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a b s t r a c t

Deranged metabolism of low-density lipoprotein (LDL) is considered the preeminent

modifiable risk factor for atherosclerotic disease, and it is widely viewed as a chronic

inflammatory disorder. Yet, the search for a circulating atherogenic LDL species continues,

as the risk of coronary artery disease (CAD) cannot bemeasured by absolute LDL cholesterol

concentrations in the plasma. Oxidized LDL (oxLDL) and small, dense LDL are associated

with CAD, but neither has been retrieved from human plasma for mechanistic scrutiny.

Electronegative LDL, a subclass of human plasma LDL, exhibits atherogenic properties in

cultured vascular cells. L5, the most negatively charged subfraction of LDL, is an extreme

formof electronegative LDL thatwe isolated through anion-exchange chromatography from

the plasma of patients with increased cardiac risk (active smoking, hypercholesterolemia,

type 2 diabetes mellitus, and metabolic syndrome). L5, which is scant in healthy normal

patients, is as potent as artificially prepared oxLDL in inducing endothelial cell (EC) apoptosis

by disrupting fibroblast growth factor 2 autoregulation that involves protein kinase B. Unlike

oxLDL, however, L5 is not oxidized. Among subfractions L1eL5, whichwere separated by our

chromatographic method, L1 is the most abundant and least negatively charged. It repre-

sents harmless normal LDL. Compared with L1, L5 has a greater content of total protein and

triglycerides but a lesser amount of cholesteryl esters. Size exclusion chromatography and

equilibrium density gradient ultracentrifugation indicated that L5 is neither smaller nor

denser than L1. Negative charge on the particle surface has made L5 unrecognizable by the

normal LDL receptor. Instead, L5 signals through and is internalized by lectin-like oxidized

LDL receptor-1 (LOX-1), which has high affinity for negatively charged ligands. LOX-1 is also

inducible by L5 but not L1. Through LOX-1, L5 disturbs homeostasis between the prosurvival

and proapoptotic members of the Bcl-2 family, leading to mitochondrial destabilization.

Additionally, it induces overexpression of various adhesion molecules and chemokines,

thus promotingmonocyte-EC adhesion, an early event during atherosclerosis development.

Endothelial progenitor cells (EPCs) are important construction units for vascular repair and

endothelial regeneration. Adding to the damage, L5 impairs EPC differentiation from
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mononuclear cells by inhibiting the induction of needed growth factor receptors. It also

accelerates EPC senescence by suppressing the enzymatic activity of telomerase, which is

essential for chromosomepreservation. Thus, L5 is a naturally occurring, negatively charged

but not oxidized LDL entity that is neither smaller nor denser than normal LDL but possesses

a capacity for inducing a spectrum of atherogenic responses in vascular cells. Further

investigation aimed at establishing its clinical relevance is warranted to confirm its

atherogenic role. Subsequent efforts in L5 research will be directed toward the development

of new diagnostic and treatment methods for CAD and other ischemic vascular diseases.

Copyright ª 2012, China Medical University. Published by Elsevier Taiwan LLC. All rights

reserved.
1. Introduction production of vascular cell adhesion molecule 1 (VCAM-1).
There is no further doubt that low-density lipoprotein (LDL)

abnormality is a primary etiology of atherosclerosis and asso-

ciated complications, especially coronary artery disease (CAD).

Under this notion and in view of the heterogeneity of LDL,

investigators have searched extensively for the LDL species

responsible for atherogenesis. OxidizedLDL (oxLDL) and small,

dense LDL receive the greatest attention. Although it is sup-

ported by accumulating experimental evidence and the local-

ization of oxidized lipids in lesions [1e3], it remains uncertain

whether LDL oxidation is a cause of atherosclerosis [4]. One

major reason for this doubt is that most experimental data

have been derived from oxLDL that has been artificially

prepared in vitro. Circulating small, dense LDL has been

statistically related to atherosclerosis and CAD events [5,6].

Despite a possible correlation with CAD, neither form of LDL

has been isolated from human plasma, to allow investigation

of their effects in vascular cells. By contrast, interest is growing

in another possible candidate: negatively charged LDL,

a subclass of circulating LDL that is defined as either unoxi-

dized or minimally oxidized yet potentially atherogenic.
2. Electronegative LDL

Hoff, Gotto, and associates [7e9] first used the term “electro-

negative LDL” when they noted that LDL isolated from human

atherosclerotic lesions exhibited greater mobility toward the

anode end in agarose gel electrophoresis than LDL isolated

from normal plasma. Using fast protein liquid chromatog-

raphy (FPLC) equippedwith an ion-exchange column, Avogaro

and colleagues [10] first divided human plasma LDL dichoto-

mously into electropositive LDL(þ) and electronegative LDL(e)

