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Glutathione is a major protective molecule against oxidative stress and is also

known to have a variety of other important regulatory functions. This dissertation

elucidates how glutathione deficiency, especially mitochondrial glutathione deficiency

relates to mitochondrial function and cellular function. yGlutamyltranspeptidase-

deficient knockout mice were used as an in vivo model of chronic glutathione depletion.

These mice show growth retardation, infertility, cataract formation, and die before

reaching adulthood which shows the severity of glutathione deficiency.

Isolated liver mitochondria obtained from yglutamyltranspeptidase-deficient mice

and wildtype controls were used to examine the relationship between mitochondrial

glutathione content and mitochondrial respiration. It was found that a severe reduction in

mitochondrial glutathione leads to impairment in respiration with respect to

phosphorylation. A strong relationship was found between the amount of mitochondrial

glutathione and respiratory control ratios.
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Thymocytes isolated from yglutamyltranspeptidase-deficient mice were used to

examine the relationship between cytosolic and mitochondrial glutathione content and

apoptosis. Cytosolic and mitochondrial glutathione content was measured in isolated

splenocytes and thymocytes obtained from yglutamyltranspeptidase-deficient knockout

mice and wildtype mice. Both cytosolic and mitochondrial glutathione content were found

to be significantly decreased in the knockout mice. Mice were subjected to in vivo

treatment with dexamethasone and isolated thymocytes subjected to flow cytometric

analysis to measure apoptotic events. Thymocytes obtained from y

glutamyltranspeptidase-deficient mice were significantly more susceptible to

dexamethasone treatment than wildtype mice.

The increased susceptibility to apoptosis was reversed by supplementation of y

glutamyltranspeptidase-deficient mice with the glutathione precursors N-acetylcysteine

and L-2-oxothiazolidine-4-carboxylic acid, but not by supplementation with ascorbic acid.

Both treatments also reversed the observed decrease in cytosolic and mitochondrial GSH

content.
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USE OF GLUTAMYLTRANSPEPTIDASE-DEFICIENT KNOCKOUT MICE AS
A MODEL TO STUDY THE RELATIONSHIP

BETWEEN GLUTATHIONE STATUS, MITOCHONDRIAL
DYSFUNCTION, AND CELL DEATH.

1. INTRODUCTION

The main theme of this dissertation is to understand the relationship between

glutathione (GSH) status, especially mitochondrial glutathione, and cellular

function/dysfunction. As our model we used y-glutamyltranspeptidase-deficitnt knockout

mice which are chronically glutathione deficient. Using these mice we took two

approaches to investigate the above stated theme. First, using liver as the model tissue,

we examined the relationship between decreased mitochondrial GSH and mitochondrial

function and tried to relate this to cell injury (necrosis) (chapter 2 and 3). In a second

approach we examined how GSH deficiency in splenocytes and thymocytes relates to cell

death (apoptosis) (chapter 4,5,6). In the following a detailed description of the individual

chapters is given:

Chapter 2 provides background perspectives as needed for understanding chapter

3. Chapter 2 is divided in two main sections. The first section is termed "Glutathione

Function and Metabolism". The section starts with describing glutathione (GSH) function

with respect to detoxification of oxygen free radicals through the glutathione redox cycle,

conjugation of xenobiotics by GSH-transferases, and also the role of GSH in protein

synthesis, folding, activation and inhibition. After that, synthesis, turnover, transport,

and breakdown of glutathione are described in depth followed by a part that is devoted to

explaining how the glutathione content can be manipulated. This is important for

understanding the yglutamyltranspeptidase-deficient knockout mouse which was used as

an in vivo research model for this thesis. The second major topic of chapter 2 is termed

"Mitochondrial Structure and Function". Here, mitochondrial morphology, distribution of
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mitochondrial enzymes, and oxidative phosphorylation are described. According to the

theme of this dissertation, an in depth description of the importance of mitochondrial

glutathione is given.. At the end of chapter 2 is a brief statement of purpose with respect

to chapter 3. The majority of chapter 2 has been taken from my contribution to "Current

Protocols in Toxicology" which was published in June 1999. The title of the manuscript

is "Overview of Glutathione Function and Metabolism".

Chapter 3 describes studies investigating the relationship between glutathione

depletion, mitochondrial dysfunction, and cellular injury. It has long been recognized that

significant depletion of cellular glutathione causes cell injury and even cell death

(necrosis). Glutathione is abundant in the cytosol, nucleus, and the mitochondria. It was

found that the onset of cell injury correlated better with the depletion of mitochondrial

glutathione than with the depletion of cytosolic glutathione. The function of

mitochondrial glutathione is mainly the elimination of hydrogen peroxide, which if not

reduced leads to formation of very reactive hydroxyl radicals. An increase in radicals,

either due to increase in formation or decrease in elimination causes lipid oxidation,

protein damage, inhibition of important mitochondrial enzymes and carriers. This can lead

to cell injury and even cell death. For our research we used yglutamyltranspeptidase-

deficient knockout mice (GGT-I-) as an in vivo model. As described in chapter 2, GGT is

responsible for 80-90% of GSH turnover. Lack of the enzyme leads to tissue specific

GSH deficiency. GGT-deficiency results in growth-retardation, cataract formation,

infertility, and early death of the animals which shows the severity of the disease.

Chapter 3 demonstrates that not only cytosolic, but also mitochondrial GSH is decreased

in these mice using liver as the organ under study. The decrease in mitochondrial GSH

caused impairment of mitochondrial function as shown through respiration measurements.

ATP production was diminished and mitochondria were swollen, a sign of necrosis, as

shown by electron microscopy. This chapter will be submitted to the journal Hepatology.

As mentioned above, chapter 4,5 and 6 examine how glutathione deficiency relates

to apoptotic events.
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Chapter 4 provides background perspectives for chapter 5 and 6 . We begin with a

short history of apoptosis. Morphological characteristics are described as well as some

known mechanisms. The later part of chapter 4 summarizes what is known about how

glutathione and mitochondria relate to apoptosis. This chapter also includes a statement

of purpose introducing chapter 5 and 6.

Chapter 5 describes research that investigates the relationship between

mitochondrial GSH and apoptotic events in thymocytes and splenocytes obtained from

GGT-/- mice. The first part of this chapter deals with measuring cytosolic and

mitochondrial GSH content in these cells. Both pools were significantly diminished in

GGT-I-. Apoptotic events were measured using flow cytometry and it was found that

GGT-/- were significantly more susceptible. We hypothesize that this was due to the

decrease in GSH, especially in mitochondrial GSH. This chapter will be submitted to the

Journal of Biological Chemistry.

Chapter 6 tries to further examine our concluding hypothesis from chapter 5

namely that the decrease in glutathione made thymocytes from GGT-/- mice more

susceptible to apoptosis. We approached this by conducting expeciments to detemiine if

it was possible to reverse the effects through supplementation with the GSH precursors

N-acetyl cysteine (NAC) and L-2-oxothiazolidine-4-carboxylic acid (OTC). We show

that the supplementation not only reverses growth retardation and cataracts, but also

replenishes tissue GSH levels. We also show that splenic and thymic GSH, both

cytosolic and mitochondrial, were replenished and the observed higher susceptibility to

apoptosis was reversed. This chapter will be submitted to the Journal of Biological

Chemistry.

Chapter 7 is a final discussion of the presented research and gives future

directions.
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2. BACKGROUND PERSPECTIVES I

2.1 OVERVIEW OF GLUTATHIONE METABOLISMS AND FUNCTION

2.1 .1 Introduction

From the time of its discovery in 1888 by De-Rey-Pailhade (De-Rey-Pailhade,

1 888a; 1 888b), glutathione (GSH) has remained of major interest for researchers in the

fields of toxicology, biochemistry, molecular cell biology, and immunology.

Although pathways of synthesis and breakdown are well established, transport,

uptake, and some of its metabolic functions remain uncertain. Glutathione has been

shown to be a major key player in reduction processes by maintaining thiol groups of

intracellular proteins, providing reducing power for cysteine, dihydrolipoate, coenzyme

A, ascorbate, and vitamin E, and as a factor in the reduction of ribonucleotides into

deoxyribonucleotides. Glutathione is involved in detoxification of endogenous and

exogenous compounds, it participates in synthesis of leukotrienes and prostaglandins,

serves as a cofactor of various enzymes, stores and transports cysteine, and may even be

involved in cell cycle regulation and thermotolerance.

Where glutathione was seen for most years as a preventive molecule against

results from biotransformations of xenobiotics and normal oxidative products of cellular

metabolism, it is now known to also play a role in bioactivation of certain molecules

particularly with several halogenated compounds.

Glutathione (GSH) is a tripeptide with the sequence yGlu-Cys-Gly (Figure 2.1).

The disulfide derived from two GSH molecules by oxidation of the thiol groups of the

cysteine moiety, is denoted GSSG. GSH has one peptide bond, one amide bond that is

resistant to proteases, two carboxyl groups, one amino group and one thiol group. The

high number of hydrophilic groups and its low molecular weight makes GSH and also

GSSG water soluble. GSH shows two quite distinct features: it is protected from



hydrolytic cleavage by regular proteases through its yglutamyl amide bond; and the

abundance of cysteine contributes to the high reduction potential of the molecule

(E°1 (V) -0.33). Thiols are very reactive towards free radicals, donating hydrogen atoms

to most carbon-, oxygen- and nitrogen centered radicals.

MI-13+
I'll I 0 0

I II II

00C CH CH2 CH2 CN GHO-- N CH2 COO

H9H2 H

SH

y-glu cys

Figure 2.1 Structure of Reduced Glutathione (GSH)

gi y

GSH is typically present in mM concentration in the cell (0.5 - 10 mM) and is the

most abundant low molecular weight peptide. Concentrations in mammalian liver are 4 -8

mM with nearly all of the glutathione present as reduced glutathione (GSH), and less than

5% of the glutathione being present as glutathione disulfide (GSSG). Minor fractions

include mixed disulfides of GSH and other cellular thiols, and minor amounts of thioethers

from endogenous conjugation reactions. In most cells GSH accounts for more than 90% of

the total non-protein thiols. Intracellular glutathione levels are tightly regulated by a

complex mechanism involving control of synthesis, transport, and utilization. GSH must



be regarded as an essential cellular component since prolonged failure to maintain adequate

intracellular supply is detrimental to the cell.

This overview focuses on glutathione function, synthesis, turnover, transport, and

breakdown of glutathione. It will also provide the reader with information on

manipulation of the glutathione content and will describe the importance of mitochondrial

glutathione. Each subsection will emphasize the main events and will provide the reader

with additional references for further in depth information.

2.1.2 Glutathione Function

It is widely accepted that the two major functions of glutathione are a) as a

substrate for GSH peroxidase mediated reduction of oxygen free radicals, either formed

naturally as the consequence of aerobic metabolism, or resulting from metabolism of

foreign compounds that redox cycle and b) for biotransformation of exogenous

compounds catalyzed by GSH S-transferases. Oxidative stress is defined as the imbalance

between the production and detoxification of oxygen free radicals which can be of

exogenous or endogenous origin. Exogenous stress can be caused by pollutants, pesticides,

drugs, and ionizing radiation. Endogenous oxidative stress results primarily from

mitochondrial electron transport, but also from stimulated phagocytic cell, ischemia-

reperfusion, inhibition of antioxidant enzymes or induction of prooxidant enzymes.

Oxidative stress can cause oxidation of cellular constituents such as GSH protein thiols

and peroxidation of lipids. If oxygen is incompletely reduced, superoxide (O2), hydrogen

peroxide (H202), singlet oxygen (b02 ), and hydroxyl-radicals (HO) are produced.

Superoxide radicals can undergo disproportionation to hydrogen peroxide and oxygen

enzymatically (superoxide dismutase) or non-enzymatically. If hydrogen peroxide is not

detoxified it will form hydroxyl radicals by the iron catalyzed Haber Weiss (a) or Fenton

reaction (b).
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02 + HO- + H0 +Fe2

Fe3+HO + OH
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(b)
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Hydroxyl radicals are highly reactive and can initiate lipid peroxidation of biological

membranes.

Several enzymes are involved in protecting the cell and its constituents against

oxidative damage including GSSG reductase, GSH peroxidase and GSH transferases. The

following describes the function of these enzymes.

2.1.2.1 Glutathione Redox Cycle

The major protective system against naturally occurring reactive oxygen species is

the glutathione redox cycle consisting of GSH peroxidase, GSH reductase, and a source of

NADPH. The cycle uses NADPH and indirectly NADH reducing equivalents in the

mitochondrial matrix as well as in the cytoplasm to provide a recycling supply for GSH

by the GSH reductase-catalyzed reduction of GSSG. In the liver NADPH-reducing

equivalents are mainly provided by isocitrate dehydrogenase and to lesser degree by

glucose-6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, and malic

enzyme.

Glutathione peroxidase, a selenium-dependent enzyme that is extremely specific

for GSH, reduces hydrogen peroxide and hydroperoxides to the corresponding water or

alcohol thereby oxidizing GSH to GSSG. GSSG-reductase plays a central role in the

biochemistry of GSH since it is responsible for keeping GSH in its reduced state, thereby

maintaining an adequate GSH/GSSG ratio. The reaction occurs in two steps. The first

reaction is the reduction of the enzyme by NADPH. The electrons are channeled through

the enzyme via FAD and subsequently through a redox-active protein disulfide bond to

GSSG. GSSG reductase is inactivated upon reduction by its own electron donor, NADPH



and reactivated by GSSG. Glutathione reductase can have the highest rate of NADPH

consumption in the liver of all NADPH-dependent enzymes. NADPH is also consumed

by fatty acid synthesis and mixed function oxidases. At times, when the glutathione redox

cycle is functioning at high capacity, a major regulatory effect with respect to fatty acid

synthesis, mixed function oxidase activity, and other NADPH cytochrome reductase

activities is to be expected (Reed, 1986).

The GSH redox cycle is also involved in the detoxification of reactive drug

intermediates which are generated by bioreduction and that cause oxidative stress by

redox cycling. Diquat, a hepatotoxic herbicide, is an excellent example for a redox cycling

compound. It generates, from molecular oxygen by a one electron reduction, large amounts

of superoxide anion radical and hydrogen peroxide within the cell. That the protective role

of GSH is mediated through the GSH redox cycle was proven through the inhibition of

GSSG reductase by bis-1,3-(2-chloroethyl)-1-nitrosourea (BCNU), which increased the

toxicity of the compound (Babson and Reed, 1978).

2.1.2.2 Glutathione S-Transferases

Glutathione S-transferases (GSTs) are a family of isoenzymes that conjugate GSH

with electrophilic compounds. For many years, it was believed that these reactions only

served for the detoxification of xenobiotics e.g. drugs, certain environmental pollutants,

pesticides, herbicides, and carcinogens. Today we know that GSTs also play a role in

bioactivation of dihalomethanes, dihaloalkenes, and dihaloalkanes and are also discussed

with respect to drug resistance in cancer therapy. GSTs also have physiological catalytic

functions, e.g. in the isomerization of 3-ketosteroids, biosynthesis of leukotriene A4 and

eicosanoids. GSTs are also believed to play a role in preventing oxidative stress. In vitro

experiments showed that GSTs can reduce fatty acid and DNA hydroperoxides, and that

they can catalyze a Michael addition to unsaturated ketones resulting from the



metabolism of dietary lipid peroxides or decomposition of fatty acid hydroperoxides.

Other GST- dependent reactions have been observed in inflammation caused by the

respiratory burst of immune cells.

Because of their abundance (up to 10% of cytosolic protein in liver) as well as

their binding properties, it has been suggested that GSTs are involved in storage and

transport of hormones, metabolites, drugs, and other hydrophobic non-substrates

(Listowsky, 1993).

GSTs are present as soluble and membrane bound forms. GST activity is present

in different subcellular fractions of most tissues and blood cells of the mammalian

organism. Today we know four species-independent classes of cytosolic GSTs: alpha,

mu, pi, and theta and one class of microsomal GSTs. GSTs are expressed to different

extents both qualitatively and quantitatively in different tissues which suggests different

susceptibility of tissues to certain xenobiotics.

Cytosolic GSTs are dimeric proteins composed of two identical or non identical

subunits (Mannervik and Danielsson, 1988). Class pi and theta contain homodimers while

class alpha and mu are more complex and display multiplicity of homodimeric and

heterodimeric isoenzyme forms. The subunits have a catalytic center with two binding

sites: a highly specific GSH binding site (G-site) and a hydrophobic site (H-site) where

acceptor substrates can be accommodated. The H-site exhibits low specificity.

Microsomal GSTs can account for as much as 3% of endoplasmic reticulum

protein (Morgenstem and DePierre, 1983). It has been suggested that microsomal GSTs

are involved in protection against lipid peroxidation since they have been shown to reduce

fatty acid hydroperoxides (Haenen and Bast, 1983).

GSTs not only have been found in the cytosol but also in mitochondria, the

nucleus, and nucleolus. In mitochondria a class theta type GST was isolated from the

matrix by Harris et al. (1991) and a class alpha by Addya et al. (1994). A transferase

similar to the microsomal transferase was identified in the outer mitochondrial membrane

(Nishino and Ito, 1990). In the nucleus GSTs are suggested to be involved in the
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protection against oxjdative stress, since it has been shown to penetrate nuclear pores in

contrast to GSH-peroxidase. Tirmenstein and Reed (1988) showed a GSH-dependent

peroxidase in rat liver nuclear membranes capable of inhibiting lipid peroxidation. Since

the nuclear membrane regulates transport of mRNA into the cytoplasm and aids in the

process of nuclear division, protection from oxidative damage is extremely important. It is

also known that DNA itself is associated with certain regions of the nuclear membrane

(Tirmenstein and Reed, 1988).

In detoxification reactions, GSTs begin the initial reaction in the biosynthesis of

mercapturic acids. The conjugates need to be transferred to the membrane bound catabolic

enzymes. More than fifteen enzyme systems are known to be involved in the formation

and disposition of GSH-conjugates (Commandeur et al., 1995). The first step in the

catabolism of GSH-conjugates is the removal of the yglutamyl moiety by hydrolysis or

the transfer to an appropriate acceptor. This initial step is catalyzed by yglutamyl

transpeptidase (GGT) which results in the formation of the corresponding cysteine 5-

conjugate that subsequently can be taken up by the cell for further metabolism. Enzymes

involved in the biotransformation are distributed throughout the body. Since accumulation

of USH-conjugates will lead to inhibition of GSTs as well as GSH-reductase, disposal is

of absolute necessity. Transport is carried out by at least three different systems: 1. by

an ATP-dependent GS-X pump that has been shown to exist in different organs and cell

types. This transporter has a broad substrate specificity; 2. by a Nat-dependent system

demonstrated in basolateral membranes in the kidney and intestine; 3. by a sodium

independent system that is probably membrane potential dependent. This latter system

has been demonstrated in brush border membranes of intestinal cells and canalicular and

sinosoidal membrane of liver cells. Catabolites of GSH-conjugates are believed to be

transported by carriers that transport amino acids and dipeptides. For a recent review, see

McGivan and Pastor-Anglada (1994). Since the liver is the main organ for biosynthesis

and disposition we will describe hepatic transport in more depth. In order for the GSH-

conjugates to be degraded by GGT, which is located in the bile canalicular membrane of
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the hepatocyte, the luminal membrane of the biliary epithelium and the small intestine

epithelium, conjugates have to be extruded from the hepatocyte. Extrahepatically formed

conjugates can reach the liver via the blood and can be taken up by the liver cells.

Excretion can occur either across the canalicular or the sinusoidal membrane. GSH-

conjugates are preferentially excreted into the bile by the ATP-dependent GS-X pump.

This transport system is inhibited competitively by GSSG and other conjugates, but not

by GSH. Transport across the sinusoidal membrane is ATP-independent but membrane

potential driven, suggesting that this system is the sinusoidal GSH transporter. This

transport is inhibited at physiological concentrations of GSH and therefore seems only to

be of importance at high GSH-conjugate concentrations, when biliary transport is

saturated.

Once GSH-conjugates are transported into the bile they are exposed to GGT and

dipeptidases. After hydrolysis, the cysteine-S-conjugate may be reabsorbed and

acetylated within the hepatocyte to form mercapturic acids (Hinchman et al., 1991). The

activity of GGT and dipeptidases, as well as the activity of the reuptake transporters,

determine to what extent conjugates will be excreted. Mercapturic acids can be excreted

into the bile or into the blood depending on their molecular weight and physicochemical

properties. Conjugates excreted into the blood will be delivered to the kidney while

conjugates excreted into the bile first have to be reabsorbed from the small intestine. For

details on intestinal transport mechanisms see Hagen and Jones (1987). In the kidney,

conjugates enter the renal cells via the brush border membrane. For details on transport

mechanisms we refer to Lash and Jones (1984).

GSTs participate in the bioactivation of xenobiotics by a. forming direct acting

GSH-conjugates; b. by functioning as a transporter molecule that releases reversibly

bound electrophiles at target tissues; c. by forming GSH-conjugates that are bioactivated

by subsequent metabolism of the GSH-moiety and; d. through reductive bioactivation

mechanisms (Commandeur et al., 1995).
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An example for direct acting GSH-conjugates is the bioactivation of haloalkanes

and haloalkenes. GSH-conjugates form as the initial step, but are unstable and give rise to

toxic metabolites. With dihalomethanes (e.g. dichioromethane) formaldehyde is formed.

Dihalomethanes have been shown to be tumorigenic in mice, and there is evidence for

DNA damage in mouse hepatocytes. Vicinal dihaloalkanes (1,2 dichioroethane, 1,2

dibromoethane) have been shown to be mutagenic and tumorigenic. Their bioactivation

leads to the formation of half-sulfur mustards which can undergo an intramolecular

cyclization to give a highly reactive episulfonium ion, which may react with cellular

nucleophiles.

Examples for GSH as a transporter of reversibly bound electrophiles are

conjugation of isocyanates, isothiocyanates, alpha, beta-unsaturated aldehydes, and

aldehydes. These compounds form labile GSH-conjugates which may again dissociate to

the parent electrophile and GSH. The electrophile can then react with endogenous

nucleophiles to more thermodynamically favored adducts.

2.1.2.3 Glutathione in Synthesis, Folding, Activation/Inhibition of Proteins

A variety of enzymes are known to be influenced in their activity by the

GSH/GSSG ratio. While much attention has been paid to the effect of decreased

intracellular concentrations of GSH, little attention has been given to GSSG and how

alterations in GSSG levels may alter cellular functions. The following will focus on how

GSSG is involved in synthesis, folding, and activation/inactivation of important cellular

proteins.

Concentrations of GSSG reported for a variety of tissues range between 4-50 .tM

(Tietze, 1969). Kosower and Kosower (1974) reported that slight increases in GSSG

concentration, even in the presence of large amounts of GSH, had effects of potential

physiological relevance. These authors showed that GSSG at concentrations of 75 tM in
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the presence of 1 mM GSH shut off protein synthesis in lysates of rabbit red blood cells.

They hypothesized that GSSG had an effect on an initiation factor which is converted

into a GSSGreactive form when bound to a protein synthesizing system.

Ruoppolo et al. (1996) studied refolding of RNase by oxidation and disulfide

isomerization. The rate limiting step for folding of disulfide-containing proteins in the

endoplasmic reticulum is the formation of native disulfide bonds. The major thiol redox

system in the endoplasmic reticulum is provided by glutathione. The authors conclude

from their studies that refolding occurs in two steps: the formation of a mixed disulfide

with GSH and the internal attack of a free SH group to form an intramolecular disulfide

bond. The authors strongly believe that GSS-protein are important folding intermediates

which also have been shown in refolding studies of RNase A (Torella et al., 1994) and

bovine pancreatic trypsin inhibitor (Weissman and Kim, 1995).

GSSG was also shown to have a direct effect on protein function by forming

mixed disulfides in the active center of enzymes, thereby either activating or inactivating

the protein. Pyruvate kinase (Van Berkel et al., 1973), glycogen synthetase D (Ernest and

Kim, 1973; 1974), adenylate cyclase (Baba et al., 1978), ribonucleotide reductase

(Holmgren, 1978; 1979), phosphorylase phosphatase (Shimazu et al., 1978; Usami et al.,

1980), collagenase (Tscheche and McCartney, 1981), and HMGreductase (Cappel and

Gilbert, 1993) have been shown to be inactivated by GSSG, while -aminolaevu1inate

synthetase (Tuboi and Hayasaka, 1972), and SoxR (Ding and Demple, 1996) have been

shown to be activated by GSSG.

Van Berkel et al. (1973) studied pyruvate kinase and found that two forms with

different kinetic properties exist which can be interconverted by oxidation/reduction of a

sulfhydryl group. GSH was shown to reduce pyruvate kinase, but the kinetics were

different when 2-mercaptoethanol was used. The in vitro process was very slow (6 hours

for oxidation, 1 hour for reduction). The authors therefore could only speculate about the

in vivo existence of such a mechanism.



14

Ernest and Kim (1973; 1974) performed work on glycogen synthetase D.

Inactivation of the enzyme was associated with the formation of a mixed disulfide

between sulfhydryl groups in the enzyme by the action of GSSG. The authors found that

eight sulfhydryl groups exist per subunit. Reaction of GSSG with any four lead to

inactivation and dissociation of the enzyme into its subunits.

Baba et al. (1978) performed in vitro studies which showed that adenylate cyclase

activity was strongly inhibited by GSSG and was reactivated upon incubation with

sulfhydryl compounds including GSH. The inactivation was believed to occur through

oxidation of sulihydryl groups in the enzyme. This hypothesis was supported by the

authors fmding of increased amounts of GSS-protein when adenylate cyclase was

incubated with GSSG. Questions about physiological significance of this mechanism

remains. The authors speculate by referring to Isaacs and Binkley (1977), who proposed

that formation of Pro-SSG may be a mechanism for maintenance of a disulfide/sulfhydryl

ratio to maintain the integrity of membranes in times of oxidative or reductive stresses.

Phosphorylase phosphatase was studied by Shimazu et al. (1978) and Usami et

al. (1980). GSSG was shown to inactivate the enzyme by forming a mixed disulflde with

one of the two suithydryl groups contained in the catalytic subunit.

Tscheche and McCartney (1981) found that human polymorphonuclear

collagenase could be activated by disulfide thiol exchange brought about by cysteine,

GSSG, insulin, and various proteins containing accessible peripheral disulfide bonds. The

activation of collagenase involved the release of an inhibitor by an oxidative process that

could re-form an intramolecular disulfide bond.

Cappel and Gilbert (1993) performed studies that investigated the effect of

GSH/GSSG redox status on inactivation and subunit cross linking of HMGreductase

(HMGR). The authors report that different dithiol pairs are responsible for inactivation

and cross linking respectively.

The fact that Ness et al. (1985) found cross linked HMGR in microsome

preparations if dithiothreitol was excluded in the isolation procedure, gave support for the
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hypothesis that HMGR activity may be regulated by diurnal variations in GSHIGSSG

redox state. In vitro loss of activity showed an oxidation rate constant (K) of 0.67 ±

0.07 while disulfide cross linking required a K0 of 0.19 ± 0.02. What does this mean?

Assuming a GSHIGSSG ratio of 300 and a GSH concentration of 10 mM (which is the

diurnal high for liver), 10% of HMGR would be expected to be cross linked and 20% to

be inactivated. At a diurnal low GSH/GSSG ratio of 100 and a GSH concentration of 6

mM, 25% of the enzyme would be cross linked and 53% inactivated. The authors

conclude that changes in intracellular GSH redox status needs to be added to the list of

effectors that regulate the enzyme activity of HMGR.

Tuboi and Hayasaka (1972) performed in vitro studies on &-aminolevulinate

synthetase, which was shown to be activated by GSSG and also even more successful by

cystine. The authors found a protein was also required for the activation process which

still remains to be identified.

Ding and Demple (1996) performed work on SoxR which is a transcription factor

involved in defense against oxidative stress by nitric oxide or hydrogen peroxide in E-coli.

SoxR contains 2Fe-2S clusters which can effectively be disrupted by GSH which leads to

the inactivation of SoxR. The authors suggest that GSH based free radicals are involved in

this disassembly process. The authors also conducted studies with GSH deficient

mutants and observed the same effects in vivo.

With the exception of Shimazu et al. (1978), all the experiments described above

were carried out in vitro. This leaves the question about occurrence and relevance in vivo

unanswered. Shimazu et al. (1978) injected GSSG into the portal vein of rabbits and

observed a rapid increase in phosphorylase a activity in the liver, which was probably

due to inactivation of phosphorylase phosphatase. Sies et al. (1974) observed that

increasing GSSG levels through injection of hydrogen peroxide into perfused liver caused

extra release of glucose, lactate, and pyruvate. Both authors suggest that the oxidation-

reduction state of glutathione in the liver may contribute to the regulation of

glycogenolysis and glycolysis.
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Even though the in vitro work strongly suggested the involvement of GSHIGSSG

ratio in protein function, no further in vivo studies have been documented to date.

However, the fact that changes in GSH/GSSG ratio can occur, that GSSG once produced

and not immediately reduced is released from the cells at a relatively slow rate, and that

the amount of Pro-SSG can account for as much as 35% of total GSH (Modig, 1968), and

that the protein SS/SH ratio is not static but capable of circadian variation does not

exclude the strong possibility of a regulatory function of GSSG or GSHIGSSG ratio.

More recent studies have dealt with the affect of GSH and/or GSHIGSSG ratio on

gene expression. Direct and indirect effects have been described.

Liang et al. (1989) report that increasing GSH levels enhance binding,

internalization, and degradation of interleukin 2 (IL-2). The authors conclude from their

studies that GSH does not have a direct effect on the cysteine residues of IL-2 but

probably has an indirect effect on the target cells.

Ginn-Pease and Whisler (1996) investigated the effect of GSH on induction of

NFKB. The authors conclude, that NFKB transactivation response to oxidative stress

proceeds in two stages. The initial step involves oxidative triggering of early membrane

signaling events while the second stage requires the maintenance of a normal reducing

state. in other words: optimal induction of NfkB requires a functional GSH system which

can respond to oxidative stress and maintain intracellular redox homeostasis.
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2.1.3 Glutathione Synthesis, Turnover, Transport, and Breakdown

Glutathione can be synthesized in the cytosol of most mammalian cells through

the action of yglutamylcysteine- and GSH-synthetase (Figure 2.2). Both reactions are

ATP dependent. yGlutamylcysteine synthetase is feedback inhibited by GSH. The

inhibition is not allosteric but competitive with respect to glutamate. Information on

isolation, properties, catalytic mechanisms of the two enzymes have been extensively

reviewed by Yan and Meister (1990) and Huang et al. (1993).

Cysteine p + pj
ATP

G1u-CysGlutamate
y-glutamyl cysteine synthetase

Glycine AJJP + Pi

2 Glu-Cys-Gly (Glutathione)Glu-Cys

glutathione synthetase

Figure 2.2 Synthesis of Glutathione

The rate limiting step in GSH synthesis is the availability of cysteine (1 0 M)

since the other two amino acids, glutamine and glycine, are abundant in high

concentrations (10 M). Also, high levels of cysteine are known to be toxic to the cell.

The liver is the main synthesizer of glutathione and is also unique in that it can synthesize
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cysteine from the sulfur of methionine and the carbon of serine via the cystathionine

pathway (Figure 2.3).

This pathway becomes extremely important at times of dietary limitation or when

high levels of biosynthesis of glutathione are required (Reed and Orrenius, 1977).

Methionine is first converted via S-adenosylmethionine by demethylation to

homocysteine. Homocysteine condenses with serine in a reaction catalyzed by

cystathionine synthase to form cystathionine. This thioether does not seem to have any

other metabolic function than serving as an intermediate in the cystathionine pathway.

