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Abstract

Long chain fatty acids (LCFA) possess a multitude of physiological functions that

make them essential for every living cell. Understanding the mechanism of hepatocellular

uptake and transport of these ligands is crucial in mapping their intracellular disposition.

Owing to their hydrophobic nature, LCFAs are transported bound to serum albumin in

the plasma and liver fatty acid binding protein (L-FABP) in the cytosol. In the plasma

membrane various binding proteins help facilitate the LCFA transmembrane flux.

Whether albumin-bound ligands are intricately involved in this process remains unclear.

Also unclear is whether L-FABP exhibit other important physiological functions apart

from LCFA binding. Using hepatocyte suspensions, hepatoma monolayers, and perfused

rat livers I quantitated the transport of purified [3H]-palmitate and fluorescent NBD-

stearate to help identify the contribution of albumin-bound ligands to the overall uptake

process and investigated the consequences of pharmacologically modulating cytosolic L-

FABP on hepatocellular mitogenesis and in cellular oxidative stress. In my thesis I

showed that at physiological albumin concentrations, LCFA uptake occurs from both the

plasma unbound and albumin-bound fractions. The majority of uptake is mediated from

that bound to albumin by a basolateral membrane transport protein such as FABPp-.

Diffusion of unbound LCFA contributed a minor portion of the overall uptake process.

My second study revealed that pharmacological treatment aimed at reducing L-FABP

content inhibited cell proliferation and that plasma membrane binding proteins such as

FABPp. do not play a significant role in the overall proliferation process. I also showed

that L-FABP reduces reactive oxygen species following clofibrate treatment which was

aimed at increasing L-FABP levels and was increased following dexamethasone

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins XVI



treatment which reduced its levels. Drug treatment did not affect cytosolic activities of

the normal free radical scavengers. Thus, my work provides experimental evidence

showing novel functional aspects of LCFA uptake and physiological functions of L-

FABP beyond that of transport LCFA within the cytosol.
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Chapter 1

Introduction
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1.1 Hepatic Physiology

The liver, located between the absorptive surface of the gastrointestinal tract and

other organs, is central to the metabolism of carbohydrates, proteins, lipids, and of

virtually every foreign substance entering our body (Lee,2003). It is the principal organ

responsible for regulation of synthesis, transport, metabolism and degradation of fatty

acids in mammals. Hepatocytes, the chief functional cell of the liver accounting for 907o

of the liver mass, are actively involved in the uptake of fatty acids from plasma. Despite

the fact that fatty acids are highly serum albumin bound, the liver extracts these ligands

with a very high efficiency (Fleischer et al., 1986; Weisiger and Ma, 1987). The liver has

adapted at least two unique features for extracting the highly protein bound solutes: i)

access to bound solutes by the way of sinusoidal fenestrations, and ii) providing an

extremely large surface area for ligand extraction by the way of a lobular architecture.

The liver is composed of basic functional units called lobules. The lobule is

chiefly composed of hepatic plates of parenchymal cells (hepatocytes) radiating from a

central vein (Figure 1). The parenchymal cells together with hepatic endothelial cells

form hepatic sinusoids. The endothelial cells along with Kupffer cells (macrophages) and

stellate cells line the sinusoids and serve as a barrier (interface) between the plasma and

hepatocytes. The large fenestrations between adjacent endothelial cells and the Space of

Disse (separating endothelial cells from hepatocytes) allow direct contact between portal

venous blood and hepatocellular surface. Such an anatomy provides a larger surface area

of contact for various unbound and protein bound ligands that are extracted by the

hepatocytes including fatty acids.

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins 1
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Figure l. Lobular architecture of the liver showing hepatocytes arranged in units or
Iobules. Radiating from the center to the lobule periphery a,re plates of hep(rtocytes or
Iiver parenchymal cells. The hepatocyte plates are separated by the liver sinusoids which
are richly supplied with blood by hepatic portal vein and hepatic artery (Cooper, 1998).

1.2 Long Chøin Fatty Acids (LCFAs)

Fatty acids constitute the main hydrophobic component of all biological

membranes. These substrates possess a multitude of physiological functions that make

them essential for every living cell. Fatty acids are classified by their carbon chain length

as short (<8 carbon), medium (8-11 carbons), intermediate (12-15 carbons) and long

chain (>16 carbons). Long chain fatty acids (LCFA) primarily include saturated fatty

acids palmitic acid (C16:0) and stearic acid (C18:0), and, monounsaturated fatty acid

oleic acid (C18:1to9). LCFAs are important fuels used to generate ATP by both

mitochondrial and peroxisomal p-oxidation cycle. Mitochondrial p-oxidation of LCFAs

I,1.ir

3ro nch
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Hepolic Artery
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producing acetyl-CoA is a major energy source in animals (Guzman and Geelen, L993;

Faergeman and Knudsen, 1997). For example, B-oxidation cycle of palmitate yields 129

mol of ATP (equivalentto 6656 kJ/mol palmitate) (Mayes, I996b). Cells such as cardiac

myocytes exclusively depend on fatty acid p-oxidation to meet their higher energy

demand as they are unable to synthesize or store fatty acids in sufficient amounts. Hence,

there is a constant need for circulating LCFAs to meet cellular energy requirements.

LCFAs are essential for synthesis of cellular triglycerides, cholesteryl esters,

phospholipids, and prostaglandins (Yamashita et al., 1997). The ability of vertebrates, to

store LCFAs in the form of triglycerides, reflects an important survival adaptation against

long periods of nutritional deprivation (Schaffer, 2002). As precursors for the

biosynthesis of phospholipids and sphingolipids, LCFAs are crucial for proper cell

membrane function. Changes in cellular fatty acid intake and metabolism can adversely

affect membrane structure, fluidity and activity of bound membrane proteins. Fatty acyl

modifications influence the degree of ordering and motion in the hydrocarbon core of the

lipid bilayer, a property that is commonly referred to as membrane fluidity (Spector and

Yorek, 1985). Alterations in membrane lipid composition caused by modulating fatty

acid composition affects several cellular functions such as carrier mediated transport

(Kaduce et al., 1977; Hyman and Spector, 1982; Yorek et al., 1983), membrane-bound

enzyme (Szamel and Resch, 1981; Spector and Yorek, 1985) & receptor activity

(Ginsberg et al., 1981; Ginsberg et al., 1982), phagocytosis (Schroit and Gallily,1979;

Lokesh and wrann, 1984), endocytosis (Mahoney et al., 1911; Mahoney et al., 1980) and

exocytosis (Yorek and Spector, 1983).
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LCFAs are also involved in signal transduction pathways modulating cellular

metabolic gene expression. As signal transducers, LCFAs function by modulating ionic

channels, synaptic transmission, and expression of genes involved in lipid metabolism

and cell differentiation (Abumrad et a1., 1999). Several LCFAs and their metabolites

function as both primary and secondary messengers in specific cell signalling pathways

regulating gene expression at the transcriptional level (Clarke and Jump, 1993). As

primary messengers, both saturated and unsaturated LCFAs are known to induce the

expression of lipid-related genes in cultured adipose cells (Amri et al., 199I; Amri et al.,

1996). Such a regulation of gene expression by LCFAs is mediated by specific nuclear

receptor proteins like peroxisome proliferators activated receptor (PPAR) and fatty acid-

activated receptors (FAAR) (Gottlicher et al., 1992; Amn et al., 1995). As a secondary

messenger, fatty acids take part in the activation of protein kinase C (Sando et al., 1992)

and modulation of myocardial contractility (Schror and Hohlfeld, L992).

All of the above mentioned biological functions require a continuous supply of

LCFAs. In omnivores, excess calories are ingested in anabolic phase followed by a period

of negative caloric balance. Therefore, a complex regulation cycle involving storage and

continuous mobilization of LCFAs has evolved to meet the organism's needs (Mayes,

T996a). Dietary lipids are the major source of LCFAs including essential fatty acids

(EFA) that are required for the synthesis of important regulators of cell function such as

prostaglandins, thromboxanes, eicosanoids, etc. In fact the selection of dietary lipids

during the first four years of life is considered to be a major determinant of growth and

long term health (Uauy R, 2003). Dependence on exogenous LCFA sources is typical of

most eukaryotic cells except for hepatocytes and adipocytes that are capable of de novo
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biosynthesis (endogenous synthesis) involving the enzymes acetyl-CoA carboxylase and

fatty acid synthase.

The liver is the principal organ responsible for regulation of synthesis, transport,

metabolism and degradation of LCFAs in mammals. Fatty acid B-oxidation occurs

especially rapidly in the liver and the excess acetyl-CoA produced is transported as

acetoacetic acid to the required tissues and organs. Almost all of the lipogenesis from

carbohydrates and proteins occurs in the liver where the synthesized lipids are transported

in the form of lipoproteins to either adipose tissue for storage or other tissues to be

utilized. Thus, the liver plays a pivotal role in fatty acid metabolism.

LCFAs are primarily transported as triglycerides from the intestines in the form of

chylomicrons and from the liver as very low density lipoproteins (VLDL) to most tissues

for oxidation and adipose tissue for storage (Mayes, 1996a). The presence of abundant

lipoprotein lipases located on the walls of blood capillaries and hepatic lipase located in

the liver liberates the incorporated fatty acids from triglycerides generating free fatty

acids (FFA) (Camejo et al., L999). These free fatty acids have the potential to form

injurious detergent micelles owing to their extreme hydrophobic nature. The considerable

daily flux of LCFAs released from adipocyte triglyceride stores to plasma (700 mmol/day

in average human) generates a huge amount of FFAs (Bass, 1988). This requires a system

of binding proteins that would solubilize and transport the FFAs to their site of action.

Serum albumin serves as the principal fatty acid transport protein in plasma while

different classes of fatty acid binding proteins such as Plasma Membrane Fatty Acid

Binding Protein (FABP'.), Fatty Acid Transport Protein (FATP), Fatty Acid Translocase

(FAT/CD36), Liver Fatty Acid Binding Protein (L-FABP), etc serve as cellular fatty acid
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transporters primarily in the liver. One section of

binding proteins function as fatty acid binding

physiological functions.

my thesis focuses on whether these

sinks or exhibit other important

1.3 Extracellular Fatty Acid Transporter - Albumin

The word albumin is derived from the latin albus meaning white. The protein's

resemblance to egg white, also called albumen of the egg, lead to naming the protein

albumin. The ubiquitous presence of albumin in the extracellular fluids such as blood,

lymph, chyle, etc with an accurate description of its properties was noted as early as 1840

(Ancell, 1939). From that time understanding of albumin has progressed considerably.

Serum albumin is one of the most extensively studied plasma proteins. It is a non-

glycoprotein, one of the few secreted proteins, which lack carbohydrates. It has a

molecular mass of 67,000 containing a single peptide chain of 580 to 585 amino acid

residues (Rothschild et al., 1988). The high total charge, potentially about 185 ions per

molecule at pH 7, aids in its solubility; and the many disulfide bonds, a feature of most

extracellular proteins, contributes to its stability (Peters, 1985). The primary structure is

charactenzed by a high content of cysteine and charged amino acid residues such as

glutamic acid, aspartic acid, lysine, arginine, and a low content of methionine and

tryptophan (Meloun et al., 1975; Brown, 1916). The secondary structure comprises nine

double loops formed by disulfide bonds, which can be further grouped into three

homologous domains, each containing two longer loops separated by shorter loops

(Brown, 1976). Figure 2 shows the primary structure of human serum albumin (HSA)

with its three domains and nine loops (He and Carter, L992).
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Figure 2. Structure of Human Serum Albumin (HSA) showing the nine loops labelled to
the right (LI - L9) and the three domains to the left (He and Carter, 1992).

Serum albumin is synthesized in the hepatic parenchymal cells (LeBouton and

Masse, 1980b; LeBouton and Masse, 1980a; Le Rumeur et al., 1981). Being constitutive

secretory cells, hepatocytes lack a large intracellular albumin pool as the protein is

rapidly secreted into plasma. The time of appearance of a de novo molecule of albumin

outside the hepatocyte has been estimated at about 20 minutes from the onset of its

synthesis (Rothschild et al., 1988). The process of albumin synthesis starts in the nucleus

with gene transcription and ends in the cytoplasm. The translational cytoplasmic protein

end product called proprealbumin undergoes modification in the endoplasmic reticulum
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(ER) to form proalbumin, the principal intracellular species of albumin (Quinn et al.,

I9l5; Russell and Geller, 1975; Strauss et al., I97la: Strauss et al., I977b). The

proalbumin finally enters the golgi apparatus for further processing to yield albumin.

Thus, albumin functions as an extracellular protein and does not seem to possess any

hepatic intracellular activity though it is secreted by hepatocytes (Peters, 1985).

1..3.1 Physiology of Serum Albumin

The normal albumin concentration in the human plasma is 35 to 50 gll with an

average of 42+3.5 g/1. On an average, the blood of a person weighing 70 kg with 3.5 litres

of plasma, contains 150 g of albumin excluding the 230 g contained in the lymph spaces.

Of this total exchangeable albumin pool of about 350 g, 14 g is lost by catabolism and

replaced by daily hepatic synthesis. The average half-life of a single molecule of albumin

is about 19 days (Peters, 1985). Because of its high concentration (607o of total plasma

protein) and low molecular weight in relation to other plasma proteins, albumin

contributes to about 80Vo of the colloid osmotic pressure which provides a driving force

to keep the fluids within the blood vessels. By its binding of ligands, albumin provides a

high capacity reservoir to stabilize the concentrations of free ligands.

L.3.2 Ligand Binding

The unique feature of albumin is its ability to bind a wide variety of biological

materials. The flexibility of albumin to adapt its shape to ligands explains its

cosmopolitan taste (Peters, 1985). Albumin serves as the primary transport protein for a

variety of endogenous and exogenous compounds that need to be bound to prevent their

toxicity. One of the characteristic features of albumin is that the protein possesses one or

two high affinity binding sites called primary binding sites for a given ligand along with a
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number of low affinity sites (secondary, tertiary and quarternary sites). Cationic ligands

such as calcium ion (Ca2*), copper ion (Cu[tr]), nickel ion (Ni[II]) bind albumin with a

high affinity while cobalt (Co[tr]), cadmium (Cd[tr]), mercury (HgtIIl) bind albumin

weakly in an ionic manner (Gurd and Wilcox, 1956; Bradshaw et al., 1968; Glennon et

al., 1983).

Serum albumin binds a variety of anionic ligands such as LCFAs, bile salts,

bilirubin, steroid hormones, hematin, tryptophan, thyroxine, etc. Among these

endogenous ligands, LCFAs are the most tightly bound followed by bilirubin. The

affinity of LCFAs for the primary binding site increases with increasing carbon chain

length i.e., palmitate < stearate < linoleate < oleate (Peters, 1985). LCFAs are bound to

six sites: the three strongest are in different domains. At normal physiological

concentration, albumin carries no more than two LCFAs with the number rising to four

after severe exercise (Peters, 1985). The first two bound fatty acids are important in the

process of physiological transport as well as in the structural stability of albumin. The

primary LCFA binding site was found to be in the middle of third domain using scatchard

plot analysis (Reed, 1986). Whether this primary binding site at domain III binds one or

two fatty acids is still an open debate (Sklar et al., 1977). The secondary LCFA binding

site lies in between domain tr and domain III, and other low affinity sites are reported in

domain III (Peters, 1985). As most experimental methods that are employed to identify

binding sites caused some form of protein modification, interpretation of results was

inevitably complicated.

Recent studies done by Bhattacharya et aL using crystallographic analyses

identified seven binding sites for fatty acids (Bhattacharya et al., 2000; Petitpas et al.,
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200I). These consisted of a single site in sub-domain IA and IIA, two sites in trIA, fifth

site in IIIB, sixth in the interface between sub-domains IIA and IIIB and a seventh

identified recently within the drug-binding cavity of sub-domain IIA. These binding sites

appear to be common for both LCFAs and medium chain fatty acids. Figure 3 shows the

multiple binding sites in HSA for palmitate (C16:0) (Bhattacharya et al., 2000).

t1Ë:fl

Figure 3. Structure of HSA complexed with palmitate (Cl6:0). Domains are color coded
as follows: Domain I, red; II, green; III, blue. The A and B sub-domains are shaded in
dark and light shades, respectively. Bound fatty acids are shown in numbered binding
sites (Bhattacharya et aI., 2000)

Albumin binds the central hydrophobic carbon chain of LCFAs and so the

carboxylic end is free to move as the esterification of carboxylic group caused no change

in the bound LCFA mobility (Morrisett et al., I975). Experiments done with derivatized

stearate and palmitate with nitroxide spin-labelled reporter showed that ionic bonding of

albumin with the carboxylate is a minor factor. The dominant mechanism of albumin
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LCFA binding was found to be a hydrophobic interaction along the length of the binding

site. In fact, esterification of the carboxylate group caused no change in the mobility of

the reporter group (Morrisett et al., I975; Perkins et al., 1982).In other words, the central

portion of the fatty acid is held snugly allowing for free movement of fatty acid terminals.

The question of species difference in ligand binding properties of albumins

obtained from human or bovine serum is crucial from a standpoint that a considerable

amount of work has been done with BSA. Analysis of the protein sequence shows about

80% homology between HSA and bovine serum albumin (BSA) (Peters, 1985). Both

albumins seldom differ in their physical properties such as molecular weight,

sedimentation constant, diffusion constant, intrinsic viscosity, pI, optical absorbance, etc

(Charlwood,196I; Squire et al., 1968; Peters, 1985). The spatial configurations of BSA

and HSA are comparable and a majority of ligands seldom differ in their binding

affinities towards the two albumin types (Kragh-Hansen, 1981). However, considering

differences in amino acid sequence between HSA and BSA, some dissimilarity in ligand

binding is expected. Spectral findings using circular dichroism measurements showed

different conformations of the primary bilirubin binding sites between BSA and HSA

(Blauer and King, 1968; Wooley and Hunter, 1970; Blauer, 1976). Albumin ligand

binding differences were also reported for Ni2*, Cu2*, haemin, as well as others between

different species (Kragh-Hansen, 1981). With respect to LCFA binding, HSA and BSA

bind with a very high affinity (Peters, 1985). In the presence of albumin, almost 99.97o of

LCFAs becomes protein bound. As discussed earlier, this binding is crucial in

solubilizing the free fraction that has the potential to form injurious detergent micelles if

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins 12-



left unbound. The remaining O.lVo represents the unbound free LCFA fraction in the

aqueous plasma phase.

Experimentally, there are several methods to study equilibrium binding of ligands

to albumin. The binding to albumin is measured by incubating the ligand of interest with

albumin until equilibrium is reached. Once at equilibrium, the free and bound ligands are

physically separated by employing techniques such as equilibrium dialysis, gel filtration,

precipitation, heptane-water partitioning. The unbound ligand fraction (free fraction)

designated as cL, is calculated as:

cx = Free ligand concentration / Total ligand concentration

Therefore, albumin bound fraction is given by (1 - ø). The association constant (K") may

be calculated as the ratio of the albumin bound fraction divided by the product of free

fraction and albumin concentration employed and is calculated as:

Ku=(1 -o')/otCu

where Cu is the albumin concentration employed (Moran et al., 1987). The dissociation

binding constant K¿ is the reciprocal of Ko. When equilibrium is reached, the rate of

ligand association equals the rate of ligand dissociation. Methods that are commonly

employed for calculating Ku include fluorescence emission, dialysis exchange, heptane-

water partitioning and erythrocyte-albumin partitioning. Of the four methods, heptane-

buffer partitioning is perhaps the simplest and most widely used method.

I. 3.2. I H eptane-w ater p artitioning

The method involves partitioning ligands (LCFAs) between an aqueous phase

(albumin buffer phase) and an organic phase (heptane). As the solubility of LCFAs is

much higher in the heptane phase and albumin is insoluble in organic liquids, the free
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LCFA fraction partitions. Though the unbound fraction is extremely small, such a

partitioning allows us to measure the aqueous free fraction with a high degree of

precision. The aqueous free fraction (cx) is determined by dividing the measured LCFA

partition ratio (PR) in the presence of albumin (PR*) by the equilibrium LCFA partition

ratio in the absence of albumin (PR ).

Radiolabeled ligands are usually employed in calculating the PR. Since the

unbound fraction is as low as 0.17o for LCFAs in the presence of albumin, it is crucial

that the radiolabeled ligand employed in this technique should be of very high

radiopurity. This probably explains the large variation in Ku values for tritiated palmitate

([3H]-palmitate) from 0.2 x108 (Fleischer et al., 1986) to I.4 x108 (Burczynski and Cai,

1994). Elmadhoun et al. have determined the effect of both hydrophilic and lipophilic

impurities on the Ko for BSA-palmitate complex and have also shown that BSA-palmitate

Ku value is constant at all BSA concentrations (Elmadhoun et al., 1998).

1.3.3 Role of Albumin in Hepatocellular LCFA uptake

Until two decades ago, hepatocellular uptake of LCFAs was thought to be

governed by the conventional theory of cellular uptake (Sorrentino et al., 1989).

According to the conventional theory, only unbound ligands participate in the uptake

process and the protein bound fraction serves only to replenish the amount of substrate

depleted by the uptake process. In the case of albumin bound LCFAs, the fraction of total

ligand present at any time in the unbound fraction is extremely small. Therefore, the

dissociation rate of LCFA/albumin complexes would have to be fast enough to match

hepatocellular uptake rates. Thus, it is assumed that virtually instantaneous equilibration

occurs between the free ligand and the albumin-bound complex such that the removal
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process is driven by a constant supply of the free form (Brauer and Pessotti, 1949; Grausz

and Schmid,I91I).

Baker and Bradley first challenged the theory 1n 1966 in which they found that

BSP uptake rate in vivo exceeded what could be accounted for a very small concentration

of unbound BSP (Baker and Bradley, 1966). Weisiger, Forker & Luxon highlighted other

pitfalls of the conventional theory and reported that (Forker and Luxon, 1981; Weisiger et

al., 1981;Forkeret al., 1982; Weisiger, 1985):

a) Uptake in the presence of albumin was much higher than that predicted by the

conventional theory

Uptake velocity exceeded the reported in vitro rates

Uptake appeared to be a function of total rather than unbound ligand

concentration

d) Uptake appeared to saturate with increasing albumin rather than ligand

concentration

A variety of possible explanations have been advanced to explain these common

findings. An accepted explanation for the observed enhanced clearance of albumin-bound

ligands, however, is yet to be postulated.

1.3.3.1 Albamín Receptor Theory

The theory proposed the presence of specific albumin receptors on the

hepatocellular surface, which binds to albumin and causes dissociation of ligands from

the albumin-ligand complex by bringing about a conformational change in albumin

(Weisiger et al., 1981). Thus, by supplying more unbound ligand to the cell surface, the

receptors were thought to increase the overall clearance of unbound ligands. Although the

b)

c)

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins -15-



model explained the high extraction efficiency of hepatocytes, it could not explain the

high clearance rate of same ligands bound to proteins other than albumin (Burczynski et

al., 1990) as the theory is specific to albumin. Also, characteristics of a receptor were not

found using sinusoidal enriched rat liver plasma membranes (Stremmel et al., 1983).

1. 3. 3. 2 Røte -Iimitin g Sp ontane o u s Dis s o cintio n mo del

Weisiger and Ma (1987) proposed the rate-limiting spontaneous dissociation

model where they retained the traditional assumption that only free ligand was available

for uptake (Weisiger and Ma, 1987). The protein-bound and unbound ligand

concentrations were treated as separate compartments. They showed that the rate of

hepatic oleate uptake did not exceed but closely paralleled the dissociation rate of the

albumin-oleate complex and hence concluded that dissociation did not appear to be

catalyzed by the liver and that it is spontaneous. This model could not explain the results

with hepatocyte monolayers where uptake did not perturb the binding equilibrium in the

stirred extracellular fluid (Burczynski et a1., 1989; Burczynski et a1.,1990; Burczynski et

al.,I993b; Burczynski et al., L993a).

I. 3. 3. 3 D íffu s io n -r e actio n ( P s e u d ofoc ilit atio n mo de l)

Bass and Pond (1988) put forward a comprehensive model to explain the albumin

paradox and they used a non-compartmental approach to explain the effects of rate

limiting diffusion and perturbation of the binding equilibrium (Bass and Pond, 1988).

This model retained the traditional approach that uptake occurs solely from the unbound

fraction. Solutes are presumed to traverse two barriers before they are taken up by the

cells: an unstirred fluid layer immediately adjacent to the cell surface by simple diffusion

and the cell membrane by either simple diffusion or transport. Although this model
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satisfactorily explained all of the phenomena observed in hepatocyte monolayers, it could

not account for the high velocity of hepatocellular uptake of albumin-bound ligands.

1. 3. 3.4 F ac ilitate d Dìs s o ciatio n of alb umín-ligønd c omple x

The term facilitation has been used broadly and represents any of a number of

factors that have the potential to enhance the apparent intrinsic clearance of unbound

ligand (Burczynski and Luxon , 1995). Some possible facilitation mechanisms include:

Protein Salutary Effects - These include interaction of proteins with the cell

membrane affecting either membrane potential or membrane fluidity, leading to higher

clearance rate than that predicted by conventional theory

Direct Transfer - Another potential but less likely mechanism responsible for

facilitated uptake is the direct transfer of protein-bound ligands to the cell surface which

requires collisional exchanges between plasma proteins and cell membrane.

