SYMPOSIUM: Amyloid-B: A Multifaceted Protein

Apolipoprotein AB: Black Sheep in a Good Family

Anatol Kontush

INSERM Unité 551, Hopital de la Pitié, Pavillon Benjamin Delessert, 83, Bd de I'Hopital, 75651 Paris Cedex 13, France (E-mail: kontush@chups.jussieu.fr)

Amyloid-f (AB) has for a long time been thought to play a central role in the patho-
genesis of Alzheimer disease (AD). Analysis of available data indicates that AB possess-
es properties of a metal-binding apolipoprotein influencing lipid transport and metab-
olism. Protection of lipoproteins from oxidation by transition metals, synaptic activity
and role in the acute phase response represent plausible physiological functions of AB.
However, these important biochemical qualities which may critically influence the de-
velopment of AD, have been largely ignored by mainstream AD researchers, making Ap
appear to be a“black sheep”in a“good apolipoprotein” family. New studies are needed
to shed further light on the physiological role of A in lipid metabolism in the brain.

INTRODUCTION

Amyloid-B (AB) has for a long time
been thought to play a central role in the
pathogenesis of Alzheimer disease (AD).
According to the amyloid cascade hypoth-
esis which has dominated the field for lon-
ger than a decade, increased production of
the AP peptide, especially of its longer and

more amyloidogenic form AR, leads to

the disease via formation of tolx4izc amyloid
plaques (66, 175, 176). The extracellular
plaques, a pathological hallmark of AD,
may subsequently cause formation of in-
tracellular neurofibrillary tangles (NFT),
another essential feature of the AD brain,
and neuronal death. Experimental evidence
in support of the primary role of AB in
this temporal sequence has been primarily
based upon links between familial forms of
AD and mutations in the genes coding for
amyloid-f precursor protein (APP), prese-
nilin 1 and presenilin 2, all of which result
in the elevation of either total AR or AP
in brain tissue (66, 175, 176).

However, an overwhelming majority
of all AD cases (>90%) are not associated
with such mutations and are classified as
sporadic AD (184). The amyloid cascade
hypothesis does not explain how amyloid
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plaques are formed in the absence of any
genetically determined increase in A pro-
duction. In addition, toxicity of the plaques
to neuronal cells has been frequently ques-
tioned (8, 114).

Most importantly, the hypothesis dis-
regards the well-documented observation
that sustained AP generation occurs in
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neurons, astrocytes, microglia, platelets and
many other cells (64), suggesting that AR
represents a hazardous by-product of APP
metabolism (176). Such consideration of a
ubiquitous peptide as an endogenous toxin
led to the controversial idea that AD can
be cured by using a vaccine raised against
human AB (172). Despite numerous warn-
ings (155), human trials were launched but
interrupted shortly thereafter in Phase 2
after several patients developed severe brain
inflammation (154); the interruption of
the trials delivered a blow to the amyloid
cascade hypothesis.

Potential limitations of the vaccine ap-
proach have been extensively discussed
(162, 179, 182); it appears that a major
conceptual drawback of these studies lies
in their inability to recognize a physi-
ologic role for AB. The peptide has been
considered an enemy (51) that needs to be
attacked (81). Many studies have addressed
proteolytic mechanisms of A cleavage
from APP (45, 176); however, the physio-
logical purpose of this highly sophisticated
biochemical process (210) has often been
overlooked. Meanwhile, physico-chemical
properties of AR provide some intriguing
insights into its preferential environment
in living systems and its metabolic origin
in senile plaques, whereas its biological ac-
tivities suggest a plausible physiological role
and alternative therapeutic implications.

PHYSICO-CHEMICAL PROPERTIES OF AB
AB, a peptide containing 39 to 43
amino acids (M, about 4 kDa), is a major

component of amyloid plaques (67). AB is
produced in neuronal cells from APP under
the action of B- and y-secretases via intra-
membrane proteolysis (210). AR, is the
predominant soluble species of AR in bio-
logical fluids, whereas A, predominates
in senile plaques and deposits associated

with AD (108).

Lipid binding. AB possesses amphipathic
properties which are related to its content
of hydrophilic N-terminal and hydropho-
bic C-terminal fragments (Figure 1). The
amphiphilic structure of AR results in low
solubility in water and high propensity to
aggregate in aqueous solutions (50). A
readily associates with lipids; as one of sev-
eral known oblique-oriented peptides that
have a hydrophobicity gradient, AB is par-
tially inserted into lipids at its hydrophobic
C-terminal tail (25). The N-terminal do-
main of AB, , is exposed to the aqueous
phase; it is unstructured between residues
1 and 14, forming a random coil with the
Gly25 residue at the interface between the
aqueous and lipid phases (37). At acidic
pH, the rest of the peptide adopts an «-
helical conformation between residues 15
and 36 with a kink at 25 to 27. At neutral
pH, part of the helical region (residues 15-
24) becomes less structured, unfolding to
a random coil; deprotonation of 2 acidic
residues Glu22 and Asp23 may account for
this transition (37).

AB, ,,, a minor species of AB in biologi-
cal fluids, is even more hydrophobic and
less water-soluble as compared to AB,
due to the presence of 2 additional hydro-
phobic residues of Ile41 and Ala42 at the
C-terminus (50). AB, ,, therefore aggre-
gates and binds to lipids even more readily
than AB, ;s the large hydrophobic C-ter-
minal domain of the peptide facilitates
a strong binding. The structure of AR,
at the water-lipid interface appears to be
similar to that of AR, ,, with 2 a-helical
regions separated by a kink (40).
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Metal binding. In addition to its lipid-
binding properties, A possesses prominent
metal-binding activity. Human AB is an
exceptionally strong chelator for transition

metal ions, particularly for copper (11).
AB, ,, has higher affinity to Cu(Il) than
AB, ,, (apparent stability constants of AB-
copper complexes, 2.0x 10" and 1.6x 10'°
M, respectively [11]), which is compara-
ble to the affinity of the best metal chelators
known, such as ethyleneaminetetraacetic
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acids. Compared to copper, iron is a less
suitable ligand for AB. The peptide appears
to possess 2 binding sites for copper located
between residues 6 to 14 in the hydrophilic
N-terminal part, which differ in their affin-
ity. The metal-binding sites consist of three
histidine (His6, His13 and His14) and one
tyrosine (Tyr10) residues (Figure 1); both
histidine and tyrosine in free form are able
to efficiently chelate transition metal ions

(125). Copper presumably binds to nitro-
gen atoms of all three His residues of AR
(42, 139) as well as to amide groups at the
N-terminus (11).

Aggregability. AB is highly prone to ag-
gregation; in the brains of AD patients, AR
is found as extracellular deposits of B-sheet
fibrils in the neuropil (senile plaques) and
within cerebral blood vessels (amyloid
congophilic angiopathy). AR may undergo
a conformational transition from a soluble
monomeric form to aggregated, fibrillary
B-sheet structures. In vitro, AR exists as
monomers, dimers, and higher oligomers;
further aggregation yields protofibrils and
then fully-fledged fibrils that resemble
those found in amyloid plaques in AD
brain tissue (204).

It has been shown that “spontaneous”
A aggregation to fibrils in vitro is caused

434 Apoliprotein AB: Black Sheep in a Good Family—Kontush

Figure 1. Secondary structure (A), hydrophobicity (B) and charge (C)
of AB1-40 at the aqueous/lipid interface (pH 5.1) depicted according
to the conformation provided in (1, 37). Green, a-helix; blue, random
coil; yellow, metal-binding residues (A); red, more hydrophobic; blue,
less hydrophobic (B); red, negative charge; blue, positive charge; gray,
neutral (C). Probable lipoprotein surface is schematically shown as a
white arc. Amino acid sequence of AB1-40, DAEFRHDSGY EVHHQKLVFF
AEDVGSNKGA [IGLMVGGVV; AB1-42 possesses 2 additional amino acid
residues |A at the C-terminus.

by traces of transition metals present in
laboratory buffers (141). AR is readily ag-
gregated by transition metal ions, such as
Cu(Il), Fe(Ill), Zn(I) and AI(II) (7). In
contrast, in the absence of metals, AR is
monomeric, has a-helix conformation and
does not form aggregates (119). Compa-
reed to AB, ., AB,, is more prone to ag-
gregation, probably due to its higher metal
affinity (7).

Molecular mechanisms implicated in
A aggregation by zinc or copper include
intermolecular crosslinks
between B-sheets of AR by the atoms of
metals. The crosslinks are formed between
nitrogen atoms of His residues in AR (42,
139); Hisl3 seems to be essential for AR
aggregation (119). AB, ,, aggregates pos-
sess about 3 to 4 metal atoms per molecule

of AB (7). Incubation with Cu(II) causes

extensive oxidation of AR (6); as a result,

formation of



AP molecules become cross-linked through
tyrosine residues with formation of dityro-

sine (9).

Redox activity. Finally, AR displays sig-
nificant redox activity associated with the
Met35 residue in the lipophilic C-terminal
domain (31). The sulfur atom of the methi-
onine is redox-active, thereby accounting
for the ability of AB to reduce transition
metal ions (72). The redox activity of Met35
has been proposed to be related to its physi-
cal proximity to Ile31, whose oxygen atom
may destabilize the electron system of the
sulfur atom of Met35, facilitating electron
transfer to transition metals (31). AR, isa
more effective reductant than AB, (72),
which can be related to its higher efficiency
as a metal chelator (11). The efficiency of
metal reduction by AP can therefore be
influenced by the efficiency of metal bind-
ing to the peptide; consistent with this sug-
gestion, AR reduces Cu(Il) more efficiently
than Fe(III). In comparison with chelation
(which occurs instantly), reduction of tran-
sition metals by AR is slow (its rate constant
can be estimated at about 10! M's! [72])
and is only efficient at high (micromolar)
concentrations of AR.

Thus, the physico-chemical properties of
AP suggest that the monomeric, non-ag-
gregated peptide should be found in asso-
ciation with lipids in vivo, eg, with lipopro-
teins and/or cell membranes. Furthermore,
AR can be expected to bind to lipids in
such a way that the hydrophilic part of
the lipid-anchored peptide is able to fulfill
its metal-binding function in the aqueous
phase, whereas Met35 could participate in
redox reactions in the lipid environment.
Indeed, monomeric, non-aggregated A
has been found in biological fluids in as-
sociation with lipoprotein particles; in the
brain, such particles can be termed “brain
lipoproteins.”

BRAIN LIPOPROTEINS

Brain is a site of high lipid turnover;
neurons rely heavily on lipid supply which
is essential for membrane synthesis and
acetylcholine production. Even though
the central nervous system (CNS) accounts
for only 2.1% of body weight, it contains
23% of the cholesterol present in the whole
body pool (49). Although neuronal cells are
capable of de novo synthesis of lipid mol-
ecules, they can equally bind and internal-
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Figure 2. Major subclasses of CSF lipoproteins (from left to right): large, light particles enriched in apoE
and cholesterol; smaller, denser particles enriched in apoA-l and phospholipids; small, dense, lipid-poor

particles enriched in apoJ and apoA-IV.

ize lipoproteins present in the extracellular
fluid (15); lipid transport mediated by lipo-
proteins is thought to be of key importance
for the proper functioning of the CNS.
Equally, neurons need to dispose of excess
lipids; lipoprotein-mediated lipid transport
is therefore bidirectional and includes ef-
flux from neuronal cells.

CSF  lipoproteins.  Lipoproteins
macromolecular complexes consisting of
lipids and amphiphatic proteins termed
apolipoproteins. Plasma lipoproteins have
been most extensively studied due to their
central role in the development of athero-
sclerosis and cardiovascular disease (126);
lipoproteins present in the CNS intersti-
tium have not however been characterized
so far. On the other hand, lipoprotein par-
ticles whose properties are similar to those
of high and very high density lipoproteins
(HDL and VHDL) in human plasma, are
present in the cerebrospinal fluid (CSF)
(24, 48, 88, 157). It appears reasonable to
assume that the properties of lipoproteins
from the extracellular fluid of the brain re-
semble those of lipoproteins from CSF, due
to the existence of a passage between the 2
compartments.

Human CSF primarily contains spheri-
cal lipoproteins of approximately 10 to 22
nm in diameter with a density of 1.063 to
1.25 g/ml, which corresponds to the den-
sity of HDL and VHDL of human plasma
(24, 48, 88, 157) (Figure 2); plasma HDL
and VHDL (5-17 nm) are however smaller
than CSF lipoproteins (5, 12). Both plasma
HDL and CSF lipoproteins consist of a
small non-polar core containing mainly
cholesteryl esters which is surrounded by
a monolayer of phospholipids and free
cholesterol; apolipoproteins are anchored

are

through insertion of their hydrophobic
domains in the surface monolayer. Thus,
CSF lipoproteins resemble plasma HDL in
structure and density, yet are distinct from
their counterparts in blood. Lipoprotein
concentrations in CSF are much lower as
compared to those in the plasma compart-
ment; for example, levels of total choles-
terol and phospholipids differ by 300- to
400-fold between CSF and plasma (74,
88). The low in vivo levels of CSF lipopro-
teins result in substantial difficulties in their
isolation and separation into subclasses (48,
88). Apolipoproteins E and A-I (apoE and
apoA-I) are the major apolipoproteins in
CSF; apoE/apoA-I ratio in human CSF is
about 1:2 (48, 88, 186). In addition, CSF
contains apolipoproteins A-Il, A-1V, ], D,
C-II, C-III and H; major lipids are phos-
pholipids, free cholesterol and cholesteryl
esters (88, 157, 163).

