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Abstract— The kinetics of free radical peroxidation of different classes of blood plasma lipoproteins (nanoparticles involved 
in lipid transport in the body) was studied. The susceptibility of atherogenic low-density lipoproteins (LDLs) to the Cu2+-
initiated free radical peroxidation in vitro was found to be more than ten times higher than that of antiatherogenic high den-
sity lipoproteins (HDLs). The baseline content of acyl hydroperoxy derivatives of phospholipids (primary products of free 
radical peroxidation) in the outer layer of LDL particles in vivo measured per particle exceeded the baseline content of these 
compounds in HDL particles by more than an order of magnitude. The susceptibility to oxidation of the HDL2 subfraction 
of HDLs was higher than the susceptibility of total HDL fraction and HDL3 subfraction. The data obtained confirm an im-
portant role of free radical peroxidation of LDLs in the molecular mechanisms of vascular wall damage in atherosclerosis. 
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INTRODUCTION

The transport of lipids in the body involves the two 
major classes of lipid-protein nanostructures – low-den-
sity lipoproteins (LDLs) and high-density lipoproteins 
(HDLs)  –  differing in their metabolic functions, size, 
and chemical composition [1-5]. HDL particles contain 
apolipoproteins A1, C2, and E (ApoA1, ApoC2, and ApoE, 
respectively); larger LDL particles contain solely apoli-
poprotein B-100 (ApoB100) [1-4]. Liver-produced LDLs 
transport lipids to peripheral body tissues, whereas HDLs 
enable reverse transport of lipids to the liver for their uti-
lization [5-8]. ApoB100 in the LDLs can be modified by 
low-molecular-weight dicarbonyls formed as secondary 
products in the reactions of free radical oxidation of poly-
ene lipids [4-hydroxy-2-nonenal and malondialdehyde 
(MDA)] or glucose and other six-atom carbohydrates (gly-
oxal and methylglyoxal) [9]. MDA is an isomer of meth-
ylglyoxal generated enzymatically from triose phosphates 
accumulated during glycolysis in the case of hyperglyce-
mia [10], whereas glyoxal (MDA homolog) is formed in 

the reactions of glucose autooxidation [11] or co-oxidation 
with polyene lipids [11,  12]. Previously, we demonstrat-
ed that methylglyoxal is efficiently formed from glucose 
phosphates attacked by lipid hydroperoxide radicals [13], 
which implies accumulation of methylglyoxal as a result of 
non-enzymatic free radical co-oxidation of six-atom sug-
ars and unsaturated lipids during oxidative stress. Oxida-
tively modified LDL particles are actively captured by the 
scavenger receptors in the vascular wall cells resulting in 
the emergence of pre-atherogenic lipoid vascular lesions 
in atherosclerosis and diabetes mellitus [9, 12]. The mo-
lecular mechanisms of modification of LDL apolipopro-
teins by carbonyls in atherosclerosis (MDA) and diabetes 
(glyoxal and methylglyoxal) are similar [12, 14], although 
the efficiency of protein modification by different dicar-
bonyls may differ [15,  16]. Moreover, it was shown that 
oxidized LDL particles form complexes with the surface 
endothelial cell receptor LOX-1, followed by the stimula-
tion of apoptosis and dysfunction of the endothelium [17]. 
We found that the vascular scavenger receptors preferen-
tially bind dicarbonyl-modified LDL particles and not en-
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zymatically oxidized LDLs (obtained by oxidation of LDL 
by animal C-15 lipoxygenase) [18]. Therefore, the effects 
related to the atherogenic activity of oxidized LDLs de-
scribed in numerous studies are due not so much to the 
action of oxidized LDL particles containing acyl hydrop-
eroxy derivatives of phospholipids in the outer layer, but 
rather result from the modification of apolipoproteins by 
accumulated low-molecular-weight dicarbonyls [9,  14]. 
Hence, oxidative transformation of lipoproteins may play 
a critical role in the etiology and pathogenesis of athero-
sclerosis and diabetes mellitus [9,  14]. However, there is 
no consensus opinion on the comparative susceptibility of 
LDL and HDL particles to oxidation [19-27], since the 
studies on the assessment of oxidation rates of these com-
pounds have used different analytical assays, methods for 
the oxidation initiation, and approaches for data analysis 
(the reaction rate is typically calculated per mg protein, 
which complicates data interpretation due to a large differ-
ence in the apolipoprotein content in the LDL and HDL 
particles). Based on the above, we investigated the abili-
ty of LDL and HDL particles, as well as the HDL2 and 
HDL3 subfractions, to undergo Cu2+-initiated free radical 
peroxidation in vitro and assessed the baseline content of 
hydroperoxy derivatives of phospholipids in the outer lay-
ers of LDL and HDL particles in vivo.