in 1988. They were also the first to report that LDL(e) particles

were “stickier” to one another andmore toxic to vascular cells

than their LDL(þ) counterparts [10]. Since then, several groups

have described the chemical composition and functional

traits of LDL(e), which they isolated by using a similar protocol

[11e26]. Among these investigators, Sánchez-Quesada and

associates [19,20] have reported on a wide range of chemical

and biologic features of LDL(e). In a 2004 review, they

summarized that in cultured vascular endothelial cells (ECs),

LDL(e) induces the production of chemokines, such as inter-

leukin 8 (IL-8) and monocyte chemotactic protein 1, and

increases tumor necrosis factor alpha (TNF-a)-induced
Most recently, this group reported that phospholipase C-like

activity may play a role in higher aggregability of LDL(e) [25],

the phenomenon originally noted by Avogaro [10].
3. L5 and negatively charged LDL

Using a different protocol, we used anion-exchange chroma-

tography to divide plasma LDL from patients with familial

hypercholesterolemia heterogeneity and those with moder-

ately increased LDL cholesterol (LDL-C) into increasingly

negatively charged subfractions, L1-L5 [27,28]. Strictly

speaking, in chemistry, the term “electronegativity” is defined

as the tendency of an atom to attract a bonding pair of elec-

trons. On the Pauling scale, fluorine (the most electronegative

element) is assigned a value of 4.0; values range down to 0.7, in

the case of cesium and francium (the least electronegative

elements) [29]. L5 is only relatively more negative in surface

charge than other subfractions, and the complexity of an LDL

particle prevents accurate calculation of its electronegativity;

we decided to define L5 as the most negatively charged LDL

subfraction. This allows us to avoid inaccurately implying that

L4eL1 are positively charged LDL particles. Among all sub-

fractions, L5 is the only subfraction capable of inducing

apoptosis in cultured vascular ECs (Fig. 1).
4. Chemical basis of L5 negative charge and
its biologic implications

We previously reported that L5 accounts for approximately 2%

of total plasma LDL in asymptomatic patients with type 2 dia-

betes mellitus (DM) [30]. L1, the least negatively charged sub-

fraction, represents amajority (> 85%) of total LDL. The content

of both protein and triglyceride (TG) increased progressively in

the direction of L1 to L5, whereas that of cholesteryl esters

decreased. The content of phospholipids and free cholesterol

was largely the same among all subfractions [30]. These find-

ings concurwith those reported for LDL(e) [12]. Sodiumdodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis

revealed higher total protein content in L5 particles, which is

partially explained by the inclusion of apolipoprotein (apo)-AI,

apoE, and apoCIII, as well as apoB-100, which is the sole

apolipoprotein of L1 [30]. Additional experiments with L1eL5

isolated from hypercholesterolemic human plasma yielded
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Fig. 1 e Isolation of L5 and other LDL subfractions by FPLC. L5 is present in patients with elevated LDL-C (>160mg/dL) but

not in nondiabetic, normolipidemic healthy subjects. L5 is the only subfraction that induces marked EC apoptosis, as

demonstrated by nuclear condensation and fragmentation. C[ cholesterol; EC[ endothelial cell; FPLC[ fast protein liquid

chromatography; LDL [ low-density lipoprotein.
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similar results; Fig. 2 shows a representative SDS-PAGE gel.

Fig. 3 illustrates similarities and differences between L5 and L1.

Because L5 contains twice the amount of TG than L1, it can be

regarded as a TG-rich LDL by comparison. Compatible with our

findings, Bancells and colleagues [26] demonstrated recently by

proteomics analysis that the amounts of apoE, apoAI, apoC-III,

apoAII, apoD, apoF, and apoJ are higher in LDL(e) than in

LDL(þ). In our latest experiments with liquid chromatography/

mass spectrometry (LC/MSE), we quantitated in detail all

apolipoproteins and other low molecular weight proteins

associated with L5. Selective association of these molecules

with low isoelectric points in L5, but not L1, in part explains the

relatively high negative charge on the surface of L5 (unpub-

lished data), which may contribute to the altered affinity of L5

for the normal LDL receptor (LDLR). The chemically oriented
Fig. 2 e Representative 4-20% SDS-PAGE gel that shows

the apolipoprotein distribution in L1eL5 from

hypercholesterolemic human plasma. Protein profiles are

shown for L1-L5 (from left to right: Lanes 2-6); apoB-100 is

the sole protein in L1,whereas L5 also contains apoE, apoAI,

and apoCII/CIII. apo[ apolipoprotein; SDS-PAGE[ sodium

dodecyl sulfate polyacrylamide gel electrophoresis.
shift of L5’s affinity from LDLR to other receptors constitutes

the basis of its unique pathologic functionality.
5. L5 vs. oxLDL and small, dense LDL

Although L5 and copper-oxidized LDL are equally potent in

suppressing the transcription of fibroblast growth factor 2

(FGF2) and inducing apoptosis in vascular ECs [28,31], they

differ widely in their chemical and physical characteristics.

