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Abstract
Lp(a) is a major inherited risk factor associated with premature heart disease and stroke. The mechanism of Lp(a)
atherogenicity has not been elucidated, but likely involves
both its ability to influence plasminogen activation as well
as its atherogenic potential as a lipoprotein particle after receptor-mediated uptake. We demonstrate that fibroblasts
expressing the human VLDL receptor can mediate endocytosis of Lp(a), leading to its degradation within lysosomes.
In contrast, fibroblasts deficient in this receptor are not effective in catabolizing Lp(a). Lp(a) degradation was prevented by antibodies against the VLDL receptor, and by
RAP, an antagonist of ligand binding to the VLDL receptor.
Catabolism of Lp(a) was inhibited by apolipoprotein(a), but
not by LDL or by monoclonal antibodies against apoB100
that block LDL binding to the LDL receptor, indicating that
apolipoprotein(a) mediates Lp(a) binding to this receptor.
Removal of Lp(a) antigen from the mouse circulation was
delayed in mice deficient in the VLDL receptor when compared with control mice, indicating that the VLDL receptor
may play an important role in Lp(a) catabolism in vivo. We
also demonstrate the expression of the VLDL receptor in
macrophages present in human atherosclerotic lesions. The
ability of the VLDL receptor to mediate endocytosis of
Lp(a) could lead to cellular accumulation of lipid within
macrophages, and may represent a molecular basis for the
atherogenic effects of Lp(a). (J. Clin. Invest. 1997. 100:2170–
2181.) Key words: adenovirus • atherosclerosis • macrophage •
endothelium • endocytosis

Introduction
The lipoprotein Lp(a) has been identified as a major risk factor for atherosclerosis (1–3). This lipoprotein is distinguished
from LDL by the presence of apolipoprotein(a) (apo[a]),1
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which contains multiple copies of domains closely related to
the fourth kringle of plasminogen, one domain related to the
fifth kringle of plasminogen, and a region similar to the proteinase domain of plasminogen (4). Studies have identified
apo(a) alleles encoding proteins containing from 12 to 51 type
four kringle repeats (K4) (5). The high degree of size polymorphism in the apo(a) gene is thought to be responsible for the
wide range of plasma concentrations of Lp(a) found in different individuals (6).
The mechanisms of Lp(a) atherogenicity, however, have
not been elucidated; Lp(a)’s unique structural features suggest
that this lipoprotein has both thrombogenic and atherogenic
potentials. Lp(a) associates with the vessel wall and inhibits
binding of plasminogen to the cell surface (7, 8). This association reduces the extent of plasmin generation, thereby interfering with clot lysis. Inhibition of cell surface plasminogen activation by Lp(a) also reduces the production of TGF-b (9), a
molecule that prevents smooth muscle cell proliferation. This
inhibition likely represents an important in vivo activity of
Lp(a), since transgenic mice expressing human apo(a) are not
only more susceptible than control mice to the development of
lipid-staining lesions in the aorta (10), but they also show a decreased activation of plasminogen and TGF-b in the aortic
wall (11).
While the physiological role of Lp(a) is not known, it has
been speculated to deliver cholesterol to cells at wound sites
(12), a function that may become pathological when plasma
levels of Lp(a) are high. Efficient delivery of cholesterol to
cells requires the presence of cell surface receptors to mediate
lipoprotein endocytosis (13); the identity of endocytic receptors responsible for the uptake of Lp(a) is a topic of current
debate. Lp(a) has been observed to bind to the LDL receptor,
and like LDL, it is removed more rapidly from plasma of mice
in which the LDL receptor has been overexpressed in the liver
(14). These experiments indicate that the LDL receptor can
mediate cellular catabolism of Lp(a). Catabolism of 125I-Lp(a),
however, is not significantly different in patients with homozygous familial hypercholesterolemia who lack functional LDL
receptors when compared to their heterozygous parents or individuals with normal levels of functional LDL receptors (15).
Furthermore, drugs that increase LDL receptor activity do not
appear to lower Lp(a) plasma levels (2). These studies suggest
that Lp(a) may not be effectively catabolized by the LDL receptor under normal conditions. Interestingly, Bottalico et al.
(16) have observed that cholesterol loading of macrophages

1. Abbreviations used in this paper: K4, type 4 kringle repeats; LRP,
low density lipoprotein receptor-related protein; MEF, mouse embryonic fibroblasts; PAI-1, plasminogen activator inhibitor-type I;
RAP, receptor associated protein; uPA, urokinase-type plasminogen
activator.

leads to an enhancement of Lp(a) internalization and degradation via induction of a specific receptor that is distinct from the
LDL receptor. Thus, it is apparent that in addition to the LDL
receptor, another receptor can bind and mediate cellular internalization of Lp(a).
Several additional members of the LDL receptor family
have been identified and may function in Lp(a) catabolism.
These members include the LDL receptor–related protein
(LRP), gp330/megalin, and the VLDL receptor. Evidence has
been presented suggesting that one of these receptors, LRP,
may bind to a high molecular weight isoform of Lp(a) (17). Together, members of this family of receptors have important
roles in the catabolism of lipoproteins, proteinases, proteinase–inhibitor complexes, and matrix proteins (for review/s,
see references 13, and 18–20). Members of this receptor family share structural motifs including cysteine-rich epidermal
growth factor–like repeats, cysteine-rich ligand-binding repeats, repeats containing the tetrapeptide sequence tyrosinetryptophan-threonine-aspartic acid, and an asparagine-proline-X-tyrosine sequence within the cytoplasmic tail that is
responsible for endocytic signaling in coated pits. All LDL receptor family members bind a 39-kD receptor-associated protein (RAP) that antagonizes ligand binding (21–25), although
binding of RAP to the LDL receptor occurs with low affinity.
These studies were initiated to investigate the role of the LDL
receptor family members in the catabolism of Lp(a), and our
results indicate that the VLDL receptor binds to Lp(a) and
may play an important role in its catabolism.

