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Abstract To gain a detailed understanding of those factors that 
govern the processing of dietary-derived lipoprotein remnants by 
macrophages we examined the uptake and degradation of rat tri- 
acylglycerol-rich chylomicron remnants and rat cholesterol-rich 
@-very low density lipoprotein (@-VLDL) by 5774 cells and pri- 
mary cultures of mouse peritoneal macrophages. The level of 
cell associated 1251-labeled 8-VLDL and 1Z51-labeled chylomi- 
cron remnants reached a similar equilibrium level within 2 h of 
incubation at 37OC. However, the degradation of '251-labeled P- 
VLDL was two to three times greater than the degradation of 
1251-labeled chylomicron remnants at each time point examined, 
with rates of degradation of 161.0 + 36.0 and 60.1 + 6.6 ng de- 
graded/h per mg cell protein, respectively. At similar extracellu- 
lar concentrations of protein or cholesterol, the relative rate of 
cholesteryl ester hydrolysis from [SH]cholesteryl oleatelcholester- 
yl [ '*C]oleate-labeled chylomicron remnants was one-third to 
one-half that of similarly labeled @-VLDL. The reduction in the 
relative rate of chylomicron remnant degradation by macro- 
phages occurred in the absence of chylomicron remnant-induced 
alterations in low density iipoprotein (LDL) receptor recycling 
or in retroendocytosis of either *251-labeled lipoprotein. The rate 
of internalization of '251-labeled 0-VLDL by 5774 cells was 
greater than that of i251-labeled chylomicron remnants, with ini- 
tial rates of internalization of 0.21 ng/min per mg cell protein for 
1251-labeled chylomicron remnants and 0.39 ng/min per mg cell 
protein for i251-labeled P-VLDL. The degradation of '25J-la- 
beled chylomicron remnants and lZ5I-labeled 8-VLDL was de- 
pendent on lysosomal enzyme activity: preincubation of macro- 
phages with the lysosomotropic agent monensin reduced the de- 
gradation of both Epoproteins by greater than 90%. However, 
the pH-dependent rate of degradation of 1251-labeled chylomi- 
cron remnants by lysosomal enzymes isolated from 5774 cells 
was 50% that of lZ5I-labeled 8-VLDL. The difference in degra- 
dation rates was dependent on the ratio of lipoprotein to lysoso- 
mal protein used and was greatest at ratios > 50. The degrada- 
tion of 1251-labeled @-VLDL by isolated lysosomes was reduced 
30-40% by preincubation of 8-VLDL with 25-50 pg oleic acid/ 
ml, suggesting that released free fatty acids could cause the slow- 
er degradation of chylomicron remnants. I Thus, differences 
in the rate of uptake and degradation o f  remnant lipoproteins of 
different compositions by macrophages are determined by at 
least two factors: I )  differences in the rates of lipoprotein inter- 
nalization and .?) differences in the rate of lysosomal degrada- 
tion. -Ellsworth, J. L., L. G.  Fong, F. B. Kraemer, and A. I). 
Cooper. Differences in the processing of chylomicron remnants 
and @-VLDL by macrophages. J Lipid Res. 1990. 31: 1399-1411. 
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The development of diet-induced atherosclerosis is as- 
sociated with the accumulation in blood of remnant lipo- 
proteins of intestinal origin as well as cholesterol-rich 
hepatic lipoproteins. Based on their electrophoretic mobi- 
lities, these particles have been termed 0-VLDL and are 
observed in the plasma of a variety of species fed high fat, 
high cholesterol diets (1). A potential role for these lipo- 
proteins in atherogenesis is suggested by the fact that their 
appearance is coincident with the formation of cholesteryl 
ester-laden cells that have been termed foam cells. Ultra- 
structural evidence has demonstrated that the cholesteryl 
ester-laden foam cells of the early fatty streak lesion are 
derived from monocyte-derived macrophages (2-6). As 
the lesion progresses, the fatty streak expands by the com- 
bined attachment and subendothelial migration of mono-. 
cytes which become macrophages and by the gradual ac- 
cumulation of smooth muscle cells that proliferate in the 
intima and also accumulate lipid (7). Although this se- 
quence of cellular changes leading to progression of the 
atherosclerotic lesion has been elucidated in detail, the 
biochemical mechanisms responsible for foam cell forma- 
tion are not yet clear. 

Based on studies of macrophages cultured in vitro, 
several pathways for intracellular lipid accumulation and 
foam cell formation have been described. Some of these 
involve specific cell surface receptors (8, 9). One pathway 
is mediated by the scavenger receptor which initiates the 
uptake of a variety of negatively charged ligands such as 
acetyl-LDL, malondialdehyde-modified or oxidatively 
modified LDL (8). The uptake and degradation of modified 
lipoproteins by the scavenger receptor can produce mas- 
sive intracellular deposition of cholesteryl ester (8). Al- 
though these studies have shown that macrophage-derived 
foam cells can be produced in vitro, the naturally occur- 
ring lipoprotein ligand for the scavenger receptor, if any, 

Abbreviations: 0-VLDL, beta migrating very low density lipopro- 
teins; LDL, low density lipoproteins; HDL, high density lipoproteins; 
DMEM, Dulbecco's modified Eagle's medium; BSA, bovine serum albu- 
min; SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid; PBS, 
phosphate-buffered saline; LPDS, lipoprotein-deficient fetal calf serum; 
HMG-CoA, 3-hydroxy-3-methylglutaryl CoA; LpL, lipoprotein lipase. 
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as well as the biological mechanism producing lipoprotein 
modification and scavenger receptor recognition have not 
been conclusively identified, although recent data suggest 
that products of lipid oxidation may be involved (10, 11). 

Cholesteryl ester-laden foam cells can also be produced 
by the incubation of macrophages in vitro with P-VLDL 
or chylomicron remnants (8). High concentrations of un- 
labeled human LDL as well as antibodies to the rat liver 
(12) or bovine adrenal gland (13, 14) LDL receptor com- 
pete for uptake and degradation of these lipoproteins by 
mouse peritoneal macrophages (12, 13), various murine 
macrophage cell lines (12), and by human mono- 
cyte-derived macrophages (14), indicating that transport 
of these lipoproteins by macrophages is mediated by the 
LDL receptor. Importantly, the LDL receptor-mediated 
transport of apoE-rich lipoproteins has been shown to oc- 
cur in macrophages under conditions in which little de- 
monstrable LDL transport occurs (15). Thus, it is possible 
that, although transport of native LDL by the LDL recep- 
tor does not lead to foam cell formation, transport of 
apoE-rich lipoproteins by this pathway could cause sig- 
nificant cholesteryl ester deposition, even in cells whose 
LDL receptors are relatively down-regulated. 

In previous studies we demonstrated that P-VLDL and 
chylomicron remnants bind to the same macrophage re- 
ceptor and are equipotent in cross-competition studies 
(15). Nonetheless, they produce divergent effects on cellu- 
lar lipid metabolism: incubation with @-VLDL inhibited 
HMG-CoA reductase activity and stimulated cholesteryl es- 
ter synthesis, whereas incubation with chylomicron rem- 
nants stimulated both HMG-CoA reductase activity and 
triacylglycerol synthesis (15). In addition, preliminary stud- 
ies in our laboratory demonstrated that the relative rate of 
chylomicron remnant apoprotein degradation and the rel- 
ative rate of hydrolysis of chylomicron remnant cholester- 
yl ester were significantly less than that of 0-VLDL (16), 
suggesting that the pathways for processing of these lipo- 
proteins by macrophages may be different. In an effort to 
understand in detail the metabolism of chylomicron rem- 
nants by macrophages, in the present study we have exa- 
mined and compared several parameters of the processing 
of dietary-derived chylomicron remnants and P-VLDL by 
cultured macrophages. 

