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1. ABSTRACT

The discovery of the role of MTP in mediating
lipid transfer to apoB has greatly expanded our knowledge
of the molecular mechanisms involved in apoB-containing
lipoprotein assembly. In this review, advances referring to
the structure, regulation and function of MTP are
summarized and discussed. In addition to the well-known
lipid transfer activity function, MTP has  been shown to
physically interact with apoB and this association appeared
to be critically important in the regulation of lipoprotein
production. Recent studies  have provided insight into the
paradoxical relationship between MTP polymorphism
variants and metabolic disease. Genetic variants of MTP
and their possible impact in the development of
cardiovascular disease are discussed.

2. INTRODUCTION

Microsomal triglyceride transfer protein (MTP) is
involved in the assembly of triglycerides-rich chylomicrons
in enterocytes and very low density lipoproteins (VLDL) in
hepatocytes. Based on its in vitro transfer activity, MTP
was shown to play an essential role in the transfer of
neutral lipid to apolipoproein B (apoB) during the early
stages of lipoprotein assembly (1,2). Lipoprotein
biosynthesis is defective in abetalipoproteinemia due to
mutations in the MTP gene, which are not linked to known
mutations in apoB gene (3). The discovery of this genetic
disorder clearly underscored the importance of MTP in

lipoprotein biogenesis. Recent findings indicate that
variants of MTP gene are associated with changes in
plasma cholesterol levels and development of
cardiovascular diseases (4). Biochemical, structural and
molecular roles of MTP in apoB-containing lipoprotein
assembly, has been covered in detailed and comprehensive
reviews (1,5-10,103,104).  The aim of the present review is
to provide an overview of the role of MTP’s chaperone-like
activity in lipoprotein assembly and to describe recent
progress in genetic studies of MTP polymorphism, as well
as the importance of MTP regulation in the development of
cardiovascular diseases.

3. STRUCTURE, FUNCTION AND REGULATION
OF MICROSOMAL TRIGLYCERIDE TRANSFER
PROTEIN

MTP was originally found in the bovine liver
endoplasmic reticulum (ER) to accelerate the transfer of
triglycerides (TG), cholesterol ester (CE) and
phospatidylcholine (PC) between vesicles (11). MTP
activity was subsequently found in microsomal fractions of
liver, intestine and heart of other animals (11-14). The
purified heterodimeric MTP protein consists of two non-
covalently bound polypeptides of 97 (M subunit) and 55 (P
subunit) kDa (11). The small 55-kDa “P subunit’’,
ubiquitous ER resident enzyme disulfide isomerase (PDI),
is required to maintain the lipid transfer activity of the M
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subunit and to prevent its aggregation in the ER (15-17).
The isomerase activity is not essential for its association
with the larger M subunit and for the MTP activity, as PDI
mutants lacking enzyme activity are normally functional in
association with a normal M subunit (18). The human
complementary DNA (cDNA) encoding the M subunit was
isolated, sequenced and characterized by Sharp et al. (19,
20). High homology sequence was found between human
MTP (M subunit), bovine (19) and hamster MTP cDNA
(21).  The crystal structure of MTP is still unsolved.
However, based on the known structure of lamprey
lipovitellin (LV) (22, 23, 104) a molecular model of MTP
was constructed. This model predicts two-domain structure,
ßC amphipatic sheet and a domain, in the M subunit with
conserved lipid-binding pockets consisting of apolar
residues in each domain (2, 24, 25). Mann et al. (24)
reported in a model that residues 34-263 of amino-terminus
domain of MTP have 13 ß strands that correspond to barrel-
like domain in lipovitellin. This domain is followed by an
a-helical domain between amino acid residues 304-598.
Additional information based on  X-ray crystal structure of
LV provided a structural model for MTP with strong
conservation of lipid binding domains ß-strands 2-5 of the
A-sheet and helix A and B (46). The predicted ß-sheet
structure, which consists of lipid binding cavity with
functional polypeptides, was also found in several other
lipid modifying and transfer proteins (47-50).

In vitro studies showed that MTP transfers lipids
by a shuttle mechanism between membranes (12). This
mechanism, involving ping-pong bi-bi kinetics, suggested
that MTP molecule is able to interact transiently with a
membrane, extract lipid molecules, dissociate from the
membrane, bind transiently with another membrane, deliver
lipids rapidly to the membrane, and become available for
another cycle of lipid transfer. Kinetic analysis of lipid
transfer suggests that MTP has two separate lipid binding
sites, a fast and a slow one (12). The fast site is implicated
in lipid transfer of both TG and CE (12).

MTP has been reported to play two major roles in
apoB-containing lipoprotein assembly: (i) MTP acts as a
chaperone that mediates the translocation of newly-synthesized
apoB across ER membrane (26-32,102) and (ii) MTP
participates in the co-translational lipidation of apoB during its
translocation into the ER (33-36,69,70,102). Using several
approaches to examine apoB translocation across the ER
membrane, Macri et al. (30) demonstrated that MTP activity is
not essential for the movement of apoB in the ER lumen.
Evidence from studies demonstrating physical interaction
between MTP and apoB and the discovery of binding domains
extends the notion that MTP chaperone activity participates in
the efficient translocation of apoB (24,28,38-43). However,
further in vivo investigations are needed to elucidate whether
direct chaperone activity of MTP influences newly synthesized
apoB translocation across ER membrane. The mechanism by
which MTP transfers lipids during the two steps of lipoprotein
assembly (27,44,45) remains incomplete and controversial.

Lin et al. performed the first in vivo study on the
regulation of MTP (21). They showed that high fat diet and
high sucrose diet had profoundly enhanced hepatic and

intestinal MTP mRNA levels with some differences in
response to the duration of exposition. The effect of high fat
diet on hepatic MTP mRNA was more chronic, whereas
significant up-regulation of intestinal MTP mRNA was
observed just after 24h of treatment. In addition, not only the
amount of dietary lipids, but also the fatty acid composition in
diet plays important role in the regulation of MTP expression.
Many studies lack significant correlation between changes in
MTP mRNA levels, protein masss, and lipid transfer  activity
because this protein is not secreted and it has a half –life of 4.4
days as reported in HepG2 cells (74). The mechanism by
which dietary fat induces MTP mRNA increase is not known.
Recent studies demonstrated that fresh garlic inhibits MTP
expression in human liver and intestinal cell lines and in rat
intestine (75), but the molecular mechanism of garlic-induced
MTP changes and identification of active components are not
known. The MTP promoter contains a positive sterol element
and a negative insulin response element (76), which appears to
be active in vitro and in vivo. Bennett et al. (77) showed that
hamsters fed with high cholesterol diet increased their level of
hepatic MTP mRNA and this was associated with an elevation
of plasma VLDL concentration. In streptozotocin diabetic rats,
Wetterau et al. (5) reported a 65% increase in hepatic mRNA
levels with no changes in the intestine. This effect was
attenuated upon insulin injection. Recent studies revealed that
hepatic MTP mRNA expression is increased by 45% in
hyperinsulinemic diabetic ob/ob mouse and this was associated
with significant effect on MTP activity and triglycerides
secretion from the liver (78).  In HepG2 cells, insulin
negatively regulates MTP gene expression (74). Taghibiglou et
al. (79) developed a new golden Syrian hamster model for
insulin resistance in which they demonstrated that fructose
feeding was associated with a mild hypertriglyceridemia,
apoB-VLDL overproduction and increased expression of
MTP. Recent studies, from the same group, revealed that
amelioration of hepatic insulin resistance with rosiglitazone
normalizes MTP expression and ameliorates apoB-VLDL
production (80). Research on MTP regulation has recently
focused on study of postprandial dyslipidaemia and diabetes.
Phillips et al. demonstrated that diabetic rabbits had significant
increase in intestinal MTP expression and activity without any
change in the liver. This finding suggests that intestinal, rather
than hepatic MTP may be the cause of enhanced number of
small chylomicron particles observed in postprandial diabetic
dyslipidaemia (81). It has been shown that ethanol down-
regulates hepatic and intestinal MTP expression in HepG2
cells and rats (82). Similar effect has been observed with
endotoxin and cytokines (83). Unlike ethanol treatment,
prolonged incubation with cytokines did not alter apoB
secretion by HepG2 cells suggesting that MTP mRNA
changes do not contribute significantly to cytokines-induced
effects on lipoprotein secretion. More investigations are
needed, however, to increase our understanding for the
molecular mechanisms involved in the MTP regulation and its
impact on apoB-lipoprotein assembly and secretion.

