
the viral genome important for replication 
of the virus. In contrast, the biological prop- 
erties of the hvbrid virus we described are 
solely the result of surface properties of the 
virion and therefore are believed to infiu- 
ence stem of virus entrv. This conclusion is 
based on the observation that a recombinant 
in which the PV-1(M) capsid was ex- 
changed with that of PV-2(L) is as neurovir- 
dent  in mice as PV-2(L) and that PV-1(M) 
RNA replicates efficiently after transfection 
into cultured mouse cells (24). The W112- 
1D-1 hybrid virus, in addition to an altered 
antigenic phenotype, also expresses a change 
of host range. It is likely that multiple amino 
acid replacements in the highly exposed N- 
AgI loop have occurred during the evolu- 
tion of the Picornaviridae. Our results sug- 
gest that such subtle changes of the virion 
capsid may in some cases have led to the 
emergence of new etiological agents with 
altered tissue tropism, perhaps explaining in 
part why human enteroviruses and rhinovir- 
uses cause such a bewildering array of differ- 
ent disease syndromes in h&ans. 
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Malondialdehyde-Altered Protein Occurs in Atheroma 
of Watanabe Heritable Hyperlipidemic Rabbits 

It has been proposed that chemically reactive lipids released during lipid peroxidation 
convert low density lipoprotein (LDL), the major carrier of plasma cholesterol, to an 
abnormal form and that receptor-mediated clearance of this altered LDL produces 
cholesteryl ester deposition in macrophage-derived foam cells of atheroma. Immuno- 
cytochemical analyses now reveal the presence of protein modified by malondialde- 
hyde, a peroxidative end product, which colocalizes with the extracellular deposition of 
apolipoprotein B-100 protein of LDL in atheroma from Watanabe heritable hyperlipi- 
demic rabbits. These findings provide direct evidence for the existence in vivo of 
protein modified by a physiological product of lipid peroxidation within arterial 
lesions. 

T HE SEQUENCE OF CELLULAR 

changes in the progression of athero- 
sclerosis has now been elucidated 

through morphologic studies (1). The bio- 
chemical mechanisms leadinn to the forma- " 
tion of macrophage-derived foam cells, the 
major histological markers of this disease, 
are still unknown. It has been proposed that 
alteration of low density lipoprotein (LDL) 
produces clearance by subendothelial mac- 
rophages and results in intracellular deposi- 
tion of lipoprotein-derived cholesterol (2, 
3). Studies in vitro have implicated modifi- 
cation of LDL by lipid peroxide products as 
one potential mechanism (3-5). Malondial- 
dehyde (MDA) is one end product of lipid 
peroxidation (6). Reaction of MDA with a 
critical number of lysine residues of the 
apolipoprotein B (apoB)-100 protein of 
LDL produces internalization by the scaven- 
ger receptor of human monocyte-macro- 
phages &d the subsequent intracellular ac- 
cumulation of lipoprotein-derived choles- 
teryl ester in vitro (3, 7, 8). Whether modifi- 
cation of LDL by MDA or other lipid 
peroxides occurs in vivo as a prerequisite to 
the formation of arterial foam cells has yet to 
be demonstrated. 

One approach to resolving this issue is 
through study of agents that prevent lipid 
oeroxidation. Recent studies have shown 
that probucol, an antioxidant, retards ath- 
erosclerosis in Watanabe heritable hyperlipi- 
demic (WHHL) rabbits (9) .  WHHL rab- , , 
bits, an animal model of familial hypercho- 
lesterolemia, are homozygous for a mutant 
allele in the LDL reckptor and develop 
spontaneous, premature atherosclerosis 
(10). A second approach is through identifi- 
cation in situ of LDL modified bv l i ~ i d  

i I 

peroxides. In our studies we have used 
MDA as an index of lipid peroxidation. We 
now report the immunocytochemical identi- 
fication of MDA-altered protein and coloca- 
lization with the apoB-100 protein of LDL 
in atheroma of WHHL rabbits. By contrast, 
there is no evidence of MDA derivatization 
of plasma LDL from WHHL rabbits or of 
protein in arterial walls from normolipide- 
mic New Zealand White (NZW) rabbits. 
These findings provide direct evidence that 
protein modification by a physiological 
product of lipid peroxidation occurs in vivo 
during both early and late stages of lesion 
formation. 

