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Abstract Electronegative low-density lipoprotein (LDL)
found in human plasma is highly atherogenic, and its level is
elevated in individuals with increased cardiovascular risk. In
this review, we summarize the available data regarding the
elevation of the levels of electronegative LDL in the plasma of
patients with various diseases. In addition, we discuss the
harmful effects and underlying mechanisms of electronegative
LDL in various cell types. We also highlight the known
biochemical properties of electronegative LDL that may con-
tribute to its atherogenic functions, including its lipid and
protein composition, enzymatic activities, and structural fea-
tures. Given the increasing recognition of electronegative
LDL as a potential biomarker and therapeutic target for the
prevention of cardiovascular disease, key future goals include
the development of a standard method for the detection of
electronegative LDL that can be used in a large-scale
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population survey and the identification and testing of strate-
gies for eliminating electronegative LDL from the blood.

Keywords Atherogenesis - Cardiovascular disease -
Endothelial cell apoptosis - Electronegative LDL - Platelet
activation - Thrombogenesis

Introduction

During the last few decades, the lowering of plasma levels of
low-density lipoprotein (LDL) cholesterol (LDL-C) has been
the primary therapeutic approach in the prevention of cardio-
vascular events [ 1-3]. However, the lowering of LDL-C levels
in some clinical trials has been shown to have no effect on
hazard ratios or cardiovascular mortality [4, 5]. Furthermore,
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in patients without traditional cardiovascular risk factors,
other factors have been shown to affect the development
of atherosclerosis and cardiovascular diseases, such as
lifestyle [6, 7], inflammation [8], rheumatic diseases [9,
10], and genetic polymorphisms [11, 12]. Alternative hy-
potheses have suggested that LDL variants, such as oxi-
dized LDL (oxLDL), small dense LDL, and lipoprotein
(a), may be important constituents of LDL that determine
its atherogenicity and may be associated with atherosclero-
sis and cardiovascular diseases [13—16]. Although oxLDL
has been shown to produce atherogenic responses in cul-
tured endothelial cells (ECs), it can only be artificially
prepared in vitro [17, 18]. Another form of minimally
oxidized LDL that has gained increasing recognition for
its role in the development of atherosclerosis is electroneg-
ative LDL [19, 20]. Since the initial characterization of
human-atheroma-derived LDL by Hoff et al. [21, 22] more
than two decades ago, the term “electronegative LDL” has
been used to describe LDL with relatively high electro-
phoretic mobility on agarose gel electrophoresis. In 1988,
Avogaro et al. [23] separated human LDL into electropos-
itive and electronegative LDL fractions called LDL(+) and
LDL(-), respectively, by using fast protein liquid chroma-
tography with ion-exchange columns. They confirmed that
LDL(-) particles are heterogeneous in morphology and
size and have a tendency to aggregate [23]. In 2003, Chen
et al. [24, 25] sequentially divided plasma LDL into five
subfractions with increasingly negative charge, designated
as L1-LS, by using fast protein liquid chromatography
with anion-exchange columns. With this technique, which
has become a standard method for the isolation of electro-
negative LDL, the least electronegative subfraction of LDL
(i.e., L1) and the most electronegative subfraction of LDL
(i.e., L5) are distinctly separate, and the intermediary
subfractions (i.e., L2-L4) are excellent materials with
which to study the transitional electronegativity-based
changes in LDL. In a study that compared the subfraction
composition of LDL from normocholesterolemic subjects
and patients with hypercholesterolemia, L1 composed
859 % and 69.4 % of total LDL-C, respectively, L2
composed 52 % and 9.2 %, L3 composed 5.9 % and
12.8 %, L4 composed 2.0 % and 4.9 %, and L5 com-
posed 1.1 % and 3.9 % [25]. L5 has been shown to be
particularly atherogenic in ECs, and its level is elevated in
patients with increased cardiovascular risk [26, 27e, 28e].
Therefore, understanding the underlying chemistry of LS5 is
essential for uncovering its pathogenesis in cardiovascular
disease. In this review, we will summarize the available
data regarding the elevation of plasma L5 levels in patients
with increased cardiovascular risk and the known athero-
genic effects of L5 in various cell types. In addition, we
will highlight the known biochemical properties of L5 that
may contribute to its atherogenic functions.
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Patient Groups with Elevated Plasma Levels
of Electronegative LDL

In Table 1, the patient groups in which LDL(-) or LS levels
have been shown to be elevated are shown. Plasma levels of L5
were first found to be elevated in hypercholesterolemic patients
[24], and, in a later study, L5 was reported to compose 8.1 % of
total LDL [28¢], which was 3.5 times higher than the level of L5
in normolipidemic individuals. Similarly, in a study of patients
with familial hypercholesterolemia, L5 composed 3.7 % of total
LDL, which was 3.4 times higher than the level of L5 in
normolipidemic individuals [25]. In a study of patients with
diabetes mellitus, LS composed 1.7 % of total LDL, which was
2.2 times higher than the level of L5 in healthy control subjects
[29]. In smokers and patients with metabolic syndrome, L5
levels were reported to be increased compared with those in
control individuals and correlated with atherogenicity and risks
of cardiovascular disease [27¢, 30]. In a study in which LDL
was subdivided into three subfractions according to charge, the
level of the most electronegative subfraction (i.e., LDL-3) was
increased in patients with hypertension [31]. In patients with
ST-segment-elevation myocardial infarction (STEMI), LS com-
posed 15.4 % of total LDL and was present at a plasma
concentration ten times higher than that in subjects without
metabolic syndrome, regardless of LDL-C level [32¢¢]. Using
antibodies to quantify LDL(-), other researchers have shown
that the level of LDL(-) is increased in patients with acute
coronary syndrome, such as unstable angina and stable angina
[33], and in patients undergoing hemodialysis and peritoneal
dialysis [34]; however, these approaches have not been verified
by using previously established techniques.

The consistent pattern of elevated L5 levels that has
emerged in patients with cardiovascular risks has suggested
that the index of LDL electronegativity represents a novel
predictor of atherosclerosis. To further demonstrate the impor-
tance of electronegative LDL and its relationship with cardio-
vascular disease, a rapid, quantitative protocol is needed that
can be used for a large-scale epidemiologic survey.

