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factors affecting hepatic VLDL assembly and

secretion
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Abstract

Excess lipid induced metabolic disorders are one of the major existing challenges for the society. Among many
different causes of lipid disorders, overproduction and compromised catabolism of triacylglycerol-rich very low density
lipoproteins (VLDL) have become increasingly prevalent leading to hyperlipidemia worldwide. This review provides the
latest understanding in different aspects of VLDL assembly process, including structure-function relationships within
apoB, mutations in APOB causing hypobetalipoproteinemia, significance of modulating microsomal triglyceride-
transfer protein activity in VLDL assembly, alterations of VLDL assembly by different fatty acid species, and hepatic
proteins involved in vesicular trafficking, and cytosolic lipid droplet metabolism that contribute to VLDL assembly. The
role of lipoprotein receptors and exchangeable apolipoproteins that promote or diminish VLDL assembly and secretion
is discussed. New understanding on dysregulated insulin signaling as a consequence of excessive triacylglycerol-rich
VLDL in the plasma is also presented. It is hoped that a comprehensive view of protein and lipid factors that contribute
to molecular and cellular events associated with VLDL assembly and secretion will assist in the identification of
pharmaceutical targets to reduce disease complications related to hyperlipidemia.

Introduction

Lipids of dietary origin as well as those stored in the adi-
pose tissues act as energy sources for mammalian cells.
Since lipids are hydrophobic in nature, mammals have
evolved a mechanism such that the insoluble lipids are
made soluble in the form of lipoproteins for transporta-
tion and delivery to various organs and tissues by the cir-
culatory system. Formation and secretion of lipoprotein
particles is primarily achieved in the liver (as VLDL) and
in the intestine (as chylomicrons). The process involved
in the assembly and secretion of hepatic VLDL or intesti-
nal chylomicrons is complex and has been studied exten-
sively for the past 2-3 decades. Lipid and protein factors
that affect various steps during the assembly and secre-
tion of VLDL and chylomicrons have been identified. The
assembly process of hepatic VLDL is initiated in the
endoplasmic reticulum (ER) as soon as apoB-100 is trans-
lated and translocated into the lumenal side where the
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elongating apoB-100 polypeptide chain recruits various
lipids co-translationally. Each VLDL is composed of one
molecule of apoB-100, multiple copies of other apolipo-
proteins, together with varied amounts of triacylglycerol
(TAG) and cholesteryl esters, depending upon the size of
resulting particles. Cellular and molecular mechanisms
by which different lipid and protein components are
brought together for VLDL assembly are not fully under-
stood and remain to be defined. A protein factor other
than apoB that is absolutely required for VLDL assembly
is the microsomal triglyceride-transfer protein (MTP).
The obligatory role of MTP in VLDL assembly/secretion
is exemplified by human familial abetalipoproteinemia,
characterized by nearly a complete absence of apoB-con-
taining lipoproteins including VLDL (and chylomicrons
as well). Available evidence indicates that among different
lipid and protein constituents of VLDL, the availability of
functional apoB-100 and TAG are by far the most critical
for the assembly of secretion-competent VLDL within
the ER lumen. An array of protein factors involved in
secretory protein translation and translocation across the
ER membrane are responsible for initial apoB-100 folding
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to attain lipid-binding capability within the microsomal
lumen. Pathological conditions that disfavor apoB-100
folding or binding of lipids to apoB will result in aborted
VLDL assembly and premature intracellular degradation
of apoB-100 during or after translation.

Structural and functional elements within apoB-
100

The human APOB gene, located on the distal end of the
short arm of chromosome 2 (2p23-2p24), encodes a ~20
kb mRNA that is translated into the full-length apoB-100
consisting of 4,536 amino acids in the liver [1-3]. A trun-
cated form of apoB, known as apoB-48, represents the N-
terminal 48% of apoB-100 and is produced in the intes-
tine by an mRNA editing mechanism [4]. In humans,
apoB-100 and apoB-48 are obligatory proteins for the
assembly of respective hepatic VLDL and intestinal chy-
lomicrons [5]. In mouse and rat, the liver synthesizes
apoB-48 in addition to apoB-100 [6]. Because of their
enormous size, extreme hydrophobicity along with varied
extents in lipid-binding, the 3-D structure of apoB-100 or
apoB-48 has not been solved at the atomic level. How-
ever, attempts have been made, using various algorithms,
to compute the structures of various domains of apoB-
100. The modeled human apoB-100 molecule is com-
posed of five domains enriched with alternating amphip-
athic oa-helices and amphipathic B-strands, designated
Bal-pl-a2-B2-a3 [7]. Various domains and their approxi-
mate locations in apoB-100 are depicted in Fig. 1A.
Moreover, based on the homology to lamprey lipovitellin,
a modeled structure for the N-terminal ~930 amino acids
of human apoB-100 has been proposed [8,9]. This model
predicts a fal domain structure consisting of P-barrel
(the first 264 residues) and a-helical bundle (residues
292-593), followed by two amphipathic B-sheets termed
C sheet (residues 611-782) and A sheet (residues 783-
930), respectively, that may form a lipid-binding pocket
[10]. Scanning transmission electron microscopy studies
have provided direct evidence that nanogold-labeled
apoB fragment (apoB6.4-17) interacted with lipids [11]. A
model of human apoB-100 associated with low density
lipoprotein (LDL) has been obtained using images cap-
tured by electron cryomicroscopy, in which a single
apoB-100 molecule with its o-helix and B-sheet rich
domains across the LDL surface is proposed [12].

The N-terminal region of apoB contains several bind-
ing sites for MTDP, an apoB-specific molecular chaperone
essential for apoB-100 to fold properly during VLDL
assembly/secretion [13,14]. Multiple MTP-binding sites
have been identified within the N-terminal pal domain
of apoB [13,15,16], and the affinity of MTP-binding is
inversely related to the apoB polypeptide length [17].
Apart from binding to MTDP, the fal domain of apoB-100
also binds to scavenger receptors in human macrophages
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[18] and to lipoprotein lipase [19]. The f1 domain (amino
acids 827-1880) of apoB-100 is predominantly made of
amphipathic p strands and is involved in irreversible
lipid-binding [20,21]. The f2 domain located at the C-ter-
minal half of apoB-100 possesses LDL receptor-binding
property [22,23]. The role of the intervening amphipathic
a-helix enriched domain a2 and the C-terminal a3 of
apoB-100 may represent a flexible region that imparts
elasticity to the molecule allowing recruitment of various
amounts of core lipids [24].

The amino acid sequences within apoB-100 essential
for lipoprotein assembly and secretion have been investi-
gated extensively using two approaches, namely trunca-
tion mutagenesis and chimeric protein expression
analysis. Incremental truncation of human apoB polypep-
tide from the carboxyl terminus successively decreased
its ability to form buoyant lipoprotein particles [25,26].
Under lipid rich conditions, the ability of apoB to assem-
ble VLDL resides at the length transition between the N-
terminal ~30% and ~40% of the polypeptide, a region
enriched with amphipathic  strands (i.e. the B1 domain)
[26]. Studies with chimera proteins, in which segments of
apoB derived from the B1 domain were fused with apoA-
I, have shown that inclusion of the amphipathic  strands
conferred the ability to assemble VLDL [26]. The amino
acid sequences within the 1 domain also influence the
rate of apoB translocation across the ER membrane and
its susceptibility to proteasomal degradation [27] (for
apoB degradation, see below). These studies suggest that
the amino acid sequences within the pl1 domain are
important for lipid-binding in the VLDL assembly pro-
cess.