MDA-altered protein was detected by the 
monoclonal an6body (rnAb) designated 

M. E. Haberland and D. Fong, De arunent ofMedicine, 
Division of Cardiolow. UCLA ~cgoo l  of Medicine. Los MDA1~s, an G2a (1gG2a) 
tlnpeles. CA 90024."' ' oroduced bv a murine mveloma i l l \ .  The 

\ ,  
L. cheng, Department of Pathology, UCLA ktibody, &nerated by iStablished proce-  medicine, Los Angeles, CA 90024. 

dures (11-14), was selected for ability to 
*To whom correspondence should be addressed. bind to immobilized MDA-LDL, but not to 
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native human LDL, in solid phase radioim- 
munoassay (RIA) (12, 13). Previous chemi- 
cal analyses have shown that the predomi- 
nant derivative formed by reaction of MDA 
with LDL is 1-amino-3-iminopropene, a 
conjugated imine produced by intramolecu- 
lar cross-linking of peptidyl lysines by MDA 
in a 2 : l  molar ratio (7, 15). Antibody 
binding was dependent on antigen valency 
(I@, that is, the density of MDA-derivatized 
lysine epitopes per particle of LDL (Fig. l ) ,  
and demonstrated specificity for LDL selec- 
tively modified by MDA (Fig. 2A). Copper 
oxidation of LDL, which produces alter- 
ation of the lysine residues of apoB protein 
by unidentified, reactive lipid products (1 7) 
and other changes in LDL (4, 5), failed to 
inhibit antibody binding (Fig. 2A); these 
results are consistent with the absence or 
low levels of thiobarbituric acid-reactive 
substances covalently bound to LDL after 
transition metal-dependent oxidation (4, 5, 
17, 18). 

MDA derivatization of irrelevant protein 
also produced competitive inhibitors of anti- 
body binding to either human MDAI ,-LDL 
(Fig. 2B) or WHHL rabbit MDA8-LDL 
(18). Molecules tested included human se- 

mAb MDAlys, log concentration (mglml) 

Fig. 1. Solid-phase RIA for binding of mAb 
MDAlys to human LDL that had been progres- 
sively modified by MDA. Each microtiter well 
contained 38 ng of bound antigen. Ascites fluid 
was added in 50 p,I at the total concentrations 
indicated and incubated for 18 hours at 4°C. 
Antibody binding was detected by a second incu- 
bation with '2S~-labeled sheep antibody to mouse 
(Ms) Ig (Amersham, 0.8 ~CiIml) for 6 hours at 
37°C. Nomenclature utilized is MDA,,-LDL, 
where zz represents the number of moles ofMDA 
bound per mole of LDL determined by colori- 
metric assays (7). Each point is the average of wo 
values is SEM for those points in which SEM 
exceeded 6% of the value determined for each 
average. Data shown are from a single experiment 
and have been reproduced in similar experiments 
conducted with native and modified LDL from 
individual human subjects (n = 3) or from indi- 
vidual WHHL rabbits (n = 2). e, MDA9,-LDL; 
0, MDAZo-LDL; A, MDAI4-LDL; A, MDA8- 
LDL; ., MD&-LDL; 0, MD&-LDL; x, na- 
tive-LDL. 

rum albumin and transferrin (Fig. 2B), or 
human IgG, high density lipoprotein 
(HDL), very low density lipoprotein 
(VLDL), as well as chicken egg ovalbumin, 
WHHL rabbit VLDL, WHHL rabbit 
HDL, and poly-L-lysine (18). Immunospeci- 
ficity was confirmed by ability of mAb 
MDAlys to bind to each of the MDA- 
modified proteins, but not to the parent 
molecules, by direct solid-phase radioim- 
munoassay (RIA) (1 8). 

The apoB-100 protein was detected by 
the IgG2a murine mAb MB47 (19). Mono- 
clonal antibody MB47 selectively binds to 
LDL from numerous species, including hu- 
man and rabbit, and cross-reacts with LDL 
modified by lysine-specific reagents (19). 
The epitope that produces antibody binding 
has been localized to residues 3350 to 3506 
of the apoB- 100 protein (19). 

