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ABSTRACT

Reactive oxygen species and various electrophiles are involved in the etiology of

diseases varying from cancer to cardiovascular and pulmonary disorders. The human

body is protected against damaging effects of these compounds by a wide variety of

systems. An important line of defense is formed by antioxidants. Vitamin E (consisting

of various forms of tocopherols and tocotrienols) is an important fat-soluble, chain-

breaking antioxidant. Besides working as an antioxidant, this compound possesses

other functions with possible physiological relevance. The glutathione-dependent

enzymes form another line of defense. Two important enzymes in this class are the free

radical reductase and glutathione S-transferases (GSTs). The GSTs are a family of

phase II detoxification enzymes. They can catalyze glutathione conjugation with

various electrophiles. In most cases the electrophiles are detoxified by this conjugation,

but in some cases the electrophiles are activated. Antioxidants do not act in isolation

but form an intricate network. It is, for instance, known that vitamin E, together with

glutathione (GSH) and a membrane-bound heat labile GSH-dependent factor,

presumably an enzyme, can prevent damaging effects of reactive oxygen species on

polyunsaturated fatty acids in biomembranes (lipid peroxidation). This manuscript

reviews the interaction between the two defense systems, vitamin E and
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glutathione-dependent enzymes. On the simplest level, antioxidants such as vitamin E

have protective effects on glutathione-dependent enzymes; however, we will see that

reality is somewhat more complicated.

Key Words: Vitamin E; Tocopherol; Tocotrienol; Glutathione; Glutathione-dependent

enzymes.

1. FREE RADICALS AND RELATED “REACTIVE SPECIES”

The human body is exposed to a huge number of compounds. By themselves most of

these compounds are not harmful, but upon metabolic activation some can become toxic.

Oxygen is such a compound. During metabolism of oxygen, most of it is bound to hydrogen

during oxidative phosphorylation, forming water. However, 4–5% of the consumed oxygen is

not completely reduced to water, but forms hydrogen peroxide or free radicals. A free radical

is defined as any species capable of independent existence that contains one or more unpaired

electrons. Due to the unpaired electron(s) these molecules can be very reactive.

The partly reduced forms of oxygen formed are called Reactive Oxygen Species

(ROS). This is a collective term not only for oxygen radicals but also for some nonradical

reactive derivatives of oxygen. Besides ROS, Reactive Nitrogen Species (RNS) also exist.

Important ROS/RNS are the superoxide radical, hydroxyl radical, hydrogen peroxide,

hypochlorous acid, singlet oxygen, and peroxynitrite. These compounds have different

reactivity. The hydroxyl radical is the most reactive compound; it has a high oxidizing

capacity. Although hydrogen peroxide is a powerful oxidant, it is relatively unreactive

towards most biological substrates unless it is present in unphysiologically high

concentrations. A list of reactive oxygen and nitrogen species is given in Table 1. Reactive

Oxygen Species and RNS are also called oxidants or pro-oxidants due to the capability of

oxidizing biomolecules.

Table 1. Reactive oxygen and reactive nitrogen species.

Radicals Nonradicals

Reactive oxygen species (ROS)

Superoxide ðOz2
2 Þ Hydrogen peroxide (H2O2)

Hydroxyl (OHz) Hypochlorous acid (HOCl)

Peroxyl ðROz

2Þ Hypobromous acid (HOBr)

Alloxyl (ROz) Ozone (O3)

Hydroperoxyl ðHOz

2Þ Singlet oxygen (1O2)

Reactive nitrogen species (RNS)

Nitric oxide (NOz) Nitrous acid (HNO2)

Nitrogen dioxide ðNOz

2Þ Nitrosyl cation (NOþ)

Nitroxyl anion (NO2)

Peroxynitrite (ONOO2)

Peroxynitrous acid (ONOOH)

Alkyl peroxynitrite (ROONO)
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The human body itself produces certain ROS and RNS, and these reactive species

fulfill several pivotal physiological functions. The reactivity of oxygen is, for instance,

utilized by the cytochrome P450 enzyme system for hydroxylation of relatively inert

endogenous compounds and xenobiotics. Various phagocytic cells are able to produce

hypochlorous acid (HOCl), which plays an important role in their bactericidal action. NOz

and Oz2
2 also play an important role in the regulation of the contraction tone of the smooth

muscle of blood vessels (Bast and Haenen, 1991; Bast et al., 1991).

Beside their physiological functions, ROS and RNS can damage virtually all

compounds occurring in living organisms, including DNA, proteins, carbohydrates, and

lipids. Damage to these major biomolecules may contribute to the development of aging and

multiple diseases such as cancer, cardiovascular and neurological diseases, or emphysema.

Polyunsaturated fatty acids (PUFAs) in the cell membrane are important targets for

the reactive species. Radicals may initiate peroxidation of PUFAs. In this process of lipid

peroxidation (Fig. 1) the attacking free radical abstracts a hydrogen atom from a PUFA. The

formed lipid radical can be delocalized over various structures and in this way resonance

stabilized. The lipid radical reacts rapidly with oxygen, producing a peroxyl radical.

Subsequently, the lipid peroxyl radical abstracts a hydrogen atom from an adjacent PUFA,

and a lipid hydroperoxide, and a new lipid radical are formed. The new lipid radical reacts

again with oxygen, is transformed into another lipid hydroperoxide, and generates again a

lipid radical. The propagation or chain reaction is interrupted when two unpaired electrons

meet and form an even-electron species (termination) or when a relatively unreactive

radical is formed. Products, which are formed during this process, include 2-alkenals,

Figure 1. Process of lipid peroxidation and formation of toxic substances.
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4-hydroxy-2-alkenals, and malondialdehyde. These products can be toxic; malondialde-

hyde (MDA) can react with DNA bases and introduce mutagenic lesions resulting in

different types of diseases (Shuker et al., 2002), and 4-hydroxy-2-nonenal (a form of 4-

hydroxy-2-alkenal) can inhibit cell growth, and display genotoxic activity.

The lipid hydroperoxide can also be cleaved to form radicals that start a new radical

chain reaction. This process is called “lipid-hydroperoxide-dependent” lipid peroxidation.

When the chain reaction is induced by radicals not originating from lipid hydroperoxides

the process is called lipid-hydroperoxide-independent lipoid peroxidation (Girotti, 1985).

2. ANTIOXIDANT DEFENSE

To protect against the damaging actions of ROS and RNS, the human body contains an

intricate network of antioxidants. The term antioxidant has been defined as “any substance

that, when present at low concentrations compared with those of an oxidisable substrate,

significantly delays or prevents oxidation of that substrate” (Halliwell, 1995). Antioxidants

can be classified by function in categories (Chaudiere and Ferrari Iliou, 1999; Evans and

Halliwell, 2001; Noguchi et al., 2000; Sies et al., 1992) (Table 2). The first category is

formed by the enzymatic antioxidants. This category of antioxidants is designed by nature

to cope with superoxide and hydroperoxides (hydrogen peroxide). Superoxide is degraded

by superoxide dismutase (SOD) into hydrogen peroxide and oxygen. Catalase is able to

degrade hydrogen peroxide, and glutathione peroxidase (GPX) degrades hydrogen

peroxide and organic hydroperoxides. The second category is formed by the nonenzymatic

antioxidants and is composed of low molecular weight antioxidants that can be divided

into hydrophilic (e.g., vitamin C, glutathione, and flavonoids) and hydrophobic

antioxidants (e.g., carotenoids, vitamin E, flavonoids, and ubiquinol-10). Hydrophilic

antioxidants are found in cytosolic, mitochondrial, and nuclear aqueous compartments of

the cells, while hydrophobic antioxidants are present in lipoproteins and membranes. The

reaction kinetics of the nonenzymatic antioxidants is very fast, much faster than reactions

of ROS/RNS with other biological targets (Halliwell and Gutteridge, 1999).

A third category of antioxidant defense is formed by compounds able to sequester

transition metals. Traces of transition metal ions such as iron and copper can transform

hydrogen peroxide into a hydroxyl radical, which is a highly oxidizing compound. This

reaction is called the Fenton reaction [Eq. (1)] and proceeds as follows:

Fe2þ þ H2O2 �����! Fe3þ þ OHz þ OH2 ð1Þ

Proteins such as transferrin, ferritin, and ceruloplasmin prevent the formation of hydroxyl

radicals by sequestering of transition metals.

