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We introduced a novel method to detect the low density lipoprotein (LDL) oxidation pro-
cess by transition metals using the Langmuir monolayer technique. This process has been
studied because of its potential relevance to pathological processes like atherosclerosis. In
particular, we investigated the influence of copper ions on the oxidation susceptibility of
the LDL and the ability of bovine serum albumin (BSA) to inhibit this oxidation. Langmuir
monolayer and Wilhelmy techniques have been successfully used to achieve these aims. In
additions, our results agree qualitatively with the other conventional methods which
detect LDL-oxidation. Our results indicate that the oxidation of LDL depends strongly on
the ratio between Cu?" and BSA. Moreover, the BSA-Cu?* binding affinity may play an
important role in the oxidation process of the LDL particles. Our study showed that BSA
is an effective radical trap as evidenced by its ability to prevent LDL oxidation induced
by Cu?*. These simple in vitro experiments of the Langmuir monolayer technique may serve
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as an elementary tool in clinical tests or pharmaceutical applications.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The LDL is a quasi-spherical particle which composes
two major compartments, a hydrophobic core, comprised
primarily of cholesteryl esters and triglycerides, sur-
rounded by a surface monolayer of phospholipids (i.e.,
phosphatidylethanolamine, phosphatidylinositol, sphing-
omyeline, phosphatidylcholine and Lyso-PC) with unesteri-
fied cholesterol [1-3]. Also one copy of the apolipoprotein
B100 (apoB) is presented per LDL particle, and is believed
to wrap around the outer surface [4], with sites of hydro-
phobicity immersed in the lipid phase [5]. On the other
hand it is accepted that LDL plays a critical role in human
diseases such as atherosclerosis [6-12]. This complex
chronical disease is firstly recognizable by the so-called
‘fatty streak’ [5], an aggregation of lipid-rich macrophages
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and T lymphocytes within the innermost layer of the artery
wall, the intima. As the process continues, fatty steaks pre-
cede the development of intermediate phase, which is com-
posed of layers of macrophages and smooth muscle cells
[13-18] and, in turn, develop into more advanced, complex
accumulation of polyunsaturated fatty acids (PUFA) [19]. At
the final stage of oxidation process PUFA decomposes into
aldehydes and other water soluble compounds. These
highly potent substances react with the protein moiety of
the LDL-apoB, thus modifying it to an extent that it is no
longer recognized by the LDL receptor. This mechanism,
unlike the uptake of the non-oxidized LDL receptor
pathways, is not well regulated and therefore, results in
the formation of foam cells and finally cell death.
Determination of the susceptibility of LDL to oxidation
in vivo is not available due to obvious clinical difficulties.
Adopting various promoters to initiate the oxidation, most
of the effort has been devoted in developing in vitro models
for the assessment of the susceptibility of LDL to oxidation.
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Because of the similarity observed in the changes induced
in LDL morphology and biochemistry by these two proce-
dures, several experimental works have been devoted to
the evaluation of the correlation between lipid related
pathologies and the susceptibility of isolated LDL to oxida-
tion in vitro. In most of the mentioned studies, oxidation
requires or is facilitated by the presence of redox active
transition metal ions such as copper. According to these
experiments of monitoring the kinetics of LDL-induced oxi-
dation, the most common used model is Cu?*-induced oxi-
dation. This strategy, therefore, was carried out extensively
in most of the experiments due to its rapidity and diver-
sity. In normal conditions, the kinetics of this reaction is
characterized by a ‘lag-phase’ of relatively slow oxidation,
which precedes the auto-oxidation of the most oxidizable
lipids. During this phase vitamin E is produced, and lipid
oxidation is limited. After all the vitamin E becomes oxi-
dized, auto-oxidation occurs, yielding rapid production of
conjugated dienic hydroperoxides, which finally decom-
poses into aldehydes and other products. Many Studies
have shown that the amount of copper bounded to LDL
increases during the incubation time, where more than
80% of the copper ions bound to the LDL particles in the
protein phase of LDL, suggesting that most of the copper
ions form complexes with the ligand-binding sites of the
apoB [19-31].

