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PREFACE

In the past five years, a surprising and intense resurgence in interest
in vitamins and other micronutrients and their role in health and dis-
ease has occurred. The recognition has emerged that vitamins not
only are essential for life in that severe nutritional deficiencies occur
in their absence, but that these compounds may also serve as natural
inhibitors of cancer. Synthetic alterations of the basic vitamin A mole-
cule have also resulted in the production of compounds that are
more potent as anticancer agents than the natural substance and
may have substantial therapeutic activity as well. Whether other vita-
mins can be changed or altered to produce a better anticancer effect
than the native compound has been little explored to date, but
should be a fruitful pursuit for future study.

In our concluding remarks to the First International Conference in
1982, we speculated that rapid advances in our understanding of vi-
tamins would occur in the next few years and that large-scale inter-
vention trials of vitamins as preventive agents in defined human pop-
ulations would be started. This anticipated generation of data on
vitamins and their interactions has proceeded rapidly and the impor-
tance of interactions between vitamins and other micronutrients in
the prevention setting has become better appreciated. Currently,
more than 25 intervention trials with a variety of target populations
using vitamins and other micronutrients have been started, but it re-
mains too early for meaningful analysis of the results to date. A num-
ber of major methodological issues concerning prevention trials in
humans have been identified, and difficult areas of experimental de-
sign, choice and administration of agents, and compliance have been
extensively addressed. The proper execution of these trials clearly re-
quires very careful experimental design and input to varying degrees
from epidemiologists, nutritionists, pharmacologists, and basic scien-
tists to assure their success.

A large group of investigators from the sciences of cell biology, bi-
ochemistry, nutrition, oncology, epidemiology, and public health
have contributed to our new knowledge of vitamins. The positive in-
teractions between individuals in these diverse disciplines during and
following our First International Conference suggested that a second
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conference would be productive. The Second International Confer-
ence on the Modulation and Mediation of Cancer by Vitamins was
held in Tucson, Arizona, from February 10-13, 1985. The series of
papers in these proceedings indicate the excitement and breadth of
science that human prevention trials must encompass to be
successful.

Frank L. Meyskens, Jr.
Kedar N. Prasad



INTRODUCTION AND
FUTURE PERSPECTIVES

Kedar N. Prasad and Frank L. Meyskens, Jr.

Animal data have convincingly established that optimal intake of cer-
tain supplemental nutrients reduces the risk of cancer induced by a
wide range of tumor initiators and promoters, whereas a decreased
intake of some nutrients enhances cancer risk. Examples of protective
nutrients include vitamins A, C, and E, as well as folic acid and sele-
nium. The effects of these nutrients are both site- and tumor-specific.

A standard approach to test the relationship between vitamin in-
take and the risk of cancer in human beings has been to perform ep-
idemiological investigations. However, the results have not always
been consistent. Frequently this may be because they have measured
only one or two biological parameters of the many that are involved
in human carcinogenesis.

Human cancers are the result of extracellular and cellular events,
as well as host-mediated events; therefore, in any epidemiological
study the crucial parameters of all relevant events should probably be
measured in order to generate consistent data. For example, extracel-
lular events include the formation of nitrosamine in the stomach from
nitrate and biogenic amines and the formation of fecal mutagens
from a variety of food substances, especially meat. These extracellu-
lar events may be more important for some tumors than others. Both
vitamin C and alpha-tocopherol may block the formation of nitrosa-
mines and also reduce the level of fecal mutagens. The combined ef-
fects of vitamin C and alpha-tocopherol would be expected to be
greater than the individual vitamins in reducing the levels of fecal
mutagens and a single agent trial may not produce significant results.
Therefore, in order to evaluate the role of vitamins A, C, and E and
other nutrients in human carcinogenesis through an epidemiological
approach, one should optimally measure the following:

(a) Amounts of vitamin intake based on extensive dietary records

(b) Levels of vitamins
(c) Levels of fecal mutagens

vii
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Unfortunately, in previous human studies only one of these parame-
ters has been measured in any given study, and indeed most of the
prior studies on cancer risk are based on dietary intake of vitamins or
a ‘“‘vitamin index.”

Cellular events include at least tumor initiation and promotion,
which lead to transformation, and certain other intracellular events
that become responsible for maintaining the transformed phenotype
in an irreversible state. Vitamins A, C, and E and selenium may
influence the cellular events of carcinogenesis in more than one way.
For example, the vitamins may block the action of tumor promoters
and initiators or induce cell differentiation in newly transformed or es-
tablished tumor cells. In general, vitamin A and its synthetic and nat-
ural derivatives preferentially induce cell differentiation in established
cancer cells of epithelial origin, although potent effects on certain
stages of hematopoiesis are also evident. Vitamin C can reverse
newly transformed cells to normal phenotype in vitro. However, after
time the transformed phenotype becomes irreversibly fixed. Vitamins
E and D may also cause cell differentiation in some established tu-
mor cells (at least in culture), as well as permanently inhibit their
growth,

If one considers these mechanisms of action by vitamins on cells, it
becomes evident that the measurement of plasma levels alone for vi-
tamins and other nutrients in target tissues (normal, dysplastic, and
neoplastic) will be important. Unfortunately, the tissue levels of vita-
mins have not been determined in any previous epidemiological
study. In order to influence the cellular events of carcinogenesis,
knowledge of the tissue level of nutrients may be more crucial than
the plasma level in estimating the cancer risk of the target tissue.

Even in plasma, measurements are usually very limited. For vita-
min A, one must measure not only the levels of retinol and retinoic
acid, but also the levels of all relevant carotinoids. Similarly, for vita-
min E, one should measure its types. Although the biological activity
of gamma-tocopherol is only one-tenth that of alpha-tocopherol, its
level in our diet is twice that of alpha-tocopherol. Therefore, the level
of gamma-tocopherol could contribute significantly to the plasma
level of tocopherol. The plasma level of vitamin C fluctuates mark-
edly as a function of dietary intake; therefore, the levels of plasma vi-
tamin C in any epidemiological study would be difficult to interpret
with respect to cancer risk. The leukocyte level of vitamin C appears
to be a reasonable indicator of tissue level of vitamin C; however,
there are no substantive data to support this contention.
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In addition to extracellular and cellular events of carcinogenesis,
the cancer risk is also influenced by host-mediated events. These in-
clude at least competency of the immune system and detoxification
and metabolic activation of chemical carcinogens. Vitamins seem to
stimulate cellular immunity, accelerate the detoxification of some car-
cinogens, and in some cases block the metabolic activation of chem-
ical carcinogens.

Thus, in order to obtain meaningful data, we must estimate the
levels of nutrients based on dietary intake, determine the actual levels
of nutrients in plasma and tissues (normal, preneoplastic, and neo-
plastic), and monitor host-mediated events. Such a comprehensive
epidemiological study will be critical to evaluating the role of vitamins
and other nutrients in human carcinogenesis.

Conclusive results regarding the role of nutrients will come from in-
tervention studies in which the effect of one or more nutrients on the
incidence of cancer among a high-risk population is evaluated. How-
ever, we have not yet performed experiments in humans analogous
to the animal studies. Such experiments can only be accomplished
using carefully controlled intervention studies among populations at
high risk of developing cancer. Some of these studies are in progress,
but it will be at least five years and possibly longer before conclusive
data will be available.

Nevertheless, intervention trials in humans are not as simple as
they might appear because of great variations in dietary habits and in
life style and attitudes toward the proposed studies. We have made
considerable progress in the last few years in defining the methodo-
logical issues that may reduce the impact of the above confounding
factors on the interpretation of results. In the design of human inter-
vention studies, we have found that the appropriate methodologies
and experimental design may be more important than the particular
nutrients used in the chemoprevention. It is important to estimate the
intake of nutrients based on dietary intake, determine the actual lev-
els of nutrients in plasma and tissues (normal, preneoplastic, neoplas-
tic), and monitor the immune competency of the host closely. In the
absence of such a comprehensive effort, the results of human inter-
vention studies may well be difficult to interpret.

Laboratory experiments have given us sufficient biological rationale
for using combinations of nutrients in human cancer prevention stud-
ies. For example, the fact that vitamin E (alpha-tocopherol) in combi-
nation with selenium (sodium selenite) is more effective than the indi-
vidual agents suggests the possibility that vitamins may interact with



X Introduction and Future Perspectives

other nutrients, as well as with other molecules in the body. It has re-
cently been reported that d-alpha-tocopheryl succinate, which is the
most effective form of vitamin E, enhances the level of morphological
differentiation of murine neuroblastoma (NBP3) in culture induced by
a cAMP-stimulating agent, prostaglandin A,. This suggests that vita-
min E succinate may regulate at least some effects of cAMP on mam-
malian cells in culture. Further studies on the interaction of vitamins
with other nutrients and other anticancer agents normally present in
the body (cAMP, butyric acid, protease inhibitors) must be performed
in order to define the role of nutrients in carcinogenesis.

It appears that an excessive intake of fat increases the risk of can-
cer. The exact mechanisms of this effect are unknown. It has been
proposed that the excessive consumption of fat increases the produc-
tion of prostaglandin E;, which is known to suppress immune re-
sponse. The involvement of cholesterol in the etiology of colon
cancer has been suggested. More studies are needed to substantiate
the precise role of fats and fat-related substances in human
carcinogenesis.

The studies on the role of vitamins in the treatment of cancer re-
main at an early stage. Biological features must be considered when
developing a treatment protocol. These considerations include the
forms of vitamins, dose and dose schedules, route of administration,
and tumor tissue accumulations. It should be stressed that any bio-
logical modifier, including vitamins, may need to be used differently
from chemotherapeutic agents. Therefore, in any protocol, the use of
vitamins must be made on a firm biological rationale with a pro-
longed treatment time until the compound is limited by toxicity of the
vitamin and/or rapid growth of tumor. The studies on the value of
retinoids in the treatment of some tumors appear very encouraging,
and more basic studies are needed to improve the effectiveness of
retinoids in the treatment of human neoplasms. The clinical studies
with vitamin E are very limited. More preclinical studies on the value
of vitamin E succinate in human neoplasms are needed. In addition,
more preclinical studies are essential to confirm positive studies of the
role of vitamins (A, C, and E) in favorably modifying the effects
of currently used therapeutic agents (chemical, radiation, and hy-
perthermia).

We are very much encouraged by the new mechanistic data on
the effect of nutrients on animal and human carcinogenesis from nu-
merous laboratories around the world. We believe that in the very
near future modification of old concepts will be made and new ones
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developed. From animal studies it appears that for the first time we
have in our hands molecules that, when properly used, may reduce
the incidence of human cancer. There is no doubt that we have a
long way to go before our goals of reducing cancer incidence and
achieving more effective cancer prevention (and treatment) are
reached—but we believe that an excellent beginning has been made.
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STUDIES ON THE MECHANISM OF THE
ANTIPROLIFERATIVE ACTION OF RETINOIDS USING
RETINOID-RESISTANT MELANOMA CELL MUTANTS
Reuben Lotan
Department of Tumor Biology, The University of
Texas — M.D. Anderson Hospital and Tumor Institute
at Houston, TX. 77030
INTRODUCTION

An increasing number of reports, over the past few
years, on the ability of retinoids (vitamin A analogs)
to modulate cell transformation, proliferation, and
differentiation has highlighted the importance of this
group of compounds for prevention and suppression of
malignancy (1-3). Although the mechanism(s) by which
retinoids modify such fundamental processes 1is not
clear, there are strong indications that these compounds
can alter gene expression (1-7) and cell membrane
glycoprotein synthesis and  structure (1,3,8-14).
Consequently, the two most likely cellular targets for
retinoid action are the nucleus and the plasma membrane.

The 1involvemeat of retinoids in the maintenance,
regulation or induction of differentiation of a variety
of cell types, 1including embryonal carcinoma cells, in
vivo and in vitro strongly implied that retinoids
influence gene expression (1,4-7). It has Dbeen
suggested that specific cellular retinoid-binding
proteins recognizing either retinol (CRBP) or retinoic
acid (CRABP) wmediate this action by transporting the
lipophilic retinoids via the hydrophilic cytoplasm to
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the nucleus (1,4,5,15). However, little is kaown about
the mechanism by which retinoids alter gene expression
or whether the binding proteins are essential for
retinoid action in all cells.

Various studies with cells or isolated membranes
have demonstrated that retinol can be phosphorylated and
that the retinylphosphate formed can be glycosylated
(8,14). These derivatives were able to transfer
monosaccharides, in particular mannose, to endogenous
membrane components (8,14). Other reports described
retinoid-enhanced activity of galactosyltransferase in
several cell types (16-20). Thus, a role for retinoids
in the glycosylation of membrane glycoproteins has been
proposed (8,20). At present it is not clear whether
changes in the glycosylation of cell membrane components
may lead to altered growth and/or differentiation.

Studies with a considerable number of cultured
tumor cells of human and rodent origin have demonstrated
that retinoids can suppress the expression of different
properties assoclated with the transformed phenotype (1-
3). Our laboratory has been interested in the mechanism
of this effect of retinoids and, in particular, in the
mechanism by which retinoids inhibit cell
proliferation. We have employed murine melanoma cell
line S91-C2 (clone C2) as a model system for studies on
the mechanism of the growth 1inhibitory action of a
representative retinoid-g-all-trans retinoic acid
(RA). We believe that such studies are not only
important for the understanding of how this group of
vitamin A analogs modulate cell behavior, but also for
unraveling basic cellular regulatory mechanisms through
which the transformed phenotype can be manipulated and
suppressed.

EFFECTS OF RETINOIDS ON S91-C2 MELANOMA CELLS

The treatment of cultured S91-C2 cells with RA at
concentrations ranging from 1 oM to 10uM resulted,
within 48-72 hr, in marked alterations in growth and
morphology (21, 22). The rate of cell proliferation was
reduced in a dose-dependent and a time-dependent
fashion, and the cells assumed a more elongated and
dendritic appearance (Figs. ! and 2). Furthermore, the
expression of properties characteristic of transformed
cells was suppressed by RA. Thus, the abhilities of the
$91-C2 cells to synthesize DNA while suspended in a
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liquid medium above a mnon—-adhesive plastic substrate
coated with polyhydroxyethyl methacrylate (23) or to
form multicellular colonies by multiplication of single
cells suspended in a semisolid medium (22) were
dramatically suppressed by RA treatment (Figs. 1 and
2). These effects were not the result of cytotoxicity
of RA but rather were due to cytostatic, reversible
restoration of "normal" growth control to the malignant
cells.

Attempts at unraveling the mode of retinoid action
on the S91-C2 cells were focused on both nuclear
expression and membrane modification. The putative
"shuttle” for RA transport to the cell nucleus--CRABP—--
was found in the cell cytoplasm (Fig. 3A) and a good
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Fig. 2. Effect of retinoic acid on anchorage-

independent growth (A) and on anchorage—dependent growth
(B) of S91-C2 melanoma cells and retinoic acid-resistant
clones.

(A) The cells were suspended in medium containing 0.5%
agarose and either dimethysulfoxide (DMSO) or the
indigated concentrations of retinoic acid and plated at
2x10~ cells/3.5-cm dish on top of a precast layer of 1%
agarose. The number of colonies was counted after 10
days.

(B) Cells grown on plastic dishes for 24 hours were
refed 1liquid medium containing either DMSO or thz
indicated concentrations of retinoic acid at 1x10
cells/3.5-cm dish and counted after 6 days. All
cultures were refed every 72 hours.
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correlation was established between the ability of RA
analogs possessing a free carboxyl group at carbon 15 to
bind to CRABP and their ability to 1inhibit the
proliferation of the S91-C2 cells (24). These findings
indicated that CRABP may be involved in RA action. An
obvious next question was what effects does RA have on
gene expression in the S91-C2 cells. Analyses of [ 5S]
methionine-labeled proteins separated by two—dimensional
polyacrylamide gel electrophoresis (PAGE) failed to
reveal reproducible qualitative or quantitative changes
following treatment of the cell with RA (Fig. 4, upper
panels). TIsolation of poly (A*) RNA and translation in
vitro also failed to demonstrate specific changes
induced by RA (25).
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Fig. 3. Sucrose gradient sedimentation profiles of
radioactivity obtained after incubation of cell extracts
(2 mg protein in 0.2 ml of 50 mM Tris-HC1l, pH 7.5: 2 uM
githiotreitol) with 30 pmol (403,000 dpm) of f[11,12-
H]retinoic acid for 8 hours at 4°C in the dark in the
absence (0) or presence (8) of a 200-fold excess of
unlabeled RA. After adsorption of unbound radioactivity
on charcoal dextran, the samples were placed on top of 5
to 20% sucrose gradients and centrifuged at 189,000 x g
for 16 hours. Fractions were then collected from the
bottom of the tubes and the radioactivity was counted
(26).
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In contrast, a comparison of glycoprotein synthesis
and cell surface membrane glycoprotein structure in
untreated and in RA-treated cells was more rewarding
(10). We found that RA increased the incorporation of
radiolabeled monosaccharides, including mannose, fucose,
and glucosamine into a single glycoprotein (gpl60)
exhibiting an apparent M. of 160,000 on sodium dodecyl
sulfate (SDS):PAGE (Fig:s—5, lanes A and B). Analyses of
cell surface glycoproteins by methods that radiolabel
specifically either sialic acid or galactose (or
galactosamine) residues exposed on 1Intact cells
demonstrated that gpl60 is a constituent of the cell

Fig. 4. Two—dimensional patterns of [3SS]methionine—
labeled proteins from retinoic acid-sensitive (891-C2)
or resistant S91-C154 cells grown for 5 days without or
with 10 uM retinoic acid. The first dimension
(isoelectric focusing) was from left to right and the
second dimension SDS:PAGE was from top to bottom.
Conditions for 1labeling and electrophoresis were as
described elsewhere (25). The arrows point to proteins
that are labeled differently in sensitive and resistant
cells.
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surface membrane and that it contains more sialic acid
and more galactose than the gpl60 counterpart molecule
of untreated cells (Fig. 5, lanes E and F, I and J).
The increased glycosylation of gpl60 in RA-treated cells
correlated well with our observation that RA-induced
augmentation of the activity of galactosyltransferase

Fig. 5. Effect of retinoic acid on the glycosylation of
cellular and cell surface glycoproteins of sensitive
(891-C2) and resistant (S91-C154) cells. (A-D) Cells
were grown for 3 days without or with 10 uM retinoic
agid and were then labeled for 48 hours with
[’H]glucosamine. The cells were then solubilized and the
labeled glycoproteins were separated by PAGE in the
presence of SDS and identified by fluorography, as
described earlier (10).

(E-H) Cells were grown in the absence and in the
presence of 10 retinoic acid for 5 days and then the
slaloglycoproteins that were exposed on the cell surface
were labeled by oxidation with NalO, followed by
reduction with tritiated borohydride. (I-L) Cells grown
as the latter were labeled by treatment with
neuraminidase followed by oxidation of galactoproteins
with galactose-oxidase and reduction with tritiated
borohydride. The labeled cells were then solubilized
and the glycoproteins were analyzed as above. For
further details see Lotan et al. (27).
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(20) and sialyltransferase (11), which are the enzymes
involved in the covalent attachment of monosaccharides
to the oligosaccharide side chain of glycoproteins.

The increase that RA caused 1in sialyltransferase
(ST) activity was time dependent and was detectable by
24 hours of treatment (Fig. 6). The Vmax values
calculated for ST in untreated and in RA-treated cells
were 90 and 285 pmol/hr/mg protein and the Km values
were 2.9 and 3.1uM, respectively, These results
suggested that RA increases the amount of ST perhaps by
inducing de novo enzyme synthesis. The subsequent
finding that a cellular glycoprotein that comigrates
with gpl60 on SDS:PAGE 1is one of the endogenous
acceptors of sialic acid through the transfer reaction
catalyzed by endogenous ST (l1) established a
relationship between RA-augmented ST and RA-increased
sialylation of gpl60 1in S91-C2 cells. However, the
relationship between these biochemical changes and the
growth 1inhibitory effect of RA 1is not clearly
understood.
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Fig. 6. Effect of retinoic acid on sialyltransferase
activity in S91-C2 melanoma cells. Cells were grown in
the absence and in the presence of 10M retinoic acid
for the indicated time and then assayed for enzymatic
afzivity using asialofetuin as an exlogenous acceptor of
[*"Clsialic acid (NeuAc) from CMP-[""Clsialic acid, as

described elsewhere (11).
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ISOLATION AND ANALYSIS OF MELANOMA CELL MUTANTS
RESISTANT TO THE ANTIPROLIFERATIVE ACTIONS OF RETINOIDS

Because retinoids exert pleiotropic effects on
cells, it is possible that some changes induced by RA
may be unrelated to the growth inhibitory effects, and
others may be the indirect result of the decrease in the
rate of cell proliferation. Since we were interested in
identifying specific biochemical changes induced by RA
that cause changes in growth, we developed RA-resistant
mutants from the sensitive 8S91-C2 cells (26). These
mutants, we hoped, would provide a powerful tool for
determining the relevance of the different effects of RA
for growth inhibition.

Our approach to the 1isolation of RA-resistant
mutant melanoma cells was based on the complete
suppression of growth of the parental cells in semisolid
medium in the presence of 1M RA (Figs. 1 and 2). Thus,
only resistant mutants should be able to form colonies
in agarose in the presence of RA. Such colonies were
indeed obtained after mutagenesis of S91-C2 cells with
ethylmethane sulfonate. These colonies were isolated
and the cells were propagated on plastic tissue culture
dishes to expand the population. After recloning and
initial analyses of stability of the resistang phenotype
and the ability of the cells to take up [ H]retinoic
acid from the medium, we identified stable mutants that
were not defective in RA uptake (26). The four mutaants
that were studied extensively exhibited varying degrees
of resistance to inhibition of anchorage-independent and
of anchorage-dependent growth (Fig. 2). CRABP was found
in the cytosol of most of the mutants (26), and the
level of this putative mediator of RA action in the most
resistant mutant, S91-Cl54, was significantly higher
than in the sensitive parental S91-C2 cells (Fig. 3).
These findings demonstrated that the presence of CRABP
is not sufficient to confer sensitivity to the growth
inhibitory effects of RA. Since we have not studied the
function of CRABP in the mutant cells (e.g. whether it
can transport RA to the nucleus) it is not possible to
exclude the possibility that CRABP plays a role in
inhibition of growth by RA.

A preliminary comparison of the [3SS]methionine—
labeled proteins produced by RA-sensitive S91-C2 and RA-
resistant 891-C154 revealed several (at least six)
quantitative changes (Fig. 4). However, there were no
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such differences between other resistant clones and the
parental S91-C2 cells. Thus, there are at present no
indications for specific changes 1in protein synthesis
that are associated either with the resistant phenotype
or with the sensitive phenotype.

Since the most striking effects that RA exerted on
the sensitive S91-C2 cells were the increases in ST and
in gpl60 glycosylation, we used the RA-resistant clones
to explore whether cell surface modulation by RA is
related to growth inhibition. We have isolated several
subclones of §91-C2 cells, not treated with mutagen,
after recloning in agarose in the absence of RA. All
these subclones were susceptible to the growth-
inhibitory effect of RA, and their exposure to RA also
resulted in a several-fold increase in ST activity
(Table 1) and in an 1increased glycosylation of gpl60
(27). In contrast, RA-treatment of the four RA-
resistant mutant clones failed to 1increase either ST
(Table 1) or the glycosylation of gpl60 (Fig. 5) (27).

Since the synthesis of certain macromolecules may
fluctuate during the cell cycle and considering the fact
that RA 1increases the proportion of cells in the G
phase of the cell cycle as a result of growth inhibition
(22), the question arose as to whether the changes
induced by RA in ST and in gpl60 are secondary to growth
inhibition. Having previously observed that the tumor
promotor 12-0-tetradecanoyl-phorbol-13-acetate (TPA) can
inhibit the growth of S91-C2 cells similarly to RA, we
used this compound in an attempt to resolve the above
question. TPA inhibited the growth of both S91-C2 and
the RA-resistant S91-Cl54 clone without increasing ST in
any of these cells (Table 2). Likewise, TPA failed to
increase the glycosylation of gpl60 (27). These
findings iandicate that inhibition of growth of S91-C2
cells 1is not sufficient to alter ST and gpl60.
Consequently, we propose that RA-induced changes in
glycoprotein glycosylation may be the cause rather than
the outcome of growth inhibition.

