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Preface

During recent decades, bewildering progress has occurred ir the field of Molecular and Cellular Biochemistry.
Progress has been extraordinarily rapid primarily because of the challenge for finding sclutions to a wide variety
of diseases and the availability of new techniques for monitoring biochemical processes. This has resulted in a
voluminous and complex literature in the field of hiochemical medicine so that there is a clear need for the
synthesis and analysis of the continuing expansion of valuable data. It was thus considered appropriate to initiate
a new series of monographs, each dedicated to a specialized area of investigation, encompassing moleci-iar and
cellular processes in health and disease.

Most of the biochemical scientists have devoted their energies in understanding the fundamertals of
biochemistry and indeed impressive advances have beer made in the past. However, the full potentiai for
explanation has been hampered by the concept of universality of biochemical reactions occurring in the cell. In
view of the fact that each organ in the body performs a distinct function, it is now beginning to be realized that
each cell type is unique in its need to survive and perform its specific function. Accordingly, the aspect of
individualty is receiving increased attention for revealing new avenues in the study of pathophysiology of cellular
abnormalities. Such an approach in the field of functional biochemistry is expected to accelerate the growth of
knowledge in clinical sciences and this can be seen to benefit the development of new strategies to be adopted for
the management of organ dysfunction. It is therefore proposed to highlight the functional aspects of molecular
biochemistry in this new series of publications.

Although the functions of different cellular components are being revealed and understood at a molecular
level, the overriding forces which coordinate and regulate the events in subcellular organelles, remain vague and
undetermined. Despite the well known role of lipids, proteins and carbohydrates in determining the cellular
structure and function, virtually little is known about the assembly of a given organ and for that matter of a cell
with special behavior. Even a simple issue such as the exact utilization of fuel by different types of cells and their
components is seen only in a shadowy outline. Similarly, the mechanisms by which membranes maintain the
intracellular environment different from that outside the cell are poorly understood. Furthermore, despite the
extensive knowledge regarding the role of the genetic apparatus for the synthesis of proteins in the cell, the
manner in which these proteins and molecules are put together for their interaction with lipids is abscure. There
are numerous other examples which one can cite to emphasize our inadequate knowledge of fundamental
processes in the living cell. It is therefore essential to make a multidisciplinary effort in order to further elucidate
the secrets of life. This series “Developments in Molecular and Cellular Biochemistry” is an attempt to promote
medical research and increase communication in the field of clinical biology in health and disease and it is hoped
that these monographs will be received with enthusiasm.

The present volume in this series concerns the analysis of lipid metabolism in normoxic and ischemic heart. It
is now well established that free fatty acids are the prime source of energy for the myocardium and phospholipids
are the building blocks of cardiac myocytes. Since coronary heart disease, where ischemia and hypoxia are



considered to play a crucial role in the development of heart dysfunction, is a major cause of death in the western
world, a symposium was held in Maastricht during September 1213, 1989 under the chairmanship of Dr. Ger J.
van der Vusse to discuss changes in lipid metabolism in the ischemic heart. This volume is thus based on selected
papers from this conference. It is our contention that these articles by renowned investigators delineating recent

results and discussing significant aspects of their data will provide a unified framework for a multidisciplinary
approach to the field of lipid metabolism in the hearth.

Winnipeg, Canada Naranjan S. Dhalla
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Introduction

Since the pioneering work of Bing and colleagues
[1, 2] on cardiac fatty acid metabolism a vast num-
ber of scientists have devotéd their research time
on unraveling the complexity of fatty acid homeo-
stasis in the normal and diseased heart. The broad
interests in cardiac lipid metabolism had led to the
organization of the 1* International Symposium on
lipid Metabolism in the Normoxic and Ischemic
Heart in Rotterdam, The Netherlands, in 1986.
The proceedings of this symposium have been pub-
lished in Basic Research in Cardiology, volume 82
(suppl 1), 1987. Prompted by the success of the first
meeting the 2™ International Symposium on Lipid
Metabolism in the Normoxic and Ischemic Heart
has been organized this time in Maastricht, The
Netherlands, on September 12 and 13, 1988. Four
main aspects of cardiac lipid metabolism have ex-
tensively been discussed during this meeting.
These four issues were:
a) uptake and transport of lipids in the heart;
b) cardiac phospholipid metabolism and eicosa-
noid production;
¢) the effect of ischemia and reperfusion on myo-
c¢ardial fatty acid homeostasis, and
d) imaging of fatty acid metabolism in the normal
and diseased heart with special emphasis on its
application in the clinical setting.
In this overview a condensed report will be present-
ed concerning the ‘state of the art’ of cardiac fatty
acid homeostasis highlighting the main issues of the
2nd Cardiac Lipid Symposium.