Ionic Field Effects - Ionic field interactions between the cell's surface charged

groups and those on plasma proteins may play a role in facilitating the protein-ligand

dissociation rate or in decreasing the diffusional resistance. Recent evidence strongly

argues in favor of such an ionic interaction playing a crucial role in hepatocellular LCFA

uptake (Fitscher et al., 1996; Burczynski et al., l99la Elmadhoun et al., 200I Schaffer,

2002). Moreover, the identification of several fatty acid transporters in hepatocyte plasma

membranes also provides the rationale for a facilitated component of fatty acid uptake

under physiological conditions.

1.4 Plasma Membrane Fatty Acid Transporters

In order for a protein to function as a fatty acid transporter, it should fulfil some

important criteria including i) high binding affinity with fatty acids in a reversible and
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selective manner, ii) an inhibition of fatty acid uptake in cells pre-treated with the

antibody raised against that particular protein, and iii) a demonstration of correlation

between saturable fatty acid uptake and expression of that particular protein.

Accordingly, the existence of four plasma membrane fatty acid transport proteins have

been reported and proposed to function in fatty acid movement inside various mammalian

cell types. These include the plasma membrane transport proteins, such as plasma

membrane fatty acid binding protein (FABPp,n), fatty acid translocase (FAT/CD36), fatty

acid transport protein (FATP), and caveolin. These binding proteins play an important

role in the transport and/or targeting of lipids such as LCFAs in the cell, and may also be

involved either directly or indirectly in modulating free ligand concentration for various

cellular processes (Dutta-Roy, 2000). Apart from fatty acid transport, other functions also

have been proposed for these transporlers. These are broadly described as modulation of

specific enzymes of lipid metabolic pathways, maintenance of cellular fatty acid levels,

regulation of the expression of fatty acid-responsive genes, etc (Kaikaus et al., 1990;

Glatz et al., 1995; Glatz and van der Vusse, 1996).

1.4.1 Plasma Membrane Fatty Acid Binding Protein (FABPpJ

FABP'- is one of the first plasma membrane fatty acid transporters to be

identified following a rationale that fatty acid transporters bind free fatty acids with high

affinity. In 1985, Berk et a/. isolated a 40-43 kDa FABP from both rat liver plasma

membranes and rat jejunal microvillous membranes using oleate-agarose affinity

chromatography (Stremmel et al., 1985a; Stremmel et al., 1985b). Using similar

approaches, the protein was subsequently identified in cardiac myocytes (Sorrentino et

al., 1988; Stremmel, 1988), skeletal muscle cells (Turcotte et a1.,1992), aortic endothelial
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cells (Vyska et al., 1991), keratinocytes (Schurer et al., 1994), and recently in human

placenta (Potter et al., 1989). FABP'- is a single polypeptide with no attached

carbohydrate and an isoelectric point of approximately 9.I (Stremmel et al., 1983). This

membrane protein is located as an extrinsic molecule at the outer surface of the plasma

membrane and is loosely bound (Abumrad et al., 1999). FABP'- has exhibited a striking

similarity in its primary sequence to, and immunologically indistinguishable from, the

membrane-bound form of aspartate aminotransferase (Hui and Bernlohr, 1997).

Antibodies raised against both proteins have shown considerable cross reactivity (Berk et

al., 1990). Stable transfection of 3T3 fibroblasts with cDNA for the membrane-bound

form of aspartate aminotransferase conferred saturable fatty acid uptake by these

transfected cells suggesting that these two proteins may be in fact identical (Isola et al.,

199s).

FABPp. is an abundant component of the rat liver plasma membrane as it is

estimated to constitute ZVo of the total plasmalemmal proteins (Zhou et al., 1990).

Binding studies revealed that FABP',' binds a variety of LCFAs such as oleate, palmitate,

stearate, etc exhibiting an apparent dissociation constant (Ko) of 78 nM (Hui and

Bernlohr, 1997). Monospecific antibodies directed against liver FABPpm were found to

inhibit fatty acid uptake by hepatocytes, adipocytes, and cardiomyocytes by 50 - 707o ,

suggesting that a substantial portion of overall fatty acid uptake was mediated by FABP'-

(Stremmel and Theilmann, 1986; Sorrentino et al., 1988; Stremmel, 1988; Zhou et a7.,

1990). The protein co-chromatographed with a variety of LCFAs but not with other

organic anions such as bilirubin, bromosulfopthalien, or taurocholate (Stremmel et al.,

1992) indicating its specificity towards LCFAs. The regulation of FABPp* provides

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins -79-



compelling evidence for its role in fatty acid uptake. The protein is up-regulated during

pre-adipocyte differentiation paralleling the need for increased fatty acid uptake (Zhou et

al., L992). Also, FABP'. expression is shown to be altered in Zucker diabetic and obese

rats where the protein's mRNA levels appear to correlate with uptake rates (Berk et al.,

1997). Moreover, the protein's expression was found to be up-regulated with prolonged

endurance training (Kiens et al., 1997) and fasting (Abumrad et al., 1999), whereby fatty

acid utilization also was increased. These observations strongly implicate FABP'-'s role

in cellular fatty acid uptake. The exact mechanism of fatty acid uptake by FABP''' is

poorly understood. It is thought that FABPpm câptures fatty acids for transfer to either

other integral membrane transporters or directly to intracellular protein transporters.

1.4.2 Fatty Acid Translocase (FAT/CD36)

The existence of an 88 kDa plasma membrane transpolter fatty acid translocase

(FAT) was first demonstrated by Abumrad's group (Harmon et al., I99l Harmon and

Abumrad, 1993) during their investigations into fatty acid uptake by adipocytes. The

group showed that fatty acid uptake was irreversibly inhibited when rat and human

adipocytes were pre-treated with stilbene compounds such as 4,4'-diisothiocyanostilbene-

2,2'disulfonate @DS) and 4-acetamido-4'isothiocyanostilbene-2-2'disulfonic acid

(STIS). Incubation of cells with radioactive DIDS and STIS resulted in labelling of a

membrane component with molecular mass between 80-90 kDa. The protein was also

identified by covalent labelling with sulfo-N-succinimidyl myristate and sulfo-N-

succinimidyl oleate (Harmon and Abumrad, 1993). The 88 kDa radioactive band was

later identified and named fatty acid translocase FAT). FAT iscomposed of a highly

glycosylated polypeptide chain made of 472 amino acids (Dutta-Roy, 2000).
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Isolation and purification of FAT cDNA identified the protein as the rat adipose

homolog of human leukocyte differentiation antigen CD36, isolated from platelets in

1989 (Tandon et al., 1989). CD36, a receptor protein expressed in monocytes and

platelets, is believed to be involved in adhesion phenomena and intracellular signalling

pathways (Greenwalt et al., 1992: Endemann et al., 1993; Michelson et al., 1994). The

nucleotide sequence of FAT is 197o similar and 75Vo identical to that of human CD36,

whereas the amino acid sequences have 85Vo simllarity and 797o identity (Abumrad et al.,

1993). Also, antibodies directed against bovine CD36 react with both human CD36 and

FAT (Harmon and Abumrad, L993).

FAT/CD36 is a multifunctional protein unlike other membrane fatty acid

transporters in that it binds a number of other ligands such as collagen, thrombospondin,

oxidized LDL, etc apart from LCFAs (Greenwalt et al., 1992; Endemann et al., 1993).

The binding capacity of FAT/CD36 is estimated to be 3 moles of fatty acids per mole

protein. Several lines of evidence strongly support the protein's function in transport of

LCFAs. FAT/CD36 purified from adipose tissues binds native LCFAs but not octanoate

(C8:0) at low concentrations in agreement with fatty acid transport specificity in rat

adipocytes (Abumrad et al., 1981). FAT or CD36 is an important marker of pre-adipocyte

differentiation (Abumrad et al., 1999), a condition requiring high fatty acid intake. The

FAT mRNA expression is strongly induced by LCFAs and peroxisome proliferators

(Amri et al., 1995; Sfeir et al., 1997). Also, CD36 antibody inhibited uptake of fatty acids

by platelets (Dutta-Roy et al., 1996). In Obl7PY fibroblasts lacking CD36/FAT,

induction of the protein's expression was associated with increased fatty acid uptake

(Ibrahimi et al., 1996) even at low fatty acid:albumin ratios. This suggests that a
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significant portion of the overall fatty acid uptake was mediated by FAT/CD36 in these

cells at low fatty:acid molar ratios.

The expression of FAT/CD36 is tissue-specific favouring tissues with high

metabolic capacity for LCFAs like adipose tissue, muscle and intestine (Abumrad et al.,

1993). The expression is low in the liver (Abumrad et al., 1999). FAT/CD36 is highly

expressed in muscles with predominance of oxidative fibres like soleus (Van

Nieuwenhoven et a1., 1995), and jejunum (Poirier et al., 1996), where the bulk of fatty

acid absorption occurs.

1.4.3 Fatty Acid Transport Protein (FATP)

Novel expression cloning strategies using fluorescent LCFAs have identified a

novel 63 kDa plasma membrane transporter (Schaffer and Lodish, 1994). Screening of

COST fibroblasts for fluorescence following expression of cDNAs from a 3T3-L1

adipocyte cDNA library yielded two types of cDNAs. While one had 947o homology to

rat liver fatty acyl-CoA synthetase (FACS), the other did not share any extended

homology with any known mammalian protein sequences (Schaffer and Lodish, 1994).

This novel cDNA contained a single open reading frame for a 646 amino acid protein

with a molecular mass of 63 kDa named as fatty acid transport protein (FATP). FATP is

an integral plasma membrane protein with 4 to 6 predicted membrane-spanning regions

with a relatively high expression in the brain (Utsunomiya et al., 1997).

A family of six members has been identified in the human and mouse genome

(Fitscher et al., 1998; Hirsch et al., 1998; Gimeno et al., 2003). The different members of

the FATP family show a characteristic expression pattern. FATP1 is the predominant

FATP in adipose tissue (Schaffer and Lodish , 1994) also found in heart (Pohl et a1.,2004)
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and skeletal muscle (Hirsch et al., 1998). FATP4 is very closely related to FATP1 and is

highly expressed in the intestine (enterocytes), adipose tissue, skin and heart (Herrmann

et al., 200I; Stahl et al., 2001). FATP2, FATP3, FATP5 and FATP6 are distally related to

FATP1 with little or no expression in adipose tissue and muscle. FATP2 is strongly

expressed in liver and kidney (Hirsch et a1.,1998). FATP3 is found in liver, pancreas and

lungs (Stahl et al., 2001). FATP5 expression is found exclusively in the liver

parenchymal plasma membranes and its over-expression augments LCFA uptake (Hirsch

et al., 1998). FATP6 is specifically expressed in the heart and is the predominant FATP

member in this organ (Gimeno et al., 2003). Whether different FATP-family members

convey different functions in cellular lipid metabolism or complement each other or

exhibit similar functions is currently not clear.

Interestingly, FATP is suggested to act in concert with FACS, an enzyme that

catalyzes the conversion of fatty acids to their fatty acyl-CoA derivatives, thereby

rendering fatty acid uptake unidirectional (Dutta-Roy, 2000). These long chain fatty acid-

CoA derivatives act both as substrates and intermediates in various intracellular

functions. The esters are transported intracellularly bound to cytoplasmic acyl-CoA

binding protein (ACBP) or to cytosolic FABPs. FATP also shows an 11 amino acid

region similarity to FACS, leading to the hypothesis that this common region might

reflect a conìmon function. Also, purified FATP exhibits FACS activity (Coe et aL.,1999)

suggesting that FATP mediated LCFA uptake may be driven by increased conversion of

fatty acyl-CoA derivatives at the inner leaflet of the membrane bilayer. Whether LCFAs

are activated directly by FATPs or through closely associated FACS is presently not

clear.
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The exact mechanism of LCFA uptake by FATPs is not yet fully understood.

Accumulating evidence suggests that FATPs are membrane anchored proteins specific

for LCFA since uptake of fatty acids shorter than 10 carbon chain length is unaffected by

modulating FATP expression (Schaffer and Lodish,1994). Figure 4 shows a hypothetical

model of FATP mediated LCFA uptake proposed by Stahl (Sraht et al., 2001). According

to the model, LCFAs are either transported directly by FATP across the plasma

membrane or, alternatively, are first accumulated on the plasma membrane by binding to

FAT/CD36 (in cells expressing this protein), which subsequently hands the fatty acids to

FATPs. Following uptake, LCFAs would be activated rapidly by FACS to prevent efflux.

1.4.4 Caveolin

Caveolae are 50-100 nm flask shaped invaginations of the plasma membrane

enriched in cholesterol, glycolipids, and the protein caveolin. In hepatocytes, caveolae are

mainly found localized in the outer plasma membrane leaflet exposed to the extracellular

matrix (Calvo and Enrich, 2000).

Figure 5 shows the detailed organization of lipid rafts and caveolae membranes

adapted from Razani (Razani et al., 2002). Caveolae participate in several crucial cellular

functions such as signal transduction, glucose uptake, cholesterol transport, potocytosis,

and receptor-mediated endocytosis (Pohl et al., 2002).In studying LCFA uptake in 3T3-

L1 cells using photoaffinity labelling, Trigatti er aL identified a high affiniry farty acid

binding protein of 22\<Da in plasma membranes of undifferentiated cells that increased 2-

fold upon differentiation (Trigatti et al., 1991). The protein was later identified as

caveolin-1 expressed in the caveolae of plasma membranes. Caveolin is a22 kDa integral
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1.5 Cytosolic Fatty Acid Transporters - FABPs

Presence of fatty acid binding protein (FABP) in the cytosol was first reported in

7972 (Mishkin et aL.,1972; Ockner et a1., 1972). Experimentally, radiolabeled ¡lac1-oleic

acid was incubated with cytosolic proteins, obtained from intestinal mucosa, liver,

myocardium, and other tissues, and later chromatographed over a gel filtration column.

The radioactive label was recovered in two columns, one containing albumin and the

other containing a 14-15kDa protein named FABP. The name was derived from their

high affinity for LCFAs. FABP belongs to a multigene family of intracellular lipid

binding proteins with a molecular mass of 14-15kDa (Paulussen and Veerkamp, 1990),

which are abundantly present in the cytoplasm of tissues that are involved in the uptake

or utilization of fatty acids. Purification of specific proteins in different tissues has led to

the characteization of three structurally distinct FABP of similar size and is generally

named according to their tissue of greatest abundance. They comprise liver FABP (L-

FABP), intestinal FABP (I-FABP), heart muscle FABP (H-FABP), epidermal FABp (E-

FABP) and adipocyte FABP (ALBP) (Bass, 1983). L-FABP has been detecred in

abundance in the liver and also in other tissues such as adipose deposits, myocardium,

kidney and intestinal epithelia of rats. The existence of a l2-I4t<Da FABP in rat skeletal

muscle has also been reported (Miller et al., 1938). Table 1 lists the comparative

properties of rat cellular FABPs.

1.5.1 Tissue Expression of FABP

Tissues containing most abundant quantities of FABP are found in the liver (L-

FABP, 2-5Vo of cytosolic proteins), intestine (L-FABP and I-FABP, I-ZVo of cytosolic

proteins), and heart muscle (H-FABP, 57o of cytosolic proteins) (Bass, 1988). I-FABP
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expression is the most restricted, being present only in intestinal epithelial cells, while H-

FABP is expressed in a broad range of tissues. In the small intestine, both L-FABp and I-

FABP is most abundant in the jejunum and relatively less abundant in ileum (Ockner and

Manning, 1974).In the hepatic lobule, L-FABP is localized to the hepatocytes in acinar

zone I (close proximity to the portal venules) (Bass et al., 1989). This suggests that the

expression of L-FABP in hepatocytes is more likely to be governed by the extent to

which the cells are exposed to fatty acids rather than L-FABP being a major determinant

of fatty acid translocation into hepatocytes. Zone I hepatocytes (periportal hepatocytes)

are noted for hepatic regeneration, bile duct proliferation and gluconeogenesis (Beath,

2003).

Table l.Compørative Propefües of Cellular FABp in the Rat

* Datafrom" (Bass, 1988), o(Hagens 
et aI., I9g9),,¡Dutta-Roy et aL, 1993¡

1.5.2 Protein Structure

The existence of different FABP types that are distinct becomes clear from the

comparison of their amino acid composition. The amino acid composition of human liver,

Protein Synonyms Size (Da) p1 Main Tissues

Liver FABP L-FABP 14,r84u 5.2 - 6.9^ Liver, Small Intestine

Intestinal FABP I-FABP 15,063n 5.6u Small Intestine

Heart FABP H-FABP 14,ggzu 5.0' Heart, Skeletal Muscle

Epidermal FABP E-FABP L5,164' 5.70 Lung, Brain, Stomach

Adipocyte FABP ALBP 14,200" 6.95" Adipose, Macrophage
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intestinal and heart FABPs obtained from the BIOINFORMATIC HARVESTER genome

database search (EMBL, Heidelberg) is given as follows:

L:FABP

MSFSGKYQLQ

IVQNGKHFKF

TVVQLEGDNK

KRISKRI

AFDSTWKVDR

TQEGNKFTVK

TWSLEGNKLI

GVEAKRIFKK D

VDAFLGTWKL

IIEKNGDILT

KSIVTLDGGK

TAVCTRTYEK

SENYDKFMEK

ESSAFRNIEV

GKFKRTDNGN

MGVNIVKRKL

VFELGVTFNY

ELNTVREIIG

AAHDNLKLTI

NLADGTELRG

DELVQTYVYE

SQENFEAFMK AIGLPEELIQ KGKDIKGVSE

TITAGSKVIQ NEFTVGEECE LETMTGEKVK

LVTTFKNIKS VTELNGDIIT NTMTLGDIVF

I-FABP

H-FABP

VDSKNFDDYM

LKTHSTFKNT

LVHLQKWDGQ

EA

KSLGVGFATR QVASMTKPTT

EISFKLGVEF DETTADDRKV

ETTLVRELID GKLILTLTHG

Among the three FABPs, Cysteine is only present in L-FABP whereas tryptophan

is present in all FABPs except those from the liver (Paulussen and Veerkamp, 1990).

Intestinal FABP lacks proline and has a low serine content while heart FABP has a higher

threonine and leucine content. Corresponding FABP types from different species show a
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remarkable sequence homology suggesting that FABP amino acid sequence appears to

have been conserved throughout their evolution (Chan et al., 1985). Human and rat liver

FABPs (Lowe et al., 1985) and intestinal FABPs (Sweetser et al., 1987) have an 82Vo

sequence homology. Bovine, human and rat heart FABPs also show a very high degree of

homology (Billich et a1.,1988). Rat I-FABP has only 3lVo and26Vo homology with heart

and liver FABP, respectively (Sacchettini et al., 1986). Computer aided predictions of

secondary structure initially revealed the presence of relatively high content of both s-

helical and B-stranded structures (Chou and Fasman,1979). The c¿-helices and B-strands

form an altemating pattern of hydrophobic and hydrophilic domains (Takahashi et al.,

1983; Offner et al., 1988). This alternating pattern provides FABP with a hydrophilic

surface for solubilization in the aqueous cytoplasm and a distinct hydrophobic domain for

ligand binding (Paulussen and Veerkamp, 1990). A thorough investigation of the tertiary

structure of rat L-FABP using x-ray crystallography (Thompson et al., 1997) revealed

that the protein features a B-banel formed by 11 tightly folded antiparallel p-strands,

varying in length from 4 to l0 amino acid residues linked by hydrogen-bonding

networks. The two o-helices are located between the first and second p-strands. All

FABPs display a striking similarity with respect to their tertiary structure. Figure 6 shows

the typical "B-clam" structure of L-FABP.

The B-barrel structure possesses appreciable structural stability as it remains

virtually unaffected by chemical modification or targeted mutagenesis (Herr et al., 1996;

Prinsen and Veerkamp, 1996; Thumser et al., 1996). The introduction of bulky

fluorescent moieties at various positions did not alter the folding of I-FABP suggesting

that FABPs can accommodate major perturbations and still fold into their stable
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1.5.3.1 Díetary Regulatíon

Diets rich in fat lead to modest increases in H-FABP in heart and L-FABP in liver

and small intestine (Bass, 1985). L-FABP concentration, with respect to cytosolic

proteins, is minimally affected by acute starvation (Bass, 1988). When starved rats were

re-fed with a sucrose-rich diet for 24 hours, only a small change in either the total liver

content or cytosolic concentration of L-FABP was observed (Brandes and Arad, 1983)

suggesting that the substantial increase in hepatic lipogenesis that accompanies this diet

was incapable of increasing the expression of this protein above its maximum level. Thus,

it can be concluded that although hepatic L-FABP levels appear to be responsive to the

flux of exogenous fatty acids, it does not appear to be induced by an increased flux of

endogenous fatty acyl-CoA derived from lipogenesis.

1.5.3.2 Sex Differences

It is important to note that the cytosolic concentration of L-FABP is 1.6 - 1.7

times higher in the livers of mature female rats than in males (Ockner et al., 1979; Luxon

and Weisiger, 1993) whereas no sex difference was apparent in the intestinal tissue

FABPs. The higher concentration of L-FABP in female livers seems to be a result of

increased synthesis accompanied by an increase in L-FABP mRNA (Bass, 1985) without

alteration in the fractional rate of degradation of the protein. It is unclear at present

whether this increased FABP mRNA expression is due to gene transcription or mRNA

stabilization.
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l. 5.3.3 Phørmacological Treatments

Peroxisome proliferators are a large class of structurally diverse chemicals of

importance to the chemical and pharmaceutical industry that cause a dramatic increase in

the size and number of peroxisomes (Corton et al., 2000). These peroxisome proliferators

include hypolipidemic drugs such as gemfibrozil, clofibrate, ciprofibrate, fenofibrate,

WY-14,643, nafenopin, etc, plasticizers such as Di-n-butyl phthalate and D1-(2-

ethylhexyl) phthalate, herbicides such as lactofen, fomasafen etc, and solvents such as

perchloroethylene and trichloroethylene. Recent results suggest a pivotal role for a

member of nuclear receptor superfamily called peroxisome proliferator-activated

receptors (PPAR) in mediating the effects caused by peroxisome proliferators. PPAR also

play a central role in regulating the storage and catabolism of dietary fats. Essentially

most major metabolic pathways appear to be under the control of one or more PPAR

regulated genes. PPAR play an important role in the regulation of fatty acid oxidation

and energy expenditure during fasting and is predominantly expressed in hepatocytes,

cardiomyocytes, enterocytes and kidney renal cortex. Target genes of PPAR encode a

relatively homogenous group of proteins required for cellular fatty acid uptake and

oxidation, and lipoprotein assembly and transport. These include cytosolic FABPs, and

enzymes of the mitochondrial p-oxidation and ketogenesis pathways (Escher and Wahli,

2000).

Administration of hypolipidemic peroxisome proliferators such as clofibrate,

nafenopin, tiadenol, etc have been shown to increase L-FABP concentration in liver

(Brandes et al., 1990). All these agents possess the ability to produce a striking

proliferation in the tissue content of peroxisomes. Lipid-lowering drugs that do not
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induce peroxisomes such as probucol fail to induce L-FABP (Kawashima et al., I}BZ).

Clofibrate treatment leads to increased L-FABP concentration in liver and intestines to

values 2 -3 fold higher than control (Khan and Sorof, 1994). The induction of L-FABP

by clofibrate seems to be mediated through an increased FABP mRNA synthesis without

any alteration in its degradation rate (Bass, 1988).

Reports of sex-related differences and physiologic variations of L-FABP content

during pregnancy and lactation suggested the possibility of hormonally mediated effects.

Glucocorticoids were found to inhibit FABP expression in vivo (Nakagawa et al., Igg4).

L-FABP expression was found to be greatly reduced upon treatment of rat hepatocytes

with the synthetic glucocorticoid dexamethasone ffoucaud et a1., 1998). The effect of

dexamethasone-mediated down-regulation of L-FABP was suggested to be indirect and

secondary to decreases in intracellular fatty acid levels. The study was conducted in

primary cultures of rat hepatocytes that were treated with dexamethasone, insulin, and./or

bezaflbrate for 6 hours and monitored L-FABP mRNA levels using northern blot

analysis. It was found that insulin and endogenous glucocorticoids had no clear influence

on L-FABP gene expression in rat liver and a down-regulation was found with

pharmacological doses of dexamethasone.

1.5.4 Ligand-Binding

The hydropathy of FABPs is of great importance for their ligand interaction and

relative hydropathy plots were found to be different for liver, intestinal, and heart FABPs

(Sacchettini et al., 1986). A hydropathy plot is a graphical representation of hydropathic

scores assigned from a standardized set for each amino acid of a particular protein (Kyte

and Doolittle, 1982). Using these hydropathy calulations, one can identify various
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hydrophobic and hydrophilic regions in a protein. If particularly hydrophobic regions

exist this would mean that the protein is an integral membrane protein.

