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ABSTRACT 

Antioxidant reactions of vitamin E (a-tocopherol, a-TH) were studied by 

examining the fate of a-TH during oxidative challenge to isolated rat liver mitochondria 

and isolated perfused rat liver. The overall goal of this dissertation was to identify the 

products of antioxidant reactions of a-TH and to determine the relationship between the 

status of a-TH, lipid peroxidation, and mitochondrial function. In isolated mitochondria, 

products ofa-TH oxidation induced by the radical initiator 2,2'-azobis(2-amidinopropane) 

dihydrochloride (ABAP) were a-tocopherolquinone (a-TQ), 

a-tocopherolquinone-2,3-oxide (a-TQE 1), and a-tocopherolquinone-5,6-oxide 

(a-TQE2). ABAP induced lipid peroxidation after 50 % of the initial a-TH was depleted 

and decreased the respiratory control ratio and state 3 and state 4 respiration. In isolated 

perfused rat liver, the principal products of a-TH oxidation induced by 

tert-butylhydroperoxide (t-BuOOH) were a-TQ and epoxyquinones a-TQE 1/a-TQE2, 

which were formed from acid-labile 8a-substituted tocopherones and 

epoxyhydroperoxytocopherones, respectively. t-BuOOH increased gluconeogenesis and 

decreased ketogenesis, as indicated by increases in lactate and pyruvate and decreases in 

acetoacetate (AA) and 13-hydroxybutyrate (13-HBA) in the effluent. In addition, there was 

a shift to a more oxidized state in mitochondria, as evidenced by a decrease in the 

13-HBNAA ratio, a measure of NADHlNAD+ ratio in the mitochondria. t-BuOOH 

increased lipid peroxidation, which was measured by thiobarbituric acid-reactive 
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substances in the effluent and decreased the mitochondrial respiratory control ratio. 

Dietary supplementation with a-TH increased a-TH levels 7-10 fold, decreased hepatic 

lipid peroxidation and reversed the mitochondrial uncoupling effects oft-BuOOH, but did 

not effect changes in metabolism. These studies provide the first comprehensive 

description of the oxidative turnover of vitamin E in a biological system. 



CHAPTER 1 

INTRODUCTION 

13 

Vitamin E was first discovered in 1922 by Evans and Bishop, who found that rats 

fed a fat rancid diet suffered a loss of fertility through the resorption of the fetus. It was 

subsequently found that this loss of fertility was prevented by supplementing the diet with 

small amounts of fresh lettuce, wheat germ, or dried lucerne leaves. The factor .. 

responsible for this infertility was designated IIvitamin Ell to follow the then recognized 

vitamin D. In the early 1930's, vitamin E was found to be necessary not only to prevent 

infertility in female rats, but also to prevent the sterility of male rats (Mason, 1933) and 

chickens (Adamstone & Card, 1934), encephalomalacia in chicks (pappenheimer & 

Goettsch, 1933) and nutritional muscular dystrophy in rabbits and guinea-pigs (Goettsch 

& Pappenheimer, 1931). It was not until the mid-1960's, however, that a human vitamin 

E deficiency state was conclusively defined upon the intensive study of the genetic 

disorder abetalipoproteinemia. Since then similar vitamin E deficiency states have been 

reported in humans, primarily due to fat malabsorption disorders (Sokol, 1989). Vitamin 

E deficiency results in anemia, neuromuscular and neurological disorders. 

Vitamin E is the generic term for a group of eight tocopherol and tocotrienol 

derivatives (Figure 1) (for review see Machlin, 1980). The biological activity of these 

compounds can be measured by a number ofbioassays based on the reversal of symptoms 

that occur in animals subjected to vitamin E deficiency. The classical assay to test for 
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TOCOPHEROLS 

a-tocopherol p-tocopherol 

HO 

'Y-tocopherol a-tocopherol 

TOCOTRIENOLS 

a-tocotrienol p-tocotrienol 

'Y-tocotrienol a-tocotrienol 

Figure 1. Structures of vitamin E compounds. 
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vitamin E activity is the rat fetal resorption assay. The relative order ofbiopotency based 

on this test is a. > p > y > 0 for the tocopherols (Bunyan et aI., 1961; Century & Horwitt, 

1965). Of the much less abundant tocotrienols, only the a.- and p-tocotrienols have been 

tested and again, the a.-form is most active, but is much less active than its tocopherol 

counterpart. Since a.-tocopherol (a.-TH) is the most active form of this class of 

compounds, the term vitamin E often refers to a.-TH and will be as such in the remainder 

of this dissertation. 

In recent years, vitamin E has attracted great interest because of its potential to 

prevent or improve many disease states, possibly due to its antioxidant properties. The 

"antioxidant" theory of vitamin E function was first suggested by the findings of Dam and 

Granados (1945) that peroxides appeared in the adipose tissue of animals fed vitamin E 

deficient diets. They further demonstrated that a variety of the symptoms of vitamin E 

deficiency were alleviated by a number of synthetic antioxidants (Dam, 1957; Dam, 1962). 

Although it has been known for some time that vitamin E is effective at scavenging 

freel radicals, it has only been recently that the chemistry of vitamin E antioxidant turnover 

has been investigated (see Liebler, 1992, 1993 for review). The purpose of the present 

studies was to investigate the antioxidant function and turnover of vitamin E in an intact 

biological membrane, in this case mitochondria. Products that result from vitamin E 

reaction with peroxyl radicals can provide specific indicators of the antioxidant reactions 

of vitamin E in biological tissues. This introductory chapter is divided into sections to 

review 1) evidence to support the role of vitamin E in various disease states and its 
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possible toxicities, 2) the role of cellular antioxidants in the protection against oxidative 

damage, 3) a review of what is currently known about the antioxidant chemistry of vitamin 

E and the possible role of other antioxidants in the recycling of vitamin E, and 4) a review 

of mitochondrial function, the role of oxidative damage in mitochondria and cellular 

survival, and the role of mitochondrial antioxidant status. 

VITAMIN E AND HEALTH EFFECTS 

Cancer 

The theory that free radicals are involved in the process of cancer initiation and 

promotion is gaining support. Although cancer has many causes and a long latency 

period, animal models in which to study chemical carcinogenesis have evolved which 

allow for systematic investigation of the process of tumor formation (Harris, 1991; 

Archer, 1986). Although a number of factors appear to be involved in the development of 

carcinogenesis (i.e., diet, viruses, genetic susceptibility and environmental factors) the use 

of chemical carcinogens in animal models allows for the study of the different stages of 

tumor development and metastasis. 

It is now currently accepted that there are three stages of cancer development, 

initiation, promotion and progression (Archer, 1986, Harris, 1991). Initiation is described 

as the event in which DNA is altered in an irreversible and heritable manner. In contrast 
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to initiation, promotion generally involves a series of reversible cellular changes and 

results in the proliferation and clonal expansion of initiated cells. The final stage of 

carcinogenesis is progression, which has been described as the point at which a benign 

lesion becomes a malignant neoplasm. The role of free radicals in the first two stages of 

this three stage process has been reviewed numerous times (Floyd, 1990; Mamett, 1987; 

Perchellet and Perchellet, 1989). Evidence for this role is supported by the fact that 

conditions in which free radicals are generated lead to an increased rate of carcinogenesis. 

Studies with Animal Models and III Vitro Studies 

A number of studies in cell culture systems have suggested a protective role for 

vitamin E by inhibiting cell transformation. Borek has shown that vitamin E acts a an 

anticarcinogen by inhibiting transformation induced by radiation and various chemical 

carcinogens (Borek, 1993). Using C3H 10TY2 cells, Borek showed that pretreatment with 

vitamin E as a-tocopherol succinate, inhibited the transformation of cells exposed to 

radiation, benzo[a]pyrene and tryptophane pyrolsate (Borek et aI., 1986). In another 

study, a-tocopherol succinate inhibited the growth of mouse melanoma cells in culture and 

altered their appearance such that they appeared more like normal cells (Prasad and 

Edward-Prasad, 1982). Additionally, when a-tocopherol succinate was removed 4 days 

after treatment, these changes remained irreversible for a period of 24 hr. Vitamin E, 

either applied topically or through dietary supplementation has also proven to be effective 
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against the development of skin cancer in mice induced by ultraviolet irradiation (Gensler 

and Magdaleno, 1991; Gerrish and Gensler, 1993). 

Epidemiology and Human Clinical Trials 

Epidemiological studies on the protective effects of vitamin E against the 

development of cancer have produced some conflicting results. A study on the risk of 

breast cancer in women showed that low serum levels of vitamin E led to a greater risk for 

the development of breast carcer (Ward et aI., 1984). Another study, however, did not 

show the same effect (Willett and Polk, 1984). A prospective epidemiological study in 

Basel, Switzerland showed there was a correlation between low serum vitamin E levels 

and an increased incidence of colon cancer (SUihelin et aI, 1984). In a lO-year follow-up 

study of Finnish men in which serum samples were collected during a baseline examination 

in 1968-1972, high serum levels of a.-tocopherol were associated with a reduced risk of a 

number of cancers, including cancers of the stomach pancreas and urinary organs (Knekt 

et aI., 1988). When numbers were adjusted for serum cholesterol, vitamin A and 

selenium, a reduced risk was still observed. A study in Maryland on serum levels of 

p-carotene, vitamins A and E, and selenium and the risk of lung cancer showed that levels 

of vitamin E were lower in cases oflung cancer (Menekes, et aI., 1986). 

In additions to epidemiological studies, there are a number of clinical studies 

recently completed and currently ongoing to study the relationship between vitamin E 

supplementation and reduced cancer risk. The results of a recently completed study in 
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Linxian, China, where there is a very high risk of esophageal cancer, indicated a reduction 

in the incidence of stomach cancer and esophageal cancer when vitamin E supplements 

were given in combination with selenium and f3-carotene (Blot et aI., 1993). Additionally, 

a study of male smokers in Finland showed that supplementation with vitamin E lead to a 

decreased risk of prostate cancer (Heinonen et aI., 1994). They did not, however, see any 

effects on the incidence of lung cancer after 5-8 years of supplementation. This result, 

however, may not be surprising since the mean age at entry of study was 50-69 years of 

age and the average subject smoked a pack of cigarettes a day for 36 years. It was very 

likely that the subjects in this study that developed lung cancer during this short term of 

supplementation, were well beyond the initiation and promotion stages of carcinogenesis, 

the stages of carcinogenesis for which vitamin E is proposed to exert its protective effects. 

A similar result was seen when vitamin E failed to prevent the recurrence of colorectal 

adenoma (Greenberg et aI., 1994). Again, however, the subjects used in this study may 

have been beyond the initiation and promotion stages of carcinogenesis, since all subjects 

had at least one histologically confirmed adenoma removed from the large bowel before 

entrance into the study (Greenberg et aI., 1994). Studies with vitamin E supplements in 

women and the risk of breast cancer showed no decrease in the risk (Hunter et aI, 1993). 

Currently there are a number of other ongoing clinical studies on the relationship between 

vitamin E status and the development of cancer (see Palmer, 1994 for review) 
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Cardiovascular Disease 

Increasing evidence suggests that free radicals are involved in the pathogenesis of 

atherosclerosis. The oxidation of low density lipoproteins (LDL) has been proposed to be 

involved in the early stages of atherosclerosis development (for review, see Esterbauer et 

aI., 1990). Evidence to support the oxidized LDL theory comes from findings that 1) 

oxidized LDL is highly cytotoxic, and thereby could damage the endothelial layer seen in 

atherosclerotic plaques, 2) oxidized LDL recruits blood monocytes which can develop 

into tissue macrophages owing to it chemotactic properties and 3) the uptake of oxidized 

LDL by macrophages is unregulated and thereby causes the formation offoam cells, cells 

present in early atherosclerotic lesions. 

The role of vitamin E in the prevention ofLDL oxidation has been studied in cell 

culture, animals and humans. In culture with macro phages, vitamin E supplementation 

inhibited the oxidation ofLDL mediated by copper, inhibited the accumulation ofLDL in 

macrophages, and prevented the stimulation of cholesteryl ester formation in macrophages 

(Suzukawa, et aI., 1994). Vitamin E has also been shown to be consumed during 

macrophage-mediated LDL oxidation (Jessup et aI., 1990). When rabbits fed a cholesterol 

diet were also fed a vitamin E-enriched diet, there was a decrease in lipid peroxidation and 

a reversal of impaired endothelium-dependent responses to acetylcholine associated with 

cholesterol feeding (Matz et aI., 1994). Studies have also shown a decrease in lipid 

peroxidation of blood and aortic tissue when rabbits fed a high cholesterol diet were also 
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fed vitamin E (Prasad and Kalra, 1993). The oxidation ofLDL in diabetic rats was also 

lowered by vitamin E supplementation (Morel and Chisolm, 1989). The histological 

changes seen indicating atherosclerotic development, however, were only marginalIy 

improved in the vitamin E fed rat. In experimentalIy induced primate atherosclerosis, 

examination of the carotid arteries by ultrasound scanning revealed a regression in stenosis 

in animals fed a vitamin E supplemented diet (Verlangieri and Bush, 1992). 

In addition to studies with animals, there is a growing body of evidence in humans 

that vitamin E plays a protective role against the development of atherosclerosis. A 

decrease in plasma lipid peroxides of healthy volunteers with hyperlipidemia was seen with 

dietary supplementation with vitamin E (Szczeklik, et aL, 1985). Although consumption 

of280 mg of vitamin E acetate/d for 10 wk did not decrease the amount of plasma 

lipoprotein in male smokers and nonsmokers, it was shown to decrease the amount of lipid 

peroxidation and platelet counts (Brown et aI, 1994). When vitamin E was taken in 

conjunction with vitamin C and p-carotene by both men and women, LDL from 

supplemented subjects showed an increased resistance to oxidation (Abbey et aL, 1993). 

In addition to decreasing LDL oxidation, vitamin E has also been shown to decrease 

platelet aggregation induced in healthy adults, patients with high blood -lipid levels, and 

oral contraceptive users (Steiner, 1983; Renaud et aL, 1987). Two large scale 

epidemiological studies, in both men and women, also show a decreased risk of coronary 

heart disease with daily intakes of vitamin E of greater than 100 mg (Stampfer et aI., 1993; 
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Allowance (RDA). 
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The protective effects of vitamin E in cardiovascular disease may go beyond 

atherosclerosis to other circulatory conditions. It has also been suggested that vitamin E 

could playa protective role in ischemia/reperfusion injury, such as that seen in stroke, 

myocardial ischemia, and cardiopulmonary bypass procedures (for review see Floyd, 1990; 

Simpson and Lucchesi, 1987). Vitamin E protects rat hearts subjected to postischemic 

injury potentiated by magnesium deficiency (Kramer et aI., 1994). In dogs that underwent 

coronary artery occlusion and 6 hr reperfusion, dietary vitamin E supplementation 

prevented lethal ventricular arrhythmias (Sebbag et aI., 1994). A single large dose of 

vitamin E 12 hr prior to cardiopulmonary bypass surgery resulted in a significant decrease 

in hydrogen peroxide and lipid peroxidation and prevented the loss of plasma vitamin E as 

compared to those who received no vitamin E prior to surgery (Cavarocchi, et aI., 1986). 

Air Pollution and Smoking 

The effects of smoking and air pollution on the lung are thought to involve the 

generation of free radicals. The vitamin E content ofbronchoalveolar lavage fluid of 

smokers was found to be decreased relative to that of non-smokers (Pacht, et ai, 1986). 

In other studies vitamin E supplementation was found to decrease lipid peroxidation in 

smokers, measured by breath pentane output (Shariff et ai, 1988). Lipid peroxidation in 

rat lung and liver microsomes exposed to nitrogen dioxide, a component of smog and 
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cigarette smoke, was increased in vitamin E-deficient rats as compared to rats fed a diet 

containing normal levels of vitamin E (Sevanian et aI., 1982). Vitamin E has also been 

suggested to playa role in the mediation of ozone toxicity in the lung (for review see 

Pryor, 1991). Vitamin E has been shown to protects polyunsaturated fatty acids against 

the oxidative effects of ozone and animals deficient in vitamin E showed an increased 

susceptibility to the effects of ozone. 

Vitamin E Toxicity 

One of the attractive features of using vitamin E as a chemopreventative agent is 

that it appears to be virtually nontoxic at doses used for supplementation, which are up to 

10-15 fold times the RDA. There have been, however, a few reported cases in which 

vitamin E may have been the causative agent in toxicity. In a thirteen-week toxicity study 

of d-<X.-tocopherol in Fischer 344 rats, it was found that a dose of 2000 mg/kg given by 

gavage in corn oil, resulted in 7 deat~ i': i~l.1t of 10 rats during wk 9-11 resulting from 

internal hemorrhage (Abdo et aI., 1986). In this study, a number of other changes in the 

blood and the lung. The lowest dose in this study, however, was approximately ten times 

greater than what is considered to be maximal human consumption (1000 IU/d), and is 

even greater when normalized to body weight. A number of reports have shown an 

increased incidence in necrotizing enterocolitis in low birth weight infants (Sobel et aI., 

1982; Johnson et aI., 1983; Finer et aI., 1984). It has also been suggested that vitamin E 

could attenuate the toxicity of 6-hydroxydopamine in rats (Cadet et aI., 1989). A study 
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of vitamin E supplementation in man at levels of 100 to 800 IU/day for an average of3 

years and healthy older adults (:::: 60 y) showed no evidence of toxicity in a number of 

measured parameters (FarrelI and Bieri, 1975; Meydani, 1994). 

