
Free Rad.  Res., Val. 28, pp. 573-581 
Reprints available directly from the publisher 
Photocopying permitted by license only 

0 1998 OPA (Overseas Publishers Association) N.V. 
Published by license under 

the Harwwd Academic Publishers imprint, 
part of The Gordon and Breach Publishing Group. 

Printed in Singapore. 

Lipid Oxidation Products and Vascular Function 
K. RICHARD BRUCKDORFER 

Royal Free Hospital School of Medicine, Uniuersity of London, London NW3 2PF, UK 

Accepted by Prof. V. Darley-Usmar 

(Received 15 August 1997; In revised form 5 January 1998) 

The endothelium and blood platelets are intimately 
involved in both the maintenance of vascular tone and 
in haemostasis. They are also exposed to high con- 
centrations of lipoproteins, either in the plasma or in 
the sub-endothelial region of the artery wall, and the 
biological activity of these cells has been shown to be 
modulated. Oxidative modification of these lipopro- 
teins results in further variations in the properties of 
these particles in relation to the activities of the 
endothelium and platelets. These effects and how the 
work of Hermann Esterbauer on the details of 
lipoprotein oxidation permitted rapid progress in 
understanding these phenomena are discussed in this 
review. 

Keywords: Lipoprotein oxidation, endothelium, nitric oxide, 
platelets 

INTRODUCTION 

It is now widely accepted that damage to the 
endothelium plays a pivotal role in the develop- 
ment of early atherosclerosis."] The endothelium 
has so many key functions which are relevant to 
the both systemic and local functions of the 
arterial wall. In atherosclerosis, there are key 
changes which determine many of the processes 
leading to the multifarious events in athero- 
sclerotic plaque. The recognition of the key role 

of endothelium led to an explosion of interest in 
the early 1980s, a process which was contempo- 
rary with another major advance in which the 
potential role of oxidation of lipoproteins in 
atherogenesis was uncovered. These events pre- 
dated briefly the recognition that nitric oxide was 
endothelium-dependent relaxing factor.'*] The 
conjunction of all these streams of thought, a 
decade ago, opened a new era of interest in free 
radical biology and its application to arterial 
disease. The contribution of Hermann Esterbauer 
to this synthesis of ideas was very ~onsiderable.'~' 

The detailed knowledge of the processes and 
products arising from the oxidation of lipopro- 
teins, particularly those of the low-density 
lipoproteins (LDLs), has paved the way for a 
plethora of studies in which the influence of 
lipoprotein oxidation could be studied on the 
physiological properties of many cell types, 
particularly in relation to cells of the arterial 
wall. The concept of the cellular induction of 
lipoprotein oxidation originating from the lab- 
oratories of F~gelman,'~] Steinbe~-g[~] was a key 
driving force in this field. Hermann Esterbauer's 
main contribution was the elaboration of the 
precise chemistry of lipoprotein oxidation and 
the sequence of events therein, as well as the 

5 73 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



574 K. R. BRUCKDORFER 

methods he developed for the determination 
of extent of oxidation. This provided a very 
sigruficant framework for all to follow and 
allowed a much greater definition for experi- 
mentation, especially for those working in vifro. 
In our case and in that of others, it stimulated a 
study of the effects of lipoprotein oxidation on 
the endothelium, smooth muscle and on platelets 
as part of an axis of interactions which relate to 
the biology and pathology of nitric oxide. 

The Endothelium, Lipoproteins and 
Oxidation 

The endothelium is now recognised to be a layer 
of cells with a pivotal role in normal regulation of 
arterial function. This has been brought to the 
fore by the demonstration that the endothelium 
controls the relaxation of smooth muscle cells in 
the artery wall and therefore vascular tone, blood 
flow and blood pressure and that this is due to 
the release of nitric oxide synthesised from 
L-arginine."] Lipoproteins are present on both 
the luminal and abluminal sides of the endothe- 
lium at similar concentrations and, since they are 
considered to have a sigruficant role in the 
atherogenesis, it was inevitable that the effects 
of these particles on endothelial function should 
be investigated (Figure 1). 

High [LDL] 

- I  
1 

t 
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OXLDL O ~ D L  ogADL 

OxLDL inhibits t +  J- 
(also lysolecithi smooth muscle 

sterol oxides) 
h i h a  Upid hydroperoxide 

FIGURE 1 The influence of lipoproteins on the release of 
nitric oxide and superoxide from the endothelium. - repre- 
sents an inhibition and + a stimulation. OxLDL is oxidiscd 
LDL. 

