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Abstract—Three isoforms of human plasma apolipoprotein E (apoE) are ligands to lipoprotein receptors and influence in
different manner the synthesis and catabolism of pro-atherogenic triglyceride-rich lipoproteins. Among three isoforms, the
apoE4 isoform is associated with increased frequency of atherosclerosis and Alzheimer’s disease (AD). The conformation-
al transitions of -amyloid (Af) influenced by apoE and serum amyloid P (SAP) component are key events in AD develop-
ment, the accumulation of intermediate diffusible and soluble oligomers of AP being of particular significance. SAP and
apoE, in a different manner for the three isoforms, serve as “pathological” chaperones during the aggregation of Af con-
sidered as a conformation-prone process. In turn, apoE consisting of two domains self-associates in solution and interme-
diate structures differently populated for the three isoforms exist. The different structures of the three isoforms determine
their different distribution among various plasma lipoproteins. The structural and metabolic consideration of the common
apoE pathway(s) in two pathologies assumes four molecular targets for AD correction: (i) inhibition of the accumulation of
diffusible soluble AP oligomers; (ii) inhibition of apoE synthesis and secretion by astrocytes, in particular, under lipid-low-
ering therapy; (iii) inhibition of the binding of apoE and/or SAP to AB; (iv) stimulation of the expression of cholesterol

transporter ABCAL.

DOI: 10.1134/S0006297906070029
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Both the structural and metabolic features of the
contribution of apolipoprotein E (apoE) into atherogen-
esis and neurodegenerative disorders on coupling of cho-
lesterol (Ch) and amyloid-B (AB) metabolism will be
considered, and quite new therapeutic targets will be out-
lined as well (Scheme).

ApoE-RELATED EVENTS IN ATHEROGENESIS

ApoE is a multifunctional protein that is synthesized
by the liver and several peripheral tissues and cell types,
including macrophages. ApoE and its gene are prime tar-

Abbreviations: AD) Alzheimer’s disease; apoE) apolipoprotein
E; APP) amyloid precursor protein; AB) amyloid-f3; Ch) chole-
sterol; cHSA) carboxyamidomethylated human serum albumin;
HSA) human serum albumin; LDL) low density lipoprotein;
LDLr) LDL receptor; LRP) LDL receptor-related protein;
SAP) serum amyloid P component; SR) scavenger receptor.
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gets for therapeutic intervention aimed at preventing or
treating atherosclerotic vascular disease. The protein is
involved in the hepatic uptake of lipoprotein particles,
stimulation of Ch efflux from macrophage foam cells in
atherosclerotic lesions; at the same time, apoE within
hypertriglyceridemic triglyceride-rich lipoproteins is
thought to be a ligand for macrophage receptor(s) pro-
moting foam cell formation [1]. In humans, apoE is poly-
morphic, and this genetic variation has a strong effect on
its atherogenic-related characteristics. Three isoforms of
apoE differ by single amino acid changes. In comparison
with €3 (corresponds to apoE3 isoform C112-R158), the
€4 allele (apoE4 isoform R112-R158) is associated with
clinical and coronary disease [2] while €2 allele (apoE2
isoform C112-C158) seems to be associated with lower
Ch levels. ApoE normally self-associates in solution and
consists of two N- and C-terminal domains [3-5]. ApoE
folding pathway includes intermediate form(s), one [6, 7]
or more [8], being important in lipid binding and differ-
ently populated among the three isoforms.
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CONTRIBUTION OF apoE
TO CONFORMATION-PRONE DISEASES

