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Abstract Apolipoprotein E (apoE) is an important determi- 
nant for the uptake of triglyceride-rich emulsions and lipopro- 
teins by the liver, and exerts affinity for both the LDL receptor 
(LDLr) and a distinct liver-specific recognition site. Our cur- 
rent aim was to assess the mechanism underlying the receptor- 
specificity of apoE-carrying lipoproteins. Triglyceride-rich 
emulsions were synthesized, with mean sizes of 50,80, and 150 
nm. These fractions efficiently acquired apoE from rat serum, 
and were processed by LPL in vivo with a similar efficiency. 
Upon injection of the [ "Hlcholesteryl oleatc-labeled emul- 
sions into rats, the liver association rate was positively corrc- 
lated with particle size (24 -t 296, 54 2 1%, and 64 2 3% of 
the injected dose at 20 min after injection, respectively) and 
the liver uptake was predominantly exerted by parenchymal 
cells. The role of the LDLr in emulsion clearance was estab- 
lished in wild-type versus L.DI,r knockout mice. In the absence 
of the LDLr, an 8-fold increased serum half-life was observed 
for the small emulsion, concomitant with a 6- and 15-fold de- 
creased uptake by the liver and adrenals at 150 min after injec- 
tion, respectively. In contrast, the in vivo behavior of the large 
emulsion was independent of the LDLr. Both the ratio of 
apoE:C on the emulsions upon serum incubation and the a- 
helical content of apoE were iriversely correlated with particle 
size, indicating that these factors may be involved in the emul- 
sion size-dependent receptor specificity in  v i v 0 . e  It is con- 
cluded that the contribution of the LDLr to the apoE-medi- 
ated clearance of emulsions by the liver and adrerials strongly 
increases with decreasing particle size, while large particles 
initially associate with a distinct liver-specific recognition 
site. As these emulsions mimic chylomicrons, we anticipale 
that the apoE-dependent metabolic behavior of chylorni- 
croiis (remnants) is largely dependent on their size.-Ren- 
sen, P. C. N., N. Herijgers, M. H. Netscher, S. C. J. Meskers, 
M. van Eck, and T. J. C. Van Berkel. Particle size deterniincs 
the specificity of apolipoprotein Econtaining triglyceride-rich 
emulsions for the LDL receptor versus hepatic remnant recep- 
tor in vivo.,[ l ip id  Rm. 1997. 38: 1070-1084. 
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Apolipoprotein E (apoE) , a 34kDa glycoprotein, 
plays a key role in the hepatic metabolism of triglycer- 
ide-rich lipoproteins such as chylomicrons and very low 
density lipoproteins (VLDL) (1, 2),  and emulsions (3, 
4). Within the blood compartment, triglyceride-rich li- 
poproteins are converted into remnants through the hy- 
drolysis of core triglycerides by lipoprotein lipase (LPL) 
(5) and the concomitant enrichment with apoE (6) .  
These remnants are subsequently taken up by the liver, 
but the precise mechanism of recognition is still u11- 
clear. Various apoE-recognizing systems have been pro- 
posed to participate in remnant removal, including the 
LDL (apoB,E) receptor (LDLr) (4, 7-13), a distinct 
specific apoE receptor (1, 14), the low density receptor- 
related protein/a2-macroglobulin receptor (LRP) (1 2, 
15, 16), heparan sulfate proteoglycans (HSPG) (4, 17), 
as well as LPL ( 18) and hepatic lipase (HL) ( 19) in ' con- 
cert with proteoglycans and/or LRP. Whereas the li- 
pases (LPL and HL) and proteoglycans may be involved 
in the initial low-affinity binding of remnants to the 
liver, the dominant role of both the LDLr and a distinct 
receptor, possibly LRP, in endocytosis of remnants has 
been clearly demonstrated (1 1, 12, 20). 

The existence of an apoE-recognizing receptor in ad- 
dition to the LDLr has been suggested by several inde- 
pendent lines of evidence (10, 11, 21-23). Chylomicron 
remnants appeared not to acc umiilate in Watanabr 

Abbreviations: apo, apolipoprotein; BSA, bovine serum albumin; 
CD, circular dichroism; HL, hepatic lipax; HSPG, heparan sulfate 
proteoglycan(s); LDL(r), low density lipoprotein (rereptor); I.PI., li-  
poprotein lipase; LRP, low density lipoprotein receptor-related pro- 
tein; PBS, phosphate-buffered saline; TP(-, recombinant; p-VLDL, p- 
migrating very low density lipoprotein. 
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heritable hyperlipidemic (WHHL) rabbits (21), LDLr 
knockout mice (lo),  or human familial hypercholester- 
olemia homozygotes (23). The essential role of apoE in 
lipid homeostasis is indicated by the massive accumula- 
tion of remnants in apoEdeficient mice (11) and in 
type 111 hyperlipoproteinemic humans, as caused by a 
genetic change in apoE (22). Whereas the sole absence 
of the LDLr does not result in a marked elevation of 
triglyceride-rich lipoprotein levels, a strong elevation of 
chylomicron remnants has been observed in LDLr 
knockout mice that also lack the apoE gene (11) and 
in LDLr knockout mice in which LRP has been inacti- 
vated by adenovirus-mediated transfer of the 39-kDa re- 
ceptor associated protein (RAP) (12). Accordingly, a 
combination of an anti-LDLr antibody and RAP de- 
creased the hepatic uptake of chylomicron remnants in 
mice by 80% (20). 

The individual contribution of both receptor systems 
to the liver uptake of remnants is difficult to assess, and 
has been estimated as 50-76% for the LDLr (9, 20, 24) 
and 17-23% for LRP in mice (20). Although short-term 
kinetic studies in rats, mice, and rabbits indicate a pro- 
longed plasma half-life of remnants in case the LDLr is 
blocked (9,20,24) or absent (10,25), the apoE-specific 
non-LDLr recognition site may account for the clear- 
ance of virtually all of the remnants in the absence of the 
LDLr, albeit at prolonged circulation periods (11, 12). 

The affinity of the LDLr for VLDL is clearly heteroge- 
neous (26,27). It has been suggested from in vitro stud- 
ies that the capacity of LDL receptors on human fibro- 
blasts to bind VLDL decreases with increasing particle 
size (28, 29). In vivo, large VLDL (>45 nm) showed a 
faster plasma decay in humans (30) and New Zealand 
White (NZW) rabbits (25) than total VLDL. The differ- 
ence in plasma half-life was even more apparent in 
WHHL rabbits, indicative of participation of the non- 
LDLr recognition site in the binding of large VLDL 
(25). Recently, Windler et al. (31) reported that uptake 
of small chylomicron remnants by the isolated perfused 
rat liver paralleled the activity of the LDLr, as estimated 
from LDLr mRNA. In contrast, the liver uptake of rem- 
nants from large postprandial chylomicrons was not in- 
fluenced by LDLr modulation (31). These studies thus 
suggest the involvement of (remnant) particle size in 
receptor recognition in vitro and ex vivo. 

