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ABSTRACT
The commonly-accepted “oxidized LDL hypothesis of
atherogenesis” is based on a large number of indirect evidence that shows that oxidatively-modified LDL
plays a role in atherogenesis. Yet, the exact role is not
clear. Some researchers think that oxidatively modified biomolecules initiate atherogenesis; others believe that they “only” promote this multifactorial
process. Regardless of the exact mechanism responsible for the effect of peroxidation on atherogenesis, the
“oxidative theory of AS” is apparently inconsistent
with the results of meta-analysis, in which (the “expected”) significant correlation between CVD and
oxidative stress (OS) was found only when the OS was
evaluated on the basis of the plasma concentrations
of malondialdehyde (MDA), often based on the concentration of thiobarbituric acid reactive substances
(TBARS). Notably, even this association is questionable due to 1) poor reliability of the laboratory assay
of MDA and 2) possible publication bias. Hence, it
appears that the commonly accepted paradigm regarding the role of oxidative damage in the pathogenesis of CVD has been overestimated. Furthermore,
the hypothesis is apparently inconsistent with the
disappointing results of most of the clinical trials that
were designed to reduce OS by means of supplementation of antioxidants, mostly vitamin E. These apparent inconsistencies do not contradict the oxidative
modification hypothesis of AS. The source of the apparent contradictions is probably the oversimplified
considerations on which the predictions have been
based. Many reasonable arguments can be raised to
explain the apparent contradictions, which means that
our current knowledge is insufficient to test the relationship of oxidative stress to cardiovascular disease.
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1. INTRODUCTION
Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) play essential and diverse roles in humane
physiology [1-8]. They contribute to processes such as
apoptosis and mitogenesis, they help maintaining cell
number homeostasis and they play a central role in immune responses and cell signaling, particularly at the
level of redox modulation. By contrast, excessive production of these reactive species (RONS), particularly
free radicals, damages DNA, proteins and lipids, thus
being cytotoxic [9-11]. The concentration of RONS is
therefore a critical parameter in determining their ultimate cellular response. ROS-induced stimulation of cells
has been shown to result in changes of the cellular redox
potential due to interruption of redox balance, which may
adversely affect cell function. Consequently, the dependence of the response on the concentration of RONS
is unpredictable. In fact, the prevailing reputation of free
radicals is that they are the “bad guys” responsible for
aging [12-16] and for many diseases [17-19].
The oxidative modification hypothesis of atherogenesis, first proposed by Steinberg et al. in 1989, is that
atherogenesis is a consequence of oxidative modification
of LDL [20]. The physiological role of LDL is to carry
cholesterol from the liver to cells throughout the body.
Internalization of oxidized LDL into cells, including endothelial cells and macrophages, differs from internalization of native LDL. Whereas native LDL is recognized
and internalized into cells by way of the LDL receptor,
oxidized LDL is recognized by the so-called scavenger
receptors, which, unlike the LDL receptor, are not downregulated [21,22]. The liver is very rich in scavenger
receptors, so that soon after intravenous injection of oxidized LDL it disappears from the blood, becoming accumulated in endothelial cells and macrophages. As a
result, these cells become “foam cells” and die, thus

D. Lichtenberg, I. Pinchuk / Advances in Bioscience and Biotechnology 4 (2013) 48-61

forming atherotic plaques [23-25].
The peroxidation-induced atherogenesis hypothesis
[20] inspired the National Heart, Lung and Blood Institute to fund a workshop of a group of 30 distinguished
specialists in various aspects of the relevant fields to review all of the evidence available up to that time, including some epidemiologic data [26]. The panel found
that all the available knowledge is compatible with the
oxidative modification hypothesis. Hence, the panel’s
final recommendation was that studies utilizing naturally-occurring antioxidant vitamins (e.g. vitamin E, Bcarotene and vitamin C) should proceed [27,28]. In view
of this conclusion, the oxidation hypothesis of atherosclerosis became the most commonly accepted paradigm.
Since the removal of oxidized LDL by the scavenger
receptors is rapid, minimally oxidized LDL disappears
from the circulation slower than more oxidized LDL.
Consequently, the level of oxidized LDL in the blood is
low and much of it is minimally oxidized LDL [29]. Notably, the autoantibody against oxidized LDL investigated by Witztum et al. demonstrated that even minor
modifications in the structure of LDL make it immunogenic and that this specific antibody can be observed in
arterial lesions, in agreement with the notion that most of
the AS-relevant oxidation probably occurs in the artery
wall itself [29]. Notably, in the presence of copper, the
LDL-associated antioxidants become oxidized and only
then, rapid oxidation of LDL lipids (both fatty acids and
cholesterol) begins [30].
The obvious implication of this mechanism was that if
peroxidation of LDL is the cause of atherogenesis, antioxidants should help prevent it. Unfortunately, the results
of clinical trials were disappointing. Specifically, although several trials indicated that vitamin E supplementation reduces the rate of both nonfatal MI and Nonfatal Stroke, in other trials vitamin E had no significant
effect on different cardiac end points. The important argument of the supporters of vitamin E supplementation is
that some people benefit from it, whereas “if it does not
help, it does not hurt” [31]. In the words of William A.
Pryor: “In view of the very low risk of reasonable supplementation with vitamin E, some supplementation appears prudent now” [31].
Being aware of the conflicting evidence, Witztum and
Steinberg recall that cardiovascular disease (CVD) is a
complex and multifactorial inflammatory disease associated with gradual progression of plaques. Furthermore,
they raised the possibility that the “Oxidative modification Hypothesis” may not hold for humans and concluded that we need to design clinical trails sensitive to
early lesions [29]. Moreover, in 2004, Stocker and Keaney, in their review on the “Role of oxidative modifications in Atherogenesis”, specifically stated that it is not
clear whether oxidative events are a cause or a result of
Copyright © 2013 SciRes.
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AS [32]. At about the same time, two independent metaanalyses concluded that vitamin E supplementation results in higher mortality [33,34], which raised the question whether antioxidant supplementation is “Good in
Theory, but is the theory good?” [35].
The possibility that the theory is not good can not be
ruled out, but the apparent contradiction between the
predicted and observed effects of vitamin E can be explained differently. Specifically, the lack of beneficial
effect(s) of vitamin E supplementation may be due to at
least one of many processes discussed in this critical,
non-comprehensive review. For this discussion to be
understood, we must first briefly describe the physiological roles of RONS and the evidence for their involvement in atherogenesis. Next, we relate to the available data on the oxidative status in CVD patients in
comparison to matched controls. We then take a closer
look at the intervention studies, particularly vitamin E
supplementation trials. In an attempt to gain understanding of the apparent inconsistencies between the hypothesis and the experimental results, we relate to a variety of
possibilities with emphasis on the very complex (both
protective and atherogenic) role of HDL and of lipoprotein-associated enzymes on the peroxidation of LDL lipids. Based on this critical review of available data, we
can only conclude that the specific roles of LDL oxidative modification in atherosclerosis are in a state of uncertainty.

