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ABSTRACT. We explored potential mechanisms of non-low-density lipoprotein (LDL) receptor-mediated
uptake of triglyceride-rich particles (TGRP) in the presence of apolipoprotein E (apo E). Human fibroblasts
were incubated with model intermediate-density lipoprotein- (IDL-) sized TGRP 1000xg of neutral
lipid/mL) containing apo E. The extent of receptor-mediated uptake of TGRP was assessed with (a) an
anti-apo E monoclonal antibody, which blocks receptor interaction; (b) incubation with heparin; (c) normal
vs LDL receptor-negative fibroblasts; and (d) receptor-associated protein (RAP) to determine the potential
contribution of LDL receptor-related protein (LRP). Cell surface heparan sulfate proteoglycan- (HSPG-)
mediated uptake was examined with or without the addition of heparinase and heparitinase to cell incubation
mixtures. At low particle concentrations {00ug of neutral lipid/mL), almost all apoETGRP uptake

was via the LDL receptor. At higher particle concentrations, within the physiologic rangg&0(ug of

neutral lipid/mL), most £60%) particle uptake and internalization was via HSPG-mediated pathways.
This HSPG pathway did not involve classical lipoprotein receptors, such as LRP or the LDL receptor.
These data suggest that in peripheral tissues, such as the arterial wall, apo E may act in TGRP as a ligand
for uptake not only via the LDL receptor and LRP pathways but also via HSPG pathways that are receptor-
independent. Thus, at physiologic particle concentrations apb@&RP can be bound and internalized

in certain cells by relatively low affinity but high capacity HSPG-mediated pathways.

Apolipoprotein E (apo E) binds to a number of lipoprotein effectively with HSPG, and then (d) acts as a ligand for
receptors including the LDLreceptor, and the LDL receptor-  uptake via the LDL receptor, LRP, or other pathways (Ji et
related protein (LRP) (Mahley, 1988; Ji et al., 1993). In al., 1993; Willnow et al., 1994). These properties of apo E
addition to its role in receptor-mediated endocytosis, apo E appear to be involved in what has been termed the “secre-
may mediate uptake of TGRP by non-LDL receptor path- tion—recapture” role of apo E (Hamilton et al., 1990; Mahley
ways, especially in nonhepatocyte cells such as macrophageg& Hussain, 1991; Brown et al., 1991). Another molecule,
(Hussain et al., 1989). In this regard, recent evidence showslipoprotein lipase, binds to HSPG and has also been shown
that apo E in TGRP binds to cell surface HSPG, presumably to be a ligand that can enhance cellular binding and uptake
via the heparin binding sites on apo E (Ji et al., 1993). This of TGRP with or without apo E (Cheng et al., 1981; Cupp
binding to HSPG may be particularly important in the liver, et al., 1987; Rumsey et al., 1992).
where apo E (a) is secreted by hepatocytes, (b) binds to the  apq E is tetrameric in aqueous solution but monomeric

cell surface (Hamilton et al., 1990), (c) associates with p jinig particle surfaces (Funahashi et al., 1989). Apo E
triglyceride-rich lipoproteins, enabling them to interact more |55 well-defined functional domains; the carboxyl-terminal
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and HL45095. contains the ligand for binding to the LDL receptor (Wilson
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1 Abbreviations: TGRP, triglyceride-rich particles; apo, apoprotein; " ] ; ]
LDL, low-density lipoprotein: VLDL, very low density lipoprotein: Our previous studies showed that cells internalize sub-

IDL, intermediate-density lipoprotein; LRP, low-density lipoprotein ~ Stantial amounts of model TGRP in the absence of apo E or
receptor related protein; HSPG, heparan sulfate proteoglycan; NL, other apoproteins, via adsorptive endocytosis pathways that

neutral lipid; TG, triglyceride; CE, cholesteryl ester; H/H, heparinase/ ; ; ;
heparitinase; RAP, receptor-associated protein; DMEM, Dulbecco’s clearly did not involve conventional cell receptors (Granot