Subclasses of CSF lipoproteins. In a simi-
lar manner to their plasma counterparts,
CSF lipoproteins are highly heterogeneous,
differing in size, density and chemical com-
position (88) (Figure 2). Different separa-
tion methods, including 2-dimensional gel
electrophoresis, gel filtration chromatogra-
phy, immunoaffinity chromatography and
density gradient ultracentrifugation, allows
isolation of up to 4 distinct lipoprotein
classes (24, 48, 88, 104). Although the exact
spectrum of lipoprotein subclasses strongly
depends on the separation method, a cer-
tain level of consistency exists over different
experimental approaches. The major lipo-
protein subfraction in human CSF appears
to consist of relatively large (13-22 nm) and
light (HDL2-like, d 1.063-1.12 g/ml, and
HDLI1-like, d 1.006-1.063 g/ml) particles
enriched in apoE; these lipoproteins carry
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Figure 3. Physiological functions and dysfunction of apolipoprotein A in the brain. A (shown in violet)
is secreted in the extracellular fluid either in a lipoprotein-free form by neurons (I) or in association
with lipoproteins (orange) by astrocytes (Il); lipoprotein-free AB subsequently bind to lipoproteins (lll).
Lipoproteins serve to deliver lipids to neurons via apoE receptors (brown) (IV). Synapses release in
the synaptic gap transition metal ions (copper, zinc; dark blue) bound to metal chaperons (blue) (V);
lipoprotein-associated AR chelates transition metals to protect lipoproteins from oxidation (VI) and
to recycle metals back to axons (VII). Under stress conditions, neuronal cells increase secretion of A,
elevating its levels in lipoproteins (VIIl); secreted AB might function as a chelator for metals released
from dying cells (IX). Elevated A levels in the extracellular fluid may result in the dissociation of the
peptide from lipoproteins and in its excessive aggregation by transition metals, leading to the formation
of amyloid aggregates (fibrils, plaques) (X). Some AP aggregates are able to generate reactive oxygen
species (black), which are toxic to neurons (XI), and to oxidize biomolecules, including lipoproteins (XII),
which become dysfunctional (red). Oligomers of Af can equally induce removal of cholesterol (yellow)

from neurons, causing degeneration (XIIl).

a majority of CSF cholesterol. By contrast,
most of the phospholipids are present in
smaller (13-18 nm) and denser (HDL3-
like, d 1.12-1.21 g/ml) particles which are
enriched in apoA-I and apoA-II. In addi-
tion, CSF contains low levels of small (10-
12 nm), dense (HDL3- and VHDL-like, d
1.125-1.25 g/ml), lipid-poor lipoproteins
enriched in apo] and apoA-1V (24, 47, 53,
88, 98, 104, 194). Thus, there is a clear
trend for apoE to associate with large, cho-
lesterol-rich particles, whereas apoA-I tends
to be present in smaller, phospholipid-rich
lipoproteins.

Metabolism and functions. Metabolism
of CSF lipoproteins remains poorly char-

acterized; available data indicate that it is
distinct from that of plasma lipoproteins.
Large, light, apoE-rich lipoproteins are
synthesized locally in CNS and secreted by
astrocytes as discoidal complexes enriched
in free cholesterol (53, 76, 109); other glial
cells, including microglia, are equally able
to produce apoE (15). Neurons require a
continuous supply of cholesterol for nor-
mal functioning; this task appears to be
accomplished by astrocytes through secre-
tion of apoE- and cholesterol-rich particles
(156). High apoE content probably targets
these lipoproteins towards specific apoE
receptors, particularly the low density li-
poprotein (LDL) receptor-related protein
(LRP), which are abundantly expressed
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on the surface of neurons (15). Indeed,
CSF-derived, apoE-containing lipoproteins
are able to deliver cholesterol to neurons
through direct interaction with lipoprotein
receptors on the cellular surface in vitro
(52, 161). ApoE-containing lipoproteins
isolated from CSF mainly contain esteri-
fied cholesterol (109); free cholesterol may
therefore be esterified in nascent brain
lipoproteins by lecithin-cholesterol acyl-
transferase (LCAT) (80) whose presence
in CSF has been recently demonstrated
in association with small particles (48);
apoA-IV located to the same lipoproteins
may act as an activator for this reaction.
Alternatively, nascent lipoproteins may
acquire cholesteryl esters upon interaction
with neuronal cells before reaching the CSF
(109). Additional remodelling of CSF lipo-
proteins may be mediated by phospholipid
transfer protein (PLTP) (48, 202) which is
involved in the interconversion of HDL
subclasses in plasma (198). By contrast,
cholesteryl ester transfer protein (CETP),
another important determinant of the
composition and levels of plasma HDL
(111), is absent from CSF (48), consistent
with the virtual absence of triglycerides
from this body compartment (88).

Small, apoA-I-rich CSF lipoproteins are
most probably derived from a subclass of
small, dense plasma HDL that enters CNS
by crossing the blood-brain barrier (88).
Indeed, apoA-I is a major protein com-
ponent of plasma HDL (56) which is not
synthesized in the CNS (15); in subjects
with an intact blood-brain barrier, the
percentage of apoA-I levels in CSF relative
to plasma (0.26%) is similar to the percent-
age of albumin (0.50%) but much lower
than the percentage of apoE (4.4%), thus
underscoring the local synthesis of the lat-
ter (88). Reverse cholesterol transport from
peripheral cells to the liver is a major func-
tion of plasma HDL; consistent with this
pathway, HDL-like CSF lipoproteins are
able to induce efflux of cholesterol from
neuronal cells (48), an effect which may be
specifically mediated by apoA-I-containing
particles (76). Scavenger receptor type B-1
(SR-BI) (190) and ATP-binding cassette
transporter subfamily Al (ABCAL) (203)
may represent major players participating
in this pathway; these well-characterized
HDL-binding proteins are expressed in
brain tissues.



Thus, removal of cholesterol and other
molecules (eg, AB) from neuronal cells
and transport to the liver across the blood-
brain barrier might constitute a major
function of apoA-I-rich CSF lipoproteins.
Cholesterol may be removed from neurons
by apoA-I-containing particles both in un-
modified and hydroxylated form (as 24S-
hydroxycholesterol) (21); direct evidence
supporting the existence of this pathway
is however lacking. By contrast, apoE-con-
taining particles may be involved in the re-
verse transport of cholesterol and AP from
the brain to the liver which is mediated
by LRP (199). In plasma, both excessive
cholesterol and excessive AR from the brain
could be transported to the liver on HDL;
consistent with this mechanism of reverse
AB-cholesterol transport, increased levels
of plasma HDL seem to protect against the
development of AD (136).

The function of small, dense, lipid-poor,
apoJ-rich lipoproteins is unknown; there is
some evidence that these particles may play
a role in the acute phase response (see be-
low). Intriguingly, small, dense, HDL-like
lipoproteins appear to carry monomeric A3
in brain extracellular fluid, suggesting that
AR is truly an apolipoprotein.

AB AS AN APOLIPOPROTEIN

Normally, monomeric AB is present in
biological fluids and tissues and is consti-
tutively produced by a variety of cell types
(64). Neuronal cells are the major source of
AR in the brain (27, 64). Neurons appear
to secrete more A as compared to astro-
cytes and glial cells (59, 113); other cell
types, including platelets and hepatocytes,
are equally known to constitutively pro-
duce AB (35, 64, 100).

In biological fluids, monomeric A is
carried by lipoproteins. Although the size
and density of AB-carrying lipoproteins
may vary, they are typically within the range
of size (5-17 nm) and density (1.063-1.21
g/ml) (5, 12) of plasma HDL. In human
CSE AR is associated with spherical,
HDL-like lipoproteins of approximately
17-nm diameter and 200-kDa molecular
mass (104). The main AP species associ-
ated with CSF-HDL is AB, ,, consistent
with the observation that this species is the
main form of A in human CSF (131). In
AD brains, soluble AR is monomeric and
co-elutes upon separation by FPLC with
lipoprotein particles of >200 kDa molecu-

lar mass (132). Similarly, monomeric AR
co-isolates with lipoprotein particles from
human plasma, in particular with the HDL
and VHDL fractions (97). Finally, under
in vitro conditions of cell culture, AB is
detected in the culture medium as a part of
200-300 kDa lipoprotein complexes (100).
Human hepatoma HepG2 cells secrete AR
in the culture media in association with
apoA-I, apo], phospholipids, triglycerides
and free and esterified cholesterol.

It is unknown whether AR is produced as
a part of lipoprotein complexes, or whether
it associates with lipoproteins in the extra-
cellular space after secretion. Astrocytes
are able to secrete both apoE-containing
lipoproteins and AR (53, 59, 76, 109,
113); AB synthesized by astrocytes is prob-
ably secreted within a lipoprotein complex
(Figure 3). AR production in neuronal cells
is known to parallel synthesis of cholesterol.
Lipid-lowering drugs (statins) decrease
both neuronal cholesterol content and AR
production (211), whereas diet-induced
hypercholesterolemia acts in the opposite
fashion (178, 187). These observations
support a mechanism of coordinated pro-
duction of AB and cholesterol for subse-
quent secretion as a lipoprotein complex.
By contrast, distal axons of sympathetic
neurons are incapable of cholesterol pro-
duction and lipoprotein secretion (156);
neuron-produced AP may then associate
with lipoproteins secreted by astrocytes in
the extracellular space (Figure 3).

AR is a rather minor component of brain
lipoproteins; on average, only one of 100
lipoprotein particles carries a molecule of
the peptide (90). However, the importance
of AR as a component of brain lipoproteins
increases if one takes into account that
the peptide is specifically associated with
a subclass, rather than with all CSF lipo-
protein particles. In CSE, most AR is found
in small HDL-like particles, whose density
corresponds to that of plasma HDL3 and
VHDL (98, 104); these particles are en-
riched in apo] and contain apoA-I (98,
104, 194). In plasma HDL, AR is equally
complexed to apo] and, to a lesser extent,
to apoA-1 (97). Furthermore, AR co-iso-
lates with apo] also from human CSF (62),
implying that the peptide is preferentially
associated with small, dense, apo]-carrying
HDL-like particles (Figure 2) in CSF and
plasma.

Thus, small HDL-like particles represent
a major carrier of monomeric AP in vivo.
This important conclusion emphasizes the
importance of methodological approaches
dealing with lipidated or lipoprotein-as-
sociated AR (92, 110, 133); in addition, it
casts doubts on the physiological relevance
of frequent attempts to study in vitro
biochemical actions of AR directly added
to the reaction mixture in the absence of
a lipoprotein carrier (192). Indeed, dif-
ferential biological activities of free- and
lipid-associated species have been widely
documented in plasma apolipoproteins
(56). The obligatory presence of lipids in
experiments involving apoE has been pro-
posed (175); this requirement needs to be
widened to include AR.

It is noteworthy that no AR reactivity is
detected in lipoprotein-free fractions upon
ultracentrifugal fractionation of CSF or
plasma obtained from control subjects,
and of cell culture medium (97, 100, 104).
Since ultracentrifugation is well-known to
cause a dissociation of weakly bound apo-
lipoproteins from the lipoprotein surface
(106), AR appears to be tightly bound to
lipoproteins in biological fluids.

The amphiphilic structure of AR may
form the basis for its association with
lipoproteins; AR is probably anchored to
the lipoprotein surface via its hydrophobic
C-terminal domain (Figure 1). However,
the association of AR with lipoproteins is
stronger than can be expected for purely
hydrophobic interactions with lipids, sug-
gesting that the peptide may equally bind
to apolipoproteins—to apoE (110, 127)
and/or apo] (62, 133)—strengthening the
association with lipoprotein particles. Im-
portantly, AR binding to lipoproteins may
play a key role in maintaining the peptide
in solution. In vitro, HDL phospholipids
(103), native HDL (151), reconstituted
protein-free HDL particles (99) and apoE-
containing liposomes (16) all efficiently
bind AB and inhibit its aggregation. Inter-
estingly, plasma lipoproteins have been re-
ported to carry high amounts of aggregated
AP covalently bound to lipoproteins (107);
the biological relevance of this finding re-
mains to be determined.

Together, these data leave little doubt
that AR is a normal and physiological pro-
tein component of lipoproteins. Webster's
Dictionary defines apolipoproteins as “pro-
tein components of lipoproteins which re-
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main after the lipids to which the proteins
are bound have been removed... they play
an important role in lipid transport and
metabolism” (2). AB clearly fulfils the first
part of this definition and can therefore
be regarded as a candidate to enter the
apolipoprotein family (100). AR can be
considered as a small metal-binding apo-
lipoprotein; the molecular mass of AR is
close to that of apoC-I (about 6 kDa), the
smallest known apolipoprotein. As to the
second part of the apolipoprotein defini-
tion, available data show that AR performs
important functions in lipid transport and
metabolism.

