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1.  ABSTRACT

During the postprandial state, dietary lipid is
transported from the intestine to peripheral tissues by
plasma lipoproteins called chylomicrons.  In the capillary
beds of peripheral tissues, chylomicron triglycerides are
lipolyzed by the enzyme, lipoprotein lipase, allowing the
delivery of free fatty acids to the cells.  As a result, this
produces a new particle of smaller size and enriched with
cholesteryl ester referred to as chylomicron remnants.
These particles are rapidly removed from the blood
primarily by the liver.  The liver has a complex
chylomicron remnant removal system which is comprised
of  a combination of different mechanisms that include the
low-density-lipoprotein receptor (LDLR) and the LDLR-
related-protein (LRP).  Furthermore, it has been suggested
that there is a sequestration component whereby
chylomicron remnants bind to heparan sulfate
proteoglycans (HSPG) and/or hepatic lipase; this is then
followed by transport to one or both of the above receptors
for hepatic uptake.  Over the years, a major concern has
arisen about the association of chylomicron remnants and

coronary heart disease (CHD) in man.  Slow removal
of chylomicron remnants, as reflected by a prolonged
postprandial state, is now commonly observed in
patients with CHD and those that have abnormal lipid
disorders such as hypertriglyceridemia, familial
hypercholesterolemia, familial combined hyperlipidemia
and non-insulin-dependent-diabetes-mellitus.  The present
review will focus on (a) the details of the metabolic
pathway (exogenous pathway) that describes the two-step
processing of postprandial lipoproteins, (b) the role of the
liver, the receptors, and the importance of efficient
removal of chylomicron remnants from the blood
circulation, and (c) the potential atherogenic effects of
chylomicron remnants on the arterial wall.

2. INTRODUCTION

The postprandial state, in the context of the present review,
refers to the period after food ingestion during which
dietary lipid is transferred to the various parts of the body
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via plasma lipoproteins.  The two major plasma
lipoproteins produced during the postprandial state are
chylomicrons and chylomicron remnants.  Many of the
principle aspects of postprandial lipoprotein metabolism are
now well understood and much attention has been directed
towards unraveling the relationship of the process with the
development of atherosclerosis (1,2,3,4,5).  Two important
sites of metabolism during the postprandial state are the
liver (5) and the reticuloendothelial cells.  There are a
number of complex removal pathways that continue to be
confusing and controversial (5,6,7).  Abnormalities in any
of these pathways in the liver may seriously impair
efficient removal of these particles from the plasma leading
to a longer residence in the blood which may cause damage
to the arteries and may allow them alternatively to be
deposited and accumulate in the arterial wall.

The present review will summarize the past and
current state of knowledge on postprandial lipoprotein
metabolism, the role of the liver, and the progress that has
been made on the emerging concern about the relationship
with atherosclerosis.

3. CHYLOMICRONS AND CHYLOMICRON
REMNANTS

The metabolic route that describes the delivery of
dietary triglyceride and cholesterol from the intestine to the
peripheral tissues and the liver is referred to as the
exogenous pathway of lipoprotein removal (8).  Nascent
chylomicrons synthesized by the intestinal mucosal cells
(enterocytes) are triglyceride-rich lipoproteins by virtue of
their higher triglyceride-to-cholesterol mass ratios, and
consist primarily of the apolipoproteins (apo) B-48 and
apoA-1 (9,10,11,12).  The size of chylomicrons is
dependent on the amount of dietary triglycerides and
cholesterol and range from 80-1200 nm in diameter
(9,13,14).  They are secreted into the intestinal lymphatic
capillaries; pass through the network of mesenteric
lymphatic vessels into the thoracic lymph duct, and finally
drain into the general blood circulation.  It is in the thoracic
lymph duct where chylomicrons acquire apoC-II and apoE
(9,15,16).

In humans, primates and other higher mammalian
species, the intestine is the exclusive site of synthesis of
apoB-48; however, in the mouse and the rat, the liver is
capable of synthesizing both apoB-48 and apoB-100
(17,18).  ApoB-48 is, in fact, a truncated version of apoB-
100 that is made by tissue-specific editing of the apoB-100
mRNA. (17).  Interestingly, it has been demonstrated in the
rat that chylomicrons are also produced during the fasting
state (postabsorptive period), albeit with much lower
triglyceride-to-cholesterol ratios; thus resulting in smaller
very-low-density-lipoprotein (VLDL) sizes (19,20).

The function of apoB-48 has been the subject of much
speculation and has yet to be clearly defined.  Recently, in
a mouse model where apoB-48 expression is lacking
(chylomicron-deficient mouse), it was found that apoB-48
may be required as a critical surface component for the
assembly of chylomicrons and thus be absolutely required

for normal intestinal absorption of dietary lipid
(21,22,23,24).

In tissue capillary beds, chylomicrons bind to the
enzyme, lipoprotein lipase (LPL), fixed to the luminal
surface of the capillary endothelial cells (25).  LPL is
activated by apoC-II and it lipolyzes the triglyceride in the
chylomicrons (9,26,27,28,29).  The lipolysis of the
triglycerides yields free fatty acids which freely diffuse into
cells where they are either oxidized for energy utilization or
re-esterified for storage (15,30).  ApoC-II and other
redundant surface material (phospholipids and cholesterol)
are lost in the process.  The depletion of triglycerides
results in the reduction of the size and the modified
particles are then referred to as chylomicron remnants, or
simply as ‘remnants’ (9).  Chylomicron remnants are
cholesteryl ester-enriched and they retain apoB-48 and
apoE while the apoAs may be transferred to another plasma
lipoprotein, high-density-lipoproteins (HDL) (31,32,33).
The liver is the major organ that removes remnants from
the blood circulation (5,34).

Figure 1 illustrates the exogenous pathway and
its relationship with the endogenous pathway; hepatic
production of VLDL and conversion to low-density-
lipoproteins (LDL) (15,35,36), and the reverse cholesterol
pathway, the removal of cholesterol from peripheral tissues
by HDL (37,38).  The endogenous pathway and the reverse
cholesterol pathway are not the subjects of the present
review but related specific aspects are worth mentioning.
Elevated plasma LDL concentration is a risk factor for
coronary heart disease (CHD) (39,40) while elevated
plasma HDL is associated with protection (41).  All
lipoproteins are in dynamic interactions with each other in
the plasma and this promotes the exchange of lipids among
different lipoproteins mediated by the enzyme, cholesteryl
ester-transfer-protein (CETP) (42,43,44).

Animals fed high cholesterol-enriched diets
produce remnant-like lipoproteins called beta-very-low-
density-lipoproteins (beta-VLDL) (45).  These are small
cholesterol-rich, apoE-containing particles of intestinal and
hepatic origin (45).  The precise steps involved in the
formation of beta-VLDL during the postprandial state are
still undefined.  Beta-LDL is also found in the plasma of
patients with type III hyperlipoproteinemia, a condition
where there is hypercholesterolemia and
hypertriglyceridemia (46,47).  Previous studies suggest that
beta-VLDL is highly atherogenic based on evidence that
the uptake of these lipoproteins cause massive cholesterol
accumulation and foam cell formation in macrophages
(48,49,50,51,52).

