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ABSTRACT 

Ultraviolet exposure causes epidermal damage including induction of cyclobutane 

pyximidine dimers in DNA. Accumulation of these lesions has been associated with 

mutagenesis and probably contributes to development of normielanoma skin cancer. 

Topically applied a-tocopherol previously has been shown to prevent UVB induced 

damage and skin tumor induction in mice. Thus, a-tocopherol. which absorbs strongly in 

the UVB. may act as a sunscreen to prevent photodamage. 

This dissertation explored possible mechanisms of photoprotection exerted by a-

tocopherol. The UVB dose penetrating the epidermis was measured by monitoring the 

formation of UV induced DNA photodamage. Thymine dimer levels in DNA were 

analyzed by capillary gas chromatography with electron capture detection. Topical 

application of a-tocopherol prior to UVB exposure afforded significant protection against 

thymine dimer formation in mouse epidermis. Other vitamin E compounds and 

sunscreen compounds were less potent than a-tocopherol in their ability to reduce dimer 

formation. 

Multiple factors such as UVB absorbance and penetration of compounds into the 

skin could affect the photoprotective abilities of these compounds. The log integrated 

absorbance in the UVB was highly related to inhibition of thymine dimer formation in 

vitro, but not in vivo, where tocopherol derivatives conferred superior protection against 

UVB induced DNA photodamage despite having lower UVB absorbances. a-

Tocopherol conferred the greatest photoprotection. DMSO was used as the vehicle to 
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enhance penetration of the sunscreening agents. DMSO markedly increased the ability ot" 

commercial sunscreen compounds to inhibit dimer formation, but only modestly 

increased the photoprotective ability of the tocopherol homologues. suggestmg that the 

tocopherol compounds penetrate the skin well regardless of vehicle. 

Cellular uptake and distribution of tocopherols was measured in an in vitro 

system. a-Tocopherol rapidly associated with cultured mouse keratinoc>tes and was 

transferred to the nucleus of the cells. The time course of a-tocopherol uptake 

corresponded temporally with DNA photoprotection in these cells. 5-Tocopherol and 7-

tocopherol also afforded protection against DNA photodamage. y-Tocopherol was taken 

up with similar kinetics as a-tocopherol. whereas 5-tocopherol accumulated to a lesser 

e.xtent. These studies contributed evidence for the photoprotective actions of a-

tocopherol and provided a strong rationale for the use of a-tocopherol in sunscreen 

products. 



CHAPTER 1 

Introduction 

A number of beneficial health effects have been associated with the intake of 

fhiits and vegetables rich in antioxidants. Low dietary intake of these foods can double 

the risk of developing cancer (1). Epidemiological data and animal studies have 

suggested a place for a-tocopherol (aTH) in particular as a chemopreventive agent. 

Chemoprevention is the pharmacological approach of using natural or synthesized 

products to prevent disease. Topically applied vitamin E has also been shown to prevent 

UV induced skin carcinogenesis in a mouse model (2). Acting as a sunscreen, it may 

inhibit UV induced DNA photodamage and other deleterious effects. 

A major goal of chemopreventive research is to identify compounds which can 

substantially decrease mortality and morbidity associated with cancer while producing 

little or no to.xicity. Basic and clinical research must address the disposition, toxicity, 

efficacy, and mechanism of these agents. The mechanisms for the chemoprotective 

effects of aTH still are not fully elucidated. Research has focused primarily on the 

antioxidant function of aTH in the cell (3-5), however aTH has been shown to modulate 

a variety of cellular events. A number of studies have concentrated on the role of vitamin 

E in the skin and its attenuation of UV induced responses (2.6-11). Derivatives of 

vitamin E have also been utilized in the search for modified, more efficacious compounds 

(12). The research presented here addresses the photoprotective effects of vitamin E 



compounds and their usefulness as skin cancer chemopreventants. The following 

introduction will address vitamin E biochemistry', epidemiological and mechanistic 

studies, cancer prevention studies, background information on UV induced skin 

carcinogenesis and mechanisms by which vitamin E could prevent photocarcinogenesis. 



Vitamin E 

The importance of vitamin E (a-tocopherol) was first discovered during studies 

examining the relationship between fertility and nutrients. Vitamin E deficiency was 

associated with a dramatic loss of fertilit\' that triggered the fetal resorption (13). This test 

became a standard method for evaluation of the biological potencies of tocopherol 

compounds. aTH is the primarv". and perhaps the only, significant (4) lipid soluble 

antioxidant in the body. It acts primarily as a chain-breaking peroxyl radical scavenger 

(14). but it is also important in maintaining membrane integrity (15). The presence of 

aTH in the membrane resulted in a more highly ordered membrane structure (16). yet 

preserved acyl chain fluidity (17). 

Major sources of vitamin E include soybean, safflower and com oil. sunflower 

seeds, nuts, grains and wheat germ. It is an essential fat soluble vitamin and its 

absorption is dependent upon digestion and absorption of fat. Consequences of vitamin E 

deficiency include a number of pathologies including neurological degeneration (18). 

testicular degeneration in male rats (19) and increased susceptibility to red blood cell 

(RBC) hemolysis (20). 

aTH belongs to a family of vitamin E compounds including tocopherols, which 

contain saturated phytyl tails, and tocotrienol compounds, which contain unsaturated 

phytyl side chains (Figure 1.1). aTH is the most biologically active member of this 

family (5). Diastereoisomers of aTH exist as 2S.4"/?.8'/?-(/>aTH and 2RA'R.S'R-ici)-



a-tocopherol 
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y-tocopherol 

5-tocopherol 
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HO 
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y-tocotrienol 
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Figure 1.1: Structures of vitamin E compounds. 



aTH (Figure 1.2). The i/-aTH form occurs in nature and is preferentially taken up by all 

tissues (21.22) indicating the importance of the stereochemistry of the phyt\'l tail. PTH is 

the next most biologically active form of vitamin E. followed by yTH and 5TH (23). The 

biological activities of the tocopherol compounds correlate with antioxidant activity (24). 

These compounds are relatively stable, with aTH autoxidization occurring with a half-life 

of 7.8 days (24). aTH was shown to be more stable than yTH. 5TH or pTH and when 

mixed, spared the autoxidation of the other tocopherols. 

Because they are more resistant to oxidation. aTH esters are commonly used in 

commercial skin care products, pharmaceutical formulations and dietary supplements 

(25). These ester derivatives must be hydrolyzed to aTH before exerting antioxidant 

action. a-Tocopherol acetate (aTAc) is the most commonly used and is readily absorbed 

(26). however a-tocopherol succinate (aTS) is used in some formulations and has now 

been evaluated in a number of scientific studies. aTAc. which can be converted to aTH 

in the digestive tract, is as biologically potent as aTH when taken orally (23). 

Uptake and subcellular transport of vitamin E 

Comparative uptake studies of aTH and yTH have been performed by a number of 

laboratories. Rat tissues showed approximately equal uptake of both, with a slight 

preference for yTH in RBC at 10 hours (27). The loss of yTH from these tissues was 

much faster than of aTH. Since levels of aTH are consistently higher in the blood. 

studies were undertaken to study cellular retention of aTH and yTH in human endothelial 



20 
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HO. 

CH 

8'R 2S 4'R 

/-a-Tocopherol 

Figure 1.2: Diastereoisomers of a-tocopheroi. 



cells (28). The time- and dose-dependent uptake of the tocopherols was similar, however 

again yTH disappeared at a faster rate. Furthermore, rats fed cZ-aTH or J-yTH showed 

marked increases in aTH in brain, cerebellum, muscle and liver. yTH also accumulated 

in significant amounts, however to a much lesser extent than aTH (29). Apparently, 

mechanisms exist which biodiscriminate in favor of aTH. 

The high biological activity of R.R.R-aTH may be due to its preferential 

incorporation into very low density lipoproteins (VLDL) in the liver (30). Once absorbed 

from the intestine. aTH is transported through the lymphatic system within chylomicrons 

and secreted from the liver into the plasma in VLDL. providing a route for delivery of 

vitamin E to tissues. A 31 kDa protein which bound strongly and specifically to aTH 

was first identified from rat liver (31). Another group also described and 

immunochemically characterized a rat liver protein which bound aTH specifically and 

saturably (32). Fractionation studies showed that the aTH was predominantly associated 

with non-histone nuclear proteins displaying high affinity for DNA. A 32 kDa hepatic 

tocopherol binding protein (TBP) was purified from rat liver (33). then cloned in the rat 

(34) and in the human (35). where it was localized on chromosome 8. Its putative activity 

involved the incorporation of aTH into VLDL. This sequence encoded a protein present 

only in the liver (33). 

The relative affinity of the various tocopherols for this protein was well correlated 

to their known biological activity (36). suggesting that binding of the tocopherols to this 

protein is an important determinant of their bioavailability and activity in tissues. Defects 



in tlie gene encoding this protein leaves patients unable to maintain plasma aTH and 

impairs their secretion of aTH in VLDL (37-39). Clinical manifestations of this 

condition include neurodegeneration and ataxia. 

Other tissues also express aTH binding proteins. A TBP with molecular mass of 

14.2 kDa was purified from the cytosol of rat heart and live; and shown to be different 

from the previously identified liver protein (40). This protein specifically bound aTH in 

preference to 5TH and yTH and was able to transfer aTH from liposomes to 

mitochondria, suggesting that this protein may play a role in intracellular vitamin E 

transport. A 15 kDa TBP purified from bovine heart cytosol was also shown to 

specifically bind aTH (41). Human RBC express TBP whose binding sites were 

localized in cellular membrane fractions (42.43). A TBP isolated from rabbit heart 

cytosol was shown to bind aTH also. Similar to the rat liver protein, the aTH was 

largely associated with proteins in a subnuclear fraction containing non-histone acidic 

proteins (44) and was transported into the nuclei in a time dependent manner. Several 

years later, a rabbit heart cytosolic TBP was purified with a molecular mass of 14.2 kDa 

(45). This protein facilitated transport from liposomes to mitochondria, again suggesting 

a role for these proteins in the intracellular trafficking of aTH. 

Effect of aTH on cellular functions 

The main acknowledged biological role of aTH is as a cellular antioxidant. Its 

reaction with lipid peroxyl radicals yields relatively stable hydroperoxides and resonance 

stabilized tocopheroxyl radicals, providing significant protection for membranes against 



lipid peroxidation. The peroxyl radical reacts several orders of magnitude faster with 

aTH than with most other molecules including polyunsaturated fatty acids (24). which is 

why aTH is such an effective inhibitor of lipid peroxidation. Levels as low as 1 aTH per 

1000 phospholipids still efficiently protect membranes (46,47). 

Although its activity as an antioxidant is undisputed, there is a growing amount of 

evidence that aTH exeits other effects on a varietv" of cell types. aTH may exert a 

significant regulatory effect on the biosynthesis of inflammatory mediators such as 

prostaglandins (PG) and leukotrienes (LKT). PGEi levels in the lungs of urethane 

promoted mice were decreased by dietairy aTH (48). In other studies, rats fed aTH 

showed decreased platelet phospholipase At (PLAi) activity (49). PLAI fimctions in the 

release of arachidonic acid (AA). a precursor of PCs and LKTs, from membrane 

phospholipids. Thus aTH may down-regulate physiological functions mediated through 

AA release, such as platelet aggregation. Oral vitamin E also inhibited AA release and 

conversion of AA to PGE2 in macrophages, suggesting that it may inhibit the activity of 

cycloo.xygenase also (50). In contrast. R,R.R-aTH enhanced PLA: activity (51) and 

potentiated prostacyclin (PGI2) release in human endothelial cells. Apparently. aTH 

exerts different effects in different tissue types. 

Structure/activity studies revealed that the free h>'droxyl group on the chromanol 

ring as well as the phytyl side chain were required to stimulate PGI2 release in human 

endothelial cells (51). PGI2 release from aorta segments of rats was also increased after 

aTH treatment (52). Bovine aortic endothelial cells were shov\Ti to contain specific and 



saturable binding sites for aTH (53). These cells released higher levels of PGI^ after 

exposure to physiological doses of aTH. Thus aTH may influence vascular homeostasis 

in addition to providing antioxidant protection against atherosclerotic changes in 

endothelial cells. 

Other aTH effects are mediated through the inhibition of protein kinase C (PKC), 

a common cellular signaling pathway. Treatment of human platelets with aTH inhibited 

stimulation of PK.C. Furthermore, patients supplemented with aTH showed decreased 

platelet aggregation (54). a potentially beneficial effect in preventing cardiovascular 

disease. Proliferation of smooth muscle cells, which may contribute to atherosclerosis 

and hypertension, was also inliibited by aTH through a PKC mediated mechanism (55). 

The decreased PKC activity seemed to be due to diminution of PKC phosphor>'lation. 

specifically caused by aTH (56). The interaction of aTH with PKC also prevented the 

membrane translocation of PKC (57). Other cell types have not been closely 

investigated, but aTH could be a useful tool for controlling pathological cell 

proliferation. 

Vitamin E also has positive effects on the immune system. Treatment with aTH 

increased antibody synthesis in vitro in mouse cells (58) and IgG. in particular, in in vivo 

studies in mice and chickens (59,60). The increased mitogenic response of lymphoid 

cells seen after treatment with aTH (61) could also contribute to increases in antibody 

production. aTH supplementation of healthy older adults resulted in increased immune 



responses, elevated IL-2 production, and decreased PGE: synthesis (62). Thus, immune 

responsiveness may be improved in the presence of aTH. 

Toxicity 

Although the United States National Research Council deems 10 mg of aTH/daily 

sufficient to maintain good health, doses as high as 3200 mg/day have been shown to be 

relatively non-toxic to humans (63). Humans supplemented with 100-800 mg/day for 

approximately 3 years reported almost no side effects and displayed no changes in liver, 

kidney, muscle, thyroid, erythrocyte, leukocyte, or coagulation parameters (64). No 

toxicity was noted in rabbits fed 2000 mg/kg daily, rats fed 5000 mg/kg daily or mice fed 

50.000 mg/kg daily (65). Some studies did report increased prothrombin time and 

coagulation changes after high aTH intake. In one of these studies, rats fed low. 

moderate or high doses of aTH (up to 25000 mg/kg daily) for 8-16 months showed 

increased liver and spleen weight, increased prothrombin times and increased fragility of 

RBC as demonstrated by increased erythrocyte hemolysis (66). In an e.xtensive review of 

the literature, however. Kappus and Diplock (63) concluded that vitamin E could 

aggravate coagulopathy diseases only when a vitamin K deficiency was also present. 

aTH has been tested for both mutagenicity and teratogenicit>'. In peripheral blood 

lymphocytes. aTH decreased chemically induced chromosomal breakage and neither 

caused chromosomal breakage nor increased sister chromatid exchange when used alone 

(67). Studies by Martin and Hurley (68) showed that aTH was not teratogenic. Pregnant 

rats receiving high doses of aTH were not adversely affected nor were the survival rate 



and weight of the pups or the litter size affected. Some eye abnormalities were seen in 

older pups of rats given the highest doses of aTH although they resolved as the pups 

matured. Overall. aTH has not produced significant mutagenic or teratogenic effects in 

animal studies (68). 

Carcinogenesis and tumor promotion studies were conducted on rats fed either a 

basal diet or high dose aTH for long terms. Comparison of tumor type and frequency of 

tumors at death in both groups showed that aTH was not associated with any differences 

in tumor burden or site (69). However, potentially deleterious effects of aTH were 

reported in one study. Skin tumors were initiated in mice by topical application of 

dimethyl benzanthracene (DMBA). The mice were then treated with 80 jimol aTH daily 

during the promotion phase of carcinogenesis. Treatment with aTH resulted in more 

tumors (70). The authors suggested that a reduction of cellular oxidant levels may trigger 

other cellular events which act as tumor promoting events. 

Laboratory research in animal models and cell culture 

A number of species have been used to evaluate the anticarcinogenic mechanisms 

and effects of vitamin E. Salmonella cultures treated with aTH showed a decreased 

formation of point mutations induced by malondialdehyde and p-propionolactone (71). 

suggesting an antimutagenic activity of aTH. An antimutagenic effect of aTH was also 

demonstrated in urethane induced lung carcinogenesis studies in mice. In this 

carcinogenesis model, urethane treatment often resulted in A—>T mutations in the Y^-rus 

gene of the lung tumors. aTH given during either the initiation and promotion phase or 



only during the promotion phase resulted in 28% and 18% decreases in the frequency of 

mutation at this gene, respectively (72). aTH also decreased cell proliferation in the 

lung. Other anticarcinogenic effects of aTH were demonstrated in studies where aTH 

supplementation during initiation and promotion phases resulted in decreased ODC 

activity, polyamine levels, and COX activ ity (73). Full anticarcinogenic effects have also 

been demonstrated in mice. aTH supplementation led to the suppression of ethanol 

promoted chemically induced esophageal cancer (74) amd also decreased the incidence 

and growth of chemically induced esophageal tumors in immunocompromised mice (75). 

.V-methyl-A-nitrosourea induced mammar>' carcinogenesis in rats was also prevented by 

intraperitoneal administration of aTH (76). 



Health effects of vitamin E 

A large body of evidence supports the beneficial health effects of vitamin E. 

Epidemiological research first revealed the connection between aTH intake and reduced 

risk of cardiovascular disease and cancer. Observational studies were then undertaken 

which monitored the dietary habits and/or blood concentrations of micronutrients in 

subjects and then drew associations based on what population developed a disease. Such 

observational studies generate data to support specific hypotheses which may explain the 

observed effects. These hypotheses are then explicitly tested in randomized intervention 

trials. Inter%'ention trials are necessary to determine if true cause/effect relationships exist 

between consuming antioxidants and effects on disease. Randomized clinical trials 

consist of selecting and randomizing patients based on a predetermined criteria. The 

groups are then supplemented with doses of aTH or placebo and obser\'ed for the 

incidence of disease or disease-related endpoints. 

Observational studies 

Early studies associated higher dietary intakes of vitamin E with decreased risk for 

certain cancers (77-85). An exhaustive review of approximately 200 studies indicated 

that fruit and vegetable consumption was associated with decreased risk of cancer at a 

variety of sites (1). The most significant decreases were found in lung, esophageal, oral, 

and laryngeal cancers. Strong evidence was also found for an inverse relationship 

between high intake of these foods and lower pancreatic, stomach, colorectal, and bladder 



cancer. A moderate effect on cervical, ovarian, endometrial, and breast cancer was also 

suggested. 

Populations with low serum levels of aTH have also been shown to have 

increased cancer risk at a number of different sites including breast, head and neck, 

genitourinary tract, lung and gastrointestinal tract (86). Specifically, breast cancer 

patients were shown to have lower serum levels (87) and that higher serum levels were 

associated with decreased risk of breast cancer (88). Another study, however, showed 

that breast cancer patients had higher serum levels of vitamins E. C and selenium (89), A 

modest inverse association between serum aTH and colon cancer risk was reported (90). 

Lower levels of serum aTH were seen in digestive cancer cases perhaps due to 

malabsorption (91). Perhaps the strongest protective association observed in a number of 

studies was between low vitamin E serum levels and an increased risk of lung cancer (92-

94). 

Consumption of higher levels of vitamin E also reduced the risk of coronar\' heart 

disease in men (95) and women (96). No other micronutrient was associated with 

protection from this disease. aTH supplementation also reduced susceptibility of low 

density lipoproteins in blood to oxidative modification (97). In a randomized, controlled 

clinical trial, supplementation with 400-800 lU aTH significantly lowered the risk of 

cardiovascular death and non-fatal myocardial infarction in patients with coronary 

atherosclerosis (98). The useftilness of aTH in prevention of coronary' heart disease 

remains a research topic of intense interest. Such findings have prompted clinical trials 



testing the usefulness of tocopherols in the prevention of diseases as diverse as epilepsy 

(99). 