The production of thiobarbituric acid-reactive substances

(TBARS) is often used as a measure of oxidative lipid modifi-

cation. After copper and oxygen exposure for 24 hours, the

TBARS value of oxLDL often reaches the high concentration of

18e22 nmol/mg protein. In contrast, the TBARS value of L5 is

mostly less than 1 nmol/mg protein,which is no different than

that of L1eL4 [28]; this is inaccordancewithobservationsmade

in LDL(e) [11,20,22]. Various artificial oxidation methods

increase the negative charge of normal LDL and turn it into

electronegative LDL [17,32]. In preliminary experiments,

copper oxidation of L1 yielded ox-L1, which exhibited

increased electrophoretic mobility on agarose gel, as well as

proapoptotic effects, as seen with non oxidized L5 (data not

shown). However, neither oxLDL nor ox-L1 has the same

chemical composition as naturally occurring L5. Therefore, L5

is a nonoxidized, naturally occurring atherogenic LDL.

L5 is a subfraction of plasma LDL, which is defined by

density. The high TG content and the association with apoCIII,

apoE, andapoAI suggestL5’s closeresemblance to remnant-like

particle cholesterol [33,34]. Size exclusion chromatography and

equilibrium density gradient ultracentrifugation showed that

L5 is no different from L1eL4 in either particle size or density

[35]. This suggests that L5 is neither smaller nor denser than

other particles in the same lipoprotein class defined by density.

Small, dense LDL is defined by particle size on gradient gel

electrophoresis or nuclear magnetic resonance (NMR) [36].

Small, dense LDL is considered atherogenic chiefly because it

has a greater propensity for oxidation, and itmay be concluded

that it is anetiologicagent inatherosclerosis. Theassociationof
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Fig. 3 e Schematic comparison between L1 and L5 isolated from hypercholesterolemic human plasma. L5 and L1 differ in

their lipid and protein compositions. LDL [ low-density lipoprotein; apo [ apolipoprotein.
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LDL particle size with cardiovascular diseases has been tested

formagnitude and independence inmany studies, e.g., clinical

intervention trials, and cross-sectional and prospective epide-

miologic studies. Nearly all show a significant univariate asso-

ciationofsmall, denseLDLwith increasedCADrisk,butLDLsize

is seldom a significant and independent predictor of CAD risk

after multivariate adjustment for confounding variables, in

particular, plasma TG and high-density lipoprotein cholesterol

(HDL-C) concentration. Hence, itmay be that the increased risk

associated with smaller LDL size in univariate analyses arises

from broader pathophysiologic causes, of which small, dense

LDL is a part, rather than a reflection, of intrinsic increased

atherogenic potential. Thus, a clear causal relationship

between small, dense LDL and increased cardiovascular risk

has not been proven [37]. This further accentuates the impor-

tance of L5, which is not a small, dense LDL, in atherogenesis.
6. Receptors for and active components of L5

Our data suggest that at least two receptors, platelet activating

factor (PAF) receptor (PAFR) and lectin-like oxidized LDL

receptor-1 (LOX-1), are involved in transducing L5-elicited

signaling of ECs and endothelial progenitor cells (EPCs)

[31,38,39]. Protein kinase B (Akt) exerts multiple prosurvival

and vasomotor effects by activating downstream targets, such

as endothelial nitric oxide synthase (eNOS), after its own

activation by phosphatidylinositol 3-kinase (PI3K) [40,41]. L5

inhibits EC proliferation and induces EC apoptosis, disrupting

FGF2 autoregulation via an FGF2-PI3K-Akt loop [31]. These

effects are significantly attenuated by pharmacological
blockage of PAFR or by inhibiting G protein incorporation into

PAFR, a G protein-coupled receptor [28,31,42].

LOX-1, though originally cloned against copper-oxLDL, has

a strong affinity for negatively charged particles through an

electrostatic interaction [43,44]. We reported that, unlike L1,

L5 is not recognized by LDLR on the plasma membrane of ECs

and EPCs, but it is internalized by LOX-1 in a competitive

manner against artificially prepared oxLDL [31,38]. Prelimi-

nary experiments suggest that the low pI values of noneapoB-

100 proteinmolecules contribute to the switch in affinity from

normal LDLR to LOX-1 (unpublished data), which is also

inducible by L5 but not L1 [31,38].

The active components of L5 are not yet fully identified, but

our current data suggest that they reside on lipids that accu-

mulate in L5 particles. The total lipid extract derived from L5 is

as efficient as L5 in inducing intracellular calcium transient in

polymorphonuclear neutrophils (PMNs) [28]. Pretreatment of

L5 with PAF acetylhydrolase to degrade PAF and PAF-like

lipids via hydrolysis of sn-2 residues removes L5’s capacity

to downregulate FGF2 and induce EC apoptosis. Also, the lipid

extract of degraded L5 fails to elicit calcium transient in PMNs,

which is readily restored by adding exogenous PAF [28].