4.  METHODS TO DETERMINE THE REMOVAL
OF CHYLOMICRONS AND REMNANTS FROM
THE PLASMA

The rate of plasma removal of postprandial
lipoproteins is usually assessed to determine how efficient
an individual’s metabolism is during the postprandial state
(3,4,53,54,55) and this has become the basis for
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Figure 1.  The exogenous and endogenous pathways of
plasma lipid transport.  The exogenous pathway comprises
the synthesis of chylomicrons from dietary lipids absorbed
by the intestine.  The chylomicrons are secreted into the
blood circulation and are converted to chylomicron
remnants by lipolysis through interaction with tissue
capillary endothelium-bound LPL.  The chylomicron
remnants are primarily removed from the circulation by the
liver while a small percentage will be taken up by
peripheral tissues (bone marrow, adrenals, arteries, etc.).
The endogenous pathway begins with the synthesis of
VLDL which is converted to VLDL remnants (IDL) and
LDL by LPL.  The VLDL remnants are removed by the
liver while LDL are removed by steroidogenic tissues,
other tissues with a requirement for cholesterol, and the
remainder by the liver.  HDL are formed both by the
intestine and from the liver, or from excess surface material
from chylomicrons and VLDL.  The HDL pathway is not
discussed further for the sake of simplicity. Abbreviations:
HDL, high-density-lipoproteins; IDL, intermediate-density-
lipoproteins; LDL, low-density-lipoproteins; VLDL, very-
low-density-lipoproteins.

experimental testing of postprandial lipoprotein
metabolism.  In normolipidemic individuals, the
postprandial period is about 4-6 hours, but in individuals
with certain dyslipidemic conditions, the postprandial
period may be increased beyond 6 hours (3,56).  The two
common tests make use of an intravenous bolus injection of
lipid and an oral fatty test meal.

4.1. Intravenous bolus injection
In animals, studies done as early as 1967 (57,58),

labeled chylomicrons were injected intravenously.  The
disappearance of the label in the plasma over time is
measured (59,60,61,62,63).  Redgrave and his colleagues
have devised an artificial chylomicron-like emulsion,
prepared from mixtures of lipid in which double radiolabels
can be inserted into the cholesteryl ester and cholesterol
separately (64,65,66).  The removal of chylomicrons-
chylomicron remnants is extremely rapid.  The half-life has
been reported to be 10-20 min in mice (67,68), 20-25 min
in rabbits (63) and 12-18 min in rats (69,70).  Recently,
Redgrave’s laboratory has devised a non-invasive method

in which radiolabeled emulsions are introduced
intravenously but instead of obtaining blood plasma
samples, breath samples (expired CO2) are collected and
analyzed for appearance of the radiolabel (66,71).  This test
makes use of the fact that the expired air would contain
radiolabeled CO2 derived from oxidative metabolism of the
fatty acid produced from hydrolysis of the radiolabeled
(14C-)cholesteryl ester.  A stable isotope, i.e., 13carbon, can
be used instead of 14carbon, to reduce radioactivity
exposure and may prove useful for studies in humans (72).

4.2.  Oral fat test meal (fat tolerance test)
In humans, a standardized oral fat test meal (fat

tolerance test) is given to evaluate the removal of
postprandial plasma lipid/lipoproteins (73,74,75,76).
Although triglyceride and cholesterol concentrations can be
measured in the density<1.006 g/ml fraction of
postprandial plasma, the inherent problem is the
contamination from the endogenous hepatic-derived
lipoproteins, VLDL and their remnants.  To circumvent
this, chylomicrons and chylomicron remnant concentrations
can be measured by analytical SDS-PAGE of proteins from
delipidated postprandial plasma (77,78) or determined by
Western blotting using anti-apoB antibodies (79).  The
problem with Western blotting is that the anti-apoB
antibodies do not distinguish apoB-48 from apoB-100 (80).
More recently, several Japanese groups (81) have reported
raising a monoclonal antibody specifically recognizing
apoB-48 only and not apoB-100.  The two step procedure
of Uchida et al (81) of removing apoA-1-containing
lipoproteins followed by use of the monoclonal antibody
has been put forward as a measure of both endogenous and
exogenous remnants since it still retains some apoB-100-
containing lipoproteins.

The fat-soluble vitamin A, retinyl palmitate, can
be added as a supplement to the oral fat test meal (82),
allowing the retinyl palmitate in postprandial plasma to
serve as a marker for chylomicrons and chylomicron
remnants.  Further refinement of this method by Berr and
Kern (83) demonstrated there was none or very little
exchange of retinyl palmitate among different lipoprotein
fractions early in the test.  Studies by Cohn et al (74,84,85),
however, highlighted the problem of retinyl palmitate
exchange from the intestinally-derived to the hepatic-
derived lipoproteins at late time points after 6 hours.  At
least within a limited time period after ingestion of the fatty
test meal, the retinyl palmitate works well but still does not
discriminate chylomicrons from remnants.

The recent interest of using stable non-
radioactive tracer isotopes may improve evaluation of
lipoprotein metabolism in man.  Details of the techniques,
their applications, their advantages and drawbacks in
lipoprotein kinetic studies have been reviewed by Schaefer
et al (86) and Watson (87).  Briefly, the most common
isotopes used is D3-leucine for the endogenous labeling of
apolipoproteins while 13carbon-labeled lipids are used in
oral or intravenous administration.  These isotopes are
measured by gas chromatography/mass spectrometry.  It
has been argued that stable isotope experiments give
different result to traditional radioisotope experiments,
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however, Ikewaki et al (88) found a good correlation for
apoA-1 kinetics between the two methods for results from
eight individuals.  Dermant et al (89) have shown the
feasibility of using the stable isotopes for the measurement
of human apoB in vivo.  The estimation of the fractional
synthetic rate of apolipoproteins and lipids has been studied
using this technique (90,91). The potential of using stable
isotopes in studies of postprandial lipoproteins, although
not yet explored, should not be underestimated.  More
recently, Welty et al (92) infused D3-leucine to normal
subjects during the fed state after consumption of a western
diet and they found that VLDL apoB-100 was removed
from the plasma at a faster rate than triglyceride-rich
lipoprotein B-48.

In summary, there is no single, precise test that
easily allows the study of chylomicron remnant metabolism
in humans, and this has impeded progress in this field.

5. THE ROLE OF THE LIVER

The duration of the postprandial period depends
on the balance between gastric emptying and the rate of
chylomicron remnant uptake by the liver.  Impairment in
the removal pathways in the liver may potentially lead to
decreased rate of uptake of chylomicron remnants, thus
leading to increased residence time of these particles in the
blood circulation.  This prolonged postprandial period has
been the subject of a number of investigations and some
now argue that abnormal metabolism of postprandial
triglyceride-rich lipoproteins has an atherogenic (3,93).

Consideration must be given to the morphology
of the liver as it is paramount to the metabolism of
chylomicron remnants.  The liver has a complex
architecture made of different cell types.  Macromolecules
(lipoproteins, albumin, fibrinogen, etc.) entering the liver
via the hepatic portal vein flow into the liver sinusoids
(irregularly dilated vessels lined by endothelial cells) (94).
The endothelial cell layer is separated from the underlying
hepatocytes by the subendothelial space called the space of
Disse.  The openings within the endothelial cell, fenestrae,
are grouped in clusters forming ‘sieve plates’.  These ‘sieve
plates’, as suggested by Wisse et al (95), act as a filter for
the selective entry or secretion of macromolecules.