The overall function of antioxidants is acting as a coordinated and balanced network

to protect tissues and body fluids from damage by ROS and RNS. Disturbance of the

balance between oxidants and antioxidants in favor of the oxidants is called oxidative

stress (Sies et al., 1992). This will promote damage to important cellular compounds.

When this damage occurs at a relatively low level, the human body is able to repair or

replace the attacked substrates with the help of several kinds of repair enzymes (Evans and

Halliwell, 2001).
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3. VITAMIN E

3.1. Introduction

Vitamin E was discovered in 1922 by Evans and Bishop to be an essential factor in

reproduction (Evans and Bishop, 1922). Absence of this dietary factor caused fetal death

and resorption in laboratory rats. Mason showed that vitamin E is essential for

spermatogenic activity (Mason, 1933). Because of this function vitamin E was first

designated as the antisterility vitamin. In 1936 Evans, Emerson, and Emerson isolated a

small amount of pure vitamin E from wheat germ oil and named it tocopherol (Evans et al.,

1936). Fernholz (1938) elucidated the chemical structure of tocopherol.

Vitamin E is the term used for two groups of closely related, fat-soluble compounds,

the tocopherols and the tocotrienols. Both tocopherols and tocotrienols consist of a

chroman head (with two rings: one heterocyclic and one phenolic) and a carbon tail

attached at the 2-position of the head. The difference between tocopherols and tocotrienols

is formed in the carbon-tail; tocopherols contain a saturated phytyl tail and tocotrienols

Table 2. Antioxidant defense.

Enzymatic antioxidants

Enzyme Reaction

Superoxide dismutase (SOD) 2Oz2
2 þ 2Hþ ! H2O2 þ O2

Glutathione peroxidase (GPX) 2GSH þ H2O2 ! GSSG þ H2O

2GSH þ ROOH ! GSSG þ ROH þ H2O

Catalase 2H2O2 ! O2 þ 2H2O

Nonenzymatic antioxidants (low molecular weight antioxidants)

Hydrophilic Hydrophobic

Vitamin C Carotenoids

Glutathione Vitamin E

Flavonoids Flavonoids

Ubiquinol-10

Sequestration of transition metal ions

Protein Metal ion

Transferrin Fe

Ferritin Fe

Ceruloplasmin Cu

Repair systems

Excision repair and replacement of damaged bases in DNA

Increased turnover of damaged proteins
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contain three isolated double bonds in their isoprenoid tail (Fig. 2). The names tocopherol

and tocotrienol are derived from the Greek words tokos (childbirth), pherein (to bring

forth), and trien (three unsaturated bonds); the –ol ending is added to indicate the

hydroxyl substituent of the molecules. Both groups consist of four different analogs i.e.,

a-, b-, g-, and d-tocopherol or tocotrienol and are called vitamers. These vitamers differ in

the number and position of the methyl substituents attached to the chomanol ring. Due to

the three chiral centers present at positions 2 in the chroman ring and 40 and 80 in the phytyl

tail of tocopherol there are eight possible stereoisomers possible of each tocopherol

vitamer. All naturally occurring tocopherols (a-, b-, g-, and d-) have the RRR

configuration and are often denoted as d-tocopherol. The synthetic form of a-tocopherol,

all-rac-a-tocopherol or dl-a-tocopherol, is normally an equimolar mixture of the eight

different stereoisomers (Kamal-Eldin and Appelqvist, 1996; Wang and Quinn, 1999).

Tocotrienols only have one chiral center at position two, so there are only two

stereoisomers. The presence of the double bonds at positions 30 and 70 in the tail allows,

however, for the existence of four cis/trans geometrical isomers per tocotrienol

(Kamal-Eldin and Appelqvist, 1996).

3.2. Uptake and Metabolism

Since vitamin E is a vitamin, it has to be acquired from foods or supplements. The

main sources of vitamin E are vegetables and seed oils, whereas animal products are

generally pour sources of this vitamin. The natural sources of tocopherol mainly consist of

nuts and common vegetable oils (i.e., wheat germ and sunflower). Tocotrienols have

Figure 2. Molecular structures of tocopherols and tocotrienols. The naturally occurring vitamers

a, b, g, and d have methylation patterns as indicated.
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a relatively high abundance in cereal grains (i.e., oat, barley, and rye) and certain vegetable

oils (i.e., palm oil and rice bran oil) (Theriault et al., 1999). There exists a strong

correlation between the amount of unsaturated fatty acids in plant oils and its tocopherol

content (Bauernfeind, 1977). Of all forms of vitamin E, a-tocopherol and g-tocopherol are

the vitamers present in the highest amounts in the human diet. When vitamin E is provided

as a supplement or added to a product, e.g., a cosmetic product, the hydroxyl group in the

phenolic ring of the chroman head is frequently blocked. Sequestration of this group (e.g.,

by esterification with acetate or succinate) renders the molecule less vulnerable to

oxidation. In vivo, the ester is saponified by an esterase, e.g., in the gut lumen, revealing

the hydroxyl group (Bjorneboe et al., 1990; Cheeseman et al., 1995).

Dietary vitamin E is absorbed in the small intestine, in the unesterified form, where it

is incorporated into chylomicrons. These are transported via the lymph and released

into the circulation. The chylomicrons also contain triacylglycerols, which are hydrolyzed

by the endothelial-bound lipoprotein lipase. Consequently, the chylomicron remnant, with

the incorporated vitamin E, is formed. These chylomicron remnants reach the liver. The

liver contains a protein, a-tocopherol transfer protein (a-TTP), which is able to selectively

sort out RRR-a-tocopherol from all incoming tocopherols (Burton and Traber, 1990; Sato

et al., 1991). The other forms of vitamin E have lower affinities for this protein. Relative

affinity compared to RRR-a-tocopherol are: b-tocopherol, 38%; g-tocopherol, 9%;

d-tocopherol, 2%; SRR-a -tocopherol, 11%; a-tocotrienol, 12%; and an esterified form of

the vitamin, a-tocopherol-acetate, 2% (Hosomi et al., 1997).

Due to its lipophilic character, vitamin E is very poorly soluble in the hydrophilic

milieu of blood plasma, cytosol, and extracellular fluids. Therefore, vitamin E is (like

other lipophilic vitamins) bound to specific proteins or lipoproteins during absorption,

transport, and distribution. The sorted RRR-a-tocopherol is incorporated into very-low-

density lipoproteins (VLDL). The other forms of vitamin E with lower affinity for a -TTP

are metabolized and finally excreted via the bile or the urine. Vitamin E bound to VLDL is

secreted from the parenchymal cells and metabolized by lipoprotein lipase. Some of the

vitamin E associated with chylomicrons and VLDL is transferred to peripheral cells and

high-density lipoproteins (HDL) during lipolysis. Vitamin E in VLDL ends up in low-

density lipoproteins (LDL) due to metabolism of VLDL. This LDL-associated vitamin E is

taken up by receptor-mediated uptake of LDL in peripheral cells (Bjorneboe et al., 1990;

Drevon, 1991; Parker, 1989; Traber and Arai, 1999). In the plasma, vitamin E is

transported via binding to lipoproteins. The intracellular transport of vitamin E, e.g.,

between membrane compartments, is facilitated by tocopherol-associated proteins

(TAPs). These TAPs may also act as a molecular chaperone that protects tocopherol from

tocopherol-metabolizing enzymes, and may be involved in the alpha-tocopherol mediated

cell signaling (Azzi et al., 2001). Tocopherol-associated protein have as the TTP the

highest affinity for RRR-a-tocopherol compared to the other forms of vitamin E (Zimmer

et al., 2000).