EXPERIMENTAL PROCEDURES 

Materials 

Male Sprague-Dawley rats (250-300 g) and retired 
breeders and female Swiss Webster mice (27-30 g) were ob- 
tained from Simonsen Laboratories (Gilroy, CA). Sodium 
[1251]iodide (13-17 mCi/pg), [1,2(n)-3H]cholesteryyl oleate (32 
Cgmmol), ~holesteryl[l-'~C]oleate (58 mCi/mmol), and 
[9,10(n)-3H]oleic acid (5.0 Ci/mmol) were obtained from 

Amersham-Searle Corporation (Arlington Heights, IL). 
IodogenR was obtained from Pierce Chemical Company 
(Rockford, IL). Pronase was obtained from Calbiochem 
Corporation (La Jolla, CA). Sodium oleate and radioim- 
munoassay grade bovine serum albumin were purchased 
from Sigma Chemical Company (St. Louis, MO). All tis- 
sue culture supplies and other chemicals were obtained as 
described in a previous publication (15). 

Methods 

Cell culture. Cultures of the 5774 mouse macrophage cell 
line were maintained in medium A which consisted of Dul- 
becco's modified Eagle's medium (DMEM) supplemented 
with penicillin (100 U/ml), streptomycin (100 Fg/ml), and 
10% fetal bovine serum under a humidified atmosphere 
of 95% air, 5% COz. For lipoprotein binding studies, the 
cells were subcultured in multi-well plates at a density of 
5-6 x IO4 cells/cm2 (day 0). Fresh growth media were ad- 
ded on day 4, and, in general, the cells were used on day 
5. At the time of assay, the cells had formed dense mono- 
layers of 2-4 x lo5 celldcm' and 60-70 pg of cell pro- 
tein/cm2. Resident mouse peritoneal macrophages were 
harvested from female Swiss Webster mice by peritoneal 
lavage with DMEM. The cells were resuspended in me- 
dium A (1.25 x lo6 cells/ml) and 2.0 ml was added to 12- 
well tissue culture plates. The cells were incubated at 
37°C under a humidified atmosphere of 95% air and 5% 
COz and were used the following day. 

preparation of lipoproteins. Rat @-very low density lipopro- 
teins were prepared from rats maintained on chow sup- 
plemented with 5.0% lard, 2.0% cholesterol, 0.3% cholic 
acid, and 0.1% propylthiouracil (17). The rats were fasted 
for 18-24 h prior to exsanguination. Serum was isolated 
and P-VLDL (d < 1.006 g/ml) were isolated by centrifuga- 
tion as described previously (15). The rat P-VLDL con- 
tained 1.3 mg of triacylglycerol/mg protein and 0.9 mg 
free fatty acid/mg protein. Rat chylomicrons were col- 
lected from animals fitted with a lymph duct cannula and 
chylomicron remnants were prepared as described in a 
previous publication (15). The chylomicron remnants con- 
tained 40 mg of triacylglycerol/mg protein and 3.1 mg free 
fatty acid/mg cell protein. Chylomicron remnants and 
6-VLDL were radiolabeled with Iz5I by either IodogenR 
or the iodine monochloride procedure as described (15). 
Chylomicron remnants were also prepared from Iz5I-la- 
beled chylomicrons (15). For both '251-labeled P-VLDL 
and lZ5I-labeled chylomicron remnants, greater than 94% 
of the radioactivity was precipitable by an equal 
volume of 20% trichloroacetic acid and between 15-20% 
and 20-8076 of the lZ5I label was extractable into chloro- 
form-methanol, respectively. Labeling of lipids with lZ5I 
was lowest for chylomicron remnants prepared from '*'I- 
labeled chylomicrons. Despite differences in the extent of 
lipid labeling, the various '251-labeled chylomicron rem- 
nants were indistinguishable in cell binding studies (15). 
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The apoprotein distribution of lZ5I incorporation in the 
radiolabeled lipoproteins was as described previously (15). 
The average specific activities were 190 cpm/ng protein 
for lZ5I-labeled @-VLDL and 100 cpm/ng protein for lZ5I- 
labeled chylomicron remnants. Rat chylomicron rem- 
nants and @-VLDL dual-labeled with [ 3H]cholesteryl 
oleate and ~holesteryl[l-'~C]oleate were prepared exactly 
as described by Halperin, Stein, and Stein (18) using hep- 
tane-extracted human HDL (1.063-1.210 g/ml) as lipid 
donor. The chylomicron remnants and @-VLDL were in- 
cubated with dual-labeled HDL in the presence of freshly 
prepared human lipoprotein-deficient plasma as a source 
of lipid transfer protein activity (19). After 18 h at 37OC, 
the lipoproteins were reisolated by centrifugation at 
105,000 g for 18 h at 4OC. Lipids were extracted with 
chloroform-methanol 2:l (vh) and separated by thin-lay- 
er chromatography on silica gel G as described (15). For 
the chylomicron remnants, the specific activities for [3H]- 
cholesteryl oleate and the cholesteryl[ 14C]oleate were 4717 
dpmhmol and 468 dpm/mmol, respectively. For the @- 
VLDL, the values were 2952 dpmhmol for [3H]cholesteryl 
oleate and 244 dpmhmol for ~holesteryl[l-'~C]oleate. 

Negative stain electron microscopy of chylomicron 
remnants and 0-VLDL was carried out as described (20) 
after overnight dialysis of the lipoproteins against a solu- 
tion of 0.125 M ammonium acetate, 2.6 mM ammonium 
carbonate, and 0.26 mM Na4 EDTA, pH 7.4. The lipo- 
proteins were dropped onto carbon-coated grids and 
stained with sodium phosphotungstate. 

Lipoprotein Binding studies. The binding, -uptake, and de- 
gradation of chylomicron remnants and @-VLDL by 5774 
cells were assayed as described previously (12,15). Cell- 
associated (bound + internalized) lipoprotein was cal- 
culated from the total specific activities of the lz5I-1abeled 
lipoproteins, while the amount of '251-labeled lipoprotein 
degraded was calculated from the protein specific activi- 
ties. Cell-associated and degraded lipoprotein radioactivi- 
ty was normalized per mg of cell protein which was de- 
termined on an aliquot of the solubilized cell suspensions. 
To monitor the delivery and subsequent hydrolysis of lipo- 
protein-derived esterified cholesterol, the 5774 cells were 
cultured as described above and were incubated at 37°C 
in DMEM supplemented with 10% lipoprotein-deficient 
fetal calf serum in the presence of the indicated concentra- 
tions of dual-labeled @-VLDL or chylomicron remnants. 
At the appropriate time, the cells were placed on ice, 
washed with 2.0 ml of ice-cold PBS, and were harvested 
by scraping with a rubber policeman. Radiolabel incorpo- 
ration into cellular free and esterified cholesterol was de- 
termined following lipid extraction as described 
previously (15). 

