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CHAPTER 1

INTRODUCTION



Cardiac function

The heart serves as a pump to supply all tissues with blood in order to deliver nutrients
and molecular oxygen. During the average life expectance time of a human being in the
western world 200 million litres of blood are pumped through the body in approximately 2.5
billion beats. To achieve this extraordinary performance, the heart itself also needs a
continuous supply of oxygen and nutrients, including carbohydrates and fatty acids.
Therefore, already during rest about 4% (225 ml/min) of the total blood volume pumped out
by the heart is directly delivered to its own vascular system (coronary circulation) resulting
in a cardiac oxygen uptake of about 10% of the total body uptake. Upon heavy exercise the
coronary flow can increase three to four fold, in order to ensure sufficient supply of
substrates (Guyton, 1991).

Cardiac fatty acid metabolism

Under normal rest conditions the preferred substrates of the heart are long chain fatty
acids (FA) \ although lactate is also readily taken up and oxidized by the heart when
present in the blood (Opie, 1991). A major part of FA taken up by the heart, i.e. 50-100
nmol/min per gram tissue under normal conditions (Van der Vusse et al, 1992), is
immediately oxidized for the generation of energy necessary for proper function and
maintenance of cellular integrity. Another part of the absorbed fatty acids is used for the
formation of phospholipids, important constituents of the cellular membranes, and other
complex lipid compounds (Van der Vusse et al, 1992). The cardiac FA uptake largely
depends on the arterial FA concentration and the concentration of other potential substrates,
such as lactate and glucose (Opie, 1991). Although FA are taken up by the heart in
appreciable quantities the FA concentration in cardiac tissue is remarkably low, i.e. 12 to 23
nmol per gram tissue for rat and dog heart tissue, respectively (Van der Vusse, 1982; De
Groot, 1989) which indicates an efficient intra-myocardial FA processing. During prolonged
ischemia, i.e. deprivation of oxygen and nutrients, and subsequent restoration of the cardiac
circulation (reperfusion) the FA concentration is known to rise in cardiac tissue (Weglicki et
al, 1973; Chien et al, 1984; Van Bilsen et al, 1989), indicating a disturbance in normal
cardiac FA homeostasis. In this respect it is noteworthy that high levels of FA may have
detrimental effects on the function and integrity of the heart (Van der Vusse et al, 1992).

Cardiac fatty acid transport

FA that are taken up by the heart have to cross a number of barriers (Figure 1.1). A
complicating factor in the transport of FA is the fact that these substances possess a low
aqueous solubility, thus will most likely require carrier systems for efficient transport.
Although overall cardiac FA uptake and utilization is easily measurable, e.g. from the
production of '"CO2 from '"C-labeled FA, only limited information of the separate
mechanisms by which FA cross the barriers shown in Figure 1.1. is available. An overview
of possible mechanisms has been described by Bassingthwaighte and co-workers (1989).

^ Throughout the thesis the nomenclature for fatty acids, as outlined by Glatz and Van der
Vusse (1988) will be used.
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Role of fatty acid-binding protein in the myocardium

In the present study attention is focused on the significance of a relatively small protein
(15 kDa), found in the cytoplasm of the cardiomyocyte and which can bind FA ;n w'fro
(Mishkin et al, 1972; Ockner et al, 1972). Although this fatty acid-binding protein (FABP) has
been studied for more than 20 years, definite proof regarding its physiological function(s) is
still lacking. Since it is very likely that FA binding also occurs /n wVo, the heart type fatty
acid-binding protein * is thought to play an important role in the cardiac lipid homeostasis.
Several research groups have postulated biological functions for FABP.such as (/) an
intracellular carrier for fatty acids (Ockner et al, 1972), (//) the binding of excess tissue FA,
e.g. during ischemia and subsequent reperfusion of the heart, thereby preventing harmful
effects of elevated FA levels (Brecher, 1983; Glatz et al, 1985), and (//;) the control of
cardiac energy production (Fournier and Rahim, 1985).

Vascular
space

Endothelial
cell ©

Interstitial
space

Cardiomyocyte (T)

Mitochondrion

Albumin-FA

FABP-FA ?

Albumin-FA

FABP-FA ?

Acyl-CoA

Oxidation

Fatty acid (FA)
transport

Fig. 1.1. Barriers encountered by FA during transport from vasculature to mitochondrion: (1) endothelial
luminal membrane, (2) endothelial cytoplasm, (3) basolateral membrane of the endothelial cell,
(4) interstitial space, (5) cardiomyocytal membrane (sarcolemma), (6) cytoplasm of the
cardiomyocyte, (7) mitochondrial membranes.

FABP and injured myocardium.

Upon injury of cardiac tissue, intracellular proteins and other compounds are released
from the cells and can be detected in blood plasma (LaDue et al, 1954). Measuring these
cell-borne proteins in the blood has become a powerful tool in clinical chemistry for the
diagnosis of tissue damage in a variety of organs (Demetriou et al, 1974). At present, mostly

Throughout the thesis the term FABP refers to cytoplasmic H(eart-type)- FABP, unless explicitly
indicated otherwise.
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the activities of intracellular enzymes are measured in plasma to monitor cardiac damage,
e.g. lactate dehydrogenase (LDH), creatine kinase iso-enzyme MB (CK-MB) and aspartate
amino transferase (AST), since enzyme assays are sensitive and often easy to perform.
Moreover, the normal plasma concentrations of intracellular enzymes are usually low. It has
been shown by Glatz and colleagues (1988) that, besides enzymes, FABP is also released
from ischemically damaged isolated rat hearts. The above mentioned enzymes all have a
fairly high molecular mass when compared to FABP. It might be possible that due to this
difference in molecular mass the release of enzymes from tissue is delayed, relative to that
of FABP. If this is true, determination of FABP release from injured myocardium might be
useful for the ea/7y detection of myocardial infarction. Moreover, FABP release from the
myocardium might indicate an increased cardiac vulnerability for enhanced levels of FA
since it would decrease the putative FA buffering capacity of FABP.

Aim and outline of the study

To gain insight into the mechanisms of lipid transport in an aqueous environment and
the various lipid transporting systems in mammals, a literature review on this subject is
presented in Chapter 2, with special focus on the present knowledge and suggested role of
cardiac FABP. To date a variety of data is available on various aspects of FABP, such as
FA binding affinity and stoichiometry, and tissue content. However, large differences in these
parameter values have been reported. Therefore, the first aim of the present study was to
develop methods to accurately and reproducibly determine these parameters (Chapter 3 and
4). In a subsequent study the intra-myocardial distribution of FABP was investigated in
normal rats and in hypertensive rats to gain insight into the possible relationship between
FABP content and cardiac workload (Chapter 5).

Since the putative FA transporting function of FABP has still not been established, an
attempt was made to describe the cardiac intracellular FA transport in a mathematical model
(Chapter 6).

In two studies using isolated perfused rat hearts information was gained on questions
of (/) tissue protein release during ischemia and reperfusion and the relationship between
this release and physico-chemical properties of the protein (Chapter 7), and (//) the capability
of FABP to bind FA ;n wVo (Chapter 8). Finally, the results of the studies are discussed and
summarized in Chapter 9 and some suggestions for future research are given.
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CHAPTER 2

LIPID SOLUBILIZING AND TRANSPORTING SYSTEMS IN
MAMMALS
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CHAPTER 2

The aim of this chapter is to give an overview of the various extra- and intracellular
lipid solubilizing and transporting systems in mammals. After discussing the uptake and
processing of lipids from the gastro-intestinal tract, and the lymph and blood transport of
these compounds, attention will be focused on the various intracellular lipid-binding proteins,
with emphasis on the fatty acid-binding protein present in the myocardium.

Introduction

Lipids are extremely important substances for the mammalian body for a number of
reasons. Firstly, major amounts of energy are derived from the intracellular breakdown of
fatty acids. Secondly, lipids play a crucial role in the separation of the different body
compartments, i.e. extracellular versus intracellular spaces, by means of semi-permeable
membrane formation. Thirdly, lipids are excellent substances for the efficient storage of
energy in the form of triacylglycerols. Fourthly, many important active biological substances
possess a lipid nature, such as steroid hormones, prostaglandins and other eicosanoids.
Many lipid substances can be produced by the mammalian body, mainly by the conversion
of carbohydrates into lipids (Stryer, 1988). Most lipids are poorly soluble in aqueous body
fluids, so that their transport in the body usually requires special carrier mechanisms.
Therefore, the body is equipped with a variety of systems for the efficient solubilisation and
transport of lipid substances (For reviews see Jackson et al, 1977; Masoro, 1977; Shiau,
1987).

Intestinal breakdown, uptake and processing of lipids.

The lipid content of the diet mainly consists of neutral fat (triacylglycerols), accounting
for approximately 40% of the total caloric intake, and to a lesser extent fatty acids (FA),
phospholipids (PL), cholesterol and cholesterol-esters (Figure 2.1). In order to achieve an
efficient intestinal uptake these compounds have to be in close contact with the water
soluble lipid converting enzymes secreted mainly by the pancreas into the duodenal lumen
(Sarda and Desnuelle, 1958). The dietary lipids have the tendency to remain in fairly large
aggregates (globules) thus making them less available for enzymatic breakdown. To
increase the surface of these lipid globules, bile, which is produced by the liver, is added
to the contents of the duodenal lumen. Bile contains cholesterol, bile salts (compounds
derived from cholesterol), and PL (mainly phosphatidylcholine or lecithin). The latter two
substances have an amphipatic nature which makes them soluble in both water and lipids.
By the small intestinal movement an adequate mixing of bile and dietary lipids occurs which
results in an approximate 1000 fold increase in lipid surface. Subsequently an efficient
breakdown of lipids can be performed by pancreatic lipase which converts triacylglycerols
into FA and monoacylglycerols (Desnuelle, 1961) whereas a small part remains in the
diacylglycerol state. PL are converted by pancreatic phospholipase A into lyso-phospholipids
(Borgström, 1974) which are fairly soluble in the aqueous intestinal content (chyme). The
products of the enzymatic conversion have to be shuttled away from the site of conversion
in order to keep the breakdown process going. However, the intestinal breakdown of
triacylglycerols only slightly increases the aqueous solubility of most endproducts. In order
to shuttle breakdown products towards the intestinal epithelium, bile salts form 20-40
molecule aggregates. In these so-called micelles the hydrophobic parts of the salt molecules
form the interior whereas the hydrophillic headgroups are located on the outside of the
micelle. This makes a micelle highly soluble in water despite its fairly large size.

14
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FA and monoacylglycerols dissolve in the micelles thus keeping their aqueous concentration
low resulting in a continuous breakdown of triacylglycerols. When a micelle comes in direct
contact with the intestinal epithelium (enterocyte), FA and monoacylglycerols are believed
to dissolve in the cellular membrane after which they diffuse into the interior of the cell. Lipid
resorption mainly occurs at the site of the proximal jejunum and is essentially complete
(Shiau, 1987).

CH, CM, CH, CH, CH, CH, CH, OH

Palmitic acid

Olelc acid

CM, CH, CH, CH,

= " CH, CH

R-OH : cholesterol
R-fatty acid: cholesterol-ester

HC Fatty «old

Fatty acid U— CH,

Trlacylglycerol

I Fatty aofd CH O
I 1 I II

Phospholipld

Fig. 2.1. Common lipid substances in mammalian tissues

Transport of FA and monoacylglycerols from the plasmalemma to the intracellular sites
of conversion may be mediated by two fatty acid-binding proteins (FABP) present inside the
cytoplasm of the enterocyte, the so-called liver type (L-FABP) and the intestinal type
(I-FABP) (Ockner and Manning, 1974; Bass et al, 1985; Cistola et al, 1989). Furthermore,
a protein with binding affinity for bile salts and bilirubin is present in this cell-type (Walz et
al, 1988).

In the smooth endoplasmic reticulum of the enterocyte essentially all
monoacylglycerols, FA and lyso-phospholipids are converted back into triacylglycerols and
PL, respectively (Brindley, 1974; Shiau, 1987). Thereafter chylomicrons are formed which
are structures of 0.1 urn in diameter or larger (Zilversmit, 1967; Mahley et al, 1971; Davies,
1991) composed of triacylglycerols, PL, cholesterol and cholesterol-esters together with a
variety of apolipoproteins (Hamilton 1972; Shiau, 1987; Davies, 1991). These latter proteins,
which are essential for the excretion of chylomicrons from the cell and the extracellular
recognition of these particles, form an envelop around the lipid core which makes these
particles soluble in an aqueous environment. After formation, chylomicrons are excreted
from the enterocyte into the lymph via exocytosis of Golgi vesicles (Brindley, 1974; Davies,
1991). At this point the main constituents of chylomicrons are triacylglycerols and PL (88%
and 9%, respectively), whereas the protein envelop amounts to 1% of total weight
(Eisenberg and Levy, 1975). Small and medium chain fatty acids are not processed in the
enterocyte but, after crossing these cells, directly enter the portal blood (Jackson, 1974).
Figure 2.2. shows a schematic overview of the above described processes.
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Intestinal
lumen

TG
FA
PL lyso-PL

Enterocyte

Chylomicron ( j

Lymph

Fig. 2.2. Schematic representation of intestinal lipid breakdown, uptake and processing. TG, triacylglycerol;
FA, fatty acid; PL, phospholipid; MG, monoacylglycerol; lyso-PL, lyso-phospholipid)

Extracellular transport of dietary lipids

On entering the bloodstream via the thoracic duct, exchange of apoproteins occurs
between the various lipoproteins (Fielding and Fielding, 1991). Removal of FA from
triacylglycerols of the chylomicrons and from very low density lipoproteins, produced by the
liver, occurs in tissues containing lipoprotein lipase at the endothelial lining of the micro-
vessels, such as skeletal muscle, heart muscle, liver and adipose tissue (Felts, 1975;
Schneider, 1991, Brindley, 1991). In the heart, triacylglycerols and PL, originating from
chylomicrons and very low density lipoproteins, are hydrolysed by the endothelial bound
lipoprotein lipase (Cryer, 1989; Groot et al, 1979). This enzyme is synthesized in the
parenchymal cell of the heart, is then secreted into the interstitial space and finally
transported to the luminal side of the endothelium. After hydrolysis of triacylglycerols by
lipoprotein lipase, predominantly into FA, monoacylglycerol and glycerol, these products are
taken up by the target tissues after which they can immediately be metabolized (Jones and
Havel, 1967; Smith and Scow, 1979), incorporated into the PL pool or stored in
triacylglycerols (Kreisberg, 1966). Storage of triacylglycerols predominantly occurs in adipose
tissue (Havel, 1972). In man, the complete removal of triacylglycerols from chylomicrons
occurs in less than one hour (Eisenberg and Levy, 1975). After extraction and hydrolysation
of triacylglycerols from chylomicrons the remnant particle is processed by the liver (Higgins
and Fielding, 1975). For reviews on lipoprotein physiology, including lipoprotein synthesis
from endogenous lipid pools by the liver, see Jackson et al (1977), Bisgaier and Glickman
(1983) and Vance and Vance (1991).

Mobilization of stored lipids

The above described processes occur whenever lipids enter the body via the gastro-
intestinal tract. A large part of the lipids that are not oxidized instantaneously after uptake

16
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from the bloodstream are stored in adipose tissue as triacylglycerols under the influence of
high levels of insulin. Furthermore, excess carbohydrates are, after conversion into FA and
subsequent incorporation in very low density lipoproteins in the liver, also stored as lipids.
These energy reserves can be used whenever dietary energy supplies are not available or
insufficient. Mobilization of the lipid stores from adipose tissue occurs through hormonal
activation of the adipocyte lipases by glucagon and adrenalin. In this process, cyclic AMP
(cAMP) acts as a mediator for the activation of a protein kinase which then activates lipase
by phosphorylation (Khoo et al, 1974; Siddle and Halis, 1975). Triacylglycerols are
subsequently broken down into FA and glycerol, which both are released into the blood. In
the blood, FA are transported bound to albumin which contains at least six binding sites for
long chain fatty acid molecules (Goodman, 1958; Spectoret al, 1969; Kragh-Hansen, 1981;
Peters, 1985; Rothschild et al, 1988).

The binding of FA by albumin is another example of a mechanism, besides lipoprotein
formation, by which efficient bulk transport of lipid substances in the aqueous blood-plasma
occurs. The true monomeric aqueous solubility of FA (e.g. palmitic acid) was measured to
be less than 2 nM (Broderson et al, 1990; Vorum et al, 1992). The presence of albumin can
enhance this solubility at least 5 orders of magnitude even at a 1 to 1 binding of FA. The
plasma albumin concentration amounts to 600 u.M whereas, at normal fed conditions, the
blood plasma FA concentration amounts to 300-500 u.M (Potter et al, 1989) indicating an
albumin:FA ratio of 0.5-0.8. The disappearance of FA from blood is a fast process with a
half-life time of about 2 min (Spector, 1986). FA released from adipose tissue can be directly
delivered to the target tissue for metabolization. Another route for FA is the re-incorporation
into triacylglycerols in the liver and the subsequent release into plasma as very low density
lipoproteins. Triacylglycerols in these particles can be hydrolysed by lipoprotein lipase, after
which uptake of FA and monoacylglycerols takes place (Brindley, 1991) (Figure 2.3.).

FA Chylo
MG microns

//7/M///7»

LPL

/

rH
.1.

\

> FA
1

-VLDL «—TG ^ ^

LPL

-T —

—>FA »TG, PL

-f- Oxidation

1

. i,
\ LPL

Albumin-FA

'T
l-A«— TG

Fig. 2.3. Main pathways of bulk lipid transport and cellular utilization in mammals. LPL, lipoprotein lipase;
VLDL, very low density lipoproteins; target tissue, e.g. skeletal muscle or heart.
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Intracellular lipid binding proteins

The main differences between extracellular and intracellular lipid binding factors is that
the extracellular transport usually implies transport over relatively large distances (millimetres
to meters) by means of mixing (intestine) or convection (lymph and blood) whereas
intracellular transport occurs within micrometer distances, most likely via diffusion. Lipid
processing usually occurs at intracellular organelles, such as mitochondria and the
endoplasmic reticulum, thus the aqueous cytoplasm has to be crossed. Although intracellular
distances are very small, most lipid compounds probably need a carrier to increase the
diffusional flux of these substances (facilitated diffusion). Each cell is surrounded by a
hydrophobic barrier, the cellular membrane, in which lipids readily dissolve, whereas the
aqueous solubility of most lipids is extremely low. In many tissue types of plant and animal
origin proteins have been found which are able to bind and thus solubilize lipids /n wfro
(Spener and Mukherjea, 1990). It is justified to assume that these proteins also bind lipid
structures /n wVo and thus may have a function in the intracellular trafficking of lipids.
However, to date no direct observations on intracellular lipid transport by these proteins
have been reported. The present overview is confined to those proteins which are detected
in tissue from mammalian origin (Table 2.1.). However, it should be indicated that
intracellular lipid binding proteins are also found in other organisms such as plants (Kader,
1990), insects (Haunerland, 1990), and prokaryotes (Paltauf and Daum, 1990).

A/on-spec/7/c //p/d transfer profe/ns (77sL-rPj

Non-specific lipid transfer protein (nsLTP), also known as sterol carrier protein 2
(SCPj), was first identified in rat liver cytosol (Bloj and Zilversmit, 1977), but has now been
identified in the liver, intestine and ovary of various mammalian species. nsLTP has been
shown to be able to bind a variety of lipid compounds /n wfro, such as PL, diacylglycerols,
gangliosides, glycosphingolipids and cholesterol. Moreover, it is capable of enhancing the
enzymatic synthesis and modification of cholesterol /n w'fro (Gavey et al, 1981; Chanderbhan
et al, 1984), probably by binding intermediate compounds in order to make them readily
available for enzymatic conversion.

P/iospfto/zp/d transfer prote/ns (PZ.-TP;

Another group of lipid binding proteins is able to bind a variety of PL. The presence of
a PL transferring protein was first discovered by Wirtz and Zilversmit (1967) in cytosol
preparations from rat liver. They showed that these proteins could stimulate the exchange
of PL molecules between PL bilayers ;'n wfro. During the following years several distinct PL
transferring proteins were discovered and purified, such as (/) nsLTP (see above), (//)
phosphatidylcholine transferring protein (PC-TP) from bovine (Kamp et al, 1973) and rat liver
(Poorthuis et al, 1980) and (///) phosphatidylinositol transferring protein (PI-TP) from bovine
heart (DiCorleto et al, 1979) and brain (Helmkamp, 1974) and human platelets (George and
Helmkamp, 1985). PC-TP will only bind PC, whereas PI-TP has a high affinity for PI but also
binds PC. These proteins are thought to play a role in the exchange of PL molecules
between various intracellular membranes. However, no definite proof of this putative function
/n wVo has been provided yet (Wirtz, 1991).

18
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Stero/ carr/er prote/ns ('SCPj

A number of intracellular sterol carrier proteins, capable of binding sterol compounds
/n wfro, have been identified during the last two decades (Billheimer and Reinhart, 1990).
These include cholesterol binding proteins (Erickson et al, 1978; LeFevre et al, 1978;
Higuchi et al, 1981; Ohta et al, 1982; Sziegoleit, 1982), sterol carrier proteins 1 and 2
(Scallen et al, 1971; Scallen et al, 1974), both found in rat liver, oxysterol-binding protein
(Kandutsch et al, 1977) and cholesterol ester transfer protein (Wetterau and Zilversmit,
1984).

Tr/acy/g/ycero/ b/nd/ng profe/'ns

To date a single protein with binding capacities for triacylglycerol has been identified
and isolated from bovine and rat liver (Wetterau and Zilversmit, 1984; Wetterau and
Zilversmit, 1985; Wetterau and Zilversmit, 1986). Besides triacylglycerols this protein can
bind cholesterol esters and, to a lesser extent, phosphatidylcholine.

G/yco//p/d fransfer profe/ns ('G/.-TPj

About a decade ago a new group of proteins able to bind lipids containing a sugar
residue was detected. Metz and Radin (1980) detected a factor in cytosol preparations of
bovine spleen capable of transferring glucosylceramide between liposomes and erythrocyte
membranes. A pure protein preparation was obtained from pig brain (Abe et al, 1982; Abe
and Sasaki, 1985). A similar glycolipid transferring activity has now been detected in a
variety of mammalian tissues (Sasaki et al, 1990).

Non-specific lipid transfer protein (nsL-TP)
Phosphatidylcholine transferring protein (PC-TP)
Phosphatidylinositol transferring protein (PI-TP)
Cholesterol binding protein (CBP)
Sterol carrier protein 1 (SCP,)
Sterol carrier protein 2 (SCPj)
Oxysterol-binding protein (OxBP)
Cholesterol ester transfer protein (CE-TP)
Triacylglycerol binding protein (TG-BP)
Glycolipid transfer protein (GL-TP)
Cellular retinol binding proteins (cRBP and cRBPII)
Cellular retinoic-acid binding protein (cRABP)
Cytoplasmic liver fatty acid-binding protein (L-FABPJ
Cytoplasmic intestinal fatty acid-binding protein (I-FABPJ
Cytoplasmic adipocyte fatty acid-binding protein (A-FABPJ
Cytoplasmic heart fatty acid-binding protein (H-FABPJ
Heat shock proteins (HSP71 and HSP73)
Plasmamembrane bound fatty acid-binding protein (FABPpJ
Acyl-CoA binding protein (ACBP)

Table 2.1. Intracellular lipid binding proteins in mammalian tissues,

flef/no/ and retfno/d b/nd/ngf profe/ns

Retinol (Vitamin A) and its derivates play an essential role in a number of biochemical
processes (Sporn et al, 1984). Due to their chemical structure these substances are
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hydrophobic and most likely have to be transported bound to protein carriers. Besides a
plasma retinol binding protein, three different intracellular proteins have been identified each
binding retinol or retinol derivates, i.e. cellular retinol binding protein (cRBP), cellular retinol
binding protein II (cRBPII) and cellular retinoic acid-binding protein (cRABP) present in a
variety of mammalian tissue types (Eriksson, 1990). cRBP binds retinol whereas cRBPII can
bind both retinol and retinal. cRABP has a high affinity for retinoids with a carboxylic group.

Faffy ac/tf-b/'ntf/ngf prate/ns (F/4BPJ

Two decades ago the first reports on the existence of a small protein capable of
binding long chain fatty acids /'n v/Yro appeared (Mishkin et al, 1972; Ockner et al, 1972).
These investigators detected FA binding activity in cytosol preparations of rat liver, intestine,
kidney, skeletal muscle, myocardium and adipose tissue. The knowledge of this group of
proteins has expanded tremendously, mainly during recent years. In this and the next
section some general characteristics of these proteins will be discussed, whereas for further
detailed information the reader is referred to the various reviews which appeared during
recent years (Bass, 1985; Glatz and Veerkamp, 1985; Bernier and Jolles, 1987; Sweetser
et al, 1987; Veerkamp and Paulussen, 1987; Bass, 1988; Clarke et al,1989; Spener et al,
1989; Glatz and Van der Vusse 1990; Kaikaus et al, 1990; Matarese et al, 1990; Spener
and Mukherjea, 1990; Paulussen and Veerkamp, 1990; Veerkamp et al, 1991).

To date at least four distinct cytoplasmic FABP types have been identified, viz. liver,
intestinal, heart and adipocyte FABP. These proteins have a comparable molecular weight
of 14-16 kDa, show a relatively high degree of primary structure similarity and all are able
to bind fatty acids /n w'fro with a chain length of 16-22 carbon atoms. Based on primary
structure similarity some other proteins can be regarded to be part of the FABP family, i.e.
myelin P2, a protein present in the peripheral nerve myelin (Uyemura et al, 1984; Matarese
et al, 1988), gastrotropin, present in the terminal ileum (Walz et al, 1988; Ganz et al, 1989),
mammary derived growth inhibitor from bovine mammary gland (MDGI) (Böhmer et al, 1987)
and the retinoid binding proteins cRBP, cRBPII and cRABP (see previous section). Besides
these proteins, some other intracellular proteins can also bind FA, but do not show much
structural homology to FABP i.e. 71 and 73 kDa heat shock proteins (Guidon and Hightower,
1985a,b) and a 40 kDa plasmalemmal bound FABP (FABPpJ (Stremmel et al, 1985).
Finally, a 9.9 kDa protein was isolated and characterized which can bind acyl-CoA
(Mogensen et al, 1987; Knudsen, 1990) but not FA. Liver FABP (L-FABP) was found in liver,
intestine, kidney and stomach (Paulussen et al, 1989; Bass and Manning, 1986; Paulussen
et al, 1990; Gordon et al, 1985; Bass et al, 1985; Maatman et al, 1992), although the kidney
protein was initially reported not to be completely similar to L-FABP (Maatman et al, 1991).
Intestinal FABP (I-FABP) has been detected only in the small intestine (Bass et al, 1985;
Bass and Manning, 1986). Adipose tissue contains another distinct FABP (A-FABP)
(Bernlohr et al, 1984; Baxa et al, 1989) although this protein was found to cross-react with
antibodies against liver and heart FABP (Paulussen et al, 1989).