Methods
Proteins. Lp(a) was purified from fresh plasma in the presence of
EDTA, and was stored under nitrogen to prevent lipid oxidation as
described (26). Unless indicated, Lp(a) from patient 1 was used for all
experiments. Phenotyping of Lp(a) from patient 1 was carried out using the electrophoretic procedure as detailed (27), and two apo(a)
phenotypes were identified. K418 comprised z 90%, and K427, comprised z 10%. Apolipoprotein(a) was purified from Lp(a) (derived
from patient 1) by mild reductive cleavage and ultracentrifugation in
sucrose as detailed (28). The purified apo(a) demonstrated no contamination of apoB-100 by immunoblot analysis. LDL was purified
as described (25). Molecular masses of 1.2 3 106, 7.0 3 105, and 5.0 3
105 D were used to calculate the molar concentrations of Lp(a), apo(a),
and LDL, respectively, that were isolated from plasma of patient 1.
Human VLDL receptor was purified essentially as described (29).
Human RAP was expressed in bacteria as a fusion protein with glutathione S-transferase (GST) and purified free of GST as described
(21). Human prourokinase (pro-uPA) and two-chain urokinase
(uPA) were generously provided by Dr. Jack Henkin (Abbott Laboratories, Abbott Park, IL). Active recombinant plasminogen activator inhibitor type 1 (PAI-1) was purchased from Molecular Innovations (Wayne, MI). uPA was complexed with PAI-1 by mixing at a 1:1
molar ratio in 0.15 M Tris, 0.15 M NaCl, pH 8.0 at room temperature
for 30 min. Lp(a) and LDL were iodinated by the iodine monochloride method as described (30) with specific activities ranging from 0.4
to 1.0 mCi/mg. In the case of Lp(a), typically 52% of the label was
present in apo(a), and 48% was present in apoB100.
Cell culture. The LRP-deficient murine cell line, PEA13, and
mouse embryonic fibroblasts (MEF) were generously provided by
Dr. J. Herz (Dallas, TX), and were grown as described (31). Mouse
embryonic F9 teratocarcinoma cells (ATCC CCL 185) were obtained
from American Type Culture Collection (Rockville, MD) and were
differentiated by treatment with retinoic acid and Bt2cAMP as described (32).
Antibodies. Rabbit polyclonal antibodies were prepared against a

