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ABSTRACT 

Photochemical and antioxidant reactions of a-tocopherol (a-TH. vitamin E) were 

studied by monitoring the fate of a-TH in UVB irradiated liposomes, solution, and mouse 

skin. a-TH was rapidly depleted in UVB irradiated mouse skin and in vitro systems. 

Oxidative damage, assessed by monitoring lipid peroxidation, was suppressed in UVB-

irradiated liposomes until a-TH was depleted to 20% of initial levels. In all three 

systems, products previously identified as marker products for peroxyl radical scavenging 

by a-TH were observed, including a-tocopherolquinone (a-TQ). a-tocopherolquinone 

2.3-epoxide (a-TQE 1), a-tocopherolquinone 5.6-epoxide (a-TQE 2) and several 

8a-(hydroperoxy)epoxytocopherones. In addition, a product resulting from 

photochemical consumption of a-tocopherol, a spirodimer. was identified by HPLC and 

HPLC-MS. These studies provide the first evidence of the fate of vitamin E in UVB 

irradiated in vitro and in vivo systems. 

We have also assessed the hydrolysis of the vitamin E ester a—tocopherol acetate 

(a—TAc) to the active antioxidant a—TH in mouse epidermis and in supernatant from 

epidermal homogenates. Topically administered a—tocopherol prevents UVB 

photocarcinogenesis in C3H mice, whereas a—tocopherol acetate does not. Hydrolysis in 

skin was monitored in mice treated topically with deuterium labeled a-TAc (ds-a-TAc). 

a-TAc was hydrolyzed to a-TH in mouse skin, and this effect was enhanced by prior 

UVB treatment. We hypothesized that prior UVB exposure may increase hydrolysis of 
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a—TAc by increasing epidermal esterase activity. Non specific esterase (NSE) activity 

was measured in the 2000 x g supernatant from epidermis of unirradiated and irradiated 

mice. a-Napthyl acetate (a-NA), a NSE substrate, was converted to a-napthol (a-NOH) 

in supematants from unirradiated mice. Hydrolysis of a—TAc to a—TH also occurred in 

supernatant from unirradiated mice, and hydrolysis of both a-NA and a-TH was 

enhanced in supematants from UVB-irradiated mice. These data indicate that NSE 

activity was increased by UVB in the skin, that a—TAc is converted to a—TH in the 

homogenate fraction containing NSE, and that UVB exposure modulates the metabolism 

of a—TAc to a—TH in vivo. 



CHAPTER 1 

INTRODUCTION 

VITAMIN E 

Introduction and Overview 

In recent years, as cancer awareness has increased, the search for cancer-preventing 

agents has increased. Antioxidants such as a-tocopherol have gained recognition as 

potential chemopreventive agents as the role of oxidants in tumorigenesis has come to 

light. However, epidemiological studies relating serum or plasma vitamin E levels or 

reported vitamin E intake to cancer risks show no clear-cut relationship between a-

tocopherol and cancer risk, a-tocopherol intake or plasma levels have been correlated 

with reduced risk of gastrointesinal and brain cancers. Plasma levels of a-TH have also 

been shown to reduce the risk or have no effect on breast, lung, hormonal, and skin 

cancer (1-5). However, there are limitations to the methodology of these types of studies 

(discussed further in a later section). It has become obvious that the relationship between 

vitamin E and cancer in humans needs to be further clarified. 

Our laboratory has a particular interest in the effects of vitamin E in UV-induced skin 

cancer. The basis for this investigation is the ability of topical a-tocopherol to inhibit 

UV-induced tumorigenesis in mice (6,7), which is believed to be in part attributable to 

the antioxidant actions of a-tocopherol. Topical a-tocopherol acetate, which is unable to 



act directly as an antioxidant, is unable to prevent UV-induced photocarcinogenesis (8). 

The chemistry of a-tocopherol antioxidant turnover has been investigated extensively in 

vitro, utilizing a number of different oxidants (9.10). However, the fate of topically 

applied a-tocopherol and a-tocopherol acetate in UVB irradiated in vivo systems has 

never been studied. We believe that further knowledge of vitamin E chemistry in UV-

irradiated skin will give us further insight into the mechanism of chemoprevention by 

vitamin E in UV-induced photocarcinogenesis, which will aid in development of better 

disease prevention and treatment. The purpose of our present studies was to investigate 

the mechanism of antioxidant and photochemical turnover of supplemented a-tocopherol 

in UVB-irradiated mouse skin, and in vitro model systems. The effect of UVB on the 

hydrolysis of topical a-tocopherol acetate to the antioxidant a-tocopherol in mouse skin 

was also determined. The remainder of this introductory chapter focuses on: 1) 

Establishing the role of oxidative damage in the induction of skin cancer. 2) The 

mechanism of antioxidant protection against oxidants in vivo, 3) A review of the 

chemopreventive effects of vitamin E in animal models and in humans, and 4) A review 

of the antioxidant chemistry of vitamin E. 

Structures and Distribution of Tocopherols and Tocotrienols 

Vitamin E was first isolated from wheat germ in 1936 by Evans et al. (11) after 

observing that rats fed a rancid lard diet were unable to reproduce without addition of 

lettuce or wheat germ to the diet (12). Early studies monitoring the effects of vitamin E 

deficiencies and antioxidant supplementation in animals allowed for the discovery of the 



antioxidant properties of a-tocopherol. 

The term vitamin E encompasses a group of compounds that exhibit the biological 

activity of a-tocopherol, which is the most biopotent form of vitamin E. The natural 

forms of vitamin E are all cZ-stereoisomers. Seven natural substances derived from plants 

besides i/-a-tocopherol (2i?,4'/?,6'/?-a-tocopherol) (Figure 1) have vitamin E activit\': d-

p. d-y and ^/-S-tocopherol, which differ from a-tocopherol by different numbers of 

methyl substituents on the chromanol ring, and d-a., d-y, and £/-5-tocotrienols. which 

have unsaturation in the phytyl tail. The acetate and succinate esters of the tocopherols 

also have vitamin E activity. Synthetic vitamin E is a racemic mixture of eight 

stereoisomers (all-mc-a-tocopherol), including ^/-a-tocopherol, /-a-tocopherol 

(25'.4*/?.6"/?-a-tocopherol), and six other isomeric forms of a-tocopherol differing in the 

stereochemistry of the asymmetric carbons of the phytyl tail. Biopotency of vitamin E 

was measured in early studies by determining the quantity of each stereoisomer necessary 

to prevent Vitamin E deficiency symptoms in one of a number of 

model systems (13-16). The relative order of biopotency of the d-isomers 

based on the rat fetal resorption assay is a-tocopherol > a-tocopherol acetate > a-

tocopherol succinate > p-tocopherol > a-tocotrienol > y-tocopherol > p-tocotrienol > 5-

tocopherol (13,14,17). The potencies of the synthetic isomers of a-tocopherol vary 

according to the stereochemistry at position C-2 of the phytyl tail, with the C-2 "R" 

isomer being more potent. The differences in the biopotency of the natural and synthetic 

tocopherols and their derivatives resides in the number of methyl substituents on the 

chromanol head group, the configuration of the C-2 asymmetric carbons in the phvtyl 
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^/-a-tocopheroi (2R 4 'R  8 'R)  

/-a-tocopherol (25 4'R S'R) 

P-tocopheroI 

y-tocopherol 

5-tocopherol 

a-tocotrienol 

a-tocopherol acetate 

a-tocopherol succinate 

Figure 1. Stereoisomers of vitamin E 



tail, and the length and unsaturation of the phytyl tail (13.16). These factors affect 

uptake, distribution and tissue retention of the individual stereoisomers. The principal 

tocopherols found in human and animal diets are a-tocopherol and y-tocopherol. Wheat 

germ, vegetable oils, and nuts and seeds are good sources of a-tocopherol and y-

tocopherol (18). Meats, fish, fhiits, vegetables, and dairy products contain low levels of 

a- and y-tocopherols. The tocotrienols are found in some oils, nuts, and grains. Both a-

tocopherol and y-tocopherol are readily absorbed from the intestine and secreted into the 

bloodstream in chylomicrons. After reaching the liver, however, they are processed 

differently (19). Lipoproteins are preferentially enriched in £/-a-tocopherol. even though 

most diets are richer in y-tocopherol. In addition, y-tocopherol is lost from tissues much 

more quickly than is a-tocopherol (20). This suggests that the difference in one methyl 

group on the chromanol ring is involved in selection by a-tocopherol binding protein in 

the liver, and may change the interaction of the tocopherol with lipids and/or proteins in 

the membrane. The vitamin E esters are not found in most foods, but are of biological 

relevance due to their use in dietary vitamin supplements and skin care products in lieu of 

the less thermostable a-tocopherol. Synthetic all-rac-a-tocopherol acetate is the form of 

vitamin E used most frequently in these formulations. Oral supplements of a-tocopherol 

acetate are almost completely hydrolyzed to a-tocopherol in the intestine by esterases 

before absorption (21). It is unclear to what extent a-tocopherol acetate is hydrolyzed to 

the active antioxidant a-tocopherol in other tissues. 



Biological Functions of Vitamin E 

Over the years, many biological activities of vitamin E have been discovered. Early 

studies in animals with vitamin E restricted diets elicited a variety of disorders (Table 1). 

The discovery of human vitamin E deficiency disorders prompted fiirther studies into the 

biological role of a-tocopherol. Low-birth weight infants and children and adults with 

severe malabsorption disorders show clinical signs of vitamin E deficiency (Table 1). 

The antioxidant properties of a-tocopherol were shown by Dam in the 1940's in vitamin 

E deficient animals. These studies demonstrated that peroxide levels were increased in 

the adipose tissue of animals fed vitamin E-deficient diets (22). Other studies also 

showed that animals fed vitamin E deficient-diets have increased levels of tissue 

aldehyde, increased exhalation of ethane and pentane, and increased tissue lipoflichsin. 

These symptoms were reversed with antioxidant supplementation (23-25). Even though 

the exact mechanism of the physiological activity of a-tocopherol is not clearly 

understood, it has become obvious that its antioxidant properties are important, especially 

the ability of a-tocopherol to effectively scavenge lipid peroxyl radicals in membranes. 

A number of diseases and disorders have been linked to oxygen free radicals, including 

atherosclerosis, diabetes, inflammatory disorders, rheumatoid arthritis, eye disorders, and 

cancer (26). Antioxidants such as a-tocopherol have been used as treatments for many 

such diseases in humans and in animal models, with varied success. 



Table I. Results of Vitamin E Deficiency in Animals and Humans. Modified from (16) 

Animals 

Necrtotizing myopathy (skeletal, smooth) 

Fetal resorption 

Lipofiichsin accumulation (GL uterus) 

Anemia 

Gastric ulceration 

Cataracts 

Encephalomalacia 

Axonal dystrophy 

Liver necrosis 

Humans 

Hemolytic anemia (infants) 

Hyperbilirubinemeia (infants) 

Thrombocytosis (infants) 

Reticulocytosis (infants) 

Neuromuscular deficits (children, adults) 

Reduced RBC half life (children, adults) 

Axonal dystrophy (children) 

Lipofuchsin in smooth muscle (adults) 



UV-INDUCED SKIN CANCER 

Exposure to UVB (290-320 nm) radiation has been linked with the formation of non-

melanoma skin cancers (NMSC) (27-30). NMSC includes squamous cell carcinoma 

(SCC) and basal cell carcinoma (BCC). BCCs are the most common malignancy in 

Caucasians (31). These cancers most commonly appear on the head or neck of patients 

with fair complexion, or a history of long-term sun exposure (32). Occurrence of these 

cancers has been correlated with exposure of the epidermis to UV radiation (33). The 

UVB region of tlie ultraviolet spectrum contains the most carcinogenic wavelengths of 

light reaching the earth's surface, although a role for UVA radiation in NMSC induction 

has also been suggested (34,35). Oxidative damage to lipids, proteins, and DNA induced 

by UVB and direct photodamage to DNA and proteins in the epidermis have been 

implicated in the etiology of NMSC. UV-induced immunosuppression in the skin has 

also been implicated in NMSC (36-38). Although NMSCs are rarely metastatic, and 

usually are easily excised, there is still a considerable morbidity associated with this 

disease. The rate of occurrence of NMSC has been increasing in recent years, at least 

partially due to the increases in leisure sunbathing (39-41). Unfortunately, reducing sun 

exposure for those at risk for developing NMSC is often impractical, and in the case of 

sun worshippers, unpopular. Thus a leading strategy for preventing NMSC has been the 

development of effective chemopreventive agents. Para-amino benzoic acid (PABA). 

oxybenzone, and octyl methoxycirmamate have been used as sunscreens for a number of 

years. Sunscreens were originally developed to prevent sunburn (erythema). The ability 



of these compounds to absorb UVB or UVA radiation also prevents UV- induced 

immunosuppression and DNA photodamage (42-46). However, these compounds do not 

absorb all of the UV-radiation reaching the skin and do not necessarily confer protection 

against UV-induced oxidants. The strong antioxidant properties of a-tocopherol 

combined wiJi its abilit>' to absorb UVB radiation make a-tocopherol a potentially ideal 

chemopreventive agent against photocarcinogenesis. 



THE ROLE OF OXIDATIVE DAMAGE IN SKIN CANCER I. 

Multistage Carcinogenesis in Mouse Skin as a Model for Cancer 

Carcinogenesis can be modeled as a multistage process, which can be divided into at 

least three stages: Initiation, promotion, and progression. An important animal model 

system for studying this phenomenon has been the multistage mouse skin carcinogenesis 

model (47,48). This model system has shown that both genetic and epigenetic events are 

involved in tumorigenesis. and that oxidative events may be important in tumor 

induction. The initiation event is irreversible, requiring only a single subcarcinogenic 

dose of carcinogen, which causes a somatic cell mutation that can result in the activation 

of oncogenes (such as ras), or inactivation of tumor suppressor genes (such as p53). The 

promotion stage requires multiple exposures to a non-carcinogenic growth-promoting 

agent, causing the selective outgrowth of initiated cells. Initiation is an irreversible event, 

promotion is initially reversible, whereas later stages of promotion are considered 

irreversible. Many chemopreventive strategies have been targeted to the promotion 

process, which is reversible for a relatively long time period (49). Progression involves 

further genetic changes in the cell that may result from genetic effects of some tumor 

promoters. Progression leads to the transition from benign papillomas to malignant 

carcinomas. Typically tumors are induced in this model system with a two-stage 

initiation-promotion system: a single application of a chemical carcinogen followed by 

repeated exposure to a noncarcinogenic promoter. Alternatively, repeated doses of some 

chemical carcinogens alone have been shown to cause skin tumors on mice (complete 



carcinogenesis) (48). 

Tumor Initiation 

Reactive oxygen species (ROS) may act as tumor initiators through direct DNA 

damage, indirect formation of clastogenic factors, or induction of cooxygenation in 

carcinogen metabolism (50). Carcinogens such as the polycyclic aromatic hydrocarbons 

are metabolically activated to electrophilic intermediates which react covalently with 

DNA, leading to characteristic mutations. ROS can also activate chemical carcinogens to 

their reactive intermediates (51-55). Oxygen radical generation by metabolic 

activation/degradation of chemical carcinogens and free radical intermediates of 

xenobiotics may be related to tumor initiation as well (56). DNA damage by oxidants 

such as the hydroxy! radical (*OH) in the cell leads to point mutations, deletions, or gene 

amplifications and rearrangements. Oxidants attack DNA to form a number modified 

DNA bases (57-60) including 8-oxo-guanine (8-oxo-G), thymine glycol, 5-hydroxy-

c>'tosine and 5-hydroxymethyl uracil (Figure 2). 8-oxo-G has been reported as a major 

product in oxidatively modified DNA in human cancerous tissues (61). This lesion 

results in G to T transversions and activation of codon 12 in c.-Ha.—ras and K-roi: 

oncogenes in mammalian systems (62-65). 8-oxo-G may cause G to T transversions in 

the p53 gene as well (66). 



HN 

N 

m 

H 

NH") 

X 
OH 

N 
H 

8-oxo-guanine 5-hyciroxy cytosine 

HN 
CH-,OH 

O N H 
H 

O N 

5-hyciroxymethyl uracil thymine glycol 
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Tumor Promotion 

Skin tumor promoting agents cause inflammation, hyperplasia, and the transcriptional 

activation of certain genes. Tumor promoting agents cause many other cellular and 

biochemical changes in the skin as well, and it is difficult to determine which properties 

of tumor promoters are essential for the promotion process. Recent data have supported 

the view that oxidants are important in promotion. Mezerein, teleocidin. thapsigargin. 

palytoxin, and phorbol ester tumor promoters cause inflammation and cause an increase 

in the release of ROS in isolated inflammatory cells (67-70). Mezerein. teleocidin. and 

phorbol ester tumor promoters are thought to act through a protein kinase-C (PKC) 

mediated mechanism (67.68), while thapsigargin, palytoxin act through different 

mechanisms (69,70). The ability of tumor promoters to induce an oxidative burst in 

isolated inflammatory cells has been correlated with their tumor-promoting potency (71). 

