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Abstract
The role of cholesterol in the etiology of Alzheimer’s disease (AD) is still controversial. Some
studies aiming to explore the association between lipids and/or lipid lowering treatment and AD
indicate a harmful effect of dyslipidemia and a beneficial effect of statin therapy on AD risk. The
findings are supported by genetic linkage and association studies that have clearly identified
several genes involved in cholesterol metabolism or transport as AD susceptibility genes,
including Apolipoprotein E (APOE), Apolipoprotein J (APOJ, CLU) and the sortilin-related
receptor (SORL1). Functional cell biology studies support a critical involvement of lipid raft
cholesterol in the modulation of AbetaPP processing by β- and γ-secretase resulting in altered Aβ
production. Contradictory evidence comes from epidemiological studies showing no or
controversial association between dyslipidemia and AD risk, cell biology studies suggesting that
there is little exchange between circulating and brain cholesterol, that increased membrane
cholesterol is protective by inhibiting loss of membrane integrity through amyloid cytotoxicity,
and that cellular cholesterol inhibits co-localization of BACE1 and AbetaPP in non-raft membrane
domains and thereby increasing generation of plasmin, an Aβ-degrading enzyme. The aim of this
review is to summarize the findings of epidemiologic and cell biologic studies aiming to elucidate
the role of cholesterol in AD etiology.
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INTRODUCTION
Alzheimer’s disease (AD) is the most common cause of dementia and the fourth leading
cause of death in industrialized nations. About 25 million people worldwide are affected and
its incidence and costs are predicted to double every 20 years due to increasing life
expectancy.[1,2,3] These figures emphasize the role of AD as a major health problem which
will even impose a higher burden in the near future.

Clinical hallmarks of AD are progressive loss of cognitive function in particular the memory
domain, ultimately leading to complete dependency and death. The main histopathological
changes are extracellular neuritic plaques composed of β-amyloid peptide (Aβ) and
intracellular neurofibrillary tangles consisting of an abnormally phosphorylated form of the
protein tau.
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Extensive research has been done to explore the role of dyslipidemia, one of the most
common syndromes in Western societies, in etiology of dementia, but the results are
controversial. The aim of this review is to summarize the findings of epidemiologic and cell
biological studies aiming to elucidate the role of cholesterol in AD etiology.

DATA COLLECTION
The papers were identified by PubMed (MEDLINE) search, using cholesterol, AD,
dementia, statins, lipid-lowering agents, gene and genetics as key words in various
combinations. Inclusion criteria: time period between 1985 and 2011, original articles only,
English language. All suitable articles were evaluated taking into account their internal
validity (e.g. population type, drop-out rate, diagnostic procedure, confounding control,
presence of bias, statistical power) and causal criteria (strength of association and
temporality). For epidemiological studies, cross-sectional studies were excluded, as they do
not allow conclusions regarding causal relationships.

EPIDEMIOLOGICAL STUDIES RELATING PLASMA CHOLESTEROL LEVELS
WITH AD

The main longitudinal studies on the association between serum lipid levels and
development of AD later in life are summarized in Table 1. Several studies reported on the
effect that high levels of cholesterol had on risk.[4,5,6] Four articles reported that high
cholesterol had no effect.[7,8,9,10] Others reported that high total cholesterol levels
increased risk significantly.[6,11,12] An additional paper from the CAIDE study also looked
at high midlife cholesterol effects and reported that a high midlife total cholesterol of greater
than or equal to 251 mg/dL increased risk significantly.[5] In contrast, three articles reported
an association between higher total cholesterol levels in late life and a reduced risk of
dementia.[13,14,15]

Five articles from 4 studies reported on the affect interactions between cholesterol and other
risk factors have on risk for AD. One paper from the NHEFS examined the interaction
between high total cholesterol and high transferrin saturation and reported that the
interaction between cholesterol greater than 261 mg/dL and transferrin saturation greater
than 34.9% did not affect risk, whereas cholesterol greater than 268 mg/dL in combination
with a transferrin saturation greater than 37% increased risk.[8] A paper from the CAIDE
study reported an interaction between high midlife serum cholesterol greater than or equal to
251 mg/dL and high midlife systolic blood pressure (>=160 mm Hg) that significantly
increased risk.[5] Two articles, from the CAIDE and ACT studies, reported no interaction
between total cholesterol and APOEε4.[5,7] Others reported a significant decline in
cholesterol levels before onset of dementia.[16,17] Studies examining the association
between high-density-lipoprotein (HDL-C) levels, low-density lipoprotein (LDL-C) levels
or triglyceride levels and risk of dementia also remained controversial, although some
reported associations between low HDL-C levels or increased LDL-C or triglyceride levels
and an increased risk of dementia or cognitive decline.[18,19,20,21,22,23,24,25,26] Of note,
low HDL-C levels and high triglyceride levels also occur as part of the metabolic syndrome,
therefore these findings would be in line with the hypothesis of an association between
metabolic syndrome and a higher risk of dementia[20]. Studies exploring the effect of
triglyceride levels on dementia risk were also inconclusive.