modified Eagle’s medium; BSA, bovine serum albumin; PBS, phosphate- €t al_-a 1994; SChVV_ieQE|5h0hn et al,, 1995): Still, at physi-
buffered saline. ological concentrations of model TGRP (equivalent to plasma
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concentrations of 20100 mg/dL triglyceride), particle  units/mL) as described elsewhere (Tabas et al., 1985). After
uptake is markedly enhanced by addition of apo E (Granot the cells attained 80% confluence, LDL receptors were
et al., 1994). upregulated by cultivation in fresh medium containing 10%
Most studies assessing the binding of lipoprotein particles (v/V) lipoprotein-deficient serum for 2 days.
to high-affinity receptors have been performed at particle ~ Preparation of Lipid EmulsionsModel IDL-sized TGRP
concentrations much lower than those occurring physiologi- Were prepared as previously detailed (Schwiegelshohn et al.,
cally. For this reason, we compared apo EGRP uptake ~ 1995). Triolein (36-40 mg) and an equal weight of
at low particle concentrations saturating the LDL receptor cholesteryl oleate were mixed with twice that amount of egg
with cell uptake at higher, more physiologic concentrations. Yolk phosphatidylcholine (1% solution in chloroform).
We hypothesized that as particle concentration increased, celPepending on the purpose of the experiment, eitRil-[
LDL receptors would be saturated and then non-LDL cholesteryl hexadecyl ether [cholesteryl-H#&N)]-, or [*H]-
receptor pathways would contribute more to cellular binding cholesteryl oleate [cholesteryl-1,2,6/¢N)]-, was added in
and uptake. Our results support this hypothesis and indicatethe ratio of 2xCi/mg of neutral lipid. Because®i]-
that in cultured fibroblasts (and macrophages) incubated with cholesteryl ether is not metabolized by mammalian cells, it
low concentrations of particles, TGRP uptake is mediated can be used as a nondegradable marker for particle inter-
mainly by the LDL receptor and is not appreciably affected nalization by cells (Schwiegelshohn et al., 1995).
by removal of cell surface HSPG. In contrast, at particle ~ Analytical Procedures Triglycerides and cholesteryl
concentrations similar to what is found in plasma and in the oleate were determined with the aid of commercial kits,
extracellular milieu, cell surface HSPG can be a predominant catalog nos. 450032 and 290319, respectively (Boehringer

mechanism for binding and internalizing ape-EGRP. Mannheim Corp., Indianapolis, IN). Phospholipid was
assayed according to Bartlett (1959). Protein was determined
EXPERIMENTAL PROCEDURES by the Lowry method (Lowry et al., 1952).

Characterization of TGRP Emulsion particles were sized
Materials Triolein and cholesteryl oleate were purchased py using a Sepharose CL-2B column (16 50 cm).

from Nu-Chek Prep. Inc. (Elysian, MN). Egg yolk phos- | ipoprotein buffer solution (150 mM NaCl and 0.24 mM
phatidylcholine was obtained from Avanti Polar Lipids EDTA, pH 8.4, density 1.006 g/mL) was the eluent, and 1
(Alabaster, AL). Phosphotungstic acid was obtained from mL fractions were collected. The particles were detected
Ladd Research Industries (Burlington, VT), and bacitracin by measuring absorbance at 280 nm or by radioactivity_
was from Sigma Chemical Co. (St. Louis, MO). Heparin  Emulsion particle homogeneity was also examined with
was obtained from Elkins-Sinns, Inc. (Cherry Hill, NJ) and the aid of negative staining under a Jeol 1200 EX electron
had an activity of 1 unit/5.ag of heparin. All isotopically  microscope, (Peabody, MA), with the modifications previ-
labeled compounds were purchased from New Englandously described (Fote & Nordhouses, 1986). A 1:100
Nuclear (Boston, MA). Heparinase and heparitinase were dilution of emulsion in buffer containing 0.25 mg/mL
purchased from Seikagaku American Inc. (Rockville, MD). pacitracin to achieve even coating (Via et al., 1982) was
Bovine serum albumin fraction V was from Sigma Chemical employed. One drop of the diluted emulsion was placed
Co. (St Louis, MO) Cell cultivation materials including for 30 s on a 200 mesh FormVar carbon-coated gnd that
glutamine, penicillin, streptomycin, and fetal or standard calf was precoated (M|m3 et al., 1986) with 0.1% BSA. Excess
serum were purchased from Gibco/Life Technology Inc. sample was removed with filter paper touched to the edge
(Grand Island, NY). The enzymatic colorimetric assays to of the grid. One drop of 2% sodium phosphotungstate (pH
determine triglyceride (triglyceride GPO-PAP test) and 7 .2) was then placed on the grid. After removal of excess
cholesteryl ester (cholesterol/HP) were purchased from phosphotungstate, the preparation was permitted to dry in
Boehringer Mannheim (Indianapolis, IN). Sepharose CL- aijr. Particle size was measured with the aid of a Peak Scale
2B was provided by Pharmacia LKB Biotechnology Inc. | upe, Electron Microscopy Sciences (Fort Washington, PA),
(Piscataway, NJ). Silica gel 60 for TLC was purchased from and ranged between 25 and 35 nm diameter. The emulsion
Merck (Darmstadt, Germany). Purified recombinantapo E preparations contained no contaminating liposomes.
produced irEscherichia colivas provided by Biotechnology By column chromatography (Schwiegelshohn et al., 1995),
General (Rehovot, Israel). This apo E has been previouslythe particles that were used in this study eluted in a region
shown to exhibit the same in vitro cell blndlng and in vivo before LDL, similar to the elution position of IDL or
plasma behavior as does native plasma ap@/Bgel etal.,  remnant-sized particles. The mass ratio of the triolein plus
1985). Anti-apo E 1D7 monoclonal antibody was kindly cholesteryl oleate to phospholipid correlated closely with
provided by Drs. Ross Milne and Yves Marcel (University particle size. The ratios measured were between 2:1 and
of Ottawa) and RAP (the 39 kDa receptor-associated protein)3:1 (mean 2.3t 0.1,n = 10), consistent with that for IDL
by Dr. Dudley Strickland and colleagues (American Red or remnant-sized particles.