The sieving phenomenon probably restricts the size
of chylomicron remnants and other lipoproteins moving from
the sinusoids into the space of Disse (96).  In fact, small
chylomicrons (<100 nm) may pass through the sieve while
larger particles may not.  Previously, Windler et al (97) found
that large chylomicron remnants were removed from plasma
by the liver at a greater rate than small chylomicron remnants;
however, large chylomicron remnants were internalized more
slowly than small chylomicron remnants.  They proposed that
the large particles were modified before receptor-mediated
endocytosis while the small particles bound directly to the
receptors for endocytosis.

The hepatocytes are the major cells in the liver
that take up chylomicron remnants; however, there are
other cell types of which their role in the catabolism of

chylomicron remnants remains unclear.  The Kupffer cells
(localized phagocytic cells) are found irregularly in the
liver sinusoids and the space of Disse; these cells are
specialized scavengers (98).  The fat-storing hepatic stellate
cells (Ito cells) are found in the space of Disse scattered
among the hepatocytes and an essential function is the
accumulation of exogenous vitamin A as retinyl esters
(94,99).  The quantity of lipoproteins removed by these
cells is small compared to hepatocytes (100).

Receptor-mediated mechanisms are the
predominant pathways chylomicron remnants are taken up
by the hepatocytes (5,101,102). It is now established that
apoE is important for the interaction of chylomicron
remnants and the receptors.  The receptors for chylomicron
remnants and how chylomicron remnants are internalized
in the liver, however, is still a subject of controversy,
despite over two decades of accumulating knowledge.
Different molecules have been described as receptors for
chylomicron remnants and their potential roles are
summarized below.

5.1. Receptors for chylomicron remnants

5.1.1. LDL receptor
Although apoB-100 (in LDL) was initially

ascribed as the ligand (15), apoE (in remnant lipoproteins)
was later identified as a ligand for the LDL receptor
(61,62,103).  There are three major isoforms of apoE
referred to as apoE2, apoE3 and apoE4.  ApoE3 and apoE4
bind normally to the LDL receptor but not apoE2
(104,105).  ApoE-containing lipoproteins have a higher
affinity for the LDL receptor than LDL and the affinity
increases with the number of molecules of apoE per
particle (103,106).

The issue of the LDL receptor pathway being the
major mechanism for chylomicron remnant uptake was
debated for many years because of conflicting observations
in different laboratories.  Initially, Kita et al (63) found that
the plasma removal of radiolabeled chylomicrons was
normal in the WHHL rabbits, an animal model of
genetically inherited LDL receptor deficiency.  A similar
observation was reported in humans (107).  On the other
hand, Nagata et al (108) and Choi et al (109) found that the
LDL receptor was the major pathway for chylomicron
remnant uptake in the mouse and the rat in vitro and in
vivo.  Other laboratories (110,111,112) subsequently
reported that there is impaired plasma chylomicron remnant
removal in the absence of LDL receptors in vivo.

More recently, our laboratory confirmed the
importance of the LDL receptor in the mouse (113,114).
The concentration of chylomicron remnants in the plasma
may be a critical factor affecting the hepatic removal of
chylomicron remnants (114). In the absence of LDL
receptors (LDLR-knockout mouse), small concentrations of
radiolabeled chylomicron remnants are removed efficiently
by the liver while relatively larger concentrations were not.
The discrepancies in remnant removal observed previously
in different laboratories (63,67,79,107,111,115) may be
explained by the variability of different remnant



Postprandial lipoproteins

336

concentrations used, a factor that was difficult to assess in
those studies.

5.1.2. LDL receptor-related-protein/alpha2-macroglobulin
receptor

The LRP, or alpha2-macroglobulin receptor is a
multi-ligand receptor that binds apoE-containing remnant
lipoproteins and other proteins, i.e., alpha2-macroglobulin,
lactoferrin, lipoprotein lipase and tissue-type plasminogen
activator (t-PA) (116,117,118,119,120).  The LRP is a
larger protein (~660 kDa) than the LDL receptor (~120
kDa) and has a number of similar structural motifs to the
LDL receptor.  In fact, the LRP was the progenitor receptor
from which the LDL receptor, the VLDL receptor, gp330
and a number of other molecules evolved from (120).  They
are often referred to in the literature as belonging to the
LDL receptor gene family (120).  Unlike the LDL receptor,
the regulation of LRP numbers is not affected by the
change in intracellular lipid content (120).  Enrichment of
beta-VLDL with exogenous apoE enhances LRP-mediated
uptake (121,122).  The production of the LRP is dependent
on the 39-kDa receptor-associated-protein (RAP)
(123,124,125).  The RAP is a molecular chaperone that
assists in the proper assembly of the LRP within the
endoplasmic recticulum and it transports the LRP to the
plasma membrane (126,127).  The RAP remains associated
with the LRP on the cell surface (127).  Interestingly,
exogenously added RAP has been shown to be an effective
antagonist for ligand interaction with the LRP (128,129)
but the mechanism is not clear.

In cell culture experiments, LRP mediated uptake
of lipoproteins requires addition of exogenous apoE.
Eventually, it has been demonstrated that the LRP is a
physiological pathway for the plasma removal of
chylomicron remnants in vivo (68,115,119,130).  In the
LRP knockout mice, LDL receptor levels increase enough
to maintain normal lipid levels; and only when both
pathways, the LRP and the LDL receptor, are absent is
there accumulation of remnant-like lipoproteins in these
mice given a normal diet (131).  The LRP appears to be a
less efficient pathway for removal of lipoproteins than the
LDL receptor.  In the LDLR-knockout mouse, while
plasma removal of intravenous injected chylomicrons was
normal, chylomicron remnant uptake by the hepatocytes
was slow (67,115).  Interestingly, our studies in isolated
perfused livers from LDLR-knockout mice showed
decreased removal of remnants as concentration increased
(114) and this is associated with a very different pathway
for processing apoE-containing remnants.  As pointed out
earlier, the concentration of remnants used by Herz et al
(115) and Mortimer et al (67) was sufficiently small for
effective liver uptake in the absence of LDL receptors.

5.1.3.  Heparan sulfate proteoglycans and hepatic-
localized apoE

Heparan sulfate proteoglycans (HSPG), an
extracellular matrix protein, belong to the family of
glucosaminoglycans and are abundant in the space of Disse
on the endothelial and hepatocyte surface (132).  Attached
to the HSPG is apoE that is synthesized by the hepatocytes
(133).  Mahley and his colleagues (101,134,135,136)

proposed that HSPG and hepatic-localized apoE are
components of a pathway of remnant uptake referred to as
‘secretion-capture’.  This pathway takes place in the space
of Disse where remnants initially bind to HSPG.  Then, the
remnants are modified by the attachment of additional apoE
from HSPG.  The remnants attached with additional apoE,
referred to as ‘apoE-enriched remnants’ are transported by
the HSPG to the LRP for uptake by the hepatocytes.
Alternatively, it has been suggested that HSPG themselves
are capable of facilitating remnant uptake (137,138).