The normal plasma level of vitamin E is between 23mM and 35mM (Kappus and

Diplock, 1992; Traber et al., 2001). Genetic defects in a-TTP can lead to plasma vitamin E

levels as low as 1% of the normal concentrations. People with this genetic defect have

neurological abnormalities that are characterized by dying of the axons of the sensory

neurons, resulting in ataxia, muscle inclusions, and retinal degeneration (Krendel et al., 1987;

Laplante et al., 1984; Larnaout et al., 1997; Stumpf et al., 1987). This characteristic syndrome
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is called ataxia with vitamin E deficiency (AVED), previously called familial isolated

vitamin E (FIVE) (Parks and Traber, 2000; Traber and Arai, 1999). When people with this

disorder are supplemented with a-tocopherol, the plasma concentrations reach normal levels

within hours, but quickly decline when supplementation is stopped. The temporary increase in

plasma concentration due to supplementation is caused by nonspecific redistribution of a-

tocopherol to peripheral cells from chylomicrons (left broken arrow in Fig. 3) (Blatt

et al., 2001).

The forms of vitamin E that are not taken up by the liver are finally excreted (as

described above) by the bile or via the urine. Mechanisms of transport of vitamin E via

the bile are not known. Before urinary excretion vitamin E is extensively metabolized.

Tocopherols and tocotrienols are metabolized by side-chain degradation via v-

hydroxylation and b-oxidation (Fig. 4). The initial step, the v-hydroxylation of the

sidechain, is performed by CYP4F2, a cytochrome P450 (CYP)-dependent hydroxylase.

This hydroxylase also catalyses v-hydroxylation of leukotriene B4 and arachidonic acid

(Sontag and Parker, 2002). The v-hydroxylation is followed by five b-oxidation cycles

(Brigelius Flohe and Traber, 1999; Brigelius Flohe et al., 2002; Houte van et al., 2001;

Pope et al., 2001). Final products, carboxyethyl hydroxychromans (CEHCs), are

excreted via the urine (Parker and Swanson, 2000). Enzymes involved in the

degradation of unsaturated fatty acids (2,4-dienoyl-CoA reductase and 3,2-enoyl-CoA

isomerase) are needed for the degradation of the unsaturated side chain of tocotrienols

(Birringer et al., 2002). However, irrespective of the difference in side-chain between

tocopherols and tocotrienols, the final products of the metabolism are CEHCs (Birringer

et al., 2001).

Figure 3. Transport of vitamin E between different tissues. Black bullet represents RRR

-a-tocopherol and striped bullet means g-tocopherol.
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Figure 4. Mechanism of tocopherol side-chain degradation (a-tocopherol is shown as an

example). Side-chain degradation starts with v-oxidation, followed by five b-oxidation cycles.
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3.3. Functions of Vitamin E

3.3.1. Antioxidant Function

Both tocopherols and tocotrienols are well recognized for their antioxidative effects.

It has been detected that, in vitro, the tocotrienols are more potent antioxidants than the

tocopherols (Packer et al., 2001). However, because a-tocopherol is the form of vitamin E

mostly present in the human body, its antioxidant effect is the most important in the

defense against reactive oxygen species of all vitamin E vitamers. The best-known

antioxidant function of a-tocopherol is scavenging of peroxyl radicals that propagate

chains in the nonenzymatic lipid peroxidation (Fig. 5). Tocopherol (1) functions as a

chain-breaking antioxidant in the reaction of the hydroxyl group with a peroxyl radical

(ROOz), either by hydrogen transfer or by sequential electron, then proton transfer to form

a lipid hydroperoxide and the tocopheroxyl radical (2).

This radical is a resonance-stabilized radical due to delocalization of the unpaired

electron over the chroman head of the molecule, rendering the radical relatively

unreactive. Reaction of the tocopheroxyl radical with a peroxyl radical can lead to two

groups of products. The first are 8a-substituted tocopherones (3), which contain a

hydroxyl group or a peroxyl radical-derived adduct in the chroman head. These products

lead to the formation of a-tocopherol quinone (4). The second group of products is the

epoxy-8a-hydroperoxytocopherones (5), which have an epoxide in the chroman head.

These compounds hydrolyze and rearrange to epoxy-a-tocopherol quinones (6).

a-Tocopherol quinone can be reduced by a two electron reduction to a-tocopherol-

hydroquinone (7) in cell-free and cellular systems by NAD(P)H:quinone oxidoreductase

(Dinkova-Kostova and Talalay, 2000; Hayashi et al., 1992; Siegel et al., 1997).

a-Tocopherolhydroquinone is very unstable and easily autoxidizes to a-tocopherol

quinone when exposed to aerobic conditions (Chow, 1983; Hayashi et al., 1992). This

autoxidation yields a-tocopherol quinone as major product, but also, some epoxy-

a-tocopherol quinones are formed as minor products (Liebler, 1993; Liebler and Burr,

2000). It has been demonstrated that a-tocopherol quinone can be recycled to the parent

compound a-tocopherol in humans (Moore and Ingold, 1997).

Also, during peroxyl radical scavenging tocopherol dimers and trimers can be formed,

but these are just minor products (Kamal-Eldin and Appelqvist, 1996; Liebler, 1998;

Wang and Quinn, 1999).

Tocopherols also react with a variety of other reactive oxidants such as singlet oxygen

(Clough et al., 1979; d’Ischia and Novellino, 1996), alkoxyl radicals (Suarna and

Southwell-Keely, 1988; Suarna et al., 1988; Suarna et al., 1992), peroxynitrite (Hogg et al.,

1994), nitrogen dioxide (Cooney et al., 1995), ozone (Giamvala et al., 1986; Liebler et al.,

1993), and superoxide (Matsuo and Matsumoto, 1987). Reaction of tocopherol with these

compounds also contributes to the cellular antioxidant defense (Liebler, 1998; Wang and

Quinn, 1999).

Not only does tocopherol contain antioxidant activity, but a-tocopherolhydroquinone

also can function as an effective antioxidant. Like tocopherol it can inhibit lipid

peroxidation (Bindoli et al., 1985; Siegel et al., 1997). Thus the antioxidant activity of

tocopherol can be extended to its metabolites (Kohar et al., 1995; Shi et al., 1999). It has

even been stated that tocopherolhydroquinone is a much more potent antioxidant in
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Figure 5. Reactions of a-tocopherol with peroxyl radicals. 1 ¼ a-tocopherol; 2 ¼ a-tocopheroxyl

radical; 3 ¼ 8a-substituted tocopherones; 4 ¼ a-tocopherol quinone; 5 ¼ epoxy-8a-

hydroperoxytocopherones; 6 ¼ epoxy-a-tocopherol quinones; 7 ¼ a-tocopherolhydroquinone.
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the lipid peroxidation than tocopherol itself (Bindoli et al., 1985). Tocopherolhydroqui-

none scavenges peroxyl radicals primarily by electron transfer to form tocopherol

quinone. However, the formation of epoxy-a-tocopherol quinones suggests that a radical

addition/elimination reaction also occurs (Liebler and Burr, 2000).

3.3.2. Pro-oxidant Activity

Opposed to the antioxidant effects of vitamin E, alpha-tocopherol can also have a pro-

oxidant effect. This activity is caused by the reaction of a-tocopherol with transition

metals (e.g., Cu2þ). The transition metal is reduced and an a-tocopheroxyl radical is

formed. Both the reduced metal (e.g., Cuþ) and the tocopheroxyl radical are able to

promote the lipid peroxidation (Eder et al., 2002; Maiorino et al., 1993; Minotti and Aust,

1992). In the CHAOS (Cambridge Heart Antioxidant Study) epidemiological study, an

initial increase of fatal myocardial infarctions was observed due to relatively high dose of

RRR-a-tocopherol supplementation (Stephens et al., 1996). The doses used are

approximately 120 and 60 times the Recommended Daily Allowance (RDA) for

vitamin E. Halliwell speculated that this increase can be explained by interaction of

vitamin E with transition metal ions present in unstable plaques (pro-oxidant effect)

(Halliwell, 2000). The pro-oxidative effects of excessive vitamin E depends on the type of

dietary fat. A diet with high content of polyunsaturated fatty acids (PUFA) increases the

content of the membrane with PUFA, which makes the membrane much more prone to

oxidation (Eder et al., 2002). A diet rich in PUFA and vitamin E can promote the process

of lipid peroxidation in smokers (Weinberg et al., 2001).

