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Summary: Several studies support the association between post-
prandially elevated triglyceride levels and atherosclerosis. Histo-
logical and cell culture investigations revealed, that triglyceride
rich postprandial lipoproteins are taken up by macrophages and
smooth muscle cells and are detectable as part of foam cells in
vascular lesions. Remnant particles, generated by lipolysis of
postprandial lipoproteins in vitro and fatty acids increase the
permeability of the endothelium and are cytotoxic for endothelial
cells. ± Besides these morphological changes of cells, lipoproteins
have been shown to exert effects on cellular functions like the
expression of membrane proteins and the production or release of
several bioactive substances regulating communication with blood
cells and other cell systems of the vascular wall, blood pressure and
hemostasis. ± This review concentrates on the influence of
postprandial lipoproteins on factors involved in the interaction
of endothelial cells with blood leukocytes and factors mediating
blood pressure regulation. Increased expression of adhesion
molecules has been detected immunehistochemically in athero-
sclerotic plaques in animals and humans. It was demonstrated that
patients with elevated triglyceride levels have increased levels of
soluble adhesion molecules. Furthermore, postprandial lipopro-
teins were shown to induce membrane expression of adhesion
molecules. This effect seems to be at least in part mediated by the
oxidative modification of the particles. Accordingly chylomicrons
separated after ingestion of safflower oil, rich in polyunsaturated
linoleic acid, induced higher adhesion molecule expression at
higher oxidant concentration compared with chylomicrons sepa-

rated after ingestion of olive oil, rich in monounsaturated oleic
acid. ± Several authors described effects of fatty acids on the
expression of adhesion molecules. On the one hand, they may exert
stimulatory effects as such, on the other hand cytokine induced
adhesion molecule expression may be enhanced by certain fatty
acids and inhibited by others, implying an interference with signal
transduction processes. ± Effects of lipoproteins on vasoactive
substances seem to be implicated in endothelial dysfunction, too.
The endothelium-derived relaxing factor nitric oxide (NO) has
gained increasingly attention in the last two decades and is
regarded as protective against hypertension and atherosclerosis. It
was demonstrated that chylomicrons and their remnants inhibited
endothelium-dependent relaxations in isolated aortas. Vasodila-
tatory responses and nitric oxide metabolism were shown to be
affected by the amount and composition of dietary fat. Cell culture
experiments revealed modulation of NO release by certain fatty
acids. ± Plasma levels of endothelin-1, a strong vasoconstrictor,
have been shown to be increased in patients with type 2 diabetes
and metabolic syndrome, respectively. Postprandially elevated
triglycerides increased endothelin-levels in addition to insulin in
patients with metabolic syndrome. ± In summary, there is evidence
that the association between postprandial triglycerides and the
metabolic syndrome is driven by direct influences on endothelial
functions because plasma triglyceride levels are associated with
levels of humoral risk markers of endothelial origin, and
postprandial lipoproteins stimulate the release and/or expression
of endothelial mediators in vitro, which induce atherogenesis and
hypertension.

Role of the endothelium in the pathogenesis
of vascular disease

A crucial step in the pathogenesis of vascular disease
seems to be the increased adhesion of monocytes
(and other leukocytes) to the vascular endothelium.
Adherent monocytes enter the vascular wall, differ-
entiate into macrophages and finally transform into
foam cells by accumulating lipoproteins. Foam cells
present ± together with T-lymphocytes ± character-
istic components of fatty streaks, the first stage in
atherogenesis. Macrophages and T-cells can recruit
more macrophages by secretion of cytokines and
induce the migration and proliferation of smooth
muscle cells by release of growth factors. Necrosis of

foam cells and proliferation of smooth muscle cells in
the intima, that accumulate lipids and secrete extra-
cellular matrix substances, result in the development
of fibrous plaques and disease progression (Ross, 1993).

Endothelial cells play a central role in this process
since they produce a spectrum of bioactive substances
which regulate communication with blood cells on
the one hand and with cell systems of the vascular
wall on the other hand, and modulate blood pressure
and hemostasis. Therefore, the role of the endothe-
lium is not simply a permeability barrier, but an active
mediator between blood cells and cells of the vascular
wall.

The interaction with blood leukocytes is mediated
by adhesion molecules (VCAM-1, ICAM-1, E-
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selectin, P-selectin), cytokines like interleukins (e.g.
IL-1, IL-6, IL-8), monocyte-chemotactic-protein
(MCP-1) and granulocyte- or monocyte-colony-stim-
ulating factors. Growth factors modulate the prolif-
eration of fibroblasts and smooth muscle cells. Blood
pressure is regulated by relaxing factors like prosta-
cyclin or nitric oxide on the one hand and vaso-
contracting factors like endothelin-1 and angiotensin-
II on the other hand. Regulation of hemostasis is
mediated by secretion of antithrombotic factors like
e.g. prostacyclin or tissue plasminogen activator, and
on the other hand by prothrombotic factors like e.g.
platelet-activating factor or tissue factor. In the
healthy individual, these systems are in a balance.
Several factors can disturb the balance between pro-
and antithrombotic and between vasoconstrictor and
vasorelaxing agents and modulate the physiological
production of cytokines, adhesion molecules and
growth factors, leading to a prothrombotic, hyper-
tensive and hyperadhesive state, a phenomenon
described as endothelial dysfunction.