STATIN TREATMENT AND ALZHEIMER’S DISEASE
The main effect of statins is to lower low-density lipoprotein cholesterol (LDL-C) by
blocking cholesterol synthesis in the liver. As a group, statins are thought to prevent

Reitz Page 2

J Alzheimers Dis. Author manuscript; available in PMC 2013 June 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cardiovascular disease by improving endothelial function, reducing inflammatory responses,
maintaining stability of atherosclerotic plaques, and preventing the formation of thrombi,
[27] even in those with normal cholesterol levels. These pleiotropic effects of statins have
led to interest in using them to treat noncardiovascular conditions including AD. Several
well-performed, population-based observational studies[28,29,30,31,32] show a protective
effect of statin therapy on the risk of AD and dementia, even after adjustment for
demographic and vascular confounders. The results from these five studies are quite
consistent, ranging from a 38% to 43% lower risk of AD or dementia with an average follow
up time of 5 to 6 years. However, in contrast, several controlled randomized trials exploring
the effect of statin on progression of AD have found no benefit.[33,34,35,36,37,38] One
explanation for the dramatic differences between observational studies and clinical trials
may be that treatment trials tend to be short term and include patients with advanced disease
who are typically older. Observational cohort studies normally include a wider age range of
people with normal cognition to more-advanced disease and are usually longer in duration.
Li and colleagues report greater benefits from statin therapy for those younger than 80, as
did a previous study.[28,39] Consistent with these findings, in one of the smaller trials of
atorvastatin, the authors noted that an earlier stage of progression, higher starting
cholesterol, and APOE 34 status could modify the effects of statin on change in cognitive
function in patients with AD.[37]

Another issue emerging from clinical trials is confounding by indication (indication bias)
meaning that the indication for a drug being prescribed or not prescribed confounds the
relationship between the drug and the disease. People with dementia are likely to be denied
statins, reflecting a trend to be less aggressive in their medical care including the treatment
of vascular risk factors.

CHOLESTEROL AND ALZHEIMER’S DISEASE
One indication that lipids may play an important role in AbetaPP processing and Aβ
production are given by the common feature that all proteins involved in AbetaPP
processing are integral membrane proteins. Moreover, the Aβ producing γ-secretase
cleavage takes place in the middle of the membrane suggesting that the lipid environment of
the cleavage enzymes influences Aβ production and hence AD pathogenesis.[40]

The brain contains ~25–30% of the total body cholesterol and is thus the cholesterol-richest
organ in the body. Cholesterol is an essential component of cell membranes and plays a
crucial role in the development and maintenance of neuronal plasticity and function.[41]

Biosynthesis—The cholesterol homoeostasis in the brain is regulated by several processes
that include synthesis, storage, transport, and removal. While glial cells and neurons can
synthesize cholesterol de novo, cholesterol can also be recycled from extracellular locations
within the CNS. However, essentially all the cholesterol used in the brain is synthesized
within the CNS. The biosynthesis of cholesterol is a lengthy process requiring more than 20
reactions and intermediates (Figure 1). The rate limiting step of cholesterol biosynthesis is
the catalysation of the formation of mevalonate by 3-hydroxy-3-methylglutaryl-CoA
reductase (HMG-CoAR), this step is therefore the prominent pharmacological target.
However, interruption at this step by statins may decrease the generation of downstream
intermediate products with important metabolic functions such as isoprenoids (including
farnesyl phosphates) which are important precursors for molecules involved in cell
signalling and inflammatory responses.[42]

Transport and Storage—In the CNS, cholesterol is transported and stored through
several pathways. Astrocytes synthesise cholesterol and in addition recycle cholesterol that
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has been released from degenerating nerve terminals, or excess cholesterol which transport
out of cells is mediated by ABCA1, a membrane protein that facilitates the formation of
APOE–cholesterol–phospholipid (ApoE-Chol-PL) complex and requires hydrolysis of ATP
for its activity.[43] APOE binds this synthesized or recycled cholesterol and acts as a ligand
for cell-surface-lipoprotein receptors, such as LDL-receptor-related proteins (LRP). In
addition, it regulates lipid transport into neurons and clearing cholesterol from the
extracellular matrix. The CNS contains the second greatest concentration of APOE mRNA
after the liver, making APOE the most prevalent lipoprotein in the CNS.[44] Neurons and
glial cells contain large endocytic membranic LRP-receptors which bind and internalise
LDL.[45] The endosome that results from the internalised APOE–cholesterol–phospholipid
complex then fuses with lysosomes, which contain the necessary hydrolytic enzymes to
allow the intracellular release of free cholesterol. The free cholesterol released
intracellularly from the lipoprotein complex provides negative feedback to HMG-CoAR to
reduce endogenous synthesis of cholesterol, while esterification by acyl-coenzyme-A
cholesterol acyltransferase (ACAT) allows for more efficient storage.[45] This intracellular
pool of cholesterol serves as the source for synaptic and dendritic formation and
remodelling.[41]