Antioxidants are converted in oxidation products when they have performed their

function as antioxidant. Remarkably, little is known about the toxicity of these metabolites

that are formed. It is known that tocopherol quinone, a metabolite of tocopherol formed

after antioxidant action, can have a cytotoxic effect. This toxicity is dependent on the

ability to generate oxygen radicals, oxidize cellular components, and function as arylating

electrophiles, forming Michael adducts with nucleophilic thiol groups. This arylating

function of quinone depends on the number and position of substituents in the quinone.

The different quinone forms of tocopherol differ in the number and position of methyl

groups on the chroman head (Bauernfeind, 1977; Bjorneboe et al., 1990; Drevon, 1991;

Kamal-Eldin and Appelqvist, 1996; Meydani, 1995; Theriault et al., 1999; Wang and

Quinn, 1999). a-Tocopherol quinone, which is fully methylated, is incapable of forming

adducts with thiols, while g-, and d-tocopherol quinone, which do not have a completely

methylated chroman head, can form these adducts (Cornwell et al., 2002). The difference

in the ability of formation of these Michael adducts may be the basis for the difference in

cytotoxicity, in cell culture, of various forms of tocopherol quinone. It was shown that

g-tocopherol quinone but not a-tocopherol quinone diminished the number of viable cells

and stimulated apoptosis. (Cornwell et al., 1979; 2002; Jones et al., 2002; Lindsey et al.,

1985; Thornton et al., 1995). The difference in toxicity between a-tocopherol quinone and

the other tocopherol quinones was in line with the results of a study performed in 1930.

Experimental animals were fed cod liver oil (contains mainly a-tocopherol) or wheat germ

oil (contains g- and d-tocopherol) which was pretreated with FeCl3 to destroy vitamin E.

Although at that time it was not realized that tocopherol quinones were formed by
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the pretreatment of the dietary supplements, they undoubtedly were. Animals fed

processed cod oil show little toxic effects while animals fed the processed wheat germ oil

develop lymphoblastomas or malignant sarcomas (Rowntree et al., 1937; Taylor and

Nelson, 1930). The contrasting biological effect between both processed oils may now be

explained by the difference in toxicity of the different quinones formed.

3.3.3. Nonantioxidant Function

Besides working as an antioxidant or pro-oxidant, multiple other functions of

vitamin E or its metabolites have been described. These functions cannot be assigned to

their known antioxidant or pro-oxidant functions and are called the nonantioxidant

effects of vitamin E.

For instance, it is known that alpha-tocopherol can activate protein phosphatase 2A

(PP2A) by binding to specific cellular sites of the protein. As a consequence of this, protein

kinase Ca (PKCa) is dephosphorylated and inhibited, which affects the AP1 transcription

factor, resulting in a change in the level of gene transcription and finally inhibition of cell

proliferation (especially of vascular smooth muscle cells). b-Tocopherol shows no effect

at the level of cell proliferation or protein kinase C activity but rather, prevents the effect

of a-tocopherol (Azzi and Stocker, 2000; Azzi et al., 1993; 1997; 1999; Tasinato et al.,

1995; Traber and Packer, 1995).

Vitamin E also plays a central role in cholesterol biosynthesis. Many researchers have

shown that tocotrienols modulate the intracellular mechanism for the controlled

degradation of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase, the

enzyme controlling the rate of cholesterol synthesis. Tocotrienols inhibit HMG-CoA

reductase by reducing synthesis of this protein and increasing the degradation rate of the

enzyme, resulting in a decrease of cholesterol levels. In contrast to tocotrienols,

tocopherols can increase the hepatic HMG-CoA reductase activity. So the farnesylated

side chain of tocotrienols is needed for the inhibition of HMG-CoA reductase (Khor and

Ng, 2000; Napoli et al., 1998; Packer et al., 2001; Pearce et al., 1992; 1994; Qureshi et al.,

1995; 1996; 2002; Theriault et al., 1999).

It is also described that the final products of g-tocopherol metabolism, g-CEHC,

possess strong natriuretic activity due to inhibition of a Kþ channel in the thick ascending

limb of the kidney. It is proposed that this metabolite of g-tocopherol is identical to the low

molecular weight “natriuretic hormone,” which controls the extracellular fluid in the

human body. The body’s pool of extracellular fluid is an important determinant in

hypertension, congestive heart failure, and cirrhosis (Kantoci et al., 1997; Wechter et al.,

1996).

Another nonantioxidant effect of vitamin E is stabilizing of the membrane (Patel and

Edwards, 1988). Vitamin E integrates in membranes where it forms complexes with

membrane lipid components that have a tendency to destabilize the bilayer structure. So

the effects of these destabilizing components is counteracted by vitamin E, resulting in a

more stable membrane (Wang and Quinn, 1999; 2000).

The first step in the formation of a thrombus is platelet aggregation and adherence to

vascular endothelium, forming a fibrous plaque. It is suggested that tocopherols and

tocotrienols can have positive effects on platelet adhesion/aggregation due to suppression

Vitamin E and Glutathione-Dependent Enzymes 227

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.



of thromboxane synthesis. There are two mechanisms by which this synthesis can be

suppressed by vitamin E. The first is suppression of phospholipase A2, which results in

reduction of the release of arachidonic acid (which is a precursor of prostaglandin and

eventually thromboxane) from membrane-bound phospholipids. The other mechanism of

suppression of thromboxane synthesis is the inhibition of the transcriptional activity of the

cyclooxygenase gene. Due to this inhibition the transformation of arachidonic acid into

prostaglandins is decreased (Chan, 1998; Jiang et al., 2000; Theriault et al., 1999; Traber

and Packer, 1995; Wang and Quinn, 1999; 2000). High plasma levels of apolipoprotein

B-100 (apoB), the protein moiety of LDL, are another important risk factor for the

development of atherosclerosis. Several epidemiological studies have shown that

g-tocotrienol can reduce the apoB plasma levels by 10% to 15%. The mechanism of this

reduction is not clear yet, but it is speculated that LDL receptors in the liver are

upregulated, facilitating the clearance of LDL-apoB from the bloodstream, or that the

production of VLDL and LDL is decreased (Theriault et al., 1999).

As described above, the different forms of vitamin E can perform multiple roles.

Some of these functions are directly or indirectly related to cardiovascular diseases. As

antioxidant, vitamin E can protect against lipid peroxidation and thus decrease the risk for

cardiovascular diseases. Acting as a pro-oxidant, vitamin E can increase the risk for

cardiovascular diseases and numerous nonantioxidant functions of vitamin E, or its

metabolites can play important roles in the development of cardiovascular diseases. In the

past, numerous human vitamin E intervention studies have been performed e.g., the

CHAOS and GISSI (Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto

miocardico) intervention studies (Meagher, 2003). The CHAOS study showed a decrease

in nonfatal myocardial infarction but a rise in fatal myocardial infarction (Stephens et al.,

1996). The GISSI (Prevenzione) studies failed to detect such benefit (Marchioli, 1999;

Stephens et al., 1996; Yusuf, 2000). Overall it can be concluded that the outcomes of these

different clinical intervention studies present a confused picture (Manson et al., 2003).

4. GLUTATHIONE AND GLUTATHIONE DEPENDENT ENZYMES

4.1. Introduction

As described in part 2, reduced glutathione (GSH) is an important contributor of the

nonenzymatic antioxidant defense mechanism of the body. It is present in millimolar

concentrations intracellular and is a versatile and ubiquitous cellular antioxidant (Griffith

and Meister, 1979; Liebler, 1993). Glutathione represents at least 90% of total nonprotein

low molecular weight thiols present in cells (Reed and Fariss, 1984). It is a relative simple

tripeptide consisting of glutamic acid (Glu), cysteine (Cys), and glycine (Gly) (Fig. 6).

The antioxidant reaction of GSH (reacting with free radicals) generates thiyl radicals

(GSz), which can react with oxygen to form GS-oxygen conjugates and can form the

glutathione disulfide (GSSG) (Wardman, 1988). Less than 5% of total glutathione in the

cells is GSSG (Reed and Fariss, 1984).