Cystathionine is then cleaved to cysteine, ammonia, and a-ketoglutarate by y

cystathionase (Figure 2.3).

As mentioned above, most mammalian cells can synthesize glutathione. What

happens to GSH after synthesis? GSH is not just used for the functions described above,

but also has been shown through many studies to be exported.

Export of glutathione (GSH) allows the cell to protect its membranes against

oxidative or other forms of damage by keeping thiol groups and membrane components,

e.g. vitamin E, in their reduced form. Export of GSH may also provide a way of reducing

compounds such as cystine and dehydroascorbate in the immediate environment of the

cell membrane and it may facilitate transport of certain compounds (Meister, 1991). It

has been agreed that the export of GSSG serves as a protective mechanism for the cell to

eliminate formation of GSH-protein mixed disulfides and assists in the maintenance of

thiol redox status or cystine/cysteine status. Export of GSH-conjugates is necessary for

further disposition.

Export of GSSG as well as of GSH-conjugates seems to require ATP. Little

information is available on the mechanism and the specificity of GSH export.
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S-adenosyl-methionine

homocysteine

S-adenosyl-homocysteine

6

7
cystathionine 0'- cysteine + a-ketobutyrate + NH3

1. methionine adenosyltransferase
2. S-adenosylmethionine methyltransferases
3. adenosyihomocysteinase
4. betaine-homocysteine S-methyltransferase
5. 5-methyltetrahydrofolate-homocysteine S-methyltransferase
6. cystathiomne (-synthase
7. cystathionine y-lyase

Figure 2.3 The Cystathionine Pathway

ceptor

methylated acceptol

There seems to be evidence for a membrane potential dependent GSH transport

by renal brush border membranes, but this process may be different for GSH, GSSG, and

GSH-conjugates and the mechanism may also be cell specific. The liver, being the main

synthesizer of GSH exports large amounts of GSH into the plasma. USH is also

transported from the liver into the bile mainly in form of GSSG. The plasma GSH derived
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from the liver can only be utilized by tissues that have considerable amounts of y

glutamyl transpeptidase activity (e.g., kidney, small intestine, and type 2 alveolar cells).

Most of the plasma GSH, however, is transported to the kidney where it is degraded with

a half-life of 1.5 seconds. The degradation of GSH begins at the cell surface and requires

enzymes located both on the cell surface (yglutamyl transpeptidase) as well as in the

cytosol (dipeptidases) (Meister and Anderson, 1983). The kidneys take up glutathione

from the plasma through breakdown of GSH via yglutamyltranspeptidase (GGT)

activity. GGT is located at the brush border of the epithelial cells of the kidney. GSH,

GSSG, and yglutamyl GSH react with GOT at the outer surface. The yglutamyl moiety

is either removed by hydrolysis or transferred to a suitable amino acid acceptor and both

the yglutamyl amino acid and the cysteinyl glycine are transported into the cell.

Cysteine is necessary in other tissues for GSH synthesis and is also returned to the liver

which closes the GSH cycle (Figure 2.4).

Food &
Cystathionine Protein

Pathway Liver Tver
Methionii

Cyst eii

GSH - Cells Liver GSH

:La *Plasma GSH
Cysteii

Transpeptise )Cystei1

- Glutamyl

Kidiy GSH
glycine

Figure 2.4 Interorgan Glutathione
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This salvage pathway for glutathione was proven through inhibition of yglutamyl

transpeptidase. Inhibition of the enzyme raised the plasma glutathione level significantly.

GSH accumulated extracellularly and was excreted with the urine. Not only GSH, but also

cysteine moieties and glutamyl cysteine were excreted with the urine (Reed and Ellis,

1981). In has been shown in mice that the breakdown of glutathione in the kidney

accounts for 80-90% of the total glutathione turnover (Meister, 1983). GSH efflux occurs

even in the absence of GSH synthesis which has been shown in studies where synthesis

of GSH was blocked with BSO. The fact that synthesis rate and export rate are very

similar, strongly suggests that in general there is very little intracellular degradation of

GSH (Meister, 1991). The turnover of glutathione is thus largely accounted for by export

of GSH, subsequent degradation by GUT, and return of cysteine moieties to tissues and

liver. The question arises if direct uptake of glutathione occurs as well. Studies on kidney,

liver, brain, and intestine have been conducted, however these experiments are difficult to

perform since it has to be assured that synthesis as well as degradation of GSH are

completely inhibited. Unfortunately, the inhibitor concentrations needed for full

inhibition are often toxic to the cell and therefore will not allow kinetic measurements over

long periods of time. For those reasons interpretation of results is difficult and has caused

controversy about the actual existence of intact GSH uptake.

Several studies on different organs and cell types have been conducted that were

not able to show uptake of intact GSH at all (Hahn et al., 1978; Yoshimura et al., 1982;

Dethmers and Meister, 1981; Tsan et al., 1989). A variety of studies have been conducted

on GSH uptake in kidney. It was hypothesized that basolateral transport exists

(Ormstadt et al., 1980; Mclntire and Curthoys 1980), however detailed studies by

Abbott et al. (1984) and Inoue et al. (1986) found that there is little, if any, basolateral

uptake at all.

Hagen and Jones (19890 performed experiments with cell suspensions isolated

from kidney, intestine, and lung that were protected from tert-butyihydroperoxide,

menadione, and paraquat when GSH was added. GSH synthesis and breakdown were
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inhibited in these studies, however no enzyme activity levels at the time of the

experiment were reported to ensure that the enzymes were fully inhibited.

Lash and Torkatz (1990, found that distal renal tubular cells could be protected

from oxidative damage by GSH, however the protection was abolished when buthionine

sulfoximine (B SO) and acivicin were used to inhibit GSH synthesis and degradation

respectively.

Since 1993, some more convincing studies were conducted by Kaplowitz and

colleagues. In a variety of studies, the authors showed the existence of two rat liver GSH

transporters and three GSH transport activities in the brain. In their study on liver GSH

transporters the author identified a canicular and a sinusoidal transporter. Both

transporters have been cloned (Yi et aL, 1994; 1995). The transport was independent of

stimulation by ATP and it was suggested that transport occurs bidirectionally. For more

information on mechanism on these transporters see Fernandez-Checa et al. (1993) and

Lu et al. (1994). In the brain, three GSH transporters were found. One of the transporters

corresponded to the Natindependent rat canicular GSH transporter. One of the remaining

transporters was shown to be Natdependent and exhibited high and low affinity GSH

transport. For mechanistic details on the transporters we refer to Kannan etal. (1996).

Several studies on uptake of intact GSH have been conducted in the intestine.

Hunjahn and Evered (1985) and Evered and Wass (1970) used sacs of rat small intestine

and reported a Natindependent uptake of GSH that was inhibited by triglycine and

glycyl-L-leucine. This transport showed properties of carrier-mediated diffusion. Hagen

and Jones (1987) showed Na-dependent GSH transport with in situ closed loop vascular

perfusion systems. Natindependent GSH transport was also shown in brush border

membrane vesicles of rabbit small intestine where yglutamyl transpeptidase was

inhibited with acivicin (Vincencini et al., 1988).

Studies on the uptake of orally administered GSH have been contradictory.

Yoshimura et al. (1982) and Martenson et al. (1990) did not find any uptake of GSH into

blood plasma. In contrast, Jones and co-workers (Aw et al., 1991), administered 100
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mg/kg GSH to mice and measured plasma GSH levels after 30 minutes and 1 hour. Plasma

GSH levels increased 2.5 foldfrom 30 to 75 RM in the first 30 minutes and decreased

back to 50 j..tM after 1 hour. This was in agreement with previously conducted studies

from this group (Hagen et al., 1988) where increases in plasma GSH were observed in rats

and humans after oral administration. No increase in tissue GSH was found with the

exception of lung tissue. In the same study (Aw et al., 1991) the authors administered

GSH to animals that were depleted in GSH through a five day treatment with buthionine

sulfoximine (BSO). In this study a significant increase in tissue GSH was observed in

kidney, heart, lung, brain, small intestine, and skin, but not in liver. An interesting

observation was the fact that brain and small intestinal GSH levels returned to control

levels while the other tissues did not. The reason why liver GSH levels did not increase

was explained by the fact that liver is the main supplier of plasma GSH and unable to

take up exogenous GSH. The differences in uptake rates in the other tissues are not clear

but may be explained through tissue-specific differences in turnover and uptake. No

increase was observed when precursors of GSH (cysteine, glycine, glutamine) were

administered, which suggests that uptake of intact GSH may contribute to tissue GSH

independent of synthesis. The question arises, though, how GSH was actually

transported. The authors discuss four possibilities in this respect which still remain to be

elucidated: uptake through the action of transglutaminase, yglutamyltranspeptidase,

through reaction with electrophilic compounds or as a mixed disulfide with cysteine or

plasma proteins like albumin. Despite the question about the uptake mechanisms

involved, the authors conclude from their studies that oral administration of GSH may

have a beneficial effect under pathological conditions where GSH levels are significantly

decreased (Aw etal., 1991).

Intraperitoneally administered GSH did not show significant increases in the

jejunal or colon mucosa. Oral administration of GSH led to an increase of mucosal GSH in

colon, jejunum, and stomach (Martenson et al., 1990). Once again, however, it can not be

excluded that cleavage of GSH or transpeptidation occurred with subsequent resynthesis.
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Plasma GSH can be increased to mM concentration through intraperitoneal injection of

GSH. This plasma increase did not significantly increase tissue GSH levels which shows

that plasma GSH is not rapidly taken up by cells.

All above cited studies show that GSH export and especially uptake are still

puzzling and remain to be further elucidated. Although the need for export of GSH is

obvious and explainable, the need for uptake of GSH under normal conditions is

questionable. It seems that under normal conditions degradation by yglutamyl

transpeptidase and subsequent resynthesis are the main route for GSH turnover. The

question arises as to whether direct uptake may only exist under pathological conditions,

where degradation or resynthesis are diminished or under oxidative stress when cells are

not able to fully regenerate GSH from GSSG. Lash and co-workers (Visarius et al., 1996)

reinvestigated the question of uptake in renal cells. Renal cellular handling of GSH

involves three processes: membrane transport, oxidation, and degradation. the authors

showed that renal PT cells treated with tert-butylhydroperoxide (TBH) were able to

transport GSH across the basal-lateral plasma membrane thereby increasing intracellular

GSH. However, in the absence of acivicin and BSO this uptake was extremely low (<6%),

and oxidation and degradation were the main route for GSH turnover. However when this

route was inhibited, uptake of GSH became quite important and accounted for 30% of the

external GSH loss. The authors concluded that, under normal conditions, degradation and

resynthesis are the major route for GSH turnover. Under pathological conditions, e.g

oxidative stress, cells are not able to fully regenerate GSH from GSSG and have negligible

capacity to resynthesize GSH from precursor amino acids. Therefore, uptake of intact

GSH may be necessary for the cell in order to maintain its GSH homeostasis (Visarius et

al., 1996).
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2.1.4 Manipulation of Glutathione Content

The amount of glutathione can be manipulated by depletion of GSH, through

inhibition of key enzymes in the glutathione cycle or through administration of precursors

of glutathione. It has been possible to manipulate the glutathione levels between 10 and

150% of control levels.

2.1.4.1 Depletion of Glutathione

One of the most commonly used depleting agents is diethyl maleate (DEM) which

was first introduced by Boyland and Chasseaud in 1969. DEM is a weak electrophile that

reacts with GSH in the presence of GSH-transferases. Intraperitoneal injection with

DEM (0.6-1.0 mllkg) reduced liver GSH to 6-20% of control levels for a period of up to 4

hours. However, the rate of synthesis is increased which causes an increase in GSH to

twice control levels in 24 hours. After that time GSH levels return to control values.

Erythrocyte, kidney, lung, and brain GSH amounts were decreased as well but to a

significantly lesser amount than liver GSH. DEM shows a variety of site effects which

suggests caution for its use and interpretation of data. It has been shown to increase bile

flow in rats and dogs, to increase hepatic microsomal heme oxygenase in rats in vivo, and

was shown to cause lipid peroxidation in isolated hepatocytes.

Another useful GSH depleting agent is phorone (diisopropylidene acetone), which

when given intraperitoneally (250 mg/kg) depletes hepatic GSH to less than 10% of

control levels in rats. In isolated hepatocytes phorone treatment (0.5 mM) was shown to

deplete cytosolic and mitochondrial glutathione by 75% and 40%, respectively (Romero

et al., 1984). As in DEM administration, the rate of GSH synthesis is increased which

causes a significant increase of GSH levels above control values. Phorone has been shown

to increase heme oxygenase, &.aminolevulinic acid synthetase activity and to decrease
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cytochrome P-450 and aminopyrine demethylase activity. However, unlike DEM,

phorone does not seem to have an effect on protein synthesis.

Other compounds that have been used to deplete GSH by enzyme catalyzed

reactions are unsaturated compounds, e.g. acrylonitrile and aciylamide and halogenated

hydrocarbons, e.g. iodomethane, chioroacetamide, 2-chioroethanol, and benzylchloride.

Kosower and colleagues (1969) developed a variety of compounds that oxidize

GSH to GSSG. These compounds are derivatives of diazenecarboxylic acid. The most

widely used compound has been diamide (diazenedicarboxylic acid bis (N,N-

dimethylamide). GSH levels are lowered to less than 10% of control levels in a variety of

cells. Side effects have to be kept in mind when interpreting data. Diamide is known to

cause slow oxidation of lipoic acid and pyridine nucleotides and fast oxidation of flavin

nucleotides. Diamide also causes inhibition of a variety of important enzymes e.g. protein

kinase, tyrosine phosphatase, Na/KtATPase, and glucose-6-phosphatase, and is also

known to cause membrane damage.

GSH can also be depleted (oxidized) through substrates for GSH-peroxidase e.g.

hydrogen peroxide and tert-butyihydroperoxide. However, the increase in GSSG will

cause oxidative stress which can make the in vivo use of hydroperoxides unattractive for

certain studies.

2.1.4.2 Inhibition of Glutathione Synthesis

Glutathione levels can be effectively decreased by inhibiting the enzymes involved

in synthesis, yglutamylcysteine synthetase or glutathione synthetase. The most useful

inhibitor is buthionine sulfoximine (BSO) which inactivates yglutamyl-cysteine

synthetase. BSO is a transition state inhibitor and mimics the transition intermediate or

transition state formed in the reaction between enzyme bound yglutamyl phosphate and

the amino group of cysteine. BSO competes with L-glutamate for the active site of the
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enzyme however, once bound and phosphorylated, the intermediate is tightly bound.

BSO can be administered repeatedly either orally or intraperitoneally. Its success depends

on the amount of GSH in individual tissues as well as on the turnover rate of GSH in the

cells. BSO itself is not very reactive chemically and does not seem to be metabolized.

BSO therefore allows treatment over several weeks which creates an artificial chronic

GSH deficiency. BSO experiments carried out in vitro or in vivo have shown the

importance of glutathione in reduction and detoxification processes. It was shown that

depletion of GSH with BSO sensitized cells to' toxic effects induced by HgC12, radiation,

cyclophosphamide, morphine, and other compounds. BSO treatment also has been shown

to have an effect on tumors, by increasing the effects of chemotherapy and radiations

once GSH is depleted.

Short term BSO treatment (e.g. single i.p. injection) leads to rapid decline of

glutathione in liver, pancreas, kidney, skeletal muscle, and plasma. Glutathione is thereby

depleted to a maximum of 15-20% of control levels. The fact that glutathione cannot be

further depleted led to the hypothesis that a separate glutathione pool existed. This was

later associated with the mitochondrial GSH pool (for more detail on mitochondrial GSH

see 2.2.5). Long term treatment with BSO over several weeks showed a decrease not only

in the tissues named above but also in brain, heart, lung, spleen, intestinal and colon

mucosa. BSO therefore can be used to produce chronic GSH deficiency. However

differences have been observed in treatment of adult versus newborn animals. BSO has

been shown to not efficiently cross either the lens-blood nor the blood-brain barrier which

makes studies in those organs difficult in adult animals. In newborn animals BSO

administration leads to cataract formation and depletion of brain GSH. However, it has

been shown that administration of BSO-ethyl esters or administration of BSO in 15%

DMSO significantly increased the uptake into the brain in adult animals.

Inhibition of glutathione synthetase is not the method of choice to induce

glutathione deficiency since it has been shown that patients with severe inborn

glutathione synthetase deficiency show life threatening acidosis due to overproduction of



5-oxoproline (Meister and Larsson, 1989). When glutathione synthetase is inhibited, y

glutamylcysteine accumulates which is converted by yglutamylcyclotransferase to

cysteine and oxoproline which is then converted to glutamic acid by 5-oxoprolinase

resulting in severe acidosis.

Glutathione levels can also be decreased by limiting the necessary amino acids,

especially cysteine and methionine. However, limitation of synthesis in this way will also

have consequences with respect to protein synthesis.

2.1.4.3 Inhibition of Glutathione Degradation

Glutathione content can also be altered by inhibiting yglutamyl transpeptidase

(GGT). As mentioned earlier, the degradation of GSH by GGT can account for as much

as 80-90% of the GSH turnover. Reed and Ellis (1981), performed in vivo treatment of

rats with AT- 125 (a -amino-3-chloro-4,5-dihydro-5-isoxazoleacetic acid), an inhibitor of

GGT. AT-125 prevented degradation of plasma GSH which led to massive urinary

excretion of GSH. This treatment lowered the hepatic GSH content since recycling of

cysteine is inhibited.

A GGT-deficient knockout mouse has recently been developed by Lieberman et

al., 1996. We have been using this mouse for all the research presented in this

dissertation. GGT-deficient mice show chronic depletion of glutathione. The most

affected organs were the liver and eye where tissue GSH levels decreased to 20% of

control levels. Pancreas, spleen, and thymus were depleted to 50% of control levels, while

brain, heart and lung showed significant but minor depletion to 80% of control levels.

Kidney GSH is not decreased at all (Lieberman et al., 1996; Will and Reed personal

observations). These fmdings suggest that the rate of synthesis, uptake, and turnover of

GSH are tissue specific.
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2.1.4.4 Increasing Glutathione Levels

GSH levels can be increased by administration of precursors for synthesis or

through the administration of OSH or GSH-esters.

The synthesis of GSH may be increased by increasing the amount of substrates

for the two synthetases. However, since yglutamylcysteine synthetase is feedback

inhibited by GSH, this approach may only work under certain conditions (e.g. refeeding

after depletion or starvation). Introduction of cysteine is often not the best approach to

increase synthesis since it is rapidly metabolized itself and also has shown t be toxic at

high concentrations. N-acetylcysteine (Nac) is a precursor for cysteine which has found

therapeutic use in raising GSH levels in HIV patients and patients with respiratory

diseases. The compound is transported into the cells where it is deacetylated to yield

cysteine. Another effective compound is L-2-oxothiazolidine-4-carboxylate (OTC) which

is an analog of 5-oxo-L-proline and is a substrate for 5-oxoprolinase.

We utilized both of these compounds (NAC, OTC) for supplementation of

y-glutamyltranspeptidase-deficient knockout mice as described in chapter 6.

GSH levels can also be raised by supplying substrate for GSH synthetase, and

this is a good approach since this enzyme is not feedback inhibited by GSH. yGlutamyl

cysteine and yglutamyl cystine have been shown to increase the GSH concentration in

the kidney. This approach is extremely useful for raising kidney GSH levels since kidney

cells have an active transport system for yglutamyl amino acids.

The use of GSH itself to raise GSH levels has been subject to controversial

discussions. While some authors did not find any increase in plasma or tissue GSH levels

after oral administration (Yoshimura et al., 1982; Martenson et aL, 1990), Jones and co-

workers showed increases in plasma GSH levels (Hagen et al., 1988). However, an

increase in tissue GSH levels was observed only when GSH levels were previously

depleted through administration of BSO (Aw et al., 1991). Therefore, administration of



GSH may have a beneficial effect under pathological conditions where GSH depletion has

occurred. In contrast, the administration of monoethyl or monomethyl esters has been

shown to increase tissue GSH levels. Anderson et al. (1985), reported rapid uptake of

intraperitoneally administered glutathione monoethyl ester into kidney, liver, spleen,

pancreas, and lung. Uptake into other tissues occurred at slower rate. The use of esters is

appealing because many cells are equipped with esterases that can catalyze hydrolysis to

GSH. It has to be kept in mind that the release of ethanol and methanol can have adverse

effects on cellular functions.
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2.2 OVERVIEW OF MITOCHONDRIAL STRUCTURE AND FUNCTION

2.2.1 Introduction

Cells produce energy from glucose and oxygen and store this energy in form of

ATP. This can be achieved through "symbiosis" with the mitochondria.

If mitochondria do not function properly it can be devastating not just for the cell,

but also for the surrounding tissue and even the entire organism. Severe dysfunction can

lead to cellular failure and even cell death.

Mitochondrial dysfunction is best described as a defect in AlP production due to

enzymatic, transport, structural or regulatory failure (Jones and Lash, 1993). Dysfunction

can be disease- or nutritionally-related, chemically-induced, or of genetic origin. Whatever

the "inducer", it results in either loss of ATP production, drop in membrane potential,

loss in electron transfer capability or enahnced oxygen consumption.

There have been many different approaches to the study of mitochondrial

dysfunction. In vivo as well as in vitro studies have been conducted and an entire book

has been published dealing with the assessment of mitochondrial dysfunction (Methods

in Toxicology: Mitochondrial Dysfunction. Lash, LH and DP Jones, 1993). Measurement

of morphometric changes, redox status, permeability, as well as metabolistic studies and

genetic approaches are discussed in this book.
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2.2.2 Mitochondrial Structure

Mitochondria can have different sizes ranging from 0.1 - 10 J.Lm. Their shape can

be spherical, ovoid, threadlike or reticular, depending on the tissue and its particular

function (Jones and Lash, 1993).

Mitochondria contain an outer and an inner membrane. The inner membrane has a

larger surface area that invaginates into cristae. The space between outer and inner

membrane is termed intermembrane space, the inside matrix (Figure 2.5). Although the

outer membrane is readily permeable to small molecules and ions, the inner membrane is

impermeable to most small molecules and ions including protons.

tInner M

ICristae I

1embe

IMatnx I

Figure 2.5 Schematic Diagram of a Liver Mitochondrion

Ilntermembrane space
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2.2.3 Distribution of Mitochondrial Enzymes

The mitochondrial enzyme content can vary depending on cell type and

availability of substrate. The inner membrane contains the respiratory chain and the

enzyme complex responsible for ATP synthesis. These five enzymes account for most of

the membrane mass. The inner membrane also contains systems responsible for the

transport of ions, substrates, and nucleotides (Emster and Kuylenstierna, 1970).

The matrix contains most of the soluble enzymes. Of major importance are

enzymes of the Krebs cycle and fatty acid oxidation. The matrix also contains DNA,

transfer RNAs, and other components necessary for transcription and translation (Emster

and Kuylenstierna, 1970).

The intermembrane space contains very few enzymes. Adenylate kinase and

nucleosidephosphokinases have been found (Emster and Kuylenstierna, 1970).

2.2.4 Mitochondrial Function

As stated above, the main purpose of mitochondria is to produce ATP. This is

achieved through channeling electrons through the electron transfer chain. As electrons

flow through the chain, hydrogen atoms are pumped out at site 1, 3, and 4. The hydrogen

atoms are pumped back into the matrix through the ATPase. Oxygen is thereby reduced

to water and ATP is made.

Most of the electrons entering the mitochondrial respiratory chain arise from the

action of transhydrogenases that collect electrons from the oxidative reactions of the

pyruvate dehydrogenase complex, the citric acid cycle, the beta-oxidation pathway, and

the oxidative steps of amino acid catabolism (Figure 2.6). The central intermediate is

acetyl-CoA.
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Figure 2.6 Major Oxidative Pathways of the Mitochondrion

Acetyl-CoA is further oxidized by two interlinked pathways. In the first, the

Krebs Cycle, acetyl-CoA is oxidized to CO2. NAD is hereby reduced to NADH.
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Figure 2.7 Mitochondrial Electron Transport Chain
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The Krebs cycle consists of eight reactions. One round will achieve the oxidation

of acetyl CoA and the release of eight hydrogen ions. The Krebs Cycle is regulated by the

availability of NAD+, the rate at which cycle intermediates are utilized for other

biosynthetic reactions, and by the mitochondrial concentration of ADP and ATP. The

NADH formed in the Krebs Cycle is channeled into the electron transfer chain. This chain

contains four complexes, two mobile carriers, and the ATPase (Figure 2.7).

Complex I, the NADH-coenzyme Q reductase, oxidizes NADH and reduces

coenzyme Q. The flow of electrons through the complex is accompanied by movement of

protons from the mitochondrial matrix to the intermembrane space.
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Complex II is the succinate-coenzyme Q reductase. This enzyme is membrane

bound and catalyzes the sixth step of the. Krebs cycle and accepts electrons from

succinate rather than from NADH.

Complex III is coenzyme QH2-cytochrome c reductase. The acceptor in this

reaction is cytochrome c. Complex III also functions as a proton pump in the way

described for complex I.

Complex IV catalyzes the reduction of oxygen to water. This complex, also called

cytochrome oxidase, contains cytochromes a and a3. Electron flow in this complex is

accompanied by movement of hydrogens into the intermembrane space.

The free energy released through the mitochondrial oxidation of either NADH or

succinate can now be used for the synthesis of ATP from ADP and Pi. Electron transfer

and ATP production are therefore coupled.

The enzyme responsible for ATP production is called ATP synthase. This

enzyme is a large membrane-protein complex and consists of 2 major components: F1 and

F0. F1 consists of 6 subunits that contain several binding sites for ATP and ADP. F1

catalyzes the conversion of ADP and Pi into ATP and can therefore be termed the

catalytic portion of the ATPase. F1 is a peripheral membrane complex facing the matrix

site. It is held to the membrane by the interaction with F0 which is an integral membrane

protein consisting of four different polypeptides. F0 is located in the intermembrane

space and functions as a proton channel.

How does the oxidation of substrates via electron transfer lead to the

phosphorylation of ATP? There have been several theories in the past. However, to date,

Mitchell's chemiosmotic model is the most widely accepted and applied one.

The chemiosmotic model states that the proton gradient couples electron

transport and phosphorylation. The electron transfer along the complexes is accompanied

by outward pumping of hydrogens across the inner membrane. This results in a

transmembrane difference in hydrogen concentration, a proton gradient, and the matrix

becomes therefore more alkaline.



37

The electrochemical energy inherent in this difference in proton concentration and

separation of charge is called the proton motive force. It presents a conversation of parts

of the energy resulting from the oxidation of substrate. This proton motive force can now

be used to drive the synthesis of Al?.

This section described how the reduction of oxygen was linked to cellular energy

production. However, it needs to be emphasized that not all oxygen is reduced

completely. Incomplete reduction of oxygen leads to formation of reactive oxygen species

(ROS) such as hydrogen peroxide, singlet oxygen, and hydroxyl radical that can damage

lipids, proteins, and DNA. Oxygen radicals can be produced as by-products of fatty acid

metabolism or through phagocytic activity. The major contribution however comes from

incomplete reduction of oxygen in the mitochondria. Nearly 90% of the oxygen consumed

is delivered to the mitochondria, but 4% is incompletely reduced due to leakage along the

respiratory chain. Cells have protective mechanisms against ROS such as catalase,

superoxide dismutase, and glutathione peroxidase. Also vitamin E and ascorbic acid serve

as antioxidants. As mentioned, the major producer of ROS are the mitochondria. Without

a mitochondrial defense system aerobic metabolism would be impossible due to the

formation of ROS. The major defense system in mitochondria is the glutathione redox

cycle. In the next paragraphs the importance of this cycle and that of glutathione is

described in depth since it is of major importance for understanding this thesis.

2.2.5 Mitochondrial Glutathione

The fact that buthionine sulfoximine (B SO) treatment was unable to deplete liver

GSH below 10-15% of total GSH suggested the existence of more than one pooi of GSH

in the liver (Griffith and Meister, 1985). The existence of more than one pooi was

suggested as early as 1952 (Edwards and Westerfeld, 1952). In 1973 it was proposed that

GSH in the mitochondrial matrix provided a reservoir for reducing equivalents capable of

protecting thiol groups from oxidative stress (Vignais and Vignais, 1973).



A complete redox cycle was shown to exist in liver mitochondria containing

reduced GSH, glutathione reductase, glutathione peroxidase, and NADPH (Figure 2.8).

ROH GSH NADPH NADH Substrate AlP

I IGSH peroxidase GSSG reductase Transh dmgenase Chain
Complexes

H2O GSSG NADP4 NAD Oxidized ADP
ROOH Substrate +Pj

Figure 2.8 Glutathione Redox Cycle in Mitochondria

This system is capable of reducing a wide range of diazenes and hydroperoxides

(Jocelyn, 1978). Since mitochondria contain no catalase, they rely solely on GSH

peroxidase to detoxify hydrogen peroxide (H202). Where does the hydrogen peroxide

come from? Most is of endogenous origin as a consequence of aerobic metabolism which

occurs mostly in the mitochondria. Reduction of oxygen in the respiratory chain is not

absolutely complete and involves the formation of toxic intermediates. About 2-5% of

mitochondrial oxygen consumption generates hydrogen peroxide. Hydrogen peroxide, if

not reduced, leads to the formation of very reactive hydroxyl radicals which can cause

lipid peroxidation. Lipid peroxidation will damage membranes, nucleic acids and proteins

thereby altering or inhibiting their function.

Meredith and Reed (1983) made the original observation that the onset of

chemically induced cell injury correlated with the depletion of mitochondrial rather than

cytosolic GSH. Hepatocytes were treated with ethacrynic acid, which depletes cytosolic
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as well as mitochondrial GSH. The authors showed that depletion of cytosolic GSH had

no observable effect on cell viability while the depletion of mitochondrial GSH caused cell

injury. Cell injury occurred when the total liver GSH was depleted to 10-15%, the

amount associated with the mitochondria. Meredith and Reed (1982) also demonstrated

different rates for GSH turnover between cytosol and mitochondria. Their fmdings

indicated a half-life for cytosolic GSH of 2 hours versus 30 hours for mitochondrial GSH.

The fact that mitochondrial (10 mM) GSH content is higher than cytosolic (7 mM)

suggests the importance of mitochondrial GSH in the cellular GSH. The ratio of

GSHIGSSG in mitochondria under normal conditions is approximately 18:1. This ratio

can change through oxidative stress of either endogenous or exogenous origin. A change in

GSHIGSSG ratio has adverse effects on mitochondria and subsequently on cells. For

example, age related changes of mitochondrial GSHIGSSG ratio have been observed by

Garcia de la Asuncion et al. (1996) who were able to correlate changes in the ratio with

increased mutation rates in the mitochondrial DNA. While in hepatocytes the GSH/GSSG

ratio changed by only 20-30%, the mitochondrial ratio changed by 350%. In brain, the

changes in GSHIGSSG ratio were even more dramatic (40% higher in brain cells and 500%

higher in brain mitochondria). Oxidation of GSH through TBH treatment caused release of

GSSG from perfused liver (Sies et al., 1974) and isolated hepatocytes (Ekloew et al.,

1984). However, TBH treatment of isolated mitochondria caused GSSG formation, but no

subsequent release was observed (Olafsdottir and Reed, 1988). What would be the

consequence of GSSG accumulation in the mitochondria? Accumulation of GSSG will lead

to oxidation of thiol groups in the mitochondria, which may explain the observation that

loss of mitochondrial GSH rather than cytosolic glutathione correlates with some types of

cell injury (Meredith and Reed, 1983; Olafsdottir and Reed, 1988). Many mitochondrial

proteins are highly sensitive to changes in the cellular thiol status including the Ca2 -

dependent ATPases, metabolic carriers, and proteins controlling permeability changes in

the inner mitochondrial membrane. Ca2tdependent ATPases serve as membrane bound

Ca2 pumps to maintain cytoplasmic Ca2 at low levels. Interference with Ca24 levels and
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Orrenius, 1985). Homeostasis of calcium and thiols in the mitochondria are believed to be

closely linked, either directly (Beatrice et al., 1984) or through pyridine nucleotides

(Lehninger et al., 1978).

