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A lzheimer’s disease (AD) has long
been in the public eye because of its

prevalence in the geriatric population, and
the fear that the cognitive haze of demen-
tia will strike us. The pathophysiology of
AD is thought to derive from a small
peptide, termed Ab, which accumulates in
the brain causing neurotoxicity and neu-
rodegeneration. There is accumulating ev-
idence pointing toward a potentially im-
portant link between cholesterol, Ab, and
AD. Recent epidemiological studies indi-
cate that the prevalence of AD is reduced
among people taking a class of cholesterol
lowering medicines, termed HMG-CoA
reductase inhibitors (also known as
statins), such as simvastatin and lovastatin
(1, 2). This work is supported by studies in
transgenic mice overexpressing amyloid
precursor protein (APP), which is the
precursor to Ab (Fig. 1A). These studies
show that cholesterol levels inversely reg-
ulate Ab production and Alzheimer pa-
thology (3). Transgenic APP mice fed
high cholesterol diets have more neuritic
plaques and higher levels of insoluble Ab,
which is the main component of neuritic
plaques. Now, two articles in the current
issue of PNAS (4, 5) provide data suggest-
ing how cholesterol might modulate Alz-
heimer pathology. Both papers study the
affects of cholesterol reduction on APP
processing and Ab production. Fass-
bender et al. (5) use both cell culture and
in vivo studies to show that inhibiting
cholesterol production reduces Ab pro-
duction, and Kojro et al. (4) provide cor-
roborative evidence by showing that in-
hibiting cholesterol production increases
trafficking of APP through the non-
amyloidogenic APPsa pathway. Together
these papers suggest that inhibiting cho-
lesterol production in the brain might
inhibit Ab production, and reduce the
accumulation of Ab that causes AD.

To understand how and why cholesterol
might impact Ab production, we need to
take a step back and understand the mech-
anisms of Ab production. Ab is made in
the endoplasmic reticulum as a result
cleavage of APP by particular proteases,
termed secretases. Cleavage of APP oc-
curs via two paths (Fig. 1). Most APP is
cut at the a-secretase site to produce two
products, APPsa and a C-terminal frag-

ment (Fig. 1B). The APPsa protein is a
neurotrophic protein that is secreted,
whereas the C-terminal fragment is inter-
nalized and degraded. Cleavage of APP by
a-secretase cuts Ab in half and precludes
Ab production. A small percentage of
APP is cleaved by two enzymes, termed b
and g secretases, that lead to production
of Ab (Fig. 1C). Although Ab is processed
from only a small percentage of APP, the
pathway producing Ab is very important
because it is responsible for the patho-
physiology of AD.

The identity of the enzymes that cleave
APP has been the subject of an intense
research effort because determining the
identity and regulation of these proteins is
key to controlling Ab production. There
appears to be one enzyme that predomi-
nates at each of the b and g cleavage sites
(Fig. 1C). The predominant enzyme that
cleaves APP at the b-secretase site is
BACE-1, whereas the predominant en-
zyme that cleaves the g-secretase site is
presenilin-1 (6, 7). In both cases, there are
secondary enzymes, termed BACE-2 and
presenilin-2, which can also cleave at this

site but are less important in normal pro-
cessing of APP in neurons. The identity of
a-secretase is somewhat more compli-
cated because several different enzymes
can cleave APP at this site. The several
enzymes that cleave APP at the a-
secretase site are ADAM9, ADAM10,
and ADAM17 (8 –10). The protease
ADAM10, which is the subject of the
paper by Kojro et al., appears to colocalize
best with BACE, suggesting that it is an
important a-secretase (11).

