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ABSTRACT

Liver fatty acid binding protein (L-FABP) has been reported to possess antioxidant

properties. The aim of this study was to investigate whether the antioxidant property of

L-FABP is of significance in drug induced oxidative stress. Oxidative stress was induced

in L-FABP cDNA and vector transfected Chang liver cells by incubating cells with high

concentrations (0.5-20 mM) of acetaminophen (AAP). Chang liver cells are a hepatocyte

cell line without any detectable L-FABP mRNA. Stably L-FABP cDNA and vector

transfected Chang cells are, therefore, an excellent model to study the antioxidative

function of L-FABP, Results showed that cell viability, as observed by the WST-I assay,

was higher in the L-FABP cDNA transfected cell line than vector transfected cells

following incubation with AAP. Lower LDH release was associated with the L-FABP

cDNA transfected cells compared to vector transfected cells (p<0.05)' L-FABP cDNA

transfected cells also showed decreased DCF fluorescence intensity versus vector

transfected cells (p<0.05), suggesting that levels of reactive oxygen species were

significantly lower in the L-FABP cDNA transfected cells. L-FABP expression also

inhibited expression of Bax after AAP treatment, suggesting that the apoptotic pathway

for cell death is prevented. Thus, L-FABP attenuates AAP-induced hepatotoxicity. L-

FABP may be considered a cytoprotective agent in this model of drug induced liver

toxicity.
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Chapter I

Introduction



l. Fatty Acid Binding Protein

1.1 Generøl informøtion

Fatty acid binding protein (FABP) was first discovered ín 1969 when Levi and co-

workers studied the binding of bilirubin and bromosulfophthalein to rat liver cytosol

(Levi, Gatmaitan et al. 1969), Two fractions were found in the binding of these ligands;

one with molecular mass of 30 - 50 kDa known at that time as Y protein and the other

with molecular mass of l0 - 20 kDa termed Z protein. Z protein was the original name of

fatty acid binding protein. Since then FABPs have been isolated from cytosols of

vertebrate and invertebrate tissues by various procedures that include gel filtration, ion-

exchange chromatography, affinity chromatography, precipitation with salt or organic

solvents, and preparative electrophoresis (Paulussen et al., 1990).

1.2 Famíly of FABPs

On a structural basis, the FABP family includes the retinoid-binding proteins (l.troy,

2000). These comprise three types of cellular retinol-binding protein (CRBP) and two

types of cellular retinoic acid-binding protein (CRABP) (Zimmerman and Veerkamp,

2002). To date thirteen FABPs have been identified with at least nine distinct types.

Table i lists the various FABPs and sites of localization. FABPs are named after the

tissues in which they were first identified. Some tissues contain specific FABPs while

other tissues may contain FABPs from different organs, e.g., I-FABP is localized to the

small intestine while L-FABP may be found in the liver and small intestine (see Table 1).

Four different FABPs types are expressed in the stomach (Liver FABP, Intestinal FABP,

Heart FABP, and Ileal FABP), depending on the cell type and the developmental stage

(Amano et al., 1992). In intestine both liver and intestinal FABPs types are present in



enterocyles of jejunum and ileum, but in colonocytes only the liver FABP is present

(Cohn et a1.,1992).

Molecular relationships between FABP family members and their evolution have

been demonstrated using phylogenetic analyses (Santome et al., 1998). The presence of

FABP has been established in many non-mammalian tissues but the pattem of tissue

expression is different in different mammals (Stewart, 2000). FABPs isolated from

different tissues of the same species exhibit less amino acid similarity than observed from

the same mammalian tissue of different species (Veerkamp et al., 1995; Veerkamp et al.,

1993; Borchers et a1.,1994). The hypothesis that FABPs have developed distinct binding

sites in order to perform specific functions within the different tissues in which they are

expressed has been supported by molecular information (Zimmerman and Veerkamp,

2002).

1.3 Functions of Fatty Acid Binding Protein

Long-chain fatty acids (LCFA) play important roles in cell homeostasis (Spector et

al., 1985; Uauy et al., 1999; Dutta-Roy et al., 1994; Dutta-Roy et al., 1990). They are

important substrates for metabolic energy, are the building blocks for membrane lipids,

and have a role as intracellular signalling molecules (Uauy et al., 1999; Dutta-Roy et al.,

1994; Dutta-Roy et al., 1990; Dutta-Roy et al., 1993; Stubbs et al., 1984; Spector et al.,

1985). Moreover, they interact with membranes and enzymes and as such regulate

various cell functions (Uauy et al., i999; Dutta-Roy et al., 1994; Dutta-Roy et al., 1990;

Dutta-Roy et al., 1993; Stubbs et al., 1984; Spector et a1., 1985). Considering the

importance of fatty acids in cell homeostasis, an efficient uptake and intracellular

disposition is essential (Dutta-Roy et aL.,2000). Increasing evidence suggests that



Name Previous/other names Tissue occurences

LFABP

IFABP

ILBP

I leal

HFABP

AFABP

EFABP

BFABP

MFABP

CRBPI

CRBPII

CRABPI

CRABPII

Zprotein, hepatic FABP

Gut FABP

Gastrotropin

muscle FABP

Ap2, ALBP

KFABP, Mal-1, KLBP,

skin FABP

BLBP

myelin P2

liver, small intestine, kidney, stomach

small intestine þroximal), stomach

small intestine (distal)

Intestine, ovaries, adrenals, stomach

cardiac and skeletal muscle, brain, Mammary

gland, kidney, testis, ovaries, adrenals, aoÍta,

placenta, lung, stomach

adipose tissue, monocytes

mammary tissue, tongue, skin, lens, brain,

capillary, endothelium, retina

brain, skin, testis

perpheral nervous system

liver, kidney, adrenals, lung, testis

small intestine

brain, skin, testis

epidermis, adrenal

Table l. Members of FABP family. Abbreviations: FABP , fatty acid binding protein;

LFABP, liver FABP; IFABP, intestinal FABP; AFBP, adipocyte FABP; HFABP, heart

FABP; BFABP, brain FABP; MFABP, myelin FABP; KFABP, keratinocy'te FABP;

EFABP, epidermal FABP; CRBP, cellular retinol-binding protein; CRABP, cellular

retinoic acid-binding protein. (Table is modifìed from Zimmerman and Veerkamp,2002).



FABPs are intimately involved in LCFA uptake and intracellular transport processes.

First, FABPs regulate the cellular uptake of LCFA. By accepting LCFA from plasma

membranes through protein binding, they allow for the efficient movement of molecules

across the cell membrane. Second, FABPs are involved in the intracellular transport of

LCFA. Through protein binding, intracellular LCFA concentrations are much higher than

the unbound LCFA concentration. This allows for sufficient movement of molecules

throughout the cell. LCFA are transported to various intracellular organelles such as the

mitochondria where they are used for energy production or are used as second

messengers (Glatz et al., 1995). Intracellular transport of fatty acids by FABPs is shown

in Figure 1. LCFAs are released from the LCFA-FABP complex when the unbound

concentration is depleted through metabolic utilization (Shannon et al., 2004). Third,

FABP affects LCFA metabolism by modulating enzyme activity. This can occur by

affecting the supply of cellular substrates (LCFA) to enzyme sites (Storch and Thumser,

2000). FABP can be said to be the intracellular equivalent to extracellular albumin,

showing similar effects on enzyme activity and ligand solubilization through protein

binding (Peeters et al., 1989; Wu-Rideout et al., 1976; McCormack et al., 1987). This is

suggestive of an indirect role for FABP as fatty acid "solubilizers" (Peeters et al., 1989;

Wu-Rideout et al., 1976; McCormack et al., 1987). Fourth, FABP protects cellular

enzymes and membranes from the detergent effects of LCFA. By binding the free LCFA,

intracellular critical micellar concentrations are not achieved, thus, protecting the

different intracellular components from the toxic effects of LCFA.

The regulation of FABPs in cellular lipid metabolism, including activation by PPAR,

has clearly demonstrated the role of FABPs in modulation of fat metabolism (Storch and
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Figure 1. Intracellular transport of long-chain fatty acids (LCFA). The transport of

LCFA across the plasma membrane takes place by either protein-mediated or diffusive

processes. Cytosolic transport depends on various intracellular organelies, including the

mitochondria, endoplasmic reticulum, peroxisomes, nucleus, and lipid droplets which are

mediated by the FABPs.

ABP -



Thumser, 2000). PPARs were initially identified as nuclear hormone receptors by Green

et al. (Issemann and Green, 1990). They bind to specific DNA sequences in the promoter

region of several genes involved in lipid metabolism (Tontonoz eta1.,1995; Issemann et

al., 1992; Issemann and Green, 1990; Schoonjans eL a7., 1996). The interaction between

FABPs and PPARs is probably by direct protein-protein interaction, e,g. L-FABP and

PPARo, or A-FABP and PPARy (Kaikaus et al., 1990; Tontonoz et al., 1995). Three

different PPARs have been identified (PPARa, PPARy, and PPARô), their regulatory

functions are directly related to the level of gene expression (Schoonjans et al., 1996;

Kliewer et al., 1997). PPARa is mainly expressed in the liver, kidney, heart and muscle

(Schoonjans et al., 1996; Kliewer et al., 1999), and ligands for PPARU, includes long-

chain fatty acids and fatty acid derivatives such as leukotrene B+ (Poirier et al., 1997;

Kaikaus, Chan et al., 1993; Kaikaus, Sui et al., 1993: Issemann and Green, 1990). PPARô

is expressed in a wide range of tissues. Its physiological role, however, is not clear

(Tontonoz et al., 1995). The effects of LCFA on cell homeostasis may be mediated by

PPARy (Tontonoz and Spiegelman, 1995), or perhaps a combination of PPARô and

PPAR1 (Ailhaud, 1997).

Expression of FABPs and their role in growth, differentiation and cytoprotection

have been discussed for many years (Zimmerrnan and Veerkamp,2002). Members of the

FABP family appear to be related to the modulation of cell growth, e.g. L-FABP

modulates the mitogenesis of liver and hepatoma cells (Sorof, 1994). L-FABP cDNA

transfection of hepatoma cells were observed to improve the efficacy of the utilization of

unsaturated LCFAs, especially linoleic acid, which leads to a higher cell proliferation

rates (Keler and Sorof, 1993) and maintenance of membrane integrity and preservation of



cell morphology (Woodford et al., 1993). Other FABP are also implicated in the

regulation of growth and differentiation (Zimmerman and Veerkamp, 2002). H-FABP

was detected to induce specific growth inhibition and terminal differentiation of

mammary epithelial cells (Böhmer et al., 1987; Yang et al., 1994) and have a modest

anti-proliferative activity in human breast cancer cells (Huynh et al., 1995). Thus, H-

FABP could reasonably be considered as a tumour suppressor (Hohoff and Spener, 1998).