Though apoE is important, remnants may under
normal circumstances contain enough apoE (obtained from
the plasma) for uptake in the liver by the LDL receptor
although it is still inconclusive whether this is enough for
uptake by the LRP.  Studies by Linton and Fazio
(139,140,141,142,143) have used bone marrow
transplantation (BMT) of apoE-secreting macrophages to
investigate the threshold of apoE concentration required for
normal removal of remnants.  They demonstrated that BMT
is an effective tool to restore normal lipid levels in apoE-
knockout mice but not in apoE/LDLR-double-knockout
mice (139).  They argue that hepatocyte-secreted apoE is
needed for the ‘secretion-capture’ pathway where uptake is
by the LRP whereas macrophage-secreted apoE (derived
from BMT) is ineffective despite the presence of abundant
apoE in the space of Disse.  In other words, macrophage-
secreted apoE is different from hepatocyte-secreted apoE in
its interaction with remnants and the LRP.  Alternatively, it
may be that excessive concentrations of apoE in the space
of Disse may inhibit access of remnants to bind to the LRP.
Later, van Dijk et al (144), using adenovirus delivery of
apoE gene, found that higher than normal levels of serum
apoE was required to restore normal lipid levels in
apoE/LDLR-double-knockout mice which suggest that the
LRP requires a very high serum level of apoE.  However,
in our studies, remnants prepared in eviscerated animals
contain sufficient apoE for rapid uptake by either pathway
(145).  The particles may not be representative of what is
found in vivo.  Our recent studies demonstrated that the
removal of remnants by isolated perfused livers from apoE-
knockout mice was normal compared to wild-type mouse
livers (Yu et al, unpublished observations).  Our results
thus suggest that hepatic secretion and localization of apoE
is not critical for remnant uptake by the liver and thus, may
not be required for LRP-mediated uptake, at least at
moderate levels.  Even particles containing no apoE can be
rapidly removed by the livers of normal mice.  Thus, apoE
may be acquired either in the circulation or the liver and the
secretion capture model may not be completely accurate.

Increased production of apoE in the serum has
been successfully achieved either by transgenes (146) or
adenovirus (144,147,148) and this results in accelerated
removal of remnants from the plasma.  This strongly
suggests that the rate at which remnants are removed by the
liver is dependent on the rate at which the remnants acquire
apoE in the periphery.  It does not, however, necessarily
imply that the rate of remnant removal is a function of
apoE concentration because very high levels of apoE have
been demonstrated to inhibit LPL activity (149).
Resolution of this controversy may relate to the observation
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that very high levels of apoE inhibit LPL thus slowing
remnant formation in the in vivo studies.

5.1.4.  Hepatic Lipase
The major function of hepatic lipase appears to

be the lipolysis of VLDL remnants (IDL) to form LDL and
perhaps to convert HDL2 to HDL3 (28) but over the last
decade, interest has arisen about the possible role of hepatic
lipase in the uptake of lipoproteins containing apoB (VLDL
remnants, LDL, chylomicron remnants).  Several studies
demonstrated that inhibition of hepatic lipase activity led to
an impairment of chylomicron remnant uptake by the liver
(150,151,152,153,154).  Amar et al (155) found that
inactive hepatic lipase (elimination of lipolytic activity)
may be a co-ligand for the binding of remnants and cell
surface receptors and/or HSPG.  In contrast, Choi et al
(156) demonstrated in CHO cells transfected with hepatic
lipase that chylomicron remnant uptake remained at normal
levels but interestingly, LDL uptake was increased several-
fold.  The excess hepatic lipase did not stimulate enhanced
uptake of chylomicron remnants which suggest that hepatic
lipase alone was insufficient but may act in tandem with
other molecules, such as HSPG and apoE.  In the isolated
perfused rat liver, Shafi et al (154) reported that antibodies
against hepatic lipase inhibited remnant uptake and
furthermore, there was decreased binding to the cell surface
but increased endocytosis.

In rats and rabbits, hepatic lipase remains
localized in the liver due to strong binding to the
extracellular matrix of the endothelial cells but in the
mouse there is poor anchoring of hepatic lipase to the
extracellular matrix (157,158,159).  Hence, the mouse has
less hepatic lipase in its liver but instead has hepatic lipase
in the plasma, whereas rat and rabbit hepatic lipase remains
localized in the liver and very little in plasma.  The plasma
removal of chylomicron remnants in the normal mouse is
still very efficient and does not differ significantly from
that in mice lacking hepatic lipase (160) and this suggests
that hepatic lipase is not a critical factor although its
inhibition by anti-LPL antibodies did slow remnant
removal in both mice and rats.

5.1.5. Phospholipolysis-dependent pathway
Borensztajn and co-workers (161,162,163,164)

proposed that phospholipolysis of chylomicron remnants is
a prerequisite for uptake in the liver and is independent of
apolipoproteins.  Phospholipase-treated chylomicrons or
hepatic lipase-treated chylomicrons were removed from
plasma by the liver efficiently.  More recently, they have
shown that chylomicron remnants devoid of
apolipoproteins made by treatment with trypsin and/or
hepatic lipase were removed by the liver efficiently in wild-
type and apoE-knockout mice (164).  They proposed that
the remnants initially bind to hepatic lipase and/or
phospholipase whereby hydrolysis of phospholipids and
triglycerides occur and modify the particles for subsequent
endocytosis.  It is still unclear whether or what other
molecules are involved in the hepatic uptake of these
‘phospholipolyzed remnants’.  In contrast, recent studies in
our laboratory have demonstrated impaired removal of
trypsin-treated chylomicron remnants by the isolated

perfused liver that lacks apoE (Yu et al, unpublished
observations).

5.1.6.  Other molecules
Plasma LPL, as initially suggested by Felts and

his colleagues (165), might be acquired by remnants during
their formation and thus serve as the moiety that mediates
hepatic uptake.  Studies by a number of laboratories have
demonstrated that lipoprotein lipase enhanced chylomicron
remnant uptake by the LRP in vitro and by the liver in vivo
(102,166,167,168,169) which strongly support the role of
lipoprotein lipase in the hepatic uptake of remnants.
Furthermore, dimers of lipoprotein lipase have been found
in triglyceride-rich lipoproteins isolated from post-heparin
plasma (170).  It seems possible that LPL dimers may
associate with remnants post-lipolysis in the plasma before
entering the liver but it is inconclusive whether these
remnants attached with LPL dimers would be able to enter
the space of Disse through the endothelial fenestra or that
further modifications of these remnants are required in the
liver.  However, it should be noted that there is little or no
LPL molecules present in the liver and that in studies in
vivo only there appears to be less than one molecule per
particle associates with remnants (171,172).

Van Berkel and his colleagues (173,174,175)
have hypothesized that there is a non-LDL receptor, non-
LRP pathway for remnants that they call the “lipoprotein-
remnant receptor” which is insensitive to competition with
the receptor-associated-protein (RAP), alpha2-
macroglobulin and beta-VLDL and apparently operates
when the concentration of LDL receptors is very low.  This
receptor, however, is inhibited by lactoferrin, a milk
protein, that is also a ligand of the LRP.

