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Abstract: The review presents evidence that the main damage to the vascular wall occurs not from
the action of “oxidized” LDL, which contain hydroperoxy acyls in the phospholipids located in their
outer layer, but from the action of LDL particles whose apoprotein B-100 is chemically modified with
low molecular weight dicarbonyls, such as malondialdehyde, glyoxal, and methylglyoxal. It has been
argued that dicarbonyl-modified LDL, which have the highest cholesterol content, are particularly
“atherogenic”. High levels of dicarbonyl-modified LDL have been found to be characteristic of some
mutations of apoprotein B-100. Based on the reviewed data, we hypothesized a common molecular
mechanism underlying vascular wall damage in atherosclerosis and diabetes mellitus. The important
role of oxidatively modified LDL in endothelial dysfunction is discussed in detail. In particular,
the role of the interaction of the endothelial receptor LOX-1 with oxidatively modified LDL, which
leads to the expression of NADPH oxidase, which in turn generates superoxide anion radical, is
discussed. Such hyperproduction of ROS can cause destruction of the glycocalyx, a protective layer of
endotheliocytes, and stimulation of apoptosis in these cells. On the whole, the accumulated evidence
suggests that carbonyl modification of apoprotein B-100 of LDL is a key factor responsible for vascular
wall damage leading to atherogenesis and endothelial dysfunction. Possible ways of pharmacological
correction of free radical processes in atherogenesis and diabetogenesis are also discussed.

Keywords: free radical oxidation; antioxidants; low-density lipoproteins (LDL); oxidatively modified
LDL; antioxidant enzymes; LOX-1; glycocalyx; endothelial dysfunction; vascular wall damage;
atherosclerosis; diabetes

1. Introduction: Free-Radical Oxidation in Atherosclerosis—Background

In the middle of the last century, Denhem Harman proposed the hypothesis that
the process of aging is associated with the accumulation of damage at the cellular level,
caused by the products of spontaneous free radical oxidation [1,2]. Since such pathologies
as atherosclerosis and diabetes mellitus can be attributed to the diseases of old age, D.
Harman suggested that the occurrence and development of these pathological conditions
(called by him “free radical diseases”) is associated with the damaging effects of free rad-
icals [3]. The first data that free radical peroxidation of lipids may be one of the trigger
factors of vascular wall damage in atherosclerosis were published by J. Glavind et al. in 1952
(cited from F.R. Woodford et al. [4]). Based on their results, these authors concluded that
the level of lipohydroperoxides (LOOH) in the human aorta with atherosclerotic lesions is
higher than in the unaffected vessel wall. In this work, a relatively small number of samples
were examined, and analysis based on the dichlorophenol-indophenol method, which was
found [4] to be non-specific, was used to estimate the LOOH content. Nevertheless, during
the next decade, the conclusions of the work of J. Glavind et al. were not doubted. In as late
as 1965, F.R. Woodford et al. [4], using for the analysis of lipoperoxides developed earlier [5]
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highly specific method of iodometric titration with amperometric registration of the equiv-
alence point, made an attempt to experimentally verify these results. The results obtained
by F.R. Woodford et al. practically disproved the conclusion of J. Glavind et al., because
these authors failed to identify reliable differences between the content of lipoperoxides
in the areas of atherosclerotic lesions and intact aortic areas. The pessimistic conclusions
of the publication by F.R. Woodford et al. cooled the interest in the free radical theory of
atherogenesis for a long time, despite its theoretical substantiation, given in the articles of
D. Harman [1–3].

Nevertheless, an increase in free radical peroxidation products was detected in the
aorta of animals with experimental atherosclerosis [6]. Two decades later, our group, using
an adequate HPLC method, was able to detect a significant increase in the content of
primary free radical peroxidation products—LOOH [7] in atherosclerotically damaged
aorta, which increased with progression of atherosclerotic lesion [7]. It should be noted
that these studies were performed using autopsy material not later than 3 h of those who
died in car accidents [7]. It was proved by HPLC on a chiral phase column (by S/R
sterioisomer ratio) that LOOH in the atherosclerotically damaged aorta is formed as a
result of spontaneous (non-enzymatic) free radical lipoperoxidation [7]. The main class of
lipids that accumulate in areas of atherosclerotic lesions of the vascular wall are cholesterol
esters [8,9], and not only fatty acid residues are subject to oxidation [6,7], but also the sterol
part of their molecule [6,8].

