The role of the LDL receptor in apolipoprotein B secretion
Jaap Twisk,1,2 Donald L. Gillian-Daniel,1 Angie Tebon,1 Lin Wang,1,3
P. Hugh R. Barrett,4 and Alan D. Attie1
1Department

of Biochemistry, University of Wisconsin–Madison, Madison, Wisconsin 53706, USA
of Biopharmaceutics, Leiden/Amsterdam Center for Drug Research, University of Leiden, Sylvius Laboratories, 2300
RA Leiden, The Netherlands
3Department of Chemistry and Biochemistry, University of California–San Diego, La Jolla, California 92093, USA
4Department of Medicine, University of Western Australia, Perth 6001, Australia
2Division

Address correspondence to: Alan Attie, Department of Biochemistry, University of Wisconsin–Madison, 433 Babcock Drive,
Madison, Wisconsin 53706-1544, USA. Phone: (608) 262-1372; Fax: (608) 263-9609; E-mail: attie@biochem.wisc.edu.
Jaap Twisk and Donald L. Gillian-Daniel contributed equally to this work.

Received for publication October 6, 1999, and accepted in revised form December 28, 1999.

Familial hypercholesterolemia is caused by mutations in the LDL receptor gene (Ldlr). Elevated plasma LDL levels result from slower LDL catabolism and a paradoxical lipoprotein overproduction. We
explored the relationship between the presence of the LDL receptor and lipoprotein secretion in hepatocytes from both wild-type and LDL receptor–deficient mice. Ldlr–/– hepatocytes secreted apoB100
at a 3.5-fold higher rate than did wild-type hepatocytes. ApoB mRNA abundance, initial apoB synthetic rate, and abundance of the microsomal triglyceride transfer protein 97-kDa subunit did not
differ between wild-type and Ldlr–/– cells. Pulse-chase analysis and multicompartmental modeling
revealed that in wild-type hepatocytes, approximately 55% of newly synthesized apoB100 was degraded. However, in Ldlr–/– cells, less than 20% of apoB was degraded. In wild-type hepatocytes, approximately equal amounts of LDL receptor–dependent apoB100 degradation occured via reuptake and
presecretory mechanisms. Adenovirus-mediated overexpression of the LDL receptor in Ldlr–/– cells
resulted in degradation of approximately 90% of newly synthesized apoB100. These studies show that
the LDL receptor alters the proportion of apoB that escapes co- or post-translational presecretory
degradation and mediates the reuptake of newly secreted apoB-containing lipoprotein particles.
J. Clin. Invest. 105:521–532 (2000).

Introduction
The LDL receptor plays a critical role in the regulation of
plasma LDL levels by mediating approximately two thirds
of LDL clearance (1–3). Loss of LDL receptor function
leads to decreased LDL catabolism and elevated LDL levels (4). LDL receptor levels are affected by diet, hormones,
and most dramatically, by mutations in the LDL receptor
locus that lead to familial hypercholesterolemia (FH).
Early studies of LDL metabolism in patients with FH
revealed that in addition to the LDL clearance defect, they
overproduce LDL (5, 6) and relatively small VLDL particles (7). VLDL is the metabolic precursor of LDL and is
converted to LDL through the action of lipoprotein
lipase, a triacylglycerol lipase that acts upon VLDL while
it circulates in the bloodstream (8). Increased production
of VLDL can lead to increased LDL simply by providing
more precursor. In addition, impaired clearance of VLDL
remnants can lead to LDL overproduction (9).
A long-standing paradox in the lipoprotein field is
posed by the cholesterol-lowering drugs known as
statins. These drugs inhibit 3-hydroxy-3-methyl-glutaryl coenzyme A reductase, a tightly regulated step in
the cholesterol biosynthetic pathway (10). Cells
respond to the dearth of cholesterol by upregulating
transcription of cholesterol-regulated genes, including
the LDL receptor (11). Statins are ineffective in patients
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homozygous for null alleles of the LDL receptor (12).
It has therefore been inferred that statins act by increasing LDL catabolism via upregulation of the LDL receptor. Paradoxically, statins do not always affect the LDL
clearance rate. Rather, in many clinical studies (13–15)
and animal studies (16, 17), statins decrease VLDL
and/or LDL production (reviewed in ref. 18).
The post-translational fate of apoB, the major protein
component of VLDL, can be explained by multiple
mechanisms. In human and rat hepatoma cell lines, a
large proportion of newly synthesized apoB is degraded
within the secretory pathway (19). Thus, the rate of apoB
secretion, and hence, VLDL secretion, from the liver is
determined by the proportion of apoB that escapes coor post-translational degradation (20, 21). In addition,
reuptake of newly secreted lipoproteins has also been
proposed to regulate the net output of apoB (22).
How can the presence or absence of a functional LDL
receptor affect the production of lipoproteins? We
addressed this question by studying apoB secretion in cultured hepatocytes isolated from wild-type mice and mice
lacking a functional LDL receptor (Ldlr–/–). Similar to FH,
previous studies with Ldlr–/– mice revealed a decrease in
LDL clearance (23) and a marked increase in plasma apoB
levels (23–26). Our results with primary hepatocytes from
these animals indicate that the LDL receptor is involved
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in determining the post-translational fate of apoB by
increasing presecretory apoB degradation and mediating
reuptake of nascent lipoprotein particles.

