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INTRODUCTION

A major function of metabolic regulation is to ensure an

adecluate supply of fuel for energy-requiring tissues in the face of
large fluctuations in food intake. This is achieved by co-

ordination of the storage of carbohydrate and lipid when food
consumption is high and mobilization of these stores inter-
prandially. During feeding, part of the triacylglycerol laid down
in adipose tissue originates in the liver from which it is secreted
as very-low-density lipoprotein (VLDL). in the starved state,
VLDL triacylglycerol also plays an important role in providing
fuel for muscle tissue. In man, the exact contribution from this
source is not known but in the rat, 50 00 of the total lipid energy
requirement of muscle tissue during starvation is met by VLDL
triacylglycerol [1]. In both the fed and starved states, therefore,
hepatic VLDL triacylglycerol makes an important contribution
to the maintenance of whole-body energy balance and its
production is integrated and co-ordinated with other energy-
related metabolic pathways. The means by which this is achieved
forms the central theme of this review. An important question to
be addressed throughout is the means by which signals resulting
from changes in nutritional status alter the rate of assembly and
secretion of VLDL particles at the molecular level. In this
respect, much attention has been focused on apoprotein B
(apo B), the polypeptide which forms the structural framework
of the VLDL particle and without which hepatic triacylglycerol
secretion is not possible [2,3]. It should be kept in mind, however,
that the over-riding physiological purpose of VLDL production
is the need to secrete hepatically synthesized triacylglycerol. A
priori then, it seems likely that under normal conditions changes
in the availability of functional hepatic apo B are secondary to,
or are co-ordinated with, changes in the availability of triacyl-
glycerol destined for secretion. Another objective of this review
is to examine how this is achieved and how this relationship
breaks down in certain pathological states such as diabetes,
obesity, and alcoholism. Finally, plasma triacylglycerol is the
most efficient means of energy transport between organs at
concentrations which are well-tolerated by the body tissues. This
review will also deal with the source of the triacylglycerol utilized
for hepatic VLDL synthesis and how this is affected by different
nutritional and pathological states.

INTRACELLULAR ASSEMBLY OF VLDL

Nascent VLDL secreted by the liver consists of globular
particles with diameters ranging between 25 and 75 nm [4]. The
bulk of the hydrophobic core of the particle consists of triacyl-
glycerol with smaller amounts of cholesteryl ester. Thermo-
dynamic stability is provided by the presence of a relatively
hydrophilic shell consisting of a monolayer of phospholipid and

non-esterified cholesterol. The major structural framework of the
particle, however, is provided by a polypeptide, apo B, which is
large enough to encircle the particle interacting both with the
surface lipids and with the hydrophobic core [5].

General principles of protein secretion

The general structure of the protein secretory apparatus was

established by 1974, mainly by Palade and his co-workers [6]
and, more recently, the detailed morphology has been established
(for reviews see [7-10]). Transport of proteins through the
secretory apparatus involves the budding-off of one organelle
and fusion of the resultant transport vesicle to the next organelle
in the sequence (Fig. 1).

Targeting of secretory proteins to the ER is achieved by the
translation of a signal-sequence from the appropriate mRNA on
a cytosolic ribosome. Binding of the signal sequence to a signal-
recognition particle (SRP) which recognizes a so-called 'docking
protein' on the ER permits the targeting of the whole complex to
the cytosolic face of this organelle. Following cleavage of the
signal peptide, translocation then occurs simultaneously with
translation via a transient channel in the ER membrane [10]. In
the case of apo B the 27-residue signal sequence occurs at the N-

terminus of the molecule, starting with a methionine residue.
There is evidence that apo B is not completely translocated
during translation and that it remains membrane-bound for a
considerable period during its passage through the secretory
apparatus. This may be of importance in maintaining a particular
conformation of apo B required both for triacylglycerol binding
and for the assembly of 'signal-patches' [9] which interact with
receptors in the secretory apparatus [ 11]. It is thought that these
interactions determine the intracellular transport rate and the
ultimate destination (e.g. membrane, lysosome, secretory vesicle)
of a particular protein.

Biosynthesis and structure of apo B
Earlier disagreements about the size and structure of apo B

have now been resolved by the formulation of the complete
amino acid sequence deduced by sequence analysis of cDNA
clones [5,12-141. The polypeptide is coded for by a 14.1 kb DNA
which produces a 4563-residue amino-acid sequence (including a
27-amino-acid signal peptide) of Mr 514000.

Elucidation of the amino-acid sequence has allowed the
prediction of various aspects of secondary and tertiary structure,
which has proven invaluable in formulating theories of VLDL
assembly [14-16]. For instance, frequent alternation of hydro-
philic and hydrophobic sequences, the latter having high prob-
ability for f-sheet structure, suggested that apo B interacts with
the polar surface of the particle and also dips frequently into the
hydrophobic interior, thereby providing numerous anchoring
points [14]. Although the hydrophobic sequences of apo B are
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Fig. 1. Kinetics of apo B transport through the secretory apparatus

The transport vesicles which contain the incipient VLDL 'bud-off' from one organelle and fuse with the next in sequence. In the top part of the
diagram lipid is added to apo B mainly in the Golgi; in the bottom part, mainly in the ER.

not long enough for transmembrane-spanning [14], the existence
of numerous, but shorter, such sequences provide the potential
for membrane interaction.
Mammals synthesize two major molecular-mass forms of

apo B, the large form of Mr 514000, designated on the centrile
basis as apo B100 [17,18], and a smaller variety designated apo BW8.
In humans, synthesis of apo Bloo is restricted exclusively to the
liver, and that of apo B48 to the intestine, but the rat is different
in that both forms are synthesized and secreted hepatically. The
discovery that a single gene coded for both forms of apo B [19]
raised the intriguing problem of the molecular mechanism by
which this was achieved. Recent work from several laboratories
has now shown that apo B in rabbit and human intestine is
produced via a unique post-transcriptional modification of the
apo B1oo message [20-24]. This involves a single base change in
which the CAA codon normally encoding Gln-2153 in apo Bloo
is substituted for the stop codon UAA. This single C -- U
substitution results in the formation of apo B48 with a new C-
terminal Ile-2152 as the primary translation product. This is
cleaved to give Met-2151 as the new C-terminus. A maximum of

only 26 nucleotides spanning the modified nucleotide site in the
apo B1oo message appears to be all that is required for recognition
by, and binding to, the enzyme responsible for catalysing this

single base substitution [25]. This enzyme may be a cytosine
deaminase [26]. Previous work had already suggested that the

secretions of newly synthesized apo Bloo and of apo B48 in rat

liver are independently controlled by nutritional and develop-
mental signals [27-29]. Since each VLDL particle is thought to

contain only one molecule of apo B [30] and, since apo B48 lacks

the domain which binds to the apo B,E receptor [22], it might be

expected that these particles are metabolized rather slowly.
However, hepatic apo B48 is cleared from the plasma more

rapidly than apo B100 [30-32], possibly by a receptor which also
binds chylomicron remnants.