Human apoB-100 undergoes several posttranslational
modifications, including disulfide bond formation, N-
linked glycosylation, and palmitoylation. Mutational
analysis has shown that among six disulfide linkages
within the fal domain, the two involving Cys>!/Cys7 and
Cys?18/Cys?34 are essential for apoB-lipoprotein assembly
and secretion [28,29]. Results from the cysteine mutagen-
esis studies corroborate with data obtained from dithio-
threitol treatment experiment in which abolishing apoB
disulfide bond formation with the reducing agent
resulted in decreased apoB secretion [30].

There are 20 potential N-linked glycosylation sites
within human apoB-100, of which 16 Asn residues are
conjugated with oligosaccharides in apoB-100 associated
with plasma LDL [31]. The requirement of Asn!58, Asn9%,
Asnl134l) Asnl1350, and Asn!4% residues within the amino
terminus of apoB-100 has been determined by mutagene-
sis experiments; results from these studies suggested that
the loss of N-glycans, particularly at Asnl4%, resulted in
decreased stability of apoB and reduced secretion of
TAG-rich lipoproteins [32]. Thus, in addition to lipid
binding sequences of apoB, the N-linked oligosaccharides
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Figure 1 Model of the N-terminal of apoB and positions of FHBL mutations. A, schematic diagram of apoB-100, with predicted locations of Bal,
B1,a2,32,and a3 domains are shown on the top. B, positions of non-truncating FHBL mutations within the N-terminal 1,000 amino acids of apoB-100.
Mutations associated with phenotype of hypobetalipoproteinemia (hypof) are shown on the top, whereas mutations associated with phenotype of
both hypof3 and hepatic steatosis are shown below. C, proposed homologous model of the N-terminal ~930 amino acids of apoB. The -barrel, a-

helical, and {3 sheet (C-sheet and A-sheet) are highlighted in green, cyan, red, and blue, respectively. Locations of Ala3!, Gly275, Leu324, Leu343, Arg#63, and

Gly?12 within the modeled a1 domain are shown as yellow spheres.

/

conjugated to apoB also play a role conferring the post-
translational stability and the ability to assemble lipopro-
teins.

Palmitoylation of human apoB is observed in plasma
LDL [33] as well as apoB found in cultured hepatic cell
lines [34,35]. The 16-carbon fatty acid palmitate is cova-
lently linked to cysteine residues via thioester bonds.
Mutagenesis studies of the four cysteine residues Cys1085,
Cys13%, Cys1478, and Cys1635 suggest that the lack of palm-
itoylation within the N-terminal region of apoB does not
compromise the ability of apoB-48 to assemble lipopro-
teins [36]. However, decreased secretion of the short
truncation mutant apoB-29 was observed as a result of
lack of palmitoylation [35]. It is likely that an interplay
exists between the length of amphipathic lipid-binding
sequences and palmitoylation of apoB that regulate TAG-
rich lipoprotein assembly and secretion.

Many mutations in the APOB gene have been charac-
terized and found to affect the plasma concentrations of
apoB, TAG and cholesterol. The most characterized
APOB mutations are the ones found in familial hypobeta-
lipoproteinemia (FHBL) [37]. FHBL is inherited in a
Mendelian fashion as an autosomal dominant trait.
Heterozygote FHBL individuals invariably have plasma
cholesterol, TAG, LDL-cholesterol, and apoB at levels
approximately 1/3 of normal, whereas homozygote FHBL
subjects have barely detectable levels of apoB. Individuals
with FHBL have reduced risk of cardiovascular diseases
presumably owing to low plasma apoB and cholesterol
concentrations [38]. Various truncated forms of apoB,
such as apoB-32 [39], apoB-55 [40], apoB-61 [41], apoB-
75 [42], and apoB-83 [43] to name a few, are found in
human subjects displaying FHBL phenotype as a result of
nonsense mutations occurring throughout the apoB poly-
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peptide. To date, novel truncating mutations within
APOB are continually being identified in FBHL patients
devoid of cardiovascular diseases [44]. Cell culture and
transgenic mouse studies with a variety of truncated apoB
forms (ranging from apoB-15 to apoB-94) showed that
most of the C-terminally truncated apoBs were secreted
as efficiently as normal apoB-100 or apoB-48
[25,26,45,46].

Non-truncating mutations in APOB also cause FHBL;
most of these nonsynoymous mutations occur within the
Bal domain of apoB [47-49]. Biochemical analysis has
shown that unlike the apoB truncation mutants whose
secretion efficiency was normal, the nonsynoymous apoB
mutants exhibited markedly decreased secretion from
transfected cells and abnormal retention of the mutant
proteins within the ER or Golgi [49,50]. Twelve non-trun-
cating mutations within the N-terminal 1,000 amino
acids of apoB-100, some of them associated with hypo-
betalipoproteinemia and some confounded with hepatic
steatosis, are shown in Fig. 1B. Table 1 summarizes the
seven non-truncating apoB mutations that have been bio-
chemically characterized. For example, the mutant A31P
apoB proteins identified in an Italian FHBL subject
showed severely impaired secretion and augmented
intracellular degradation by proteasomes and autophagy
[50]. The identification of missense mutations within the
Bal domain of apoB indicates the structural and func-
tional importance of this domain, and also provides addi-
tional explanation for the early observations that
recombinant apoB segments lacking the N-terminal
1,000 amino acids were either secreted poorly or not
secreted at all [25,26]. Position of the amino acids corre-
sponding to FHBL mutations within the predicted Pal
domain of apoB is depicted in Fig. 1C.

MTP and VLDL assembly

MTP is a heterodimer consisting of a 97-kDa lipid-bind-
ing and -transfer subunit [51] and a 55-kDa protein disul-
fide isomerase (PDI) [52] that is not required for lipid-
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transfer activity [53]. MTP is predominantly expressed in
the hepatocytes and enterocytes where it transfers neu-
tral lipids required for the assembly of apoB containing
lipoproteins such as VLDL in the liver and chylomicrons
in the intestine. Mutations leading to loss of MTP activity
is linked to familial abetalipoproteinemia [54] in which
the affected individuals have undetectable levels of apoB
in the plasma. Structural studies of various domains
within MTP have revealed a lipid-binding cavity resem-
bling those found in intracellular lipid-binding proteins.
The entrance of the cavity contains two conserved helices
(helix-A: amino acids 725-736 and helix-B: amino acids
781-786). Mutational analysis of the helices has shown
that helix A is required for the acquisition of lipids from
phospholipid membranes whereas helix B plays a role in
transferring lipids to the lipid-binding cavity. Mutations
introduced in either of the helices resulted in abolition of
lipid binding, which provides an explanation for abetali-
poproteinemia found in humans carrying point muta-
tions in the MTTP gene [55].