Methods
Mice. Male wild-type and LDL receptor disrupted
(Ldlr–/–) C57BL/6J mice (23) were obtained from The
Jackson Laboratory (Ldlrtm1Her mice; Bar Harbor, Maine,
USA). The Ldlrtm1Her mice were created by insertion of
the neo gene into exon 4 of the LDL receptor gene in the
laboratories of R. Hammer and J. Herz (University of
Texas Southwestern Medical Center at Dallas, Texas,
USA; ref. 23). An Sv129-derived AB1 embryonic stem
cell line was used. The C57BL/6J.Ldlrtm1He strain was
generated by crossing the Ldlrtm1Her mutation 5 or more
times to C57BL/6J mice. For the hepatocyte experiments, mice were weaned at 3–4 weeks, given standard
chow and water ad libitum, housed on a 12-hour
light/dark cycle, and sacrificed at 12–14 weeks of age.
Genotypes were determined using a PCR-based assay
(27). Plasma cholesterol levels (Sigma Diagnostics, St.
Louis, Missouri, USA) of wild-type and mutant mice
were 77.6 ± 7.4 and 262.2 ± 46.8 mg/dL, respectively.
Preparation of primary mouse hepatocytes. Hepatocytes
were isolated by liver perfusion as described elsewhere
(28) and seeded at subconfluency (0.8 × 106 cells/60mm dish) in DMEM (GIBCO BRL, Grand Island, New
York, USA) supplemented with FBS (10% vol/vol;
HyClone Laboratories, Logan, Utah, USA), insulin (20
mU/mL; Novo Nordisk Pharmaceuticals Inc., Clayton,
North Carolina, USA) and dexamethasone (25 nM;
Sigma Diagnostics). Cells were left to attach for 4
hours in an incubator at 37°C, 5% CO2. After a wash
with DMEM, cells were cultured overnight in DMEM
supplemented with 10% FBS and 20 mU/mL insulin.
With the exception of experiments using adenovirus
infection, experiments were performed within 24
hours of hepatocyte isolation.
Continuous metabolic labeling of hepatocytes. Cells were
starved for 1 hour in methionine/cysteine-free DMEM
(starve medium) supplemented with 0.2 mM oleic acid
(conjugated to BSA) and radiolabeled with 100 µCi/dish
L-[35S]methionine/cysteine (tracer; 1,175 Ci/mmol; NEN
Life Science Products Inc., Boston, Massachusetts, USA)
in the same medium for the indicated times.
Pulse-chase analysis. Hepatocytes were incubated for 1
hour in starve medium before pulse labeling for 7.5
minutes with tracer (200 µCi/60 mm dish). Dishes
were washed once with DMEM before addition of
chase medium (chase; DMEM supplemented with 10
mM each of unlabeled methionine and cysteine and
0.2 mM oleic acid). Heparin (grade 1-A; Sigma Diagnostics) was added to chase medium as indicated in
the figures. All concentrations used were equally effective at rescuing apoB secretion.
Immunoprecipitation of apoB, apoE, and albumin. After
radiolabeling, media were collected and centrifuged (5
minutes at 100 g). The resulting media were used for
immunoprecipitations. Cells were rinsed 3 times with ice522
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cold PBS, scraped into PBS, and collected by centrifugation. The cell pellets were lysed in 200 µL RIPA/1% SDS
(150 mM NaCl, 50 mM Tris [pH 7.5], 1% Triton X-100,
0.5% deoxycholate, 1% SDS, 1 mM PMSF, 1 mM orthovanadate, 10 µg/mL trypsin inhibitor, and 10 µg/mL: leupeptin) and subsequently diluted 5× to 1 mL final volume in 150 mM NaCl, 50 mM Tris (pH 7.4), 1 mM PMSF,
1 mM orthovanadate, 10 µg/mL trypsin inhibitor, and 10
µg/mL leupeptin. For immunoprecipitations, both
media and cell lysates were supplemented with 1/5 vol
immunoprecipitation buffer (IMB; 100 mM Tris [pH
7.4], 25 mM EDTA, 5 mg/mL BSA, 2.5% sodium deoxycholate, 2.5% Triton X-100, and 0.01% sodium azide), and
antibodies to apoB (polyclonal, rabbit anti-pig LDL),
apoE (polyclonal, rabbit anti-human apoE), or albumin
(polyclonal, rabbit anti-human serum albumin; Sigma
Diagnostics) were added. For immunoprecipitation of
albumin, IMB did not contain BSA. After an overnight
incubation at 4°C, Protein A-agarose beads (GIBCO
BRL) were added and the incubation was continued at
4°C overnight. The antibody/bead slurry was subsequently washed twice with IMB, once with PBB (10 mM
phosphate buffer [pH 7.4], 1 mg/mL BSA, and 0.01%
sodium azide) and once with PB (PBB without BSA). For
immunoprecipitation of albumin, beads were washed 4
times with PB only. Radiolabeled protein was solubilized
in SDS-sample buffer (2% SDS, 20% glycerol, 50 mM Tris
[pH 6.8], 6 M urea, 1 mM EDTA, and 20 mg/mL bromophenol blue) supplemented with 10 mM DTT and
250 mM β-mercaptoethanol, and heated at 65°C for 30
minutes before SDS-PAGE (29). Specific proteins were
viewed by autoradiography, and amounts of radiolabeled
protein were determined by slicing bands from the gel,
solubilizing in H2O2:HClO4 (2:1) at 65°C overnight, and
quantitating radioactivity in a liquid scintillation counter (LSC; Packard Instrument Co., Meriden, Connecticut,
USA). Alternatively, amounts of radiolabeled protein were
determined by Phosphorimager quantitation (Image
Quant version 3.3; Molecular Dynamics, Sunnyvale, California, USA). All data were normalized to cellular protein
(30) and total TCA-precipitable radioactivity.
Multicompartmental modeling of apoB production. Estimates of apoB secretion and degradation were determined by multicompartmental modeling of pulsechase data using the SAAM II program (SAAM
Institute, Seattle, Washington, USA), similar to Wilcox
et al. (31). The model was developed using apoB
radioactivity data from both wild-type and Ldlr–/– hepatocytes simultaneously; the best fit to the data was one
in which the fewest parameters (i.e., those for “loss” of
apoB, as detailed later) were changed between wild-type
and Ldlr–/– data sets. A simplified description of the
model follows. In Figure 1, compartments 1–8, 10, and
12 are intracellular, whereas compartment 9 represents
apoB secreted into the media. Compartment 1 represents the amino acid tracer pool (i.e., [35S]methionine).
Uptake of tracer by cells and its incorporation into
apoB peptide is assumed to occur instantaneously.
Compartments 2–7 represent incorporation of tracer
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amino acid into progressively longer nascent apoB
polypeptide chains during translation. Compartment
7 represents the first appearance of a pool of full-length
protein (either apoB100 or apoB48). The data sets for
modeling are based on experimental measurements of
either full-length apoB100 or apoB48.
To optimize the fit of the data, a delay compartment was
introduced into the model; compartment 8 represents a
delay in the time required to observe full-length apoB in
the media. Because apoB100 radioactivity appeared more
slowly in the media than did apoB48, an extended delay,
compartment 12, was required in the model. To enable a
best fit to the experimental data, apoB radioactivity was
allowed to distribute between intracellular compartments
7, 8, 10, and 12. Intracellular compartments 7, 8, and 10
were determined experimentally and thus were sampled
in the model (hatched symbols in Figure 1). To fit the
degradation rate observed in the experimental data, apoB
loss occurs as rapid, presecretory degradation from compartment 7 (k(0,7)), as slow, presecretory degradation
from compartment 10 (k(0,10)), and as heparininhibitable degradation from compartment 8 (k(0,8)).
ApoB loss from compartment 8 represents apoB that
leaves the secretory pathway, but through an interaction
with the LDL receptor is subsequently internalized and
degraded. The extracellular compartment 9 represents
apoB radioactivity in the media; experimental data from
secreted apoB were assigned to this compartment, and
apoB secretion is defined in terms of the rate constant,
k(9,12). Compartment 9 was determined experimentally
and thus was sampled in the model (hatched circle in Figure 1). Additional pathways (i.e., apoB secretion directly
from compartment 10) were not required to fit the model
to the experimental data. Importantly, the wild-type and
Ldlr–/– experimental data sets could not be described by
simply switching on or off the loss of apoB attributed to
the kinetic parameter, k(0,8); both data sets required a
model that included presecretory apoB degradation.
Finally, the kinetics of albumin production were determined using the same model as was used for apoB. The
parameters for the degradation pathways described by the
rate constants k(0,7), k(0,8), and k(0,9), reached a lower
limit of zero for albumin when this model was used, suggesting no loss of albumin via these pathways.
Analysis of total intracellular lipid. Cells were radiolabeled
for 18 hours with 5 µCi/dish [14C]acetate in DMEM/10%
lipoprotein-deficient serum (LPDS) (32). Media were discarded and cells lysed in PBS by 10 passages through a
25G needle, followed by 5 minutes of sonication. Lipid
was extracted from cell lysates (33), dried under N2, solubilized in chloroform, and separated on thin-layer chromatography (TLC) plates using 2 solvent systems: (a)
diethylether:benzene:ethanol:actetic acid (40:50:2:0.2)
and (b) diethylether:hexane (6:94). Specific bands were
identified by comigration with standards; bands were
scraped, solubilized in hexane, and quantitated by LSC.
Isolation of total RNA and determination of steady-state levels of apoB mRNA. Total RNA was isolated from cultured
hepatocytes (34) and analyzed by Northern blotting.
The Journal of Clinical Investigation
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Figure 1
Multicompartmental model describing secretion and intracellular
degradation of apoB. Compartments 1–8, 10, and 12 represent
intracellular apoB, whereas compartment 9 represents apoB secreted into the media. Compartment 1 represents the radioactive amino
acid tracer pool. Compartments 2–7 represent incorporation of tracer into progressively longer fractional lengths of nascent apoB during translation; compartment 7 represents the first appearance of a
pool of full-length protein. ApoB can be lost from compartment 7
via a rapid presecretory degradation pathway or can pass on to compartment 8 or 10. Loss of apoB from compartment 10 occurs
through a slow presecretory degradation pathway. Compartment 8
represents the delay in apoB appearance in the media; compartment
12 represents the experimentally observed extended delay in
apoB100 appearance in the media relative to apoB48. Loss of apoB
from compartment 8 occurs via a degradation pathway that is inhibited by heparin addition. Compartment 9 represents apoB in the
media. Experimentally determined apoB radioactivity is indicated by
the hatched compartments 7–10.