Cross, Rockville, MD). lodination of Apo E lodination of apo E was performed
Cells. Monolayer cultures of human fibroblasts from according to Bolton and Hunter (1973). Apo E (2 mg) in

normal neonate foreskin or LDL receptor-negative GM 2000 phosphate buffer at pH 8.0 was added to 1 mCi gidNed

fibroblasts from Coriell Co. (Camden, NJ) were prepared N-succinimido-3-(4-hydroxy-3!f9] iodophenyl)propionate

from frozen cells at densities of approximately 5.0 or and kept at 4°C for 30 min with manual mixing. The

5 x 10* cells/well in plates of 12 or 6 wells respectively. mixture was then dialyzed against a lipoprotein buffer (150

Cells were grown in a humidified incubator (5% @t 37 mM NaCl and 0.24 mM EDTA, pH 8.4, density 1.006 g/mL)

°C in Dulbecco’s modified Eagle’s medium supplemented (Innerarity et al., 1979).

with 10% (v/v) fetal or standard calf serum, glutamine (292  Cell Uptake of Apo ETGRP For experiments with apo

ug/mL), penicillin (100 units/mL), and streptomycin (100 E, radiolabeled emulsion particles were preincubated with



12768 Biochemistry, Vol. 36, No. 42, 1997 Al-Haideri et al.

s 500 pg / ml 5 100 -
£ 10 R 00
e —_—
o e .
% 8 % 50 *
° S
o0 ﬁa 0
§ 6 e SOfF 100 pg NL/ml .
z Z
on 4 [0
z . ] )
25 ml
2 1 P
[
2
D 0 1 1 1 ] O o
0.000 0.025 0.050 0.075 0.100 100 pg NL/ml 1000 pg NL/ml
Apo E (pg/ugNL) Ficure 2: Effect of heparin on TGRP cell uptake in normal

fibroblasts. Normal (receptor-positive) fibroblasts were incubated
with low (100ug of neutral lipid/mL) or high (100@g of neutral
lipid/mL) particle concentrations with apo E (Quf of apo Ekg
of neutral lipid), in the absence (open bar) or presence of either 10
units/mL (solid bar) or 1000 units/mL (hatched bar) heparin. Results
are expressed as the percent of the TGRP uptake measured in
control cells. (Inset) Cells were incubated with 109 of neutral
. o . . lipid/mL and apo E (0.1ug of apo E4g of neutral lipid) in the
apo E at 25C with gentle agitation for 30 min, which allows  absence (open bar) or presence of heparin, 10 units/mL (solid bar),
sufficient time for equilibrium binding (Oswald & Quarford, and in the presence of heparin (10 units/mL) plus-8Zold molar
1987; Tajima et al., 1983). In our system it is likely that Excesl»s of anti-apo E Z‘Oﬂoﬁona' amibo}f%l?égg’ss“a&c“ed bar). d
: P ; ; ; P esults are expressed as the percent of the uptake measure
apoEis e.qua”y dlstrlbuted_ among' pamdes.’. since in a similar in control cells. Results represent the meaSD of triplicate
system with model emulsion particles, Tajima et al. (1983) cubations (P < 0.05, **P < 0.01 compared to control).