The phorbol ester tumor promoter I2-0-tetradecanoyIphorbol-I3-acetate (TPA) has also 

been shown to increase hydroperoxide production in peripheral blood leukocytes when 

applied topically to mice (72). Hydroperoxides are also formed in isolated epidermal 

keratinocytes following treatment with TPA (73). TPA has also been shown to induce 

reactive nitrogen species (RNS) (discussed below) in isolated macrophages (74). Studies 

by Robertson et.al. (75) showed that RNS formation in TPA treated skin can be attributed 

mainly to activated dermal neutrophils. In addition, a number of free radical generating 

compounds including organic peroxides act as effective tumor promoters (49,76-78), 

perhaps providing a mitogenic stimulus for proliferation. Further evidence for a role for 

ROS in timior promotion comes from a study by Giri in which photosensitized 



porphyrins in dimethylbenzanthracene (DMBA)—initiated mouse skin generated ROS and 

acted as potent tumor promoters (79). In addition, it has been shown that skin tumor 

promoters cause a decrease in the epidermal antioxidant defense (80.81). and that topical 

or oral supplementation with antioxidant or antiinflammatory agents inhibits phorbol 

ester induced tumor promotion (82-86). ROS induced by tumor promoters may damage 

DNA as well. 8-oxo-G formation increased in a dose-dependent maimer in neutrophils 

activated to release ROS by phorboi ester tumor promoters (87) and phorbol-ester-

activated neutrophils have also been shown to produce DNA strand breaks in 

erythroleukemia cells (76). 

Tumor promoters also elevate the expression of genes involved in cell proliferation. 

Involvement of ROS in the induction of cellular signaling cascades leading to gene 

expression has been suggested (50.88). The transcription factors NF-k-B and AP-1 and 

ERK-2, a member of the mitogen activated kinase (MAP kinase) signaling pathway have 

been identified as targets for oxidative signaling processes (89-91). Phosphorylation and 

dephosphorylation events control cellular signaling. It has been suggested that ROS may 

be involved in inhibition of certain phosphatases, leading to activation of signaling 

cascades (92). Oxidative modification of PKC may also play a role in tumor promoter 

induced gene induction (93). Ornithine decarboxylase (ODC) in the skin is upregulated 

by tumor promoters, leading to the formation of polyamines, which upregulate DNA 

synthesis and cell proliferation (94). Genes encoding transcription factors, growth 

factors, and proteases are also induced by tvunor promoters (47,48,95). 



UV-Induced Skin Cancer 

Chemically induced skin cancer is a useful model for studying the multistage nature of 

and mechanism of carcinogenesis. Many findings in this model have helped forward 

research in photocarcinogenesis. UVB is a complete carcinogen, acting as both an 

initiator and a promoter. In UVB-irradiated skin. DNA photoproducts and oxidatively 

modified DNA bases are formed, leading to initiation and mutagenesis. UV light is 

known to cause frequent mutations in the p53 tumor suppressor gene (96,97). Alterations 

in Ha— and Ki-ras by UV may also be important in photocarcinogenesis (96.98.99). 

Promotion by UVB involves inflammation, and activation of cellular signaling cascades, 

the '"UV-response" leading to the transcription of a number of genes, including 

transcription factors, growth factors, proteases and viral proteins (100). UVB-induced 

signaling is thought to progress through an atypical PKC (aPKC) (101). UVB also 

induces ODC activity in the skin, which contributes to tumor promotion as outlined 

above. Oxidative events involved in UV-induced skin cancer are reviewed below. 



THE ROLE OF OXIDATIVE DAMAGE IN SKIN CANCER 11. 

UV-Induced Oxidative Damage in the Skin 

The skin is uniquely challenged by oxidants due to its role as a barrier. It is exposed 

to high oxygen tensions which increases its vulnerability to oxidative damage. In 

addition to being exposed to ROS resulting from UV-radiation, skin is exposed to 

oxidants released from normal oxygen metabolism and to chemical irritants that can 

cause o.xidative damage. T~he targets of UV-induced oxidative damage in the skin include 

lipid, proteins, and DNA. Oxidative damage to proteins can cause cross-linking, 

aggregation, or proteolysis, possibly leading to alteration of function of proteins involved 

in signaling pathways and antioxidant protection of the skin. Lipid peroxidation causes 

the formation of lipid radical species, resulting in membrane damage, release of 

inflammatory mediators (102), activation of phospholipase Aj, prostaglandin formation, 

and inflammation (103-105). UV-induced prostaglandin formation in the skin also may 

be mediated in part by oxidatively controlled phosphorylation of the EGF receptor (106). 

The proinflammatory cytokines IL-1, IL-6, IL-8 and TNF-a are also induced by UV 

radiation in humans (107-113). The resulting inflammatory infiltrate in the skin provides 

a ftirther source of ROS and oxidative damage. Oxidative damage to DNA can lead to 

the formation of single and double strand breaks (114,115) and to mutagenic adducts 

such as 8-oxo-deoxyguanosine. Oxidative damage to Langerhans cells, the resident 

macrophages of the epidermis, may be involved in the pathology of UVB induced 

immunosuppression, which allows for the escape of UV-induced tumors from immune 



surveillance (38. II6-118). ROS have also been implicated in the induction of 

transcription factors and growth factors via signaling pathways (89,90.92.119) (discussed 

above) that may be important in the unregulated cell growth seen in cancer. 

Many studies have shovm evidence of oxidative damage in the epidermis after UV-

irradiation. Products of lipid peroxidation, lipid radicals (120,121), oxidatively damaged 

DNA bases (122). and antioxidant depletion all have been found in UV-irradiated skin 

(123-125). UV-induced oxidative damage has also been implicated in the formation of 

apoptotic keratinocytes (sunbum cells) and depletion of Langerhans cells in the epidermis 

(38.117). 

UV-lnduced Oxidants 

Reactive oxygen species and reactive nitrogen species generated in the epidermis upon 

UVB irradiation include superoxide anion (02~). singlet oxygen ('O2), hydroxyl radical 

(*0H), nitric o.xide (NO*), peroxynitrite (ONOO"), hydrogen peroxide (H2O2), and lipid 

peroxyl (LOO*) and alkoxyl (LO*) radicals. The half-lives, and thus the reactivity of 

these oxidant species are vastly different (Table 2) 



Table 2. Estimate of the half-lives of reactive oxygen species 

Modified firom (126) 

Reactive Oxygen Species Half Life (sec) 

02~ concentration dependent 

'OH 10-^ 

RO' 10-^ 

ROO* 1-7 

'O2 10"^ 

NO' I-IO 

ONOO- 0.05-1 



*OH is the most reactive oxygen free radical formed in biological systems. The reaction 

of'OH with biomolecules is diffusion-limited, whereas and ONOO'may be able to 

escape from their sites of production to elicit their effects elsewhere in the cell. H2O2 

readily crosses biological membranes and is relatively stable in the absence of transition 

metal ions (127). The toxicity of H2O2 resides in its ability to be converted to more 

reactive species, such as ©2" and *OH. 'O2 is also a very reactive oxidant due to its two 

unpaired electrons in its outer valence shell. 'O2 is much more reactive than Oi" or H2O2 

and reacts with polyunsaturated fatty acids in membranes to form lipid peroxides (128). 

Production of 'O2 has been shown to cause lipid peroxidation in human dermal fibroblasts 

(129), collagen cross-linking (130), and matrix metalloproteinase production in human 

dermal fibroblasts (131). 'O2 is formed from O2 after absorption of energy from 

photoexcited photosensitizer molecules. Photosensitizers in the skin include 

protoporphyrins, NAD(P)H, flavins, melanins, and the trvptophan oxidation product N-

formylkynurenine. 02~, 'O2, *OH, and H2O2 are all generated directly or indirectly upon 

exposure of these molecules to UV-light (129.131-135). Most UV-induced radicals are 

probably due to photosensitization reactions. 

Lipid peroxidation can be initiated by UV-irradiation directly, by causing 

photochemical cleavage of the lipid L-H bond, followed by addition of O2 to form a lipid 

peroxyl radical LOO*, or by forming reactive lipid alkoxyl LO* or LOO* radicals from 

lipid hydroperoxides, which can also initiate peroxyl radical chains. UV-induced 'O2, 

02~. *OH, and ONOO" all can initiate lipid peroxidation. It is thought that lipid peroxyl 

radicals probably cause most of the oxidative damage that occurs in vivo. This is due to 



the tact that many oxidants cause the formation of hpid peroxyl radicals, which then 

propagate the oxidative damage. 

Inflammation secondary to UV-induced cytokine induction or lipid peroxidation 

brings with it a further oxidative insult to the skin. Infiltration of leukocytes and other 

phagocytic cells into the epidermis occurs, followed by a respiratory burst from the 

phagocytic cells due to an increase in activity of a plasma membrane NADPH oxidase, 

myeiopero.xidase, and nitric oxide synthase. NADPH oxidase reduces O2 to ©2" 

(123.136). H2O2 is formed firom dismutation of 02~ and hypochlorous acid (HOC1-) is 

formed from the reaction of CI' and H2O2 via myeloperoxidase. The hypochlorous acid 

can then be reduced by 02~ to form *OH (123.137). The respiratory burst can also cause 

release of iron from storage molecules, providing a source of Fenton chemistry (eq. 1) 

resulting in the generation of *OH. 

H2O2 + Fe~^-ligand —> *OH + OH" + Fe^"*"-ligand (1) 

The free radical nitric oxide (NO*) is also released from phagocytic cells (138.139) and 

can react with 02*~ to form the powerful oxidant ONOO". NO* also causes 

vasorelaxation, which may contribute to inflammation and edema, and is in fact identical 

to endothelium-derived relaxing factor (EDRF). Membrane-bound NO' synthase and 

xanthine oxidase in human keratinocytes are activated by UVB to release NO*, 02~, and 

ONOO" (140,141). ONOO" can exert cytotoxic effects in the epidermis by initiating lipid 

peroxidation, causing direct protein oxidation, or acting as a "hydroxyl radical-like" 

oxidant. ONOO" and NO* may diffuse out to endothelial and smooth muscle cells. 



resulting in further vasodilation, erythema and inflammation (140.142-144). Topical 

application of antiinflammatory agents prior to UV-irradiation inhibits tumor formation 

in mice (145) 

UVB-induced oxidative DNA damage (122,146.147). involves DNA base 

modification as well as strand breakage (114,115). Radical attack on deoxyribose rings 

causes ring fragmentation and strand breakage (148.149). ONOO- and *OH are able to 

oxidize DNA bases in vitro and in vivo (150). *OH formed from the reaction of O2" vvith 

HOCl- in the nucleus may be the source of *OH involved in DNA adduct formation, since 

the highly reactive 'OH must be generated in the immediate vicinity of the DNA to elicit 

an effect. Metal ion dependent conversion of Oi" and H20i to *OH in the nucleus may 

also be a factor (57,151). ONOO' has also been shown to have a hydroxy I radical like 

activity when in the peroxynitrous acid form (ONOOH) and may be involved in 

modification of DNA bases. N2O3 formed from NO' can nitrosate DNA base amino 

groups, leading to base deamination (150). 'O2, peroxyl (ROO'). and alkoxyl (RO') 

radicals are also able to modify DNA bases, whereas 02~ and H2O2 do not react directly 

with DNA bases (57,151). Aldehyde products of lipid peroxidation are also able to form 

adducts with DNA bases (152,153). *OH forms primarily 8-oxo-G. but reacts with all 

four DNA bases, whereas 'O2 reacts preferentially with guanine (58.59). Levels of 8-

oxo-G are increased in the nuclei of UVB-irradiated mouse epidermal cells (122,154). 

Protein damage by UV-induced oxidants could lead to loss of function of important 

regulatory proteins in the cell (143.155). Types of damage that could contribute to loss 



of function include protein cross-links, protein fragmentation, or site-specific lesions in 

proteins that may alter a critical protein function (148,156). However, very little is 

known about protein oxidation in vivo, as appropriate evaluation of protein oxidation is 

difficult due to the complexity of protein secondary and tertiary structure. Enzyme 

inactivation. formation of protein carbonyls. oxidation of protein-SH, loss of protein 

fluorescence, and enhanced protease degradation upon UV-irradiation have been 

monitored as in vitro indicators of protein oxidation (155). ICnowledge of the basic 

chemistry of protein amino acids and amino acid sequence allows for prediction of 

possible oxidation "hotspots" in proteins. Amino acids that are susceptible to oxidation 

include tryptophan, methionine, and cysteine. Many enzymes contain critical cysteine 

thiols in the active site that are easily oxidized. Histidine, lysine, and tyrosine can also be 

oxidized. 

Many investigators now feel that ROS can play a central role in all stages of tumor 

development. In order to better understand the mechanism of UV-induced oxidative 

damage and tumorigenesis in the skin, it is important to understand antioxidant defense 

mechanisms, and how they are affected by UV-light. 



ENDOGENOUS ANTIOXIDANT DEFENSES 

The cell contains an array of lipid soluble, water-soluble and enzymatic antioxidants 

to serve as a defense against oxidative insult (Table 3). The function of these 

antioxidants is outlined below. 

Non-Enzvmatic Antioxidants 

The non-enzymatic antioxidants in the cell can be ftuther divided into lipid and water-

soluble species. Lipid soluble antioxidants include a-tocopherol. P-carotene. ubiquinols. 

and flavonoids. These antioxidants are chain-breaking antioxidants, i.e.. they are able to 

scavenge lipid peroxyl radicals and prevent the propagation of lipid peroxidation. The 

major chain breaking antioxidant in biological membranes is a-tocopherol, which 

is able to scavenge other reactive oxygen species as well (reviewed below), p—Carotene 

and other carotenoids react with peroxyl radicals efficiently at low oxygen tensions and 

may act synergistically with a-tocopherol (157,158). P-Carotene is also an effective 'O2 

quencher. In the reduced form, ubiquinol can effectively scavenge peroxyl radicals and 

may be involved in the recycling of a-tocopherol in vivo (159). Flavonoids such as 

catechins and silybin have been shown to protect against oxidant damage, and may act by 

stabilizing the plasma membrane (160). Water soluble antioxidants include ascorbate 

(AscH), reduced glutathione (GSH), and uric acid. Ascorbic acid is able to scavenge 02~. 

'O2, *OH, H2O2, and water soluble peroxyl radicals. This results in the formation of 

dehydroascorbate via the semidehydroascorbate fi-ee radical (Asc*) (eq. 2.3). 



Table 3. Endogenous Antioxidant Defenses 

Non-enzvmatic Enzymatic 

a-Tocopherol 

Ubiquinol 

Carotenoids 

Flavonoids 

Ascorbate (vitamin C) 

Uric acid 

Catalase 

Thioredoxin Reductase 

Superoxide dismutases 

-MnSOD 

-Cu-ZnSOD 

Glutathione Peroxidase (GPX) 

-SeGPX 

-PHGPX 

-GST 

Reduced Glutathione 

Metal binding proteins 



AscH + ROO* —> Asc' (2) 

Asc* +ROO* Dehydroascorbate (3) 

Dehydroascorbate + 2 FT + 2 e" ^ AscH 

Ascorbate may also be involved in recycling of a-tocopherol (161-164). GSH can also 

scavenge 02~. *OH, H2O2, and RO*. which can contribute to lipid peroxidation. In 

addition. GSH protects protein thiols from oxidation. It has been suggested that GSH is 

able to reduce the semidehydroascorbate radical back to ascorbate, with the concomitant 

formation of GS* (165-167). Uric acid accumulates mainly in the plasma due to the 

metabolism of purines. Uric acid has been shown to react with radical species such as 

*OH (168). and to preserve plasma ascorbic acid (165). 

Other indirect acting antioxidants include metal binding proteins such as 

Ceruloplasmin, which binds copper, zmd transferrin and ferritin, which bind iron (169-

171). These proteins are considered preventive antioxidants. Radical production through 

Fenton chemistry is prevented by these proteins, since bound copper and iron ions are not 

available for catalysis. Albumin, lactoferrin, hemopexin, and haptoglobin (171) also bind 

metals and may contribute to prevention of Fenton chemistry. 

Enzvmatic Antioxidants 

Cellular enzymatic antioxidants include the superoxide dismutases (SOD), membrane-

associated thioredoxin reductase (TR), catalase (CAT), selenium-dependent glutathione 

peroxidase (SeGSHpx) and phospholipid hydroperoxide glutathione peroxidase 

(PHGPX). SODs and TR catalyze the dismutation of O^" (136.165)(eq. 4.5). The 



TR/thioredoxin (TR/TRX) couple is thought to metabolize extracellular O2 whereas 

SODs metabolize intracellular Oi" (136). 

2 O2' + 2 FT ^ H2O2 + O2 (CAT) (4) 

2 02'" ^ H2O2 + H2O (TR) (5) 

Of the SODs, CuZn-SOD is the main cytosolic enzyme, while Mn-SOD exists in 

mitochondria to protect against 02~ generated during electron transport. An extracellular 

Cu-SOD has also been shown in plasma (165). The H2O2 produced from the dismutation 

of 02~ is potentially harmful to the cell, but can be detoxified by catalase and SeGSHpx. 

SOD, catalase, and SeGSHpx are widely distributed in aerobic life forms, suggesting an 

important role in cell survival. Catalase is mainly a peroxisomal enzyme that catalyzes 

the reduction of H2O2 to H2O and O2. SeGSHpx can reduce both H2O2 and organic 

hydroperoxides (eq. 6). SeGSHpx is mainly a cytosolic enzyme, but may occur in 

mitochondria as well. Reduced glutathione (GSH) is required as a cosubstrate for the 

reaction. A supply of reduced GSH is maintained in the cell by NADPH-linked GSH 

reductase (eq. 7) 

ROOH + 2 GSH -> GSSG +ROH (6) 

GSSG + 2 NADPH ^ 2 GSH +2 NADP^ (7) 

The PHGPX is also a cytosolic seleno-enzyme that associates with membranes and 

reduces phospholipid hydroperoxides to alcohols, suppressing lipid peroxide-dependent 

lipid peroxidation (172,173). Microsomal glutathione-S-transferase (GST) has also 

shown peroxidase activity towards lipid hydroperoxides (174). Other peroxidases that 

can reduce H2O2 include lactoperoxidase, myeloperoxidase, and prostaglandin 



synthetase. However, these peroxidases are also known to activate xenobiotics and 

generate ROS. so their role in protection against H2O2 is unclear. 