Although the function of gpl60 and how this
function may be altered by RA-induced changes in gpl60
glycosylation are not known, we have preliminary
indications that gpl60 is involved in growth control.
This assumption 1is based on the ability of anti-gpl60
polyclonal antibodies (prepared in rabbits against gpl60
that is shed by S91-C2 cells) to inhibit the anchorage-
independent and the anchorage-dependent growth of S91-C2
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TABLE 1. EFFECT OF RETINOIC ACID ON SIALYLTRANSFERASE
(ST) ACTIVITY OF SENSITIVE S91-C2 CELLS AND SUBCLONES
AND RESISTANT MUTANT CLONES

Relative ST activity (pmol NeuAC/hr/

Clone resistance mg protein)

to RA% Control RA-treated
591-C2 1.0 14.9 £ 1.0 48.9 + 0.4
S91-C2-Al 1.1 15.4 + 1.1 32.2 + 2.1
S91-C2-A2 0.7 13.8 + 0.9 57.4 + 1.7
S91-C2-A3 1.2 13.1 + 0.3 40.3 + 0.8
S91-C2-A4 1.3 18.4 + 0.6 46.5 £ 0.9
$91-C83 170 11.3 £ 0.8 15.1 + 1.1
S91-C110 500 17.5 £ 0.2 18.7 + 0.4
591-C154 2500 12.9 £ 0.1 13.1 + 0.4
$91-C163 275 18.7 £ 1.0 16.2 £ 0.1

IThe numbers are the —fold increase Ln RA concentration
required for 50% inhibition of cell proliferation.

Cells were grown in the absence or presence of 10 M RA
for 5 days before ST analysis. The values are mean * S.E

TABLE 2. COMPARISON OF THE EFFECTS OF RA AND TPA ON THE
GROWTH AND SIALYLTRANSFERASE ACTIVITY OF SENSITIVE AND
RESISTANT CELLS

%Z of growth ST activity
Clone Treatment inhibition (pmol NeuAc/hr/
mg protein)

S91-C2 None 0 14.7 £+ 1.1
RA, 10uM 85.5 + 2.4 61.5 £ 1.2
TPA, 0.5uM 80.2 £ 3.5 16.3 £ 0.3
S91-C154 None 0 16.1 + 1.4
RA, 10uM 16.2 + 1.1 19.7 £ 0.8
TPA, 0.5uM 77.8 = 2.7 12.8 £ 0.9

Cells were grown without or with the indicated agents
for 5 days and then counted to determine % inhibition
and used for ST analysis.
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cells (Deutsch and Lotan, unpublished).

Our hypothesis is that gplé0 is a receptor for an
exogenous growth-promoting ligand and that its
modification by increased glycosylation induced by RA or
its "masking” by anti-gpl60 antibodies, abrogate ligand
binding, which results in growth inhibition.

Our findings suggest that the initial action of RA
might be on the expression of genes coding for glycosyl-
transferases. These enzymes then 1increase the
glycosylation of certain glycoproteins, which may then
exhibit alteration in function. That this mechanism is
not limited to the melanoma cells 1is indicated by the
increasing number of reports from different laboratories
(16-19), as well as our own (11,20), documenting that RA
increases the activities of various glycosyltransferases
and modifies the glycosylation of specific membrane
glycoproteins (10-12).
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Teratocarcinomas are tumors of gonadal tissue origin
which contain an array of differentiated cell phenotypes
derived from a population of undifferentiated stem cells
known as embryonal carcinoma (EC) cells. These
undifferentiated EC cells are the primary malignant cells
of such tumors, while their differentiated derivatives are
benign.

Murine embryonal carcinoma cells have proven to be a
useful model system for the study of mammalian development
(1). A large number of EC cell lines have been established
and maintained in vitro (2,3). Cells from such cell lines
differ in their_gbility to differentiate in response to a
variety of inductive stimuli including high density growth
(3,4,5), aggregate formation (2,3), and certain
biochemicals (6-11; see Table 1 and below). Additionally,
microinjection of individual EC cells from either tumors
(12) or cell lines (13) into a mouse blastocyst can
contribute to chimeric mouse formation, indicating that EC
cells can contribute to normal development when introduced
to an appropriate microenvironment. Thus, murine EC cells
represent an excellent model system for studies related to
malignancy, cytodifferentiation and mammalian embryogenesis.

19
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TABLE 1

INDUCTION OF DIFFERENTIATION BY VARIOUS STIMULI IN
SEVERAL EC CELL LINES

MEANS OF INDUCTION CELL LINES
OF DIFFERENTIATION

PCCdazalR Dif(Ra) 1 Nulli-sccl

High density

growth® - - -

Aggregationa ++ - -

Retinoic acid® +++ - +++
0-Difluorpmethyl- +++ +++ -

ornithine "’

Cells from the various cell lines were induced to
differentiate by the means indicated. (-) denoted no
response; (++) denotes >60% of the cells responded;

(+++) denotes >90% of the cells responded. The data is a
compoite of previously reported observations: a = Sherman
et al., 1981 (14); b - Schindler et al., 1983 (9);

¢ - Schindler et al., 1985 (10).

POLYAMINES AND DIFFERENTIATION

A growing number of studies indicate that polyamines
play an important role in various developmental processes.
The use of highly specific inhibitors of certain polyamine
biosynthetic enzymes, in particular a-difluoromethyl-
ornithine (DFMO), an enzyme activated irreversible
inhibitor of ornithine decarboxylase (ODCase) (15) has
facilitated such investigations.

In vivo studies have shown that abnormal levels of
polyamines can impair the normal development of polycheates
(16), sea urchins (17), chickens (18), and several
mammalian species (19,20). Extensive in vitro studies on a
variety of different cell phenotypes have demonstrated that
the exact nature of polyamine involvement in cellular
differentiation is complex. While elevated levels of
polyamines seem to be necessary for bone (21), chondrocyte
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(22) or adipocyte differentiation (23), reduction in the
level of polyamines is necessary for neuroblastoma cells
(24), HL-60 cells (25) and murine embryonal carcinoma cells
(9-11) to differentiate. Thus, polyamines have the ability
to influence the differentiative state of a variety of
different cell phenotypes ~ a characteristic shared by
another class of molecules, the retinoids.

RETINOIDS, POLYAMINES AND CANCER

If cancer is considered a developmental disease (26),
it is reasonable to suggest that inducing undifferentiated
malignant stem cells of a tumor to differentiate could
result in a population of differentiated cells expressing
a benign phenotype. Retinoids do influence the state of
cellular differentiation (27), and a series of studies have
shown that retinoids can influence the malignant phenotype,
perhaps by modulating levels of polyamines. For example,
observations with HL-60 cells, a human promyelocytic
leukemia cell line, indicate that retinoid induced
differentiation of these cells involves a large increase in
intracellular levels of polyamines (28) and complete
depletion of intracellular spermidine blocks this retinoid
effect (25). Also, murine neuroblastoma cells treated with
retinol show lowered levels of ODCase activity (29), and
treatment with DFMO induces differentiation (30).

Perhaps the most compelling argument for the possible
role of retinoid-polyamine interactions in cancer stems
from observations made on the induction of mouse epidermal
tumors involving a two-step initiation promotion protocol
for carcinogenesis (31). One of the earliest events in
phorbol ester induced tumor promotion is the induction of
ODCase activity (32). Compounds which block the induction
of ODCase also block tumor formation (33). Among the most
potent of such compounds are retinoids (34). Thus, the
ability of retinoids to prevent phorbol ester-induced tumor
formation is likely to be the direct result of retinoid
mediated inhibition of both ODCase induction and putrescine
accumulation.
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POLYAMINES AND EC CELL DIFFERENTIATION

One of the most effective inducers of EC cell
differentiation is retinoic acid (RA) (6,7). Since RA can
induce extensive differentiation of EC cells, and can
directly influence polyamine levels in several biological
systems, we reasoned that RA-induced differentiation of EC
cells could be mediated through alterations in polyamine
metabolism. Therefore, if we could interfere with polyamine
metabolism by some alternative means, we should be able to
mimic RA-induced differentiation.

Effect of DFMO on EC Cell Behavior

To investigate the role of polyamines during EC cell
differentiation, the effect of DFMO on cells from several
EC cell lines was tested. The results are shown in Table 2.
Whereas cells from two of the cell lines studied (PCC4azalR
and Dif (RA) 1) respond very well to DFMO, cells from cell
line Nulli-SCCl fail to differentiate. These cells do,
however, exhibit altered growth characteristics, indicating
that DFMO did have an effect on these cells, and that the
induction of differentiation in the responsive cells was
not simply a result of altered growth rates.

If polyamines are related to the actual induction of
differentiation, it is likely that changes in their levels
would occur shortly after exposure to any inducers.
Therefore, the level of ODCase activity, as well as the
actual levels of polyamines, were determined within hours of
exposure to DFMO. These results are shown in Table 3. All
cells treated with DFMO (even Nulli-SCC1l cells, which fail
to differentiate) show markedly reduced levels of enzyme
activity and polyamines, as compared to untreated controls.
These results suggest that changes in the levels of
polyamines may represent an early event in the different-
iation of EC cells.

Effect of RA on EC Cell Polyamine Metabolism

As stated above, our studies on the role of polyamines
during EC cell differentiation stem from our interest in
understanding the mechanism of action of retinoids on the
induction of EC cell differentiation. If RA does modulate
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TABLE 3

ALTERATIONS IN LEVELS OF ODCase ACTIVITY AND POLYAMINES
FOLLOWING 8 HR EXPOSURE TO EITHER DFMO OR RA

CELL LINE % LEVEL OF UNTREATED CONTROL
&
TREATMENT ODCase Putrescine Spermidine Spermine
activity

PCC4azalR + DFMO 33 6 5 120

" + RA 37 8 18 80
Dif (RA) 1 + DFMO 8 7 30 110

" + RA 95 92 98 90
Nulli-SCCl + DFMO 12 12 80 133

" + RA 96 87 120 106

Cells from the EC cell lines listed were grown as indicated
in the legend to Table 2. Following 8 hr. of incubation in
either 2.1 mM DFMO or 1076 M RA, cells were harvested and
assayed for either ODCase or levels of polyamines. The
results are a compoite of data previously reported (35).

intracellular levels of polyamines, and this modulation is
related to the induction process (i.e. is an early event),
alterations on the levels of polyamines should be detected
shortly after exposure to RA. The results of studies
intended to address this question are shown in Table 3. 1In
the case of cells from cell line PCC4azalR, RA treatment
leads to a reduction in both the activity of ODCase and the
levels of polyamines. The extent of this reduction is
virtually identical to that seen in DFMO treated cells.

Dif (RA) 1 cells fail to show any effect of RA on either
ODCase activity or polyamine levels. Since these cells are
refractory to RA induced differentiation (36), it is not
unexpected that RA fails to influence these parameters.
Nulli-SCC1l cells present an intriguing dilemma. Whereas
DFMO fails to induce these cells to differentiate, levels of
ODCase and putrescine are significantly reduced. RA, which
does induce Nulli-SCCl differentiation, has little effect on
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ODCase or putrescine levels. These observations suggest
that while polyamine levels are important in determining
the state of EC cell differentiation, reduction in these
levels alone is not sufficient to induce EC cell differ-
entiation in all cell lines.

Possible Retinoid-Polyamine Interactions During Embryonal
Carcinoma Cell Differentiation

Several observations indicate that a direct inter-
action between RA and ODCase, similar to that in the TPA-
induced tumor promotion system, is unlikely for explaining
the influence of RA on polyamine metabolism. First, as
discussed above, Nulli-SCCl cells respond to RA but not
DFMO, despite no effect on ODCase activity by the former,
but by the later. Second, exogenous polyamines fail to
prevent RA-induced EC cell differentiation, while they do
block DFMO-induced differentiation. Third, studies
utilizing other inhibitiors of polyamine biosynthetic
enzymes (methylglyoxal bis (guanylhydrazone) (MGBG), which
inhibits S-adenosylmethionine decarboxylase (37) and
dicyclohexylammonium sulfate (DCHA), which inhibits
spermidine synthase (38) - refer to Figure 1) fail to
effect cells from EC cell line PCC4azalR. Together,
these observations suggest that putrescine, not spermidine
or spermine, is the polyamine most important in
influencing EC cell behavior. The influence of RA on
putrescine levels is not, however, the result of direct
interaction with ODCase. Therefore, the ability of
retinoids to interact with polyamine metabolism and induce
EC cell differentiation might involve alterations at other
polyamine biosynthetic sites. Such possible sites are
identified in Figure 1.

If the mechanism of action of RA induced EC cell
differentiation does share common elements with polyamines,
it is likely that suboptimal levels of both RA and DFMO
together could stimulate a cellular response. In order to
test this possibility, Nulli-SCCl cells were treated with
DFMO, which fails to induce differentiation, and a level
of RA which fails to stimulate a cellular response. The
results are shown in Table 4. It is clear that neither
DFMO nor RA (at 10 ~°M) can alone successfully induce
Nulli-SCC1l cellular differentiation, but the two together,
added to the cell cultures in either order, can induce
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FIGURE 1
POLYAMINE BIOSYNTHETIC PATHWAYS
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Enzymes involved in aspects of polyamine metabolism:
1) ornithine decarboxylase; 2) S-adenosylamethionine
decarboxylase; 3) spermidine synthase; 4) spermine
synthase; 5) transglutaminase; 6) diamine oxidase;
7) aldehyde dehydrogenase

successful differentiation, as determined by both
morphological and biochemical criteria. This observation
suggests that retinoids and polyamines do share a common
pathway for the induction of EC cell differentiation.

A possible site of such an interaction could be a
transglutaminase (TGase) reaction. As shown in Figure 1,
the transglutasminase reaction utilizes putrescine as a
substrate, and covalently binds this molecule to the
glutamine residue of another acceptor protein. In the
case of EC cell differentiation, levels of this putative
putrescine-acceptor moiety complex may be related to EC
cell differentiation, with changes in the level of this
compound directly influencing the differentiative state
of the cells. Alterations in the level of this putative
putrescine-acceptor moiety complex could result from changes
in putrescine levels (as demonstrated by DFMO treatment),
changes in enzyme activity (there is precedent for retinoid
mediated changes in TGase activity=-39,40), or changes in
the endogenous acceptor moiety, preventing its normal
participation in the putrescine reaction.
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TABLE 4

THE EFFECT OF RA + DFMO ON EC CELL BEHAVIOR

Treatment % Morphological % Cellular % SSEA-1
Differentiation Actin
Untreated 0 7 96
-6

RA (10 M) 70 68 4
ra (10 1O 0 6 98
DFMO (2.1 mM) 0 8 97
ra (10 %) +

DFMO (2.1 mM) 80 72 7

DFMO (2.1 mM) +
RA (10~10y) 80 74 5

Cells from EC cell line Nulli-SCCl were plated 10° cells/
60 mm dish. Twenty four hours after innoculation, inducers
were added. If two inducers were used, the second inducer
was added 48 hrs. after the first. The extent of
differentiation was determined 96 hrs. after the full set
of inducers was added.

Since TGase could be involved in regulating EC cell
differentiation, initial attempts to monitor activity in
EC cells were made. Cells from both cell lines PCC4azalR
and Nulli-SCCl were exposed to RA for short periods of
time, and the levels of TGase determined. The results are
shown in Table 5. In the case of both cell lines,
treatment with RA, at levels that normally induce
differentiation, causes increases in TGase activity.
PCC4azalR cells exhibit an early (1 hr) increase in TGase
activity which decreases with time. Nulli-SCCl cells show
a less pronounced early increase in enzyme activity, but
exhibit substantially elevated levels after 6 hr of
exposure to RA. These preliminary observations indicate
that TGase activity can be modulated by retinoids and
suggest a series of possible experiments to explore the
role of transglutaminase activity in regulating EC cell
differentiation.
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TABLE 5

TRANSGLUTAMINASE ACTIVITY IN EC CELLS

Sample Time Cpm/mg Protein

PCC4azalR Control -6 1 hr. 4904
+ RA (10 M) 1 hr. 7626

L Control 6 hr. 5733

\ + RA (107 °m) 6 hr. 6816
Nulli-SCC1l Control 1 hr. 3912
+ RA(10™0m) 1 hr. 4740

Control 6 hr. 1866

$ +Rra (1070w 6 hr. 3744

Cells were harvested in trypsin and sonicated. Cellular
debris was removed by centrifugation and enzyme activity
was measured by determining the amount of radioactive
putrescine incorporated into TCA precipitable material,
using casein as an exogenous acceptor protein.

OVERVIEW

A role for retinoids in influencing cellular behavior
in well established (27), yet no firm mechanism of action
has been determined. Several possibilities have been
suggested, including: 1) glycosylation reactions (41),

2) specific intracellular retinoid binding proteins (42),
or 3) modulation of protein kinase activities (43). 1In
addition, our studies on the differentiation of murine
embryonal carcinoma cells suggest that retinoids may
function by interacting with intracellular polyamines.

The ubiquitous nature of polyamines, and the
complexity of their regulation, preclude a single role in
the cell for this family of molecules. Retinoids, as a
class of molecules, exhibit pleiotropic effects on cell
behavior similar to those of polyamines. The mechanisms
mentioned above for retinoid action do not rule out a
direct interaction with polyamines. If transglutaminase
activity is related to the mode of action of retinoids,
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it could be mediated via a binding protein, a protein
kinase or a glycosylation reaction. Our observations with
murine embryonal carcinoma cells provide some intriguing
evidence regarding the interaction of retinoids and
polyamines and offer a useful experimental system to
further investigate the exact nature of that interaction.

10.
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INTRODUCTION

Retinoic acid (vitamin A acid), a natural metabolite
of retinal or retinyl esters, is required to maintain
normal growth and differentiation of epithelial tissues
(1-4). Since neoplastic transformation usually results in
the loss of cellular differentiation, and vitamin A and
its analogs (retinoids) play a role in maintaining the
normal differentiation of epithelial cells, it is evident
that retinoids may play a potential role in the develop-
ment of cancer. Excellent reviews are available about the
role of retinoids in the prevention and treatment of
cancer (5-15). The exact molecular mechanism of action of
retinoids remains undefined (16-22).

The two-stage (initiation and promotion) model of
mouse skin tumor formation is an excellent quantitative
model for the investigation of the mechanism of action of
agents, such as retinoids, which modify tumor formation
(22-27). 1Initiation can be accomplished by a single
application of a carcinogen (e.g., 7,12-dimethylbenz[a]-
anthracene) at a sufficiently small dose that will not
lead to the formation of visible tumors during the life
span of the animal. However, many tumors develop follow-
ing repeated and prolonged applications of a tumor
promoter to the initiated skin. Application of a tumor
promoter alone elicits none or a few tumors; it is only

35
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their applications following initiation that elicits many
tumors. 12-0-Tetradecanoylphorbol-l13-acetate (TPA), a
component of croton oil, is a potent mouse skin tumor
promoter (27-29). Retinoic acid inhibits skin tumor pro-
motion by interference with the promotion and not with the
initiation stage of carcinogenesis (24). Retinoic acid
inhibition of skin tumor promotion is partially revers-
ible. Our results (22, 24-26) of the effect of retinoic
acid on skin tumor promotion by TPA indicate that the
mechanism of its inhibition of skin tumor promotion is via
its inhibitory effect on ornithine decarboxylase (ODC,

EC 4.1.1,17) induction by TPA, which will be the focus of
this chapter. Data showing that retinoic acid inhibits
TPA-caused ODC synthesis at the transcriptional level will
be summarized.

EXPERIMENTS AND RESULTS

1. ODC induction as an essential component of tumor
promotion by TPA. Application of TPA to mouse skin
elicits numerous biochemical and biological effects which
include primary interactions with plasma membranes, induc-
tion of ornithine decarboxylase, induction of dark
keratinocytes and inhibition of metabolic cooperation
(28-33). Although the exact molecular mechanism of tumor
promotion by TPA remains unclear, the available data
indicates that TPA induction of ODC (200-fold above the
control) is an essential component of the mechanism of
tumor promotion by TPA (34-36). ODC, which decarboxylates
ornithine to putrescine, 1is the first enzyme in the path-
way of polyamine bilosynthesis and is characterized by its
inducibility and rapid turnover rate (tlb ~17 min)
(37-39). The nature of the role of polyamines in cell
proliferation, differentiation and malignant transforma-
tion is not defined, but polyamines influence the
synthesis of nucleic acids and proteins (37-39). The
availability of a-difluoromethylornithine (DFMO), an
enzyme-activated irreversible inhibitor of ODC (40), has
enabled us to establish an essential role for ODC in skin
tumor promotion by TPA (35). Thus, DFMO, when given in
the drinking water (1%, w/v) inhibited the number of
papillomas per mouse by 90% and the number of mice bearing
papillomas by 56%. DFMO treatment completely inhibited
TPA-induced ODC activity and the accumulation of
putrescine and spermidine (35).




Tumor Promotion, Retinoids, and ODC 37

2. Inhibition of ODC induction by retinoids. As
shown in Figure 1, application of 1.7 nmol of retinoic
acid 1 hr before application of 17 nmol of TPA to the
shaved backs of mouse skin, inhibited the induction of ODC
activity.

ORNITHINE DECARBOXYLASE ACTIVITY
(nmoles CO, released/30min/mg protein)
N

I 1

0 4 8 2 16 20 24
TIME AFTER TREATMENT WITH TPA (hr)

Figure 1. The effect of pretreatment with retinoic acid
on TPA-induced epidermal ODC activity. Groups of mice
were treated with 1.7 nmoles of retinoic acid (©) or
acetone (®) 1 hr before treatment with 17 nmoles of TPA.
Mice were killed for enzyme assay at the indicated times
after application of TPA. Each point in the graph
represents the average of triplicate determinations of
enzyme activity from soluble epidermal extracts prepared
from 4 mice.
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Retinoic acid treatment did not inhibit the induction of
S-adenosylmethionine decarboxylase activity by TPA. The
inhibition of the induction of ODC activity by retinoic
acid was dose-dependent. Enzyme induction was suppressed
at a dose above 1.7 pmol; 577 inhibition was observed
after pretreatment with 0.17 nmol of retinoic acid whereas
3.4 nmol completely inhibited the ODC induction by TPA
(24-26, 41). We have also shown that oral administration
of retinoic acid inhibits ODC induction by topically
applied TPA (26).

There was a good correlation between the ability of
retinoids to inhibit the induction of epidermal ODC
activity and skin tumor promotion by TPA. A few examples
will be cited. Application of 1.7 nmol of retinoic acid
1 hr prior to each treatment with TPA inhibited TPA-
induced ODC by 60-80%. In tumor induction experiments,
application of 1.7 and 17 nmol of retinoic acid 1 hr
before each promotion treatment with 17 nmol of TPA
inhibited 57 and 75%, respectively, the number of papil-
lomas per mouse. Application of certain retinoids which
inhibited TPA-induced ODC, inhibited skin tumor promotion
by TPA and conversely the retinoids which did not inhibit
ODC induction failed to inhibit tumor promotion by TPA
(24). The results indicate that the mechanism of inhibi-
tion of promotion of tumor formation by retinoids involves
their ability to inhibit TPA-induced epidermal ODC and the
associated elevated putrescine levels (24-26).

We analyzed the mechanism by which retinoic acid
inhibits ODC induction by TPA and found that retinoic acid
inhibits the synthesis of ODC caused by TPA. The results
are shown in Figures 2 and 3. SDS-7.5% polyacrylamide
tube gel electrophoresis of immunoprecipitates of soluble
epldermal extracts indicates that application of acetone
to mouse skin, which did not induce ODC activity, resulted
in neither detectable [3H]DFMO binding nor [ 35S]methionine
incorporation. In contrast, TPA application, which
resulted in a dramatic induction of ODC activity, elicited
a single peak of [3H]DFMO binding and two peaks of
[ 35S]methionine incorporation. The total number of dpm
associated with [3H]DFMO and [ 33S]methionine peaks were
2188, 123 and 277, respectively; a minor peak of
[ 35SImethionine incorporation copurified with the [ 3H]DFMO
peak which is the peak of active ODC protein (Figure 2).