Post-translational modification of apo B
Glycosylation. There are 20 putative glycosylation sites on

apo B [5,13]. Studies using human LDL apo B [33] and nascent
VLDL secreted by chick hepatocytes [34] have shown that the
oligosaccharide chains are N-linked and are of two types: first,
the so-called 'high-mannose' asparagine-linked chains contain-
ing a high proportion of mannose units; second, 'complex
oligosaccharide' chains. LDL apo B contains 4.4% (by weight)
of carbohydrate and the five high-mannose chains comprise a

large proportion (37 %) of the total monosaccharides of apo B
[33]. The glycosylation of apo B occurs in the Golgi fraction [35].
The functional significance (if any) of apo B glycosylation is not
known. Tunicamycin, an inhibitor of N-linked glycosylation,
does not prevent the secretion of VLDL [34,36]. However, a

possible function related to the binding of apo B to the LDL
receptor has been proposed [5].

Phosphorylation. In rat hepatocytes, apo B,8 is secreted as a

phosphoserine-containing protein, but no phosphorylated
apo B1oo could be detected [37,38]. More recently it was shown
that both forms of apo B are phosphorylated and secreted by rat
hepatocytes [39]. Both serine and tyrosine residues were affected.
The reason for this difference is not clear but may relate to the
fact that insulin-treated hepatocytes from sucrose-fed rats were

used in the former study. Insulin inhibits apo B secretion (see
below) and the possibility ofhormonal and nutritional control of
intracellular apo B metabolism by mechanisms involving protein
phosphorylation has not been explored. Indeed, the functional
relevance of apo B phosphorylation, if any, is not yet known. If
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phosphorylation plays some functional role, it is most likely that
this is achieved via a conformational change (cf. glycogen
phosphorylase [40]) which affects lipid-binding sites.

Fatty acylation. Apo B0oo secreted by human HEP-G2 cells is
acylated with stearic and palmitic acids [41] possibly via a
cysteine-linked thioester bond [42]. The intracellular site at which
acylation takes place is not known, although the Golgi has been
implicated for other acylated proteins such as the major histo-
compatibility antigens [43]. The functional relevance (if any) of
apo B acylation is also obscure, although a role in facilitating
interaction between apo B and intracellular membranes has been
proposed [41] as has been suggested for other acylated proteins
[44]. Other possible functions include the facilitation of lipid
binding during VLDL maturation [41] and as a targeting
mechanism for intracellular protein sorting. These functions may
be achieved by interfering with the tertiary structure of apo B by
acylation of some of the free -SH groups of cysteine.

Topography of VLDL assembly
The structural stability of the VLDL particle is largely

dependent upon the presence of apo B. Information about how
and where the polypeptide becomes associated with lipid in the
secretory pathway is, therefore, crucial to an understanding of
the exceptionally complex process of VLDL assembly. One of
the most striking features to emerge from recent work is the high
proportion of apo B which remains bound to the membrane of
each compartment of the secretory apparatus, including some
elements of the Golgi [15,16,45-47]. This raises the issues of
whether, and to what extent, triacylglycerol and other lipids are
partly associated with VLDL as a membrane-bound complex, at
what point the incipient VLDL particle is released into the
secretory lumen, and what factors determine this release. All
these issues have obvious implications for the regulation of
VLDL assembly and secretion.

Earlier models of VLDL assembly [48-50] have provided a
useful framework for understanding the mechanics of VLDL
secretion. These models, however, have had to be modified in the
light of new findings concerning both apo B structure and
synthesis [5,12,13] and the nature and structure of the secretory
apparatus (see [9,10,51] for reviews). A central problem is whether
or not the site of apo B synthesis is removed from the site(s) at
which it becomes associated with the bulk of the lipid. The classic
study of Alexander et al. [50] provided immunocytochemical
evidence that apo B, synthesized in the rough endoplasmic
reticulum (RER), encountered triacylglycerol synthesized in the
smooth endoplasmic reticulum (SER) only at the junction of the
two compartments from where the product, the incipient lipo-
protein, was transferred to the Golgi in specialized tubules.
Recent morphological evidence suggests that this junctional
complex may be a specialized or transition region of the ER from
where vesicles 'bud off' for transport to the cis-Golgi [9] which
is located adjacent to this transition region of the ER (Fig. 1).
The validity of the model described by Alexander et al. [50]
requires, first, that triacylglycerol is synthesized exclusively in the
SER and not, partly, in the RER as suggested by others [48,49,52].
Second, it requires that apo B, during its transport through the
RER, must retain a conformation suitable for subsequent binding
to triacylglycerol. This requirement may help to rationalize many
interesting observations concerning the behaviour of apo B in
the secretory apparatus and has formed the basis for a com-
prehensive explanation of VLDL assembly [14]. Very briefly,
hydrophobic interactions between the growing chain of newly-
translated apo B and the membrane lipids of the ER specify a
conformation which is appropriate for binding to triacylglycerol,
considerable amounts of which are tightly bound to ER mem-

branes [49]. By analogy with retinol-binding-protein [53], exit of
apo B from the ER may be dependent upon its binding to at least
a small quantity of triacylglycerol at this site.
The binding of apo B to the membrane of the intracellular

transport apparatus may, therefore, reflect the need to maintain
a specific conformation until sufficient triacylglycerol has been
added to allow this conformation to persist, unsupported, in the
aqueous lumen. This implies that membrane-bound apo B acts
as a storage pool [45] and may never be completely translocated
into the lumen in the absence of factors which ensure the
availability of an adequate quantity of secretory triacylglycerol.
If the above hypothesis is correct, then those adjacent secretory
compartments which show the greatest change in the ratio of
membrane-bound: lumenal apo B might be expected to represent
the major site of transition of apo B from the predominantly
membrane-bound form to the predominantly lipoprotein-associ-
ated form. This may also, thus, reflect the major site of lipid
transfer and lipoprotein maturation. There is evidence to support
two different views as to the location of this site (Fig. 1),
although this may vary according to the actual quantity of
triacylglycerol available for export. First, several lines ofevidence
implicate the Golgi and, in particular, during transfer from the
medial- to the trans-Golgi, as this critical site. For instance,
Bamberger & Lane [46], using avian hepatocytes, showed that
the ratio of lumenal- to membrane-bound apo B was much
greater in a light Golgi fraction (corresponding to the trans-
Golgi [54]) compared to that in the heavy Golgi (corresponding
to the medial- and cis-Golgi), or the ER. Second, during its
passage through the cell, in both oestrogen-treated chicken
hepatocytes and in HEP-G2 cells, apo B spends most of its time
in the Golgi [16,46], although this did not appear to be the case
in insulin-treated hepatocytes from rat [47,55]. This delay may
reflect the extra time required to load triacylglycerol onto the
transport vehicle. Finally, the wide heterogeneity of VLDL
particle size in the Golgi, only a proportion of which are similar
to serum VLDL, also attests to the importance of this site for
lipid association with apo B [56]. The major surface lipids of
VLDL (phospholipid and non-esterified cholesterol) also appear
to be added to the maturing particle in the Golgi apparatus
[57,58].
On the other hand, several studies have provided evidence for

