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Abstract Recent studies have examined the role of the
LDL receptor (LDLR) in regulating murine hepatic lipopro-
tein production and apolipoprotein B (apoB) secretion,
with divergent conclusions from in vivo versus in vitro ap-
proaches. We have re-examined this question, both in vivo

 

and in vitro, using 

 

apobec-1

 

�

 

/

 

�

 

 mice to model the pattern of
human hepatic apoB-100 secretion. Hepatic triglyceride
production in vivo (using Triton WR-1339) was unchanged

 

in wild-type (WT) C57BL/6, 

 

apobec-1

 

�

 

/

 

�

 

,

 

 ldlr

 

�

 

/

 

�

 

, and

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

]

 

 mice, while apoB-100 production (us-

 

ing [

 

35

 

S]methionine incorporation) was increased 

 

�

 

2-fold
in 

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

]

 

 mice. Although 

 

�

 

90% of newly syn-
thesized apoB floated within the d 

 

�

 

 1.006 fraction of se-
rum from all genotypes, fast-performance liquid chroma-
tography separation revealed that nascent triglyceride-rich
particles from 

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

]

 

 mice, but not WT,

 

apobec-1

 

�

 

/

 

�

 

, or 

 

ldlr

 

�

 

/

 

�

 

 mice, distributed into smaller (inter-
mediate and LDL-sized) particles. Studies in isolated hepa-
tocytes from these different genotypes confirmed secretion
of smaller particles exclusively from 

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

]

 

mice, and pulse-chase analysis demonstrated increased se-
cretion of apoB-100 with virtual elimination of posttransla-
tional degradation.  These results directly support the
suggestion that the LDLR regulates hepatic apoB-100 pro-
duction and modulates secretion of small, triglyceride-rich
particles, both in vivo and in vitro.

 

—Nassir, F., Y. Xie, B. W.
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Apolipoprotein B-100 (apoB-100) is an essential surface
component of hepatic VLDL assembly and serves as a
ligand for LDL receptor (LDLR)-mediated lipoprotein
clearance (1–4). Elevated concentrations of apoB-100-

 

containing lipoproteins are a key risk factor for athero-
sclerosis, an observation that has focused considerable at-
tention on the mechanisms involved in the coordinated
regulation of apoB-100 production and lipoprotein bio-
genesis, particularly in regard to hepatic lipoprotein se-
cretion.

Studies using primary hepatocytes have demonstrated
that hepatic apoB production is regulated principally
through degradation of the newly synthesized protein, a
process that occurs at both the co- and posttranslational
levels and that involves proteasomal as well as nonprotea-
somal pathways (5). During initiation of hepatic VLDL as-
sembly, newly synthesized apoB-100 is initially complexed
with small amounts of neutral lipid that are transferred
through the actions of the microsomal triglyceride trans-
fer protein (MTTP) (6–8). This so-called “first step” in
VLDL assembly involves a physical interaction between
MTTP and the elongating apoB peptide, as well as the fa-
cilitated transfer of lipid, which, in turn, permits optimal
folding of nascent apoB-100 (9). In situations of limiting
lipid availability or of MTTP deficiency, this initial lipida-
tion step of apoB-100 fails, favoring apoB-100 degradation
by the proteasomal pathway (10, 11). When the lipid avail-
ability is not limiting, the products of the first step in
VLDL assembly acquire additional neutral lipid and fol-
lowing terminal modifications, eventually progress to
form mature VLDL particles (12).

In addition to the classical lipidation-dependent, pro-
teasomal pathway of apoB degradation, several studies
have demonstrated a role for the LDLR in regulating he-
patic apoB production (13–21). These studies have dem-
onstrated that the LDLR regulates hepatic lipoprotein
production, a function distinct from the well-recognized
consequences of LDLR deficiency that lead to defective
clearance of plasma LDL in familial hypercholesterolemia
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(FH) (22). More specifically, earlier studies from Wil-
liams, Brocia, and Fisher (21) suggested a modulatory
role for the LDLR in the reuptake and net secretion of
newly secreted apoB-containing lipoproteins from HepG2
cells. More recently, these findings were extended by Attie
and colleagues (14, 20), who demonstrated both increased
production and reduced degradation of apoB from hepa-
tocytes prepared from 

 

ldlr

 

�

 

/

 

�

 

 mice and proposed that the
LDLR binds to apoB within the secretory pathway, during
early lipidation. Although some investigators have con-
firmed these findings using isolated hepatocytes (15–17),
others have demonstrated no change in VLDL apoB pro-
duction in vivo, using apoB-100-only mice in an 

 

ldlr

 

�

 

/

 

�

 

background (23). This uncertainty prompted a reexami-
nation of the underlying hypothesis.

