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Abstract &Very low density lipoproteins (6-VLDL) isolated 
from cholesterol-fed rhesus monkeys stimulated cholesteryl ester 
synthesis and accumulation in mouse peritoneal macrophages. 
The apoprotein specificity and requirement for the cell surface 
uptake of j3-VLDL was investigated by treating the j3-VLDL with 
trypsin (8-VLDL (T)), incubating the @-VLDL (T) with other 
lipoproteins or apoproteins, reisolating the 8-VLDL (T) and mea- 
suring its biological activity which, for this study, is defined as 
the ability of the lipoprotein to stimulate cholesterol esterifica- 
tion in the macrophages. Trypsin treatment of 6-VLDL abolished 
its biological activity. Apoprotein analysis of the j3-VLDL (T) 
demonstrated the absence of intact apoproteins B-100, B-48, and 
E. The 5774 macrophage-like cell line and mouse peritoneal 
macrophages responded similarly with respect to cholesterol es- 
terification following incubation with inactive and treated /3- 
VLDL. The 5774 macrophage-like cell line was used to establish 
the conditions necessary for the restoration of biologic activity 
to the trypsinized 6-VLDL. The loss of biological activity of 6- 
VLDL (T) could be reversed by restoring apoprotein E to the 
6-VLDL (T) through incubation with either apoprotein E- 
containing LDL from hyperlipemic monkeys or purified apopro- 
tein E. Apoprotein A-I had no such effect. The restored biological 
activity of the 6-VLDL (T) was proportional to the amount of 
apoprotein E acquired by the lipoprotein. 8-VLDL particles com- 
posed of apoprotein E and either intact or degraded apoprotein 
B-100 had comparable biological activity. M Thus, intact apo- 
protein E, without intact apoprotein E, is a su5cient mediator for 
the biological activity and metabolism of @-VLDL by macrophages 
and plays a major role in receptor-lipoprotein interaction.- Bates, 
S. R., B. A. Coughlin, T. Maezone, J. Boiensztajn, and G. S. 
Getz. Apoprotein E mediates the interaction of j3-VLDL with 
macrophages. J. Lipid Res. 1987. 28: 787-797. 
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The 0-VLDL promote cholesteryl ester synthesis in macro- 
phages, a characteristic that is not shared by VLDL iso- 
lated from normolipemic animals (2, 3). The promotion 
of cholesteryl ester formation in macrophages is not a 
property of LDL or HDL, especially HDL lacking apoE 
(2). The /3-VLDL are taken up into the macrophages via 
a specific cell-surface receptor and neither fucoidin nor 
acetylated LDL interferes with the metabolism of 0-VLDL 
by the cells (2). The 0-VLDL are degraded in lysosomes, 
and cholesteryl esters are synthesized and accumulate in 
the macrophage cytosol (2). 

The apoprotein specificity of the macrophage celi-surface 
receptor responsible for the binding and internalization of 
0-VLDL has been the subject of several investigations. It 
is believed that the protein moiety of the particle is neces- 
sary for the lipoprotein-cell interaction since reductive 
methylation of the /3-VLDL proteins abolishes their abil- 
ity to stimulate cholesteryl ester formation in macrophages 
(4). It has also been shown that, while unlabeled 6-VLDL 
is able to compete with radioiodinated 0-VLDL for uptake 
and degradation by macrophages (2), a high concentration 
of LDL or HDL without E does not prevent the degrada- 
tion of 8-VLDL (2, 5). Such data indicate that apoprotein 
B-100, the predominant apoprotein of human LDL, on an 
LDL-sized particle, or apoproteins A and C on an HDL- 
sized particle do not compete with 6-VLDL for interaction 
with the /3-VLDL receptor on macrophages. 

The present investigation was initiated in order to exa- 
mine the question of the apoprotein required for the lipo- 
protein-macrophage surface receptor interaction. A recent 

Several experimental animal species respond to dietary 
challenge with cholesterol and other fats by demonstrat- 
ing an  increase in plasma cholesterol levels and an altera- 
tion in lipoprotein profiles. Under these circumstances, the 
very low density lipoproteins (VLDL) become depleted of 
triglyceride and enriched in cholesteryl esters and, upon 
agarose electrophoresis, migrate with a beta-mobility (1). 

Abbreviations: VLDL, very low density lipoproteins; HDL, high density 
lipoproteins; LDL, low density lipoproteins; j3-VLDL (T), j3-VLDL treated 
with trypsin; DMEM, Dulbecco's modified Eagle's medium; FCS, fetal 
calf serum; LPDP, lipoprotein-deficient plasma; SDS-PAGE, sodium 
dodecyl sulfate polyacrylamide gel dectrophomis; PBS, phosphate-buffered 
saline; H-HDL, hyperlipemic HDL; H-LDL, hyperlipemic LDL. 

'Present address: Department of Physiology, G-4, University of Penn- 
sylvania, 37th and Hamilton Walk, Philadelphia, PA 19104. 
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report involving the addition of untreated apolipoprotein 
E to reductively methylated P-VLDL (6), strongly impli- 
cated apoprotein E as the protein ligand responsible for 
the interaction of P-VLDL with the macrophage cell sur- 
face receptor. Our approach differed from this study in that 
the P-VLDL was treated with the proteolytic enzyme, tryp- 
sin, which resulted in partial depletion of apoproteins from 
the lipoprotein particle and loss of its biological activity. 
The biological activity of the trypsin-treated hyperlipemic 
VLDL could be restored by incubation with other lipopro- 
teins, serving as a source of replacement apoproteins. The 
biological activity of treated and untreated VLDL particles 
was assessed by their ability to stimulate cholesterol es- 
terification in macrophages. Our results, utilizing proteo- 
lytic degradation and selective restoration of apoproteins 
to the P-VLDL particles, agree with the previous report 
(6) that apoprotein E is the predominant apoprotein on P- 
VLDL recognized by macrophages from different species. 

MATERIALS AND METHODS 

Tissue culture 

Unstimulated peritoneal macrophages were isolated from 
female Swiss-Webster mice according to the method of 
Cohn and Benson (7) as outlined previously (8). The iso- 
lated cells were suspended in Dulbecco's Modified Eagle's 
medium (DMEM) (Grand Island Biological Co., Grand 
Island, NY) plus 10 % heat-inactivated fetal calf serum 
(FCS) (K. C. Laboratory Supply Company, Indianapolis, 
IN), plated to a density of approximately 3 x lo6 cells/well 
(0.1 mg of cell proteidwell) in Multiwell tissue culture plates 
(Costar, 12 or 24 wells/plate) and used 2 days after isola- 
tion. The macrophage-like cell line J774A.1 (J774) was ob- 
tained from the American Type Tissue Culture Collection, 
Bethesda, MD, and was maintained in DMEM contain- 
ing 10% FCS (9). Prior to experiments, the 5774 cells were 
seeded to achieve a final density of 0.2 to 0.5 mg of cell 
protein/well. Both cell types were incubated at 37OC in a 
5% COP atmosphere. 

At the start of an experiment, the cells were washed twice 
with phosphate-buffered saline (PBS) pH 7.2, prior to ad- 
dition of the experimental media. In the experiments in- 
volving measurement of cholesterol esterification, the cells 
were incubated with the experimental media for 8 hr with 
0.04 pCi of ["Cloleate-bovine serum albumin (BSA) (1.7 
mg of BSA, o1eate:BSA molar ratio = 6.8:l) added to each 
well during the last 5 hr. The [I4C]oleate-BSA complex was 
made according to the method of St. Clair, Smith, and 
Wood (10) using ['4C]oleic acid (60 mCi/mol) from Amer- 
sham and fatty acid-free BSA from Pentex. In experiments 
involving measurement of cholesteryl ester accumulation, 
the cells were incubated with the experimental media for 
24 hr. Both types of these experiments used cells grown in 
12-well plates. 