5.2.  Processing and uptake of chylomicron remnants
in the liver

Unlike the simple model of LDL uptake by the LDL
receptor pathway, chylomicron remnant uptake by the liver
is a more complicated process, a system that possibly
involves complex regulation of different pathways that are
influenced by varying metabolic states.

It would appear that even with rapid removal,
there are rapid and slower internalization pathways.  The
slower uptake pathways represent ‘sequestration’
components which bind the remnants to the cell surface
(hepatocytes and endothelial cells) in the space of Disse.  In
other words, sequestration enables the rapid removal of
remnants and their retention on the cell surface before
internalization by the slower pathways.  The model for the
hepatic uptake of chylomicron remnants we propose based
on our and other observations elsewhere is illustrated in
figure 2.  In this model, chylomicron remnants enter the
space of Disse where they may bind to different proteins
simultaneously.  The receptors or proteins that the remnants
bind to are dependent on ligand affinity.  Our studies
suggest that the LDL receptor is a rapid high-affinity high-
capacity pathway and it is the most important pathway for
hepatic removal of chylomicron remnants (109,113,114)
when it is present.  The LRP is very likely the second most
important but it appears to be a slower low-affinity
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Figure 2.  Pathways of chylomicron remnant uptake by the
liver.  Chylomicron remnants entering the liver pass from
the sinusoids, then through fenestrae in the endothelial
layer and into the space of Disse.  A large number of
remnants will be taken up directly by the LDL receptor (A)
because it is the rapid high-affinity high-capacity pathway.
Simultaneously, a smaller number of remnants may  (i) be
taken up directly by the LRP (B) which is a slow low-
affinity low-capacity pathway, (ii) be sequestered by
heparan sulfate proteoglycans and acquire additional apoE
and then be transferred to the LRP (C) for uptake, (iii) be
taken up directly by heparan sulfate proteoglycans (D), (iv)
be sequestered by heparan sulfate proteoglycans and/or
hepatic lipase (E) and then be transferred to the LDL
receptor or LRP for uptake, (v) be taken up by the
phospholipolysis-dependent pathway (F) and/or
lipoprotein-remnant receptor (G).  Abbreviations: HL,
hepatic lipase; HSPG, heparan sulfate proteoglycans;
LDLR, low-density-lipoprotein receptor; LRP, LDL
receptor-related-protein; LRR, lipoprotein-remnant
receptor; PDP, phospholipolysis-dependent pathway.

pathway and, at least based on our preliminary data, leads
to slow internalization.  It is, however, inconclusive as to
whether HSPG and hepatic-localized apoE are necessary
for the LRP pathway (7).  Furthermore, studies in mice and
men suggest that the LDL receptor may be up-regulated if
LRP is down-regulated (130,131,176,177).  HSPG alone
may act as a receptor capable of internalizing remnants
(137,138) or may act in tandem with hepatic lipase to bind
remnants before transporting the remnants to the LDL
receptor, the LRP or other receptors.  The combination of
the LRP, HSPG and/or hepatic lipase may be the
sequestration component.  The other pathways (lipoprotein-
remnant receptor and phospholipolysis-dependent
pathway), as mentioned earlier, are still not clearly
established but possibly play less important roles unless the
other two systems are absent and/or saturated, as occurs in
the apoE/LDLR-double knockout mice where some form of
slow remnant removal must be occurring.

Why are there separate pathways that operate
differently from each other?  The common feature of all
these receptors seems to be the rapid removal of remnants
from the blood circulation.  Hence, it is plausible that the
system has evolved to keep remnants at a minimal

concentration in the plasma so as to avoid damaging effects
on the arterial wall.

6. THE METABOLISM OF CHYLOMICRON
REMNANTS IN THE ARTERIAL WALL AND
ATHEROSCLEROSIS

Donald Zilversmit, in 1979, proposed that
chylomicrons or chylomicron remnants per se may cause
atherosclerosis (1).  The influx of lipoproteins from the
plasma into the arterial wall is likely a prerequisite for any
atherosclerotic development to occur (178,179).  The
predominant cells in the normal arterial wall without
atherosclerotic lesions are endothelial cells and smooth
muscle cells (179,180) while in lesioned arterial wall, the
additional cells are the macrophages (179,181,182).  It is
generally accepted that gross changes to the arterial tissue
take place when lipoproteins accumulate and this may
promote atherogenesis (178,183,184,185,186).

Currently, the most widely accepted hypothesis
of atherogenesis currently is the ‘oxidized LDL’ proposal
(187).  In the arterial wall, it is proposed that LDL
undergoes oxidative modification and there is production of
toxic oxysterols and other oxidized lipid and lipoprotein
products.  The macrophage secretes oxidizing agents such
as superoxide, hydrogen peroxide and hypochlorous acid
(188) that oxidize LDL (189,190).  There is now a vast
body of knowledge regarding the atherogenic effects of
oxidized LDL on the arterial tissue in vivo and in vitro;
however, there is still a paucity of information about the
potential atherogenic effects of chylomicron remnants and
whether they are atherogenic at all.  It is thus appropriate to
discuss the metabolism of chylomicron remnants in the
cells in the arterial wall and lesions.

6.1. Endothelial cells
The endothelial layer of the arterial wall is a

barrier to the plasma compartment and only permits certain
macromolecules to pass into the subendothelial layer and
the medial layer (185,191).  It probably differs from the
liver sinusoidal endothelial layer by the absence of fenestra.
It was initially thought that injury to the endothelial layer
that resulted in the opening of intercellular pores between
tight junctions was what permitted lipoproteins to move
from the plasma compartment to the arterial wall (179).
Palade et al (192), however, found that molecules as large
as peroxidase were unable to move through pores between
tight junctions, but instead were internalized by the
endothelial cells and crossed the cell cytoplasm by
transcytosis.  Transcytosis is a mechanism whereby
macromolecules are transported from one end of the cell to
the other; bypasses the lysosomal vesicles (thus avoiding
degradation) and are then exocytosed into the
subendothelial layer (193,194).  This mechanism appears to
be non-specific and only size seems to be the restricting
factor for what can be transcytosed (192).  The
concentrations in the plasma compartment and the arterial
wall may affect the transcytosis of particles.  In such a way,
the endothelial layer may, in fact, act like a semi-permeable
osmotic barrier.  Simionescu et al (195,196) showed that
LDL was trancytosed across the arterial endothelial layer in
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rats and rabbits.  They showed vesicles existed in
endothelial cells that faced the plasma compartment, and
the sizes of these vesicles were up to 70 nm.  Almost 90%
of LDL transported across the endothelial layer were
observed in these vesicles while 10% were in lysosomes.

In early studies, Newman and Zilversmit
(197,198) demonstrated in animals that radiolabeled
cholesterol in the diet was taken up by atherosclerotic
lesions.  Previously, it was thought that chylomicron
remnants were unable to cross the endothelium and
penetrate the arterial wall because chylomicron remnants
are larger particles (~40 nm) than LDL (~10 nm) (191).
Later, Mamo et al (199,200) obtained chylomicrons from
rat lymph and these were injected intravenously into the
rabbit where they were taken up by the normal and lesioned
arterial wall.  These observations proved that remnants can
penetrate the arterial wall and further supported
Zilversmit’s hypothesis that remnants are potentially
involved in the pathogenesis of atherosclerosis (1).  Rapp et
al (201) found remnant- and VLDL-sized particles in
atherosclerotic lesions but found only apoB-100 in the
particles.