Intervention trials for cancer chemoprevention 

Supplementation with aTH has produced mi.xed results in cancer 

chemoprevention trials. One of the first large scale randomized, controlled, clinical 

intervention trials was undertaken in Liaxian, China, in a population with low blood 

levels of a variety of micronutrients (100). Daily supplementation with 15 mg beta 

carotene. 30 mg aTH. and 50 |.ig selenium significantly reduced mortality rates due to 

cancer, especially stomach cancer. A large randomized, primary prevention trial in 

Finland supplemented male smokers on high fat and high alcohol diets with 50 mg/day 

aTH. No effect on total mortality or lung cancer incidence was observed. Participants 

receiving aTH had fewer cancers of the prostrate and colorectum but more cancers of the 

bladder and stomach (101). Overall, no beneficial effect was seen in this study for aTH. 

In other randomized clinical trials, no beneficial effect was observed against breast cancer 

in women given 600 international units (lU) aTH daily (102) or on the incidence of colon 

polyps in men after supplementation with 400 mg aTH daily (103). A case-control study 

reported that aTH supplementation was associated with a reduced risk of BCC (104). 

Taken together, these clinical trials have shown some beneficial effects associated with 

vitamin E supplementation. However, elements other than vitamin E present in fruits and 

vegetables may also contribute significantly to these effects. 



Skin cancer 

Significant increases in the incidence of non-melanoma skin cancers (NMSC) 

including basal cell carcinomas (BCC) and squamous cell carcinomas (SCC) ha\'e 

stimulated both mechanistic and chemoprevention research into this disease. The 

mechanisms involved in both chemical and UV induced skin photocarcinogenesis have 

many common features including generation of reactive oxygen species, DN.A. damage, 

activation of stress-activated genes and cell proliferation. Initiation, promotion and 

progression events are important in the eventual development of NMSC. 

Melanoma skin cancers are increasing in incidence faster than any other cancer 

(105). An association between melanoma induction and sunlight exposure has been 

suggested, however the exact role of sunlight in the pathogenesis of melanoma remains 

unresolved (reviewed in (106)). Altnough sunlight induced mutations in the p53 gene are 

commonly detected in NMSCs. p53 mutations were not detected in one study which 

screened 16 primary melanomas (107). suggesting a minor role for p53 in melanoma 

development. Other factors including race, ethnicity, genetic and familial predisposition 

may contribute to melanoma (reviewed in (108)). A gene located on chromosome 9pl3-

p22 was identified through gene linkage analysis which has a strong association with 

familial melanoma (109.110). A number of other changes are associated with 

progression of melanoma from a benign to metastatic state including increased cell 

adhesion molecules (111-113) and protease e.xpression (114.115). Further investigations 



hopeftilly will elucidate the relative contribution of each of these factors to melanoma 

incidence. 

The increasing incidence of NMSC has raised concern about stratospheric ozone 

depletion. Surface UVB levels have increased at sites of ozone hole erosion (116). 

Evaluation of ozone dependent increases in UVB radiation and corresponding expected 

increases in skin cancer incidence indicated that incidence could increase anywhere from 

1%-160%. depending on latitude (117), or 2% for every 1% reduction in stratospheric 

ozone (118). Although these predictions obviously can only model potential increases in 

NMSC and may be overestimations. sun exposure is the major environmental risk factor 

for skin cancer. The number of cases of NMSC can be expected to rise or. at best, 

plateau. 

Both see and BCC formation have been linked to sunlight exposure. In human 

studies, those with light skin color and freckling in childhood were more prone to BCC. 

^Miile a history of severe sunburn in childhood also increased risk of BCC. no association 

was seen between cumulative sunlight exposure and BCC risk (119). Thus adolescent 

exposure to sunlight may predispose one to BCC formation. BCC was also associated 

with intermittent yet intense exposure to sun (120). Subjects with pale skin and red hair 

showed an elevated risk of SCC. High sun exposure in the just prior to the development 

of skin cancer seemed to correlate well with SCC formation, whereas cumulative lifetime 

exposure again did not (121). These data suggest that different mechanisms underlie the 

development of BCC and SCC. 



Origin of BCC and SCC 

The cellular origin of nonmelanoma skin cancers remains unknown. The skin is a 

complex organ consisting of epidermal keratinocytes in various stages of differentiation, 

hair follicles, melanocytes, sweat ducts, and cells involved in the immune response. 

Evidence from chemically induced skin carcinogenesis studies suggests that both 

follicular and interfollicular keratinocyte stem cells may be the site of origin for NMSC. 

Studies comparing carcinogenesis in hairless and haired mice have shown that newborn 

hairless mice, which have follicles, developed papillomas and carcinomas when initiated 

with DMBA and promoted with croton oil (122). Adult hairless mice, which no longer 

have hair follicles, developed significantly fewer papillomas and no carcinomas. .Adult 

haired mice, like the newborn hairless mice, developed both papillomas and carcinomas, 

which implicated follicular stem cells as the original cancerous cells. Conversely, 

exposure of Oslo hr/hr hairless mice to (3-l)-methylcholanthrene produced complete 

carcinogenesis, suggesting that interfollicular stem cells were the site of initiation of skin 

cancer. Histologic studies of tumors early in their formation have shown that chemically 

induced BCC in rats originated from follicular stem cells (123). whereas SCC developed 

from interfollicular stem cells (124). In humans. BCC developed from either (125). 

whereas actinic keratoses, which are cancer precursors, formed initially in interfollicular 

stem cells (126). The origin of UV induced skin cancers has not been established. 



Mechanisms contributing to UV induced carcinogenesis 

Although exposure to a varietv' of chemicals can induce carcinogenesis, exposure 

to solar radiation is the major cause of skin cancer. Sunlight contains many different 

wavelengths, but the ultraviolet portion primarily has been implicated in skin 

photocarcinogenesis. Much of the early work investigating UV induced damage used 

UVC light (250-290 nm) sources. However. UVC is absorbed almost entirely by 

atmospheric ozone, calling into question the biological relevance of these wavelengths. 

Many studies use solar simulated radiation (SSR) sources, hoping to more accurately 

capture the composition of sunlight. UVA (320-400 nm) induced oxidant formation has 

been postulated to contribute significantly to UV induced lethality (127) and chronic 

exposure can result in carcinogenesis (10). Although sunlight reaching the earth contains 

only 0.05% UVB (290-320 nm). it is this portion of sunlight that is most effective in 

inducing tumors. Many UV induced events are wavelength dependent and exposure to 

different UV sources can elicit widely variant responses. 

Variations in the type of damage caused by different UV wavelengths were 

documented in a study where equally erythemagenic doses of UVA. UVB and UVC were 

administered to mice (128). Histologic analysis revealed that both UVB and UVC 

exposure resulted in the appearance of dyskeratotic cells throughout the epidermis, 

whereas UVA exposed mice had fewer dyskeratotic cells. A greater degree of 

inflammation was produced by UVA. both in the quantity and in the depth of 

inflammatory cell infiltration. Intracellular edema of the dermis and perivenular space, 

endothelial cell swelling and extravasation of red blood cells was greater in UVA treated 



mice. UVC caused hypertrophy of the homy layer of skin and thickening of epidermis. 

These responses were noted only mildly in UVB e.xposed mice and not at all in UVA 

treated mice. The distinct responses elicited by these different wavelengths may 

ultimately determine the type and extent of damage caused. 

UVR and reactive oxygen species 

UV exposure results in the formation of reactive oxygen species in irradiated 

whole mouse skin, epidermis, and dermis (129.130). Both UVB and UVA e.xposure 

increased levels of the ascorbate radical as detected by electron paramagnetic resonance 

(EPR) spectroscopy in human and mouse skin (131). Furthermore. EPR spin trapping 

experiments detected spin adducts consistent with lipid alkyl radicals in mouse skin and 

lipid alkoxyl radicals in human skin. A number of studies have detected UVA induced 

oxidative damage including lipid peroxidation (132.133). DN.A strand breaks (134). 

oxidation of DNA bases (135) and sugars (136), and formation of oxidized amino acids in 

the skin (137). Lipid peroxidation products decompose to toxic aldehydes which are 

carcinogenic themselves (138) while oxidatively modified bases such as 5-

hydroxycytosine (139) and 8-oxodeoxyguanosine (8-oxo-dG) (140.141) are potentially 

mutagenic. 8-oxo-dG lesions have also been detected in mouse keratinocytes after UVB 

exposiu"e (142) and in purified DNA (143) and mouse epidermis (144) after UVC 

exposure. 



Sunburn cells 

Sunburn cells (SBC) are histologically identifiable apoptotic cells whose 

appearance has been used extensively as a measure of UV damage. Morphologically. 

they share characteristics including pyknotic nuclei, vacuolization of the cvtoplasm (145) 

and a brightly pink-stained cytoplasm after hemotoxylin and eosin (H & E) staining. 

Oxygen radicals seem to play a role in their induction (146.147). SBC also exhibited a 

reduced capacity to repair UV induced thymine dimers (148). Repair of thymine dimers 

post-UV exposure resulted in fewer numbers of SBC, indicating that pyrimidine dimers 

may be an initiating factor in SBC formation. Rapidly proliferating cells are more 

sensitive to conversion to SBC by UV. which also indicates that DNA damage may be a 

causative force in their induction (149). This apoptotic pathway was shown to be 

pcirtially dependent on activation of the p53 tumor suppressor gene. Inactivation of p53 

reduced the appearance of SBCs (150). emphasizing the importance of intact p53 in this 

UV induced response. 

UV induced inflammation 

The inflammatory response elicited by UV exposure is complicated. In skin, mast 

cells degranulated and released histamine by 4 hours post-UV exposure (151). 

Keratinocytes also released histamine (152) in response to UV. Studies suggest that 

histamine may stimulate prostaglandin (PG) synthesis in the skin (153). Levels of 12-

hydroxyeicosatetraenoic acid (HETE) and prostaglandins PGEi. PGD^. PGF^a, rose 

immediately after exposure to UVB (154-156). Keratinocytes may be a primary' source of 



these inflammatory mediators, since they have been shown to produce PGE: and PGF2a 

after UV exposure (157). Exposure to UVA resulted in higher levels of arachadonic acid 

(AA). PGDi. PGE2. and prostacyclin metabolism products (158). Prostanoids can 

contribute to erythema (159) and suppression of contact hypersensitivity (160), and could 

act as chemotaxins for inflammatory cells (161). 

Chemotactic cytokines such as interleukin-8 (IL-8) also are released by human 

keratinocytes (162) and can contribute to the accumulation of immune cells following UV 

exposure. UVB exposure also resulted in increased expression of intercellular adhesion 

molecule (ICAM) by dermal endothelial cells (163). further assisting the transendothelial 

migration of leukocytes. Immune cells including neutrophils, macrophages, and 

mononuclear cells have been shown to infiltrate the human (164) and murine (165) 

epidermis after UV exposure. When activated, these cells are capable of generating and 

releasing reactive oxygen species, thus exacerbating injury. 

Immunosuppression 

UV induced immunosuppression has been noted in a number of species including 

mice, guinea pigs (166) and humans. UV inducible cytokines such as IL-l (167). IL-IO 

(168). and TNFa (169) have been shown to play a role both in the inflammatory response 

and in the immunosuppression occurring subsequent to UV exposure. Many skin-

associated cells produce these cytokines after UV exposure including keratinocytes 

(168.170). dermal fibroblasts (171). and inflammatory macrophages (172). These 

cytokines have an inhibitory effect on Langerhans cell function. As the major antigen 



presenting ceils (APC) in the epidermis. Langerhans cells play a fundamental role in 

tumor surveillance. UV exposure led to a reduction in the number (173). function (174) 

and migratory properties (175) of these cells and decreased chemical contact 

hypersensitivit\' responses. APC that are active in local hypersensitivity responses at the 

site of chemical contact sensitization are not affected by distant UV irradiation. Systemic 

immunosuppression, on the other hand, is accompanied by the appearance of antigen 

specific suppressor T cells. IL-10 release may also trigger the activation of antigen 

specific suppressor T cells (168). 

UV induced immimosuppression occurs as a consequence of ultrastructural 

changes and UV induced lesions. Again. Langerhans cells are primarily affected and 

their numbers and morphology are altered (176). The e.xpression of cytoskeletal proteins 

such as vimentin and proteins necessary for cintigen presentation such as la are also 

decreased (177). Impairment of antigen presentation seems to be partially mediated by 

generation of oxidants such as (178). However, the major initiating event in 

immunosuppression may be induction of p>Timidine dimers. The action spectra for the 

induction of pyrimidine dimers corresponds closely to the spectra causing the greatest 

immunosuppression in lymphocytes (179). Studies with the South American opossum 

have shown that this mammal can repair pyrimidine dimers in DNA by means of a 

photo reactivation enzyme which binds DNA and cleaves the dimer to its original 

pyrimidine precursors. UV induced suppression of contact hypersensitivity was 

prevented in these animals by exposing them to photoreactivating light after UV exposure 

(180). Use of another enzyme. T4 endonuclease V (T4NV). which also restores 



pyrimidine dimers to their monomeric state, produced similar results. .A.ppIication of this 

enzyme to the skin of UV irradiated mice decreased the number of cyclobutane 

pyrimidine dimers and prevented suppression of both delayed and contact hypersensitivity 

(181) .  

Effects of UV on signal transduction 

Early studies on UV induced signal transduction pathways primarily used UVC 

lamps. These studies revealed that UVC exposure led to the activation of a number of 

genes involved in DNA repair and synthesis, transcription and cell cycle regulation. 

These genes vve.e generally termed UV inducible or stress-response genes. Many of these 

genes contain the consensus binding sequence. TGACTCA (182.183). recognized by the 

transcription factor activator protein-1 (AP-1). AP-l is composed of homo- and 

heterodimers of other gene products, c-jim and c-fos. whose protein levels increased after 

UVC exposure (184.185). Although levels of c-jim were higher than c-fos. further studies 

demonstrated the importance of c-/o5 in the UV-response. Murine fibroblasts lacking c-

fos showed no increase in AP-1 binding activity and no induction of proteins normally 

induced by UV exposure such as collagenase I. stromelysin I. and stromelysin II (186). 

Coffer, et. al.. reported that the initial UVC induced signaling event was activation 

of the epidermal growth factor receptor (EGFR) as evidenced by phosphorylation of key 

tyrosine residues in the receptor (187). UV induced activation of EGFR and Wdi-ras (188) 

was shown to be an upstream event leading to activation of mitogen activated protein 

kinases (MAP kinases) such as extracellular-signal regulated kinase (ERK) and c-jiin 
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kinase (JNK.) (189). In turn. JNK was responsible for the phosphor\'lation of c-jun and its 

subsequent activation in the AP-I complex (190-192). 

While the EGFR has been implicated as the major membrane mediator in UVC 

induced signal transduction, differences in UVC versus UVB signaling events recently 

have been reported. Exposure of both keratinocytes and skin to UVC caused robust 

activation of ERK and JNK. UVB. on the other hand, was an inefficient activator of 

these MAP kinases (189). suggesting that different molecular pathways were activated by 

these different wavelengths. Other studies compared cells expressing wild type EGFR 

and cells devoid of EGFR. No differences in AP-1 activity after UVB exposure were 

noted, indicating that EGFR was not necessary for the UV induced activation of AP-1 

(193). Contrary results were found by Rosette, et. al. They reported that exposure of 

HeLa keratinocytes to UVB induced clustering of the lL-1. TNF and EGF receptors and 

subsequent JNK activation. Inhibition of EGF clustering or receptor down-regulation 

reduced the UV response (194). The authors believe that a concerted clustering of a 

number of cell surface receptors for growth factors and cytokines is the initial signaling 

event leading to JNK activation. 

UV.A induced AP-1 activation may be mediated through oxidative mechanisms 

(195). AP-1 activation was inhibited by N-acetylcysteine but not aTH in one study. 

Since aTH did prevent lipid peroxidation in this study, the authors suggest that UVA 

dependent AP-1 activation is sensitive to redox states, but not to perturbations in the 

membrane caused by lipid peroxidation. Further studies will need to fially elucidate what 

molecular events ultimately mediate UV induced AP-1 activation. 
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The role of protein kinase C (PKC) in UV signaHng has also been investigated. In 

cells expressing a dominant negative mutant of an atypical PKC, PKC/./i. UVB induced 

AP-1 activity was blocked (193). AP-1 activity was not blocked, however, by down-

regulation of novel or conventional PKCs. suggesting a role for atypical PKCs in .A.P-1 

activation. The atypical PKC isoforms may also play a role in suppressing UV induced 

apoptosis (196). Inhibition of atypical PKC activity preceded UV induced apoptosis and 

decreased MAP kinase activity, suggesting that atypical PKCs may influence a variety of 

UV induced signaling pathways. 

Other transcription factors activated by UVB include NF-kB (197) and p53 (198). 

NF-kB modulates the expression of a number of immune and acute phase proteins. 

Direct activation of NF-kB was demonstrated in enucleated cells after UVC exposure 

(199) and in nuclear extracts after UVB or UVA exposure (200.201) and was inhibited by 

water-soluble antioxidants (197.200.202). The p53 tumor suppressor gene mediates a G1 

cell cycle arrest (203) via its downstream effector. p21 (204). allowing the cell time to 

repair DNA damage before entering S phase (205). It also appears to partially mediate 

UV induced apoptosis (150). UV exposure led to increases in p53 expression (206) in 

cultured cells largely due to increases in the protein half-life (207). An increase in p53 

expression was also seen in human skin chronically exposed to sunlight (208). Other 

studies in human skin have demonstrated that whereas UVA and UVC both induce 

elevations in p53 in discrete layers of the epidermis. UVB induces p53 expression 

throughout all layers of the epidermis (209). The p53 gene is frequently mutated in 
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NMSC. primarily at dipyrimidine sites (210.211). suggesting that changes in or loss of 

p53 function plays a major role in the progression of skin carcinogenesis. 



The role of pyrimidine dimers in UV induced skin carcinogenesis 

Types of DNA photoproducts 

DNA photodamage is a primary UV induced event which contributes to 

carcinogenesis. UVB irradiation of keratinocvles led to the formation of DNA lesions 

including formamido bases, which are degradation products of thymine dimers (212). 

Lesions including cytosine hydrates and uracil hydrates (Figure 1.3) have also been 

detected in UVC and UVB irradiated DNA (213.214). Despite their mutagenic potential, 

cytosine photohydrates form only about 1-2% as frequently as other DNA photoproducts 

such as cyclobutane pyrimidine dimers (CPD) in irradiated DNA (215). DNA absorbs 

well in the UVB and UVC range leading to the formation of DNA photoproducts such as 

CPD and pyrimidine (6-4) pyrimidone dimers (Figure 1.3). hereafter referred to as 6-4 

photoproducts. These photoproducts form at dipyrimidine sites between two thymidines, 

two cytosines. or between thymine and cytosine on the same DNA strand. Although four 

isomeric CPD-type dimers exist, the predominant dimer found in native DNA is in the 

cis-syn dimer (Figure 1.4) (216.217). 

UV wavelength dependence of photoproduct formation 

DNA photoproduct formation is wavelength dependent. Both 6-4 photoproducts 

and CPD have a similar action spectrum for induction in the region from 240-300 nm 

with peak formation around 260 nm (218). Peak formation of th>Tnine dimers in human 

skin occurred at wavelengths near 300 nm (219). implicating UVB as the major source 



H 
Cytosine photohydrate Uracil photohydrate 

NH 

HN HN 

H H 

Thymine - thymine dimer Thymine - cytosine dimer 

H H 
Thymine - thymine Thymine - cytosine 

pyrimindine (6-4) pyrimidone pyrimindine (6-4) pyrimidone 

Figure 1.3: Structure of th>'inine. cytosine and uracil photoproducts 
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Figure 1.4: Cis-syn isomer of thymine cyclobutane dimer. The nomenclature that is 
generally used: cis and trans refer to the proximity of the bases and syn and anti indicate 
whether their orientation is head to head or head to tail. 
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of sunlight induced dimers. UVA does not produce appreciable amounts of dimers (220). 

