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ABSTRACT 

The ultraviolet component of sunhght causes increases in reactive oxygen species, 

and to the extent that these species exceed the abihty of antioxidant defenses to remove 

them, oxidative damage occurs. Antioxidant systems have evolved to protect organisms 

from endogenous and exogenous reactive oxygen species — in humans these systems are 

enzymatic and non-enzymatic, and the non-enzymatic systems include certam nutrients. 

Evidence from biological and epidemiological studies suggests that vitamins C, E, P-

carotene and selenium have useful roles in chemoprevention. 

8-OHdG is an oxidative DNA lesion that can be sensitively measured as an index 

of oxidative stress in cells, usmg HPLC coupled with ultraviolet and electrochemical 

detection. These lesions can lead to transversion mutations and can therefore potentiaU> 

contribute to skin cancer. 

Usmg Balb/c MK-2 cells the level of 8-OHdG residues, normalized to normal dG 

residues, was measured following UVB exposure for keratmocytes grown in several 

nutrient-specific media. UVB doses from 4-500 mJ/cm mcreased the level of adducts for 

cells grown m EMEM, but with supplementation of 5 pg/mL selenite, 0.8 pg/mL 

ascorbate, or 20 pg/mL trolox (a vitamin E analog), the level of adducts was reduced to 

the level seen in unirradiated controls. 

Within 24 hours of a 500 mJ/cm^ UVB insuk, the activity of antioxidant enzymes 

superoxide dismutase and catalase mcreased; the level of mduction or activity mcrease 

was greatest for cells grown with the lowest levels of antioxidant nutrients. This suggests 

some complementarity for enzymatic and non-enzymatic defenses. 

Cell culture medium contams Uttle or no selenium, and glutathione peroxidase is 

consequently very low unless cells are supplemented. With supplementation there is an 
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mcrease m glutathione peroxidase, but the level of this enzyme is unchanged by mcreasmg 

Se to concentrations five times greater. 

P53 constitutively arrests the cell cycle to allow repair of damaged DNA. 

Immunoblots of protem from cells pre-mcubated with supplemental nutrients showed httle 

difference across treatment. Immunoblottmg for bcl-2, a protem that mhibits apoptosis, 

showed a greater that 5x stronger band for Se-treated cells than for the negative control. 

Collectively these data show that the uhraviolet component of sunhght causes 

damage that is free-radical mediated, and that some of this damage can be reduced by 

antioxidant nutrients. 
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CHAPTER I 

INTRODUCTION AND REVIEW OF LITERATURE 

The most commonly accepted cause of skin cancer is exposure to the ultraviolet 

corq)onent of sunlight, with subsequent cellular damage and associated mutagenicity. 

Ultraviolet hght is divided mto three types on the basis of the biological effects of different 

wavelengths of radiation, and UVB is beheved to be the most damagmg. 

Numerous nutrients have been shown to play a role in the development of human 

cancers. Evidence from biological and epidemiological studies suggests that vitamins C, 

E, (3-carotene and selenium may have useful roles in chemoprevention. In order to 

evaluate the extent to which different concentrations of antioxidant nutrients could protect 

against UVB-mduced damage, Balb/c MK-2 cells were grown in supplemented or 

unsupplemented media and then exposed to actual or sham UVB radiation treatments. 

Cells are the fundamental units of life, and the controlled regulation of their 

division is essential for all organisms. With typical parsimony and capacity for adaptation, 

nature has developed a system of regulation which provides for control of a variety of 

potential fates for cell. In response to specific signals, cell proliferation, cell differentiation 

and cell death are regulated. For exan^le, m early animal life cell multiphcation exceeds 

cell death. In aduhs, steady state is achieved, despite disparate renewal rates for different 

cell types: mtestmal ceUs and some white blood cells have a half life of a few days and, m 

adults, there is a slow loss of bram cells with Httle or no replacement (1). Should the 

controls that regulate cell division fail, a cell can divide m the absence of any need for 

more cells of hs type. When the descendants of such a cell mherit the propensity for 

unregulated growth, the resuh is a clonal population of cells able to expand mdefiniteK 

Ultunately, this produces a mmor. Tumors occur frequently, especially m older animals 



and humans, but they are usuaUy locaHzed, and therefore benign. Cancer is the common 

term for a group of diseases that produce mahgnant tumors (1). 

A number of general characteristics distinguish mahgnant tumors from benign ones 

(although these characteristics do not categorically occur in all forms of cancer). One is 

mvasiveness: mahgnant tumors do not remam locaHzed. Rather, they mvade surroundmg 

tissues, may enter the circulatory system, and may set up secondary areas of proliferation. 

This spreading process — metastasis — is definitively a characteristic of mahgnancy. 

Another characteristic of mahgnant tumors is that they generaUy have a relatively rapid 

growth rate, when compared with benign tumors. Consequently, cancer ceUs typicaUy 

resemble rapidly growing ceUs: they have a high nucleus-to-cytoplasm ratio, prominent 

nucleoli many mitoses and relatively Httle specialized stmcture (2). Another characteristic 

that distinguishes mahgnant tumor ceUs from benign ones is that mahgnant ceUs are 

usuaUy less weU differentiated. Mahgnant ceU properties may vary over time. For 

example, Hver cancer ceUs may lack usual liver enzymes, and may evoKe to a state where 

they lack most liver function. Altered phenotype is a reflection of altered genotype, or 

altered gene expression; many cancer ceUs have abnormal and unstable numbers of 

chromosomes, as weU as chromosome abnormahties (2). 

Skin Cancer is Associated With Ultra\iolet 
Radiation (UVR) 

Cancers are named accordmg to the ceU m which the cancer origmates: hiunan 

skin cancers are characterized as melanocytic or epithehal. Figure 1 shows a cross 

sectional view of human skin that has been e?q)0sed to ultraviolet Hght, and includes the 

different layers of skin. From the outermost aspect the skin is con^rised of three major 

tissue layers: the epidermis, the dermis and the subcutaneous tissue. The epidermis is 

composed of tightly packed ceUs caUed keratmocytes which contmually migrate outward 

from a germative basal layer toward the surface. As keratmocytes migrate outward they 



flatten, die, and adhere to each other to form the thin tough layer known as the stratum 

corneum. In addition to forming a protective layer and preventmg water loss, this layer 

also blocks some ultraviolet radiation. The dermis can be seen to be much thicker than the 

epidermis, although it is made up largely of connective tissue, and has fewer cells. The 

deepest layer, subcutaneous tissue, is mamly fatty tissue and provides msulation and shock 

absorption. While the thickness of skin varies from one part of the body to another, the 

epidermis is relatively uniform in thickness over all the body except the palms and the 

soles, where it is thicker (3). Figure 2 shows the epidermal region of normal skm. and 

sundamaged skin for comparison. 

The mcidence of skin cancer has been increasmg substantially in recent years. 

Because ultraviolet Hght exposure is associated with increased risk for skin cancer, the 

increased incidence of these types of cancer has been attributed to increased exposure to 

solar irradiation (3-6). In order to appreciate the different effects of particular 

components of solar radiation, it is useful to consider the nature of sunhght. 

Continuous thermonuclear reactions in the sun's core yield a wide spectrum of 

electromagnetic radiation. Electromagnetic radiation exhibits wavelike (oscillating) and 

particle Hke properties. "Particles" or quanta are caUed photons. In 1900, Max Planck 

determined that energy carried by a photon is proportional to hs frequency (7). Therefore, 

shorter wavelength, higher frequency electromagnetic radiation consists of photons of 

higher energy. On the basis of physical properties and biological effects, Coblenz (1932) 

divided the ultraviolet region mto three regions: ultraviolet C (UVC, 200-290 nm), 

ultraviolet B (UVB, 290-320 nm) and ultraviolet A (UVA, 320-400 nm) (7). These 

wavelengths are m the middle of the electromagnetic spectra which is comprised of cosmic 

rays, gamma rays, x-rays, ultraviolet Hght, visible Hght, mfrared, and radio waves (3). 

When a photon of Hght from anywhere within the ultraviolet spectmm is absorbed, 

energy is transferred to an absorbmg atom, the photon no longer exists, and the absorbmg 
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Figure 1. Cross section of human skm that has been exposed to ultraviolet radiation, 
stamed v t̂h hematoxylin and eosm (H&E), at 200x magnification. Lymphocytes can be 
seen m the dermis and the cross section mcludes sweat ducts and a hair foUicle. The 
sHghtly blue-gray staining of connective tissue mdicates solar elastosis, which is common 
m sundamaged skm. The sHde from which the unage was made was provided by Dr. Ron 
Rapmi, Dermatology Department, Texas Tech University Health Sciences Center. 
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Figure 2. Cross sections of normal human skm, three conditions. Top: 200x 
magnification of cross section of normal human skin stamed with (H&E). Note the 
orderly maturation of keratinocytes. Basal cells are smaller and more mature ceUs have a 
paler nucleus and more cytoplasm There is a wavy border between the epidermis and the 
dermis, and the dermis is eosmophihc. Middle: 200x magnification of cross section of 
sundamaged human skm, stamed with H&E. Note the thicker stratum comeum The 
keratinocytes are more "windblown" and less orderly m their maturation/migration. Some 
are sHghtly hyperchromatic (darker staming nucleus as con^ared with normal). In the 
dermis there is telangiectasia (dilated blood vessels) and solar elastosis. Bottom: 200x 
magnification of H&E stamed cross section of sundamaged hiunan skin. This view is 
similar to the middle unage but here more lymphocytes can be seen are reacting to the 
dysplasia (keratmocyte atypia) m epithehum 



atom or molecule is excited because of mvested energy. The mode of excitation depends 

on the amount of photon energy mvested (which depends on the wa\ elength). With 

mcreasmg energy, the foUowing consequences may occur: there can be rotation of 

molecules, there can be vibration of atoms within molecules, or there can be a change m 

the orbital shells that the molecule's or atom's electrons occupy (3). AH three of these 

changes must occur m discrete jun^s; hence, the absorption of photons by molecules 

occurs at wavelength energies equal to those of the particular transhions. (For example, 

pyrimidine dimers form at particular wavelengths.) At very high photon energies, 

electrons may even be removed, resulting m ionization of the molecule, or free radicals can 

be produced. Clearly solar radiation cannot be considered as a single entity: rather, h is a 

continuum Congmently, unlike the wavelength divisions that separate the regions, the 

effects of ultraviolet radiation do not terminate sharply at specific wavelengths. 

Furthermore, although most skm cancers are due to sun exposure, the contribution of 

various wavelengths of ultraviolet radiation is unequal. Of the total solar radiant energ> 

that reaches the Earth's surface after filtration through the ozone layer of the atmosphere, 

approximately 5-6% is ultraviolet radiation. Different wavelengths affect distmct target 

molecules, depending on the absorption spectrum of the molecules, for reasons discussed 

above. UVB is absorbed weU by DNA, whereas UVA is relatively inefficient at causmg 

direct nuclear damage (3). A variety of molecules that can be affected by uhraviolet 

radiation (UVR) are found in human skm; these mclude nucleic acids, proteins, 

porphyrins, carotenoids, steroids and qumones (3). Atmospheric ozone absorbs aU UVC 

and most UVB, so that the spectrum reachmg the Earth's surface is mostly UVA (3). The 

depth to which a photon penetrates is related to its wavelength: 99% of UVB is absorbed 

m the first 0.03mm of epidermis, whereas one thkd of UVA penetrates to a depth of 0.1 

mm (8). In order to have a biological effect, a photon must reach a relevant chromophore. 
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Although only a smaU percentage of UVR reaching the Earth's surface is UVB, the 

photons of this wavelength account for a great deal of the unmediate and long term 

deleterious effects of sun exposure (8). Photons of the wavelength range 290-300nm are 

most effective at inducmg erythema m human skm. Approximately 20 mJ/cm^ of 300 nm 

Hght is equal to 1 mmimal erythemal dose (MED), whereas 200 mJ/cm^ of 3 lOnm Hght is 

required to produce 1 MED (9,10). While wavelength is a major factor m determining the 

precise contribution to cytotoxicity of sunhght, other factors, such as skin type, are 

important also. 

The relative impact of regions of sunhght varies under certain conditions. For 

example, TyreU and Pidoux estimate that at lower zenith angles UVA can account for up 

to 80% of the cytotoxic effectiveness of the combined UVA and UVB regions (11). Early 

experiments by Blum demonstrated that uhraviolet radiation filtered with a UVB 

absorbing plate would not cause cancer (12). (UVA has smce been shown to be 

carcmogenic.) Although there is a considerable amoimt of evidence impHcatmg UVB, the 

complete molecular basis of the carcmogenic effect of UVB remains to be determined. 

Epidemiological Evidence: The Fmdings Raise 
Further Questions 

Several epidemiological findmgs relate the types of skin cancer to the mfluence of 

ultraviolet radiation. Of the two general types of skm cancer, melanoma has the lowest 

mcidence, but smce metastases occur more readily with this type of cancer, mortahty is 

higher than with epithehal cancer. The 1996 American Cancer Society survey reported 

32,000 new cases of melanoma for 1995; these new cases were associated with 7,200 

deaths (5). Mahgnant melanoma is associated with mfrequent, mtense episodes of sunhght 

exposure (13). However, melanoma sites do not correspond to areas of maximal sunhght 

exposure. Prevalence is greatest m middle-aged mdividuals, and the rate for males is 



higher than the rate for females (5). Melanomas are more common in Caucasians than in 

mdividuals with greater pigmentation (13). 