FUNCTIONS OF APOLIPOPROTEIN A

Plausible physiological functions of A
are closely related to its role as an apolipo-
protein, as well as to its physico-chemical
properties.

Protection from oxidation by transi-
tion metals. The potent metal-binding
capacity of AR together with its location
in lipoproteins implies a strong influence
on lipoprotein oxidation. Lipids carried
by CSF lipoproteins (polyunsaturated
fatty acid moieties of phospholipids; free
cholesterol) are easily oxidisable; similar
to plasma lipoproteins (191), CSF lipopro-
teins can therefore be oxidatively modified
in vitro (4). Oxidation of CSF lipopro-
teins can have similar pathophysiological
consequences as oxidation of their plasma
counterparts, which substantially perturbs
normal lipoprotein metabolism (36). Most
importantly, lipid delivery to neurons can
be impaired as a consequence of altered
recognition of oxidized lipoproteins by li-
poprotein receptors at the neuronal surface,
resulting in insufficient lipid supply which
could have potentially deleterious effects
on cell viability. In addition, plasma lipo-
proteins accumulate high amounts of pro-
inflammartory, pro-apoptotic lipids upon
oxidation (167). Oxidized lipids exert a
plethora of toxic effects towards neuronal
cells (86); it has been accordingly demon-
strated that oxidized CSF lipoproteins are
neurotoxic by disrupting neuronal micro-
tubule organization in neuronal cell culture
(13). Interestingly, CSF lipoproteins of AD
patients are more sensitive to in vitro oxida-
tion than those of controls (13, 173, 174),
indicating insufficient antioxidant protec-

tion which can however be normalized by
antioxidant supplementation in vivo (95).

The brain is a specialized organ that
concentrates transition metals (28). Tran-
sition metal ions (Cu(Il), Fe(IIl)) in a
redox-active free form are potent catalysts
of adverse oxidation of biomolecules; there-
fore, efficient mechanisms must exist in the
brain to prevent abnormal distribution of
metals. Normally, transition metal ions are
tightly bound in a redox-inactive state to
their transport or storage proteins. Under
some conditions, transition metals may be
pathologically released and/or reduced to
their highly active low-valency form, which
makes them potent oxidants. For example,
human ceruloplasmin, which contains 6 to
7 copper atoms per molecule of protein,
can efliciently promote oxidation in the
presence of superoxide-generating systems
that reduce ceruloplasmin copper (55).
Brain homeostasis of transition metals is
heavily impaired in AD (28), suggesting
that metal-catalyzed oxidation is particu-
larly important for the development of this
disorder.

Transition metals accumulate in both
types of AD lesions, amyloid plaques and
NFT (123). Significant increases in iron
and zinc content are observed in multiple
regions of AD brain as compared to con-
trols (38), and correlate with the severity
of histopathologic alterations (46). Accord-
ingly, copper, iron and zinc are present at
increased levels in CSF of AD patients (14,
69). Increased secretion of ceruloplasmin
(20),

transition metals released into extracellular

under inflammatory conditions
space from synapses upon depolarization
(83) as well as iron produced from mito-
chondrial heme upon its cellular degrada-
tion (183) may serve as potential sources
for excessive metals in AD brains.

Brain homeostasis of iron is disrupted in
AD. Both amyloid plaques and NFT con-
tain redox-active iron, which is not bound
to normal iron-binding proteins and can
catalyze oxidation in situ (181). Brain ho-
meostasis of copper is also severely affected.
Ceruloplasmin is increased by more than
60% in all regions in AD brain compared
to elderly controls (121); in addition, ce-
ruloplasmin is increased in CSF (120).
Moreover, metallothionein III, a strong
chelator for copper and zinc, is reduced in
AD cortex (214).
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In parallel, oxidative stress is highly el-
evated in AD brains. Brain tissues of AD
patients reveal elevated levels of products
of lipid peroxidation including thiobar-
bituric acid-reactive substances (122), 4-
hydroxy-2-nonenal (130), acrolein (124)
and F2-isoprostanes (159). Interestingly,
increase in F2-isoprostanes is highest in the
temporal and frontal cortex, brain regions
which are particularly affected in AD. Fur-
thermore, increased accumulation of oxida-
tion products is found in brain proteins
and DNA (30, 185).

Consistent with these findings, anti-
oxidative vitamins C and E as well as easily
oxidizable polyunsaturated fatty acids are
decreased in CSF of AD patients (173,
174), whereas CSF F2-isoprostanes are in-
creased (142, 159). Elevated levels of oxida-
tive damage in AD are not restricted to the
brain and CSF compartments but to some
extent are also observed as systemic oxida-
tive stress in plasma (173, 174) and urine
(197), additionally documenting elevated
oxidative stress.

Together, these data strongly argue for
a key role of transition metals in elevated
oxidative stress in ADj; protection against
such oxidative stress appears to be of key
importance. In lipoproteins, the metal-
binding region of AP extends into the
aqueous phase, where it can bind transition
metals; chelation of transition metals in a
redox-inactive form at the metal-binding
site of AP may therefore serve to inhibit
metal-catalyzed oxidation and to decrease
oxidative damage.

Consistent with this hypothesis, ex-
ogenously added AR efficiently inhibits
metal-catalyzed oxidation of lipoproteins
from human CSF and plasma (90, 92). Im-
portantly, the antioxidant effect is observed
at the peptide concentration measured in
these biological fluids (0.1-1.0 nM), when
AR is known to be monomeric; at higher
concentrations, the antioxidant action is
abolished. In addition, aging of AR solu-
tions (which results in AR aggregation),
abrogates its antioxidative activity, suggest-
ing that the peptide is only active in the
monomeric form, which possesses vacant
binding sites for transition metals.

Both AR, and AR, are efficient an-
tioxidants, whereas the AB,,
is much less effective and AB, , does not
possess antioxidative activity (90, 92).
Similarly, AB and AR, .—but not
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AB,, ,—protect cortical membranes from
ascorbate-stimulated, metal-dependent
oxidation in vitro (3). In contrast, all AP
peptides are unable to considerably influ-
ence metal-independent lipoprotein oxida-
tion (90, 92), suggesting that the antioxida-
tive activity of AR is mainly mediated by
the chelation of transition metal ions by its
hydrophilic moiety. In addition, AR com-
plex with Cu(Il) displays a superoxide dis-
mutase-like activity in vitro, metabolizing
superoxide radical (42); this mechanism
might additionally contribute to antioxida-
tive activity of AB.

Endogenous AP present in CSF can
also act as an antioxidant in vitro, as sug-
gested by the positive correlation between
CSF resistance to oxidation and its levels
of AB (94). The level of AB, ,, better cor-
relates with CSF oxidative resistance than
that of AR, (94), which is in accordance
with stronger metal binding to AB, . as
compared to AR, (11). CSF from AD
patients has lower oxidative resistance
than CSF from control subjects (173), in
accordance with increased oxidative stress
known to occur in AD (185). Since A
at its CSF concentrations has antioxidative
properties, this is in agreement with the
lower AR levels in CSF typically measured
in AD patients as compared to control sub-
jects (23, 94) .

An antioxidant role for AB in vivo is con-
sistent with data on the distribution of oxi-
dative damage to AD neurons. 8-Hydroxy-
guanosine (80OHG), a major product of
nucleic acid oxidation, markedly accumu-
lates in the cytoplasm of cerebral neurons
in AD. Unexpectedly, an increase in AP
deposition in AD cortex is associated with
a decrease in neuronal levels of SOHG, ie,
with decreased oxidative damage (148). A
similar negative correlation between A de-
position and oxidative damage is found in
patients with Down syndrome (DS) (149).
These findings indicate that in brains of
patients with AD and DS, AB deposition
is related to decreased oxidative damage.
Thus, formation of amyloid plaques may
be considered as a compensatory response
that reduces oxidative stress (114, 185).

Finally, the antioxidative function of
apolipoprotein A is consistent with the
observation that neuronal cell cultures
secrete a high molecular weight product,
presumably a lipoprotein complex, that
possesses antioxidative activity (18). Thus,

AP may function as an antioxidant secreted
as part of a lipoprotein complex, which pre-
vents oxidation by binding transition metal
ions in inactive form (Figure 3). Interest-
ingly, a small, dense HDL subfraction from
human plasma has recently been reported
to possess potent antioxidative and anti-in-
flammatory activity (93). Consistent with
this finding, AB is preferentially associated
with small, dense, apo]-carrying HDL-like
particles in CSF and plasma.

Antioxidative protection provided by
monomeric AR is not confined to lipopro-
teins; the peptide is equally able to inhibit
metal-induced oxidation in neuronal cells
(217). The antioxidative activity of mono-
meric AR underlies protection of cells from
the toxic action of transition metals. More-
over, AB at low concentrations possesses
anti-apoptotic activity (34). These data
indicate that AP may serve as a ubiquitous
preventive antioxidant protecting various
biological systems.

Synaptic activity. Cholinergic synaptic
dysfunction is a prominent feature of AD
(101); loss of synapses in AD is greater than
could be explained by the loss of neurons
(44). Cholinergic synapses must therefore
be efficiently preserved in AD. The metal-
chelating properties of AR may be related
to its potential protective function in syn-
apses.

Neurons release high (micromolar)
amounts of copper and zinc during depo-
larization of synaptic membranes (68, 70,
83, 115) (Figure 3). Synaptic copper may
be important for neurotransmission (169,
201); copper ions may regulate fusion of
synaptic vesicles with plasma membranes
(71). It is unlikely that the metals are re-
leased in a free form, rather they are bound
to specialized metal chaperones; however,
presence of abnormally bound metals can-
not be excluded.

On the other hand, cholinergic synaptic
activity relies heavily on lipid supply which
is essential to synthesize acetylcholine.
ApoE- and cholesterol-containing lipo-
proteins produced by astrocytes represent a
synapse-promoting factor (134); moreover,
most synapses develop after the differentia-
tion of astrocytes (156). These observations
presume the presence of lipoproteins in the
synaptic cleft.

It is plausible that AR present in the
synaptic cleft as an apolipoprotein within

lipoprotein complexes could participate
in the binding of transition metal ions
released from synapses, thereby regulating
their redistribution and uptake by neurons
(Figure 3). The high affinity of AR for met-
als may be important for these processes,
allowing AP to participate in metal clear-
ance from the brain as suggested by studies
in hyperlipidemic rabbits (188) and AD
transgenic mice (135). Association of A
with lipoproteins suggests that metals are
transported bound to lipoproteins; AB-me-
diated binding of redox-active copper could
protect lipoproteins and neurons from
adverse oxidation. The recently reported
down-regulation of synaptic excitatory
transmission by A secreted by neuronal
cells in response to activity (82) might be
related to chelation of metals essential for
synaptic activity.

Acute phase activity. Various stress con-
ditions are known to increase AR produc-
tion. For example, AP production increases
under oxidative stress induced in different
mechanisms. Both H O, and UV irradia-
tion elevate production of AR peptides in
monbkey eye lenses (58) and neuroblastoma
cells (152, 216). H,O, upregulates both se-
cretion of AB in the cell medium (152) and
levels of AB in the cell; antioxidants Trolox
and dimethyl sulfoxide are able to block
the effect (138). Increased production of
AB in the presence of H,O, is not related
to increased synthesis of APP but rather to
increased generation of AP from APP (138)
mediated by elevated expression of 3-secre-
tase in Golgi apparatus (196). Similarly,
increased levels and activity of B-secretase
BACE1 occur following transient cerebral
ischemia in rats (207).

Other sources of oxidative stress, less
common than H,O,, similarly lead to
increased AP production in cell culture.
Inorganic mercury decreases cellular glu-
tathione and increases release of AR from
neuroblastoma cells (153). Paired helical
filaments from AD patients generate su-
peroxide radicals and increase release of AP
from neurons (212). Interestingly, secretion
of AB is also increased when oxidative stress
is induced by micromolar concentrations of
AP itself (152), thereby providing a feed-
back loop mechanism which allows aggre-
gated AP to increase its own production—a
vicious circle (216).
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AP generation can be equally increased
when cells are subjected to a more general
metabolic stress. For example, serum depri-
vation increases A3 production by human
neurons (112), and inhibition of energy
metabolism results in increased amyloido-
genic APP processing by B-secretase (60).

Finally, AB production increases in vivo
after brain injury. In patients with head
injury, both AB , and especially AB,
increase in CSF during the first week fol-
lowing the trauma (160). Fatal head injury
results in the formation of diffuse paren-
chymal deposits of AR in the brain, all of
which contain AB,, as a major component
(61). Notably, the post-traumatic deposits
of AR do not arise as a result of passive leak-
age from damaged cerebral blood vessels
but are similar to the early AB,, deposits
observed in AD and DS. In addition, A
accumulates in the brain as a response to
ischemic/hypoxic injury localized to cere-
bral cortex (79).