Lipoprotein internalization was measured as the 
amount of lipoprotein binding that was resistant to diges- 
tion by pronase. 5774 cells were incubated with 4.0 pg 

protein/ml of either lZ5I-labeled chylomicron remnants or 
1251-labeled @-VLDL in 0.5 ml of medium B at 4OC for 2 
h. The cells were washed three times with ice-cold me- 
dium B to remove unbound lipoprotein and then incu- 
bated for the indicated time at 37OC. The cells were 
immediately chilled on ice, washed three times with ice- 
cold medium B, and then incubated with 0.5 mg pronase/ 
ml in PBS for 2 h at 4OC to release cell surface-bound 
lipoprotein. The cell suspension was centrifuged at 1000 
g for 5 min at 4OC and the supernatant (pronase-releas- 
able lipoprotein) transferred to another tube. The re- 
maining cells were washed twice with PBS and centri- 
fuged as described above. The lZ5I radioactivity in the 
combined supernatant fractions was measured and ex- 
pressed as a percent of the total amount of lipoprotein ini- 
tially bound. The pronase-releasable lipoprotein was then 
expressed as a percent of the maximal amount of pro- 
nase-releasable lipoprotein (the amount of lipoprotein re- 
leased from cells not incubated at 37OC). 

Isolation of lysosomes and lysosomal degradation of lipoproteins. 
5774 cells were scraped into ice-cold homogenization buf- 
fer (0.25 M sucrose, 2 mM EDTA, 0.01 M HEPES, pH 
7.4) and lysed using a Dounce homogenizer as described 
(21). The lysate was centrifuged for 10 min at 750 g at 4OC 
and the resulting supernatant was centrifuged for 15 min 
at 10,000 g at 4OC to obtain a lysosome-enriched fraction 
(pellet). The pellet was resuspended in water and freeze- 
thawed six times to disrupt the lysosomes. The specific ac- 
tivity of the lysosomal enzyme /3-glucuronidase was rou- 
tinely increased threefold in the partially purified lysoso- 
mal fraction. To assay lipoprotein degradation by 
partially purified lysosomes, '251-labeled lipoproteins were 
incubated with the lysosomal fraction in 0.1 ml of DMEM 
buffered with 50 mM sodium citrate (pH 4.5) at 37OC for 
4 h in 96-well microtiter plates. The amount of degrada- 
tion products was then determined by measuring the 
amount of XA/AgN03-soluble radioactivity generated 

Other methods. Protein was measured as described previ- 
ously (23) using BSA as standard. To determine the pro- 
tein content of cholesterol- and triacylglycerol-enriched 
lipoproteins, each sample was extracted with 2.0 ml of 
CHC13 to prevent interference by opalescence and light 
scattering. Lipoprotein triacylglycerol was measured by 
the glycerol phosphate dehydrogenase enzyme assay (Sig- 
ma kit  320-UV, St. Louis, MO), and the total cholesterol 
content of the lipoproteins was measured by the cholester- 
ol oxidasekholesterol esterase enzyme assay (Sigma kit 
Cholesterol-20). The free fatty acid content of the lipopro- 
teins was measured as described previously (23) after lipid 
extraction of the lipoproteins and purification of the free 
fatty acids by thin-layer chromatography on silica gel G. 
Samples of lipoproteins were prepared for electrophoresis 
on 7% polyacrylamide gels containing 0.1% SDS and 

(22). 
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electrophoresis was carried out as described previously 
(15). The relative apoprotein composition of the lipopro- 
teins was determined by scanning densitometry of Coo- 
massie blue-stained gels following electrophoresis. 
Statistical analyses were performed by a matched or un- 
matched two-tailed Student's t-test. 

RESULTS 

Relative rates of uptake and degradation of 
apoprotein from /?-VLDL and chylomicron remnants 
by macrophages 

In previous work (15), we observed that the binding of 
/?-VLDL and chylomicron remnants to macrophages ap- 
peared to be to a single class of high affinity sites ( K d  = 2.0 
pg/ml), subsequently identified as LDL receptors (12). In 
binding studies at 4"C, the maximum amount offi-VLDL 
and chylomicron remnants bound was nearly identical, 
and these lipoproteins were equipotent in cross-competi- 
tion studies (15). However, in spite of these similarities in 
cell surface binding, these lipoproteins had different 
effects on cellular lipid metabolism (15). To explore fur- 
ther the mechanism for these differences, the kinetics of 
uptake and degradation of 1251-labeled chylomicron rem- 
nants and lZ5I-labeled fi-VLDL were examined at 37OC. 
The amount of cell-associated 1251-labeled fi-VLDL and 
Iz5I-labeled chylomicron remnants reached an equili- 
brium level within 2 h of incubation at 37°C (Fig. I ,  open 
circles). However, the amount of lipoprotein that was 
bound + internalized was 30% higher for Iz5I-labeled 
chylomicron remnants than for Iz5I-labeled fi-VLDL at 
the later time points (Fig. 1, inset). In addition to these- 
differences in cell-associated lipoprotein, the amount of 
CHC1,-insoluble, 1251-labeled degradation products pre- 
sent in the extracellular medium ofJ774 cells was greater 
for '251-labeled 0-VLDL at each time point (Fig. 1, solid 
circles). Consequently, the total processed (cell associ- 
ated + degraded) 1251-labeled /?-VLDL was two- to four- 
fold greater than that of Iz5I-labeled chylomicron rem- 
nants (Fig. 1, open triangles). The rate of lipoprotein de- 
gradation calculated from the data presented in Fig. l was 
161.0 36.0 ng/h/mg cell protein (mean SE) for 1251- 
labeled /?-VLDL and was 60.1 * 6.6 ng/h/mg cell protein 
(mean SE, P < 0.01) for 1251-labeled chylomicron 
remnants. 

The reduction in the relative rate of chylomicron rem- 
nant degradation was not an artifact of lipid labeling since 
the degradation rate of various lZ5I-labeled chylomicron 
remnant preparations was independent of the extent of 
lipid labeling (data not shown). To assure that the reduced 
rate of 1251-labeled chylomicron remnant degradation was 
not due to the presence of the I z 5 I  label on a subfraction 
of the chylomicron remnants that did not represent the 

T 
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I 
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Wdegraded uptake 
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Fig. 1. Kinetics of the uptake and degradation of 'z51-labeled chylomicron 
remnants and 'Z51-labeled f?-VLDL by 5774 macrophages. Monolayers of 
5774 cells (0.2 mg cell proteiddish) were incubated with 0.3 ml of medium 
B (Eagle's minimal essential medium without sodium bicarbonate, 0.02 M 
HEPES, pH 7.4, and 40.0 m g / d  bovine semm albumin) containing 3.0 
pg proteidml of L251-labeled f?-VLDL (upper panel) or '251-labeled chylomi- 
cron remnants (lower panel) in the presence and absence of a 60-fold excess 
of the respective unlabeled lipoprotein for the indicated time at 37OC. The 
cells were then removed from the incubator, placed on ice, washed and the 
amount of specific cell-associated (O), degraded (e), and total processed 
(A)  'Z51-labeled lipoprotein was determined as described under Experimen- 
tal Procedures. The inset shows the cell-associated Iz5I-labeled lipoproteins 
on an expanded scale. The specific cell-associated or degraded 'Z51-labeled 
0-VLDL represented 90% of the total values and for "'I-labeled chylomi- 
cron remnants, the specific values were 80% of the total. Each point repre- 
sents the mean * SE of three separate experiments of triplicate dishes of 
cells. Different lipoprotein preparations were used in each experiment. 