Atherogenic Effects of Electronegative LDL on Different
Cell Types

L5 is not recognized by LDL receptor (LDLR) [31], but rather,
it signals through lectin-like oxLDL receptor 1 (LOX-1) and
platelet-activating factor receptor (PAFR) (Fig. 1) [24, 26, 32¢e].
LOX-1, initially identified as the major receptor for oxLDL in
ECs, is expressed at a high level in proatherogenic settings and
has been shown to have a critical role in atherogenesis [35¢].
The known effects of L5 on the cell types studied to date
are summarized in Table 1. Nearly all in vitro studies with L5
have been performed by incubating cell cultures with 50 pg/
mL L5 for 24 h to maintain consistency. L5 has been shown to
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induce EC apoptosis via LOX-1 and PAFR [24, 26]. In cul-
tured vascular ECs, L5 from patients with hypercholesterol-
emia induced apoptosis in a dose- and time-dependent manner
by reducing fibroblast growth factor 2 transcription via the
suppression of the phosphoinositide 3-kinase/Akt signaling
pathway [24, 36]. Furthermore, L5 induced the expression
of Bad, Bax, and tumor necrosis factor « and the release of
cytochrome ¢ from mitochondria (Fig. 1). Similarly, L5 from
patients with diabetes mellitus was shown to induce as much
as 65 % apoptosis in ECs [36]. In a study of the physicochem-
ical characteristics of L5 from patients with familial hyper-
cholesterolemia, L5 was found to be heterogeneous in density
and composition among individuals, and the induction of EC
apoptosis was more strongly associated with LDL electroneg-
ativity than with LDL size or density [37]. In addition to
apoptosis, L5 [and in some cases LDL(—)] has been shown
to induce the release of the chemokines monocyte chemotactic
protein 1 and interleukin (IL)-8 [38] from ECs, inhibit vascu-
lar EC migration and tube formation via increased vascular
endothelial growth factor signaling, and suppress the expres-
sion of matrix metalloproteinases 2 and 9 in ECs (Fig. 1) [39].
Because damage to ECs contributes to increased permeability,
inflammation, and atherogenesis [40] in the vascular endothe-
lium, L5 is believed to have an important role in the initiation
of atherosclerosis.

L5 has also been shown to impair endothelial progenitor
cell differentiation by inhibiting Akt phosphorylation and

Activated
Monocyte

Wortmannin
RO318820

Damaged
Endothelial Cells

Fig. 1 Mechanisms of L5-induced atherosclerosis via multiple signaling
pathways in endothelial cells, platelets, and monocytes. L5 activates
endothelial cells through lectin-like oxidized LDL receptor 1 (LOX-1)
and platelet-activating receptor (PAF-R), suppressing phosphoinositide 3-
kinase (PI3K)/Akt signaling and increasing the release of tumor necrosis
factor o (TNFa). In platelets, L5 augments adenosine diphosphate
(ADP)-induced platelet activation and aggregation through LOX-1 and
PAF-R. In monocytes, L5 promotes adhesion with endothelial cells and
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downregulating kinase insert domain receptor and CD31
[30]. Although cardiac myocytes and smooth muscle cells
are not directly exposed to circulating L5, L5 can, neverthe-
less, induce cardiomyocyte apoptosis indirectly through en-
dothelial cytokines, including IL-8, cytokine-induced neutro-
phil chemoattractant 20/, lipopolysaccharide-induced CXC
chemokine (CXCLS5/ENA-78), macrophage inflammatory
protein 3, and tissue inhibitor of matrix metalloproteinase 1
[27¢]. In monocytes, L5 directly increases the release of IL-6,
IL-10 [41], and monocyte chemotactic protein 1 and indirectly
enhances mononuclear leukocyte adhesion to ECs by increas-
ing the expression of vascular cell adhesion molecule 1 and
CXC chemokines, including growth-related oncogene (GRO)
«, GRO-3, IL-8, ENA-78, GRO-y, and granulocyte chemo-
tactic protein 2 from ECs (Fig. 1) [38, 42, 43].

Recently, L5 has been shown to activate platelets through
LOX-1 and PAFR (Fig. 1). L5 enhanced adenosine diphos-
phate (ADP)-induced signaling, which leads to platelet aggre-
gation and the attachment of platelets to damaged endotheli-
um [32¢¢]. L5 has been shown to create a thrombophilic state
by triggering platelet activation and aggregation with L5-
activated ECs [44] and, thus, may also have a substantial role
in promoting thrombogenesis that leads to STEMI [32ee].

L5 is the only charge-defined subfraction of LDL that can
induce endothelial dysfunction, monocyte inflammation, and
platelet activation [30, 32e, 36, 42]. L5 is believed to accel-
erate atherosclerosis through increased residence time in the

Fibrinogen
[ ]

ABT-491
rPAF-AH

Caspase
< pL‘ z-VAD-fmk

cl-xL

induces the release of interleukin (/L)-6, IL-10, monocyte chemotactic
protein 1 (MCP-1), and other mediators to induce systemic inflammation.
cAMP cyclic adenosine monophosphate, eNOS endothelial nitric oxide
synthase, FGF?2 fibroblast growth factor 2, FGFR fibroblast growth
factor receptor, PAF-AH platelet-activating factor acetylhydrolase, pAKT
phosphorylated Akt, PKC protein kinase C, 7F tissue factor, VCAM-1
vascular cell adhesion molecule 1, z-VAD-fmk a caspase inhibitor
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plasma and by the induction of inflammatory responses in
artery wall cells [45]. Notably, the mean plasma levels of L5
that have been identified in patients with cardiovascular risks
(e.g., 150 pug/mL in patients with STEMI) far exceed the level
of L5 used in in vitro studies (50 pg/mL). The atherogenic
effects of L5 observed in vitro support the notion that the
index of LDL electronegativity may potentially be used to
predict and monitor the development of atherosclerosis.

Biochemical Properties of Electronegative LDL
Lipid Moieties of Electronegative LDL

To understand the different receptor affinities for LS, as well as
the proatherogenic activity of LS, it is important to consider the
biochemical properties of L5, including its chemical compo-
sition [46¢¢] (Table 2). Because the in vitro oxidation of LDL
primarily results in the modification of surface phospholipids,
lipid moieties may be an important factor in the antigenic
epitopes of electronegative LDL. Avogaro et al. [23] compared
the chemical composition of LDL(+) and LDL(-) and showed
that the level of phospholipids was dramatically decreased
(23.2+1.7 % vs 5.5+2.8 %) and that the level of free choles-
terol was increased (11.0£1.6 % vs 17.4+£5.4 %) in LDL(-)
[23]. No significant variation was observed in cholesteryl ester
or triglyceride content. Avogaro et al. suggested that decreased

phospholipid levels may be the result of oxidation, given that
oxidized phospholipids are more susceptible to hydrolysis by
phospholipases than are non-oxidized phospholipids. Howev-
er, these findings regarding the phospholipid content of
LDL(-) have not been replicated. In 2003, Yang et al. [25]
reported that LS from patients with familial hypercholesterol-
emia compared with L5 from normolipidemic individuals had
reduced cholesteryl ester content and increased triglyceride
content, whereas free cholesterol and phospholipid levels were
not significantly different between the groups [25]. In 2007,
results similar to those of Yang et al. were shown in patients
with diabetes mellitus [29]. The discrepancy between these
findings (Table 2) may be attributed to the use of different
commercial kits from Menarini (Florence, Italy) and Merck
(Darmstadt, Germany). Sanchez-Quesada et al. [38] used a
third commercial method (Wako Chemicals, Richmond, VA,
USA) for quantifying lipid components and compared LDL(-)
with LDL(+) in patients with familial hypercholesterolemia
and in normolipidemic individuals. They showed that in pa-
tients with familial hypercholesterolemia, triglyceride and
nonesterified fatty acid (NEFA) levels were increased in
LDL(-) compared with LDL(+) from these patients. The same
was observed in normolipidemic individuals, but esterified
cholesterol and phospholipid levels were comparable between
LDL(-) and LDL(+). When lipid oxidation parameters were
examined, no differences were observed in the levels of anti-
oxidants (-tocopherol, x-carotene, (3-carotene, and lycopene),