It is interesting to note that some antioxidant functions overlap, i.e. both a-tocopherol 

and ubiquinol may serve as chain breaking antioxidants by reacting with lipid peroxyl 

radicals, whereas both catalase and GSH peroxidase consume H2O2. In addition, many 

antioxidants have complimentary (SOD and catalase) and/or synergistic effects. Redox 

cycles between a-TH and other antioxidants may help explain the apparent synergism 

between a-tocopherol and other antioxidants observed in vitro (175,176). The presence 

of redundancy and complementation in the antioxidant defense suggests the development 

of elaborate protective measures against oxidative damage and depletion of cellular 

antioxidants. 

Effects of UV-light on Skin Antioxidant Defense 

Levels of antioxidants have been measured in both the epidermis and dermis (177) in 

humans. The activities of SOD. GSH reductase, GSH peroxidase, catalase. glucose-6-

phosphate dehydrogenase and isocitrate dehydrogenase (which provide reduced NADPH 

equivalents) were higher in the epidermis than in the dermis. Tissue levels of a-

tocopherol, ubiquinol 10, ascorbic acid, uric acid, and reduced and total GSH were also 

much higher in the epidermis. Since the epidermis is the initial barrier/site for UV-

induced oxidants, it is not surprising that antioxidants are present in higher levels here 

than in the dermis. Unfortunately, the oxidative insult presented by UVB is sometimes 

sufficient to deplete endogenous antioxidant stores either by oxidizing them irreversibly 



or inactivating them, leaving the skin susceptible to oxidative insult. Some antioxidants, 

such as a-tocopherol and ubiquinol absorb UV radiation directly, and can undergo 

photochemical degradation (124.178). It has been shown that a single dose (25 J/cm") 

from a mixed UVB/UVA lamp causes decreases in catalase. SOD. glutathione 

peroxidase, and glutathione reductase activity. Epidermal levels of a-tocopherol. 

ubiquinol 9, ubiquinone 9, ascorbic acid, dehydroascorbic acid, and reduced GSH were 

also significantly decreased by this UV-dose (124). A single dose of 300 mJ/cm" UVB to 

mouse skin exisates caused significant depletion of a-tocopherol. ubiquinol 9. and 

ubiquinone 9 (125). GSH levels decreased and GSSG levels were increased. Catalase 

and GSH reductase activities were also inhibited. Interestingly, products of lipid 

peroxidation did not increase in the epidermis following UVB irradiation (125), 

suggesting that the lipophilic antioxidants a-tocopherol, ubiquinol 9. and ubiquinone 9 

were still able to effectively prevent lipid peroxidation. 

The consequences of UVB-induced ROS formation in the skin are lipid, protein, and 

DNA damage and inflammation that can lead to induction of NMSC. UV radiation also 

causes a depletion of the skin antioxidant defense. Both of these observations have led to 

studies on the effects of antioxidant supplementation on oxidative damage and 

tumorigenesis in UV-irradiated skin. 

I 



41 

CHEMOPREVENTIVE EFFECTS OF VITAMIN E IN SKIN CANCER 

Studies in Animal Models 

In recent years many researchers have been interested in the chemopreventive effects 

of antioxidants in skin cancer. Topical and dietary supplements of vitamin E (6-8.179). 

tannic acid (180) butylated hydroxytoluene (BHT) (181), ascorbate (6), and antioxidant 

mixtures containing BHT, glutathione, ascorbate and a-tocopherol (181-184) have all 

been used to bolster the antioxidant defense in UV-irradiated epidermis. These 

antioxidants and others have been effective in animal models of oxidative skin damage 

(185-189), inflanmiation (190,191), and tumorigenesis (Table 4). 

Much of the recent interest in the chemopreventive actions of vitamin E has been 

generated from the results of a number of animal studies. These studies involve the 

monitoring of effects of topical and oral vitamin E on short and long-term endpoints of 

UV-damage in the skin. Short-term endpoints include skin erythema^ edema, sunburn 

cell (apoptotic keratinocyte) formation, immunosuppression, and lipid peroxidation. The 

effect of vitamin E supplementation on UV-induced DNA damage and medium to long-

term effects such as wrinkling (photoaging) and tumorigenesis also have been evaluated. 

The form of vitamin E used in most studies has been a-tocopherol, but the vitamin E 

esters a-tocopherol acetate and a-tocopherol succinate, as well as the water soluble 

a—tocopherol analogue trolox have also been utilized. 



Table 4. Inhibition of UV-tumorigenesis in mice by antioxidants 

Strain Agent Endpoint Ref 

BALB/c Topical tannic acid Inhibition of tumorigenesis. 
immunosuppression 

(180) 

C3H/HeN Dietary a-TAc Inhibition of ttimorigenesis, splenic 
toxicity 

(179) 

C3H/HeN Topical a-TH Inhibition of tumorigenesis. 
immunosuppression 

(7) 

Skh:HR-l Topical a-TH or 
Ascorbate 

Inhibition of tumorigenesis (6) 

Skh:HR-l Topical or oral green 
tea polyphenols 

Inhibition of tumorigenesis (86.192) 

Skh:HR-l Dietary BHT or 
glutathione 

BHT: Inhibition of tumorigenesis 
Glutathione: No inhibition 

(181) 

Skh:HR-l Dietary BHT + 
glutathione +ascorbate 
+ a-TH 

Increased tumor latency. Inhibition of 
tumorigenesis 

(182-
184.193) 



The use of dietary supplements of antioxidant mixtures including a-tocopherol. 

ascorbate, BHT, and GSH has been shown to reduce UVB-induced skin cancers in mice 

(181.183,184). However, the effectiveness of these supplements is dependent on 

antioxidant dose, dietary content of lipid, and UV-dose (182,193-195). Further studies 

utilizing oral supplements of a-tocopherol or a-tocopherol acetate in UVB-irradiated 

animals have provided both positive and negative results. UVB induced tumorigenesis 

was inhibited in female C3H mice with high levels of dietary a-tocopherol acetate. 

(179) which is converted completely to a-tocopherol in the gut. However, 

supplementation with a-tocopherol acetate was also toxic to the mice that received UV 

(179). A diet containing 1% a-tocopherol did not prevent UVB-induced skin wrinkling 

in female albino hairless Skh-HRl mice (6), and UVB/UVA induced lipid peroxidation 

was not suppressed in mice fed low doses of a-tocopherol acetate for three weeks before 

irradiation (186) suggesting large, potentially toxic dietary supplements of vitamin E are 

needed to increase skin a—tocopherol to levels that are protective against 

photocarcinogenesis in mice. This effect may be specific to mice and other animals, as 

there is no evidence for toxicity in humans given large doses of a-tocopherol acetate 

(196,197). 

Studies utilizing topical vitamin E provide a more direct supplementation of a-

tocopherol to skin. The effects of topical supplements of a-tocopherol, a-tocopherol 

acetate, and other vitamin E derivatives on short-term endpoints of UV-irradiation have 

been monitored in mouse and swine skin. Both a-tocopherol and a-tocopherol acetate 



are able to absorb UV-irradiation directly and act as sunscreens. a-Tocopherol acetate 

cannot act directly as an antioxidant in skin, and must first be hydrolyzed to a-tocopherol 

to elicit any antioxidant effects. Topically applied a-tocopherol alone and in conjunction 

with ascorbic acid inhibited UVB-induced sunburn cell formation in swine skin (198). In 

C3H/HeJ mice treated with a—tocopherol (5 mg dose before UV) there was a suppression 

in UVB/UVA induced lipid peroxidation. UV-induced immunosuppression was also 

inhibited, as was a UV-induced decrease in langerhans cell density (199). Edema 

induced by a broad band UV-lamp in rabbit skin was inhibited by a-tocopherol. but not 

a-tocopherol acetate (200). Female Skh-1 hairless mice treated topically with 

a—tocopherol acetate before UVB/UVA irradiation showed a decrease in epidermal lipid 

peroxidation and a restoration of "'H-thymidine incorporation into DNA to levels similar 

to unirradiated mice. UVB-induced skin wrinkling was also inhibited by topical 

a-tocopherol, a-tocopherol acetate, and trolox (5% solutions) in female albino hairless 

Skh-HRl mice (6). Topically applied a-tocopherol acetate, a—tocopherol sorbate. and 

a-tocopherol protected against UVB-induced photoaging (wrinkling) in female albino 

hairless Skh-HRl mice, and a-tocopherol sorbate significantly decreased UVB-induced 

radical formation in the mouse skin as measured by EPR (188). 

Topical a-tocopherol has been shown to inhibit tumorigenesis in UV-irradiated mice, 

whereas the a-tocopherol esters were unable to inhibit UV-induced tumors. UV-induced 

tumor formation, immunosuppression, and collagen damage was inhibited by topical a-

tocopherol in female albino hairless Skh-HRl and C3H/HeN mice (6,7). UVB induced 

t'-
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photodamage in tiie C3H mice (in the form of thymine dimers) is also inhibited by 

topically applied a-tocopherol and a—tocopherol acetate, with a-tocopherol being the 

more potent sunscreening agent (43). In addition to acting as an antioxidant against UV-

induced oxidative damage, these studies indicate a sunscreening effect against UV-

induced photodamage to DNA for a—tocopherol and a-tocopherol acetate. However, 

topically applied a-tocopherol acetate and a-tocopherol succinate did not inhibit UVB 

induced tumorigenesis or immunosuppression in female BALB/c mice, and actually 

enhanced the susceptibility to tumor challenge with a UV-induced squamous cell 

carcinoma cell line (8). In this study a—tocopherol acetate and a—tocopherol succinate 

were hydrolyzed to a-tocopherol in the skin, but perhaps not enough to confer protection 

against UVB-induced tumorigenesis. This suggests that the sunscreening ability alone of 

vitamin E is not enough to confer protection against UVB-tumorigenesis, and that the 

antioxidant capabilities of a-tocopherol are necessary for inhibition of tiunorigenesis. 

These studies indicate that topical a-tocopherol is able to inhibit various indicators of 

UV-induced oxidative damage, photodamage, and UV-induced photocarcinogenesis in 

animal models. Also, topical application of vitamin E may be more effective and reliable 

than oral supplements in the prevention of photocarcinogenesis. Topical a-tocopherol 

acetate is able to inhibit UV-induced lipid peroxidation most likely due to its 

sunscreening abilities, and inhibits UV-induced photoaging due to most likely a 

combination of its sunscreening abilities and hydrolysis to a-tocopherol in the skin. The 

inability of a—tocopherol acetate and a-tocopherol succinate to inhibit UVB-induced 

tumors in BALB/c mice is disturbing, as these two are present as the form of vitamin E in 
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most commercially available sunscreens and lotions. 

How these types of studies translate to UV-induced carcinogenesis in humans is 

unclear. There are few studies following the effects of orally or topically dosed vitamin 

E in humans, and the results of these studies are often confounded by dose levels and 

participant factors. Most of the evidence for chemopreventive actions of a-tocopherol in 

humans comes from epidemiological studies of diet, which may reflect the effects of a 

pattern of diet rather than of individual dietary constituents (1.4,201). 

Human Clinical Studies 

Studies investigating the role of vitamin E supplementation in human skin have 

centered on the photoprotective effects of oral and topical vitamin E on short-term 

endpoints of UV-induced damage. Oral vitamin E (400 lU/day for 6 months) showed 

only a minor increase in plasma a—TH and no increase in epidermal a—TH (202). There 

was no significant difference in the number of sunburn cells induced by UVB or in 

erythema induced by UVB in the vitamin E treated group. In contrast, topically applied 

a-tocopherol protected against erythema when applied before UVA-psoralen 

phototherapy (190). However, the effects of topically applied vitamin E in UVB-

irradiated human skin have not been measured. 

Many corrmiercially available skin products contain the ester a-tocopherol acetate, 

rather than a-tocopherol. Studies utilizing topical vitamin E in mouse skin have clearly 

shown that the antioxidant a-tocopherol is the most effective chemopreventive agent and 

that topical vitamin E esters may actually have deleterious effects in UV-irradiated skin 
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(8). Few studies have been done in animals to monitor the extent of hydrolysis of a-

tocopherol acetate to a-tocopherol in the skin, or the effect of UVB on hydrolysis. One 

study has monitored epidermal and plasma levels of a-tocopherol in humans after topical 

vitamin E acetate supplementation. After four months of vitamin E acetate 

supplementation there was no appreciable changes in plasma or skin a-tocopherol (203). 

These data as a whole would tend to indicate that topical vitamin E has a 

photoprotective effect in humans, that oral vitamin E has no photoprotective effect, and 

that topical a-tocopherol acetate is not hydrolyzed to the antioxidant a-tocopherol in 

human skin. However, we have a hard time accurately interpreting these data on multiple 

grounds: Conversion of a-tocopherol acetate to a-tocopherol is measured in (203) as 

increases in total plasma and epidermal a-tocopherol. This does not directly account for 

a-tocopherol acetate hydrolysis, or effects of topical a-tocopherol acetate on distribution 

of dietary tocopherols. The site of administration and dose of vitamin E and UVB is also 

important in interpreting results, as suggested by animal studies. The oral vitamin E 

study employs histological data from UVB irradiated buttock skin, which is not normally 

sun exposed, and may not represent the response in the normally sun-exposed tissue that 

ultimately develops non-melanoma skin cancer. In addition, an oral dose of vitamin E 

was used in this study that did not increase plasma or skin vitamin E, so it was not 

surprising that no effect of vitamin E was found. Utilizing topical vitamin E would have 

answered a few more questions in this study. 
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Human Epidemiological Studies 

Four different types of observational epidemiological studies have been performed 

relating vitamin E with the risk of multiple cancers: ecological studies, cross-sectional 

(case control), longitudinal (cohort) and clinical trials. Some clinical intervention trials 

have been started, but results are years away (2). Very few of these studies however. 

have monitored the effects of a-tocopherol on non-melanoma skin cancer. The majority 

of these studies are cross-sectional or longitudinal studies based on blood level of vitamin 

E. In nested case-control studies by Karagas et.al. (204) and Breslovv et.al. (205) no 

statistically significant difference in plasma or prediagnostic serum a-tocopherol levels 

was seen between patients with SCC and control patients. However, cross-sectional 

studies have also related blood vitamin E levels to reduced skin cancer risk (1,206). 

There seems to be no clear cut relationship between cancer risk and plasma a-tocopherol 

in these studies. Again, there is a problem with interpreting many of these data due to the 

use of improper control populations and small sample sizes. Other confounding factors 

include: lifestyle factors of the participants (smoking and alcohol consumption, etc.). 

disease state of the patients, dose of carcinogen in each sample population, and 

modifying factors in the diet (other antioxidants, fats. etc.). Also, there was no 

estimation of dietary vitamin E intake or tissue vitamin E levels. In some studies, blood 

samples were stored for years before analysis. 

Although many of the data are conflicting, it is possible that vitamin E has value as a 

chemopreventive agent in humans. Vitamin E may be an effective chemopreventive 

agent only under certain circumstances of skin cancer induction. The route of exposure 
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to vitamin E is also important in interpreting these negative results. As suggested above 

by animal and human clinical studies, perhaps the effect of dietary vitamin E is not as 

relevant in photocarcinogenesis as the effect of topical vitamin E. 

It has become apparent that to truly evaluate the effects of vitamin E on skin cancer, a 

large, long term, randomized, blinded, placebo controlled trial employing various doses 

of topical or oral vitamin E is necessary. Understandably, patient compliance in a large 

long term study can become a problem, but studies evaluating the effects of vitamin E on 

short-term effects of UVB such as edema and sunburn cell formation cannot 

unequivocally predict skin cancer outcome. A further understanding of the fate of a-

tocopherol in UV-irradiated skin may aid researchers in proper design of intervention 

studies (i.e. proper dose regimens, choice of chemical forms, etc.). 



ANTIOXIDANT CHEMISTRY OF VITAMIN E 

Interest in the antioxidant properties of a-tocopherol (a-TH I. Figure 3) in vivo has 

prompted multiple investigations into the reactions of a-TH with a variety of oxidants in 

biomimetic systems. These types of studies v^ere meant to further explain the role of a-

TH as an antioxidant, to understand the mechanism of antioxidant chemistry of a-TH. 

and to identify oxidation products of a-TH that could be used as markers of antioxidant 

function in vivo. 

a-TH acts as the principal lipid-soluble antioxidant in biological membranes. The 

ability of a-TH to scavenge reactive oxyradicals results in inhibition of oxidative damage 

in tissues and tumover of a-TH. The structure of a-TH consists of a chromanol head 

group, and a lipophilic phytyl tail (Figure 1, Chapter 1). The antioxidant capabilities of 

a-TH are dependent on the free OH on the chromanol head group. The ability of a-TH 

to act as an antioxidant resides in its ability to form the resonance stabilized tocopheroxyl 

radical (a-T* 2. Figure 3). If the chromanol OH is masked by an ether or an ester 

linkage, a-T* is not formed, and no antioxidant activity is seen (16). However, the 

vitamin E acetate (a-TAc 16, Figure 3) and succinate esters are able to exhibit vitamin E 

activity due to their ability to be hydrolyzed in vivo by esterases to free a-TH. 
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Reactions with Peroxvl Radicals 

One of the primary functions of a-TH in membranes is to inhibit lipid peroxidation. 

a-TH acts as a chain breaking antioxidant to inhibit lipid peroxidation by trapping lipid 

peroxyl radicals, thus forming lipid hydroperoxides and a-T* (eq. 8) 

LOO* + a-TH ^ LOCH + a-T* (8) 

The rate of this reaction is two to three orders of magnitude faster than that for 

propagation of peroxyl radicals, and this allows for efficient inhibition of lipid 

peroxidation by a-TH at relatively low a-TH concentrations (down to one a-tocopherol 

per 500 to 1000 phospholipids) (10,207). The relatively stable a-T* can undergo a one-

electron reduction back to a-TH, by various cellular reductants. Alternatively a-T* may 

form a-TH dimers or scavenge another lipid peroxyl radical, leading to a 2- electron 

oxidation and oxidative a-TH turnover. The role of a-TH recycling in the antioxidant 

mechanism of a-TH is discussed below. 