Findings suggest that protein configuration is important for

receptor recognition but that lipid components, especially

certain phospholipids, are responsible for signaling.
7. Evidence of L5’s atherogenicity in vitro

Apoptosis of the vascular endothelium contributes to increased

transendothelial permeability [45,46]; released microparticles

http://dx.doi.org/10.1016/j.biomed.2012.05.003
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enhance tissue factor expression and thus provoke coagulation

[47,48]. Evidence that L5 induces EC apoptosis in a concentration-

and time-dependent manner indicates L5’s involvement in both

early and late stages of atherothrombosis [28,30,31,35,39]. In

addition to EC apoptosis, L5 induces monocyte-EC adhesion,

another early event in atherosclerosis development [27,28]. Cell-

to-cell adhesion is promoted by EC secretion of adhesion mole-

cules, includingVCAM-1, IL-8, andCXCchemokines [49],which is

in agreementwithwhat has been described for LDL(�) [20,50,51].

FGF2 functions by activating downstream kinases and

effectors, including Akt, Bcl-2, Bad, Bax, Bcl-xL, and eNOS [52].

These effectors are major regulators of mitochondrial func-

tion and structural integrity [53]. We recently demonstrated

that L5 suppresses the expression of the mitochondria-

stabilizing and prosurvival effectors Bcl-2, Bcl-xL, and eNOS,

as well as eNOS phosphorylation, and upregulates the pro-

apoptotic effectors Bax, Bad, and TNF-a in vascular ECs

through LOX-1 [39]. The L5-initiated signaling that leads to

endothelial dysfunction and atherogenesis is summarized in

the schematic illustration seen in Fig. 4.
Fig. 5 e Risk factors for L5 formation and the consequent

effects on cardiovascular health. Cardiometabolic

abnormalities include hypercholesterolemia, type 2

diabetesmellitus, andmetabolic syndrome. CAD[ coronary

artery disease; EPC[ endothelial progenitor cell.
8. L5 and EPC physiology

Evidence suggests that bone marrow-derived EPCs play a key

role in endothelial regeneration, as well as in vasculogenesis
Fig. 4 e Schematic summary of L5 signaling through LOX-1 in vascular ECs. L5 signals and is internalized through LOX-1,

whereas L1eL4 are endocytosed via LDLR. Green arrows indicate stimulation; blue arrows indicate release from

mitochondria; red lines with end bars indicate inhibition. RAP [ the LDLR inhibitor receptor-associated protein; TS-20 [

LOX-1 neutralizing antibody; EC[ endothelial cell; LDL [ low-density lipoprotein; LDLR[ LDL receptor; LOX-1 [ lectin-like

oxidized LDL receptor-1; FGFR [ fibroblast growth factor receptor; PAFR [ platelet-activating factor receptor; WEB2086 [

thieno-triazolodiazepine, an antagonist of PAF; PI3K [ phosphatidylinositol 3-kinase; Akt [ protein kinase B; FGF2 [

fibroblast growth factor 2; Bcl-2 [ B-cell lymphoma 2; Bax [ Bcl-2-associated X protein; Bcl-xL [ B-cell lymphoma extra

large; Bad [ Bcl-2-associated death promoter; eNOS [ endothelial nitric oxide synthase.
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[54e56]. EPCs are reduced in number and/or functional

activity in the presence of traditional and emerging major

risk factors, whether separately or as clusters [57]. Reported

correlated risk factors include aging [58], subclinical and

clinical atherothrombotic disease [59,60], types 1 and 2 DM

[61,62], hypercholesterolemia [63], smoking [57], and meta-

bolic syndrome [64]. One common trait in people with these

risk factors is the percentage increase of L5 in their plasma

LDL [27,28,30,35,38,65,66]. At subapoptotic concentrations, L5

inhibited vascular endothelial growth factor (VEGF)-induced

differentiation of human circulating monocytes into EPCs;

