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Review

Cholesterol in brain disease: sometimes
determinant and frequently implicated
Mauricio G Martín1,*, Frank Pfrieger2,** & Carlos G Dotti3,***

Abstract

Cholesterol is essential for neuronal physiology, both during devel-
opment and in the adult life: as a major component of cell
membranes and precursor of steroid hormones, it contributes to
the regulation of ion permeability, cell shape, cell–cell interaction,
and transmembrane signaling. Consistently, hereditary diseases
with mutations in cholesterol-related genes result in impaired
brain function during early life. In addition, defects in brain choles-
terol metabolism may contribute to neurological syndromes, such
as Alzheimer’s disease (AD), Huntington’s disease (HD), and Parkin-
son’s disease (PD), and even to the cognitive deficits typical of the
old age. In these cases, brain cholesterol defects may be secondary
to disease-causing elements and contribute to the functional defi-
cits by altering synaptic functions. In the first part of this review,
we will describe hereditary and non-hereditary causes of choles-
terol dyshomeostasis and the relationship to brain diseases. In the
second part, we will focus on the mechanisms by which perturba-
tion of cholesterol metabolism can affect synaptic function.

Keywords brain disease; cholesterol metabolism; cognition

DOI 10.15252/embr.201439225 | Received 26 June 2014 | Revised 13 August

2014 | Accepted 18 August 2014 | Published online 15 September 2014

EMBO Reports (2014) 15: 1036–1052

See the Glossary for abbreviations used in this article.

Introduction

Cholesterol is an essential constituent of eukaryotic membranes, and as

such, it impacts on nearly all aspects of cellular structure and function

[1–5]. In addition, cholesterol serves as precursor for steroid hormone

and bile acid synthesis [6] and therefore has a critical role in body meta-

bolism (Fig 1). Furthermore, cholesterol can also influence cell function

through its biologically active oxidized forms: oxysterols [7–11].

Cellular cholesterol synthesis is a complex and resource-intense

process: it starts with the conversion of acetyl-CoA to 3-hydroxy-3-

methylglutaryl-CoA by HMG-CoA synthase, which is then converted

to mevalonate by HMG-CoA reductase. The latter constitutes the

only known rate-limiting and irreversible step in cholesterol

synthesis. This is followed by a long series of enzymatic reactions

that convert mevalonate into 3-isopenenyl pyrophosphate, farnesyl

pyrophosphate, squalene, lanosterol and, through a 19-step process,

to cholesterol (Fig 1) [12]. Whether other enzymatic steps in the

pathway, posterior to squalene synthesis, are rate-limiting is

unknown. Cholesterol is synthesized in the endoplasmic reticulum

from where it is distributed to cellular membrane compartments by

vesicular and non-vesicular transport mechanisms (Fig 1) [13].

Cells can also import sterols through receptor-mediated endocytosis

of lipoproteins and the subsequent export of unesterified cholesterol

from lysosomes (Fig 1) [14,15]. It is well established that cells regu-

late their cholesterol content by an exquisite feedback mechanism

that balances biosynthesis and import. Cells sense their level of

cholesterol by membrane-bound transcription factors known as

sterol regulatory element-binding proteins (SREBPs), which regulate

the transcription of genes encoding enzymes of cholesterol and fatty

acid biosynthesis as well as lipoprotein receptors [16].

Cholesterol is not uniformly distributed within membranes and

across different cellular compartments. A recent study in vitro

suggests that cholesterol is enriched in the cytosolic (inner) leaflet of

the plasma membrane [17]. Moreover, there is evidence that the

plasma membrane contains nano/micro-domains that are enriched in

cholesterol, the so-called ‘lipid rafts’. These rafts are thought to repre-

sent highly dynamic structures dispersed throughout the membrane of

cells that recruit downstream signaling molecules upon activation by

external or internal signals [18]. Rafts also contain a high amount of

sphingomyelin, which is enriched in the outer leaflet of the plasma

membrane, indicating that some trans-bilayer translocation must

occur to form and stabilize these domains [19]. In neurons, membrane

rafts have been detected at synapses, where they are thought to

contribute to pre- and postsynaptic function [20–24].

The brain contains 23% of all cholesterol in the body [25], and

within the brain, a large fraction of cholesterol is present in the

myelin sheath that is formed by oligodendrocytes to insulate axons

(Fig 2). Neurons and astrocytes probably also contain large

amounts of cholesterol to maintain their complex morphology and

synaptic transmission. All cells in the brain are cut off from
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cholesterol supply by the blood, because the blood–brain barrier

prevents entry of cholesterol-rich lipoproteins. Therefore, all choles-

terol in the CNS is made locally [26,27]. The fact that brain choles-

terol metabolism is separated from the rest of the body warrants

caution when causal correlations between high blood cholesterol

and brain pathologies are suggested: in the presence of an intact

blood–brain barrier neurons and all other cells in the brain are not

influenced by circulating cholesterol (Fig 2). On the other hand,

there is a constant efflux of cholesterol from the brain, which is

enabled by the neuron-specific cytochrome P450 oxidase Cyp46a1.

This enzyme hydroxylates cholesterol to 24S-hydroxycholesterol

(24-OHC), which crosses the blood–brain barrier, enters the circula-

tion and is metabolized by the liver (Fig 2) [28].

In the mouse brain, cholesterol synthesis is high until the second

post-natal week and then decreases significantly and remains low

in the adult [29]. Age-associated cholesterol reduction was also

observed in postmortem human samples [30]. Importantly, the rate

of cholesterol synthesis in individual brain cells is unknown.

Whereas oligodendrocytes probably rely on their own cholesterol

synthesis to form and maintain myelin, neurons may import

cholesterol from astrocytes. The high metabolic rate of neurons

probably enforces a constant turnover of cholesterol throughout life

(Fig 2) [31].

Enzymatic deficiencies in the cholesterol synthesis pathway are

responsible for a number of inherited disorders with severe neuro-

developmental defects. In addition, alterations in brain cholesterol

are thought to be critically involved in a number of neurodegenera-

tive pathologies, in some cases as the suspected cause and in others

as a consequence. In the following sections, we will summarize our

current knowledge of how defects in cholesterol metabolism and

transport can lead to, or be part of, brain dysfunction.

Cholesterol in brain disease: hereditary causes

The important role of cholesterol for CNS function is exemplified by

a number of rare hereditary diseases caused by mutations in

cholesterol-related genes. The reader interested in a comprehensive

description of these diseases should refer to excellent reviews

[32–34]. Here, we will focus on three diseases that are linked to

mutations in cholesterol metabolism and transport steps: the Smith–

Lemli–Opitz syndrome, desmosterolosis and the Niemann-Pick

type C disease. In addition, we will briefly comment on the recent

discovery of an association between cholesterol metabolism and

Rett syndrome.

