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ABSTRACT: The macrophage scavenger receptor CD36 plays a key role in the initiation of atherosclerosis
through its ability to bind to and internalize oxidized low-density lipoproteins (oxLDL). Prompted by
recent findings that the CD36 receptor also recognizes amyloid fibrils formed byâ-amyloid and
apolipoprotein C-II, we investigated whether the oxidation of low-density lipoproteins (LDL) generates
characteristic amyloid-like structures and whether these structures serve as CD36 ligands. Our studies
demonstrate that LDL oxidized by copper ions, 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH),
or ozone react with the diagnostic amyloid dyes thioflavin T and Congo Red and bind to serum amyloid
P component (SAP), a universal constituent of physiological amyloid deposits. X-ray powder diffraction
patterns for native LDL show a diffuse powder diffraction ring with maximum intensity corresponding to
an atomic spacing of∼4.7 Å, consistent with the spacing betweenâ-strands in aâ-sheet. Ozone treatment
of LDL generates an additional diffuse powder diffraction ring with maximum intensity indicating a spacing
of ∼9.8 Å. This distance is consistent with the presence of cross-â-structure, a defining characteristic of
amyloid. Evidence that these cross-â-amyloid structures in oxLDL are recognized by macrophages is
provided by the observation that SAP strongly inhibits the association and internalization of125I-labeled
copper-oxidized LDL by peritoneal macrophages. The ability of SAP to bind to amyloid-like structures
in oxLDL and prevent lipid uptake by macrophages highlights the potential importance of these structures
and suggests an important preventative role for SAP in foam cell formation and early-stage atherosclerosis.

The uptake of low-density lipoproteins (LDL)1 by mac-
rophages leads to the arterial deposition of lipid-laden “foam
cells” that characterize early-stage atherosclerosis. The
observation that patients totally lacking the LDL receptor
nevertheless accumulate large amounts of cholesterol in their
macrophages (1) suggests that circulating LDL must undergo
some kind of structural modification before becoming fully
proatherogenic. Most attention has focused on oxidative
modification and the uptake of oxLDL by the macrophage
scavenger receptors, SR-A and CD36 (2, 3). These receptors
belong to a family of so-called “pattern recognition” receptors
and appear to recognize oxidized phospholipids and protein-
lipid adducts generated during oxidation. A monoclonal

antibody, EO6, specific for oxidized phosphatidylcholine,
binds to intact oxLDL, the isolated apoB from oxLDL, and
the isolated lipid moiety from oxLDL and blocks the uptake
of oxLDL by CD36 transfected COS-7 cells (4). However,
despite intensive investigation the oxidized species that
mediate the influx of lipids into macrophages remain poorly
characterized, and trials of antioxidant therapies fail to show
a positive impact on atherosclerosis (5). Other types of LDL
modification, including mechanically induced LDL aggrega-
tion (6) and enzyme modification (7, 8), also favor foam
cell formation in vitro, suggesting that other types of signal
recognition events may be involved. Our recent studies show
that CD36 also binds fibrillarâ-amyloid, initiating a signaling
cascade in macrophages and brain microglia that stimulates
the production of inflammatory mediators (9, 10). â-Amyloid
fibrils inhibit the binding of oxLDL to macrophages via
CD36, but not SRA, receptor-dependent processes (11).
Apolipoprotein (apo) C-II, a fibrillar amyloid protein present
in human atheroma, also initiates macrophage inflammatory
responses via the CD36 receptor, including reactive oxygen
production and TNF-R expression (12). Together, these
studies suggested that amyloid species are ligands for the
CD36 receptors and that diverse modifications of LDL may
generate amyloid-like structures as a common mechanism
for receptor-mediated lipid uptake by macrophages.
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Proteins that form amyloid fibrils are diverse, typically
sharing no significant sequence homology or native structure.
Despite such diversity, amyloid precursor proteins self-
associate and aggregate to form remarkably ordered struc-
tures with universal properties. Amyloid fibrils are structur-
ally characterized by X-ray diffraction patterns, indicating
â-sheets extending along the long axis of the fibril and a
core structure composed of at least twoâ-sheets (13). This
cross-â-structure provides amyloid fibrils with key diagnostic
properties: the binding and alteration of the spectral proper-
ties of the dyes thioflavin T (ThT) and Congo Red. Another
characteristic of amyloid is the recognition of fibrils by the
plasma protein serum amyloid P component (SAP). SAP
universally colocalizes with physiological amyloid deposits
(14), including the cerebral amyloid of Alzheimer’s disease
(15). This association is attributed to the calcium-dependent
binding of SAP to all amyloid fibrils tested thus far in vitro,
regardless of the fibril precursor protein (16).

