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Abstract Immunological mechanisms have been implicated in 
the atherogenic process since immunoglobulins are frequently 
found in the atherosclerotic aorta. We have previously .shown 
that modifications of homologous low density lipoproteins 
(LDL) make it immunogenic. In particular we have demon- 
strated that immunization with homologous nonenzymatically 
glucosylated LDL (glcLDL) results in the generation of anti- 
bodies specific to the derivatized lysine residue, and that such anti- 
bodies do not react with native LDL epitopes. In the present 
study we immunized rabbits with reductively glucosylated rab- 
bit LDL and then determined the effects of the circulating anti- 
bodies on the rates of plasma clearance and on the sites of 
degradation of LDL in which varying degrees of glucosylation 
had been achieved. In normal chow-fed animals, the plasma 
clearance of glcLDL was retarded in proportion to the extent of 
lysine derivatization. In contrast, in immunized animals the 
clearance of glcLDL was greatly accelerated. When 10% or 
more of lysine residues were derivatized, clearance of glcLDL 
was accelerated 50- to 100-fold. Even when only 5 %  of lysines 
were derivatized, plasma clearance was accelerated 2- to Sfold. 
Cholesterol feeding inhibited LDL clearance from plasma and 
decreased LDL uptake of LDL receptor-rich tissues. In a similar 
manner, glucosylation of LDL inhibited its ability to bind to the 
LDL receptor and redirected sites of LDL degradation away 
from LDL receptor-rich tissues. Thus degradation of glcLDL by 
liver and adrenal was markedly diminished. The presence of an- 
tibodies to glcLDL also redirected sites of degradation of the 
modified LDL, primarily to the reticuloendothelial cells of the 
liver. There was no evidence for specific targeting of glcLDL-im- 
munoglobulin complexes to the aorta; instead they were targeted 
to the 1iver.M These data suggest that the presence of humoral 
antibodies to modified LDL acts to rapidly remove such LDL 
from plasma and specifically targets such complexes to retic- 
uloendothelial cells, primarily in the liver. In this manner such 
antibodies may serve a useful purpose.- Wiklund, O., J. L. 
Witztum, T. E. C a m ,  R. C. Pittman, R. L. Elam, and D. 
Steinberg. Turnover and tissue sites of degradation of gluco- 
sylated low density lipoprotein in normal and immunized rab- 
bits. J Lipid Res. 1987. 28: 1098 - 1109. 
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Plasma low density lipoproteins (LDL) are a major 
source for the cholesterol deposited in the arterial wall 
during the development of atherosclerosis. Abnormalities 
in the metabolism of LDL and shifts in its sites of 
degradation therefore may be of great importance for the 
development of atherosclerotic lesions. Immunological 
mechanisms that modify LDL catabolism have been dis- 
cussed by several investigators. In so-called "autoimmune 
hyperlipidemia" or in association with paraproteinemia, 
autoantibodies against LDL have been demonstrated 
(1-6). Such antibodies have also been found frequently in 
other states, such as diabetes and uremia (7, 8). An in- 
fluence of antiLDL antibodies on lipoprotein metabolism 
has also been suggested (3, 5). 

It has been suggested that immunological mechanisms 
may be of importance for the development of athero- 
sclerosis. Depositions of immunoglobulins have been 
shown in atherosclerotic plaques (9, lo), possibly as a con- 
sequence of immune-complex deposition. This hypothesis 
is further supported by an increased occurrence of cir- 
culating immune-complexes in patients with various 
atherosclerotic disorders (11 - 14). We have previously 
shown that subtle modifications of homologous LDL 
render it immunogenic in guinea pigs (15, 16) and mice 
(17). One such modification is nonenzymatic glucosyla- 
tion of the lysine residues of apoB. Recently we also showed 
the presence of antibodies against reductively gluco- 
sylated LDL (glcLDL) in human diabetic subjects (18). 

In the present study we sought to investigate how the 
presence of circulating antibodies changes the metabolism 

~~ 
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and the sites of degradation of glcLDL in an animal. This 
was done with special attention to degradation in the 
arterial wall, To accomplish this we studied metabolism of 
glcLDL in rabbits using methods previously developed in 
this laboratory for determining in detail the organs 
responsible for removal of LDL from plasma in rabbits 
(19). In this study we show that the presence of humoral 
antibodies to modified LDL profoundly alters its rate of 
clearance from plasma as well as its sites of degradation. 

MATERIALS AND METHODS 

Lipoprotein preparation and labeling 

LDL (d 1.020-1.063 g/ml) was prepared from fresh rab- 
bit plasma containing disodium EDTA (1 mg/ml) by 
standard ultracentrifugal techniques as previously 
described (20). Most preparations were divided into two 
aliquots and labeled with different radioiodine isotopes. 

For turnover studies, LDL protein was iodinated with 
carrier-free '''1 or "'1 (Amersham) using 1,3,4,6,-tetrach- 
loro-3,6-diphenyl-glycouril (Iodogen, Pierce Chemical 
Co.) (20). Unbound iodine was removed by extensive di- 
alysis against phosphate-buffered saline (PBS). Specific 
activity ranged from 100 to 300 cpm/ng protein. Trichlo- 
roacetic acid ( E A )  precipitability was greater than 98%, 
and less than 3-5% of the radioactivity was extracted into 
organic solvents. 

For studies of the tissue sites of degradation, LDL was 
labeled with radioiodinated tyramine-cellobiose (E) as 
previously described (21). Briefly, the TC adduct (0.1 
pmol of TC for each 10 mg of LDL protein to be labeled) 
was iodinated with carrier-free lZ5I or '"I. The labeled 
adduct was then activated by addition of 1 mole-equiv. 
(0.1 pmol for each mg of LDL protein) of the cross-linking 
agent, cyanuric chloride. The activated ligand was used 
immediately to bind LDL in a solution, adjusted to pH 
9.5 by addition of 0.3 M borate buffer. Preparations were 
then exhaustively dialyzed against PBS. Specific activity 
ranged from 100 to 760 cpm/ng protein. 

Glucosylation of LDL 
Reductive, nonenzymatic glucosylation of the iodinated 

LDL preparations was performed as described earlier 
(22). Briefly, sterile LDL was incubated at 37OC in PBS 
in the presence of 80 mM glucose and NaCNBHS (12.5 
mglml). By varying the incubation times, the degree of 
derivatization of the lysine residues of LDL could be 
varied from 2% to.50% (23). Incubation of LDL for 6 hr 
yielded a preparation of LDL in which 3-5 % of the lysine 
residues were derivatized, while incubation for 20, 36, 
and 72 hr caused 10, 15, and 25%) respectively, of lysine 
residues to be glucosylated (23). Incubation for 168 hr 
derivatizes more than 40-50% of the lysine residues. 