Tumor Promotion, Retinoids, and ODC 39

B ACETONE 220
1000} . 0}
- 4180 &
800 e -
_ - Jiao §
I 600 - T
R i Z
s 100 §
£ 400+ - E
Qo - 4160 o
he)
~ 200 - e
S s Ay 20 «
3 O TR 10 O
o = 92 e, 45 3 220 Z
g 1000 |- TPA W
w o 14 J 180 g
O goo} - o
Lo | .: —
I = i - 140 EE
"L 600} B - w
- Ji00 2
) ~
400} ; . 5
| : 460 m,
200} k. -
- 4 éafowey <20
o e, 'T‘“M u Y

0O 10 20 30 40 50
GEL SLICE NUMBER

Figure 2. Effect of TPA on [ 3%S]methionine incorporation
into mouse epidermal ODC. Acetone or 10 nmol of TPA in
acetone was applied to mouse skin; mice were killed 6 hr
after application. [35S]Methionine was given intraperi-
toneally to label ODC protein in vivo 1 hr before
killing. Epidermis from individual mice was separated by
a brief heat treatment (57° for 20 sec). The epidermal
preparations from 20-30 mice were pooled, homogenized in
50 mM Tris-HC1 (pH 7.5) containing 0.1 mM EDTA, 0.1 mM
pyridoxal phosphate, 1 mM phenylmethylsulfonyl fluoride,
1 mM 2-mercaptoethanol, 0.1% Tween 80, and 0.1 mM dithio-
threitol (Buffer A). The homogenates were centrifuged at
100,000 x g for 60 min. The soluble epidermal extract was
fractionated with ammonium sulfate. The protein precipi-
tating between 35 and 55% ammonium sulfate saturation was
reconstituted in 1 ml volume of buffer A and dialyzed
overnight with two changes against 2 liters of buffer A.
This partially purified epidermal ODC extract was used for
[ 3H]DFMO binding assays (42). [ 3H]DFMO-bound ODC was
immunoprecipitated using monoclonal ODC antibody and, the
second antibody, rabbit anti-mouse IgG (43) and the
immunoprecipitate was subjected to tube gel
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electrophoresis (44). The gels were sliced into 2.2 mm
slices. The gel slice was solubilized by heating with

1 ml of 30% Hy0, at 50° overnight and the assoclated
radioactivity in each gel slice was measured using 10 ml
of xylene-based scintillation fluid. ODC activity (nmol
C07/30 min/mg protein): acetone, 0.1; TPA, 12.1.

As shown In Figure 3, the application of 17 nmol of
retinoic acid 1 hr before application of 10 nmol of TPA to
mouse skin inhibited the induction of ODC activity and
also the incorporation of [35S]methionine into ODC protein
as detected by the ability to bind [ 3H]DFMO.
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Figure 3. Effect of pretreatment with retinoic acid on

[ 35S]methionine incorporation into mouse epidermal ODC.
Acetone or 17 nmol of retinoic acid in acetone was applied
1 hr before application of 10 mmol of TPA in acetone to
mouse skin. Mice were killed 5 hr after the second treat-
ment. [ 35S]Methionine (50 Ci in 0.2 ml saline/mouse) was
injected intraperitoneally 1 hr before killing of mice.

[ 3H]DFMO binding to [ 35S]methionine-labeled ODC extract
was determined as described in Figure 2. ODC activity
(nmol CO,/30 min/mg protein): acetone-TPA, 19.8; retinoic
acid (RA)-TPA, 0.2.
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In a separate experiment, the effect of retinoic acid
on the amount of immunoprecipitable ODC protein was deter-
mined by immuno-blot using monoclonal antibody to ODC
followed by horseradish peroxidase conjugated IgG fraction
rabbit anti-mouse IgG (Cappel Scientific Division,
Malvern, PA) and 4-chloro-l-naphthol (45-47). 1In this
experiment, partially purified ODC (35-55% ammonium
sulfate) fractions were subjected to SDS-polyacrylamide
gel electrophoresis and electrophoretically transferred to
nitrocellulose (45, 46). The nitrocellulose sheet onto
which proteins had been transferred was treated with mono-
clonal antibody to ODC and peroxidase conjugated rabbit
anti-mouse IgG (45, 46). Finally, ODC bands were stained
with 4-chloro-l1-naphthol (47). As was concluded from the
intensity of stain, retinoic acid treatment depressed the
amount of immunoprecipitable ODC protein. Recently (48)
it has also been shown that increases in epidermal ODC
activity caused by application of TPA to mouse skin
correlate quantitatively with increases in the amount of
enzyme protein measured immunologically.

Retinoic acid may suppress the amount of immunopre-
cipitable ODC protein either by inhibiting the synthesis
or by enhancing the degradation of ODC. To substantiate
the conclusion that retinoic acid may inhibit the synthe-
sis of ODC caused by TPA, we determined the effect of
retinoic acid application on TPA-caused increased level of
ODC RNA 1in mouse skin. As shown in Figure 4, a single
application of 10 nmol of TPA to mouse skin led to an
increase in hybridizable RNA species—containing regions of
ODC mRNA at 4 hr after TPA treatment. This TPA-caused
increased level of ODC RNA was depressed by application of
17 nmol of retinoic acid 1 hr prior to 10 nmol of TPA to
mouse skin. The dot intensity corresponds to the amount
of ODC RNA. In a separate experiment, application of
17 nmol of retinoic acid 1 hr before application of
10 nmol of TPA to mouse skin inhibited ODC induction. ODC
(nmol CO0,/30 min/mg protein) values were: acetone-
acetone, 0.1; retinoic acid (RA)-acetone, 0.0; acetone-
TPA, 12.5; RA-TPA, 0.3.
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Figure 4. Effect of application of retinoic acid on mouse
skin ODC mRNA. Acetone or 17 mmol of retinoic acid in
acetone was applied 1 hr before application of acetone or
10 nmol of TPA in acetone to mouse skin and mice were
killed 4 hr after the second treatment. Skin was excised,
placed immediately in liquid nitrogen and pulverized in a
morter. Total cellular RNA was prepared from the ground
skin by urea extraction and CsCl gradient centrifugation
method of Ross (49) with minor modifications. RNAs were
washed 4 times with 3.0 M sodium acetate (pH 5.0)
containing 5 mM EDTA, and twice with 100% ethanol; RNA was
then desiccated, dissolved in sterile distilled water, and
stored at -70°C. Poly (A) containing mRNA was fraction-
ated by affinity chromatography on agarose poly(U) column
(p.L. Biochemicals, Inc., NJ). ODC RNA was identified by
the Northern blot method (50, 51) by means of DNA-RNA
hybridization analysis using a radiolabeled complementary
DNA (cDNA) probe pOD48 (52). RNA bands containing ODC
mRNA homology were visualized by exposing Kodak X-Omat AR
film to the washed nitrocellulose filter at -70° with
intensifying screens.
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The answer to the question about the mechanism by
which retinoic acid inhibits the transcription of ODC is
impossible unless the mechanism by which TPA leads to the
transcription for epidermal ODC is defined. TPA binds
specifically to mouse epidermal fracgions and [ 3H]TPA-
binding activity co—-purifies with Ca“ —activated
phospholipid-dependent protein kinase (PK-C) (53-57). Our
recent results indicate the phosphorylation of both
histone (H1) and nonhistone proteins (Mr x 10 3 = 115,
112, 66, 62, 58 and 54) at about 3 hr following TPA treat-
ment to mouse skin (data not sggwn). We have also shown
that the level of available Ca‘ may be required for ODC
induction by TPA (58). The possibility should be examined
that Ca“ -dependent processes may be involved in the
transcription of ODC caused by TPA.

SUMMARY AND CONCLUSIONS

Direct evidence was sought that the tumor promoter
TPA caused increased mouse epidermal ODC activity involves
both increased messenger RNA and de novo protein
synthesis. Application of 10 nmol of TPA to mouse skin
led to a dramatic induction of soluble epidermal ODC
activity which was accompanied by enhanced binding of
[ %]IDFMO and [ 3%S]methionine incorporation into ODC
protein as determined by gel electrophoresis of ODC
immunoprecipitated with monoclonal antibodies to ODC.
Also, TPA treatment to mouse skin resulted in an increased
ODC messenger RNA as quantitated by means of DNA-RNA
hybridization analysis using radiolabeled complementary
DNA (cDNA) probe. Application of 17 nmol of retinoic acid
1 hr prior to application of 10 nmol of TPA to skin
resulted in inhibition of the induction of ODC activity
which accompanied inhibition of [3H]DFMO binding and
[ 35SImethionine incorporation into ODC protein and a
decreased level of ODC RNA. Retinoic acid inhibition of
the induction of epidermal ODC activity was not the result
of nonspecific cytotoxicity, production of a soluble
inhibitor of ODC, or direct effect on ODC activity. 1In
addition, inhibition of TPA-caused increased ODC activity
does not appear to be due to enhanced degradation and/or
post-translational modification of ODC by
transglutaminase-mediated putrescine incorporation.
Inhibition of ODC synthesis was not the result of the
inhibitory effect of retinoic acid on general protein
synthesis. The results indicate that retinoic acid
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possibly inhibits TPA-caused synthesis of ODC protein
selectively. It is now concluded that the mechanism of
inhibition of mouse skin tumor promotion by retinoic acid
and certain of 1its analogs involves the property of
retinoids to inhibit the induction of ODC by TPA, and
retinoic acid inhibits TPA-caused de novo synthesis of ODC
at the transcriptional level,

10.

REFERENCES

DeLuca, H.F. Retinoic acid metabolism. Fed. Proc.
38:2519-2523, 1979.

Dowling, J.E., and Wald, G. The biological function
of vitamin A acid. Proc. Natl. Acad. Sci. USA
46:587-608, 1960.

Wolbach, S.B., and Howe, P.R. Tissue changes follow-
ing deprivation of fat soluble A vitamin. J. Exp.
Med. 42:753-777, 1925.

DeLuca, H.F. The metabolism of vitamin A and its
functions. In: Nutritional Factors in the Induction
and Maintenance of Malignancy (eds. E.C. Butterworth,
Jr. and M.L. Hutchinson), pp. 149-167, Academic
Press, Inc., New York, 1983,

Mettlin, C., Graham, S., and Swanson, M. Vitamin A
and lung cancer. J. Natl. Cancer Inst. 62:1435-1438,
1979.

Hinds, M.W., Kolonel, L.N., Hankin, J.H., and

Lee, J. Dietary vitamin A, carotene, vitamin C and
risk of lung cancer in Hawaii. Am. J. Epidemiol.
119:227-237, 1984,

Moore, T. Effects of vitamin A deficiency in
animals: pharmacology and toxicology of vitamin A.
In: The Vitamins (ed. Sebrell and Harris), 2nd edi-
tion, no. 1, pp. 245-266 and 280-294, Academic Press,
New York, 1967.

Sporn, M.B., and Newton, D.L. Chemoprevention of
cancer with retinoids. Fed. Proc. 38:2528-2534,
1979. T

Pawson, B.A., Ehmann, C.W., Itri, L.M., and

Sherman, M.I. Retinoids at the threshold: Their
biological significance and therapeutic potential.

J. Medicinal Chem. 25:1270-1277, 1982.

Mayer, H., Bollag, W., Hianni, R., and Rdegg, R.
Retinoids, a new class of compounds with prophylactic
and therapeutic activities in oncology and derma-
tology. Experientia 34:1105-1119, 1978.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

Tumor Promotion, Retinoids, and ODC 45

Moon, R.C., McCormick, D.L., and Mehta, R.G. Inhi-
bition of carcinogenesis by retinoids. Cancer Res.
(suppl.) 43:2469s-2475s, 1983.

Sporn, M.B., and Roberts, A.B. Role of retinoids in
differentiation and carcinogenesis. Cancer Res.
43:3034-3040, 1983.

Bollag, W. Therapy of epithelial tumors with an
aromatic retinoic acid analog. Chemotherapy 21:236-
247, 1975.

Hill, D.L., and Grubbs, C.J. Retinoids as chemo-
preventive and anticancer agents in intact animals
(review). Anticancer Res. 2:111-124, 1982,

Elias, P.M., and William, M.L.: Retinoids, cancer
and the skin. Arch. Dermatol. 117:160-180, 1981.
Yuspa, S.H. Retinoids and tumor promotion. In:
Diet, Nutrition and Cancer (ed. Daphne A. Roe), pp.
95-109,. Alan R. Liss, Inc., New York, 1983.

Kummet, T., and Meyskens, F.L. Vitamin A: A poten-
tial inhibitor of human cancer. Seminars in Oncology
10:281-289, 1983.

Ong, D.E. A novel retinol-binding protein from rat,
purification and partial characterization. J. Biol.
Chem. 259:1476-1482, 1984,

Jetten, A.M. Modulation of cell growth by retinoids
and their possible mechanism of action. Fed. Proc.
43:134-139, 1984,

Sani, B.P., Dawson, M.I., Hobbs, P.D., Chan, R.L.,
and Schiff, L.J. Relationship between binding
affinities to cellular retinoic acid binding protein
and biological potency of a new series of retinoids.
Cancer Res. 44:190-195, 1984.

Goldstein, S.M., Moskowitz, M.A., and Levine, L.
Inhibition of stimulated prostaglandin biosynthesis
by retinoic acid in smooth muscle cells. Cancer Res.
44:120-125, 1984.

VE}ma, A.K. Biochemical mechanism of modulation of
skin carcinogenesis by retinoids: 1In: Retinoids
(eds., Orfanos, Braun-Falco, Farber, Grupper, Polano,
Schuppli), pp. 117-131, Springer-Verlag, New York,
1981.

Verma, A.K., Conrad, E.A., and Boutwell, R.K. Dif-
ferential effects of retinoic acid and 7,8-benzo-
flavone on the induction of mouse skin tumors by the
complete carcinogenesis process and by the
initiation-promotion regimen. Cancer Res. 42:3519-
3525, 1982.



46

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Verma

Verma, A.K., Shapas, B.G., Rice, H.M., and

Boutwell, R.K. Correlation of the inhibition by
retinoids of tumor promoter—induced mouse epidermal
ornithine decarboxylase activity and of skin tumor
promotion. Cancer Res. 39:419-425, 1979.

Verma, A.K., and Boutwell, R.K. Inhibition of tumor
promoter—induced mouse epidermal ornithine decarboxy-
lase activity and prevention of skin carcinogenesis
by vitamin A analogs (retinoids). In: Polyamines in
Biomedical Research (ed. Gaugas), pp. 185-202, John
Wiley & Sons, Ltd., England, 1980.

Verma, A.K., Rice, H.M., Shapas, B.G., and

Boutwell, R.K. Inhibition of 12-0-tetradecanoyl-
phorbol-13-acetate-induced ornithine decarboxylase
activity in mouse epidermis by vitamin A analogs
(retinoids). Cancer Res. 38:793-801, 1978.

Verma, A.K. Mouse skin carcinogenesis. In: Models
in Dermatology (eds., Maibach, Lowe), vol. 2,
Dermatopharmacology and Toxicology, pp. 313-321,
Karger, Basel, 1985.

Boutwell, R.K. The function and mechanism of
promoters of carcinogenesis. CRC Critical Rev.
Toxicol. 2:419-443, 1974.

Verma, A.K., and Boutwell, R.K. Effects of dose and
duration of treatment with the tumor-promoting agent,
12-0-tetradecanoylphorbol-13—-acetate on mouse skin
carcinogenesis. Carcinogenesis 1:271-276, 1980.
Murray, A.W., and Fitzgerald, D.J. Tumor promoters
inhibit metabolic cooperation in coculture of
epidermal and 3T3 cells. Biochem. and Biophys. Res.
Commun. 91:395-401, 1979.

BlumbergT—P.M. In vitro studies on the mode of
action of the phorbol esters, potent tumor promoters:
Part I. CRC Crit. Rev. Toxicol. 8:153-197, 1980.
Boutwell, R.K., Verma, A.K., Ashendel, C.L., and
Astrup, E. Mouse skin: A useful model system for
studying the mechanism of chemical carcinogenesis.
In: Carcinogenesis, A Comprehensive Survey (eds.
Hecker, Fusenig, Kunz, Marks and Thielmann), vol. 7,
pp. 1-12, Raven Press, New York, 1982.

Weinstein, I.B., Gattoni-Celli, S., Kirschmeier, P.,
Hsiao, W., Horowitz, A., and Jeffrey, A. Cellular
targets and host genes in multi-stage carcino-
genesis. Fed. Proc. 43:2287-2294, 1984,

0'Brien, T.G. The induction of ornithine decarboxy-
lase as an early, possibly obligatory, event in mouse
skin carcinogenesis. Cancer Res. 36:2644-2653, 1976.




35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Tumor Promotion, Retinoids, and ODC 47

Takigawa, M., Verma, A.K., Simsiman, R.C., and
Boutwell, R.K. Inhibition of mouse skin tumor promo-
tion and of promoter-stimulated epidermal polyamine
biosynthesis by a-difluoromethylornithine. Cancer
Res. 43:3732-3738, 1983,

Weeks, C.E., Herrmann, A.L., Nelson, F.R., and
Slaga, T.J. aDifluoromethylornithine, an irrevers-
ible inhibitor of ornithine decarboxylase, inhibits
tumor promoter-induced polyamine accumulation and
carcinogenesis in mouse skin. Proc. Natl. Acad. Sci.
USA 79:6028-6032, 1982.

Jaénne, J., P&sd, H., and Raina, A, Polyamines in
rapld growth and cancer. Biochim. Biophys. Acta.
473:241-293, 1978.

Raina, A., and Jdnne, J. Polyamines as cellular
regulators. Medical Biology 59:269-461, 198l.

Seely, J.E., and Pegg, A.E. Changes in mouse kidney
ornithine decarboxylase activity are brought about by
changes in the amount of enzyme protein as measured
by radioimmunoassay. J. Biol. Chem. 258:2496-2500,
1983,

Metcalf, B.W., Bey, P., Danzin, D., Jung, M.J.,
Casara, P., and Vevert, J.P. Catalytic irreversible
inhibition of mammalian ornithine decarboxylase (E.C.
4.1.1.17) by substrate and product analogues. J. Am,
Chem. Soc. 100:2551-2553, 1978.

Verma, A.K., and Boutwell, R.K. Vitamin A acid
(retinoic acid), a potent inhibitor of 12-0-tetra-
decanoyl-phorbol-13-acetate~induced ornithine
decarboxylase activity in mouse epidermis. Cancer
Res 37:2196-2201, 1977.

Pritchard, M.L., Seeley, J.E., P&sd, H.,

Jefferson, L.S., and Pegg, A.E. Binding of radio-
active o-difluoromethylornithine to rat liver
ornithine decarboxylase. Bilochem. Bilophys. Res.
Commun. 100:1597-1603, 1981.

Matsufuji, S., Fujita, K., Kameji, T., Kanamoto, R.,
Murakami, Y., and Hayashi, Shin-ichi. A monoclonal
antibody to rat liver ornithine decarboxylase. J.
Biochem. 96:1525-1530, 1984.

Laemmli, U.K. Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
(Lond.) 227:680-685, 1970.

Towbin, H., Staehelin, T., and Gordon, J. Electro-
phoretic transfer of proteins from polyacrylamide
gels to nitrocellulose sheets: procedure and



48

46,

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Verma

applications. Proc. Natl. Acad. Sci. USA 76:4350-
4354, 1979.

Glass, W.F., Briggs, R.C., and Hnilica, L.S.
Identification of tissue-specific nuclear antigens
transferred to nitrocellulose from polyacrylamide
gels. Scilence 211:70-72, 1981.

Bio-Rad Immuno-Blot Assay Kit Instruction Manual.
GAR-HRP (Goat Anti-Rabbit IgG) or GAM-HRP (Goat Anti-
Mouse IgG).

O'Brien, T.G., Madara, T., and Ponsell, K. Changes
in ornithine decarboxylase (0ODC) activity caused by
tumor promoters are due to changes in the amount of
enzyme protein. Proc. Am. Assoc. Cancer Res. 25:77,
1984,

Ross, J. Precursor of globin messenger RNA. J. Mol.
Biol. 106:403-420, 1976.

Thomas, P.S. Hybridization of denatured RNA and
small DNA fragments transferred to nitrocellulose.
Proc. Natl. Acad. Sci. USA 77:5201-5205, 1980.

Wahl, G.M., Stern, M., and Stark, G.R. Efficient
transfer of large DNA fragments from agarose gels to
diazobenzyloxymethyl-paper and rapid hybridization by
using dextran sulfate. Proc. Natl. Acad. Sci. USA
76:3683-3687, 1979.

McConlogue, L., Gupta, M., Wu, L., and Coffino, P.
Molecular cloning and expression of the mouse
ornithine decarboxylase gene. Proc. Natl. Acad. Sci.
USA 81:540-544, 1984,

Ashendel, C.L., and Boutwell, R.K. Direct measure-
ment of specific binding of highly lipophilic phorbol
diester to mouse epidermal membranes using cold
acetone. Biochem. Biophys. Res. Commun. 99:543-549,
1981.

Solanki, V., and Slaga, T.J. The down-modulation of
receptors for phorbol ester tumor promoter in primary
epidermal cells. Carcinogenesis 3:993-998, 1982.
Kikkawa, U., Takai, Y., Tanaka, Y., Miyake, R., and
Nishizuka, Y. Protein kinase C as a possible
receptor protein of tumor promoting phorbol esters.
J. Biol. Chem. 258:11442~11445, 1983.

Niedel, J.E., Kuhn, L.J., and Vandenbark, G.R.
Phorbol diester receptor copurifies with protein
kinase C. Proc. Natl. Acad. Sci. USA 80:36-40, 1983.
Ashendel, C.L., Staller, J.M., and Boutwell, R.K.
Solubilization, purification, and reconstitution of a
phorbol ester receptor from the particulate protein



Tumor Promotion, Retinoids, and ODC 49

fraction of mouse brain. Cancer Res. 43:4327-4332,
1983,

58. Verma, A.K., and Boutwell, R.K. Intracellular
calcium and skin tumor promotion: calcium regulation
of the induction of epidermal ornithine decarboxylase
activity by the tumor promoter 12-0-tetradecanoyl-
phorbol-13-acetate. Biochem. Biophys. Res. Commun.
101:375-383, 1981.

ACKNOWLEDGEMENTS

We thank Deborah Erickson for capable technical
assistance. The work was supported by NIH grants CA-35368
and CA-36323.



THE EFFECTS OF ANTIOXIDANTS ON THE INDUCTION OF MALIGNANT

TRANSFORMATION IN VITRO.

Ann R. Kennedy
Department of Cancer Biology
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Abstract

There 1is now much evidence to suggest that free
radicals play a role in malignant transformation.
Several of the agents which suppress malignant
transformation in vivo and in vitro may do so by
inhibiting free radical reactions, either by prevention
of free radical induction/formation (presumably, the
action of protease inhibitors) or by the detoxification
of free radicals through a variety of mechanisms. The
agents we've studied which have effects on radiation
induced transformation in vitro and are known to have a
role in free radical detoxifying reactions include:
catalase, superoxide dismutase, selenium, vitamin E,
dimethylsulfoxide and several copper containing compounds
such as CuDIPS (Cu 1II) (3,5-diisopropyl-salicylates),
cuprous chloride and cupric chloride.

There 1is currently much interest in the role of
free radicals in tumor promotion in vivo and in vitro.
Several of the known biological effects of the potent
tumor promoter, 12-0-tetradecanoyl-phorbol-13-acetate
(TPA), are known to be antagonized by agents which
interact with free radicals, such as antioxidants. We
have observed that in vitro promotion by TPA can be
enhanced by the presence of ferrous ions (Fe2t) in the
cellular medium. It is known that TPA treatment of cells
results in the production of Op¢ and Hy0p. As ferrous
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ions (Fe2*) are necessary for the conversion of Hy0s to
OH., via a Fenton-type reaction, it is possible that at
least some of the cellular effects attributable to TPA
could be brought about by the interaction of hydroxyl
radicals with cellular components. If OHe is the primary
damaging free radical species leading to promotion, it is
not surprising that agents such as antioxidants suppress
promotion.

Introduction

There is much evidence that free radicals play a
role in carcinogenesis induced by both physical and
chemical carcinogens. The biological effects of ionizing
radiation are known to be due to the interactions of free
radicals with cellular components. Cellular damage
leading to malignant transformation by chemical
carcinogens may also result from free radical reactions,
as many chemical carcinogens are converted into reactive
electrophiles as well as other major metabolites which
give rise to free radical intermediates and reactive
reduced oxygen species as a result of autooxidative
processes and oxidation-reduction cycles. These cycles
are coupled with molecular oxygen to form reactive
reduced oxygen species such as the superoxide anion
radical (03* ) and hydrogen peroxide (Hp03) (1).
Recently, there has been great interest in a role for
free radicals in tumor promotion, as has been reviewed
elsewhere (1,2).