The procedure followed for termination of experiments 
involved removing the media, washing the cells twice with 
PBS, and dissolving the cells in 0.1 N NaOH for 20 min. 
An aliquot was then taken for lipid extraction and neutral- 
ized immediately with concentrated acetic acid. Lipids were 
extracted using the method of Bligh and Dyer (11). 

Lipoproteins 

Lipoproteins were isolated from the plasma of fasted hy- 
perlipemic rhesus monkeys that had been on a diet of Pu- 
rina monkey chow supplemented with 2 %  cholesterol and 
25% coconut oil for 2 years (mean serum total cholesterol, 
950 mg/dl). Normal lipoproteins were isolated from the 
plasma of either fasted rhesus monkeys maintained on a 
standard chow diet (mean serum total cholesterol, 120 
mg/dl) or a fasted normal human male (mean serum total 
cholesterol, 150 mg/dl). To inhibit serine proteases, 1 mM 
phenylmethylsulfonyl fluoride was added to all plasma sam- 
ples before processing. The plasma was then centrifuged at 
25,000 rpm for 20 min in an SW 27 rotor to remove chylo- 
microns. VLDL (d < 1.006 g/ml), low density lipoproteins 
(LDL) (d 1.019-1.050 g/ml), and high density lipoproteins 
(HDL) (d 1.063-1.21 g/ml) were isolated according to the 
method of Havel, Eder, and Bragdon (12) with modifica- 
tions as described by Scanu and colleagues (13). All lipo- 
proteins were washed by recentrifugation and checked for 
purity by agarose electrophoresis. Lipoprotein-deficient 
plasma (LPDP) was obtained from normal rhesus plasma 
by centrifugation at a density of 1.21 g/ml, dialyzed, heated 
at 56OC for 30 min, and filtered. All lipoproteins were used 
within 2 weeks of preparation. The VLDL from coconut oil- 
fed hyperlipemic monkeys (P-VLDL) were beta-migrating 
and cholesterol-rich with a composition by weight of 11.7% 
free cholesterol, 52.0% cholesteryl ester, 6.6% triglyceride, 
5.5% protein, and 24.2% phospholipid. 

Trypsin treatment of lipoproteins 

Trypsinization of 0-VLDL was typically performed as 
follows: 400 pg of trypsin (Worthington Diagnostics, 40 pl 
of a 10 mg/ml solution in PBS) was incubated with 150 pg 
of P-VLDL protein in 0.4 ml of PBS for a final trypsin con- 
centration of 0.91 mg/ml, for 30 min at room temperature. 
Longer incubations, up to 24 hr, did not modify the results. 
Six hundred pg of soybean trypsin inhibitor (Worthington 
Diagnostics, 60 pl of 10 mg/ml solution in PBS) for a final 
concentration of 1.2 mg/ml was then added to the mixture 
for 5 min (0-VLDL (T)). For the untrypsinized control, 
the same amounts of trypsin and trypsin inhibitor used in 
the experiment were preincubated at room temperature for 
5 min and added to 150 pg of /3-VLDL for a 35-min incu- 
bation (P-VLDL(Ti)). After addition of inhibitor, some of 
the trypsinized samples were incubated with various lipo- 
proteins or with isolated apoprotein E (apoE) for 1 hr at 
room temperature. The samples and control were trans- 
ferred to centrifuge tubes and the 0-VLDL were reisolated 
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at d 1.006 g/ml by a 16-hr centrifugation in a 30.2 rotor 
at 29,000 rpm. Aliquots of these VLDL were analyzed for 
protein content, and extracted for total cholesterol analy- 
sis before being added to macrophage cells in culture and 
subjected to sodium dodecyl sulfate polyacrylamide gel elec- 
trophoresis (SDS-PAGE) for apoprotein analysis. 

Isolation of apoproteins E and A-I 
and antibody preparation 

Purified apoprotein E (apoE) used in incubations with 
trypsin-treated @-VLDL was isolated from the d < 1.019 
g/ml lipoprotein fraction of hyperlipemic rhesus plasma by 
heparin sepharose affinity column chromatography as 
described by Shelbume and Quarfordt (14). Apoprotein A-I 
(apoA-I) was prepared according to the method of Edel- 
stein, Lim, and Scanu (15). The purity of apoE and apoA- 
I was verified by SDS-PAGE and by immunodecoration. 

For antibody production purposes, rhesus apoE was 
purified from rhesus plasma VLDL by a combination of 
column chromatography and preparative gel electropho- 
resis as described previously (16). The purified apoE was 
then used to immunize a goat. To ensure that antiserum 
was free of reactivity with other soluble apoproteins, the 
immune goat plasma was passed over an HDL3-Sepharose 
column (17). The resulting anti-apoE antibody was shown 
to be monospecific by double immunodiffusion and im- 
munodecoration of separated apoproteins. Nonimmune se- 
rum from normal goats was used to prepare anti-goat IgG 
antibodies in rabbits. The antibodies were coupled with 
peroxidase for immunodecoration purposes. 

Radioimmunoassays of apoB, apoE, and apoA-I were 
performed using antisera raised to these purified peptides 
according to previously established methods (18, 19, and 
Y. Piran, L. A. Jones, R. A. Biehler, G. S. Getz, personal 
communication). 

Electrophoresis 

Polyacrylamide gel electrophoresis in the presence of so- 
dium dodecyl sulfate (SDS-PAGE) was carried out using 
conditions established by Laemmli (20) as described by 
Jones et al. (16). The samples were separated by electropho- 
resis on a 5-22.5% gradient gel at 3 mA for 16 hr. The 
gel was stained using the silver staining technique of 
Merril et al. (21). 

Assays 

Gas-liquid chromatographic techniques were used to de- 
termine the total cholesterol content of the trypsinized 
VLDL samples and the free, esterified, and total cholesterol 
content of the cells (pg of esterified cholesterol = pg of to- 
tal cholesterol minus pg of free cholesterol) (22). [ 14C]ole- 
ate incorporation into cholesteryl ester was quantified by 
fractionation of the lipid extracts on silica gel G plastic thin- 
layer chromatography plates (J. T. Baker) developed with 
petroleum ether-ethyl ether-acetic acid 75:25:1. The sepa- 

rated lipids were cut out from the plate and placed in 
Econofluor scintillant for counting. The internal standard, 
[1,2-3H]cholesterol in chloroform, was added during the ex- 
traction and the results were corrected for recovery (mean 
recovery = 80%). 

Protein was determined according to the method of 
Lowry et al. (23) and phospholipids according to the 
method of Bartlett (24). The total cholesterol and triglycer- 
ide content of the VLDL was analyzed with a Technicon 
Autoanalyzer I1 (25). 