Availability of lipids in the vicinity of MTP is crucial for
proper acquisition and transfer of lipids to the site of
VLDL assembly within the ER. Lack of sufficient lipids
supply compromises VLDL assembly and maturation,
resulting in poorly lipidated apoB polypeptides that are
prone to co- or post-translational degradation [56]. Inhi-
bition of MTP with chemical inhibitor results in a similar
outcome leading to the failure of VLDL assembly [57].
Studies with rat hepatoma McA-RH7777 cells have sug-
gested that the early stage of lipid assembly initiated dur-
ing apoB translation and translocation is facilitated by the
MTP activity. However, during the later stage of VLDL
assembly where bulk TAG is incorporated, the activity of
MTP appears not essential [58]. This stage-dependent
feature of MTP activity during VLDL assembly has also
been observed in human hepatoblastoma HepG2 cells
[59] and for the assembly of VLDL by McA-RH7777 cells
transfected with recombinant human apoB-48 [60].
Graded inactivation of MTP with increasing doses of

Table 1: Biochemically characterized APOB missense mutations in FHBL

Mutation Predicted Hepatosteatosis Secretion Retention Reference
location
A31P B-barrel yes <5% normal Golgi [50]
G275S a-helix yes 60% normal n.d. [50]
L324M a-helix yes 50% normal n.d. [50]
L343V a-helix yes 50% normal ER [48]
R463W a-helix yes 50% normal ER [47]
G912D B-sheet yes nearly normal n.d. [50]
G945S B-sheet yes 50% normal n.d. [50]

n.d, not determined
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MTP inhibitor has revealed that the assembly and secre-
tion of TAG-rich VLDL, (S,> 100) and VLDL, (S,20-100)
are more dependent on MTP activity than TAG-poor
particles such as intermediate density lipoproteins (IDL)
and LDL [57]. Moreover, the requirement of MTP activity
is more pronounced for apoB-100 than for apoB-48, thus
MTP inhibition effectively decreases apoB-100 and TAG
secretion but has little effect on secretion of lipid-poor
apoB-48 [61]. Lipid pulse-chase analysis carried out in rat
primary hepatocytes after MTP activity was inhibited
revealed delayed removal of TAG from the membranes of
ER and Golgi. Inactivation of MTP did not affect lipolysis
or subsequent re-esterification of TAG but the re-esteri-
fied TAG was not secreted as VLDL [62]. These cell cul-
ture studies suggest that MTP facilitates recruitment of
TAG from the ER/Golgi membranes during VLDL
assembly without affecting TAG biosynthesis.

In addition to cell culture studies, the role of MTP in
VLDL assembly and secretion has also been investigated
using genetically modified mice. The liver specific Mttp
knockout mice displayed a phenotype equivalent to the
human abetalipoproteinemia (i.e. absence of plasma
apoB-100 and low levels of apoB-48) and were resistant to
hypercholesterolemia induced by high cholesterol diet
[63]. Ultrastructural analysis of liver specimen of the
Mttp knockout mice has revealed absence of lipid parti-
cles within the ER/Golgi lumen, whereas in wildtype con-
trol mice the lipidic bodies of VLDL size were readily
observable [64]. These results raise the possibility that the
MTP activity is required for mobilization and partition-
ing of TAG substrates into the microsomal lumen for
VLDL assembly.

Regulation of MTP expression is achieved by multiple
factors that are closely related to fatty acid metabolism
and changes in MTP expression is invariably associated
with altered hepatic VLDL production. Studies with L35
cells, derived as a single cell clone from the rat hepatoma
FAO cells, have shown that the inability of these cells to
assemble or secrete VLDL resulted from co-repression of
MTP and L-FABP (liver fatty acid binding protein) by
chicken ovalbumin upstream promoter transcription fac-
tor II that occupied the DR1 promoter region of L-FABP
and Mttp. Under these conditions, although VLDL secre-
tion was blocked, the liver did not develop steatosis. In
parental FAO cells, the DR1 promoter region of L-FABP
and Mttp was occupied by peroxisome proliferator-acti-
vated receptor a (PPARa)-retinoid x receptor a (RXRa),
and the transcription of L-FABP and MTP were normal,
hence the assembly and secretion of VLDL was ensured
[65]. In the leptin-deficient obese 0b/ob mice, hepatoste-
atosis and insulin resistance (partly as a result of excessive
fatty acid influx into the liver) were ameliorated by dele-
tion of an orphan receptor small heterodimer partner
(SHP) [66]. This study has revealed that SHP acts as a
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repressor of MTP mRNA transcription by liver receptor
homolog-1 and therefore decreases MTP activity and
VLDL secretion in 0b/ob mice [66]. The MTP expression
is also regulated by FoxOl, a transcription factor that
plays a role in muscle cell growth and differentiation [67].
Studies with HepG2 cells have suggested that FoxO1l
could bind to Mttp promoter region and directly stimu-
late MTP expression. It was also noticed that insulin
treatment suppressed FoxO1 mediated MTP expression,
and the insulin effect could be abolished by deleting or
mutating the FoxO1 binding site within the Mttp pro-
moter [68]. In addition, MTP expression can also be acti-
vated by Foxa2 together with PPARY coactivator  (PGC-
1B), resulting in increased VLDL secretion [69].

In summary, cell culture and transgenic mouse studies
indicate that alteration in MTP activity has a direct effect
on VLDL production. Attenuating MTP expression and/
or activity without eliciting hepatosteatosis has been a
long sought-after strategy in treating dyslipidemia related
to overproduction of VLDL.

Fatty acid substrates affecting VLDL assembly and
secretion

TAG utilized for VLDL assembly and secretion originates
from multiple biosynthesis pathways. Fatty acyl chains
used for TAG synthesis can be derived from de novo syn-
thesis or from hydrolysis of existing TAG, presumably
catalyzed by triacylglycerol hydrolase in the liver [70].
These fatty acyl chains are also used for phospholipid bio-
synthesis. In addition, hydrolysis of existing phospholip-
ids associated with intracellular membranes [71,72] or
exogenous phospholipids associated with high density
lipoproteins (HDL) [73], also provides fatty acyl chains
for TAG synthesis and secretion.

Comparative analyses have shown that the chemical
nature of fatty acids, such as the acyl chain length and the
extent of unsaturation (i.e. the number and position of
double bonds) of acyl chains, have a profound impact on
VLDL assembly and secretion. For instance, studies with
chicken primary hepatocytes treated with different
medium-chain fatty acids have shown that octanoate
(8:0), decanoate (10:0), or dodecanoate (12:0) signifi-
cantly decreased VLDL-apoB secretion compared to
palmitate (16:0) [74]. The inhibitory effect of octanoate
(usually present in coconut and breast milk) on VLDL
was linked to suppression of apoB gene expression and
apoB100 protein synthesis without affecting intracellular
degradation of apoB [75].

Contrasting saturated fatty acids with mono- or poly-
unsaturated fatty acids has shown that certain fatty acid
species are preferentially utilized over others for VLDL
assembly and secretion. McA-RH7777 cells, when cul-
tured in the presence of exogenous oleate (18:1 n-9),
secreted TAG-rich VLDL many fold higher as compared



Sundaram and Yao Nutrition & Metabolism 2010, 7:35
http://www.nutritionandmetabolism.com/content/7/1/35

to no oleate supplementation [60,70,76,77]. However,
when the cells were treated with poly-unsaturated fatty
acids such as eicosapentaenoic acid (20:5 n-3), assembly
and secretion of TAG-rich VLDL was significantly
decreased [72]. The impaired secretion of apoB in cells
treated with docosahexaenoic acid (22:6 n-3) was associ-
ated with increased oxidation, aggregation and
autophagic degradation of apoB [78]. In rat primary
hepatocytes, treatment with chylomicron remnants rich
in saturated fatty acids or n-6 polyunsaturated fatty acids
were more potent in promoting TAG-rich VLDL secre-
tion than those rich in monounsaturated fatty acids [79].
HepG2 cells treated with a mixture of conjugated linoleic
acids synthesized and secreted significantly less apoB-100
as compared to treatment with saturated or polyunsatu-
rated fatty acids [80]. These studies suggest strongly that
the characteristics of different fatty acids have distinct
impacts on hepatic VLDL secretion.