4. FUNCTIONAL POLYMORPHISM IN THE
MICROSOMAL TRIGLYCERIDE TRANSFER
PROTEIN GENE

The promoter region of MTP gene is highly
conserved between species (76). Human and hamster MTP
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promoter activities were suppressed by cholesterol (76) and
similar effect of insulin was observed in HepG2 cells (21).
Hypothesis that genetic variation in MTP gene expression
might influence plasma lipoprotein levels in humans was
based on two important observations: (i) Absence of
functional MTP in abetalipoprotenemia, a rare autosomal
and recessive disease that causes defect in the assembly and
secretion of VLDL and chylomicrons. (ii) MTP plays a
critical role in apoB-lipoprotein assembly and secretion in
vitro and in vivo. Evidence is emerging to indicate that
genetic variations in the MTP promoter are related to
coronary atherosclerosis. In 1998, Karpe et al. (84) were
the first to report that polymorphism of the MTP gene was
associated with changes in plasma concentrations of apoB-
containing lipoproteins in humans. In fact, they were able
to detect a common G/T polymorphism located 493bp
upstream from the start of the transcription site in MTP
gene. This rare allele with a frequency of 0.25 showed an
increase in the transcriptional activity. Elevation of
transcriptional activity was confirmed in transfected HepG2
cells using chloramphenicol acetyl transferase reporter
gene. Furthermore, healthy human homozygotes had
significantly lowered plasma LDL cholesterol. This was
associated with significant decrease in apoB content of
VLDL and LDL particles as well as an increase in
TG/apoB ratio within VLDL particles. The fact that
increased expression of MTP was associated with  a
considerable decrease in plasma LDL cholesterol levels in
humans is intriguing. However, authors speculated that in
this case, MTP -493T promoter variant could act by
shifting the balance between the secretion of large and
small VLDLs. Enhanced MTP activity would result then in
the formation of fewer and larger VLDL, leading to lower
the input of LDL production from VLDL. In addition, the
authors arise questions whether high expression of MTP
could affect the intracellular cholesterol homeostasis that
might result from elevated transfer of cholesterol by MTP
and consequently affecting the regulation of LDL receptor
activity. In familial hypercholesterolemia, a common
autosomal dominant disorder that causes excessive
elevation of LDL in plasma, Lundahl et al. (85) reported
that MTP -493G/T promoter variant shifted the observed
LDL-cholesterol lowering effect in healthy subjects to a
serum triglyceride-lowering effect in FH, suggesting a
possible role for MTP gene expression in modulating
clinical phenotype of FH. Recently, Ledmyr et al. (4)
studied the influence of plasma lipid and lipoprotein levels
by three promoter MTP polymorphism (-493G/T, -400A/T,
and -164T/C) upstream of transcription start and four
common missense polymorphism (Q/H95, I/T128, Q/E244
and H/Q297). This study indicated that two promoter
polymorphism (-493G/T and -164T/C) and one missense
polymorphism (I/T128) significantly lower plasma total
and LDL cholesterol levels and plasma apoB-LDL levels.
This was associated with a significant increase in body
mass index and waist circumference measurements and
plasma insulin levels. The mechanism by which MTP
polymorphism induces changes in the degree of obesity
such as body mass index and waist circumference remains
unanswered.

Results from the coronary artery risk

development in young adults (CARDIA) study showed that
TT genotype of common functional polymorphism (-
493G/T) was associated with significant elevation of total
cholesterol, LDL cholesterol, triglycerides and apoB in
human plasma (86). The explanation of the opposite
finding reported in this study may be due to important
differences such as samples size, gender, race, age, BMI,
diet and other environmental factors. The functional
polymorphism in the promoter region of Mttp gene (-
493G/T) has been shown to be associated with liver
steatosis in patients with type II diabetes (87) suggesting
that the G allele of MTP promoter which encodes a
decrease in MTP activity may contribute to intrahepatocyte
triglyceride accumulation and, consequently, to a decrease
in lipoprotein secretion. It remains to be determined if
moderate reduction in MTP activity as a consequence of
variation in MTP promoter might, by itself, be sufficient to
induce steatosis. This study need to be extended to other
metabolic diseases in different populations. Others have not
been able to demonstrate a significant change in lipid
profiles for the MTP polymorphism gene (88, 89).
Herrmann et al. (88) identified two polymorphisms in the
5’ flanking region of MTP gene, designated -400A/T and -
164T/C. The MTP -164T polymorphism lies in a consensus
sequence (-174 to -163) that shows homology to the human
LDL receptor promoter, sterol regulatory element (SRE)
and other physiologically related genes (90). Hagan et al.
(76) showed that deletion of sequences 5’ to -239 bp in
transfected HepG2 cells had no effects on the promoter
activities whereas, further deletion from -239 to -121 bp
enhanced the promoter activity by 2.5 fold.

In the Etude Cas-Témoin de l’infractus du
Myocarde (ECTIM) study, none of the -400A/T and -
164T/C variants showed any association with
angiographically assessed coronary stenosis or plasma
lipoprotein profiles (88).  Similarly, absence of significant
association between genetic variations in the MTP
promoter and lipoprotein profiles as well as CHD risk has
been reported (89). In the Framingham Offspring Study,
Couture et al. (89) demonstrated that 493G/T
polymorphism, in men and women, has no effect on plasma
levels of total cholesterol, LDL cholesterol, apoB and
lipoprotein subclasses analyzed by NMR technique.

There is a clear inconsistency in the reported
association between MTP polymorphism and variations in
lipid profiles and this may be due to differences in
environmental factors and/or differences in genetic
background of populations studied. However, caution is
required in interpreting these results and further
investigations are required to determine mechanisms that
could link MTP polymorphism to variations of lipoprotein
profiles in high-risk population. In addition, functional
analysis is needed to investigate whether the effect on lipid
abnormalities accounted by one or more polymorphism
variants that shows linkage disequilibrium with other
unidentified variants within a gene encoding a protein
regulating MTP expression. Screening for more functional
MTP promoter variants in high-risk population might
significantly help in the choice of lipid lowering strategies
for the prevention and treatment of cardiovascular diseases.
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5. ROLE OF MICROSOMAL TRIGLYCERIDE
TRANSFER PROTEIN IN THE ASSEMBLY OF
PLASMA LIPOPROTEIN

5.1. Lipid transfer and chaperone activities of MTP
As mentioned earlier, intracellular assembly of

apoB with lipids in hepatocytes and enterocytes requires
MTP. From evidence based upon in vitro studies, apoB has
been demonstrated to be lipidated through two discrete
steps (45,51,52,103,104). Whether or not the second step
requires MTP or not is still debated (34,45,53,54). When
lipid synthesis or MTP activity are limited, ApoB100 is not
secreted but rapidly degraded by the proteasomal pathway
and/or by non proteasomal mechanisms (31,33,55-59).
Bakillah et al. first showed that MTP contains two
independent, apoB binding and lipid transfer, domains
(10,27). Liang and Ginsberg showed that lipid transfer and
apoB binding activities of MTP are independent of each
other but both are required for efficient secretion of apoB-
containing lipoproteins (29).

The importance of MTP in lipoprotein assembly has
been demonstrated by the findings of previous and recent
studies using MTP inhibitor molecules (6,9,60-63).  The
apoB-lipid assembly and the function of MTP have been
well established in vitro and in vivo (see reviews (1,5-
10,103,104) for more details). In vivo studies demonstrated
that specific inhibitors for MTP activity were able to lower
plasma cholesterol and triglycerides levels by > 80% in
rabbits, hamsters and rats (63). Homozygous Mttp
knockout mice are not viable, but heterozygous knockout
mice developed normally and showed 50% reduction in
MTP activity levels in both the liver and intestine. This was
accompanied with significant reduction of plasma apoB100
but less effect on ApoB48 (37,64). Liver-specific
inactivation of Mttp gene, using Cre/LoxP strategy,
abrogated the plasma VLDL/LDL response to high
cholesterol diet (65). Interestingly, Raabe et al. (37)
demonstrated that absence of MTP prevents the formation
of TG droplets necessary for the fusion with nascent apoB
in the ER lumen, suggesting a potential role of MTP in the
formation of lipid droplets. Additional investigations are
needed to clarify the role of MTP in this process.  In
addition, adenoviral overexpression of MTP in mouse liver
has been shown to increase hepatic secretion of
triglyceride-rich apoB-containing lipoproteins (66,67).