MATERIALS AND METHODS

Isolation of LDLs, HDLs, and HDL subfractions 
(HDL2, HDL3) by preparative ultracentrifugation. LDLs, 
total HDLs, and HDL2 and HDL3 subfractions were iso-
lated from the peripheral blood serum of three apparently 
healthy volunteers by preparative ultracentrifugation in a 
NaBr density gradient using a Beckman Optima XPN-80 
ultracentrifuge (Beckman Coulter, USA) [28]. After add-
ing 1  mM EDTA, the plasma samples were transferred 
into centrifuge tubes, carefully overlaid with NaBr solution 
(density, 1.006 g/ml), and centrifuged at 105,000g for 18 h 
at 4°C. After centrifugation, the top fraction containing 
very low-density lipoproteins (VLDLs) was decanted and 
the tube content was mixed with the calculated amount 
of fine NaBr powder to produce a solution with a density 
of 1.065 g/ml. More NaBr solution with the same densi-
ty was added to the tubes, and the tubes were centrifuged 
again at 105,000g for 18 h at 4°C. The top fraction contain-
ing floating LDLs was carefully collected. The density of 
the remaining solution in the centrifuge tube was adjust-
ed to 1.125 mg/ml with NaBr powder. After centrifugation 
at 150,000g for 24  h at 4°C, the top fraction containing 
HDL2 was collected, and the density of the solution was 
adjusted to 1.21 g/ml with NaBr. The solution was centri-
fuged again as 150,000g for 24 h at 4°C, and the top frac-
tion containing HDL3 was collected. To obtain the total 
HDL fraction, the density of the solution remaining after 
collecting LDLs was adjusted to 1.21  g/liter with NaBr, 

and the solution was centrifuged at 150,000g for 24  h 
at 4°C. Finally, all isolated lipoprotein fractions were di-
alyzed for 18  h at 4°C against 2000 volumes of 0.145  M 
NaCl in 50 mM K,Na-phosphate buffer (pH 7.4).

Kinetics of Cu2+-initiated free radical oxidation of 
LDLs, HDLs, and subfractions HDL2 and HDL3. After 
dialysis, the protein content in the lipoprotein samples 
was measured by the Lowry method followed by dilut-
ing the samples to 50 μg protein/ml with 0.154 M NaCl 
in 50  mM K,Na-phosphate buffer (pH  7.4). Oxidation 
of LDLs, HDLs, and HDL2 and HDL3 subfractions at 
37°C was induced by adding 30 μM CuSO4 to the incu-
bation medium followed by the assessment of lipid hy-
droperoxide (LOOH) accumulation at fixed time points 
at 233 nm using a UV-2600 Shimadzu spectrophotometer 
(Shimadzu, Japan) [12, 29, 30]. The content of LOOHs 
(conjugated dienes, ΔD233) in the LDL and HDL parti-
cles was calculated using the molar extinction coefficient 
22,000 M−1 cm−1. The content of LOOHs per one LDL or 
HDL particle was estimated based on levels of ApoB100 
in LDLs and ApoA1 in HDLs (LDL and HDL particles 
contain one molecule of the corresponding apolipopro-
tein per particle). The levels of ApoB100 and ApoA1 were 
assessed using an Abbott Architect C8000 chemistry an-
alyzer (Abbott, USA) and commercial test kits (Abbott). 
The kinetics of in  vitro free radical Cu2+-initiated lipo-
protein oxidation was analyzed using lipoprotein parti-
cles isolated from the plasma samples of three volunteers 
(plasma lipoproteins isolated from each volunteer were 
used in independent experiments).