Many mechanisms have been proposed for the oxidative
modification of LDL in vivo. Several act by the generation
of free radicals, such as enzyme products of myeloperoxidase
(17), 15-lipoxygenase (18), and nitric oxide synthase (17).
In addition, cells of the immune system such as macrophages
and polymorphonuclear leukocytes generate a variety of
oxidants such as singlet oxygen (1O2*) and hydroxyl radicals
(•OH) upon specific membrane perturbation (19). The Fenton
reaction is commonly used to oxidize LDL in vitro using
copper(II) ions as the oxidant (19, 20). Copper treatment of
LDL generates particles with physical properties similar to
LDL recovered from advanced atherosclerotic plaques,
namely, increased electronegativity and protein fragmentation
(21, 22). Organic compounds that generate free radicals [e.g.,
2,2′-azobis(2-amidinopropane) hydrochloride (AAPH)] have
also been used in vitro to oxidize lipoproteins (23).

The highly reactive oxidant ozone was recently identified
in atherosclerotic plaque tissue (24). The proposed mecha-
nism of ozone formation in atherosclerotic plaques is via
the antibody-catalyzed water oxidation pathway (25). The
mechanism of this reaction is proposed to proceed via a
trioxygen intermediate such as dihydrogen trioxide (H2O3)
or ozone (O3). Double bonds of phospholipids and cholesterol
in LDL are potential cleavage sites for ozone. Ozonolysis
of phospholipids in aqueous solution produces hydrogen
peroxide and an aldehyde (26), raising the possibility that
radicals are generated indirectly. Ozone also reacts directly
with proteins with a high affinity for sulfur-containing and
aromatic side chains of amino acids (27). Incubation of
macrophages with LDL modified by 5,6-secosterol, a product
of the reaction of ozone with cholesterol, induces lipid
loading of macrophages to produce foam cells (24). These
studies highlight the diverse mechanisms involved in LDL
modification leading to accelerated lipid uptake by mac-
rophages. Since the CD36 receptor binds amyloid fibrils, we
considered whether the oxidation of LDL by copper ions,
AAPH, or ozone generates amyloid-like structures and
whether such structures might form a common basis for
macrophage receptor recognition.

EXPERIMENTAL PROCEDURES

Materials. Human LDL was isolated from fresh plasma
by preparative ultracentrifugation (28) or purchased from

Biomedical Technologies Inc. (Stoughton, MA). Human SAP
was purified from human serum (29) or purchased from
Calbiochem. Human apoC-II amyloid fibrils were prepared
as described previously (29). AAPH was purchased from
Aldrich (Milwaukee, WI). 125I-LDL was purchased from
Biomedical Technologies Inc.