Postprandial lipoproteins and vascular disease

Clinical and epidemiological studies

A link between elevated triglyceride levels and
atherosclerosis is supported by several epidemiologic
studies (Pelkonen et al., 1977; Heyden, 1980; Carlson
et al., 1985; Castelli, 1986; Cambien et al., 1986).
However, it was questioned whether triglyceride
levels are an independent risk factor, since in many
studies hypertriglyceridemia was associated with
other risk factors, especially low High-Density-Lip-
oprotein (HDL) levels (Hulley et al., 1980; Austin,
1989). Moreover, one has to admit, that most studies
only assessed the fasting state and did not account to
the fact that triglyceride levels increase after inges-
tion of a meal. Several authors, however, have
demonstrated, that patients with precocious coronary
heart disease have postprandially elevated triglycer-
ide levels and the accompanying lipoprotein frac-
tions, chylomicrons, VLDL and their remnants have
been shown to be associated with atherosclerosis
(Simons et al., 1987; Simpson et al., 1990; Groot et al.,
1991; Patsch et al., 1992; Karpe et al., 1994; Wein-
traub et al., 1996).

Studies in our group revealed that of 15% healthy
male volunteers had excessively elevated triglyceride
levels after a standard lipid load test (Schrezenmeir
et al., 1992, 1993). The phenomenon of ªTriglyceride-
High-Responseº was associated with postprandially
increased levels of insulin, proinsulin and free fatty
acids, higher abdominal adipose tissue and postpran-
dial energy expenditure and therefore interpreted as
early marker for the manifestation of the metabolic
syndrome (Schrezenmeir et al., 1996, 1997). There-

fore, it seems to be important to elucidate the
atherogenic potential of postprandial lipoproteins.

The postprandial elevation of triglycerides is
mainly due to an increase of chylomicrons of
intestinal origin, characterized by Apolipoprotein
B48 (ApoB48), but higher concentrations of Very-
Low-Density-Lipoproteins (VLDL) of hepatic ori-
gin, characterized by ApoB100, also may contribute
(Schrezenmeir et al., 1993; Cohn et al., 1993; Schnee-
mann et al., 1993). This was explained by a dimin-
ished degradation of VLDL because of the prefer-
ential lipolysis of chylomicrons (Schneemann et al.,
1993; Karpe et al., 1993). Chylomicrons are generally
not regarded as atherogenic, because those types of
dyslipoproteinemias that are characterized by ex-
cessive elevation of chylomicrons (lipoprotein lipase
(LPL) deficiency, ApoCII deficiency) are not asso-
ciated with increased prevalence of atherosclerosis
(Brunzell et al., 1976). Only one study could detect
signs of atherosclerosis in patients with chylomicro-
nemia (Benlian et al., 1996), but those suffered in part
also from diabetes which might have been the
primary cause of vascular disease.

Effects on endothelial barrier function

It is well known, that cholesterol-rich low-density
lipoproteins (LDL) are taken up by macrophage
scavenger receptors leading to cholesterol ester
deposition in the cells (Goldstein et al., 1979;
Parthasarathy et al., 1987). Histological and cell
culture experiments revealed, that also triglyceride
rich postprandial lipoproteins are taken up by
macrophages and smooth muscle cells and are
detectable as part of foam cells in vascular lesions
(Floren and Chait, 1981; Gianturco et al., 1982, 1988;
Yu and Mamo, 1997).

Chylomicrons and VLDL are rather heterogene-
ous concerning size and composition. In general, it is
assumed that intact chylomicrons are too big to enter
the vascular wall (Nordestgaard and Tybjñrg-Han-
sen, 1992). However, smaller VLDL are able to
permeate the endothelium and it was suggested that
even chylomicrons could enter if the endothelium is
already damaged (Hamsten, 1990; Proctor and
Mamo, 1996).

An often cited hypothesis was published by
Zilversmit (1973, 1979) who postulated that lipolysis
of postprandial lipoproteins by LPL generates highly
atherogenic remnants, relatively enriched with cho-
lesterol, that lead to foam cell development. In
addition, the local release of high concentrations of
free fatty acids is thought to damage endothelial cells.

Indeed it was shown in endothelial cell culture
experiments that in vitro lipolysis of postprandial
lipoproteins with lipoprotein lipase (LPL) resulted in
the generation of particles that increased the perme-
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ability of the endothelium ± measured as albumin
transfer across the endothelial monolayer ± and were
cytotoxic to endothelial cells, whereas lipolysis
products of fasting serum had no such effect (Speidel
et al., 1990; Hennig et al., 1992; Chung et al., 1998).
Chung et al. (1998) determined the effects of the fat
composition of a single meal on the cytotoxic
potential of the fatty acids lipolytically released
from the postprandial lipoprotein fractions. Post-
prandial lipemia was induced by feeding fasted
normolipidemic human subjects with a meal rich in
saturated fat and another meal rich in polyunsatu-
rated fat, or vice versa. The polyunsaturated/satu-
rated fatty acid ratio of serum fatty acids in
postlipolysis serum (fasting and postprandial) were
consistently higher than that of fatty acids or
triglycerides associated with triglyceride-rich lipo-
proteins in prelipolysis serum. This indicates that
polyunsaturated triglycerides in VLDL and/or chy-
lomicrons are more susceptible to lipolysis than
saturated ones. FFA in postlipolysis postprandial
serum after ingestion of polyunsaturated fat were
consistently more cytotoxic than that in postlipolysis
postprandial serum after ingestion of saturated fat.
The authors pointed out that ± despite the general
belief that saturated fat is more atherogenic than
polyunsaturated fat ± lipolytic remnant products of
postprandial lipoproteins produced after a meal rich
in polyunsaturated fat seem to be more injurious to
the endothelium than those produced after a meal
rich in saturated fat.

