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Abstract

There is considerable attention being given to the association of Alzheimer’s disease and cho-
lesterol homeostasis. To that end, some have suggested that elevated cholesterol levels are a risk
factor for Alzheimer’s disease. If elevated cholesterol is a risk factor for Alzheimer’s disease, then
it would be expected that patients with Alzheimer’s disease would have elevated serum and
brain cholesterol levels. Studies were reviewed that have examined cholesterol levels in
Alzheimer’s patients and control subjects, including prospective studies, and based on that
review, the conclusion is reached that the majority of studies do not support elevated cholesterol
levels in serum and brain as a risk factor for Alzheimer’s disease. Alternative hypotheses are dis-
cussed, including cholesterol domains and subgroups of individuals with hypercholesteremia.

Index Entries: Amyloid B-protein; Alzheimer’s disease; apolipoprotein E, cholesterol; lipopro-

teins; statins.

Introduction

Several different lines of evidence point to a
potentially important but not well understood
association between Alzheimer’s disease (AD)
and cholesterol (reviewed in refs. 1-3). Experi-
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mental studies both in vitro and in vivo have
reported that changes in cholesterol levels alter
amyloid precursor protein abundance and
amyloid- protein (AB) levels and conversely
that AB modifies cholesterol dynamics. ApoE4,
a cholesterol carrier protein, is a major risk fac-
tor for AD (4). Epidemiological data have
found that patients taking inhibitors of 3-
hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase (statins) lower the risk of
developing AD (5-8). HMG-CoA reductase is
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the primary regulatory enzyme in cholesterol
biosynthesis (9). Based on the above-mentioned
findings, one might arrive at the uncomplicated
conclusion that alterations in cholesterol home-
ostasis can cause and/or contribute to the pro-
gression of AD. To that end in a recent review, it
was concluded that cholesterol was a “bona
tide” risk factor in the pathogenesis of AD (10). If
cholesterol is a risk factor for AD, then a reason-
able hypothesis is that levels of serum and brain
cholesterol should be elevated in AD patients
when compared with controls. The purpose of
this succinct review will be to examine data from
human studies in support of and not supporting
the aforementioned hypothesis. Experimental in
vivo and in vitro studies related to cholesterol
and AD have been recently reviewed elsewhere
(2,11,12) and that body of work will not be
reviewed in this article.

Serum and Plasma Cholesterol Levels
and AD

Elevated serum cholesterol levels have been
suggested to increase the risk of developing AD
(13). However, data supporting elevated cho-
lesterol as a risk factor in AD have not been
consistently observed. A meta-analysis of 10
studies published between 1986 and 1999
found that cholesterol levels were actually sig-
nificantly lower in AD patients than in control
subjects (14). However, the average difference
in cholesterol levels between AD and control
subjects was 6.7 mg/dL, which is a relatively
small difference. Additional studies on choles-
terol levels in AD patients and control subjects
are summarized in Table 1 and underscore the
absence of consistent findings. Total serum cho-
lesterol levels were not statistically significant
between AD and control subjects, but it was
observed that low-density lipoprotein choles-
terol (LDL-C) was significantly higher and
high-density lipoprotein cholesterol (HDL-C)
was significantly lower in AD patients than
control subjects (15). In contrast, LDL-C levels
were reported to not be significantly different
in AD patients compared with control subjects
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(16), but total cholesterol levels were signifi-
cantly lower in AD patients than control sub-
jects. Although the mean total cholesterol levels
were significant, the physiological effects of
such small changes are unclear. In a popula-
tion-based study of elderly African-Americans
compared to controls, serum cholesterol levels
were significantly higher in AD patients with-
out apoE4 alleles but were not significant in AD
patients with one or two E4 alleles (17). In a
longitudinal study at the first exam, cholesterol
levels were significantly higher in AD patients
compared with control subjects but were not
significantly different at the second exam (18).
In can be seen in Table 1 that the difference
between the two means at the first exam was
19.33 mg/dL, which is certainly not a robust
difference between the two groups. Another
consideration is the disproportionate number
of control subjects (n = 1352) vs AD patients (n
= 48). A recent study that compared plasma
cholesterol levels to brain amyloid deposition
found that plasma cholesterol levels were simi-
lar and not significantly different among the
groups studied, as shown in Table 1 (13). How-
ever data in Table 1 show that when groups
were divided by age and presence or absence of
amyloid, young amyloid-positive subjects had
significantly higher levels of plasma cholesterol
than did young amyloid-minus subjects (13).
Further analysis involving logarithmic trans-
formation of the data, nonparametric testing,
and multiple regression modeling revealed that
amyloid load was correlated with elevated
plasma cholesterol in subjects 40-55 yr of age
but not in subjects 55 yr and older. In contrast,
an earlier study reported that neuritic plaque
load in the neocortex and hippocampus was
not associated with total plasma cholesterol
(19). However, neuritic plaque load in the neo-
cortex and hippocampus was associated with
increasing late-life HDL-C levels but not mid-
life HDL-C levels (19). Even though the specific
results of the two studies differ, it is interesting
that both report that AD neuropathology is
associated with elevated cholesterol levels. The
majority of studies on cholesterol levels have
been retrospective. In the well-recognized
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Table 1
Serum and Plasma Cholesterol Levels in Control Subjects and AD Patients?
Control subjects AD patients