The far most widespread FABP type is heart type FABP (H-FABP) which will be
discussed in more detail in the next section. It can, beside the heart, be found in skeletal
muscle (Claffey et al, 1987; Heuckeroth et al, 1987, Paulussen et al, 1989), kidney (Claffey
etal, 1987; Heuckeroth et al, 1987; Lam etal, 1988; Maatman et al ,1991), stomach (Kanda
et al, 1989), mammary gland (Jones et al, 1988), adrenal gland and placenta (Heuckeroth
et al, 1987), testes (Bass and Manning, 1986) and aorta wall (Sarzani et al, 1988).
Moreover, a protein with 95% immunological cross-reactivity with heart FABP was isolated
from bovine brain (Schoentgen et al, 1989).
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5 10 15
Rat heart Ala Asp Ala Phe Val Gly Thr Trp Lys Leu Val Asp Ser Lye Asn
Mouse heart Ala Asp Ala Phe Val Gly Thr Trp Lys Lou Val Asp Ser Lys Asn
Human heart Val Asp Ala Phe Leu Gly Thr Trp Lys Leu Val Asp Ser Lys Asn
Bovine heart Val Asp Ala Phe Val Gly Thr Trp Lys Leu Val Asp Ser Lys Asn
Rat liver Asn Phe Ser Gly Lys Tyr Gin Val Gin Ser Gin Glu Asn Phe Glu
Rat intestine Ala Phe Asp Gly Thr Trp Lys Val Asp Arg Asn Glu Asn Tyr Glu

20 25 30 35
Phe Asp Asp Tyr Met Lys Ser Leu Gly Val Gly Phe Ala Thr Arg Gin Val Ala Ser Met
Phe Asp Asp Tyr Met Lys Ser Leu Gly Val Gly Phe Ala Thr Arg Gin Val Gly Ser Met
Phe Asp Asp Tyr Met Lys Ser Leu Gly Val Gly Phe Ala Thr Arg Gin Val Ala Ser Met
Phe Asp Asp Tyr Met Lys Ser Leu Gly Val Gly Phe Ala Thr Arg Gin Val Gly Asn Met
Pro Phe Met Lys Ala Met Gly Leu Pro Glu Asp Leu lie Gin Lys Gly Lys Asp lie Lys
Lys Phe Met Glu Lys Met Gly lie Asn Val Val Lys Arg Lys Leu Gly Ala His Asp Asn

40 45 50 55
Thr Lys Pro Thr Thr lie lie Glu Lys Asn Gly Asp Thr lie Thr lie Lys Thr His Ser
Thr Lys Pro Thr Thr lie lie Glu Lye Asn Gly Asp Thr lie Thr lie Lys Thr Gin Ser
Thr Lys Pro Thr Thr lie lie Glu Lys Asn Gly Asp lie Leu Thr Leu Lys Thr His Ser
Thr Lys Pro Thr Thr H e H e Glu Val Asn Gly Asp Thr Val lie H e Lys Thr Gin Ser
Gly Val Ser Glu H e Val His Glu Gly Lys Lys Val Lys Leu Thr H e Thr Tyr Gly Ser
Leu Lys Leu Thr H e Thr Gin Glu Gly Asn Lys Phe Thr Val Lys Glu Ser Ser Asn Phe

60 65 70 75
Thr Phe Lys Asn Thr Glu H e Ser Phe Gin Leu Gly Val Glu Phe Asp Glu Val Thr Ala
Thr Phe Lys Asn Thr Glu H e Asn Phe Gin Leu Gly H e Glu Phe Asp Glu Val Thr Ala
Thr Phe Lys Asn Thr Glu H e Ser Phe Lys Leu Gly Val Glu Phe Asp Glu Thr Thr Ala
Thr Phe Lys Asn Thr Glu H e Ser Phe Lys Leu Gly Val Glu Phe Asp Glu Thr Thr Ala
Lys Val H e His Asn Glu Phe Thr Leu Gly Glu Glu Cys Glu Leu Glu Thr Met Thr Gly
Arg Asn H e Asp Val Val Phe Glu Leu Gly Val Asp Phe Ala Tyr Ser Leu Ala Asp Gly

80 85 90 95
Asp Asp Arg Lys Val Lys Ser Val Val Thr Leu Asp Gly Gly Lys Leu Val His Val Oln
Asp Asp Arg Lys Val Lys Ser Leu Val Thr Leu Asp Gly Gly Lys Leu H e His Val Gin
Asp Asp Arg Lys Val Lys Ser H e Val Thr Leu Asp Gly Gly Lys Leu Val His Leu Gin
Asp Asp Arg Lys Val Lys Ser H e Val Thr Leu Asp Gly Gly Lys Leu Val His Val Gin
Glu Lys Val Lys Ala Val Val Lys Met Glu Gly Asp Asn Lys Met Val Thr Thr Phe Lys
Thr Glu Leu Thr Gly Thr Trp Thr Met Glu Gly Asn Lys Leu Val Gly Lys Phe Lys Arg

100 105 110 115
Lys Trp Asp Gly Gin Glu Thr Thr Leu Thr Arg Glu Leu Ser Asp Gly Lys Leu H e Leu
Lye Trp Asp Gly Gin Glu Thr Thr Leu Thr Arg Glu Leu Val Asp Gly Lys Leu H e Leu
Lys Trp Asp Gly Gin Glu Thr Thr Leu Val Arg Glu Leu H e Asp Gly Lys Leu H e Leu
Lys Trp Asn Gly Gin Glu Thr Ser Leu Val Arg Glu Met Val Asp Gly Lye Leu H e Leu
Gly H e Lys Ser Val Thr Glu Phe Asn Gly Asp Thr H e Thr Asn Thr Met Thr Leu Gly
Val Asp Asn Gly Lys Glu Leu H e Ala Val Arg Glu H e Ser Gly Asn Glu Leu H e Gin

120 125 130 132
Thr Leu Thr His Gly Asn Val Val Ser Thr Arg Thr Tyr Glu Lys Glu Ala
Thr Leu Thr His Gly Ser Val Val Ser Thr Arg Thr Tyr Glu Lys Glu Ala
Thr Leu Thr His Gly Thr Ala Val Cys Thr Arg Thr Tyr Gin Lys Glu Ala
Thr Leu Thr His Gly Thr Ala Val Cys Thr Arg Thr Tyr Glu Lys Gin Ala
Asp H e Val Tyr Lys Arg Val Ser Lys Arg H e
Thr Tyr Thr Tyr Glu Gly Val Glu Ala Lys Arg H e Phe Lys Lys Glu

Table 2.2: Primary amino acid structure of a selection of FABPs. FABP from mouse heart, human heart,
bovine heart, rat liver and rat intestine are compared with the primary structure of rat FABP. Bold
print indicates homology. Note the high homology among different species in the same FABP type
and the poor homology between distinct FABP types in one species, i.e. the rat.
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CHAPTER 2

Characteristics of heart type fatty acid-binding protein (H-FABP)

Pr/mary sfrucfc/re of H-F>4BP

The amino-acid sequence primary structure of H-FABP has been determined, using
protein cleavage techniques, for rat (Sacchettini et al, 1986; Gibson et al, 1988; Kimura et
al, 1989) and human H-FABP (Offner et al, 1988; Börchers et al, 1990), and, making use
of nucleotide sequencing, for rat (Claffey et al, 1987; Heuckeroth et al, 1987), cattle (Billich
et al, 1988) and mouse H-FABP (Tweedie and Edwards, 1989). These amino acid
sequences are shown in Table 2.2. For comparison the primary structures of rat liver and
intestinal FABPs (Gordon and Lowe, 1985) are also shown. A striking similarity between
inter-species H-FABP can be observed. The highest homology of primary structure is found
between rat and mouse H-FABP (94%), whereas the lowest homology is found between
mouse and human H-FABP, but still amounts to 86%. On the other hand a poor sequence
similarity among liver, intestinal and heart FABP in one species exists, indicating that these
proteins are encoded on separate genes. As do all presently known members of the
mammalian FABP family, H-FABP carries an acetyl group at its N-terminal amino acid
(Bernier and Jolles, 1987). Moreover, a slight portion of H-FABP has been found to be
phosphorylated (Nielsen and Spener, unpublished observation).

sfrucfure of H-F4BP

Detailed information on the tertiary structure of intestinal FABP (I-FABP) is available
from the work of Sacchettini et al (1990) and Scapin et al (1992). They used recombinant
DNA techniques to express large amounts of I-FABP in E. Co//. After crystallization of the
protein they were able to unravel the structure of I-FABP from rat using X-ray diffraction at
1.2 A resolution. It consists of ten anti-parallel B-strands organised into two B-sheets.
Furthermore it contains two a-helices connecting the first and the second B-strand. In
general the structure resembles a clam between the two halves of which a long chain fatty
acid molecule can be bound. Thus FA is no longer directly in contact with the polar aqueous
environment, but is almost completely buried in the protein molecule. On FA binding the
structural conformation of the protein hardly changes. For bovine H-FABP the tertiary
structure was determined at a resolution of 3.5 A (Müller-Fahrnow et al, 1991). Despite large
primary structure differences between H-FABP and I-FABP, the tertiary structure of H-FABP
appears similar to that of I-FABP, indicating that this structure may be important for the
binding of hydrophobic ligands. Recently the structure of human H-FABP has also been
shown to be similar to that of I-FABP (Scapin and Sacchettini, 1992).

Loca//zaf/on o/ H-F4BP

H-FABP is primarily located in the cytoplasm of the cardiomyocyte (Paulussen et al,
1989) although it has also been shown immunocytochemically to be associated with
myofibrils, mitochondria and the nucleus in rat (Fournier and Rahim, 1985) and bovine heart
(Börchers et al, 1989). Unlike other species, bovine heart contains two isoforms of H-FABP,
with iso-electric points of 4.9 and 5.1 respectively (Jagschies et al, 1985). Underberg et al
(1990) showed that these isoforms only differ in one amino acid residue (Asn^ in pi 5.1-
FABP versus Asp^ in pi 4.9-FABP). They indicated that this amino acid modification may
occur non-enzymatically. Interestingly, only the pi 4.9 isoform could be demonstrated in
mitochondria.
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L/gand ö/nd/ng by H-F/\SP

Several techniques to monitor FA binding by FABP have been used during recent
years. Most of these techniques are based on the separation between FABP-bound and
unbound FA after installation of a binding equilibrium. This can be performed by using
relatively large particles with a moderate FA binding affinity, so that after binding of unbound
FA these particles can be separated from the aqueous protein solution by centrifugation. For
this Sephadex G-25 (Ockner and Manning, 1974), dextran-gelatin-coated charcoal (Morrow
and Martin, 1983) and Lipidex 1000 (Glatz and Veerkamp, 1983) have been used. Glatz and
Veerkamp (1983) showed that Lipidex 1000 is superior in comparison with the other
substances. Another method to determine the stoichiometry of FA binding by FABP is to
monitor the distribution of FA between PL vesicles and FABP (Offner et al, 1986; Paulussen
et al, 1988). Unfortunately, although applicable for the qualitative monitoring of FA binding,
each of these different techniques may give rise to confusion regarding the true
stoichiometry and affinity of FA binding by FABP, since they each require separation of
FABP-bound and non FABP-bound FA.

Nuclear magnetic resonance (NMR) has also been used to monitor FA binding by
FABP (Cistola et al, 1988; Cistola et al, 1989; Cistola et al, 1990). The advantage of this
technique is that it does not require separation of FABP-bound and non FABP-bound FA,
making it a powerful tool to assess the FA binding parameters. Although some studies report
a 2:1 binding stoichiometry for FA binding by H-FABP (Offner et al, 1986; Srimani et al,
1990) it is generally accepted that H-FABP and I-FABP only bind one FA molecule, whereas
L-FABP can, among other ligands (Glatz and Van der Vusse 1990; Kaikaus et al, 1990;
Matarese et al, 1990; Paulussen and Veerkamp, 1990; Veerkamp et al, 1991), bind 2-3 FA
molecules (Cistola et al, 1989).

Se/f aggregaf/on o/ H-M6P

Heart-type FABP from pig and rat heart has been reported to form aggregates at
concentrations higher than 2 mg FABP per ml (Fournier et al, 1983; Fournier and Rahim,
1983; Fournier and Rahim, 1985; Fournier and Richard, 1988). These authors indicate that
self-aggregation may play an important role in the activation of FA and acyl-CoA dependent
mitochondrial membrane enzymes. To date, only Jones et al (1988) were able to partially
reproduce these results, whereas no self-aggregation was observed of human (Offner et al,
1988), rat (Offner et al, 1986), and bovine (Jagschies et al, 1985) heart-type FABP.
Nevertheless, the self-aggregation might be species and concentration dependent.

D/urna/ var/aton ;n /-/-F-4SP contenf

Glatz and co-workers (1984) found that the H-FABP content in rat heart showed a
diurnal variation, being highest in the mid-dark phase, in combination with a variation in
palmitate oxidation capacity, indicating a close relationship between these two parameters
and hence a possible important function of H-FABP in intracardial lipid metabolism.

Ewctence for M B P med/afed E4 fransport /n wfro

Limited experiments have been performed to study the putative FA transport function
of FABP. It was found by Catala and Avanzati (1983) and by McCormack and Brecher
(1987) that liver FABP increased the FA transport between liposomes and microsomes.
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Peeters and Veerkamp (1989) studied the exchange of labeled FA from mitochondria to
vesicles separated by a polycarbonate membrane through which these structures could not
diffuse. They found that FABP, either liver type or heart type, could enhance the exchange
rate of oleic acid between the two compartments. Similar results were found in a system in
which the FA transfer between two separated phospholipid monolayers was studied,
indicating that FABP might be involved in intracellular FA translocation. The exchange of
fluorescently labeled FA from FABP to liposomes was studied in detail by Storch (1990).
She found appreciable differences in the exchange velocity from liver FABP in comparison
with heart FABP, the latter being approximately 50 fold higher. This finding might indicate
physiological differences between the two proteins.

Ew'ctence for M 0 P med/'ated M fransport ;'n wVo

Studies have been performed to monitor intracellular FA binding by FABP (Waggoner
and Bemlohr, 1990; Waggoner et al, 1991). These investigators incubated either adipose
cells or liver cells with a FA analogue labeled with both a radioactive and a photoreactive
group. After incubation with the FA cells were irradiated with UV-light after which covalent
binding to proteins was monitored. It was found that FABP in these cells was labeled with
the FA. This was the first direct evidence that FABP binds FA /n wVo and possibly indicates
an important FA transport function of FABP.
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CHAPTER 3

ASSAY OF THE BINDING OF FATTY ACIDS BY PROTEINS:
EVALUATION OF THE LIPIDEX 1000 PROCEDURE'

Michael M. Vork, Jan F.C. Glatz, Don A.M. Surtel and Ger J. Van der Vusse.

' Mol Cell Biochem 98, 111-117, 1990 (reprinted with permission)
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SUMMARY

Fatty acid (FA) binding by fatty acid-binding protein (FABP) is frequently monitored with
the so-called Lipidex 1000 assay, in which protein associated and non-protein bound FA are
separated by selectively binding the latter to Lipidex 1000. Careful evaluation of this assay
showed that the use of aqueous FA solutions resulted in a marked decrease (60 to 70%)
of FA concentration due to their aspecific binding to the surface of the test-tube used. In
addition, solutions of rat heart FABP in the nmolar range also showed a concentration
decrease up to 80% due to protein binding to the surface of the test-tube.

Introduction of detergents, Triton X-100 or Tween 20, limited the FA loss to less than
20% and totally eliminated FABP adsorption. Kinetic parameters for the binding of [1-
"C]oleic acid by purified rat heart FABP, assayed in the presence of Triton X-100, were
found to be similar to those assayed in the absence of detergent, when adequate
corrections were made for losses of FA and FABP due to surface adsorption. Use of Tween
20 resulted in a substantial increase of the dissociation constant. The addition of 100 nM
Triton X-100 to the assay medium considerably facilitates the determination of kinetic
parameters of fatty acid binding by proteins.

INTRODUCTION

In 1983, Glatz and Veerkamp (1983a) introduced a radiochemical procedure for the
determination of the non-covalent binding of long-chain fatty acids (FA) by proteins. Lipidex
1000, a 10% substituted hydroxyalkoxypropyl derivate of Sephadex G-25, which shows
appreciable affinity for hydrophobic substances in a temperature dependent manner, plays
a crucial role in the assay procedure (Dahlberg et al, 1980; Glatz and Veerkamp, 1983b).
At 37°C, Lipidex 1000 was found to remove both non-protein bound and protein associated
FA from an aqueous solution, whereas at 0°C it only removed non-protein bound FA (Glatz
and Veerkamp, 1983a,b). This property made it possible to discriminate between free and
protein bound FA in solutions containing fatty acid-binding proteins. The assay was initially
developed to identify FABP during purification procedures and to study the FA binding
capacities of various dealbuminized cytosol preparations (Glatz et al, 1984). At present, the
assay is generally referred to as 'Lipidex 1000 assay' and is frequently used to monitor FA
binding by purified fatty acid-binding proteins (FABP) in order to obtain apparent dissociation
constants (K )̂ and maximum binding (B„„) values (e.g. Paulussen et al, 1988; Lowe et al,
1987; Kimuraetal, 1989).

In the Lipidex 1000 assay, aqueous solutions of long-chain FA in the nmolar range are
commonly used. Because of their amphiphilic character, FA have affinity for both
hydrophobic and hydrophillic environments. As a result, FA in an aqueous environment will
partially adsorb to the surface of the test-tube containing the FA solution as already
mentioned previously (Glatz and Veerkamp, 1983b). Furthermore, at pH 7-9, FA will be
present in two phases, a lamellar FA/soap phase and the aqueous phase whereby the
former will dominate (Cistola et al, 1988; Brodersen et al, 1989). FA micelles will not be
present at this pH interval (Cistola et al, 1988). Theoretically, the binding of FA to the
surface of the reaction vial (e.g. glass or polypropylene) will result in a lower aqueous FA
concentration, hence an underestimation of the bound/free (B/F) ratio and thus
overestimation of the apparent dissociation constant (K<,). Besides FA, proteins are also
known to adsorb to surfaces (Cantarero et al, 1980; Andrade, 1985) in a time and
temperature dependent manner. Possible adsorption of FABP to the surface of the reaction
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vessel in the Lipidex 1000 assay will result in an underestimation of the value for maximum
FA binding (B„J .

The present study was carried out to determine the effects of adsorption of fatty acids
and FABP to the surface of the reaction vessel on K̂  and B„^„ values as monitored by the
Lipidex 1000 procedure. The effects of the utilization of detergents in the assay were also
examined. Two commonly used non-ionic detergents, i.e. Triton X-100 and Tween 20, were
included in the assay at various concentrations to minimize FA and FABP adsorption to the
surface of the reaction vessel.

MATERIALS AND METHODS

Purified rat heart FABP was used in all experiments. Purification was carried out using
gel filtration and ion-exchange chromatography essentially according to Paulussen et al
(1988). The overall yield of the protein was about 5%. Purity of the protein was confirmed
with SDS polyacrylamide gel electrophoresis and isoelectric focusing using Phast System
(Pharmacia LKB, Uppsala, Sweden). Amino acid analyses by HPLC (Van Eijck et al, 1988)
were carried out for precise FABP quantification. The coefficient of variation of amino acid
analyses was in the order of 2% (Paulussen et al, 1988; Van Eijck et al, 1988). Purified
preparations were dialyzed against phosphate buffered saline (PBS), pH 7.4, overnight at
4°C and stored at -20°C in polypropylene vials in a final concentration of 27.2 nM. When
stored in this way, no detectable decrease of concentration or FA binding capacity of the
samples was observed after 10 months.

[1-^C]Oleic acid (specific activity 51.8 Ci/mol, 250 |iCi in toluene) was purchased from
Amersham International (Amersham, UK). The solution was evaporated under vacuum.
Thereafter the oleic acid was redissolved in 10 ml absolute ethanol and stored in a final
concentration of 0.48 mM at -20 °C. Lipidex 1000 was obtained from Packard Instrument
Company Inc. (Downers Grove, Illinois, USA). Before use, Lipidex was exhaustively freed
of methanol and stored as a 50% (v/v) suspension in 10 mM K-phosphate buffer, pH 7.4,
at 4°C. Goat anti rabbit IgG/horseradish peroxidase was obtained from Nordic (Tilburg, The
Netherlands). All other chemicals were obtained from Merck (Darmstadt, FRG).

To measure the recovery of protein after Lipidex 1000 assay, FABP was quantified with
an Enzyme Linked Immuno-Sorbent assay. For this, rabbits were immunized with purified
rat heart FABP yielding antisera with a titer of 8000. FABP samples were directly coated
onto PVC microtiterplates overnight at 4°C. After incubation with rabbit anti-rat heart FABP
and subsequently with goat anti-rabbit IgG/horseradish peroxidase the FABP content was
determined by measuring the oxidation rate of o-Phenylene-Diamine in the presence of
hydrogen peroxide. The detection limit of the assay amounted to 0.1 ng FABP.

Lipidex 1000 assay

The assay was performed in a 10 mM Tris-HCI buffer (pH 8.0) containing none or
various concentrations of detergent as indicated. This buffer was also used to dilute FA and
FABP stock solutions. [1-™C]Oleic acid dilutions, ranging from 1 to 10 jiM, were freshly
prepared from the above mentioned ethanolic stock solution of 0.48 mM. Fixed amounts of
FABP (136±3 pmol) were used in each determination.

For the assay, 150 |xl Tris-HCI buffer (pH 8.0), 50 |il FABP solution (2.72 jiM) and 50
Hi FA solution were mixed in this order in an 1.5-ml Eppendorf polypropylene reaction vial.
After incubation for 15 minutes at 37°C, the vials were centrifuged for a few seconds to
remove condense from the lid and subsequently placed on ice. From each vial 50 |il was
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taken and pipetted in a scintillation vial to assess the actual FA concentration in the aqueous
solution. To the remaining volume, 50 nl of continuously stirred ice-cold Lipidex 1000
suspension was added and mixed 3-4 times on a vortex mixer during a 30 minutes
incubation at 0°C. Finally, the vials were centrifuged (2 minutes, 10,000 g at 4°C) and 100
Hi of supernatant was pipetted into scintillation vials to quantify the amount of bound FA. In
some experiments an additional 10 ul was taken for FABP assessment in the solution using
the above described ELISA. Radioactivity was measured with a Beekman LS 3801
scintillation counter (Beekman Instr. Inc., Fullerton, California, USA). Blank values were
obtained for each FA dilution by measuring the radioactivity of incubations in which 50 u.1
Tris buffer without FABP was added. The measured blank values were subtracted from the
FA binding data. Blank values increased when detergent concentration was elevated but
never exceeded 3% of the total amount of radioactive FA added to each vial.

Data obtained were analyzed according to Zivin and Waud (1982) and visualized using
Eadie-Hofstee plots in which the slope of the curve represents the apparent dissociation
constant (K„) and the Y-axis intercept the maximal FA-binding (B„„). All values for FA
binding are expressed as moles FA bound per mole of FABP.

RESULTS

Data in Table 3.1. show that in glass, polypropylene and polystyrene vials a substantial
amount of FA was lost from the aqueous solution when no detergent was present. In
addition, FA loss appeared dependent on the material of which the vials are made. The FA
concentration decrease occurred instantaneously independent of the temperature (data not
shown). In polypropylene vials, addition of 100 u.M Triton X-100 reduced the loss of FA to
less than 20%. Elevation of the Triton X-100 concentration to 200 u.M did not significantly
further reduce the FA loss. It should be noted that all Triton X-100 concentrations were
below its critical micellar concentration (0.24 mM). Utilization of Tween 20 gave comparable
results.

Test-tube material

Glass
Polystyrene
Polypropylene

Detergent

None
None
None
Triton X-100

Tween 20

100 nM
150 (iM
200 |iM

54 |iM

[1-"C]Oleic acid recovery(%)

25±1
65±1
42+1
84±1'
82±1*
84±1*
76+1 *

Table 3.1: Recovery of [1-"C]oleic acid in the aqueous medium at various detergent concentrations.
Determinations were carried out in a total volume of 250 ul.Fatty acid concentration varied
between 1 and 10 n M . ' Significantly different (p<0.05) from values measured in the absence of
detergent (MearttSD, n=60).

Under our assay conditions FABP was also largely bound to the polypropylene vials.
The recovery of FABP in the aqueous solutions amounted to 28±4% (mean±S.D. for 20
determinations) and was found to be dependent on the incubation time and temperature
(data not shown). However, in the presence of detergent (100 (iM Triton X-100), protein loss
was completely eliminated during performance of the assay (data not shown). Neglect of the
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binding of FA and FABP to the test-tube surface markedly influences the apparent
dissociation constant (K<,) and maximal binding (B^„)- This is illustrated for a typical
experiment in Figure 3.1, in which experimentally obtained data are presented using the
Eadie-Hofstee plot technique (Zivin and Waud, 1982). The advantage of this representation
technique is that both K̂  and B„,„ values and their error limits are estimated in a direct
manner. When FA and FABP losses are not considered (graph 1), the K„ is substantially
overestimated and the B„ „ underestimated. A correction made for FA loss alone (graph 2)
still leads to erroneous values. Therefore, it is important to eliminate both FA and FABP
adsorption to the surface of the test-tube during the Lipidex 1000 assay as much as
possible, or to correct appropriate for losses (graph 3).

1.20

0.00
0.00 0.40 0.80

Bound/Free

1.20

Fig. 3.1. Eadie-Hofstee plot of oleic acid binding by rat heart FABP in the absence of detergent: Effect of
the binding of FA and FABP to the polypropylene test-tube. Actual concentrations of FA were
measured radiochemically, those of FABP by ELISA. The results of a representative experiment
are shown. In graph 1 both FA and FABP losses were assumed to be negligible (K„=1.60±0.30,
B„,„=0.46±0.05, r=0.79). In graph 2 a correction was made for the loss of FA only (K^O.3710.05,
Bmax=0-46±0.04, r=0.84). Graph 3 shows the plot with the actual aqueous concentrations of FA
and FABP after the correction of losses due to adsorption to the surface of the test-
tube.(K^=0.20±0.15, B„„=1.20±0.10, r=0.69).

The influence of the presence of Triton X-100 or Tween 20 on the kinetic parameters
of oleic acid binding by FABP, calculated on the basis of the actual FA and FABP
concentrations is illustrated in Figure 3.2 (data given in Table 3.2). The detergents did
influence the apparent K„ to some extent but did not significantly affect B„„„ values. The K„
value slightly increased when the detergent concentration was elevated. The affinity of FABP
for FA apparently decreases when a detergent is present. The largest increase in K„ value
was observed when Tween 20 was used in the assay at a concentration of 54 nM.

DISCUSSION

The present findings indicate that for the assay of the binding of fatty acids by FABP
in aqueous media, adsorption of both FA and FABP to the surface of the test-tube is
remarkably high and, therefore, seriously hampers the correct calculation of K„ and B„ „
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values. The effects of Triton X-100, commonly used in membrane protein purification, and
Tween 20, applied in many enzyme linked immunosorbent assays, were investigated. These
detergents significantly decreased the loss of FA from the aqueous solution and completely
eliminated the loss of FABP. Kinetic parameters calculated from binding studies in the
presence of Triton X-100 appeared similar to those calculated from studies in which no
detergent was used but in which corrections were made for FA and FABP adsorption to the
test-tube. Thus, addition of detergent to the medium considerably facilitates the assay of the
binding of fatty acids by FABP.