Animal studies 

New Zealand White (NZW) rabbits weighing 2.1-3.1 
kg were maintained on normal rabbit chow (Purina), ex- 
cept in one experiment in which rabbits were fed regular 
chow supplemented with 2 %  cholesterol for 4 months 
prior to the experiments. At the time of the study, plasma 
cholesterol levels for these cholesterol-fed rabbits averaged 
2,055 mg/dl (range 1,828-2,354 mg/dl). 

Indwelling Silastic catheters were placed in the external 
jugular vein of the subject rabbits under general anesthe- 
sia (xylazine, 5 mg/kg, and ketamine, 35 mglkg). Cathe- 
ters were used for injection of labeled LDL and blood 
sampling. In studies using conventionally iodinated LDL, 
2-3 x IO6 counts (- 15 pg of LDL protein) of each label 
were injected; for studies with TC-labeled LDL, 
100-500 x lo6 counts ( - 300 pg of LDL protein) were in- 
jected. Thyroidal sequestration of radioiodide was pre- 
vented by injection of 3 mg of NaI just before injection of 
the labeled LDL. Plasma decay kinetics were determined 
in terms of TCA-precipitable radioactivity in plasma, 
measured in a double-channel gamma spectrometer 
(LKB 1282, Compugamma). At the termination of the ex- 
periments in which TC-labeled LDL had been injected, 
after 24 hr unless otherwise stated, the rabbits were 
anesthetized and the systemic circulation was perfused at 
100 mm Hg pressure using phosphate-buffered saline 
(PBS) (20). After perfusion the aorta was immediately 
removed and loose adventitial tissue was dissected away. 
Other organs were then removed in toto. Large or diffuse 
organs, such as skin, skeletal muscle, or bone marrow, 
were sampled in multiple sites. The estimated total 
weights of the latter organs were derived from organ to 
body weight ratios reported in the literature, as previously 
described (19). Thus, skeletal muscle, skin, bone marrow, 
and adipose tissue were assumed to represent 43.9, 13.4, 
1.05, and 7.3% of total body weight, respectively. For 
smaller organs the whole organ was counted in a double- 
channel gamma counter, while larger organs were homo- 
genized in water with a Brinkman Polytron (Brinkman 
Instruments Westbury, NJ) and an aliquot was counted. 
In addition to the tissues reported in Tables 2 through 4, 
we also sampled urinary bladder, heart, lymph nodes, 
ovaries, pancreas, and thymus. In aggregate these organs 
accounted for less than 1% of degradation and their data 
are not reported further, except for the ovarian data which 
are presented in Fig. 6. Data for intestine represent the 
sum of the values measured in stomach, small intestine, 
cecum, and large intestine. In every case more than 81% 
of the injected dose could be accounted for (in tissues, 
urine, feces, plasma samples, and residual radioactivity in 
plasma at time the animals were killed) and for all ani- 
mals recovery averaged 93.4 f 6.0% for TC-labeled 
glcLDL tracers and 92.8*8.6% for the TC-labeled native 
LDL tracers. 
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Immunization and determination of antibody titers 

For immunization, rabbit LDL was prepared and 
reductively glucosylated for 7 days as described above. For 
the primary immunization, about 100 pg of glcLDL pro- 
tein with an equal volume of Freund’s complete adjuvant 
was injected subcutaneously into both inguinal regions. 
The rabbits were then boosted two or three times with the 
same dose of glcLDL in Freund’s incomplete adjuvant. 
The immunized, cholesterol-fed rabbits were given the 
primary injection after approximately 2 months on the 
cholesterol diet, and two booster doses were given about 
8 and 5 weeks before the experiments, Plasma antibody 
titers were determined by solid phase radioimmunoassay 
as earlier described (15). Fifty ng of rabbit-glcLDL was 
immobilized in each well of 96-well polyvinylchloride 
microtiter plates (Dynatech Laboratories, Alexandria, 
VA) by incubating 500 ng/well of glcLDL dissolved in 50 
~1 of PBS-O.Ol% EDTA for 2 hr at 37OC. Each well was 
then aspirated and washed four times with buffer 
(PBS-0.01% EDTA-0.02% NaN,-0.05% Tween 20-0.1% 
bovine serum albumin-0.0015 % Trasylol). To block re- 
maining adsorptive sites on the plastic wells, each plate 
was then incubated with a post-coat buffer (PBS-O.Ol% 
EDTA-3% normal goat serum-3% bovine serum 
albumin) at room temperature for 30 min and aspirated 
to dryness. To measure the antibody titer, 50 pl of various 
dilutions of rabbit plasma were added to antigen-coated 
wells and plates were incubated for 18 hr at 4OC. Plasma 
was then aspirated, each well was washed four times, and 
the amount of immunoglobulin bound to the plates was 
quantitated by incubation with iodinated goat anti-rabbit 
immunoglobulin (Calbiochem, La Jolla, CA). The goat 
anti-rabbit immunoglobulin was iodinated using immobi- 
lized lactoperoxidase (Enzymobeads, Bio-Rad, Rich- 
mond, CA). Fifty p1 of secondary antibody (approxi- 
mately 0.5 Fgfml and 2.0-3.0 x lo5 cpm) was added to 
each well and plates were incubated for an additional 4 hr 
at 4OC. Each well was then aspirated, washed four times, 
and bound radioactivity was quantified. A titer is defined 
as the reciprocal of that dilution of plasma giving binding 
of secondary antibody three times that of nonimmune 
plasma. 

Data analysis 

Plasma decay curves of radioiodinated LDL tracers 
were analyzed using an interactive curve peeling pro- 
gram, as previously described (20, 24). Computer analy- 
sis was used to fit a least-square multiexponential curve to 
each set of turnover data and to calculate fractional cata- 
bolic rates. 

, The number of counts recovered from each organ was 
related to the total recovered counts from all sources ex- 
cept plasma. Results could thus be expressed as % of total 
degraded tracer accounted for by each tissue, or per gram 
of each tissue (19). When different animals and degrada- 

tion sites of different tracers were compared, we also per- 
formed calculations that took into account differences in 
FCR of the various tracers. The results from these 
calculations were expressed as the fraction of the plasma 
pool degraded per gram of tissue, i.e., the FCR/g (19). 

RESULTS 

Immunization of rabbits with homologous glcLDL 

In previous studies immunization of guinea pigs or 
mice with glcLDL made using homologous LDL resulted 
in antibodies that were directed against glcLDL but not 
against native LDL (15, 16). In a similar manner, in the 
present study, each rabbit immunized with rabbit glcLDL 
showed a positive antibody titer specific to glcLDL. 
However, the immune response was variable so that at the 
time the rabbits were used in experiments, some had a 
very high titer (over 20,000) while others showed a much 
lower titer (e.g., between 800 and 2,000). However, no ef- 
fect of titer was evidenced in the studies presented in this 
report. Cholesterol feeding did not interfere with anti- 
body response. 