Mahgnant neoplasms of epithehal origin that are non-melanocytic are caUed 

carcmomas (1). Basal ceU carcmoma (BCC) and squamous ceU carcmoma (SCC) are 

cHnicaUy and histologicaUy distmct, although they are coUectively referred to as 

nonmelanoma skin cancer (NMSC). Both types of cancer arise from keratmocytes, and 

prevalence is greater m older individuals of both genders (4,5). Of the more than 700,000 

new cases of NMSC diagnosed m 1995, roughly 80% were BCC and the remamder were 

SCC (5). There are several lines of strong epidemiological evidence for the relationship 

between sun exposure and NMSC. Fnst, more than 90% of skin cancers m Caucasians 

develop on sun exposed skin (8). In the pathogenesis of these tumors, cumulatK e 

ultraviolet radiation exposure, as opposed to smgle, intense exposures, is consequential. 

Second, NMSC is mversely correlated with geographical latitude and the gradient of 

ultraviolet irradiance. Third, NMSC mcidence is higher for individuals who work 

outdoors. Fourth, persons with impaired UV-mduced DNA damage repair are more 

susceptible to NMSC. Fifth, NMSC is inversely correlated with skin pigmentation. The 

protection afforded by melanin has been suggested by the observation that blacks with 

albmism develop NMSC at rates comparable to the Caucasian population. FmaUy. chronic 

exposure to UV radiation causes NMSC m laboratory animals (8). 

Epidemiological investigations regarding the role of nutrients as chemopre\ entKe 

agents against skin cancer have produced equivocal results (14-21). The disparate findings 

suggest the importance of the particular stage of the carcmogenic process and the 

environment into which the nutrients are added, and draw attention to the importance of 

determining relevant molecular markers when assessmg the role of chemopreventKe 

agents. In addkion to epidemiological evidence, experimental findmgs provide a way to 

regard skm cancer from the standpomt of the muhistage model of carcmogenesis. 
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Molecular Mechanisms for the Association Between UV 
Radiation and Carcinogenesis Suggest Opportunities For 
Intervention 

In order to mitiate a biological response, energy must be absorbed by molecules in 

the skm and this energy absorption must somehow be transduced to cause a biochemical 

event. For UVR, this can occur m a number of ways: 

(i) UVR can dnectly stmcturaUy aher DNA, leadmg to gene activation, gene mutation, or 

to the loss of mmor suppressor gene function. Oncogenes and tumor suppressor 

genes, m mm, are mvolved m apoptosis (22) and play a significant role m 

carcinogenesis (23,24). 

(u) UVR can lead to the production of free radicals which can dnectly damage DNA.(25-

27) And, UVR can unpan both enzymatic and nonenzymatic antioxidants (28-31). 

(ui) UVR can cause Hpid peroxidation m ceU membranes (32), thereby activatmg genes 

through mtraceUular signalHng pathways (33-35). 

(iv) UVR can render unmunosuppressive effects through dnect effects on Langerhans 

ceUs, which have an anrigen presentmg role with cytotoxic T cells, or by the 

isomerization of urocanic acid m the stratum comeum (36). 

(v) UVR can mduce cytoskeletal damage (37-43). 

(vi) UVR can cause oxidation of arachidonic acid mto prostaglandins and related 

metaboHtes which are mvolved m mflammation, unmune processes, tissue repan, and 

epidermal hyperplasia (44-46). 

DNA is a target of UVR-mduced damage. The action spectra for experimentaUy 

mduced skm cancer is sunilar to that for photoproduct formation m DNA (47-49). 

chromosomal abnormahties (50), mahgnant transformation of ceU Hues (51), and 

conversion of normal ceU Hues to anchorage-mdependent ceU growth (52). 
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There are two broadly accepted pathways of photon damage to DNA. Photons of 

the UVB spectmm are absorbed dnectly by DNA, and result m pyrimidme duners, (6-4) 

photoproducts, cytosme photohydrates, and purine photoproducts. UVA photons yield 

single-strand breaks and DNA-protem crossHnks mdirectly, through reactive oxygen 

species (23). 

Reactive Oxygen Species 

Both inflammatory ceUs and keratmocytes produce reactive oxygen species and 

free radicals that contribute to skin carcinogenesis. With regard to generation of reactK e 

oxygen species, the skin, and other biological systems, can be regarded as oxic 

suspensions of biomolecules in water. When energetic particles transfer energy to H2O or 

O2. reactive oxygen species are easily formed. For exan^le, when energetic electrons 

(Ee-) interact with O2, superoxide can be formed. A water molecule can be ionized by an 

energetic photon, and the H20^ can react with another water molecule, leading to 

hydroxyl radicals (53). These reactions can be summarized as foUows: 

(Ee-) 

O2 ^ 02* 

{hv) 

H2O -> H20^ + e" 

H2O" + H2O ^ H3O" + 'OH 

In addkion to these reactions, melanin is a source of free radicals m skin. Melanin 

is produced m melanocytes and transferred to keratmocytes. Melanin functions by 
10 
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absorbmg mcident UV radiation and dissipatmg excess energy before h can reach other 

molecules (5). As weU as mcreasmg the generation of reactive oxygen species (33-35), 

UVR has been shown to deplete antioxidant enzymes (28-33). Free radicals are molecules 

or molecule fragments that have an unpaired electron; mherently these are dangerous 

because they are very reactive and are known to interact with a number of biomolecules. 

TheoreticaUy, UVR-induced skin damage can occm through the molecular agency of free 

radicals because (i) UVR causes free radicals in skin ceUs; (u) excessive free radicals can 

overwhelm the antioxidant defense system of the skin; (iii) free radical proliferation that is 

not controlled by antioxidant defense systems can damage ceUular protem, Hpids and 

DNA, and, (iv) such damage can lead to pathological conditions (1). Step (i) has been 

determined in spin trap studies (54). Step (iv) is supported by epidemiological findings 

cited previously. With regard to steps (u) and (in), it has been demonstrated that a 

decrease m antioxidant defenses can occur as a result of even a single dose of UV (55). A 

decrease in antioxidant enzymes and smaU molecular weight antioxidants such as 

glutathione, vitamin E and ubiquinone upon exposure to UV indicates that acute or 

chronic photo-oxidative stress can overpower ceUular defenses. A potentiaUy useful role 

for antioxidant nutrient supplementation is therefore possible. 

There are at least eight skes of oxidative damage to nucleotides (56). The level of 

activated oxygen species can be controUed by antioxidant enzymes. Catalase (EC 

1.11.16) catalyzes the deconq)oskion of H2O2 to give H2O and O2, thereby reducmg pro-

oxidant stress. Catalase also oxidizes hydrogen donors, with sunultaneous consumption of 

peroxide (27). 

2H2O2 —> 2H2O + O2 

ROOH + AH2 —> H2O + ROH + A 

Glutathione peroxidase (EC 1.11.1.9) can detoxify H2O2 by catalyzmg the 

oxidauon of reduced glutathione (GSH)(27). as shown here: 

11 
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2GSH + H2O2—> GSSG + 2H2O 

This reaction is in^ortant because GSH levels may be ahered m tumor cells. Selenium, as 

selenocysteme, is located at the active ske of glutathione peroxidase. 

Superoxide dismutase (SOD, EC 1.15.1.1) catalyzes the dismutation of superoxide 

anion to H2O2 and O2. This reaction can otherwise occur spontaneously or through the 

influence of SOD mimics including metal salts and con^lexes (27). 

Rate constants suggest that some free radicals are relatively unreactive and are 

therefore more likely to persist until they can react with enzymes — such is the case with 

superoxide. Other free radical species are so reactive that they are more likely to react 

with cellular constituents that can most readily reduce them, such as ascorbate and thiols 

(57). This is the case for the hydroxyl radical and many secondary free radicals (57). 

Table 1 presents a summary of standard one-electron reduction potentials, Hsted in order 

from highly oxidizmg to highly reducing. Each oxidized species is capable of removing an 

electron or hydrogen atom from any reduced species below it (57). 

Experimental Evidence Links UVR to the Muhistage Model 

A relationship between chronic UV exposure and skin cancer was first 

demonstrated experimentally, usmg albmo mice, m 1928 (58). Subsequently, in order to 

determine which part of the ultraviolet spectrum most efficiently mduced skm cancer, 

protocols were developed using narrow UV bands. Conten:q)oraneous research using 

chemical carcinogens and the mouse skin model led to the elucidation of the multistage 

model of carcinogenesis, and estabhshed a way to evaluate the in:q)act of various types of 

UV on the carcinogenic process. 
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Table 1. Summary of standard one-electron reduction 
potentials for some free radical reactions. 

COUPLE 

HO*, H^/H20 

RO*, H^/ROH (ahphatic akoxyl radical) 

HOO*, H^/H202 

02*, 2H^/H202 

PUFA*,H^/PUFA-H 

a:-tocopheroxyr,H^/oc-tocopherol 

Trolox C (T-0',H^/TOH) 

H2O2 H+/H2O, 'OH 

Ascorbate*",H^/ascorbate monoanion 

02/02' 

RSSR/RSSR* 

E°7mV (pH7.0) 

2310 

1600 

1060 

940 

600 

500 

480 

320 

282 

-330 

-1500 
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The muhistage model of carcmogenesis consists of three stages: (i) inkiation. 

which occurs as a consequence of mutations m ceUular proto-oncogenes and growth 

suppressor genes followmg DNA damage and mcomplete repak. (u) promotion, which 

mvolves the specific clonal expansion of mitiated ceUs, and (iii) progression, m which a 

benign lesion develops into a carcmoma (1). This model was originally developed usmg 

chemical agents such as 7,12-dknethylbenz(a)anthracene (DMBA) and benzo(a)pyrene 

(BAP) as mitiators, and the phorbol ester, 12-0-tetradecanoylphorbol-13-acetate (TPA), 

as a tumor promotor (59). Many useful findmgs have emerged from studies with these 

agents. Subsequently systems have been evaluated with free radical generatmg 

compounds as promoters. A schematic depiction of the classic paradigm with 

experimental findmgs and germane concepts emerging from chemical carcmogenesis 

smdies are summarized in Figure 3. A great deal of evidence has accumulated to support 

the view that human carcinogenesis is a multi-step process, and that the process can be a 

protracted one, extendmg over many years. Subsequently a number of systems were 

evaluated with free radical generatmg compounds as promotors and these were found to 

be effectKe (23). Extensive exposure to sunhght can be a con^lete carcinogen. 
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mm^ea 

Treatment 1. I No tumors 

Treatment 2. I..P..P..P..P..P..P..P Tumors 

Treatment 3. I. .P..P..P..P..P..P..P..Tumors 

Treatment 4. P..P..P..P .P..P..P..I. 

Treatment 5. P..P..P..P..P..P..P. 

No tumors 

No tumors 

Treatment 6. I...P....P....P....P....P....P....P....No tumors 

Treatment 7. I Tumors 

Figure 3. Complete carcinogenesis and multistage protocol for murine skin mmorigenesis. 
Bold I represents a smgle very large amount of a carcinogenic agent or exposure to UVR. 
whereas "I" represents a dose of carcinogen not sufficiently large to induce tumors. The 
multistage model is supported by observations of tumors foUowing certain experimental 
treatments, usmg the mouse chemical carcmogenesis model, as shown above. "I" and "P" 
represent mitiator and promotor appHcations, and time is indicated by horizontal spacmg. 
Generalizations drawn from these experiments include the foUowing: (i) Initiation occurs 
foUowing exposure to a carcinogenic agent and mvolves a change that leaves the ceU more 
vulnerable to tumor development, (u) Initiation mvolves heritable damage, because 
exposure to a promotor months after mitiation can stiU cause tumors, (iii) Promotors are 
nontumorigenic by themselves, and then effect is reversible. Sub-threshold exposures or 
exposures separated in time may not lead to tumors (1). 
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The unpact of ultraviolet radiant energy can be related to the muhistage model. It 

has been shown that ultraviolet Hght can mduce tumorigenesis m the absence of any other 

agent; k is a con^lete carcmogen (23,60,61). It can also act as a tumor promotor m 

mouse skm pamted with a subtumorigenic dose of a chemical mitiator (11, 29). As m 

chemical carcmogenesis, there is a considerable lag between the first UV radiation 

exposure and the development of a tumor (23). Further congmence is suggested by the 

fact that omithme decarboxylase (ODC, EC 4.1.1.17), a short-term marker of skm tumor 

promotion by chemicals, is mduced by both acute and chronic uhraviolet radiation m 

hakless mice (62). Acute doses of UVR have also been shown to mduce epidermal ODC 

(63). It is now understood that UVB acts as an mitiator, by causmg DNA damage, and 

may also be effective during the progression stage, whereas UVA seems to act ahnost 

exclusK ely at the promotion stage of epithehal tumor development (23) UVA can act to 

promote mmors that have been mitiated by UVB, through modulation of protem kmase C 

(64). Because protem kmase C is mvolved m growth regulation, activation of this enz>Tne 

by promotors represents one mechanism of then tumorigenic effect. 

UV Irradiation Causes Suppression of the Immune System 

In addition to the combmed effects of UVB and UVA on other systems, ultraviolet 

energy modulation of immune competence also contributes to sldn pathology (36). 

Evidence that there is an active immune response to evolving epidermal tumors comes 

from histological smdies. In humans, BCCs and SCCs are surrounded by an inflammator\ 

lymphoid mfiltrate (65,66), and lymphoid ceUs and mahgnant ceUs are m close proximit>' 

to one another.(67,68) Also, there tend to be mononuclear ceUs around resolving mmors, 

and necrosis at the tumor border. (69,70) CD4+ T ceUs (helper/inducer T ceUs) 

predominate m the mfiltrate of tumors, although significant numbers of CD8+ T ceUs 
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(cytotoxic/suppressor T ceUs) are present also. About 2% of the mfiltratmg ceUs are B 

lymphocytes or NK ceUs, and macrophages account for a low but variable portion 

(66,69,70). In mmors evolving in sun e?q)osed skin, the immune reaction is altered 

(36,71). Some central findings in the field of photoimmunology were recently reviewed, by 

Kripke (36). In summary, k has been demonstrated that: 

(i) UVR-induced tumors are antigenic. Kripke and coworkers observed that tumors could 

be propagated in immunodeficient secondary hosts, but transfer to syngenic mice led 

to mmor rejection (36). 