Urtake and transport of lipids ix: the heart

Fatty acids (FA) are supplied to the heart via the
blood either bound to albumin or as triacylglyce-
rols compiexed into hydrophilic licoproteins [3].
The actual amount of fatty acids extracted by the
heart depends on factors such as arterial FA con-
centration, workload of the heart and the presence
of competing energy substrates. The extraction of
FA by the heart is very efficient, 1.2. up to 70%
during one single transit through the cardiac capil-
lary system. Beside FA supplied to the heart as
albumin-FA complex, FA can be released from
circulating triacylglycerols present in the lipopro-
tein particles by action of lipoprotein lipase, which
is attached to the luminal membrane of the capil-
lary endothelial cells [4]. The origin of lipoprotein
lipase is most likely the parenchymal cell, i.e. the
muscle cells, of the heart [5]. The enzyme molecule
is synthetized in the cardiac muscle cells and under-
goes a number of processing steps to activate the
enzyme, including glycosylation, prior to transport
from the myocyte and binding to the endothelial
site of action [6].

The route of FA transport from blood to inside
cardiac muscle cells comprises a succession of
mechanisms. To achieve the first step of FA extrac-
tion, an interaction of the albumin-FA complex
with specific sites at the luminal membrane of the
endothelium has been proposed [7]. This interac-
tion should accelerate the release of FA from the
albumin-FA complex. The FA molecules are sub-
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sequently transported through the luminal endo-
thelial cell membrane, the intracellular space
(probably by a FABP-mediated process) and the
abluminal membrane of the endothelium [8]. FA's
travel from the endothelial to the muscular cells
through the interstitial space as a complex’ with
albumin.

A protein structure of about 43 kDa localized in
the sarcolemma and identified as a membrane fatty
acid-binding protein has been suggested to be in-
volved in the flux of fatty acids across the sarcolem-
ma [9, 10]. A smaller intracellular fatty acid-bind-
ing protein (FABP) is assumed to facilitate the
transport of fatty acids from the sarcolemma to
mitochondria and other intracellular sites of fatty
acid conversion. FABP is a low molecular weight
(15kDa) protein and is abundantly present in myo-
cardial cells [11], as it accounts for about 5% of all
cytosolic proteins. Fournier and Rahim [12] have
recently hypothetized that FABP increases its effi-
cacy to transport FA by modulatirig its affinity for
fatty acids by self-aggregation f the protein.

The majority of FA’s taken up by the heart is
oxidized in the mitochondria to provide ATP for
energy-consuming processes. Prior to oxidation
the FA molecule is activated by acylCoA synthe-
tase. This. enzyme, predominantly located at the
mitochondrial outer membrane (Fig. 1) but prob-
ably also to some extent at the sarcoplasmic reticu-
lum, condensates FA and Coenzyme A (CoA) to
yield acylCoA.

Part of the acylCoA’s is directly converted into
the intracellular triacylglycerol pool from which it
can again be released by endogenous lipases for
subsequent mitochondrial fatty acid oxidation.
Studies with labeled fatty acids have indicated that
part of the extracted fatty acids is also incorporated
into the phospholipid pool [14]. The proportion of
label that is recovered from the esterified lipid pool
depends, among others, on the blood lactate con-
centration.