The g-secretase site is particularly un-
usual because it is an intramembranous
cleavage. Intramembranous cleavage ap-
pears to be difficult, and perhaps because
of this difficulty, the g-secretase site of
APP is ragged. Most Ab generated by this
cleavage is 40 aa in length, but some
(about 5%) is 42 aa long. The Ab42
aggregates very readily, and is thought to
form the nidus of plaques in brains of
patients with AD (12). Only a few other
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Fig. 1. A putative model of the processing of APP in relation to the lipid composition of membranes. (A)
APP is a transmembrane protein. (B) Cleavage of APP by a secretases, such as ADAM10, produces APPsa,
which requires a membrane domain that is cholesterol poor, such as phospholipid domains. (C) Cleavage
of APP by the b and g secretases, BACE, and Presenilin (PS) produces Ab and APPsb. This step requires a
membrane domain that is cholesterol rich, such as a lipid raft. APP processing can be directed toward
a-secretase or byg-secretase pathways by modulating the cholesterol content of the membranes. Lipid
identities: blue, phospholipid; green, sphingolipids; yellow, cholesterol.
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mammalian proteins cleave at intramem-
branous sites. The two known examples of
proteins cleaved at intramembranous sites
are the steroid regulatory element binding
protein, which controls cholesterol pro-
duction, and Notch protein, which con-
trols development (13, 14). The similarity
between processing of APP and process-
ing of the steroid regulatory binding pro-
tein was one of the first hints that choles-
terol might impact on APP processing,
although it turns out that the linkage
between Notch and APP is more direct
because both proteins are cleaved by pre-
senilins (15).

The linkage between cholesterol and
APP, although possibly indirect, remains
cogent because cholesterol is known to be
an important lipid that controls mem-
brane fluidity. Following up on this puta-
tive connection, several studies have al-
ready shown that reducing cholesterol in
neurons reduces Ab production, but the
subject has yet to be investigated in detail
(16–18). The papers by Fassbender et al.
and Kojro et al. both confirm these prior
observations showing that reducing cho-
lesterol reduces Ab production. Each pa-
per, though, adds significant new insights
to the picture. Fassbender et al. take a
detailed look at APP processing in pri-
mary hippocampal and cortical neurons,
and examine each of the species produced
during production of Ab. They show that
reducing cholesterol
content strongly re-
duces both Ab40 and
Ab42. They also show
that cholesterol deple-
tion reduces the
amount of C-terminal
fragment produced by
the b-secretase cleav-
age, which suggests
that cholesterol deple-
tion inhibits BACE ac-
tivity. Kojro et al. ex-
amine production of
APPsa in detail, fo-
cusing on ADAM10, which is one of the
major a-secretases. To examine ADAM10
a-secretase activity, they use human em-
bryonic kidney cell lines overexpressing
ADAM10, and show that reducing cho-
lesterol increases ADAM10 a-secretase
activity. Together, these papers suggest
that reducing cholesterol shifts APP pro-
cessing toward the APPsa pathway and
away from production of Ab by acting
coordinately on the multiple enzymes reg-
ulating APP processing. This coordination
could be serendipitous, or might reflect
biochemical integration of the enzymes in
the APP processing pathway. The extent
of colocalization of the secretases remains
unclear because Ab generation occurs
largely in the endoplasmic reticulum,
whereas APPsa production occurs both in

the endoplasmic reticulum and at the
plasma membrane. Processing of APP in
the endoplasmic reticulum might occur if
the multiple enzymes controlling APP
processing work together as part of one
large processing unit, such as the large 1 3
106 kDa complex that copurifies with pre-
senilin-1 (6).

The papers by Fassbender et al. (5) and
Kojro et al. (4) also both shed light on the
quantitative relationship between choles-
terol reduction and inhibition of Ab pro-
duction. The prior studies have all used
harsh conditions to achieve large reduc-
tions in cholesterol, but both of these
papers examine the relationship between
cholesterol and Ab under a variety of
conditions. Fassbender et al. show that
treating neurons with lovastatin or simva-
statin alone strongly reduces Ab produc-
tion. The reduction is also strong in vivo.
They show that guinea pigs treated with
simvastatin show up to a 50% decrease in
Ab production in 3 weeks. A note of
caution is worthwhile before overinter-
preting this result, because the dose of
simvastatin used for their study is 200–400
times greater than that used in humans.
Although not ideal, high doses of drugs
are often required to see effects over the
short time frames used in many experi-
ments, and 3 weeks is a short time span
relative to the 6-month half-life of choles-
terol in the brain (19). The observation

that simvastatin re-
duces Ab in the brain
in vivo is important be-
cause it supports the
retrospective clinical
evidence suggesting
that patients taking lo-
vastatin or simvastatin
have a reduced risk of
AD (1, 2). The mech-
anism of risk reduc-
tion is unknown, but
Fassbender’s study di-
rects attention toward
Ab and suggests that

the mechanism by which statins reduce the
risk of AD could derive from reduced
production of Ab in the brain.