Taken together, these data strongly sug-
gest that AB behaves as a positive acute-
phase protein whose synthesis is increased
under stress conditions (Figure 3). Again,
antioxidant metal-chelating properties of
AR may form a rationale for this phenom-
enon. Indeed, an increase in AR produc-
tion may be aimed at chelating potentially
harmful transition metal ions which can be
released, eg, from metal-binding proteins,
during abnormal cellular metabolism and
otherwise catalyze adverse oxidation of
biomolecules (Figure 3). This mechanism
has been recently proposed (19), and is
supported by the fact that increased levels
of oxidative damage (measured as neuronal
80HG immunoreactivity) occur prior
to the onset of AR deposition in brains
of patients with Down syndrome (148).
Moreover, elevated oxidative stress precedes
amyloid deposition in brains of transgenic
mice carrying mutant APP (158); antioxi-
dant supplementation decreases amyloido-
sis in young but not aged animals (193).
Increased oxidative stress in the brain can
be induced by dysfunctional mitochondria;
high levels of mutations have been recently
reported in mitochondrial DNA from AD
brain (39). This pathway can lead to accel-
erated synthesis of AB and account for the
development of sporadic AD as has been
recently proposed (90, 183, 195).

Increase in AR production may be a
regulatory response which helps cells to

cope with abnormal metabolism of transi-
tion metals (183). Processing of APP to AR
has been suggested more than a decade ago
to focus on a release of an active peptide
ligand, constituting a part of reactive plas-
ticity response to neuronal loss (209). Now,
when AR production is known to occur by
a fundamental mechanism of regulated in-
tramembrane proteolysis (210), its obliga-
tory physiologic significance is even more
apparent.

None of the studies on AR synthesis
under stress conditions cited above has
investigated whether the peptide is secreted
as a part of a lipoprotein complex; the con-
sistency of data on the association between
AR and HDL-like lipoproteins in biological
fluids suggests that this is probably the case.
Moreover, secreted AP might be associated
with small, dense, HDL-like lipoproteins;
selective increase in small lipoprotein par-
ticles rich in apoA-I, phospholipids and
free cholesterol is observed in patients with
subarachnoid hemorrhage (85). Similarly,
the relative concentration of small apoA-I-
containing lipoproteins is elevated follow-
ing traumatic brain injury (84).

Plasma HDL is known to undergo a ma-
jor rearrangement in the acute phase which
is accompanied by dramatic alteration in
apolipoprotein
replacement of apoA-I by serum amyloid
A (SAA) (145). Such HDL rearrangement
has been proposed to play an important
role in innate immunity (146). In CSE
SAA is found in the lipoprotein fraction;
SAA levels in CSF are significantly elevated
in AD (87). One can hypothesize that in-
nate immune response may involve increase
in AB levels as recently proposed (32).
Consistent with this hypothesis, increase

composition, including

in AR production is mediated by the pro-
inflammatory cytokines TNFa and IFNv,
and can be reversed by anti-inflammatory
drugs (22). Infection with C. preumoniae
induces AD-like amyloid plaques in brains
of non-transgenic mice (77, 118); herpes
simplex virus type 1 and cytomegalovirus
are present in brains of patients with AD
and vascular dementia (116, 117). Elevated
secretion of AP might therefore represent
an important component of innate im-
munity.

Regulation of lipid transport and me-
tabolism. AP production is often regulated
in parallel with cholesterol synthesis (211);
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in turn, AR has been shown to influence
synthesis of cholesterol. Elevation in AR
concentrations has been reported to ac-
celerate synthesis of cholesterol in neuronal
cell culture and fetal brain (102). Several
studies have found that at low concentra-
tions, AP is non-toxic and has beneficial
effects on neuron survival, axonal length
and neurite outgrowth (96, 208, 213).
These trophic activities may be related to
increased cholesterol supply to neurons
induced by monomeric AB.

This brief review reveals several potential
functions for apolipoprotein AR in vivo;
there is evidence that these important ac-
tivities may be impaired in AD.

DYSFUNCTION OF APOLIPOPROTEIN AR
INAD

Dissociation from lipoproteins. In non-
demented control subjects, levels of AR
in biological fluids are low and all AR is
detected in the lipoprotein fraction. In
AD, AB production in the brain can be
considerably increased, due to the presence
of mutations in APP and/or -y-secretase as-
sociated with familial AD, or under stress
conditions as a compensatory response (90,
92). It is tempting to speculate that the as-
sociation of excessive AP with lipoproteins
can be abnormal, causing its dissociation
from the particles.

Indeed, appreciable levels of AB, .

found in ultracentrifugally isolated, lipo-

are

protein-depleted plasma of patients with
AD (131) and of aged subjects (132),
pointing out that AB, , association with
lipoproteins can be weakened in AD and
aging. Consistent with these results, dis-
tribution of AR,
subpopulations is equally altered in CSF

between lipoprotein

from AD subjects, resulting in peptide
redistribution from small to large particles;
other apolipoproteins reveal a similar trend

(98).

Aggregation and pro-oxidative activity.
The pathological aggregation of the peptide
has been proposed to follow its dissociation
from lipoproteins in AD (132) (Figure 3).
Aggregation of AR leads to the loss of its
biological functions. First, antioxidative
activity may evolve into pro-oxidative (10,
29, 89-91, 217). Pro-oxidative properties
of AB have been known for about a decade
(129, 200). Importantly, to induce oxida-



tion, A must be present at concentrations
greatly exceeding those normally measured
in biological fluids (ie, micromolar vs.
nanomolar; see (90, 92, 129)). In addition,
AR preparations must be “aged” (incubated
for a relatively long time at room tempera-
ture) to become aggregated and fibrillated
(129, 200). Production of H,O, is thought
to be central for pro-oxidative activity and
toxicity of AR (17).

The presence of transition metals is
required for both AP aggregation and pro-
oxidative activity. Iron is required for the
toxicity and pro-oxidative activity of aged
preparations of AP, . to neuronal cells,
whereas iron chelators protect cells from
AB (166). Incubation of A, and AB,
with transition metals results in the genera-
tion of H,O, (72). Therefore, AB toxicity is
likely to be mediated by a direct interaction
between AR and transition metals with
subsequent generation of reactive oxygen
species (73, 166) (Figure 3). Another fac-
tor essential for the pro-oxidative activity
of AB seems to be the presence of Met35
(206).

The triple requirement of fibrillation,
transition metals and presence of Met35
for the pro-oxidative activity of A can be
understood when its redox properties are
taken into account. In order to function
as a pro-oxidant, AR must first bind metals
to its metal-binding site(s) and then reduce
them at its metal-reducing site in order
to produce reactive oxygen species (eg,
hydroxyl radicals from H,O,). However,
metals are bound to the N-terminal hydro-
philic domain of AR, whereas metal reduc-
tion occurs at the C-terminal hydrophobic
domain. Since metals must be placed in the
vicinity of the reductant to be reduced, dis-
sociation of AR from lipoproteins followed
by aggregation are likely to fulfill this task
by forming complexes in which metal at-
oms bound to the N-terminal part of one
molecule of AB can be simultaneously
available for the reductive Met35 residues
belonging to other AR molecules (89, 90).
Reduced transition metal ions formed can
participate in further redox reactions, gen-
erating various free radical species. Due to
the relatively slow reduction of metals by
AB (72), this mechanism can only be op-
erative at high (micromolar) concentrations
of the peptide.

Evolution of the antioxidative into pro-
oxidative activity of AP represents a typical

gain-of-function transformation; this can
further stimulate AR production, provid-
ing a feedback loop mechanism to acceler-
ate plaque growth by a “seeding” mecha-
nism (75). As a result, levels of protective
monomeric AR decrease, whereas levels of
deleterious oligomeric AR, which can no
longer chelate copper and protect against
oxidation, increase. Massive accumulation
of AB in brains of AD patients may be ac-
cordingly considered as a hyper-response to
increased oxidative stress in aging.

Deleterious AB-metal complexes must
be efliciently removed, a process which
may occur through lipoprotein receptors
known to be abundant in CNS (43). A fine
balance exists between synthesis and degra-
dation, since A accumulation is caused by
only about 50% increase in AP anabolism
in most early onset familial AD cases (78).
At some stage, efficient removal of AB-
metal complexes can be overtaken by their
disproportionably high generation in turn
resulting in their accumulation in the form
of AB oligomers and, subsequently, early
(diffuse) amyloid plaques.

Taking into account the extracellular
location of amyloid plaques, one can as-
sume that plaque AB originates from brain
lipoproteins (Figure 3). The lipoprotein
origin of AB in senile plaques is supported
by a close correspondence between the
deposition of apoE, cholesterol and AR
in amyloid plaques (26, 65, 143). Since
transition metal ions are highly enriched in
plaques (123), aggregation of lipoprotein-
derived AB by transition metals seems to
represent a plausible mechanism of plaque
formation. Zinc ions may play a critical
role in plaque formation, causing entomb-
ment of otherwise toxic AP oligomers (41,
57). Oligomeric, transition metal-carrying
AR, in the form of early protofibrils (205)
and/or late (compact) amyloid plaques
(170), appears to be the toxin responsible
for neurodegeneration in AD brains.

Dysregulation of lipid transport and
metabolism. In addition to pro-oxidative
activity, oligomerized AP can inhibit cho-
lesterol synthesis and promote lipid release
from brain neurons in complex with GM1
ganglioside (137), resulting in the forma-
tion of NFT in the cells (63, 128). AR
oligomers can be produced intracellularly
and then secreted (140); alternatively, they
can accumulate extracellularly as a result

of AP aggregation by transition metals,
eg, by copper (188). Whatever the case,
both pathways may lead to the disruption
of neuronal lipid homeostasis, intracellular
pathology, dysregulation of synaptic ho-
meostasis and loss of neuronal function.

Thus, oligomeric AP can cause multiple
metabolic dysfunctions in the brain; knowl-
edge of their mechanisms may have critical
therapeutic implications.

THERAPEUTIC IMPLICATIONS FOR AD

Although the principal physiological
function of AP still remains to be de-
termined, the view of this peptide as an
apolipoprotein offers new intriguing per-
spectives in the treatment of AD which pri-
marily include targeting lipid metabolism
in the brain.

There is no doubt that to develop an
effective therapy, brain lipid metabolism
must be understood in much more de-
tail, particularly the role played by A.
Individual lipoprotein subclasses, such as
potentially deleterious (delivering AB to
oligomers) and protective (removing A
from oligomers) particles, need to be identi-
fied; modulation of their levels in CSF may
prove beneficial. Applicability of approach-
es developed in the field of the lipidology
of cardiovascular diseases (HDL raising by
fibrates (189), niacin (164), and apoA-I mi-
metics (144)) should be critically evaluated;
effects of lipid-modulating drugs, particu-
larly statins, need to be extensively studied
at the lipoprotein level.

Targeting oxidative stress using classical
antioxidants, such as vitamin E or vitamin
C (95, 168), appears to be unselective and
may probably be used only as a supplemen-
tary approach, despite apparent benefits
(215). By contrast, attempts to block for-
mation of AP oligomers, eg, using metal
chelators (54) or B-sheet breaker molecules
(33), are promising. Phospholipid prepara-
tions which display remarkable anti-inflam-
matory activity and activate reverse choles-
terol transport (147), equally represent an
intriguing possibility (103).

Attempts to remove AP from the brain
(eg, using a vaccine developed against the
peptide [171]) and to decrease AP pro-
duction (eg, using inhibitors of y- and/or
B-secretase [177]) should be undertaken
under the assumption that brain levels
of monomeric AR will not be excessively
decreased (180), and that only oligomeric
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AP will be targeted (105). Indeed, BACE1
deficiency results in decreased AP levels in
the brain and impaired performance in the
Y maze test in a transgenic mice model of
AD (150). Potential physiological roles of
AP in protection against oxidative stress,
synaptic function and innate immunity
point out that great caution must be ex-
ercised regarding therapeutic approaches
targeting monomeric Af3.

CONCLUSION

Analysis of available data indicates that
AR possesses the properties of an authentic
apolipoprotein associated with lipopro-
teins and influencing lipid transport and
metabolism. However, these important
biochemical qualities, which appear to
critically contribute to the development
of AD, have been largely ignored by the
mainstream of AD researchers for more
than a decade, making AP appear to be a
“black sheep” in a physiologically impor-
tant “good apolipoprotein” family. The
treatment of A as an enemy (51) should
be reconsidered; the peptide should be “for-
given” and its negative image replaced by
a more balanced view (165) which would
take into account both beneficial and del-
eterious activities. New unprejudiced stud-
ies are desperately needed to shed further
light on the physiological role of A and to
secure its well-deserved place among other
more classical apolipoproteins—despite a
suspicion that it will still remain at the core
of our understanding of AD.

REFERENCES

1. Molecular Modeling Database (MMDB). In,
http://www.ncbi.nlm.nih.gov/Structure/mmdb/
mmdbsrv.cgi?form=6&db=t&Dopt=s&uid=7992.

2. Webster's Online Dictionary. In, http:
//www.websters-online-dictionary.org/definition/
english/ap/apolipoproteins.html.

3. Andorn AC, Kalaria RN (2000) Factors Affecting
Pro- and Anti-Oxidant Properties of Fragments
of the b-Protein Precursor (bPP): Implication for
Alzheimer’s Disease. J Alzheimers Dis 2:69-78.