The 14-kb apoB mRNA was identified using a radiolabeled 1,100 bp Sac1/Hpa1 fragment of apoB cDNA isolated from pB48LII (MegaPrime labeling kit; Amersham Pharmacia Biotech Inc., Piscataway, New Jersey,
USA; ref. 35). GAPDH mRNA was used as an internal
standard and identified using a 1,200-bp Pst1 fragment
isolated from rat GAPDH cDNA (36). ApoB mRNA
abundance was determined by dot blotting using
probes described elsewhere (37). Radioactivity was
quantitated by Phosphorimager and expressed as a
ratio of apoB mRNA/GAPDH mRNA.
Western analysis of microsomal triglyceride transfer protein
97-kDa subunit. Cells were lysed and protein solubilized
in SDS-sample buffer. Total protein concentration in
each sample was determined (30). Samples containing
equivalent amounts of total protein were loaded in
each lane, and proteins were separated by SDS-PAGE.
Proteins were transferred to nitrocellulose membrane
following manufacturer’s recommendations (Bio-Rad
Laboratories Inc., Hercules, California, USA), and
membranes blotted using a 97-kDa subunit antibody
(a kind gift of H. Jamil, Bristol-Myers Squibb Co., Seattle, Washington, USA). Blots were reprobed using antibodies to albumin (polyclonal, rabbit anti-human
serum albumin; Sigma Diagnostics).
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Treatment of hepatocytes with recombinant adenovirus.
Adenovirus-mediated overexpression of the LDL receptor was performed essentially as described previously
(38). Briefly, after the first overnight incubation in
DMEM supplemented with 10% FBS and 20 mU/mL
insulin, cells were washed with serum-free DMEM.
Hepatocytes were treated with pAdCMV-LDLR (an adenovirus with the human LDL receptor cDNA; a generous gift from J. Wilson, University of Pennsylvania,
Philadelphia, Pennsylvania, USA) at an moi of 40–50
for 2 hours at 37°C with gentle, intermittent rocking.
The medium was then replaced with DMEM containing 2 mM L-glutamine, 1 mM sodium pyruvate, 100
U/mL penicillin, 100 µg/mL streptomycin, 10 nM dexamethasone, 10 mU/mL insulin, and 0.2% FBS. To
enable full expression of the adenovirus-transferred
LDL receptor gene, cells were incubated an additional
36–48 hours in the same medium (changed after 24
hours) at 37°C, 5% CO2. Experimental manipulations

Figure 2
Determination of apoB secretion rate in the presence and absence of
a functional LDL receptor. Hepatocytes from wild-type and Ldlr–/– mice
were radiolabeled continuously with [35S]methionine/cysteine, and
samples were collected at the times indicated. Cells were lysed, and
both media and cell lysates immunoprecipitated with antiserum raised
against either apoB or albumin. Samples were separated on 5% or 8%
SDS-polyacrylamide gels, respectively, and apoB and albumin radioactivity quantitated. Results are mean ± SEM of duplicate dishes from 5
independent isolations for apoB and 3 independent isolations for albumin. Open circle, intracellular protein; filled circle, secreted protein.

524
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were performed as detailed in the text. Finally, a βgalactosidase–expressing adenovirus (pAdCMV-β-gal;
Quantum Biotechnologies Inc., Laval, Quebec, Canada) was used as a control for nonspecific effects due
either to adenovirus infection of hepatocytes or to
exogenous protein overexpression.

Results
The rate of apoB secretion increases in the absence of a functional
LDL receptor. The rate of apoB100 and apoB48 secretion
was 3- to 4-fold and 1.5- to 2.0-fold higher, respectively, in
Ldlr–/– cells than in wild-type hepatocytes (Figure 2). The
apoB secretion rate was determined by radiolabeling cells
continuously for up to 4 hours with [35S]methionine/cysteine. Both full-length apoB (apoB100) and apoB48, a
truncated form of apoB, produced as a consequence of
mRNA editing (39), are produced in mouse hepatocytes
(40). Hepatocytes were cultured for up to 24 hours before
the start of the experiments. Both wild-type and Ldlr–/–
hepatocytes synthesized and secreted approximately 5–10
times more apoB48 than apoB100, consistent with prior
observations (Figure 2; ref. 41). In parallel with apoB, total
apoE secretion was approximately 1.5-fold higher from
Ldlr–/– hepatocytes than from wild-type cells (data not
shown). This result is similar to observations of lipoproteins from LDL receptor-deficient patients (7, 42).
In contrast to apoB, secretion of albumin was not significantly different between wild-type and mutant hepatocytes (Figure 2). The amount of total TCA-precipitable
[35S]-labeled protein was similar in wild-type and Ldlr–/–
hepatocytes (data not shown). Both results indicate that
the absence of the LDL receptor does not cause marked
changes in overall protein synthesis or secretion.
Steady-state levels of apoB mRNA and initial apoB synthesis
rates are similar in wild-type and Ldlr–/– hepatocytes. To
determine whether the difference in apoB secretion
between cell types could be accounted for by a difference in apoB synthetic capacity, both the apoB mRNA
abundance and the apoB protein synthetic rate were
measured. Our probe hybridized to the expected 14-kb
apoB mRNA transcript by Northern blot (data not
shown). By slot blot, the abundance of apoB mRNA
(relative to that of GAPDH) was the same in wild-type
and Ldlr–/– hepatocytes (Figure 3a).
To determine the initial apoB synthesis rate, both wildtype and Ldlr–/– hepatocytes were radiolabeled for 5, 15, or
30 minutes with [35S]methionine/cysteine. As there is no
appreciable apoB secretion during this time interval, only
intracellular apoB levels were measured. The apoB100 and
apoB48 synthetic rates were similar in wild-type and Ldlr–/–
hepatocytes (Figure 3b). Similarly, no difference in the
albumin synthesis rate was observed (Figure 3b).
ApoB secretion is not affected by intracellular neutral lipid
levels in wild-type and Ldlr–/– hepatocytes. Both intracellular triglyceride and cholesterol ester levels have been
invoked as regulators of post-translational apoB degradation (20, 43). ApoB secretion also depends on microsomal triglyceride transfer protein (MTP)–catalyzed
lipid transfer (reviewed in ref. 44). We therefore charac-
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Figure 3
Determination of steady-state levels of apoB mRNA and apoB initial
synthesis rates in wild-type and Ldlr–/– hepatocytes. (a) Steady-state
levels of apoB mRNA. ApoB mRNA abundance was measured by slot
blot. The results are expressed as a ratio of apoB/GAPDH (mean ±
SEM; 2 independent isolations, up to 8 samples per isolation). (b)
Initial synthesis rates for apoB100, apoB48, and albumin. Samples
were treated as described in Figure 2, except that cells were labeled
with [35S]methionine/cysteine for 5, 15, and 30 minutes. Results
shown are a mean ± SEM of duplicate dishes from 4 independent
hepatocyte isolations for apoB, and 3 independent isolations for
albumin. Filled bars, wild-type; open bars, Ldlr–/–.