have demonstrated that apo E distributes evenly among
particles rather than concentrating on certain particles, leavingfiproblasts. At a low particle concentration (28§ of NL/
others with less apo E. Under the conditions used herein,ml_), a 10-fold increase in apo E:partic'e ratio (from 0.01
all or almost all of the apo E present in the medium is bound ;g 'of apo E4g of NL to 0.10 ug of apo E4g of NL)

to TGRP (Granot et al., 1994; Schwiegelshohn et al., 1995; jncreased emulsion uptake by about5tfold, compared to
Oswald & Quarford, 1987). The apofparticle complex  particles without apo E. At high particle concentration (500
resulting from the preincubation was added to upregulated ;g of NL/mL), the corresponding increase in uptake was
cells, and incubation was carried out at 37 on a rocker  gpproximately 2-fold as apo E concentration increased.
(Lab Line Instruments, Inc., Melrose Park, IL), for-8 h.  Thys, the presence of apo E enhances particle uptake at both
After incubation, the cells were chilled on ice and washed |ow and high particle concentrations. Overall, increasing
twice with cold PBS containing 0.2% BSA and then washed hoth particle concentration and apo E:particle ratios resulted
twice with PBS alone. To measure particle uptake, cells i3 substantial increases in particle uptake.

were first treated with heparin (1400 units/mL of PBS) for
1 hat4°C. After heparin treatment, the cells were washed
twice with PBS. When3¥]cholesteryl ether was used for
labeling, the cell-associateéH]cholesteryl ether was mea-
sured after lysis of the washed cells with 0.1 N NaOH.
When PH]cholesteryl oleate was used, th#H]ester was
extracted from the cells with hexane/2-propanol (3:2) and
run on thin-layer chromatography (TLC). The solvent used
was hexane/diethyl ether/acetic acid (70:30:1 v/v/v). Uptake

CﬁICIUIated Iby determilnationhof total (free and _es'_tlerifiélel]-[h concentrations, such as 1000 units/mL, will release apopro-
cbo este(;o QﬁVeh V? uesht at were very similar to tr?se tein ligands from cell receptors (Ji et al., 1993; Brown et
observed with the Hlether. _In some experiments the al., 1991; Choi et al., 1991). We thus studied the effects of
emulsions contained®-apo E, which was measured in low and high heparin concentrations on ape FGRP
NaOH cell lysates as described féH]ether. The specific uptake
activities used were 175750 cpmyg of NL for [*H] and : . . . . .

; . Previous studies utilizing heparin as a tool in cell experi-
350-700 cpm/ng of apo E for™1. Based on r_adloact|V|ty ments focused largely 0?’1 LBL and used high hegarin
measurements, uptake was expressed as micrograms of NIE:oncentrations (Goldstein et al., 1976). Since there is little

gg ?ﬁg rli eij)aer;trrgllil;gcr)?:rr]i;l]iccﬁg ?r:(c:ﬁ)lgu Ogs_ta are expressed avgilable data on effects of low heparin. concentratigm((
Statistics For the level of significance between experi- units/ mL) on uptake of apoHGRR particles, we deS|gngd
mental conditions, a two group paired two-tailed Student experiments to address this. In fibroblasts, at low particle
t-test was performed. concentration (259 of NL/mL), \_/vhere all or_almost all _
uptake is via cell receptors, heparin concentration at 10 units/
RESULTS mL had no or very little effect on particle uptake. However,
We assessed the effect of apo E concentration on particleas heparin concentration increased from 50 to 1000 units/
uptake at different particle concentrations. Figure 1 shows mL there was a progressive decrease of particle uptake to
uptake data for increasing amounts of apo E in normal <15% of uptake in the absence of heparin (data not shown).

Ficure 1: Effect of apo E concentrations on TGRP uptake. Normal
receptor-positive fibroblasts were incubated at°87for 4 h in
media containing increasing amounts of apo E, at low/g%f
neutral lipid/mL) @) or high (500ug of neutral lipid/mL) Q)
concentrations of 3H]TGRP. Results are the meat SD of
triplicate incubations.