bulk of the lipid, chylomicron remnants were chroma- 
tographed on Bio-Gel A-150m. The lZ5I radioactivity co- 
migrated with the triacylglycerol as a single peak (Fig. 2). 
Eighty percent of the EA-precipitable radioactivity and 
86% of the chylomicron remnant triacylglycerols were re- 
covered within the peak between fractions 20 to 37. 
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Fig. 2. Chromatography of LZ51-labeled chylomicron remnants on Bio-Gel 
A-150111. A sample of unlabeled chylomicron remnants (0.44 mg protein) 
was mixed with 0.02 mg protein of '251-labeled chylomicron remnants in a 
final volume of 0.2 ml of PBS and the lipoprotein mixture was applied to 
a 1.0 x 49 cm column of Bio-Gel A-150m equilibrated in PBS at room 
temperature. The fraction size was 22 drops (0.5 ml) and the flow rate was 
5-10 ml/h. The calculated void volume was 13 ml at fraction number 19. 
A sample of each fraction was taken for determination of trichloroacetic 
acid-precipitable radioactivity (0) and triacylglycerol content (0) as describ- 
ed under Experimental Procedures. The figure shown is representative of 
two separate experiments using two different preparations of labeled and 
unlabeled chylomicron remnants. 

The reduction in the relative rate of chylomicron rem- 
nant degradation was not specific for 5774 cells, but was 
also observed when lipoprotein degradation was mea- 
sured in primary cultures of mouse peritoneal macro- 
phages. As is shown in Table 1, after 5 h of incubation 
at 37"C, the amount of cell associated IZ5I-labeled chylo- 
micron remnants and lZ5I-labeled P-VLDL was nearly 
identical. However, the degradation of Iz5I-labeled chylo- 
micron remnants by mouse peritoneal macrophages was 
significantly less than the degradation of lZ5I-labeled P- 

VLDL. Although the variation in the degradation rates of 
Iz5I-labeled chylomicron remnants was somewhat greater 
than that observed with 5774 cells, in each case, the de- 
gradation of lz5I-1abeled P-VLDL was greater than that 
for lZ5I-labeled chylomicron remnants. Taken together, 
these data demonstrate that in spite of their similarities in 
cell surface binding, at equivalent extracellular protein 
concentrations, degradation of lZ5I-labeled chylomicron 
remnants by macrophages proceeded at a rate that was 
about one-third to one-half that of lZ5I-labeled P-VLDL. 

Relative rates of uptake and degradation of cholesterol 
and cholesteryl ester in P-VLDL and chylomicron 
remnants by macrophages 

To assure that the reduced rate of chylomicron remnant 
degradation was not due to an alteration induced by the 
iodination procedure, lipoproteins were labeled with 
[3H]cholesteryl oleatekholesteryl ['4C]oleate. Incubation 
of macrophages at 37°C with dual-labeled 0-VLDL re- 
sulted in a time-dependent increase in the intracellular 
accumulation of radiolabeled cholesteryl ester that had 
been internalized, hydrolyzed, and reesterified (Fig. 3, 
panel A). In contrast, at an equivalent extracellular con- 
centration of protein, there was much slower accumula- 
tion of radiolabeled cholesteryl ester from dual-labeled 
chylomicron remnants. Further, when the relative rates of 
hydrolysis of lipoprotein cholesteryl ester by 5774 cells 
were measured and compared (Fig. 3, panel B), it was ob- 
served that cholesteryl esters from /?-VLDL were hydro- 
lyzed at a rate two- to threefold faster than cholesteryl 
esters from chylomicron remnants. Similar results were 
obtained when the macrophages were incubated with 
equivalent extracellular concentrations of lipoprotein cho- 
lesterol. The cellular accumulation of unesterified (Fig. 4, 
panel A) and esterified (Fig. 4 panel B) cholesterol from 

TABLE 1,  Uptake and degradation of L251-labeled chylomicron remnants and 1251-labeled 0-VLDL by mouse 
peritoneal macrophages 

Lipoprotein Cell Associated Degraded 

Experiment 1 

1251-labeled 0-VLDL 
'251-labeled chylomicron remnants 

Experiment 2 

ng/mg cell protein per 5 h 

1326.1 f 179.4 
1240.7 f 134.5 

1637.4 f 1 5 . 1  
884.3 f 48.5" 

'251-labeled fl-VLDL 1063.3 f 42.4 1490.5 f 27.5 
1Z51-labeled chylomicron remnants 959.3 f 131 .1  1089.7 f 9.0" 

Monolayer cultures of mouse peritoneal macrophages were incubated with 1Z51-labeled 0-VLDL (5 pg proteidml) 
or 1Z51-labeled chylomicron remnants (5 pg proteidml) for 5 h at 37OC in 1 ml of buffer B in the presence and ab- 
sence of a 10-fold excess of the respective unlabeled lipoprotein. The specific cell associated and degraded '251-labeled 
lipoprotein was determined as described under Experimental Procedures. The values for each experiment represent 
the mean f SD for triplicate dishes of cells. Different lipoprotein preparations were used for each experiment. 

"Difference significant (P C 0.01) between the degradation of 1251-labeled fl-VLDL and '251-labeled chylomicron 
remnants as determined by a two-tailed Student's t-test. 
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Fig. 3. Metabolism of lipoprotein-derived cholesteryl esters by 5774 ma- 
crophages. 5774 cells were cultured in 12-well plates and washed as de- 
scribed under Experimental Procedures. At the time of assay, confluent 
monolayers of cells (0.3 mg cell protein) had formed. Each dish received 
equivalent concentrations of lipoprotein protein (5.0 pg/ml) of 
[ 'H]cholesteryl oleate/cholesteryl [ "C)oleate-labeled 0-VLDL (0) or 
[SH]cholesteryl oleate/cholesteryl ["Cloleate-labeled chylomicron remnants 
(.) and were incubated for the indicated time at 37OC in 0.5 ml of medium 
A. Cells were placed on ice, h a m t e d ,  and the cellular incorporation of 
[ SH]cholesteryl oleate (panel A) and the hydrolysis of lipoprotein-derived 
cholesteryl ester (panel B) were determined as described under Experimen- 
tal Procedures. The total cholestero1:protein ratios of the [3H]cholesteryl 
oleate/cholesteryl [ '%]oleate-labeled chylomicron remnants and P-VLDL 
were 13.9 and 20.1 pg cholesteroVpg protein, respectively. Each point repre- 
sents the mean * SD of triplicate dishes of cells and is representative of two 
separate experiments. 

/3-VLDL was greater than that of chylomicron remnants 
at each time point examined. For both dual-labeled lipo- 
proteins, the rate of unesterified and esterified cholesterol 
accumulation was linear for the first 4.0 h. For dual-la- 
beled chylomicron remnants, the rate of unesterified and 
esterified cholesterol accumulation by macrophages was 
1.3 pmol/h per mg cell protein and 0.1 pmol/h per mg cell 
protein, respectively, as compared to the intial rates of 2.7 
pmol/ h per mg cell protein and 0.75 pmol/h per mg cell 
protein, respectively, for dual-labeled /3-VLDL. These 
data indicate that the rate at which macrophages process 
both the apoprotein and cholesteryl ester components of 

chylomicron remnants is significantly slower than the pro- 
cessing of the same components of 0-VLDL. 