terized both intracellular lipid levels and MTP 97-kDa
subunit levels in both cell types. Neutral lipids were
labeled to steady-state by incubation of hepatocytes for
18 hours with [14C]acetate. Intracellular triglyceride levels were 2-fold higher in Ldlr–/– cells relative to wild-type
hepatocytes (Table 1). Triglyceride mass measurements
(data not shown) correlated well with steady-state
[14C]triglyceride levels. Free and esterified cholesterol
levels did not differ significantly in the 2 cell types.
When hepatocytes were incubated in 0.8 mM oleic
acid, instead of the standard 0.2 mM, the intracellular
triglyceride mass was elevated to similar levels in both
cell types (253 and 287 µg/mg cellular protein for wildtype and Ldlr–/– hepatocytes, respectively). Nevertheless,
apoB secretion rates were still increased in Ldlr–/– cells
to the same extent as they were in the presence of 0.2
mM of oleic acid; approximately 3-fold and 1.8-fold
more apoB100 and apoB48, respectively, were secreted
from Ldlr–/– cells, relative to wild-type hepatocytes.
The level of MTP has been shown to be rate limiting for
apoB secretion (45, 46). Therefore, we measured relative
MTP 97-kDa subunit mass by Western blot analysis of
hepatocyte lysate from four animals of each LDL receptor
genotype. Expression levels of the 97 kDa subunit were
corrected for the level of albumin in each sample and
found to be essentially the same in both cell types (results
are expressed as a ratio of MTP-97 kDa subunit/albumin;
mean values with SEM of 0.304 ± 0.04 and 0.330 ± 0.04 for
wild-type and Ldlr–/– samples, respectively; P = NS).
These results demonstrate that the presence or absence
of the LDL receptor, and not triglyceride mass, cholesterol ester levels, or MTP 97-kDa subunit levels, determines the difference in apoB secretion between wild-type
and Ldlr–/– cells.
The LDL receptor promotes both presecretory degradation and
reuptake of apoB. Given that the absence of the LDL receptor affects neither the rate of apoB synthesis nor the hepatocyte’s capacity to transfer lipid, we carried out pulsechase experiments to determine a possible link between
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the LDL receptor and post-translational apoB degradation. Hepatocytes were radiolabeled with [35S]methionine/cysteine using a 7.5-minute pulse. Cells were then
chased in the presence of excess unlabeled methionine
and cysteine for up to 4 hours. In addition, cells were
incubated during the chase in the absence or presence of
heparin (10 mg/mL) to prevent binding of newly secreted lipoproteins to both the LDL receptor and cell-surface
proteoglycans (47). Multicompartmental modeling was
used to estimate the extent of apoB secretion and degradation under the various experimental conditions.
The kinetic parameters generated by the multicompartmental model are depicted in Figure 1 and are summarized in Table 2. (See Tables 3–5, http://www.jci.org/,
for supplementary data for specific multicompartmental
model rates). The rate constant k(0,7) represents the fraction of apoB synthesized that is subject to a rapid process
of presecretory degradation, whereas k(10,7) represents
the fraction of apoB that is subject to a slow process of
presecretory degradation. The rate constant k(8,7) represents the fraction of synthesized apoB destined for secretion. Finally, the fraction of apoB subject to degradation
by a process that is inhibited upon heparin addition is
represented by the rate constant k(0,8). The percent of
apoB that was either degraded or secreted was calculated
from these rate constants (Table 2).
In the absence of the LDL receptor, post-translational
degradation of apoB100 and apoB48 was markedly
reduced (Figure 4a). Approximately 80% of apoB100 and
82% of apoB48 were secreted from the Ldlr–/– cells, as estimated by modeling (Table 2). In striking contrast, in wildtype cells, only 46% of newly synthesized apoB100 was
secreted. A similar proportion (42%) of newly synthesized
apoB48 was secreted. In contrast, 92% of albumin was
secreted from both wild-type and Ldlr–/– hepatocytes (Figure 4b; see Table 5, http://www.jci.org/, for supplementary data). Similar to the continuous incubation experiment in Figure 2, total TCA-precipitable counts were
similar between wild-type and Ldlr–/– hepatocytes.
Based on multicompartmental modeling of the total
amounts of apoB synthesized, approximately 34% of
apoB100 and 40% of apoB48 were degraded via LDL
receptor–dependent processes (apoB secretion in wildtype cells subtracted from secretion in Ldlr–/– hepatocytes; Table 2). To determine to what extent this degradation was due to LDL receptor–mediated reuptake

Table 1
Analysis of intracellular neutral lipid levels
n

Wild-type

Ldlr–/–

t test

cpm/mg cellular protein
TriglycerideA
3 340,401 ± 42,454
Free cholesterol 3 46,110 ± 3,357
Cholesterol ester 3 10,563 ± 1,379

671,616 ± 38,398 P < 0.001
41,710 ± 3684
NS
6,978 ± 1,292 NS

AHepatocytes

were radiolabeled for 18 hours with [14C]acetate in DMEM/10%
LPDS/0.2 mM oleic acid. Radiolabeled neutral lipids were extracted, analyzed
by TLC, and quantitated by LSC. Results represent mean ± SEM from 3 independent hepatocyte isolations, each with duplicate samples.
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Figure 4
(a) Pulse-chase analysis of apoB. Cells were
metabolically labeled for 7.5 minutes with
[35S]methionine/cysteine. After a wash, cells
were incubated in chase medium supplemented with unlabeled methionine and cysteine for
the indicated times, in the presence or
absence of heparin (10 mg/mL). Samples
were treated as described in Figure 2. The
results presented represent the multicompartmental modeling fit to the data (mean data ±
SEM) from pulse-chase experiments. Data
points represent the observed mean data, and
the lines are the best fit to the data generated
by the kinetic model. n = 6 independent hepatocyte isolations, duplicate samples, for wildtype; 5 isolations for wild-type with heparin; 3
isolations for Ldlr–/–; and a single isolation for
Ldlr–/– with heparin (repeated twice). Open
circle, intracellular protein; filled circle, secreted protein. (b) Pulse-chase analysis of albumin. Samples in Figure 4a were split at time of
collection, and albumin was immunoprecipitated as described in Figure 2. The results presented are from 6 independent hepatocyte
isolations, duplicate samples, for wild-type; 5
isolations for wild-type with heparin; 4 isolations for Ldlr–/–; and 2 isolations for Ldlr–/–
with heparin. Open circle, intracellular protein; filled circle, secreted protein.