synthetic peptide corresponding to the human VLDL receptor carboxyl terminus (R2623) as described (24), and the antibody was affinity-purified on peptide-Sepharose as described (33). Rabbit polyclonal antibodies were also prepared against the purified VLDL
receptor (R4522), and were purified by chromatography on Protein
G-Sepharose, followed by absorption on RAP-Sepharose to remove
any RAP-reactive antibodies. Polyclonal antibodies to human LRP
(R777) were developed as described (34) and purified by affinity
chromatography on LRP-Sepharose followed by chromatography on
RAP-Sepharose to remove any anti-RAP reactivity. Antibodies
against human RAP (R80) were affinity-purified on RAP-Sepharose
as described (34). A rabbit polyclonal antibody against the LDL receptor was provided by J. Herz (Dallas, TX). A monoclonal antibody
to uPA was generously provided by Jack Henkin (Abbott Laboratories). Monoclonal antibody 4G3 (35) against apoB100 was provided
by Drs. Ross Milne and Yves Marcel (University of Ottawa, Ottawa,
Canada). To obtain immunospecific polyclonal antibodies against
Lp(a), rabbits were immunized with purified Lp(a) from a single
donor. The IgG fraction was isolated by chromatography on DEAE
cellulose to which cibacron-blue was coupled (36). The isolated antiLp(a) IgG was absorbed repeatedly with immobilized LDL, lys-plasminogen, and fibrinogen until there was no reactivity against these
antigens as assessed by immunoblotting. The IgG was then coupled to
alkaline phosphatase as described (37). A mouse monoclonal antibody to human Lp(a) was purchased from Boehringer Mannheim
(catalogue no. 1399–314).
Adenovirus-mediated gene transfer. Recombinant replication-deficient adenoviral vectors were prepared as described (38). The recombinant adenoviruses used were as follows: Ad-LacZ (also called
Ad.CMVLacZ [38]), an adenovirus containing LacZ cDNA under
the human cytomegalovirus enhancer and 39 promoter; Ad-VLDLR
(also called Ad.CMVVLDLR [38]), an adenovirus containing the human VLDL receptor under the human cytomegalovirus enhancer and
39-promoter; and Ad-LDLR (also called Ad.CBhLDLR [38]), an adenovirus containing the human LDLR cDNA under the human cytomegalovirus enhancer with the b-actin promoter.
PEA13 cells were infected as previously described (29). To assess
the effectiveness of the infection with Ad-VLDLR, immunoblotting
and RAP ligand blotting of cell extracts were routinely used. To examine infection efficiency of Ad-LacZ, b-galactosidase expression
was evaluated using the chromogenic substrate X-gal as described (39).
Cell internalization and degradation assays. PEA13 cells were infected with Ad-VLDLR and Ad- LacZ in 150-mm dishes. After incubating for 24 h, the cells were transferred to 12-well dishes (Costar
Corp., Cambridge MA) at 105 cells/well. Cellular internalization and
degradation assays were performed 24 h after replating (48 h after infection). Cells were washed twice with DMEM, and then incubated
with DMEM containing 20 mM Hepes, pH 7.4, 1.5% BSA, Nutridoma (Boehringer Mannheim Biochemicals, Indianapolis, IN), and
100 U/ml penicillin/100 mg/ml streptomycin for 1 h at 378C. This media was removed, and then 125I-labeled Lp(a) was added in the same
buffer and allowed to incubate with the cells for indicated times. Degradation assays were performed as described (40). All degradation assays included a control in which cells were omitted to measure spontaneous degradation of the ligand. The extent of cell-mediated
degradation was determined using chloroquine, an inhibitor of lysosome-mediated degradation, at a final concentration of 0.1 mM. Lysosomal degradation accounted for z 70% of total TCA soluble counts.
To measure internalization at the indicated times, cells were washed
twice with cold PBS, treated with DMEM containing trypsin (50 mg/
ml), proteinase K (50 mg/ml), 100 U/ml penicillin/100 mg/ml streptomycin, and 0.5 mM EDTA for 15 min at 48C to remove ligand bound
to the cell surface. After centrifugation, the supernatant was removed, and the radioactivity present in the cell pellet was measured.
Nonspecific uptake and degradation was measured using a 50-fold
molar excess of unlabeled ligands. RAP-blocking experiments were
performed using 1 mM recombinant RAP. In experiments testing the
ability of polyclonal antibodies R777 and R4522 to block degradation
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of Lp(a), the heat-inactivated antibodies (100 mg/ml, final concentration) were preincubated with cells for 1 h before adding 125I-labeled
ligands. Monoclonal antibody 4G3 was used at a final concentration
of 500 nM and added with the 125I-labeled ligands. Heparin was used
at a final concentration of 100 mg/ml.
Preparation of cell extracts. Cell extracts were prepared from cells
grown in 100-mm dishes, washed two times briefly in 5 ml of isotonic
PBS, and then solubilized in 300 ml of 50 mM Hepes, pH 7.4, 0.5 M
NaCl, 0.05% Tween 20, 1% Triton X-100, containing the following
proteinase inhibitors: 1 mM phenylmethylsulfonyl fluoride, 25 mg/ml
leupeptin, 5 mg/ml D-phenylalanyl-L-proly-L-arginine chloromethyl
ketone, and 2 mg/ml pepstatin. The extracts were sheared through a
21-gauge needle, centrifuged at 14,000 rpm for 15 min, and the supernatant was used directly for immunoblotting and RAP ligand–blotting experiments. Protein concentrations were determined by the
method of Bradford (41) using BSA as a standard.
Immunoblotting and ligand blotting. Cell extracts were subjected
to SDS-PAGE on gradient gels (4–12% Tris-glycine gels; Novex, San
Diego, CA) under nonreducing conditions, and were electrophoretically transferred to nitrocellulose membranes. For experiments examining the different isoforms of Lp(a) by SDS-PAGE, 4% gels were
used (Novex, San Diego, CA). Immunoblotting and ligand-blotting
experiments were performed as described (29), using antibody concentrations of 1 mg/ml. RAP ligand-blotting experiments were performed as described (24) using 25 nM RAP, and the RAP was detected using R80 IgG (1 mg/ml). As a control, RAP was omitted from
the protocol. In ligand-blotting experiments using Lp(a), the membranes were incubated with 50 nM Lp(a) in the absence or presence
of 1 mM RAP in 50 mM Tris pH 7.4, 150 mM NaCl, 5 mM CaCl2, 3%
nonfat dry milk, and 0.05% Tween 20 overnight at 48C. After washing, the bound Lp(a) was detected with a rabbit anti-Lp(a)-alkaline
phosphatase conjugate. Antibody binding to Lp(a) was visualized
by adding 25 mL of Nitro Blue Tetrazolium (0.33 mg/ml, N-6876) and
5-Bromo-4-chloro-3-Indoyl phosphate (0.165 mg/ml, B-8503; Sigma
Chemical Co., St. Louis, MO) dissolved in 100 mM Tris, pH 9.5, containing 100 mM NaCl, 5 mM MgCl2, 0.02% sodium azide.
Clearance of Lp(a) from mice. For clearance experiments, mice
that were homozygous for a disruption in the VLDL receptor gene
(VLDLR 2/2) created by homologous recombination (42) were obtained from Jackson Laboratories (Strain B6,129-Vldlr tm1Her; Bar
Harbor, ME). Wild-type mice (of the same parental strain as
VLDLR-deficient mice, B6,129), were obtained from Jackson Laboratories and were used as controls for these experiments. 100 mg of
Lp(a) in a total volume of 100 ml buffer (0.05 M Tris, pH 8.0, 1 mM M
EDTA, 0.15 M NaCl) was injected into the tail vein of each of four
VLDLR 2/2 and five wild-type adult female mice, without anesthesia. Blood was drawn by retroorbital puncture 2 min, and 2.5, 5, 10,
and 22 h after injection using a local anesthetic of tetracaine hydrochloride 0.5% (Bausch and Lomb Pharmaceutical Division, Tampa,
FL) and heparinized hematocrit capillary tubes (catalogue no.
260950; Curin Matheson Scientific, Inc., Houston, TX). The blood was
adjusted to 20 mM EDTA and kept on ice until centrifuged at 1200 g
for 5 min. The plasma was then stored at 2708C. Within 1 wk, 0.1 ml
of plasma from each time point was subjected to SDS-PAGE under
reducing conditions on 4% Tris-glycine gels (Novex, San Diego, CA).
The gels were transferred electrophoretically to nitrocellulose, and
immunoblotting was performed as described (29) using a monoclonal
antibody to human Lp(a) at 1 mg/ml. To quantify the amount of
Lp(a) antigen present in the samples, each gel contained standards
that were prepared by diluting known amounts of purified Lp(a)
from patient 1 (0.12–9.3 ng final amounts on gel) into mouse plasma.
The bands were quantified after scanning using Bio Image Visage
4.6P Software (Millipore Corp., Bedford, MA), and a standard curve
was constructed for each gel. A plot of the intensity (absorbance X
area of band) versus concentration for the standards generated a linear response, and the best-fit line was determined by linear regression
analysis. The concentration of the unknowns were determined from
the best-fit parameters of the standard curve.
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Immunohistochemical localization of VLDL receptor. Immunohistochemical staining was performed on 90 formalin-fixed, paraffinembedded human tissues including 90 coronary atherectomy and
endarterectomy specimens using the affinity-purified anti–VLDL receptor IgG (R2623) at a concentration of 1.7 mg/ml. The specificity of
the antibody was confirmed by blocking immunoreactivity with a 10fold molar excess peptide that was used to immunize the rabbit. To
identify macrophages, smooth muscle cells, and endothelial cells,
staining was also performed using 7.0 mg/ml anti-CD68 (monoclonal
antibody KP-1, catalogue no. M814; Dako Corp., Carpinteria, CA),
0.1 mg/ml anti smooth muscle actin (monoclonal antibody 1A4, catalogue no. M851; Dako) and 0.03 mg/ml anti–von Willebrand Factor
(monoclonal antibody F8/86, catalogue no. M616; Dako). Deparaffinized and rehydrated 5-mm tissue sections were blocked with normal goat serum and 3% H2O2 in water, washed in PBS, and incubated
with the appropriate primary antibody for 0.5–2 h at 378C. Specimens
were washed in PBS, and primary antibodies were detected using biotin-labeled secondary antibodies (BioGenex Labs, San Ramon, CA)
for 20 min at room temperature. Slides were again washed in PBS and
reacted with peroxidase-conjugated streptavidin with an incubation
time of 20 min at room temperature, and were developed with 3,39diaminobenzidine (DAB). Slides were then washed in distilled water,
counterstained with hematoxylin, dehydrated, mounted with Permount
(Fisher Scientific Co., Fairlawn, NJ) and observed on a microscope
(Carl Zeiss, Inc., Thornwood, NY). For the double-staining experiments, antibodies were sequentially detected using peroxidase-DAB
(for VLDL receptor antigen) and alkaline phosphatase–fast red (for
CD68 antigen or for a-actin antigen) using the same procedure as
above. Positive control slides, nonimmune negative controls, and processing controls were performed for each antigen stained.