At present, it is still unclear which factor(s) decide 
about the specificity of remnants for the different recep 
tor systems in vivo. Recently, we described a triglyceride- 
rich apolipoprotein-free emulsion model of native 
chylomicrons with well-defined physicochemical char- 
acteristics (3, 32). Upon intravenous injection into rats, 
the emulsion was extensively processed by LPL (32), ac- 
quired apolipoproteins, e.g., apoE and apoCs, and was 
subsequently taken up by liver parenchymal cells via lac- 
toferrin-sensitive apoE-specific receptors just like en- 

dogenous chylomicrons (3). The rate of liver uptake 
was greatly increased by preloading the emulsion with 
recombinant (rec-) apoE. In the present study, we frac- 
tionated this emulsion into well-defined size-popula- 
tions in order to evaluate the effects of emulsion size 
versus composition on the relative roles of the LDLr 
and the distinct apoE-specific receptor in the hepatic 
clearance. In addition to rats, we also used wild-type ver- 
sus LDLr knockout mice, allowing unequivocal evalua- 
tion of the role of the LDLr. The contribution of the 
LDLr to the apoE-mediated uptake of emulsions by the 
liver (and adrenals) clearly increased with decreasing 
particle size. As these emulsions mimic chylomicrons, 
we anticipate that the apoE-dependent metabolic be- 
havior of chylomicrons (remnants) is largely dependent 
on their size. 

MATERIALS AND METHODS 

Chemicals 

Recombinant human apolipoprotein (rec-apo) E was 
a generous gift from Tikva Vogel, Bio-Technology Gen- 
eral, Ltd., Israel, and was supplied as a lyophilized pow- 
der containing 76% rec-apoE, 11.7% L-cysteine, and 
12.0% NaHC0' (33). ApoE was dissolved in phosphate- 
buffered saline (PBS) pH 7.4 (2.0 mg/ml) and stored 
under argon at -80°C. [ la,2a-'H]cholesteryl oleate, 
glycerol tri[9, 10-3H]oleate (['Hltriolein), l-[l-14C]pal- 
mitoyl ~-lyso-3-phosphatidylcholine, and "'1 (carrier- 
free) in NaOH were purchased from Amersham, Buck- 
inghamshire, UK. Triolein (99% pure) and egg yolk 
phosphatidylcholine (98%) were from Fluka, Buchs, 
Switzerland. La-lysophosphatidylcholine (99%), cho- 
lesterol (>99%), bovine serum albumin (BSA, fraction 
V), 17aethinyl estradiol (EE), and purified bovine milk 
LPL (5800 units/mg) were obtained from Sigma, St. 
Louis, MO. Cholesteryl oleate (97%) was from Janssen, 
Beersse, Belgium. Cholesterol oxidase, cholesterol es- 
terase, peroxidase type I1 (200 units/mg), Precipath" 
L, and EDTA were from Boehringer Mannheim, Ger- 
many. HEPES was from Merck, Darmstadt, Germany. 
Human lactoferrin (lyophilized, salt-free) was from 
Serva, Heidelberg, Germany, and heparin was from Leo 
Pharmaceutical Products B.V., Weesp, The Nether- 
lands. All other chemicals were of analytical grade. 

Preparation of emulsion fractions 

Emulsions were prepared according to the sonication 
and ultracentrifugation procedure of Redgrave and 
Maranhao (34) from 100 mg of total lipid at a weight 
ratio triolein: egg yolk phosphatidylcholine: lysophos- 
phatidylcholine: cholesteryl oleate: cholesterol of 70: 
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22.7: 2.3: 3.0: 2.0, using a Soniprep 150 (MSE Scientific 
Instruments, UK) at 18 p output that is equipped with 
a water bath for temperature (54°C) maintenance (3). 
The emulsion was fractionated into three size popula- 
tions by consecutive density gradient ultracentrifuga- 
tion steps in a Beckman SW 40 Ti rotor. After centrifu- 
gation for 22 min at 20,000 rpm at 20"C, an emulsion 
fraction containing large emulsion particles (fraction 1) 
was removed from the top of the tube by aspiration and 
replaced by NaCl buffer of similar density (i.e., 1.006 
g/ml) (34). Similarly, emulsion fractions 2 and 3 were 
isolated upon subsequent centrifugation at 40,000 rpm 
for 22 min and 4-5 h, respectively. Lipid composition 
of the emulsion fractions was determined with the 
Boehringer Mannheim (Mannheim, Germany) enzy- 
matic kits for triacylglycerols, phospholipids, and chc- 
lesterol. The distribution of lysophosphatidylcholine 
over the emulsion fractions was determined by adding 
1.25 pCi of [ L4C]ly~~pho~phatidylcholine before emul- 
sion synthesis. Particle size and homogeneity of the frac- 
tions were assayed by photon correlation spectroscopy 
using a Malvern 4700 C system (Malvern Instruments, 
UK). Measurements were performed at 25°C and a 90" 
angle between laser and detector. The net negative sur- 
face charge of the emulsions was determined by sub- 
jecting the fractions to 0.75% (w/v) agarose gel electro- 
phoresis at pH 8.8 using 0.075 M Tris-HC1, 0.080 M 

hippuric acid, 0.65 mM EDTA buffer. R,values were de- 
termined relative to the front marker bromphenol blue. 
Emulsions were stored at 20°C under argon and used 
for characterization and metabolic studies within 5 days 
following preparation, in which period no physico- 
chemical changes occurred. For synthesis of radiola- 
beled emulsions, 10 pCi of ['4CC]cholesteryl oleate and 
75 pCi of glycerol tri[3H]oleate, or 25-150 pCi of 
['H]cholesteryl oleate were added to 100 mg of total 
lipid. Further preparation and isolation of the emul- 
sions were similar as described above. 

Incubation of emulsion fractions with rat serum 

Serum, obtained from blood that was collected by 
puncture of the abdominal aorta from diethyl ether- 
anesthetized rats, was depleted of VLDL as previously 
described (34). Emulsion fractions (1.13 mg of tri- 
glycerides) were incubated with 3.0 ml of VLDGfree 
serum for 30 min at 37"C, and reisolated as described 
(34). Associated protein was quantified according to 
Lowry et al. (35), with BSA as an internal standard. In- 
dividual proteins (10-20 pg) were separated on 5- 
20% SDSpolyacrylamide gels. The relative amounts of 
(apo1ipo)proteins were calculated by densitometric 
scanning of Coomassie Brilliant Blue R-250-stained gels 
using a GS300 Scanning Densitometer from Hoefer Sci- 
entific Instruments (San Francisco, CA). 