Incubation of cells with singular free fatty acids
similarly resulted in endothelial damage, with linoleic
acid having the most prominent effect (Hennig et al.,
1984, 1993). Interestingly, saturated fatty acids
(palmitic and stearic acid), and also higher unsatu-
rated fatty acids (linolenic acid) had no influence on
permeability. Therefore, it is unclear to which degree
the effects of linoleic acid are due to induction of
oxidative stress (Fig. 1).

Effects on endothelial cell functions

Besides these effects on endothelial integrity, lipo-
proteins have been shown to exert effects on cellular
functions like the expression of membrane proteins
and the production or release of several mediators
related to atherogenesis. Most in vitro studies on the
impact of lipoproteins on endothelial cells concen-
trated on oxidized LDL. LDL oxidation is mediated
by interaction with endothelial cells and other cells of
the vascular wall (Morel et al., 1984; Steinbrecher
et al., 1984; Parthasarathy et al., 1987). Modification
of ApoE in oxLDL results in diminished binding to
the LDL receptor and excessive uptake of oxLDL via
scavenger receptors into macrophages (Goldstein
et al., 1979; Steinbrecher et al., 1984, 1987; Partha-

sarathy et al., 1987). Another consequence of oxida-
tion are changes in the chemical composition of the
lipid portion, mainly generation of fatty-acid hydro-
peroxides and transformation of phosphatidylcholine
into lyso-phosphatidylcholine (Steinbrecher et al.,
1984; Parthasarathy et al., 1985).

OxLDL were shown to stimulate adhesion mole-
cule expression (Lehr et al., 1994; Khan et al., 1995;
Gebuhrer et al., 1995; Amberger et al., 1997), release
of chemotactic factors like MCP-1 (Cushing et al.,
1990) and production of colony-stimulating-factors
(Rajavashisth et al., 1990). Furthermore, interactions
with blood pressure regulators have been described,
like a stimulation of endothelin-1 secretion (Bou-
langer et al., 1992) and an inhibition of NO produc-
tion or release (Kugiyama et al., 1990; Tanner et al.,
1991). Procoagulatory activity has been demonstrat-
ed in a stimulation of Plasminogen Activator Inhib-
itor (PAI-1) synthesis (Latron et al., 1991) and
inhibition of Tissue Plasminogen Activator (tPA)
synthesis and release (Kugiyama et al., 1993).

Several recent studies in endothelial cells imply,
that also postprandial triglycerides are associated
with endothelial dysfunction and the accompanying
lipoproteins directly affect cellular functions. The
following sections will summarize the current know-
ledge on the impact of postprandial triglycerides and
postprandial lipoprotein fractions on endothelial
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Fig. 1 Influence of postprandial lipoproteins on endothelial
integrity.
EC endothelial cell; FFA free fatty acid; LPL lipoprotein lipase;
VLDL very-low density lipoprotein



functions. In addition to chylomicrons and VLDL,
effects of their lipolysis products, i.e. remnants on the
one hand and free fatty acids on the other, will be
discussed. This review concentrates on factors medi-
ating the interaction with blood leukocytes and on
agents involved in blood pressure regulation.

Interaction with blood leukocytes

Adhesion molecules

The critical adhesion of blood monocytes to the
endothelium is at least in part mediated by several
adhesion molecules. Increased expression of adhe-
sion molecules has been detected immunhistochemi-
cally in atherosclerotic plaques in animals and
humans (Cybulsky and Gimbrone, 1991; Poston
et al., 1992; O�Brien et al., 1993; Li et al., 1993; Davis
et al., 1993; Richardson et al., 1994). The membrane
expression of adhesion molecules is accompanied by
occurence of soluble forms of adhesion molecules
(lacking membrane-spanning and cytoplasmic do-
mains), which have been shown to be highly related
to atherosclerosis and therefore likely to be humoral
markers for endothelial dysfunction (De Caterina
et al., 1997; Zeitler et al., 1997; Rohde et al., 1998).

E-selectin, a member of the selectin family,
mediates the rolling of leukocytes at the vascular
wall, whereas Intercellular-Adhesion-Molecule-1
(ICAM-1) and Vascular-Cell-Adhesion-Molecule-1
(VCAM-1), members of the immunglobulin super-
family, mediate firm adhesion of blood cells to the
endothelium and finally the extravasation of leuko-
cytes. Adhesion molecule expression is low in
unstimulated endothelium, with the exception of
ICAM-1, which is constitutively expressed to a higher
degree (Pober et al., 1986). Cytokines (TNFa, IL-1)
and bacterial endotoxins induce the expression of E-
selectin after 4±6 h of incubation (Bevilaqua et al.,
1989) and later on the expression of VCAM-1 and
ICAM-1 (Pober et al., 1986; Pober and Cotran, 1991).
P-Selectin (GMP-140, CD62) is constitutively ex-
pressed in the membrane of Weibel-Palade-bodies of
endothelial cells and is translocated few minutes after
stimulation with thrombin or histamine (McEver
et al., 1989). De novo synthesis of P-selectin can be
induced by cytokines (IL-1, TNFa) (Bevilaqua and
Nelson, 1993).