A decrease in the activity of key antioxidant enzymes, Se-containing glutathione
peroxidase (GSH-Px) and Cu,Zn-superoxide dismutase (Cu,Zn-SOD), was also observed in
the areas of atherosclerotic lesions of human aorta, which progresses with an increasing
degree of damage [6,10]. Based on the results obtained, the hypothesis of an imbalance
in the action of the systems for the formation and utilization of free radical peroxidation
products in tissues in atherosclerosis has been suggested (see reviews [6,11]). The same
data provided additional grounds for classifying atherosclerosis as a group of “free radical
pathologies”, i.e., diseases in the pathogenesis of which free radical oxidation processes
play an important role [6,11]. The main aim of this article is to substantiate the role of
dicarbonyl-modified LDL as a key factor of endothelial dysfunction and vascular wall
damage in atherosclerosis.

2. Oxidative Stress in Atherosclerosis and Atherogenic Modification of LDL

It should be noted that a significant increase in the levels of primary and secondary
products of free radical oxidation of lipids was found in a representative epidemiological
study in the blood plasma of probands with diagnosed atherosclerosis [6,11]. In the same
study, a decrease in the activity of the LOOH utilizing enzyme, erythrocyte Se-containing
glutathione peroxidase (GSH-Px), was found in patients with atherosclerosis [6,11]. These
data gave reason to believe that lipid transporting system—blood plasma lipoproteins are
subject to oxidation during atherogenesis [6,11]. Indeed, it has been shown that “athero-
genic” low-density lipoproteins (LDL) readily undergo oxidation both when incubated
in the presence of vascular endotheliocytes and in the presence of free radical oxidation
initiators [12,13]. It was found that chemical modification of blood plasma LDL particles
by acetaldehyde makes LDL more “atherogenic” [14], i.e., capable of scavenger receptor
binding and accumulation in vascular wall macrophages [14]. Later, numerous studies
found that LDL particles subjected to free radical peroxidation in vivo or in vitro also
become “atherogenic” [15–22].

It is known that free radical peroxidation of lipids proceeds in two stages: first, primary
oxidation products are formed (unstable LOOH), which undergo further oxidative degra-
dation with the formation of secondary products—low molecular weight dicarbonyls [23].
Thus, oxidative stress in atherogenesis, characterized by a sharp increase of LOOH in
tissues, must inevitably transform into carbonyl stress, accompanied by the accumulation
of reactive carbonyl species (RCS) such as 4-hydroxynonenals, malondialdehyde (MDA),
etc. [11,23]. Aldehyde groups of dicarbonyls can easily react with the amino end groups of
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proteins via the Maillard reaction, forming intra- and intermolecular cross-links in their
molecules [23]. The possibility of MDA involvement in the modification of apoprotein
B-100 LDL has been established [24]; nevertheless, the question about the mechanism
of oxidative modification of LDL, due to which LDL particles acquire the property of
“atherogenicity”, has not been solved in the literature so far [11].

If we stick to the strict terminology, we should call LDL containing hydroperoxy acyls
in phospholipids of the outer layer of particles “oxidized”. Basically, the accumulation
of hydroperoxy acyls in the phospholipid monolayer of LDL can lead to changes in the
conformation of apoprotein B-100. Thus, free radical peroxidation of biomembrane phos-
pholipids increases their microviscosity [6], which increases due to the “pushing out” of
more polar hydroperoxy acyls into the aqueous phase [6]. It is very likely that with a
significant change in such a fundamental property of bimembranes as microviscosity, the
conformation of proteins embedded in the phospholipid bilayer may change. In particular,
a multidirectional change in the activity of membrane-bound enzymes was found during
free radical peroxidation of liver biomembranes [25], which can be explained by a change
in the conformation of these protein molecules with an increase in lipid polarity. Based
on these results, one could assume that peroxidation of phospholipids of LDL particles
would lead to changes in the conformation of apoprotein B-100, resulting in changes in the
binding efficiency of such “oxidized” LDL to the scavenger receptor of macrophages.