4. Arlt S, Finckh B, Beisiegel U, Kontush A (2000)
Time-course of oxidation of lipids in human cere-
brospinal fluid in vitro. Free Radic Res 32:103-114.

5. Assmann G, Nofer JR (2003) Atheroprotective
effects of high-density lipoproteins. Annu Rev
Med 54:321-341.

6. Atwood CS, Huang X, Khatri A, Scarpa RC, Kim
YS, Moir RD, Tanzi RE, Roher AE, Bush Al (2000)
Copper catalyzed oxidation of Alzheimer Abeta.
Cell Mol Biol 46:777-783.

7. Atwood CS, Moir RD, Huang X, Scarpa RC,
Bacarra NM, Romano DM, Hartshorn MA, Tanzi
RE, Bush Al (1998) Dramatic aggregation of Al-
zheimer abeta by Cu(ll) is induced by conditions
representing physiological acidosis. J Biol Chem
273:12817-12826.

8. Atwood CS, Obrenovich ME, Liu T, Chan H, Per-
ry G, Smith MA, Martins RN (2003) Amyloid-beta:
a chameleon walking in two worlds: a review of
the trophic and toxic properties of amyloid-beta.
Brain Res Rev 43:1-16.

9. Atwood CS, Perry G, Zeng H, Kato Y, Jones
WD, Ling KQ, Huang X, Moir RD, Wang D, Sayre
LM, Smith MA, Chen SG, Bush Al (2004) Copper
mediates dityrosine cross-linking of Alzheimer’s
amyloid-beta. Biochemistry 43:560-568.

10. Atwood CS, Robinson SR, Smith MA (2002)
Amyloid-beta: redox-metal chelator and antioxi-
dant. J Alzheimers Dis 4:203-214.

11. Atwood CS, Scarpa RC, Huang X, Moir RD,
Jones WD, Fairlie DP, Tanzi RE, Bush Al (2000)
Characterization of copper interactions with
Alzheimer amyloid beta peptides: identification
of an attomolar-affinity copper binding site on
amyloid beta 1-42. J Neurochem 75:1219-1233.

12. Barter P, Kastelein J, Nunn A, Hobbs R (2003)
High density lipoproteins (HDLs) and atheroscle-
rosis; the unanswered questions. Atherosclerosis
168:195-211.

13. Bassett CN, Neely MD, Sidell KR, Markesbery
WR, Swift LL, Montine TJ (1999) Cerebrospinal
fluid lipoproteins are more vulnerable to oxida-
tion in Alzheimer’s disease and are neurotoxic
when oxidized ex vivo. Lipids 34:1273-1280.

14. Basun H, Forssell LG, Wetterberg L, Winblad
B (1991) Metals and trace elements in plasma
and cerebrospinal fluid in normal aging and
Alzheimer's disease. J Neural Transm Park Dis De-
ment Sect 3:231-258.

15. Beffert U, Danik M, Krzywkowski P, Ramas-
samy C, Berrada F, Poirier J (1998) The neurobi-
ology of apolipoproteins and their receptors in
the CNS and Alzheimer’s disease. Brain Res Rev
27:119-142.

16. Beffert U, Poirier J (1998) ApoE associated
with lipid has a reduced capacity to inhibit beta-
amyloid fibril formation. Neuroreport 9:3321-
3323.

17. Behl C, Davis JB, Lesley R, Schubert D (1994)
Hydrogen peroxide mediates amyloid beta pro-
tein toxicity. Cell 77:817-827.

18. Berndt C, Kontush A, Beisiegel U (1998) Neu-
ronal cell cultures protect low density lipoprotein
from oxidation. Neurobiol Aging 19:5284.

19. Berthon G (2000) Does human betaA4 exert a
protective function against oxidative stress in Al-
zheimer’s disease? Med Hypotheses 54:672-677.

20. Berthon G (1993) Is copper pro- or anti-
inflammatory? A reconciling view and a novel
approach for the use of copper in the control of
inflammation. Agents Actions 39:210-217.

21. Bjorkhem |, Meaney S (2004) Brain choles-
terol: long secret life behind a barrier. Arterioscler
Thromb Vasc Biol 24:306-815.

442 Apoliprotein AB: Black Sheep in a Good Family—Kontush

22. Blasko I, Grubeck-Loebenstein B (2003) Role
of the immune system in the pathogenesis, pre-
vention and treatment of Alzheimer’s disease.
Drugs Aging 20:101-113.

23. Blennow K, Vanmechelen E (1998) Combina-
tion of the different biological markers for in-
creasing specificity of in vivo Alzheimer’s testing.
JNeural Transm Suppl 53:223-235.

24. Borghini |, Barja F, Pometta D, James RW
(1995) Characterization of subpopulations
of lipoprotein particles isolated from human
cerebrospinal fluid. Biochim Biophys Acta 1255:
192-200.

25. Brasseur R, Pillot T, Lins L, Vandekerckhove J,
Rosseneu M (1997) Peptides in membranes: tip-
ping the balance of membrane stability. Trends
Biochem Sc¢i 22:167-171.

26. Burns MP, Noble WJ, Olm V, Gaynor K, Casey
E, LaFrancois J, Wang L, Duff K (2003) Co-localiza-
tion of cholesterol, apolipoprotein E and fibrillar
Abeta in amyloid plaques. Mol Brain Res 110:
119-125.

27. Busciglio J, Gabuzda DH, Matsudaira P,
Yankner BA (1993) Generation of beta-amyloid in
the secretory pathway in neuronal and nonneu-
ronal cells. Proc Natl Acad Sci U S A 90:2092-2096.

28. Bush Al (2000) Metals and neuroscience. Curr
Opin Chem Biol 4:184-191.

29. Bush Al, Atwood CS, Goldstein LE, Huang X,
Rogers J (2000) Could Abeta and AbetaPP be
Antioxidants? J Alzheimers Dis 2:83-84.

30. Butterfield DA (2004) Proteomics: a new ap-
proach to investigate oxidative stress in Alzheim-
er’s disease brain. Brain Res 1000:1-7.

31. Butterfield DA, Bush Al (2004) Alzheimer’s
amyloid beta-peptide (1-42): involvement of
methionine residue 35 in the oxidative stress and
neurotoxicity properties of this peptide. Neuro-
biol Aging 25:563-568.

32. Campbell A (2001) Beta -amyloid: friend or
foe. Med Hypotheses 56:388-391.

33. Chacon MA, Barria MI, Soto C, Inestrosa NC
(2004) Beta-sheet breaker peptide prevents
Abeta-induced spatial memory impairments
with partial reduction of amyloid deposits. Mo/
Psychiatry 20:20.

34.Chan C-W, Dharmarajan A, Atwood CS, Huang
X, Tanzi RE, Bush Al, Martins RN (1999) Anti-apop-
totic action of Alzheimer Abeta. Alzheimer’s Rep
2:1-6.

35. Chen M, Inestrosa NC, Ross GS, Fernandez
HL (1995) Platelets are the primary source of
amyloid beta-peptide in human blood. Biochem
Biophys Res Commun 213:96-103.

36. Chisolm GM, Steinberg D (2000) The oxida-
tive modification hypothesis of atherogenesis:
an overview. Free Radic Biol Med 28:1815-1826.

37. Coles M, Bicknell W, Watson AA, Fairlie DP,
Craik DJ (1998) Solution structure of amyloid
beta-peptide(1-40) in a water-micelle environ-
ment. Is the membrane-spanning domain where
we think it is? Biochemistry 37:11064-11077.

38. Cornett CR, Markesbery WR, Ehmann WD
(1998) Imbalances of trace elements related to



oxidative damage in Alzheimer’s disease brain.
Neurotoxicology 19:339-345.

39. Coskun PE, Beal MF, Wallace DC (2004) Al-
zheimer’s brains harbor somatic mtDNA control-
region mutations that suppress mitochondrial
transcription and replication. Proc Natl Acad Sci
USA101:10726-10731.

40. Crescenzi O, Tomaselli S, Guerrini R, Salva-
dori S, D’'Ursi AM, Temussi PA, Picone D (2002)
Solution structure of the Alzheimer amyloid
beta-peptide (1-42) in an apolar microenviron-
ment. Similarity with a virus fusion domain. Eur J
Biochem 269:5642-5648.

41. Cuajungco MP, Goldstein LE, Nunomura A,
Smith MA, Lim JT, Atwood CS, Huang X, Farrag
YW, Perry G, Bush Al (2000) Evidence that the
beta-amyloid plaques of Alzheimer’s disease
represent the redox-silencing and entombment
of abeta by zinc. J Biol Chem 275:19439-19442.

42. Curtain CC, Ali F, Volitakis I, Cherny RA, Nor-
ton RS, Beyreuther K, Barrow CJ, Masters CL,
Bush Al, Barnham KJ (2001) Alzheimer’s disease
amyloid-beta binds copper and zinc to generate
an allosterically ordered membrane-penetrating
structure containing superoxide dismutase-like
subunits. J Biol Chem 276:20466-20473.

43. Danik M, Champagne D, Petit-Turcotte C,
Beffert U, Poirier J (1999) Brain lipoprotein me-
tabolism and its relation to neurodegenerative
disease. Crit Rev Neurobiol 13:357-407.

44. Davies CA, Mann DM, Sumpter PQ, Yates PO
(1987) A quantitative morphometric analysis of
the neuronal and synaptic content of the frontal
and temporal cortex in patients with Alzheimer’s
disease. J Neurol Sci 78:151-164.

45. De Felice FG, Ferreira ST (2002) Beta-amyloid
production, aggregation, and clearance as tar-
gets for therapy in Alzheimer’s disease. Cell Mol
Neurobiol 22:545-563.

46. Deibel MA, Ehmann WD, Markesbery WR
(1996) Copper, iron, and zinc imbalances in se-
verely degenerated brain regions in Alzheimer’s
disease: possible relation to oxidative stress. J
Neurol Sci 143:137-142.

47. DeMattos RB, Brendza RP, Heuser JE, Kierson
M, Cirrito JR, Fryer J, Sullivan PM, Fagan AM, Han
X, Holtzman DM (2001) Purification and charac-
terization of astrocyte-secreted apolipoprotein
E and J-containing lipoproteins from wild-type
and human apoE transgenic mice. Neurochem
Int 39:415-425.

48. Demeester N, Castro G, Desrumaux C, De
Geitere C, Fruchart JC, Santens P, Mulleners E, En-
gelborghs S, De Deyn PP, Vandekerckhove J, Ros-
seneu M, Labeur C (2000) Characterization and
functional studies of lipoproteins, lipid transfer
proteins, and lecithin:cholesterol acyltransferase
in CSF of normal individuals and patients with
Alzheimer’s disease. J Lipid Res 41:963-974.

49. Dietschy JM, Turley SD (2004) Thematic re-
view series: Brain lipids. Cholesterol metabolism
in the central nervous system during early devel-
opment and in the mature animal. J Lipid Res 45:
1375-1397.

50. Dumery L, Bourdel F, Soussan Y, Fialkowsky A,
Viale S, Nicolas P, Reboud-Ravaux M (2001) beta-

Amyloid protein aggregation: its implication
in the physiopathology of Alzheimer’s disease.
Pathol Biol (Paris) 49:72-85.

51. Esteban JA (2004) Living with the enemy: a
physiological role for the beta-amyloid peptide.
Trends Neurosci 27:1-3.

52. Fagan AM, Bu G, Sun Y, Daugherty A,
Holtzman DM (1996) Apolipoprotein E-contain-
ing high density lipoprotein promotes neurite
outgrowth and is a ligand for the low density
lipoprotein receptor-related protein. J Biol Chem
271:30121-30125.

53. Fagan AM, Holtzman DM, Munson G, Mathur
T, Schneider D, Chang LK, Getz GS, Reardon
CA, Lukens J, Shah JA, LaDu MJ (1999) Unique
lipoproteins secreted by primary astrocytes from
wild type, apoE (-/-), and human apoE transgenic
mice. J Biol Chem 274:30001-30007.

54. Finefrock AE, Bush Al, Doraiswamy PM (2003)
Current status of metals as therapeutic targets
in Alzheimer’s disease. J Am Geriatr Soc 51:1143-
1148.

55. Fox PL, Mazumder B, Ehrenwald E, Mukho-
padhyay CK (2000) Ceruloplasmin and cardiovas-
cular disease. Free Radic Biol Med 28:1735-1744.

56. Frank PG, Marcel YL (2000) Apolipoprotein
A-l: structure-function relationships. J Lipid Res
41:853-872.

57. Frederickson CJ, Bush Al (2001) Synaptically
released zinc: physiological functions and patho-
logical effects. Biometals 14:353-366.

58. Frederikse PH, Garland D, Zigler JS, Jr., Piati-
gorsky J (1996) Oxidative stress increases pro-
duction of beta-amyloid precursor protein and
beta-amyloid (Abeta) in mammalian lenses, and
Abeta has toxic effects on lens epithelial cells. J
Biol Chem 271:10169-10174.

59. Fukumoto H, Tomita T, Matsunaga H, Ishibashi
Y, Saido TC, Iwatsubo T (1999) Primary cultures of
neuronal and non-neuronal rat brain cells secrete
similar proportions of amyloid beta peptides
ending at A beta40 and A beta42. Neuroreport
10:2965-2969.