an important role of the ER during triacylglycerol transfer (Fig.
1). These include experiments using orotic acid, which interrupts
the normal assembly ofVLDL [59,60]. In the livers of orotic-acid
treated rats, for instance, triacylglycerol and apo E, but not
apo B, accumulate in 'liposomes' [61] derived, probably, from
the transitional or junctional region of the ER and from which
proteins are normally transferred to the cis-Golgi. The reason for
the orotic-acid-induced deficiency of apo B at this site is not
known, although it may remain bound to the membrane of the
remainder of the ER. Nevertheless, it is apparent from these
studies that the absence of a signal normally conferred by apo B
prevents the entry of triacylglycerol into the Golgi. The kinetic
experiments of Borchardt & Davis [47] also suggest that, in
insulin-treated hepatocytes from rat, transport of apo B out of
the ER is delayed, implying, perhaps, that this delay is a
requirement for addition of lipid. The reason(s) for these reported
differences in transit times through a particular part of the
secretory apparatus is not clear, but may be related to differences
in the availability of triacylglycerol for secretion. It should also
be recognized that in addition to species differences, the hepato-
cytes had been exposed to different hormone treatments.
Whether the transport of VLDL from the trans-Golgi to the

cell surface is constitutive or regulated is not known for certain,
but evidence for the existence of secretory storage vesicles which
'bud off' from the Golgi and which contain VLDL [50] argue for
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the latter (Fig. 1). Assuming a regulated transport process for
VLDL in secretory storage vesicles, fusion of the latter with the
sinusoidal membrane would not occur in the absence of a
hormone-mediated signal [51]. Little, if anything, is known about
this potentially important aspect of VLDL secretion.
Of the many problems of VLDL assembly which remain to be

resolved, three, especially, are relevant to the regulation of
VLDL secretion. These are, first, what determines the stage at
which apo B is released from the membrane of the secretory
apparatus - is it the availability of, or need to secrete, triacyl-
glycerol? Second, if triacylglycerol cannot transfer to the Golgi
without apo B [61], how is triacylglycerol added to the incipient
VLDL in the Golgi, as suggested by some of the experiments
described above? Does this suggest that the Golgi is itself
capable of triacylglycerol synthesis? Finally, what are the signals
which guide apo B through the complex maze of the secretory
apparatus and which target it, specifically, for secretory vesicles
rather than to the lysosome or for constitutive secretion?

It is possible that some of these questions may be resolved in
terms of the various post-translational modifications of apo B
that are known to occur. In this respect, studies directed towards
the functional relevance of apo B phosphorylation, glycosylation
and acylation may provide some important clues.

Partitioning of newly-synthesized triacylglycerol: storage or
secretion? There is no doubt that the processes ofVLDL assembly
and secretion are saturable, that in the presence of high concen-
trations of extracellular fatty acid, triacylglycerol synthesis
exceeds the secretion capacity [76,77] and that under these
circumstances triacylglycerol accumulates in the cytosolic storage
pool. The capacity for triacylglycerol secretion is higher in
normal-fed and sucrose-fed rats than in starved rats [62,70]. Thus
changes in the capacity for triacylglycerol secretion as determined
by nutritional status may affect the partitioning of newly-
synthesized triacylglycerol between the storage pool (cytoplasm)
and the secretory pool (VLDL). For instance, the proportion of
triacylglycerol entering the secretory pathway is high in chow-
and sucrose-fed animals, states characterized by a high rate of
fatty acid synthesis de novo (see above). In contrast, in diabetes
[75,77,78], fat-feeding [73] and in suckling rat liver [29,80], in
which the major precursor for hepatic triacylglycerol synthesis is
extracellular NEFA, the capacity for VLDL secretion is low and
newly-synthesized triacylglycerol accumulates in the cytosol of
the cell (Fig. 2).

NUTRITIONAL AND HORMONAL CONTROL OF
HEPATIC VLDL ASSEMBLY AND SECRETION

Effects of nutritional state

Triacylglycerol and apo B synthesis. Studies using liver prepara-
tions in vitro have shown convincingly that the rate of VLDL
triacylglycerol output is dependent upon the nutritional state of
the donor animals. In general, conditions which favour a high
rate of triacylglycerol synthesis de novo from small, carbohydrate-
derived precursors are associated with high rates of VLDL
output. This occurs with animals fed diets high in sucrose or
fructose [27,62-64], in hyperphagic obese Zucker rats compared
to their lean littermates [65-67], in fed compared to starved
animals [27,28,68-70], in animals fed chow- compared to fat-rich
diets [71-73] and in adult compared to suckling animals [29,74].
These relative increases in VLDL output in animals with high
rates of hepatic lipogenesis de novo also occurred at equivalent
concentrations of extracellular non-esterified fatty acids
[62,68,70], suggesting that the capacity for VLDL triacylglycerol
secretion had increased in these circumstances. In animals such as
this, fatty acid synthesized de novo contributed a relatively small
proportion of the large quantities of VLDL triacylglycerol
secreted [67,75], indicating that the increased availability of
newly-synthesized fatty acid, in itself, was not the direct cause of
the increased VLDL triacylglycerol output but that the two events
were somehow co-ordinated in parallel. In this connection, Davis
and his colleagues have provided evidence which suggests that an
increase in newly-synthesized fatty acids [38] but not of extra-
cellular pre-formed fatty acids [68], is associated with an increase
in the secretion ofnewly-synthesized apo B. Furthermore, fasting,
a state characterized by a decrease in the rate of synthesis of fatty
acids, resulted in a decreased synthesis and secretion of apo B
[28]. However, stimulation in vitro of fatty acid synthesis and
VLDL triacylglycerol output did not result in a change in the
rate of secretion of newly-synthesized apo B [63]. It thus appears
that some in vivo factor was responsible for the co-ordinate
increase in the rates of hepatic fatty acid and apo B synthesis.
The nature ofthis factor remains elusive and, to date, experiments
designed to simulate in vitro the changes in apo B synthesis
obtained after nutritional modification in vivo have not been
successful.
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Fig. 2. Channelling of newly-synthesized triacylglycerol into secretory and
storage pools