Many metabolic carrier proteins of the inner mitochondrial membrane contain

sulfhydiyl groups. Oxidation of those will lead to changes and inhibition of transporting

capacities that can result in mitochondrial dysfunction (LeQuoc and LeQuoc, 1985).

Changes in anion transport, as well as transport of monovalent and divalent cations across

the inner mitochondrial membrane, have been observed when sulfhydryl groups were

modified. However, the relationship between thiol modification and membrane properties

is often difficult to explain. The question remains whether the effect of the thiol reagent

on the permeability results from reaction with a protein which specifically controls

permeability, or if it is a consequence of an unspecific perturbation. This question gets

even more complicated when dealing with the question of how the glutathione status may

control the proteins that are involved in mitochondrial permeability transition. Many

studies have shown that oxidative stress increases permeability in mitochondria. The

permeability increase is favored by Ca2 accumulation and causes equilibration of solutes

with a MW up to 1500 Da, depolarization, uncoupling, and release of the previously

accumulated Ca2. This phenomenon is now termed mitochondrial permeability transition

(MPT). In as early as 1978, studies were conducted by Lehninger et al., which linked

oxidation of pyridine nucleotides (PN) to Ca2 efflux which could be reversed by

reduction of PN. Changes in permeability were observed, not knowing at this time that

mitochondrial permeability transition was probably involved. In 1984 the question was

revisited by Pfeiffer and co-workers who were able to independently modulate

NADPH/NADP, NADH/NAD, and GSH/GSSG ratios and who came to the conclusion

that the latter ratio was the relevant factor for changing permeability. This study however

was challenged through studies conducted by Carbonera and Azzone (1988) and Hoek

and Rydstrom (1988). Carbonera and Azzone showed that MPT induced by Ca2 plus
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Pi, diamide and hydroperoxides was inhibited by the free-radical scavenger

butylhydroxytoluene while GSH remained oxidized. Hoek and Rydstrom showed that

oxidation of GSH by 1,3-bis-2-chloroethyl-1-nitrosurea (BCNU), which prevents PN

oxidation, was not followed by Ca2 release. Although results were not in concert, it was

agreed that there seemed to be a strong influence of PN and GSH on permeability

transition which challenged Bemardi and co-workers to revisit this question. In their

studies, conducted from 1992 to 1996, these authors came to the following conclusions:

MPT induction is voltage dependent (Bernardi, 1992). The pore gating potential is shifted

towards a more negative membrane potential by thiol oxidation resulting in a higher

probability for pore opening. On the other side, thiol reduction shifts the gating potential

towards a less negative membrane potential resulting in lower probability to pore

opening. In their 1996 study, (Constantini et al., 1996) the authors conclude that the MPT

gating potential is modified by oxidation/reduction at two different sites which are

experimentally distinguishable. One site, termed P site, is modulated through the

oxidation/reduction state of PN even at times where GSH is fully reduced. The other site,

termed S site, can be activated even when PN are fully reduced (Petronilli et al., 1993;

1994). In other words: MPT pore opening correlates to both oxidation/reduction of PN

through the P site and presumably GSH through the S site. TBH treatment, by oxidizing

both PN and GSH, could therefore have an effect on both sites. Mitochondrial

dysfunction (as a result of MPT) is now considered as a key event in a variety of forms

of cell death e.g. ischemia, neurodegeneration, and apoptosis.

Mitochondria can not synthesize GSH. Griffith and Meister (1985) discovered

that mitochondria contain neither yglutamyl cysteine synthetase, nor GSH synthetase.

Therefore an uptake mechanism must exist to shuttle GSH into the mitochondria.

Several groups have reported the existence of a mitochondrial anion channel

(Selwyn et al., 1979; Garlid and Beavis, 1986; Sorgato et al., 1987). The described channel

has broad specificity for many anions and is controlled by Mg2 and H which would

allow a mechanism for loading extramitochondrial components.
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Martenson et al. (1990) conducted studies on the kinetics of GSH transport in

isolated liver mitochondria. The authors found that the transport system had a high and a

low affinity component depending on the external GSH concentration. At a GSH

concentration below 1 mM a high affinity component was observed with a Km of 60 pM

and V of 0.54 nmollmin/mg protein. At GSH levels of 1-8 mM a low affinity

component was found with a Km of 5.4 mM and a Vma,, of 5.79 nmol!min/mg protein.

Both processes were stimulated by ATP and ADP and inhibited by the uncoupler FCCP

(carbonyl cyanide p-(trifluoromethoxy)phenyl hydrazone). Efflux of GSH from

preloaded mitochondria was shown to be biphasic with an external GSH concentration of

0.15 mM. At external GSH concentrations of 8 mM 60% of the GSH initially present in

the matrix disappeared from the matrix in 15 seconds but was recovered in the matrix after

120 seconds. This phenomenon was interpreted by the authors as follows: at high

external GSH concentrations there is a rapid flow of external GSH into the

intermembranous space which facilitates reuptake of GSH into the matrix.

Kurosawa et al. (1990) found that a transport system for GSH exists in isolated

liver mitochondria. Their data indicated that high external concentrations of GSH and a

proton gradient constitute the motive force to bring external GSH into the mitochondria.

Since cytosolic GSH is of high concentration in living cells, the authors assume that this

motive force will presumably function under physiological conditions. The authors also

found that isolated liver mitochondria in state 4 incubated with GSSG had increased GSH

levels, which suggests that GSSG is taken up and reduced by oxidation of NADPH. The

observation of GSSG uptake seems to be unphysiological at first glance. However, GSH

reductase, as well as GSH peroxidase have been shown to be located in the intermembrane

space and the matrix, which indicates these enzymes are accessible to substrates from

both the extra- and intra-mitochondrial space (Flohe and Schiegel, 1971; Sandri et at.,

1990). Therefore an uptake mechanism may very well exist in vivo.

Kaplowitz and colleagues (Garcia-Ruiz et at., 1995) were able to successfully

express a rat hepatic mitochondrial GSH carrier in Xenopus laevis oocytes. We already
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mentioned their studies on the expression and cloning of the sinusoidal and canalicular

transporters for reduced GSH. The authors showed that the mitochondrial GSH carrier

differed from those previously described carriers. The carrier was stimulated by ATP and

inhibited by glutamate.

Uptake of GSH by kidney mitochondria has been examined by McKeman et al.

(1991) and Sclmellmann (1991). In order to understand the mechanism of mitochondrial

GSH transport, several facts need to be considered. GSH contains two free carboxyl

groups and one free amino group and thus has a net charge of -1 at neutral pH. The thiol

group contains a dissociable proton with a pKa of9.2. This means that at cytosolic pH of

7.4 more or less none (<1%) of the GSH is in the thiolate form which would mean a net

charge of -2. In the mitochondrial matrix, at pFI 7.8 approximately 4% of the GSH is in

thiolate form. In addition a membrane potential exists, with the mitochondrial matrix

negative relative to the cytosol. The membrane potential, the pH gradient, as well as the

net charge of GSH provide a driving force against the uptake of GSH. Therefore a driving

force against this must exist in order for GSH uptake to exist. Several anion transporters

are known to exist in mitochondria which are involved in transport of citric acid cycle

intermediates against the driving force. One or more of those carriers may be in part

responsible for GSH uptake. That neither pH nor the membrane potential are required for

transport of GSH into renal mitochondria was shown by McKeman et al. (1991), who

observed that the uncoupler 2,4 dinitrophenol and the protonophore carbonyl cyanide m-

chlorophenylhydrazone had no negative effect on GSH uptake. However, KCN, ATP,

and Ca2 inhibited the transport, suggesting an indirect dependence on mitochondrial

energetics or adenine nucleotide transport.

Substrate specificity for GSH uptake was examined by measuring the effects of

mono- and dicarboxylates (Smith et al., 1996). Monocarboxylates did not have any effect

while malate and succinate did show effects, which suggests that GSH uptake may

involve exchange with dicarboxylates. Glutamate inhibited GSH uptake suggesting that

the glutamyl moiety of GSH may be a recognition site for transport. In summary, GSH



uptake into (at least renal) mitochondria is Na independent, apparently membrane

potential independent, involves a net transfer of charge across the membrane, and is

inhibited by glutamate and yglutamyl compounds, including GSH-conjugates (Smith et

al., 1996).

The fact that mitochondria do not synthesize GSH and the described studies on

uptake mechanisms leaves the reader with the question of how GSH is released from the

mitochondria.

Studies by Jocelyn (1975) indicated that the retention and release of mitochondrial

GSH is a highly regulated process. Isolated mitochondria retained most of their GSH

indicating that the inner mitochondrial membrane is impermeable to glutathione. Only

some was lost through outward diffusion, which suggests that the transport mechanism

functions to conserve mitochondrial GSH during times of cytosolic depletion (Griffith

and Meister, 1985). The addition of phosphate increased the efflux rate. During short

term incubations, no considerable amounts of GSSG were formed unless oxidizing agents

were added. GSSG was retained by the mitochondria unless phosphate was added to the

incubations. Addition of phosphate probably induced permeability transition, opened the

pore and allowed efflux of mitochondrial components.

Similar studies were conducted by Olafsdottir and Reed (1988) showing that no

GSSG was released from isolated mitochondria that were treated with tert-

butylhydroperoxide which suggested that an efflux pathway for GSSG under non-

permeability transition conditions is absent in mitochondria (Olafsdottir and Reed, 1988).

The question of GSH uptake and release under conditions of permeability

transition was further examined by Savage et al. (1991) who investigated the question of

whether MPT provides a mechanism for GSH uptake and release. MPT was induced

with calcium and phosphate (CaP) and nearly 100% GSH was released from the

mitochondria in 5 minutes. Efflux was completely prevented when mitochondria were

incubated with cyclosporin A (CsA), a known inhibitor of MPT. The authors also

showed that GSH could be loaded into mitochondria. Mitochondria were briefly



incubated with CaP to induce the transition and 1 mM GSH was added to the

suspensions. Mitochondria took up the GSH at a rate of 0.5 nmollmin/mg protein, which

was higher than the uptake rate of mitochondria that were not pretreated with CaP.

However one has to keep in mind that sustained opening of the pore would cause

extensive release of mitochondrial components rather than exchange or even uptake; in

other words only occasional opening and closing of the pore would allow such a

mechanism.

2.3. STATEMENT OF PURPOSE

The overview showed the importance of glutathione and especially mitochondrial

glutathione for cellular homeostasis. In the following chapter (chapter 3) we are

investigating how glutathione deficiency relates to cellular injury. We utilized y-glutamyl

transpeptidase-deficient mice as our in vivo model. As described before, these mice are

impaired in glutathione recycling which leads to tissue specific chronic glutathione

deficiency. Using this model we hoped to answer the following questions: First, does a

decrease in cytosolic glutathione result in a decrease in mitochondrial glutathione? Second,

if mitochondrial glutathione is decreased, does this have a negative effect on mitochondrial

function? And third, if mitochondrial function is impaired, does this result in cellular

injury or even cell death? These questions were answered using liver as the model tissue.
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3. IMPAIRMENT OF GLUTATHIONE HOMEOSTASIS IN TISSUE
AND ISOLATED LIVER MITOCHONDRIA FROM

-GLUTAMYLTRANSPEPTIDASE-DEFICIENT KNOCKOUT MICE.

3.1 ABSTRACT

yGlutamyltranspeptidase (GGT)-deficient knockout mice (GGT-/-) display

chronic GSH deficiency. Mice show growth retardation and die at a young age (<20

weeks), which shows the severity of the disease. It has been established that not just

cytosolic, but most important, mitochondrial GSH is necessary to maintain cellular

function. It was shown in liver that depletion of GSH in liver to 15-20% of control levels

causes cell injury. This is the amount associated with the mitochondria. Using livers from

GGT-/- mice, we investigated the relationship between GSH content, especially

mitochondrial, and mitochondrial and cellular function. We found that the GSH content of

isolated liver mitochondria was 3.1 nmols/mg protein and 6.16 mnols/mg in GGT-/- and

wild type mice, respectively. Respiratory control ratios (RCRs) of GGT-I- mice

mitochondria were 60% those of wild type mice due to impaired state III respiration. The

mitochondrial adenine nucleotide content was decreased by >40% in GGT-/- mouse

mitochondria. We saw a strong relationship between mitochondrial GSH content and

RCRs. We found that high GSH content was associated with high RCRS, while lower

GSH amounts were associated with decreased RCRs. Even moderate decreases (<50%)

had adverse effects with respect to respiration. Electron microscopy revealed that livers

from GGT-/- knockout mice were deprived of fat and glycogen, and that mitochondria

were swollen. The effects were even more significant as the disease progressed.

We therefore conclude that GSH deficiency results in impaired phosphorylation,

and that this decrease in available energy damages mitochondria and subsequently leads to

progression of the disease.
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3.2 INTRODUCTION

It is widely accepted that the two major functions of glutathione are a) as a

substrate for GSH peroxidase-mediated reduction of oxygen free radicals and b) for

biotransformation of exogenous compounds catalyzed by GSH S-transferases. GSH can

be synthesized in the cytosol of most mammalian cells through the action of y

glutamylcysteine synthetase and GSH synthetase. The rate limiting step is the

availability of cysteine. The liver is the main synthesizer of GSH and appears unique in

that GSH can be synthesized with the sulfur of cysteine supplied by methionine via the

cystathionine pathway (Reed, 1995), which becomes important in times of increased

demand for GSH or dietary limitation. Cysteine, formed by this pathway, is pooled with

low levels of cysteine that is transported into liver cells and serves as a substrate for y

glutamylcysteine synthetase to form yglutamylcysteine, which is then coupled with

glycine via GSH synthetase to complete the synthesis of GSH. To allow GSH to function

as a reservoir for cysteine, yglutamyltranspeptidase (GGT) initiates the release of

cysteine from interorgan GSH. GGT is primarily located at the outer brush border

membrane of the kidney and initiates the degradation of GSH by removal of the y

glutamyl moiety. Dipeptidases cleave the dipeptide and cysteine is released into the

plasma, from where it is taken up by other tissues for GSH synthesis. Cysteine is also

returned to the liver which closes the GSH cycle. It has been shown in mice that the

breakdown of GSH in the kidney accounts for 80-90% of the total GSH turnover

(Meister, 1983). This salvage pathway was proven through inhibition of GGT with

acivicin. Inhibition of the enzyme raised the plasma GSH level significantly. GSH

accumulated extracellularly and was excreted in massive amounts into the urine. Not only

GSH, but also GSSG was excreted into the urine (Reed and Ellis, 1981).

Depletion of cytosolic GSH in hepatocytes to 10-15% of control levels has been

associated with cell injury and even necrosis. The fact that buthionine sulfoximine (BSO)

treatment was unable to deplete liver glutathione below 10-15% of total glutathione



suggested the existence of more than one pooi of GSH in the liver. The existence of more

than one pooi was mentioned as early as 1952 (Edwards and Westerfeld). In 1973 it was

proposed that GSH in the mitochondrial matrix provides a reservoir for reducing

equivalents capable of preventing thiol groups from oxidative stress (Vignais and Vignais,

1973). Meredith and Reed (1983) made the original observation that the onset of

chemically induced cell injury in hepatocytes correlated with the depletion of

mitochondrial GSH rather than cytosolic GSH. Meredith and Reed (1982) also

demonstrated different rates for GSH turnover between cytosol and mitochondria. Their

fmdings indicated a half-life for cytosolic GSH of 2 hours versus 30 hours for

mitochondrial GSH. The fact that mitochondrial GSH content is higher (10 mM) than

cytosolic (7 mM) suggests the importance of mitochondrial GSH in cellular GSH

homeostasis (Wahlaender et al., 1979). Mitochondria can not synthesize GSH (Griffith

and Meister, 1985). Therefore an uptake mechanism must exist to shuttle GSH into the

mitochondria. Martenson et al. (1990) conducted studies on the kinetics of GSH

transport in isolated liver mitochondria and Garcia-Ruiz et al. (1995) were able to express

a rat hepatic mitochondrial GSH carrier in Xenopus laevis oocytes. That the retention and

release of GSH is a highly regulated process was shown in earlier years by Jocelyn

(1975). Isolated mitochondria retained most of their GSH indicating that the inner

mitochondrial membrane is impermeable to glutathione. Only some of it was lost through

outward diffusion, which suggests that the transport mechanism functions to conserve

mitochondrial GSH during time of cytosolic depletion (Griffith and Meister, 1985).

GSSG is completely retained by mitochondria, as shown by Olafsdottir and Reed (1988),

who treated isolated liver mitochondria with tert-butylhydroperoxide (TBH). What

would be the consequences of GSSG accumulation? A complete redox cycle was shown

to exist in liver mitochondria containing GSH, GSSG reductase, GSH peroxidase, and

NADPH (Flohe and Schlegel, 1971). It has been assumed that the primary function of

mitochondrial GSH is the detoxification of endogenous H202 through the mitochondrial

redox cycle. Under normal conditions this oxidative stress is not necessarily a risk.



However, certain conditions can imbalance or overwhelm the system. The ratio of GSH to

GSSG in liver mitochondria is approximately 18:1. This ratio can change through

oxidative stress or depletion of GSH. A change in the GSH/GSSG ratio can have an

adverse effect on mitochondria and subsequently on cells. Changes in the GSH/GSSG

ratio can have adverse effects on metabolic carriers of the inner mitochondrial membrane

containing sulfhydryl groups (LeQuoc and LeQuoc, 1985), can increase mutation rates of

mitochondrial DNA (Garcia de la Asuncion et al., 1996), can cause changes in Ca2

homeostasis (Beatrice et al., 1984; Lehninger et al., 1978) and may be involved in

induction of the permeability transition pore (for a recent review see Chemyak, 1997).

GGT-deficient knockout mice (GGT-/-) were used to test the hypothesis that

without GGT, knockout mice have a requirement for interorgan glutathione that does not

allow the normal level of glutathione maintenance due to liver export requirements and the

inability to recover cysteine from the glutathione exported from the liver. We hypothesize

that GGT-/- mice will show a decrease in GSH in various tissues and that the liver will be

most significantly affected due to the demand of other tissues for cysteine. Since we

believe that cellular GSH homeostasis is dependent on mitochondrial GSH content, we

propose that liver mitochondrial GSH will be decreased as well and that this GSH

deficiency may result in mitochondrial dysfunction and subsequently in cell injury.
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3.3 EXPERIMENTAL PROCEDURES

3.3.1 Experimental Design

GGT-deficient knockout mice were a generous gift from M. Lieberman, Baylor

College of Medicine, Houston Texas. Mice were generated as described by Lieberman et

al. (1996). Briefly, exon 1 and 2 and the intervening sequences of the GGT gene were

replaced with a PGKhprt expression cassette. Heterozygous mice (GGT+/-) were used as

breeders, since homozygous GGT-deficient mice (GGT-I-) are infertile. Mice were

screened for their genotype at weaning using polymerase chain reaction. GGT-I- are

indistinguishable from their litter mates at time of birth. At weaning (3 weeks of age) they

can be distinguished from their litter mates by their gray coat color. Wild type (GGT+/+)

and heterozygous mice are phenotypically indistinguishable. As the mice mature,

differences become more and more obvious. The GGT-/- mice grow much slower, and at

eight weeks of age they weigh 50% of their litter mates. At 12 weeks of age they are even

more underweight (30% of control). The mice fail to mature sexually and have cataracts.

Between 8 and 12 weeks of age GGT-I- mice become quite unhealthy and >80% of the

animals have died by 20 weeks of age (Lieberman etal.; 1996, and personal observations).

The transition from "healthy" to "sick" knockout mice is rapid and does not take longer

than one week. The animals first lose weight (approximately one gram per day) and, once

below 9-10 grams of weight, the animals become sick and rarely survive more than 48

hours. For our experiments we therefore assigned "disease stages", GGT-/- I and GGT-I-

II. GGT-/- I mice have no obvious changes in phenotype besides growth retardation.

Weight for male mice is >13 grams and for females >11 grams. GGT-/- II mice show

weight loss, and at the more advanced state of disease, severe weight loss, walking

problems, humpback, rough coat, and red skin.
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3.3.2 Materials

Animals were kept in a sterile environment on a 12 hour light dark cycle and were

maintained on irradiated PicoLab mouse diet and water ad libitum. No supplementations

were given to GGT-/- mice. All experiments were performed between 7 and 9 AM to

avoid circadian influences. PCR reagents were purchased from Perkin Elmer PCR (Roche

Branchburg, NJ). NuSieve 1:3 agarose was puréhased from FMC Bioproducts (Rockland,

ME). Chelex 100 was purchased from Bio-Rad (Hercules, CA). Reagents used for

respiration and glutathione analysis were obtained from Sigma (St. Louis, MO).

3.3.3 Polymerase Chain Reaction

Mice were screened at the age of 3 weeks for their genotype. Multiple-primer

PCR was performed using DNA obtained from whole blood according to Walsh et al.

(1991). Briefly, 3-5 p.1 of whole blood was collected from the tail vein and transferred into

an Eppendorf tube containing 1 ml of water. Samples were incubated at room temperature

for 30 minutes and occasionally inverted. Samples were centrifuged at 13,000 g for 3 mm.

All but 50 p.1 of the supernatant was discarded without disturbing the pellet. 200 p.1 of a

5% Chelex 100 solution was added to each sample. Samples were incubated at 56°C for

30 minutes, vortexed for 10 sec and incubated in boiling water for an additional 8 mm.

Samples were centrifuged for 3 mm at 13,000 g and 15 p.1 of the supematant was used in a

50p.l PCR reaction.

The following wild type (WT) and knockout (KO) specific primers were used:

WT 5' - ctg tgt atg ggg ctc atg aat gc -3'

5' - ctt ctt cag agt cct tgg agt tg -3'

KO 5' - tgc tcc tta act gct gag cca tc -3'

5' - acg tgc tac ftc cat ttg tca cg -3'.



Each 50 p.1 reaction mixture contained 5 p.1 lOx PCR buffer (10 mM Tris-HC1, pH

8.3, 50 mM KC1), 1 p.! of each dATP, dCTP, dGTP, and dUTP (200 p.M each), 4 p.1

MgC12 (2.0 mM), 1.125 p.1 of each WT primer (0.22 p.M), 0.2 p.1 of each KO primer (0.04

p.M), 15 p.1 chelex extract, and 2.5 units AmpliTaq polymerase. Hot start was performed

(5 minutes at 94°C before the addition of polymerase) and the cycle conditions were as

follows: 94°C 1 mm, 50°C 1 mm, 72°C 2 mm for 30 cycles, 7 mm final elongation at 72°C.

Twelve p.1 of each reaction mixture was subjected to separation on a 2% NuSieve

agarose gel. Bands were identified by size.

3.3.4 Tissue Glutathione

Tissue glutathione was determined according to Farris and Reed (1987). Briefly,

animals were anesthetized, the tissues rapidly excised in the following order: kidney,

spleen, liver, heart, thymus, lung, pancreas, intestine, testis, muscle, brain, and eye.

Tissues were rinsed with saline and frozen in liquid nitrogen. Tissues were ground frozen

using mortar and pestle and weighed into 1 ml of ice-cold 10% perchioric acid containing 1

mM bathophenatbrolinedisulfonic acid (BPDS). Between 20 and 100 mg tissue was used

depending on the expected glutathione content and availability of the sample. Samples

were sonicated, freeze-thawed, centrifuged and 200 p.1 of the supernatant was used for

derivatization. Twenty-eight p.1 yglutamylglutamate (400 mM) was added as an internal

standard. Fifty p.1 iodoacetic acid (20.8 mg/mi in 0.2 mM cresol purple) was added and

the samples were adjusted to pH 8-9 with KOH(2 M)-KHCO3 (2.4 M) and incubated at

room temperature in the dark for 1 hour. Equal volume of 2,4 fluorodinitrobenzene (1%

FDNB in 100% ethanol) was added and the samples incubated at room temperature in the

dark for 24 hours. One hundred p.! of each of the derivatized samples was analyzed by

HPLC with UV detection and the sample amount calculated based on GSH/GSSG

standard curves.
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3.3.5 Isolation of Liver Mitochondria

Liver mitochondria were isolated simultaneously from one wild type and one

knockout mouse by differential centrifugation according to the method of Schnaitman and

Greenwalt (1968). The isolation buffer contained 220 mM mannitol, 70 mM sucrose, 2

mM HEPES, 0.5 mM EGTA, and 0.5 mg/mi bovine serum albumin at pH 7.0.

Mitochondria were washed twice in isolation buffer devoid of EGTA. After the final

wash mitochondria were suspended in incubation buffer containing 213 mM mannitol, 71

mM sucrose, 10 mM succinate, and 3 mM HEPES at pH 7.0. Protein

concentration was measured according to Bradford (1976).

3.3.6 Liver Mitochondrial Glutathione

Liver mitochondrial glutathione was measured by using HPLC with UV detection

according to Farris and Reed (1987). Mitochondria were incubated in isolation buffer at a

concentration of 1 mg/mi. One half milliliter of the sample was taken, centrifuged 30 sec at

13,000 g and the supernatant aspirated. The pellet was treated with 500 p.1 10% PCA

containing 1 mM BPDS and y -glutamylglutamic acid as the internal standard. The

samples were centrifuged and 200 p.1 of the supernatant was derivatized as described for

the analysis of tissue GSH.

3.3.7 Respiration Measurement

Respiration was measured polarographically at 25°C with a Clark electrode from

Yellow Springs Instruments. The reaction mixture contained mitochondria (1 mg/mi), 27

mM succinate, 1 p.M rotenone, 277 p.M respiration buffer (250 mM sucrose, 15 mM

KC1, 5 mM MgC12, 30 mM K2HPO4, and 0.3% defatted BSA) for a total volume of 1.8



ml (Heisler, 1991). State N respiration was established and 500 nmol ADP was added

after 5 minutes to measure state III respiration. State N respiration was measured for an

additional 5 minutes after all added ADP was phosphorylated. Oligomycin (0.5 j.tM)-

inhibited state III respiration was measured to establish ATPase-dependent and ATPase-

independent respiration. FCCP-uncoupled (1 xM) state N respiration was measured to

establish a maximal respiration rate.

Complex II specific activity was measured as described by Birch-Machin et al.

(1993) by following the reduction of 2,6-dichiorophenolindophenol at 600 nm using a

DW2000 spectrophotometer in split beam mode. To fully activate the enzyme,

mitochonclria (20 mg protein/ml potassium phosphate buffer, 25 mM, pH 7.2, MgCl2, 5

mM) were preincubated for 10 mm at 30°C with 20 mM succinate. Antimycin A (2

mg/mi), rotenone (2 mg/mi), KCN (2 mM) and dichiorophenolindophenol (50 mM) were

added and the baseline recorded for 3 minutes. The reaction was started with the addition

of 65 mM ubiquinone 1 and the reduction of dichlorophenoiindophenoi was measured for

approximately 5 minutes.

3.3.8 Measurement of Mitochondrial Adenine Nucleotide Content

Mitochondrial ATP, ADP, and AMP was measured by HPLC with UV detection

according to Jones (1981) with modifications. Briefly, mitochondrial samples (2 mg

protein) were spun for 2 minutes at 12,000 g and the supernatant discarded. The

remaining pellet was treated with 25 .tl perchloric acid (3N). One hundered twenty-five p.!

of mitochondriai incubation buffer was added, the samples vortexed and spun for an

additional 2 minutes. One hundered-twenty-five j.il of the supernatant was transferred to

a clean Eppendorf tube and 25 p.1 ofK2HPO4 (1 p.M) was added. Approximately 50 p.! of

KOH (1 M) was used to adjust samples to pH 6.5-7.0. Samples were spun for 10

minutes and 100 p.1 of the supernatant was analyzed by HPLC. Data were calculated
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based on standard curves for ATP, ADP, and AMP prepared in the same manner as the

samples.

3.3.9 Light and Electron Microscopy

Livers obtained from GGT+/+ and GTT-KO were minced into 1 mm cubes and

fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for light microscopy and

transmission electron microscopy. Isolated mitochondria were fixed by combining an

equal volume of 2x fixative with the mitochondrial suspension. Mitochondria were

centrifuged in a Beckman microfuge E for 1 minute, the resultant pellet was overlaid with

1% agarose (40°C), cut into quarters and treated like the liver tissue. Following overnight

fixation, samples were processed using a LYNX-el Microscopy Tissue processor (Leica

Inc., Deerfield, Ii). Samples were washed twice in 0.1 M cacodylate buffer for 30 mm and

post fixed in 1% osmium tetroxide in 0.1 M cacodylate buffer for one hour. After two

more buffer washings of 30 mm each, tissues were dehydrated through a graded acetone

series, infiltrated with resin (Embed 8 12-araldite 502, Electron Microscopy Sciences), and

embedded in BEEM capsules (Mollenhauer, 1964). Ultrathin sections (70 nm) were cut

on a Sorvall MT 5000 ultramicrotome with a diamond knife. Grids were stained with

saturated uranyl acetate and lead citrate (Reynolds, 1963) and observed with a Zeiss EM

1OA transmission electron microscope (LEO, Thomwood, NY) at an accelerating voltage

of 80 kv. For light micoscropy, livers were cut in 1 tM thick sections and stained with

1% toluidune blue.

3.3.10 Statistical Analysis

StatisticalMacTM (StatSoftTM Tulsa, Oklahoma) was used to perform Student's

t-tests for unpaired data.



3.4 RESULTS

3.4.1 Tissue Glutathione Levels

Our first attempt was to test the hypothesis that without GGT, GGT-I- mice will

show a decrease in GSH in various tissues and that the liver will bemost significantly

affected due to the demand of other tissues for cysteine. Seventeen wild type and 11

GOT-I- I and 6 GGT-/- II mice, age 10-14 weeks, were examined. Tissues were excised

from the animals, processed as described in 'Experimental Procedures' and reduced (GSH)

and oxidized (GSSG) glutathione analyzed by HPLC.

Table 3.1 shows that in GGT-I- mice, the largest decrease in GSHIGSSG (75%)

occurred in liver and eye. Spleen, thymus, and brain were depleted by 40%, testis and

pancreas by 50%. Veiy minor changes (5-20%) were observed in lung, heart, muscle and

intestine, and no changes were observed in kidney. No obvious differences were observed

between GOT-I- stage I and GGT-/- stage II mice.

Analysis of glutathione disulfide (GSSG) showed that there was no significant

increase in tissues from GOT-I- mice. GSSG content was <10% of GSH content in liver,

brain, intestine, muscle, spleen and thymus, and <20% in kidney, heart and lung in both,

GGT+/+ and GGT-I- mice. The ratio of GSWGSSG was therefore unaltered in tissues

obtained from GOT-I- mice.



Table 3.1 Tissue Glutathione Content (mmoL'g wet tissue).

Data are mean ± s.d. ap <0.005 for statistically significant
differences between GGT+/+ and GGT-/- mice. (n.a. = not analyzed).

