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Abstract

An increased level of low-density lipoprotein (LDL) is a very well established risk
factor of coronary artery disease (CAD). Unoxidized LDL is an inert transport
vehicle of cholesterol and other lipids in the body and is thought to be athero-
genic. Recently it has been appreciated that oxidized products of LDL are respon-
sible for plague formation properties previously attributed to the intact particle.
The goal of this article is to review the recent understanding of the LDL oxida-
tion pathway. The role of oxidized products and key enzymes (lipoprotein-asso-
ciated phospholipase A, and carboxyl ester lipase) are also extensively discussed
in the context of clinical conditions.

Key words: carboxyl ester lipase, lipoprotein-associated phospholipase A,, athero-
sclerosis, lipoproteins.

Introduction

It is widely accepted that increased levels of low-density lipoprotein
(LDL), triglycerides (TGs) and total cholesterol (TC) are associated with ath-
erosclerosis [1]. Low-density lipoprotein is a vehicle of cholesterol and oth-
er lipids in the body. It seems not to be atherogenic until it becomes oxi-
dized (ox-LDL) in the arterial wall. Subsequently ox-LDL, known as a small
dense LDL (sd-LDL), activates the cascade of local inflammation. It pro-
motes cytokine release, chemotaxis and extravasation of leucocytes as well
as the activation of deeper parts of the artery wall. Upon phagocytosis of
ox-LDL monocytes transform into macrophages and later into foam cells
with a lipid core. This is the beginning of atherosclerosis and plaque for-
mation [2-5]. The plaque can rupture or erode, which clinically will mani-
fest as stable angina or myocardial infarction respectively.

Therefore, the goal for primary and secondary prevention of coronary
artery disease (CAD) is the reduction of plasma levels of LDL, TG and TC, which
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leads to decreased levels of atherogenic ox-LDL par-
ticles [1].

Is the low-density lipoprotein particle really
harmful?

The fraction of large, buoyant LDL is not a direct
inducer of inflammatory changes in the endotheli-
um. This role is assigned to the small dense LDL
derived from peroxidation of lipids contained in the
structure of LDL [2-5]. Similarly, other atherogenic
contributors are lipoproteins (Lps) that contain apo-
lipoprotein B-100 (apoB) (very low density lipoproteins
—VLDL, and intermediate density lipoproteins — IDL)
or apoB-48 (chylomicrons and chylomicron remnants)
in their structure. However, the LDL fraction is most
vulnerable to oxidative modifications due to its long
half-life.

The oxidation process may also occur whenever
there is an accumulation of specific lipid fractions in
LDL Shifting the balance between cholesterol esters
(CEs) and TGs into a TG dominant ratio in both high-
density lipoprotein (HDL) and LDL promotes the acti-
vation of hepatic lipase (HL) (Figure 1). While HL
induces the degradation of triglycerides in HDL,
which explains low levels of this lipoprotein, e.g. in
patients with diabetes, HL converts LDL into a small,

atherogenic molecule (sd-LDL) [6]. This atherogenic
molecule activates nuclear factor kappa B, which is
responsible for the stimulation of endothelium cells
and consequently the initiation of inflammation in
the vessel wall [7-9] (Figure 1). Additionally, sd-LDL
binds to the scavenger receptor (SR)-B1 on the sur-
face of macrophages, causing them to release
inflammatory cytokines and specific enzymes such
as carboxyl ester lipase (CEL) or lipoprotein-associ-
ated phospholipase A, (LP-PLA,). These enzymes
are indirectly involved in atherosclerosis. High lev-
els of non-oxidized LDL are not absorbed by
macrophages, due to the reduced number of LDL
receptors on their surface. However, the threat
posed by elevated levels of plasma Lps might be
caused by their greater susceptibility to oxidation
[10] (Figure 2).

Low-density lipoprotein oxidative
modification process

On average, LDL is composed of 1600 CE mole-
cules, 170 TGs, 600 molecules of free cholesterol
(FC), and 1 apoB-100 molecule, and is surrounded
by a single layer of 700 phospholipids (the main
phospholipids involved being sphingomyelin and
lysolecithin). Half of LDL fatty acids are polyunsat-
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urated fatty acids (PUFA) and these are protected
from free radical attack by a-tocopherol, a small
amount of y-tocopherol, carotenoids, cryptoxanthin
and ubiquinone-10 [11].

The oxidation of LDL is a multi-step process both
dependent (carried out by lipoxygenase and by
reactive oxygen species [ROS]) and independent of
metal ions (carried out by myeloperoxidase) [10, 11].