100 uM Triton X-100

I
o
o

1.20

1.00

0.80

0.80

0.40

0.20

0.00

150 uM Triton X-100

0.50 1.00 1.50 2

Bound/Free

200 uM Triton X-100

0.50 1.00 1.50 2.00

Bound /Fr«e

54 pM Tween 20

0.50 1.00 1.50

Bound/Fr«*

2.00 0.50 1.00 1.50

Bound /Fr««

2.00

Fig. 3.2. Effect of detergents on the binding of oleic acid by rat heart FABP. Eadie-Hofstee plots are given
for determinations in the presence of 100, 150 and 200 |iM Triton X-100 and 54 uM Tween 20,
all carried out in polypropylene vials as described in Materials and Methods. The results of
representative experiments are shown. Kinetic parameters calculated from the graphs displayed
are given in Table 3.2.

The problem of binding of FA to the surface of the test-tube was already noted in the
first description of the Lipidex 1000 assay (Glatz and Veerkamp, 1983b), but the surface
adsorption of protein (FABP) was not yet discussed before. Using polyethylene vials and 10-
minute incubations at pH 7.4, in this previous study the recovery of [1 -'*C]palmitate from the
assay mixture was found to be 90-95% (Glatz and Veerkamp, 1983b), significantly higher
than our present observations. Hence, in the absence of detergent, the actual aqueous FA
concentration depends to a large extent on the experimental conditions and, possibly, on
the type of fatty acid employed.

The presence of a detergent in the Lipidex 1000 assay did influence the apparent K̂
value (Table 3.2), especially in case of Tween 20 at a relative low concentration. A feasible
explanation for this phenomenon can be offered when the molecular structure of Tween 20
is taken into account. According to Sacchettini and co-workers (1989), the free carboxyl
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group of long-chain fatty acids plays a role in the binding of FA by FABP. Because Tween
20 contains a C12 fatty acid chain with a free carboxyl group, it may bind to FABP in a
similar way as FA do. In analog to enzyme kinetics, this phenomenon may be called
competitive inhibition resulting in increased K„ values. The B„„ value, however, will not
change because the inhibitory effect of Tween 20 can be eliminated by elevating the
concentration of FA. The explanation above given is not applicable to the small increase in
apparent K̂  value observed in the presence of Triton X-100, as this detergent lacks a fatty
acid group. Possibly, at high concentrations Triton X-100 binds to hydrophobic regions on
the FABP molecule resulting in a small conformational change of the protein molecule,
thereby causing a decrease of the affinity of FABP for FA.

Detergent K, (nM) B^ , (mol/mol)

None
Triton X-100

Tween 20

100 nM
150 (iM
200 |iM

54 |iM

0.2010.15
0.3310.02
0.3810.03
0.4410.02
0.7910.08

1.2010.10
1.1110.04
1.0310.04
1.1310.04
1.1010.07

Table 3.2. Kinetic parameters for the binding of [1-"C]oleic acid by rat heart FABP at various detergent
concentrations. Values and error limits of K„ and B „ „ were calculated from 20 (no detergent) or
60 (all other cases) independent fatty acid-binding measurements in polypropylene vials made
for each condition (see Figure 3.2. for further details). Parameters were calculated using the
corrected FA and FABP concentrations.

Despite the fact that B„ „ values obtained in this study in the absence and presence
of detergent all were slightly but significantly higher than 1 (p<0.05), except for the data
obtained with 150 u.M Triton X-100, the linear relationships observed (Figure 3.2) support
the notion that only a single FA binding site is present on rat heart FABP (see Bass, 1988
for a review). In an assay with oleic acid-loaded phospholipid (PL) liposomes the B„ „ for
oleic acid has been reported to be 0.7 (Paulussen et al, 1988) and 2 (Offner et al, 1986).
However, in these studies an additional surface for FA binding viz. PL bilayers (Rooney et
al, 1983) was present which may have affected the maximal FA binding by FABP.

The results of the our study indicate the difficulty of interpretation of previously reported
values of K„ and B^, as obtained with the Lipidex 1000 assay and may partially explain the
large variation of kinetic parameters reported till now (Bass, 1988). To our knowledge,
adequate corrections for surface adsorption of ligands and proteins have not been made in
any of these studies. Generally, because the concentration of non-protein bound FA was
always presumed not to decrease (at least the reverse was not indicated by the authors) the
B/F ratio will have been underestimated resulting in an overestimation of the K̂  values
calculated.

In conclusion, application of the Lipidex 1000 assay to obtain kinetic parameters of FA
binding by proteins requires the measurement after incubation of the actual concentrations
of FA and protein. The use of labeled FA ensures an easy and accurate determination of
their total aqueous concentration, but protein measurements are less accurate and rather
laborious as their low concentrations require immunochemical techniques. Thus, for a
convenient and yet significant performance of the assay, the addition of detergent to the
assay medium is indicated as it will prevent FABP adsorption and limit FA adsorption to the
surface of the test-tube. It is recommended to include Triton X-100 at a final concentration
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of 100 (iM in the assay. Apparent K„ values obtained in the presence of Triton X-100 will
probably be slightly higher than the true values, but binding stoichiometry can be accurately
assessed. s - w y P : . • * . ) • • - . • • • • • • . • • • • . - ' • . . : - , : . ••• ; . • •
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CHAPTER 4

A SANDWICH ENZYME LINKED IMMUNO-SORBENT ASSAY FOR
THE DETERMINATION OF RAT HEART FATTY ACID-BINDING
PROTEIN'

Michael M. Vork, Jan F.C. Glatz, Don A.M. Surtel, Huub J.M Knubben and Ger J. Van der
Vusse.

Biochim Biophys Acta 1075, 199-205, 1991. (reprinted with permission)
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SUMMARY

An Enzyme Linked Immuno-Sorbent Assay (ELISA) of the sandwich type for the
determination of heart-type fatty acid-binding protein (FABP) was developed, making use
of the streptavidin-biotin system. The assay turned out to be virtually disturbance insensitive
and showed a detection limit for FABP of 0.2 ng/l with an intra- and inter-assay variation of
5% and 14%, respectively. The FABP content of adult rat heart muscle was found to be
0.740±0.034 mg/g wet weight (MeanlSEM, n=12). The FABP content of a number of
skeletal muscles varied from 0.013 to 0.303 mg/g wet weight and was related to the content
of type I muscle fibres of these tissues, suggesting a role for FABP in intracellular fatty acid
metabolism. The assay was further applied to study the release of FABP from isolated rat
heart during normoxic Langendorff perfusion, as compared to that of lactate dehydrogenase
(LDH), into fluid derived from the right ventricular cavity (QJ and that from the interstitial
space (O,). Total release of FABP per 15 minutes amounted to 0.015±0.010% but that of
LDH to 0.080±0.040% of their total tissue content. Furthermore, for both FABP and LDH
80% was released into O,, which only accounted for 1-2% of total flow. These findings
suggest that during normoxic perfusion of rat heart FABP and LDH are released from
different cellular compartments and that the bulk amount of released intracellular proteins
is transported via the lymph instead of directly released into the bloodstream.

INTRODUCTION

Cytoplasmic fatty acid-binding proteins (FABP) are a family of 14-15 kDa proteins
present in a variety of organs (Bass, 1988; Glatz and Van der Vusse, 1990; Matarese et al,
1990, Veerkamp et al, 1991). These abundant FABPs are thought to be involved in the
regulation of intracellular long-chain fatty acid metabolism, although their precise mechanism
of action remains to be elucidated (Glatz and Van der Vusse, 1989). Recently it has been
suggested that the release of the heart type FABP from myocardium is a reliable marker to
quantify damage inflicted upon the heart (Glatz et al, 1988). To precisely quantify the
amounts of FABP released from the heart or its residual content in damaged cardiac tissue,
a reliable and sensitive analytical method is required. In addition, this technique should be
insensitive to other proteins present in the biological preparations under study. Therefore,
the antibody capture Enzyme Linked ImmunoSorbent Assay (ELISA) described by
Paulussen et al (1989) is not suitable since in this assay the antigen is directly coated onto
the surface of a microtiterplate. Other proteins present in the sample are then likely to
compete for binding places on the surface (Andrade, 1985). Alternatively, a competitive
ELISA, such as described by Crisman et al (1987) and Knowlton and colleagues (1989),
lacks sensitivity. A sandwich ELISA, in which antigen is bound by immobilized IgG and
quantified with a second antibody-enzyme conjugate, as described by Börchers et al (1989),
appears the appropriate choice because of the high sensitivity and the relatively disturbance
insensitivity. To further improve this method, we introduced a biotinylated second antibody
instead of an IgG-enzyme conjugate in the assay. Biotin can be detected either by
subsequent addition of (strept)avidin and biotinylated enzyme as described by Guesdon et
al (1979) or by addition of a preformed complex of these compounds as described by Hsu
etal (1981a,b).

The aim of the present study was to develop a sensitive, virtually disturbance-free
assay for the quantification of FABP using the streptavidin-biotin system. The assay was
then applied to measure the release of FABP from normoxically Langendorff perfused rat
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hearts. This release was compared to that of lactate dehydrogenase (LDH), because both
proteins are thought to be present in the same intracellular compartment. Eventual
differences in the release of both proteins might indicate that release is dependent on
molecular weight of the proteins (130 kDa for LDH and 15 kDa for FABP), or other physico-
chemical properties.

In addition, FABP was assessed in both the heart and various skeletal muscles from
the adult rat, since the FABP from skeletal muscle was recently reported to be identical to
heart type FABP (Veerkamp et al, 1990; Peeters et al, 1991). It was found that the use of
the biotin-(strept)avidin system in the sandwich ELISA resulted in a quantitative assay for
FABP applicable to effluents from Langendorff perfused rat hearts and tissue homogenates
with a detection limit below 0.2 jug/l or 10 pg FABP absolute.

MATERIALS AND METHODS

Materials

Protein-A Sepharose and CNBr-activated Sepharose 4B were obtained from Pharmacia
(Uppsala, Sweden). Streptavidin, horse-radish peroxidase (HRP), N-hydroxysuccinimide
biotin (BNHS), bovine serum albumin (BSA) and ortho-Phenylene-Diamine free base (oPD)
were purchased from Sigma (St. Louis, MO, USA). oPD was acidified with HCI 0.1 M (1:2,
mol/mol) and, after freezing in liquid Nj, freeze dried. The HCI salt of oPD appeared to be
a more appropriate substrate for HRP than the free base (data not shown). Tween 20,
glycine, imidazole and glycerol were purchased from Merck (Darmstadt, FRG). Goat-anti-
rabbit IgG/HRP complex (GARPO) was purchased from Nordic (Tilburg, The Netherlands).
Falcon PVC 96 wells microtiterplates from Becton Dickinson (Oxnard, CA, USA) were used
in all experiments. All other chemicals used were of analytical grade. Streptavidin was
stored in phosphate buffered saline (PBS) (10 mM phosphate, 154 mM NaCI), pH 7.4,
containing 30% glycerol at -20°C in a final concentration of 14 jiM.

Isolation of FABP

Isolation of FABP from rat heart was performed essentially according to the isolation
procedure for human heart FABP as described by Van Nieuwenhoven et al (1991) which
turned out to be applicable for rat FABP as well with a minor modification in the ion-
exchange step. Van Nieuwenhoven et al (1991) eluted human FABP from the ion-exchange
medium with a 300 ml linear NaCI gradient from 0-20 mM in 5 mM imidazole buffer, pH 7.0,
whereas rat FABP was eluted with an initial 150 ml NaCI gradient from 0-15 mM followed
by a 500 ml NaCI gradient from 15-30 mM in 10 mM imidazole buffer, pH 7.0. In a typical
purification procedure the overall yield of pure FABP amounted to 0.3-0.4 mg/g tissue i.e.
50% of total tissue content.

Production, purification, biotinylation and storage of IgG.

Rabbits were immunized each with 250 |ig purified FABP in complete Freunds
adjuvant, boosted after six weeks with an additional 250 |ig FABP in incomplete Freunds
adjuvant and bleeded two weeks after boosting. Serial dilutions of the antisera were added
to a microtiterplate, previously coated with 10 ng FABP and subsequently detected with
GARPO. The titer of the antisera was defined as the antiserum dilution at which the
measured extinction amounted to 50% of the maximal extinction and turned out to be 8000.
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To separate IgG from other proteins, antisera were applied onto a protein-A Sepharose
column. IgG was subsequently eluted with 0.1 M glycine buffer, pH 2.8. After dialysis against
PBS, the IgG preparation was applied onto a Sepharose column to which FABP was
covalently coupled according to the manufacturers instructions (Affinity Chromatography,
principles and methods; Pharmacia, Sweden). Elution with 0.1 M glycine buffer pH 2.8
yielded a polyclonal anti FABP preparation. An aliquot of this polyclonal preparation was
biotinylated according to Harlow and Lane (1988) yielding b-lgG. b-IgG was stored in PBS
containing 30% glycerol and 0.03% azide at 4°C.

Biotinylation and storage of HRP

Biotinylation of HRP was performed in a similar way as for IgG, except that BNHS was
added at a concentration of 180 ^g/mg protein instead of 100 ng/mg protein. No significant
loss of HRP was assumed during biotinylation and dialysis because a HRP solution with
high concentration was used (5.36 mg/ml). b-HRP was stored in PBS containing 30%
glycerol at a concentration of 134 ̂ M at -20°C. Storage at these conditions did not show any
inactivation during at least six months whereas storage at higher temperatures (4°C)
resulted in a gradual decrease of enzyme activity irrespective of glycerol concentration.

Performance of sandwich ELISA

PVC plates were coated with 50 nl 0.1 M carbonate buffer (pH 9.6) containing 100 ng
anti-FABP-IgG at 37°C for 2 hours. Thereafter the plates were washed five times with PBT
(PBS + 0.1% BSA + 0.05% Tween 20, pH 7.4). All other steps were performed at room
temperature in 50 (il PBT. FABP, either in standards or biological samples, was allowed to
bind to immobilized IgG for 90 minutes. Blank values were assessed by incubating 50 nl
PBT onto IgG coated wells. All samples, standards and blanks were assessed in triplicate.
After five fold washing, 200 ng b-lgG was added and incubated for 90 minutes. Thirty
minutes prior to use, streptavidin and b-HRP were mixed in PBT at various ratios in order
to assess the optimal ratio, with a constant streptavidin concentration of 12 nM. After
washing, 50 nl of the streptavidin/b-HRP solution was added to the plates and incubated for
30 minutes. Excess streptavidin/b-HRP complex was removed by multiple washing with PBT
and 100 nl 0.1 M citrate buffer, pH 5.0 containing 20 mM oPD and 6 mM HJOJ, unless
indicated otherwise, was added to each well and incubated for 10-20 minutes. Finally, the
enzyme reaction was terminated with 50 ^l 4 M HjSO^ and optical density measured with
a Titertek Multiskan MK II at 492 nm.

Enzyme kinetics of b-HRP

To obtain maximum sensitivity during the developing step of the ELISA, the optimum
oPD concentration was assessed by measuring enzyme activity at various oPD
concentrations with a fixed amount of b-HRP, either free in solution or immobilized during
ELISA performance. The hydrogen peroxide concentration was always kept at 6 mM.
Substrate solutions were added to microtiterplates. Kinetic extinction measurements at 450
nm were performed every minute. At this wavelength the extinction coefficient turned out to
be maximum for the unacidified reaction product (2,2-diamino-azobenzol). Initial enzyme
velocities (v) were calculated from the slope of the reaction curve and were plotted in the
Eadie-Hofstee format ( v/[s] versus v, [s] being substrate concentration). From these curves
K„ values were calculated.
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Rat heart isolation, preparation and perfusion

Rat hearts were perfused according to De Deckere and Ten Hoor (1977) which allowed
separate collection of right ventricular effluent (OJ and interstitial effluent (O,), the latter
dripping from the apex at a rate of 1 -2% of total flow. Preparation time amounted to 20-25
minutes after which the heart was allowed to stabilize for 30 minutes. Thereafter, effluents
were collected at 15 minute intervals and, after weighing, immediately frozen in liquid
nitrogen in the presence of 1-2% BSA for future analysis of FABP and of lactate
dehydrogenase (LDH). The latter was measured according to Bergmeyer and Bernt (1974)
on a Cobas Bio analyzer (Hoffman-La Roche, Basel, Switzerland) at 25°C. BSA was added
to stabilize the cardiac proteins in the effluent during frozen storage (Snoeckx, 1987).

FABP in muscle tissues

With use of the described ELISA, the absolute tissue contents of FABP in the heart
and several skeletal muscles of the rat were assessed and compared with the content of
slow-twitch muscle fibres (type I), which mainly oxidize fatty acids (Lehninger, 1975).
Skeletal muscles were rapidly removed from diethylether anaesthetized male adult Lewis
rats and homogenized in ice-cold PBS (5% w/v) after which the homogenates were
centrifuged at 4°C at 15,000xg for 15 minutes to remove cell debris. To some aliquots of the
tissue homogenates a known amount of pure FABP was added in order to assess its overall
recovery in the assay. The FABP contents of these homogenates were measured at several
dilutions and the recovery was calculated from the values measured in the presence and
absence of additional FABP.

Statistical data analysis

All results are expressed as the mean±SEM unless indicated otherwise. Student's Mest
was used to establish the significance of calculated differences.

RESULTS AND DISCUSSION

Enzyme kinetics of b-HRP

HRP activity decreased during incubation with oPD and H2O2, as already observed by
Porstmann et al (1981). Furthermore, the reaction showed a 3-4 minute lag phase when b-
HRP was immobilized in an ELISA whereas this lag phase was not observed with unbound
b-HRP (Figure 4.1. left panel).

To construct Eadie-Hofstee plots for the bound and free situation, the extinction
increase at 450 nm at several oPD concentrations was measured by calculating the tangent
of the reaction curves at t=4 minutes. To compare the bound and free situation, in each
case the data were normalized to a maximum enzyme velocity value of 100. Figure 4.1, right
panel shows that the enzyme kinetics are influenced by the state of the enzyme
(immobilized or free). The apparent K„ values at room temperature were calculated
according to the method of Zivin and Waud (1982) and amounted to 5.1 ±0.3 mM oPD for
the free and to 7.9±0.9 mM oPD for the immobilized situation (p<0.02). A possible
explanation for this significant difference is that the chance that an enzyme molecule and
a substrate molecule meet is decreased when the enzyme can not diffuse freely through the
solution. At high concentrations ([oPD]>25 mM) substrate inhibition occurred (data not
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shown). From these measurements we decided to use oPD in a concentration of 20 mM in
all further experiments, appreciably higher than an oPD concentrations of 10 mM used by
Börchers et al (1989) and of 2.2 mM used by Paulussen et al (1989).
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Fig. 4.1. Left panel: Biotinylated horse-radish peroxidase (b-HRP) activity in time. For both situations an
activity decrease in time was observed. Note the lag phase observed with immobilized b-HRP.
Right panel: Affinity of biotinylated horse-radish peroxidase for oPD at fixed hydrogen peroxide
concentration (6 mM) either in immobilized (A) or free (+) state. Curves are drawn in the Eadie-
Hofstee format in which the enzyme velocity, normalized to 100% maximum velocity, is on the
Y-axis whereas the quotient of enzyme velocity and substrate concentration in mM is on the X-
axis. See text for further details.

Enzyme linked immuno-sorbent assay

In a sandwich ELISA for the quantification of bovine FABP, described by Börchers et
al (1989), detector antibodies chemically conjugated with horse-radish peroxidase were
used. The detection limit of their assay amounted 50 pg FABP. A disadvantage of the use
of an IgG-enzyme conjugate is that the efficiency of the conjugation procedure determines
the final sensitivity of the assay and can hardly be influenced afterwards. Furthermore,
conjugation of an enzyme with IgG can cause inactivation of IgG, either by direct binding
to the antigen binding site or by steric hindrance. Biotinylation of IgG is a much milder
procedure and probably causes much less IgG inactivation because the biotin molecule is
very small compared to the IgG molecule. Moreover, the sensitivity of the assay is not only
determined by the amount of biotin bound to IgG but can be manipulated by using variable
amounts of streptavidin and b-HRP. Ever since Guesdon et al (1979) introduced the biotin-
(strept)avidin system in an immuno-assay, the system has been increasingly used for the
determination of a large variety of antigens (Bayer and Wilchek, 1980; Wilchek and Bayer,
1988). Because we were interested in the release of cytoplasmic proteins from normoxically
perfused rat hearts, our goal was to develop an assay with an extremely low detection limit.

In order to reach a sensitivity as high as possible we mixed varying amounts of
streptavidin and b-HRP and allowed it to form large complexes for 30 minutes. The use of
avidin instead of streptavidin resulted in high aspecific binding of the preformed complex to
the PVC microtiterplates used, thus causing high blank values (data not shown). This
aspecific sticking of avidin is most likely caused by its basic nature and/or by the presence
of sugar residues on the molecule, properties which streptavidin both lacks (Wilchek and
Bayer, 1988).

The streptavidin concentration was routineously kept constant at 12 nM whereas the
b-HRP was varied. Maximum sensitivity was achieved at a molar ratio of streptavidin/b-HRP
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of 1/5. However, at this ratio the blank value amounted 0.24 after 10 minutes colour
development. Therefore, we chose a ratio streptavidin/b-HRP of 1/3 to 1/4 which still
resulted in a sufficient sensitivity without a large blank increase. An increase in the
concentration of streptavidin did not further increase the sensitivity of the assay.
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Fig. 4.2.
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Calibration curve of the sandwich ELISA for FABP. Each calibration point was assessed in 8 fold.
Plates were incubated with substrate solution for 20 minutes as described in the Materials and
Methods section. After acidification extinctions were measured at 492 nm.

The detection limit was defined as the amount of FABP corresponding with an
extinction of blank+2xSD (of the blank). This value was found to be 0.2 u.g FABP/I (10 pg
or 0.67 fmol absolute) at a streptavidin/b-HRP ratio of 1/3. In Figure 4.2. an example of a
typical calibration curve is shown.

The recovery of FABP, added to a tissue homogenate, turned out to be 97±6%. This
value ensured us that the binding characteristics of FABP to the catcher-IgG was
independent of the presence of other proteins in the sample.

Rat heart perfusion

Figure 4.3. shows the release of FABP and LDH from isolated rat hearts during
normoxic Langendorff perfusion. The total amounts released were 109±63 ng FABP/15
minutes and 2441102 mU LDH/15 minutes (n=36). The relative amounts of LDH and FABP
released in O, were 79±20% and 77±9%, respectively. The release patterns for the two
proteins were found to be similar. The finding that approximately 80% of intracellular
proteins, released from the heart during normoxic perfusion, is present in the interstitial
effluent (Q) indicates that ;n s/fu the majority of proteins released from the heart is
transported via the lymph before entering the bloodstream. This percentage seems to be
independent of the molecular weights (15 kDa for FABP and 130 kDa for LDH) of the
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proteins released from the heart.
In most Q„ samples, LDH activity was only slightly higher than the detection limit for

this assay (0.5 U/l) due to the large volume of Q„ (98-99% of total flow). FABP, however,
was readily measurable in all samples assayed. When the tissue contents of LDH and FABP
are considered, i.e. 316±13 U/g wet weight and 740±120 ng/g wet weight, respectively
(n=12), the O,+Q„ release per 15 minutes of LDH amounted to 0.080±0.040% of total tissue
content whereas that of FABP was only 0.015±0.010% of total tissue content. A possible
explanation for this significant difference (p<0.02) is that during normoxic perfusion, FABP
is released from cardiomyocytes only whereas LDH is released from both cardiomyocytes
and endothelial cells. Earlier we found that the latter cell type contains only 0.2% of the
FABP content of cardiomyocytes (Linssen et al, 1990). Another explanation for this finding
may be that within the cardiomyocyte FABP and LDH are not entirely present in the same
compartments, or that FABP is partly non-covalently bound to (intra)cellular membranes as
was reported for liver FABP by Bordewick et al (1989). Börchers et al (1989) and Fournier
and Rahim (1985) both showed that FABP is partly associated with myofibrils and
mitochondria. However, the limited amount of FABP associated with these intracellular
structures probably can not explain the discrepancy between FABP and LDH release.

LDH ln<?/ LDH In<7/K

rfl
i l l

1 2 3 4 5 6 7 B 9 10 1112 1 2 3 4 5 6 7 8 9 10 11 12
Fractions (15 mln/fractlon) Fractlona (15 min/fractlon)

0.50

FABP In 0 / FABPIn0/v

rhrfl ill
3 0.25 ii

t 2 3 4 5 6 7 8 9 10 11 12
Fraction» (15 mln/lractlon)

1 2 3 4 5 6 7 8 9 10 11 12
Fractions (15 mln/fractlon)

Fig. 4.3. Release of LDH and FABP from isolated Langendorff perfused rat hearts with separate collection
of right ventricular (OJ and interstitial effluent (Q) (n=3). Note the differences in concentration
in O, and O„ for both proteins.

FABP content in the heart and several other muscle tissues

The FABP content in rat heart was found to be 0.740±0.034 mg/g wet weight. This
value is appreciably lower than concentrations of FABP reported by other authors
(Paulussen et al, 1989; Crisman et al, 1987; Knowlton et al, 1989; Bass and Manning, 1986)
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i.e. approximately 1.5 mg/g wet weight. Because of the measured recovery of 97±6% in the
present study (see above) we conclude that concentrations earlier reported have been
largely overestimated. A probable cause of this difference might be the use of a less
accurate and/or less specific assay for FABP.

Muscle

m. quadriceps: superficial
m. flexor digitorum brevis
m. gastrocnemius
m. exterior digitorum longus
m. diaphragma
m. quadriceps: deep
m. soleus
heart

Fibre type I
(%)

7»)
5<«
3(0

60«>
70'"
84""

FABP
(mg/g)

0.013±0.001
0.015±0.000
0.030+0.003
0.053±0.001
0.246+0.001
0.222±0.003
0.303±0.014
0.740±0.034

Table 4.1. Relation between muscle fibre type and FABP content in several rat muscles (n=3). Data
concerning muscle fibre type I content were taken from '" Baldwin et al, 1972;"" Koerker et al,
1990; "=' Ariano et al, 1973;"" Close, 1972.

The FABP content was determined in a variety of rat skeletal muscles with the use of
the described ELISA. The results are shown in Table 4.1. The lowest content was found in
the superficial m. quadriceps (0.013 mg/g wet weight) whereas the highest level was found
in the m. soleus (0.303 mg/g wet weight). Since recent studies conducted by Peeters et al
(1991) showed that heart and skeletal muscle FABP are identical and that skeletal muscle
only contains one type of FABP, the present findings represent the vital content of FABP in
skeletal muscles. Literature data concerning the percentage of oxidative type I fibres in the
skeletal muscles (Baldwin et al, 1972; Koerker et al, 1990; Ariano et al, 1973; Close, 1972)
are included as well in Table 4.1. Interestingly, a positive relationship between the level of
FABP and the percentage of fibre type I can be observed. Since fatty acids are important
substrates in these oxidative slow muscle fibres and FABP is thought to be involved in the
intracellular transport of fatty acids, it is tempting to state that the quantitative relationship
between FABP and type I muscle fibre content in skeletal muscle tissue suggests a crucial
role of FABP in the overall rate of fatty acid oxidation.

ACKNOWLEDGEMENT

The authors wish to express their gratitude to Prof. Dr. F. Spener and Dr. T. Börchers
of the University of Munster, Germany, for their hospitality and stimulating discussions
concerning the development of the described immuno-assay. This work was supported by
the Netherlands Heart Foundation, grant number 88.073.