When free radical peroxidation of LDL is induced in vitro using a variety of initiators
(such as azo-initiators, hydrogen peroxide, superoxide anion radicals, variable-valence
metal ions, etc.) almost at the same time both primary (LOOH) and secondary products
(MDA and other dicarbonyls) increase [26,27]. On this basis, it is obvious that using
standard approaches, it is impossible to establish which lipoperoxidation products cause
“atherogenic” modification of LDL particles. Using as a tool C-15 reticulocyte lipoxygenase
capable of oxidizing polyene acyls of phospholipids [28], we were able to obtain truly
oxidized LDL without an admixture of dicarbonyl-modified LDL [27]. At the same time,
during incubation of LDL with MDA, MDA-modified LDL was obtained without an
admixture of oxidized (LOOH-containing) LDL [27]. When studying the atherogenicity
(the efficiency of the capture of LDL particles by cultured human macrophages) of these two
LDL modifications, we experimentally proved that not the “oxidized” (LOOH-containing
LDL), but exclusively MDA-modified LDL bind to scavenger receptors of macrophages [27].
Thus, it can be assumed that it is the dicarbonyl-modified LDL particles, but not the truly
oxidized (LOOH-containing) LDL, that are efficiently captured by vascular wall cells and
accumulate in their lipid vacuoles [27]. As a consequence, macrophages and pericyte-
like cells turn into the so-called ‘foam cells’ that form zones of lipoidosis, the primary
preatherosclerotic lesions of the vascular wall [6,11,29]. Obviously, the results obtained
do not simply clarify the existing terminology, but are of a principled character, since
they substantiate the existence of a quite certain molecular mechanism of “atherogenic”
modification of LDL particles. Representative epidemiological studies have revealed that
the most cholesterol-rich LDL particles are also MDA-modified significantly more often [30].
It follows that dicarbonyl modification of LDL particles contributes to the effective entry
of cholesterol into the vascular wall [30]. In addition, there is evidence that increased
accumulation of MDA-modified LDL is characteristic of patients with certain mutations of
apoB-100, i.e., dicarbonyl modification of LDL can be genetically determined [31].

Cu, Zn-SOD and GSH-Px molecules, similarly to apoprotein B-100 LDL, undergo
modification during MDA accumulation during atherogenesis [32,33], which is accompa-
nied by suppression of their activity due to conformational changes in the active center
structure [32,33]. It can be assumed that carbonyl-dependent inhibition of the activity of
antioxidant enzymes during atherogenesis contributes to the stimulation of oxidative stress.
Thus, the development of oxidative and subsequent carbonyl stress (MDA and other RCS
accumulation) during atherogenesis leads to the formation of dicarbonyl-modified LDL,
which are the key factors causing primary damage to the vascular wall and the subsequent
formation of atherosclerotic plaques [11].
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3. Carbonyl Stress in Diabetes and the Role of Modified LDL in Vascular Wall Damage

Diabetes mellitus is known to be a risk factor for atherosclerosis, and the presence of
diabetes contributes to atherogenesis, whereby a large proportion of diabetic patients dying
from vascular incidents [34–36]. Unfortunately, the available literature does not provide
convincing explanations for the cause of these phenomena. Nevertheless, the hypothesis
of an important role of free radical peroxidation in the pathogenesis of diabetes mellitus
has long been suggested [37]. Diabetes mellitus is characterized by the development of
carbonyl stress rather than oxidative stress [38], which accumulates not MDA, but active
dicarbonyls formed during oxidative transformations of glucose, such as glyoxal and
methylglyoxal [38–40]. Glyoxal is formed at glyoxylation during autooxidation of glucose
and other six-atom carbohydrates, whereas methylglyoxal is synthesized during glycolysis
during enzymatic oxidation of glucose from triosophosphates [38,41,42]. However, as
shown in our studies, methylglyoxal can also be formed nonenzymatically when glucose
derivatives are attacked by peroxy free radicals [43].

