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Triacylglycerol and cholesteryl esters are transported in the 
blood as components of the plasma lipoproteins. Endogen- 
ous triacylglycerol synthesized by the liver is secreted into 
the plasma in the form of VLDL, which consists of a 
droplet of non-polar lipid (predominantly triacylglycerol 
with a variable amount of cholesteryl ester), stabilized by 
an outer shell of phospholipid, cholesterol and protein. 
Apolipoprotein-B (apo-B) is the major protein of VLDL. 
Although apo-B is an essential component of VLDL, 
secretion is driven by provision of substrates to the liver for 
triacylglycerol synthesis. These include glucose and non- 
esterified fatty acids. The composition and size of VLDL is 
influenced by the substrate provided (Sniderman & 
Cianflone, 1993). Dietary experiments and experiments 
using isolated hepatocytes have shown that provision of 
carbohydrates increases synthesis of triacylglycerol-en- 
riched, larger, lighter VLDL (VLDLl), while provision of 
fatty acids results in production of smaller, denser VLDL 
(VLDL2). Since VLDLl are cleared rapidly from the 
circulation, while VLDL2 are cleared more slowly and are 
converted to the atherogenic LDL, the nature of VLDL 
secreted by the liver is an important determinant of 
cardiovascular risk (Packard et al. 1984; Shepherd & 
Packard, 1987). An understanding of the mechanisms 
involved in regulation of the assembly of VLDL and the 
factors determining their composition is, therefore, ex- 
tremely important. 

Apolipoprotein-B secretion is regulated 
post-translationally 

Under conditions in which apo-B secretion by hepatocytes 
varies up to sevenfold there is no significant change in the 
mRNA for apo-B (Kosykh et al. 1988; Pullinger et al. 
1989). A number of studies on isolated hepatocytes and 
hepatoma cells have shown that apo-B is synthesized in 
excess of that secreted, and that the excess protein is 
degraded intracellularly (Boren et al. 1990, 1993 ; Davis et 
al. 1990; Sato et al. 1990; Dixon et al. 1991; White et al. 
1992; Cartwright et al. 1993; Dixon & Ginsberg, 1993; 
Cartwright & Higgins, 1996). This has led to the idea that 
apo-B is synthesized constitutively and in excess; the 

protein not assembled into VLDL being degraded. Thus, 
availability of lipid drives VLDL secretion by diverting 
apo-B from degradation to secretion. Post-translational 
intracellular transit of apo-B, therefore, plays a major role 
in the regulation of VLDL secretion. 

Experimental models for investigation of assembly and 
secretion of VLDL 

Most studies of apo-B secretion have been carried out using 
hepatoma cell lines. However, although these investiga- 
tions have yielded valuable results, hepatoma cells do differ 
significantly from normal hepatocytes. The most popular 
model, Hep-G2 cells, secrete lipid-poor lipoprotein parti- 
cles of greater density than that of LDL (Gibbons, 1994). 
McArdle cells, a rat hepatoma cell line, secrete both apo- 
B48 and apo-B100, while human liver secretes only apo- 
BlOO (Boren et al. 1994). Because we wish to extrapolate 
our findings to human subjects and investigate factors such 
as diet and hormonal control of VLDL secretion, we have 
opted to use animal models for our studies. Both the rabbit 
and the hamster liver secrete VLDL containing apo-B100 
similar to those secreted by the human liver, and the 
subsequent metabolism of VLDL is similar to that in 
human subjects. We have, therefore, used rabbit and 
hamster for the studies described in the present review. 
Our basic experimental protocol is to prepare isolated 
hepatocytes, to incubate these under defined conditions 
with radiolabelled recursors of apo-B ( [35S]methionine) 
and lipids (3H or '$]glycerol, oleate or mevalonate), and 
to follow the intracellular transit of apo-B and lipid through 
the secretory compartment by preparing subcellular frac- 
tions (rough endoplasmic reticulum (RER), smooth en- 
doplasmic reticulum (SER), cis-Golgi and trans-Golgi), for 
analysis (Cartwright & Higgins, 1992, 1995, 1996; 
Wilkinson et al. 1992, 1993; Cartwright et al. 1993, 1997). 