There is no evidence that vitamin E is carcinogenic. However, when applied 

topicalIy, vitamin E was shown to be a complete tumor promoter in mouse skin, similar to 

the classical tumor promoter 12-0-tetradecanoylphorbol-13-acetate (Mitchel and 

McCann, 1993). The results of this study, however, contradict reports that vitamin E ill 

vivo acts as an antipromoter (PerchelIet et aI, 1985; Mahoney and Azzi, 1988; Sakamoto, 

1990; Boscohoinik, et aI., 1991; Ham et aI., 1990). 

CELLULAR ANTIOXIDANT PROTECTION 

CelIs have evolved a number of defenses against oxidative insult. These defenses 

can be divided into two categories, enzymatic and non-enzymatic (Table 1) (for reviews 

see Cotgreave, 1988; Sies, 1993; Halliwell, 1994). In addition to direct acting 

antioxidants, there are also a number of enzymes that act in conjunction with antioxidants, 

but have no direct antioxidant effect. 
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Enzyme-Dependent Antioxidant Defenses 

Among the most ubiquitous enzyme-dependent antioxidants are the superoxide 

dismutases (SOD), which comprise a family of enzymes. SOD catalyzes the dismutation 

of superoxide to hydrogen peroxide and oxygen (eq 1). 

These enzymes increase the rate of spontaneous dismutation by approximately four orders 

of magnitude at physiological pH (Fridovich, 1986). Mammalian cells contain two 

different types of SOD. Mitochondria contain a mangenses SOD (MnSOD), whereas 

cytosolic SOD utilize copper and zinc (CuZnSOD). A third mammalian enzyme has been 

found in human plasma and contains copper. A mutation in CuZnSOD has been found to 

occur in the familial dominant form of amyotrophic lateral sclerosis (Robberecht et aI., 

1994), a disease that causes the degeneration of motor neurons. Transgenic mice that 

express the mutated form of CuZnSOD to show signs of motor neuron degeneration 

(Gurney et aI., 1994). 

There are several enzymes that detoxify hydroperoxides (reviewed in Cotgreave et 

aI., 1988; Halliwell, 1994). Catalases protect the cell from the oxidative effects of 

hydrogen peroxide. Hydrogen peroxide can be formed in the cell by a number of normal 



Table 1. Cellular Antioxidant Defenses 

Enzymatic 

Superoxide dismutases 

Glutathione peroxidases 

Catalase 

Thioredoxin 

Non-enzymatic 

ex-tocopherol (vitamin E) 

Ascorbate (vitamin C) 

Glutathione 

Metal binding proteins 

Uric acid 

~-Carotene 

Flavonoids 

Ancillary enzymes 

Glutathione-S-transferases 

UDP-glucuronosyl-transferases 

NAD(P)H quinone reductase 

Glutathione reductase 

Pyridine nucleotide transhydrogenase 

26 
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endogenous sources, as well as during toxic insult. Catalase detoxifies H20z by converting 

it to ~O and 0z (eq 2). 

Catalases are present in peroxisomes and are inducible. Probably of greater importance in 

detoxifying HzOz in mammalian cells are the selenium-dependent glutathione peroxidases 

(SeGSHPX). These enzymes contain a selenocysteine residue present in the active site. 

The need for selenum in this enzyme is thought to explain why selenium is an essential 

element. SeGSHPX not only catalyzes the reduction of hydro peroxide to water (eq 2), 

but also reduces some organic hydroperoxides to their corresponding alcohols. The 

reducing equivalents for the reaction this enzyme catalyzes are donated by reduced 

glutathione (GSH), which consequently is oxidized to glutathione disulfide (GSSG). The 

regeneration of GSH is catalyzed by glutathione reductase (see discussion below). In 

addition to SeGSHPX, selenium-independent glutathione transferases also have 

peroxidase activity. These enzymes do not reduce hydrogen peroxide, but instead, reduce 

organic hydroperoxides. Both the selenium-dependent and -independent glutathione 

peroxidases work in conjunction with phospholipase ~ to reduce phospholipid 

hydroperoxides. Phospholipase ~ is required to release the free fatty acid hydroperoxide 

from phospholipids. In addition to the other GSH peroxidase activities mentioned above, 

there is another selenium-dependent glutathione peroxidase that catalyzes the reduction of 

phospholipid hydroperoxides without the release of the free fatty acid by phospholipase. 
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Non-Enzymatic Antioxidant Defenses 

The non-enzymatic antioxidants can be classified as either preventative or 

chain-breaking antioxidants. The preventative class of non-enzymatic antioxidants 

includes metal binding proteins and other chelators that inhibit the production of free 

radicals by Fenton chemistry (reviewed in Stocker and Frei, 1991). These antioxidants 

prevent the initiation of radical chains by removing metal catalysts. Ceruloplasmin is a 

copper-transporting protein that also possesses some ability to scavenge superoxide. 

Ceruloplasmin also possesses feroxidase activity in which it can catalyze the oxidation of 

iron from the ferrous to the ferric state. Most iron in human plasma, however, is bound to 

transferrin. Under physiological conditions, the binding capacity of transferrin is only 

about 20% occupied. Transferrin inhibits Fenton chemistry since iron bound to transferrin 

is not available for catalysis. Ferritin is a ubiquitous intracellular iron binding protein. 

Other proteins that can bind metals or heme-bound iron include lactoferrin, albumin, 

haptoglobin and hemopexin. 

The chain-breaking non-enzymatic antioxidants include a number of small 

molecular antioxidants and can be further separated in two more classes, water-soluble 

and lipid-soluble (reviewed by Stocker and Frei, 1991). The water soluble antioxidants 

include glutathione, ascorbate and uric acid. In addition to its reactions with glutathione 

peroxidases, glutathione can directly reduce hydrogen peroxide. In addition, glutathione 
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can react with superoxide, hydroxyl radical and alkoxyl radicals to form the thiyl radical, 

GS·. Two thiyl radicals can then react to form glutathione disulfide (eq 3). 

GS· + GS· --) GSSG (3) 

Alternatively, GS· can react with GS-, the conjugate base of GSH, to produce GSSG·-, 

which then reduces oxygen to superoxide (eq. 4 & 5). 

GS· + GS- --) GSSG'- (4) 

GSSG'- + 0 1 --) GSSG + 0/ (5) 

Thus the cooperative interaction of GSH and SOD is thought to provide a major cellular 

defense against free radicals (Winterbourne, 1993). 

Ascorbic acid (vitamin C) has a strong reducing potential which allows it to 

scavenge superoxide, hydroxyl radicals, hydrogen peroxide and water-soluble peroxyl 

radicals. Ascorbate is also an effective scavenger of singlet oxygen. The 

semihydroascorbyl radical is formed as an intermediate during radical scavenging reactions 

(eq 6). The semihydroascorbyl radical is then oxidized by a second electron to result in 

the formation of dehydroascorbic acid (eq 7). Dehydroascorbic acid can then be reduced 

back to ascorbic acid (eq 8). 
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Uric acid is another water soluble antioxidant and is thought to be the major extracellular 

antioxidant (Ames et aI., 1981). Uric acid can also react directly with radicals and can 

stabilize ascorbic acid. 

The major chain-breaking antioxidant in biological membranes is a.-tocopherol 

(vitamin E) and will be discussed in detail later in this chapter. Other lipid soluble 

chain-breaking antioxidants include p-carotene, ubiquinol-l0 and a family of plant 

antioxidants known as flavinoids. The peroxyl radical scavenging activity of p-carotene is 

dependent upon the partial pressure of oxygen (Burton and Ingold, 1984). The reaction 

of p-carotene results in epoxide products as well as a number of more polar products and 

inhibits the propagation of peroxyl radicals (Kennedy and Liebler, 1991). Ubiquinone is 
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best known for its participation in electron transfer in the respiratory chain in 

mitochondria. In the reduced form, ubiquinol can act as an antioxidant (for review see 

Stocker and Frei, 1991). Ubiquinol can scavenge peroxyl radicals with efficiency 

comparable to that of a.-tocopherol (Frei et aI., 1990). It has even been proposed that 

ubiquinol may be involved in the recycling of a.-tocopherol (see discussion later in this 

chapter). Flavinoids are a family of phenolic antioxidants found in plants (for review see 

Kahl, 1991). They are also effective radical scavengers. Flavinoids have been proposed 

to exert their protective effect by stabilizing lipid membranes (Davila et aI., 1989). 

Ancillary Enzymes 

In addition to direct acting antioxidant enzymes, other enzymes work in 

conjunction with antioxidants to produce reducing equivalents, reduce oxidized 

antioxidants, and detoxifY electrophillic species that may generate radicals. There are a 

number of enzymes that conjugate electrophiles and thereby inhibit the production of 

reactive metabolites that can induce the production of radicals. Two families of 

conjugations enzymes include glutathione-S-transferases and 

UDP-glucuronosyl-transferases. Quinone reductases catalyzed the reduction of quinones 

to hydroquinones, and thereby prevent the production of semihydroquinone radicals 

(reviewed by Prochaska and Talalay, 1991). Of particular importance are the number of 

enzymes that work in conjunction with glutathione peroxidase. GSSG reductase catalyzes 
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the reduction of glutathione disulfide to reduced glutathione (GSH) so that it can act 

further as an antioxidant either alone or through glutathione peroxidase. Also important in 

the maintenance of reduced glutathione is NAD(P)H transhydrogenase and the pentose 

phosphate pathway, since NADPH is a required cofactor for GSSG reduction by 

glutathione reductase. In fact, a number of enzymes work together to maintain levels of 

GSH, and this process has been termed the "glutathione redox cycle" (Figure 2) (reviewed 

by Reed, 1990a). In mitochondria, the reduction ofNADPH occurs utilizing the 

energy-linked transhydrogenase, which is located in the inner mitochondrial membrane. 
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Figure 2. Glutathione redox cycle. 
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THE ANTIOXIDANT CHEMISTRY OF VITAMIN E 

The role of vitamin E as the primary lipid soluble antioxidant in biological 

membranes can most effectively be studied by understanding the reactions of vitamin E 

with free radicals. The mechanisms of these reactions can be inferred from the products 

that result. The products that are formed from antioxidant reactions can be used as 

markers to monitor its antioxidant function in biological membranes. Although a great 

deal has been learned about the chemistry of vitamin E in the past few decades, it has only 

been recently that the chemistry of its reactions with peroxyl radicals has been studied 

systematically in lipid membrane systems (Yamauchi et aI., 1994; Liebler et aI., 1991; 

Liebler and Burr, 1992) 

Reactions with Peroxyl Radicals 

Lipid peroxyl radicals react with a-TH, 1 via hydrogen abstraction to produce lipid 

hydroperoxides and the resonance stabilized a-tocopheroxyl radical (a-T- 2, Figure 3) (eq 

9). 

LOO- + a-TH ~ LOOH + a-T- (9) 

The relative stability of a-T- ,2 thereby prevents the propagation of radical chain reactions. 

The fate of a-T-, 2 is of great interest since it governs the antioxidant effectiveness of 
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0.-TH 1. It has been postulated that regeneration of 0.-TH from 0.-T" 2 by cellular 

reductants is an important determinant 0.-TH antioxidant activity in cells (see discussion 

below). 

0.-T", 2 that is not directly regenerated can further react with other peroxyl 

radicals to form non radical products. Since 0.-TH belongs to a class of antioxidants 

known as the phenolic antioxidants, it was originally proposed 0.-TH would behave 

chemically like simple phenolic antioxidants, the chemistry of which had already been 

extensively studied (Howard, 1973; Boozer et al., 1955; Horswill and Ingold, 1966). 

Simple phenolic antioxidants react with peroxyl radicals through a two step mechanism in 

which the first peroxyl radical abstracts a hydrogen atom from the phenol, to produce the 

phenoxyl radical, and a second peroxyl radical reacts with the phenoxyl radical through a 

coupling reaction to produce an nonradical adduct (eq 10). 

a 

ROO· ROO· - 'Q (10) -
The subsequent reactions of 0.-T", 2, however, appear to be much more complicated than 

those of other simple phenolic antioxidants. In the case of 0.-TH, the postulated coupling 

reaction product would be a phospholipid derived 8a-(alkyldioxy)tocopherone 4 resulting 

from phospholipid hydroperoxides. Although such compounds have been identified from 

reactions of 0.-TH with peroxyl radicals derived from the azo radical-initiator 
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2,2'-azobis(2,4-dimethylvaleronitrile) (AMVN) (Liebler et aI., 1989; Yamauchi et aI., 

1989a, 1989b), methyl peroxyl radicals (Yamauchi et aI., 1990) and phospholipid peroxyl 

radicals (Yamauchi et aI., 1994), these products typically account for no more than halfof 

the total products that are formed in aqueous/organic mixtures and in liposomes. Other 

products that are formed during peroxyl radical oxidation of 0.-TH include two isomeric 

epoxy-8a-hydroperoxytocopherones 8/9 and 8a-hydroperoxytocopherone 12, products 

that do not arise from the decomposition of8a-(alkyldioxy)tocopherones (Liebler et aI., 

1990; Matsuo et aI., 1989). These products arise, instead, by competing reactions with 

peroxyl radicals (Liebler et ai, 1990) through a mechanism that is not yet understood. The 

hydrolysis of the epoxy-8a-hydroperoxy tocopherones 8/9 in aqueous/organic mixtures 

and in liposomes yields o.-tocopherolquione-2,3-oxide (o.-TQE1, 10) and 

o.-tocopherolquinone-5,6-oxide (o.-TQE2, 11) (Liebler et aI., 1990; Liebler et ai, 1991). 

The hydrolysis of8a-hydroperoxytocopherone 12 and 8a-(alkyldioxy)tocopherones 4 

yields o.-tocopherolquinone (o.-TQ, 5) (Liebler et aI., 1990; Liebler et ai, 1991). In 

aqueous/organic mixtures and in liposomes, 0.-TQ 5, 0.-TQE 1 10 and 0.-TQE2 11 appear 

to be the major end-products of peroxyl radical reactions with 0.-TH (Liebler and Burr, 

1992; Liebler et aI., 1991; Liebler et aI., 1990). Since phospholipid-derived 

8a-(alkyldioxy)tocopherone 4 were not detected, it has been proposed that o.-T· 2 can 

reacts with phospholipid-derived peroxyl radicals through an electron transfer reaction to 

form the tocopherone cation (o.-T+, 3) (eq 11) (Liebler and Burr, 1992). 
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(11) 

The tocopherone cation can then hydrolyze to form 8a-hydroxytocopherone 7. 

Alternatively, 8a-hydroxytocopherone 7 can be formed by the diproportionation of two 

a.-tocopheroxyl radicals 2. 8a-Hydroxytocopherone 7 is an unstable product of 0.-TH 

oxidation and rapidly rearranges to 0.-TQ 5. This mechanism is further supported by the 

fact that when 0.-TH consumption during oxidation in iron-catalyzed reactions, 0.-TQ 5 

was the major product formed (Liebler and Burr, 1992), yet at higher rates of oxidation, 

the epoxytocopherones and their hydrolysis products, 0.-TQE 1 10 and 0.-TQE2 11, were 

yielded as major products. This suggests that, at lower oxidation rates, 0.-T· 2 is formed 

and reacts primarily through disproportionation reactions or recylcling reactions (see 

discussion below), whereas at higher rates of oxidation, peroxyl radicals increasingly react 

with 0.-T· to form the epoxide products. 
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Reactions with Other Radicals and Oxidants 

The reactions of a.-TH with singlet oxygen, alkoxyl radicals, and superoxide in 

model systems has also been studied. With the exception of singlet oxygen, however, 

reactions of these radicals with a.-TH are not kinetically favored over peroxyl radical 

reactions. In addition to the above mentioned compounds, reactions of a.-TH with ozone 

and peroxynitrite have been studied. 

a.-TH is a very effective singlet oxygen quencher. It reacts with singlet oxygen by 

both physical and chemical mechanisms. Chemical reactions of a.-TH with singlet oxygen 

yields a.-TQ 5 and TQEl 10 via the major product 8a-hydroperoxytocopherone (Clough 

et aI., 1979; Neely et aI., 1988; Sies et aI., 1993). 

The reactions of superoxide with a.-TH are dependent upon the solvent in which 

the reaction occurs (Csallany and Ra, 1992; Ra and Csallany, 1992). In 

acetonitrile/aqueous mixtures, the products that result from reactions between superoxide 

and a.-TH include a.-TQ 5, two different dimers of a.-TR and an unidentified compound. 