Smith–Lemli–Opitz syndrome (SLOS) is a rare autosomal reces-

sive disorder caused by mutations in the gene encoding the enzyme

7-dehydrocholesterol reductase (DHCR7, Fig 1). This enzyme cata-

lyzes the last step in the Kandutsch–Russell pathway of cholesterol

biosynthesis. There are reports of 154 different mutations in DHCR7

in SLOS patients [35]. In the most severe cases, the mutation causes

fetal or newborn death, due to severe malformations and multiple

organ failure. The milder cases can present multi organ defects of

different severity: facial and cranial malformations, hypospadia or

complete gonadal absence and even gender reversal, gastrointestinal

symptoms, limb malformations, liver disease and cardiac defects

(for comprehensive descriptions see [36–38]). SLOS patients pres-

ent, with different degree of gravity, intellectual disabilities, delayed

motor and language maturation, affective disorders and sleeping

problems. The signs and symptoms may be due to reduced brain

cholesterol levels. Severely affected SLOS patients have plasma

cholesterol concentrations at 2% of the normal level and low

cholesterol content in all tissues, especially in the brain [39].

Patients with milder symptoms can show normal plasma concentra-

tions of cholesterol, probably due to residual synthesis capacity and

dietary import. However, even in these mild cases, circulating

cholesterol cannot compensate for the brain deficits due to the

blood–brain barrier, suggesting that low cholesterol levels in the

brain are the primary cause of the neurological symptoms in SLOS

patients. Alternatively, these symptoms may be due to accumulation

of 7,8-dehydrodesmosterol, which is the substrate of DHCR7, or its

oxidized metabolites [36]. Notably, some of the teratogenic effects

by impaired cholesterol synthesis are probably due to defects in

Glossary

24-OHC 24S-hydroxycholesterol
ABCA1 ATP-binding cassette transporter A1
AD Alzheimer’s disease
AKAP150 A-kinase-anchoring protein 150
Akt serine/threonine kinase Akt/PKB (Protein kinase B)
AMPARs a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

(AMPA) receptors
APOE apolipoprotein E
APP amyloid precursor protein
CLU Clusterin
CNS central nervous system
Cox-2 cyclooxygenase 2
CSF cerebrospinal fluid
CYP46 cytochrome P450 cholesterol 24-hydroxylase
CYP7B1 cytochrome P450 oxysterol 7-a-hydroxylase
dhcr24 24-dehydrocholesterol reductase
eNOS endothelial nitric oxide synthase
EPSC excitatory postsynaptic currents
GWAS genome-wide association studies
HD Huntington’s disease
HDL high density lipoprotein
HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
LDL low density lipoprotein
LRRK2 leucin-rich repeat-kinase 2
LTD long-term depression
LTP long-term potentiation
LXRs liver X receptors
MARCKS myristoylated alanine-rich C kinase substrate
Mdm2 mouse double minute 2 homolog
Mecp2 methyl CpG binding protein 2
MbCD methyl-b-cyclodextrin
NMDAR N-methyl-D-aspartate receptor
NPC Niemann-Pick C
PD Parkinson’s disease
PI(4,5)P2 phosphatidylinositol-(4,5)-bisphosphate
PINK1 PTEN-induced putative kinase 1
PLCc phospholipase Cc
PSD95 postsynaptic density protein 95
PUFAs polyunsaturated fatty acids
ROS reactive oxygen species
SLOS Smith–Lemli–Opitz syndrome
SNAREs Soluble NSF Attachment Protein REceptors
SREBPs sterol regulatory element-binding proteins
SV synaptic vesicle
T2DM comorbid type 2 diabetes mellitus
TrkB tropomyosin-related kinase B receptor
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sonic hedgehog signaling [40,41]. During autoprocessing of sonic

hedgehog, a cholesterol molecule is covalently added to the amino

terminus and regulates protein function [42,43].

Desmosterolosis is a rare, autosomal recessive disease caused by

mutations in the dhcr24 gene (Fig 1). The enzyme encoded by this

gene catalyzes the reduction of desmosterol to cholesterol, the last

step in the Bloch pathway of cholesterol synthesis [44]. dhcr24 was

first identified as a gene involved in human steroid synthesis due to

its similarity to DIMINUTO/DWARF1 (dwf1). The product of this

gene catalyzes a similar step in sterol synthesis in plants, which is

essential for normal growth and development in Arabidopsis

[45,46]. In addition to its enzymatic activity, DHCR24 contains a

binding site for p53 and Mdm2, which mediate oncogenic and

oxidative stress signaling [47]. Patients with DHCR24 mutations

present severe brain defects including microcephalia, hydrocephalia,

ventricular enlargement, defects in the corpus callosum, and thin-

ning of white matter and seizures. Disease signs may be attributed

to reduced cholesterol levels or to accumulation of desmosterol. In

addition, reduced levels of DHCR24 in the adult brain may enhance

sensitivity to oxidative stress [48,49].