Another part is incorporated into acylcarnitine
by carnitine-acy! transferase I. localized at the in-
ner site of the mitochondrial outer membrane [13].
Acylcarnitine is transported across the mitochon-
drial inner membrane by action of carnitine-acyl-
carnitine translocase. Through this transmem-

brane protein one molecule of acylcarnitine is ex-
changed for one molecule of free carnitine present
in the mitochondrial matrix. Inside the matrix acyl-
carnitine is converted into acylCoA. This sub-
stance, in turn. is degraded to acetylCoA by the
f-oxidation process (Fig. 1). AcetylCoA conden-
sates with oxaloacetate to produce citrate and free
Coenzyme A. Citrate is then degraded in the tricar-
boxylic acid or Krebs cycle.

Recently, attempts have been made to develop
sophisticated mathematical models to elucidate the
detailed mechanism of cardiac FA transport across
the membrane structures and spaces dividing the
vascular compartment from the mitochondrial ma-
trix [8].

Cardiac phospholipid metabolism and eicosanoid
production

Phospholipids are important coustituents of the plas-
malemma and intracellular membranes of cardiac
cells, creating specific compartments required for
adequate cellular function. In addition, membrane
phospholipids are indirectly involved in communi-
cation processes either between cells or inSide the
cell. Eicosanoids are produced from arachidonic
acid, a fatty acid predominantly stored in the phos-
pholipid pool. Although the precise mechanisms of
action of eicosanoids in cardiac tissue have not
been elucidated. it is generally believed that these
substances are synthetized in the endothelial cells
of the myocardial vasculature and exert their bi-
ological action on other cell types in the heart [15].
The production of eicosanoids. such as prostacyclin
and thromboxane A,. is enhanced during ischemia
and reperfusion of the heart. Whether these com-
pounds have either beneficial or detrimental ef-
fects on the functional outcome of the heart after
the ischemic insult is still a matter of debate.
Phosphatidylinositol. constituting about 5% cof
cell membrane lipids, is involved in transducing
external signals to the cellular compartment across
the sarcolemma [16]. By a delicate process involv-
ing phosphorylation and dephosphorylation of
phosphatidylinositol substances are produced ex-
erting specific biological activity inside the cell.
Among others. modulation of cellular Ca** ho-
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meostasis has been described. Alfa,-adrenergic
stimulation of the heart is most likely mediated by
the metabolic conversion of membrane phosphati-
dylinositol.

The phospholipid composition of cardiac mem-
branes and the presence of specific phospholipid
domains in these membranes determine their phys-
iological function. For instance, cardiolipin is pre-
dominantly localized in the mitochondria. With
respect to the plasmalemma, sphingomyelin and
phosphatidyicholine are the main constituents of
the outer leaflet whereas negatively charged phos-
pholipids, such as phosphatidylethanolamine, are
almost exclusively localized in the inner leaflet [17].
The asymmetric distribution of phospholipids in-
fluences the physico-chemical properties of the

plasmalemma. Recent studies by Gross and associ-
ates [18] have shown that the majority of the plas-
malemmal choline - and ethanolamine — phospho-
lipids are present in the plasmalogen form, i.e. the
hydrocarbon chain is connected to the first carbon
position of glycerol via an ether linkage. The pres-
ence of plasmalogens also affects the physico-
chemical properties of the plasmalemma.
Membrane phospholipids are continuously sub-
jected to a turnover process. Under steady state
conditions degradation keeps pace with resynthe-
sis. ‘A variety of hydrolytic enzymes capable to
degrade phospholipids has been identified in the
heart. In this respect the activity of phospholipase
Ajand A,, phospholipase C and lysophospholipase
has been reported [19, 20]. Some of the phospholi-
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pid hydrolyzing enzymes (e.g. phospholipase A,)
are present both as soluble protein as well as bound
to membranes. Recent findings of Gross and co-
workers [18] have shown the existence of phospho-
lipases specifically acting on plasmalogens in the
heart. Resynthesis of phospholipids occurs by rein-
corporation of the fatty acyl moieties by combined
action of acylCoA synthetase and lysophospholipid
acyltransferase, or by reconstructing the phospho-
lipid molecule from phosphatidic acid (Fig. 1). In
the latter case the polar head group (e.g. choline)
has also to be reincorporated.