60. Gabuzda D, Busciglio J, Chen LB, Matsudaira P,
Yankner BA (1994) Inhibition of energy metabo-
lism alters the processing of amyloid precursor
protein and induces a potentially amyloidogenic
derivative. J Biol Chem 269:13623-13628.

61. Gentleman SM, Greenberg BD, Savage MJ,
Noori M, Newman SJ, Roberts GW, Griffin WS,
Graham DI (1997) A beta 42 is the predominant
form of amyloid beta-protein in the brains of
short-term survivors of head injury. Neuroreport
8:1519-1522.

62. Ghiso J, Matsubara E, Koudinov A, Choi
Miura NH, Tomita M, Wisniewski T, Frangione B
(1993) The cerebrospinal-fluid soluble form of
Alzheimer’s amyloid beta is complexed to SP-40,
40 (apolipoprotein J), an inhibitor of the comple-
ment membrane-attack complex. Biochem J 293:
27-30.

63. Gong JS, Sawamura N, Zou K, Sakai J,
Yanagisawa K, Michikawa M (2002) Amyloid
beta-protein affects cholesterol metabolism in
cultured neurons: implications for pivotal role of

cholesterol in the amyloid cascade. J Neurosci Res
70:438-446.

64. Haas C, Schlossmacher MG, Hung AY, Vigo-
Pelfrey C, Mellon A, Ostaszewski BL, Lieberburg
I, Koo EH, Schenk D, Teplow DB, Selkoe DJ (1992)
Amyloid beta-peptide is produced by cultured
cells during normal metabolism. Nature 359:
322-325.

65. Han SH, Hulette C, Saunders AM, Einstein
G, Pericak-Vance M, Strittmatter WJ, Roses AD,
Schmechel DE (1994) Apolipoprotein E is present
in hippocampal neurons without neurofibril-
lary tangles in Alzheimer’s disease and in age-
matched controls. Exp Neurol 128:13-26.

66. Hardy J (1997) Amyloid, the presenilins and
Alzheimer’s disease. Trends Neurosci 20:154-159.

67. Hardy J, Selkoe DJ (2002) The amyloid hy-
pothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science
297:353-356.

68. Hartter DE, Barnea A (1988) Evidence for
release of copper in the brain: depolarization-
induced release of newly taken-up 67copper.
Synapse 2:412-415.

69. Hershey CO, Hershey LA, Varnes A, Vibhakar
SD, Lavin P, Strain WH (1983) Cerebrospinal fluid
trace element content in dementia: clinical, ra-
diologic, and pathologic correlations. Neurology
33:1350-1353.

70. Hopt A, Korte S, Fink H, Panne U, Niessner R,
Jahn R, Kretzschmar H, Herms J (2003) Methods
for studying synaptosomal copper release. J Neu-
rosci Methods 128:159-172.

71. Hoss W, Formaniak M (1980) Enhancement
of synaptic vesicle attachment to the plasma
membrane fraction by copper. Neurochem Res
5:795-803.

72. Huang X, Atwood CS, Hartshorn MA,
Multhaup G, Goldstein LE, Scarpa RC, Cuajungco
MP, Gray DN, Lim J, Moir RD, Tanzi RE, Bush Al
(1999) The A beta peptide of Alzheimer’s disease
directly produces hydrogen peroxide through
metal ion reduction. Biochemistry 38:7609-7616.

73. Huang X, Cuajungco MP, Atwood CS, Harts-
horn MA, Tyndall JD, Hanson GR, Stokes KC,
Leopold M, Multhaup G, Goldstein LE, Scarpa
RC, Saunders AJ, Lim J, Moir RD, Glabe C, Bowden
EF, Masters CL, Fairlie DP, Tanzi RE, Bush Al (1999)
Cu(ll) potentiation of alzheimer abeta neurotox-
icity. Correlation with cell-free hydrogen perox-
ide production and metal reduction. J Biol Chem
274:37111-37116.

74. lllingworth DR, Glover J (1971) The composi-
tion of lipids in cerebrospinal fluid of children
and adults. J Neurochem 18:769-776.

75. Irizarry MC, Soriano F, McNamara M, Page KJ,
Schenk D, Games D, Hyman BT (1997) Abeta de-
position is associated with neuropil changes, but
not with overt neuronal loss in the human amy-
loid precursor protein V717F (PDAPP) transgenic
mouse. J Neurosci 17:7053-7059.

76.Ito J, Zhang LY, Asai M, Yokoyama S (1999) Dif-
ferential generation of high-density lipoprotein
by endogenous and exogenous apolipoproteins

Apoliprotein AB: Black Sheep in a Good Family—Kontush 443



in cultured fetal rat astrocytes. J Neurochem 72:
2362-2369.

77. ltzhaki RF, Wozniak MA, Appelt DM, Balin
BJ (2004) Infiltration of the brain by pathogens
causes Alzheimer’s disease. Neurobiol Aging 25:
619-627.

78. lwata N, Tsubuki S, Takaki Y, Watanabe K,
Sekiguchi M, Hosoki E, Kawashima-Morishima M,
Lee HJ, Hama E, Sekine-Aizawa Y, Saido TC (2000)
Identification of the major Abeta1-42-degrading
catabolic pathway in brain parenchyma: sup-
pression leads to biochemical and pathological
deposition. Nat Med 6:143-150.

79. Jendroska K, Poewe W, Daniel SE, Pluess J,
Iwerssen-Schmidt H, Paulsen J, Barthel S, Sche-
losky L, Cervos-Navarro J, DeArmond SJ (1995)
Ischemic stress induces deposition of amyloid
beta immunoreactivity in human brain. Acta Neu-
ropathol (Berl) 90:461-466.

80. Jonas A (2000) Lecithin cholesterol acyltrans-
ferase. Biochim Biophys Acta 1529:245-256.

81. Kahle PJ, De Strooper B (2003) Attack on amy-
loid. EMBO Rep 4:747-751.

82. Kamenetz F, Tomita T, Hsieh H, Seabrook
G, Borchelt D, Iwatsubo T, Sisodia S, Malinow R
(2003) APP processing and synaptic function.
Neuron 37:925-937.

83. Kardos J, Kovacs |, Hajos F, Kalman M, Simonyi
M (1989) Nerve endings from rat brain tissue
release copper upon depolarization. A possible
role in regulating neuronal excitability. Neurosci
Lett 103:139-144.

84. Kay AD, Day SP, Kerr M, Nicoll JA, Packard CJ,
Caslake MJ (2003) Remodeling of cerebrospinal
fluid lipoprotein particles after human traumatic
brain injury. J Neurotrauma 20:717-723.

85. Kay AD, Day SP, Nicoll JA, Packard CJ, Caslake
MJ (2003) Remodelling of cerebrospinal fluid
lipoproteins after subarachnoid hemorrhage.
Atherosclerosis 170:141-146.

86. Keller JN, Hanni KB, Markesbery WR (1999)
Oxidized low-density lipoprotein induces neu-
ronal death: implications for calcium, reactive
oxygen species, and caspases. J Neurochem 72:
2601-2609.

87.Kindy MS, Yu J, Guo JT, Zhu H (1999) Apolipo-
protein Serum Amyloid A in Alzheimer’s Disease.
J Alzheimers Dis 1:155-167.

88. Koch S, Donarski N, Goetze K, Kreckel M,
Stuerenburg HJ, Buhmann C, Beisiegel U (2001)
Characterization of four lipoprotein classes in
human cerebrospinal fluid. J Lipid Res 42:1143-
1151.

89. Kontush A (2001) Alzheimer’s amyloid-beta
as a preventive antioxidant for brain lipoproteins.
Cell Mol Neurobiol 21:299-315.

90. Kontush A (2001) Amyloid-beta: an antioxi-
dant that becomes a pro-oxidant and critically
contributes to Alzheimer’s disease. Free Radic Biol
Med 31:1120-1131.

91. Kontush A, Atwood CS (2004) Amyloid-beta:
phylogenesis of a chameleon. Brain Res Rev 46:
118-120.

92.Kontush A, Berndt C, Weber W, Akopyan V, Arlt
S, Schippling S, Beisiegel U (2001) Amyloid-beta
is an antioxidant for lipoproteins in cerebrospinal
fluid and plasma. Free Radic Biol Med 30:119-128.

93. Kontush A, Chantepie S, Chapman MJ (2003)
Small, dense HDL particles exert potent protec-
tion of atherogenic LDL against oxidative stress.
Arterioscler Thromb Vasc Biol 23:1881-1888.

94. Kontush A, Donarski N, Beisiegel U (2001) Re-
sistance of human cerebrospinal fluid to in vitro
oxidation is directly related to its amyloid-beta
content. Free Radic Res 35:507-517.

95. Kontush A, Mann U, Arlt S, Ujeyl A, Luhrs C,
Muller-Thomsen T, Beisiegel U (2001) Influence of
vitamin E and C supplementation on lipoprotein
oxidation in patients with Alzheimer’s disease.
Free Radlic Biol Med 31:345-354.

96. Koo EH, Park L, Selkoe DJ (1993) Amyloid
beta-protein as a substrate interacts with extra-
cellular matrix to promote neurite outgrowth.
Proc Natl Acad Sci U S A 90:4748-4752.

97. Koudinov A, Matsubara E, Frangione B, Ghiso
J (1994) The soluble form of Alzheimer’s amy-
loid beta protein is complexed to high density
lipoprotein 3 and very high density lipoprotein
in normal human plasma. Biochem Biophys Res
Commun 205:1164-1171.

98. Koudinov AR, Berezov TT, Koudinova NV
(2001) The levels of soluble amyloid beta in
different high density lipoprotein subfractions
distinguish Alzheimer’s and normal aging cere-
brospinal fluid: implication for brain cholesterol
pathology? Neurosci Lett 314:115-118.

99. Koudinov AR, Berezov TT, Kumar A, Koudi-
nova NV (1998) Alzheimer’s amyloid beta inter-
action with normal human plasma high density
lipoprotein: association with apolipoprotein and
lipids. Clin Chim Acta 270:75-84.

100. Koudinov AR, Koudinova NV (1997) Alzheim-
er's soluble amyloid beta protein is secreted by
HepG2 cells as an apolipoprotein. Cell Biol Int 21:
265-271.

101. Koudinov AR, Koudinova NV (2003) Choles-
terol, synaptic function and Alzheimer’s disease.
Pharmacopsychiatry 36:5107-112.

102. Koudinov AR, Koudinova NV (2001) Essential
role for cholesterol in synaptic plasticity and neu-
ronal degeneration. FASEB J 15:1858-1860.

103. Koudinov AR, Koudinova NV, Berezov TT,
Ivanov YD (1999) HDL phospholipid: a natural
inhibitor of Alzheimer’s amyloid beta-fibrillogen-
esis? Clin Chem Lab Med 37:993-994.

104. Koudinov AR, Koudinova NV, Kumar A, Bea-
vis RC, Ghiso J (1996) Biochemical characteriza-
tion of Alzheimer’s soluble amyloid beta protein
in human cerebrospinal fluid: association with
high density lipoproteins. Biochem Biophys Res
Commun 223:592-597.

105. Koudinova NV (2003) Alzheimer’s amyloid
beta oligomers and lipoprotein apoAbeta: mis-
taken identity is possible. Bioessays 25:1024;
author reply 1025.

106. Kunitake ST, Kane JP (1982) Factors affecting
the integrity of high density lipoproteins in the
ultracentrifuge. J Lipid Res 23:936-940.

444 Apoliprotein AB: Black Sheep in a Good Family—Kontush

107. Kuo YM, Emmerling MR, Bisgaier CL, Essen-
burg AD, Lampert HC, Drumm D, Roher AE (1998)
Elevated low-density lipoprotein in Alzheimer’s
disease correlates with brain abeta 1-42 levels.
Biochem Biophys Res Commun 252:711-715.

108. Kuo YM, Emmerling MR, Vigo-Pelfrey C,
Kasunic TC, Kirkpatrick JB, Murdoch GH, Ball MJ,
Roher AE (1996) Water-soluble Abeta (N-40, N-
42) oligomers in normal and Alzheimer disease
brains. J Biol Chem 271:4077-4081.

109. LaDu MJ, Gilligan SM, Lukens JR, Cabana VG,
Reardon CA, Van Eldik LJ, Holtzman DM (1998)
Nascent astrocyte particles differ from lipopro-
teins in CSF. J Neurochem 70:2070-2081.

110. LaDu MJ, Pederson TM, Frail DE, Reardon CA,
Getz GS, Falduto MT (1995) Purification of apoli-
poprotein E attenuates isoform-specific binding
to beta-amyloid. J Biol Chem 270:9039-9042.

111. Le Goff W, Guerin M, Chapman MJ (2004)
Pharmacological modulation of cholesteryl es-
ter transfer protein, a new therapeutic target in
atherogenic dyslipidemia. Pharmacol Ther 101:
17-38.

112. LeBlanc A (1995) Increased production of 4
kDa amyloid beta peptide in serum deprived hu-
man primary neuron cultures: possible involve-
ment of apoptosis. J Neurosci 15:7837-7846.