Early work had shown,[61 in animal models of 
atherosclerosis, that the relaxation induced by 
agonists such as acetylcholine was impaired. In 
this laboratory, it was then shown in organ bath 
studies on rings of rabbit aortae that LDLs, at 
high concentrations, were able to inhibit these 
relaxations even at relatively short periods of 
expo~ure . [~ '~~  However, these effects were revers- 
ible: high-density lipoproteins (HDLs) did not 
induce these effects. These observations have 
now been extended into the clinical sphere and 
there have now been numerous observations 
which show that patients with hypercholester- 
olaemia have impaired forearm blood flow as 
measured by plethysmography or ultrasound 

The impairment of endothelial 
activity may even be a better indicator of arte- 
rial dysfunction than the physical deform- 
ations observed by angiography. Furthermore, 
lowering of plasma cholesterol by cholesterol bio- 
synthesis inhibitors could reverse this impair- 
ment in blood vessels."'] Therefore, hyper- 
cholesterolaemia alone, due to elevated 
concentrations of LDLs could be responsible for 
the major impairment of endothelial function. It 
is not clear why native LDLs should have these 
effects, but they are not free of all oxidation 
products. Traces of lipid peroxides are present 
and, indeed, significant quantities of lysophos- 
phatidylcholines, which themselves may 
influence endothelium-dependent relaxation. In- 
terestingly, this effect of native LDLs could be 
reversed in vitro by the antioxidants such as 
vitamin C or probucol, although the mechanism 
by which this is achieved is not clear. Probucol 
and ascorbate also seem to enhance the improve- 
ments in endothelial function produced of lipid- 
lowering treatments in ~ l i v o , ~ ' ~ , ' ~ ~  at least when 
administered at high concentrations. Probucol 
seemed effective over a relatively short period of 
time, when regression of atherosclerosis would 
be unlikely. This was confirmed by the decreased 
impairment in the relaxation of the aortic arch in 
WHHL rabbits fed probucol after formation of 
lesion had already devel~ped."~] The continuity 
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VASCULAR FUNCTION AND LIPID PEROXIDATION 575 

between the early studies in vitro and the out- 
come of the clinical studies is an impressive 
validation of laboratory based science. 

Whereas most of the above relates to the 
consequences of hyperlipidaemia, the effects of 
LDLs may not explain the observations of 
impairment of atherosclerosis. It is here that the 
studies on oxidised lipoproteins have been 
concentrated. Following the procedures devel- 
oped by Hermann Esterbauer for the oxidation of 
LDLs, most observers have shown that copper- 
oxidised LDLs show a distinct impairment of 
endothelium-dependent relaxation, although the 
extent to which this occurs may vary.'*51 We have 
found consistent inhibition by oxidised LDLs 
from the same donor which related to the extent 
to which this oxidation occurs as determined by 
the conjugated diene/lag time assay developed 
by Hermann Esterbauer. The impairment was 
observed in vessels from different species,'16' and 
in different locations e.g. both aortae and in 
coronary vessels"71 including resistance vessels. 
Some donors yielded LDLs which produced 
irreversible impairment of relaxation, whereas 
others produced a reversible impairment. The 
variation between laboratories also depends on 
the concentration of LDLs during the process of 
oxidation with copper ions. At dilute concentra- 
tions, an LDL is oxidised very heavily and 
produces impairment at low concentrations, 
whereas at high concentrations of LDL, even 
with the same ratio of copper ions to protein, a 
less oxidised form of LDL is produced which 
requires higher concentrations to cause an in- 
hibition. It can be argued that the LDLs at higher 
concentrations may be more representative, both 
in terms of concentration and the degree of 
oxidation, of LDLs found in the sub-endothelial 
intimal region of the artery wall where concen- 
trations of LDL may be equal to or greater than 
that of the plasma. 

The mode of action of oxidised lipoproteins on 
relaxation has been under investigation for some 
time. It can readily be demonstrated that prod- 
ucts of lipid oxidation such as lysophosphatidyl- 

cholines"81 inhibit the acetylcholine-induced 
relaxations of blood vessels, but paradoxically 
has the ability to induce relaxations in the absence 
of acetylcholine. Similarly, LDL which has been 
treated with phospholipase A2 also impairs 
receptor-mediated relaxation and this may be 
neutralised by the presence of albumin and, to a 
greater extent, of HDL which may sequester the 
free lysophosphatidylcholine. Hydroperoxides 
and hydroxy-derivatives of linoleic acid and ara- 
chidonic also impair relaxations. There 
may be a separate role for sterol oxides,[211 some 
of which have inhibitory effects on relaxation. 