In the current study, we have examined apoB and
VLDL production both in vivo and in vitro in mice lacking
either the 

 

ldlr

 

 and/or 

 

apobec-1

 

 gene(s). 

 

Apobec-1

 

 deletion
eliminates hepatic apoB-48 production, resulting in mice
that secrete only apoB-100-containing lipoproteins. Ac-
cordingly, 

 

apobec-1

 

-null mice represent a representative
model for human apoB secretion (24). Our findings con-
firm the role of the LDLR in regulating apoB secretion
and further demonstrate direct secretion of small, apoB-
100-containing lipoprotein particles. These data suggest a
novel mechanism by which the LDLR regulates produc-
tion of atherogenic lipoprotein particles.

MATERIALS AND METHODS

 

Animals

 

Male C57BL/6 wild-type (WT) and 

 

ldlr

 

�

 

/

 

�

 

 mice were pur-
chased from Jackson Laboratories (Bar Harbor, ME). 

 

Apobec-1

 

�

 

/

 

�

 

mice were previously generated (24) in a mixed 129/sv back-
ground and backcrossed more than twelve generations onto a
C57BL/6 background. Mice deficient in both the 

 

ldlr

 

 and 

 

apobec-1

 

genes 

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

]

 

 (25) were also backcrossed more
than twelve generations onto a C57BL/6 background. Male mice
aged 12–18 weeks were used for all the studies and were main-
tained on a 12 h light–dark cycle in a full-barrier facility and fed
ad libitum a chow diet (Picolab Rodent Diet 20; fat content,
4.5% w/w, comprising 11.9% calories).

 

In vivo studies of hepatic lipid secretion

 

Hepatic triglyceride secretion rates were determined in vivo as
previously described (19). Mice were fasted for 4 h and then in-
jected via tail vein with 500 mg/kg Triton WR-1339 (Tyloxapol,
Sigma Chemical Co.). Blood samples were drawn before injec-
tion and every 30 min for 2 h for triglyceride determination. The
distribution of lipids was also determined by fast-performance
liquid chromatography (FPLC) on two Superose

 

®

 

 6 columns
connected in series (Pharmacia Biotech, Inc.). Equal volumes of
pooled serum (three animals/group) at 0 h or 2 h after Triton
injection were fractionated, and 800 

 

�

 

l fractions were collected.
Triglyceride, phospholipids, and cholesterol values were deter-
mined enzymatically (Wako Chemicals USA, Inc.). Lipid compo-
sition of both nascent (2 h after Triton) and circulating particles
(0 h post Triton) was also determined as detailed (19). The com-
position of nascent particles was calculated by subtracting the val-
ues for circulating lipoproteins as described (19).

 

In vivo studies of hepatic apoB secretion

 

Mice were fasted for 4 h and injected intraperitoneally with
500 

 

�

 

Ci of [

 

35

 

S]protein-labeling mix (NEN Life Science Prod-
ucts, Inc.); 30 min later, the mice were injected intravenously
with Triton WR-1339 500 mg/kg (body weight). Blood samples
were drawn before injection (0 h) and 2 h after Triton injection.
Serum was separated by centrifugation at 4

 

�

 

C, and lipoprotein
fractions (d 

 

�

 

 1.063 g/ml) were isolated by ultracentrifugation
at 100,000 rpm for 4 h at 10

 

�

 

C using a Beckman MLA-130 rotor
in a table-top ultracentrifuge (Beckman Instruments). Aliquots
of d 

 

�

 

 1.063 lipoproteins (representing equal volumes of start-
ing plasma) or aliquots of total serum were separated through
5–15% SDS-PAGE to determine apoB or albumin secretion, re-
spectively. Albumin secretion was independently quantitated by
immunoprecipitation from aliquots of whole serum. ApoB secre-
tion and albumin secretion were quantitated by phosphorImager
using the ImageQuant software (SI, Molecular Dynamics, Sunny-
vale, CA). ApoB secretion was calculated by subtracting the 0 h
(before Triton injection) values from the 2 h (post Triton injec-
tion) values and normalized to albumin secretion. In other ex-
periments, newly synthesized apoB distribution was determined
in both the d 

 

�

 

 1.006 and d 1.006–1.063 fractions, 2 h after Tri-
ton injection.