Binding of LCFA to FABP is noncovalent (Takahashi et al., 1983) and involves

both hydrophobic and ionic interactions. The bound fatty acid is located in the interior of

the protein, enveloped by the p-sheets, and has a bent conformation. Most of the

intracellular FABPs bind LCFAs only (chain length of C16 or more). Even within

FABPs, the ligand specificity differs, may be due to differences in primary amino acid

sequence (Glatz and van der Vusse, 1996). For example, the difference in ligand

specificity between L-FABP and I-FABPÆI-FABP is thought to be due to the presence of

the cysteine residue in L-FABP.

The binding stoichiometry is generally 1 mol of ligand per mol of FABPs, with

the exception of L-FABP, which can accommodate up to two ligands in its binding cavity

depending on the ligand size (Miller and Cistola,1993; Banaszak et al., 1994). L-FABP

binds heme, lysophospholipids, and bile salts in a l:1 stoichiometry, whereas the protein

binds fatty acids, bilirubin, bromosulfopthalein, hexachlorophene, fatty acyl derivatives,

and eicosanoids in a 2:I molar ratio with the second binding site showing a lower affinity

than the first (Cistola et al., 1988; Cistola et al., 1990). The binding affinities of L-FABP

and H-FABP for acyl-CoA esters are negligible compared to that of ACBP (Rasmussen et

al., 1990) whereas the affinity of L-FABP for heme and eicosanoids was reportedly

higher than that of fatty acids (Vincent and Muller-Eberhard, 1985; Raza et al., 1989).

Considering the unusual stoichiometry of fatty acid binding and a variety of lipids

that can bind to L-FABP, it has been hypothesized that the cavity size of L-FABP is

larger than that of other members of this family (Muga et al., 1993). From NMR studies,
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it is postulated that the fatty acids are bound to L-FABP with their carboxyl termini in a

more solvent-accessible conformation than in I-FABP (Cistola et al., 1989). The

mechanism by which L-FABP binds fatty acids also differs from H-FABP. According to

fluorescent studies performed, the transfer of fatty acids from L-FABP to liposomes was

not dependent on the liposomal concentration (Storch,1993). The study further suggested

that while H-FABP forms a transient collisional complex with membrane-like acceptors,

L-FABP favours monomeric soluble fatty acids during the binding reaction. These results

and others have led to the suggestion that hydrophobic effect plays a more important role

in ligand binding to L-FABP than it does to other intracellular lipid binding proteins

(Thompson et al., 1999). Thompson et aL concluded that L-FABP seems to be something

of an iLBP family outcast (Thompson et al., 1997). Thus, L-FABP is unique in many a

ways, which appears to be involved with a variety of other functions apart from being

involved with the intracellular trafficking of fatty acids.

1.5.5 Intracellular Fatty Acid Transport

Based on FABP's tissue expression, binding affinities, regulation, in vitro effects

on fatty acid transfer upon enzymes, it has been postulated that these proteins play an

important role in the transport of long-chain fatty acids (LCFA) (Kaikaus et al., 1990).

Such a role is supported by accumulating indirect and direct evidence from the past

several decades. These include molecular level in vitro modeling of ligand transfer

mechanisms (liposomal transfers), whole cell studies of fatty acid uptake and intracellular

transfer as a function of FABP type and amount, and an examination of cells and tissues

from animals which lack expression of specific FABPs (Storch and Thumser, 2000).
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Theoretical calculations involving equations derived for various model systems

that resemble conditions in the rat hepatocyte also support a role played by intracellular

FABPs in facilitating transcytoplasmic fatty acid transport (Tipping and Ketterer, 1981).

Experiments using the fluorescent probe NBD-stearate in L-FABP expressing HepG2

cells provided strong support for a role of FABPs in intracellular transport of fatty acids

(Luxon and weisiger, 1993; Luxon, 1996; Luxon and Milliano, L999; Luxon et al.,

2000). As shown in figure 7, cytosolic transport to, or from, various intracellular

organelles may be mediated by intracellular FABPs (Storch and Thumser, 2000).

Therefore, cytosolic FABPs may participate in channelling LCFAs to various metabolic

sites as well as acting as binding sinks for ligands.

A number of in vitro studies have shown that FABPs can facilitate several

enzyme-catalyzed reactions involved in fatty-acid utilization or production by delivering

the fatty acid substrate or removing the product, respectively (Glatz and van der Vusse,

1996). The mechanism of interaction of cytosolic FABPs with intracellular sites of

metabolism for LCFAs is poorly understood.

1.5.6 Summary of Biological Functions - FABPs

The following established and putative functions are attributable to cytosolic

FABPs (Glatz and van der Vusse, 1996):

Established Functions :

Binding of LCFAs including their selection, trapping, solubilization and

compartmentalization

Binding of heme, bilirubin, prostaglandins, selected hepatocarcinogens

Co-factor for reactions in which fatty acids are substrates or regulatory agents

a)

b)

c)
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Putative Functions:

a) Modulation of mitosis, cell growth, cell differentiation

b) Participation in the signal transduction pathways and in fatty acid regulation

of gene expression

Protection against adverse effects of LCFAs and oxidized LCFAs

Protection against oxidative stress

Figure 7. Intracellular transport of LCFAs. Cytosolic transport to, or from, various
intracellular organelles, including mitochondria, endoplasmíc reticulum, peroxisomes,
nucleus and lipid droplets, may be mediated by FABPs. FA: fatty qcid; FABP: fatty acid-
binding protein; FAS: fatty acid synthetase. Adapted from Storch et aI. (Storch and
Thumser,2000).

1.6 Mechanisms ol Hepatocellular LCFA uptnke - Binding Proteins

The exact molecular mechanisms for the transport of fatty acids across cellular

membranes and the precise functions of the membrane-associated and cytosolic L-FABP

in this process are not clear. The involvement of serum albumin, an extracellular fatty

acid carrier, in LCFA uptake has generally been assumed to be in the solubilization of

c)

d)
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fatty acids in the aqueous environment to provide a pool of bound fatty acids to replenish

unbound fatty acid pool depleted by the uptake process. However, under normal

physiological conditions, the concentration of albumin-bound LCFA pool greatly exceeds

the uncomplexed pool (Spector et al., 1969). Also, serum albumin is known to associate

tightly with cell surfaces (Dziarski, 1994) providing a large pool of complexed fatty acids

to the cell surface. The presence of a functionally specialized membrane in hepatocyte

plasma membranes could directly exploit this large pool of albumin-complexed LCFAs

through a protein-protein interaction causing conformational changes in albumin. Plasma

membrane fatty acid transporters such as FABP'-, FATP, FAT/CD36 (negligible in the

liver), caveolin, etc could participate in such an interaction with albumin facilitating

LCFA uptake.

The transmembrane translocation of fatty acids could take place i) by simple

diffusion of fatty acids through the lipid bilayer (Za\<tm,1996); ii) by a membrane protein

acting as a translocase or flippase catalyzing the flip-flop of fatty acids from exoplasmic

side to the cytoplasmic leaflet of the bilayer (Stremmel, 1988); and iii) by translocation of

fatty acids through a pore or channel formed by a membrane protein (Glatz and van der

Vusse, 1996). Once the fatty acids reach the cytoplasmic side, they would be bound to

intracellular L-FABP and transported to target sites as shown in Figure 8.

Being a peripheral membrane protein, FABP'. is more likely to be involved in the

binding of fatty acids from albumin initially acting as an extracellular fatty acid acceptor.

The protein may then directly translocate the bound fatty acid to the inner aspect of

plasma membrane by flip-flop, or via a specific transport system involving integral

membrane protein such as FATP. Cellular uptake of LCFA is shown to be inhibited by
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1.7 Hepatocellular Growth & Proffiration

There is clear evidence available that cytosolic FABPs influence cell growth and

differentiation. The exact mechanism of their action in cellular mitogenesis is unclear.

Sorof et aI. (Sorof , 1994) identified a 14kDa polypeptide, which is markedly increased

both during mitosis and regeneration in normal livers as well during neoplastic

regeneration (Custer and Sorof, 1984; Custer and Sorof, 1985). This protein has also

shown to be the target of activated metabolites of some genotoxic and non-genotoxic

carcinogens. The protein was later conclusively identified by the group as L-FABP

(Bassuk et al., 1987).In contrast, H-FABP appears only in normal lactating cells and not

in tumor mammary cells (Grosse et al., 1991). Also, transfection of a cDNA clone of H-

FABP into breast cancer cells results in the loss of tumorigenicity (Huynh et al., L996).

Other FABP types such as A-FABP have been implicated as an important component of

the pathway(s) leading to bladder cancer development (Celis et al., 1996).

Such studies led us to propose that cells may express different FABP types

depending upon their specific states of cell proliferation. Das et aI. reported a dramatic

increase in L-FABP and I-FABP in addition to the decreased H-FABP in prostate cancer

cells compared to normal prostate cells (Das et al., 2001). They also reported that normal

prostate cells express high levels of A-FABP and E-FABP that decreases with an increase

in the progression of tumor stage. On the contrary, the levels of L-FABP and I-FABP are

very low or undetectable in normal cells and are found in high levels in cancer cells and

tumor samples. These findings suggest that the expression of cytosolic FABP is strongly

associated with cellular proliferation.
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Prostaglandins and leukotrienes have been implicated in the modulation of cell

growth (Cerutti, 1985) and have been reported to bind wirh L-FABp with high affinities

@utta-Roy et a1., 1981). There is evidence that cis-unsaturated LCFA can activate

protein kinase C that has been associated with increased proliferation in many cell types

(Craven et al., 1987). Thus, there is increasing evidence that fatty acids play a key role in

cellular growth and multiplication and it logically follows that L-FABP, by virtue of their

affinity for LCFA, could serve as potential modulators of mitogenesis. Higher levels of

L-FABP have been shown to enhance cellular growth and proliferation. The effect of

peroxisome proliferator treatment of L-FABP expressing and non-expressing cells on

their growth rate was studied (Khan and Sorof, 1994).It was found that with increasing

L-FABP levels, there was an increase in growth rate. Intracellular L-FABP level was

associated with the induction of hepatocellular mitogenesis (Sorof, 1994). This may be

due to availability of long-chain fatty acids, which increased with increased L-FABP

content. Thus, a strong association has been established between L-FABP and

hepatocellul ar mitogenesi s

1.8 Hepatocellular Oxidant Støtus

The liver is the principal detoxifying organ responsible for the metabolism of

virtually all foreign substances including drugs, cefain vitamins, carcinogens, pesticides,

herbs and other environmental pollutants (Farrell, 1994). The duration of the

pharmacological or toxicological action of these lipophilic substances is determined by

their residence time in the body which, in turn, is dependant on the metabolizing capacity

of the liver. The various biochemical pathways in the liver render these lipophilic

substances more hydrophilic, yielding water-soluble products that can be excreted in the
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urine or bile (Weinshilboum, 2003). Such hepatic biotransformation reactions involve

oxidative pathways, primarily by way of cytochrome P-450 enzyme system (I-ne,2003).

The energy required for these important tasks are obtained from intracellular

mitochondrial electron transport that utilizes molecular oxygen resulting in a rich source

of reactive oxygen species (ROS). Therefore, hepatocytes are at a higher risk from ROS

mediated damage than any other cell type. Do hepatocytes have other defence

mechanisms other than the endogenous antioxidants superoxide dismutase (SOD),

glutathione peroxidase (GPx) and catalase?

Recently, evidence has started accumulating on the protective role of intracellular

FABPs in various cell types. The reperfusion of ischemic myocardium was associated

with the accumulation of non-esterified fatty acids and other thioesters, which are known

to cause arrhythmia and myocardial dysfunction (Jones et al., 1990). Intracellular H-

FABP is likely thought to play a significant role in the ischemic heart because of its

ability to bind fatty acids and their thioesters with high affinity. In that report, it was

shown that 10 pM H-FABP was able to inhibit both superoxide (Oz -) dependant

cytochrome C reduction and hydroxyl (OH ) free radical dependant dihydroxybenzoic

acid formations in cardiac myocytes. The ability of H-FABP to inhibit hydroxyl radical

dependant reactions suggested that it may protect phospholipids from the free radical

attack and thus can act as a biological free radical scavenger.

Samanta et al. compared the free radical scavenging action of albumin,

myocardial H-FABP, and dialyzed cytosol (Samanta et al., 1989). H-FABP appeared to

be more efficient in scavenging superoxide and hydroxyl radical compared to albumin.

Dialyzed cytosol was used as control where it was comparable with H-FABP. The group
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also noted that H-FABP level decreased during ischemia and reperfusion. Hence it was

reasonable to speculate that cellular injury may arise from a decrease in H-FABP-linked

free radical scavenging activity. They concluded that in normal cells, free radical

scavenging activity of H-FABP may spare the attack of free radicals on membrane

phopholipids, thus, preserving membrane integrity.

Bennaars-Eiden et aI. reported the identification of the epithelial fatty acid-

binding protein (E-FABP) as a molecular target for 4-hydroxynonenal modification both

in vitro and in vivo (Bennaars-Eiden et al., 2002).4-hydroxynonenal is a cytotoxic alpha,

beta-unsaturated acyl aldehyde that is naturally produced from lipid peroxidation and

cleavage in response to oxidative stress and aging. Such reactive lipids covalently modify

cellular target proteins, thereby affecting biological structure and function. They showed

that 4-hydroxynonenal covalently modified E-FABP in vitro, as revealed by a

combination of matrix-assisted laser desorption ionization-time of flight mass

spectrometry and immunochemical reactivity using antibodies directed to 4-

Hydroxynonenal-protein conjugates. They identified Cysteine 120 of E-FABP as the

major site of modification determined through tandem mass spectral sequencing of tryptic

peptides, as well as analysis of E-FABP mutants CI20A, CI27A, and CI20NC|27A.

Those results indicated that E-FABP functions as an antioxidant protein by scavenging

reactive lipids through covalent modification of Cysteine-I2}. Retinal FABP has also

been shown to exhibit protection against lipid peroxidation in ocular rod outer segments

(Guajardo et al., 2002). The study concluded that retinal FABP acts as an intracellular

free radical scavenger, protecting membranes exposed to lipid peroxidation from

deleterious effects. All of these findings suggest that intracellular FABPs play a
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significant physiological role as an antioxidant protecting cells during the oxidative

process.

L-FABP's abundant presence in the liver (2-57o of the cytosolic proteins) could

make it a target of free radical attack and hence as a consequence, there is every

possibility that L-FABP might scavenge these free radicals. L-FABP contains cysteine

and methionine groups, which are also established to have antioxidant properties

(Thomas et al., 1995; Levine et al., L996).It was also shown that L-FABP binds oxidized

fatty acid derivatives, derived from lipid peroxidation of structural membrane lipids, with

a high affinity (Ek-Von Mentzer et al., 2001). Theoretical considerations suggest a

possible role for L-FABP as an endogenous free radical scavenger. Yet the question of

whether L-FABP protects hepatocytes from oxidative stress remains unanswered and

warrants experimental investigation.
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Chapter 2

Hypothesis & Objectives
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Fatty acid transporters such as albumin (extracellular), FABPp. (plasma membrane,

hepatocytes) and L-FABP (intracellular, hepatocytes) may also be involved in other important

physiological functions related or unrelated to their fatty acid transport function. This belief

stems from much information relating to the protein's physicochemical properties, abundant

presence, pattern of expression, binding characteristics, strong associations with important

cellular phenomena, etc. This led to the hypothesis that fatty acid transport proteins such as

albumin, plasma membrane binding proteins and intracellular FABPs play a major role in

important cellular events such as LCFA uptake & transport, mitosis and antioxidant defense. The

current thesis tested three distinct yet related hypotheses:

Hypothesis I

Hepatocellular LCFA uptake occurs from both the unbound and albumin-bound fractions

and the extent to which each fraction occurs is directly related to their transport by passive

diffusion and binding protein facilitated transport.

Hypothesis 2

Pharmacological modulation of cytosolic binding proteins and not membrane binding

proteins affects hepatocellular proliferation.

Hypothesis 3

Pharmacological modulation of cytosolic binding proteins affects hepatocellular

antioxidant status
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Objectives:

The main objectives of the thesis were to investigate the rore of:

i) albumin and plasma membrane binding proteins in the hepatocellular uptake of

LCFAs;

ii) modulating cytosolic L-FABP levels in hepatoma proriferation;

iii) modulating cytosolic L-FABP levels in hepatocellular antioxidant status.
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Chapter 3

Role of Binding Proteins in Hepatocellular
Transmembrane LCFA flux
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3.1 Introduction

LCFA are highly lipophilic protein-bound substrates utilized by cells to meet energy

demands and synthesize cellular components. Understanding the fundamentals of the uptake

process for these hydrophobic organic anions is both crucial and central in mapping their

intracellular disposition. This is especially of paramount importance in clinical disorders such as

nonalcoholic steatohepatitis, cholestasis , fatty liver, etc. Despite the fact that these substrates are

extensively albumin-bound, hepatocytes extract them with a very high efficiency (Fleischer et

al., 1986; Weisiger and Ma, 1987). The presence of sinusoidal fenestrations together with the

lobular architecture of the liver help provide a large surface area for albumin-ligand complexes

to interact. Although there is a vast body of literature available regarding the cellular

transmembrane flux of these ligands, still unclear are events occurring at the outer plasma

membrane leaflet with respect to the role of extracellular binding proteins in the uptake process

(Cai et al., 1992; Burczynski and Luxon,1995', Trigatti and Gerber,7995; Berk, 1996;Zal<tm,

ree6).

Several theories have been postulated and a variety of explanations have been advanced

to explain the hepatocellular LCFA uptake process (refer to 1.3.3). There is no argument that the

unbound ligand is ultimately the substrate for transmembrane flux since the hepatocyte albumin

extraction is negligible (Bernstein et al., 1966; Forker and Luxon, 1981; Burczynski et al., 1989).

The controversy is whether spontaneous ligand dissociation from albumin-ligand complexes is

sufficient to supply uptake or an interaction between the albumin-ligand complex and cell

surface leads to further unbound ligand being made available for the uptake process.

An important recent realization is the role FABPpm âs â facilitator of LCFA transport

across the cell membrane (Stremmel, 1989; Stremmel et al., 200I). Since hepatocyte albumin
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extraction is negligible (Bernstein et al., 1966; Forker and Luxon, 1981;Burczynski et al., 1989),

the most feasible model for transport appears to be that described by Stremmel's group

(Stremmel et al., 2001). They suggested that LCFAs are presented to hepatocytes as fatty

acid:albumin complexes. In the close proximity of hepatocellular membrane proteins with high

affinity for fatty acids, e.g., FABPpm or FATP or FAT/CD36, these complexes dissociate and the

LCFA binds to the proteins as the first part of the membrane process. The fatty acids now flip-

flop across the phospholipid membrane bilayer as uncharged ligands via a transmembrane

concentration gradient and then associate with L-FABP or with caveolin-l at the cytosolic

surface of the plasma membrane. Support for docking of fatty acid:albumin complexes with

FABPp. rather than a prior dissociation in the vicinity of FABP',' is provided by Burczynski et

al. (Burczynski et al., 200L). Using chemically modified albumin to yield proteins with

isoelectric points (pI) ranging from 4.9 to 8.6 and similar dissociation rates, they found that

uptake of [3H]-palmitate (t3Hl-PA) was greater in the presence of proteins possessing higher pI

values and therefore concluded that the protein-ligand complex does in fact interact with the

cell's plasma membrane.

Luxon (Luxon, 1996) used laser photobleaching in male and female livers and a L-FABP

inhibitor to show that L-FABP modulates the cytoplasmic transport of NBD-stearate by reducing

its binding to immobile cytosolic membranes. This mechanism was confirmed in clofibrate-

induced L-FABP livers (Luxon et al., 2000; Milliano and Luxon ,2001), in pregnant (Hung et al.,

2003) and in diseased livers (Hung et al., 2005). Hung et aI (Hung et al., 2005) have shown rhat

the permeability surface area product (PS) for palmitate uptake in perfused livers for pregnant

female rats was greater than clofibrate treated male rats which was greater than female rats
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which were greater than male rats, emphasizing the role played by L-FABP in palmitate uptake

by hepatocytes.

In this study I investigated the hypothesis that uptake of LCFA occurs from both the

unbound and albumin-bound fractions and that the extent of differences in uptake from the

unbound and albumin-bound fractions could be directly related to their transport by passive

diffusion and membrane fatty acid binding protein facilitated transport. The relative contribution

of unbound and albumin-bound palmitate was determined by investigating the palmitate uptake

rate in the presence of varying albumin concentrations while maintaining the unbound palmitate

concentration constant. If uptake occurred from the unbound pool then uptake should be constant

with increasing albumin concentration as predicted by the conventional theory (Sorrentino et al.,

1989). However, if uptake is linearly related to the increase in albumin concentration then one

may expect that the albumin-ligand fraction may be involved in the uptake process. The relative

importance of passive diffusion and membrane facilitated transport pathways were assessed by

uptake studies in the presence of rabbit antisera, raised against L-FABP, in 1548 cells and

examining the extent to which the unbound and protein-bound palmitate permeability sur{ace

area (PS) products had been affected. These findings were validated using perfused rat livers. To

eliminate the possibility that radiolabeled impurities lead to misleading results, the study was

repeated using a fluorescent labeled LCFA (l2-NBDS) in l548-hepatoma cell monolayers.

3.2 Materials and Methods

¡3H1-Palmitate (56.5 Cilmmol) and Na[l2sl] were purchased from New England Nuclear.

12-(N-methyl)-N-[(7-nitrobenz-Zoxa-I,3-diazol-4yl-)amino]octadecanoicacid (12-NBDS) was

obtained from Molecular Probes @ugene, Oregon). Heptane was purchased from Fisher

Scientific (Pittsburgh, palmitate). All other chemicals including albumin (essentially fatty acid-
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free bovine serum albumin; BSA), fetal bovine serum (FBS), palmitic acid and stearic acid were

obtained from Sigma Chemical (St. Louis, MO). The aqueous buffer used throughout all

experiments was phosphate buffered saline (PBS), which had a composition of (in mM) 137

NaCl, 2.68KC| 1.65 KH2POa, and 8.92 NazI{PO¿. The pH was adjustedtoT.4 using 0.1 N

NaOH.

3.2.1 Preparation of [12sI]-BSA

To substantiate previous work showing that uptake of the BSA-ligand complex is

negligible during the study period, ¡I25I1-BSA uptake studies were conducted. BSA was

radioiodinated by slightly modifying the chloramine-T method previously described by

Greenwood and Hunter (Greenwood and Hunter, 1963; Burczynski et a1.,2001). Na ¡12sI1 1-1

mCi) and 5 mg/ml of freshly prepared chloramine-T solution were added to an equal volume of

prepared BSA solution in an injection vial. The contents were well mixed and allowed to react

for 5 min at room temperature after which 5mg/ml of freshly prepared sodium metabisulfite

solution was added. The contents were transferred to a molecular sieve column for separation of

the iodinated BSA and free Na¡r25I1. The ¡t2sI1-BSA solution was further purified by extensively

dialyzing against PBS using 3,500 MWCO Spectra./Por membrane (Spectrum Labs Inc, USA)

and finally concentrated using Biomax Ultrafree Centrifugal Filters (MWCO 5,000), Millipore,

USA. The ¡125I1-BSA solution was washed 5 - 6 times with distilled water and centrifuged in the

Biomax Centrifugal Filters to wash off any unreacted Na ¡125q.

3.2.2 Purification of l3H]-palmitate

Our laboratory has previously shown the importance of purifying radiolabeled palmitate

(Elmadhoun et al., 1998). We concluded that without purification results may be misleading.

Thus, we routinely purify our radiolabeled ligands. Manufacturer-supplied [3H]-palmitate
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(referred to as stock f3H]-palmitate) was further purified prior to use as described previously

(Borgstrom, 1952; Elmadhoun et al., 1998). 1.0 ml of the stock [3H]-palmitate was added to 0.98

ml of distilled water (l8-MQ'cm) containing 0.1M NaOH and approximately I mg thymol blue.

The solution was vortex-mixed with I.2ml of heptane for 60 seconds and allowed to separate

into two phases. After separation, the heptane phase was discarded, fresh heptane added, and the

procedure repeated another 2 times. During the third extraction the aqueous phase was acidified

using two drops of 6 N HCI and the mixture vortexed for 60 s. The purified [3H1-palmitate in the

heptane phase was harvested, fresh heptane added to the acidified aqueous phase, and the

procedure repeated twice. All of the heptane phase fractions were collected and pooled. The

heptane was evaporated in a multi-block heated sand-bed using nitrogen gas until approximately

10-20 ¡ll heptane remained. At this time 1 ml of I00Vo ethanol was added. The purifieO ¡3Ui-

palmitate was stored in ethanol at -20"C until used.