The mechanism by which these effects occur is 
more controversial. The apparent lower release 
of NO suggests a reduction in the synthesis of 
NO by the endothelium, although this is not the 
only explanation. This is a composite of several 
processes which lead to changes in the net 
release of NO. Oxidised LDL has been shown 
to decrease the release of NO when measured by 
these  technique^'^,^^' and the expression of 
endothelial NO synthase (eNOS) is also dimin- 
i ~ h e d , [ ~ ~ ]  although some reports contradict this. 
Indeed, other groups have shown that NO 
synthesis may be increased in atherosclerotic 
tissue[251 and that there is increased expression 
of eNOS.'26' Using the human umbilical cord 
endothelial cells, cultured in parallel with rat 
RFL-6 fibroblasts, we see a modest reduction of 
bradykinin-stimulated release of NO following 
exposure to fully oxidised LDL for 1 h and to a 
lesser extent with native LDL, but not with mildly 
oxidised LDL.'271 After 24 h exposure, the differ- 
ences between the types of LDL diminished. 

An important factor in determining the net 
release of NO from the endothelium is the pre- 
sence of superoxide anion, since this is capable of 
reacting with NO to form peroxynitrite[281 mea- 
surable amounts of which are reported to be 
formed by normal end~thelium.'~~] Increases in 
the release of superoxide anion have been 
reported in atherosclerotic tissue.[301 This may 
also occur in smaller blood vessels in response to 
hypercholesterolaemia, for example in coronary 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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resistance vessels of WHHL rabbits.[271 There is 
also an increase in the activity of superoxide 
dismutase in human endothelial cells treated 
with oxidised LDL or with low concentrations 
of lysophosphatidylcholine.lz' 

An alternative outcome may be a direct inter- 
action of NO with oxidation products. Such 
mechanisms have been proposed for peroxyl 
radicals interacting with NO to form nitro- 
lipids.t311 However, the inhibition of relaxation 
induced by authentic NO in the presence of native 
LDL and of oxidised LDL was modest and may be 
a minor consequence of the general lipophilicity of 
NO. There is evidence that NO can, in some 
circumstances, act as a chain breaking antioxi- 
dantt3'I but in others, such as the oxidation of LDL 
by metmyoglobin in the presence of hydrogen 
peroxide, NO could exhibit pro-oxidant activ- 
ity.t331 It is now well established that peroxy-nitrite 
has potent oxidising properties both for lipid and 
proteins [341 and therefore  lipoprotein^.'^^] 

There remains the possibility of a direct action 
of LDL or mildly oxidised LDL on the target cells 
which impairs their responsiveness to NO e.g. 
platelets, smooth muscle cells or even fibroblasts 
which may depend on the concentrations of 
small amounts of lipid oxidation products. 

Lipoprotein Oxidation and 
Smooth Muscle Contractility 

A number of studies have shown an enhance- 
ment in sensitivity to contractile agents during 
the life history of the atherosclerotic p1aq~e.I~~'  
Angiographic studies of human coronary arte- 
ries in patients with CHD show contractions 
with acetylcholine rather than va~odilatation.'~~] 
However, the fact that there was little impair- 
ment of relaxation induced by nitrovasodilators 
suggests that the effects are primarily endothe- 
lium dependent and not due to a defect in 
guanylyl-cyclase activity in smooth muscle. A 
selective enhancement of responses to 5-HT and 
hypo-responsiveness to noradrenaline was ob- 
served in WHHL rabbits.[381 

Native LDL has no effect on the contractions of 
de-endothelialised arterial rings at lower con- 
centrations, but there were effects of the oxidised 
LDL depending on the contracting agent. With 
norepinephrine, oxidised LDL impaired the 
contractions, but enhanced those evoked by 
5-HT in rabbit aortae. These effects appear to be 
influenced by the increase in calcium influxt391 
and the activation of phospholipase C-phosphati- 
dylinositol pathway!401 Oxidised LDL has been 
shown to inhibit sodium-nitroprusside induced 
relaxations in arterial rings to a limited extent 
and to decrease cyclic GMP in smooth muscle 
cells, but other workers have not confirmed this. 
However, in pig coronary vessels oxidised LDL 
was found only to enhance vasoconstriction in an 
endothelium-dependent manner.I4'I 