We next initiated experiments to determine if multiple
mechanisms contribute to apo E-mediated particle uptake at
high particle concentrations. We examined the effects of
heparin at different particle concentrations on uptake path-
ways in human skin fibroblasts, cells that do not express
scavenger or VLDL apo E receptors (Figure 2). Low
concentrations of heparin, such as 10 units/mL, can displace
a number of ligands from cell surface HSPG (Ji et al., 1993;
Brown et al., 1991; Choi et al., 1991), whereas high heparin
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As shown in Figure 2, low-concentration heparin (10 units/ Receptor - positive
mL) decreased particle uptake substantially at high, but not A
at low, particle concentrations (a nonsignificantl5% 5 e - Apo me ol protin
reduction using 10Qtg of NL/mL versus 35% reduction 30 JR
using 1000ug of NL/mL). High-concentration heparin
(1000 units/mL) reduced particle uptake at high and low
particle concentration (approximately 85% reduction) using
100ug of NL/mL versus~65% reduction using 100@g of
NL/mL. At low particle concentration an anti-apo E 10
monoclonal antibody 1D7, which inhibits LDL and LRP
receptor-mediated uptake of apo E particles (Innerarity et
al., 1983), resulted in about 65% inhibition of particle uptake;
this was not affected by the presence of a low heparin
concentration (10 units/mL), which had no effect on particle
uptake (Figure 2, inset). (Control mouse IgG had no effects
on particle uptake.) Similar effects were obtained studying
apo E-patrticle uptake in J774 macrophages in the presence
of heparin or anti-apo E antibody, 1D7 (data not shown).
These results suggest that at low particle concentrations, most
TGRP are bound to and internalized via the LDL receptor;
however, at high concentrations, TGRP are likely bound to
and internalized via other sites on the cell surface, different 10
from classical lipoprotein receptor-mediated pathways. . CH/H

To test whether HSPG was involved with particle binding 0 . .
and uptake at high particle concentrations, we studied apo 0 250 500
E—TGRP uptake before and after removal of cell surface Neutral lipid ( pg/ml )
HSPG by heparinase/heparitinase (H/H) treatment in normal g ee 3: Effect of removal of cell surface HSPG on TGRP uptake
and LDL receptor-negative fibroblasts (Figure 3). In normal in normal and LDL receptor-negative fibroblasts. (A) Normal
fibroblasts, at low particle concentration, removal of cell (receptor-positive) fibroblasts were incubated at°87for 4 h in
surface HSPG by H/H had little or no effect on particle ?g)eldia %?rgaéngl? ‘g‘;fﬁ;irt‘rt aCI‘IJi”f;“%ﬁ&“;fj&f&%?“%gg&g
uptake (Figure 3A). In contrast, at higher .pamde concentra- ©) g? hepgrinas%/heparitinaspe (é.S units each/mL).p(Inset) Cells
tion (>100ug of NL/mL), cell treatment with H/H reduced  yere incubated as described in the presence of different concentra-
TGRP uptake to levels similar to saturation uptake via the tions of BH]TGRP and'?3-apo E. (B) Receptor-negative fibroblasts
LDL receptor pathway. Experiments witfd-apo E in were treated as in panel A in the absen®® ¢r presence@) of
which we measured apo E internalization and degradation heparinase/heparitinase. All results are the me&D of triplicate
gave similar results to those obtained withJcholesteryl ~ ncubations.
ether (Figure 3A, inset). In fibroblasts that lack the LDL
receptor, substantial uptake of ape EGRP only occurred
at high particle concentrations 250ug/mL), and this uptake
was almost completely abolished following treatment of cells
m;l: ;/Evﬂg%g S Egn (:T;ﬁ?;u?ngse;ﬁﬁgfs ;?s lljr?tsersﬁ e({:}_gest apo E is present and receptors are saturated, binding to HSPG
ized by a non-HSPG-dependent pathway via the LDL oceurs.
receptor. Since removal of HSPG does not affect particle It has been suggested that the LRP is another receptor that
uptake at low particle concentration, the affinity for binding Will play a role in uptake of apo ETGRP, at least in liver
and uptake of apo ETGRP via the LDL receptor is higher  cells. To assess the potential contribution of LRP-mediated
than that of HSPG pathways. At high particle concentrations, uptake of apo ETGRP, we studied the effects of the 39-
however, a large fraction of particle uptake requires HSPG kDa receptor-associated protein (RAP) at a concentration (10
both in normal and LDL receptor-deficient cells. As well, u«g/mL) that inhibits binding of a number of ligands to LRP
in these cells the uptake capacity of the HSPG-dependent(Warshawsky et al., 1994; Bu et al., 1992), and compared
pathway is higher than that of the LDL receptor. its effects to that of H/H. (In pilot studies not shown, higher