Studies in natural sunlight exposed mononuclear cells indicated that dimers were the 

most abundant DNA photoproduct. The 6-4 photoproduct was also detected, however 

this photoproduct seemed to be present primarily as its Dewar photoisomer (Figure 1.5) 

(221). Photoisomerization occurred when the 6-4 product absorbed light. The most 

efficient wavelengths for this isomerization reaction were around 320 nm (222) and it is 

widely believed that 6-4 photoproducts are converted almost completely to the 

corresponding Dewar isomers (223) in nature. 

Sequence specificity of photoproduct formation 

The distribution of CPD in irradiated naked DNA or cells was characterized by 

preferential formation at TT sequences, then at CT. TC and CC sites in descending order 

of occurrence (218). UVC irradiation of SV40 DNA resulted in the induction of TT 

dimers 3-4 times more frequently than TC, CT. or CC dimers (224). Conversely. 6-4 

photoproducts formed preferentially at TC sites and at CC sites and more infrequently at 

CT and TT sequences (225). 6-4 photoproducts also have been shown, in general, to 

form in lower amounts than CPD. up to 20 times less frequently in UV irradiated SV40 

DNA (224) and 25-35% less frequently than TT dimers in mammalian cells (226). The 

frequency of 6-4 photoproduct formation, however, seemed to be both sequence and 

wavelength dependent. Analysis of different sequences showed that 6-4 photoproducts 

were between 2-10 times less frequent than CPD depending on sequence. Furthermore. 

UVC irradiation of DNA induced 50% fewer 6-4 photoproducts than dimers but levels of 
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Figure 1,5: Pyrimidine (6.4) pyrimidone photoproduct and corresponding Devvar isomer. 
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6-4 photoproducts increased at higher fluences of UVC (227). Nonetheless, the major 

sunlight induced lesions probably are CPDs. 

Sequence specific variations also influence the distribution of photoproducts in 

DNA. For example, a pyrimidine 5" to a TT sequence enhances the frequency of 

formation of TT dimers (224) and long runs of pyrimidines favor higher levels of both 

photoproducts (228). DNA sequences associated with nuclear proteins contained higher 

levels of lesions also, suggesting that active states of chromatin may make DNA more 

susceptible to photoproduct formation (229). Photoproduct frequencies were often higher 

at sites of transcription factor binding (230.231). however at some transcription factor 

binding sequences photoproduct formation was suppressed. It appears that binding of 

transcription factors may either change DNA structure to favor increased photoproduct 

levels or that these protein/DNA interactions may protect against DNA photodamage. 

Recently it was shown that sunlight, but not UVC. induced CPD preferentially at the 

modified DNA base 5-methylcytosine at CpG sites (232). C^T mutations are commonly 

found at CpG sites and these lesions may considerably contribute to skin tumor induction. 

Occurrence and effects 

Thymine dimers have been detected in SSR irradiated cultured melanocytes (233) 

and simlight irradiated mononuclear cells (221). Dimers have also been found in UVB 

irradiated human skin (234). mouse skin (235.236) and the south American opossum skin 

(237). confirming that many species and cell types are sensitive to this kind of DNA 

photodamage. Cells have also been found in the draining l\Tnph nodes with thymine 
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dimers. suggesting that Langerhans cells, after sustaining DNA damage, may still migrate 

to the lymph nodes (237). The presence of this DNA damage may alter their responses, 

however, and contribute to UVB induced immunosuppression. 

UV induced DNA photoproducts can disrupt a number of cellular functions. 

Introduction of thymine dimers into promoter regions of viral SV40 DNA inhibited DN.A. 

replication and protein synthesis, possibly by blocking transcription factor binding or 

RNA synthesis (238). The presence of thymine dimers in oligonucleotides inhibited 

binding of transcription factors including E2F, an activator of cell cycle regulation genes 

such as Rb. NF-Y. a regulator of cell growth associated genes (239.240). AP-1. NFkB 

and p53 (241). This could cause major biological effects since promoter sites are repaired 

inefficiently (242). RNA polymerase II stalled at sequences containing a thymine dimer. 

affecting RNA synthesis. CPD on the transcribed strand constituted a strong block for 

RNA pol II binding, however their presence on the nontranscribed strand had no effect 

(243). This RNA pol/DNA complex blocked recognition by the bacterial DNA repair 

protein photolyase but did not block repair by human NER enzvmes (244). 

Given the various biochemical effects of dimers. it is no surprise that these 

photoproducts have been shown to be cytotoxic. Studies in normal and UV sensitive 

mammalian cell lines indicate that 6-4 photoproducts and CPD are equally cytotoxic to 

normal cells (226). However, if normal repair mechanisms were not able to remove these 

lesions, the 6-4 photoproduct was much more cytotoxic to the cells than CPD. Further 

studies using a revertant XP cell line capable of repairing 6-4 photoproducts but not CPD 



indicated that cell killing, sister chromatid exchange and inhibition of DNA and RNA 

synthesis were due primarily to 6-4 photoproducts (245). 

Relative mutagenicit>' of CPD and 6-4 photoproducts 

The relative mutagenicity of CPD and 6-4 photoproducts has also been debated. 

Brash introduced shuttle vectors containing photoproducts into mammalian cells (246). 

Vector induced mutations occurred primarily at the C of TC. CT. or CC sequences at 

CPDs and less frequently at the C of TC and CC of 6-4 photoproducts. Photoreactivation 

of thymine dimers in the shuttle vector resulted in 75% fewer mutations (247). 

implicating CPDs as the major mutagenic lesions in mammals. However, studies in 

Chinese hamster ovary (CHO) cells with varying abilities to repair CPD and 6-4 

photoproducts implicated the latter as the primary mutagenic lesion (248). UVB 

irradiation of mouse fibroblasts also yielded higher levels of 6-4 photoproducts in the Ha-

ras gene which mapped to corresponding sites of mutations (249). Support for the lower 

mutagenicity of thymine dimers also was demonstrated in mammalian cells transfected 

with shuttle vectors containing a unique photoproduct (250). Introduction of a TT dimer 

caused a mutation in only 2% of the cases, whereas T(6-4)T caused a mutation 60% of 

the time. 

Mutation spectra 

These photoproducts can induce many different types of mutations including base 

substitutions, frameshifts. deletions and transitions. A major mutation detected after UV 



irradiation of CHO cells (251) was a GC—>AT transition, thought to be specifically 

induced by the 6-4 photoproduct. Other commonly found mutations are C—>T and 

CC-^TT transition mutations at sites of adjacent pyrimidines (252). These mutations are 

considered characteristic of sunlight induced DNA damage and have been detected in a 

variety of NMSCs. SSR. LJVA. UVB. and UVC exposure of DNA repair deficient CHO 

cells all resulted primarily in CC^TT transitions (253). whereas examination of UV 

induced SCC from hairless mice showed a majority of C—>T transitions with 5% 

CC->TT (254). 

Gene and sequence specificity 

The p53 tumor suppressor gene, which plays a role in cell cycle control. DNA 

repair, differentiation, and apoptosis (255-257). is frequently mutated within runs of 

pyrimidines in NMSC. These mutations are consistent with those caused by pyrimidine 

dimers or 6-4 photoproducts (211). The ras gene, an integral part of the signal 

transduction pathway leading to cell proliferation, has also been found to be mutated in 

UV induced skin cancers (258.259). Again, most mutations occurred at dipyrimidine 

sites (260). Mutations in the ras gene are far less prevalent than p53 mutations in XP 

patients (261) suggesting that ras may be less important in UV photocarcinogenesis than 

p53. 

A number of factors determine at which sequences mutations will occur. UV 

induced mutations occur primarily within "hot spots" of pyrimidine runs (228.254) and at 



dipvTimidine sites. Although photoproduct mapping studies have shown that hot spot 

codons within the p53 gene contain high levels of photoproducts (228). photoproduct 

frequency is not the main determinant of mutation frequency (246). Sequence and local 

DNA structure may actually be more important. A number of studies have shown that 

mutations generally occur when the dipyrimidine sequence is on the transcribed strand. 

This has been demonstrated in human fibroblasts (262) and yeast (263). Other studies 

showed that whereas repair competent CHO cells had mutations corresponding to lesions 

on the transcribed strand, repair deficient cells contained mutations due to lesions on the 

nontranscribed strand (264). This agreed with the studies showing that preferential repair 

on the transcribed strand removed the lesion before mutagenesis can occur . whereas 

lesions on the nontranscribed strand may not be removed and may cause mutations. 

Mechanism of mutations 

The mechanism by which these lesions cause mutations has not been completely 

elucidated. Photoproducts induce distortions in DNA structure that could cause 

mispairing or misincorporation of bases. Introduction of a single TT dimer caused 

distortions 5" to the lesion and local changes in DNA structure (265). Correct Watson-

Crick base pairing was conserved at cis-syn TT dimer sites but absent 3' of 6-4 

photoproduct sites (266). There was potential loss of hydrogen bonding and greater 

helical bending at 6-4 photoproducts also, providing a possible mechanism by which the 

6-4 photoproduct is more mutagenic than TT. £. coli polymerase I and exo-T7 

polymerase were tested for their ability to bvpass thymine dimers and continue replication 



(267). Both could bypass CPD but only exo-T7 activity led to frameshift mutations in 

35% of the cells. Replication past a TC dimer. like replication past TT and UU dimers. 

was >95% accurate, which provided flirther evidence that TC and TT dimers may not be 

the major mutagenic lesion induced by UV. 

Although some of the evidence discussed above raises doubts about the 

mutagenicity of TT dimers. there is in vitro evidence for their mutagenicity. The cis-syn 

TT dimer was studied in nucleotide decamers (268). Introduction of a dimer perturbed 

the central 6 base pairs of the heli.x and unwound it by 7°. Pol I could bypass the dimer 

and proliferating cell nuclear antigen (PCNA) and Pol5 together had a greater propensity 

to bypass the dimer. However. A was always incorporated opposite T of the dimer. 

indicating that no mutation would be expected. To assess their mutagenicity, dimers were 

incorporated into a bacteriaphage and the progeny were screened for mutations. <1% of 

the progeny were derived from the photoproduct containing strand, indicating that the 

presence of a dimer substantially blocked replication. Irradiation of the cells increased 

the number of progeny derived from dimer containing strand to 50%. Irradiation seemed 

to increase the occurrence of bypass mechanisms. Again, however. >96% of the time, an 

A was incorporated opposite the T bases in the dimer, causing no mutation. 

Mutations at TT dimers did occur as a consequence of deletion by slippage 

mechanisms. A's were misaligned at runs of T's. leading to -1 and -2 deletion mutants. 

This model system showed that TT can be mutagenic. It is important to note the 

shortcomings of this in vitro system, however, since interaction of DNA repair proteins 
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could influence results as could DNA sequence, conformation and photoproduct 

formation rate. 

Another possible mechanism of mutagenesis could involve deamination or 

demethylation of cytosine residues in CPD. Replacement of a C vvith a U due to cytosine 

deamination could be mutagenic since the U will act as a T during replication. A cis-syn 

TU dimer incorporated into a bacteriaphage led to >95% incorporation of A opposite U. 

leading to a C->T transition mutation (267). Although this process may occur too slowly 

to be a major mechanism of mutagenesis in bacteria, it could play a role in mammalian 

cells (269). 5-methylcytosine. a modified base thought to be important in cellular 

development, can also be converted to cytosine, thymine, and a series of 5-substituted 

cytosine derivatives upon e.xposure to UV light (270). This demethylation process also 

could potentially contribute to mutagenesis. 

DNA damage repair mechanisms 

DNA photoproduct lesions are repaired by nucleotide excision repair (NER) 

mechanisms. These mechanisms are responsible for the removal of bulky adducts from 

DNA. A number of cellular proteins and factors necessary for NER have been identified 

from rodent cell lines defective in excision repair (271.272). Human genes 

complementing these mutants, termed excision repair cross complementation (ERCC) 

genes, or complementing previously identified bacterial genes active in excision repair, 

also have been characterized. Other mammalian genes active in DNA damage repair 

have been identified by examining cells from people with genetic defects in their NER 



enzymes. Xeroderma pigmentosum (XP) patients are hvpersensitive to L'V and have 

defects in their excision repair machinery due to mutations in XPA. B. C. D. E. F. or G 

genes. Cocka>Tie syndrome patients also have mutations in XPB. XPD and XPG genes 

while people with trichothiodystrophy (TTD) have mutations in XPB. XPD or the TFIIH 

subunit (273). some of which may confer a predisposition to skin cancer. By analyzing 

the protein products of these genes, the molecules involved in NER and their actions have 

been partially elucidated. 

A variety of gene products are necessary for human NER. XPE (274-276) and 

XPA are involved in recognition of DNA damage (277). XPA also was found to bind 

many other factors, including replication protein .A (RPA). RPA is essential for DNA 

replication (278.279). repair synthesis (280) and for the dual incision step of excision 

repair (281). Complexation with XPA greatly increased its binding affinity to damaged 

DNA (282). Transcription factor IIH (TFIIH) is a multiprotein complex containing XPB 

and XPD which displayed ATP dependent helix unwinding activity (273.283). XPC also 

complexed with TFIIH (276) as did XPG. a double stranded DNA specific exonuclease 

(284). The ERCCl-XPF complex also bound XPA and displayed exonuclease active at 

the site of DNA damage (285). The picture of eukar\'otic NER which has emerged begins 

with the binding of XPA/RPA to damaged DNA. XPA then recruits TFIIH prior to the 

binding of XPC which stabilizes the complex. DNA is unwound by the ATP dependent 

mechanism of TFIIH which allows the nucleases XPG to incise 3* (281.286) of the lesion 

and ERCCl-XPF to incise 5 "(286) of the lesion. 



The gap is then filled by the action of DNA polymerases and sealed by a ligase. 

Repair svnthesis depends on the presence of PCNA. a processivity factor for the DNA 

polymerases Pol5 and Pole (287.288). It is still unclear whether Pols or Pol5 is the major 

DNA polymerase active in NER. however both P0I6/PCNA (289) and Pole/PCNA (290) 

complexes have been shown to operate in repair synthesis. P0I6 activity resulted in 

incomplete filling of the gap. whereas Pols, in the presence of PCNA. replication factor C 

(RPC), a polymerase accessory factor. RP.AL and DN.A ligase I. could completely and 

efficiently fill in DNA repair patches (291). In vitro studies with reconstituted purified 

proteins showed that RPA. XPA, ERCCL, TFIIH. XPG. XPC. a novel molecule called 

1F7. PCNA. Pols. RPC. and DNA ligase I were able to carr>' out excision repair (292). 

suggesting that these may be the minimum molecules necessary for NER. Further 

research may result in the isolation of other accessory proteins. 

Rate of DNA photoproduct repair 

Repair rates of cyclobutane dimers and 6.4 photoproducts have been extensively 

studied. 6-4 photoproduct repair was shown to occur faster than CPD repair and 

approximately 60% of 6-4 photoproducts were removed 3-4 hours post irradiation (293). 

In monkey skin. 30% of CPD were removed in the first 24 hours while half of the 6-4 

photoproducts were repaired within 3 hours post UV exposure (294). demonstrating a 

faster repair rate for 6-4 photoproducts. In HL60 cells. CPD repair displayed biphasic 

kinetics. Immediately after UV exposure, there was a rapid first phase followed by a 

prolonged second phase (295). In CD-I mouse epidermis. 30% of CPD were repaired 



after 24 hours with repair continuing for a ftirther 18 hours (236). In hairless mice, 

significant removal of CPD was seen with 50% of the CPD repaired within 7.4 hours 

(296). Another study showed rapid removal in the first four hours post-exposure with 

CPD persisting even after 24 hours (235). In human skin. 80% of CPD photoproducts 

had been removed in only 4 hours (234) and repair has been detected as early as 20 

minutes post-irradiation (297). Cultured human dermal fibroblasts and keratinocvies cell 

lines have been shown to have similar rates repair rates as their native skin progenitors 

(298). Overall, repair rates occurs over a fairly long period and DNA lesions may persist 

for greater than 24 hours. Repair rates could influence the relative possibility of a 

mutation occurring. A longer persistence in DNA of a lesion could increase the chance of 

base mispairing and mutation. 

Selective repair of active genes 

In addition to rapid repair, dimers are also removed from the genome in a 

selective marmer. Studies in the epidermis of hairless mice showed that while 60% of 

CPD were removed from actively transcribed genes, none were removed from inactive 

genes (299). Other studies confirmed this by showing that while 0-25% of CPD were 

removed in the overall genome of hairless mice, about 50% were removed from the 

gene by 24 hours post exposure (300). In CHO cells, investigators measured CPD in the 

constitutively active dihydrofolate reductase gene. They found that 66% of CPD were 

removed within 26 hours in the transcribed portion of the gene with little removal in 

upstream fragments and only 15% from the overall genome (301). 
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Repair is also DNA strand specific. A variety of hamster and human cells were 

analyzed and all showed significantly faster CPD repair on the transcribed strand of the 

gene than on the nontranscribed strand (302). This preferential repair was also 

demonstrated in the p53 gene of UV irradiated human fibroblasts (303) and during all 

phases of cell cycle (304). Strand specific DNA repair has been shown to be coupled to 

transcription (301). allowing the lesion to be removed prior to resumption of mRNA 

synthesis. 

Some promoter sequences are repaired at a much slower rate (242). with 

persistence of >50% of the dimers even at 24 hours post e.xposure (305). It is possible 

that the transcription complex blocks access of the DNA repair complex to the DNA. 

Heritable changes in promoter regions could profoundly alter gene activation and 

contribute to carcinogenesis. 

One other type of DNA repair found primarily in bacteria is the photolyase 

system. The bacterial photolyase protein contains a light-harvesting molecule that 

absorbs in the UV (306). This protein eventually transfers its excitation energy to the 

CPD which then undergoes spontaneous splitting. The marsupial Monodelphis 

domesticus was shown to express a similar protein in its skin. 90% of UVB induced CPD 

were removed from its skin after exposure to photoreactivating light for 180 min (237). 

This animal model has been used to study the effects of photoreactivity on the 

photobiological response and the role of CPD in the UV response. 



Use of sunscreens in the prevention of UV induced damage 

Protective effects of sunscreens 

Emerging awareness of the hazards associated with UV exposure has spurred 

campaigns urging consumers to apply photoprotective compounds and has increased the 

selection of available sunscreens. Early studies in mice showed that application of 

sunscreens could protect against many UV induced damage endpoints. Classical 

manifestations of actinic damage resulting fi-om chronic UVB exposure include 

destruction of collagen, hyperplasia of elastin fibers resulting in solar elastosis. increased 

presence of neutral and acid mucopolysaccharides and loss of microvasculature. 

Treatment of hairless mice with an SPF 2 rated sunscreen containing 2% octyl dimethyl 

p-aminobenzoic acid (ODM-PABA) offered some protection against these dermal and 

epidermal changes, whereas application of an SPF 15 sunscreen containing 7% ODM-

PABA and 3% oxybenzone (OXY) completely protected against elastosis and 

accumulation of neutral and acid mucopolysaccharides and melanin in the skin (307). 

PABA containing simscreens were shown to partially inhibit edema, erythema and 

increases in epidermal DNA synthesis in UVB exposed hairless mice (308). Increased 

DNA synthesis can be indicative of hyperproliferation or DNA damage. Topical 

application of PABA also protected hairless mice from increases in DNA synthesis, 

increased elastin expression and SCC tumor formation resulting from chronic UVB 

exposure over a 33 week period (309). 



