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Abstract

Postprandial lipemia and fatty acid fluxes occur several times daily, resulting in very efficient absorption of
dietary fat and redistribution to various tissues. Absorbed dietary lipids are incorporated into chylomicrons
to distribute triglycerides either for storage in adipose tissue or for immediate use in muscle. Commonly, the
dietary sources of fat exceed the actual needs and the tissues are faced with dealing with the excess. Under
these circumstances, the removal process of dietary triglycerides and fatty acids becomes overloaded, resulting
in excessive postprandial lipemia and accumulation of chylomicrons, remnant particles and non-esterified
fatty acids. These particles are associated with disruptions in lipoprotein metabolism and changes in
inflammatory factors, thus their association with cardiovascular disease, metabolic syndrome and diabetes is
not surprising. Dietary factors, not just fat, influence postprandial fluxes. This leads to the question: do we
need a standardized fat tolerance test? The recognition of the factors influencing postprandial lipemia and
fatty acid uptake and clearance is constantly increasing. Numerous proteins, transporters, enzymes and
hormones have been shown to affect fatty acid flux at the level of absorption, peripheral uptake and hepatic
remnant clearance. This summary targets fatty acid fluxes, with a focus on acylation-stimulating protein.
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Abbreviations: apo.: apolipoprotein; ASP: acylation-stimulating protein; BAT: brown adipose tissue; CR:
chylomicron remnant; FABP: fatty acid binding protein; FATP: fatty acid transport protein; GLP: glucagon-like
peptide; HDL: high-density lipoprotein; LDL: low-density lipoprotein; LPL: lipoprotein lipase; LRP: low-
density lipoprotein receptor-related protein, MTP: microsomal triglyceride transport protein; NEFA: non-
esterified fatty acid;, SR: scavenger receptor; TG: triglyceride; TNF-a: tumor necrosis factor-o; TRL:
triglyceride-rich lipoprotein; VLDL: very low-density lipoprotein; VLDLR: very low-density lipoprotein receptor.
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Overview of fatty acid fluxes: intestinal
absorption, peripheral lipolysis and hepatic
remnant clearance

at is absorbed by cells of the small intestine as
Ffatty acids and cholesterol via direct uptake

as well as numerous fatty acid transporter
proteins. Esterification of the fatty acids to trigly-
cerides (TGs) and of the cholesterol to cholesterol
esters leads to subsequent formation of the lipo-
protein particle containing an outer core of phos-
pholipids, cholesterol and apoproteins, with an
inner core of neutral lipids (primarily TGs with
some cholesterol esters). These dietary lipoproteins
are transported into the lymphatic system and then
released into plasma in the form of nascent
chylomicrons. Within the intestinal cells, both fatty
acid binding protein-2 (FABP-2) and microsomal
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triglyceride transfer protein (MTP) are required for
the formation of chylomicrons, which contain
apolipoprotein B48 (apoB48). Circulating chylomi-
crons contain numerous other apoproteins, includ-
ing apoCl, apoCll, apoCIIl, apoE and the recently
identified apoAV, which influence metabolism of the
lipoprotein particles. Various hormones such as
glucagon-like peptide (GLP)-1 and -2 can influence
this absorption process.

Within the periphery, lipoprotein lipase (LPL)
localized to the endothelial cell surface within
the capillaries binds to the chylomicrons, hydrolyz-
ing the TGs to release glycerol and fatty acids
for uptake and use (energy in the skeletal and
cardiac muscle) or storage in adipose tissue. As
the chylomicrons release their TGs in the peri-
phery, they shrink and excess surface constituents
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(phospholipids and apoproteins) are transferred
back to high-density lipoprotein (HDL). Up to
70-90% of the TG is hydrolyzed, leaving a chylo-
micron remnant (CR) particle. LPL is a key gate-
keeper of this clearance process, and in the absence
of LPL there is no chylomicron hydrolysis. How-
ever, in addition to LPL, there are many collateral
players that influence the activity of LPL, including
very low-density lipoprotein receptor (VLDLR),
apoE, apoClIl, apoCIII and apoAV. Fatty acids are
transported into peripheral tissues (adipose and
muscle) via numerous transporters, including CD36,
FABPpm and the fatty acid transport protein
(FATP) family of transporters (1). Of the massive
amounts of fatty acids released by LPL, 36% escape
peripheral adipose and muscle uptake (2). De-
creased efficiency of fatty acid uptake into the
target tissue results in product inhibition of LPL,
and accumulation of chylomicrons and fatty acids
in the circulation. Thus, efficient tissue uptake of
the fatty acids and re-esterification is essential for
continued efficient functioning of LPL. Acylation-
stimulating protein (ASP) and insulin are two
hormones key in maintaining an efficient two-step
process.