RESULTS 

Cholesterol esterification reflects cell surface interaction 
of @-VLDL with mouse peritoneal macrophages 

VLDL isolated from rhesus monkeys fed a 2 %  choles- 
terol, 25% coconut oil diet are P-migrating and cholesteryl 
ester-enriched and are designated as 0-VLDL or hyperli- 
pemic VLDL (26, 27). Incubation of mouse peritoneal 
macrophages with this rhesus P-VLDL increased the in- 
tracellular cholesterol content and stimulated the esterifica- 
tion of cholesterol, resulting in an enrichment of the mac- 
rophages with cholesteryl ester (Table 1). As others have 
shown (3), VLDL isolated from normolipemic rhesus mon- 
keys at the same total cholesterol concentration in the 
medium did not stimulate cholesterol esterification (data 
not shown). The stimulation of cholesterol esterification 
(Fig. 1) produced by increasing concentrations of P-VLDL 
added to the media had the characteristics of a process tend- 
ing to saturate at a @-VLDL medium concentration of 
10-20 pg protein/ml or 100-200 pg total cholesterol/ml. The 
ratio of total cholesterol to protein in the 0-VLDL particle 
is approximately 10 to 1 (Table 2) so each 1 pg of 0-VLDL 

TABLE 1 .  Stimulation by @VLDL of cholesterol content and 
cholesterol esterification in mouse peritoneal macrophages 

~ 

Additions to Medium 

Exp. Parameter Albumin B-VLDL 

A Cholesterol content: pg cholesterollmg cell protein 
Free 17.2 31.9 
Ester 0.0 30.8 
Total 1 7 . 2  62.7 

B Cholesterol esterification: cpm x 10-3/mg cell protein 
["C]oleate in CE 2.0 35.2 

Mouse peritoneal macrophages were incubated with albumin (10 mg/ml) 
or P-VLDL. In experiment A, the macrophages were exposed to albu- 
min or 0-VLDL (240 pg of total cholesterol/ml) in DMEM for 24 hr and 
the intracellular cholesterol content was measured. In experiment B, the 
macrophages were exposed to albumin or 8-VLDL (80 pg of total cholester- 
ol/ml) for 8 hr with ["Cloleate added for the final 5 hr and the incorpo- 
ration of ['%]oleate into cholesteryl ester (CE) was measured. The results 
are averages of two to four determinations which did not differ by more 
than 10% and are representative of the three experiments performed. 
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stored their ability to promote cholesterol esterification. 
Thus, isolated lipoproteins were used to determine which 
of the hyperlipemic lipoproteins might be restoring the ac- 
tivity of the trypsinized @-VLDL and what, if any, proteins 
were being transferred. @-VLDL were trypsinized and in- 
cubated with hyperlipemic LDL or HDL, and reisolated. 
SDS polyacrylamide gel electrophoretic analysis of each of 
the lipoproteins revealed (Fig. 2) that @-VLDL have ap- 
proximately equal amounts of apoproteins B-100, B-48, and 
a protein with the molecular weight of B-26 with apprecia- 
ble quantities of apoprotein E and albumin. Apoprotein 
B-100, apoprotein B-48, albumin, and apoprotein E were 
identified using immunochemical techniques. Upon pre- 
cipitation of 0-VLDL with isopropanol (28), the majority 
of “B-26” precipitates along with B-100 and B-48 while 
apoprotein E and albumin remain in solution, indicating 
that the “B-26” probably represents an apoprotein B-like 
species. The albumin was firmly associated with the VLDL 
since it remained with the particle after three recentrifu- 
gations and the trypsin digestion. A similar protein migrat- 
ing in the region of albumin in particles of d < 1.006 g/ml 
has also been described by Rudel, Shah, and Greene (27) 
in studies with rhesus monkeys fed 1 mg/Kcal of cholesterol 
and 45% of calories as lard. 

Trypsin treatment failed to remove all of the apoproteins 
from the @-VLDL particle (Fig. 2). As shown in Table 2, 
the ratio of total cholesterol to protein of the @-VLDL in- 
creased little after trypsin digestion. This suggests that pro- 
tein fragments generated by trypsin hydrolysis largely 
remain associated with the @-VLDL particle. SDS poly- 
acrylamide gel bands representing intact apoproteins B-100, 

n̂  4ot 

pg VLDL TOTAL CHOLESTEROL/ml 
Fig. 1. Stimulation of cholesteryl ester synthesis in macrophages by 0- 
VLDL. Increasing concentrations of 0-VLDL were added to mouse 
peritoneal or 5774 macrophages for 8 hr with [“Cloleate added during 
the final 5 hr. CE, cholesteryl ester. The data are the means of two to 
six determinations and are representative of the five experiments per- 
formed 

proteinlml of medium carried 10 pg of total cholesterol/ml. 
The measurement of [ ‘*C]oleate incorporation into cho- 
lesteryl ester appears to be a sensitive measure of the me- 
tabolism of the @-VLDL particle. A similar process was 
noted in 5774 macrophages (Fig. 1). 

Proteins of @-VLDL are required for its stimulation 
of macrophage cholesterol esterification 

Experiments modifying the @-VLDL proteins by reduc- 
tive methylation suggested that the protein moiety was im- 
portant in the binding of @-VLDL to macrophage cell sur- 
face receptors (4). To examine the role of proteins in greater 
detail, the hyperlipemic VLDL were exposed to trypsin for 
30 min. Soybean trypsin inhibitor was added to stop the 
action of the enzyme. The trypsin-treated @-VLDL were 
incubated for 1 hr with the d > 1.006 g/ml fraction of the 
serum from the same hyperlipemic monkey and then the 
@-VLDL were reisolated by centrifugation. The ability of 
these @-VLDL to interact with peritoneal macrophages as 
judged by their capacity to stimulate cholesterol esterifica- 
tion was measured and compared to that of untreated con- 
trol @-VLDL or trypsin-treated @-VLDL which was not 
reincubated with d > 1.006 g/ml lipoproteins. The results 
of two independent experiments indicated that trypsin 
treatment, under the conditions employed, totally abolished 
the ability of @-VLDL to stimulate cholesteryl ester syn- 
thesis in macrophages. However, incubation of trypsinized 
@-VLDL with the other hyperlipemic lipoproteins restored 
approximately 70% (range 50-80%) of their capacity to 
promote cholesterol esterification. 

A possible interpretation of these experiments is that 

TABLE 2. Cholesterol and apoprotein content of 8-VLDL before 
and after trypsin digestion 

0-VLDL Total Cholesterol c protein 7% of Refrigerated Control 
Sample Mean i SD (n) ApoB ApoE 

Refrigerated 10.1 + 2.5 (8) 100 100 

10.6 f 1.7 (8) 52 3 
(Ti) 
(TI 

9.4 * 1.1 (8) 62 63 

9.6 * 1.6 (8) 54 88 
(T) + ApoE 8.6 f 2.0 (5) 37 236 
(T) + H-LDL 

Hyperlipidemic VLDL were subjected to the various treatments indi- 
cated, then reisolated and analyzed for total cholesterol and protein con- 
tent. These data are expressed as the mean ratio of pg of total cholesterol 
to pg of protein ( f standard deviation) in each sample; (n) represents 
the number of samples analyzed. The 0-VLDL were treated as follows: 
refrigerated, untreated and not recentrifuged; (Ti), trypsin and trypsin 
inhibitor were preincubated, then added to @-VLDL for 35 min; (T), 
trypsin was added to P-VLDL for 30 min, after which trypsin inhibitor 
was added for 5 min; (T) + H-LDL, after trypsin digestion of 100 pg 
of 6-VLDL, 10 mg of hyperlipemic LDL was added for 1 hr; (T) + apoE, 
after trypsin digestion of 100 pg of 6-VLDL, 100 pg of apoprotein E was 
added for 1 hr. The quantitation of apoB and apoE was performed by 

treatment of @-VLDL with trypsin hydrolyzed the protein(s) 
responsible for P-VLDL binding to macrophages and that 
protein from the hyperlipemic d > fdml lipoproteins 
transferred to the trypsinized @-VLDL and partially re- 

radioimmunoassay. The data are pg apoproteidmg total cholesterol ex- 
pressed as a % of the values for the refrigerated control P-VLDL sam- 
ple. The apoprotein composition of B-VLDL was 85% apoB, 12% apoE, 
and 3% apoA-I. The 37-38% decrease in apoE and apoB in the (Ti) 
sample is due to recentrifugation. 
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8-1001 
8-48 I 