Impact of postprandial triglycerides on soluble
adhesion molecule levels

Elevated levels of soluble adhesion molecules have
been demonstrated in diabetic patients (Steiner et al.,
1994; Ceriello et al., 1996; Cominacini et al., 1995).
The underlying mechanisms of increased adhesion
molecule levels are not fully elucidated and their
relation to glycaemic control was discussed contro-

versely (Steiner et al., 1994; Cominacini et al., 1995,
1997). Studies of Cominacini et al. (1997) imply that
glycaemic control per se is not directly implicated in
increased E-selectin plasma concentration, but could
affect E-selectin concentration through its effect on
oxidative stress. In accordance, De Mattia et al.
(1998) demonstrated a reduction of soluble VCAM-1
levels after treatment with the antioxidant N-acetyl-
L-cysteine in non-insulin dependent diabetic patients.

It was suggested that the occurence of advanced
glycation end products in diabetic patients is respon-
sible for the induction of adhesion molecule expres-
sion and accelerated vasculopathy (Schmidt et al.,
1995). There is evidence that not only disturbances in
glucose metabolism and related plasma factors, but
also disorders of lipid metabolism are associated with
alterations of adhesion molecule levels: In diabetic
patients, increased levels of E-selectin were shown to
correlate with triglyceride levels (Bannan et al.,
1998). In a recent study, the association between
soluble adhesion molecules and other risk factors
occurring with hypertriglyceridemia and the effect of
triglyceride reduction on adhesion molecule levels
were analysed (Abe et al., 1998). Compared with
normal control subjects, patients with severe hyper-
triglyceridemia and low HDL had significantly
increased levels of soluble ICAM-1, VCAM-1 and
E-selectin, independently of diabetes mellitus and
other risk factors. In those patients who received
purified n-3 fatty acids, triglyceride levels and
simultaneously ICAM-1 and E-selectin levels were
reduced, with the greatest reduction in diabetic
patients.

Impact of postprandial lipoproteins on adhesion
molecule expression

The relationship between disorders in lipid meta-
bolism and adhesion molecule levels is supported by in
vitro studies of interactions between triglyceride-rich
lipoproteins and membrane expression of adhesion
molecules: VLDL treated in vitro with lipoproteinli-
pase were shown to induce increased monocyte
adhesion to endothelial cells (Saxena et al., 1992).

We have previously demonstrated that chylomi-
crons induce E-selectin and VCAM-1 expression in
endothelial cells (Moers et al., 1997). This was done
by immunocytochemical detection of adhesion mol-
ecules expression in endothelial cells from human
umbilical veins. However, differences were observed
between chylomicron preparations from different
individuals, all separated from plasma 4 h after
ingestion of a standard lipid load test (Schrezenmeir
et al., 1992, 1993). To elucidate, which factor or
component of chylomicrons could be responsible for
these differences, we analysed, if oxidative modifi-
cation of chylomicrons results in an increased
stimulation of adhesion molecule expression. Indeed,
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we could demonstrate that chylomicrons oxidized in
vitro with copper sulphate induced E-Selectin ex-
pression depending on the dosage of oxidant (Jagla
and Schrezenmeir, 1998).

In a next step we intended to find out, whether the
fatty acid composition and the oxidation propensity
of dietary fat determines the effect of oxidized
chylomicrons. Indeed, chylomicrons separated after
ingestion of safflower oil, rich in polyunsaturated
linoleic acid, induced higher levels of adhesion
molecule expression at the higher copper concen-
tration (10 mmol/l) compared to chylomicrons sepa-
rated after ingestion of olive oil, rich in monounsa-
turated oleic acid (Fig. 2).

Another group demonstrated stimulation of mon-
ocyte adhesion to the endothelium by oxidized
chylomicrons (Kurtel et al., 1995). The effect was
shown to be mediated at least in part by ICAM-1.
Involvement of E-selectin and VCAM-1 was not
analysed. Other authors demonstrated cytotoxic
effects of oxidized chylomicrons ± separated after
ingestion of different oils ± on endothelial cells after
prolonged incubation (Mabile et al., 1997). Similarly
to our findings concerning adhesion molecule ex-
pression, the degree of cytotoxicity was related to the
degree of unsaturation of the dietary fat.

It was questioned, whether in vitro oxidation of
lipoproteins reflects processes occuring in vivo. With
regard to LDL, it was demonstrated that oxidation
with metall ions results in a similar composition of
oxidation products than oxidation in vivo by inter-
action with cells. However, the mechanisms by which
LDL are oxidized in vivo are not yet fully elucidated.
Concerning chylomicrons, a practical significance of
oxidative modification is given by the finding, that
ingestion of oxidized fats is related to the content of
oxidation products in the chylomicron fraction

(Naruszewicz et al., 1987; Staprans et al., 1993,
1994). Therefore, oxidized chylomicrons ± in contrast
to LDL ± circulate in the blood, are hydrolyzed by
LPL at the endothelium and the released oxidized
fatty acids can directly affect endothelial cells. This
would suggest, that postprandial lipoproteins pro-
mote atherogenesis by a different mechanism of
action than LDL.