Two independent studies have provided the first
evidence for in vitro physical interaction between apoB and
MTP (38,39). In order to explore these interactions,
Hussain et al. developed an independent solid-liquid inter-
phase binding assay (40). Protein-protein interactions
between MTP and apoB were found to be of high affinity
and ionic in nature. Baculoviral expression studies have
confirmed that apoB17 and the M subunit of MTP interact
with each other with high affinity (24). Using chemical
modification method, we have shown that lysine and
arginine residues in apoB are critical for MTP binding, but
are different from those involved in heparin and LDL
receptor binding (41). Most likely, positively charged
amino-acids in apoB interact with negatively charged
residues in MTP. In addition, we have demonstrated that

the binding of apoB to MTP decreases with increases in the
length and degree of lipidation in apoB polypeptide (40).
We also have proposed that MTP binding and proper
disulfide bonds formation in apoB are mutually exclusive
and independent events in the biosynthesis of apoB-
containing lipoproteins. Most likely, MTP binding precedes
disulfide bond formation (68). Expression of flag-apoB
chimeras in COS cells indicated that amino acids 430-570
in apoB are critical for MTP binding (42). Bradbury et al.
(43) have used yeast two-hybrid system and
coimmunoprecipitation techniques to map the MTP binding
site in apoB. They discovered an ‘overlapping’ second
apoB binding site between residues 512 and 721, which
interacts with residues 517-603 of MTP. An additional
binding site was also identified in the N-terminal region of
apoB (residues 1-264), which interacts with residues 22-
303 of MTP (24). Du et al. (32) have provided compelling
evidence, from abetalipoproteinemia patients, that MTP
plays essential role in apoB translocation. More recently,
Liang and Ginsberg (29) performed a series of studies with
deleted apoB constructs and provided direct evidence for
the role of MTP-apoB binding in lipoprotein secretion by
liver cells.

5.2. Physiological significance of MTP-apoB binding in
lipoprotein assembly

To address potential importance of MTP-apoB
interactions during lipoprotein assembly, we used an MTP-
apoB antagonist (AGI-S17) in our invitro binding assay, as
well as in invitro cell culture system. AGI-S17 abolished
MTP-apoB binding by 60-70% at 40 µM, but had no effect
on MTP’s lipid transfer activity (27). In human and rat liver
cells, AGI-S17 inhibited significantly the intracellular
MTP-apoB association without affecting lipid-transfer
activity. In addition, nascent apoB was inhibited by 70-
85%, suggesting that inhibition of apoB secretion by AGI-
S17 is a direct consequence of the inhibition of intracellular
MTP-apoB binding. These findings provide strong
evidence that protein-protein interactions between MTP
and apoB may be important for lipoprotein assembly and
secretion. Multiple lines of evidence from different
laboratories support our finding. Bradbury et al. (43)
demonstrated that Arg-531 mutation of the apoB buried salt
bridge residues 512-592, which disrupted interactions
between MTP and apoB, had a marked effect on apoB-
containing lipoprotein secretion. Additional support was
reported recently by Liang and Ginsberg (29)
demonstrating that deletion of the first 210 amino acids that
contains the first MTP binding site significantly decreased
the secretion of apoB34 but had no effect on the secretion
of apoB16. The authors concluded that MTP binding and
transfer activities are independent of each other, but both
are essential for the secretion of apoB-containing
lipoproteins by liver cells (29). These observations
strengthen the hypothesis that MTP-apoB binding is critical
for proper lipoprotein assembly.

Extensive studies using MTP inhibitors to
elucidate the role of MTP in lipoprotein assembly
contributed to configuration of several models proposing
mechanisms by which neutral lipid core may be added to
nascent apoB (6,9,25,27,34,103,104). In the light of
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Figure 1.  Proposed roles for MTP chaperone activity in lipoprotein assembly.The nascent apoB polypeptide is shown associated
with the inner leaflet of the ER membrane, and MTP has been depicted to contain two independent, lipid transfer and apoB
binding, domains. When the nascent polypeptide containing the MTP binding site emerges toward the lumenal side of the ER, it
interacts with lipid-free MTP or MTP-lipid complexes. A successful binding between these proteins will result in complete
translation, translocation, proper lipidation and assembly of apoB into primordial lipoprotein precursor particles (A, B). MTP-
lipid complexes may play an important role in the fusion of triglyceride droplets with primordial lipoproteins to form mature
lipoproteins during the ‘core expansion’ in the two-step process (D). If the binding between MTP and apoB is inhibited
(represented by "X") by the use of inhibitors, such as AGI-S17, nascent apoB polypeptide will then be exposed to intracellular
degradation involving proteasomal and non proteasomal mechanisms (C) depending on specific cell type and metabolic state as
described in (59). Details for the two-step lipidation process are not mentioned in this simplified model (see 6,8-10,103,104).

progress towards the importance of MTP chaperone
activity in lipoprotein assembly, we propose the following
model (Figure 1): As soon as apoB nascent polypeptide
containing the MTP binding site emerges toward the
lumenal side of the ER, it interacts with either lipid-free
MTP molecules or MTP-lipid complexes. MTP associated
with lipids has a high affinity for apoB (10) and thus may
readily associate with apoB. We emphasize that the binding
process may precede lipidation of apoB because the MTP
binding site (42) is translated prior to the lipid binding
domains (71-73) of apoB. Lipid-free MTP bound to apoB
may also extract lipids from the ER membrane and lipidate
apoB. MTP-lipid complexes may play an important role in
the fusion of triglyceride droplets with primordial
lipoproteins to form mature lipoproteins during the core
expansion process. MTP has been proposed to contain
sequences that may have fusogenic properties (46), but the
fusion mechanism is unknown. We speculate that protein-
protein interactions between MTP and apoB may induce
conformational changes in apoB which juxtapose lipids
domains in MTP with exposed lipid-binding domains of
apoB and consequently, facilitate fusion process and core
expansion. Increases in the length and lipidation of apoB

would decrease interactions between these proteins (40)
and result in the formation of primordial lipoproteins that
are secretion-competent (10,27,53). Thus, the two
independent MTP activities and lipid availability are
essential for efficient apoB secretion.

As discussed before, MTP by interacting with nascent apoB
may act first as a chaperone before the lipidation process
starts. Inhibition of these interactions may lead to decreased
translocation of nascent apoB peptides into the lumen,
decreased lipoprotein assembly, and increased intracellular
degradation most likely involving ubiquitin-proteasomal
and/or nonproteasomal mechanisms (Figure 1& Figure 2).
We speculate that under such condition, in which only
chaperone activity is affected but not lipid transfer activity,
fewer and larger lipid-rich apoB-VLDL species will be
formed leading to efficient triglyceride transporting
capacity and to less pronounced fatty liver development
(Figure 2). It is well established that large VLDL particles
are not direct precursors of LDL, and consequently their
input for the net circulating LDL fraction will be decreased.
It is difficult to speculate about potential attempt for the
liver to limit triglycerides accumulation, but



MTP and Lipoprotein Assembly

299

Figure 2. Postulated actions for partial inhibition of MTP
lipid activity and MTP chaperone activity. Exogenous and
genetic factors increase (+) or decrease (-) MTP responsive
elements of MTP gene through various mechanisms,
thereby modifying MTP lipid transfer activity or MTP
chaperone-like activity. MTP lipid activity drugs inhibit
apoB lipidation without affecting its translocation. Non
lipidated apoB undergoes intracellular degradation
involving ubiquitin-proteasomal and/or nonproteasomal
mechanisms. This may result in a significant accumulation
of intracellular triglyceride content (fatty liver). In contrast,
MTP binding inhibitors, such as AGI-S17, may affect
specifically apoB translocation without altering MTP lipid
transfer activity resulting, probably, in less pronounced
accumulation of triglycerides within the ER. The residual
MTP activity might probably promote secretion of fewer
and larger apoB-particles. Specific drugs targeting either
MTP lipid activity or its chaperone activity will result, in
both cases, in significant decrease of apoB-containing
lipoprotein production.

in the situation of reducing hepatic lipoprotein production
by MTP binding inhibitors this issue may not be totally free
of nonalcoholic steatohepatitis. Another question is
whether modest changes in MTP chaperone activity could
have significant impact on the amount and composition of
secreted apoB-lipoproteins.

New potent and specific inhibitors targeting
independently MTP activities can now be explored in this
proposed hypothetical MTP-assisted lipoprotein assembly.