(a) When fatty acid synthesis rates are high, there is an increase in
the availability of functional apo B in the leaflets of the ER
membrane. VLDL assembly and secretion into the lumenal space is
enhanced, whereas triacylglycerol (TAG) transport into the cytosol
is relatively suppressed. Under these conditions, fatty acid oxidation
is inhibited. (b) A low rate of fatty acid synthesis is associated with
a decline in the availability of functional apo B. VLDL assembly is
suppressed and there is a relative increase in the amount of
triacylglycerol entering the cytosol. Under these conditions, fatty
acid oxidation is enhanced. + and - indicate co-ordinate changes
in fatty acid synthesis and apo B availability in the ER.
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Little is known of the mechanism underlying the regulation of
triacylglycerol channelling into the secretory, compared to the
hepatic, storage pools. However, it has been suggested that newly
synthesized triacylglycerol which arises between the lipid bilayer
of the endoplasmic reticulum 'buds off' into the cisternal space
of the ER when apo B is present in the membrane but into the
cytoplasmic space in the absence of apo B [14]. This implies that
the concentration of apo B between the monolayer leaflets of the
ER determines the relative proportions of triacylglycerol entering
the secretory and storage pools (Fig. 2). It is also possible that a
specific triacylglycerol transfer protein [81] may play a role
during this process.

Table 1. Different patterns of insulin exposure influence its effect on VLDL
triacylglycerol secretion

Key: +, insulin present; -, insulin absent.

Culture conditions

Previous 48 h Final 24 h

+
+

+

Relative VLDL triacylglycerol
secretion during final 24 h

I (highest)
2
3
4 (lowest)

Differential metabolism of apo B1oo and apo B48. In the rat, the
secretion of VLDL particles containing apo B48 and those
containing apo B1oo appear to be independently regulated by
nutritional and developmental factors which determine the rate
of triacylglycerol output by the liver. In general, high rates of
hepatic triacylglycerol synthesis de novo (from small precursors)
are associated with a high rate of hepatic VLDL output and a
high apo B48/apo Bloo ratio and vice versa [27-29,67].

It has been suggested that, from a physiological viewpoint,
nutritional conditions that favour high rates of VLDL triacyl-
glycerol entry into the plasma must be paralleled by an increased
rate of clearance if an excessive hypertriacylglycerolaemia is to
be prevented [27,67]. Although this may be achieved peripherally
by an insulin-mediated increase in the activity of adipose tissue
lipoprotein lipase (LPL), apo B48-containing particles are also
hydrolysed by LPL more rapidly than those containing apo B1oo
[30]. There would also be a requirement for an increased rate of
removal of the appropriate remnant particle. As particles con-
taining apo B48 are cleared more rapidly than those containing
apo Bloo [30-32], the increased secretion of apo B48 under condi-
tions of increased VLDL output may provide a buffering
mechanism preventing an excessively prolonged hypertriacyl-
glycerolaemia. This may explain the low levels of rat plasma
LDL, the only source of which is the relatively low amounts of
apo B1OO-containing VLDL. By contrast, in suckling rats which
secrete a relatively high quantity of apo Bloo [74], plasma
concentrations of LDL are elevated [82].

Hormonal effects
Insulin. In view of the long-established lipogenic role of insulin,

until recently it was assumed that the hormone acted directly on
the liver to promote the secretion of VLDL. This view was
supported by the relationship between hyperinsulinaemia and
VLDL production in vivo [83-88], and also by reports that
insulin, under some conditions, enhanced VLDL triacylglycerol
secretion from perfused livers in vitro [89,90]. However, this
latter observation is not a consistent finding [90,91] and the
precise effect of insulin appears to be critically dependent upon
the perfusion conditions [90]. Furthermore, insulin adminis-
tration to human subjects also decreased hepatic VLDL output
[92,93], a response which was not due to a decreased rate of
uptake of plasma free fatty acids by the liver [92]. In rats, hepatic
VLDL secretion rates in vivo are higher when plasma insulin
levels fall after feeding [94]. Studies with rat hepatocytes (for a
review, see [95]) and with human HEP-G2 cells [96,97] have also
consistently shown a direct inhibitory effect of insulin during
exposure periods shorter than 24 h irrespective of whether or not
oleate was present in the culture medium [96,98].

Insulin thus promotes the synthesis of triacylglycerol but, in
the short term at least, prevents its secretion from the hepatocyte.
Triacylglycerol therefore accumulates intracellularly during this
period and is mobilized resulting in an enhanced VLDL secretion
if insulin is subsequently removed from the medium [99] (Table

1). The means by which insulin uncouples the synthesis and
secretion of triacylglycerol is not clear. Fatty acids released by
hepatic lysosomal lipolysis of cytosolic triacylglycerol [100]
appear to contribute to VLDL triacylglycerol [101,102] and
inhibition of this lipase by insulin [100] might therefore be
expected to suppress the secretion of triacylglycerol. There is also
some evidence for an impairment of apo B association with
triacylglycerol [103], but the intracellular site(s) accommodating
this defect have not been investigated. The synthesis de novo of
apo B may also be impaired, possibly a secondary effect of
defective apo B and lipid association [104]. However, insulin
does not affect the expression of the apo B gene in HEP-G2 cells
[97]. Pulse-chase experiments have shown that, when insulin is
present in the culture medium of rat hepatocytes, a large
proportion of newly synthesized apo B is degraded intracellularly
rather than secreted [47,105].

In contrast to the inhibitory effect of short-term insulin
exposure, when the hormone is present for periods longer than
24-48 h the secretion of VLDL is enhanced [99,106], an effect
which may be related to the down-regulation of insulin receptor
levels [107]. Recent studies have suggested that the exact response
to insulin is dependent upon the extent to which triacylglycerol
synthesis is stimulated by the hormone. For instance, if the
increased synthesis falls below a threshold level of 120 ,g/24 h
per mg of protein, then insulin inhibits VLDL secretion; if above
this level, secretion is enhanced. This latter level is reached after
insulin exposure for periods between 24 and 48 h [99]. The
complexity of the insulin effect on VLDL secretion is summarized
in Table 1, which shows that rates of VLDL triacylglycerol
output during the final 24 h of a 72 h culture period can be
manipulated according to the detailed pattern of exposure of the
cells to insulin.

Glucagon. Glucagon inhibits the secretion of VLDL triacyl-
glycerol [108-110] and esterified and non-esterified cholesterol
[73,108,111] in isolated preparations of rat liver. The effect seems
to parallel the rapid inhibitory effect of glucagon on fatty acid
synthesis de novo [112,113]. Despite this, there is no evidence that
chronic exposure to glucagon or cyclic AMP suppresses total
cellular triacylglycerol synthesis [114,115]. Indeed, glucagon
increases the formation of triacylglycerol from labelled glycerol
when hepatocytes are cultured in its presence for 48-72 h [114].
When circulating glucagon concentrations are high in vivo,
extracellular fatty acids would be an important source of hepatic
triacylglycerol and it would thus appear that these are directed
preferentially into the hepatic storage pool rather than into the
secretory pool. Currently, there is no information on the effect of
glucagon on apo B secretion from rat hepatocytes. In HEP-G2
cells in this respect, glucagon is ineffective, although this has been
ascribed to a general insensitivity of this cell line to glucagon and
cyclic AMP [97]. Whether glucagon plays a physiological role in
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regulating hepatic VLDL output is uncertain at present. How-
ever, it is notable that hyperglucagonaemia is characteristic of
insulin-deficient diabetes, of fat ingestion [116] and during
suckling [117,118], all states in which hepatic VLDL secretion
decreases. Conversely, the high rate of VLDL secretion by the
liver of obese Zucker rats is associated with a decline in plasma
glucagon levels [110].