Impact of fatty acids on adhesion molecule
expression

Several authors described effects of fatty acids on the
expression of adhesion molecules. On the one hand,
there seem to be stimulatory effects as such, on the
other hand augmentation or inhibition of cytokine
induced adhesion molecule expression was demon-
strated for certain fatty acids, implying an interfer-
ence with signal transduction processes.

A stimulation of ICAM-1 expression was shown for
butyric acid (Justus et al., 1995), but very high
concentrations (1 mmol/l) have been used in this
approach. Young et al. (1998) described that expo-
sure of endothelial cells to linoleic acid increased
cellular oxidative stress, activated nuclear transcrip-
tion factor NFkB, increased interleukin-8 (IL-8)
production, and elevated intercellular adhesion
molecule-1 (ICAM-1) levels.

Another group demonstrated that linoleic acid-
derived hydroxy- and hydroperoxy derivatives
(HETE, HPETE) stimulate E-Selectin, ICAM-1
und VCAM-1 expression (Sultana et al., 1996).
This finding would support our hypothesis, that
oxidation products of fatty acids are the mediators of
oxidized chylomicron-induced adhesion molecule
expression. Linoleic acid has furthermore been
shown to stimulate TNFa-induced adhesion molecule
expression (Toborek et al., 1996) However, effects of
a combined exposure to linoleic acid and TNFa on
IL-8 production and ICAM-1 levels were dependent
on the time of exposure. For example, ICAM-1 levels
increased at 12 hours but decreased ICAM-1 levels at
24 hours compared with treatment with TNFa alone
(Young et al., 1998).

Inhibitory and thus protective effects on cytokine-
induced expression of adhesion molecules have been
demonstrated for n-3 fatty acids. Weber et al. (1995)
found, that preincubation of HUVEC with docosa-
hexaenoic acid (DHA), but not eicosapentaenoic
acid (EPA) or arachidonic acid (AA) resulted in
inhibition of TNFa-mediated VCAM-1 expression;
expression of ICAM-1 and E-selectin and VCAM-1
stimulation by other cytokines (IFNg, IL-1b) were
not changed significantly. Similar results were re-
ported by De Caterina et al. (1994). Other authors
demonstrated effects of EPA and AA on adhesion
molecule expression using other stimulators and
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Fig. 2 Stimulation of E-selectin expression by chylomicrons,
separated after ingestion of olive oil and safflower oil, oxidized in
vitro by 10 mM CuSO4 (mean � SEM, ** p<0,001)



different incubation procedures (Kim et al., 1995;
Collie-Duguid and Wahle, 1996). Recently, also oleic
acid was shown to inhibit adhesion molecule ex-
pression (Carluccio et al., 1999). In contrast, Sethi
et al (1996) showed that only (in vitro) oxidized n-3
fatty acids inhibit activation of E-selectin und
VCAM-1 expression induced by LPS or phorbol
esters and Huang et al. (1997) described inhibitory
effects of arachidonic acid and its hydroxy- and
hydroperoxy derivatives, results that are in contrast
to the above cited study of Sultana et al. (1996)
(Fig. 3).

Blood pressure regulation

Nitric oxide (NO) has gained increasingly attention
during the last two decades due to its close relation to
hypertension and atherosclerosis. NO, formerly
called ªendothelium derived relaxing factorº is
produced from L-arginine by NO synthase (Palmer
et al., 1988) and acts by activating guanyl cyclase in
smooth muscle cells (Rapoport and Murad, 1983).
Besides its vasodilatatory activity, NO inhibits adhe-
sion and aggregation of platelets (Radomski et al.,
1997), adhesion of leukocytes to the endothelium
(Kubes et al., 1991) and migration and proliferation
of smooth muscle cells (Garg and Hassid, 1989).

NO production has been shown to be impaired in
hypercholesterolemia and atherosclerosis (Verbeu-
ren et al., 1986; Förstermann et al., 1988; Minor et al.,
1990; Bossaller et al., 1991). Interference of oxLDL
with nitric oxide activity has been detected in various
cell culture studies. Effects on NO synthase expres-
sion (Liao et al., 1995) and substrate availability
(Tanner et al., 1991) were discussed. It was, however,
suggested that oxLDL do not inhibit the synthesis or
release of NO, but even stimulate NO production and
inactivate NO afterwards, possibly by generation of
superoxide anions (Kugiyama et al., 1990; Galle
et al., 1991; Chin et al., 1992).

Effects of postprandial triglycerides on blood
pressure

Several authors investigated effects of postprandial
lipoproteins on endothelium-dependent relaxation,
which is supposed to be mediated by NO. Grieve
et al. (1998) demonstrated that perfusion of isolated
aortas with native and oxidized chylomicron rem-
nants resulted in an inhibition of endothelium-
dependent relaxations, measured as response to
relaxing agents after contraction of ring preparations
of the previously perfused vessel with phenylephrine.
Since the relaxation induced by the agents used in this
approach was shown to be inhibited by the NO
synthase inhibitor NG-nitro-L-arginine, remnant-
mediated inhibition was attributed to an interference
with NO production.