2. THE PHYSIOLOGICAL ROLE OF
REACTIVE OXYGEN AND NITROGEN
SPECIES
For many years, OS has been commonly regarded a
measure of a person’s probability to suffer from oxidative damages. Thus, OS have been commonly blamed for
being involved in the pathogenesis of many diseases and
antioxidants predicted to be good to us [9,18]. Now we
realize that “Reactive oxygen species are ‘double-edged
swords’ in cellular processes: low-dose cell signaling
versus high-dose toxicity” [10,11]. Hence, “the dose response curve is unpredictable” [10]. In other words, the
effects of “Free radicals and antioxidants in (both) normal physiological functions and human disease” [8] depend upon their concentrations. At moderate concentrations, both the production and metabolism of RONS are
tightly controlled [6] and cellular ‘redox homeostasis’ is
retained.
Under homeostatic conditions, ROS act as secondary
messengers in intracellular signaling cascades, including
the ROS-induced cell signaling and particularly the signaling for skeletal muscle adaptation [3]. By that, ROS
contribute to the defense against infectious agents, as
well as to other immune reactions, apoptosis and mitogenesis and anti-tumourigenic species. The claims made
OPEN ACCESS
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by Ristow’s group [16] that “there is experimental basis
to question Harman's Free Radical Theory of Aging” [12]
and that “the existing data suggest that ROS act as essential signaling molecules to promote metabolic health and
longevity” [16], have yet to be evaluated but can not be
ruled out.
By contrast, under certain conditions free radicals may
induce and maintain the oncogenic phenotype of cancer
cells and this is merely one of many deleterious effects of
over produced ROS, including aging and human diseases,
particularly cancer, cardiovascular disease, atherosclerosis, hypertension, ischemia/reperfusion injury, diabetes
mellitus, Alzheimer’s disease and Parkinson’s disease
[5,18,19]. Admittedly, it is not clear whether excessive
formation of free radicals is the primary cause of any of
these diseases or merely a result of inflammation or/and
tissue injury. Yet, it is commonly believed that the ROSinduced damage to cell components, including membrane lipids, proteins and DNA contributes to all these
pathologies.
In short, the effects of RONS on both human function
and diseases depend in a complex, non-monotonic fashion on their characteristics and concentrations in the
relevant compartment. These, in turn depend, in a complex, interrelated fashion on a large number of factors.
Hence, at the present time we do not have a way to predict whether a given change of the redox status is likely
to promote or retard our health.

3. EVIDENCE FOR THE INVOLVEMENT
OF FREE RADICALS IN
ATHEROGENESIS
The “oxidative modification-hypothesis of AS” was originally based on five findings in Steinberg’s group [20,29]:
1) That “incubation of endothelial cells in culture with
high concentrations of LDL led to cell death, whereas the
LDL re-isolated from the medium of a cell culture after
incubation was markedly altered, such that it was taken
up by monocytes/macrophages in culture much faster
than native (normal) LDL [36].
2) That the major change that occurred during the incubation did not take place when the medium in which
the cells were grown did not contain transition metal ions
[37].
3) That addition of antioxidants to cells in plasma–
containing cultures prevented the changes in the LDL.
Specifically, addition of vitamin E could completely
prevent oxidation of LDL induced by incubation with the
cells [37].
4) That oxidized LDL is a chemoattractant for blood
monocytes, which helps recruiting them into a developing lesion [24].
5) That oxidized LDL inhibits the motility of tissue
macrophages, which would tend to trap such cells in the
Copyright © 2013 SciRes.