this is achieved by suppression of Akt-mediated induction of

VEGF kinase insert domain-containing receptor and other

endothelial cell markers [38]. The impairment of mitogenic

activity in early EPCs by abnormal LDL can accelerate EPC

senescence [67]. Cellular senescence is critically influenced

by telomerase, which elongates telomeres and thereby

counteracts the telomere length reduction induced by each

cell division [68,69]. In our setting, L5 accelerates EPC

senescence by inhibiting telomerase activity [38], thus

severely compromising the regenerative capacity of progen-

itor cells.
9. Conclusions and perspectives

Based on our findings and a review of the literature, we

conclude that L5 is a non oxidized, naturally occurring

atherogenic LDL that is not smaller or denser than other LDL

subfractions. In preliminary experiments, repeated injection

of human L5 into apoE knockout mice induced atherosclerotic

changes in the aorta, and addition of L5 into organ chambers

attenuated the endothelium-dependent relaxation of aortas

that were removed from rats (data not shown). These in vivo

and ex vivo observations support a role for L5 in endothelial

dysfunction and atherosclerosis formation. Our recent data

also suggest that (a) L5 is increased in patients undergoing

acute coronary events and that (b) intracoronary thrombi

contain tissue that exhibits strong LOX-1 expression. Further

study is needed to confirm the role of L5 in atherothrombotic

development in animals and in humans. Fig. 5 summarizes

the links between risk factors that favor L5 formation and the

consequences of L5 accumulation. Our ongoing studies aim to

develop both diagnostic and therapeuticmethods for the early

detection and effective treatment of L5-mediated vascular

disease.
Acknowledgments

The authors are grateful to Mr. CharlesWagamon for editorial

assistance. This studywas funded in part by Research Grant 1-

04-RA-13 from the American Diabetes Association, Grant HL-

63364 from the National Institutes of Health, Grant NSC-99-

2320-B-039-037-MY2, Grant NSC-100-2314-B-039-040-MY3,

and Grant DOH101-TD-B-111-004 from the Taiwan Depart-

ment of Health Clinical Trial and Research Center of

Excellence.
r e f e r e n c e s

[1] Witztum JL, Steinberg D. The oxidative modification
hypothesis of atherosclerosis: does it hold for humans?
Trends Cardiovasc Med 2001;11:93e102.

[2] Binder CJ, Shaw PX, Chang MK, Boullier A, Hartvigsen K,
Horkko S, et al. The role of natural antibodies in
atherogenesis. J Lipid Res 2005;46:1353e63.

[3] Chatterjee S, Berliner JA, Subbanagounder GG, Bhunia AK,
Koh S. Identification of a biologically active component in
minimally oxidized low density lipoprotein (MM-LDL)
responsible for aortic smooth muscle cell proliferation.
Glycoconj J 2004;20:331e8.

[4] Libby P. Inflammation in atherosclerosis. Nature 2002;420:
868e74.

[5] Carmena R, Duriez P, Fruchart JC. Atherogenic lipoprotein
particles in atherosclerosis. Circulation 2004;109:III2e7.

[6] Koba S, Hirano T, Ito Y, Tsunoda F, Yokota Y, Ban Y, et al.
Significance of small dense low-density lipoprotein-
cholesterol concentrations in relation to the severity of
coronary heart diseases. Atherosclerosis 2006;189:206e14.

[7] Hoff HF, Karagas M, Heideman CL, Gaubatz JW, Gotto Jr AM.
Correlation in the human aorta of APO B fractions with tissue
cholesterol and collagen content. Atherosclerosis 1979;32:
259e68.

[8] Hoff HF, Gaubatz JW. Isolation, purification, and
characterization of a lipoprotein containing Apo B from the
human aorta. Atherosclerosis 1982;42:273e97.

[9] Clevidence BA, Morton RE, West G, Dusek DM, Hoff HF.
Cholesterol esterification in macrophages. Stimulation by
lipoproteins containing apo B isolated from human aortas.
Arteriosclerosis 1984;4:196e207.

[10] Avogaro P, Bon GB, Cazzolato G. Presence of a modified low
density lipoprotein in humans. Arteriosclerosis 1988;8:79e87.

[11] Chappey B, Myara I, Benoit MO, Maziere C, Maziere JC,
Moatti N. Characteristics of ten charge-differing subfractions
isolated from human native low-density lipoproteins (LDL).
No evidence of peroxidative modifications. Biochim Biophys
Acta 1995;1259:261e70.

[12] Demuth K, Myara I, Chappey B, Vedie B, Pech-Amsellem MA,
Haberland ME, et al. A cytotoxic electronegative LDL
subfraction is present in human plasma. Arterioscler
Thromb Vasc Biol 1996;16:773e83.

[13] Sanchez-Quesada JL, Perez A, Caixas A, Ordonmez-Llanos J,
Carreras G, Payes A, et al. Electronegative low density
lipoprotein subform is increased in patients with short-
duration IDDM and is closely related to glycaemic control.
Diabetologia 1996;39:1469e76.

[14] Cordoba-Porras A, Sanchez-Quesada JL, Gonzalez-Sastre F,
Ordonez-Llanos J, Blanco-Vaca F. Susceptibility of plasma
low- and high-density lipoproteins to oxidation in patients
with severe hyperhomocysteinemia. J Mol Med 1996;74:
771e6.

[15] Vedie B, Jeunemaitre X, Megnien JL, Myara I, Trebeden H,
Simon A, Moatti N. Charge heterogeneity of LDL in
asymptomatic hypercholesterolemic men is related to lipid
parameters and variations in the ApoB and CIII genes.
Arterioscler Thromb Vasc Biol 1998;18:1780e9.