We next investigated if the amount of apo E per particle concentrations of RAP did not demonstrate greater effects
was important in determining the binding of ape-EGRP than RAP at 1Qug of NL/mL.) In normal fibroblasts, at
to cell surface HSPG. At low particle concentration (2p low particle concentration (26g of NL/mL, 0.1ug of apo
of NL/mL) H/H did not appreciably alter particle uptake at E/ug of NL), neither RAP nor H/H treatment had any
any apo E/neutral lipid ratio (see below). However, at high significant effect on TGRP uptake (Figure 4A). However,
particle concentration (50@y of NL/mL) H/H treatment led  at high particle concentration (50@ of NL/mL, 0.1ug of
to increasing effects as the apo E/neutral lipid ratio increased.apo E/g of NL), RAP inhibited TGRP uptake by 225%.
With a ratio of 0.01ug of apo E4g of neutral lipid, H/H This inhibition was considerably less than that due to removal
treatment decreased uptake by only 2%. However, at a ratioof cell surface HSPG by treatment with H/H; i.e.,-580%
of 0.1 ug of apo Ekg of neutral lipid, 58% reduction was decrease in particle uptake compared to nontreated cells. In
observed (data not shown). For the highest ratio used herereceptor-negative fibroblasts, treatment with RAP had only
(0.1 ug of apo Ekg of NL), we have estimated an average minor effects on decreasing particle uptake at high concen-

-H/H

+HH

L ] 250 500

20

+H/H

0 250 500

Receptor - negative
30

Uptake ( pg NL/mg cell protein )

-H/H
20 |

of 4—6 apo E molecules/particle (Granot et al., 1994). These
results suggest that when few apo E molecules are present
per particle, apo E binds to high-affinity receptor sites on
the cell surface and not appreciably to HSPG; when more
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B Ficure 5: Intracellular partitioning of TGRP cholesteryl ester to
3 free cholesterol vs cholesteryl ester. Normal receptor-positive (open
2 Receptor - negative bars) or receptor-negative fibroblasts (hatched bars) were incubated
3 P g at 37°C for 2 h inmedia containing low (5@g of neutral lipid/
% B mL) and high (50Q«g of neutral lipid/mL) concentrations of TGRP
Egp containing®H-cholesteryl oleate with apo E (Ouly of apo E/g of

neutral lipid). Following extraction of the cells and thin-layer
chromatography, the fraction of free cholesterol to cholesteryl ester
was determined (FC/CE). Results are the m&aBD of triplicate
incubations (P < 0.05 compared to receptor-positive cells).

10 -
delivery, i.e., via the LDL receptor-mediated pathway versus
pathways associated with HSPG binding and internalization.
P Bl N\ To address this, we radiolabeled TGRP witH]gholesteryl
25 500 oleate rather than radiolabeled cholesteryl ether and compared

the hydrolysis of cholesteryl oleate to free cholesterol in LDL
receptor-negative and normal fibroblasts at low and high
FiGure 4: Effect of removal of cell surface HSPG and blocking  particle concentrations. Figure 5 shows that partitioning of
of LRP on TGRP uptake by fibroblasts. (A) Receptor-positive and 4 ticle cholesteryl ester between free cholesterol and cho-

(B) receptor-negative fibroblasts were incubated af@G7or 4 h I | - iderablv high f diated
in media containing low (2&g of neutral lipid/mL) or high (500 esteryl ester Is considerably higher after receptor-mediate

ug of neutral lipid/mL) concentrations offi]TGRP (0.1ug of apo internalization. These results suggest different intracellular
Elug of neutral lipid). Cell TGRP uptake was measured in the metabolic consequences for TGRP internalized via HSPG

absence (open bars) or in the presence of either heparinasefs compared to LDL receptor-mediated pathways.
heparitinase (2.5 units each/mL) to remove cell surface HSPG (solid