To further investigate the reactions of a-TH with peroxyl radicals, several laboratories 

have utilized peroxyl radical generating azo compounds such as 2.2"-azobis-(2.4-

dimethylvaleronitrile) (AMVN) or 2,2'-azobis(2-amidinopropane) dihydrochloride 

(ABAP) in solution, liposomes, and tissue homogenates to monitor the formation of a-

TH oxidation products. The distribution of products in different systems has given 

researchers further insight into the mechanism of a-tocopherol antioxidant chemistry. In 

oxidations with an azo initiator, a-T* (2, Figure 4) is formed after abstraction of the 

phenolic hydrogen from a-tocopherol by initiator-derived peroxyl radicals. A second 
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Figure 4. Reactions of a-TH with peroxyl radicals 



peroxyl radical can react with a-T* to form a non-radical adduct at the 8a-position of the 

chromanol ring (Figure 4). The labile 8a-(alk.yldioxy)tocopherones 3 (9.208-210) are 

formed from this reaction. Other labile products formed from competing reactions of a-

T* include 8a—hydroperoxytocopherone 4 (8a-TOOH). and two isomeric epoxy(8a-

hydroperoxy)tocopherones 5 and 6 (epoxytocopherones) (9,208,211). Hydrolysis of 

these products forms stable marker products of a-TH antioxidant turnover, a-

tocopherolquinone 7 (a-TQ), and a-tocopherolquinone 2,3- and 5.6-epoxides 8,9 (a-

TQE I and a-TQE II) (208.212) (Figure 4). The reaction mechanism of a-TH with lipid 

peroxyl radicals is slightly different. In liposomes incubated with a-TH and a radical-

initiating system, phospholipid derived 8a—(alkyldioxy)tocopherones were not formed, 

although a-TQ was, suggesting a different intermediate for the formation of a-TQ (213). 

It has been proposed that lipid peroxyl radicals react with a-T* via an electron transfer 

reaction, or that two a-T* disproportionate to form a tocopherone cation 10. The 

tocopherone cation can then hydrolyze to 8a—hydroxytocopherone 11 (8a—TOH. Figure 

5), which then rearranges to a-TQ. 

It has been shown in a number of studies that a-TH product distribution is dependent 

on the polarity of the solvent/liposome system used, reflecting competing 

reactions of a-T* on the basis of the surrounding environment. In incubations of the a-

TH model compound 2,2,5.7,8-pentamethylchroman-6-ol (PMHC) with AMVN in 

solvents of low polarity. a-TQEs and 8a-substituted tocopherones were minor products 

whereas an a-tocopherol spirodimer 13 was the major product (211). As solvent 
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polarity increased, the product profile was reversed. The low polarity solvent may have 

enhanced alkoxyl radical formation by AMVN, which favors hydrogen abstraction from 

a-TH and formation of a quinone methide 12 intermediate, which is the precursor to the 

spirodimer (Figure 6) (214). 

In other studies where a-TH oxidation was initiated with AMVN, yields of AMVN-

derived 8a—substituted tocopherones were highest in hexane and lower in acetonitrile and 

phosphatidylcholine liposomes, while the yield of a-TQEs was greatest in liposomes and 

lower in acetonitrile and hexane. Yields of a-TQ were similar in all three systems (215). 

In studies using liposomes where AMVN was the initiator of lipid peroxidation. a-TQ. 

a-TQEs, as well as epoxytocopherones. 8a—TOOH, and 8a—substituted-tocopherones 

were found, and again, the a-TQEs were the major products (212,215). The formation of 

a-TQEs seems to be favored in higher polarity solvents and phosphatidylcholine 

liposomes, whereas dimer formation is favored by low polarity solvents. Which 

oxidation systems best represent the in vivo situation is unclear. In liposomes where lipid 

peroxidation was initiated with iron and xanthine oxidase, the major product formed at 

low a-TH consumption was a-TQ. whereas when a-TH was extensively oxidized, 

epoxytocopherones and a-TQEs were the major products (213). 8a—TOOH has also been 

reported in this system (209). The Fe-xanthine oxidase system may be a better model for 

the in vivo situation than AMVN-or ABAP-catalyzed peroxidation, as a-TH mainly 

reacts with azo-generated peroxyl radicals rather than lipid peroxyl radicals in these 

systems. 
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Figure 6. Formation of spirodimer 



Only a few studies that actually monitor a-TH product formation in a biological 

system have been done. In rat liver mitochondria supplemented with a-tocopherol prior 

to ABAP treatment the primary products were a-TQ and a-TQEs (216). In a study 

monitoring a-TH product formation in rat liver from animals injected intraperitoneally 

with a-tocopherol the primary products encountered included a-TQ and a-tocopherol 

spirodimer and trimers (217). 

Reactions with Other Radicals 

a-TH can also scavenge RO*. 'O2, 02~. and ONOO', resulting in further antioxidant 

consumption of a-TH. However, only the reaction of a-TH with 'O2 is kinetically 

favored over the reaction of a-TH with peroxyl radicals. Reaction of a-TH and its model 

compound PMHC with RO* in chloroform yields 5-alkoxy derivatives 14 (Figure 7). 

8a-alkoxy tocopherones, and dimers and trimers, including spirodimer and an a-TH/a-

TQ dimer (214,218). The 5-alkoxy derivatives and dimers and trimers are formed via a 

phenoxyllium intermediate 15, which is in equilibrium with the quinone methide (Figure 

6). The 5-alkoxy products and the 8a—alkyltocopherones are favored in the presence of 

water, whereas the quinone methide and dimerization is favored in the absence of water. 

If water is present in the reaction mixture, 8a—TOH and a-TQ are also formed from the 

hydrolysis of the 8a—alkoxytocopherones (219,220). 02~ reacts with a-TH in protic 

solutions to form a-TQ, dimers, and a-TQE. It is unclear whether Go" is acting directly 

with a-TH in this system, or if active oxygen species resulting from Oj' dismutation are 
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causing oxidation of a-TH (221.222). a-TQ and 8a—TOH were the products formed in 

micelles exposed to Oi", which may mimic the reaction of Oj' vvith a-TH in membranes 

(223). Scavenging of 'O2 by a-tocopherol involves physical quenching, where energy 

from the excited-state 'O2 is absorbed by and dissipated by a- TH. 'O2 also reacts with 

a-TH to form oxidation products. Production of 'O2 from photosensitizers in the 

presence of a-TH resulted in the formation of a-TQ and a-TQE I via the major product 

8a-TOOH (224-228). Oxidation of a-TH and its water soluble analogue trolox vvith 

ONOO" also has been examined (229). Hogg et.al. proposed that ONOO' o.xidizes a-TH 

to the tocopherone cation, followed by hydrolysis (in acetone/H20) to a-TQ or 

nucleophilic addition (in methanol) to form 8a—methoxytocopherone. y-Tocopherol has 

also been shown to react with ONOO' (17) forming 5-nitro y-tocopherol as a major 

product. 

Vitamin E Recycling by Cellular Reductants 

In addition to monitoring the formation of a number of oxidation products of a-TH. 

understanding the fate of a-TH in vivo is further complicated by the possibility of a-TH 

recycling by cellular antioxidants. Studies of a-TH turnover rates in animals (230) may 

underestimate rates of antioxidant reactions occurring in vivo if recycling indeed occurs. 

However, very few studies have investigated whether recycling occurs in vivo. A study 

by Burton et.al. in 1990 (231) studied the effect of dietary ascorbate on a-TH turnover in 

guinea pigs, which like humans, do not synthesize ascorbate. In unstressed animals. 

.i 
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ascorbate supplementation had no effect on the kinetics of a-TH turnover. However, the 

effects of ascorbate on a-TH turnover in oxidatively stressed animals are unknown. 

It has been suggested by a number of in vitro studies that the tocopheroxyl radical is 

reduced back to a-TH by ascorbate. Many of these studies use electron spin resonance 

(ESR) to monitor production of tocopheroxyl radicals in liposomes, microsomes, and 

sub-mitochondiral particles exposed to oxidizing agents (161-164). Ascorbate was able 

to suppress the tocopheroxyl radical signal, and the semi dehydroascorbate radical was 

instead seen. The tocopheroxyl radical signal only reappeared when ascorbate was 

completely consumed. However, these types of studies do not distinguish ascorbate-

dependent tocopheroxyl radical reduction from direct antioxidant actions of ascorbate 

that merely preserve a-TH. Glutathione and PHGPX have also been implicated in a-TH 

recycling, although it is unclear whether the tocopheroxyl radical or other oxidation 

products of a-TH are the species reduced by GSH (9). 

Some researchers have suggested that a-TH recycling involves a two-electron 

reduction of the tocopherone cation, rather than a one-electron reduction of the 

tocopheroxyl radical. In 1951, Boyer reported an oxidation product of a-TH- "a-

tocopheroxide" that was reduced by ascorbate to a-TH and oxidized by HCl to a-TQ 

(232). It was later discovered that "a-tocopheroxide" was in fact a group of 

8a—substituted tocopherones (233,234). Electrochemical studies suggested that a two 

electron oxidation of a-TH yielded the tocopherone cation (235,236). In addition, the 

ascorbate-dependent reduction of 8a—(alkyldioxy)tocopherones to a-TH is dependent on 
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acid pH. This pH dependence suggests acid-catalyzed hydrolysis of 

8a-(alkyldioxy)tocopherones to 8a—TOH via the tocopherone cation (209.213). The 

stability of the reducible species in lipid bilayers at neutral pH suggested formation of 

8a—TOH rather than tocopheroxyl radical. It is possible that 8a-TOH and not 

tocopheroxyl radical is the ascorbate reducible species. In vivo, however, involvement of 

8a—TOH in redox cycles would require enzymatic catalysis, suggesting a possible role for 

enzymatic GSH-dependent a-TH recycling. 



STATEMENT OF THE PROBLEM 

Analysis of the antioxidant reactions of a-TH with a variety of biologically relevant 

oxidants in biomimetic systems gives us some insight into the mechanism of action of a-

TH. Studies of a-TH oxidation have identified markers for different types of antioxidant 

reactions. Extension of these types of studies to biological membranes should provide 

further insight into physiological a-TH turnover and antioxidant chemistry. As of yet. 

however, there have been very few studies monitoring oxidation product formation in 

vivo. Most studies rely on measures of a-TH depletion as an indicator of antioxidant 

activity (237). However, these studies do not account for a-TH tumover not due to 

antioxidant reactions, or a-TH recycled by cellular reductants. The involvement of 

oxidants and oxidative damage in UV-induced skin cancer suggest a potential 

chemopreventive role for a-TH. Evidence for this role of topically applied a-TH is 

supported by a number of animal studies. The objective of the present studies was to 

characterize the pharmacology of vitamin E as a cancer-preventing agent in mouse skin. 

Our hypothesis was that the antioxidant reactions of a-TH contribute to the inhibition of 

photocarcinogenesis by a-TH. The studies in the following chapters investigated the 

effect of UVB irradiation on the fate of a-TH in UVB irradiated in vitro systems and 

mouse skin. Because the form of topical vitamin E is important for its chemopreventive 

effects, the hydrolysis of the vitamin E ester a-TAc to the antioxidant a-TH was also 

monitored in mouse skin. Chapter two examines the fate of a-TH in UVB irradiated 



liposomes and homogeneous solution. a-TH depletion and prevention of LA^B-induced 

lipid peroxidation in liposomes was also monitored. Chapter three describes the fate of 

topically applied a-TH in UVB-irradiated mouse skin. Chapter four examines the 

hydrolysis of a-TAc to a-TH in UVB-irradiated and unirradiated mouse skin. This 

investigation focuses on analyzing the effects of UVB on topically applied a-TH and a-

TAc to further our understanding of the chemopreventive effects of a-TH in 

photocarcinogenesis. 
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CHAPTER 2 

UVB INDUCED PHOTOOXIDATION OF VITAMIN E IN VITRO 

Topically applied a-TH recently has been shown to prevent UVB induced 

carcinogenesis and inununosuppression in mice (6.7). a-TH is thought to inhibit UVB 

induced photocarcinogensis in part by scavenging UVB induced oxidants and preventing 

oxidative damage (179.238). Its potential for use as a topical chemopreventive agent has 

led us to further investigate the photochemistry of vitamin E. a-TH prevents oxidative 

damage primarily by scavenging lipid peroxyl radicals and preventing the propagation of 

lipid peroxidation through the formation of the resonance-stabilized a-T* 2, (9.207) (Eq. 

Reaction of a-T* with a second lipid peroxyl radical leads to the formation of 8a—TOOH 

4, 8a-T0H 11. epoxytocopherones 5 and 6 and their respective hydrolysis products a-TQ 

7. and a-TQEs 8,9 (Eq. 10-13). These products can serve as markers of the antioxidant 

reactions of a-TH (10,239). 

9). 

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

a-T* + LOO* 8a-substituted tocopherones 4 .11  (10) 

a-T* + LOO* epoxytocopherones 5, 6 (11)  

4, 11 7 (12) 

5,6 8 ,9  (13) 

The photochemistry of a-TH has not been well characterized, however. a-T* is 
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formed upon UVB irradiation of a-TH, which has an absorbance maximum at 292 nm 

(240). Photoexcitation leads to photolysis and release of a-T* (Eq. 14). which could 

either undergo further reactions with other free radicals or undergo reductive recycling 

back to a-TH (9,240). 

a-TH ^ a-T* + H* (14) 

Here we describe the UVB induced photooxidation of a-TH in lipid bilayers and in 

homogeneous solution. Products previously associated with peroxyl radical scavenging 

are the principal products of these reactions. The peroxyl radicals scavenged may arise 

from autoxidizable lipids or from a-T* itself. The results indicate that competing 

reactions of a-T* dictate the fate of a-TH in UVB photooxidations. 
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EXPERIMENTAL PROCEDURES 

Materials 

a-TH (/?./?./?-a-tocopherol) was a gift from Henkel Fine Chemicals (La Grange, IL). 

['•'CJ-a-TH was synthesized from y-TH and ['"*C]-formaldehyde as previously described 

(208). ['"*C]-a-TH (1.00|j.Ci/nmol) was purified by HPLC. a-TAc (16. Figure 3. Chapter 

1) (a//-rac-a-tocopherol acetate) was purchased fi-om Sigma (St. Louis. MO). Soy 

phosphatidylcholine. (SPC) and dioleoylphosphatidylcholine. (DOPC) in chloroform 

were purchased from Avanti Polar Lipids (Alabaster. AL.). Westinghouse FS-20 UVB 

lamps were purchased firom National Biological Corp. (Twinsburg. OH), and a UVX 

digital radiometer with a UVX-31 sensor was purchased from Ultraviolet Products, Inc. 

(San Gabriel, CA). Approximately 80% of the lamp output was in the UVB (290-320 

nm), whereas the remainder was in the UVA (320-400 nm). Other reagents were 

obtained commercially from standard sources and used without purification. 

Preparation of Liposomes 

Liposomes containing a-TH or a-TAc were prepared by a modification of the ethanol 

injection method (241). Briefly, a-TH or a-TAc (5-500 nmol) and SPC or DOPC (5 

lamol) were dissolved in 100 jaL ethanol and injected into 10 mL of 50 mM Tris HCl (pH 

7.4) over a period of 2 minutes with vortex mixing. Incubations with ['"'CJ-a-TH also 

were done in liposomes at the concentrations indicated above. 



Depletion of g-TH 

Liposomal suspensions containing a-TH (5 or 50 nmol a-TH/5 i^mol SPC) were 

irradiated in a 5.0 cm glass petri dish with UVB at a dose rate of 6.0 J m"~ s"' for 90 

minutes (7). The solution depth was approximately 6.0 mm. UVB dose was determined 

by measuring UVB flux with a UVX radiometer. Aliquots (1.0 mL) were taken in 

triplicate from the liposomal suspension at 20 minute intervals, and 500 fmol of de a-TH 

(an internal standard), 20 nmol BHT, 10 jamol sodium dodecyl sulfate (SDS) and 2.0 mL 

ethanol were added to each aliquot. The samples then were extracted with hexane and 

the hexane extract was evaporated under N2. Samples then were converted to O-TMS 

derivatives with 90 p.L N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) and 10 |j,L 

trimethychlorosilane (TMCS) in 100 |j.L dimethylformamide at 25° C for 2 hours, and a-

TH content of samples was evaluated by gas chromatography-mass spectrometry (GC-

MS) (242). 

Measurement of Lipid Peroxidation in UVB Irradiated Liposomes 

Liposomes containing 5 |amol SPC with or without 5 or 50 nmol a-TH or a-TAc were 

prepared by ethanol injection. Liposome suspensions were irradiated for 90 minutes 

under a UVB lamp at a dose rate of 6.0 J m'~ s"'. Aliquots (0.5 mL) were taken in 

triplicate at 30 minute intervals and extracted twice with 2 mL chloroform/methanol 2:1 

(v/v). A 0.5 mL aliquot of the chloroform extract was then evaporated to dryness under 

N2. This sample was resuspended in hexane/isopropanoi (3:2, v/v) and analyzed for 
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conjugated diene content by measuring UV absorbance at 232 nm (158). 