Both the CR particles and a portion of the fatty
acids released by LPL contribute to fatty acid flux
to the liver. Within the liver, many cell-surface
receptors have been implicated in clearance of CR
through interaction with apoE or LPL associated
with CR (3). The uptake of CR is also mediated via
cell-surface proteoglycans, hepatic lipase, as well as
low-density lipoprotein receptor-related protein
(LRP) and low-density lipoprotein (LDL) receptor.
Other receptors that may be involved include the
VLDLR, which binds apoE, and the scavenger
receptor (SR)-B1, a multiligand receptor. Recently,
studies in ABCA1 knockout mice have implicated
this protein in CR metabolism. Finally, many fatty
acid transporters are implicated in uptake of non-
esterified fatty acids (NEFAs) (1).

The hepatic influx of both CRs and fatty acids
impacts subsequent liver very low-density lipopro-
tein (VLDL) production, as shown by both in vitro
and in vivo studies (4). Recent data suggest that
hepatic de novo lipogenesis is increased even in the
fed state. Using stable isotope tracers in healthy
men, spillover of both CRs and NEFAs into the
liver stimulates de novo lipogenesis within a few
hours following a meal and increases subsequent
VLDL production (5).

Fatty acids and acylation-stimulating protein

VLDL particles are secreted by hepatocytes and
contain TG, cholesterol ester, phospholipid and
apoB100. The more fatty acids available to drive
TG synthesis, the larger the VLDL particle (4). The
VLDL particles release TGs to peripheral cells
through interaction with LPL in capillaries, which
breaks down the TGs into fatty acids (as with
chylomicrons), with a shift of apoproteins back to
HDL. The intermediate-density lipoprotein rem-
nant particles are taken up by the liver (50%) or
transformed by hepatic lipase into LDL particles
containing mainly cholesterol (free and esterified).
LDL particles, which contain apoB as their primary
apoprotein, can be taken up either by the liver or by
peripheral cells through a receptor-mediated pro-
cess (LDL receptor).

Do we need a standardized oral lipid tolerance
test?

There are many studies evaluating postprandial
fatty acid metabolism. Almost every author presents
data on standardized meals, with appropriate com-
parison to control groups. However, between stu-
dies, these “‘standardized” meals vary widely. As
summarized in a recent review (6), fat loads vary
widely in almost every parameter possible. Fat load
tests vary in the total caloric content, ranging from
250 to 2500 kcal, from 50 to 100% fat, 0 to 50%
carbohydrate and 0 to 20% protein. Further, the
meals may be 100% liquid, 100% solid or a mixture,
with varying caloric density (a consideration in
subjects who have undergone gastric bypass, for
example).

The percentage of saturated fatty acids, mono-
unsaturated fatty acids and polyunsaturated fatty
acids, and the positional distribution within the fats
vary. Diets high in safflower oil are primarily
polyunsaturated, diets high in olive oil primarily
monounsaturated and diets enriched in butter
contain mainly saturated fatty acids. In many cases,
the fatty acid composition is not calculated or there
are insufficient details. Finally, the addition of other
components, such as the type of carbohydrate
(complex vs sugar) or protein source, can influence
postprandial lipemia.

Further, the times when blood samples are drawn
and the length of the studies are not necessarily
uniform. The quantification of triglyceride-rich
lipoproteins (TRLs) can be based on TG, apoB48
or other components of the TRL, and the separa-
tion of the particles by ultracentrifugation into large
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TRLs versus small TRLs varies widely. In the past
few years, additional methods for evaluation in-
clude retinyl palmitate tracers, immunochemical
methods for the isolation of remnant lipoproteins
(7) and a remnant-like emulsion breath test (8).