A similar experimental design was used by Doi
et al. (1998) to test effects of postprandial lipopro-
teins on endothelium-dependent vasorelaxation. Af-
ter precontraction with phenylephrine, remnant lip-
oproteins, but not the VLDL fraction, impaired
vasorelaxation in response to the vasodilators ace-
tylcholine, substance P and calcium-ionophor
A23187. Incubation with lipid extracts from the
remnant lipoproteins also inhibited vasorelaxation,
indicating that the lipid component of lipoproteins
was responsible for the effect.

Kugiyama et al. (1998) analysed the correlation of
responses of coronary arterial diameter and coronary
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Fig. 3 Influence of postprandial lipoproteins on leukocyte adhe-
sion. Adhesion molecules mediate the recruitment of monocytes.
Adherent monocytes can transmigrate the endothelium, differ-
entiate into macrophages and transform into foam cells by
accumulation of lipids. Postprandial lipoproteins have been shown
to modulate adhesion molecule (AM) expression. On the one
hand, non-oxidized chylomicrons and fatty acids as well as oxidized
chylomicrons and their lipolysis products stimulate AM expression,
on the other hand inhibitory effects on AM expression have been
described for non-oxidized as well as for oxidized fatty acids.
EC endothelial cell; FFA free fatty acid; oxFFA oxidized fatty acid;
LPL lipoprotein lipase; SMC smooth muscle cell; VLDL very-low
density lipoprotein



blood flow to intracoronary infusion of acetylcholine
with remnant lipoprotein levels in subjects with
normal coronary angiograms. It was shown that
remnant lipoprotein levels were independently asso-
ciated with abnormal endothelium-dependent vaso-
motor function in large coronary arteries, indicating
that remnant lipoproteins may impair endothelial
vasomotor function in human coronary arteries. A
decrease in coronary nitric oxide bioactivity seemed
to be responsible in part for the inhibitory effects of
remnant lipoproteins, since constrictor responses of
epicardial coronary diameters to intracoronary in-
fusion of the NO synthase inhibitor NG-monomethyl-
L-arginine at baseline, had an inverse and independ-
ent correlation with remnant lipoprotein levels by use
of multivariate analysis.

Inoue et al. (1998) assessed endothelial function by
an acetylcholine provocation test in patients suspect-
ed of having ischaemic heart disease because of chest
pain, but without angiographic evidence of athero-
sclerotic coronary artery disease. Acetylcholine
(Ach)-induced vascular relaxation is mediated by
nitric oxide released from the endothelium. The
percent change in coronary artery diameter after
intracoronary injection of Ach was smaller in patients
with high remnant lipoprotein cholesterol (RLP-C),
compared with the normal RLP-C group. There were
no significant differences in other lipid levels,
suggesting that there is an association between
high serum RLP-C and coronary vascular endothelial
cell dysfunction.

In another study the effect on a single high fat meal,
compared to an isocaloric low fat meal, on endothe-
lial function was investigated in healthy, normocho-
lesterolemic volunteers (Vogel et al., 1997). Endo-
thelial function, in the form of flow-mediated vaso-
activity, was assessed in the brachial artery using
ultrasound as percent arterial diameter change 1
minute after 5 minutes of upper-arm arterial occlu-
sion. Flow-dependent vasoactivity decreased after
the high-fat meal, whereas no changes were observed
after the low-fat meal. The postprandial change in
vasoactivity strongly correlated with the postprandial
increase in triglycerides. These results imply that a
single high-fat meal transiently impairs endothelial
function and were interpreted as a potential mech-
anism by which a high-fat diet might be atherogenic
independent of changes in cholesterol.

Effects of fatty acids on nitric oxide activity

Turpeinen et al. (1998) analysed the effect of poly-
unsaturated fatty acid intake on endothelial function
by measuring urinary concentrations of nitric oxide
metabolites in healthy subjects after diets rich in
either linoleic acid or oleic acid. Urinary levels of 8-
iso-PGF2a were measured as an in vivo marker for
lipid peroxidation processes. After a baseline diet rich

in saturated fatty acids (SFA) for 4 weeks, volunteers
were switched to either a high linoleic acid diet or a
high oleic acid diet also for 4 weeks. Urinary
excretion of 8-iso-PGF2a was significantly increased
after the linoleic acid diet, whereas the urinary
concentration of nitric oxide metabolites decreased.
No significant changes were seen in the oleic acid
group. Again, the modulation of NO production by
the LA diet was attributed to the induction of
oxidative stress. In contrast, supplementation with
fish oils rich in n-3 fatty acids has been shown to
improve forearm blood flow responses to acetylcho-
line in humans, whereas olive oil had no effect
(McVeigh et al., 1993). Neither fish oil nor olive oil
supplementation produced any significant changes in
forearm blood flow when an endothelium-indepen-
dent vasodilator was used. Accordingly, administra-
tion of fish oil and eicosapentaenoic acid resulted in
increased levels of urinary nitric oxide metabolites
(Harris et al., 1997).

In vitro experiments revealed interactions of fatty
acids with NO release. An inhibition of NO release
was demonstrated for oleic acid (Davda et al., 1995)
and palmitic acid (Moers and Schrezenmeir, 1997).
Eicosapentaenoic acid in contrast (and in accordance
with the above cited results) was shown to stimulate
nitric oxide release (Okuda et al., 1997).