(u) UVR causes immunosuppression. Proof of this came with the finding that the ahered 

reaction to the tumors m the cases mentioned above, could be passed from mouse to 

mouse by transferring lymphocytes from primary hosts to syngenic secondary ones. 

UVR induces suppressor T ceUs that are specific to the UVR induced mmors, since 

the mice could stiU reject other tumors (36). 

(iii) Immunosuppression contributes to the development of cancer (36). A decrease in the 

latency period for the induction of tumors was observed w^en mice were given 

suppressor ceU injections early m carcinogenesis (36). 

In summary, uhraviolet radiation exposure, m addition to ks role in DNA damage, 

affects the normal immune surveiUance of antigen presenting Langerhans ceUs in the 

epidermis. Furthermore, since Langerhans ceUs, responsible for T ceU activation, are 

mjured by UV and ceUs responsible for suppressor ceU activation are not, the unmune 

system experiences a net shift toward suppression, which favors tumorigenesis and 

progression. Further evidence suggests a role for urocanic acid, a product of histidme 

deammation, m UVR-mduced knmunosuppression. With UVR there is isomerization of 

urocanic acid from the trans to cis form, which can mhibk the antigen-presentmg function 

of some ceUs (8). There is a strong HkeUhood, therefore, that skm cancer, Hke other 

human cancers, is multifactorial m origin. Despke the clear role of immunosuppression m 
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UV-mduced mmorigenesis, microuradiation experiments have demonstrated that mmors 

can be produced without systemic knmunosuppression (72). Usmg Skh:HRl mice k was 

observed that animals that produced tumors when given UVB by microirradiation could 

not support SCC ceUs of a line that only grows in unmunosuppressed Skh:HRl, but the 

T51/6 ceUs would grow m mice given whole dorsal exposure to subcarcmogenic UVB 

doses. 

Grabbe and coworkers demonstrated the role of Langerhans ceUs in the induction 

of ceU mediated immunity (73). In this smdy murine Thy-1 antibody-depleted epidermal 

ceUs pre-mcubated with fibrosarcoma fragments were used. The epidermal ceU suspension 

was mjected mto syngenic mice. When the mice were exposed to ceUs from the 

corresponding mmor, immunized mice developed ceU mediated hypersensitivity resultmg 

m rejection of the tumors. Neither untreated epidermal ceUs nor ceU populations devoid 

of Langerhans ceUs can serve as the primary initiators of protective antimmor immunity in 

vivo. Langerhans ceUs are the primary antigen presenting ceUs in the skin and they initiate 

immune reactions by inducing antigen recognition by CD4+ T ceUs, and UVR 

compromises this function (36). The antigen-presentmg fimction of Langerhans ceUs 

depends on then exposure to cytokines. As there are many different forms of cytokines in 

epidermal keratinocytes, anything which mduces then release can stimulate or suppress the 

response of Langerhans ceUs to mmor derived antigens (36). 

Can Nutrients Attenuate UVR-Induced Damage? 

Vkamms C, E, P-carotene and selenium have aU been identified as nutrients that, 

through various mechanisms, may reduce the occurrence of cancer (57,74). Although 

controversy exists regarding the relevance of these nutrients to aU forms of cancer, one 

chemopreventive role is known — the mtermption of free radical proliferation and 

protection of biomolecules. 
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Vkamki E. Vkamm E is a group of substances, the tocopherols and the 

tocotrienols, found mamly m vegetable oUs. Each has a chromanol head group and a 

phytyl side chain. The side chams of tocopherols are saturated, whUe those of tocotrienols 

contam three double bonds. Different numbers and placements of methyl groups m the 

aromatic ring produce various forms of tocopherols and tocotrienols. a-tocopherol is the 

most common type of vitamin E absorbed from the human diet (74). a-tocopherol is 

stabilized in ceU membranes by the hydrophobic tail, and the OH moiety which is 

responsible for the antioxidant fimction of the molecule, is attached to the chromanol ring, 

which is simated at the polar hydrocarbon interface of phosphoHpid membranes. Vkamin 

E inhibits peroxidation and reduces formation of peroxyl radicals because it is readUy 

oxidized (74). Other antioxidants participate m the recycling of vitamm E: ascorbate 

reduces oxidized vitamin E and in the process forms the ascorbate radical, 

dehydroascorbate (74). Glutathione participates in the recycling of ascorbate (75). P-

carotene is not active m a-tocopherol recycling, and ks UV dependent depletion is not 

dependent on vitamin E (6). 

Trolox is the commercial name for a vitamin E analog, 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxyHc acid. The mtraceUular localization of trolox is dissimUar 

to vitamm E; trolox wiU localize m aqueous compartments. Like a-tocopherol, however, 

trolox has a hydroxyl moiety which confers ks antioxidant properties (76). It has been 

shown to protect mammahan ceUs from oxidative damage in vitro (76,77) and in vivo 

(78), so with regard to mechanisms of the present mvestigation k is a useful analog. 

Vitamin C. Regeneration of reduced a-tocopherol can occur m the presence of 

ascorbate, a stronger reducmg agent. When ascorbic acid is oxidized, dehydroascorbic 

acid is formed; ks usefidness as an anticarcmogen hes m the fact that wiien this happens, 

the oxidation of ascorbic acid has spared another molecule from oxidation (74). The 
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stmcmre of ascorbic acid is simUar to that of a sugar, except that it contams an enediol 

group from which hydrogen is removed m the formation of dehydroascorbate (74). 

Selenium Selenium is consumed m various forms; the ingested form is important 

m determming the biological effects of the element (18,19). Selenium occurs m two forms 

m foods; meats and seafoods have more selenocysteine and grains tend to be higher m 

selenomethionine (6). Anywhere from 35-85 percent of the ingested selenium is absorbed. 

It is both essential and toxic. The average human body content is just 21mg (6) and the 

recommended daily aUowance is 70 pg for men, 55 pg for women. 

Selenium is a con^onent of the enzyme glutathione peroxidase, an enzyme widely 

distributed in tissues, and membrane phosphohpid hydroperoxide glutathione peroxidase, 

both of which remove harmful peroxides that damage ceU membranes (79). A major 

pathway of constimtive protection agamst oxidative damage by ultraviolet Hght is 

provided by the tripeptide glutathione which can act both as a free radical scavenger and a 

hydrogen donor for the glutathione peroxidase pathway. In animal smdies k has been 

shown that selenomethionine may be superior to selenite, particularly with respect to 

maintenance of glutathione peroxidase during periods of inadequate selenium intake, but 

when selenium mtake is high, the anticarcinogenic potency of selenite is superior (18). 

An interesting unresolved issue with regard to the anticarcinogenic effect of 

selenite metaboHtes is the question of which metaboHte acmaUy is responsible for the 

anticarcmogenic mfluence. Ip (18) suggests that selenite is metaboHzed to hydrogen 

selenide via selenodiglutathione, and that the detoxification of hydrogen selenide mvolves 

a series of methylation steps. Ip further suggests that the metaboUc route of selenite 

through the reduction and methylation pathway is necessary for ks anticarcmogenic 

activity (18). However, SpaUholz (80) has described a theory suggestmg that the 

cytotoxicity of selenite relates to ks abUity to react with glutathione m a prooxidant 

manner, and produce various oxyradicals. Frenkel and Yan (81) suggest that the 
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anticarcinogenic effect of selenite relates to its abihty to mhibit ceU attachment, since an 

early critical step in tumor development is attachment to the extraceUular matrix. 

Both epidemiological and animal smdies have suggested that selenium plays a role 

in inhibiting both the induction and the growth of spontaneous or chemicaUy induced 

tumors (17). Through its role with enzymes, selenium serves as an antioxidant. 

Furthermore, since free radical formation can activate transcription factors such as c-fos 

and c-myb and increase c-fos and c-myb binding to DNA, reduction of free radicals has 

the added anticarcinogenic benefit of inhibitmg these proliferation signals (84). 

However, there are stiU several unanswered questions with regard to the potential role of 

selenium m the prevention or control of cancer. The relative anticarcinogenic potential of 

various forms of selenium varies and the mechanisms by which selenium protects ceUs 

have not aU been determined. For exan^le, m addition to the antioxidant roles mentioned 

above, selenium, in selenodiglutathione, has been shown to induce/755 m ceUs that contam 

wUd-type/?5i, thereby aUowing an opportunity for damage repair, and it also causes 

apoptosis m ceUs that do not have wild-type/75i (82). (This mduction probably occurs by 

DNA damage, since paraUel analysis of ceUs treated with c/5-diaminedichloroplatinum II 

[cisplatm, a DNA damaging agent], showed simUar mcreases m p53.) In a normal context, 

the role of apoptosis is to control the formation, size, and ceUular constimency of bod\ 

parts, according to physiological needs (22). Deregulation of signals responsible for 

apoptosis provides a mechanism whereby ceUs can gam a selective advantage for growth 

and expansion. Evidence now suggests that tumor promotors act by inhibkmg apoptosis 

(22). Congmently, compounds such as selenium that mkiate apoptosis oppose the 

mfluence of promotors. 

Selenium has also been shown to mhibk protein kmase C (PKCX83). Because 

PKC serves a growth regulatory role and because this enzyme is activated by promotors. 
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the mhibkion of PKC by Se is a useful countervaUing mfluence and this represents one 

mechanism of antmeoplastic effect for selenium (83). 

B-Carotene. Schwartz and coworkers have shown through several experiments 

that under certain circumstances the role of P-carotene shifts from one of quenching free 

radicals, to propagation of free radicals (84). This occurs m tumor ceUs m an oxygen-rich 

environment, and has the effect of reducing the antioxidant enzymes superoxide dismutase 

and glutathione-S-transferase, and reducing the level of nonprotem sulfhydryls (84). 

Furthermore, in smdies where the tumor ceUs were treated with exogenous Cu-Mn SOD, 

Schwartz observed that the abiUty of P-carotene to suppress tumor ceU proliferation was 

inhibited (84). And, the abihty of p-carotene to inhibit mmor ceU viabihty was also 

reduced by o-phenanthroHne, an iron chelatmg agent which inhibits oxidant-mduced DNA 

damage. Conversely, the abihty of a-tocopherol to reduce mmor viabihty was increased 

with o-phenanthrohne (84). 

The roles of these nutrients suggest several potential mechanisms by which UVR-

induced damage might be attenuated. Among these are the reduction of DNA adducts, 

mamtenance of the level or activity of antioxidant enzymes, minimization of Hpid 

peroxidation and reduced activation of oncogenes. 

CeUular Oncogenes and Proto-Oncogenes 

The normal system of growth control in the ceU mcludes growth factors, growth 

factor receptors, mtraceUular signal transduction systems and nuclear transcription factors. 

Oncogene products can aher any one of these aspects of the growth control system 

Human mmor ceUs have a relatively high level of glutathione peroxidase and 

related oxygen protective enzymes (85). Prooxidative stress compromises then growth: 

there is an mcrease m reactive oxygen metaboHtes, and ceU damage occurs (86). Loss of 

ceUular defenses due to reactive oxygen species is manifested in the aUeration of a number 
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of protem products, mcludmg transcription factor derivatives (c-fos, c-jun, N-myc), 

growth factors, signal transduction related kmases (protem kmase C, phosphotyrosme), 

ceU cycle related genes (cycHn A, D, Box, cdc2 kmase) and protooncogene protem 

products (p53, p2Iras) (86). Superoxide and hydrogen peroxide are mechanisticaUy 

mvolved m proHferative responses; exogenous superoxide, for example, can provide a 

stknulatory signal for c-fos and c-jun. (87) 

Mutarions oip5S occur with smular frequencies m BCC and SCC (88) and these 

are both common and early events m skm cancer (89). These mutations typicaUy occur at 

pyrimidme rich sequences on the nontranscribed strand of the gene (90). WhUe the 

frequency oiras mutations m SCC and BCC is around 20% (90), the frequency of 

mutations m p5S is close to 100%. Tomaletti et al. (91) have shown m polymerase cham 

reaction smdies that repak of DNA is slower 2Xp5S mutation hotspots. P5S mutations can 

be specificaUy caused by sunhght (91). Ananthwaswamy et al. (44) have suggested that 

UVR activates proto-oncogenes m a carcmogen-specific manner. This proposkion is 

supported by the observation that ras gene mutations are found predommantly at 

dipyrimidme skes m UV-induced skm cancer (24). This is extremely strong evidence for 

the importance of the mmor suppressor function of the protein product of the wild type 

gene. Furthermore the ceUs from mmors contam a variety of mutations at different points 

for p53, suggestmg mmor heterogeneity (90). And, the accumulation of p53 adjacent to 

basal ceU carcinoma ceUs may be a molecular Hnk for the development of new cancers of 

the skm (92). 

Reduction of DNA Adduct Formation May Constimte One 
System of Protection 

In general, ceUs have the capabUity to repak much of the DNA damage that occurs 

dkectly and indirectly. Photoreactivation is a process by which a photoreactivatmg 

enzyme bmds to UV-mduced cyclobutane pyrimidine dimers, effects repak, and then 
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dissociates upon exposure to radiation m the optical range, 330-600nm Removal of 

pyrimidine dimers in this manner suppresses the induction of in vitro transformation of 

human fibroblasts and, to some extent, the mduction of tumors in vivo (92,93). Excision 

repak is another mechanism; usmg this system, the defective region m one of the two 

hehcal strands of DNA is excised enzymaticaUy and replaced with nuceotides 

complementary to the base pans m the mtact strand. Ultraviolet-mduced lesions can also 

be repaked by postrepHcation repak, whereby gaps are left after ceU repHcation in the 

daughter strand opposite the lesion. DNA synthesis subsequently fiUs in the gaps. DNA 

repak occurs unequaUy across the genome; it has been suggested that actively transcribed 

genes are repaked preferentiaUy (24). 