artery wall once they got there [25].
At that time, there were several preliminary evidences
that treatment of rabbits with several antioxidants reduced the rate of atherogenesis [38].
After the publication of the oxidative modification
hypothesis of AS, a large number of supporting, mainly
indirect lines of evidence appeared, including evidence
based on the composition of atherotic plaques [39] and
data on the effect of antioxidants on the rate of atherogenesis in primates [28].
Today, we have many more lines of evidence for the
involvement of LDL oxidation in atherogenesis. First, we
know that there are at least ten different ways by which
different oxidation products of LDL can be atherogenic
via various mechanisms [4,29] and that the mode of LDL
oxidation affects the biological effects of the oxidation
products, as described by Levitan et al. in their comprehensive review [40]. Although these authors found “a
significant degree of specificity to different forms of
oxLDL”, they note in their concluding remarks that we
do not know “which of the oxLDL forms has the most
pronounced effect on the development of the AS lesions”
and that in spite of “the considerable progress made in
recent years…there are still unresolved issues”, which
are difficult to resolve because the studied oxLDL preparations are “poorly defined” [40].
We also know that other processes beside oxidation
can also lead to foam cell formation, irrespective of lipid
peroxidation, including formation of complexes of aggregated [41,42] or slightly modified LDL particles with
antibodies against them [29]. Introduction of the latter
complexes into macrophages, by way of the immunoglobulins (FC) receptor, results in foam cell formation [43]. Foam cell formation via these and other peroxidation-independent mechanisms is presently a topic
of extensive investigations [44-46].
One of the most convincing lines of evidence for the
involvement of oxidized LDL in cardio vascular disease
is based on the clinically-validated association of various
attributes of cardiovascular pathologies with the levels of
oxidized phospholipids on apolipoprotein B (OxPL/apoB),
as assayed in-vitro by the murine monoclonal antibody
EO6 [47]. Using this assay, based on the specific binding
of the EO6 antibody to the phosphocholine head group of
oxidized phospholipids, it has been shown that the levels
of oxidized phospholipids on circulating lipoproteins in
the plasma:
 Are independent of traditional risk factors and the
metabolic syndrome.
 Enhance the risk prediction of the Framingham Risk
Score.
 Predict the presence and progression of coronary,
femoral and carotid artery disease (particularly when
amplified by lipoprotein(a) (Lp(a)) and phospholiOPEN ACCESS
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4. APPARENT INCONSISTENCIES OF
THE LDL OXIDATIVE
MODIFICATION HYPOTHESIS OF
AS WITH EXPERIMENTAL DATA
4.1. Are CVD Patients under OS?
OS is an intuitively-defined term that describes a state of
an excess of pro-oxidative factors over antioxidative factors [19]. In our analysis of available information on the
OS, as evaluated on the basis of various biomarkers, we
found reasonable correlations between the OS, as measured by different methods when (and only when) the
biomarkers measured similar processes [48]. Thus, the
OS, as evaluated on the basis of different products of
lipid peroxidation correlated with each other, and the
same is true for different markers of DNA fragmentation
but the estimates of OS based on factors of two different
groups rarely correlate with each other. Based on this
analysis, we concluded that oxidative stress cannot be
defined by any universal index and proposed that these
results indicate that there are different types of OS.
We do not believe that it is possible to define a universal criterion for oxidative stress, which can enable
comparison of data from different laboratories using different methods. The term OS is ill-defined and covers a
range of different types of context-dependent OS. Reasonable correlations have been observed between the OS
determined on the basis of different tests of chemically
similar factors. This justifies defining a criterion for each
of these types but even this possibility is questionable
because OS of any type may be local and either be reflected in available body fluids, or not.
Hence, comparison between the OS in one group of
subjects (e.g. CVD patients) and another group (e.g.
healthy people) is legitimate only in terms of the same
biomarker. Figure 1 depicts the results of meta-analyses
of the difference between the OS biomarkers in CVD
patients and healthy people, as evaluated on the basis of
different assays. The clear result is that the available data
exhibit significant differences only when OS was estimated on the basis of the level of MDA [49]. Interestingly, the MDA concentrations in patients with stable
Copyright © 2013 SciRes.
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pases such as PLA2).
 Increased following acute coronary syndromes and
percutaneous coronary intervention.
 Reflect the biological activity of Lp(a) particles.
 Provide diagnostic and prognostic information on the
presence and progression of cardiovascular disease
and clinically validated power to predict cardiovascular events.
In more than one respect, the immunological assay is a
reliable tool to evaluate a well defined type of oxidative
stress, as discussed below.
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Figure 1. Indices of oxidative stress in cardiovascular disease (adopted from [49]). The pooled standardized mean difference (SMD) and the 95% confidence interval is given for each of the studied indices. Number of studies is given in parenthesis.
Note that MDA is the only accepted index of oxidative stress that shows a mean difference greater than
1 SMD.