Besides working as a scavenger of reactive species, GSH is involved in a variety of

other metabolic functions such as DNA repair, activation of transcription factors, cell

cycle regulation, modulation of calcium homeostasis, and regulation of enzyme activity.
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Most of these functions of glutathione are related to its ability to maintain a reduced

cellular environment (Arrigo, 1999).

Glutathione can also play a role in intracellular copper transport and detoxification.

Glutathione is used as a substrate by different enzymes involved in cell defense, such as

glutathione peroxidases (GPX), glutathione reductase (GRD), gamma-glutamyl-

transpeptidase (GGT), and glutathione S-transferases (GST) (Fig. 7).

The intracellular glutathione content can be changed by many different conditions.

These include the presence of heavy metals, high glucose concentrations, and heat shock.

Exposure to reactive oxygen and nitrogen species can increase the GSH content by

increasing the rate of GSH synthesis. Due to use and synthesis, a balance in the GSH

content in the cell is formed.

4.2. Uptake and Synthesis

Substrates for GSH synthesis are provided by transport of amino acids across the

plasma membrane or by the action of GGT and dipeptidases. A membrane-bound protein,

GGT is found in the serum of a wide range of normal and neoplastic cells (Black and Wolf,

1991; Whitfield, 2001). It catalyzes the first step in the degradation of extracellular GSH.

In GSH, the amino acid glutamic acid is bound to the cysteine residue with a gamma-

glutamyl binding. This GluZCys bond is not sensitive for regular proteolysis so GSH

cannot be cleaved, which makes the molecule more stable. Gamma-glutamyl-

transpeptidase is able to hydrolyze the gamma-glutamyl bond between Glu and Cys

[Eq. (2)]. In this way cysteinyl-glycine is released, which is subsequently cleaved to Cys

and Gly by plasma membrane dipeptidase activities (Griffith and Meister, 1979). These

two amino acids can cross the plasma membrane and are again used in the GSH synthesis.

GSH
GGT
�����! L-glutamate þ Cys-Gly ð2Þ

Thus, the role of GGT would be to preserve cellular levels of GSH by GSH cycling at the

plasma membrane (Paolicchi et al., 2002).

The de novo synthesis of GSH results from the effort of two ATP-dependent enzymes,

g-glutamylcysteine synthetase (g-GCS) (also known as glutamate:cysteine ligase) and

glutathione synthetase. Glutamylcysteine synthetase is rate limiting for the synthesis of

GSH. This enzyme consists of two nonidentical subunits, a heavy subunit and a light

subunit (Deneke and Fanburg, 1989; Dickinson and Forman, 2002). The heavy subunit

Figure 6. Structure of the tripeptide reduced glutathione (GSH: L-g-glutamyl-L-cysteinyl-

glycine).
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contains all structural requirements for the enzymatic activity and feedback inhibition. The

function of the light subunit is not directly associated with the enzymatic activity, but it

exerts some effect on the stability of the enzyme and on the controlling of the kinetic

properties of the heavy subunit (Mulcahy and Gipp, 1995; Seelig et al., 1984; Wild and

Mulcahy, 2000). The promoter regions of both subunits contain a number of transcription

factor binding sites including activator protein 1 (AP-1), nuclear factor kB (NFkB), and

antioxidant response element (ARE) sites, which are potential targets for regulation of the

enzyme (Moellering, 1999). The activity of g-GCS is regulated by nonallosteric feedback

inhibition by GSH, which means that when the GSH concentration decreases, the feedback

inhibition by GSH also decreases and g-GCS synthesizes more GSH (Richman and

Meister, 1975).

Figure 7. Glutathione metabolism and glutathione-dependent cellular defense mechanisms. Drugs

and xenobiotics are taken up by the cell and metabolized by cytochrome P450s. This potentially

generates electrophilic cytotoxic intermediates (dashed symbols) and ROS (Phase I). In the

detoxification of these products GSH plays an important role. GST catalyzes glutathione conjugation

reactions (phase II). These glutathione conjugates are recognized by MRP family members and

transported out of the cell. GSH is also important for the GPX-catalyzed reduction of ROS, which

results in the formation of GSSG. This is reduced by GRD or excreted via MRP. Substrates for GSH

synthesis are provided by transport of amino acids across the membrane or by the action of GGT and

dipeptidases. The synthesis of GSH results from the effort of GCS and GSH synthetase. Thick arrows

indicate processes involved in GSH synthesis.
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The activity of g-GCS can be influenced by many different conditions. High glucose

concentration lowers the GSH concentration by decreasing the expression of g-GCS

mRNA, which leads to a decrease in enzyme protein and enzyme activity (Urata et al.,

1996). The GSH concentration can be increased by heat shock (Kondo et al., 1993), heavy

metals (Woods and Ellis, 1995), and oxidative stress, e.g., NOz or H2O2 (Moellering, 1999;

Rahman et al., 1996). Due to these different conditions the transcriptional levels of g-GCS

increase, the g-GCS activity increases, and more GSH is produced (Fig. 8).

4.3. Functions of Glutathione

4.3.1. Enzyme Substrate

Various enzymes involved in cell defense use GSH as a substrate. The most important

ones are described below.

4.3.1a. Glutathione Peroxidase (GPX)

Glutathione peroxidase (GPX) catalyzes the reduction of a large variety of

hydroperoxides into their corresponding, less reactive, alcohols at the expense of GSH,

which is oxidized to GSSG. Distinct families of enzymes display GPX activity; these can be

classified as selenium-dependent and selenium-independent (Douglas, 1987; Flohe, 1988;

Hayes and McLellan, 1999). The selenium-dependent enzymes are formed by the classical

glutathione peroxidases (GPX) (Mills, 1957) and the phospholipid hydroperoxide GPX

(PLHG-PX), originally called peroxidation inhibiting protein (PIP) (Ursini et al., 1982); the

selenium-independent enzymes are formed by glutathione-S-transferases (GST). The

enzymes can be distinguished by different substrate selectivity (Hayes and McLellan, 1999).

Both selenium-dependent glutathione peroxidases use hydrogen peroxide and organic

hydroperoxides as substrate [Eqs. (3,4)]. Phospholipid hydroperoxides can only directly be

accepted as substrate by PLHG-PX (Ursini et al., 1982). In order to detoxify phospholipid

hydroperoxide by the classical selenium-dependent GPX; it has to be deacylated by

phospholipase A2. A lysophospholipid and a free lipid hydroperoxide are formed, which can

be converted via the classical selenium-dependent GPX (McCay et al., 1976).

2GSH þ ROOH
GPX
�����! GSSG þ H2O þ ROH ð3Þ

2GSH þ H2O2
GPX
�����! GSSG þ 2H2O ð4Þ

Figure 8. Regulation of GSH concentration by g-GCS.
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The selenium-independent glutathione peroxidase (GST) is only active with organic

hydroperoxides; they are inactive with hydrogen peroxide. The GST-catalyzed reaction

between hydroperoxide and GSH is performed in two steps (Flohe, 1988). The first one is

catalyzed by GST as show in Eq. (5)

GSH þ ROOH
GST
�����! GSOH þ ROH ð5Þ

This reaction is followed by a nonenzymatic reaction of sulfenic acid with GSH [Eq. (6)]

(Prohaska, 1980).

GSOH þ GSH �����! GSSG þ H2O ð6Þ

Phospholipid hydroperoxide can only be detoxified by the selenium-independent class of

enzymes via phospholipase A2. However, the membrane-bound form of GST is able to reduce

phospholipid hydroperoxides without the participation of phospholipase A2 (Sevanian et al.,

1983).

Glutathione peroxidase activity can, either alone or in combination with

phospholipase A2, form an important defense mechanism against “lipid-hydroperoxide-

dependent” lipid peroxidation (McCay et al., 1976; Sevanian et al., 1983) (Fig. 9). So GPX

is used for the protection and detoxification of biomembranes and for maintaining the

structural and functional integrity of the cytosolic compartment.