The presence of MDA-modified LDL was 
first tested in plasma. LDL was isolated at 
density (d) of 1.019 to 1.063 g/cm3 (7) from 
the plasma of WHHL rabbits (n = 2) in the 
presence of 1 rnM butylated hydroxytoluene 
and 0.01% EDTA, p H  7.4. Samples con- 
taining 1 to 10 mg of LDL protein were 
subjected to heparin-Sepharose affinity 
chromatography to separate potentially 
modified, anionic LDL from native LDL 
(18, 20). Lipoprotein from each fraction was 
tested for ability to bind mAb MDAlys. 
There was no evidence for MDA-modified 
LDL, at an estimated sensitivity level of 10 
ng (20), in as much as 10 mg of plasma 
LDL. 

Grossly visible lesions near intracostal 
junctions from thoracic aorta of WHHL 
rabbits were selected for immunocyto- 
chemical analyses. A protocol allowing prep- 
aration of fresh-frozen samples in antioxi- 
dants within 10 minutes after surgical re- 
moval was selected to avoid peroxidation of 
arterial lipids (21, 22). Cryostat sections 
were fixed in buffered formalin (21) and 
probed at 4°C with primary murine mAb in 
phosphate-buffered saline containing 0.0 1 % 
EDTA, p H  7.4. Detection of primary anti- 
body was accomplished by fluorescein iso- 
thiocyanate-conjugated horse antibody to 
mouse Ig (Becton Dickinson) (30 minutes) 
or an avidin-biotin complex (ABC) immu- 
noperoxidase method (16 hours) (21, 23); 
each method gave the same results. Three 
representative lesions from a total of ten 
subjected to analyses demonstrate stages of 
lesion development classified by morpholo- 
gy as fatry streak (Fig. 3, A to C), early 
fibrous plaque (Fig. 3, D to F), and ad- 
vanced fibrous plaque (Fig. 3, G to I). 

Immunostaining of apoB-100 protein in 
the fatty streak occurred as broad bands 
within the extracellular matrix of the intimal 
lesion and as thin striations along the elastic 

fibers of the media (Fig. 3A). In the early 
~ . 2  3 

and advanced fibrous plaques, dense foci of 
apoB-100 protein localized in the middle 
and deep to the intimal lesion (Fig. 3, D and 
G, respectively). This distribution is similar 
to the imrnunolocalization of apoB protein 
by polyclonal antisera described in arterial 
lesions from both humans and animal mod- 
els of atherosclerosis (24). 

The presence of MDA-protein epitopes 
was demonstrated by immunocytochemical 
analyses of adjacent, serial sections (Fig. 3, 
B, E, and H) .  The distribution of MDA- 
protein epitopes closely parallelled the depo- 
sition of apoB-100 protein in these lesions 
(Fig. 3, B, E, and H compared to Fig. 3, A, 
D, and G, respectively) as well as in the 
other seven subjected to analyses (25). At 

Competing proteln, log concentration (M) 

Flg. 2. Competitive displacement of the binding 
of mAb MDAlys to solid phase-adsorbed human 
MDAII-LDL by human native or modified LDL 
(A) or by MDA-modified proteins and the parent 
molecules (B). Each microtiter well contained 38 
ng of bound MDAI 1-LDL. Competing proteins 
were added in 25 p,I at the total concentrations 
indicated together with ascites fluid (25 PI, 10 p,g 
of antibody per milliliter) and incubated 18 hours 
at 4°C. Antibody binding was determined as in 
Fig. 1 in the presence (B) or absence (Bo) ,of 
added competitor and expressed as BIBo. Proteins 
were modified and characterized as previously 
described (5 ,  7, 8). Each point is the average of 
two values t SEM for those points in which 
SEM exceeded 5% of the value determined for 
each average. Data shown in each panel are from a 
single experiment and have been reproduced in 
similar experiments conducted with native and 
modified LDL from individual human subjects 
(n  = 6 )  or from individual WHHL rabbits 
(n  = 4) (A) 0, native LDL; x, copper oxidized 
LDL; 0, succinyl LDL; A, reductively methylat- 
ed LDL; 0, acetyl LDL; 0, MDAII-LDL; A, 
MDAgl-LDL; or with modified and parent pro- 
teins from different preparations (n = 3) (B) 0, 
albumin; e, MDA16-albumin; A, transferrin; A, 
MDAI5-transferrin. 

