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ABSTRACT 
 
Introduction: Oxidation of low density lipoprotein (LDL) has been strongly implicated in the phathogenesis 
of atherosclerosis. The use of oxidants in dietary food stuff may lead to the production of oxidized LDL and 
may increase both the development and the progression of atherosclerosis. The present work investigated the 
effects of some elements including: copper (Cu), iron (Fe), vanadium (V) and titanium (Ti) on in vitro LDL 
oxidation quantitatively.  Methods: The first LDL fraction was isolated from fresh plasma by single vertical 
discontinuous density gradient ultracentrifugation. The formation of conjugated dienes and thiobarbituric acid 
reactive substances and increase in electrophoretic mobility of LDL were monitored as markers of the 
oxidation of LDL.  Results: It was demonstrated that Cu, Fe, V and Ti exhibited strong oxidant activity in this 
respect (P<0.001). Oxidation of LDL in the presence of Cu was more and appeared to be in this order Cu>Fe> 
V>Ti.  Discussion: Cu, Fe, V and Ti are redox-active transition metals that may cause oxidative damage to 
lipids, proteins and DNA molecules. We suggest that these elements may also influence the oxidation of LDL 
in vivo, which could increase both the development and progression of atherosclerosis.  Iran. Biomed. J. 11 (2): 
113-118, 2007 
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INTRODUCTION 
 

ardiovascular diseases are the leading causes 
of mortality in the world. Although an 
increased concentration of plasma low 

density lipoprotein (LDL) is believed to constitute a 
major risk factor for atherosclerosis, the underlying 
mechanisms for this effect remain unclear. To date, 
considerable evidence support a role for oxidatively 
modified LDL in the pathogenesis of atherosclerosis 
[1]. The uptake of oxidized LDL (Ox-LDL) by 
macrophages results in the formation of foam cells 
and cholesterol accumulated in vascular endothelial 
cells could promote the development of the 
characteristic fatty streaks found in atherosclerotic 
lesions. Ox-LDL is cytotoxic to arterial wall cells 
stimulates haemostatic and thrombotic process and 
secretion of cytokines and growth factors from cells 
of the arterial wall [1-4]. Ox-LDL as well as lipid 
peroxidation products of LDL have been detected in 
human and animal atherosclerotic lesions, and this 

finding adds support to the contributory role of Ox-
LDL in clinical condition. Finally, Ox-LDL has been 
reported to compromise endothelial integrity, a 
salient feature of atherosclerosis [4, 5].  

Copper (Cu) and iron (Fe) are redox-active metals 
that can participate in electron transfer reactions 
with the consequent production of oxidant species 
capable of oxidizing cell components. Cu and Fe can 
catalyze the formation of the highly reactive 
hydroxyl radicals from hydrogen peroxide (H2O2) 
via the Haber-Weiss reaction and decompose lipid 
peroxides to peroxyl and alkoxyl radicals, which 
favor the propagation of lipid oxidation [6]. 
Oxidants such as Cu and Fe have been shown to 
increase formation of atherosclerotic lesions in 
animal models and epidemiological data suggest that 
a direct relationship exists between the intake of 
oxidant and the risk of coronary artery disease. Cu, 
Fe, vanadium (V) and titanium (Ti) are redox-active 
transition metal that may cause oxidative damage to 
lipids, proteins and DNA molecules. Reactive 
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oxygen species (ROS) so formed initiate lipid 
oxidation involved in atherogenesis [7-11]. In this 
study, we investigated the effects of Cu, Fe, V and 
Ti on LDL oxidation in vitro by monitoring the 
formation of conjugated dienes, the formation of 
thiobarbituric acid reactive substances (TBARS) and 
measurements of electrophoretic mobility (REM) of 
LDL. 
 
 

MATERIALS AND METHODS 
 
 Chemicals.  CuSO4, Fe2(SO4)3, V3O5, TiCl3, 
disodium ethylene diamine tetraacetate, Potassium 
bromide (KBr), sodium chloride (NaCl), disodium 
hydrogen phosphate (Na2HPO4) and oil red O were 
purchased from Sigma Chemical Co.(USA). 
 