REFERENCES

Andrade JD. 1985. Surface and interfacial aspects of biomedical polymers, vol 2: Protein adsorption (Ed JD
Andrade), pp. 1-80. Plenum Press, New York, USA.
Ariano MA, Armstrong RB, Edgerton VR. 1973. Hindlimb muscle fibre populations of five mammals. J
Histochem Cytochem 21, 51-55.

47



CH/*P7Efl 4

Baldwin KM, Klinkertuss GH, Terjung RL, Molé PA, Holloszy JO. 1972. Respiratory capacity of white, red and
intermediate muscle: adaptive response to exercise. Am J Physiol 222, 373-378.
Bass NM, Manning JA. 1986. Tissue expression of three structurally different fatty acid-binding proteins from
rat heart muscle, liver and intestine. Biochem Biophys Res Commun 137, 929-935.
Bass NM. 1988. The cellular fatty acid-binding proteins: Aspects of structure, regulation and function. Int Rev
Cytology 111, 143-184.
Bayer EA, Wilchek M. 1980. The use of the avidin-biotin complex as a tool in molecular biology. Meth
Biochem Anal 26, 1-45.
Bergmeyer HU, Bernt E. 1974. Methods of enzymatic analysis. Vol. 2 ( Ed Bergmeyer HU), pp. 574-579.
Weinheim Verlag Chemie GmbH, FRG.
Börchers T, Underberg C, Rüdel H, Robenek H, Spener F. 1989. Subcellular distribution of cardiac fatty acid-
binding protein in bovine heart muscle and quantification with an enzyme-linked immunosorbent assay.
Biochim Biophys Ada 1002, 54-61.
Bordewick U, Heese M, Börchers T, Robenek H, Spener F. 1989. Compartmentation of hepatic fatty acid-
binding protein in liver cells and its effects on mitochondrial phosphatidic acid biosynthesis. Biol Chem Hoppe-
Seyler 370, 229-238.
Close Rl. 1972. Dynamic properties of mammalian skeletal muscles. Physiol Rev 52, 129-197.
Crisman TS, Claffey KP, Saouaf R, Hanspal J, Brecher P. 1987. Measurement of rat heart fatty acid-binding
protein by ELISA. Tissue distribution, developmental changes and subcellular distribution. J Mol Cell Cardiol
19,423-431.
De Deckere EAM, Ten Hoor P. 1977. A modified Langendorff technique for metabolic investigations. Pflügers
Arch 370, 103-105.
Foumier NC, Rahim M. 1985. Control of energy production in the heart. A new function for fatty acid-binding
protein. Biochemistry 24, 2387-2396.
Glatz JFC, Van Bilsen M, Paulussen RJA, Veerkamp JH, Van der Vusse GJ, Reneman RS. 1988. Release
of fatty acid-binding protein from isolated rat heart subjected to ischemia or to the calcium paradox. Biochim
Biophys Acta961, 148-152.
Glatz JFC, Van der Vusse GJ. 1989. Intracellular transport of lipids. Mol Cell Biochem 88, 37-44.
Glatz JFC, Van der Vusse GJ. 1990. Cellular fatty accid-binding proteins: current concepts and future
directions. Mol Cell Biochem 98, 237-251.
Guesdon JL, Ternynck T, Avrameas S. 1979. The use of avidin-biotin interaction in immunoenzymatic
techniques. J Histochem Cytochem 27, 1131-1139.
Harlow E, Lane D. 1988. Antibodies, a laboratory manual. Cold spring harbor laboratory, USA.
Hsu SM, Raine L, Fanger H. 1981. Use of avidin-biotin-peroxidase complex (ABC) in immunoperoxidase
techniques. J Histochem Cytochem 29, 577-580.
Hsu SM, Raine L, Fanger H. 1981. A comparative study of the peroxidase-antiperoxidase method and an
avidin-biotin complex method for studying polypeptide hormones with radioimmunoassay antibodies. Am J Clin
Pathol 75, 734-738.
Knowlton AA, Apstein CS, Sauoaf R, Brecher P. 1989. Leakage of heart fatty acid-binding protein with
ischemia and reperfusion in the heart. J Mol Cell Cardiol 21, 577-583.
Koerker DJ, Sweet IR, Baskin DG. 1990. Insulin binding to individual rat skeletal muscles. Am J Physiol 259,
E517-E523.
Lehninger AL. 1975. Biochemistry, 2nd edition, chapter 27. Worth publishers Inc., New York, USA.
Linssen MCJG, Vork MM, de Jong YF, Glatz JFC, Van der Vusse GJ. 1990. Fatty acid oxidation capacity and
fatty acid-binding protein content of different cell types isolated from rat heart. Mol Cell Biochem 98, 19-25.
Matarese V, Stone RL, Waggoner DW, Bernlohr DA. 1990. Intracellular fatty acid trafficking and the role of
cytosolic lipid binding proteins. Prog Lipid Res 28, 245-272.
Paulussen RJA, Geelen MJH, Beynen AC, Veerkamp JH. 1988. Immunochemical quantitation of fatty acid-
binding proteins. I. Tissue and intracellular distribution, post-natal development and influence of physiological
conditions on rat heart and liver fatty acid-binding protein. Biochim Biophys Acta 1001, 201-209.
Peeters RA, Veerkamp JH, Kanda T, Ono T, Geurts van Kessel A. 1991. Cloning of the cDNA encoding
human skeletal muscle fatty acid-binding protein, its peptide sequence and chromosomal localization. Biochem
J 276, 203-207.
Porstmann B, Porstmann T, Gaede D, Nugel E, Egger E. 1981. Temperature dependent rise in activity of
horseradish peroxidase caused by non-ionic detergents and its use in enzyme-immunoassay. Clin Chim Acta
109, 175-181.

48



/MMUNOLOG/CAL ASSESSMENT OF F/4BP

Snoeckx LHEH. 1987. Ischemia tolerance of the hypertrophied rat heart. PhD thesis. University of Limburg,
Maastricht, The Netherlands.
Van Nieuwenhoven FA, Vork MM, Surtel DAM, Kleine AH, Glatz JFC, Van der Vusse GJ. 1991. High-yield
two-step chromatographic procedure for purification of fatty acid-binding protein from human heart. J
Chromatography 570, 173-179.
Veerkamp JH, Paulussen RJA, Peeters RA, Maatman RGHJ, van Moerkerk HTB, Van Kuppevelt THMSM.
1990. Detection, tissue distribution and(sub)cellular localization of fatty acid-binding protein types. Mol Cell
Biochem 98, 11-18.
Veerkamp JH, Peeters RA, Maatman RGHJ. 1991. Structural and functional features of different types of
cytoplasmic fatty acid-binding proteins. Biochim Biophys Acta 1081, 1-24.
Wilchek M, Bayer EA. 1988. The avidin-biotin complex in bioanalytical applications. Anal Biochem 171,1-32.
Zivin JA, Waud DR. 1982. How to analyze binding, enzyme and uptake data: The simplest case, a single
phase. Life Sciences 30,1407-1422.

49



50



0/Srfl/BU77CW OF F/»eP /N R>»r H64flr

CHAPTER 5

HETEROGENEOUS DISTRIBUTION OF FATTY ACID-BINDING
PROTEIN IN HEARTS OF WISTAR KYOTO AND
SPONTANEOUSLY HYPERTENSIVE RATS

Michael M. Vork, Nathalie Trigault, Luc H.E.H. Snoeckx, Jan F.C. Glatz and Ger J. Van der
Vusse

J Mol Cell Cardiol 24, 317-321, 1992. (reprinted with permission)

51



CHAPTER 5

SUMMARY

In the present study we investigated the concentrations of cardiac cytoplasmic fatty
acid-binding protein (FABP) in various regions of the left and right ventricles of both Wistar
Kyoto rats (WKY) and spontaneously hypertensive rats (SHR). To this end, the ventricles
of six WKY and six SHR hearts were cut in three slices, which were further dissected in one
right ventricular piece and ten left ventricular pieces (five inner layer and five outer layer
pieces). After homogenisation, FABP was assessed using an Enzyme Linked Immuno
Sorbent Assay (ELISA) of the sandwich type. It was found that, when expressed per gram
wet tissue, the overall concentration of FABP tended to be lower in SHR than in WKY hearts
(874±53 ng/g and 955±51 ng/g, respectively; 0.1 <p<0.2, mean±SEM for n=6 animals in each
group). However, due to a 30-35% higher ventricular heart mass in SHR than in WKY, the
total FABP content per heart turned out to be about 20% higher in SHR than in WKY rats.
No concentration differences could be detected between right and left ventricles in WKY and
SHR but a marked difference between the outer layer and the inner layer of the left
ventricular wall was monitored in both groups. In general, the concentration in the outer
layer was 5-15% higher than in the corresponding inner layer. These differences reached
the level of significance (p<0.05) in regions close to the basis of the heart.

INTRODUCTION

Heart type cytoplasmic fatty acid-binding protein (FABP) is one of the most abundant
proteins present in the cardiomyocyte as it constitutes 3-6% of the total cytosolic protein
mass (Glatz et al, 1984). Although its exact physiological function is yet unknown FABP is
believed to play a crucial role in fatty acid transport in the cardiac cell (Bass, 1988; Glatz et
al,1990; Matarese et al,1990; Veerkamp et al,1991). The heart can use a variety of
substrates depending on the circumstances in which it must perform its function. Under
resting and fasting conditions the heart predominantly uses fatty acids (60%) as substrates
to generate energy for its contractile activity (Opie,1986).

It could be assumed that differences in workload might result in concentration
differences of factors involved in fatty acid oxidation, such as FABP. Therefore, intra-cardial
(left ventricle versus right ventricle) differences in FABP concentration might exist. Secondly,
differences can be hypothesized between hearts with permanently enhanced workload as
in spontaneously hypertensive rat hearts and hearts with normal workload such as Wistar
Kyoto rat hearts. It is known that the heart has an extraordinary capability to adapt to
changes in the organism (Katz and Katz,1989).

The aim of the present study was to obtain insight into the intra-cardial and inter-cardial
distribution of FABP. For this we compared the FABP concentration in different parts of
hearts from male spontaneously hypertensive rats (SHR) and male Wistar Kyoto rats (WKY).
Moreover, it was investigated whether transmural FABP concentration differences exist in
the heart. This was done because it is still a point of debate whether the transmural
workload of the heart is inhomogeneously distributed and, furthermore, whether the capacity
to oxidize fatty acids is different between the inner and outer layers of the left ventricle (Van
der Vusse et al,1990).
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MATERIALS AND METHODS

Treatment of cardiac tissue

All chemicals used were purchased from Sigma (St. Louis, MO, USA) unless indicated
otherwise. Rats were mildly anaesthetized with diethylether after which the hearts were
rapidly removed. In order to remove residual blood, the hearts were perfused retrogradely
via the aorta with 40 ml Tyrode buffer (128 mM NaCI, 4.7 mM KCI, 0.4 mM Na^PO,,, 1.3
mM CaClj, 1.0 mM MgCL,, 20.2 mM NaHCOj and 11 mM glucose equilibrated with 95% O2
and 5% COj, pH 7.4) at 37° C. The ventricles of hearts of 6 male SHR (total body weight
316±7 g, age 6 months), and 6 age-matched control male WKY rats (total body weight
326±13 g) were divided in three slices parallel to the basis of the heart (Figure 5.1, left
panel). Each tissue slice was further divided into eleven pieces as indicated in Figure 5.1,
right panel. The atria and the apex part were discarded. Each tissue piece was weighed and
homogenized in PBT medium, consisting of 10 mM sodium phosphate, 154 mM sodium
chloride, 0.05 % Tween 20 (Merck, Darmstadt, FRG) and 0.1% bovine serum albumin, pH
7.4, using an ultraturrax homogenizer (Janke und Kunkel, Staufen im Breisgau, FRG).
Thereafter the homogenates were centrifuged for 15 minutes at 10,000xg and 4°C.

Fig. 5.1. Cutting procedure of ventricular tissue

FABP assessment

After the supernatants of the homogenates were diluted 10,000 to 30,000 times, FABP
was assessed with a highly sensitive, disturbance insensitive Enzyme Linked Immuno
Sorbent Assay of the sandwich type as described in chapter 4 (Vork et al, 1991) with a
slight modification. In short, 50 u.1 sample was pipetted into a PVC microtiterplate (Becton
Dickinson, Oxnard, CA, USA), previously coated with 100 ng affinity-purified anti rat FABP
IgG for 90 minutes at 37 °C. After incubation overnight at 4°C, the plates were incubated
with 200 ng of biotinylated anti H-FABP IgG (b-IgG). Bound b-IgG was then detected with
a preformed complex of streptavidin and biotinylated horse-radish peroxidase (b-HRP).
Finally, bound b-HRP was visualized with a peroxidase substrate solution, containing 20 mM
o-phenylene diamine and 6 mM HJOJ. The incubation time lasted for 10-20 minutes, after
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which the reaction was terminated with the addition of 50 ui 4N H^SO,,. Plates were read at
492 nm using a Titertek Multiskan II microtiterplate reader (Flow laboratories, Zwanenburg,
The Netherlands). Subsequently, the concentration of FABP in all tissue pieces were
calculated.

Statistical treatment of data

All data were expressed as mean±SEM. Student's Mest was used to detect statistical
differences in the various measurements. For the detection of transmural differences in the
hearts of both groups an analysis of variance was performed on data obtained from the
inner tissue layer compared with data obtained from the outer layer, either in whole heart
or in separate tissue slices. Differences were regarded statistically significant at p<0.05.

RESULTS AND DISCUSSION

The FABP concentration in SHR and WKY ventricles amounted to 874±53 fxg/g wet
weight and 955±51 ng/g wet weight, respectively (see Table 5.1. for detailed results). No
differences in FABP concentration between the left and right ventricle could be observed in
either SHR or WKY. It is worth to note that the FABP concentration in hearts from SHR
tended to be lower than in WKY hearts although the difference was not statistically
significant (0.1 <p<0.2). The present findings disagree with those of Fujii and colleagues (Fujii
et al,1988) that chronically elevated blood pressure, as observed in SHR, results in
enhanced cardiac FABP concentration. A possible explanation for this discrepancy is the fact
that these investigators did not measure FABP in a direct manner. Instead, they measured
the capacity of a cardiac cytosolic preparation to bind fatty acids. Since this technique is not
completely specific and disturbance free (Vork et al, 1990) it is uncertain whether the results
of their study really indicates high blood pressure induced high FABP concentrations in the
hearts of SHR.

When the content of FABP was calculated (expressed as |ig per piece of tissue or total
left ventricle), FABP tended to be higher in SHR than in WKY hearts. The difference
reached the level of significance in some parts of the free wall and in the totaled outer layer
of the left ventricular wall (Table 5.1., right hand panel). It should be stated that these
differences were due only to a higher mass in SHR hearts and not to a higher FABP
concentration in particular heart areas. Hence, the present findings permit the conclusion
that chronically enhanced workload results in an increase in left ventricular weight rather
than in an elevation of the FABP concentration in the left ventricle, as observed by Fujii and
colleagues (1988).

In Table 5.2. the results of the analysis of variance are presented concerning FABP
concentration differences between outer and inner tissue layers. Both in SHR and WKY
hearts, FABP concentration differences between left ventricular outer and inner layers were
found. In the outer part of hearts from both groups the FABP concentration is approximately
5-15% higher than that in the inner layer. When the separate slices were regarded, it was
found that in all slices the mean value of the FABP concentration was higher in the outer
layer than in the inner layer. However, these differences were only significant in slice B of
SHR and slice A of WKY, i.e. more to the basis of the heart.

In their review, Van der Vusse et al (1990) reported a small but significant difference
(in the order of 10%) between outer and inner layers in the fatty acid oxidation capacity, in
favour of the former part, in dog heart. In the present study, a comparable transmural
difference in the concentration of FABP from outer to inner layer was detected in rat heart
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Tissue part Localisation

A+B+C
1
2
3
4
5
6
7
8
9
10
11

2+4+6+8+10
3+5+7+9+11
2 through 11

Total ventricular tissue
Total right ventricle (RV)
Outer LV septum
Inner LV septum
Outer LV posterior wall
Inner LV posterior wall
Outer LV latero-posterior wall
Inner LV latero-posterior wall
Outer LV latero-anterior wall
Outer LV latero-anterior wall
Outer LV anterior wall
Inner LV anterior wall
Sum of all outer parts
Sum of all inner parts
Total left ventricle (LV)

[FABP]

(ng/g)

955±51
922+65
1041±60
967±58
1028±49
944±48
961144
959±89
963±31
878±53
926±55
903±84
987142
932162
967151

WKY

Tissue

(mg)

688+33
96+5
7414
6415
6314
6015
5612
5414
5712
5814
5413
5213

305111
287117
592128

Total
FABP

(W)

664160
90±11
78±7
62±7
6617
5817
5413
5318
5513
5115
5014
4715

303122
271169
574151

[FABP]

(ng/g)

874153
864174
949145
898144
898155
859143
878150
848160
846±65
841160
873156
824154
892153
856148
875151

SHR

Tissue

(mg)

923124'
9315

10417'
8814'
9416'
8314'
7814'
7313'
7413'
7514'
8512'
7713'

434113'
396111'
831121'

Total
FABP

(w)
813166

82111
100111

8018
8518
7215
6915'
6215
6315
6315
7415'
6415'

390132'
340124
731156

Table 5.1. FABP distribution in the hearts from Wystar Kyoto rats (WKY) and spontaneously hypertensive rats (SHR).Values are presented as meamSEM
(n=6). FABP is expressed as the amount per gram wet tissue and in absolute amounts per tissue piece. A,B and C refer to the transversal tissue
slices; for explanation of 1 through 11 see Figure 5 . 1 . ' significant difference between values in WKY and SHR (p<0.05).
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slices. These two findings indicate that the actual concentration of FABP in a particular
region of the heart is related to the maximum rate of fatty acid oxidation, therein suggesting
an important role of this protein in cardiac lipid metabolism.

Tissue part Outer layer Inner layer p-value

WKY
Whole heart
Slice A
Slide B
Slide C

SHR
Whole heart
Slice A
Slice B
Slice C

975123
962+44
957148
1007127

877+16
853122
911134
897128

894125
818139
868148
998139

844117
832+24
845134
870128

<0.001
<0.001
0.07
0.7

<0.001
0.1

<0.001
0.1

Table 5.2. Transmural FABP concentration differences in the left ventricular wall of hearts from Wistar Kyoto
rats (WKY) and spontaneously hypertensive rats (SHR).Values are expressed as meanlSEM
(n=30 for individual tissue slices, n=90 for total ventricular tissue), p-values are given to show
significance of measured values. A,B and C refer to transversal tissue slices; see Figure 5.1.
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CHAPTER 6

SUMMARY

Fatty acid-binding protein (FABP) is abundantly present in the cytoplasm of the
cardiomyocyte, i.e. the cell which causes the contractile activity of the heart. Although FABP
is thought to act as an intracellular long chain fatty acid (FA) carrier, definite experimental
proof on this putative function has yet to be obtained. In the present study, experimental
results from several authors were combined in an attempt to elucidate the precise
physiological function of FABP in cardiac FA transport. It was calculated that, under normal
conditions, the major part of FA in the cardiomyocyte is dissolved in lipid bilayers and that
the presence of FABP in the heart enhances the aqueous solubility of FA more than 700
fold despite the fact that only a minor part (<2%) of the total FABP content is then
complexed with FA. Moreover, it is shown that, due to the enhanced cytoplasmic solubility,
the FA flux from sarcolemma (the cellular membrane of the cardiomyocyte) to mitochondria
is increased at least 17-fold in the presence of physiological amounts of FABP compared
with the hypothetical situation in which FABP is absent. These calculations indicate the
involvement of FABP in the transport of FA from the sarcolemma to those mitochondria lying
in the innermost region of the cardiomyocyte. The extent to which FABP facilitates FA
trafficking through the cytoplasm of the cardiomyocyte under physiological circumstances
remains, however, to be established.

INTRODUCTION

Under normal conditions the heart predominantly uses long chain fatty acids (FA) for
oxidative production of high energy phosphates in order to meet its energy requirements
(For reviews see Camici et al, 1989; Van der Vusse et al, 1992). FA are supplied to the
parenchymal cells of the heart (cardiomyocytes) via the blood, either complexed to albumin
or as triacylglycerols in lipoprotein particles. On their route from the intravascular space to
the interior of the cardiomyocyte various barriers have to be crossed, i.e. the endothelial cell
lining of the capillary blood vessels, the interstitial space and the sarcolemmal membrane.
Despite the high efficiency of uptake of FA by the heart (up to 70% of total FA during one
single transit time), knowledge regarding the underlying mechanisms of FA transport across
these barriers is limited (Bassingthwaighte et al, 1989). After entering the cardiomyocyte,
intracellular transport has to ensure delivery of the FA molecules to the site of activation, i.e.
the conversion of FA into acyl CoA by acyl CoA synthetase, an enzyme localized at the
outer membrane of the mitochondria. The subsequent fate of the activated FA may be either
incorporation of the acyl moieties into endogenous triacylglycerols or phospholipids, or
oxidation inside the mitochondria and, to a lesser extent, in peroxisomes. In the normal
functioning cardiomyocyte, the majority of FA will enter the mitochondrial oxidative pathway
(Van der Vusse et al, 1992). In the resting rat heart the rate of FA oxidation is 50-100 nmol-
min' per gram wet weight tissue (Bielefeld et al, 1985; Forsey et al, 1987; Lopaschuk et al,
1990), while the maximal oxidation rate estimated from /n wïro measurements on tissue
homogenates is about 700 nmol-min' per gram wet weight tissue (Glatz et al, 1984).

The transport of FA inside the cardiomyocyte is still incompletely understood. FA have
an extremely low solubility in water. Brodersen et al (1989) reported an aqueous solubility
of oleic acid as low as 2 nM. However, in the myocardium a small cytoplasmic fatty acid-
binding protein (FABP, 15 kDa) is present in relatively high concentrations (0.7-0.8 mg-g"'
tissue in the rat heart; Vork et al, 1991a). Although much information is presently available
about structure and fatty acid-binding characteristics of several types of FABP (Bass, 1988;
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Glatz and Van der Vusse, 1990; Matarese et al, 1990; Veerkamp et al, 1991) little direct
evidence is available on the possible FA transport function of FABP (Ockner et al, 1972).

Recently, Waggoner and Bernlohr (1990) showed that in an adipocyte culture (3T3-L1
cells), adipocyte lipid binding protein, which is a member of the FABP family, actually was
able to bind FA ;n wVo. This was the first direct proof that /n v/Vo FABP is (partially)
complexed with FA.

A decade ago, Tipping and Ketterer (1981) proposed a theoretical model for the
facilitation of intracellular FA transport by FABP in the hepatocyte. They assumed that FABP
would be able to increase greatly the aqueous solubility of FA in the hepatocyte cytoplasm,
thus increasing its overall transport (diffusion) through the aqueous cytoplasm from the
plasma membrane to the mitochondrial membrane. They concluded that FABP would be
able to enhance the rate of intracellular FA transport by at least one order of magnitude.
Since heart and liver differ substantially with respect to the metabolism of FA as well as the
kinetic properties of their FABP types (Storch and Bass, 1990), extrapolation of hepatocyte
data to other parenchymal cells should be performed with care. Although attempts made by
Stewart and colleagues (1991) to determine the influence of heart-type FABP on FA
transport in an aqueous environment showed an increase in FA translocation, it remains
uncertain whether their conclusions indeed describe the mechanism of the enhancement of
intracellular FA transport by FABP (Vork et al, 1991b).

The aim of the present study was to obtain insight into the significance of cytoplasmic
FABP for the enhancement of unidirectional transport of FA by facilitated diffusion inside
cardiac myocytes, using data on binding characteristics and myocardial content of FABP for
rat heart as recently obtained in our laboratory as well as by others. Equations describing
steady-state diffusion of FA are derived first after which these are applied to the
intramyocytal diffusion of FA.

METHODS AND RESULTS

Diffusion is the most likely mechanism of FA transport inside the cardiomyocyte. In
Figure 6.1. a simplified model of the cardiomyocyte and its extracellular environment is
presented in which the problem dealt with in this chapter is schematically depicted. The
basic question is by what means FA can be transported from the sarcolemma to the
mitochondrial membrane in an effective fashion. FA shows a high affinity for a hydrophobic
environment (i.e. lipid bilayers) and a low affinity for an aqueous environment (i.e. the
cardiomyocytal aqueous cytoplasm). The main issue that was addressed in this study is
whether the presence of FABP is necessary to explain the experimentally observed rates
of FA utilization in the heart. The mechanism of aqueous diffusion will be discussed and
then will be applied to the myocytal situation.

Diffusion in liquid media

Consider a fluid system in which a concentration difference of a certain solute exists.
As a result of this concentration difference a net flux of the solute from the site of high
concentration to the site of low concentration will be observed, despite the fact that the
individual molecules will exhibit a random Brownian motion in any direction. Fick (1855) was
the first to describe this phenomenon in mathematical terms. He found the following relation
for the concentration gradient and solute transport in one direction:
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Fig. 6 .1 . Schematic representation of cardiac long chain fatty acid uptake, transport and utilization.
ACS=acyl CoA synthetase, FA=fatty acid, IS=interstitial space, MS=mitochondrial space,
SM=sarcolemmal membrane, MOM=mitochondrial outer membrane.

dQ/dt=DA-dC/du [Eq. 6.1]

in which

Q
t
dQ/dt
D
A
C
u
dC/du

= absolute amount of solute (mol)
= time (s)
= solute migration per unit of time, or diffusional flux (mol-s')
= diffusion coefficient (cm*-s')
= surface through which diffusion occurs (cm*)
= solute concentration (mol cm )̂
= distance between two points under observation (cm)
= concentration gradient of the solute (mol-cm"')

The simplest solution of this differential equation is:

Q/t=D-A-AC/u. [Eq. 6.2]

In order to apply this simple relation to the physiological system, the cardiomyocyte in
which FABP and FA diffusion occurs (Fig 6.1), the relation has to be subjected to several
modifications. For the sake of clarity each parameter involved in the system will be
discussed separately below.

Diffusional surface (A)

In equation 6.2 the diffusion in one direction is described. To calculate the diffusional
flux of FA from the sarcolemma to the mitochondrial membrane it is necessary to have
values for the number of cardiomyocytes per gram of heart tissue and for the areas of the
two membranes involved. Page and McCallister (1973) measured the relative space
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distribution in the heart and found that approximately 60% of the total volume is occupied
by cells whereas the rest is reserved for the intravascular space and the interstitial space.
In addition, more than 90% of the cellular volume in the tissue was found to be occupied by
cardiomyocytes. Anversa et al (1980) studied the morphometry of the papillary muscle in
detail. This cardiac muscle is frequently used as a model for cardiomyocytes in the
ventricular wall. Surface measurements in papillary muscle revealed that the total cell
membrane surface per myocyte amounts to 4000 u.m*, including intercalated disks and T-
tubule system, whereas the total outer mitochondrial surface was found to amount to 16000
u.m* per cell. Moreover, the mean cardiomyocyte volume was found to be approximately
8000 | iml Assuming that 1 g tissue equals 1 ml tissue, it can be calculated that one gram
heart tissue contains approximately 75-10^ myocytes and that the average sarcolemmal
surface amounts to 0.3 m* per gram tissue, whereas the average myocytal mitochondrial
surface amounts to 1.2 m* per gram tissue. Making use of the average dimension of car-
diomyocytes (diameter 10-25 urn, length 50-100 ^m) (Dow et al, 1981) a similar average
value (0.3 m )̂ for the sarcolemmal surface can be calculated, which validates the results
obtained by Anversa et al (1980).