Association of apoE with the emulsion fractions 

ApoE was radioiodinated at pH 10.0 with carrier-free 
'9 according to a modification of the IC1 method as 
described earlier (32). Free was removed by Sepha- 
dex G25 gel filtration and extensive dialysis against 8 
mM PBS containing 1 mM EDTA, pH 7.4, with repeated 
changes of buffer. More than 97% of the label in apoE 
was trichloroacetic acid-precipitable. The specific ac- 
tivity of '9-labeled apoE was 450-473 dpm/ng. 1251- 
labeled apoE was then incubated with the emulsion 
fractions at various ratios for 30 min at 37"C, and emul- 
sion-bound activity was separated from free activity us- 
ing density gradient ultracentrifugation as described 
previously (32). 

Isolation and radiolabeling of LDL 
Human LDL was isolated from the blood of healthy 

volunteers by differential ultracentrifugation (1.019 < 
d < 1.063 g/ml) as described (36), dialyzed against 8 
mM PBS containing 1 mM EDTA, pH 7.4, with repeated 
changes of buffer, and radiolabeled with '251-labeled ty- 
ramine cellobiose as described earlier (37). 

Liver uptake and serum decay of emulsion fractions 
in rats 

Fasted male Wistar rats weighing 210-270 g were 
anesthetized by intraperitoneal injection of sodium 
pentobarbital (15 mg/kg body weight) and the abdo- 
mens were opened. ['HI cholesteryl oleate-labeled or 
tri [JH]oleoyl glycerol [ 14C] cholesteryl oleate double-la- 
beled emulsion fractions (0.50 mg of emulsion triglycer- 
ide) were injected via the vena cava inferior. When 
indicated, rats (weighing 180-210 g) received a prein- 
jection of lactoferrin (70 mg/kg) at 1 min before injec- 
tion of the radiolabeled emulsions, or a preinjection of 
heparin (500 units/kg) via the left arteria carotis that 
had been cannulated, 10 min prior to injection of the 
emulsions. At the indicated times, blood samples of 300 
pl were taken from the vena cava inferior and allowed 
to clot for 30 min. 'H radioactivity in duplicate serum 
samples of50 p1, obtained after centrifugation for 3 min 
at 2500 g, was counted in 3 ml of Emulsifier Safe (Pack- 
ard, Downers Grove, IL). The total amount of radioac- 
tivity in the serum was calculated using the equation: 
serum volume (ml) = [0.0219 X body weight (g)] + 
2.66 (38). In order to determine liver uptake, liver l o b  
ules were tied off, excised, and weighed at the indicated 
times. The amount of liver tissue tied off during the 
experiment did not exceed 15% of the total liver 
weight. At 30 min, rats were killed, and organs were ex- 
cised and weighed. Radioactivity in liver and other tis- 
sue samples was counted after combustion (recovery 
>97%) in a Packard Tri-Carb 306 Sample Oxidizer and 
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corrected for the serum radioactivity in the tissues at 
the time of sampling (3). 

Liver uptake and serum decay of lipoproteins and 
emulsion fractions in mice 

LDLr knockout [LDLr(-/-)I mice, created from 
hybrids of C57B1/6J and 129SvJ strains by targeted gene 
disruption as described by Ishibashi et al. (10) were o b  
tained from the Jackson Laboratories (Bar Harbor, 
ME), and bred in our local facility under specific patho- 
gen-free conditions, as well as wild-type C57B1/6KH 
mice. The in vivo studies with PVLDL and emulsions 
were performed essentially similarly as described for 
rats. Mice weighing 20-27 g, fasted overnight, were 
anesthetized by intraperitoneal injection of sodium 
pentobarbital (15 mg/kg body weight) or a mixture of 
diazepam (5 mg/kg) and Hypnorm (10 mg/kg fluani- 
sone and 0.3 mg/kg fentanyl citrate), and the abdo- 
mens were opened. ['HI cholesteryl oleate-labeled 
emulsions (150 pg of triglyceride) were injected, and 
blood (<50 p1) as well as liver samples were taken and 
processed as described for rats. The amount of liver tis- 
sue tied off did not exceed 17% of the total liver weight. 
In case of lZ5I-1abeled PVLDL, apoB-associated radioac- 
tivity was determined after the selective precipitation of 
apoB with isopropanol (39). The total serum volumes 
of C57B1/6KH and LDLr ( - / - )  mice were 1.068 2 
0.066 ml (mean t SE; n = 5) and 1.177 2 0.049 ml 
(mean 2 SE; n = 3), respectively, as determined with 
"'I-labeled BSA similarly as previously described for rats 
(38). These data correspond well with the plasma vol- 
ume (4.5% of body weight), as estimated for C57B1/6 
mice and LDLr (- / -) mice by Herz et al. (13). Organ 
distributions were performed at 60 min after injection, 
similarly as described for rats. The radioactivity in liver 
and other tissue samples was corrected for the serum 
radioactivity in the tissues assumed to be present at the 
time of sampling, as determined by performing organ 
distributions of IZ5I-labeled BSA at 10 min after in- 
jection. These values are for C57B1/6KH and LDLr 
(- / -) mice, respectively: liver: 84.7 t 8.9 and 68.6 t 
3.3; heart: 68.1 -+ 2.9 and 57.8 2 0.9; lungs: 125.9 2 
13.2 and 127.3 -t 7.9; stomach: 22.9 t 3.2 and 24.1 
2 1.5; kidneys: 135.2 t 7.2 and 142.8 2. 2.2; adrenals: 
110.2 t 9.5 and 99.9 t 3.6; spleen: 64.6 t 9.2 and 72.6 
t 3.4; small intestine: 46.3 5 9.0 and 35.8 -+ 2.8; large 
intestine: 35.2 t 3.0 and 23.3 t 1.0; muscles: 13.7 t 
2.5 and 20.2 t 1.2; thymus: 46.7 2 6.5 and 32.3 t 2.6; 
skin: 13.1 2 3.4 and 12.9 2 1.3 p1 serum/g wet weight 
(mean 2 SE; n = 5 and 3, respectively). To determine 
the serum decay of lz5I-1abeled LDL in fed conscious 
mice at prolonged circulation periods (>60 min), both 
injection (15 pg of protein) and blood sampling were 
done via the tall vein. 