Further photocarcinogenesis studies confirmed that PABA-ester containing 

sunscreens could protect albino mice from UVB induced skin tumors (310). Even when 

the UV dose delivered was below the dose needed to induce edema, both octylmethoxy 

cinnamate (OMC) and titanium dioxide were shown to completely protect against tumors 

in C3H/HeJ mice exposed to UVA/B with 290 nm and below filtered out (311). 

Mechanisms by which sunscreens could exert their antiphotocarcinogenic effects were 

suggested by studies showing that sunscreens could inhibit cyclobutane thymine dimer 

induction (312) and could partially protect against UVB induced systemic 

immunosuppression (313). 

Studies using human biopsies have mirrored the mouse studies, suggesting that 

the predictive value of the mouse skin model is useful for extrapolation to human studies. 

Application of SPF 10 (314) or SPF 15 (315) sunscreens afforded almost complete 

protection against pyrimidine dimer formation in human skin biopsies, whereas PABA-

ester/OXY combinations protected against increases in unscheduled DNA synthesis 

(316). Sunscreens also prevented increased p53 expression in UVA/B exposed human 

skin (317). indicating that DNA damage had been prevented, and suppressed SBC 

formation (318.319). High SPF sunscreens also suppressed the formation of actinic 

keratoses in a controlled human trial (320) and were shown to prevent UV induced p53 

mutations in mouse skin (321), suggesting that long-term, regular use of sunscreens could 

reduce cutaneous neoplasias. 

Numerous discrepancies exist in the literature regarding the ability of sunscreens 

to protect against UVB induced immunosuppression. Immunological activity has been 
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monitored by 3 main criteria in the majoritv" of these studies. First, contact 

hypersensitivity (CHS) responses are often attenuated by UV exposure. CHS occurs after 

an initial exposure to a chemical sensitizer, such as dinitrofluorbenzene, which stimulates 

activation of specific T cells. Upon secondary exposure, these cells secrete cytokines 

which attract and activate macrophages which mediate the response. CHS responses can 

occur locally, if the chemical compound is applied at a UV exposed site, or systemically. 

if it is applied at an unexposed site. Second, the antigen presenting activity of epidermal 

cells can also be decreased by UV exposure and their decreased ability to stimulate 

proliferative responses in responder cells can be assayed. Third, it has been documented 

that UV exposure decreased the ability of mice to reject syngeneic UV induced tumor 

cells which a normal, unirradiated mouse will reject (322). The ability to reject tumor 

implantation can also be monitored as a measure of immunosuppression. 

Studies in humans revealed that an SPF 29 sunscreen could protect against UVB 

induced suppression of local CHS responses (323), whereas SPF 15 sunscreens could 

partially prevent this same suppression induced by SSR exposure (324). Studies in 

hairless mice showed that topically applied OMC or ODM-PABA were equally effective 

in protection from erythema and edema, however only OMC protected against UVB 

induced suppression of systemic CHS (325). Further studies showed that treatment with 

Padimate-0 or OXY did not protect against SSR-induced suppression of systemic CHS 

responses (326). Studies employing in vitro human epidermal explants showed that 

sunscreens rated with SPF 3.6 - 5.7 gave partial to ftill protection against SSR induced 

decreases in antigen presenting activity of epidermal cells in mice (327). Furthermore. 



OMC. ODM-PABA. and benzophenone-3 all protected C3H/HeN mice against UVB 

induced local CHS suppression at all doses, whereas protection against inflammation and 

systemic CHS suppression was highly UVR dose dependent (328). 

To address the controversy surrounding the immunoprotective actions of 

sunscreens, a number of laboratories have looked at the wavelength dependence of 

immunosuppression induction. Roberts, et. al.. used three radiation sources, an FS20 

sunlamp emitting primarily UVB. a FS20 sunlamp filtered to remove wavelengths <290 

nm. and an SSR lamp. Only mice treated with higher SPF (8 or above) rated sunscreens 

were significantly protected against UVB induced suppression of local CHS responses. 

However. SPF 4 sunscreens could protect against both SSR and filtered UVB induced 

CHS suppression. Furthermore, the immunosuppression elicited by SSR was much less 

dramatic than that produced by the UVB or filtered UVB lamps (329). suggesting that the 

radiation source was as important to these studies as choice of sunscreen. Hairless mice 

exposed to a monochromatic lamp with peak emittance at 311 nm showed only partial 

protection against systemic CHS suppression when treated with ODM-PABA or OMC 

(330). Both sunscreens partially protected mice against decreases in the ability to reject 

UV transplanted tumors after exposure to filtered UVB exposure but conferred 80% 

protection against SSR exposure (331). Differences in the ability of sunscreens to protect 

against immunosuppression may reflect differences in the endpoints monitored. These 

studies do suggest, however, that wavelengths in the UVB and especially in the lower 

UVB are potent inducers of UV induced immunosuppression. This establishes a need to 



characterize the role of different wavelengths in the induction of various UV induced 

events and develop chemopreventive strategies to specifically reduce their effects. 

Deleterious effects of sunscreens 

Not all of the effects of sunscreens during UV exposure are beneficial. .A. first 

generation sunscreen. PABA. was once found in almost all commercial sunscreen 

products. Many users developed a hypersensitivity to this compound and PABA was 

eventually removed from all sunscreen products in the United States. Further studies 

with PABA showed that it sensitized UV induced cytoto.xicity in a mouse lympohoma 

cell line (332). PABA also sensitized UVB induced cellular transformation in human 

fibroblasts (333) and thymine dimer formation both in cultured cells (334) and in isolated 

DNA (335). PABA also formed adducts with thymine and thymidine in solution (336). 

further suggesting the need to remove this compound from the commercial market. 

Other sunscreen compounds also cause phototoxic reactions. Exposure of OXY, a 

UVA blocker, to natural sunlight, either in solution or applied to skin, led to 

photooxidization of OXY to a semiquinone (337). This electrophilic species was able to 

deplete thiol-containing antioxidants in the skin such as GSH. SSR irradiation of 

sunscreen solutions can also result in the formation of singlet oxygen ('O:) (338). 

Irradiation of OMC resulted in 'O2 generation, whereas irradiation of ethylhexyl salicylate 

(EHS) did not. SSR exposure of Padimate-0 mixed with DNA resulted in increased 

levels of single strand breaks and DNA lesions (339). Addition of free radical scavengers 

inhibited this effect. These studies warrant further investigation of the toxic reactions 
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sunscreen compounds can undergo, particularly since compounds such as OXY are 

systemically absorbed from the skin (340). 
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Use of tocopherols in prevention of UV induced damage 

Role of endogenous epidermal molecules in protection against UV 

Sunscreen products often contain aTH and aT-esters as supplementar\' agents. 

Whereas human studies suggest that aTAc was absorbed, but the levels of aTH in skin 

did not change (341). different results were obtained in mice. Daily treatment of hairless 

mice with aTAc concomitant with or without UVB exposure significantly increased 

levels of aTAc and aTH in the skin (342). UVB irradiated mice showed higher levels of 

both than unirradiated mice. Thus it appears that mouse skin could absorb and hydrolyze 

aTAc and that this process was stimulated by UV. Because the methodology used in the 

human study did not permit an unambiguous assessment of the ability of human 

epidermis to hydrolyze aTAc to aTH. the issue of whether topical aTAc is converted to 

aTH in human skin remains unresolved. 

While sunscreening products do not list tocopherols as "active" ingredients, 

studies have shown that formulation of aTH or vitamin C with a UVA or UVB 

sunscreening compound provided additive protection against UV induced SBC formation 

(7). Furthermore, either alone or in combination, vitamin C and aTH inhibited SBC 

formation. Thus, endogenous antioxidants can protect against UV induced damage. 

Human skin contains a variety of enzymatic and non-enzymatic antioxidant 

defenses. Thiol containing molecules include glutathione (GSH) and thioredoxin. GSH 

is a ubiquitous cysteine-containing tripeptide capable of oxygen radical scavenging (343). 



It plays an important role in reducing oxidized tissue components, such as lipid 

peroxides, and can regenerate other cellular antioxidants (344). Glutathione-peroxidase 

(GPX) catalyzes the reduction of hydroperoxides to alcohols and of hydrogen peroxide to 

water (reviewed in (345)). whereas glutathione-reductase fianctions in the reduction of 

oxidized glutathione. Thioredoxin is a membrane associated enzyme active in 

suppression of lipid peroxides (346). The thioredoxin system also acts as a disulfide 

reductase catalyzing the reduction of S-S bridges in a variety of proteins and may play a 

role in enzyme regulation (reviewed in (347)). Catalase is a heme protein active in the 

conversion of hydrogen peroxide to water and oxygen (reviewed in (348)). Superoxide 

dismutases (SOD) comprise a family of metalloproteins which catalyze the dismutation of 

superoxide (O2-") to H2O2 and o.xygen. The active site of this enzyme may contain both 

copper and zinc or manganese. The different isoforms of SOD are localized to different 

cellular compartments (349). suggesting different physiological roles for them. 

The epidermis also contains non-enzymatic antioxidants including vitamins A. E. 

and C. Vitamin A comprises a family of compounds, most of which probably have 

negligible importance as antioxidants. Vitamin A precursors such as beta carotene act as 

a lipid soluble antioxidants which can trap free radicals and quench singlet oxygen 

(reviewed in (350)). Vitamin C. or ascorbic acid, is a water soluble antioxidant active as 

a peroxyl and oxygen radical scavenger (reviewed in (351). It may also regenerate the 

reduced form of vitamin E (352). which emphasizes the interdependent relationships 

between antioxidant systems. Vitamin E. as discussed previously, is a potent inhibitor of 

lipid peroxidation. 



The epidermis in the first barrier of defense against UV oxidative processes and 

damage. Thus, it is not surprising that higher levels of all of these antioxidants were 

found in the human epidermis than in the dermis (353). Specifically. aTH was 90% 

higher in the epidermis than the dermis, supporting the idea that the epidermis possesses 

greater defenses against oxidative stress than the dermis. Studies in mouse epidermis 

revealed that with the exclusion of SOD. all antioxidants measured were higher in the 

epidermis than the dermis (354). 

Effect of UV on antioxidants in epidermis 

Irradiation of mice led to the depletion of many of these antioxidants, including 

aTH. in the epidermis, reflecting either their activity in free radical scavenging or their 

destruction by UV. Shindo (355) exposed hairless mice to solar simulated lamps emitting 

light in the wavelengths between 290-400 nm at doses ranging from 20-250 kJ/m'. .A 

single exposure to solar simulated light resulted in the reduction of aTH to 65% of 

control. In other studies. UV A/vis light (>320 nm) exposure of hairless mice cause a 

slight, but not significant, decrease in epidermal aTH (356). Studies in our laboratorv 

with FS20 UVB lamps (>285 nm) showed that aTH levels in C3H/HeNTac mouse 

epidermis were not affected by a single UVB exposure at a dose of 9000 J/m". Multiple 

exposures at a dose of 4500 J/m" actually increased aTH levels in mouse epidermis by 4-

4.5-fold yet also increased levels of the aTH oxidation products tocopherol quinone and 

tocopherol hydroquinone (Liebler. D.C. and Burr. J.A.. unpublished). Thus, different 

wavelengths, different spectral distributions and different intensities of light all may 



induce distinct amounts of oxidative stress and elicit distinct physiological responses. 

Collectively, these studies illustrate the importance of the interaction of aTH with UV 

induced oxidants and how its levels are modified by UV induced oxidation and 

photochemistry. 

Although aTH is a potent antioxidant, it also absorbs in the UV, which suggests 

that both antioxidant chemistry and photochemistry may be involved in its depletion. 

Exposure of aTH solutions in methanol to 25 kJ/m" solar simulated light resulted in 

limited depletion of aTH levels to 70% of control (355). Studies in our laboratory have 

shown, however, that aTH was rapidly depleted in soy phosphatidylcholine (SPC) 

liposomes irradiated with 10.8 kJ/m" UVB over a 30 min period (357). Irradiation of a 

liposomal suspension containing 0.1 mol% aTH led to the depletion of approximately 

90% of the aTH over the first 30 min and greater than 90% at 90 min. To assess the role 

of phospholipid peroxidation in aTH turnover, aTH depletion was also monitored in 

dilinoleoyl phosphatidylcholine (DOPC) liposomes, which contain only singly 

unsaturated oleate chains and thus are virtually resistant to lipid peroxidation. The time 

course of aTH depletion in DOPC liposomes was similar to that seen in SPC liposomes, 

indicating that peroxidation of liposomal lipid was not required for aTH depletion. Thus, 

both oxidative and photochemical turnover affect aTH levels during irradiation. 

Mechanisms of antiphotocarcinogenic effects of aTH 

Antiphotocarcinogenic effects of aTH may involve attenuation of a variety of UV 

induced responses including inhibition of cell proliferation, antioxidant actions. 



stimulation of the immune system and sunscreening actions. Boscoboinik. et. al., showed 

that aTH specifically inhibited the growth of vascular smooth muscle cells (57). The 

antiproliferative effect of aTH was mediated through the inhibition of PKC-a activity 

(55) and phosphorylation (56). PK.Cs are a family of enzymes which play an important 

part in the signal transduction pathway leading to cell proliferation. Although the effect 

of aTH on the proliferation of epidermal cells has not been reported, similar mechanisms 

could be at work. 

Antioxidant actions 

aTH has been proposed to inhibit photocarcinogenesis via its antioxidant actions. 

Many cellular antioxidants have been shown to inhibit UV induced damage. 

Preincubation of keratinocytes with vitamin C. sodium selenite. an essential co factor for 

GPX function, or a water soluble form of vitamin E. Trolox. prior to UVB irradiation 

resulted in significant decreases in the formation of an oxidatively modified DNA 

product. 8-oxodG (358). Both GSH (359) and aTH (360) treatment inhibited UVB 

induced cytotoxicity. Furthermore. GSH. catalase and SOD have been shown to inhibit 

the formation of sunburn cells (146.147). Antioxidants including N-acetylcysteine. 

ascorbate and aTH also inhibited UV induced increases in p53 expression (361). TTie 

generation of single strand breaks has been proposed as an important step leading to the 

increase in p53 so antioxidants may protect against oxidatively induced DNA strand 

breaks. Topically applied GSH has been shown to prevent UVB induced 

j 



immunosuppression in mice (362). Thus, the role of antioxidants in protection against 

UV damage has been clearly established. 

aTH acts directly as an antio.xidant by inhibiting the propagation of oxygen 

radicals. Topically applied aTH inhibited epidermal lipid peroxidation (9.363). whereas 

aTH. aTAc. and aT-sorbate have been shown to decrease UV induced radicals detected 

by spin trapping and EPR spectroscopy (364). Furthermore. aTH has been shown to 

suppress superoxide generation by activated neutrophils (365). 

Effects on intermediate endpoints 

aTH treatment also resulted in the inhibition of oxidatively induced increases in 

ICAiM-l expression in human epidermal keratinocytes exposed to H2O2 (366). thus 

decreasing the ability of leukoc>tes and macrophages to infiltrate the epidermis. Thus. 

aTH may act to inhibit the influx of inflammatorv- cells, the release of free radicals from 

neutrophils and the deleterious effects of superoxide once formed. Activation of the 

transcription factor NF-kB can be inhibited by the vitamin E derivatives aTAc and aTS 

but not aTH (367). aTH did. however, both inhibit and activate AP-1 binding in smooth 

muscle cells, depending on the experimental conditions (368.369). Activation of other 

transcription factors such as p53 could also be modulated by aTH. 

Certain manifestations of UV induced damage may result from both oxidative 

stress and photodestruction of cellular molecules. Edema, erythema, activation of 

inflammatory and immune responses and photocarcinogenesis probably result from a 

combination of photo- and oxidative damage. Topical aTH treatment has been shown to 



inhibit edema and erythema in UVB irradiated mice (11). Cellular blebbing and death 

was prevented in human epidermoid cells (370). indicating that aTH may suppress UVB 

induced apoptosis in these cells. aTH also completely prevented the suppression of the 

immune system that accompanied UVB exposure in mice (2.363) and partially protected 

against UVA induced decreases in antigen-presenting function of Langerhans cells in 

human epidermal cell cultures (371). aTH treatment also inhibited increases in PGEi 

levels and ornithine decarboxylase activity occurring during urethane-induced lung 

tumorigenesis (48). Since prostaglandins and ODC both play a role in skin tumor 

promotion (372). this could constitute another antitumorigenic activity of aTH. Both 

dietary supplementation and topical application of aTAc, an esterified derivative of aTH. 

restored DNA synthesis to normal levels after UV irradiation (9). Regarding skin cancer, 

the most important observation was that topically applied aTH prevented the induction of 

skin tumors in mice exposed to UVB irradiation (2). The photoprotective effects of aTH 

may be greater, however, when aTH is topically applied than when orally supplemented. 

Although dietary aTAc protected against UVB induced skin tumors (373) in mice. 

studies in humans indicate that oral supplementation of aTAc did not significantly protect 

against UV induced epidermal damage (374). 

Further anticarcinogenesis studies in mice showed that whereas topically applied 

aTH protected against UVB induced skin tumors. aTAc and aTS did not (12). This 

raised the interesting mechanistic question as to why structurally similar compounds 

would display such different anticarcinogenic results. Other studies comparing PTH. 



vTH and 6TH to aTH showed that aTH inhibited edema to a greater extent (6). again 

raising questions as to the mechanisms by which aTH exhibits superior photoprotectiv 

activitv-. aTH absorbs strongly in the UVB which suggests that this may be one 

mechanism by which antitumorigenesis is achieved. To date, the ability of aTH to act 

a sunscreen and to directly attenuate the penetration of UVB and subsequent 

photodamage has not been assessed. 



Rationale 

aTH has been shown to prevent a variety of manifestations of UVB induced 

photodamage. Vitamin E. primarily in the form of aTAc. is a component of some skin 

care and sunscreen products, however relatively little attention has been given to aTH as 

a photoprotectant. The protective actions of aTH coupled with its relative absence of 

toxicity, ease of administration, and high availability make it an attractive candidate as a 

skin cancer chemopreventive agent. 

Direct evidence for the ability of aTH to prevent specific markers of photodamage 

has never been demonstrated- UVB induced induction of cyclobutane th>Tnine dimers is 

a direct measure of photodamage as these lesions do not form through oxidative 

processes. Because DNA damage is a critical event in cancer initiation, inhibition of 

thymine dimer formation is a relevant parameter for assessing the efficacy of topical 

chemopreventive agents. 
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Hypothesis and Specific Aims 

This dissertation project addresses the hypothesis that aTH can prevent UVB 

induced DNA photodamage in vivo and that this effect may be a key mechanism of action 

by which aTH prevents skin tumor formation. 

The specific aims are: 

1. To determine if topically applied vitamin E can prevent UVB induced DNA 

photodamage and to compare its photoprotective ability to commercially available 

sunscreens. 

2. To establish the extent to which spectral absorbance properties determine the abilit\-

of these compounds to prevent DNA photodamage in vitro and in vivo. 

3. To explore the role of absorption and intracellular distribution of tocopherols in DNA 

photoprotection. 



CHAPTER 2 

TOPICALLY APPLIED a-TOCOPHEROL PREVENTS UVB 

INDUCED DNA PHOTODAMAGE IN THE MOUSE EPIDERMIS 

Introduction 

UVB light has been shown to be a complete skin carcinogen (reviewed in (375)). 