The exact turnover rate of the cardiac phospholi-
pid pool is not known. Data available suggest that
the turnover rate is different for phospholipids lo-
calized in the various (intra)cellular membranes
[21).

The effect of ischemia and reperfusion on
myocardial fatty acid homeostasis

Reduction of myocardial blood flow resulting in a
reduced oxygen supply (ischemia) severely impairs
mitochondrial oxidation of fatty acids. During low-
flow ischemia with a continuous, albeit reduced
supply of exogenous fatty acids, hydroxy fatty
acids, acylcarnitine and acylCoA rapidly accumu-
late in the flow-deprived myocytes [22]. Most of the
fatty acids extracted by the heart under low-flow
ischemic circumstances is incorporated in the tria-
cylglycerol pool or released in non-metabolized
from from the heart into the vascular space [23].
The accumulation of (non-esterified) fatty acidsis a
relatively slow process. Only after 20 to 30 minutes
of ischemia the tissue content of fatty acids signif-
icantly rises. A substantial proportion of the accu-
mulated fatty acids is arachidonic acid, which in
normoxic tissue is predominantly incorporated in
the phospholipid pool [24-26]. This indicates that
during ischemia cardiac phospholipid homeostasis
is imbalanced.

The turnover of the cardiac triacylglycerol pool
is accelerated during the initial period of ischemia
[27, 28]. Consequently glycerol accumulates in the
ischemic area and is released from the heart when
residual blood flow is present. Enhanced triacylgly-
cerol turnover is most likely caused by mass-action

of glycerol-3-phosphate which, in turn, is generat-
ed by ischemia-induced glycogen degradation.

- Cardiac triacylglycerols are most likely lysosomally

degraded by acid lipases [29, 30]. Resynthesis of
triacylglycerols occurs from acylCoA and glyce-
rol-3-phosphate (Fig. 1).

Prolonged ischemia resulting in cell necrosis is
associated with net degradation of phospholipids
and accumulation of lysophospholipids [31] and
fatty acids such as arachidonic acid (see above).
Loss of phospholipids from ischemic cardiac struc-
tures might be caused by enhanced activity of phos-
pholipase A and/or C or impaired resynthesis of
phospholipids due to too low ATP levels or the
inhibitory action of AMP on acylCoA synthetase
[31]. Although phospholipid degradation provides
an attractive concept explaining the proximate
cause of irreversible cell damage this putative
mechanism has been seriously challenged [31, 32].
The alternative hypothesis favors the notion that
physical forces, such as osmotic load, disrupt the
integrity of the plasmalemma of the ischemic cell
[32]. Prior to disruption the plasmalemma might be
labilized by phase transition of the phospholipids in
the lipid bilayer of the membrane [33)]. If degrada-
tion of phospholipids occurs after the loss of cellu-
lar integrity, this hydrolytic process must be consid-
ered as part of the natural healing process starting
with the digestion of cellular debris [31].

In order to rescue the ischemic myocytes from an
inevitable death the supply of oxygen has to be
installed in due time by restoration of flow. Follow-
ing reperfusion myocardial fatty acid homeostasis
does not immediately normalize. Conflicting re-
sults have been reported concerning post-ischemic
oxidation of fatty acids. Rosamund and colleagues
[23] observed depressed oxidation of fatty acids
with a concomitantly enhanced utilization of glu-
cose. In contrast, Huang and Liedtke [34] reported
the restoration of fatty acid oxidation during the
post-ischemic phase in the previously ischemic
heart. In some experimental models a continuous
or even increased degradation of phospholipids
have been observed after restoration of flow [28].
Pharmacological manipulation of fatty acid oxida-
tion during the ischemic episode has been found to

result in changes in the functional outcome of the
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reperfused heart. For instance, compounds inhib-
iting cardiac fatty acid oxidation appear to possess
anti-ischemic properties [35]. In addition, L-carni-
tine and L-carnitine derivatives are able to mitigate

‘the deleterious effect of ischemia in some animal

models [36]. The mechanism of action of these
compounds remains to be clarified.