Generation of a-TH Products in UVB Irradiated Incubations 

Liposome suspensions containing 5 (j.mol SPC and 0.5 |j.mol a-TH in 10 mL of 50 

mM Tris HCI (pH 7.4) or solutions containing 200 nmol a-TH in 4 mL acetonitrile/water 

(4:1, v/v) were irradiated at 6.0 J m'" s"' for 90 minutes. Liposomes were irradiated as 

above, in petri dishes, whereas acetonitrile/water solutions were irradiated in a UV-

transparent quartz Thumberg cell (NSG Precision Cells, Farmingdale. NY). Incubations 

with ['"*C]-a-TH were done in the same manner. a-TH and products were isolated from 

irradiated liposomes by hexane extraction as outlined above. a-TH and products were 

isolated from UVB irradiated solution by evaporation of acetonitrile/HoO under Ni-

HPLC analvsis of Oxidation Products of a-TH in UVB Irradiated Liposomes and 

Solution 

a-TH and its oxidation products from UVB irradiated incubations were initially 

separated by reverse phase HPLC on a Spherisorb ODS-2 5 |am, 4.6 x 250 mm column 

with a gradient elution. The initial mobile phase was MeOH/H^O/acetic acid (85:14:1, 

v/v/v) programmed to 100% MeOH over 50 minutes, followed by 20 minutes elution 

with MeOH/ethyl acetate (I: L v/v) at a flow rate of 1.5 mL min"'. HPLC of a-TH and 

its products allowed comparison of UV spectra and retention times of sample peaks with 

those of authentic standards of known oxidation products of a-TH. An early eluting 

fraction of polar products was collected for a normal phase HPLC separation on a 
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Spherisorb CN, 5 |a.m. 4.6 x 250 mm column with a mobile phase of hexane/isopropyl 

alcohol (95:5. v/v), at a flow rate of 1.5 mL min"'. 

Radiolabeled products from incubations with ['"*C]-a-TH were analyzed by reverse-

phase HPLC as described above. Fractions of the column effluent were collected at 0.4 

minute intervals and were assayed for radioactivity by liquid scintillation counting. A 

radiochromatogram was constructed for comparison of product elution times with those 

of authentic standards. 

GC-MS and LC-MS Analvses of Products 

Products of UVB irradiated a—TH were analyzed by GC-MS with a Fisons MD 800 

mass spectrometer coupled to a Carlo Erba 5000 series GC (Fisons Instruments, Beverly. 

MA) and were separated on a 30 m DB5ms column (J&W Scientific. Folsom. CA). 

Products were converted to trimethylsilyl derivatives prior to analysis by treatment with 

BSTFA/TMCS in dimethylformamide as described above. Full-scan electron impact 

mass spectra and GC retention time were used to confirm product identity by comparison 

with those of authentic standards. Products also were analyzed by APCI-HPLC-MS with 

a Finnigan TSQ 7000 (Finnigan MAT, San Jose, CA) instrument in the Southwest 

Environmental Health Sciences Center Analytical Core laboratory at The University of 

Arizona. Products were analyzed by reverse and normal phase HPLC as described 

above. 
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RESULTS 

Oxidation of a-TH in UVB Irradiated Liposomes 

UVB irradiation of liposomes containing 0.1 mol % a-TH resulted in rapid depletion 

of a-TH (Figure 8A). Approximately 90% of the a-TH was depleted over the first 30 

minutes and depletion was greater than 90% at 90 minutes. In liposomes containing 1.0 

mol% a-TH. approximately 70% of the a-TH was depleted at 30 minutes and depletion 

was greater than 90% at 90 minutes (Fig. 8B). In contrast. UVB had no effect on levels 

of a-TAc (Fig. 8B). To assess the role of phospholipid peroxidation, a-TH depletion 

was also monitored in DOPC liposomes, which contain only singly unsaturated oleate 

chains and thus are virtually resistant to lipid peroxidation. The time course of a-TH 

depletion in DOPC liposomes was similar to that seen in SPC liposomes (Figs. 8A.B). 

which indicates that peroxidation of liposomal lipid was not required for a-TH depletion. 

UVB irradiation of SPC liposomes caused measurable lipid peroxidation by 30 

minutes (Figure 9A, B). Lipid peroxidation continued to increase over the remaining 60 

minutes of irradiation, as measured by increases in the levels of conjugated dienes. 

Liposome supplementation with 0.1 mol% a-TH or a-TAc did not decrease lipid 

peroxidation (Fig. 9A). However, in SPC liposomes supplemented with 1.0 mol% a-TH. 

lipid peroxidation was completely suppressed for 60 minutes of irradiation, followed by a 

modest increase in lipid peroxidation from 60 to 90 minutes (Fig. 9B). Approximately 

85% of the a-TH was depleted before lipid peroxidation commenced. Liposome 
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Figure 8. (A) Depletion of a-TH (0.1 mol%) by UVB. (B) Depletion of a-TH and 
a-TAc (1.0 mol%) by UVB. SPC (•) and DOPC (ji) liposomes containing a-TH 
and SPC liposomes containing a-TAc (^) were irradiated with UVB for 90 minutes. 
Depletion was monitored by GC-MS. Values are mean ± S.D. 
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Figure 9. Suppression of lipid peroxidation by a-TH. (A) Liposomes containing 
0.1 mol% a-TH or a-TAc. (B) Liposomes containing 1.0 mol% a-TH or a-TAc. 
Liposomes containing SPC alone (•), or with a-TH (•) or a-TAc (^) were 
irradiated with UVB for 90 minutes. Lipid peroxidation was measured by 
monitoring conjugated diene formation at 232 nm. Values are mean ± S.D. 



supplementation with 1.0 mol% a-TAc decreased lipid peroxidation by approximately 

half. This may have been due to QVB absorbance by a-TAc, since a-TAc is antioxidant-

inactive, and HPLC and GC-MS analyses indicated that it was not consumed (Fig. 88). 

Analysis of Photooxidation Products of r'"*C1-a-TH in Liposomes 

UVB irradiation of liposomes containing ['•*C]-a-TH yielded three groups of 

products, which were observed upon reverse phase HPLC analysis. Figure 10 shows a 

representative radiochromatogram of a-TH products formed in UVB irradiated 

liposomes. Product group A, which eluted between 14-22 minutes, was a poorly resolved 

mixture of polar products and accounted for 34% of a-TH consumed. Product group B 

eluted between 24-35 minutes and contained three peaks. These products had HPLC 

retention times and UV spectra identical to a-TQ 7, and a-TQEs 8,9. The identities of 

products 7, 8 and 9 from each system were confirmed by GC-MS of TMS derivatives. 

Products 8 and 9 accounted for 17% while product 7 accounted for 6% of the product 

associated radiolabel. 

Product group C contained one major peak, which eluted at 55-60 minutes. This 

product had an HPLC retention time and UV spectrum identical to those of spirodimer 13 

(Figure 3, Chapter 1) (243,244) and accounted for 43% of the product radioactivity. The 

identity of 13 was confirmed by UV-vis spectrophotometry, with spectral maxima 

identical to those of an authentic standard, (UV^ax at 290 and 340 nm) and by LC-MS, 

with retention time and APCI mass spectrum identical to that of an authentic standard. 

Dimer 13 was collected and subjected to flow-injection MS/MS analysis of the 
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[M + H]~ ion at m/z 858. The resulting product ion spectrum contained major fragment 

ions at m/z 442 and m/z 165, and the entire product ion spectrum was identical to that 

observed with an authentic standard. 

The polar products in group A were further resolved by normal-phase HPLC. These 

peaks displayed UV maxima at approximately 245-255 nm, which is characteristic of 

UV spectra of epoxytocopherones 5 and 6 (210,245). Also, the HPLC retention of these 

products relative to a-TQEs 8 and 9 was similar to that observed previously (208). These 

products appeared to be somewhat unstable under the conditions of the reverse-phase 

HPLC analysis. Much of the radiolabel present in product group A collected from 

reverse-phase HPLC subsequently eluted on normal-phase HPLC as a-TQEs 8 and 9. 

The remainder of the radiolabel eluted as a series of 6-8 peaks. These peaks could 

represent stereoisomers of epoxytocopherones 5 and 6, as each has four possible 

diastereomers. 

Reverse-phase APCI-HPLC-MS was employed to further investigate the identity of 

the putative epoxytocopherones 5 and 6. The APCI spectra of several peaks eluting in 

the region of product group A displayed weak ions at m/z 479, which corresponds to [M 

+ H]"^ for epoxytocopherones 5 and 6. More intense fragment ions at m/z 463 and 445 

corresponded to losses of oxygen and hydrogen peroxide, respectively. When products in 

this fraction were collected and subjected to silylation and GC-MS analysis, only TMS 

derivatives of a-TQEs 8 and 9 were observed. This is consistent with the facile 

hydrolysis of epoxytocopherones 5 and 6 to a-TQEs 8 and 9 during workup 

(208,210.245). 



Products 7. 8, and 9 are typically associated with peroxyl radical scavenging reactions 

of a-TH (9,10). In order to determine whether formation of these products was due to 

lipid peroxyl radical scavenging, the oxidation of ['"^CJ-a-TH was investigated in DOPC 

liposomes. As discussed above, these liposomes are resistant to lipid peroxidation and 

['•*C]-a-TH oxidation by lipid peroxyl radicals is unlikely in this system. The product 

profile was similar to that seen in SPC liposomes, with the exception that spirodimer 13. 

rather than product group A (putative epoxytocopherones 5 and 6), was the major 

product. a-TQEs 8 and 9 accounted for 22% of products, a-TQ 7 for 6%. spirodimer 13 

for 53%, and epoxytocopherones 5 and 6 for 19% of products. 

Analysis of Photooxidation Products of r'"*Cl-a-TH in Homogeneous Solution 

The a-TH product profile from SPC and DOPC liposomes suggested that a-TH 

photooxidation was largely independent of membrane lipid peroxidation, which could 

occur in the SPC liposomes, but not in the DOPC liposomes. In order to determine 

whether a complete absence of oxidizable lipid affected a-TH photooxidation. we 

examined the oxidation of ['"*C]-a-TH in acetonitrile solution. In this system, there is no 

source of lipid peroxyl radicals and a-TH oxidation thus should result from tocopherol 

photochemical reactions rather than lipid peroxidation. HPLC analysis of products 

formed by UVB photooxidation in acetonitrile/water indicated that products typically 

associated with peroxyl radical scavenging were formed. a-TQ 7 accounted for 3% and 

a-TQEs 8 and 9 for 19% of the products, respectively. In this system, however, polar 



fraction A. which contained the putative epoxytocopherones was the major product 

fraction, and accounted for 66% of the products, whereas spirodimer 13 accounted for 

12% of the products. Product distributions in liposomes and homogeneous solution are 

outlined in Table 5. 



Table 5. Product distributions from UVB irradiated SPC and DOPC liposomes and 

ACN/H2O solution. 

Percent of total products 

Product DOPC SPC ACN/H.Q 

8 and 9 99 17 19 

13 43 12 

5 and 6 19 34 66 

Product percentages were determined from radioactive counts in UVB irradiated 

incubations containing ['"^CJ-a-TH. 



DISCUSSION 

The effectiveness of a-TH as a chemopreventive agent in mice is thought to be due in 

part to its ability to act as an antioxidant (179.238). Radical scavenging by a-TH could 

prevent membrane lipid peroxidation and protein and DNA oxidation caused by UVB 

radiation. Although the antioxidant chemistry of a-TH is well understood (9.10), the 

photochemistry of vitamin E exposed to UVB light has not been extensively investigated. 

We have shown that UVB irradiation causes a rapid consumption of a-TH and the 

formation of a number of oxidation products. Although it is clear that a-TH is acting as 

an antioxidant in our liposome system, much of the a-TH oxidation in liposomes and 

solution seems to be independent of lipid peroxyl radical scavenging. 

It was no surprise that a-TH (1.0 mol%) was able to prevent UVB induced lipid 

peroxidation in our liposome system. However, the ability of a-TAc to reduce lipid 

peroxidation was somewhat surprising. This effect of a-TAc presumably resides in its 

ability to absorb UVB, since it cannot act directly as an antioxidant and did not undergo 

ester hydrolysis under any of the reaction conditions employed. Since a-TH and a-TAc 

have very similar UV absorption spectra (a-TH X max 292, a-TAc k max 285), a-TH may 

act partially by absorbing UVB in this system as well. 

In contrast to a-TAc, a-TH undergoes extensive photooxidation. In liposomes 

containing 0.1 mol% a-TH, lipid peroxidation was not prevented whereas in liposomes 

containing 1.0 mol% a-TH, lipid peroxidation was prevented until 85% of the a-TH was 

depleted. This indicates that approximately 0.2 mol% was the minimum a-TH level 



needed to prevent UVB induced peroxidation in this system. a-TH concentrations in 

biological membranes range from 0.01 to 0.2 mol% (246.247) and a-TH in this 

concentration range can prevent lipid peroxidation induced by diverse oxidants (9) 

depending on the nature and intensity of the oxidant stress and the presence of other 

antioxidants (248). 

The products identified in UVB irradiated liposomes and solution included a-TQ 7. 

a-TQEs 8 and 9, spirodimer 13 and epoxytocopherones 5 and 6. aTQ 7 and a-TQEs 8 

and 9 have previously been established as marker products for the antioxidant reactions 

of a-TH (9.10). In SPC liposomes, a-TH can scavenge a lipid peroxyl radical to form a-

T*. which reacts with another lipid peroxyl radical to form intermediate tocopherones 3 

and epoxytocopherones 5 and 6. These are hydrolyzed to 7 and 8/9 respectively. The 

formation of these products in a peroxyl radical generating system results in the 

scavenging of two peroxyl radicals and the turnover of a-TH (215). Epoxytocopherones 

5 and 6 have also been identified previously as products of peroxyl radical generating 

scavenging in aqueous/organic mixtures, but were found to be rapidly hydrolyzed to 8 

and 9 (208). spirodimer 13, however, seems to be formed mainly from photochemical 

oxidation of a-TH, as it does not occur as a major product in liposomes or polar solutions 

where peroxyl radicals are present (208,210,211,215,245). The end-products associated 

with peroxyl radical scavenging reactions of a-TH (5, 6, 7, 8, and 9) accounted for 57% 

of products in SPC liposomes. This is somewhat lower than in azo-compound initiated 

autooxidations in liposomes (212), in which these products accounted for essentially all 

the a-TH consumed. These same products collectively accounted for 88% of the product 
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total in UVB irradiated solution and for 47% in UVB irradiated DOPC liposomes. In 

these systems, there is no peroxidizable substrate, and thus these products may be formed 

by the UVB driven autoxidation of a-TH. Formation of peroxyl radical derived products 

may occur via intermediate tocopherone peroxyl radicals (Figure 11). These results 

fiirther indicate that a-TH photooxidation proceeds via competing reactions of UVB 

induced tocopheroxyl radicals. 

The remainder of the oxidized a-TH is accounted for by spirodimer 13, which results 

from UVB induced dimerization of a-T*. The combination of two a-T* to form the 

spirodimer may be favored by high concentrations of a-T* achieved by photoexcitation in 

the absence of high concentrations of other radicals (e.g., lipid peroxyl radicals). This 

may explain why the highest levels of spirodimer 13 are seen in the non-peroxidizable 

DOPC liposomes. However, it does not explain the low levels in solution, where high 

concentrations of a-T* may be present as well. This may reflect the effect of solvent 

polarity on a-TH chemistry in homogeneous solution, resulting mainly in the formation 

of epoxytocopherones 5 and 6. Spirodimer 13 may be a useful marker for a-TH 

photooxidation, whereas products 5, 6, 7,8, and 9 can result from either antioxidant or 

photochemical reactions of a-TH. The products formed in UVB irradiated DOPC 

liposomes and solution result from competing reactions of UVB-induced 
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formation of a-T*. As mentioned above, two a-T* can dimerize and form spirodimer 13. 

Alternatively a-T* can undergo further oxidation to 8a—hydroxytocopherone 11 and 

epoxytocopherones 5 and 6, which hydrolyze to a-TQ 7 and a-TQEs 8 and 9. 

respectively. Although the mechanism of autooxidation is not clear, an 8a—peroxyl 

radical derived by oxygen addition to a-T* may be involved (Figure 11) (245). 

Previous work by Stocker and colleagues (249) indicates that a-T* may act as a 

prooxidant in low density lipoprotein in the absence of other antio.xidants that reduce a-

T* to a-TH. Although one might hypothesize that UVB could induce oxidations via a-

T*. the overall effect of a-TH incorporation was to inhibit lipid peroxidation in our 

system. This probably reflects the availability of presence of a-TH in excess over a-T* 

in the steady state, in contrast to the LDL particle, which may contain only a single a-TH 

molecule (249). 

Scavenging of free radicals may be a principal mechanism by which a-TH prevents 

UVB induced carcinogenic damage in the skin. However, photochemical reactions such 

as those described here also may contribute to a-TH turnover in UVB exposure. It has 

recently been shown that topically applied a-TH prevents UVB induction of mutagenic 

thymine dimers in mice (43). This action reflects a sunscreen effect due to a-TH UVB 

absorbance. This UVB absorbance may initiate a-TH degradation as described here. 