Table 2 Changes in lipid components in L5 versus L1 or LDL(-) versus LDL(+) reported in various study groups

PL (%) TG (%) Chol (%)  CE (%) NEFA (mol/mol apoliprotein B) References
Native LDL from healthy NL subjects (n=18) 232+1.7 54+1.7 11.0£1.6 432438 ND [23]
Modified LDL from healthy NL subjects (n=18) 5.5+2.8* 82437 174+454* 46.7£80 ND
L1 from NC subjects (n=4) 25.0£0.7  7.1£0.9 9.8+1.0 33.6+24 ND [25]
LS5 from NC subjects (n=4) 26.2+3.0 13.6£1.2%  9.7+0.5 24.24+3.9*% ND
L1 from FH patients (n=3) 259+0.7 3.7£0.8 11.7+0.2 34.0+03 ND
L5 from FH patients (n=3) 249+19 169+0.6* 114+£0.6 22.5+£9.2* ND
L1 from NC subjects (n=5) 26.3+42  3.9+0.6 89+13 35.0+72 ND [29]
L5 from NC subjects (n=5) 30.0+£3.2  7.1+3.1*  83+£1.0 20.0£2.6¥ ND
L1 from DM patients (n=5) 24.5£0.8 4.1£09 85+1.5 379443 ND
LS5 from DM patients (n=5) 26.9+6.5 6.7£24* 82+1.0 183+1.0* ND
LDL(+) from NC subjects (n=31) 25.6£09  6.8+1.3 11.6£0.7 289+1.7 12.3%7.7 [38, 41, 51]
LDL(-) from NC subjects (n=31) 25.8+€1.7 8.0+1.5* 122+0.8 28.6+1.8 24.7+12.0*
LDL(+) from FH patients (n=31) 259+08 55+1.0 11.8£0.5 30.1+14  12.8+43
LDL(-) from FH patients (n=31) 249+1.1 7.5+14% 122+0.7 30.6£1.6 22.549.3*
LDL(+) from NC subjects (n=48) 272420 72+1.8 114+£08 29.1+£1.9 14.6+7.2 [45]
LDL(-) from NC subjects (n=48) 273+13  9.5+1.9*% 113+£1.0 287+1.8 36.2+11.5%
LDL(+) from DM patients (n=68) 27.0+£2.7 7726 11.1£12 287+£1.8 149472
LDL(-) from DM patients (n=68) 264+2.0 102+2.8* 11.3£0.8 28.6+2.1 23.2+6.7*

Data are expressed as the mean value + the standard deviation

CE cholesteryl ester, Chol free cholesterol, DM diabetes mellitus, #H familial hypercholesterolemia, NC normal control, ND not determined, NEFA
nonesterified fatty acid, NL normolipidemic, PL phospholipid, TG triglyceride

*P<0.05 versus L1, LDL(+), or native LDL within the same group
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Table 3 Changes in apolipoprotein (apo) and protein content in L5 versus L1 or LDL(-) versus LDL(+) reported in various study groups

LC-MSE [46¢¢]

Coomassie blue staining [56]

Immunoturbidimetry [51] LC-ESI/MS/MS [51]

L1 L5 L1 LS LDL(+) LDL(-) LDL(+) LDL(-)
Apo@ U 0.805+1.016 ND ND ND ND U 0.006:0.002
Albumin  0.004+£0.006  0.095+0.096  ND ND ND ND 0.005+0.004  0.011+0.010
Apo E 0.020+0.023  0.525+0317* Low High 0.023+£0.021  0.093+0.030*  0.042+0.016  0.217+0.051*
Apo Al 0.052+0.091  0402+0.167* Low High 0.068+0.015  0.233+0.017*  0.039+0.027  0.146+0.032*
Apo Al ND ND ND ND 0.010£0.008  0.056+0.012*  0.029+0.009  0.141+0.056*
ApoCI  ND ND ND ND 0.033£0.005  0.043£0.005  0.028+0.034  0.049+0.049
ApoCIl U 034840353  Low High** 0.049+£0.027  0.210£0.145*  0.090+0.055  0.374+0.278*
ApoJ U 0.041+0.047  ND ND 0.002+0.002°  0.001£0.001°  0.001+0.001  0.0110.005*
PAF-AH U 0.004+0.009  ND ND ND ND ND ND

PONI1 U 0.036+0.054  ND ND ND ND ND ND

Data are expressed as the mean value (number of moles of indicated lipoprotein or protein per mole of apo B) + the standard deviation.

LC-ESI/MS/MS liquid chromatography—electrospray ionization multistage mass spectrometry, LC-MS® liquid chromatography—mass spectrometry, ND
not determined, PAF-AH platelet-activating factor acetylhydrolase, PONI paraoxonase 1, U undetectable

*P<0.05 versus L1 or LDL(+)
# P determined following densitometric analysis

®Measured by using an enzyme-linked immunosorbent assay

fatty acid hydroxides, or malondialdehyde between LDL frac-
tions or between normolipidemic individuals and familial hy-
percholesterolemia patients. These data confirmed those of a
previous study in which thiobarbituric acid reactive substances
were measured [47]. Similar results were also reported in
patients with diabetes mellitus [45]. However, modifications
in LDL(-) from diabetes mellitus patients were reported to be
increased, including nonenzymatic glycosylation and oxidation
[48].

Lipoprotein and Protein Components of Electronegative LDL

A summary of the changes in lipoprotein and protein content
documented in L5 versus L1 and in LDL(-) versus LDL(+) is
shown in Table 3. The protein framework of L1 is composed
almost entirely of apolipoprotein B-100 (apo B-100), which
has an isoelectric point (pl) of 6.620. L5 is composed largely
of apo B-100, but it contains other proteins, including apoli-
poprotein E (apo E; pI 5.5), apolipoprotein Al (apo AL pl 5.4),
apolipoprotein CIII (pI 5.1), and lipoprotein (a) (pI 5.5) [46°¢].
The proportional increase in the levels of these low-plI proteins
in L5 compared with L1, observed by using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and 2D electro-
phoresis, may contribute to the overall negative charge of
L5. Data derived from liquid chromatography—mass spec-
trometry (LC-MS")—a more detailed technique for the quan-
tification of proteins—have shown that L1 contains 99.71+
0.37 % apo B-100 on the basis of weight percentage, as well
as minute amounts of albumin, apo E, and apoAl [49, 50]. In
contrast, L5 contains only 61.26+21.44 % apo B-100 and
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approximately 30 % apolipoprotein (a) [apo(a)]. Apo E and
apo Al compose about 3 % and 2 % of the total weight of L5,
respectively. Sizable amounts of albumin, apolipoprotein CIII,
apolipoprotein J, platelet-activating factor acetylhydrolase
(PAF-AH), and paraoxonase | have also been detected in L5.