Imaging of fatty acid metabolism in the normal and
diseased heart

The specific alterations of fatty acid metabolism in
the ischemic and reperfused heart have stimulated
workers in the field of nuclear medicine to develop
techniques to monitor metabolic changes in the
diseased human heart with radio-labeled fatty
acids.

In principle, two routes for non-invasively study-
ing cardiac lipid metabolism for clinical diagnosis
are available. First, with positron emission tomo-
graphy (PET) the metabolic fate of positron emit-
ting fatty acids, such as ''C-palmitate or other rele-
vant ''C-labeled fatty acids, can be monitored [37,
38]. Second, planar gamma-scintigraphic devices
and single photon emission computerized tomogra-
phy (SPECT) are able to trace gamma-emitting
radiolabeled fatty acids [39]. To this end, radiola-
beled iodine is complexed to fatty acids or fatty acid
derivatives. Synthesis of '*-I fatty acids has been
proven to provide applicable tracer molecules.

The advantage of the PET technique is the use of
fatty acids undiscernible from the natural fatty
acids present in the body and the high spatial and
temporal resolution. In contrast, the use of iodinat-
ed fatty acids might increase to some extent the
uncertainty in the interpretation of the data due to
the metabolic fate of the labeled iodine molecule.
The disadvantage of PET is the high costs of this
sophisticated technique.

Although promising results have been reported
using both techniques, conclusions based on imag-
ing or radiolabeled fatty acids are in most cases not
unambiguous. The complexity of cardiac lipid me-
tabolism under normoxic and, in particular, is-
chemic conditions hampers a straight-forward in-
terpretation. Alterations in uptake and back diffu-
sion of the fatty acids, mitochondrial oxidation,

and incorporation in the endogenous triacylglyce-
rol and phospholipid pool have to be considered.
This notion has prompted Bergmann and associ-
ates [37] to investigate the applicability of a rela-
tively simple substrate, i.e. "'C-labeled acetate, for
measuring alterations in cardiac metabolism in the
diseased heart. This tracer should permit delineat-
ion of the relationship between myocardial oxygen
consumption, myocardial blood flow and function
in patients with cardiac dysfunction of diverse etiol-
ogies and their response to therapeutic interven-
tions. However, when acetate is used, character-
istic changes in myocardial lipid metabolism will
remain invisible so that an incomplete picture is
obtained of the metabolic state of the heart under
investigation.
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Summary

This overview is presented, in the main, to summarize the following areas of myocardial lipoprotein

metabolism:

1. The nature and extent of the cardiac endothelium.

2. The interactions between the endothelium and chylomicrons, very low, low and high density lipoproteins

in the presence and absence of lipoprotein lipase.

3. The importance of the endothelial lipoprotein lipase and the mechanisms involved in the enzymes

sequestration at that site.

4. The physiological role of lipoprotein lipase in the provision of oxidizable fuel for the heart.

_lntljoduction

To isolate the role of the endothelium in myocar-
 dial lipoprotein dynamics, as the title of this paper
suggests, is to recognize the central position this
single layer of specialized cells holds in relation to
controlling the access of various plasma-borne
components to the working cardiomyocytes. In do-
ing so certain basic aspects of the morphology and
functional behaviour of the endothelium in general
must be appreciated. Thus, as defined by Gim-
brone in 1979 [1], it is clear that the endothelium is
‘important in at least three basic areas; its acts as:
(1) a selective permeability barrier;
(2) a synthetic-metabolic-secretory tissue; and
(3) as a blood compatible ‘container’.
Thus, far from being merely a passive cellular lin-
ing to the circulation, the endothelium represents a
highly organized and active tissue that contributes
to many aspects of homeostasis and tissue dynam-
ics.

As more than just a semipermeable barrier be-
tween the blood and tissue cells, the endothelial
cell system must be regarded as a highly active
metabolic and endocrine organ in its own right [2].
Thus, on the one havnd",\the endothelium is respons-
ible for the inactivation of vasoactive substances
like 5-HT and bradykinin while on the other it is
intimately involved in the formation of the vaso-
constrictor, anglotensm I1. Endothelial celis also
produce locally active and unstable effectors of
adjacent cell function such as prostacyclin and en-

. dothelial derived relaxation factor, both of which

are potent inhibitors of platelet clumping.