This enzymatic cascade (Figure 2) may take place
in endothelial cells [10-13], vascular smooth mus-
cle cells, granulocytes, or less frequently in plasma
(plasma lipoprotein lipids are well protected from
oxidation by the antioxidant defenses).

Experimental studies have documented LDL oxi-
dation in both in vitro as well as in vivo conditions.
In vitro, the process is mainly dependent on metal
jons (e.g. Cu* and Fe*), whereas in vivo, it is de-
pendent on active neutrophils, using myeloperoxi-
dase-H,0, complex [14] to produce acetyl -hydro-
xyphenyl aldehyde (a major product of L-tyrosine
oxidation) [10, 15, 16].

During the oxidation of LDL, the fatty acids are
oxidized and active aldehydes are formed. As
a result, malonyldialdehyde or oxidized polyunsat-
urated fatty acids esterify phosphatidylcholine or
cholesterol [10, 17, 18] and interact with apoB-100,
which causes its fragmentation [10, 17, 18]. At the
root of the oxidative fragmentation of apoB-100 is
probably the neutralization of positively charged
g-amino groups of lysine [10, 17, 18]. The intact
lysines in apoB-100 are responsible for the interac-
tion of LDL molecule with the LDL receptor (LDLR).
Derivatization change of as much as 5% of lysines
can cause a decrease in LDL degradation due to

weakened affinity to the LDLR. On the other hand,
the oxidatively modified apoB-100s are ligands for
SR of macrophages [10, 19]. The crucial role of oxi-
dation of apoB-100 in this scavenging process is
exemplified in experiments where the fragmenta-
tion of apoB-100 using specific enzymes did not
cause the absorption of modified LDL molecules by
macrophages [20].

What are the clinical implications
of an increased risk of lipoprotein oxidation?

An in vivo increased risk of metal ion-dependent
oxidation may accompany hemochromatosis and
Wilson’s disease, whereas the risk of oxidation con-
ditioned by myeloperoxidase activity is increased
in diseases that cause the activation of local inflam-
mation [10, 11]. It may explain more CAD cases
among these groups of patients [10, 11]. The ten-
dency for lipid peroxidation is also observed in sev-
eral clinical syndromes, e.g. chronic fatigue syn-
drome in women [21]. However, in common clinical
conditions, a strong and multidirectional inducer of
lipid oxidation is hyperglycemia and insulin resist-
ance [10, 22].

Lipoprotein oxidation in conditions
of impaired glucose tolerance and diabetes

In vivo, glucose is an extremely strong reducing
agent, and persistent hyperglycemia can induce the
formation of ROS, such as in the sorbitol cycle. The
ROS formed by glucose is produced by competition
between the overactive aldose reductase with glu-
tathione reductase for the substrate, nicotinamide
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(NAD) [22]. In addition, disturbances of carbohy-
drate metabolism stimulate lipoxygenase, which
catalyzes the metal ion-dependent mechanism of
oxidation and in fact the formation of ox-LDL. Hy-
perglycemia causes the glycation of LDL (glyco-LDL)
by the covalent attachment of glucose to lysine
residues in apoB-100, as well as glycation of apoAl
in HDL [10]. Nevertheless, oxidized LDL may be ge-
nerated during glycation, but oxidized LDL is not
necessarily glycated [10].

In patients with chronic hyperglycemia, exces-
sive production of ROS, ox-LDL, glyco-LDL and sd-LDL,
and a changed profile of synthesized lipids (increa-
sed TG and VLDL) [11] might be responsible for the
earlier occurrence of atherosclerosis than in peo-
ple with normal glucose levels.

It turns out that the leukocytes besides the oxi-
dized LDL can equally absorb the modified glyco-
LDL, VLDL, IDL and chylomicrons [25] overproduced
in the course of atherogenic dyslipidemia, which is
characteristic of type 2 diabetes. Nevertheless, since
VLDL has a higher content of 18 : 1 than 18 : 2 fatty
acids and a lower activity of Lp-PLA,, it appears to
be more resistant to metal ion-dependent oxida-
tion in plasma [11, 25].

In summary, hyperglycemia leads to LDL oxida-
tion and glycation, which can easily initiate extrava-
sation of monocytes into the subendothelial space.
It is established that impaired fasting glucose is not
associated with increased cardiovascular risk, but
there is still little known about its influence on
lipoprotein oxidation.