Study Mean SD N Mean SD N p
Kuo et al. (15) 152.8 7.1 36 176.0 8.2 64 NS

Romas et al. (16) 204.1 38.2 680 196.3 45 178 S
Evans et al. (17) 2297 50.1 17 224 45.7 24 NS

2020 40.8 24 230 50.7 22 S

Kivipelto et al. (18) 259.06¢ 46.44 1352 278.39 38.7 48 S
224.34 38.7 232 38.7 NS
Pappolla et al. (13) 190¢ 58 41 209 14 3 NS
2088 53 17 NS

Pappolla et al. (13) 164" 8 23 2191 12 17 S
190/ 9 41 200k 6 59 NS

Cholesterol levels given as mg/dL.

@ Subjects having one or more €4 alleles.

b Subjects not having an €4 allele.

¢ First exam.

4 Re-examination after an average of 21 yr.
¢ Amyloid-negative subjects.

fAD diagnosis.

8 All possible/probable/definite AD diagnostic categories.
hi 40-55 yr of age amyloid minus and amyloid plus, respectively.
i* >55 yr of age amyloid minus and amyloid plus, respectively.

Framingham study, total serum cholesterol lev-
els were not associated with the risk for AD
(20). Serum cholesterol levels were determined
at baseline and across 15 biennial cycles as well
as neurological and neuropsychological exami-
nations for dementia.

Data supporting elevated serum cholesterol
levels as being a risk factor for AD have
yielded conflicting results. However, the
majority of studies do not support the hypoth-
esis that elevated cholesterol level is a risk fac-
tor for AD. Moreover, comparing the estimated
number of American patients with AD (4.5 mil-
lion) (21) and the estimated number of Ameri-
can adults with cholesterol values of 200
mg/dL and higher (105 million) (22) and of
that number 37 million have cholesterol levels
of 240 mg/dL higher, it would be expected that
there should be more individuals with AD. It is
certainly possible that a subset of individuals
with elevated cholesterol levels are at risk for
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AD, but there have to be additional mecha-
nisms that act in tandem with cholesterol. For
example, the apoE e4 allele is a risk factor for
AD, and a recent review concluded that LDL
and total cholesterol levels were in the order of
apoE2 <apoE3<apoE4, whereas HDL choles-
terol levels were apoE2>apoE3>apoE4 (23).
However, in a study of over 9000 men and
women examining total and HDL cholesterol
levels and other lipid parameters as a function
of apoE genotype, the association between
apoE genotype and cholesterol levels does not
support that conclusion (24). For example, dif-
ferences in total cholesterol levels for male €33
and €44 genotypes were approx 0.4 mmol/L
and HDL cholesterol levels differences were
0.05 mmol/L between €33 and €44 genotypes
(24). Differences in the functional dynamics of
the apoE isoforms might be more physiologi-
cally significant than apoE isoform-dependent
cholesterol levels.
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Brain Cholesterol Levels and AD