Results
The VLDL receptor mediates cellular internalization and
degradation of 125I-labeled Lp(a). Initial experiments focused
on the capacity of LDL receptor family members to mediate
the cellular uptake and degradation of 125I-labeled Lp(a). For
these experiments, mouse embryonic fibroblasts (MEF) that
express LRP, and mouse embryonic fibroblasts genetically deficient in LRP (PEA13 fibroblasts) (31) were used. Neither of
these cell lines express detectable levels of gp330 or the VLDL
receptor (29). They do, however, express the LDL receptor.
To study the role of the VLDL receptor in the catabolism of
Lp(a), our strategy involved introducing the human VLDL receptor cDNA into PEA13 fibroblasts, and determining if an
enhanced uptake of 125I-labeled Lp(a) occurred in these cells.
An adenoviral vector (Ad-VLDLR) was chosen to introduce
the human VLDL receptor cDNA into PEA13 fibroblasts
since adenovirus-mediated gene transfer to mammalian cells
in culture has proven to be a highly effective means for introducing genes into a variety of cell lines (43). As a control,
PEA13 fibroblasts were also infected with an adenovirus vector, Ad-LacZ, containing the LacZ cDNA instead of the
VLDL receptor cDNA.
The expression of the VLDL receptor, LDL receptor, and
LRP in these cell lines was examined by immunoblot analysis.
Fig. 1 shows an immunoblot of cell extracts from PEA-13 cells
infected with Ad-VLDLR (left lanes), PEA-13 cells infected
with Ad-LacZ (middle lanes), and wild-type MEF (right lanes).
Immunoblotting with an anti–VLDL receptor IgG (Fig. 1, A)
confirmed that PEA13 fibroblasts infected with Ad-VLDLR
express the VLDL receptor, while those infected with AdLacZ and MEF do not express detectable levels of the VLDL
receptor. Immunoblotting with an anti–LDL receptor IgG re-

cells expressing the VLDL receptor are capable of mediating
the cellular uptake and degradation of Lp(a). In contrast to the
VLDL receptor–expressing cells, cells deficient in this receptor (PEA-13 fibroblasts infected with Ad-LacZ, Fig. 2, C and
D) and MEF cells, which express LRP (Fig. 2, E and F), were
unable to internalize or degrade significant amounts of 125Ilabeled Lp(a). Furthermore, since all of these cells express the
LDL receptor, and since they are identical in their ability to internalize and degrade LDL (31, 45), the results also suggest
that the LDL receptor is not very effective in binding and mediating the cellular uptake of Lp(a) in culture conditions where
this receptor is downregulated. We did notice a twofold increase in the amount of 125I-Lp(a) internalized and degraded
by PEA-13 fibroblasts cultured under conditions where the
LDL receptor is upregulated (i.e., by culturing cells with lovastatin in lipoprotein-deficient serum), confirming studies (14)
showing that the LDL receptor can mediate the catabolism of
Lp(a).
Figure 1. Immunoblot analysis (A–C) and RAP ligand blot analysis
(D) of cell extracts from murine fibroblasts. Cell extracts prepared
from PEA13 fibroblasts infected with Ad-VLDLR (left lanes),
Ad-LacZ (middle lanes), or from MEF (right lanes) were subjected to
SDS-PAGE on 4–12% gradient gels under nonreducing conditions,
transferred to nitrocellulose, and incubated overnight at 48C with (A)
anti-VLDL receptor IgG (1 mg/ml), (B) anti–LDL receptor IgG (1
mg/ml), (C) anti-LRP IgG (1 mg/ml), and (D) 25 nM RAP. The RAP
ligand blot D was washed and incubated for 1 h with anti-RAP IgG (1
mg/ml). All blots were washed and incubated with goat anti–rabbit
IgG-horseradish peroxidase conjugate. The antigen–antibody complexes were visualized by use of the Renaissance chemiluminescence
kit. 20 mg of total protein were applied to each lane.

vealed that all cell lines express comparable levels of the LDL
receptor (Fig. 1 B). As expected, the PEA-13 fibroblasts infected with Ad-VLDLR or Ad-LacZ do not express any LRP,
while MEF express LRP (Fig. 1 C). The integrity of the expressed VLDL receptor was examined by RAP ligand-blotting
experiments on cell extracts (Fig. 1 D). These experiments
confirm that the VLDL receptor expressed in PEA13 fibroblasts after infection with Ad-VLDLR is able to bind RAP.
RAP also detects LRP present in MEF, but as previously reported (24) does not detect the LDL receptor by this technique.
Cellular uptake experiments were conducted using all
three cell lines. For these uptake experiments, 125I-labeled
Lp(a) was incubated with the cells for varying times at 378C.
At the indicated time, the medium was removed and the
amount of 125I-labeled Lp(a) that had been degraded to acidsoluble material was measured. The cells were washed and
treated with proteinases to release surface-bound radioligand.
Radioactivity that resisted proteinase release was considered
to be intracellular. 125I-labeled Lp(a) was internalized by cells
expressing the VLDL receptor (Fig. 2 A) and reached a
steady-state intracellular level with time. Once internalized,
the 125I-labeled Lp(a) was degraded, as measured by the appearance of acid-soluble material secreted into the medium
(Fig. 2 B). Both the internalization and degradation of 125Ilabeled Lp(a) were diminished when RAP, a molecule known
to inhibit ligand binding to the VLDL receptor (24, 44), was
included during the incubation. These results indicate that

Figure 2. Cells expressing the human VLDL receptor internalize
and degrade 125I-labeled Lp(a). PEA13 fibroblasts infected with
Ad-VLDLR (A and B), PEA13 fibroblasts infected with Ad-LacZ
(C and D), or MEF (E and F) were plated into wells (105 cells/well),
and 10 nM 125I-labeled Lp(a) was added to each well. At indicated
times, the extent of internalization (A, C, and E) and degradation (B,
D, and F) were measured. In control experiments, 1 mM RAP was included along with 10 nM 125I-labeled Lp(a) during the incubation.
Each data point represents the average of duplicate determinations.
VLDL Receptor Mediates Lp(a) Catabolism
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Figure 3. VLDL receptor antibodies inhibit degradation of 125I-labeled Lp(a) by murine fibroblasts expressing the human VLDL receptor.
PEA13 fibroblasts infected with Ad-VLDLR (A), PEA13 fibroblasts infected with Ad-LacZ (B), or MEF (C) were plated into wells (105 cells/
well) and incubated with 10 nM 125I-labeled Lp(a) for 12 h at 378C. After incubation, the amount of 125I-labeled Lp(a) degraded in the absence or
presence of competitors was measured. Competitors include the following: anti-VLDL receptor IgG (100 mg/ml), anti-LRP IgG (100 mg/ml), unlabeled Lp(a) (500 nM), RAP (1 mM), and chloroquine (0.1 mM). The data shown are the average of duplicate determinations.