There are many agents which can modify carcinogen-
induced-malignant transformation in vitro and many of
these modifying agents are known to play a role in free
radical reactions, as has been recently reviewed (3,4).
The experiments presented in this report were designed to
gain further insight into the role that free radicals may
play in the induction of transformation in vitro.

Materials and Methods

In all of the experiments reported here, the
C3HI0T% in vitro transformation assay system was used:
the system and detailed procedures for our studies on the
modification of radiation and chemically induced
transformation have been previously described (3-5).
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Stock cultures were maintained in 60-mm Petri dishes and
were passed by subculturing at a 1:20 dilution every 7
days. The cells used were in passages 9-14. They were
grown in a humidified 5% COp atmosphere at 37°C in
Eagle's basal medium supplemented with 10%Z heat-~
inactivated fetal bovine serum and gentamycin. Plating
efficiencies were determined from 3 dishes seeded with a
cell density one fifth that of the dishes used for the
transformation assay; these cultures were terminated at
10 days. The various treatment toxicities were
considered in the design of the experiments such that all
dishes used for the transformation assays contained
approximately 300 viable cells per dish.

Results

Superoxide dismutase (soD) and catalase are
"antioxidant" enzymes which are part of the normal
cellular defense system against active oxygen species;
the particular reactions in which they play a role are
shown in Fig. 1. The effects of superoxide dismutase and
catalase on the initiation and promotion stages of
radiation transformation in vitro are shown in Figs. 2-3;
catalase has a highly significant suppressive effect on
the enhancement of radiation transformation by TPA as
well as a suppressive effect on the SOD enhancement of
the initiation stage of radiation transformation (when
both compounds are present at the time of the radiation
exposure) .

0p% + Ogs + 2 HY———30y + Hy0y
superoxide
dismutase

2Hp09 ——>» 09 + 2H0
catalase

Figure 1. Reactions involving active oxygen species in
which superoxide dismutase and catalase are known to
be involved.
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Figure 2. Effects on SOD and/or catalase on the
initiation stage of radiation transformation induced
by 400 rads of x-irradiation. When present at the
time of the x-ray exposure, SOD enhances radiation
transformation, while catalase 1is capable of
suppressing the enhancement of radiation
transformation by SOD. (Summary of data presented
in reference 5).

We have also observed that several copper containing
compounds can suppress radiation transformation when
present during cellular irradiation. As shown in Fig.
4, CuDIPS, cupric chloride and cuprous chloride have an
approximately equal ability to suppress transformation

when present (at 5 pg/ml) at the time of the x-ray
exposure.



Antioxidants and Malignant Transformation 55

50 |

-

30

20 ¢

T
1

T T
L 17 1T

Percentage of Dishes Containing Transformed Foci(+S.D.)

100 rads 100 rads 100 rads 100 rads 100 rads
+ + + +

TPA TPA TPA TPA
+ + +
SOD Catalase  Catalase + SOD
Treatment

Figure 3. Effect of SOD and/or catalase on promotion in
vitro. Radiation induced transformation was
enhanced by TPA treatments; catalase or catalase +
SOD significantly suppressed the enhancement of
radiation transformation in vitro by TPA (Summary of
data presented in reference 5).

In Table 1, the results of two experiments designed
to determine whether cupric chloride could affect 3-
methylcholanthrene (MCA)-induced transformation in vitro
are shown. In these experiments, cupric chloride (at 5
pg/ml) was present either at the time of the cellular
exposure to MCA or throughout the 6 week transformation
assay period (beginning 48 hours after MCA exposure) or
at both of these times. As can be observed in Table 1,
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Figure 4. Suppressive effects of copper containing
compounds on the initiation phase of radiation
transformation in wvitro. When CuDIPS, cupric
chloride or cuprous chloride (all at 5 ug/ml) were
present during the radiation exposure, they were
capable of suppressing radiation induced
transformation in vitro by comparable amounts.
(Summary of data presented in reference 5).

cupric chloride did not have a significant effect on MCA
induced transformation in C3H10T)% cells when present for
any of the time periods tested.

The results of two experiments in which Fe2* was
added to irradiated cultures treated with the tumor



*10°0 > d ‘g °sa g dnoig sisfieuy Te2T3ISTIBIS,

*BIBp
9yl I03J spuoil aelIwis Suimoys sjuswriiadxe ajeaedsas om3 Jo s3jInsai pauUTquo)

Kennedy

S1°0=LY/L L 8LEYT 0°%¢ 4724 + VdL
+ Spel Q0T °¢
%°0=8%/1¢ 6% ¥86C1 G°92 vdal +
spel 001 °C
%0°0=9%/¢ 0 L8EST ¢ LE Spel 00T "1
(1904
g+7 sadLy) 81120
(€+T mwmhﬁvamoom pP2A13sqQ gutaTAINng (%)
psmiojsuei] Butulrjuo) 1004 3O Jo aaquny £oua1o133q
saysIg JO uolloeag Jaquny Je30L 18301 Suijelg Juamjeaag

sjuswleall Y4l £q pooUBYUD UOTIJBWIOISUBI]

UOTIJEIPBI UO SUO] SNOIIdJ JO 39933 :Z 2IqelL

58



Antioxidants and Malignant Transformation 59

promoting agent, TPA, are shown in Table 2, It can be
observed that the presence of ferrous ions (FeClpy, at
10pg/ml) enhanced the ability of TPA to promote radiation
induced transformation in vitro. Two '"radioprotective"
agents, mannitol and cysteamine, were tested for their
ability to affect radiation 1induced transformation
(different concentrations of the compounds were present
either % hr. before to % hr. after the x-ray exposure
and/or throughout the 6 week transformation assay period
Ei.e., the compounds were added to cultures two times
per weekl]). In none of these experiments did the
radioprotective agents have a significant effect on
radiation induced transformation in vitro (data not
shown). For the transformation assays utilizing both of
the radioprotective agents, both toxic and nearly toxic
concentrations (to C3H1OT% cells) of the compounds were
utilized in our studies as it is known that they must be
present at such concentrations for their radioprotective
effects to be observed (6).

Discussion

Our work has suggested that free radicals,
presumably active oxygen species, may play a role in both
the initiation and the promotion stages of transformation
in vitro. We have observed that several compounds have
the ability to affect the initiation stage of
transformation in vitro. For example, we have observed
that several copper containing compounds (including
CuDIPS, cuprous chloride and cupric chloride [5]1) are
very effective at the inhibition of radiation
transformation when they are present at the time of the
radiation exposure, as shown in Fig. 4. It is known that
such copper containing compounds have the ability to
scavenge 0p* (5,7). In other studies reported here, we
did not observe a suppressive effect of cupric chloride
on 3-methycholanthrene induced transformation in vitro
(Table 1). Our results suggest that the initiation of
transformation in vitro by methylcholanthrene may not be
as dependent on free radical/cellular interactions as is
the initiation of transformation by ionizing radiation,
although in many other respects, the initiation of
transformation by polycyclic  hydrocarbon  chemical
carcinogens (such as methylcholanthrene) and ionizing
radiation appears to involve a similar process (reviewed
in references 8,9).
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We have also observed that SOD and catalase can
affect the initiation stage of radiation transformation;
the molecular reactions in which SOD and catalase play a
role are shown in Fig. 1 (10). As observed in Fig. 2,
when present at the time of the radiation exposure, SOD
enhances radiation transformation, while catalase is
capable of suppressing the enhancement of radiation
transformation by SOD. These results suggest that Hp02
can play an important role in the initiation of radiation
transformation in vitro. The enhancement of radiation
transformation by SOD could lead to the conversion of
superoxide anion radicals (03° ), formed in cells as a
result of the radiation exposure, to higher levels of
Hy0o2 (see Fig. 1) than would normally be present
following the radiation exposure. Assuming that H709 can
cause cellular damage resulting in transformation, higher
concentrations of Hp02 could lead to higher yields of
transformants. As catalase converts Hy07 to non-reactive
species (see Fig. 1), its presence could reduce the H307
concentration and, by that mechanism, reduce the yield of
transformed foci in cultures.

Hy0p as a cellular damaging agent has been
previously studied extensively. There is much
information to suggest that Hp0p can play a role in both
the initiation and later stages of carcinogenesis and in
causing cytogenetic changes thought to be related to
cancer induction (reviewed in reference 5). The effects
of H90y on cellular DNA are thought to be due to the
conversion of Hp0z into the hydroxyl radical, OH- (11).
It is known that ionizing radiation results in the
production of OHe as well as other active oxygen species;
it is widely thought that OH- is the primary DNA damaging
free radical 1leading to the cytotoxic effects of
radiation (12-16). Whether OH- is also responsible for
the mutagenic and/or carcinogenic effects of radiation is
controversial.

In the experiments reported here, we have attempted
to determine whether OH+ might be the active oxygen
species leading to malignant transformation in vitro.
The radioprotective aminothiol compound, cysteamine, is
known to scavenge OH. (6) and mannitol is considered a
reasonably specific scavenging agent for OH-. In our
studies we observed no effects of cysteamine or mannitol
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in either the initiation or later stages of
transformation in vitro. If we had observed that the
presence of mannitol or cysteamine had an effect on
radiation transformation, our results could have
implicated OH- as a primary damaging active oxygen
species leading to transformation in wvitro. The
characteristics of OH- could contribute to the negative
findings in our mannitol and cysteamine studies; the
extremely electrophilic OH* 1is so reactive as a free
radical species that it is thought to be first encounter
limited, with very little reaction specificity (mean path
less than 0.001 microns). Thus, its cellular
interactions are essentially limited to the site of its
formation; if it is not present at a cellular site
important for the induction of transformation, its
effects will not be observed in a study such as ours.
Active oxygen species such as Hy0p have quite different
characteristics when compared to OH:; Hp0p has the
ability to travel for relatively large distances
(including through cellular membranes-Hp0p diffuses in
and out of cells approximately as readily as does water
£173 ) before interacting with cellular components.

In the experiments reported here, there is some
evidence that OH+ may be important in the enhancement of
radiation transformation by TPA. We observed that the
promotional response brought about by TPA on radiation
transformation could be enhanced by the presence of
ferrous ions (Fe2*) in the cellular medium. Fenton-type
reagents [such as ferrous ions (FeZ*)] are known to be
necessary for the conversion of Hy0, to OH+ (Redox
reaction in which Fe2* can catalyse the decomposition of
Hp0: Fe** + Hy0p-—3 Fe*** + OH™ + OH:). TPA is known to
induce 0p+ and Hy0y in cells (18), with the conversion of
Hp0p to OH+ then occurring via a Fenton-type reaction.
As Fe2* enhances the promoting ability of TPA in vitro,
our results suggest that OH* may be the active oxygen
species responsible for the enhancement of transformation
in vitro by TPA. These results are entirely consistent
with the results presented for the effects of catalase
(with or without SOD) on promotion in vitro; the
suppressive effects of catalase on the enhancement of
transformation by TPA could be due to its role in the
removal of Hp0p. With a lower level of Hy0j, there will
also be a reduced level of OH* to play a role in
promotion by TPA in vitro.
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Most of the studies discussed here have utilized
agents known to take part in specific chemical reactions
and were designed to gain information about the specific
molecular species involved in the  induction of
transformation. While the exact molecular species
responsible for cancer induction is still unknown, our
work does suggest that carcinogen (and TPA) induced free
radical species may play a role in the development of a
transformed cell. Lowering the level of these induced
free radical species in cells may thus have a beneficial
effect in lowering the cancer incidence. There are many
naturally occurring dietary free radical quenching
compounds (discussed in references 2,4,19 and in this
volume) which have interactions with free radicals
similar to those described for the agents studied here;
it is conceivable that such naturally occurring
antioxidants could be useful in ultimately lowering the
incidence of cancer in human populations.
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FREE RADICALS, DIETARY ANTIOXIDANTS AND MECHANISMS

IN CANCER PREVENTION; IN VITRO STUDIES.
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Departments of Pathology and Radiology
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College of Physicians & Surgeons

New York, New York 10032

INTRODUCTION

It is frequently stated that 90% of the incidence of
cancer in a population 1is due to environmental factors
including food consumption and 1life style (2,32). The
definition "eénvironmental" implies non genetic factors
though clearly, genetic predisposition plays a role in
determining the susceptibility of an individual to
becoming a victim of the disease (40).

Carcinogenesis is a multistage process as has been
observed in vivo (6,47) and in vitro, in cell cultures,
under defined conditions free from host mediated effects
(4,14,41,484),

The 1initiation of the neoplastic process by physical
or chemical agents takes place via irreversible DNA
alterations. These may include mutations, methylation
gene amplification, oncogene activation (31) or other
genetic rearrangements, changes which under permissive
physiological conditions (12) may 1lead to abnormal
expression of cellular genes and transformation (14).

Initiation requires cell replication to fix the event
as a hereditary property of the cell (26,27). Later
events associated with expression of the transformed
phenotype require additional cell vreplication (27,28)
(Fig. 1).
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The onset of neoplastic events can be triggered by
radiation, the most ubiquitous carcinogen, measurable at
low doses (10,14) and by a variety of environmental and
dietary chemicals (2,49,24)) which provide a public threat
worthy of attention.

The kinetics of events initiated by various
carcinogens differ. Radiation imparts its oncogenic
potential within a fraction of a second (1,10) while the
effort of chemicals depend on their persistance in cells
and tissues which in turn depends on the type of chemical,
the target tissue, dose, period of exposure and the
pharmacho kinetics associated with its metabolism and
distruction (9). Given to the right target cell and
tissue and administered in sufficiently high doses
radiation and a variety of chemicals can act alone or in

Initial Secondaéy" Phenotyfpi't‘: Apreatl_-ance
i Insult to Cel of Neoplastic
Genetic Insult nsul of Neoplastic
&
INITIATION > PROMOTION or ANTIPROMOTION
R I OO
(Damage to DNA) s (Modulation of gene expression)
Pre-initiation
Period
—— TN
Repair Period
L T 1 T J—
Fixation of Transformation Expression of Transformation

Fig. 1 Diagram of events which may occur at a cellular
level in the course of induction and development
of transformation.
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Fig. 2 A radiation transformed hamster cell clone (A)
and its progeny growing in agar (B), indicating a
transformed phenotype (10,14),

synergism as complete carcinogens, producing tumors in
vivo or malignant colonies in vitro (8,10,14) (Fig. 2),
over the years evidence has been accumulating both in vivo
and in vitro that chemicals which in themselves are non
carcinogenic can modulate the neoplastic process acting as
tumor promotors (6,29,30,47,52). These cocarcinogens such
as TPA, a phorbol ester derivate (22,23,44) or teleocidin
(18,34) can effectively enhance the rate of malignant
transformation following initiation by a carcinogen and
modify the neoplastic expression in a manner that is in
part reversible (18,30,44,47,50).
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PERMISSIVE AND POTENTIATING FACTORS IN TRANSFORMATION

The actions of initiators and promotors in
determining the onset, and frequency of the neoplastic
process are controlled by a balance of cellular permissive
and protective factors (12) which can be studied in vitro
in cell culture systems (10,13,14).

Among the permissive factors thyroid hormones play a
critical potentiating role. Their 1level 1in the cell
determines in a dose related manner the ability of the
cell to be transformed by radiation (37)or chemicals (20).
Our recent findings also indicate that the effect of tumor
promotors such as TPA and teleocidin are dependent on the
presence of thyroid hormones (18).

Our results imply that the permissive action of
thyroid hormones in transformation 1is mediated via a
thyroid dependent cellular "transforming" protein(s)
(20,37) as well as by the ability of the hormones to
influence the oxidant state of the cell (18).

ANTIOXIDANT PROTECTIVE SYSTEMS

The cellular oxidant state is of wutmost importance
also in cellular protection against the oncogenic
potential of radiation and chemicals, both in the
initiation and promotion phases of transformation.

This has become apparent from our work (13,16,25,29)
and others (2,46,47,53) underscoring the notion that free
radicals play a role in carcinogenesis.

Inherent cellular factors comprised of enzymes,
vitamins, micronutrients and low molecular weight
substances are - protectors. These 1include superoxide
dismutase and catalase (33,45,53) peroxidases and thiols
(5,3) vitamin A (30,36,39,44) vitamin C (5) and vitamin E
(25,51) and the micronutrient selenium (16,25,43). These
antioxidants serve to defend the cells against elevated
levels of free radicals produced by radiation, chemical
carcinogens and tumor promotors (1,2,10,14,36,53). The
free radicals which include superoxides, hydroxyls, and
fatty acid radicals vary in their half life but to varying
degrees damage the cell. Both the radicals and their
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products cause lipid peroxidation mainly in the membrane,
with resulting toxic products (25), inactivation of
enzymes and cross linking of DNA (14,33,45,46).

Superoxide Dismutase and Catalase

Protective systems vary among species and within
cells and tissue (29) Thus the effectiveness of adding
nutritional or enzymatic antioxidants in cancer prevention
will vary too (25,29).

For example we have found that superoxide dismutase
(SOD) inhibits oncogenic transformation by radiation and
bleomycin in hamster embryo cells and suppresses TPA
action in enhancing transformation (25). By contrast
catalase had little effect as an inhibiting transformation
in this system but was an effective anticarcinogen in
C3H10T1/2 mouse cells (53). An examination of enzyme
levels in both systems indicated that hamster cells were
rich in catalase suggesting that the inherent enzyme
levels were high enough to detoxify peroxides formed in
the course of exposure to x rays and bleomycin (25).

Protease Inhibitors

Protease 1inhibitors have been known to be effective
inhibitors of carcinogenesis and tumor promotion in vivo
(50).

In vitro where we can define stages of activity we
find that the protease inhibitor antipain acts as a double
edged sword in hamster and mouse cells (29) antipain has
an anticarcinogenic effect on radiogenic transformation
when added after exposure to radiation. 1Its effectiveness
decreased with time (29) Fig. 3. However, antipain serves
as a potentiator and markedly enhances transformation When
added before radiation (29,35).

The activities of antipain as well as leupeptin were
not reflected in a modification of sister chromatid
exchanges (35). or in altered DNA synthesis and repair
7. The action of the protease inhibitors are probably
imparted at the level of the cell membrane. Antipain
added after radiation exerts its suppressive action by
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Protocol: Antipain added

1 11 lI 41 4I
| L 1 h 'er
- +24 +48 2weeks for ums
ho%?s O:n hours hours embryo cells
4 to 6 weeks for
0 10T o cells
- Score for
Cells plated Xlrrodlonon e o ion
Observation:
(trans-
formation
frequency)
Hamster
embryo enhanced decreased small decrease no change
cells
C3H/10TV2 enhanced  decreased no change

Fig. 3 General design of the experiments with antipain
and the observed results on its effects on
x-ray-induced transformation frequency at
scoring time. Cells were plated at time 0 and
irradiated 24 hr later. Antipain was added at
plating time or 10 min, 24 hr, or 48 hr after
irradiation. Transformed colonies were scored
after 2 weeks for hamster embryo cells or 6
weeks for the 10T1/2 mouse cells (23).

inhibiting cellular proteases associated with the
expression of transformation. It's potentiating activity
when added prior to irradiation is under study.

Retinoids
Retinoids have been known for some time to serve as

anticarcinogens in vivo, on chemically induced tumors
(30,42,48).
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Our work has addressed the questions whether vitamin
A analogs at non toxic concentration can affect early and
late events in radiogenic transormation, and whether they
can modulate cocarcinogenesis of radiation with chemical
carcinogens or tumor promotors. If they do, what are the
underlying mechanisms invovled.

Our finding 1indicate that retinol all trans-retinoc
acid and trimethyl methoxyphenyl analog of ethyl
retinamide inhibit radiogenic transformation as well as
completely suppress the action of the tumor promotor TPA
in an irreversible fashion (44) (Fig. 4). Retinoic acid
also inhibited transformation by Trp-P-2 (11), a pyrolysis
from protein foods (24,49) as well as suppressing the
cocarcinogenic synergism between x rays and Trp-P-2 (11).
The action of the retinoids and TPA, alone and in
combination, was not reflected in DNA damage as
ascertained by sister chromatid exchanges frequencies
(44)., Their antagonism was reflected at the cell membrane
(11) as well as on cell morphology (Fig. 5).

r20

18
Mouse C3H 10T '/2 cl.8 Cells L7
08 L6
F§
4
0.1
+-h r3
0.6 F12  Transformants
'l'rh H11 per
Sister 0.5 Lio 10.0!!!!
Chromatid L g  Surviving
Exchanges | | g Celis
per ’ L,
Chromosome

0.34 -6
s
0.2 F4
-3

Control Retisd 36 Rt TA  Control Retood 4Gy Rel. TP
T TR TPA 36y Ret T A TR 4Gy Rt
Rt 36 3Gy Rt 4Gy 46y

Fig. 4 Comparison of the effects of retinoid. TMMP-ERA
and TPA on transformation (right) and sister
chromatid exchange (left) (44) (1Gy = 100 rad.)
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Retinoic acid reduced the activity of Na*/k* ATPase though
mg ATPase and 5' nucleotidase, other membrane associated
enzymes, were unaffected (11). The antagonism between the
retinoid and TPA was also reflected in Na/K ATPase levels.
The retinoid suppressed a TPA mediated enhancement of
Na*/k* ATPase by bringing the enzyme back to control
levels (11). wunderscoring the pleotropic effects of the
tumor promotor. TPA inhibited the production of the
transport retinol-binding protein (RBP) in liver cells in
culture and this effect was suppressed by a concomitant
addition of retinol (22). Clearly, the effect of tumor
promotors is of broad scope. TPA effectively modulates
cell transformation but at the same time it can regulate a
protein which controls the transport of vitamin A, an
inhibitor of TPA action on transformation.

Fig. 5 C3H 10T1/2 cells (a), treated with retinoic acid
(b) Note, the altered morphology.
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Selenium

Selenium is a micronutirent in our diet and an
inexcritable component of the enzyme glutathione
peroxidase (25). As such, Se plays a role in detoxifying
peroxides which are formed in normal metabolic processes
in the cell (24,25) and are enhanced during cellular
exposure to radiation and chemcials. Selenium has been
found to have anticarcinogenic properties in vivo, to
inhibit the growth of tumors induced by chemical
carcinogens (43) but its role as an inhibitor of radiation
carcinogenesis was unknown (25). Moreover, while both
epidemiological and experimental data indicated an inverse
relation of cancer incidence with selenium dietary intake
the underlying mechanism of its action remained obscure
(25).

Our recent work has addressed these problems and our
findings indiate the following:

Pretreatment of mouse C,H 10T1/2 cells with non toxic
levels of sodium selenite” inhibits the induction of
malignant transformation by x rays, tryptophan pyrolysate
(Trp-P-2) and by benzo(a)pyrene, three environmental
carcinogens (11,16,25).

The action selenium as an anticarcinogen was mediated
via 1its ability to induce high levels of free radical
scavanging systems in the cells exposed to the oncogenic
agents. These included the enzyme gluathione peroxidase,
a selenium dependent enzyme, as well as catalase and non
protein thiols (Tabel 1) (16,25). The induction of these
protective systems resulted in a doubling of peroxide
breakdown in the cells (25) Table 1. There is a close
interrelation between selenium and vitamin E 1in their
antioxidant actions (25). However, the role of vitamin E
as an anticancer agent varies with the model studied (51)
and probably depends on the tissue content of the vitamin
(25) We found selenium to be a true protector. Its
maximum effectiveness was 1imparted when cells were
preincubated with the trace element. Thus, selenium can
serve as a true radioprotective and chemoprotective agent
in carcinogensis (16,25).
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Table 6. Transformation, Glutathione Peroxidase (GSH),
Catalase and Nonprotein Thiols (NPSH) in Selenium
Pre-treated and Untreated C3H 10T1/2 Cells.