 Blood sampling.  Fasting blood samples after an 
overnight fasting were collected in EDTA 
containing tubes (1.6 mg EDTA/ml blood). To 
obtain plasma, the centrifugation (2000 ×g, at 4°C, 
for 10 min) was started within 1 min following 
venous puncture to avoid auto-oxidation of the 
sample. To minimize oxidation in vitro, sodium 
azide (0.06% wt/vol) was added to plasma 
immediately after collection. 
 
 LDL isolation.  The LDL fraction was isolated 
from fresh plasma by single vertical discontinuous 
density gradient ultracentrifugation [12]. The density 
of the plasma was adjusted to 1.21 g/ml by the 
addition of solid KBr (0.365 g/ml).  Centrifuge tubes 
were loaded by layering 1.5 ml of density-adjusted 
plasma under 3.5 ml of 0.154 mol/L NaCl, and 
centrifuged in a Beckman L7-55 ultracentrifuge 
(100,000 ×g) at 10°C for 2.5 hours. The yellow LDL 
band located in the upper middle portion of the tube 
was collected into a syringe by puncturing the tube. 
The isolated LDL was dialyzed at 4°C for 48 h 
against three changes of deoxygenated-PBS 
(0.01mol/L Na2HPO4, 0.16 mol/L NaCl, pH 7.4) 
containing 0.01% NaN3 and 0.01% EDTA.  
 
LDL oxidation.  continuous monitoring of 
formation of conjugated dienes in LDL.  After 
isolation of total LDL, the protein content of LDL 
was measured [13]. LDL was adjusted to 150 µg/ml 
of LDL protein with 10 mM PBS, pH 7.4. The 
oxidative modification of LDL was initiated by 
addition of freshly prepared 10 µM CuSO4 solution 
in water bath at 37°C for 5 h.  

The kinetics of LDL oxidation was monitored 
every 10 minutes by removing an aliquot, measuring 
its absorbance at 234 nm, and then returning it to the 
LDL sample. The lag phase was calculated from the 
oxidation profile of each LDL preparation by 
drawing a tangent to the slope of the propagation 
phase and extrapolation into intercept the initial-
absorbance axis.  
 
 The lag phase represented the length of the 
antioxidant-protected phase during LDL oxidation 
by 10 µM Cu, Fe, V and Ti solution in vitro. The 
lag time was measured as the time period until the 
conjugated dienes began to increase [14]. The 
formation of conjugated dienes was calculated as 
conjugated dienes equivalent content (nmol/mg-
protein) at 5 h. The conjugated dienes concentration 
was calculated by using the extinction coefficient for 
diene conjugates at 234 nm (29,500/mol./L.cm). 
 
 Assay of the formation of TBARS.  Lipid 
peroxidation end product was determined as TBARS 
according to the method of Sheu and Chen(16). 
After initiating the oxidation process with CuSO4, 
the sample mixtures were incubated at 37°C for 5 h 
in a water bath and the reaction terminated by 
adding EDTA (2 mM). TBARS formation was 
measured in a spectrophotometer at 532 nm. The 
results were recorded as malondialdehyde (MDA) 
equivalent content (nmol/mg LDL-protein) [15, 16]. 
 
 Electrophoretic mobility of LDL. The electro-
phoretic mobility of n-LDL and Ox-LDL was 
determined by agarose gel electrophoresis (1% 
agarose and 0.1 mol/L barbital buffer) under the 
condition of 200 V, 80 mA in 50 mM barbital 
buffer, then the gel was fixed in ethanol, acetic acid 
and water 6:1:3 for 15 min, oven dried (80°C for 1 
h), and then stained with oil-red for 16 h. After 
staining, the gel was washed by bleaching solution 
(ethanol and water 5:3), until the background 
adjacent to protein or lipoprotein bands was cleared 
[1, 17]. 
 