[16] Sanchez-Quesada JL, Otal-Entraigas C, Franco M, Jorba O,
Gonzalez-Sastre F, Blanco-Vaca F, et al. Effect of simvastatin
treatment on the electronegative low-density lipoprotein
present in patients with heterozygous familial
hypercholesterolemia. Am J Cardiol 1999;84:655e9.

[17] Fabjan JS, Abuja PM, Schaur RJ, Sevanian A. Hypochlorite
induces the formation of LDL(-), a potentially atherogenic
low density lipoprotein subspecies. FEBS Lett 2001;499:69e72.

http://dx.doi.org/10.1016/j.biomed.2012.05.003
http://dx.doi.org/10.1016/j.biomed.2012.05.003


B i oM e d i c i n e 2 ( 2 0 1 2 ) 1 4 7e1 5 4 153
[18] BenitezS, Sanchez-Quesada JL,RibasV, JorbaO, Blanco-VacaF,
Gonzalez-Sastre F, et al. Platelet-activating factor
acetylhydrolase ismainlyassociatedwithelectronegative low-
density lipoprotein subfraction. Circulation 2003;108:92e6.

[19] Ziouzenkova O, Asatryan L, Sahady D, Orasanu G, Perrey S,
Cutak B, et al. Dual roles for lipolysis and oxidation in
peroxisome proliferation-activator receptor responses to
electronegative low density lipoprotein. J Biol Chem 2003;
278:39874e81.

[20] Sanchez-Quesada JL, Benitez S, Ordonez-Llanos J.
Electronegative low-density lipoprotein. Curr Opin Lipidol
2004;15:329e35.

[21] Barros MR, Bertolami MC, Abdalla DS, Ferreira WP.
Identification of mildly oxidized low-density lipoprotein
(electronegative LDL) and its auto-antibodies IgG in children
and adolescents hypercholesterolemic offsprings.
Atherosclerosis 2006;184:103e7.

[22] Oliveira JA, Sevanian A, Rodrigues RJ, Apolinario E,
Abdalla DS. Minimally modified electronegative LDL and its
autoantibodies in acute and chronic coronary syndromes.
Clin Biochem 2006;39:708e14.

[23] BancellsC,Sanchez-Quesada JL,BirkelundR,Ordonez-Llanos J,
Benitez S. HDL and electronegative LDL exchange anti- and
pro-inflammatory properties. J Lipid Res 2010;51:2947e56.

[24] Brunelli R, Balogh G, Costa G, De Spirito M, Greco G, Mei G,
et al. Estradiol binding prevents ApoB-100 misfolding in
electronegative LDL(-). Biochemistry 2010;49:7297e302.

[25] Bancells C, Villegas S, Blanco FJ, Benitez S, Gallego I, Beloki L,
et al. Aggregated electronegative low density lipoprotein in
humanplasmashowsahightendencytowardphospholipolysis
and particle fusion. J Biol Chem 2010;285:32425e35.

[26] Bancells C, Canals F, Benitez S, Colome N, Julve J, Ordonez-
Llanos J, et al. Proteomic analysis of electronegative low-
density lipoprotein. J Lipid Res 2010;51:3508e15.

[27] Yang CY, Raya JL, Chen HH, Chen CH, Abe Y, Pownall HJ, et al.
Isolation, characterization, and functional assessment of
oxidatively modified subfractions of circulating low-density
lipoproteins. Arterioscler Thromb Vasc Biol 2003;23:1083e90.

[28] Chen CH, Jiang T, Yang JH, Jiang W, Lu J, Marathe GK, et al.
Low-density lipoprotein in hypercholesterolemic human
plasma induces vascular endothelial cell apoptosis by
inhibiting fibroblast growth factor 2 transcription.
Circulation 2003;107:2102e8.

[29] Bessell EM, Thomas P. The effect of substitution at C-2 of D-
glucose 6-phosphate on the rate of dehydrogenation by
glucose 6-phosphate dehydrogenase (from yeast and from
rat liver). Biochem J 1973;131:83e9.

[30] Yang CY, Chen HH, Huang MT, Raya JL, Yang JH, Chen CH,
et al. Pro-apoptotic low-density lipoprotein subfractions in
type II diabetes. Atherosclerosis 2007;193:283e91.

[31] Lu J, Jiang W, Yang JH, Chang PY, Walterscheid JP, Chen HH,
et al. Electronegative LDL impairs vascular endothelial cell
integrity in diabetes by disrupting fibroblast growth factor 2
(FGF2) autoregulation. Diabetes 2008;57:158e66.

[32] Chang YH, Abdalla DS, Sevanian A. Characterization of
cholesterol oxidation products formed by oxidative
modification of low density lipoprotein. Free Radic Biol Med
1997;23:202e14.

[33] Campos E, Nakajima K, Tanaka A, Havel RJ. Properties of an
apolipoprotein E-enriched fraction of triglyceride-rich
lipoproteins isolated from human blood plasma with
a monoclonal antibody to apolipoprotein B-100. J Lipid Res
1992;33:369e80.