Tissue Parameter GGT+I+ GGT-!- GGT-I-
(as % of GTT+/4-)

eye GSH 2.00 ± 0.44 0.39 ± 0.25 20 a

GSSG 0.08 ± 0.07 0.08 ± 0.04

liver GSH 8.44 ± 2.08 1.96 ± 1.02 24 a

GSSG 0.39±0.14 0.15±0.04

testis GSH 3.90±0.87 2.04±0.19 52a

GSSG n. a. n. a.

pancreas GSH 1.83 ± 0.54 0.81 ± 0.19 54a

GSSG 0.13 ± 0.06 0.12 ± 0.06

thymus GSH 1.80±0.23 1.02±0.23 57a

GSSG n. a. n. a.

spleen GSH 2.84±0.78 1.69±0.56 6oa

GSSG n. a. n. a.

brain GSH 1.89±0.14 1.14±0.19 60a

GSSG 0.08 ± 0.06 0.04 ± 0.05

lung GSH 2.22 ± 0.65 1.77 ± 0.67 80
GSSG 0.33 ± 0.06 0.32 ± 0.05

intestine GSH 3.98 ± 0.98 3.28 ± 0.88 82

GSSG 0.01 ± 0.01 0.01 ± 0.01

muscle GSH 0.79 ± 0.07 0.67 ± 0.15 85

GSSG 0.05 ± 0.03 0.04 ± 0.04

GSH 1.46±0.37 1.38±0.31 95

GSSG 0.17 ± 0.01 0.12 ± 0.07

kidney GSH 3.17± 1.39 3.17±0.95 100

GSSG 0.05 ± 0.03 0.04 ± 0.04
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3.4.2 Liver Mitochondrial Glutathione

Nineteen wild type, 11 GGT-/- I, and 6 GGT-/- II mice, age 8-12 weeks, were

used in this study. Table 3.2 shows significant differences in body weight and liver weight

between GGT+/+ and GGT-I- mice. There was no significant change in the liver to

bodyweight ratio in GGT-/- when compared to wild type mice. Liver weight was

approximately 6% of total body weight in both wild type and GGT-I- mice. However,

the yield of mitochondrial protein after isolation was significantly decreased in GGT-/-

mice to about 50% of wild type levels (9.1 mglg liver and 4.7 mg/g wet liver in wild type

and GGT-I- mice, respectively).

Table 3.2 Body Weight, Liver Weight, Liver Weight as Percent of Body Weight, and
Mitochondrial Protein Recovery in GGT+/+ and GGT-I- Mice. Data are
mean ± s.d. ap <0.001 for statistically significant differences between
GGT+I+ and GGT-/- mice.

Parameter GGT+/+ GOT-/-

body weight (g) 29.8 ± 4.36 11.3 ± 3.21a

liver weight (g) 1.75 ± 0.26 0.63 ± 0.22 a

liver weight as %
of body weight

5.92 ± 0.89 5.45 ± 0.60

mitochondrial protein
(mglg wet liver)

9.10 ± 2.00 4.67 ± 1.29 a
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Figure 3.1 shows that liver mitochondrial reduced GSH was significantly

decreased in GGT-/- when compared to wild type mice (3.1 ± 1.23 nmols/mg protein vs.

6.16 ± 1.12 nmols/mg protein, respectively). This is a decrease of approximately 50

percent. The amount of glutathione disulfide (GSSG) was below 5% of total GSH for

both groups and is therefore not included in the graph. We did not see any statistically

significant difference in tissue GSH between GGT-/- I and GGT-I- II mice. However we

did see significant differences in the mitochondrial GSH content. The decrease in

mitochondrial GSH is more severe in GGT-/- II than in GGT-I- I mice (Figure 3.2, 1.88 ±

0.98 nmols/mg protein vs. 3.76 ± 0.76 nmolslmg, respectively).

7

6
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0
GGT±/± GGT-/-

Figure 3.1 Liver Mitochondrial Glutathione (GSH) Content (nmollmg Mitochondrial
Protein) in GGT+/+ (n=19) and GGT-I- 1,11 mice (n17). Data are mean ±

s.d. ap <0.001 for statistically significant differences between GGT+I+ and
GGT-/- mice.
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GGT+/+ GGT-/- I GGT-/- II

Figure 3.2 Liver Mitochondrial Glutathione (GSH) Content (nmollmg mitochondrial
protein) in GGT+/+ (n=19), GGT-/- I (n=1 1) and GGT-/- II (n=6) mice.
Data are mean ± s.d. ap <0.00 1 for statistically significant differences
between GGT+/+ and GOT-I- mice. bp <0.00 1 for statistically significant
differences between GOT-/-I and GOT-I- II mice.

3.4.3 Respiration Measurements

Respiration was measured polarographically with succinate as the substrate in

isolated liver mitochondria. Figure 3.3 shows respiratory control ratios (RCRs) of 5.6 ±

0.95 for mitochondria from GGT+/+ mice. Mitochondria from GOT-I- I mice showed a

decrease of 30% when compared to GGT+/+ mice (3.96 ± 0.45) and GGT-/- II mice were

<2.5 in their RCRs. A closer examination of the respiration data showed that in GGT-/- I

mice this was due to changes in state III, while in GGT-/- II mice changes in state III and

state IV contributed to the low RCRs.
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GGT±/± GGT-/- I GGT-/- II

Figure 3.3 Respiratory Control Ratios (RCRs) of Liver Mitochondria Isolated from
GGT+I+, GGT-I- I, and GGT-I- II Mice. Data are mean ± s.d. ap <0.00 1

for statistically significant differences between GGT+/+ and GGT-/- I
mice.bp <0.001 for statistically significant differences between GGT+/+
and GGT-/- II mice.

Table 3.3 shows that mitochondria obtained from GGT+/+ mice (n15) had a

respiration rate in state IV (-ADP) of 53 ± 10.3 and in state III (+ADP) of 299 ± 78

natoms 0/mg proteinlminute resulting in respiratory control ratio (RCR) of 5.6 ± 0.95.

The PlO ratio was 1.52 ± 0.21. These values are in agreement with the literature and show

that liver mitochondria obtained from GGT+l+ mice are well coupled. Mitochondria

obtained from GGT-l- I mice (n=8) showed a similar respiration rate in state IV when

compared to GGT+/+ mice (47.7 ± 14.4 natoms 0/mg/minute). However, the respiration

rate in state III was diminished by 30% to 190 ± 66 natoms 0/mg/minute. This decrease
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resulted in lower RCRs of 3.96 ± 0.45. The PlO ratio was 1.64 ± 0.27. GGT-/- II mice

(n=6) showed lower (but non significantly) state IV respiration than GGTl- I mice. In

comparison to GGT+I+ mice state IV respiration was slightly but significantly decreased

by 20% (p=O.04). The respiration rate in state III was decreased by 75% when compared

to GGT+/+ and 50% when compared to GGT-I- I mice. This results in RCRs of <2.5 and

a PlO ratio of 3.55 which is theoretically impossible. Mitochondria from GGT-I- II mice

were unable to phosphorylate the ADP provided (see discussion). In mitochondria from

GGT+/+ and GGT-/- I mice, oligomycin-inhibited state III respiration revealed that

approximately 15% of oxygen consumption was due to ATPase. In mitochondria from

GGT-l- II mice, 60% of oxygen consumption was due to ATPase, since consumption

decreased by 40% when compared to state IV rates. FCCP-uncoupled state IV respiration

showed the following results: a 10% increase over state III consumption in GGT+/+ and a

20% increase in GGT-/- mouse mitochondria.

Table 3.3 Respiration Data in Liver Mitochondria from GGT+/+ and GGT-I- Mice.
Respiration was measured with succinate/rotenone as a substrate. State
III, state IV, oligomycin-inhibited state III and FCCP-uncoupled state IV
respiration are expressed in natoms 0/mg protein! minute 25°C. RCR=
state III / state IV. Data are mean ± s.d. ap <0.00 1 for statistically
significant differences between GGT+/+ and GGT-l- I mice. bp <o.00i,
Cp <0.05 for significant differences between GGT+/+ and GGT-/- II mice.

Genotype RCR state ifi state lv PlO Oligoinycin FCCP
(+ADP) (-ADP)

GGT+/+ 5.60 ± 0.95 299 ± 78 53.0 ± 10.3 1.52 ± 0.21 44.4 ± 11.2 334 ± 50
(n15) (n=6) (n=6)

GGT-l- 1 3.96 ± 0.45a 190 ± 66a 48.7 ± 15.9 1.64 ± 0.22 39.0 ± 4.60 226 ± 27.6a
(n=8) (n=3) (n=3)

GGT-/-1l 2.41 ± 0.98" 96 ±
33b 41.7 ± 12.5c 3.55 ± 1.88" 13.4± 4.60' 116 ± 36.0"

(n'6) (n=3) (n=3)
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Figure 3.4 Relationship Between Mitochondrial Glutathione Content and
Respiratory Control Ratios in Liver Mitochondria Isolated from GGT+I+
and GGT-/- mice.

State IV respiration data were further supported by measurement of complex II

activity. In GGT+/+ mice the activity was 444 ± 67 nmol/min/mg mitochondrial protein,

while in GGT-I- mice it was 364 ± 78. This was a decrease of approximately 20%,

however the difference was statistically non-significant.

Figure 3.4 shows the relationship between mitochondrial GSH levels and RCRS.

GGT+I+ mice showed consistently RCR values above 4 and mitochondrial GSH above 5

mnollmg protein, whereas GGT-/- mice showed lower and more scattered values.

Statistical analysis revealed, that once an 'optimum' GSH content of 5 nmols/mg

mitochondrial protein is reached, RCRs do not improve considerately (RCRs 5). Linear
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regression revealed that GSH values of 3-5 nmols/mg protein (GGT-/- I) correlated with

RCRs of approximately 3-5. An r-value of >0.85 was found. Below a GSH content of 3

nmols/mg protein (GGT-/- II) values were more scattered

3.4.4 Measurement of Adenine Nucleotide Content

The mitochondrial adenine nucleotide content was measured as described in detail

in 'Experimental Procedures'. Table 3.4 shows that mitochondria obtained from GGT-/-

mice have significantly lower adenine nucleotide levels than mitochondria isolated from

GGT+I+ mice. Whereas ATP and ADP content were decreased by 45%, AMP content

was decreased by 33%. Whereas mitochondria from GGT+I+ mice had a ratio of ATP:

ADP : AMP of 1: 4 : 2.8, mitochondria from GGT-/- mice had a ratio of 1: 4 : 3.3.

Adenine Nucleotide Content (ATP, ADP, AMP) of Isolated Liver
Mitochondria Obtained from GGT+/+ and GGT-/- Mice. Data are mean ±
s.d. ap <0.001 for statistically significant differences between GGT+I+ and
GGT-/- mice.

Genotype ATP
(nmols/mg protein)

ADP
(nmols/mg protein)

AMP
(rnnolsling protein)

GGT+/+ (n=5) 2.56 ± 0.46 10.07 ± 1.83 7.08 ± 1.62

GGT-I- (n=5) 1.43 ±0.38a 5.52± l.18 4.73± 1.25a
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3.4.5 Examination of Liver and Mitochondrial Alterations by Light and Electron
Microscopy.

Pieces of liver were saved from livers that were processed for mitochondrial

isolation and subjected to light and electron microscopy. Isolated mitochondria were

subjected to electron microscopy. Figure 3.4 shows typical results. Light microscopy

(upper row, la,b,c) shows that livers obtained from GGT+/+ mice (la) showed no

pathological alterations with respect to cell damage or cell death. Cells were typical for

liver cells and showed high amounts of fat and glycogen (la). Livers obtained from GGT-

I- I mice (ib) showed less fat to no fat and less glycogen than livers from GGT+I+ mice.

Livers obtained from GGT-!- II mice showed no glycogen or fat (ic). Clusters of little

white spots were observed to be gathered around what appeared to be "deformed" nuclei

and were thought to be swollen mitochondria.

Electron microscopy of the same liver pieces gave enough resolution to

characterize the observations madeusing light microscopiy. Figure 2a, b, and c (middle

row) show the results. Livers obtained from GGT+I+ mice showed fat and glycogen,

mitoçhondria were well shaped and proportional in size (2a). Figure 2b shows that livers

from GGT-/- I mice contained no fat and less glycogen as livers and some swollen

mitochondria were occasionally observed. Figure 2c shows that in livers obtained from

GGT-/-II mice, mitochondria are grossly swollen. No glycogen or fat was observed.

Electron microscopy was performed on isolated mitochondria and is shown in the

bottom row (3a,b,c). Mitochondria obtained from livers of GGT+/+ mice showed a

condensed configuration and very few contaminants (3a). Mitochondria obtained from

livers of GGT-I- I mice appeared like mitochondria obtained from livers of GGT+/+ mice,

but contained a higher amount of smaller mitochondria and also more contaminants (3b).

Mitochondria obtained from GGT-/- II mice livers (3c) contained up to 50 percent

contaminants. The contaminants included structures resembling lysosomes and

peroxisomes, but also what appeared to be "dying" mitochondria.



Figure 3.5 Light Micrographs (Upper Row) of Liver
la GGT+/+, lb GGT-I- I, ic GGT-/- II
Electron Micrographs (Middle Row) of Liver (7200x)
2a GGT+/+, 2b GGT-/- I, 2c GGT-I- II
Electron Micrographs (Lower Row) of Isolated Mitochondria (11430x)
3a GGT+/+, 3b GGT-I- I, 3c GGT-/- II
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3.5 DISCUSSION

3.5.1 Tissue Glutathione Levels

The tissue glutathione data strongly support our hypothesis that the inability of

GGT-I- mice to recover cysteine will lead to a decrease in GSH in most organs. Our tissue

data obtained for liver, kidney, pancreas, intestine, and eye are in agreement with

Lieberman et al. (1996) who developed the mice.

Of all tissues analyzed, most significantly affected were liver and eye which

showed a decrease in tissue GSH of approximately 80% when compared to wild type

mice. Since a depletion of liver GSH by more than 80% has been associated with oxidative

stress and cellular injurywe were interested in pursuing this question further. No elevated

GSSG levels were observed in any of the analyzed tissues, not even in the severely

depleted livers or eyes. Lieberman et a! (1996) observed cataract formation in the eyes of

GGT-/- mice, which suggests that they were unable to protect themselves against

oxidative stress. Significant decreases in tissue glutathione of 40 to 50% were observed in

brain, testes, pancreas, spleen and thymus. The observed decrease in spleen and thymus

is of major interest to us since it has been established that a decrease in GSH can impair

immune cells in their function. A decrease in GSH inhibits proliferation and also has been

shown to be associated with apoptotic events. A decrease in GSH in T-cells (CD4+) has

been found in AIDS patients.We are currently investigating the status of GSH on the

cellular level as well as on the mitochondrial level in splenocytes and thymocytes

obtained from GGT-/- (Chapter 5) and how this deficiency might influence immune

function (Lawrence, Will, et al., in progress). Minor, but significant changes were

observed in intestine, heart, and lung. No changes were observed in kidney. The observed

tissue differences suggest, that rates of synthesis, uptake, and turnover of glutathione are

tissue specific. The differences in GSH amounts in the various tissues also suggests that

GSH may play a more or less important role in those tissues and that depletion will have



different effects. Most tissues are known to have large a excess of GSH: therefore, a

substantial decrease might not necessarily lead to cell injury..

3.5.2. Mitochondrial Glutathione Content

Our second hypothesis, that liver GSH homeostasis depends on mitochondrial

GSH, is supported by significantly decreased mitochondrial GSH levels in GGT-/- mice.

GGT-/- mice (I and II combined) had mitochondrial GSH levels of only 50% of

control levels. It is interesting that as the disease progressed (GGT-/- II), the

mitochondrial GSH content decreased even more. In stage II mice, mitochondrial GSH

was reduced to 30% of control values while GGT-/- I mice still had 60% of control levels.

No increase in GSSG was observed. We did not observe any differences in liver tissue

GSH levels in GGT-/- I versus GGT-/- II mice which makes interpretation difficult. Liver

GSH decreased by 75% in comparison to wild type. We assume that initially there is an

equilibrium between cytosolic and mitochondrial GSH. It has been reported that net

export from mitochondria decreases when cytosolic GSH is decreased (Griffith and

Meister, 1985; Jocelyn, 1975), which means that mitochondria are capable of conserving

GSH during periods of cytosolic depletion. Once cytosolic GSH is depleted over a long

time, it getsmore difficult to maintain this equilibrium and mitochondrial GSH will

decrease; or in other words, a threshold for mitochondrial GSH may exist.

3.5.3 Respiration Measurements

Our hypothesis, that the decrease in mitochondrial GSH will lead to dysfunction,

as evaluated through respiration with succinate as the substrate, is supported.

Mitochondria obtained from GGT-/- I mice did not show any statistically significant

difference in state IV (-ADP) respiration, which shows that they were not any more

leaky than mitochondria obtained from GGT+/+ mice. GGT-/- II mice showed a slight

decrease in state IV respiration when compared to GGT+/+ mice. There was a significant



decrease in state IV respiration when compared to GGT+/+ mice. There was a significant

difference in state III respiration between GGT-I- I and GGT-I- II mice. State III

respiration in GGT-/- I mice was decreased by approximately 40% when compared to

GGT+I+ mice. However, GGT-I- I mice still showed RCRs of 4, which, according to the

literature, is considered to be functional and were able to phosphorylate (PlO = 1.64 ±

0.27). GGT-I- II mice showed RCRs <2.5 and lost their ability to phosphorylate ADP.

State III respiration was 25% and 50% of GGT+/+ and GGT-/- I mice, respectively. PlO

ratios were above theoretical limit (3.55 ± 1.88) which suggests that GGT-/- II mice

mitochondria did not phosphorylate all of the ADP provided.

We hypothesize that the rapid decay of the mice is due to the fact that not enough

energy is available at this stage, leading to a rapid progression of the disease state resulting

in death of the animal.

This hypothesis is also supported through the respiration data obtained with

oligomycin and FCCP. Oligomycin-inhibited state III rates were similar in GGT+/+ and

GGT-/- mice and showed that approximately 15% of oxygen consumption was due to

ATPase activity. In GGT-/- II mice this rate was increased to 60% showing alterations in

ATPase activity. FCCP-uncoupled state IV rates were slightly elevated when compared

to GGT+l+ mice suggesting again some changes in ATPase activity.

Our hypothesis that a decrease in mitochondrial GSH will impair mitochondrial

function is also supported by Figure 3 which shows the relationship between

mitochondrial GSH content and RCRs. Wild type mice showed high GSH and high RCRs.

GGT-/- mice showed lower GSH and lower RCRs and more scattered values.

Independent of whether the mice were wild type or knockout mice, the graph shows

clearly that high GSH content is associated with high RCRS while low GSH is associated

with lower RCRS. Once GSH is decreased in the mitochondria by more than 60%,

mitochondrial respiration! phosphorylation is severely impaired.

Only one report in the literature has examined the metabolic status of rat lung

mitochondria during GSH depletion. Thanislass et al. (1996) treated rats over several
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weeks with buthionine sulfoximine (BSO), which inhibits GSH synthesis. The authors

found that mitochondrial GSH in lung mitochondria was decreased by more than 60%.

Both state III and state N respiration with succinate as the substrate were decreased,

leading to lower RCRs. Mitochondrial ATP levels were decreased as well. The authors

also found that the activity of the following mitochondrial enzymes was significantly

decreased: isocitrate dehydrogenase, succinate dehydrogenase, NADH dehydrogenase and

cytochrome c oxidase. The authors also found a decrease in levels of cytochromes a, ci

and c. A significant impairment in the mitochondrial antioxidant defense systems

including decreases in superoxide dismutase, catalase, GSH peroxidase and an increase in

thiobarbituric acid-reactive substances were also noticed.

In our study we did see significant decreases in state III respiration rates which

deteriorated as the disease progressed. Changes in state IV respiration were only observed

in GGT-I- II mice which shows that only after extreme GSH depletion can adverse effects

on electron transfer chain complex I-IV be observed. These observations are in concert

with studies performed by Heales et al. (1995) who investigated the effect of GSH

depletion with BSO on brain mitochondrial function. The authors used two different

protocols: a 4 day administration leading to >60% GSH depletion and a 10 day protocol

with a lower dose leading to about 35 % depletion. The authors found a significant

decrease in complex N activity in both treatments of 27% and 21%, respectively.

Complex I activity was only significantly reduced in brain homogenates obtained from the

4 day treatment group. The authors interpreted their results as follows: marked GSH

depletion is necessary for a decrease in complex I. Complex N activity may be decreased

due to its dependence on cardiolipin. Cardiolipin may be oxidized due to decreased GSH.

It has been shown in other models that complex IV is very susceptible to such conditions

as in copper or iron overload or in vitamin E deficiency. However, neither GSSG

measurements were performed nor thiobarbituric acid-reactive substances to justif' the

interpretation. Electron microscopy was not performed to see if mitochondrial damage

could be observed.
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3.5.4 Examination of Liver and Mitochondrial Alterations by Light and Electron
Microscopy

In livers obtained from GGT-/- mice we noted that fat and glycogen were

significantly or totally depleted when compared to livers from GGT+/+ mice. This is not

surprising given that ATP production in mitochondria was impaired. Ninety percent of

ATP is produced in mitochondria. If phosphorylation is impaired, only glycolysis can

provide the ATP needed which results in depletion of glycogen and fat reserves. In

severely depleted livers we also observed swollen mitochondria indicating necrosis. AlP

decreases will alter the permeability of mitochondria, leading to swelling.

Swollen mitochondria have also been observed by Meister (1995). In his review

the author reported that long term BSO treatment led to a decrease in liver GSH by 90%

whereas mitochondrial GSH was only decreased by 60%. No mitochondrial damage, as

evaluated by electron microscopy, was detected. Meister concluded that mitochondrial

damage seemed to be tissue specific. Whereas in muscle, long term BSO treatment lead to

myofiber necrosis and swollen mitochondria, no adverse effects were detected in heart

muscle. Meister concluded that, in the absence of oxidative stress, very marked decreases

are required for mitochondrial damage to occur. In the heart, for example, as little as 8% of

tissue GSH was enough to protect the organ (Meister, 1995).

Examination of isolated liver mitochondria from GGT-/- mice revealed that they

were smaller and that the preparations contained more contaminants and what appeared

to be degraded mitochondria. Recovery of total liver mitochondrial protein was shown to

be decreased by 50% in GGT-/- mice which could be due to the increase in dysfunctional

or swollen mitochondria that may not be isolated by conventional differential

centrifugation. Our electron micrographs show similarities with studies performed by

Weindruch et al. (1980) who examined isolated liver mitochondria from old mice by

electron microscopy. Mitochondria isolated from old animals showed higher

contaminations than those obtained from young animals. It is known that GSH content

decreases with age leading to loss of activity in the respiratory chain. Miquel et al. (1995)



found that the activity of all five complexes decreased significantly with age. The

activities of complex I and IV were more affected than the activities of complex Il/Ill. The

authors found that the activities of complex I, IV, and V could be increased when old

animals were supplemented with N-acetylcysteine. GSH deficiency caused growth

retardation in the GGT-/- mice showing the importance of GSH for development. It may

also be that the lack of GSH causes aging due to the lack of ATP production leading to

catabolism rather than metabolism.

In summaiy we conclude the following from our studies. A decrease in

mitochondrial GSH has a negative effect on mitochondrial respiration with respect to

ATP production which causes energy deprivation in the animals leading to the

progression of the disease. We also conclude that even a moderate decrease (less than

50%) in mitochondrial GSH has adverse effects which may not immediately result in

visible cell injury but may when progressing. Since a decrease in ATP production will lead

to cell injury and death, as known from studies of necrosis, a threshold level must exist

with respect to mitochondrial GSH content. A moderate decrease in GSH and with that in

ATP production may be compensated for by other pathways for a short time, but using

up reserves such as glycogen and fat or more significant loss of GSH will lead to cell

injury and perhaps even death.
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4. BACKGROUND PERSPECTIVES II

4.1 OVERVIEW OF APOPTOSIS

4.1.1 Introduction

Apoptosis, or programmed cell death, has become one of the more intensely

investigated subjects in the last decade. Apoptosis removes cells in a timely and orderly

fashion without arousing the immune system or causing harmful side effects.

Apoptosis was not formally defmed or accepted until 1972, when the first

apoptosis paper in the British Journal of Cancer was published (Kerr et al., 1972). Why

did it take so long for apoptosis to be defined and accepted? Various aspects of apoptosis

had actually been described without realizing it i.e. acidophilic and councilman bodies in

the liver, sunburn cells in the skin, and karyolitic bodies in the gut crypt. These

observations were thought to be circumstantial rather than being caused by a general

mechanism. The second reason why apoptosis remained unrecognized was that cell death

was always associated with a degenerative phenomenon resulting from injury. Today we

describe this with the term necrosis. A third reason was that apoptosis only affects

individual cells or small groups of cells that were eliminated quickly, which made it

difficult to find them in tissues examined by microscopy. The apoptosis story began in

1962 with Kerr studying ischemia in liver. Lysosomes were just recently discovered and

associated with playing a critical role in cell death when releasing their degradative

enzymes. Kerr used histochemical methods for staining these organelles and discovered

that lysosomes not just stained in the necrotic regions but also away from those areas

where small shrunken masses of cytoplasm contained intact discretely staining

lysosomes. Kerr named this phenomenon 'shrinkage necrosis'. Over the next years Kerr

discovered this phenomenon not just under pathological conditions but also in untreated

tissues. In 1970 Kerr met Currie and it was discovered that Currie had seen the same

phenomena in adrenal cortices of rats that had been treated with prednisone and that this



phenomenon could be prevented if the rats were treated with ACTH. The studies showed

that cell death could be switched on and off by manipulating hormonal levels. It was then

that Currie and Kerr learned about programmed cell death in embryogenesis and with that,

apoptosis was born. As mentioned above, the first paper with the description of

morphological features of apoptosis was published in 1972. In the next eight years Kerr

published a variety of papers on the occurrence of apoptosis i.e. tadpole tale

development, involution of prostate after castration, as well as in the mechanism of T-cell

killing. Wyllie et al. (1980) published a Nature paper that set another milestone in

apoptosis research. He reported that thymocytes undergo apoptosis following

glucocorticoid treatment and that an endogenous endonuclease was responsible for the

observed DNA cleavage. With the introduction of this first in vitro model, much research

was done in the following years by DNA researchers. The next decade (1980-1990) was

marked by studies focusing on apoptosis in immunology and cancer research. Research

was mainly focused on searching for death genes. Another breakthrough was the

discovery of Bcl-2 which was shown to inhibit apoptosis. Bcl-2 was found to be mainly

associated with the mitochondria. The involvement of mitochondria in apoptosis had been

ignored in the past since it was known that apoptosis, unlike necrosis required ATP.

With the discovery of Bcl-2 this picture changed rapidly and currently it is believed that

mitochondria play an important role in apoptosis and some research groups even believe

that mitochondria are the keyplayers, the central executioners in apoptosis. Since the

involvement of mitochondria in cellular function is the main focus of this dissertation, a

more detailed review on what is known about mitochondria with respect to apoptosis is

given following a short overview on morphology and mechanisms of apoptosis.
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4.1.2 Morphology of Apoptosis

Wyllie et al's publication in 1980 probably set the milestone for the

morphological characterization of apoptosis. To date, morphology is still thought to be

one of the most accurate ways of identifying apoptosis. In their review, the authors

describe the phenotype of apoptosis as follows: In early stages of apoptosis the

chromatin aggregates into large compact granular masses and the cytoplasm condenses.

The organelles start to crowd but retain their integrity. The nucleus subsequently breaks

into a number of discrete fragments. Apoptotic bodies appear that will be rapidly and

readily phagozytosed by neighboring cells or macrophages. The authors contrast this

phenotype to the one observed in necrosis where the cell appears swollen, the nucleus

disintegrates, and organelles are damaged. One of the hallmarks of necrotic cells are

swollen, ruptured mitochondria. While mitochondria were described in apoptosis

originally as being "preserved", it is known today that they have been found swollen and

even ruptured in apoptosis as well (see 4.1.5).

4.1.3 Mechanisms of Apoptosis

Apoptosis is commonly divided into three phases: activation, execution, and

destruction. In the activation phase multiple pathways lead from various death-triggering

signals to the central control of the 'death machinery' and activate it. In the execution

phase the active machinery acts on multiple cellular targets. In the destruction phase the

dying cell is broken down and phagozytosed by macrophages or neighboring cells. In the

following, activation and execution phase are described in more depth.

Activation phase: The list of known inducers has become "endless" and contains a

large variety of stimuli. Thomson (1995) grouped them into 4 categories: 1. physiological

activators (TNF family, calcium, glucocorticoids, neurotransmitters, growth factor

withdrawal), 2. damage-related inducers (heat shock, viral infection, oncogenes, oxidants,



ROS, nutrient deprivation), 3. therapy-associated agents (chemotherapeutic drugs, gamma

and UV radiation), and 4. toxins (ethanol). Many of these factors will function to produce

intracellular signals, such as second messengers, that will facilitate transcription of genes

that are involved in the initiation of apoptosis. There are as many inhibitors as inducers

and Thomson (1995) also divided these into the following 3 groups: 1. physiological

inhibitors (growth factors, estrogen, neutral amino acids, androgens), 2. viral genes

(Adenovirus E1B, Baculoviruses p35 and lAP, Eppstein Barr BHRF1), and 3.

pharmacological agents (calpain inhibitors, cysteine protease inhibitors, tumor

promoters).

The inappropriate activation or non-activation of apoptosis contributes to a

variety of diseases. Inhibition of apoptosis can lead to cancer, autoimmune disorders, and

viral infections, whereas enhanced apoptosis contributes to the disease state of AIDS,

neurodegenerative disorders such as Alzheimer' s, Parkinson, and ischemic injury.

The execution phase is determined by morphological and biochemical changes that

will convert the apoptotic cell into apoptotic bodies. The activated machinery works now

on multiple cellular targets. The morphological changes are already described, so what are

the biochemical changes or better the molecular mechanisms of apoptosis?

Much of the understanding we have to date comes from studies performed in

nematodes. In Caenorhabditid elegans, 123 cells die through apoptosis as the worm

develops. More than a dozen genes have been identified that are involved in the death of

those particular cells. Three genes became of major interest: CED 3 and CED 4 were

found to be essential for the induction of apoptosis, while the third gene, CED 9 was

shown to have antagonistic functions (Hengartner and Horvitz, 1994). CED 3 was cloned

and found to belong to the family of caspases. The similarity between the nematode and

mammalian gene suggested that apoptosis must be a very conserved event.

Quite a few caspases involved in apoptosis have been identified to date and they

all share the following structural and functional characteristics. They are cysteine

proteases which are abundant as zymogens which means they are activated through
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proteolytic cleavage either through autocatalysis or through cleavage by other caspases.

Caspases are constitually induced in many tissues and they all induce apoptosis when

overexpressed. They share a conserved active site and they all cleave their substrate after

aspartic acid residues (Thornberry et al., 1997). Caspase 3 is believed to be the central

executioner caspase. Caspase 3 can be activated by caspase 1, 4, 8, and 9. Caspase 3 is

believed to also be abundant in the mitochondria. Caspases will act on nuclear and

signaling proteins, as well as repair and structural proteins.