The differences observed between L5/L1 and LDL(-)/
LDL(+) (Table 3) may have resulted from variations in the
different chromatographic separation techniques used. For
example, L5 is extracted from other LDL subfractions by the
progressive elevation of the salt gradient during anion-
exchange chromatography, and it represents a small, but high-
ly negatively charged LDL. In contrast, LDL(-) is a product of
the dichromatic division of total LDL [23-25]. The major
differences between the L5/L1 and LDL(—)/LDL(+) pairs are
in their differential levels of apo E and apo AI content.
LDL(-), which was analyzed by using either
immunoturbidimetry or liquid chromatography—electrospray
ionization multistage mass spectrometry (LC-ESI/MS/MS),
contains approximately fivefold more apo E and fourfold
more apo Al than does LDL(+) [51]. In contrast, LS, which
was analyzed by using LC-MSF, contains 24-fold more apo E
and eightfold more apo Al than does L1 [46°]. The signifi-
cance of the distinctly higher levels of apo E and apo Al
content in L5 is currently under investigation in our laborato-
ry. Another major disparity between the L5/L1 and LDL(-)/
LDL(+) pairs is that whereas apo(a) was detected in high
amounts in L5, it was not detectable in LDL(-) by using
immunoturbidimetry, and it is detected only in a minute
amount by using LC-ESI/MS/MS [51]. A possible explana-
tion for this difference is that the density range used for the
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separation of LDL differs between the techniques used. The
LDL density range used by Bancells et al. [S1] to separate
LDL(-) from LDL(+) is from 1.019 to 1.050 g/mL, whereas
in our studies, we used a range from 1.019 to 1.063 g/mL for
LDL subfractions. The density of apo(a)-containing particles
ranges between 1.020 and 1.120 g/mL, with values mostly
falling between 1.050 and 1.120 g/mL [52].

Enzymatic Activities of Electronegative LDL

Lipoprotein-associated phospholipase A, (Lp-PLA2) has a
pathogenic role in endothelial inflammation, atherosclerosis,
and other cardiovascular diseases [53, 54]. LDL(-) isolated
from patients with familial hypercholesterolemia or diabetes
has been shown in proteomic studies to contain Lp-PLA2 [29,
55, 56]. Lp-PLA2 can cleave phospholipids to generate
lysophosphatidylcholine (lysoPC) and oxidized NEFA [54].
In 2007, Gaubatz et al. [29] showed that LDL(-) subfractions
(D6 and D7) were enriched with Lp-PLA2, as well as with
lysoPC and NEFA. Similarly, Yang et al. [56] quantified Lp-
PLA2 in LDL subfractions from patients with diabetes
mellitus and showed that LS contained about one Lp-PLA2
molecule for every 237 L5 particles, whereas L1 contained
one Lp-PLA2 molecule for every 152,000 L1 particles [56].

LysoPC and NEFA are bioactive, proinflammatory lipid
metabolites [54]. Because Lp-PLA2 is associated with
LDL(-), increased lipolysis by Lp-PLA2 results in a high
lysoPC and NEFA content that impairs the ability of LDL to
bind to LDLR [57]. Furthermore, NEFA promotes the patho-
genesis of diabetes mellitus [53, 58, 59¢] and inflammatory
responses [60]. The reduction in the level of the secreted form
of phospholipase A, has been studied as a therapeutic target in
the prevention of cardiovascular disorders, but the phase III
clinical trial was stopped prematurely for lack of efficacy [61].

PAF-AH is another powerful immediate-response mole-
cule that elicits physiologic and pathophysiologic responses
both independently and through the activation of specific G-
protein-coupled receptors [62]. In 2003, Benitez et al. [63]
reported that LDL(-) from both hypercholesterolemic patients
and normolipidemic individuals had PAF-AH activity that
was five times higher than that in LDL(+). Furthermore, our
proteomic studies showed that PAF-AH was detectable in L5
but not in L1 [46°] (Table 3). The presence of PAF-AH is
believed to be related to the inflammatory capacity of LDL(-)
[63, 64]; however, the genetic deficiency of PAF-AH in
humans increases the severity of atherosclerosis and other
syndromes [65, 66], and recombinant PAF-AH has been
shown to lessen the proapoptotic effect of LS and its ability
to inhibit fibroblast growth factor 2 transcription [24]. There is
not presently an explanation for the discrepancy in these
findings, but the possibility remains that PAF-AH content is
increased in LDL(—) as the result of a compensatory mecha-
nism against the development of atherosclerosis.

Sphingomyelinase (SMase) activity is detectable in LDL(-)
[67, 68, 69] and is elevated in patients with diabetes mellitus,
sepsis, and chronic heart failure [70, 71]. SMase hydrolyzes
sphingomyelin to yield ceramide and phosphocholine. In-
creased intracellular levels of ceramide lead to aging, inflam-
mation, insulin resistance, mitochondrial dysfunction, and
monocyte activation [41, 72-74]. A strong association has
been demonstrated between SMase activity at pH 7.4 and
extracellular LDL [75, 76]. LDL(-) has SMase activity [69]
that leads to proinflammatory effects and aggregation [67]. In
addition, in vitro studies have shown that SMase-modified
LDL induces the aggregation and subendothelial retention of
atherogenic lipoproteins [77] and contributes to the increased
gene expression of inflammatory molecules from monocytes
[78]. In SMase-deficient mice in an apo E-deficient back-
ground, the early foam cell aortic root lesion area was found
to be reduced in size [79]. Because soluble forms of SMase
have not been detected in LDL(-) lipoproteins after extensive
proteomic analysis [51, 80, 81], we hypothesize that the
SMase activity observed is inherent to one of the apolipopro-
teins of LDL(-). Although SMase has potential as a therapeu-
tic target for the prevention of atherosclerosis, known inhibi-
tors for SMase have shown a weak ability to attenuate the
enzymatic activity of SMase. In a study in which isolated
human LDL was shown to catalyze the formation of ceramide
from either fluorescently labeled sphingomyelin or from
['*C]sphingomyelin, the putative catalytic sites for SMase
activity were found to be the His2230-Ser2306-Asp2359
triads located in the «, region of apo B-100 [76]. However,
further structural and functional studies are needed to confirm
the activity associated with these triads and to delineate the
mechanism for the activation of SMase activity in LDL(-).