Moreover, UVB induced DNA photodamage appears to be a critical event in 

photocarcinogenesis. Characteristic lesions in UVB irradiated DNA include cyclobutane 

pvTimidine dimers and pyrimidine (6.4) pyrimidone photoproducts, which form between 

adjacent pyrimidines (376). and photohydrates. Pyrimidine dimers can produce deletion, 

frame shift, and substitution mutations and have been associated with distinctive C->T 

and CC->TT transitions in the genome (252). Many squamous and basal cell carcinomas 

contain such characteristic mutations within the p53 tumor suppressor gene 

(211,377.378). 

In sunlight reaching the earth's surface, it is the UVB portion which contains the 

most carcinogenic wavelengths. Thus, sunscreening agents ideally scatter, reflect or 

absorb wavelengths in this range. Many commercial sunscreens contain compounds 

whose ultraviolet absorbances extend into the UVB. such as salicylates, cinnamates. 

benzophenones, and ester derivatives of PABA. However, chemopreventive agents such 

as aTH (Ami\ = 294 nm) also absorb in the UVB region. This absorbance may account in 



part for the ability' of topically applied aTH to suppress UVB induced damage such as 

cellular release of lysosomal enzymes (379), edema (11,380) and erythema (11). Topical 

c/./-aTAc has also been found to decrease lipid peroxidation and preserve normal 

replicative DNA synthesis in UVB irradiated hairless mice (9). while topical aTH 

inhibited skin tumors in UVB irradiated mice (2). 

The efficacy of sunscreens is evaluated primarily on the basis of their ability to 

prevent erythema and edema (381). These manifestations of UVB exposure result from a 

number of secondary changes in the dermis and epidermis. Generation of reactive 

oxygen species (130), vascular changes (154). activation of inflammatory mediators and 

cells, membrane damage, and release of various cytokines (382) all contribute to these 

endpoints. From such a complex combination of events, it is difficult to attribute specific 

molecular protective effects to a sunscreen. Selected sunscreens have been shown to 

inhibit UV induced DNA damage (308.313,315,316). actinic damage (309) and 

photocarcinogenesis (310). Nevertheless, sunscreens are not routinely evaluated for their 

ability to prevent nonmelanoma skin cancers and the scope of their photoprotective 

actions at the molecular level remains largely undefined. 

This investigation is based on the observation that topical application of aTH 

prevented skin photocarcinogenesis. whereas application of the tocopherol derivatives 

aTAc or aTS did not (2.12). This suggests a difference in the extent of protection 

provided against UVB damage by these closely related compounds and supports the idea 

that aTH has substantial sunscreening properties. In order to investigate the hypothesis 



that aTH can act as a sunscreen, the induction of a UV specific DNA photoproduct was 

monitored. Pyrimidine dimers are specific markers of UV induced photodamage and are 

not formed through oxidative mechanisms (reviewed in (383)). 



Experimental Procedures 

Reagents 

R.R.R-aTH used in these experiments was provided by Henkel Fine Chemicals 

(LaGrange. IL). dl-aTAc and thymine was purchased from Sigma Chemical Company 

(St. Louis. MO). a-Tccopherol methyl ether (aTOMe) was synthesized from R.R.R-aTH 

by Drs. Yushun Li and Eugene Mash at the Southwest Environmental Health Sciences 

Center Synthetic Core laboratory. aTOMe was prepared by potassium hydro.xide-

catalyzed alleviation of aTH by methyl iodide in dimethylsulfoxide (DMSO). 

Analysis of thymine dimer and pentafluorobenzyl derivative 

The thymine dimer was analyzed by gas chromatography/mass spectrophotometr\-

(GC-MS) to confirm its mass and structure. The dimer was first converted to the tetrabis-

trimethylsilane (TMS) derivative by treatment with 100 |j.l N.O,-

bis(trimethylsilyl)trifluoroacetimide (BSTFA) and 10% trimethylchlorosilane (TMCS) 

(Pierce. Rockford. IL) in 100 |il dimethylformamide (DMF) at room temperature for 1 

hour. GC-MS was performed with a Fisons MD800 mass spectrometer coupled to a 

Carlo Erba 5000 series GC (Fisons Instruments, Beverly, MA). Samples were injected 

on-column with a Fisons A200S autosampler, separated on a 30 m X 0.25 mm I.D. DB-5 

capillary column (J&W Scientific, Folsom, CA) with helium as the carrier gas and 

ionized with a 35 eV electron beam. The GC oven temperature was set at 100°C for 2 

min. programmed to 280°C at I5°C min"'. and held for 2 min. The samples were 



monitored in full scan mode. The PFB-derivative was analyzed with a Finnegan 

TSQ7000 mass spectrometer by positive ion atmospheric pressure chemical ionization 

(APCI)-MS. Tlie sample was introduced by flow injection and monitored in full scan 

mode. 

Histological evaluation of UV induced damage 

Mice were treated with 50 mg of Vanicream. After I hour of irradiation as 

describe below, mice were sacrificed at several time points by CO2 asphyxiation. The 

dorsal skin was removed and fixed in 10% buffered formalin. Samples were sliced in 

paraffin into 10 |im sections and then mounted on slides and stained with hemato.xylin 

and eosin (H&E). Slides were evaluated microscopically for pyknotic nuclei of dermal 

fibroblasts, vacuolization and necrosis of keratinocytes. edema in the underlying 

panniculus muscle layer, infiltration of inflammatory cells and SBC formation. 

Fibroblastic pyknosis was scored on the basis of number of pyknotic nuclei per field. 

Keratinoc\tes were scored so that + indicated the presence of vacuolated and 

"ballooning" cells and -H- indicated the presence of both vacuolization and necrosis. 

Edema was scored by the severity of edema in the muscle layer. Immune cell infiltration 

was scored so that + indicated the presence of immune cells in the blood vessels feeding 

the skin, -H- indicated that the immime cells had extravasated and -HH- indicated the 

presence of immune cells in the tissue itself. SBC were scored so that each + 

corresponded to approximately 1 SBC/3 microscope fields. Results represent the average 

of 3 sections analyzed per mouse and 3 mice per time point. 
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Comparison of UV spectra 

A 500 faM solution in methanol of each tocopherol derivative was scanned for 

absorbance in the UV range using a Beckman 640B spectrophotometer (Beckman 

Instruments. Fullerton. CA). Although this amount depicted approximately 44 times less 

tocopherol than a topically applied 10% dispersion (w/vv) contained, this concentration 

was used to compare the absorbance properties of these compounds within the linear 

range for Beer's law. 

Topical treatments and UVB irradiation 

Female C3H/HeNTac mice (Taconic. Germantown. NY). 10-14 weeks old, were 

used in all experiments. Four mice per test group were analyzed and results confirmed in 

duplicate experiments. Test compounds were mixed in a neutral cream vehicle, 

Vanicream (Pharmaceutical Specialties. Inc.. Rochester. MN). in 1%-15% (w/vv) 

dispersions in dose/response studies or 25 mg of compound/mouse. Vanicream was used 

as the vehicle to mimic application by human subjects. Commercial SPF rated sunscreen 

products were applied as prepared by the manufacturer. An aliquot containing 50 mg of 

cream was applied to a 3 cm X 4 cm shaved area of the back of each mouse 15 min prior 

to irradiation. Controls received vehicle only. No significant difference in dimer levels 

bet^A'een vehicle treated and untreated controls was detected (not shown). 

A bank of six Westinghouse FS20 lamps (National Biological Corp.. Twinburg, 

OH) which emit 80% of their output in the UVB. <1% in the UVC. 4% in the UVA. and 

the remainder in the visible spectrum were used as the UV source. These lamps have 
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been used in numerous photocarcinogenesis and sunscreen studies (11.214.373). Lamps 

were mounted 19.5 cm above the cage bottom and emitted a dose of 2.5 J/m"/s as 

measured by a UVX radiometer (UVP. Inc.. San Gabriel. CA). Mice were irradiated for 

60 min. A dose response study (Figure 2.1) determined that this UVB dose induced 

dimers to a level sufficient to accurately assess inhibition of dimers by the test 

compounds. This dose also is similar to that used daily in previous photocarcinogenesis 

studies with tocopherols and their derivatives (2.12.313). 

Dimer inhibition studies also were performed using cutoff filters (Eastman Kodak 

Comp.. Rochester. NY) which block wavelengths lower than 285 nm to simulate "pure" 

UVB. In these studies, increasing amounts of aTH were topically applied as before. 

Mice were placed in cages which were covered with filters and exposed to FS20 lamps at 

a dose of 2.5 J/m"/s for two hours. 

During irradiation, it is possible that some of the topically applied aTH is 

photooxidized. Previous experiments show that aTH is rapidly depleted in UVB 

irradiated liposomes containing aTH (357). The resulting aTH photoproducts may 

contribute to sunscreening activity since some of these products, including tocopherol 

quinone. tocopherol quinone epoxides, and a dihydroxy dimer of aTH absorb in or near 

the UVB. 
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Figure 2.1: UVB induced th>'mine dimer formation in mouse epidermal DNA. Mice 
were exposed to 2.5 J/m"/s UVB for increasing lengths of time. Thymine dimer levels 
were measured as described in Experimental Procedures. Increasing time of irradiation 
increased dimer formation. *ND=not detectable 



DNA preparation 

After irradiation, mice were sacrificed by CO2 asphyxiation, their dorsal skin was removed 

and the epidermal cells were isolated by a previously described method (384). Briefly. 

skin was placed in 55°C water for 35 seconds then immersed in ice water for 1.5 min. The 

epidermal cells were then scraped away from the dermis and frozen immediately at -70°C 

until DNA extraction could be performed. Epidermal cells were isolated and frozen 

within 30 min post-UVB exposure. DNA was extracted with the G-NOME kit (Bio 101, 

Inc.. La Jolla. CA). Approximately 50 |j.g DNA was subjected to hydrolysis in 88% 

formic acid at 125°C for 20 min. This hydrolysate was evaporated in vacuo and 

resuspendcd in 150 )il of distilled water. 

Thymine dimer analysis 

Thymine dimers were quantitated by a previously described method (385) with 

modifications. Following hydrolysis, the dimer-containing fraction was separated from 

unmodified bases by reverse phase HPLC with a Spherisorb ODS-2. 5 mm. 250 X 4.6 

mm column, eluted with 100% water at a flow rate of 1.5 ml min."' The dimer eluted at 

approximately 8.5 min and was detected by UV absorbance at 215 nm. This fraction was 

evaporated and resuspended in 140 ml acetonitrile. Potassium carbonate crystals (15 fig) 

and 6 jamol pentafluorobenzyl bromide were added and the reaction mixture was heated 

to 90°C for 6 hours. Samples were then evaporated under nitrogen and were resuspended 

in toluene. Analysis of the pentafluorobenzyl derivative of the dimer was done by 
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capillan gas chromatography with electron capture detection on a Hew lett Packard 5890 

Series II gas chromatograph equipped with an HP7673 autosampler (Hewlett Packard. 

Palo Alto. CA). Samples were introduced by on-column injection and analyzed with a 10 

m Hewlett Packard DB-5 column. 0.53 mm I.D. with a 1.5 mm film thickness. The 

temperature was held isothermally at 100°C for I min and then programmed at 12°C 

min"' to 280°C. where it was held for 32 min. The dimer eluted at approximately 25 min. 

A calibration curve was constructed with authentic dimer subjected to the same 

derivatization and analysis protocol. Control experiments (not shown) established that 

the dimer was stable under the conditions used for DNA hydrolysis and workup. The 

limit of quantitation was 1 fmol injected dimer. 

Dimer levels were normalized to thymine content. An aliquot of the hydrolysate 

was removed and 26 pg 5-ethyluracil was added as an internal standard. Thymine and 5-

ethyluracil were analyzed on a Spherisorb ODS-2. 5 mm. 250 X 4.6 mm column with 5 

mM KH2PO4. pH 7 and methanol (99:1. v/v) as the mobile phase. Pyrimidines were 

detected by monitoring UV absorbance at 260 rmi. Dimers were expressed as pmol 

thymine dimer/jimol thymine in the same DNA hydrolysate. 

Statistical analysis 

Results were analyzed for statistical significance by ANOVA. Treatment groups 

were compared to control values. 
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Results 

MS analysis of TMS-dimer and PFB-dimer 

The thymine dimer and its PFB derivative were analyzed by MS to confirm their 

structures. GC-MS analysis of the TMS-derivative (Figure 2.2 (top)) showed an ion at 

m z 525. corresponding to the molecular ion (M+*) with loss of a methyl group. 

Characteristic fragmentation showed peaks at m/z 270 corresponding to the monomer-

TMS derivative, at wr 255 corresponding to the monomer-TMS with loss of a methyl 

group, and at m/z 73 which corresponded to TMS. 

LC-MS analysis of the PFB-dimer (Figure 2.2 (bottom)) showed the M+H' at m r 

973 corresponding to the expected mass. The fragment at m/z 181 corresponds to PFB. 

Histologically detectable damage induced by the UVB exposure 

To assess UV induced damage caused by this dose of UVB, mice were sacrificed 

at 2. 4, 8, 16. and 24 hours post-UV exposure and scored for the presence of pyknotic 

nuclei in the dermal layer, epidermal cell vacuolization and necrosis, edema in the 

underlying muscle layer, infiltration of inflammatory cells and SBC formation (Table 

2.1). Pyknotic fibroblasts were detectable in the dermis by 2 hours post exposure and 

were still present, though in fewer numbers, at 24 hours. Epidermal vacuolization and 

ballooning were evident at 2 hours, but frank necrosis did not occur until 24 hours post

exposure. Edema was evident in the underlying muscle layer to a small degree at 4 hours. 
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Figure 2.2 Mass spectra of TMS-thymine dimer and PFB-thymine dimer derivatives. 
Upper panel represents positive electron ionization GC-MS analysis of TMS-derivative 
and lower panel represents positive ion APCI-LC-MS analysis of PFB-derivative. 
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Table 2.1: Histological analysis of mouse skin treated with vehicle 24 hours post-UV 
exposure to 2.5 J/m"/s UVB for I hour. *ND = not done. Each result represents analysis 
of 3 sections per mouse and 3 mice per time point. 



but increased at 8 and 24 hours. Inflammatory cells began to accumulate in blood vessels 

as early as 2 hours. A number of cells had extravasated and were present in the area 

surrounding the blood vessels by 8 hours. The immune cells did not infiltrate the dermal 

and epidermal layers until 24 hours post exposure. SBC appeared at 4 hours and peaked 

at 24 hours. 

Comparison of UV spectra of tocopherols and derivatives 

The absorbance spectra of aTH. aTAc. and aTOMe at equimolar concentrations 

in methanol are depicted in Figure 2.3. aTAc and aTOMe had less total absorbance 

within the UVB range than did aTH. Their absorbance maxima are at lower wavelengths 

and their molar absorptivities are lower than for aTH. UV spectra of aTH. yTH. and 

5TH at equimolar concentrations in methanol are depicted in Figure 2.4. The absorbance 

maxima for all three tocopherols lies within the lower UVB range. However, the molar 

absorptivities of yTH and 5TH were higher than for aTH. as were their total absorbances 

within the UVB range. 

Rationale for selection of UV irradiation source and roles of UV wavelengths in 

dimer formation 

Mice were irradiated with Westinghouse FS20 sunlamps, which have been used as 

UV sources in previous photocarcinogenesis studies involving aTH and its derivatives 

and sunscreen studies. These lamps cannot be considered "pure" UVB sources. In the 

description of our experiments, the term "UVB" is an operational designation for the 
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Figure 2.3: The UV absorbance spectra of aTH derivatives at a concentration of 500 ^iM 
in methanol. Absorbance spectra of aTH (solid line). aTAc (dotted line), and aTOMe 
(dashed line) and the wavelength limits of the UVB range are depicted. 
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Figure 2.4: The UV absorbance spectra of aTH. yTH and 6TH at a concentration of 
500 p-M in methanol. Absorbance spectra of aTH (dashed line). yTH (solid line), and 
6TH (dotted line) and the wavelength limits of the UVB range are depicted. 



principal wavelength output from the FS20 lamps. Output in the UVA and visible 

wavelengths from these lamps may contribute to photocarcinogenesis. but not 

significantly to dimer induction. The small fraction of emission in the upper (JVC 

(approximately 270-290 nm) contributes significantly to dimer yield, as indicated by 

control experiments in which irradiation through a 285 nm cutoff filter (Eastman Kodak 

Comp.. Rochester. NY) reduced dimer yields by approximately 89% (not shown). Dimer 

induction thus can be attributed to a combination of UVB and upper UVC irradiation. 

Inhibition of thymine dimer formation by aTH 

Mice were irradiated with a UVB dose that, when given chronically, induced skin 

cancer in mice (2). A 60 min exposure to 2.5 J/m"/s UVB resulted in the formation of 

247 ± 42 pmol thymine dimers/fimol thymine. Topical application of aTH in a neutral 

cream dispersion caused a dose dependent inhibition of thymine dimer formation in 

epidermal DNA (Figure 2.5). Significant inhibition (p<0.05) was observed with 

dispersions containing 1% or more aTH (w/w). A 1% aTH dispersion reduced dimer 

formation by 44% of control. The maximum reduction observed was 84% less than 

controls which was attained at 10% (w/w) aTH. 

The UVC portion of the FS20 lamps contributed significantly to dimer induction. 

Since human exposure to UVC is limited, it was important to confirm that aTH could 

protect against dimer induction by wavelengths solely in the UVB or higher. Application 

of aTH and subsequent irradiation through a 285 nm cutoff filter demonstrated that aTH 

inhibits the formation of dimers induced by UV wavelengths higher than 285 nm (Figure 



Vehicle 0.5% aTH l%aTH 3% aTH 5% aTH 10% aTH 

Figure 2.5: Inhibition of UVB induced thymine dimers in mouse epidermal DNA by 
aTH. Mice were treated with increasing concentrations of aTH. They were then 
exposed to 9000 J/m" UVB for 1 hour and epidermal DNA was analyzed for thymine 
cyclobutane dimers as described under Experimental Procedures. Each bar represents 
mean ± standard deviation for four animals. Statistically significant differences compared 
to controls are indicated (*p<0.05. **p<0.01). 
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Figure 2.6: Inhibition of thymine dimers induced by filtered UVB sources in mouse 
epidermal DNA by aTH. Mice were treated with increasing concentrations of aTH. 
They were then exposed to 9000 J/m" UVB filtered through 285 nm cutoff filters. 
Epidermal DNA was analyzed for thymine cyclobutane dimers as described under 
E.xperimental Procedures. Each bar represents mean ± standard deviation for four 
animals. Statistically significant differences compared to controls are indicated 
(**p<0.01). 



2.6) in a dose-dependent manner. A 1% dispersion (w/vv) of aTH reduced dimers to 60% 

of control and a 10% dispersion significantly reduced dimers to 17% of control (p<0.01). 

Since aTH acted similarly as a sunscreen in both filtered and unfiltered irradiations, 

subsequent irradiations were carried out using unfiltered FS20 sources. 

Inhibition of thymine dimer formation by different forms of aTH 

Dispersions containing aTAc also produced dose-dependent inhibition of dimer 

formation, although the effect was smaller than that observed with equivalent amounts of 

aTH (Figure 2.7). A 10% (w/w) dispersion of aTAc was necessary to inhibit dimer 

formation to 44% of controls, which is comparable to the inhibition produced by 1% 

aTH. 

Other forms of vitamin E were similarly studied (Figure 2.8). aTOMe is 

spectrally similar to aTAc but is not hydrolyzed to aTH. This allowed us to investigate 

whether hydrolysis of the acetate ester to form free aTH is necessary for the sunscreening 

effect. A 10% (w/w) aTOMe dispersion conferred a 50% inhibition of dimer formation 

(p<0.05), which is similar to that produced by both 10% aTAc and 1% aTH. Thus the 

sunscreening activity of aTAc and aTOMe is probably due to the tocopherol 

chromophore and not dependent on the presence of the free hydro.xyl group. Both yTH 

and 6TH were less potent sunscreens than aTH. Dispersions containing 5% (w/w) yTH 

or 5TH significantly (p<0.05) reduced dimer formation to 45% of control, which was 

similar to the level of inhibition produced by 1% aTH. 