Influence of membrane Ch on AP synthesis. The
major component of extracellular amyloid deposits in
brain in Alzheimer’s disease (AD) consists of the AP pep-
tide of 39-43 amino acids produced by endoproteolytic
cleavage of amyloid precursor protein (APP) [9, 10]. The
AB1-42 and AB1-43 peptides are seen in all types of amy-
loid plaques in Alzheimer’s disease [11]. AP is thought to
be formed from the APP in Ch-enriched membrane
domains and cellular Ch depletion decreases AP forma-
tion? [12]. The drop in cellular Ch induced by the expres-
sion of Ch transporter ABCA1 [13, 14] with concomitant
Ch efflux by apoE-containing lipoproteins [ 14] decreased
amyloidosis, and the same effect occurring with lipid-
lowering therapy by statins [15]. The increase in mem-
brane Ch has been suggested to result in the elevation
both of B- and y-secretase amyloidogenic activities,
which localize in Ch-rich membrane domains, compared
to non-amyloidogenic o-secretase [12, 16]. Indeed, the
expression of ABCAI led to both decreased p-cleavage
product of APP (i.e., C99 peptide) and reduced y-secre-
tase cleavage of C99 peptide [17]. The amyloid deposits in
the brain of ABCA1 knockout mice increased while the
level of insoluble apoE did not change opposite to the
decrease in soluble apoE [13]. This observation, first,
confirms the amyloid-provocative action of apoE, sec-
ond, implies the coupling of Ch and A} metabolism via
apoE, and, finally, suggests ABCAI as a therapeutic tar-
get.

Cross-p-structure and aggregation of amyloid-form-
ing proteins. Protein self-association to amyloid fibrils
and subsequent fibril aggregation into insoluble deposits
are the hallmarks of AD and other neurodegenerative dis-
orders [18], type 2 diabetes [19], and systemic amyloido-
sis [20]. Inhibiting fibrillogenesis is thus one approach
toward therapy of these conformation-prone diseases.
More than 20 proteins are able to form amyloid fibrils in
vivo with characteristic properties of deposits [21].
Despite the large diversity in a primary structure of amy-
loid-forming proteins, the deposits are characterized by
similar structure and morphology, i.e., by linear
unbranched assemblies of precursor protein with cross-f3-
structure [22]. Aggregation both of extracellular amyloid
[23] and intracellular unfolded t protein [24] is induced
by the conformational transition with the accumulation
of an intermediate B-rich structure. Fibrillogenesis is sug-
gested to proceed through the intermediate protofibril
stage, which would be a prime target in the search of
inhibitors of fibrillogenesis [25]. The fibrils are widely
considered to be a major damaging structure with apoE-
provoking role in fibril formation; however, neurotoxicity
of the soluble AP oligomers has been suggested to exist
[26, 27], which was inhibited by membrane Ch [27]. The
particular cell surface proteins and signal transduction
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molecules that mediate the toxicity of soluble AP
oligomers would be important targets for drug-based
therapeutic approaches [26]. The soluble AB oligomers
are able to accept Ch from neuronal membrane, which
probably contributes to their neurotoxic effect [28]. The
suggested highest cytotoxicity of intermediate instead of
fibrillar form of amyloid-forming proteins results, first, in
a paradoxical opinion on neuroprotective action of fibril-
lar structure (for instance, Lewy bodies in Parkinson’s
disease are suggested to be an epiphenomenon induced by
neuronal death [29]) and, second, in a drastic change in
target search for drug therapy. Then amyloid deposits
might represent adaptive mechanisms that protect the
body from soluble cytotoxic products of protein misfold-
ing and aggregation [30].

Chaperones in fibrillogenesis. Insoluble deposits
include some non-fibrillar components, which influence
the fibrillogenesis [31] and do not depend on the nature of
the fibril-forming protein [32]; the most common are
serum amyloid P (SAP) component and apoE. SAP is a
Ca’?"-dependent glycoprotein composed of five subunits
noncovalently associated into discoidal structure with A-
and B-surfaces: the A-surface contains five o-helices,
while the B-surface contains five Ca’*-binding regions
[33]. SAP aggregated on the interaction of A- and B-sur-
faces in a Ca?"-dependent manner, while the addition of
dAMP as SAP ligand induced SAP self-association into
soluble decamer due to B—B interaction. The interaction
of SAP with amyloid fibril and AP being a Ca®"-depend-
ent event [34] resulted in the increased stability of fibril
structure in vitro [35]; however, SAP inhibited the fibril
formation and increased AP solubility in the absence of
Ca’" [36]. SAP is suggested to be a chaperone during
amyloid aggregation [33] and the use of inhibitors of
SAP—Ap interaction would slow AD progression [37].