When CED 9 was cloned it was found to be a member of the Bcl-2 family. The

Bcl-2 family contains more than 15 proteins that either inhibit (Bcl-2, Bcl-xl Bcl-W) or

promote apoptosis (Bax, Bik, Bak, Bok). Bcl-2 family members can homo- or

heterodimerize thereby enhancing or antagonizing one anothers function (Adams and

Cory, 1998). Some of them have been associated with the mitochondria. Bcl-2 has been

shown to regulate mitochondrial intracellular calcium levels and the loss of mitochondrial

membrane potential. Bcl-2 and Bcl-xl may be pore forming proteins and could participate

in regulation of ion flux and protein transport. Bcl-2 has shown to prevent cyt c efflux

from the mitochondria, an event necessary for caspase 3 activation. Bcl-xl has also been

shown to bind to cyt c. Bcl-2 also inhibits mitochondrial swelling and rupture of these

organelles which also could promote cyt c release. Both Bcl-2 and BcI-xl are docking

proteins for APAF-1, a mitochondrial factor that activates caspase 9, or in other words:

Bcl-2 and Bcl-xl prevent activation of caspase 9 by APAF- 1. With the discovery of Bcl-

2, which is mainly located in the mitochondria, mitochondria became the object of interest

in apoptosis research. Since apoptosis requires ATP (mainly produced by the

mitochondria) and as one of the morphological features seemed to be the conservation of

organelles, mitochondria has not been considered to play a role in apoptosis. This changed

rapidly with the discovery of Bcl-2 and its effect and now mitochondria are often thought

of as the keyplayers in the apoptotic cascade (see 4.1.5).



4.1.4 Oxidative Stress as a Mediator of Apoptosis

Many of the chemicals and physical treatments known to cause cell injury and

even death do this by evoking oxidative stress. For example, radiation, low levels of H202

and NO elicit reactive oxygen species (ROS) formation, but also redox-cycling

compounds such as diquat and menadione, which cause oxidative stress indirectly.

Oxidative stress can be defmed as the imbalance between the production and elimination

of ROS. Oxidative stress can occurthrough an increase in ROS formation or through a

decrease or imbalance in defense mechanisms such as a decrease in catalase, superoxide

dismutase, GSH-peroxidase, or GSH, thioredoxin, ascorbate or vitamin E. Direct exposure

to oxidants causes an elevation in intracellular calcium, a decrease in ATP, and oxidation

of NAD(P)H and GSH. The damage that can result from ROS has been extensively

described in necrosis in tenns of lipid peroxidation and oxidation of proteins and nucleic

acids.

It was not until 1991 that it was recognized that lower levels of oxidative stress

caused apoptosis instead of necrosis (Lennon et al., 1991). In the following years this was

confirmed through many studies that showed that H202, NO, radiation and redox-cycling

compounds, applied in low enough doses, induced apoptosis. It was also shown that

apoptosis, at least in some systems, could be inhibited by antioxidants.

Much time has been spent to discover how ROS actually cause apoptosis. Two

theories exist. The first one is that ROS have a direct effect, the second one that ROS

have an indirect effect by changing the redox potential of the cell which leads to activation

of proteins involved in apoptosis. The second theory is probably more feasible because

ROS are known to not have much specificity when they react. So how could ROS cause

apoptosis? ROS are known to cause DNA damage which can lead to the activation of

poly ADP ribose transferase and accumulation of p53. Polymerization of ADP-ribose to

proteins results in depletion of NAD/NADH and a collapse of the ATP status. ROS also

cause oxidation of lipids which alters membrane structure and with that membrane bound



enzyme function and carrier proteins. ROS may also activate death genes through

activation of oxidative-stress responsive nuclear transcription factors such as NFKB. ROS

can be of exogenous, as well as endogenous, origin. Endogenous ROS are mainly generated

in the mitochondria, however the nucleus and ER also have electron transport chains that

can generate ROS. Also, some pathways in fatty acid metabolism (arachidonic acid)

generate ROS. Usually, the cell does have protective mechanisms, as described above,

however an increase in ROS formation or a decrease in defense mechanisms will cause an

imbalance between production and elimination leading to oxidative stress. In the

following, some of the studies that tried to elucidate those two theories will be described

in more detail. Most of these studies were examining antioxidant status or redox status

rather than ROS formation itself. This may be due to the difficulties of measuring ROS. It

is easier to look at the effects of ROS.

Fernandez and Cotter (1994) investigated the effect of GSH deficiency on

apoptosis using HL-60, U937, and K562 cell lines. Apoptosis was induced via melphalan

(alkylating agent), actinomycin D (RNA synthesis inhibitor), camptothecin

(topoisomearse 1 inhibitor) and etoposide (topoisomerase 2 inhibitor). The authors

depleted GSH levels with BSO and found that it had no effect on induction of apoptosis

by actinomycin D, camptothecin, or etoposide. GSH depletion increased the

susceptibility to melphalan, but the mode of cell death switched from apoptosis to

necrosis.

Kinscherf et al. (1994) investigated the role of glutathione (GSH) in AIDS patients

with respect to 1-cell (CD4+) numbers. CD4+ cells are believed to be decreased due to

increased apoptosis. It was found that patients with suboptimum concentrations of GSH

had lower CD4+ numbers. Supplementation with N-acetylcysteine (NAC) was shown to

increase the number of CD4+ cells, even if GSH concentrations were still suboptimal.

NAC was only shown to be beneficial at suboptimal GSH concentrations. In other words,

NAC supplementation of healthy individuals (with optimum GSH) did not increase the

number of CD4+ cells. It was also found that CD4+ numbers were low when patients had



excessive amounts of GSH. The authors concluded from their studies that CD4+ cell

numbers are dependent on an "optimum GSH content" as well as on cysteine content.

Excessive GSH or cysteine are not beneficial with respect to CD4+ cell numbers.

Aukrust et al. (1995) further investigated the GSH status in CD4+ lymphocytes

in AIDS patients. The authors found a decrease in the ratio of reduced to total GSH due

to an increase in GSSG rather than a decrease in reduced GSH.

Sato et al. (1994) examined the possible role of thiols other than GSH in

apoptosis. The authors state that not just GSH but also thioredoxin has been found to

play a role in regulating lymphocyte function. The authors, as well as others, had

previously shown that thioredoxin was involved in regulation of some redox-sensitive

molecules such as NFKB, AP-1 and the glucocorticoid receptor and that thioredoxin was

upregulated after exposure of H202 to endothelial cells (Okomoto et al., 1992; Abate et

al., 1990; Grippo et al., 1983; Nakamura et al., 1994). Also, pretreatment with

recombinat thioredoxin can protect cells from apoptosis induced by anti-FAS-AB

(Matsuda et al., 1991). Sato et al. (1994), used dianiide and BSO to deplete GSH in T-

cells to differentiate between the involvement of GSH/GSSG and oxidized/reduced

thioredoxin. The authors found that diamide induced apoptosis, which was accompanied

by an initial decrease in GSH. However, GSH returned to control levels over time. GSSG

could not be detected until very late in the apoptotic process, after DNA degradation

already had occured. When higher levels of diamide were applied necrosis, rather than

apoptosis, occurred and high amounts of GSSG were detected. BSO treatment resulted in

a decrease of GSH by 96%, however no apoptosis was detected. Diamide was still able to

induce apoptosis in GSH depleted cells. It was found that diamide caused oxidation of

thioredoxin very early in the apoptotic process. Diamide-induced apoptosis could not be

prevented with either cyclohexamide or actinomycin D. The authors discussed their

results as follows: GSSG is not a direct mediator of sulfhydryl-oxidation-induced

apoptosis. Activation of transcription factors does not seem to be involved either, but

perhaps posttranslational modification (for example of tyrosine kinases) occurred.
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Diamide is also known to promote calcium influx and may activate an intracellular

signaling cascade.

Buttke and Sandstrom (1994) proposed a role for oxidative stress as a mediator of

apoptosis in their review paper. The authors believe that at least in some situations

apoptosis depends on an appropriate oxidant-antioxidant balance. The authors point out

that several studies have shown the involvement of oxidative stress. Addition of ROS has

been shown to induce apoptosis (Lennon et al., 1991; Zhong et al., 1993), depletion of

antioxidants can result in apoptosis (Larrick and Wright, 1990), and apoptosis can be

blocked by antioxidants (Iwata etal., 1992; Ramakrishnan and Cantravas, 1992; Brune et

al., 1991). The authors give several possibilities of how ROS could induce apoptosis:

ROS mediated DNA oxidation could activate poly-ADP-ribose transferase which is

known to activate nuclease. ROS could oxidize lipids which can lead to alterations in

calcium and GSH homeostasis. ROS could activate certain death genes through activation

of NFKB. ROS could induce apoptosis by shifting the redox status which can change the

nature of stimulatory signals. This shift could also be a result of a decrease in

antioxidants, for example through GSH depletion. ROS as a mediator of apoptosis could

be important in T-cell activation and AIDS.

Beaver and Waring (1995) investigated whether the status of the cell's oxidant

defense system is involved in the signaling pathways that trigger apoptosis. Thymocytes

were either treated with dexamethasone, thapsigargin, or gliotoxin. The authors found that

a decrease of GSH occurred before the onset of apoptosis. Dexamethasone-induced

apoptosis was inhibited by incubation with reduced GSH and also thasigargin-induced

apoptosis, which inhibits the endoplasmic reticulum Ca2/ATPase. The authors also

found that the addition of oxidized glutathione (GSSG) caused apoptosis. The authors

concluded from their studies that apoptosis was not simply due to GSH loss, but that

either a decrease in GSH, an increase in GSSG, or a change in the ratio GSH/GSSG

constitute a trigger for apoptosis.



Another review paper by Slater et al. (1995) examined the controversy about

oxidative stress as a signaling mechanism for apoptosis. The authors state that there has

been evidence of oxidative stress in thymocyte apoptosis. Both, Slater et al. (1995) and

Wolfe et al. (1994) discovered that antioxidants such as dihydrolipoate, metal chelators,

and nitrone free-radical spin traps were able to prevent thymocte apoptosis induced with

a variety of stimuli such as glucocorticoids, calcium ionophores, and DNA-damaging

agents. The authors employed density gradient centrifligation to determine that pre-

apoptotic and apoptotic thymocytes had significantly less GSH and a-tocopherol than

non-apototic cells. Since the authors could not detect any ROS, it was concluded that

ROS may not be an absolute requirement for apoptosis. However, the coordinate action

of proteases, nucleases, ion channels, and translocases may very well be subject to redox

control. With respect to the fate of GSH, the authors suggested that it needs to be

investigated as to whether GSH is simply released, if oxidation to GSSG occurred, if

glutathione-protein-mixed disulfides are formed, or if GSH is even degraded. The authors

believe that the function of GSH is to set the time limit for how long cells can persist in

the absence of phagocytosis.

Bustamante et al. (1997) took a different approach to investigate the fate of GSH

decrease. The authors examined the redox changes that occur during rat thymocyte

apoptosis. They induced apoptosis in thymocytes with either glucocorticoid (MPS), an

inhibitor of topoisomerase (etoposide) or an inhibitor of the endoplasmic reticular

Ca2/ATPase (thapsigargin). H202 levels, thiobarbituric acid-reactive substances

(TBARs) and GSHIGSSG were examined. Both, MPS and thapsigargin caused an increase

in H202, TBARs, and GSSG and a decrease in GSH. Treatment with etoposide caused a

decrease in GSH as well as GSSG, but showed no effect on H202 production or TBARs.

The authors concluded that intracellular redox regulation is a complex process that

depends on the inducing agent and activation of different pathways during rat thymocyte

apoptosis. They also conclude that oxidative stress, defined as an increase in H202

concentration, does not necessarily accelerate apoptosis. However, both studies confirm



that GSH is decreased during apoptosis. The question if GSH depletion is the cause or

the result of apoptosis is still not clear.

Macho et al. (1997) found that GSH depletion is an early event in dexamethasone-

induced apoptosis in thymocytes. They present the chronological and functional

relationship between four metabolic hallmarks of apoptosis: dissipation of mitochondrial

membrane potential, GSH depletion, ROS formation and calcium elevation. The authors

state that mitochondrial membrane disruption and GSH depletion are early events that

occur almost simultaneously.

Ghibelli et al. (1998) conducted studies with U937 and HepG2 cells, looking at

efflux of GSH. Apoptosis was induced with puromycin or etoposide, reagents that do not

cause oxidative stress directly. Both treatments caused release of GSH. Apoptosis was

inhibited by preventing the efflux of GSH through competitive inhibition of GSH

transport with cystathionine or methionine. GSH depletion with buthionine sulfoximine

(BSO) and diethylmaleate (DEM) did not induce apoptosis. The authors therefore

concluded that GSH efflux may be necessary but not sufficient to induce apoptosis. They

suggested that active release of GSH may favor the onset of apoptosis, and that due to

constant endogenous oxidative stress, less GSH would allow more oxidative stress to

occur.

Celli et al. (1998) found that changes in GSH appear to regulate expression of Bcl-

2 family members. Using cholangiocytes as their study object they found that BSO

treatment decreased GSH levels and increased spontaneous apoptosis as well as the

susceptibility to inducers. The GSH decrease was accompanied by a decrease in Bcl-2,

but not in Bax or Bcl-xl. The authors found that the decrease in Bcl-2 was not due to a

decrease in either translation or transcription, but due to reduction of the halflife . When

cells overexpressed Bcl-2 they were resistant to BSO-induced apoptosis. The authors

conclude that Bcl-2 degradation is regulated by the redox state of the cell.
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4.1.5 Mitochondria and Apoptosis

It is accepted that Bcl-2 and its family members regulate the effector phase of

apoptosis. Since they are predominantly located in the outer mitochondrial membrane it is

suggested that they regulate mitochondrial function. Inhibitors of caspases do not always

inhibit apoptosis. Bax can still induce apoptosis in the presence of caspase inhibitors.

This means that perhaps another caspase-independent pathway exists that may involve

the mitochondria. Three review papers have dealt with the subject of how mitochondria

function in apoptosis (Kroemer et al., 1997; Mignotte and Vayssiere, 1998; Green and

Reed, 1998).

So how do mitochondria contribute to or cause apoptosis? They can do this in

three different ways: First, by disruption of electron transport, and of oxidative

phosphorylation leading to loss of ATP production. However, a decrease in ATP is

usually detected late in apoptosis. ATP is required for some processes. Second, by

release of proteins (cyt c and AIF) that activate caspases. Consequences of cyt c release

depend upon cell type and may determine the type of cell death. Cells that have high

levels of cyt c may undergo apoptosis, whereas cells with low amounts will undergo

necrosis due to loss of electron transport. Thirdly, mitochodria may regulate apoptosis

by altering the redox status of the cell. However, as ATP levels decrease, ROS formation

may be a relatively late event.

What is (are) the mechanism(s) behind the mitochondrial changes? It has been

shown in all kinds of cells and with all kinds of inducers that apoptosis is accompanied

by a drop/decrease in mitochondrial membrane potential ('I'm). The drop occurs before

DNA fragmentation can be shown. However, a drop of membrane potential and nuclear

apoptosis cannot be dissociated; or in other words, cells that drop their mitochondrial

membrane potential cannot be rescued and are committed to die. What are the

consequences of decreased membrane potential? Some consequences include uncoupling

of oxidative phosphorylation, leading to decreased ATP production and increased ROS
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formation, cessation of mitochondrial translation and defects in maturation of

mitochondrial proteins synthesized in the cytoplasm. Thge drop in membrane potential

seems to be the point of no return. Flow cytometric sorting showed that once membrane

potential dropped, cells could not be rescued from apoptosis. Rescue could be done with

compounds that inhibit the drop of membrane potential. Cyclosporin A and bongkrecic

acid were shown to do this, which led to the conclusion that the drop in membrane

potential occurred through MPT, a phenomenon extensively studied in necrosis. MPT is

the opening of an unspecific pore in the inner mitochondrial membrane which results in

release of small solutes up to 1500 Da. The induction of the pore leads to equilibration

between ions and respiratory substrates between the mitochondria and the cytosol which

results in a drop of membrane potential and arrest of ATP synthesis. MPT can be

induced by a variety of compounds especially when an increase in calcium is involved.

What happens when MPT is induced with respect to apoptosis? It has been shown that

cyt c and AIF are released.

AIF is a ubiquitous and conserved protease capable of activating caspase 3, the

major caspase. AIF is encoded by nuclear DNA and is an intermembrane protein. It has

protease activity and does not need a co-factor in order to cause nuclear fragmentation.

Cyt c is known to activate execution caspases in conjunction with another, yet to

be identified, protein. Why and how cyt c is released is unknown. It is believed that some

of the Bcl-2 family members have pore forming properties and can increase the

permeability of the outer mitochondrial membrane. Apoptosis has been shown to occur

without the release of cyt c though, and cyt c release has been seen without a drop of

membrane potential. Cyt c cannot go through the pore. The outer membrane will rupture

due to volume expansion as a consequence of MPT. Cyt c may also be released through

specific channels.

Caspases can induce MPT, which in turn can activate caspases which equals a

"feed forward mechanism". Bcl-2 and Bcl-xl may communicate functionally or physically

with inner membrane proteins that govern ion transport such as components of MPT or
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ion-transport proteins that control volume regulation of the matrix pore. Bcl-2 shows a

patchy distribution to the contact sites between the outer and inner mitochondrial

membrane and may be associated with the peripheral benzodiazepine receptor which is

believed to be part of the pore. Deletion of the C-terminal domain of Bcl-2 causes loss of

antiapoptotic function. Nuclear localization is not necessary for its function. Bcl-2 must

have a direct effect on MPT since Bcl-2 was shown to be unable to prevent diamide

induced apoptosis. Bcl-2 inhibited the release of AIF unless with the excemption of

diamide-induced apoptosis. The reported functions of Bcl-2 allow indirect interpretation

of the role of ROS. ROS appear to have a dual role. They can be a facultative inducer of

pore opening, but can also be a consequence of MPT. Perhaps in oxidant-induced

apoptosis they are inducers, whereas in non-oxidative apoptosis they appear after the

induction of MPT. This would make sense because ROS have often not been detected

until very late in apoptosis.

Also, Mignotte and Vayassiere (1998) pointed out that ROS produced by

mitochondria are fairly short ranged and unspecific. Therefore they probably only damage

proteins in the mitochondria itself ROS could also result from fatty acid metabolism and

these ROS are more specific in their action. It suggests that both "types" of ROS

contribute to apoptosis. But again, it is hard to say if they are causal or a side effect,

because often they are not seen until late in apoptosis.

4.1.6 Redox Regulation of Mitochondrial Permeability Transition

Studies of MPT were strongly accelerated after finding that MPT was important in a

variety of diseases as well as in apoptosis. Since, in the majority of these studies,

oxidative stress was involved, a connection between oxidative stress and MPT was

suggested. However, this is still subject to intense research and has been limited by the

fact that the components of the MPT are not completely known. Neither has the

mechanism of oxidative effects on MPT been elucidated (Chernyak, 1997). It has been
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established though that MPT is regulated by the oxidation/reduction state of pyridine

nucleotides and GSH. We have already described in depth the research conducted dealing

with this matter (section 2.2.5).

Mitochondrial dysfunction (as a result of MPT) is now considered as a key event

in a variety of forms of cell death e.g. ischemia, neurodegeneration, and apoptosis.

4.2 STATEMENT OF OBJECTIVES

This overview showed that mitochondria play an important role in the apoptotic

cascade. They undergo mitochondrial permeability transition (MPT) which is believed to

be the 'point of no return Apoptosis was also shown to be accompanied by a decrease in

glutathione. Glutathione may also participate in regulation of MPT, either directly or

indirectly. The aim of the following chapters (5 and 6) is to further investigate the

relationship between glutathione deficiency and apoptotic events. We believe that

mitochondrial, as well as cytosolic glutathione content is important based on experience

gained in our laboratory in the past and as presented in chapter 3. Using again the y-

glutamyltranspeptidase-deficient knockout mice we will examine the following questions:

First, we will characterize the cytosolic as well as mitochondrial glutathione content in

splenocytes and thymocytes obtained from these mice. We will, second, examine the

susceptibility of thymocytes to dexamethasone-induced apoptosis. Assuming their

increased susceptibility we will try to reverse these effects by supplementation of these

mice with glutathione precursors.
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5. STUDY OF APOPTOSIS iN THYMOCYTES OBTAINED
FROM -GLUTAMYLTRANSPEPTIDASE-DEFICIENT

KNOCKOUT MICE.
ASSESSMENT OF GLUTATHIONE STATUS AND APOPTOTIC EVENTS.

5.1 ABSTRACT

It is widely accepted that apoptosis is accompanied by a depletion of glutathione

(GSH). Whether this loss is the cause or the result of apoptosis is still in debate. It has

been established that thymocytes treated with dexamethasone (DEX) undergo a step-wise

disregulation of mitochondrial function involving mitochondrial permeability transition

(MPT), which is the opening of an unspecific pore in the inner mitochondrial membrane

causing equilibration of small solutes, depolarization, and uncoupling. MPT has been

discussed as the "point of no return" in apoptosis. It is known that MPT is strongly

influenced by thiol status. Thiol reduction results in lower probability of pore, opening

while oxidation favors it. GSH is the major non-protein thiol in mammalian cells,

abundant in the cytosol and in the mitochondria and may be involved in regulation of

MPT. We used yglutamyl transpeptidase-deficient mice (GGT-/-) which show tissue-

specific chronic GSH depletion. We characterized the cytosolic and mitochondrial GSH

content of splenocytes and thymocytes obtained from GGT-/- mice and found a

significant decrease in both pools when compared to cells obtained from wild type mice

(GGT+/+). We further elucidated how the lack of GSH relates to dexamethasone (DEX)-

induced apoptosis in thymocytes. Cytofluorometry was used to determine mitochondrial

membrane potential, formation of superoxide anion, GSH, cardiolipin oxidation, changes

in membrane packaging, as well as early and late apoptotic cells in thymic subpopulations

(CD4, CD8). Our results showed that thymocytes obtained from GGT-/- mice were more

susceptible to apoptosis than thymocytes obtained from GGT+/+ mice. We propose a

mechanism of how mitochondrial GSH deficiency may relate to apoptosis.
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5.2 INTRODUCTION

Apoptosis has been associated with the pathogenesis of several diseases including

tumor growth, AIDS, autoimmune and neurodegenerative diseases. Defining regulatoiy

mechanisms and biochemical processes involved in the apoptotic process would help to

find new therapeutic approaches for the treatment of a variety of diseases. Although

apoptosis can be induced by a variety of stimuli, many of those, e.g. H202 (Lennon et al.,

1991), TNF (Zeng etal., 1995), and cycloheximide (Zuckerman et al., 1991) are known to

cause oxidative stress either directly or indirectly. Also, it was shown that apoptosis at

least in some systems, can be prevented by antioxidants (Iwata et al., 1992,

Ramakrishnan and Cantravas, 1992, Brune etal., 1991). The finding that Bcl-2 prevented

apoptosis through a radical-scavenging mechanism (Hockenbery et al., 1993) and the fact

that apoptosis is accompanied by a loss of glutathione has made researchers suggest that

oxidative stress maybe a universal trigger for apoptosis. Also, Celli et al. (1998) found

that changes in GSH appear to regulate expression of Bcl-2 family members. However,

the involvement of oxidative stress has been questioned at times, since it was shown that

apoptosis can occur under anaerobic conditions (Shimizu et al., 1995). However Esposti

and McLennan (1998) reported that mitochondria and cells still produce reactive oxygen

species (ROS) in virtual anaerobiosis. In contrast, McLaughlin et al. (1996) found that

apoptosis was dependent on the presence of oxygen. This shows that the question of

oxidative stress as a trigger for apoptosis is not easy to answer, yet the evidence for the

depletion of glutathione accompanying apoptosis is very strong. How does this depletion

occur and when? Several mechanisms have been proposed: efflux from cells and oxidation

of reduced glutathione (GSH) to glutathione-disulfide (GSSG).

Beaver and Waring (1995) found that a decrease of GSH occurred before the onset

of apoptosis. Dexamethasone and thapsigarginin-induced apoptosis in thymocytes was

inhibited by incubation with reduced GSH. Addition of oxidized glutathione (GSSG)

caused apoptosis. Therefore, apoptosis was not simply due to GSH loss, but rather a
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decrease in GSH, an increase in GSSG, or a change in the ratio GSHIGSSG constituted a

trigger for apoptosis.

Ghibelli et al. (1998) induced apoptosis with puromycin or etoposide in U937 and

HepG2 cells and observed that both treatments caused release of GSH. Apoptosis was

inhibited by preventing the efflux of GSH through competitive inhibition of GSH

transport. GSH depletion with buthionine sulfoximine (BSO) and diethylmaleate (DEM)

did not induce apoptosis which lead to the conclusion that GSH efflux may be necessaly

but not sufficient to induce apoptosis.

Bustamante et al. (1997) examined the redox changes that occur during rat

thymocyte apoptosis. Apoptosis in thymocytes was induced with either glucocorticoid

(MPS), an inhibitor of topoisomerase (etoposide) or an inhibitor of the endoplasmic

reticular Ca2/ATPase (thapsigargin). H202 levels, TBARs (thiobarbituric acid reactive

molecules) and GSH/GSSG were examined. Both, MPS and thapsigargin caused an

increase in H202, TBARs, and GSSG and also a decrease in GSH. Treatment with

etoposide caused a decrease in GSH, as well as GSSG, but showed no effect on H202

production or TBARs. The authors concluded that intracellular redox regulation is a

complex process that depends on the inducing agent and activation of different pathways

during rat thymocyte apoptosis. They also conclude that oxidative stress, defmed as an

increase in H202 concentration, does not necessarily accelerate apoptosis. However, both

studies confirm that GSH is decreased during apoptosis. The question whether GSH

depletion is the cause or the result of apoptosis is still not clear.

Macho et al. (1997) stated that mitochondrial membrane disruption and GSH

depletion are early events in DEX-induced thymocyte apoptosis that occur almost

simultaneously. The drop in membrane potential is believed to be caused by

mitochondrial permeability transition (MPT). MPT has been discussed as being the

"point of no return" in apoptosis. MPT is the opening of an unspecific channel in the

inner mitochondrial membrane that allows small solutes (<1200 Da) to be released. Many

agents are known to cause MPT in isolated mitochondria. Among these inducers, many
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favor the oddation of vicinal thiols on the matrix site of the MPT pore. MPT is

influenced by thiol status as shown by Petronilli et al. (1994) and Constantini et aL

(1996). Changes in redox status that could favor the onset of MPT can result from either

oxidation of GSH into GSSG or through loss of reduced GSH.

All of these observations have led us to ask the following questions: If MPT is

influenced by thiol status, what is the role of mitochóndrial GSH with respect to MPT,

or in other words: can the mitochondrial glutathione status have an influence on the onset

of MPT and with that on apoptosis? What is the relationship between cytosolic and

mitochondrial GSH or in other words: does a decrease in cytosolic GSH lead to a decrease

in mitochondrial GSH? Is the onset of apoptosis related to mitochondrial GSH, cytosolic

GSH, or both? Does BSO or DEM treatment not cause apoptosis per se because the

mitochondrial GSH pool is still intact? Does it depend on the cell type and the amount of

mitochondrial GSH that the particular cell type has? It is known that the half-life of

mitochondrial GSH is much longer than that of cytosolic GSH (Meredith and Reed, 1982)

which means that long term chronic depletion of cytosolic GSH may be required to have

an effect on mitochondrial GSH content (Meister, 1995). We believe that, in order to

answer the question about oxidative stress as an inducer of apoptosis, one should examine

not just cytosolic but also mitochondrial GSH. It is known that the onset of chemically

induced injury correlates with mitochondrial GSH content rather than cytosolic, an

observation reported from this laboratory (Meredith and Reed, 1983). Recently we also

observed that a decrease in liver mitochondrial GSH led to an impairment in mitochondrial

oxidative phosphorylation (Chapter 3). The ratio of GSHIGSSG in mitochonciria is

approximately 18:1. The ratio can change either through oxidation of GSH to GSSG

caused by oxidative stress, or through depletion or release of GSH. A change in the ratio

has adverse effects on mitochondria and subsequently on cells. Many metabolic carriers

contain sulfhydryl groups that once oxidized are impaired in their function. We have

already mentioned the effect of redox changes on the permeability of mitochondria.
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The following study was performed with yglutamyltranspeptidase-deficient mice

(GGT-I-). GGT accounts for 80-90% of GSH turnover in mice (Meister, 1983) causing

tissue specific GSH deficiency in these animals. Spleen and thymus were decreased by

more than 30% (Chapter 3). This study attempted to further elucidate how GSH relates

to apoptosis. We characterized cytosolic as well as mitochondrial GSH in splenocytes

and thymocytes obtained from GGT-/- and corresponding wildtype controls and also

investigated whether a decrease in GSH would increase the susceptibility of thymocytes

to in vivo dexamethasone-induced apoptosis.
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5.3 EXPERIMENTAL PROCEDURES

5.3.1 Materials

All reagents were obtained from Sigma (St. Louis, MO), unless otherwise

indicated and were of highest purity available. Stains were obtained from Molecular

Probes (Eugene, OR), unless otherwise indicated.

5.3.2 Experimental Design

Breeder mice, to establish a GGT-deficient knockout mice (GGT-/-) colony were a

generous gift from M. Lieberman, Baylor College of Medicine, Houston, TX. GGT-/- are

indistinguishable from their littermates at time of birth. At weaning age (3 weeks) they

can be distinguished from their littermates by growth retardation, gray coat color, and

cataract formation as described (Lieberman et al., 1996). As GGT-/- mice mature,

differences become more and more obvious. GGT-I- mice grow much slowly and at eight

weeks of age they weigh about 50% of their littermates. At 12 weeks they are even more

underweight (30% of control). Between 8 and 10 weeks of age GGT-/- mice become quite

unhealthy and >80% of the animals have died by 20 weeks of age (Lieberman et al., 1996,

Will, personal observations). The transition from "healthy" to "sick" knockout mice is

rapid and does not take longer than one week. The animals first lose weight

(approximately one gram per day) and once below 9-10 grams of weight, the animals

become sick and rarely survive more than 48 hours. For our experiments we therefore

assigned "disease stages", GGT-/- I and GGT-I- II. GGT-/- I mice have no obvious

changes in phenotype besides growth retardation. Weight for male mice is >13 grams and

for females >11 grams. GGT-/- II mice show weight loss, and at the more advanced state

of disease, severe weight loss, walking problems, humpback, rough coat, and red skin.
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5.3.3 Animals

Heterozygous mice (GGT+/-) were used as breeders, since homozygous GGT-/-

are infertile. Mice were screened at three weeks of age for their genotype by polymerase

chain reaction (Chapter 3), since wild type and heterozygous mice are phenotypically

indistinguishable. Heterozygous mice were used as breeders while homozygous wild type

mice (GGT+/+) served as experimental controls. Mice were kept in a sterile environment

at ambient temperature with twelve hour lightldark cycle. Mice were fed Picolab

irradiated mouse diet and water ad libitum. For apoptosis studies 8 week old mice were

injected with dexamethasone (DEX 0.5 mg in saline i.p./10 g body weight) or vehicle.

Thymi were removed after 8 hours, cells were isolated and subjected to

glutathione analysis or flow cytometric analysis as described below.

5.3.4 Isolation of Splenocytes and Thymocytes

Splenocytes and thymocytes were isolated according to Kerkvliet and Baecher-

Steppan, (1988). Spleen or thymus in 10% FBS-S-MEM, pH 7.4 (Gibco Life

Technologies, Grand Island, NY) were disrupted by pressing with the frosted ends of two

microscope slides. The cell suspensions were centrifuged at 4°C at 200 g for 10 minutes.

The supematants were discarded and cells resuspended to allow the debris to settle for 8

minutes. For splenocytes, an additional step to lyse red blood cells was performed. Cells

were transferred to clean tubes, counted and subjected to various experimental conditions.