Statistical analysis.  Each data value is presented 
as the mean +S.D. The variables used to describe the 
difference between the oxidation curves were lag 
time, conjugated dienes, MDA and REM. These 
parameters were obtained using student's t-test for 
independent data and differences were considered 
significant when P<0.05. 
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Fig. 1.  The effects of Cu, Fe, V and Ti on LDL oxidation in 

l0 mM PBS, pH 7.4 at 37°C for 5 h. Each point represents the 
mean of three experiments. 

 
 

RESULTS 
 
 The effects of Cu, Fe, V and Ti on LDL oxidation 
are shown in Figure 1. It clearly shows that CuSO4 
dramatically increased oxidation of LDL. The 
formation of conjugated dienes, a marker of LDL 
oxidation, was also increased by Fe, V and Ti. The 
levels of the conjugated dienes at 5 h and lag time of 
all experiment groups are shown in Figures 2 and 3.  
 

 
Fig. 2. Oxidant effects on lag time of Cu, Fe, V and Ti 

induced LDL oxidation. Each point represents the means of five 
experiments. *, significance compared to ox-LDL (n-LDL+ Cu) 
by student's t-test. 

 
 
 
Thus, CuSO4 increased the level of the conjugated 

dienes by about three folds and was significantly 
different from control (430.4 + 11.46 nmol/mg LDL-
protein vs 146.2 + 6.21 nmol/mg LDL-protein, 
P<0.05 by student's t-test). Fe, V, Ti increased final 
levels of conjugated dienes in the medium (413.3 + 
11.6, 387.47 + 8.6 and 374.13 + 10.1), respectively. 
The oxidative effect of Cu, Fe, V, and Ti on LDL 

was  determined  and  expressed  by measurement of 
MDA equivalent content. The levels of the MDA at 
5 h of incubation in all experiment groups are 
showed in Figure 4. The addition of CuSO4 
increased TBARS formation about 11 folds that was 
compared statistically with control (109.06 + 25.31 
nmol/mg LDL-protein VS 9.11 + 1.34 nmol/mg 
LDL-protein, P<0.001 by student's t-test). Fe, V and 
Ti also significantly increased TBARS formation 
about 8, 7 and 5.7 fold in comparison with control 
LDL.  

 
Fig. 3. The effects of Cu, Fe, V and Ti on the formation of 

conjugated dienes of LDL oxidation. (C) n-LDL; (Cu) n-LDL + 
Fe n-LDL + Fe(V) n-LDL + V, (Ti) n-LDL + Ti.  Each point 
represents the means of five experiments. *, significance 
compared to n-LDL by student's t-test. 
 
 
 Effect of Cu, Fe, V and Ti on electrophoretic 
mobility of LDL.  The effects of Cu, Fe, V and Ti on 
the electrophoretic mobility of LDL are shown in 
Figure 5 and 6. The electrophoretic mobility of LDL 
in all experimental groups is shown Figure 7. After 
LDL oxidation by CuSO4 the Ox-LDL moved faster 
than non-Ox-LDL on agarose gel electrophoresis. 
CuSO4 and Fe, V and Ti significantly increased the 
electrophoretic mobility of LDL.  

 
Fig 4. The effects of Cu, Fe, V and Ti on the formation of 

MDA. (C) n-LDL; (Cu) n-LDL + Fe n-LDL + Fe(V) n-LDL + 
V, (Ti) n-LDL + Ti. Each Point represents the mean of five 
experiments.*, significance compared to n-LDL by student's t-
test. 
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Fig. 5. The effects of Cu, Fe, V and Ti on electrophoretic 

mobility of LDL. (1) n-LDL; (2) n-LDL + Cu; (3) n-LDL + Fe; 
(4) n-LDL + V; (5) n-LDL + Ti. 
 