The scale of these and the other interactions
occurring at the endothelium can, primarily. be
envisaged from a simple consideration of the size
ie. area of the endothelial organ. The most often
quoted figure for the total surface area of the hu-
man endothelium is 700 m?, of which approximate-
ly 270 m? is available at rest [3]. The tissue distribu-
tion of this total area is of course uneven, depend-
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ing on the degree of individual tissue vascular-
ization. Highly vascularized tissues, such as cardiac
muscle, having an estimated endothelial area
equivalent to 400cm? g~! [4] or for the heart some
14 m? in total. On this basis endothelial cells make
up 1-2% of the hearts total cellular mass and ac-
counts for almost 1kg of human body weight.

Although the endothelium is not a morpholog-
ically or functionally homogeneous organ, a few
further general statements can be made. Thus,
throughout the vascular tree the single layer endo-
thelium is composed, with the exception of the high
endothelium of the postcapillary venules in lymph
nodes, of flattened and relatively uniform squa-
mous cells separated from the underlying structur-
es by a thin basement membrane [5]. In some tis-
sues, of which adipose tissue is an example, close
structural relationships exist between endothelial
cells, pericytes, smooth muscle cells and the other
parenchymal cells that are normally in close prox-
imity. Thus, pericytic processes protrude into en-
dothelial cells and endothelial invaginations pene-
trate deeply into pericytes [6]. In the heart how-
ever, the interaction between endothelial cells and
myocytes is less intimate with no evidence of the
intercellular membrane continuities that are found
in adipose. If there was a ‘typical’ endothelial cell it
would be from 3 um thick in the area of the nucleus
to between 0.1-1 um thick at the periphery. The
cell would be elongated, aligned with the direction
of blood flow and usually between 25 and 50 um
long and 10-15 um wide [7, 8]. The junctions that
are formed between endothelial cells are of two
basic types, the tight junction and the communi-
cating junction (gap junction, nexus). The latter
being important in all tissues as a low resistance
pathway for intercellular communication [9]. De-
spite the extensive morphological information
available on the regional variability in endothelia
many questions. in relation to the structural and
functional correlations that might exist remain un-
answered. What is perhaps more clearly defined is
the nature of the interactions that occur between
various plasma components and the luminal sur-
face of the endothelial cell.

Plasma lipoprotein endothelium interactions

Although the passage of many plasma solutes into
tissues is unimpeded by the presence of the endo-
thelium and its underlying basement membrane, in
the case of intact lipoprotein particles, like many
other molecular species [10], there is restricted pas-
sage across the barrier. However, the component
lipids of the lipoproteins represent a major propor-
tion of the intermediates that are carried across the
vascular surface and provide many of the lipid re-
quirements of the endothelial cells themselves [11].
Indeed endothelial cell metabolism has long been
known to be subject to control via the interaction of
lipoproteins at the cell surface [12].

The plasma lipoproteins have been the subject of
repeated review and the full details of their compo-
sition and metabolism will not be reiterated here.
Readers are however referred to a number of ex-
cellent reviews of the area [egl3].

Interaction of chylomicrons with the endothelium

It is clear that a major functional event at the
endothelium is the hydrolysis of exogenously-de-
rived chylomicron triacylglycerol through the ac-
tion of lipoprotein lipase (see later). However, de-
spite the known functional relationship between
the lipoprotein and enzyme at this site it is also
clear that chylomicrons can bind in a specific and
saturable fashion to the endothelium even in the
absence of lipoprotein lipase. As a consequence of
such binding, a proportion: of the chylomicrons
present can be interiorized by the endothelial cells
without hydrolysis. The bulk transfer of chylom-
icron components by such a process being very
much slower than when prior hydrolysis by lipopro-
tein lipase hydrolysis is involved. Thus, although
endothelial cells grown in vitro do not express any
lipoprotein lipase activity they exhibit approxi-
mately 2500 high-affinity chylomicron binding sites
per cell [14] which show half maximal saturation at
0.1mM chylomicron triacylglycerol. It can be de-
duced that, in vivo, approximately 1600 such sites
exist with an apparent Km for triacylglycerol hy
drolysis of 0.06-0.08 mM. By comparison it can be