Superoxide acts as a base in aprotic solvents and produced two unique products, 

trans-7-hydroxy-trans-8,8a-epoxy-a.-tocopherone and 

cis-7-hydroxy-cis-8,8a-epoxy-a.-tocopherone, formed through a base-catalyzed 

oxygenation mechanism (Csallany and Ha, 1992; Ra and Csallany, 1992). 
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Reactions of 0.-TH with alkoxyl radicals also have been studied extensuvely by 

Southwell-Keely and colleagues, who used the 0.-TH analog 2,2,5,7,8-pentamethyl-6-

hydroxychromanol (PMHC). This model compound has a methyl group in place of the 

isoprenoid side chain. Reactions with alkoxyl radicals have also shown to be dependent 

on the protic nature of the solvent. Reaction of 0.-TH and PMHC with alkoxyl radicals 

yields 5-alkoxy derivatives, 8a-alkoxytocopherones/chromanones and dimers and trimers 

(Suama et aI, 1988a; Suama et aI., 1988b; Suana and Southwell-Keely, 1989; Suama et 

aI., 1992). In the presence of water, the 8a-alkoxytocopherones/chromanones can form 

8a-hydroxytocophrone/chromanone which then rearranges to form 0.-TQ or the 

corresponding PMHC derivative (Suama et aI., 1992). The 5-alkoxy derivatives, dimers, 

and trimers are formed through the formation of a phenoxylium intermediate, which is in 

equilibrium with the quinone methide (Figure 4). In the absence of water, the equilibrium 

favors the formation of the quinone methide, and thus the formation of dimers and trimers. 

In the presence of water, however, the equilibrium favors the formation of the 

phenoxylium intermediate, and thus the 5-alkoxy derivatives (Suana et aI., 1992). Dimers 

and trimers have been detected in rat tissues (Draper et aI., 1966), but they account for a 

negligible amount of oxidation in lipid bilayers (Liebler et aI., 1991; Liebler and Burr, 

1992). 

In addition to the above mentioned oxygen species, reactions of 0.-TH, or its 

model compounds PMHC and trolox, with ozone and peroxynitrite have been described. 
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Figure 4. Oxidation of a-tocopherol by alkoxyl radicals. 
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Oxidation of CJ.-TH and PMHC with ozone results in the formation of CJ.-TQ 5 and as well 

as two novel epimerirc spiro products (Liebler et ai., 1993). Oxidation of CJ.-TH and 

trolox, its water soluble analogue, with peroxynitrite also depended on the reaction 

solvent (Hogg et ai., 1994). In methanol the predominant product was 

8a-methoxytocopherone, whereas in acetonitrile, the predominant product was CJ.-TQ. 

Additionally, the amount of CJ.-TQ formed was increased when the content of water in the 

reaction solvent was increased. 

Evidence for Vitamin E Recylcing by Reductants 

It has been suggested that after reaction of CJ.-TH with peroxyl radicals, that CJ.-T· 

2 can be reduced by cellular reductants, such as GSH and ascorbate (reviewed by Liebler, 

1993; Reed, 1993). The first evidence for this theory came from a report by Boyer in 

1951 in which he showed that a product of CJ.-TH oxidation, which was termed 

tocopheroxide, was reduced back to CJ.-TH in the presence of ascorbate. Since that time, 

there have been a number of reports suggesting the involvement of cellular reductants in 

the recycling of CJ.-TH. Support for this theory comes from three observations; 1) CJ.-TH 

often shows synergistic antioxidant effects with ascorbate and glutathione (discussed 

below), 2) adverse effects of CJ.-TH deficiency do not occur unless the deficiency state is 

sustained (Sokol, 1989), and 3) redox cycles are required for the maintenance of other 



43 

cellular components, such as glutathione (Reed, 1990a) and ubiquinone (Trumpower, 

1982). 

Packer et at. (1979) demonstrated unambiguously in pulse radiolysis experiments 

that Ct.-T· 2 underwent reduction by ascorbate in solution. There have been a number of 

reports in in vitro systems that show a synergistic effect of the antioxidant capacities 

between Ct.-TH and ascorbate. Most of these reports show that Ct.-TH and ascorbate act 

synergistically to inhibit lipid peroxidation in ill vitro systems (Tappel et aI., 1961; Leung 

et aI, 1981; Niki et a11985; Doba et aI., 1985; Liebler et aI., 1986; Wefers and Sies, 1988; 

Sato et at., 1990; Thomas et aI., 1992). In these systems, the rapid onset of lipid 

peroxidation after the depletion of Ct.-TH, was significantly delayed by the addition of 

ascorbate (Liebler et aI., 1986; Doba et aI., 1985; Niki et aI., 1985). This "sparing" effect 

of ascorbate on Ct.-TH depletion has been attributed to Ct.-TH recycling, since ascorbate 

was unable in inhibit oxygen consumption in the system (Niki et aI., 1985; Doba et aI., 

1985). The recycling ofa-TH was first postulated by Tappel and colleagues in 1961 to 

involve ascorbate-dependent regeneration of a-TH from the tocopheroxyl radical 2. The 

direct action of ascorbate in the prevention of lipid peroxidation, however, can not be 

ruled out, since conjugated dienes could be significantly depressed by ascorbate alone 

(Niki et aI., 1985). Although the direct reaction of ascorbate with lipid-derived oxygen 

radicals seems implausible given the hydrophilic nature of ascorbate, it is apparent that 

lipid peroxyl radicals, as well as Ct.-TH, can partition into polar regions of the lipid bilayer 

(Barclay and Ingold, 1985; Perly et aI., 1985; Vrano et aI., 1993). Studies utilizing ESR 
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to monitor the formation of the tocopheroxyl radical and ascorbate may also support a 

recycling mechanism, but do not separate a-TH recycling from the direct antioxidant 

actions of ascorbate (Scarpa et al., 1984; Mehlhorn et aI., 1989). The best evidence to 

support ascorbate-dependent regeneration of a-TH in the above mentioned studies comes 

from studies in which ascorbate alone elicited either no protective effect or a prooxidant 

effect (Liebler et aI., 1986; Wefers and Sies, 1988; Thomas et aI., 1992). 

In other studies, recycling of a-TH was studied more directly, by monitoring the 

depletion of a-TH followed by repletion after the addition of reductant (Ho and Chan, 

1992; Chan et aI., 1991). In human platelets (Chan et aI., 1991), oxidation induced by 

arachidonic acid via lipoxygenase caused rapid decline in a-TH (over half of arachidonate 

and a-TH were depleted within 0.5 min). When nordihydroguaiaretic acid (NDGA), an 

inhibitor of lip oxygenase and a strong reductant, was added to the incubation 5 min after 

the induction of oxidation, 60% of the a-TH was regenerated. The amount of a-TH 

regenerated declined with longer periods of incubation, suggesting an unstable 

intermediate. Similar results occurred with the addition of either ascorbate or glutathione. 

This suggested that the regeneration was due to the reducing properties ofNDGA and not 

its ability to inhibit lipoxygenase. The regeneration by ascorbate was not 

protein-dependent, whereas regeneration with glutathione was protein-dependent 

(glutathione-dependent recycling will be discussed in more detail below). Regeneration by 

ascorbate appeared to be complete within 1 min after the addition of the reductant. 

Similar results were seen using polymorphonuclear leukocytes with oxidative stress 
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induced by the addition of hemoglobin (Ho and Chan, 1992). They suggested that 

regeneration may occur with the tocopheroxyl radical 2 as the intermediate, although no 

evidence for this being the reducible intermediate was presented. 

Although a great deal of ill vitro suggest the interaction of ascorbate and C(-T· 2, 

there is very little evidence to suggest this relationship ill vivo. Burton et al. in 1990 

studied the effect of different levels of ascorbate, achieved through diet, on the turnover of 

C(-TH in guinea pigs. Guinea pigs are an excellent model in which to study this turnover 

since they do not synthesize ascorbate, similar to humans. Therefore, by varying levels of 

ascorbate in diet, ascorbate levels in the guinea pig can be manipulated. In unstressed 

animals, ascorbate status had no effect on the rate of C(-TH turnover. The question still 

remains, however, whether ascorbate status will affect the turnover of C(-TH in oxidatively 

stress animals. 

Glutathione has also been implicated in the recycling of C(-T· 2. Reddy et al. 

(1982) reported that the inhibitory effects of glutathione on lipid peroxidation in 

microsomes occured in microsomes isolated from vitamin E-sufficeint, but not in those 

from vitamin E-deficient rats. They further demonstrated that heat-denatured microsomes 

from vitamin E-sufficient rats failed to demonstrate glutathione-dependent inhibition of 

lipid peroxidation, suggesting the involvement of a protein factor. It has also been shown 

that the GSH-dependent antioxidant activity is inhibited by treatment with trypsin, thiol 

modifying agents, disulfides, heating, and prolonged storage (Tirmenstein and Reed, 1988; 

Reddy et aI., 1982; Leedle and Aust, 1990; Burk, 1983; Haenen et aI., 1988). Although 
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this protein factor has been termed a IIfree radical reductase ll (McCay et aI., 1989), this 

theory remains unproven. Alternative mechanisms for the glutathione-a.-TH interaction, 

suggest the involvement of glutathione peroxidase (Hill and Burk, 1984; Ursini et ai, 

1982; Maiorino et aI., 1989). As discussed above, phospholipid hydroperoxide 

glutathione peroxidase (PHGPX) catalyzes the reduction of phospholipid hydroperoxides 

to their corresponding hydroxides (Ursini et aI., 1982; Ursini et ai, 1985; Maiorino et aI., 

1989). Ursini and colleagues proposed that rather than a direct catalytic interaction, 

PHGPX and 0.-TH work in conjunction to reinforce antioxidant actions (Ursini et at., 

1985). In addition to PHGPX, it has been suggested that glutahione-S-transferases may 

playa role, owing to their peroxidase activity (Tirmenstein and Reed, 1989; Mosialou and 

Morgenstern, 1989; Morgenstern and DePierre, 1988). 

A role for other cellular antioxidants in the recycling of 0.-TH has also been 

suggested. The role of ubiquinol in 0.-TH recycling has been studied using the ESR 

techniques (Kagan et at., 1990; Hiramatsu et at., 1991; Maguire et at., 1992a). In these 

studies, however, it is difficult to separate recycling of 0.-TH from direct actions of 

ubiquinol acting as an antioxidant. Perhaps more convincing evidence comes from studies 

by Mukai et at. (1990, 1992) in which they used stopped flow kinetic studies to show that 

the a.-tocopheroxyl radical rapidly disappeared after the addition of a number of 

ubiquinols and vitamin K. This is more concrete evidence for the reduction of the 

a.-tocopheroxyl radical 2, since the radical is shown to be generated before the addition of 

reductant. However, since the tocopheroxyl radical produced by Pb02 oxidation was 
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unstable, Mukai et a!. used a more stable radical, 5,7-diisopropyltocopheroxyl radical, as a 

surrogate for the tocopheroxyl radical. The problem with these studies, therefore, is that 

reduction of the tocopheroxyl radical versus the more stable 5,7-diisopropyltocopheroxyl 

radical cannot be distinguished. Other reports have concluded that ubiquinol and a-TH 

act independently to inhibit lipid peroxidation, since it was found that ubiquinol had no 

sparing effect on a-TH consumption, even in vitamin E-deficient hepatocytes (Matsura et 

a!., 1992). 

Other evidence to support the reduction of the tocopheroxyl radical comes 

primarily from the pulse-radiolysis studies of Packer et al (1979) using electron spin 

resonance (ESR). Scarpa et a!. (1984) showed that the production oftocopheroxyl 

radicals 2 formed during iron-induced lipid peroxidation in Iiposomes, was suppressed by 

the addition of ascorbate. In addition to a decrease in the tocopheroxyl radical 2 they saw 

a concomitant increase in the ascorbyl radical. They also showed that the tocopheroxyl 

radical 2 reappeared after the consumption of ascorbate in the system. Similar studies 

utilizing this same approach have been performed by Packer and colleagues in liposomes, 

microsomes, submitochondrial particals, submitochondrial particles and erythrocyte 

membranes utilizing a variety of reductants (Mehlhorn et a!., 1989; Packer et a!., 1989; 

Kagan et a!., 1990; Hiramatsu et aI, 1991; Maguire et aI, 1992a; Maguire et a!., 1992b; 

Constantinescu et a!., 1993). The problem with these studies, as with the studies 

mentioned above, is that the distinction between a-TH recycling and ascorbate directly as 

acting as antioxidant cannot be made. 



Recently, there has been some debate over whether recycling of CJ.-TH by 

ascorbate involves a one-electron reduction of the tocopheroxyl radical 2 or a two 
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electron reduction of the tocopherol cation 3. Evidence for a two electron reduction for 

the regeneration of CJ.-TH first came when Boyer described a product he termed 

"CJ.-tocopheroxide" that was reduced by ascorbate to CJ.-TH and oxidized in HCI to CJ.-TQ 

5. It was later discovered that "CJ.-tocopheroxide" was in fact a family of compounds, the 

8a-substituted tocopherones 4 (Durckheimer and Cohen, 1964; Goodhue and Risley, 

1965). Electrochemical studies revealed that a two electron oxidation of CJ.-TH yielded a 

carbonium ion, the tocopherone cation 3 (Harrison et aI., 1956; Marcus and Hawley, 

1970). More recently, it has been demonstrated that the ascorbate-dependent reduction of 

8a-(alkyldioxy)tocopherones 4 is dependent on pH and occurred at pH 3, but not pH 7 

(Liebler et aI., 1989; Liebler and Burr, 1992). The pH dependence of 

ascorbate-dependant reduction of CJ.-TH indicates that the reduction of CJ.-TH by ascorbate 

occur via the tocopherone cation 3, in agreement with electrochemical studies. In 

addition, it was found that the ascorbate-dependent reducible species was stable in lipid 

bilayer. The stability of the reducible compound in the lipid by layer and the pH 

dependence of reduction are in agreement with the formation of8a-hydroxytocopherone 7 

and contrasted the properties of the tocopheroxyl radical 2. A similar result was seen 

using NDGA, another reductant used by Chan and colleagues to regenerate CJ.-TH (see 

discussion above) (Liebler and Burr, 1992). It is plausible, therefore, that 

8a-hydroxytocopherone 7, and not the tocophroxyl radical 2, was the ascorbate and 
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NDGA-reducible species in studies by Chan and collegues (Chan et aI., 1991; Ho and 

Chan, 1992). The participation of 8a-hydroxytocopherone 7 in glutahione-dependent 

recycling of 0.-TH is also plausible. It is possible that 8a-hydroxytocopherone is 

enzymatically reduced to 0.-TH through a mechanism which involves GSH. 

MITOCHONDRIA AND OXIDATIVE STRESS 

The antioxidant chemistry of vitamin E to date has only been studied in biomimetic 

systems (Liebler et aI., 1989, 1990, 1991; Liebler and Burr, 1992). It is important to 

understand whether what has been learned in these model systems also holds true for 

biological membranes. This dissertation describes the first report of the fate of 0.-TH in a 

biological system, the rat liver mitochondrion. The mitochondrion was chosen as a model 

for study for several reasons. First, mitochondria are easy to isolate from animal tissues 

and relatively self sustaining organelles. Second, mitochondrial membrane integrity is vital 

for function of mitochondria and cell survival. Mitochondrial function is easily assessed 

and thus allows for the study of the relationship between mitochondrial function and 

vitamin E status. Third, mitochondria are the site of cellular oxygen metabolism and are 
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therefore an inherent source of reactive oxygen species. Finally, the oxidative status of 

mitochondria is an important determinant of cell survival. Several important aspects of 

mitochondria as an experimental system for studying antioxidant chemistry are described 

in the following sections. They include, 1) structure and function of mitochondria, 2) 

reactive oxygen species and mitochondria, 3) the role ofCa2
+ in mitochondria during toxic 

injury, and 4) mitochondrial antioxidant status and cell survival. 

Mitochondrial Structure and Function 

Mitochondria are composed of a double membrane system which encases two 

separate compartments, the matrix and the intermembrane space (for review see Tyler, 

1992). The outer membrane contains pores called porins that are permeable to molecules 

of molecular weight of approxi mately 5 kilodaltons. This excludes proteins, but allows a 

large number of other molecule to pass. The inner membrane encases the matrix and is 

folded into a number of internal ridges called cristae. The space between the outer and 

inner membranes is called the intermembrane space. Mitochondria are responsible for a 

number of metabolic processes in the cell, including the citric acid cycle, fatty acid 

~-oxidation, the urea cycle and pyruvate oxidation. One of the most important functions 

of mitochondria is oxidative phosphorylation, which is the process by which the transfer of 
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electrons via electron carriers from NADH or FADH2 to oxygen is coupled to the 

production of ATP. The components of oxidative phosphorylation reside in the inner 

membrane and consists of the respiratory chain and ATP synthase. The respiratory chain 

is made up offour enzyme complexes and two electron carriers and is responsible for the 

four electron reduction of oxygen to water. During the transfer of electrons through 

respiratory chain, protons are pumped across the inner membrane from the matrix to the 

intermembrane space, creating an electro-chemical gradient. This electro-chemical 

gradient then provides the energy required for the synthesis of ATP. Mitochondria are the 

major source of ATP and produce approximately 90 % of the total ATP in aerobic cells. 