angina pectoris (SAP) are not different from matched
controls, whereas unstable angina pectoris (UAP) patients have significantly higher MDA concentrations than
both healthy controls and patients with SAP [49].
The observed differences between the different groups
can not be taken as evidence that CVD patients are under
oxidative stress, particularly because even the data based
on MDA measurements is questionable due to: 1) the
(questionable) reliability of the laboratory assay of MDA
and 2) publication bias. This conclusion accords with
that of Verhoye et al. [50], who noted that at present
“published data linking oxLDL to cardiovascular disease
cannot be compared because of the difference in the used
assay protocol”. Furthermore, the ‘Asklepios Study’ revealed that the results of oxLDL tests “show important
variability and must be interpreted with caution”. Taken
together, the results demonstrate the complexity of the
association between plasma oxLDL and CAD, to the
extent that the oxLDL level was “independently associated with femoral plaque, but not carotid atherosclerosis”.
In spite of these uncertainties, the trend is that oxidized phospholipids play a role in atherogenesis, as indicated by the immunologic assays described above. The
role of oxidation in the pathogenesis of atherosclerosis,
OPEN ACCESS
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as commonly described may appears to be overestimated
but this may reflect homeostatic mechanisms capable of
reducing the effects of various factors on the oxidative
stress, as described below.

4.2. The Effect of Low Molecular Weight
Antioxidants on Atherosclerosis
Based on the free radical hypothesis of both longevity
and atherosclerosis, supplementation of vitamin E could
have been expected to have positive effects on both the
rate of atherosclerosis and mortality. In fact, in animal
models of atherosclerosis, antioxidants markedly decrease the rate of progression of lesions [28,51], in accordance with the oxidative modification hypothesis. By
contrast, meta-analyses of the many published clinical
trials show, at least apparently, higher mortality in vitamin E-treated people than in matched controls [33,34].
These meta-analyses induced serious critique (e.g. [5254]) and comprehensive responses to the critique [55,56].
The criticism related mostly to the following issues:
1) The choice of clinical studies to be included in the
meta-analyses.
2) The choice of mortality as the only end point.
3) The heterogeneity of the participants with respect to
both population and treatment.
4) The model used to analyze the data (hierarchical logistic regression model vs. the traditional meta regression).
In short, in their communication in 2007, Blumberg
and Frei described the “Clinical trials of vitamin E and
cardiovascular diseases” as possibly being “fatally flawed”
[54].
Decision Analysis [57,58] was designed to minimize
the critique, by addressing these specific comments of
the data as follows:
1) Inclusion of all the clinical trials quoted in the critique of the meta-analyses.
2) The use of quality-adjusted life years (QALY) [59]
as an endpoint reflects the effects of supplementation on
both mortality and morbidity.
3) Using Markov model-based Monte Carlo simulations enable adjustment for heterogeneities (both for
population and treatment) on the basis of registries.
The main finding of this analysis was that vitamin E
reduces the average QALY by almost four months but it
also indicated that some people benefit from vitamin E
supplementation [58]. Hence, the challenge was (and still
is) to find criteria to differentiate between those who are
likely to benefit from vitamin E supplementation and
those who are not. Differentiation can be based either on
identification of criteria that can be assayed in the lab
or/and on data regarding the response of patients of specific diseases to supplementation (see below).
Copyright © 2013 SciRes.

4.3. The Effects of Vitamin E on HDL
Peroxidation
Oxidative modification of LDL is affected by HDL via
different mechanisms, including acceleration of LDL
peroxidation by HDL oxidation-products and inhibition
of LDL peroxidation by removal of LDL peroxidation-products either by extraction from LDL to HDL
and/or by their hydrolysis, catalyzed by HDL-associated
enzymes. Hence, antioxidants can affect LDL peroxidation by altering the peroxidation of HDL and/or by altering the effect of HDL on LDL peroxidation. In the following discussion we first describe the results of a recent
study that demonstrates the effect of vitamin E on HDL
oxidation before relating to the mutual effects of peroxidation of HDL and LDL lipids.
The very complex effect of tocopherol on the susceptibility of lipoproteins to oxidation is demonstrated in the
recent study of its effects on both in-vitro and ex-vivo
peroxidation of HDL2 & HDL3. Specifically, in their
recent investigation, Wade et al. [60] found that the effect of added tocopherol depends on whether its peroxidation was tested before or after fractionation of the serum.
1) When added after fractionation, tocopherol protected the fraction of HDL2&3 against peroxidation.
2) By contrast, when pre-incubated with non-fractionated serum and tested after fractionation, tocopherol promoted the peroxidation of HDL2&3.
3) In another experiment, the authors tested the susceptibility of the HDL2&3 fraction to peroxidation following 6-weeks of tocopherol supplementation. The main
result of this experiment was that the HDL2&3 fraction
of the tocopherol-treated people were more susceptible to
peroxidation than the same fraction of placebo-supplemented controls [60]. Interestingly, the increased sensitivity to peroxidation was accompanied by a decrease of
the activity of both HDL2&3-PON-1 and HDL2-LCAT
(lecithin-cholesterol acyltransferase), probably because
in the presence of higher concentrations of Toc, lower
concentrations of the latter HDL-associated protective
proteins were required, as described below.
To conclude, tocopherol can either protect or promote
HDL oxidation, depending upon the timing of exposure
of serum to tocopherol. In turn, HDL (and its oxidation
products) affects LDL oxidation, thus altering the complex effects of tocopherol on atherogenesis, as described
below.