Structure of Electronegative LDL

The majority of LDL is composed of apo B-100, which is a
large protein consisting of 4,536 amino acid residues [82, 83].
Apo B-100 has a pentapartite structure with alternating o
helixes and 3 pleated sheets (ot;—31—0—P,—0t3) [46°]. The
&, and o3 domains maintain the structural integrity of LDL by
stabilizing electrostatic interactions with the phospholipid belt
of the LDL particle [84]. Various types and degrees of mod-
ifications can occur in the amino acid residues of apo B-100
[85-88]. Hamilton et al. [80] have shown that treatment of
LDL with peroxynitrite alters amino acid residues of apo
B-100 and leads to changes in the secondary structure with
loss of o helices and gain in 3 sheets, resulting in increased
random coil content. A misfolded conformation of apo B-100
in LDL(—) was first characterized by using tryptophan fluo-
rescence spectroscopy, which provides information on tertiary
structure [89]. Bancells et al. [67, 69] further confirmed this by
circular dichroism studies and also found that LDL(-) has a
high affinity for human aortic proteoglycans and exhibits
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phospholipolytic activities. Furthermore, results obtained by
using 2D nuclear magnetic resonance have revealed different
populations of exposed lysine residues in apo B-100 of
LDL(-) and LDL(+) fractions of LDL [67]. Lysine residues
are involved in the recognition between LDL and LDLR,
indicating that alterations in basicity may be responsible for
the weak binding affinity between L5 and LDLR [23]. The
chemical alterations that result from modifications such as
oxidation [75, 76, 90] and nitration [91] may cause apo
B-100 to lose regular secondary elements and gain random
coil conformations that generate a more flexible structure,
which may also account for the increased affinity of L5 for
scavenger receptors [80].

Targeting Electronegative LDL and Its Atherogenic
Effects

The known pharmacologic inhibitors of L5-induced signaling
pathways are not sufficient for blocking the multitude of inter-
actions triggered by L5. Neutralizing antibodies against LOX-1
can attenuate but not eliminate many of the harmful effects of L5
[26, 32¢¢]. Furthermore, LOX-1 also binds to C-reactive protein,
bacteria, heparin, and electronegative materials in a nonspecific
manner [92], suggesting that L5 may have its own more specific
receptor. Although PAFR is also a receptor for LS, antagonists of
PAFR cannot completely block the effects of LS [24, 32ee].
Therefore, directly targeting LS or eliminating it from the plasma
may be the most effective strategy for preventing atherosclero-
sis. In a recent study [28¢], we showed that atorvastatin signif-
icantly decreased plasma L5 levels in hypercholesterolemic
patients treated with atorvastatin for 6 months (10 mg/day).
Furthermore, plasma L5 levels returned to the baseline in two
noncompliant patients 3 months after discontinuation of treat-
ment. This study suggests that the beneficial effects of atorva-
statin may be attributed to its ability to reduce the vascular
toxicity of LS. Given that there are several known side effects
of lipid-lowering drugs, identifying a therapeutic agent that
exclusively eliminates plasma L5 may be of great clinical value
for patients with increased risk of atherosclerosis.

Conclusions

Studies have collectively indicated that L5 may be a putative
biomarker for monitoring the development of atherosclerosis.
To more clearly understand the importance of electronegative
LDL, a large-scale epidemiological survey of L5 levels is
needed, which would require the development of a standard-
ized clinical method for measuring plasma L5 levels. In addi-
tion, more studies are needed to identify and test strategies for
eliminating L5 from the blood.

@ Springer

Acknowledgments Our work described in this review was supported in
part by grants from the American Diabetes Association (1-04-RA-13), the
National Heart, Lung, and Blood Institute (HL-63364), Merck/Schering-
Plough Pharmaceuticals (research grant), the Mao-Kuei Lin Research
Fund of Chicony Electronics, the National Science Council (NSC 100-
2314-B-039-040-MY3), and Kaohsiung Medical University Hospital,
Taiwan (research grant 101-KMUH-M047).

Compliance with Ethics Guidelines

Conflict of Interest Liang-Yin Ke, Nicole Stancel, Henry Bair, and
Chu-Huang Chen declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

References

Papers of particular interest, published recently, have been
highlighted as:

» Of importance

e« Of major importance

1. GoftJr DC, Lloyd-Jones DM, Bennett G, et al. ACC/AHA guide-
line on the assessment of cardiovascular risk: a report of the
American College of Cardiology/American Heart Association
Task Force on Practice Guidelines. J Am Coll Cardiol. 2013. doi:
10.1016/j.jacc.2013.11.00.

2. Stone NJ, Robinson J, Lichtenstein AH, et al. ACC/AHA guideline
on the treatment of blood cholesterol to reduce atherosclerotic
cardiovascular risk in adults: a report of the American College
of Cardiology/American Heart Association Task Force on
Practice Guidelines. ] Am Coll Cardiol. 2013. doi:10.1016/j.
jace.2013.11.002.

3. Taylor F, Huffman MD, Macedo AF, et al. Statins for the primary
prevention of cardiovascular disease. Cochrane Database Syst Rev.
2013;1, CD004816.

4. Kjekshus J, Apetrei E, Barrios V, et al. Rosuvastatin in older
patients with systolic heart failure. N Engl J Med. 2007;357:
2248-61.

5. Gissi HFI, Tavazzi L, Maggioni AP, et al. Effect of rosuvastatin in
patients with chronic heart failure (the GISSI-HF trial): a
randomised, double-blind, placebo-controlled trial. Lancet.
2008;372:1231-9.

6. Schwandt P, Liepold E, Bertsch T, Haas GM. Lifestyle, cardiovas-
cular drugs and risk factors in younger and elder adults: the PEP
Family Heart Study. Int J Prev Med. 2010;1:56-61.

7. Yasue H, Hirai N, Mizuno Y, et al. Low-grade inflammation,
thrombogenicity, and atherogenic lipid profile in cigarette smokers.
Circ J. 2006;70:8-13.

8. Hansson GK. Inflammation, atherosclerosis, and coronary artery
disease. N Engl J Med. 2005;352:1685-95.

9. Skaggs BJ, Hahn BH, McMahon M. Accelerated atherosclerosis in
patients with SLE—mechanisms and management. Nat Rev
Rheumatol. 2012;8:214-23.

10. Ruiz-Limon P, Barbarroja N, Perez-Sanchez C, et al.
Atherosclerosis and cardiovascular disease in systemic lupus ery-
thematosus: effects of in vivo statin treatment. Ann Rheum Dis.
2014. doi:10.1136/annrheumdis-2013-204351.