Niemann-Pick C disease is an autosomal recessive disorder

caused in 95% of the cases by mutations in the npc1 or npc2 genes,

which cause progressive visceral, neurological, and psychiatric

symptoms and premature death. Neurologic symptoms and the age

of onset vary strongly among patients. The symptoms include

delayed development of motor skills, supranuclear palsy, gait prob-

lems, frequent falls, clumsiness, difficulties to speak and learn, and

ataxia. The adult form presents psychiatric problems, cerebellar

ataxia, and progressive dementia. Cataplexy, seizures, and dystonia

are other common features [50,51]. At the histological level, NPC-

deficient brains present neurons with enlarged neurites, ectopic

dendrites, neurofibrillary tangles, neuroinflammation, and axonal

dystrophy. In the advanced disease, neuronal death is the prominent

feature, affecting specific cell types, particularly cerebellar Purkinje

cells [52]. At the cellular level, NPC1 and NPC2 cooperate to medi-

ate the exit of cholesterol from the endosomal-lysosomal system

(Fig 1) [53–55]. Defects in either protein cause accumulation of

unesterified cholesterol and gangliosides in late endosomes and

lysosomes [56–58] with reduced cholesterol levels in the plasma

membrane of NPC patient cells [59] and in axons of cultured

neurons [60]. Moreover, endosomal organelle transport [61] and

Figure 1. Cellular cholesterol homeostasis.
Diagram summarizing how cells ensure cholesterol homeostasis. Cells synthesize
cholesterol from acetyl-CoA by a long series of enzymatic steps requiring energy
and molecular oxygen. Intermediates of the pathway serve as precursors for
other biologically active molecules. Highlighted enzymes are 3-hydroxy-3-
methyl-glutaryl-CoA reductase (HMGCR), which is rate-limiting for the
mevalonate pathway and inhibited by statins, 24-dehydrocholesterol reductase
(DHCR24) and 7-dehydrocholesteol reductase (DHCR7), whose defects cause rare
human diseases. Cells can take up cholesterol by receptor-mediated endocytosis
of lipoproteins bearing apolipoproteins. In this pathway, Niemann-Pick Type C
Protein 1 and NPC2 mediate cooperatively the exit of cholesterol out of the
endosomal-lysosomal system and thereby allow for its incorporation into the
intracellular pool. Defects in either protein cause the lysosomal storage disorder
Niemann-Pick Type C. Overload by cholesterol is prevented by its intracellular
esterification and subsequent storage in lipid droplets and by its release.
Cholesterol is released either as a complex with apolipoprotein-containing
lipoproteins via members of the ATP-binding cassette transporters or after
conversion to oxysterols. Examplary proteins for each process are indicated. The
relative contribution of each pathway to cholesterol homeostasis is probably cell
type-specific. The post-lanosterol steps of cholesterol biosynthesis are divided
into Bloch and Kandutsch–Russell pathways, which share enzymatic stages but
produce C24 double-bond reduced cholesterol at different steps.
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synaptic vesicle composition and morphology are affected [62].

Hence, the neurological and psychiatric symptoms in NPC disease

may result, like in the previously mentioned diseases, from a combi-

nation of abnormal lipid accumulation and reduced cholesterol

levels in specific membrane compartments [63].

Rett syndrome is an X-linked neurological disorder characterized

by defective motor control, cognitive abilities, and social interac-

tions, namely appearance of speech difficulties, stereotypic hand

movements, problematic walking, seizures, intellectual disabilities,

and autistic behavior. Rett syndrome is caused by mutations in the

X-linked mecp2 gene, which encodes a methyl DNA-binding protein

that regulates gene expression [64]. Until recently, Rett syndrome

was not associated with a defect in cholesterol metabolism.

However, a recent study has shown that a suppressing mutation in

the sqle gene, encoding for the squalene epoxidase that mediates a

dedicated step in cholesterol synthesis, was sufficient to restore

function and longevity in Mecp-2 null mice [65]. These data suggest

that Mecp-2 may be involved in the transcriptional control of choles-

terol metabolism. In support of this hypothesis, the expression of

3-hydroxy-3-methylglutaryl-coA reductase, squalene epoxidase, and

Cyp46A1 was altered in Mecp-2 null mice in an age-dependent

manner. Measurements of de novo cholesterol synthesis confirmed

that sterol synthesis decreases in adult brains of Mecp-2 mutant

mice. Administration of fluvastain, an HMG-CoA reductase inhibitor

with intermediate capacity to cross the blood–brain barrier [66], to

Mecp-2 null mice lowered serum cholesterol levels, improved

motor, cognitive and social behaviors and increased life span. In

summary, while Rett syndrome is clearly associated with changes in

cholesterol metabolism, it remains to be demonstrated whether

Mecp-2 phenotypes are caused by neuron-specific defects in choles-

terol metabolism [67].

Taken together, these rare genetic diseases underline that the

brain is highly sensitive to perturbations of cholesterol synthesis

and transport and that these defects cannot be rescued by manipula-

tions of peripheral cholesterol levels.

Brain cholesterol and Alzheimer’s disease

Apart from hereditary diseases with a clear-cut link to cholesterol,

there are neurodegenerative diseases for which a contribution of

impaired cholesterol metabolism to the disease has been

proposed. One of the most studied cases is Alzheimer’s disease

(AD).

Twenty years ago, it was shown that the apolipoprotein E allele

e4 enhances the risk of late-onset familial and sporadic AD [68] and

increases amyloid beta deposition in the brain [69]. This ApoE vari-

ant is also associated with cardiovascular disease, atherogenicity,

and high LDL-cholesterol levels in blood [70–72], raising the

possibility that peripheral cholesterol dyshomeostasis could contribute
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Figure 2. Brain-specific aspects of cholesterol metabolism.
Brain cells are cut off from blood supply as the blood–brain barrier prevents entry of lipoproteins. Cholesterol is synthesized by different types of glial cells as indicated by
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to late-onset AD. Consistently, early work showed that rabbits fed

with a high cholesterol diet develop intracellular accumulations of

beta amyloid in brain cells [73]. Later on, clinical retrospective

studies in humans showed that hypercholesterolemia predisposes to

cognitive deficits, including dementias of the Alzheimer’s type [74],

and that chronic treatment with cholesterol-lowering statins seemed

to prevent the disease [75,76]. More recently, a multisite, medical

center-based analysis of early patients with AD confirmed a correla-

tion between high LDL-cholesterol, low HDL-cholesterol and high

PIB index, which measures the levels of cerebral Ab with carbon

C11-labeled Pittsburgh Compound B [77]. Several lines of evidence

suggest that the link between elevated blood cholesterol and AD is

related to vascular and inflammatory alterations (and associated

diseases) rather than through changes in brain cholesterol [78–88].

In fact, atherosclerosis affects the cerebral vasculature, leading to

plasma protein leakage, accumulation of lipid-containing macro-

phages, and vessel fibrosis, which causes hypoperfusion, local

inflammation and, eventually, breakdown of the blood–brain

barrier [78–80]. Moreover, there is good evidence that metabolic

conditions characterized by high circulating cholesterol levels

predispose to AD through gradual and persistent vascular defects in

the brain [81–86]. In agreement with the clinical evidence, chronic

hypoperfusion of the brain in rats and AD mice increased BACE1

expression, the concentration of Ab fibrils and caused cognitive

impairment [87,88]. In addition to hypoperfusion and inflamma-

tion, high blood cholesterol may also cause vascular defects predis-

posing to AD via oxysterols. These metabolites contribute to the

atherogenic process by inducing endothelial cell dysfunction, adhe-

sion of circulating blood cells, foam cell formation, and apoptosis of

vascular cells [89]. Furthermore, hypercholesterolemia may predis-

pose to AD by comorbid type 2 diabetes mellitus. Clinical studies

revealed that a high proportion of patients with AD present T2DM

[90], which often associates with hypercholesterolemia [91]. In this

constellation, AD signs may also result from defects in brain insulin

signaling [92].