5.3. In vitro modulation of of MTP-apoB binding
 In HepG2 cells, Wu et al. (38) showed that oleic
acid treatment, which protects apoB from intracellular
degradation, increased both the degree and the duration of
binding between MTP and apoB. In addition, inhibition of
TG synthesis by triacsin D inhibited MTP-apoB association
suggesting that lipids availability may play essential role in
the modulation of interaction between these two proteins
(38). Hussain et al. (40) showed that MTP binding was
maximal for apoB17 and increasing the length of apoB
from 17% to 42% results in substantial decrease in MTP-
apoB association. The reasons for this decrease in MTP
binding with increase in apoB length are not known and
need further investigation. We also observed that addition
of exogenous zwitterionic phospholipids, enhanced by 2-4

fold MTP-apoB binding, whereas negatively charged
phospholipids, decreased MTP-apoB binding (10). In
addition, we demonstrated that incubation of MTP with
lipid vesicles resulted in a stable association of MTP with
vesicles, and MTP-lipid complexes bound better (5 fold) to
apoB than did lipid-free MTP. These studies clearly
indicate that the association of MTP with phospholipid
vesicles results in increased affinity for apoB (10). At the
present, we do not know how MTP-lipids complexes
increase its affinity for apoB, but we were able to provide
evidence that such stable MTP-lipid complexes exist in the
lumen of ER from liver cells (10). Biochemical and
molecular characterization of these MTP-lipid complexes is
needed to better understand their role in lipoprotein
assembly. Also, the potential role of the network ER-
resident chaperones in this process remains to be
determined.

6. MICROSOMAL TRIGLYCERIDE TRANSFER
PROTEIN INHIBITORS AND THE ROAD AHEAD

MTP is a key factor in the assembly of VLDL,
the direct precursor of LDL. Interest in MTP has been
stimulated by the large reports describing the effects of
MTP inhibitors on lipoprotein production. The liver-
specific knockout mice (37, 65) and MTP overexpression
studies (66, 67) have demonstrated that MTP is rate-
limiting for apoB-VLDL secretion. These findings
suggested that MTP may play essential role in modulating
lipoprotein assembly and secretion. In liver (60) and
intestinal (91) cells inhibition of MTP activity has been
shown to significantly decrease the rate of apoB-containing
lipoprotein production in a dose dependent manner.
Interestingly, Wetterau et al. (63) reported an MTP
inhibitor that was able to normalize atherogenic lipoprotein
levels in the Watanabe-heritable hyperlipidemic rabbit, a
model for homozygous familial hypercholesterolemia.

Complete absence of MTP in
abetalipoprotenemia leads to the accumulation of
triglycerides in the small intestine and liver. In contrast,
heterozygous carriers are unaffected suggesting that partial
deficiency of MTP has no functional consequences. In
addition, liver-specific Mttp knockout mice had only
moderate hepatic steatosis on a low-fat chow diet compared
to the apoB mutation that appeared to induce much greater
liver triglyceride stores (37,79,92). This interesting finding
increased efforts from investigators in pharmaceutical
industry that are seeking new therapeutic strategies for
treating hyperlipidaemia. As shown in (Table 1), a number
of MTP inhibitors have been developed but unfortunately
many of them have been discontinued. Safety profile of
such compounds remains the major concern and
unfortunately, many of them were discontinued at early
stages of development probably because of sign of severe
hepatic lipid accumulation.

A study of fatty liver disease and plasma lipoproteins in
kindred familial hypobetalipoproteinemia with apoB-54.5
truncation revealed that four of eight carriers developed
fatty liver disease which appears to be more severe in the
presence of high alcohol intake (93).
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Table 1. MTP inhibitors (adapted from Pharmaprojects database)
Compound Company Indication Development status
BMS-200150
BMS-212122
BMS201038

Bristol-Myyers Squibb
(USA)

Atherosclerosis
Hyperlipidaemia

Preclinical/ Active
Preclinical/ Active
Phase I/ Ceased

R-103757 Johnson & Johnson
(USA)

Atherosclerosis Preclinical/ Ceased

CP-467688
CP-319340

Pfizer
(USA)

Atherosclerosis Preclinical/ Ceased

GW-328713 GlaxoSmithKline
(UK)

Atherosclerosis
Hyperlipidaemia

Phase I/ Ceased

BAY-139952 Bayer
(Germany)

Mixed Dyslipidaemia Phase II/ Active

MTP-1403
MTP-1307
MTP-3115
MTP-3631

Maruko Seiyaku
(Japan)

Antidiabetic Preclinical/ Ceased
Preclinical/ Ceased
Preclinical/ Ceased
Preclinical/ Ceased

This finding suggests that additional environmental,
hormonal or genetic factors may contribute to lipid
accumulation (94). Recent reports showed that decreased
MTP activity contributes to initiation of alcoholic liver
steatosis in rats (95). In addition, Hepatitis C virus core
protein inhibits MTP activity and VLDL secretion in a
model of viral-related steatosis (96). Even though the
mechanism of fatty liver development is not clearly known,
the increase efforts in better understanding VLDL assembly
will provide a good strategy for a tissue-specific MTP
targets. There is substantial evidence that MTP inhibitors
acts differently in liver and intestine, however, there has
been a tendency to extrapolate findings from studies of
liver cells to intestinal cells. Inhibition of MTP activity in
human liver hepatoma cell lines, HepG2, decreased the net
synthesis of apoB100 probably by delaying its translation
and promoting co-translational proteasomal degradation
(33). In contrast, inhibition of MTP activity in rat hepatoma
cell lines, McA-RH7777, did not affect significantly
apoB100 synthesis (59). Kulinski et al. (97) showed that
MTP inhibitor reduced TG secretion from murine
hepatocytes by 85% and decreased the amount of apoB100
in the ER lumen, whereas the secretion of apoB48 was
slightly decreased and the amount of apoB48 in the ER
lumen was unaffected. This is in accordance with Lin’s et
al. study in which rats fed with fresh garlic extract had
significantly lower intestinal MTP mRNA levels compared
to the control rats, whereas hepatic MTP mRNA levels
were unchanged (75). Using a cholesterol-fed alloxan
diabetic rabbit as a model for diabetes and atherosclerosis,
Phillips et al. (81) demonstrated that intestinal rather than
hepatic MTP may be the cause of postprandial
dyslipidaemia in diabetes. New approaches for lowering
intestinal MTP only or hepatic MTP remain attractive
issues for development of novel classes of tissue-specific
MTP inhibitors.

Novel series of highly potent MTP inhibitors
with acceptable pharmacokinetic and safety profile has
been developed (98-100). These compounds offer the
potential for great efficacy and plasma lipid control in
hypercholesterolemia, hypertriglyceridemia and mixed
hyperlipidaemia. Ongoing synergetic drug combination
with known cholesterol lowering agents or fat soluble

vitamin such as vitamin E, vitamin A and vitamin K are
under investigations.

We and other have demonstrated that MTP acts
as a chaperone in binding to apoB during early stages of
lipoprotein assembly (10,27,29,40,42,43,57,103,104) &
(Figure 1). This chaperone function of MTP is an attractive
target for development of new inhibitors and partial
inhibition of MTP-apoB association may therefore be
therapeutically beneficial. But the main question is whether
these new MTP-apoB binding inhibitors can decrease
lipoprotein secretion without inducing severe fatty liver
and, if not, whether moderate effect is an acceptable price
to pay.

Recently, Biessen et al. (101) reported an elegant
design and synthesis of antisense peptide nucleic acid
glycoconjugate prodrug which was able to reduce MTP
mRNA levels in HepG2 cells by 35-40% at 100nM. Further
investigations are needed with the combination of emerging
genomic and proteomic technologies and availability of
new potent molecules that inhibits MTP-apoB binding to
help in evaluating new strategy for developing powerful
and safe anti-atherogenic drugs.

7. CONCLUDING REMARKS

It seems clear that depending upon the specific
cell context, liver or intestine, MTP inhibitors might act
differently in reducing the amount of apoB100 or apoB48.
Although clarifications of exact mechanisms behind this
phenomenon are still needed, significant progress has been
made recently, particularly with the use of animal models
in studies of fasting and postprandial dyslipidemia that may
be the major cause of atherosclerosis in diabetes.

Recent studies on MTP gene promoter
polymorphism showed a potential link to the development
of cardiovascular diseases . However, the mechanism is
poorly understood and evaluation of great number of
patients in various risk-populations is still needed.

MTP chaperone activity studies, which are just
emerging, have produced equivocal result regarding the
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physiological significance of MTP binding in lipoprotein
assembly and secretion. Many laboratories are now
focusing on clarification of this issue and forthcoming
reports will be issued in the near future. This will help to
answer many of remaining questions and, perhaps, might
help in design and choice of new powerful lipid lowering
therapy for cardiovascular diseases.