3.2.3 Determination of Unbound Palmitate Concentration

To examine the driving force for uptake, it is critical to keep free (unbound) ligand

concentration constant at all protein concentrations being studied. The unbound [3H]-palmitate

concentration was determined using the heptane:buffer partition ratio previously assessed for this

type of analysis (Borgstrom, L952: Burczynski et al., I993c; Elmadhoun et al., 1998). Although

there are several methods available for determining the unbound concentration such as

florescence emission, equilibrium dialysis, erythrocyte ghost-albumin partitioning, etc, the

simplest and most widely used technique is heptane:buffer partitioning. Purified [3H]-palmitate

(tracer concentration - I nM) was added to solutions of PBS containing 5,25, 50, IZ5, ZS0,3jS,

or 500 pM BSA that were freshly prepared prior to each experiment. The unbound palmitate

concentration was measured by heptane:buffer partitioning as previously described (Spector et
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Figure 9. Heptane:buffer partitioning vial

The unbound palmitate concentration was adjusted to remain constant at each BSA

concentration by the addition of unlabeled palmitate. The unbound [3H]-palmltate fraction (cx)

was calculated using

G=PR*/PR-

where PR* is the heptane:buffer partition ratio of [3H]-palmitate acid in the presence of BSA and

PR- is the heptane:buffer partition ratio in the absence of BSA. The partition ratio PR was

calculated as,

PR=TRn/TRu

where, TR1, is the total radioactivity in the heptane phase and TR6 is the total radioactivity

measured in the buffer phase. The PR- was not assessed in this study but the value of 702 was

taken from our previous report (Elmadhoun et al., 1998). The apparent equilibrium binding

constant Ku was calculated as,

Ku= (1 - cr) / crCo

where, C. is the concentration of albumin. Data were obtained from six separate experiments of

triplicates.

3.2.4 Preparation of Hepatocyte Suspensions

Studies were performed in accordance with the principles and guidelines of the Canadian

Council on Animal Care and the University of Manitoba Animal Care Committee. Female

Sprague-Dawley rats (200-2509), purchased from University of Manitoba breeding stock, were

housed in a temperature-light controlled room (22o C; lights set on a I}-hr on and 12-hr off cycle

starting at 0600 hr) and allowed Agway Prolab Animal Diet (Agway County Foods; Syracuse, NY)
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and water ad libitum. Hepatocyte suspensions were prepared by the collagenase perfusion

described previously by our group (Burczynski et al., ßgg).

Animals were anesthetized with an intraperitoneal injection of pentobarbital (50 mglkg).

An abdominal midline incision was made exposing the portal vein. Loose ligatures were placed

beneath hepatic aÍteÍy, inferior vena cava that is superior to the renal vein and around portal vein to

facilitate quick closure after initiating perfusion. Portal vein was cannulated using a 24 G Jelcow

winged I.V catheter (Critikon, FL, USA) following which the loose ligatures were tightened. The

mid-line incision was quickly extended through the thorax exposing the rat myocardium.

Cannulation of the aorta established a perfusion system wherein livers were perfused in situ at 20

ml/min initially with oxygenated Swim's S-77 medium containing 5 mM EDTA for approximately

8 min, and thereafter with Swim's S-77 medium containin g25 mg/dLcollagenase and 5 mM CaCl2

for approximately 10 min. Perfused livers were excised, combed free of connective tissue, and

filtered through 150 mesh followed by 50-mesh stainless steel filters (Sigma Chemical Company,

St. Louis, MO). Parenchymal cells were separated from nonparenchymal cells by centrifugation at

55xg for 3 min several times. The isolated hepatocytes, which represented more than 95Vo of the

isolated cell population, were stored at room temperature and used within 2 h. Cell viability was

greater than 907o as assessed microscopically visualizing trypan blue exclusion before and after

uptake experiments.

3.2.5 Hepatocyte [3H]-palmitate and [12sI]-gSA Uptake

The isolated hepatocyte suspension (22 x 106 cells equivalent) was added to 5 ml BSA

solutions, which also contained labeled (either purified or stock [3H]-palmitate, -1 nM) and

unlabeled palmitate. The solutions were maintained at 37oC using a Water Thermostat

recirculating water bath (Radiometer, Copenhagen, Denmark) in 20 ml pyrex uptake tubes.
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3.2.6 Cell culture

Rat hepatoma cells (1548 cell line), a viral induced rat hepatic tumor cell line, were

maintained in Dulbecco's Modified Eagles Medium (DMEM), 107o FBS, penicillin and

streptomycin (50 units/ml) at37oC in a humidified atmosphere of 5% CO2.

3.2.7 12-NBD Stearate uptake procedure

A Nikon inverted microscope, with epifluorescence optics, was used to record the

fluorescence intensity over time of the fluorescent probe 12-NBD stearate. The method

employed was modified from procedures described previously (Storch et al., l99I; Elsing et al.,

lees).

3.2.7.1 I2-NBDS Uptake

Uptake studies used the cultured 1548-hepatoma cells grown to confluence on 24 well

plates. One hour prior to uptake measurements, cells were incubated with fresh serum free

media. The unbound l2-NBDS stearate concentration was adjusted to remain constant at each

BSA concentration by adjusting the molar ratio of 12-NBD stearate-to-BSA obtained from the

[3H]-palmitate heptane:buffer partitioning data (refer to section 3.3.2). A 200 ¡rL aliquot of

various BSA solutions (5-500 ¡rM) containing fluorescent 12-NBDS was added to each well. At

specified time points (30-second intervals), the solution was quickly aspirated and cells washed

twice with ice-cold PBS (to remove any extracellular probe) and immediately taken to imaging.

3.2.7.2 Epifluore s c e nce Micro s c opy

The equipment involved a Nikon Diaphot TMD (Nikon Corporation, Japan) with

epifluorescence optics, Lamda DG-4 illumination system equipped with a 175 watt Xenon arc

lamp (Sutter Instrument Company, CA) and a 12 bit, I2.5 l\lftIz SensiCam CCD camera (Cooke

Corporation, NY). The equipment was turned on 30 mintues prior to imaging to allow both the
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lamp and the CCD cooler to stabilize. Cells were observed with a 20X objective and cell

exposures to argon laser were kept less than 2 seconds to minimize photo-oxidation of the probe.

Images were then acquired in the frame mode using 488 nm line of the argon laser and emission

light recorded after passing a 515-565 nm band pass filter. The recorded images were iater

analyzed using an Axon Integrated Imaging System (Axon Instruments). Any camera dark noise

was accounted for during camera calibration and was subtracted off the other images. The

increase in fluorescence intensity over time was compared to a standard curve generated by

recording the fluorescence intensities of increasing known concentrations of 12-NBDS in the

presence of 1548-hepatoma cell homogenates.

3.2.7.3 Standørd Curve

1548-Hepatoma cell monolayers were grown to confluen ce in 25 cm2 flasks and Z4-welt

plates following which the cells were trypsinized, harvested, and centrifuged. The resulting cell

pellet was then suspended in0.25 ml of 0.01 M PBS containing 0.154 M KCl, pH 7.4,4oC in 1.5

ml Fisher microcentrifuge tubes and lysed using a Fisher Sonic Dismembrator (Model 300,

FisherScientific, USA) to yield total cell homogenate. The protein concentration of the

homogenate was determined by the Bradford method (Bradford, 1976) using a Shimadzu-160

UV spectrophotometer (Shimadzu corporation, Japan) with BSA as the standard. The generation

of standard curve involved addition of 840 ¡rM l2-NBDS solution (2, 5,10, 15, 20,25 pL) to

control cell homogenates (equivalent protein concentration to homogenates collected from a

single well of a24 well plate), and made upto 200 pL final volume using PBS buffer in a 96 well

plate.
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3.2.8 Preparation of L-FABP Antisera

Details of the isolation and purification of rat liver L-FABP used in the preparation of L-

FABP antisera were described previously (She et al., 2002; Wang et al., 2004). Antisera was

raised against rat liver cytosolic fatty acid binding protein (L-FABP) by an intradermal injection

of the purified antigen in Freund's complete adjuvant into female New Zealand White rabbit,

followed by biweekly intramuscular booster injections of the antigen. Rabbit plasma was

harvested and stored frozen (-20"C) until required.

3.2.9 ¡3H1-Patmitate Clearance by l548-Hepatoma Cells in Presence of Antisera

The purified [3H]-palmitate uptake study by hepatoma monolayers was performed as

described previously (Stremmel et al., 1986; Burczynski et al., 1993b). Preliminary 1548-

hepatoma clearance studies performed in the presence of different antisera concentrations (1:750,

1:350, 1:100, l:50, 1:25) showed that 1:50 antisera-to-media exhibited a maximum inhibition in

[3H]-palmitate clearance. Any further increase in antisera concentration did not affect the

clearance rate. The 1548 hepatoma cells grown in culture flasks were sub-cultured and seeded

(3.0 x 105 cells/well) onto 24 well plates in DMEM containing 107o FBS. After the cells were

allowed to grow to confluence, cells were further incubated for 4 hours in the presence of serum

free DMEM. The Z$-well plate was allowed to equilibrate to 37oC in a sand bed multi-block

heater (Lab-Line Instruments, il., USA). Prior to uptake, the media was quickly aspirated,

washed once with 37oC PBS and incubated with 1:50 L-FABP antisera in serum free DMEM for

30 min. Control experiments were performed by incubating cells with 1:50 rabbit serum. At t=0

sec 5 pM and 100 pM BSA containing tracer concentration of [3H]-palmitate was added to the

culture plate wells. At 30 s intervals, the incubation solution (200 pL 5 ¡rM and 100 ¡rM BSA

solution containing [3H]-palmitate) was quickly aspirated, and uptake stopped by adding 0.5 ml
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ice-cold stop solution (PBS p}J7 .Q to each well. After 10 seconds, the stop solution was quickly

aspirated, washed once with ice cold PBS and finally cells were incubated with lysis buffer (I7o

Triton buffer) for a further 30 minutes. The cell lysate was counted for radioactivity using a

Beckman LS6500TA liquid scintillation counter. [3H]-palmitate clearance was calculated as

¡rU106cells/sec and finally expressed as a percentage of control.

3.2.10 In-situ rat liver perfusions

In-situ rat liver studies were performed by Dr Michael Robert's group in University of

Queensland under the guidance of Dr Frank J Burczynski in accordance with the University of

Queensland Animal Care Committee guidelines. Male Wistar rats (300-3509 body weight),

purchased from The University of Queensland Central breeding stock, were housed in a

temperature-light controlled room (22oC; lights set on a I2-hr on and 12-hr off cycle starting at 0600

hr) and allowed Rat & Mouse Nuts (Norco Stockfeeds; South Lismore, NSW, Australia) and water

ad libituru. The night prior to surgery animals were fasted. The surgical procedure used in this

study has been described previously (Cheung et al., 1996; Hung et al., 2003). Briefly, rats were

anesthetised by an interperitoneal injection of 10 mdkg xylazine (Bayer, Australia) and 80

mdkg ketamin-hydrochloride (Parnell Laboratories, Australia). Following laparotomy animals

were heparinized (heparin sodium, David Bull Laboratories, Australia, 200 units) via the inferior

vena cava. The bile duct was cannulated with PE10 (Clay Adams, NJ). The portal vein was

cannulated using a 16G IV catheter and the liver perfused via this cannula wtth I7o fatty acid

free BSA dissolved in PBS. Prior to entry into the liver, the perfusate was oxygenated using a

silastic tubing lung ventilated with lO07o oxygen. The perfusion system used was a non-

recirculating and employed a peristaltic pump (Cole-Parmer, IL). Following the initiation of liver

perfusion, animals were sacrificed by thoracotomy and the thoracic inferior vena cava was
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cannulated using PE 240 (Clay Adams). Oxygen consumption, bile flow, perfusion pressure and

macroscopic appearance assessed liver viability. Bolus studies employing Multiple Indicator

Dilution technique were performed following successful in-situ perfusion set up (Cheung et al.,

1996; Hung et al., 2003).

3.2.11 Bolus studies

Each liver was perfused at a rate of 25 rrü-lmin After a10 minute perfusion stabilization

period, a 50 ¡rL injection of ¡lac1-sucrose (1.5x106 dpm) and purified [3H]-palmitate (3x106

dpm) (Bolus 1) was administered through the portal vein cannula. Bolus injections were

completed in less than 1 sec. Prior to introduction of the Hamilton syringe injection needle into

the flowing perfusate, the injection needle barrel was wiped with a tissue wetted with heptane to

remove any adhered [3H]-palmitate on the outside of the stainless steel needle. Experiments in

which the needle barrel was not wiped with heptane were associated with slightly higher initial

outflow profiles, i.e., the first three outflow data points were significantly higher than the [toc]-

sucrose data points. Thus, the heptane wipe procedure eliminated any error associated in the

outflow samples during the initial upslope phase of the outflow concentration-time curves due to

adhered [3H]-palmitate. Outflow samples were collected using a fraction collector over 90

seconds (1 sec x 20, 4 sec x 5, 10 sec x 5). Following the first bolus injection, a second bolus

injection was administered in a similar manner with outlet samples being collected at identical

time intervals. Composition of the second bolus injection contained ¡3H]-water (3x10u dp-).

Aliquots (100 pL) of effluent samples from the first bolus injection were counted for [toC]-

sucrose radioactivity and total tritiated radioactivity ([3H]-palmitate and any [3H]-metabolites

that may be present) using a MINAXI beta TRI-CARB 4000 series liquid scintillation counter
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(Packard). Effluent samples from the second bolus dose ([3H]-water) were analyzed in an

identical manner.

A modification of the Dole procedure @ole, 1956) was used to separate [3H]-palmitate

from any ¡3U1-fatty acid metabolites (Hung et al., 2003). Briefly, an aliquor (100 pL) of effluent

sample (contained in a 2 mL Eppendorf tube) containing 77o BSA was treated with 50 pL of

I07o TCA. Following precipitation samples were centrifuged for 4 min at 13,000 rpm and the

supernatant was discarded. The eppendorf tube containing the pellet was cut at the level just

above the pellet and placed directly into a scintillation vial containing 2 ml Ready Safe

scintillate. The pellet was allowed to dissolve overnight and BSA-associated radioactivity

(representing [3H]-palmitate) was determined the following day. Two interventions were

performed in each perfused liver consisting of two bolus injections of radiolabeled material.

Livers were initially perfused with perfusate containing 17o BSA followed by perfusion wjth IVo

BSA and rabbit plasma containing L-FABP antisera. The vol:vol ratio of perfusate:rabbit plasma

was 700:1.

3.2.12 Data Analysis

The outflow concentrations for solutes were presented as outflow fraction per ml. The

resulting outflow concentration-time profiles were then analyzed. using the two-phase extended

convection-dispersion model. A detailed description of the theory and method for modeling has

been reported elsewhere (Roberts and Anissimov, 1999). Briefly, the concentration-time profile

for the vascular marker sucrose was modeled by the following equation in Laplace domain:
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where O is the flow rate, D¡¡ is the dispersion number Z" is the time parameter for sucrose, /¡o, is

the lag time due to the catheter and large non-exchanging vessels, a aîd b arc rate parameters to

correctly describe the tail section of the concentration-time profile. The mean transit time for

sucrose can then be determined as:

Mrr,=rlr*gl"[ b)

The palmitate concentration time profile was modeled as:

(2)

where parameter p describes the difference in extracellular space volume between the sucrose

and palmitate, andf(s) describes the cellular behavior of the drug. For the two-phase model we

have:

,f(s)=sffr,- 
k'k' 

(4)
s+ku+k,

where k7 is the permeation rate constant (=PS fupMp, P,S is the permeability-surface product, fup

is the free fraction of the solute in the perfusate, Vp is the volume of distribution of palmitate in

the perfusate), k2 is the efflux rate constant and ku=ClintNçis the intrinsic elimination clearance

normalized per hepatocellular volume Vc.

When diffusion in hepatocytes is a rate limiting function equation for f(s) becomes:

^lko 
(s + ft" ) tanhl./(s + k,) / ku )+ k,

(3)

(s)

where k¿ is the diffusion rate constant (-D/h2, D is the coefficient of diffusion in hepatocytes and

å is the effective thickness of the hepatocytes).
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The fractional outflow versus time data were fitted in the time domain using a numerical

inverse Laplace transformation of the appropriate transit time density function applying the non-

linear regression program SCIENTIST (MicroMath Scientific Software, Salt Lake City, UT).

Data were analyzed by a sequential procedure: First, the fractional outflow curve Cr(Ð of the

extracellular marker ¡lacl-sucrose was fitted using equation (1). Parameters Zs, D¡¿ and t¡o, warc

determined first (while d was set to zero) by fitting with the equal weighting, then these

parameters were fixed and a and b were determined by fitting with weighting of l/lobseru"d.

Parameters for sucrose were then fixed and fu and pwere determined (while k2was set to zero)

by fitting concentration-time profile for [3H]-palmitate with the equal weighting using equation

(3) with /(s) determined in equation (4) or (5). Parameter B was then fixed and, k1, k2, k" and. k¿

were determined by fitting palmitate data with weighting of l/yor,",u"¿. It was found that the

diffusion rate constant (k¿) was increased to infinity while fitting palmitate data. It was therefore

concluded that diffusion in hepatocytes was not rate limiting, and two-phase model (equation (3)

withf(s) determined in equation (a)) is concluded to represent palmitate data.

Non-parametric estimates of hepatic availability (Ð of [3H]-palmitate in various models

were determined from the outflow concentration (C) versus time (t) profiles from Equation (6)

using the parabolas-through-the-origin method (extrapolated to infinity) with the assistance of

the Moments calculator 2.2 program for Macintosh computer (purves,lgg2).

Q . AUC (6)F_
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tæ
where AUC : )oC(t)dt is the area under the solute concentration versus time curve, Q is the

perfusate flow rate, and D is the dose of solute administered. All concentrations used were

expressed in molar equivalents. Hepatic extraction ratio (E) equals to 1-F.

MTT = 
AUMC

AUC

AUMC is the area under the first moment curve.

(7)

(8)CVz = -4-MTT"

where:

It' c(t) ¿rJ'
o, = o= - MTTZ (9)

\ ,ç,¡ o,
0

3,2.13 Permeability Surface Area Product (Hepatoma Monolayer)

Uptake of purified t3Ul-pe comes from two components; transport and diffusion.

Previous work has shown that both the BSA-PA and the unbound PA fractions are involved in

the uptake process (4, 12, 13). Accordingly, we modeled the PS product for transport and

diffusion using total [3H]-palmitate clearance data from the isolated hepatocyte and the 1548-

hepatoma cell line [3H]-pe uptake experiments (the latter performed both in the presence and

absence of antisera), according to:

J,=PS,CT,+PSULU, (10)

Jr=PSrCrr+PSrCu,
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where; J is the flux of ¡3f¡-ee into the cell (mol/sec), PS1 and PSu are the permeabiliry surface

area products (transport and diffusion, respectively; Llsec, or L/106 cells/sec), C is the ligand

concentration (mol/L), and the subscribes of C viz., T, IJ, x, and y denote total ligand

concentration and unbound ligand concentration at two different BSA concentration (where x

was fixed at 5 pM and y was a BSA concentration > 5 pM). Equations (10) and (11) were solved

for PS1 and PS¡ at all BSA concentrations and compared to the PS parameters determined using

5 pM BSA. It is assumed that only the unbound or free PA diffuses across the plasma membrane

while both the unbound and protein-bound ligands interact with the transport component(s) of

the plasma membrane and that the parameters PSu and PSa are BSA independent.

3.2.14 Statistical Analyses

Data are presented as mean t SEM unless otherwise stated. The ¡z value refers to the

number of animals (in case of isolated hepatocytes or ir¿ situ rat liver perfusions) or number of

plates (in case of hepatoma cells) or number of replicates performed for each study. Data were

analyzed using linear regression analysis. The minimum level for statistical significance was set

at P<0.05.

3.3 Results

3.3.1 Unbound Palmitate Concentration

The unbound fraction (a) was calculated using a PR- value of 702 repoted previously by

our group @lmadhoun et a1., 1998). Samples of both the heptane and buffer phases containing

various concentrations of BSA were obtained after 24 h incubation. This time frame was

sufficient for equilibrium to be achieved (Burczynski et al., 1993c). Shown in Figure 1l is the

plot of unbound palmitate concentration (nM) versus BSA concentration (pM), using the
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palmitate:BSA molar ratios indicated in the legend and purified [3H]-palmitate. Calculation of

palmitate:BSA molar ratio included both the unlabeled and labeled palmitate. At all

palmitate:BSA molar ratios investigated (with the exception of the lowest molar ratio) the

unbound palmitate concentration increased with an increase in the palmitate:BSA molar ratio.

Figure 12 shows the plot of unbound palmitate concentration, determined using both the purified

and stock [3H]-palmitàte àt the various BSA concentrations using a fixed palmitate:BSA molar

ratio of 1:1 and 0.25:1, respectively. A lower molar ratio was selected for the stock [3H]-

palmitate studies to show that even at the lowest palmitate/BSA molar ratio (0.25:1),

radiolabeled impurities still contribute significantly towards calculating the unbound palmitate

concentration compared to that using purified [3H]-palmitate at a much higher molar ratio (1:1).

The higher unbound palmitate concentration determined using stock [3H]-palmitate showed that

radiolabeled impurities are likely responsible for the overestimation of unbound palmitate

concentration when using non-purified [3H]-palmitate.

3.3.2 Constant Unbound Palmitate Concentration

In orde¡ for us to test the hypothesis unbound palmitate concentration was adjusted to

remain constant over the range of BSA concentrations being investigated. Results in Figures 11

and 12 showed that varying amounts of unlabeled palmitate were required to be added in order

for the unbound palmitate concentration to remain constant at the different BSA concentrations

tested. The adjusted palmitate:BSA molar ratios following the addition of unlabeled palmitate

are shown in Figure 13. By varying the amount of cold palmitate added to the different BSA

concentrations, the unbound palmitate concentration was not significantly different over the

range of BSA concentrations (p>0.05). The addition of unlabeled palmitate statistically reduced

the palmitate:BSA molar ratio from the unadjusted values shown in Figures lI and 12.
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Figure lI. Plot of unbound palmitate concentration (nM) determined. using purified ttUl-
palmitate versus BSA concentration (range 0.1-500 pM) at various palmitate:BSA molar ratios
(MR) indicated. ^Unbound palmitate concentrations were determined by heptane:buffir
partitioning at 3f C. Each data point represents the meantSEM from six sepqrate experiments
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3.3.3 Hepatocyte Uptake of Palmitate

The rapid filtration technique, a well validated technique for studying ligand uptake by

isolated hepatocyte suspensions, was employed to study hepatocyte palmitate uptake (Stremmel

and Berk, 1986; Schwieterman et a1.,1988; Sorrentino et a1.,19S9) at 37oC. Hepatocyte uptake

of purified f3H]-palmitate at the different BSA concentrations is shown in Figure ru@). The

solid line represents results from regression analysis of the resulting uptake vs. BSA

concentration data. Slope of the least squares regression line was 0.011+0.001 pmoVsec/¡rM

BSA/106 cells (n:6), with a correlation coefficient (r) of 0.97. Further statistical analysis showed

that the regression line was significantly different from zero (P<0.0001). Palmitate uptake did

not exhibit saturation kinetics with increasing BSA concentrations when determined using

purified f3H]-palmitate. Stock f3H]-palmitate was used to study palmitate uptake by isolated

hepatocytes at a f,rxed palmitate:BSA molar ratio of 0.3:1. Because results showed that the

unbound concentration was BSA independent at low palmitate:BSA molar ratios, a very low

palmitate:BSA molar ratio was used to ensure that the [3H]-palmitate was constant. In contrast

to studies using purified [3H]-palmitate (Figure 14(a)), studies using stock [3H]-palmitate (Figure

15) showed that the initial uptake exhibited saturable kinetics with increasing BSA

concentration. The values for PSu*Cu and PS1*C1 at the different BSA concentrations are shown

in Figures 14(b) and la(c). PSu*Cu was constant at all BSA concentrations tested. The average

PSu*Cu was calculated to be 0.0015+0.00006 nmoles/l06 cells/sec. The PSI*C1 showed an

exponential increase with an increase in BSA concentration. Therefore, the assumption that PS

products of uptake were albumin independent was found to be true only with PSu*Cu but not

with PSr*C1, suggesting that the transport component for uptake is albumin-dependent while the

diffusive component is albumin-independent.
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Figure 14.(a). Hepatocyte palntitate uptake determined using purified [3 H]-patmitate versus BSA

concentration (5-500 ¡tM) usirtg palmitate:BSA molar ratio indicated in Figure 13. The

unbound palmitate concentration remained constant at all BSA concentrations tested. Slope of
the regression line was significantly dffirent from zero (P<0.0001) indicating that uptake is a
txon-saturable and increasing function of BSA concentration. Each data point represents
meantSEM (n=8).
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Figure 15.Hepatocyte palmitate uptake determined using stock [3H]-palmitate versus BSA
concentration (5-500 pfuI) and a 0.3: I palmitate:BSA molar ratio. The figure shows that uptake
was a saturable function of increasing BSA concentration. Each data poittt represents the
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3.3.4 l548-Hepatoma Uptake of l2-NBDS

It could be argued that uptake results using [3H]-palmitate reflected uptake of

radiolabeled impurities still present in the solution despite our efforts to minimize their levels.
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Thus, LCFA uptake by 1548-rat hepatoma monolayer cultures was studied using the fluorescent

12-NBD stearate analogue. To ensure that the 1548 hepatoma cells have similar LCFA uptake

properties to hepatocytes isolated from healthy rats, uptake studies were conducted using

purified [3H]-palmitate in the presence of 100 ¡iM BSA and 5 pM BSA and clearance ratio rates

at these two BSA concentrations were later caclulated. The clearance ratio of 5 pM (Cls) to 100

pM BSA (Clroo) by isolated rat hepatocytes was not statistically different from the clearance

ratio calculated using the 1548 hepatoma cell line (Cls/ Clroo =3.2 + 0.2 and Cls/ Clroo = 3.0 +

0.1, respectively, n=6). Thus, I concluded that the l548-hepatoma cells reflected similar LCFA

uptake properties to those of isolated hepatocytes. As such 1548-hepatoma cells were used for

l2-NBDS studies.