11. Marian AJ. The enigma of genetics etiology of atherosclerosis in the
post-GWAS era. Curr Atheroscler Rep. 2012;14:295-9.


http://dx.doi.org/10.1016/j.jacc.2013.11.00
http://dx.doi.org/10.1016/j.jacc.2013.11.002
http://dx.doi.org/10.1016/j.jacc.2013.11.002
http://dx.doi.org/10.1136/annrheumdis-2013-204351

Curr Atheroscler Rep (2014) 16:428

Page 9 of 11, 428

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27..

28.e

29.

Chung CP, Solus JF, Oeser A, et al. Genetic variation and coronary
atherosclerosis in patients with systemic lupus erythematosus.
Lupus. 2014. doi:10.1177/0961203314530019.

Carmena R, Duriez P, Fruchart JC. Atherogenic lipoprotein parti-
cles in atherosclerosis. Circulation. 2004;109:1112—7.

Koba S, Hirano T, Ito Y, et al. Significance of small dense low-
density lipoprotein-cholesterol concentrations in relation to the
severity of coronary heart diseases. Atherosclerosis. 2006;189:
206-14.

Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868—
74.

Witztum JL, Steinberg D. The oxidative modification hypothesis of
atherosclerosis: does it hold for humans? Trends Cardiovasc Med.
2001;11:93-102.

Itabe H, Yamamoto H, Imanaka T, et al. Sensitive detection of
oxidatively modified low density lipoprotein using a monoclonal
antibody. J Lipid Res. 1996;37:45-53.

Palinski W, Horkko S, Miller E, et al. Cloning of monoclonal
autoantibodies to epitopes of oxidized lipoproteins from apolipo-
protein E-deficient mice. Demonstration of epitopes of oxidized
low density lipoprotein in human plasma. J Clin Invest. 1996;98:
800-14.

Mello AP, da Silva IT, Abdalla DS, Damasceno NR.
Electronegative low-density lipoprotein: origin and impact on
health and disease. Atherosclerosis. 2011;215:257-65.
Sanchez-Quesada JL, Villegas S, Ordonez-Llanos J.
Electronegative low-density lipoprotein. A link between apolipo-
protein B misfolding, lipoprotein aggregation and proteoglycan
binding. Curr Opin Lipidol. 2012;23:479-86.

Hoff HF, Gaubatz JW. Isolation, purification, and characterization
of a lipoprotein containing apo B from the human aorta.
Atherosclerosis. 1982;42:273-97.

Hoff HF, Karagas M, Heideman CL, et al. Correlation in the human
aorta of apo B fractions with tissue cholesterol and collagen content.
Atherosclerosis. 1979;32:259-68.

Avogaro P, Bon GB, Cazzolato G. Presence of a modified low
density lipoprotein in humans. Arteriosclerosis. 1988;8:79-87.
Chen CH, Jiang T, Yang JH, et al. Low-density lipoprotein in
hypercholesterolemic human plasma induces vascular endothelial
cell apoptosis by inhibiting fibroblast growth factor 2 transcription.
Circulation. 2003;107:2102-8.

Yang CY, Raya JL, Chen HH, et al. Isolation, characterization, and
functional assessment of oxidatively modified subfractions of cir-
culating low-density lipoproteins. Arterioscler Thromb Vasc Biol.
2003;23:1083-90.

Lu J, Yang JH, Burns AR, et al. Mediation of electronegative low-
density lipoprotein signaling by LOX-1: a possible mechanism of
endothelial apoptosis. Circ Res. 2009;104:619-27.

Lee AS, Wang GJ, Chan HC, et al. Electronegative low-density
lipoprotein induces cardiomyocyte apoptosis indirectly through
endothelial cell-released chemokines. Apoptosis. 2012;17:1009—
18. L5 indirectly induced cardiomyocyte apoptosis by enhancing
secretion of ELR-positive CXC chemokines from ECs, which in turn
activate CXCR2/phosphoinositide 3-kinase/NF-xB signaling to in-
crease the release of tumor necrosis factor o and IL-10.

Chu CS, Wang YC, Lu LS, et al. Electronegative low-density
lipoprotein increases C-reactive protein expression in vascular en-
dothelial cells through the LOX-1 receptor. PLoS One. 2013;8,
€70533. LS induces C-reactive protein expression and reactive
oxygen species production in vitro, and its levels are reduced in
the plasma of hypercholesterolemic patients treated with
atorvastatin.

Gaubatz JW, Gillard BK, Massey JB, et al. Dynamics of dense
electronegative low density lipoproteins and their preferential asso-
ciation with lipoprotein phospholipase A,. J Lipid Res. 2007;48:
348-57.

30.

31.

3D.ee

33.

34.

35..

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.0

Tang D, Lu J, Walterscheid JP, et al. Electronegative LDL circulat-
ing in smokers impairs endothelial progenitor cell differentiation by
inhibiting Akt phosphorylation via LOX-1. J Lipid Res. 2008;49:
33-47.

Urata J, Ikeda S, Koga S, et al. Negatively charged low-density
lipoprotein is associated with atherogenic risk in hypertensive pa-
tients. Heart Vessels. 2012;27:235-42.

Chan HC, Ke LY, Chu CS, et al. Highly electronegative LDL
from patients with ST-elevation myocardial infarction triggers
platelet activation and aggregation. Blood. 2013;122:3632-41.
L5 concentration is increased in the plasma of patients with
STEMI and enhances ADP-stimulated platelet aggregation and
platelet-EC adhesion in vitro, suggesting a role for L5 in
thrombogenesis.

Oliveira JA, Sevanian A, Rodrigues RJ, et al. Minimally modified
electronegative LDL and its autoantibodies in acute and chronic
coronary syndromes. Clin Biochem. 2006;39:708-14.

Lobo J, Santos F, Grosso D, et al. Electronegative LDL and lipid
abnormalities in patients undergoing hemodialysis and peritoneal
dialysis. Nephron Clin Pract. 2008;108:c298-304.

Sawamura T, Kakino A, Fujita Y. LOX-1: a multiligand receptor at
the crossroads of response to danger signals. Curr Opin Lipidol.
2012;23:439-45. Among various LOX-1 ligands, L5 and its inter-
action with LOX-1 are discussed in the context of the pathophysi-
ological significance of LOX-1.

LulJ, Jiang W, Yang JH, et al. Electronegative LDL impairs vascular
endothelial cell integrity in diabetes by disrupting fibroblast growth
factor 2 (FGF2) autoregulation. Diabetes. 2008;57:158-66.

Chen HH, Hosken BD, Huang M, et al. Electronegative LDLs from
familial hypercholesterolemic patients are physicochemically het-
erogeneous but uniformly proapoptotic. J Lipid Res. 2007;48:177—
84.

Sanchez-Quesada JL, Camacho M, Anton R, et al. Electronegative
LDL of FH subjects: chemical characterization and induction of
chemokine release from human endothelial cells. Atherosclerosis.
2003;166:261-70.