Our results indicate that distinguishing a-TH turnover due to peroxyl radical scav enging 

versus photochemically induced a-TH autoxidation may be difficult. However, the 

formation of spirodimer 13 may be a useful marker for the occurrence of 
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photochemical ly induced a-TH oxidation. 
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CHAPTER 3 

UVB INDUCED PHOTOOXIDATION OF 

VITAMIN E IN MOUSE SKIN 

The ability of a-TH to act as an antioxidant and absorb UVB radiation makes it a 

potentially ideal topical chemopreventive agent against photocarcinogenesis. Studies 

investigating the chemopreventive actions of a-TH in NMSC have centered on 

evaluating the effects of topically applied vitamin E on the induction of UV-induced 

tumors in animals (6.7). Topical a-TH inhibits UVB-induced tumors, lipid peroxidation, 

and other indicators of UVB-induced oxidative damage in the skin, but the exact 

mechanism of chemoprevention by a-TH is unknown. The antioxidant actions of a-TH 

have been postulated, but there have been very few studies monitoring a-TH oxidation 

product formation in vivo or in biological membranes (216,217). Recent work by Packer 

and colleagues measured a-tocopherol depletion as an indicator of antioxidant activity 

(237), but this may not accurately reflect the antioxidant actions of topically applied a-

TH. Our previous studies indicate that a-TH turnover in UVB-irradiated skin may 

involve direct consumption of a-TH by UVB in addition to turnover due to antioxidant 

reactions of a-TH. Antioxidant consumption of a-TH results in the scavenging of 

peroxyl radicals and the formation of a-TH oxidation products. Photochemical 

consumption of a-TH results from the absorption of UVB radiation, photochemical 

cleavage of the chromanol O-H bond, and formation of a-TH dimers or products 



resulting from a-TH autooxidation. Antioxidant consumption may be distinguished from 

photochemical consumption of a-TH based on some of the oxidation products formed. 

The spirodimer 13 was unique to photochemical reactions of a-TH in vitro (Chapter 2). 

The effects of UV radiation on skin levels of endogenous a-TH have been measured 

previously (124.125). and depletion of topically applied tocopherols by UVB has also 

been measured (237). However, the oxidative fate of topically applied a-TH in UV-

irradiated skin has not been investigated. 

Our investigation of the antioxidant and photochemistry of a-TH in in vitro (Chapter 

2) provided a simple model system to examine reactions of a-TH with lipid peroxyl 

radicals and/or v^th UVB light. The present studies focus on determining the fate of 

topically applied a-TH in UVB irradiated skin to better understand the mechanism of 

prevention of photocarcinogenesis by a-TH. 
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EXPERIMENTAL PROCEDURES 

Materials 

a-TH (RRR-a-TH) was a gift from Henkel Fine Chemicals (La Grange. IL ). ds - and 

dft-a—TH was synthesized from ds-a—TAc (241). ['"*C]-a-TH was synthesized from y-TH 

and ['"*C]-formaldehyde as previously described (208). ds-a-TH and ['"^CJ-a-TH 

(.25|J.Ci/|j.mol) were purified by HPLC. Westinghouse FS-20 UVB lamps were purchased 

from National Biological Corp. (Twinsburg, OH), and a UVX digital radiometer with a 

UVX-31 sensor was purchased from Ultraviolet Products, Inc. (San Gabriel. CA). 

Approximately 80% of the lamp output was in the UVB (290-320), less than 1% in the 

UVC (< 290 nm). 4% in the UVA (320-400 nm), and the remainder was in the visible 

spectrum. Other reagents were obtained commercially from standard sources and used 

without purification. 

Species Employed and UVB exposure 

Female C3H/HeN Tac (H-2'^ , MTV-) mice (Taconic, Germantown. NY). 7-10 

weeks old, were used in all experiments. Mice were fed a synthetic diet (AIN 76) 

containing all-racemic c/,/-a-TAc. The dorsal skin of the mice was shaved before 

irradiation. The UVB dose was 2.5-2.9 J m"" sec"' for one hour (—10 kJ m ") in all 

experiments. UV flux was measured inside the animal's cage with a UVX radiometer 

with a UVX-31 sensor. The UVB dose chosen was similar to single doses used in UVB 

carcinogenesis studies (7). 



UVB-induced products of r'"*C1-a-TH at the skin surface 

Mice were treated topically with 5.3 |j.mol a-TH (500 nmol ['"*C]-a-TH+ 4800 nmol 

a-TH or 5.3 ^imol a-TH) in 50 [aL acetone 15 minutes prior to UVB irradiation. Mice 

were sacrificed immediately following UVB irradiation. The dorsal skin of the mice was 

then swabbed (ten strokes) with an alcohol wipe (The Kendall Company. Mansfield. MA) 

to remove any vitamin E products on the surface of the skin, and epidermis was isolated 

using a heat treatment method (250). Epidermis was incubated with 0.25% trypsin-

EDTA for 30 minutes at 37°C. and a-TH and its oxidation products were extracted using 

2 mL hexane, 2 mL ethanol. and 10 |j.mol SDS, followed by 6 x 2 mL portions of hexane. 

The sample was evaporated under Nt and resuspended in HPLC mobile phase for 

analysis (see below). Parallel UVB irradiations were performed in petri dishes and 

analyzed by HPLC. 

UVB-induced products of r'"^C1-a-TH in mouse skin 

Mice were treated topically with 5.3 |a.mol a-TH (500 nmol ['"^CJ-a-TH + 4800 nmol 

a-TH or 5.3 (amol a-TH) in 50 ^iL acetone or 50 DMSO 3 hours prior to UVB 

irradiation. Mice were sacrificed immediately following UVB irradiation and epidermis 

was isolated and extracted as above. Samples were analyzed by radiochemical HPLC. 

HPLC with diode-array detection or LC-MS. 

HPLC analysis of a-TH oxidation products 

a-TH and its oxidation products fi-om UVB irradiated epidermis were separated by 



reverse phase HPLC with diode array detection on a Spherisorb ODS-2 5 |am. 4.6 x 250 

mm column with a gradient elution. The initial mobile phase was MeOH/HiO/acetic acid 

(85:14:1. v/v/v) programmed to 100% MeOH over 50 minutes, followed by 20 minutes 

elution with MeOH/ethyl acetate (1:L v/v) at a flow rate of 1.5 mL min"'. HPLC of a-

TH and its products allowed comparison of UV spectra and retention times of sample 

peaks with those of authentic standards of known oxidation products of a-TH. 

Radiolabeled products from incubations with ['"*C]-a-TH were analyzed by reverse-

phase HPLC as described above. Fractions of the coluimi effluent were collected at 0.4 

minute intervals and were assayed for radioactivity by liquid scintillation counting. A 

radiochromatogram was constructed for comparison of product elution times with those 

of authentic standards. 

Product identities were confirmed by APCI-HPLC-MS with a Finnigan TSQ 7000 

(Finnigan MAT. San Jose. CA) instrument in the Southwest Environmental Health 

Sciences Center Analytical Core laboratory at The University of Arizona. Products were 

sepeirated by the reverse phase HPLC gradient described above and analyzed in the mass 

spectrometer. Flow injection MS/MS analysis was also performed on a-TH oxidation 

products and compared to MS/MS analyses of authentic standards. 

Depletion of a-TH in UVB irradiated mouse skin 

Mice were treated topically with 5.3 ^imol a-TH in 50 [iL acetone or 50 |j.L DMSO 3 

hours prior to irradiation. Unirradiated control mice were treated with 5.3 jxmol a-TH in 

acetone or DMSO for 4 hours. Mice were sacrificed irmnediately after irradiation or at 



the end of the 4 hour time period for unirradiated mice. Epidermis was isolated and 

extracted as above, with the addition of a deuterium-labeled da a-TH (100 pmol) internal 

standard, a—TH content of samples was analyzed by GC-MS with a Fisons MD 800 

mass spectrometer coupled to a Carlo Erba 5000 series GC (Fisons Instruments. Beverly. 

MA) and were separated on a 30 m DB5ms column (J&W Scientific, Folsom. CA). 

Samples were converted to trimethylsilyl derivatives prior to analysis by treatment with 

100 (xL BSTFA/ I0%TMCS+ 100 piL dimethylformamide for 2 hours. The ratio of 

integrated peak areas for ds-a-TH/de-a-TH was compared to that of a standard curve to 

determine a-TH content of the samples. 



RESULTS 

Analysis of Photooxidation Products of r'"*C]-a-TH at the skin surface and in mouse 

epidermis 

UVB irradiation of mouse skin treated with ['"*€]- a-TH resulted in the formation of a 

number of a-TH oxidation products. In alcohol wipes from the skin surface of mice 

treated with ['"^C]- a-TH in acetone for 15 minutes prior to a one hour UVB treatment, 

products with HPLC retention times similar to dimer(s) of a-TH were formed, and these 

accounted for essentially all of the product radioactivity (Figure 12). No residual 

radioactivity was found in the epidermis of these mice after the wipes. UVB irradiation 

of ['^C]- a-TH on a glass petri dish yielded the same product distribution (not shown), 

suggesting that the ['"*€]- a-TH was not absorbed into the epidermis during the short 

treatment period, and the a-TH photochemical degradation was occurring on the surface 

of the skin. 

To determine the effect of absorption on the fate of a-TH in UVB irradiated mouse 

epidermis, mice were treated with ['"*C]- a-TH in either DMSO or acetone for three hours 

before UVB treatment. In mice given ['"^C]- a-TH in acetone for three hours before 

UVB, the product profile was similar to that seen in mice given ['"*€]- a-TH 15 minutes 

prior to UVB. Greater than 90% of the product radioactivity eluted on the HPLC as a-

TH dimer (Figure 13). However, there was evidence for a small amount of a-TQ 7. In 

contrast, in mice treated with ['^C]- a-TH for three hours in DMSO showed evidence of 
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Figure 12. Radiochromatogram of a-TH products at the skin 
surface. HPLC separations of products isolated from a surface wipe 
of UVB-irradiated epidermis treated with ['"*C]-a-TH in acetone 
15 minutes prior to irradiation. 
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Figure 13. Radiochromatogram of a-TH products in the 
epidermis. HPLC separations from extracts of UVB-irradiated 
epidermis treated with ['"^CJ-a-TH. Top panel: 3 hour ['"^CJ-a-TH 
treatment in DMSO prior to UVB. Bottom panel: 3 hour 
['•^CJ-a-TH treatment in acetone prior to UVB. 



muitipie a-TH oxidation products. a-TH dimer was still the major product (70% of 

products), but radioactive HPLC peaks corresponding to a-TQ 7 (10% of products), a-

TQEs 8 and 9 (15% of products), and epoxytocopherones 5 and 6 were also observed 

(5% of products). 

LC-MS identification of g-TH oxidation products 

The identities of a-TH oxidation products in mouse skin treated with a-TH for three 

hours in acetone or DMSO before UVB'were confirmed by reverse-phase APCl-HPLC-

MS and flow injection MS/MS analyses. HPLC-MS analysis showed evidence for 

spirodimer 13 with both acetone and DMSO treatments. APCI spectra of the HPLC 

peaks contained an ion at m/z 858, which corresponds to [M + H]^ for the spirodimer. 

Spirodimer 13 was collected and subjected to flow-injection MS/MS analysis of the [M + 

H]^ ion at m/z 858. The entire product ion spectrum for the spirodimer (Table 6) was 

identical to that observed with an authentic standard. APCI spectra of the suspected a-

TQ 7 and a-TQEs 8 and 9 were identical to authentic standards. Flow injection MS/MS 

of collected 7, 8, and 9 (Table 6) demonstrated an entire product ion spectrum that was 

identical to that observed with authentic standards. APCI spectra of the putative 

epoxytocopherones 5 and 6. displayed weak ions at m/z 479, which corresponds to [M + 

H]"^ for epoxytocopherones 5 and 6. In addition, the sensitivity of HPLC-MS provided 

evidence for the formation of a small amount of a-TQEs in UVB-irradiated mice treated 

with a-TH in acetone, whereas the radiochromatogram showed no evidence of a-TQE 

formation. 
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Table 6. Flow-injection MS/MS data for a-TH oxidation products from mouse skin 

Product Precursor Ion m/z* Product Ions m/z* 

a-TQ 7 445 ([M+H-HalO 341. 165.73 

a-TQEs 8,9 463 ([M+H]") 445,177 

Spirodimerl3 858 ([M+Hf) 441,165 

All a-TH product MS/MS data is identical to that obtained with authentic standards. 



Depletion of a-TH in UVB irradiated mouse skin 

a-TH depletion was monitored in mice treated with ds—a-TH in acetone or DMSO for 

three hours before UVB. The one hour UVB treatment caused a substantial depletion of 

ds-a-TH in both treatment groups. Approximately 40-60% of the applied a-TH present 

in the epidermis was consumed by the UVB treatment (Figure 14). 
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Figure 14. Depletion of topically applied d3-a-TH in LA/'B 
irradiated mouse skin. Mice were treated with 5.3 jamol dj-a-TH 
for three hours in either acetone or DMSO followed by a one hour 
UVB treatment (2.6-2.9 J m'^sec'*). Values are mean ± S.D. 
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DISCUSSION 

We have shown previously that UVB irradiation causes a rapid consumption of a-TH 

and the formation of a number of oxidation products in vitro via competing reactions of 

the tocopheroxyl radical a-T*. The discovery of similar oxidation products in UVB-

irradiated epidermis suggests that antioxidant and photochemical consumption of 

topically applied a-TH occurs in UVB-irradiated skin. Different vehicles were used for 

the topical delivery of a-TH to exeimine effects of absorption on a-TH chemistry in 

UVB-irradiated skin. In the acute a-TH treatments used in this study, it is apparent that 

a-TH is not well absorbed into the skin when applied in an acetone vehicle, even after 

three hours. Spirodimer 13 is formed at the skin surface. Formation of spirodimer most 

likely results purely from photochemical consumption of a-TH due to formation of a 

large number of UVB-induced a-T* at the surface of the skin. The spirodimer can be 

formed via a quinone methide intermediate 12 (Figure 6, Chaper 1). though it is unclear if 

this mechanism is occuring at the skin surface. In mice treated with a-TH for three hours 

in acetone prior to UVB the product distribution was virtually identical to that which 

occurred at the skin surface, although there was evidence for a small amount of 

antioxidant turnover of a-TH in the formation of a-TQ 7 and a-TQEs 8 and 9. 

The use of the DMSO vehicle seems to allow for more rapid absorption of a-TH into 

the skin, placing a-TH into closer proximity to membrane lipids prior to UVB irradiation, 

allowing a-TH to react more readily with UVB-induced lipid peroxyl radicals. It is 
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unclear however, to what extent antioxidant reactions of a-TH are involved in 

consumption of topically applied a-TH in mouse epidermis in these studies. In mouse 

epidermis treated with a-TH for three hours in DMSO, we found products indicative of 

the antioxidant reactions of a-TH: a-TQ 7. a-TQEs8and9. and epoxytocopherones 5 

and 6. However, even in this system, the major product is spirodimer 13. This suggests 

that during this four hour period only a small proportion of the applied dose of a-TH 

became available for reaction witli lipid peroxyl radicals and that the topically applied a-

TH mainly underwent photochemical consumption. This suggests that the topically 

applied a-TH is acting like a photoprotective coating for the cells. 

Topically applied a-TH is depleted in UVB-irradiated skin to a similar degree 

regardless of vehicle (Figure 14), which suggests that the majority of the applied dose 

was not incorporated into cell membranes in epidermis and that the observed depletion of 

a-TH resulted from photochemical consumption of a-TH at the skin surface. This idea is 

further supported by the observation that endogenous a-TH is not similarly depleted by 

the UVB dose used in this study (Liebler and Burr, unpublished observation). The 

endogenous a-TH is perhaps being protected from UVB-induced consumption by 

absorption of UVB by the skin. These data indicate that attempts to monitor the effects 

of a-TH applied a short time before UVB may measure mostly sunscreening effects of a-

TH and that multiple topical a-TH doses or a longer incubation time after a-TH 

application may be necessary for appreciable epidermal cellular incorporation of topical 

a-TH. 



The products associated with antioxidant reactions of a-TH epoxytocopherones 5 and 

6. tocopherone 7, and epoxyquinones 8 and 9 are formed in UVB-irradiated epidermis as 

well. It is unlikely that these products result from UVB-induced autooxidation of a-TH 

(Figure 1L Chapter 3), as these products did not occur at the surface of the skin, where 

exclusively photochemical consumption of a-TH occurred. The fact that only a small 

amount of antioxidant consumption of topical a-TH occurs in UVB-irradiated mouse 

skin suggests one of two things: 1) That UVB-induced lipid peroxidation occurs, and 

topically applied a-TH is unable to scavenge lipid peroxyl radicals due to the fact that it 

is not effectively incorporated into cellular lipid membranes during the four hours before 

UVB irradiation, or 2) That lipid peroxidation does not occur to any great extent in this 

system due to the photoprotective effects of the topically applied a-TH. Evaluation of 

lipid peroxidation in UVB-irradiated skin treated with a-TH would clear up this question. 

Other researchers have measured the effect of topically applied a-TH on UVB-induced 

lipid peroxidation (199). however the endpoint measured (formation of thiobarbituric 

acid reactive substances, or TBARS) may not be specific for lipid peroxidation in skin. 

A sensitive method for measurement of products of lipid peroxidation is currently being 

developed in our laboratory. 

This study provides the first description of antioxidant and photochemical 

consumption of topically applied a-TH in UVB irradiated skin. Spirodimer 13 may be 

used as a marker product of photochemical reactions of a-TH in mouse skin. Spirodimer 

13 can also be formed by reaction of a-TH with peroxyl radicals (211,215), however the 

I 



majority of the spirodimer formed in these studies most likely resulted from 

photochemical turnover of a-TH at the skin surface. The finding that topically applied 

a-TH primarily undergoes photochemical turnover when exposed to UVB light suggests 

flirther study into the role of spirodimer 13 in prevention of photocarcinogenesis. 

Spirodimer absorbs in the UVB (Amax 292 nm, 340 nm) allowing it to act as a sunscreen. 