Internalization rate of /3-VLDL and chylomicron 
remnants by macrophages 

Since the chylomicron remnants and /3-VLDL used in 
the present studies have similar apoB/apoE ratios and, ac- 
cordingly, exhibit similar binding affinities to the macro- 
phage LDL receptor (15), some post-binding event(s) 
must account for the differences in processing of the dif- 
ferent types of particle. The internalization rate of lZ5I-la- 
beled chylomicron remnants was measured and compared 
to that of '251-labeled 0-VLDL. Monolayers of 5774 cells 
were incubated with saturating concentrations of either 
lZ5I-labeled /3-VLDL or lZ5I-labeled chylomicron rem- 
nants at 4OC to saturate the cell surface LDL receptors. 
The cells were then washed and incubated at 37% to 
allow internalization. At the indicated time, the dishes 
were again placed on ice and the amount of pronase-re- 
leasable (cell surface-bound) lipoprotein was measured. 

12 
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0 2 4 6 8 1 0  
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Fig. 4. Delivery of 6-VLDL and chylomicron remnant cholesterol to 5774 
macrophages. Monolayers ofJ774 cells were cultured as described in the le- 
scnd to Fig. 2 .  Each dish received equivalent concentrations of lipoprotein 
cholesterol (30.0 pg cholesterol/ml) of [3H]cholesteryl oleate/cholesteryl 
["Cloleate-Labeled 6-VLDL (1.5 pg protein/ml) (0) or [3H]cholesteryl 
oleate/cholesteryl [ '4C]oleate-labeled chylomicron remnants (2.1 pg pro- 
tein/ml) (.) and were incubated for the indicated time at 37OC in 0.5 ml 
of medium A. Cells were placed on ice, harvested, and the incorporation 
of [3H]cholesteryl oleate into cellular cholesterol (panel A) and cholesteryl 
ester (panel B) was determined as described under Experimental Proce- 
dures. Each point represents the mean f- SD for triplicate dishes of cells 
and is representative of two separate experiments. 
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Incubation of macrophages at 37OC resulted in a time-de- 
pendent decrease in the cell surface bound lipoprotein 
(Fig. 5) .  The initial rate at which '251-labeled 0-VLDL 
were internalized was nearly twice that of lZ5I-labeled 
chylomicron remnants; for IZ5I-labeled P-VLDL, the ini- 
tial rate of internalization was 0.39 ng/min per mg cell 
protein compared to a rate of 0.21 ng/min per mg protein 
for lZ5I-labeled chylomicron remnants. Thus, one differ- 
ence for the slower degradation of chylomicron remnants 
by 5774 cells is a 50% slower rate of internalization. 

Recycling of LDL receptors after internalization of 
0-VLDL remnants by macrophages 

It remained possible that other steps in the endocytic 
pathway were also different for the chylomicron remnants. 
For example, the rate of dissociation of the receptor-li- 
gand complex could be slower for chylomicron remnants, 
which would lead to disruption of LDL receptor recy- 
cling. To evaluate this, 5774 macrophages were preincu- 
bated for either 20 min or 40 min at 37OC with saturating 
concentrations of unlabeled 0-VLDL or chylomicron 
remnants. The cells were then washed and the binding of 
lZ5I-labeled P-VLDL to the cells was determined at 4OC. 
Since the LDL receptor recycles back to the cell surface 
about once every 10 min (24), chylomicron remnant-in- 
duced trapping of LDL receptors inside the cell would be 
evident as a time-dependent reduction in the subsequent 
cell surface binding of lZ5I-labeled 0-VLDL. At 4OC with- 
out lipoprotein preincubation, the binding of '251-labeled 
0-VLDL to 5774 cells was saturable, specific, and of high 
affinity (Fig. 6,  panel A). Preincubation of the cells with 
P-VLDL or chylomicron remnants for 20 min (Fig. 6, 
panel B) or 40 min (Fig. 6, panel C) at 37OC had no effect 

1 oo 

i! I O 1  
0 10 20 30 L a 

Incubation time (min) 

Fig. 5. Rate of internalization of 1251-labeled P-VLDL and 'Z51-labeled 
chylomicron remnants by 5774 cells. The ratio of internalization of lZ5I-la- 
beled chylomicron remnants (.) and '"1-labled P-VLDL (0) by 5774 cells 
was determined as described under Experimental Procedures. Each point 
represents the mean * SD of triplicate dishes of cells and is representa- 
tive of three separate experiments. 
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Fig. 6. Effect of preincubation of 5774 cells with b-VLDL and chylomi- 
cmn remnants on the binding of "%labeled O-VLDL m e d  at 4Oc. 
Monolayers ofJ774 c& were cultured in 1 2 - 4  plates as described in the 
legend to Fig. 1. Each dish of cells (0.32 mg protein/dish) was rem& f" 
the incubator, placed on ice, and washed with 2.0 ml of ice-cold PBS. The 
cells were then incubated with 0.4 ml of medium B in the absence of lipo- 
proteins for 40 min at 37OC (panel A, control) or in the p m c e  of 15 w 
protedml of unlabeled b-VLDL (0) or chylomicron remnants @) for 20 
min (panel B) or 40 min (panel C) at 37OC. After the appropriate he, the 
cells were placed on ioe, washed with 2.0 ml of icesold PBS, and reincubated 
in 0.4 ml of lipoprotein-free medium B. After 1.0 h at 37OC, the cells were 
placed on ice and washed with 2.0 ml of ice-cold PBS. The binding of 1251- 
labeled 8-VLDL to the cells was then measured by incubating each mono- 
layer with 0.4 ml of medium B containing the indicated protein 
concentration of 1251-labeled 8-VLDL in the presence and absence of 200 
ccg protein/ml of unlabeled B-VLDL for 3 h at 4OC. The specific binding 
of '*'I-labeled B-VLDL was determined as described under Experimental 
Pmcedurea. Each data point represents a single dish of cells and is represen- 
tative of two separate experiments. 
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on the amount of Iz5I-labeled 0-VLDL subsequently 
bound at 4°C. Scatchard (25) plots of the binding data 
were linear and indistinguishable, indicating that short- 
term preincubation of 5774 cells at 37OC, with either @- 
VLDL or chylomicron remnants, had no effect on the 
binding affinity or the maximum amount of '251-labeled 
@-VLDL subsequently bound to the macrophage LDL re- 
ceptor (Table 2). With more prolonged preincubation (4 
h), there was down-regulation of subsequent binding most 
likely due to sterol-mediated suppression of LDL receptor 
gene transcription (26). Taken together, these data indi- 
cate that chylomicron remnant-induced alterations in 
LDL receptor recycling were not responsible for the re- 
duction in the relative rate of chylomicron remnant de- 
gradation. 