Turnover of glucosylated-LDL in  control, immunized 
and cholesterol-fed rabbits 

We have previously shown that extensive glucosylation 
of LDL inhibits its binding to the LDL receptor and thus 
delays its clearance from plasma (22). In guinea pigs we 
also showed that this delay was directly related to the 
degree of glucosylation (23). In the present study these 
observations could be confirmed in rabbits. In Table 1 the 
FCR is given in relation to that of native LDL. In the con- 
trol, nonimmunized rabbits, the FCR was inversely 
related to the degree of glucosylation. When approx- 
imately 50% of LDL lysine residues were derivatized, 
glcLDL(50%), the FCR was only 17% that of natiue LDL 
(Fig.1); derivatization of 5% of lysine residues, 
glcLDL(5%), resulted in a consistent reduction of FCR 
by 15-20% (Fig. 2). In contrast, in the immunized rabbits 
the clearance of all glcLDL preparations was accelerated. 
Thus, when only 5% of lysine residues was derivatized, 
the glcLDL(5%) tracer was accelerated 2- to 3-fold. 
When 10% or more of lysine residues was glucosylated, 
the clearance of the tracer was greatly accelerated, achiev- 
ing rates 50- to 100-fold or more greater than the native 
LDL tracer. It should also be noted that whereas the rapid 
clearance of the glcLDL(SO%) tracer in the immunized 
rabbit would be recognized as distinctly abnormal by sim- 
ple inspection of the plasma decay curves (Fig. I), the 
plasma decay curve of glcLDL(5%) in the immunized 
rabbit (Fig. 2) does not appear abnormal and the true 
etiology of its enhanced clearance would not likely be ap- 
preciated from the shape of the curve. 
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TABLE 1. Relative rates of clearance of LDL preparations with 
varying degrees of glucosylation in nonimmunized 

control rabbits and in immunized rabbits 

Tracer Control Immunized 

Chow-fed 
Native LDL 1.00 1.00 
glcLDL (5%) 0.82 f 0.10 (n = 3) 2.91 f 0.35 (n = 5) 
glcLDL (10%) 0.56 (n = 1) 113.0 f 5.6 (n = 2) 
glcLDL (15%) 104.0 (n = 1) 
glcLDL (25%) 55.0 (n = 1) 
glcLDL (50%) 0.17 i 0.01 (n = 2) 89.0 f 58 (n = 2) 

Native LDL 0.42 f 0.03 (n = 2) 0.41 f 0.01 (n = 2) 
glcLDL (5%) 0.38 i 0.06 (n = 2) 4.06 f 2.7 (n = 2) 

Cholesterol-fed 

Shown are relative rates of clearance of various LDL preparations in- 
jected into chow-fed and cholesterol-fed rabbits that were non-immunized 
controls or immunized. Fractional catabolic rates (FCR) were calculated 
as explained in Methods and expressed as a fraction of the FCR found 
for native LDL under similar conditions. The absolute FCR for native 
LDL in control animals was 0.070 f 0.007 poolsfhr (n - 2) and the FCR 
for native LDL in immunized animals was 0.076 f 0.003 poolslhr 
(n = 3). 

In the cholesterol-fed rabbits the FCR for native LDL 
was reduced to 42% of that observed for native LDL in 
chow-fed animals (Table 1). The clearance of glcLDL 
(5%) in the cholesterol fed rabbits was also reduced to 
38% of that seen for native LDL. These data are consis- 
tent with the known ability of cholesterol feeding to inhi- 
bit LDL receptor activity (25). In the cholesterol fed and 
immunized rabbits, the plasma disappearance of native 
LDL was similar to that observed with cholesterol feeding 

alone (Table 1 and Fig. 3). However, in marked contrast, 
the rate of clearance of glcLDL(5%) was enhanced 5- to 
10-fold over that of native LDL in these rabbits, obviously 
due to the immune-mediated clearance (Fig. 3), i.e., the 
marked hypercholesterolemia in these animals did not 
prevent the immune recognition of glcLDL. 

Sites of degradation of native LDL in control, im- 
munized, and cholesterol-fed rabbits 

Table 2 shows the sites of degradation of native LDL in 
terms of the counts recovered in each organ as a per- 
centage of total recovered counts. When expressed this 
way the data show the relative importance of tissue sites 
of degradation irrespective of differences in absolute cat- 
abolic rate (19). As shown in column A, the liver was the 
major site of LDL degradation in control rabbits, accoun- 
ting for 58% of overall LDL degradation. Bone marrow, 
skin, and skeletal muscle were the next most active; their 
total contribution only accounted for an additional 17%. 
The tissues responsible for degradation of native LDL in 
immunized rabbits (Table 2, column B) were virtually 
identical, as expected, since the anti-glcLDL antibodies 
do not react with native LDL. 

Cholesterol feeding significantly changed the degrada- 
tion sites of native LDL (Table 2, columns C and D). The 
hepatic contribution was reduced to only 40-45% of total 
LDL degradation, while the degradation in skeletal mus- 
cle and skin was increased. The contribution of the bone 
marrow was also reduced. Though the contribution of the 
adrenal gland to overall LDL catabolism was small even 
in normal chow-fed rabbits, with cholesterol feeding its 
contribution was further reduced. 
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0 5 10 15 20 

HOURS Fig. 1. Plasma radioactivity decay curves for 50% glucosylated LDL 
(glcLDL) (a, A) and native LDL (0) injected into normal rabbits and 
Immunized rabbits. Iz5I-Labeled TC-LDL or '*'I-labeled E- Fig. 2. Plasma radioactivity decay curves of native LDL and 
glcLDL(SO%) was injected and serial blood samples were drawn from glcLDL(5% and 10%) in control and immunized rabbits. The radioac- 
an ear vein. The radioactivity at each time point is expressed as the per- tivity at each time point is expressed as the percent remaining in plasma 
cent remaining in plasma of the initial dose. of the initial dose. 
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LL 
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that of native LDL, no differences could be detected in the 
relative uptake into various sites of degradation compared 
to native LDL (Le., column A vs. column B). When a 
heavily glucosylated preparation, glcLDL (50%), was in- 
jected however, the liver was responsible for degradation 
of only 38% of total recovered. The amount degraded by 
the adrenals was reduced by 84%. Even though the contri- 
bution of aorta to overall glcLDL degradation was low, 
Le., 0.03%, this value was still three-fold greater than that 
observed with native LDL in the limited number of ani- 
mals in this study. The sites of degradation of glcLDL 
(5%) in cholesterol-fed rabbits were very similar to those 
observed for native LDL in cholesterol-fed rabbits (com- 
pare column D, Table 3 to columns C and D, Table 2). 