Selenium Treated

Untreated (2.5/«mNa,Se03Px)

. -3 -4
Transformation by 1.2 x 10 6.1 x 10
400 rad X-ray
Transformation by 1.1 x 10_3 2.2 x 10—1+
B(a)P 1.2 mg/ml
GSH px* 5.2 10.0
Catalase* 4.3 6.0
NPSH' 1.0 2.1

*n moles H,0, reduced/min/mg protein.
+n moles/mg protein.
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CONCLUSION

Cell systems in vitro offer powerful tools to study
the role of free radicals in carcinogenesis. They afford
us the opportunity to assess the role and mechanism of
enzymatic and nutritional factors in their actions as
antioxidants and their capacity as anticarcinogens acting
to suppress different stages of the neoplastic process.

Free radicals are continuously produced by living
cells. They are generated in the process of cell
respiration and intermediary metabolism in both health and
disease.

Under optimal cellular metabolic conditions cellular
antioxidants are sufficient to impart protection against
oxidant stress. Hawever, under conditions of exposure to
carcinogens or to wunfavorable metabolic stress which
enhance free radicals levels inherent protection may prove
to be inadequate leading eventually to neoplastic
transformation. This may be the underlying factor in our
earlier findings that hepatocytes 1in culture can be
transformed by nutritional stress into hepatoma like cells
which 1lose <cellular communication via permeable membrane
junctions and acquire a variety of phenotypic changes
associated with malignancy, including aneuploidity altered
ganglioside. Composition capacity to grow in agar and
tumorogenicity in animals (7).

Under stressful conditions cells require the external
addition of antioxidants to enable them to cope with the
excess load of free radicals and to minimize oxidative
damage and oncogenic transformation (Fig 6).

Some nutrient antioxidants act directly, other agents such
as selenium will impart their protection by inducing high
levels of inherent protective enzyme systems which destroy
peroxides (25), this enables the cell itself to increase
its scavanging powers and to cope with the "overload" of
free radicals and their toxic products thus preventing the
onset and progression of malignant transformation.



Borek

DAMAGE POTENTIATION CONTROL
Radistion

Some chemicals

Adequate
Vitamins A,C,E, #-carotene

P e B

1
1 Peroxidation of membrane lipids
]
]
]
! Gemeration of lipid perexides X
: l‘ Glutathione peroxidase
! r— v
L Reactive oxygen Cellular protective scavangers:
—
Species free radicals thiols, S0D, catalase

Can oxidize procarcinegens (cocarcinogenesis)
Induce chromesome modifications (mutagenicity? carcinogenesis?)

Interact with producers of free radicals, tumor promoters, other carcinogens

DNA damage, injury, death

Fig. 6 A scheme illustrating the possible events induced
by free radicals produced following cellular
exposure to radiation or some chemical carcinogen
and the antioxidant scavanging effects of some
enzymes vitamins and micronutrients.



Dietary Control of Carcinogenesis 77

ACKNOWLEDGEMENT

This article and some of the work described were
supported by a contract from The National Foundation for
Cancer Research and by grant no. 12356 from the National

Cancer Institute.



78

Borek

REFERENCES

Alexander, P. and Lett, J. - Comprehensive
Biochemistry, pPp. 267-356. Florkin, M.Stots,
E. (eds.) Elsevier, Amsterdam, 1968,

2. Ames, B. N. Dietary carcinogens and anticarcinogens.
Oxygen radicals and degenerative diseases, Science
211: 1256-1264, 1983.

3. Arnott, M. S., Van Eys, J. and Wang, Y. M. Molecular
Interactions of Nutrition and Cancer, pp. 1-474,
Raven Press, New York, 1982.

4, Barrett, J. C. and Ts'o, P. 0. P. Evidence for the
progressive nature of neoplastic transformation In
Vitro. Proc. Nat. Acad. Seci. U.S.A. T71: 3761-3765,
1978a.

5. Benedict, W. F., Wheatly, W. L. and Jones, P. A.
Inhibition of Chemically Induced Morphological
Transformation and Reversion of Transformed Phenotype
by Ascorbic Acid in C3H1OT1/2 Cells. Cancer Res. ﬂg
2796-2801, 1980.

6. Berneblum, I. Sequential Aspects of Chemical
Carcinogenesis: sSin. In: Cancer; A Comprehensive
Treatise. pp. 451-484, Becker, F. F., (ed.) Plenum
Press, New York, 1982.

7. Borek, C. Neoplastic Transformation In Vitro of a
Clone of Adult Liver Epithelial Cells into
Differentiated Hepatoma-Like Cells under Conditions of
Nutritional Stress. Proc. Nat. Acad. Sci. (USA) 69:
956-959, 1972.

8. Borek, C. X-ray Induced In Vitro Neoplastic
Transformation of Human DiplBTd Cells. Nature 283:
776-778, 1980a.

9. Borek, C. Differentiation, Metabolic Activation and
Malignant TransFormation in Cultured Liver Cells
Exposed to Chemical Carcinogens. In: Advances in
Modern Environmental Toxicology. Vol.
1. pp. 297-318. Mishra, N. Dunkel, V. and Mehlman,
M. A. (eds) Senate Press, Princeton, New Jersey,
1980b.

10. Borek, C. Radiation Oncogenesis in Cell Culture.

1.

Adv. Cancer Res. 37: 159-232, 1982a.

Borek, C. Vitamins and Micronutrients Modify
Carcinogenesis and Tumor Promotion In Vitro. In:
Molecular Interrelations of Nutrition and Cancer,




13.

14.

15.

16.

17.

19.

20.

Dietary Control of Carcinogenesis 79

PP. 337-350, Arnott, M. S., Van Eys, J. and Wang.,
Y. M. (eds) Raven Press, New York, 1982b.

. Borek, C. Permissive and Protective Factors in

Malignant Transformation of cells in culture. 1In: The
Biochemical Basis of Chemical Carcinogenesis,
pp. 175-188, Greim. H., Juna, R., Kraemer, M.,
Marquardt, H. and Oesch, F. (eds) Raven Press, New
York, 1984a.

Borek, C. In Vitro Cell Cultures as Tools in the
Study of Free Radicals and Free Radical Modifiers in
Carcinogenesis. In: Methods In Enzymology, Volume on
Oxygen Radicals in Biological Systems, pp. 465-479.
Colowick C. P. Kaplan, N. O. and Packer, L. (eds)
Academic Press, New York, 198.b.

Borek, C. The Induction and Control of Radiogenic
Transformation In Vitro: Cellular and Molecular
Mechanisms. J. Pharmach. and Therap. 1985, In
Press.

Borek, C. and Andrews, A. Oncogenic Transformation
of Normal, XP and Bloom Syndrome Cells by X-Rays and
Ultraviolet Irradiation. In: Human Carcinogenesis,
pp. 519-541, Harris, C. C. and Antrup, H. (eds)
Academic Press, New York, 1983.

Borek, C. and Biaglow, J. E. Factors Controlling
Cellular Peroxide Breakdown: Relevance to Selenium
Protection against Radiation and Chemically Induced

Carcinogenesis. Proc. Am. Ass. Cancer Res. 25:
125 (abstract), 1984,
Borek, C. and Cleaver, J.E. Protease 1Inhibitors

Neither Damage DNA nor Interfered with DNA in Human
Cells. Mutat. Res. 82: 373-380, 1981.

Borek, C., Cleaver, J. E. and Fujiki, H. Critical
Biochemical and Regulatory Events in Malignant

Transformation and Promotion In Vitro. In: Cellular
Interaction by Environmental Tumor Promoters and
Relevance to Human Cancer, Fujiki, H. et al. (ed)

Japan Scientific Societies, Tokyo, 1984a, in press.
Borek, C. and Guernsey, D. Membrane Associated Ion
Transport Enzymes in Normal and Oncogenically
Transformed Fibroblasts and Epithelial Cells. Studia
Biophysica 81 (1): 53-54, 1981.

Borek, C., Guernsey, D. L., Ong, A. and Edelman,
I. S. Critical Role Played by Thyroid Hormone in
Induction of Neoplastic Transformation by Chemical
Carcinogens in Tissue Culture. Proc. Natn. Acad.
Sci. U.S.A 80: 5749-5752, 1983a.



80

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Borek

Borek, C., Higashino, S, and Loewenstein, W. R.
Intercellular Communication and Tissue Growth-IV.
Conductance of Membrane Junctions of Normal and
Cancerous Cells in Culture. J. Memb. Biol. 1:
274-293, 1969.

Borek, C., Miller, R.C., Geard, C. R., Guernsey, D. L.
and Smith, J. E. In Vitro Modulation of Oncogenesis
and Differentiation by Retinoids and Tumor Promoters.
In: Carcinogenesis. Vol. 7, pp. 277-284, Hecker, E.
(ed) Raven Press, New York, 1982.

Borek, C., Miller, R., Pain, C. and Troll, W.
Conditions for Inhibiting and Enhancing Effects of the
Protease Inhibitor Antipain on X-Ray-Induced
Neoplastic Transformation in Hamster and Mouse Cells.
Proc. Natn. Acad. Sci. U.S.A. 76: 1800-1803,
1979.

Borek, C. and Ong, A. The Interaction of Ionizing
radiation and Food Pyrolysis Products in Producing
Oncogenic Transformation In Vitro. Cancer Lett. 12:
61-66, 1981.

Borek, C., Ong, A., Donohue, L. and Biaglow, J. E.
Selenium Protects against In Vitro Radiation and
Chemically Induced Transformation by Controlling
Peroxide Breakdown. Proc. Natn. Acad. Sei.
U.S.A., 1984C, in press.

Borek, C. and Sachs, L. In Vitro Cell Transformation
by X-Irradiation Nature 210: 276-278, 1966a.

Borek, C. and Sachs, L. Cell Susceptibility to
Transformation by X-Irradiation and Fixation of the
Transformed State. Proc. Natn. Acad. Sci. U.S.A.
57: 1522-1527, 1967.

Borek, C. and Sachs, L. The Numbers of Cell
Generations required to fix the transformed state in
X-ray Induced Transformation. Proc. Natn. Acad.
Sei. U.S.A. 59: 83-85.

Borek, C. and Troll, W. Modifiers of Free Radicals
Inhibit In Vitro the Oncogenic Actions of X-Rays,
Bleomyein, and the Tumor Promoter
12-0-tetradecanoylphorbol 13-Acetate. Proc. Natn.
Acad. Sci. U.S.A. 80: 5749-5752,

Boutwell, R. K. Retinoids and Prostaglandin Synthesis
Inhibitors as Protective Agents against Chemical
Carcinogenesis and Tumor Promotion. . In:
Radioprotectors and Anticarcinogens, Nygaard, 0. K.
and Simic, M.G. (eds) A. P. New York, 557-566, 1983.




31.
32.

33.
34,

35.

36.

37.

38.

39.

ho.

41.

b2,

43,
uy,

Dietary Control of Carcinogenesis 81

Cooper, G. M. Cellular Transforming Genes. Science
218: 801-806, 1982.

Doll, R. and Peto, R. The Causes of Cancer:
Quantitative Estimates of Avoidable Risks of Cancer in
the United States Today. J. Natn. Cancer Inst. 66:
1191-1308, 1981.

Fridovich, 1I. The Biology of Oxygen Radicals.
Science 201: 875-880, 1978.

Fujiki, H., Mori, M., Nakayasu, M., Terada, M. and
Sugimura, T. A Possible Naturally Occurring Tumor
Promoter, Teleocidin B from Streptomyces. Biochem.
Biophys. Res. Commun. 90: 976-983, 1979.

Geard, C. R., Freeman, M. R., Miller, R. C. and
Borek, C. Antipain and Radiation Effects on Oncogenic
Transformation and Sister Chromatid Exchanges in
Syrian Hamster Embryo and Mouse C3H10T1/2 cells.
Carcinogenesis 2: 1229-1235.

Goldstein, B. D., Witz, G., Amoruso, M., Stone, D.S.
and Troll, W. Stimulation of Human Polymorphonuclear
Leukocyte Superoxide Anion Radial Production by Tumor
Promoters. Cancer Lett. 11: 257-262, 1981.

Guernsey, D.L. Borek, C. and Edelman, I. S. Crucial
Role of Thyroid Hormone in X-Ray Induced
Transformation in Cell Culture. Proc. Natn. Acad.
Sei. U.S.A. 78: 5708-5711, 1981.

Guernsey, D. L., Ong, A. and Borek, C. Modulation of
X-Ray 1Induced Neoplastic Transformation In Vitro by
Thyroid Hormone. Nature 288: 591-592, 1980.
Harisiadis, L., Miller, R. C., Hall, E. J. and Borek,
C. A Vitamin A Analogue Inhibits Radiation-Induced
Oncogenic Transformation. Nature 274: 486-U487, 1978.
Harnden, D. G. The Nature of Inherited Susceptibility
to Cancer. Carcinogenesis 5: 1535-1537, 1984.
Kennedy, A. R., Murphy, G. and Little, J. B. Effect
of Time and Duration of Exposure to
12-0-Tetradecanoylphorbol-13-Acetate on X-Ray
Transformation of C3H 10T1/2 cells. Cancer Res. 4o:
1915-1920, 1980b.

Lotan, R. Effects of Vitamin A and 1its Analogs
(Retinoids) on Normal and Neoplastic Cells. Biochem.
Biophys. Acta. 605: 33-91, 1980.

Medina, D. Selenium Mediated Inhibition of Mouse
Mammary Tumorgenesis Cancer Lett. 8: 281-245, 1980.
Miller, R. C., Geard, C. R., Osmak, R. S.,
Rutledge Freeman, M., Ong, A., Mason, H., Napholtz,
A., Perez, N., Harisiadis, L. and Borek, C. Modified




82

45,

46,

u7.

Borek

of Sister Chromatid Exhchanges and radiation-induced
transformation in rodent Cells by the Tumor Promoter
12-0-Tetradecanoyl-Phorbol-13-Acetate and two
retinoids, Cancer Res. 41: 655-659, 1981.

Pryor, W. A. The Role of Free Radical Reactions in
Biological Systems. In: Free Radicals 1in Biology.
Vol. 1, pp. 1-49, Pryor, W. A. (ed) Academic Press,
New York, 1976.

Radioprotectors and Anticarcinogens, Nygaard O0. F.
and Simie, M. G. (eds), Academic Press, New York,
1983.

Slaga, T. G., Klein-Szanto, A. J. P., Triplett, L. L.
and Yotti, P. C. Skin Tumor Promoting Activity of
Benzoyl Peroxide, Science (Wash.) 213: 1023-1024,
1981.

48 Sporn, M. B., Dunlop, N. M., Newton, D. L. and

49,

50.

51.

52.

53.

Henderson, W. R. Relationships between structure and
activity of retinoids. Nature 263: 110-113, 1976.
Sugimura, T. Tumor Initiators and Promoters
Associated with Ordinary Foods. In: Molecular
Interrelations of Nutrition and Cancer, pp. 3-24,
Arnott, M.S. Van Eys, J. and Wang, Y. M. (eds)
Raven Press, New York, 1982.

Troll, W., Witz, Gisela, Goldstein, B., Stone, D. and
Sugimura, T. The Role of Free Oxygen Radicals 1in
Tumor Promotion and Carcinogenesis. Carcinogenesis,
Vol. T7: pp. 593-597, Raven Press, New York, 1982,
Wattenberg, L.W., Inhibition of Carcinogenic and Toxic
Effects of Polycyclic Hydrocarbons by Phenolic

Antioxidants and Ethoxygnin J. Nat. Cancer Inst.
48: 1425-1430, 1972.
Wigler, M. and Weinstein, I.B. Tumor Promoter

Induces Plasminogen Activator. Nature 259: 232-233,
1976.

Zimmerman, R. and Cerutti, P. Active Oxygen Acts as
a Promoter of Transformation in Mouse Embryo C3H
10T1/2C18 Fibroblasts. Proc. Natn. Acad. Sci.
U.S.A. 81: 2085-2087, 1984,



ASCORBATE EFFECTS ON ENDOMEMBRANE ELECTRON TRANSPORT AND

MEMBRANE FLUX
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Department of Medicinal Chemistry and Pharma-
cognosy, Cancer Center, and Department of
Biological Sciences, Purdue University, West
Lafayette, IN 47907

A central problem of cellular biology and biochemistry
is how membrane translocations in cell motility, saltatory
motion and vesicular transport (endocytosis/exocytosis)
occur. Little is known about the mechanisms to transduce
chemical energy into physical displacements of membrane
sheets, vesicles or protrubances (1,2).

In this report, we summarize evidence for a role of
ascorbic acid as an electron acceptor in a redox system
involving the enzyme NADH-monodehydroascorbate reductase
(MDAR) that may reside uniquely in those cellular membranes
(plasma membrane,.coated vesicles, secretory vesicles,
endocytotic vacuoles) most often implicated in bulk trans-
locations of cellular membranes and in membrane movements
(3,4). Especially interesting in this regard are the so-
called bristle- or spiny-coated vesicles involved both in
exocytosis and in receptor-mediated and absorptive edocytosis
(5). These vesicles are characterized by a polygonal surface
architecture (seen in thin sections of electron microscope
preparations as spines or bristles). The dominant surface
protein contributing to this distinctive morphological
feature is a single, large polypeptide chain called clathrin

(6).

Fractions from rat liver that contain 80% + 5% of coated
vesicles along with isolated Golgi apparatus from which some
of the coated vesicles may be derived (7) were found to be
enriched both in NADH-MDAR and in ascorbate. Activities of
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coated vesicles depleted of coat proteins as well as those
of isolated membranes of Golgi apparatus are enhanced by the
addition of supernatant fractions enriched in coat proteins.
Quantative electron microscopy of cultured hepatocytes and
hepatoma cells treated with ascorbate showed increases in
coated vesicles and in coated membrane surfaces within the
Golgi apparatus zone. The results are consistent with a
role of monodehydroascorbate as an acceptor for electron
transport-mediated transfer of electrons from NADH perhaps
to oxygen by coated membranes as part of a mechanism to
drive membrane translocations via generation of a proton
gradient or of a membrane potential.

EVIDENCE FROM CYTOCHEMISTRY

Our interest in ascorbate as a potential electron
acceptor for membrane-located energy transduction mechanisms
was stimulated initally by the chance observation from
cytochemical studies of the distribution of NADH-ferricyanide
oxidoreductase that clathrin-coated membrane surfaces were
much more reactive than adjacent uncoated membranes. This
was observed for coated membranes both at the Golgi apparatus
and at the cell surface (8). An NADH-ferricyanide oxido-
reductase is distributed widely among endomembranes of
rodent liver (9) and other cells and tissues (10). A
component resistant to preparation of tissues for cytochem-
tstry and to fixation with glutaraldehye is characteristic of
plasma membrane and mature Golgi apparatus elements in rat
(11) and mouse (9) liver.

While reduction of monodehydroascorbate by NADH-cyto-
chrome b, reductase of endoplasmic reticulum has been pro-
posed (15), an NADH-MDAR activity exists also that is dis-
tinct from NADH-cytochrome b. reductase (13). It has been
found especially concentratea in a 1ight membrane fraction
(14, 15) that our results suggest may have contained coated
vesicles.

ISOLATION OF MEMBRANES AND COATED VESICLES FROM RAT LIVER

Procedures for isolation of Golgi apparatus and of
reference fractions and for the criteria for determination
of purity of fractions were as described (16). Coated
vesicles were isolated from rat Tiver (3) in an approximate
yield of 1 to 2 mg protein per 40 g liver. Based on anal-
yses of electron micrographs, the fractions were 80% + 5%
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Fig. 1. Transmission electron micrograph of a coated
vesicle fraction from rat liver representative of those
prepared for use in this study. Vesicle surfaces were
covered by the pentagonal-hexagonal patterns typical of
clathrin coats. From Sun et al. (3). Bar = 0.5 um.

coated vesicles (Fig. 1). This agreed closely with the
17% contamination by mitochondria, endoplasmic reticulum,
plasma membrane and Golgi apparatus fragments determined
from analyses of marker enzymes (3).

Among the enzymatic activities concentrated in the
coated vesicle fractions were acid phosphgtase (2 ymoles/h/
mg protein), oubain-sensitive Na+, K+, Mg *-ATPase (7.5
umoles/h/mg protein), NADH-cytochrome c¢ reductase
(6 umoles/h/mg protein) and NADH-ferrcyanide reductase
(600 pumoles/h/mg protein) all with specific activities
intermediate between those of the Golgi apparatus and of
the plasma membrane (3). NADH-MDAR was concentrated in
coated vesicles (6-fold compared to Golgi apparatus). Both
ascorbic acid and ascorbic acid oxidase were present as
well and were enriched approximately 2-fold compared to the
total homogenate (3).
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Fig. 2. Schematic representation of the NADH-monodehydro-
ascorbate reductase complex of Golgi apparatus and coated
vesicles potentially linked to oxygen via ascorbate and
ascorbate oxidase. Modified from Sun et al. (3).

Approximately 50% of the ascorbate of rat liver homog-
enates, when carefully prepared, was associated with organ-
elles including Golgi apparatus and coated vesicles (3).
Despite the rather lengthy procedure involved in their
isolation, coated vesicles from rat liver contained nearly
10 micrograms ascorbic acid per mg protein, an amount about
twice that of the total homogenate. Ascorbate contained
within or supplied to either Golgi apparatus membranes or
coated vesicles can generate monodehydroascorbate (possibly
through the action of ascorbate oxidase also present in
the membranes). This is evidenced by the appearance of the
characteristic electron spin resonance signal of monodehydro-
ascorbate. When NADH was added to the preparations, the
monodehydroascorbate was rapidly reduced by the NADH-MDAR
catalyzed reaction as evidenced by the rapid disappearance
of the electron spin resonance signal. Thus, monodehydro-
ascorbate can serve as an electron acceptor for the NADH-
MDAR system of the Golgi apparatus-vesicle-plasma membrane
complex, perhaps with the ultimate transfer of electrons to
a suitable acceptor such as oxygen (Fig. 2).

One possibility to regulate NADH-NDAR activity and to
account for the cytochemical findings indicative of enhanced
ferricyanide reduction associated with coated membrane sur-
faces (8) would be that some combination of the membrane-
bound reductase with the coat protein clathrin resulted in
the activation of the reductase. This, in turn, would
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Table 1. Subfractionation of coated vesicles and the
"activation" of NADH-MDAR of isolated and clathrin-depleted
membranes by addition of fractions enriched in clathrin.
Values are specific activities + standard deviations from
three different membrane preparations (3).

Specific activity (nmoTés/min/mg protein)
NADH-MDA  Ascorbate NADH-Fe(CN)

Fraction Reductase Oxidase Reductase 6
Coated vesicles 17.0 + 3.0 41 + 9 1031
Clathrin-depleted - B
membranes 14.0 + 1.1 143 + 24 672 + 24
Clathrin-enriched -
supernatant 0.7+ 0.2 10 +2 23 + 1

Membranes + supernatant

Based on total pro. 15.2 + 3.7 57 + 9 22 + 22
Based onmemb. pro. 30.4 + 7.4 114 + 18 750 + 40
Golgi apparatus (GA) 1.6 + 0.4 50 +9 1771 + 5
GA + clathrin-enriched supernatant
Based on total pro. 1.34+ 0.05 906 + 78
Based onmemb. pro. 2.7 + 0.1 1892 + 156

provide for the enhanced electron transport to drive the
movement of the coated vesicles and coated regions during
both exo- and endocytosis as well as with intracellular
membrane translocations.

To test this hypothesis, coated vesicles from rat Tiver
weretreatedwith 0.5 M tris(hydroxymethy1)methy1 ammonium chlor-
ide, pH 7.2, todissociate clathrinbaskets. Strippedmembranes
were removed by centrifugation for 1 h at 100,000 g and both
fractions, clathrin-depleted membranes and the clathrin-
enriched supernatant, were analyzed for content of clathrin
and membrane proteins by polyacrylamide gel electrophoresis
(3) and for enzymatic activities (Table 1).

Following removal of the clathrin coats, ascorbate
oxidase was enriched 3-fold in the membrane pellets as ex-
pected for a membrane-associated enzyme. However, neither
NADH-MDAR nor NADH-Fe(CN)_ reductase showed enrichment, nor
did the supernatant contaqn1ng the clathrin have act1v1ty
However, when the coated vesicles were reconsitituted by
combining the two fractions, the final specific activity
based on total protein was nearer that of the starting
coated vesicles prior to extraction and approximately 3-fold
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stimulated based on membrane protein for NADH-MDAR. Ascor-
bate oxidase was not so affected. NADH-Fe(CN),. reductase
showed a similar, although not as striking, trgnd as NADH-
MDAR. Addition of the clathrin-enriched fractions to Golgi
apparatus membranes resulted in a nearly 2-fold stimulation
of the NADH-MDAR as well (Table 1). Additionally, the
activity of NADH-MDAR of coated vesicles and Golgi apparatus
but not that of the endoplasmic reticulum was stimulated by
calmodulin and was inhibited by drugs which are known
inhibitors of calmodulin function (4).