and subsequent turnover of apoB, heparin was added
to the chase medium. Heparin addition partially rescued both apoB100 and apoB48 from degradation in
wild-type cells (Figure 4a) but had no effect on albumin degradation in either cell type (Figure 4b). Even
given the best fit to the data, the kinetic model was
unable to fit the 4-hour time point for secretion of
either apoB100 or apoB48 in the presence of heparin
from wild-type hepatocytes (Figure 4a). In addition,
some of the effects of heparin on apoB secretion were
also evident in Ldlr–/– hepatocytes (Figure 4a; Table 2).
Thus, not all of heparin’s actions occur through inhibition of an interaction with the LDL receptor.
Inclusion of postsecretion, heparin-sensitive loss of
apoB in the multicompartmental model (expressed as
k(0,8)) enabled us to estimate that of the total pool of
apoB synthesized, approximately 18% of apoB100 and
38% of apoB48 were degraded by this process. The
remainder of apoB degradation occurred via intracellular presecretory mechanisms that were both dependent on, as well as independent of, the presence of a
functional LDL receptor. Based on levels of apoB
secreted from hepatocytes treated with heparin (secretion from wild-type cells with heparin subtracted from
secretion from Ldlr–/– hepatocytes with heparin; Table
2), approximately 23% of total synthesized apoB100
526
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and 12% of apoB48 were degraded via an LDL receptor–dependent mechanism unrelated to reuptake.
When the results are considered as a percentage of apoB
degradation occurring via LDL receptor–dependent
mechanisms, approximately equal amounts of apoB100
were degraded via reuptake and presecretory mechanisms. In contrast, a majority of apoB48 was degraded by
the heparin-sensitive (i.e., reuptake) pathway.
Adenovirus-mediated overexpression of the LDL receptor
restores degradation of apoB in Ldlr–/– hepatocytes. Because the
presence of the LDL receptor affected both pre- and
postsecretory mechanisms of apoB degradation, we predicted that overexpression of the LDL receptor in the
mutant cells would result in enhanced degradation of
apoB. We introduced the human LDL receptor in Ldlr–/–
cells by infection with an adenovirus containing the LDL
receptor gene under control of the cytomegalovirus
(CMV) promoter. An adenovirus containing the β-galactosidase gene was used as a control for nonspecific
effects due to adenoviral infection and exogenous protein overexpression. Cells were subsequently pulsed with
[35S]methionine/cysteine for 7.5 minutes and chased for
either 30 minutes or 2 hours.
Overexpression of the LDL receptor in Ldlr–/– hepatocytes resulted in a striking decrease in both apoB100
and apoB48 secretion (Figure 5, lane 8 versus lane 13,
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marked with an asterisk). ApoB100 secretion was
reduced by more than 90%, and apoB48 secretion, by
approximately 50%. This reduction in secreted apoB
when the LDL receptor was overexpressed is greater
than that observed in wild-type hepatocytes containing
endogenous LDL receptor levels (Figure 5, lane 4 versus lane 13). ApoB secretion was not affected by infection with an adenovirus containing the β-galactosidase
gene (Figure 5, lane 8 versus lane 14).
Albumin secretion was unaffected by overexpression
of exogenous LDL receptor, demonstrating that the
effect is specific for apoB (Figure 5, lanes 8, 13, and 14).
LDL receptor expression also did not alter total TCAprecipitable protein levels (data not shown). In hepatocytes cultured for 3 days after isolation, up to 3-fold
more apoB100 was produced relative to apoB48. This
is in contrast to the 5- to 10-fold higher levels of
apoB48 observed 24 hours after isolation (Figure 2).
Overexpression of the LDL receptor enhances presecretory
degradation of apoB in Ldlr–/– hepatocytes. Elevated levels of
LDL receptor expression might account for the
enhanced degradation of apoB observed in Figure 5 by
increasing LDL receptor–mediated reuptake of nascent
lipoprotein particles at the cell surface. This would be
consistent with heparin-mediated rescue of apoB secretion (Figure 4a; Table 2). However, overexpression of the
LDL receptor resulted in approximately a 30% decrease
in intracellular apoB100 at a time that precedes apoB100
secretion (Figure 5, lane 5 versus lane 9), suggesting an
increase in presecretory apoB degradation.
To investigate directly whether LDL receptor overexpression affected the presecretory fate of apoB, we pulse
labeled hepatocytes and measured intracellular apoB
levels during a chase period preceding apoB secretion.
Ldlr–/– hepatocytes were infected with LDL receptor adenovirus and 48 hours after infection, were pulse labeled
with [35S]methionine/cysteine for 7.5 minutes, and
chased in the presence of heparin (6 mg/mL) for the
indicated times (Figure 6). LDL receptor overexpression
markedly reduced the intracellular accumulation of
both apoB100 and apoB48, as assessed after 15 minutes
of chase (Figure 6). In striking contrast, the rate of albumin accumulation was unaffected (Figure 6). Also, apoB
accumulation in cells infected with adenovirus containing the β-galactosidase gene was not reduced relative to that observed in control cells (data not shown).
These results indicate a direct effect of LDL receptor
overexpression on the presecretory fate of apoB.

Discussion
Our study demonstrates for the first time a direct link
between LDL receptor function and apoB secretion.
Hepatocytes lacking a functional LDL receptor secrete
apoB at a higher rate than wild-type hepatocytes. The
higher secretion rate for apoB in Ldlr–/– hepatocytes is
not a consequence of a larger capacity to synthesize
apoB: steady-state apoB mRNA levels and initial synthesis were unchanged. Nor is it due to a difference in lipid
transfer capacity or intracellular triglyceride pool size.
The Journal of Clinical Investigation
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Instead, increased secretion resulted from a greater proportion of newly synthesized apoB escaping degradation. Our findings show that the LDL receptor mediates
degradation of apoB before secretion and also mediates
reuptake and degradation of newly secreted apoB.
A higher secretion rate for apoB100 and apoB48 in
Ldlr–/– hepatocytes is consistent with previous studies
with both Ldlr–/– and Ldlr–/– Apobec1–/– mice. A marked
increase in plasma levels of both apoB100 and apoB48
were observed in Ldlr–/– mice (23–26), whereas plasma
apoB100 levels in Ldlr–/– Apobec1–/– mice were significantly higher than those observed in mice deficient for the
apoB mRNA editing enzyme alone (Apobec1–/–; ref. 48).
Recently, Veniant et al. (49) demonstrated a large increase
in plasma apoB48 levels in Apob48/48 mice upon loss of the
LDL receptor (Ldlr–/– Apob48/48). They suggest that the
LDL receptor plays a significant role in clearing apoB48containing lipoprotein particles, via particle-associated
apoE (50), an interpretation consistent with our findings.
In hepatoma cell lines, the concentration of exogenously supplied FFA influences the proportion of
newly synthesized apoB that escapes post-translational degradation (reviewed in refs. 20, 21). However, this appears to be a characteristic of cell lines with
a lower lipogenesis rate than hepatocytes: in primary
hepatocytes, oleate does not affect the level of apoB
secretion (or post-translational apoB degradation;
refs. 19, 51). Consistent with these results, addition
of a high concentration of exogenous oleate also did
not affect the level of apoB secretion from wild-type
hepatocytes relative to Ldlr–/– hepatocytes.
Table 2
Apolipoprotein secretion and degradation
ApoB100
Wild-type