Reactive Oxygen Species and Mitochondria 

The respiratory chain, which is responsible for the reduction of oxygen to water, is 

made up offour enzyme complexes and a number of redox catalysts (pyridine nucleotides, 

flavoproteins, iron-sulfur proteins, ubiquinone, and cytochromes) (for review see Tyler, 

1992). The rate of respiration in isolated mitochondria differs depending upon the 

respiratory components that are present. The sequential additions of oxidizable substrate, 

such as succinate or glutamate, inorganic phosphate and then ADP results in respiratory 

rates that have been labeled states I, 2, and 3 respectively. When the amount of ADP 

added is completely converted to ATP, the rate of respiration slows and this has been 

termed state 4 respiration. Finally, a state of respiration has been described in which no 
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ADP is present for the synthesis of ATP, but the respiratory rate is increased by the 

addition of an "uncoupler" of mitochondrial respiration. This has been termed state 3u 

respiration. The calculated ratio of state 3 to state 4 respiration is termed the respiratory 

control ratio and has been used a measure of the coupling of ATP synthesis to the 

reduction of oxygen. 

During the reduction of oxygen, there can be a "leakage" of electrons that results 

in the production of reactive oxygen species (reviewed by Forman and Boveris, 1982). In 

the first reports, it was discovered that hydrogen peroxide was produced in mitochondria 

and that the rate of production was dependent on the mitochondrial metabolic state. The 

maximal rate of hydrogen peroxide production is during state 4 respiration. The 

production of hydrogen peroxide accounted for 1-2 % of the oxygen consumed during 

state 4 respiration in rat liver mitochondria. Through the use of respiratory chain 

inhibitors and uncouplers of phosphorylation, it was determined that the production of 

oxygen occurred between the rotenone- and antimycin-sensitive sites, which are complex 

II and complex III, respectively (Loschen et aI., 1971; Boveris et aI., 1972; Boveris and 

Chance, 1973). It was then proposed that the primary source of hydrogen peroxide was 

autoxidation of ubi semiquinone, since reincorporation of ubiquinone into 

ubiquinone-depleted pigeon heart mitochondria showed a linear response to the 

production of hydrogen peroxide. Further evidence was supplied by the fact that 

antimycin, and inhibitor of complex III that blocks the flow of electrons from ubiquione to 



cytochorme b, produced a marked increase in the formation of hydrogen peroxide 

(Boveris and Chance, 1973). 
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Subsequent experiments demonstrated that hydrogen peroxide produced as a result 

of respiration was not due to a two electron reduction of oxygen, by rather from the 

dismutation of superoxide (Loshen et aI., 1974; Boveris and Cadenas, 1975; Boveris et al., 

1976, Diosini et al., 1975). By fractionating the respiratory chain, Cadenas et ai. (1977) 

implicated ubiquinol, the reduced form of ubiquinone, as the main source of superoxide 

generation. It was later shown that the major source for superoxide generation was the 

ubisemiquione radical, rather than ubiquinol (Turrens et aI., 1985). Another possible 

source of superoxide generation in NADH dehydrogenase, but this source has not been as 

extensively studied (Turrens and Boveris, 1980). The production of superoxide by 

mitochondria provide for one of the greatest endogenous sources of reactive oxygen 

species. 

Calcium and Mitochondria 

Mitochondrial free calcium, [Ca2
+ m], plays an important role in the function of 

mitochondria. [Ca2
+ m] is required for the activation of pyruvate dehydrogenase 

phosphatase, NAD-isocitrate dehydrogenase and 2-oxglutarate dehydrogenase, three 

enzymes critical for substrate dehydrogenation and production ofNADH (for review see 

Hansford, 1994). During disturbances in cellular calcium, however, [Ca2
+ m] has been 
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suggested to play an important role in oxidative state of mitochondria. The mitochondrion 

possesses separate uptake and release pathways for Ca2
+ (for review see Gunter et aI., 

1994; Richter and Frei, 1985; Richter and Kass, 1991). Mitochondrial uptake is driven by 

the mitochondrial membrane potential and is inhibited by ruthenium red and trivalent 

lanthanides. Efflux of calcium from mitochondria occurs by both Na + -dependent and 

-independent pathways. The sodium-dependent process has been identified as a 

Ca2+/2Na + exchanger, but appears to be of relatively little significance in liver. The 

second, sodium-independent pathway appears to operate as an electroneutral Ca2+/lt 

anti porter and appears to be fueled by the electrochemical gradient, ATP or GTP 

hydrolysis ,or an energy transfer from a conformational change in the electron transport 

chain. There are no known specific inhibitors of calcium efflux. 

There appears to be an important role for calcium efflux from mitochondria during 

exposure to a number of oxidizing agents. The efflux of calcium during exposure to 

oxidizing agents has been proposed to occur by two opposing views (reviewed by Reed, 

1990b). First, the efflux of calcium is thought to be triggered by the oxidation of pyridine 

nucleotides (for review see Richter and Kass, 1991; Richter and Frei, 1985; Richter and 

Schlegel, 1993). In this view, the oxidation ofNADH and NADPH, due to the 

glutathione redox cycle (discussed above), promotes the release of calcium through the 

anti porter, possibly due to protein ADP-ribosylation. An alternative mechanism for the 

efflux of calcium caused by oxidizing agents is the a lowering of the mitochondrial 
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membrane potential causes a reversal of the uniport, which occurs when there is a 

significant loss in the mitochondrial membrane potential (Beatrice et aI., 1984). Since 

many of these oxidizing agents are thought to activate phospholipase A2, it is thought that 

nonspecific permeability changes in the inner membrane lead to the release of calcium. 

Beatrice et al. (1984) proposed that since GSH was depleted, critical protein thiol groups 

in the inner membrane were oxidized leading to an increase in the permeability of the inner 

membrane. The difficulty in dissociating these two separate views is that the release of 

calcium from the anti port, the uptake of calcium by the uniport and the mitochondrial 

membrane potential are intimately linked. Once calcium is released by the anti port, it can 

be taken up by the uniport and calcium cycling can occur. The cycling of calcium in the 

mitochondria is an energy dependent process and can, therefore, lead to decrease in the 

mitochondrial membrane potential. The question then becomes which process occurs first. 

Does the release of calcium cause a loss in the mitochondrial membrane potential, or does 

a loss in the mitochondrial membrane potential cause the release of calcium? This issue 

remains to be resolved. 

Another proposed view of the interrelation in the function of mitochondria and 

calcium status is a phenomenon termed the "mitochondrial permeability transition" (MPT). 

This phenomena is also induced by a number of oxidants. The mitochondrial permeability 

transition is characterized by an increased permeability of the inner membrane to small 

solutes (~ 1500 Da), mitochondrial swelling and loss of membrane potential. It has been 

demonstrated recently that the MPT can be inhibited by cyclosporin A (Broekemeier et aI., 
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1989; Broekemeir and Pfeiffer, 1989; Broekemeier et aI., 1992). Broekemeier et al. 

proposed that cyclosporin A inhibits a pore involved in the permeability that occurs when 

mitochondria are loaded with calcium and stressed by a variety of toxic agents. 

Mitochondrial Antioxidant Status and Cell Survival 

As indicated in the discussion about mitochondria and calcium, the oxidative status 

of mitochondria is vital to cell survival. The first evidence of this came when it was shown 

that mitochondrial glutathione status was important for cell survival (Meredith and Reed, 

1982; Meredith and Reed, 1983). Meredith and Reed (1982) first showed that there were 

two distinct pools of GSH in isolated hepatocytes, cytosolic GSH and mitochondrial GSH. 

Theses pools were differentially depleted and had differing rates of turnover, with 

cytosolic GSH being turned over at a rate approximately 15 time faster than the 

mitochondrial pool. They also showed that during stress induced by ethacrynic acid in 

isolated rat hepatocytes, that the leakage of lactate dehydrogenase (LDH) from 

hepatocyes did not become significant until the mitochondrial pool of glutathione was 

depleted (Meredith and Reed, 1982). They subsequently showed that a similar result 

occurred when hepatocytes were stressed with 1,3-bis(2-chloroethyl)-I-nitrosourea, which 

inactivates glutathione reductase, and adriamycin, a redox cycling quinone (Meredith and 

Reed, 1983). Again, LDH leakage was observed only once mitochondrial GSH had been 

depleted. The correlation between mitochondrial GSH status and cell death also has been 
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observed in hepatocytes treated with the Ca2
+ ionophore, A23187 (Olafsdottir et aI., 

1988). 

In summary, the antioxidant status of mitochondria appears to be vital for cell 

survival. Since mitochondria are one of the greatest sources of reactive oxygen species, 

antioxidants are important in maintaining the status of normally functioning cells. 

Disturbances in cl+ in the cell can lead to an oxidative state of mitochondria and 

antioxidants are important in fighting the oxidative damage that may ensue. Finally, the 

status of mitochondrial antioxidants have been linked to the maintenance of cell integrity. 

STATEMENT OF THE PROBLEM 

Although a great deal has been learned about the antioxidant chemistry of vitamin 

E in recent years, there is relatively little known about the expression of this chemistry in 

biological membranes. Figure 5 illustrates what is already known about the antioxidant 

chemistry of vitamin E and what remains to be investigated in biological membranes. This 

dissertation tested the hypothesis that vitamin E plays a role in maintaining mitochondrial 

function during oxidative stress. This hypothesis was tested by establishing pathways of 

vitamin E turnover in mitochondria and determining the effects of vitamin E turnover on 

mitochondrial resistance to oxidative damage. The following chapters investigated the 
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Liposomal Membrane 

Oxidation Products 

• Sa-substituted tocopherones 

• epoxy-Sa-hydroperoxytocopherones 

• a-tocopherolquinone 

• a-tocopherolquinone epoxides 

Biological Membrane 

Oxidation Products? 

Figure 5. The upper illustration depicts what is known about the antioxidant chemistry of 
vitamin E in lipsomal membranes. The lower illustration depicts what is known and 
remains to be investigated in biological membranes. 
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antioxidant function of vitamin E in isolated mitochondria and perfused rat liver. Chapter 

two describes studies of the oxidative fate of vitamin E in rat liver mitochondria subjected 

to oxidative stress ill vitro. The relationships between mitochondrial function, lipid 

peroxidation and vitamin E status were investigated. Chapter three describes the 

antioxidant actions and oxidative fate of vitamin E in mitochondria and other membranes 

in the perfused rat liver subjected to oxidative stress. The relationships between metabolic 

changes, mitochondrial function, oxidative damage and mitochondrial and 

extramitochondrail vitamin E status were studied. The effect of dietary vitamin E 

supplementation ill vivo on these parameters was also investigated. This investigation has 

focused on analyzing vitamin E oxidation products that result from peroxyl radical 

scavenging and lends further support to the use of marker products to evaluate antioxidant 

function. 
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CHAPTER 2 

Vitamin E Oxidation in Isolated Rat Liver Mitochondria 

Vitamin E (a.-TH; 1, Figure 3, chapter 1) is the primary lipid soluble antioxidant in 

biological membranes. Lipid peroxyl radicals react with a.-TH via hydrogen abstraction to 

produce lipid hydroperoxides and the a.-tocopheroxyl radical 2 (eq 12). Radical 2 is a 

resonance stabilized phenoxyl radical that does not readily propagate radical chain 

reactions. 

LOO· + a.-TH ~ LOOH + 2 (12) 

The effectiveness ofa.-TH as an antioxidant depends in large part on the fate of the 

a.-tocopheroxyl radical. a.-TH may be regenerated by cellular reductants, such as ascorbic 

acid (Tappel et aI., 1961, Packer et aI., 1979, Niki et aI., 1985). This reaction may 

account for the synergism between a.-TH and other antioxidants ill vitro and may also 

extend the effectiveness of a.-TH ill vivo. Tocopheroxyl radicals that are not reduced to 

a.-TH can further react with other peroxyl radicals to form nonradical products (eq 13). 

These latter reactions then account for oxidative a.-TH turnover in biological membranes. 

2 + LOO· ~ nonradical products (13) 
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Reactions of peroxyl radicals with the a-tocopheroxyl radical follow two main 

pathways. The first forms 8a-substituted tocopherones and often involves the coupling of 

peroxyl radicals with the a-tocopheroxyl radical to form 8a-(alkyldioxy)tocopherones 4, 

such as those formed when a-TH is oxidized by peroxyl radicals derived from the azo 

initiator 2,2'-azobis(2,4-dimethylvaleronitrile) (AMVN) (Liebler et al. 1989; Yamauchi et 

aI., 1989a), by methyllinoleate peroxyl radicals (Yamauchi et aI., 1990) or by 

phospholipid-derived peroxyl radicals (Yamauchi et aI., 1994). These products then can 

hydrolyze to form 8a-hydroxytocopherone 7 via the tocopherone cation 3. 

8a-Hydroxytocopherone then rearranges to a-tocopherolquinone 5 (a-TQ). 

8a-Hydroxytocopherone also may be formed by electron transfer from the tocopheroxyl 

radical via the tocopherone cation 3 (Liebler and Burr, 1992). The second pathway 

involves the formation of isomeric epoxy-8a-hydroperoxytocopherones 8/9 and their 

hydrolysis products, epoxytocopherolquinones 10/11 (Liebler et aI., 1990, 1991; Liebler 

and Burr, 1992). Although the epoxides are not decomposition products of 8a-substituted 

tocopherones, the mechanism by which they are formed is not known (Liebler et aI., 

1990). Oxidation of a-TH by the pathways described above results in a net consumption 

of2 peroxyl radicals per molecule ofa-TH oxidized. 

In the present studies, our primary objective was to account for the fate of a-TH in 

a biological membrane system exposed to peroxyl radicals. Mitochondria provide a 

readily accessible biological membrane model whose functional integrity can be assessed 

by simple procedures for each experimental preparation. Mitochondria also are the 
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principal site of cellular oxygen metabolism and are targets for oxidative damage (Richter 

and Frei, 1985; Turrens and Boveris, 1980; Turrens et at., 1985; Richter and Kass, 1991; 

Jones and Lash, 1993). The antioxidant status of mitochondria has been shown to be 

critical for cell survival (Meredith and Reed, 1982, 1983; 0lafsdottir, et at., 1988). 

Here I have used a chemically defined oxidative challenge to reproducibly deplete 

mitochondrial 0.-TH and produce lipid peroxidation. I have identified oxidation products 

of 0.-TH consistent with peroxyl radical scavenging chemistry previously characterized in 

synthetic model systems. I also have studied the relationship between mitochondrial 

functional parameters, lipid peroxidation and 0.-TH status in this experimental system. 
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EXPERTIMENTALPROCEDURES 

Chemicals and Instntmentatioll. Sodium succinate, ADP and EGT A were purchased 

from Sigma Chemical Co. (St. Louis, MO). ABAP was purchased from Polysciences 

(Warrington, PA). [5)4CH3]-a-Tocopherol was synthesized as previously described 

(Vrano et al., 1980, Liebler et al., 1990). [5-C2H3]-a-Tocopherol (d3-a-TH) and 

[5,7-(C2H3)2]-a-tocopherol (d6-a-TH) were synthesized by the reduction of 

[5-C2H3]-a-tocopherol acetate and [5,7-(C2H3)2]-a-tocopherol acetate with lithium 

aluminum hydride in tetrahydrofuran. The deuterated a-tocopherol acetates were 

generously provided by the Natural Source Vitamin E Association (Kingsport, TN). 

8a-Hydroperoxytocopherone 12 was synthesized by photochemical oxidation of a-TH as 

previously described (Clough et al., 1979). HPLC analyses were done with a Spectra 

Physics 8800 solvent delivery system (Spectra Physics, San Jose, CA) equipped with an 

ESA Coulochem electrochemical detector with standard ESA guard and analytical cells 

(ESA Inc, Bedford, MA). Some HPLC analyses were done with a Hewlett Packard 1050 

HPLC system equipped with a 1040A diode-array detector. GC-MS analyses were done 

either with a Finnegan MAT-90 instrument (Finnegan MAT, Palo Alto, CA) equipped 

with a Varian 3400 gas chromatograph (Sunnyvale, CA) or with a Fisons MD800 

instrument (Beverly, MA) equipped with a Carlo Erba 8035 gas chromatograph and an on 

column injector. 

Mitochondrial Preparation alld Oxidant Challenge. Rat liver mitochondria were isolated 



64 

from male Sprague-Dawley rats by an adaptation of the procedures of Yo han a and Tampo 

(1987) with additional modifications described by Schnellmann et al. (1989). Livers were 

perfused in situ with ice cold 0.9% saline, removed, and homogenized in 9 volumes of 

homogenization buffer (0.25 M sucrose, ImM EGTA, 5 mM Tris-HCI buffer, pH 7.4). 