Lysophosphatidylcholine appeared to be less 
potent in causing this increased contractility 
than its known effects on the endotheli~m.'~~' 
However, HDL could reverse the effects of 
oxidised LDL and lysophosphatidylcholine on 
guanylyl-cyclase activity. Exposure of rat RFL-6 
fibroblasts to fully oxidised LDL, but not mini- 
mally oxidised LDL, reduced the response of 
these cells to authentic NO in terms of cyclic 
GMP synthesis.t431 Oxidised LDL does have 
other effects on smooth muscle cells separate 
from contractility, including proliferation1441 and 
apopt~s is '~~]  in which lysophosphatidylcholine 
and sterol oxides may also be involved. Various 
mechanisms have been proposed which include 
the sphingomyelin-ceramide pathway[461 and 
release of fibroblast growth fa~tor -2 . '~~~ 

It appears that enhanced responsiveness of the 
vascular smooth muscle contributes to the im- 
paired vasodilatation of human atherosclerotic 
vessels and that oxidised LDL can contribute to 
this while HDL attenuates their action. 

Lipoproteins and Platelet Function 

Platelets are multifunctional cells which release 
vasoactive compounds which influence endothe- 
lial and smooth muscle function. They also 
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release growth factors which enhance the repair 
mechanisms of the endothelium and smooth 
muscle. There is evidence of a direct interaction 
of platelets with LDLs (Figure 2). Early data 
suggested that LDL may enhance the activation 
of the platelets,[*'] but this has not always been 
confirmed.[491 The diverse results in the literature 
again depend a great deal on the different ways 
in which platelet activity can be measured. This 
ranges from the standard technique in vitro of 
platelet aggregometry to the measurement of 
thromboxane derivatives in urine to use a whole 
body approach. Earlier studies[501 showed that 
patients with hypercholesterolaemia had plate- 
lets which were more sensitive to certain agonists 
and that this could, in part, be explained by the 
enrichment of platelet plasma membranes by 
cholesterol.r511 

In vitro, LDLs slightly inhibit platelets, by 
standard aggregometry and by measurement of 
platelet activation using a more sensitive flow 
cytometric technique.[521 Furthermore, native 
LDLs inhibited the activation of platelets by 
oxidised LDLs (see below).[531 In contrast, others 
have shown an increased aggregability, when 
LDL is added in vitro, employing the sensitive 
filtragometric assay"] in which all the other 

Activation 

very oxLDL 

mmLDL -1 PLATELET mmLDL 

HDL(apo E 
rich) 

FIGURE 2 The influence of lipoproteins on activation of 
blood platelets and their inhibition by nitric oxide. - repre- 
sents inhibition and + an augmentation the agonist- 
induced activation or inhibition by NO. Symbols in brackets 
represent a minor effect and where double, a major effect. 

blood cell types are present, but not the inhibi- 
tion by endothelial factors. However, in Types 
IIa and particularly in 1% hyperlipidaemia there 
was a decrease in activity of the platelets as 
measured by the filtragometric technique.[551 
Furthermore, lipid lowering with drugs did not 
decrease platelet activation e.g. had no effect 
with lovastatin or following LDL apheresis 
treatment.[551 

Important advances have been made to show 
that platelets do not have the conventional high 
affinity receptors for LDL, but that there are 
binding sites which may be on the key glyco- 
protein IIb/IIIa complex which is associated 
with fibrinogen binding,[561 although this has 
been disputed by others.[571 There may be a 
domain in the IIIa glycoprotein which has a 
significant similarity with a domain in the 
putative LDL binding region of the LDL-recep- 
tor.[*" Other lipoproteins are also active on 
platelets: apo E-rich HDLs inhibit platelets,'581 
possibly by increasing the synthesis of NO in 
these cells. 

Oxidised LDL and Platelet Function 

Oxidised LDL has been shown to activate 
platelets more strongly than native LDL. One of 
the earliest papers on modification of lipo- 
proteins concerned the effects of platelet activa- 
tion on LDL, which led to their modification by 
mal~ndialdehyde.'~] The upsurge in interest in 
the role of oxidised lipoproteins in atherosclero- 
sis prompted the finding that LDL, which had 
been oxidised by Cu2+, were more effective 
than native LDL in sensitising platelets,[591 in- 
creasing the release of arachidonic acid from 
platelet phospholipids.'601 Recent work shows 
that oxidised LDL, but not native LDL, may 
inhibit the Ca2'-ATPase, thereby increasing the 
intracellular calcium concentrations.1611 Aviram 
actually found a reduction in activation of 
platelets by oxidised LDLs, unless the lipo- 
proteins were subsequently dialysed,[621 after 
which they stimulated aggregation, presumably 
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578 K. R. BRUCKDORFER 