On the other hand, predisposition to AD in cases of familial

hypercholesterolemia with the e4 variant of ApoE may result from

isoform-specific effects on brain cells. This could involve alterations

in the metabolism of beta peptide, effects on synaptic function, and

disturbance of cholesterol metabolism in the CNS [93]. Animal stud-

ies have shown that ApoE levels are reduced in the brain of mice

expressing human Apoe4, suggesting a shorter life span of this

isoform. Moreover, Apoe4 has different properties than other Apoe
isoforms, which may impair the glia-to-neuron transport of choles-

terol, reduce myelin, and diminish the capacity to degrade the toxic

amyloid peptide [94–100]. Still, the consequences of the inheritance

of the e4 allele ought to be put together with the vascular defects

due to hypercholesterolemia and with the direct toxic effects of e4
on the cerebrovascular system [101]. Interestingly, a recent study

on a cohort of NPC patients revealed a correlation between ApoE

alleles and disease severity, which confirms an impact of cholesterol

dyshomeostasis on neurodegeneration.

Recent data from genome-wide association studies (GWAS)

suggest that mutations in the lipid metabolism-related proteins

ApoJ/Clusterin (CLU) and ABCA7 are risk factors for AD [102].

ApoJ/Clusterin is involved in lipid transport but also has heat-

shock-like chaperone activity and regulates apoptosis, immunoglob-

ulin interaction and complement defense [103,104]. Individuals

carrying particular polymorphisms present elevated levels of LDL-

cholesterol and vascular defects [105]. Aging mice deficient in

ApoJ/Clusterin develop progressive glomerulopathy characterized

by deposition of immune complexes in the thin membranes

surrounding the capillary loops [106]. Mutations or polymorphisms

in the ABCA family member ABCA1 are associated with Tangier

disease or, in the less severe cases, with familial HDL deficiency.

Both conditions are characterized by reduced levels of circulating

HDLs and the deposition of cholesterol esters in peripheral tissues

[107]. Hence, like for the e4 allele of ApoE, polymorphisms in these

two proteins may predispose to AD by peripheral, vascular defects

with or without direct changes in brain cholesterol. Future research

will need to address what the relative and specific contributions of

the diverse defects to AD predisposition are.

A link between brain cholesterol and AD was also suggested by

several in vitro studies on neuronal, pseudo-neuronal, and non-

neuronal cells over-expressing proteins involved in familial AD.

Acute reduction of cholesterol levels after treatment of these cells

with synthesis inhibitors like statins or sterol-extracting drugs as

methyl-b-cyclodextrin, reduced the production and toxicity of

amyloid beta peptide, suggesting that elevated levels of brain

cholesterol can be the cause of AD [108]. Although early work

showed that brain cholesterol is high in the brains of patients with

AD, as a consequence of excess Ab [109], others showed reduced

total brain cholesterol and brain cholesterol synthesis in Alzhei-

mer’s disease patients [110–117]. These studies reported a reduction

in the lipid bilayer width of neurons, a 30% reduction in free,

unesterified cholesterol in the temporal gyrus but not in the cerebel-

lum [113] and a significant reduction of cholesterol levels in the

whole-brain raft fraction [116] and in the white matter [114]. On the

other hand, cholesterol levels were increased in nerve terminals of

AD brains that were rich in amyloid aggregates [118] and in the core

of mature, but not diffuse, amyloid plaques [119]. These observa-

tions suggest that amyloid-mediated sequestration of membranes,

mainly in nerve terminals, may be one of the causes for cholesterol

depletion from neuronal membranes in AD brains. Other causes of

low cholesterol levels in AD brains may be APP-mediated inhibition

of cholesterol synthesis [120], amyloid beta peptide-induced reduc-

tion of ApoE-mediated cholesterol uptake [121], increased CYP46

activity leading to cholesterol oxidation and excretion [122,123] or

beta amyloid-induced modifications of lipid rafts [124]. Increased

Cyp46 activity leading to cholesterol elimination could possibly be

one of the multiple consequences of amyloid peptide-induced synap-

tic calcium alterations and oxidative stress [125,126]. These differ-

ent possibilities are illustrated in Figure 3. In agreement with the

observation that AD is accompanied by low brain cholesterol, low

levels of cholesterol are also characteristic of the aging human brain

in regions susceptible to the disease like the hippocampus [30,127–

129], in Alzheimer’s-like mice [130] and in hippocampal synapses

of old mice [131]. In vitro studies have proposed that low neuronal

membrane cholesterol levels might contribute to AD by a combina-

tion of events, including an increase in beta amyloid peptide produc-

tion [132], a reduction in beta amyloid peptide degradation [133],

an increase in the inflammatory response [134] and by facilitating

the interaction of Ab42 oligomers with lipid rafts, leading to plasma

membrane perturbation, calcium dyshomeostasis, and toxicity

[124,135]. In fibroblasts from Alzheimer’s patients, recruitment of

amyloid assemblies to the plasma membrane is higher in cholesterol
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poor conditions while high membrane cholesterol levels in these

cells prevent Ab42-induced generation of ROS and membrane lipo-

peroxidation [136].

In summary, while it is quite clear that pharmacological reduction

of cholesterol levels in cells with normal cholesterol content can

inhibit amyloidogenic processing of over-expressed APP in a variety of

cell types and systems [reviewed in 108], it remains unclear whether

the conclusions from these studies can be extrapolated to the disease

or normal aging contexts, especially taking into account the human

studies showing that cholesterol levels are reduced in normal and

pathological (Alzheimer’s) aging brains (see Sidebar A). Given the

numerous functions of cholesterol, it is not difficult to envision how

reduced neuronal cholesterol levels can lead to brain dysfunction.

Brain cholesterol metabolism is altered by
neurodegenerative pathologies and during aging

Significant changes in brain cholesterol metabolism have also been

observed in other pathological conditions different from AD, such as

Huntington’s disease (HD), Parkinson’s disease (PD), depression,

amyotrophic lateral sclerosis, stroke, head trauma, and also normal

aging.

Aging is characterized by cognitive decline and is accompanied

by altered short-term memory and learning. An age-dependent loss

of cholesterol has been observed in the human brain [30,112,127–

129] and in the rodent hippocampus, in vivo and in vitro [131,137].

At present, the causes for the age-associated cholesterol loss are not

known. There are several candidate mechanisms. First, it could be

due to increased transcriptional activation [125] and membrane

mobilization [138] of the brain-specific cholesterol-hydroxylating

enzyme Cyp46A1. This is supported by the observations that

Cyp46A1 increases in high stress situations, such as cortical injury,

induced autoimmune encephalomyelitis and in Alzheimer’s disease

[123,139,140]. Alternatively, the age-dependent lowering of choles-

terol levels may be due to reduced synthesis in neurons or impaired

delivery from glial cells.