Previous studies (32) demonstrated that gp330 can bind
and mediate the catabolism of LDL, and thus it was of interest
to determine if Lp(a) is a ligand for gp330. To investigate this
question, cultured mouse F9 tetratocarcinoma cells were
treated with retinoic acid and dibutyryl cyclic AMP. This treatment increases expression of gp330 50-fold while reducing levels of the LDL receptor (32). When incubated with 10 nM 125Ilabeled Lp(a), neither the control cells or the treated cells
were able to internalize or degrade 125I-labeled Lp(a). Immunoblotting experiments confirmed that gp330 expression was
increased in the F9 cells upon treatment. Control experiments
confirmed that gp330 was functional; the increased expression
of gp330 in the treated cells resulted in a 25-fold increase in
the amount of 125I-labeled pro-uPA degraded (57 fmoles 125Ilabeled pro-uPA degraded/105 cells per 6 h in treated cells vs.
2.3 fmoles 125I-labeled pro-uPA degraded/105 cells per 6 h in
control cells). Thus, gp330 does not appear capable of mediating the cellular catabolism of this isoform of Lp(a).
The cellular uptake of Lp(a) is blocked by anti–VLDL
receptor IgG. To confirm further that the VLDL receptor is
responsible for mediating the uptake of 125I-labeled Lp(a),
polyclonal antibodies against the VLDL receptor were used to
determine if they could block the cellular uptake of this ligand.
The results (Fig. 3 A) demonstrate that a rabbit polyclonal IgG
against the VLDL receptor greatly diminished the amount of
125
I-labeled Lp(a) that was degraded in cells expressing the
VLDL receptor. A control IgG, prepared against the 515-kD
subunit of LRP, was unable to prevent degradation of this
ligand. These results confirm that the VLDL receptor is responsible for cellular uptake of 125I-labeled Lp(a) in these cells.
Fig. 3 A also shows the effect of other molecules on the degradation of 125I-labeled Lp(a) in the three cell lines. A 50-fold
molar excess of unlabeled Lp(a) reduced the extent of degradation. The degradation was also blocked by RAP and chloro2174
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quine, an inhibitor of lysosomal-mediated degradation. As in
previous experiments, the degradation of 125I-labeled Lp(a) is
not efficient in cells lacking the VLDL receptor (compare data
of A with data of B and C; Fig. 3).
The VLDL receptor binds Lp(a) in vitro. To measure directly an interaction between Lp(a) and the VLDL receptor,
ligand blotting experiments were performed. In these experiments, purified VLDL receptor and LRP were subjected to
SDS-PAGE, transferred to nitrocellulose, and then incubated
with Lp(a) or with uPA:PAI-1 complexes, a ligand for both the
VLDL receptor and LRP. Ligand binding to immobilized receptors was detected with specific antibodies. The results of
this experiment (Fig. 4) demonstrate that Lp(a) binds to the
VLDL receptor, but not to LRP, when the receptors are immobilized on nitrocellulose (Fig. 4 A, left panel). The binding
of Lp(a) to the VLDL receptor was prevented when RAP was
included during the incubation (Fig. 4 A, right panel). These
experiments confirm that Lp(a) interacts with the VLDL receptor in vitro in a RAP-sensitive manner, which is a characteristic feature of the interaction of other ligands with this receptor (24). As a control, blots were also probed with uPA:
PAI-1, which is known to bind to both of these receptors (29,
46). The results, shown in Fig. 4 B, indicate that the purified
LRP used in these experiments is capable of binding ligands.
Together, these studies confirm that this isoform of Lp(a)
binds to the VLDL receptor in vitro, but not to LRP. Due to
the similarities in structure of apo(a) and plasminogen, we
tested the ability of plasminogen to bind to the VLDL receptor by ligand-blotting analysis. It is interesting to note that
plasminogen did not bind to the VLDL receptor (data not
shown), suggesing that the VLDL receptor does not appear capable of binding all kringle-containing proteins.
Concentration dependence of Lp(a) degradation by cells expressing the human VLDL receptor and human LDL recep-

Figure 4. Lp(a) binds the VLDL receptor by ligand blot analysis. (A)
Purified VLDL receptor and LRP (0.1 mg/lane) were subjected to
SDS-PAGE on 4–12% gradient gels under nonreducing conditions,
transferred to nitrocellulose and incubated overnight at 48C with 50
nM Lp(a), either in the absence (left panels) or presence (right panels) of 1 mM RAP. The bound Lp(a) was detected by incubation with
alkaline phosphatase–conjugated anti-Lp(a) IgG. (B) Purified VLDL
receptor and LRP (0.1 mg/lane) were subjected to SDS-PAGE on
4–12% gradient gels under nonreducing conditions, transferred to nitrocellulose, and incubated overnight at 48C with 50 nM uPA:PAI-1,
either in the absence or presence of 1 mM RAP. The blots were
washed and incubated for 1 h with an anti-uPA IgG (1 mg/ml). After
washing, the blots were incubated with a goat anti–mouse IgG-horseradish peroxidase conjugate, and the antigen–antibody complexes
were visualized by use of the Renaissance chemiluminescence kit.

tor. Overexpression of the LDL receptor results in a more
rapid clearance of Lp(a) after injection into mouse plasma
(14). While the mouse fibroblasts used in this study do express
the LDL receptor, these cell lines are ineffective in cataboliz-

ing 125I-Lp(a). This result could be due to low levels of LDL receptor present in these cells, or to species differences. To confirm that the LDL receptor is able to catabolize the Lp(a) used
in these experiments, and to compare the extent of degradation of 125I-labeled Lp(a) mediated by the VLDL receptor with
that mediated by the LDL receptor, PEA-13 fibroblasts were
infected with Ad-VLDLR, Ad-LDLR, an adenovirus containing the human LDL receptor cDNA, or Ad-LacZ as a control.
After infection, the cells were incubated with increasing concentrations of 125I-labeled Lp(a), and the extent of degradation
after a 13-h incubation was measured. The results of this experiment are shown in Fig. 5, and indicate that cells overexpressing either the VLDL receptor or LDL receptor are both
effective in mediating the degradation of 125I-labeled Lp(a).
Lp(a) degradation mediated by cells expressing the VLDL receptor was completely inhibited by RAP, while Lp(a) degradation mediated by cells expressing the LDL receptor was only
partially inhibited by RAP, most likely due to the low affinity
of RAP for the LDL receptor (25). The extent of degradation
mediated by the VLDL receptor is significant when compared
to that mediated by the LDL receptor, and the dose response
curve indicates that substantial uptake and degradation of
Lp(a) by cells expressing either receptor occurs at levels of
Lp(a) that are considered to constitute a risk factor for cardiovascular disease (above 30 mg/dL or 83 nM).
LDL effectively inhibits catabolism of Lp(a) mediated by
the LDL receptor, but not that mediated by the VLDL receptor. Since LDL is not a ligand for the VLDL receptor, experiments were conducted to examine the effect of LDL on the catabolism of Lp(a). In these experiments, PEA-13 fibroblasts
infected with either Ad-VLDLR or Ad-LDLR were incubated
with 125I-labeled Lp(a) (70 nM) in the presence of increasing
concentrations of LDL. The results (Fig. 6) indicate that catabolism of Lp(a) mediated by the LDL receptor is inhibited by
LDL, whereas catabolism of Lp(a) mediated by the VLDL receptor is not as sensitive to increasing concentrations of LDL.
Monoclonal antibodies to apolipoprotein B100 do not block
uptake of Lp(a) by the VLDL receptor. To identify the por-