8. ACKNOWLEDGEMENTS

Critical reading and helpful comments by Dr.
Mahmood Hussain and Sihem Sassi-Gaha are gratefully
appreciated. Part of the work cited in this review was
performed while AB was a visiting Scientist from Chouaib
Doukkali University (El Jadida-Morocco) in the Laboratory
of Professor Mahmood Hussain at Allegheny University of
the Health Sciences (Philadelphia, PA-USA). AB was
recipient of National Research Service Award
(NRSA/NIH).

9. REFERENCES

1.  Gregg, R. E. & J.R. Wetterau: The molecular basis of
abetalipoproteinemia. Curr Opin Lipidol 5, 81-86 (1994)
2.  Leiper,J.M., J.D. Bayliss, R.J. Pease, D.J. Brett, J. Scott
& C.C. Shoulders: Microsomal triglyceride transfer protein,
the abetalipoproteinemia gene product, mediates the
secretion of apolipoprotein B-containing lipoproteins from
heterologous cells. J Biol Chem 269, 21951-21954 (1994)
3.  Talmud,P.J., J.K. Lloyd, D.P. Muller, D.R. Collins, J.
Scott & S. Humphries: Genetic evidence from two families
that the apolipoprotein B gene is not involved in
abetalipoproteinemia. J Clin Invest 82, 1803-1806 (1988)
4.  Ledmyr,H., F. Karpe, B. Lundahl, M. McKinnon, C.
Skoglund-Andersson & E. Ehrenborg: Variants of the
microsomal triglyceride transfer protein gene are associated
with plasma cholesterol levels and body mass index. J
Lipid Res 43, 51-58 (2002)
5.  Wetterau, J. R., M.C. Lin & H. Jamil: Microsomal
triglyceride transfer protein. Biochim Biophys Acta 1345,
136-150 (1997)
6.  Gordon, D. A. & H. Jamil: Progress towards
understanding the role of microsomal triglyceride transfer
protein in apolipoprotein-B lipoprotein assembly. Biochim
Biophys Acta 1486, 72-83 (2000)
7.  White, D. A., A.J. Bennett, M.A. Billett & A.M. Salter:
The assembly of triacylglycerol-rich lipoproteins: an
essential role for the microsomal triacylglycerol transfer
protein. Br J Nutr 80, 219-229 (1998)
8.  Berriot-Varoqueaux, N., L.P. Aggerbeck & M. Samson-
Bouma: Microsomal triglyceride transfer protein and
abetalipoproteinemia. Ann Endocrinol (Paris) 61, 125-129
(2000)
9.  Shelness, G. S. & J.A. Sellers: Very-low-density
lipoprotein assembly and secretion. Curr Opin Lipidol 12,
151-157 (2001)
10.  Bakillah, A. & M.M. Hussain: Binding of microsomal
triglyceride transfer protein to lipids results in increased
affinity for apolipoprotein B: evidence for stable
microsomal MTP-lipid complexes. J Biol Chem 276,
31466-31473 (2001)

11.  Wetterau, J. R. & D.B. Zilversmit: A triglyceride and
cholesteryl ester transfer protein associated with liver
microsomes. J Biol Chem 259, 10863-10866 (1984)
12.  Atzel, A. & J.R. Wetterau: Mechanism of microsomal
triglyceride transfer protein catalyzed lipid transport.
Biochemistry 32, 10444-10450 (1993)
13.  Boren, J., M.M. Veniant & S.G. Young: Apo B100-
containing lipoproteins are secreted by the heart. J Clin
Invest 101, 1197-1202 (1998)
14.  Nielsen,L.B., M. Veniant, J. Boren, M. Raabe, J.S.
Wong, C. Tam, L. Flynn, T. Vanni-Reyes, M.D. Gunn, I.J.
Goldberg, R.L. Hamilton & S.G. Young: Genes for
apolipoprotein B and microsomal triglyceride transfer
protein are expressed in the heart: evidence that the heart
has the capacity to synthesize and secrete lipoproteins.
Circulation 98, 13-16 (1998)
15.  Wetterau, J. R., K.A. Combs, L.R. McLean, S.N.
Spinner, & L.P. Aggerbeck: Protein disulfide isomerase
appears necessary to maintain the catalytically active
structure of the microsomal triglyceride transfer protein.
Biochemistry 30, 9728-9735 (1991)
16.  Vuori, K., T. Pihlajaniemi, R. Myllyla & K.I.
Kivirikko: Site-directed mutagenesis of human protein
disulphide isomerase: effect on the assembly, activity and
endoplasmic reticulum retention of human prolyl 4-
hydroxylase in Spodoptera frugiperda insect cells. EMBO J
11, 4213-4217 (1992)
17.  Ricci,B., D. Sharp, E. O'Rourke, B. Kienzle, L.
Blinderman, D. Gordon, C. Smith-Monroy, G. Robinson,
R.E. Gregg & D.J. Rader: A 30-amino acid truncation of
the microsomal triglyceride transfer protein large subunit
disrupts its interaction with protein disulfide-isomerase and
causes abetalipoproteinemia. J Biol Chem 270, 14281-
14285 (1995)
18.  Lamberg,A., M. Jauhiainen, J. Metso, C. Ehnholm,
C.C. Shoulders, J. Scott, T. Pihlajaniemi & K.I. Kivirikko:
The role of protein disulphide isomerase in the microsomal
triacylglycerol transfer protein does not reside in its
isomerase activity. Biochem J 315 ( Pt 2), 533-536 (1996)
19.  Sharp,D., L. Blinderman, K.A. Combs, B. Kienzle, B.
Ricci, K. Wager-Smith, C.M. Gil, C.W. Turck, M.E.
Bouma & D.J. Rader: Cloning and gene defects in
microsomal triglyceride transfer protein associated with
abetalipoproteinaemia. Nature 365, 65-69 (1993)
20.  Gordon,D.A., H. Jamil, D. Sharp, D. Mullaney, Z.
Yao, R.E. Gregg & J. Wetterau: Secretion of apolipoprotein
B-containing lipoproteins from HeLa cells is dependent on
expression of the microsomal triglyceride transfer protein
and is regulated by lipid availability. Proc Natl Acad Sci U
S A 91, 7628-7632 (1994)
21.  Lin,M.C., C. Arbeeny, K. Bergquist, B. Kienzle, D.A.
Gordon & J.R. Wetterau: Cloning and regulation of
hamster microsomal triglyceride transfer protein. The
regulation is independent from that of other hepatic and
intestinal proteins which participate in the transport of fatty
acids and triglycerides. J Biol Chem 269, 29138-29145
(1994)
22.  Anderson, T. A., D.G. Levitt & L.J. Banaszak: The
structural basis of lipid interactions in lipovitellin, a soluble
lipoprotein. Structure 6, 895-909 (1998)
23.  Raag, R., K. Appelt, N.H. Xuong & L. Banaszak:
Structure of the lamprey yolk lipid-protein complex