1 1 I 1 I 1 
0 5 10 15 20 Sites of degradation of glcLDL in  immunized rabbits 

HOURS 
Fig. 3. Plasma radioactivity decay curves for native LDL and 
glcLDL(S%) simultaneously injected into two immunized rabbits. In 
one experiment native LDL (0) and glcLDL(5%) ( A )  were injected in- 
to a chow-fed rabbit and in the other experiment native LDL (@) and 
glcLDL(5%) (A) were injected into a cholesterol-fed rabbit. Note that 
whereas cholesterol feeding slows the catabolism of native LDL, the pre- 
sence of antibodies accelerates the clearance of glcLDL(5%) in both 
chow-fed and cholesterol-fed rabbits. The radioactivity at each time 
point is expressed as the percent remaining in plasma of initial dose, 

Sites of degradation of glcLDL in nonimmune, chow- 
fed and cholesterol-fed rabbits 

Table 3 presents sites of degradation of glcLDL in 
nonimmune chow-fed (columns B, and C) and 
cholesterol-fed rabbits (column D). Data for native LDL 
are again presented to facilitate comparisons (column A). 
Although the FCR for glcLDL (5%) tended to be less than 

As shown in Fig. 1, when heavily glucosylated LDL 
(glcLDL(50%)) was injected into an immunized, rabbit, 
its plasma clearance was greatly accelerated and virtually 
all the tracer had been cleared from plasma within 30 
min. In an initial study we killed an animal injected with 
a glcLDL(SO%) tracer after 3 hr and examined tissues 
responsible for the clearance of the presumed glcLDL 
(50%)-immunoglobulin complexes (Table 4, column B). 
The liver was clearly the predominant site, accounting for 
66% of recovered counts. The lung was the second most 
active organ while bone marrow and spleen accounted to 
a lesser extent. The accumulation in lung most likely 
reflected binding/entrapment of large immune complexes 
within the vasculature of the pulmonary bed. This inter- 
pretation is supported by the observation that in a second 
immunized rabbit, injected with the same glcLDL(5076) 
preparation but killed after 24 hr, the amount of label 

TABLE 2. Sites of degradation of native LDL in rabbits. Percent contribution of individual 
organs to overall degradation 

A B C C 
Controls Immunized Cholesterol-fed Cholesterol-fed 

and immunized 
(n = 2) (n = 3) (n = 2) (n = 2) 

Adipose 
Adrenal 
Aorta 
Bone marrow 
Intestine 
Kidney 
Liver 
Lung 
Skeletal muscle 
Skin 
Spleen 
Urine 

2.15 f 0.16 
0.551 i 0.155 
0.008 * 0.001 
8.70 * 1.35 
2.18 i 0.18 
1.44 f 0.21 

58.37 f 2.33 
0.87 f 0.19 
3.09 0.99 
5.54 f 2.81 
0.66 * 0.02 

15.82 i 1.63 

2.90 * 0.64 
0.615 f 0.330 
0.009 i 0.003 
10.42 f 1.29 
2.17 + 0.38 
1.58 f 0.08 

58.22 f 3.27 
0.79 i 0.07 
4.11 f 2.01 
3.56 i 0.72 
0.58 i 0.10 

14.14 f 4.76 

3.07 i 1.04 
0.181 * 0.057 
0.104 4 0.021 

6.73 i 0.35 
2.71 f 1.18 
1.34 f 0.11 

45.19 f 0.03 
1.05 i 0.55 

11.57 f 0.89 
9.00 + 2.68 
0.74 f 0.44 

16.44 * 2.01 

5.44 * 0.73 
0.153 f 0.034 
0.051 i 0.015 

6.03 i 2.21 
2.87 f 0.04 
1.41 f 0.38 

39.85 f 10.30 
1.16 * 0.71 

14.04 f 13.76 
11.28 f 2.86 
0.86 f 0.20 

15.16 f 2.04 

0.070 * 0.007 0.076 f 0.003 0.032 f 0.001 0.031 i 0.003 

At the end of each experiment all of the organs noted were sampled or collected as described in Methods. The 
total counts recovered in each organ are expressed as a percent of the total recovered counts (excluding residual 
plasma counts). Counts found in the gut contents were assumed to represent hepatic-derived counts excreted into 
bile and were included in the counts noted as liver. The number in parentheses refers to the number of animals 
studied under these conditions 

Plasma FCR (pool/hr) 
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TABLE 3. Sites of degradation of glcLDL in control and cholesterol-fed rabbits. Percent contribution 
of individual organs to overall degradation 

Chow-Fed Cholesterol-Fed 

A B C D 
Native LDL glcLDL ( 5 % )  glcLDL (50%) glcLDL ( 5 % )  
(n - 2) (n - 3) (n - 2) (n - 2) 

Adipose 2.15 f 0.16 2.35 * 0.48 3.011 f 0.54 3.56 f 0.88 
Adrenal 0.551 i 0.155 0.601 * 0.139 0.089 i 0.017 0.160 f 0.047 
Aorta 0.008 f 0.001 0.010 f 0.001 0.031 f 0.003 0.114 f 0.008 
Bone marrow 8.70 f 1.35 7.48 f 1.05 11.21 f 6.25 7.08 f 1.86 
Intestine 2.18 f 0.18 2.66 i 0.04 6.10 f 1.92 3.34 f 0.29 

1.52 * 0.26 Kidney 1.44 i 0.21 1.32 f 0.07 3.25 f 0.75 
57.99 f 2.19 37.66 f 0.93 42.20 i 0.05 Liver 58.37 f 2.33 

Lung 0.87 f 0.19 0.92 f 0.23 2.63 i 2.02 1.19 f 0.57 
Skeletal muscle 3.09 f 0.99 3.75 f 1.21 4.45 f 1.38 12.95 i 0.98 
Skin 5.54 f 2.81 7.26 f 3.56 12.81 f 8.52 9.58 i 5.52 

0.61 * 0.16 0.78 f 0.55 Spleen 0.66 f 0.02 0.61 i 0.02 
Urine 15.82 f 1.63 14.34 * 1.44 16.52 f 1.63 15.77 i 2.11 

Plasma FCR (poovhr) 0.070 * 0.007 0.054 f 0.010 0.013 f 0.001 0.028 i 0.004 

The percent degradation of individual organs was determined as described in Methods and in the legend for 
Table 2. Data for column A were presented in Table 2 and are presented again to facilitate comparisons. 

found in the lung was minimal. This suggests that these 
large immune complexes had been redistributed elsewhere. 
In the animal studied at 24 hr, bone marrow was greatly 
enriched but the liver was still the predominant site of ac- 
cumulation of label (Table 4, Column C). 

We previously observed that in normal chow-fed rab- 
bits almost 90% of hepatic degradation of LDL occurred 
in hepatocytes (19). One might expect that in contrast, the 
rapid immune-mediated clearance of glcLDL would lead 
to nonparenchymal cell uptake of glcLDL-immune com- 
plexes. To examine this, autoradiography of the liver was 

performed (Fig. 4). Radioactive grains were primarily 
concentrated in sinusoidal cells, i.e., Kupffer cells and 
possibly endothelial cells. However, small numbers of 
grains were also consistently found over parenchymal 
cells. 