The €4 allele is associated with increased risk of
developing AD [38, 39], probably due to the direct
apoE—Af interaction [31, 40]; however, apoE-depend-
ent involvement of low density lipoprotein (LDL) recep-
tor-related protein (LRP) in AP clearance [41], which
reflects AP transport by lipoproteins as well as albumin-
bound AP [42], has been suggested in addition to the
translation of extracellular into intracellular astrocyte
response to AP with astrocyte activation via apoE-
dependent receptors [43]. Besides, apoE is involved in
proteolytic cleavage of AP by insulin-degrading enzyme
[44]. ApoE4 bound to AP more efficiently compared to
apoE3 [45]. ApoE has been suggested to be a “patholog-
ical” chaperone in AP fibril formation with the increase
of aggregation/fibrillogenesis, probably due to the induc-
tion of B-structure [45-48]. However, apoE increased the
lag time in the aggregation of initially soluble AB1-40
without any influence on aggregation Kinetics of exoge-
nous seed fibrils in the absence of Ca?" [49]. The oppo-
site views on activating [47] or inhibiting [49] role of
apoE in amyloid formation result in opposite suggestions
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on amyloid-provoking efficiency of the apoE4 isoform,
either higher or lower, compared to apoE3. Also, the
involvement of the C-terminal domain in AB1-40 aggre-
gation is disclaimed [49] or postulated [50]. So apoE
seems to possess a dual role in amyloidosis, i.e., the insol-
uble deposits are stabilized due to chaperoning effect of
apoE and are decreased due to apoE-mediated clearance
of AB. Clusterin (apoJ) may be a chaperone for diffusible
and potentially more pernicious than fibrillar AP
oligomers [26]; the toxicity of soluble oligomers seemed
to require the binding to neuronal receptor for advanced
glycation end products (RAGE) and scavenger receptor
(SR)-like receptor [26].

ApoE—SAP competition. Carboxyamidomethylated
human serum albumin (cHSA) in an intermediate high-
ly aggregated state is suggested to be an appropriate
model of amyloid-forming protein in vitro. This sugges-
tion is supported by: (i) substantial increase from 0 to
20% of the B-structure in the disulfide-reduced form of
bovine serum albumin [51]; (ii) accumulation of inter-
mediate (between native and unfolded states) structure
with disordered tertiary structure but with native-like
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secondary structure on reduction of S—S bridges in the
HSA molecule [52]; (iii) appearance of fibrillar structure
on the reduction of protein disulfide bonds [53, 54]. The
similar complex influence of both SAP and apoE on the
aggregation of amyloid-forming proteins, i.e., inhibition
of formation of the initial pre-nucleation state and stabi-
lization of the structure of growing fibrils is suggested to
assume a competition between two proteins important in
fibrillogenesis. Indeed, the competition between apoE
and SAP for the common binding site(s) within aggre-
gated cHSA has been observed by us [55]. The known
effect of SAP as an inhibitor of clearance of amyloid
deposits [35, 37, 56, 57] can also assume this competi-
tion. The competition between two chaperones, i.e.,
apoE and SAP if both are present, may not influence the
fibrillogenesis, but the higher affinity of apoA-I to AP
compared to apoE [58] may result in the inhibition of
aggregation and cytotoxicity of AP that may be a new
therapeutic target.