4.3.1b. Glutathione Reductase (GRD)

Glutathione reductase (GRD) has a disulfide in its catalytic site. The enzyme exists as

a dimer of two identical subunits (Black and Wolf, 1991; Douglas, 1987). The cellular

function of GRD is to maintain the GSH:GSSG ratio at about 20:1. This is achieved by

using NADPH as coenzyme in the reduction of GSSG to GSH [Eq. (7)].

NADPH þ Hþ þ GSSG
GRD
�����! NADPþ þ 2GSH ð7Þ

In normal cases the reduction of GSSG by glutathione reductase is relatively rapid, but in

cases of oxidative stress GSSG can accumulate. In this case GSSG is either transported

from the cells or can exchange with protein sulfhydryls to produce protein–glutathione

Figure 9. Reduction of phospholipid hydroperoxides by GPXs and phospholipase A2 (PLA2).
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mixed disulfides [Eq. (8)] (Brigelius et al., 1983):

GSSG þ protein-SH X protein-SSG þ GSH ð8Þ

4.3.1c. Glutathione S-transferase (GST)

Glutathione S-Transferase is a superfamily of phase II enzymes, which in humans

consists of the cytosolic GSTs [alpha (A), mu (M), omega (O), pi (P), theta (T), and zeta

(Z)] (Awasthi et al., 1994; Board et al., 1997; Eaton and Bammler, 1999), three

microsomal GSTs (MGST 1, MGST 2, and MGST 3) and one mitochondrial GST [kappa

(K)], each of which displays distinct catalytic as well as binding properties (Awasthi et al.,

1994; Board et al., 2000; Eaton and Bammler, 1999).

The microsomal GSTs are members of the MAPEG (membrane-associated proteins in

eicosanoid and glutathione metabolism) family, which consists of six human proteins. The

proteins within this family that contain GST activity are microsomal GST 1 (MGST 1),

MGST 2, and MGST 3.

A standardized nomenclature for human GSTs was introduced in 1992 by Mannervik

et al. and was extended in 1995 by Hayes and Pulford. This nomenclature identifies each

GST by species using lower case letter(s) preceding “GST” (h for human, r for rat, m for

mouse, etc.). This is followed by an upper case letter denoting the class (A, M, O, P, T, Z),

then an Arabic numeral indicating the subunit (1, 2, 3. . .) and in a few cases a lower case

letter for the allelic variants of the same gene (a, b, c. . .).

All isoenzymes of GST exist as multimeric proteins. The cytosolic GSTs appear as

dimeric proteins with subunits of approximately 25 kDa (Jakoby, 1978).The microsomal

GSTs exists as a trimer of three identical polypeptides each of 17.2 kDa (Lundqvist et al.,

1992). Only the subunits within each class hybridize in the cytosolic GSTs to give active

dimers (Awasthi et al., 1994). Each subunit of the enzyme has an active site composed of

two distinct functional regions—a hydrophilic G site that binds the physiological substrate

GSH, and a hydrophobic H site that is responsible for the binding and orientation of

structurally diverse electrophilic substrates (Ketterer, 1998; Mannervik, 1985). Only about

30% sequence similarity exists among the different isoenzymes, but their quaternary

structure is remarkably similar (Salinas and Wong, 1999).

The first and most important function of the enzyme is conjugation of electrophilic

compounds with GSH [Eq. (9)]. GST brings the substrate (electrophilic compound) into

close proximity with GSH by binding both the substrate and GSH. The thiol of GSH is first

activated to the thiolate anion (GS2) to increase its nucleophilicity. The thiolate anion

attacks the electrophilic substrate (R-X) with a GSH-conjugate as a result (Keen et al.,

1976). In most cases the substrate is detoxified because the reactivity of the substrate with

cellular macromolecules is decreased, but in a few cases the conjugate is more reactive

than the substrate.

GSH þ RX
GST
�����! GSR þ HX ð9Þ

The formed glutathione conjugates are metabolized further by cleavage of the glutamate

and glycine residues. The resulting cysteine S-conjugate may be metabolized by N-acetyl-

transferase to mercapturic acids, which are nontoxic and are excreted via the urine (Habig

et al., 1974). The cysteine S-conjugates also can be substrates for the cysteine conjugate
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beta-lyase, which catalyzes either a beta-elimination or a transamination reaction to

produce unstable thiols. These thiols rearrange to form potent acylating species that can

covalently bind to cellular macromolecules, thereby producing cytotoxicity and

mutagenicity (Lash, 1994).

The second function of GST is performing GPX activity towards lipid

hydroperoxides, as described in part 4.3.1a (Prohaska, 1980). The third function of

GSTs is intracellular transport of hydrophobic molecules, e.g., a-tocopherol quinone,

which binds to GST and may be transported to the site of metabolism or excreted in the

bile (Arita et al., 1998). The fourth function of GSTs is reduction of the free concentration

of toxic compounds through noncatalytic binding (Jakoby, 1978).

The cytosolic classes of GSTs are differentially expressed in various tissues, and

various tissues may express different isoenzymes. The alpha and mu class isoenzymes are

predominantly expressed in the liver and kidney and to a much lower and variable extent

in other tissues (Awasthi et al., 1994). The most widely distributed isoenzyme is the pi

class; it is the GST isoenzyme most abundantly present in many tissues. Glutathione

S-transferase P occurs mostly in erythrocytes, placenta (Neefjes et al., 1999), and human

skin, and is the isoenzyme expressed mostly in tumor cells (Guthenberg and Mannervik,

1981; Neefjes et al., 1999).

The genes for the mu and pi isoform of GST are polymorphic, and gene deletions for

these genes occur quite often in human populations. The GST isoenzymes of the mu class

are expressed in only 60% of the human population. In various epidemiological studies it

has been reported that people homozygous for GST M1 deletions have an increased risk

for the development of lung, bladder (Poppel van et al., 1992; Salagovic et al., 1998), and

thyroid cancer (Morari et al., 2002). This is probably due to the fact that GST M and GST P

are important in the detoxification reactions of polycyclic aromatic hydrocarbon (PAH)

carcinogenic intermediates (Butkiewicz et al., 2000). Thus inhibition of the GST activity

can increase the occurrence of different types of cancer because the harmful compounds

cannot be detoxified. Also, the risk for other diseases e.g., cardiovascular diseases, will

increase, because the detoxification of harmful products of lipid peroxidation (4-hydroxy-

2-nonenal), which are usually detoxified by GST (Ketterer, 1998), is also diminished. In

tumor cells, however, GST may detoxify chemotherapeutics or its metabolites, decreasing

the efficacy of the drug. In this way GST expression contributes to resistance against

cytostatic drugs (Schultz et al., 1997). In this case inhibition of GST will be beneficial.

Another possible effect of inhibition of GST activity can be achieved by a

conformational change in the molecule induced by the inhibitor. In the normal

configuration GST can form a complex with Jun-JNK signal transduction proteins. In this

way the C-jun terminal kinase is inhibited. After a conformational change of GST it cannot

form a complex with Jun-JNK, enabling JNK phosphorylation of C-Jun, which is a stable

and active transcription factor (Adler et al., 1999). Overexpression or hyperactivation of

C-Jun can lead to uncontrolled proliferation and apoptosis.

A number of GST inhibitors have been described in literature but the only active in

vivo inhibitors of GSTs are ethacrynic acid and a number of glutathione-derived structures

(Iersel van et al., 1997). However, the glutathione-derived structures preferentially inhibit

GST A (Ouwerkerk-Mahadevan and Mulder, 1998), whereas for inhibition of multiple

drug resistance it is better to inhibit GST P, because GST P is the predominant form of

GST present in human tumors.
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Glutathione S-transferase P is preferentially inactivated by sulfhydryl group modifiers

such as N-ethylmaleimide (NEM) (Shen et al., 1991). The cysteine residues at position 14,

47, 101 and 169 from the N-terminus are involved in this inhibition. The most reactive

thiol group is Cys47 (Chang et al., 2001; Nishihira et al., 1992).