Table 2 shows a list of FABPs which could be used as tumour markers. Expression of L-

FABP also serves as a new pre-surgical prognostic marker for patients with colorectal

cancer metastases undergoing hepatic surgery (Yamazaki et al., 1999). E-FABP was

suggested to be involved in the removal of cytotoxic drugs, as overexpression of E-FABP

was detected in chemoresistant pancreatic cancer cell lines (Sinha et al., 1999).

2. Liver Fatty Acid Binding Protein (L-FABP)

2.1 General information

Liver fatty acid binding protein (L-FABP) is a l4-kDa protein mainly present in the

cytoplasm of hepatocytes including the nucleus (Bordewick, Heese et al. 1989; Fahimi,

Voelkl et al. 1990). FABPs belong to a multigene family of intracellular lipid-binding

proteins and have been classified into several types as shown in Table L L-FABP is

highly expressed in liver and also expressed in small intestine, colon and kidney. CRBP

is also expressed in the liver, but it will not be discussed here. Co-expression of different

FABP types in a single tissue, as well as the the distinctive pattern of tissue expression of

the different FABP types, suggests that each FABP has a specific function in cellular

metabolism (Glatz et al., 1993). Several lines of evidence support the idea that the



FABP tvpe Species Tumour t

L-FABP

L-FABP
I-FABP

H-FABP

A-FABP

B-FABP

E-FABP

H
H,R

H,R
H,R

H

H
H

H

M
H
H
H

hepatoblastoma
hepatocellular carcinoma

small intestinal and colonic adenocarcinoma
colorectal adenoma

ductal carcinoma mammary gland

bladder transitional cell carcinoma
lipoblastoma, liposarcoma

glioma

papilloma
pancreatic adenocarcinoma
prostate carcinoma
bladder carcinoma

Table 2. FABPs as tumour markers.

decrease; 1, increase; +, presence.

Veerkamp,2002.

Abbreviations: H, human; R,

This table is modified from

rat; M, mouse; j,

Zimmerman and



L-FABP is structurally and functionally different from the other FABP types. Unlike

other types of FABPs which have a single LCFA binding site Q.Jemecz et al., l99l;

Richieri et al., 1994), L-FABP binds two fatty acids per molecular (Cistola et al., 1989;

Thompsonetal., 1997,Haunerlandetal., 1984; Nemeczetal., 1991;Rolf etal., 1995;

Richieri et al., 1996) with one of the fatty acids having the carboxylate group located near

the protein/solvent interface (Cistola et al., 1989; Thompson et al., 1997). L-FABP is able

to bind not only LCFA but also a wide range of hydrophobic ligands such as acyl-CoA,

bilirubin, lysophosphatidylcholine, retinoic acid, bile salts, prostaglandins, heme and

peroxisome proliferators (Banaszak ef al., 1994: Matarese et al., 1989; Veerkamp et a;.,

1991; Veerkzunp et al., 1993; Glalz et al., 1996). L-FABP serves an intracellular function

similar to that of what albumin serves extracellularly. It not only transports ligands

throughout the cytosol but also affects enzyme function by delivering ligands to the

ervyme sites. While mammalian L-FABPs (rat, human, cow and pig) bind LCFA with

high affinity, other ligands are bound with lower affinity (Santiago et al., 1999).

Nonmammalian L-FABPs (chicken, catfish and iguana) have higher affinity for other

hydrophobic ligands especially retinoic acid (Santiago et al., 1999). Since the amino acid

sequences comparisons are almost the same, it is possible to consider that mammalian

and nonmammalian liver FABPs are analogous proteins that originated by gene

duplication, rather than as a consequence of mutations of the same gene (Santiago et al.,

te99).

L-FABP has been reported to exist in several different forms that likely result from

post-translational modifications. The amino acid sequences and LCFA binding

characteristics, however, ate identical (Murphy, Edmondson et al. 1999). L-FABP has

t0



727 amino acids. Each molecule of L-FABP contains one cysteine residue at position 69

and seven methionines. The cysteine residue likely contributes to the binding of other

hydrophobic ligands or may serve an antioxidant function participating in S-

thiolatiori/dethiolation (Thomas, Poland et al. 1995; Sato, Baba et al. 1996). Cysteine is

unique amongst the twenty natural amino acids as it contains a thiol group. Thiol groups

are known to undergo oxidation/reduction (redox) reactions (see Figure 2). When

cysteine is oxidized, it can form cystine which is two cysteine residues joined by a

disulfide bond. This reaction is reversible as reduction of this disulphide bond regenerates

the two cysteine molecules. The disulphide bonds of cystine are also crucial to defining

the structures of many proteins since they play an important role in the folding and

stability of some proteins.

Methionine, an essential amino acid, is one of the two sulfur-containing amino

acids. The side chain of methionine, which is attached to the core structure, is quite

hydrophobic and methionine is usually found buried within the protein. The chemical

linkage of the sulfur in methionine is thiol ether but unlike cysteine, the sulfur of

methionine is not highly nucleophilic, although it will react with some electrophilic

centers. It could, however, participate in oxidation reactions. The first step in the

oxidation process yields methionine sulfoxides which can be reversed by standard thiol

containing reducing agents. The second step yields methionine sulfone and is effectively

ineversible. Methionine residues are regarded as being able to scavenge the cellular

activated xenobiotics such as carcinogens (Bassuk, Tsichlis et al. 1987). The redox

process of methionines in L-FABP which includes the oxidation from methionines to

sulfoxides and the reduction back to methionines by the protein methionine sulfoxide

11



(l)

(2)

2R-SH + R' ./. OH

R-SH + HOOH --)

--- 2R-S + R'H/HOH

R_SOH + HzO

(3) R-S. + glutathione-SH -- R-S-S-glutathione + 02' - +

(4) R-SOH + glutathione-SH --- R-S-S-glutathione + HzO

Glutathione reductase

(5) R-S-S-glutathione R-SH-glutathione-SH\
NADPH NADP*

Figure 2. Thiol group S-thiolation/dethiolation reactions. Cysteine residues which include

a thiol group (R-SH) participate as antioxidants by S-thiolation/dethiolation. In reaction

(l) and (2), oxidative species lead to rapid modification of protein sulfhydryls, producing

sulfenic acids and thiyl radicals. These partially oxidized proteins are trapped in a

reversible manner by formation of S-glutathiolated protein (R-S-S-glutathione) forms in

reaction (3) and (4). S-glutathiolated proteins are continuously reduced by the reducing

power of the glutathione cycle through glutathione reductase and small proteins like

glutaredoxin and thioredoxin are produced. If not trapped by glutathione, further

oxidation can lead to irreversibly oxidized forms such as protein sulfinic and sulfonic

acids.

H*

t2



reductase, may play an essential defensive role during periods of cellular oxidative stress

(Levine, Berlett et al. 1999; Moskovitz, Berlett et al. 1999) (see Figure 3). Methionine

sulfoxide reductase is regarded as a mediator of cellular anti-oxidative defense

(Moskovitz, Bar-Noy et al.2001; Stadtman 2004) and is highly expressed in the liver

(Moskovitz, Jenkins et al. 1996). The antioxidative function of L-FABP was confirmed in

hydrogen peroxide and hypoxia/reoxygenation induced oxidative stress studies (Wang et

a\.,2005). Thus, L-FABP likely plays an important role in drug induced oxidative stress.

2.2 Novel L-FABP Functions

Historically, L-FABP gained its importance from being an intracellular transporter of

lipophilic ligands. L-FABP, however, also modulates the interaction between LCFA and

nuclear receptors (Huang, Starodub et al. 2004) and binds LCFA hydroperoxide

metabolites formed during fatty acid metabolism (Samanta, Das et al. 1989; Catala,

Cenuti et al. 1995; Ek, Cistola et al. 1997; Ek-Von Mentzer, Zhang et al. 2001). Thus, L-

FABP could be thought of as a cell protector by controlling the availability of free fatty

acids and their metabolites (Raza, Pongubala et al. 1989; Atshaves, Storey et al. 2002).

Recently, L-FABPs role in the cell has been reported to be intricately involved with

cellular oxidative stress (Wang et al., 2007). Oxidative stress is associated with the

release of reactive oxygen species (HzOz,hydroxyl radical, nitric oxide, superoxide anion,

singlet oxygen, peroxynitrite anion etc). It is a common term used to describe oxidative

damage that is present in many pathological conditions as well as in the aging process.

Many liver diseases such as cirrhosis, hepatitis and hepatoma have strong correlations

with cellular oxidative stress (Yamamoto, Yamashita et al. 1998). The ROS are formed

during metabolic conversion of substrates such as LCFA and some pharmaceuticals
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(1)H2O2 + Met + Met(O) + H2O

(2) Met (o) + Th (sÐ2 Y$o M.t + Th (S-s) +Hro,

(3) Th (S-S) + NADPH a g*T! Th (sÐ2 + NADP*

Total (1), (2) and (3):

(4) HzOz + NADPH + H* * NADP* + 2HzO

Figure 3. Redox reactions of methionine residues. Methionine (Met) is readily oxidized to

methionine sulfoxide [Met (O)] by many different forms of reactive oxygen species

(ROS), such as hydrogen peroxide (Hzoz), ozone, hypochlorous acid, alky peroxides, and

peroxynitrine. In reaction 1, HzOz is used to represent ROS. The oxidation of Met

residues is readily reversed by catalysing thioredoxin [Th (SH) 2]-dependent reduction of

Met (O) to form Met and oxidized thioredoxin tTh(S-S)] under the action of methionine

sulfoxide reductase (MsrA) (reaction 2).The product Th(S-S) is readily reduced back to

Th(SH)2 by thioredoxin reductase (ThR), which uses NADPH as an electron donor

(reaction 3). The overall reaction is shown in reaction 4 which depicts the cyclic

oxidation and reduction of methionine residues scavenging ROS and oxidizing NADPH.
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(e.g., acetaminophen) (Day and James 1998) or those resulting from the interruption of

oxygen metabolism (hypoxia/reperfusion). To combat oxidative stress and free radical

damage cells contain several antioxidants. The antioxidants include the low molecular

weight glutathione; enzymes such as superoxide dismutase (SOD), catalase (CAT), GSH

peroxidase; Vitamin C, and Vitamin E. L-FABP has recently been reported to possess

antioxidant activity in cultured cells (Wang et al., 2005).

In an attempt to understand if L-FABP indeed possesses antioxidant properties Wang

er al. recognized that Chang hepatoma cells were devoid of L-FABP (Wang et a1.,2005).

To study the antioxidant function of L-FABP, the group produced a Chang cell line that

expressed this protein. As such full length L-FABP oDNA was subcloned into the

mammalian expression vector pcDNA3.1 (pcDNA-FABP). Chang cells were then stably

transfected with pc-DNA-FABP or vector (pcDNA3.1). The antioxidant property of L-

FABP was then assessed by inducing oxidative stress in the transfected cells with HzOz

and/or subjecting them to hypoxia/reoxygenation. Total cellular ROS was determined

using the fluorescent probe dichlorofluorescein (DCF). Western blot analysis showed

expression of 14 kDa L-FABP protein in pcDNA-FABP transfected cells but not in

vector transfected cells. Transfected cells showed decreased DCF fluorescence intensity

under oxidative stress conditions in inverse proportion to the level of L-FABP

expression. Lower LDH release was also observed in the higher L-FABP expressed cells.

