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Abstract The low density lipoprotein receptor-related protein
(LRP)/aty-macroglobulin (o;M) receptor has been suggested as
a potential chylomicron remnant receptor. To investigate the in-
volvement of LRP in chylomicron remnant metabolism in vivo,
cross-competition experiments with chylomicron remnants, 8-
VLDL, and receptor-active a;M, complexed with trypsin (c;M-
trypsin), were performed in rats. Saturating concentrations of
unlabeled S-VLDL failed to inhibit the plasma clearance and
hepatic uptake of 125I-labeled oyM-trypsin and, vice versa,
asM-trypsin failed to retard the removal of 125]-labeled chylo-
micron remnants. It has been demonstrated previously that
bovine lipoprotein lipase (LPL) strongly enhances the binding
of apolipoprotein E-containing lipoproteins to LRP (U. Bei-
siegel, W. Weber, and G. Bengtsson-Olivecrona. 1991. Proc. Natl.
Acad. Sei. USA. 88: 8342-8346). Therefore, 3-VLDL were en-
riched with isolated LPL or heparin was injected simultaneously
with 8-VLDL to increase the concentration of endogenous LPL
bound to 3-VLDL. Yet, no inhibition of the plasma elimination
and the hepatic uptake of !?3I-labeled ay;M-trypsin was observed
after injection of saturating amounts of 3-VLDL enriched with
LPL.BE We conclude that in the rat triglyceride-rich lipo-
proteins and a;M-trypsin bind in vivo either to different bind-
ing domains of LRP or to a different receptor protein.
—Jickle, S., C. Huber, S. Moestrup, J. Gliemann, and
U. Beisiegel. In vivo removal of 8-VLDL, chylomicron rem-
nants, and a;-macroglobulin in the rat. /. Lipid Res. 1993. 34:
309-315.

Supplementary key words low density lipoprotein receptor-related
protein * a;-macroglobulin receptor

Chylomicron remnants are cleared rapidly from the
plasma and are chiefly taken up by the liver (1, 2). The
clearance of chylomicron remnants is mediated by apo-
lipoprotein (apo) E but is independent of apoB (3, 4). The
low density lipoprotein {LDL) receptor contributes to the
removal of chylomicron remnants in vitro (5-9) and in
vivo (10-13). Yet, tissue culture and in vivo experiments
have shown that chylomicron remnants are, in addition,
removed by a mechanism distinct from the LDL receptor
(5, 14-17). The LDL receptor-related protein (LRP) (18)
has been shown to bind apoE-containing lipoproteins in

vitro (19-22); binding of apoE to LRP can be highly
stimulated by addition of lipoprotein lipase (23).

Recently, Strickland et al. (24) and Kristensen et al.
(25) discovered that LRP is identical with the ay-macro-
globulin (a;M) receptor. oM is capable of inhibiting a
wide variety of proteolytic enzymes (26). «;M proteinase
complexes are rapidly removed from the circulation, pri-
marily by receptor-mediated endocytosis in hepatocytes
(27-29).

Hussain et al. (30) demonstrated that receptor-active
;M partially inhibited the plasma clearance of chylo-
micron remnants and, vice versa, apoE-enriched chylo-
micron remnants partially inhibited the removal of a;M
in mice (30). In the present study we performed in vivo
cross-competition experiments with rat chylomicron rem-
nants, rabbit 3-very low density lipoproteins (8-VLDL),
and human a;M-trypsin in rats. To increase the affinity
of 3-VLDL to LRP, bovine lipoprotein lipase (LPL) was
added to B-VLDL.

The results suggest that triglyceride-rich lipoproteins
and ayM-trypsin bind to different and mutually indepen-
dent binding domains on the same receptor protein or al-
ternatively to different receptors.

MATERIALS AND METHODS

Reagents

[*#%1)iodide (carrier-free) was from Amersham-Buchler
(Braunschweig, Germany); heparin was from Hoffman
La Roche (Basel, Switzerland).

Abbreviations: a;M, «aj-macroglobulin; a;M-trypsin, «g-macro-
globulin complexed with trypsin; apo, apolipoprotein; 8-VLDL, B-very
low density lipoprotein; LDL, low density lipoprotein; LRP, low density
lipoprotein receptor-related protein; LPL, bovine lipoprotein lipase.
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Animals

Male Spraque-Dawley rats (200-300 g) were main-
tained on laboratory chow. New Zealand White rabbits
(1.5-2 kg) were maintained for 3-4 weeks on laboratory
chow containing 1.5% cholesterol (w/w).