The differential effects of fatty acid feeding on VLDL
production has also been observed iz vivo in animal stud-
ies. For example, transgenic mice lacking LDL receptor
(Ldlr'-) and expressing only apoB-100 responded differ-
ently in VLDL production to diet supplemented with
echium oil (rich in 18:4 n-3), fish oil (rich in 20:5 n-3 and
22:6 n-3) or palm oil (enriched in 16:0) [81]. Feeding mice
with diet supplemented with or without essential fatty
acids also resulted in production of VLDL particles with
different size and different catabolic rates [82].

Mechanisms by which certain fatty acid species prefer-
entially promote VLDL secretion remain to be defined.
Different fatty acid species may affect transcription of
genes involved in TAG synthesis [81], which in turn may
affect VLDL assembly and secretion. Acutely, treatment
with different fatty acids may generate TAG molecules
that are differentially utilized for VLDL assembly and
secretion. For examples, studies with McA-RH7777 cells
have shown that TAG derived from oleic acid (18:1 n-9)
was partitioned into microsomes and was effectively
secreted as VLDL, whereas TAG derived from eicosapen-
taenoic acid (20:5 n-3) was stored in the cytosol and was
poorly secreted [72]. The discriminative usage of certain
TAG molecules for VLDL assembly and secretion may be
attributable to compartmentalization [72]. However as
discussed below, because fatty acyl chains are also sub-
strates for membrane phospholipid biogenesis, it is possi-
ble that a membrane milieu that supports assembly,
trafficking, and maturation of TAG-rich VLDL is
imparted by certain fatty acid species.

Besides the chemical nature of fatty acid species, the
duration and concentration of fatty acid treatment also
influence VLDL assembly and secretion. This could be as
a result of either fatty acid-induced lipotoxicity or fatty
acid-mediated transcription activation of lipid metabo-
lism genes. Feeding Ldlr/- mice with conjugated linoleic
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acid (10trans,12cis-18:2) for a short period of time
resulted in hypertriglyceridemia with elevated plasma
VLDL and HDL. However, long term feeding with the
same fatty acid decreased plasma VLDL associated TAG,
probably attributable to upregulated expression of
hepatic VLDL receptor, lipoprotein lipase, and fatty acid
translocase that could assist in the clearance of lipopro-
teins from circulation [83]. Prolonged incubation of
McA-RH7777 cells with high concentrations of oleic acid
also resulted in decreased apoB-100 secretion and
increased apo-B100 degradation through proteasomal
and non-proteasomal pathways, as a result of ER stress
associated with massive accumulation of intracellular
TAG [84]. Thus, overloading of lipids to the extent that
exceeds the capacity of hepatocytes to effectively assem-
ble and secrete VLDL would lead to impaired TAG secre-
tion and cause hepatosteatosis. In addition to fatty acid-
associated lipotoxicity, it has been reported recently that
hepatic overexpression of apoB also induce hepatic ER
stress and insulin resistance [85]. The molecular mecha-
nisms by which excess fatty acid influx and overproduc-
tion of apoB-100 lead to ER stress and altered insulin
signal transduction merits further investigation.

Glycerolipid biogenesis and VLDL assembly and
secretion

Identification and characterization of glycerolipid synthe-
sis gene products have accelerated our understanding on
the impact of hepatic lipid synthesis and/or their avail-
ability on VLDL assembly and secretion. The rate limiting
step in the de novo biosynthesis of TAG and phospholip-
ids is catalyzed by phosphatidate phosphatase-1 (PAP-1)
[86], which converts phosphatidate to diacylglycerol that
is subsequently utilized for the synthesis of TAG and
phospholipids such as phosphatidylcholine (PC) and
phosphatidylethanolamine (PE). In mammals, PAP-1 is
encoded by the lipin gene family consisting of lipin-1, -2
and -3 [87,88]. In humans, lipin-1 is highly expressed in
skeletal muscles and adipose tissues; lipin-2 and -3 are
expressed in brain, liver, jejunum, placenta, and adipose
tissues [88]. The Lpinl gene encodes two alternatively
spliced isoforms lipin-1la and -1f [89], and the expression
of Lpinl is upregulated by glucocorticoids and sup-
pressed by insulin [90]. Transient expression of lipin-la
or -1B in McA-RH7777 cells resulted in increased synthe-
sis and secretion glycerolipids under basal or lipid-rich
conditions [91]. Secretion of TAG as VLDL; was
increased upon lipin-la or -1B expression when cells
were cultured under lipid-rich conditions [91]. These
results were not in accord with studies of hepatocytes iso-
lated from the Lipn1-deficiency fld (fatty liver lipodystro-
phy) mice, in which the rate of TAG synthesis was not
changed in the hepatocytes isolated from adult mice,
however, the rate of TAG synthesis increased in the hepa-
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tocytes isolated from 14-day-old fld mice. Adenovirus
mediated Lipin-1 overexpression in the hepatocytes iso-
lated from adult fld mice resulted in the suppression of
VLDL-TAG secretion [92]. Moreover, adenovirus-medi-
ated lipin-1 overexpression in the obese, insulin-resistant
UCP-DTA mice resulted in decreased the fasting plasma
TAG concentration [92]. The reason for the discrepancy
between these studies regarding the role of lipin-1 in
VLDL secretion remains to be explained. It has been
shown that compartmentalization of lipin-1, in addition
to its PAP1 activity, also plays a role in VLDL assembly
and secretion [91]. Expression of a mutant form of lipin-
la, in which the nuclear localization signal sequence was
removed, resulted in cytosolic presentation of the protein
and diminished stimulation of VLDL, secretion [91].
Nuclear localization of lipin-1 is probably important for
transactivation of gene expression, as lipin-1 is known to
act as a transcription activator [93]. The dual function of
lipin-1 and its variable subcellular compartmentalization
with respect to VLDL assembly and secretion requires
further investigation.

The final step in the de novo synthesis of TAG is cata-
lyzed by acyl-CoA:diacylglycerol acyltransferase (DGAT).
Two DGAT genes encode the respective DGAT1 and
DGAT?2, which are structurally unrelated and show
hepatic expression [94,95]. The DGAT1 knockout mouse
has a normal fasting plasma TAG level despite reduced
hepatic TAG [96]. Adenovirus mediated expression of
DGAT1 in mice increased TAG in the liver but did not
increase VLDL production [97]. However, overexpression
of human DGAT1 in McA-RH7777 cells resulted in
increased synthesis, cellular accumulation, and secretion
of TAG as VLDL [98,99]. Concomitantly, intracellular
degradation of apoB was decreased in DGAT1 overex-
pressing cells [98]. Overexpression of DGAT2 in McA-
RH7777 cells also resulted in increased secretion of TAG
and apoB [98], whereas knockdown of DGAT2 in mice
with antisense oligonucleotide decreased TAG and apoB
secretion as VLDL [100]. These studies suggest that
although TAG synthesis is important for promoting
VLDL production, the increased hepatic TAG may be
compartmentalized and thus not necessarily be available
for VLDL assembly or secretion.

