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Alzheimer’s disease (AD) is the most common cause
of dementia in North America and Europe. The inci-
dence of the disease rises dramatically with age. AD is a
complex multifactorial disorder that involves numerous
susceptibility genes, but the exact pathogenesis and bio-
chemical basis of AD is not well understood. Cholesterol
is receiving a great deal of attention as a potentially cru-
cial factor in the etiology of AD. Almost all cholesterol in
the brain is synthesized in the brain. Cholesterol exits the
brain through the blood-brain barrier (BBB) in the form
of apolipoprotein E (ApoE) or by first being converted to
a more polar compound, 24(S)-hydroxycholesterol,
which is elevated in individuals with AD. The key event
leading to AD appears to be the formation and aggrega-
tion in the brain of amyloid � (A�) peptide, a proteolyti-
cally derived product of amyloid precursor protein
(APP). Cholesterol has been demonstrated to modulate
processing of APP to A�. High levels of cholesterol are
associated with increased risk of AD. Patients taking
cholesterol-lowering statins have a lower prevalence of
AD. ApoE, which transports cholesterol throughout the
brain, exhibits an isoform-specific association with AD
such that the E4 isoform, by unknown mechanisms, shifts
the onset curve toward an earlier age.
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Alzheimer’s disease (AD) is a progressive, irre-
versible brain disorder with no known cure. It causes a
gradual decline in memory and language skills, mood
changes, confusion, disorientation in time and space,

and, eventually, loss of the ability to care for oneself. AD
is the most common form of irreversible dementia.1

Effective pharmacological treatment of AD is lacking
despite extensive efforts to produce active therapy aimed
at neuronal and cerebrovascular targets.2 Although the
cause or causes of AD are still unknown, the pathologi-
cal features that characterize the disease are the deposi-
tion of 39-42 amino acid peptides termed amyloid �
(A�) and the appearance of neurofibrillary tangles in the
hippocampus and cerebral cortex in the brains of those
with AD. The amyloid hypothesis postulates that AD
owes to the aggregation and accumulation of A� in
affected brain regions.3 It is the endoproteolytic cleav-
ages of amyloid precursor protein (APP), a large type I
transmembrane protein, by �- and �-secretases that
results in the generation of A� peptides that are thought
to be neurotoxic. A third enzyme, the �-secretase,
cleaves APP within the A� region and thus prevents A�
formation. Both �- and �-secretases directly compete for
their substrate, APP.4

There is strong evidence that alterations in lipid metabo-
lism play a role in the pathogenesis of AD.5,6 The ApoE E4
allele, which exacerbates hypercholesterolemia, is a dose-
dependent risk factor for the development of AD,7 and cho-
lesterol plays an intrinsic role in AD pathogenesis.8 High
serum total cholesterol may be an independent risk factor for
AD. Thus, proteins and transporters involved in maintaining
brain cholesterol homeostasis are likely participants in the
development of AD. The targeting and appropriate manipu-
lation of the activity/expression of brain cholesterol trans-
port proteins could provide an approach to the stabilization,
slowing, or prevention of AD.
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The brain is the organ richest in cholesterol.9 The central
nervous system (CNS) contains approximately one-fourth
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of all the unesterified cholesterol present in the body.
Brain cholesterol turnover is very slow.9,10 Cholesterol
homeostasis in the brain is uniquely separate from the
rest of the body owing to the blood-brain barrier (BBB),
which regulates the interface between the circulating
blood and the brain.11 This barrier is formed by the capil-
lary endothelial cells in the walls of the vessels that carry
blood into the brain. The BBB strictly limits transport
into the brain through tight junctions between cerebral
endothelial cells. Brain capillary endothelial cells pos-
sess few pinocytic vesicles. Passage across the endothe-
lial cell membranes is determined by solubility in the
lipid bilayer or recognition by a transport molecule. The
BBB effectively prevents the brain from competing for
cholesterol derived from circulating plasma lipoproteins.
Therefore, nearly all brain cholesterol is a product of
local de novo synthesis.12 Cholesterol balance in the
brain is dependent on local synthesis and brain-specific
elimination via the secretion of cholesterol in the form of
the metabolite 24(S)-hydroxycholesterol, as well as
through the lipoprotein carrier ApoE.