Diffusional distance (u)

High
solute

concentration

(c.)

Low
solute

concentration

Q/t=
u

Fig. 6.2. Schematic representation of uni-directional diffusion between sarcolemmal and outer
mitochondrial membrane.

In the model for uni-directional diffusion formulated in equation 6.2 it is assumed that
the surface area through which diffusion takes place remains unchanged during the
prolongation of diffusion. However, in the cardiomyocyte this is not true because of
differences in the surface areas between the sarcolemma and the mitochondria. The area
which is crossed by the diffusional substance increases during extension of the uni-
directional movement (Figure 6.2.). A similar system has been treated mathematically by
Jacobs (1967) who found that such system can be described mathematically when the
surfaces under investigation are regarded to be circular. The radii of both surfaces, r,,
(sarcolemmal surface) and r„, (surface of the outer mitochondrial membrane) respectively,
can then be incorporated in a slight modified version of Fick's law :
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Q/t=r,-r„-7cDAC/u [Eq. 6.3]

in which the product of r,,, r̂  and 7t yields an average surface area. From the surfaces of the
sarcolemmal (0.3 m*) and mitochondrial membrane (1.2 m*) the radii r,, and r̂  correspond
to 31 cm and 62 cm, respectively. Substituting r,. and r̂  in equation 6.3 results in an
effective diffusional surface (A'=7rr,.-r J of approximately 0.6 m* per gram heart tissue. In this
situation it is assumed that the total outer mitochondrial surface is available for the uptake
of FA. Equation 6.2 can now be modified to:

Q/t=DA'AC/u [Eq. 6.4]

Diffusional distance (u)

Due to the T-tubule system of the cardiomyocyte the distance between any point in the
cell and the sarcolemmal membrane is not more than 3 |im (Bloom and Fawcett, 1975).
Mitochondria are located between contractile elements but also close to the sarcolemmal
membrane (Bloom and Fawcett, 1975). Thus the distance from the sarcolemma to the
mitochondrial outer membrane may vary considerably, i.e. from 0-3 urn. For the present
calculations an average diffusional distance of 1.5 |xm is assumed.

Concentration gradient (AC)

To calculate the concentration gradient of FA in the cardiomyocyte, the total FA and
FABP contents of rat heart under normal conditions, and the concentrations of unbound and
FABP-bound FA should be known. De Groot et al (1989) found for rat heart perfused during
10 minutes with a glucose containing medium under normoxic conditions a total FA
concentration of 72.4 nmolg' dry weight tissue. Since the dry weight amounts to
approximately 16% of the total tissue mass (De Groot et al, 1989), the overall FA
concentration is 12 (imol-l' tissue volume. In dog heart, a comparable concentration of FA
(23 nmoH' tissue volume) was measured by Van der Vusse et al (1982), indicating that the
amount of FA in the hearts of several species is very low under normoxic conditions.

It is highly unlikely that FA and FABP are equally distributed among cardiac tissue.
Tipping and Ketterer (1981) indicated that FA might be present (1) complexed to FABP, (2)
"free" in the aqueous cytoplasm or (3) solubilized in membrane structures (in the present
case the sarcolemmal membrane). Hence it is necessary to gain insight into the distribution
of FA between the three phases indicated. The distribution of FA between lipid membrane
structures and FABP was studied recently by Storch and Bass (1990). They used several
fluorescently labeled long chain fatty acids (anthroyloxy FA) to determine the distribution of
these FA between FABP and artificial phospholipid (PL) bilayers. They defined a partition
coefficient:

(%FABP bound FA)/[FABP]
Kp= [Eq. 6.5]

(100-%FABP bound FA)/[PL]
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in which

K =partition coefficient
%FABP bound FA =proportion of FA bound to FABP
100-%FABP bound FA =proportion of FA in phospholipid membranes
[FABP] =concentration of FABP
[PL] concentration of phospholipid (PL)

This partition coefficient had been defined earlier in a slightly different way by Noy and
colleagues (1986) and resulted directly from the equilibrium equations of FA binding to FABP
and to PL membranes. The measured value of the Kp varied from 0.3 to 5, depending on
the anthroyloxy FA used, but on the average amounted to 2 (Storch and Bass, 1990). With
this value it is possible to calculate the amount of FA present in the lipid membrane and the
amount complexed to FABP, provided that the PL content is known.

The FABP content of rat heart was recently reported to amount to 0.74 mgg ' wet
weight tissue or 50 nmol I' tissue volume (Vork et al, 1991a). The total PL content of rat
heart was found to be 178 nmolg' dry weight, or 28 mmoH' tissue volume (Van Bilsen et
al, 1989). From data published by Anversa et al (1980), it can be calculated that the entire
membrane surface area per gram heart tissue amounts to 9.2 m*, including all membranes
present in endothelial cells, fibroblasts and cardiomyocytes. Since the sarcolemmal surface
was found to be 0.3 m^ per gram tissue it can be inferred that the sarcolemmmal membrane
surface amounts to only 3% of the total surface. Taken into account that the sarcolemmal
membrane probably contains less protein than the bulk mitochondrial surface it is now
assumed that 5% of the total myocardial amount of PL is present in the sarcolemmal
membrane, i.e. 1.4 mmolT' tissue volume.

On the basis of the above calculated values the partition of FA between FABP and PL
may now be obtained. However, it would then be assumed that FABP, PL and FA are
distributed homogeneously among the myocardium, which is not the case. As already
mentioned, in the heart the volume occupied by myocytes, in which FA, PL and FABP are
considered to be present, amounts to 60%. Earlier we showed that FABP is almost entirely
located in cardiomyocytes and is absent in other cardiac cell types (Linssen et al, 1990).
Moreover, in the present study it is assumed that the bulk of FA is also confined to the
cardiomyocyte. Hence the corrected concentrations of FA, PL and FABP are 20 nmoll ' , 2.3
mmoH' and 85 |imol-l"^ cardiomyocytal volume, respectively. For FABP a further correction
has to be made since the intracellular space which is accessible for FABP is less than the
total cellular volume. Mitochondria contain negligible amounts of FABP (Underberg et al,
1989) but occupy at least 30% of the intracellular space (Page et al, 1973). Other
intracellular structures, e.g. the nucleus and sarcoplasmic reticulum, occupy up to 10% of
the total intracellular space. Myofibrils, located in the cytoplasmic space, represents the bulk
of myocytal protein which constitutes a large part of the tissue dry weight. Hence, part of the
cytoplasmic volume will not be accessible for solubilized substances (i.e. FABP) because
it will be occupied by non solubilized protein (i.e. myofibrils). Therefore, the space accessible
for FABP is estimated to be 50% of the total myocytal volume, which results in an effective
FABP concentration of 170 |imol-I^ cytoplasmic space.

Equation 6.5 does not allow the calculation of the cytoplasmic concentration of FA
directly. First the distribution of FA between PL and FABP has to be calculated. Thereafter,
the actual amount of FA present in the aqueous cytoplasm (bound to FABP) can be
estimated using the value for the total myocytal FA content. Substituting the values for PL
(2.3 mmol 1') and FABP (170 nmoH') in equation 5 reveals that under the conditions
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described FABP contains only 13% of the total FA whereas 87% of FA is associated with
the sarcolemmal membrane. Since the total FA concentration was calculated to be 20
(imol I' cardiomyocytal volume, the concentration of FABP-FA complex will amount to
0.13-20 =2.6 nmol I' cytoplasm. Hence, the FA-free FABP concentration is 167.4 jimoN"'
cytoplasm (total FABP minus complexed FABP). Thus, in the present situation only 1.5%
of the total FABP is complexed with FA. Interestingly, a similar low percentage of complexed
FABP was predicted by Tipping and Ketterer (1981) in their model for the hepatocyte.

The stoichiometry of oleic acid binding by heart-type FABP previously has been
reported to be 1:1. (Vork et al, 1990). Hence, the unbound FA concentration in the aqueous
cytoplasm can be calculated with the equilibrium equation for FA and FABP:

K„=[FABP][FA]/[FABP-FA] [Eq. 6.6]

in which

K„ =dissociation constant
[FABP] =concentration of FA-free FABP (|imol-I"' cytoplasm)
[FA] =concentration of unbound FA (^mol-I"' cytoplasm)
[FA-FABP] concentration of the FABP-FA complex (nmoH' cytoplasm)

For oleic acid, the K„ amounts to 0.2 nM (Vork et al, 1990). This K̂  value for oleic acid
will be used in all calculations. Using equation 6.5. an average cellular unbound FA
concentration of 3.1 nM can be calculated. This calculated concentration is in close
agreement with the earlier reported value of 2 nM for the aqueous solubility of oleic acid
(Brodersen et al, 1989).

From equation 6.6 it follows that in the presence of FABP, the concentration of
unbound FA depends on the concentration of FABP. In Figure 6.3. the concentration of
unbound FA is calculated at varying FABP concentrations using equations 6.5 and 6.6. From
this graph it can be inferred that the concentration of unbound FA slightly increases at lower
FABP concentration values, with a maximum concentration of 3.5 nM in the hypothetical
absence of FABP and the presence of 2.3 mmol PL I' cytoplasm.

Although the amount of complexed FABP is relatively low compared with the total
amount of FABP it can be observed that FABP increases the total amount of solubilized FA
more than 700 fold (2.6 nmol-r' cytoplasm versus 3.5 nmoH' cytoplasm). The
concentrations of FA and FA-FABP as calculated with equation 6.6 represent average
concentrations. In the calculation of the diffusional FA flux it is assumed that the
concentrations of unbound and complexed FA are highest in close vicinity of the
sarcolemmal membrane and close to zero at the mitochondrial membrane. These
assumptions are justified since the activity of acyl-CoA synthetase, located at the outer
mitochondrial membrane, most likely creates a sink for FA (Van der Vusse, 1992). However,
it has to be kept in mind that the cellular distribution of total FABP (complexed and
uncomplexed) remains completely homogeneous, despite the fact that a gradient of
complexed FABP exists. A backflux of FABP will be constantly present as a result of random
Brownian movement.

64



R47TV 4C/D TH/WSPOflr BV F48P

o
S 31
•o

ö

o
•o

o
e
3

50 100 150

FABP (pmol/l)

200 250

Fig. 6.3. Unbound oleic acid (OA) concentration as a function of the concentration of fatty acid-binding
protein (FABP). OA concentrations were calculated using equations 6.5-6.6. The dotted line
Indicates the physiological FABP concentration

Diffusion coefficient (D)

The diffusion coefficient can be defined as the molar amount of the solute under
investigation which crosses a surface area of 1 cm* in one second between two points
between which a concentration gradient of 1 mol-cm* exists. Historically, the diffusion
coefficient is expressed as cm*-s"\ Hence, the diffusional distance has to be expressed in
cm and the solute concentrations in molcm'^. The diffusion coefficient mainly depends on
the molecular radius of the solute, the viscosity of the solvent and the temperature (Jacobs,
1967). Since the molecular masses of FA and FABP, which are assumed to be linearly
related to the molecular radius, differ considerably the diffusion coefficient of both solutes
can be expected to differ as well.

The value of the diffusion coefficient of FA in water at infinitesimal small concentration
is assumed to be similar to that of a water soluble substance with comparable molecular
weight, e.g. sucrose D=4.6-10* cm*V at 20° C (Van Holde, 1971). For FABP, the diffusion
coefficient will be similar to that of myoglobin, a protein with a molecular mass (17.8 kDa)
comparable with that of FABP. The diffusion of myoglobin in buffer at 20 °C was reported
to be 10.6-10'ernes'' (Riveros-Moreno and Wittenberg, 1972). However, studies in rat heart
muscle homogenates (Moll, 1968) or in the intact rat diaphragm muscle (Jürgens et al,
1990) revealed cellular diffusion coefficient values of 1.5-10"' ernes' at 20 °C (Moll, 1968)
and 4.9-10"' cm*-s' at 25 °C (Jürgens et al, 1990), respectively. When Riveros-Moreno and
Wittenberg (1972) assessed the diffusion coefficient of myoglobin in solutions containing
high protein concentrations (250-300 g-l") they measured a value of 4-10' cm*-s^ at 20 °C,
which is comparable with the findings of Jürgens et al (1990), i.e. a decrease in apparent
diffusion coefficient of a factor 2 to 3. However, Wojcieszyn et al (1981) observed a 70 fold
decrease in apparent diffusion coefficient of fluorescently labeled albumin (68 kDa), once

65



injected into the cytoplasm of human fibroblasts, compared with the diffusion in buffer,
whereas the diffusion of the unbound fluorescent label (374 Da) was not influenced by the
cytoplasm. The observed decrease in diffusion characteristics of albumin in the cytoplasm
of the fibroblast may partially be caused by the fact that albumin is negatively charged at
physiological pH, due to its low iso-electric point (pl=4.8-5.3) (Rothschild et al, 1988), thus
possibly causing the protein to interact with intracellular structures which can result in a
decrease in apparent diffusion coefficient. Since heart FABP is known to have a relatively
low pi value (pl=5) as well (Fournier et al, 1978), its diffusional properties may be influenced
similarly. Taking into account the measured values of the diffusion coefficient of myoglobin,
which has a neutral pi value, and the possible retardation of FABP due to its negative
charge, the diffusion coefficient of FABP (Dp^p) in the cardiomyocyte is assumed to be
approximately 1 •10"* cm*-s \ whereas the diffusion coefficient for FA (DpJ is assumed to be
4.6-10* c n r V .

Diffusional flux of FA (Q/t)

Since all variables in the equation for the diffusional flux (equation 6.4) are now inferred
or estimated, the diffusional flux can be calculated for all situations described above. The
diffusional flux can be regarded as two separate fluxes, viz. the unbound FA flux and the
FA-FABP flux. The total flux can then be described as:

D^BP-A'-[FA-FABP]/U [Eq. 6.7]

Since FA oxidation values are expressed mostly as the amount of FA oxidized per minute,
the flux will be calculated also in nmol per minute in order to compare these values with
experimentally obtained data.

1. FA diffusion in the absence of FABP
In the absence of FABP, equation 6.7 can be reduced to: Q/t=Dp^A'-[FA]/u, where

A'=6000 cm*, [FA]=3.5 pmolcm* (3.5 nmoH'), u=1.5-10* cm and DpA=4.6-10* cm*V.
Substitution of all values results in a diffusional flux from the sarcolemmal to the
mitochondrial membrane of approximately 0.65 nmol-g' tissue per second, or 39 nmolg'
tissue per minute.

2. FA diffusion in the presence of FABP
For the total FA flux in the presence of FABP the entire equation 6.7 is used where

A'=6000 cm*, [FA]=3.1 pmolcm^ (3.1 nmoll'), u=1.5-10" cm, DpA=4.6-10* c n r V ,
[FA-FABP]=2.6 nmolcm^ (2.6 nmoli') and Dp^p=1 -10"' cm*s \ This results in a diffusional
flux of 659 nmol-g' tissue per minute in which unbound FA accounts for 35 nmol-g'̂  tissue
per minute whereas FABP bound FA accounts for 624 nmol-g'' tissue per minute. From
these results it appears that FABP induces a 17 fold increase in FA translocation from
sarcolemma to mitochondria. The contribution of the FABP-facilitated FA diffusional flux can
be calculated at various FABP concentrations making use of the equations 6.5-6.7. This
resulted in the data visualized in Figure 6.4. in which the separate diffusional fluxes of
uncomplexed FA and FABP bound FA are depicted as a function of the (theoretical) FABP
concentrations.
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DISCUSSION

Experimental data on the role of FABP in intracellular FA transport are scarce.
Recently, Stewart et al (1991) measured the diffusion of FA in the absence and presence
of FABP and concluded that FABP caused an increase in FA diffusion. Although it is shown
in the present study that heart-type FABP indeed causes an increase in the diffusional flux
of FA, the conclusion of Stewart et al (1991) was not justified, since for technical reasons
the findings obtained by these investigators can be criticized. It was concluded by these
researchers that FABP was able to increase the diffusion coefficient of FA, which would
imply that FABP is able to catapult FA through an aqueous solution. This mechanism
obviously seems highly unlikely to occur (Vork et al, 1991b).

FA distribution between FABP and lipid membranes

Several research groups have studied the behaviour of FA in the presence of FABP
and lipid bilayers. McCormack and Brecher (1987) found that liver FABP was able to
increase the FA flux between multilamellar liposomes and microsomes. Peeters and
associates (1989) showed that FABP was able to "extract" oleic acid from a lipid monolayer.
Moreover, they showed that FABP could increase the FA transport from liposomes to
mitochondria, separated by a dialysis membrane, or between two lipid monolayers. The
phenomenon of FA distribution between lipid bilayers and FABP has been frequently used
to determine the dissociation constant of a FA-FABP complex as well as the maximal
binding (Paulussen et al, 1988; Offner et al, 1986) as an alternative for the Lipidex 1000
assay (Glatz et al, 1983; Vork et al, 1990).

An elegant method of studying the kinetics of FA distribution between lipid bilayers and
FABP was presented by Storen and Bass (1990). Some results of their work were used in
the present study to calculate the FA distribution in the heart. However, one should bear in
mind that these particular studies were performed with artificial phospholipid membranes in
combination with anthroyloxy FA. Although it appears to be an acceptable model for the
physiological situation, appreciable differences between the /n wYro and the /n wVo situation
cannot be ruled out. Furthermore, since the reported values of the partition coefficient for
several antroyloxy FA vary between 0.3 and 5 it is difficult to indicate which value
approaches the partition of oleic acid between FABP and the cellular membrane of the
cardiomyocyte /n wVo.

FA transport by FABP

Although it is shown in the present study that FABP enhances the cardiac FA
translocation considerably, the FABP-FA complex must dissociate fast in order to allow FA
uptake by mitochondria. Storch and Kleinfeld (1986) studied the FA transfer between lipid
bilayers and concluded that FA translocation occurs via the aqueous phase rather than by
collision between bilayer fractions. Like Peeters et al (1989) they found that this process was
hardly monitorable because of the high exchange velocity. Interestingly, Storch and Bass
(1990) found that the dissociation rate constant of a heart FABP-FA complex was
approximately 10 fold higher than that of a liver FABP-FA complex. Moreover, they found
that the distribution of FA between FABP and lipid bilayers showed large differences
between liver FABP and heart FABP, pointing out that heart FABP and liver FABP might
have distinct physiological functions. This may relate to the relatively large difference in
primary structure between these FABP types (Bass, 1988; Veerkamp, 1991). Taking the

67



CH/»P7Efl 6

above mentioned considerations into account it must be concluded that the results obtained
in the present study are applicable only to heart-type FABP and may not describe a general
FA transport mechanism for all FABP types.

50 100 150 200

FABP (umol/l)

250

Fig. 6.4. Diffusional long chain fatty acid (FA) flux as a function of the concentration of fatty acid-binding
protein (FABP). Results were calculated using equations 6.5-6.7. The dotted line indicates the
physiological FABP concentration. 1. Unbound FA diffusional flux. 2. FABP-complexed FA
diffusional flux.

Storch and Bass (1990) reported fast dissociation rate constants of the cardiac FABP-
FA complex for different fluorescent fatty acids with a value between 0.5 and 1 s ' at 24°C.
The rate of dissociation can be calculated with the ordinary equation for first order kinetics:

C _r [Eq. 6.8]

in which

C,
Co
t
k

=concentration at time=t
=concentration at time=0
=time
=dissociation rate constant

Since the present study deals with the situation ;'n v/Vo, the dissociation constant at 37°C
should be known. Assuming a two-fold increase in reaction velocity with every 10° increase
in temperature, the mean dissociation constant is estimated to be 2 s ' at 37°C. A
dissociation rate constant of 2 s ' indicates that per second 86% of the FABP-FA complex
(2.6 u.moH') dissociates, i.e. 2.2 u.mol I' per second. From equation 6.8 a half-time value
(tyj of 0.35 s can be calculated. Since the system is in equilibrium or near equilibrium, the
association rate must be equal to the dissociation rate. Hence, the average residence time
of one FA molecule bound to FABP can be calculated to amount to 0.7 seconds (two times
t j . The quotient of the unbound FA concentration (3.1 nmol I') and the association with
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FABP (2.2 (xmol-l '' per second) reveals that the mean time a FA molecule is present in
unbound form is 1.4-10* s before reassociation occurs. Hence, during the entire period of
diffusion, FA are present in the uncomplexed form for only 0.1% of the total time. The
apparent diffusion velocity of unbound FA, however, is much higher than that of the FABP-
FA complex and amounts to 46-fold (quotient of D^ and D^BP) the diffusion velocity of the
complex. From these data it can be calculated that at a FABP concentration of 170 nM
about 6% of the total FA translocation is caused by the uncomplexed part of the total FA
pool whereas 94% is caused by FABP-FA transport. This confirms the above calculated
results in which the diffusional fluxes of unbound and complexed FA were assumed to be
independent. Because FA is constantly bound and released by FABP, the absolute
diffusional velocity of the FA population will be higher than that of the FABP population. This
phenomenon has been called the stepping-stone model (Glatz and Van der Vusse, 1990),
in which a FA molecule is passed on from one FABP molecule to an adjacent one through
the aqueous cytoplasm. However, since at physiological FABP concentrations the
contribution of unbound FA diffusion to total FA transport is only 6%, this stepping-stone
model cannot play a predominant role in the total intracellular FA translocation.

An additional argument against the stepping-stone model is obtained when the average
migration time in the cytoplasm is considered. The relation between the migration time and
the one-directional average migration distance was derived by Einstein (1905):

u=V(D-t) [Eq. 6.9]

in which

u= average migration distance (cm)
D= diffusion coefficient (cm*s')
t= time (s)

Since the average diffusional distance was assumed to be 1.5 urn and the diffusion
coefficient 1-10' cm*-s'\ it can be calculated that the time required for the FABP-FA
complex to cross this distance amounts to 0.2 seconds. Hence it follows that on average a
FA molecule is only bound by one FABP molecule during its translocation from the
sarcolemma to the mitochondrial membrane, since the average residence time of one
molecule bound to FABP was calculated to be 0.7 seconds.

Although it has been shown in the present study that FABP can have an enhancing
effect on the absolute FA translocation, some reservations have to be made.

(/) It was assumed above that the average diffusional distance amounted to 1.5 u.m.
However, as already mentioned, the cardiomyocytal microanatomy reveals that an
appreciable part of the mitochondria is located almost immediately adjacent to the
sarcolemmal surface (subsarcolemmal mitochondria), resulting in a very short
diffusional distance, whereas mitochondria are present between myofibrils as well
(intramyofibrillar mitochondria). It was shown by Palmer and colleagues (1977) /n v/fro
that intramyofibrillar mitochondria have a 1.5 fold higher fatty acid oxidation capacity
than subsarcolemmal mitochondria. However, Matlib et al (1980) were not able to
detect significant differences in biochemical properties of both populations /n v/fro and
concluded that the earlier reported differences were the result of a technical artefact.
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Hence, the assumption is justified that both sub-populations of mitochondria are
involved in myocardial FA oxidation. However, it can not be excluded that, despite the
biochemical equivalence of these two mitochondria populations, the bulk amount of FA
is utilized by subsarcolemmal mitochondria due to the limited diffusional distance to
cross. In such case the necessity of FABP for intracellular FA transport is questionable.
(/'/) The effective outer mitochondrial membrane surface is probably overestimated in
the present study, since an appreciable part of this membrane consists of protein
which decreases the area available for uptake of FA in the lipid part of the membrane
and the subsequent activation by acyl-CoA synthetase. Because the diffusional flux is
linearly related to the magnitude of the diffusional surface (Eq. 6.1), the total
physiological flux of FA (unbound FA and FABP-associated FA) will therefore be lower
than calculated above.

~10v
3

</> 4
= 10

Ï 3
£10
5
E 2
£ 1 0

FABP mediatediFA flux

0.1 0.5 1 1.5 2
Diffusional distance (urn)

2.5

Fig. 6.5. Relation between diffusional distance and FA flux. The vertical dotted line indicates the assumed
average /n wVo diffusional distance whereas the dotted horizontal line depicts the basal cardiac
FA oxidation level. See Discussion section for further details.

In figure 6.5 the flux of unbound FA and FABP-bound FA is depicted as a function of
the diffusional distance. In addition, the flux was calculated for two extreme situations with
respect to the major uncertainty factors in our calculations, i.e. (/) a situation in which the
affinity of the sarcolemmal membrane for FA is relatively low (Kp=5) in combination with a
maximum outer mitochondrial membrane area (1.2 m*) (maximal flux) and (//) a situation in
which the affinity of the sarcolemmal membrane for FA is high (Kp=0.3) in combination with
a limited outer mitochondrial membrane area (0.6 m*) (minimal flux). The upper area shows
the FA flux mediated by FABP under these conditions, whereas the lower area shows the
free FA flux. The areas show a small overlap. From these graphs it appears that at a mean
diffusional distance smaller than 0.5 urn the flux of unbound FA would probably be sufficient
to explain the experimentally observed basal oxidation rate (horizontal dotted line). If the
affinity of the sarcolemmmal membrane for FA would be low (Kp=5) and the outer
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mitochondrial surface area maximal (1.2 m*) the flux of free FA theoretically could be
sufficient to ensure basal cardiac oxidation levels at an average diffusional distance up to
about 1.5 urn. In the presence of FABP, however, much higher diffusional FA fluxes can be
reached in all situations described above.

Physiological significance of FABP

The calculated values for the diffusional FA flux in cardiomyocytes obtained in this
study are comparable with available experimental data concerning the /n v/Vo uptake and
utilization of FA. In isolated rat hearts, Bielefeld and co-workers (1985) measured a basal
palmitate oxidation rate of 0.5 |imol-min' per gram dry tissue. This value was confirmed by
Forsey et al (1987) who measured an oleate oxidation rate of 0.4 ^mol-min' per gram dry
tissue, and Lopaschuk et al (1990) who found a palmitate oxidation rate of 0.45 |imol-min''
per gram dry tissue. Conversion to wet weight tissue yields FA oxidation rates of 80, 64 and
73 nmolmin ^ per gram wet weight tissue, respectively. Since these values were measured
in the isolated, unloaded heart, the /n s/fu FA oxidation might be somewhat higher. However,
in dog heart /n s/fu a comparable value of 66 nmol-min"' per gram tissue was measured by
Van der Vusse et al (1982). At higher workloads the blood perfusion of the heart muscle
increases. Caldwell and colleagues (1990) showed that under such conditions the deposition
of FA from the circulation into the tissue increases linearly at higher coronary flow rates.
This results in an increase in the tissue concentration of FA and consequently in an increase
in intracellular FA flux.