These data suggest the role of the photochemical turnover of topically applied a-TH in 

UVB-irradiated skin is much more important than was previously suspected. 



CHAPTER 4 

EFFECT OF UVB ON HYDROLYSIS OF a-TAc to a-TH IN MOUSE 

SKIN 

Emerging strategies to prevent UVB photocarcinogenesis include inhibition of 

photodamage with sunscreens and suppression of oxidative damage with antioxidants. 

Topically applied a—TH can inhibit UVB induced photocarcinogenesis and 

immunosuppression in mice (6.7). We have shown that the antioxidant a—TH can inhibit 

UVB-induced lipid peroxidation in vitro (Chapter 2) and can also inhibit UVB induced 

formation of thymine dimers (43). Both actions may contribute to prevention of 

photocarcinogenesis. 

Results such as these have prompted the addition of vitamin E to skin lotions and 

sunscreens. However, the form of vitamin E most commonly added to these products is 

the vitamin E ester a-tocopherol acetate (a—TAc). a—TAc is inactive as an antioxidant 

and requires enzymatic hydrolysis to produce the active antioxidant a—TH. a-TAc taken 

orally is quantitatively hydrolyzed to a—TH in the gut (21). However, the degree to 

which a-TAc is hydrolyzed to the active antioxidant a-TH in the skin is not clear. It 

thus becomes important to determine to what extent is a-TAc converted to the more 

effective sunscreen and antioxidant a—TH. 

It has been suggested that hydrolysis of topically applied a-TAc to a-TH does not 

occur in humans during chronic a-TAc applications (203). whereas hydrolysis of 



topically applied a-TAc to a-TH in mice has been inferred from measured increases in 

total epidermal a-TH (254). In such studies where only the level of epidermal a-TH is 

measured, it is not possible to determine directly whether a—TAc hydrolysis occurred or 

the extent to which diet derived a-TH and topically applied a-TAc hydrolysis 

contributed to measured a-TH levels. 

We have developed a sensitive GC-MS assay that distinguishes between endogenous 

a—TH and deuterium labeled a—TH resulting from hydrolysis of topically applied 

deuterated a-TAc (ds-a-TAc, Figure 15) in mouse epidermis. a-TAc was hydrolyzed in 

mouse epidermis and UVB treatment enhanced hydrolysis, which could enhance the 

ability of topical a-TAc to confer protection against UVB induced oxidative damage. 

This increase in hydrolysis may be due to increases in esterase activity in the epidermis 

as a result of UVB treatment. 

I 
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METHODS 

Materials 

ds—a—TAc was a gift from The Natural Source Vitamin E Association (Kingsport. 

TN). ds— and de-a-TH were synthesized from ds—a-TAc (242). Vanicream was 

purchased from Pharmaceutical Specialties (Rochester, MN). Westinghouse FS-20 UVB 

lamps were purchased from National Biological Corp. (Twinsburg, OH), and a UVX 

digital radiometer with a UVX-31 sensor was purchased from Ultraviolet Products. Inc. 

(San Gabriel, CA). Approximately 80% of the lamp output was in the UVB (290-320). 

less than 1% in the UVC (< 290 nm), 4% in the UVA (320-400 nm). and the remainder 

was in the visible spectrum. Other reagents were obtained commercially from standard 

sources and used without purification. 

Species Emploved and UVB exposure 

Female C3H/HeN Tac (H-2'^ . MTV-) mice (Taconic. Germantown. NY). 7-10 weeks 

old, were used in all experiments. Mice were fed a synthetic diet (AIN 76) containing 

all-racemic £/,/-a-TAc. The dorsal skin of the mice was shaved before irradiation. The 

dose rate for UVB exposure was 2.5-2.8 J m'~ s"'for a period not exceeding 120 minutes 

(10-20 kJ m"^). UV flux was measured inside the animal's cage with a UVX radiometer 

with a UVX-31 sensor. 



Hydrolysis of d^—a-TAc to d^-a—TH in mouse skin 

ds-a—TAc (Figure 15) in Vanicream (an inert cream) was applied to the shayed dorsal 

skin (50 mg of a 5.0% cream. 5.3 |amol ds -a-TAc) of each mouse. Mice then were 

sacrificed at L 3, 6, 24, or 48 hours post treatment. Residual dorsal hair was removed by 

a 2 minute application of Nair™ with baby oil (Carter Products, New York. NY), which 

contains neither a-TH or a-TAc. BHT (20 i^mol) was then swabbed onto the exposed 

skin to protect against oxidation during workup. The dorsal skin was removed and 

epidermis was isolated using a heat treatment method (250). Briefly, epidermis was 

placed in 50-52°C water for 15-20 seconds followed by 90 seconds in ice water. The 

epidermis was then scraped off using a razor blade and weighed. The tissue vyas 

incubated with 500 |j.L 0.25% trypsin-EDTA (Sigma Chemicals, St. Louis. MO), 

followed by 10 |a.mol SDS and 2 mL ethanol. a-TH and its oxidation products were then 

extracted with 3x2 mL of hexane after adding deuterium labeled (d6)-a-TH (100 pmol) 

as an internal standard. The hexane extract vyas evaporated under Nt and samples then 

were converted to 0-TMS derivatives with 90 |j,L BSTFA and 10 jiL TMCS in 100 |aL 

dimethylformamide at 25° C for 2 hours. a-TH content of individual samples then was 

assayed by GC-MS with selected ion monitoring at m/z 503 (do-a-TH), m/z 506 (ds-

a—TH) (Figure 15) and m/z 509 (dg-a-TH). The sensitivity and resolution of the mass 

spectrometer were sufficient to distinguish and measure do-a-TH, ds-a-TH, and da-

a—TH at levels as low as 25 fmol (242). The peak area ratios of d3-a-TH/d6-a-TH or 

do-a-TH/da-a-TH for individual samples were determined and compared to standard 



108 

values to determine epidermal contents of a—TH isotopomers. 

Effect of single-dose UVB on hvdrolvsis of dj^-g-TAc in mouse skin 

Shaved mice were irradiated for 60 minutes with UVB for a total dose of-10 kJ m"~. 

Mice then were treated with ds-a—TAc (5.3 fimol in 50 mg Vanicream or in 50 fal 

DMSO). Mice were subjected to euthanasia by CO2 inhalation at 1.3, 6. 24. or 48 hours 

post irradiation. Epidermis was isolated and do-or ds-a—TH were analyzed by GC-MS as 

described above. Alternatively, ds—a—TAc was applied 15 minutes before UVB 

irradiation and epidermal samples were isolated and analyzed as described above. 

Dose-response of UVB effect on d^ -<x-TAc hvdrolvsis 

A dose-response relationship for UVB exposure and ds -a-TAc hydrolysis also was 

determined. Mice were shaved and exposed to UVB for either 60. 90, or 120 minutes 

(~10, 15, or 20 kJ m'") in a single dose or in multiple 30 minute/day doses (i.e.. 30 

minutes of UVB/day for 2, 3,or 4 days). After the last UVB dose, the mice were treated 

with 5.3 jamol ds—a-TAc in Vanicream and were sacrificed 24 hours later. Epidermis 

was isolated and do- and d3-a—TH were analyzed by GC-MS as described above. 

Hvdrolvsis of d^—a—TAc to d^-a-TH at the epidermal surface 

dj-a-TAc (5.3 (j.mol in 50 mg Vanicream) was applied to the shaved dorsal skin of 

mice. Mice then were sacrificed at 90 minutes post-treatment. Altematively. shaved 



mice were treated with UVB for 60 min (10 kJ m'"). then treated with ds-a-TAc and 

sacrificed 90 minutes later. The dorsal skin of both irradiated and unirradiated mice vvas 

then swabbed (ten strokes) with an alcohol wipe (The Kendall Company. Mansfield. MA) 

to remove any Vanicream or vitamin E products on the surface of the skin. Epidermis 

also was isolated and analyzed for ds- and do-a-TH by GC-MS as described previously. 

The alcohol wipe was soaked in 2 mL ethanol and 2 mL hexane containing 10 |imol SDS 

and 20 i^mol BHT for 1 hour. The dg-a-TH internal standard (100 pmol) was added, the 

alcohol wipe was removed, and the sample was extracted twice with additional 2 mL 

portions of hexane. Samples were derivatized as described above and analyzed for ds-

and do-a—TH by GC-MS. 

Determination of NSE activity in the epidermis: Isolation of supernatant from skin 

homogenate 

Epidermal homogenates were prepared from irradiated and unirradiated mice. 

Irradiated mice were treated with UVB for 60 minutes (10 kJ m'~) and sacrificed 24 hours 

later. All mice were sacrificed by CO2 inhalation, and epidermis was isolated by the 

heat-treatment method as described above. The epidermis then was powdered in a 

stainless steel mortar and pestle cooled with liquid N2, and then was resuspended in 3 or 

6 mL 0.1 M sodium phosphate butTer (pH 8.0). To each 3 mL of sample, 50 |aL 10% 

Triton-X was added, and the samples were allowed to sit for 15 minutes on ice after 

being submitted to 2-5 seconds of probe sonication. The homogenates were then 

centrifuged at 2000 x g for 10 minutes and the epidermal supernatant was decanted and 



kept on ice for up to I hour before use (251). 

Assay for a—napthvl acetate hvdrolvsis in epidermal supernatant 

Hydrolysis of a—napthyl acetate (a-NA) to a—napthol (a-NOH) (Figure 15) was 

monitored in epidermal supematants via the measure of the increase in UV-absorbance at 

235 nm. A 0.1-0.5 mL aliquot of the epidermal supernatant was placed into a quartz 

cuvette and diluted to I mL with sodium phosphate buffer (0.1 M pH 8.0). The 

supernatant was heated to 37° C over 15 minutes and the spectrophotometer was blanked 

against the heated supernatant. Then 4 [aL of a 50 mM solution of a—NA in ethylene 

glycol monomethyl ether was added (252). Absorbance at 235 nm was measured at 2, 4. 

6, 8, and 10 minutes. Non-enzymatic hydrolysis of a—NA and increases in absorbance of 

the supernatant were also measured over this time, and absorbance values were corrected 

for these effects. 

Assay for d^—a—TAc hvdrolvsis in epidermal supernatant 

Hydrolysis of d3—a-TAc was also monitored in epidermal supematants. Using a 

method modified from Zahalka et al., liposomes containing 0.4 p.mol ds-a-TAc and 8 

|.imol dimyristoyl phosphatidylcholine (DMPC) were incubated with 3 mL of epidermal 

supematant at 37° C for 120 minutes (253). Then 400 i^L aliquots were taken from the 

suspension at 30 minute intervals starting with time zero. The samples were incubated 

with SDS and ethanol and then extracted and analyzed for do- and ds-a-TH by GC-MS 

as described above. 
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RESULTS 

Hydrolysis of d2-a-TAc to a—TH in mouse skin 

ds-a-TH was detected in mouse epidermis at 1 (not shown). 3. 6. 24. and 48 hours 

post-treatment with ds—a-TAc (Figure ' 6A). We observed up to a ten-fold increase in 

total epidermal a-TH (do—a—TH +d3-a-TH) at 24 and 48 hours. However, this 

represented hydrolysis of less than 1% of the total applied dose. When the mice were 

treated with 2.5-2.8 J m"" s"' for 1 hour prior to treatment with ds—a—TAc. the levels of 

ds-a—TH in the epidermis increased dramatically, reflecting up to 40-fold increase in 

total epidermal a-TH (Figure 16B). Again, this represented hydrolysis of less than 1% of 

the applied dose. Application of the ds-a-TAc prior to the UVB treatment eliminated 

the potentiation of hydrolysis of ds—a—TAc to ds-a—TH (Figure 16C). 

To investigate the relationship between UVB dose and ester hydrolysis, we irradiated 

mice for 60, 90. or 120 minutes at the dose rate used for the previous studies. The 

ds-a—TAc was applied post-irradiation and hydrolysis to ds-a-TH was measured 24 

hours later. Figure 17 illustrates the dose-response relationship between UVB dose and 

levels of ds—a-TH in the epidermis. Treatment of mice with UVB for either 60. 90. or 

120 minutes in divided 30 minute irradiations over 2. 3, or 4 days potentiated the UVB 

induced hydrolysis of da—a—TAc to ds-a—TH (Figure 17). 

To determine if the rate of absorption of the ds-a-TAc into the skin had an effect on 

its hydrolysis, we applied ds—a—TAc to shaved mouse skin in a DMSO vehicle, which 
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Figure 16. Ester hydrolysis in mouse epidermis. (A) Hydrolysis of dj-a-TAc 
to dj-a-TH in unirradiated mice treated with 5.3 |j,moI dj-a-TAc in Vanicream. 
(B) Hydrolysis of d3-a-TAc to dj-a-TH in mice treated with 5.3 jamol dj-a-TAc 
after a one hour UVB treatment (2.5-2.8 J m"- sec"'). (C) Hydrolysis of d^-a-TAc 
to dj-a-TH in mice treated with 5.3 (imol d3-a-TAc prior to UVB 
treatment. Values are mean ± S.D. ** Measurements not taken at these timepoints 
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in Vanicream and sacrificed 24 hours later. Values are mean ± S.D. 



allows for more rapid absorption of ds-a—TAc. In unirradiated mice treated with 

ds-a-TAc in DMSO. we found that hydrolysis was maximal at 3 hours post-treatment 

(Figure 18, black bars) as opposed to mice treated with ds-a—TAc in Vanicream. where 

hydrolysis was not maximal until 24 hours (Figure 16A). This suggested that the rate of 

hydrolysis was limited in part by absorption in mice treated with ds-a—T.Ac in 

Vanicream. It is interesting to note that the maximal capacity of ester hydrolysis in the 

unirradiated mice (~80 pmol ds—a-TH/mg epidermis) was the same in both systems, 

indicating that hydrolysis in unirradiated mice may be a saturable phenomenon. In mice 

irradiated as above for 1 hour and treated with ds-a-TAc in DMSO, there was a time-

dependent increased hydrolysis at 6 and 24 hours post-treatment, similar to that seen with 

ds-a-TAc administered in the Vanicream vehicle, suggesting that absorption is not a 

limiting factor in the UVB-induced ds-a—TAc hydrolysis. If mice were treated with a 

10-fold greater dose of da—a—TAc (25 mg/mouse. Figure 19) there was a 4-6 fold 

increase in ds-a—TH levels in unirradiated mice, but only a 2-3 fold increase in ds-a-TH 

levels in irradiated mice compared to mice treated with the lower dose of ds-a-TAc 

(Figure 16A and 16B). This again indicates that absorption may be limiting for 

hydrolysis in unirradiated animals, but not for the induced hydrolysis in irradiated mice. 

This suggests that perhaps hydrolysis is occurring closer to the surface of the skin in 

irradiated mice or that UV-irradiation promotes absorption. 

To address this point, ds-a-TH formation at the skin surface was monitored, 

ds—a-TAc was applied to unirradiated or irradiated mice, the mice were then sacrificed 
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Figure 18. Ester hydrolysis in mouse epidermis using DMSO as a vehicle. 
Hydrolysis of 5.3 (imol d3-a-TAc applied in DMSO to d3-a-TH in unirradiated 
mice and in mice treated UVB for one hour (2.5-2.8 J m'- sec'). Mice were 
sacrificed 24 hours after UVB treatment. Values are mean ± S.D. 
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Figure 19. Ester hydrolysis in unirradiated and irradiated mice 
treated with 25 mg d3-a-TAc/mouse. Irradiated mice were treated with 
UVB for one hour (2.5-2.8 J m"- sec"'). Mice were sacrificed 24 hours 
after UVB treatment. Values are mean ± S.D. 



90 minutes later, and the skin surface was swabbed with an alcohol wipe to remove any 

vitamin E or ester on the surface of the skin. The epidermis and the wipe then were 

assayed for levels of ds—a—TH. There was more ds—a—TH in the extract from the skin 

wipe than in the epidermis itself for both irradiated and unirradiated mice (Figure 20). 

This suggests that the esterase activity at the sturface of the skin was capable of 

converting ds-a—TAc to ds—a-TH. 

Hydrolysis of a—NA and d^—a-TAc in epidermal supematants 

The induction of hydrolysis in irradiated mice indicated that esterase activity was 

increased in the epidermis. To further investigate this. NSE activity was measured in the 

2000 X g supernatant of epidermal homogenates by monitoring the hydrolysis of a—NA 

(Figure 15) to a-NOH. a—NA was hydrolyzed to a-NOH in epidermal supematants at a 

rate of ~6 rmiol min"' mg"' protein in the supematants from control mice and at ~20 nmol 

a—NOH min"' mg protein in supematants from irradiated mice (Figure 21). These data 

indicate that NSE activity was present in the epidermis and that activity was increased in 

irradiated mice, ds—a-TAc also was hydrolyzed in epidermal supematants. but at a lower 

rate, ds-a—TH was formed at ~ 3 pmol min"' mg"' protein, and in supematant from 

irradiated animals at ~8 pmol min*' mg protein"' (Figure 22). The increased rate of 

a-TAc hydrolysis in UVB irradiated mice correlated with the effect of UVB in vivo. 
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of unirradiated mice and in mice irradiated with 2.5-2.8 J m'- sec"' UVB for 
one hour. Mice were sacrificed 90 minutes after UVB treatment. Values 
are mean ±S.D. **p<0.05 

i 



1 14 

_c 
'S 
o Ui o. 
=0 
S 
u 
C b. 
o u. 
X 
O 
z 
a 

2500 

2000 -

1500 -

1000 -

500 -

0 

Unirradiated Mice 

[rradiated Mice 

Time (mm) 

Figure 21. Hydrolysis of a-NA in epidermal supematants from irradiated 
and unirradiated mice. Irradiated mice were sacrificed 24 hours after a one 
hour UVB treatment (2.5-2.8 J m'- sec"'), following which epidermal 
supernatant was prepared. Values are mean ± S.D. 