Vehicle 3% aTAc 5% aTAc 10% aTAc 15% aTAc 

Figure 2.7: Inhibition of UVB induced thymine dimers in mouse epidermal DNA by 
aTAc. Mice were treated with increasing concentrations of aTAc. They were then 
exposed to 9000 J/m" UVB and epidermal DNA was analyzed for thymine cyclobutane 
dimers as described under Experimental Procedures. Each bar represents mean ± 
standard deviation for four animals. Statistically significaiit differences compared to 
controls are indicated (**p<0.01). 
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Vehicle 1%6TH 5%5TH 1%YTH 5%YTH 5%aT01Vle 10%aTO!VIe 

Figure 2.8: Inhibition of UVB induced thymine dimers in mouse epidermal DNA by 
other tocopherol derivatives. Mice were treated with increasing concentrations of 
tocopherol derivatives. They were then exposed to 9000 J/m2 UVB and epidermal DNA 
was analyzed for thvinine cyclobutane dimers as described under Experimental 
Procedures. Each bar represents mean ± standard deviation for four animals. Statistically 
significant differences compared to controls are indicated (*p<0.05). 



Inhibition of thymine dimers by PABA and commercial sunscreens 

The prototypical sunscreening agent PABA also was evaluated. Once widely 

used, this compound induced skin hypersensitivity reactions and increased DNA 

photodamage in vitro (334.335) and is no longer used in sunscreen products. Application 

of PABA resulted in a dose dependent inhibition of dimers (Figure 2.9). .A 10% (w/w) 

dispersion was necessary to produce significant (p<0.01) inhibition of dimer formation. 

This dose reduced dimers to 51% of control, which is similar to the reduction produced 

by the 1 % aTH dispersion. 

The sunscreen products used contained proprietary formulations of OXY. OMC. 

EHS. or PABA esters as active ingredients. Application of a sunscreen containing ODM-

PABA and OXY and rated with a sun protection factor (SPF) 8 provided protection 

against dimer formation similar to that of the 1% (w/w) aTH dispersion (Figure 2.9). 

The SPF 8 sunscreen reduced dimers to 48% of control. However, statistically significant 

protection was seen only with the SPF 15 (p<0.05) and SPF 30 (p<0.01) preparations, 

each of which contained OMC. EHS and OXY. 

Inhibition of thymine dimers by topical application of 25 mg of tocopherols 

In previous carcinogenesis studies, application of 25 mg of either d-alW or d.l-

aTAc in acetone 24 hours previous to UVB irradiation resulted in inhibition of tumor 

formation by aTH but not by aTAc. This amount of tocopherol is substantially higher 

than that used above and e.xceeds levels found in commercial skin care products. The 
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Figure 2.9: Inhibition of UVB induced thymine dimers in mouse epidermal DNA by-
commercial sunscreens. Mice were treated with increasing concentrations of PABA or 
commercial sunscreens with increasing SPF ratings. They were then exposed to 9000 
J/m' UVB and epidermal DNA was analyzed for thymine cyclobutane dimers as 
described under E.xperimental Procedures. Each bar represents mean ± standard 
deviation for four animals. Statistically significant differences compared to controls are 
indicated (*p<0.05. **p<0.01. ***p<0.001). 
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Figure 2.10: Inhibition of UVB induced thymine dimers in mouse epidermal DNA by 
application of 25 mg of different tocopherols. Mice were treated with increasing 
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DNA was analyzed for thymine cyclobutane dimers as described under Experimental 
Procedures. Each bar represents mean ± standard deviation for four animals. Statistically 
significant differences compared to controls are indicated (*p<0.05. **p<0.01). 
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effect of this higher dose of tocopherol on dimer inhibition was tested (Figure 2.10). d-

aTH. d.l-oiTH. aTAc. and aTOMe all significantly inhibited dimer formation to 

44.9±21. 38.6±38. 79.1±24 and 68.0±58 pmol thymine dimers/|amole thymine, 

respectively (*p<0.05. **p<0.01). None of these compounds displayed significantly 

superior inhibitory ability than the others at this dose. 

Comparison of DNA photoprotective potency 

Table 2.2 compares the apparent potency differences between the tocopherol 

compounds and sunscreens. A 1% dispersion of aTH inhibited dimer formation by 56% 

compared to control. However, a 5% dispersion of yTH or 6TH was necessary to get 

similar inhibition to 55% of control dimer levels. A 10% dispersion of aTAc. aTOMe. 

and PABA was needed to get similar inhibition of 57%, 50%. and 57% of control, 

respectively. This demonstrates that a 1% dispersion of aTH is as effective or more 

effective than 5-10% dispersions of the other compounds. 



Sample % inhibition of control levels of 
thymine dimers 

I%aTH 56 

5% yTH 55 

5% 5TH 55 

10% aTAc 57 

10% aTOMe 50 

10% PABA 57 

Table 2.2: Comparison of dispersions necessary to inhibit thymine dimer formation 
mouse epidermal DNA by approximately 50% compared to control levels. 
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Discussion 

Topical application of naturally occurring aTH and several of its derivatives can 

inhibit the formation of thymine dimers in epidermal DNA of UVB irradiated mice. The 

histological results suggest that the UVB exposure used caused a severe UV response and 

sunbum. Evaluation of protection against these histological endpoints could be 

confounded by a variety of factors including fixation, slicing, and staining artifacts. DNA 

photodimer formation serves as a more specific indicator of UVB energy deposition into 

DNA than more frequently assessed endpoints. such as edema and erythema. Those 

endpoints represent complex events resulting from numerous responses elicited by 

irradiation. Some sunscreens have previously been evaluated for their ability to inhibit 

the formation of pyrimidine dimers (313). aTH and several of its derivatives compare 

favorably with commercially available sunscreens in their ability to prevent UVB induced 

DNA photodamage. 

Although the lamps used in this study emit light primarily in the UVB. they also 

emit light in both the UVA and UVC. aTH protects against dimer formation induced by 

both unfiltered sources and by irradiation through a filter that excludes wavelengths lower 

than 285 nm. As noted in the results section, however, the contribution of a relatively 

small amount of UVC to cyclobutane dimer induction is significant. Experiments with 

unfiltered FS20 lamps suggest that the photoprotective effect exerted by the compounds 

tested extends into UVC wavelengths also. Thus, the data obtained in these studies 

probably provides an accurate indication of the ability of aTH. its derivatives, and 



sunscrecns to inhibit thymine dimer formation induced by any of the UV components of 

sunhght. Furthermore, the Westinghouse FS20 lamps are widely used in carcinogenesis 

studies and aTH was shown to prevent photocarcinogenesis induced with these light 

sources. 

Historically, the protective effects of aTH have been attributed to its radical 

scavenging activity. aTH is the primar>' lipid soluble chain breaking antioxidant in cells 

(4). Consequently. aTH or its more thermally stable derivative. aTAc. is often added to 

skin care products as an antioxidant supplement. However, the direct sunscreening effect 

of aTH demonstrated here is a striking addition to the growing list of effects aTH has on 

general cellular fimction. aTH and certain tocopherol derivatives can modify signal 

transduction pathways (55). improve immune responsiveness (61.62). inhibit PLAi (49) 

and suppress proliferation of certain cell types //? vitro (57). All of these actions may 

contribute to their antitumorigenic and photoprotective potential. Our results suggest, 

however, that prevention of DNA photodamage may account for much of the antitumor 

effect of topically applied aTH in photocarcinogenesis. 

Furthermore, prevention of DNA photodamage may reflect reduced incident UVB 

penetration into the epidermis and dermis. Therefore, the photoprotective effect of aTH 

may extend to prevention of other types of DNA photodamage and of damage to 

biomolecules involved in UVB-associated responses. It is reasonable that aTH could 

inhibit the formation of pyrimidine (6-4) pyrimidone photoproducts, since they form 

through similar UV induced photochemistry, and perhaps DNA photo hydrates. 
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Furthermore, topical application of aTH has been shown to reduce UVB induced 

immunosuppression (2.363). Photoprotection also may involve prevention of acute 

responses including activation of growth related genes such as c-/os (386) and c-H-ras 

(368). This could prevent early alterations in cellular metabolism that promote tumor 

formation. Manifestations of chronic UVB exposure, such as solar elastosis and dermal 

degeneration (307). also could be attenuated. 

aTH may actually be a more effective DNA photoprotectant than the active 

ingredients in sunscreen preparations. .A. dispersion containing 1% aTH was as potent as 

products containing multiple sunscreening agents. Thus, a particular combination or 

higher concentrations of these sunscreening agents may be necessary to reach the same 

level of protection demonstrated by aTH. These results warranted further investigation 

into the photoprotective mechanism of aTH. 

Despite the structural similarity between the forms of vitamin E tested. aTH is a 

more potent inhibitor of DNA photodamage than the other tocopherols examined. Since 

aTAc may be hydrolyzed in cells to form aTH. the sunscreening effect exerted by aTAc 

could depend in part on its hydrolysis to aTH. Experiments with the non-hydrolyzable 

tocopherol derivative aTOMe indicated, however, that hydrolysis may not be necessary . 

Equal concentrations of aTOMe and aTAc. which have nearly identical spectral 

properties, produced a similar degree of inhibition of dimer formation. Thus, hydrolysis 

to aTH may not contribute significantly to the photoprotective effect of aTAc when 

acutely applied. 
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It was particularly interesting that aTH was approximately five times more potent 

than vTH and 6TH. This was surprising since both yTH and 5TH had slightly greater 

absorbances within the UVB range than aTH. However, bioassay comparisons of the 

various tocopherols indicated that aTH had the highest biological vitamin F, activity 

(5.14). Binding proteins specific for aTH also have been isolated from membrane 

fractions of human erythrocytes (43). from the cytosol of rat liver (32). from bovine aortic 

endothelial cells (53). from bovine (41) and rabbit heart cytosol (44) and human liver 

(35). These purified proteins bind aTH in preference to 6TH and yTH. Thus, the aTH 

form may be preferentially absorbed by cells and more effectively distributed to critical 

intracellular targets. 

My findings emphasized the need to ascertain which forms of tocopherol are 

active photoprotectants. Although aTH is a superior sunscreen and antioxidant, the 

thermally stable aTAc derivative is more commonly used in sunscreen preparations and 

other skin care products. However, studies by Gensler. et. al. (12) indicated that whereas 

topically applied aTH prevented UVB photocarcinogenesis. neither aTAc nor aTS did so 

under the same conditions. These results provide a plausible mechanistic explanation for 

these differences. 

Another interesting finding was that application of high amounts of different 

tocopherols abolished the differences in inhibition seen at lower concentrations. 

Application of 25 mg of each tocopherol compound led to equal inhibition of dimers by 

cZ-aTH. t/.Z-aTH. aTAc. and aTOMe. Perhaps the sheer amount of aTAc and aTOMe 



applied compensated for their lower UVB absorbances. Furthermore, the stereochemisir> 

of d-aTH versus d.l-alW did not affect dimer inhibition at this dose either. Thus, the 

ability of aTH to suppress tumors when applied topically at this dose, whereas aTAc did 

not. may not be explained purely by their differing abilities to prevent DNA photodamage 

at lower doses. 

It is important to note that these studies only examined acute applications of 

tocopherols. Chronic application of 25 mg of aTH could result in its accumulation in 

keratinocytes. where it could eventually display greater inhibitory action against dimers. 

as was seen in the acute application of lower doses. It was also interesting that the abilit\" 

of all of these tocopherols to inhibit dimers was incomplete, even at high doses. 

Apparently enough UVB penetrated to induce low levels of dimers. This may be one 

reason why aTH did not completely prevent tumors in chronic carcinogenesis studies. 

These studies indicate a novel mechanism by which aTH can inhibit 

photocarcinogenesis. The ability to attenuate DNA damage could prevent mutations in 

critical genes associated with photocarcinogenesis. Thus, the sunscreening activity of 

aTH may be as important as antioxidant activity in preventing cellular damage and tumor 

formation. Further studies will be needed to explain why aTH exhibits superior 

sunscreening actions over other tocopherols and commercial sunscreens in vivo. 
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CHAPTER 3 

UNIQUE IN VIVO EFFECTIVENESS OF a-TOCOPHEROLS AS A 

DNA PHOTOPROTECTANT 

Introduction 

Commercially available sunscreens have been shown to decrease UV induced skin 

damage, most notably erythema and edema, but also DNA damage and carcinogenesis. 

The UVB portion (290-320 nm) of sunlight contains the wavelengths most efficient in 

inducing skin tumors. Most sunscreens absorb in this range, effectively reducing the 

UVB dose reaching the tissues. Recognition of the contribution of UVA to skin damage 

and carcinogenesis has led to the introduction of broad-spectrum agents that absorb in 

both the UVA and UVB. Vitamin E compounds, such as aTH and its ester. aTAc. are 

other common components of commercially available sunscreens. Previous work has 

shown that topical application of vitamin E also inhibits UV induced cellular damage 

such as lipid peroxidation, edema, and erythema (11). More importantly, topical aTH 

also prevents the induction of skin tiunors in mice chronically exposed to UVB 

irradiation (2). 

The protective effects of aTH may be mediated partially by the inhibition of UVB 

induced DNA damage. UV initiated lesions include cyclobutane pyrimidine dimers. pyrimidine 

(6.4) pyrimidone photoproducts. and purine photoproducts. These lesions are known to induce 



deletion and transition mutations which may contribute to skin photocarcinogenesis 

(252). Our previous work has shown that aTH absorbs strongly in the UVB and prevents 

thymine dimer formation when topically applied to mouse skin (387). aT.A.c, the vitamin 

E form most widely used in skin care products, was also able to inhibit UVB induced 

formation of thymine dimers in mouse epidermal DNA when topically applied. However, 

vitamin E compounds and the commercially available sunscreen products differed in their 

apparent effectiveness in preventing DNA photodamage. Of the compounds studied. 

aTH appeared to be the most potent inhibitor. 

Although sunscreen agents have been reported to inhibit DNA photodamage. they 

most typically are evaluated on the basis of inhibition of more comple.x endpoints, such as 

erythema and edema. Because our previous work suggested that aTH and other vitamin 

E compounds may be effective inhibitors of DNA photodamage in vivo, a systematic 

study of several tocopherols derivatives was undertaken to compare their photoprotective 

properties to those of commercial sunscreen agents. Whereas all of the vitamin E 

compounds and sunscreens prevented UV induced edema equally well. aTH was a much 

more potent inhibitor of DN.A photodamage than any of the other compounds. 



Experimental Procedures 

Quantitation of total absorbance in UVB 

For in vitro studies, a 500 |J.M solution in methanol of each tocopherol derivative 

was scanned for absorbance in the UV range from 250-320 nm with a Beckman DU 640B 

spectrophotometer (Beckman Instruments, Fullerton. CA). Similar concentrations of the 

sunscreening agents OMC. EHS. and OXY were also scanned. Chemical structures and 

UV absorbance maxima of the sunscreen compounds used in these experiments are 

shown in Figure 3.1. For in vivo studies. 10 |ag of each compound in methanol was 

scanned for absorbance in the UV range from 250-320 nm since equigram quantities of 

these compounds were applied in these studies. These concentrations were used to 

compare the absorbance properties of these compounds within the linear range for Beer's 

law. Area under the curve of each compound within the limits of the UVB range (285-

320 nm) was determined using the integration function in Origin 3.73 (Microcal 

Software. Inc.. Northampton. MA). Area under the curve measurements for equimolar or 

equigram quantities of each compound were used in correlative analysis. 

UVB irradiation of calf thymus DNA in vitro 

Aliquots of 50 |ag of calf thymus DNA (Sigma Chemicals. St. Louis. MO) in 

water were placed in 96-well microtiter plates. Quartz cover slips, which completely 

transmit UV light, were placed over the wells. Each compound (500 nmol) was 

suspended in 10 |j.l mineral oil and spotted on the cover slips above the DNA. Control 
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Figure 3.1: Structures and Amix in methanol of sunscreening compounds once or 
currently found in the majority of commercially available sunscreens. 



experiments indicated that the mineral oil was completely UV transparent in the 

wavelength range studied. Sunscreen solutions completely covered the open end of each 

well and reduced the effective dose of UVB reaching the DNA. Plates were placed under 

a Westinghouse FS20 lamp and exposed to 2.5 J/m"/s for 60 min. UV transmittance 

through the sunscreens was measured after UV exposures and was found to be equivalent 

to that prior to exposure. 

Topical treatments and UVB irradiation in vivo 

Female C3H/HeNTac mice (Taconic, Germantown. NY). 10-14 weeks old. were 

used in all experiments. Four mice per test group were analyzed and results were 

confirmed in duplicate experiments. Test compounds were mixed in a neutral cream 

vehicle. Vanicream (Pharmaceutical Specialties. Inc.. Rochester. MN). in 1% or 5% 

(\v/\v) dispersions and 50 mg of cream was applied to the shaved backs of mice 15 min 

prior to irradiation. On a molar basis, the applied aTH. yTH. 6TH. aTAc. aTOMe. 

OXY. OMC. and EHS dispersions contained 5.8, 6, 6.2. 5.3. 5.6. 11. 8.6. and 10 fimol of 

each compound, respectively. Thus the doses of vitamin E compounds were lower than 

those of the commercial sunscreens on a molar basis. Controls received vehicle only. 

Studies were also undertaken using a DMSO vehicle. In these studies. 1% and 5% (vv/v) 

solutions of compounds in DMSO were mixed and 50 jil of this solution was then applied 

to the backs of mice. Using either vehicle, no significant difference in dimer levels 

between vehicle treated and untreated controls was detected (not shown). Irradiation 

lamps and doses were the same as described in Chapter 2. 
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DNA preparation and thymine dimer analysis 

Immediately after irradiation, mice were sacrificed by CO: asphyxiation, their 

dorsal skin was removed and the epidermal cells were isolated (384) within 30 min of 

sacrifice. DNA was extracted with the G-NOME kit (Bio 101. Inc.. La Jolla. CA) and 

hydrolyzed as described in Chapter 2. Thymine dimers were isolated by HPLC. 

derivatized with pentafluorobenzyl bromide, and analyzed by GC with electron capture 

detection. 

Measurement of edema inhibition 

In initial experiments, three mice per time point were treated with Vanicream and 

placed under the FS20 lamps and exposed to 2.5 J/m"/s UVB for 60 min. Edema was 

evaluated immediately or 4. 8 and 24 hours post exposure. In subsequent experiments, 

four mice per test group were treated with 50 mg of 5% dispersions of a variet\' of 

sunscreen agents and tocopherols. Twenty four hours post-exposure, the mice were 

euthanised and their dorsal skin removed. Edema was determined by measuring the 

double skin-fold thickness using a micrometer caliper (Fisher Scientific. Pittsburgh. P.A.). 

Results were expressed as means ± standard deviation. 

Statistical analysis 

Results were analyzed for statistical significance by ANOVA. Treatment groups 

were compared to vehicle controls. Relationships between absorbance and dimer 

inhibition were assessed by correlation analysis. For studies comparing the effect of 
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vehicle on dimer inhibition. ANOVA analysis was used to compare the inhibition seen by 

each compound after application in Vanicream versus DMSO. 
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Results 

Determination of area under the UVB absorbance curve for tocopherol derivatives 

and commercial sunscreen compounds 

Analysis of area under the UVB absorbance curve demonstrated that the 

compounds found in commercially available sunscreen products had a greater absorbance 

in the wavelengths from 285-320 nm than any of the tocopherol derivatives when 

analyzed at equimolar concentrations. Figure 3.2 shows the absorbance spectra of 500 

|aM solutions of each tocopherol (top) and 50 |iM solutions of each sunscreen compound 

(bottom) with aTH included as a reference. Table 2.1 shows the absorbance ma.\ima for 

each compound in methanol and the computed area under the curve. The commercially 

available products have nearly tenfold greater UVB absorbance than the tocopherols. 