 

In vitro studies of hepatic apoB production

 

Primary mouse hepatocytes were isolated by liver perfusion as
described in (20), with minor modifications. Hepatocytes were
collected by centrifugation, washed three times in hepatocyte
wash medium, and cultured in collagen-coated T75 flasks (Fal-
con) in attachment medium (hepatocyte wash medium with 5%
FBS, 100 mg/ml streptomycin, and 100 U/ml penicillin) over-
night. Cells were preincubated for 1 h in methionine- and cys-
teine-free DMEM supplemented with 200 

 

�

 

M oleic acid (Sigma)
(without serum), pulse labeled for 10 min in the same medium
containing 250 

 

�

 

Ci/ml [

 

35

 

S]protein-labeling mix, and chased in
complete medium containing 3 mM cysteine and 10 mM methio-
nine as indicated in the figure legends. Where indicated, 10 mg/
ml heparin (Sigma) was present in the medium during the pulse-
chase study. Following the pulse-chase, media were collected and
a cocktail of protease inhibitors (Roche Diagnostics, Indianapo-
lis, IN) was added. The cells were washed three times with ice-
cold PBS and subsequently lysed in cold lysis buffer (M-Per,
Pierce Chemicals, Chicago, IL, containing 0.1% SDS) along with
protease inhibitors. Cell lysates and media were clarified by cen-
trifugation at 10,000 rpm at 4

 

�

 

C for 5 min to remove cellular de-
bris, and immunoprecipitation was conducted as described pre-
viously (26, 27).

 

Modeling apoB secretion in vitro

 

Multicompartmental modeling was performed using the SAAM
II program (SAAM Institute, University of Washington, Seattle,
WA) with minor modifications to the model of Attie and col-
leagues (20) (Fig. 6A). The [

 

35

 

S]methionine tracer was applied
to compartment 1 for a 10 min period. Compartments 2 through
6 represent proteins in various stages of synthesis. Full-length
mature protein (compartment 7) may be degraded by a “slow”
process (compartment 10), or passed to a delay, (compartment
8, e.g., transit through the secretory pathway). Protein emerging
from this delay (compartment 9) can either be secreted into the
medium (compartment 11) or degraded without being secreted.

The experimental data (arbitrary units) were normalized to
cell protein. The intracellular protein data were assigned to the
sum of the amounts in compartments 7–10, whereas the values
for protein secreted into the medium were assigned to compart-
ment 11. The rate constants of the model k(i,j) (the fraction of
compartment i converted to compartment j per minute) were
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optimized to provide a minimum sum of squares difference be-
tween the model-projected solution and the observed data.

The parameter of principal interest determined from this
model was the fraction of full-length protein (compartment 7)
that was secreted as calculated by the expression:

 

(Eq. 1)

 

The first term of this expression defines the fraction of com-
partment 7 passed to compartments 8 and 9, and the second
term defines the fraction of compartment 9 that was secreted.

 

In vitro examination of hepatic lipoprotein 
size distribution

 

Lipoprotein particle size distribution was determined on the
d 

 

�

 

 1.006 g/ml fraction prepared from media of hepatocytes in-
cubated in serum-free media for 4 h. The d 

 

�

 

 1.006 fraction was
isolated by ultracentrifugation at 100,000 rpm for 4 h at 10

 

�

 

C us-
ing a Beckman MLA-130 rotor in a table-top ultracentrifuge
(Beckman Instruments). The d 

 

�

 

 1.006 fractions were concen-
trated using a 10K NMWL centrifugal filter and subjected to neg-
ative staining and electron microscopy. Negatively stained parti-
cles were viewed in a Zeiss 902 electron microscope.

 

Statistical analysis

 

The data are shown as mean 

 

�

 

 SEM. Differences between groups
were evaluated using Student’s 

 

t

 

-test or ANOVA (Bartlett’s test for
homogeneity of variance and Bonferroni’s multiple comparisons
test). Differences were considered significant when 

 

P 

 

�

 

 0.05.