[34] Kawakami A, Yoshida M. Remnant lipoproteins and
atherogenesis. J Atheroscler Thromb 2005;12:73e6.

[35] Chen HH, Hosken BD, Huang M, Gaubatz JW, Myers CL,
Macfarlane RD, et al. Electronegative LDLs from familial
hypercholesterolemic patients are physicochemically
heterogeneous but uniformly proapoptotic. J Lipid Res 2007;
48:177e84.

[36] Cromwell WC, Otvos JD. Low-density lipoprotein particle
number and risk for cardiovascular disease. Curr Atheroscler
Rep 2004;6:381e7.

[37] Rizzo M, Berneis K. Low-density lipoprotein size and
cardiovascular risk assessment. QIM 2006;99:1e14.

[38] Tang D, Lu J, Walterscheid JP, Chen HH, Engler DA,
Sawamura T, et al. Electronegative LDL circulating in
smokers impairs endothelial progenitor cell differentiation
by inhibiting Akt phosphorylation via LOX-1. J Lipid Res 2008;
49:33e47.

[39] Lu J, Yang JH, Burns AR, Chen HH, Tang D, Walterscheid JP,
et al. Mediation of electronegative low-density lipoprotein
signaling by LOX-1: a possible mechanism of endothelial
apoptosis. Circ Res 2009;104:619e27.

[40] Rommel C, Clarke BA, Zimmermann S, Nunez L, Rossman R,
Reid K, et al. Differentiation stage-specific inhibition of the
Raf-MEK-ERK pathway by Akt. Science 1999;286:1738e41.

[41] Chavakis E, Dernbach E, Hermann C, Mondorf UF, Zeiher AM,
Dimmeler S. Oxidized LDL inhibits vascular endothelial
growth factor-induced endothelial cell migration by an
inhibitory effect on the Akt/endothelial nitric oxide synthase
pathway. Circulation 2001;103:2102e7.

[42] Chang PY, Luo S, Jiang T, Lee YT, Lu SC, Henry PD, et al.
Oxidized low-density lipoprotein downregulates endothelial
basic fibroblast growth factor through a pertussis toxin-
sensitive G-protein pathway: mediator role of platelet-
activating factor-like phospholipids. Circulation 2001;104:
588e93.

[43] Sawamura T, Kume N, Aoyama T, Moriwaki H, Hoshikawa H,
Aiba Y, et al. An endothelial receptor for oxidized low-
density lipoprotein. Nature 1997;386:73e7.

[44] Chen M, Inoue K, Narumiya S, Masaki T, Sawamura T.
Requirements of basic amino acid residues within the lectin-
like domain of LOX-1 for the binding of oxidized low-density
lipoprotein. FEBS Lett 2001;499:215e9.

[45] Chen YL, Jan KM, Lin HS, Chien S. Relationship between
endothelial cell turnover and permeability to horseradish
peroxidase. Atherosclerosis 1997;133:7e14.

[46] von Eckardstein A, Rohrer L. Transendothelial lipoprotein
transport and regulation of endothelial permeability and
integrity by lipoproteins. Curr Opin Lipidol 2009;20:197e205.

[47] Agouni A, Lagrue-Lak-Hal AH, Ducluzeau PH, Mostefai HA,
Draunet-Busson C, Leftheriotis GH, et al. Endothelial
dysfunctioncausedbycirculatingmicroparticles frompatients
with metabolic syndrome. Am J Pathol 2008;173:1210e9.

[48] Tedgui A, Mallat Z. Apoptosis as a determinant of
atherothrombosis. Thromb Haemost 2001;86:420e6.

[49] Abe Y, Fornage M, Yang CY, Bui-Thanh NA, Wise V, Chen HH,
et al. L5, the most electronegative subfraction of plasma LDL,
induces endothelial vascular cell adhesion molecule 1 and
CXC chemokines, which mediate mononuclear leukocyte
adhesion. Atherosclerosis 2007;192:56e66.

[50] Sanchez-Quesada JL, Camacho M, Anton R, Benitez S, Vila L,
Ordonez-Llanos J. Electronegative LDL of FH subjects:
chemical characterization and induction of chemokine
release from human endothelial cells. Atherosclerosis 2003;
166:261e70.

[51] Sanchez-Quesada JL, Benitez S, Perez A, Wagner AM,
Rigla M, Carreras G, 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;48:2162e9.

[52] Chen CH, Poucher SM, Lu J, Henry PD. Fibroblast growth
factor 2: from laboratory evidence to clinical application.
Curr Vasc Pharmacol 2004;2:33e43.

http://dx.doi.org/10.1016/j.biomed.2012.05.003
http://dx.doi.org/10.1016/j.biomed.2012.05.003


B i oM e d i c i n e 2 ( 2 0 1 2 ) 1 4 7e1 5 4154
[53] Holinger EP, Chittenden T, Lutz RJ. Bak BH3 peptides
antagonize Bcl-xL function and induce apoptosis through
cytochrome c-independent activation of caspases. J Biol
Chem 1999;274:13298e304.