Tai MH, Kuo SM, Liang HT, et al. Modulation of angiogenic
processes in cultured endothelial cells by low density lipoproteins
subfractions from patients with familial hypercholesterolemia.
Atherosclerosis. 2006;186:448-57.

von Eckardstein A, Rohrer L. Transendothelial lipoprotein transport
and regulation of endothelial permeability and integrity by lipopro-
teins. Curr Opin Lipidol. 2009;20:197-205.

Estruch M, Sanchez-Quesada JL, Beloki L, et al. The induction of
cytokine release in monocytes by electronegative low-density lipo-
protein (LDL) is related to its higher ceramide content than native
LDL. Int J Mol Sci. 2013;14:2601-16.

Abe Y, Fornage M, Yang CY, et al. L5, the most electronegative
subfraction of plasma LDL, induces endothelial vascular cell adhe-
sion molecule 1 and CXC chemokines, which mediate mononucle-
ar leukocyte adhesion. Atherosclerosis. 2007;192:56—66.

De Castellarnau C, Sanchez-Quesada JL, Benitez S, et al.
Electronegative LDL from normolipemic subjects induces 1L-8
and monocyte chemotactic protein secretion by human endothelial
cells. Arterioscler Thromb Vasc Biol. 2000;20:2281-7.

Nichols TC. Bad cholesterol breaking really bad. Blood. 2013;122:
3551-3.

Benitez S, Perez A, Sanchez-Quesada JL, et al. Electronegative
low-density lipoprotein subfraction from type 2 diabetic subjects
is proatherogenic and unrelated to glycemic control. Diabetes
Metab Res Rev. 2007;23:26-34.

Ke LY, Engler DA, Lu J, et al. Chemical composition-oriented
receptor selectivity of L5, a naturally occurring atherogenic low-
density lipoprotein. Pure Appl Chem. 2011;83. 4 proteomic study of
L5 showing that additional apolipoproteins in L5 contribute to its
electronegativity and receptor selectivity.

@ Springer


http://dx.doi.org/10.1177/0961203314530019

428, Page 10 of 11

Curr Atheroscler Rep (2014) 16:428

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59..

60.

61.

62.

63.

64.

Chappey B, Myara I, Benoit MO, et al. Characteristics of ten
charge-differing subfractions isolated from human native low-
density lipoproteins (LDL). No evidence of peroxidative modifica-
tions. Biochim Biophys Acta. 1995;1259:261-70.
Moro E, Alessandrini P, Zambon C, et al. Is glycation of low density
lipoproteins in patients with type 2 diabetes mellitus a LDL pre-
oxidative condition? Diabet Med. 1999;16:663-9.
Geromanos SJ, Vissers JP, Silva JC, et al. The detection, correlation,
and comparison of peptide precursor and product ions from data
independent LC-MS with data dependant LC-MS/MS. Proteomics.
2009;9:1683-95.
Li GZ, Vissers JP, Silva JC, et al. Database searching and account-
ing of multiplexed precursor and product ion spectra from the data
independent analysis of simple and complex peptide mixtures.
Proteomics. 2009;9:1696-719.
Bancells C, Canals F, Benitez S, et al. Proteomic analysis of electro-
negative low-density lipoprotein. J Lipid Res. 2010;51:3508—15.
Scheffer PG, Bakker SJ, Heine RJ, Teerlink T. Measurement of
low-density lipoprotein particle size by high-performance gel-
filtration chromatography. Clin Chem. 1997;43:1904—12.
Tselepis AD, John Chapman M. Inflammation, bioactive lipids and
atherosclerosis: potential roles of a lipoprotein-associated phospho-
lipase A2, platelet activating factor-acetylhydrolase. Atheroscler
Suppl. 2002;3:57-68.
Zalewski A, Macphee C. Role of lipoprotein-associated phospho-
lipase A2 in atherosclerosis: biology, epidemiology, and possible
therapeutic target. Arterioscler Thromb Vasc Biol. 2005;25:923-31.
Sanchez-Quesada JL, Vinagre I, De Juan-Franco E, et al. Impact of
the LDL subfraction phenotype on Lp-PLA2 distribution, LDL
modification and HDL composition in type 2 diabetes.
Cardiovasc Diabetol. 2013;12:112.
Yang CY, Chen HH, Huang MT, et al. Pro-apoptotic low-density
lipoprotein subfractions in type II diabetes. Atherosclerosis.
2007;193:283-91.
Benitez S, Villegas V, Bancells C, et al. Impaired binding affinity of
electronegative low-density lipoprotein (LDL) to the LDL receptor
is related to nonesterified fatty acids and lysophosphatidylcholine
content. Biochemistry. 2004;43:15863—-72.
Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin
resistance: time for a reevaluation. Diabetes. 2011;60:2441-9.
Sanchez-Quesada JL, Vinagre I, de Juan-Franco E, et al. Effect of
improving glycemic control in patients with type 2 diabetes mellitus
on low-density lipoprotein size, electronegative low-density lipo-
protein and lipoprotein-associated phospholipase A2 distribution.
Am J Cardiol. 2012;110:67-71. Optimal glycemic control in pa-
tients with type 2 diabetes promotes atheroprotective changes that
include decreased levels of LDL(-).
Benitez S, Camacho M, Arcelus R, et al. Increased
lysophosphatidylcholine and non-esterified fatty acid content in
LDL induces chemokine release in endothelial cells. Relationship
with electronegative LDL. Atherosclerosis. 2004;177:299-305.
Holmes MV, Simon T, Exeter HJ, et al. Secretory phospholipase
A,-1IA and cardiovascular disease: a Mendelian randomization
study. J Am Coll Cardiol. 2013;62:1966-76.
Xu H, Valenzuela N, Fai S, et al. Targeted lipidomics - advances in
profiling lysophosphocholine and platelet-activating factor second
messengers. FEBS J. 2013;280:5652-67.
Benitez S, Sanchez-Quesada JL, Ribas V, et al. Platelet-
activating factor acetylhydrolase is mainly associated with elec-
tronegative low-density lipoprotein subfraction. Circulation.
2003;108:92-6.
Sanchez-Quesada JL, Benitez S, Perez A, et al. The inflammatory
properties of electronegative low-density lipoprotein from type 1
diabetic patients are related to increased platelet-activating factor
acetylhydrolase activity. Diabetologia. 2005;48:2162-9.

@ Springer

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

Ito S, Noguchi E, Shibasaki M, et al. Evidence for an association
between plasma platelet-activating factor acetylhydrolase deficien-
cy and increased risk of childhood atopic asthma. J Hum Genet.
2002;47:99-101.

Stafforini DM. Biology of platelet-activating factor acetylhydrolase
(PAF-AH, lipoprotein associated phospholipase A2). Cardiovasc
Drugs Ther. 2009;23:73-83.

Bancells C, Benitez S, Jauhiainen M, et al. High binding affinity of
electronegative LDL to human aortic proteoglycans depends on its
aggregation level. J Lipid Res. 2009;50:446-55.