Oxidation of LDL (oxLDL) can be inhibited by both water
soluble and lipid-soluble anti-oxidations. In addition,
plasma proteins such as bovine serum albumin (BSA) or
Cu, Zn-superoxide dismutase from bovine erythrocytes
may also inhibit free-radical-induced oxLDL [27,28].
Recent studies proposed that BSA has a protective effect
and that this effect is not limited to the ‘metal sequestering
potential’ of albumin but also relates to its capacity as ‘a
radical trapping protein’ and/or to its interaction with
LDL [27,28]. Chromatography methods showed that the
amount of Cu?* recovered with the protein-containing
fractions indicated that BSA bounds greater than 90% of
Cu?*. Since Albumin may be present in the intima of arter-
ies, especially due to permeability of the arterial wall by
lipidic oxidation products, the effect of albumin on LDL
oxidation carries in its nature a pathophysiological signifi-
cance [21]. Along this direction, we intended to use Lang-
muir monolayer technique at the air/water interface to
determine the oxidation of LDL by Cu*? and the ability of
the BSA in inhibiting the oxLDL particles when adsorbs into
the air/water interface. These simple in vitro experiments
may serve as an elementary tool for clinical tests or phar-
maceutical applications.

2. Materials and methods
2.1. Materials

Low Density Lipoprotein (LDL), bovine serum albumin
(BSA) and Copper (II) chloride hydrate were purchased
from Sigma Chemical. Butylated hydroxytoluene (BHT),
disodium ethylenediamine-tetraacetic acid (EDTA), phen-
ylmethysulphonyl fluoride (PMSF) and Tris-buffered saline
(TBS) (0.14 M NaCl and 5 mM Tris-HCl, pH 7.4) were also

purchased from Sigma Chemical. All the chemicals were
of analytical grade and used without further purification.

2.2. Lipoprotein solutions preparation

After adjustment of the LDL concentration at 1.5 mg/mL
(expressed as total LDL concentration), lipoprotein prepa-
rations were dialyzed against 100 volumes using phos-
phate-buffered saline (PBS) in the absence of any
antioxidants. The composition of PBS was: 10 mM sodium
phosphate, containing 150 mM sodium chloride, pH = 7.4.
The dialyzed LDL was stored in dark at 4°C and used
within 1week after preparation for peroxidation
experiments.

2.3. In vitro LDL peroxidation

Aliquots of LDL were subject to one of the following
conditions, either (a) Autoxidation: 0.2 or 0.8 mg/ml of
LDL in TBS (1 or 5ml final volume), placed in loosely
capped glass tubes, were exposed to air, in dark, at 37 °C
for time period more than 96 h to achieve full oxidation
[32], or (b) Copper-induced oxidation: 0.2 or 0.8 mg/ml
LDL protein in 10 mM TBP (pH = 7.4), was added to solu-
tions of 1-5 UM CuSoy4, and the samples were treated as
in (a) for time period more than 24 h to achieve full oxida-
tion [33].

In each condition, oxidation was arrested by adding
0.01% EDTA, 0.25 pM BHT, and 0.2 uM PMSF to the sam-
ples, and placing the tubes in dark, at 4 °C. For the subse-
quent experiments, the buffers used were supplemented
with the above antioxidants and proteolytic inhibitors.

The evaluation of the oxidative process leading to oxLDL
formation was essentially the same during autoxidation or
copper-induced oxidation. In fact, for the same incubation
time the number of oxLDL particles recognized by autoxi-
dation was lower than upon copper-induced oxidation.
Also, the observed similarity in the changes in oxLDL mor-
phology and biochemistry by these two procedures, led us
to carry out most experiments with copper-oxidized LDL in
which the rapidity and intensity of the modifications were
the highest.

2.4. Effect of albumin on lipoprotein LDL peroxidation and
inhibition

These experiments were conduced in conditions which
support the oxidative modification of lipoproteins by cop-
per-induced oxidation, in the absence or presence of serum
albumin. The latter was added to the incubation medium
to final concentrations ranging from 0.5 to 10 uM. After
the arrest of oxidation and measurement of pressure iso-
therms, for further analysis of lipoproteins were re-stored
in conditions similar to those used for the preparation of
LDL particles.

The effect of albumin was evaluated using concentra-
tion dependency in which increasing amounts of albumin
(ranging from 1 to 5 uM) were added. Also, to determine
whether albumin can interfere with an already initiated
oxidative process, in separate experiments, albumin was
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