4.4. The Effect of HDL on LDL Peroxidation
HDL, the beneficial form of blood cholesterol, (commonly denoted “the good cholesterol”) is an established
predictor of cardiovascular health. Its protective effect of
the artery wall against atherosclerosis is well established.
OPEN ACCESS
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Furthermore, even in individuals whose LDL level is low,
HDL remains a strong predictor of the risk of coronary
artery disease (CAD), indicating that HDL is an independent risk factor [51,61]. The positive effects of HDL
are commonly attributed to its ability to evacuate cholesterol from the periphery to the liver. In addition to this
“reverse” transport, HDL plays a modulatory role in inflammation [62], which may also contribute to its cardioprotective effect. The importance of the antioxidative
effect of HDL is emphasized by the findings of associations between impaired antioxidant activity of HDL and
various diseases [63,64].
In view of these facts, it is apparently surprising that
under certain conditions, HDL oxidation accelerates LDL
oxidation. Under such conditions, tocopherol-induced
acceleration of HDL oxidation can be expected to promote LDL oxidation, thus promote atherogenesis. In
view of the latter possibility, much effort has been devoted to investigate the mutual relationship between the
oxidation of HDL and LDL, as described below.
4.4.1. Lipid Peroxidation in Mixtures of LDL and
HDL
Under many conditions, HDL is more susceptible to oxidation than LDL [65,66]. This is not surprising in view
of the similar or higher content of Vitamin E and other
antioxidants, including beta-carotene, ubiquinol (coenzyme Q-10) and lycopene, in LDL. These antioxidants
can act as the first line of defense. Furthermore, the
higher surface /volume ratio in the smaller HDL particle
can also accelerate the peroxidation induced by transition
metal ions. It is also consistent with the finding that the
smaller LDL particles are more readily oxidized than the
larger ones [67]. However, the higher oxidizability of
HDL is apparently inconsistent with the cardio-protective
effect of HDL.
Systematic kinetic studies on the oxidation in mixtures
of HDL and LDL demonstrated the complexity of the
effect of HDL on LDL peroxidation (and vice versa).
Specifically, these mutual effects [68] depend in a complex fashion on the composition and physical properties
of both these lipoproteins as well as on the inducer of
peroxidation and the concentrations of transition metal
ions and several serum proteins.
The main results of the latter study were that:
1) Oxidation of LDL induced either by AAPH or by
Myeloperoxidase (MPO) is inhibited by HDL under all
the studied conditions, whereas.
2) Copper-induced peroxidation of LDL is inhibited by
HDL at low copper/lipoprotein ratio but accelerated by
HDL at high copper/lipoprotein ratio.
These results indicate that the antioxidative effects of
HDL are only partially due to HDL-associated enzymes,
in agreement with the finding that reconstituted HDL,
Copyright © 2013 SciRes.
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containing no such enzymes, inhibits peroxidation induced by low copper concentration [68]. Reduction of
the binding of copper to LDL by competitive binding to
the HDL can also contribute to the antioxidative effect of
HDL.
The acceleration of copper-induced oxidation of LDL
by HDL, observed at high copper concentration, may be
attributed to the hydroperoxides formed in the “more
oxidizable” HDL, which can migrate to the “less oxidizable” LDL and enhance the oxidation of the LDL lipids
induced by bound copper.
Given the sensitivity of the rate of oxidation to many
factors, this hypothesis does not necessarily contradict
previous results [69], observed under different conditions,
in which the migration of hydroperoxides between lipoprotein particles was too slow to accelerate the peroxidation in “native lipoprotein particles”. Notably, our interpretation of the acceleration of copper-induced LDL
peroxidation by HDL is supported by the results of experiments in which native LDL was added to oxidizing
lipoproteins at different time points. When the native
LDL was added prior to decomposition of the hydroperoxides in the oxidizing lipoprotein, the lag preceding
oxidation of the LDL was much shorter than the lag observed when the native LDL was added at later stages
(Figure 2), after the level of hydroperoxides became
reduced due to their copper-catalyzed decomposition
[68].
Furthermore, this interpretation accords with the acceleration of LDL peroxidation upon sequential exposure
to copper [70]. Altogether, the observed interrelationship
between the oxidation of HDL and LDL and its dependence on the specific conditions should be considered in
future investigations regarding the oxidation of lipoproteins.
4.4.2. Mechanisms that Contribute to the Inhibition
of LDL Peroxidation by HDL
The oxidative damage caused by peroxidation products
can be reduced by their evacuation from the site of their
production, where they may accelerate the propagation
of free radicals chain reaction. Accordingly, the mechanisms that can contribute to the net effect of HDL can be
divided to two categorize:
1) Mechanisms based on transporting peroxidation
products to the liver (here denoted “the physical mode”).
2) Mechanisms based on metabolism, particularly hydrolysis of short or/and oxidized chain phospholipids,
catalyzed by LDL-associated PAF acetyl hydrolase and
HDL-associated enzymes, including PON-1, PON-2
(here denoted “the chemical mode”).
In relating to the chemical mode, we recall that under
certain conditions the LDL-associated PAF-acetyl-hydrolase from human plasma prevented oxidative modification of LDL [71], whereas in other experiments,
OPEN ACCESS
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Figure 2. Sequential exposure of lipoproteins to copper-induced peroxidation (adopted from [68]). Accumulation of hydroperoxides during copperinduced oxidation at 37˚C is described as a function of time. In both
panels, the solid lines depict control peroxidation experiments, conducted with native LDL. The dashed
lines in both panels depict sequential exposure experiments, in which LDL was added at the time points indicated by arrows, to a mixture of CuCl2 and either
LDL (panel A) or HDL (panel B). The cholesterol concentration in the pre-exposed lipoproteins was a fifth
of the concentration of the added LDL.