8-26 I 

albumin I 

E ‘  

I 2 3 4 5  
Fig. 2. The apoprotein composition of hyperlipemic VLDL before and 
after trypsin treatment. 8-VLDL, treated and untreated as described in 
the Methods section, were examined using SDS polyacrylamide gel elec- 
trophoresis on a 5-22.5% polyacrylamide gradient gel and stained with 
silver stain. Lane 1, untreated 8-VLDL; lane 2, 8-VLDL + inactivated 
trypsin; lane 3, trypsinized 8-VLDL - 8-VLDL (T); lane 4, 129 pg of 
8-VLDL (T) protein + 1.3 mg of hyperlipemic LDL protein; lane 5, 129 
jig of 6-VLDYT) protein + 1.3 mg of hyperlipemic HDL protein. All 
treated 8-VLDL were reisolated by flotational centrifugation (d < 1.006 
g/ml) after the incubations listed above. Two percent of the total protein 
content of hyperlipemic LDL is apoE. 

B-48, and E were no longer detectable after trypsin diges- 
tion, but the “B-26” and albumin remained associated with 
the VLDL particle (Fig. 2). Apoprotein E was visually un- 
detectable and present at very low levels as determined 
immunochemically (Fig. 2, lane 3; Table 2). Incubation of 
these particles with hyperlipemic LDL (Fig. 2, lane 4; Ta- 
ble 2), but not with HDL (Fig. 2, lane 5), restored most 
of the apoprotein E. 

Use of 5774 cells to explore the requirements for 
restoration of 0-VLDL biological activity 

In order to establish the conditions for the restoration 
of the maximum amount of biological activity to the tryp- 
sinized P-VLDL, the next series of experiments utilized the 
macrophage-like cell line, 5774. 5774 macrophages have 
been shown to resemble peritoneal macrophages in several 
respects (9, 29). Unlike the mouse peritoneal macrophage, 
however, the 5774 macrophage has a binding site with a 
high affinity for LDL (30) as does the human monocyte 
macrophage (29, 31). However, the levels of LDL recep- 
tors on these cells are low unless they are induced by incu- 
bation in lipoprotein-deficient plasma (30). To study P- 
VLDL metabolism, these macrophages were exposed to the 
6-VLDL under conditions identical to those used with 
mouse peritoneal macrophages (Fig. 1). The stimulation 
of the rates of cholesteryl ester synthesis for the two types 
of macrophages was very similar (Fig. l), enabling us to 
use 5774 cells for further exploratory experiments. 

The lipoproteins shown in Fig. 2 were tested for their 
capacity to stimulate [ 14C]oleate incorporation into cho- 
lesteryl esters in 5774 macrophages. As reported by others, 
unlike intact P-VLDL, hyperlipemic LDL, or HDL alone 
produced low levels of esterification (Fig. 3). Likewise, tryp- 
sinized /3-VLDL had little effect. On the other hand, incu- 
bation of the trypsinized P-VLDL with hyperlipemic LDL 
restored 76-91% of the capacity of the P-VLDL to aug- 
ment cholesteryl ester synthesis in the 5774 macrophages, 
whereas incubation of the VLDL with hyperlipemic HDL 
did not restore activity. 

The ability of hyperlipemic LDL to restore the biological 
activity of trypsin-treated 0-VLDL was tested in many ex- 
periments and essentially identical results were obtained. 
Trypsin treatment of the 0-VLDL abolished their ability 
to stimulate cholesteryl ester formation (10 + 3% of un- 
treated 6-VLDL, n = 20). Incubation of the trypsin-treated 
P-VLDL with hyperlipemic LDL at a protein ratio of 150 
pg of VLDL to 10 mg of LDL restored the ability of P- 
VLDL to stimulate cholesterol esterification up to 75 
* 20% of untreated P-VLDL activity (n = 20). It should 
be emphasized that, in all cases just described, the 0-VLDL 
were reisolated by centrifugation and, therefore, separated 
from the lipoprotein with which they had been incubated. 

a 
I W 

L 

P-VLM. (Ti) 
P-VLDL (TI 

+H-LDL 

w 
0 
J 

I 
0 r 

p g  TOTAL CHOLESTEROL/ml 

Fig. 3. Cholesteryl ester synthesis in macrophages exposed to various 
lipoproteins. 5774 macrophages were incubated with the following 
lipoproteins at the concentrations shown for 8 hr as described in the 
Methods section: control 8-VLDL, untreated hyperlipemic VLDL; 8- 
VLDL (Ti), 8-VLDL incubated with inactivated trypsin and reisolated; 
8-VLDL (T), 8-VLDL treated with trypsin for 30 min, followed by addi- 
tion of trypsin inhibitor and reisolation; 8-VLDL (T) + H-LDL, 100 pg 
of trypsin-treated 8-VLDL incubated with 10 mg of hyperlipemic LDL 
and reisolated, 8-VLDL (T) + H-HDL, 100 pg of trypsin-treated 8-VLDL 
incubated with 10 mg of hyperlipemic HDL and reisolated; H-LDL, hyper- 
lipemic LDL; H-HDL, hyperlipemic HDL. All samples had 2.5 mg/ml 
albumin. Data points are single or duplicated determinations. A second 
experiment with 5774 macrophages incubated in duplicate with the same 
lipoprotein preparations at 80 pg of total cholesteroVm1 gave similar results. 
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The loss of apoB-100 did not affect the biological 
activity of 0-VLDL 

During the course of these experiments, it became clear 
that apoE could restore biological activity to trypsinized 
6-VLDL which did not contain intact apoB. Intact apoB 
always disappeared after trypsin treatment and was absent 
from all lipoproteins reconstituted by incubation with 
hyperlipidemic LDL, indicating that the reconstituted, 
reisolated VLDL was not contaminated with significant 
quantities of LDL. The VLDL reisolated after a room tem- 
perature incubation with or without inactivated trypsin 
resulted in partial (Fig. 2, lane 2), or almost complete loss 
(data not shown) of intact B-100 from the particles, but the 
ability to stimulate cellular cholesterol esterification in 5774 
macrophages was not affected (104 * 2% compared to un- 
treated 6-VLDL controls, n = 3, two experiments). Loss 
of biological activity occurred only with trypsin treatment 
and the resultant removal of apoproteins B-100, B-48, and 
E (Fig. 2, lane 3). 

Apoprotein E is an important component of the ligand 
for interaction of 0-VLDL with the 5774 cells 

Incubation of trypsinized 6-VLDL with various amounts 
of hyperlipemic LDL led to a concentration-dependent 
transfer of apoprotein E. Fig. 4 shows the SDS polyacryla- 
mide gels of 150 pg of trypsinized 6-VLDL, reisolated after 
incubation with 0.75 to 15 mg of hyperlipemic LDL pro- 
tein. Equal amounts of VLDL protein were loaded on the 
gels. Quantitation of such gels is difficult, but it appears 
that similar amounts of apoprotein E transferred from the 
15 and 7.5 mg of hyperlipemic LDL to the VLDL while less 
apoprotein E transferred from 1.5 mg of hyperlipemic LDL 

Fig. 4. SDS-PAGE gel patterns of trypsin-treated B-VLDL incubated 
with increasing concentrations of hyperlipemic LDL. Ti, trypsin was in- 
activated with trypsin inhibitor and then both were added to 6-VLDL; 
Control, untreated fl-VLDL; T, 8-VLDL + trypsin for 30 min, + trypsin 
inhibitor; T + H-LDL, trypsinized fl-VLDL incubated with increasing 
amounts of hyperlipemic LDL as shown. 6-VLDL protein (150 pg) was 
used in each sample and all fl-VLDL samples were reisolated by centrifu- 
gation before application to the gel. Ten pg of fl-VLDL protein was ap- 
plied to each lane, while 25 pg of H-LDL was applied to the last lane. 