��
������
��	������������
�����������
��	���

There are epidemiologic and biochemical data linking
cholesterol, APP processing, A�, and AD. There are
human studies that support the hypothesis that high
serum cholesterol level is an independent risk factor for
the development of AD13 and mild cognitive impair-
ment.14 In a population-based sample of 444 men aged
70 to 89 years, high serum cholesterol level was a signif-
icant predictor of the prevalence of AD after controlling
for age and the presence of the apoE epsilon 4 allele.13

Recent epidemiological studies show a strong reduction
in the incidence of AD in patients treated with choles-
terol-lowering statins [i.e., inhibitors of 3-hydroxy-3-
methyl-glutaryl CoA (HMG-CoA) reductase].15,16

Elevated cholesterol levels increase A� in cellular
and animal models of AD,17,18 and drugs that inhibit
cholesterol synthesis lower A� in these models.19,20

Modulation of cholesterolemia in a transgenic mouse
model of AD with a high-fat/high-cholesterol diet
increases A� accumulation and accelerates the AD-
related amyloid pathology.21 The widely prescribed
cholesterol-lowering medications simvastatin and lovas-
tatin reduce intracellular and extracellular levels of
A�42 and A�40 peptides in primary cultures of rat hip-
pocampal neurons and mixed cortical neurons infected
with Semliki Forest Virus encoding the human APP.17

Guinea pigs treated for three weeks with high doses of
simvastatin exhibit a strong and reversible reduction of
cerebral A�42 and A�40 levels in the cerebrospinal fluid

and brain homogenate.17 In a cell culture model of APP
overexpression, addition of cholesterol to the culture
medium diverted APP metabolism away from the non-
amyloidogenic pathway mediated by �-secretase, pro-
ducing a decrease in soluble APP.22 Excessive
cholesterol feeding with a 2 percent cholesterol diet
induces accumulation of intracellular immunolabeled
A� in New Zealand white rabbits.18 All these findings
demonstrate that cholesterol can modulate the yield of
A�, and this has focused attention on cholesterol-reduc-
ing drugs as a potential treatment of AD. The mechanism
by which cholesterol influences APP processing is still
unknown, however, and may be direct or indirect.
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HMG-CoA reductase inhibitors (i.e., lipid-lowering
drugs commonly referred to as statins) significantly
reduce mortality for patients with coronary artery dis-
ease.23 The prevalence of AD is also reduced among
people taking drugs of this class.15,16 Statins may act
directly on the processing of APP by inhibiting the �-
and the �-secretase pathways.24 In one study of elderly
nondemented subjects, however, treatment with statins
in the therapeutic range failed to significantly alter cere-
brospinal fluid (CSF) concentrations of A� despite a
substantial effect on cholesterol turnover.25 A number of
properties other than lipid lowering may help to explain
the impact of statins on AD. The clinical action of many
cholesterol-lowering drugs is the result of pleiotropic
effects rather than simply a reduction in cholesterol. The
documented beneficial effects are antiatherosclerotic,
anti-inflammatory, and antithrombotic. Statins have
been shown to reduce the levels of proinflammatory
cytokines and markers of acute phase response including
C-reactive protein and serum amyloid A.26 They both
have antioxidant properties and can inhibit the genera-
tion of reactive oxygen species and blunt their destruc-
tive effects.27 Statins may also influence ApoE levels. In
cultured astrocytes and microglia, exposure to statins
decreases cellular and/or secreted ApoE.28 Statin treat-
ment significantly lowers plasma levels of 24(S)-
hydroxycholesterol, an oxysterol generated in the brain
by the cholesterol 24(S)-hydroxylase enzyme.29 The
effect of statins on 27-hydroxycholesterol, the other
oxysterol present in the brain, have not yet been evaluat-
ed.30 Statins active in preventing AD do not have to cross
the BBB to exert their effects. They can alter cholesterol
distribution in the brain without directly affecting brain
cholesterol synthesis.31

Much of our knowledge of statin effects on brain choles-
terol comes from animal studies. In guinea pigs, high-dose
treatment with simvastatin or pravastatin did not alter
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total brain cholesterol levels. A high-cholesterol diet ele-
vated serum cholesterol in these animals, but did not
affect total brain cholesterol level. De novo cholesterol
synthesis in the guinea pig brain is downregulated by
statins, as indicated by lower absolute levels and choles-
terol-related ratios of the cholesterol precursor lathos-
terol compared with controls.32
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When intracellular cholesterol levels are elevated, an
efflux system responds to maintain cholesterol equilibri-
um. Cholesterol is a highly hydrophobic lipid that
requires specialized transport via lipoproteins or conver-
sion to a more polar form. Cerebral cholesterol elimina-
tion involves both mechanisms: one dependent on ApoE
and the other on the enzyme cholesterol 24-hydroxylase,
a cytochrome P-450 species denoted Cyp46.33 ApoE, the
most abundant apolipoprotein in the CNS, is involved in
the transport of cholesterol to neurons and is found in
high-density lipoprotein—like lipoproteins in the CSF.12