MTP and Lipoprotein Assembly

302

lipovitellin-phosvitin at 2.8 A resolution. J Mol Biol 200,
553-569 (1988)
24.  Mann,C.J., T.A. Anderson, J. Read, S.A. Chester, G.B.
Harrison, S. Kochl, P.J. Ritchie, P. Bradbury, F.S. Hussain,
J. Amey, B. Vanloo, M. Rosseneu, R. Infante, J.M.
Hancock, D.G. Levitt, L.J. Banaszak, J. Scott & C.C.
Shoulders: The structure of vitellogenin provides a
molecular model for the assembly and secretion of
atherogenic lipoproteins. J Mol Biol 285, 391-408 (1999)
25.  Dashti, N., M. Gandhi, X. Liu, X. Lin & J.P. Segrest:
The N-terminal 1000 residues of apolipoprotein B associate
with microsomal triglyceride transfer protein to create a
lipid transfer pocket required for lipoprotein assembly.
Biochemistry 41, 6978-6987 (2002)
26.  Davis, R. A. & T.Y. Hui: 2000 George Lyman Duff
Memorial Lecture: atherosclerosis is a liver disease of the
heart. Arterioscler Thromb Vasc Biol 21, 887-898 (2001)
27.  Bakillah, A., N. Nayak, U. Saxena, R.M. Medford &
M.M. Hussain: Decreased secretion of ApoB follows
inhibition of ApoB-MTP binding by a novel antagonist.
Biochemistry 39, 4892-4899 (2000)
28.  Linnik, K. M. & H. Herscovitz: Multiple molecular
chaperones interact with apolipoprotein B during its
maturation. The network of endoplasmic reticulum-resident
chaperones (ERp72, GRP94, calreticulin, and BiP) interacts
with apolipoprotein b regardless of its lipidation state. J
Biol Chem 273, 21368-21373 (1998)
29.  Liang, J. & H.N. Ginsberg: Microsomal triglyceride
transfer protein binding and lipid transfer activities are
independent of each other, but both are required for
secretion of apolipoprotein B lipoproteins from liver cells.
J Biol Chem 276, 28606-28612 (2001)
30.  Macri,J., P. Kazemian, A. Kulinski, D. Rudy, A. Aiton,
R.J. Thibert & K. Adeli: Translocational status of ApoB in
the presence of an inhibitor of microsomal triglyceride
transfer protein. Biochem Biophys Res Commun 276, 1035-
1047 (2000)
31.  Mitchell,D.M., M. Zhou, R. Pariyarath, H. Wang, J.D.
Aitchison, H.N. Ginsberg & E.A. Fisher: Apoprotein B100
has a prolonged interaction with the translocon during
which its lipidation and translocation change from
dependence on the microsomal triglyceride transfer protein
to independence. Proc Natl Acad Sci U S A 95, 14733-
14738 (1998)
32.  Du,E.Z., S.L. Wang, H.J. Kayden, R. Sokol, L.K.
Curtiss & R.A. Davis: Translocation of apolipoprotein B
across the endoplasmic reticulum is blocked in
abetalipoproteinemia. J Lipid Res 37, 1309-1315 (1996)
33.  Pan, M., J. Liang, E.A. Fisher & H.N. Ginsberg:
Inhibition of translocation of nascent apolipoprotein B
across the endoplasmic reticulum membrane is associated
with selective inhibition of the synthesis of apolipoprotein
B. J Biol Chem 275, 27399-27405 (2000)
34.  Wang, Y., K. Tran, & Z. Yao: The activity of
microsomal triglyceride transfer protein is essential for
accumulation of triglyceride within microsomes in McA-
RH7777 cells. A unified model for the assembly of very
low density lipoproteins. J Biol Chem 274, 27793-27800
(1999)
35.  Wang, S., R.S. McLeod, D.A. Gordon & Z. Yao: The
microsomal triglyceride transfer protein facilitates
assembly and secretion of apolipoprotein B-containing

lipoproteins and decreases cotranslational degradation of
apolipoprotein B in transfected COS-7 cells. J Biol Chem
271, 14124-14133 (1996)
36.  Mason, T. M.: The role of factors that regulate the
synthesis and secretion of very-low-density lipoprotein by
hepatocytes. Crit Rev Clin Lab Sci 35, 461-487 (1998)
37.  Raabe,M., M.M. Veniant, M.A. Sullivan, C.H. Zlot, J.
Bjorkegren, L.B. Nielsen, J.S. Wong, R.L. Hamilton &
S.G. Young: Analysis of the role of microsomal
triglyceride transfer protein in the liver of tissue-specific
knockout mice. J Clin Invest 103, 1287-1298 (1999)
38.  Wu, X., M. Zhou, L.S. Huang, J. Wetterau & H.N.
Ginsberg: Demonstration of a physical interaction between
microsomal triglyceride transfer protein and apolipoprotein
B during the assembly of ApoB-containing lipoproteins. J
Biol Chem 271, 10277-10281 (1996)
39.  Patel, S. B. & S.M. Grundy: Interactions between
microsomal triglyceride transfer protein and apolipoprotein
B within the endoplasmic reticulum in a heterologous
expression system. J Biol Chem 271, 18686-18694 (1996)
40.  Hussain, M. M., A. Bakillah, & H. Jamil:
Apolipoprotein B binding to microsomal triglyceride
transfer protein decreases with increases in length and
lipidation: implications in lipoprotein biosynthesis.
Biochemistry 36, 13060-13067 (1997)
41.  Bakillah, A., H. Jamil, H., & M.M. Hussain: Lysine
and arginine residues in the N-terminal 18% of
apolipoprotein B are critical for its binding to microsomal
triglyceride transfer protein. Biochemistry 37, 3727-3734
(1998)
42.  Hussain, M. M., A. Bakillah, N. Nayak & G.S.
Shelness: Amino acids 430-570 in apolipoprotein B are
critical for its binding to microsomal triglyceride transfer
protein. J Biol Chem 273, 25612-25615 (1998)
43.  Bradbury,P., C.J. Mann, S. Kochl, T.A. Anderson, S.A.
Chester, J.M. Hancock, P.J. Ritchie, J. Amey, G.B.
Harrison, D.G. Levitt, L.J. Banaszak, J. Scott & C.C.
Shoulders: A common binding site on the microsomal
triglyceride transfer protein for apolipoprotein B and
protein disulfide isomerase. J Biol Chem 274, 3159-3164
(1999)
44.  Hussain,M.M., R.K. Kancha, Z. Zhou, J. Luchoomun,
H. Zu & A. Bakillah: Chylomicron assembly and
catabolism: role of apolipoproteins and receptors. Biochim
Biophys Acta 1300, 151-170 (1996)
45.  Gordon, D. A., H. Jamil, R.E. Gregg, S.O. Olofsson &
J. Boren: Inhibition of the microsomal triglyceride transfer
protein blocks the first step of apolipoprotein B lipoprotein
assembly but not the addition of bulk core lipids in the
second step. J Biol Chem 271, 33047-33053 (1996)
46.  Read,J., T.A. Anderson, P.J. Ritchie, B. Vanloo, J.
Amey, D. Levitt, M. Rosseneu, J. Scott & C.C. Shoulders:
A mechanism of membrane neutral lipid acquisition by the
microsomal triglyceride transfer protein. J Biol Chem 275,
30372-30377 (2000)
47.  Bruce, C., L.J. Beamer & A.R. Tall: The implications
of the structure of the bactericidal/permeability-increasing
protein on the lipid-transfer function of the cholesteryl ester
transfer protein. Curr Opin Struct Biol 8, 426-434 (1998)
48.  Peelman,F., N. Vinaimont, A. Verhee, B. Vanloo, J.L.
Verschelde, C. Labeur, S. Seguret-Mace, N. Duverger, G.
Hutchinson, J. Vandekerckhove, J. Tavernier & M.



MTP and Lipoprotein Assembly

303

Rosseneu: A proposed architecture for lecithin cholesterol
acyl transferase (LCAT): identification of the catalytic triad
and molecular modeling. Protein Sci. 7, 587-599 (1998)
49.  Cistola, D. P., K. Kim, H. Rogl & C. Frieden: Fatty
acid interactions with a helix-less variant of intestinal fatty
acid-binding protein. Biochemistry 35, 7559-7565 (1996)
50.  Beamer, L. J., S.F. Carroll & D. Eisenberg: Crystal
structure of human BPI and two bound phospholipids at 2.4
angstrom resolution. Science 276, 1861-1864 (1997)
51.  Hamilton, R. L., J.S. Wong, C.M. Cham, L.B. Nielsen
& S.G. Young: Chylomicron-sized lipid particles are
formed in the setting of apolipoprotein B deficiency. J
Lipid Res 39, 1543-1557 (1998)
52.  Innerarity, T. L., J. Boren, S. Yamanaka & S.O.
Olofsson: Biosynthesis of apolipoprotein B48-containing
lipoproteins. Regulation by novel post-transcriptional
mechanisms. J Biol Chem 271, 2353-2356 (1996)
53.  Wang, Y., R.S. McLeod & Z. Yao: Normal activity of
microsomal triglyceride transfer protein is required for the
oleate-induced secretion of very low density lipoproteins
containing apolipoprotein B from McA-RH7777 cells. J
Biol Chem 272, 12272-12278 (1997)
54.  Rustaeus, S., P. Stillemark, K. Lindberg, D. Gordon &
S.O. Olofsson: The microsomal triglyceride transfer protein
catalyzes the post-translational assembly of apolipoprotein
B-100 very low density lipoprotein in McA-RH7777 cells.
J Biol Chem 273, 5196-5203 (1998)
55.  Benoist, F. & T. Grand-Perret: Co-translational
degradation of apolipoprotein B100 by the proteasome is
prevented by microsomal triglyceride transfer protein.
Synchronized translation studies on HepG2 cells treated
with an inhibitor of microsomal triglyceride transfer
protein. J Biol Chem 272, 20435-20442 (1997)
56.  Fisher,E.A., M. Zhou, D.M. Mitchell, X. Wu, S.
Omura, H. Wang, A.L. Goldberg & H.N. Ginsberg: The
degradation of apolipoprotein B100 is mediated by the
ubiquitin-proteasome pathway and involves heat shock
protein 70. J Biol Chem 272, 20427-20434 (1997)
57.  Davis, R. A.: Cell and molecular biology of the
assembly and secretion of apolipoprotein B-containing
lipoproteins by the liver. Biochim Biophys Acta 1440, 1-31
(1999)
58.  Chan, L., B.H. Chang, W. Liao, K. Oka & P.P. Lau:
Apolipoprotein B: from editosome to proteasome. Recent
Prog Horm Res 55, 93-125 (2000)
59.  Cardozo, C., X. Wu, M. Pan, H. Wang & E.A. Fisher: The
inhibition of microsomal triglyceride transfer protein activity in
rat hepatoma cells promotes proteasomal and nonproteasomal
degradation of apoprotein b100. Biochemistry 41, 10105-
10114 (2002)
60.  Jamil,H., D.A. Gordon, D.C. Eustice, C.M. Brooks, J.K.Jr.
Dickson, Y. Chen, B. Ricci, C.H. Chu, T.W. Harrity, C.P.Jr.
Ciosek, S.A. Biller, R.E. Gregg & J.R. Wetterau: An inhibitor
of the microsomal triglyceride transfer protein inhibits apoB
secretion from HepG2 cells. Proc Natl Acad Sci U S A 93,
11991-11995 (1996)
61.  Benoist, F., E. Nicodeme & T. Grand-Perret: Microsomal
triacylglycerol transfer protein prevents presecretory
degradation of apolipoprotein B-100. A dithiothreitol-sensitive
protease is involved. Eur J Biochem  240, 713-720 (1996)
62.  Haghpassand, M., D. Wilder & J.B. Moberly:
Inhibition of apolipoprotein B and triglyceride secretion in

