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CHAPTER 1

GENERAL INTRODUCTION



Chapter 1

The heart is composed of several cell-types each of which has its own specific function.
About three quarters of the heart mass is made up of muscle cells, the cardiomyocytes,
which have the contractile properties that enable the heart to perform its pumping activity.
The other 25% of cardiac volume is taken up by the lumen and the cells from blood
vessels, mainly consisting of endothelial cells and smooth muscle cells, and interstitial
space containing a o fibroblasts, macrophages and the extracellular matrix (2,16).

The energy required by the heart for muscular contraction is supplied by the metabolic
conversion of a variety of substrates including long-chain fatty acids (FA), glucose and
lactate (5,28) Under physiological conditions the main energy source of the cardiac
muscle cell (cardiomyocyte) is FA. Since de novo synthesis of FA is low in heart tissue,
the bulk of FA are derived from the circulation (28). Fig 1.1 shows the route of FA from
blood plasma to the mitochondrial matrix of the cardiomyocyte, in which compartment
oxidation of FA occurs.

Vascular
space

Endothelial
cell

Interstitial
space

Cardiomyocyte

Acyl-CoA
cs

Mitochondrion

Acyt-CoA

Figure 1.1 : H/g/?/y schematic presenfaf/on oHhe route of (fansport of tong cna/n faffy ac/ds (FA) from fne
c/rcu/af/on fhroug/7 severa/ ö<ö/og<ca/ compartments To me srfe of ox/daf/on ;/j fhe m/fochondria of
card/omyocy/es. FA, tong chain fatty ac/ds, FA8P, />eart-fype fatty ac/d-6/nd/ng profe/n, ACS, acy/-CoA
synfhefase, CS, camrt/ne shutt/e.

Because of their long hydrophobic tail, FA are poorly soluble in aqueous solutions.
However, special binding proteins are present to enhance FA solubility. In blood plasma,
FA are bound to albumin or are incorporated into triacylglycerols which in turn are part
of the lipoprotein particles. FA can be taken up by the heart directly from albumin or they
can be released from the triacylglycerols by the enzyme lipoprotein lipase which is
present at the luminal membrane of endothelial cells (28).

The first barrier of FA on their route from the vascular space to the cardiomyocytes is
the endothelial cell. In heart, the intercellular clefts between endothelial cells are only
about six nanometer in width (12) and transport of albumin-FA complexes through the
clefts is too slow to explain the observed FA uptake rates (4). FA have to cross the
luminal membrane, the cytoplasm, and the abluminal membrane of the endothelial cells
to reach the interstitial space. The interstitial fluid contains albumin and it is likely that in
this compartment FA are mainly transported via diffusion of albumin-FA complexes. The
next constraint in the FA-transport is the plasma membrane of the cardiomyocytes
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General introduction

(sarcolemma) In literature it is a matter of debate whether transport of FA across the
sarcolemma and also across the endothelial membranes and the plasma membranes of
other cell-types occurs via diffusion across the lipid bilayer or via protein-mediated
processes (6,7,24,25)

After FA have crossed the sarcolemma. they have to reach the mitochondnal outer
membrane for further metabohsation In the cytoplasm of cardiomyocytes a small. 15 kDa
protein is present with a high affinity for FA and therefore called heart-type fatty acid-
binding protein (H-FABP) (11) This H-FABP is part of a family of low molecular weight
hpid-binding proteins and is most likely involved in the transport of FA from the
sarcolemma to the mitochondria (3,21) At the outer membrane of the mitochondria, FA
are converted into acyl-CoA by the enzyme acyl-CoA synthetase Subsequently the acyl
part can be transported into the mitochondria through the carnitine shuttle and stepwise
degradation then occurs via the B-oxidation and the citric acid cycle Alternatively, the
acyl moiety of acyl-CoA can be incorporated into triacylglycerols or phosphohpids (28).

When part of the heart is deprived of blood flow (ischemia), the cells in the affected
tissue receive less oxygen and metabolic substrates At the same time waste products
accumulate because they are not carried away When ischemia sustains, the cells will
be irreversibly damaged and the plasma-membrane will rupture Intracellular proteins
then leak out of the cell into the interstitial compartment and eventually also appear into
the vascular space Hence, detection of these cardiac proteins in blood plasma can be
used to assess myocardia! injury H-FABP is one of the proteins used to detect the
occurrence and to estimate the extent of myocardial injury.

OUTLINE OF THE THESIS

The present thesis consists of two parts. The first part (chapters 2 through 5) deals with
the issue of FA uptake in the heart and the potential role of FA-binding proteins in this
process The second part (chapters 6 to 8) describes studies on the release of
intracellular proteins upon myocardial cell damage

A short introduction into the FA-metabolism of the heart is presented in chapter 2, with
emphasis on the existence and significance of membrane-associated and cytoplasmic
fatty acid-binding proteins.