The group suggested that L-FABP indeed has a significant role in oxidative stress.

To delineate the protective pathway of L-FABP, Wang et al. (2005) evaluated the

anti-apoptotic activity of L-FABP in L-FABP transfected Chang cells. HzOz treatment

and hypoxia/reoxygenation increased cellular ROS level in this model and initiated
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apoptosis by increasing caspase-1 activity compared to negative controls (Wang et al.,

2005). Expression of L-FABP in the Chang transfected cells reduced cellular apoptotic

activity (Wang et al., 2005). In this model, ROS are known to play a critical role in TNF-

o induced hepatocyte apoptosis (Wang et al., 2005). L-FABP was also observed to inhibit

the caspase-1 activity in the TNF-o treated cell cultures, suggesting that the L-FABP anti-

apoptotic activity is associated with the protective function of L-FABP (Wang et al.,

2o0s).

The role of L-FABP in liver disease was further assessed by Wang et al. (Wang et al,

2007). Since oxidative stress has been recognized as an important contributing factor in

liver disease, the group investigated the expression and antioxidative function of L-FABP

using the bile duct ligated model (BDL) of cholestasis. They reported that L-FABP

6RNA and L-FABP levels were statistically reduced to 5lYo and 20Yo of sham,

respectivel y at 2 weeks following BDL. The decreased L-FABP correlated with a

statistical increase in hepatic lipid peroxidation products and decrease in hepatic function

(measured by serum total bilirubin, alanine aminotransferase, and ammonia). Clofibrate

treatment restored L-FABP level and improved hepatic function. Clofibrate treatment

also reduced hepatic lipid peroxidation products by 68% as compared with the BDL

group (p<0.05). Their report showed that L-FABP has important antioxidant activity

during hepatocellular oxidative stress and may in fact prevent the progression of

cholestatic liver disease. The present work expands on the antioxidant function of L-

FABP using a drug induced hepatotoxicity model.
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3. Acetaminophen Hepatotoxicity

3.1 Generøl informatíon

Acetaminophen (Paracetamol, 4-hydroxyacetanilide, AAP) belongs to a class of

drugs called analgesics and antipyretics. The drug is used to treat many conditions such

as pain and fever. When used at therapeutic doses (500 mg to 1000 mg, three to four

times per day) it is known to be associated with few adverse events (Koch-Weser,1976).

A single dose of 150 mg/kg or more, however, carries a risk of liver damage; although

lower doses may also induce liver damage in susceptible individuals (Kwan, 2005). An

acute or cumulative overdose can cause severe liver injury with the potential to progress

to liver failure (Lee, 2004). Clinical symptoms of liver failure include jaundice,

abdominal discomfort and unusual bleeding or bruising, as well as severe fatigue. AAP

overdose is the leading cause of acute liver failure in many countries (Lee 2004; Morgan

200s).

Known as a "benign" drug, large quantities of AAP can be purchased without a

medical prescription and thus become a drug of choose for suicidal attempts (Manov et

al., 2001). It is known that most cases of AAP poisoning occur because of suicidal

attempts or accidental overdose (Zimmerman and Maddrey 1995). Because the most

common toxic effect of AAP poisoning is hepatotoxicity (Manov et al., 2002), AAP is

extensively used as model toxin to evaluate novel hepatoprotective agents.

There are five major clinical interventions that have been developed for AAP

poisoning (Brok et al., 2006). First, to inhibit AAP absorption. Second, to remove AAP

from the vascular system after the drug is absorbed. Third, to prevent the conversion of

AAP to the toxic metabolite N-acetyl-p-benzo-quinoneimine (NAPQI). Fourth, to use
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antidotes to detoxify NAPQI or to prevent the toxic effects associated with this

metabolite. Fifth, to consider liver transplantation when necessary.

Activated charcoal, gastric lavage and ipecac have been reported to reduce AAP

absorption within the frrst few hours after ingestion (Underhill et al., 1990; Buckley et al.,

1999). Delaying these interventions, however, may reduce the potential advantageous

effects (Brok et al., 2006). Once AAP is absorbed, charcoal haemoperfusion has been

suggested to remove AAP from blood (O'Grady et al., 1988; Higgens et al., 1996).

Methionine, cysteine, cysteamine, and dimercaprol all have been assessed as

antidotes that detoxify NAPQI following AAP metabolism. Among these, cysteamine or

methionine decreased liver damage after AAP overdose in randomized trials (Douglas et

ã1., 1976; Hamlyn et al., 1981). Dimercaprol was suggested as an alternative for

cysteamine or methionine. N-acetylcysteine (NAC), however, has been traditionally

accepted as the antidote of choice for acute AAP poisoning (Brok et al., 2006:' Jones

i998). It is equally effective as cysteamine or methionine (Prescott et al., 1979). NAC is

acts directly as a free radical scavenger as it is an excellent source of sulfhydryl groups

(Gillissen and Nowak 1998). Although numerous efforts have been made on the

interventions for AAP poisoning, evidence for the effectiveness for all interventions is

weak (Brok et al., 2006). The actual clinical benefit of activated charcoal, gastric lavage

and ipecac is unclear (Brok et al., 2006). Liver transplantation certainly benefits patients

with irreversible liver failure, however, it is hard to identify such patients at an early

stage and the long-term outcomes in such a group of patients are unclear (Brok ef al.,

2006). Searching for other possible treatments seems necessary for AAP poisoning in

human health.
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3.2 Acetaminophen metøbolism

AAP overdose is the moít frequent cause of drug-induced liver failure in the US and

Great Britain (Lee,2004). However, despite substantial efforts over the last 30 years to

understand the toxic effects of AAP, the mechanism(s) of AAP-induced liver cell injury

are still incompletely understood. Figure 4 illustrates the two main hepatic metabolic

pathways associated with AAP.

At therapeutic doses, AAP is primarily detoxifred by glucuronidation and sulfation

with a small fraction (Nelson S. D, 1982) metabolized to a toxic metabolite OIAPQI) by

a cytochrome P-450-dependent mixed function oxidase system (Jollow et al., 1973;

Dahlin et al., 1984). NAPQ1 can react with glutathione (GSH) spontaneously or

catalyzed by glutathione-S-transferases to form a GSH-adduct which is mainly excreted

into urine through Mrp2 (Chen et al., 2003) without significant toxicity. Thus, this

metabolite is an oxidizing agent that converts reduced glutathione to oxidized glutathione

(Adamson and Harman 1993) and is able to be detoxified by glutathione (Mitchell et al.,

1973). After an overdose of AAP, glucuronidation and sulfation are insufficient to

detoxify AAP so alarge fraction of the drug is available for metabolism by cytochrome

P450 leading to a rapid depletion of hepatic GSH levels which affects both the cy'tosolic

and the mitochondrial compartments. Once GSH is exhausted any remaining NAPQI

formed will react with altemative targets, in particular cellular proteins (Jollow et al.,

1973). Over the years a number of proteins which were modified by NAPQI binding

were identified (Cohen et al., 1997). NAPQI binding proteins are highly selective with

two major adducts of 44 and 58 kDa identified by immunochemistry (Bartolone et al.,

19S8). There is increasing evidence to support the notion that protein binding is an
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Figure 4. Metabolism of acetaminophen in liver. Two pathways in the liver are

responsible for metabolizing the majority of AAP. At therapeutic doses, the major

pathway (60-90% of a therapeutic dose) results in the formation of inactive compounds

by conjugation with sulphate and glucuronide and then excreting in the uine. A small

amount (5-10%) of therapeutic AAP is metabolized by the hepatic cytochrome P450

enzyme system (specifically CYP2Ei) that results in the formation of a toxic product

G\IAPQI). In small amounts the product is quickly detoxified by combining irreversibly

with the sulfhydryl groups of glutathione and then excreted in the urine. When an

overdose of AAP occurs, however, the capacity of the major pathway is exceeded and

AAP is shunted to the minor pathway. In this case the increased toxic product (NAPQI)

exceeds the amount that can be safely handled by the detoxification reaction.

Consequently, some toxic product remains in the liver cell, reacts with cellular

components, and could become lethal to the cell.
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initiating event of cell injury, which can be amplified through secondary processes

(Jaeschke et al., 2003).

Mitochondria dysfunction is the major secondary process of reactive metabolite

formation and protein binding (Meyers et al., 1988; Ramsay et al., 1989) which induces

oxidative stress and ATP depletion (Jaeschke, 1990; Tirmenstein and Nelson, 1990).

AAP also interferes with the ongoing processes of many intracellular organelles such as

nucleus (Ray et al., 1996), plasma membrane (Moore et al., 1985), and cyoplasm

(Pumford et al., 1997). The toxicity of AAP has been attributed to the disruption of many

metabolic processes including depletion of glutathione, impairment of mitochondrial

respiration, and interference with Ca2* homeostasis (Boulares et al., 2004).ln addition to

the formation of NAPQI, high levels of reactive oxygen species (ROS) formed during

AAP metabolism induces oxidative stress which in turn contributes to the cell injury

process (Shon et al., 2002).

3.3 Oxidøtive stress induced by Acetaminophen

The c¡itical role of GSH in detoxifying NAPQI was identif,ied many years ago by

Mitchell et al. (Mitchell et al., 1973). Although, those studies led to the clinical use of

NAC as standard treatment for patients with AAP overdose, the role of ROS in the

pathophysiology of AAP overdose remains controversial despite three decades of

research.

After an AAP overdose, superoxide generated in mitochondria can form molecular

oxygen and hydrogen peroxide after dismutation reation (Knight et al., 2003). These

products are then reduced to water by glutathione peroxidase using electrons from GSH

(Knight et al., 2003). When hepatic GSH levels begin to recover after the initial depletion
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by NAPQI, the hepatic concentration of glutathione disulfide (GSSG), which is a marker

of intracellular reactive oxygen formation, increases substantially above baseline

(Jaeschke, 1990; Tirmenstein and Nelson, 1990). Thus, the cellular and mitochondrial

ratio of GSSG:GSH increases followed by an increase of GSSG levels and GSH

depletion. The increased GSSG:GSH ratio after an AAP overdose suggests the

involvement of oxidative stress. Thus, those data have been interpreted as providing

evidence for involvement of mitochondrial oxidative stress during AAP hepatotoxicity.

Using 2',7'- dichlorodihydrofluorescein diacetate (DCFH) fluorescence to track

ROS levels, Jaeschke et al. (2003b) showed increased DCF levels several hours after

AAP treatment in cultured mouse hepatocytes. Their data suggested that oxidative stress

preceded cell injury. This is consistent with an early increase in the GSSG:GSH ratio in

vivo (Knight et a1.,2001). Conversely, superoxide can react with nitric oxide Q',lO) to

form the potent oxidant peroxynitrite (Squadrito and Pryor, 1998). Pharmacological doses

of glutathione are observed to accelerate the recovery of mitochondrial glutathione levels

and considered as an effective scavenger of peroxynitrite (Knight et al., 2002). Those

data suggested that peroxynitrite is a critical mediator of AAP hepatotoxicity (Knight et

a1.,2002).