SCIENCE, VOL. 241 



Flg. 3. Immunocytochemical analyses of fresh-fnncn sections of upper 
thoracic rabbit aorta from WHHL rabbits. Tissue identification and micro- 
scope magNfication factors indude lesion 1: (A to C) (X 100); lesion 2: (D 
and E) ( ~ 4 0 )  and (F) (X400); lesion 3: (G to I) (X40). Immunocyto- 
chemical analyses were conducted with mAb MB47 speufic for apoB-100 
protein (A, D, and 0);  or with mAb MDAlys specific for MDA-protein 
epitopes in the absence (E, F, and H) or presence of 5 mg of human LDL per 
milliliter (8) or 50 wg of IV~DA~~-LDL per milliliter (C); or with an 
irrelevant IgG2a murine mAb, Thy 1.2 (Becton Dickinson) (I). Imrnunode- 
tection of primary immune complex h a t i o n  was accomplished by Vectas- 

higher magnrfication, the deposition of 
MDA-protein epitopes (Fig. 3F) as well as 
the apoB-100 epitopes (25) occurred pri- 
marily in the extracellular matrix surround- 
ing the ham cells. Absence of immunostain- 
ing within the foam cells in the fresh-fiozen 
tissue provided an internal negative control 
demonstrating lack of antibody reactivity 
with unsaturated lipids (Fig. 3F). Immuno- 
detection of MDA-protein epitopes was re- 
tained in other sections prepared by precipi- 
tation fixation in ethanol to extract lipid 
components and p d n  embedding (25, 
26)- 

Control experiments provided validation 
of the immunocytochemical analyses (Fig. 
31) and immunoreactivity of mAb MDAlys 
(Fig. 3, B and C). The addition of LDL (5 
mg of protein per milliliter) together with 
mAb MB47, as expected, abolished immu- 
nostaining (25). 

tain ABC kit for murine immunoglobin (PK4002, Vector Laboratories) and 
enzymic catalysis of 3-amino-9-ethylcarbau,le (Sigma) to give the rose-red 
product indicating antigen localization (23). Sections were counterstained 
with Harris hematoxylin. Optimal murine antibody binding, determined by 
sequential dilution analyses, was 1: 10. Photographs were taken on Kodak 
color film with a Nikon Optiphot microscope equipped with a Nikon 
Microflex UFX-I1 at an additional magrufication factor of X 1.25. Analyses 
arc based on samples from &month-old normolipidemic NZW rabbits 
(n = 2; 4 tissue blocks) and 11-month-old WHHL rabbits (n = 2; 16 tissue 
blocks). 

Immunocytochemical analyses of arterial 
walls fiom normolipidemic NZW rabbits 
demonstrated diffuse patterns of immuno- 
staining with antibody for either MDA- 
protein epitopes or apoB-100 protein (25). 
Addition of competing antigen abolished 
the diffuse immunostaining (25), indicating 
that these epitopes occur at low or negligible 
levels in vivo in normal arterial walls. 

In view of these data, it seems reasonable 
to propose that modification of apoB lipo- 
proteins by peroxidative end products oc- 
curs in vivo in arterial lesions. The report 
that apoB-lipoproteins extracted fiom aorta 
of WHHL rabbits contain thiobarbituric 
acid-reactive substances (27) supports this 
view. The release of MDA is likely to be a 
local event and to depend upon a number of 
factors. These include mechanisms initiating 
lipid peroxidation, for example, cellular 
pathways of eicosanoid synthesis and fiee 

radical oxidation; source of lipid subjected 
to peroxidation, for example, cellular mem- 
branes or lipoprotein-derived lipid; and lo- 
cal oxidanttantioxidant balance (3, 4, 6, 28). 
Entrapment of apoB-lipoproteins by the 
extracellular matrix of the arterial wall may 
facilitate modification in situ. We have 
shown in studies in vitro that MDA derivati- 
zation of LDL adsorbed to heparin-sepha- 
rose, after modification of a limited number 
of apoB-100 lysines, produces release of the 
modified LDL in a form recognized by the 
scavenger receptor of macrophages (7). We 
propose that a similar mechanism may oper- 
ate in vivo to release entrapped, modified 
LDL for clearance by subendothelial macro- 
phages in atheroma. While the mechanisms 
require delineation, our findings support the 
hypothesis that modification of cholesteryl 
ester-rich lipoproteins by lipid peroxides 
converts these particles to abnormal forms 
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