When the experimental results of Bielefeld and colleagues (1985), Forsey et al (1987)
and Lopaschuk et al (1990) are compared with the calculated values in the present study
(39 nmol-min''' per g tissue in the absence of FABP vs 659 nmol-min'' per g tissue in the
presence of FABP for a diffusional distance of 1.5 ^m) it might be concluded that a basal
FA oxidation rate in rat heart of 80 nmol-min'̂  per gram tissue would not be possible in the
absence of FABP, thus indicating a crucial role for FABP in the maintenance of a sufficient
level of cardiac FA oxidation. Moreover, it is interesting to note that the calculated FA flux
in the presence of FABP lies in the range of the maximal FA oxidation capacity of rat heart
muscle, i.e. about 700 nmol-min' per gram tissue (Glatz et al, 1984). However, this maximal
FA oxidation level was measured /n wfro in whole tissue homogenates but has to our
knowledge not been measured /n s/fu or in any isolated heart preparation.

Concluding remarks

In this chapter an attempt has been made to explain why a high concentration of FABP
is present in the cardiomyocyte. It was found that FABP can enhance the rate of intra-
cardiomyocytal transport of FA about 17 fold. In addition, experimentally observed rates of
FA oxidation by rat hearts may possibly be explained only when the presence of a relatively
high tissue concentration of FABP is taken into account. Nevertheless, due to the variation
in several parameters involved in the present calculations on FA flux, it can not be excluded
that under certain conditions or in certain cells a sufficient supply of FA in cardiac tissue can
be achieved without the involvement of FABP.
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CHAPTER 7

PROTEIN RELEASE FROM ISOLATED RAT HEART DURING
NORMOXIA, LOW-FLOW ISCHEMIA AND REPERFUSION.

Michael M. Vork, Jan F.C. Glatz, Don A.M. Surtel and Ger J. Van der Vusse.
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SUMMARY

The present study was performed to monitor the effect of low-flow ischemia and
reperfusion on changes in the protein permeability of the cardiomyocyte cell membrane and
the endothelial cell layer. The dependence of the release of intracellular proteins on their
physico-chemical properties was also studied. To this end, isolated rat hearts were perfused
according to Langendorff, with separate collection of vascular and interstitial effluents. The
release patterns of two proteins differing substantially in molecular mass, i.e. fatty acid-
binding protein (FABP; 15 kDa) and lactate dehydrogenase (LDH; 130 kDa), were
determined. Control hearts were perfused normoxically for 300 minutes, whereas
experimental hearts were subjected to 60 minutes normoxia, 180 minutes low-flow ischemia
(1 ml/min per gram tissue) and finally 60 minutes normoxic reperfusion. During the first 240
minutes of perfusion 0.2 % of total tissue FABP and 1.1% of total tissue LDH were detected
in the effluents in both groups. Moreover, in each case 80% of released FABP and LDH was
found in the interstitial effluent. During 60 minutes of reperfusion, following 180 minutes of
low-flow ischemia in the experimental group, appreciable amounts of both proteins were
released (2.2 % and 5.1 % of total tissue contents for FABP and LDH, respectively). During
this period a significant increase in the percentual amount of protein released in the vascular
effluent was found for both proteins. It is concluded that the combination of low-flow
ischemia and reperfusion increases the protein permeability of both the cardiomyocyte cell
membrane and the endothelial barrier. Since the release patterns of FABP and LDH in time
were similar during the entire perfusion protocol, it is tempting to state that protein release
from tissue is an aspecific effect of a noxious intervention. However, because the release
of LDH was 6-fold higher during low-flow ischemia and 2-3 fold higher during reperfusion
than that of FABP, it is most likely that protein release from tissue depends on a number of
physico-chemical properties of both the protein and the (intra)cellular environment.

INTRODUCTION

When cardiac tissue becomes deprived of oxygen and nutrients for a period of time,
i.e. as a result of coronary artery occlusion, intracellular constituents will leak out of the cells
and can be detected in blood (LaDue et al, 1954). Leakage has been suggested to be
caused by the appearance of pores in the cellular membrane (De Leiris and Hearse, 1984).
The only way to prevent the tissue from irreversible damage is to restore cardiac flow to
normal levels in due time. However, restoration of flow in cardiac tissue after a prolonged
period of ischemia appears to result in additional damage. Although this phenomenon of
reperfusion damage has been known for several decades, its primary cause is still not
completely elucidated (Hearse, 1977; Poole-Wilson, 1987; Opie, 1989; Kehrerand Starnes,
1989). The initial events for reperfusion damage are probably the influx of calcium (Jennings
and Shen, 1972) and the enhanced formation of oxygen derived free radicals in the tissue
(Bolli et al, 1989) in combination with a significant ischemia-induced loss of anti-oxidant
activity (Guarnieri et al, 1980). Calcium influx is thought to cause mechanical disruption of
cell membranes due to hypercontraction (Ganote and Kaltenbach, 1979). On the other hand,
it has been suggested that changes in intracellular osmotic pressure and cell volume on
reperfusion may give rise to cell swelling and subsequent cell membrane rupture (Jennings
et al, 1986). Enhanced oxygen free radical formation can cause membrane lipid peroxidation
(Guarnieri, 1980) which, in turn, may lead to an increased membrane permeability for
calcium to enter and for proteins to leave the cell. In this context ultrastructural changes at
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the level of the cell membrane have been reported (Post et al, 1985; Schrijvers et al, 1990).
Many investigators have monitored protein release from isolated heart during

reperfusion, mostly after a period of global zero-flow ischemia (for review see Kehrer and
Starnes, 1989). Therefore, little is known on the release of intracellular proteins during the
ischemic period, simply because during zero-flow ischemia effluent sampling is not possible.
On the other hand, the low-flow model has more clinical relevance than the zero-flow model,
since in cardiac disease it is commonly observed that parts of the myocardium become
gradually deprived of oxygen and nutrients as a result of slow forming coronary stenosis
(Opie, 1991). Furthermore, with regard to low-flow ischemia and reperfusion, information is
lacking on possible changes in permeability of the capillary wall, especially in relation to the
physico-chemical properties of proteins released from myocardial cells. Studying this model
might increase trie knowledge of the mechanism of protein release from the injured
myocardium to the extracellular environment.

Therefore, the aim of the present study was to monitor protein release in detail during
a prolonged period of low-flow ischemia followed by normoxic reperfusion. To this end an
isolated rat heart perfusion model was chosen in which low-flow ischemia was applied. The
release from damaged cells of two cytoplasmic proteins differing in molecular mass, i.e. fatty
acid-binding protein (FABP, 15 kDa) and lactate dehydrogenase (LDH, 130 kDa), was
assayed in the perfusion effluent. Effluent was collected in two fractions, i.e. interstitial and
vascular fluid. Since the cellular location FABP is almost exclusively cardiomyocytal (Linssen
et al, 1990), distribution of this protein between interstitial and vascular fluids will give
information about endothelial protein permeability.

MATERIALS AND METHODS

Isolated rat heart preparation and perfusion

Hearts from male Lewis rats (250-325 g) were used in all experiments. The hearts
were Langendorff perfused with a buffer, continuously gassed with 95% Oj and 5% COj,
containing (in mM) NaCI (132), KCI (4.7), CaC^ (1.3), MgCL, (1.0), Na^PO, (0.4), NaHCOg
(20) and glucose (11) (pH 7.35+0.03, T=37 °C, p=8.0 kPa), and prepared according to De
Deckere and Ten Hoor (1977) in order to allow separate collection of right ventricular
effluent (OJ, fluid draining the coronary vessels, and interstitial (O,) effluents (Figure 7.1).
The preparation of the hearts took 20-25 minutes.

Experimental protocol

Isolated hearts (wet weight 0.97±0.07 g) were subjected to 60 minutes of normoxic
perfusion followed by 180 minutes of low-flow perfusion at 1 ml/min per g tissue
(approximate 7 fold reduction of flow) and subsequent normoxic reperfusion for 60 minutes
(n=9). Control hearts (n=6) were perfused normoxically for 300 minutes (Figure 7.2). Effluent
samples were collected during 15 min intervals and flow was calculated from these fractions.
Bovine serum albumin in a final concentration of 1-2% was added to each sample so as to
prevent protein loss and reduction of enzymatic activity during storage. The samples were
stored at -80 °C until analyses of FABP and LDH, which were performed as described in
Chapter 4 (Vork et al, 1991; Bergmeyer and Bernt, 1974).

In a separate series of experiments two sets of three hearts were used to
microscopically monitor tissue perfusion after either 240 minutes of normoxia, or 60 minutes
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normoxia followed by 180 minutes of low-flow ischemia (t=240 minutes in Figure 7.2). For
this the hearts were perfused with 100 |il perfusion buffer containing 1% acridine orange.
This dye is rapidly taken up by the nucleus of endothelial cells and can be visualized using
fluorescence light-microscopy (Tangelder et al, 1982; Peeze Binkhorst, 1989). Special
precautions were taken to avoid flow alterations during dye perfusion. After 5 minutes the
hearts were frozen by entirely submerging in liquid Nj-cooled isopentane. Thereafter, 5 urn
ventricular tissue sections were cut transversally at -20 °C and subsequently monitored for
the distribution of the dye.

Pulmonary artery Aorta
Perfusion
medium

Coronary
effluent (

Interstitial
effluent ( #

Fig. 7.1. Schematic representation of an isolated rat heart perfusion model with separate collection of right
ventricular (OJ and interstitial (Q) effluents. RA, right atrium; LA, left atrium; RV, right ventricle;
LV, left ventricle; c, coronary artery.

Normoxia Control
group

300

Norm-
oxia

Low-flowlow ischemia F ^ -
Ifusion

Experimental
group

60 240 300
Time (minutes)

Fig. 7.2. Experimental protocol. Bars indicate sampling times (15 minutes per sample).
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Chemicals

All chemicals were purchased from either Sigma (St. Louis, USA) or Merck (Darmstadt,
FRG) and were of analytical grade.

Statistical treatment of data

Results in the figures and tables are expressed as mean values ± S.E.M. At each
sampling point controls and experimental hearts were compared using Student's Mest for
all parameters measured, unless indicated otherwise. Differences were regarded significant
at p<0.05.

RESULTS

Upon attachment to the perfusion system, all hearts started contracting within 15
seconds. The initial interstitial flow never exceeded 2% of total flow, similar to reports by
others (Stam and Hülsmann, 1981), but lower than the mean value of 3.2% reported in the
original description of the perfusion system (De Deckere and Ten Hoor, 1977). During the
low-flow ischemic period the contraction rate of the experimental hearts decreased
appreciably. During normoxic reperfusion the contraction rate increased again and short
periods (<5 s) of fibrillation could be observed.

Flow measurements

During normoxia the vascular flow (OJ decreased gradually during 300 minutes of
normoxic perfusion (Figure 7.3, upper panel). This decrease reached the level of significance
at t=135 min, as compared with the initial flow. The absolute interstitial flow (O,) remained
constant during 300 minutes of normoxic perfusion (Figure 7.3, middle panel). Due to the
decrease in absolute Q„ flow, the percentual O, flow increased from 0.8% to 1.3% of total
flow (Figure 7.3, lower panel).

Following one hour of normoxic perfusion in the experimental group the Q„ flow was
kept at 1 ml/min for 180 minutes. Upon normoxic reperfusion the Q„ flow immediately
returned to its initial value (Figure 7.3, upper panel). However, the subsequent decrease in
flow (40% in 60 minutes) turned out to be more rapid than during the initial normoxic period
(13% in 60 minutes). Furthermore, during the low-flow ischemic period the O, flow increased
gradually in time (significant at t=150; Figure 7.3, middle panel) and reached a final value
of about 15% of total flow (Figure 7.3, lower panel). Upon normoxic reperfusion the O, flow
did not return to its initial value as was the case for O^, but remained at the percentual level
measured at the end of the ischemic period, resulting in a more than 10 fold increase in
absolute O, flow.

Protein release

The absolute release of the two proteins under investigation is depicted in Figure 7.4,
in which a discrimination is made between protein release in Q„ (left panels) and O, (right
panels). The release patterns of the two proteins are essentially identical. During low-flow
ischemia their release into both fractions increased slightly, but not significantly starting from
t=180 minutes to t=240 minutes in comparison with the control perfusion. During normoxic
reperfusion a far greater amount of intracellular protein was released into the effluents.
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Time
(min)

O- 60

60-240

240-300

% release in O, effluent

Group

Co-N
Exp-N
Co-N
Exp-LF
Co-N
Exp-Rep

n (animals)

24(6)
36(9)
70(6)
103 (9)
24(6)
32(9)

FABP

8411
7911'
80+1
7811
8211
68+2'

LDH

8012
8313
79+2
8111
8013
6413'

Table 7.1. Release of LDH and FABP in O, effluent as a percentage of total release. N, normoxia; LF, low-
flow ischemia; Rep, reperfusion; Co, control group; Exp, experimental group. MeanlSEM (for the
indicated number of observations, n). ' significantly different from control group (p<0.05).

% release per minute of
total tissue content

Time
(min)

0-60

60-240

240-300

Group

Co-N
Exp-N
Co-N
Exp-LF
Co-N
Exp-Rep

n (anirr

24(6)
36(9)
70(6)
103(9)
24(6)
32(9)

FABP
(X10')

a

1.2310.06
1.0910.08
0.7210.02
0.8110.07
0.7410.06
3717

LDH
(x10*)

b

7.410.6
6.110.4
3.710.1
3.710.2
3.410.2
85114

Ratio

b/a

6.010.4
6.110.1
5.3+0.2
5.910.2
4.810.2
2.910.2

Table 7.2. Average release of FABP and LDH from tissue and the ratio of these values, expressed as a
percentage of total tissue content per minute. For explanation of abbreviations see legend to
Table 7.1. MeanlSEM (for the indicated numbers of observations, n).' significantly different from
control group (p<0.05).

Since effluent was collected in two fractions, the absolute distribution of released
proteins between interstitial and vascular effluents could be calculated (Table 7.1). For FABP
it was found that the percentual amount measured in O, differed significantly between the
control and experimental groups during the first 60 minutes of the experiment and during
reperfusion, but not during low-flow ischemia. For LDH a difference was found only during
the reperfusion period (Table 7.1). As observed earlier (Vork et al, 1991), a discrepancy
between the total LDH and FABP release in relation to their total tissue content was found
during normoxic perfusion. In the present study this discrepancy was also observed during
the low-flow ischemic period and the reperfusion period. From each sample, the percentual
release of both proteins was calculated in terms of total tissue content (0.74 mg/g and 314
U/g wet tissue for FABP and LDH, respectively; Vork et al, 1991). These release
percentages as well as the quotient of these values are given in Table 7.2. Approximately
1.3% of total tissue LDH content was released during five hours normoxia whereas for FABP
only 0.24% of total tissue content was found during this period. The control group as well
as the experimental group showed a decreasing tendency of the LDH/FABP ratio within the
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course of each experiments. However, during reperfusion this ratio was significantly lower
in the experimental group than in the control group (Table 7.2). During this period an
average of 2.2% (FABP) and 5.1% (LDH) of total tissue content was released.

c e

i
I 4

O

1.20

60 120 180 240 300

'S
c 0.80

O 0.40

exp

0 60 120 180 240 300

20

15

SS

exp

0

N

-o—o—o

60

I

120 180
Time (min)
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Fig. 7.3. Coronary flow characteristics during the course of the experiments. Upper panel: right ventricular
flow, middle panel: interstitial flow, lower panel: percentual interstitial flow. Note the difference in
Y-axis scale between O„ and Q. Co, control hearts (n=6); Exp, experimental hearts (n=9). N,
normoxia; LF, low-flow ischemia; R, reperfusion.

Tissue perfusion

Tissue sections prepared after 240 minutes of normoxic perfusion or 60 minutes of
normoxia followed by 180 minutes of low-flow perfusion were judged qualitatively for the
deposition of acridine orange (Figure 7.5). Three hearts, perfused normoxically for 4 hours,
showed an almost homogeneous distribution of the dye. However, hearts perfused
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normoxically for one hour and subsequently with a flow of 1 ml/min for another three hours
showed large differences in dye distribution. In all hearts the outer tissue layer was stained
with the dye whereas in the inner layers hardly any fluorescence was observed.

Fig. 7.4. Release patterns of FABP and LDH from isolated rat hearts. Co.control hearts; Exp, experimental
hearts. Note the difference in Y-axis scale between O^ (left panels) and O, (right panels). N,LF
and R refer to normoxia, low-flow ischemia and reperfusion, respectively.' significantly different
from control group (p<0.05)

DISCUSSION

The present study describes the changes in vascular and interstitial flow and the
release of proteins during normoxia, low-flow ischemia and reperfusion for isolated rat heart.
The contribution of interstitial flow to total cardiac flow increased substantially during low-flow
ischemia and reperfusion. During 180 minutes low-flow ischemia no increase in protein
release could be detected as compared with normoxic perfusion, whereas an appreciable
release was observed upon reperfusion. The release patterns of the two proteins under
investigation were essentially similar.

Interstitial flow

During normoxic perfusion of rat heart it was observed that in the control group the
interstitial flow (Q,) remained remarkably constant over the total perfusion period. In contrast,
in the experimental group the O,flow increased rapidly during low-flow ischemia. This finding
can be explained by a net water flux increase from the vasculature to the interstitial space.
In this respect earlier findings from Harris and colleagues (1978) are worth to mention. They
found that in the dog a reduction of cardiac flow increases the endothelial permeability for
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sucrose. This increase in permeability is most likely caused by ischemia induced endothelial
alterations. Endothelial cells have been shown to be vulnerable for ischemic damage
(Hülsmann and Dubelaar, 1987). Upon an increase in the permeability surface area, the flux
of solutes, present in the perfusion buffer, from the vascular space to the interstitial space
will increase. This increase is most likely accompanied by an enhanced water transport,
which might explain the gradual increase in interstitial flow. Furthermore, an increase in the
concentration of small solutes, released from cardiomyocytes as a result of the ischemic
insult, may also contribute on an increase of the flux of water from the vascular to the
interstitial space.

Since the increase in absolute Q, flow during low-flow ischemia was gradual, it might
be concluded that the extent of ischemic endothelial damage depends on the duration of the
ischemic period. Moreover, since Q, flow did not return to its initial value upon normoxic
reperfusion, the increase in endothelial permeability most likely is irreversible.

Myocardial flow

At the end of the low-flow ischemic period it was found that only the outer layer
(subepicardium) of the ventricular tissue could be stained with an endothelial nucleus marker
(Figure 7.5). This finding indicates that the inner layers where no longer perfused at the end
of the low-flow ischemic period. A similar observation was reported by Harris et al (1978)
who found that in the dog heart flow restriction resulted in a decrease in the endothelial
surface area caused by capillary derecruitment in the dog. However, in the present study
it was also found that the O, flow increased appreciably during low-flow ischemia, indicating
that the permeability surface area must have increased even more in the tissue areas which
were perfused during the entire period of low-flow ischemia, i.e. the subepicardial regions.
Upon reperfusion under normal perfusion pressure no significant decrease in coronary flow
could be observed compared with the pre-ischemic flow rate, suggesting that at this
pressure the entire coronary vasculature might have been perfused again. Complete
reperfusion of previously un(der)perfused regions is in contrast with the findings of Mohanlal
et al (1988) who found that after a 2 hour period of low-flow ischemia (20% of pre-ischemic
flow) the flow rate returned to only 60% of the pre-ischemic value, as a result of the so-
called no-reflow phenomenon (Gavin et al, 1983). However, these investigators used a
paced heart model in combination with a water-filled balloon inserted in the left ventricular
cavity together with a high pyruvate concentration in the perfusion medium. The combination
of differences in the experimental setup might explain the deviations in the outcome of the
two studies.

Protein release

During a period of 180 minutes of low-flow ischemia, the released amounts of proteins
were not different from those during a similar normoxic perfusion period, but upon
subsequent normoxic reperfusion an appreciable amount of cytoplasmic proteins was
released from the tissue. However, as discussed above, no indication for irreversible tissue
damage was observed during the preceding low-flow ischemic period on the basis of protein
release.

The subendocardial layers of the ventricles were no longer accessible for the perfusion
fluid after 180 minutes of low-flow ischemia. The redistribution of flow in hypo-perfused
tissue is most likely a chronic process in which more and more tissue becomes deprived
of perfusion medium. However, as no significant increase in protein release was observed
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Fig. 7.5. Deposition of acridine orange in ventricular tissue. Upper panel, 240 minutes normoxic perfusion.
Lower panel, 60 minutes normoxic perfusion followed by 180 minutes of low-flow ischemia (1
ml/min per g tissue). 1 and 2 indicate subepicardial and subendocardial tissue layers,
respectively.
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during low-flow ischemia it might be possible that none or very little tissue damage occurred
during this period and that the main trigger for protein release was reperfusion per se. On
the other hand, cell deterioration might already have occurred during low-flow ischemia, in
particular in regions completely devoid of flow, whereby released proteins were not able to
diffuse fast enough into a perfused tissue area to be detected in the effluents. This
explanation has to be considered since rat heart virtually lacks collateral vessels (Maxwell
et al, 1987). Hence, with the results of the present study, no definite conclusions can be
drawn about the primary cause of protein release during reperfusion, as it may be caused
by either ischemia induced damage or reperfusion injury.

Endothelial permeability for proteins

During reperfusion a significant increase in the percentual amount of protein released
in O„ was found, when compared with the normoxic control. The distribution of perfusate
between 0 „ and O, at the onset of reperfusion was not different from that at the end of the
low-flow ischemic period (O,flow approximately 15% of total flow; Figure 7.3., lower panel).
Therefore, this observation indicates an increased endothelial permeability for proteins,
especially from the interstitial space to the vascular space, since FABP is almost exclusively
located in the cardiomyocyte (Linssen et al, 1990). Moreover, this increase in permeability
was similar for both FABP and LDH, suggesting that these two proteins were released from
the same (cardiomyocytal) space and that LDH release from endothelial cells was negligible
in comparison with release from cardiomyocytes.

Discrepancy between FABP and LDH release

During normoxia and low-flow ischemia LDH, despite its higher molecular mass, was
found to be released approximately 6-fold more than FABP, when expressed as a
percentage of the total tissue content. This was already observed in an earlier study
(Chapter 4; Vork et al, 1991). However, this release ratio altered significantly upon
reperfusion (Table 7.2). As stated in Chapter 4 it might be possible that this discrepancy in
protein release is caused by the fact that FABP is almost entirely present in cardiomyocytes
(Linssen et al, 1990), whereas LDH can be found also in other cardiac cell types, such as
endothelial cells and fibroblasts. However, from data of Anversa and colleagues (1980) it
can be calculated that the cellular volume in cardiac tissue occupied by endothelial cells and
fibroblasts amounts to 3.2% and 1.8%, respectively, whereas cardiomyocytes occupy 78%
of the total tissue volume. Furthermore, the LDH contents of isolated endothelial cells and
fibroblasts each were found to be approximately 1.4 U/mg total protein and that of isolated
cardiomyocytes to be 2.5 U/mg (Y.F. de Jong and M.C.J.G. Linssen, unpublished data).
Hence, it is unlikely that the measured LDH/FABP release ratio is caused solely by the
presence of LDH in cell types other than cardiomyocytes, especially since the release
patterns of the two proteins were similar as discussed above.

The discrepancy in the observed amounts of released LDH and FABP might be
explained by differences in iso-electric point (IEP) between the two proteins. FABP has an
IEP of approximately 5 (Fournier et al, 1978), whereas for rabbit LDH a value between 8.3
and 8.6 has been reported (Susor et al, 1969). Hence, at physiological pH FABP has a fairly
high negative charge whereas LDH has a slight positive charge. This may cause FABP to
be bound to a greater extent to intracellular structures than is LDH. During low-flow ischemia
the pH of the un(der)perfused tissue regions is likely to decrease as a result to metabolic
changes in the tissue (Dennis et al, 1990). The electrical charge of FABP then would
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diminish, resulting in a less tight electrical interaction with intracellular structures, whereas
that of LDH would increase, leading to a decrease in the LDH/FABP release ratio of these
proteins. In this respect, several observations that 'cytoplasmic' proteins are weakly bound
to a large extent to intracellular structures have been reported, e.g. moderate protein release
from cells after solubilisation of the cellular membrane (Schliwa et al, 1981) and remarkable
low diffusion coefficients for proteins in the cytoplasm (Gershon et al, 1985). Gershon and
colleagues indicated that the cytoplasm of the cell has a gel-like structure comprising of a
three-dimensional network, called the microtrabecular lattice. It might be possible that, due
to this lattice, large protein molecules have a smaller intracellular space through which they
can penetrate than smaller ones, comparable to gels used for gel-permeation
chromatography. In that case, the released amounts of relatively high molecular mass
proteins would be higher when membrane permeability increases than that of smaller
proteins. This then might be another explanation for the discrepancy of LDH and FABP
release observed in the present study.

Concluding remarks

In conclusion it can be stated that the results of the present study indicate that protein
release from isolated rat heart during low-flow ischemia and reperfusion is a complex
process. Further research is needed to elucidate the precise mechanism of protein release
from ischemic myocardium. These further investigations might include (/) monitoring the
release of other proteins from the cardiomyocyte, in order to assess if the hypothesis of the
influence of the molecular mass and the iso-electric point on release from cells is applicable
to those proteins, (//) enhancement of the low-flow ischemic time to monitor if, at that
situation, a significant increase of protein release can be observed between the experimental
group and the control group during this period, (//'/) gradual instead of instant restoration of
normal coronary flow after the low-flow ischemic period to determine if the occurrence of
tissue damage is related to the sudden increase in vascular pressure, and (/V) perfusion
under permanent maximal vasodilatation, so as to ensure that the total vascular space is
perfused during the entire period of low-flow ischemia.
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CHAPTER 8

RELEASE OF FATTY ACID-BINDING PROTEIN AND LONG
CHAIN FATTY ACIDS FROM ISOLATED RAT HEART AFTER
ISCHEMIA AND SUBSEQUENT CALCIUM PARADOX'

Michael M. Vork, Jan F.C. Glatz and Ger J. Van der Vusse

' Mol Cell Biochem, in press, 1993.

89



CH/4P7ER fl

SUMMARY

To obtain insight into the relation between the release of heart-type fatty acid-binding
protein (FABP) and of long-chain fatty acids (FA) from injured cardiac tissue, rat hearts were
Langendorff perfused according to the following scheme: 30 min normoxia, 60 min ischemia,
30 min reperfusion, 10 min Ca** free perfusion and finally 10 min Ca** readmission. During
this protocol right ventricular (QJ and interstitial effluent samples (O,) were collected at
regular intervals. During reperfusion a total of 0.8±0.1 nmol FABP but no FA were detected
in the effluents. However, during Ca** readmission, 45±4 nmol FABP (80-90% of total tissue
content) was released with an initial (first 3 min) simultaneous release of FA (FA/FABP ratio
0.90±0.07 mol/mol). Thereafter, FA release continued at 10-15 nmol per min mainly in Q„
while the rate of FABP release decreased. During Ca** readmission, tissue FA content
raised rapidly from 168±20 to 1918±107 nmol/g dry weight. These findings suggest that after
severe cardiac damage initially FA is released bound to FABP, whereas further FA release
occurs in a non-protein bound manner.