Retroendocytosis of @-VLDL and chylomicron 
remnants by macrophages 

Aulinskas et al. (27) demonstrated that smooth muscle 
cells and fibroblasts incubated with lZ51-labeled LDL at 
37°C can release trichloroacetic acid-precipitable mate- 
rial into the culture medium by a process termed retroen- 
docytosis. Transport of '251-labeled LDL through this 
pathway is enhanced when cells are cultured in the pre- 
sence of lysosomotropic agents (28), demonstrating that 
changes in lysosomal function can alter the metabolic dis- 
position of internalized 1251-labeled LDL. To evaluate 
whether the reduction in the relative rate of chylomicron 
remnant degradation could be explained by a preferential 
retroendocytosis of chylomicron remnants, 5774 cells 
were incubated with saturating concentrations of '251-la- 
beled chylomicron remnants or '251-labeled @-VLDL for 
1.5 h at 37OC, the cells were washed and reincubated for 
3 h at 37°C in lipoprotein-free medium. The amount of 
TCA-soluble and -insoluble 1251 radioactivity in the extra- 
cellular medium was measured and compared to the cell 
associated lZ5I radioactivity. For both '251-labeled @-VLDL 
and 1251-labeled chylomicron remnants 80-90% of the 
total lZ5I radioactivity remained associated with the cells 
after 3 h of incubation at 37OC (Table 3). For both lZ5I-la- 

beled chylomicron remnants and '251-labeled 0-VLDL, 
less than 9% of the total cell associated 1251 radioactivity 
was found in the extracellular medium in a form precipi- 
table with 10% TCA, indicating that little retroendocyto- 
sis of either lipoprotein occurred. Thus, a preferential 
retroendocytosis of chylomicron remnants cannot explain 
the reduction in the relative rate of chylomicron degrada- 
tion. 

Lysosomal processing of P-VLDL and chylomicron 
remnants by macrophages 

To evaluate whether the degradation of '"SI-labeled 
chylomicron remnants and '251-labeled @-VLDL by 5774 
macrophages is dependent on the usual endosome-lyso- 
some pathway, and the degradation of each lipoprotein 
was measured in the presence and absence of the monova- 
lent carboxylic ionophore monensin. Monensin has previ- 
ously been shown to inhibit the degradation of LDL in 
human skin fibroblasts (24) and asialoglycoproteins in rat 
hepatocytes (29) as a result of blocking the pH-dependent 
dissociation of the ligand-receptor complex by altering 
lysosomal pH. Preincubation of 5774 cells with 50 1 M  
monensin inhibited the degradation of both '251-labeled 
chylomicron remnants, and '251-labeled p-VLDL by 
greater than 90%. In this experiment, for '251-labeled chy- 
lomicron remnants, the rate of degradation decreased 
from 143.9 53.8 to 15.1 + 3.1 ng/mg cell protein per 4 h 
(mean i SD, n = 3 wells of cells) in the absence and 
presence of monensin, respectively. Similarly, for 1251-la- 
beled P-VLDL, the rate of degradation decreased from 
431.9 f 50.6 in the absence of monensin to 21.4 1.0 
ng/mg cell protein per 4 h (mean * SD, n = 3 wells of 
cells) in its presence. These data demonstrate that the 
proteolytic degradation of chylomicron remnants and P-  
VLDL by 5774 macrophages is sensitive to lysosomal pH. 

To determine whether chylomicron remnants and p- 
VLDL are degraded at different rates by lysosomal en- 
zymes, lysozomes were isolated from 5774 macrophages, 
lysed by freeze-thawing, and the lysosomal enzymes were 
incubated in vitro with equivalent protein concentrations 

TABLE 2 .  Equilibrium dissociation constants for the binding of IZ5I-labeled P-VLDL to macrophages 
preincubated with unlabeled P-VLDL or chylomicron remnants 

Duration of 
Lipoprotein in Preincubation 
Preincubation at 37°C K" @"". 

f i d m l  ng/mg cell protein 

None 
Chylomicron remnants 
B-VLDL 

Chylomicron remnants 
0-VLDL 

40 min 
20 min 
20 min 

40 min 
40 min 

3.7 
3.4 
3.3 

2 . 8  
4.2 

59.0 
50.0 
52.1 

52.4 
73.9 

Scatchard plots ( 2 5 )  ofthe lZ5I 0-VLDL binding data from Fig. 6 were constructed and the equilibrium dissocia- 
tion constants (K,,) were derived as described under Experimental Procedures. 
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TABLE 3. Retroendocytosis of 1251-labeled chylomicron remnants and L251-labeled 8-VLDL 
by 5774 macrophages 

lZ5I Radioactivity 

Incubation at 37% Extracellular 

Lipopmtcin 1.5 h pulse 3.0 h chase Cell-Associated TCA-Soluble TCA-Insbluble 

cpddish 

'"I-labeled chylomicron remnants + - 45799 f 3357 

LZ51-labeled 0-VLDL - 35676 f 1362 
+ + 41078 i 1332 1167 f 33 2335 i 62 

+ + 30185 5 2427 3677 355 3251 f 438 
+ 

Monolayer cultures of 5774 cells were "pulsed" with 10 pg protein/ml of '251-labeled chylomicron remnants or 
'251-labeled 8-VLDL in 0.3 ml of medium B for 1.5 h at 37OC. The cells were removed from the incubator, placed 
on ice, and washed five times with 1.0 ml of wash buffer containing 0.15 M NaCl, 0.02 ~ T r i s - H C I ,  pH 7.4, 0.002 
M CaC12, and 1.0 mglml BSA. The cell-associated "'1 radioactivity was determined on one-half of the cells as 
described under Experimental Procedures. The other half of the dishes were "chased" by the addition of 0.3 ml of 
fresh medium B and the cells were returned to the incubator. After 3 h at 37OC, the cells were removed from the 
incubator and placed on ice. The cell-associated radioactivity and the TCA-precipitable radioactivity in the extracellular 
medium were determined as described. Each value represents the mean f SD of triplicate dishes of cells from a 
representative experiment. 

of '251-labeled chylomicron remnants or '251-labeled 0- 
VLDL and the production of trichloroacetic acidhilver 
nitrate-soluble '251-labeled degradation products was 
measured. The degradation of '251-labeled 0-VLDL and 
lZ5I-labeled chylomicron remnants by isolated lysosomal 
enzymes was dependent on the pH of the incubation me- 
dium (Fig. 7, panel A). Little degradation of either lZ5I- 
labeled lipoprotein occurred when the assay was con- 
ducted at pH 9.0. When lysosomal degradation of lZ5I-la- 
beled lipoprotein was measured at pH 4.5, the degrada- 
tion of both lZ5I-labeled lipoproteins was greatly 
enhanced. Consistent with the reduced rate of '251-labeled 
chylomicron remnant degradation observed with intact 
macrophages, the degradation of lZ5I-labeled chylomicron 
remnants by macrophage lysosomal enzymes was approx- 
imately one-third that of lZ5I-labeled 0-VLDL. Further- 
more, the relative difference in the degradation rates was 
dependent on the concentration of Iz5I-labeled lipopro- 
teins in the assay medium (Fig. 7, panel B). 

The dependence of lysosomal degradation of '251-1abeled 
chylomicron remnants on pH and lipoprotein concentra- 
tion suggested that a component of the chylomicron rem- 
nants or a product of their metabolism may be responsible 
for the reduced rate of chylomicron remnant apoprotein 
degradation observed in vitro. Since the chylomicron 
remnants used in the present studies are triacylglycer- 
ol-enriched (triacylglyceroktotal cholesterol ratio - 11.0) 
and since macrophages rapidly hydrolyze the chylomicron 
remnant triacylglycerols (15), the ability of exogenous free 
fatty acid to alter lysosomal degradation of '251-labeled 
lipoproteins was tested. Preincubation of 1251-labeled p- 
VLDL with 25-50 fig sodium oleate/ml reduced the de- 
gradation of the radiolabeled lipoprotein by isolated lyso- 

somal enzymes (Fig. 8). The reduction in lZ5I-labeled 0- 
VLDL degradation did not appear to be due to a fatty 
acid-induced decrease in accessibility of the lysosomal 
proteases to the lZ5I-labeled P-YLDL since in other exper- 
iments, the degradation of Iz5I-labeled 6-VLDL by incu- 
bation with trypsin in vitro was unaffected by the addition 
of 10-50 pg sodium oleate/ml to the incubation media 
(Table 4). These data demonstrate that free fatty acids 
can decrease lysosomal degradation of lipoproteins in 
vitro and suggest a mechanism whereby the free fatty acid 
products of chylomicron remnant triacylglycerol hydroly- 
sis decrease the lysosomal degradation rate of chylomi- 
cron remnant apoprotein. Whether this is due to a direct 
effect of fatty acids on the lysosomal enzymes themselves 
or is an indirect effect based on buffering of the lysosomal 
pH by the released free fatty acid remains to be determined. 