Hepatic VLDL assembly and secretion is also pro-
foundly influenced by alterations in the de novo biosyn-
thesis of phospholipids, such as PE and PC. Two
pathways are involved in hepatic PC synthesis; the CDP-
choline pathway contributes approximately 70% of total
hepatic PC synthesis, whereas the remainder 30% is syn-
thesized through the PE methylation pathway. The PE
methylation pathway is catalyzed by PE N-methyltrans-
ferase (PEMT), a product of the Pemt2 gene. The Pemt2-/
-mouse had normal liver PC content as a result of com-
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pensatory upregulation of CTP:phosphocholine cytidy-
lyltransferase (CCT) activity; hence these mice did not
display abnormal plasma lipid levels compared to control
mice [101]. It appears that as long as CCT activity is
intact, hepatic PC synthesis is uncompromised when the
PEMT activity is absent. Lack of PEMT in the Ldir/
background, however, resulted in a reduction of athero-
sclerosis incidence when the mice were fed with a high fat
diet for 16 weeks [102]. These reduced atherosclerotic
lesion development was attributed to lowered phospho-
lipid content in apoB-containing lipoproteins (e.g. VLDL,
IDL, and LDL) and reduced secretion of VLDL [102].

The rate limiting step in the CDP-choline pathway for
PC synthesis is catalyzed by CCT. At least three CCT iso-
forms are known in mammals and they are encoded by
two genes, namely Pcytla for CCTa and Pcyt1b for differ-
entially spliced transcripts CCTB2 and CCTB3 [103]. It
has been shown that plasma levels of HDL and VLDL
were markedly reduced in mice lacking hepatic CCTa
expression [104], indicating that the activity of hepatic
CCT is an important determinant of VLDL and HDL in
vivo. However, reconstituted CCTa in the knock-out
hepatocytes by ex vivo infection with adenovirus encod-
ing CCTa failed to stimulate VLDL secretion even
though cellular PC levels returned to normal [105]. In
contrary, adenoviral delivery of CCTa into knock-out
mice normalized plasma HDL and VLDL [105]. The
CCTa activity is thus required for lipoprotein metabo-
lism in vivo.

Hepatic PE synthesis is likewise achieved through the
CDP-ethanolamine pathway, in which CTP:phosphoeth-
anolamine cytidylyltransferase (encoded by Pcyt2) cata-
lyzes the rate regulatory step for the formation of CDP-
ethanolamine [106]. Reduced CDP-ethanolamine synthe-
sis in Pcyt2+/- mice resulted in elevated plasma VLDL (at
32-36 weeks old), as well as progressive development of
hepatosteatosis, obesity, and insulin resistance [107]. The
increased hepatic TAG synthesis and secretion in Pcyt2+/-
mice are probably attributable to increased availability of
diacylglycerol (as a result of limited CDP-ethanolamine)
[107].

Because phospholipid synthesis not only supplies lipid
substrates for VLDL but also contributes to the biogene-
sis and maintenance of ER/Golgi membranes, it impacts
both the cargo and trafficking machinery for VLDL
assembly and secretion. Studies with genetically modified
mice lacking both PEMT and multiple drug-resistant
protein 2 have suggested that the PE/PC ratio is a key reg-
ulator of cell membrane integrity in the liver and plays a
role in the progression of steatosis into steatohepatitis
[108]. It remains to be determined whether or not the
composition of phospholipid species in the ER/Golgi
membranes affects VLDL assembly/secretion.
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VLDL assembly and secretion influenced by
vesicular trafficking factors

Protein factors involved in intracellular vesicular traffick-
ing, primarily the small GTPase proteins, play a profound
role in VLDL assembly and secretion. The requirement of
COPII coated vesicles for apoB exiting from the ER has
been demonstrated by an in vitro ER budding assay [109].
Formation of COPII coated vesicles is initiated by the
GTPase Sarl protein. Deficiency of Sarl has been linked
to intestinal apoB-lipoprotein secretion disorder known
as chylomicron retention disease in humans [110].
Expression of a GDP-restricted mutant (T39N) of the
Sarl protein in McA-RH7777 cells prevented ER exit of
apoB [109]. The anterograde transport from the Golgi
apparatus is driven by the small GTPase, ADP ribosyla-
tion factor 1 (ARF1). Expression of a dominant-negative
T3IN mutant of ARF1 in McA-RH7777 cells resulted
80% reduction in the assembly of apoB-100 VLDL, along
with the loss of COPI from the Golgi apparatus. Overex-
pression of ARF1 in the cells resulted in an oleate dose
dependent increase in VLDL, secretion with a concomi-
tant decrease in VLDL, secretion [111].

The activities of two phospholipases have been shown
to play a role in VLDL maturation, the calcium indepen-
dent phospholipase A, (iPLA,B) and phospholipase D
(PLD,) [71,72,112]. The iPLA,p is an intracellular protein

that does not have a Ca2*-dependent lipid-binding
domain but contains ankyrin repeats that may mediate
membrane binding. Inhibition of iPLA,B with chemical
inhibitors or antisense RNA interfered with the forma-
tion of TAG-rich VLDL, but not dense VLDL particles
such as VLDL, [71,72]. The PLD; catalyzes the hydrolysis
of PC to produce PA and choline and is activated by
ARF1. Inactivation of PLD; activity (and thus the forma-
tion of PA) in cultured hepatic cells using chemical inhib-
itors also blocked VLDL formation [71,72]. Likewise,
expression of aberrant ARF1 that lost PLD;-activation
function [111] or treatment with brefeldin A (an inhibitor
of ARF1) [56,113] effectively prevented TAG-rich VLDL
secretion with little effect on the secretion of denser par-
ticles. These results suggest that maturation of VLDL
probably not only requires sufficient lipid substrate avail-
ability, but also depends upon the protein factors that
effectively mediate the fusion between lipid droplets and
apoB to form TAG-rich VLDL. The fusion events pre-
sumably require coordinated synthesis and fusion of vesi-
cle themselves, as well as synthesis and fusion of cargo
(i.e. lipid droplets and VLDL precursors) within the vesi-
cles. Factors within the microsomal lumen that are
responsible for cargo fusion during the final step of
VLDL, maturation remain to be determined.
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Cytosolic lipid droplet-associated proteins
affecting VLDL assembly and secretion
Multiple protein factors that are found in association
with cytosolic lipid droplets also influence VLDL assem-
bly and secretion. Adipocyte differentiation-related pro-
tein (ADRP) is the major protein associated with
cytosolic lipid droplets. Overexpression of ADRP in
McA-RH7777 cells resulted in increased accumulation of
cytosolic lipid droplets and a corresponding decrease in
VLDL secretion [114]. Although the molecular mecha-
nism responsible for the inhibitory effect of ADRP
expression on VLDL secretion remains to be defined, it is
possible that enlargement of cytosolic lipid droplets may
diminish the microsomal TAG pool for VLDL secretion.
Recently, another lipid droplet associated protein
CideB has been suggested to play a role in VLDL assem-
bly and secretion [115]. CideB is a member of Cide (cell
death-inducing DFFA45 (DNA fragmentation factor 45)-
like effector) family that also includes CideA, and CideC
(or Fsp27). While CideA is expressed at high levels in
brown adipose tissue, CideB mRNA and proteins are
detected in various tissues with the highest level of
expression in the liver. Hepatic CideB exists as a smooth
ER- and lipid droplet-associated protein. Mice deficient
in CideA or CideB are resistant to high-fat diet-induced
obesity and diabetes [116]. The role of CideB in regulat-
ing lipid homeostasis has been studied with the Cideb/-
mice. Compared with wildtype littermates, the Cideb/-
mice exhibited an increase in hepatic TAG content and
reduced VLDL secretion [115]. Yeast two hybrid and co-
immunoprecipitation experiments have shown a physical
interaction between CideB and apoB [115]. These data
suggest that the cytosolic lipids droplets are functionally
in close contact with the ER where initial VLDL assembly
takes place.