Preparation of lipoproteins

B-VLDL (d <1.006 g/ml) were isolated from the blood
of rabbits fed a diet containing 1.5% cholesterol (w/w) for
3-4 weeks (31). Small chylomicron remnants were
produced by a standard procedure (8). Lymph was col-
lected from rats with an intestinal lymph fistula while
50 ml of 0.15 M NaCl containing 5 g glucose was infused
into the duodenum for 25 h (32). Chylomicrons were iso-
lated by centrifugal flotation at 3 x 107 g,-min (33).
Chylomicron remnants were produced in vitro by incuba-
tion of lymphatic chylomicrons with the d>1.019 g/ml
plasma fraction obtained after injection of heparin into
rats (8). The protein and lipid compositions of lymph
chylomicrons and chylomicron remnants were similar to
that reported previously (8). In indicated experiments,
3 mg (protein) B-VLDL was incubated with 12 ug LPL
for 30 min on ice.

Preparation of macroglobulins

Human o;M was prepared from pooled citrate plasma
using Zn?* chelate-affinity chromatography as described
earlier (34). a;M was complexed with trypsin (a;M-
trypsin) as described (27). The complexed proteins were
purified either by Sephacryl S-300 gel filtration or
Superose 12 fast protein liquid chromatography. All
preparations of native and proteinase-complexed macro-
globulins were monitored by reducing and nonreducing
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE).

Radiolabeling of ligands

Chylomicron remnants were labeled with 1231 by the
iodine monochloride method of McFarlane (35) to a spe-
cific activity of 200-300 cpm/ng protein, as described (36).
ayM-trypsin was iodinated as described previously (27).

In vivo metabolism studies

To study the plasma removal of lipoproteins and mac-
roglobulins in vivo, rats were anesthetized with diethyl
ether and the radiolabeled ligands were injected into a
femoral vein; blood samples were taken from the tail vein.
In competition experiments unlabeled ligands were in-
jected into a femoral vein 5 min before the radiolabeled
ligand was given. The injected dose of tracer per esti-
mated plasma volume was taken as 100%. The calculation
was based on a plasma volume of 4.5% of body weight.
Thirty min after injection of the radiolabeled ligand livers
were removed, weighed, and radioactivity was deter-
mined in aliquots.

310 Journal of Lipid Research Volume 34, 1993

Statistical analysis

For the levels of significance between experimental
groups, a two group unpaired two-tailed f-test was
performed.

RESULTS

In this study we investigated the plasma turnover and
hepatic uptake of 3-VLDL, isolated from cholesterol-fed
rabbits, rat chylomicron remnants, and human o;M-
trypsin. The plasma turnover of §-VLDL is shown in
Fig. 1: two min after intravenous injection of '?*I-labeled
B-VLDL (20 pg protein) more than 70% of the tracer was
cleared from the circulation; 30 min after injection only
2.8% of 1251 remained in the circulation. The removal
mechanism of 3-VLDL can be saturated by injection of
high dosages of the ligand. After intrafemoral injection of
saturating amounts of 8-VLDL (2 mg protein equivalent
to 23 mg cholesteryl esters) and 20 pg (protein) !*I-
labeled B-VLDL, less than 15% of the tracer was elimi-
nated from the circulation 2 min after injection and less
than 45% 30 min after injection (Fig. 1). Tracer amounts
of 125I-labeled asM-trypsin were eliminated from the cir-
culation at comparable rates as low dosages of -VLDL.
Fifty-two percent of 125I-labeled a,M-trypsin could be
recovered from the blood 2 min after injection and 3.6%
30 min after injection (Fig. 2). The removal of a;M-
trypsin could also be saturated by injection high doses of
the ligand, as demonstrated previously (28, 29).