Bancells C, Benitez S, Ordonez-Llanos J, et al. Immunochemical
analysis of the electronegative LDL subfraction shows that abnor-
mal N-terminal apolipoprotein B conformation is involved in
increased binding to proteoglycans. J Biol Chem. 2011;286:
1125-33. The amino-terminal region of apo B-100 has an abnor-
mal conformation in LDL(-) that may promote its increased
binding to arterial proteoglycans and influence its receptor
affinity.

Bancells C, Benitez S, Villegas S, et al. Novel phospholipolytic
activities associated with electronegative low-density lipoprotein
are involved in increased self-aggregation. Biochemistry. 2008;47:
8186-94.

Doehner W, Bunck AC, Rauchhaus M, et al. Secretory
sphingomyelinase is upregulated in chronic heart failure: a second
messenger system of immune activation relates to body composi-
tion, muscular functional capacity, and peripheral blood flow. Eur
Heart J. 2007;28:821-8.

Gorska M, Baranczuk E, Dobrzyn A. Secretory Zn?*-dependent
sphingomyelinase activity in the serum of patients with type 2
diabetes is elevated. Horm Metab Res. 2003;35:506-7.

Chavez JA, Summers SA. A ceramide-centric view of insulin
resistance. Cell Metab. 2012;15:585-94.

Estruch M, Sanchez-Quesada JL, Ordonez-Llanos J, Benitez
S. Ceramide-enriched LDL induces cytokine release through
TLR4 and CD14 in monocytes. Similarities with electroneg-
ative LDL. Clin Investig Arterioscler. 2014. doi:10.1016/j.
arteri.2013.12.003.

Yu J, Novgorodov SA, Chudakova D, et al. JNK3 signaling path-
way activates ceramide synthase leading to mitochondrial dysfunc-
tion. J Biol Chem. 2007;282:25940-9.

Obama T, Kato R, Masuda Y, et al. Analysis of modified apolipo-
protein B-100 structures formed in oxidized low-density lipoprotein
using LC-MS/MS. Proteomics. 2007;7:2132-41.

Segrest JP, Jones MK, Mishra VK, et al. apoB-100 has a
pentapartite structure composed of three amphipathic alpha-
helical domains alternating with two amphipathic beta-strand do-
mains. Detection by the computer program LOCATE. Arterioscler
Thromb. 1994;14:1674-85.

Walters MJ, Wrenn SP. Effect of sphingomyelinase-mediated gen-
eration of ceramide on aggregation of low-density lipoprotein.
Langmuir. 2008;24:9642—7.

Oestvang J, Bonnefont-Rousselot D, Ninio E, et al. Modification of
LDL with human secretory phospholipase A, or sphingomyelinase
promotes its arachidonic acid-releasing propensity. J Lipid Res.
2004;45:831-8.

Devlin CM, Leventhal AR, Kuriakose G, et al. Acid
sphingomyelinase promotes lipoprotein retention within early ath-
eromata and accelerates lesion progression. Arterioscler Thromb
Vasc Biol. 2008;28:1723-30.

Hamilton RT, Asatryan L, Nilsen JT, et al. LDL protein nitration:
implication for LDL protein unfolding. Arch Biochem Biophys.
2008;479:1-14.

Parasassi T, Bittolo-Bon G, Brunelli R, et al. Loss of apoB-100
secondary structure and conformation in hydroperoxide rich, elec-
tronegative LDL(-). Free Radic Biol Med. 2001;31:82-9.


http://dx.doi.org/10.1016/j.arteri.2013.12.003
http://dx.doi.org/10.1016/j.arteri.2013.12.003

Curr Atheroscler Rep (2014) 16:428

Page 11 of 11, 428

82.

83.

84.

85.

86.

87.

Holopainen JM, Medina OP, Metso AJ, Kinnunen PK.
Sphingomyelinase activity associated with human plasma low
density lipoprotein. J Biol Chem. 2000;275:16484-9.

Kinnunen PK, Holopainen JM. Sphingomyelinase activity of LDL:
a link between atherosclerosis, ceramide, and apoptosis? Trends
Cardiovasc Med. 2002;12:37-42.

Hevonoja T, Pentikainen MO, Hyvonen MT, et al. Structure of low
density lipoprotein (LDL) particles: basis for understanding molec-
ular changes in modified LDL. Biochim Biophys Acta. 2000;1488:
189-210.

Yang CY, Kim TW, Weng SA, et al. Isolation and characterization
of sulthydryl and disulfide peptides of human apolipoprotein
B-100. Proc Natl Acad Sci U S A. 1990;87:5523-7.

Zhao Y, McCabe JB, Vance J, Berthiaume LG. Palmitoylation of
apolipoprotein B is required for proper intracellular sorting and
transport of cholesteroyl esters and triglycerides. Mol Biol Cell.
2000;11:721-34.

Chen R, Jiang X, Sun D, et al. Glycoproteomics analysis of human
liver tissue by combination of multiple enzyme digestion and
hydrazide chemistry. J Proteome Res. 2009;8:651-61.

88.

89.

90.

91.

92.

93.

Liu T, Qian WJ, Gritsenko MA, et al. Human plasma N-
glycoproteome analysis by immunoaffinity subtraction, hydrazide
chemistry, and mass spectrometry. J Proteome Res. 2005;4:2070—-80.
Yang CY, Gu ZW, Weng SA, et al. Structure of apolipoprotein
B-100 of human low density lipoproteins. Arteriosclerosis.
1989;9:96-108.

Sun HY, Chen SF, Lai MD, et al. Comparative proteomic profiling
of plasma very-low-density and low-density lipoproteins. Clin
Chim Acta. 2010;411:336-44.

Yang CY, Chen SH, Gianturco SH, et al. Sequence, structure,
receptor-binding domains and internal repeats of human apolipo-
protein B-100. Nature. 1986;323:738-42.

Yoshimoto R, Fujita Y, Kakino A, et al. The discovery of LOX-1, its
ligands and clinical significance. Cardiovasc Drugs Ther. 2011;25:
379-91.

Chang PY, Chen YJ, Chang FH, et al. Aspirin protects human
coronary artery endothelial cells against atherogenic electronega-
tive LDL via an epigenetic mechanism: a novel cytoprotective role
of aspirin in acute myocardial infarction. Cardiovasc Res. 2013;99:
137-45.

@ Springer



	The Underlying Chemistry of Electronegative LDL’s Atherogenicity
	Abstract
	Introduction
	Patient Groups with Elevated Plasma Levels of Electronegative LDL
	Atherogenic Effects of Electronegative LDL on Different Cell Types
	Biochemical Properties of Electronegative LDL
	Lipid Moieties of Electronegative LDL
	Lipoprotein and Protein Components of Electronegative LDL
	Enzymatic Activities of Electronegative LDL
	Structure of Electronegative LDL

	Targeting Electronegative LDL and Its Atherogenic Effects
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance •• Of major importance