Storch et al. (Storch et al., I99l) described a quantitative fluorescence method for

studying the uptake of the fluorescent fatty acid analogue (n-AOFFA) by adipocytes. This

method was adopted for studying the uptake of LCFA by hepatocyte monolayers. To express

total stearate uptake as a concentration term rather than an index of fluorescence activity, a

standard curve was constructed by adding increasing amount of l2-NBDS to control 1548 cell

homogenates (per mg total protein). The standard curve was determined to be linear over the 12-

NBDS concentration range 21 nM to 84 nM (r=0.94) (Figure 16). The initial increase in cellular

fluorescence (l2-NBDS influx) at each BSA concentration was studied at 30 s intervals. Figure

17 shows 12-NBDS uptake (ni\4/ cell/sec) vs. BSA concentration (n=5). 12-NBDS uptake was

linear over the range of BSA concentrations studied (r>0.97). Slope of this line was determined

to be 0.08110.008 nÀ¿I/ cell/sec/¡rM-BsA (r=0.97) and regression analysis showed it to be

significantly different from zero (P<0.003, n=5). Figure 18 shows representative

photomicrographs of hepatoma l2-NBDS uptake recorded by epifluorescent microscopy.
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Figure 17. Hepatocyte L2-NBDS uptake yersus BSA concentration (5-500 ¡tM) using identical
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Figure 18. Representative photomicrographs of hepatoma I2-NBDS uptake recorded by
epífluorescent microscopy. The uptake buffer contained various BSA concentration (5-500 /tM)
using identical adjusted molar ratios of I2-NBDS:BSA to obtain the same unbound ligand
concentration from [3 H ] -patmitate data.
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3.3.5 Hepatocyte Uptake of [125I]-BSA

To overcome the issue of uptake of intact protein-ligand complexes, uptake studies were

conducted using radiolabeled ¡t2sI1-BSA. Results from ¡I2sI1-BSA clearance studies (n=6), using

the same palmitate:BSA molar ratios as in the [3H]-palmitate uptake studies, showed no

substantial hepatocyte uptake of ¡12sI1-BSA (p>0.05). Slope of the ¡r2sI1-BSA clearance vs. BSA

concentration curve was determined to be not statistically different from zero, -0.0027 + 0.0368

nl-/sec/¡rNl106 cells with a correlation coefficient of 0.01 (Figure 19). Thus, it can be concluded

that there was no substantial uptake of the palmitate-BSA complex by hepatocytes during the

time interval used in this study and that the LCFA was being transported across the hepatocyte

membrane in a nonprotein-bound form.

3.3.6 l548-HepatomaPalmitateClearance

To evaluate a possible role of surface transport protein-plasma binding protein interaction

that might lead to a facilitated protein-ligand dissociation rate and hence enhanced uptake,

purified [3tt]-pR clearance studies were performed in the presence of L-FABP antisera, using

100 ¡rM and 5 pM BSA (n=6). Clearance of [3H]-pR in the presence of 100 ¡t}d (2.9

nl-/106cells/sec) and 5 pM (9.1 nI-lß6cells/sec) BSA was substantially reduced in the presence

of L-FABP antisera by approximately 45 + 5 7o (1.6 nll106cells/sec) and 27 + 2 7o (7.I

nl-/l06cells/sec) from the control values, respectively (Figure 20). The decrease in clearance was

greater (p<0.01) in the presence of the higher (100 pM) BSA concentration than in the lower (5

¡rM) BSA concentration, suggesting that uptake may involve a complex composed of outer

membrane surface transport protein:plasma BSA interaction that may be responsible for the

enhanced dissociation of the BSA-bound ligand.
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3.3.7 Isolated Perfused Rat Liver Studies

In situ rat liver perfusion studies employing Multiple Indicator Dilution (MD) technique

were performed to investigate [3H]-palmitate uptake by isolated rat livers in the presence of L-

FABP antisera. Table 2 lists the results of non-parametric moment analysis for [3H]-palmitate

extracted with TCA tn I%o BSA (with and without L-FABP antisera). The [3H]-palmitate hepatic

extraction fraction was statistically smaller (34Eo) in the presence of lVo BSA perfusate

containing antisera than that in the absence of antisera. [3H]-palmitate was also associated with a

significantly longer mean transit time (MTT, P<0.05) in l7o BSA containing L-FABP antisera.

Table 3 lists the kinetic parameters for [3H]-palmitate extracted with TCA in various perfusates.

¡3H1-Palmitate was associated with statistically smaller kr (P<0.05), k/kzratio (P<0.05), and PS

(P<0.05) values in the 17o BSAperfusate with L-FABP antiserathan that inIVo BSA perfusate

without L-FABP antisera. In contrast, there were no significant difference in kz, kr, Vc, Vp, oÍ

CL¡,,¡ values for [3H]-palmitate in the two perfusates. These results indicated that L-FABP

antisera inhibited a surface transport protein that mediated [3H]-palmitate uptake. The addition of

L-FABP antisera to uptake media did not affect the unbound fraction. Also, it was found that

hepatocyte clearance of purified [3H]-palmitate was inhibited in the presence of 1:50 antisera

raised against L-FABP but not in the presence of rabbit serum (Rajaraman and Burczynski,

2004). Those results showed that the antibody binds and inactivates one or more of the fatty acid

transporters on the cell surface.

3.3.8 Permeability Surface Area Product (PS)

To evaluate whether the antisera affected the transport component and./or the diffusive

component of the uptake process, the PS was calculated for the unbound ligand and for the

protein-bound ligand (Table 4). The PS for unbound ligand was 14+1 ¡tIJsec/I06 cells, while
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that for the protein-bound fraction was 18+3 nIJsec/I06 cells (n=6). In the presence of antisera

at 5 ¡tM and 100 pM albumin, the PS product for unbound palmitate (12+1 ¡t"IJsec/t06 cells) was

not significantly different from the value in the absence of antisera at the same albumin

concentration whilst the PS product for the protein-bound fraction was statistically lower

0.70t0.06 nl-/sec/106 cells (n=6). These results, therefore, suggest that the antisera did not affect

the uptake of unbound [3H]-palmitate but did reduce the PS product for the albumin-bound

fraction, suggesting that the antisera selectively inactivated one or more plasma membrane fatty

acid transporters.
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Tøbte 2. Non-pørametríc moments analysis for extracted [3ï]-patmitate (MeanßD, n= 4)

oHepatic extraction ratio (E) = I-hepatic availability (F); bM"on transit
variance; d¡3H1-patmitate has a significantly smaller E (P<0.05) in 17o
perfusate without L-FABP ctntisera; "['H]-palmitate has a significantly
antisera than that in l%o BSA perfusate without L-FABP antisera.

Perfusate

1% BSA
17o BSA with
L-FABP antisera

Perfusate

uE

IToBSA
17o BSA with
L-FABP antisera

0.49+0.14

kr
_r.

sec^)

'0.34+0.07

ofu is the permeation rate constant; bkz is the ffiux rate consta7t; 'k, is the elùnination rate constant; dVc is the water hepatocellular volume;
",V, ß the volume of distribution of sucrose in the perfusate; fcl¡,,, is the intrinsic clearance; íPS is the permeability-surface area prod.uct;
t'[3H¡-palmitate was associatedwith a significantly smaller k1 @<0.05) in lVo BsAperfusate containing L-FABP antiserathanwithout the
antisera; í 

¡3 H1 -palmitate was associated with a si,gnificantly smaller klkz ratio (P<0.05 ) in I Vo BSA pàr¡rtot, with L-FABP antisera than
without the antisera;i¡3H1-palmitate has a signfficantly smaller PS (P<0.05) in tTo BSA perfusate with L-FABP antisera than without the
antisera. There is no significant dffirence in k2, k", Vc, Vp, and CL¡,,¡ values for [3 H]-palmitate in tlze dffirent perfusates.

0.16210.013
no.o94+o.oz4

Table 3. Kinetíc Parameters for extracted [3H]-palmitøte (Mean6D, n= 4)

,MTT

lsec)

k2
-1rsec )

0.015r0.005

17.48t3.35
"z4.Br+2.08

0.017r0.004
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"k.
- -t-(sec')

.CV

time (corrected for the catheter transit time); 'Normalized
BSA pefusate with L-FABP antisera than that in lVo BSA
longer MTT (P<0.05) in IVo BSA perfusate with L-FABP

0.042t0.026
0.034t0.017

2.41t0.89

h/kz

2.00+0.12

11 .76!3.45

'5.53+1.06

uvc

mL.e

0.8510.08

-lt.llver

0.79r0.09

"Vp
mL.s-lliver

0.32+0.04

0.29+0.05

'CLin,
(mL.min-1.g-lliver)

2.03t1.06
1.84!1.29

ml.min-1.s-tliu"t
83984116348

48392!7514

-86-



oo
U)

U)

ã10
c)

@o
)8
1
oocE6
õo
O

fL4
I

T
;2o
=L:f
fL

Figure20.Unbound [3H]-palmitate clearance rate at 5 and 100 ¡.tM BSA in the presence of t:50 L-FAB\ antisera (FABp-Ab) by
1S4g-hepatoma monolayer culture. Control experiments were compteted by incubating the cells with the corresponcling amount of
rabbit serum. Data are mean¡SEM (n=6)

100FM BSA

o
Oc
(s
L
(ú
o
õ
o-

I

I
cr)

.c
co
()
fõo
L

òS

sFM BSA

ovel Functional Aspects of Long chain Fatty Acid Binding proteins

100 ¡rM BSA 5 pM BSA

-87 -



Table 4. PS Product Values of Control and FABP Antiserø Treøted 1548 Cells

Treatment PSU

¡rl-/sec/106 cells

PST

nl-/sec/106 cells

Control I4+l 18+3

L-FABP antibody 12+I 0.7+0.06

Calculated permeability surface area product (PS) of dffisive (PSU) and transport

eSD using equations (10) anrl (11). þlux datafrom the uptake of [3H]-palmitate by

1548 celts from 100 ltM and 5 pM BSA solutions in the presence and absence of L-FABP
antiser were used to calculate the PS values. Data are mean + SEM (n=6).

3.4 Discussion

Understanding the drìving force(s) for the uptake of LCFA is important to

understanding the physiology/pathophysiology of lipid-related liver diseases. The present

study investigated a controversial issue surrounding the uptake process of highly

lipophilic cellular substrates. The argument focuses on the role of extracellular albumin

and plasma membrane binding proteins in the overall uptake process. The study was

aimed at answering two important questions - i) Are albumin-bound LCFA directly

involved in the uptake process, and, ii) Is hepatocellular LCFA uptake facilitated by

plasma membrane binding proteins?

In any experimental study involving radioactive ligands, it is imperative that

radiopurity be of the highest standard and is the case for stock [3H]-palmitate (radiopurity

of 98-997o). However, in the presence of binding proteins the majority (99.9Vo) of the

[3H]-palmitate becomes protein-bound. The remaining fraction (0.I7o) represents the
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unbound [3H]-palmitate fraction in the aqueous phase. If the supplied product is not

further purified, presence of l-27o radiolabeled impurities has the potential to profoundly

affect the conclusions and speculations regarding the overall uptake process.

Radiolabeled impurities have been identified in the supplied stock [3H]-palmitate solution

and removed by an alkaline extraction procedure (Burczynski et al., 1993c). Although

the purification process removed much of the impurities it will not and cannot remove

700Vo of them. Thus, in this report two methods were used for elucidating the role of

extracellular binding protein on the uptake process, namely, radiolabeled palmitate and

fluorescent stearate ( 12-NBDS).

Heptane:buffer partitioning method was used to measure the very low unbound

ligand concentrations used in this study. This method has been assessed by our group

both in the presence @lmadhoun et al., 1998) and absence (Burczynski et al., 1993c) of

varying concentrations of albumin. Contrary to other reports suggesting that the unbound

ligand fraction remained constant when the protein concentration is increased at a

constant ligand-protein molar ratio (Sorrentino et al., 1989), it is apparent from Figures

11 and 12 that the unbound concentration increased with an increase in protein

concentration at all molar ratios tested. Our group previously reported similar results

using purified [3H]-palmitate but at higher palmitate:BSA molar ratios (Elmadhoun et al.,

1998). In the current thesis it was showen that even at a much lower palmitate:BSA molar

ratio, the unbound concentration slightly increased with an increase in protein

concentration (Figure 11). It was, therefore, necessary to adjust the molar ratio from 0.3:1

at low albumin concentrations (5 ¡rM) to 0.2:7 at high BSA concentrations (500 ¡rM) to

obtain a statistically constant unbound concentration @igure 13).
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The reported independence of hepatocellular LCFA uptake on extracellular

albumin (Nunes et al., 1988; Sorrentino et al., 1989) at physiological albumin levels was

not confirmed in the current thesis when [3H]-palmitate was purified. Figure 14(a)

showed the linear relationship between hepatocyte palmitate uptake and extracellular

protein concentration when the palmitate:BSA molar ratio was adjusted to yield a

constant unbound palmitate concentration at different BSA concentrations. The

conventional theory states that if the unbound concentration remains constant while the

BSA concentration varies, the uptake rate also is expected to remain constant. Results in

Figure l4(a), however, show that hepatocyte [3H]-palmitate uptake increased

significantly with an increase in BSA concentration. This result leads us to believe that

uptake must occur from both the unbound and protein-bound fractions. However, using

stock or unpurified f3H]-palmitate at a palmitate:BSA molar ratio of 0.3:1, palmitate

uptake appeared to be saturable (Figure 15) with increasing BSA concentration,

supporting the work described by many others and the conventional theory for uptake.

The hyperbolic relationship was attributed to uptake of radiolabeled impurities that are

present in higher concentrations (l-27o) compared to the much lower concentrations of

unbound [3H]-palmitate (<0.I7o). Our purification procedure eliminated most lipophilic

alkaline organic soluble constituents but may not eliminate any highly lipophilic acidic

constituents. It is clear from Figure 15 that many of the radiolabel lipophilic alkaline

impurities present in the manufacturer-supplied product are candidates for the uptake

process. The dependence on BSA concentration shown in Figure 14(a) with purified

palmitate, however, suggested that lipophilic acidic constituents (if present) do not

significantly contribute to the uptake process. The linear relationship between [3H]-
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palmitate uptake and extracellular BSA concentration shown in Figure 14(a) may still

reflect uptake by radiolabeled lipophilic acidic impurities (to some extent). The

possibility existed that presence of lipophilic acidic contaminants may, to some extent,

affect the proper interpretation of these data. These contaminants may also affect the

resulting equilibrium binding constant. Thus, the equilibrium binding constant may be

much higher than that reported by us and other groups (Ku - 108 M-1¡. However, the fact

that similar Ku was obtainted as those reported using non-radiolabeled ligands suggests

that any lipophilic acidic impurities may not have a significant affect on the overall

uptake process.

In fact, uptake results with the impure radiolabel may actually support the finding

obtained with the pure compound. Impurities in the stock radiolabeled product appear to

have faster uptake rates than the purified palmitate and by a process which is saturable.

An apparent saturation of palmitate uptake is evident at about 100 pM BSA concentration

using stock solutions of palmitate. Keeping in mind that the radiolabeled impurities are

present in higher concentrations (L-27o) compared to the much lower concentrations of

unbound [3H]-palmitate (<0.77o), the effectively zero palmitate uptake above 100 pM

BSA for stock solution suggests negligible uptake by diffusion of free palmitate.

To overcome the difficulties associated with impurity issues of radiolabeled

palmitate, uptake studies were conducted using 12-NBDS. Uptake of l2-NBDS is known

to reflect the uptake process of other LCFA (Luxon and Milliano, 1997) and the issue of

impurity does not arise with substrates such as l2-NBDS. Therefore, using similar

adjusted molar ratios of stearate, uptake of 12-NBDS was studied by l548-hepatoma

cells grown in monolayers. The use of l2-NBDS to study the hepatocellular fatty acid
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uptake is well established showing similar binding characteristics to that of other LCFA

(Luxon and Weisiger,1993; Elsing et al., 1995; Murphy, 1998; Pohl et a1.,2002) and is

known to enter hepatocytes by the same uptake mechanism(s) as that of nascent LCFA

(Fitz et al., I99Í). Because the increase in intracellular fluorescence intensity over time

reflected the amount of stearate taken up by cell monolayers (Figure I7), qualitatively,

these data were similar to those using purified f3H]-palmitate, i.e., no saturation was

observed with increasing BSA concentration. The similarity in uptake profiles clearly

shows that any contribution by acidic radiolabeled impurities (non-removable) is

probably negligible. The observation that uptake of 12-NBDS increased with increasing

BSA concentration was consistent with the observation made by Elsing et al. using

confocal laser scanning microscopy (CLSM) that absence of binding protein actually

reduced hepatocyte 12-NBDS uptake significantly (Elsing et al., 1995). Those

observations provided further evidence for the involvement of the extracellular binding

protein in the overall hepatocyte fatty acid extraction process. It appeared that the

presence of albumin does facilitate the uptake of protein-bound ligands and that this

process is protein-mediated ffitscher et al., 1996).

The argument could be made that our radiolabel signal reflected cell associated

radioactivity rather than that of uptake. However, many reports showed that [3H]-

palmitate is rapidly internalized and metabolized (<30 seconds) in the rat liver perfusion

model (Hung et al., 2003). Internalization and intracellular metabolism of oleate also was

reported in isolated hepatocyte suspensions (Stremmel and Berk, 1986). As well, some of

our unpublished work using TLC analysis of cell lysates following uptake of ¡3tt1-

palmitate over the same time period as that in the present study showed that the label
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appeared in bands associated with LCFA metabolites. As our hepatocyte f3H]-palmitate

uptake studies were completed in 150 seconds (data collected at 30 second intervals), the

measured cell associated radioactivity, I believe, reflects internalized palmitate.

We repofed that antisera raised against L-FABP significantly reduced the

clearance of purified [3H]-palmitate (Rajaraman and Burczynski,2004), suggesting that

the antibody binds to one or more peripheral membrane fatty acid transporters on the

extracellular side of the cell surface. Such transporters include FABP'., FATP,

FAT/CD36, which are believed to play an important role in the transmembrane

translocation of LCFAs (Glatz and van der Vusse, 1996; Glatz et al., 2001). Membrane

proteins such as FABP'. are thought to act as a translocase or flippase, transporting the

fatty acid to the cytoplasmic leaflet of the membrane (Van Nieuwenhoven et al., 1996).

Using liver plasma membrane vesicles, Stremmel et al. (Stremmel et al., 1985b) reported

that antibodies raised against the liver plasma membrane fatty acid binding protein

(FABPp-) reduced binding of oleate to liver plasma membranes by 70Vo. Furthermore,

uptake of oleate by isolated hepatocytes was inhibited by 65Vo when cells were incubated

with the FABPp* antibody (Stremmel and Theilmann, 1986). It is also known that

polyclonal antibody raised against L-FABP binds to FABPp- owing to their

immunological similiarities (Stremmel et al., 1985a; Stremmel et al., 1985b;

Schwieterman et al., 1988; Paulussen and Veerkamp, 1990). Hence, it was decided to

investigate the role of transmembrane transporters, such as FABP'- on the uptake of

palmitate by perfusing livers with an antisera raised against rat cytosolic L-FABP

followed by [3H]-palmitate uptake studies in 1548 cell cultures.
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Rabbit plasma containing L-FABP antisera was directly added to liver perfusates

at a dilutional volume of 700:1 (700 perfusate:1 serum). Using this antibody titer no

apparent physiological effects were noted during the experimental time period including

no substantial reduction in the unbound ligand fraction. The addition L-FABP antisera to

the perfusate, however, resulted in a 317o decrease in the [3H]-palmitate extraction

fraction (Table 2).The reduction in extraction was likely due to an interaction between L-

FABP antisera and a plasma membrane fatty acid transporter. Perfusion with the L-FABP

antisera also resulted in a significant decline of the palmitate kt/kz ratioby 477o (Table 3).

The reduced ratio reflected a decrease in fr7 rather than an increase in fr2 (see Table 3).

This is reasonable because for the antibody to affect fr2, it would have to traverse the

plasma membrane and bind to L-FABP. The decreased hepatic extraction fraction using a

700:1 dilutional volume of perfusate to plasma indicated that in the intact liver at least

3IVo of total uptake is through a fatty acid transporter. It is likely that using a smaller

dilutional volume (more antisera) would further decrease the extraction fraction as was

evident from our 1548-hepatoma monolayer clearance of [3H]-palmitate.

In the present study a reduction in clearance was observed due to L-FABP

antisera pre-treatment in both cultured 1548 cells and isolated rat liver perfusion. In the

1548-hepatoma monolayers, the reduced clearance was significantly greater (P<0.05) at

higher BSA concentrations (45+5Vo with 100 pM) compared to lower BSA

concentrations (27+2Vo with 5 ¡rM). This difference is attributed to reflect an interaction

between BSA and a peripheral membrane transport protein such as FABP','. This

interaction is thought to be greater at higher BSA concentrations. If the interaction was

due to the unbound ligand being extracted by a transport protein, the percentage
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difference would be expected to be similar. However, because this difference was larger

at the higher extracellular BSA concentration, this may reflect an interaction between

extracellular BSA and the transport protein.

Although the antisera decreased clearance, the reduced value may reflect either a

decrease in the uptake of the unbound ligand component (comprised of both diffusion

and transport) or a decrease in the interaction of the albumin-bound-transporter

component of the uptake process. To distinguish between these two processes the

permeability surface area product was modeled of the unbound and albumin-bound

components according to equations (10) and (11). Calculations showed that while the PS

product for unbound component was not significantly affected by the antisera

((1.4t0.07)x10-s lJsec/l06 cells vs (1.2+0.01)x10-s IJsec/I06 cells, respectively), the

albumin-bound component was significantly decreased by the antisera ((1.8t0.3)x10-e

LlseclI06 cells (n=6) vs (7.0+0.6) x10-r0 lJsec/I06 cells, respectively). These results

suggest that transmembrane diffusion and interaction of the unbound ligand with the

membrane-bound fatty acid transporters remained unchanged in the presence of L-FABP

antibody, while the interaction of the albumin-bound palmitate with the fatty acid

transporter(s) was substantial reduced. The PS for the transport component of uptake

was reducedby 27 7o at 5 ¡iM albumin and 45 7o at 100 ¡rM albumin. The much higher

reduction in uptake at 100 ¡rM albumin suggests that at physiological concentrations the

majority of uptake likely comes from the albumin-bound component. Interestingly the

PSu (the majority reflecting transmembrane diffusion of unbound PA) was much greater

in isolated hepatocytes studies that were conducted as cell suspensions than hepatoma

cells that were conducted as monolayer studies. We attribute the difference to different
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cell types and different experimental conditions. Differences in uptake conditions such

as thickness of the unstirred fluid layer are known to be rate-limiting for long-chain fatty

acids when studies are conducted in the absence of binding proteins (4,5,18). Thus, it is

not surprising to see a different PSu within the two different experimental conditions. The

PS1 was also slightly greater for isolated hepatocytes compared to hepatoma cells. The

difference in PSr for the two different hepatocyte cell types (hepatoma vs freshly

isolated) warrants further investigation. The increase in PSr with an increase in

extracellular binding protein concentration, however, reflects the growing importance of

uptake from the protein-bound fraction as the concentration of BSA increases.

The affinity of palmitate is highest towards BSA (Kd -10-8 M) followed by

FABPp. (IÇ -tot M) and cytosolic L-FABP (Kd -10-6 M) @aulussen and Veerkamp,

1990). An interaction between BSA and FABP',' (for example) could reduce the affinity

of palmitate for the BSA binding site, by inducing a conformational change in BSA,

which would facilitate ligand dissociation. The increased affinity for FABP'- at this time

would provide a driving force for palmitate's transfer to that protein. A similar interaction

at the inner membrane surface would explain the transfer to cytosolic L-FABP. Thus, the

change in affinity induced by BSA-FABP'. or FABPp.-L-FABP interactions would act

like a suction pump for palmitate, whereby the cell is able to provide a chemical or

protein binding driving force that moves LCFAs from the extracellular side to the

cytosolic side of the cell membrane. This 'chemical suction' would be analogous to a

vaccum cleaner by providing a chemical driving force for the uptake process. The fact

that uptake was inhibited to a greater extent at higher extracellular BSA concentrations

would support a protein:protein interaction. Whether the 'vacuum cleaner' hypothesis is
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attributable to other extracellular proteins, is not known but would seem to be likely.