Figure 5. Dose-dependent degradation of 125I-labeled Lp(a) by cells expressing the human VLDL receptor or human LDL receptor. PEA-13
fibroblasts infected with Ad-VLDLR (A), with Ad-LDLR (B), or with Ad-LacZ (C) were plated into wells (105 cells per well), and increasing
amounts of 125I-labeled Lp(a) in the absence or presence of 1 mM RAP were added to each well. After 13 h, the extent of degradation was measured. Each point represents the average of duplicate determinations. The arrow indicates the concentration of Lp(a) above which is considered
a risk factor for cardiovascular disease.
VLDL Receptor Mediates Lp(a) Catabolism
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Figure 6. LDL does not effectively compete for catabolism of 125Ilabeled Lp(a) mediated by the VLDL receptor. PEA13 fibroblasts
infected with Ad-VLDLR, or PEA13 fibroblasts infected with
Ad-LDLR were incubated with 70 nM 125I-labeled Lp(a) in the presence of the indicated concentration of LDL. After 12 h, the extent of
degradation was determined. Each data point represents the average
of duplicate determinations.

tion of Lp(a) responsible for binding to the VLDL receptor,
initial experiments used an anti–apolipoprotein B100 (apoB100)
monoclonal antibody, 4G3, which is known to block catabolism of LDL (35). The effect of 4G3 on the catabolism of

I-labeled Lp(a) and 125I-labeled LDL in PEA-13 fibroblasts
infected with Ad-VLDLR was measured. Monoclonal antibody 4G3 had little effect on cellular degradation of 125I-labeled
Lp(a) (reducing the amount degraded by 14%) by PEA-13
cells expressing the VLDL receptor (data not shown). In contrast, monoclonal antibody 4G3 was effective in preventing
degradation of 125I-LDL by these cells, reducing the amount
degraded by 88%. Together, these results suggest that the
LDL receptor-binding domain of apoB100 is not the determinant on Lp(a) that is recognized by the VLDL receptor. This
possibility is consistent with the fact that the VLDL receptor is
ineffective in binding and internalizing LDL (47, 48).
Apo(a) inhibits the uptake of Lp(a) by the VLDL receptor.
Since monoclonal antibodies to apoB100 were unable to prevent catabolism of Lp(a), it was of interest to determine if
apo(a) was able to block catabolism of 125I-labeled Lp(a). Fig.
7 demonstrates that a 50-fold molar excess of apo(a) was effective in blocking both the internalization (Fig. 7 A) and degradation (Fig. 7 B) of 125I-labeled Lp(a). These results suggest
that apo(a) is responsible for mediating the interaction of
Lp(a) with the VLDL receptor. Interestingly, another ligand
for the VLDL receptor, uPA:PAI-1 complexes (29, 46), was
also able to compete for the catabolism of Lp(a) (Fig. 7).
Lp(a) isoforms are differentially recognized by the VLDL
receptor. Apo(a) is known to demonstrate considerable size
polymorphism (49) due to multiple tandem repeats of the K4
type 2 encoding sequence (50). Given the known heterogeneity of Lp(a) it was of interest to determine if different isoforms
of Lp(a) are recognized by the VLDL receptor. Consequently,
Lp(a) from several subjects was purified. The apo(a) from
each subject was analyzed by SDS-PAGE, transferred to nitrocellulose, and subjected to immunoblot analysis (Fig. 8). To
compare the catabolism of these isoforms, 70 nM of 125I-labeled
Lp(a) of each isoform (with the exception of subject 4 where
29 nM was used) was incubated with cells infected with AdVLDLR, Ad-LDLR, or Ad-LacZ, and the extent of degradation was measured. The results (Table I) demonstrate that four
of the five Lp(a) isoforms tested were internalized and degraded by cells expressing the VLDL receptor, although the
extent of degradation was dependent on the Lp(a) isoform.
Cells expressing the VLDL receptor did not internalize or de-

Figure 7. Apo(a) inhibits the uptake and degradation of Lp(a) by cells expressing the
VLDL receptor. PEA13 fibroblasts infected
with Ad-VLDLR were plated into wells
(105 cells/well) and incubated with 10 nM
125
I-labeled Lp(a) for 12 h at 378C. Shown are
the amount of 125I-labeled Lp(a) internalized
(A) or degraded (B) in the absence of competitor, or in the presence of either apo(a)
(500 nM), unlabeled Lp(a) (500 nM), uPA:
PAI-1 (500 nM), or RAP (1 mM). The data
shown are the average of duplicate determinations.
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Figure 8. Analysis of apo(a) from Lp(a) isoforms isolated from subjects by immunoblot analysis after SDS-PAGE. 3.2 ng of Lp(a) from
each subject was analyzed by SDS-PAGE on 4% polyacrylamide gels
under reducing conditions. The proteins were then transferred to nitrocellulose, the blots were incubated with a monoclonal antibody to
apo(a) (1 mg/ml), washed, and then incubated with a goat anti–mouse
IgG-horseradish peroxidase conjugate. The antigen–antibody complexes were visualized by use of the Renaissance chemiluminescence
kit. Lane 1, subject 1; lane 2, subject 2; lane 3, subject 3; lane 4, subject
4; lane 5, subject 5. The migration position of a 200-kD standard (myosin) is shown.