Huntington’s disease (HD) is an autosomal dominant neurode-

generative disorder caused by an abnormal expansion of a CAG

repeat in the huntingtin gene resulting in behavioral abnormalities,

cognitive decline, and involuntary movements. In HD patients,

cholesterol metabolism in the brain is impaired [141,142] possibly

by inhibition of SREBPs [141] by mutant huntingtin. Valenza and

colleagues showed that cholesterol biosynthesis is reduced in brain

samples from different transgenic mouse models expressing mutant

huntingtin [143]. The authors also showed that cholesterol is first
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Impaired
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Oligomeric 
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Membrane 
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Figure 3. Schematic picture showing how AD can lead to reduced cholesterol in neurons.
Numerous studies in brain samples from AD affected individuals show reduced cholesterol levels in structures like the hippocampus. In vitro studies suggest that amyloid
oligomers, whether through binding to detergent resistant membrane domains (rafts) and/or in the form of amyloid peptide aggregates in intracellular compartments, trigger
cell cholesterol decrease by various mechanisms: stress-activated Cyp46A1 transcription leading to cholesterol solubilization and excretion in the form of 24-OHC;
sequestration of membranes and cholesterol within terminals from dying neurons and directly in amyloid plaques; inhibition of astrocyte-derived ApoE-cholesterol uptake
and/or by direct changes in plasma membrane lipid content. Cholesterol reduction can also occur in conditions accompanied by an excess of APP through direct inhibition of
HMG-CoA reductase (HMGCR) and SREBP mRNA levels.
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reduced in synaptosomes and later on in myelin and that transcript

levels of genes mediating cholesterol biosynthesis and efflux are

reduced in HD astrocytes causing lower production and secretion of

ApoE from these cells. Notably, these results are in contradiction

with other studies showing increased free cholesterol in the same

mice [144]. The divergence may be due to the use of different exper-

imental approaches, namely mass spectrometry by Valenza et al

[143] and filipin staining and thin-layer chromatography by

Trushina et al [144]. Moreover, Valenza et al [141] perfused

animals with saline before measurements of sterol levels in the

brain, which may have reduced a substantial fraction of blood-

derived cholesterol. Further support that mutant huntingtin affects

cholesterol levels comes from in vitro experiments showing that the

biosynthesis of cholesterol and fatty acids is impaired in cells

expressing disease-causing mutants of huntingtin [141]. HD patients

and HD mice show a progressive decrease of 24-OHC [142,143],

which is a sign of neuronal cell loss. The decrease in this metabolite

may further reduce cholesterol levels in the brain by impairing the

activity of liver X receptors (LXRs), thus reducing expression of

LXR-dependent transcripts like ABCA1 and ApoE and consequently

the transport of cholesterol to neuronal cells. Evidence for a role of

the LXR pathway in HD—but not necessarily in ABCA1, ApoE and

cholesterol levels in the brain—comes from the observation that

treatment with a LXR agonist partially reverts symptoms in a zebra-

fish model of HD [145].

Parkinson’s disease (PD) is the second most common progressive

neurodegenerative disorder after AD. Like in AD, a low number of

PD cases are caused by mutations in specific genes: a-synuclein,
parkin, LRRK2, PINK1, DJ-1, and ATP13A2 [146]. PD is character-

ized by the degeneration of dopaminergic neurons in the substantia

nigra of the midbrain and by the development of Lewy Bodies in

neurons. Postmortem studies of highly purified lipid rafts from the

frontal cortex of control, early motor stages PD, and incidental PD

subjects did not reveal disease-related differences in the contents of

sphingomyelin or cholesterol. However, the levels of polyunsatu-

rated fatty acids were significantly reduced in raft fractions from PD

compared to age-matched control subjects. Significant reductions

were also observed in the fatty acid 18:1 (n-9) in combination with

significant increases in stearic acid (18:0). The authors proposed

that these changes could determine how cells respond to different

forms of physical and/or chemical stress. However, confounding

differences in dietary lipid uptake between patients and control

subjects must be taken into account. On the other hand, acute

manipulations of cholesterol in vitro suggest that cholesterol defects

are not only a consequence of PD pathology but could contribute to

PD. Treatment of cells and mice with the cholesterol-extracting drug

methyl-b-cyclodextrin decreases the levels of a-synuclein in

membrane fractions and reduces the accumulation of a-synuclein in

the neuronal cell body and in synapses, preventing its aggregation

[147]. However, the effects observed with cyclodextrins cannot be

used to strongly argue that high cholesterol levels cause a-synuclein
accumulation. First of all, it is unclear whether synuclein aggrega-

tion occurs in a background of high cellular cholesterol, and if so in

which compartments. Second, and perhaps most critical, cyclodex-

trin represents a rather harsh treatment that not only leads to

cholesterol extraction and redistribution to different membrane

organelles but, due to its chemical nature, it can bind and redistrib-

ute other hydrophobic molecules (i.e. lipids) potentially affecting

other pathways. On the other hand, also statins reduce the aggrega-

tion of a-synuclein in cultured neurons and in animal models of

synucleinopathies [148,149], suggesting again that high cellular

cholesterol could be at the base of this pathological sign. Yet, care

should be taken when interpreting these results as (i) these data

were obtained in cells and animals with normal and not high choles-

terol levels, and (ii) statins play numerous HMG-CoA-independent

roles, including antioxidant and anti-inflammatory roles and also

impact on the nitric oxide synthase pathway [150,151].

A dysregulation of brain cholesterol has been discussed in the

context of other pathologic conditions including stroke, schizophre-

nia, depression, and amyotrophic lateral sclerosis, but again, it

remains unclear whether the changes in brain cholesterol are at the

base of these pathologies or are an epiphenomenon. A clear excep-

tion is spastic paraplegia type 5, a hereditary autosomal recessive

disease with neurologic symptoms caused by mutations in CYP7B1

[152]. This enzyme is expressed in the brain and in the liver, where

it hydroxylates 25- and 27-hydroxycholesterol to 7a-25-dihydroxy-
cholesterol and 7a-27-dihydroxycholesterol. So far, it is unclear why

its dysfunction causes progressive neuropathy in humans [153].

However, the strong increase in the substrate (27-hydroxycholesterol)

in the CSF has been proposed to be the cause for the neurological

symptoms [154].