When LDL cooxidation in the presence of glucose in concentrations characteristic
for blood levels of patients with type 2 diabetes, there is a sharp increase in the rate of
LDL lipid peroxidation, which is accompanied by the formation of superoxide anion
radical [44]. Superoxide radical can also be generated during the Maillard reaction at the
interaction of methylglyoxal with the end amino groups of LDL apoprotein B-100 [43].
Thus, in diabetogenesis, in contrast to atherogenesis, carbonyl stress (accumulation of RCS)
develops initially, and oxidative stress has a secondary origin and is induced at later stages
by reactive oxygen species (ROS) generated due to the reactions described above. On
this basis, during diabetogenesis a distinction must be made between stages of carbonyl
stress and subsequent oxidative stress, which are characterized by the accumulation of
various oxidation products. The accumulation of glyoxal and methylglyoxal in the plasma
of diabetic patients has been repeatedly confirmed [38–40]. At the same time, the presence
of oxidative stress in diabetes is evidenced by a decrease in telomere length of nuclear
blood cells [45], as well as an increase in the level of 8-hydroxy-2-deoxyguanosine, the end
product of oxidative DNA destruction, in the blood and urine of type 2 diabetic patients [45].
It should be noted that 8-hydroxy-2-deoxyguanosine is a recognized biomarker of oxidative
stress [46] and its accumulation is not associated with the development of carbonyl stress.
The presence of elevated levels of LOOH-containing LDL [38] in the blood of type 2
diabetic patients also indicates that secondary induction of oxidative stress may indeed
occur during atherogenesis.

Just as in atherosclerosis, in patients with type 2 diabetes there is an increase in the
carbonyl modification of LDL [45] and a sharp decrease in the activity of erythrocyte Cu,Zn-
SOD and GSH-Px [45,47], which is a reflection of carbonyl stress. A significant increase in
glyoxal and methylglyoxal levels in the blood of type 2 diabetic patients [38–40] can cause
modification of LDL, which is detected by scavenger receptor macrophages and, thus, can
induce the accumulation of LDL in the vascular wall with the subsequent development
of lipoid lesions [38]. It was shown that LDL modification by methylglyoxal significantly
increases LDL “atherogenicity” (increases their receptor uptake by macrophages) [38,48].
Based on the above data, we hypothesized a common molecular mechanism of vascu-
lar wall damage in atherosclerosis and diabetes mellitus, which includes an increase in
chemical modification of apoB-100 LDL by dicarbonyls accumulated during free radical
lipid peroxidation in atherosclerosis or autooxidation of glucose molecules in diabetes
mellitus [44]. This hypothesis satisfactorily explains the reasons for the stimulation of
atherogenesis in diabetes, as well as the fact that the presence of diabetes may increase the
risk of atherosclerosis [44].

4. Oxidatively Modified LDL, LOX-1 and Endothelial Dysfunction

In recent years, it has been found that oxidized LDL can play an important role in
the occurrence of endothelial dysfunction [49–52]. It is assumed that the endotheliocyte
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scavenger receptor LOX-1 binds to oxidized LDL, causing the expression of NADPH
oxidase, which generates superoxide anion radicals and other ROS, causing endothelial cell
damages [53]. We received preliminary data showing that powerful expression of LOX-1
and NADPH oxidase in human endotheliocytes is caused by cell culturing in the presence
of different dicarbonyl-modified (MDA-, glyoxal- and methylglyoxal-modified) LDLs [54].
Consequently, the initial stages of vascular endothelial dysfunction, a process that plays
a leading role in atherogenesis and diabetogenesis, are likely to be directly dependent
on the formation of dicarbonyl-modified LDL rather than “oxidized” LDL. Ultimately,
superoxide-dependent endotheliocyte damage provokes the stimulation of apoptosis and
endothelial cell death [49,52,53], which, in turn, obviously facilitates the penetration of
modified LDL into the vascular wall.

We found that the enzyme antioxidant system of endotheliocytes is represented mainly
by a special class of enzymes, peroxiredoxins [55], which, in accordance with our data,
similar to Cu,Zn-SOD and GSH-Px [32,47], are very sensitive to the inhibitory action of low
molecular weight dicarbonyls that accumulate under oxidative and carbonyl stress [56].
Obviously, the suppression of peroxiredoxin activity weakens the antiradical protection
of endothelial cells, contributing to endothelial damage, leading to its dysfunction. Thus,
the data obtained suggest that the formation of dicarbonyl-modified LDL is a key factor in
atherosclerosis and endothelial dysfunction development, processes that play a leading
role in atherogenesis and diabetogenesis.