Non-apoB apolipoproteins affecting VLDL
assembly and secretion

In addition to apoB-100, hepatic VLDL particles also con-
tain other apolipoproteins such as apoE and apoC. ApoE
(299 amino acids) is a major protein constituent of TAG-
rich lipoproteins including VLDL and chylomicrons.
Experimental evidences obtained by several laboratories
working with apoE overexpressing transgenic mice [117-
119] or McA-RH7777 cells [120] have suggested that
apoE plays a role in the formation of fully lipidated VLDL.
The underlying mechanisms by which apoE expression
promotes VLDL assembly and secretion were unclear.
Recently, a detailed analysis conducted using McA-
RH7777 cells treated with apoE specific siRNA or pri-
mary hepatocytes isolated from apoE-/- mice have shown
that the assembly (within the Golgi apparatus) or secre-
tion of VLDL was independent of apoE expression [121].
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Thus, the VLDL-associated apoE in the Golgi apparatus
and media may not drive the formation of fully lipidated
VLDL.

Apolipoprotein C-III is a small (79 amino acids)
exchangeable apolipoprotein composed of multiple
amphipathic o-helices, and is expressed mainly in the
liver [122]. It has been reported recently that overexpres-
sion of human apoC-III in McA-RH7777 cells resulted in
the overproduction and secretion of VLDL-TAG and
VLDL-apoB under lipid rich conditions [76]. Overexpres-
sion of apoC-III also resulted in increased activity and
expression of MTP. The ability of apoC-III to stimulate
hepatic VLDL assembly and secretion was abolished by a
naturally occurring mutation Ala23Thr [123] that was
identified in human subjects with hypotriglyceridemia
[124]. Thus apoC-III, a component of VLDL and HDL,
appears to play an intracellular role in stimulating VLDL
assembly and secretion [76,123]. Mechanisms by which
apoC-III exerts the stimulatory effect on VLDL assembly
and secretion are unclear.

The human APOAS gene is a part of the apolipoprotein
gene cluster that contains APOA1, APOC3, and APOA4
on chromosome 11 (11q23) [125]. Initial studies has
revealed association of single nucleotide polymorphisms
within the APOAS5 locus with plasma TAG and VLDL in
humans, and the effect is not related to the neighboring
APOCS3 gene markers [125]. Mice expressing the APOAS
transgene displayed a 65% decrease in plasma TAG levels;
whereas apoa5 knock-out mice showed a 4-fold increase
in plasma TAG concentration [125]. Thus, apoA-V (343
amino acids) has been viewed as a candidate gene regu-
lating plasma TAG concentrations [126]. Overexpression
of murine apoA-V in C57Bl/6 mice through adenovirus-
mediated gene transfer decreased VLDL production rate
in a dose-dependent manner by impairing apoB lipida-
tion [127]. In the same mouse model, overexpression of
apoA-V also resulted in decreased plasma TAG by
enhancing lipoprotein lipase-mediated clearance of TAG-
rich lipoproteins [127]. Transfection studies showed that
recombinant apoA-V expressed in McA-RH7777 cells
was unexpectedly associated with cytosolic lipid droplets,
despite the fact that apoA-V possesses the signal peptide
and is a secretory protein [128]. The mechanisms
whereby apoA-V expression attenuates VLDL production
remain to be defined.

Lipoprotein receptors affecting VLDL assembly and
secretion

Intracellular degradation of newly synthesized apoB-100
diminishes overall assembly and secretion of VLDL. The
LDL receptor, a ubiquitously expressed protein responsi-
ble for the clearance of cholesterol-rich lipoproteins from
blood stream through its ligands apoB-100 and apoE,
promotes intracellular degradation of apoB-100 resulting
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in decreased VLDL secretion [129]. The loss of LDL
receptor activity in the liver cells leads to increased secre-
tion of VLDL particles, and the particles secreted are
small with reduced TAG content [130,131]. Thus, the
LDL receptor mediated apoB-100 degradation appears to
preferentially target underlipidated particles. Mecha-
nisms responsible for the LDL receptor mediated apoB-
100 degradation may involve (i) rapid reuptake of nascent
VLDL particles on the cell surface [129,132] and (ii) intra-
cellular targeting of nascent VLDL particles to degrada-
tion [129,133]. Both mechanisms appear to require exit of
apoB-100 from the ER and interaction of apoE or apoB-
100 with the LDL receptor [134].

Expression and function of LDL receptor are negatively
regulated by proprotein convertase subtilisin kexin type 9
(PCSK9) [135,136]. Attempts were made to determine
whether the level of PCSK9 expression would affect apoB
secretion or intracellular degradation. Transfection stud-
ies with McA-RH7777 cells that stably expressed the
D374Y mutant form of PCSK9 (identified in human
familial hypercholesterolemia) showed that the patho-
genic variant expression resulted in increased secretion
of apoB-100 lipoproteins (by 2-4-fold) but expression of
the wildtype PCSK9 did not increase apoB-100 secretion
[137]. These results might be interpreted as reduced deg-
radation of nascent apoB-100 protein mediated by the
LDL receptor. Lack of an effect of wildtype PCSK9
expression on apoB-100 secretion was also observed in
transfection studies with the human hepatoma HuH7
cells [138]. Likewise, secretion of apoB-100 from primary
hepatocytes of wildtype or Pcsk9/- mice was not signifi-
cantly different [139]. The possible link between PCSKO9,
LDL receptor, and hepatic apoB-100 secretion remains to
be determined.

Genetic absence of functional ATP binding cassette
transporter A1 (ABCA1) in Tangier disease is associated
with severely lowered plasma HDL and concomitantly
elevated plasma TAG concentrations [140]. This meta-
bolic abnormality has been recapitulated recently in
McA-RH7777 cells where the ABCA1 was silenced using
siRNA [141]. Unexpectedly, supplementation of culture
media of the ABCA1 knockdown cells with nascent large
HDL decreased the secretion of buoyant VLDL, particles
[141]. It appears that the large HDL, assembled by
hepatic ABCAL, can attenuate VLDL secretion through
the phosphoinositide 3 kinase (PI3K)-dependent signal-
ing pathway [141]. This study is reminiscent of a previous
observation that the PI3K activity is required for insulin-
dependent inhibition of apoB secretion from primary rat
hepatocytes [142].

Scavenger receptor Bl (SR-B1) is a receptor for selec-
tive uptake of HDL cholesterol and is also known to
mediate the catabolism of apoB-containing lipoproteins.
Overexpression of SR-B1 in mice via adenovirus-medi-
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ated infection resulted in increased plasma concentra-
tions of VLDL-TAG and VLDL-apoB [143]. On the other
hand, disruption of the Scarbl gene expression in mice
resulted in reduced VLDL production as well as MTP
activity [143], suggesting that hepatic SR-B1 expression is
closely linked to VLDL production.