A two-step model for the assembly of VLDL 

A model for VLDL assembly which takes into account our 
work and that of other laboratories is illustrated in Fig. 1. 
Newly-synthesized apo-B is either transferred across the 

Abbreviations: ALLN, N-acetyl-leucyl-leucyl-norleucinal; apo-B, apolipoprotein-B; MTP, microsomal triglyceride transfer protein; RER, rough 
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SECRETION 
Fig. 1. A model for the assembly of VLDL in hepatocytes. w, 

, triacylglycerol-rich particle; 0, VLDL pre- 
cursor. 

endoplasmic reticulum membrane or remains membrane 
bound. Using a panel of monoclonal antibodies, we have 
shown that in the RER and SER the membrane-bound form 
is in two pools, one available to probes from the cytosolic 
side, and the second only available in permeabilized 
membranes (Wilkinson et al. 1993). In the Golgi, the 
whole membrane-bound pool is at the cytosolic side of the 
membrane. The membrane-bound apo-B is degraded 
mainly in the RER; however, if degradation is inhibited, 
the protein accumulates in the trans-Golgi membrane 
(Cartwright et al. 1993; Cartwright & Higgins, 1996). 
The ubiquitin-proteosome pathway has been implicated in 
this degradation step (Yeung et al. 1996). The lumen pool 
of apo-B is associated with only a small amount of 
triacylglycerol, cholesterol and cholesteryl ester (Cart- 
wright et al. 1997). A large proportion of this pool of apo-B 
is also degraded in the RER (Cartwright et al. 1993). The 
bulk of the lipids, triacylglycerol, cholesterol and choles- 
teryl esters of VLDL are transferred into the lumen of the 
SER and become associated with apo-B at some point 
between the SER and the cis-Golgi (Cartwright & Higgins, 
1995; Cartwright er al. 1997). 

Triacylglycerol-rich particles, which lack apo-B, have 
been observed in the SER lumen and have also been 
isolated by subcellular fractionation, suggesting that the 
VLDL lipids may be added in a single step to the apo-B- 
containing precursor particles (Higgins & Hutson, 1984). In 
this model there are three potential regulatory steps: (1) 
transfer of apo-B across the RER membrane into the lumen. 
This pool may be transiently associated with the luminal 
surface of the endoplasmic reticulum membrane; (2) 
assembly of apo-B into a VLDL precursor. As considerable 
degradation of the newly-synthesized apo-B occurs in the 
lumen of the RER, these precursor particles may be 
heterogeneous and only a proportion move on to be 
secreted; (3) the VLDL precursors move to the SER lumen 
and fuse with triacylglycerol-rich particles to form a VLDL 
particle for secretion. 

Translocation of apolipoprotein-B across the membrane of 
the rough endoplasmic reticulum 

Several recent studies on Hep-G2 cells have significantly 
contributed to the understanding of molecular events in 

Fig. 2. Translocation of apolipoprotein-6 across the endoplasmic 
reticulum. RER, rough endoplasmic reticulum; hsp 70, heat shock 
protein 70; MTP, rnicrosomal triglyceride transfer protein. 

apo-B translocation. These observations are incorporated 
into the model shown in Fig. 2. Apo-B is a large (molecular 
mass 500 000 kD) hydrophobic protein. It apparently 
undergoes translation arrest when only a small part of the 
protein is at the luminal side of the RER membrane (Du et 
al. 1994). Synthesis of the protein is completed, leaving a 
large part of the polypeptide at the luminal surface. At this 
stage the protein is not integrated into the membrane and is 
presumably still associated with the translocon complex. 
Apo-B is stabilized by transient association with the 
cytosolic heat shock protein 70 (Zhou et al. 1995). In the 
presence of ATP, heat shock protein 70 dissociates and 
apo-B is degraded. In the presence of oleate, apo-B is 
translocated into the RER lumen. This may involve a 
transient membrane-bound pool in which the bulk of apo-B 
is at the luminal side of the membrane (Wilkinson et al. 
1993). Apo-B is transiently associated with microsomal 
triglyceride transfer protein (MTP; Wu et al. 1996), which 
in vitro transfers triacylglycerol and cholesteryl ester 
between membranes (Gordon et al. 1995; Jamil et al. 
1996). Inhibition of MTP blocks the early steps in VLDL 
assembly and MTP, therefore, may transfer stabilizing lipid 
to the apo-B molecule on translocation into the RER lumen 
(Gordon et al. 1996). Apo-B that is not properly folded or 
stabilized by lipids is degraded (Cartwright et al. 1993). 
The first steps in the transfer of apo-B into the RER lumen 
are thus complex and may involve MTP, specific lipids, and 
other, as yet unidentified, factors. 