In summary, the studies described above indicate that choles-

terol metabolism in the brain is affected by various disease condi-

tions. A major challenge for future research will be to determine

the cellular origin (neurons, astrocytes, and oligodendrocytes) of

disease-related changes in cholesterol levels, how each pathological

condition affects cholesterol homeostasis in the brain, and whether

cholesterol dyshomeostasis plays a causal role in the disease (see

Sidebar A).

Mechanisms by which cholesterol dyshomeostasis could
contribute to disease: role of oxysterols

Cells in the brain rely on constant cholesterol synthesis; however,

the blood–brain barrier prevents entry and exit of lipoproteins.

Consequently, cells in the brain require a specific mechanism to

prevent an accumulation of excess cholesterol. Different mecha-

nisms for removal of brain cholesterol are currently recognized

[25,155–157]. An important one is the hydroxylation of cholesterol

to 24-OHC by cholesterol 24-hydroxylase or CYP46 [25,28,157–159].

Interestingly, CYP46 is expressed specifically by neurons, suggesting

that these cells are particularly sensitive to excess of cholesterol

[31]. However, knockout mice lacking CYP46 do not present

increased cholesterol levels, possibly due to the concomitant reduc-

tion in the cholesterol mevalonate pathway [160]. These mice

exhibit severe deficiencies in spatial, associative, and motor learn-

ing, which are reversed by treatment with geranylgeraniol, a non-

sterol isoprenoid required for learning, but not cholesterol. The

explanation is that brains from mice lacking CYP46 excrete choles-

terol more slowly, and the tissue compensates by suppressing the

mevalonate pathway, which in turn results in lower synthesis of

geranylgeraniol [160]. Geranylgeraniol is posttranslationally

attached to a large number of proteins and regulates multiple

cellular processes ranging from intracellular signaling to vesicular

transport [161].
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Cholesterol turnover catalyzed by CYP46 seems to be essential

for neural function. Female homozygous transgenic mice that

ubiquitously overexpress the cyp46A1 gene under the b-actin
promoter present levels of circulating 24-OHC that are 30–60%

higher than heterozygote littermates and show increased expression

of synaptic proteins and improved spatial memory in the Morris

water maze test, compared to wild-type mice [162]. Curiously, this

effect was not observed in male mice, implying hormonal-dependent

sensitivity to the effects of 24-OHC. It is unclear whether neuronal

or glial cholesterol levels contribute to the improved cognition in

these mice, as cholesterol levels were not measured in this model.

Beneficial effects for CYP46 have also been proposed based on the

evidence that increased cyp46A1 expression in the brain of APP23

mice by adeno-associated viral therapy significantly reduced Ab
pathology and gliosis and improved cognitive functions. These

effects correlated with increased levels of 24-OHC in the brain

regions under study, but no changes in total cholesterol levels were

observed in these mice [163], suggesting that the effects may be

unrelated to CYP46-mediated cholesterol removal from cells. In fact,

oxysterols are not only intermediates in the cholesterol elimination

pathway but also constitute important signaling molecules. 24-OHC

serves as an activator of nuclear transcription factors, liver X recep-

tors a and b [7,164], which increase the expression of cholesterol

transport genes [165,166] including ABCA1 in both neurons and glia

[167] and ApoE in astrocytes [31,168]. ABCA1 mediates cellular

cholesterol efflux in the brain and influences whole-brain choles-

terol homeostasis. It has been shown in vitro that ABCA1 actively

eliminates 24-OHC in the presence of HDL as a lipid acceptor and

protects neuronal cells from the toxic effects of 24-OHC accumula-

tion [169]. Previous studies showed that the exposure of SH-SY5Y

human neuroblastoma cells to physiological concentrations of

24-OHC led to a 90% loss in cell viability [170]. This last result is in

contrast to the above-mentioned studies showing improved cogni-

tion and reduced amyloid load in mice with increased Cyp46A1

levels, leaving open the possibility that 24-OHC may produce differ-

ent, even opposite, effects depending on levels and cell types.

Specific inactivation of ABCA1 in the mouse brain changes

synaptic transmission and sensorimotor behavior [171]. Recent

experiments in vivo showed that mice lacking brain ABCA1 exhibit

cortical astrogliosis, increased inflammatory gene expression as well

as activation of mitogen-activated protein kinases (MAPKs) follow-

ing acute lipopolysaccharide (LPS) administration. Mice lacking

neuronal ABCA1 develop astrogliosis but show no change in inflam-

matory gene expression. These findings suggest that coordinated

ABCA1 activity across neurons and glial cells influences neuroin-

flammation and neurodegeneration [172]. Accordingly, other experi-

ments have shown that genetic elimination of either LXRa or b
results in age-dependent neurodegenerative changes with accumula-

tion of lipids in neurons, astrocytes, and the meninges [173].

Oxysterols may also modify Ab peptide clearance by acting on

the blood–brain barrier. 24-OHC and 27-hydroxycholesterol

increased the expression of the ABCB1 transporter in brain capillary

endothelial cells leading to enhanced Ab clearance [174]. Moreover,

oxysterols decrease Ab peptide generation by brain capillary endo-

thelial cells, by modulating the expression level of APP proteolytic

enzymes [175] and possibly by changing the membrane cholesterol

content of these cells [176]. Notably, 27-hydroxcholesterol is

produced enzymatically in cells outside the nervous system, but it

can enter the brain via the blood–brain barrier (Fig 2) [177], where

it may signal the level of plasma cholesterol levels to cells in the

brain and impact on the renin–angiotensin system [178]. This

system in addition to its roles in salt and water homeostasis and the

regulation of blood pressure regulates multiple brain functions such

as learning and memory, processing of sensory information, and

regulation of emotional responses [179].

Mechanisms by which cholesterol dyshomeostasis affects
synaptic activity

Synaptic transmission appears to be particularly sensitive to a

disturbance of cholesterol levels, probably because synaptic vesicle

release at the presynaptic terminal and the response to signals

through neurotransmitter receptors on the postsynaptic side rely

entirely on membranous compartments and membrane-bound

signaling pathways [180]. Some key aspects of cholesterol function

in pre- and postsynaptic activities are schematized in Figure 4.

Role of cholesterol in presynaptic vesicle fusion

For membrane fusion to occur, two bilayers must merge, resulting

in extreme structural changes. Membrane curvature is a key deter-

minant for fusion [181] and strongly depends on lipid composition

and topology. The merging process between membrane bilayers

requires a highly negative curvature [182], and thus, addition of

lipids with negative intrinsic curvature facilitates the fusion of

bilayers [183].