In our experiments (Moers and Schrezenmeir,
1997) the influence of fatty acids on NO release was
analysed in HUVEC, measured by a bioassay
technique (Ishii et al., 1991) as NO-induced cGMP
production of a fibroblast cell line. NO production
was stimulated by calciumionophor A23187 and the
effect of fatty acids on this stimulated NO production
was analysed. We could demonstrate that palmitic
acid and oleic acid inhibited NO-release, whereas
stearic acid had no effect (Fig. 4).

This would suggest, that intake of saturated fat rich
in palmitic acid, followed by prolonged postprandial
elevations in palmitic acid levels could lead to an
increase in vascular tone and to diminished protective
effects of NO, namely its inhibitory action on platelet
aggregation and monocyte adhesion.

Effects of postprandial lipoproteins on endothelin-1
production

As mentioned above, endothelial cells do not only
produce vasorelaxing factors but also their counter-
part. The 21 amino-acids comprising peptide endo-
thelin-1 is a strong local vasoconstrictor, which is
even more potent than angiotensin II. ET-1 is
generated from its precursor big-endothelin by
endothelin-converting-enzyme (ECE) and leads to
a long-lasting blood pressure elevation (Yanagisawa
et al., 1988). Besides this, ET-1 has been shown to
stimulate mitogenesis of smooth muscle cells (Kanse
et al., 1995). Increased levels of endothelin-1 have
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been related to cardiovascular disease. In rats, plasma
ET-1 concentrations increased after cholesterol
feeding and ET-1 levels correlated with plasma total
cholesterol, LDL, and VLDL concentrations (Horio
et al., 1991).

Endothelin-levels have been shown to be increased
in patients with type 2 diabetes or metabolic
syndrome, respectively (Takahashi et al., 1990; Ferri
et al., 1997). After an insulin bolus, endothelin-levels
peaked in patients (Piatti et al., 1996). Cell culture
experiments revealed that endothelin release is
stimulated by insulin (Hu et al., 1993). In one study,
endothelin-levels were shown not to correlate with
hypertriglyceridemia (Haak et al., 1994) but it was
demonstrated by another group that in patients with
metabolic syndrome postprandially elevated trigly-
cerides increased endothelin-levels in addition to
insulin (Piatti et al., 1996).

In vitro experiments revealed that ET-1 secretion
from endothelial cells increased significantly after
incubation with oxidized LDL, and also higher doses
of VLDL increased ET-1 secretion (Horio et al.,
1993).

So far, there are no in vitro observations about an
effect of chylomicrons or the triglyceride component
of lipoproteins on endothelin release, but one could
imagine, that triglyceride-rich lipoproteins or fatty
acids can affect endothelin-secretion similarly to
LDL. Since ET-1 secretion is counterbalanced by NO
production (Boulanger and Lüscher, 1990), impair-
ment of NO release by postprandial lipoproteins is
likely to be associated by increment of ET-1 levels. It
was concluded from the finding that chylomicron
remnants potentiate phenylephrine induced vaso-
contrations and addition of the NO-inhibitor NG-
nitro-L-arginine increased rather than inhibited this
effect (Grieve et al., 1998), that lipoproteins act also
by other mechanisms, potentially by stimulation of
the release of contracting factors. Whether direct
effects on ET-1 mRNA synthesis or ECE-activity
including the underlying signal pathways occur,
remains to be clarified (Fig. 5).

Components of lipoproteins mediating interaction
with cellular functions

To which components can effects of lipoproteins be
attributed? With regard to oxidized LDL fatty acid
hydroperoxides and phospholipids, especially lyso-
phosphatidylcholine were identified as effective
compound mediating endothelial dysfunction (Quinn
et al., 1988; Kugiyama et al., 1990; Kume et al., 1992;
Khan et al., 1995).

Concerning postprandial lipoproteins one can
think of remnants at first, which have been shown
to cause foam cell development and are assumed to
act atherogeneous because of its relatively high
cholesterol content, but only few effects on endo-
thelial cells have been directly related to remnants.
Another point of view is, that fatty acids released by
LPL are the component that initiates endothelial
dysfunction, since singular fatty acids were shown to
affect adhesion molecule expression and NO pro-
duction. However, pro- and antiatherogenic effects
have been described for some fatty acids (e.g. oleic
acid, linoleic acid) and for non-oxidized fatty acids as
well as for oxidation products. Effects of singular
fatty acids are difficult to interpret, since experimen-
tal conditions show great variations. Strikingly,
especially linoleic acid was shown to exert several
negative effects in endothelial cell culture studies and
linoleic acid rich diets have been found to provoke
atherogenic effects in humans; from this point of
view, linoleic acid can be suspected to be more
atherogeneous than oleic acid. The difference was
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Fig. 4 A Inhibition of stimulated NO release of HUVEC by
palmitic acid. (mean � SEM).
B Inhibition of stimulated NO release of Eahy.926 endothelial cells
by palmitic and oleic acid (mean +/- SEM, * p<0,05). NO release
was measured as cGMP production in rat fibroblasts. Stimulated
NO release was set as 100%



attributed to the higher oxidation propensity of
linoleic acid; however, polyunsaturated fatty acids,
supposed to be much more sensitive towards oxida-
tion, seem to have contrary effects on adhesion
molecule expression as well as on endothelium-
dependent vasorelaxation. Therefore, the role of
oxidation processes induced by fatty acids needs
further clarification. With regard to the fact, that
lipolysis can result in a local rise of fatty acid
concentrations over those levels normally measured
in plasma it is important to note potential pro- and
anitatherogenic effects on endothelial functions.