human hepatoma cells (HepG2) J Lipid Res 37, 1468-1480
(1996)
63.  Wetterau,J.R., R.E. Gregg, T.W. Harrity, C. Arbeeny,
M. Cap, F. Connolly, C.H. Chu, R.J. George, D.A. Gordon,
H. Jamil, K.G. Jolibois, L.K. Kunselman, S.J. Lan, T.J.
Maccagnan, B. Ricci, M. Yan, D. Young, Y. Chen, O.M.
Fryszman, J.V. Logan, C.L. Musial, M.A. Poss, J.A. Robl,
L.M. Simpkins & S.A. Biller: An MTP inhibitor that
normalizes atherogenic lipoprotein levels in WHHL
rabbits. Science 282 , 751-754 (1998)
64.  Leung,G.K., M.M. Veniant, S.K. Kim, C.H. Zlot, M.
Raabe, J. Bjorkegren, R.A. Neese, M.K. Hellerstein & S.G.
Young: A deficiency of microsomal triglyceride transfer
protein reduces apolipoprotein B secretion. J Biol Chem
275, 7515-7520 (2000)
65.  Chang,B.H., W. Liao, L. Li, M. Nakamuta, D. Mack &
L. Chan: Liver-specific inactivation of the
abetalipoproteinemia gene completely abrogates very low
density lipoprotein/low density lipoprotein production in a
viable conditional knockout mouse. J Biol Chem 274,
6051-6055 (1999)
66.  Tietge,U.J., A. Bakillah, C. Maugeais, K. Tsukamoto,
M.M. Hussain & D.J. Rader: Hepatic overexpression of
microsomal triglyceride transfer protein (MTP) results in
increased in vivo secretion of VLDL triglycerides and
apolipoprotein B. J Lipid Res 40, 2134-2139 (1999)
67.  Liao, W., K. Kobayashi & L. Chan: Adenovirus-
mediated overexpression of microsomal triglyceride
transfer protein (MTP): mechanistic studies on the role of
MTP in apolipoprotein B-100 biogenesis. Biochemistry 38,
7532-7544 (1999)
68.  Hussain, M.M., J. DeLozier, A. Shaheen, A.  Bakillah
& G.S. Shelness: MTP binding and proper disulfide bond
formation are independent events in the biosynthesis of
apoB-containing lipoproteins. Circulation 100, 3935 (1999)
69.  Pease, R. J., J.M. Leiper, G.B. Harrison & J. Scott:
Studies on the translocation of the amino terminus of
apolipoprotein B into the endoplasmic reticulum.
J.Biol.Chem. 270, 7261-7271 (1995)
70.  Pease, R. J. & J.M. Leiper: Regulation of hepatic
apolipoprotein-B-containing lipoprotein secretion.
Curr.Opin.Lipidol. 7, 132-138 (1996)
71.  Segrest, J. P., M.K. Jones, V.K. Mishra, G.M.
Anantharamaiah & D.W. Garber: ApoB-100 has a
pentapartite structure composed of three amphipathic
alpha-helical domains alternating with two amphipathic
beta-strand domains. Detection by the computer program
LOCATE. Arterioscler Thromb 14, 1674-1685 (1994)
72.  Segrest,J.P.,  M.K. Jones, V.K. Mishra, V. Pierotti,
S.H. Young, J. Boren, T.L. Innerarity & N. Dashti:
Apolipoprotein B-100: conservation of lipid-associating
amphipathic secondary structural motifs in nine species of
vertebrates. J Lipid Res 39, 85-102 (1998)
73.  Segrest, J. P.,  M.K. Jones, H. De Loof & N. Dashti:
Structure of apolipoprotein B-100 in low density
lipoproteins. J Lipid Res 42, 1346-1367 (2001)
74.  Lin, M. C., D. Gordon & J.R. Wetterau: Microsomal
triglyceride transfer protein (MTP) regulation in HepG2
cells: insulin negatively regulates MTP gene expression. J
Lipid Res 36, 1073-1081 (1995)
75.  Lin,M.C., E.J. Wang, C. Lee, K.T. Chin, D. Liu, J.F.
Chiu & H.F. Kung: Garlic inhibits microsomal triglyceride



MTP and Lipoprotein Assembly

304

transfer protein gene expression in human liver and
intestinal cell lines and in rat intestine. J Nutr 132, 1165-
1168 (2002)
76.  Hagan, D. L., B. Kienzle, H. Jamil & N. Hariharan:
Transcriptional regulation of human and hamster
microsomal triglyceride transfer protein genes. Cell type-
specific expression and response to metabolic regulators.
J.Biol.Chem. 269, 28737-28744 (1994)
77.  Bennett, A. J., J.S. Bruce, A.M. Salter, D.A. White &
M.A. Billett: Hepatic microsomal triglyceride transfer
protein messenger RNA concentrations are increased by
dietary cholesterol in hamsters. FEBS Lett 394, 247-250
(1996)
78.  Bartels, E. D., M. Lauritsen & L.B. Nielsen: Hepatic
expression of microsomal triglyceride transfer protein and
in vivo secretion of triglyceride-rich lipoproteins are
increased in obese diabetic mice. Diabetes  51, 1233-1239
(2002)
79.  Taghibiglou,C., A. Carpentier, S.C. Van Iderstine, B.
Chen, D. Rudy, A. Aiton, G.F. Lewis & K. Adeli:
Mechanisms of hepatic very low density lipoprotein
overproduction in insulin resistance. Evidence for enhanced
lipoprotein assembly, reduced intracellular ApoB
degradation, and increased microsomal triglyceride transfer
protein in a fructose-fed hamster model. J Biol Chem 275,
8416-8425 (2000)
80.  Chanson, N. F., J.F. Lontie, A. Gulik, J. Ferezou &
Y.A. Carpentier: LDL binding to lipid emulsion particles:
effects of incubation duration, temperature, and addition of
plasma subfractions. Lipids 37, 573-580 (2002)
81.  Phillips,C., A. Bennett, K. Anderton, D. Owens, P.
Collins, D. White & G.H. Tomkin: Intestinal rather than
hepatic microsomal triglyceride transfer protein as a cause
of postprandial dyslipidemia in diabetes. Metabolism 51,
847-852 (2002)
82.  Lin,M.C., J.J. Li, E.J. Wang, G.L. Princler, F.C.
Kauffman & H.F. Kung: Ethanol down-regulates the
transcription of microsomal triglyceride transfer protein
gene. FASEB J 11, 1145-1152 (1997)
83.  Navasa,M., D.A. Gordon, N. Hariharan, H. Jamil, J.K.
Shigenaga, A. Moser, W. Fiers, A. Pollock, C. Grunfeld &
K.R. Feingold: Regulation of microsomal triglyceride
transfer protein mRNA expression by endotoxin and
cytokines. J Lipid Res 39, 1220-1230 (1998)
84.  Karpe, F., B. Lundahl, E. Ehrenborg, P. Eriksson & A.
Hamsten: A common functional polymorphism in the
promoter region of the microsomal triglyceride transfer
protein gene influences plasma LDL levels. Arterioscler
Thromb Vasc Biol 18, 756-761 (1998)
85.  Bjorn, L., T.P. Leren, L. Ose, A. Hamsten & F.A.
Karpe: A functional polymorphism in the promoter region
of the microsomal triglyceride transfer protein (MTP -
493G/T) influences lipoprotein phenotype in familial
hypercholesterolemia. Arterioscler Thromb Vasc Biol 20,
1784-1788 (2000)
86.  Juo, S. H., Z. Han, J.D. Smith, L. Colangelo & K. Liu:
Common polymorphism in promoter of microsomal
triglyceride transfer protein gene influences cholesterol,
ApoB, and triglyceride levels in young african american
men: results from the coronary artery risk development in
young adults (CARDIA) study. Arterioscler Thromb Vasc
Biol 20, 1316-1322 (2000)