In addition to all of the acute components listed
above, changes in dietary patterns and exercise
before the fatload test may influence both fasting
lipoproteins and postprandial fat responses. The
chylomicron response to a fat challenge can vary by
as much as 50% according to the fat, carbohydrate
and protein content of daily food intake. Chronic
consumption of reduced calorie, high-carbohydrate
diets can exaggerate plasma TG levels. In non-
obese, normolipidemic subjects, standardizing food
intake for 3 days reduced the intraindividual varia-
bility associated with postprandial chylomicronemia
(assessed as apoB48 concentration), but a more
prolonged period may be required to achieve the
same effect on postprandial TG lipemia (9).

Gatekeepers

Various dietary factors contribute to changes in
overall postprandial fatty acid fluxes (absorption
and/or lipolysis and/or hepatic remnant clearance)
without the precise mechanisms necessarily being
pinpointed. However, several proteins (transporters,
enzymes and hormones) influence flux directly and
act as gatekeepers of these processes (Fig. 1). While
the complexity is increasing, each protein appears to
have a specific and individual role in the overall
process. Although it is impossible to cover all
details, the following section reviews recent devel-
opments in these areas, in particular ASP.

Peripheral adipose lipolysis and lipoprotein
lipase

LPL is a glycoprotein enzyme produced primarily
by adipose and muscle. Anchored on the luminal
surface of capillary endothelial cells, LPL hydro-
lyzes the TGs in chylomicrons and VLDL, releasing
NEFAs, which are stored (adipose) or oxidized
(muscle). LPL is key to this process, and in the
absence of LPL (as in genetic mutations) there is a
complete absence of chylomicron hydrolysis.
Although in humans LPL-derived NEFAs form
the major pool of storage TGs, in the absence of
LPL (genetic mutation) adipose tissue is still main-
tained through de novo lipogenesis (10). The enzyme
LPL and consequently the overall TG storage
process are regulated through both the amounts
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and the activity of the protein, which in turn are
modulated via various protein helpers and through
hormonal regulation.

Genetic mutations in LPL can produce partial
LPL defects and are associated with changes in lipid
profile (11). However, other genetic variations,
which are common in the population, may also
influence lipoprotein metabolism. The LPL variant
S447X, present in 18—22% of individuals, results in
alteration of the penultimate amino acid from serine
to a stop codon. This mutation is associated with
increased LPL mass, but there are conflicting data
and interpretations. Evaluation of postprandial fat
clearance has demonstrated that this LPL variant is
associated with attenuation of apoB48 and TG
postprandial increases and increased preheparin
LPL mass (12), consistent with a lower risk for
cardiovascular disease. Conversely, the HindIII
polymorphisms (also indicated as H1/H2), located
in the intron between exons 8 and 9, is associated
with delayed postprandial TG clearance and may
contribute to familial combined hyperlipidemia (13).

Apoproteins and other cofactors

Several apoproteins, as well as the recently described
VLDL receptor, influence the overall activity of
LPL. A substantial body of evidence has accumu-
lated, showing that apoE polymorphisms play a
crucial role in the clearance of TRLs (14), and
apoCllI is well recognized as a cofactor activator of
LPL. Variations in plasma apoCIIl have been
shown to be strong correlates of fasting and
postprandial lipemia responses to high monounsa-
turated fatty acids and high-carbohydrate diets with
increased levels of apoCIII associated with delayed
postprandial TG clearance (15).