5.3.5 Isolation of Mitochondria from Splenocytes and Thymocytes

Mitochondria were obtained from isolated splenocytes by digitonin treatment

according to Huang and Philbert (1996) with minor modifications. Digitonin was purified

according to Kun et al. (1979) and dissolved in 2.5% FBS-HBSS pH 7.2 at a
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concentration of 0.2 mg/mi (digitonin-buffer). Fifteen million cells were pelleted by briefly

spinning at 13,000 g in a microcentrifuge tube. The supernatant was discarded and cells

treated with 300 p1 digitonin-buffer for 1 minute. After centrifugation at 4°C for 2

minutes, the supematant was used for the determination of cytosolic GSH and the pellet

was analyzed for mitochondrial GSH. Lactate dehydrogenase and citrate synthase were

used as markers for cytosolic and mitochondrial content respectively, to assure the

separation of mitochondrial and cytosolic components. Electron microscopy was also

used to confirm the separation of mitochondrial and cytosoliccomponents.

5.3.6 Glutathione Analysis

Cellular, cytosolic and mitochondrial glutathione was measured using HPLC with

electrochemical detection (Lakritz et al., 1997). For total cellular GSH, lxi 6 thymocytes

or splenocytes were pelleted, the supernatant discarded, and the pellet treated with 30 .tl

of 200 mM methane sulfonic acid containing 5 mM diethylenetriaminepentaacetic acid

(MSA-DEPA). The treated pellet was centrifuged to precipitate the protein and 20 p1 of

the supematant analyzed by HPLC. Mitochondrial GSH was determined by treating the

pellet, obtained after digitonin treatment, in the same manner as described above. For

cytosolic GSH determination after digitonin treatment, supematants were diluted 1:5 with

MSA-DEPA and 10 p1 analyzed by HPLC.

5.3.7 Cytofluorome

For in vitro labeling, lxlO6 cells in 1 ml were exposed for 15 mm at 37°C to JC-1

(1 mM in DMSO), DiOC6(3) (40 nM in DMSO), dihydroethidium (HE, 2 mM in

DMSO), merocyanide 540 (MC540, 10 mg/mI DMSO), nonyl acridine orange (NAO, 100

nM in DMSO), and monochiorobimane (MCB, 50 mM in ethanol). After staining, cells
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were kept on ice and analyzed within an hour. For analysis of apoptosis in thymic

subpopulations, lxi 6 cells were stained for surface markers as described (Kerkvliet et al.,

1996). Briefly, 1x106 cells were incubated with predetermined optimal concentrations of

phycoerythrin-labeled anti-CD4 (GK1.5) from Pharmingen (San Diego, CA) and Red613-

labeled anti CD8a (53-6.7) from Gibco Life Technologies (Grand Island, NY) in the

presence of 30 mg rat IgG to block non-specific binding. Following surface staining, cells

were stained with FITC-annexin V (R&D, Minneapolis, MN) and 7-AAD (Calbiochem,

La Jolla, CA) following the manufacturer's protocol. Briefly, cells were suspended in 100

jtl of lx binding buffer (HEPES buffered saline, 25 mM CaC12). Then the stains were

added and cells incubated at room temperature for ten minutes in the dark. Cells were

analyzed in a total volume of 500 il binding buffer within an hour. Cytofluorometry was

performed by either an EPICS XL-MCL or an EPICS V (both from Coulter, Hialeah FL).

Data were analyzed with WinList (Verity Software, Topsham, ME).

5.3.8 Statistical Analysis

Statistica/Mac TM (StatSoft TM Tulsa, Oklahoma) was used to perform

Student's t-tests for unpaired samples.
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5.4 RESULTS

5.4.1 Characterization of Glutathione Status in Splenocytes and Thymocytes

Our first attempt was to characterize the glutathione status in splenocytes and

thymocytes obtained from GGT+I+ and GGT-/- mice. As described above, GGT

deficiency is a serious condition leading to sickness and death of the animals between the

age of 8-14 weeks. We first analyzed total glutathione (cytosolic and mitochondrial) to

see the relationship between glutathione content and progression of the disease. The GSH

content in splenocytes and thymocytes was measured by HPLC with electrochemical

detection as described in 'Experimental Procedures'. Eleven GGT+/+ , 6 GGT-/- I and 5

GGT-/- II, 8-12 weeks old, were used in this study.

5.4.1.1 Phenotypic Characterization

Table 5.1 shows body weight, spleen- and thymus weight, and spleen

weight/body weight (SW/BW) and thymus weight/body weight (TWIBW) ratios for the

experimental animals. Body weight was significantly decreased by 40% in GGT-/- I mice

when compared to wild type controls. One of the earliest phenotypic changes detectable

in GGT-KO-/- II mice is the decrease in bodyweight. GGT-/- II mice showed a

bodyweight of 12.20 ± 5.60 g. This is a decrease of 20% when compared to GGT-/- I and

60% when compared to GGT+/± mice. The high standard deviation shows that some of

these animals were extremely sick, weighing less than 6 grams. Spleen weight was

decreased by more than 60% in GGT-/- I mice when compared to GGT+/+ mice, resulting

in a significantly lower SW/BW ratio than in wildtype mice. Spleen weight in GGT-/- II

mice was decreased to 20.3 ± 5.6 mg. This was more than a 50% decrease when compared

to GGT-/- I mice and more than 80% when compared to GGT+/+ mice. In GGT-/- II

mice the SW/BW ratio was significantly decreased to less than 50% of GGT+/+ and by
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40% when compared to GGT-I- I mice. Thymus weight was decreased by 20% in GGT-/-

I when compared to GGT+/+ mice (62.9 ± 12.6 and 48.8 ± 11.6 respectively). GGT-/- II

mice decreased in their thymus weight by 20% when compared to GGT-I- I and by more

than 40% when compared to GGT+I+ mice.

Table 5.1 Body Weight, Spleen and Thymus Weight, and SW/BW and TW/BW
Ratios in GGT+/+ and GGT-I- Mice. Data are mean ± s.d. ap <0.001,
bp <0.005, andC< 0.05 for statistically significant differences from
GGT+/+ mice.

Genotype body weight

in grams

(BW)

spleen weight

in mg (SW)

SW/BW

x 100

Thymus

weight inmg

(TW)

TW/BW

x 100

GGT+I+ 25.68 ± 4.50 106.1 ± 16.4 0.42 ± 0.09 62.9 ± 12.6 0.25 ± 0.13

GGT-I- I 15.61 ± 2.04a 48.2 ± 11.8 0.31 ± 0.07" 48.8 ± 11.6 0.31 ± 0.11

GGT-I- II 12.20 ± 5.60a 20.3 ± 5.6a 0.18 ± 0.04a 35.5 ± 7.46b 0.29 ± 0.11

5.4.1.2 Analysis of Glutathione Content in Isolated Splenocytes and Thymocytes

Since GSH content is known to decrease over time in isolated cells in culture, only

2 animals were processed at once. This assured a close estimation of actual in vivo

glutathione content.

The total glutathione content (cytosolic and mitochondrial) was analyzed by

HPLC with electrochemical detection as described in detail in 'Experimental Procedures'.

Since the amount of glutathione disulfide (GSSG) was always <5%, we only report values

for reduced glutathione (GSH). Splenocytes isolated from GGT+/+ mice showed a GSH



content of 472 ± 70.2 pmols/106 cells. Splenocytes from GGT-/- I mice showed a

decrease in GSH of 25% (350 ± 50 pmols/106 cells). As the disease progressed, the GSH

content decreased to 40% of control values. GGT-/- II mice had a splenic GSH content of

186 ± 21 pmols/106 cells (Figure 5.1).

600

500

4O0

z 300

200

100

0

GGT+/+ GGT-/- I GGT-I- II

Figure 5.1 Glutathione Content (pmols/106 Cells) in Splenocytes Obtained from
GGT+I+ (n=1 1), GOT-I- I (n=4), and GGT-I- II (n=5) Mice. Data are
mean ± s.d. ap <0.005 and bp <0.001 for statistically significant differences
between GGT+I+ and GGT-/- mice. Cp <0.001 for statistically significant
differences between GOT-I-I and GOT-/- II mice.

Thymocytes in general had less total GSH than splenocytes. The GSH content

was 279 ± 29 pmols/106 cells in thymocytes obtained from GGT-/- I mice. Thymocytes

from GGT-/- I mice were decreased by 20% when compared to thymocytes from

GGT+/+mice (209 ± 47 pmols/106 cells). As the disease progressed (GGT-/- II), the GSH

content decreased to 65% (182 ± 30.6) of control values (Figure 5.2).
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Figure 5.2 Glutathione Content (pmols/106 Cells) in Thymocytes Obtained from
GGT+I+ (n=1 1), GGT-I- I (n=6), and GGT-I- II (n=6) Mice. Data are
mean ± s.d. ap <0.005 and bp <0.001 for statistically significant differences
between GGT-I- and GGT+/+ mice.

5.4.1.3 Analysis of Mitochondrial Glutathione Content

Mitochondrial GSH was analyzed in splenocytes and thymocytes from 8 week

old GGT+/+and GGT-I- mice after digitonin treatment of isolated cells as described in

'Experimental Procedures'. Four different experiments were performed for both,

splenocytes and thymocytes and the results were pooled. Due to the larger animal

numbers used, longer cell preparation time was needed which resulted in lower GSH

content than reported above. However, the trend remained the same.

Table 5.2 shows that splenic mitochondrial GSH was 8.05 ± 2.21 pmols/106 cells

and 5.73 ± 2.73 pmols/106 cells in GGT+/+ and GGT-/- mice, respectively. Expressed in

nmols/mg mitochondrial protein, GSH was 1.81 ± 0.48 in GGT+/+ and 1.32 ± 0.54 in

GGT-I- mice. This was a 30% decrease in splenic mitochondrial GSH in GGT-/- mice.
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GSH was also measured in the supernatants (cytosolic GSH) after release of

mitochoncirial GSH. The content of cytosolic GSH was 364 ± 83.5 and 246 ± 76.5

pmols/1 6 cells for GGT+/+ and GOT-I- mice respectively. This also was a decrease of

approximately 30%. Closer examination of GOT-I- data revealed a significant difference

between GOT-I- I and GOT-/- II mice. While GOT-/-I mice showed a decrease in

cytosloc GSH content of only 20%,OGT-I-II mice were decreased by 60% when

compared to OGT+/+ mice. The trend was also observed for mitochondrial OSH. While

in GOT-/- mice mitochondrial OSH was decreased by only 10%, in OOT-/- I mice it was

decreased by 60%. Both, cytosolic and mitochondrial GSH content decreased as the

disease progressed.

Thymic mitochondrial OSH was 4.00 ± 1.29 pmolsIlO6 cells and 2.57 ± 1.29

pmoIsIlO6 cells in GGT+I+ and GOT-/- mice, respectively. Expressed in nmolslmg

mitochondrial protein, OSH was 1.46±0.24 in GGT+I+ and 0.82 ± 0.47 in GOT-I- mice.

This was a 35% decrease in thymic mitochondrial OSH in GOT-I- mice. OSH was also

measured in the supernatants (cytosolic OSH) after release of mitochondrial OSH. The

content of cytosolic OSH was 192 ± 29 and 131 ± 45 pmolsIlO6 cells for GGT+/+ and

GOT-I- mice, respectively. As in splenocytes, examination of GOT-I- data revealed a

significant difference between GOT-I- I and GOT-I- II mice. While GOT-I-I mice showed

a decrease in cytosolic OSH content of only 15%, GOT-I-lI mice were decreased by 40%

when compared to OGT+/+ mice. Mitochondrial OSH content was decreased by by 20%,

in GOT-I- I and by 60% in GOT-I-Il mice.
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Table 5.2 Glutathione Status in Splenocytes and Thymocytes Obtained from
GGT+I+ and GUT-I- Mice. Data are mean ± s.d. ap <0.001, bp < 0.005,
and p <0.01 for statistically significant differences from GGT+I+ mice.

Genotype Cytosolic Mitochondrial Mitochondrial Mitochondrial
GSH GSH GSH GSH

(pmols/1 06 cells) (pmols/1 O6cells) (nmols/mg (percent of
protein) cytosolic)

1. Splenocytes

GGT+I+ 364 ± 83.5 8.05 ± 2.21 1.81 ± 0.48 2.26 ± 0.74
(n= 17)

GGT-/- I 288 ± 64.1c 7.23 ± 1.95 1.64 ± 0.42 2.44 ± 0.54
(n= 12)

GUT-I- II 143 ± 53.6 a 2.73 ± 0.81 a 0.92 ± 0.39 C 1.97 ± 0.27
(n=5)

GUT-,'- 246 ± 76.5 a 5.73 ± 2.73 1.32 ± 0.54 2.28 ± 0.51
combined

2. Thymocytes

GGT+/+ 192 ± 29 4.00 ± 1.29 1.39 ± 0.31 2.04 ± 0.54
(n=14)

GGT-i'-I 153 ±41C 3.43± 1.06 1.23 ±0.17 2.23±0.18
(n=8)

GGT-/- II 104 ± 31 a 1.74 ± 0.91 C 0.43 ±O.23b 1.62 ± 0.87
(n=5)

GGT-/- 134±45a 2.57± 1.29c 0.82±0.47C 1.99±0.61
combined

5.4.2 Characterization of Apoptotic Events in Thymocytes
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The characterization of the GSH status in splenocytes and thymocytes in GGT-I-

and their corresponding controls (table 5.2) provided the basis of our apoptosis studies.

We wished to determine if the observed decrease in GSH in the knockout mice would

increase their susceptibility to apoptosis. Mice (eight weeks of age) were injected with

dexamethasone or vehicle as described, thymi removed after 8 hours, and cells subjected

to flow cytometry for analysis of apoptotic events. Three control animals and five DEX-

treated animals for both GGT+/+ and GGT-I- groups were used per experiment. Each

experiment was repeated three times and revealed approximately the same results. The

following data were taken from representative data sets.

5.4.2.1 Characterization of Phenotypic Changes Observed During DEX Treatment

Table 5.3 shows the body and thymus weight, as well as the thymus to body

weight ratios (TW/BW) for animals combined from two of the experiments.

Non-DEX-treated GGT+/+ mice had a body weight of 25.61 ± 2.30 grams

whereas GGT-/- mice showed a reduction in body weight of 40% (15.73 ± 2.83). Thymus

weight was 70.60 ± 16.29 mg and 43.80 ± 14.29 mg in GGT+/+ and GGT-/- mice,

respectively. Since thymus weight was also decreased by 40% in GGT-/- mice, there was

no difference in TW/BW ratio between GGT+I+ and GGT-/- (0.28 ± 0.05 and 0.28 ± 0.10

respectively). These results are in agreement with data reported above.

DEX-treated GGT+/+ mice showed approximately the same body weight as non-

DEX treated GGT+/+ mice. However, the thymus weight was significantly decreased by

approximately 50% which led to a significant decrease in the TW/BW ratios. GGT-/- I

mice showed approximately the same body weight as non-DEX treated GGT-/- mice.

After DEX treatment thymus weight decreased by 20% in GGT-/- I mice when compared

to non-DEX treated GGT-/- I. GGT-/- II had a thymus weight of 25.74 ± 3.92 mg after

DEX treatment which is a reduction of only 10%. GGT-/- mice showed less reduction in
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thymus weight than GGT+/+ mice. Analysis of total cell numbers showed that non-DEX

treated GGT+/+ mice had approximately 12.5 x lO7cells. After DEX treatment the

amount of total cells decreased to approximately 5 x 1 cells. Expressed as cells per

milligram thymus weight, non-DEX treated GGT+/+ mice had 2.00 ± 0.67 x 106 cells/mg

and this changed significantly after DEX treatment (1.19 ± 0.51 x 106 cells/mg). In GGT-

I- mice the total cell number was significantly lower than in GGT+/+ mice. GGT-/- mice

had approximately 6 x i07 cells in non-DEX treated animals. DEX treatment reduced total

cell numbers to approximately 4 x i07 and 1.5 x i07 cells for GGT-I- I and GGT-/- II

mice, respectively. Expressed as cells per milligram thymus, non-DEX treated GGT-/-

mice had 1.40 ± 0.68 x 1 6 cells/mg which is 30% less than in GGT+/+ mice. DEX

treatment showed no significant change in cells per mg thymus in GGT-/- I mice (1.04 ±

0.34 x 106 cells/mg) but a slight significant decrease in GGT-/- II mice (0.94 ± 0.51 x 1 6

cells/mg).
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Table 5.3 Body Weight (BW), Thymus Weight (TW) and TW/BW ratio in GGT+/+

and GGT-/- Mice. Data are mean ± s.d. ap <0.001 and bp <0.05 for
statistically significant differences from GGT+/+ mice (vehicle treated).
C <0.00 1 and dp <0.05 for statistically significant differences from
GGT+/+ mice (dexamethasone treated). n.m. = not measured.

Genotype Body weight Thymus weight TW/BW Total cells Cells/mg
in grams in mg x 100 isolated thymus
(BW) (TW)

1. Vehicle Treated Animals

GGT+/+ 25.61 ± 2.30 70.60 ± 16.29 0.28 ± 0.05 12.51 x l0 2.00 x 106
(n=6) ± 4.46 ± 0.67

(n=6) (n=6)

GGT-/- I 16.25 ± 343a 51.57 ± 9.92 0.33 ± 0.09 n.m. n.m.
(n=4)

GGT-/- II 14.70 ± 1.27a 28.30 ± 0.64a 0.20 ± 001b n.m. n.m.
(n=2)

GGT-/- I 15.73 ± 2.83a 43.80 ± 1429b 0.28 ± 0.10 6.28 x i07 1.40 x 106
combined ± 3.21 ± 0.68
(n=6) (n=3) (n=3)

2. Dexamethasone Treated Animals

GGT+/+ 22.63 ± 2.90 37.03 ± 5.52 0.17 ± 0.03 4.73 x i07 1.19 x 106
(n=8) ± 2.28 b ± 0.51 b

(n8) (n=8)

GGT-/- I 14.84 ± 0.62c 41.54 ± 8.33 0.28 ± 005d 4.23 x 1.04 x 106
(n5) ± 1.14 ± 0.34

(n5) (n=5)

GGT-/- II 11.98 ± 1.33c 25.74 ± 3.92c 0.22 ± 0.04 1.54 x i01 0.94 x 106

(n=5) ± 1.07 ±
051d

(n=3) (n=3)

GGT-/- 13.41 ± 1.80c 33.64 ±10.34 0.25 ± 005d x i07 1.02 x 106

combined ± 1.70 ± 0.36
(n10) (n=8) (n=8)
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5.4.2.2. Measurement of Glutathione Content

Total GSH was analyzed in thymocytes obtained from DEX and non-DEX

treated GGT+/+ and GGT-/- using HPLC with electrochemical detection as described in

'Experimental Procedures'. DEX treatment caused more than a 30% decrease in GSH in

both GGT+/+ and GGT-/-. Data from three experiments are pooled.
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73

tloo

50

$ $

Figure 5.3 Total Glutathione Content (pmols/1 6 cells) in Thymocytes Isolated
from DEX (n= 15 for Each Group) and non-.DEX Treated (n=9 for Each
Group) GGT+/+ and GGT-/- Mice. Data are mean ± s.d. ap <0.01 and
bp <0.05 for statistically significant differences from GGT+/+ mice and
Cp <0.005 for statistically significant difference from GGT-/- mice.
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5.4.2.3 Flow Cytometric Analysis ofApoptotic Events

As described in 'Experimental Procedures', flow cytometric analysis was used to

measure apoptotic events in thymocytes obtained from DEX-treated and non-DEX

treated GGT+/+ and GGT-I- mice. For the detection of early apoptotic changes we used

stains developed for the detection of changes in mitochondrial membrane potential,

superoxide formation and glutathione content. For the detection of later apoptotic events

we used stains detecting oxidation of cardiolipin, changes in cell membrane packaging, and

specific stains for detection of early and late apoptotic cells. As mentioned before, each

experiment was carried out with 3 non-DEX and 5 DEX-treated animals for both

GGT+I+ and GOT-I-. The experiment was repeated four times and gave similar results.

The following data are representatives from those experiments.

Apoptotic cells change their light scattering properties. They exhibit a smaller size

compared to non-apoptotic cells which can be measured by forward-scatter (FS). They

also have a higher granulosity measurable by side scatter (SSC) (Petit et al., 1992;

Darzynkiewicz et al., 1992). Figure 5.4 shows forwardlside scatter properties of

thymocytes isolated from both GGT+I+ and GOT-I- before and after in vivo DEX

treatment. Forward scatter analysis (Figure 5.4 left column) revealed that thymocytes

from non-DEX treated GGT+I+ and GOT-I- mice showed a tight peak with

approximately 75% of the cells in the range of the mean ± 1 standard deviation. The small

population to the left contained a population of dead cells (<5%) as identified through

propidium iodine (PT) staining (data not shown). Forwardlsidescatter analysis (right

column) showed three main populations. Live cells are shown in region 1 (Ri), apoptotic

cells, showing the characteristics above described, were found in region 2 (R2). This

population was approximately 15% in both non-DEX treated GGT+I+ and GGT-I- mice.

Region 3 (R3) contained apoptotic as well as dead cells. DEX treatment caused a

significant increase in R2 and R3. As mentioned before, not all cells in region 2 stained PT

positive and therefore are probably apoptotic. If region 2 and 3 are taken together DEX
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treatment resulted in approximately 50% apoptotic and "dead" cells in GGT+/+, 55% in

GGT-/- I, and >65% in GGT-I- II. GGT-/- II mice basically had hardly any live cells left.

One of the earliest measurable apoptotic events after dexamethasone (DEX)

treatment of thymocytes is the dissipation of the mitochondrial membrane potential

(Wm), (Zamzami et al., 1995). JC- 1 was used to follow the decrease in IXWm after DEX

treatment. JC- 1 exhibits aggregate formation at high transmembrane potential (red

fluorescence, 590 nm). ic-i was reported to be a reliable fluorescent probe to assess AWm

changes because it is unaffected by depolarization of the plasma membrane (Salvioli et al.,

1997). As AWm decreases, monomers are formed (green fluorescence, 527 nm). As seen in

Figure 5.5, thymocytes from control animals (non-DEX), both in GGT+/+ and GGT-/-

mice, exhibit high membrane potential. Approximately 75% of non-DEX treated GGT+/+

thymocytes showed mostly aggregate formation. In GGT-I- mice this value was slightly

lower (70%). After DEX treatment, A"I'm decreased significantly in both GGT+/+ and

GGT-/- mice. In GGT+/+, 35% of the thymocytes retained their Wm , while only 30%

and 13% retained it in GGT-/- I and GGT-/- II, respectively. These results correlate

excellently with the forward/side scatter data presented above where the amount of "live"

cells were 34% in GGT+/+, 27% in GGT-/- I, and 15% in GGT-/- II.
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Figure 5.4 Left Column: Analysis of Morphological Modifications Using Forward
Scatter (FS). Right Column: Analysis of Morphological Modifications
Using Forward Scatter (FS) and Side Scatter (SSC). Ri shows "live"
cells, R2 shows early apoptotic cells, and R3 shows late apoptotic
and "dead" cells.
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Figure 5.5 Assessment of Mitochondrial Membrane Potential With JC-1. Region 1
(Ri) contains cells with mostly aggregates indicating a high mitochondrial
membrane potential.
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It is believed (Zamzami et al., 1995) that once zWm collapses, reactive oxygen

species (ROS) formation increases due to uncoupling of mitochondria. We, therefore, used

another stain for assessment of A'Pm, namely DiOC6(3), which allows simultaneous

staining for superoxide anion, which is the main ROS produced in the mitochondria.

Dihydroethidium (HE) becomes ethidium upon oxidation by superoxide anion and emits

red fluorescence.

Since our main interest lies in the question of how GSH relates to apoptosis we

also analyzed GSH content simultaneously with L'im and ROS formation.

Monochlorobimane (MCB) was used, which reacts with thiols, but mainly with GSH, in

a GSH-transferase catalyzed reaction. MCB is UV-excitable, emits blue light and can

therefore easily be analyzed together with DiOC6(3) (green) and ethidium (red).

Figure 5.6 is designed as follows: the left colunm shows the plot of Wm and

ROS. Regions 1, 3, and 4 delimit the major populations: DiOC6(3)b0wHE (Ri),

DiOC6(3)b0HEb0 (R3), and DiOC6(3) hHEI0W (R4). MCB staining for the cells from

the individual regions 1,3, and 4 is shown in the three right columns. The results from the

column to the far right show the percentage of cells in each region. The left column

(DiOC6(3) and HE) shows the following results: in control animals (both GGT+/+ and

GGT-/-) >70% of the thymocytes exhibited high membrane potential (DiOC6(3)").

These results are in agreement with the results obtained from the JC- 1 experiments.

Minor populations (<20%) were found to be DiOC6(3)b0 HEI1 or DiOC6(3)b0' 1high

After 8 hours of DEX treatment, the majority of cells dropped their AWm. In GGT+/+

mice, less then 30% of the cells remained DiOC6(3)b0vHE. The majority of cells (55%)

were found in quadrant 3 (DiOC6(3)b0HEb0w). The amount of DiOC6(3)b0%'HE did not

increase significantly when compared to GGT+/+ control thymocytes (<5% in all

animals). In GGT-/- I mice approximately 20% of the cells remained DiOC6(3)b0HEh1.

The majority of cells (65%) were found in region 3 (DiOC6(3)b0%vHEb0). As in GGT+I+

cells, the amount of DiOC6(3)b0vHEI did not increase significantly (<5% in all animals).
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Cytometric GSH analysis using monochiorobimane (MCB) was performed in all three

populations: DiOC6(3)HEb0', DiOC6(3)b0wHEb0, and DiOC6(3)b0wHE. GSH

analysis (Figure 5.5 right columns) showed that cells in region 4 stained positive for

MCB. Once cells became DiOC6(3)b0wHEb0 (region 3), basically no positive MCB

staining was observed. The same was true for cells that stained DiOC6(3)b0wHEh

(region 1). These results were true for both GGT+/+ and GGT-/- mice. Control

experiments were performed to assure the independence of the three stains. Treatment

with carbonyl cyanide m-chlorophenylhydrazone (m-C1CCP) resulted in cells with

DiOC6(3)l0wHEb0MCB5h while treatment with menadione, a redox cycling compound,

resulted in cells with DiOC6(3)10wHE hMCBI0w (data not shown). A drop in tWm per se

did not decrease GSH levels.

We next examined if mitochondria, once decreased in AWm and exhibiting increased

ROS formation, showed oxidation of cardiolipin, the major phospholipid in the inner

mitochondrial membrane. Nonyl acridine orange (NAO) is known to interact

stoichiometrically with intact cardiolipin in a 1:2 molar ratio (Petit et al., 1992).

Decreased NAO staining can be observed upon oxidation of cardiolipin. Figure 5.7 (right

column) shows NAO staining versus ROS (HE) staining. Regions 1, 3, and 4 delimit the

major populations: NAOl0WHEI (region 1), NAOb0vHEb0 (region 3) and NAOh1HEIOW

(region 4). The left column shows the forward scatter. Color eventing shows the

distribution of the populations from region 1, 3, and 4. In control thymocytes (Figure 5.7,

left colunm), both from GGT+/+ and GGT-I-, the majority of the cells stained

NAOhighHElow (region 4). As already see in Figure 5.5, a minor population (<15%)

stained high and NAOI0W.
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Figure 5.6 Assessment of AWm (DiOC6(3)), ROS Formation (HE), and Glutathione
Content (MCB). Left column: Regions 1,3, and 4 delimit the major
populations: DiOC6(3)b0HE (Ri), DiOC6(3)b0\vHEb0 (R3) and
DiOC6(3)h1Rl1HEb01 (R4). Right column: MCB staining for the cells from
the individual regions Ri, R3, and R4.
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It is known that apoptotic cells alter their outer membrane in order to be

recognized by phagocytic cells for removal. For example, phosphatidylserine, normally

on the inside of the plasma membrane bilayer, is exposed on the surface. Merocyanide

540 (MC540) is believed to detect this altered membrane packaging. In control animals

less than 5% of the cells stained MC54Ohigh showing that the majority of cells had an

intact/unaltered outer membrane. After DEX treatment <50% of the cells stained negative

for MC540. We noted that this was not accompanied by a 50% increase in 54Øhigh

but in MC54Omt. This was even more significant in thymocytes from GGT-/- mice

(data not shown).

After examining the effects of DEX treatment on mitochondrial and cellular events

we finally asked the question of how many cells were apoptotic. We also wanted to know

which of the thymic subpopulations were most susceptible. A four color staining

protocol was used to permit simultaneously staining for subpopulations in early or late

apoptosis. Thymus contains T-cells that are either negative for CD4/CD8, stain positive

for either CD4 or CD8 or are double positive for CD4/CD8. Annexin V, which binds to

phosphatidylserine exposed on the outer leaflet of the plasma membrane, was used to

determine early apoptotic cells, whereas 7-AAD was used to stain late apoptotic/necrotic

cells. 7-AAD can only stain cells whose membrane is significantly altered.

Figure 5.8 shows the cytometric analysis of the subpopulations. Region 1 (Ri)

contains cells that stained positive for both CD4 and CD8, region 2 (R2) contains cells

that stained CD4 positive, and region 3 (R3) contains cells that stained positive for CD8.

In non-DEX treated GGT+/+ mice more than 70% of the cells were double positive,

staining for both CD4 and CD8 (Ri). Approximately 7-10% of the cells stained positive

for CD4 and 3-8% for CD8 and are considered single positive. A minor population

(<10%) did not stain and were considered double negative. We did not assign a particular

region for double negative cells for reasons discussed below. In non-DEX treated GGT-/-

mice approximately the same results were obtained. However, GGT-/- seemed to have

slightly less double positive cells. Upon DEX treatment we observed a major loss of
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double positive cells. In GGT+/+ mice only approximately 35% of the cells remained in

Ri. There was no increase in either CD4 or CD8 single positive cells. There was a large

migration of cells towards the double negative cells. However, DEX treatment did not

cause an increase in double negative cells. Cells undergoing apoptosis display different

staining behavior as will be discussed later. In GGT-/- I mice, even less cells (<30%) were

found to stain double positive (Ri). As in GGT+/+ cells, there was a large migration of

cells towards the double negative cells. In GGT II mice the effects of DEX treatment on

double positive cells was even more extreme. GGT-/- II mice basically had no double

positive cells left.