Efflux of cholesterol from CNS
The blood–brain barrier (BBB) prevents direct transport of cholesterol between peripheral
circulation and the CNS. Due to neurodegeneration, in AD there is increased release of
cholesterol from degenerating neurons and synapses, as well as from impaired transport of
cholesterol in APOEε4 carriers.[46,47] A high cholesterol environment may lead to low
cytofacial to exofacial cholesterol ratio, and favours activity of β- and γ-secretases, which
increases Aβ production from amyloid-beta protein precursor (AbetaPP). Because there is
no degradation mechanism for cholesterol, excess cholesterol must be transported from the
brain into the circulation. APOE-dependent mechanisms involving HDL-like lipoprotein
allow the clearance of 1–2 mg of cholesterol from the CNS each day but 6–7 mg of
cholesterol are eliminated from the brain in the form of 24S-hydroxylcholesterol, which is
lipophilic and can freely cross the blood–brain barrier.[48] Over 90% of circulating 24S-
hydroxycholesterol originates in the brain. Consequently, blood concentrations of 24S-
hydroxycholesterol reflect CNS cholesterol turnover.[49] In addition to cholesterol-24
hydroxylase-associated mechanisms, the efflux of cholesterol from the CNS might also be
mediated by members of the superfamily of ATP-binding cassette membrane transport
proteins (ABCA). These proteins have a channel-like topology and are able to transport
various solutes—including ions, drugs, peptides, proteins, sugars, and lipids—across cell
membranes by the coupling the transport to ATP hydrolysis.

ROLE OF CHOLESTEROL IN AD PATHOGENESIS
Aβ production

Cholesterol modulates the activity of the enzymes involved in AbetaPP processing and the
production of Aβ. The cleavage of AbetaPP by α-secretase results in non-amyloidogenic or
soluble AbetaPP. However, cleavage by the membrane associated β- and γ-secretases
results in amyloidogenic forms that aggregate as extracellular plaques In animal studies,
dietary cholesterol accelerates Aβ deposition in the brain whereas cholesterol-lowering
drugs lower it.[50,51] Other in-vitro studies have shown that a high cholesterol environment
results in reduced production of soluble amyloid precursor protein.[52,53] The mechanism
by which cholesterol affects Aβ production and metabolism remains unclear. It is possible
that a change in membrane properties, including stiffness and fluidity, modulates the
activities of membrane-bound enzymes such as the secretases. The high cholesterol content
in lipid rafts, the membrane regions where these enzymes are located, seems to facilitate the
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clustering of the β and γ-secretases with their substrates, thereby promoting the
pathogenetic cleavage of amyloid precursor protein into amyloidogenic forms.[54]
However, the significance of this in humans is unknown.

Neurofibrillary tangles and phosphorylation of tau
The role of cholesterol homoeostasis in tau phosphorylation and formation of neurofibrillary
tangles also remains unclear. The injection of Aβ42 into rat cortices caused a significant
increase in hyperphosphorylation of tau protein.[55] Because membrane cholesterol
modulates Aβ fibrillogenesis and upregulates Aβ42 formation, it is has been suggested that
excess membrane cholesterol may indirectly promote production of neurofibrillary tangles.
[56] The notion underlying this hypothesis is, that neurofibrillary tangles (NFTs) are
composed primarily of hyperphosphorylated tau, and that Aβ can induce tau
phosphorylation.

Cerebrovascular Disease
Another pathway through which dyslipidemia may influence the risk of AD is
cerebrovascular disease. It is clear that both cerebral micro- and macrovascular disease
increases AD risk. However, whether dyslipidemia in fact affects risk of cerebrovascular
changes remains controversial.

Exocytosis, and apoptosis
Finally, there is evidence that high concentrations of oxysterols are able to provoke neuronal
apoptosis and exocytosis.[57,58] Cholesterol oxidation product concentrations increase as a
consequence to neuroinflammation associated with brain injury. However, they in turn
enhance exocytosis and neurotransmitter release, thereby aggravating excitotoxicity.[58]
Thus, alterations in levels and metabolism of cholesterol can be seen as both initiating point
and consequence in neurodegeneration.

It is important to emphasize that alterations in cholesterol metabolism are not specific for
AD. Several other neurodegenerative diseases also show changes in cholesterol and its
metabolites in the brain, including Parkinson’s disease, Huntington’s disease, Niemann-Pick
type C, and multiple sclerosis.