Insulin resistance and development
of metabolic syndrome

The effect of susceptibility to oxidation is inten-
sified by the development of insulin resistance. It
is well known that overweight and obesity lead to
insulin resistance and metabolic syndrome. The
excess of carbohydrates causes the secretion of
large amounts of pancreatic insulin. This hormone
enhances the expression of glucose receptors in
adipose tissue. In addition, by inhibiting hormone-
sensitive lipases, it promotes the lipogenesis path-
way. Lipogenesis, however, requires the presence
of active glycerol (glycerol-3-phosphate), which is
produced in adipose tissue during glycolysis, due to
the lack of glycerol kinase [23]. Therefore, in pa-
tients with a genetic predisposition to inadequate
lipolysis (hormone-sensitive lipase disorder) in adi-
pose tissue, there is no possibility of using free fatty
acids (FFA) as an energy source for cells and they
require a supplementary energy source [23]. Con-
sequently, these patients have increased carbohy-
drate requirements. The supply of carbohydrates to
their system causes a significant release of insulin,
which increases the internalization of glucose and
FFA to adipose tissue. As a result, TGs form and are

deposited in fat cells. Over time, this mechanism is
responsible for the development of metabolic syn-
drome, which arises due to an imbalance between
the Lp fractions and lipases. In these conditions the
effect of susceptibility to oxidation is intensified.

Supposedly, decreased carbohydrates

and increased fat consumption should

be recommended for dietary prevention

of metabolic syndrome among patients
with adequate function of lipoprotein lipase,
hepatic lipase and cholesteryl ester

transfer protein

Ironically, protection against lipid oxidation in
obese patients might be provided by consumption
of fatty products which do not cause insulin secre-
tion, and thereby can be directly used as an ener-
gy source [23]. Dietary fat excess increases the chy-
lomicron fraction, which is degraded in the plasma
by lipoprotein lipase to FFA, which is transported to
adipose tissue. However, they cannot be esterified
there, due to the lack of glycerol-3-phosphate,
which is created only during glycolysis. Therefore,
the FFAs are transported back to the liver. The clin-
ical outcome of these processes is an increase in
HDL fraction in plasma [23, 24]. As a result of the
increased plasma levels of FFA, its synthesis in the
liver is inhibited, which explains the decrease in
total cholesterol. The FFAs in the absence of insulin
do not actually accumulate in adipose tissue. This
process requires adequate function of lipoprotein
lipase, hepatic lipase as well as cholesteryl ester
transfer protein (CETP), because of their crucial role
in lipoprotein catabolism.

However, an excess of both carbohydrates and
fats is the most dangerous, because under the influ-
ence of insulin the adipose tissue vacuolation
process will be significantly increased [23, 24]. Thus,
hypothetically assuming the existence of identical
terms of in vivo oxidation, in those patients whose
energy demands are covered by carbohydrates, their
bodies are much more susceptible to obesity as well
as to increased oxidation of lipids (contained in Lps),
compared to those who live on high-fat diets.

Prevention of lipoprotein oxidation,
and catabolism of oxidized lipids
contained in lipoproteins

Antioxidants and antioxidant role
of high-density lipoprotein

Nitric oxide is a potent antioxidant. However, it
is rapidly inactivated by superoxide anion to form
peroxynitrite (ONOQ"), a potent oxidant and per-
oxynitrous acid (ONOOH), which subsequently is
decomposed to nitric oxide radical and hydroxyl
radical. These radicals react with unsaturated fatty
acids and cause lipid peroxidation. LDL oxidation in
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endothelial cells takes place when NO bioavailabi-
lity is low. Inhibition of LDL oxidation is associated
with elevated NO release. Shifting the balance
(between NO and superoxide) into superoxide pro-
duction may increase LDL peroxidation, due to the
decreasing anti-atherogenic action of NO and pro-
viding pro-atherogenic action of peroxynitrite [10].

On the other hand, NO synthesis could be inhib-
ited by impairment of asymmetric dimethylarginine
(ADMA) catabolism in oxidative stress conditions.
Increased plasma levels of ADMA are proposed to
be a novel risk factor for endothelium dysfunction
as well as for cardiovascular events [26]. The antio-
xidant properties of glutathione, n-acetyl cysteine [27],
B carotene, ascorbic acid, vitamin A, vitamin E (a-to-
copherol) and plant polyphenols were observed to
correlate with reduced risk of atherosclerosis in a large
number of experimental studies [28]. However, con-
trolled clinical trials have so far failed to demon-
strate a positive effect of vitamin A, C or E (a-toco-
pherol) supplementation for cardiovascular risk [29].
What is more, in some cases the phenomenon of pro-
oxidant properties of antioxidants, with increased
risk of LDL oxidation and atherosclerosis, was
observed. The mechanism of this process is poorly
explained and is still being investigated.