In the brain, cholesterol is converted to 24(S)-hydroxy-
cholesterol by Cyp46. In humans, 24(S)-hydroxycho-
lesterol is formed almost exclusively in the brain via
mitochondrial hydroxylation of cholesterol.10 This polar
cholesterol derivative continuously crosses the BBB and is
readily secreted into the circulation. 24(S)-Hydroxy-
cholesterol is a member of a family of oxygenated deriva-
tives of cholesterol, termed oxysterols, which function as
transport forms of cholesterol. Oxysterols regulate export
of cholesterol from the cell and are critical intracellular
signal transduction molecules that exert tight control
over cellular cholesterol trafficking. They modulate tran-
scription of genes related to cholesterol metabolism, thus
mediating a number of cholesterol-induced metabolic
effects, and they participate in cell signaling as ligands
for the nuclear receptors liver X receptor � and �.34

24(S)-hydroxycholesterol is a cholesterol catabolite that
is ultimately converted into bile acids or excreted in bile
in its sulfated and glucuronidated form.

In the early stages of AD, serum and CSF 24-
hydroxycholesterol levels are elevated when compared
to healthy subjects. This elevation can be attributed to
conversion of cholesterol from damaged or dying neu-
rons to 24(S)-hydroxycholesterol.35 Because almost all
24(S)-hydroxycholesterol is derived from the CNS, cir-
culating levels of 24(S)-hydroxycholesterol reflect brain
cholesterol catabolism. This suggests the possibility that
serum 24-hydroxycholesterol may have clinical utility as
a marker for early AD.36,37 In AD patients, severity of
dementia is independently associated with a decrease in
the ratio of plasma 24-hydroxycholesterol/cholesterol.

This reduction in the ratio of plasma 24(S)-hydroxycho-
lesterol/cholesterol may be attributed to a loss of choles-
terol 24(S)-hydroxylase in the CNS.36

Polymorphisms in Cyp46 are associated with an
increased load of A� in AD, providing further evidence
that abnormalities in the metabolism of cholesterol
might contribute to the pathophysiology of AD.38 The
association between polymorphisms in the Cyp46 gene
and AD susceptibility is controversial. Papasso-
tiropoulos observed that brain A� load in subjects with a
Cyp46 polymorphism 151 bases upstream of exon 3 was
significantly higher than in subjects not carrying the
polymorphism.39 CSF levels of A� and phosphorylated
tau protein were also elevated. In two independent popu-
lations, this genetic polymorphism was associated with
higher risk of late-onset sporadic AD. In contrast, a study
by Desai40 using a large American white case-control
cohort failed to support the association between the same
polymorphism studied by Papassotiropoulos in Europe39

and AD among American white or African-American
subjects. A second Cyp46 polymorphism was examined
by Kolsch.41 This polymorphism involved a C to T tran-
sition in intron 3, 43 base pairs upstream of exon 3 of
Cyp46. Carriers of the C allele of this polymorphism
were more frequent in AD patients compared to healthy
controls, and carriers of the CC genotype had signifi-
cantly higher 24-hydroxycholesterol-cholesterol ratios
in CSF than carriers of the CT and TT genotypes.
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Human ApoE, a small plasma protein of 299 amino acid
residues, is a component of several different types of
lipoproteins and plays a central role in cholesterol uptake
and transport.42 In the general population, ApoE exists in
three major isoforms—ApoE2, ApoE3, and ApoE4—each
differing by cysteine and arginine at positions 112 and 158.
ApoE3, the most abundant allele, contains cysteine and
arginine at both positions. The ApoE2 variant, the least
common form, contains a cysteine substitution within the
binding region at amino acid 158, and ApoE4 contains
arginine at sites 112 and 158.43,44 ApoE is expressed
throughout the brain and is produced mainly in astrocytes
and microglia. ApoE is involved in the regulation of cho-
lesterol transport in the CNS.45 ApoE is localized in the
senile plaques, congophilic angiopathy, and neurofibrillary
tangles in the brains of patients with AD. This plaque for-
mation seems to involve an interaction between ApoE and
A� peptide. ApoE binds A� with high avidity. ApoE3 and
ApoE4 may behave differently and differentially con-
tribute to the risk of AD.