In any case, repak of some DNA lesions is mefficient; these can therefore become 

progenitors of mutations. CeUular oncogenes can be activated by mutations, which 

suggests a molecular link between exposure to agents of DNA damage and genetic change 

leadmg to mahgnancy (24). 

Since a great deal of work on the mechanism of UV carcinogenesis has focused on 

UV-induced damage to DNA, and since base modifications have been shown to be 

mediated by oxygen free radical attack, k is useful that there is an indicator of oxidative 

damage to ceUular DNA that can readUy be quantified (25). Smce oxygen radicals m 

proxknity to DNA react to form unique base products that can be verified and quantified 

by con^arison with purified standards, the detection of these products is used as evidence 

of oxygen free radical presence (25). Floyd and coworkers have developed a senskive 

method to determme the ratio of S-hydroxydeoxyguanosme (8-OHdG), a product of 

oxygen radical attack (25), to unmodified deoxyguanosme (dG) bases. The presence of 8-

OHdG reflects potentiaUy mutagenic effects on the ceU system Beehler et al. (94) 

reported the observation of 8-OHdG formation withm the DNA of mouse keratmocytes, a 

weU-characterized skin carcmogenesis model. Beehler further demonstrated the 
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complementary mfluence of H2O2 m UV carcmogenesis (94). The system of HPLC 

coupled with uhraviolet and electrochemical detection can be used to detect changes m the 

ration of 8-OHdG/dG residues as an mdication of protection agamst potential mutation. 8-

OHdG has been shown to be a product of free radical attack m both in vitro and in vivo 

systems. The formation of 8-OHdG can occur as a consequence of reactions with 

hydroxyl radicals or smglet oxygen (95). Smglet oxygen, with a greater half Hfe, has a 

greater capacity for diffusion before reactmg with target molecules (96). Floyd (97) has 

described the molecule 8oxodG as a product of dG oxidation by smglet oxygen m DNA, 

with methylene blue and Hght. Smglet oxygen can undergo numerous types of chemical 

reactions; when it reacts with guanosme or deoxyguanosme molecules the products are 

endoperoxides (95). The 4,8 endoperoxide can be reduced to 8-OHdG, foUowing a 

rearrangement (95). SoxodG is the product of a subsequent dehydration step (95). 

Another mechanism of 80HdG formation is the loss of one electron from the 

guanine ring to singlet oxygen, forming superoxide radical anions and guanine radical 

cations (95), which can lead to guanine-OH radicals and then to 8-OHdGs. Both 8-

oxodG and 80HdG can lead to G:C to T:A transversions either because of 8oxodG:dA 

mispairing at the site of the lesion in the DNA duplex or adenine substimtions foUowing 

misreading of 8-OHdG (95). Either consequence is potentiaUy mutagenic. 

Once 8-OHdG is formed k can lead to transversion mutations. 8-oxodGTPase is 

an enzyme with a function similar to the MutT enzyme m E. coli; k can hydrolyze 8-0x0-

7,8-dihydro-2'dGTP (8-oxodGTP) to the correspondmg nucleotide monophosphate and 

thereby prevent potential mutations (98). The presence of such a mechanism m both 

organisms impUes conservation of systems of protection of genetic mformation from 

endogenous oxygen radical damage (98). The imperfection of such a defense system 

suggests a potential role for chemopreventive nutrients. 
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Objectives 

The overaU objective of this set of experiments was to evaluate whether or not 

different concentrations of antioxidant nutrients could be protective against UV-mduced 

oxidative DNA damage m a mouse keratmocyte ceU culture model. Within this objective 

there were several specific aims. 

The first aim was to find a sukable endpoint by which oxidative stress could be 

accurately and meaningfuUy evaluated. As a parameter of oxidative damage, the level of 

8-OHdG was chosen because 8-OHdG DNA adducts can be mutagenic, and because this 

particular oxidative lesion can be sensitively measured. Since the basis for using 

antioxidant nutrients was that UVB imposes oxidative stress, oxidative DNA damage was 

initiaUy measured with ceUs grown in control medium, given a range of UVB doses. Each 

nutrient was individuaUy added to EMEM at different concentration levels in order to 

evaluate whether or not the levels of 8-OHdG foUowing UVB would be altered. 

A strong line of evidence suggests that superoxide and hydrogen peroxide are 

important agents m maintaining the balance between ceU proliferation, Hpid peroxidation 

and apoptosis. (99,100) Superoxide can act as a biological messenger and proliferation 

signal and exogenous SOD decreases growth (99). Also, levels of SOD vary at different 

stages of the ceU cycle (100). H2O2 may aher the redox state of the ceU and by changing 

the ratio of reduced glutathione: diglutathione may aher signal transduction (99). Smce 

superoxide and hydrogen peroxide were expected to mcrease after UVB treatments, and 

smce these species can act as initiators and promotors through the mechanisms previously 

described, SOD and catalase were selected for evaluation. Three time pomts were used so 

that the time course of enzymatic aheration/adaptation could be explored. The second 

objective, therefore, was to explore changes m antioxidant enzyme activity over tkne. 

The selenite metaboHte, selenodiglutathione induces p53 m A2730 ceUs, which 

have the wild type gene (82). Selenite and glutathione can be metabolized to 
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selenodiglutathione (74). However, the possibUity remams that the levels of p53 could 

have increased foUowing treatment with selenodiglutathione because of a decrease m the 

degradation of the protem. However, if p53 degradation mvolves free radicals, 

antioxidant protection might mcrease levels of p53. Thus, the objective of the p53 

western blot smdy was to determme whether or not selenite, or any other nutrient, might 

aher p53 m the Balb/c MK-2 ceUs, which contam wild type p53. This was done by 

immunoblotting. 

Bcl-2 is known to enhance the viabihty of ceUs otherwise destined for programmed 

ceU death, or apoptosis (101). It has been estabhshed that apoptosis which occurs as a 

consequence of H2O2 exposure can be prevented by pre- or post-treatment of ceUs with 

trolox (101). The fourth objective was to determine whether or not supplementation with 

any antioxidant nutrient would influence the level of this protem. Proteins from Balb/c 

MK2 ceUs were resolved by electrophoresis and probed with antibodies in an assay for 

bcl-2. 

The antioxidant enzyme glutathione peroxidase is selenium dependent (79), and 

GSSG is capable of activatmg protein kmase C in vitro (102). The repak smdy was 

designed to e\aluate the potential mfluence of supplemental selenite subsequent to UVB 

exposure. The fifth objective was to evaluate the potential role of selenite m the process 

of repak or control of 80HdG lesions up to 24 hours foUowing UVB. In order to do this 

ceUs were grown m EMEM without selenite supplementation, exposed to 500 mJ/cm' 

UVB, then given EMEM supplemented with selenite for 24 hours. 

27 

riBIHfl i ir it iMMMiiMWIiaiHiMHHaBHHiiS 



CHAPTER n 

MATEIUALS AND METHODS 

CeU Culture 

Mouse keratmocytes of the ceU Hne Balb/c MK-2 were used for aU aspects of the 

mvestigation. These ceUs were provided by Dr. Bernard Weissman, The Lmeberger 

Cancer Instimte at the University of North CaroUna, Chapel HUl. The Balb/c MK Hne was 

origmaUy derived by Weissman and Aaronson at the NIH (103). Despke aneuploidy the 

ceUs are nonmmorigenic through greater than one hundred population doublings in tissue 

culmre and are particularly useful for mechanistic smdies because they have retained most 

characteristics of primary diploid keratmocytes. Furthermore, they remam epidermal 

growth factor (EGF) dependent. InitiaUy these ceUs were isolated as primary cultures, and 

stimulated with EGF. With EGF presence smgle ceU derived colonies were isolated and 

these were developed mto ceU Hues; Balb/c MK-2 is one of these lines (103). 

CeUs were used between passages twenty and fifty-six, from the time they were 

received (based on records for cryopreserved ceUs), for aU smdies reported here. 

Throughout these passages there were no observable changes m ceU morphology, viabihty, 

or growth characteristics. With ceU seedmg density sufficient to ensure ceU survival, 

flasks and plates typicaUy became ninety percent confluent within seventy-two hours. 

CeUs were kept m a NuAke wateijacketed mcubator (Plymouth, MN) at 37° C, 

with 5% carbon dioxide m humidified ak, and mamtamed m Eagle Modified Essential 

Medium (EMEM), with nonessential ammo acids and L-glutamme (Biowhittaker, 

WaUiersviUe, MD). Medium was purchased without calcium and calcium was added m 

the final preparation to a concentration of 0.1 mM from CaC12 stock. Medium was also 

routmely supplemented with 200 units of penicUHn (Gibco, Grand Island, NY), 5.0 pg/L 

gentamycm (Sigma, St. Louis, MO) and 200 pg of streptomycm sulfate (Gibco, Grand 
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Island, NY) per nuUUiter of medium Epidermal growth factor (CoUaborative Biomedical 

Products, Bedford, MA) was also added to stock EMEM to a final concentration of 100 

ng/mL, and dialyzed fetal bovme semm (Sigma, St. Louis, MO) was added to a final 

concentration often percent. A conqDlete Hstmg of medium constiments appears m 

Table 2. 

Coming (Coming, NY) T25 and T75 tissue culmre flasks were used for growing 

ceUs, and ceUs were plated for various treatments m either muhiweU plates with 22 mm 

weUs, 60 mm plates or 150 mm plates, aU from Commg (Coming, NY). The ceUs 

appeared to grow equaUy weU m the various culmre containers. Nutrients were added 

after ceUs had attached to plates that were approximately thirty percent confluent. 

GeneraUy ceUs were subculmred mto plates on the morning of "day one," given new 

medium with nutrient supplementation at the end of day two, and used for experiments on 

day four. The nutrients were delivered in EMEM, with the exception of P-carotene, 

which requked n-hexane. The volumes of stock solution added to 5 mL of medium to 

reach the appropriate nutrient concentration was less that 100 pL in aU cases. 

Nutrient treatment levels, along with the chemical form and source of each of the 

nutrients are hsted in Table 3. 

CeUs were routmely subculmred by rinsmg with phosphate buffered sahne (PBS) 

without calcium or magnesium, pH 7.0 (Gibco, Grand Island, NY), detaching with 0.25% 

trypsm with 1 mM EDTA, suspendmg m medium, and spmnmg at 185 x g for 10 mmutes 

at 4° C. CeUs were resuspended thoroughly before countmg and platmg. 

Growth Analysis 

In order to assess whether or not medium supplementation ahered ceU growth 

rate, ceU counts were done at zero, 24 and 48 hour time pomts for ceUs grown m each 

nutrient treatment and for appropriate negative controls. CeUs were trypsmized as for 
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Table 2. Medium constiments for control EMEM. 

Constiment 

NaCl 

KCl 

Dextrose 

5 OX EMEM 

NaH2P04 H2O 

MgS04 7H2O 

NEAA lOOX 

MEMVit. lOOX 

L-glutamme 

L-cystine 

NNaOH 

Phenol Red 

EGF 

calcium 

semm 

Amount per Lker 

68.0 g 

4.0 g 

10.0 g 

200 ml 

1.4 g 

2.0 g 

100 ml 

100 ml 

2.92 g 

0.24 g 

5.5 ml 

0.1 g 

lOOpg 

0.1 pg 

100 mL 
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Table 3. Summary of nutrient treatments. Trolox represents 6-hyclroxy-2,5,7,8-tetramethychroman-2-
carboxylic acid; HLR represents Hofifman-La Roche water-soluble p-carotene beadlets. Control treatment 
was the control for selenite, trolox and ascorbic acid treatments. N-hexane was the control for trans p-
carotene and the amount used was the volume needed to deliver 25uM SpC from stock. The placebo 
beadlets were the control for the water soluble form of p-carotene. Although trolox stock was prepared at 
pH 9.0, the volume required for the highest concentration applied was only 40 |iL for 5 mL of EMEM. 

Treatment 

Se2 

Se5 

TIG 

T20 

VC0.4 

VC0.8 

HPC 10 

HpC25 

P25 

SpC 10 

SPC25 

n-hex 

control 

Supplement 

selenite 

selenite 

Trolox 

Trolox 

ascorbic acid 

ascorbic acid 

P-carotene 

P-carotene 

Placebo 

P-carotene 

p-carotene 

n-hexane 

— 

Concentration 

2^g/ml 

5|ag/ml 

10|ig/ml 

20^g/ml 

0.4 ng/ml 

0.8 ng/ml 

10 ^M 

25 MM 

25 ^M 

10 ^M 

25 ^M 

-25 SBC uM 

— 

Form 

Na2Se03 

Na2Se03 

Trolox 

Trolox 

L-ascorbic acid 

L-ascorbic acid 

beadlets 

beadlets 

beadlets 

trans, synthetic 

trans, synthetic 

HPLC grade 

— 

Source 

Sigma 

Sigma 

Aldrich 

Aldrich 

Sigma 

Sigma 

HLR 

HLR 

HLR 

Sigma 

Sigma 

Sigma 

— 

Stock Solution 

EMEM 

EMEM 

pH 9.0 EMEM 

pH 9.0 EMEM 

EMEM 

EMEM 

EMEM 

EMEM 

EMEM 

n-hexane 

n-hexane 

n-hexane 

EMEM 
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routme subcukure, then dUuted during resuspension m order to optimaUy seed 12-weU 

plates of 22 mm weUs at 1000 ceUs per weU. One 12-weU plate was prepared for each 

nutrient treatment, and five weUs were counted at each time point. 

At 24 hom-s the plates were removed for the first counting. CeUs were removed 

from four weUs with trypsin-EDTA and counted in an Improved Neubauer hemocytometer 

(Baxter, McGaw, IL) MultiweU plates were remmed to the mcubator as soon as samples 

had been removed, and the san^ling process was repeated at 48 hours. 