As mentioned earlier, endothelium forms the first barrier in the uptake of FA by the
heart It was hypothesized that endothelial cells contain a FABP which would facilitate
the transport of FA through the endothelial cytoplasm (4,8) Several groups investigated
this hypothesis, and there was substantial debate about the presence and the
concentration of H-FABP in endothelial cells from heart tissue (19,22,23) Furthermore
it was not clear whether other types of FABP are present in cardiac endothelial cells.
Therefore, we studied the existence of FA-binding activity in the endothelial cell
cytoplasm with a newly developed method In addition, molecular biological and
immunochemical assays were used to measure the concentrations of two FABP-types,
H-FABP and liver-type (L-) FABP, both of which are known to be present in more than
one type of tissue (9) The results of these studies and consequences for the hypothesis
of FABP-facilitated FA-transport through the endothelium are described in chapter 3

Chapters 4 and 5 handle the problem of transsarcolemmal transport of FA and the
suggested role of a specific membrane-bound protein called fatty acid translocase (FAT)
in this process. FAT was hypothesized to be involved in FA-uptake into adipocytes
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Chapter 1

(13,14), and was also found to be present in myocardial tissue in 1993 (1). Chapter 4
describes a study on the co-expression of FAT and H-FABP in rat heart and skeletal
muscles We reasoned that proteins involved in the same process of FA-uptake would
show the same tissue distribution and regulation of expression. To find a more definite
proof for the role of FAT in myocardial FA-uptake, transfection of FAT into cell-line H9c2,
derived from embryonic rat heart tissue (17), was performed. H9c2-cells normally do not
express FAT and the working hypothesis was that expression of FAT by stable
transfection would increase the FA-uptake into these cells. Results of this study are
described in chapter 5

The second part of this thesis deals with the use of intracellular proteins, especially H-
FABP, as markers for cell damage During cell damaging conditions, proteins leak out
of the cells, and detection of the released proteins can be used as indicator for loss of
cellular integrity Chapter 6 gives an overview on the current knowledge of protein
leakage from damaged cells or tissues Because conflicting opinions exist in literature
whether small proteins are released earlier from damaged cells than are large proteins
(20,26), we studied the release of a selected number of proteins, ranging in molecular
mass from 15 to 140 kOa. from isolated neonatal cardiomyocytes under two different cell-
damaging conditions Results of this study are presented in chapter 7

Assessment of H-FABP in blood plasma can be used to determine the occurrence and
approximate the extent of myocardial tissue injury in humans after a myocardial infarction
(10,18,27) One of the most important characteristics a protein should have to be a
biochemical marker for heart muscle injury is tissue specificity (15). Since most proteins,
including H-FABP and myoglobin, are not specific for heart muscle, an attempt was made
to find a solution to this problem. Since the tissue contents of myoglobin are higher in
skeletal muscle than in heart, and the contents of H-FABP show the opposite, we
hypothesized that the ratio of myoglobin over H-FABP in blood plasma after heart tissue
injury is different from that after skeletal muscle injury. Chapter 8 describes the use of
the ratio of myoglobin to H-FABP in blood to discriminate between heart and skeletal
muscle injury.

Finally, a general discussion about the implications of the results obtained in the
present study for the mechanism of FA-uptake and oxidation in cardiomyocytes and for
the use of H-FABP as a marker for muscle tissue injury is provided in chapter 9.
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CHAPTER 2

ROLE OF FATTY ACID-BINDING PROTEINS IN HEART
FATTY ACID METABOLISM:

A short introduction

Parts of this chapter will be published in :
Van Nieuwenhoven FA. Van der Vusse GJ and Glatz JFC (1996) Membrane-associated and cytoplasms
fatty acid-binding proteins Lipids. in press
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Chapter 2

INTRODUCTION

Long chain fatty acids (FA) are a set of compounds consisting of a hydrophobic chain of
hydrocarbons and a hydrophilic head group formed by carboxylic acid In organisms, FA
normally contain an even number of carbon atoms, varying from 14 to 24 The
hydrocarbon chain is usually unbranched and can contain one ore more double bonds
(86). FA are building blocks of triacylglycerols, phospholipids and glycolipids and they
also serve as important fuel for energy conversion in a host of tissues including heart
(14,15,94) In addition, FA were shown to be involved in certain signal transduction
pathways (5,6,26,32,92), and can also be covalently bound to proteins, thereby
influencing the biological role of these proteins (17,44,45,52,61)

Under physiological conditions the oxidation of FA in heart generates 30-70% of the
energy required for the contraction-relaxation cycle, ion pumps and other important
energy-consuming cellular processes (47,94). Since cardiac FA-synthesis is low, most
of the FA used for oxidation and formation of complex lipids in the cardiomyocytes have
to be derived from the blood (94) However, FA are poorly soluble in water and the rapid
transport and metabolism of these FA would probably not be possible without special
binding proteins, which substantially increase the solubility of these compounds in
aqueous environments (97).