 

RESULTS

 

Hepatic triglyceride and apoB secretion in vivo

 

Fasting serum triglyceride concentrations were similar
in WT, 

 

apobec-1

 

�

 

/

 

�

 

, and 

 

ldlr

 

�

 

/

 

�

 

 mice (45 

 

�

 

 4, 44 

 

�

 

 2, and
55 

 

�

 

 9 mg/dl, n 

 

�

 

 10 per group) but 

 

�

 

2-fold higher in

 

[apobec-1

 

�

 

/

 

�

 

, ldlr

 

�

 

/

 

�

 

] mice (99 � 8 mg/dl, P � 0.0001). Se-
rum cholesterol levels were elevated in both ldlr�/� and
[apobec-1�/�, ldlr�/�] mice (300 � 20 mg/dl and 488 � 13
mg/dl), respectively, findings similar to previously pub-
lished results (23, 25). Hepatic triglyceride secretion rates
were determined following Triton injection, revealing
comparable values among all genotypes (Fig. 1A). By con-
trast, apoB-100 secretion was 1.7-fold higher in [apobec-1�/�,
ldlr�/�] compared with apobec-1�/� mice (Fig. 1B, C).
ApoB-100 secretion was also higher (�1.5-fold) in ldlr�/�

compared with WT mice (Fig. 1B, C), findings consistent
with the previously postulated role of the LDLR in regulat-
ing apoB secretion (20). In addition, apoB-48 secretion
was increased in ldlr�/� compared with WT mice, as previ-
ously noted by Attie and colleagues (20) in isolated hepa-
tocytes. Albumin secretion, an internal control for hepatic
protein production, was comparable in all genotypes (Fig.
1B). Taken together, these results demonstrate compara-
ble in vivo hepatic triglyceride secretion rates regardless
of LDLR status, coupled with increased in vivo production
of apoB in the ldlr�/� background.

fraction secreted

k 8,7( )
k 8,7( ) k 10,7( )+
------------------------------------------ k 11,9( )

k 11,9( ) k 0,9( )+
------------------------------------------×

=

Distribution of apoB and lipids in nascent lipoprotein 
particles in vivo

In view of the known stoichiometry of apoB and core
lipid, i.e., one apoB molecule per lipoprotein particle, the
findings above led us to ask whether LDLR deficiency al-
ters the profile of newly secreted hepatic lipoprotein parti-
cles in order to accommodate the increased secretion of
apoB. As examined using ultracentrifugation, the distribu-
tion of newly synthesized apoB revealed that �90% ap-

Fig. 1. Hepatic triglyceride secretion rates in vivo. A: Mice were
fasted for 4 h and injected intravenously with Triton WR-1339, and
triglyceride accumulation was measured every 30 min for 2 h. Re-
sults are mean � SEM (n � 15 per group). B, C: Hepatic apolipo-
protein B (apoB) secretion determined in vivo. Mice were fasted
for 4 h and injected intraperitoneally with 500 �Ci of [35S]protein-
labeling mix and 30 min later injected with Triton WR-1339. Equal
aliquots from serum or from lipoprotein fractions (d � 1.063
g/ml) isolated 30 min or 2 h after Triton injection were subjected
to SDS-PAGE analysis to determine albumin and apoB secretion, re-
spectively. B: Representative gels for apoB and albumin secretion.
C: ApoB secretion was quantitated, normalized to albumin secre-
tion, and expressed as percentage of apoB secretion in wild type
(WT). Results are mean � SEM (n � 8 per group). *P � 0.05;
**P � 0.005.
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peared in the d � 1.006 fraction in all genotypes, with less
than 10% isolated in the IDL/LDL (1.006–1.063) fraction
(Fig. 2A). These findings suggest that newly synthesized
lipoproteins in all genotypes float in the VLDL density
range. In addition, the lipid composition of the newly syn-
thesized particles revealed a similar distribution of triglyc-
eride, cholesterol, and phospholipid in all genotypes, with
the majority of lipid represented by triglyceride (Fig. 2C).
Circulating lipoprotein particle composition was also simi-
lar between the different genotypes but with relatively less
enrichment with triglyceride than nascent particles (Fig.
2B). These data suggest that newly synthesized, triglycer-
ide-rich lipoprotein particles from all four genotypes float
within the d � 1.006 g/ml VLDL density range.