inhibition of this enzyme did not affect ex-vivo peroxidetion induced by either copper, Myeloperoxidase or AAPH
[72]. All that this apparent contradiction means is that the
effect of hydrolysis on the rate of peroxidation depends
on the experimental conditions via a not yet known mechanism.
This is probably valid for other lipoprotein-associated
enzymes. Our results accord with those of Teiber et al.
[73], who showed that “Purified human serum PON1
does not protect LDL against oxidation in the in vitro
assays initiated with copper or AAPH”, in direct contrast
to the results of Fyrnys et al. [74] and others. Teiber et al.
attributed their results to the “removal of PON1 from its
natural environment”, which means that a method based
on the antioxidative properties of highly purified PON1
may be irrelevant to the antioxidative properties of the
HDL-associated enzymes. Although this interpretation
may hold for the antioxidative activity of purified PON1,
it does not explain our results regarding the effect of
LDL-associated PAF-AH on the peroxidation in unfracCopyright © 2013 SciRes.

tionated serum.
The role of PON has been extensively studied. In 1991
Mackness et al. [75] showed that PON is involved in the
protection of LDL phospholipids against oxidation during the onset of the atherosclerosis process. Two years
later, these authors demonstrated that PON is a very
strong antioxidant, responsible for inhibition of HDL
peroxidation and for the effect of HDL on LDL peroxidation [76]. These findings initiated extensive research of
both the HDL-associated enzyme PON1 and the intracellular enzyme PON2, which is not carried via HDL.
Both these enzymes are antioxidants and anti-atherogenic [77-81] probably due to prevention of the accumulation of lipid peroxides in HDL and LDL by PONcatalyzed metabolism of peroxidation products. Although
there is no general consensus, the level of PON has been
reported to be relatively low in many diseases, indicating
that reduced levels of PON may contribute to these diseases. All we can conclude at this time is that we are far
from understanding in detail the role of PONs.
In relating to the physical mode, it is important to recall that the level of peroxidizable lipids in LDL is equal
or higher than in HDL. By contrast, the levels of both
early and late oxidation products are higher in HDL than
in LDL [61,82]. Thus, under conditions of continuing
production of peroxyl radicals, HDL accumulated more
lipid oxidation products than LDL. As mentioned above,
one contributing factor is the higher levels of lipid-soluble antioxidants in LDL than in HDL. Notably, the effect
of the lipoprotein-associated antioxidants is also affected
by the concentration of water-soluble antioxidants due to
replenishment of the lipid-soluble antioxidants. As an
example, Vitamin C is soluble in water, but not in organic solvents or in lipids such as those found in LDL.
Hence, it cannot act within the LDL particle. Nonetheless,
vitamin C can reduce oxidized vitamin E at the water-lipid interface, so that the molecule of vitamin E can
act once again as a protective agent. In this indirect way,
vitamin C “cycles” the vitamin E within the LDL particle
[83].
Another important factor is the relative rate of removal
of peroxidation-products from the two lipoproteins via
their enzymatic hydrolysis. This process is also dependent in a complex fashion on the rate of transfer of peroxidation products (and their hydrolysis products) between HDL and LDL. Under certain conditions, the transfer of lipid hydroperoxides appears to be too slow to
substantially influence the distribution of these compounds in plasma [32], whereas under different conditions the initially formed (in HDL) hydroperoxides accelerate the peroxidation of LDL lipids [68]. The kinetic
profile of lipid peroxidation in mixtures of HDL and
LDL depends on the relative concentrations and susceptibilities of the two lipoproteins. Specifically, under cerOPEN ACCESS
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tain conditions it may be possible to observe HDL peroxidation followed by peroxidation of LDL lipids. Under
different conditions, the different susceptibilities is not
sufficiently large to observe two time dependencies and
the time course of hydroperoxide accumulation appears
to be relatively broad and the lag being either independent of the less oxidizable LDL or an increasing function
of the LDL/HDL ratio [68].

4.5. The Relative Susceptibility of Serum
Lipoproteins to Peroxidation and Its
Association with the Concentrations of
Lipoprotein Fractions
An intriguing result of our previous study is the highly
significant positive correlation (p-value less than 0.001)
between the HDL levels in the sera of hypercholesterolemic patients and the susceptibility of the serum
lipids in unfractionated serum to copper-induced peroxidation ex-vivo, as evaluated on the basis of kinetic assay
and expressed in terms of tmax [84] (Figure 3). We think
that the lag preceding the rapid interrelated peroxidation
of HDL and LDL reflects the ratio between the concentrations of the two lipoproteins. In other words, “HDL
particles contain high amounts of lipid hydroperoxides
[82] and thus, shorten the lag time and increase the
amount of oxidized PUFAs”, in agreement with the association of high HDL concentrations with LDL oxidation
[66] and with the high correlation between serum oxidizability and HDL content found in the recent NMR study
of Tynkkynen et al. [85].
In view of the slow development of atherogenesis and
the possible protective role of HDL, we speculate that
the latter contra-intuitive result can be attributed to a yet
0.6
**
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0.4

tmax

0.2
0.0
−0.2
−0.4
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CHOLESTEROL