5. Active Oxygen Species and Glycocalyx Degradation

It is clear that endothelial dysfunction must be preceded by endothelial glycocalyx
damage. Glycocalyx is a protective layer of macromolecules (such as proteoglycans and
glycoproteins) covering the luminal surface of endotheliocytes [57,58]. Its damage is
considered as the earliest stage of vascular wall injury in various pathologies [59–62].
Glycocalyx controls the permeability of the vascular wall [63] and adhesion of blood
forming elements to endotheliocytes [64,65]. Besides, glycocalyx protects endothelium
from such damaging factors as viruses, proinflammatory cytokines and ROS [66,67]. It
is very important that glycocalyx macromolecules are mechanoreceptors which perceive
the force of viscous friction (shear stress) acting on the vascular wall from the flowing
blood, which is the first stage in regulation of vascular hydraulic resistance according to
blood flow. This regulation ensures normal blood supply of the organs, counteraction of
constriction and acute phase of collateral blood supply development in case of occlusion
of the main arterial trunks [68]. The regulation of vascular tone according to shear stress
is more expressed the thicker the glycocalyx layer is. At the same time, the thickness of
glycocalyx depends on the shear stress value: the higher it is, the thicker the glycocalyx
layer is. Therefore, the areas of vessels characterized by low shear stress and, consequently,
a thin glycocalyx layer occurs in the areas where the first signs of atherosclerotic lesions
appear and further atheromatous plaques are formed [69].

This can be explained by the fact that the glycocalyx layer is the main barrier pre-
venting the penetration of atherogenic LDL (obviously, oxidatively modified LDL) into
the subendothelial space of the vessel wall [70]. Glycocalyx thinning occurs due to a
decrease in the content of its main components—hyaluronan and heparan sulfate [71],
whose biosynthesis rate by endotheliocytes decreases at low shear stress [69]. A decrease in
glycocalyx thickness due to its fragmentation has been noted under ROS hyperproduction
during oxidative stress in the process of ischemia and ischemia/reperfusion [72–74] and a
degradation of glycosaminoglycans by ROS derived from stimulated polymorphonuclear
leukocytes has been detected [75]. Glycocalyx destruction was also observed when the
level of oxidized LDL in plasma increased [76,77]. We found that endothelium-dependent
regulation of arterial lumen is suppressed by an increase of MDA and/or methylglyoxal
content in blood [78]. These facts indicate that oxidatively modified LDL (as follows from
the above most probably dicarbonyl-modified LDL) formed under oxidative stress and/or
carbonyl stress are the most important factors of atherogenesis. Consequently, glycocalyx
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preservation should prevent atherogenesis and diabetogenesis, and glycocalyx damage
can be regarded as the first stage of atherosclerotic vascular injury. It may be assumed that
intensification of free radical processes during atherogenesis and diabetogenesis, provoking
oxidative modification of LDL, in addition may trigger other molecular mechanisms of
atherosclerotic damage of the vascular wall, such as glycocalyx degradation by superoxide
anion radicals and other ROS.

Based on a review of the cited literature and our own data, we can propose the
following scheme, which summarizes current views on the molecular mechanisms of
atherogenic damage of the vascular wall and endothelial dysfunction (Figure 1).
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Figure 1. The main stages of atherogenic damage of the vascular wall during oxidative and carbonyl
stress in atherogenesis and diabetogenesis and the development of endothelial dysfunction under
the action of dicarbonyl-modified LDL (based on literature and own data). Red lines and rectangles
highlight the metabolic reactions and processes whose existence was experimentally confirmed by
the authors of this review. Numbers denote: 1. Pathways of secondary development of oxidative
stress in diabetes associated with increased free-radical mechanism of endotheliocyte membrane
damage and development of endothelial dysfunction lipoperoxidation in atherogenesis [42,44]; 2.
An alternative pathway of oxidative stress development in diabetes associated with the formation
of superoxide anion radical and other ROS during the reaction of amino-containing compounds
with methylglyoxal (Maillard reaction) [43]; 3. Non-enzymatic formation of methylglyoxal when
glucose derivatives are attacked by alkoxyl lipid radicals [43]; 4. Chemical modification of LDL,
involving various natural dicarbonyls: MDA, glyoxal, and methylglyoxal [11,24,27,38]; 5. Foam
cell formation and preaterosclerotic (lipoidosis) damage of the vascular wall under the action of
dicarbonyl-modified LDL [11]; 6. Expression of LOX-1 on endotheliocyte membranes under the
action of dicarbonyl-modified LDL [54]; 7. Expression of NADPH-oxidase in endotheliocytes during
the accumulation of dicarbonyl-modified LDL and under generation of superoxide anion radical
by this enzyme system [54]; 8. Stimulation of endotheliocyte apoptosis by superoxide anion radical
and other ROS generated by NADPH-oxidase [50–53]; 9. Glycocalyx degradation under the action
of superoxide anion radical and other ROS [71–75]; 10. Free-radical mechanism of endotheliocyte
membrane damage and development of endothelial dysfunction [49–53].