To test for changes in membrane potential in the coated
vesicles from rat Tiver in response to the addition of mono-
dehydroascorbate and NADH as well as ascorbate, experiments
were conducted using fluorescence of carbocyanine dyes to
estimate relative changes in membrane potential (17). A
response was noted (Table 2) and the combination of NADH plus
monodehydroascorbate gave a greater response than either one
alone. Ascorbate (1.5 mM) was similar to NADH alone.

The slow decline of fluorescence of the control vesicles
was stopped by addition of KC1. Furthermore, if NADH was
added with the KC1, the rate of fluorescence decline was
increased. Monodehydroascorbate also increased the fluor-
escence decline in the presence of KC1. These exeriments,
although reproducible in three trials, must still be regard-
ed as preliminary and after suitable controls and calibra-
tions are completed may indicate that a membrane potential
in these vesicles can be modified by the redox systems present.

Table 2. Changes in charge across coated vesicle membranes
measured by carbocyanine dye fluorescence (17).

Addition Arbitrary units/min/mg protein
None -2.2
+ 4 mM KC1 -0.7
45 uM NADH -2.8
+ 4 mM KC1 -1.7
5 mM Monodehydroascorbate -2.8
+ 4 mM KC1 -1.4
45 uM NADH + 5 mM Monodehydroascorbate -3.3
+ 4 mM KC1 -1.1
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Proton pumping to maintain an electrochemical gradient
is well known in the major cell compartments including coated
vesicles (18-20). Zang and Schneider (21) have found high
ATPase activity in Golgi apparatus from rat liver. This
ATPase could be inhibited by dicyclohexylcarbodiimide which
also resulted in a 3-fold accumulation of newly synthesized
proteins in Golgi apparatus. Thus, the implication is that
energy for Golgi apparatus and, perhaps, of coated vesicle
function is supported in part by an electrogenic proton
gradient. Additionally, Glickman et al. have found a proton
pump in Golgi apparatus that functions in parallel to
chloride conductance (22).

In our own studies (23), we have found that Golgi
apparatus membranes, isolated from mouse liver, pump protons
inwards when supplied either with ATP or NADH. Acidification
of Golgi apparatus cisternae was detected with neutral red,
a permeant dye at neutral pH absorbing at 600 nm which
becomes protonated to a non-permeant form absorbing at 550
nm within the interiors of acidified vesicles. Monensin, an
ionophoric antibotic which catalyzes the exchange of mono-
valent cations across biological membranes, disrupts the
secretory function of Golgi apparatus (24) and has been
related to acidification of the cisternal interiors as a
prerequisiste for swelling and disruption of secretory:
activity (25). Monensin inhibits the acidification of Golgi
apparatus mediated either by ATP or by NADH and at 20 uM
strongly inhibits the activity of NADH semidehydroascorbate
reductase activity in both coated vesicles and Golgi appara-
tus (Table 3). This concentration of monensin had little or
no effect on NADH-MDAR activity of endoplasmic reticulum and
serves to indicate, along with other evidence (3), that the
NADH-MDAR activity of Golgi apparatus and of coated vesicles

Table 3. Inhibition by monensin of NADH semidehydroascorbate
reductase activity in membranes. Units of specific activity
are nmoles NADH oxidized/min/mg protein. From Sun et al. (3).

NADH-monodehydroascorbate reductase
specific activity

Golgi Coated Endoplasmic
Monensin (uM) apparatus vesicles reticulum
0 4.3 15.5 24
5 4.5 14 22
10 3.9 13.5 22
20 0.8 9.5 21
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is different from that of the classical cytochrome b5
reductase complex of endoplasmic reticulum (12).

In a first attempt to relate the biochemical observa-
tions to a functional role for ascorbate in Tiving cells, we
examined the response of coated vesicles of rat hepatocytes
and hepatomas to ascorbate supplied in the medium (27). The
results show a quantitative response in the number of coated
vesicles visible in the Golgi apparatus zone (Fig. 3).

[ [J CoNTROL
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S6r Z sorm dscorere
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Fig. 3. Quantitation of numbers of coated vesicles per Golgi
apparatus region comparing fetal liver and H-2 hepatoma cells
(27). Ascorbate was added to the culture medium at t = 0.
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As summarized in Figure 3, cultured hepatocytes and
hepatoma cells when treated for 10-30 min with 30 mM ascor-
bate responded by a 2- to 3-fold increase in the numbers of
coated vesicles of the Golgi apparatus zone as determined
by quantitation from electron micrographs. At a near
optimal concentration of 30 mM ascorbate, the effect was
reproduced under a variety of different conditions of spec-
imen preparation for electron microscopy (27). Coated ves-
icles of the cell surface may have been affected similarly
but no increases due to ascorbate were obvious and were not
quantitated due to lack of localization of coated vesicles
of the cell surface to well defined cellular regions. Based
on measurements of vesicle diameters, coated vesicles of
Tiver cells distribute into different populations (7). Those
at the cell surface have the greatest diameters and are
distinct from those at the Golgi apparatus with the smallest
diameters. liowever, the increase in numbers of coated vesi-
cles of the Golgi apparatus zone may indicate some functional
relationship between ascorbic acid and coated vesicle activ-
ity in agreement with our biochemical observations.

SUMMARY

Coated vesicles isolated from rat liver in about 80%
fraction purity were enriched in NADH-monodehydroascorbate
reductase activity, ascorbate oxidase, and ascorbic acid.

The NADH-monodehydroascorbate reductase (and ascorbate
oxidase) of the Golgi apparatus and coated vesicles differed
from that of the endoplasmic reticulum in being inhibited by
the sodium selective ionophore, monensin. Activities of

both coated vesicles and Golgi apparatus fractions depleted
of the coat protein, clathrin, were activated by the addition
of clathrin-rich supernatant fractions. This activation was
demonstrated both from cytochemistry in vivo and in vitro in
reconstitution experiments with both coated vesicTes and
isolated Golgi apparatus. More than 60% of the ascorbic acid
of rat liver homogenates was contained within membrane-bound
compartments. Golgi apparatus and coated vesicles especially
were enriched. The transmembrane redox activity involving
the NADH-monodehydroascorbate reductase/ascorbic acid oxi-
dase/ascorbic acid complex (Fig. 2) appeared to be able to
generate a proton gradient or membrane potential capable of
energizing membranes of cell components. Ascorbate admin-
istered to hepatocytes or hepatoma cells increased the
numbers of coated vesicles associated with the Golgi appara-
tus regions. Supported inpartby grants fromHoffman-LaRoche.
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Introduction

The transformation from normal cells to cancer cells
as a result of ionizing radiation, chemical carcinogens
(tumor initiators and promoters), viruses, any
combination of these agents, or random genetic error
during replication probably occur frequently in the body;
however, these transformed cells do not always establish
themselves in the host as a clinical cancer. This
suggests that the host exerts considerable selection
pressure against the first or the first few transformed
cells. The transformed cells probably escape the
selection pressure of the host when the level of
selection pressure is reduced. The transformed cells
then acquire additional mutations and eventually become
clinically detectable. Recent studies have identified
several components of the host's selection pressure.
These include certain vitamins, selenium, cAMP (adenosine
3',5'-cyclic monophosphate), and the host's immune
system. Among vitamins, alpha-tocopherol (vitamin E) is
one of the important components of the host's selection
pressure against transformed cells. Since the
transformed cells escape the selection pressure exerted
by vitamin E at lower concentrations, this vitamin at
higher concentrations should exert its antitumor
activities either by inducing normal phenotype and/or by
causing growth inhibition. Indeed, recent experimental
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results confirm the above anticancer activities of
vitamin E.

Vitamin E in Cancer Prevention

Alpha tocopherol (vitamin E) has been shown to
reduce chemically-induced tumors in animals (1-14), 1In a
recent human prospective study (15), lower plasma vitamin
E levels were associated with a higher risk of breast
cancer. A recent case-control study (16) has also
indicated that the plasma level of vitamin E is inversely
related to the risk of lung cancer. The exact mechanisms
of cancer protection provided by vitamin E are unknown.
However, it has been reported that vitamin E may
influence the processes of carcinogenesis at several
levels. For example, vitamin E blocks the formation of
cancer—-causing agents such as nitrosamine and mutagenic
substances in the gastrointestinal tract (13,17-22),
prevents the action of tumor promoters (1-2) and
initiators, and stimulates cellular immunity (23-29).
Vitamin E has also been shown to stabilize the cellular
membrane (30-34). This observation may be important in
evaluating the role of vitamin E in regulating cell
differentiation and malignancy. All these actions of
vitamin E are important for cancer protection.

We have unraveled yet another mechanism of action of
vitamin E in cancer prevention and treatment which
involves induction of differentiation in certain
established tumor cells in culture (35). This finding
suggests that the presence of higher levels of vitamin E
in the body may also reverse some newly transformed cells
back to normal phenotype. This mechanism of cancer
prevention may not be applicable to all types of cancer
cells.,

Vitamin E and Cell Differentiation

The phenomenon of differentiation of tumor cells is
important not only from the prevention point of view but
also from the perspective of treating cancer. In recent
years several naturally occurring and nontoxic
differentiating agents such as adenosine 3',5'-cyclic
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monophosphate (cAMP) (36~41), vitamin A (42-44), nerve
growth factor (45-46), and butyric acid (47) have been
identified. A more recent study (48) suggests that
vitamin E succinate also enhances the level of
differentiation of murine NB cells induced by cAMP
stimulating agents. This suggests for the first time
that vitamin E may regulate at least some effect of cAMP,
The role of vitamin E in the differentiation of tumors
cells is discussed below.

Neuroblastoma cells. The first report that vitamin
E may induce differentiation in tumor cells appeared in
1979; it was demonstrated that dl-alpha tocopheryl
acetate treatment of murine neuroblastoma (NBP,) cells in
culture induces morphological differentiation associated
with the inhibition of cell division (49). However, in a
later study (35), the vitamin E acetate solvent was found
to be toxic for several types of tumor cells in culture.
Since several toxic agents such as x-rays (50),
adriamycin (51), bleomycin (51) and cytosine arabinoside
(52) are known to cause morphological changes in NB cells
in culture, the effect of vitamin E was re—-investigated
using dl-alpha tocopheryl succinate which is readily
soluble in ethanol. It was found that vitamin E
succinate by itself did not cause morphological
differentiation (53); however, vitamin E succinate-
treated cells were larger and did not grow in clumps. In
addition, vitamin E succinate enhanced the
differentiating effects of cyclic AMP stimulating agents
(48) and y-irradiation (54) on NB cells in culture.
Vitamin E succinate was found to be more potent than dl-
alpha tocopherol free alcohol, dl-alpha tocopheryl
acetate and dl-alpha tocopheryl nicotinate (35) on the
criteria of growth and survival inhibition. Therefore,
vitamin E succinate has been routinely used in the
studies of differentiation of tumor cells in culture.

Melanoma cells. D-alpha tocopheryl succinate
induces morphological differentiation in murine Bl6
melanoma cells in culture (35) as evidenced by the fact
that soma increase in size, the cytoplasmic processes
elongate, and the cells arrange themselves in parallel
with each other. These changes resemble those observed
in cultures of normal melanocytes. Untreated melanoma
cells form clumps during growth and exhibit mostly round
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cell morphology. It should be pointed out that about 257
of the cells were unaffected by vitamin E succinate
treatment. Vitamin E succinate-induced morphological
differentiation is associated with growth inhibition, and
both phenomena are primarily irreversible, i.e., when
vitamin E is removed after four days of treatment, the
differentiated phenotype is not reversed. Further
studies show that vitamin E succinate-induced
morphological differentiation of melanoma cells is also
expressed in hormone-supplemented serum-free medium;
however, the concentration of vitamin E succinate needed
to produce the effect is five times less. This suggests
that the effect of vitamin E succinate on melanoma cells
is not due to the involvement of any serum factors. The
exact mechanisms of action of vitamin E succinate on
differentiation of melanoma cells are unknown. In
addition to vitamin E succinate some other physiological
substances, such as cAMP (55-57), have been shown to
induce differentiation of Bl6 melanoma cells in culture.
It would be important to determine whether or not vitamin
E succinate mediates its effect on melanoma cells by a
cAMP-dependent mechanism or by some unique effect of
vitamin E succinate. It would be equally important to
investigate whether or not vitamin E succinate modulates
the effect of cAMP on melanoma cells. The above studies
would help in designing prevention and treatment studies
of melanoma in a selective and nontoxic manner.

Myeloid leukemia cells. Results of studies of the
differentiating effects of vitamin E on myeloid leukemia
cells have been controversial. One study (58) reports
that dl-alpha tocopherol induces morphological
differentiation in murine myeloid leukemia cells in
culture. Others (59), however, have shown that alpha
tocopherol prevents spontaneous and chemically-induced
differentiation of myeloid leukemia cells in culture.
Some of these differences may be due in part to
differences in solvents. Some solvents of alpha
tocopherol are very toxic to cells in culture (35), which
may account for the differences in results. In a recent
study (60), it has been reported that vitamin E enhances
the level of DMSO-induced differentiation of murine
myeloid leukemia cells in culture.
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Glioma and prostate cells. Vitamin E succinate
inhibits the growth of rat glioma (C6) cells (53) and
human prostate cells (Webber and Prasad, unpublished
observation) in culture without inducing cell
differentdation.

Significance of vitamin E-induced differentiation in
cancer prevention and treatment. The studies discussed
above have been performed in vitro and cannot be
extrapolated to in vivo phenomena. However, they do
suggest that vitamin E succinate may reverse newly
transformed cells back to normal phenotype, possibly an
important mechanism for preventing certain tumors. The
fact that vitamin E succinate induces differentiation in
some established tumor cells suggests that this mechanism
of action may be equally important in the treatment of
some tumors with vitamin E succinate.

Modification of the Effect of Chemicals by Vitamin E

Most of the currently used chemotherapeutic agents
are immunosuppressive, toxic and not naturally present in
the body. These agents kill normal cells as well as
tumor cells. It has been reported that dl-alpha-
tocopheryl acetate in combination with vincristine, 5-
fluorouracil, adriamycin or chlorozotocin produced a
synergistic effect, whereas vitamin E in combination with
bleomycin, 1-(2--chlorethyl)-3-cyclo-heyxyl-l-nitrosourea
(CCNU), 5-3-dimethyl-l-triazeno-imidazole—4-carboxamide
(DTIC), mutamycin or cis-diamine dichloro-platinum II
produced an additive effect on NB cells in culture on the
criterion of growth inhibition. 1In glioma cell cultures,
vitamin E acetate in combination with vincristine or CCNU
produced a synergistic effect, whereas vitamin E in
combination with bleomycin, 5-fluorouracil, adriamycin,
DTIC, mutamycin and cis-platinum produced an additive
effect on the criterion of growth inhibition. These
studies suggest that modification of the effect of
chemotherapeutic agents on tumor cells depends upon tumor
form and type of chemotherapeutic agent.

Our studies show that dl-alpha-tocopheryl acetate
markedly enhances the antitumor effect of naturally
occurring substances on NB, glioma and melanoma cells in
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culture. For example, vitamin E and vitamin E succinate
enhance the effect of cAMP-stimulating agents (PEG, and
PGA,, stimulators of adenylate cyclase, and R020-172k, an
inhibitor of cyclic nucleotide phosphodiesterase) and
sodium butyrate (a four-carbon fatty acid). The extent
of vitamin E enhancement depends upon the form of tumor
cell and the type of naturally occurring substances. For
example, vitamin E in combination with PGE,, R020-1724 or
sodium butyrate produced a synergistic effect on NB
cells, whereas in glioma cell cultures, vitamin E in
combination with R020-1724 produced a synergistic effect
on the criterion of growth inhibition. Vitamin E failed
to enhance the effect of PGE, and sodium butyrate on
glioma cells. Extensive studies are needed to test the
above concepts on animal tumors before applying them to
human tumors.

Modification of Radiation Effect by Vitamin E

Several studies have reported that vitamin E
protects normal tissue in vitro and in vivo against
radiation damage (64-71), whereas others have shown that
vitamin E is ineffective in protecting normal or tummor
tissue (72-75). Recent studies suggest that vitamin E
succinate at high concentrations, which by themselves
inhibit the growth of cells, enhances the effect of
radiation on murine NB cells in culture in an additive
manner (76). Vitamin E-induced enhancement of radiation

effect has also been observed on transplanted rat tumor
(77-78).

The exact mechanisms of vitamin E-induced
enhancement of radiation effects on tumor cells are
unknown; however, it has been reported (54) that
butylated hydroxyanisole (BHA), a lipid-soluble
antioxidant, also enhances the effect of radiation on NB
cells in culture. This suggests that the part of the
mechanisms of action of vitamin E may involve
antioxidation.

Our recent study (76) shows that vitamin E
succinate, at concentrations which do not affect the
growth of NB cells in culture, protects cells against
radiation damage. Vitamin E succinate increases the
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survival of irradiated cells when added to culture
immediately after irradiation for the entire observation
period (7 days) or immediately before irradiation for the
entire observation period. The presence of vitamin E
succinate during irradiation alone was ineffective. Thus
vitamin E succinate can be defined as a radiotherapeutic
agent rather than as a radioprotective agent, since it
appears to help the repair of post-irradiation damage.
The radiotherapeutic effect of vitamin E succinate on NB
cells in culture is primarily due to the effect of
succinic acid, because sodium succinate also increased
the survival of irradiated cells in a similar manner.
Vitamin E succinate under certain experimental conditions
may be slightly more effective than sodium succinate. To
our knowledge, vitamin E succinate and sodium succinate
are the first non-toxic chemicals which help the repair
of post-irradiation damage.

Since the type and extent of the effects of vitamin
E succinate are dependent upon the concentration of
vitamin E succinate, radiation dose, form of tumor and
type of chemotherapeutic agents, any pre-clinical or
clinical study using vitamin E succinate must take into
consideration all of these variables; otherwise, the
efforts to modify tumor cell response with vitamin E may
be ineffective.

Modification of the Effect of Hyperthermia by Vitamin E

We have reported (79,80) that vitamin E succinate,
at concentrations which inhibit the growth of NB cells in
culture, enhanced the effect of heat on the criteria of
growth and survival in an additive manner. The presence
of vitamin E during heat treatment and during the entire
experimental period of observation was necessary for the
above effects. BHA, a lipid soluble antioxidant, also
enhanced the effect of heat, but to a lesser degree than
that produced by vitamin E succinate. The fact that the
vitamin E succinate in combination with heat produced
only an additive effect suggests that the mechanisms of
action of these agents on tumor cells are different.
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Mechanisms of Action of Vitamin E Succinate

The exact mechanisms of action of vitamin E
succinate on tumor cells are unknown. Two lipid-soluble
antioxidants, butylated hydroxyanisole (BHA) and
butylated hydroxytoluene (BHT), which share only
antioxidant properties with vitamin E, produce
morphological changes in some tumor cells in culture
similar to those produced by vitamin E succinate (53).
Thus the mechanisms of action of vitamin E succinate on
tumor cells may partly involve antioxidation. The
current view of the metabolism of vitamin E esters
(vitamin E acetate and vitamin E succinate) is that they
are hydrolyzed in the gut by esterases and form vitamin E
free alcohol, which is then absorbed via the lymphatic
system and intestinal mucosal cells., It is believed that
only vitamin E free alcohol acts as an antioxidant (81~
83). Vitamin E esters cannot act as an antioxidant until
they are converted to the free alcohol form.

We have reported that vitamin E succinate is more
potent than vitamin E acetate and vitamin E free alcohol
(35) in causing cell differentiation and growth
inhibition of tumor cells in culture. The higher potency
of vitamin E succinate has also been reported by other
investigators. For example, vitamin E succinate prevents
radiation-induced transformation of hamster embryo cells
in culture, whereas vitamin E free alcohol or vitamin E
acetate does not (Dr. Ann Kennedy, personal
communication). Vitamin E succinate is more effective in
protecting adriamycin-induced skin ulcer than vitamin E
acetate. The exact reasons for this are unknown;
however, we have tested a hypothesis that the greater
potency of vitamin E succinate is related to its higher
uptake by tumor cells. To test this hypothesis, the
uptake of vitamin E succinate in NB cells in culture was
compared with that of vitamin E acetate and vitamin E
free alcohol. Confluent NB cells were incubated in the
presence of 8 yg/ml of vitamin E succinate. After
10,20,40 and 80 hours of incubation, cells were washed
with serum—free medium three times and the levels of
vitamin E succinate and free alcohol were determined by a
HPLC, using vitamin E acetate as an internal standard.
Results showed that untreated control cultures did not
have any detectable levels of vitamin E succinate or
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vitamin E free alcohol. In treated cultures only vitamin
E succinate was detected. When the cells were similarly
treated with vitamin E acetate or vitamin E free alcohol
for 20 hours, no uptake of either was detected. Thus,
the greater potency of vitamin E succinate may be due to
the fact that tumor cells pick up this form of vitamin E
more readily.

The fact that only vitamin E succinate was
detectable during the entire three days indicates that
vitamin E succinate was either not hydrolyzed to vitamin
E free alcohol within the cells or the amounts of
converted vitamin E free alcohol were too small to be
detected by our methodology. At this time it is unknown
whether all the effects of vitamin E succinate on tumor
cells are mediated by itself, by vitamin E free alcohol
or by both forms of vitamin E.

Conclusions and Comments

The fact that vitamin E induces differentiation in
some tumor cells and inhibits the growth and survival of
all tumor cells in culture studies suggests that this
mechanism of action of vitamin E may be important not
only in cancer therapy but also in cancer prevention. We
have observed that vitamin E succinate is more potent
than the other forms of vitamin E (vitamin E free
alcohol, vitamin E acetate and vitamin E nicotinate) on
tumor cells. This is because vitamin E succinate is
readily picked up by tumor cells, whereas other forms of
vitamin E are not. Vitamin E succinate may act as a
radiotherapeutic agent or radiosensitizing agent
depending upon the concentrations of vitamin E. The
radiotherapeutic effect of low concentration of vitamin E
succinate is primarily due to the effect of succinic
acid. Vitamin E succinate, at concentrations which
inhibit the growth of tumor cells in culture, also
enhance the effect of chemicals in an additive or
synergistic manner, depending upon the type of chemicals
and the form of tumor cells. High concentrations of
vitamin E succinate also enhanced the effect of heat on
NB cells in an additive manner. Further studies are
needed to evaluate the role of vitamin E in cancer
prevention and treatment.
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NUTRIENTS AND OTHER RISK FACTORS ASSOCIATED WITH CANCER
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The winds of change are sweeping across the face of
cancer research and there 1is some exciting new information
becoming available on risk factors and prevention of some
forms of neoplasia. Studies about viral carcinogenesis,
represented by the sophisticated studies with respect to
AIDS; chemoprevention with retinoids, selenium and other
substances; and the general aspects of lifestyle, including
diet, are all encouraging, pointing toward eventual preven-
tion.

We are gradually accepting the fact that epidemiology,
while it offers interesting potential approaches to some
problems, leaves much to be desired with respect to causal
relationships between dietary nutrients and some forms of
cancer. It is one thing to identify a subset of the popula-
tion who smoke cigarettes and link this habit to lung
cancer. It is quite a different matter to link green and
yellow vegetables to carotene and thus to prevention of some
forms of cancer. We must continue to question epidemiologic
approaches, whether population based, case-control or
cohort, when the results are to be used as a basis for
intervention in some subsets of the population with far-
reaching implications.

Perhaps we should use well-designed, rigidly controlled
animal studies to guide epidemiologists, rather than vice
versa. The diet of the American public is very heteroge-
neous and there are many confounding variables. Table 1,
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taken from the HANES report (1979), illustrates this point.
In any case, the entire area of diet, nutrition and cancer
is yielding to increasingly sophisticated, elegant methodo-
logy and we can expect to see even more promising directions
for prevention in the future.