 
 

DISCUSSION 
 
 Lipid peroxidation in micelles, liposomes and 
LDL can be initiated simply by adding redox-active 
transition metal, which has been assumed to 
participate in some metabolic complication [18]. The 
peroxyl (LOO-) and alkoxyl (LOo) radicals generated 
in these reactions are believed to be responsible for 
initiating oxidation of the parent polyunsaturated 
fatty acid (PUFA) through hydrogen-atom 
abstraction. Trace metals have been shown to 
oxidize LDL even in the absence of the cells. This 
oxidation is associated with free radical-mediated 
peroxidation of some lipids within the LDL 
particles, resulting in recognition by cell surface 
receptor and internalization of the LDL by 
macrophages. The oxidative modification of LDL by 
some  transition  metal  ions  such  as  Cu  or  Fe has  
 
 

 
Fig. 6. The effects of Cu, Fe, V and Ti on electrophoretic 

mobility of LDL. (1) n-LDL; (2) n-LDL + Cu; (3) n-LDL + Fe; 
(4) n-LDL+V; (5) n-LDL + Ti. 

already been reported and their importance in the 
progression of atherosclerosis has been emphasized 
[19]. Transition metals such as Cu and Fe have also 
been extensively studied as catalysts for LDL 
oxidation in vitro. There is evidence for the presence 
of redox-active metals in atheromatous plaques, and 
physiological forms of these metals such as hemin 
and ceruloplasmin can promote LDL oxidation in 
vitro [20, 21]. The oxidative modification of LDL 
(OX-LDL) is the major factor that stimulates the 
development of atherosclerosis [5]. Therefore, the 
major aim of this study was to determine and 
compare the oxidant effects of Cu, Fe, V and Ti 
using the in vitro model of LDL oxidation. The 
oxidative modification of LDL induced by Cu ion is 
related   to    free  radical    reaction.   However,   the  
 

 
Fig. 7. The effects of Cu, Fe, V and Ti on rate the 

electrophoretic mobility of LDL oxidation. (C) n-LDL; (Cu) n-
LDL + Fe n-LDL + Fe(V) n-LDL + V, (Ti) n-LDL + Ti. Each 
Point represents the means of three experiments. *, significance 
compared to n-LDL by STUDENT'S t-test. 
 
 
mechanism of the oxidant production has not been 
elucidated yet. LDL oxidation may require the 
generation of superoxide anion and probably the 
ultimate generation of hydroxyl radicals by the 
Fenton reaction. After the oxidation by Cu ion, 
PUFA of LDL were oxidized which resulted in an 
elevation of lipid peroxides and depletion of 
vitamins in ox-LDL [1]. Vanadium can induce the 
formation of reactive oxidizing substances (ROS) in 
biological systems through: (1) Fenton-like reaction 
and 2)Vanadate bioreduction mediated by reduced 
glutathione oxidases with ROS as a by-product [22]. 
Vanadium is a heavy metal with increased 
environmental circulation.In high doses,it may have 
various anthropogenic activities which are great 
public health concerns due to its toxicity and 
accumulative behavior at specific target organs, such 
as the liver and kidney, including oxidative damage, 
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lipid peroxidation and changes in hematological, 
reproductive and respiratory systems. Formation of 
ROS induced by V in biological systems may 
involve Fenton-like reactions, vanadate bioreduction 
mediated by reduced glutathione (GSH), 
flavoenzymes or nicotinamide adenine dinucleotide, 
reduced form and nicotinamide adenine dinucleotide 
phosphate, reduced form oxidation or interaction 
with mitochondria [22-26]. Ti is another element 
with oxidation potential. Ti salts are widely used in 
industry for ceramic painting in pharmacy for tablet 
coating and making chemical sunscreens and in 
medicine as photocatalysts with bacteriocidal 
activity. This may address the idea that the exposure 
to these salts could play a role in the pathogenesis of 
atherosclerosis [27-29]. Our results clearly showed 
that Cu increased conjugated dienes and TBARS and 
led to increase in electrophoretic mobility of LDL in 
vitro. In this study, the oxidation effects of V and Ti 
on LDL oxidation showed to be less than Fe or Cu, 
probably because the redox potential of Ti and V is 
less than Cu and/or Fe. 
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