Exposure of CeUs to UVB and Sham UVB Treatments 

Sham treatments were achieved by removing medium from plates of ceUs and 

replacing it with calcium- and magnesium-free PBS. These plates remained open in the 

hood for the length of time that it took to apply the UVB treatment to a matched UVB 

group. UVB treated ceUs were exposed to Hght of wavelength 290-320 nm which was 

appHed using a sunlamp apparams equipped with Westmghouse (Ulysses, KS) FS-40 Hght 

mbes. CeUs were placed 30 cm from the Hght source and the duration of exposure was 

determined according to the power output of the Hght, which was measured with a 

National Biological Corporation (Cleveland, OH) meter set at range 0.1. The average 

readmg for three positions on the platform was calculated. Then the mJ requkement was 

divided by the mWatt/second average output to determme the number of seconds for 

which Hght was to be appHed. Doses of 4-750 mJ/cm^ UVB were appHed m this manner 

for various aspects of the project. 

Cell ViabUitv 

In order to determme whether or not UVB treatments up to 500 mJ/cm2 would 

mfluence ceU viabUity, viabihty was assessed by trypan-blue dye-exclusion at 4 hours and 

24 hours foUowing UVB exposure. Medium was replaced with PBS, without calcium and 
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magnesium, during the kradiation; ceUs were then returned to medium and remcubated 

untU the tkne of the viabihty assay. Trypan blue was appUed to the ceUs m the plates at 

0.08% for 3 mmutes. Three counts were made per plate and there were three plates per 

treatment. 

Biochemical Tests 

Catalase enzyme activity was determmed by the method of Aebi (104), using a 

Shimadzu (Columbia, MD) UV-2101PC spectrophotometer. The samples were prepared 

by scrapmg ceUs from plates mto phosphate buffer (50 mM NaKP04 with 0.1 mM EDTA. 

pH 7.0) and then homogenizmg the san^le for 30 seconds. FoUowing centrifugation at 

13,000 xg, the supernatant was taken for immediate analysis, and kept on ice. The 

reaction mixmre contamed 50 pL of san^le and 950 pL of 10 mM H2O2 m phosphate 

buffer (50 mM NaKP04 with 0.1 mM EDTA, pH 7.0). Catalase activity was determmed 

from the decon:q)osition of hydrogen peroxide which was foUowed by the decrease m 

absorbance at 240 nm over a 2 minute time course. The rate constant for catalase activit> 

was defined by the relationship K = 2.303/t(Ao/A2), where k represents the rate constant, t 

represents time in minutes and AO and A2 represent absorbance at t=0 and t=2 minutes, 

respectively. Specific activity was calculated from k/mg total protem. The method for 

total protem determination is given below. 

The total superoxide dismutase (SOD) activity was determmed usmg the 

ferricytochrome c reduction assay of McCord and Fridovich (105). In this assay, the 

mhibkion of the reduction of ferricytochrome c (type m, Sigma, St. Louis, MO) reflects 

the level of total SOD, and this was foUowed spectrophotometricaUy over a tkne coiû se of 

2 minutes at 550nm. Sample preparation was the same as for catalase determmation. 

Superoxide radicals reduce oxidized ferricytochrome c and the radicals are produced m 
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this assay by the metaboHsm of xanthine by xanthme oxidase (XO) m the presence of 

oxygen. SOD con^etes with ferricytochrome c for superoxide radicals, as depicted here: 

XO 

(1) xanthme + H2O + O2 > uric acid and O2* 

Various fates are possible for the superoxide radicals, mcludmg: 

SOD, 2H+ 

(2) 02* + 02* > H2O2 + O2 

(3) cytochrome c • Fe + O2*" —> cytochrome c • Fe + O2 

To the extent that reaction 2 is catalyzed by the presence of superoxide dismutase, 

reaction 3 is mhibked. 

The final reaction mixture contained 940 pL of solution A ( 0.76 mg [5pmol] 

xanthine m 10 mL 0.001 N NaOH, and 24.8 mg [2 pmol/L] cytochrome c, m 100 mL of 

50 mmol/L phosphate buffer, pH 7.8, contaming 0.1 mmol/L EDTA), and 10 uL solution 

B (XO m 0.1 mmol/L EDTA approximately equal to 0.2 U/mL). The reaction was started 

by the addkion of 50 pL of ceU extract and the absorbance was monitored over a 2 mmute 

time course at 550 nm. One unit was defined as the amount of enzyme requked to mhibk 

the reduction of ferricytochrome c by 50% m the assay system without addition of SOD; 

specific activity was calculated as units per mg protem. 

Estknates of Hpid peroxidation were determmed by measuring thiobarbimric acid 

reactive substances usmg a method modified from Asakawa (106) and Ohkawa (107). 

Samples were prepared by scrapmg ceUs from plates mto 1 mL of phosphate buffer (50 

mM NaKP04, with 0.1 mM EDTA, pH 7.0). The assay mixture contamed 200 pL of 

prepared sample, 400 pL of phosphate buffer, 600 pL of 10% trichloroacetic acid (Sigma, 
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St. Louis, MO) and 1.0 mL 0.5% 2-thiobarbimric acid (Sigma, St. Louis, MO). The 

mixmre was heated for 45 minutes in a boiling water bath, cooled to room temperature 

and spun m the centrifuge at 12400 x g for 10 mmutes. The absorbance of 1.0 mL of 

supernatant was determmed at 535 nm agamst a standard curve of 1,1,3,3-

tetramethoxypropane. 

Lipid peroxidation measurements were made at zero, 4 and 24 hours after UVB 

treatment. For the 4 hour and 24 hour post-UVB treatments, medium was replaced with 

PBS during irradiation, then medium was replaced for the second period of mcubation. 

Protem determinations for aU assays were performed according to the method of 

Bradford (108). Standards were prepared by the dUution of a 1 pg/mL stock of bovine 

semm albumm (BSA), origmaUy obtained m lyophilized form (BioRad, Richmond, CA). 

For the standard curve BSA was added to 1 mL of BioRad protem assay dye reagent at 

the foUowing volumes: 0, 5, 10, 15, 20, 25, and 30 pL. San^les were prepared usmg 1 

mL of dye reagent with 20 pL of sample. 

8-Hydroxydeoxysuanosine Detection 

Samples were prepared for 8-OHdG detection at zero, 4 and 24 hours foUowing 

UVB irradiation. UVB Hght is known to mduce DNA damage by base modification that is 

mediated by free radical attack. In particular, 8-OHdG has been shown to be a product of 

free radical attack m both in vivo and in vitro systems (25,26). The presence of this 

adduct was detected m this study usmg the methods developed by Kasai (109) and Floyd 

(25). DNA extraction and digestion was performed usmg modifications of methods 

reported by Beehler and Ausubel (94,110). CeUs were removed from plates subsequent to 

UVB treatment with a scraper ml mL of digestion buffer (5% SDS and 100 pg/mL 

protemase K), and the mixtiue was homogenized, then mcubated overnight m a 50°C 
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shakmg water bath. In the morning, 1.0 M stock sodium acetate was added to the 

samples to a 0.3 M final concentration. 

For the extraction of DNA, a 3 mL volume of 24:1 chloroform/isoamyl alcohol 

was added to each sample and gently mixed for 10-15 mmutes. FoUowing ten minutes of 

centrifugation at 1700 x g, the aqueous portions, containing the DNA, were transferred to 

a second glass centrifuge tube for a second (and if necessary, a third) chloroform/isoamyl 

alcohol extraction. FoUowing the extractions, nucleic acids were washed with one volume 

of ice cold 70%, and peUeted by centrifixgation, and one volume of ice cold 95% ethanol, 

and peUeted by centrifugation. DNA was peUeted once more by centrifugation then stored 

m 1 mL of 100% ethanol. 

In preparation for DNA digestion, ethanol was decanted, DNA was dried under 

nitrogen, and resuspended in 250 pL of 10 mM Tris-HCl, 1 mM EDTA, pH 7.4. For the 

digestion process, 0.025 mL of 0.5M NaOAc (pH 5.1) was added to the DNA suspension 

along with 2.75 pL of IM MgCl2. San^les were mixed, boUed for 5 minutes m 100°C 

water bath and then placed on ice for ten minutes. Ten pg of Nuclease PI (Sigma, St. 

Louis, MO) from a 1.0 pg/L stock was added to each sample; san^les were mcubated for 

1 hour at 37°C at this pomt. The pH was adjusted to -7.8 with 8 pL 1.0 M Tris base, and 

1 unit of alkaline phosphatase was added to each san^le; samples were incubated agam 

for 1 hour at 37°C. The digested samples were then prepared for HPLC mjection by 

acidification with 0.005 mL of a 1:2 solution of glacial acetic acid m water, and filtration 

though 0.2 pm syringe filters (Fisher, Houston, TX). In this analysis k was unnecessary to 

remove RNA contammation from the samples because ribonucleosides elute later from 

the HPLC and therefore do not mterfere with the analysis of 8-OHdG and dG. 

Purified, digested DNA samples were separated usmg a Waters (MUford, MA) 

Model 6000A HPLC solvent dehvery system, wiiich appUed sanq)lesto a C18, 5 pm, 100 

angstrom column (Ramm, Wobum, MA) usmg a mobUe phase flow rate of 1.0 mL/mmute. 
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A 6X stock of HPLC buffer was prepared with 21.2 g citric acid (Sigma, St. Louis, MO), 

16.6 g anhydrous sodium acetate (Fisher, Houston, TX), 9.6 g sodium hydroxide (Fisher. 

Houston, TX) and 4.8 mL glacial acetic acid (Fisher, Houston, TX), made to 4L volume 

with deionized distUled water. The mobUe phase was prepared usmg 167 mL of 6X stock, 

100 mL of HPLC grade methanol (Fisher, Houston, TX), and 733 mL deionized distUled 

water. Fmal concentration of runnmg buffer was 0.885 g/L citric acid, 0.69 g/L anhydrous 

sodium acetate, 0.4 g/L NaOH, 0.2 mL/L glacial acetic acid and 10% (v/v) HPLC grade 

methanol. 

Standards were prepared from aqueous stocks usmg stock 8-OHdG that was 

generously provided by Dr. Robert Floyd (prepared by a method sknUar to that reported m 

Kasai (109) and 2'-deoxyguanosine (dG) (Sigma, St. Louis, MO) which were stored at 

-20 C. Workmg standards were prepared by lOOx and lOx dUutions of stocks m mobUe 

phase, to final concentrations of 0.544 pM 8-OHdG and 250 pM dG. The column was 

coupled to a Model 440 UV Absorbance Detector (Waters Associates, Milford, MA), 

equipped with a 254 nm lamp, and an an:̂ )erometric detector (Bioanalytical Systems, Inc., 

West Lafayette, IN), which were used to determme the level of deoxyguanosmes and 8-

hydroxydeoxyguanosmes, respectively, by corr^arison of the peak heights with those of 

standards of concentrations. The vokage appHed was +0.6v, which provided the best 

balance between current generated from 8-OHdG and background. These signals were 

optimized to permit measurable recordmgs on a Houston Instrument Omniscribe 

(Houston, TX) dual channel recorder. 

Resuks were calculated based on con^arison of peak heights of san^les with 

peaks of standards, usmg the ratio determmed for peak height/concentration of residues 

and reported as number of 8-OHdG residues per IOMG residues. These data were 

subsequently transformed to express the level of adducts for UV treated ceUs as a 

percentage of sham treated ceUs, for each nutrient premcubation treatment. 
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Western Blots 

San^les were prepared accordmg to the method of Brown (111). CeUs were 

washed with PBS then resuspended m high sah buffer (500 mM NaCl, 1% NP40 

[Nonylphenoxy Polyethoxy Ethanol, Sigma, St. Louis MO], 50mM Tris-HCl, pH 7.5) to 

which several protease mhibkors were added from stocks just before the cells were 

resuspended. Fmal concentrations of protease mhibkors were: 0.5 mM PMSF 

(phenyhnethylsulfonyl fluoride, Sigma, St. Louis, MO), 10 mM B-glycerphosphate 

(Sigma, St. Louis, MO), 2 pM Levamisole, 50 pM sodium orthovanate (Sigma, St. Louis, 

MO), 1 pg/mL pepstatm A (Sigma, St. Louis, MO). The mixmre of ceUs and protease 

mhibitors was incubated on a rockmg platform for fifteen minutes at 4°C, then spun for 15 

minutes at 13,000 x g. The supernatant was assayed for total protein usmg the method of 

Bradford, with BioRad reagent and BSA standards as described above. Equal amounts of 

protein were loaded onto an 8% SDS-PAGE gel and resolved by electrophoresis. The 

resolving gel was prepared with 9.2 mL water, 5.4 mL 30% acrylamide mix, 5.0 mL 1.5 

M Tris (pH 8.8), 0.2 mL 10% SDS, 0.2 mL 10% ammonium persulfate, and 0.012 mL 

N,N,N'N'-Tetramethylethylenediamine (TEMED, Sigma, St. Louis). The stacking gel 

was prepared with 6.8 mL H2O, 1.7 mL 30% acrylamide mix, 1.25 mL 1.5 M Tris 

(pH6.8), 0.1 mL 10% amonium persulfate, and 0.01 mL TEMED. 

Gels were run at 20 mA untU the dye front passed from the stackmg to the 

resoKing gel (approxknately 20 mmutes). At that pomt, current was mcreased to 30 mA. 

Protems were transferred from the gel to nitroceUulose usmg a Fisher (Houston, TX) FB-

SDS-2020 semidry electroblottmg apparatus with a current of 400 mA for 45 mmutes. 