Ldlr–/–

% of total
Presecretory degradation
Fast degradationA
Slow degradationB
Destined for secretionC
Postsecretory degradation
Inhibited by heparinD
SecretionE
plus heparin

ApoB48
Wild-type Ldlr–/–
% of total

7.7
29.3
63.1

9.7
10.7
79.7

0.0
20.5
79.5

0.0
18.0
82.0

17.6
45.5
72.8

0.0
79.7
95.5

37.8
41.6
73.7

0.0
82.0
85.4

Pulse-chase data for apoB100 and apoB48 from wild-type and Ldlr –/–
hepatocytes were analyzed by multicompartmental modeling. The percent
of the total amount of apoB synthesized that is secreted as well as degraded by various pathways was determined from the kinetic modeling. Parameters used in the calculations are given in Tables 3 and 4 (see
http://www.jci.org/ for supplementary data). (Fast degradation) + (slow
degradation) + (protein destined for secretion) = 100%; (fast degradation)
+ (slow degradation) + (postsecretory degradation inhibited by heparin)
+ (secretion) = 100%. ADirect degradation from compartment 7, k(0,7),
calculated using the formula: [k(0,7)/(k(0,7) + k(8,7) + k(10,7))] × 100.
BDegradation from compartment 7 via compartment 10, k(10,7), calculated using the formula: [k(10,7)/(k(0,7) + k(8,7) + k(10,7))] × 100. CProtein destined for secretion, k(8,7), calculated using the formula:
[k(8,7)/(k(0,7) + k(8,7) + k(10,7))] × 100. DDegradation from compartment 8, k(0,8), calculated using the formula: [k(8,7)/(k(0,7) + k(8,7) +
k(10,7))] × [ k(0,8)/(k(0,8) + k(12,8))] × 100. EProtein secreted from the
cell, k(9,12), calculated using the formula: [k(12,8)/(k(0,8) + k(12,8))] ×
[k(8,7)/(k(0,7) + k(8,7) + k(10,7))] × 100.
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Figure 5
Determination of apoB and albumin secretion after adenovirusmediated overexpression of the human LDL receptor. Wild-type
and Ldlr–/– hepatocytes were infected with adenovirus containing
either the LDL receptor gene, or the gene encoding β-galactosidase (Adβ-gal), both under control of the CMV promoter. After
infection, cells were incubated a further 36–48 hours. Cells were
radiolabeled for 7.5 minutes with [ 35S]methionine/cysteine,
washed once, and chased for the indicated times. The data shown
at each time point represent 40% and 50% of total intracellular
and secreted apoB, respectively; 10% of total intracellular and 2%
of total secreted albumin are also shown. Results with Ldlr–/– cells
are representative of results obtained with adenoviral infection of
wild-type hepatocytes (n = 4 independent isolations).