The ApoE4 allele (chromosomal locus 19q13) is the
single most important genetic risk factor associated with
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AD. This allele confers increased risk for sporadic as
well as familial AD.46,47 ApoE4 is a major risk factor for
AD in persons of both sexes aged 40 to 90 years, and per-
sons with the genotype ApoE4/ApoE4 have the highest
risk of developing AD (odds ratio 14.9, 95 percent CI
10.8 to 20.6).48 Epidemiological studies have demon-
strated that inheritance of one or more ApoE4 alleles
affects the age of onset and the degree of amyloidogenesis.
Patients expressing the ApoE4 allele have an earlier age
at onset and a greater amyloid burden.46,49 In susceptible
individuals, the age at onset of AD averages approximate-
ly five to 10 years earlier in the presence of one allele and
10 to 20 years earlier in the presence of two alleles.48 It is
estimated that a young asymptomatic person with no fam-
ily history of AD carrying one ApoE4 allele has an
approximate doubling of lifetime risk of developing AD,
from 15 percent to 29 percent.50,51 Furthermore, whereas
the ApoE4 allele defines a greater risk, the presence of
ApoE4 is neither necessary nor sufficient to predict the
disorder before the onset of symptoms. Only 40 percent of
all AD patients have the ApoE4 allele. At this time, ApoE
genotyping is not recommended for use in predictive test-
ing or for routine clinical diagnosis of AD.52

In humans, the presence of one or more ApoE2 alleles
appears to be protective, by lowering AD risk and
increasing age of onset. In a murine model, dosage of
ApoE2 and E3 alleles appears to be protective against
the effects of ApoE4. In a transgenic mouse model using
mice that overexpress APP and express different levels
of human ApoE3, ApoE3 provided a dose-dependent
protective effect against A� deposition.53

Although the precise pathological roles of ApoE
remain to be clarified, multiple actions of ApoE affect
A� and may impact AD. ApoE promotes the polymer-
ization of A� into amyloid filaments,54,55 may reduce A�
clearance,56 and may participate in CNS A� metabo-
lism.57 In addition, ApoE may have direct neurotoxic
effects.58 ApoE4 facilitates the deposition of A� as amy-
loid. In AD, the number of ApoE4 alleles correlates pos-
itively with increased deposits of A�.49

Interestingly, the association of ApoE genotype to
level of C-reactive protein, an acute phase reactant pro-
duced in response to proinflammatory cytokines, is para-
doxical. ApoE4 alleles are associated with lower
circulating levels of C-reactive protein. A 34 percent
decrease in this protein is seen in persons with one or two
ApoE4 alleles, as compared to those with no ApoE4 alle-
les.59 This effect is likely not related to inflammation
because fibrinogen concentration and white blood cell
count, both recognized markers of systemic inflammation,
are unaffected. It has been speculated that ApoE poly-
morphisms cause alterations in the metabolism of plasma
lipoproteins that indirectly affect C-reactive protein.60

Western blotting and immunohistochemical studies have
detected an increase in C-reactive protein associated
with senile plaques and neurofibrillary tangles in the AD
brain, but the relationship of C-reactive protein in the
brain to ApoE genotype has not been reported.61

The ApoE4 allele is not only associated with an
increased risk of AD, but also confers an increased risk
of cardiovascular disease.62 Population studies have
shown that individuals carrying the ApoE4 allele display
elevated levels of plasma cholesterol and low-density
lipoprotein, even with a single copy of the gene.63

Carriers of ApoE4 absorb cholesterol more effectively
than subjects with other ApoE genotypes. The relationship
between peripheral cholesterol level and risk of developing
AD in persons with the ApoE4 allele is unknown.
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There is currently no cure for AD. However, progress is
being made toward an understanding of the pathobiologic
mechanisms that lead to the destructive plaques and tangles
found in the AD brain. Evidence is accumulating that brain
cholesterol is involved in the formation of amyloid plaques.

The presence of an ApoE4 allele or alleles is neither
necessary nor sufficient to establish a diagnosis of AD.
Most people with AD do not carry the ApoE4 gene, and
many people who carry ApoE4 do not develop AD.51 It
is probable that combinations of genes are involved in
this disease. An example of genes acting together to
increase AD susceptibility is seen in the synergistic
increase in risk of AD in persons who carry Cyp46 and
ApoE polymorphisms. Those carrying Cyp46 and
ApoE4 variants were almost 10 times more likely to
develop AD than those with neither variation. They also
had the highest brain levels of A�.39

Taking cholesterol-lowering drugs may benefit those
with AD. New treatment approaches designed to manip-
ulate cholesterol metabolism, transport, and distribution
in the brain may hold promise. This is clearly a fertile
area for future exploration.
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