GENES INVOLVED IN CHOLESTEROL METABOLISM AND RISK OF AD
Only ~2.9% (666 out of ~ 23,000) of all genes have been investigated for association with
AD in hypothesis-driven approaches so far. Interestingly, among these the cholesterol
metabolic pathway is highly represented as ~40% of the cholesterol-related genes have been
investigated. Promising, robust associations have been reported in particular for five genes
(APOE, CLU, SORL1, LDLR, CH25H). Most other genes have not been replicated
consistently. However, it is important to keep in mind that for most genes the investigated
markers do not capture the entire genetic variation, and that the sample size of most studies
performed was clearly too small to detect loci with modest effect sizes.

APOE
The Apolipoprotein E (APOE) gene is 3.6 kb long and located on chromosome 19. It is a
299 amino-acid protein with three common isoforms. APOEε4 differs respectively from
APOEε3 and APOEε2 by having arginine residues instead of cysteine at 112 and 158. The
amino-acid substitutions have a critical role in determining the three-dimensional structure
of APOE leading to changes with its protein binding properties. In the circulation ApoE is a
major constituent of chylomicrons. It is the most abundant apolipoprotein in the CNS where
it occurs in HDL particles and is involved in cholesterol transfer from the astroglial to the
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neuronal compartment.[59,60] In addition, APOE act as a pathological chaperone of Aβ,
promoting its fibril formation from soluble Aβ by binding interaction between carboxy-
terminal domain of apoE and residues 12–28 of full-length Aβ. It has been firmly implicated
as the top-ranked susceptibility for AD. In general, the ε2 isoform is associated with lower
plasma cholesterol and lower risk of AD, while the ε4 allele is associated with higher
plasma concentrations of total and LDL cholesterol, a higher risk of atherosclerosis and
higher risk of AD.[61,62] The risks of AD are three and eight times greater in individuals
with one or two copies of the ε4 gene respectively, compared with people homozygous for
ε3.[63] In most studies, 40–50% of patients with AD have at least one ε4 allele, compared
with 10–15% of healthy controls.[63,64,65] Individuals who are homozygous for the ε4
allele and live to age 80 years will almost invariably develop AD, but about 10% of
heterozygous ε4 carriers will remain free of AD well into their 80s.[63,66] In addition, the
ε4 allele lowers the age at onset of dementia in a gene-dose-dependent manner by as much
as 7–9 years per allele,[65] and is associated with AD endophenotypes including disease
progression, brain hypometabolism, amyloid deposition in the parenchyma and vasculature
(CAA), intraneuronal accumulation of Aβ, and low Aβ42 in CSF.[67,68,69,70] In addition
to the APOE ε2/3/4 haplotype a promoter polymorphism is independently associated with
AD risk, indicating that not only qualitative differences between the three isoforms but also
quantitative variability of APOE levels may modulate the risk for AD.[71]

CLU
Clusterin (CLU), which is located on chromosome 8p21-p12, is 36.3 kb long and encodes
the second major Apolipoprotein in the CNS (Apolipoprotein J). In the brain it is
predominantly expressed by astrocytes. As of March 1, 2011, CLU was ranked the second
strongest susceptibility gene for late-onset AD (www.alzgene.org), based on significant
association of genetic variation in this gene and AD in several of the major GWAS
performed to date (www.alzgene.org).[72,73] CLU has several functional similarities with
apolipoprotein E. It is involved in reverse cholesterol transport as a constituent of HDL
particles,[74] and additive to APOE, it also acts as an Aβ chaperone, regulating the
conversion of Aβ to insoluble forms as well as its toxicity thereby promoting amyloid
plaque formation.[75] Moreover, it may be involved in the transport of Aβ across the blood
brain barrier and in its uptake by glial cells and brain macrophages.[76] These effects are
influenced by the molar ratios of APOJ and Aβ and by the aggregation state of the latter.
[77,78]