Recently, a new apoprotein (apoAV) was identi-
fied by comparative sequencing. Studies in mice
demonstrate a marked increase in fasting plasma
TGs in apoAV knockout mice, and overexpression
of human apoAV in transgenic mice reduced plasma
TGs substantially (16), consistent with correlation
studies in humans. Several studies have examined
the impact of various apoAV polymorphisms on
postprandial lipemia. Moreno et al. (17) and Jang et
al. (18) demonstrated that carriers of the —1131T/C
allele had significantly increased postprandial lipe-
mia. However, other studies do not support this.
Differences in subject characteristics and mainte-
nance diets as well as the total calories and
composition of the fat loads probably contributed
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Fatty acids and acylation-stimulating protein
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Fig 1. Determinants of fatty acid fluxes: transporter, enzymes and hormones directly influencing postprandial metabolism, including
absorption, lipolysis and hepatic remnant clearance are shown, emphasizing those that play a “gatekeeper” role. Each protein appears to have a
specific and individual role in the overall process. ASP: acylation-stimulating protein; Chol: cholesterol; CHYLO: chylomicron; CR: chylomicron
remnant; FATP: fatty acid binding protein; GLP: glucagon-like peptide; HL: hepatic lipase; INS: insulin; INSR: insulin receptor; LDL: low-
density lipoprotein; LDLR: low-density lipoprotein receptor; LPL: lipoprotein lipase; LRP: LDL receptor-like protein; MTP: microsomal
triglyceride transport protein; NPCI1L1: Niemann-Pick Cl-like 1; NEFA: non-esterified fatty acid; TG: triglyceride; TNFo: tumor necrosis
factor-o; TNFR: tumor necrosis factor receptor; VLDL: very low-density lipoprotein; VLDLR: very low-density lipoprotein receptor.

to these differences. Several mechanisms have been
proposed to explain why this polymorphism may be
responsible for the differences in postprandial
lipemia in humans (17, 18): (i) the C allele is
associated with lower plasma apoAV; (ii) higher
levels of apoAV are associated with enhanced LPL
activity; (iii) VLDLs lacking apoAV have reduced
receptor binding, suggesting reduced remnant clear-
ance; and (iv) apoAV influences the assembly of
VLDLs. All of these points are consistent with the
decreased VLDL production and increased VLDL
catabolism demonstrated in mice.

One additional participant in this lipolytic pro-
cess is the VLDLR, a member of the LDL receptor
family with distinctive ligand-binding properties
and tissue distribution. VLDLR is uniquely ex-
pressed at sites involved in peripheral TG clearance,
including adipose, heart and musclee VLDLR
appears to be involved in the transcytosis of active
LPL across endothelial cells, and may facilitate the
binding of TG-rich lipoproteins in the capillary bed
in concert with LPL (19). The role of VLDLR in
chylomicron clearance was evaluated in VLDLR

knockout mice. Despite no change in fasting lipid
levels, postprandial TG levels were increased nine-
fold in knockout mice following a fat load. There
was no observable effect on adipose tissue uptake of
NEFAs, suggesting that VLDLR facilitates post-
prandial LPL-mediated TG hydrolysis and an
absence of VLDLR is associated with reduced
activity of LPL (19).

Additional membrane proteins, such as the many
fatty acid transporters identified (CD36, FABPpm
and the FATP family), which are differentially
expressed in various tissues, have also been shown
to play an important role in fatty acid uptake and
targeting into various lipid pools. Numerous loss-
of-function and gain-of-function studies in cells and
animals have clearly demonstrated that these pro-
teins are important in regulating fatty acid fluxes
into and out of cells (1, 20).

Hormones and acylation-stimulating protein

Various hormones contribute to modulation of
overall LPL activity. These include insulin, tumor
necrosis factor-o (TNF-a), ASP and possibly
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adiponectin. Insulin is well documented as a major
LPL modulator. In the postprandial state, adipose
tissue LPL is increased relative to fasting levels,
whereas muscle LPL tends to be reduced. In
adipocytes insulin acutely increases LPL activity
and secretion, mostly related to changes at the post-
translational level. This raises the question: are the
postprandial increases in LPL solely mediated by the
postprandial increases in insulin? Based on studies
by Deshaies and coauthors in rodents, the simple
answer would appear to be: “yes’ (21). Changes in
adipose tissue LPL activity were proportional to the
changes in insulin, even in the absence of nutrient
absorption. Conversely, the usual postprandial
changes in adipose and muscle LPL did not occur
in the absence of an increase in insulinemia.

Although insulin clearly plays a dominant role in
influencing LPL activity, it is not the only compo-
nent that influences postprandial fat clearance.
TNF-a is a cytokine with a wide range of activities.
It is produced primarily by monocytes/macro-
phages, although significant amounts are secreted
by other cell types, including adipocytes, and
increased production has been implicated in the
pathogenesis of insulin resistance and type 2
diabetes (22). Several variants have been identified
that modify gene transcription. TNF-a can potently
suppress lipid genes, including LPL and glycerol
phosphate dehydrogenase, thereby slowing down
not only extracellular lipolysis, but also intracellular
processing (22).