INTRODUCTION

Under patho-physiological conditions, such as prolonged ischemia, the intramyocardial
long chain fatty acid (FA) content is known to rise in the heart (Van der Vusse et al, 1987;
Van der Vusse et al, 1992). Among other FA, enhanced cellular levels of arachidonic acid
are found. Since this fatty acid is almost exclusively incorporated in the phospholipid pool,
this finding indicates hydrolysis of phospholipids. During subsequent reperfusion the increase
in tissue FA content continues (Van Bilsen et al, 1989). In isolated rat hearts FA
accumulation also occurs during a 10 minute perfusion with a medium lacking Ca** as well
as during the subsequent readmission of Ca** (Van der Vusse et al, 1988), a protocol
causing the so-called calcium paradox (Zimmerman and Hiilsmann, 1966). Readmission of
Ca** results in massive tissue damage, probably mediated primarily by a large influx of Ca**
ions into the cardiomyocytes and the subsequent hypercontraction of myofibrils (Ganote et
al, 1983). High concentrations of FA in the heart are thought to cause various pathological
phenomena, e.g. instabilisation and subsequent rupture of cellular membranes and inhibition
of a number of enzymes (Katz and Messineo, 1981; Katz, 1982; Van der Vusse et al, 1992).

The heart contains an appreciable amount (Vork et al, 1991) of a small protein (15
kDa) that can bind FA, and is referred to as cytoplasmic fatty acid-binding protein, FABP
(Bass, 1988; Matarese et al, 1989; Glatz and Van der Vusse, 1990; Kaikaus, 1990;
Veerkamp et al, 1991). FABP is located almost exclusively in cardiomyocytes where it
exhibits a concentration of 4.5 ng/mg tissue protein, as measured immunochemically in
isolated cells (Linssen et al, 1990). The FABP concentrations in isolated endothelial cells
and fibroblasts each were found to be approximately 1000 fold lower (Linssen et al, 1990).
It has been postulated by Brecher (1983) and later by Glatz and colleagues (1985) that,
besides its putative transport function, FABP might play a role in the binding of accumulated
FA during ischemia, thus keeping the amount of intracellular unbound FA to a low non-toxic
level. Srimani and colleagues (1990) suggested that rat hearts, pre-perfused with FABP
containing liposomes, had a better resistance to subsequent ischemia and concluded that
the enhanced ischemia tolerance could be related to an increased intracellular concentration
of FABP in the cardiomyocytes. However, the validity of this study was seriously doubted
as changes in intracellular FABP content were not demonstrated (Glatz et al, 1991).

It is unknown at which cellular site FA accumulation occurs in the heart during ischemia
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and reperfusion (Van der Vusse et al, 1992). The putative FA scavenging function of FABP
requires that FA accumulation takes place mostly in the cardiomyocyte. Accumulation of FA
mainly in endothelial cells and/or fibroblasts would make the FA scavenging function of the
protein highly unlikely.

At present it is unclear whether loss of intracellular protein following irreversible cellular
damage is associated with a concomitant release of fatty acids. FABP was found to be
released from injured isolated rat hearts but a simultaneous release of FA could not be
detected (Glatz et al, 1988). If FA are bound to FABP /n wVo, which is likely to occur
(Waggoner and Bernlohr, 1990; Waggoner et al, 1991), it might be expected that these
substances are released simultaneously from injured cardiac tissue, especially when before
release they are located in the same tissue compartment.

Therefore, the aims of the present study were (/) to investigate the release of FA in
combination with the loss of FABP from injured rat hearts, and (//) to gain better insight in
the question from which tissue compartment FA release occurs. To this end, isolated rat
hearts were perfused according to Langendorff (1895) with separate collection of right
ventricular (vascular) effluent (QJ and interstitial effluent (Q,) (De Deckere and Ten Hoor,
1977). The hearts were successively subjected to zero-flow ischemia, reperfusion and the
calcium paradox. This protocol was chosen to induce high levels of FA in cardiac tissue
(Van Bilsen, 1989) and to discriminate between release of substances from the vascular wall
and the parenchymal tissue. Furthermore, the calcium paradox was applied to quickly
release the cytoplasmic constituents.

Intervention Normoxia Ischemia Reperfusion Ca free

Effluent
sampling

Time (min)

Tissue
sampling

Ca readmlssion

3 4 5 6 7 8 9 10 11 12 13

v v v v v vyw

140

III IV

Fig. 8.1. Schematic representation of the experimental protocol. Upper arrows indicate effluent sampling,
lower arrows indicate tissue sampling. Effluent samples were taken during normoxia (two 15
minutes samples, for flow measurements only, n=17), reperfusion (three 5 minutes samples and
one 15 minutes sample, n=17), Ca** depletion (one 10 minutes sample, n=13), and Ca'*
readmission (five 1 minute samples and one 5 minutes sample, n=5).

MATERIALS AND METHODS

Experimental protocol

Hearts were perfused similar as described in chapter 7 (Figure 7.1.) and subjected to
the perfusion scheme depicted in Figure 8.1. After 30 minutes of normoxic periusion, during
which two flow measurements were made (sample 1 and 2), perfusion was completely
stopped for 60 minutes (ischemia). Thereafter, flow was restored under the same initial

91



CH/WTEfl S

conditions for 30 minutes (reperfusion). During this period three 5 minutes samples and one
15 minutes sample of the perfusate were taken (samples 3 to 6) for the determinations of
protein and FA release and of coronary and interstitial flow. Subsequently, the hearts were
perfused with the same buffer but lacking CaCL, for 10 minutes (Ca** free, sample 7).
Finally, CaCI; was re-introduced in the buffer and effluent samples were collected at five 1
minute intervals and one 5 minutes interval (Ca** readmission, samples 8 to 13). At four time
points hearts were quickly frozen with the use of aluminum tongues cooled in liquid Nj
(Figure 8.1).

Rat heart perfusion

Adult male Lewis rats (320-410 g, average heart wet weight 1.2 g) were mildly
anaesthetized with diethylether after which the hearts were rapidly removed and immediately
placed in ice cold perfusion buffer containing (in mM) NaCI (132), KCI (4.7), CaClj (1.3),
MgClj (1.0), NaHjPO, (0.4), NaHCCv, (20), glucose (11) and pyruvate (5) (pH 7.32-7.39).
The aorta was prepared free and the hearts were connected to the perfusion system via the
aorta. Immediately thereafter perfusion according to Langendorff was started (T=37°C, p=8.0
kPa) with the above described buffer, which was continuously gassed with 95% Oj and 5%
COj. The hearts then were further prepared according to De Deckere and Ten Hoor (1977).
Total preparation of the hearts took 20-25 minutes. Following collection of O„and Q, effluent
samples the flow was determined by weighing the sample and correcting for the specific
mass of the perfusion buffer. Thereafter 100 |il of an essentially fatty acid-free bovine serum
albumin solution (200 g/l) was mixed with 1 ml of sample, in order to avoid protein and FA
loss during storage. Finally the samples were frozen in liquid N2 and stored at -80°C until
analysis. At the end of each experiment the heart was rapidly removed from the perfusion
system, freeze-clamped and also stored at -80°C until analysis.

Assay of FABP and fatty acids

All chemicals used were purchased either from Merck (Darmstadt, FRG) or Sigma (St.
Louis, MO, USA), unless indicated otherwise, and were of analytical grade. Albumin was
checked for FA content by extracting FA from albumin solutions according to Folch and
colleagues (1957) and subsequent gaschromatographic analysis (Van der Vusse et al,
1982). The FA content turned out to amount to 10 nmol/g albumin (molar FA:albumin ratio
1:1500). FABP in tissue and effluent samples was assessed with the immunological method
described in chapter 4 (Vork et al, 1991). Fatty acids in tissue and effluent samples were
extracted according to Folch et al (1957) and subsequently determined using a HPLC
technique as described by Roemen and Van der Vusse (1991), which is approximately 50
fold more sensitive than gaschromatographic procedures (Van der Vusse et al, 1982) and
does not require separation of lipid classes before FA assessment. For the lipid extraction
from effluent samples 10 parts of thawed sample were mixed with 1 part of HEPES buffer
(0.1 M, pH=7.0) at 0°C. It was found that FA were poorly recovered during the Folch
extraction when this neutralisation step was omitted (data not shown). Incomplete recovery
was probably due to the relatively high pH value of the samples after thawing (pH=10). A
perfusion buffer sample treated similar as effluent samples served as a blanc for the
determination of FA in effluents.
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Statistical treatment of data

Values are expressed as mean±SEM. Student's f-test was used to detect differences
between the experimental groups. Differences were regarded significant at p<0.05. The total
number of hearts for each group is indicated in the text.

RESULTS

During the course of the experiment it was visually observed that hearts almost
immediately started beating after connection to the aortic cannula. On the onset of ischemia,
contraction force increased initially but had stopped completely after 5-10 minutes. Upon
reperfusion, contraction resumed within 1 minute, although occasionally fibrillation occurred
at the onset of reperfusion. However, sinus rhythm was usually restored spontaneously
within 5 minutes as judged visually. Perfusion with a medium lacking Ca** caused cessation
of contraction within 15 seconds. Subsequent readmission of Ca** caused a rapid massive
tissue damage as observed by the colour change of the tissue in combination with red
coloured O„ and Q, effluents.
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Fig. 8.2. Cardiac flow during the experimental protocol. O„ and O, are shown in the upper and lower panel,
respectively. Initially Q, flow was 1% of total flow.
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Flow measurements and tissue water content

Figure 8.2. shows the course of the O^ (upper panel) and O, (lower panel) flow during
the experimental protocol. During reperfusion after 60 minutes of ischemia, both Q„ and Q,
were significantly higher as compared to the pre-ischemic period, a phenomenon known as
hyperaemia. However, Q„ returned to its initial value after 30 minutes reperfusion. Although
O, showed a comparable pattern during reperfusion as compared with Q„„ it remained
significantly higher compared with the pre-ischemic value (0.13±0.02 ml/min per g vs.
0.36±0.05 ml/min per g (19 measurements for both values) for pre- and post-ischemia
respectively, p<0.01). Tissue dry weight was significantly lower than during normoxia,
indicating an approximate 10% increase in total weight (Table 8.1). Introduction of the Ca**
free buffer caused a slight but significant increase in Q„, whereas a sudden dramatic
increase in O, (0.36±0.05 ml/min per g (19 measurements) vs. 0.94+0.50 ml/min per g (14
measurements), p<0.01) was observed. Tissue dry weight did not change during this period
(Table 8.1). Finally, on Ca** readmission Q„ dropped below the initial pre-ischemic value
(10.1±0.3 ml/min per g (n=14) vs. 7.6±0.3 ml/min per g (n=5), p<0.01) without a change in
O,. Furthermore, tissue dry weight was appreciably decreased already after five minutes of
Ca** readmission (Table 8.1), most likely caused by huge edema formation in combination
with loss of intracellular compounds.

Intervention % dry weight
(MeaniSEM)

10 min normoxia
30 min reperfusion
10 min Ca*' depletion
5 min Ca*' readmission
10 min Ca** readmission

16.010.7
14.410.8'
13.810.9
9.610.8"
9.710.8"

(n=15)
(n=4)
(n=4)
(n=5)
(n=4)

Table 8.1. Tissue dry weight during the course of the experiments. Tissue dry weight was assessed at the
end of each intervention.' Significantly lower compared to normoxia," significantly lower compared
to normoxia, reperfusion and Ca** depletion.

FA accumulation in tissue

Figure 8.3 depicts the alterations in tissue FA content during the course of the
experiments. After ischemia and subsequent reperfusion the total tissue content was
measured to amount to 168+20 nmol/g dry weight which corresponds with 24±3 nmol/g wet
weight (n=4), a value comparable with those of normoxically perfused rat hearts (De Groot
et al, 1989). Ca** depletion had no effect on cardiac FA content either (167+30 nmol/g dry
weight, n=4). Upon readmission of Ca**, tissue FA content raised rapidly to 1177±54 nmol/g
dry weight after 5 minutes (n=5) and 1918±107 nmol/g dry weight (n=4) after 10 minutes.
The pattern of individual accumulating FA, such as palmitic acid (C16:0), palmitoleic acid
(C16:1), stearic acid (C18:0), oleic acid (C18:1), linoleic acid (C18:2), arachidonic acid
(C20:4) and docosahexaenoic acid (C22:6) was comparable to that found by Van der Vusse
and co-workers (1988).
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FABP release from tissue

During the reperfusion period only 1-2% of the total tissue contents of FABP (0.8+0.1
nmol/g tissue (n=19)) was released from the hearts. The bulk amount of this (79+2 %) was
found in Q,, On the average the concentration in O, turned out to be 160 fold higher than in
O^ Upon Ca** readmission, however, large amounts of FABP were found in both O^ and
0; as shown in Figure 8.4 (upper panel). Total release in 10 minutes amounted to 83±9%
of total tissue content. The release of lactate dehydrogenase, an enzyme present in the
cytoplasm of cardiomyocytes and in other cardiac cell types displayed essentially the same
release pattern (data not shown). The concentration of FABP was 2 fold higher in O, than
in O„ during the first minute, but increased gradually to approximately a 6-fold higher value
after 10 minutes of Ca** readmission.

FA release from tissue

After reperfusion and subsequent perfusion in the absence of Ca*\ no detectable
amounts of FA were released from the hearts. However, at Ca** readmission FA was
detected in both Q„ and Q,, with an initial 80% of total release in Q„ (Figure 8.4, middle
panel). This percentage then decreased to 60% after 3 minutes but again increased to a
final value of 95% after 10 minutes of Ca** readmission. The distribution of the individual FA
in the effluents are depicted in Figure 8.5 for Q„ (upper panel) and Q, (lower panel),
respectively. A marked difference in the contents of C18:2 and C20:4 was observed
between the two effluent fractions. The percentual contribution of these individual FA were
higher in O, than in Q^ Furthermore, in both Q„ and O, release of C18:0 showed an
increasing tendency during Ca** readmission, whereas the percentual contribution of C18:1
decreased gradually during this period.

Interestingly, an initial simultaneous release of FABP and FA could be observed
(Figure 8.4, lower panel) in a FA/FABP molar ratio of 0.9±0.07 mol/mol in both Q„ and O,
during the first three minutes. Thereafter, in Q„,the molar ratio increased dramatically to a
final value of 23 mol FA/mol FABP after 10 minutes, whereas in O, this ratio increased only
slightly to 1.7 mol/mol.

DISCUSSION

Definite proof on the physiological function(s) of the FABPs in general and specifically
of FABP in the heart is lacking. However, several putative functions of the protein have been
put forward, e.g. an unbound FA buffering function (Brecher, 1983; Glatz et al, 1985).

In the present study we have tried to gain more insight into the processes which take
place upon the occurrence of tissue damage in the isolated ischemic rat heart, especially
in respect to alterations in lipid homeostasis. The major finding is that upon large tissue
damage induced by the calcium paradox after a period of ischemia the release of FA is
initially paralleled by an almost equimolar release of FABP, possibly indicating that FA are
indeed released from the tissue bound to FABP. This and the other observations will be
discussed in detail below.

Flow measurements and tissue water content

Large alterations in cardiac flow characteristics could be observed during various
stages of the experimental period. Firstly, during reperfusion the total flow increased initially
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but returned to normal values within 30 minutes. However, O, remained significantly higher
as compared to the pre-ischemic period. During ischemia damage of endothelium occurs,
as was judged by endothelial-borne protein release after ischemia (Hiilsmann and Dubelaar,
1987). Although not indicated by the authors, damage may be accompanied by enhanced
endothelial permeability for certain substances, e.g. glucose which is present at a
concentration of 11 mM in the perfusion medium and for which a muscular endothelial
permeability of 0.6 (relative to water with a value 1) has been reported (Guyton, 1991; Crohn
and Levitt, 1984). An increase in net flux of such small compounds from vasculature to
interstitium will be accompanied by an increased net flux of water, thus increasing the
interstitial pressure resulting in an enhanced interstitial flow. Secondly, on Ca** depletion
during 10 minutes the interstitial flow further increased greatly, possibly caused by a further
increase in capillary permeability for relatively small substances. Finally, at Ca** readmission
the permeability of all substances must be regarded to be similar to that of water or small
substances since the permeability of macromolecules like proteins was found to be
dramatically increased at that time interval.

s
I.

•o

n
m

o
l

•o

ty
 a

c

(B

V

»

600-

500-

400-

300-

200-

100-

[1

1I End of reperfusion

• End of C

c
c

3 5'Ca2*

H 10'Ca ^̂

1 f

a 2+ depletion

readmission

readmission

J

Fig. 8.3.

14:0 16:0 16:1 18:0 18:1 18:2 20:4 22:4 22:6

Individual fatty acids

Accumulation of individual FA in tissue during the experimental protocol. Results are Mean±SEM
(n=4 or 5, see Table 8.1) C14:0=myristic acid, C16:0=palmitic acid, C16:1=palmitoic acid,
C18:0=stearic acid, Ci8:1=oleic acid, C18:2=linoleic acid, C20:4=arachidonic acid,
C22:4=docosatetraenoic acid, C22:6=docosahexaenoic acid.

Protein release and endothelial damage

Hulsmann and Dubelaar (1987) reported a high endothelial vulnerability for ischemic
damage. They found that after 60 minutes of no-flow ischemic conditions endothelial specific
enzymes (i.e. xanthine oxidase and xanthine dehydrogenase) could be monitored in both
Q„ and O,. In the present study it was found that during reperfusion after 60 minutes of
ischemia, 1-2% of the total tissue FABP amount was released from the hearts, a value
comparable to the release of lactate dehydrogenase as reported by Van Bilsen and co-
workers (1991) after 45 minutes of ischemia. Moreover, the amount of FABP found in O,
amounted to 80% of the total release, a value similar to results previously reported during
normoxic perfusion of isolated rat hearts (Vork et al, 1991). Therefore it is concluded that,
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although endothelial damage occurs upon ischemia, the protein permeability of the
endothelial barrier is not enhanced. No increase in protein release was observed during the
period of Ca** depletion. During Ca** readmission a fast and almost complete FABP release
from tissue occurred (89% of the total tissue protein content during 10 minutes Ca**
readmission), mainly in Q„. Protein concentration differences between O, and Q„ were
initially only a factor 2 but gradually increased to a factor 6. From this observation it might
be concluded that, even after severe tissue damage, the endothelium is capable of restoring
its barrier function partially. Nevertheless it should be mentioned that, despite this apparent
functional recovery, the permeability remains rather high in comparison with the normoxic
permeability.

FA accumulation in tissue

In the present study an increase in tissue FA content after ischemia and subsequent
reperfusion could not be detected. This was a surprising finding since it is well documented
in other experimental models that after such a treatment FA content of cardiac tissue
increases, particularly in the presence of pyruvate as exogenous substrate (Van Bilsen et
al, 1989; Van Bilsen et al, 1991). However, in the present study the hearts were perfused
according to Langendorff whereas Van Bilsen and colleagues (1989;1991) used a working
heart model. Moreover, in the present study a lower Ca** concentration in the perfusion
buffer was used (1.3 mM vs. 2.5 mM). Neely and Grotyohann (1984) found that the
functional recovery of ischemic cardiac tissue depends on the Ca** concentration of the
perfusion medium. A relatively low Ca** concentration (1.25 mM) resulted in complete
functional recovery after 60 minutes of ischemia, whereas in the presence of 2.5 mM Ca**
recovery was measured to amount to only 13% as compared with the pre-ischemic function.
The combination of these two differences in perfusion protocol might explain the absence
of FA accumulation in the present study. Nevertheless, the fast FA accumulation observed
during Ca** readmission is in agreement with earlier findings of Van der Vusse et al (1988).

FA release from tissue

In earlier studies of our group (Glatz et al, 1988; Van der Vusse et al, 1988; Glatz and
Van der Vusse, 1989) in one set of experiments isolated rat hearts were subjected to 60
minutes of ischemia, followed by reperfusion, whereas another set of isolated rat hearts
were subjected to the calcium paradox. Surprisingly, no FA loss was detected during
reperfusion, which caused an FABP loss equal to approximately 3% of total tissue content,
whereas only minute amounts of FA were measured in effluents collected during the calcium
paradox experiments and in which an appreciable amount of FABP was released. It was
therefore concluded from these experimental findings that the postulated scavenging
function of FABP is questionable. However, the absence of FA in the effluent samples might
be explained by the fact that at that time effluent samples were not collected and stored in
an albumin containing medium. It was found in a later study that diluted solutions of protein
and FA can give rise to appreciable losses of these substances (Chapter 3; Vork et al,
1990), as a result of aspecific sticking of FABP and FA to the storage vessel wall.

In the present study a significant FA release from isolated rat heart was observed.
During Ca** readmission a more or less fixed FA/FABP release ratio (0.90±0.07 mol/mol)
could be observed during the first 3 minutes. During this period the major part of the total
amount of FABP that was lost from the hearts during Ca** readmission was found in the
effluents. After this period, however, the release of FA and FABP seemed to become
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Sample number

Release of FABP (upper panel) and FA (middle panel) during Ca** readmission (Mean±SEM, n=4
or 5, see Table 8.1). The lower panel depicts the molar ratio of FA/FABP for each sample.

uncoupled in Q„ but not in Q, Taken together, it might be concluded that initially FA are
released bound to FABP, whereas after almost complete protein depletion of tissue, FA are
released in a non-protein bound manner and predominantly in O^. Moreover, since the bulk
of FA was found in Q„ these findings might indicate that after 3 minutes of Ca**
readmission FA are largely released from endothelial cells and excreted at the luminal side
of this cell-type. Release most likely occurs in the form of FA micelles or incorporated in
endothelial derived vesicles, and most likely not as single FA molecules, since the aqueous
solubility of FA is very low (Brodersen et al, 1989; Vorum et al, 1992).
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Percentual distribution of individual FA in Q„ (upper panel) and Q (lower panel) during Ca**
readmission (Mean±SEM, n=4 or 5, see Table 8.1). See for explanation of sample numbers
Figure 8.1. See Figure 8.3 for nomenclature of individual FA.

FA found in O, is probably released from both the basolateral site of the endothelium and
the cardiomyocytes. When the percentual FA composition in the samples is studied in more
detail it can be observed that Q„ and O, fractions differ in composition (Figure 8.5).
Especially in regard to C18:2 and C20:4 a marked difference is seen between the
appearance of these FA in O^ and Q. This observation might also indicate that FA in these
fractions are released from different sites in the heart.

In a theoretical study (Chapter 6; Vork et al, 1992) we calculated that under normal
conditions only a slight amount (1-2%) of FABP is complexed with FA, whereas the bulk
amount of FA is present in the sarcolemmal membrane. In the present study, however, a
FA/FABP ratio of 0.9 mol/mol was measured in the coronary effluent immediately at the
onset of Ca** readmission, at which time the tissue FA concentration was still similar to pre-
ischemic values. Although not measured in the present study, it was observed by Van der
Vusse et al (1988) that FA accumulation in tissue during Ca** readmission does not occur
within the first 1 Vfe minute, suggesting that FA accumulation is a relatively late phenomenon.
The apparent discrepancy between late tissue FA accumulation and early FA release might
be explained by the following hypothesis. Immediately at the onset of Ca** readmission,
hydrolysis of lipids (i.e. triacylglyceroles and phospholipids) does start in the affected tissue.
However, since FABP is then still present in the tissue, FA are directly bound by FABP and
subsequently released in combination with the protein, explaining the observation that tissue
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FA accumulation is not found during the first minutes, although FA release occurs. Assuming
that FABP and FA are present in the same tissue compartment, the initial FA release might
reflect the FA that are formed in the cardiomyocyte. Alternatively, it is possible that FA and
FABP are initially not present in the same compartment. In that situation FA accumulates
in a compartment not accessible for FABP and association of FA and FABP subsequently
has to occur in the interstitial and/or vascular space, i.e. after FABP has left the
cardiomyocytes. On FABP depletion, however, a FA carrying substance is no longer present
in the tissue and FA starts to accumulate, due to its limited solubility in the aqueous
perfusion buffer. This explanation is in harmony with the observation of Van der Vusse and
co-workers (1988) and with the FA and FABP release patterns shown in Figure 8.4, in which
after an initial FA and FABP release in the first minute the release per minute decreases
during the following 2 minutes for both compounds but then increases again, due to massive
FA accumulation in tissue.

An alternative explanation for the observed high FA/FABP ratio of 0.9 mol/mol is the
following. During release of FABP from cardiac cells the protein has to cross the cellular
membrane, possibly through pores, formed as a result of tissue injury (De Leiris and Hearse,
1984). It is not known by what mechanism intracellular constituents interact with the cellular
membrane during crossing. It might be possible that during this crossing accumulated FA
in the membrane are taken up from the membrane, thus increasing the FA/FABP ratio. If
this phenomenon actually occurs, then it is difficult to interpret FA release patterns, since
these patterns then most likely do not depict the endogenous FA binding by FABP, but
merely illustrate that FABP can bind and take away FA from a membrane.

CONCLUSION

In conclusion it was found that FA is released from rat hearts subjected to ischemia-
reperfusion and subsequent Ca** paradox, initially co-released with FABP. From this
observation it might be concluded that the putative FA buffering function of FABP does
exists under severe pathological circumstances, at least during the onset of such condition.
However, this scavenging did not have a beneficial effect, since more than 80% of the total
FABP content was released from the tissue within 10 minutes, indicating almost complete
tissue destruction. FA release from reperfused tissue after 60 minutes of ischemia could not
be demonstrated in the present study. However, since the FABP release amounted only to
1-2% of total tissue content and the tissue FA concentration had not increased in our
experimental model, it is most likely that FA release was too small to be detected with the
assay used.
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In the present thesis an attempt has been made to gain more insight into the
physiological significance of a small intracellular fatty acid-binding protein (FABP) found in
the heart. Although the presence of distinct types of FABP in many mammalian tissues is
well documented, their true physiological function(s) are still incompletely understood. Long
chain fatty acids are poorly soluble in an aqueous environment (Brodersen et al, 1990;
Vorum et al, 1992), indicating that these substances need a solubilizing factor for efficient
transport. A number of indirect observations suggest that FABP might play this important
role in the intracellular translocation and processing of long chain fatty acids. The main
reasons to assume this function are:

1. FABP will bind fatty acids /n wYro (Mishkin et al, 1972; Ockner et al, 1972).
2. Data are available suggesting that fatty acids are bound to FABP in cultured cells

(Waggoner and Bernlohr, 1990; Waggoner et al, 1991).
3. FABP stimulates the exchange of fatty acids between lipid membranes (McCormack

and Brecher, 1987; Peeters and Veerkamp, 1989).
4. Organs showing an active lipid metabolism, such as heart, liver, intestinal epithelium

and adipose tissue, each contain a relatively high amount of one or more specific types
of FABP (Glatz et al, 1988a).

In the present studies additional information was obtained about a number of
biochemical features of FABP and several indications for an important function of this protein
in myocardial lipid homeostasis. These new contributions comprise (/) improvement of
methods used in the study of FABP, (/'/) additional information concerning the role of the
protein under normal physiological conditions, including a mathematical model to calculate
the effect of FABP on intracellular fatty acid transport and (///) insights into the behaviour of
FABP in patho-physiological situations.

Methodological improvements

At the onset of the studies described in this thesis a variety of data was available
concerning fatty acid-binding characteristics of heart FABP and its tissue content. However,
these values were rather heterogeneous, most likely caused by the use of inadequate
laboratory techniques. Therefore, the initial aim was to improve and develop methods for the
accurate assessment of these parameters.