In the experiments above, glcLDL was used that had 
up to 50% of the lysine residues derivatized. Thus there 
were multiple sites for antibody attachment and large or 
even insoluble complexes could be formed. Since we have 
found that only small degrees of glucosylation of LDL oc- 
curs in vivo in diabetic patients, i.e., only 2-5’36 of lysine 

TABLE 4. Sites of degradation of glcLDL in immunized rabbits. Percent contribution of individual 
oreans to overall LDL degradation 

Chow-Fed Cholesterol-Fed 

A B C D E 

Native glcLDL (50%) glcLDL ( 5 % )  glcLDL (5%) 
(3 hr) (24 hr) 

(n - 3) (n - 1) (n - 1) (n - 3) (n - 2 )  

Adipose 2.90 f 0.64 1.41 1.44 f 0.42 1.34 f 0.88 
Adrenal 0.615 f 0.330 0.013 0.007 0.087 * 0.043 0.011 i 0.010 
Aorta 0.009 f 0.003 0.003 0.004 0.005 f 0.002 0.005 f 0.002 
Bone marrow 10.42 f 1.29 8.92 26.09 2.35 f 0.52 2.56 f 2.54 
Intestine 2.17 f 0.38 1.65 0.42 0.92 f 0.27 0.45 f 0.17 

0.54 f 0.13 Kidney 1.58 f 0.08 0.44 0.42 0.96 * 0.07 
Liver 58.22 f 3.27 66.64 43.17 71.98 f 4.10 72.55 f 8.63 
Lung 0.79 f 0.07 14.87 0.64 0.28 f 0.04 0.39 f 0.33 
Skeletal muscle 4.11 * 2.01 1.58 0.72 1.74 f 1.82 2.28 i 2.36 
Skin 3.56 f 0.72 1.06 1.19 2.17 * 0.36 1.60 i 0.24 
Spleen 0.58 f 0.10 2.52 2.42 0.18 * 0.06 0.34 f 0.31 
Urine 14.14 i 4.76 0.26 24.70 17.43 * 6.06 17.51 f 1.54 

FCR (pool/hr) 0.076 i 0.003 10.03 3.56 0.153 * 0.033 0.299 f 0.198 

The percent contribution of individual organs to degradation of glcLDL in immunized rabbits was determined 
as outlined in the legend to Table 2. In column A are shown data for three immunized animals in which native 
LDL was injected. In columns B and C are shown sites of degradation for a glcLDL(5OI) preparation injected 
into immunized animals that were killed after either 3 hr or 24 hr, respectively. Column D lists sites of degradation 
of a glcLDL(5%) preparation. In column E are shown sites of degradation of a glcLDY5Z) preparation in two 
cholesterol-fed and immunized animals. 
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Fig. 4. Autoradiograph of a liver specimen obtained 3 hr after injection of 'z51-labeled TC-glcLDL(50%) into a rabbit immunized against glcLDL. 
In panel a is shown a bright field micrograph of a 1-micron toluidine blue-stained section. Panel b is a dark field image of the same section. Autoradio- 
graphic grains appear as dark spots in panel a and white spots in panel b. Dense clusters of grains are associated exclusively with nonparenchymal 
cells, indicated by arrows in panel a. Methods for tissue fixation and preparation of autoradiograms were previously described (20). Scale bar equals 
20-microns. 

residues derivatized, we next sought to determine whether 
even these small degrees of modification of LDL 
(glcLDL(5%)) would also result in altered sites of 
degradation in immunized rabbits. 

As noted previously, and shown in Fig. 3, the plasma 
clearance of glcLDL(5%) was enhanced two- to fourfold 
in all immunized rabbits. In the chow-fed animals, the 
sites of degradation of glcLDL(S%) were also significantly 
altered (Table 4, column D) so that the vast majority of 
glcLDL(5%) was targeted to the liver. Almost all other 
tissues showed a corresponding decrease in their contribu- 
tion to overall degradation. In particular, bone marrow 
and spleen were markedly reduced. Uptake by adrenals 
was strikingly curtailed. Since adrenal uptake of 
glcLDL(5%) was not inhibited in nonimmune rabbits 
(Table 3, column B), these data suggest that the binding 
of antibodies to glcLDL(5%) inhibited the ability of 
glcLDL(5%) to interact with the adrenal LDL receptor. 

Finally, we examined the impact of cholesterol feeding 
on the sites of degradation of glcLDL(5%) in immunized 

animals (Table 4, column E). Hepatic uptake was still 
greatly enhanced reinforcing the notion that reticuloen- 
dothelial cell uptake accounted for the hepatic clearance. 
Other sites of uptake were similar to that seen in the 
absence of cholesterol feeding. Thus, the redistribution of 
sites of degradation of glcLDL brought about by the pres- 
ence of antibodies to glcLDL was not influenced by 
cholesterol feeding. 

Effect of perturbations on LDL receptor pathways 
Thus far the data for tissue sites of degradation have 

been expressed as the contribution of individual organs to 
the overall degradation. This is heavily dependent on the 
mass of each organ, i.e., skeletal muscle is actually very 
inactive on a per mg basis in LDL uptake but, because 
of its large mass, it still contributes significantly to the 
overall LDL clearance. In order to take into account the 
large difference in fractional clearance rates and in order 
to express data in terms of degradation per gram of tissue, 
the data have also been calculated as fractional clearance 
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rate per gram of tissue per hour. This gives an estimate 
of the portion of the plasma pool that is cleared per gram 
of each individual tissue per hour. This calculation makes 
the assumption that a true steady state can occur, and that 
glcLDL was continuously forming and complexing with 
immunoglobulin. Data for adrenal and liver, the most ac- 
tive tissues, are given in Fig. 5, and data for spleen, bone 
marrow, and ovaries are given in Fig. 6. 

In agreement with previous reports (25, 26), the 
adrenals were the most active in degradation of native 
LDL (Fig. 5). This uptake was equally inhibited by down- 
regulation of LDL receptors achieved by cholesterol 
feeding (bar E) or by blocking LDCs ability to 
interact with its receptor achieved by extensive glucosyla- 
tion (bar C). Since most LDL uptake in adrenals is 
receptor-dependent, this is in good agreement with earlier 
observations (19). Our data also show that cholesterol 
feeding inhibits both hepatic (25, 26) and extrahepatic 
LDL receptor-mediated cellular uptake. Our data also 
demonstrate that glucosylation of LDL blocks the recep- 
tor binding of LDL in vivo (22). Glucosylation of only 5% 
of lysine residues did not impair adrenal uptake (bar B, 
Fig. 5) as judged by this technique, but the presence of 