seen therefore that the number and behaviour of
endothelial chylomicron binding sites are similar
despite the presence of lipoprotein lipase in vivo
and its absence in vitro. This would of course sug-
gest further that the major factors leading to the
sequestration of chylomicrons at the endothelial
cell surface must rely on some constitutive endo-
thelial cell surface component and not be the en-
zyme which nevertheless is the agent whereby the
triacylglycerol of the bound complexes are hydro-
lysed and made available for tissue uptake.

When the known number of endothelial chylom-
icron binding sites are fully saturated by lipopro-
tein particles some 5% of the cell surface is occu-
pied. This, in turn, means that, in the presence of
lipoprotein lipase in vivo and with the much larger
number of lipoprotein lipase molecules pi-esent far
outweighing the number of bound chylomicrons, at
any instant some 5-10% of the enzyme molecules
are involved in the hydrolysis of the particles pre-
sent. With such a distribution of chylomicrons,
their likely rate of hydrolysis derived from the
known turnover rate of the enzyme, the number of
enzyme molecules acting on each chylomicron si-
multaneously and the estimated area of the cardiac
endothelium, it is possible to calculate that the
potential rate of fatty acid provision from the ac-
tion of lipoprotein lipase is entirely consistent with
the known rates of chylomicron triacylglycerol fat-
ty acid uptake by the heart.

Although triacylglycerol fatty acids from chy-
lomicron hydrolysis can constitute a major sub-
strate for cardiac metabolism they are not the only
lipid species obtained from this source by the heart
[15]. For example, cholesteryl ester, derived from
chylomicra, are also taken up by the heart in a
process which is augmented by the presence of
active endothelial lipoprotein lipase. Thus, com-
pared with cultured endothelial cells in the absence
of lipoprotein lipase, where respectively 6.7 and
0.3 wg/million cells, of triacylglycerol and choles-
teryl ester are taken up per day, in the intact heart,

in the presence of the enzyme, such uptake may-

reach 6400pug of triacylglycerol/10° endothelial
cells per day and 10.4 ug of cholesteryl ester/10°
endothelial cells per day. Such a rate of chylom-
icron-derived cholesterol uptake is able to control
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endothelial cell cholesterol synthesis effectively
and the chylomicron binding sites through which
this uptake occurs are not down-regulable. Thus,
the chylomicron binding site on endothelial cells
must play a major role in the maintenance of the
cell’s cholesterol balance in addition to any role it
may play as an endothelial-surface sequestering
site facilitating the lipoprotein lipase catalyzed hy-
drolysis of chylomicron triacylglycerol [15].

The interaction of very low density lipoproteins with
the endothelium

By contrast with chylomicrons, very low density
lipoprotein particles carry triacylglycerol of endo-
genous (hepatic) origin. This source of triacylglyce-
rol, which may account for up to 65 g per day in the
human, also makes a quantitatively important con-
tribution to overall energy balance. In the rat, for
example, very low density lipoprotein triacylglyce-
rol contributes oxidizable fuel equivalent to 15% of
the total oxygen consumption of the body at rest
[16]. The rate of direct VLDL triacylglycerol ox-
idation being between 4 and 5 umol of fatty acid/
kg/min, a value very similar to that seen for albu-
min bound free fatty acids under identical circum-
stances.