To address the question of lipoprotein size distribution,
we undertook FPLC fractionation of serum triglyceride
before and 2 h after Triton injection. These experiments
revealed the presence of smaller particles in [apobec-1�/�,
ldlr�/�] mice (Fig. 3) in a distribution extending from
small VLDL to the IDL size range. By contrast, serum
from apobec-1�/�, ldlr�/�, and WT mice contained only
VLDL-sized particles (Fig. 3, right panel). Fractions from
the FPLC profiles of animals administered [35S]methio-
nine were analyzed by SDS-PAGE to determine the distri-
bution of newly synthesized apoB-100 (Fig. 3E), the find-
ings demonstrating a shift from VLDL (fractions 3–5) in
apobec-1�/� mice to IDL/LDL (fractions 11–14) in [apobec-
1�/�, ldlr�/�] mice. These results imply the possibility of

Fig. 2. Distribution of newly synthesized apoB in d � 1.006 g/ml and 1.006 � d � 1.063 g/ml fractions.
Mice were injected intraperitoneally with 500 �Ci of [35S]protein-labeling mix and 500 mg/kg Triton WR-
1339. Lipoprotein fractions at d � 1.006 and 1.006 � d � 1.063 g/ml were isolated from equal aliquots of se-
rum 2 h after Triton injection. A: Lipoprotein fractions from the 2 h time point were subjected to SDS-PAGE
analysis to determine the distribution of de novo-synthesized apoB. Each panel is a representative gel from
two different mice. B: Lipid composition (triglyceride, total cholesterol and phospholipid) of d � 1.006 frac-
tion was determined at 0 h (circulating particles). C: Lipid composition of d � 1.006 2 h after Triton injec-
tion (nascent particles). Data are expressed as percentage of total lipids, and composition of nascent parti-
cles at 2 h was corrected for by subtracting the circulating values at the 0 h time point. Data are mean � SEM
of six different experiments.
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Fig. 3. Fast-performance liquid chromatography (FPLC) distribution of circulating and nascent triglycer-
ide-rich lipoprotein particles. Triglyceride distribution was determined in serum pooled from three mice
(0 h or 2 h after Triton injection) and fractionated by FPLC. Left panels: distribution of triglyceride in lipo-
protein fractions at 0 h and 2 h after Triton injection. Right panels: distribution of triglyceride accumulated
during the 2 h after Triton injection (	 2 h–0 h). The genotypes are presented as follows: A: apobec-1�/�; B:
[apobec-1�/�, ldlr�/�]; C: WT; D: ldlr�/�. E: Mice were injected intraperitoneally with 500 �Ci of [35S]protein-
labeling mix and 500 mg/kg Triton WR-1339. The animals were exsanguinated 2 h later, and the distribution
of newly synthesized apoB-100 in lipoprotein fractions was determined by SDS-PAGE analysis of the indicated
fractions from FPLC. AU, area units.
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direct hepatic secretion of apoB-100 in association with
small, triglyceride-rich, IDL-sized particles when LDLR de-
ficiency is imposed on an apoB-100-only background. To
resolve this possibility directly, further studies were under-
taken in vitro.

Secretion of small lipoprotein particles from primary 
hepatocytes in [apobec-1�/�, ldlr�/�] mice

To directly determine the size of lipoprotein particles
secreted from isolated hepatocytes, lipoproteins of (d �
1.006) were prepared from hepatocyte media and sub-
jected to negative-stain electron microscopy. The results
demonstrate comparable distribution of VLDL-sized parti-
cles (40–80 nm) from WT, ldlr�/�, and apobec-1�/� hepato-
cytes (Fig. 4A, B). By contrast, �80% of lipoproteins se-
creted from [apobec-1�/�, ldlr�/�] hepatocytes were in the
IDL/LDL-sized particle (�40 nm diameter) (Fig. 4A, B).
These in vitro finding are consistent with the FPLC results
above and confirm the shift in hepatic lipoprotein secre-
tion in [apobec-1�/�, ldlr�/�] mice. Taken together, the
data strongly imply that the LDLR directly modulates se-
cretion of small triglyceride-rich particles in the apoB-100-
only background.

ApoB secretion from murine primary hepatocytes
To pursue the mechanisms underlying the alterations in

hepatic apoB-100 and VLDL secretion from [apobec-1�/�,
ldlr�/�] mice, we undertook in vitro studies of apoB pro-
duction using primary hepatocytes. As determined from
inspection of representative autoradiographs, �90% of
newly synthesized apoB-100 was recovered at the end of
the chase using hepatocytes from [apobec-1�/�, ldlr�/�]
mice (Fig. 5B), contrasted with only �33% recovery from
apobec-1�/� mice (Fig. 5A). Similar findings were encoun-
tered in ldlr�/� mice (�85% of apoB-100 recovered) com-
pared with �31% in WT hepatocytes (Fig. 5C). These
data are summarized also in Fig. 5E. The recovery of
apoB-48 was also higher in ldlr�/� compared with WT
mice (Fig. 5C, F). Albumin recovery was comparable in all
genotypes (�100%) (Fig. 5A–D).