because of residual effects of copper ions and 
some soluble oxidation products. The addition of 
malondialdehyde reduced the enhancement 
of platelet activation by dialysed oxidised LDL. 
Oxidised total HDL also had a stimula- 
tory effect on platelets,[591 although less than 
LDL. These findings appear to be anomalous, 
because there are longstanding reports that 
oxidation products of arachidonic acid, such as 
4hydroxynonena1, is an inhibitor of platelet 
aggregation[621 as is lysophosphatidylcholine.~631 
15hydroxyeicosatetraenoic acid (15-HETE) po- 
tentiates the action of thrombin.[641 However, 
there are also reports that lipid peroxides, at 
least at low concentrations,[651 enhance the re- 
sponsiveness of platelets to agonists or promote 
direct activation. 

Meraji et ~ 1 . ’ ~ ~ ’  suggested that mildly oxidised 
LDL may be more potent than those strongly 
oxidised in the presence of Cu2+ in terms of 
their effects on platelets, although the active 
agent was not identified. The minimally modi- 
fied-LDL was characterised by a lower concen- 
tration of lipid peroxides than in the highly 
oxidised forms and with no significant modifi- 
cation of apolipoprotein B. These observations 
raised the question whether in the earlier work, 
where considerable variation in the effects of 
LDL on platelets was noted in different labora- 
tories, this variation could be due to the presence 
of variable low concentrations of oxidation 
products. Some of these, when in excess, may 
bring about an inhibition of platelet activity. 
There is also considerable individual variation 
in the observed platelet responses to LDL 
obtained from different donors. Salonen ef aI. 
associated an increase in platelet aggregation 
and P-thromboglobulin in plasma with plasma 
lipid peroxide concentrations in individuals with 
a low plasma antioxidant profile.[671 Several 
investigators have reported the inhibition of 
platelet activation by a-tocopherol.[681 We have 
shown that mildly oxidised LDL, but not 
fully oxidised LDL, activates platelets as shown 
by conventional and FACS methodology and 

that this can be reproduced by enrichment of 
LDL with 15-hydroperoxyeicosatetraenoic acid 
(15-HPETE), a product of lipid oxidation in 
LDL.[521 These findings support the earlier ob- 
servations of Weidtmann et al.  showing that 
mmLDL enhanced platelet activation[691 and 
influences the tyrosine kinase mechanism. Since 
fully oxidised LDL is not considered to occur in 
the plasma, but mildly oxidised LDL may be 
present, these findings may have a greater 
physiological reality. The only likely contact that 
platelets may have with fully oxidised LDL may 
be in the event of fissuring of the atherosclerotic 
plaque. 

Platelets, Lipoprotein Oxidation and NO 

Platelets are important target cells for NO 
released from the endothelium and will them- 
selves synthesise NO when activated.[701 Further- 
more, NO is also present in the blood in the form 
of nitros~thiols.[~’~ 

LDL or its oxidation products may therefore, 
influence the inhibition of platelets by NO 
(Figure 2). Native LDL appeared to have little 
effect on inhibition of platelet activation by 
thrombin using authentic NO, yet enhanced the 
inhibition of platelets by Snitrosoglutathione 
(GSNO), which releases its NO at the platelet 
membrane and may, therefore, not be seques- 
tered by the lipids of LDL due to the known 
lipophilicity of  NO.[^^] In contrast, minimally 
modified LDL reduced the inhibition of plate- 
lets by NO. Lipid peroxides (15-HPETE) also 
decrease the sensitivity of platelets to NO to a 
limited extent, but the effect was stronger in the 
case of cumene hydroperoxide which is water 
soluble.[271 In contrast to other platelet agonists, 
oxidised LDL decreased the activation of platelet 
NO synthase.[”’ This effect was reversed by the 
presence of HDL.[731 

Therefore, mildly oxidised LDL may augment 
the sensitivity of platelets to their agonists and 
diminish the influence of an important phys- 
iological antagonist. 
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CONCLUSION 

Oxidation of LDL may, therefore, modulate the 
physiological functions of platelets, smooth 
muscle and the endothelium, either indirectly 
by their presence in the subendothelial space or 
directly because of low concentrations of mildly 
oxidised LDL in the circulation. At normal 
concentrations, native LDL may have some 
positive effects on arterial function and platelet 
activity. At pathophysiological levels, native 
LDL have detrimental actions, at least on endo- 
thelium-dependent relaxation. However, the oxi- 
dation of LDL changes the properties of the 
lipoproteins in a manner which is clearly dis- 
advantageous and creates significant imbalances 
in the normal mechanisms of the vasculature. 
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