Oxidation of LDL.Three different methods were used to
oxidize LDL. Copper- and AAPH-oxLDL were prepared by
incubating LDL (20µg/mL) in 20 mM Tris-HCl, 140 mM
NaCl, and 0.1% (w/v) NaN3, pH 7.4, with 10µM CuSO4 or
2 mM AAPH for 15 h at room temperature or 37°C,
respectively. LDL in 20 mM Tris-HCl, 140 mM NaCl, and
0.1% (w/v) NaN3, pH 7.4, was treated at room temperature
with ozone supplied by an ozone generator (Yanco Industries,
Burton, Canada) at a flow rate of 125 mL/min with a
discharge generating the equivalent of 5.8 mg of ozone/min.
LDL samples (100µL at 0.2 mg/mL) were treated with ozone
for various periods as indicated for ThT studies. Gel filtration
(1 mL at 0.2 mg/mL) and sedimentation velocity (380µL at
0.2 mg/mL) samples were exposed to ozone for 4.5 and 1.7
min, respectively. Samples for X-ray diffraction (2.5 mL at
0.4 mg/mL) were treated for 22 min. OxLDL were analyzed
by SDS gel electrophoresis using 15% Tris-glycine gels and
Coomassie Blue R-250 staining.

ThioflaVin T ReactiVity. Samples of LDL (20µg/mL) in
20 mM Tris-HCl, 140 mM NaCl, 0.1% (w/v) NaN3, pH 7.4,
and 8 µM ThT (final volume 250 µL) were added to
microtiter wells. ThT fluorescence was monitored in 30 min
intervals using afmax platereader (Molecular Devices, Sunny-
vale, CA) equipped with 444/485 nm excitation/emission
filters. Fluorescence emission spectra were obtained for
samples containing 8µM ThT using a SPEX Fluorolog/Tau-2
spectrofluorometer and 5 mm path length cuvette. Excitation
and emission slit widths were 2 nm.

Congo Red ReactiVity. ApoC-II amyloid fibrils, LDL, and
copper-oxLDL samples (0.2 mg/mL) were centrifuged at
435000g for 1 h in a Beckman TLA-100 ultracentrifuge
(Beckman/Coulter, Fullerton, CA) at 20°C. Aggregates were
stained with 1 mM Congo Red for 1 h and collected by brief
centrifugation at 300000g. Samples were resuspended in 80
µL of water and viewed under bright-field and cross-
polarized light in a Olympus SZX12 microscope. Images
were recorded with an Olympus DP10 camera.

Sedimentation Analysis. Sedimentation velocity analysis
was performed using a Beckman model XL-A analytical
ultracentrifuge at 20°C as described previously (29). Native
LDL and oxLDL samples were centrifuged at 40000 rpm
with radial absorbance data acquired at 280 nm and radial
increments of 0.002 cm in the continuous scanning mode.
Where indicated, the concentrations of SAP, EDTA, and
calcium were 60µg/mL, 2 mM, and 2 mM, respectively.
Radial scans were taken at 10 min intervals. Data were fitted
to a continuous size distribution model using the program
SEDFIT (30).

Size Exclusion Chromatography.Samples (1 mL) of native
and oxLDL (20µg/mL) were applied to a HR10-30 column
packed with Sephacryl S-1000 gel filtration resin (Pharmacia
Biotech, Uppsala, Sweden) equilibrated in 20 mM Tris-HCl,
140 mM NaCl, 2 mM CaCl2, and 0.1% (w/v) NaN3, pH 7.4.
Samples were eluted at 2 mL/min. The eluate was mixed
with 8 µM ThT and the fluorescence monitored using a
SPEX Fluorolog/Tau-2 spectrofluorometer.
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Electron Microscopy.Samples eluting from size exclusion
chromatography were applied to freshly glow-discharged
carbon-coated copper grids and negatively stained with 2%
(w/v) potassium phosphotungstate, pH 6.8. Samples were
examined using a FEI Tecnai 12 transmission electron
microscope equipped with a Soft Imaging System MegaView
III CCD camera. Micrographs were recorded at nominal
magnifications of 150000×.