SORL1
The SORL1 gene is 177.5 kb long and maps to 11q23.2–q24.2. The encoded sortilin-related
receptor containing LDLR class A repeats (SorLA-1) is a multifunctional receptor that binds
lipoproteins including APOE-containing particles and mediates their intracellular
trafficking. SORL1 belongs to the family of VPS10 receptors, a group of five type I
membrane homologues (SORL1, SORT1, SorCS1, SorCS2, SorCS3), that are all
characterized by a luminal, extracellular VPS10 domain and are strongly expressed in the
central nervous system. In the original study by Rogaeva et al, that included >6,000 subjects
from 4 different ethnic groups two clusters of SNPs in SORL1 were identified that are
associated with familial and sporadic forms of AD in various ethnic groups including
Caucasians, African Americans, Caribbean Hispanics Israeli-Arabs. That study also
demonstrated through functional cell biology analyses that SORL1 modulates trafficking of
AbetaPP from the cell surface to the Golgi endoplasmic reticulum complex, and that
underexpression of SORL1 leads to overexpression of Aβ and an increased risk of AD.[79]
In various subsequent studies derived from different ethnic groups the associations of
clusters of SNPs in the same two SORL1 regions with AD were replicated.
[80,81,82,83,84,85,86,87,88,89,90,91,92,93,94,95,96,97] The haplotypes were further
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validated by a collaborative, unbiased meta-analysis of all published Caucasian and Asian
datasets (12,464 cases, 17,929 controls; 0.7<OR <1.2, p≤0.001).[98] Finally, the same
alleles have also been associated with various AD endophenotypes including age-of-onset of
AD, abstract reasoning, white matter lesions, hippocampal atrophy, Aβ42 CSF measures and
full-length-SORL1 expression in brain, further validating this gene in AD.[98,99,100,101]
Of note, in 2011, also the SORL1 homologue SORCS1 was firmly implicated as a risk gene
for AD by demonstrating genetic association of SORCS1 and AD, and by showing that also
SORCS1 alters processing of AbetaPP and thereby accumulation of Aβ.[102] Currently,
SORL1 is ranked on position 7 in the AlzGene database.

LDLR
The LDLR gene, currently ranked on position 11 in the AlzGene database, is located on
chromosome 19p13.3 and comprises 44 kb. Its gene product, the low density lipoprotein
receptor is a major APOE receptor in the brain. Mutations in this gene cause autosomal
dominant familial hypercholesterolemia. Mouse experiments show that LDLR has a
beneficial effect on AD pathology via enhancement of Aβ clearance.[103] There are several
small genetic association studies with controversial results.[104,105,106,107,108] However,
a small meta-analysis in the AlzGene database on the exon 10 polymorphism rs5930 is
positive with an OR of 0.85 (95% CI 0.72–0.99) for the rare A allele.

CH25H
CH25H is a small 1.6 kb long 686 bases-long, intronless gene located at 10q23. As
described above, the gene product cholesterol 25-hydroxylase catalyses the formation of 25-
hydroxycholesterol from cholesterol. Association between genetic variants in CH25H and
AD have been explored in 10 case-control studies and 2 family-based studies. Out of these,
two case-controls studies, which were overlapping, were positive.[109,110] In addition, the
AlzGene meta-analysis of SNP rs13500 with about 2700 individuals is positive
(www.alzgene.org). Based on these data, this gene is ranked on position 28 in the AlzGene
database. However, it has to be noted that there are several negative studies on CH25H that
have not been included in the meta-analysis.

CETP
The Cholesteryl ester transfer protein (CETP) is a key player in lipid metabolism that
catalyses the transfer of cholesteryl esters from HDL particles to triglyceride-rich
lipoproteins in exchange for triglycerides. CETP, a protein composed of 439 amino acid
residues, is coded by the CETP gene, which is located on chromosome 16q21 and contains
14 exons. The 405V allele of the CETP I405V polymorphism (rs5882) in exon 14 was
previously associated with lower levels of CETP protein, higher levels of circulating HDL,
[111] a lower incidence of cardiovascular disease,[111] and longer survival.[112] Ten case-
control studies have evaluated the role of the CETP gene in AD. Out of these, two reported
an association,[113,114] while eight studies were negative.

ABCA1
The ABCA1 gene is 147kb long and is located at 9q31.1, a chromosomal region linked to
AD in several family-based whole genome scans. As described above, it encodes the ATP-
binding cassette transporter A1 a central regulator of reverse cholesterol transport. ABCA1
mediates efflux of cellular cholesterol to lipid-poor HDL particles. Loss-of-function
mutations in ABCA1 cause Tangier disease, characterized by low HDL cholesterol levels
leading to arteriosclerosis and premature coronary artery disease. A potential role of ABCA1
in AD is supported by some experiments in which ABCA1 deficient mice were cross-bred
with amyloid-beta precursor protein- (AbetaPP)-transgenic mice modelling the amyloid
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pathology of AD. These double-mutant mice exhibit higher amyloid load in their brains
compared to AbetaPP -transgenic mice with physiological ABCA1 levels.[115,116] As
ABCA1 is a regulator of apolipoprotein E (ApoE) levels and lipidation and of the ApoE-
mediated transfer of cholesterol from the glial to the neuronal compartment potential
ABCA1 effects on AD may be mediated by mechanisms involving ApoE.[117]Variants in
ABCA1 have been associated with AD risk and AD endophenotypes including age of onset
and amyloid deposition in the brain in case-control studies[118,119,120] and several family-
based studies[121,122,123] derived from different ethnic groups. However, there have been
also several negative studies. All in all more than 60 single nucleotide polymorphisms
(SNPs) have been investigated in up to about 5000 individuals. The most extensively
investigated ABCA1 variant is the rs2230806 SNP that predicts a R219K amino acid
exchange. Both protective and risk effects have been observed for the A allele of this
polymorphism and the AlzGene meta-analyses of studies investigating the association of this
and three other variants with AD risk are negative.