Intrahepatic hydrolysis of emulsion cholesteryl oleate 
in mice 

To determine the rate of [3H]chole~teryl oleate hy- 
drolysis in the liver of mice, emulsion fraction 1 was in- 
jected into wild-type and LDLr ( - / - )  mice as de- 
scribed above. At the indicated times, liver lobules were 
taken and immediately frozen in liquid NP,  Upon ho- 
mogenization in icecold PBS, pH 7.4, lipids were ex- 
tracted according to Bligh and Dyer (40), and separated 
using thin-layer chromatography (heptane-diethyl 
ether-acetic acid 60: 40: 1 (v/v/v). Cholesteryl oleate 
(Rf 0.85) and cholesterol (Rf  0.23) were visualized with 
iodine vapor, scraped off, and counted in 15 ml of Hio- 
nic Fluor (Packard, Downers Grove, IL). Using this 
method, 99.5% of the emulsion-associated 'H radioac- 
tivity appeared as ['H]cholesteryl oleate. 

Circular dichroism (CD) spectra and protein 
secondary structure analysis 

To probe the conformation of apoE on the emulsion 
fractions, CD spectra were measured on a CD6 Dichro- 
graph (Instruments S.A., Jobin-Yvon, Longjumeau, 
France) using a quartz cell of 1 mm path length at room 
temperature. Spectra were recorded of apoE (34 pg/ 
ml), with or without previous incubation (30 min at 
37 "C) with emulsions (1.7 mg/ml) that were previously 
dialyzed against PBS, pH 7.4. At these emulsion-triglyc- 
eride: apoE = 50:l weight ratios, the presence of un- 
bound apoE is prevented. Ten scans per sample were 
recorded in a continuous scanning mode and averaged 
in order to improve the signal to noise ratio. Spectra 
were also measured for the emulsions alone to allow 
correction for the contribution of lipids to the CD spec- 
tra (29). The mean residue ellipticity was calculated us- 
ing the equation [e], = (3300 X AA X MRW) / (L X 
C) , where AA is the measured difference in absorption 
of left and right circularly polarized light, MRW the 
mean residue molecular weight (i.e., 115), L the cell 
path length in cm, and C the apoE concentration in 
g/L. The a-helical content (fa) of apoE was calculated 
from the mean residue ellipticity at 222 nm using fa = 

+ 2340)/30300) (41), in accordance with oth- 
ers (29, 42). 

RESULTS 

Characterization of emulsion fractions 

The differential ultracentrifugation procedure from 
Redgrave and Maranhao (34) was used to divide the 
initial emulsion into three populations, based on their 
particle sizedependent flotation properties. The size 
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TABLE 1. Size, electrophoretic mobility, and lipid composition 
of emulsion fractions 

Emulsion Fraction 

1 2 3 

Mean diameter (nm) 152.3 t 7.0 80.0 f 2.4 47.8 t 1.7 
R, on agarose 0.09 f 0.01 0.16 f 0.01 0.14 f 0.01 
Composition (%w/w) 
Triolein 84.1 t 0.8 78.1 f 0.6 67.7 i 2 4 
Phosphatidylcholine 10.5 f 0.6 15.4 t 0.7 26.9 2 2.2 
Cholesteryl oleate 2.8 t 0.3 4.2 f 0.3 2.6 t 0.3 
Cholesterol 2.6 f 0.4 2.4 f 0.1 2.8 t 0.2 

Emulsions were obtained by sonication of a lipid mixture (tri- 
olein :egg yolk phosphatidylcholine: lysophosphatidylcholine: cho- 
lesteryl o1eate:cholesterol 70:22.7:2.3:3.0:2.0 (w/w), subdivided 
into three fractions by differential ultracentrifugation, and the mean 
particle size (mean t SE; n = l l ) ,  electrophoretic mobility (R,)  on 
agarose (mean t SD; n = 3 ) ,  and composition (mean 2 SE; n = 4- 
6) of’ the fractions were determined. 

and composition of the emulsion fractions are summa- 
rized in Table 1. The average particle size of the emul- 
sion fractions decreased with increasing fraction num- 
ber. The particle populations were homogeneous, as 
evident from their low polydispersities of 0.10 2 0.03 
(fraction l ) ,  0.12 2 0.02 (2), and 0.22 ? 0.02 (3) (mean 
? SD; n = 3). The electrophoretic mobilities of the 
emulsion fractions were all very low (<0.16 relative to 
bromphenol blue), confirming their low negative sur- 
face charge. This observation is beneficial with respect 
to avoiding phagocytotic uptake by cells of the reticulo- 
endothelial system (RES) and scavenger receptors on 
endothelial cells (P. C. N. Rensen and T. J. C.  van Ber- 
kel, unpublished observations). 

The different recovery of triolein (17.0 t 1.8%, 40.0 
t 2.4%, and 30.1 t 1.7%) and phosphatidylcholine 
(6.5 t 0.6%, 24.6 5 2.3%, and 35.3 2 2.4%) in the 
various fractions (1, 2, and 3) accounted for the inverse 
correlation of particle size and phospholipid: triglycer- 
ide ratio (0.14 2 0.02, 0.22 ? 0.01, and 0.41 t 0.09) 
(mean 2 SD; n = 6). Lysophosphatidylcholine contrib- 
uted 5.8 -+ 0.2 (fraction l ) ,  7.4 t 0.1 (2), and 11.5 2 
0.2 (3) % (w/w) to total phospholipid (mean t varia- 
tion; n = 2), indicating a relative preference to incorpo- 
rate into smaller particles. 

1) and and/or rat serum apolipoproteins (Fig. 2) was 
assessed. Radioiodinated apoE appeared to associate 
with the emulsions in a saturable manner, regardless of 
particle size (Fig. 1 ) . From the binding curves, a maxi- 
mum acquisition of 402 (fraction I ) ,  109 (2), and 46 
(3) molecules of apoE per particle could be calculated. 
These values imply maximum apoE surface concentra- 
tions of 4.7 X lo9 (fraction l ) ,  5.3 X lo3 (2), and 6.4 
X 10’ (3) molecules per pm‘, respectively, which are 
comparable and thus appear relatively irrespective of 
particle size. 