Chylomicron remnants and a;M-trypsin are thought
to be taken up by the LRP/a;M-receptor in vitro. The fol-
lowing experiments were performed to examine, whether
receptor-active a;M-trypsin and 8-VLDL might compete
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Fig. 1. Plasma elimination of !**I-labeled BVLDL in rats. Blood
samples were drawn from the tail vein after intrafemoral injection of
20 ug protein (low dose) or 2 mg protein (high dose) '?3I-labeled §-
VLDL. Values are given as percent of the injected !*I remaining in
blood plasma. Each point represents the mean of three experiments (low
dose) and two experiments (high dose); bars indicate 1 SD. Level of
significance: *P < 0.1; **P < 0.01; ***P < 0.00L
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Fig. 2. In vivo competition of 125I-labeled a¢;M-trypsin and S-VLDL
in rats. Two mg unlabeled 8-VLDL (8-VLDL) was injected intra-
femorally followed 5 min later by 2 pg 125I-labeled a;M-trypsin. In con-
trol rats (NaCl) a volume of 0.15 M NaCl equivalent to that of the un-
labeled ligand was injected. Blood was drawn from the tail vein; values
are given as percent of ?*I remaining in blood plasma (A). Cholesterol
concentrations were measured from plasma samples of control rats and
rats after injection of S-VLDL (B). Each point represents the mean of
nine experiments, bars indicate 1 SD. Level of significance: *P < 0.1;
P < 0.01; ***P < 0.001.

in vivo. For these studies radiolabeled tracers of a;M-
trypsin were injected into a femoral vein 5 min after
saturating concentrations of unlabeled lipoproteins were
given. In control rats similar volumes of 0.15 M NaCl-
solution were injected. Under these conditions the re-
moval of !25]-]labeled o,M-trypsin was almost unim-
paired. Two, 10, 15, and 30 min after injection there was
no significant difference (£ > 0.01) in the plasma elimi-
nation of !?°I-labeled a;M-trypsin of control rats and rats
given a load of 3-VLDL (Fig. 2A). Injection of saturating
dosages of 3-VLDL (2 mg protein equivalent to 30 mg
cholesteryl esters) raised the plasma cholesterol concen-
tration about threefold at all time intervals after injection.
In these animals there was a reduction of the cholesterol
concentration in plasma of only 17% within 30 min, indi-
cating that saturating dosages of unlabeled lipoproteins
were given (Fig. 2B).

The binding affinity of chylomicron remnants and 8-
VLDL to the LRP/a;M-receptor can be substantially
stimulated in vitro by the addition of LPL to the remnant
particle (23). Therefore, the plasma turnover of !%I-
labeled a;M-trypsin was investigated in the presence of 8-
VLDL, previously loaded with LPL. Plasma cholesterol
concentrations were raised about threefold at all time in-
tervals after injection of unlabeled LPL-enriched B-
VLDL, as demonstrated for native 3-VLDL. However, no
inhibition of the plasma elimination of !#5]-labeled a;M-
trypsin could be observed in these rats (Fig. 3A). To study
the effect of B-VLDL, enriched with endogenous
lipoprotein lipase, saturating doses of 8-VLDL together
with 1.000 IE heparin were injected 5 min before !23I-
labeled a;M-trypsin was given. Again, no retardation of
the plasma turnover of 125]-labeled a;M-trypsin could be
detected under these conditions (Fig. 3B).
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Fig. 3. In vivo competition of 125I-labeled asM-trypsin and LPL-
enriched 3-VLDL in rats. (A) Three mg 8-VLDL was incubated with
12 pg LPL for 30 min on ice and injected into a femoral vein followed
5 min later by 2 ug !**I-labeled ayM-trypsin. (B) Two mg 8- VLDL and
1.000 IE heparin were injected simultaneously followed 5 min later by
4 pg »I-labeled a;M-trypsin. In control rats (NaCl) a volume of
0.15 M NaCl equivalent to that of the unlabeled ligand was injected.
Blood was drawn from the tail vein; values are given as percent of 1251
remaining in blood plasma. Each point represents the mean of three ex-
periments; bars indicate 1 SD. Level of significance: *P < 0.1;
**P < 0.01; ***P < 0.001.

Jéckle et al.  Removal of B-VLDL, chylomicron remnants, and o3-macroglobulin 311

2T0Z ‘8T aunr uo ‘1sanb Aq 610 J'mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

Similar experiments were performed using radiolabeled
chylomicron remnants and, as a competitor, saturating
amounts (10 mg) of unlabeled a;M-trypsin. Plasma elimi-
nation of 1%5]-labeled chylomicron remnants remained
unchanged after previous injection of a;M-trypsin (Fig. 4).
Small chylomicron remnants were removed from the cir-
culation at a slower rate than 8-VLDL but much faster
than LDL, as demonstrated previously (13).

a;M-trypsin was almost completely taken up by the
liver. The liver uptake of !25[-labeled a,M-trypsin re-
mained unchanged after injection of saturating dosages of
B-VLDL. There was also no significant difference (P > 0.1,
n = 6) for the uptake in spleen, lungs, heart, kidneys, and
adrenal glands (Fig. 5). The liver uptake was also
unchanged after injection of lipase-enriched 8-VLDL
and after injection of heparin together with S-VLDL
(Table 1, A). Vice versa, the rate of hepatic removal of
125]-labeled chylomicron remnants remained unaltered
after injection of a load of ayM-trypsin (Table 1, B).