Effect of dietary lipids on VLDL secretion 

Provision of fatty acids to the liver results in the production 
of small dense VLDL. A diet enriched in fish oils 
(containing the n-3 fatty acids, docosahexaenoic acid and 
eicosapentaenoic acid) reduces plasma triacylglycerol 
levels by reducing secretion of VLDL by hepatocytes 
(Lang & Davis, 1990; Wang et al. 1993). To investigate the 
way in which dietary fat affects VLDL assembly, rabbits or 
hamsters were fed on either normal chow (25g fat/kg) or 
chow supplemented with 100 g sunflower oil (high n-6 fatty 
acids)/kg or with 100 g fish oil (high n-3 fatty acids)/kg. In 
order to ensure that the same amount of fat was consumed, 
and to overcome the reluctance of rabbits to eat food to 
which oil had been added, the oils were administered orally 
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on a daily basis. The fatty acid compositions of these diets 
were extreme compared with the human diet. However, this 
regimen was adopted to determine whether an effect could 
be detected. The diets would then be altered to one closer to 
that of the human diet for further study. In both rabbits and 
hamsters, dietary fish oils reduced the levels of plasma 
VLDL compared with chow-fed animals. Dietary sunflower 
oil had no significant effect on VLDL or triacylglycerol 
levels. 

(cytosolic pool) and the second of which is only available 
to probes when the vesicles are opened (luminal pool). In 
endoplasmic reticulum fractions from oil-fed animals, all 
the apo-B in the membrane was available to probes and, 
therefore, is cytosolic. In truns-Golgi from the livers of 
chow-fed animals, 75 % of the apo-B was luminal. In truns- 
Golgi from the livers of sunflower-oil-fed animals the 
lumen pool of apo-B was increased by approximately 25 %, 
while in the livers of fish-oil-fed animals the truns-Golgi 
lumen pool of apo-B was reduced by more than 50% 
(Fig. 3). 

These observations suggest that a fat-enriched diet 
facilitates transfer of apo-B across the RER membrane 

Intracellular pools of apolipoprotein-B are altered by 
diaerent diets 

The apo-B content (per mg protein in the fraction) was 
highest in the truns-Golgi fraction, consistent with the fact 
that VLDL particles accumulate in these vesicles (Fig. 3). 
The major effect of dietary fish oils was to reduce the apo- 
B content of the truns-Golgi fraction by more than 50%. 
Both sunflower-oil and fish-oil diets resulted in a large 
increase in the apo-B content of the RER (Fig. 3). When the 
subcellular fractions were separated into membranes and 
lumen contents, further effects of diet on the distribution of 
apo-B pools were observed. (Fig. 3). In endoplasmic 
reticulum, RER and SER fractions from chow-fed animals 
approximately half the apo-B was membrane bound. In 
fractions from livers of both fish-oil-fed and sunflower-oil- 
fed animals, the membrane-bound pool was reduced and 
90-95% of the apo-B was found in the lumen. In 
endoplasmic reticulum fractions from chow-fed animals, 
the membrane-bound apo-B was in two pools, one of which 
is available to probing with monoclonal antibodies 
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into the secretory pathway. Dietary fish oils inhibit the 
further transfer of lumen apo-B from the endoplasmic 
reticulum to the truns-Golgi, while dietary sunflower oils 
increase this transfer. To determine whether lumen apo-B is 
associated with lipids under the different dietary conditions, 
the lumen fractions were concentrated, adjusted to a density 
of 1.21 with KBr and layered beneath a discontinuous KBr 
gradient made up of steps of density 1.005, 1.02 and 
1.09g/l. In all lumen fractions from the livers of fish-oil- 
fed animals, apo-B remained in the density 1.21 g/1 layer. 
Dietary fish oil, therefore, inhibits association of lumen 
apo-B with lipid, consistent with the observation that fish 
oils inhibit VLDL secretion by the liver. In truns-Golgi 
lumen fractions from chow-fed and sunflower-oil-fed 
animals, > 80% of the apo-B floated towards the top of 
the gradient. In fractions from sunflower-oil-fed animals, 
the apo-B-containing particles were of higher mean density 
than in those from the chow-fed animals. 
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Fig. 3. (a) lntracellular pools of apolipoprotein-B (apo-6; Fg/mg protein) in subcellular fractions prepared from livers of rabbits fed on chow (B), 
or fish-oil (0)- or sunflower-oil (.)-enriched diets (for details, see Wilkinson et al. 1992, 1993). The apo-B content was determined by ELISA 
(Wilkinson et al. 1993). (b) Membrane and lumen apo-8 contents respectively in subcellular fractions prepared from livers of rabbits fed on chow 
(N, U), fish-oil (m,m)- or sunflower-oil (.,@-enriched diets. Values are means and standard deviations represented by vertical bars for four 
separate experiments. 
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Effect of diets on the kinetics of apolipoprotein-B 
degradation and secretion 