grade Lp(a) from subject 5 above the basal level of control infected cells. In contrast, Lp(a) from all subjects was internalized and degraded by cells expressing the LDL receptor. Thus,
the VLDL receptor demonstrates significant differences in
its capacity to internalize and degrade different isoforms of
Lp(a), whereas the LDL receptor does not appear to be as sensitive to the specific isoform of Lp(a). The reason for differential recognition of Lp(a) isoforms by the VLDL receptor is
probably due to its specificity for apo(a) and the heterogeneity

of apo(a). In contrast to the VLDL receptor, the LDL receptor recognizes apoB100, which remains constant on Lp(a) and
is independent of the apo(a) isoform. It has been demonstrated (51) that the particular apo(a) isoform, and therefore
the apo(a) size, can effect the recognition of monoclonal antibodies to K4 type 2. Thus, it is conceivable that apo(a) isoform/size may also impact the interaction of the VLDL receptor with apo(a).
Removal of Lp(a) antigen from the circulation is delayed in
mice deficient in the VLDL receptor. Our in vitro studies have
confirmed that the VLDL receptor can bind and mediate cellular catabolism of Lp(a). The potential significance of these
observations can only be tested in an in vivo model. While
mice do not express Lp(a), a high degree of homology exists
between mouse and human VLDL receptor (52). To test the
hypothesis that the VLDL receptor plays an important role in
regulating Lp(a) levels, Lp(a) was injected into the circulation
of control mice and mice genetically deficient in the VLDL receptor, and at selected time intervals blood was collected.
After centrifugation, aliquots of plasma were subjected to immunoblot analysis using an antibody specific for apo(a), and
the levels of apo(a) were quantified as described in Methods.
The results of this study are shown in Fig. 9. In control mice,
Lp(a) antigen steadily decreased with time, similar to results
described previously (53). Interestingly, the removal of apo(a)
was delayed in mice genetically deficient in the VLDL receptor. These results suggest that the VLDL receptor may play an
important role in the clearance of Lp(a) in this mouse model.
Conformation of this result will require more detailed studies
using several Lp(a) isoforms. It is clear from the data that
clearance of Lp(a) is not abolished in mice genetically deficient in the VLDL receptor, and thus a secondary mechanism
for the clearance of Lp(a), possibly involving the LDL receptor, must exist. Therefore, it would be informative to study the
clearance of Lp(a) in mice lacking both the VLDL receptor
and the LDL receptor to determine if it is further delayed or
abolished.
The VLDL receptor is expressed in atherosclerotic plaques.
The capacity of the VLDL receptor to endocytose Lp(a)
prompted us to examine the expression of this receptor in the
vascular wall in atherosclerotic tissue, where Lp(a) antigen has
been detected (8, 54). Immunohistochemical analysis was performed using a highly specific antibody prepared against a syn-

Table I. Degradation of 125I-labeled Lp(a) from Different Subjects by PEA-13 Fibroblasts Infected with Ad-VLDLR or Ad-LDLR
‡

Subject

*[125I-Lp(a)]

fmoles 125I-Lp(a) degraded/
105 cells Ad-VLDLR

‡

fmoles 125I-Lp(a) degraded/
105 cells Ad-LDLR

§

Apo(a) phenotype

nM

Experiment 1
Subject 1
Subject 2
Experiment 2
Subject 1
Subject 3
Subject 4
Subject 5

70
70

8666
4264

43465
42969

K418 (90%)/K427 (10%)
K418 (87%)/K431 (13%)

70
70
29
70

118620
40611
2262
064

48967
45964
32765
341635

K418 (90%)/K427 (10%)
K417 (100%)
K423 (52%)/K422 (48%)
K423 (85%)/K427 (15%)

*Concentration of 125I-labeled Lp(a) added to cells. In the case of subject 4, lower concentrations of Lp(a) were used since the recovery of Lp(a) from
this subject was lower, and precluded the use of higher concentrations. ‡Values were generated by subtraction of basal levels of degradation observed
in PEA-13 fibroblasts infected with Ad-LacZ. §Apo(a) phenotypes were determined as described (27). nd, not determined.
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Figure 9. VLDL receptor-deficient mice demonstrate delayed clearance of Lp(a) from the circulation. Wild-type mice (closed circles)
(n 5 5) and VLDL receptor-deficient mice (open circles) (n 5 4)
were injected with 100 mg Lp(a) from subject 1. Blood was drawn at
indicated times after injection, and an aliquot (0.1 mL) was subjected
to SDS-PAGE under reducing conditions on 4% polyacrylamide gels.
After transfer to nitrocellulose, the blots were incubated with a
monoclonal antibody against apo(a) (1 mg/ml), and apo(a) antigen
was quantified as described in Methods. The initial time point, taken
at 2 min, was considered to represent 100% antigen in the circulation.

thetic peptide representing the carboxy-terminal portion of the
VLDL receptor. Strong staining for VLDL receptor antigen
was detected in endothelial cells of normal vessels and atherosclerotic arteries, consistent with previous data (29, 55, 56).
Double staining was performed to assess precise colocalization
of the VLDL receptor antigen and the antigen marker for either macrophages or smooth muscle cells. Examination of coronary atherectomy specimens revealed that VLDL receptor
antigen was present in the majority of plaque KP-1–positive
macrophages and foam cells (Fig. 10 A). The majority of a-actin
positive smooth muscle cells, however, did not stain positively
for the VLDL receptor antigen, although a small percentage of
a-actin positive cells did stain for the VLDL receptor antigen
in the cap region of the atherosclerotic plaque (Fig. 10 B). In
addition, VLDL receptor staining was present in extracellular
matrix–rich areas of the plaque (Fig. 10 B), possibly representing receptor that is shed from the cell surface after proteolytic
cleavage. The VLDL receptor is known to bind to the extracellular matrix component thrombospondin (57), which may account for its localization in matrix. No staining was observed
when the VLDL receptor antibody was preincubated with
the synthetic peptide to which the antibody was made before
staining.
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The physiological function of Lp(a) is not fully understood. Elevated plasma levels of this lipoprotein, however, are associated with an increased risk for coronary and carotid artery disease (1,2), and Lp(a) antigen has been detected in plaque
tissue in atherosclerotic cerebral vessels (58), and in atherosclerotic, but not in nonatherosclerotic, coronary vessels (8,
54). Despite several hypotheses regarding the roles of Lp(a) in
atherosclerosis, the mechanism of Lp(a) atherogenicity has not
been elucidated, but likely involves both its ability to influence
plasminogen activation as well as its atherogenic potential
as a lipoprotein particle after receptor-mediated uptake. The
mechanisms responsible for the catabolism of Lp(a) have been
investigated (14,15), and the studies reveal that while the LDL
receptor may contribute to Lp(a) catabolism, it is clear that another receptor must play a major role in the cellular uptake of
Lp(a) in the vessel wall.
The results of this study indicate that the VLDL receptor
can bind to and mediate the cellular catabolism of Lp(a), and
that the VLDL receptor may play an important role in Lp(a)
catabolism. This conclusion is supported by several independent lines of evidence. First, 125I-labeled Lp(a) is internalized
and degraded by fibroblasts in which the human VLDL receptor cDNA was introduced using adenovirus-mediated gene
transfer, but not by control fibroblasts that lack this receptor.
Second, the cellular uptake and degradation of 125I-labeled
Lp(a) in fibroblasts expressing the VLDL receptor is blocked
by specific antibodies against the VLDL receptor. Third, 125ILp(a) binds to the purified VLDL receptor immobilized on nitrocellulose. The specificity of this interaction was demonstrated when RAP, an inhibitor of VLDL receptor function,
prevented ligand binding. Finally, removal of Lp(a) injected
into the mouse circulation was delayed in mice genetically deficient in the VLDL receptor when compared with control
mice. Together, these experiments provide compelling evidence indicating that the VLDL receptor can mediate the cellular catabolism of Lp(a), and that this receptor likely plays an
important role in Lp(a) catabolism in vivo.
Currently, the physiological role of the VLDL receptor is
not completely understood. The observation that VLDL receptor mRNA is highly expressed in skeletal muscle, heart,
and adipose tissue, but not liver (59, 60), has led to the hypothesis that this receptor may facilitate peripheral uptake of triglyceride-rich lipoproteins. Mice in which the VLDL receptor
gene has been deleted, however, displayed normal levels of
cholesterol, triacylglycerol, and lipoproteins in their plasma,
suggesting that the VLDL receptor is not required for VLDL
clearance from plasma (42). Indirect immunofluorescence on
murine and bovine tissue (55) and in situ hybridization studies
on human tissue (56) revealed that the VLDL receptor is preferentially expressed on the endothelium of nonfenestrated
capillaries. This observation, coupled with the fact that the
VLDL receptor–deficient mice display a decrease in body
weight, body mass index, and adipose tissue mass, suggests
that the VLDL receptor may play an important role in the delivery of VLDL or other bloodborne nutrients into tissues.
Our studies, demonstrating that Lp(a) clearance is delayed in
mice deficient in the VLDL receptor, highlight the potential
significance of this receptor in Lp(a) catabolism. While mice
do not express Lp(a), a high degree of homology exists between mouse and human VLDL receptor (52), and therefore,