Statistical data processing was conducted using 
STATISTICA  10 (Statsoft, USA), MedCalc v.  12.7.0.0 
(MedCalc Software, Belgium), and Microsoft Excel 2010 
v. 14.0.7263.5000 software. Because data analysis revealed 
that the parameter distribution differed from normal, the 
difference between the groups was evaluated using the 
non-parametric Mann–Whitney U  test. The difference 
was considered significant at p < 0.05.

RESULTS AND DISCUSSION

Comparative assessment of the susceptibility of dif-
ferent classes lipoproteins to oxidation. The mechanism of 
Cu-initiated free radical peroxidation of lipoproteins has 
been thoroughly investigated [29, 30]. Although the kinet-
ics of in vitro lipoprotein oxidation significantly depends 
on the particle composition, chemical nature (unsatura-
tion) of oxidation substrates (polyene phospholipids of 
the particle outer layer), and their quantity, it is mostly 
strongly determined by the presence of primary oxidation 
products (LOOHs) accumulated in the particles during 
their circulation in the blood [12]. The decomposition of 
these unstable LOOHs may occur spontaneously:

LOOH → LOO• + H+.
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Fig. 1. Kinetics of the Cu2+-induced free radical oxidation of LDLs 
(curve 1) and HDLs (curve 2); significant difference between curve 1 
and curve  2 (p  <  0.05) at all time points starting from 20  min after 
the onset.

However, the Cu-dependent LOOH decomposition 
resulting in the formation of peroxyl (LOO•) and alkoxyl 
(LO•) radicals occurs more efficiently:

LOOH + Cu2+ → LOO• + H+ + Cu+

LOOH + Cu+ → LO• + OH− + Cu2+ [12, 28, 29].

The above equations show that the initiation rate of 
the lipoprotein free radical oxidation is determined by the 
baseline content of LOOHs accumulated in the particles 
in vivo. Further polyene lipid (LH) oxidation in lipopro-

tein particles occurs via a chain mechanism with the for-
mation of lipid radicals (L•) as intermediates:

LH + LOO• → LOOH + L•

LH + LO• → LOH + L•

L• + O2 → LOO• [12, 28, 29].

The comparison of the oxidation kinetics for the 
LDL particles and total HDL fraction is shown in Fig. 1.

Under identical in  vitro conditions, the rate of the 
free radical oxidation per LDL particle exceeded by more 
than two orders of magnitude the oxidation rate per HDL 
particle (Fig. 1). After 90 min of Cu2+-initiated oxidation, 
the content of accumulated LOOHs in LDL particles was 
(66.9 ± 3.26) × 10−11 pmol per particle, whereas the con-
tent of LOOHs in the total HDL fraction was as little as 
(1.85 ± 0.09) × 10−11 pmol per particle (Fig. 2).

These data unambiguously show that the LDL parti-
cles were much more sensitive to the induced free radical 
oxidation of phospholipids in the outer particle layer than 
the HDL particles. The baseline LOOH concentration in 
the isolated LDLs was (4.2 ± 0.11) × 10−11 pmol LOOH 
per particle vs. (0.20 ± 0.04) × 10−11 pmol LOOH per par-
ticle in the total HDL fraction (Fig. 3).