GSSG formation is generally representative of cellular oxidative stress (Jaeschke et

al., 1988; Lauterburg et al., 1984; Smith, 1991). Severe initial depletion of cy'tosolic and

mitochondrial GSH after an AAP overdose, however, is an interfering factor. Because of

the decreased GSH levels, only a small shift of GSSG from GSH can be observed

(Knight et a1.,2001). Ittakes more than 4-6 hours (Jaeschke, 1990; Knight et a1.,2001)

for the recovery of GSH and measuring GSSG levels higher than baseline, which would
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be considered solid evidence for oxidative stress (Jaeschke, 1990; Knight et aI.,2001).

Thus, Smith and coworkers argued that oxidative stress is most likely a consequence of

cell injury rather than an early event. This knowledge is relevant for the understanding of

the mechanism of cell death (Rogers et al., 2000; Smith et al., 1985). Since the depletion

of GSH is a prerequisite for the injury (Mitchell et al., 1973), measuring GSSG formation

cannot unequivocally answer the question whether the oxidative stress precedes cell

injury or is only a late event of the injury. Conversely, some data show a rapid onset of

oxidative stress in cultured hepatocytes at a time when GSH levels are maximally

depleted. Treatment with NAC can enhance GSH levels before or after AAP treatment

resulting in reduced oxidative stress (Bajt et a1.,2004). Such reports support the notion

that oxidative stress is involved in the propagation of cell injury in vitro.

3.4 Mitochondria dysfunction

AAP overdose triggers mitochondrial dysfunction as indicated by inhibition of

mitochondrial respiration (Meyers et al., 1988; Ramsay et al., 1989; Burcham and

Harman, 1991) and declining ATP levels (Jaeschke, 1990; Tirmenstein and Nelson,

1990). Since the mitochondrial effects of AAP in vivo occur immediately after GSH

depletion (Donelly et al., 1994) and can be directly reproduced by NAPQI administration

in isolated mitochondria studies (Ramsay et al., 1989; Burcham and Harman, 1991),

covalent binding to mitochondrial proteins by NAPQI may be responsible for the initial

mitochondrial dysfunction. In addition, any intervention that prevented this covalent

binding also prevented cell death (Mitchell et al., 1973a, b; Jollow et al., 1973). Thus,

metabolic activation of AAP and protein binding of the reactive metabolite(s) are critical

initiating events in cellular toxicity. These events need to be amplified and propagated in
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order to cause cell death (Jaeschke and Lemasters, 2003).

Mitochondrial generation of ROS and increased mitochondñal Caz* levels precede

and contribute to onset of the mitochondrial permeability transition (MPT). MPT is

characterized by mitochondrial swelling, uncoupling of the oxidative phosphorylation,

and formation of pores in the inner mitochondrial membrane following an AAP overdose.

A consequence of the MPT is the breakdown of the mitochondrial membrane potential

(AV), the inability to synthesize ATP, and finally necrotic cell death (Kim et al., 2003). if

the insult is milder and only a limited number of mitochondria undergo MPT, the

resulting release of cytochrome c can result in apoptotic cell death (Kim et aI.,2003).

The pro-apoptotic Bcl-2 family member Bax resides in the cytosol but can

translocate to mitochondria and can form pores in the outer mitochondrial membrane

alone or in combination with other Bcl-2 proteins, e.g. Bad and the truncated form of Bid

(Chao and Korsmeyer, 1998). Formation of these pores together with formation of the

MPT pores in the inner membrane can release proteins from the intermembrane space of

mitochondria (Sconano and Korsmeyer, 2003; Jaeschke and Lemasters, 2003) such as

Apoptosis-lnducing Factor (AIF), Endonuclease G, and cytochrome c.

Mitochondria, a principal site of cellular oxygen consumption with the purpose of

generating ATP by oxidative phosphorylation, is able to occupy up to 25Yo of the cell

volume in highly aerobic tissues like the liver. Because of the importance of

mitochondria in living cells there is no surprise that mitochondria dysfunction and failure

leads to cell death. Indeed, more and more evidence indicates that mitochondria are the

main target of cell injury following toxic stresses or death signals such as the ligation of a

death receptor by its cognate ligand leading to necrotic or apoptotic cell death.
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3.5 Mechønísm of cell desth

An overdose of AAP can cause severe liver injury and even liver failure in both

animal models and humans. Despite numerous investigations, the mechanism of AAP

induced cell death is still controversial. Cell death typically follows by one of two

patterns: apoptosis or necrosis (shown in Figure 5).

a. Apoptosis

Apoptosis, also known as programmed cell death, is a genetically controlled

mechanism of cell death. Apoptosis is important in the development and health

maintenance of multicellular organisms. Apoptosis is morphologically characterized by

cell shrinkage, increased membrane permeability, increased intracellulaÍ Caz*, decreased

pH, membrane remodeling and blebbing, chromatin condensation, and DNA and cellular

fragmentation into apoptotic bodies (Figure 6). In response to stimuli, cells die in a

controlled and regulated fashion. Individual dying cells do not affect or influence the

activity of neighbour cells. This makes apoptosis distinct from another form of cell death

called necrosis in which uncontrolled cell death leads to lysis of cells, larger groups of

continuous dying cells, and inflammatory responses, and may lead to potentially serious

health problems. Apoptosis, by contrast, is a process in which cells play an active role in

their death (that is why apoptosis is often called cell suicide)'

Generally, there are 3 different pathways by which a cell commits suicide by

apoptosis. First, intrinsic or mitochondrial pathway of apoptotic signaling. This form

responds to various stimuli including chemotherapeutic agents, UV radiation, stress

molecules (reactive oxygen and reactive nitrogen species) and growth factor withdrawal

by the release of mitochondrial cytochrome c. As a consequence cytochrome c, apoptotic
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protease activating factor-1 (Apaf-1), and caspase-9 form the apoptosome (Li et aL,1997;

Liu et aI., 1996: Zou et al., 1997). The apoptosome activates caspase-9 which then

activates caspase-3 and initiates the execution of apoptosis (Slee et a1.,1999). The release

of Endonuclease G (Li et al., 2001) and apoptosis inducing factor (AIF) (Susin et al.,

1999) are also involved in mediation of mitochondrial apoptosis. Another mitochondrial

pro-apoptotic factor is Smac/ Diablo (Verhagen et al., 2000) which acts by inhibiting the

inhibitors of apoptosis proteins (IAPs) from blocking caspase activity. IAPs are a family

of proteins with anti-apoptotic activity by directly inhibiting caspases (Figure 7). Second,

an extrinsic or ligand-death receptor pathway of apoptotic signaling is activated in

response to extracellular signals and is mediated by binding members of the tumour

necrosis factor family (e.g. Fas ligand, TNF-o) to death receptors on the cell surface (e.g.

Fas, TNFR). This results in the multimerization of the death receptor and the formation of

the death inducing signaling complex (DISC) that containing multiple adaptor molecules

such as the Fas associated death domain (FADD). FADD interacts with caspase-8 (Muzio

et al., 1996;Muzio et al., 1998) leading to the autolytic activation of pro-caspase-8 to

caspase-8. Caspase-8 then activates caspase-3 (Scaffidi et al., 1998; Hirata et al., 1998)

which finally executes apoptosis by releasing caspase-activated DNAse (CAD) from its

inhibitor (ICAD) with DNA fragmentation as a consequence (Tang et al., 1998).

Importantly, caspase-8 can also cleave the pro-apoptotic Bid (Li et al., i998) which

subsequently, through interaction with Bax and Bak, translocates to the mitochondria and

causes the release of cy'tochrome c (Luo et al., 1998) (Figure 8).
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b. Necrosis

Necrosis, in contrast, is a pathological process in which cells or tissues die in a living

organism. With the failure of membrane integrity, necrosis results from acute metabolic

perturbation with ATP depletion as occurs in acute drug-induced hepatotoxicity. The

most important morphological difference from apoptosis is cell swelling. Early after ATP

depletion, moderate cellular swelling occurs associated with small protrusions of the

plasma membrane called blebs (Lemasters et al., 1981; Lemasters ef al., 1983). Bleb

formation is likely a consequence of ATP depletion and cytoskeletal alterations (Gores et

a1.,1990; Nishimura et al., 1998). This process follows cell injury and the resultant dying

and dead cells induce an inflammatory reaction. Necrosis describes accidental cell death

which is a part of programmed cell death and less orderly than apoptosis. Once ATP

decreases caspase activation will be blocked resulting in necrosis.

c. Necrøpoptosis

Recently several investors proposed that apoptosis and not necrosis might be a

major mechanism of cell injury following AAP toxicity. To address this controversial

issue necrapoptosis was introduced as a term that emphasizes the cell death processes.

The process begins with a common death signal or toxic stress. This signal shares many

pathways but culminants in either cell lysis (necrosis) or programmed cellular resorption

(apoptosis). The difference depends on modifuing factors such as the ATP level

(Lemasters, 1999). Necrapoptosis describes the interrelationship of necrotic and apoptotic

cell killing in AAP induced liver failure and their common origin within mitochondrial

dysfunction.
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Results from our laboratory together with available literature reports lead us to

believe that L-FABP may work as an effective endogenous antioxidant. We have seen

from the Chang L-FABP cDNA and vector transfected hepatoma cell model that L-FABP

does in fact possess antioxidant properties. Thus, the hypothesis to be tested in this thesis

is that L-FABP protects hepatocytes against drug-induced oxidative stress. The

hepatoprotective role(s) of L-FABP in AAP induced toxicity were studied using cultured

hepatocytes.

This thesis is divided into two sections. Since AAP is known to be associated with

severe hepatotoxicity when taken in extremely large doses, it was important to first

determine if L-FABP had a cytoprotective effect in AAP treated cells. Since oxidative

stress is known to be involved in AAP induced liver injury, DCF was used to assess

intracellular ROS levels. Thus, the effect of L-FABP on ROS levels in AAP treated cells

was determined using DCF fluorescence. Second, if L-FABP does exe¡t an effect, what is

the cytoprotective pathway that L-FABP exerts its effect on in AAP treated cells. We

evaluated necrosis and apoptosis after AAP treatment in L-FABP transfected cells and

vector transfected cells to elucidate the cytoprotective role of L-FABP in AAP induced

hepatotoxicity.
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Materials

Unless specified all chemicals were purchased from Sigma-Aldrich and were of

analytical grade.

l. Chang liver cell

Chang liver cells, a hepatoma cell line without any detectable L-FABP mRNA,

were successfully transfected with pcDNA-FABP (called L-FABP transfected cells) and

pcDNA3.1 (called vector transfected cells). These two cell lines were obtained from Dr.