DISCUSSION

We have demonstrated that in the rat there is no cross-
competition of small rat chylomicron remnants and rabbit
B-VLDL with human a;M-trypsin. Plasma elimination
and liver uptake of radiolabeled chylomicron remnants
and asM-trypsin remained almost unchanged after injec-
tion of saturating doses of unlabeled a;M-trypsin and $3-
VLDL, respectively. Hussain et al. (30), however, demon-
strated some cross-competition of chylomicron remnants,
B-VLDL, and activated aoM in mice. Yet, the concentra-
tions of competing ligands were much higher than would
be expected from the equilibrium constants and only par-
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Fig. 4. In vivo competition of '?*I-labeled chylomicron remnants and
ayM-trypsin in rats. Ten mg unlabeled a;M-trypsin («;M-trypsin) was
injected intrafemorally followed 5 min later by 10 ug '?5I-labeled chylo-
micron remnants. In control rats (NaCl) a volume of 0.15 M NaCl
equivalent to that of the unlabeled ligand was injected. Blood was drawn
from the tail vein; values are given as percent of the injected 251 remain-
ing in blood plasma. Each point represents the mean of three experi-
ments; bars indicate 1 SD. Level of significance: *P < 0.1; **P < 0.0f;
P <0001
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Fig. 5. Uptake of !25I-labeled a;M-trypsin after injection of 3-VLDL
into rats. Organs were removed 35 min after injection of 2 mg 8-VLDL
(8- VLDL) and 30 min after injection of 2-4 pg 1?°I-labeled a;M-trypsin.
In control rats (NaCl) a volume of 0.15 M NaCl equivalent to that of 3-
VLDL was injected. Values are given as percent of the injected 12°1 re-
covered in the organs. Each column represents the mean of six experi-
ments; bars indicate 1 SD. Level of significance: *P < 0.1; **P < 0.01;
P < 0.001.

tial competition could be obtained in plasma (30). In the
experiments of Hussain et al. (30), [*H]retinol-labeled
chylomicrons were isolated from the thoracic duct of dogs
and chylomicron remnants were prepared by injecting
chylomicrons into hepatectomized rabbits, while in our
experiments chylomicron remnants were produced in
vitro by incubation of lymphatic rat chylomicrons with
the d>1.019 g/ml plasma fraction obtained after injection
of heparin into rats. In the experiments of Hussain et al.
(30), B-VLDL were obtained from rabbits fed a 0.5%
cholesterol diet for 4 days; in our study 8-VLDL were iso-
lated from the plasma of rabbits fed a 1.5% cholesterol
diet for 3-4 weeks. In the experiments of Hussain et al.
(30) the liver uptake of native and apolipoprotein E-
enriched chylomicron remnants was decreased to about
70% by saturating dosages of activated asM. The hepatic
removal of activated oyM was decreased to about 70% by
saturating amounts of apolipoprotein E-enriched chylo-
micron remnants, indicating only incomplete cross-
competition of these ligands (30). Yet, in our studies there
was no significant cross-competition of triglyceride-rich
lipoproteins and o;-macroglobulin for the detectable liver
uptake.

Hussain et al. (30) suggested that a;M and remnants,
which do not share sequence homology in their binding
domains (37, 38) bind to different binding sites of the
LRP molecule. The incomplete competition of remnants
and a;M-trypsin found in the studies of Hussain et al.
(30) could be explained by steric hindrance of the used
ligands. The differences in results may be due to different
methods for the preparation of chylomicron remnants and
B-VLDL and different experimental designs of the in vivo
studies. Yet, in both studies there was no complete cross-
competition of remnants and oM in vivo, indicating that
different binding domains of LRP are involved. This view
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TABLE 1. Liver uptake of 1?5I-labeled ayM-trypsin and !25I-labeled chylomicron remnants in rats