Overall, the involvement of various lipoprotein recep-
tors in regulating VLDL assembly and secretion has grad-
ually been revealed, which introduces another level of
complexity to the regulation of hepatic TAG homeostasis.
Because these lipoprotein receptors are intimately
involved in the metabolism of cholesterol (and phospho-
lipids as well), such as uptake, efflux, and intracellular
trafficking, it is possible that hepatic VLDL assembly and
secretion are influenced by cellular cholesterol metabo-
lism and related signaling events. The interrelationship
between TAG and cholesterol metabolism and its link to
VLDL assembly and secretion merits further investiga-
tion.

Altered insulin and leptin signaling affecting VLDL
assembly and secretion

Hepatic VLDL overproduction and impairment in catab-
olism/clearance of TAG-rich lipoproteins from circula-
tion represent the two major contributors to
hypertriglyceridemia. Many patients with hypertriglycer-
idemia manifest elevated plasma TAG, accumulation of
small dense LDL particles and reduced HDL cholesterol
particles, all of which are closely associated with cardio-
vascular diseases [144]. The other traits associated with
hypertriglyceridemia include visceral obesity and insulin
resistance, which further exacerbate the aberrant over-
production of VLDL as a result of excess flux of fatty
acids (derived partly from lipolysis of plasma TAG-rich
lipoproteins) into the liver. Overall, insulin treatment
decreases hepatic VLDL production by limiting fatty acid
influx into the liver, decreasing the stability of apoB, and
promoting the posttranslational degradation of apoB, a
process mediated through the PI3-K pathway [145].
Overproduction of hepatic VLDL that results from the
loss of insulin responsiveness is often seen in insulin
resistance conditions, which is associated with increased
posttranslational stability of apoB-100 [145]. The insensi-
tivity of liver cells to insulin mediated suppression of
VLDL assembly is observed in fructose-induced insulin
resistant hamster model [146], where insulin resistance is
accompanied with hepatic inflammation. The fructose-
induced, insulin-resistant hamsters exhibited reduced
levels of the inhibitor of nuclear factor-xB (IxB) which
resulted in a concomitant activation of the inflammatory
nuclear factor-kB (NF-kB) cascade. Inhibition of NF-xB
cascade with chemical inhibitors also resulted in
decreased synthesis of apoB-100 in primary hepatocytes
and HepG2 cells, and was probably attributable to the
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activation of insulin signaling and enhanced proteasomal
degradation of apoB-100 [147]. On the other hand, acti-
vation of the NF-kB pathway, via adenovirus-mediated
IkB kinase overexpression, resulted in increased apoB-
100 synthesis as a result of suppressed insulin signaling
through the NF-«kB pathway [147]. Thus, there is an
important link between the inflammatory IkB kinase-NF-
KB signaling cascade, insulin signaling, and hepatic
apoB100 synthesis and secretion.

The insensitivity of liver cells to insulin-mediated sup-
pression of VLDL assembly is also observed in leptin-
deficient obese mouse (0b/0b) [148]. Leptin is an adipose
derived hormone that plays a key role in energy intake
and expenditure. The leptin-deficient 0b/0b mice and the
leptin receptor-deficient db/db mice have been used
extensively as model systems to study their roles in VLDL
assembly and secretion [149]. The in vivo secretion rates
of TAG and apoB were reduced in both male and female
ob/ob mice as compared to their littermates. However, in
db/db obese mice, only male mice showed reduced secre-
tion of TAG. In ob/ob mice and db/db obese females,
there was a small increase in apoB-100 secretion and no
difference in apoB48 secretion. In these animals, the
main cause of dyslipidemia was due to the impaired
removal of VLDL from the circulation [149].

The 0b/0b and db/db mice have been used to determine
diet or protein factors that influence the pathophysiology
of lipoprotein metabolism. For instance, the db/db mice
have been crossed with mice expressing human choles-
teryl ester transfer protein (CETP); the resulting mice dis-
played lowered levels of VLDL and LDL and became
resistant to diet-induced atherosclerosis as compared to
controls [150]. These results ascribe an anti-atherogenic
role for CETP under diabetic obese conditions. The 0b/0b
mice crossed into the LDL receptor knockout back-
ground (Ldlr/-) showed severe hyperlipidemia and spon-
taneous atherosclerosis, which was associated with
increased hepatic TAG production, delayed VLDL clear-
ance, and decreased hepatic uptake of LDL [151]. The db/
db mice have also been used as a model to study diet-
induced nonalcoholic steatohepatitis (NASH). Feeding
db/db mice with methionine- and choline-deficient
(MCD) diet induced liver injury [152,153], and were
probably attributable to impaired hepatic secretion of
VLDL [154]. The MCD-fed db/db mice developed
hepatic steatosis and displayed insulin resistance that is
severer than MCD-fed control mice [153]. These studies
indicate that increased fatty acid uptake together with
decreased secretion of VLDL represent the major insult
that lead to hepatic TAG accumulation under MCD diet
conditions.

Liver x receptor a (LXRa), the master regulator of lipid
metabolism [155], also regulates hepatic VLDL produc-
tion. Activation of LXR in hamsters fed with an LXR ago-
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nist resulted in markedly increased plasma TAG and
VLDL and enhanced expression of sterol response ele-
ment binding protein-1c (SREBP-1c¢) and its target lipo-
genesis genes including steroyl CoA desaturase and fatty
acid synthase [156]. Furthermore, LXR activation also led
to enhanced stability of newly synthesized apoB and
increased secretion of TAG-rich VLDL-apoB. Increased
stability of apoB-100 was probably achieved through
attenuated insulin receptor and insulin receptor sub-
strate-1 tyrosine phosphorylation and concomitant
increases in protein tyrosine phosphatase 1B [156].

Studies with rats have shown that acute leptin treat-
ment, like that of insulin, lowered plasma VLDL-associ-
ated TAG [157,158]. However, the molecular mechanism
responsible for the leptin-induced hypotriglyceridemia
may be distinct from that of insulin. The leptin treatment
resulted in decreased lipogenesis and enhanced [-oxida-
tion, thus limiting lipid substrate for VLDL assembly/
secretion without affecting hepatic apoB levels [159,160].
On the other hand, insulin treatment had no effect on B-
oxidation but decreased hepatic apoB levels [160], proba-
bly owning to enhanced posttranslational degradation of
apoB. In summary, hepatic VLDL production is pro-
moted under conditions where post-translational stability
of apoB is augmented (e.g. enhanced lipid substrate sup-
ply), and its production is suppressed when post-transla-
tional degradation of apoB is increased (e.g. decreased
lipid substrate availability).

Intracellular degradation of newly synthesized
apoB
Intracellular degradation of apoB refers to a process
whereby the newly synthesized apoB proteins are
degraded prior to secretion. It has been shown that apoB
degradation occurs during and after the protein transla-
tion, and the co- and post-translational degradation of
apoB takes place in both ER and post-ER compartments.
Attenuated intracellular degradation of newly synthe-
sized apoB is accompanied with increased VLDL produc-
tion, as often observed under chronic hyperinsulinemia
and insulin resistance conditions [161,162]. Under condi-
tions unfavorable for apoB folding or lipid assembly, the
newly synthesized apoB polypeptide undergoes ubiq-
uitin-mediated proteasomal degradation [56,163-165].
Lack of sufficient lipid supply or availability often triggers
the degradation process. Under certain conditions, apoB
degradation occurs even after an assembly intermediate
(i.e. a VLDL precursor) has already been assembled (for
extensive review on apoB degradation see [166-169]).
Non-proteasomal degradation pathway for apoB has
been described which involves autophagosomes
[170,171]. Autophagosomes are membrane structures
that encase and target intracellular substrates to lyso-
somes for disposal, a process termed autophagy [172].
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The involvement of autophagy process for apoB degrada-
tion appears to be pronounced when ubiquitin/protea-
some pathway is inhibited, and the apoB proteins
accumulated in the crescent-shaped structures that are in
close proximity to cytosolic lipid droplets [173]. It has
been postulated that the crescent structures are the sites
where proteasomal and autophagosomal pathways con-
verge [173]. The autophagy mediated apoB degradation
has also been suggested in cells treated with n-3 fatty
acids such as docosahexaenoic acid (22:6 n-3), and under
this condition apoB also undergoes aggregation and oxi-
dation [78]. As mentioned earlier, the n-3 fatty acid
induced intracellular apoB degradation is probably
related to the poor utilization of TAG molecules for
VLDL assembly and secretion [72]. Missense mutations
within the pal domain of apoB also resulted in increased
degradation through autophagy [50], which presumably
resulted from impaired secretion of the mutant apoB as
lipoproteins.