DISCUSSION 

Although there are a number of possible pathways by 
which cells can accumulate lipids, including cholesterol, 
the LDL receptor pathway is the best characterized to 
date (30). The rate-limiting step in this pathway in gene- 
rally believed to be binding to the LDL receptor. A vari- 
ety of lipoproteins bind to the LDL receptor of cultured 
cells and their affinity for the LDL receptor is determined 
by the presence and relative abundance and accessibility 
of apoproteins B-100 and E. Most of the above conclu- 
sions have been drawn on the basis of studies of the rela- 
tively homogeneous lipoproteins, LDL, as a model of the 
LDL receptor:apoB-100 interaction and HDL, as a mo- 
del of the LDL receptor:apoE interaction (30). These 
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Fig. 7. Degradation of 1251-labeled @-VLDL and lZ5I-labeled chylomicron 
remnants by isolated lysosomal enzymes. Panel A: A subcellular fraction en- 
riched for lysosomes was isolated from 5774 cells by differential centrifuga- 
tion as described under Experimental Procedures. The lysosome fraction 
was resuspended in water and lysed by six cycles of freezing and thawing. 
Lysosomal enzymes (50 pg protein) were incubated with '251-labeled @- 
VLDL or 1251-labeled chylomicron remnants (4.0 pg protein/ml) in 0.1 ml 
of either citrate-buffered MEM, pH 4.5, or Tris-buffered MEM, pH 9.0, 
for 4 h at 37OC. The amount of TCA-soluble (non-iodide) lz5I radioactivity 
was measured and the results were expressed as ng degraddmg of lyso- 
some protein. Panel B: Lysosomal enzymes were further purified after lysis 
by centrihgation at 100,000 g for 1.0 h at 4°C. The partially purified lysoso- 
mal enzymes (1.0 pg protein) were then incubated with the indicated con- 
centration of either '251-labeled @-VLDL (0) or "'1-labeled chylomicron 
remnants (.) in 0.1 ml of MEM buffered with 0.05 M citrate, pH 4.5, for 
4.0 h at 37OC. The amount of lipoprotein degraded was then measured and 
expressed as pg degraddmg lysosomal protein. Each point represents the 
mean f SD of triplicate dishes of cells and is representative of two separate 
experiments. 

R-VLDL Chylo 13-VLDL 8-VLDL 
r e m  + + 

oleate  o leate  
2 5 p g / m l  5 O p g i m l  

Fig. 8. Inhibition of lysosomal degradation of '251-labeled @-VLDL by 
free fatty acid. Lysosomal enzymes (10 pg protein) were incubated with 2.0 
pg proteidml of either '251-labeled @-VLDL or 1251-labeled chylomicron 
remnants or free fatty acid-enriched '251-labled @-VLDL ('251-labeled @- 
VLDL that had been preincubated with 25 or 50 pg oleic acid/ml in 1.0% 
ethanol at 37OC for 2 h) in 0.1 ml of MEM buffered with 0.05 M citrate, 
pH 4.5, for 4 h at 37OC. The amount of EA-soluble (non-iodide) radio- 
activity was then measured and the results were expressed as a percent 
of '251-labeled @-VLDL degradation. The 100% value for lysosomal de- 
gradation of 1Z51-labeled @-VLDL was 2.44 f 0.23 pglmg lysosome pro- 
tein/4 h (mean * SE, for three separate experiments). The values 
represents the mean * SE of triplicate assays of lipoprotein degradation 
from three separate experiments. 

persisted (15). In addition, the rate of degradation of 1251- 
labeled apoprotein from the two types of lipoproteins was 
very different (16). The present study with macrophages 
is an attempt to elucidate the basis for differential process- 
ing of the two particle types. 

Two steps in lipoprotein processing were found to be 
significantly different between chylomicron remnants and 
0-VLDL and appear to account for the differences in the 
rates of degradation. First, the rate of internalization of 
chylomicron remnants, after binding to the LDL recep- 
tor, is much slower than that of 0-VLDL. Second, the 
rates of chylomicron remnant apoprotein degradation 

TABLE 4. Effect of free fatty acid on the degradation of 
1251-labeled @-VLDL by trypsin in vitro 

'251-labeled 0-VLDL Degradation 

lipoproteins are of similar size and lipid composition. Treatment pH 7.0 pH 8.0 

While these studies have defined the ligand specificity of ns desraded/4 h 
the LDL receptor, little information is available on 

+ No addition 22.2 * 0.9 19.9 * 1.0 
other more heterogenous lipoproteins, such as chylomi- + Ethanol 24.0 * 0.8 19.2 f 0.9 

+ Oleic acid (10 pg/ml) 22.9 * 0.9 21.7 f 1.3 
21.8 f 0.2 

cron remnants and P-VLDL. In studies with liver and liv- + Oleic acid (25 pg/ml) 
er-derived cells from example, we found that chylomicron + Oleic acid (50 pg/ml) 22.8 * 1.2 20.4 0.7 
remnants and P-VLDL had different metabolic effects 
(31). These could be explained in part by the effects of free A sample of 1251-labeled 0-VLDL (2.0 pg protein/ml) was incubated 

with 0.05 pg trypsin in the presence or absence of 10-50 pg oleic acid/ml 
fatty acids liberated from the chylomicron remnant tri- dissolved in ethanol (find concentration = 1.0%) at 37OC for 4.0 h in 
acylglycerol on lipoprotein and bile secretion by the liver. a final volume of 0.1 ml of MEM buffered with 0.04 M HEPES (pH 

Trypsin 
post-binding events that may regulate the processing of 

23.7 * 0.8 

. .  