These studies also shed light on the
complexity of cholesterol biochemistry,
and raise important questions about which
lipid changes are most critical for reducing
Ab production. Cholesterol turnover in
the brain is much slower than in the rest of
the body. Studies show that the half life of
cholesterol in the brain is 6 months, which
means that the process of reducing brain
cholesterol in vivo is a very slow process,
and that any changes in Ab resulting from
decreased cholesterol are likely to be slow
(19). Fassbender observed that treating
guinea pigs with simvastatin for 3 weeks
did not reduce cholesterol, but did reduce
lathosterol (the precursor to cholesterol)

and Ab by about 50%. The reduction of
Ab occurring in absence of any change in
cholesterol could be explained by a minor
cholesterol compartment in neurons that
changes more rapidly, but whose size is too
small to be reflected in measures of total
brain cholesterol. Alternatively, it is also
possible that the critical species regulating
Ab production is another lipid in the
cholesterol biosynthetic pathway. The
study by Kojro et al. supports this possi-
bility. They closely examined the relation-
ship between cholesterol levels and
a-secretase activity, and observed no sig-
nificant increase in a-secretase until the
reduction in cholesterol production is
greater than 50%. Although a-secretase
activity is a separate activity than Ab
production, this result raises the possibil-
ity that Ab will decrease only when a
threshold of cholesterol reduction is
achieved. If this possibility is true, then
why did simvastatin reduce Ab production
despite little, if any, change in total cho-
lesterol levels? The answer might be that
a precursor of cholesterol regulates Ab
production in vivo.

How cholesterol, or its precursors, af-
fect protein function is one of the most
interesting and controversial subjects in
biochemistry today (20). The distribution
of cholesterol throughout the membrane
is not uniform. The cholesterol content of
membranes increases as the membranes
move from the endoplasmic reticulum
through the Golgi apparatus to the plasma
membrane. The cholesterol content of any
given part of the membrane is also not
uniform. Some patches of membrane,
termed lipid rafts, contain high densities
of cholesterol (Fig. 1C). Lipid rafts also
contain high amounts of sphingolipids,
which are a lipid that promotes the activity
and stability of many membrane proteins.
However, sphingolipids do not pack well.
Cholesterol is used by the cell to enable
orderly packing of the sphingolipids by
intercalating between the sphingolipids.
Hence, lipid rafts also have high choles-
terol content. Because cholesterol is a
rigid molecule, lipid rafts are regions of
low membrane fluidity. By studying mem-
brane fluidity, Kojro et al. observed evi-
dence consistent with the complementary
nature of Ab and APPsa production. Sites
of g-secretase activity and Ab production
are associated with membrane regions of
high cholesterol content, such as lipid rafts
(Fig. 1C). In contrast, Kojro et al. show
that sites of APPsa production occur in
membrane regions with low cholesterol
content and high fluidity (Fig. 1B). Thus,
high membrane cholesterol content favors
Ab production and low membrane cho-
lesterol content favors APPsa production.

Developing effective treatments for AD
is clearly an important goal. As the specific
mechanisms by which statins inhibit Ab

It might be possible to develop

medicines that target the brain

lipids or lipid compartments

that specifically regulate Ab

production. This opens up new

therapeutic approaches to

Alzheimer’s disease.
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becomes understood, it might be possible
to develop medicines that target the brain
lipids or lipid compartments that specifi-
cally regulate Ab production. This opens
up new therapeutic approaches to AD. In

the meantime, the discovery that choles-
terol-lowering medicines, such as statins,
can reduce Ab production is particularly
important because statins are already
available clinically, and are safe medicines

that have few side effects. The ability of
statins to reduce Ab production offers the
exciting prospect that an existing medicine
might be effective in delaying the onset or
progression of AD.
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