Cholesterol is a prominent component of synaptic vesicles. It

supports intrinsic negative curvature of membranes [184,185] and

facilitates the formation of high curvature intermediates during the

fusion process. Depletion of cholesterol results in a dose-dependent

inhibition of the rate and kinetics of fusion [186]. In addition,

cholesterol may favor membrane fusion through its interaction with

synaptophysin, an integral membrane protein enriched in synaptic

vesicles [187]. Consistent with these data, cholesterol depletion

impairs synaptic vesicle exocytosis in cultured neurons [188],

greatly reduces Ca2+-evoked neurotransmitter release from synapto-

somes [189], and alters presynaptic plasticity events [190]. Accord-

ingly, addition of cholesterol to glia- and serum-free neuronal

cultures enhances presynaptic transmitter release [191,192].

Furthermore, cholesterol may facilitate fusion by concentrating

SNAREs, a highly conserved family of integral membrane proteins

involved in synaptic vesicle fusion, at fusion-competent sites

[189,193,194]. Cholesterol depletion also affects the ability of

synapses to undergo sustained synaptic transmission [192] by

compromising the recycling of SV proteins [195]. A thorough under-

standing of the presynaptic role of cholesterol probably requires

more refined methods to manipulate its subcellular levels.

Influence of cholesterol on postsynaptic function

Changes in the number and composition of postsynaptic glutamate

receptors contribute to the induction and consolidation of memory

formation [196–199]. These changes occur through endocytosis and

exocytosis but also through the rapid lateral diffusion of these recep-

tors between synaptic and extrasynaptic areas in the plasma

membrane [200,201]. These processes are controlled by receptor

interactions with the underlying protein scaffold [202] and by the
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lipid composition of the subsynaptic membranes [24,203]. It has

been shown that depletion of cholesterol destabilizes surface AMPA

receptors clustered within lipid rafts in cultured hippocampal

neurons [204] and decreases their mobility [203]. In agreement with

these observations, we have recently shown that in neurons with

low cholesterol levels, AMPA receptors accumulate at the cell

surface due to reduced lateral mobility and impaired endocytosis

[205], supporting the idea that cholesterol levels influence synaptic

activity.

Similarly, the distribution and function of NMDA receptors

depends on the lipid environment. Their presence in lipid rafts may

facilitate their oligomerization [24]. Cholesterol depletion prevents

NMDA-dependent Ca2+ influx in cultured hippocampal pyramidal

cells [206] and inhibits NMDA-induced long-term potentiation (LTP)

in the hippocampus [207]. Recent studies suggest 24-OHC as a very

potent positive allosteric modulator of NMDARs. At sub-micromolar

concentrations, 24-OHC potentiated NMDAR-mediated EPSCs in rat

hippocampal neurons in vitro and enhanced the ability of sub-

threshold stimuli to induce LTP in hippocampal slices. In turn,

24-OHC reversed hippocampal LTP deficits induced by the NMDAR

channel blocker ketamine. Synthetic drug-like derivatives of 24-OHC

are able to restore behavioral and cognitive deficits in rodents

treated with NMDAR channel blockers [208].

Previous studies from our laboratory provide evidence for age-

dependent changes in the membrane composition of rodent hippo-

campal neurons. We observed that the membrane concentration of

the PI(4,5)P2-clustering molecule MARCKS declines during aging in

mice hippocampal neurons. The reduced level of MARCKS lowers

PIP2PIP3
PSD95

F-actin

TrkB/PI3K MARCKS 
detached from
membrane

p-AktGSK3β

Reduced Plc
activity

F-actin depolymerization

Decreased 
endocytosis

Reduced AMPARs mobility AMPARs

IMPAIRED LTPIMPAIRED LTD

GSK3β
inactive

DECREASED LEARNING AND MEMORY 

CHOLESTEROL LOSS
CHOLESTEROL LOSS

PSD95 degradation

Vesicle
recycling CHOLESTEROL LOSS

Vesicle fusionCHOLESTEROL LOSS

Figure 4. Proposed mechanism to explain how reduced brain cholesterol could underlie poor cognition.
In the presynaptic compartment, cholesterol depletion impairs synaptic vesicle exocytosis probably due to altered membrane curvature and impaired SNARE clusterization at
fusion-competent sites. Cholesterol depletion also affects the ability of synapses to undergo sustained synaptic transmission by compromising the recycling of proteins from
synaptic vesicles. In the postsynaptic compartment, cholesterol loss leads to MARCKS detachment from the membrane and PIP2 release. Most of the released PIP2 is
transformed to PIP3 due to the enhanced TrkB PI3K activity also promoted by cholesterol loss. PIP3 accumulation stabilizes F-actin, blocks AMPARs at the dendritic spines, and
also leads to high levels of active p-Akt, which in turn inactivates GSK3b required to promote AMPARs endocytosis. As a consequence of reduced PIP2, low PLCc activity is also
found in old neurons leading to impaired LTP. PLC activity is also required for processes such as actin depolymerization, AKAP150 removal from spines, and PSD95 degradation
after LTD induction. Altogether, impaired LTP and LTD in old neurons result in decreased learning and memory.
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the concentration of PI(4,5)P2 and reduces PLCc activity, with a

negative impact on learning and memory [209]. More recently, we

have shown that cholesterol depletion can trigger the detachment of

MARCKS from neuronal membranes in culture, which suggests that

the natural occurrence of cholesterol reduction during aging can

contribute to the cognitive deficit phenotype of the elderly through,

at least in part, this mechanism [205].

Our studies also suggest a link between cholesterol loss and TrkB

receptor activation. First, age-related decrease of cholesterol in

membranes of hippocampal neurons is accompanied by the recruit-

ment of TrkB receptors to rafts and their phosphorylation in vivo

and in vitro [137]. Second, mild (25%) reductions in membrane

cholesterol of cultured neurons activate TrkB and its downstream

effector Akt [137,210,211]. Age-dependent accumulation of active

Akt occurred in the hippocampus of old mice [137,205,209], which

could be restored by replenishment of cholesterol in hippocampal

acute slices and in primary neurons with low cholesterol content

[205,211]. Long-term depression (LTD) requires dephosphorylation

of p-Akt to trigger endocytosis of AMPA receptors, and accumula-

tion of p-Akt in old cells interferes with this process [205]. Electro-

physiological recordings from brain slices of old mice and in

anesthetized elderly rats demonstrated that the reduced hippocam-

pal LTD associated with age can be rescued by cholesterol perfu-

sion. Accordingly, cholesterol infusion in the lateral ventricle of old

animals improved hippocampal-dependent learning and memory in

the water maze test [205].

Therapeutic approaches to cholesterol-related
brain diseases

Whether disturbances of cholesterol metabolism cause or contribute

to brain disease, cholesterol and cholesterol-dependent pathways

are obvious targets for therapeutic interventions.