To determine whether dietary lipids modulate the intracel- 
lular transit of apo-B, hepatocytes were isolated from livers 
of hamsters fed on chow, or chow supplemented with 
sunflower oil or fish oil, and were incubated with 
[35S]methionine to label apo-B pools. The cells were 
isolated by centrifugation and re-incubated with an excess 
of unlabelled methionine for a range of time periods. In this 
protocol, apo-B synthesized in the first incubation step was 
radiolabelled by incorporation of [35S]methionine (pulse 
step). The fate of the radiolabelled apo-B was then 
followed by incubation with unlabelled methionine (chase 
step). Cells were re-isolated and in some cases subcellular 
fractions prepared. Total cell protein, media protein or 
subcellular proteins were separated by SDS-PAGE and the 
radioactivity in apo-B was determined. Using this protocol, 
the rate of secretion and/or intracellular degradation of 
apo-B was followed. In parallel experiments, the incorpora- 
tion of radiolabelled methionine into total TCA-precipi- 
tated proteins was determined. This demonstrated that the 
cells were viable and were able to synthesize proteins, and 
that there was no further synthesis of total radiolabelled 
protein during the chase step. The rate of secretion of total 
radiolabelled protein was similiar in hepatocytes from 
chow-fed, sunflower-oil-fed and fish-oil-fed animals, and 
there was no degradation of the radiolabelled proteins 
during the chase step. 

Approximately 55 % of the newly-synthesized apo-B in 
chow-fed cells were degraded during the 120min chase 
step and 9% of the protein was secreted (Fig. 4). In 
hepatocytes from sunflower-oil-fed hepatocytes, secretion 
was increased to 20 % and, overall, 45 % of the newly- 
synthesized apo-B was degraded (Fig. 4). In hepatocytes 
from fish-oil-fed animals, secretion was less than 5 % and 
more than 90 % of the radiolabelled intracellular apo-B was 
degraded (Fig. 4). Dietary sunflower oil thus targets apo-B 
into the secretory pathway, while dietary fish oils inhibit 
secretion and target apo-B into the degradative pathway. 

Effect of protease inhibitors on the intracellular transit of 
apolipoprotein-B 

o-Phenanthroline, a metalloprotease inhibitor, inhibits 
intracellular degradation of apo-B and results in accumula- 
tion of apo-B in the RER membrane (Cartwright & 
Higgins, 1996). Secretion of apo-B is stimulated, suggest- 
ing that o-phenanthroline protects a secretion-competent 
pool of apo-B from degradation. N-Acetyl-leucyl-leucyl- 
norleucinal (ALLN), a cysteine protease inhibitor, inhibits 
degradation of apo-B and results in accumulation of apo-B 
in the trans-Golgi membrane. ALLN does not stimulate 
secretion of apo-B, suggesting that this inhibitor protects 
apo-B already committed to the degradative pathway. The 
use of these inhibitors thus provides a tool for probing the 
site of degradation in hepatocytes from fish-oil-fed animals. 

o-Phenanthroline inhibited degradation and stimulated 
secretion of newly-synthesized apo-B in chow-fed animals 
(Fig. 4). ALLN also inhibited degradation but had little 
effect on secretion. In hepatocytes from fish-oil-fed 

animals, ALLN had little effect on either degradation or 
secretion of newly-synthesized apo-B. However, o-phenan- 
throline both stimulated secretion and inhibited degradation 
of newly-synthesized apo-B and reversed the effect of 
feeding fish oils. The effects of ALLN and o-phenanthro- 
line on the fate of newly-synthesized apo-B was less 
marked in hepatocytes from sunflower-oil-fed animals. In 
this case, hepatocytes are primed for secretion of apo-B in 
the absence of inhibitors. Both o-phenanthroline and ALLN 
reduced degradation, and o-phenanthroline stimulated 
secretion by about 10 %. 

In fish-oil-fed hepatocytes, apo-B is directed towards 
the degradation pathway. However, this is reversed by 
o-phenanthroline and apo-B secretion is stimulated. 
To determine whether the apo-B secreted under these 
conditions was in a particle of the density of VLDL, 
the incubation medium after 120min was subjected 
to sequential centrifugation by adjusting the density to 
1.019, 1.063 and 1.2OOg/l with KBr. More than 90% of 
the apo-B was in the density of VLDL (density 
< 1.019g/l). This was also found in similar experiments 
using hepatocytes from sunflower-oil-fed and chow-fed 
animals, without inhibitors. 