Whether such a process is physiological significant for other proteins also is not known

but would seem to be important for BSA and LCFA uptake. Such interactions have been

documented in other systems such as metabolite transfer via enzyme-eîzyme complexes

(Srivastava and Bemhard, 1986).

The present results, supporting the notion that uptake occurs from both the

unbound and protein-bound fractions, supports both earlier reports suggesting that

extracellular albumin interacts with the plasma membrane to off-load the bound ligand

(Forker and Luxon, 1981; Forker et al., 1982; Weisiger et al., 1982; Cai et al., 1992;

Burczynski and Cai, 1994; Burczynski et al., 1991b: Burczynski et al., 2001). Trigatti et

al. reported a direct interaction of serum albumin with adipocytes that pointed to an

involvement of albumin binding sites on cell surface. They showed that oleate uptake by

adipocytes significantly increased with an increase in albumin concentration when studies

were conducted using the same protein-ligand molar ratio suggesting that BSA had a

stimulatory effect on oleate uptake (Trigatti and Gerber, 1995). Our group also reported a

very good correlation between protein isoelectric point (pI) and hepatocyte uptake of

[3H]-palmitate @lmadhoun et al., 2001). Higher uptake rates were associated with

proteins containing a net positive charge, suggesting an ionic interaction between

extracellular proteins and the cell surface. Thus, the linearity observed with the present

results is also in agreement with the notion of a direct interaction between albumin and

hepatocyte cell surface.

This work has shown that the uptake of [3H]-palmitate into the liver was

dependent on both the passive and facilitated transport pathways. The resulting calculated
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permeability surface area products (PS) confirmed both unbound and bound fractions of

LCFA contributed to the flux but only the PS for the protein bound fraction was reduced

in the presence of L-FABP antisera. Hence, unbound palmitate is mainly taken up via the

passive pathway whereas protein bound palmitate is mainly taken up by facilitated

pathways. The most likely facilitated pathways are hepatocellular membrane proteins

with high affinity for fatty acids, e.g., FABPp. or FATP or FAT/CD36 (Stremmel et al.,

200I). The reduction in transport of the facilitated pathway by the L-FABP antisera of

about 40Vo is consistent with the FABP'* pathway contributing about half of the total

facilitated pathway. The dominant role of membrane proteins such as FABP'. in

facilitating the uptake of palmitate is not surprising when it is recognized that unbound

palmitate is both ionized and very surface active at physiological pH and is, therefore,

likely to be trapped at the first membrane site encountered. Additional support for the

role of fatty acid transporters FABPp* or FATP or FAT/CD36 is provided by work

showing that clofibrate induction enhances intracellular fatty acid diffusion (Milliano and

Luxon, 200I). Other work suggesting that palmitate uptake greatly differs between male,

female, pregnant female and clofibrate treated rats (Hung et al., 2005), also is consistent

with palmitate facilitated transport rather than unbound transport as the available

evidence does not support a large variation in the sinusoidal surface area for each of these

groups of animals.

The significance of this work is evident when one applies the findings from the

study to physiological conditions. If one assumes a plasma albumin concentration of

4.4d100mL i.e. 650 pM albumin, then based on the present PS estimates, uptake of

albumin bound palmitate by a facilitated process such as FABP'. would constitute 997o
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of the total uptake of palmitate. Even in severe liver disease where plasma albumin may

have been reduced to 2.8 g/100m1 i.e. 420 pM albumin, uptake of albumin bound

palmitate by a facilitated process such as FABPp- would constitute 95Vo of the total

uptake of palmitate. Hence, facilitated transport by binding proteins such as FABP'.

dominate the overall uptake of LCFA by hepatocytes relative to the unbound fraction and

uptake by a passive pathway. At nonphysiological conditions, as commonly conducted in

in vitro studies at low BSA concentrations, the amount of ligand that is protein-bound is

also significantly reduced. In this case the contribution to total uptake by the interaction

between the protein-ligand complex and cell surface decreases (decreased PS1).

3.5 Conclusion

In summary, using highly purified [3H]-palmitate our study leads us to accept the

hypothesis that uptake of palmitate by hepatocytes occurs from both the albumin-bound

and unbound fractions. The saturation kinetic profile reported previously using constant

molar ratio studies also was observed in the present study, however, only with stock [3H]-

palmitate. The enhanced uptake of LCFA uptake in the presence of extracellular proteins

was observed using both [3H]-palmitate and the fluorescent substrate l2-NBDS. Thus,

results cannot be attributed to radiolabeled impurities still present in our purified samples.

Furthermore, studies conducted using antisera raised against L-FABP support the notion

that an interaction between the BSA-bound ligand and cell surface leads to further ligand

availability for the uptake process. A BSA-membrane protein interaction may explain the

facilitation mechanism of hepatocellular ligand uptake.
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Chapter 4

Role of Cytosolic L-FABP in Hepatoma
Proliferation - Consequences of
Pharmacological Intervention
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4.1 Introduction

The primary biological function of hepatic cytosolic fatty acid binding protein, L-

FABP, is thought to be the binding and intracellular transport of long-chain fatty acids

(LCFA) (Bass, 1988; Kaikaus et al., 1990; Paulussen and Veerkamp, 1990; Glatz and van

der Vusse, 1996). Cellular uptake of LCFA is known to parallel L-FABP levels;

increased L-FABP level is associated with increased uptake and conversely decreased

level is associated with decreased uptake (Luxon and Weisiger, 1993; Burczynski et al.,

1997b;' Burczynski et al., 1999; Milliano and Luxon, 2001; Hung et al., 2003). This 14

kDa protein, however, is also responsible for the translocation of many other hydrophobic

ligands including bilirubin, prostaglandins, squalene, etc. (Kaikaus et al., 1990; Thumser

et al., 1994; Thompson et al., 1997). Other ligands that bind to L-FABP include the

genotoxic metabolites of aminoazo dyes (Ketterer et al., I976), peroxisome proliferators

(Brandes et al., 1990), and hydroxy and hydroperoxy metabolites of arachidonic acid

(Raza et al., 1989). Some mitogenic peroxisome proliferators such as the amphipathic

carboxylates and tetrazole-substituted acetophenones specifically require L-FABP for

their action. These peroxisome proliferators have been reported to enhance the

multiplication of L-FABP expressing hepatoma cells but failed to induce growth in L-

FABP non-expressing cells (Khan and Sorof, 1994).

The notion that L-FABP may be intricately involved in cellular mitotic activity is

supported by studies showing markedly elevated levels in hepatocarcinogenesis or

regeneration (Custer and Sorof, 1984; Custer and Sorof, 1985). In actively replicating

cells mitotic activity typically occurs 6 to 8 hours following DNA replication (Grisham,

1962). This time frame parallels the major growth period of the liver. Results from our
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laboratory indicated that the increased L-FABP level in regenerating cells lollowing707o

partial hepatectomy preceded DNA synthesis (Wang et al., 2004). Thus, available

evidence suggests that increased L-FABP level is associated with enhanced cell

replication. L-FABP may, therefore, be one of the key factors responsible for the

successful occurrence of hepatic regeneration and may indeed be a pivotal protein

required for cell replication. Pharmacological agents that target L-FABP could

potentially affect hepatocellular proliferation. Agents such as dexamethasone and 2-

bromopalmitate that are known to lower the content of, and ligand binding to, L-FABP,

respectively, might potentially suppress hepatoma proliferation and growth. Conversely,

the peroxisome proliferator clofibrate would then be expected to enhance cellular

replication as it increases L-FABP expression. Whether very high L-FABP levels further

enhance mitotic activity, however, is not known. Although these agents possess other

pharmaco-toxicological effects independent of L-FABP, available evidence points to a

coÍrmon mechanism of their mitomodulatory action through L-FABP. In the thesis, the

role of FABPp. on mitotic activity was also investigated. By virtue of its LCFA transport

function, FABP'. could contribute to hepatocellular mitogenesis by controlling the

supply of important cellular fuels such as LCFAs.

4.2 Materinls and Methods

¡3H1-lalmitic acid (56.5 Cilmmol) and ¡3H1-thymidine (-lmCi) were purchased

from New England Nuclear. Electrophoresis reagents were purchased from FisherBiotech

while trypsin-EDTA and 2-bromopalmitate (BrPA) were purchased from GibroBRL

(Burlington, ON) and Acros Organics (Ottawa, ON), respectively. All other chemicals

including bovine serum albumin (essentially fatty acid-free BSA), fetal bovine serum
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(FBS), fetal calf serum (FCS), penicillin-streptomycin (50 units/ml), dexamethasone

(DEX), clofibrate (CLO), and Dulbecco's Modified Essential Medium (DMEM) were

purchased from Sigma Chemical (St. Louis, MO). The aqueous buffer used throughout

all experiments was phosphate buffered saline (PBS), which had a composition of (in

mM) 137 NaCl, 2.68 KCL,1.65 KH2Poa, and 8.92 Na2HPo¿, pH adjusted to 7 .4 using 0.1

N NaOH.

4.2.1 Cell Culture and Drug Treatment

L-FABP expressing CRL-1548 hepatoma cells (derived from epithelial liver

hepatoma of rattus norttegicus, obtained from ATCC; Manassas, VA) were maintained in

25 cm2 culture flasks supplemented with DMEM containing 10% FBS, penicillin and

streptomycin (50 units/ml) at 3'7oC in a humidified atmosphere of 57o COz.

Dexamethasone (0.5 pM), clofibrare (500 ¡rM), and bromopalmitate (600 pM) were

dissolved in dimethyl sulfoxide (DMSO) and later added to DF-10 media conraining 300

¡rM BSA (DMSO < O.lVo v/v in final solution). Concentrations of the pharmacological

interventions selected were based on the maximum effective dose above which these

drugs affected cell adherence and viability (Luxon, 1996). Control cells were incubated

with DMSO (same final volume). Cells were supplemented with DF-10 media containing

dexamethasone or clofibrate at the time of cell seeding and were exposed for 4 days to

drug treatment with buffer (control, clofibrate & dexamethasone) changed at day 2 .

Bromopalmitate treatment (600 pM) and L-FABP antisera treatment (1:50) of culture

plates was performed 30 minutes prior to [3H]-palmitate and ¡3H1-thymidine uptake

studies.
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4.2.2 Measurement of Cell Growth

Hepatoma cells were seeded at2.0 x 104 cells/well on24 well plates as triplicate

cultures. Cells were supplemented with DF-10 media containing 300 pM BSA with and

without the pharmacological agent employed (dexamethasone, clofibrate, and L-FABP

antisera). Cells were allowed to grow for 7 days in the presence of the pharmacological

agents. At predetermined time intervals, cells were washed twice with pre-warmed PBS

(pH 7.4, 37'C) and incubated with 200 ¡tL of 0.05Vo Trypsin-EDTA in Hank's Buffer

@H7.$ for 8 minutes. Trypsinization was stopped by adding 800 pL of DF-10 media.

Equal amounts of the cell suspension and trypan blue were then mixed well in a lml

Eppendorf microcentrifuge tube by gently pipetting up and down using a I ml Eppendorf

pipette. Viable cells were counted (as determined by trypan blue exclusion) in an inverted

Nikon Microscope using a hemocytometer. Control and treated cell viability were

assessed to be more than957o. A growth curve was generated by plotting cell number (in

millions) against time.

4.2.3 [3U]-ttrymidine Incorporation Assay

Sub-confluent (<407o) 24 well plate cultures of 1548 cells in DF-10 (control and

treated cells) were used for studying ¡3H1-ttrymidine uptake. Prior to uptake, the plate was

allowed to equilibrate to 37oC in a sand bed Multi Block heater as described in the

previous section (refer to section 3.2.9). ¡3H1-tfrymidine (1 pCi) was added to each well

and incubated for the final 3 hours of the 48-hour culture period. At the end of

incubation, cells were rinsed twice with ice-cold PBS and 5Vo trichloroacetic acid was

added to the plates and allowed to stand for 30 minutes. Cells were lysed using 500 pL of

4M NaOH of which 400 pL was used in measuring ¡3U1-tfrymidine incorporation with a
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Beckman LS6500TA liquid scintillation counter and 10 ¡rL was used to measure protein

content by the Bradford method (Bradford, 1916). ¡3H1-ttrymidine incorporation in the

presence of dexamethasone, clofibrate and L-FABP antisera treated cells was expressed

as Treatment Index (TI) calculated as a percent ratio of total radioactivity obtained from

treated cells @PM,) to control cells (DPM.), adjusted for cellular protein content.

1J = @PMI/DPM") x100

4.2.4 Western BIot Analyses

Control and drug treated (dexamethasone, clofibrate and bromopalmitate) 1548-

hepatoma cells were grown to confluence in two 75 cmz culture flask following which the

cells were trypsinized, harvested, and centrifuged. The resulting cell pellet was then

suspended in 0.5 ml of 0.01 M PBS conraining 0.154 M KCl, p}j7.4,4oc in 1.5 ml

Fisher microcentrifuge tubes and lysed using a Fisher Sonic Dismembrator (Model 300,

FisherScientific, USA). After sonication, samples were centrifuged at 13,000 g

(pSpeedFuge, SFR 13K, Savant) for 20 minutes at 4"C. The supernatant was collected

and stored at -20oC until further use. Protein concentration of the supernatant was

determined by the Bradford method (Bradford, 1976) using a Shimadzu-160 IfV

spectrophotometer (Shimadzu corporation, Japan) with BSA as the standard.

4.2.4.1 Sample Preparøtion

A 75 ¡rg equivalent volume of cellular proreins (S ¡O pL) was added to 10 ¡rL

loading buffer (4x buffer with IVo bromophenol blue) and boiled in 1.5 ml Fisher

microcentrifuge tubes for exactly 5 minutes at 100oC. Samples were then allowed to cool

to room temperature.
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4.2.4.2 Preparøtion of Gel

The separating gel (I27o SDS;1.5 M Tris HCl, pH 8.8) and the stacking gel (5Vo

SDS; 0.5 M Tris HCl, pH 6.8) solutions were prepared by mixing the ingredients listed in

Table 5.

Table 5. Formulafor Electrophoretic Gel Preparation

The electrophoretic apparatus was assembled to desired thickness using proper glass

plates and spacers (Bio-Rad, CA, USA). The separating gel was allowed to set for 45 min

using ethanol as a sealant following which ethanol was discarded by inverting the

apparatus and the gel rinsed thoroughly with distilled HzO. The stacking gel solution was

then poured over the separating gel and a plastic comb was inserted. After 30 min, the

comb was pulled out and the gel was immersed in the Electrode Running Buffer.

Ingredients t2 7o Separating Gel 5 7o Stacking Gel

Distilled HzO 5.03 mL 5.76 mL

Tris HCI (1.5 M or 0.5 M) 3.75 mL (1.5 M) 2.5 mL (0.5 M)

10 % w/v SDS 150 pL 100 ¡rL

Bis-Acrylamide (307o) 6mL 1.67 mL

10 7o (NII+)SzOs 25 wL 50 pL

TEMED 2.5 ¡t"L 10 ¡rL
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4.2.4.3 Sample Loading and Electrophoresis

Samples were vortexed to ensure homogeneity and centrifuged for 30 seconds.

Using a 100 pL Eppendorf pipette, 20-30 pL (adjusted for protein content) of the samples

were loaded into the wells created by the comb. Electrophoresis was carried out at a

constant voltage 110 Volts for 30 minutes using a Bio-Rad Miniprotean II cell powered

by Bio-Rad Powerpac 1000 (Bio-Rad, CA, USA). At the end of the procedure, the clearly

demarcated stacking gel component was cut off using a sharp lancet and the separating

gel was immersed in the Electrode Transfer Buffer for I hour.

4.2.4.4 Membrane Trønsfer and Blocking

The nitrocellulose membrane, sponges and filter papers were soaked in the

Transfer Buffer for t hour prior to transfer blotting. The transfer sandwich was assembled

in the following order: Sponge - Filter paper - Gel - Membrane - Filter paper - Sponge.

The transfer was performed at a constant voltage (17 volts) for 30 minutes using a Trans-

Blot SD Semi-Dry Transfer Cell (Bio-Rad, CA, USA). The nitrocellulose membrane was

then washed with copious amounts of distilled H2O (-1 litre) to remove any adhering gel

particles and the bands visualized with Ponceau Red solution. The membrane was again

washed with distilled HzO to remove Ponceau Red remnants and blocked with 57o

powdered skimmed milk for 2 hours followed by 2Vo powdered skimmed milk for a

further 30 mintues.

4.2.4.5 Antibody Detection

The membrane was incubated with the polyclonal antisera raised against L-FABP

(Wang et al., 2004) at 4"C overnight. The membrane was subsequently incubated with a

peroxidase-conjugated anti-rabbit antibody for L-FABP for t hour at room temperature.
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Finally, the antigen-antibody complex was detected by enhanced chemiluminescence

(ECL system, Amersham, USA). Western blot bands were quantitated by scanning

densitometry and using Scion lmage Software (Frederick, USA).

4.2.5 [3H]-Palmitate Clearance by 1,548 cells

Manufacturer-supplied [3H]-palmitate was further purified prior to use as

described previously in the previous section (refer to section 3.2.2). ¡3H1-Palmitate uptake

was performedin monolayers as describedin the previous section (referto section 3.2.9).

Dexamethasone and clofibrate treated cells (4 day treatment in presence of serum) were

further incubated for 4 hours in the presence of serum free DMEM. Control experiments

for L-FABP antisera studies were performed by incubating cells with 1:50 rabbit serum.

Prior to uptake, media was quickly aspirated, cells washed once with 370C PBS and

incubated with 100 ¡rM BSA solution containing tracer amounts of purified [3H]-

palmitate (-lnM). The cell lysate obtained at the end of the uptake procedure was

counted for radioactivity using a Beckman LS6500TA liquid scintillation counter. [3H]-

Palmitate clearance was calculated as pll106cells/sec and finally expressed as a

percentage of control.

4.2.6 Statistical Analyses

Data are presented as mean + SEM. The n value refers to the number of culture

plates or number of replicates performed for each study. Data were analyzed using one-

way ANOVA with Dunnet's two-sided multiple comparison post hoc test taking p<0.05

as the level for significance. In growth curve plots, individual differences in cell numbers

between various drug treatments were analyzed using one-way ANOVA with Dunnet's

test (statistical significance set at p<0.05).
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4.3 Results

4.3.1 L-FABP Levels

Western immunoblot was employed to assay the L-FABP levels in control and

treated cells. Figure 21 shows that L-FABP content between control and bromopalmitate

treated cells were similar. The 4 day dexamethasone treated cells, however, expressed a

much lower amount of L-FABP compared to control (57 x.3%o; n=4). Dexamethasone

treatment has been shown to significantly reduce L-FABP levels both in vivo and in

primary rat hepatocyte cultures which is likely secondary to changes in cellular lipid

metabolism (Foucaud et al., 1998). Conversely, clofibrate significantly increased the L-

FABP content (287 x. l4%o; n=4) following a 4-day treatment period. As clofibrate is one

of the more potent peroxisome proliferators of its class (Goll et al., 1999), the magnitude

of increase in L-FABP on clofibrate treatment of cells is not surprising and similar to that

reported by others (Bass et al., 1989; Khan and Sorof, 1994; Milliano and Luxon,200l).

Clofibrate increases L-FABP levels by increasing the transcription rate of the L-FABP

gene through activation of peroxisome proliferator activated receptor (PPARcx) (Lee et

al., 1995).

4.3.2 Cell Growth

In the presence of 0.5 pM dexamethasone, cell proliferation was significantly

reduced by 37 + 27o (n=6;p<0.05) at day 1 and 67 + I7o at day 5 compared to control.

The diminished growth rate was consistent with significantly reduced ¡3H1-thymidine

incorporation (Figure 22) (TI = 74 -r 17o; p<0.05; n=6). Figure 23 shows that 500 ¡rM

clofibrate treatment did not alter heptocellular growth rate. Growth curves revealed no

statistical difference between clofibrate and control treated cells.
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Figure 21. Western blot analyses of L-FABP. Equal amounts of protein obtained from
control, 0.5 lrM dexamethasone treated, 600 ¡tM bromopalmitate treated and, 500 ltM
clofibrate treated cells were resolved on a SDS page and transferred to nitrocellulose

paper. The obtained blot underwent treatment with primary and secondary L-FABP

antibod.y. The antibody bound L-FABP band was visualized using an enhanced

chemiluminescence detection kit. Quantitative measurenxents of these bands have been

determined using Sciott Intage Software (Frederíck,UsA). Bromopalmitate treatntent did

not affict L-FABP levels whereas dexamethasone and clofibrate treatment decreased (43

7o) and increased (187 7o) Ievels, respectively (*P<0.05).
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¡3H1-tnymidine incorporation assay complemented the observed growth curves

and the TI value of clofibrate treatment (100 * ZVo, n=6) was not significantly different

from control (Figure 22). Figure 22 shows the ¡3H1-thymidine incorporation of

bromopalmitate treated cells (TI = 7I + I%o; n=6) was significantly reduced (p<0.05)

from control, suggesting that hepatocellular proliferation was affected when binding of

LCFA to L-FABP was inhibited. Thus, the role of L-FABP in hepatocellular mitogenesis

appears to be mediated through its ability to bind and transport LCFA to target sites.

Figure 24 shows representative photos from control, L-FABP antisera-, clofibrate-, and

dexamethasone-treated hepatoma cells after 24 hours of cell seeding.

It is known that polyclonal antibody raised against L-FABP binds to FABP'-

(Stremmel et al., 1985a; Stremmel et al., 1985b; Schwieterman et al., 1988; Paulussen

and Veerkamp, 1990; Hung et al., 2003).In order to investigate whether FABP'. has any

role in modulating cellular mitogenesis, rabbit antisera (L-FABP antisera) raised against

L-FABP (l:50), described previously was employed to irreversibly bind and inactivate

FABPp-. Both the growth plot (< 4 days &. day 7) and, ¡3H1-ttrymidine incorporation

assay (TI = 101 + 27o; n=6) showed that L-FABP antisera treatment did not affect

hepatoma proliferation (Figure 22 &. 23). Although some data points showed a

statistically lower cell number in L-FABP antisera treated cells (4 - 6 days) compared to

control, this difference was not significant enough so as to be thought of as

physiologically important. Therefore, FABPp* may not be an important mitomodulatory

protein. AIso, the effect on hepatoma proliferation by dexamethasone appears to be

mediated through L-FABP as the results from L-FABP antisera treatment rule out the
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possibililty that the reduced cell proliferation might have been mediated through plasma

membrane FABPs like FABP'..

DEX BrPA CLO FABP.Ab

FigureZZ. f nl+nytnidine incorporation values of control, dexamethasone (DEX),

clofibrate (CLO), bromopalmitate (BrPA) and L-FABP antisera (FABP-AU) treated 1548
cells expressed as a Treatment Index (TI, 7o of control). While bromopalmitate and
dexamethasone tre(tted cells resulted in statistically lower TI values (xP<0.05), clofibrate
and L-FABP antisera treated cells were not dffirent from control. Data are meantSÛM
(n=6).
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Figure 23. Growth curve plots were generated by plotting ceII number (millions) vs time
(days). 1548 cells were seeded at 20,000 cells/well on 24 well with or without
dexamethasone, clofibrete, or L-FABP antisera. Shown are changes in cell number from
days 1 to 7. At frequent time intervals, cells were trypsinized and counted using a dye-
exclusion hemocytonteter procedure. Data show that hepatoma proliftration was
significantly inhibited at all time points with dexamethasone treatment compared to
control (p<0.05) with the exception of the 6 hour time point Overall, L-FABP antisera
treatment did not affect cell proliferation except at the data points indicated (*P<0.05
test). Clofibrate treatment did not dffir from control. Each data point represents meanx t
SEM (n=6).
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Figure 24. Representative pictures of control, L-FABP antisera-, clofibrate- (CLO), and
dexamethasone- (DEX) treated L549-hepatonta cell after 24 hours of cell seeding
(100,000 cells/well on 24-well plate). The photomicrographs show hepatoma
proliferation to be significantly inhibited with dexamethasone treatment compared to
control. Clofibrate and L-FABP antisera treatnxent did not dffir from control.
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Preliminary analysis showed that the supernatant collected from dexamethasone

treated cells did not contain any nonviable cells, as visualised by trypan blue exclusion or

viable non-adhered cells. This observation eliminated the possibility that the observed

decrease in cell proliferation \¡/as due to cell death caused by dexamethasone treatment or

that dexamethasone reduced the adherence of cells to the culture plate. As treatment (>4

hours) with the competitive inhibitor bromopalmitate interfered with the attachment of

cells to the culture plate, growth curves could not be generated for bromopalmitate

treatment. Lowering the dose of bromopalmitate or adding bromopalmitate to the already

adhered cells only resulted in a delayed detachment of cells on longer exposure times.