Glucocorticoids and catecholamines. Addition of dexa-
methasone to the culture medium of hepatocytes results in a
stimulation of VLDL triacylglycerol and cholesterol secretion
[106,119]. The detailed effects appear to be dependent upon the
age of the cells and the presence of lipogenic precursors. Whether
or not dexamethasone increases cellular triacylglycerol is con-
troversial [119,120]. The stimulatory effect on VLDL secretion
may contribute to the well-established hypertriacylglycerolaemia
associated with high circulating levels of adrenal glucocorticoids
[115,121]. In vitro, glucocorticoids added to the culture medium
were unable to reverse the inhibitory effects of insulin on VLDL
triacylglycerol [106] and apo B [122] secretion in normal hepato-
cytes. By contrast, cortisol reversed the inhibitory effect of
insulin on apo B secretion in hepatocytes from diabetic rats
[122].

Little is known of the direct effects of catecholamines on
hepatic VLDL secretion despite the importance of these hor-
mones in regulating lipid metabolism under conditions of acute

stress [123]. Short-term treatment of isolated liver preparations
with adrenaline or noradrenaline rapidly suppressed the secretion
of VLDL-associated triacylglycerol [124] and cholesterol [111]
respectively. This effect may contribute to the decreased plasma
triacylglycerol concentration observed in conditions of acute
stress [125].

Thyroid hormone. An extensive and sometimes confusing
literature exists on the effects of hypo- and hyperthyroidism on
hepatic lipid and lipoprotein metabolism (for a review see [126]).
Although there appears to be general agreement that, in vitro,
liver preparations from hyperthyroid animals secrete less VLDL
triacylglycerol than normal [126], hepatic VLDL output in vivo is
unchanged [127] or increased [128,129]. This discrepancy has
been ascribed to increased utilization of plasma NEFA in the
hyperthyroid state in vivo [126]. This may also explain the
difference between the high rate of hepatic VLDL secretion
in vitro in hypothyroidism [126] in contrast to the decreased
rates observed in vivo [127-129].

Recent studies of the effects of hyper- and hypothyroidism on
the expression of the apo B gene in adult animals and during
development has also provided some interesting but rather
perplexing information. For instance, gene expression decreases
during the suckling and weaning periods [130] and, in mice, this
decrease is prevented by absolute thyroxine deficiency [131].
However, as hypothyroidism in adult rats leads to a decreased

Fi
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'ig. 3. Source of fatty acid for VLDL triacylglycerol synthesis
VLDL secreted by the liver undergoes sequential lipolysis in a series of cycles through LPL-containing tissues. During this process, 'x' mol of fatty
acid are removed. Remaining lipoproteins containing triacylglycerol are returned to the liver at a rate depending upon their size. Fatty acids from
this source, together with those derived biosynthetically, from plasma NEFA and from the hepatic cytosol are, potentially, available for the
synthesis of VLDL triacylglycerol. The diagram does not take into account the possible compartmentation of the various alternative sources of
fatty acid. To maintain a steady state of hepatic triacylglycerol input and output 'x' mol of fatty acid are required to enter the secretory pool from
sources other than incoming lipoproteins.
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synthesis of apo B0oo and apo B48 [127], the significance of this
finding is not clear. It is interesting that prolonged treatment of
rats with thyroxine has recently been shown to promote the
insertion of a stop codon into hepatic apo B100 mRNA (see
above) resulting in the exclusive formation of apo B48 [132]. This
may result from an increased activity of a site-specific cytosine
deaminase [26].

INTEGRATION OF HEPATIC VLDL SECRETION WITH
EXTRA-HEPATIC LIPID METABOLISM

The origin of triacylglycerol for VLDL assembly
There are four potential sources of hepatic VLDL tri-

acylglycerol in vivo: fatty acids synthesized de novo, plasma non-
esterified fatty acids, the stored pool of hepatic triacylglycerol,
and triacylglycerol derived from incoming lipoproteins (Fig. 3).
Conclusions regarding the relative importance of these sources in
different dietary states have been somewhat conflicting, due
partly to the variety ofmodels for assessing VLDL triacylglycerol
turnover in vivo (reviewed in [133,134]), possible species differ-
ences, particularly between rat and man [135] and the difficulties
in constructing a valid in vitro model in which all sources are
represented in balanced proportions. Little or no information is
available concerning the quantity of newly synthesized fatty
acids contributing to VLDL triacylglycerol in man. In the rat,
however, studies both in vivo and in vitro agree that this source
makes only a minor contribution even when fatty acid synthesis
rates are high [67,75,136]. Thus the elevated VLDL triacylglycerol
fatty acid output which often accompanies increases in hepatic
fatty acid biosynthesis cannot be accounted for solely by an
increase in fatty acids derived from this source. The contribution
of newly synthesized fatty acids is even lower in diabetic animals,
in animals starved for 24 h and in animals in the pre-prandial
state (Table 2). Estimates for the contribution of exogenous

(plasma) NEFA to VLDL triacylglycerol differ according to the
model and species used. In livers derived from fed animals and
perfused with non-limiting concentrations of NEFA, VLDL
triacylglycerol is derived largely from this source [62,67] (see
Table 2). However, in the fed state in vivo, suppressed peripheral
lipolysis limits the amount of plasma NEFA available for hepatic
esterification and early studies in the rat [137] suggest that as
little as 22% of newly formed hepatic triacylglycerol is derived
from this source. Despite the increased availability of plasma
NEFA in the starved state, studies in the rat in vivo [138] (Table
2) suggest a low contribution from this source and indicates the
possible importance ofrecycled lipoprotein triacylglycerol return-
ing from peripheral tissues [160]. In the dog [139] and in man
[140], however, plasma NEFA appear to make a major con-
tribution in the starved state.