X-ray Diffraction Studies.OxLDL was concentrated to
approximately 20 mg/mL (50µL) in an Amicon Centricon
(molecular mass cutoff 100000 kDa) by centrifugation at
1000 rpm at 15°C in a Beckman GS6R benchtop centrifuge.
The sample was diluted with water and centrifuged again
under the same conditions to remove excess salt. Samples
were drawn by capillary action into acid-washed quartz
capillaries, placed onto the side of a 600 MHz NMR
instrument, and allowed to dry for 1 week in an attempt to
align the samples. X-rays were generated by a MAC Science
SRA M18Xh1 rotating anode X-ray generator, operating at
40 kV and 22 mA with an AXCO CS-SRA-PX150 glass
monocapillary focusing optic delivering a 120µm spot on
the sample. The images were collected on an R-axis II Image
Plate X-ray detector.

Cellular Degradation, Binding, and Uptake Assays of
Oxidized LDL. Elicited peritoneal macrophages were col-
lected by peritoneal lavage 4 days after intraperitoneal
injection of 6-8-week-old mice with 3% thioglycolate as
we previously described (12, 31). Cells were washed in
phosphate-buffered saline, cultured for 2 h in DMEM with
5% FCS, and washed again to remove nonadherent cells.
Adherent cells were incubated in DMEM with 5% FCS
overnight prior to use and were routinely>95% CD11b+

and F4/80+ as determined by flow cytometric analysis.
Measurements of125I-copper-oxLDL degradation and cell
association (uptake and binding) were performed using
confluent monolayers of peritoneal macrophages (7× 105)
in 24-well plates as previously described (3). Briefly, 125I-
copper-oxLDL was incubated alone or in the presence of a
30-fold excess of unlabeled copper-oxLDL competitor or 60
µg/mL SAP and 2 mM CaCl2 or bovine serum albumin
(BSA) for 10 min at room temperature. Cells were incubated
with ligands for 5 h at 37°C, and media were removed and
assayed for TCA-soluble non-iodide degradation products
(125I-oxLDL degradation). Cells were washed three times
with 50 mM Tris-HCl, pH 7.4, 0.15 M NaCl, and 2 mg/mL
BSA, lysed in 0.1 M NaOH, and assayed for125I (125I-oxLDL
cell association) and cellular protein content. Cellular protein
content was measured by BCA assay (Pierce, Rockford, IL),
and data were expressed as nanograms of125I-oxLDL
degraded or associated per milligram of protein. All mea-
surements were performed in triplicate.

RESULTS

ThioflaVin T Fluorescence of Oxidized LDL.We investi-
gated the effect of copper and AAPH oxidation of LDL on
its ability to alter the fluorescence of ThT. Incubation of LDL
with copper or AAPH generated large, time-dependent
increases in ThT reactivity (Figure 1A), indicative of the
presence of amyloid-like structures. In contrast, native,
nonoxidized LDL failed to generate significant ThT fluo-
rescence when incubated over the same time course. Maxi-

mum ThT fluorescence for copper-treated LDL coincided
with changes in absorbance at 234 nm, indicating the
formation of conjugated dienes (32). SDS gel electrophoresis
of copper-oxLDL indicated fragmentation of the protein
component of LDL, apoB, as reported previously (33).

Large increases in ThT reactivity were also observed for
LDL exposed to ozone for discrete periods of time over a
0-60 s range (Figure 1B). Unlike LDL oxidized by free
radicals produced by copper and AAPH (Figure 1A), the
increase in ThT fluorescence induced by a specific amount
of ozone occurred almost instantaneously, consistent with
the high reactivity of ozone. The increase was, however,
dependent on the time of ozone exposure, increasing to a