bars) or RAP (1Q«g/mL) to block the LRP (hatched bars). Results DISCUSSION
Srglthﬁ*”;ei‘“g OSODl of triplicate incubations ¢ < 0.05, **P < Our results show that in an extrahepatic cell line, human
.01, . compared to control). . L : .
fibroblasts, apo E-containing TGRP are internalized by both
tration (500ug NL/mL), but H/H removal of cell surface  LDL receptor-mediated and non-LDL receptor-mediated
HSPG resulted in a major decrease in particle uptake (Figurepathways. In these cells, at low particle concentration, TGRP
4B). uptake is mainly via the LDL receptor and is not appreciably
Inclusion of RAP in incubations with cells that had been affected by removal of cell surface HSPG. However, at
H/H-treated led to no further decrease in TGRP uptake in particle concentrations approaching what might be found
either normal or receptor-negative cells (data not shown). physiologically in plasma and interstitial fluid (neutral lipid
These results demonstrate that when LRP contributes toconcentrations o&250 ug/mL), apo E mediates particle
TGRP uptake, it does so at particle concentrations greateruptake by binding to HSPG, which then leads to internaliza-
than those required to saturate the LDL receptor. Moreover, tion of substantial amounts of TGRP. Our results demon-
as previously suggested by others, LRP-mediated uptakestrate that HSPG binding does not enhance TGRP uptake
appears to depend upon the presence of HSPG on the celvia the high-affinity LDL receptor pathway. RAP, a ligand
surface (Beisiegel et al., 1994; Mahley et al., 1994). Finally, that competes for binding to LRP, is unable to block fully
at physiologic particle concentrations, inhibition of LRP- the uptake of apo ETGRP. Thus, at higher particle
mediated uptake by RAP is less than half that obtained afterconcentrations, some particles are internalized directly
removal of HSPG. This indicates that a substantial number through lower affinity but high capacity HSPG pathways
of particles can be internalized directly after binding to involving neither LRP nor the LDL receptor. These mech-
HSPG. anisms may be particularly important in extrahepatic tissues
Of interest, in receptor-negative cells where most particle Where, as suggested by Dietschy et al. (1993), nonreceptor
uptake is via HSPG, we noted in time course experiments mechanisms become increasingly important as lipoprotein
that the rate of particle uptake was about half that in cells concentrations rise.
with the LDL receptor (data not shown). This is in keeping  After lipase-mediated hydrolysis of triglyceride in chylo-
with our previous data (Rumsey et al., 1992) and that of microns or VLDL, it has been suggested that the initial step
others (Hamilton et al., 1990), which have shown the HSPG- in clearance of triglyceride-rich remnant particles from
mediated endocytosis pathways of a number of ligands areplasma is sequestration of these particles within the space
slower than uptake mediated by the LDL receptor. of Disse, through an interaction with HSPG in the liver.
We next questioned whether intracellular catabolism of Uptake of particles by hepatocytes would then be mediated
TGRP would be substantially affected by different routes of by the LDL receptor and LRP. Ji et al. (1994) have