HDL also acts as a homeostatic factor for lipids
which are susceptible to oxidation, such as apoB-
100-rich molecules (LP-B). The antioxidant potential
of HDL is conditioned by the availability of enzyma-
tic and structural proteins such as paraoxonase and
acyltransferase lecithin, including cholesterol, phos-
pholipase A, (PLA,) and protein apoAl [10, 30-32].

These proteins inhibit not only the oxidation of
lipids in LDL, but also the expression of adhesion mol-
ecules in the stimulated vascular endothelium [33].

Role of lipoprotein-associated
phospholipase A,

The formation of sd-LDL is closely related to the
role of lipoprotein-associated phospholipase A, [5].
lipoprotein-associated phospholipase A, is an en-
zyme which interacts with apoB of LDL Initially PLA,
was suspected of anti-atherosclerosis activity due
to the degradation of platelet activating factor [34,
35]. Currently, epidemiological studies suggest that
increased activity and quantity of PLA, is an inde-
pendent risk factor for cardiovascular disorders. Like
PLA,, Lp-PLA, is an esterase which catalyzes the
breakdown of the ester bond in the S\2 position of
TGs and phospholipids [36]. Most likely, the athero-
genic properties of Lp-PLA, are not directly related
to the hydrolysis of oxidized phospholipids, which
is a desirable phenomenon, but to the products of
this reaction, among which are lysophosphatidylcho-
line (lyso-PC), other polar phospholipids (PAF-like)
and oxidized, non-esterified free fatty acids (NEFA)
[37, 38]. These compounds, being similar to platelet

in atherosclerotic plaque formation

activating factor (PAF), bind with its receptors on
leukocytes. Moreover, they intensify the targeting
of leukocytes and secretion of pro-inflammatory
mediators in areas of atherosclerotic plaque for-
mation, and reduce the ‘susceptibility’ of the vas-
cular wall [5]. In addition, lysophosphatidylcholine
induces the expression of intercellular adhesion
molecule 1 (ICAM-1) in the vascular wall and CD8
and CD11 on the surface of neutrophils and inten-
sifies the mitogen-activated protein kinase path-
way dependent proliferation of vascular smooth
muscle cells [39, 40]. Moreover, the Lp-PLA, reac-
tion products are presumably cytotoxic for
macrophages; hence, they indirectly foster forma-
tion of the lipid core of the atherosclerotic plaque
[5, 41]. The activity and intracellular pool of Lp-PLA,
are dependent on the amount of LDL as well as the
type and availability of substrates of the reaction
it catalyses. The increased availability of reaction
substrates results in the increased activity of Lp-
PLA,. In addition, the activity of Lp-PLA, may be
genetically determined. Analysis of the gene in the
Japanese population revealed several polymor-
phisms, some of which are associated with low Lp-
PLA, activity, and consequently a lower incidence
of cardiovascular diseases [42-45]. However, while
the role of Lp-PLA, in the process of atherosclero-
sis is to some extent documented, the role of
another important enzyme, CEL, is hypothetical and
controversial [46].

Carboxyl ester lipase degrades oxidized lipids
in lipoproteins

Carboxyl ester lipase is a pancreatic lipase which
digests the ester bond of dietary waxes and TGs in
the S\2 position. A peculiar feature of CEL is that it
is synthesized in the mammary gland, hepatocytes,
vascular endothelium and macrophages [2, 46]; in
particular, its expression in the latter 2 cell types
suggests that CEL may be involved in vascular
homeostasis [2].

Carboxyl ester lipase is responsible for the hydrol-
ysis and absorption of CEs, TGs, and fat-soluble vita-
mins. Although its role in the digestion of dietary
lipids in adults is secondary, it can be important
when pancreatic phospholipases and pancreatic
lipase (PL) are deficient. Carboxyl ester lipase pro-
bably does not affect the absorption of free choles-
terol from the gastrointestinal tract [47, 48]; instead,
it possesses both lysophospholipase and cerami-
dase properties. In enterocytes, in the absence of
hydrolysis of dietary ceramides (in CEL deficiency),
Lps are formed with a diameter corresponding to
VLDL rather than chylomicrons, and chylomicrons
have pro-atherosclerotic properties [49]. The simi-
larity in the enzymatic properties of CEL in the gas-
trointestinal tract to those of phospholipase, cera-
midase and lipase, which are capable of digesting
the ester bond in the Sy2 position, suggests that CEL
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may have similar functions in macrophages, plas-
ma and the vascular wall. It is hypothesized that
the similarities of CEL and Lp-PLA, functions not
only are restricted to the gastrointestinal tract, but
also play a similar role in the metabolism of plas-
ma Lps, and thus in the initiation of the arte-
riosclerosis process (Figure 3).