12U 

1200 

[nradiated Mice 

e— Unirradiated Mice o 1000 

0 20 40 60 80 

Time (min) 

100 120 

Figure 22. Hydrolysis of d3-a-TAc in epidermal supematants from irradiated 
and unirradiated mice. Irradiated mice were sacrificed 24 hours after a one 
hour UVB treatment (2.5-2.8 J m'- sec"'), following which epidermal 
supernatant was prepared. Values are mean ± S.D. 



CONCLUSION 

We have used a sensitive, selective, GC-MS method to show that topically applied 

d3—a-TAc was converted to ds—a-TH in mouse skin. Previous work has documented 

hydrolysis of a-TAc to a-TH (254). However, these previous studies utilized unlabelled 

a-TAc. and hydrolysis was monitored by increases in total epidermal a-TH. which does 

not permit a-TH mobilized from other tissue sources to be distinguished from hydrolysis 

of topically applied a-TAc. The method used here permits unambiguous characterization 

of the contribution of topically applied a-TAc to total epidermal a-TH content. 

We observed a modest hydrolysis of ds—a—TAc to da—a—TH in unirradiated animals, 

reflecting up to a 10 fold increase in total epidermal a-TH (Figure 16A). Interestingly, 

pretreatment of the mice with UVB caused an even greater degree of hydrolysis. In some 

mice there was a 40 fold increase in total epidermal a-TH at 48 hours (Figure 16B). If 

the skin was pretreated with ds—a—TAc before UVB exposure, the UVB enhzincement of 

a—TAc hydrolysis was abolished (Figure 16C). This indicates an effect of UVB was the 

trigger for increased hydrolysis. 

d3—a-TAc at the dose used in this study did not completely protect the skin from 

photodamage. It has been shown in our laboratory that this dose of a-TAc was able to 

reduce levels of UVB induced thymine dimers by 22% (43), so it is possible that 

downstream effects of this lesion may be involved in the observed increase in esterase 

activity. Other lesions, including oxidative lesions, that affect signaling cascades may 



also be involved. Changes in the redox state in cells can activate certain transcription 

factors, which may have effects on esterase expression. UVB is knowTi to cause 

increases in AP-l and NF-kB activation, possibly by inducing signaling pathways 

involving atypical PKC isoforms. (101.255,256) yet it is unknown exactly how UVB 

elicits these effects. Our studies suggest that oxidative damage per se may not entirely 

account for increases in esterase activity. If an initial oxidative lesion were the only 

trigger, induction of esterase activity would be shut off when the oxidative insult was 

suppressed (i.e.. when a-TH levels are high). However, at 48 hours after UVB 

treatment, when there was a 20-fold increase in a—TH in the epidermis, there was no 

indication that hydrolysis was returning to levels seen in unirradiated mice. 

Whatever was causing this effect was dependent on UVB dose, and also seemed to be 

inducible by multiple exposures of UVB. UVB pretreatment given in divided 30 minute 

doses caused a greater induction of esterase activity than the equivalent single dose 

(Figure 17). This indicated that a time-delayed inducible effect caused the increased 

hydrolysis. In addition to transcriptional mechanisms and direct activation of epidermal 

esterases, we thought perhaps UVB induced inflammation had a role in UVB induced 

hydrolysis. However, when we treated UVB irradiated epidermis with indomethacin 

immediately post UVB, we saw no attenuation of UVB-induced hydrolysis of ds-a-TAc 

to ds-a-TH (not shown). In addition, examination of H&E stained sections of mouse 

skin irradiated with a single dose of UVB treated with a-TAc showed no evidence of 

leukocyte infiltration or edema in the epidermis or dermis at any time point (not shown). 

Another interesting observation in these studies was the effect of absorption on 



hydrolysis of ds-a-TAc to ds-a-TH. Hydrolysis in unirradiated mice seemed to be 

dependent on the amount of ds—a-TAc absorbed (at a maximum of -80 pmol 

ds-a-TH/mg epidermis). Hydrolysis was saturable, however, even over a short period of 

24 hours (Figure 16A. Figure 18), and increases in ds—a—TAc dose did not result in 

corresponding increases in ds-a—TAc hydrolysis (Figure 19). Hydrolysis in irradiated 

mice was time dependent, but apparently not limited by absorption. Hydrolysis in mice 

treated with ds-a—TAc in DMSO (Figure 18), which allows for more rapid absorption 

into the skin, and in UVB-irradiated mice treated with the ds-a-TAc in Vanicream was 

virtually identical over time (Figure 16B). This suggests that induction of hydrolysis 

occurs over time after UVB irradiation, with substantial hydrolysis occurring even 48 

hours after the UVB dose. 

When the surface of the skin was wiped 1 hour after UVB dose and ds-a-TAc 

application, much more ds-a-TH was found in the extract from the wipe than in the 

extract from the epidermal tissue itself, which suggested that there was increased esterase 

enzyme activity close to the skin surface in UVB irradiated mice (Figure 20). ds-a-TAc 

in wipes from unirradiated animals was not significantly different from the ds-a-TAc in 

epidermis at 1 hour after irradiation and ds-a—TAc treatment (Figure 20). Some 

researchers have shown high carboxylesterase activity in the subcutaneous fat and cutis 

of human skin, little in the dermis, and high phospholipase A? activity in the stratum 

comeum (257). 

To confirm that NSE activity was increased in the mouse epidermis, the hydrolysis of 



a—NA to a—NOH was monitored (Figure 21) in the 2000 x g supernatant of epidermal 

homogenates as an indicator of non-specific esterase (NSE) activity. a-NA is 

hydrolyzed by multiple esterases and is a good indicator of both carboxylesterase and 

cholinesterase activity (258). The 2000 x g supernatant of skin homogenates have been 

used previously in other laboratories (251) to measure the hydrolysis of 4-nitrobenzoate 

esters. UVB caused a significant increase in a—NOH formation in epidermal 

supematants (Figure 21), indicating an increase in NSE activity in the epidermis with 

UVB treatment. Hydrolysis of ds—a—TAc also occurred in the epidermal supematants. 

and hydrolysis was increased significantly in supematants from irradiated animals 

(Figure 22). However, the amount of a—NA hydrolyzed was in the nmol-famol range, 

whereas the amount of ds-a-TAc hydrolyzed was in the pmol-nmol range. This may be 

due to the fact that a—NA is hydrolyzed by multiple esterase enzymes, whereas a-TAc 

either may be hydrolyzed by only a small subset of enzymes, or may be merely a poor 

substrate of the a-NA esterases. 

In studies employing topically applied a-TAc against UVB induced tumorigenesis in 

BALB-c mice, no protection was seen, in contrast to topically applied a—TH (6.7). 

Perhaps the protection supplied by the amount of a-TH hydrolyzed firom a-TAc was 

insufficient in these studies to prevent tumorigenesis, or perhaps hydrolysis of a-TAc to 

a—TH is dowru-egulated in these mice over the time of the study (up to 27 weeks) due to 

the large (25 mg vs. 2.5 mg/ mouse in our studies) doses of a—TAc they received. In a 

separate study performed in our laboratory, even a dose of 25 mg a-TAc applied 

K 
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topically (essentially a oily film over the skin) did not completely inhibit thymine dimer 

formation ftomo. single UVB dose (Mc Vean and Liebler, unpublished observation). 

We have shown that a-TAc is hydrolyzed to the active antioxidant a—TH in the 

mouse skin, and that hydrolysis and NSE activity is potentiated by UVB. a-TAc is able 

to absorb UVB radiation and thus act as a sunscreen, making it able to attenuate both 

photodamage and oxidative damage caused by UVB (Chapter 2) (43). Our data suggest 

that LTVB causes an increase in esterase enzyme activity, perhaps related to increases in 

transcription (the "UVB response") (255,256)or direct activation of esterase enzyme(s) in 

the epidermis. Further work to characterize the mechanisms of this UV induction of 

esterase activity and the identities of the a-TAc esterases is in progress in our laboratory. 
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CHAPTER 5 

PERSPECTIVE 

Many of the biological effects of a-TH have been attributed to its ability to act as an 

antioxidant. This idea has been supported in studies of NMSC by the fact that topically 

applied a-TH prevents UVB-induced carcinogenesis, whereas topically applied a-TAc. 

which cannot act directly as an antioxidant, does not prevent photocarcinogenesis. 

However, there is still little direct evidence for this hypothesis. The antioxidant activity 

of topically applied a-TH has been measured via depletion of a-TH and prevention of 

oxidative damage in UVB irradiated skin (199.237). These types of studies do not 

account for a-TH turnover due to reactions other than antioxidant reactions of a-TH or 

prevention of lipid peroxidation by sunscreening actions of a-TH. Studies of the types of 

a-TH reactions that occur in UVB-irradiated in vitro and in vivo systems and the 

products that result provided us with marker products for specific reactions of a-TH. 

This allows us to better understand the mechanism of action of a-TH in biological 

systems. The studies described in Chapters two and three investigated the antioxidant 

and photochemistry of a-TH in UVB-irradiated liposomes, solution, and mouse skin. 

Chapter four describes an investigation the hydrolysis of a-TAc to a-TH in mouse skin, 

and the effects of UVB on hydrolysis. Other researchers have measured increases in total 

epidermal a-TH in a-TAc treated epidermis, however, our studies are the first to measure 

a-TH in the epidermis resulting directly from a-TAc hydrolysis. 



The goal of the studies in Chapter two was to investigate the chemistry" of a-TH in 

UVB-irradiated liposomes and solution. Products characteristic of the antioxidant 

reactions of a-TH were formed in SPC liposomes, including epoxytocopherones 5 and 6. 

a-TQ 7. and a-TQEs 8 and 9. These products were also found in UVB-irradiated 

solution and DOPC liposomes, where there is no peroxidizable substrate, suggesting that 

UVB-induced autooxidation of a-TH occurs as well. A product specific to 

photochemical consumption of a-TH was also found, the spirodimer 13. which is the 

major product in DOPC liposomes. UVB-induced lipid peroxidation in SPC liposomes 

was inhibited by a-TH until only 20% of the original levels of a-TH remained. a-TAc 

was also able to inhibit UVB-induced lipid peroxidation, but to a lesser degree than a-

TH. Both a-TH and a-TAc are able to absorb UVB radiation and act as sunscreens, 

whereas only a-TH can act as an antio.xidant. a-TAc is not consumed by UVB. whereas 

a-TH is extensively photooxidized. As both photochemical and antioxidant consumption 

of a-TH is occurring in UVB-irradiated liposomes perhaps the enhanced inhibition of 

UVB-induced lipid peroxidation by a-TH is a result of scavenging of lipid peroxyl 

radicals and prevention of the initiation of lipid radical chains due to absorption of UVB 

radiation. The results of these studies provided evidence for an antioxidant role of a-TH 

in UVB-irradiated liposomes, and also evidence of direct photochemical turnover of a-

TH. These findings provided a basis for interpreting the fate of a-TH in mouse skin. 

The studies in Chapter three investigated the fate of topically applied a-TH in UVB-

irradiated mouse skin. Packer and colleagues (237) had previously monitored UVB-



induced depletion of topically applied tocopherols and tocotrienols as an indicator of 

antioxidant activity, but did not investigate the contribution of photochemical turnover of 

vitamin E. In the present studies. a-TH at the surface of the skin largely underwent 

photochemical turnover, resulting in the formation of spirodimer 13. UVB-irradiation of 

epidermis that had absorbed some of the applied dose of a-TH resulted in the formation 

of dimer 13, as well as marker products for antioxidant reactions of a-TH. 

epoxytocopherones 5 and 6, a-TQ 7. and a-TQEs 8 and 9. Our findings indicated that 

topically applied a-TH does participate in antioxidant reactions in the epidermis, 

however, the majority of the turnover of topically applied a-TH in UVB-irradiated skin 

results from photochemical reactions of a-TH. As a-TH spirodimer is the major product 

resulting firom UVB irradiation of a-TH supplemented skin it may be important to look 

into chemopreventive effects of topically applied spirodimer as well. 

The studies in Chapter four monitored the hydrolysis of a-TAc to the antioxidant a-

TH in mouse skin. a-TAc was hydrolyzed to a-TH in mouse skin, and hydrolysis was 

enhanced by prior UVB treatment, leading to up to 40-fold increases in total epidermal a-

TH. In mice treated with a-TAc before UVB, this enhancement was abolished. 

Epidermal NSE activit>' was increased in the epidermis, which may contribute to the 

observed increases in hydrolysis. The exact trigger linking UVB to increased esterase 

activity in the epidermis is unknown, as is the specific identity of the esterase that 

hydrolyzed a-TAc to a—TH in the skin. It is still unclear from this study, however, why 

a-TAc is ineffective in preventing photocarcinogenesis in this model, as it is able to 



absorb UVB similarly to a-TH, and it is converted to a-TH in mouse skin. Perhaps 

much higher levels of a-TH in the skin are needed to confer protection against 

photocarcinogenesis (hydrolysis of a-TAc to a-TH in the skin seems to be a saturable 

phenomenon). In addition, as suggested above, oxidation products of a-TH may be 

important in the mechanism of prevention of photocarcinogenesis. a-TH spirodimer 

probably would not be formed to any large degree from the amount of a-TH hydrolyzed 

from a-TAc in the skin. 

Now that knowledge of antioxidant and photochemical reactions of a-TH upon 

exposure to UVB is available, it would be interesting to monitor a-TH product formation 

in a chronic model of photocarcinogenesis to further our knowledge of the mechanism of 

action of a-TH. In our present studies, we administer a single dose of a-TH and UVB. 

whereas in tumorigenesis studies multiple a-TH and UVB doses are given. Our data 

indicate that single dose of a-TH applied 3 hours prior to UVB primarily undergoes 

photochemical turnover and is not extensively incorporated into the epidermis. A more 

chronic model for a-TH supplementation may be more appropriate to monitor the 

antioxidant effects of topically applied a-TH in UVB-irradiated skin. Our present studies 

have also opened up a whole new realm of questions regarding the chemopreventive 

effects of a-TH spirodimer, which is the primary products formed from topically applied 

a-TH in UVB-irradiated skin. Spirodimer can absorb UVB radiation, and act as a 

sunscreen. Dimer formation seems to be dependent on the formation of multiple a-T* in 

close proximity by UVB at the skin surface. Formation of a-TH spirodimer may also be 



important in ciironic tumorigenesis studies as individual a-TH doses are up to 10 times 

larger than used in our studies, allowing for the presence of a substantial amount of a-TH 

at the skin surface prior to irradiation (6,7). Investigation of the effects of topically 

applied a-TH spirodimer on UVB induced tumors may provide further information into 

the mechanism of chemoprevention by a-TH. 

The results of our present studies suggest that in addition to scavenging UV-induced 

radicals to prevent oxidative damage in the skin. a-TH may be preventing their formation 

by acting as a sunscreen. Further studies on the formation of UV-induced o.xidants and 

oxidative damage in a-TH supplemented skin are needed to further understand the role of 

antioxidant and photochemistry of a-TH in chemoprevention. 

The ineffectiveness of a-TAc in tumorigenesis studies suggests that the sunscreening 

abilities of a-TAc are insufficient protection against UVB-induced damage in the skin, 

and that the degree of hydrolysis of a-TAc to a-TH in skin is insufficient to confer 

protection against photocarcinogenesis by a-TH. The observed differences in the 

chemopreventive effects of a-TH vs. a-TAc cannot be explained by their UV-absorbing 

characteristics alone, and had been mainly attributed to the antioxidant activities of a-

TH. However, studies in our laboratory have shown that topically applied a-TH is more 

effective than a-TAc in the prevention of UVB-induced thymine dimers, which result 

from the direct reaction of UVB with the DNA base. Thus, the antioxidant abilities of a-

TH would have no effect on this lesion. The differences in photoprotection cannot be 

explained by differences in UVB-absorption between the two compounds, suggesting that 



an additional characteristic of a-TH is important in prevention of photodamage by UVB. 

OiiT laboratory is currently investigating the effect of a-TH absorption into the cell on 

prevention of UVB-induced thymine dimers. but the formation of a-TH photoproducts 

may have a role as well, and merits investigation. 

The discovery that vitamin E esters do not inhibit UV-induced tumors in mice while 

a-TH is an effective inhibitor of tumors suggests that the philosophy of supplementation 

of sunscreens and lotions with a-TAc may be misdirected- Even though a-TAc is 

hydrolyzed to a-TH in mouse skin, it is not extensively hydrolyzed. A smdy of a-TAc 

hydrolysis in human skin failed to show any significant increase in skin a-TH content 

after a-TAc supplementation. Our findings and recent studies have shown that both the 

antioxidant and photoprotective properties of a-TH may be important in 

chemoprevention by a-TH. Thus, supplementation of skin care products with a-TH 

rather than a-TAc may be well advised if any health claims on the benefits of vitamin E 

in lotions and sunscreens are to be made. 

It has become obvious that chemoprevention by topically applied a-TH is a complex 

series of events that may involve photoprotection and antioxidant protection in various 

stages of tumor initiation or promotion. Further research on a-TH product formation in 

vivo in conjunction with prevention of oxidative endpoints for tumor initiation and 

promotion is necessary to accurately reflect the contribution of the antioxidant and photo

chemistry of a-TH to its biological actions. In addition, the role of a-TH recycling in a-

TH turnover in vivo needs to be clarified in order to properly interpret the antioxidant 



actions of membrane-incorporated a-TH. 

i 
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