A. Uptake of B. Uptake of 125I-Labeled
125[-Labeled asM Chylomicron Remnants
Treatment Control 8-VLDL Control o;M-Trypsin
B-VLDL® 58.26 + 11.30 58.94 + 14.64
LPL-8-VLDL! 59.75 + 2.53 44.99 + 4.24"
Heparin-3-VLDL’ 46.82 + 8.78 52.36 + 2.51
agM-trypsind 37.15 + 5.30 36.67 + 3.71

Organs were removed 35 min after intrafernoral injection of unlabeled ligands (8-VLDL or a;M-trypsin) and
30 min after injection of 2-4 pg 125I-labeled a;M-trypsin (A) or 10 pg '*I-labeled chylomicron remnants (B). In
control rats, a volume of 0.15 M NaCl equivalent to that of unlabeled 8-VLDL and a,M-trypsin was injected. Values
are given as percent of the injected 25 recovered in the liver. Each value represents the mean of three

experiments + 1 SD. Level of significance: *, P < 0.1.

“Two mg (protein) §-VLDL.

*Three mg (protein) B-VLDL after addition of 12 pg LPL.

‘Three mg (protein) 8-VLDL and 1.000 IE heparin.

“Ten mg a;M-trypsin.

is strongly supported by findings of Moestrup and Glie-
mann (39) in vitro, who demonstrated no cross-competition
of B-VLDL and a;M for the binding to the purified LRP
(A. Nykjaer, G. Bengttson-Olivecrona, S. Moestrup, W.
Weber, U. Beisiegel, and J. Gliemann, unpublished re-
sults). A 39-40 kD-protein associated to purified LRP in-
hibits binding of both a;M-trypsin (39) and f-VLDL (40)
probably by binding to both binding sites.

Van Dijk et al. (41) investigated the competition of
lactoferrin with chylomicron remnants, S-VLDL and
methylamine-activated asM in the rat. Large chylo-
micron remnants were isolated from rat lymph after infu-
sion of lipid emulsions into the duodenum; -VLDL was
obtained from rats, fed a diet containing cholesterol, olive
oil, and cholic acid for 16 days. Lactoferrin blocked the
liver uptake of chylomicron remnants and 8-VLDL leav-
ing the removal of activated a;M unaffected (41). These
findings could also be explained by binding of lipoprotein
remnants and a;M to different binding sites of LRP, if the
positively charged lactoferrin binds specifically to the
“lipoprotein-binding site” but not to the “a;M-binding
site” of LRP.

Alternatively, in the rat, chylomicron remnants and
o yM-trypsin might bind at least partially to different
receptors in vivo. The LDL receptor seems to participate
in the clearance of chylomicron remnants from plasma.
Chylomicron remnants and 8-VLDL bind in vitro to the
hepatocytic LDL receptor (5-9), their uptake is mediated
by the LDL receptor in different cell lines, and their
removal is altered by interventions that are known to alter
the number of LDL receptors (10-13). The removal of
chylomicron remnants can be up- and down-regulated in
vivo by interventions that regulate the LDL receptor but
not LRP (13).

It has been demonstrated previously that binding of
chylomicron remnants and 8-VLDL to HepG2 cells and
fibroblasts could be increased about 30- to 40-fold by
addition of LPL (23). With cross-linking experiments, it
was demonstrated that LRP is the protein responsible for
the LPL-enhanced binding of chylomicrons (23). There-
fore, cross-competition experiments were performed with
125]-]abeled ayM-trypsin and a load of LPL-enriched -
VLDL to study the interactions of both ligands in vivo.
Alternatively, unlabeled 8-VLDL were injected simul-
taneously with heparin, to mobilize endogenous lipase
from the endothelium and to enrich 3-VLDL with en-
dogenous lipoprotein lipase. Again, no significant differ-
ence of the plasma elimination and hepatic uptake of 123]-
labeled ot;M-trypsin was observed under these conditions.
The lack of cross-competition indicates that LPL, like
apoE, does not bind to the same site as the a;M-trypsin.
However, apoE and LPL are positively charged heparin-
binding proteins and it is very likely that they are recog-
nized by the same binding site. In further studies, we
(C. Huber, A. Mann, and U. Beisiegel) demonstrate
whether the effect of LPL on the lipoprotein uptake ob-
served in vitro can be confirmed in turnover studies in
vivo.

We conclude that triglyceride-rich lipoproteins and
asM-trypsin bind in vivo to different binding domains of
LRP or to different receptors. The contribution of LRP
for the hepatic removal of chylomicron remnants and 8-
VLDL in vivo still has to be elucidated. 88
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