Elevated serum cholesterol levels do not
appear to be a risk factor for AD. The same
conclusion applies to brain cholesterol levels. It
can be seen in Table 2 that cholesterol levels
have been determined in different brain
regions and the cerebrospinal fluid (CSF) of
AD patients compared with control subjects. If
cholesterol contributes to AD pathogenesis,
then it would be expected that AD patients
would have higher brain cholesterol levels
than normal individuals. There have been
reports of reduced cholesterol levels, increased
cholesterol levels, and no changes in choles-
terol levels in AD patients vs control subjects.
Cholesterol levels were lower in the temporal
gyrus of autopsied brains of AD patients in
contrast to control subjects (25). The choles-
terol-to-phospholipid ratio of the temporal
gyrus was reduced by 30% in the AD brains
and no differences were observed in the cho-
lesterol-to-phospholipid ratio in the cerebel-
lum of the two groups. The reduction in the
cholesterol-to-phospholipid ratio in the tempo-
ral gyrus was attributed to cholesterol because
the phospholipid-to-protein ratio was similar
in brains of both groups. There was a small but
significant increase in frontal cortex gray mat-
ter cholesterol levels of AD patients (2.65 +0.14
mg/g wet tissue weight) with the apoE4 geno-
type compared with apoE4 control subjects
(2.04 £ 0.18) (26). Cholesterol levels did not dif-
fer in hippocampal tissue of AD patients com-
pared with control subjects (27). A recent study
reported that cholesterol levels were similar in
cerebral cortex of AD and control individuals
with a small increase (approx 15 ug vs 12 ug) in
cholesterol levels in the basal ganglia of AD
patients compared with control subjects (28).

On the other hand, there also was a small
but significant decrease in 24S-hydroxycholes-
terol levels in basal ganglia of AD patients in
contrast to controls (28). This oxysterol is
thought to be important in the regulation of
brain cholesterol homeostasis (29,30). Changes
in levels of 24S-hydroxycholesterol would
imply changes in cholesterol turnover, but it is
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not clear how such changes relate to the
amount of cholesterol in the brain. Levels of
cholesterol in brain are in micromoles per mil-
ligram of protein, whereas 24S-hydroxycholes-
terol levels occur in nanomoles per milligram of
protein. It is not clear how a relatively small
change in 24S-hydroxycholesterol levels impacts
on the much larger cholesterol pool. A recent
study reported almost a 100% increase in cho-
lesterol levels in the middle frontal gyrus of
AD patients relative to controls (31). Such a
finding is difficult to reconcile with the rela-
tively small changes in those studies reporting
differences, and the data showing that HMG-
CoA reductase mRNA levels in brain were
indistinguishable between AD samples and
control samples (32).

Cholesterol and its metabolites have also
been determined in the CSFE. Levels of both free
and esterified cholesterol were significantly
lower in CSF of AD patients than levels in con-
trol subjects (33). Cholesterol levels were lower
in the CSF of AD patients but were not signifi-
cantly different when compared with control
subjects (34), although another report did find
significantly lower CSF cholesterol levels in
AD patients (35). Total CSF cholesterol did not
significantly differ between AD patients and
control subjects, but 24S-hydroxycholesterol
levels were significantly higher in CSF of AD
patients compared with control subjects, and it
was concluded that there was an increased
turnover of cholesterol in AD patients (36). The
data for CSF 24S-hydroxycholesterol levels
were presented in a bar graph, but estimating
from the bar graph the mean values for AD
patients were 2.1 ng/mL and for control sub-
jects 1.3 ng/mL. On the other hand, the data
for CSF cholesterol shown in Table 2 from that
study are expressed as milligrams per deciliter.
There is an approx 166- to 207-fold difference
in cholesterol abundance compared with 245-
hydroxycholesterol abundance. Even if there is
increased turnover of cholesterol in AD
patients, the linkage of 24S-hydroxycholesterol
levels with cholesterol turnover is unclear.