It is important to stress that TG clearance occurs
as a two-step process: first, the lipoproteins are
hydrolyzed by LPL releasing NEFAs; secondly,
NEFAs are taken up into the cell and re-esterified
to a storage TG molecule. Numerous studies in vitro
and in vivo have demonstrated that excess genera-
tion of NEFAs by LPL, without prompt and rapid
clearance into cells, will result in product inhibition
of LPL (23). Thus, processes that amplify the ability
of the adipocyte rapidly to take up and store NEFA
as TG will indirectly increase the hydrolytic effi-
ciency of LPL. ASP is one such hormone. Also
known as C3adesArg, ASP is an adipokine pro-
duced through the cleavage of complement C3 by
adipsin (24). ASP interacts with C5L2, a G-protein
coupled receptor, activating an intracellular path-
way that leads to increased glucose transport and
TG storage (25, 26). Studies in ASP-deficient, C3
knockout mice demonstrate delayed postprondial
TG and NEFA clearance (in spite of normal insulin
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levels), which are normalized with injection of ASP
prior to fotload (24). This effect is maintained in
mice treated with a high-fat diet, and in genetically
obese oblob mice deficient in ASP (double knock-
out). This delay in TG clearance leads to a leaner
mouse with reduced adipose tissue, which is resis-
tant to diet-induced obesity. In vitro studies demon-
strated that while ASP has no direct effect on LPL
activity (in contrast to insulin), the clearance of TG-
rich lipoproteins is enhanced by ASP through
increasing intracellular TG synthesis, which relieves
NEFA inhibition of LPL. The effectiveness of
adipose tissue trapping of LPL-derived NEFAs is
determined by overall LPL activity, which in turn
determines the efficiency of postprandial TG clear-
ance (27). In contrast to the effects of ASP on
adipose tissue, ASP decreased in situ muscle LPL
activity, similar to the effects of insulin (Fig. 2) (28).

In human studies, fasting ASP is influenced by
diet, body size (obesity), exercise and metabolic
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Fig. 2. Acylation-stimulating protein (ASP) increases fatty acid
trapping in adipose tissue but decreases in muscle. In situ lipoprotein
lipase activity in white adipose tissue (WAT), muscle and brown
adipose tissue (BAT). Tissue pieces were incubated for 4 h with
[PHitriolein substrate (1.41 mM) with or without acylation-stimulat-
ing protein (1 uM). Total *H-labeled fatty acid incorporation into
total neutral lipids is presented (top panel), with the percentage
change without vs with ASP shown in the bottom panel, where *p <
0.05 and **p <0.001 for ASP effect vs baseline, as published
previously (28).



status (presence of cardiovascular disease and/or
diabetes) (29-32). In normal healthy men and
women, stratification of fasting ASP by tertiles
demonstrated a delayed postprandial TG and
NEFA clearance in the subjects with the highest
fasting plasma ASP, a correlation that remained
even after correction for differences in fasting TG
(33). The precursor to ASP, complement C3, also
demonstrates these similar associations with TG
clearance, as well as correlations with metabolic
syndrome indices (34). The association between
increased fasting ASP and delayed TG clearance
probably reflects ASP resistance, as proposed and
described elsewhere (35), similar to the insulin
resistance paradigm. Fasting plasma ASP and C3
may be useful markers to identify subjects with
postprandial delayed TG and NEFA fluxes, such as
those associated with metabolic syndrome.

Summary

At the level of peripheral clearance, especially in
adipose tissue, the central component is LPL. But
LPL does not act alone; it is supported by a panoply
of stimulatory and inhibitory cofactors (apoCII,
apoClll, apoE, apoAV and LRP) that affect lipo-
lysis either per se or indirectly through adipose
tissue trapping of NEFAs. These two processes are
influenced at the level of the gene and/or activity by
factors such as insulin, TNF-o and ASP and dietary
factors, creating a complex web of interdependence.
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