In vitro inhibition of thymine dimers in calf thymus DNA by vitamin E compounds 

and sunscreen compounds 

Irradiation of calf thymus DNA in 96-well plates for 60 min formed 589±183 

pmol thymine dimers/|j,mol thymine as shown in Figure 3.3 (A). Dimer levels in DNA 

irradiated through quartz cover slips coated with only the mineral oil vehicle were 

identical to those in DNA irradiated through quartz cover slips alone (not shown). All of 

the test compounds inhibited thymine dimer formation. aTAc and aTOMe had the 

lowest total UVB absorbances and also were the least effective inhibitors of dimer 

formation as neither significantly reduced dimer levels below vehicle controls. 



Sample A.max (in MeOH), 
£ (mM"' cm'*) 

AUC from 285-320 nm for 
500 nmol agent 

Quartz + oil control - -

aTAc 286. 1.12 4.63 

aTOMe 288. 1.19 6.43 

alH 292. 2.72 22.83 

6TH 296. 3.09 31.82 

yTH 296. 3.09 33.36 

EHS 306. 4.96 79.84 

OXY 286.16.12 
320. 10.4 

196.88 

OMC 308. 25.55 225.91 

Table 3.1: Wavelength of maximum absorbance in the UV spectrum and relative 
extinction coefficients (mM"' cm"') for each compound are displayed in the first column. 
The area under the curve (AUC) measurements in the UVB (285-320 nm) for 500 nmol 
of each compound are shown in the second column. Each compound (500 nmol) was 
scanned for absorbance by UV-spectrophotometry and the area under the curve integrated 
as described in Experimental Procedures. 
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Figure 3.2: Absorbance spectra of 500 |iM solutions of tocopherols in methanol (top) 
and 50 |aM solutions of sunscreening compounds in methanol (bottom). 
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Figure 3.3: (A). In vitro inhibition of thymine dimers in calf thymus DNA by 500 nmol 
of each sunscreen compound applied above the DNA on a quartz cover slip. Calf thymus 
DNA was exposed to UVB and analyzed for thymine cyclobutane dimers as described 
under Experimental Procedures. Statistically significant differences compared to controls 
are indicated (*p<0.05). Each bar represents an n=3 and standard deviation. (B.) 
Correlation analysis of total absorbance in the UVB and ability to inhibit DNA 
photodamage in vitro (p<0.001 and r"=0.97). 
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The tocopherol homologues aTH. yTH and 5TH significantly inhibited dimer formation 

(p<0.05) to 196±29. 203±40. and 194±63 pmol thymine dimers/[imoI thymine, 

respectively. The commercial products OXY. EHS. and OMC conferred the greatest 

inhibition (p<0.05) to 67±49. 100±99. and 33±17 pmol th\Tnine dimers/|imoI thymine. It 

seemed probable that the ability of a compound to absorb in the UVB would accurately 

predict its ability to prevent UVB induced DNA photodamage in vitro. The log (total 

integrated absorbance in the UVB) indeed was highly correlated (r" = 0.97) with the 

ability of a compound to prevent thymine dimer formation (Figure 3.3 (B)) in calf thymus 

DNA (p<0.0001). 

Topically applied sunscreening compounds inhibit UVB induced edema 

In initial experiments, mice were topically treated with 50 mg of Vanicream 

vehicle and irradiated. Figure 3.4 shows that unirradiated control mice had a skin 

thickness of 1.3±0.3 mm. Double skin-fold thickness was significantly (**p<0.01) 

increased compared to vehicle controls by 8 hours post exposure to 2.5±0.1 mm. Double 

skin-fold thickness at 16 and 24 hours post exposure was similarly increased to 2.5±0.01 

and 2.4±0.2 mm. respectively. To evaluate the ability of sunscreening compounds to 

inhibit edema, mice were topically treated with 5% dispersions of various tocopherols and 

sunscreening compoimds. They were then irradiated and their double skin-fold thickness 

was measured 24 hours post exposure. Figure 3.5 shows that unirradiated control mice 

had a skin thickness of 1.13±0.02 mm. UVB exposure of vehicle treated 
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Figure 3.4: UVB induced edema increased over time. Mice were treated with 
Vanicream and irradiated. Edema was assessed by measuring the double skin-fold 
thickness with microcalipers. Each bar represents the mean ± standard deviation of 3 
mice. Statistically significant increases in edema compared to mice treated with no UVB 
are indicated (**p<0.01). 
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Figure 3.5: Sunscreening compounds inhibit UVB induced edema. Mice were exposed 
to UVB and double skin-fold thickness measured 24 hours later using a caliper. Topical 
application of 5% dispersions of each compound prior to irradiation resulted in significant 
(*p<0.05. **p<0.01) inhibition of edema compared to vehicle treated mice. 



mice increased double skin-fold thickness to 2.1±0.4 mm. Topical 5% dispersions 

equally and significantly inhibited edema (p<0.05). Double skin-fold thickness was 

reduced to 1.5-1.6 mm due to treatment with any of the compounds. SPF 8 sunscreen 

also inhibited edema, although not significantly, while SPF 15 significantly inhibited 

edema (**p<0.01) to I.2±0.1 mm. 

In vivo inhibition of thymine dimers in mouse epidermal DNA by topical application 

of tocopherols and sunscreen compounds 

Topical application of the vitamin E compounds in a neutral cream 5% (w/w) 

dispersion inhibited thymine dimer formation in epidermal DNA in vivo (Figure 3.6 (A.)). 

E.xposure to 2.5 J/m"/s UVB for 60 min in control mice resulted in the formation of 

250±6l pmol thymine dimers/{imol thymine. A 5% (w/w) dispersion of aTH produced 

the greatest inhibition of all compounds studied. aTH significantly (p<0.01) inhibited 

dimers to 47±27 pmol thymine dimers/fj.mol thvinine. 6TH and yTH also significantly 

(p<0.05) inhibited dimer formation to 121±79 and 109±7l pmol thymine dimers/(j.mol 

thymine respectively. Neither aTAc nor aTOMe significantly decreased dimer 

formation, although a slight inhibitory trend was seen. 

Topical application of each sunscreen compound in a neutral cream 5% (w/w) 

dispersion also inhibited thymine dimer formation in vivo in epidermal DNA (Figure 3.6 
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Figure 3.6: (A.) In vivo inhibition of thymine dimers in mouse epidermal DNA by 5% 
dispersions of each sunscreen compound topically applied. Mice were treated with 5% 
dispersions of various compounds. Mice were then exposed to UVB and epidermal DNA 
was analyzed for thymine cyclobutane dimers as described in Experimental Procedures. 
Statistically significant differences compared to controls are indicated (*p<0.05. 
*p<0.01). Each bar represents the mean and standard deviation of 4 mice. (B.) 
Correlation analysis of total absorbance in the UVB and ability to inhibit DNA 
photodamage in vivo (p=0.7077 and r~=0.22). 



(A.)). A 5% (vv/w) dispersion of OMC significantly (p<0.05) inhibited dimer formation 

to 110±37 pmol thymine dimers/fimol thymine. Although topical application of EHS and 

OXY resulted in some inhibition of dimer formation, this inhibition was not statistically 

significant. As shown in Figure 3.6 (B.). the integrated absorbance in the UVB was not 

predictive (r"=0.22) for the ability of the compounds to prevent thymine dimers in mouse 

epidermal DNA (p=0.7034). 

Effect of vehicle on inhibitica of thymine dimers in mouse epidermal DNA in vivo 

Differences in epidermal penetration and distribution may account for the 

observed differences between compounds in preventing DNA photodamage in vivo. To 

investigate the effect of penetration into the skin on inhibition of DNA photodamage. 

each compound was applied in a DMSO vehicle. DMSO enhances penetration by acting 

as an effective solubilizing agent (388.389). E.xposure to 2.5 J/m"/s UVB for 60 min in 

DMSO treated control mice resulted in the formation of 299 ±103 pmol thymine 

dimers/|imol thymine. These levels were not significantly higher than in Vanicream 

treated control mice. Table 3.2 shows the percent inhibition of thymine dimers for test 

compounds applied in either a Vanicream or DMSO vehicle. DMSO did not significantly 

increase the ability of aTH to prevent thymine dimer formation. The protective effect of 

aTAc. however, was increased 4-fold in the 1% dispersion and 2-fold in the 5% 

dispersion. DMSO only slightly increased the photoprotective effects of the other 

tocopherol derivatives. In contrast, the photoprotective effects of EHS and OXY were 

dramatically increased by DMSO. 
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Sample % inhibition in Vanicream %inhibition in DMSO 
1 %  a T H  56 44 

5% aTH 81 72 

l % y T H  38 45 

5% yTH 55 56 

1% 6TH 40 56 

5% 6TH 55 78 

1% aTAc 6 24 

5% aTAc 22 44 

1% EHS 11 54 

5% EHS 29 75 

1% OXY 20 51 

5% OXY 28 71 

Table 3.2: In vivo inhibition of thymine dimers in mouse epidermal DNA by 5% 
dispersions of each sunscreen compound topically applied in a DMSO vehicle. Mice 
were treated with the 5% dispersions of the various compounds dissolved in DMSO. 
They were then exposed to UVB and the epidermal DNA was analyzed for thymine 
cyclobutane dimers as described under Experimental Procedures. Percent inhibition of 
control levels of thymine dimers in epidermal DNA are shown. 



Application of 1% or 5% (\v/v) solutions in DMSO increased the inhibitory' effect of EHS 

2.6- and 4.9-fold respectively (p<0.05). Inhibition of dimer formation by 1% and 5% 

(w/v) OXY was increased 2.6- and 2.5-fold respectively, when DMSO was used as the 

vehicle (p<0.05). 



126 

Discussion 

The observation that both UVB and UVA components of sunlight contribute to 

skin damage and cancer led to development of broad spectrum sunscreens. It is 

commonly believed that a more extensive and a stronger absorbance in the UV will 

confer greater protection against UV induced damage. Our experiments establish that, in 

vitro, this assumption holds true for protection against DNA photodamage. In vivo. 

however. aTH was highly effective in the prevention of DNA photodamage despite 

having a lower integrated absorbance than a variety of other sunscreening agents. 

Furthermore, all compounds tested were equally effective in protecting against UVB 

induced edema under our irradiation conditions. Commercial SPF sunscreening products 

also offered a similar degree of protection against UVB induced edema. Thus, a greater 

UVB absorbance did not confer greater photoprotection against edema or DNA 

photodamage in vivo, suggesting that properties other than physical absorbance are 

important in the determination of sunscreen potency. 

Sunscreens, applied on a cover slip above calf thymus DNA, can block UVB and 

inhibit the formation of thymine dimers. Furthermore, when equimolar amounts of these 

sunscreens were compared, compounds with greater integrated absorbance in the UVB 

were superior in their DNA photoprotection. Thus, total integrated absorbance in the 

UVB was a good predictor for the ability of each sunscreen to inhibit thymine dimer 

formation in vitro. This suggests that pm-e physical absorbance of UVB energy seems to 

be the primary photoprotective mechanism in vitro. 



Although the in vitro system established a clear relationship between UVB 

absorbance and DNA photoprotection. interactions between sunscreening compounds and 

cellular molecules could not occur. These interactions may affect absorption and 

distribution of these compounds in the skin. To investigate the relationship of UV 

absorbance to DNA photoprotection in vivo, each sunscreen was applied to the backs of 

mice and thymine dimers in the epidermal DNA were measured following UVB 

exposure. These results showed that despite their greater integrated absorbance in the 

LfVB. the commercial sunscreens did not confer superior protection against UVB induced 

DNA photodamage compared to the tocopherol derivatives. In fact, when applied in 

equal (w/w) amounts, all of the tocopherols tested were as effective or better than the 

commercial sunscreening agents in their ability to prevent thymine dimers. This 

indicated that total absorbance in the UVB was not a good predictor for the ability of the 

sunscreens to prevent DNA photodamage in vivo. The striking ability of aTH to pre\ent 

DNA photodamage warranted further investigation. 

One reason for the observed disparities in DNA photoprotection may be 

differences in skin penetration of these sunscreen compounds and their subsequent 

interaction with critical intracellular targets (e.g. the nucleus). To investigate the 

importance of sunscreen absorption in DNA photoprotection. the compounds were 

applied in a DMSO vehicle to increase their penetration into the skin. DMSO 

substantially increased the ability of the commercially available sunscreens to inhibit 

thymine dimers. The commercial sunscreening agents are polar and less lipid soluble 

than the tocopherol compounds, which probably decreases the rate of absorption. 



Conversely, application of the tocopherol compounds in DMSO only modestly increased 

their photoprotective abilities. This suggests that the tocopherols can penetrate well 

regardless of vehicle, where they may then associate with cell membranes or 

macromolecules in a protective manner. 

Certain sunscreen products have been shown to inhibit other manifestations of UV 

induced damage independent of skin contact. Walker and Young (330) showed that 

ODM-PABA and OMC formulations protected against UV induced edema and 

immunosuppression equally when applied either topically to the skin or on transpore tape 

applied to the top of cages. This suggests that pure physical absorbance of UV is 

responsible for the photoprotective effects of these compounds and cellular interactions 

do not play a role. aTH has also been shown to protect against UV induced edema and 

immunosuppression (2.363). Cellular interactions may play a major role the ability of 

aTH to protect against these diverse types of UVB induced damage. 

The in vivo data demonstrate that aTH was the best DNA photoprotectant tested. 

aTAc and aTOMe. which have similar structures to aTH but lower integrated 

absorbance. were much less effective. The total integrated absorbance of aTAc and 

aTOMe is 80% and 72% lower, respectively, than that for aTH. This could account for 

their lower photoprotective abilities. In addition, previous studies have shown that 

topically applied aTH inhibited UV induced skin tumors, whereas aTAc and aTS did not 

(2.12). Superior DNA photoprotection produced by aTH may contribute to its greater 

ability to prevent photocarcinogenesis. yTH and 5TH. however, have greater integrated 
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absorbances than aTH in addition to nearly identical chemical structures. Thus, the 

physical penetration of these homologues should be nearly identical. It is unclear why 

aTH is a more powerful DNA photoprotectant than yTH or 5TH. Regardless, these other 

derivatives of tocopherol may still be absorbed more easily or in a more protective 

conformation than commercially available sunscreens, conferring greater photoprotection. 

The existence of endogenous tocopherol binding proteins in a number of cells and 

species (35.42.45) may partially account for the differences in tocopherol DNA 

photoprotection. Rabbit heart cytosolic proteins have been purified which may function 

in the transport of aTH to subcellular compartments such as the mitochondria (45). 

Isolated rat liver proteins have been shown to transport aTH to the nuclear fraction of the 

cell (32,44). Similar proteins may be present in keratinocytes and could preferentially 

transport aTH to the nucleus or nuclear membrane. aTH may then closely associate with 

the DNA in a protective manner, allowing for the greater photoprotection seen. Since 

these tocopherol binding proteins bind aTH with high affinity but interact weakly, if at 

all, with 5TH. yTH. and aTAc (42). this may also explain the greater photoprotection 

demonstrated by aTH. 

Our studies indicate that aTH is a potent inhibitor of DNA photodamage. Other 

tocopherol derivatives and various sunscreen compounds are less potent, despite having 

greater UVB absorbances. The ability of aTH to prevent DNA photodamage strongly 

suggests that topical application of aTH could also prevent mutations in skin cells, 

supplying a strong rationale for its role in skin cancer prevention. Our studies suggest 
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that cellular factors play a role in the ability of a compound to protect DNA against LJVB 

induced photodamage. Further studies will be needed to investigate cellular uptake of 

aTH and distribution mechanisms which could account for the superior in vivo 

sunscreening actions of aTH over other tocopherols and commercial sunscreens. 



CHAPTER 4 

CELLULAR UPTAKE, DISTRIBUTION AND PHOTOPROTECTIVE 

ACTIONS OF VITAMIN E COMPOUNDS IN VITRO 

Introduction 

Tocopherol uptake has been studied in a number of cells including RBC and 

endothelial cells. Many of these studies have shown that whereas yTH may accumulate in 

cultured cells more rapidly. aTH gets taken up to approximately the same amount 

(27.28). Furthermore. yTH levels tend to decrease at later time points, while aTH is 

preferentially retained within the cells. Biodiscrimination seems to favor the retention of 

aTH over the other tocopherols in both cultured cells and in vivo (22.31). 

In vitro studies have shown that tocopherols also may be distributed within the 

cell to the organelles. Transport of aTH to mitochondria and the nucleus has been 

demonstrated in rabbit heart (44.45) and rat liver (32) cells. In the nucleus. aTH 

associated with non-histone proteins that also closely associate with DNA (32.44). 

Binding proteins specific for aTH may play a role in this apportionment and have been 

found in a variety of cells (32,42,45). These tocopherol binding proteins (TBP) have a 

greater affinity for aTH than the other tocopherol compounds. 

The observation that aTH is a more potent DNA photoprotectant than other 

tocopherols with superior UVB absorbance (Chapter 3) suggests that cellular uptake and 



distribution may influence the ability of these compounds to act as sunscreens. Kinetic 

differences in the uptake and the extent of cellular distribution of tocopherols could affect 

their sunscreening potential. These studies demonstrate the ability of cultured 

keratinocytes to take in and distribute tocopherol compounds to the nucleus. The 

photoprotective ability of these compounds once associated with the cells was also 

evaluated. 



Experimental Procedures 

Cells 

The mouse keratinocyte 308 cell line was used in all studies. Cells were a gift 

from Dr. Tim Bowden and Dr. Marianne Powell. Cells were maintained in 10% fetal calf 

serum supplemented DMEM in 5% COi at 37°C. 

Tocopherol exposures 

For studies of tocopherol concentration dependent inhibition of thymine dimer 

formation, cells were grown to -80% confluency in 60 mm plates. Tocopherols were 

introduced in 20 |j1 of ethanol to bring the medium to the desired concentration. Cells 

were incubated with 50 nM. 100 nM. 500 nM or I (iM of each tocopherol for 24 hours. 

Cells then were washed in PBS to remove any tocopherol not associated with the cells 

and 7 ml of PBS was layered on top prior to irradiation. 

For studies of time dependent inhibition of dimer formation, cells were grown in 

100 mm plates. Cells were incubated with 1 [aM tocopherol in 20 ml of PBS for vary ing 

times. Ethanol was used as the vehicle. After the cells were washed in PBS. 10 ml of 

PBS was layered over the surface of the dish prior to irradiation. 

Cells harvested for uptake studies were treated the same as the cells for time 

course studies. After cells were washed in PBS. cells were scraped off the plates with a 

rubber policeman and washed again. Either whole cells or nuclear fractions were 

analyzed for aTH content. 
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Irradiation and thymine dimer analysis 

Plates containing cells were placed under an FS20 lamp emitting 2.5 J/m~/s for 10 

min. Immediately after irradiation, cells were harvested, their DNA extracted, and 

thymine dimers measure as described in Chapter 2. 

Preparation of nuclei 

Nuclei were isolated as described by Kroll (390) with minor modifications. 

Brietly. cells were resuspended in 30 mM Tris-HCl. pH 7.5. 3 mM MgCh. 10 mM KCl, 

20% glycerol. 1 mM PMSF. 1 mM benzamidine. and 20 |ig/ml each of antipain. 

aprotinin. leupeptin. and pepstatin and lysed by the addition of 100 jil 10% triton X-100. 