During high fat-diet-induced development of
atherosclerotic lesions, the expression of cell adhesion
molecules (adhesive glycoproteins) are induced on the
endothelial cell surface in vivo.  In rabbits, vascular cell
adhesion molecule-1 (VCAM-1) is produced after 4 days of
hypercholesterolemia (202,203).  The presence of this and
other adhesion molecules such as intracellular adhesion
molecule (ICAM), platelet-endothelial cell adhesion
molecule (PECAM, E-selectin and P-selectin (204,205,206)
that gives rise to the phenomenon called ‘monocyte rolling’
whereby blood monocytes roll, tether and then bind to the
adhesion molecules (207,208,209,210) on the endothelial
surface (179).  The monocytes eventually migrate into the
subendothelial space by ‘squeezing’ through the tight
junctions (211,212,213).  There is some evidence that
suggest endothelial expression of adhesion molecules is
affected by lipoproteins (214,215).

Previously, Hennig et al (216) found that
remnants of triglyceride-rich lipoproteins from the serum of
hypertriglyceridemic subjects were toxic to endothelial
cells and seriously damage the endothelial barrier function.
Along similar lines, chylomicron remnants in prolonged
contact with the arterial endothelium may also be capable
of damaging the endothelial barrier function.

6.2.  Smooth Muscle Cells
Smooth muscle cells are located in the medial

layer and they form the bulk of the arterial wall (180).  The
role of smooth muscle cells is seen as less important than
macrophages; however, certain relevant aspects must be
noted.  Smooth muscle cells migrate to the intimal layer
during atherosclerosis development where they then
multiply (179).  The increased numbers of smooth muscle
cells causes growth of the lesion and this may reduce the
size of the blood vessel lumen, thus causing blood flow
obstruction.  A small percentage of smooth muscle cells in
the intimal layer are converted to foam cells (179).  It is

likely that retention and overaccumulation of lipoproteins
in the intimal layer somehow causes the smooth muscle
cells to migrate from the medial to the intimal layer and in
addition, change their phenotypic state from that of a
‘quisecent state’ to a ‘synthetic state’ (180).  The uptake of
lipoproteins is the probable means by which smooth muscle
cells are converted to foam cells by pathways similar to that
in macrophages.

Cultured arterial smooth muscle cells are capable
of efficient uptake of lipoproteins.  In swine arterial smooth
muscle cells, LDL uptake is mediated via the LDL receptor
(217).  More than a decade ago, Floren et al (218) showed
that chylomicron remnants were endocytosed by human
arterial smooth muscles and increased cellular cholesterol
content 3-fold more than LDL.  The LDL receptor was the
major pathway for chylomicron remnant uptake and this is
consistent to that found in cultured skin fibroblasts and
hepatocytes (218,219,220).

If the LDL receptor is important, then down-
regulation of the expression and activity of this receptor
may reduce remnant uptake.  Limited numbers of LDL
receptors may still be able to efficiently endocytose LDL
but not remnants.  In other words, decreased expression and
activity of the LDL receptor may have a greater impact on
remnant catabolism than on LDL catabolism.  This may
lead to increased retention of remnants in the extracellular
space.

6.3. Macrophages
The macrophage’s primary role in atherosclerosis

is believed to be the removal of lipid containing particles,
lipoproteins and lipoprotein aggregates from the arterial
wall (121,179,182).  As mentioned earlier, monocytes
migrate from the plasma compartment into the
subendothelial space by ‘rolling’, adhesion and ‘squeezing
through tight junctions’.  In the subendothelial space, the
monocytes are activated and differentiate into
macrophages.  Macrophages are phagocytes but they are
also capable of internalizing particles by classical receptor-
mediated endocytosis.  The LDL receptor, scavenger
receptors, LRP and other recently discovered receptors
including CD36 and macrosialin are expressed by
macrophages (120,221,222,223).  The uptake of lipid
converts macrophages into foam cells, the hallmark feature
of atherosclerotic lesions.  The mechanism of foam cell
formation requires subversion of normal regulation of
intracellular cholesterol homeostasis.  The regulation of
cholesterol, as delineated by Brown and Goldstein (121),
involves two enzymes, HMG CoA reductase and ACAT,
and the LDL receptor gene.  HMG CoA reductase is the
rate-limiting enzyme in the synthesis of cholesterol and
their activity is regulated by the free cholesterol pool.
When the free cholesterol pool expands, as a result of
increased LDL uptake, HMG CoA reductase is inhibited.
The LDL receptor gene is down-regulated and this
decreases the number produced thus decreasing the amount
of LDL-cholesterol taken up.  ACAT esterifies free
cholesterol to cholesteryl ester and these appear as lipid
droplets in the cytoplasm.  An abnormally high number of
cholesteryl ester droplets in the macrophage give a distinct
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‘foamy’ appearance; hence, lipid-laden macrophages are
called foam cells.  In foam cell formation, there is continual
uptake of lipoprotein despite reduced LDL receptor levels
and ACAT activity is up-regulated, thus causing increased
production of cholesteryl ester (121).  One of the
requirements for lipoproteins to be atherogenic is whether
they can cause foam cell formation.  The uptake of LDL in
its native form does not cause foam cell formation, instead,
oxidation of LDL gives rise to atherogenic particles (187).
In addition, the uptake of beta-VLDL also causes foam cell
formation.  Oxidized LDL and beta-VLDL uptake have
been shown to have minimal effect on HMG CoA
reductase activity but enhanced ACAT activity
(esterification of cholesterol) compared to native LDL.  A
study by Yu and Mamo (224) in rabbit lung macrophages
showed that regulation of HMG CoA reductase and ACAT
activity after chylomicron remnant uptake was similar to
that induced by LDL.  This is in contrast to the findings of
Ellsworth et al (225) who found that cholesterol synthesis
was increased and cholesterol esterification was decreased
in murine J774 macrophages.  Previously, Georgopoulos et
al (226) found that postprandial triglyceride-rich
lipoproteins from diabetic subjects stimulate esterified
cholesterol accumulation in the THP-1 macrophage cell
line and more recently, it was demonstrated that
chylomicron remnant uptake caused lipid accumulation in
mouse peritoneal macrophages and human monocyte-
macrophages in vitro by both LDL receptor-dependent and
-independent mechanisms (145,227).

Though LDL metabolism in macrophages is well
established (8), the same may not be said for chylomicron
remnants.  There are still conflicting observations about the
chylomicron remnant uptake mechanisms.  It has been
previously demonstrated in several laboratories that the
LDL receptor is the major mechanism for chylomicron
remnant uptake in macrophages from different species
(225,228,229,230).  The same receptor also transports beta-
VLDL (225,228,229,230).  Although the LDL receptor
transports LDL and beta-VLDL, however, there are
differences in their endocytic patterns.  In mouse peritoneal
macrophages, beta-VLDL were transported to widely
distributed and perinuclear vesicles whereas LDL were
transported to perinuclear lysosomes (231,232).  This
difference may explain why beta-VLDL is degraded by
macrophages at a slower rate than LDL; furthermore, it
may explain why beta-VLDL is a more potent stimulator of
ACAT activity than LDL is (48,233).  It was also noted that
intestinally-derived beta-VLDL were found in the widely
distributed vesicles but hepatic-derived beta-VLDL was
found in the perinuclear lysosomes like those LDL were
found in  (232).  These observations suggest that even
though the LDL receptor is the major mechanism for
chylomicron remnant and LDL uptake in normal
macrophages, the processing differs depending on the
specific lipoprotein.  This may help explain the mechanism
of chylomicron remnant-induced foam cell formation
(145,227).