87.  Bernard,S., S. Touzet, L. Personne, V. Lapras, P.J.
Bondon, F. Berthezene & P. Moulin: Association between
microsomal triglyceride transfer protein gene
polymorphism and the biological features of liver steatosis
in patients with type II diabetes. Diabetologia 43 , 995-999
(2000)
88.  Herrmann,S.M., O. Poirier, V. Nicaud, A. Evans, J.B.
Ruidavets, G. Luc, D. Arveiler, C. Bao-Sheng  & F.
Cambien: Identification of two polymorphisms in the
promoter of the microsomal triglyceride transfer protein
(MTP) gene: lack of association with lipoprotein profiles. J
Lipid Res 39, 2432-2435 (1998)
89.  Couture,P., J.D. Otvos, L.A. Cupples, P.W. Wilson,
E.J. Schaefer & J.M. Ordovas: Absence of association
between genetic variation in the promoter of the
microsomal triglyceride transfer protein gene and plasma
lipoproteins in the Framingham Offspring Study.
Atherosclerosis 148, 337-343 (2000)
90.  Briggs, M. R., C. Yokoyama, X. Wang, M.S. Brown,
& J.L. Goldstein: Nuclear protein that binds sterol
regulatory element of low density lipoprotein receptor
promoter. I. Identification of the protein and delineation of
its target nucleotide sequence. J Biol Chem 268, 14490-
14496 (1993)
91.  van Greevenbroek, M. M., M.G. Robertus-Teunissen,
D.W. Erkelens & T.W. de Bruin: Participation of the
microsomal triglyceride transfer protein in lipoprotein
assembly in Caco-2 cells: interaction with saturated and
unsaturated dietary fatty acids. J Lipid Res 39, 173-185
(1998)
92.  Tarugi,P., A. Lonardo, G. Ballarini, A. Grisendi, M.
Pulvirenti, A. Bagni & S. Calandra: Fatty liver in
heterozygous hypobetalipoproteinemia caused by a novel
truncated form of apolipoprotein B. Gastroenterology 111,
1125-1133 (1996)
93.  Tarugi,P., A. Lonardo, G. Ballarini, L. Erspamer, E.
Tondelli, S. Bertolini & S. Calandra: A study of fatty liver
disease and plasma lipoproteins in a kindred with familial
hypobetalipoproteinemia due to a novel truncated form of
apolipoprotein B (APO B-54.5) J.Hepatol. 33, 361-370
(2000)
94.  Bremmer,D.R., S.L. Trower, S.J. Bertics, S.A. Besong,
U. Bernabucci & R.R. Grummer: Etiology of fatty liver in
dairy cattle: effects of nutritional and hormonal status on
hepatic microsomal triglyceride transfer protein. J Dairy
Sci 83, 2239-2251 (2000)
95.  Bremmer,D.R., S.L. Trower, S.J. Bertics, S.A. Besong,
U. Bernabucci & R.R. Grummer: Decreased microsomal
triglyceride transfer protein activity contributes to initiation
of alcoholic liver steatosis in rats. J Hepatol 36, 157-162
(2002)
96.  Perlemuter,G., A. Sabile, P. Letteron, G. Vona, A.
Topilco, Y. Chretien, K. Koike, D. Pessayre, J. Chapman,
G. Barba & C. Brechot: Hepatitis C virus core protein
inhibits microsomal triglyceride transfer protein activity
and very low density lipoprotein secretion: a model of
viral-related steatosis. FASEB J 16, 185-194 (2002)
97.  Kulinski, A., S. Rustaeus, & J.E. Vance: Microsomal
Triacylglycerol Transfer Protein Is Required for Lumenal
Accretion of Triacylglycerol Not Associated with ApoB, as
Well as for ApoB Lipidation. J Biol Chem 277, 31516-
31525 (2002)



MTP and Lipoprotein Assembly

305

98.  Robl,J.A., R. Sulsky, C.Q. Sun, L.M. Simpkins, T.
Wang, J.K.Jr. Dickson, Y. Chen, D.R. Magnin, P. Taunk,
W.A. Slusarchyk, S.A. Biller, S.J. Lan, F. Connolly, L.K.
Kunselman, T. Sabrah, H. Jamil, D. Gordon, T.W. Harrity
& J.R. Wetterau: A novel series of highly potent
benzimidazole-based microsomal triglyceride transfer
protein inhibitors. J Med Chem 44, 851-856 (2001)
99.  Ksander,G.M., R. deJesus, A. Yuan, C. Fink, M.
Moskal, E. Carlson, P. Kukkola, N. Bilci, E. Wallace, A.
Neubert, D. Feldman, T. Mogelesky, K. Poirier, M. Jeune,
R. Steele, J. Wasvery, Z. Stephan, E. Cahill, R. Webb, A.
Navarrete, W. Lee, J. Gibson, N. Alexander, H. Sharif & A.
Hospattankar: Diaminoindanes as microsomal triglyceride
transfer protein inhibitors. J Med Chem 44, 4677-4687
(2001)
100.Chang, G., R.B. Ruggeri & H.J.Jr. Harwood:
Microsomal triglyceride transfer protein (MTP) inhibitors:
discovery of clinically active inhibitors using high-
throughput screening and parallel synthesis paradigms.
Curr Opin Drug Discov.Devel. 5, 562-570 (2002)
101.     Biessen,E.A., K. Sliedregt-Bol, P.A. 'T Hoen, P.
Prince, E. Van der,Bilt, A.R. Valentijn, N.J. Meeuwenoord,
H. Princen, M.K. Bijsterbosch, G.A. Van der Marel, J.H.
Van Boom & T.J. Van Berkel: Design of a targeted peptide
nucleic acid prodrug to inhibit hepatic human microsomal
triglyceride transfer protein expression in hepatocytes.
Bioconjug Chem 13, 295-302 (2002)
102.     Fleming,J.F., G.M. Spitsen, T.Y. Hui, L. Olivier,
E.Z. Du, M. Raabe & R.A. Davis: Chinese hamster ovary
cells require the coexpression of microsomal triglyceride
transfer protein and cholesterol 7alpha-hydroxylase for the
assembly and secretion of apolipoprotein B-containing
lipoproteins. J Biol Chem 274, 9509-9514 (1999)
103.     Hussain,M.M., M.H. Kedees, K. Singh, H. Athar &
N.Z. Jamali: Signposts in the assembly of chylomicrons.
Front Biosci 6, d320-331 (2001), [PubMed#11229873]
URL: http://www.bioscience.org/2001/v6/d/hussain1/fulltext.htm
104. Hussain,M.M., J. Shi & P. Dreizen: Microsomal
triglyceride transfer protein and its role in apolipoprotein
B-lipoprotein assembly. J Lipid Res (in press)

Abbreviations: ApoB, apolipoprotein B, CE, cholesterol
ester, ER, endoplasmic reticulum, FH, Familial
hypercholesterolemia, LV, lamprey lipovitellin, LDL, low
density lipoproteins, MTP, microsomal triglyceride transfer
protein, M subunit, 97-kDa subunit of the MTP complex,
PC, phospatidylcholine, P subunit, the 55-kDa PDI subunit
of the MTP complex, PDI, protein disulfide isomerase, TG,
triglycerides, VLDL, very low density lipoproteins

Key Words: Apolipoprotein B, ApoB, Chaperone,
Microsomal Triglyceride Transfer Protein, MTP, MTP
inhibitors, Polymorphism, Postprandial, Review

Send correspondence to: Dr. Ahmed Bakillah, Principal
Scientist, Novo Nordisk A/S, Discovery Biology, G8.1.75
Ma, Biochemistry and Metabolism Department, DK2760-
Maaloev, Denmark, Tel: 45-44437132, Fax: 45-44434417,
E-mail: abak@novonordisk.com