Figure 10. Photomicrographs of double-stained human coronary endarterectomy specimens. (A) Detection of VLDL receptor antigen (brown)
and macrophage marker, CD-68 (red), deep in the atherosclerotic plaque. Arrows denote macrophages that are doubly stained for the VLDL
receptor antigen and macrophage marker CD-68 antigen. (B) Detection of VLDL receptor antigen (brown) and smooth muscle cell marker,
a-actin (red) in the fibrous cap near the lumen (L). Arrows denote doubly stained cells. The asterisk denotes extracellular matrix staining for the
VLDL receptor. (A and B, original 4003).

the mouse is an excellent model for these studies. The organ(s)
responsible for the clearance of Lp(a) have yet to be identified, but given that the VLDL receptor is expressed in the endothelium, it seems likely that the VLDL receptor may target
Lp(a) to the vascular wall. Studies to test this possibility are
currently underway.
Catabolism of Lp(a) is effectively prevented by a 50-fold
molar excess of apo(a), indicating that a unique determinant
exists on Lp(a) that is not present on LDL recognized by the
VLDL receptor. Competition experiments revealed that while
LDL is an effective competitor of Lp(a) catabolism mediated
by the LDL receptor, it is not an effective inhibitor of Lp(a)
catabolism mediated by the VLDL receptor. Thus, under
physiological conditions where normal LDL levels are significantly higher than those of Lp(a), it is unlikely that the LDL
receptor is involved in the catabolism of Lp(a). In contrast,
normal levels of LDL are likely to have little impact on catabolism of Lp(a) mediated by the VLDL receptor. The VLDL receptor differentially recognizes specific isoforms of Lp(a).
While the significance of this fact is not known, it would be of
interest to determine if the ability of Lp(a) to bind to the
VLDL receptor correlates with its atherogenicity. The regions
on apo(a) responsible for VLDL receptor recognition remain
to be identified.
Our finding that VLDL receptor expression is induced in
macrophages within atherosclerotic plaques raises the possibility that the VLDL receptor may also play a pathophysiological
role by mediating Lp(a) endocytosis, thus facilitating lipid delivery to macrophages at lesion sites. Excessive accumulation
of lipids in macrophages leading to foam cell formation is a
feature of the fatty streak (61). Cellular uptake of Lp(a), mediated by the VLDL receptor, may contribute to foam cell formation. This possibility is strengthened by the observations
that while the VLDL receptor gene has two copies of sterol
regulatory element 1–like sequences (62), they are inactive in
vivo, and thus expression of the VLDL receptor is not effected
by cellular cholesterol levels (33, 48, 62). Chinese hamster

ovary cells that overexpress the VLDL receptor accumulate
lipid and are converted into foam cells when incubated with
rabbit b-VLDL (48), providing evidence that the VLDL receptor can contribute to foam cell formation.
VLDL receptor mRNA has been detected in cultures of
rabbit resident alveolar macrophages and the THP-1 human
monocytic leukemia cell line (48). In contrast, VLDL receptor
mRNA (59) and antigen (F. Battey and D.K. Strickland,
unpublished observations) are not detected in human monocyte–derived macrophages in culture. These observations are
consistent with the findings that while Lp(a) binds to monocyte-derived macrophages in culture, it is not efficiently internalized and degraded by these cells (63, 64). The high-level
expression of the VLDL receptor noted in macrophages in
atherosclerotic plaques indicates that VLDL receptor expression is induced in these cells. Several studies indicate that expression of the VLDL receptor gene is regulated. Increased
expression of VLDL receptor mRNA was observed when
3T3-L1 cells were differentiated into adipocytes (60). Furthermore, the VLDL receptor gene appears to be regulated by estrogen (65), and expression of the VLDL receptor in skeletal
muscle can be regulated by thyroid hormone (66). Finally, administration of human granulocyte-macrophage colony-stimulating factor into rabbits induced a 2.6-fold increase in VLDL
receptor mRNA in muscle (67). All of these studies confirm
that expression of the VLDL receptor gene is highly regulated.
Factors that might induce expression of the VLDL receptor in
macrophages in atherosclerotic lesions remain to be identified.
Interestingly, Bottalico et al. (16) have observed that cholesterol loading of macrophages leads to an enhancement of
Lp(a) internalization and degradation via induction of a specific receptor. The receptor responsible for this effect has not
yet been identified. Since RAP did not appear to inhibit the
degradation (16), however, it may not be the VLDL receptor.
In summary, we have identified a receptor that is capable
of mediating the cellular catabolism of Lp(a), most likely via
interaction with apo(a). The widespread distribution and exVLDL Receptor Mediates Lp(a) Catabolism
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pression of the VLDL receptor in vascular cells and in macrophages in atherosclerotic lesions suggests that this receptor
may target Lp(a) to the vascular endothelium and to macrophages present in atherosclerotic lesions. Excessive uptake of
Lp(a) by lesion macrophages may lead to lipid accumulation
by these cells, and may account in part for the atherogenicity
of this lipoprotein.
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