Effect of provision of oleate in vitro on the fate of newly- 
synthesized apolipoprotein-B 

To test whether provision of oleate during synthesis of apo- 
B affects its subsequent fate, a series of experiments were 
carried out in which oleate was present and absent in the 
pulse and chase steps (Fig. 5). When oleate was present in 
the pulse step, a greater proportion of apo-B was secreted 
than when oleate was omitted from the pulse step. When 
oleate was added in the chase step, this had no effect on the 
secretion of newly-synthesized apo-B but protected in- 
tracellular apo-B from degradation. Availability of oleate 
during synthesis of apo-B thus appears to direct a greater 
proportion of newly-synthesized apo-B into the secretory 
pathway. Addition of oleate in the chase step protects apo- 
B against degradation but does not increase its secretion, 
suggesting that a pool of apo-B not destined for secretion is 
protected. 

Conclusions 

The intracellular fate and transit of apo-B is complex. 
Newly-synthesized apo-B is either secreted or degraded. 
Apo-B not transferred into a secretory pool is degraded by 
an ALLN-sensitive process. Apo-B that has been directed 
into the secretory pool is degraded by an o-phenanthroline- 
sensitive process. The flux of apo-B through these 
pathways is affected by lipids. A lipid-enriched diet results 
in a greater proportion of apo-B in the lumen of the RER, 
the secretory pool. Provision of oleate in vitro during apo-B 
synthesis also directs apo-B into a secretory pool. Lipids 
therefore facilitate the movement of apo-B across the RER 
membrane and through the secretory pathway. However, a 
fish-oil-enriched diet inhibits movement of apo-B from the 
RER to the trans-Golgi and also inhibits transfer of lipid to 
the apo-B-containing particles, indicating that translocation 
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Fig. 4. Fate of newly-synthesized apolipoprotein-B (apo-B) in hepatocytes prepared from hamsters fed on different diets. Procedures were as 
described previously for rabbit hepatocytes (Cartwright et al. 1993; Cartwright & Higgins, 1995, 1996). Hepatwytes were isolated from hamsters 
fed on (a) chow, or (b) fish-oil- or (c) sunflower-oil-enriched diets. The cell proteins were labelled by incubation with [=S]methionine for 30min 
(pulse step). The hepatocytes were isolated by centrifugation and re-incubated with an excess of unlabelled methionine (chase step). At timed 
intervals the cells were re-isolated by centrifugation. The proteins of the cells and media were separated by SDS-PAGE and the radioactivity 
(disintegrations/min; dprn) in apo-B was determined either by cutting the apo-B band from the gel and digesting and measuring the radioactivity, 
or using an Instant lmager (Packard, Pangbourne, Berks.). Apo-B was identified by including an LDL-protein marker on each gel. To compare 
different preparations, the results are expressed as the percentage change in cellular and secreted apo-B assuming that radioactivity (dpm) in 
apo-B of the cells is 100% at the beginning of the chase period. Radioactivity (dprn) in cellular apo-B at the beginning of the chase was 1 5 O O O G  
600000 dpm. The variation is due to decay of the [35S]methionine. (m), No addition; (+), N-acetyl-leucyl-leucyl-norleucinal; (A), e 
phenanthroline. Values are means and standard deviations represented by vertical bars for three separate experiments performed in duplicate. 
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Fig. 5. Effect of oleate on the fate of newly-synthesized apolipoprotein-B in hamster hepatocytes. Procedures were as described previously for 
rabbit hepatocytes (Cartwright et al. 1993; Cartwright 8, Higgins, 1995, 1996) except that oleate (final concentration 1 mM) was added in the pulse 
step (apo-B labelled by incubation with [35S]methionine for 30 min) and/or the chase step (re-incubation with unlabelled methionine): (+), oleate 
present in pulse step, but not chase step; (A), oleate present in both pulse and chase steps; (0), oleate absent in pulse step, but present in the 
chase step; (A), oleate absent from both pulse and chase steps. Values are the means and standard deviations represented by vertical bars for 
four experiments performed in duplicate. dpm, Disintegrations/min. 

of apo-B across the RER membrane is not the only step 
regulating secretion. The effects of dietary fish oil are not 
irreversible, since hepatocytes from fish-oil-fed hamsters 
secrete apo-B in particles of the density of VLDL when 
degradation is inhibited by o-phenanthroline. It may be that 
a high level of n-3 fatty acids in the hepatocytes or the 
hepatocyte membranes slows the assembly of the VLDL 
precursor particle, perhaps by modifying the activity of 
MTP or altering synthesis of specific lipids. However, if 
degradation is inhibited, this may allow time for proper 
assembly to take place so that the particle can advance 
through the secretory pathway. 
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