FIGURE 1: (A) ThT fluorescence for LDL incubated alone (closed
triangles) or in the presence of 10µM CuSO4 (open circles) or 2
mM AAPH (closed circles). (B) ThT fluorescence of LDL oxidized
by ozone. LDL and buffer alone were treated with ozone at a flow
rate of 125 mL/min with an ozone discharge equivalent to 120µmol/
min (closed circles and closed triangles, respectively). Identical
samples of LDL were treated with oxygen (open circles) or nitrogen
(cross hair) at equivalent flow rates. (C) Fluorescence emission
spectra (excitation 450 nm) for ThT in the presence of native LDL
(solid line), copper-oxLDL (dotted line), AAPH-oxLDL (long
dashed line), ozone-oxLDL (dash-dot-dotted line), or apolipoprotein
C-II amyloid fibrils (short dashed line).
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point of apparent saturation. No significant ThT reactivity
was observed for LDL treated with equivalent flow rates of
oxygen or nitrogen gases or for buffer alone treated with
ozone. SDS gel electrophoresis of ozone-treated LDL

indicated extensive cleavage of apoB. The fluorescence
emission spectra of ThT co-incubated with LDL oxidized
by copper, AAPH, or ozone were similar and comparable
to that of ThT co-incubated with apoC-II amyloid fibrils with
the emission maximum in the range 479-482 nm (excitation
450 nm) (Figure 1C).

Congo Red Birefringence.Optical birefringence studies
demonstrated that oxLDL also interacts with the diagnostic
amyloid dye, Congo Red (Figure 2). Both oxLDL aggregates
(Figure 2D) and apoC-II amyloid fibrils (Figure 2C) dis-
played strong apple green birefringence when viewed under
cross-polarized light in the presence of Congo Red. Native
LDL particles (Figure 2A,B) did not exhibit Congo Red
birefringence under the same conditions.

Sedimentation Velocity Analysis of Oxidized LDL.The
ability of oxLDL to alter the spectral properties of ThT and
Congo Red indicated the presence of amyloid-like structures
and prompted an investigation of the SAP binding properties
of oxLDL. Sedimentation velocity profiles were obtained for
native LDL in the presence and absence of SAP and calcium
(Figure 3A,B). Under the conditions used, SAP alone
sedimented with a sedimentation coefficient of approximately
7.0 S and contributed 20% to the total optical density.
Comparison of the calculated sedimentation coefficient
distributions for native LDL in the presence and absence of
SAP (Figure 3B) demonstrated that SAP does not signifi-

FIGURE 2: Effect of oxidation on the Congo Red optical birefrin-
gence of LDL. (A) Light microscopy of the native LDL pellet after
Congo Red staining. Cross-polarized light microscopy of (B) native
LDL, (C) apoC-II amyloid fibrils, and (D) copper-oxLDL. Scale
bar ) 6 µM.

FIGURE 3: Sedimentation velocity analysis of (A) native LDL, (C) copper-oxLDL with SAP and EDTA, and (E) copper-oxLDL with SAP
and calcium. Best fits from continuous sedimentation coefficient distribution analysis are represented as solid lines. Continuous sedimentation
coefficient distributions for (B) native LDL alone (open circles) and with SAP and calcium (closed circles), (D) copper-oxLDL alone
(closed circles) and with SAP and EDTA (open circles), and (F) copper-oxLDL alone (closed circles) and with SAP and calcium (open
circles).
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cantly alter the rate of LDL sedimentation in the presence
of calcium and, therefore, does not bind appreciably to native
LDL. The sedimentation profile of copper-oxLDL particles
incubated with SAP and EDTA (Figure 3C) showed three
discrete sedimenting species. Continuous size distribution
analysis identified major sedimenting species at 16 and 23
S, with an additional small population of sedimenting
material at 10 S, attributed to SAP in the absence of calcium
(Figure 3D). The presence of the 23S species is consistent
with the formation of a dimeric species in oxLDL which is
not evident in the native LDL sample (Figure 3B). The
unchanged sedimentation rate of copper-oxLDL in the
presence of SAP and EDTA when compared to copper-
oxLDL alone, coupled with the discrete sedimentation profile
of SAP, suggested that SAP does not bind oxLDL in the
absence of calcium. The sedimentation profile of copper-
oxLDL incubated with SAP and calcium displayed noticeable