Figure 5.9 shows the apoptosis staining. Region 1 (Ri) contains thymocytes that

only stain positive for 7-AAD and are dead cells. Region 2 (R2) contains cells that are late

apoptotic because they stain positive for annexin V and 7-AAD. Region 3 (R3) contains

live/non apoptotic cells and region 4 (R4) contains early apoptotic cells that stain negative

for 7-AAD. The staining pattern for non-DEX treated animals showed less than 5% cells

staining positive for aimexin V or 7-AAD (R2,R4). This was observed for both GGT+/+

and GGT-/- mice. DEX treatment caused massive apoptosis. In GGT+/+ mice more than

35% were early apoptotic (R4) staining only positive for annexin V. There was a very

slight increase in late apoptotic cells when compared to non-DEX treated animals (5%

versus 2% respectively). In GGT-/- I region 4 contained approximately 40% early

apoptotic cells. While in GGT+/+ mice the amount of late apoptotic cells hardly

increased, in GGT-/- I mice there was a small but defmite increase in R2 (from 2% in non-

DEX treated to 6-8% in DEX treated animals). In GGT-/- II mice even more cells were

early (50%) and late apoptotic (12-15%). In the GGT-/- II mice, described above as

having hardly any double positive cells left, we observed actually very little or no

staining.
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Figure 5.7 NAO and HE Staining of Thymocytes. (Ri),
NAO IowHElow(R3) (R4)
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Figure 5.8 Flow Cytometric Analysis of Thymic Subpopulations Using CD4 and
CD8 Surface Markers. Ri contains cells staining double positive for
CD4 and CD8, R2 contains cells staining only for CD4, and R3 contains
cells staining only for CD8. Cells in the lower left corner did not stain
or either CD4 or CD8 and are considered double negative.
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Figure 5.9 Flow Cytometric Analysis of Early (Annexin V) and Late Apoptotic Cells
(7-AAD). Region 1 (Ri) contains thymocytes that only stain positive
for 7-AAD and are dead cells. Region 2 (R2) contains cells that are late
apoptotic because they stain positive for annexin V and 7-AAD.
Region 3 (R3) contains live/non apoptotic cells and region 4 (R4)
contains early apoptotic cells that stain negative for 7-AAD.
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5.5 DISCUSSION

5.5.1 Characterization of Glutathione Status in Splenocytes and Thymocytes

To our knowledge, this is the first reported characterization of both glutathione

pools, cytosolic as well as mitochondrial, in splenocytes and thymocytes. We found that

in general splenocytes have more glutathione than thymocytes. Thymocytes consist of

immature, mostly double positive T-cells. Cells isolated from spleen are a more

heterogeneous population. Fifty-60% of the cells are B-cells, 8-15% are CD4 or CD8

positive T-cells, and the remaining cells are natural killer cells and macrophages. Splenic

cells are also mature cells. The difference in GSH content may be attributed to the

difference in cell population and maturity status. Analysis of mitochondrial glutathione

content revealed that 2-5% of total GSH is associated with the mitochondria. The

importance of cytosolic and mitochondrial GSH with respect to cell injury, as seen in

necrosis, has been extensively studied and has been confirmed. It has been shown that

GSH can be depleted rigorously (>70%) before adverse effects are seen and cell injury in

liver has been shown to be dependent on the mitochondrial GSH content rather than on

the cytosolic content. Most cells/tissues seem to have a large excess and can handle much

depletion This phenomenon seems seems to depend on the amount that is associated with

the mitochondria; in liver this is 10-15%. However, we have previously shown in liver

mitochondria obtained from GGT-/- mice, that even though obvious cell damage or death

may not be detectable, respiration is always diminished even when mitochondrial GSH is

only slightly decreased. This may be important with respect to a threshold level for GSH

and the switch from apoptosis to necrosis. It is known that apoptosis requires ATP. As

seen in our liver experiments, a deletion of mitochondrial GSH diminishes ATP

production severely. Less GSH depletion would, therefore, favor apoptosis while severe

depletion would lead to necrosis. This may explain why different results were obtained

by different authors with BSO depletion studies. Huang and Philbert, (1995) reported

that mitochondrial GSH in astrocytes and granule cells was 2.4% and 4.7% of total GSH,
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respectively. The authors also showed that the astrocytes were more susceptible to GSH

depletion than the granule cells. They concluded from their studies that cells with lower

mitochondrial GSH content may be more susceptible to oxidative challenge than cells with

higher amounts favoring the pore closure (Petronilli et al., 1993, 1994; Constantini et al.,

1996).

The importance of glutathione for immune cell development and function has been

extensively described and the lack of glutathione can have detrimental effects as seen in

the pathogenisis of AIDS. Glutathione depletion has been reported to accompany

apoptosis, however the mechanism behind this phenomenon is still subject to intensive

research. Glutathione deficiency has been reported to make immune cells more susceptible

to apoptosis. However, how much glutathione depletion needs to occur has not been

established. Depletion experiments with BSO cause radical depletion and increase

susceptibility to apoptosis. GSH depletion per Se, did not cause apoptosis in some

studies, however, in others it was shown to increase apoptosis. Perhaps an increase in

apoptosis was not seen in some of these depletion studies because they were short term

which may have left the mitochondrial GSH poo1 intact. It has been shown that the

decrease in GSH is biphasic. While cytosolic GSH will rapidly decrease, mitochondria

will retain their GSH for quite some time. AIDS is the only in vivo model so far showing

a moderate decrease in glutathione and an increase in apoptosis. Since AIDS can be seen

as a chronic GSH depletion, it may be suggested that mitochondrial GSH is decreased as

well in those cells. We believe that the characterization of both GSH pools is the essential

for examination of the relationship between GSH and apoptotic events.

Our data show that mitochondrial GSH is only approximately 2 - 3% of the total

GSH in splenocytes and thymocytes which makes them a "sensitive candidate". One

could speculate that the decreased mitochondrial GSH may increase the susceptibility of

those cells to apoptotic events. Due to their small mitochondrial pool, splenocytes and

thymocytes may be more susceptible to oxidative stress and apoptotic events than other

cell types that possess higher levels of mitochondrial GSH. Mitochondrial GSH may also
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be important with respect to induction of permeability transition. Petronilli et al. (1994)

showed in their studies that opening of the pore is redox regulated. Pore opening is

favored by thiol oxidation by shifting the gating potential to a more negative membrane

potential. Thiol reduction, in contrast, shifts the gating potential to a less negative

membrane potential.

5.5.2 Characterization of Apoptotic Events in Thymocytes

In this study we examined if thymocytes from GGT-/- mice are more susceptible

to apoptosis due to their observed decrease in cytosolic and mitochondrial GSH content.

We examined phenotypical changes, GSH content and used flow cytometric analysis to

examine early and late apoptotic events such as a decrease in membrane potential (JC- 1,

DiOC6(3)), superoxide formation (HE), GSH depletion (MCB), oxidation of cardiolipin

(NAO), alteration in cellular membrane packaging (MC540), as well as early (Annexin V)

and late apoptotic cells (7-AAD). We found that in non-DEX treated animals there was

very little difference in all of the measured parameters between thymocytes obtained from

GGT+/+ and GGT-/- mice. There are two explanations for this. One is that the rate of

naturally occurring apoptosis in GGT-I- mice is not increased. A second explanation is

that the rate may have increased, but apoptotic cells are rapidly eliminated in vivo since

the increase is not of a pathological nature. After DEX treatment however, a significantly

higher susceptibility of GGT-/- mice was observed that increased as the disease

progressed (GGT-/- II).

JC-1 and DiOC6(3) staining showed that more than 70% of thymocytes from

non-DEX treated animals revealed a high mitochondrial membrane potential (AWm).

Salvioli et al. (1997) mentioned that caution should be taken when interpreting results

with DiOC6(3), since this stain was reported to be very sensitive to plasma membrane

polarization and is also known to bind to membranes other than those of mitochondria. In

our study, results obtained with this stain were comparable to results obtained with JC- 1.
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Minor populations (<10%) of cells had either decreased 1'm (DiOC6(3)b0w) and low

ROS formation (HEIOW) or decreased L'I'm and increased ROS formation

(DiOC6(3)b0wHE). This can be explained by the fact that thymocytes naturally

undergo apoptosis and also some cells may have suffered damage from the isolation

procedure. DEX treatment caused a major decrease in cells staining DiOC6(3)'. While in

GGT+/+ mice less than 30% of the cells retained their AWm even less cells retained their

'f'm in GGT-I- mice. The decrease was even more significant in GGT-/- II mice where

less than 10% of the cells retained their mitochondrial membrane potential. In other

words: GOT-I- mice were more susceptible to DEX-induced apoptosis than GGT+I+

mice and the increase in susceptibility correlated with progression of the disease and

enhanced GSH deficiency. In both genotypes, GGT+I+ and GOT-I- mice, we only found

a relatively small increase in DiOC6(3)l0vHEh cells. This may be explained by the fact

that thymi were isolated after 8 hours of DEX treatment. Zamzami et al. (1995)

conducted a time course study with splenocytes obtained from DEX-treated mice. They

found that the percentage of DiOC6(3)b0HE cells was only markedly enhanced when

the number of splenic cells was actually diminished. The reduction of AWm preceded the

DEX-driven loss in splenic cellularity. Monochiorobimane (MCB) staining was used to

assess the glutathione content and results revealed that regardless of DEX treatment or

not, cells with high Wm stained positive for MCB whereas cells with decreased Wm

stained negative for MCB.

So why does a drop in membrane potential and a decrease in GSH coincide in

DEX-induced apoptosis? It is believed (Zamzami et al., 1996; Marchetti et al., 1997;

Hirsch et al., 1997) that the drop in LWm is mediated by mitochondrial permeability

transition (MPT). MPT has been discussed as being the "point of no return" in

apoptosis. Changes in redox status, resulting from either oxidation of GSH into GSSG or

through loss of reduced GSH, could favor the onset of MPT. We have shown that in liver

(chapter 3), splenocytes, and thymocytes obtained from GOT-I- mice, that the decrease
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in cytosolic GSH was accompanied by a decrease in mitochondrial GSH. In liver

mitochondria, we also showed that the decrease in mitochondrial GSH will lead to a

decrease in oxidative phosphorylation (chapter 3). We hypothesize that a decrease in

mitochondrial GSH in thymocytes could favor the onset of MPT due to changes in redox

status. MPT itself will also cause a release in mitochondrial GSH. This could lead to a self

amplifying mechanism with respect to induction of MPT, or in other words the decrease

of GSH could indirectly favor the onset of MPT.

There was no obvious difference in mean channel fluorescence of

monochiorobimane (measurement of GSH concentration) between GGT+/+ and GGT-/-

control mice. This was in disagreement with GSH data obtained using HPLC. HPLC data

presented in Figure 5.3 showed that thymocytes obtained from non-treated GGT-/- mice

were significantly reduced in their GSH content when compared to GGT+/+ mice (60%

versus 100% respectively). The GSH values shown here are much lower than what we

originally reported in our assessment of GSH status presented in Figure 5.2. This can be

explained as follows. While in the first experiment GSH status was only assessed in two

animals per experiment and repeated on several other days, flow experiments were carried

out with a large number of animals. Cell preparation was time consuming and samples

were analyzed approximately 4 hours after the animals were sacrificed. It is known that

GSH content of cultured cells decreases over time. DEX treatment caused a significant

decrease in GSH in both GGT+/+ and GGT-/- mice (51% and 37% respectively). As

mentioned above, MCB staining did not show a difference in GSH content of non-DEX

treated GGT+/+ and GGT-/- mice. This may be explained in part by the nature of the

MCB reaction. We observed in control experiments performed with treatment of

thymocytes with reagents that subsequently decrease the GSH content, such as tert-butyl

hydroperoxide and menadione, that the mean channel fluorescence showed an "all or

nothing" effect (data not shown). Rather than a step by step decrease in mean channel

fluorescence, which would indicate a decreased GSH amount in the individual cell, we got

cell populations that either stained positive or negative for MCB.



Staining with annexin V (early apoptosis) and 7-AAD revealed that, in non-DEX

treated animals, very few cells (<10%) stained positive. Thymocytes undergo natural

apoptosis and it is therefore not surprising that we find cells staining with annexin V in

control animals. Very few cells were truly "dead" and probably died during isolation.

DEX-treatment caused a significant decrease in double positive cells. A significant

increase was found in the area of double negative cells. This can not be interpreted as a

true increase in this population but rather as follows: It is still not clear if cells undergoing

apoptosis downregulate their surface markers or if the stains simply can not detect them

anymore because of severe membrane perturbation. In GGT-/- mice the amount of early

and late apoptotic cells was significantly higher than in GGT+/+ mice. As we found with

all other measured parameters, the effect of DEX was even more severe in GGT-/- II

mice. Some of the animals had basically no double positive cells left and very often, no

true apoptosis staining was observed anymore.

In summary, we can conclude that GSH deficiency made GGT-/- mice more

susceptible to apoptotic events. We hypothesize that this was due to the decrease in

mitochondrial GSH content which could favor directly or indirectly the onset of MPT. If

only cytosolic, but not mitochondrial GSH content would have been decreased, one could

have expected that significant differences were only observed after the dissipation of

mitochondrial membrane potential which happens before GSH gets released. However,

the significant increase in cells with low mitochondrial membrane potential suggests that

the decrease in mitochondrial GSH increased the susceptibility to MPT.

5.5.3 Concluding Remarks and Future Directions

We have characterized the GSH status in splenocytes and thymocytes obtained

from GGT-/- mice and their corresponding controls. We showed in cells obtained from

GGT-/- mice that a decrease in cytosolic GSH was accompanied by a decrease in

mitochondrial GSH.
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We have shown that thymocytes obtained from GGT-/- mice are more susceptible

to DEX induced apoptosis. This shows that even a "moderate" decrease in GSH content

of approximately 30-40% had adverse effects. Most studies conducted to date examining

the effect of GSH depletion on apoptosis were carried out using BSO which decreased

GSH levels by more than 80 percent. The GGT-/- mouse model is unique in the respect

that it allows the investigation of the effect of GSH deficiency in vivo under more

"physiological" conditions. Several genetic defects in GSH synthesis or turnover are

known to lead to moderate decreases in GSH levels. A moderate decrease in GSH has also

been shown to contribute to the pathogenesis of AIDS. We proposed a mechanism for the

increase in susceptibility based on the role of mitochondrial and cytosolic GSH in

apoptotic events. It would be of major interest to further investigate the relationship

between GSH, oxidative stress and apoptosis by supplementing GGT-/- mice with

precursors for GSH synthesis andlor antioxidants such as ascorbic acid.
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6 STUDY OF APOPTOSIS IN THYMOCYTES OBTAINED FROM.
-GLUTAMYLTRANSPEPTIDASE-DEFICIENT KNOCKOUT MICE
REVERSAL OF GLUTATHIONE DEFICIENCY AND INCREASED

SUSCEPTIBILITY TO DEXAMETHASONE-INDUCED APOPTOSIS BY
SUPPLEMENTATION WITH NAC AND OTC, BUT NOT ASCORBIC ACID.

6.1 ABSTRACT

We have previously shown that splenocytes and thymocytes obtained from y-

glutamyltranspeptidase-deficient knockout mice (GGT-/-) are significantly diminished in

their cytosolic and mitochondrial GSH content. We showed that thymocytes from these

mice were significantly more susceptible to in vivo dexamethasone (DEX)-induced

apoptosis by measurement of mitochondrial membrane potential, GSH content, ROS

formation, cardiolipin oxidation, membrane alterations, and amount of early and late

apoptotic cells. We hypothesized that this was due to the lack of GSH and especially

mitochondrial GSH, which either directly or indirectly could favor the onset of

mitochondrial permeability transition (MPT) and apoptosis.

Here, we examined whether supplementation of GGT-/- mice with N-

acetylcysteine (NAC), L-2-oxothiazolidine-4-carboxylate (OTC), or ascorbic acid (ASC)

can reverse the decrease in glutathione content and the increase in susceptibility to

apoptosis. We found that NAC and OTC replenished cytosolic and mitochondrial GSH

in splenocytes and thymocytes and also reversed the observed higher susceptibility to

DEX-induced apoptosis. ASC supplementation did not have any beneficial effect on

glutathione status or on apoptosis. We interpret our results as follows: GSH status plays

an important role in apoptosis. A decrease in mitochondrial GSH may increase the

susceptibility to mitochondrial permeability transition and with that to apoptosis.

Ascorbate showed no beneficial effect; therefore, not the antioxidant status per Se, but

thiol status is important for mitochondrial and cell protection from apoptosis.
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6.2 INTRODUCTION

That oxidative stress can cause apoptosis has been shown repeatedly (for review

see Buttke and Sandstrom, 1994). However, whether oxidative stress is an universal

trigger for apoptosis and whether reactive oxygen species (ROS) have a direct or an

indirect role is still subject to debate. Oxidative stress not just results from an increase in

ROS formation, but can also result from diminished defense mechanisms. One of the

major defense molecules against oxidative stress is glutathione (GSH). That GSH

depletion leads to cell injury and even cell death has been shown often in "necrosis

studies". Also, the importance of mitochondrial GSH in maintaining cellular function has

been emphasized (Meredith and Reed, 1983).

Apoptosis was shown to be accompanied by a decrease in GSH (Ghibelli et al.,

1998; Macho et al., 1997). In AIDS patients the decrease in GSH has been linked to an

increased rate in CD4+ cell apoptosis (Kinscherf et al., 1994). A variety of in vitro

studies have been conducted trying to elucidate the relationship between oxidative stress,

GSH, and apoptosis. Results have been controversial at times and a causal relationship

still has not been established. For example, Fernandez and Cotter (1994) depleted GSH in

HL-60, U937, and K562 cells with buthionine sulfoximine (BSO) and found that the GSH

depletion did not have an effect on apoptosis induction with actinomycin D, or

etoposide. GSH depletion increased the susceptibility to meiphalan, but switched the

mode of cell death from apoptosis to necrosis. As mentioned above (Kinscherf et al.,

1996), GSH depletion in AIDS patients has been linked to increased apoptosis and was

shown to be reversible through supplementation with N-acetylcysteine. It was also

shown in this study that GSH levels above "the optimum" were not beneficial with

respect to preventing apoptosis, or in other words, too much GSH caused apoptosis as

well.
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Beaver and Waring (1995) showed that in vitro DEX-induced apoptosis could be

inhibited by incubation with reduced glutathione. Incubation with oxidized glutathione

caused apoptosis.

Celli et al. (1998) found that changes in GSH regulate expression of Bcl-2. The

authors found that BSO treatment increased spontaneous apoptosis and decreased the

half-life of Bcl-2.

Macho et al. (1997) found that GSH depletion is an early event in DEX-induced

apoptosis occurring almost simultaneously with the dissipation of mitochondrial

membrane potential (M'm). The drop in AWm is a main event in apoptosis and has been

demonstrated in many cells using many different inducers and is thought to be caused by

mitochondrial permeability transition (MPT). MPT has shown to be inducible by a

variety of compounds in the presence of calcium and many of them cause oxidative stress

(for review see Zoratti and Szabo, 1995). This not only raises the question of the

relationship between oxidative stress and GSH per se, but also the question of oxidative

stress and GSH with respect to induction of MPT. It has been shown by Bemardi and

co-workers (Petronilli et al., 1994; Constantini et al., 1996). that MPT is influenced by

thiol status. The authors conclude from their studies that changes in redox state could

favor the onset of MPT. This change in redox status could result either from oxidation of

GSH or GSSG or also through loss of GSH which will change the GSH/GSSG ratio

We have previously investigated the relationship between GSH status (cytosolic

and mitochondrial) and apoptosis using y-glutamyltranspeptidase-deficient knockout mice

(GGT-/-) which show chronic GSH depletion (Chapter 5). Using these mice, we have

shown that splenocytes and thymocytes are significantly decreased in their cytosolic, as

well as their mitochondrial, GSH content and that thymocytes were significantly more

susceptible to dexamethasone (DEX)-induced apoptosis than thymocytes obtained from

wild type mice. We hypothesized that this was due to the decrease in GSH content which

could favor directly or indirectly the onset of MPT. In order to determine if this was

truly related to the lack of GSH, we replenished the GSH levels in the GGT-/- mice to
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see if they would respond to DEX treatment in the same way as GGT+/+ mice. N-acetyl-

L-cysteine (NAC) has been shown to be an effective precursor for GSH by raising

intracellular cysteine levels (Moldeus et al., 1986). Orally administered, it rapidly

becomes deacetylated in the intestinal lumen. NAC has been used in AIDS patients to

increase GSH levels in T-helper cells (Droege, 1993). NAC has also been shown to

prevent apoptosis in a variety of in vitro studies (Malorni et al., 1993; Macho et al.,

1997). However, Jones et al. (1995) claimed that the protective effect of NAC was due to

its own antioxidant effect rather than by increasing GSH levels. The antioxidant effect of

NAC per se has been described in detail by Aruoma etal. (1989). We therefore decided to

also supplement GGT-/- mice with 2-oxothiazolidine-4-carboxylic acid (OTC). OTC is an

analog to 5-oxoproline and has been shown to increase cysteine and OSH levels in a

variety of tissues (Meister et al., 1986). OTC is believed to actually be more effective

than NAC in replenishing intracellular GSH stores (Williamson et al., 1982). Because of

the controversial results regarding NAC being an antioxidant rather than a GSH precursor,

we chose to supplement the GGT-/- mice with ascorbic acid (ASC), an antioxidant itself,

which is also believed to spare USH and protect from oxidative stress (Martenson and

Meister, 1991).
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6.3 EXPERIMENTAL PROCEDURES

6.3.1 Materials

All reagents were obtained from Sigma (St. Louis, MO) unless otherwise indicated

and were of highest purity available. Stains were obtained from Molecular Probes

(Eugene, OR) unless otherwise indicated.

6.3.2 Experimental Design

Breeder mice, to establish a GGT-deficient knockout mice (GGT-/-) colony

were a generous gift from M. Lieberman, Baylor College of Medicine, Houston, TX.

GGT-I- are indistinguishable from their littermates at time of birth. At weaning age (3

weeks) they can be distinguished from their littermates by growth retardation, gray coat

color, and cataract formation (Lieberman et al., 1996). As GGT-/- mice mature,

differences become more and more obvious. GGT-/- mice grow much slower and at eight

weeks of age they weigh about 50% of their littermates. At 12 weeks they are even more

underweight (30% of control). Between 8 and 10 weeks of age, GGT-/- mice become

quite unhealthy and >80% of the animals have died by 20 weeks of age (Lieberman et al.;

1996, and personal observations). The transition from "healthy" to "sick" knockout mice

is rapid and does not take longer than one week. The animals first lose weight

(approximately one gram per day) and once below 9-10 grams of weight, the animals

become sick and rarely survive more than 48 hours. For our experiments we therefore

assigned "disease stages", GGT-/- I and GGT-/- II. GGT-/- I have no obvious changes in

phenotype besides growth retardation. Weight for male mice is >13 grams and for females

>11. GGT-/- II mice show weight loss, and at the more advanced state of disease walking

problems, humpback, rough coat, and red skin.



155

6.3.3 Animals

Heterozygous mice (GGT+I-) were used as breeders, since homozygous GGT-/-

mice are infertile. Mice were screened at three weeks of age for their genotype by

polymerase chain reaction (Chapter 3), since wild type and heterozygous mice are

phenotypically indistinguishable. Heterozygous mice were used as breeders whereas

homozygous wild type mice (GGT+/+) served as experimental controls. Mice were kept

in a sterile environment at ambient temperature with twelve hour light/dark cycle. Mice

were fed Picolab irradiated mouse diet and water ad libitum. For the supplementation

studies, some mice were supplemented in their drinking water either with N-

acetylcysteine (NAC 1 mg/mi, pH 7.0), L-2-oxothiazolidine-4-carboxylic acid (OTC 0.8

mg/ml, pH 7.0), or ascorbic acid (ASC 2 mg/mi, pH 7.0) starting at weaning age (3 weeks).

Mice were kept on supplement for 5 weeks to the age of 8 weeks. For apoptosis studies

8 week old mice were injected with dexamethasone (DEX 0.5 mg in saline i.p./10 g body

weight) or vehicle. Thymi were removed after 8 hours, cells were isolated and subjected

to glutathione analysis or flow cytometric analysis as described

below.

6.3.4 Tissue Glutathione

Tissue glutathione was determined according to Farris and Reed (1987). Briefly,

animals were anesthetized and the tissues were rapidly excised in the following order:

kidney, liver, heart, lung, pancreas, intestine, muscle, brain, and eye. Tissues were rinsed

with saline and frozen in liquid nitrogen. Tissues were ground frozen using mortar and

pestle and weighed into 1 ml of ice-cold 10% perchloric acid containing 1 mM

bathophenathrolinedisulfonic acid (BPDS). Between 20 and 100 mg tissue was used

depending on the expected glutathione content and availability of sample. Samples were

sonicated, freeze-thawed, centrifuged and 200 .tl of the supernatant was used for
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derivatization. Twenty-eight p1 yglutamylglutamate (400 mlvi) was added as an internal

standard. 50 .tl iodoacetic acid (20.8 mg /ml in 0.2 mM cresol purple) was added and the

samples adjusted to pH 8-9 with KOH(2 M)-KHCO3(2.4 M)and incubated at room

temperature in the dark for 1 hour. Equal volume of 2,4 fluorodinitrobenzene (1% FDNB

in 100% ethanol) was added and the samples incubated at room temperature in the dark

for 24 hours. One hundred p1 of the derivatized samples were analyzed by HPLC, the

sample amount calculated based on GSH!GSSG standard curves.

6.3.5 Isolation of Splenocytes and Thymocytes

Splenocytes and thymocytes were isolated according to Kerkvliet and Baecher-

Steppan, (1988). Spleen or thymus in 10% FBS-S-MEM, pH 7.4 (Gibco Life

Technologies, Grand Island, NY) were disrupted by pressing with the frosted ends of two

microscope slides. The cell suspensions were centrifuged at 4°C at 200 g for ten minutes.

The supernatants were discarded and cells resuspended to allow the debris to settle for 8

minutes. For splenocytes, an additional step to lyse red blood cells was performed. Cells

were transferred to clean tubes, counted and subjected to various experimental conditions.

6.3.6 Isolation of Mitochondria from Splenocytes and Thymocytes

Mitochondria were obtained from isolated splenocytes by digitonin treatment

according to Huang and Philbert (1996) with minor modifications. Digitonin was purified

according to Kun et al. (1979) and dissolved in 2.5% FBS-HBSS pH 7.2 at a

concentration of 0.2 mg/mi (digitonin-buffer). Fifteen million cells were pelleted by briefly

spinning at 13,000 g in a microcentrifuge tube. The supematant was discarded and cells

treated with 300 p1 digitonin-buffer for 1 minute. After centrifugation at 4°C for 2

minutes, the supernatant was used for the determination of cytosolic GSH and the pellet
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was analyzed for mitochondrial GSH. Lactate dehydrogenase and citrate synthase were

used as markers for cytosolic and mitochondrial content respectively, to assure the

separation of mitochondrial and cytosolic components. Electron microscopy was also

used to confirm the separation of mitochondrial and cytosoliccomponents.

6.3.7 Glutathione Analysis in Splenocytes and Thymocytes

Cytosolic, cellular and mitochondrial GSH amounts were measured using HPLC

with electrochemical detection (Lakritz et al., 1997). For total cellular GSH, 1x106

thymocytes or splenocytes were pelleted, the supematant discarded, and the pellet

treated with 30j.tl of 200mM methane sulfonic acid containing 5 mM

diethylenetriaminepentaacetic acid (MSA-DEPA). The treated pellet was centrifuged to

precipitate the protein and 20 l of the supematant analyzed by HPLC. Mitochondrial

GSH was determined by treating the pellet obtained after digitonin treatment in the same

manner as described above. For cytosolic GSH determination after digitonin treatment,

supernantants were diluted 1:2 with MSA-DEPA and 10 p1 analyzed by HPLC.

6.3.8 Cytofluorometry

For in vitro labeling, 1x106 cells in 1 ml were exposed for 15 mm at 37°C to JC- 1

(1 mM in DMSO), DiOC6(3) (40 nM in DMSO), dihydroethidium (HE, 2 mM in

DMSO), merocyanide 540 (MC540, 10 mg/ml DMSO), nonyl acridine orange (NAO, 100

nM in DMSO), and monochlorobimane (MCB, 50 mM in ethanol). After staining, cells

were kept on ice and analyzed within an hour. For analysis of apoptosis in thymic

subpopulations, lxi 6 cells were stained for surface markers as described (Kerkvliet et al.,

1996). Briefly, lxi 6 cells were incubated with predetermined optimal concentrations of

phycoerythrin-labeled anti-CD4 (GK1 .5) from Pharmingen (San Diego, CA) and Red613-
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labeled anti CD8a (53-6.7) from Gibco Life Technologies (Grand Island, NY) in the

presence of 30 mg rat IgG to block non-specific binding. Following surface staining, cells

were stained with FITC-annexin V (R&D, Minneapolis, MN) and 7-AAD (Calbiochem,

La Jolla, CA) following the manufacturer's protocol. Briefly, cells were suspended in 100

.tl of lx binding buffer (HEPES buffered saline, 25 mM CaCl2). Then the stains were

added and cells incubated at room temperature for ten minutes in the dark. Cells were

analyzed in a total volume of 500 j.tl binding buffer within an hour. Cytofluorometry was

performed by either an EPICS XL-MCL or an EPICS V (both from Coulter, Hialeah FL).

Data were analyzed with WinList (Verity Software, Topsham, ME).

6.3.9. Statistical Analysis

Statistica/ Mac TM (StatSoft TM Tulsa, Oklahoma) was used to perform

Student's t-tests for unpaired samples.
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6.4 RESULTS

6.4.1 Assessment of Physical Development in Supplemented and Non-Supplemented
GGT+/+ and GGT-/- Mice

Before examining our major question of whether supplementation will decrease the

susceptibility of thymocytes to apoptosis we report more general results with respect to

phenotypic changes observed in supplemented mice and also results regarding the GSH

status. As described in 'Experimental Procedures' and previously (Lieberman et al., 1996,

and Chapter 3), GGT-I- mice are chronically glutathione deficient which causes growth

retardation and early death.

Figure 6.1 shows weight curves obtained for supplemented and non-supplemented

GGT+I+ and GGT-I- male mice. Similar data were obtained for female mice but for

simplicity are not shown. As reported previously and also above, GGT-I- mice show

severe growth retardation and a reduction in body weight of approximately 50% at the age

of 8 weeks. With NAC supplementation GOT-I- mice gained weight rapidly. However,

the weight of GGT+/+ mice was not quite reached. NAC supplemented GGT+I+ also had

a slightly lower weight than non-supplemented GGT+I+. OTC supplementation of

GGT+I+ and GOT-I- mice resulted in approximately the same weight at the end of eight

weeks and the weight was the same as that of non-supplemented GGT+I+. Body weights

of ASC-supplemented GGT+I+ mice were eventually the same as for non-supplemented

GGT+I+ mice. Body weights for ASC-supplemented GGT-/- mice was the same as that

of non-supplemented GGT-I- mice. At 8 weeks it was slightly higher and this was due to

the fact that none of the animals (also true for female mice) were GGT-/- II. in non-

supplemented GOT-I-, 6/12 mice were GOT-I- I and 6/12 were GGT-I- II.
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6.4.2 Tissue Glutathione Content of Different Organs Obtained from Supplemented and
Non-supplemented GGT+/+ and GGT-/- Mice

We next examined the effect of supplementation on tissue GSH levels (Table 6.1).

Tissues were processed as described in detail in 'Experimental Procedures' and analyzed

by HPLC. For simplicity, we pooled results from all experiments. Since day to day

variations and animal variations occur we did the statistical analysis for each experiment

separately. Even though it appears that some changes occurred, statistical analysis gave

the following results: As previously reported (Chapter 3), GGT-/- mice showed

impairment of GSH homeostasis in various tissues. Most severely affected were liver and

eye, where GSH was decreased by >70%. Significantly reduced by >30% were brain and

lung, and minor or no changes were observed in heart, muscle, intestine, and kidney.

In GGT-I- mice, NAC and OTC supplementation increased all tissue GSH levels

to control values with the exception of liver, where the GSH content was still 50% lower

than in GGT+/+ mice. NAC and OTC supplementation of GGT+/+ mice did not increase

tissue GSH levels above control levels. ASC supplementation did not show any beneficial

effect with respect to glutathione status in either GGT-/- or GGT-I- mice.