When macrophages and a macrophage-derived cell line 
were studied* Some Of these differences, such as a 'timula- 
tion of HMG-CoA reductase by chylomicron remnants, 

7 or pH 8). The amount of TCA-soluble (non-iodide) radioactivity was 
then measured and the results were expressed as nanograms lipoprotein 
degraded after 4.0 h. The values represent the mean f SD of triplicate 
samples. 
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and cholesteryl ester hydrolysis by lysosomal enzymes is 
less than that of 0-VLDL. The regulation of lipoprotein 
internalization has not been extensively studied in the 
past and, at least for LDL transport by the LDL receptor 
of human skin fibroblasts (30), is generally considered to 
be a relatively constant and not rate-limiting process. 
However, as shown by the results of the present study, this 
constancy cannot be assumed when lipoproteins of differ- 
ent composition and size are being studied and such 
differences in the rate of internalization may affect the 
overall rate of lipoprotein processing. Although the con- 
tent of cholesterol is similar for rat chylomicron remnants 
and rat 0-VLDL (15), the chylomicron remnants are 
larger in size due to their enrichment in triacylglycerol. 
This was confirmed by negative stain electron microscopy. 
The P-VLDL formed a relatively homogeneous popula- 
tion of particles with an average particle size distribution 
of 29.7 k 6.9 nm (mean + SD, n = 200 particles). In 
contrast, the chylomicron remnants comprised a more he- 
terogeneous population of large particles with an average 
particle size of 97.4 + 44.8 nm (mean k SD, n = 200 
particles). The size heterogeneity of chylomicron remnants 
was quite marked even though they eluted from various gel 
filtration columns as a sharp peak. Whether the different 
rates of internalization seen in this study are simply physical 
constraints, due to the large size of the chylomicron rem- 
nants or to a difference in a signal transduced by the 
different particles, remains to be determined. In any 
event, the reduction in the relative rate of chylomicron 
remnant degradation coupled with the marked difference 
in size between chylomicron remnants and P-VLDL is 
consistent with the notion that large triacylglycer- 
01-enriched chylomicron remnants may undergo addi- 
tional processing prior to their uptake by tissues. 

The need for such processing could contribute to the 
tissue selectivity of uptake for chylomicron remnants. A 
likely mechanism for the extracellular processing of large 
triacylglycerol-enriched lipoproteins is one that involves a 
lipase-mediated hydrolysis of lipoprotein lipids. The liver, 
for example, is the principal site of chylomicron remnant 
uptake and also secretes hepatic triglyceride lipase (see 
ref. 32 for review). Hepatic lipase hydrolyzes the phospho- 
lipid and triacylglycerol components of a variety of lipo- 
proteins including triacylglycerol-enriched VLDL, 
VLDL remnants, and chylomicrons. Since hepatic lipase 
does not have an apoprotein cofactor requirement, this 
enzyme may be capable of hydrolyzing the phospholipid 
and triacylglycerol components of the apoC-11-deficient 
chylomicron remnants once these lipoproteins are bound 
to the hepatocyte cell surface. Another potentially impor- 
tant site of chylomicron remnant uptake is the macro- 
phage. Previous reports from our laboratory (12, 15), have 
demonstrated that macrophages in culture bind, take up, 
and degrade the lipid and protein components of chylomi- 

cron remnants. Furthermore, a lipase-mediated mecha- 
nism may be important for the uptake of triacylglycerol- 
enriched lipoproteins by this cell type. This is consistent 
with a number of other observations. First, macrophages 
in culture secrete lipoprotein lipase (LpL) (33) and 
VLDL and chylomicrons are a substrate for this enzyme 
(34, 35). Second, LpL-mediated hydrolysis of VLDL and 
chylomicron triacylglycerol in vitro accelerates the uptake 
of the lipid and protein components of the resulting rem- 
nant lipoproteins by macrophages (34, 35). A role for ma- 
crophage-derived LpL is not yet established, since LpL 
activity is not required for chylomicron remnant uptake 
(15, 34, 35) and rat chylomicron remnants are deficient in 
apoprotein C-11, the cofactor for LpL (15). 

Although LpL has been shown to increase the uptake 
and degradation of triacylglycerol-enriched lipoproteins 
in a variety of cell types, it is not clear whether increases 
in lipoprotein internalization were responsible for en- 
hancement of remnant lipoprotein uptake in those stud- 
ies. Since lipoprotein lipase-mediated hydrolysis of lipo- 
protein lipids has been shown to alter the relative accessi- 
bility of apoB-100 on VLDL (36) and the amount of apoE 
on chylomicron remnants (37), the lipase-mediated in- 
crease in cell-associated and degraded lipoprotein ob- 
served in those studies could be accounted for by increased 
cell surface binding of the remnant lipoproteins. Since the 
rat chylomicron remnants and rat 0-VLDL used in the 
present study have similar apoprotein B/E ratios and bind 
with similar affinities and capacities to macrophage LDL 
receptors, the reduction in the relative rate of chylomicron 
remnant degradation is not due to differences between 
chylomicron remnants and P-VLDL in cell surface bind- 
ing. Furthermore, the difference in the rate of degrada- 
tion between chylomicron remnants and 0-VLDL is not 
due to differences in the number of particles being pro- 
cessed. Based on the apoB composition of the lipoproteins 
[13 % of the total protein as apoB-48 for chylomicron rem- 
nants as compared to 14% apoB-48 and 14% apoB-100 
for 0-VLDL (15)] one can calculate the amount of lipopro- 
tein bound on an apoprotein B molar basis. One mg of 
chylomicron remnant and 0-VLDL protein is thus equi- 
valent to about 5.5 x mol of apoB, 
respectively and based on previous results of 4OC binding 
studies with 5774 macrophages (15), the B,, for chylomi- 
cron remnant binding is 30.0 fmol bound/mg cell protein 
and for P-VLDL is 35.0 fmol bound/mg cell protein. 
Thus, the binding of these lipoproteins to macrophage 
LDL receptors on a particle basis, assuming one apoB per 
particle, is virtually identical. In contrast, when the rates 
of internalization and degradation of chylomicron rem- 
nants and 0-VLDL from the present study are calculated 
on an apoprotein B molar basis, the differences between 
chylomicron remnants and 0-VLDL are actually accen- 
tuated. 

and 8.7 x 
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Once in the cell, receptor-ligand dissociation and recy- 
cling proceed at similar rates for chylomicron remnants 
and P-VLDL. Chylomicron remnants, however, are hy- 
drolyzed by lysosomal enzymes more slowly than P-VLDL. 
In fact, the reduction in the relative rate of chylomicron 
remnant degradation resulted in the accumulation of ap- 
parently undegraded chylomicron remnants within the 
cell. O u r  data are most compatible with the hypothesis 
that this is due to direct inhibition of the degradative en- 
zymes by liberated free fatty acids: I )  the degradation of 
lZ5I-labeled 0-VLDL preincubated with oleic acid is not 
due to the free fatty acid interfering with the exposure of 
the lipoprotein to the lysosomal proteases since the degra- 
dation of *251-labeled P-VLDL by trypsin in vitro is unaf- 
ected by the presence of oleic acid; 2) the addition of oleic 
acid can directly reduce the degradation of '251-labeled P- 

conditions in which the pH of the medium is maintained; 
and 3) the rat chylomicron remnants are relatively triacyl- 
glycerol- and free fatty acid-enriched as compared to rat 
P-VLDL and macrophages rapidly hydrolyze chylomicron 
remnant triacylglycerol (15). Thus, the chylomicron rem- 

natively, the free fatty acids released from the hydrolysis 
of chylomicron remnant triacylglycerol might buffer the 

degradative enzymes. However, in preliminary studies us- 
ing various pH-sensitive fluorescent dyes to label the lyso- 
soma1 compartment of 5774 cells, no such buffering was 
seen; although if it occurred in a small subset of lyso- 
somes, it might not have seen apparent. Further, since a 
sing1e enzyme, lYsosomal acid cholesterY1 esterase, hYdro- 
lyzes lipoprotein-derived triglyceride and cholesteryl ester 
(38), one would predict that the rate of cholesteryl ester 

lysosome in triacylglycerol-rich chylomicron remnants. 
Such significant differences in the hydrolysis of cholesteryl 
ester and triglyceride have been reported with the process- 
ing of lipid emulsions by smooth muscle cells in culture 
(39) and in the present study, a lag in the onset of choles- 
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