Analysis of the supernatant (from culture plates) with trypan blue showed that the

detached cells were viable (>95Vo). Hence, the observed effect of bromopalmitate

appeared to be dose independent and was consistent with other investigators who

reported reduced adherence to culture plates of cells with bromopalmitate treatment

(Luxon, 1996). Therefore, it became necessary to perform a ¡3H1-thymidine incorporation

assay as the procedure required shorter exposure times (<4 hours) (Figure 22).

4.3.3 [3H]-palmitate Clearance

Figure 25 shows the 1548 hepatoma [3H]-palmitate clearance (nUl06

cells/second) expressed as a percent ratio of treated cells to control cells. The reduced L-

FABP level in dexamethasone treated cells was associated with a significant reduction in

[3H]-palmitate clearan ce (43 + L67o; n=6) compared to control (p<0.05). The moderate

increase in [3H]-palmitate clearance by clofibrate treated cells (140 + 20Vo; n=9) over

control cells was not statistically different from control. The considerable increase in L-

FABP level did not result in significantly higher [3H]-palmitate clearance compared to
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control, consistent with the indifference in cellular proliferation between clofibrate

treated and control cells.

There was also a significant reduction in f3H]-palmitate clearance (29 + 37o; n=7)

by bromopalmitate treated cells compared to control (p<0.05) consistent with previous

observations (Luxon, 1996). A 30 minute L-FABP antisera treatment significantly

reduced (54 + ZVo; n=6) [3H]-palmitate clearance by hepatoma cells compared to control,

consistent with observations made by other researchers (Stremmel et al., 1985b; Berk et

aI.,1990).
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Figure25. Purified ¡3U1-patntitate clearance rate at 100 ¡tM BSA by dexamethasone,
bromopalnzitate, L-FABP antisera and clofibrate treated cells compared to control
White dexamethasone, bromopalntitate and L-FABP antisera reduced [3H]-palmitate
clearance significantly (*P<0.05), clofibrate moderately increased the clearance rate.
Data are meanxSEM (n=6).
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4.4 Discussion

The role of L-FABP in hepatocellular growth and differentiation has been

investigated using transfected L-FABP expressing and L-FABP non-expressing hepatoma

cells (Keler and Sorof ,1993). Antisense oligodeoxynucelotides directed towards L-FABP

showed reduced cellular proliferation rates and increased apoptosis @as et al., 2001).

Such studies not only implicate L-FABP as a mediator of cellular mitogenesis but also

raise questions on the effect of decreasing or increasing L-FABP levels on cellular

proliferation.

In the current study, I showed that dexamethasone treatment (0.5 pM) of 1548

cells resulted in a 437o decrease in L-FABP level, consistent with Foucaud et al who also

reported a two fold decrease in L-FABP levels following dexamethasone treatment of rats

(Foucaud et al., 1998). The dexamethasone mediated L-FABP down-regulation was

likely due to secondary changes in cellular lipid metabolism rather than a direct endocrine

effect. Presence of dexamethasone in the culture media also was shown to inhibit the

proliferation rate of 1548 cells (Figure 23) by inhibiting S-phase entry of cells, as was

evident from [3H]-thymidine incorporation data (Figure 22).The mitoinhibitory action of

dexamethasone was consonant with previous reports of dexamethasone mediated

inhibition of DNA synthesis in rat hepatocyte cultures and fetal rat livers (Klepac, 1983;

Vintermyr and Doskeland, 1989). Such an action of dexamethasone is primarily thought

to be mediated through its inhibitory effect on proinflammatory cytokines such as tumour

necrosis factor o (TNF-ct) and interleukin-6 (IL-6), that are necessary for normal

hepatocyte proliferation (Fausto et al., 1995; Debonera et al., 2003). Studies reported by

Lawrence et al. show that dexamethasone administration inhibited the peroxisome
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proliferator WY-I4,643 induced hepatocyte proliferation (Lawrence et al., 2001b) and

that TNF-cr was not required for WY-14,643-induced cell proliferation (Lawrence et al.,

200Ia). Those results suggested that peroxisome proliferators such as amphipathic

carboxylates and dexamethasone affect hepatic mitogenic response through a cornmon

molecular target. L-FABP may be that target as it is differentially regulated by both

drugs. In my study, cellular [3H]-palmitate clearance of dexamethasone treated cells

showed a 57Vo reduction compared to control (Figure 25). The reduced clearance

corresponded to decreased L-FABP expression. As L-FABP plays a crucial role in the

intracellular partitioning of LCFA between oxidation and esterfication thereby aiding in

fatty acid metabolism (Mahadevan and Sauer, l97I; Ockner and Manning, 1976; Lands,

1979; Hagve and Christophersen, 1986), decreasing L-FABP levels would ultimately

result in the reduction of LCFA intake and metabolism. Thus, dexamethasone appeared to

slow down hepatoma proliferation by decreasing the L-FABP content leading to a

reduced cellular ability to transport LCFA and other intracellular ligands to target sites.

This may explain how dexamethasone co-administration selectively inhibited WY

16,463-induced cell proliferation in mice (Lawrence et al., 2001b).

The 40kDa FABP'- present on the extracellular side of hepatocyte cell surface is

believed to play an important role in the transmembrane flux of LCFA (Glatz and van der

Vusse, T996; Glatz et al., 2001). Whether dexamethasone down-regulates FABP'- or

affects its action is not known. To perturb the function of FABPp- rabbit antisera raised

against L-FABP was used to investigate whether FABPp* has any role in modulating

cellular mitogenesis. Although L-FABP antisera treatment reduced [3H]-palmitate

clearance by about 467o (Figure 25), it did not affect hepatoma proliferation as was
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evident from the unchanged growth curves (< 4 days & day 7) and, ¡3H1-thymidine

incorporation TI values (Figure 22 &.23). These findings indicated that a decrease in the

intracellular LCFA transport to different target sites (mitochondria or peroxisome) is

likely responsible for the inhibition of hepatocellular proliferation. Results from the

study, therefore, lead me to believe that FABPp* does not play a significant role in

hepatoma proliferati on.

The brominated palmitic acid analogue bromopalmitate was chosen as an

inhibitor of LCFA binding to L-FABP. Bromopalmitate cannot be esterified to

triglycerides and does not undergo oxidation by mitochondria (Goresky et al., 1978;

Luxon, 1996). This ligand competitively binds to cytoplasmic L-FABP at the same ligand

binding site as that of other LCFA (Oakes et al., 1999). This effectively decreases the

protein's ability to bind ligands and subsequently inhibits their transport to target sites.

Previous work showed the rate of NBD-stearate cytoplasmic diffusion was reduced when

binding to L-FABP was inhibited using bromopalmitate (Luxon, 1996). In the present

study, a7l7o decrease in cellular [3H]-palmitate clearance (Figure 25) was observed with

bromopalmitate treatment. This was consistent with the view that bromopalmitate

occupies palmitate's ligand binding site on L-FABP decreasing cytoplasmic transport rate

of palmitate. Consequently less palmitate was taken up by cells leading to a decrease in

fatty acid metabolism with correspondingly lower acyl-CoA production. This may

become extremely important if cellular uptake and metabolism of an essential fatty acid is

altered. Those ligands are very much a requirement for normal cellular growth and

proliferation. Bromopalmitate has been reported to reduce the rate of linoleic acid

oxidation by 60-707o and increase the amount of free fatty acid recovered (Hagve and
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Christophersen, 1987). In the present study, the DMEM culture media contained 0.15 ¡rM

linoleic acid. The presence of 600 ¡rM bromopalmitate would be expected to inhibit the

binding of linoleic acid to, and displacement of, the essential fatty acid from the L-FABP

binding site. Thus, bromopalmitate treatment would effectively reduce both linoleic acid

intake and metabolism, affecting normal hepatocellular growth and proliferation. These

views parallel the finding that [3H]-thymidine incorporation of bromopalmitate treated

cells were statistically lower than control cells (Figure 22), suggesting that hepatoma

proliferation was affected with bromopalmitate treatment. Thus, bromopalmitate

interfered with LCFA uptake and transport by binding to L-FABP leading to hepatoma

mitoinhibirion.

The considerable increase in L-FABP level (Figure 2l) caused by clofibrate

treatment paralleled the moderate increase (407o) in f3H]-palmitate clearance (Figure 25).

Interestingly, ¡3H1-thymidine incorporation assay (Figure 22) and growth curve plots

ffigure 23) showed that hepatoma proliferation was unaffected with clofibrate treatment.

In the presence of I07o FBS, hepatoma cells might already be multiplying at a maximal

rate and hence clofibrate mediated L-FABP up-regulation beyond basal expression levels

in a hepatoma cell line do not further increase cell proliferation.

In summary, reducing the L-FABP level or function through pharmacological

intervention was associated with reduced cellular replication. L-FABP may likely channel

LCFA (and other intracellular ligands) to various target sites. Channelling of ligands

appears to be crucial for normal cell growth and proliferation. Interfering with the activity

of such a transporter may be expected to affect proliferation as is the case with

dexamethasone and bromopalmitate. Though clofibrate increases the intracellular level of
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L-FABP, saturation of the target site (eg., efficiency of mitochondria or peroxisomes in

processing the LCFA) may then explain the indifference in mitotic activity.

4.5 Conclusion

The results lead me to accept the hypothesis that decreasing L-FABP content or

its ability to bind and transport LCFA reduces hepatocyte mitotic activity.

Pharmacological intervention using dexamethasone and bromopalmitate resulted in a

significant reduction in hepatoma proliferation. Intervention with clofibrate did not alter

the hepatoma mitogenic activity though it significantly increased L-FABP levels from

basal expressive levels. FABPpo, does not seem to play a significant role in hepatoma

proliferation in the current model. Pharmacological treatment aimed at reducing L-FABP

expression or its function reduces cell proliferation. It appears that L-FABP warrants

further investigation as a potential pharmacological target in understanding hepatocellular

carcinogenesis.
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Chapter 5

Role of Cytosolic L-FABP in Hepatocellular
Oxidative Stress
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5.1 Introduction

Hepatocellular oxidative stress results from excessive liberation of oxygen-

derived free radicals. Such excess reactive oxidant species are responsible for the

production of different classes of lipid hydroperoxides. These bioactive lipid peroxidation

products are a major contributing cause to many hepatocellular diseases such as

hepatocarcinomas, hepatitis, nonalcoholic steatohepatitis (NASH), cirrhosis, etc. The

natural intracellular antioxidant defense system is largely provided by superoxide

dismutase (SOD), glutathione peroxidase (GPx), and catalase. These enzymes offer

protection against oxygen-derived radicals such as superoxide anions, hydroxyl radicals,

hydrogen peroxide, etc. However, cellular oxidative stress may not only deplete these

antioxidants but also initiate a chain reaction involving membrane structural lipids

resulting in the generation of lipid peroxidation products. In severe cases cells must have

the ability to protect themselves against various forms of reactive oxygen species (ROS).

L-FABP possesses all the characteristics necessary to be an effective endogenous

protectant. The intracellular concentration of L-FABP is high, making vp 2 - 57o of

cytosolic protein (Kaikaus et a1., 1990). L-FABP binds avidly with polyunsaturated fatty

acid oxidation products such as 13-hydroxy octadecadienoic acid (HODE) and 15-

hydroxytetraenoic acid (FIETE) (Ek-Von Mentzer et al., 2001) and the arachidonic acid

metabolite hydroperoxyeicosatetraenoic acid (FIPETE) (Raza et al., 1989). These

products have the potential to initiate free radical chain propagation processes leading to

membrane damage. Proteins containing cysteine and methionine amino acids are known

to be effective antioxidant agents (Thomas et al., 1995; Levine et al., 1996). The primary

protein structure of L-FABP contains seven methionine and one cysteine amino acids
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(Thompson et al., 1997). Thus, L-FABP's high intracellular concentration together with

its high binding affinity for oxidized fatty acid products and possession of the antioxidant

amino acid groups leads us to investigate its role in hepatocellular oxidative stress.

In the present thesis I investigated whether reducing L-FABP levels was associated with a

greater amount of ROS and conversely whether increasing L-FABP levels enhances

cellular defences against ROS. Clofibrate and dexamethasone were used to modulate L-

FABP levels in an L-FABP expressing 1548 rat hepatoma cell line. The fluorescent dye

dichlorofluorescein (DCF) was employed to assay for intracellular ROS levels in

hepatocellular oxidative stress induced by both Hz0z pre-treatment and hypoxia-

reoxygenation injury. I also investigated whether drug treatment altered activities of the

naturally present intracellular antioxidants (SOD, GPx & catalase).

5.2 Materials and Methods

Electrophoretic reagents were purchased from FisherBiotech (Pittsburgh, PA)

while trypsin-EDTA was purchased from Acros Organics (Ottawa, ON). All other

chemicals were purchased from Sigma Chemical (St. Louis, MO). The aqueous buffer

used throughout all experiments was phosphate buffered saline (PBS), which had a

composition of (in mM) 137 NaCl, 2.68 KCl, 1.65 KHzPOa, and 8.92 NazFIPO¿, pH

adjusted to I .4 using 0.1 N NaOH.

5.2.1, Cell Culture and Drug Treatment

L-FABP expressing CRL-1548 hepatoma cells were cultured as described in

detail in the previous section (refer to section 4.2.I). Cells were exposed to DMEM

containing l}Vo fetal bovine serum (DF-10) media containing dexamethasone or

clofibrate for 4 days to increase or decrease L-FABP expression. As it was already shown
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in the earlier part of the thesis that dexamethasone and clofibrate modulated the

proliferation of 1548 cells (refer to section 4.3.2), equal amounts of control and drug

treated cells were sub-cultured onto 24-well & 96-well black plates (Corning, NY, USA)

and allowed to attach for 8 hours before fluorescence experiments.

5.2.2 Dichlorofluorescein Diacetate (DCFH2-DA)

Fluoregenic oxidative markers such as fluorescein derivatives have been

increasingly used to monitor oxidative activity in cells. DCFH2-DA is one such marker

that was initially used to measure intracellular HzOz concentration (Keston and Brandt,

1965). The diacetate moiety in DCFHz-DA facilitates rapid membrane penetration. Once

inside the cell, the diaceate moiety is cleaved off by intracellular esterases to yield the

nonfluorescent dichlorofluorescein (DCFH) that are trapped in the cytosol. Upon

oxidation by ROS, DCFH is converted ro the highly fluorescent

dehydrodichlorofluorescein @CF) serving as a sentitive cytosolic marker for cellular

oxidative stress. Recent evidence suggests that DCF fluorescence is indicative of overall

oxidative status of the cell and is a non-specific marker (Wang and Joseph, 1999).

Therefore, DCF was employed as a marker for measuring heaptocellular oxidative stress.

5.2.3 HzOz Treatment

Triplicate cultures of 1548-cells grown in24-well plates with DF-10 (control and

treated cells) were employed for measuring oxidant production as previously described

(Swift and Sarvazyan, 2000).

5.2. 3. 1 DC F H 2-DA loading

A stock solution of DCFHz-DA (10 mM) was prepared on a daily basis in I007o

ethanol and stored at -20oC, wrapped in aluminum foil. The prepared stock solution was
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diluted to 10 ¡iM with Ca2*, Mg2* containing PBS (CalMg-PBS) prior to incubation. Cells

grown tn Z4-well and 96-well culture plates were employed for these studies. Cells were

washed twice with CalMg-PBS (0.5 ml/well for 24 well plate &.200 ¡tLlwell for 96 well

plate) and incubated with the diluted DCFHz-DA solution at room temperature in the dark

(200 ¡tllwell for 24 well plate & 100 ¡tUwell for 96 well plate). After 30 minutes, cells

were washed twice with CalMg-PBS to remove any exffacellular fluorescent probe.

Oxidative stress was induced by treating the DCFHz-DA loaded cells with 200 ¡t}d

hydrogen peroxide (HzOù for 10 minutes followed by washing cells twice with CalMg-

PBS. Cell viability was assessed to be more than 90Vo by trypan blue exclusion in the

incubated time.

5.2. 3.2 Epifluore s c ence Micro s copy

Instrumentation used was a Nikon Diaphot TMD (Nikon Corporation, Japan) with

epifluorescence optics, Lamda DG-4 illumination system equipped with a I"75 watt

Xenon arc lamp (Sutter Instrument Company, CA) and a 12 bit, I2.5 l\lftIz SensiCam

CCD camera (Cooke Corporation, NY). The equipment was tumed on 30 mintues prior to

imaging to allow both the lamp and the CCD cooler to stabilize. Cells were observed with

a 20X objective and cell exposures to argon laser were kept less than 2 seconds to

minimize photo-oxidation of DCFH. Images were then acquired in the frame mode using

488 nm line of the argon laser and emission light recorded after passing a 515 nm band

pass filter. Recorded images were later analyzed using an Axon Integrated Imaging

System (Axon Instruments).

Image analysis (488 nm excitation wavelength / 5I5 nm emission wavelength)

was conducted immediately using an inverted Nikon microscope with an Axon Integrated
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Imaging System (Axon Instruments). All images were collected at room temperature.

Area fluorescence intensity of individual cells was calculated by Axon Imaging

Workbench Software and the images were presented in grey scale. The extent of

intracellular fluorescence brightness was directly proportional to the level of oxidative

species in individual cells. The mean fluorescence intensity was calculated by averaging

20 randomly outlined cells per field. Experiments were repeated six times. Results were

expressed as a fluorescence index GD calculated as a percent ratio of average

fluorescence obtained from treated cells (dexamethasone and/or clofibrate) to control

cells.

5.2.3.3 Fluorescence Plate Reader

The 1548-cells grown in black plastic 96 well plates were used in the fluorescence

plate reader studies. There are several advantages in using fluorescence plate reader over

epifluorescence microscopy. The plate readers are equipped with fast light excitation and

a rapid fluorescence capturing minimizing photobleaching of the dye thereby improving

sensitivity (Wang and Joseph, 1999). Other advantages include high-through put, parallel

measurements between drug treatments at the same time, no bias and, rapid screening

compared to epifluorescence method which is arduous and time consuming. Cells

(control and treated) were washed twice with CalMg-PBS and incubated with the 100 ¡rM

diluted DCFHz-DA solution at room temperature in the dark. After 30 minutes, cells were

washed twice with CalMg-PBS to remove any extracellular fluorescent probe. Oxidative

stress was induced by treating the DCFHz-DA loaded cells with 200 pM hydrogen

peroxide (HzOù for 10 minutes followed by washing cells twice with CalMg-PBS. The

fluorescence intensity of emitted DCF fluorescence was measured using a BMG
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(Durham, NC, USA) Fluostar Galaxy fluorescence plate reader (485 nm excitation

wavelength/S2} nm emission wavelength) equipped with excitation and emission probes

directed to the bottom of the plate. The fluorescence from each well was captured,

digitized and stored on the computer using Fluo 32 software (version 4.2). Measurements

were taken at a rate of 50 flashes per cycle. The mean fluorescence intensity was

calculated from triplicate cultures of control and drug treated cells after subtracting the

background media fl uorescence.

5.2,4 Hypoxia-Reoxygenation Injury

The CRL-1548 hepatoma cells (control and treated), grown in 24-well plates,

were employed for studying the hypoxia-reoxygenation injury. A special air- and

temperature- controlled chamber (maintained at 3loC) with inflow and outflow valves

was constructed to induce hypoxia-regeneration injury (Hasinoff, 2002). The chamber

was initially saturated with an infusion mixture of 95Vo Nz - 57o CO2 (MIC-101 modular

incubator, Asahi Glass, Tokyo, Japan) to induce hypoxia. The gas was humidified by

bubbling it through water in a gas-washing tower in order to prevent evaporative loss of

water from the culture plate. The flow rate of the gas mixture was adjusted to maintain

saturation for 6 hours. In order to obtain rapid achievement of hypoxia, the media was

bubbled with the gas mixture before adding it to the culture plate. The entire apparatus

was gently shaken to maximize gas exchange. Cells were then washed twice with 0.5

ml/well CalMg-PBS, incubated with fresh serum free media (200 ¡tUwell) and re-

introduced into the chamber saturated with 957o Oz - 5Vo COz to reoxygenate the cells.

Following 90 minutes of reoxygenation, 150 ¡tL of supernatant media from each well was

collected and stored at -80"C for later assessment of cellular damage using lactate
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dehydrogenase (LDH) release assay. Cells were incubated with 200 pL of 100 pM

diluted DCFH2-DA solutions for the final 30 minutes of the 2 hour re-oxygenation period

in which the same flow rate was maintained as before. The emitted DCF fluorescence

was quantitated using BMG (Durham, NC, USA) Fluostar Galaxy fluorescence plate

reader (refer to section 5.2.1.3).

As a control for the hypoxia-reoxygenation studies, CRL-1548 hepatoma cells

(control and treated) were incubated in normoxic conditions in a humidified atmosphere

of 5Vo COz at 37oC. These cells were subjected to the same treatment as the hypoxic cells

except that they were exposed to normoxic conditions. Cell viability was determined by

trypan blue exclusion.

5.2.5 LDH Release Assay

LDH release from both normoxic and hypoxic hepatoma cells (control and

treated) was measured as an index of cytotoxicity. The amount of LDH released into the

supernatant medium was measured in 96 well plates in a Molecular Devices (Menlo Park,

CA, USA) plate reader. The LDH catalyzed reaction of NAD* with lactate to produce

pyruvate and NADH was determined at 340 nm at25oC. The assay buffer contained2.4

mM NADH and 290 mM sodium lactate in 28 mM Tris buffer (pH 8.8) (Barnabe et al.,

2002). The mean V.o* was calculated for each treatment from two separate experiments

of quadruplicates each (n=8) and results were expressed as a percentage of control.

5.2.6 Flourescence Measurements using Cell Lysate

In order to investigate if L-FABP quenches DCF fluorescence, DCF studies were

performed using cell lysates obtained from control, dexamethasone-, and clofibrate

treated hepatoma cells. Control and drug treated cell pellets were obtained by
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centrifugation at 2000 g for 10 min. Pellets were sonicated in ice-cold PBS and

centrifuged at 13,000 g for 30 minutes aL4oC. The harvested supernatant was employed

to investigate the possibility of DCF signal quenching by intracellular L-FABP. The

active intracellular 2',7'-dichlorodihydrofluorescein (DCFH) form of DCFHz-DA was

prepared as described by Tollefson et al. (Tollefson et al., 2003). The diacetate moiety of

DCFH2-DA was cleaved by incubating 100 ¡rL stock DCFHz-DA in the presence of 200

¡rL methanol and 100 ¡.tL 2N NaOH at room temperature in the dark. After 1-2 hours, the

resulting DCFH solution was diluted with CalMg-PBS to achieve a final probe

concentration of 10 ¡rM with the pH adjusted to 7.4 immediately before use. The DCFH

was then oxidized to the highly fluorescent DCF by incubating with 500 pli4}JzOz and 10

¡rM FeSOa (10 min at room temperature) that was utilized in cell lysate experiments. The

fluorescence of DCF in the presence of 25 and 100 ¡rg of lysate (control, dexamethasone

and clofibrate treated cells), was monitored and recorded by a 96 well-plate Fluostar

Galaxy fluorescence plate reader using 4'70 nm excitation/53O nm emission settings.

Results were expressed in arbitrary fluorescence units (FU). As a positive control, the

experiment was repeated using various concentrations of bovine serum albumin (BSA)

instead of cell lysate.

5.2.7 Assay of SOD, GPx and Catalase

Total cytosolic activity of the intracellular

catalase) was measured in the cell lysate (refer to

respective biochemical spectrophotometric assays.

cell lysate was adjusted to be 5 mg/ml.

antioxidant enzymes (SOD, GPx, and

the previous section 5.2.4) using their

The final protein concentration of the
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SOD Assay: SOD catalyzes the disumtation of the superoxide radical (Oz'-), a

biologically important molecule that is both an oxidant and a reductant, to HzOz. Total

cytosolic SOD activity was determined using a procedure described by Oberley and Spitz

(Oberley and Spitz, 1985). In order to perform an assay involving 40 cuvettes, the

following reagents were added:21.6 ml of 50mM PBS (pH 7.8) containing 1.33 mM

DETAPAC and SOD (100, 200, 400 Wglml; control and drug treated), 1 ml of 2.45 mM

nitroblue tetrazolium (NBT), 3.4 ml of 1.8 mM xanthine. The total volume of 32 ml was

sufficient to dispense 0.8 ml into each of 40 cuvettes. The experiment was initiated in

each cuvette with the addition of 100 pL of 0.05 units/ml xanthine oxidase and monitored

at 4566 using a Shimadzu 160 UV spectrophotometer (Shimadzu Corporation, Japan). The

initial rate of reduction of NBT is diminished in the presence of SOD because the enzyme

scavenges the superoxide radical. Activity was measured in units where one unit of

activity was defined as the amount of enzyme that decreased the initial rate of nitroblue

tetrazolium reduction to half its maximal value. Data represent mean + SEM from two

separate experiments of triplicates.