The lysate was left on ice for 2 min then centrifuged at 12000 X g for 90 seconds. The 

supernatant, containing cjlosolic plasma membrane components, was removed and 

immediately frozen at -70°C. The remaining nuclear pellet was washed in 1 mM Tris-

HCl buffer. pH 7.5. to remove any unassociated cellular debris. Whole nuclear pellets 

were irradiated on a plastic dish or subjected to tocopherol extraction. 

Extraction and preparation of aTH for GC-MS analysis 

Cells were extracted with equal volumes of ethanol and hexane in the presence of 

100 (il 1 mM BHT. and 1 ml 10 mM sodium dodecyl sulfate and 20 nmol d6-aTH was 

added as an internal standard. Extracts were sonicated and centrifuged. then the hexane 

layer was removed and the extraction was repeated twice more. The extracts were 

evaporated under a stream of nitrogen. For GC-MS analysis of aTH. each sample was 



resuspended in 100 [j.1 DMF. Addition of 100 [0.1 BSTFA + 1% TMCS and room 

temperature incubation for one hour resulted in the formation of TMS-aTH derivatives. 

GC-MS was performed with a Fisons MD800 mass spectrometer coupled to a Carlo Erba 

5000 series GC (Fisons Instruments. Beverly. MA). Samples were injected on-column 

with a Fisons A200S autosampler. separated on a 30 m x 0.25 mm l.D. DB-5 capillarv-

column (J&W Scientific. Folsom. CA) with helium as the carrier gas and ionized with a 

70 eV electron beam. The GC oven temperature was set at 100°C for 2 min. programmed 

to 280°C at 15°C min"'. and held for 2 min. The samples were monitored in selected ion 

monitoring mode and quantitated from a calibration curve constructed from authentic 

ciTH standards. Ions monitored include m.': 503 (do). 506 (ds) and 509 (d6). 

Fluorescence detection of aTH, yTH and 5TH 

Tocopherols were extracted as above. y-Tocotrienol (yTTR) was used as the 

internal standard. GC-MS analysis of yTH and 5TH was not possible due to the lack of 

availability of deuterated standards. Tocopherols were separated by reverse phase HPLC 

with a Spherisorb ODS-2. 5 mm. 250 X 4.6 mm column, eluted with 98:2 MeOH:l N 

NaAc. pH 4.5. at a flow rate of 1.5 ml min."' An excitation wavelength of 290 nm and an 

emission wavelength of 325 rmi was used. Tocopherols were detected with a Hewlett 

Packard 1046A programmable fluorescence detector, which allowed a detection limit of 

100 fmol injected tocopherol. Tocopherol levels in whole cell and nuclear fractions were 

normalized to whole cell protein content. Protein was analyzed using the bicinchoninic 

acid (BCA) assay (Sigma. Rockford. IL). 



1 3 6  

Statistical analysis 

Results were analyzed for statistical significance by ANOVA. For dimer 

inhibition studies, treatment groups were compared to control values for dimer induction. 

In studies comparing relative inhibition after 2 hour incubation with the various 

tocopherol compounds, treatment groups were also compared to each other. For uptake 

studies, tocopherol uptake was compared to control values of endogenous aTH. aTH. 

yTH. and 6TH levels were also compared to each other at each time point. 



Results 

Inhibition of dimers after 24 hour incubation with vitamin E compounds 

To study the effect of in vitro tocopherol supplementation on inhibition of DNA 

photodamage. mouse keratinocyte 308 cells were incubated with various concentrations 

of aTH, yTH. 6TH. aTAc. or aTOMe for 24 hours. Cells were exposed to 2.5 J/m"/s 

UVB for 10 min. which resulted in the formation of 2.28±0.48 nmol thymine 

dimers/|.imol thymine in vehicle treated cells. Incubation with concentrations of these 

tocopherols ranging from 50 nM - I uM resulted in dose dependent inhibition of dimer 

formation as shown in Figure 4.1. No significant differences in potency were seen 

between the tocopherols in their ability to inhibit dimer formation. 

Inhibition of thymine dimer formation after incubation with vitamin E compounds 

for increasing lengths of time 

Experiments were undertaken to investigate whether the ability of vitamin E 

compounds to inhibit dimer formation was dependent on time of incubation. Following 

incubation with the vitamin E compounds for various times, cells were exposed to 2.5 

J/m^'s UVB for 10 min. which resulted in the formation of 1.1 ±0.26 nmol thymine 

dimers/|imol thymine in vehicle treated cells (Figure 4.2). Control levels of dimers were 
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Figure 4.1: Dose dependent inhibition of thymine dimer formation by incubation with 
tocopherols. 308 cells were incubated with various concentrations of tocopherols for 24 
hours then exposed to UVB for 10 min. Thymine dimers were analyzed as described in 
Experimental Procedures. 
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Figure 4.2: Time dependent inhibition of thymine dimer formation in 308 cells by 
incubation with aTH. 308 cells were incubated for various times with 1 i^M aTH then 
exposed to UV3 for 10 min. Statistically significant inhibition is indicated (*p<0.05). 
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lower in these experiments than in the previous experiment described above, probably 

due to the use of larger plates with concomitantly greater volumes of PBS layered over 

the cells during irradiation. Incubation with 1 |aM aTH for 0.25. 0.5. I, 2 or 6 hours 

resulted in a time dependent decrease in thymine dimer formation. Significant inhibition 

(p<0.05) was seen at 2 and 6 hours with a reduction in dimer formation to 350±26 and 

210±94 pmol thymine dimers/|imol thymine, respectively. Incubation with I i^M aTH 

for periods longer than 6 hours did not result in greater decreases in dimer induction (not 

shown). 

To ascertain whether the vitamin E compounds exhibited differing abilities to 

inhibit dimer formation at 2 hours. 308 cells also were incubated with I |aM solutions of 

each of the other vitamin E compounds. A 2 hour incubation time was chosen since aTH 

displayed significant inhibition by this time point. Although all vitamin E compounds did 

inhibit dimer formation to some degree, only aTH significantly (p<0.05) inhibited dimer 

formation compared to control (Figure 4.3). However, the inhibition shown by aTH did 

not significantly differ from the inhibition shown by the other tocopherol compounds. 

Ability' of aTH to protect isolated nuclei from photodamage 

To ascertain whether aTH incorporation could protect isolated nuclei from DNA 

photodamage. cells were incubated with I jiM aTH for increasing lengths of time. 

Nuclei were isolated and then exposed to UVB for 20 or 40 min. Irradiation of nuclei 
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Figure 4.3: Inhibition of thymine dimer formation in 308 keratinocytes after incubation 
with tocopherols for 2 hours. 308 cells were incubated in 1 |j.M of various tocopherols 
for 2 hours then irradiated. aTH significantly inhibited dimer formation (*p<0.05). 
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Figure 4.4: aTH does not protect isolated nuclei against UVB induced DNA 
photodamage. 308 cells were incubated with 1 fiM aTH and their nuclei isolated. 
Nuclear pellets were exposed to UVB for 20 min (top) and 40 min (bottom). 



from vehicle treated cells resulted in the formation of 50±17 and 262±78 pmol thvinine 

dimers/p.mol thymine at 20 and 40 min of irradiation (Figure 4.4). Incubation with aTH 

for any period of time did not result in protection from DNA photodamage in isolated 

nuclei. 

Cellular uptake and distribution of aTH 

aTH uptake studies utilized trideuterated (d3)-aTH. which allowed selective 

measurement of both added ds-aTH and endogenous do-aTH. Incubation with 1 |aM d3-

aTH resulted in a time dependent increase in aTH levels. Significant accumulation of 

I67±62 pmol d3-aTH/mg protein (p<0.05) occurred by 1 hour in whole cell fractions 

(Figure 4.5). ds-aTH levels in the nuclear fraction also increased over time with 

significant levels of 14.6±3.8 pmol ds-aTH/mg protein (p<0.05) reached at 2 hours. 

Endogenous levels remained constant throughout the experiment. Accumulation of aTH 

in the nuclei corresponded temporally with onset of significant protection against DNA 

photodamage. 

Comparative cellular uptake and distribution of aTH, yTH and 5TH 

The uptake and distribution to the nucleus of aTH. yTH and 5TH were compared. 

Cells were incubated with 1 (iM of either tocopherol compound for increasing lengths of 

time then harvested. Tocopherols were quantitated by fluorescence detection. Basal 

cellular levels of aTH were measured in the whole cell and nucleus at 13.3 ±0.2 and 

4.5±5.4 pmol aTH/mg protein, respectively (Figure 4.6). aTH levels in cells 
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Figure 4.5: Cellular uptake of aTH in the whole cell (top) and nuclei (bottom). Cells 
were incubated with ds-aTH for increasing amounts of time. Cells were then harvested 
and the tocopherols were extracted and measured by GC-MS. 
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Figure 4.6: Comparative uptake of aTH. yTH and 5TH over time. Cells were incubated 
with 1 |iM aTH. yTH or 6TH for 30 min. 1, 2. or 6 hours. Cells were then harvested and 
aTH and yTH levels measured by fluorescence detection in the whole cell (top) and 
nuclear pellet fraction (bottom). Significant accumulation is denoted (*p<0.05). 



146 

supplemented with yTH remained relatively constant at 13.2±7.6 pmol aTH/mg protein 

in whole cell fractions and at 5.6±3.2 pmol aTH/mg protein in nuclei (not shown). aTH 

levels in cells supplemented with 6TH were also measured at I.3±2.4 pmol aTH/mg 

protein in the nuclei and 9.02±11.8 pmol aTH/mg protein in the whole cell (not shown). 

yTH and 5TH levels were undetectable in unsupplemented cells (not shown). In the 

whole cell fractions, significant accumulation (p<0.05) of 256.9± 159 pmol aTH/mg 

protein occurred after one hour and of 320.5±183 pmol yTH/mg protein after two hours 

(Figure 4.6). Significant amounts of 16.6±4.6 pmol aTH/mg protein and 15.8±2.2 pmol 

yTH/mg protein were found in the nucleus after 6 hours (p<0.05). 5TH did not 

accumulate significantly in the nuclei, but did reach significant levels (p<0.01) of 

35I.6±20.2 pmol 6TH/mg protein in the whole cell fractions after 2 hours of incubation. 

However, levels of 5TH were not significant in the whole cell at 6 hours. Overall, the 

degree of uptake in both the whole cell and nuclear fraction of the cells did not differ 

significantly between aTH. yTH, and 6TH. 
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Discussion 

All of the vitamin E compounds studied conferred dose dependent protection 

against UVB induced DNA photodamage in 308 keratinocytes. This suggests that all 

were incorporated into the cells in a biologically protective manner. A 24 hour 

pretreatment resulted in equal photoprotection by all vitamin E compounds. However, 

after 2 hours of incubation, only aTH showed a significant ability- to inhibit thymine 

dimer formation. Thus. aTH exerted photoprotective activity more rapidly than the other 

tocopherols. 

Other in vitro cell systems have demonstrated cellular tocopherol uptake. To 

verify that aTH was indeed associated with the 308 cells and to monitor its distribution 

within the cells, both whole cell and nuclear associated aTH were measured. Use of d^-

aTH as the supplemented form of aTH allowed differentiation between endogenous and 

supplemented ds-aTH. Endogenous levels of whole cell and nuclear aTH stayed 

constant, which assured that experimental conditions did not alter the distribution of 

endogenous aTH. Whole cell aTH levels increased significantly by 1 hour, while 

significant distribution to the nuclear region of the cell did not occur until 2 hours. 

Significant accumulation of aTH in the nucleus coincided temporally with the onset of 

significant DNA photoprotection. Thus, it appears that the DNA photoprotective effect 

of aTH may depend on distribution to intracellular sites such as the nucleus. 
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Previous research has shown that aTH is a much more potent inhibitor of thymine 

dimer formation than other tocopherols in vivo. Experiments in the cultured 

keratinocytes showed that aTH also conferred greater photoprotection after 2 hours 

incubation than the other tocopherols. Differences in cellular uptake may influence the 

photoprotective potential of the tocopherol compounds. Comparison of both whole cell 

and nuclear levels of aTH and yTH after supplementation showed that both tocopherol 

compounds accumulate in the cells to approximately the same extent. Significant 

accumulation of aTH occurred more quickly in the whole cell, although neither aTH nor 

yTH accumulated to significant levels in the nucleus until 6 hours of incubation. These 

results suggest that accumulation of these tocopherols occurs at a similar rate, even in the 

nucleus. Surprisingly. 6TH did not accumulate in significant amounts in the nucleus even 

after accumulating to a significant degree in the whole cell fraction. Perhaps the transfer 

of this vitamin E compound does not occur or was inhibited by experimental conditions. 

These experiments could not ascertain with which components of the nucleus the 

tocopherol compounds were associated. Interactions with specific proteins or the DNA 

itself may differ between yTH. 5TH and aTH. 

Previous studies have demonstrated the presence of binding proteins that seem to 

function in the intracellular transport of aTH. The time dependent accumulation of aTH 

in the nucleus of 308 keratinocytes may reflect the activity of a similar protein. While 

aTH did show an slightly superior ability to protect DNA after a 2 hour pretreatment. the 

differences in potency between the tocopherols were not as great in the 308 cells as in 
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vivo. These cultured keratinocvtes may express different levels of this protein, which 

could affect their ability to bring aTH into the cell. 

The inability of aTH to protect isolated nuclei from DNA photodamage may 

reflect an uncoupling of aTH with the nuclear material. Isolation of the nuclei may 

produce conditions under which aTH does not associate with the DNA in a protective 

manner. Furthermore, cellular components such as the cytoplasm or an intact nuclear 

membrane may play an integral part in protecting DNA. Intracellular distribution to non-

nuclear components of the cell may provide protection that is lost in isolated nuclei. 

I conclude from these studies that uptake and distribution kinetics may not explain 

the photoprotective superiority of aTH. Although aTH did show greater inhibition of 

UVB induced DNA photodamage at earlier time points, it did not accumulate in the cells 

much more rapidly than yTH. Furthermore, the distribution of both tocopherols to the 

nucleus occurred at a similar rate. TBP may play a role in the distribution of aTH to the 

nucleus, although diffusion may also allow transport to critical cellular targets, at least in 

cultured cells. Perhaps aTH associates with particular proteins or the DNA in different 

manner than do the other tocopherols. Further research is needed to localize the 

components of the cell with which aTH associates. 



CHAPTER 5 

SUMMARY 

The rising incidence of skin cancer and the morbidity associated with it has 

prompted campaigns to increase public awareness and the search for effective 

chemopreventive agents. Many promising sunscreen products are on the market and have 

been shown to reduce some LTV induced damage. However, the degree of protection 

these different compounds provide against specific endpoints has not been carefully 

elucidated. Vitamin E compounds have been shown to attenuate UV damage and 

responses also. Unfortunately. aTAc. the form of vitamin E most often included in these 

commercial sunscreen preparations, apparently lacks the photoprotective potency of aTH. 

Clear differences have been shown in the ability of different forms of vitamin E to 

modulate signaling pathways, inhibit cell proliferation and protect against skin cancer. 

Delineation of specific protective actions of each of these compounds could be useful in 

developing chemopreventive products. 

These studies assessed the ability of vitamin E compounds to prevent UVB 

induced formation of a photodamage specific marker, thymine cyclobutane dimers. 

Thymine dimer formation is both a measure of UV penetrating the epidermis and a 

marker of potential mutagenesis. The significance of this lesion and other DNA 

photoproducts formed through similar mechanisms has been demonstrated by their 

disruption of cellular processes, their cytotoxicity and the presence of mutations thought 



to arise from their presence in DNA. Thus, the ability- of a compound to prevent this 

lesion demonstrates both sunscreening action and possible antimutagenic action. 

The first objective of this project was to characterize the formation of thymine 

dimers in an in vivo mouse epidermal model. Mice have been used in a varietv' of UV 

carcinogenesis and prevention studies and provide a useful model for human epidermal 

photocarcinogenesis. In vivo studies were also advantageous, since cellular handling and 

interactions with compounds remained intact during irradiation. All vitamin E 

compounds and sunscreens effectively inhibited thymine dimer formation. A surprising 

finding was how much more potent aTH was as a DNA photoprotectant than any other 

compound tested. Thus. DNA photoprotection may be an important mechanism by which 

aTH inhibits skin tumor formation. 

Furthermore, the potent photoprotection conferred by aTH seemed to be specific 

to DNA photodamage. While aTH could also protect against UV induced edema, it was 

not more potent than any other vitamin E compound or sunscreen agent. The ability of 

aTH to attenuate DNA photodamage could translate to protection against future cytotoxic 

and mutagenic events. 

The relative contribution of total UVB absorbance of each compound to its 

photoprotective potential was assessed. Correlation analysis revealed that the log 

integrated absorbance in the UVB of the compounds predicted the percent inhibition of 

thymine dimer formation in vitro, but not in vivo. Since pure UV absorbance could not 

completely account for the abilit}' of tocopherol compounds to inhibit DNA 



photodamage. it was possible that cellular absorption and handling of tocopherols played 

a role in their photoprotective capacity. The use of DMSO as a vehicle to increase 

penetration of the compounds enhanced the ability of the sunscreen compounds to inhibit 

thymine dimer formation, but had little effect on the photoprotective ability of tocopherol 

compounds. 

Differences in cellular uptake and distribution of vitamin E compounds could 

affect their relative ability to inhibit DNA photodamage. An in vitro cell culture system 

was used to explore this possibility'. Photoprotection and uptake could be analyzed in 

isolated cells in the absence of physical barriers factors such as the stratum comeum. 

Pretreatment with any vitamin E compound for 24 hours conferred equal protection 

against dimer formation. After pretreatment for only 2 hours, however, only aTH 

afforded significant protection against dimer formation. Uptake studies revealed that 

aTH was associated with cells and transported to the nucleus in significant amounts by 2 

hours, suggesting that accumulation of aTH in the nucleus could contribute to its ability 

to act as a DNA photoprotectant. However. aTH could not protect isolated nuclei from 

DNA photodamage. It is possible that after isolation of the nuclei, the aTH is no longer 

associated with the DNA in a protective manner, although it is present in the nuclear 

extract. 

Uptake and distribution of yTH was also analyzed. The kinetics of yTH uptake 

were very similar to those of aTH. yTH also accumulated in the nucleus to the same 

e.xtent as aTH. Thus it appears that, in vitro, similar levels of aTH and yTH can be found 



in the cells after equimolar supplementation. 6TH. however, did not accumulate in 

significant levels in the nucleus. This observation may explain the lesser abilit\' of this 

vitamin E compound to act as a DNA photoprotectant. The superiority of aTH as a DNA 

photoprotectant may be due to factors other than the presence of high levels of aTH in 

cellular compartments. aTH may interact with specific components of the cell, thereby 

affording direct photoprotection. 

The work presented here illustrated that the potency with which aTH acts as a 

"DNA sunscreen" may be due not only to its ability to block UV. but also due to cellular 

handling of it. Identification of cellular mechanisms by which aTH is distributed and 

determination of where it is found in the cell may lead to the discovery of other useful 

chemopreventive effects in the skin. The identification of compounds, such as aTH. 

which can prevent early events in carcinogenesis, such as DNA damage, augments the 

development of rational chemopreventive strategies. 

The inclusion of aTAc. rather than aTH. in many commercial sunscreens is 

rationalized mainly due to the greater thermal stabilit>' of aTAc. However. aTAc carmot 

act as an antioxidant until it is converted to aTH. nor is it as good a DNA photoprotectant 

as aTH. While shelf life is an important consideration in the formulation of commercial 

sunscreening products, the ability of aTH to inhibit DNA photodamage and to prevent 

UVB induced skin tumors suggests that it is the more useful form of vitamin E. 

.Additionally. aTH may exert other chemoprotective effects not yet characterized. The 



work presented here indicates that use of aTH may effectively contribute to the 

prevention of human skin cancers. 
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