To study the process of fatty acid binding by FABP, an existing method using Lipidex
1000 (Glatz and Veerkamp, 1983) was improved. Appreciable differences in published
values were suspected to be caused by the inaccurate use of this method. Indeed it was
found that substantial losses of both fatty acids and FABP occurred during the performance
of the assay, when no special precautions were taken to avoid these phenomena. Addition
of Triton X-100 to the incubation mixture limited fatty acid loss substantially and completely
eliminated FABP loss. With this method, heart-type FABP showed a maximum fatty acid
binding stoichiometry (B„„) of one to one, whereas the affinity constant (K )̂ was measured
to amount to 0.2 nM (Chapter 3; Vork et al, 1990).

For the quantification of FABP in biological samples a sensitive and disturbance free
enzyme linked immunosorbent assay was developed. With this assay it was found that rat
heart contains 0.7-0.9 mg FABP per gram tissue, depending on the strain under
investigation (Chapters 4 and 5; Vork et al, 1991; Vork et al, 1992a). These values are
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appreciably lower than earlier reported data (Bass and Manning, 1986; Crisman et al, 1987;
Knowlton et al, 1989; Paulussen et al, 1989).

Physiological significance of fatty acid-binding protein

Applying the developed immunochemical assay, it was found that the FABP
concentration in red skeletal muscles is up to about 20-fold higher than that in white skeletal
muscles (Chapter 4; Vork et al, 1991). Since red muscle fibres (type I fibres) predominantly
use fatty acids for the generation of energy, whereas white fibres (type II fibres) mainly rely
on glucose utilization, this observation suggests the existence of a relationship between the
capacity of a skeletal muscle to utilize fatty acids and its FABP content, as previously
reported to exist among a number of tissues (Glatz et al, 1988a). In the heart, the muscle
fibres of which show a continuous activity, the measured FABP content per gram wet tissue
was the highest of all muscles under investigation. This finding would suggest that the FABP
level in skeletal muscle could still be increased on an enhancement of muscle activity.
However, no such increase in FABP content was detected in rat soleus muscle upon
physical endurance training, but a small but significant increase was found by testosterone
administration to female rats (Van Breda et al, 1992).

In rat heart, transmural FABP concentration differences in the wall of the left ventricle
were measured (Chapter 5; Vork et al, 1992a). The FABP concentration in the outer layer
of the left ventricular wall was found to be slightly but significantly higher than that in the
inner layer. At present it remains unclear whether transmural differences in energy
metabolism exist in the heart (Van der Vusse et al, 1990). If these differences exists, they
are probably in the order of 10-20%. Van der Vusse and colleagues (1990) measured a
significant difference of about 15% in the utilization of palmitate by the outer and inner layers
of the left ventricular wall in the dog, being highest in the outer tissue region. Although the
transmural differences in both the palmitate oxidation capacity and the FABP concentration
are moderate, it also gives an indication about a close relationship between these two
parameters.

In Chapter 6 (Vork et al, 1992b) a relatively simple mathematical model is presented
which may give more insight into the transporting function of FABP. The calculations are
based on various data reported by other research groups as well as obtained in our
laboratory. The main conclusions from this model are that FABP enhances the intracellular
cytoplasmic fatty acid concentration almost three orders of magnitude, which results in a
fatty acid transport increase of more than one order of magnitude. Although these theoretical
calculations contain several assumptions, their results strongly suggest that experimentally
measured rates of fatty acid oxidation in the heart can not be explained in the hypothetical
absence of FABP. This holds in particular for transport of fatty acids from the sarcolemma
to the intermyofibrillar mitochondria in the heart.

Fatty acid-binding protein at pathophysiological conditions

Under pathological conditions, e.g. ischemia, the concentration of fatty acids in cardiac
tissue will rise (Van der Vusse etal, 1992). FABP has been suggested (Brecher, 1983; Glatz
et al, 1985) to be involved in the binding of these excess fatty acids, so as to avoid
detrimental action of these compounds on cellular constituents (Katz and Messineo, 1982).
Furthermore, it was found that FABP is released from cardiac tissue during reperfusion after
a period of ischemia (Glatz et al, 1988b). Taken together, it might be expected that FABP
and fatty acids are released simultaneously from ischemia injured cardiac tissue.
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Therefore, initially the release of FABP from ischemic cardiac tissue was studied in detail.
The primary goal of this set of experiments was to delineate as to whether release from
tissue is related to the molecular mass of the protein. When a comparison was made
between FABP (15,000 Da) and lactate dehydrogenase (LDH; 130,000 Da), no differences
in the release patterns of these proteins could be detected (Chapter 7). However, LDH was
released in a larger quantity than FABP, when compared to the tissue content of these
proteins. This finding suggests that the release of proteins from injured tissue depends on
a variety of physico-chemical properties of the proteins and of the intracellular environment.
It was shown recently by our group (Kleine et al, 1992) that in cardiac patients the release
of FABP was complete in a shorter period than that of LDH. Together with the findings for
isolated rat hearts it may be concluded that the appearance of intracellular proteins in
plasma ;n s/Yu depends not only on the mechanism by which proteins leave the injured cell
but also on the behaviour and transport of these proteins in the interstitial and lymphatic
systems towards the bloodstream.

In a following set of experiments the release of FABP in combination with fatty acids
was studied from isolated rat hearts (Chapter 8; Vork et al, 1993). Upon induction of
relatively large tissue damage (>80% of total tissue FABP released within ten minutes), by
means of the calcium paradox, FABP and fatty acids were indeed released simultaneously
from the tissue, initially in a one to one molar ratio. Although it is unknown at what location
in the tissue these excess fatty acids were bound, the results suggest that FABP does bind
fatty acids at the interior of the cell.

Future directions

The primary reason for the absence of physiological evidence for the putative
transporting function of FABP is most likely the lack of techniques enabling researchers to
actually visualize FABP mediated fatty acid transport /n wvo. It is difficult to imagine how
such technique could be used in whole organs. Therefore, a suitable candidate model to
study is the isolated cell. Such system should have a number of properties: (/) traceable,
e.g. fluorescently labeled, fatty acids should be readily taken up by the isolated cell; (//) such
modified fatty acids should be bound by FABP with similar affinity as would native fatty
acids; (/;;) FABP bound fatty acids must be discriminated from non-bound or membrane
bound fatty acids.

A variety of modified fatty acids have been used in the past to study fatty acid binding
by FABP, such as 1-pyrene-nonanoic acid (Keuper et al, 1985), anthroyloxy labeled fatty
acids (Keuper et al, 1985; Reers et al, 1984; Ftüdel et al, 1985; Storch and Bass, 1990) and
dansyl-undecanoic acid (Wilkinson and Wilton, 1986). In a few studies it has been reported
that fatty acids, labeled with a readily detectable chemical group, are quickly taken up by
the cell (Waggoner and Bernlohr, 1990; Storch et al, 1991). These observations indicate that
the cellular uptake of modified fatty acids is probably not a major practical problem. Peeters
and colleagues (1989) measured the apparent affinity of FABPs for several modified fatty
acids. They found that binding of labeled fatty acids depends on the type of FABP and fatty
acid studied. In general these investigators found that liver FABP showed somewhat higher
affinities for labeled fatty acids as compared with oleic acid whereas the affinity of heart
FABP for these fatty acids was lower, especially for dansyl-undecanoic acid. From these
findings it can be concluded that the choice of a labeled fatty acid depends on the cell-type
and FABP type under investigation. The use of anthroyloxy fatty acids is less suitable in the
model described above because the fluorescence intensity of these substances hardly
changes on binding to lipid bilayers or FABP (Storch et al, 1989). To date the most suitable
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fatty acid for the study of intracellular fatty acid transfer appears to be dansyl-undecanoic
acid, since its fluorescence intensity increases manyfold on binding to liver FABP, with an
accompanied shift in the fluorescence emission maximum (Wilkinson and Wilton, 1986).
However, as already indicated, this fatty acid analogue is only moderately bound by heart
FABP, and is therefore less suitable when cardiomyocytes are studied. Another, yet not
developed, fatty acid derivate with the same fluorescent properties as dansyl undecanoic
acid and with similar binding kinetics to all types of FABP would be the most appropriate
substance for the study of cardiac intracellular fatty acid movement.

An alternative approach for the study of intracellular fatty acid transport is the use of
nuclear magnetic resonance (NMR). Cistola and co-workers (1990) have used this technique
to study the interaction of FABP with fatty acids /n v/'fro. This technique has several
advantages, the most important being the use of native ^C enriched fatty acids instead of
fluorescent fatty acid derivates. NMR has been used to monitor alterations in, for instance,
adenine nucleotide homeostasis in the heart /n s/fu (Schaefer et al, 1990). However, to date
NMR is not very sensitive and therefore requires large amounts of the substance under
investigation, which makes it less suitable for the study of cellular systems. However, it
might become an important tool for the study of FABP in cultured cell systems in the near
future.

The first report on the use of molecular biological techniques in the field of FABP
research was presented by Lowe and colleagues (1984), who were able to express large
amounts of liver FABP in E. Co//. To date, several FABP types have been expressed in E.
Co//(reviewed by Veerkamp et al, 1991), mainly to obtain large amounts of FABP needed
for NMR and X-ray crystallographic studies (Cistola et al, 1990; Sacchettini et al, 1990).
Only a single study describes the transfection of a mammalian cell type with cloned cDNA
encoding rat liver FABP (Jefferson et al, 1990). It can be expected that molecular biological
methods will be more widely employed in FABP research in the near future, since using
these methods may give better insight into the physiological function of FABPs. It might
enable researchers (;) to modulate the tissue FABP content efficiently, thereby
overexpressing or alternatively suppressing or completely knocking-out the expression of the
FABP gene(s), (//) to express FABP in cell types containing little or no FABP, such as
cardiac endothelial cells, (///) to induce specific mutations in the FABP genome in order to
alter the fatty acid-binding characteristics of FABP, (/V) to create transgenic animals (Cohn
et al, 1992) with, for instance, no expression of FABP in tissues normally expressing
appreciable amounts of the protein, in order to study changes in the lipid metabolism of
those tissues.
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SUMMARY

The heart pumps blood through the entire body in order to supply all tissues with
oxygen and other nutritional substances (substrates). During resting conditions the total
bloodvolume (5-6 litres) is pumped once every minute; this is called the cardiac output and
is the product of the number of beats per minute (heart rate) and the blood volume which
is pumped through the vasculature per beat (stroke volume). During heavy exercise the
cardiac output can amount up to 40 l/min as a result of an increase in both the heat rate and
the stroke volume. Thus the heart is an extraordinary powerful and active organ. To perform
this action the heart itself needs an appreciable amount of substrates. Therefore, already
during rest about 4% of the total blood is pumped directly through the vasculature of the
heart (coronary circulation). The heart has a preference for fatty acids as fuel during normal
conditions, although other substrates can be used readily as well, such as glucose and lactic
acid. During a single passage of the blood through the coronary circulation up to 70% of the
supplied fatty acids can be taken up by the cardiac tissue. Fatty acids contain a large
amount of potential chemical energy, which is liberated during combustion and subsequently
used for pump activity.

Since fatty acids are poorly soluble in an aqueous environment they are transported
in blood coupled to a protein, i.e. albumin. Albumin increases the solubility of fatty acids
10,000 to 20,000 fold. Following uptake in the heart muscle cells (cardiomyocytes), fatty
acids are transported to the mitochondria, the power plants of the cell. In these cell
organelles fatty acids are broken down in an oxidative process, during which the stored
energy is liberated.

About two decades ago a small protein was detected in cardiac tissue which was
capable to bind fatty acids under laboratory conditions (/n w'fro). This so-called fatty acid-
binding protein was soon considered the intracellular counterpart of albumin. However, to
date this putative transport function as well as other functions have not been established.

After a brief introduction (chapter 1) an overview of the distinct lipid transporting
systems in the body is given in chapter 2 of the present thesis, with emphasis on the
intracellular fatty acid protein FABP.

The purpose of the present thesis was to gain insight into the (patho)-physiological
significance of FABP. At the onset of the project it turned out that several researchers had
published important characteristics of the protein. However, these parameters were fairly
diverse. Therefore, the initial aim of the investigation was to develop methods to accurately
assess several biochemical parameters. In chapter 3 a method for the determination of fatty
acid-binding properties of FABP (or any other protein) is described. Important parameters
are the affinity constant K„, which gives an impression about the 'eagerness' by which FABP
binds and releases fatty acids, and the binding parameter B„„, which indicates how many
fatty acid molecules can be bound by a single FABP molecule.

To accurately quantify the amount of FABP in rat heart tissue and other samples, a
sensitive immunological technique was developed (chapter 4). Besides in heart muscle,
FABP was quantified in several skeletal muscles as well. It was found that the amount of
FABP was appreciably higher in red muscles (which are largely depending on fatty acid
oxidation) than in white muscles (which hardly use fatty acids). This was an indication that
there might exist a relation between these parameters. Further evidence of this relation is
presented in chapter 5. In that chapter a heterogeneous distribution of FABP in the wall of
the left ventricle, that part of the heart which pumps blood straight into the systemic
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circulation, is described. It was found that the outer tissue layer contained a somewhat
higher amount of FABP than the inner layer. Earlier experiments had already shown that the
capacity to metabolize fatty acids differs comparably in these tissue layers.

In order to gain an impression about the fatty acid transporting capacity of FABP in the
cardiac muscle cell a mathematical model was set up (chapter 6). Calculations were
performed with findings from our own investigations but also from other researchers. From
these calculations it appeared that FABP can increase the transport of fatty acids in the
cardiomyocyt 10 to 20 fold as compared with the hypothetical situation in which no FABP
is present. Moreover, observed rates of cardiac fatty acid uptake can be explained only
when an appreciable concentration of FABP is present in this cell-type. These results,
therefore, suggest that FABP is necessary to ensure a sufficient supply of fatty acids to the
mitochondria, and especially those lying in the innermost regions of the cardiomyocytes.

The release of intracellular proteins from injured tissue (e.g. enzymes) during and after
an ischemic insult (i.e. a period in which no substrates are supplied to the heart) has
become a powerful tool in the diagnosis of a myocardial infarction. One of the causes for
the loss of proteins from damaged cells might be the formation of small pores in the cellular
membrane, through which the proteins can leave the cell. If the size of these putative pores
is related to the extent of the insult, it might be possible that small proteins are lost from the
tissue earlier than larger molecules. To gain insight in this process, a series of experiments
was performed making use of the model according to Langendorff. In this model the
coronary vasculature of an isolated rat heart is perfused via the aorta with a medium
containing all substrates necessary to maintain cardiac contraction. During a prolonged
period of time (3 hours) the perfusion was severely depressed (15% of normal flow, i.e. low-
flow ischemia). During this period the leakage of FABP from the tissue was compared with
that of lactate dehydrogenase (LDH), an enzyme with an approximate 10 fold higher
molecular mass. Despite the difference in molecular mass, the release patterns were similar
for both proteins. Upon reperfusion (restoration of normal perfusion) an appreciable part of
both FABP and LDH were found to be released in the perfusion medium, most likely caused
by a combination of ischemic tissue damage and reperfusion damage. However, in this
period no differences in release patterns could be monitored as well. When the amounts of
released protein was related to the total tissue content of the two proteins, it was found that
LDH was even more released than FABP, indicating that the process of protein release from
injured cardiac tissue is a complex one which depends on a variety of factors.

Upon ischemia of cardiac tissue, breakdown of phospholipids occurs (substances which
make up an important part of the cellular membrane structures) resulting in an increase of
the tissue fatty acid concentration. A high tissue fatty acid concentration is regarded to have
several harmful effects on cardiac function. Some years ago it was postulated that FABP
might play a role in the scavenging of these excess amounts of fatty acids, thereby
diminishing the harmful effects of them. To test this hypothesis the isolated perfused heart
model as described in chapter 7 was used (chapter 8). Perfusion of the tissue was stopped
completely for 60 minutes (global ischemia), followed by a period of 30 minutes reperfusion.
Earlier studies in our laboratory showed that this treatment results in an increase of tissue
fatty acid concentrations. The hearts were subsequently subjected to the so-called calcium
paradox, a procedure in which soluble intracellular constituents of the tissue are released
quickly. It was found that FABP and fatty acids were released from the tissue in a 1:1 ratio,
although no increase in tissue fatty acid concentrations had occurred during the preceding
period. During the calcium paradox, however, tissue fatty acid concentrations increased

112



Sl/MAMflV

dramatically. A possible explanation for these observations might be that fatty acids, which
are liberated from phospholipids during the calcium paradox, are bound to FABP quickly and
simultaneously released.

In summary the following conclusions can be drawn from the investigations presented
in this thesis:

1. FABP plays an important role in the intracellular binding and transport of fatty acids.
2. The release of proteins from injured cardiac tissue is a complex process in which a

variety of physico-chemical properties of the protein under study are most likely
involved.

3. The putative buffering function of FABP at enhanced concentrations of fatty acids
needs additional investigation.
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SAMENVATTING

Het hart pompt bloed door het gehele lichaam met als doel daarmee alle weefsels te
voorzien van zuurstof en andere voedingsstoffen. In rust wordt het gehele bloedvolume (5-6
liter) één maal per minuut rondgepompt; dit wordt het hartminuutvolume genoemd en is een
produkt van het aantal hartslagen per minuut (hartfrequentie) en de hoeveelheid bloed die
per hartslag het bloedvatenstelsel in wordt gepompt (slagvolume). Tijdens zware lichamelijke
inspanning kan, als gevolg van een verhoging van zowel de hartfrequentie als het
slagvolume, het hartminuutvolume oplopen tot 40 liter/minuut. Het hart is dus een
buitengewoon krachtig en actief orgaan. Om deze taak naar behoren te vervullen heeft het
hart zelf een aanzienlijke hoeveelheid voedingsstoffen nodig. Daartoe wordt al tijdens rust
ongeveer 4% van de totale hoeveelheid bloed direct door de bloedvaten van het hart
(coronaire circulatie) gepompt. Onder normale omstandigheden heeft het hart een voorkeur
voor vetzuren als brandstof, hoewel ook glucose en melkzuur kunnen worden gebruikt.
Tijdens één enkele passage van het bloed door de coronaire circulatie kan tot 70% van de
aangeleverde hoeveelheid vetzuren door het hartweefsel worden opgenomen. Vetzuren
bevatten een grote hoeveelheid chemische energie die tijdens verbranding vrijkomt en
gebruikt kan worden voor de pompaktiviteit. Vanwege de gebrekkige oplosbaarheid in een
waterig milieu worden vetzuren in het bloed vervoerd aan een eiwit, te weten albumine.
Albumine bewerkstelligt een toename van de vetzuur oplosbaarheid van 10.000 tot 20.000
maal. Na opname in de hartspiercellen (cardiomyocyten) worden vetzuren getransporteerd
van de celmembraan naar de mitochondriën, de energiecentrales van deze cellen. In dit deel
van de cel worden de vetzuren afgebroken in een oxidatief proces, waarbij de in het vetzuur
opgeslagen energie beschikbaar komt.

Ongeveer 20 jaar geleden werd in hartweefsel een klein eiwit aangetoond dat in staat
bleek om onder laboratoriumomstandigheden vetzuren te binden (;n w'fro). Dit vetzuur-
bindende eiwit (fatty acid-binding protein; FABP) werd al snel beschouwd als de
intracellulaire tegenhanger van albumine. Echter, tot op heden is deze transportfunktie,
evenals andere mogelijke functies van dit eiwit, niet onomstotelijk bewezen.

Na een korte inleiding (hoofdstuk 1) wordt in hoofdstuk 2 van dit proefschrift een
overzicht van de verschillende vet-transporterende systemen in het lichaam gepresenteerd,
waarbij de nadruk ligt op het intracellulaire vetzuurbindende eiwit FABP.

Het in dit proefschrift beschreven onderzoek had tot doel om meer inzicht te krijgen in
de (patho)-fysiologische betekenis van FABP. Bij aanvang van het onderzoek bleek dat
verschillende onderzoeksgroepen uiteenlopende gegevens hebben gepubliceerd over
belangrijke karakteristieken van FABP. Daarom werden eerst twee methoden ontwikkeld
voor het nauwkeurig en reproduceerbaar bepalen van enkele van deze eigenschappen. In
hoofdstuk 3 wordt een methode beschreven waarmee de vetzuurbindende eigenschappen
van FABP (of een willekeurig ander eiwit) kunnen worden bepaald. Belangrijke factoren
hierbij zijn de affiniteitskonstante K̂ , die een indruk geeft over de 'gretigheid' waarmee FABP
vetzuren bindt en weer afstaat aan de oplossing waarin het zich bevindt, en de
bindingsfaktor B„„ , die aangeeft hoeveel vetzuren door één molecuul FABP kunnen worden
gebonden.

Om de hoeveelheid FABP in rattehart weefsel en andere monsters nauwkeurig te
bepalen werd een gevoelige techniek ontwikkeld waarmee met behulp van antilichamen het
eiwit kon worden gekwantificeerd (Hoofdstuk 4). Buiten het FABP gehalte in de hartspier
werd tevens de hoeveelheid FABP in diverse skeletspieren bepaald. Hierbij werd gevonden
dat de hoeveelheid FABP aanzienlijk hoger was in rode spieren (die voor hun
energievoorziening voornamelijk zijn aangewezen op de verbranding van vetzuren) dan in
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witte spieren (die nauwelijks vetzuren verbranden). Dit is een aanwijzing dat deze twee
parameters mogelijk verbonden zijn met elkaar. Een versterking van deze mogelijke relatie
bleek uit de resultaten beschreven in hoofdstuk 5. In dit hoofdstuk staat beschreven dat in
de wand van de linkerventrikel, de hartkamer die het bloed rechtstreeks de circulatie
inpompt, het FABP gehalte in de buitenste weefsellaag hoger is dan in de binnenste
weefsellaag. Eerder onderzoek had reeds aangetoond dat de capaciteit voor
vetzuurverbranding van deze lagen op een zelfde verschil vertoont.

Om een indruk te krijgen van de vetzuurtransporterende capaciteit van FABP in de
hartspiercel werd een mathematisch model opgesteld (Hoofdstuk 6). Voor deze
berekeningen werden niet alleen gegevens uit eigen onderzoek gebruikt maar ook gegevens
van andere onderzoekers. Uit de berekeningen bleek dat het in de hartspiercel aanwezige
FABP het intracellulaire vetzuurtransport met een factor 10 tot 20 kan doen toenemen,
vergeleken met de (hypothetische) situatie waarbij geen FABP in deze cellen aanwezig zou
zijn. Bovendien werd gevonden dat de gemeten vetzuuropname door de hartspier niet
verklaard kan worden zonder de aanwezigheid van FABP. Deze resultaten suggereren dat
FABP noodzakelijk is om een voldoende aanvoer van vetzuren naar de mitochondrien,
vooral die in de meer naar binnen gelegen delen van de hartcel, te garanderen.

Het vrijkomen van intracellulaire eiwitten (b.v. enzymen) tijdens en na weefsel
beschadiging is een belangrijk hulpmiddel bij de diagnose van een hartinfarct. Een van de
hypothesen voor het verlies van eiwitten uit beschadigde cellen is dat er poriën ontstaan in
de celmembraan, waardoor eiwitten naar buiten kunnen lekken. Indien de grootte van deze
poriën gerelateerd is aan de ernst van de beschadiging zou het te verwachten zijn dat laag-
moleculaire eiwitten eerder uit de cel lekken dan grotere eiwitten. Om hier inzicht in te
krijgen werd een reeks experimenten uitgevoerd waarbij gebruik gemaakt werd van het
geïsoleerde geperfundeerde rattehart model volgens Langendorff (Hoofdstuk 7). In dit model
wordt het coronaire vaatstelsel via de levensslagader (aorta) buiten het lichaam doorspoeld
met een geschikte oplossing waarin zuurstof en andere voedingsstoffen aanwezig zijn, zodat
het hart kan blijven contraheren. Gedurende langere tijd (3 uur) werd de coronaire
doorstroming sterk verminderd (15% van de normale doorstroming; zgn. low-flow ischemie).
Hierbij werd het weglekken van FABP uit het weefsel vergeleken met het verlies van het
enzym lactaat dehydrogenase (LDH), een eiwit met een molecuulgrootte van ongeveer 10
maal dat van FABP. Tijdens deze periode konden geen verschillen gedetecteerd worden in
de uitstortpatronen van beide eiwitten. Toen vervolgens de normale doorstroming hersteld
werd (reperfusie), bleek een aanzienlijk gedeelte van de weefselinhoud van zowel FABP als
LDH uitgestort te worden, hetgeen waarschijnlijk veroorzaakt wordt door een combinatie van
weefselschade ontstaan tijdens de ischemische periode en schade als gevolg van de
reperfusie. Echter, ook gedurende deze laatste periode konden geen verschillen worden
aangetoond in de uitstortpatronen van beide eiwitten. Dit betekent dat de molecuulgrootte
van de eiwitten waarschijnlijk geen rol speelt in het proces van eiwitverlies uit de cellen.
Gerelateerd aan de totale weefselinhoud van beide eiwitten werd er echter wel meer LDH
dan FABP uitgestort, hetgeen een indicatie is dat er meer factoren dan molecuulgrootte een
rol spelen bij het vrijkomen van eiwitten uit beschadigd hartspierweefsel.

Wanneer hartweefsel geen zuurstof en andere voedingsstoffen toegedient krijgt
(ischemie), zal na verloop van tijd afbraak van onder andere fosfolipiden (stoffen die een
belangrijk deel uitmaken van cellulaire membranen) plaatsvinden waardoor de
vetzuurconcentratie in het hartweefsel stijgt. Hoge vetzuurconcentraties in het weefsel
hebben over het algemeen een negatief effect op de hartfunktie. Enige jaren geleden werd
gepostuleerd dat FABP mogelijke een rol zou kunnen spelen bij het binden (bufferen) van
deze vetzuren, zodanig dat het schadelijke effect van deze vetzuren verminderd of teniet
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gedaan wordt. Om deze hypothese te testen werd wederom gebruik gemaakt van het
geïsoleerde, geperfundeerde rattehart model (Hoofdstuk 8). De doorstroming van het hart
werd gedurende 60 minuten volledig stopgezet (globale ischemie), gevolgd door een periode
van 30 minuten doorstroming. Dit werd gedaan om het vetzuurgehalte van het hartweefsel
te verhogen. Hierna werd het hart zodanig behandeld dat alle oplosbare bestanddelen zeer
snel uit het weefsel zouden stromen (met behulp van de zogenaamde calcium paradox). Het
bleek dat vetzuren en FABP hierbij in een 1:1 verhouding uit het weefsel vrijkwamen,
ondanks het feit dat tijdens de voorafgaande periode in het weefsel geen noemenswaardige
vetzuurstijging had plaatsgevonden. Het vetzuurgehalte van het weefsel bleek echter wel
sterk te stijgen tijdens de calcium paradox. Een van de mogelijke verklaringen van deze
waarnemingen is dat vetzuren die gevormd worden tijdens de calcium paradox, zeer snel
aan het in het weefsel aanwezige FABP worden gebonden en simultaan worden uitgestort.

Samenvattend kan, op grond van het in dit proefschrift beschreven onderzoek, het
volgende worden gesteld:

1. FABP speelt een prominente rol bij de intracellulaire binding en het transport van
vetzuren.

2. De uitstort van eiwitten uit beschadigd weefsel is een complex fenomeen waarbij
uiteenlopende eigenschappen van deze eiwitten een rol spelen.

3. De functie van FABP als een mogelijke buffer voor een verhoogd vetzuurgehalte in
hartspierweefsel dient nader onderzocht te worden.
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