113. LeBlanc AC, Xue R, Gambetti P (1996) Amy-
loid precursor protein metabolism in primary cell
cultures of neurons, astrocytes, and microglia. J
Neurochem 66:2300-2310.

114. Lee HG, Casadesus G, Zhu X, Takeda A, Perry
G, Smith MA (2004) Challenging the amyloid
cascade hypothesis: senile plaques and amy-
loid-beta as protective adaptations to Alzheimer
disease. Ann N'Y Acad Sci 1019:1-4.

115. Lee JY, Cole TB, Palmiter RD, Suh SW, Koh
JY (2002) Contribution by synaptic zinc to the
gender-disparate plaque formation in human
Swedish mutant APP transgenic mice. Proc Natl
Acad Sci US A 99:7705-7710.

116. Lin WR, Wozniak MA, Cooper RJ, Wilcock
GK, Itzhaki RF (2002) Herpesviruses in brain and
Alzheimer’s disease. J Pathol 197:395-402.

117. Lin WR, Wozniak MA, Wilcock GK, Itzhaki RF
(2002) Cytomegalovirus is present in a very high
proportion of brains from vascular dementia pa-
tients. Neurobiol Dis 9:82-87.

118. Little CS, Hammond CJ, Macintyre A, Balin
BJ, Appelt DM (2004) Chlamydia pneumoniae
induces Alzheimer-like amyloid plaques in brains
of BALB/c mice. Neurobiol Aging 25:419-429.

119. Liu ST, Howlett G, Barrow CJ (1999) Histidine-
13 is a crucial residue in the zinc ion-induced ag-
gregation of the A beta peptide of Alzheimer’s
disease. Biochemistry 38:9373-9378.

120. Loeffler DA, DeMaggio AJ, Juneau PL, Brick-
man CM, Mashour GA, Finkelman JH, Pomara N,
LeWitt PA (1994) Ceruloplasmin is increased in
cerebrospinal fluid in Alzheimer’s disease but not
Parkinson’s disease. Alzheimer Dis Assoc Disord 8:
190-197.

121. Loeffler DA, LeWitt PA, Juneau PL, Sima
AA, Nguyen HU, DeMaggio AJ, Brickman CM,
Brewer GJ, Dick RD, Troyer MD, Kanaley L (1996)



Increased regional brain concentrations of ceru-
loplasmin in neurodegenerative disorders. Brain
Res 738:265-274.

122. Lovell MA, Ehmann WD, Butler SM, Markes-
bery WR (1995) Elevated thiobarbituric acid-reac-
tive substances and antioxidant enzyme activity
in the brain in Alzheimer’s disease. Neurology 45:
1594-1601.

123. Lovell MA, Robertson JD, Teesdale WJ,
Campbell JL, Markesbery WR (1998) Copper, iron
and zinc in Alzheimer’s disease senile plaques. J
Neurol Sci 158:47-52.

124. Lovell MA, Xie C, Markesbery WR (2001)
Acrolein is increased in Alzheimer’s disease brain
and is toxic to primary hippocampal cultures.
Neurobiol Aging 22:187-194.

125. Lovstad RA (1987) Copper catalyzed oxida-
tion of ascorbate (vitamin C). Inhibitory effect of
catalase, superoxide dismutase, serum proteins
(ceruloplasmin, albumin, apotransferrin) and
amino acids. Int J Biochem 19:309-313.

126. Lusis AJ (2000) Atherosclerosis. Nature 407:
233-241.

127. Manelli AM, Stine WB, Van Eldik LJ, LaDu MJ
(2004) ApoE and Abeta1-42 interactions: effects
of isoform and conformation on structure and
function. J Mol Neurosci 23:235-246.

128. Mann DM, Esiri MM (1989) The pattern of
acquisition of plaques and tangles in the brains
of patients under 50 years of age with Down’s
syndrome. J Neurol 5¢i 89:169-179.

129. Markesbery WR (1997) Oxidative stress hy-
pothesis in Alzheimer’s disease. Free Radic Biol
Med 23:134-147.

130. Markesbery WR, Lovell MA (1998) Four-hy-
droxynonenal, a product of lipid peroxidation,
is increased in the brain in Alzheimer’s disease.
Neurobiol Aging 19:33-36.

131. Matsubara E, Ghiso J, Frangione B, Amari M,
Tomidokoro Y, lkeda Y, Harigaya Y, Okamoto K,
Shoji M (1999) Lipoprotein-free amyloidogenic
peptides in plasma are elevated in patients with
sporadic Alzheimer’s disease and Down'’s syn-
drome. Ann Neurol 45:537-541.

132. Matsubara E, Sekijima Y, Tokuda T, Urakami
K, Amari M, Shizuka-lkeda M, Tomidokoro Y, Ikeda
M, Kawarabayashi T, Harigaya Y, Ikeda S, Muraka-
mi T, Abe K, Otomo E, Hirai S, Frangione B, Ghiso
J, Shoji M (2004) Soluble Abeta homeostasis in
AD and DS: impairment of anti-amyloidogenic
protection by lipoproteins. Neurobiol Aging 25:
833-841.

133. Matsubara E, Soto C, Governale S, Fran-
gione B, Ghiso J (1996) Apolipoprotein J and
Alzheimer’s amyloid beta solubility. Biochem J
316:671-679.

134. Mauch DH, Nagler K, Schumacher S, Goritz
C, Muller EC, Otto A, Pfrieger FW (2001) CNS
synaptogenesis promoted by glia-derived cho-
lesterol. Science 294:1354-1357.

135. Maynard CJ, Cappai R, Volitakis I, Cherny RA,
White AR, Beyreuther K, Masters CL, Bush Al, Li
QX (2002) Overexpression of Alzheimer’s disease
amyloid-beta opposes the age-dependent eleva-

tions of brain copper and iron. J Biol Chem 277:
44670-44676.

136. Michikawa M (2003) Cholesterol paradox: is
high total or low HDL cholesterol level a risk for
Alzheimer’s disease? J Neurosci Res 72:141-146.

137. Michikawa M, Gong JS, Fan QW, Sawamura
N, Yanagisawa K (2001) A novel action of
alzheimer’s amyloid beta-protein (Abeta): oligo-
meric Abeta promotes lipid release. J Neurosci 21:
7226-7235.

138. Misonou H, Morishima-Kawashima M, Ihara
Y (2000) Oxidative stress induces intracellular
accumulation of amyloid beta-protein (Abeta)
in human neuroblastoma cells. Biochemistry 39:
6951-6959.

139. Miura T, Suzuki K, Kohata N, Takeuchi H
(2000) Metal binding modes of Alzheimer’s amy-
loid beta-peptide in insoluble aggregates and
soluble complexes. Biochemistry 39:7024-7031.

140. Mizuno T, Nakata M, Naiki H, Michikawa
M, Wang R, Haass C, Yanagisawa K (1999) Cho-
lesterol-dependent generation of a seeding
amyloid beta-protein in cell culture. J Biol Chem
274:15110-15114.

141. Moir RD, Atwood CS, Romano DM, Laurans
MH, Huang X, Bush Al, Smith JD, Tanzi RE (1999)
Differential effects of apolipoprotein E isoforms
on metal-induced aggregation of A beta using
physiological concentrations. Biochemistry 38:
4595-4603.

142. Montine TJ, Beal MF, Cudkowicz ME,
O’Donnell H, Margolin RA, McFarland L, Bachrach
AF, Zackert WE, Roberts LJ, Morrow JD (1999)
Increased CSF F2-isoprostane concentration in
probable AD. Neurology 52:562-565.

143. Mori T, Paris D, Town T, Rojiani AM, Sparks
DL, Delledonne A, Crawford F, Abdullah LI, Hum-
phrey JA, Dickson DW, Mullan MJ (2001) Choles-
terol accumulates in senile plagues of Alzheimer
disease patients and in transgenic APP(SW) mice.
J Neuropathol Exp Neurol 60:778-785.

144. Navab M, Anantharamaiah GM, Reddy ST,
Van Lenten BJ, Hough G, Wagner A, Nakamura K,
Garber DW, Datta G, Segrest JP, Hama S, Fogel-
man AM (2003) Human apolipoprotein Al mimet-
ic peptides for the treatment of atherosclerosis.
Curr Opin Investig Drugs 4:1100-1104.

145. Navab M, Ananthramaiah GM, Reddy ST, Van
Lenten BJ, Ansell BJ, Fonarow GC, Vahabzadeh
K, Hama S, Hough G, Kamranpour N, Berliner
JA, Lusis AJ, Fogelman AM (2004) The oxidation
hypothesis of atherogenesis: the role of oxidized
phospholipids and HDL. J Lipid Res 45:993-1007.

146. Navab M, Berliner JA, Subbanagounder G,
Hama S, Lusis AJ, Castellani LW, Reddy S, Shih
D, Shi W, Watson AD, Van Lenten BJ, Vora D,
Fogelman AM (2001) HDL and the inflamma-
tory response induced by LDL-derived oxidized
phospholipids. Arterioscler Thromb Vasc Biol 21:
481-488.

147. Navab M, Hama S, Hough G, Fogelman
AM (2003) Oral synthetic phospholipid (DMPC)
raises high-density lipoprotein cholesterol levels,
improves high-density lipoprotein function, and
markedly reduces atherosclerosis in apolipopro-
tein E-null mice. Circulation 108:1735-1739.

148. Nunomura A, Perry G, Hirai K, Aliev G,
Takeda A, Chiba S, Smith MA (1999) Neuronal
RNA oxidation in Alzheimer’s disease and Down'’s
syndrome. Ann N'Y Acad Sci 893:362-364.

149. Nunomura A, Perry G, Pappolla MA, Fried-
land RP, Hirai K, Chiba S, Smith MA (2000) Neu-
ronal oxidative stress precedes amyloid-beta
deposition in Down syndrome. J Neuropathol Exp
Neurol 59:1011-1017.

150. Ohno M, Sametsky EA, Younkin LH, Oakley
H, Younkin SG, Citron M, Vassar R, Disterhoft
JF (2004) BACE1 Deficiency Rescues Memory
Deficits and Cholinergic Dysfunction in a Mouse
Model of Alzheimer’s Disease. Neuron 41:27-33.

151. Olesen OF, Dago L (2000) High density
lipoprotein inhibits assembly of amyloid beta-
peptides into fibrils. Biochem Biophys Res Com-
mun 270:62-66.

152. Olivieri G, Baysang G, Meier F, Muller-Spahn
F, Stahelin HB, Brockhaus M, Brack C (2001)
N-acetyl-L-cysteine protects SHSY5Y neuroblas-
toma cells from oxidative stress and cell cytotox-
icity: effects on beta-amyloid secretion and tau
phosphorylation. J Neurochem 76:224-233.

153. Olivieri G, Brack C, Muller-Spahn F, Stahelin
HB, Herrmann M, Renard P, Brockhaus M, Hock
C (2000) Mercury induces cell cytotoxicity and
oxidative stress and increases beta-amyloid
secretion and tau phosphorylation in SHSY5Y
neuroblastoma cells. J Neurochem 74:231-236.

154. Orgogozo JM, Gilman S, Dartigues JF, Lau-
rent B, Puel M, Kirby LC, Jouanny P, Dubois B,
Eisner L, Flitman S, Michel BF, Boada M, Frank A,
Hock C (2003) Subacute meningoencephalitis in
a subset of patients with AD after Abeta42 im-
munization. Neurology 61:46-54.

155. Perry G, Nunomura A, Raina AK, Smith MA
(2000) Amyloid-beta junkies. Lancet 355:757.

156. Pfrieger FW (2003) Outsourcing in the brain:
do neurons depend on cholesterol delivery by
astrocytes? Bioessays 25:72-78.

157. Pitas RE, Boyles JK, Lee SH, Hui D, Weisgraber
KH (1987) Lipoproteins and their receptors in the
central nervous system. J Biol Chem 262:14352-
14360.

158. Pratico D, Uryu K, Leight S, Trojanoswki
JQ, Lee VM (2001) Increased lipid peroxidation
precedes amyloid plaque formation in an animal
model of Alzheimer amyloidosis. J Neurosci 21:
4183-4187.

159. Pratico D, V MYL, Trojanowski JQ, Rokach J,
Fitzgerald GA (1998) Increased F2-isoprostanes
in Alzheimer’s disease: evidence for enhanced
lipid peroxidation in vivo. FASEB J 12:1777-1783.

160. Raby CA, Morganti-Kossmann MC, Koss-
mann T, Stahel PF, Watson MD, Evans LM, Mehta
PD, Spiegel K, Kuo YM, Roher AE, Emmerling MR
(1998) Traumatic brain injury increases beta-
amyloid peptide 1-42 in cerebrospinal fluid. J
Neurochem 71:2505-2509.

161. Rebeck GW, Alonzo NC, Berezovska O, Harr
SD, Knowles RB, Growdon JH, Hyman BT, Mendez
AJ (1998) Structure and functions of human ce-
rebrospinal fluid lipoproteins from individuals

Apoliprotein AB: Black Sheep in a Good Family—Kontush 445



of different APOE genotypes. Exp Neurol 149:
175-182.