Incubation of the emulsion fractions with rat serum 
led to acquisition of a range of (apolipo)proteins, in- 
cluding serum albumin and apoCs, E, As, and D (Fig. 
2, left panel). ApoA-I and A-IV preferentially associated 
with the small emulsion, but their functions in remnant 
metabolism are unclear. More interestingly, the relative 
amount of emulsion-associated apoE increased with de- 
creasing particle size in contrast to the apoCs, resulting 
in an inverse correlation between particle size and 
apoE:C ratio (Fig. 2, right panel). In accordance, prein- 
cubation with exogenous apoE led to a higher recovery 
of apoE with all emulsion fractions, only at the expense 
of the C apolipoproteins, providing further evidence 
for competition between apoE and apoCs for binding 
sites on the emulsion surface (Fig. 2, right panel). A 

Acquisition of apoE and rat serum apolipoproteins 

Previous experiments have shown that, upon incuba- 
tion of emulsion fraction 2 with VLDL-fi-ee rat serum, 
apolipoproteins associate with the emulsion, especially 
apoE and apoCs (8). ApoCs can be selectively displaced 
from the emulsion by the addition of exogenous apoE, 
leading to an increased apoE : C ratio. In this study, the 
effect of particle size on the association of apoE (Fig. 

loo0 7 
1 

100 

10 

1 
0 10 20 30 40 50 

TGapoE = 5 0 0 X  (w/w) 

Fig. 1. Association of wc-apoE to the emulsion fractions. Emulsion 
fractions 1 ( A ) ,  2 (0), and 3 (V) were incubated ( S O  min at 37°C) 
with “‘I-labeled apoE at various emulsion-triglyceride ( TG): apoE, 
weight ratios. Subsequently, emulsion-associated and free apoE were 
separated by density gradient ultracentrifugation, and the association 
of apoE with the emulsion (molecules per particle) was c;ilcnlated. 
Values are means of 2-3 experiments. 
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Fig. 2. Effect of particle size and apoE on the acquisition of (apo1ipo)proteins from rat serum. Emulsion 
fractions were incubated (30 min at 37°C) with VLDLfree rat serum without (left panel) or with (right panel) 
preincubation with apoE (30 min at 37"C), and reisolated. Associated proteins were separated by electrophore- 
sis on 5-20% SDSpolyacrylamide gels and quantified by densitometric scanning upon staining with Coomassie 
blue. The apoE/C ratio was determined in the absence or presence of exogenous apoE (right panel). Values 
are means ? variation (fraction 1; n = 2) or SD (fractions 2 and 3; n = 3). SA, serum albumin. 

6.8-, 6 3 ,  and 2.4fold increased apoE : C ratio was conse- 
quently observed for fractions 1, 2, and 3, respectively. 

Liver uptake, serum decay, and extrahepatic 
distribution of emulsion fractions in rats 

Previous experiments have shown that, upon intrave- 
nous injection into rats, the cholesteryl oleate core of 
the emulsion fraction 2 is mainly taken up by apoE-spe- 
cific receptors on liver parenchymal cells (3), after ex- 
tensive processing of triglycerides by LPL (32). Studies 
on the liver uptake and serum decay of the three emul- 
sion fractions are shown in Fig. 3. It appears that the in 
vivo kinetics of the emulsions are highly sizedependent. 
The serum half-lives of the emulsions clearly increased 
with decreasing particle size, and were < 1 min (frac- 
tion l ) ,  14.8 ? 1.3 min (2), and 36.4 2 4.9 min (3). 
Concomitantly, particle size showed a positive correla- 
tion with association of the emulsions with the liver. At 
20 min after injection, 64 5 3% (fraction l ) ,  54 +- 1% 
(2), and 24 ? 2% (3) of the injected doses were taken 
up by the liver. The majority of core label of all fractions 
was taken up by parenchymal cells, as evidenced by the 
preinjection of human lactoferrin (Fig. 3, bottom 
panel). Lactoferrin has been shown to inhibit the apoE- 
mediated interaction of chylomicron remnants and p- 
VLDL with rat parenchymal cells in vivo (14). At 10 min 
after injection, lactoferrin inhibited the uptake of the 
emulsion fractions for 83.9% (1), 90.2% (2), and 92.2% 
(3). As lactoferrin preferentially (i.e., more than 97%) 

interacts with liver parenchymal cells after injection 
(43), these data indicate that less than 16.1% ( l ) ,  9.8% 
(2), and 7.8% (3) of the liver association was mediated 
by non-parenchymal cells such as Kupffer and endothe- 
lial cells. 

The relative contributions of various organs to the 
clearance of the emulsion fractions, as determined at 
30 min after injection, are summarized in Table 2. In 
general, the uptake of radiolabel by organs of the RES, 
such as spleen and lungs, appeared to be positively cor- 
related with particle size. The aspecific body distribu- 
tion, however, tended to increase with decreasing 
particle size, as indicated by an increase in uptake by 
muscle tissue. Surprisingly, the largest emulsion frac- 
tion showed a very high specific association with the 
heart (8.59 +- 0.78% per gram wet weight), which was 
17- and 43fold higher than that of the medium (0.52 
2 0.20%) and small (0.20 +- 0.12%) emulsion fraction, 
and even exceeded that with the liver (7.29 t- 0.57%). 
This association to the heart was even more pro- 
nounced at 2 min after injection (14.59 ? 3.93%, not 
shown), suggesting release of emulsion from the heart 
with time. Injection of heparin (500 units/kg), which 
releases LPL from the extrahepatic capillary endothe- 
lium (44) and enhances the metabolism of chylomi- 
crons (45) and emulsions (32,44), reduced the associa- 
tion of the large emulsion fraction to the heart 33-fold 
(0.26 ? 0.20%; mean % variation, n = Z), reaching the 
baseline levels for the smallest emulsion (not shown). 
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Fig. 3. Liver uptake and serum decay of the emulsion fractions in 
rats, in the absence or presence of lactoferrin. [JH]cholesteryl oleate 
([SH]CO)-labeled emulsion fractions, 1 (A) ,  2 (0), and 3 (0)  (0.5 
mg of emulsion-triglyceride) were injected into fasted anesthetized 
rats, without (top) or with (bottom) preinjection of lactoferrin. At 
the indicated times, the liver uptake (left panel) and serum decay 
(right panel) were determined. Liver values are corrected for serum 
radioactivity. Values are means t SE (without lactoferrin; n = 3-5) 
or variation (with lactoferrin; n = 2) or represent a single experiment 
(fraction 3 with lactoferrin). 
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Fig. 4. Initial extrahepatic association of emulsion fractions in rats. 
[gH]cholesteryl oleate ( [3H]CO)-labeled emulsion fractions (0.5 mg 
of emulsion-triglyceride) were injected into fasted anesthetized rats. 
At the indicated times, the total recovery of radiolabel in the serum 
plus liver were determined (mean t SE; n = 3-5). 

Extrahepatic binding of the large emulsion to LPL on 
heart and other tissues such as adipose tissue, might 
therefore explain the initial low combined presence of 
the large emulsion in the serum plus liver (41 t 3% of 
the injected dose after 2 min of circulation) compared 
to the medium-sized (91 f 4%) and small (102 f 5%) 
emulsion (Fig. 4). 