LDL
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Figure 3. The relation between serum composition and oxidation parameters (adopted from [84]). Correlation coefficients
are given between the serum concentrations of cholesterol (total), LDL cholesterol, HDL cholesterol, and total triglycerides
(TG), on one hand, and tmax, on the other. The black bars relate
to oxidation kinetics as recorded at 245 nm; the gray bars relate
to the kinetics as recorded at 268 nm. The symbol *corresponds
to a P-value smaller than 0.05; the symbol **corresponds to a
P-value smaller than 0.001.
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unknown mechanism aimed at accelerating the removal
of oxidative products via “reverse transport”.

5. WHAT IS RESPONSIBLE FOR THE
APPARENT INCONSISTENCIES
BETWEEN THE HYPOTHESIS AND
THE EXPERIMENTAL RESULTS?
Similar to many other investigations, the general approach to the “Oxidative modification hypothesis” was to
test predictions based on the hypothesis. Specifically, the
hypothesis attributing atherogenesis to oxidative modification led to the prediction that if the theory is correct,
antioxidants should be cardio-protective. In cellular systems, the experimental results appeared to be consistent
with this prediction. Furthermore, in cholesterol-fed animals, vitamin-E supplementation inhibited the atherogenesis, as predicted. Unfortunately, clinical trials yielded
disappointing results, raising doubts regarding the causal
relationships between AS and OS.
As in other cases of inconsistencies between the predicted and experimental results, several studies ‘blamed
the experiments’; others questioned the hypothesis. The
question is often “which is wrong?” [86]. In fact, there is
another possibility, which is that the hypothesis is right,
the experiments are conducted correctly, but the predictions based on the hypothesis suffer from over-simplification. We think that the latter possibility is valid for the
present issue. Specifically, the predictions were based on
the “quench free radicals, prevent AS” approach, which
can not be expected to be valid for this multifactorial
process because it ignores many factors, including the
possible pro-oxidative effects of “antioxidants”, the possibility that the antioxidants may interfere with the synthesis of antioxidative enzymes, the possible reduction of
the OS to levels lower than “normal”, the contribution of
oxidative modifications of LDL via non-radical mechanism(s) (e.g. [87]) and the possibility that ROS induces
the process without being involved in later stages of
atherogenesis, which means that vitamin E supplementation after the initiation of the process is too late [88].
In other words, we think that although lipid peroxidation is involved in atherogenesis, as indicated by many
experiments, a causal relationship could not have been
predicted on the basis of the limited available knowledge
regarding the complex, multi-factorial, interdependent
dependencies of atherogenesis on the “oxidative stress”
and antioxidants.

Antioxidants Do Not Always Inhibit LDL
Peroxidation
They may even accelerate it if/when:
1) The supplemented antioxidant acts as a pro-oxidant
by reducing transition metal ions (e.g. vitamin C [89,90])
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or via tocopherol-mediated peroxidation (TMP) [91].
2) The added antioxidant reduces the OS too much, to
levels below normal, thus causing toxic effects (e.g. due
to promotion of the adhesion of red blood cells to endothelial cells [92]).
3) Modified lipoproteins are formed via free radical-independent mechanisms [46,87,93].
4) Free radicals initiate atherosclerosis but play only a
minor role in later stages of the complex processes that
yield AS, so that vitamin E does not alter the process
when added after initiation occurred [88].
5) The antioxidant interferes with the protective effect
of HDL against LDL peroxidation [60], as discussed
above.
6) The antioxidant reduces the production of other antioxidative factors, as indicated by the slight difference
between CVD patients and healthy controls. It is also
consistent with the interpretation of Ristow et al. [7] to
their disappointing results concerning the (negative) effects of vitamin E-supplementation on the health of
sportsmen. Furthermore, this possibility is supported by
the finding of high oxidizability of HDL in the serum of
vitamin E-treated patients [60]. This may also be true for
LDL and if it is not the case, we can still expect changes
in LDL oxidation due to HDL oxidation, as described
above.
Given this long (yet partial) list of possible reasons for
the apparent contradictions between the observed and
predicted relationship of oxidative modification and
CVD, we can only conclude that this relationship is certainly uncertain.

6. OS IN CVD, CONCLUDING REMARKS,
IMPLICATIONS AND SPECULATIONS
Atherogenesis is a “chronic” disease that develops during
many years. It depends (at least partially) on alteration of
the antioxidant-pro-oxidant balance, which is responsible
for maintenance of the homeostatic level of the redox
state. In comparison to the homeostatic level, OS means
that the redox status in the relevant body compartment is
“oxidative”. Antioxidants may be sufficient to shift it to
normal levels but too much antioxidant may cause a shift
to a “reductive state”. Alternative terminology can be
based on the level of ROS in comparison to their homeostatic level. Specifically, OS may be described as being
the result of “hyperOSemia”; an excess of antioxidants
can be attributed to “hypoOSemia”.
In fact, we have no data on the dependence of either
the functions or the toxic effects of ROS on their concentrations. In other words, the dependence of AS on OS
is not well understood. This does not undermine the validity of the hypothesis that peroxidation is responsible
for atherogenesis [20] but it certainly justifies reconsideration of the hypothesis. To us, the present review indiCopyright © 2013 SciRes.