An even more extreme demonstration that lipid supply
alone cannot drive apoB secretion in vivo was recently
reported. Mice constitutively expressing the mature, active
form of SREBP-1a, a transcription factor responsible for
activating several genes encoding lipogenic enzymes, have
severe fatty liver. These animals have a large enhancement
in hepatic neutral lipid synthesis, without a concomitant
increase in VLDL secretion (25). If the LDL receptor promotes degradation of newly synthesized apoB and thus
limits VLDL secretion even in the presence of a large neutral lipid pool, then our data predict that loss of the LDL
receptor should reverse this effect. Indeed, Horton et al.
(26) recently reported that Ldlr–/– mice constitutively
expressing SREBP-1a have dramatic hypertriglyceridemia
due to enhanced VLDL production.
ApoB is constitutively synthesized in the liver (52–54).
However, 40–60% of newly synthesized apoB is degraded rather than secreted (19). Consequently, the rate of
apoB secretion is largely determined by the ability of
newly synthesized apoB to escape degradation (20, 21).
In the present study, kinetic modeling estimated that
55% of newly synthesized apoB100 was targeted for
degradation (Figure 4a, Table 2). This was not the case in
hepatocytes lacking a functional LDL receptor, in which
there was little post-translational apoB degradation.
We cannot rule out the possibility that in both wildtype and Ldlr–/– hepatocytes, a pool of newly synthesized
apoB is cotranslationally degraded and therefore cannot
be traced, even with a pulse time as short as 7.5 minutes.
We tried to obtain evidence of such a pool by using proteasome inhibitors. However, none of the inhibitors used
(ALLN, MG-132) affected apoB degradation, in agreement with recent work of White et al. (55).
In the pulse-chase experiments (Figure 4), we observed
continued incorporation of radiolabel into both apoB
and albumin during the initial chase period, even after a
wash with unlabeled medium and continued incubation
in the presence of 1,000-fold excess unlabeled methionine and cysteine. Continued radiolabel incorporation is
reflected in the “disparity” between the amount of secreted protein and “peak” intracellular protein levels (compare secreted apoB levels at 4 hour to intracellular levels
at 30 minutes from Ldlr–/– hepatocytes; Figure 4a).
Because translation of full-length apoB requires
528
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approximately 20 minutes (56), the fact that amino acid
tracer will first be incorporated into the COOH-terminus of almost completed polypeptide chains has to be
considered in interpreting the data. As the radiolabeling
period continues, tracer will be incorporated along the
full-length of polypeptide chains. Even after the chase
has started, there is some radiolabeled amino acid that
has already been incorporated into the NH2-terminus of
newly initiated apoB chains. This accounts for the continued appearance of radiolabeled protein during the
chase. As a result, the intracellular pool of newly synthesized apoB includes all 3 groups of protein just
described. This is taken into account in the multicompartmental modeling by inclusion of compartments 2–6
(Figure 1), which represent tracer incorporation into
progressively longer apoB nascent chains. Based on this
scenario, the initial COOH-terminal radiolabeled proteins will be detectable at least 20 minutes before newly
initiated polypeptide chains; NH2-terminally radiolabeled peptide chains will continue to be translated up to
20 minutes after newly initiated chains are detected. In
the pulse-chase data presented in Figure 4, the period
after removal of the amino acid tracer, during which
intracellular apoB radioactivity continues to rise, is due
to continued incorporation of tracer into apoB.
The amount of product (secreted apoB) that can theoretically be measured is equivalent to the pool of synthesized precursor (cellular apoB represented as compartments 7, 8, and 10 in the multicompartmental
model; Figure 1). The amount of secreted apoB (compartment 9; Figure 1) represents the total amount of precursor produced and will equal the amount of precursor,
assuming no degradation. However, the pool of newly
synthesized apoB, by the nature of the experiment,
includes the peak intracellular levels as well as the protein that remains to be translated. Hence, the cellular
pool of apoB is most accurately represented by the area
under the curve, which is the integral of the flux of tracer through the compartments (amount of radiolabel per
unit of time). One important consequence is that estimating the amount of apoB synthesized at a single time
point (e.g., comparing the intracellular “peak” protein
level to the plateau secreted level) greatly underestimates
the total amount synthesized. This in turn results in an
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underestimation of the extent of post-translational
degradation. Taken together, these concepts explain the
finding that when there is relatively little post-translational degradation (e.g., albumin in either cell type, or
apoB in Ldlr–/– hepatocytes; Figure 4; Table 2), the
plateau of the secreted protein curve is higher than the
peak of the intracellular protein curve.
Reuptake of newly secreted VLDL has been proposed
as a mechanism by which the LDL receptor might attenuate VLDL secretion (22). To estimate the contribution
of reuptake to net apoB secretion from primary hepatocytes, we blocked apoB binding to glycosaminoglycans and to the LDL receptor with heparin. As estimated by multicompartmental modeling, approximately
32% of nascent apoB100 destined for degradation was
present in this heparin-accessible pool and was rescued
from degradation in wild-type hepatocytes upon
heparin addition (Figure 4a; Table 2).
Davis et al. showed that primary rat hepatocytes do
not internalize newly secreted VLDL that has been harvested from tissue culture media and added back to the
cells (57). In addition, primary rat hepatocytes have
been shown to have a very low capacity for uptake and
degradation of LDL (58). We interpret the ability of
heparin to rescue apoB from degradation as indicative
of LDL receptor–mediated reuptake and subsequent
degradation of apoB-containing lipoproteins. We can
reconcile these apparently contradictory results by proposing that newly synthesized VLDL is not functionally equivalent to particles in the fluid phase. Williams et
al. showed that a pool of VLDL could be released to the
fluid phase when cells were shaken, consistent with a
pool of cell-surface trapped VLDL (22). Thus, we propose that a cell-associated pool of VLDL is a ligand for
LDL receptor–mediated reuptake, but fluid-phase
VLDL is a poor ligand for reuptake.
There was more presecretory, post-translational degradation of apoB100 than apoB48 in the wild-type mouse
hepatocytes, consistent with prior studies in rat hepatocytes (59). One possible explanation for this difference is
that apoB100 contains the principal LDL receptor–binding domain of apoB (60, 61) and is thus more sensitive to
the presence or absence of the LDL receptor. However,
heparin rescue of both apoB100 and apoB48 with wildtype cells, and of apoB100 from Ldlr–/– cells, suggests a
role for apoB and/or apoE proteoglycan–binding
domains (e.g., ref. 62) in mediating apoB clearance. Even
though a single amino acid substitution abolishes proteoglycan binding of apoB100 (63), the NH2-terminus of
apoB (apoB17) is sufficient to mediate an interaction
between lipoproteins and proteoglycans (64), consistent
with proteoglycan binding by both apoB100 and apoB48.
Adenovirus-mediated LDL receptor overexpression
greatly diminished apoB secretion. Again, apoB100 was
affected to a larger degree than was apoB48. Secretion
of both apoB forms was reduced, and their degradation
concomitantly increased (Figure 5), whereas synthesis
of albumin, a control secreted protein, was unaffected.
Because a reduction in intracellular apoB levels was visThe Journal of Clinical Investigation
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ible by 30 minutes (Figure 5, lane 5 versus lane 9), we
postulate that the LDL receptor interacts with apoB
before secretion of the apoB-containing lipoprotein
particle. In this manner, the LDL receptor may affect
apoB’s residence time within the secretory pathway.
This hypothesis is consistent with several findings.
First, transport of apoB from the endoplasmic reticulum (ER) to the Golgi is a rate-limiting step in apoB
secretion (19, 65, 66). And second, studies of transgenic
SREBP-1a mice demonstrated that the relative secretion efficiency of VLDL is higher in Ldlr–/– animals (26).
Because both apoB and the LDL receptor coexist
within the secretory pathway with the ligand-binding
domain of the LDL receptor oriented toward the ER
lumen, an intracellular interaction between the LDL
receptor and either apoB or apoE associated with apoBcontaining particles could alter the post-translational
fate of apoB. Such an interaction could make apoB
more protease accessible. Consistent with this prediction, elevated levels of the LDL receptor reduced intracellular apoB levels in Ldlr–/– hepatocytes (Figure 6).
There is precedent for intra-ER protein-protein interactions serving as agonists of protein export (reviewed in ref.
67). For example, general chaperones promote folding and
prevent premature protein export. Likewise, receptor-associated protein (RAP) acts as substrate analog to prevent
premature apoE binding to LDL receptor–related protein
(LRP; reviewed in ref. 68) and also assists in the proper
folding of LRP (69). In contrast, protein-specific ligands
can act as direct antagonists of protein export: for example, egasyn blocks export of β-glucuronidase by retaining
it within the ER (70, 71). There is also precedent for protein-protein interactions within the ER antagonizing
export by targeting a protein for degradation. Interaction
with the HIV protein vpu (gp160) targets the T-cell receptor CD4 for ER degradation, resulting in a decrease in cellsurface CD4 expression (reviewed in ref. 72).

Figure 6
Determination of intracellular apoB and albumin levels after adenovirus-mediated overexpression of the LDL receptor. Adenovirus
infection was as described in the legend to Figure 5. Ldlr–/– hepatocytes were radiolabeled for 7.5 minutes with [35S]methionine/cysteine in the presence of heparin (6 mg/mL), washed once, and
chased for the indicated times. Chase times are relative to the addition of radiolabel. Results are the mean of duplicate samples from a
single hepatocyte isolation and are representative of results obtained
with wild-type cells. Error bars represent the variance between duplicate samples; error bars that are not visible are smaller than the symbol. Open circle, intracellular; filled circle, intracellular + Ad LDLR.
There was no detectable apoB secretion by 22.5 minutes.
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Figure 7
Model of apoB secretion and degradation. Amino acid incorporation
into increasingly longer apoB nascent chains is depicted. As apoB transits the secretory pathway, presecretory degradation occurs via both
LDL receptor–dependent and –independent means that are either
rapid or slow. The nascent lipoprotein particle ultimately reaches the
cell surface, at which point the LDL receptor can mediate its reuptake;
this results in internalization and subsequent turnover of apoB. This
final degradation pathway is inhibited by addition of heparin.