Effect of carboxyl ester lipase on plasma
lipoprotein metabolism and its putative role
in the process of atherosclerosis

Atherogenic properties of carboxy! ester lipase

Carboxyl ester lipase may participate in the pro-
cess of atherogenesis by affecting the metabolism
of plasma Lps. A deficiency of CEL in the intestine
promotes the synthesis of Lps of smaller diameter
than the chylomicrons; chylomicrons have anti-athe-
rosclerotic properties [2, 50].

Increased plasma activity of CEL in vivo corre-
lates with high levels of LDL, and other Lps which
contain apoB (Lp-B) [51]. An increase in Lp-B frac-
tion is accompanied by a change in FC location:
from the molecule core to its superficial layers.
Increases in Lp-B are also associated with increases
in the free cholesterol-to-cholesterol ester ratio
(FC/CE), which is not documented in the case of
HDL [52]. This effect might be related to CEL’s affin-
ity to apoB, but not to apoAl [53]. A change in the
FC/CE ratio of Lp-B slows the degradation of Lp-B,
which is likely to explain their elevated levels in
plasma [53]. The phenomenon of delayed plasma
clearance of VLDL and LDL can be caused by the
conformational change of apoB-100 in these mol-
ecules (through the accumulation of greater amounts
of FC), following which the affinity of hepatic lipase

to these Lps is decreased [53]. It is also suggested
that CEL in the normolipidemic population acceler-
ates the conversion of LDL into sd-LDL and that its
plasma concentrations correlate positively with
levels of LDL [2].

Anti-atherogenic properties of carboxyl
ester lipase

The results from experimental studies showed that
CEL decreases concentrations of lyso-PC in sd-LDL
and consequently decreases its uptake by macro-
phages [53]. Moreover, CEL increases the uptake of
CE, which is transported by HDL into liver cells; this
increased uptake is partially independent of the SR
B-1 scavenger receptor, thus accelerating the reverse
transport of cholesterol and decreasing its tissue
accumulation [54]. Increased activity of CEL in
macrophages favors the hydrolysis of CEs, encour-
aging the release of free cholesterol outside the cell;
such processes might be genetically conditioned or
accompany increased reverse cholesterol transport
(HDL fraction increases). In the case of low levels
of HDL, as well as in genetically determined low
activity of CEL, CEs are less hydrolyzed and there-
fore deposited in macrophages. A similar scenario
occurs during increased FC accumulation inside
macrophages: it leads to its increased esterifica-
tion, which, combined with low levels of HDL (and
decreased reverse cholesterol transport), may lead
to cell necrosis. While the cholesterol in foam cells
and LDL exists mainly in the form of CE, in advanced
atherosclerosis an important component of the
plaque is the free cholesterol crystallizing on its sur-
face, formed by hydrolysis of CE in the extracellu-
lar space. Studies in a transgenic mouse model of
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myocardial infarction without the CEL gene lend
support to this phenomenon [2].

In advanced atherosclerosis increased expression
of CEL in macrophages promotes the accumulation
of CEs, since it preferentially hydrolyzes pro-athero-
sclerotic ceramide and lysophosphatidylcholine. The
existing data on this process are conflicting; both
protective and pro-atherosclerotic properties of CEL
have been reported [2].

Taken together, the function of CEL in Lp metab-
olism and atherosclerotic plaque formation is
unclear. The inconsistencies reported on the role
and function of CEL might be influenced by the fact
that there is considerable inter-population and inter-
species polymorphism of CEL, resulting in conside-
rable variability of structure and function of this
enzyme [2].

Summary

The oxidation of lipids in plasma Lps, especially
LDL, seems to be the most important contributing
factor to this disease. Lipoprotein peroxidation prod-
ucts, mostly in the arterial wall, activate lipases Lp-
PLA, and CEL to degrade oxy-lipids. Function and
activity of these lipases are genetically determined.

The conditions with higher levels of Lps corre-
spond to a greater probability of oxidation. On the
other hand, high plasma levels of unoxidized LDL
have low or even zero affinity to macrophages.
Thus, high amounts of LDL are not dangerous, but
reducing its level is a clinically proven way to pre-
vent its oxidation and to influence vascular home-
ostasis. Of course, it should be noted that oxidized
lipoproteins are a common but not the sole initia-
tor of an inflammation cascade in the vascular wall.

It seems that an imbalance between the antiox-
idant plasma properties (e.g. NO, HDL, etc) and sus-
ceptibility to oxidation of Lps containing apoB-100
are important for the process of atherogenesis.
Therefore, the guidelines of European and Ameri-
can cardiac societies recognize low levels of HDL
and high levels of LDL in plasma as risk factors for
coronary heart disease [1, 55, 56].
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