ABCA2
The gene encoding the ATP-binding cassette transporter A2 (ABCA2) is 21kb long, is
located on chromosome 9q34, and is expressed predominantly in brain regions prone to
develop AD pathology, specifically in oligodendrocytes. Simmilar to ABCA1 it may
regulate intracellular lipid transport and plays a part in myelination. Out of three case-
control studies that explored the association between variation in ABCA2 and AD, two
reported associations of the rare T allele of rs908832 with AD,[124,125] while one was
study did not find an association.[126]

ABCG1
The ABCG1 gene is 97kb long and maps to 21q22.3. The ATP-binding cassette transporter
G1 is a half-transporter that either homo- or hetero-dimerizes with ABCG4 to form a
functional transporter. It mediates cholesterol efflux to lipidated lipoprotein complexes
including ApoE discs. In the CNS ABCG1 is broadly expressed in neuronal, glial, and
microglial cells, predominantly in the hippocampus. Evidence for an effect of the genetic
risk for AD is sparse. Association of ABCG1 variants with AD was observed in two samples
in one study.[127] Partly conflicting effects of ABCG1 on AbetaPP metabolism have been
observed in vitro.[128,129] In vivo over-expression of ABCG1 in a transgenic mouse model
of AD did not alter amyloid pathology.[130]

APOA1
The apolipoprotein A-1 (APOA1) gene is with 1,9 kb small and is located at 11q23-q24.
Apolipoprotein A-I is mainly expressed in the liver but is also present in the CNS. It is the
major component of plasma HDL particles and mediates reverse cholesterol transport to the
liver. Only three studies have explored genetic associations between these genes and AD,
out of which one reported an asspociation between the A allele of the APOA1 -75bp G/A
polymorphism and an increased risk for AD in subjects with an age at onset of 66 years or
younger.[131] However, this association was not replicated. APOA1 inhibits the aggregation
and toxicity of Aβ in vitro.[132] However, amyloid pathology is unaltered in APOA1-
deficient AbetaPP-transgenic mice.[133]

APOA4
The APOA4 gene is 2,5kb long and located on the cytogenetic band 11q23. Apolipoprotein
A-IV is primarily expressed in the intestine and is a component of chylomicrons and HDL
particles. Genetic association of APOA4 has been observed, but the four association studies
that have been performed were contradictory.[110,134,135,136]
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APOC1
The APOC1 gene is 5028 bases long and is located on chromosome 19q13.2 about 5000
bases downstream the APOE locus. Its gene product the apolipoprotein C-I is primarily
expressed in the liver. As part of the APOE/APOC1/APOC4/APOC2 cluster it has been
extensively investigated for association with AD (www.alzgene.org). Most studies were
positive and the AlzGene meta-analysis of the most extensively studied rs11568822 (ins/del)
polymorphism shows a robust association of the deletion allele with an increased AD risk
with an OR of 2.07 (95% CI 1.67–2.57). It is possible that this association may be explained
by linkage disequilibrium (LD) with the APOE locus (http://hapmap.ncbi.nlm.nih.gov).
However, it cannot be excluded, that more loci than APOE alone, including APOC1 may
contribute to the strong connection of this chromosomal region with AD.

APOC2
APOC2 is 7.3 kb long and is located on chromosome 19q13.2 as part of the APOE/APOC1/
APOC4/APOC2 cluster. A study showing genetic association of APOC2 with AD is the first
that links chromosome 19q13.2 with the disease and, given that this association may be
owing to LD with APOE, may be the first to catch a glimpse of the one strong genetic risk
factor for AD.[137] Subsequent studies on APOC2 yielded positive and negative results.

APOC3
The APOC3 gene is 3.2 kb long and resides on chromosome 11q23.1-q23.2 closely linked to
the APOA1 and the APOA4 gene. There is no study showing a significant association.