Table 1
Nutrient Intake by Percentiles of the US Population
Percentile of Population
5th 10th 20th 50th 75th 90th 95th X SD

Daily protein(g)
8813 males 36 46 62 84 114 153 179 93 45
11930 females 25 31 43 59 79 102 119 64 31
Daily vitamin A (IU)
8813 males 801 1184 2057 3503 5951 9796 13770 5138 7245
11930 females575 872 1548 2714 4781 8581 12625 4431 8016

(From DHEW Publication #79-1221, 19/9).

This presentation will discuss epidemiological
suggestions and results of experimental studies relative to
a few specific sites for cancer.

I. CANCER OF THE ESOPHAGUS

A. Epidemiologic Evidence

An early observation of an association between esopha-
geal cancer and nutrition was made nearly 50 years ago. It
was observed that Swedish women suffering from cancer of the
hypopharynx, frequently had anemia; this appeared to be
secondary to iron deficiency and perhaps multiple vitamin
deficiencies (Jacobson, 1961). This syndrome, named the
Plummer-Vinson syndrome, has since that time greatly
decreased in incidence along with general improvement in
iron and vitamin nutrition in that area.

Esophageal cancer represents the most striking
geographic variation, of any tumor site. There is a
wide disparity in incidence of this type tumor from country
to country and from region to region within countries,
suggesting environmental influences. Some of the highest
incidence rates in the world are found in South-Central Asia
in the region between Turkey, Iran, China, and the Soviet
Union. Investigations of this region have shown that these
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areas have diets comprised mainly of bread and tea, and are
severely deficient in vegetables (Joint Iran-International
Agency for Research on Cancer Study Group, 1977). There is
also a suggestion that opium ingestion may also be high in
these regions. Because the habit is illegal, it is dif-
ficult to study this factor with any degree of confidence in
a survey design. In a case-control study conducted in Iran
as part of the large WHO effort to study esophageal cancer
in this area, Cook-Mozaffari et al. (1979) confirmed that
cases in Northern Iran tended to ingest lower levels of
vitamins and fruits as well as Tower levels of animal pro-
tein, compared to controls. This confirmed suggestions from
the ecological study that deficiencies of vitamins in foods
in these areas might be important in the etiology of the
unusually high rate of esophageal cancer. Samples of food
taken from the typical diets of cases and controls, showed
no apparent differences in the levels of carcinogenic afla-
toxins in the diet, thus diminishing the 1iklihood of con-
tamination as a significant factor in esophageal cancer of
the area.

The high rate of esophageal cancer observed in blacks in
the United States are thought to be associated with alcohol
as a risk factor (Pottern et al., 1981). Case-control stu-
dies conducted in Europe and North America have shown that
alcohol and tobacco are risk factors probably interacting to
increase susceptibility to esophageal cancer (Day and Munoz,
1982). On the other hand, in local geographic areas that
experience particularly high incidence rates of esophageal
cancer, alcohol and tobacco seem to be weak risk factors and
probably significant. It was suggested as early as 1961 in
a case-control study (Wynder and Bross, 1961) that nutrition
was a factor in esophageal cancer. Milk and vegetable con-
sumption was diminished in cases, compared to controls.
Ziegler et al. (198lb) studying blacks in the Washington,
D.C. area also found that diets deficient in meat, fish,
fruits, vegetables, and dairy products were reported more
often for cases as compared to controls. Mettlin et al.
(1981), in Roswell Park Memorial Institute studies conducted
between 1957 and 1964, observed that cases more frequently
reported diets deficient in vitamin A than did controls.

Lin et al. (1977) reported low levels of zinc in serum,
hair and esophageal tissue with this form of cancer (table
2) which led to some interesting experimental studies
reported later in this chapter.
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Table 2
Zinc Levels in Serum, Hair and Esophageal
Tissues From Patients With Esophageal Cancer,
Other Types of Cancer or Other Diseases
Zinc Concentrations
(g/100 1 or g)

Esophageal

Serum Hair Tumor Esophagus
Normal
Subjects 102.7+18.5 195.0+29.0 110.0+22.4 160.0+28
Patients With:
Esophageal
Cancer 78.0+14.9 162.0+33.0 .- ———
Other Cancers 114.4+31.8 169.0+37.0 --- ---
Other
Disorders 96.2+15.0 212.0+48.0 149.0+18 248.0+17.0

(From Lin et al., 1977, abridged).

A massive screening program for esophageal cancer has
been initiated in Northern China (Yang, 1980). This will
provide additional valuable information regarding the deter-
minants and natural history of this disease.

B. Experimental Evidence

The association of nutrients with esophageal cancer have
been, for the most part, inferential. In collaboration with
colleagues at the University of Hong Kong, we observed Tow
concentrations of zinc in serum and tissues of esophageal
cancer, obtained at or shortly after diagnosis. Table 2
lists some of the pertinent data. Based on these obser-
vations we have conducted extensive investigations using
experimental animals deficient in zinc (Fong et al., 1978)
with or without other risk factors. Table 3 lists results
typical of many studies. These data clearly imply that
interactions of dietary deficiencies of nutrients and expo-
sure to toxins (alcohol) can significantly enhance esopha-
geal cancer in animals (Gabrial et al., 1982).

An indication of mechanisms of zinc deficiency effects
on the esophagus is the markedly enhanced DNA synthesis and
mitosis in the zinc deficient esophagus. Table 4 Tists
selected observations typical of several studies. Cell pro-
liferation is significantly increased in the deficient
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Table 3
Induced Tumor Incidence in Rats Deficient in Zinc;
Ethyl Alcohol and 13-cis Retinoic Acid Are Added Factors

Treatment, 4% Alcohol 13-cis No. Rats With

Zinc Content MBN in Drinking Retinoic  Tumors %
Water Acid

Control,60 ppm - - - 0/12 0

Control,60ppm + - - 14/35 40.0

Deficient, 7 ppm+ - - 25/33 75.7

60 ppm Control, + - - 18/35 51.4

Deficient 7 ppm

to Post Dosing

Deficient + + - 29/34 85.3
Deficient + + + 33/35 94.3
(From Gabrial et al., 1982, abridged).

esophageal epithelium; this is temporarily depressed by
treatment with the esophageal carcinogen, MBN. Within three
weeks after carcinogen treatment, however, zinc deficient
epithelium was back to the same rate of DNA synthesis as the
untreated, zinc deficient epithelium while the control,
MBN-treated epithelium was still depressed. The interpreta-
tion of these data is that, at time of carcinogen exposure,
the zinc deprived esophagus has many more cells in division
compared to controls; these may be more vulnerable to the
carcinogen.

Table 4
Mitotic Counts and 3H-thymidine in Esophageal
Epithelium of Zinc Deficient Rats

Treatment SH-thymidine Mitotic Counts
DPM/ug DNA % of Counted
(untreated) untreated +MBN

Control Diet 58+7 2.1+1.5 5.8+1.6

In Deficient Diet 15248 6.9+3.0 2.1+41.3

(Schrager, Busby and Newberne, 1985, unpubTished).

We have recently examined the capacity of the esophageal
to incorporate 3H-thymidine into DNA and for the epithelium
to undergo mitosis, when low in zinc (Schrager et al.,
1983). After a single initiating dose of MBN, levels of the
promutagenic bases 06 methylguanine and 7-methylguanine were
greater in esophageal DNA than non-target hepatic DNA. The
ratio of 06 methylguanine: 7-methylguanine was greater in
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the zinc deficient group than the two control diet groups.

After six (carcinogenic) doses of MBN the levels of both
methylated bases increased in both the esophagus and liver,
with the greatest increase in the esophagus. Repair was
greatest in the pair-fed group and least in the zinc defi-
cient group.

These data suggest that zinc deficient enhancement of
MBN esophageal carcinogenesis may be mediated by increased
levels of the promutagen 06 methylguanine in DNA and a
reduced ability to remove it.

Esophageal cancer has been associated with riboflavin
deficiency in epidemiological investigations
(Cook-Mozaffari, 1979). Oral and esophageal tissue damage
has been associated with riboflavin deficiency in primates
(Foy and Kondi, 1984). We have shown (Newberne, 1984) that
riboflavin deficiency injures the oral and esophageal
epithelium in the rat and, also, increases susceptibility
and severity of esophageal cancer induced by MBN. Table 5
illustrates characteristic observations.

Table 5
Riboflavin (B,) Deficiency in the Rat:
Enhanced Esophageal Carcinogenesis
Incidence of Neoplasms

Treatment No. %
Control Diet 0/10 0.0
Control Diet + MBN* 8/20 40.0
B> Deficiency 0/20 0.0
B2 Deficiency + MBN 23/26 88.0

*MethylbenzyTnitrosamine. Newberne, 1984.

II. CANCER OF THE STOMACH

A. Epidemiologic Evidence

Experimental studies in animals have clearly shown that
alkylnitrosoureas can induce stomach cancer. There has been
research into the biochemistry of the related nitrosamines
and nitrosamides, which are capable of being formed within
the stomach in conjunction with nitrites and which are found
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in human saliva (Tannenbaum, 1983). Nitrates, which are
commonly added to foods for preservation, have been found to
be readily convertible to nitrites when foods are stored at
room temperature but not when they are refrigerated or when
vitamin C, BHT, or BHA are added to the food. These data
led to the working hypothesis that derivatives of nitrates,
found in foods may be etiologically significant in human
gastric cancer.

Migrant studies have shown that migration from high-
incidence areas to low-incidence areas results within two
generations in the migrants in gastric cancer rates very
similar to those of their new country. Japanese immigrants
to Hawaii (Haenszel and Kurihara, 1968) and Eastern European
immigrants to the United States (Haenszel, 1961), have pro-
vided sound evidence for the conclusions that environment is
important, and, perhaps foods and nutrition contribute
significantly to the incidence of gastric cancer.

Ecological studies in Chile (Armijo and Coulson, 1975)
showed a strong correlation between the use of nitrate fer-
tilizers for agricultural purposes and regional mortality
rates for gastric cancer, further suggesting an important
role for nitrates in this disease. Similar positive ecolo-
gical studies have been conducted in Columbia (Cuello et
al., 1976) and England (Hi1l et al., 1973) where nitrate
levels in drinking water positively correlated with gastric
cancer mortality rates.

Many case-control studies have been conducted of diet
and gastric cancer. Stocks (1957) found fried foods to
increase risk; Pernu (1960) found that meat and animal fat
consumption increased risk. Hirayama (1967) reported salted
foods to be a risk factor, and milk to be apparently protec-
tive. On the other hand, Meinsma (1964), reported bacon as a
risk factor and citrus fruits as protective, and Higginson
(1966) suggested that cooked fats are a risk factor.
However, other studies by Dunham and Brunschwig (1946),
Wynder et al. (1963b), Acheson and Doll (1964), and Graham
et al. (1967) reported essentially negative findings.

Bjelke (1971) reported the apparent protective effect of
fruit and vegetable consumption, and Haenszel et al. (1972)
also reported an apparent protective effect of raw vegetable
consumption, although pickled vegetables and salted fish
increased risk in Japanese in Hawaii. In a later replica-
tion of this study of Japanese in Japan, this finding was
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not reproduced, although Tettuce and celery were found to
decrease risk (Haenszel et al., 1976). Bjelke (1973) found
cereals and smoked fish to increase risk and vegetables and
fruits to decrease risk in a second case-control study con-
ducted in Minnesota, and Modan et al. (1974) found that
starchy foods increased risk in a case-control study in
Israel. A large Japanese cohort study (Hirayama, 1979a)
showed that milk consumption and green and yellow vegetable
consumption were associated with decreased risk, while
smoking was associated with increased risk of subsequent
stomach cancer. In a later analysis of data from this
cohort (Hirayama, 1982) soybean paste soup was found to be
associated with lower risk, thus supporting the hypothesis
that protease inhibitors may protect against gastric cancer.
Hirayama points out, however, the possible confounding
effects of vegetable consumption.

Considering all case-control and prospective studies
together, it is difficult to identify any consistent pattern
of foods which seems to increase risk.

B. Experimental Evidence

A majority of the experimental evidence for various risk
factors in gastric cancer has used the rat as the experimen-
tal animal and N-methyl-N'-Nitro-N-Nitrosoguanidine (MNNG)
as the carcinogen. These studies have attempted to identify
risk factors and elucidate mechanisms by which gastric
cancer is initiated and promoted. Some of the factors con-
sidered include induced uclers (Shirai et al., 1978; Nagar
et al., 1984); a broad variety of nutrients (Mirvish, 1983);
mucosal concentrations of thiols (Wiestler, 1983); aspirin
(Tsung-Hsien, et al., 1983); salt (Tatematsu, 1975) among
others. Most of these have been concerned with the chronic
effects of MNNG and selected risk factors; not much in the
way of correlative studies have been published Tinking early
gastric mucosal changes with the ultimate neoplasms. We
have conducted a series of studies addressing the problem of
risk factors, using the MNNG rat model and superimposing
additional factors, some of which are considered risks and
others not. We have thus linked gastric cancer with early
changes in the mucosa which appear to be important in the
early incipient stages of carcinogenesis. This model
appears to offer a screening potential as well as a means
for furthering our understanding of the mechanisms of the
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carcinogenesis process. A brief resume of some of the
results are described here.

Rats were given MNNG from weaning, 75 mg/liter of
drinking water for 3-months. Additional agents were
superimposed, as shown in table 6. At the end of 12 months
the rats were sacrificed and examined for gastric lesions.
Data listed in table 6 illustrate the response to the
various risk factors.

Table 6
Effects of Putative Risk Factors on MNNG-induced
Gastric Cancer in Rats
Group and Duration Proliferative Lesions

Treatment (months) in Stomach
Forestomach Glandular Stomach
Papil- Carcin- Dys- Adeno-
lomas  omas plasia carcinoma
Untreated 12 0/10 0/10 0/10 0/10
MNNG 12 3/14 8/14 9/14 5/14
MNNG+NaC1l 12 3/9 6/9 2/9 7/9
MNNG+DFMO 12 3/14 2/14 3/14 2/14
MNNG+NaC1+DFMO 12 1/5 2/5 3/5 2/5
MNNG+Bile 12 6/13 7/13 4/13 7/13
MNNG+DEM 12 5/15 10/15 8/15 1/15

(Newberne et al., 1985, abridged. Carcinogenesis, in press).

We have examined a number of factors which appear to
modify risk for stomach cancer in rats treated with MNNG.
Table 6 1lists some of the more significant findings. After
twelve months on study, both salt and bile acids had an
enhancing effect on carcinogenesis. Forestomach benign and
malignant tumors were present in some animals of all groups
after 12 months, except for untreated controls. Bile and
sodium chloride increased the incidence of neoplasia overall
in both forestomach and glandular stomach, when the two
tumor sites are combined. DFMO, an inhibitor of ornithine
decarboxylase, depressed tumor development to some extent
when bile and salt were added as risk factors; this was less
marked in the case of salt, which appeared to cause more
injury to the stomach than did bile. Diethylmaleate (DEM),
a thiol depleter, appeared to have an inhibitory effect on
glandular carcinoma.

In a subchronic, 3-month study there were a number of
observations of significance. First, the morphologic evi-
dence for injury to the stomach was greatest for salt and
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bile, which correlates well with the incidence of cancer.
aspirin was similar to salt and bile, in this regard, but we
do not yet have the chronic exposure data on aspirin, alco-
hol, nitrite or BHA for comparison. Both DFMO and DEM
tended to inhibit gastric injury; this correlated with the
observed long-term effects. BHA caused mild changes in the
mucosa, but less severe than the others.

3H-thymidine labeling and mitotic figure counts agreed
with the other early observations.

Based on epidemiologic studies and on experimental ani-
mal investigations it appears that there are a number of
factors which can increase the risk for gastric cancer.

This is particularly the case with agents or conditions
which chronically injure the mucosa, setting off cell necro-
sis and continued hyperplasia. These alterations permit a
larger number of cells to be exposed to real or potential
carcinogen, DNA is damaged and repair is inadequate, and
neoplasia is the end result.

The overall conclusions which may be drawn from the
results of this study, combined with other data, are that
cancer is a multistage process, that continued insult of a
tissue from whatever cause increases risk, particularly
where cell turnover is increased, and that
activation/deactivation and macromolecular binding are
significant events in carcinogenesis.

III. CANCER OF THE LIVER

Liver cell cancer, or hepatocellular carcinoma (HCC), is
not a major tumor in most of the Western world, but it is
the major primary liver cancer when the world in its
entirety is considered; it differs in many respects from
cholangiocellular carcinoma, which is much less common. In
the human, HCC is the most common malignancy among black
populations in Africa residing south of the Sahara, but it
js one of the least common liver tumors among Northern
European populations, suggesting environmental factors in
its etiology.

HCC is one of the most malignant human neoplasms in
terms of response to treatment, progression, and outcome.
Cancer registries indicate that the incidence of HCC is now
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increasing in some countries. - Since prospects for treatment
of HCC are not encouraging, the ultimate goal is prevention.
This will require the identification and validation of car-
cinogens and other factors involved in the process and the
development of means for prevention of exposure to such
agents or factors. Effective methods for intervention will
be needed.

Careful epidemiologic studies in several countries where
HCC is prevalent have demonstrated a close association bet-
ween chronic hepatitis B virus infection and HCC in man.
These observations have provided important clues as to
etiology and, combined with remarkable progress in molecular
biology in recent years, the study of HCC has entered a new
era in which research on liver cancer has moved ahead of
research on cancer of most other organ sites. Much of the
detailed work on HCC has been done using analogues of this
tumor induced by chemicals in laboratory animals. In addi-
tion, valuable information has been derived from obser-
vations on spontaneous HCC in rodents and in domestic
animals. Virus-associated HCC has been identified in the
woodchuck and in the domestic duck. These observations,
together with the close association of hepatitis B virus to
HCC in man, have resulted in enormous interest and markedly
broadened research activity in the area of viral-associated
HCC (Okuda and Mackay, 1982).

While epidemiological studies have strongly implicated
hepatitis B virus (HBV) infection as a major risk factor in
HCC (Beasley 1982; Mason et al., 1984); other observations
provide equally convincing data which clearly point to a
multifactorial etiology for this type of cancer. The dif-
ferences in hepatitis B surface antigen carrier rates in
urban and rural populations could not account for the dif-
ferences in the incidence of HCC in these two groups, as
noted by a number of studies (Harris and Sun, 1984; Kew et
al., 1983; Sun and Wang, 1983).

Integration of HBV DNA in both normal and in neoplastic
liver cells has been demonstrated (Shafritz et al., 1981;
Mason et al., 1984) but additional risk factors must be
given due consideration. In those areas of the world where
HCC occurs in highest incidence there is most often a triad
of interacting problems: 1) HBV antigen (HBs-Ag) carriers,
2) malnutrition, and 3) food contamination with aflatoxins
and other environmental contaminants (Rogers and Newberne,
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1980; Harris and Sun, 1984; IARC Monographs 1-29, 1976;
1982) or self-imposed hepatotoxins including alcohol (Lieber
et al., 1979; Purtilo and Gottlieb, 1973; Keen and Martin,
1971; Lieber and Martini, 1980). Malnutrition appears to
represent a major force for increased sensitivity for HCC
(Newberne and McConnell, 1980; Newberne et al., 1983;
Newberne, 1984).

In a series of studies, we have established that
lipotropic factors (methionine, choline, folate, B12) have a
profound effect on sensitivity to a number of chemical car-
cinogens (Rogers and Newberne, 1980) and that a deficiency
of lipotropes alone, results in a significant incidence of
HCC in mice and rats, without superimposing carcinogens
(Newberne et al., 1983). These observations have been
reported from other laboratories (Ghoshal and Farber, 1983;
Mikol et al., 1983) generated considerable interest in the
scientific community concerned with cancer research. Taking
something out of the diet, rather than putting something
into it to induce cancer is a new concept. The following
data illustrate some new and fascinating aspects of hepato-
carcinogenesis.

Rodents can be depleted of lipotropes and become pro-
foundly susceptible to carcinogens. Table 7 illustrates the
remarkably enhanced sensitivity to chemical carcinogens of a
broad variety of structure and reactivity.

In the Tipotrope deficient rat, as liver fat increases,
the number of cells labeled by [3H]-thymidine also increases
(Newberne et al., 1982). In addition, we found that lipo-
trope deficiency alone causes a sharp increase in cell
death, as others have reported (Ghoshal et al., 1983).

There is increased DNA synthesis and increased cell tur-
nover, both of which are essential components of hyperplasia
of the liver parenchyma.

The dietary effect is similar to that produced by a par-
tial hepatectomy; a key difference however is that cell
death and compensatory hyperplasia of the parenchyma con-
tinues as long as the choline deficient diet is fed.

Partial hepatectomy causes only a temporary wave of
hyperplasia and this returns to normal when the prehepatec-
tomy liver volume is approximated. Lipoperoxidation has
been considered by some to be related to the initiation of
transformation of hepatocytes and promotion of hepatocar-
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Table 7
Chemical Carcinogenesis in
Lipotrope Deficiencyd
Tumor Incidence(%)

Carcinogenb  Tumor Site Control Deprived

AFB1 Liver 15 87

DEN Liver 70 80

DMN Liver 28 27
Kidney 16 3

AAF Liver 19 41
Mammary 80 79

a From Rogers and Newberne (1980).
AFBl, aflatoxin By; DEN, N-nitrosodiethylamine; DMN,
nitrosodimethylamine; AAF N-2-Fluorenylacetamine.

cinogenesis (Perera et al., 1984; Ghoshol et al., 1984). It
is interesting that our laboratory published such a rela-
tionship more than 15 years ago (Newberne et al., 1969) and
confirmed the observations with more sophisticated tech-
niques a few years later (Wilson et al., 1973). The synthe-
tic antioxidants BHA and BHT protected the kidney and liver
from choline deficiency and largely returned serum and
tissue lipids to near control values. Furthermore, our
later observations confirmed the probable relationship bet-
ween lipid peroxidation and choline deficiency injury.

Table 8 indicates TBA values and the free radical index
(FRI) of the lipotrope deficient liver.

Table 8
Lipotrope Deficiency and Liver Lipids
Treatment

Chow ChoTine Choline
Parameter Diet Deficient  Supplemented
Hepatic Lipid
% dry wt. 22.2+ 0.5 44.6+ 2.1 24.0+ 1.8
Free Radical Index 464 +71 553 +85 303 + 22
Liver TBA 129 + 4.2 21 + 9.6 6.2+ 2.3

From Wilson et al., 1973, abridged. Values are mean + S.E.,
9 Tiver samples.

Poirier's laboratory (table 9) and our own investiga-
tions (table 10) point toward hypomethylation. Wilson et
al. (1984) observed 10-15% decrease in the
5-methyldeoxycytidine in the deficient liver, but only after
about six months on diet. Our studies (Punyarit and
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Newberne, 1985) essentially confirm the data of Wilson et
al. (table 10) although our methods were slightly different.
We maintained rats on diet for up to six months, performed a
partial hepatectomy to generate new DNA (and accompanying
methylation) and two weeks later sacrificed the animals for
DNA analyses. In agreement with Wilson et al., (1984) it
was only after 6 months of continuous exposure to the
lipotrope deficient diet that we found a modest hypomethyla-
tion of cytosine. This indicates that it is a slow process
and, if, involved with carcinogenesis, hypomethylation very
likely requires chronic derangement of liver genetic
material over long periods of time.

Table 9
Lipotrope Deficiency, 5-Methyldeoxycytidine
Content of Hepatic DNA
% Deoxycytidine Residues as 5-Me deoxycytidine

Treatment 8 Weeks 22 Weeks
Control 3.33+0.03 3.27+0.04
Deficient 3.13+0.05 2.81+0.04

(From Wilson et al., 1984, abridged).

Table 10
Lipotropes and 5'-Methylcytosine in Liver DNA
5-methylcytosine as % of cytosine

Time on Diet Control Deficient
3 weeks 4.8+0.09 4.5+0.11
3 months 4.4+0.13 4.7+0.20
6 months 4.5+0.10 3.3+0.06

(Punyarit and Newberne, 1985; unpubTished). Two weeks prior
to sacrifice a 2/3 partial hepatectomy was performed. We
are indebted to Dr. Ronald Shank, University of California,
Irvine for some of the DNA analyses listed in table 10.