The three microsomal GSTs are members of the MAPEG proteins, which is a

widespread superfamily. All the members of the family have a comparable size, ranging

from 147 to 161 amino acids (Jakobsson et al., 1999; 2000). The amino acid sequence of

MGST is not related to that of the cytosolic transferases, and the trimer of MGST consists

of 154 amino acids per subunit (DeJong et al., 1988). Of the three microsomal GSTs the

MGST 1 is most widely expressed. Up to 3% of the protein in liver microsomes consists of

MGST 1 (Jakobsson et al., 2000), and 80% of it is located on the endoplasmic reticulum

(Morgenstern et al., 1984).

Cytosolic and microsomal GST catalyze the same type of reactions, but there are also

various differences between the cytosolic and microsomal GSTs. Firstly, the molecular

weight of the subunits of MGST is much lower compared to the CGST subunits. Secondly,

each subunit of MGST contains only one cysteine residue, whereas CGST subunits contain

more than one cysteine group. Thirdly, CGST and MGST differ in substrate specificity;

MGST has a very restricted substrate specificity compared to CGST (Morgenstern et al.,

1982). A fourth difference between CGST and MGST is expressed when GST performs its

peroxidase activity. While both MGST and CGST can reduce organic hydroperoxides by

themselves, only MGST can reduce phospholipid hydroperoxides itself; CGST requires

the participation of phospholipase A2 for the reduction of phospholipid hydroperoxides

(Lundqvist et al., 1992; Sevanian et al., 1983). The fifth difference between MGST and

CGST is a difference in modification. Activation of MGST is caused by modification of

the sulfhydryl group with the thiol-modifying compound N-ethylmaleimide (NEM)

(Haenen et al., 1987; Horbach et al., 1993; Ji and Bennett, 2002; Ji et al., 2002;

Morgenstern et al., 1979), limited proteolysis, thiol-disulfide exchange, and ROS (e.g.,

ONOO2, H2O2, and O z2
2 Þ (Aniya and Naito, 1993; Ji and Bennett, 2002). Activation of

MGST occurs when SH-reactive electrophiles need to be detoxified (Haenen et al., 1988).

Of the CGSTs it is known that they can be inactivated by NEM or other forms of ROS, e.g.,

H2O2 (Shen et al., 1991).

4.3.1d. Multidrug Resistance-Associated Protein (MRP)

The formed GSH conjugates, due to GST activity, have to be released from the

intracellular compartment because these products give rise to a potent product inhibition

of the GSTs (Burg and Mulder, 2002).

The GSH conjugates are eliminated from the cell to undergo further metabolism and

to be excreted from the organism by energy-dependent efflux pumps. An example of such

a pump is the glutathione S-conjugate transporter, also called the Multidrug Resistance-

associated Protein (MRP) (Hayes and McLellan, 1999; Suzuki and Sugiyama, 1998). The

MRP is a multigene family of transport proteins that comprise at least six members. The

most important proteins of this family are MRP1 and MRP2. They can transport drugs and

glutathione conjugates out of the cell. Also, GSSG can be transported out of the cell by

MRP. Although a poor substrate for the protein, GSH is required either as an activator or a

cotransport substrate for the protein (Borst et al., 1999).
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Changing the expression or activity of MRP can have a variety of clinically important

effects. Firstly, the excretion of endogenous compounds is impaired, resulting in different

types of diseases e.g., hyperbilirubinemia. Secondly, the clearance of many clinically

important drugs, including cancer chemotherapeutics, can be altered. Thirdly, cell redox

status or response to oxidative stress can be altered since GSSG is a substrate for MRP

(Gerk and Vore, 2002).

4.3.2. Antioxidant Function

The antioxidant role of GSH is the detoxification of electrophilic/oxidizing drugs and

protection against lipid peroxidation. The thiol moiety of GSH is responsible for this

antioxidant effect. The reduced form of the tripeptide is able to scavenge reactive species

such as ROS, e.g., OHz, HOCl, peroxynitrite, ROz, carbonyl-centered radicals, and 1O2.

Also, GSH is able to bind Cuþ through the cysteine thiol group, which leads to copper

delivery to the apoprotein copper enzymes. By binding copper, GSH reduces the

dangerous effects of free intracellular copper by decreasing potentially toxic reactions

among metals and oxygen (Fenton reaction) (Filomeni et al., 2002).

4.3.3. Pro-oxidant Activity

When the gamma-glutamyl bond between Glu and Cys in GSH is hydrolyzed by GGT

(part 4.2) cysteinyl-glycine is released. Most of the times this product is cleaved and the

amino acids are used in GSH synthesis. However, the cysteinylZglycine moiety can also

have a pro-oxidant effect (Stark et al., 1993). The reactive thiol in the Cys–Gly can

interact more efficiently than does GSH, with trace levels of iron ions present in the cell

environment. This could cause the reduction of ferric iron (Fe3þ) to ferrous iron (Fe2þ),

which is the start of a redox-cycling process, resulting in the production of ROS, i.e.,

superoxide anion in the first place, as well as thiyl radicals (–Sz), and eventual stimulation

of oxidative reactions such as lipid peroxidation. So, during the catabolism of GSH some

pro-oxidant species can be formed, which can induce lipid peroxidation but can also react

with critical targets in the intracellular signal transduction cascade.

4.3.4. Nonantioxidant Function

In cases of oxidative stress, GSSG can accumulate and form protein–glutathione

mixed disulfides. The formation of these disulfides can result in impaired protein function.

A significant number of proteins that have critical thiols and are involved in signaling

functions, e.g., receptors, proteins involved in ubiquination, protein kinases, and some

transcription factors, can be altered in their function. In this way GSSG acts as a

nonspecific signaling molecule (Brigelius et al., 1983; Dickinson and Forman, 2002).

When transcription factors are altered, the capability of the protein to bind to DNA is

inhibited. This results in inhibition of the effects of transcription factors and eventually to
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apoptosis (Filomeni et al., 2002). Therefore, it can be concluded that the GSH/GSSG

redox pair can work as a sensor of oxidative stress.

5. INTERPLAY BETWEEN VITAMIN E AND GLUTATHIONE

(-DEPENDENT ENZYMES)

5.1. Interplay of Vitamin E and GSH in Lipid Peroxidation

Lipid peroxidation has been implicated as a major process in cellular damage.

Glutathione is found to be a potent inhibitor of microsomal lipid peroxidation. Addition of

GSH to rat liver microsomes, in which lipid peroxidation is induced, delayed the

occurrence of lipid peroxidation (lag time). However, the maximal degree of lipid

peroxidation [measured as thiobarbituric (TBA)-reactive material] is equal in incubation

with or without GSH (Fig. 10) (Haenen and Bast, 1983).

This GSH-dependent protection proceeds via a heat-labile factor, probably an

enzyme, because the protection is lost after heating of the microsomes (Haenen and Bast,

1983; Haenen et al., 1992; Scholz et al., 1989). The GSH-dependent protection is also

absent in vitamin E depleted microsomes (Haenen et al., 1992; Reddy et al., 1982). It has

been suggested that interplay exists between vitamin E radicals and GSH. Probably, the

nonenzymatic reaction between GSH and the vitamin E radical is too slow due to the

location of the vitamin E radical (membrane) and GSH (cytosol) in different

compartments. It can be concluded that the protein involved has the characteristics of

an enzyme. It has been suggested that this protein functions as a reductase. Although this

reductase activity has never been demonstrated, the protein is often called free radical

Figure 10. Influence of GSH (1 mM) on the time-course of lipid peroxidation in control

microsomes with ð- - -Þ and without (—) addition of GSH.
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reductase (FRR) in literature. It regenerates a-tocopherol from the a-tocopherol radical

(Graham et al., 1989; Haenen and Bast, 1983; Haenen et al., 1992) (Fig. 11). Additional

studies indicate that the protein itself contains an essential and vulnerable thiol moiety and

is selective for GSH as a cofactor. Glutathione disulfide and other disulfides e.g., cysteine,

cystamine, mercaptoethanol, and dithiothreitol, had no effect on the reductase activity of

the protein (Burk, 1983; Haenen et al., 1987; 1989; Scholz et al., 1997).