 There are also reports of other possible receptors.
Goldstein et al (48) proposed the ‘beta-VLDL receptor’
based on observations that beta-VLDL uptake persisted

despite LDL receptor down-regulation.  In contrast, van
Lenten et al (49) found that there was no change in beta-
VLDL uptake in monocyte-macrophages from LDL
receptor-deficient individuals compared to normal
individuals.  Mamo et al (234) found a ‘phagocytic-like’
pathway in rabbit lung macrophages, possibly initiated by
binding to a 43 kDa protein (Mamo, personal
communication).  Macrophages also have LRP that can
take up remnants (145,235,236).  More recently, Gianturco
and her colleagues (237,238,239) reported the cloning of a
‘apoB-48 receptor’ that binds triglyceride-rich lipoprotein
remnants.

7.  POSTPRANDIAL LIPOPROTEINS AND
ATHEROSCLEROSIS IN MAN

In the 1950s, it was reported that patients with
coronary heart disease (CHD) have increased postprandial
triglycerides in their plasma due to a prolonged
postprandial period (240).  Josef Patsch and his co-workers
suggested that a poor ability to remove postprandial lipid is
likely to increase the risk of atherosclerosis because it
promotes the transfer of cholesteryl ester from LDL and
HDL to triglyceride-rich lipoproteins and remnants
converting them to potentially atherogenic particles
(4,75,93,241).  There are now an increasing number of
studies on the role of postprandial lipoproteins in
atherosclerotic disease.

An early study in man was done by Simons et al
(242) who examined fasting and postprandial plasma using
a semi-quantitative assay for apoB-48 and apoB-100.  A
higher apoB-48:apoB-100 ratio was associated with CHD.
In a similar study, Simpson et al (243) used the retinyl
palmitate test to investigate patients with coronary
atherosclerosis and they found the disease positively
correlated with prolonged postprandial lipemia and low
HDL levels irrespective of LDL concentrations.  More
surprising was that the retinyl palmitate continued to persist
in the plasma for 24 hours after the oral fatty meal but this
may have been caused by exchange to endogenous
lipoproteins at late time points (74,84,85).  Coronary
bypass patients also have impaired plasma removal of
chylomicron remnants despite normal lipoprotein lipase
activity (244).

Individuals with CHD who are
hypertriglyceridemic have slower plasma removal of
chylomicron (245) and the progress of the disease over a 5-
year period positively correlated with lipoproteins
containing apoB-48 (246).  Patsch et al (75) found that age,
postprandial plasma triglyceride and fasting plasma apoB
provided the greatest sensitivity and specificity for
predicting the risk of coronary atherosclerosis in men.  In
addition, Ginsberg et al (247) found that myocardial
ischemia was associated with elevated postprandial plasma
triglyceride concentrations independent of other risk factors
including fasting LDL and HDL concentrations.  This is
confirmed by more recent studies that document plasma
removal of chylomicron remnants is delayed in
normolipidemic male patients with CHD (248) and also in
normolipidemic women with CHD (249,250). Furthermore,
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women in menopause with or without CHD have slower
removal of chylomicron remnants and this raises the
possibility that a deficiency of estrogen may be associated
with impaired postprandial metabolism (251).  These
observations strongly indicate that slow removal of
chylomicron remnants is an independent risk factor for
atherosclerosis.

In other dsylipidemic conditions, patients with
homozygous or heterozygous familial hypercholesterolemia
have slower removal of chylomicron remnants (200,252),
however, Rubinstein et al (107) and Eriksson et al (253)
found no such impairment.  This disparity in observations
may be due to different methodologies used.  Since there
are few or no LDL receptors in patients with familial
hypercholesterolemia, these differing observations raise the
question of whether non-LDL receptor pathways are up-
regulated in such cases.  Slower plasma remnant removal
has also been observed in patients with familial combined
hyperlipidemia (FCH), a disease characterized by
disturbances of triglyceride metabolism and premature
atherosclerosis (76,254).

Non-insulin-dependent-diabetes-mellitus NIDDM)
is also strongly associated with hypertriglyceridemia and
impaired postprandial lipoprotein metabolism is a common
disorder in patients with this condition
(255,256,257,258,259,260,261).  Of interest as well is the
dyslipidemic condition known as syndrome X which is
characterized by a combination of clinical symptoms that
include hypertriglyceridemia, insulin resistance, glucose
intolerance, hypertension and obesity (262,263,264).  Male
or female patients who have a combination of these
disorders also have impaired plasma removal of remnant
lipoproteins and they are prone to premature atherosclerosis
(265,266,267).

Since the LDL receptor is an important receptor,
remnant removal is likely to be affected by the number of
receptors.  The expression of LDL receptor numbers on
chylomicron remnant removal was examined in two studies
by controlling the cholesterol in the diet.  Ginsberg et al
(176) found that cholesterol-enriched diets had no effect on
plasma remnant removal in young normolipidemic
individuals.  In the other study, Clifton and Nestel (177)
came to the conclusion that cholesterol feeding had no
effect on plasma remnant removal in normolipidemic men
but interestingly, there was decreased removal in
hypertriglyceridemic men.  The fat feeding would, in
theory, have down-regulated LDL receptors, however, the
results are consistent with the hypothesis that there are non-
LDL receptor pathways that become significant only if the
LDL receptor pathway is partially or fully saturated
(107,253).

8.  HOW CHYLOMICRON REMNANTS MAY
CAUSE ATHEROGENESIS

Russell Ross (178,179,268) has suggested that
atherosclerosis occurs in response to inflammation in the
arterial wall probably initiated by toxic substances.  Some
of these toxic substances may include oxidized LDL,

oxysterols and oxidized protein products (269,270). By
using selected-affinity anti-apoB immunosorption, Rapp et
al (201) found that human atherosclerotic plaques contain
intact remnants of triglyceride-rich lipoproteins, which
strongly suggest that remnants may be one of these
lipoproteins.

One of the most difficult questions to prove is
whether other lipoproteins, besides LDL, cause and/or
participate in the development of atherosclerosis.  Many
factors such as beta-VLDL, lipoprotein (a), homocysteine
and viruses (271,272,273,274,275,276) have been
implicated in the pathogenesis of this complex disease.
The amounts of different lipoproteins, however, may vary
in separate lesions.  LDL may be in higher amounts than
chylomicron remnants in some lesions and vice-versa in
other lesions.  The difficult question to answer is whether
the lipoprotein that is greatest in amount in a particular
lesion is the major participant in triggering the cellular
responses such as attraction of monocytes to the
subendothelial space, stimulation of smooth muscle growth,
foam cell formation that lead to atherosclerosis, or whether
small quantities of potentially atherogenic particles initiate
the lesion and the other lipoproteins then participate.