increases in the rate of boundary movement of the sedi-
menting species (Figure 3E). Continuous size distribution
analysis (Figure 3F) showed that incubation with SAP and
calcium increased the modalS values of both 16S and 23S
oxLDL populations. No significant peak corresponding to
SAP alone in this sample was observed, suggesting that little
free SAP remained in solution under these conditions.
Together, these results suggest that SAP binds to the
sedimenting component of copper-oxLDL in a calcium-
dependent manner. The rate of sedimentation of ozone-
oxLDL was also increased significantly by the addition of
SAP in the presence of calcium (data not shown), indicating
that both copper and ozone-induced oxidation of LDL
promotes SAP binding.

Sedimentation velocity analysis was used to examine the
extent of lipid loss incurred by LDL as a result of copper-
mediated oxidation. Sedimentation coefficients for the main

FIGURE 4: Size exclusion chromatography for (A) native LDL, (C) copper-oxLDL, and (E) copper-oxLDL and SAP (60µg/mL). Eluates
were monitored by absorbance at 280 nm (closed circles) and ThT reactivity (open circles). Samples eluting at the maximum of the absorbance
peaks in (A, C, and E) were analyzed by transmission electron microscopy (B, D, and F, respectively). Arrows in (F) indicate SAP binding
to copper-oxLDL. A collage of images from the sample in (F) is shown at higher magnification in (G). Scale bar) 50 nm.
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population of sedimenting species in native LDL and copper-
oxLDL were determined in solutions containing different
concentrations of H2O and D2O. Interpolation of the data to
determine the solution density required for zero sedimenta-
tion yielded average densities of 1.04 g/mL for native LDL
and 1.10 g/mL for copper-oxLDL. The increased particle
density of copper-oxLDL indicates a significant loss of lipid
from LDL during copper-mediated oxidation. Sedimentation
velocity analysis of AAPH- and ozone-treated LDL also
indicated increased rates of sedimentation compared to native
LDL, consistent with a loss of lipid from the particle as a
consequence of oxidation.

Gel Filtration and Electron Microscopy of SAP and
Oxidized LDL Complexes.Sedimentation velocity analysis
of copper-oxLDL indicated a population of dense, faster
sedimenting species together with a significant amount of
nonsedimenting material (Figure 3). To identify the ThT-
reactive species within copper-oxLDL, samples were sub-
jected to size exclusion chromatography, and the eluate was
assayed for absorbance at 280 nm and ThT reactivity (Figure
4). Native LDL eluted with negligible ThT fluorescence
(Figure 4A) and displayed spherical morphologies by nega-
tive staining electron microscopy (Figure 4B). Copper-
oxLDL, both in the presence and in the absence of SAP and
calcium, eluted with major peaks at approximately 26 mL.
Comparison of the absorbance and ThT reactivity elution
profiles (Figure 4C,E) shows that copper-induced ThT
reactivity is associated with material eluting within the LDL
size range. Gel filtration profiles for ozone-oxLDL yielded
similar results, indicating that the ThT reactivity of ozone-
oxLDL is also associated with large molecular species.
Copper-oxLDL obtained from the peak in the absorbance
profile in Figure 4C had a less spherical appearance and were
generally smaller and more heterogeneous than native LDL

(compare Figure 4B with Figure 4D,F). Copper-oxLDL co-
incubated with SAP and calcium (Figure 4F) showed
consistent binding of SAP to the LDL surface, as indicated
more clearly at higher magnification (Figure 4G). The length
of the negatively stained material associated with oxLDL
particles was consistent with the diameter of SAP pentamers
measured in samples of SAP alone. To further determine
the nature of the ThT-reactive component in oxLDL, we
extracted the lipid from copper-oxLDL and tested the
sonicated lipid extract for ThT fluorescence. Negligible
fluorescence was detected, suggesting that the ThT reactivity
of copper-oxLDL arises primarily from the protein compo-
nent.