[54] Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K,
Tiemann M, et al. HMG-CoA reductase inhibitors (statins)
increase endothelial progenitor cells via the PI 3-kinase/Akt
pathway. J Clin Invest 2001;108:391e7.

[55] Crosby JR, Kaminski WE, Schatteman G, Martin PJ,
Raines EW, Seifert RA, et al. Endothelial cells of
hematopoietic origin make a significant contribution to adult
blood vessel formation. Circ Res 2000;87:728e30.

[56] Asahara T, Murohara T, Sullivan A, Silver M, van der Zee R,
Li T, et al. Isolation of putative progenitor endothelial cells
for angiogenesis. Science 1997;275:964e7.

[57] Vasa M, Fichtlscherer S, Aicher A, Adler K, Urbich C,
Martin H, et al. Number and migratory activity of circulating
endothelial progenitor cells inversely correlate with risk
factors for coronary artery disease. Circ Res 2001;89:E1e7.

[58] Hoetzer GL, Van Guilder GP, Irmiger HM, Keith RS,
Stauffer BL, DeSouza CA. Aging, exercise, and endothelial
progenitor cell clonogenic and migratory capacity in men.
J Appl Physiol 2007;102:847e52.

[59] Guven H, Shepherd RM, Bach RG, Capoccia BJ, Link DC. The
number of endothelial progenitor cell colonies in the blood is
increased in patients with angiographically significant
coronary artery disease. J Am Coll Cardiol 2006;48:1579e87.

[60] Schwartzenberg S, Deutsch V, Maysel-Auslender S, Kissil S,
Keren G, George J. Circulating apoptotic progenitor cells:
a novel biomarker in patients with acute coronary
syndromes. Arterioscler Thromb Vasc Biol 2007;27:e27e31.

[61] Loomans CJ, de Koning EJ, Staal FJ, Rookmaaker MB,
Verseyden C, de Boer HC, et al. Endothelial progenitor cell
dysfunction: a novel concept in the pathogenesis of vascular
complications of type 1 diabetes. Diabetes 2004;2004(53):
195e9.

[62] Tepper OM, Galiano RD, Capla JM, Kalka C, Gagne PJ,
Jacobowitz GR, et al. Human endothelial progenitor cells
from type II diabetics exhibit impaired proliferation,
adhesion, and incorporation into vascular structures.
Circulation 2002;106:2781e6.

[63] Chen JZ, Zhang FR, Tao QM, Wang XX, Zhu JH. Number and
activity of endothelial progenitor cells from peripheral blood
in patients with hypercholesterolaemia. Clin Sci (Lond) 2004;
107:273e80.

[64] Hill JM, Zalos G, Halcox JP, Schenke WH, Waclawiw MA,
Quyyumi AA, et al. Circulating endothelial progenitor cells,
vascular function, and cardiovascular risk. N Engl J Med 2003;
348:593e600.

[65] Tai MH, Kuo SM, Liang HT, Chiou KR, Lam HC, Hsu CM, et al.
Modulation of angiogenic processes in cultured endothelial
cells by low density lipoproteins subfractions from patients
with familial hypercholesterolemia. Atherosclerosis 2006;
186:448e57.

[66] Lu J, Jiang W, Yang JH, Chang PY, Walterscheid JP, Chen HH,
et al. Electronegative LDL impairs vascular endothelial cell
integrity in diabetes by disrupting FGF2 autoregulation.
Diabetes 2008;57:158e66.

[67] Imanishi T, Hano T, Sawamura T, Nishio I. Oxidized low-
density lipoprotein induces endothelial progenitor cell
senescence, leading to cellular dysfunction. Clin Exp
Pharmacol Physiol 2004;31:407e13.

[68] Greider CW, Blackburn EH. Identification of a specific
telomere terminal transferase activity in Tetrahymena
extracts. Cell 1985;43:405e13.

[69] Greider CW, Blackburn EH. A telomeric sequence in the RNA
of Tetrahymena telomerase required for telomere repeat
synthesis. Nature 1989;337:331e7.

http://dx.doi.org/10.1016/j.biomed.2012.05.003
http://dx.doi.org/10.1016/j.biomed.2012.05.003

	Negatively charged L5 as a naturally occurring atherogenic low-density lipoprotein
	1. Introduction
	2. Electronegative LDL
	3. L5 and negatively charged LDL
	4. Chemical basis of L5 negative charge and its biologic implications
	5. L5 vs. oxLDL and small, dense LDL
	6. Receptors for and active components of L5
	7. Evidence of L5's atherogenicity in vitro
	8. L5 and EPC physiology
	9. Conclusions and perspectives
	Acknowledgments
	References