Electroblottmg buffer (25 mM Tris HCl 192 mM glycme, 20% methanol, pH 8.3) was 

used to soak aU layers of the transfer preparation. NitroceUulose was aUowed to dry 

under sterile condkions and then blocked with 5% nonfat dry mUk m phosphate buffered 

sahne with 0.1% Tween 20 (Aldrich) at room tenq)erature. Preblocked sheets were 
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washed and then incubated with 1 pg of mouse Ab-2 monoclonal antibodies against p53 

(Oncogene Science, Cambridge Bioscience, UK) and rabbk polyclonal antibodies agamst 

bcl-2 (Santa Cmz Biotechnology) dUuted 1:12000 m PBS with 0.1% Tween 20. P53 and 

bcl-2 were detected using horseradish peroxidase ~ conjugated anti-mouse and anti-

rabbit antibodies at 1:15000 dUution for 2 hours. FoUowing three washes, a volume of 

0.125 mL/cm of a 1:1 mixture of enhanced chemUuminescence reagents (Amersham Life 

Science) was appHed for 1 minute. Blots were covered with customized plastic wraps and 

exposed to blue Hght sensitive autoradiography film (Hyperfilm ECL, Amersham), for 

sufficient time to capmre an optknal signal of emitted radiation, A Molecular Dynamics 

300B Scanning Densitometer (Sunnyvale, CA) with integrated software was used to 

evaluate band density. 

Evaluation of Repak 

In order to determine whether DNA damage would accumulate faster than it could 

be repaked and also to assess whether or not selenite supplementation would either 

enhance repak or reduce the formation of oxidative lesions, ceUs were grown to 70°/o 

confluency, exposed to 500 mJ/cm^ UVB and then remmed to medium for 24 hours. 

Only the post-UVB treatment medium was supplemented, to a final concentration of 5 

pg/ml. DNA was assayed for level of 8-OHdG residues/lO^dGs, at zero, four and 24 

hours foUowing UVB treatment. 

Statistical Analysis 

Sigma Stat software (Jandel Scientific, San Rafael, CA) was used to analyze aU 

data. When significant F values were obtamed usmg one way ANOVA, Student Neuman-

Keuls procedure was used to determme significant differences (p<0.05) betyveen treatment 

means. 
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CHAPTER m 

RESULTS 

Growth of CeUs 

The defining attributes of the Balb/c MK-2 ceU line were present throughout the 

experiments. The ceUs had a doubling time of approximately 28 hours, were absolutely 

dependent on epidermal growth factor for proliferation and requked a low concentration 

of calcium in the medium to maintam ceUs in an undifferentiated state. Morphological 

characteristics of the ceUs are presented m Figures 4, 5 and 6. 

Assessment of ceU viabihty by trypan-blue dye-exclusion assays showed that the 

viabUity of ceUs was not affected by UVB kradiation over the dose range that was appHed 

m the experiments. The percentage of viable ceUs, based on three counts per plate, usmg 

three plates per treatment level did not change significantly from 4-500 mJ/cm^ UVB 

kradiation. In aU cases ceU viabUity was 97-100% (Figures 7 and 8). Other smdies have 

shown that mouse keratmocyte ceU Hne 291.09 of BALB/c origin viabUity exceeds 95% 

for control ceUs and that UVB exposure as high as 630 mJ/cm^ resuks m less than 20% 

reduction m ceU viabUity (94). 

Growth characteristics were not significantly ahered by supplementation with 

nutrients at the concentrations used m the studies. CeU counts for aU nutrient treatments 

were made over a 48 hour period, for plates seeded at equal density. Five repHcates of 

each treatment were counted. In order to determme if there were differences between 

treatments and controls, an analysis of variance was performed for each nutrient. There 

were no significant differences between the mean ceU counts at 48 hours, that could be 

attributable to the nutrient supplementation of medium except for the selenite treatments. 

An ANOVA was run for ceU counts of every nutrient group at 48 hours. CeU growth was 
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Figure 4. Image of mouse keratmocytes as viewed through phase contrast microscope 
(lOOx). Image was made from a 70% confluent plate of untreated Balb/c MK-2 ceUs 
usmg an 01ynq)us Provis AX70 automatic research photomicroscope, with mtegrated 
camera. (Olympus, Lake Success, NY) 
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Figure 5. Nomarski differential mterference contrast unage of mouse keratmocytes 
(lOOx). Image was made from a 70% confluent plate of untreated Balb/c MK-2 ceUs, 
usmg an Olympus Provis AX70 automatic research photomicroscope, with mtegrated 
camera. (01yiiq)us, Lake Success, NY) 

42 

^fmm mmmm mMM ^ 



•^mm i*P 

•iN._ 

^ 

• r < ^ ^ . 

m-

X 
Figure 6. Electron microscope unage of mouse keratmocyte (8600x). CeU was viewed 
with a Hitachi H600 S-TEM microscope. CeUs were fixed m 3% gluteraldehyde m 0.05M 
sodium cacodylate buffer (pH 7.3) for 1 hour. CeUs were buffer-washed m 0.05 M 
sodimn cacodylate buflfer, at room temperature, and post-fixed m 1% osmium tetroxide m 
0.05M sodium cacodylate buffer. CeUs were dehydrated through mcreasmg 
concentrations of ethanol solutions, and mfiltrated and knbedded m LX-112 plastic. Cross 
sections and en face sections of 60-80 nm thickness were taken. Sections were post-
stamed with uranyl acetate (aqueous) and Reynolds lead citrate. (AU chemicals from 
Sigma, St. Louis, MO.) 
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C 500 200 100 50 10 8 6 4 Sham 

UV Exposure 

Figure 7. Balb/c MK-2 ceU viabihty four hours foUowing UVB at doses indicated. Bars 
represent means +/- SEMs. UVB treatment in mJ/cm .̂ Sham treatment was exposed to 
PBS only. Control (C) treatment was e)q)osed to neither PBS nor UVB. Tests were 
performed on three plates per treatment, and there were three counts per plate. 
Differences between means were not significant. 
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Figure 8. Viabihty of Balb/c MK-2 ceUs 24 hours foUowing UVB at doses indicated. 
Bars represent means +/- SEMs. Sham treatment was exposed to PBS only. Control (C) 
treatment was exposed to neither PBS nor UVB. Tests were performed on three plates per 
treatment, and there were three counts per pbite. Differences between treatments were 
not significant. 
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assessed in one experiment only, and given the normal variabUity m growth rates, k is 

unlikely that the statistical difference m selenium treatments reflects a meaningful 

difference from the standpomt of these studies. Data are summarized m Table 4. 

DNA Adducts 

The rate of formation of 8-hydroxydeoxyguanosine is a rehable marker of DNA 

base oxidation consequent to oxidative stress. The niunber of oxidatively modified 

nucleosides per 10̂  normal deoxyguanosine nucleosides was calculated for each treatment. 

Levels of 8-OHdG/lO^dG in untreated control ceUs were within the range of values 

previously reported (26). The dG peak typicaUy had a retention time of about ten 

minutes, and the 8-OHdG peak eluted m approximately fifteen minutes, with 10% 

methanol in the mobUe phase mixmre. The elution time was verified frequently, by 

measuring the elution time of known purified standards. Standards were prepared from 

frozen stocks; dG stock was obtamed from Sigma (St. Louis, MO) and 8-OHdG stock 

was a generous gift from Dr. R A. Floyd. 

The level of adducts mcreased with UVB dose over a range of irradiation levels 

from 4-500 mJ/cm .̂ This was an ahnost knmediate consequence of UVB exposure, which 

suggests that damage could neither be prevented nor repaked sufficiently to avoid 

accumulation of damage. Figure 9 depicts this effect. The level of adducts mcreased 

over tkne foUowing UVB. Four hours foUowing 500 mJ/cm^ UVB the level of 8-OHdG 

adducts was ahnost 3.5 tknes that found m the DNA of sham-treated ceUs. (Mean values 

32.99 and 9.63, respectively, for number of 8-OHdG/lO^dG.) Although adducts were not 

detected m the supernatant of control ceUs, three readmgs were made of the 8-OHdG 

adduct frequency m the nonadherent ceUs grown with 5 pg/mL selenite for 48 hours prior 
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Table 4 Cell counts at 48 hours. Within groups, means marked with different symbols differ 
significantly (p<0.05). HLR stands for water soluble beadlets containing p-caotene, PLACEBO stands for 
beadlets without the p-carotene (the negative control for HLR), TROLOX is the water soluble vitamin E 
analog, VTF C is sodium ascorbate, Se is selenium from sodium selenite, SBC is trans-^-caiotene. 

GROUP 

HLRlpM 

HLR lOpM 

HLR25pM 

PLACEBO 

TROLOX lOpg/ml 

TROLOX 20pg/ml 

CONTROL 

VIT C 0.4pg/ml 

VITC 0.8 pg/ml 

CONTROL 

Se 2 pg/ml 

Se 5 pg/ml 

CONTROL 

SBC 1 pM 

SBC 10 pM 

SBC 25 pM 

n-hexane 

N 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

MEAN (xlO') 

4.12 

3.04 

3.64 

4.96 

5.04 

5.32 

5.44 

6.44 

5.04 

5.44 

4.24^ 

5.84' 

5.44 

3.96 

5.44 

4.48 

4.28 

SEM (xlO') 

2.94 

4.62 

3.76 

6.20 

6.55 

3.61 

3.54 

4.79 

2.48 

3.54 

3.54 

4.83 

3.54 

2.63 

2.31 

3.77 

3.77 
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100 200 600 750 

UVB exposure, mJ/cm^ 

Figure 9. The number of 8-OHdG residues /10^ dG residues with UVB exposure from 
100-750 mJ/cm .̂ Means represent trq)hcate plates from each treatment. In some cases, 
but not all, DNA was measured more than once for each sanq)le. The value for 750 
mJ/cm^ represents a single sanqjle. Bars indicate SEMs. Means marked with different 
letters are significantly different (p<0.05). 
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to UVB exposure and 24 h after UVB. Then measurements were aU very high; 

64.9, 70.8, and 141.4 8-OHdG/lO^dG. 

The level of 8-OHdG adduct formation was attenuated by premcubation of ceUs 

with antioxidant nutrients, and modulation of damage occurred m a dose-response 

manner. In order to minimize variabiHty, ceUs premcubated m different concentrations of 

a particular nutrient were utUized for DNA extraction, along with relevant controls, on the 

same day, and were run as a block on the HPLC-electrochemical detection system The 

number of 8-OHdG/lO dG are expressed as a percentage of the rate detected m 

unirradiated sham treatments m Figure 10, for trolox, ascorbate and selenite treatments. 

Sham treated ceUs had somewhat greater levels of adducts than ceUs that received neither 

UVB nor PBS exposure (i.e., control /completely untreated ceUs). These values were 

very close to the levels reported for sham-treated controls elsewhere, however (94). 

For the p-carotene beadlets, the increase in 8-OHdG adducts was greater than for 

P-carotene in n-hexane or any other nutrient. Neither form of p-carotene provided 

significant protection against the development of the oxidative DNA lesion assayed m 

these experiments. Data are summarized in Figure 11. 

Lipid Peroxidation 

The concentration of thiobarbituric reactive substances mcreased with UVB 

irradiance at the 24 hour post-UVB treatment tkne pomt. For doses from 10-200 mJ/cm^ 

the extent of peroxidation was simUar. At 500 mJ/cm the peroxidation was significantly 

higher than for aU other treatments. However, there was no significant difference m the 

level of thiobarbituric reactive substances knmediately foUowing UVB or 4 hours after 

UVB treatment. The data for 24h post-UVB treatment appear m Figure 12. There was 

not a significant difference between sham-treated ceUs and those exposed to neither UVB 
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Figure 10. The number of 8-OHdG residues per 10^ dG residues, expressed as a 
percentage of the level detected m san^les of the umrradkited ceUs grown m control 
EMEM for selenke, trolox, and ascorbate. Sham-treated ceUs were exposed to PBS for 
the amount of tkne reqmred to expose UV treated ceUs to 500mJ/cm^ Sham and control 
UV treatments were apphed to ceUs grown m EMEM. Doses 1 and 2 were: lOpg/ml and 
20pg/ml trolox, 0.4 and 0.8 pg/ml ascorbate, and 2.0 and 5.0 pg/ml selenke. Means 
represent three to five samples, bars represent SEMs. Means marked with different letters 
are significantly different. 
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Figure 11. The number of 8-OHdG residues per 10̂  dG residues, e^ressed as a 
percentage of the level detected m sanq)les of the imirradiated ceUs grown in control 
EMEM, for P-carotene. Sham treatment ceUs were grown m EMEM and received no 
UVB, but remamed m PBS for the amount of tkne reqmred to dehver 500mJ/cm^ to the 
UV treatments. Control UV ceUs were grown m EMEM and kradiated with 500 mJ/cm^ 
UVB. The same level of UVB was appUed to the dose 1,2,3 treatments; these ceUs were 
grown m IpM, lOpM and 25pM P-carotene respectively. Means represent 3-5 DNA 
assays from 3 different samples. Bars represent SEMs. Means were not significantly 
diflferent.(p>0.05) 
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Figure 12. Lipid peroxidation as reflected by nmoles malondialdehyde per mg protem, 
measured 24 hours foUowing UVB exposure at the doses mdicated. Values represent 
means of tripUcate san^les for each UVB treatment, bars indicate SEMs. Means marked 
with different letters are different (p<0.05) 
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nor PBS, with regard to the formation of TBARS at 4 hour and 24 hour post kradiation 

time points. 

Antioxidant Enzymes 

With mcreasmg UVB dose over the range 4-500 mJ/cm2, there was not a 

significant increase in catalase enzyme activity at 4 hours post-irradiation. Twenty-four 

hoiu-s foUowing UVB treatment catalase activity mcreased with the level of UVB dose. 

Data are summarized m Figures 13 and 14. 

Figure 15 depicts changes m catalase activity foUowing UVB. The pattern that 

emerges from this data is that enzyme mduction is greater for ceUs grown with lower 

levels of antioxidant nutrients. This suggests some measure of complementarity for 

enzymatic and non-enzymatic defense systems. 