Apoproteins as amyloid-forming proteins. ApoA-I,
apoA-II, apoA-1V, apoC-II, and apoE may form fibrils by
themselves [59]. ApoC-II fibrils bound to scavenger
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Structural and metabolic events in the coupled contribution of apoE in amyloidosis and atherosclerosis. The aggregation of amyloid-f (AB) pep-
tide derived from proteolytic cleavage of amyloid precursor protein (APP) by - and y-secretases proceeds through the intermediate state of dif-
fusible soluble oligomers (A,) followed by propagation into final fibrillar structure (A;). Both protease activities depend on cholesterol content in
the neuronal membrane, which in turn is controlled by cholesterol transporter ABCA1. Two metabolic compartments of apoE in blood and brain
that include apolipoprotein synthesis in astrocytes, macrophages, and hepatocytes are separated by the blood—brain barrier (BBB). ApoE influences
both stages of fibrillogenesis and serum amyloid P (SAP) component and apoJ may compete with apoE in both stages. The main structure of apoE
in solution able to interact with AP is suggested to be the intermediate structure E; that exists in equilibrium with native and unfolded structures.
This structure is also responsible for: (i) apolipoprotein interaction with the lipid phase and generation of apoE-containing high density lipopro-
teins (HDLg) which redistribute AB and cholesterol; (ii) formation of apolipoprotein fibrils (E,). The interaction of A diffusible oligomers and fib-
rils with the astrocyte and neuronal receptors results in intracellular accumulation of AR and apoE and astrocyte activation (astroglyosis) and neu-
ron degeneration, respectively. The clearance of Ap from brain involves metalloprotease (MP) and apoE-dependent insulin-degrading enzyme
(IDE) and LDL receptor-related protein (LRP) activities. A similar equilibrium between free and lipid-bound apoE exists in the plasma compart-
ment. The A fibril uptake by macrophages results in a cascade of inflammatory reactions. The amyloid-like structure of apoE in association with
SAP is suggested to exist in atherosclerotic plaque. /-4) Probable targets for prevention and treatment of amyloidosis; (+) and (—) denote activat-
ing and inhibiting action, respectively; SR, scavenger receptor

Scheme
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receptor class B CD36 in mouse macrophages that trig-
gered the signal cascade with typical inflammatory mark-
ers (tumor necrosis factor o, reactive oxygen species, the
phosphorylation of tyrosine in some proteins) which are
evident in AD [60, 61]. The extracellular co-localization
of apoC-II and SAP has been observed in atheromatous
plaques in human coronary artery [59]. ApoE may possess
similar properties. ApoE progressively accumulated
extracellularly during plaque maturation, while only a few
macrophages contained apolipoprotein as observed by us
[62]. Stable fibrillar structure of apoE within deposits can
be suggested. Indeed, the apoE detection level by specific
antibodies was not changed by the prior washing of
microscopic sections, opposite to the prominent decrease
in apoB signal. Analogous extracellular co-localization
but of apoE and A in neuritic plaques in Alzheimer’s
brains has been observed by others [63]. The interaction
of apoE with AP in the plaque may negatively influence
the apoE expression in neighboring astrocytes, but the
astroglyosis did not correlate to plaque level in e4-bearing
patients [64]. Probably the absence of apoE in astrocytes
close to the plaque is related to the impaired uptake and
degradation of AP through LDL receptor (LDLr) family
[65] in astrocytes despite the increased LRP expression in
Alzheimer’s brains [66].

INTEGRATING ROLE OF apoE IN AMYLOIDOSIS
AND ATHEROSCLEROSIS

The increased synthesis of lipid-free apolipoproteins
by macrophages through LX-receptor-mediated induc-
tion of the apoE/C-I/C-1V/C-II gene cluster was
observed in hypercholesterolemia [67]. Similar stages in
the progression of atherosclerosis and amyloidosis can be
suggested to exist with the reciprocal relations between
aggregated protein matrix and chaperone, i.e., between
apolipoprotein—SAP and Af—apoE in atherosclerosis
and amyloidosis, respectively. The suggestion on the
common pathway(s) in these two pathologies is strength-
ened by the observation of Stewart et al. [68] on the exis-
tence of cross-B-structure in oxidized LDL and on the
SAP inhibition of CD36-mediated uptake of these
lipoproteins by macrophages. The analysis both of struc-
tural and metabolic features of the integrating role of
apoE in two pathologies (Scheme) let us accentuate four
new targets for AD therapy as conformation-prone
pathology: (i) inhibition of the formation of diffusible sol-
uble AP oligomers; (ii) decrease in apoE synthesis and
secretion by astrocytes, in particular, during lipid-lower-
ing therapy; (iii) inhibition of apoE and/or SAP binding
to AB; (iv) increase in the expression of cholesterol trans-
porter ABCAL.

This study was supported by the Russian Foundation
for Basic Research, grant 04-04-48165.
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