162. Robinson SR, Bishop GM, Lee HG, Munch G
(2004) Lessons from the AN 1792 Alzheimer vac-
cine: lest we forget. Neurobiol Aging 25:609-615.

163. Roheim PS, Carey M, Forte T, Vega GL (1979)
Apolipoproteins in human cerebrospinal fluid.
Proc Natl Acad Sci U S A 76:4646-4649.

164. Rosenson RS (2003) Antiatherothrombotic
effects of nicotinic acid. Atherosclerosis 171:87-
96.

165. Rottkamp CA, Atwood CS, Joseph JA,
Nunomura A, Perry G, Smith MA (2002) The
state versus amyloid-beta: the trial of the most
wanted criminal in Alzheimer disease. Peptides
23:1333-1341.

166. Rottkamp CA, Raina AK, Zhu X, Gaier E, Bush
Al, Atwood CS, Chevion M, Perry G, Smith MA
(2001) Redox-active iron mediates amyloid-beta
toxicity. Free Radic Biol Med 30:447-450.

167. Salvayre R, Auge N, Benoist H, Negre-Sal-
vayre A (2002) Oxidized low-density lipoprotein-
induced apoptosis. Biochim Biophys Acta 1585:
213-221.

168. Sano M, Ernesto C, Thomas RG, Klauber MR,
Schafer K, Grundman M, Woodbury P, Growdon
J, Cotman CW, Pfeiffer E, Schneider LS, Thal LJ
(1997) A controlled trial of selegiline, alpha-to-
copherol, or both as treatment for Alzheimer’s
disease. N Engl J Med 336:1216-1222.

169. Sato M, Ohtomo K, Daimon T, Sugiyama T,
lijima K (1994) Localization of copper to affer-
ent terminals in rat locus ceruleus, in contrast to
mitochondrial copper in cerebellum. J Histochem
Cytochem 42:1585-1591.

170. Sayre LM, Perry G, Harris PL, Liu Y, Schubert
KA, Smith MA (2000) In situ oxidative catalysis
by neurofibrillary tangles and senile plaques
in Alzheimer’s disease: a central role for bound
transition metals. J Neurochem 74:270-279.

171. Schenk D, Hagen M, Seubert P (2004) Cur-
rent progress in beta-amyloid immunotherapy.
Curr Opin Immunol 16:599-606.

172. Schenk DB, Seubert P, Lieberburg |, Wallace
J (2000) Beta-peptide immunization: a possible
new treatment for Alzheimer disease. Arch Neu-
rol 57:934-936.

173. Schippling S, Kontush A, Arlt S, Buhmann
C, Sturenburg HJ, Mann U, Muller-Thomsen T,
Beisiegel U (2000) Increased lipoprotein oxida-
tion in Alzheimer’s disease. Free Radic Biol Med
28:351-360.

174. Schippling S, Kontush A, Arlt S, Daher
D, Buhmann C, Stirenburg HJ, Mann U, Ml-
ler-Thomsen T, Beisiegel U (1999) Lipoprotein
oxidation and Alzheimer’s disease. In: Alzheimer’s
Disease and Related Disorders, Igbal K, Swaab DF,
Winblad B, Wisniewski HM (eds.), pp. 471-477,
John Wiley & Sons: New York.

175. Selkoe DJ (2001) Alzheimer’s disease: genes,
proteins, and therapy. Physiol Rev 81:741-766.

176. Selkoe DJ (1998) The cell biology of beta-
amyloid precursor protein and presenilin in
Alzheimer’s disease. Trends Cell Biol 8:447-453.

177. Selkoe DJ, Schenk D (2003) Alzheimer’s dis-
ease: molecular understanding predicts amyloid-
based therapeutics. Annu Rev Pharmacol Toxicol
43:545-584.

178. Shie FS, Jin LW, Cook DG, Leverenz JB, Le-
Boeuf RC (2002) Diet-induced hypercholester-
olemia enhances brain A beta accumulation in
transgenic mice. Neuroreport 13:455-459.

179. Smith MA, Atwood CS, Joseph JA, Perry G
(2002) Predicting the failure of amyloid-beta vac-
cine. Lancet 359:1864-1865.

180. Smith MA, Casadesus G, Joseph JA, Perry G
(2002) Amyloid-beta and tau serve antioxidant
functions in the aging and Alzheimer brain. Free
Radic Biol Med 33:1194-1199.

181. Smith MA, Harris PL, Sayre LM, Perry G
(1997) Iron accumulation in Alzheimer disease
is a source of redox-generated free radicals. Proc
Natl Acad Sci U S A 94:9866-9868.

182. Smith MA, Joseph JA, Atwood CS, Perry G
(2002) Dangers of the amyloid-beta vaccination.
Acta Neuropathol (Berl) 104:110.

183. Smith MA, Nunomura A, Zhu X, Takeda A,
Perry G (2000) Metabolic, metallic, and mitotic
sources of oxidative stress in Alzheimer disease.
Antioxid Redox Signal 2:413-420.

184. Smith MA, Perry G (1998) What are the facts
and artifacts of the pathogenesis and etiology of
Alzheimer disease? J Chem Neuroanat 16:35-41.

185. Smith MA, Rottkamp CA, Nunomura A, Raina
AK, Perry G (2000) Oxidative stress in Alzheimer's
disease. Biochim Biophys Acta 1502:139-144.

186. Song H, Saito K, Seishima M, Noma A,
Urakami K, Nakashima K (1997) Cerebrospinal
fluid apo E and apo A-l concentrations in early-
and late-onset Alzheimer’s disease. Neurosci Lett
231:175-178.

187. Sparks DL, Martin TA, Gross DR, Hunsaker JC,
3rd (2000) Link between heart disease, choles-
terol, and Alzheimer’s disease: a review. Microsc
Res Tech 50:287-290.

188. Sparks DL, Schreurs BG (2003) Trace
amounts of copper in water induce beta-amyloid
plagues and learning deficits in a rabbit model of
Alzheimer’s disease. Proc Natl Acad Sci U S A 100:
11065-11069.

189. Sprecher DL (2000) Raising high-density
lipoprotein cholesterol with niacin and fibrates: a
comparative review. Am J Cardiol 86:46L-50L.

190. Srivastava RA, Jain JC (2002) Scavenger
receptor class B type | expression and elemen-
tal analysis in cerebellum and parietal cortex
regions of the Alzheimer’s disease brain. J Neurol
S¢i 196:45-52.

191. Stocker R (1994) Lipoprotein oxidation:
mechanistic aspects, methodological ap-
proaches and clinical relevance. Curr Opin Lipidol
5:422-433.

192. Strittmatter WJ, Weisgraber KH, Huang DY,
Dong LM, Salvesen GS, Pericak-Vance M, Sch-
mechel D, Saunders AM, Goldgaber D, Roses
AD (1993) Binding of human apolipoprotein E to
synthetic amyloid beta peptide: isoform-specific

446 Apoliprotein AB: Black Sheep in a Good Family—Kontush

effects and implications for late-onset Alzheimer
disease. Proc Natl Acad Sci U S A 90:8098-8102.

193. Sung S, Yao Y, Uryu K, Yang H, Lee VM,
Trojanowski JQ, Pratico D (2004) Early vitamin
E supplementation in young but not aged mice
reduces Abeta levels and amyloid deposition in a
transgenic model of Alzheimer’s disease. FASEB J
18:323-325. Epub 2003 Dec 2004.

194. Suzuki T, Tozuka M, Kazuyoshi Y, Sugano M,
Nakabayashi T, Okumura N, Hidaka H, Katsuyama
T, Higuchi K (2002) Predominant apolipoprotein
J exists as lipid-poor mixtures in cerebrospinal
fluid. Ann Clin Lab Sci 32:369-376.

195. Swerdlow RH, Khan SM (2004) A “mitochon-
drial cascade hypothesis” for sporadic Alzheim-
er’s disease. Med Hypotheses 63:8-20.

196. Tamagno E, Bardini P, Obbili A, Vitali A,
Borghi R, Zaccheo D, Pronzato MA, Danni O,
Smith MA, Perry G, Tabaton M (2002) Oxidative
stress increases expression and activity of BACE
in NT2 neurons. Neurobiol Dis 10:279-288.

197.Tuppo EE, Forman LJ, Spur BW, Chan-Ting RE,
Chopra A, Cavalieri TA (2001) Sign of lipid peroxi-
dation as measured in the urine of patients with
probable Alzheimer’s disease. Brain Res Bull 54:
565-568.

198. van Tol A (2002) Phospholipid transfer pro-
tein. Curr Opin Lipidol 13:135-139.

199. Van Uden E, Kang DE, Koo EH, Masliah E
(2000) LDL receptor-related protein (LRP) in
Alzheimer’s disease: towards a unified theory of
pathogenesis. Microsc Res Tech 50:268-272.

200. Varadarajan S, Yatin S, Aksenova M, But-
terfield DA (2000) Review: Alzheimer’s amyloid
beta-peptide-associated free radical oxidative
stress and neurotoxicity. J Struct Biol 130:184-
208.

201. Vassallo N, Herms J (2003) Cellular prion
protein function in copper homeostasis and
redox signalling at the synapse. J Neurochem 86:
538-544.

202. Vuletic S, Jin LW, Marcovina SM, Peskind ER,
MollerT, Albers JJ (2003) Widespread distribution
of PLTP in human CNS: evidence for PLTP syn-
thesis by glia and neurons, and increased levels
in Alzheimer’s disease. J Lipid Res 44:1113-1123.
Epub 2003 Apr 1111.

203. Wahrle SE, Jiang H, Parsadanian M, Legleiter
J, Han X, Fryer JD, Kowalewski T, Holtzman DM
(2004) ABCAT1 is required for normal CNS apoE
levels and for lipidation of astrocyte-secreted
apokE. J Biol Chem 21:21.

204. Walsh DM, Hartley DM, Kusumoto Y, Fezoui
Y, Condron MM, Lomakin A, Benedek GB, Selkoe
DJ, Teplow DB (1999) Amyloid beta-protein
fibrillogenesis. Structure and biological activity
of protofibrillar intermediates. J Biol Chem 274:
25945-25952.

205. Walsh DM, Selkoe DJ (2004) Oligomers on
the brain: the emerging role of soluble protein
aggregates in neurodegeneration. Protein Pept
Lett 11:213-228.

206. Walter MF, Mason PE, Mason RP (1997)
Alzheimer’s disease amyloid beta peptide 25-35
inhibits lipid peroxidation as a result of its mem-



brane interactions. Biochem Biophys Res Commun
233:760-764.

207.WenY, Onyewuchi O, Yang S, Liu R, Simpkins
JW (2004) Increased beta-secretase activity and
expression in rats following transient cerebral
ischemia. Brain Res 1009:1-8.

208. Whitson JS, Glabe CG, Shintani E, Abcar
A, Cotman CW (1990) Beta-amyloid protein
promotes neuritic branching in hippocampal
cultures. Neurosci Lett 110:319-324.

209. Whitson JS, Selkoe DJ, Cotman CW (1989)
Amyloid beta protein enhances the survival
of hippocampal neurons in vitro. Science 243:
1488-1490.

210. Wolfe MS, Kopan R (2004) Intramembrane
proteolysis: theme and variations. Science 305:
1119-1123.

211.Wolozin B, Brown J, 3rd, Theisler C, Silberman
S (2004) The cellular biochemistry of cholesterol
and statins: insights into the pathophysiology
and therapy of Alzheimer’s disease. CNS Drug Rev
10:127-146.

212. Yan SD, Yan SF, Chen X, Fu J, Chen M, Kup-
pusamy P, Smith MA, Perry G, Godman GC,
Nawroth P, al e (1995) Non-enzymatically gly-
cated tau in Alzheimer’s disease induces neu-
ronal oxidant stress resulting in cytokine gene
expression and release of amyloid beta-peptide.
Nat Med 1:693-699.

213. Yankner BA, Duffy LK, Kirschner DA (1990)
Neurotrophic and neurotoxic effects of amyloid
beta protein: reversal by tachykinin neuropep-
tides. Science 250:279-282.

214. Yu WH, Lukiw WJ, Bergeron C, Niznik HB,
Fraser PE (2001) Metallothionein Il is reduced in
Alzheimer’s disease. Brain Res 894:37-45.

215. Zandi PP, Anthony JC, Khachaturian AS,
Stone SV, Gustafson D, Tschanz JT, Norton MC,
Welsh-Bohmer KA, Breitner JC (2004) Reduced
risk of Alzheimer disease in users of antioxidant
vitamin supplements: the Cache County Study.
Arch Neurol 61:82-88.

216. Zhang L, Zhao B, Yew DT, Kusiak JW, Roth GS
(1997) Processing of Alzheimer’s amyloid precur-
sor protein during H202- induced apoptosis in
human neuronal cells. Biochem Biophys Res Com-
mun 235:845-848.

217.Zou K, Gong JS, Yanagisawa K, Michikawa M
(2002) A novel function of monomeric amyloid
beta-protein serving as an antioxidant molecule
against metal-induced oxidative damage. J Neu-
rosci 22:4833-4841.

Apoliprotein AB: Black Sheep in a Good Family—Kontush 447