CAV1
The CAV1 gene is 36,4 kb long and is located at 7q31.1. Cavelolin 1 is the main
proteinacious component of the cholesterol enriched caveola membrane domains. In the
only genetic association study that has been published to date, haplotypes of a polymorphic
purin complex about 1.5 kb upstream the CAV1 gene were associated with AD.[138]
Support for this comes from studies that have observed regulatory effects of caveolin 1 on
AbetaPP processing as well as increased caveolin expression in the brains of AD patients
have been described.[139,140]

CD36
The CD36 gene is 74,8 kb long and resides on 7q11.2. Its gene product is a scavenger
receptor with multiple functions including the uptake of oxidized LDL particles. Genetic
association with AD was described in one study[141] but not confirmed in two replication
studies. CD36 is involved in microglial binding of fibrillar Aβ and consecutive activation of
an innate immune response.[142,143]

CYP46A1
The product of the CYP46A1 gene, which is 43 kb long and is located at 14q32, is the
cholesterol 24-hydroxylase, which converts cholesterol to 24-hydroxycholesterol. As
described above, unlike cholesterol, 24-hydroxycholesterol can pass the blood brain barrier.
Thus, conversion to 24-hydroxycholesterol is the major mechanism of cholesterol
elimination from the CNS. Recently published data from mouse experiments support a role
of CYP46A1 in AD, in which neuronal over-expression of CYP46A1 by means of an adeno-
associated vector injection before or after the onset of amyloid plaques formation reduced
Aβ pathology in two mouse models of AD.[144] Genetic association studies relating
variants in the gene with AD were conflicting.[145,146,147,148]
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DHCR24
The DHCR24 gene is 37.6 kb long and resides on chromosome 1p33-p31.1. It was first
described as the selective AD indicator 1 (seladin 1) as it is downregulated in brain regions
vulnerable to AD pathology in AD patients.[149,150] Its gene product is an oxidoreductase
that catalyzes delta-24 double-bond reduction in sterol intermediates in the biosynthesis of
cholesterol. It has a protective effect against oxidative stress and apoptosis induced e.g. by
Aβ via reduction of caspase 3 activity. Moreover, it counteracts the β-secretase cleavage of
AbetaPP and the formation of β.[150] In a study involving about 1000 individuals and four
SNPs rs600491 and haplotypes involving this SNP were associated with AD.[150] However,
this association has not been confirmed as yet.

HMGCR
The HMGCR gene is 24.8 kb long and lies on 5q13.3-q14. The HMG-CoA reductase is the
rate-limiting enzyme for the biosynthesis of cholesterol and is the target of “statin”
inhibitors of cholesterol synthesis. As described above, some clinical trials reported a
protective effect of statin treatment on AD risk.[28,29,30,31,32] Association of the – 911
rs3761740 with AD was described in one study, [151] and a second study reported an
interactive effect of HMGCR and ABCA1 on AD risk.[152] However, these findings were
not replicated. Although statins have pleiotropic effects beyond HMG-CoA reductase
inhibition all studies showing effects of statins on AD pathology may be quoted as
functional support for a role of HMGCR in AD.

LIPC
The LIPC gene is 136 kb long and resides on the cytogenetic band 15q21–q23. LIPC
encodes hepatic triglyceride lipase, which is expressed in liver. LIPC acts as a triglyceride
hydrolase and as is involved in receptor-mediated lipoprotein uptake. There was a positive
finding in one sub-sample of the initial study but all replication studies including one with
fine mapping of the locus with 25 SNPs were negative.[153]

LPL
The LPL gene is 28kb long and is located at 8p22. LPL encodes lipoprotein lipase. The
enzyme is predominantly expressed in heart, muscle, and adipose tissue. LPL forms a
homodimer that has triglyceride hydrolase activity and contributes to receptor-mediated
lipoprotein uptake. Mutation-caused LPL deficiency result in type I hyperlipoproteinemia
and various disorders of lipoprotein metabolism are associated with LPL. Out of 8 genetic
association studies that have been performed, four were positive.[110,154,155,156]

LRP1
The LRP1 gene is 84,9 kb long and is located at 12q13-q14. It encodes the low density
lipoprotein-related protein 1, which is involved in cellular lipid homeostasis and contributes
to the clearance of chylomicrons from the plasma. It serves as a receptor for ApoE. LRP1
has been extensively investigated for genetic association with AD. Most studies assessed
only one or two variants in the gene, and yielded both positive and negative findings
(www.alzgene.org). Moreover, a recent study with a haplotype approach which investigated
the candidacy of 10 LRP1 SNPs in AD reported negative results.[157] The AlzGene meta-
analysis for LRP1 (rs1799986), which comprises almost 15,000 individuals, is negative
(www.alzgene.org). LRP1 mediates clearance of Aβ from the brain into the circulation at
the blood brain barrier.[158] This process seems to be modulated by ApoE in an isoform-
dependent manner. LRP1 is also involved in the hepatic clearance of Aβ. A soluble form of
LRP1 is a major Aβ-binding protein in plasma and may influence the distribution of Aβ
between brain and blood.[159] Moreover, LRP1 seems to regulate the transport of AbetaPP.
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[160] AbetaPP on its part influences ApoE levels and cholesterol metabolism in the brain by
mechanisms involving LRP1.[161]

NPC2
NPC2 is 13,442 bases long and maps to 14q24.3. The gene product may be involved in the
regulation of cholesterol transport through the late endosomal/lysosomal system. NPC2
mutations are associated with Niemann–Pick disease, type C2 and with frontal lobe atrophy.
A SNP of NPC2 was positive in one small sub-sample of a study comprising samples from
several European centres.[127] The association could not be confirmed in the other sub-
samples in this study.