Despite the observed differences in initial binding to 
extrahepatic sites, the triglycerides in all three emulsion 
fractions were effectively hydrolyzed as evidenced by 
the similar shorter half-lives and reduced liver uptake 
of glycerol tri [ 'HI oleatederived radioactivity versus 
[ ''C] cholesteryl oleate in the double-labeled emulsions 

TABLE 2. Organ distribution (specific and total) of the emulsion fractions in rats 

Organ 

Liver 
Heart 
Lungs 
Adrenals 
Spleen 
Mus c 1 e s 
Serum 

Distribution of [ 'H]Cholesteryl Oleate 

Total (%ID) Specific (%ID/g wet weight) 

1 2 3 1 2 3 

56.9 t 2.5 57.9 t 0.2 28.1 t 2.0 7.29 t 0.57 6.87 t 0.46 3.06 t 0.50 
6.37 t 0.90 0.44 t 0.18 0.16 t 0.09 8.59 t 0.78 0.52 t 0.20 0.20 t 0.12 
0.64 t 0.29 0.18 t 0.08 0.08 t 0.03 0.92 2 0.34 0.20 t 0.08 0.09 t 0.03 
0.03 t 0.01 0.09 t 0.03 0.46 t 0.19 1.22 2 0.47 2.39 ? 0.84 3.34 t 1.41 
2.26 t 0.37 0.55 ? 0.01 0.40 t 0.09 5.04 t 0.49 1.03 t 0.02 0.66 t 0.10 
3.19 t 1.53 4.30 t 0.34 6.24 t 0.89 0.04 t 0.02 0.06 t 0.01 0.07 t 0.02 
5.02 t 1.28 25.7 t 0.7 58.9 +- 2.9 - - - 

[3H]cholesteryl oleate-labeled emulsion fractions (0.5 mg of emulsion-triglyceride) were injected into 
fasted anesthetized rats. After 30 min of circulation, the organ distributions were determined. Recoveries of 
I4C radioactivity in the rats were 76 t 4% (fraction I ) ,  92 t 2% (fraction 2), and 99 t 2% (fraction 3). Values 
are corrected for serum radioactivity and represent means 2 SE of 3-5 experiment$; %ID, percentage of the 
injected dose. 
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Fig. 5. Liver uptake and serum decay of double-labeled emulsion fractions in rats. Glycerol tri[gH]oleate 
(['HITO, closed symbols) [14C]choleste~l oleate (["CICO, open symbols) labeled emulsion fractions 1 (A),  
2 (0), and 3 (V) (0.5 mg of emulsion-triglyceride) were injected into fasted anesthetized rats. At the indicated 
times, the liver uptake (top panel) and serum decay (bottom panel) were determined. Liver values are corrected 
for serum radioactivity. Values are means 5 variation of two experiments. 

(Fig. 5 ) .  For comparison, the uptake of 'H activity (com- 
prising a mixture of mono-, di-, and triglycerides) by 
the liver was 3.3, 5.1-, and ?%.&fold lower compared to 
those of ['4C]cholesteryl oleate, at 20 min after injec- 
tion of the emulsion fractions 1, 2, and 3, respectively. 
Apparently, comparable amounts of triglycerides within 
the three fractions were hydrolyzed during lipolytic con- 
version, indicating that the size differences between the 
fractions presdmably still exist at the (hepatic) receptor 
levels. 

Liver uptake, serum decay, and extrahepatic 
distribution of emulsion fractions in mice 

In order to assess the relative contribution of the 
LDLr to the in vivo clearance of the three emulsion frac- 

tions, the kinetics of the emulsions were determined in 
both LDLr (+ / +) and LDLr (- / -) mice (Fig. 6 ) .  The 
absence of the LDLr in LDLr ( -  / -) mice was function- 
ally verified by the 2.6fold increased serum half-life of 
human Iz5I-labeled LDL (9.1 * 0.6 h) as compared to 
that in wild-type mice (3.5 ? 0.3 h), which is in agree- 
ment with the 2.5-fold increased half-life as has previ- 
ously been observed for mouse '251-labeled LDL (10). 

Upon injection of the emulsions into LDLr (+ / +) 
mice, the in vivo kinetics were again highly sizedepen- 
dent, with the serum half-lives being < 2 min (fraction 
l ) ,  32.0 ? 2.0 min (2), and 47.6 ? 7.6 min (3). Accord- 
ingly, 64 ? 7% (fraction l ) ,  52 ? 2% (2), and 41 ? 3% 
(3) of the injected doses were taken up by the liver at 
30 min after injection (Fig. 6). The liver uptake rate of 
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Fig. 6. Liver uptake and serum decay of the emulsion fractions in mice. ['H]cholestelyl oleate-labeled emul- 
sion fractions 1 (left panel), 2 (middle panel), and 3 (right panel) (150 pg of emulsion-triglyceride) were 
injected into fasted anesthetized wild-type (+ / +) (open symbols) and LDLr ( -  / - )  (closed symbols) mice. 
At the indicated times, the liver uptake (top) and serum decay (bottom) were determined. Liver values are 
corrected for serum radioactivity. Values are means t variation (fraction 2; 11 = 2) or SE (fractions 1 and 3; 
n = 3-6). 

the large emulsion is similar as compared to rats (Fig. 
3) whereas that of the small emulsion is higher than in 
rats, and might therefore be related to the presence of 
the LDLr. The effects of the particle size on the serum 
clearance and liver uptake are more clearly expressed 
within LDLr (- / - )  mice. Whereas the serum half-life 
of the large emulsion (< 2 min) did not differ from 
that observed in LDLr (+ / +) mice, 3.1- and 7.8-fold 
increased half-lives were observed for the medium-sized 
(97.5 2 7.8 min) and small (371.2 2 42.7 min) emul- 
sion, respectively. Accordingly, the liver uptake of the 
large emulsion (69 t 2%) was not altered, but was 1.7- 

and 5.9-fold reduced for the medium-sized (30 2 8%) 
and small emulsion (7 +- l % ) ,  respectively, at 30 min 
after injection. 

The organ distributions of the [ 'Hlcholesteryl oleate- 
labeled emulsions (60 min after injection) in both LDLr 
(+ / + ) and (- / - ) mice were essentially similar as 
those observed in rats, and showed a positive correla- 
tion between particle size and affinity for the RES 
(spleen, lungs) and LPL (heart) (Fig 7) .  In addition, 
whereas the specific adrenal uptake (per gram wet 
weight) strongly increased (3  2 1%, 16 2 6%, and 58 
+- 3%) with decreasing particle size in LDLr (+ / +) 

1078 Journal of Lipid Research Volume 38, 19% 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


I 

8o t 
60 

40 

20 

0 

t 

3 

I 
Fig. 7. Organ distribution of the emulsion fractions in mice. [3H]cholesteryl oleate (['H]CO)-labeled emul- 
sion fractions 1 (left panel), 2 (middle panel), and 3 (right panel) (150 kg of emulsion-triglyceride) were 
injected into fasted anesthetized wild-type (+ /+)  and LDLr ( - / - )  mice. After 60 min of circulation, the 
total (top) and specific (bottom) organ distributions were determined. Recoveries of 'H radioactivity in the 
wild-type and LDLr ( - / - )  mice were 81 2 2% and 83 2 4% (fraction l ) ,  78 t 4% and 91 ? 2% (fraction 
2), and 92 2 5% and 97 2 4% (fraction 3), respectively. Values are corrected for serum radioactivity and 
represent means 2 variation (fraction 2; n = 2) or SE (fractions 1 and 3; n = 3-6). 

mice, this size-dependent effect was abolished in the a b  
sence of the LDLr. Under this condition, the adrenal 
uptake of all fractions did not not exceed the low aspec- 
ific level (14%) as determined for the large emulsion 
in LDLr (+/+) mice. 