Our results lead us to propose the following working
model (Figure 7). As apoB enters the secretory pathway,
presecretory degradation occurs via both LDL receptor–dependent and –independent mechanisms. A temporary arrest of apoB translocation (73), or an extended association between apoB and the translocon (74) as
it enters the ER, could facilitate an interaction between
apoB and the LDL receptor. Rapid and slow presecretory apoB degradation may occur in the ER or in a postER compartment (e.g., ref. 59, 75, 76). The nascent
lipoprotein particle ultimately reaches the cell surface,
where the LDL receptor can mediate its reuptake, resulting in internalization and subsequent turnover of apoB.
This cell-surface event can be interrupted by heparin,
resulting in “rescue” of apoB secretion.
Our results address several long-standing paradoxes
and make specific testable predictions. While providing
direct evidence for increased production of lipoproteins
in hepatocytes in the absence of a functional receptor, we
provide a working model to explain why increased VLDL
secretion is not always observed in patients with FH. Our
model predicts that the type of LDL-receptor mutation
will affect the rate of VLDL secretion; only functionally
null mutations, as used in this study, will result in VLDL
overproduction. Receptors that are trapped within the
secretory pathway may still attenuate apoB100 secretion.
This prediction is borne out in studies of the WHHL rabbit, an FH model with LDL receptors that stall in the ER
but retain ligand-binding capacity (77). VLDL secretion
from perfused WHHL liver (78) or from cultured WHHL
hepatocytes (79) is similar to wild-type rabbit liver and
hepatocytes, respectively.
Drugs that inhibit HMG-CoA reductase (statins)
appear to be ineffective in patients with null mutations
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in the LDL receptor (12). In numerous in vivo lipoprotein turnover studies, statins lower LDL levels by
decreasing LDL production rather than by increasing
LDL catabolism (13–17). In many of the studies, statins
also inhibit VLDL secretion (15, 80, 81). Apparently, the
effect on VLDL secretion is through enhanced posttranslational degradation of apoB (82). Our studies
address this issue by linking LDL-receptor expression
with post-translational apoB degradation. If functional LDL receptors are required for post-translational
apoB degradation, then statins could increase apoB
degradation through their well-known ability to upregulate LDL receptor gene transcription (11).
If the mechanism of statin action involves an intracellular receptor-ligand interaction, then null mutations
should confer a lack of response to statins while LDL
receptors that arrest in the ER but still bind ligand might
be upregulated, and thus decrease apoB secretion. Consistent with this model, the Ldlr–/– mouse, when treated
with statins, does not decrease its rate of apoB secretion
(in fact, there is a paradoxical increase in apoB secretion
with chronic Atorvastatin [Parke-Davis, Ann Arbor,
Michigan, USA] treatment; ref. 83). The WHHL rabbit,
an animal with a type 2 LDL receptor mutation,
responds to statins (84), but apoB production has not
been measured in statin-treated WHHL rabbits. In addition, in a recent study, patients with FH with mutations
analogous to that of the WHHL rabbit respond to
statins with a decrease in LDL production and no
increase in LDL clearance (85). Given that VLDL production was not measured in this study, we cannot infer
whether the change in LDL production was a consequence of altered VLDL production. However, like the
Ldlr–/– mice, patients with functionally null mutations
are unresponsive to statin therapy (85).
Our model makes another testable prediction. Because
apoE is a ligand for the LDL receptor and is also synthesized in the liver, apoE might compete with apoB for
binding to the LDL receptor within the secretory pathway and/or at the cell surface. Our model predicts that
such a competition would affect the rate of VLDL apoB
secretion. Consistent with this prediction, in transgenic
mouse models there is a clear correlation between the
level of apoE expression and the rate of apoB secretion.
ApoE null/null mice have impaired apoB secretion and suffer from fatty liver (86). Conversely, transgenic mice overexpressing apoE have hypertriglyceridemia due to a
combination of enhanced VLDL secretion and decreased
lipoprotein lipase–mediated lipolysis of VLDL (87).
Finally, hepatoma cells overexpressing human apoE
secrete VLDL at a higher rate (87). This effect was
blocked by prior treatment with heparinase, indicating
that it was primarily mediated through an interaction at
the cell surface. Because there is a large pool of cell surface-bound apoE (88, 89), reuptake of VLDL is likely to
be modulated by apoE expression in vivo.
In summary, we show a direct link between functional LDL receptor expression and post-translational apoB degradation. ApoB turnover occurs via
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LDL receptor-mediated reuptake of apoB-containing
lipoproteins and their degradation. In addition,
both LDL receptor–dependent and –independent
presecretory mechanisms contribute to turnover of
newly synthesized apoB.
These results provide a new framework for investigating the nature of lipoprotein overproduction in
familial hypercholesterolemia. In addition, they provide a new model to explain how particular types of
LDL-receptor mutations uncouple the 2 kinetic defects
associated with FH, decreased LDL catabolism and
overproduction of LDL. Although there are likely multiple mechanisms by which HMG-CoA reductase
inhibitors affect lipoprotein production, the data help
in understanding why LDL-receptor function correlates with responsiveness to these drugs.
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Table 3
Multicompartmental model rate constants: apoB100A
Wild-type

Ldlr–/–

Wild-type
+ heparin

Table 5
Multicompartmental model rate constants: albuminA
Ldlr–/–
+ heparin

Ldlr–/–

Wild-type

min–1
kB(0,7)C
k(0,8)
k(0,9)
k(0,10)
k(3,2)D
k(8,7)
k(9,12)
k(10,7)
k(12,8)

0.037
0.136
0.00
0.009
0.169
0.308
0.061
0.143
0.352

0.047
0.00
0.00
0.009
0.169
0.389
0.061
0.052
0.489

Ldlr–/–
+ heparin

0.00
0.00
0.00
0.009
0.176
0.416
0.070
0.037
0.452

0.00
0.00
0.00
0.006
0.174
0.458
0.101
0.057
0.514

min–1
0.00
0.00
0.00
0.005
0.134
0.418
0.029
0.156
0.574

0.00
0.00
0.002
0.005
0.134
0.548
0.029
0.026
0.574

Pulse-chase data for apoB100 from wild-type and Ldlr–/– hepatocytes, in the
presence and absence of heparin, were analyzed by multicompartmentalmodeling (SAAM II).
AConstraints

on the model: k(2,1) = k(3,1) = k(4,1) = k(5,1) = k(6,1) = 1.0;
k(3,2) = k(4,3) = k(5,4) = k(6,5) = k(7,6); synthesis = k(3,2)–1 × 5. The remaining parameters are adjustable within the model.

Bk

Wild-type
+ heparin

k(0,7)
k(0,8)
k(0,9)
k(0,10)
k(3,2)
k(8,7)
k(9,12)
k(10,7)
k(12,8)

0.00
0.00
0.00
0.009
0.176
0.420
0.070
0.033
0.452

0.00
0.00
0.00
0.006
0.174
0.441
0.101
0.073
0.514

APulse-chase

data for albumin from wild-type and Ldlr–/– hepatocytes, in the
presence and absence of heparin, were analyzed by multicompartmental modeling. The constraints on the model and the definitions of terms described in
Table 3 apply to modeling of albumin.

= pools/min.

Ck(0,7)

is the rate constant (pools/min) that describes apoB degradation from
compartment 7.

Dk(3,2)

is the rate constant for apoB transfer from compartment 2 to compartment 3.

Table 4
Multicompartmental model rate constants: apoB48A
Wild-type

Ldlr–/–

0.00
0.275
0.00
0.007
0.164
0.459
0.034
0.118
0.303

0.00
0.00
0.00
0.007
0.164
0.474
0.034
0.104
0.578

Wild-type
+ heparin

Ldlr–/–
+ heparin

0.00
0.00
0.00
0.007
0.148
0.465
0.027
0.166
0.631

0.00
0.00
0.001
0.007
0.148
0.539
0.027
0.092
0.631

min–1
k(0,7)
k(0,8)
k(0,9)
k(0,10)
k(3,2)
k(8,7)
k(9,12)
k(10,7)
k(12,8)
APulse-chase

data for apoB48 from wild-type and Ldlr–/– hepatocytes, in the
presence and absence of heparin, were analyzed by multicompartmental modeling. The constraints on the model and the definitions of terms described in
Table 3 apply to modeling of apoB48.
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