Additional studies were undertaken to further delineate
the role of cell surface LDLR expression versus an effect
mediated via interactions occurring within an intracellu-
lar compartment. These studies were conducted with iso-
lated hepatocytes in which pulse-chase studies were per-
formed with or without heparin in the chase medium
(20). The findings of these studies (Table 1) demonstrate
that heparin partially rescues the degradation of apoB-100
and apoB-48 in WT hepatocytes and of apoB-100 in apobec-
1�/� hepatocytes, implying a role for cell surface interac-
tions with the LDLR in regulating the secretion and recov-
ery of newly synthesized apoB. Nevertheless, inclusion of
heparin fails to restore apoB-100 secretion and recovery
to the levels found in ldlr�/� and [apobec-1�/�, ldlr�/�]
mice (Table 1), confirming the findings of Attie and col-
leagues (20), that intracellular interactions are also rele-
vant.

Multicompartmental modeling (Fig. 6) of apoB-100 fit
the prediction that over 90% of newly synthesized apoB-

100 was destined for secretion in [apobec-1�/�, ldlr�/�] and
ldlr�/� hepatocytes (Fig. 6C, E). Using the same assump-
tions, only 30% of newly synthesized apoB-100 was des-
tined for secretion in WT and apobec-1�/� hepatocytes
(Fig. 6B, D). Consistent with previous findings from multi-
compartmental modeling, the secretion of apoB-48 was
�2-fold higher in ldlr�/� compared with WT hepatocytes
(�50% vs. 20%) (Fig. 6F, G).

DISCUSSION

The current studies add further support to the hypothe-
sis advanced by Attie and colleagues (20) that the LDLR
plays a direct role in regulating murine hepatic apoB se-
cretion by modulating the rate of export of nascent apoB-
containing lipoprotein particles from the endoplasmic
reticulum (14). These studies extend earlier findings in
HepG2 cells, utilizing physiological manipulation of cho-
lesterol content and LDLR function, demonstrating that
blocking antibodies to the LDLR increased apoB-100 se-
cretion, whereas lovastatin treatment (which would be
anticipated to increase LDLR expression) resulted in
decreased apoB-100 secretion (21). In contrast to the
increased secretion of apoB-100, hepatic triglyceride se-
cretion and (as evidenced by ultracentrifugal analysis)
VLDL triglyceride secretion rates appear comparable re-
gardless of LDLR genotype. We propose a resolution to
this apparent paradox by demonstrating that this combi-
nation of unchanged triglyceride transport coupled with
increased secretion of apoB-100 in [apobec-1�/�, ldlr�/�]
mice is accommodated by secretion of greater numbers of
smaller particles.

There has been controversy surrounding the role of the
LDLR in regulating murine hepatic apoB production and
lipoprotein secretion. This may, in part, reflect differ-
ences in the approaches used to examine hepatic VLDL
secretion, with findings from isolated hepatocytes demon-
strating increased secretion of apoB (20) whereas in vivo
studies using Triton WR-1339 have shown either a small
increase (19) or no change (23) in VLDL triglyceride and
apoB production in the ldlr�/� background. An additional
layer of complexity is that the age, sex, and genetic back-
ground of mice used to examine these parameters may be
critical, with reported studies including both young and
older mice of both genders, and with inbred C57BL/6 as
well as mixed genetic backgrounds (15, 19, 23). Although
no attempt was made to systematically evaluate the relative
importance of each of these variables, our approach was
to examine hepatic apoB and triglyceride production rates,
both in vivo and in vitro using inbred C57BL/6 male mice
within the ages of 12 and 18 weeks. The results support
the central conclusions of Attie and colleagues (20), who
used isolated hepatocytes to demonstrate increased secre-
tion of apoB. Our findings also confirm certain elements
of the report of Millar et al. (23), specifically, in relation to
the absence of change in hepatic triglyceride production
in vivo with the LDLR genotype. However, Millar et al.
concluded that the LDLR failed to alter hepatic VLDL
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Fig. 4. Electron micrographs of newly secreted lipoproteins from primary murine hepatocytes. The size of
secreted hepatic lipoproteins was determined on media from hepatocytes incubated for 4 h. Lipoprotein
fractions (d � 1.006 g/ml) were isolated from media and were subjected to negative staining and electron
microscopy. A: Representative electron micrographs from apobec-1-/-, [apobec-1�/�, ldlr�/�], WT, and ldlr�/�

mice, respectively. B: Calculated frequencies of the size of lipoprotein particles. Two hundred particles were
sized for each genotype. The data shown are representative examples from three individual experiments,
each using hepatocytes pooled from three animals.
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Fig. 5. Hepatic apoB synthesis and secretion from murine primary hepatocytes. Hepatocytes were isolated
and subjected to pulse-chase analysis as described in Materials and Methods. Lysates and media were col-
lected at the indicated times; apoB and albumin were quantitatively immunoprecipitated. The immunopre-
cipitates were quantitated by SDS-PAGE and phosphoimager analysis. The genotypes are presented as fol-
lows: A: apobec-1�/�; B: [apobec-1�/�, ldlr�/�]; C: WT; and D: ldlr�/�. ApoB-100 secretion (E) and apoB-48
secretion (F) were quantitated and expressed as percentage of newly synthesized proteins. Data are means �
SEM from three individual experiments, each using hepatocytes pooled from two to four animals. *P � 0.05,
***P � 0.001.
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and IDL/LDL apoB production in ldlr�/� versus ldlr
/�

mice (23), a discrepancy we cannot readily explain, other
than to invoke an effect of heterozygous LDLR deletion in
female mice. Our current findings, taken together with
earlier studies in HepG2 cells (21) and those of Attie et al.
(20), certainly support a role for the LDLR in physiologi-
cal regulation of hepatic apoB-100 secretion.

A major finding emerging from the current studies is
that hepatocytes from [apobec-1�/�, ldlr�/�] mice secrete
small, triglyceride-rich particles directly. This finding sup-
ports the suggestion that an intracellular ligand–receptor
interaction between apoB-100 and the LDLR modulates
hepatic apoB secretion, results consistent with some, but
not all, studies in human subjects with FH (28, 29). Of
particular interest however, Fisher, Zech, and Stacpoole
(29) demonstrated that FH heterozygotes exhibit increased
production of smaller (intermediate and LDL-sized) lipo-
protein particles, findings consistent with the predictions
emerging from the current and other recent data (17) in
murine hepatocytes. To our knowledge, studies of lipopro-
tein particle secretion from isolated hepatocytes have not
been reported in patients with FH, necessitating an alter-
native approach to this question. [apobec-1�/�, ldlr�/�]
mice provide a surrogate model of human hepatic lipo-
protein metabolism in FH and offer one such approach.
The apobec-1�/� background overcomes intrinsic differ-
ences in the affinity of apoB-100 and apoB-48 for the
LDLR and surmounts potential differences in the regula-
tion of hepatic secretion of apoB-100 versus apoB-48. This
is particularly relevant, because murine hepatocytes se-
crete predominantly apoB-48-containing particles. ApoB-
48 lacks the LDLR binding domain, yet apoB-48-contain-
ing lipoproteins bind the LDLR at high affinity by virtue
of the presence of apoE. Interestingly, although apoE-null
mice have reduced hepatic VLDL secretion (30), Teusink
and colleagues (19) demonstrated that the effects of apoE

on hepatic VLDL secretion were independent of LDLR
status, suggesting that other receptors may be involved in
the regulation of hepatic apoB-48 production.

In relation to the current study, we anticipated that the
phenotype favoring small lipoprotein particle secretion in
[apobec-1�/�, ldlr�/�] mice would be greatly abrogated in
ldlr�/� mice in an apobec-1-sufficient background, where
greater numbers of apoB-48-containing particles are pro-
duced (20). However, an inevitable question is how to ex-
plain the hypertriglyceridemia in [apobec-1�/�, ldlr�/�] mice,
particularly inasmuch as triglyceride secretion is unchanged.
We concur with the suggestion of Rader and colleagues
(23), that defective triglyceride catabolism may be in-
volved, although we have no direct evidence for this spec-
ulation. Additionally, higher serum triglyceride levels have
been previously demonstrated in apoB-100-only mice (25),
a finding that has been speculated by Young and colleagues
(31, 32) to be caused by incomplete triglyceride hydrolysis.