The homogenate then was centrifuged at 600g for 10 min and the resulting supernatant 

was centrifuged at 9000g for 15 min. The resulting pellet was washed three times with 

0.25 M sucrose and the final pel1et was resuspended in homogenization buffer. 

Mitochondrial incubations contained 2 mg protein mL'! in an incubation medium 

containing 130 mM KCI, 9 mM Tris-phosphate buffer (pH 7.4), 4 mM Tris-HCI buffer 

(pH 7.4) and 1 mM EGTA and were done at 37°C. Oxidations were initiated with the 

water-soluble azo initiator ABAP at concentrations varying from 2.5-50 mM. 

Mitochondrial respiration was measured with a Clark-type oxygen electrode (YSI, Inc., 

Yellow Springs, OH) in 3 mL suspensions containing 0.667 mg protein mL·!. State 4 

respiration was initiated by the addition of 1 0 ~lmol sodium succinate and state 3 

respiration was initiated by the subsequent addition of 180 nmol ADP. 

Lipid peroxidation was determined by measuring thiobarbituric acid reactive 

substances as described by Beuge and Aust (1978) with the modification that 1 mg BHT 

in 50 ~L isopropanol was added to the samples to prevent adventitious oxidation. CJ.-TH 

was extracted according to the procedure of Burton et al. (1985), with the modification 

that mitochondria were sonicated for 5 sec with a microtip probe sonicator in the presence 

of all components of the extraction mixture. 
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Labeling o/Mitochondrial a-THwith [14Cla-TH, d;-a-TH alld d6a-TH. Mitochondria 

were labeled with [5-14CH3]-a-tocopherol, d3-a-TH or d6-a-TH by incubating the 

homogenate for 30 min in homogenization buffer at room temperature with a 100 ~lM 

concentration of the labeled a-TH. Mitochondria then were isolated by differential 

centrifugation as described above. Depletion of d6-a-TH and unlabeled 0.-TH was 

monitored by GC-MS analysis ofTMS derivatives of the tocopherols extracted as 

described above with 140 pmol of d3-a-TH added as an internal standard. Extracts were 

evaporated under N2 and converted to TMS derivatives by treatment with SO ~L pyridine 

and SO ~L N,O-bis-(trimethylsilyl)trifluoroacetamide (pierce Chemical Co., Rockford, IL) 

at 65°C for 1 hr. The samples then were evaporated under N2 and resuspended in 1 00 ~L 

hexane. Tocopherol-TMS ethers were introduced by splitless injection at 250°C and 

separated isothermally at 270°C on a J&W DB-5 30 m x 0.25 mm column (Folsom, CA) 

and were analyzed by electron ionization MS at 70 e V on the Finnigan MAT 90 

instrument. Tocopherols were detected by selected ion monitoring of the molecular ions 

at m1z 502 (unlabeled a-TH), 50S (d3-a-TH), and 508 (d6-a-TH). 

To measure the amount of endogenous and supplemented 0.-TH in the inner and 

outer membranes of the mitochondria, d3-a-TH supplemented mitochondria were 

subjected to digitonin membrane fractionation by standard methods (Schnaitman and 

Greenwalt, 1968 and Greenwalt, 1974). TMS ethers of endogenous (unlabeled) a-TH 
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and supplemented d3-a-TH were quantified by GC-MS with d6-a-TH added as internal 

standard. 

a-TH Oxidation Product Identification a-TH was analyzed by HPLC-ECD as described 

by Liebler et al. (1989). The formation of oxidation products was monitored by 

reverse-phase HPLC analysis of radiolabel from mitochondria supplemented with 

[14C]-a-tocopherol. HPLC analyses were done on a Spherisorb ODS-2 5/.1250 x 4.6 mm 

column eluted with methanolllN sodium acetate, pH 4.25 (93:7, v/v) for 30 min, followed 

by a 15 min gradient to 100% methanol, then by another 5 min gradient to methanoVethyl 

acetate (50:50, v/v). Radiolabled products were detected by collecting 0.8 min fractions, 

which were assayed for 10lC by liquid scintillation counting. 

Tocopherolquinone 5 and epoxyquinones 10/11 were analyzed by GC-MS on the 

Fison's MD-800 instrument as their TMS derivatives. 8a-(Alkyldioxy)tocopherone 

products were characterized by HPLC with diode-array detection (see above), by 

reduction to a-TH with ascorbate, and by hydrolysis to a-tocopherolquinone 5 in HCI 

(Liebler et aI., 1989). NICI-MS and MS-MS of the 8a-(alkyldioxy)tocopherone products 

were done on the Finnegan MAT -90 instrument decribed above by direct probe insertion. 
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RESULTS 

ABAP-Illduced Vitamin E Depletion and Lipid Peroxidation. This investigation required 

a reproducible oxidative challenge in which loss of mitochondrial function was 

accompanied by lipid peroxidation and depletion of a-TH. When mitochondria were 

incubated under air or 02' mitochondrial function gradually declined, as assessed by a 

decline in the respiratory control ratio, without significant a-TH depletion (data not 

shown). I therefore used the water soluble azo initiator ABAP to induce oxidative 

damage through the production of peroxyl radicals. Azo initiators such as ABAP produce 

peroxyl radicals through thermal decomposition and addition of oxygen (eq 14 & 15). 

R-N=N-R ~ 2R • + N2 (14) 

R·+02~ ROO· (15) 

The slow decomposition of ABAP at millimolar concentrations produces peroxyl radicals 

at a nearly constant rate (Niki, 1990) and serves as a kinetically reproducible oxidative 

insult. 

Incubation with increasing concentrations of ABAP decreased mitochondrial a-TH 

content in a concentration-dependent manner (Fig. 5A). In incubations with 2.5 mM 

ABAP, rapid depletion of a-TH was preceded by a lag phase, during which a-TH was 

only slightly decreased. Incubations with 10 or 50 mM ABAP caused rapid depletion of 
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Figure 6. (A) Effect of ABAP concentration on (X-TH content and lipid peroxidation in 
rat liver mitochondria incubated at 37°C. Incubations contained no ABAP (.),2.5 mM 
ABAP (+), 10 mM ABAP (e), or. 50 mM ABAP(A). (B) Lipid peroxidation in rat liver 
mitochondria measured by the formation ofthiobarbituric acid-reactive substances 
(TBARS). ABAP concentrations used are identical to those used in (A). 
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a-TH without a lag phase. At all ABAP concentrations, lipid peroxidation, as measured 

by the formation ofthiobarbituric acid reactive substances, became significant only after 

approximately 50 % of the a-TH had been depleted (Fig. 5B). 

Labeling and Depletion of the Mitochondrial a-TH Pool. To facilitate detection of the 

a-TH oxidation products, mitochondria were supplemented with [5-14CH3]-a-TH. The 

advantage of using a radiolabel was the ability to detect all a-TH products, regardless of 

their structures and properties, and to estimate product distibution by 

radiochromatographic analysis on reverse-phase HPLC. Supplementation was achieved 

by incubating labeled a-TH with liver homogenate, which contains cytosolic a-TH 

transport proteins (Sato et aI., 1991, 1993) that have been previously shown to facilitate 

a-TH incorporation into subcellular membrane fractions in vitro (Murphy and Mavis, 

1981). A potential problem with this approach is that, following supplementation, the 

added a-TH may be associated with mitochondrial membranes in a different way than the 

endogenous a-TH. To assess this possibility, I supplemented mitochondria with d6-a-TH 

and monitored the depletion kinetics of both the supplemented d6-a-TH and the 

endogenous a-TH. The assumption was that differences in depletion kinetics between the 

supplemented d6-a-TH and the endogenous a-TH would indicate possible differences in 

rates and pathways of reactions with peroxyl radicals. Depletion kinetics of both the 

supplemented d6-a-TH and the endogenous a-TH in mitochondria incubated with 50 mM 
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Figure 7. Depletion of endogenous a-TH (_) and supplemented d6-a-TH (.) in 
mitochondria treated with 50 mM ABAP. Mitochondria were supplemented with 
d6-a-TH as described under IIExperimental Procedures ll
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ABAP over 90 min were virtually identical (Figure 7). This suggests that the fate of 

labeled a.-TH in mitochondria supplemented by this method approximates that of 

endogenous mitochondrial a.-TH. 
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To examine the distribution of the supplemented a.-TH relative to the endogenous 

a.-TH, mitochondria supplemented in the same manner with d3-a.-TH were subjected to 

membrane fractionation by digitonin solublization of the outer membrane. The outer 

membrane contained 91.5 % of the endogenous and 83.7 % of the supplemented a.-TH, 

respectively, whereas the inner membrane contained 8.5 % of the endogenous and 14.3 % 

supplemented a.-TH, respectively (Figure 8). The ratio of supplemented a-TH to 

endogenous a-TH in the inner membrane was slightly greater than in the outer membrane 

or in whole mitochondria. The distribution of the labeled a.-TH indicates that the 

supplementation procedure labels the a-TH pools of both the inner and outer 

mitochondrial membranes and that the percentages of total mitochondrial a-TH in the two 

membrane fractions was similar to that of endogenous a.-TH. 

Oxidation Products of a-TH Formed During ABAP Induced Oxidation. Figure 9 shows 

a representative radiochromatogram of products formed during incubation of 

['4C]-a.-TH-supplemented mitochondria with 10 mM ABAP. Peaks labeled 10 

(2,3-epoxy-a-tocopherol quinone), 11 (5,6-epoxy-a-tocopherol quinone) and 5 (a.-TQ) 

eluted at 11.5 min, 12.5 min and 17.5 min, respectively. Identification of these oxidation 
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Table 2. UV and MS Data for a-TH Oxidation Products 

ComQound UV Am"'~1n..m} MS fragmentation (mlz} 

a-TQ,5 262,268 a503 (1.3%),430 (27.6%),341 (50.3%), 
293 (100%), 165 (57.6%) 

a-TQE 1, 10 272 a341 (42.2%),309 (100%),267 (59.6%) 

a-TQE 2,11 272 a341 (46%),309 (100%), 211 (68.4%) 

8a-( ethyldioxy)- 240, 290shb C490,476, 461, 446,429, 165 
tocopherone, 13 d475, 461, 446, 429, 165 

8a-(methyldioxy)- 240, 290shb c476,461,446,429,165 
tocopherone, 14 -461,446,429, 165 

Product from 240, 290shb c490,476,446,429,165 
8a-hydroperoxytocopherone ~75,45~44~43~ 166 

reaction with ethanol 

~I MS ofTMS derivative, relative intensities in parentheses 
bsh represents shoulder peak 
'NICI MS ofHPLC purified product 
WCI MS-MS (BIE linked scan) analysis of m1z 490 
WeI MS-MS (BIE linked scan) analysis ofmlz 476 
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whole Inner outer 
mitochondria membrane membrane 

Figure 8. Separation of inner and outer membrane fractions of d3-a-TH supplemented 
mitochondria. Mitochondria were fractionated by digitonin solubilization as described 
under "Experimental Procedures ". Panel A depicts distribution of outer membrane marker 
monoamine oxidase (solid bar) and inner membrane marker succinate dehydrogenase 
(open bar). Panel B depicts distribution of unlabeled, endogenous a-TH (solid bar) and 
added d3-a-TH (open bar). Panel C depicts ratios ofd3-<x-THIunlabeled a-TH in 
mitochondrial membrane fractions. 
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Figure 9. HPLC analysis of products formed during incubation ofe4C]-a-TH 
supplemented mitochondria with 10 mM ABAP for 3 hr. Product extracts were either 
analyzed directly without further treatment (A), or were treated with ascorbic acid (B) or 
HCI (C) prior to HPLC analysis as described under "Experimental Procedures". Dashed 
lines depict the mobile phase composition. The initial mobile phase was 93: 7 methanol: 1 
M sodium acetate, pH 4.25 (v/v). 
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products was based on chromatographic co-elution with authentic standards, on 

UVspectra and on GC-MS analysis ofTMS-derivatives of each product (Table 2). Peaks 

10, 11, and 5 accounted for approximately 80 % of the total products formed. 

Two other product groups eluting after 0.-TH (peaks 13 and A, Fig. 5) displayed 

HPLC retention characteristics similar to that of 8a-substituted tocopherone products (i.e., 

elution shortly after 0.-TH) (Liebler et aI., 1990). 8a-Substituted tocopherones 4 undergo 

a characteristic acid catalyzed hydrolysis to 0.-TQ and are also readily reduced to 0.-TH by 

ascorbic acid at pH 3. When a hexane extract from the incubation mixture was 

evaporated, redissolved in ethanol, and treated with HCI, peak 13 was converted to 0.-TQ 

(Figure 9). On the other hand, treatment of the extract with ascorbic acid in sodium 

formate/ethanol, pH 3 converted peak 13 to 0.-TH. Peak 13 thus behaved as an 

8a-substituted tocopherone. The UV -spectrum of peak 13 exhibited an absorbance 

maximum at 240 nm with a shoulder at 290 nm consistent with an 8a-substituted 

tocopherone chromophore (Table 1). 

Peak 13 was collected, extracted into hexane, and analyzed by direct probe 

NICI-MS (Table 1). Although NICI typically yields only molecular ions, and apparent 

molecular ion at mlz 490 and several fragment ions were observed. Other studies in this 

laboratory indicate that, in contrast to other 0.-TH oxidation products, 8a-substituted 

tocopherones undergo fragmentation in NICI. BIE linked scan MS-MS analysis of mlz 

490 yielded a product ion spectrum similar to that observed in normal NICI-MS analysis. 

The product thus was assigned as 8a-( ethyldioxy)tocopherone 13. By analogy to other 
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8a-(alkyldioxy)tocopherones, 13 could be formed by addition of an ethylperoxyl radical to 

a tocopheroxyl radical. However, I felt that the formation of ethylperoxyl radicals was 

unlikely in this mitochondrial system. Therefore, I hypothesized that 13 instead was 

formed during sample workup by reaction with ethanol used in the extraction procedure. 

When sample workup was done with methanol, instead of ethanol, a product with 

approximately 1 min shorter HPLC retention time was formed. NICI-MS and MS-MS 

analysis of this product were consistent with assignment as 8a-(methyldioxy)tocopherone 

14 (Table 2). This suggested that products 13 and 14 were formed by reaction of some 

other a-TH oxidation product with the alcohols during sample preparation. 

I postulated that 8a-(ethyldioxy)tocopherone was formed by the reaction of 

8a-hydroperoxytocopherone 12 with ethanol (Figure 10). I synthesized 12 as decribed by 

Clough et al. (1979) and then dissolved it in ethanol and analyzed the product by HPLC 

using the gradient system described above. A product with a retention time and UV 

spectrum identical to the 8a-(ethyldioxy)tocopherone 13 was identified and found to have 

NICI mass spectrum identical with 8a-(ethyldioxy)tocopherone 13. BIE linked scan 

MS-MS analysis ofmlz 490 confirmed this structure (Table 2). 

8a-(Ethyldioxy)tocopherone 13 apparently results from solvolysis of 

8a-hydroperoxytocopherone 12 during workup of mitochondrial extracts and isolation of 

13 and provides evidence that 12 is a product of ABAP-initiated a-TH oxidation in 

mitochondria. Since 8a-hydroperoxytocopherone 12 elutes just prior to a-TQ 5 (-16.8 

min), it is possible that this product was not detected because the collection intervals for 
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Figure 10. Proposed mechanism for solvolysis of 8a-hydroperoxytocopherone 12 to 

8a-(ethyldioxy)tocophrone 13 in ethanol. See text for discussion. 
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fractions for radiochemical detection did not allow resolution of these two peaks. Peak 13 

accounted for 10-15 % of the total products formed during a-TH oxidation (data not 

shown). 

Peak A was not affected by treatments with either ascorbic acid or Hel. This 

fraction, which apparently contained mUltiple products, displayed elution similar to a 

spirodimer oxidation product ofa-TH (Yamauchi et aI., 1989b). Peak A thus may be a 

group ofa-TH-derived dimers. This group of products, which was not analyzed further, 

generally accounted for approximately 5 % of the total oxidation products formed (data 

not shown). 