Based on the presented experimental data, fatty
acids (equally or even more than remnants) seem to
be mediators of endothelial dysfunction. Therefore,
triglyceride rich postprandial lipoproteins have ± in
contrast to LDL ± atherogenic effects not related to
cholesterol.

Mechanisms of interaction between lipoproteins and
cellular functions

Several possible mechanisms by which lipoprotein
components influence expression or release of
endothelial mediators may be suggested. Fatty acids
incorporated into cell membrane phospholipids
affect membrane fluidity and thereby the function
of receptors and ion channels (Flavahan, 1992).
Indeed, interactions of fatty acids with ion channels
have been described in vitro (Ordway et al., 1991;
Allen et al., 1998). Furthermore they could influence
signal transduction processes or act as second
messengers. The protein kinase C (PKC) pathway
seems to play a central role in regulation of
endothelial functions like adhesion molecule expres-
sion and NO synthase expression (Lane et al., 1990;
Deisher et al., 1993; Davda et al., 1994; Hirata et al.,
1995). Lyso-PC, the effective component of oxLDL
was shown to activate PKC (Kugiyama et al., 1992;
Ohgushi et al., 1993). Effects on PKC activity have
furthermore been demonstrated for monounsaturat-
ed fatty acids (Murakami et al., 1986; Khan et al.,
1992) and oxidized fatty acids (Huang et al., 1997;
Sultana et al., 1996).

Furthermore, fatty acids seem to be directly
involved in regulation of gene expression since
they have been shown to stimulate nuclear tran-
scription factor NFkB (Hennig et al., 1996; Sugiyama
et al., 1998) which seems to play a key role in
regulation of inflammation and to be involved in
expression of cytokines, adhesion molecules and
other endothelial mediators (Marui et al., 1993;
Barnes and Karin, 1997). It was suggested, that this
activation is mediated by induction of oxidative stress
(Hennig et al., 1996). Recently, it was shown that
VLDL activate NFkB (Dichtl et al., 1999). Interest-
ingly, oxidation of VLDL reduced its capacity to
activate NFkB in vitro, whereas free fatty acids such
as linoleic and oleic acid activated NFkB to the same
extent as did VLDL. In the same study, intravenous
injection of human VLDL into rats resulted in
arterial activation of NFkB as assessed by electro-
phoretic mobility shift assay. There was also a parallel
expression of the adhesion molecules intercellular
adhesion molecule-1 and vascular cell adhesion
molecule-1, as well as the cytokine TNFa. Pretreat-
ment of the rats with diet containing of the
antioxidant probucol for 8 weeks did not inhibit
arterial activation of NFkB in response to injection of
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Fig. 5 Influence of postprandial lipoproteins on vasomotor
function. NO induces vasorelaxation by activation of guanyl
cyclase in smooth muscle cells and acts furthermore protective by
inhibition of leukocyte adhesion. Endothelin-1 is in contrast a
potent vasoconstrictor and stimulates mitogenesis of SMC. NO
release was shown to be inhibited by fatty acids in vitro.
Furthermore, non-oxidized and oxidized chylomicrons and rem-
nants seem to be involved in diminished endothelium-dependent
relaxation. If this effect is exclusively mediated by inhibition of NO
release or additionally by stimulation of endothelin-1 release
remains to be determined.
EC endothelial cell; ET-1 endothelin-1; FFA free fatty acid; oxFFA
oxidized fatty acid; LPL lipoprotein lipase; SMC smooth muscle
cell; VLDL very-low density lipoprotein



VLDL. Moreover, injection of triglycerides activated
arterial expression of NFkB to the same extent as
VLDL. These results imply that activation of the
proinflammatory transcription factor NFkB is medi-
ated by a release of VLDL fatty acids but does not
involve VLDL oxidation. The role of oxidative
modification of lipoproteins or their components,
respectively, remains to be elucidated (Fig. 6, Fig. 7).

Conclusion

In summary, postprandially elevated triglyceride
levels have to be regarded as risk markers for the
metabolic syndrome similarly to cholesterol levels.
There is evidence that the association between
postprandial triglycerides and the metabolic syn-
drome or atherosclerosis, respectively, is driven by
direct influences on endothelial functions because
plasma triglyceride levels are associated with levels of
humoral risk markers of endothelial origin and
postprandial lipoproteins and their lipolysis products
(remnants, free fatty acids) mediate the release and/
or expression of endothelial mediators driving
atherogenesis and hypertension in vitro. As a con-
sequence, postprandial lipoprotein particles are
taken up by cells of the vascular wall producing

foam cells, an early step in the development of
atherosclerotic lesions. One could postulate, that
after lipolysis fatty acids taken up by the endothelial
cell induce expression or release of mediators of
increased monocyte attachment, whereas remnant
particles are in a second step taken up by macro-
phages and generate foam cells by cholesterol ester
accumulation. In conclusion, more attention has to be
paid to the potential atherogenic activity of post-
prandial lipoproteins.
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