SOAT1
SOAT1 is 61.4 kb long and is located on chromosome 1q25. The gene product acyl-
coenzyme A: cholesterol acyltransferase (ACAT1) is located in the endoplasmic reticulum
and catalyses the formation of cholesterol esters. Two SNPs were found to be associated
with AD risk, brain amyloid load, and cholesterol levels in CSF in two studies,[108,162]
while 7 studies did not find an association. There is substantial experimental evidence, that
ACAT1 deficiency reduces the generation of Aβ in vitro and in vivo and promotes the
proteolytic cleavage of AbetaPP at a recently described Glu281 cleavage site.[163,164,165]

SREBF1
SREBF1 is 24.9 kb long and is located at 17p11.2. It encodes the sterol regulatory element
binding transcription factor 1, which is a transcriptional activator with a role in lipid
homeostasis. Amongst others it regulates the transcription of the LDL receptor gene and of
genes involved in the cholesterol synthesis pathway. Association of one SREBF1
polymorphism with AD has been described in a medium size sample.[166] No replication
studies have been performed.

VLDLR
The VLDLR gene comprises 42,693 bases on chromosome 9p24. The gene product, the very
low density lipoprotein receptor binds lipoproteins including ApoE-containing particles.
Unlike other ApoE receptors the very low density lipoprotein receptor binds ApoE
independently of its lipidation status. Out of 14 genetic association studies performed, six
were positive[167,168,169,170,171,172].

Support of an association between genes involved in lipid metabolism and AD comes in
addition from a study that mined the two largest GWAS datasets to date for biologically
meaningful information (ie. enrichment of significant genes in functional pathway
categories) using ALIGATOR analysis. In this study, the two main themes that emerged
were processes related to sterol and lipid metabolism and the immune response including as
cholesterol transport, plasma lipoprotein remodeling, protein-lipid complex remodeling,
cholesterol hemostasis and cholesterol metabolism.[173] Of note, some of the genes
identified in this review are not expressed in the brain, including hepatic lipase (LIPC),
apolipoprotein A1 (APOA1), and endothelial lipase (LIPG), but are important in the
systemic control of sterol metabolism in the liver and blood. It is possible that they represent
systemic biomarkers of disease progress.

DISCUSSION
The current evidence supports a possible involvement of lipid levels in the development of
dementia and AD, suggesting dyslipidemia as one of the modifiable risk factors to be
targeted by therapeutic interventions which are already widely available.
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However, it has to be emphasized that the mechanisms involved are still unclear. First, while
it is clear that dyslipidemia induces vascular disease, also alterations in brain cholesterol
homeostasis have been linked to the main pathological features of AD in particular Aβ.
Brain cholesterol and serum cholesterol, however, represent separate pools whose
interaction has not been fully characterized. Second, dyslipidemia could be related to
dementia risk through being a component of the metabolic syndrome (MetS). The MetS is a
multifactorial disorder represented by the co-occurrence of several vascular conditions
related to central obesity that also includes impaired glucose metabolism, dyslipidemia, and
high BP. Each individual factor and MetS as a whole, have been repeatedly associated with
cognitive decline and dementia.[174,175] [176,177,178] Third, the available data relating
the various lipid types (LDL-C, HDL-C, triglycerides) with AD is still insufficient. The fact
that only HDL-like lipoproteins are found in CSF and that HDL levels are lowest in APOE 4
carriers and/or persons with AD may indicate that this lipoprotein is particularly important.
However, these notes need to be confirmed. Fourth, association and linkage studies
exploring the role of cholesterol-metabolism-related genes in AD have clearly implicated
APOE, CLU and SORL1, but remain inconsistent for the other choleseterol –related genes.
While studying the association of genetic variation with a disease is invaluable as it avoids
reverse causation by taking advantage of Mendelian Randomization, most studies that have
been performed were underpowered and/or did not cover the complete genetic variation in
the gene. Finally, it is clear that AD is a complex disease with multiple risk factors involved.
In order to properly characterize the association of different risk factors with dementia/AD
and to pinpoint the critical etiological pathways in which they are involved, early
identification of the disease process (before its clinical expression) and long-term studies
with multiple time points are needed. Monotherapy is not likely to be sufficiently effective
in a complex disease and a more detailed risk profile can provide clues for a better multi-
targeted interventional strategy.
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