G. Wang (University of Manitob a, Canada) and used throughout these studies.

2. Chemicals

Dulbecco's modified Eagle's medium (DMEM), sodium pyruvate, penicillin,

streptomycin, Geneticin (G-418) and sodium pyruvate were purchased from GIBCO/BRL

(Life Technology, Burlington, Canada). Acetaminophen (AAP), Bovine calf serum

(BCS) and B-Nicotinamide Adenine Dinucleotide, Reduced Form (B-NADH) were

purchased from Sigma (Sigma, Co., St. Louis, USA). Cell proliferation reagent WST-I

was purchased from Roche (Roche Diagonstics GmbH, Mannheim, Germany). Bax Q{-

20) was purchased from Santa Cruz Biotechnology Inc (Santa Cruz Biotechnology Inc,

Santa Cruz, USA). Anti-mouse lgG, horseradish peroxidase linked whole antibody (from

sheep) was purchased from Amersham biosciences (Pittsburgh, USA). Anti-rabbit lgG

horseradish peroxidise linked whole antibody was purchased from GE Healthcare (GE

Healthcare, Pittsburgh, USA). Rainbow marker was purchased from Invitrogen

(Invitrogen Canada Inc, Burlington, Canada). L-FABP polyclonal antibody was

generated in our laboratory by Dr Wang (University of Manitoba, Canada).
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Methods

1. Cell culture conditions

Cells were grown in DMEM supplemented with 100 U/ml of penicillin, 100 pg

streptomycin/ml, and l0o/o BCS (bovine calf serum) in a humidified 37"C incubator in an

atmosphere of 95Yo air and 5o/o COz. Neomycin-resistant transfected Chang cells were

maintained in the presence of G418 (Geneticin) at a concentration of 200 mg/L.

2. DCF fluorescence assay

ROS produced in cell cultures were assessed by the fluorescence intensity of DCF

using a Wallac 1420 multilable counter (PerkinElmer Inc, Waltham, USA). A l0 mM

(4.87 mglml) stock solution of 2,7-dichloro-fluorescin diacetate (H2DCF DA) was

prepared daily in ethanol, kept at - 20 "C, and diluted to 1 mM with DMEM medium

prior to each study. This cell-permeable compound is converted into a nonfluorescent

product (H2DCF), after intracellular deacetylation by intracellular esterases, and is

rapidly oxidized to a highly fluorescent compound dichlorofluorescin (DCF). DCF and

H2DCF are retained better in the cytosol than HzDCFDA.

2.1. Reactive oxygen species (ROS)

Molecular Probes offers several probes that either generate or detect various ROS

(Table 3). ROS are formed in cells in response to stimulation and may play a role in

signal transduction. The principal probes that have been used to detect cellular ROS are

chemically reduced forms of xanthenes (Figure 9) or ethidium, which are colorless and

nonfluorescent until oxidized to the fluorophore by ROS. Dichlorofluorescin diacetate

(H2DCF DA), dihydrorhodaminel23, and dihydroethidium are standard dyes for

determining ROS. In this study we used H2DCF DA because it is a chloromethyl
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Reactive oxygen specles Structure Detection Reagents

Hydrogen peroxide

Peroxyl radical

Peroxynitrite anion

Hydroxyl radical

Nitric oxide

Singlet oxygen

Superoxide anion

HzOz

HOO

oNoo-

HO

NO

Oz

'Oz-

Carboxy-HzDCFA, HzDCFA, Lucigenin

CM-HzDCF, Dihydro calcein 123

H2DCF DA, Carboxy-H2DCFA, CM-HzDCF

HzDCF DA, Dihydrocalcein 123, CM-HzDCF

CM-HzDCF, Proxyl fluorescamine

DAF-FM, DAA, DAF-FM diacetate, Luminol

trans-l -(2'- methoxyvinyl) pyrene

MTT, XTT, OxyBURST Green H2DCFDA

Table 3. Common reactive oxygen species and their detection reagents. This table was

modified from Haugland et al., 2002 (Handbook of Fluorescent Probes and Research

Products).
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A

B

Xanthene

t:llttH

Oxidized Xanthene

Figure 9. Chemical structure of principle probes. A represents a class of Xanthenes which

are oxidized into B which represents principal the probes under the action of reactive

oxygen species (ROS).
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derivative product of HzDCF and is better retained in cells following oxidative stress

intervention.

2.2. Oxídative stress induced by AAP

Cells (vector and L-FABP cDNA transfected) were seeded in black 96-well plates

at a concentration of 1x104 cells/well in 100 ¡rl of medium and incubated overnight.

Cultures were washed twice with warm phosphate-buffered saline (PBS) and incubated at

37oC in a humidified incubator in an atmosphere of 95o/o air and 5% COzin AAP (lmM,

5mM, and 1OmM) for 3.5 hours and 6 hours. After AAP treatment, cells were ready for

DCF fluorescence assay.

2.3. DC F Íluorescence assøy

HzDCFDA, a cell-permeable compound used as a fluorescent probe, is able to be

converted into a non-fluorescent substrate HzDCF, aft.er intracellular deacetylated by

intracellular esterases. H2DCF will lose a H* and an electron under the action of ROS to

form an intermediate state with a free electron in its structure. It continues to lose a H*

and electron until a highly fluorescent compound results (see Figure 10). ROS produced

following high doses of AAP (oxidative stress) were assessed by the fluorescence

intensity of DCF using a 1420 multilabel counter.

2.4. DC F fluorescence meas urement

H2DCFDA-loaded cells were placed in a Wallac 1420 multilabel counter for

fluorescence measurements. Figure 11 shows the DCF assay procedure. After 3.5 or 6 hrs

of AAP treatment (0mM, 5mM, 1OmM), cells were washed twice with PBS and then

loaded withl mM DCF for 30 min in the incubator. DCF fluorescence in each well was
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lncubate cells with 1mM H¿DCFDA

100p1/wellfor 30 min
10 mM (4.87 mg/ml) stock solution of HzDCFDA

is prepared daily in ethanol, kept at - 20 " C,
and diluted to 1mM with PBS prior to each study.

ll wash with PBS twicev

ll *rrn with PBS twice

ü

Figure I 1. DCF assay procedure.

Plate reader
520nm
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measured by a plate reader at 520 nm, digitized, and stored on a computer using the

Wallac i420 multilabel counter.

3. Cell viability assây - cell proliferation reagent WST-I

The cell proliferation reagent WST-l is based on the metabolic activity of viable

cells. Metabolically active cells reduce tetrazolium salts to formazan compounds as

shown in Figure 12 while dead cells do not. Thus, tetrazolium salt-based colorimetric

assays detect viable cells exclusively. Because these dyes are sensitive to living cells,

assays can be readily performed in a microplate reader with relatively few cells on a

plate. Since cytotoxic factors will reduce the rate of tetrazolium salt cleavage by a

population of cells, the metabolic activity assays are frequently used to measure factor-

induced cytotoxicity or cell damage. Principles of the WST-l assay are outlined in Figwe

13. After cell culture, cells were incubated with WST-I for 0.5-4 hrs. Finally, the

absorbance of WST- I was measured using a microplate reader.

3.1. Drug treatment

Cells (vector, L-FABP transfected) were seeded at density of 1 x 104 per well in 96-

well plates in 100 ¡rl of complete medium and incubated ovemight. Cultures were washed

twice with warm phosphate-buffered saline (PBS) and incubated at 37oC in a humidified

incubator in an atmosphere of 95o/o air and 5Yo C}zin AAP (0 mM, 0.5 mM, I mM, 5

mM, l0 mM, and 20 mM) for 3h,6h, 12h, and 24h. At the end of the incubation, cells

were prepared for the assays described below.

3.2. ll/ST-1 ossøy

WST-I (10 ¡rl/well) was added to cells already cultured in 100 ¡rl/well DMEM

medium (l:10 final dilution) after AAP treatment. The appropriate incubation time
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Figure 12. Cleavage of the tetrazolium slat WST-l (a-[3-(a-Iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) to formazan. This figure is

adapted from Roche Diagonstics GmbH, Mannheim, Germany. (www.roche-applied-

science.com/pack-inserl/1(r.i4¡07a.pdf; Accessed: December 19th 2006). Abbreviations:

EC: electron coupling reagent; RS: mitochondrial succinate-tetrazolium-reductanse

system.
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Culture cells in a microplate for a ceñain period of time
(37.C)

AAP treatment
(0 mM, 0.5 mM, 1 mM, 5 mM, 10 mM, and 20 mM

for 3h, 6h, 12h,24h)

t
Add Cell Proliferation Reagent WST-I

J1

lncubate cells
w¡th wsT-1 (0.5-4h,37"c)

f
Measure absorbance us¡ng Uv-spectrophotometer

(2mim, RT)

Figure 13. Assay procedures for using the cell proliferation reagent WST-1 assay.
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(incubated at 370C in a humidified incubator in an atmosphere of 95%o and 5o/o CO2) after

addition of the cell proliferation WST-I depended on the individual experiment

conducted (e.g., cell type and cell concentrations used). Control groups without AAP

treatment contained the same volumes of culture medium and cell proliferation reagent

WST-1 as was used in the test groups (e.g., 100 pl culture medium plus 10 pl cell

proliferation reagent WST-1 into each well). Background control, absorbance of culture

medium plus V/ST-I in the absence of cells, was used as a blank. Absorbance

measurements were made using Molecular Devices ThermoMax Kinetic Microplate

Reader (Scientific Support Inc, Hayward, Canada) at 450 nm. The wavelength for

measuring the absorbance of the formazan product is between 420 - 480 nm (max.

absorption at about 440 nm).

The first study determined the optimal incubation period. Vector cells were seeded

in 96-well plates at concentration of 1*104 cells/well in 100 ¡il medium and cultured

overnight. WST-I was added (l0pl/well) and the absorption determined at different

points (0.25, 0.5, 1, 2,3,4,5, and 6 hrs) was used to determine the appropriate incubation

time.

3.3. Effect of serum in WST-I øssøy

The addition of serum is necessary for cell growth when using cell culture

conditions. Serum is an ill defined component of medium. It is difficult if not impossible

to be certain of all the effects of serum in cultured cells and their possible interactions

with added drugs or other chemicals. To initiate this series of studies, detection of the

effects of serum on the absorbance of WST-i was required.

Vector transfected cells were seeded in 96-well plates. After adherence, cells were
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washed with PBS and then treated with: a) serum-free DMEM or 10o/o BCS DMEM for

24 hours or; b) 10 mM AAP which was prepared with'serum free DMEM or l0% BCS

DMEM.

Serum free medium has four basic advantages over serum containing medium.

First, the composition of the culture media is simplified and better defined. Second, there

is a reduced degree of contaminants. Third, it can eliminate potential source of infectious

agents. Foufth, lower cost. The main reason of using serum free medium was to avoid the

effects of serum on WST-I absorbance (e.g., increase or decrease the absorbance of

wsT-l).