The baseline level of lipoprotein oxidation in  vivo 
was more than ten times higher in the LDL particles 
than in the HDL particles. This suggests that the rate 
of the in  vivo free radical oxidation of LDL particles is 
substantially higher than that of the HDL particles, be-
cause LOOH degradation generates active alkoxy radicals 
LO• capable of initiating further free radical oxidation 
of lipid substrates via a chain mechanism. Therefore, an 
increased sensitivity of LDL particles to the initiation of 

Fig.  2. LOOH accumulation in LDL particles, total HDL frac-
tion, and HDL2 and HDL3 subfractions 90-min after initiation of 
the Cu2+-dependent free radical oxidation of phospholipids in the 
particle outer layer; *  significant difference with all HDL fractions 
(p < 0.05); **  significant difference between HDL2 and total HDL, 
HDL3 (p < 0.05).

Fig. 3. The baseline LOOH concentration (in vivo LOOH level) in 
the LDL particles, total HDL fraction, and HDL2 and HDL3 sub-
fractions assessed immediately after lipoprotein isolation by ultra-
centrifugation in the presence of EDTA; * significant difference with 
all HDL fractions (p < 0.05); ** significant difference between HDL2 
and total HDL, HDL3 (p < 0.05).
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the free radical oxidation should markedly depend on 
the rate of initiation [12]. An elevated content of lipid 
peroxides in LDLs in vivo [25, 26] may be accounted for 
by the initiation of oxidation of LDLs by reactive oxygen 
species (ROS) during the development of oxidative stress 
[9, 14, 26], in particular, in the atherogenesis-associated 
hyperlipidemia [9, 12, 26].

Studying the kinetics of induced free radical oxi-
dation in the most anti-atherogenic HDL subfractions 
(HDL2 and HDL3) revealed that the lipid oxidation rate 
in the HDL2 particles markedly (severalfold) exceeded 
that in the HDL3 particles, as well as in the total HDL 
fraction (Fig. 4).

We found that after 90  min of oxidation, the 
amount of accumulated LOOHs in HDL2 particles 
was 3.5 times higher than in the total HDL fraction 
(6.49 ± 0.66× 10–11 vs. 1.85 ± 0.09 × 10–11 pmol LOOH per 
particle, respectively). The difference between the LOOH 
accumulation in the HDL3 particles and in total HDL 
fraction was insignificant (Fig.  4). The baseline LOOH 
level in HDL2 particles was more than 2.5 times higher 
than in the total HDL fraction (0.52 ± 0.087 × 10–11 vs. 
0.20 ± 0.04 × 10–11 pmol LOOH per particle, respective-
ly), while no significant difference was observed between 
the HDL3 particles and total HDL fraction (Fig. 3).

These data convincingly demonstrate that LDL par-
ticles are much more prone to the in  vitro free radical 
oxidation and in  vivo spontaneous oxidation. LDL par-
ticles are a preferential substrate for the free radical ox-
idation both in in vitro and in vivo, which is in line with 
the concept on the crucial role of oxidatively modified 
LDLs in molecular mechanisms involved in the forma-
tion of vascular wall lesions in atherosclerosis [9, 27] and 
diabetes mellitus [9, 12, 14-16]. LDL particles enriched 
in hydroperoxy derivatives of phospholipids readily un-
dergo modification by the secondary products of LOOH 
degradation, such as 4-hydroxy-2-nonenal and MDA 
[14-16]. Modification of ApoB100 in LDL particles by 
carbonyls might play a key role in the triggering of the 
mechanisms of atherogenesis [9, 14] and diabetes melli-
tus [9, 12, 14, 15]. Some authors have also reported high-
er susceptibility of LDLs vs. HDLs [24,  26,  27], which 
is in agreement with our data (Figs.  1-3), but there are 
also studies that have drawn the opposite conclusions 
[19-23,  25]. This controversy may be related to various 
factors, such as the use of different inducers for the ini-
tiation of oxidation in vitro, methods for the detection of 
oxidation products, and approaches for data interpre-
tation [19-27]. In particular, we believe that presenting 
the data on the accumulation of oxidation products per 
mg total protein (as typically done in such studies) for 
comparing the susceptibility of LDL and HDL particles 
to oxidation is incorrect because of a great difference in 
the apolipoprotein levels in these particles [31]. Based on 
our calculations, the baseline content of LDL and HDL 
lipid peroxides, as well as their accumulation in the free 