X-ray Diffraction.We sought to confirm the presence of
amyloid-like structures on oxLDL using X-ray diffraction.
Figure 5 shows powder diffraction patterns for native (Figure
5A) and ozone-oxLDL (Figure 5B). The anisotropy of the
broad diffraction rings is attributable to nonuniformity of
the sample in the capillary. The results for native LDL show
a diffuse powder diffraction ring with maximum intensity
corresponding to an atomic spacing of∼4.7 Å, consistent
with the spacing betweenâ-strands in aâ-sheet. Ozone
treatment of LDL generates an additional diffuse powder
diffraction ring with maximum intensity indicating a spacing
of ∼9.8 Å. This distance is characteristic of cross-â-structure
(13), a defining characteristic of amyloid. Aligned amyloid
fibrils show a clear distinction in the intensity of the
equatorial and meridonal intensities (13). While the data in
Figure 5B do not meet this strict definition for a cross-â-
structure, this may be attributable to the difficulty in aligning
a sample composed largely of spherical particles (Figure 4).

Effect of SAP on the Uptake of Copper-Oxidized LDL by
Macrophages.To probe the physiological implications of
the extensive binding of SAP to copper-oxLDL, we assayed

FIGURE 5: X-ray diffraction patterns from (A) native and (B) ozone-oxLDL. The upper panels are false color diffraction images obtained
from a 12 h exposure of the material in a 1 mmglass capillary, at 100 mm from the sample, and the lower panels are intensity profiles cut
horizontally across the images along theX-Y line between the 2.94 Å resolution limits.
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the receptor-mediated uptake of copper-oxLDL by peritoneal
macrophages, both in the absence and in the presence of SAP
(Figure 6). 125I-Labeled copper-oxLDL was employed to
monitor the effect of SAP binding on the cellular association,
in addition to the degradation of copper-oxLDL by peritoneal
macrophages. The association and internalization of copper-
oxLDL are dramatically diminished in samples co-incubated
with either SAP or a 30-fold excess of unlabeled oxLDL
(Figure 6A). Following 5 h ofincubation, receptor-mediated
uptake is reduced by more than 90% for copper-oxLDL
samples bound to SAP. BSA at comparable concentrations
had no effect on the association of copper-oxLDL with
macrophages. Lysosomal degradation of125I-copper-oxLDL
by peritoneal macrophages was inhibited by SAP in a similar
fashion (Figure 6B).

DISCUSSION

Our results show that the oxidation of LDL by copper ions,
AAPH, or ozone is accompanied by the formation of
amyloid-like structures in oxLDL as monitored by thioflavin
T fluorescence, Congo Red birefringence, SAP binding, and
a characteristic X-ray diffraction pattern. These results are
supported by previous studies using IR spectroscopy (34),

circular dichroism (35), and synchrotron X-ray scattering (36)
that demonstrate significant protein conformational changes
associated with LDL oxidation. It is therefore of interest to
speculate on the basis for the observed changes. While the
huge size and nature of apoB-100 have precluded detailed
structural studies, computational analyses of the secondary
structure of apoB suggest a pentapartite structure composed
of both amphipathicR-helical domains and amphipathic
â-stranded domains (37). One explanation for the generation
of cross-â-structure is that oxidation leads to lipid modifica-
tion and loss of lipid from the LDL particle as deduced from
the increased particle density of oxLDL determined from
sedimentation velocity measurements. Shrinkage of the core
lipid component might impose conformation constraint on
theâ-stranded domain leading to the formation of amyloid-
like cross-â-structure. Such a mechanism has recently been
proposed to explain the activating effect of lipid on the
formation of amyloid fibrils composed of islet amyloid
polypeptide (38). Support for this explanation also comes
from studies on the effect of phospholipase A2 on LDL.
Phospholipase A2 treatment of LDL generates electroneg-
ative particles with increased immunoreactivity to an amyloid
oligomer-specific antibody and increasedâ-strand content
(39). These electronegative particles resemble a subpopula-
tion of plasma small dense LDL enriched in lipid peroxides.
Lipid loss associated with the induction of cross-â-structure
and recognition by macrophages would also account for the
increased atherogenicity of LDL treated with sphingomy-
elinase (7) or lipoprotein lipase (8).