Effects of ABAP Treatment on Mitochondrial Respiration. Incubation with ABAP 

decreased state 3 respiration, state 4 respiration and the respiratory control ratio (Figure 

11). The decrease in state 3 respiration was particularly apparent at 1 hr with 50 mM 

ABAP, in which state 3 respiration was approximately one tenth that in incubations 

without ABAP (Fig IDA). At 50 mM ABAP, state 4 respiration increased before it 

decreased (Fig. lOB). A similar result was seen with 10 mM ABAP, except that the 

increase in state 4 respiration was delayed until 30 min. The ABAP-induced increase in 

the state 4 respiration rate eventually equaled that for state 3 respiration, so that the 

respiratory control ratio approached unity (Fig 1 DC). The increase in state 4 respiration 

was followed by a decrease in both state 3 and state 4 respiration to levels below those in 

incubations without ABAP. Incubation with 2.5 mM ABAP depressed respiratory control 
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Figure 11. Effect of ABAP concentration on state 3 respiration (A), state 4 respiration 
(B) and respiratory control ratio (C) in rat liver mitochondria incubated at 37°C. 
Incubations contained no ABAP (.),2.5 mM ABAP (+), 10 mM ABAP (e), or 50 mM 
ABAP (A). 
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slightly relative to control incubations. The loss of respiratory control with 2.5 mM 

ABAP appeared to be due primarily to a decrease in state 3 respiration, which also 

occurred in control incubations. This differed from the higher ABAP concentrations in 

which the increase in state 4 respiration appeared to be primarily responsible for the 

decrease in the respiratory control ratio. Supplemention with unlabled a.-TH, which 

increased mitochondrial a.-TH approximately three-fold (see above) did not afford any 

additional protection against oxidative damage by ABAP. Changes in state 3 and state 4 

respiration and respiratory control were similar to those observed in unsupplemented 

mitochondria (data not shown). 
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DISCUSSION 

The effectiveness of 0.-TH as an antioxidant depends not only upon its ability to 

trap peroxyl radicals via reaction 12, but also upon the ability of the resulting 

tocopheroxyl radical to trap additional peroxyl radicals via reaction 13. Products of this 

latter reaction may be useful markers for 0.-TH antioxidant chemistry in tissues. Here I 

provide the first description of the oxidative fate of 0.-TH in mitochondria during peroxyl 

radical oxidation. The distribution of 0.-TH oxidation products in mitochondria is similar 

to that previously found in Iiposome model systems. Thus, peroxyl radical trapping by 

0.-TH in mitochondria apparently proceeds by the same mechanisms previously identified 

in model systems (Winterle et aI., 1984; Yamauchi et aI., 1989b; Liebler et aI., 1990, 1991; 

Liebler and BUIT, 1992, ). 

Our first goal was to identify the oxidation products of 0.-TH produced in the 

mitochondria during ABAP-initiated oxidations. This was achieved by supplementing 

mitochondria ill vitro with C4C]-a.-TH and monitoring the production of oxidation 

products by reverse-phase HPLC. The principal products formed were the epoxyquinones 

9/10 and a.-TQ 5 which accounted for approximately 80 % of the a.-TH oxidized. These 

products were formed in proportions similar to those in homogenous solutions (Liebler et 

al., 1990) and in Iiposomal systems (Liebler et aI., 1991; Liebler and Burr, 1992). The 

0.-TH product distribution seen in our present experiments indicates that two competing 

peroxyl radical oxidation pathways, which were previously identified in chemical models, 
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account for most 0.-TH oxidation in mitochondria exposed to peroxyl radicals. The first 

pathway yields epoxytocopherones 8/9, which hydrolyze to epoxyquinones 10111. The 

second pathway yields 8a-(alkyldioxy)tocopherones, 4 which then hydrolyze to a.-TQ. 

8a-(Alkyldioxy)tocopherones 4 or 8a-hydroxytocopherone 7 are formed in homogenous 

solutions and liposomal systems in which the lipid-soluble azo compound 

azo-bis(2,4-dimethylvaleronitrile) was the peroxyl radical initiator (Liebler et al., 1990, 

1991). However, no evidence for the formation of analogous ABAP-derived 

tocopherones was found. These products would incorporate a highly polar 8a-alkyldioxy 

substituent and would be expected to exhibit different chromatographic and chemical 

properties from peak 13 or peak A. I recently have found that oxidation of 0.-TH by 

ABAP in acetonitrilelbuffer mixtures yielded epoxyquinones 10/11 and 0.-TQ as the only 

products. In addition, I found no evidence for the formation of a phospholipid-derived 

8a-(alkyldioxy)tocopherone product analogous to that reported by Yamauchi et al. 

(1994). This was not unexpected, given that a peroxyl radical chain is not established in 

mitochondrial phopholipid until a.-TH is largely depleted (see above). These 

considerations suggest that 0.-TQ and its precursor, 8a-hydroxytocopherone 7 are fonned 

via the tocopherone cation 3. This occurs either by dispropotionation of 2 or by electron 

transfer from 2 to a peroxyl radical (Liebler and Burr, 1992). 

The isolation of 8a-( ethyldioxy)tocopherone 13 from ABAP-treated mitochondria 

provided evidence for the formation of8a-hydroperoxytocopherone 12. This product is 

fonned in low yield during peroxyl radical oxidations of 0.-TH (Matsuo et al., 1989; 
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Liebler et aI., 1990) and can also form a.-TQ by hydrolysis and rearrangement. 

Incomplete solvolysis with ethanol during product workup may have led us to 

underestimate the yield of tocopherone 12 at 10-15 %. However, this yield is consistent 

with that estimated previously in solution oxidations (Liebler et aI., 1990). In addition to 

the products described above, another group of products was formed which displayed 

retention characteristics in our HPLC system similar to those of dimers of a.-TH. This 

second group of products was not previously observed in liposomal systems (Liebler et aI., 

1991; Liebler and Burr, 1992), and were only minor products of a.-TH oxidation in 

mitochondria. 

The next goal of this study was to investigate the relationship between functional 

parameters, lipid peroxidation and a.-TH status in this experimental system. ABAP 

produced a concentration-dependent changes in mitochondrial respiration, in a.-TH 

content and in lipid peroxidation. It is important to distinguish differences in the 

deterioration of mitochondrial respiratory control with and without ABAP exposure. In 

incubations under an air atmosphere without ABAP, there was no time-dependent 

depletion of vitamin E and no lipid peroxidation, but the respiratory control ratio did 

decrease, due primarily to a decrease in state 3 respiration. This indicates the decrease in 

the respiratory control ratio resulted from loss of the linkage of respiration to 

phosphorylation of ADP. These results are consistent with those observed by Khazanov 

et al. (1992) in which they demonstrated mitochondria incubated in a medium saturated 

with air showed a decline in state 3 respiration, relative to mitochondria incubated in a 



84 

medium maintained at physiological p02' The inhibition of respiratory function caused by 

ABAP was characterized by concentration-dependent changes in both state 3 and state 4 

respiration and accompanied by depletion of a-TH and an increase in lipid peroxidation. 

At high concentrations of ABAP, the rapid decrease in respiratory control was the result 

of an initial increase in state 4 respiration followed by decreases in state 3 and state 4 

respiration. In mitochondria incubated without ABAP, loss of respiratory control instead 

reflected a decline in state 3 respiration. The pattern of damage produced by ABAP 

suggests an uncoupling of the mitochondria in which the proton motive force that exists 

between the matrix and the intermembrane space may be altered before other components 

of the respiratory chain. This can result from the disturbance of the proton gradient or of 

the membrane potential across the inner membrane. Since ABAP is not a direct uncoupler 

of mitochondrial respiration (Kanno, et aI., 1994), this most likely occurs as a result of an 

alteration in the membrane fluidity or permeability due to lipid peroxidation. This is 

consistent with our data, since the lowest concentration of ABAP did not elicit any 

increase in state 4 respiration and lipid peroxidation was not observed for 90 min after the 

loss of respiratory control (Figures 5 and 10). Lipid peroxidation in the 10 and 50 mM 

ABAP incubations became significant within 15 min after state 4 respiration increased and 

may not have been detected earlier due to sensitivity limits of the lipid peroxidation assay 

used. 

Supplementation of the mitochondria with a-TH ill vitro appeared to have no 

measurable protective effect against damage induced by ABAP. This could be due to 
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several reasons. First, endogenous (J.-TH may be above a threshold protective level such 

that more (J.-TH would not afford any additional protection. This seems unlikely, as (J.-TH 

is readily depleted by ABAP. Second, since the oxidant used in these studies was 

water-soluble, increased (J.-TH content in lipid membranes may afford minimal additional 

protection to critical proteins easily oxidized by a water-soluble oxidant such as ABAP. 

Water-soluble antioxidants (e.g., glutathione, ascorbate) may be more efficacious in the 

defense against ABAP-induced damage. Finally, although isolated mitchondria provide a 

useful model in which to study the peroxyl radical trapping reactions of (J.-TH, this system 

may not be appropriate for investigating protective effects of (J.-TH supplementation. The 

respiratory function of isolated mitochondria rapidly declines, as demonstrated by the 

rapid decline of state 3 respiration during the first 15 min of incubation, even in the 

absence of ABAP (Figure 11 A). Further investigation of any protective role of increased 

(J.-TH on mitochondrial function will require the use of more physiologically intact 

systems. 
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CHAPTER 3 

Vitamin E Oxidation in Perfused Rat Liver: Product Distribution and 

Effect of Dietary Vitamin E Supplementation 

The cellular antioxidant vitamin E (0.-TH) is of great interest because of its 

potential in the chemopreventatiion of cancer and atherosclerosis. 0.-TH is the primary 

lipid soluble chain-breaking antioxidant and its primary function is to scavenge lipid 

peroxyl radicals in membranes and lipoproteins. The fate of 0.-TH in radical scavenging 

reactions has been identified previously in mitochondria in vitro (Ham and Liebler, 1995). 

Products identified include a-tocopherolquinone (a-TQ, 5), 

a.-tocopherolquinone-2,3-oxide (a-TQE 1, 10), and a-tocopherolquinone-5,6-oxide 

(a-TQE2, 11), as observed previously with model systems (Liebler et aI., 1990, 1991; 

Liebler and Burr, 1992). Loss of 0.-TH accompanied onset of lipid peroxidation and loss 

of mitochondrial function. In vitro supplementation raised mitochondrial a-TH levels, but 

did not protect against loss of function in mitochondria exposed to a free radical 

generating compound. Since it was unclear whether the in vitro supplementation with 

a-TH accurately modeled the relationship between a-TH levels and function, I chose to 

study the antioxidant turnover of 0.-TH in a more physiologically intact system. The 

isolated perfused rat liver provides a model in which mitochondria can be subjected to 

oxidative stress within the intact organ, and then rapidly isolated and their function 
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monitored. Moreover, mitochondrial a-TH turnover can be compared to overall a-TH 

turnover in the cell. Manipulation of a-TH can be achieved through dietary 

supplementation rather than supplementation ill vitro, which may have had damaging 

effects on mitochondrial function. 

Oxidative stress in perfused liver can be initiated with tert-butylhydroperoxide 

(t-BuOOH), which has been used in a variety of models to study hydroperoxide 

metabolism and oxidative damage (Sies et aI., 1972; Oshino and Chance, 1977; Sies, 

1985; Kowalski et al.; 1992, de la Cruz Rodriguez, et al., 1990; Ochi, 1993; Castilho, et 

al., 1995a & b; Caprari et al., 1995). Due to its bulky t-butyl group, this organic 

hydroperoxide is not enzymatically reduced by catalase.. Instead, glutathione peroxidase 

enzymatically reduces t-BuOOH to tert-butanol and water (Sies, 1985; Sies and Summer, 

1975). This reaction may lead to depletion ofGSH and efflux ofGSSG from hepatocytes 

and perfused liver systems (Ozaki, et al., 1994; Oshino and Chance, 1977; Sies et al.; 

1972; Tribble et al., 1988) When this enzymatic detoxification is overwhelmed, t-BuOOH 

can decay to yield tert-butoxyl and tert-butylperoxyl radicals through mechanisms which 

may involve hemoproteins (eq 16 & 17) (Cadenas and Sies, 1982; Starke and Farber, 

1985). 

t-BuOOH + Fe ~+ ~ t-BuO· + OH· + Fe 3+ (16) 

t-BuOOH + Fe3+ ~ t-BuOO· + W + Fe2
+ (17) 

Under such conditions, t-BuOOH can initiate and sustain free radical chain reactions. 
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t-BuOOH has been shown to cause mitochondrial damage and evidence suggests 

that lipid peroxidation plays a role in t-BuOOH toxicity (Ozaki et aI., 1994, Nishiki et aI., 

1976; Chen and Stevens, 1991; Erdahl et aI., 1991; Masaki et aI., 1989) t-BuOOH causes 

increased permeability of the mitochondrial inner membrane to small solutes (~ 1500 Da), 

which leads to mitochondrial swelling and loss of membrane potential, a phenomenon that 

has been called the mitochondrial permeability transition. The resulting disruption of 

mitochondrial function and integrity may lead to cell death. a.-TH may playa role in 

protecting mitochondria from the effects oft-BuOOH toxicity since oxidation of 

membrane components may contribute to t-BuOOH-induced mitochondrial permeability 

transition (Castilho et aI., 1995a, 1995b; Erdahl et aI., 1991). Lipid peroxidation and cell 

damage induced by t-BuOOH are potentiated by a.-TH deficiency and inhibited by other 

antioxidants and iron chelators (Chen and Stevens, 1991; Nakae et aI., 1990; Nishiki et aI., 

1976). 

In the present studies, I investigated the role of a.-TH during damage induced by 

t-BuOOH in a perfused liver system. In addition, I have studied the protective effects of 

0.-TH on the mitochondrial effects oft-BuOOH toxicity by increasing the levels of a.-TH 

in the liver through diet. I have shown that a.-TH in mitochondria can be raised 7-10 fold 

by dietary supplementation with a.-tocopheryl acetate. I have also shown that 

mitochondrial function declined after perfusion with t-BuOOH and that supplementation 

with a.-TH improved function and decreased lipid peroxidation, but did not completely 

reverse this damage. 
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EXPERIMENTAL PROCEDURES 

Chemicals and 1nslnlmentation. Sodium succinate, ADP, EGT A, and 

tert-butylhydroperoxide were purchased from Sigma Chemical Co. (St. Louis, MO). 

[5,7 -(C2H3)2]-a-tocopherol (d6-a-TH) was synthesized by the reduction of 

[5,7-(C2H3)2]-a-tocopherol acetate with lithium aluminum hydride in tetrahydrofuran. The 

deuterated a-tocopherol acetate was generously provided by the Natural Source Vitamin 

E Association (Kingport, TN). [5, 7-(C2H3)2]-a-Tocopherolquinone (d6-a-TQ), 

[5-(C~3)]-a-Tocopherolquinone (d3-a-TQ), [5,7-(C2H3)2]-a-tocopherol

quinone-2,3-oxide (d6-a-TQE 1) and [5, 7-(C~3)2]-a-tocopherolquinone-5,6-oxide 

(d6-a-TQE2) were synthesized by oxidation of d6-a-TH with AMVN and purified by 

HPLC (Liebler et aI., 1989). Just prior to use as standards, a-TQ and a-THQ were 

treated to convert the product to the proper redox form. Residual 0.-THQ in 0.-TQ stock 

solutions was oxidized by suspending 5 nmol of 0.-TQ in 1 mL of hexane and vortex 

mixing in the presence of 0.5 mL of 10 mg mLol solution offerric chloride in water. 

Residual 0.-TQ in 0.-THQ stock solutions was reduced by adding 10 JlL of a 20 mg mL°1 

ethanolic solution of sodium borohydride to 5 nmol a-TQ in 0.5 mL of ethanol. After 

vortex mixing, the mixture was allowed to stand for 1 min, then 200 JlL of 0.1 M acetic 

acid and 0.5 mL of water were added and a-THQ was extracted into 1 mL of hexane. 

GC-MS analyses were done on a Fisons MD 800 instrument (Beverly, MA) equipped with 

a Carlo Erba 8035 gas chromatograph and an on column injector. 
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Liver Perfusion. Male Sprague-Dawley rats were maintained on a Teklad 4% standard rat 

chow diet (Harlan, Madison, WI) or were fed Teklad 4% diet supplemented with 2000 

IU/kg diet ex-tocopherol acetate (Dyets, Bethlehem, PA) for 3.5-4.5 weeks. Animals were 

fasted for 16 hr prior to surgical procedure. Livers were perfused in a nonrecirculating 

system with Krebs-Henseleit bicarbonate buffer (pH 7.4, 37°C) saturated with an 

oxygen/carbon dioxide mixture (95:5) as described previously (Thurman et aI., 1977). 

The fluid was pumped into the liver via a cannula into the portal vein and out of the vena 

cava and the effluent flowed past a Clark-type oxygen electrode. Livers ranged in weight 

from 5.9-11.1 g and were perfused at rates of3.6-5.0 mL minot g liverot. A stock 

solution of t-BuOOH was made in Krebs-Henseleit buffer to give a final concentration of 

2 mM when infused into the liver. At the termination of perfusion, samples were 

homogenized and mitochondria were isolated as described (Ham and Liebler, 1995). 

Mitochondrial function was monitored by measuring state 3 respiration, state 4 respiration 

and the respiratory control ratio as described (Ham and Liebler, 1995). 

Analysis of PerfUSion Effluent. Samples of the effluent were collected every 0.5 min from 

25-45 min after the initiation of perfusion. Lactate, pyruvate and ~-hydroxybutyrate were 

analyzed enzymatically using Sigma diagnostic kits (Sigma Chemical Co., St. Louis, MO). 

~-Hydroxybutyrate samples were centrifuged in a microcentrifuge at 13,000 RPM for 10 

min before the addition of enzyme to remove precipitate that occurs due to the pH change 
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for the enzyme assay. Acetoacetate was also measured using a standard enzymatic assay 

(Williamson and Mellanby, 1974). Thiobarbituric acid reactive-substances in the effluent 

were measured as described by Beuge and Aust (1978) with the modification that 1 mg 

BHT in 50 ilL isopropanol was added to each sample to prevent adventitious oxidation. 

a-TH Product Detection and Quanitjicatioll. 0.-TH and its oxidation products were 

extracted from homogenate and from isolated mitochondria as described by Burton et at. 