radical oxidation reaction in vitro, could be more prop-
erly compared by presenting the data as LOOH content 
per particle. In our opinion, a higher susceptibility to ox-
idation of HDLs vs. LDLs is very unlikely even in theory 
due to a higher percentage content of apolipoproteins in 
HDLs and, even to a greater extent, due to a significant-
ly lower content of oxidation substrates (phospholipids) 
in HDLs vs. LDLs [31]. Indeed, HDL2 and HDL3 par-
ticles contain 5 to 13 times less phospholipid molecules 
than LDL particles [31]. At the same time, the protein 
content in the HDL2 and HDL3 subfractions is 2 to 2.6 
times higher than in LDLs  [31]. As we demonstrated 
earlier by comparing the oxidation kinetics of lipopro-
tein (a) [Lp(a)] and LDL particles containing the same 
amount of oxidation substrates, a markedly lower sus-
ceptibility of Lp(a) particles to oxidation may be relat-
ed to a higher apolipoprotein  (a) content in them  [32]. 
It is possible that the less pronounced oxidation of Lp(a) 
particles may be due to the presence of a long glyco-
protein tail that distinguishes apolipoprotein  (a) from 
ApoB100, because it can mask phospholipid polyene 
acyl moieties in the outer layer of Lp(a) particles, there-
by reducing their accessibility to the free radical oxi-
dation (i.e., acting as a “structural antioxidant”) [32]. 
This hypothesis is corroborated by the observation that 
carbonyl modification of Lp(a) resulting in the abol-
ishment or attenuation of the phospholipid masking by 
apolipoprotein (a) increased the rate of Lp(a) free radical 
oxidation [32].

At present, the reasons for the observed discrep-
ancies in the susceptibility of HDL2 and HDL3 parti-
cles to oxidation remain unclear (Figs.  2-4); however, 

Fig. 4. Comparative kinetics of the free radical Cu2+-induced oxida-
tion for total HDL fraction (curve  1), HDL2 subfraction (curve  2), 
and HDL3 subfraction (curve  3); significant difference (p  <  0.05) 
between curve 2 and curve 1 and between curve 2 and curve 3 at all-
time points starting from 20 min after the onset.
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it should be noted that the free radical oxidation of 
HDL particles results in the modification of their apo-
lipoproteins so that HDLs lose their capacity to fa-
cilitate reverse cholesterol transport [33-35]. An el-
evated susceptibility of HDL2 particles to oxidative 
modification (Figs.  2-4) might affect their transforma-
tion to HDL3 [36] and contributes to the negative effect 
of the free radical oxidation on reverse cholesterol trans-
port [33-35]. Our data on the increased susceptibility of 
LDL particles to the free radical oxidation in  vitro and 
in  vivo are in good agreement with the earlier data [37] 
evidencing that the elevated susceptibility of LDLs to 
oxidation serves as a predictor of developing coronary 
atherosclerosis [37].

CONCLUSION

Here, we used classical kinetics methods to obtain 
the data on the content of primary products of free rad-
ical oxidation in the LDL and HDL particles and HDL 
subfractions (HDL2 and HDL3). We found that cal-
culating LOOH content per mg protein (as in previous 
publications) produces ambiguous results and should 
be replaced by assessing the LOOH content per LDL 
or HDL particle. Even in healthy people, the baseline 
LOOH content and the rate of induced LOOH accu-
mulation in the atherogenic LDLs markedly exceed-
ed those in the anti-atherogenic HDL particles. Our 
data convincingly show that LDL particles accumulate 
the major amount of the free radical oxidation prod-
ucts in the blood plasma upon atherogenesis-associated 
oxidative stress.
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