At four and 24 hoiu"s foUowing UVB treatment, the level of superoxide dismutase 

activity was not significantly altered over the 4-500 mJ/cm2 dose range of UVB. Data for 

24 hours post-UVB are given m Figiû e 16. Figure 17 summarizes the results of SOD 

assays at three intervals foUowing UVB treatment. As with catalase, the pattern emerging 

from this data is one of complementary of enzymatic and non-enzymatic systems of 

defense. 

The activity of the selenium-dependent form of glutathione peroxidase enzyme was 

determined for samples with and without UVB treatment, usmg ceUs grown m control 

medium, or medium supplemented with 2.5 pM, 5 pM and 12.5 pM selenium as sodium 

selenite. Enzyme assays were performed knmediately foUowing UVB treatment. Data are 

shown m Figure 18. For both UVB and sham treated ceUs, selenium supplementation 

significantly mcreased glutathione peroxidase activity (p<0.05). 
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8 10 50 100 200 500 sham cont 

UVB Exposure 

Figure 13. Catalase activky per mg protem four hours foUowing UVB at doses mdicated 
Means were derived from trq)Hcate san^les, measured m duphcate. Bars represents 
means +/- SEMs. Differences between means were not significant (p>0.05). 
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Figure 14. Catalase activky per mg protem 24 hours foUowing UVB treatments at levels 
mdicated. Means were derived from triphcate samples, measured m duphcate. Bars 
represent means +/- SEMs. Different letters mdicate significant differences between means 
(p<0.05). 
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Oh 4h 24h 

Tinfie after UVB Irradiation 

Figure 15. Catalase activity of Balb/c MK-2 ceUs given SOOmJ/cm^UVB, expressed as a 
percentage of the activity detected in sham-treated ceUs grown in nutrient-^ecific 
medhun. Medhim for sham treatments was identical to that used for the UVB treatment 
Means were derived from trq)Ucate san^les, measured in duphcate. Bars represent means 
+/- SEMs. 
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Figure 16. Level of superoxide dismutase 24 hours foUowing UVB exposure at doses 
m^cated. Control ceUs and sham cells were grown in EMEM. Sham cells were exposed 
to PBS for the tkne reqmred to dehver 500 mJ/cm t̂o UVB treated ceUs. Means were 
derived from triphcate san^les, measured m duphcate. Bars mdicate SEMs. Means were 
not significantly different. (p>0.05) 
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Figure 17 Level of superoxide dismutase activity of Balb/c MK-2 ccUs given 500mJ/cm^ 
UVB expressed as a percentage of the activky detected m sham-treated ceUs grown m 
mitri^tXecific medhmi Sham ccUs were e)q)oscd to PBS for the tune required to 
deliver 500 mJ/cm^o UVB-treated cells. Bars represent means +/- SEMs. Means were 
derived from triphcate samples, measured m duphcate. 
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Figure 18. Glutathione peroxidase activity per mg protem for cells premcubated for 48 
hours m EMEM supplemented to the selenke concentrations mdicated. Means were 
derived from trq)Ucate samples, measured in duphcate. Bars indicate means +/- SEMs. 
Treatments with different letters differ significantly, for both sham and UVB conditions. 
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Immunoblots 

Subsequent to image development, filmg were analyzed by densitometric scanning 

to determme wiiether or not the density of bands for a particular protem differed 

significantly between lanes. Data were transformed to reflect the mtensity of a band as a 

percentage of the mtensity of the band for the relevant negative control. For lanes loaded 

with equal amounts of protein based on BioRad determinations the intensity of p53 bands 

differed, according to the nutrient preincubation medium of the ceUs. Data appear below 

the image in Figure 19. Sirmlarly, band density differences appeared in the images from 

bcl-2 blots. Data appear below the image in Figure 20. WhUe the protein data defy 

definitive mechanistic mterpretation, they do show that levels of the protem products of 

genes associated with apoptosis and ceU cycle arrest are unequal foUowing nutrient 

treatment. 

DNA Repak 

For ceUs given selenite to a final concentration of 5 pg/ml foUowing UVB 

exposure, the level of DNA adducts were as Hsted m Table 5. CeUs were grown to 

approximately 60% confluency, irradiated with 500 mJ/cm UVB, then given medium 

supplemented to a final concentration of 5 pg/mL selenite. For UV-treated ceUs given 

selenite supplementation, there was not a significant mcrease m the number of 80HdG 

adducts.(p>0.05) For UV treated ceUs returned to EMEM foUowing UV exposure there 

was not a significant mcrease m adducts.(p>0.05) For sham treatments with selenite there 

was not a significant mcrease m adducts, although there was a four-fold mcrease from 

tkne zero. This mcrease was presumed to be attributable to the fact that, m order to 

dehver 500 mJ/cm^ UVB, ceUs had to be m PBS for approxknately 13 mmutes. Prior to 

this experiment k was not known that this would kicrease the level of 8-OHdG m sham 

treatments. In order to test the explanation that mcreased 8-OHdG adducts are due to 
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metaboHc activity increases upon return to medium, k would be mformative to remove 

some of the tubes from the UVB mstrument, and dehver the same fluence of Hght but wkh 

different wattage, so that the tkne requked for dehvery would be unequal. In this setup, 

ceUs would be exposed to PBS for different lengths of tkne, but receive the same amount 

ofUVB. 

With regard to repak, k is mterestmg that m the long term (both 4 and 24 hours), 

ceUs given UV foUowed by supplemented medium developed more lesions than ceUs given 

UV but returned to EMEM. Selenite does not appear to offer any benefit with regard to 

repak. In fact, it may be a deleterious mfluence on the system to some degree, because 

the level of lesions decreased for ceUs without selenite, but contmued to increase for ceUs 

given selenite foUowing UV treatment. 
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Figure 19. Effects of nutrients on the level of p53. Fifteen pgs of protein were loaded 
mto each well, for the foUowing treatments, m order from left to right: 1- marker, 2-
marker, 3-control, 4-selenite (5pg/ml), 5-selenite (5pg/ml), 6-SpC (25pM), 7-HpC 
25pM, 8-Placebo, 9-marker, lO-ascorbate (0.8pg/ml). The level of p53 as a percent of 
control (protem from ceUs grown m EMEM) were: selenite - 145%, 124%; SpC -145%; 
HpC -150%; ascorbate-132%. Samples were appUed to SDS-polyacrylamide gel for 
electrophoresis. Resolved proteins were transferred to nitroceUulose. Film image was 
developed with enhanced chemUuminescence. 
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Figure 20. Effects of nutrients on the level of bcl-2. Fifteen pgs of protem were loaded 
into each weU, based on BioRad determinations, and the treatments were as foUows: 1-
marker, 2-marker, 3-ascorbate (0.8pg/ml), 4-placebo (the negative control for HpC), 5-
blank, 6-blank, 7-HpC (25pM), 8-SpC (25pM), 9-selenite(5pg/ml), 10-control(negative 
control for aU treatments except HpC. The level of bcl-2 as a percent of control were: 
ascorbate - 195%, HpC-98%, Selenite - 581%. Sanq)les were apphed to SDS-
polyacrylamide gel for electrophoresis. Resolved protems were transferred to 
nitroceUulose. Film image was developed with enhanced chemUuminescence. 
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Table 5. Number of 8-OHdG/100,000 dG residues m DNA extraaed from ceUs mcubated 
for up to 24 hours foUowing 500 mJ/cm2 UVB with either EMEM or EMEM 
supplemented with selenite to a final concentration of 5 pg/ml. Asterisk indicates a 
treatment for wiiich there was only a single measurement, owing to low level of DNA 
extraction for the other samples given this treatment. 

Treatment 

Sham 

UV 

Sham, Se 

UV, Se 

Sham, No Se 

UV, No Se 

Sham, Se 

UV, Se 

Sham, No Se 

UV, No Se 

Time post UVB 

0 

0 

4 

4 

4 

4 

24 

24 

24 

24 

8-OHdG/lO^dG 

5.69 

27.69 

24.2 

129.0 

53.6 

154.8 

20.3 

136.6 

10.1 

122.0 

SEM 

0.65 

2.58 

8.75 

8.21 

11.4 

29.5 

0 

14.6 

1.0 

22.4 
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CHAPTER IV 

DISCUSSION 

This study demonstrated that the DNA oxidative damage that occurs as a 

consequence of UVB irradiation can be attenuated by mcreasmg the concentration of 

three antioxidant nutrients in the culture medium during ceU growth. Selenite, ascorbate 

and trolox aU reduced the levels of 8-OHdG mduced by 500 mJ/cm2 UVB kradiation. 8-

OHdG is a major mutagenic lesion that is beheved to contribute to the formation of both 

spontaneous cancers and those induced by a number of different agents (97). However, k 

is not known whether these DNA adducts would have persisted for sufficient time to 

cause heritable mutations. Since it has also been estabhshed that human ceUs contam 

enzymes that hydrolyze 8-oxo-GTP to 8-oxo-GMP (98), the results presented here 

warrant further kivestigation into the time course of repak of the 80HdG adduct. 

Through ceUular metaboHsm a human ceU can sustain 1000 oxidative hits per day (112) 

Nevertheless, owing to efficient repak of low levels of lesions and cytotoxicity of high 

levels of lesions, and cancer incidence does not nearly reflect the frequency of insults. 

Wkh 8-OHdG as an endogenous mutagen it is to the ceU's advantage to remove k by 

specific or general repak mechanisms. 

The selenite, ascorbate and trolox data for 8-OHdG suggest that adduct formation 

can be modified to below basehne levels. Even greater doses decreased the level of 

adducts to the pomt that they were undetectable. (Data not shown.) This raises the issue 

of the optknal dose for some nutrients. Evidence from other areas of research regardmg 

UV-mduced effects suggest valuable roles for certam reactive oxygen species. For 

exattq)le, both UVA (290-320nm) and H2O2 rapidly activate the heme oxygenase 1 

{HOI) gene m human skm fibroblasts (11). Induction of HOI is protective because k 

leads to subsequent ferritm synthesis. With mcreased scavengmg of free mtraceUular kon 
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there is a lowered pro-oxidant state of ceUs and therefore greater membrane protection A 

secondary but knportant point to be drawn from such findmgs is that studies that explore 

particular endpomts at certam pomts m time foUowing smgle doses of uhraviolet 

kradiation may not reveal some important consequences of gene mduction. With regard 

to selenite, BoreUa (113) has reported that both selenite uptake and ceU sensitivity can be 

mfluenced by ceU seedmg density. No effort was made to determine selenite uptake m 

these experiments reported here, but aU treatments for a given nutrient were seeded at 

equal density. 

Not aU free radicals are highly reactive. Rates of radical reactions are dkectK but 

not exclusively related to bond strengths (114,115). The reactivity of a free radicals range 

from the extremely electrophihc hydroxyl radical to the hydrophihc ascorbyl radical and 

the hydrophobic and weakly oxidizmg chromanyl radical of tocopherol (57). Ascorbate 

and tocopherol are good antioxidants because thek radicals are quite unreactive. Free 

radical thermodynamics are always downhill, but kinetics often determine whether or not a 

reaction wiU occur; this is especiaUy true of the free radical forms of partly reduced 

oxygen. For more reactive free radicals the kinetic competition among altemate pathways 

wiU influence the ultimate intact of free radical species (57). Given the nature of the 

products of radical mteractions with ascorbate and trolox, and the importance of the 

stabUity of products m free radical reactions (114), these data provide further evidence for 

the mechanism of the chemopreventive role of these nutrients. 

The 8-OHdG data did not show a significant difference between P-carotene 

treatments and placebo or n-hexane (control) treatments. This may be have been because 

of dehvery Hmitations or because of the mtraceUular locahzation of P-carotene. Possibly 

P-carotene is not effective as an antioxidant m this model. 

From the glutathione peroxidase (GSHPx) data, inferences can be drawn about a 

mechanism of UVB protection for ceUs grown in medium supplemented with selenite. 
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The GSHPx level of Se-unsupplemented ceUs is very low. For ceUs with selenite 

supplementation, UVB decreases the levels of GSHPx . In both sham and UVB 

treatments an mcrease m GSHPx was seen with mcreasmg selenite m the premcubation 

medium It is possible that the knmediate protective effects of selenium are mediated 

through glutathione peroxidase, although this has not been demonstrated m some 

carcmogenesis studies (116). 

WhUe trolox, selenite and ascorbate decreased the rate of formation of 8-OHdG 

adducts foUowing UVB, P-carotene m both forms was less effective. The mechanism of 

protection by p-carotene at the molecular level is not weU understood. The carotenoids m 

general are beheved to have at least two possible fimctions. The provitamm A carotenoids 

can be metabolized to vitamm A and P-carotene molecules can serve as antioxidants m 

hpid compartments (117). 

In animals, P-carotene has shown activity against UV-mduced carcinogenesis (75). 

It has been estabhshed that P-carotene can have chemopreventive effects without 

conversion to retmoids (118). Physical quenching of radicals occurs by dissipation of 

energy of excitation into the surrounding solvent once the radical has been trapped by the 

double bonds of p-carotene. Chemical quenching of radicals by p-carotene is less weU 

understood, but k is known that P-carotene is destroyed in the process (57). 

Exploration of other roles of P-carotene are warranted, based on current findmgs. 

For example, considerable evidence has accmnulated suggesting that P-carotene 

upregulates gap junctional interceUular communication. Adjacent connexm hexamers 

create gap junctions capable of transferring molecules up to 1000 daltons between 

communicatmg ceUs (119). It is also known that calcium, cAMP and inositol phosphates 

are capable of transversmg gap junctions (120). It is possible, therefore, that growth 

regulatory signals from nontransformed ceUs can be passed to initiated ceUs. This would 

mechanisticaUy Hnk p-carotene to chemoprevention. However this effect may not be 
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observable without the three-dimensional architecture of complete tissue, or m certam 

culture conditions. The present evidence underscores the importance of considering the 

broader roles of antioxidant nutrients m carcmostatic or chemopreventive processes. 