Nevertheless, species differences apart, the balance of evidence
suggests that there are occasions in which the sum of newly
synthesized and plasma fatty acids is insufficient to account for
the overall rate of VLDL triacylglycerol output into the plasma.
In the rat, this shortfall cannot be accommodated indefinitely by
the relatively small quantity of intrahepatic triacylglycerol
(4-8 mg/g fresh wt.). The only remaining source of triacylglycerol
in vivo is that derived from lipoproteins returning to the liver
from peripheral organs. This quantity is dependent upon the
affinity of liver receptors and hepatic lipase for triacylglycerol-
containing lipoproteins. These affinities bear an inverse relation-
ship to the size of the particle [141], in contrast to the activity of
peripheral tissue lipoprotein lipase which is positively correlated
with particle size (Fig. 3). In starved rats, recycled triacylglycerol
has been shown to contribute 83 % of the newly secreted hepatic
triacylglycerol [160]. Uptake by the liver was also the major fate
of labelled VLDL triacylglycerol administered to starved rabbits
[142] and in starved rats only 30% (4.4 ,umol/min per kg body
wt.) of the secreted VLDL triacylglycerol fatty acid

Table 2. Contribution of various sources of fatty acids of VLDL triacylglycerol

Species
Nutritional

state

Rat 48 h fasted

Rat Fed, mid-lactating

Rat Fed, 24 h weaned

Rat
Rat
Rat
Rat

Glucose-fed
Fed
Fructose-fed
Fed

Rat Fed, mid-dark

Rat Fed, mid-light

Rat 24 h-starved

Dog
Man
Rat

Starved
Starved
Fed

Experimental
model

In vivo

In vivo

In vivo

In vivo
Perfused liver
Perfused liver
Perfused liver

In vivo

In vivo

In vivo

In vivo
In vivo
Perfused liver

Contribution (%)
of fatty acids
from stated

source

83 % recycled,
17o% NEFA

9.60% newly
synthesized*
19.40% newly
synthesized*

22 o NEFAt
90% NEFA
64-1000% NEFAt
9% newly
synthesized

7.70% newly
synthesized

2.40% newly
synthesized

0.60O newly
synthesized
100% NEFA
100% NEFA
30 °O newly
synthesized

* VLDL not separated from chylomicrons.
t NEFA as % of newly-formed liver triacylglycerol; VLDL not measured.
t Exact contribution depended upon extracellular fatty acid concentrations.
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Reference

[138]

[136]

[136]

[137]
[67]
[62]
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[75]

[75]

[75]
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[140]
[89]
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(14.4 rmnol/min per kg body wt.) was oxidized peripherally [1].
As adipose tissue uptake was minimal, the remainder was
probably returned to the liver. Furthermore, several studies have
shown that, in vitro, although the liver can acquire triacylglycerol
by the rapid uptake of VLDL remnants [143], particles richer in
triacylglycerol are also removed [69,144].

The role of insulin
Dietary energy, consumed in excess of an animal's immediate

requirements, is temporarily stored during periods of high food
intake and made readily available for energy-requiring tissues
when food intake is low. The role of insulin in this process may
explain its uncoupling of triacylglycerol synthesis from secretion,
the physiological purpose of which probably stems from the
energy requirements of muscle tissue. Evidence obtained in rats
suggests that when food intake is low, direct oxidation of VLDL
triacylglycerol fatty acids is at least as important a source of
energy for muscle tissue as is the oxidation of plasma NEFA [1].
This finding implicates LPL activity as a critical factor in the
supply of lipid energy to these tissues. This is supported by the
diurnal pattern of muscle LPL activity which peaks during
periods of low food intake when plasma insulin levels are low
[145]. It is possible, therefore, that insulin promotes the synthesis
and temporary storage of hepatic triacylglycerol during periods
of food intake, and this is then mobilized to meet the increased
demands of muscle tissue for lipid-derived energy when food
intake and plasma insulin levels are low. In support of this,
experiments in vivo have shown that the liver secretes somewhat
more VLDL triacylglycerol during that part of the diurnal cycle
when food intake is low [94]. Furthermore, in hepatocyte cultures,
triacylglycerol stored within the cell during exposure to insulin is
released into the medium as VLDL when insulin is removed [99].
If this hypothesis is correct, then insulin co-ordinates the
temporary storage of hepatic triacylglycerol with that of adipose
tissue triacylglycerol and hepatic and muscle glycogen as part of
the overall process by which the body ensures the efficient long-
term utilization of dietary energy intake.

Response to dietary fat
An important question is whether the consumption of dietary

fat affects the secretion of hepatic VLDL and, if so, what are the
mechanisms involved. Theoretically, it might be expected that in
a situation where the body's requirement for triacylglycerol can
be met wholly from the intestinal source, the requirement for
hepatic VLDL should be reduced or abolished. There is little
doubt that dietary supplementation with fat decreases the rate of
hepatic fatty acid synthesis de novo [146,147] and it has already
been noted that, in many situations, fatty acid synthesis is
positively linked with VLDL triacylglycerol output (see above).
Although there are differences in detail, the balance of direct
evidence also suggests that, in rats, supplementation of the
normal high-carbohydrate diet with fat suppresses the secretion
of hepatic VLDL. The extent of suppression is dependent upon
the nature of the fat consumed. For instance, in this species,
saturated animal fat [71,148], polyunsaturated vegetable oil [73]
and n -3 polyunsaturated fish oils [72,149,150] reduced VLDL
secretion rates. Fish-oil appears to be more potently active than
other types of dietary fat in suppressing hepatic VLDL secretion
[72,151] and this may be a major contributory factor underlying
the hypolipidaemic effect of diets rich in n -3 fatty acids.
Enhanced clearance of VLDL due to a stimulation of LPL
activity is not observed [152]. On the other hand, the hypo-
triacylglycerolaemic effect of safflower-oil compared to corn-oil
appeared to be due principally to an increase in LPL activity
[153]. No differences in VLDL secretion rate were observed when
the two diets were compared. VLDL secretion rates in animals

fed a diet lacking in fat were not studied in this report. Finally,
in non-human primates, a diet rich in peanut oil decreased
VLDL triacylglycerol and apo B secretion in hepatic perfusates
in vitro. Feeding lard decreased these parameters in Rhesus
monkeys but not in baboons [154].
What is the mechanism by which dietary fats, and particularly

n-3 polyunsaturated fat, suppress hepatic VLDL secretion? It
has been noted previously (see above) that in rats changes in the
fatty acid synthesis rate are positively associated with changes in
the rate of secretion of VLDL triacylglycerol and apo B, par-
ticularly apo B48. The molecular mechanism underlying this
relationship is not known. In this -respect, it has been clear for
some time that the consumption of dietary fat suppresses hepatic
fatty acid synthesis to an extent depending upon the structure of
the dietary fatty acids [146]. This is generally attributed to an
increase in the concentration of plasma NEFA [155] resulting in
a decreased activity of acetyl-CoA carboxylase [150]. Differential
changes in the fluidity of membranes of cellular compartments
[155] may also contribute to the varying metabolic effects of
different dietary triacylglycerol fatty acids. High plasma NEFA
levels do not always, however, suppress hepatic fatty acid
synthesis, norVLDL secretion rates, as evidenced by the elevation
of both these parameters in the obese Zucker rat [62,67]. In this
case, hypoglucagonaemia may be an important contributory
factor to the increased output of hepatic VLDL [110].