Fig. 5. Cholesteryl ester mass accumulation in macrophages exposed 
to various lipoproteins. 5774 macrophages were incubated with the fol- 
laving lipoproteins for 24 hr: 8-VLDL, untreated hyperlipemic VLDL; 
8-VLDL (T), 0-VLDL treated with trypsin and reisolated; B-VLDL 
(T) + H-LDL, 150 pg of trypsin-treated 8-VLDL incubated with 10 mg 
of hyperlipemic LDL and reisolated; H-LDL, hyperlipemic LDL. 
Lipoproteins were added to the cells at a final concentration of 40 pg of 
total cholesterolhnl. All samples contained 2.5 mglml albumin. The 
cholesterol accumulation caused by albumin alone (0.8 pg/mg cell pro- 
tein) has been subtracted from all values shown. Data shown are the results 
of duplicate determinations. 

and no apoprotein E was visible using 0.75 mg of LDL. 
The biological activity of these preparations and of prepa- 
rations from several other experiments indicated that in- 
cubation of 150 pg of trypsinized P-VLDL with 5 to 7 mg 
of hyperlipemic LDL protein rendered the 6-VLDL as ac- 
tive as the untreated particle. As the amount of apoprotein 
E on the 8-VLDL particle decreased (Fig. 4), there was a 
concomitant reduction in the ability of the reconstituted 
particle to promote cholesterol esterification in 5774 macro- 
phages. The restored biological activity of the reisolated 
VLDL is unlikely to be attributable to contaminating 
hyperlipemic LDL. Since hyperlipemic LDL alone, even 
at 400 pg of total cholesterol/ml(200 pg of proteidml), had 
little effect on cholesterol esterification, and judging from 
the data illustrated in Fig. 2, much more than 20% of the 
hyperlipemic LDL would have to contaminate the reiso- 
lated VLDL to raise the possibility of any effect on choles- 
terol esterification. At this level of contamination, intact 
apoprotein B-100 would have been detected among the apo- 
proteins of the reconstituted VLDL and this was not seen. 

The increase in cholesteryl ester synthesis was accom- 
panied by an enrichment in the cellular cholesteryl ester 
content of the macrophages as illustrated in Fig. 5.5774 
macrophages were exposed for 24 hr to hyperlipemic LDL 
or to hyperlipemic VLDL particles that had had no treat- 
ment (6-VLDL), had been trypsinized (P-VLDL (T)), or 
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had been trypsinized and then incubated with hyperlipemic 
LDL (P-VLDL (T) + H-LDL). The increase in the cho- 
lesteryl ester content of the cells was equivalent to the ob- 
served stimulation of [ "C]oleate incorporation into cho- 
lesteryl ester indicating that the changes in cholesteryl ester 
synthesis resulted in a net accumulation of cholesteryl ester. 

In order to confirm our hypothesis that apoprotein E was 
responsible for the restoration of biological activity to the 
trypsinized 6-VLDL particles, apoprotein E was isolated 
from the d < 1.019 g/ml lipoprotein fraction from hyper- 
lipemic rhesus monkeys. This apoprotein E was incubated 
with the trypsin-treated P-VLDL which were then reiso- 
lated and tested for biological activity in 5774 macrophages. 
As shown in Fig. 6 and Table 2, incubation of the tryp- 
sinized VLDL with apoprotein E resulted in a net transfer 
of apoE to the P-VLDL particles and restoration of bio- 
logical activity. The compilation of several experiments in- 
dicates that an incubation ratio of apoprotein E protein to 
trypsinized VLDL protein of 0.5 or greater fully restores 
the biological activity of the P-VLDL. Similar experiments 
using purified apoprotein A-I, while resulting in the associ- 
ation of A-I with the trypsinized P-VLDL particles, had 
no effect on their biological activity (data not shown). 

The quantitative data on the amount of added apoE 
needed to reestablish the biological activity of trypsinized 
P-VLDL under the conditions used in this study is sum- 
marized by the following. Since 12% of the protein in p- 
VLDL is apoprotein E, for every 10 pg of P-VLDL there 
would be 1.2 pg of apoprotein E present. For every 10 pg 
of 6-VLDL, 330 pg of hyperlipemic LDL was needed to 
restore activity and 2% of the LDL total protein content is 
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apoE. Therefore, 6.6 pg of LDL apoE was needed for every 
10 pg of P-VLDL (1.2 pg of apoE). In addition, 5 pg of the 
isolated apoE was required to fully reconstitute 10 pg of 
P-VLDL (1.2 pg of 6-VLDL apoE). Thus, a fivefold excess 
of apoE was required to restore the normal metabolism of 
P-VLDL by macrophages whether the source of apoprotein 
E was hyperlipemic LDL or isolated apoprotein E. 

Mouse peritoneal macrophages also respond to tryp- 
sinized 0-VLDL reconstituted with apoprotein E with 
increased cholesterol esterification 

The experiments shown in Figs. 3-6 defined the amount 
of hyperlipemic LDL or isolated apoprotein E needed to 
restore the biological activity of a protease-treated 0-VLDL. 
The importance of apoprotein E for the metabolism of 0- 
VLDL by mouse peritoneal macrophages was demon- 
strated in the next experiments. Trypsinized 0-VLDL reiso- 
lated after incubation with hyperlipemic LDL or isolated 
apoprotein E, was tested for its ability to stimulate cho- 
lesteryl ester synthesis in peritoneal macrophages. Fig. 7 
shows that the elevated rate of cholesterol esterification 
promoted by P-VLDL was again lost as a result of protease 
treatment. Addition of apoprotein E to the inactive VLDL 
particle by incubation with hyperlipemic LDL or isolated 
apoprotein E restored the metabolism of P-VLDL by mouse 
peritoneal macrophages (Fig. 7). 

The similarity of the metabolism of untreated and treated 
P-VLDL by 5774 macrophages and by mouse peritoneal 
macrophages is emphasized in Fig. 7. Although both 
macrophages showed a relatively small response to hyper- 
lipemic LDL, which contains small amounts of apoprotein 