4. Cell damage -Lactate dehydrogenase (LDH) assay

LDH is a cytosolic enzyme present within all mammalian cells. Normal plasma

membranes are impermeable to LDH. When cell membranes become damaged, the

membrane permeability changes result in subsequent leakage of LDH into the

extracellular fluid. Release of LDH into culture supernatant correlates with cell

membrane damage and cell death. Thus, this provides an accurate measure of cellular

toxicity by the test substance. LDH activity was measured spectrophotometrically based

on the following reaction (Bergmeyer 1974):

LDH
Pyruvate + NADH + H+ Lactate + NAD+

4.1 Drug treatment

Cells (vector, L-FABP transfected) were seeded at density of 1 x 10s per well in 6-

well plates using 100 pl of complete medium and incubated overnight. Cultures were

washed with warm phosphate-buffered saline (PBS) and incubated at 37oC in a
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humidified incubator in an atmosphere of 95o/o air and 5Yo COz in l0 mM AAP 100

pl/well for 3, 6, 12 and 24 lvs. At the end of the incubation period, culture supernatants

were collected and stored at -80o C. When required they were prepared for the assays

described below.

4.2 LDH øssay

All solutions used for this assay were made fresh on the day of the assay. The

substrate for lactate dehydrogenase reaction was made by mixing l0 % (vlv) of 2.5 mM

NADH and 10 % (vlv) of 25 mM pyruvate in a Tris-KCl buffer (50/150 mM, pH 7.40) at

room temperature. Quadruplicate 50 pl aliquots of the culture supematants collected from

AAP treated samples (containing LDH) were added to a quartz cuvette at 25"C that

contained 1000 pl of the substrate solution, The change in absorbance at 340 nm is

directly proportional to LDH activity in the supernatant samples. Figure 14 outlines a

simplified process of the LDH assay procedure. After cell culture (overnight), cells were

treated with AAP for 3, 6, 12 or 24 hrs and then culture supematants were collected for

LDH assay. Finally, LDH release was measured at340 run as shown in Figure 14.

4.3 UV spectrometer

UV-160 visible recording spectrophotometer (Shimadzu Scientif,rc Instruments,

Columbia, USA) was used at 340 nm. Supernatant samples were mixed with buffer and

analyzed l0 sec later. Each sample was analyzed every 20 second during a 360 second

period. There were I 9 data points for each sample that described the rate of change in

absorbance.

47



Aspirated medium, washedwith PBS

and add 1OmM AAP (100 pl/well)

Cell cultu¡e procedure

Seed cells on 6-well plates

(1x1trælls/well)

I lncubated for 3h,6h,12h

{ and 24h at 37'C

Collected culture supernatants

and store at -80'C

LDH assay procedure

Added 50¡rl culture supernatants (from above)

to a to a quarh cuvelte

Measured absorbanæ at 340nm

Figure 14. LDH assay procedure.

Added l0ffiplsubstrate solution (mixing 10 % (t'tu)of 2.5 mM NADH

and 10 % (v/v) of 25 mîtrl pyruvate in a Tris-KCl buffer (50/150 mM, pH 7.40)
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5 Western blot analyses

5.1. Drug treatment

Cells (vector, L-FABP transfected) were seeded at density of 1 x 106 cells per dish

in 30 mm dishes in 2 ml medium and incubated overnight. Cell cultures were washed

twice with warm phosphate-buffered saline (PBS) and incubated at 3loC in a humidified

incubator in an atmosphere of 95% air and 5o/o C}2with lOmM AAP treatment for 3, 6,

12, and 24 hrs. Cells treated with 0 mM AAP were used as the control group. At the end

of the incubation period, cells were prepared for Western blot as described below.

5.2. Protein sample preparationfrom cell culture

Protein extracts were prepared from cell cultures by RIPA Buffer (50 mM Tris-HCl

pH 7 .4, 150 mM NaCl, I mM PMSF, I mM EDTA, 5 pglml Aprotinin, 5 ¡tglmL

Leupeptin, I % Triton x-100, I % Sodium deoxycholate,0.l % SDS) lysis. Briefly, cell

pellets (-106 cells) were washed once with ice-cold PBS and incubated with I ml RIPA

buffer on ice for 20 min, vortexed 2 to 3 times during this time frame. Following 20 min,

the lysate was centrifuged for 5 min at 4oC at 20,000 g (Intemational Equipment

Company, Needham Heights, USA) using a microcentrifuge tube (Fisher, Ottawa,

Canada). The supernatant was transferred to the clean microcentrifuge tube. Protein

concentration was measured using the BCA Protein Assay as described in the following

chapter. Samples were stored at - 80oC until used.

5.3. BCA Protein Assay

The BCA Protein Assay (Sigma-Aldirch, Bicinchoninic Acid Kit) is a detergent-

compatible formulation based on bicinchonimic acid (BCA) for the colorimetric detection

and quantization of total protein. As shown in Figure l5 its principle is similar to the
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Lowry procedure. The procedure relies on the well-known reduction of Cu*2 to Cu*l by

proteins in an alkaline medium (the Biuret reaction). The highly sensitive and selective

colorimetric detection of the cuprous caption (Cu*') uses a unique reagent containing

bicinchoninic acid. The blue-colored reaction product of this assay is formed by the

chelation of two BCA molecules with one cuprous ion. The water-soluble complex

exhibits a strong absorbance at 562 run that is linear with increasing protein

concentrations over a 20-2,000 pglml range. The BCArM method is not a true end-point

method; that is, the final color continues to develop. However, following incubation the

rate of continued color development is sufficiently slow to allow large numbers of

samples to be assayed together.

BCA Protein Assay stock solutions include: Reagent A (containing sodium

carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium

hydroxide), Reagent B (containing 4% cupric sulfate), albumin standard ampoules,

2mglml (containing bovine serum albumin (BSA) at2.0 mg/ml in0.9o/o saline and 0.05%

sodium azide). BCA Protein Assay solution was made by mixing stock solution A and B

in a ratio of 50:1 on a daily basis. Dilutions were made of the fractions and a series of

dilutions of a BSA solution. Each dilution was assayed with the BCA reagents. Each

standard (12 pl) and sample (6 pl) was pipetted into the appropriate microwell plate

which contained 100 ¡rl/well of BCA working reagent (A: B:50:1). Plates were mixed

on a shaker for 30 seconds before incubating the covered plate at 37'C for 30 min. After

incubation, absorbance of each well was measured on an ultra microplate reader (ELx

808, Bio-TEK instruments, INC, Winooski, USA) at 630 nm. Finally, from the BSA

standard dilutions, a standard curve relating absorbance to protein concentration was
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prepared. All determinations were done in duplicate. A simplifìed protocol for the BCA

Protein Assay is show in Figure 16.

5.4. lI/estern blot

Proteins (20 pg) were mixed with 4X gel loading buffer (4X:250 mmol/L Tris-

HCl, pH 6.8, 8% SDS, 20% glycerol, 0.2% bromophenol blue and 5% B-

mercaptoethanol), separated on 15% sodium dodecyl sulfate-polyacrylamide (SDS-

polyacrylamide) gel under reducing conditions, and transferred onto Nitroplus-2000

membrane (Micron Separations Inc. Westborough, MA). Nonspecifìc antibody binding

was blocked by pre-incubation of the membranes in 5Yo dry skim milk in lX Tris-

buffered-saline-Tween (TBS-T, 2.42 g Tris base, 29.25 g NaCl, 0.5 ml Tween 20 per

Iiter) for I hour at room temperature to avoid binding of non-specific proteins.

Membranes were then incubated with primary antibody in 5o/o skim milk at 4oC

overnight. Titration of the primary antibody was l:300 for rat L-FABP antiserum, 1:1000

for rabbit anti-Bax and l:3000 for monoclonal mouse anti-p-Actin. Membranes were

subsequently incubated with horseradish peroxidase-conjugated secondary antibody (goat

anti-rabbit antibody for L-FABP and Bax, anti-mouse antibody for B-Actin). Antigen-

antibody complexes were detected by enhanced chemiluminescence system (ECL system,

Amersham life sciences, Buckinghamshire, UK). The optical density (OD) value of each

target was determined using the NIH Imaging software. Variability in protein loading

was corrected by normalizing the protein band by p-Actin.

6. Statistical analysis

Results are expressed as mean t SEM. Appropriate statistical analysis included

Students' t-test (paired and unpaired) where two groups are to be compared. Two-way or
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Figure 16. BCA Protein Assay Procedure.
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one-way analysis of variance (ANOVA) was used for multiple comparisons. Statistical

significance was taken at the p<0.05 level the n value refers to the number of replicates in

each assay.
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Chapter IV

Results
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AAP induced toxicity in experimental models was investigated by using the

following methods: (l) cell proliferation studies were conducted using the WST-1

reagent; (2) membrane integrity was evaluated by determining supernatant LDH levels;

(3) intracellular ROS levels were detected using the DCF assay; (4) apoptosis was

determined by measuring Bax levels by western blot. Differences in the above

measurements between L-FABP cDNA and vector transfected cells were taken as

evidence for the involvement of L-FABP in cellular activity.

l. Optimal incubation period of cell proliferation reagent WST-1

Appropriate incubation time after addition of the cell proliferation reagent V/ST-l

depends on the individual experimental conditions (e.g., cell type, cell concentration,

etc). Figure 17 shows the absorption signal from WST-I determined at different time

points following the addition of WST-1. This study allowed for the determination of the

optimal incubation period. The rate of change of absorbance from 0.5 hrs to 2 hrs was

very fast but following the 3rd h¡ the rate started to slow down and stabilize. Thus, we

choose 3 h¡s as the optimal incubation period to measure WST-l absorbance of viable

cells in this investigation.

2. Effect of serum on WST-I absorbance

Differences in WST-I absorbance after 24 hrs drug treatment between 0 mM AAP

control (serum-free DMEM) and treated (10% BCS DMEM) groups' l0 mM AAP

control (serum-free DMEM) and treated (10% BCS DMEM) groups, and blank (serum-

free no cells) and treated (10% BCS no cells) groups are shown in Figtue 18. Significant

differences (p<0.001) were observed between serum and no semm groups. The data show

that the addition of serum to the culture media greatly influences the absorbance of viable
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Figure 17. Absorbance (ABS) of WST-1 versus time in vector transfected Chang cells.