(1985) with the modification that samples were sonicated for 5 sec with a microtip probe 

sonicator in the presence of all components of the extraction mixture and allowed to sit for 

15 min before the addition of internal standards and extraction with hexane. Homogenate 

was filtered through two layers of cheesecloth prior to extraction. 0.-TH, 0.-TQ, 0.-THQ, 

a-TQEl, and a.-TQE2 were detected by selected ion monitoring GC-MS analysis of major 

diagnostic fragment ions of their respective TMS derivatives using deuterated internal 

standards. d6-a.-TQ was used for the internal standard for 0.-TQ analysis and d)-a-THQ 

was used for a-THQ analysis since there was some interconversion of these two redox 

products during work up (see results section). For analysis of all other products, 

d6-internal standards were used. TMS derivatives of these compounds were formed by 

evaporating extracts under ~2' resuspending in 100 ilL of dimethylformamide and adding 

100 ilL ofN,O-bis-(trimethylsilyl)trifluoroacetamidell 0 % trimethylchlorosilane (BSTFA 

10 % TMCS, Pierce Chemical Co., Rockford JL) in a sealed autosampler vial and 

incubating at room temperature for at least 2 hr. 
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To detect oxidized a.-TH present as 8a-substituted tocopherones and 

epoxytocopherones, extracts from mitochondria and homogenate were treated with HCI 

as previously described (Liebler and Burr, 1992) and products oftocopherone hydrolysis 

(a.-TQITHQ, a.-TQEl and a.-TQE2) then were analyzed (Liebler et aI., 1989). The TMS 

derivatives of a.-TH and its oxidation products were introduced by on-column injection at 

150 °C and separated on a J&W DB-5-MS 30 m- 0.25 mm column (Folsum, CA) The 

column was held isothermally at 1500 C for 1 min, then temperature programmed at 250 C 

min·1 to 2600 C, then at 40 C min·1 to 2800 C. Products were analyzed by electron 

ionization MS at 70 eV. a.-TH and its oxidation products were detected by selected ion 

monitoring of molecular or fragment ions listed in Table 3. 

Microscopic Analysis. At the end of perfusion, tissue samples were fixed in either 10 % 

buffered formalin (for light microscopy) or 4 % formaldehyde-l % gluteraldehyde in 

phosphate buffer, pH 7.2 (for transmission electron microscopy). Samples were then 

dehydrated, infiltrated and embedded with either Paraffin wax (light) or Spurrs plastic 

(TEM). Samples were then stained with hematoxylin and eosin (light) or 1% Toluidine 

blue. TEM samples were examined using a Phillips CM-12S transmission eletron 

microscope. 
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Table 3: Ions monitored in GC-MS analysis of a.-TH and oxidation products using 
selected ion monitoring. 

Compound standard ion internal standard ion 

a.-TH,1 503 509 

a.-TQE1, 10 309 315 

a.-TQE2,11 309 315 

a.-TQ,5 293 299 

a.-THQ,6 309 312 
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RESULTS 

Previously, I identified the products which were produced by reaction of (X-TH 

with peroxyl radicals in mitochondria (Ham and Liebler, 1995). I have extended these 

studies to an intact organ model, in which I can quantify the oxidation products of (X-TH 

as well as monitor mitochondrial function and lipid peroxidation. t-BuOOH was chosen as 

the oxidant in this perfused liver system because previous studies indicate that t-BuOOH 

reproducibly induces oxidative stress, characterized by GSH oxidation, lipid peroxidation 

and mitochondrial damage. I chose a concentration of 2 mM since this concentration 

produced oxidative stress and perturbation of all parameters measured without completely 

uncoupling mitochondria. In addition, radical reactions contribute to t-BuOOH toxicity 

and (X-TH should be more effective in protecting against this type of damage. Dietary 

(X-TH supplementation increased total hepatic and mitochondrial (X-TH levels by 

approximately 7-10 fold. 

Effect oft-BuOOH 011 Hepatic Metabolism. Figure 12 shows representative analyses of 

perfusate effluent from control and t-BuOOH perfusions of livers from rats fed a normal 

or vitamin E-enriched diet. At 2 mM, t-BuOOH altered the metabolism of mitochondria 

during perfusion as evidenced by the decreases in perfusate content of acetoacetate and 

P-hydroxybutyrate, which are metabolites of ketogenesis in mitochondria (Figures 12A & 
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Figure 12. Effect oft-BuOOH on liver function and lipid peroxidation during perfusion. 
(A) Control perfusion, normal diet. (B) Control perfusion, vitamin E diet. (C) t-BuOOH 
perfusion, normal diet. (D) t-BuOOH, vitamin E diet. 
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C). Both lactate and pyruvate, which result from glycolysis and gluconeogenesis, were 

raised during infusion with t-BuOOH, which indicates increased gluconeogensis (data not 

shown). These effects on metabolism during t-BuOOH perfusion have been demonstrated 

previously (Sies et aI., 1972). The P-HBAlAA ratio has been widely used as a measure 

the redox state of the mitochondria because it reflects the ratio ofNAD + INADH 

(Williamson et aI., 1962; Sies, 1982) (eq 18). 

Acetoacetate + NADH --)0 
+ p-hydroxybutyrate + NAD (18) 

t-BuOOH led to oxidation of mitochondrial pyridine nucleotides as measured by the 

decrease in the P-hydroxybutyrate/acetoacetae ratio (P-HBAlAA) (Figures 12A & C). 

Oxidation of pyridine nucleotides during t-BuOOH perfusion has been demonstrated 

previously (Sies et ai, 1972; Nishiki et aI., 1976; Oshino and Chance, 1977; Moore et aI., 

1983). The increased oxidative state of mitochondria began to reverse when t-BuOOH 

was removed from the perfusate. a-TH supplementation did not have a significant effect 

on mitochondrial metabolism in either control or t-BuOOH perfusions (Figures 12 B & 

D). 

Effects ill Mitochondrial Respiration At the end of perfusion, mitochondria were 

isolated from the livers and mitochondrial function was assessed by measuring state 3 and 

state 4 respiration and the respiratory control ratio. State 4 respiration is defined as the 
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rate of oxygen consumption in the presence of a respiratory chain substrate succinate. 

State 3 respiration is the rate of oxygen consumption in the presence of both a respiratory 

chain substrate and ADP, which permits coupling of oxygen reduction to ATP synthesis. 

The respiratory control ratio is defined as the ratio of state 3/state 4 respiration. After 

perfusion with t-BuOOH there was a significant depression of respiratory function as 

indicated by the respiratory control ratio (Table 4). The decrease in the respiratory 

control ratio corresponded with significant increases in both state 3 and state 4 respiration, 

although the latter change was more pronounced. Supplementation of mitochondria with 

0.-TH through diet had no significant effect on respiratory parameters in control 

perfusions. Cl-TH did, however, reverse the depression of the respiratory control ratio by 

t-BuOOH. This protection, however, di.d not change the effect oft-BuOOH on state 3 

respiration, but instead, significantly lowered state 4 respiration. 

Effects 011 Lipid Peroxidation and Oxygen Consumption. Perfusion of rat liver with 

t-BuOOH resulted in lipid peroxidation, as indicated by increases in thiobarbituric acid 

reactive-substances (TBARS) in the effluent as compared to control perfusions, in which 

no t-BuOOH was present (Figures 12A & C). After the removal oft-BuOOH from the 

perfusate, levels ofTBARS in the effluent slowly declined. Increased lipid peroxidation 

induced by t-BuOOH has been shown to occur in liver perfusion, in isolated hepatocyes, 

and isolated mitochondria (Smith and Sandy, 1985; Tribble et a\., 1988; Masaki et ai, 

1989; Ozaki et a\., 1994; Castilho et ai, 1994). In addition to the increase in lipid 
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Table 4: Respiratory parameters in isolated mitochondria after perfusion. 

Treatment State 3a State 4a RCR 

Control 
Regular Diet 

(3)b 

C
• c·· 69.9 ± 9.6 ' c··· c·· 33.0 ± 3.8 2.12 ± 0.22 

Control 
Vitamin E Diet 

(4)b 

65.3 ± 8.7d·,f*· d••• c·· d··· 28.2 _+ 2.9' 2 33 0 14 . ±. 

t-BuOOH 
Regular Diet 

(5)b 

98.6 ± 5.6c·,f*· d••• ... • •• d··· ••• 65.1 ± 5.0 ,1- 1.52 ± 0.07c , ,c 

t-BuOOH 
Vitamin E Diet 

(4)b 

d
• c·· 105.0 ± 6.4 ' 

....... 
46.6 ± 5.0c 

,1-

Values are expressed as mean ± standard deviation 
a Values expressed as J.lmol O2 x min'l x mg protein,l 

b Indicates number of perfusions 
c-fNumbers with same superscript are significantly different 
... p<0.05, ** p<O.OI, *** p<O.OOI 

2.31 ± 0.18 c··· 
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peroxidation, the rate of oxygen consumption in the effluent declined (Figures 12A & C) . 

The suppression of oxygen consumption was reversed when t-BuOOH was removed from 

the perfusate, as has been previously observed (Sies et aI., 1972). 

In livers from rats fed the vitamin E-enriched diet, perfusion with t-BuOOH caused 

lipid peroxidation, as indicated by the appearance ofTBARS in the effluent (Figure 12D). 

However, the increase was smaller than that observed in livers from rats fed a control diet 

(Figure 12C). There was no effect ofa-TH supplementation on the t-BuOOH-induced 

decrease in oxygen consumption (Figures 12C & D). 

Effects of t-BuOOH 011 Morphology. At the end of perfusion, samples were taken for 

histopathologic analysis by both light microscopy and transmission electron microscopy 

(Figures 13 & 14). Light microscopy revealed that treatment of livers with t-BuOOH 

caused hypertrophy in some sections of the liver, while other sections appeared to be 

normal (Figure 13). No regional or lobular localization of the injury was observed. 

Cellular injury, however, was not major, as evidenced by the absence of extensive of cell 

loss. Livers from a-TH supplemented animals showed an increase in lipid droplets 

throughout the liver. The hypertrophy observed with t-BuOOH treatment was not 

reversed by supplementation with a-TH. Transmission electron microscopic analysis of 

mitochondria revealed supplementation with a-TH did not affect mitochondrial 

morphology (Figure 14). t-BuOOH treatment did cause some margination of the cistae in 

liver not supplemented with 0.-TH (Figure 14). This damage, however, 
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Figure 13. Hematoxylin and eosin-stained histological section of perfused rat liver. 176X 
magnification. (A) Control perfusion, normal diet, (B) t-BuOOH perfusion, normal diet, 
(C) Control perfusion, vitamin E diet, (D) T-BuOOH perfusion, vitamin E diet. 
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Figure 13 continued. 
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Figure 14. Transmission electron microscopy of mitochondria after perfusion. 18,020X 
magnification. (A) Control perfusion, normal diet, (B) t-BuOOH perfusion, normal diet, 
(C) Control perfusion, vitamin E diet, (D) t-BuOOH perfusion, vitamin E diet. 



was not extensive. 0.-TH supplementation did appear to provide some marginal 

protection against this margination. 
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Products of a-TH Oxidation As previously reported, the principal end-products ofa.-TH 

oxidation by peroxyl radicals are a.-TQ, a.-TQEl, and a.-TQE2, which are formed by 

hydrolysis and rearrangement of 8a-substituted tocopherones and epoxytocopherones, the 

primary products ofa.-TH oxidation (Liebler et aI., 1990, 1991, Liebler and Burr, 1992, 

Ham and Liebler, 1995). At the termination of perfusion, livers were homogenized, 

mitochondria were isolated, and both homogenate and mitochondria were extracted and 

analyzed for 0.-TH and these oxidation products. In addition, 0.-THQ was also quantified, 

as it was discovered during the development of this GC-MS assay that 0.-THQ was usually 

present in tissue samples. 0.-TQ and 0.-THQ under go a facile redox interconversion (eq 

19). 

a.-TQ + 2H+ + 2e- ~ a.-THQ (19) 

The status of this redox couple is easily affected by reductants or oxidants present in 

tissues and during sample workup. Since it was unclear how much of the redox 

conversion between 0.-TQ and 0.-THQ was due to the sample or to sample work-up and 

derivitization, measured values for 0.-TQ and 0.-THQ were added together and the 



combined values are expressed as a-T(H)Q. THQ was detected in all analyses of 

mitochondria and homogenate. 
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Figure 15 shows the distribution of a-TH and its oxidation products in 

mitochondria and homogenate after perfusion. Low levels of oxidation products were 

seen when livers were perfused without t-BuOOH present (Figure 15A). Of these 

products, a-T(H)Q was the most prevalent. An interesting finding was that the amounts 

of products was increased upon treatment with HCl, which indicates that tocopherone and 

epoxytocopherone products accounted for a significant fraction of oxidized a-TH.. After 

perfusion with t-BuOOH, the amounts of products present in both the homogenate and 

mitochondria were elevated over that in control perfusions, thus indicating that a-TH 

scavanged free radicals (Figure 15C). Additionally, the amounts of products detected 

after treatment with HCl increased significantly, again indicating that tocopherone 

products were present. After HCl treatment, the amounts of oxidation products increased 

approximately 2-3 fold over samples that were not treated in both control and t-BuOOH 

perfusions. 

Livers from rats fed the vitamin E-enriched diet had levels of a-TH approximately 

7-10 fold greater than rats fed the normal diet (Figure 15). Oxidation products were 

observed in livers ofrats fed the vitamin E-enriched diet in both control and t-BuOOH 

perfusions (Figures lSB & C) also were increased. As in liver perfusions from rats fed the 

normal diet, the amount of oxidation products was increased upon HCl treatment, 

indicating the presence of tocopherones. Interestingly, the ratio of oxidation products to 
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Figure 15. Effect oft-BuOOH perfusion on the distribution ofa.-TH and its oxidation 
products. Each graph represents results after a single perfusion that is respresentative of 
the treatment group. Products in isolated mitochondria (solid bar) and homogenate (open 
bar) were extracted and analyzed after the termination of perfusion. Bottom panels of 
each graph represents the effect of HCI treatment of the extract on product distribution. 
(A) Control perfusion, regular diet. (B) Control perfusion, vitamin E diet. (C) t-BuOOH 
perfusion, regular diet. (D) t-BuOOH perfusion, vitamin E diet. 
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unoxidized Cl-TH in vitamin E-enriched livers was similar to that in non-supplemented 

livers. In general, T(H)Q was the product formed in the greatest amount in all perfusion 

groups. Of the epoxide products formed, TQE2 was always greater than TQEl. 
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DISCUSSION 

These studies with the perfused liver have provided the first description of the 

oxidative turnover of (1.-TH in an intact organ system. Liver perfusion with t-BuOOH has 

served as an excellent model in which to study tissue responses to oxidative stress. The 

results presented in this paper have shown that this model is also useful for studying the 

antioxidant reactions of (1.-TH. I have demonstrated that products of radical scavenging 

reactions of 0.-TH in this system are consistent with those previously identified in chemical 

model systems and in isolated mitochondria (Winterle et aI., 1984; Yamauchi et aI., 1989b; 

Liebler et aI., 1990, 1991; Liebler and Burr, 1992; Ham and Liebler, 1995). Additionally, 

I have provided evidence that supplementation with (1.-TH can protect mitochondria 

against damage induced by t-BuOOH in perfused liver. 

A number of changes in metabolism have been observed during perfusion of rat 

liver with t-BuOOH. In the present studies, the mitochondrial metabolites of ketogenesis, 

acetoacetate and p-hydroxybutyrate, were decreased with the infusion oft-BuOOH. In 

addition to decreases in acetoacetate and P-hydroxybutyrate, increases in pyruvate and 

lactate were observed, consistent with previous studies (Sies et aI., 1972). Increases in 

lactate and pyruvate by t-BuOOH in perfused liver have been attributed to increased 

gluconeogenesis (Sies et aI., 1972). Decreases in acetoacetate and p-hydroxybutyrate 

have been correlated to increases in pyruvate and lactate and are due to a shift in 

metabolism of the cell from ketogenesis to gluconeogenesis (Sies et aI., 1972; Nosadini et 
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aI., 1980; Sugden et aI, 1980). This shift in metabolism is observed because both 

metabolic pathways utilize acetyl-CoA as a common intermediate and acetyl CoA thus 

enters the citric acid cycle rather than the ketogenesis pathway. 

Changes in levels of mitochondrial metabolites also reflected an increase in the 

oxidative state of the mitochondria, as indicated by the decrease in the f3-HBNAA ratio. 