In the case of LDL oxidation, other explanations for the
presence of amyloid structures may be considered. Oxidation
of LDL is accompanied by significant covalent modification
of both the lipid and protein components. Synchrotron X-ray
scattering studies of LDL during copper oxidation indicate
that oxidation first affects the outer shell of the surface
phospholipids and then it spreads to damage of apoB and
the internal lipid core of LDL (36, 40, 41). During LDL
oxidation there is a progressive decrease in the number of
reactive lysineε groups, attributed to blocking of amino
groups by reaction with short-chain aldehydes derived from
peroxidation of polyunsaturated fatty acids such as malon-
dialdehyde or 4-hydroxynonenal (40). These oxidative
processes, leading to covalent modification and cleavage of
both the lipid and protein components of LDL, could lead
directly to the formation of amyloid-like structures. Several
studies provide support for this mechanism. Phospholipid
adducts of apoB have been identified in oxLDL and are
recognized by specific monoclonal antibodies that block the
uptake of oxLDL by CD36 transfected COS-7 cells (4).
Oxidized lipid products derived from cholesterol and fatty
acids covalently modify Aâ and dramatically accelerate
amyloid fibril formation (42). Solid-state NMR demonstrates
that acylation of Aâ peptides by fatty acids affects the
amyloid folding pathway and resulting fibril morphology
(43). These potential effects of oxidized lipids on the
induction of cross-â-structure in LDL are not necessarily
mutually exclusive to separate effects attributable to changes
in the size of the LDL lipid core.

The results in Figure 6 showing that SAP inhibits the
uptake of oxLDL by macrophages may be considered in
relation to recent studies on C-reactive protein (CRP). CRP
is an acute-phase reactant that resembles SAP in that both

FIGURE 6: SAP inhibits cellular metabolism of copper-oxLDL. (A)
125I-copper-oxLDL bound and internalized by peritoneal macroph-
ages was measured after 5 h incubation alone (untreated) or in the
presence of a 30-fold excess of unlabeled copper-oxLDL competitor
or 60 µg/mL SAP or BSA. (B) Lysosomal degradation of
125I-copper-oxLDL was measured in peritoneal macrophages in-
cubated with125I-copper-oxLDL alone (untreated) or in the presence
of a 30-fold excess of unlabeled copper-oxLDL competitor or 60
g/mL SAP or 60 g/mL BSA. Data are presented as the mean of
triplicate samples (standard deviation, *) p e 0.005).
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proteins belong to the highly conserved pentraxin family of
plasma proteins and serve as a pattern recognition molecule
in the innate immune system. Plasma levels of CRP are an
independent and powerful risk factor for atherosclerosis. CRP
binds to oxLDL but not to native LDL (44) and interacts
with enzymically degraded LDL to enhance complement
activation in human serum (45). Thus, during inflammation,
the clearance of CRP-opsonized particles would be predicted
to enhance the clearance of modified LDL via phagocytic
complement receptors (46). In this regard, SAP and CRP
may have opposing effects on the uptake of oxLDL by
macrophages.

The macrophage CD36 receptor binds fibrillarâ-amyloid
and apoC-II fibrils, initiating a proinflammatory signaling
cascade. The discovery of amyloid-like structures in oxLDL
identifies a common mechanism by which CD36 may
recognize these diverse ligands. The binding of these
structures by SAP may sequester these proinflammatory
structures and prevent the induction of signal transduction
pathways that lead to tissue damage, inflammation, and the
progression of atherosclerosis.
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