fujino H, Komoto C, Kakumoto M, Jin JS, Iwaki K, et
al (2006) Effects of acid and lactone forms of eightHMG-CoA
reductase inhibitors on CYP-mediated metabolism and MDR1-
mediated transport. Pharm Res. 23: 506-12.

Salahuddin TS, Johansson BB, Kalimo H, Olsson Y (1988)
Structural changes in the rat brain after carotid infusions of
hyperosmolar solutions. An electron microscopic study. Acta
Neuropathol. 77: 5-13.

Sharom FJ (2011) The P-glycoprotein multidrug transporter.
Essays Biochem. 50: 161-78.

Schénbeck U, Libby P (2004) Inflammation, immunity, and
HMG-CoA reductase inhibitors: statins as antiinflammatory
agents? Circulation. 109: [118-26.

Sharom FJ (2006) Shedding light on drug transport: structure
and function of the P-glycoprotein multidrug transporter
(ABCB1) Biochem Cell Biol. 84: 979-92.

Shitara Y, Sugiyama Y (2006) Pharmacokinetic and pharmaco-
dynamic alterations of 3-hydroxy-3-methylglutaryl coenzyme
A (HMG-CoA) reductase inhibitors: drug-drug interactions
and interindividual differences in transporter and metabolic
enzyme functions. Pharmacol Ther. 112: 71-105.

SilvaT, Teixeira J, Remido F, Borges F (2013) Alzheimer’s disease,
cholesterol, and statins: the junctions of important metabolic
pathways. Angew Chem Int Ed Engl. 52: 1110-21.

Snipes GJ, Suter U (1997) Cholesterol and myelin. Subcell Bio-
chem. 28: 173-204.

Sterzer P, Meintzschel F, Rosler A, Lanfermann H, Steinmetz H,
Sitzer M (2001) Pravastatin improves cerebral vasomotor reac-
tivity in patients with subcortical small-vessel disease. Stroke.
32:2817-20.

Taylor F, Ward K, Moore TH, Burke M, Davey Smith G, etal (2011)
Statins for the primary prevention of cardiovascular disease.
Cochrane Database Syst Rev. 1: CD004816.

Act Nerv Super Rediviva Vol.58 No.1 2016

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

Brain cholesterol

Tsuji A, Saheki A, Tamai |, Terasaki T (1993) Transport mecha-
nism of 3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitors at the blood-brain barrier. J Pharmacol Exp Ther. 267:
1085-90.

Vance JE (2012) Dysregulation of cholesterol balance in the
brain: contribution to neurodegenerative diseases. Dis Model
Mech. 5: 746-55.

Vance JE, Hayashi H (2010) Formation and function of apoli-
poprotein E-containing lipoproteins in the nervous system.
Biochim Biophys Acta. 1801: 806-18.

Vaya J, Schipper HM (2007) Oxysterols, cholesterol homeosta-
sis, and Alzheimer disease. J Neurochem. 102: 1727-37.
Wallerath T, Poleo D, Li H, Forstermann U (2003) Red wine
increases the expression of human endothelial nitric oxide
synthase: a mechanism that may contribute to its beneficial
cardiovascular effects. J Am Coll Cardiol. 41: 471-8.

Wang E, Casciano CN, Clement RP, Johnson WW (2001) HMG-
CoA reductase inhibitors (statins) characterized as direct
inhibitors of P-glycoprotein. Pharm Res. 18: 800-6.

Wahrle SE, Jiang H, Parsadanian M, Legleiter J, Han X, Fryer
JD, et al (2004) ABCA1 is required for normal central nervous
system ApoE levels and for lipidation of astrocyte-secreted
apok. J Biol Chem. 279: 40987-93.

Wassmann S, Laufs U, Baumer AT, Miiller K, Konkol C, Sauer H, et
al(2001) Inhibition of geranylgeranylation reduces angiotensin
Il-mediated free radical production in vascular smooth muscle
cells: involvement of angiotensin AT1 receptor expression and
Rac1 GTPase. Mol Pharmacol. 59: 646-54.

Waterham HR (2006) Defects of cholesterol biosynthesis. FEBS
Letters. 580: 5442-5449.

Wible EF, Laskowitz DT (2010) Statins in traumatic brain injury.
Neurotherapeutics. 7: 62-73.

Willyerd FA, Empey PE, Philbrick A, konomovic MD, Puccio AM,
Kochanek PM, et al (2015) Expression of ATP-Binding Cassette
Transporters B1 and C1 after Severe Traumatic Brain Injury in
Humans. J Neurotrauma.

Wolozin B, Kellman W, Ruosseau P, Celesia GG, Siegel G (2000)
Decreased prevalence of Alzheimer disease associated with
3-hydroxy-3-methyglutaryl coenzyme A reductase inhibitors.
Arch Neurol. 57: 1439-43.

Wood WG, Eckert GP, Igbavboa U, Miller WE (2010) Statins and
neuroprotection: a prescription to move the field forward. Ann
NY Acad Sci. 1199: 69-76.

Wood WG, Miller WE, Eckert GP (2014) Statins and neuro-
protection: basic pharmacologyneeded. Mol Neurobiol. 50:
214-20.

Wu H, Lu D, Jiang H, Xiong Y, Qu C, Li B, et al (2008) Simvastatin-
mediated upregulation of VEGF and BDNF, activation of the
PI3K/Akt pathway, and increase of neurogenesis are associated
with therapeutic improvement , after traumatic brain injury. J
Neurotrauma. 25: 130-9.

Zacco A, Togo J, Spence K, Ellis A, Lloyd D, Furlong S, et al (2003)
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors
protect cortical neurons from excitotoxicity. J Neurosci. 23:
11104-11.

Zvétova M (2014) Impact of Alzheimer’s disease on family care-
giver psychosocial health. Prague’s experience. Act Nerv Super
Rediviva. 56: 32-36.

17