Antioxidants 2022, 11, 1565 7 of 13

6. Antioxidants in Cardiology: Pro Et Contra

Based on the above considerations, it is logical to use antioxidants to inhibit LDL
oxidation, and a number of clinical studies have attempted to use safe natural antioxidants,
such as vitamin E (α-tocopherol, α-TOH), for this purpose. Trail data on the intervention of
antioxidants (mainly α-TOH, in some cases combined with ascorbate and/or β-carotene)
in cardiovascular diseases, in contrast to the very encouraging positive results obtained
from animal studies with experimental atherosclerosis, are not so unequivocal [79–83].
A number of randomized, double blind, placebo-controlled studies have found that the
use of antioxidant vitamins significantly reduces cardiovascular risk and cardiac mortal-
ity [84–86], and one of the few studies in which angiography was used as a control [87]
documented suppression of coronary stenosis in patients treated with antioxidants [87].
The works executed on large contingents of men [88] and women [89] have demonstrated
that regular consumption of α-TOH for several years promotes the reliable reduction of
risk of occurrence of CHD [88,89]. In the Cambridge Heart Antioxidant Study (CHAOS),
more than 2000 patients with angiographically confirmed atherosclerosis received high
(400–800 IU/day) doses of α-TOH for a year, and there was a significant reduction in
the risk of myocardial infarction [90]. In the SPACE study, in which patients with CHD
underwent hemodialysis and therapy including 800 IU/day of α-TOH for almost 1.5 years,
there was a significant reduction in the incidence of myocardial infarction [91]. However,
a number of other clinical trials did not show a significant reduction in cardiovascular
complications or cardiac mortality when antioxidants were administered [92–95]. For
example, in a study including a large number of male smokers who took α-TOH and/or
β-carotene for 5–8 years, there was no significant increase in cardiovascular mortality [92].
In the GISSI-Prevenzione trial, administration of 450 IU/day of α-TOH to patients who
had no more than 3 months after myocardial infarction resulted in neither a reduction in
mortality, nor a decrease in the incidence of new infarcts or strokes within 3.5 years [93].
In the Heart Outcomes Prevention Evaluation Study (HOPE), over 1500 patients at high
risk of cardiovascular disease who received 400 IU/day of α-TOH for 4.5 years showed no
significant reduction in cardiovascular mortality [94]. In the MRC/BHF Heart Protection
Study, over 20,000 patients with CHD who received an antioxidant vitamin complex that
included 900 IU/day of α-TOH for 5 years showed no increase in mortality from heart
attacks and strokes [95].

The results of studies using antioxidants (which included extremely high doses of α-
TOH), in which, contrary to expectations, no clear positive results were obtained, have led
some authors to argue that the antioxidants used had a negative effect [79,80]. Obviously,
it is not correct to interpret the lack of effect as a negative effect. Of course, the ambiguity
of the results on the use of antioxidants in clinical trials raises the question of the need for a
critical analysis of the reasons for this. At the same time, it should be noted that none of the
studies cited above reliably established a “negative” effect of antioxidants (e.g., increased
mortality and/or cardiac complications), as they revealed only the absence of the expected
positive effect. Based on the design of the studies, the principles of selection of the used
antioxidants and their doses, the criteria for assessing biochemical and clinical changes,
it seems obvious that the results of such very expensive works a priori cannot give an
unambiguous answer to the questions posed in them. We can agree with the statements of
opponents of further research on the use of antioxidants in cardiology about the futility of
continuing such research [79,80] without new evidence-based approaches to planning and
conducting the work.