Intrahepatic hydrolysis of emulsion cholesteryl oleate 
in mice 

The in vivo clearance of the small emulsion is thus 
largely determined by the presence of the LDLr, 
whereas the initial association of the large emulsion 

with the liver is virtually independent of the LDLr. It 
has been suggested that, whereas the initial hepatic rec- 
ognition of chylomicron remnants is unaffected by the 
absence of the LDLr, the intrahepatic hydrolysis of 
[ 3H]cholesteryl oleate within these remnants may de- 
pend on the LDLr ( 13). The intrahepatic processing of 
the ['HI cholesteryl oleate-labeled large emulsion was 
therefore assessed in LDLr ( + / +) and LDLr ( -  / -) 
mice (Fig. 8). The rate of cholesteryl oleate hydrolysis 
was fast and appeared irrespective of the presence of 
the LDLr (50% conversion at 30-45 min after injection 
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Fig. 8. Intrahepatic hydrolysis of cholesteryl oleate from emulsion 
fraction 1 in mice. ["H]cholesteryl oleate-labeled emulsion fraction 1 
(150 pg of emulsion-triglyceride) was injected into fasted anesthetized 
wild-type (+ / +) and LDLr ( -  / -) mice. At the indicated times, liver 
lobules were taken, immediately frozen in liquid N q ,  and homoge- 
nized in ice-cold PBS. Lipids were extracted and ['H]cholesterol was 
separated from ['H]cholesteryl oleate by thin-layer chromatography. 
Values are means ? SE of four experiments. 

for both conditions), providing evidence for a cellular 
uptake route for the large emulsion independent of the 
LDLr. 

Circular dichroism (CD) spectra 

In an attempt to elucidate the mechanism underlying 
the inverse correlation between particle size and LDLr 
affinity, CD spectra of apoE were measured to deter- 
mine whether its conformation depends on the emul- 
sion particle size (Fig. 9). The CD spectra of free apoE 
showed minima at 208 nm and 222 nm, which is indica- 
tive of the presence of an a-helical secondary structure 
(Fig. 9, left panel). The a-helical content of apoE was 
41 ? 3% (mean 2 SD; h = 4) as calculated from the 
mean residue ellipticity at 222 nm. This value was irre- 
spective of the apoE concentration (within the range 
0.5-2.0 PM), or previous incubation for 30 min at 37°C. 
Preincubation of apoE with emulsion fractions of de- 
creasing size (76 2 15 nm, 43 ? 9 nm, and 35 ? 7 nm) 
for 30 min at 37°C led to augmenting spectral minima 
at 222 nm and hence to an increase in a-helical content 
of apoE up to 45 2 2%,57 ? S%, and 64 ? 8% (mean 
2 variation; n = 2), respectively (Fig. 9, right panel). 
Accurate analysis of the a-helical content of apoE on 
the (largest) emulsion fraction 1 was precluded due to 
excessive light scattering. 

At present, the mechanism for the hepatic uptake of 
triglyceride-rich lipoprotein remnants is still under ac- 
tive discussion (32, 46, 47). It is now generally accepted 
that the LDLr can contribute to the clearance of both 
VLDL (remnants) and chylomicrons in animals (8, 9, 
24, 25) as well as in humans (48). However, its relative 
importance as compared to uptake systems that are not 
related to the LDLr, and the mechanism that deter- 
mines LDLr versus non-LDLr (remnant receptor)-me- 
diated uptake, are unclear. 

The involvement of the LDLr in the hepatic uptake 
has been demonstrated for chylomicron remnants in 
rats pretreated with 17a-ethinyl estradiol (8) or using 
an anti-LDLr antibody in mice (9,24), for VLDL in nor- 
mal versus WHHL rabbits (25) and in wild-type versus 
LDLr knockout mice (10, I l ) ,  and for chylomicron-like 
emulsions also in wild-type versus LDLr knockout mice 
(4). Triglyceride-rich lipoproteins and emulsions bind 
the LDLr via apoE, and not apoB48 (49, 50), as deter- 
mined for VLDL using partial apoE cleavage (49), or 
the apoE-specific monoclonal antibody 1D7 (26). 

In this study we investigated the factor(s) that deter- 
mine (s) the specificity of triglyceride-rich lipoproteins 
(remnants) for both the LDLr and non-LDLr uptake 
site(s) in vivo using a defined emulsion model of chy- 
lomicrons ( 3 ,  32) that was fractionated into homoge- 
neous size populations with mean diameters of about 
50, 80, and 150 nm. These fractions were all able to 
associate similar saturating shell concentrations of hu- 
man apoE, indicating that size differences did not affect 
the affinity of emulsions for apoE. Upon incubation 
with rat serum, the fractions also acquired apoE, as well 
as other apolipoproteins, predominantly apoCs. 

A size-dependent affinity of the emulsion fractions 
for the liver was observed upon injection into both rats 
and mice, and was somewhat more pronounced in rats. 
Human lactoferrin has previously been shown to inhibit 
the liver uptake of chylomicrons in rats (14, 51). Ac- 
cordingly, the liver uptake of the cholesteryl oleate moi- 
ety of the various emulsion fractions in rats was also in- 
hibited for more than 84%. As lactoferrin almost 
exclusively (Le., more than 97%) associates with paren- 
chymal cells (43), this finding implicates that a major 
involvement of Kupffer and endothelial cells in the total 
liver uptake of the emulsion fractions can be excluded. 
The predominant role of parenchymal cells in the up- 
take of the 80 nm-sized emulsion has previously been 
confirmed by cellular distribution studies ( 3 ) .  In addi- 
tion, the emulsions are apparently recognized by a lac- 
toferrin-sensitive site independent of the LDLr in rats, 
as lactoferrin does not interfere with the recognition of 
LDL and PVLDL by the 17a-ethinyl estradiol-induced 
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Fig. 9. Effect of emulsion fractions on circular dichroism spectra of apoE. Spectra were recorded, at room 
temperature, of 0, 0.5, 1.0, and 2.0 PM apoE in PBS, pH 7.4 (left panel). Also, spectra were obtained of apoE 
that was preincubated (30 min at 37'C) in the absence (dashed line) or presence of 76 2 15 nm (2) ,  43 ? 
9 nm (3),  and 35 t 7 nm (4) sized emulsions (emulsion trig1yceride:apoE = 50:1, w/w) (right panel). The 
spectra are averages of two independent incubations (10 acquisitions per incubation). 