The cellular responses that chylomicron remnants
potentially initiate to promote and accelerate
atherosclerosis development are not clearly defined;
however, based on current knowledge, several possibilities
exist.  The earliest identifiable event in the development of
atherosclerosis is the adhesion of monocytes to endothelial
cells (179,268).  This requires the change in the level of
expression of a number of already identified and perhaps
some unknown factors on both of the cell types
(202,203,207,209).  It has been found that atherogenic
lipoproteins such as oxidized and minimally modified LDL
can initiate this event (208,210).  In addition, monocytes
from patients with diabetes, a condition where there is
delayed remnant removal, are adherent to cultured
endothelial cells (277,278).  Our laboratory has recently
found that remnant-rich fractions of serum can modulate
this event (Wilhelm, Fong and Cooper, unpublished
observations).  Thus, it is possible that either or both
remnant concentration or compounds in the remnants can
initiate the earliest event of atherosclerosis.  Obviously, this
is likely to be a transient and reversible phenomenon but
identification of the properties of these physiologically
relevant lipids or proteins that transduce this phenonmenon
should be interesting and potentially important.

In addition to the effects in the circulation, there
is transcytosis of chylomicron remnants across the
endothelium and into the subendothelial and medial layers
(see figure 3).  The extent of remnant transcytosis could be
dependent on the duration and magnitude of the
postprandial period.  In the arterial wall, remnants are
degraded efficiently by smooth muscle cells, thus
eliminating retention and accumulation; however, when
there is down-regulation of LDL receptors, there will be
increased retention and accumulation of remnants in the
extracellular space of the subendothelial and medial layers.
In the intima, the monocytes differentiate into macrophages
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Figure 3.  Chylomicron remnant-induced development of atherosclerosis.  Chylomicron remnants may induce changes in
endothelial cells and perhaps monocytes that cause monocyte rolling followed by adhesion.  Chylomicron remnants cross from
the plasma compartment into the subendothelial layer by transcytosis.  The remnants continue to migrate into the medial layer.  In
the normal situation, smooth muscle cells in the medial layer are able to remove remnants efficiently.  When there is excessive
amounts of remnants in the arterial wall, smooth muscle cells are unable to compensate.  This forms a barrier to the continual flux
of remnants migrating from the subendothelial layer into the medial layer.  The retention and accumulation of remnants in the
subendothelial layer may induce expression of adhesion molecules on the endothelial surface.  The expression of endothelial
surface adhesion molecules may be exacerbated by remnants in the plasma compartment if there is prolonged residence of these
lipoproteins in the blood circulation.  Blood monocytes bind to the adhesion molecules; this leads to rolling of the monocytes
along the endothelial layer, followed by migration of the monocytes into the subendothelial layer where the monocytes
differentiate into macrophages.  The macrophages take up remnants and begin to become foam cells.  The foam cells are able to
eliminate the remnants by migrating back into the plasma compartment.   If remnant uptake is excessive, there may be death of
foam  cells.  In addition, the macrophages may be induced to secrete toxic oxidizing agents (superoxide, free radicals, etc.) which
may cause oxidation of lipid and protein, hence causing inflammation.  The oxidized products may cause death of foam cells.  At
the same time, smooth muscle cells may migrate from the medial layer to the subendothelial layer and under the influence of
mitogenic factors secreted by macrophages and/or foam cells, they may start multiplying (growth).  The increased number of
smooth muscle cells will cause deposition of fibrous tissue and producing raised plaques which protrude into the blood lumen.
Remnants and/or the oxidized products may cause death of the smooth muscle cells.  A necrotic core will be produced by the
death of cells.  Abbreviations: MØ, macrophage; SMC, smooth muscle cells.

and take up retained remnants.  There is evidence that
suggest lipid-laden macrophages can leave the arterial wall
and return back to the circulation (279).  In such a pathway,
the excessive chylomicron remnants can be removed
efficiently from the extracellular space.  In some situations,
the macrophages may remain in the arterial wall, continue
to take up chylomicron remnants, and ultimately become
foam cells (see figure 3).  This may well explain the
formation of fatty streaks that can be transitory in nature.
In the formation of advanced lesions, toxic substances
(oxidizing agents, cytokines) may be secreted by
macrophages and they may harm the arterial wall.  For
example, superoxide free radicals may oxidize LDL and
other lipoproteins and lipids to produce far more toxic
oxidized products.  These products potentially cause
damage to the arterial wall, thus producing inflammatory
responses.  Furthermore, growth of smooth muscle cells
occurs induced by macrophage-secreted cytokines and this

leads to formation of the fibrous cap.  In far more advanced
lesions, there will be death of cells and this produces
necrotic cores.  Cell death may be caused by chylomicron
remnants as it has been demonstrated that these lipoproteins
can cause death of smooth muscle cells and macrophages in
vitro (227,280,281).  Also, evidence of remnant
cytotoxicity was provided previously by Chung and co-
workers (282) who found that remnants of lipolyzed
triglyceride-rich lipoproteins from hypertriglyceridemic
human serum were cytotoxic to macrophages because of
the high concentration of free fatty acids produced after
lipolysis.  In addition, remnants may also be involved in the
coagulation pathway.  Remnants of triglyceride-rich
lipoproteins have been shown to promote activation of
factor VII, an enzyme that is important in the production of
thrombin, an enzyme that converts fibrinogen to fibrin in
the development of a clot (283,284,285).  It appears that the
free fatty acids produced by lipolysis of triglyceride-rich
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lipoproteins at the interface of circulating remnants and the
endothelium provide a contact surface that activates the
contact system of coagulation and subsequently activates
factor VII (283).  This is particularly damaging at
atherosclerotic plaques.  The fibrin clot will trap platelets
which may exacerbate injury to the plaques.

This proposed model (figure 3) is not an attempt
to suggest that chylomicron remnants are the only
atherogenic lipoprotein.  There is no doubt that other
lipoproteins (LDL, beta-VLDL, lipoprotein (a)), are also
atherogenic.  Remnants may act in tandem with other
lipoproteins to produce the atherogenic effects mentioned
above.

9.  PERSPECTIVE

Atherosclerosis remains a major health ailment in
the United States and in other western societies (286,287).
Although LDL is now established as a ‘bad cholesterol’,
there has always been skepticism about the atherogenicity
of chylomicron remnants.  The studies presented in this
review are only a sample of an increasing number of
studies that implicate remnants as a ‘culprit’ in
atherosclerosis.  In summary, the main thrusts of this
review have been to emphasize the importance of an
efficient removal system for chylomicron remnants and that
chylomicron remnants may be directly causing
atherogenesis.  The chylomicron remnant removal system
is a combination of different pathways dependent and/or
independent of each other.  Perhaps such a complex system
for dealing with dietary-derived lipid has evolved because
of the serious consequence of a poor ability to remove
remnants from the blood circulation.  The average human
perhaps spend a great part of their life in the postprandial
state which represents a constant repeated insult to the
arterial wall.  We are now beginning to understand the
complicated metabolism of dietary-derived lipid in the
body and should be able to use this knowledge in clinical
testing for  the prevention of CHD.
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