GPx Assay: Selenium dependant GPx catalyzes the breakdown of inorganic

peroxides and selenium independant peroxidase catalyzes the breakdown of organic

peroxides. The total cytosolic GPx activity of the cell lysate was measured by the

Lawrence and Burk procedure (Lawrence and Burk, 1976).In a semimicrocuvette, the

following ingredients are added: 0.34 ml of 500 mM PBS (pH 7.0), 0.1 ml of 10mM

glutathione, 0.1 ml of 2 mM NADPH, 0.1m1 of 2.5mM HzOz and 50 pL of control and

drug treated lysate (5 mg/ml protein). The reaction was initiated with the addition of 10

¡rL of 150 units/ml GSSG-reductase enzyme and the disappearance of NADPH
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monitored at340 nm using Shimadzu 160 UV spectrophotometer. Units for GPx enzyme

activity was in ¡lM NADPH oxidized/mg protein/sec. Data represent mean + SEM from

two separate experiments of triplicates.

Catalase Assay'. Catalase acts on hydrogen peroxides generated

endogenously, catalyzing their conversion to H2O. The enzyme is very active in

removing peroxyradicals thereby protecting cells from toxic injury (Ito et al., 1983). To

0.94 ml of PBS buffer (pH 7) containing 19mM HzOz,60 pL of the cell lysate (5 mg/ml)

was added and the rate of H2O2 depletion was monitored àt 240 nm using a Shimadzu

160 UV spectrophotometer. The catalase assay directly measured the catalysis of HzOz

(Beers and Sizer, 1952). Using the extinction coefficient of 43.6}y'r-r cm-I, the activity

was expressed in p.MHzOz consumed/¡tgproteinlmin. Data represent mean -r SEM from

two separate experiments of triplicates.

5.2.8 Western Blot Analyses

Western blot analyses was carried out exactly as described in the previous section

(refer to sectio 4.2.4). Briefly, cellular proteins were extracted and resolved on 12% SDS-

polyacrylamide gel and later transferred to nitrocellulose paper. Immunoblot analyses

were carried out using polyclonal antisera raised against L-FABP as described previously

(Hung et al., 2003).'Western blot bands were quantitated by scanning densitometry and

using Scion Image Software (Frederick, USA).

5.2.9 Statistical Analyses

Data are presented as mean + SEM. The n value refers to the number of culture

plates or number of replicates performed for each study. Data were analyzed using one-
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way analysis of variance with Dunnet's two-sided multiple comparison post-hoc test

taking P<0.05 as the level for significance.

5.3 Results

5.3.1 L-FABP Levels

Western immunoblot was employed to assay the L-FABP levels in control and

treated cells. Figure 26 shows that 4 day dexamethasone treated cells expressed a much

lower amount of L-FABP compared to control (42 + 6 7o). Dexamethasone treatment has

been shown to reduce L-FABP levels both in vivo and in primary rat hepatocyte cultures

(Foucaud et al., 1998; Wang et a1.,2004). Conversely, clofibrate significantly increased

the L-FABP content (187 + 20 7o) following a 4-day treatment (Figure 26). Clofibrate is a

potent peroxisome proliferator (Goll et al., 1999), the magnitude of L-FABP increase in

treated cells was not surprising and was similar to previous repofts (Bass et al., 1989;

Khan and Sorof, 1994; Milliano and Luxon, 2001).

5.3.2 HzOz Treatment

The lipophilic diacetate ester of DCFH (DCFHz-DA) was employed as it easily

crosses cell membranes and gets hydrolyzed by intracellular esterases to DCFH. The

intracellular free radical concentration dependant conversion of DCFH to the highly

fluorescent DCF forms the basis of assessing and measuring overall cellular oxidative

stress. A rapid laser exposure time of less than 2 seconds in the epifluorescent

microscopy experiments ensured minimal photo-oxidation of the internalized DCFH to

DCF. Figure 27 shows HzOz induced DCF fluorescence was significantly greater

(P<0.05) in 0.5 ¡rM dexamethasone treated cells (FI = I38+I07o) compared to control (FI
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taken as I00Vo). The high fluorescence intensity observed with dexamethasone treated

cells complements the lower L-FABP level and reflects higher intracellular free ROS. In

contrast, DCF fluorescence of 500 ¡rM clofibrate treated cells (FI = 78+6Vo) was

significantly lower (P<0.05) compared to control (FI = I00%á), suggesting lower

intracellular oxidative products were associated with higher L-FABP content.

Similar results to those from the plate reader were obtained for control and drug

treated cells when fluorescence intensity was recorded with an inverted Nikon

epifluorescent microscope. DCF fluorescence of dexamethasone treated cells ffI =

I34+27o) exhibited significantly higher fluorescence compared to control cells (FI =

100%o). Clofibrate treated cells (FI = 57+3Vo) exhibited a statistically lower fluorescence

intensity (P<0.05) compared to control (Figure 28). Figure 29 shows representative

photomicrographs of DCF fluorescence from control, dexamethasone and clofibrate

treated cells recorded by epifluorescent microscopy. The degree of brightness correlated

directly to the extent of oxidative stress. Data are mean + SEM from two separate

experiments of triplicate cultures. These results are consistent with the view that L-

FABP also functions as an intracellular free radical scavenger.
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Figure 26. Western blot analyses of L-FABP. Equal amounts of protein obtained from
control, 0.5 ltM dexamethasone (DEX) and, 500 ¡tfuI clofibrate (CLO) treated cells were
resolved on SDS page and later transferred to nitrocellulose paper. The obtained blot
underwent treatment with primary and secondary L-FABP antíbody. The antibody bound
L-FABP band was visualized using an enhanced chenziluminescence detection kit.
Quantitative measurements of these bands have been determined using Scion Image
S ofnu are ( F re de rick, U SA).

cLo
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Figure 27. DCF fluorescence in control, dexantethasone (DEX) and clofibrate (CLO)
treated 1548 cells being subjected to HzOz mediated oxidative stress. The DCFHz-DA
Ioaded cells were treatedwith 200 ¡tM H202for I0 minutes to induce oxidative damage

following which cells were washed twice with Ca/Mg-PBS. Image analysis (488 nm
excitation wavelength/S15 nm emissiotz wavelength) was conducted immediately using an
inverted Nikon microscope with an Axon Integrated Imaging System (Axon Instruments).

The observed.fluorescence intensity (FI) was significantly higher (*P<0.05) in 0.5 pM
dexamethasone treated cells (FI = I38tl07o, n-6) compared to control (FI taken as 100

Vo) whereas FI was significantly lower in 500 pM clofibrate treated cells (FI = 78ú7o,
n-6) compared to control (*P<0.05).

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins 136



160

140

-
xo
E 1oo

8Bo
o
860
E
340
tr

20

Control CLO

Figure 28. DCF fluorescence in control, dexamethasone (DEX) and clofibrate (CLO)
treated 1548 cells being subjected to HzOz mediated oxidative stress. The DCFHz-DA
Ioaded cells were treated with 200 pM Hz}z for l0 minutes following which cells were

washed twice with Ca/Mg-PBS to induce oxidative damage. DCF fluorescence was

recorded using a 96 well-plate Fluostar Galaxy fluorescence plate reader using 470 nnt

excitation/S30 nm emission settings. The results were expressed in arbitrary fluorescetxce
units (FI). The observed FI was significantly higher (*P<0.05) in 0.5 ItM dexantethasone

treated ceils (FI = 134Ð,7o) compared to control (FI taken as 100 7o) whereas FI was

significantly lower in 500 ¡tfuI clofibrate treated cells (FI = 57x37o) compared to control
(*P<0.05).
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Figure 29. Representative micrographs of DCF fluorescence from control,
dexamethasone and clofibrate treated cells recorded by eptfluorescent microscopy. Top
row shows cells prior to laser excitation while bottom row shows DCF fluorescence upon
Argon Laser excitation of control and drug treated cells. The degree of brighnzess
correlated directly to the extent ofoxidative stress.
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5.3.3 Hypoxia-Reoxygenation Injury

Ischemic-reperfusion injury is widely believed to involve enzymatic and ionic

alterations with excessive production of reactive oxygen species (Flaherty and Weisfeldt,

1988; Cesselli et al., 2001). The reperfusion/reoxygenation following a period of hypoxia

results in a burst of oxygen derived radicals leading to tissue damage (Hasinoff, 2002).

Hypoxia-reoxygenation studies were conducted, which ideally mimics ischemia-

reperfusion damage in tissues, to investigate whether L-FABP protects hepatoma cells

from the burst of oxygen derived free radicals associated with this process. Figure 30

shows that the observed DCF fluorescence pattern of hypoxia-reoxygenation injury was

similar to H202 treatment with dexamethasone treatment (FI = 121+1%) resulting in an

increased fluorescence intensity compared to control while clofibrate treatment (FI =

82t27o) exhibited the reverse effect. The emitted fluorescence from normoxic cells

(dexamethasone-, clofibrate-treated) was not different from control cells (P>0.05)

suggesting that drug treatment by itself did not affect the intracellular DCF fluorescence.

The measure of LDH release from hepatocytes and myocytes is commonly used

to assess the extent of cellular damage. LDH catalyzes the reversible oxidation of lactate

to pyruvate. Although the reaction equilibrium strongly favors the reduction of pyruvate

to lactate, there are several advantages over the reverse reaction. Therefore the direct

reaction using L-lactate and NAD+ was used to measure LDH release. Figure 31 shows

that preincubation of hepatoma cells with dexamethasone significantly increased the

hypoxia-reoxygenation induced LDH release (129+4Vo, P<0.05) compared to control.

Clofibrate treatment (84t27o) resulted in a reduced LDH release compared to control

(P<0.0s).
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Figure 30. DCF fluorescence in control, dexamethasone (DEX) and clofibrate (CLO)
treated 1548 cells being subjected to hypoxia-reoxygenation mediated oxidative stress.
The 96-weII plated cells were exposed to an infusion mixture of 95Vo N2 - 57o CO2 for 6
hours to induced hypoxia followed by 2 hours reoxygenatiorz with 957o Oz - 57o COz
míxture. DCF fluorescence was recorded using a 96 well-plate Fluostar Galaxy
fluorescence plate reader usittg 470 nm excitation/S3) nm emission settings. The
hypoxia-reoxygenation treated cells exhibited a similar profile with dexamethasone
treatment exhibiting a higher FI =I2Ix.I%o (*P<0.05) while the clofibrate treatment
exhibiting a lower FI=82t2Vq compared to control (*P<0.05).
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Figure 31. Preincubation of hepatoma cells with 0.5 þ.MI dexamethasone (DEX)

significantly increased the hypoxia-reoxygenation induced LDH release (1294Vo,

P<0.05) compared to control. Ctofibrate (CLO) treatment (84Ð,7o) resulted in a

statistical reduction in LDH release compared to control (*P<0.05). Data are Mean +

SEM, n=8.
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5.3.4 QuenchingStudies

To investigate whether L-FABP quenched the DCF signal, I performed

fluorescence studies using harvested cell lysates from both control and drug treated cells.

The objective was to investigate whether clofibrate or dexamethasone treated cell lysates

affected the DCF signal. Table 6 shows that oxidized DCF fluorescence (measured in

arbitrary FU) remained unaffected by the presence or absence of cell lysate. The observed

indifference was concentration independent as increasing the concentration of lysate from

25 ttg to 100 pg did not affect the signal. As the harvested cell lysate is primarily

composed of cytosol, the results suggest that cytosolic contents, including L-FABP does

not contribute to quenching the intracellular DCF signal and hence the observed

fluorescence can be taken to represent the level of free radical species.

Figure 32 shows similar studies conducted with varying amounts of BSA, instead

of cytosol, quenched the DCF signal to a greater degree consistent with results from other

reports (Subramaniam et a1.,2002). Kinetic and ANS binding studies performed in those

studies suggested that albumin (BSA) quenched DCF fluorescence by binding ro

hydrophobic pockets in domains II and III. L-FABP is a relatively small protein (14 kDa)

and possess two binding pocket for long-chain fatty acids compared to albumin which is

a much larger protein (67 kDa) with several high affinity and low affinity binding sites

for multiple ligands. Hence it would be highly unlikely for L-FABP to bind and quench

DCF signal. In summary, these results indicate that the varying L-FABP cytosolic levels

caused by drug treatment does not affect DCF signal.
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Tabte 6. DCF ftuorescence in the presence of 25 and 100 ¡tg of hørvested cell lysate

from control, dexamethasone and clofibrate treated cells

Treatment FU

DCFH 18002 + 186

DCF 60257 + 989

25 ttg Control 61910 + 682

75 þg Control 59850 + 335

25 ttgDexamethasone 61895 + L046

75 þgDexmatheasone 60719 + 951

25 ptg Clofibrate 62708 + 1375

75 þgClofibrate 61046 + 1330

* DCF fluorescence in the presence of 25 and 100 pg of harvested ceII lysate from
Control, DEX and CLO treated cells, was recorded by a 96 well-plate Fluostar Galaxy

fluorescence plate reader using 470 nm excitation/S3} nnt emission settings. The results

were expressed in arbitrary fluorescence units (FU). FU remained unaffected by the

presence or absence of the cytosolic fraction and the observed indffirence was

concentration independent as increasing the concentration of lysate from 25 pg to 100 pg

did not affect the signal. Data are mean t SEM (n=6)'
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Figure 32. DCF fluorescence in the presence of 50, 100 and 200 ¡t.g of harvested cell
lysate from control, dexamethasone and clofibrate treated cells, recorded by a 96 weII-
plate Fluostar Galaxy fluorescence plate reader usittg 470 nm excitation/S3) nm
emissiott settitxgs. Results were expressed in arbitrary fluorescence units (FU) DCF
fluorescence (in arbitrary FU) increased with increasing BSA concentration suggesting
quenching of DCF signal by BSA. Data are mean + SEM (n=6).
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5.3.5 SOD, GPx and Catalase Activities

The primary cellular defence against ROS mediated cellular damage is largely

provided by the endogenous antioxidant enzymes SOD, GPx and catalase. In order to rule

out a possibility that dexamethasone and clofibrate affected DCF fluorescence by

modulating the endogenous antioxidants, the activities of SOD, GPx and catalase was

measured in the cytosolic fraction of control and treated 1548 cells (Table 7). Results

show that neither dexamethasone nor clofibrate treatment affected the activity level of

these enzymes. Hence, the reduced (or enhanced) intracellular ROS levels could be

attributed to the varying L-FABP levels.

Table 7. Actívities of SOD, GPx and catalase in the cytosolic frøction from Control,
Dexamethasone and Clofibrate treated 1548 cells

* SOD activíty was nxeãsured in units where one unit of activity was defined as the
amount of the enzynxe that decreased the initial rate of nitroblue tetrazoliunt reduction to
half its møximal value. GPx enzyme activity was measured in pM NADPH oxidized/mg
protein/sec. The activity of catalase was measured in ¡tM HzOz consumed/¡t g protein/min.
Data are mean + SEM frotn two separate experiments of triplicates each.

SOD GPx Catalase
Control 52.5 + 14.5 189.6 + 0.1 34+10

Dexamethasone treated 52.0 + 17.0 189.4 + 0.2 24+t2
ClofTbrate treated 54.5 + 15.5 189.5 + 0.1 22'r 5
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5.4 Discussion

Hepatocytes are the major site for drug biotransformation and xenobiotic

detoxification. Such hepatic biotransformation reactions involve oxidative pathways,

primarily by way of cytochrome P-450 enzyme system (Lee,2003). The energy required

for these important tasks are obtained from intracellular mitochondrial electron transport

that utilizes molecular oxygen resulting in a rich source of reactive oxygen species

(ROS). Though ROS is essential in physiological concentrations for normal cell function,

excessive quantities result in a state of oxidative stress that may ultimately lead to cell

death. In this thesis, I show that L-FABP protects hepatocytes from excess ROS mediated

cell damage. To my knowledge, this is the first study of its kind implicating L-FABP as

an intracellular free radical scavenger.

L-FABP is composed up of 127 amino acids (Gordon et al., 1983; Chan et al.,

1985). The various amino acid groups differ in their susceptibility to oxidation by ROS

(Stadtman, 1993). Of all the amino acids, the sulphur containing residues cysteine and

methionine are the most easily oxidizable amino acids by ROS (Vougier et al., 2003).

One of the earliest cellular responses to oxidative stress is thought to involve the

conversion of protein sulphydryl CSH) groups into disulphides and oxyacids undergone

by biological thiols such as cysteine (Ravichandran et al., 1994; Dean et al., L997).

Proteins containing cysteine amino acid group participates in "protein sulfhydryl cycle"

involving S-thiolation/dethiolation reactions where protein sulflrydryls are oxidized to

mixed disulfides that are subsequently reduced back to sulftrydryls resulting in the

reduction of cellular ROS levels (Thomas et al., L995). Recently, methionine residues

have been postulated to function as a "last chance" antioxidant defense system for
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proteins (Levine et al., 1996). The widespread presence of methionine sulfoxide

reductases reduce either free or protein-bound methionine sulfoxide formed by the

oxidation of methionine (Vougier et al., 2003). Thus, cysteine and methionine take part in

oxidation reactions through redox cycling involving repair mechanisms. L-FABP

contains 1 cysteine and'7 methionine groups (Gordon et al., 1983; Chan et al., 
.1985).

This together with its high intracellular presence makes L-FABP an attractive candidate

against cellular ROS.

In this study, the total intracellular DCF fluorescence was used as an index to

assess the overall oxidative products in the 1548 hepatoma cell line. Intracellular L-FABP

levels were modulated by pharmacological intervention using dexamethasone and

clofibrate. Dexamethasone treatment (0.5 ¡rM) resulted in a significant reduction in L-

FABP levels and clofibrate treatment (500 ¡rM) increased L-FABP levels as described in

the previous chapter (refer to chapter 4) and consistent with previous reports @oucaud et

al., 1998; Rajaraman and Burczynski, 2004). The dexamethasone mediated L-FABP

down-regulation is most likely due to secondary changes in cellular lipid metabolism

rather than a direct endocrine effect (Foucaud et a1., 1998). Being a potent peroxisome

proliferator of its class, clofibrate increases L-FABP levels by increasing the transcription

rate of L-FABP gene through the activation of peroxisome proliferator activated receptor

(PPARcx) (Lee et al., 1995).In both H2O2 treatment and hypoxia-reoxygenation models

of oxidative stress, dexamethasone treated cells exhibited much higher DCF fluorescence

compared to control paralleling the lower L-FABP content of cells. Conversely, clofibrate

treated cells were associated with a lower measured DCF fluorescence and higher L-
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FABP level than control. These results suggest that hepatic intracellular oxidant status

can be affected by varying L-FABP levels.

The HzOz treatment experiments support a direct role for L-FABP as the

treatment involved an extremely high concentration of HzOz (200 ¡rM) for a shorter time

period (10 min). The presence of cysteine and methionine groups likely contributed to the

observed antioxidant property of L-FABP in this case. As hypoxia-reoxygenation

experiments involved a longer time frame of exposure to ROS (4 h of hypoxia follwed by

2 h reoxygenation), both direct and lipid hydroperoxide binding mediated mechanism

could have contributed to the results observed in this case. Results from LDH release

assays in hypoxia-reoxygenation studies supported the DCF fluorescence work indicating

a higher cytotoxicity in dexamethasone treated cells and a lower cytotoxicity in clofibrate

treated cells compared to control. My results also indicated that L-FABP is an active

member of hepatocellular antioxidant defence protecting against peroxidative damage.

In order to ascertain whether the pharmacological agents (dexmethasone and

clofibrate) modulated the activities of endogenous antioxidant enzymes such as SOD,

GPx and catalase, biochemical enzyme âssays were employed to measure enzyme

activities. Results showed that neither dexamethasone nor clofibrate were successful in

modulating the activities of SOD, GPX or catalase (Table 7). Thus, it appeared that the

observations with DCF fluorescence are a result of L-FABP modulation thus implicating

L-FABP as an endogenous cellular protectant against oxidative stress. Results from DCF

quenching studies (Table 6) show that the fluorescence signal from DCF was unaffected

by any of the cytosolic components including L-FABP. Though the DCF signal was

previously reported to be quenched by certain proteins such as BSA (Figure 32),
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ribonuclease A, and chicken egg ovalbumin (Subramaniam et al., 2002), L-FABP or any

of the cytosolic proteins do not quench DCF signal.

The results presented support L-FABP's role as a protective antioxidant. However

the exact mechanism of L-FABP's protective action remains to be elucidated. L-FABP

could function similar to E-FABP (refer to section 1.8) as it also possesses the necessary

functional groups (cysteine and methionine) (Bennaars-Eiden et al., 2002). However, I do

not know the exact mechanism of L-FABP antioxidant action. I speculate that L-FABP

functions by more than one pathway. The protein directly counteracts ROS thus

effectively reducing the concentration of free radical species that would otherwise reach

the various membrane fractions. Such a process would greatly reduce the amount of ROS

that, if left unchecked, has the potential to cause lipid peroxidation of structural

membrane lipids ultimately leading to hepatocellular damage. Another indirect pathway

might involve L-FABP's binding of lipid hydroperoxides including fatty acid

hydroperoxides formed by the free radical reaction involving lipid peroxidation of

structural membrane lipids. Such a hypothesis for L-FABP's action is also supported by

its high affinity binding to lipid hydroperoxides (Raza et al., 1989; Ek-Von Mentzer et

al., 20OI). Thus, the protein is also capable of potentially binding and separating lipid

hydroperoxides from the damaged membrane.

5.5 Conclusíon

Pharmacological intervention aimed at modulating L-FABP levels affects

hepatocellular susceptibility to oxidative stress. The levels of L-FABP directly correlate

with the hepatocellular ability to fight against both hydrogen peroxide and hypoxia-

reoxygenation induced oxidative stress. L-FABP warrants further investigation as a
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potential pharmacological target in understanding hepatocellular oxidative stress

mediated liver diseases such as steatosis, steatohepatitis, drug-induced hepatotoxicity, etc.
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Chapter 6

Overall Conclusions

Novel Functional Aspects of Long Chain Fatty Acid Binding Proteins - 151 -



LCFAs are important biological molecules that are essential to every living cell.

In plasma, they are tightly bound to albumin resulting in low nanomolar concentrations

(7.5 nm) of free unbound fatty acids under normal physiological conditions (Richieri et

al., 1993). Despite being highly albumin-bound, at least 30Vo of the plasma LCFAs are

extracted by organs such as liver within a single passage (Fitscher et al., 1996 46). The

mechanism of such an efficient hepatocellular extraction has been a controversial issue.

In the thesis, experimental evidence was provided in favour of protein-mediated

facilitated hepatic uptake of LCFAs. The results presented suppoft the notion of an ionic

interaction between albumin and plasma membrane binding proteins, such as FABP'.,

that leads to dissociation of albumin-bound LCFAs for hepatocellular uptake. The data

support a novel physiological role for albumin and plasma membrane binding proteins in

hepatocellular LCFA uptake and helps our understanding of the uptake process. This is

especially important since several animal studies have shown that increased LCFA uptake

was associated with fat accumulation, apoptosis, and organ dysfunction which was

manifested as diabetes and heart failure (Shimabukuro et al., 1998; Zhou et al., 2000;

Chiu et al., 2001). Moreover, fatty acid accumulation in skeletal muscle and pancreatic p-

cells is known to lead to insulin resistance and abnormal insulin secretion, respectively

(Liu et al., 1998; Segall et al., 1999). Thus, understanding the LCFA uptake process helps

in the understanding of the role of LCFA in diseases such as diabetes and heart failure.

Once transported across the plasma membrane, LCFAs enter the cytosolic

compartment where they must be bound to cellular proteins such as L-FABP. L-FABP

targets LCFAs to important organelles like nucleus, mitochondria, peroxisomes, etc

(Huang et al., 2002; Huang et al., 2004). Given that L-FABP controls the channelling of
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LCFAs to various metabolic sites, the protein could affeú important physiological

functions such as cellular proliferation. My work suggests that L-FABP may be a

pharmacological target in controlling hepatocellular proliferation. While enhanced

proliferative activity is greatly desired in conditions of hepatic damage (i.e., following

hepatectomy), it must be controlled in pathological conditions like hepatocellular

carcinoma.

The ubiquitous and abundant presence of cytosolic binding proteins such as L-

FABP enables the protein to bind and solubilize high concentrations of LCFAs entering

the hepatocytes. Such a high intracellular presence makes L-FABP a potential target of

free radical attack in case of excess ROS production. In the current thesis, it was shown

that pharmacological intervention aimed at modulating L-FABP levels affects

hepatocellular susceptibility to oxidative stress. Whether this hepatoprotective action of

L-FABP is solely due to its abundant presence and/or its cysteine and methionine amino

acid groups or its ability to bind oxidized hydroperoxides or a combination of all three is

currently unknown. The data presented in this thesis would seem to support a direct

antioxidant role for L-FABP in hepatocellular oxidative stress. Understanding the

mechanisms of L-FABP mediated hepatoprotection would contribute to the design of

novel therapies to treat hepatocellular oxidative stress mediated liver diseases.

In summary, my thesis work uncovers novel physiological processes in the

transport of LCFAs from binding proteins such as albumin and novel physiological

functions of L-FABP.
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