Some comments on the measurement of hepatic VLDL secretion
rates in vivo and in vitro

In vivo, two techniques have been widely used for determining
VLDL triacylglycerol secretion rates. First, information has been
derived from calculations based upon isotopic measurements of
VLDL triacylglycerol turnover. This method has been applied to
man and to smaller experimental animals (for a critical review of
this methodology, see [134]). Second, in smaller animals, VLDL
secretion into the plasma has been measured using Triton WR-
1339 to block peripheral lipolysis. In the rat, the first method has
generally resulted in rates which are higher than those obtained
using Triton (see Table 3), a difference which may be due to
incomplete inhibition of peripheral lipolysis by Triton [156].
Furthermore, detergents such as Triton may expose the normally-
inaccessible receptor binding domain of apo Bioo on VLDL [55].
Thus some nascent VLDL may be cleared by the liver apo B,E
receptor in the presence of Triton. This method, therefore, may
under-estimate the true rate of hepatic VLDL triacylglycerol
secretion into the plasma in vivo. Despite the possibility ofVLDL
leakage, results obtained using this method generally exceed
those observed in vitro using perfused livers, even when non-
limiting concentrations of non-esterified fatty acids are added to
the perfusate (Table 4). Rates ofVLDL triacylglycerol output in
hepatocytes during the first 24 h in culture are very similar to
those obtained in perfused liver and again fail to match the higher
rates measured in vivo (Table 4). The reason for this shortfall in
vitro is not clear, but it is notable that when blood and/or plasma
was included in the perfusate, hepatic triacylglycerol secretion
rates were higher [157,158]. Hepatocytes in culture may, under
some conditions, be induced to secrete VLDL triacylglycerol at
a rate (188 ,ug of triacylglycerol/24 h per mg of protein, which
corresponds to 0.31 ,umol of triacylglycerol fatty acids/min per
100 g) approaching the average of the in vivo (Triton) rates, but
this was only achieved at a concentration of cellular triacyl-
glycerol which was 10-fold higher than normal [99]. It is also not
readily apparent why starvation shows no effect on the rate of
appearance of plasma VLDL in vivo (Table 3) [159] whereas in
vitro VLDL secretion decreases both in isolated perfused livers
[27,69,70] and in isolated hepatocytes [28,68] derived from starved
animals. The effects of hyperthyroidism on VLDL output in vivo
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Table 3. VLDL triacylglycerol fatty acid output in vivo

VLDL triacylglycerol fatty acid output
( umol/min per 100 g)*

Method State of rats Mean + S.E.M. Range Reference

Triton
Triton
Isotopic
(VLDL turnover)

Fed
Fasted
Fed + fastedt

0.69+0.12
0.62+0.03
1.30+0.11

0.36-1.29 (n = 6)
0.53-0.71 (n = 5)
1.01-1.50 (n = 4)

[75,94,162,166-168]
[75,162-165]
[1,137,138,166]

* The unit of VLDL output differs between the various reports. The above values have been standardized to a common unit assuming a plasma
volume of 4.1 0O of body wt. [162] and a liver-to-body-wt. ratio of 0.04 [75].

t There were no differences in the values for fed and fasted animals. These have been combined.

Table 4. VLDL triacylglycerol fatty acid secretion rates in isolated liver preparations in vitro

VLDL triacylglycerol fatty
acid output*

(umol/min per 100 g)

0.18 +0.04
0.12 +0.05

0.19
0.12 +0.01

Range Reference

0.07-0.42 [67,64,65,69,157,160,161]
0.04-0.31 [29,70,157,169,170]

- [98]
0.10-0.16 [106,103,171,172]

* Values for perfused liver have been calculated using liver-to-body-wt. ratio of 0.04 [75]. Values for hepatocytes are normally reported as /umol/mg
of protein. These have been converted to the above values assuming a liver protein content of 160 mg/g and a liver-to-body-wt. ratio of 0.04. All
measurements in hepatocytes were carried out during the first 24 h after plating the cells.

t NEFA concentrations ranged between 0.3 and 1.09 mM.
t NEFA concentration 0.75 mM.

[127] and in vitro [126] are also inconsistent, as are the effects of
insulin-deficient diabetes [75,78,98,160,161]. In both these states
the rates measured in vivo using Triton WR- 1339 did not change,
whereas in vitro there were decreases in hepatic VLDL output
rates. In interpreting these results, it should be borne in mind
that the Triton method measures total VLDL input into the
plasma and does not discriminate between a hepatic and a

possible intestinal source.

DEFECTS IN VLDL ASSEMBLY AND SECRETION

Diabetes
Abnormalities of lipoprotein metabolism are common features

of both the insulin-dependent (IDDM) and non-insulin-depen-
dent (NIDDM) forms of diabetes (for reviews, see [85-88]).
These diabetic states differ from each other in their metabolic
effects, including the hepatic secretion of VLDL.

Non-insulin-dependent diabetes (NIDDM). There is wide agree-
ment that in NIDDM, a state characterized by tissue resistance
to insulin, the production of hepatic VLDL triacylglycerol is
increased (see [86] for a review). The magnitude of the increase
in apo B production, however, is not so large, resulting in a

particle of abnormal size and composition [173]. The cause(s) of
the increased VLDL triacylglycerol output in NIDDM has not
been positively identified. Several metabolic abnormalities associ-
ated with this state, including hyperglycaemia, elevated concen-

trations of plasma NEFA, and hypoglucagonaemia, when simu-
lated in vitro, have each been shown to produce an increase in
hepatic VLDL triacylglycerol secretion (for a review see [95]).

The direct effect of insulin itself on VLDL secretion in NIDDM
also remains to be resolved. It has been argued that hyper-
insulinaemia, which is commonly associated with this diabetic
state, acts positively on the liver to stimulate the secretion of
VLDL (for a review, see [88]). This hypothesis, however, fails to
account for the inhibitory effect of insulin on hepatic VLDL
secretion observed in many studies both in vitro and in vivo (see
above). An alternative explanation has been proposed which
involves loss of sensitivity to the normal, insulin-induced sup-

pression of hepatic VLDL secretion [85].