LDLr (14). Taken together with the sizedependent 
liver uptake patterns and serum kinetics, it is clear that 
the affinity of emulsions for this recognition site, 
termed the remnant receptor, decreases as the particle 
size decreases without induction of extrahepatic up- 
take. 

Using both wild-type and LDLr (- / -) mice, we dem- 
onstrated that the contribution of the LDLr to emulsion 
clearance increases with decreasing particle size, as evi- 
dent from the association of emulsions with the liver as 
well as adrenals. The specific uptake (i.e., per gram wet 
weight) of the small emulsion by the adrenals even ex- 
ceeded the specific liver uptake in wild-type mice, which 
is related to a higher LDLr expression (24). In fact, 
whereas the in vivo behavior of the large emulsion is 
virtually independent of the LDLr, the behavior of the 
small emulsion appeared almost completely dependent 
on the presence of the LDLr. 

The inverse correlation between the particle size and 
the affinity of emulsions for the LDLr in vivo raises ques- 
tions about the mechanism underlying the sizedepen- 
dent affinity for the LDLr versus remnant receptor. The 
receptor specificity may be (partially) explained by the 
differences in apoE:C ratio. It is known that apoCs in- 
hibit the apoEdependent recognition of triglyceride- 
rich lipoproteins by the LDLr as assessed in vitro and 
in vivo (7, 27), and LRP as determined by ligand blot- 
ting (1 6). Interference of apoC with both receptors ap- 
pears to occur through a mechanism irrespective of 

apoE displacement (16, 27, 52), and is possibly due to 
apoE-apoC interactions at the lipoprotein surface (27). 
The similarity in the extent of triglyceride hydrolysis of 
the various emulsion fractions in rats in vivo indicates 
that the size differences between the various emulsion 
fractions, and hence the differences in apoE: C ratios, 
will still exist at the hepatic uptake site. An increased 
apoE: C ratio may therefore correlate with an increased 
binding affinity of emulsions for the LDLr, but this 
would consequently imply that the remnant receptor is 
less sensitive to the effects of apoCs than the LDLr. 

We also observed a conformational change of apoE 
upon association with emulsions as evident from an in- 
crease in its a-helical content. In addition, the percent- 
age of a-helix in apoE increased with decreasing emul- 
sion size. These observations are consistent with data on 
the association of apoE with differently sized emulsions 
prepared from dimyristoyl phosphatidylcholine and 
cholesteryl oleate, and the finding that the a-helical 
content of apoE was even higher (approx. 90%) within 
dimyristoyl phosphatidylcholine disks (29). Competi- 
tion studies with LDL for the LDLr on human fibro- 
blasts indeed suggested an inverse correlation between 
particle size and LDLr affinity of apoE (29). The parti- 
cle sizedependent secondary structure of apoE thus 
may be relevant for the LDLr versus remnant receptor 
(non-LDLr)-mediated recognition. 

Elucidation of the nature of the (non-LDLr) initial 
recognition system, which is responsible for the high 
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liver association rate of the large emulsion, was not the 
primary aim of our present experiments. Possible sites 
include I )  the LRP, 2) proteoglycans, 3) lipases such 
as LPL and HL in concert with proteoglycans and/or 
LRP, and 4 )  a remnant receptor of an unidentified na- 
ture. Herz et al. (13) recently concluded that LW (or 
the LDLr) is not involved in the initial recognition of 
chylomicron remnants by the liver, and our previous 
data on remnant recognition are in agreement with this 
statement (14). The role of proteoglycans is presently 
supported by Herz et al. (13), Ji and Mahley (53), and 
Beisiegel et al. (47). We also obtained evidence for the 
involvement of proteoglycans in the cellular interaction 
of lipoproteins as mediated by LPL or HL (54, 55). I t  
has been reported that substantial amounts of LPL are 
associated with triglyceride-rich lipoproteins in human 
postheparin (56) and postprandial plasma (57), and 
that intravenously administered emulsions induce LPL 
activity in the rat liver (58). Such a mechanism for rern- 
nant removal involving lipases must then be more effi- 
cient for large versus small remnants. The similarity be- 
tween the size specificity of extrahepatic attachment of 
the large emulsion fraction to LPL and its non-LDLr- 
mediated liver association is in accordance with an LPL- 
mediated proteoglycan binding pathway. 

Very recently, we reported that apoE inhibits the LPL- 
mediated lipolysis of emulsions, as explained by a de- 
creased affinity for LPL (32). As the apoE : C ratio of the 
emulsion upon incubation with serum increased with 
decreasing particle size, smaller particles can be ex- 
pected to have a lower affinity for LPL as we now also 
observed by the markedly decreased binding to the 
heart in rats and mice. Consequently, the contribution 
of this route to the liver association would be low, as 
has been observed for the small emulsion in LDLr 
( - /  - )  mice. Interestingly, Windler et al. (31) reported 
that perfusion of livers with heparin o r  heparinase, 
thereby releasing apoE and HL, greatly retarded the re- 
moval of large chylomicron remnants, while that of 
small chylomicron remnants remained unaffected. Oth- 
ers have found that the hepatic clearance of remnants 
derived from large chylomicrons is inhibited by HL anti- 
sera in perfused livers ex vivo (19) or in rats in vi120 (59). 
Our observation that lactoferrin appeared to he a po- 
tent inhibitor of the association of emulsions with pa- 
renchymal liver cells in  rats is consistent with the lactof- 
errin-sensitive binding of emulsions t o  HSPG as 
mediated by LPL and/or HL (53, 60).  

In conclusion, the present data can explain the long- 
term discrepancy between various research groups with 
respect to the appreciation of the relative role of the 
LDLr in the clearance of triglyceride-rich lipoproteins, 
as these groups used a wide variety of substrates with 
mostly a heterogenous size distribution (4, 9, 10, 13, 20, 

24, 25). Our data demonstrate unambiguously that the 
particle size of triglyceride-rich emulsions determines 
receptor specificity. Whereas small emulsions directly 
interact with the LDLr, possibly dependent on a favor- 
able apoE conformation and/or apoE:C ratio, the he- 
patic uptake of the large emulsion is not dependent o n  
this receptor. The concerted action of apoE and lipases 
(i.e., LPL and HL) may result in the initial association 
of large emulsions to hepatic HSPG, which is coupled 
to endocytosis as mediated by LRP and/or an as yet un- 
identified remnant recept0r.I 

We thank Tikva Vogel, Bio-Technology General, Ltd., Israel, 
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