Vascular
space

Interstitial
space Cyloplatm

Mitochondrion
Energy

Endothelium Cardiomyocyte

Figure 2.1 : Schemaf/c presenfaf/on of fhe fransport and mefabo//sm of FA /n ca/d/ac tissue. FA tong
cha/n fatty arid, TG, friacy/g/ycero/, ALB, -A/öum/n, A8P, a/6um/n twid/ng profe/n, F/ABP, heart-fype fatty
acid-i»nd/ng profe/n. ACS, acy/-CoA synfhefase, PL, phospho/ip/d. CS, cam/f/ne shutt/e, ;.e. fhree enzymes
/nvo/ved /n acy/ fransport across fhe mitochondria/ /nner membrane . cam/f/ne acyffransferase /, cam/f/ne
acy/cam/f/ne franstocase and and cam/f/ne acy/fransferase //. ?, /nd/cafes fnaf fhe fransmemörane
fransport of FA /s /ncomp/efe/y undersfood

16



Cellular fatty acid-binding proteins

Fig 2.1 shows a schematic presentation of the transport and metabolism of FA in the
heart In blood and interstitium. FA are mainly bound to albumin, which can bind up to
6 FA molecules (18.78,79). The albumin concentration in plasma is approximately 0.6
mM, while the FA concentration varies between 0.2 and 1 mM (78,94) The high affinity
of albumin for FA raises their solubility in aqueous environments by several orders of
magnitude while keeping the unbound FA concentrations in the nanomolar range
(63,64.66). Intracellularly. FA are most likely bound to specific cytoplasmic fatty acid-
binding proteins (FABP) (12,16.36,88.97) Membrane-associated proteins have been
hypothesized to function in the cellular uptake of FA across the plasmamembrane of
several cell-types including cardiomyocytes (83) These membrane and cytoplasmic
proteins will be discussed in more detail below

Once FA arrive at the outer membrane of the mitochondria they are linked to
coenzyme A (CoA) by the enzyme acyl CoA synthetase This energy-requiring reaction
is driven by the accompanied degradation of ATP to AMP Acyl CoA traverses the outer
membrane of the mitochondria through pores, but it is not capable of passing the inner
membrane of the mitochondria At the inner side of the outermembrane of the
mi'ochondria, the acyl group of acyl CoA is transferred to carnitine to form acyl carnitine
by the enzyme carnitine acyltransferase I This compound is transported across the
innermembrane of the mitochondria by carnitine-acylcarmtine translocase, which shuttles
carnitine out, and acyl-carnitine into the mitochondrial matrix. Once inside the
mitochondria acyl carnitine together with CoA is reconverted into carnitine and acyl CoA.
The latter reaction is catalyzed by carnitine fatty acyl transferase II The activation of FA
and transport inside the mitochondrial matrix is extensively reviewed in (94)

Inside the mitochondrial matrix, acyl CoA is degraded further via the B-oxidation,
yielding acetyl CoA, NADH and FADHj in each round. Acetyl CoA is oxidized in the citric
acid cycle and the produced NADH and FADHj are oxidized in the respiratory chain
pathway (86).

MEMBRANE ASSOCIATED FATTY ACID-BINDING PROTEINS

The mechanism of transmembrane transport of FA into parenchymal cells is still
incompletely understood. Some investigators favour a mechanism in which FA cross the
membrane by simple diffusion (24,25,67). Indeed, it was found that FA (at least the non-
ionized acid form) can move relatively fast across phospholipid bilayers without the need
for a transport protein (46). Others, however, found saturable uptake of FA by several
cell-types, a process that could be inhibited by FA analogues, proteases and antibodies
against specific proteins, together indicating that membrane-associated proteins are
involved (3,4,77,82,83). Subsequently, by using various techniques a number of such
membrane proteins have been identified (table 2.1).

The first membrane protein described to be involved in the uptake of FA is a 40 kDa
protein present in the plasma membrane of rat liver cells (85) This protein, called
FABPpy, was subsequently also found in parenchymal cells of intestine (84) and in heart
(76,77,83). The protein was found to be closely related, if not identical, to mitochondrial
aspartate aminotransferase (87,108). FABPp^ is not an integral membrane protein but
has been shown to have affinity for cellular membranes (43,107,108) Recently,
molecular biological studies showed that expression of FABPp^, in different cell-types
increased FA-uptake (28,43).
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