,-. .- ) W O O  

/ I 18-48 

pg TOTAL CHOLESTEROL/ml 

Fig. 6. Restoration of biologic activity to trypsin-treated hyperlipemic VLDL following incubation with isolated 
apoprotein E. The left side of the figure shows the effect of cholesteryl ester synthesis in 5774 macrophages exposed 
to: I )  untreated j3-VLDL; 2) 8-VLDL treated with trypsin; 3) j3-VLDL treated with trypsin then incubated with 
apoprotein E isolated from rhesus monkey plasma. All samples contained 2.5 mg/ml albumin and all 6-VLDL sam- 
ples were reisolated after treatment. Data points are the average of duplicate determinations and this experiment 
is representative of eight performed. On the right side are the corresponding SDS-PAGE patterns for samples 1, 
2, and 3 (5 @g each) and the isolated apoprotein E (2 pg). 
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Fig. 7. Effect of the restoration of apoprotein E to a biologically inactive 0-VLDL on its metabolism by the lipoprotein 
receptor on peritoneal macrophages. Mouse peritoneal macrophages (open bars) orJ774 macrophages (hatched bars) 
were incubated with the following 0-VLDL lipoproteins at 40 jig of total cholesterol/ml or with H-LDL at 400 pg 
of total cholesterol/ml. Incubation was for 8 hr with [“Cloleate added during the final 5 hr: 0-VLDL (Ti), VLDL 
incubated with inactivated trypsin; 0-VLDL (T), 0-VLDL + trypsin for 30 min, then trypsin inhibitor for 5 min; 
0-VLDL (T) + apoE, 100 pg of 0-VLDL treated with trypsin, then incubated for 1 hr with 100 fig of rhesus apoprotein 
E; 0-VLDL (T) + H-LDL, 100 pg of 0-VLDL protein treated with trypsin, then incubated for 1 hr with 10 mg 
of hyperlipemic LDL protein; H-LDL, hyperlipemic LDL. All 0-VLDL samples were reisolated at d 1.006 g/ml 
before incubation with cells. Data shown are the results of duplicate determinations and are representative of three 
experiments performed. All samples contained 2.5 mg/ml albumin. The cholesterol esterification caused by BSA 
alone (3968 cpm/mg of cell protein in mouse peritoneal macrophages and 2089 cpm/mg of cell protein in 5774 cells) 
has been subtracted from each of the data points shown. 

E (Table 2), the 5774 macrophage was somewhat more 
responsive. Exposure to normal human LDL produced 
some cholesterol esterification in 5774 macrophages with 
no effect in mouse peritoneal macrophages (data not shown) 
as has been reported by others (2, 29). However, parallel 
changes in rates of cholesteryl ester formation were noted 
in 5774 and mouse peritoneal macrophages incubated with 
P-VLDL, trypsinized P-VLDL, and trypsinized 0-VLDL 
reconstituted with apoprotein E from either H-LDL or iso- 
lated apoprotein E (Fig. 7). 

DISCUSSION 

Several types of natural lipoproteins are thought to be 
recognized by receptors on the surface of macrophages. 
These include VLDL from hypertriglyceridemic patients 
(32), and VLDL isolated from various animal species fed 
high-fat diets (3) including the 6-VLDL from hyperlipemic 
rhesus monkeys used in the present study. Our results 
strongly suggest that apoprotein E is of major importance 
for the metabolism of 0-VLDL by the macrophages, a con- 
clusion that is based on several lines of evidence. First, tryp- 
sin treatment of 0-VLDL removed visible and immuno- 
logically detectable apoprotein E from the lipoprotein 
particle and abolished its ability to stimulate cholesteryl 

ester synthesis and accumulation in macrophages. Secondly, 
the lost biological activity of the 0-VLDL could be reversed 
by restoring apoprotein E to the P-VLDL particle through 
incubation with either hyperlipemic LDL or isolated 
apoprotein E. The addition of apoprotein A-I to the 0- 
VLDL had no such effect. Finally, the biological activity 
of the trypsinized 0-VLDL was proportional to the amount 
of apoprotein E replaced on the lipoprotein. This was the 
case whether the source of apoprotein E was hyperlipemic 
LDL or isolated apoprotein E. Our results like those of 
others (33, 34) emphasize the importance of apoprotein E 
for the interaction of lipoproteins with macrophages. In 
particular, Innerarity et al. ( 6 )  showed that apolipoprotein 
E was responsible for the metabolism of 6-VLDL by mouse 
peritoneal macrophages. 

The nature of the macrophage surface protein (or pro- 
teins) that mediates the uptake of @-VLDL is currently un- 
certain. LDL binds poorly to uninduced mouse peritoneal 
macrophages and is a relatively ineffective competitor for 
the saturable P-VLDL binding and degradation (2). Koo, 
Wernette-Hammond, and Innerarity (35), however, have 
indicated that the 0-VLDL binding sites of mouse perito- 
neal macrophages share a number of properties with the 
classic LDL receptor of skin fibroblasts. 5774 cells, like the 
human monocyte macrophages, bind and degrade both P- 
VLDL and LDL in a high affinity manner (29-31). Regard- 
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less of whether the recognition by 5774 cells of these two 
ligands is mediated by the same or different receptor pro- 
teins, the data presented herein demonstrate the similarity 
of P-VLDL metabolism byJ774 cells and mouse peritoneal 
macrophages, and indicate that apoE serves as ligand for 
0-VLDL metabolism by both cell types. 

While the evidence clearly indicates that apoprotein E 
is a component of 8-VLDL necessary for their interaction 
with the macrophage cell surface, our data do not exclude 
the possibility that apoE cooperates with a peptide originat- 
ing from apoB and remaining on the particle surface after 
tryptic hydrolysis. Under the conditions here employed, 
most of the peptides generated by tryptic hydrolysis remain 
associated with the surface of the VLDL particle as indi- 
cated by the cholesteroVprotein ratio of the isolated digested 
particle (Table 2). Although the "B-26" protein and albumin 
are the only proteins that remain intact after trypsin hydrol- 
ysis, there must be other peptide fragments remaining on 
the surface of the digested 8-VLDL particle. Even though 
these fragments are not immunologically recognizable, they 
may, nevertheless, participate in conjunction with apopro- 
tein E in the macrophage interactions. However, the results 
of Innerarity et al. (6) suggest that native apoE added to 
a @-VLDL particle inactivated by reductive methylation is 
sufficient by itself to restore reactivity with the macrophage 
cell surface. 

Intact apoprotein B-100 or B-48 was not required for in- 
teraction with macrophages. PVLDL particles containing 
apoprotein E and either intact or degraded apoprotein 
B-100 demonstrated comparable abilities to stimulate cho- 
lesterol esterification in macrophages. In addition, trypsin- 
degraded @-VLDL particles lacking intact apoprotein B-48 
or B-100 required only apoprotein E for full restoration of 
biological activity. This lack of significant participation of 
intact apoprotein B has been noted in the receptor- 
mediated metabolism of other VLDL particles. Apoprotein 
B did not play a role in the apoprotein E-mediated uptake 
of HTG-VLDLI by human fibroblasts (36) nor in the in- 
teraction of dog liver membranes with @-VLDL from Type 
I11 patients (37). Apoprotein B-48 does not participate in 
the hepatic clearance of chylomicron remnants from rat 
plasma (38). Recently, it has been demonstrated that bind- 
ing of both chylomicron remnants and 0-VLDL to hepatic 
apoprotein E receptors and human LDL receptors occurred 
independently of apoprotein B-48 (39). However, it has also 
been reported that unlabeled thoracic duct lymph chylo- 
microns, which contain apoprotein B-48 and virtually no 
apoprotein E, will compete with '251-labeled 0-VLDL for 
degradation by human monocyte macrophages (31). These 
last observations are not readily reconciled with our cur- 
rent results. However, the facts that human monocyte 
macrophages have LDL receptors and synthesize apopro- 
tein E (40), together with the size differences between 0- 
VLDL and lymph chylomicrons, are worthy of further con- 
sideration. In support of our data, human monocyte 

macrophages were recently demonstrated to take up and 
degrade normal human VLDL via an apoprotein E- 
dependent process distinct from the LDL receptor (41). 