Results of studies on brain and CSF choles-
terol levels in AD patients compared with con-
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trol subjects are as highly variable as seen for
studies on serum and plasma cholesterol. The
“usual suspects,” such as different brain
regions, cholesterol assays, and patient vari-
ables, could certainly contribute to the lack of
consistent findings. Alternatively, changes in
bulk brain cholesterol might not contribute to
AD pathogenesis. Perhaps changes in choles-
terol levels of AD patients occur in cholesterol
domains and not in bulk cholesterol levels.
Cholesterol is not evenly distributed in cell
organelles or even within organelles. We have
recently shown in astrocytes that cholesterol
levels are highest in the trans-Golgi region
than in the cis-medial regions and that effects
of AP were associated with cholesterol distrib-
ution in the Golgi complex regions (37). In cell
membranes, cholesterol is asymmetrically dis-
tributed in the exofacial and cytofacial leaflets
(i.e., the transbilayer cholesterol distribution)
and this distribution was altered by apoE
expression, isoform (38,39), increasing age (40),
chronic alcohol treatment (41), and statins (42).
Redistribution of cholesterol in the exofacial
and cytofacial leaflets alters individual leaflet
fluidity and function. Other brain cholesterol
domains that could differ in AD patients are
lipid rafts and caveolae that are enriched in
cholesterol. There is some evidence that pro-
duction of amyloid-f protein might be associ-
ated with lipid rafts (43-46). The point is that
there might be substantial changes in choles-
terol homeostasis in AD patients, but such pro-
posed changes are occurring in cholesterol
domains in contrast to changes in bulk choles-
terol levels. Marked changes in cholesterol
domains have been reported to occur in the
absence of changes in bulk cholesterol levels
(38,39,41).

Conclusions

Data on both serum and brain cholesterol
levels of AD patients compared with control
subjects do not support the hypothesis that
bulk cholesterol levels contribute to AD patho-
genesis. Actually, this conclusion is not sur-
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prising when one considers that there are sub-
stantially more individuals with high choles-
terol levels than there are AD patients.
Ostensibly, however, what would appear to be
paradoxical to that conclusion is that epidemi-
ological data show that patients taking statins
have a lower risk of developing AD compared
with individuals not taking statins (5—7) and
in vivo and in vitro studies of cholesterol and
AP protein (reviewed in refs. 3 and 10). The
potential efficacy of statins in reducing the risk
of AD could be unrelated to cholesterol biosyn-
thesis. There is a growing recognition that
statins have cholesterol-independent effects
(reviewed in refs. 47 and 48). Pleiotropic effects
of statins have been described that include, for
example, upregulation of eNOS expression,
anti-inflammatory actions, glucose metabo-
lism, and antioxidant activity (47,48). We have
recently reported that in vivo chronic adminis-
tration of statins had pleiotropic effects on
mouse cerebral cortex gene expression and for
the first time levels of lovastatin, pravastatin,
and simvastatin were quantified in brain (49).
What is more difficult to explain are the in
vivo and in vitro studies showing that modifi-
cation of cholesterol levels alters amyloid pre-
cursor protein and AP levels. Thus, the
majority of human data on serum and brain
cholesterol levels appear to be in conflict with
results of studies using cell culture and animal
models. Can the findings of the majority of
human studies on serum and brain cholesterol
levels be reconciled with the results of the
experimental studies? We propose the follow-
ing admittedly speculative suggestions in
answer to the aforementioned question. Ele-
vated cholesterol levels might not contribute
to the development of AD in most individu-
als. There might be a subgroup of individuals
in which elevated cholesterol levels and an
unidentified cofactor(s) are involved in the
development of AD. Studies using cell cul-
ture of neurons and animal studies where
either cholesterol levels are reduced, or
increased, might be models of this hypothe-
sized subgroup.
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