ABS indicates the absorbance of WST-I in viable cells. Date represent mean * SE, n:72.
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Figure 18. Effects of serum in WST-1 assay using vector (pcDNA3.l) transfected cells.
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cells with WST-I. Serum-free condition in AAP treatment was, therefore, adapted to

avoid any confounding influence of serum on data interpretation'

3. The cytoprotective role of L-FABP in AAP induced cytotoxicity - wsT-l assay

Cytotoxicity does not define a specific cellular death mechanism. It could be by

apoptosis, necrosis or both. Cytotoxicity simply refers to the cell-killing property of a

chemical or a mediator cell (such as a cytotoxic T cell) and is independent of the

mechanism(s) of cell death. Cytotoxicity assays are, therefore, often used to detect dead

cells. Tetrazorim colorimetric assay (such as wsr-l) is based on cellular respiration (i.e.,

the activity of mitochondria) and is a common method used to detect cytotoxicity' By

detecting only viable cells the mechanism of cell death still remains to be elucidated'

WST-l was added to the cell culture medium at various times after AAP treatment

and cells were incubated for an additional 3 hrs. Results are shown in Figures 79,20,2I,

and22. Compared to controls (0 mM AAP group) the capacity of cells to reduce wsT-l

was changed after each time period following AAP treatment' Figure 19 shows the results

obtained after 3 hrs AAp. The figure shows an AAP induced dose-dependent cytotoxicity

in both L-FABP and vector transfected cells. L-FABP transfected cells, however, showed

lower cytotoxicity then vector transfected cells. Compared with control groups, vector

transfected cells were associated with a greater decrease in WST-I absorbance (15%)

while L-FABP transfected cells decreased wsT-l absorbance by 2Yo in the presence of

0.5 mM AAP. As the concentration of AAP increased to 1, 5, 10, and 20 mM vector

transfected cells were associated with a much lower level of wsT-1 absorbance (19yo,

23r,/0,27yo, and 37Yo, respectively) than the L-FABP cDNA transfected cells (6Yo, 14Yo,

170/o, and23yo),respectively. These data showed that L-FABP may indeed have a
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Figure 1g. AAp induced cytoroxicity in L-FABP oDNA and vector transfected cells as

determined by wST-1 âssay. Both groups of cells were treated with 0,0.5, 1, 5, 10,20

mM AAp for 3 hours. WST-1 absorbance was adjusted per 1000 cells. Data represent
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Figure 20. AAp induced cytotoxicity in L-FABP CDNA and vector transfected cells as

determined by wST-l assay. Both groups of cells were treated with 0, 0.5, i, 5, 10,20

mM AAp for 6 hrs. WST-1 absorbance was adjusted per 1000 cells. Data represent mean

+ SE,n:6; 
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12h AAP treatment
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Figure 21. AAP induced cy'totoxicity in L-FABP cDNA

determined by WST-1 assay. Both groups of cells were

mM AAP for 12 hrs. WST-1 absorbance was adjusted

mean + SE; n:6; 
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Figure 22. AAP induced cytotoxicity in L-FABP cDNA

determined by WST-1 assay. Both groups of cells were

mM AAP for 24 h¡s. WST-I absorbance was adjusted

mean + SE; n:6; 
.p<0.05.
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cytoprotective role against AAP induced cytotoxicity. In other studies we used 6 hrs

(Figure 20), 12 hrs (Figure 2l), and24 hrs (Figure 22) AAP incubation time periods with

results similar to those of the above 3 hrs incubation time'

4. The protective role of L-FABP in AAP induced cell damage - LDH assay

The protective effect of L-FABP on AAP induced liver toxicity was assessed by

detecting cellular LDH release. LDH is a cytosolic enzyme present within all mammalian

cells. Normal plasma membranes are impermeable to LDH but some forms of cell

damage result in increased membrane penneability and subsequent leakage of LDH into

the extracellular fluid. Thus, release of LDH into the culture supernatant correlates with

reduced cell membrane integrity and cell viability (Bergmeyer 1974). The LDH release

assay was used to test the role of L-FABP in AAP induced oxidative stress. Figure 23

shows a significant decrease (p< 0.05) in LDH release associated with L-FABP cDNA

transfected cells after 12 hrs and 24 hrs AAP treatments compared with the vector

transfected cells. No signihcant differences was found in the 3 lus AAP treatment groups

(L-FABp and vector) compared with their respective control groups, suggesting that

LDH release was a late event in AAP induced cell injury. This can also explain why L-

FABP showed a protective role during longer periods (12 hrs and 24 hrs) of AAP

treatment.
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5. The antioxidative role of L-FABP in AAP induced oxidative stress - DCF assay

Cellular oxidative stress is well known to contribute to liver failure after large doses

of AAP. In the present study, AAP treatment was used as an in vitro model of cellular

oxidative stress. The ROS-sensitive probe 2, 7-dichloro-fluorescein diacetate

(HzDCFDA) was used to monitor intracellular ROS. Various ROS such as hydrogen

peroxide, peroxyl radical and peroxynitrite anion can oxidize HzDCFDA to the highly

fluorescent product DCF. The higher DCF fluorescence intensity signifies higher ROS

levels.

L-FABP cDNA and vector transfected cells were incubated for 3'5 hrs (Figure 24)

and 6 hrs (Figure 25) with 1 mM, 5 mM, and l0 mM AAP. AAP induced a statistically

significant dose-dependent release of ROS in vector transfected cells while there was no

significant difference in L-FABp cDNA transfected cells. DCF fluorescence intensity in

L-FABP transfected cells was significantly reduced (p<0'05) compared to vector

transfected cells at each AAP concentration. Compared with vector transfected cells,

DCF fluorescence intensity of L-FABP cDNA transfected cells decreased by 35%+5%

following I mM AAP treatment, 3g%L5% following 5 mM AAP treatment, and

46%a;% after l0 mM AAP treatment (Figure 24). Figure 25 shows that L-FABP cDNA

transfected cells induced a lower DCF fluorescence intensity than vector transfected cells

after 6 hrs AAp treatment. Thus, L-FABP likely functions as a cytoprotectant in AAP

induced oxidative stress.
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Figure 24. Intracellular DCF fluorescence of L-FABP cDNA and vector transfected

Chang cells. Intracellular ROS were induced by the addition of 1 mM, 5 mM, and 10 mM

AAP into the culture media for 3.5 hours. Following AAP treatment HzDCFDA (1 mM)

was loaded onto cells for 30 minutes. The DCF fluorescence intensity was proportional to

the level of cellular reactive oxygen species (ROS). Cellular fluorescence in each well

was measured and immediately recorded. 0 depicts control group which was treated rvith

serum-free DMEM (no AAP). Dataare represent mean + SE; n:6; 
.p<0'05. 

The data

show that cellular expression of L-FABP reduced DCF fluorescence intensity. There was

no significant difference between the L-FABP cDNA and vector transfected control cells.
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Figure 25. Intracellular DCF fluorescence of L-FABP cDNA and vector transfected

Chang cells. Intracellular ROS were induced by the addition of 1 mM, 5 mM, and 10 mM

AAp into the culture media for 6 hours. Following AAP treatment HzDCFDA (1 mM)

was loaded onto cells for 30 minutes. The DCF fluorescence intensity was proportional to

the level of cellular reactive oxygen species (ROS). Cellular fluorescence in each well

was measured and immediately recorded. 0 depicts control group which was treated with

serum-free DMEM (no AAP). Data are represent mean * SE; n:6; *xp<0'01' The data

show that cellular expression of L-FABP reduced DCF fluorescence intensity. There was

no significant difference between the L-FABP cDNA and vector transfected control cells.
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6. Anti-apoptotic role of L-FABP in AAP induced apoptosis

Bax belongs to a protein family called pro-apoptotic proteins which are important in

the initiation of apoptosis. Westem blot analysis was used to detect Bax expression after

10 mM AAP treatment for 3 hrs,6 hrs, 12 hrs, and24 hrs. Expression of p-actin was

detected as the loading control. Results are shown in Figure 26. L-FABP cDNA

transfected cells were associated with lower Bax expression than vector transfected cells

for each time period. Changes in Bax expression between the two cell lines for each

group were independent of time. L-FABP expression also was documented for each

group (see Figure 26). The data lead us to believe that L-FABP possibly plays some anti-

apoptotic role(s) in AAP-induced hepatotoxicity.
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Figure 26. Expression of Bax and L-FABP in L-FABP cDNA and vector transfected

cells following treatment with 10 mM AAP for 3 h¡s, 6 hrs and 12 hrs. B-Actin was used

as the loading control. L and V represent L-FABP cDNA and vector transfected cells,

respectively.
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During the last 30 years, enorïnous advances have been made in determining the

structure and biological function of FABPs. Based on the confirmed gene organization,

tertiary structure and binding properties, protective functions of FABPs are elucidated

and novel functional aspects are being uncovered. This thesis has examined a novel

protective function of L-FABP. L-FABP not only protects cells by binding lipophilic

substrates that could otherwise form detergents intracellularly, it also possesses strong

antioxidant properties.

1. Function of L-FABP in cellular oxidative stress after AAP overdose

I.I. Oxidative slress precedes or results from AAP induced cell iniury

Despite substantial progress in understanding the mechanism of hepatocellular

injury after AAP overdose, many aspects of the pathophysiology are still not clear.

Continuous effort has been made to understand the oxidative stress which is argued by

some investigators to precede AAP induced cell injury (Bajt et al., 2004). Other

investigators, however, argue that oxidative stress is a consequence of cell injury and

occurs following the initial insult or injury (Rogers et al., 2000; Smith et al., 1985). In the

case of AAP toxicity, there is general consensus that the formation of a highly reactive

metabolite by the P450 system, N-acetyl-p-benzoquinone imine (NIAPQI)' is a

prerequisite for toxicity (lrlelson and Bruschi, 2003). NAPQI can be effectively detoxified

by glutathione (Mitchell et al., 1973). However, once the stores of cellular glutathione are

exhausted, the reactive metabolite NAPQI covalently binds to many cytosolic and/or

mitochondrial proteins (Cohen et al., 1997). As a consequence, impaired mitochondrial

respiration (Meyers et al., 1988; Ramsay et al., 1989), depletion of hepatocellular ATP

levels (Jaeschke, 1990; Tirmenstein and Nelson, 1990), opening of the mitochondrial
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membrane permeability transition (MPT) pore (Kon et al., 2003), and release of

cytochrome c from the mitochondria (Adams et al., 200i; Ifuight and Jaeschke,2002) ate

observed. During the recovery phase of the cellular glutathione content, substantial

increases in the cellular and especially mitochondrial levels of glutathione disulfide

(GSSG) are obsened (Jaeschke, 1990, Knight et a1.,2001). The increase in cellular and

mitochondrial glutathione disulfide (GSSG) levels and the GSSG:GSH ratio after AAP

overdose suggest the involvement of free radicals and oxidative stress in the AAP

hepatotoxicity (Bajt et al., 2004).