cates that ROS is not just the “bad guys” and not the only
“bad guys” in the multi-factorial pathogenesis of coronary artery disease and atherogenesis.
The major change in the field of free radical research,
particularly in biology and medicine, is the growing uncertainties. Now that we realize the importance of the
tight control of homeostatic level of OS, the paradigm of
“bad free radicals versus good antioxidants” can not be
retained, not only with respect to cardiovascular issues.
Even Harman’s “free radical theory of aging” is questionable. This state of art (in Atherosclerosis) raises at
least three questions: 1) what is the sequence of processes that lead to CVD and AS? 2) what is the interrelationship between LDL oxidation and CVD? and 3) who
is likely to benefit from antioxidant supplementation?
While the first two questions have been investigated
and partially answered [44,45], we have no clues to answer the third [94]. Needless to say, high dose indiscriminate supplementation of vitamin E can not be recommended to the general public (that still spends millions of dollars on vitamin E supplements). Yet, it is quite
clear that some specific groups may gain from vitamin E
supplementation. The challenge is to define a criterion to
predict who is likely to benefit from antioxidant supplementation.
In his commentary in 1989, Witztum raised the question “To E or not to E?” [95] and proposed that antioxidants can be expected to be beneficial for people under
oxidative stress. He then pointed out that the problem is
that we “lack measures to identify high-risk groups that
would theoretically benefit most from antioxidant interventions” as well as a reliable measure “to determine the
in vivo effectiveness of such interventions”. Unfortunately, not only the existing data is still insufficient to
predict who is likely to benefit from vitamin E treatment. We even don’t know which type of oxidative stress
has to be reduced. What we know is that based on the
results of the population-based Cache County Study,
Hayden et al. [52] advocate “further caution regarding
the use of vitamin E by those with existing cardiovascular disease”. This statement is inconsistent either with the
assumption that people under oxidative stress can be
expected to benefit from vitamin E or with the assumption that CVD patients are under high oxidative stress.
We think that the apparent contradiction may be partially
due to unrealistic estimation of the role of oxidative
stress in CVD, in agreement with our conclusion regarding the (modest) role of OS in CVD patients [49].
Furthermore, in his 2003 communication, Frei raised
the question of whether “to C or Not to C” and concluded that “What we know with certainty, however, is
that a healthy diet and lifestyle lowers the risk of CHD,
and this is what we should advocate to CHD patients and
healthy people alike” [96]. Again, this kind of conclusions does not help in our goal of understanding the
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questions defined above. In short, the ill-defined term
“oxidative stress” does not differentiate between the existence of “different types of oxidative stress” and the
possibility that different antioxidants may have different
antioxidative activity against different types of oxidative
stress.
Another disappointing result is that physical exercise,
which is likely to cause excessive oxidation (thus, OS),
does not increase the benefit from antioxidant supplementation. In fact, antioxidants prevent health-promoting
effects of physical exercise [7].
In our future search for criteria to predict who is likely
to benefit from antioxidant supplementation, we can either look for people who are under high (relevant type of)
OS or/and patients suffering from a disease that have
been associated with OS such as dialysis patients [97] or
diabetes mellitus type 2 (DM2) patients with haptaglobin
2-2 genotype [98].
As long as we do not have such criteria, we propose
basing the decision of whether or not to expect benefit
from chronic supplementation of antioxidants on whether
or not a relatively short period (e.g. one month) of supplementation to a patient with low vitamin E level results
in a significant decrease of the blood level of lipid peroxidation markers (e.g. MDA).
This approach is supported by a previous study of the
effect of vitamin E on AD patients, in which the clinical
outcome of a group of “vitamin E respondents”, as determined after a short period of supplementation, was
highly significant and excided by far the effect observed
in the group of AD patients that were classified as
“none-respondents”. In their words [99] “the decision of
whether or not to expect benefit from chronic vitamin E
supplementation should be based on whether or not one
month of vitamin E supplementation to patient with low
vitamin E level results in a significant decrease of the
blood level of lipid peroxidation markers”.
Regardless of the possible effects of food supplements,
fruits and vegetables are beneficial and those “many patients (that) view vitamins as a quick fix to compensate
for poor eating habits [Tara Parker-Pope, The Wall Street
Journal, March 20, 2006] should be advised of the difference between food ingredients and food supplements.
A glass of red wine, orange juice or a salad of vegetables
or fruits along with ROS-containing food is likely to
prevent absorption of unhealthy peroxides by quenching
ROS in the stomach [100]. Furthermore, it is tasty. Synthetic supplements, commonly do not “meet” toxic food
ingredients in the gastrointestinal system. Maybe this is
why they are not as beneficial as expected.
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HIGHLIGHTS
 OS is tightly controlled. In CVD patients, it is only
slightly higher than normal.
 The weak association of OS with CVD is insufficient
to prove causal relationship.
 Oxidative modification of LDL is one of several
processes that govern atherosclerosis.
 Antioxidants do not necessarily inhibit the multifactorial processes resulting in AS.
 Our knowledge is insufficient to predict who is likely
to gain from antioxidants.
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