Analysis of glutathione disulfide content (GSSG) in all tissues showed that in

general very little oxidation was observed. The GSSG content was <10% in liver, brain,

intestine, and muscle and <20% in kidney, heart, lung and eye. The GSHIGSSG ratio was

therefore the same in all eight groups.
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Table 6.1 Tissue Glutathione Levels (.tmo1Ig Wet Tissue) for All Experimental

Animals. GSSG is expressed as GSH equivalents. Data are mean ± s.d.
ap <0.001 for statistically significant differences from GGT+/+ mice.

Genotype Parameter Liver Kidney Heart Brain Intestine Muscle Lung Eye

GGT+/+ GSH 6.52±1.49 3.51±0.43 1.08±0.14 1.69±0.27 3.36±0.32 0.78±0.09 1.87±0.24 1.79±0.25
GSSG 0.55±0.19 0.41±0.12 0.19±0.09 0.09±0.04 0.02±0.01 0.05±0.02 0.38±0.08 0.14±0.09

GGT-/- GSH 1.87±0.84 3.23±0.76 0.97±0.14 1.02±0.12a 3.44±0.53 0.69±0.11 1.27±0.06 0.54±0.09
GSSG 0.18±0.12 0.53±0.07 0.16±0.09 0.04±0.04 0.03±0.02 0.05±0.04 0.31±0.04 0.07±0.03

1. NAC Supplementation

GGT+/+ GSH 6.80±0.69 3.66±0.34 1.08±0.10 2.04±0.19 3.71±0.32 0.84±0.11 2.10±0.17 1.61±0.23
NAC GSSG 0.49±0.23 0.44±0.12 0.23±0.06 0.11±0.06 0.02±0.02 0.07±0.03 0.40±0.08 0.18±0.07

GGT-/- GSH 3.20±0.69 3.20±0.65 0.69±0.14 2.13±0.46 3.45±0.72 0.79±0.12 1.83±0.17 1.83±0.21
NAC GSSG 0.31±0.14 0.69±0.14 0.10±0.13 0.13±0.06 0.06±0.03 0.09±0.02 0.50±0.12 0.11±0.07

2. OTC Supplementation

GGT+/+ GSH 5.89±0.73 2.81±0.50 0.96±0.07 1.66±0.06 2.92±0.26 0.77±0.10 1.64±0.24 1.59±0.21
OTC GSSG 0.39±0.04 0.28±0.10 0.16±0.08 0.06±0.03 0.02±0.01 0.06±0.03 0.32±0.02 0.08±0.01

GGT-/- GSH 3.97±0.57 3.76±1.11 0.92±0.07 2.24±0.15 3.46±0.34 0.72±0.15 1.51±0.17 1.54±0.25
OTC GSSG 0.34±0.09 0.69±0.24 0.15±0.06 0.07±0.04 0.03±0.01 0.07±0.04 0.34±0.01 0.08±0.02

3. Ascorbate Supplementation

GGT+/+ GSH 5.81±0.51 2.98±0.14 0.91±0.07 1.58±0.11 2.97±1.14 0.61±0.05 1.61±0.10 1.48±0.28
ASC GSSG 0.38±0.07 0.31±0.18 0.12±0.06 0.02±0.01 0.01±0.01 0.05±0.02 0.33±0.06 0.09±0.07

GGT-/- GSH 1.66±0.28 3.18±0.43 0.80±0.11 1.l4±0.18 3.07±0.34 0.78±0.13 1.25±0.14 0.39±0.04
ASC GSSG 0.14±0.04 0.62±0.22 0.12±0.10 0.02±0.01 0.04±0.03 0.06±0.03 0.27±0.05 0.06±0.02
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6.4.3 Assessment of Cytosolic and Mitochondrial Glutathione Content in Thymocytes
and Splenocytes Obtained from Supplemented and Non-Supplemented GGT+/+
and GGT-/- Mice

Since we are interested in the relationship between glutathione status (cytosolic

and mitochondrial) and apoptosis, our first attempt was to characterize the glutathione

status in thymocytes and splenocytes obtained from supplemented and non-

supplemented mice. We have previously shown data from non-supplemented GGT+/+

and GGT-/- which were similar to the ones presented here (Chapter 3)

6.4.3.1 Assessment of Phenolypic Changes

We first examined the phenotypic changes of spleen and thymus in all

experimental animals. Table 6.2 shows body weight (BW), spleen (SW) and thymus

weight(TW), and SWIBW and TWTBW ratios for all experimental animals. Six animals

were in each group. We have already described the body weight values above (figure 6.1).

Spleen weights were not statistically different in any of the GGT+I+ mice. In

GGT-/- mice, spleen weight reversed to control levels in NAC-supplemented GGT-I-.

OTC-supplemented mice had 20% less spleen weight than GGT+/+ mice, however in

comparison to non-supplemented GGT-I- mice, spleen weight increased by 60%.

There was no difference in thymus weights in any of the GGT+I+ groups. NAC

supplementation of GGT-/- mice resulted in an increase in thymus weight to 140% of

GGT+I+ mouse thymus weight. OTC supplemented GGT-/- mice had the same thymus

weight as GGT+I+ mice. ASC supplementation of GOT-I- mice seemed to slightly

increase thymus weight. However, as described above for body weight, this was due to

the fact that none of the animals were GGT-I- II mice.
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Table 6.2 Body Weight (BW), Spleen Weight (SW), Thymus Weight (TW), SWIBW
and TW/BW Ratios of All Experimental Animals. Data are mean ± s.d.
ap < 0.00 1, bp < 0.005 and p < 0.05 for statistically significant
differences from non-supplemented GGT+/+ mice.

Genotype Suppi. body spleen thymus SW/BW TW/BW
weight (g) weight weight

(mg) (mg)

GGT+/+ none 29.5±2.1 101± 17 63± 12 3.44±0.64 2.17±0.51
(n=6)

GGT+/+ NAC 31.3 ± 3.9 93 ± 13 68 ± 8 2.95 ± 0.17 2.18 ± 0.31
(n=6)

GGT+/+ OTC 27.7 ± 2.9 91 ± 6 61 ± 6 3.60 ± 0.58 2.21 ± 0.30
(n=6)

GGT+/+ ASC 29.3 ± 0.6 94 ± 6 65 ± 5 3.20 ± 0.28 2.21 ± 0.22
(n=6)

GGT-/- none 14.6 ± 3.1 30 ± 7 a 38 ± 8 a 2.05 ± 0.17 a 2.70 ± 0.79
(n=6)

GGT-/- NAC 25.1 ± 07b 98 ± 4 100 ± 18 3.90 ± 0.24 3.99 ± 0.82 a

(n=6) a

GGT-/- OTC 23.0±2.5a 78± 5 65±13 3.27±0.54 2.82±0.24c
(n=6)

GGT-/- ASC 15.5 ± 1.sa 41 ± 5a 43 ± 4C 2.61 ± 0.11 b 2.76 ±O.l5'
(n==6)
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6.4.3.2 Assessment ofGlutathione Content

We have previously shown that cytosolic and mitochondrial GSH content in

splenocytes and thymocytes obtained from GGT-I- mice is significantly decreased

(Chapter 5). We have also shown that both poois decrease even more as the disease

progresses (GGT-/-II).

Here, we examined the effect of NAC, OTC, and ASC supplementation on

cytosolic and mitochondrial glutathione content in splenocytes and thymocytes obtained

from GGT+/+ and GGT-/- mice. Cells were isolated as described in 'Experimental

Procedures' and analyzed for GSH content by HPLC with electrochemical detection.

Since the amount of glutathione disulfide (GSSG) was always <5% we only

present data for reduced glutathione (GSH).

In splenocytes (Table 6.3) obtained from GGT-/- mice supplemented with NAC

cytosolic and mitochondrial GSH content increased significantly when compared to

splenocytes from non-supplemented GGT-I- mice, while supplementation with ASC did

not show any beneficial effects. Supplementation of GGT-/- mice with OTC revealed

mixed results. While cytosolic GSH content was replenished, mitochondrial GSH content

was still below control values. Supplementation of GGT+/+ mice with either of the three

supplements did not show any increase above levels obtained in splenocytes from non-

supplemented GGT+/+ mice.

Similar data were obtained in thymocytes (Table 6.4). NAC and OTC

supplementation of GGT-/- resulted in a significant increase of cytosolic and

mitochondrial GSH content. Data for ASC-supplemented GGT-/- varied widely. While

cytosolic GSH was decreased in all animals, mitochondrial content was different for

different animals. Some animals reached almost levels obtained in GGT+I+ mice, while

others showed levels similar to GGT-I- mice.
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Table 6.3 Cytosolic and Mitochondrial Glutathione Content in Splenocytes
Obtained from Supplemented and Non-supplemented GGT+/+ and
GGT-I- Mice. Data are mean ± s.d. ap < 0.005 for statistically significant
differences from non-supplemented GGT+I+ mice.

Genotype Cytosolic GSH Mitochondrial GSH Mitochondrial GSH
(pxnols/106 cells) (pmols/lO6ceIIs) (nmols/mg protein)

1. Non-Supplemented Animals

GGT+/+ 219 ± 20.3 6.05 ± 1.29 1.78 ± 0.17

GGT-/- 156 ± 58.5 2.88 ± O.84a 0.72 ± 0.25 a

2. NAC-Supplemented Animals

GGT+/+ 215 ± 30.8 5.53 ± 1.63 1.39 ± 0.28

GGT-/- 231 ± 37.9 6.05 ± 1.27 1.29 ± 0.19

3. OTC-Supplemented Animals

GGT+I+ 204±22.7 5.21 ±0.64 1.19±0.23

GGT-I- 176 ± 35.7 3.88 ± 0.16 a 0.89± 0.03

4. ASC-Supplemented Animals

GGT+/+ 227 ± 27.7 5.55 ± 1.07 1.45 ± 0.23

GGT-I- 126 ± 50.0 a 2.06 ± 0.35 a 0.60 ± 0.09 a
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Table 6.4 Cytosolic and Mitochondrial Glutathione Content in Thymocytes
Obtained from Supplemented and Non-supplemented GGT+I+ and
GGT-/- Mice. Data are mean ± s.d. ap < 0.005 for statistically significant
differences from non-supplemented GGT+I+ mice.

Genotype ' Cytosolic GSH Mitochondrial GSH Mitochondrial GSH
(pmols/106 cells) (pmols/lO6ceIIs) (nmols/mg protein)

1. Non-Supplemented Animals

GGT+/+ 196 ± 16.9 4.45 ± 1.16 1.47 ± 0.26

GGT-/- 116±30.3a 2.54± 1.l3 0.63 ±0.39a

2. NAC-Supplemented Animals

GGT+/+ 163 ± 13.2 3.16 ± 0.26 1.00 ± 0.17

GGT-/- 174 ± 30.2 3.44 ± 1.33 0.97 ± 0.26

3. OTC-Supplemented Animals

GGT+/+ 194 ± 24.1 4.64 ± 0.95 1.45 ± 0.30

GGT-/- 196 ± 19.3 4.95 ± 0.52 1.50± 0.20

4. ASC-Supplemented Animals

GGT+I+ 184 ± 27.7 5.55 ± 1.07 1.45 ± 0.23

GGT-!- 136 ± 7.1 a 3.98 ± 2.12 1.36 ± 0.67



6.4.4 Characterization of Apoptotic Events in Thymocytes Obtained from Supplemented
and Non-supplemented GGT+I+ and GGT-/- Mice

We have previously shown that thymocytes obtained from GGT-/- were

significantly more susceptible to DEX-induced apoptosis than thymocytes obtained from

GGT+/+ mice (Chapter 5).The aim of this study was to find out if supplementation of

GGT-/- mice would reverse the observed susceptibility.

6.4.4.1 Analysis of Glutathione Content Before and After Dexamethasone Treatment

Figure 6.2 shows total GSH (expressed as % GGT+/+ control) for thymocytes

isolated from each group of mice. As previously shown (Chapter 5) and also above,

thymocytes from non-DEX treated GGT-/- mice had less GSH than non-DEX treated

GGT+/+ mice (60% of control). DEX treatment caused a decrease in thymocyte GSH in

both GGT+/+ and GGT-/- mice (35 % and 24 % of control respectively). DEX treated

mice supplemented with NAC and OTC showed GSH values as found in DEX treated

GGT+/+ (41 % and 32 % of control respectively), ASC treated mice did not show any

increase in GSH content (24 % of control). There was no statistical difference between

supplemented and non-supplemented DEX-treated GGT+I+ and for simplicity data are

not shown.



169

150

100

%GSH

50

0

I

a TT
T

CCN
_. .

. - -" _ _
- .-. ..-... '-. .,-

- -

00 + -LOOO
()

o

I_:.

f

0

I zo

Figure 6.2 Glutathione Content of Thymocytes Obtained from Supplemented and
Non-Supplemented Mice Before and After DEX-Treatment. Data are
expressed as percent non-DEX treated GGT+/+ mice.aP <0.00 1 for
statistically significant differences from DEX-treated GGT+I+ mice.

6.4.4.2 Flow Cytometric Analysis of Early and Late Apototic Events

As described previously by us and also by others (Zamzami et al., 1995, Macho

et al., 1997), thymocytes show the following sequence of events after DEX-induced

apoptosis: First, loss of mitochondrial membrane potential as measured using the

potential-sensitive dyes JC- 1 and DiOC6(3). Apoptotic cells also show an increase in

superoxide anion as measured by oxidation of hydroethidine (HE). Simultaneously with
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the drop in membrane potential, cells lose their glutathione as measured as a loss in

monochlorobimane (MCB) staining (Macho et al., 1997). Apoptotic cells also show

oxidation of inner mitochondrial membrane components such as cardiolipin. This was

measured as a decrease in nonyl-acridine orange staining (NAO) a stain that reacts

stoichiometrically with cardiolipin (Petit et al., 1992). Early apoptotic cells expose

phosphatidylserine on the outside of the membrane which can be detected using annexin

V. Late apoptotic cells can be detected with propidium iodine or 7-AAD. These stains

will only enter the cells after significant membrane disturbance.

We have previously shown (Chapter 5) that thymocytes obtained from GOT-I-

mice are significantly more susceptible to in vivo DEX-induced apoptosis than GGT+I+

mice. Less cells maintained their mitochondrial membrane potential ('.L JC- 1 aggregates,

Si- DiOC6(3)lflsh), less cells maintained their GSH (.1- MCB), there was more cardiolipin

oxidation (L NAO), more membrane alterations (1' MC540), less double positive cells (.1-

CD4+ICD8+), and more apoptotic cells (1' annexin V). We have also shown that GOT-I-

ll mice, which are severely depleted in thymic GSH content, were even more susceptible

than GOT-I- I mice.

In the following, we present data obtained from supplemented and non-

supplemented GOT-I- mice. Flow cytometric analysis was performed in the same manner

as previously described (Chapter 5). We analyzed mitochondrial membrane potential (JC-

1, DiOC6(3)), ROS formation (HE), GSH (MCB), cardiolipin oxidation (NAO), and early

and late apoptotic subpopulations (CD4JCD8, annexin V / 7-AAD). Rather than

presenting flow cytometric graphs we summarized the major events in table form to allow

a rapid answer to our question of whether supplementation reverses susceptibility. Due

to high animal numbers, experiments were divided and we therefore present the

corresponding controls with the particular experiment to account for daily variations.

Results are shown in table 6.5.

After DEX treatment, thymocytes isolated from NAC and OTC supplemented

GOT-I- mice showed the same values as GGT+/+ with respect to JC-1, DiOC6(3), HE,
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MCB, NAO, MC540, and apoptotic subpopulations. DEX treated ASC supplemented

GGT-/- mice did not show any improvement with respect to apoptosis.

Table 6.5 Percentage of Cells Displaying the Particular Parameter Analyzed. Data

are mean ± s.d. ap < 0.005 and bp < 0.05 for statistically significant
differences from GGT+/+ mice.

Stain GGT+/+ GGT+/ (30T+/+ (IGT+/ GGT-/- GGT-/- (3GT-/- GGT-/-

+NAC OTC + ASC NAC OTC ASC

1. Analysis of Membrane Potential

% cells 38 ± 6.2 39 ± 3.8 29 ±
35b 42 ± 8.0

with JC-1
aggreg. 44 ± 4.0 41 ± 7.2 44 ± 9.9 31 ±

57b 41 ± 5.4 30 ±
33a

% cells 39 ± 8.5 43 ± 9.0 29 ± 4.8b 39 ± 3.7
DiOC6(3)
positive 36 ± 3.5 33 ±1.3 31 ± 4.4 24 ±

35b 32 ± 1.9 21 ± 2.6a

2. Analysis of GSH Content

%cells 39± 8.5 43 ± 9.0 29±4.8 39±3.7
MCB
positive 36 ± 3.5 33±1.3 .424±3.5b 32 ± 1.9 21 ± 2.6a

3. Analysis of ROS Formation and Cardiolipin Oxidation

%cells 13±3.3 12± 0.9 14± 6.4 14± 2.4
HE high

15 ± 0.6 21±3.3" 17 ± 3.4 14 ± 1.4 20 ±4.2" 20 ±3.4b

% cells 36 ± 5.7 40 ± 3.2 27 ±2.Ob 39 ± 6.7

NAO
positive 36 ± 3.5 30±2.1 a 30 ± 5.8 23 ± 5.6" 28±1.9 a

21 ± 2.6a

4. Analysis of Subpopulations and Apototic Cells

% double 49 ± 8.1 47 ± 5.2 38 ± 4.3 48 ± 7.3

positive
cells 47 ± 6.1 48 ± 5.9 47 ± 6.8 33 ± 1.4 48 ± 7.4 36 ± 5.2

% 38 ± 7.9 41 ± 5.1 46 ± 5.3 40 ± 4.3
apoptotic
cells 38 ± 2.9 42 ± 5.5 39 ± 5.1 60 ± 35 43 ± 4.4 50 ± 2.6a
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6.5 DISCUSSION

The goal of this study was to further examined the relationship between oxidative

stress, glutathione content, and apoptosis. This was approached by supplementation of

chronically GSH deficient mice with NAC and OTC and ASC.

6.5.1 Assessment of Physical Development in Supplemented and Non-supplemented
GGT+I+ and GGT-I- Mice

The growth curves show, that supplementation of GGT-/- mice with NAC and

OTC reversed the growth retardation. The NAC data are in agreement with Lieberman et

al. (1996) who developed the mice. OTC supplementation was as effective as NAC. ASC

supplementation of GGT-/- mice had no true beneficial effect. ASC-supplemented mice

showed a slight increase in body weight at the age of 8 weeks (even more significant in

female mice) which was due to the fact that none of the animnals became sick unlike in the

group of non-supplemented GGT-/- mice. ASC therefore had some beneficial effect with

respect to the well being of the animals.

Supplementation of GGT+/+ mice with either of the three supplements did not

increase weight gain above control levels.

6.5.2 Assessment of Glutathione Content in Different Organs

The analysis of tissue GSH revealed a significant reduction in a variety of tissues

in GGT-/- mice when compared to GGT+/+. These data are in agreement with Lieberman

et al. (1996) and have been previously reported by us (Chapter 3). No difference was

observed in the percentage of glutathione disulfide (GSSG) in GGT-/- mice when

compared to GGT so that the GSH/GSSG ratio was the same for both, GGT+/+ and

GGT-/- mice.
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Supplementation of GGT-/- mice with NAC and OTC reversed GSH deficiency in

all organs with exception of the liver. This was unexpected since the liver is the main

synthesizer of GSH. This means that turnover of GSH by GGT must play an important

role in GSH homeostisis.

Ascorbate supplementation did not have any beneficial effect with respect to

GSH content in the various tissues. However, we would like to point out, that the overall

health performance of the GGT-/- mice was better. ASC-supplemented mice were active

and "healthy". None of the mice converted into GGT-/- II during the experiment while in

non-supplemented mice approximately 50% of the animals became sick. It would be of

interest to study survival rates in ASC supplemented mice in comparison to non-

supplemented GGT-/- mice. We would expect a longer life span. Supplementation of

GGT+/+ mice with either of the three supplements had no beneficial effects with respect

to tissue GSH levels. This was also observed by Gillissen and Nowak (1998) who

pointed out that the effect of NAC seemed to be marginal in healthy individuals. NAC

may support GSH synthesis only in situations of increased demand. NAC has even been

shown in healthy volunteers to cause a reduction of plasma GSH and an increase in GSSG

(Kleinveld et al., 1992).

OTC is believed to be even more effective in replenishing intracellular GSH stores

(Williamson and Meister, 1981). However, as for NAC, increases in GSH levels without

prior depletion or increased demand were not observed.

6.5.3. Characterization of GSH Content in Splenocytes and Thymocytes

We have previously shown (and again here), that splenocytes and thymocytes

obtained from GGT-/- mice were diminished in their cytosolic and mitochondrial GSH

content and that they were significantly more susceptible to in vivo DEX-induced

apoptosis (Chapter 5). GGT-I- II mice, which as we showed have even less GSH, were

even more affected, which suggests that GSH is very important for cellular function.
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From all the data obtained from GGT-I- mice and their corresponding controls (GGT+I+)

we had speculated that the decrease in GSH, either cytosolic, mitochondrial or both,

directly or indirectly favored the onset of MPT and apoptosis. To further prove this

hypothesis we investigated in this study whether the observed effects could be reversed

through supplementation of GGT-/- mice with the GSH precursors NAC and OTC. To

distinguish between the importance of thiol status versus antioxidant effects, we also

supplemented mice with ascorbic acid which is believed to spare GSH in times of GSH

deficiency and also has shown to prevent apoptosis in some in vitro studies. We showed

here, that supplementation of GGT-/- mice with NAC and OTC reversed the observed

decrease in cytosolic and mitochondrial GSH content as well as the increased

susceptibility to apoptosis. Ascorbate supplementation was neither beneficial with

respect to GSH amount, nor did it decrease the extent of thymocyte apoptosis. This

suggests that supplementation with ascorbate may not prevent changes in the redox

status. Or in other words: not the antioxidant status per se is important, but the thiol

status. The GSH content seems to have a more significant role as shown by

supplementation with NAC and OTC. We suggest that the cytosolic, but especially

mitochondrial GSH content plays a role in induction of MPT leading to the drop in

membrane potential. We support this hypothesis in that we observed a more significant

decrease in membrane potential in thymocytes isolated from GGT-/- mice, which occurs

much earlier than GSH release from these cells. A decrease in mitochondrial GSH could

increase the susceptibility to MPT, since MPT is known to be thiol regulated (Petronilli

et al., 1994). A decrease in cytosolic GSH could have an initial adverse effect by reducing

the half-life of Bcl-2, a known inhibitor of apoptosis. Celli et al. (1998) showed that

decreased GSH levels correlated with a decrease in half-life of Bcl-2. Bcl-2 is known to

inhibit MPT and all of its consequences such as uncoupling of the respiratory chain

(Zamzami et al., 1995) and release of small molecules from the mitochondrial matrix

(Baffy et al., 1993).
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Our results also showed that supplementation with NAC and OTC was only

beneficial to GGT-/- mice, but not to GGT+/+ mice. As mentioned before, NAC and

OTC were shown to increase GSH content only after prior depletion or during increase in

demand. Our results parallell those findings and also findings obtained in AIDS patients.

Kinscher et al. (1994) investigated the role of GSH with respect to CD4+ cell numbers

and found that supplementation with NAC was only beneficial when GSH levels were

initially suboptimal. In healthy individuals NAC supplementation did not increase the

number of CD4+ cells. Also the authors showed that GSH levels above optimum had

adverse effects and decreased CD4+ numbers.

6.5.4 Concluding Remarks and Future Directions

Our results show, that even a moderate decrease in GSH has adverse effects and

that treatment with precursors can reverse the effect. A moderate decrease may result

from genetic deficiencies but also from disease or age. All of these could favor apoptosis.

With respect to GSH status and increased susceptibility to MPT one will have to

conduct more in vitro studies. It would be interesting to isolate thymic and splenic

mitochondria from GGT-/- mice at different stages of the disease and study their

susceptibility to induction of MPT. It would also be interesting to us to measure

mitochondrial GSH content in CD4+ cells obtained from AIDS patients and do the same.

BSO studies have shown that GSG depletion was apparently not enough to trigger

apoptosis. However, these short term studies are probably leaving the mitochondrial

GSH pool intact. Since AIDS can be seen as a chronic depletion model, it may very well

be possible, that due to a lack in mitochondrial GSH, apoptosis is favored.
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7. SUMMARY, CONCLUSIONS, FUTURE DIRECTIONS

The research described in this dissertation provides valuable data regarding how

glutathione (GSH) status, especially mitochondrial GSH, effects mitochondrial function

and cellular function.

In chapter 3 we demonstrated that the lack of mitochondrial GSH leads to

impairment of respiration with respect to ATP production. We have shown that this was

true not just for severe GSH depletion (>50% of control levels), but also for moderate

GSH depletion of <30%. Moderate GSH depletion could easily occur due to disease or

simply age. We established a strong correlation between a decrease in GSH and an

impairment of respiration. Figure 3.4, showing the relationship between GSH and RCRs,

is unique in several respects: It shows, that apparently an 'optimum' mitochondrial GSH

amount exists that allows 'maximum' performance of the mitochondria. Statistical

analysis revealed, that once an 'optimum' GSH content of 5 nmols/mg mitochondrial

protein is reached, RCRs do not improve considerately (RCRs 5). These were data

obtained from GGT+/+ mice. Linear regression revealed that GSH values of 3-5 nmolslmg

protein correlated with RCRs of approximately 3-5. An r-value of >0.85 was found.

These data were obtained from GOT-I- I mice. Below a GSH content of 3 nmolslmg

protein (GGT-I- II) values were more scattered, which is easily explained considering the

progressing disease causing an overall imbalance. Figure 3.4 is also unique in the respect

that it provides individual case studies. It is easy to imagine that GSH amounts under

pathological conditions in humans will vary. If human liver mitochondria 'behave' as

mouse liver mitochondria, it would be possible to determine from the GSH levels what

the consequences with respect to mitochondrial function and cellular function would be.

This would allow a decision with respect to treatment of the patient.

Studies performed in the past, using buthionine sulfoximine (BSO) to cause GSH

deficiency, have only shown an effect on respiration or cellular function when GSH was

depleted to more than 60% of control values. It was also assumed that most tissues,
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especially the liver, could handle significant depletion without adverse effects. From our

results obtained in chapter 3, we do have to question these observations. Also BSO

studies rarely showed different ranges of GSH content due to experimental design and

were therefore not suited to establish a correlation. BSO studies allow mechanistic

studies, however the clinical relevance of such a drastic GSH depletion is questionable.

Future studies should be directed towards treatment regimens for GSH deficiency.

It is known that alcoholic livers are GSH depleted. However, from the experience we

gained in chapter 6, neither NAC nor OTC at the chosen dosage provided full

replenishment of liver OSH. Liver GSH was still less than 50% of control levels which

according to our correlation graph should also lead to a decrease in mitochondrial GSH and

respiratory function. It would be interesting to us to examine these parameters in

supplemented animals. Since we are dealing with an in vivo system it may very well be

possible that other mechanisms exist that will help with preserving mitochondrial

function and cellular function under those circumstances. It would also be interesting to us

to study GSH status and mitochondrial function in other tissues, for example in the brain.

It is known that brain cells only have small mitochondrial GSH poois and therefore GSH

deficiency, as seen for example in Parkinson's disease or in aging, could easily have

adverse effects. Our supplementation experiments showed that NAC and OTC

replenished brain GSH and it also seemed that NAC had the ability to increase brain GSH

above control levels. Higher animal numbers are needed to truly confirm this observation,

however, from a clinical standpoint it would be interesting to perform these studies.

Chapter 5 provides valuable information regarding the question of how GSH

relates to apoptotic events. It has been established in the past that apoptosis involves

release of GSH and also mitochondrial permeability transition (MPT). MPT has been

shown to be thiol regulated. However, a causal relationship between these three

observations has not been established to date. Our data provides new information with

respect to GSH status and apoptosis and tried to tie the three events together.
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To our knowledge this is the first reported characterization of both GSH pools in

splenocytes and thymocytes. Using GGT+/+, GGT-/- I, and GGT-/- II mice we reported

cytosolic and mitochondrial GSH levels for non, moderate, and severely GSH depleted

cells, respectively. We showed that unlike liver, immune cells have very little

mitochondrial GSH (10-15% versus 2-3% respectively) which may make them a very

sensitive candidate for oxidative stress.

Using these mice we were able to show that the lack of GSH increased their

susceptibility to apoptosis. Again, the fact that GGT-/- II mice were even more

susceptible than GGT-/- I mice confirms the relationship. However, even the moderate

decrease in GSH had adverse effects as shown in increased susceptibility observed in

GGT-/- I mice when compared to GGT+/+. It has been shown in AIDS patients that a

moderate decrease in GSH can be linked to increased apoptosis whereas, in a variety of in

vitro studies, this was not achieved. Our studies are comparable to what is observed in

AIDS and may provide a good model for clinical applications. It would be of major

interest to us to also investigate both GSH pools in CD4+ cells obtained from AIDS

patients to see if the mechanisms are similar.

Chapter 6 provided information regarding the treatment of GSH deficiency.

Originally a continuation of chapter 5, it investigated the effect of supplementation on

GSH status in immune cells and the susceptibility to apoptosis. It was shown that both

pools could be replenished and that susceptibility decreased. An interesting observation is

the fact that GSH was not raised above control levels in GGT+/+ mice. Supplementation

only was beneficial in deficient mice. With respect to a clinical application this supports

studies performed in AIDS patients with NAC. It also shows however, that a

prophylactic NAC treatment of healthy patients may not be beneficial.

Chapter 6 also provides additional data regarding the GSH replenishment in a

variety of other tissues. We already mentioned above the proposed studies with respect

to 'liver' and 'brain' experiments.



A good researcher should always critically evaluate the experiments performed as

well as the model used. I would like to fmish this summary by pointing out some of the

advantages and disadvantages of the model with respect to the studies performed and

possible future applications. This will allow future investigators to better design their

experiments. GGT-/- knockout mice were a good study object for experiments performed

in chapter 3. Data from individual animals were reported and helped to establish a true

relationship between mitochondrial GSH deficiency and impairment of respiration. For

experiments presented in chapter 5 and 6, I received a lot of criticism for high standard

deviations leading to the question of statistically significant differences between the

groups. As mentioned above, even though GGT-/- mice are GSH deficient, this deficiency

varies on an animal basis depending on the particular tissue, progression of the disease, as

well as sex. GGT-/- mice, even though GSH deficient show a wide range of values

depending on age, state of disease, and even sex. No true objective criteria could be

assigned to date for staging the animals. In our immune cell studies we found that, at early

age and also depending on the individual animals, some animals were not as different from

corresponding control with respect to GSH amount, apoptosis, or other parameters

examined. For a true examination of the question of how GSH deficiency relates to

mitochondrial dysfunction, cellular function, and apoptosis, these animals should

probably have been eliminated from the studies, which would have made the data much

more "clean". However, this was an experience we gained over time and so we not only

tried to answer our proposed questions, but also characterized the mouse model. If I were

to perform the research again, particularly that presented in chapter 5 and 6, I would

pursue my studies only with GGT-/- II mice that show more than a 30% GSH deficiency

in all cases. However, I have mentioned the limitations with respect to animal size, organ

size, disease state, cell numbers etc. For most studies animals would have to be pooled

and due to the fact that GGT-/- are infertile, a very large animal number is required and

with that high costs. Also, the onset of state II can not be synchronized and it is

experimentally impossible to get even 6 animals together for a study. However, even with
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all the limitations and problems, a live mouse is still better than a dish of cultured cells

when it comes to understanding diseases and looking for possible treatments.
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