In summary, in addition to the ubiquitin/proteasome
pathway presumably responsible for ER-associated degra-
dation of misfolded apoB polypeptides, the autophago-
some-mediated apoB and apoB-lipoprotein degradation
may represent an alternative pathway (post-ER degrada-
tion) for the disposal of aborted assembly intermediates.
Since augmented intracellular degradation of apoB and
apoB-lipoproteins is a potential means to suppress over-
production of the atherogenic VLDL/LDL, further stud-
ies are merited to identify and characterize factors
involved in autophagy-mediated apoB degradation.

Concluding remarks and perspectives

The past three decades have witnessed a tremendous
advancement in our knowledge and understanding of
protein and lipids factors that influence VLDL assembly
and secretion. Amino acid sequences within apoB-100,
particularly the N-terminal fal domain and the p-sheet
enriched p1 domain, have been recognized as functional
elements governing VLDL assembly/secretion. The role
of MTP in facilitating lipid mobilization into the
microsomal lumen and that of protein factors (e.g. apoC-
III) in promoting bulk TAG incorporation during VLDL
maturation is being revealed. In addition, enzymes that
are directly involved in hepatic lipogenesis and glycero-
lipids biogenesis, such as lipin-1 and DGAT among oth-
ers, have been cloned and characterized. Delineation and
characterization of regulatory pathways of these lipid
synthesis enzymes have provided molecular explanations
for hormonal regulation (e.g. insulin and glucocorticoids)
of VLDL assembly and secretion. Moreover, a compre-
hensive view of the interplay among various transcription
factors (e.g. SREBP-1, LXR, PPAR, and PGC-1) in regu-
lating hepatic lipogenesis, 3-oxidation, and glycerolipids
biogenesis has begun to emerge, and their implications to
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VLDL assembly/secretion under stress conditions require
further investigation. Finally, new mechanisms such as
proteasomes and autophagosome that may play a role in
intracellular degradation of apoB thus attenuate hepatic
VLDL production have been suggested and also merit
additional studies. Various protein and lipid factors that
participate and influence hepatic VLDL assembly/secre-
tion are depicted in Fig. 2.

Other than understanding the biosynthesis of lipid sub-
strates required for VLDL assembly and secretion, a great
deal of knowledge has also accumulated with respect to
the temporal and spatial events associated with lipid
incorporation into VLDL. It is clear that VLDL precur-
sors are assembled within the ER and the maturation of
TAG-rich VLDL, take place in post-ER compartments.
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TAG or the relative contribution between the de novo
synthesis and the hydrolysis/re-esterification pathways
during VLDL maturation under normal or stress condi-
tions. It is also unclear what protein factors or membrane
structures are required for the mobilization of lumenal
TAG substrates or their delivery to VLDL precursors.
Although increasing evidence suggests that protein fac-
tors associated with cytosolic lipid droplets (e.g. CideB
and ADRP) may participate or influence lumenal VLDL
assembly, the cellular mechanisms through which the
cytosolic and lumenal components communicate remains
an enigma. Finally, knowledge gained from cell culture
and animal studies remains to be verified in humans with
advanced in vivo technologies to validate the pathophysi-
ological relevance.

However, several questions remain unanswered. For
example, it is unclear about the biochemical origin(s) of
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Figure 2 Protein and lipid factors affecting VLDL assembly and secretion. The apoB polypeptide initiates lipid recruitment during translation and
translocation (1); this process may or may not require the activity of MTP. The nascent apoB-lipid particle acquires, in a step-wise fashion, additional
TAG (2). The activity of MTP is required for partitioning of TAG into the lumen (3) or the membranes of ER microsomes for VLDL assembly (4). The lu-
menal TAG substrate, referred to as "lumenal lipid droplet", exists in association with non-apoB apolipoproteins such as apoC-lll (5). In addition to that
synthesized from the de novo pathway (catalyzed by GPAT, AGPAT, PAP-1, and DGAT), the TAG substrate utilized for VLDL assembly is also derived
from esterification of fatty acyl chains originated from TGH-mediated hydrolysis of existing storage and lumenal TAG pools (6) or from phospholipid
turnover catalyzed by iPLA2 (7). The resulting VLDL precursor exits the ER through coatomer-mediated budding/vesiculation events (8), and matura-
tion of VLDL, is achieved through ER/Golgi trafficking (9). Proteins associated with cytosolic lipid droplets, such as CideB and ADRP (10), influence VLDL
assembly through an unknown mechanism. Molecular species of fatty acids have a profound impact on VLDL production; oleic acid (18:1 n-9) pro-
motes (11) whereas EPA (20:5 n-3) and DHA (22:6 n-3) attenuate (12) VLDL assembly/secretion. Misfolded apoB protein and aborted lipoprotein as-
sembly intermediates are targeted for intracellular degradation (13). Two degradative pathways, namely the ubiquitin/proteasome pathway (14) and
autophagy (15), may involve formation of "crescent” structures that contain apoB and are in close association with cytosolic lipid droplets. ADRP, adi-
pocyte differentiation-related protein; AGPAT, acylglycerol-3-phosphate acyltransferase; CDP-C, CDP-choline; CDP-E, CDP-ethanolamine; CT, CTP:phos-
phocholine cytidylyltransferase; DAG, diacylglycerol; DGAT, acyl-CoA:diacylglycerol acyltransferase; £T, CTP:phosphoethanolamine cytidylyltransferase;
G-3-P, glycerol-3-phosphate; GPAT, glycerol-3-phosphate acyltransferase; LPA, lysophosphatidate; LPC, lysophophatidylcholine; LPE, lysophosphati-
dylethanolamine; MTP, microsomal triglyceride-transfer protein; PAP-1, phosphatidate phosphatase-1; PC, phosphatidylcholine; P-cho, phosphocho-
line; PE, phosphatidylethanolamine; P-eth, phosphoethanolamine; TAG, triacylglycerol; VLDL, very low density lipoproteins.
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List of abbreviations used

ABCA1: ATP binding cassette transporter Al; ADRP:
adipocyte differentiation-related protein; AGPAT: 1-acyl-
glycerol-3-phosphate  O-acyltransferase; ARF1: ADP
ribosylation factor 1; CCT: CTP:phosphocholine cytidy-
lyltransferase; CETP: cholesteryl ester transfer protein;
DGAT: acyl-CoA:diacylglycerol acyltransferase; DHA:
docosahexaenoic acid; EPA: eicosapentaenoic acid; ER:
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