Neutral lipid ( pg/ml )
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suggested that an apo E-enriched remnant lipoprotein,pure lipid emulsions prepared in the laboratory (Granot et
p-VLDL, binds avidly to HSPG and to LRP, b#VLDL al., 1994). To avoid potentially confounding effects of other
without the addition of excess apo E does not. There are aapoproteins, our particles contained only apo E to allow us
number of important differences between our approach andto assess apo E binding directly. It is possible that other
that of Ji et al. First, they used HepG2 cells, a human apoproteins will modulate the interaction of ape-EGRP
hepatoma cell line that secretes endogenous apo E. Our datwith HSPG, cell receptors, and other molecules on the cell
were obtained using fibroblasts (and macrophages), cell linessurface. Also, most of our studies were done in fibroblasts
that do not express or secrete apo E. Second, their studiesnd not hepatocyte-like lines. Unlike liver cells, fibroblasts
were performed at relatively low concentrations of particles do not secrete lipase, endogenous apo E, bile acids, or
(1 ug of g-VLDL protein/mL). Further, to demonstrate lipoprotein particles and thus offer a good model for apo E
effects with 8-VLDL, addition of substantial amounts of interactions with both LDL receptor and HSPG in the
exogenous apo E t@-VLDL was required. We found  absence of other confounders.
evidence of direct uptake via HSPG beginning only at higher  While the relative amounts of receptors as compared to
particle concentrations. This suggests that HSPG-mediatedHSPG may be quite different in different cell lines, our
uptake is important only at higher but more physiological experiments clearly delineate three distinct pathways whereby
particle concentrations (about 2@ of NL/mL). triglyceride-rich particles can be taken up by extrahepatic
In view of the suggestion that apo E binding to receptors cells. In addition to uptake by the LDL receptor and LRP,
is multivalent, i.e., multiple apo E molecules on a single we provide strong evidence for a third uptake mechanism;
particle bind to multiple receptors, our results are similar to i.e., a nonreceptor pathway of direct uptake via HSPG. Two
those of others in demonstrating that receptors are likely to of the uptake pathways (LRP and HSPG) begin to function
become saturated only when there are at leasi 4po E only after particle concentration increases above levels
molecules per particle (Ji et al., 1994). At this point, binding required to saturate the LDL receptor. We suggest that our
to HSPG begins to play a role. Our results, similar to those results, based on experiments in nonhepatocyte cell lines,
of Ji et al. (1994), indicate that H/H does not inhibit binding are likely relevant to uptake and metabolism of TGRP in
via the LDL receptor. In our experiments, addition of RAP peripheral extrahepatic tissues, e.g., bone marrow or the
had only a minor effect on diminishing TGRP uptake in arterial wall, as compared to the overall clearance of
receptor-negative cells either at low (28§ of NL/mL) or lipoproteins from the plasma compartment, which largely
high (500ug of NL/mL) concentrations. In normal fibro-  occurs by liver-mediated removal (Hussain et al., 1989;
blasts, an effect of RAP was observed only at high particle Dietschy et al., 1993).
concentrations indicating that LRP contributes to app&r- Are our results relevant to what occurs physiologically?
ticle uptake after the LDL receptor is saturated. While RAP Particle concentrations used in these studies are similar to
can inhibit binding to the LDL receptor, its affinity for this  those that exist in “portal” systems, such as bone marrow.
receptor is much weaker than for LRP (Medh et al., 1995; Moreover, it is likely that concentrations of TGRP even
Mokuno et al., 1994). higher than those used herein, may be reached in arterial
There are precedents for direct uptake of molecules via tissues after damage to the vascular endothelium or to other
HSPG. Basic fibroblast growth factor (bFGF) is an example. tissues. Such a situation might even be exaggerated in the
Receptors provide a high-affinity binding site for this protein, postprandial state when ape-EGRP increase in plasma.
while HSPG are a high-capacity but low-affinity bFGF cell Clearly apo E is a critical protein for clearance of TGRP
surface binding site (Reiland & Rapraeger, 1993; Moscatelli, from plasma, and variations in apo E structure will affect
1992). However, bFGF bound to either site is internalized its binding not only to cell receptors but also to HSPG (Ji et
and degraded. Similarly, previous data from our laboratory al., 1994). TGRP and their remnants, which contain apo E,
have suggested that lipoproteins bound to macrophage andnay contribute to the atherosclerotic process (Zhang et al.,
fibroblast cell surfaces via lipoprotein lipase are internalized 1992). The absence of apo E in human subjects or in apo E
and degraded both via receptor and HSPG receptor-knockout mice is also associated with premature atheroscle-
independent pathways (Obunike et al., 1994). However, rosis (Plump et al., 1992; Zhang et al., 1992). In both human
similar to our results shown in Figure 5, degradation and animal apo E deficiency states, TGRP plasma levels are
pathways are less efficient when particles are internalized markedly elevated, and these particles almost certainly enter
via HSPG compared to the LDL receptor (Rumsey et al., cells largely through nonreceptor pathways. However, since
1992). Our results provide additional evidence for another LDL receptor defects alone are generally not associated with
HSPG-mediated secondary metabolic pathway that does notmarked changes in clearance of TGRP or remnants (Willnow
appear to require “classical” receptors. In our experiments, et al., 1994; Ji et al., 1994), it is likely that other pathways
the VLDL (Takahashi et al., 1992) and the TGRP receptors play an important role. In vivo evidence of the importance
(Ramprasad et al., 1995) are unlikely to represent appreciableof such pathways for chylomicron remnant removal were
routes of uptake, since they are only weakly expressed, if atrecently described in mutant mice lacking the LDL receptor
all, by the cells used in our studies. Also, the receptor (Herz et al., 1995). Using mice homogenous for both apo
described by Ramprasad et al. (1995) does not recognizeE and LDL receptor deficiency, Fazio et al. (1996) reported
apo E. preliminary data indicating that LRP cannot account for all
While our studies were designed primarily to delineate apo E-enriched TGRP clearance in the absence of the LDL
the effects of apo E, we recognize that the lipid composition receptor. Our data suggest that in addition to clearance
of the model TGRP emulsions used differs from that of pathways of TGRP via the LDL receptor, apo E interactions
native lipoproteins. Nevertheless, in a previous work we with HSPG will promote TGRP clearance by LRP-dependent
have shown that emulsions prepared from extracted humanand independent mechanisms. Moreover, HSPG-dependent
VLDL lipids behave, qualitatively and quantitatively, like clearance likely contributes increasingly to particle removal
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once TGRP concentrations rise past levels that saturate LDLJi, Z. S., Fazio, S., Lee, Y. L., & Mahley, R. W. (1993) Biol.

receptors.
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