A prime example for a potential therapeutic approach targeting

cholesterol is provided by NPC disease. Several studies revealed that

administration of a specific form of cyclodextrin can stop the

progress of the disease in mouse models of NPC [212,213]. Although

the exact mechanism is unknown, the most parsimonious explana-

tion is that the lipophilic molecule equilibrates the cholesterol pools,

by extracting cholesterol from sites where it is highly concentrated

(such as the endosomal-lysosomal system) and redistributing it to

sites with lower content (such as the plasma membrane). Irrespec-

tive of the unclear mode of action, a clinical trial exploring cyclodex-

trin as potential therapeutic approach to NPC patients is currently

under way [214]. Interestingly, a recent study revealed that the same

form of cyclodextrin has neuroprotective activity in cellular and

mouse models of Alzheimer’s disease [215].

A helpful indication for clinical trials is the availability of biomar-

kers that allow for monitoring treatment efficacy in a longitudinal

manner. Again, NPC serves as an exemplary case, where progress

has been made. Recent studies have shown that the plasma and CSF

of NPC patients contain strongly elevated levels of specific oxysterols,

namely 3b,5a,6b-cholestanetriol and 7-ketocholesterol that are

generated by non-enzymatic oxidation [216]. These changes, which

are probably caused by elevated oxidative stress in a variety of cell

types, are highly specific and can be used to diagnose the disease

and to monitor disease progression [217]. Future research should

reveal whether these oxsterols can serve as biomarkers for other

neurodegenerative diseases.

There is evidence that LXR activation by the agonist T0901317

reduces neuropathological changes and improves memory in mouse

models of experimental dementia [218]. An essential role of LXRs for

Ab peptide clearance in the APP/PS1 transgenic mouse model has been

proposed: activation of LXRs elevates the brain levels of ApoE

and ABCA1, resulting in increased amyloid clearance and markedly

improved memory formation [219]. Similarly, LXR activation

suppressed amyloid deposition and improved memory function in

APP23 mice exposed to high fat diet [220], altogether suggesting that

LXR activation can play different roles, at the central and systemic

levels. It should be mentioned that astrocytic LXRa activation and

subsequent release of ApoE by astrocytes plays a role in cholesterol

delivery to neuronal cells and has been shown to be critical for the abil-

ity of microglia to remove fibrillar Ab in response to treatment with

LRX activator TO901317 [221]. Note, however, that some LXR agonists

are not very specific and may affect multiple molecular targets.

Statins have been assayed for the treatment of neurodegenerative

diseases such as Alzheimer’s disease, Parkinson’s disease, multiple

sclerosis, ischemic stroke, and traumatic brain injury. However, the

benefits of statins are controversial: some observations suggest that

a positive relationship exists and that statins delay both, the onset

and progression of dementia [76,222–224], others found a similar

risk for dementia among statin and non-statin users [225] and some

revealed cognitive impairment by statin treatment [226]. In January

2014, the United States Federal Drug Administration issued a note of

advice on statin risks, recognizing the existence of cognitive impair-

ment, such as memory loss, forgetfulness, insomnia, and confusion

in some statin users (http://www.fda.gov/forconsumers/consumer-

updates/ucm293330.htm). In agreement, a recent study showed that

long-term oral treatment of mice with atorvastatin, the most widely

prescribed statin, leads to significant alterations in behavior and

cognition [227]. It is now thought that lipophilicity of the statins

may determine the degree of side effects, especially those affecting

muscle and central nervous system function, and could also explain

the different results obtained in the different clinical trials [228]. It

is in fact easy to envision that lipophilic statins can directly alter

brain cholesterol levels, leading to dysfunction by the direct

reduction of cholesterol in the membrane of astrocytes, neurons,

and oligodendrocytes. In addition, one should not forget that statins

may also exert beneficial effects through inhibiting the Cox-2

pathway and thus inflammation [229], by affecting the endothelial

nitric oxide synthase [230] or by their anti-oxidant properties [231].

Conclusion

In summary, it is clear that a direct disturbance of cholesterol

metabolism, for example, by defects in cholesterol synthesizing

enzymes or transporters, impairs brain development and function.

In addition, changes in cholesterol metabolism in the adult and

during aging, and in several age-related neurodegenerative

diseases, can directly impact on brain function. Nevertheless, a

true causal link between brain cholesterol alterations and late-

onset brain dysfunction and brain disease is unproven [232]. In

fact, it even remains uncertain to which extent inheritable poly-

morphisms or mutations in cholesterol pathway genes predispose
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to brain pathology of the adult by a direct perturbation of brain

cholesterol homeostasis rather than body cholesterol/metabolic

dyshomeotasis indirectly affecting brain function. Like in AD, the

changes in brain cholesterol in inherited conditions with symp-

toms in the adult could be an accompanying process, likely rele-

vant in the stabilization or progression of disease signs, rather

than being the cause of the disease. Further progress in the field

requires careful cell-specific analyses of cholesterol homeostasis in

neurons and glial cells under different pathologic conditions with

new tools for cell-specific measurements and manipulations of

cholesterol levels in vivo.
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Sidebar A: In need of answers

(i) For which of the major pathologies of the adult brain cholesterol

dyshomeostasis is a primary disease-triggering event rather than

simply a secondary effect of the disease, such as the multiple defects in

cellular homeostasis that occur in the course of a disease (as for exam-

ple mitochondrial dysfunction, calcium dyshomeostasis, transcriptional

dysregulation)? It remains unclear whether polymorphisms in choles-

terol synthesis and transport regulatory genes predispose to diseases of

late onset like Alzheimer’s due to a direct brain cholesterol defect or as

a consequence of the accompanying vascular/systemic alterations (or

the combination of both).

(ii) Can the levels of cholesterol-related biomarkers in blood or CSF of

patients help to monitor patient-specific changes over time and to

define disease progression?

(iii) Future transcriptional, protein, and lipid analyses should determine the

cell types, such as neurons, astrocytes, and oligodendrocytes, in which

changes in cholesterol metabolism occur.

(iv) Should lipophilic, blood–brain barrier permeable, statins be used for

the prevention or treatment of brain disorders? This is an important

consideration for future clinical trials, in light of the numerous

evidences for decreased cholesterol content and metabolism in the

brains of the aged, and the reports (and formal warnings from the FDA)

of cognitive and mood disorders in statin users.

(v) Future studies should determine by which of its multiple sites of action

statins produce ‘beneficial’ effects: through reduction of cellular choles-

terol/cholesterol metabolites, anti-inflammatory, anti-oxidative stress,

or the nitric oxide pathway?
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