6 c FENALS 
0 NON-IMMUNE a IMMUNIZE0 

LIVER 

Fig. 5. Degradation rate in liver and adrenals of native LDL, 
glcLDL(5%), and glcLDL(50%) in control rabbits, cholesterol-fed rab- 
bits, and in rabbits immunized against glcLDL. Data are expressed as 
the percentage of the total plasma pool degraded per gram of tissue 
(FCR/g) (see text for rationale for presenting data in this fashion). Bar 
a, control rabbits injected with native LDL; bar b, control rabbits in- 
jected with glcLDL(5%); bar c, control rabbits injected with glcLDL 
(50%); bar d, immunized rabbits injected with glcLDL (5%); bar e, 
nonimmunized, cholesterol-fed rabbits injected with native LDL; bar f, 
immunized and cholesterol-fed rabbits injected with glcLDL(5%). 
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Fig. 6. Degradation rate in spleen, bone marrow, and ovaries of native LDL, glcLDL(5%), and glcLDL(50%) 
in control rabbits, cholesterol-fed rabbits, and in rabbits immunized against glcLDL. Data are expressed as FCR/g 
(see text for discussion). Bar a, control rabbits injected with native LDL; bar b, control rabbits injected with 
glcLDL(5%); bar c, control rabbits injected with glcLDL(50%); bar d, immunized rabbits injected with 
glcLDL(S%); bar e ,  nonimmunized, cholesterol-fed rabbits injected with native LDL; bar f, immunized and 
cholesterol-fed rabbits injected with glcLDL(5%). 

humoral antibodies to glcLDL significantly inhibited the 
ability of glcLDL(5%) to interact with the LDL receptor 
(bar D). The inhibition of adrenal uptake of glcLDL(5%) 
in the immunized animals was augmented by cholesterol 
feeding (bar F). In nonimmunized animals, qualitatively 
similar results were seen in the liver. However, when 
immune-mediated clearance took place, the overall 
hepatic uptake was greatly enhanced. This is consistent 
with the non-LDL receptor, non-parenchymal cell uptake 
shown in Fig. 4. 

Results similar to those seen in the adrenals were also 
found in the ovaries (Fig. 6). Uptake of glcLDL(5%) in 
the spleen and bone marrow of the immunized animals 
was similar to that seen in the liver, consistent with an im- 
mune clearance mediated by the reticuloendothelial cells 
of these organs. 

Uptake of native and glcLDL in aorta 

The overall contribution of aorta to the degradation of 
LDL is small. However, even a small increase in LDL up- 
take, when integrated over a long period of time, could 
have an important impact on cholesterol deposition in the 
arterial wall. 

With the present experimental technique, the percent 
contribution of the aorta to total LDL uptake in the con- 
trol rabbits was similar for native LDL and for 
glcLDL(5%). For glcLDL(SO%) a higher uptake was 
observed (Table 3). Cholesterol feeding also caused a 
substantial increase in aortic uptake of LDL and 
glcLDL(5%) (Table 2 and Table 3). This increase was 
more pronounced in the more atherosclerotic thoracic 
aorta than in the less affected abdominal aorta (data not 

shown). Whether the higher uptake in atherosclerotic 
tissue reflects extracellular deposition or intracellular 
degradation, or both, could not be concluded from these 
experiments. 

In immune rabbits, in all experimental situations, the 
aortic contribution to uptake of glcLDL was lower than 
that with native LDL. This was true even in the immune, 
cholesterol-fed animals, i.e., the glcLDL-immune com- 
plexes were being redirected to the liver. 

DISCUSSION 

An animal model was developed to study LDL 
degradation under different conditions, especially in the 
presence of autologous antibodies against glcLDL. In 
earlier studies we investigated the sites of degradation of 
LDL in normal rabbits and in LDL receptor-deficient 
rabbits (19). In the previous studies [ ‘*C]sucrose was used 
as a “trapped label” tracer, while in the present study 
‘251-labeled K was used. The data on sites of LDL 
degradation in control rabbits in the present study con- 
form closely to earlier obtained data, with the main mass 
of LDL degraded by the liver. The adrenals were found 
to be the most active organ in LDL degradation per gram 
tissue. In the present study specimens were also obtained 
from the bone marrow, which was not done earlier. These 
data show that even in normal animals the bone marrow 
is one of the main LDL-degrading organs (Table 3). 

Comparing our data previously obtained in the LDL 
receptor-deficient rabbits (19) with the data presented 
here for cholesterol-fed rabbits. it can be concluded in this 
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study conducted with a limited number of animals that 
cholesterol feeding produces changes in the plasma decay 
of LDL and in LDL degradation sites very similar to 
those observed in receptor-deficient animals. Thus in the 
cholesterol-fed rabbits, the FCR for LDL is reduced to 
30-50% of that in chow-fed rabbits, and the degradation 
rate per gram of tissue is dramatically reduced in liver, 
adrenals, and ovaries. These results demonstrate that 
cholesterol feeding induces a down-regulation of both 
hepatic and nonhepatic LDL receptors. The rate and sites 
of degradation of glcLDL(50%) in normal animals are 
also very similar to those observed for native LDL in 
cholesterol-fed animals, but in this case, of course, the 
LDL is unable to react with its receptors. 

An important aim of this study was to investigate how 
the presence of autologous antibodies affected the catabo- 
lic rate of LDL and its sites of degradation. The sig- 
nificance of autoantibodies against lipoproteins was first 
suggested by Beaumont and Beaumont in so-called 
“autoimmune hyperlipidemia” (1). Subsequently, autoan- 
tibodies against LDL were demonstrated by several in- 
vestigators in states with paraproteinemia, as well as in 
other conditions (2-8). The presence of autoantibodies 
against LDL has in most cases been associated with 
hyperlipidemia, but also with hypolipidemia (27). Recent- 
ly a patient was reported who apparently had an autoanti- 
body against the LDL receptor, resulting in hypercholes- 
terolemia (28). In some of these reports deposition of im- 
munoglobulins and lipid has been found in various 
tissues, suggesting a deposition of immune-complexes (2, 
4). In these conditions, deposition of such immune- 
complexes in the arterial wall could be a mechanism for 
cholesterol deposition favoring the development of 
atherosclerosis. The possibility of such a mechanism is 
supported by the presence of IgG in atherosclerotic 
plaques (9, 10). The increased frequency of circulating 
immune-complexes in disorders related to atherosclerosis 
has further supported the idea that immunological 
mechanisms may play a role in the development of the 
atherosclerotic plaque (11- 14). Such mechanisms are also 
supported by observations in animal studies showing 
immune-complex depositions in the vessel wall (29) as 
well as a synergistic effect of allergic injury and cholesterol 
feeding on the development of atherosclerosis in rabbits 
(30, 31). 

In the present study, LDL was made immunogenic by 
modification by reductive glucosylation in order to obtain 
circulating antibodies against the modified LDL. Since 
glucosylated LDL as well as antibodies against reductive- 
ly glucosylated LDL have been shown in humans (18), 
similar mechanisms may be operating in vivo. Further- 
more several subtle modifications that theoretically may 
occur in vivo have been shown to make LDL immuno- 
genic in animal models (16). 