It should be noted that the choice of α-TOH (vitamin E) as an antioxidant used in
most of the above studies cannot be considered sufficiently successful and justified. α-TOH,
like other fat-soluble vitamins, is transported in the body as part of the hydrophobic lipid
core of LDL particles [96]. However, it is not α-TOH that protects circulating LDL particles
from free radical peroxidation in the bloodstream, but the reduced (phenolic) form of
coenzyme Q [6,97–101]. Based on the fact that in one particle of LDL, there are no more
than 1–2 coenzyme Q molecules per 800 molecules of free radical peroxidation substrate,
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unsaturated phospholipids [102,103] effective inhibition of free radical reactions in LDL
by this antioxidant is impossible without its bioregeneration, possibly by mechanism
with the participation of α-TOH and ascorbate [103–107]. At the same time, it has been
shown that administration of α-TOH at high doses has no effect on LDL oxidizability
in CHD patients in vivo [101]. Thus, it should be recognized that the use of α-TOH
to inhibit LDL oxidizability in clinical trials is not justified and the use of coenzyme
Q [6,100] and other phenolic antioxidants, in particular probucol [6,101,108–110], whose
effectiveness in inhibiting LDL oxidation is convincingly confirmed, is more correctly for
LDL protection against oxidation [6,101]. It is also clear that it is unacceptable to use data
about the “negative” results obtained with individual antioxidants, such as α-TOH and
β-carotene [92–94], for the entire group of antioxidants [80], which includes a large number
of substances with very different structures and mechanisms of action. Although α-TOH
is safe in doses tens of times greater than its daily requirement [111], the use of extremely
high doses of natural antioxidants can be dangerous because of the possibility of converting
the antioxidant action into a pro-oxidant action, as we showed in an in vivo study [112].

Moreover, the data presented in this review indicate that in order to suppress athero-
genesis and endothelial dysfunction it is necessary to inhibit not only (and perhaps not so
much) the accumulation of primary products (LOOH) in LDL, but also the accumulation of
secondary products of free radical oxidation—low molecular weight dicarbonyls. Positive
examples of influencing the intensity of free radical oxidation using biguanides—dicarbonyl
scavengers [101,113–115] and aldehyde-binding imidazole-containing peptides [116,117]
already exist. In particular, the use of biguanides significantly suppressed the manifes-
tation of oxidative and carbonyl stress in diabetic patients without the administration of
any antioxidants (the so-called “quasi-antioxidant effect”) [101]. Obviously, preventive
cardiology should be aimed at preventing the negative effects of oxidative modification of
LDL, since modified LDL play a key role in the molecular mechanisms of atherogenesis
and diabetogenesis. Currently, the urgent task of pharmacotherapy is to develop effective
approaches to drug suppression of the accumulation of primary and secondary products of
free radical oxidation (as well as ROS and RCS) in order to control the level of potentially
dangerous oxidized and modified LDL.

7. Conclusions: Dicarbonyl-Modification LDL Is a Key Factor of Endothelial
Dysfunction and Atherogenesis

Experimental evidence is reviewed that not “oxidized” LDL (LDL containing LOOH
acyls in phospholipids), but LDL particles whose apoprotein B-100 is chemically modified
with natural dicarbonyls (such as malonic dialdehyde, glyoxal and methylglyoxal) may be
responsible for vascular wall damage. Based on the literature data and our own results, we
hypothesized a common molecular mechanism of vascular wall lesions in atherosclerosis
and diabetes mellitus. Oxidatively modified LDL also plays an important role in endothelial
dysfunction: the LOX-1 receptor of these cells binds to oxidatively modified LDL, causing
expression of NADPH oxidase and generation of superoxide anion radicals, which causes
endothelial cell damage and apoptosis. Consequently, carbonyl modification of LDL may
be a key factor in vascular wall injury in atherogenesis and endothelial dysfunction.
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