VLDL are competitive substrates for lipoprotein
lipase action at the vascular surface and thus it may
be suggested that the chylomicron binding site and
the endothelial surface binding site for VLDL
could be closely related or identical. Both interac-
tions being, for example, time and temperature
dependant, saturable and reversible. Additionally,
kinetic experiments indicate that the two lipopro-
teins can compete for the same binding sites on
cultured endothelial cells where lipoprotein lipase
is absent. A tenfold excess of VLDL displacing
approximately 80% of bound chylomicrons from
the cell surface. The binding of VLDL to the endo-
thelium has the properties expected of a high affin-
ity cell surface receptor [17, 18], with half maximal
binding being achieved at VLDL protein concen-
trations of between 5 and 10 ug/ml. The rate of
VLDL internalization by endothelial cells is how-
ever some 4-5 time faster than is the case for chy-
lomicrons.
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The chylomicron-VLDL binding site is distinct
from the binding sites for other lipoprotein species
that exist on endothelial cells (see later) since:

(a) unlike the other binding phenomena that are
observed it is not down-regulable,

(b) Low density lipoprotein (LDL) does not com-
pete for binding or displace bound triacylglyce-
rol-rich lipoproteins and

(c) although interiorization occurs, this is not re-
lated to lipoprotein protein breakdown.

In the presence of lipoprotein lipase most of the
chylomicrons and VLDL particles sequestered at
the endothelial surface are acted upon by the en-
zyme (see later) to produce so called remnants and
intermediate density lipoproteins respeciively.
There is now reason to believe that although such
partly degraded particles will be removed from the
plasma effectively by the hepatic remnant receptor
they can also bind to the endothelium via a distinct
type of binding site which is more often identified
with its capacity to act as a high affinity LDL recep-
tor site (see following section).

The interaction of low density lipoproteins with the
endothelium

Although the incubation of endothelial cells with -

lipoprotein deficient serum does not affect the
VLDL binding subsequently exhibited by them,
the high affinity binding sites for LDL mentioned
above are upregulated under the same conditions
[19]. When cells, cultured under these conditions,
are exposed to LDL it is bound and interiorized via
these receptors and the LDL cholesterol that is
taken up replenishes the intracellular levels of the
sterol to normal levels and, simultaneously, mod-
ulates the intracellular pathway of cholesterol bio-
synthesis [20]. As intracellular cholesterol levels
normalize the LDL receptors are down regulated
and the overall rate of LDL degradation by the
cells declines concomitantly. With endothelial cells
cultured under sterol depleting conditions half
maximal binding of LDL through the specific LDL
receptor is achieved at 10-25 g LDL protein/ml.
Thus at serum concentration of approximately
800 ug/ml these sites will be saturated. However,

the numbers of high affinity LDL receptors on
endothelial cells is considerably lower than are de-
tected on other cell types. For example, in the up
regulated state, the endothelial cell will express
some 40,000-85,000 sites per cell compared with
250,000 and 200,000 per cell for skin fibroblasts and
smooth muscle cells respectively [15].

In addition to the high affinity binding sites for
LDL, endothelial cells like many other cell types
also exhibit a high capacity, low affinity, binding
and internalization pathway which, at physiolog-
ical concentrations of LDL, and with upregulated
cells can account for a significant proportion of the
total cholesterol uptake by the cells [11].

Interaction of high density lipoproteins with the
endothelium

As implied above endothelial celis in culture can
take up plasma cholesterol via the well-regulated
and extensively discussed, LDL-receptor pathway.
However, these receptors are progressively sup-
pressed as cells organize and reach confluence [21].
Furthermore, from the forgoing, it may be deduced
that endothelial cells may acquire cholesterol from
none-LDL sources such as chylomicrons, by a
mechanism relatively independent of apoprotein
uptake and degradation [22]. This uptake and de-
liverv of cholesteryl esters from chylomicrons, or
indeed from artificial lipoprotein-like liposomes,
being enhanced by the presence of lipoprotein li-
pase at the endothelial cell surface [22, 23].
Additionally, endothelial cells can interact with
high density lipoproteins (HDL) through a high
affinity binding site [24, 25] that is specific and
distinct from the rather weak competition that
HDL shows for LDL at the LDL receptor. How-
ever, althoungh the interaction may be considered
as part of the mechanism whereby HDL compo-
nents are taken up by, for example the parenchy-
mal cells of the liver [26], in the specific case of the
receptor-mediated binding of the HDL, subfrac-
tion, lipoprotein cell interaction leads to the con-
troiled removal of cholesterol from cells. This be-
ing achieved via a mechanism that involves promo-
tion of the transport of intracellular cholesterol to