In this study, a subtle modification of LDL 
(glcLDL(S%)) was found to inhibit the clearance rate of 
LDL in control rabbits; in contrast, in the immunized 
animals the rate of clearance was accelerated 2-fold, sug- 
gesting that even this minor degree of modification yielded 
a product that was recognized as an antigen in the im- 
munized rabbits. With a higher degree of modification 
the clearance rate was increased 50- to 100-fold. Similar 
results have been reported when preformed immune com- 
plexes of heterologous LDL (human LDL), and rabbit 
antibodies were injected into rabbits (32). 

When compared to native LDL, the increased degrada- 
tion of glcLDL in the immunized rabbits was accounted 
for primarily by the liver, and primarily by reticuloen- 
dothelial cells of the liver. In the experiments in which 
glcLDL(50%) was injected, increased deposition was also 
noted in the lung and bone marrow. Presumably, this 
represents reticuloendothelial cell trapping and clearance 
of large immune complexes which formed when multiple 
antibodies bound to the heavily derivatized LDL (there 
would be about 160 mol of glucitollysine per mole LDL 
to which antibodies could bind). In addition, the anti- 
bodies appeared to alter the normal sites of LDL degrada- 
tion in still another manner. In the immunized animals (but 
not normal animals) there was a decreased degradation 
rate of glcLDL(5%) in organs rich in LDL receptors, e.g., 
the adrenals. This suggests that the immunoglobulin 
bound to glcLDL inhibited recognition of LDL by the 
LDL receptor, presumably by steric interference. In turn, 
the reticuloendothelial cells very efficiently removed these 
complexes. Thus, these studies in vivo are consistent with 
in vitro cell culture studies in which the presence of anti- 
LDL antibodies interfered with LDL receptor-binding (5, 
32, 33). 

Under the experimental conditions used in the present 
study there was no evidence for specific targeting of 
LDL-immunoglobulin complexes to the aortic wall, 
rather they were targeted primarily to the liver. In a 
similar manner, any immunogenic modification of LDL 
(16), perhaps such as might occur with peroxidation of 
LDL, would presumably lead to targeting of the modified 
LDL to the liver. However, if modifications of LDL oc- 
curred in vivo at a steady rate, and then the modified 
LDL complexed with existing antibodies, such that the 
overall fractional removal from plasma was greatly acce- 
lerated, then the overall, absolute deposition in the artery 
could be increased. Whether or not this actually occurs is 
unknown. 

Since many of the foam cells in the developing 
atherosclerotic lesions are monocyte-derived macro- 
phages (34, 35), these cells could be assumed to actively 
take up and accumulate immune complexes via their Fc- 
receptors. It has also recently been reported that 
macrophages in cell culture may take up and accumulate 
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lipid from LDL-containing immune complexes (32). To 
enrich the arterial intima with macrophages, we induced 
atherosclerosis in rabbits by cholesterol feeding, and used 
these animals to study the sites of degradation of LDL- 
immune-complexes. Even in this situation there was no 
evidence for enhanced uptake of glcLDL in the aorta in 
immunized rabbits as compared to controls. This suggests 
that even in atherosclerotic animals the hepatic reticu- 
loendothelial system removes the immune-complexes effi- 
ciently, presumably preventing their uptake by arterial 
wall macrophages. 

However, the studies in the cholesterol-fed animals did 
demonstrate a dramatically increased uptake of LDL by 
the arterial wall. This might be due to an increased influx 
of LDL into the atherosclerotic tissue leading to extracel- 
lular deposition of intact LDL, as well as to an increased 
catabolism of LDL in the more cellular intima of the 
atherosclerotic vessel. The contribution of these mech- 
anisms cannot be concluded from the present data but are 
currently under study. 

In conclusion, we have presented an animal model for 
studies of the metabolic effects of autoantibodies against 
LDL. These effects, as found in the present study, can be 
summarized as an overall increased rate of removal from 
plasma of the modified LDL, reflecting an efficient uptake 
and degradation by the hepatic reticuloendothelial sys- 
tem, while the LDL receptor-dependent uptake is re- 
duced. Under the present experimental conditions, n o  
targeted deposition of immune-complexes in the aortic 
wall could be sh0wn.u 

This work was supported by NHLBI grant HL-14197 (Specialized 
Center of Research on Arteriosclerosis). Dr. Wiklund held a fel- 
lowship from the Swedish National Association against Heart 
and Lung Disease and was supported also by the Henning 
Throne Holst Foundation and the Swedish Medical Research 
Council. Dr. Witztum is an Established Investigator of the 
American Heart Association. We thank Mary Ellen Seifert for 
assistance in manuscript preparation. 
Manuscript received 22 December 1986 and in reuisedfom 17 February 1987. 

REFERENCES 

Beaumont, J. L., and V. Beaumont. 1977. Autoimmune 
hyperlipidemia. Atherosclerosis. 26: 405-418. 
Kodama, H. S. Nakagawa, and K. Tanioku. 1972. Plane 
xanthomatosis with antilipoprotein autoantibody. Arch. Der- 
matol. 105: 7 2 2- 7 2 7. 
Ho, K-J., V. G. deWolfe, W. Siler, and L. A. Lewis. 1976. 
Cholesterol dynamics in autoimmune hyperlipidemia. J 
Lab. Clin. Med. 88: 769-779. 
Taylor, J. S., L. A. Lewis, J. D. Battle, A. Butkus, A. L. 
Robertson, S. Deodhar, and H. H. Roenigk. 1978. Plane 
xanthoma and multiple myeloma with lipoprotein- 
paraprotein complexing. Arch. Dennatol. 114: 425-431. 

5 . 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

Baudet, M-F., C. Dachet, and J. L. Beaumont. 1980. In- 
teraction between fibroblasts and three antilipoproteins IgA 
kappa. Clin. Exp. Zmmunol. 39: 455-460. 
Kilgore, L., B. W. Patterson, D. M. Parenti, and W. R. 
Fisher. 1985. Immune complex hyperlipidemia induced by 
an apolipoprotein-reactive immunoglobulin A paraprotein 
from a patient with multiple myeloma. J. Clin. Znuest. 76: 
225-232. 
Reisen, W., and G. Noseda. 1975. Antibodies against lipo- 
proteins in man. Occurrence and biological significance. 
Clin. Wochenschr 53: 3 5 3 -361. 
Wardle, E. N. 1978. An antibody to low density lipoprotein 
in diabetics. Experientia. 34: 886-887. 
Hollander, W., M. A. Colombo, B. Kirkpatrick, and J. Pad- 
dock. 1979. Soluble proteins in the human atherosclerotic 
plaque. Atherosclerosis. 34: 391-405. 
Parums, D., and M. J. Mitchinson. 1981. Demonstration of 
immunoglobulin in the neighborhood of advanced 
atherosclerotic plaques. Atherosclerosis. 38: 211 -216. 
Fust, G., J. Szekely, I. Nanai, and S. Gero. 1978. Studies 
on the occurrence of circulating immune complexes in 
vascular diseases. Atherosclerosis. 29: 181 -190. 
Gallagher, P. J., C. A. Muir, and T. G. Taylor. 1978. Im- 
munological aspects of arterial disease. Atherosclerosis. 30: 

Szondy, E., M. Horvath, Z. Mezey, J. Szekely, E. Lengyel, 
G. Fust, and S. Gero. 1983. Free and complexed anti- 
lipoprotein antibodies in vascular diseases. Atherosclerosis. 