Insulin-dependent diabetes (IDDM). Experimental insulin defici-
ency in rats is associated with a decreased output of VLDL
triacylglycerol in isolated liver preparations. This occurs both in
short-term studies in the perfused liver model [78,160,161] and,
over the longer term, in hepatocyte cultures [98]. This is ac-

companied by a decline in the secretion of apo B [39,122,174].
Since direct comparisons have not yet been made, it is not known
whether VLDL triacylglycerol and apo B outputs decrease to the
same extent. However, in vitro the secretion of non-esterified
cholesterol is not affected to the same extent as triacylglycerol
and this altered ratio, if reflected in vivo, may affect the further
metabolism of the particle [98]. The abnormalities of VLDL
triacylglycerol and apo B secretion cannot be rectified by addition
of insulin to the medium; in fact, a further decline is observed
under these conditions [98,122].
The decrease in hepatic VLDL secretion in vitro is in sharp

contrast to the unchanged or increased rates of VLDL triacyl-
glycerol input into the plasma measured after Triton WR-1339
administration to rats with a similar severity of diabetes [75,165],
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and in human subjects with IDDM [84,175-177]. An increase in
intestinal VLDL secretion occurs in insulin-deficient rats [165],
although the extent of this change was not sufficient to com-
pensate for the large decrease in hepatic production. Nevertheless,
the apoprotein content of the plasma VLDL [178] and the
increased intestinal synthesis of cholesterol [179] and triacyl-
glycerol [180] in diabetic animals may reflect the increased
importance of this organ in contributing to the plasma VLDL
input in insulin-deficient diabetes.
The rapid effect of insulin deficiency in vivo in reducing VLDL

secretion from subsequently derived perfused liver [78] contrasts
with the direct stimulatory effect observed when insulin is
removed from hepatocyte cultures (see above). Further, in
contrast to its effects on diabetic hepatocytes in vitro [98], insulin
administration to diabetic animals in vivo restored to normal the
secretion of VLDL triacylglycerol [78] and apo B [122] in isolated
liver preparations derived from them. These observations suggest
that the suppressive effect of insulin-deficiency in vivo is indirect
and is mediated by some other factor.

Obesity
Obese subjects are often diabetic and in many cases it is

difficult to assess the contribution of each state to the observed
abnormalities of lipoprotein metabolism. Nevertheless, it is clear
that obesity itself, in the absence of diabetes, is associated with
defects in the metabolism of lipids and lipoproteins. As regards
VLDL, the obese state is accompanied by an increased rate of
output of triacylglycerol [173,181,182] and apo B [173,181,183].
Both apo B and triacylglycerol increased to the same extent,
producing increased numbers ofVLDL particles with unchanged
size or composition [173]. In some cases, this leads to hyper-
triacylglycerolaemia but in others, VLDL levels are not elevated
owing to a compensatory increase in the clearance of VLDL
[181], possibly resulting from elevated adipose tissue LPL activity
[184]. There appear to be at least two reasons for the increased
VLDL secretion rates in obesity. In man, increased availability
and utilization of NEFA for VLDL triacylglycerol synthesis has
been implicated [181]. Altered partitioning of NEFA [66] also
contributes to the increased hepatic VLDL triacylglycerol se-

cretion in the obese Zucker rat, widely used as a metabolic model
for human obesity [169,185]. In this model, increased fatty acid
synthesis de novo also appears to be a major contributory factor
[67]. More recently, in human subjects, insulin resistance, which
is common in obesity, has been linked to increased plasma
VLDL concentration, probably via an increase in hepatic VLDL
secretion [186].

Alcohol consumption

The effects of alcohol consumption on VLDL metabolism are

controversial and appear to differ according to the quantities
involved and the periods during which alcohol is consumed. For
instance, in normal subjects, moderate alcohol intake
(2636 kJ/day for 4 weeks) had no effect on VLDL triacylglycerol
production rates [187]. However, in alcoholic men, VLDL
triacylglycerol production increased compared to non-alcoholic
control subjects even though there was no change in apo B
production [188]. This appears to be in accord with earlier
reports in rats [189] and baboons [190] that chronic ethanol
consumption led to an increased output ofVLDL triacylglycerol.
However, a more recent study has shown that VLDL triacyl-
glycerol secretion into the plasma is decreased in rats consuming
14 g of ethanol/kg body wt. per day for 4 weeks [191]. It has been
proposed that this is a major cause of alcoholic fatty liver and is
due, at least in part, to a -defect in the movement of VLDL out
of the Golgi [192]. It is possible that the reported differences

using the rat model may reflect differences in ethanol con-

sumption (3 g/kg in [189]; 14 g/kg in [191]).
Studies in vitro using hepatocyte cultures have shown that

ethanol at a concentration of 50 mm (equivalent to a blood
concentration in vivo of 230 mg/dl) affects triacylglycerol metab-
olism and results in an accumulation of cellular triacylglycerol
[120]. This is accompanied by a decrease in the rate of secretion
of VLDL triacylglycerol into the medium [193].

SUMMARY AND CONCLUSIONS

In contrast to water-soluble fuels such as glucose or ketone
bodies, the use of lipids as an energy source for tissues has
required the development of complex structures for their trans-
port through the aqueous plasma. In the case of endogenously
synthesized triacylglycerol this is achieved by the assembly and
secretion of hepatic VLDL which provides the necessary stability
in an aqueous medium. An essential component of this assembly
process is apo B. Dietary changes which require an increase in
hepatic VLDL secretion appear to be accompanied by increases
in the availability of functional apo B. Interesting questions
relate to: (a) the intracellular site(s) of triacylglycerol association
with apo B, and (b) the mechanism(s) by which the availability of
functional apo B at this site responds to metabolic and hormonal
signals which reflect dietary status and, thus, the need to secrete
triacylglycerol. As regards the latter, although in some cases
changes in apo B synthesis occur in response to VLDL secretion
hepatic apo B mRNA levels appear to be quite stable in vitro [97].
Intracellular switching of apo B between the secretory and
degradative pathways may be important in controlling VLDL
-assembly and post-translational modifications of the apoprotein
may also play a role by influencing its ability to bind to
triacylglycerol.

Transport is not the only problem associated with the utiliza-
tion of a concentrated energy source such as triacylglycerol and
the complex problems of waste product disposal and recycling
have to be dealt with. In the case of triacylglycerol, potentially
toxic waste products include atherogenic remnants and LDL.
The overall problem, then, in the long-term, involves the de-
velopment of a 'safe' means of utilizing triacylglycerol and this
requirement accounts for much of the complexity of plasma
lipoprotein metabolism. In this area, the rat could teach the
human a few tricks. One of these appears to be the utilization of
hepatic apo B48 rather than apo B0oo for VLDL assembly in
response to increases in the extrahepatic utilization of hepatically
synthesized triacylglycerol. Under these conditions, the remnants
of hepatic triacylglycerol utilization by peripheral tissues are
cleared from the plasma much more readily via a process which
seems to involve the cycling of more triacylglycerol back to the
liver than that which occurs in humans. The means by which this
is achieved, though, are obscure and may involve a chylomicron
remnant receptor, the nature of which, itself, remains con-
troversial [194]. The key to the problem of 'safe' transport,
then, may be linked at least in part to the regulation of hepatic
apo B48 production, a process already known to be under post-
transcriptional control [25].
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