It is reasonable to believe that after severe initial depletion of cytosolic and

mitochondrial GSH, which can be converted into oxidized GSH (GSSG), the GSSG:GSH

ratio (an indicator of oxidative stress) increases (Knight et al., 2001). However, it takes

more than 4 hours to re-synthesize GSH and thus measure a higher GSSG level above

baseline. Thus, a significant amount of time must pass before a high GSSG:GSH level is

observed which would then be taken as solid evidence for the occulrence of intercellular

oxidative stress (Jaeschke, 1990; Knight et al., 2001). Considering that at the same time,

the release of cy.tosolic liver enzymes occurs and indicates cell injury, Smith and

coworkers argued that oxidative stress is most likely a consequence of cell injury rather

than an early event (Rogers et a\.,2000; Smith et al., 1985;). Since the depletion of GSH

is aprerequisite for the injury (Mitchell et al., 1973), measurement of GSSG formation

cannot clearly answer the question whether oxidative stress precedes cell injury or is an

occurrence of a late event of cell injury'

In the present study 2, 7-dichloro-fluorescein diacetate (HzDCFDA) was used to

investigate oxidative stress after 3.5 hours (an early time point) and 6 hours (a late time
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point) following AAP treatment both in L-FABP cDNA and vector transfected cells' The

data in Figures 24 and,25 show the protective effects of L-FABP. Also of importance is

the observation that the oxidative stress event is seen to occur earlier than membrane

damage. Membrane damage as indicated by LDH release shown in Figure 23 was

significant only after 6 hrs of AAP treatment while oxidative stress as observed by

release of ROS was observed after 3.5 h¡s (Figure 24). These data lead us to believe that

release of ROS, an index of oxidative stress, is part of the mechanism of AAP induced

hepatotoxicity which is consistent with the conclusion that oxidant stress contributes to

the progression of cell injury in cultured mouse hepatocytes (Bajt et al., 2004). Thus,

oxidative stress also is an occurrence of a late event of cell injury.

L2. Possible protective pøthwøy of L-FABP in AAP induced oxidative stress

The potential protective pathway for L-FABP in AAP induced oxidative stress is

shown in Figure 27. As discussed earlier, AAP can be metabolized by P450 to the

reactive metabolite NAPQI following an overdose Q'.lelson et al., 1990) which in turn

depletes GSH forming GSH-adduct (Chen et al., 2003). After 4 hrs, the depleted GSH

recovers above baseline and a shift of GSSG:GSH ratio increases which represents a state

of oxidative stress (Jaeschke, 1990; Knight et al., 2001) þart II of Figure 27). The

source(s) of NO in pathway I of Figure 27 are unclear. Nitrotyrosine staining is known to

be reduced in inducible nitric oxide synthase-deficient (iNOS-/-) mice (Gardner et al.,

2002; Michael et al., 2001), which suggests that iNOS is a major source of NO for

peroxynitrite formation after an AAP overdose. Interventions that enhance iNOS

induction increased AAP induced liver injury (Bourdi et al., 2002; Tinel et al-,2004).

While GSH is a potent scavenger of peroxynitrite (Kirsch et al., 2001), its depletion is not
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Figure 27. Oxidative stress pathways following AAP toxicity. Part I describes the early

oxidative stress pathway following AAP overdose. Part II describes the late oxidative
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able to influence peroxynitrite formation. Oxidative stress caused by ROS and the

formation of peroxynitrite is thought to precede mitochondrial dysfunction to induce cell

death.

L-FABP is likely a very effective candidate against hepatocellular oxidative stress

because it has high affinity and capacity for binding of LCFA oxidation products (EK-

Von et a1.,2001; Raza et al., l9S9) and its protein structure which contains seven

methionine and one cysteine amino acids (Thompson et al., 1997) which are effective as

antioxidants. The intracellular concentration of L-FABP also is high,2-5o/o of cytosolic

proteins (Kaikaus et al., 1990). Moreover, as has been stated earlier, hepatocytes have a

high expression level of methionine sulfoxide reductase (Moskovitz et al., 1996) which is

able to reduce oxidized methionine (methionine sulfoxide) back to its reducing form

(Levine et al., 1999: Moskovitz et al., 1999). The oxidation-reduction of methionine

residues likely contributes to the L-FABP antioxidative function by the conversion of

ROS to innocuous products (Levine et al.,1996; Stadtman et al., 2004)'

2. Function of L-FABP in AAP-induced hepatotoxicity

2.1. Mechanísms of cell death after an AAP overdose

Death of hepatocytes is a characteristic feature of liver failure and can occur from a

multitude of diseases such as cholestasis, viral hepatitis, ischemia/reperfusion, liver

preservation for transplantation, drug/toxicant induced injury (Malhi et al., 2006). Cell

death is typically divided into two patterns: apoptosis and necrosis. Independent of the

pattern for cell death, mitochondrial injury with mitochondrial permeability transition and

dysfunction occurs (Malhi et al., 2006), Any form of treatment must clearly result in the

prevention of cell death. Unfortunately, despite substantial efforts in the past the

76



mechanism of cell death following AAP overdose is not clear. Some scientists argue that

necrosis is the dominant feature of cell death while apoptosis plays a minor role in AAP

induced liver failure (l'{agai et al., 2002' Bajt et aL.,2004; Kon et al',2004a)' According

to the present studies the pro-apoptotic protein Bax was measured using Western blot to

examine if apoptosis occurred and the role of L-FABP in the apoptotic process (see

Figure 26). Compared with the control group, increased expression of Bax was visible in

both L-FABp cDNA and vector transfected cells in AAP treatment groups, suggesting

that cells could undergo apoptotic cell death following AAP treatment'

2.2. Role of L-FABP ín aPoPtosis

A previous report investigated the anti-apoptotic activity of L-FABP in L-FABP

cDNA transfected Chang cells and has shown its protective function in ROS and TNF-o

induced apoptosis (Wang et al., 2005). In that study, L-FABP inhibited Caspase-l

activity in TNF-o treated cell cultures. The present study extended that work to show the

anti-apoptotic function of L-FABp in AAP hepatotoxicity and to delineate the protective

pathway of L-FABP.

Apoptosis of AAP-treated hepatocytes was assessed by the activity of Bax using

Western blot. Bax belongs to pro-apoptotic members of Bcl-2 family' Among the pro-

apoptotic members, Bax and Bak have been thought of as the last gateway of cytochrome

c release. Their oligomerization on the mitochondrial membrane is essential for protein

release such as apoptosis inducing factor (AIF), second mitochondria-derived activator of

caspase (SMAC), and Endonuclease G (Wei et al., 200I;Zongelal.,2001)' Among these

proteins AIF and Endonuclease G are not able to trigger or enhance caspase activation

unlike cytochrome c and SMAC. Those proteins are involved in DNA fragmentation and
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subsequent chromosomal condensation which is a morphological feature hallmark of

programmed cell death (Jiang et al,, 2004). When cells are treated with an apoptotic

signal, both intracellular Ct* andROS levels increase. The increased levels are generally

a strong supporter for the mitochondrial membrane permeability (MPT) which

contributes to the release of cytochrome c and also the translocation of Bax. Bax/Bak

oligomerization is the downstream apoptotic event that occurs prior to cell death.

Mitochondrial apoptosis can occur through caspase-dependent and caspase-independent

pathways (see Figure 28). Results from the present study show that Bax levels were

increased in the vector transfected control group shown after incubating cells with 10

mM AAp for 3, 6, 12 and24hrs. Those findings direct us to believe that apoptosis occurs

earlier than necrosis which also was demonstrated by the release of LDH but only aftet 6

hrs (Figwe 23). Thus, apoptosis is likely to be an important event at the early phase of

cell death. Also, in all studies, L-FABP cDNA transfected cells exhibited a higher degree

of resistance to apoptosis following AAP treatment as seen by the decreased Bax levels in

L-FABp gDNA transfected cells (Figure 26). This leads us to believe that L-FABP is

able to suppress apoptosis by reducing Bax levels'

2.3. Role of L-FABP in necrosis

L-FABP is likely to protect cells against AAP hepatotoxicity during the early time

periods of liver failure through an anti-apoptotic pathway and continues its protective role

onto the late events of cell death which represent necrosis. Results of Figure 23 show

evidence for the late occurrence of necrosis after AAP overdose. There was no statistical

increase in LDH release until the 6th hr compared with control groups. More importantly,

L-FABP cDNA transfected cells were associated with much lower LDH release
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compared with vector transfected cells, especially in the 12th and' 24ú h¡ following AAP

treatment (p<0.05). Hence, L-FABP likely protects cells from cell damage'

The apoptotic and necrotic pathways are not completely independent processes

(Lemasters et al., 1999). The two pathways share the mitochondrial permeability

transition (MPT) after an AAP overdose (see Figure 29)' WST-I, as discussed above, is

representative of mitochondrial activity. The reduced absorbance of WST-1 seen

following AAP treatment (Figure 19, Figure 20, Figure 27,and Figure 22) confirms the

involvement (failure) of mitochondria during the cell death process. Reactive oxygen and

nitrogen species are known to induce oxidant stress which is associated with increased

Ca2* levels that ultimately induces MPT (Kim et al., 2003). When the MPT occurs

abruptly such as after toxic stress or death signals, the ATP depletion leads to membrane

rupture (failure) resulting in necrosis by way of the activation of ATPase. However, when

the MpT processes is relatively slow or the ATPase is inhibited by glycolysis or

oligomycin, the ATP level could remain near baseline values. Under such conditions

necrosis can be blocked which then the apoptotic plocess may take over' ATP depletion

can Supervene to cause secondary necrosis at any time. A new term, necrapoptosis has,

therefore, been introduced to describe the death process which begins with death signals

or toxic stress and proceeds by shared pathways but results in either cell lysis (necrosis)

or programmed cellular resorption (apoptosis) depending on other factors such as ATP

levels (Lemasters, 1999). L-FABP is able to protect cells from AAP induced oxidative

stress or cytotoxicity by binding to or inactivating the ROS thus preventing an important

cellular insult that has the potential to terminate cells through necrapoptosis.
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Liver fatty acid binding protein belongs to a superfamily of fatty acid binding

proteins which potentially have numerous cellular responsibilities including uptake and

transport of long-chain fatty acids and also modulation of lipid metabolism' More and

more putative functions of L-FABP are being uncovered by this relatively small protein'

Since the endogenous c}'toprotective function of L-FABP against oxidant stress was

first reported by Dr. Guqi Wang at the University of Manitoba, we took great interest in

understanding the antioxidative function of L-FABP. Because more and more diseases

are linked with oxidative stress (e.g., prevalence of nonalcoholic fatty liver in western

society and use of pharmaceuticals that could result in high levels of ROS), it becomes

important to fully understand the cellular defensive mechanisms against ROS' We have

previously shown that L-FABP plays an important role in cholestasis by preventing cell

death. The present studies show that endogenous L-FABP also displays a protective

effect against acetaminophen induced hepatotoxicity. By inactivating Ros it prevents

cells from undergoing apoptosis or necrosis, thus, enhancing cell survival' The exact

mechanism of the protective effect against ROS, however, has not yet been elucidated'

we speculare thar L-FABP possesses this property through the binding of LCFA

hydroperoxides and by scavenging the RoS directly through its cysteine and methionine

amino acids. The contribution of each toward the overall antioxidative function of L-

FABP also remains to be investigated. In conclusion, the important finding in this work is

that L-FABP not only plays a critical function in hepatic diseases such as cholestasis, it

also plays an important function in drug-induced hepatotoxicity by preventing cells from

undergoing apoptosis and/or necrosis'
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