Studies in HepG2 cells (21) and in isolated murine
hepatocytes (20) demonstrated that the LDLR regulates
secretion of apoB-containing lipoproteins, through ac-
tions mediated both intracellularly and at the cell surface,
via reuptake. These (14, 20) and more recent findings
(17) suggest that binding of the LDLR to apoB within the
secretory pathway leads to presecretory degradation and
consequently elimination of small, presumably underlipi-
dated, lipoprotein particles. Fusion of a nascent apoB-100-
containing triglyceride-rich particle with the LDLR is
thought to occur within the endoplasmic reticulum, an in-
teraction that has been suggested to represent a quality
control mechanism to limit direct production of athero-
genic lipoprotein particles (14, 20). Once the nascent par-
ticle acquires sufficient lipid, its affinity for the LDLR de-
ceases, and it is then released and continues through the
secretory pathway, where it matures into a larger, VLDL-
sized particle (14, 20). Additional support for this general
model of lipoprotein assembly has been recently provided
through studies using conditional deletion of the MTTP,
another dominant restriction point in intestinal and he-
patic lipoprotein secretion, whose mechanism of action is
intimately connected with the lipidation and processing
of apoB (5, 9, 12). Findings emerging from these recent
studies demonstrated that conditional (“floxed”) MTTP-
deletor mice in an ldlr�/� background secreted apoB-100-
containing lipoproteins that were isolated in the LDL and
HDL size range, in contrast to the floxed deletor mice
in an LDLR-sufficient background, where essentially no
apoB-100 was secreted (17). These results are in accord
with the current findings demonstrating that elimination
of LDLR expression leads to secretion of small, dense, tri-
glyceride-rich lipoprotein particles. Together, the findings
strongly suggest that the LDLR plays an important role in
the surveillance process in lipoprotein assembly, specifi-
cally in regard to events surrounding the earliest phases of
lipoprotein biogenesis.

This work was supported by National Institutes of Health
Grants HL-38180 and DK-56260 and the Morphology Core of

TABLE 1. Secretion of apoB from murine primary hepatocytes 
in the presence of heparin

Secretion Recovery

� Heparin 
 Heparin � Heparin 
 Heparin 

%

apoB-100
apobec-1�/� 25 � 7 47 � 9* 41 � 10 64 � 9*
apobec-1�/�, ldlr�/� 69 � 13 77 � 7 91 � 5 88 � 10
 WT 22 � 5 42 � 6* 49 � 13 66 � 7*
ldlr�/� 75 � 7 82 � 9 89 � 12 96 � 5

apoB-48
WT 34 � 4 71 � 11* 49 � 14 85 � 10*
ldlr�/� 59 � 4 67 � 9 95 � 5 87 � 7

Hepatocytes were isolated and subjected to pulse-chase analysis as
described in Materials and Methods. Cells were preincubated, pulse-
labeled for 30 min, and chased in the presence (
) or absence (�) of
10 mg/ml heparin. Lysates and media were collected at 0 h and 4 h of
chase; apoB was immunoprecipitated and quantitated by phosphorIm-
ager. ApoB-100 secretion and apoB-48 secretion were quantitated and
expressed as percentage of newly synthesized proteins. Data are ex-
pressed as percent newly synthesized apoB after the 30 min pulse and
are shown as mean � SEM from two individual experiments

ApoB, apolipoprotein B; WT, wild type.
* P � 0.05.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1658 Journal of Lipid Research Volume 45, 2004

Fig. 6. Multicompartmental modeling of apoB secretion and degradation from murine hepatocytes of dif-
ferent genotypes. The assumptions used are summarized in Materials and Methods. [35S]methionine was ap-
plied to compartment 1 for 10 min. A: Multicompartmental model for apoB secretion and intracellular deg-
radation. Compartments 7–10 represent fully synthesized, immunoprecipitable intracellular apoB. Secreted
apoB is represented in compartment 11. ApoB can be “lost” from compartment 9 (rapid degradation) or
compartment 10 (slow degradation). ApoB-100 secretion is modeled from the various genotypes as follows:
B: apobec-1�/�; C: [apobec-1�/�, ldlr�/�]; D: WT; and E: ldlr�/�. ApoB-48 secretion is modeled as follows: F: WT;
and G: ldlr�/�. Open square, secreted protein; filled square, intracellular protein.
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the Digestive Disease Research Core Center (DK-52574) as well
as the Clinical Nutrition Research Unit (DK-56341).
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