Partial or total proteolysis of lipoproteins has been previ- 
ously employed to study the role of specific apoproteins in 
the interaction of lipoproteins with cell surface receptors 
or with lipid metabolizing enzymes (36, 38, 42, 43). Gian- 
turco et al. (44) reported that the thrombin degradation 
of apoE on hypertriglyceridemic VLDL enhanced the bind- 
ing of this lipoprotein to mouse macrophages. This appears 
to be in conflict with our observations. However, there are 
notable differences in the response of apoE on hypertrigly- 
ceridemic VLDL to thrombin treatment and on 0-VLDL 
to the trypsin treatment employed here. Trypsin treatment 
of 6-VLDL degrades essentially all apoE on these parti- 
cles. Thrombin treatment of hypertriglyceridemic VLDL 
distinguishes two groups of apoE molecules by their con- 
formation within these particles. Only one set of apoE 
molecules is susceptible to thrombin hydrolysis (36). The 
precise domains and conformation of apoprotein E that 
might be involved in the interaction of P-VLDL with the 
macrophage cell surface remain to be clarified. 

Macrophages have been implicated in the development of 
atherosclerosis and may be involved in the deposition of 
cholesterol in the arterial wall lesions (45). The presence 
of atherosclerotic foam cell lesions has been correlated with 
the appearance of @-VLDL in the plasma of cholesterol- 
fed dogs, suggesting that @-VLDL may contribute to the 
initiation of the formation of atherosclerotic plaques in these 
animals (5, 46). The present results, together with those 
of others (6, 33), provide strong evidence that apoprotein 
E makes an important contribution to the metabolism of 
cholesteryl ester-rich, beta-migrating VLDL by macro- 
phages. Convincing evidence is also accumulating that 
apoprotein E is important in the catabolism of normal 
triglyceride-rich VLDL (47). Though the precise role of 
apoprotein E in atherogeneis remains to be clarified, its 
pivotal function in the metabolism and clearance of both 
triglyceride-rich and cholesteryl ester-rich VLDL by hepa- 
tocytes and macrophages will surely prove to be important. 

I 
The authors wish to thank Dr. R. Biehler for the gift of the rhesus 
monkey apoprotein E and Cecelia Reinhardt for expert techni- 
cal assistance. We are grateful to Elaine Emst for manuscript 
preparation. This investigation was supported by grants HL-15062 
(Specialized Center of Research in Atherosclerosis), HL-30192 
(to J. B.), and HL-32478 (to T. M.) from the National Institutes 
of Health. 
Manwmjit meivcd 1 April 1986, in revised fonn 28 August 1986, and in re-revised 
form 20 February 1987. 

REFERENCES 

1. Mahley, R. W. 1978. Alterations in plasma lipoproteins in- 
duced by cholesterol feeding in animals including man. In 
Disturbances in Lipid and Lipoprotein Metabolism. J. M. 

Batcs et al. ApoE mediates interaction of &VLDL with macrophages 795 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Dietschy, A. M .  Gotto, and J. A. Ontko, editors. American 
Physiological Society, Bethesda, MD. 181-197. 

2. Goldstein, J. L., Y. K. Ho, M. S. Brown, T. L. Innerarity, 
and R. W. Mahley. 1980. Cholesteryl ester accumulation in 
macrophages resulting from receptor-mediated uptake and 
degradation of hypercholesterolemic canine @-very low den- 
sity lipoproteins. J.  Biol. Chem. 255: 1839-1848. 

3. Mahley, R. W., T. L. Innerarity, M. S. Brown, Y.  K. Ho, 
and J. L. Goldstein. 1980. Cholesteryl ester synthesis in 
macrophages: stimulation by P-very low density lipoproteins 
from cholesterol-fed animals of several species. J Lipid Res. 

4. Innerarity, T. L., and R. W. Mahley. 1980. Lipoprotein 
metabolism mediated by cell surface receptors: in vivo and 
in vitro parallels. In Drugs Affecting Lipid Metabolism. 
R.  Fumagalli, D. Kritchevsky, and R. Paoletti, editors. 
ElseviedNorth Holland, Biomedical Press. 53-60. 

5. Innerarity, T. L., R. E. Pitas, and R. W. Mahley. 1982. 
Modulating effects of canine high density lipoproteins on cho- 
lesteryl ester synthesis induced by &very low density 
lipoproteins in macrophages. Arteriosclerosis. 2: 114-124. 

6. Innerarity, T. L., K. S. Amold, K. H. Weisgraber, and R. W. 
Mahley. 1986. Apolipoprotein E is the determinant that medi- 
ates the receptor uptake of @-very low density lipoproteins 
by mouse macrophages. Arteriosclerosis. 6: 114-122. 

7. Cohn, Z. A,, and B. Benson. 1965. The differentiation of 
mononuclear phagocytes. J Exp. Med. 121: 153-159. 

8. Bates, S. R., P. L. Murphy, Z. Feng, T. Kanazawa, and G. S. 
Getz. 1984. Very low density lipoproteins promote triglyceride 
accumulation in macrophages. Arteriosclerosis. 4: 103-114. 

9. Ralph, P., J. Prichard, and M. Cohn. 1975. Reticulum cell 
sarcoma: an effector cell in antibody-dependent cell-mediated 
immunity. J. Immunol. 114: 898-905. 
St. Clair, R. W., B. P. Smith, and L. L. Wood. 1977. Stimu- 
lation of cholesterol esterification in rhesus monkey smooth 
muscle cells. Circ. Res. 40: 166-173. 
Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total 
lipid extraction and purification. Can. J Biochm. Physiol. 37: 

12. Have], R. J., H. A. Eder, and J. H. Bragdon. 1955. The dis- 
tribution and chemical composition of ultracentrifugally sepa- 
rated lipoproteins in human serum. J.  Clin. Inuest. 34: 

13. Scanu, A. M., C. Edelstein, L. Vitello, R. Jones, and R.  W. 
Wissler. 1973. The serum high density lipoproteins of maca- 
cus rhesus. Part 1. Isolation, composition and properties. J. 
Biol. Chem. 248: 7648-7652. 

14. Shelburne, F. A., and S. H. Quarfordt. 1977. The interac- 
tion of heparin with an apoprotein of human very low den- 
sity lipoproteins. J.  Clin. Inuest. 60: 944-950. 

15. Edelstein, C., C. T. Lim, and A. M. Scanu. 1973. The se- 
rum HDL of Macacu rhesus. 11. Isolation, purification, and 
characterization of their two major polypeptides. J.  Biol. 

16. Jones, L. A,, T. Teramoto, D. J. Juhn, R. B. Goldberg, 
A. H. Rubenstein, and G. S. Getz. 1984. Characterization 
of lipoprotein produced by the perfused rhesus monkey liver. 
J Lipid Res. 25: 319-335. 
Hay, R. V., and G. S. Getz. 1979. Translation in vivo and 
in vitro of proteins resembling apoproteins of rat plasma very 
low density lipoprotein. j. Lipid Res. 20: 334-348. 

18. Karlin, J. B., D. J. Juhn, G. Fless, A. M. Scanu, and A. H. 
Rubenstein. 1978. Measurement of rhesus monkey (Macaca 
mulatta) apolipoprotein B in serum by radioimmunoassay: 
comparison of immunoreactivities of rhesus and human low 
density lipoproteins. J. Lipid Res. 19: 197-206. 

21: 970-980. 

10. 

11. 

911-917. 

1345-1353. 

Chem. 248: 7653-7660. 

17. 

19. Karlin, J. B., D. J. Juhn, J. I. Starr, A. M. Scanu, and A. € 1 .  
Rubenstein. 1976. Measurement of human high density lipo- 
protein apolipoprotein A-I in serum by radioimmunoassay. 
J Lipid Res. 17: 30-37. 