Time may have limited some of the findings of this study. Studies on the inhibkion 

of hpid peroxidation by P-carotene, for exanq)le, do not show evidence of this role within 

24 hours. In lOTl/2 ceUs, inhibition of hpid peroxidation occurs only after several days 

mcubation with beta carotene (118). This findmg suggests one possible explanation for 

the more modest effect of P-beadlets, for which molecular concentrations of P-carotene 

were equal to those delivered m the trans P-carotene form; the beadlet may delay deHver> 

to some extent. 

Lipid Peroxidation 

The hpid peroxidation data suggest that oxidative damage to membranes mcreased 

with UVB dose. However, for ceUs grown in medium not supplemented with antioxidant 

nutrients, significant differences m peroxidation were observed 24 hours post-irradiation 

and not 4 hours post-irradiation. Punnonen et al. found that UVB increased the 

concentration of thiobarbituric acid reactive substances (TBARS) in human keratmocytes 

(28). The increase in TBARS occurred with UVB appHed over three consecutive days 

(0.12 or 0.095 J/cm )̂, with the TBA assay 72 hours after the last irradiation, or as a large 

smgle treatment (0.33 or 1.09 J/cm )̂, with the TBA assay five hours after treatment (28). 

In the present study it may be the case that low levels of l^id peroxidation at early time 

pomts were attributable to low concentrations of polyunsaturated fatty acids m ceUs 

cultured m this medium From these data, k could be inferred that UVB in^oses a 

continued oxidative stress to the ceU. PhysiologicaUy, vitamin E molecules are the most 

significant known membrane associated antioxidants (6). The results reported here 

suggest that k would be mteresting to explore m an animal model the relative efficacy of 
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water soluble trolox versus hpophUic vitamm E m the attenuarion of Hpid peroxidation 

caused by UVB exposure. 

Of considerable significance here is the findmg by KeUey et al. (87) that most 

cultured ceUs are deficient m vitamin E. In a study using an optimized tocopherol assay 

they found that L1210 lynqjhoblastic leukemia ceUs cultured m RMPI 1640 medium with 

10% PBS contamed only 2.3 +/- 0.03 pg tocopherol/10^ ceUs, whereas wiien they were 

transplanted and grown for the same tkne m the asckes fluid of mice fed standard diets the 

tocopherol level mcreased to 5.8 +/- 0.6 pg tocopherol/ 10^ ceUs. Furthermore, the low 

tocopherol level does not relate to the low PUFA level of cultured ceUs because ceUs 

enriched with PUFAs incorporate tocopherol to the same extent as ceUs with membranes 

enriched with saturated fatty acids (87). 

Since Hpid peroxidation reactions rapidly increase free radical presence, and 

peroxyl radicals with a half life of nine seconds stand a better chance of reaching nuclear 

material than do the more reactive hydroxyl radicals (half life = 10"̂  s), ceUs with high 

PUFA content would be expected to be more vulnerable to oxidative DNA damage (96). 

It would be interesting to evaluate 8-OHdG levels for tissues from prostate glands, 

mammary glands, colon, skin, etc., from groups of animals fed diets varymg in the le\ els 

of PUFAs and antioxidants. 

Antioxidant Enzymes 

The data for antioxidant enzymes show an mduction in ceUs that underwent 

greater oxidative stress. This part of the study utilized triphcate plates of nutrient 

treatments at two dose levels, plus negative controls, aU run m duphcate. UVB-treated 

plates of ceUs were standardized to sham treatment controls for each of the tripHcates at 

each tkne pomt. In general, the decrease m enzyme activity immediately foUowing UVB 

exposure was greater for catalase than for superoxide dismutase. In the case of some 
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nutrient treatments, the level of an enzyme was mcreased at 4 hours but began to decrease 

agam by 24 hours. It would be adaptive for the ceU not to contmue to produce an 

unneeded protem, and the experiment mvolved a smgle dose of UVB only. It may be the 

case that enzyme levels would contmue to be elevated if UVB treatments were repeated. 

One animal study took this approach; Okada et al. (121) observed no coordinate 

regulation of SOD and catalase by long-term (36 week) UVA or UVB kradiation of 

hakless mice (121). Okada and coworkers observed only SOD induction over time with 

repeated exposures to UVB (4300 mJ/cm^ over 36 weeks, appHed 3 times per week) 

(121). 

Shindo et al. evaluated antioxidant enzymes in human skin. The concentration of 

every antioxidant was higher in epidermis than in dermis of skin removed during surger>. 

Superoxide dismutase, catalase and glutathione peroxidase were 126, 720 and 61 percent 

higher in the epidermis, respectively (122). Shindo et al. also demonstrated that epidermal 

levels of GSH, tocopherol and ascorbate exceeded dermal levels by 513, 90 and 425 

percent, respectively (122). The skin has therefore developed greater antioxidant 

capacity m the epidermis than in the dermis, but the present findings suggest that 

adaptation is fluid and can be substantiaUy mduced. This is not surprismg, given that the 

epidermis, comprismg the outer ten percent of the skin forms the mitial shield agamst 

exogenous oxidant msult. 

Acute UV kradiation effects on antioxidant systems have been evaluated by 

Shmdo et al. usmg an in vivo system, with 290-400 nm wavelength Hght over a range 

from 2.5-25 J/cm^ (122). In Shmdo's study, k was observed that at low doses man\ 

components of the antioxidant system of the skm were damaged, and at high doses aU 

were damaged and some were destroyed. However, the effects of UVB and UVA could 

not be separated, and no evaluation was made of recovery over time for the various 

antioxidants (122). Punnonen et al. (28) and Pence et al. (55) have also shown 
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attenuation of antioxidant enzymes withm 0.5h foUowing UV kradiation, and Punnonen et 

al. (28) also found partial restoration withm 24h. The present findmgs extend our 

understanding of the antioxidant defenses m the skin by demonstrating a degree of 

coordination between enzymatic and nonenzymatic systems. 

It is in^ortant to consider that reactive oxygen species, in addition to cytotoxic 

roles, stimulate ceU division, and serve mitogenic functions in eukaryotic ceUs. The idea 

that reactive oxygen species may constitute a class of ceUular second messengers, with 

apparent involvement in mitogenesis, has been considered (100). 

P53 and Bcl-2 

P53 has a fakly short half life—approximately twenty minutes—and k can 

accumulate either by a reduction in its degradation or an increased translation. While it 

seems paradoxical that there would be more p53 m ceUs premcubated in nutrients that 

protected the ceUs from oxidative DNA adducts and thereby obviated the need for 

induction of the damage response pathway, one speculative mterpretation might be that 

there is an optimal range for reactive oxygen species, and that reduction below that level 

mduces a response that mcludes p53 accumulation. Lanfear et al. (82) found that 

selenodiglutathione caused an increase in p53 for ceUs that contained wt/?53 and induced 

apoptosis in ceUs lacking the wild type gene. The mechanism for the mduction of p53 by 

selenium compounds is not known, however. Smce selenodiglutathione is a metaboHte of 

selenite, k is possible that some msight might be gamed by testmg the mfluence of other 

selenium compounds on the level ofp53. In particular, k might be useful to contrast some 

of the selenium confounds that putatively have potential pro-oxidant roles with those that 

are thought to be less reactive. 

An equaUy speculative mterpretation might be advanced regardmg the bcl-2 data 

Cultured ceUs can be mduced to undergo apoptosis by numerous means. Attempts to 
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theoreticaUy account for the common m^act of disparate modahties which can lead to 

apoptosis and which could also account for the tendency for bcl-2 to mhibk mduction of 

apoptosis, have mcluded the idea that apoptosis may be mediated by oxidative pathways 

which could be mhibked by bcl-2 (123). Both Kane et al. (124) and Hockenbery et al. 

(125) suggested that bcl-2 mtercedes at some pomt to prevent the production of oxygen 

free-radicals. If this were so, one might expect that disparities m the level of bcl-2 should 

correspond with differences m 8-OHdG adducts m UVB treated ceUs grown m sknUar 

nutrient conditions. This was not the case. The present findings are therefore at odds 

wkh the theories of Kane and Hockenbery, but are consistent with the observations of 

Muschel et al. (123) who reported that with 125-fold reduction m oxygen tension, 

apoptosis could stiU be induced chemicaUy, calling mto question the role of oxygen 

radicals. 

DNA Repak 

Recently Wei et al. (126) reported that the DNA repak capacity of people with 

basal ceU carcinomas was 10-28% that of controls, suggesting the epidemiological 

importance of reduced repak capacity. If it were to be the case that repak could be 

enhanced m vulnerable individuals, this would be a useful measure for at-risk patients. 

The repak was not enhanced by selenite supplementation at the dose used m this study. 

Some reduction of adducts occurred between the 4 and 24 horn post-UVB time points, 

but this would probably be of Httle benefit since the doubling time of the keratinocytes is 

28 hours. 

Conclusions and Summary 

The central finding of these studies were that UVB brings about free-radical 

mediated ceUular damage m the form of Hpid peroxidation and oxidative DNA lesions and 
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that both of these mcrease with UVB dose. One mechanism by which chemopreventK e 

agents can suppress carcmogenesis is through the mhibkion of mteractions between 

reactive oxygen species and critical skes m the ceU. 8-OHdG adducts were used as an 

endpomt to determme the extent to which premcubation of ceUs with putative antioxidants 

would attenuate potentiaUy mutagenic DNA damage. The number of 8-OHdG 

residues/10^ dG residues mcreased with UVB dose over the range 4-500 mJ/cm .̂ With 

selenite supplementation at 5 pg/mL medium, ascorbic acic at 0.8 pg/mL medium, or 

trolox at 20 pg/mL medium final concentrations, the level of adducts was reduced to the 

level detected in unirradiated controls. When ceUs were grown m medium supplemented 

with either trans P-carotene or water soluble beadlets containing p-carotene, decreases m 

the level of adducts were not significant. 

It can be inferred from the results of the DNA damage and repak experiments that. 

if 8-OHdG adducts remain unrepaked for long enough to pass on mutations to daughter 

ceUs (as seen in vitro), there are at least two stages of the carcmogenic process that this 

could have significant deleterious consequences. Since the oxidative DNA damage 

persisted for at least 24 hours, and the doubling time of these ceUs is 28 hours, and smce 

these lesions can cause transversion mutations, hydroxylation of C-8 of dG could 

contribute to the development of skin cancer. 

The knproved detection systems for oxidative DNA damage as weU as other 

deleterious effects to ceUs has pron:q)ted the development of a number of exceUent 

markers of disease. Markers such as 8-OHdG which assess oxidative stress have 

numerous useful clinical imphcations. For example, Cattley has used this technique to 

evaluate the DNA damage caused by peroxisomal generation of H2O2, which is a 

potential mechanism m the carcmogenicity of peroxisomal proUferators m 

hepatocarcmogenesis (26). Urinary excretion of both 8-OHdG and 0H8Gua aUows the 

evaluation of oxidative damage and ks repak (127). These sorts of assays may have 

72 



hmitarions however. For example, a tissue specific mcrease of 8-OHdG would ha\ e to be 

very large to be detected agamst the background of 8-OHdG that is contmuaUy excised 

from the body m general. One smaU and peripheral findmg from the selenite experiments 

sheds some hght on another aspect of chnical mterpretation of 8-OHdG levels. When 

ceUs were isolated from spent medium from cultures contaming 5 pg/mL Se, the observed 

frequency of adducts m thek DNA was several tknes higher than ceUs grown m the same 

medium that had remamed attached to the sohd matrix. Therefore, elevated 8-OHdG 

levels m urine may not only be attributable to repak, but may also originate from ceUs that 

have been arrested. The analysis of 8-OHdG levels wiU contmue to be appHed to the 

evaluation of mechanisms of specific stages of cancer, and can be expected to be adopted 

for clinical use. 

Unsaturated Hpids are con^)onents of ceU membranes that are readUy attacked by 

some free radicals, because of the presence of double bonds. Malondialdehyde is a hpid 

peroxidation product that is commonly used to determine the extent of Hpid peroxidation. 

In this study hpid peroxidation did not increase with UVB dose over a range of exposures 

from 4-500 mJ/cm^ by four hours post-UVB, but significant increases m peroxidation 

occurred 24 hours foUowing UVB. 

P53 mutations are common in many forms of cancer, and in skin cancer they occur 

early, preceding other mutations. The constitutive role of wild type p53 is in the damage 

recognition pathway; arrest of the ceU cycle aUows repak of DNA damage so that 

mutations wiU not be passed on. The levels of p53 as a percent of control (protem from 

ceUs grown m EMEM) were: 145%, 124%, and 145% for selenite-, ascorbate- and p-

carotene-supplemented ceUs, respectively. One known role of the protem bcl-2 is to 

enhance the viabUity of ceUs that were otherwise destmed to undergo apoptosis. 

Immunoblots for protem from ceUs grown m supplemented medium showed mcreased 

levels of this protem for some treatments. The levels of bcl-2 as a percent of control 
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(protem from ceUs grown m EMEM) were 581%, 195% and 98% for selenite-. ascorbate-

and P-carotene-supplemented ceUs, respectively. 

CoUectively these results suggest that the effect of sunhght is mediated m part 

through free radicals, and that the effect of the free radicals can be modified by anrioxidant 

nutrients. 

Our understanding of the UV-carcinogenic process as it relates to human skin is 

growing rapidly. Presently sunscreen and other means of reducing ultraviolet exposure 

are the best ways to prevent skm cancer (128-131), but, as with many other cancers, 

nutrition plays an important role. As with other cancers, capabihty for effective repair of 

DNA is a factor that contributes to mdividual susceptibiHty (132). It may be the case that 

the most effective form of certain nutrients for cancer prevention is not the same as the 

optimal nutritional form In addition to mcreasing our understandmg of nutrients now 

known to be essential, there is a need to explore the conditional essentiahty of biologicaU\ 

active molecules whether or not they are presently considered to be nutrients, and to 

consider alternative mechanisms of effect for nutrients for which some properties have 

been defined. 
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