The maximal degree of lipid peroxidation in control microsomes and GSH-

supplemented microsomes can be explained by the fact that FRR is vulnerable to oxidative

stress. A product of lipid peroxidation, 4-hydroxy-2-nonenal, blocks the reductase

function of FRR by alkylating the SH-moiety in the enzyme (Haenen et al., 1987). The free

radical reductase is not specific for a-tocopherol, but also acts with other compounds

containing a free hydroxyl group, such as propofol (Aarts, 1995) or some flavonoids such

as fisetin and naringenin (Acker van et al., 2000).

Not all the formed a-tocopherol radicals are reduced to a-tocopherol by GSH and

FRR. The a-tocopherol radicals that are not reduced can be oxidized further to

a-tocopherol quinone. In microsomes with a low a-tocopherol level, a-tocopherol

quinone counteracts the reduction of a-tocopherol radical to a-tocopherol and in this way

inhibits the GSH-dependent protection against lipid peroxidation. A possible explanation

for this effect is that a-tocopherol quinone competes with a-tocopherol for binding to the

FRR. The a-tocopherol binding is superior to the binding of a-tocopherol quinone to FRR

(Haaften van et al., 2001a).

5.2. Reduction of a-Tocopherol Quinone by GSH

It is demonstrated that a-tocopherol quinone can be converted into a-tocopherol in

humans (Moore and Ingold, 1997). As described in the previous section (5.1),

a-tocopherol is regenerated from the a-tocopherol radical by microsomal GSH-dependent

free radical reductase. The assumption that a-tocopherol quinone can also be reduced to

a-tocopherol by GSH was examined, both after direct interaction of a-tocopherol quinone

and GSH and in liver microsomal membranes. These membranes contain an important

radical-producing system and a high content of a-tocopherol, and once the lipophilic

Figure 11. Interaction of a-tocopherol and GSH in the protection against lipid peroxidation.

a-Tocopherol radicals are regenerated to a-tocopherol by GSH. The reaction is catalyzed by a free

radical reductase. Not all a-tocopherol radicals will be reduced to a-tocopherol. Some a-tocopherol

radicals will oxidize further to a-tocopherol quinone.
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a-tocopherol quinone is formed it is likely to be retained within the microsomal

membrane. Moreover, the microsomes contain the GSH-dependent free radical reductase

(Haenen and Bast, 1983; McCay et al., 1989). It was shown that no reduction of

a-tocopherol quinone by GSH to a-tocopherol or a-tocopherol hydroquinone occurred

either directly in solution or in microsomes. So, the observed reduction of a-tocopherol

quinone to a-tocopherol in humans is not due to direct interaction or to a GSH-dependent

reaction with a-tocopherol quinone in liver microsomes (Haaften van et al., 2001a). The

mechanism of the reduction of a-tocopherol quinone to a-tocopherol is not known yet. It

is assumed that it occurs by vitamin C (Wijesundara and Berger, 1994). But other

investigators found that it would not happen by one of the natural reductants (Kohar et al.,

1995) or even would not happen at all (Hughes and Tove, 1980).

5.3. Effect of Vitamin E on GST Activity

It is known that the pi form of GST is very susceptible to oxidative stress (Neefjes

et al., 1999). So, it was assumed that antioxidants like vitamin E could have a protective

effect on GST P.

Indeed, Chen and Shiau showed an increase in the activity of GST due to vitamin E

treatment, which means that GSTs can be induced by vitamin E (Chen and Shiau, 1989). It

is also shown that vitamin E can protect GST, because deficiency of vitamin E can lead to

impairment of GST in microsomes (Tampo and Yonaha, 1990).

However, contrary to these two findings, some researchers have shown that rats fed a

diet deficient in vitamin E and selenium have an increased GST activity (Mehlert and

Diplock, 1985; Stone and Dratz, 1980). And it was also demonstrated that tocotrienol and

tocopherol treatment of rat hepatocyte cultures significantly decreased GST activities at

days 1–3 (Ong et al., 1993). In vitro studies with isolated human GST P1-1 isoenzyme

also show that tocopherols, tocotrienols, a-tocopherol derivatives, and a-tocopherol

quinone can inhibit the GST activity in a concentration dependent manner (Haaften van

et al., 2001b,c; 2002). This inhibition is noncompetitive with respect to the substrates GSH

and 1-chloro-2,4-dinitrobenzene (CDNB).

6. CONCLUDING REMARKS

As described in part 3.3, vitamin E has multiple functions. It has antioxidant activity,

some pro-oxidant and also nonantioxidant effects. In all three groups of effects, anti-, pro-,

and nonantioxidant, vitamin E can interplay with glutathione (-dependent enzymes)

(part 5).

It is known that the various vitamers of vitamin E have comparable antioxidant

activity. Some metabolites (a-tocopherolhydroquinone) have antioxidant activity, and

vitamin E participates in an elaborate antioxidant network, which also involves GSH.

Apparently the antioxidant/pro-oxidant effects of vitamin E are not specific. It is also

possible that vitamin E or its metabolites display pro-oxidant activity, depending on

the oxidation state of the cell. The nonantioxidant functions of vitamin E are more specific

because the different vitamers can perform different or even antagonistic activities.
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For instance, a-tocopherol inhibits PKC and b-tocopherol antagonizes this; tocotrienols

inhibit HMG-CoA reductase and tocopherols do not. However, multiple vitamers of

vitamin E can inhibit GST activity.

To test the antioxidant effects of vitamin E some human clinical intervention studies

have been performed. However, as already described in part 3.3.3 these studies do not lead

to a unequivocal conclusion. The nonantioxidant functions of vitamin E have not been

investigated in clinical intervention studies. Which function of vitamin E is more

important—the antioxidant or the nonantioxidant function—is a question that should be

raised.

In 1967 it was already proposed by Olson and Carpenter that a-tocopherol functions,

in cooperation with a regulatory gene, to control excessive synthesis of catabolic enzymes.

Vitamin E deficiency reduces the serum creatine phosphokinase content by reduction of its

synthesis (Olson and Carpenter, 1967). More recently, Azzi and Stocker have also

Figure 12. The paradoxical functions of vitamin E and glutathione. In a reduced state a functional

cellular antioxidant network with vitamin E and glutathione is active. To combat oxidative damage

these compounds act together with FRR to prevent the process of lipid peroxidation. (1) Changing

the ratio of ROS/antioxidants towards ROS will induce oxidative damage. Supplementation of

vitamin E or GSH will protect the cell. (2) During adaptation to oxidative stress the nonantioxidant

functions of vitamin E and GSH take place. The consequences of these nonantioxidant functions can

be opposite. (3) When the antioxidant functions are not adequate, severe oxidative damage takes

place in the cell. Vitamin E and GSH can display a pro-oxidant action by accelerating oxidative

damage by reacting with traces of transition metal ions. Also a-tocopherol quinone can perform pro-

oxidant effects in the process of lipid peroxidation. (4) Eventually this will lead to apoptosis and/or

necrosis.
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reported that the antioxidant effect of vitamin E is not the primary action of vitamin E.

Diverse cellular functions of vitamin E, unrelated to their antioxidant activity, are known

(part 3.3.3). For these functions vitamin E would act as sensor for oxidative stress due to its

oxidizability which means that it triggers the cellular response toward oxidative stress

(Azzi and Stocker, 2000; Stocker et al., 1999). Also, some gene-regulatory functions of a-

tocopherol have been displayed (Azzi et al., 2002a,b; Ricciarelli et al., 2002), e.g., up-

regulation of a-tropomyosin expression by a-tocopherol, and not by b-tocopherol.

Probably this is indirectly elicited via inhibition of PKC activity due to a-tocopherol

(Aratri et al., 1999). Overexpression of tropomyosin in vascular smooth muscle cells

diminishes the blood pressure via decreasing the contractility or the smooth muscle cells.

Despite the diverse and in part potentially negative effects of vitamin E, it is used in

many products, including cosmetic products and food supplements. Probably it would be

better to know more about the status, e.g., oxidant status, of the patient before using

vitamin E as a supplement (Halliwell, 2000). As indicated in Fig. 12, vitamin E and GSH

can perform different actions during the diverse oxidation states of the cell. At the

beginning of oxidative damage it is useful to have more vitamin E and GSH, but at severe

oxidative damage these compounds can display pro-oxidant activity.
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