20. Laemmli, U. K. 1970. Cleavage of structural proteins dur- 
ing the assembly of the head of the bacteriophage T4. 
Nature (London) 227: 680-685. 
Merril, C. R., D. Goldman, S. A. Sedman, and M. H. Ebert. 
1981. Ultrasensitive stain for proteins in polyacrylamide gels 
shows regional variation in cerebrospinal fluid proteins. 
Science. 211: 1437-1438. 

22. Bates, S. R., and R. W. Wissler. 1976. Effect of hyperlipemic 
serum on cholesterol accumulation in monkey aortic medial 
cells. Biochim. Biophys. Acta. 450: 78-88. 

23. Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. 
Randall. 1951. Protein measurement with the Folin phenol 
reagent. J Biol. Chem. 193: 265-275. 

24. Bartlett, G. R. 1959. Phosphorus assay in column chromatog- 
raphy.J Biol. Chem. 234: 466-468. 

25. Lipid Research Clinics Program. 1974. Manual of Labora- 
tory Operations. Vol. 1. Lipid and Lipoprotein Analysis 
DHEW no. (NIH) 75-628. Bethesda, MD. 

26. Lusk, L., J. Chung, and A. M. Scanu. 1982. Propertiesand 
metabolic fate of two very low density lipoprotein subfrac- 
tions from rhesus monkey serum. Biochim. Biophys. Acta. 710: 

27. Rudel, L. L., R .  Shah, and D. G. Greene. 1979. Study of 
the atherogenic dyslipoproteinemia induced by dietary cho- 
lesterol in rhesus monkeys (Macaca mulatta). J Lipid Res. 20: 

28. Egusa, G., D. W. Brady, S. M. Grundy, and B. V. Howard. 
1983. Isopropanol precipitation method for the determina- 
tion of apolipoprotein B specific activity and plasma concen- 
trations during metabolic studies of very low density 
lipoprotein and low density lipoprotein apolipoprotein B. J.  
Lipid Res. 24: 1261-1267. 

29. Tabas, I., D. A. Wieland, and A. R. Tall. 1985. Unmodified 
LDL causes cholesteryl ester accumulation in 5774 macro- 
phages. Proc. Natl. Acad. Sci. USA. 82: 416-420. 

30. Via, D. P., A. L. Plant, I. F. Craig, A. M. Gotto, and L. C. 
Smith. 1985. Metabolism of normal and modified low den- 
sity lipoproteins by macrophage cell lines of murine and hu- 
man origin. Biochim. Biophys. Acta. 833: 417-428. 

31. Van Lenten, B. J., A. G. Fogelman, M. M.  Hokom, 
L. Benson, M. E. Haberland, and P. A. Edwards. 1983. 
Regulation of the uptake and degradation of @-very low den- 
sity lipoprotein in human monocyte macrophages. J Biol. 
Chem. 258: 5151-5157. 

32. Gianturco, S. H., W. A. Bradley, A. M. Gotto, J. D. 
Morrisett, and D. L. Peavy. 1982. Hypertriglyceridemic very 
low density lipoproteins induce triglyceride synthesis and ac- 
cumulation in mouse peritoneal macrophages. J Clin. In- 
uest. 70: 168-178. 

33. Van Lenten, B. J,, A. M. Fogelman, R. L. Jackson, 
S. Shapiro, M.  E. Haberland, and P, A. Edwards. 1985. 
Receptor-mediated uptake of remnant lipoproteins by cho- 
lesterol-loaded human monocyte-macrophages. J Biol. Chem. 
260: 8783-8788. 

34. Bates, S. R., B. A. Coughlin, J. Borensztajn, andG. S. Getz. 
1985. Importance of apoprotein E in the metabolism of @- 
VLDL by macrophages. Circulation. 72:(III) 203a. 

35. Koo, C., M. E. Wernette-Hammond, and T. L. Innerarity. 
1986. Uptake of canine very low density lipoproteins by 
mouse peritoneal macrophages is mediated by a low density 
lipoprotein receptor, J Biol. Chem. 261: 11194-11201. 

36. Gianturco, S. H., A. M. Gotto, S. C. Hwang, J. B. Karlin, 

21. 

134-142. 

55-65. 

796 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/


A. H. Lin, S. C. Prasad, and W. A. Bradley. 1983. Apo- 
lipoprotein E mediates uptake of Sf 100-400 hypertriglyceri- 
demic very low density lipoproteins by the low density 
lipoprotein receptor in normal human fibroblasts. J.  Biol. 

37. Hui, D. Y., T. L. Innerarity, andR. W. Mahley. 1984. Defec- 
tive hepatic lipoprotein receptor binding of 6-very low den- 
sity lipoproteins from Type I11 hyperlipoproteinemia patients. 
Importance of apolipoprotein E.J. Biol. Chon. 259 860-869. 

38. Borensztajn, J., G. S. Getz, R. J. Padley, and T. J. Kotlar. 
1982. The apoprotein B-independent hepatic uptake of chylo- 
micron remnants. B i o c h .  J 204: 609-612. 

39. Hui, D. Y., T. L. Innerarity, R. W. Milne, Y. L. Marcel, 
and R. W. Mahley. 1984. Binding of chylomicron remnants 
and @-very low density lipoproteins to hepatic and extra- 
hepatic lipoprotein recept0rs.J. Bioi. C h  259 15060-15068. 

40. Mazzone, T., E. Papagiannes, and J. Magner. 1986. Early 
kinetics of human macrophage apolipoprotein E synthesis 
and incorporation of carbohydrate precursors. Biochim. Bi- 

Wang-Iverson, P., H. N. Ginsberg, L. A. Peteanu, N. Le, 
and W. V. Brown. 1985. Apo E-mediated uptake and degra- 
dation of normal very low density lipoproteins by human 

C h .  258: 4526-4533. 

ophys. Acta. 875: 393-396. 
41. 

monocyte/macrophages: a saturable pathway distinct from 
the LDL receptor. Biochm. Biophys. Res. Commun. 126: 

42. Coetzee, G. A., W. Gevers, andP. R. vander Westhuyzen. 
1980. Plasmin-treated low density lipoproteins: polypeptide 
analyses and metabolism by cultured smooth muscle cells. 
Artery. 7: 1-15. 

43. Lukens, T W., and J. Borensztajn. 1978. Action oflipoprotein 
lipase on apoprotein-depleted chylomicrons. Biochon. J 175: 

44. Gianturco, S. H., A. M. Gotto, J. B. Karlin, S. B. Prasad, 
and W. A. Bradley. 1983. Structural and functional differ- 
ences in apo E in normal and hypertriglyceridemic VLDL. 
Artcriarclnosic. 3: 510a (abstract). 

45. Brown, M. S., J. L. Goldstein, and D. S. Fredrickson. 1983. 
In The Metabolic Basis of Inherited Disease. J. B. Stanbury, 
J. B. Wyngaarden, D. S. Fredrickson, J. L. Goldstein, and 
M. S. Brown, editors. New York. McGraw-Hill Inc., 655-671. 

46. Mahley, R. W., T. L. Innerarity, K. H. Weisgraber, and 
D. L. Fry. 1977. Canine hyperlipoproteinemia and athero- 
sclerosis. Am. J.  Pathol. 87: 205-226. 

47. Gregg, R. E., L. A. Zech, E. J. Schaefer, and H. B. Brewer, 
J .  1984. Apolipoprotein E metabolism in normolipoproteine- 
mic human subjects. J. Lipid RES. 25: 1167-1176. 

578-586. 

1143-1146. 

Bates et al. ApoE mediates interaction of 6-VLDL with macrophages 797 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