Romano, E. L., M .  Stolong-Pons, G. Camejo, and A. 
Soyano. 1984. Circulating immune complexes, immuno- 
globulins, complement, antibodies to dietary antigens, 
cholesterol and lipoprotein levels in patients with occlusive 
coronary lesions. Atherosclerosis. 53: 119-128. 
Witztum, J. L., U. P. Steinbrecher, M. Fisher, and A. 
Kesaniemi. 1983. Nonenzymatic glucosylation of homolo- 
gous low density lipoprotein and albumin renders them im- 
munogenic in the guinea pig. Proc. Natl. Acad. Sci. USA. 80: 

Steinbrecher, U. P., M .  Fisher, J. L. Witztum, and L. K. 
Curtiss. 1984. Immunogenicity of homologous low density 
lipoprotein after methylation, ethylation, acetylation, or 
carbamylation: generation of antibodies specific for 
derivatized lysine. J Lipid Res. 25:  1109-1116. 
Curtiss, L. K., and J. L. Witztum. 1983. A novel method 
for generating region-specific monoclonal antibodies to 
modified proteins: Application to the identification of hu- 
man glucosylated low density lipoprotein. ,J Clin. Invest. 72: 

Witztum, J. L., U. P. Steinbrecher, Y. A. Kesaniemi, and 
M. Fisher. 1984. Autoantibodies to glucosylated proteins in 
the plasma of patients with diabetes mellitus.' Pmc. Natl. 
Acad. Sci. USA. 81: 3204-3208. 
Pittman, R. C., T. E. Carew, J. L. Witztum, Y. Watanabe, 
and D. Steinberg. 1982. Receptor-dependent and receptor- 
independent degradation of low density lipoprotein in nor- 
mal and in receptor-deficient mutant rabbits. J.  Biol. Chem. 

Carew, T. E., R. C. Pittman, E. R. Marchand, and D. 
Steinberg. 1984. Measurement in vivo of irreversible 
degradation of low density lipoprotein in the rabbit aorta: 
predominance of intimal degradation. Arteriosclerosis. 4: 

Pittman, R. C., T. E. Carew, C. K.  Glass, S. R. Green, 
C. A. Taylor, Jr,, and A. D. Attie. 1983. A radioiodinated, 

361-363. 

49: 69-77. 

2757-2761. 

1427-1438. 

257: 7994-8000. 

214-224. 

1108 Journal of Lipid Research Volume 28, 1987 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


intracellularly trapped ligand for determining the sites of 
plasma protein degradation in vivo. Biochm. J.  212: 

22. Witztum, J. L., E. M. Mahoney, M. J. Branks, M. Fisher, 
R. Elam, and D. Steinberg. 1982. Nonenzymatic glucosyla- 
tion of low-density lipoprotein alters its biologic activity. Di- 

23. Steinbrecher, u. p., and J. L. Witztum. 1984. Glucosylation 
of low density lipoproteins to an extent comparable to that 
seen in diabetics slows their catabolism. Diabetes. 33: 

24. Yedgar, S., T. E. Carew, R. C. Pittman, W. E Beltz, and 
D. Steinberg. 1983. Tissue sites of catabolism of albumin in 
rabbits. Am. J.  Physiol. 244: E101-El07. 

25. Kovanen, P. T., M. S. Brown, S. K. Basu, D. W. Bilheimer, 
and J. L. Goldstein. 1981. Saturation and suppression of 
hepatic lipoprotein receptors. A mechanism for the hyper- 
cholesterolemia of cholesterol-fed rabbits. Pmc. Natl. Acad. 
Sci. USA. 78: 1396-1400. 

26. Carew, T. E., R. C. Pittman, and D. Steinberg. 1982. 
Tissue sites of degradation of native and reductively 
methylated [ '*C]sucrose-labeled low density lipoprotein in 
rats: contributions of receptor-dependent and receptor- 
independent pathways. J.  Biol. Chem. 257: 8001-8008. 

27. Bjerve, K. S., S. A. Evensen, S. Stray-Pedersen, and S. 
Skrede. 1982. On the pathogenesis of acquired hypo-beta- 
lipoproteinemia. Acta. Med. Scand. 211: 313-318. 

28. Corsini, A., P. Roma, D. Sommariva, R. Fumagalli, and 
A. L. Catapano. 1986. Autoantibodies to the low density 
lipoprotein receptor in a subject affected by severe hyper- 

791-800. 

130-134. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

cholesterolemia. J.  Clin. Invest. 78: 940-946. 
Kniker, W. T., and C. G. Cochrane. 1968. The localization 
of circulating immune complexes in experimental serum 
sickness. J. Exp. Med. 127: 119-135. 
Minick, C. R., G. E. Murphy, and W. G. Campbell. 1966. 
Experimental induction of athero-arteriosclerosis by the 
synergy of allergic injury to arteries and lipid-rich diet. J.  
Exp. Med. 124: 635-651. 
Sharma, H. M., and J. C. Geer. 1977. Experimental aortic 
lesions of acute serum sickness in rabbits. Am. J: Pathol. 88: 

Klimov, A. N., A. D. Denisenko, A. V. Popov, V. A. 
Nagornev, V. M. Pleskov, A. G. Vinogradov, T. V. Deni- 
senko, E. Y. Magracheva, G. M. Kheifes, and A. S. 
Kuznetzov. 1985. Lipoprotein-antibody immune complex- 
es: their catabolism and role in foam cell formation. 
Atherosclerosis. 58: 1- 15. 
Young, S. G., J. L. Witztum, D. C. Casal, L. K. Curtiss, 
and S. Bernstein. 1986. Conservation of the low density 
lipoprotein receptor-binding domain of apoprotein B 
demonstrated by a new monoclonal antibody, MB47. 
Arteriosclemsis, 6: 178-188. 
Gerrity, R. G. 1981. The role of the monocyte in athero- 
genesis. I. Transition of blood-borne monocytes into foam 
cells in fatty lesions. An. J.  Pathol. 103: 181-190. 
Faggiotto, A., R. Ross, and L. Harker. 1984. Studies of 
hypercholesterolemia in the nonhuman primate. I. 
Changes that lead to fatty streak formation. Arterioschsis. 

255-266. 

4: 323-340. 

Wiklund et al. Turnover of glucosylated LDL in normal and immunized rabbits 1109 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