This phenomenon also has been observed by monitoring the oxidation of pyridine 

nucleotides by pyridine nucleotide-specific fluorescence (Sies et aI., 1972; Oshino and 

Chance, 1977; Nishiki et aI., 1976; Moore et aI, 1983). The oxidation of pyridine 

nucleotides in mitochondria is due primarily to reaction oft-BuOOH with glutathione 

peroxidase, which results in the oxidation of GSH to GSSG. GSSG is then reduced back 

to GSH by glutathione reductase which utilizes NADPH as a cofactor. Although 

f3-hydroxybutyrate dehydrogenase uses NADH, not NADPH, these two cofactors are 

closely linked by pyridine nucleotide transhydrogenase (Rydstrom, 1977; Reed, 1990a; 

Kehrer and Lund, 1994; Lund et aI., 1994). The decrease in oxygen consumption could 

be explained by an increase in oxygen efflux from the cell, rather that a decrease in oxygen 

uptake. This could result from the catalytic action of catalase on hydrogen peroxide 

formed during radical reactions initiated by t-BuOOH. Increases in oxygen in the effluent 

of perfused liver exposed to hydrogen peroxide have been attributed to reaction with 

catalase and subsequent release of oxygen from the cell (Sies et aI., 1972). The amount of 

oxygen in the effluent after perfusion with hydrogen peroxide is much greater that the 

increases seen with t-BuOOH (Sies et aI., 1972). 
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Supplementation of hepatic cr-TH through diet did not significantly affect 

t-BuOOH-induced changes in metabolism. This was not surprising since these shifts in 

metabolism are due primarily to increased demand on cellular NADPH because of the 

reduction oft-BuOOH via the glutathione redox cycle. Free radicals are not intermediates 

in this pathway and thus cr-TH would not have been expected to modulate these effects. 

cr-TH did confer protection, however, against the mitochondrial uncoupling effect of 

t-BuOOH. This uncoupling effect was previously described in isolated mitochondria and 

was attributed to oxidation of thiols in the membrane critical to mitochondrial respiration 

(Sies and Moss, 1978). In our studies, this uncoupling effect oft-BuOOH was 

accompanied by increases in both state 3 and state 4 respiration. Increased cr-TH 

preserved respiratory coupling by decreasing state 4 respiration, but had no effect on the 

increase in state 3 respiration. These results are consistent with cr-TH preventing lipid 

peroxidation and thereby preventing a permeability change in the inner membrane, which 

would lead to disturbance of the proton-motive force or the membrane potential between 

the matrix and the intermembrane space. The fact the cr-TH has no effect on state 3 can 

be explained by the changes in metabolism described above. Gluconeogenesis stimulates 

mitochondrial respiration due to an increased demand for ATP in the cell (Soboll and Sies, 

1989). Since cr-TH supplementation had no effect on the changes in metabolism, it is not 

surprising that state 3 respiration also remained elevated. These results give further 

support to the hypothesis that t-BuOOH produces its damaging effects on the cell through 

both lipid peroxidation-dependent and -independent mechanism. 



110 

A decrease in lipid peroxidation, as evidenced by the diminished effiux ofTBARS 

from the liver, was observed in livers of rats supplemented with 0.-TH through diet. Lipid 

peroxidation was significantly decreased, but it was not completely prevented, even 

though the amount ofo.-TH in the liver was increased by 7-10 fold by supplementation. 

Additionally, 0.-TH in both livers from normal rats and 0.-TH supplemented rats was not 

completely depleted. In fact, the amount of 0.-TH present was always greater than any of 

the oxidation products that were formed. This is consistent with the observation that the 

damage was not severe. 

Microscopic analysis revealed that the damage that was produced by t-BuOOH in 

these studies was mild. Although hypertrophy was observed, there was no other evidence 

for extensive cell damage. Mitochondria did display some minor changes as a result of 

t-BuOOH treatment, but again these changes were not severe. These results were 

consistent with results that showed that mitochondria were not completely uncoupled and 

respiration rates were still relatively high. Supplementation with 0.-TH did show modulate 

the effects oft-BuOOH on mitochondria, although these effects were minor. 

The oxidation products formed form 0.-TH were consistent with those formed by 

peroxyl radical trapping reactions in isolated mitochondria, liposomes and chemical 

models (Winterle et aI., 1984; Yamauchi et aI., 1989b; Liebler et aI., 1990, 1991; Liebler 

and Burr, 1992; Ham and Liebler, 1995). Products observed included 0.-T(H)Q, 0.-TQE 1 

and 0.-TQE2, as well as tocopherone and epoxytocopherones. 0.-TQE 1 and 0.-TQE2 

result from the hydrolysis of epoxyhydroperoxytocopherones (eq 20) (Liebler et aI., 1990; 
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Matsuo et aI., 1989). 0.-T(H)Q can arise from a number of different tocopherones, 

including 8a-(alkyldioxy)tocopherones, 8a-hydroxytocopherone, and 

8a-hydroperoxytocopherone (eq 21). 

(20) 

(21) 

8a-(tert-Butylperoxy)tocopherone may have been expected as a product, although this 

product was not observed in previous reactions between t-BuOO· and 0.-TH (Matsuo et 

aI., 1989). Our failure to observe this product suggests that its formation is unfavorable. 

Presumably, the steric bulk of the t-BuOO· radical precludes its reaction with C-8a of 

0.-T·. 8a-hydroperoxytocopherone is also a possible product, its formation was 

documented in studies with isolated mitochondria (Ham and Liebler, 1995). This product, 

however, typically is formed in low yield and probably does not account for the bulk of the 

tocopherones formed. It is also possible that these tocopherones could be the 

phospholipid-derived 8a-substituted tocopherone described by Yamauchi et ai. (1994). 

These products, however, also appear to be in low yield during radical oxidation of 0.-TH. 

0.-T(H)Q is most likely formed from 8a-hydroxytocopherone (8a-TOH). Evidence 
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suggests that 8a-TOH is formed via the tocopherone cation after electron transfer 

reactions of the tocopheroxyl radical with lipid peroxyl radicals or by disproportionation 

of two tocopheroxyl radicals (Liebler and Burr, 1992). Disproportionation reactions may 

predominate at low rates of peroxyl radical oxidation, whereas, at high rates of oxidation, 

peroxyl radicals increasingly react directly with the tocopheroxyl radical (Liebler, 1993; 

Liebler and Burr, 1992). Disproportionation reactions result in the formation of 0.-T(H)Q, 

where as direct reactions with peroxyl radicals result in the increased formation of 0.-TQE 

1 and 0.-TQE 2. The results of the present studies demonstrated the 0.-T(H)Q was formed 

in higher yield than the TQE products, which suggests that disproportionation may have 

been the pricipal fate ofa.-Ta. Of the quinone epoxide products formed, TQE2 was 

always in greater yield. 

Interestingly, tocopherone products appeared to account for approximately half of 

the products formed during t-BuOOH oxidation in this system. This was a surprising 

result, since only a very small percentage of the total oxidation products in isolated 

mitochondria could be accounted for as tocopherones. This result is interesting because 

of the possible role of tocopherone products in redox cycles of 0.-TH. It has been 

demonstrated that after oxidation, 0.-TH can be regenerated from tocopherones by 

reductants, such as ascorbic acid (Chan et aI., 1991; Ho and Chan, 1992; Liebler and Burr, 

1992; Liebler, 1993). Chan and colleagues proposed that this recycling occurs by the 

one-electron reduction of the tocopheroxyl radical. Liebler and Burr (1992), however, 

showed that the reducible compound was relatively stable in lipid bilayers and 
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demonstrated a pH dependence for reduction consistent with a two-electron reduction of 

the tocopherone cation, not the tocopheroxyl radical. 

In the isolated perfused liver model used in these studies, I were unable to 

determine exactly how much a.-TH underwent oxidation, because tissues are sampled only 

after perfusion. Therefore, the extent to which the measured products quantitatively 

account for a.-TH oxidation is not known. It is possible that small amounts of other 

products, including dimers of a.-TH, may have ai-so been formed. Dimers are formed 

primarily by reactions of a.-TH with alkoxyl radicals, which may be formed from 

t-BuOOH through reactions with hemoproteins. Alkoxyl radicals, however, are much less 

stable than peroxyl radicals and less likely to be scavenged by a.-TH. Dimers that result 

from a.-TH oxidation are usually minor products. The amount of oxidized and unoxidized 

a.-TH accounted for in these studies is similar to the total amount of a.-TH seen in isolated 

mitochondria (Ham and Liebler, 1995). 
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CHAPTER 4 

Perspective 

Although vitamin E is thought to exert its biological effects by acting as an 

antioxidant, there still is relatively little conclusive evidence to support this hypothesis. 

Gaining insight into how antioxidant reactions of vitamin E are expressed in living systems 

will allow for more conclusive understanding of its protective effects. Information 

pertaining to the types of reactions that occur and the products that result provides 

investigators tools with which to study these reactions in biological matrices. The 

products that result from antioxidant reactions of vitamin E can serve as markers for its 

antioxidant function and can thus be used as a measure of its antioxidant activity ill vitro 

and ill vivo. The studies in chapters two and three of this dissertation investigated the 

expression of the antioxidant chemistry of vitamin E in biological systems, rat liver 

mitochondria and perfused rat liver, and how this related to function during oxidative 

stress. These were the first comprehensive studies of vitamin E antioxidant chemistry in a 

biological system. 

Chapter two of this dissertation studied the expression of vitamin E chemistry in 

isolated rat liver mitochondria exposed to peroxyl radical oxidation. Products were 

initially identified through the incorporation of C4C]-a.-TH into the mitochondria and 

tracing the radiolabel by reverse-phase HPLC analysis. The identities of the products 

were then confirmed by UV spectral properties and mass spectral analysis. The major 
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products that were formed were the epoxyquinones, (a-TQE's, 10/11) and 

a-tocopherolquinone (a-TQ, 5). These products were also the principal products of 

peroxyl radical scavenging in homogenous chemical solutions and liposomes (Liebler et 

aI., 1990; Liebler et aI., 1991; Liebler and Burr, 1992). Another minor product identified 

was 8a-(ethyldioxy)tocopherone, 13, which appeared to be formed during sample workup 

and provided evidence for the formation of8a-hydroperoxytocopherone, 12. A group of 

minor products was observed and were postulated to be a group of dimers andlor trimers 

of vitamin E, but these were not further investigated. 

The results of these studies provided evidence that the reactions of a-TH with 

peroxyl radicals in a biological membrane was very similar to those in simpler, more 

chemically defined biomimetic models (Liebler et aI., 1990; Liebler et aI., 1991; Liebler 

and Burr, 1992). No evidence was found for the formation of phospholipid-derived 

8a-(alkyldioxy)tocopherone, 4, suggesting that the tocopheroxyl radical a-T· reacts by 

electron transfer reactions involving either by disproportionation a-T· or electron transfer 

from a-To to a peroxyl radical. The results were in support of the findings of Liebler and 

Burr (1992). 

The next goal of the studies in chapter two was to establish the effects ofperoxyl 

radical oxidation on mitochondrial function and to investigate the relationship between 

mitochondrial function and vitamin E oxidation. Peroxyl radical oxidation in isolated rat 

liver mitochondria produced a depression of mitochondrial respiration in a manner which 

was consistent with lipid peroxidation of the inner mitochondrial membrane. Uncoupling 
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and decreased respiration were caused by peroxyl radicals in a concentration-dependent 

manner. Surprisingly, a-TH supplemented ill vitro afforded no protection against the 

peroxyl radical decreases in mitochondrial function. Although this result was surprising, 

the conclusion could not be drawn that a-TH supplementation has no beneficial effects 

against peroxyl radical oxidations. The limitation in these investigations may have been 

the model that was used. In isolated mitochondria, the respiratory function rapidly 

declined (see Figure 11), even in the absence of peroxyl radical oxidation. Although ill 

vitro supplementation of a-TH served as an excellent model in which to investigate the 

oxidative fate of a-TH, it may not have been appropriate to study the protective effects of 

vitamin E. A more appropriate measure of the protective effects of vitamin E 

supplementation may be through ill vivo supplementation in a more physiologically intact 

model in which mitochondrial function does not rapidly decline. 

Chapter three investigated the antioxidant reactions and turnover of vitamin E in 

the isolated perfused rat liver. This model provided for a more physiologically intact 

system in which to study not only the antioxidant reactions of vitamin E, but also the 

beneficial effects of vitamin E supplementation. This investigation provided the first study 

of vitamin E chemistry in an intact organ system. These studies examined the effects of 

tert-butylhydroperoxide (t-BuOOH), a mitochondrial prooxidant, on vitamin E status and 

antioxidant reactions in perfused liver and how this related to the function of the liver 

during perfusion, the function of mitochondria isolated at the end of perfusion, and the 

peroxidation of membranes during perfusion. 
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The oxidation of perfused rat liver with t-BuOOH resulted in a number of changes 

in metabolism due to perturbations of ketogenesis, gluconeogenesis and the oxidative state 

of the mitochondria (see discussion in chapter 3). III vivo vitamin E supplementation had 

no significant effect on any of these parameters in either stressed or non-stressed livers. 

This was not a surprising result since these effects were not due to radical-mediated 

mechanisms, but rather due to metabolism oft-BuOOH by glutathione peroxidase. 

Vitamin E supplementation, however, did decrease the amount of lipid peroxidation 

observed and afforded protection against radical-mediated damage of mitochondrial 

function. 

The antioxidant reactions of vitamin E were also studied in this perfused liver 

model. These studies provided the first comprehensive assessment of vitamin E 

antioxidant reactions in an intact organ system. As in isolated mitochondria, the major 

products formed were the epoxyquinones, (0.-TQE's, 10/11) and a.-tocopherolquinone 

(a.-TQ,5). In contrast to the results with isolated mitochondria, however, the precursors 

to these products, the epoxyhydroperoxytocopherones, 8/9, and the 8a-substituted 

tocopherones, 4, 7, and/or 12, appeared to constitute approximately half of the products 

fonned. This is a particularly interesting observation because of the potential for the 

reduction of the 8a-substituted tocopherones back to 0.-TH, thereby completing a 

recycling mechanism for the regeneration of 0.-TH (see discussions in Chapters 1 and 3). 

The regeneration of 0.-TH after oxidation has been observed in platelets and 



118 

polymorphonuclear leukocytes, as well as in biomimetic systems (Chan et aI., 1991; Ho 

and Chan, 1992; Liebler and Burr, 1992). 

The results of the studies presented in this dissertation have demonstrated that the 

antioxidant chemistry of vitamin E in biological membranes is similar to that in chemical 

and liposomal models. Figure 16 illustrates what is known about the antioxidant 

chemistry of vitamin E in mitochondria as a result of the studies presented in this 

dissertation. Although a great deal was known about the antioxidant chemistry in 

synthetic systems (Figure 5, chapter one), these studies provide the first description of the 

expression of this chemistry in a biological system. These studies have also shown that the 

products of radical-mediated vitamin E oxidation can serve as markers for the antioxidant 

function of vitamin E. Additionally, these studies have presented further support to the 

protective effects of vitamin E supplementation. 

Now that the antioxidant chemistry ofvitami"n E has been established in a 

biological system, it would be interesting to observe the expression of this chemistry in 

different biological systems exposed to a variety of stresses. In chapter one, the possible 

role of vitamin E as a chemoprotective agent in a variety of disease states was discussed. 

Now that there is a relatively simple procedure to quantitatively measure the principle 

products of vitamin E oxidation (see Experimental Procedures in chapter 3), the systems 

in which the antioxidant chemistry of vitamin E can be studied are widespread. It would 

be interesting to profile the antioxidant actions of vitamin E in some of these disease 

states, such as carcinogenesis, lung disease and atherosclerosis, during vitamin E 
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deficiency, sufficiency, and in cases when vitamin E is used in large doses for 

chemoprotective purposes. The oxidation of vitamin E in low-density lipoproteins, for 

example, could provide insight into the possible role of vitamin E in the protection against 

atherosclerosis. The oxidation of vitamin E in the lung of animals exposed to cigarette 

smoke or ozone could shed light on the role of vitamin E in the protection againt these 

oxidative insults. It would also be interesting to profile the oxidation of vitamin E in the 

different stages of carcinogenesis. This may explain the contradictory reports of vitamin E 

acting as a protective agent against tumor promotion and vitamin E acting itself as a tumor 

promoter in the mouse skin model of chemical carcinogensis (Perchellet et a!., 1985; 

Mahoney and Azzi, 1988, Sakamoto, 1990; Bosohoinik et a!., 1991, Ham et 'a!., 1990; 

Mitchel & McCann, 1993). 

In addition to studying the antioxidant chemistry in the above mentioned models, it 

would also be interesting to more conclusively identify the redox cycles of vitamin E. 

Since it was demonstrated in an intact organ model (see chapter 3) that tocopherones 

appeared to compose a large percentage of the total products formed, it would be 

interesting to see what effect cellular reductants have on the levels of un oxidized vitamin 

E, the tocopherones, and their end-products tocopherolquinone 6 and the 

epoxytocopherolquinones 10/11. In addition, the identification of these tocopherone 

products may shed more light on the mechanisms of the recycling of a-To in biological 

systems. 
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