Gene activity frequently correlates with hypomethylation
(Doerfler, 1983). In addition to the data reported above it
should be noted that Wainfan (1985) has found that liver
tRNA, isolated from rats fed a lipotrope deficient diet is
hypomethylated and that there is an increase in the activity
of N2-guanine tRNA methyltransferase (NMG2), mimicing the
effects of the liver carcinogen, ethionine. Thus, not only
is DNA hypomethylated but tRNA critical to normal cell pro-
liferation, is also hypomethylated in the choline deficient
Tiver.
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It seems quite 1ikely that means are at hand for
dissecting out the basic role of dietary induced injury
which contributes to the enhancing effect of lipotrope defi-
ciency hepatocellular carcinoma. This will move our efforts
in understanding carcinogenesis in general considerably
ahead and contribute to the ultimate goal of preventing
Tiver cell neoplasia and, perhaps, other types of cancer.

IV. CANCER OF THE COLON/RECTUM

Industrialized societies eat diets which are very high
in fat, compared to nonindustrialized societies. Colon
cancer rates are particularly high in North America and
Europe, whereas in Africa, South America, and Asia, rates
are relatively low. This observation, in conjugation with
animal studies, to be described later, have, in some instan-
ces, linked fat to human colon cancer. Hill et al. (1979)
found that high socioeconomic status (SES) groups in Hong
Kong experienced over twice the colon cancer rates as low
SES groups. Dietary surveys showed that the high SES group
ate more meat, but also more of almost every other type of
food as well, than the Tow SES group. Ecological studies in
the United States also suggest meat to be a risk factor.
Colorectal cancer is much lower in Seventh-Day Adventists,
who are often lacto-ovo-vegetarian, as compared to nonadven-
tists (Enstrom, 1980). Similarly, Mormons also have relati-
vely low rates, yet a special dietary survey in Southern
Utah which is almost entirely Mormon, showed meat consump-
tion levels to be virtually identical to the remainder of
the United States suggesting that factors other than low
meat consumption may be important in explaining the low
colon cancer rates in this area. Similarly, a comparative
study by Kinlen (1982) of strict religious orders in Britain
showed that colon cancer mortality was not lower in an order
which ate no meat as compared to one which did. In addi-
tion, there are some ecological patterns which are not
entirely consistent with the fats hypothesis. Dietary fat
intake is very high in Finland, yet colon cancer rates are
relatively low, and within the United States there is no
correlation between regional beef fat consumption and
colorectal cancer rates (Enstrom, 1975).

Case-control studies have not always confirmed the
suspicion generated from experimental and ecological studies
that fat is a risk factor for colon cancer. This
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particularly fits with the recent observations from
Newberne's laboratory (Nauss et al., 1983; 1984) and from
the observations in Hawaiian studies (Stemmerman et al.,
1984). Higginson (1966) reported no case-control differen-
ces in diet as measured. In a study in Norway, Bjelke
(1971) found that vegetables and vitamin C apparently reduce
risk; this was also found in a similar study conducted in
Minnesota (Bjelke, 1973), but no association was seen with
dietary fat. Haenszel et al. (1973) found only that
starches and legumes were positively associated with risk in
a case-control study conducted on Japanese in Hawaii, a
finding which was not replicated in a later study of
Japanese in Japan (Haenszel et al., 1980). Dales et al.
(1978), however, reported higher risk for those who ate
diets that were both high in fat and low in fiber, and Jain
et al. (1980) reported a study in Canada in which cases
reported eating more fat than controls.

Burkitt (1971,1978) proposed that dietary fiber is pro-
tective against colon cancer. This hypothesis was based on
the observation that dietary fiber intake was considerably
greater in areas of the world where colon cancer rates are
low. Low fiber in the diet, he proposed, led to physical,
chemical, and bacteriological aberrancies in stool com-
position which in turn could cause colon cancer. The ecolo-
gical data are certainly consistent with this hypothesis, as
are some case-control studies. In a case-control study in
Israel, Modan et al. (1975) observed that colon cancer
patients tended to report less frequent ingestion of foods
high in fiber. Dales et al. (1978) reported increased risk
with diets high in fat and low in fiber in a study of blacks
in the San Francisco area. A study by Graham et al. (1978),
however, found no relationship between fiber or fat
ingestion and cancer risk; instead cases tended to eat fewer
cruciferous vegetables (e.g., cabbage, broccoli, and
brussels sprouts). This led to the hypothesis that perhaps
chemicals contained within the cruciferous vegetables, which
have been found by Wattenberg and Loub (1978) to be capable
of inducing arylhydrocarbon hydroxylase (AHH) activity in
the gut, might thus be protective against colon cancer.
Haenszel et al. (1980), in studying colon cancer in Japan,
was unable to replicate his earlier findings of increased
risk with starches and legumes from the Hawaiian study, but,
consistent with the AAH hypothesis, he found that cabbage
ingestion tends to decrease risk.
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The large Japanese prospective study (Hirayama, 1979a)
did not demonstrate any apparent relationship between the
frequency of meat intake and colorectal cancer risk.
Hirayama (1979a) did however demonstrate a strong positive
correlation among 29 health centers between percentages of
individuals who eat meat daily and the standardized mor-
tality ratio for colon cancer in the district. In sum,
case-control studies have shown inconsistent results.

Important activity in current research is in the area of
metabolic epidemiology of colon cancer. Examination of
stools of small numbers of individuals on various diets has
purported to show that there is a relationship between the
level of fat ingestion and the amount of bile acids and
fecal sterols, as well as the fecal flora found in the
stools (Reddy, 1981). Japanese in Hawaii have more
deoxycholic acid in the stools than Japanese in Japan (Mower
et al., 1979). Furthermore, Seventh-Day Adventists in New
York City have more mutagens in the stool than
non-Seventh-Day Adventists (Reddy et al., 1980a). Comparing
the stools of New York City residents to those of residents
of Umea, Sweden, where colon cancer rates are lower, there
were no differences in the total amount of bile acids,
neutral sterols, and B-glucuronidase activity, although the
stool concentrations were lower in the Swedes (Domellof et
al., 1982). It may be that higher levels of dietary fiber
intake in Sweden serves to dilute the concentrations of
potential carcinogens in the stool.

Although there is a fourfold difference in colon cancer
rates between Denmark and Finland, fecal sterols, bile
acids, and oral-to-anal transit times are not different in
the two populations (Jensen and MacLennan, 1979). In addi-
tion, such metabolic studies are usually based on a small
number of subjects who are not always randomly selected from
the populations being compared. Despite this, work in meta-
bolic epidemiology of feces may nonetheless be important in
understanding the determinants of colon cancer, particularly
with respect to the significance of various mutagens found
in the stool, their sites of action (Hill, 1981), and the
determinants of fecal microbial activity (Mackowiak, 1982).
Such biological markers of adverse dietary effects are much
more sensitive indicators than cancer and may be useful in
understanding the determinants of disease and the effec-
tiveness of interventions.
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In the case of animal studies with colon carcinogenesis,
there are equally disquieting observations, none of which
have been adequately explained. For example, there are
those (Reddy et al., 1978; 1980) who suggest that dietary
fat and fiber, and the consequences of these on such parame-
ters as bile acids and other contributory factors are the
key to colon carcinogenesis. These hypotheses are still
being tested and preliminary results should be regarded with
caution. The animal data, detailed below, will point out
both encouraging and discouraging aspects of state of the
art experimentation. Some of the earlier, significant
publications on the role of dietary fat in experimental
colon cancer are those of Reddy et al., 1974; 1977; 1979;
1980. These investigators reported that rats fed 5% corn
0il diets had a higher tumor incidence and a larger number
of tumors per animal than those fed a 5% lard diet. Tumor
incidence and multiplicity increased with higher (20%) fat
levels but the incidence and multiplicity of tumors were
comparable with corn 0il or lard. Table 11 illustrates some
of their observations.

Table 11
Colon Tumor Incidence With Two Levels
and Types of Dietary Fat

Diet Colon Tumors(%) Total Tumors Per Rat
Corn oil, 5% 36 0.77
Lard, 5% 17 0.22
Corn oil, 20% 64 1.55
Lard, 20% 67 1.50
Purina® Chow 25 0.25

One hypothesis linking dietary fat to colon cancer is
that cholesterol is converted to bile acids which act as
promoters of carcinogenesis (Kritchevsky, 1982).
Epidemiological studies have shown however, (Enstrom, 1975)
that when beef consumption in the United States doubled
(between 1940-1970) the incidence of colon cancer mortality
was virtually unchanged. In addition, the incidence of
colon cancer is the same in Seventh Day Adventists, who eat
meat sparingly (Phillips, 1975) and Mormons, who consume a
conventional diet (Lyon et al., 1976).

These epidemiological observations have suggested a
metabolic clue to the effect of fats which may be through
fecal steroid metabolism and excretion. Steroids have been
measured in populations at high and at low risk for colon
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cancer. Table 12 lists results of one such investigation.
The absolute amount of steroids excreted is much lower in
control subjects but this could reflect the health status of
the individuals. In the neutral sterol fraction the ratio
of cholesterol to its metabolites is higher in colon cancer
patients, perhaps indicating inability to metabolize cho-
lesterol. Comparisons of fecal steroids in populations of
varying susceptibility to colon cancer have also given
variable results.

Table 12
Fecal Steroids in Three Groups of Subjects
mg/g Dry Feces

Control Adenomatous Colon

Steroid (40)* Polyps(15)* Cancer(35)*
Neutral

Cholesterol 3.2 6.4 12.6

Coprostanol 12.9 19.6 18.7

Coprostanone 1.9 4.0 3.9
Acidic

Cholic 0.4 0.4 0.5

Chenodeoxycholic 0.2 0.3 0.5

Deoxycholic 3.7 0.3 7.0

Lithocholic 3.1 5.4 6.5
From Reddy, 1979, abridged. *Number subjects.

If bile acids are, in fact, a risk factor in colon car-
cinogenesis, substances which enhance excretion of bile
acids should inhibit the development of colon tumors. This
has been tested in experimental animals. Bran and cellulose
inhibit DMH-induced colon tumors in rats (Barbolt et al.,
1978; Freeman et al., 1980). Despite tumor inhibition,
neither of these fibers bind bile acids to any appreciable
extent (Story and Kritchevsky, 1976). Moreover, Nigro et
al., (1973) have shown that cholestyramine, a bile acid-
binding resin, when added to the diet of rats given one of
three carcinogens significantly increased tumor incidence
(Table 13). These data argue against any direct effect of
bile acids on colon tumorigenesis.

The influence of dietary fiber on colon cancer has been
the subject of extensive investigations by epidemiologists
and experimental oncologists (Doll and Peto, 1986). Results
from human population studies have been variable; animal in-
vestigations have been variable as well but, in general, the
results point to an effect of fiber on induced colon tumors.
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Table 13
Cholestyramine and Colon Cancer
Number of Colon Tumors

Carcinogen Diet Proximal Distal
1,2-Dimethylhydrazine Normal Diet (ND) 15 1
Normal Diet +
Cholestyramine(NDC) 31 29
Azoxymethane ND 19 8
NDC 33 36
Methylazoxymethanol ND 4 2
NDC 18 15

From Nigro et al., 1973, abridged.

Table 14 taken from the work of Watanabe et al. (1979)
illustrates results characteristic of many studies. These
authors suggest that the effects are related to bile acid
binding capacity and that this correlates with severity of
mucosal damage. Thus, the bile acid and fiber effects may
be mechanical rather than because of metabolic aberrations.

Table 14
Dietary Fiber and Colon Cancer in Rats Induced
by Two Carcinogens
Carcinogen and Tumor Incidence(%)

Azoxymethanol Methylnitrosourea
Fiber (15% of Diet) (AOM) (NMU)
Control . 57.7 69.0
Alfalfa 53.3 83.3
Pectin 10.0 58.6
Bran 33.0 60.0

From Watanabe et al., 1979, abridged.

In contrast to some of the results referred to above
where increased dietary fat enhanced experimentally induced
colon cancer in rats, we have failed to observe an effect of
either quality or quantity of fat on induced tumor incidence
(Nauss et al., 1983; 1984). Table 15 Tlists results of stu-
dies with three different fats and two different colon car-
cinogens. The negative nature of these two carefully
conducted studies, one of which (DMH) has been repeated with
similar results, casts doubt on the significance of dietary
fat on colon carcinogenesis. The conflicting data between
epidemiological and experimental studies might be explained
in a number of ways. Most logical would be the diversity of
exposures of humans to environmental factors, compared to a
single variable in animal studies.
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Table 15
Quality and Quantity of Dietary Fat and Colon
Carcinogenesis With Two Colon Carcinogens

Dietary Fat Carcinogen/% Colon Tumors
% (Wt) Type DMH NMU

5 Mixed 77 55

24 Beef Tallow 68 63

24 Corn 0i1 63 55

24 Crisco® 55 38

From Nauss et al., 1983; 1984; abridged. Each group
comprised of 40 rats each.

SUMMARY

The available evidence from epidemiological and experi-
mental studies support the view that nutrients, interacting
with other factors, either as lifestyle, or as non-nutrient
dietary components do, indeed, influence susceptibility to
cancer. Esophageal cancer is associated with malnutrition
in some populations as a result of dietary deficits; in
others with excessive smoking and drinking, which may, in
fact, precipitate a deficiency of nutrients. Nutrients
which appear to be important include protein, riboflavin,
zinc and perhaps selenium. Toxic materials which appear to
be involved include alcohol, mycotoxins and nitrosamines.

Gastric cancer, and particularly, the high incidence in
Japan and in parts of central and South America have been
associated with nitrates, nitrites and nitrosamines, where a
lack of vitamin C may be important. In addition, risk fac-
tors include salty, pickled foods, aspirin, alcohol and
other traumatizing agents.

Liver cancer is in highest incidence where a triad of
disease exists. Infection with hepatitis B virus (HBV),
malnutrition, and contamination with mycotoxins in staple
food products, may all interact to result in greater suscep-
tibility to liver cancer. This is most evidence in sub-
populations of South America, Southeast Asia, India, and
East and South Africa. In western populations alcohol and,
to a lesser extent, infection and chronic hepatitis may be
important risk factors.

Finally, colon cancer is an enigma. While it seems to
be slowly creeping up in western, industrialized
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populations it has not clearly been shown to be associated
with any single dietary nutrient or factor. The attractive
hypothesis that fiber is a major factor has not been
confirmed; the same is true for fat quality or quantity.

We are left with the strong suggestions from epidemiolo-
gic and animal studies that diet and nutrition are involved
with human cancer. Except for breast cancer and dietary fat
however (not covered in this review) there is no single
dietary nutrient, acting in isolation, that can be pointed
to as a major contribution. Moderation and variation in
dietary nutrients would appear to be the best recommendation
at this point in time. The elucidation of factors and
mechanisms in diet and cancer is as complex as the foods
upon which such proposals are based.
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SUPPLEMENTAL CAROTENOIDS PREVENT SKIN CANCER BY
BENZO(a)PYRENE, BREAST CANCER BY PUVA, AND GASTRIC
CANCER BY MNNG. Relevance in human chemoprevention.
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INTRODUCTION

In 1980, the results of an experiment carried out
on female mice with the methodclogy wused to show a
photoenhancement of benzo(a)pyrene (BP) carcinogenicity,
demonstrated that supplemental dietary carotenoids
prevent BP skin cancer, both following 1long UV
irradiation and in the dark (29). Such experiment was
stimulated by the fact that carotenoids produce a
reduction in the UV-B induced sunburn erythema response
(14,15) and delay skin tumor induction in hairless mice
exposed to UV-B (16).

Since BP must be activated to oxidative derivatives
to perform its carcinogenic activity (42), the above
results pointed out that the mechanism of carotenoids
protection was most probably consistent with their
activitie% as oxyradical scavengers and/or singlet
oxygen ( 02 ) quenchers (10), rather than as pro-vitamin
A precursors.
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Later, in 1984, the same experimental procedure was
applied to photocarcinogenesis by 8-methoxypsoralen
(8-MOP), a drug used in photochemotherapy, whose
photodynamic mechanism is questionable, as far as oxygen
requirement is concerned (19,17).

In such experiment, suprlemental dietary
carotenoids protected female mice against the onset of a
mammary  carcinoma (32).In vitro  investigations on
photomutagenesis on Salmonella typhimurium , TA 102 by
8-MOP in the presence of carotenoids, indicated a
two-step photoreaction by this drug; namely, an anoxic
8-MCE-DNA photobinding followed by an oxygen dependent
enhancement of genotoxicity, which can be prevented by
carotenoids (33).

Finally, in 1985, an experimental attempt was
completed on gastric carcinogenesis induced in rats by
the direct carcinogen N - methyl - N' - nitro - N -
nitrosoguanidine (MNNG) , to verify whether supplemental
carotenoids can affect such carcinogenesis, where
neither light excitation nor oxidative metabolic
processes were presumably involved. The results
demonstrated that supplemental carotenoids did not
affect any dysplasia arising from the glandular part of
rat gastric mucosa, but dramatically prevented the
progression of dysplasias to 1infiltrating gastric
carcinomas (34).

All the above data are presented here in different
sections (each one carrying the initials of the
responsible authors) with reference tc both methodology
and results to put forward possible applications in
human cancer chemoprevention.
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I. BENZO(a)PYRENE CARCINOGENICITY AND ITS PREVENTION BY
SUPPLEMENTAL DIETARY CAROTENOIDS
(L.S., A.B., A.A., L.A., P.B.)

In the 1last decade, carotenoids were demonstrated
to produce a reduction in the UV-B (290-320 nm) induced
sunburn erythema response (14,15). Then, experimental
attempts prcved that injection or peroral administration
of such rigments produces a delay of skin tumor
induction in hairless mice exposed to UV-B irradiation
(5,16).

To perform a study on the possible modulation of
skin cancer induction by carotenoids in animals, with
reference to human pathology, an experimental study was
carried , out in which the photo-enhancement of BP
carcinogenicity (BP-PCE), as demonstrated previously
(27), had to be adopted as a model to closely reproduce
the actual skin carncer rpathogenesis occurring in humans.
Furthermore, the property of carotenoids to quench free
radicals and singlet oxygen states (14,10) suggested a
role of these pigments as preventive rather than
therapeutic agents against cancer, according to 1its
modern pathogenetic view (40).

The methodology of this leading experiment was as
follows. PB-carotene (BC) and canthaxanthine (CX) were
perorally administrated to female Swiss albino mice,
strain 955, with daily diet (2.5 mg of BC or CX in 5 g
of pellets). 0One month later, the mice were given
additional administrations of BC and CX, dissolved in
arachidic oil, by catheter, twice a week (100 mg per 1
Kg of body weight). Two hours after BC and CX
administration by catheter, the mice were painted with
BP (100 pg) acetone solution on a clipped mid-dorsum
area and were either exposed to long UV light (Philips
bulb HPW 125 W, 300-400 nm with maximum output at 365
nm, and a negligible emission at 313 nm, with flux at
animal level: 5.89 X 10° erg cm = sec ) for two hours
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or kept in the dark. In this experiment, 16 groups of
animals, 75 per group, were employed. Of these, 6 groups
were wused to investigate the activity of BC and CX on BP
photocarcinogenesis. The other groups were controls with
respect to 1light, solvent and carotenoids, and were
either exposed to UV or kept in the dark. For each
experimental group the cumulative percentage of mice
tearing one or more tumors was calculated wusing
conventional statistical methods based on adjustment for
mice that died during each two-week period of
observation.

As shown in Fig. 1, BP-PCE was evident soon after
the beginning of tumor onset. It was at its maximum at
28-36 weeks after initial UV exposure, when tlre
percentage of mice with tumecrs in the irradiated grcur
was 1in the range of 50. At this stage, BP-PCE was also
clearly inhibited to the same extent by BC and CX
treatments. In the dark, at the beginning, BC and CX did
not show any significant inhibition of carcinogenesis.
Fror the Uldth to the 60th week, BC and CX completely
blocked the kinetics of BP-PCE at tumor incidence values
of U40% and 54-64%, respectively. Thus, BC was more
active than CX. Furthermore, BC and CX exerted a
significant inhibitory activity also cr carcinogenesis
in the dark. In this case, CX was more efficient
(p=<0.01) than BC (p=< 0.05). No one of the control
animal groups showed any tumor onset except for the
group exposed to light without BP or carctencids; 8% of
mice had tumors (papillomas + scme epitheliomas) at the
end cf the -experiment. This was expected, on the basis
of previous data (28), although 1long UV 1light is
generally considered to be non carcinogenic.

In this connection, it should be pcinted cut that
the above experimental skin cancer initiated fron the
effects of a carcinogen associated with the action of
UV-A 1light (320-400 nm), which is generally considered
non tumorigenic, and a negligible 313 nm tumorigenic
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fig. 1. BC and CX protective effect on BP-PCE and BP carci-
nogenesis in the dark. (After Santamaria et al,
Experientia, 1983).

band (2.6% of the tctal light) which is present in the
sun spectrum at earth level. The energy output of such
tumorigenic band during the experiment was 100 times
less than the minimum UV ( < 320 nm) energy requirement
for skin carcinogenesis (1). Therefcre, the low
incidence of skin neoplastic growth obtserved in the
control group without BP or carotenoids exposed to
light, can be considered a long term effect of near UV
light, perhaps by exciting endogenous photodynamic
substances.

The data reported in Fig. 1 were crigiral in
demonstrating that carotencids, with ard without
pro-vitamin A activity, have antitumorigenic properties.
The mechanism of this skin cancer protection can be
explained assuming that BP initiates a carcinogenic
process by oxyradical fcrmation, that is the metastatle
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species first cobserved in hematoporphyrin aerated saline
solution excited by 1light (> 320 nm) (41,26). Indeed,
both these substances behave in the same fashion in a
rhetedynamic reaction (2€) and are photocarcinogenic in
rice (2,27). Such metastable states, however, are
considered also possible in the dark by excitation via
interaction of molecules with endogenously produced free
radicals such as O OH", or singlet oxygen (40). Thus,
the rroperties of carctencids as free radical scavengers
and singlet oxygen quenchers (10), rather than as UV
screening agents (12,35), fit into their antitumorigenic
activity (30,31). Apart from prevention, BC may also
exert a therapeutic action c¢n tumcr transplanted mice
(25,36).

II. SUPPLEMENTAL CAROTENOILS PREVENT BREAST CARCINOMA IN
SWISS MICE BY PHOTOINDUCTION OF 8-METHOXYPSORALEN
(8-MOP)

(L.S., A.B., L.A., G.S., A.A., P.B.)

The above results suggested that a similar
methodology should be applied alsc ir an attempt tc
prevent a photccarcinogenic process induced by
8-methoxypsoralen (8-MOP), a photodynamic drug which is
equally active in aerated and anoxic media (19,20).
Later on, however, it was found that in 8-qu
rhotcreactions the possibility cannot te excluded that O2
is generated by triplet energy transfer (23) and qhat,
next to the photo-cross-linking reaction with DNA, O2 is
produced playing a role in photcsensitization effects on
bacteria (39).

Female Swiss albino mice, strain 955, were painted
with 8-MOP (10 pg) absolute ethanol solution on a
clipped mid-dorsum area and exposed for 45 min to long
UV light (300-400 nm) twice a week (26). The general
experimental scheme was exactly the same as that usecd
for BP in vivo studies.
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TABLE I
Tumor incidence in mice painted 8-methoxypsoralen (8-MOP),
fed P-carotene (BC) or canthaxanthine (€X), kept in the dark
or exposed to UV (300 - 400 nm) light, at 80th week after
initial UV exposure.

Experimental UV light Percent mice
animal group exposure with tumors
{75 mice each group)
8-MOP - 0
8-MOP+BC - 0
8-MOP+CX - 0
8-MOP + 38
8-MOP+BC + 16
8-MOP+CX + 18
Control groups + 0
No drug + 9
No drug - 0
Carotenoids + 0
Arachidic oil : 0

The picture of results at the 80th week after
initial uv exposure is reported in Table I.
Carcinogenicity was expressed by the production of
subcutaneous malignant tumors classified predominantly
as mammary adenccarciromas (with lung metastases), and a
few skin appendages carcinomas. These tumors cccurred in
different regions, but no one within the painted areas
as it was previously observed (28).

Our data demcnstrated that both carotenoids (with
and  without gpro-vitamin A activity) prevent 8-MOP
photccarcinogenicity to the same extent, up to about 50-
55%. The long UV light exposure, however, exerted per se
9% carcinogenic induction, independently of the
negligible energy delivered by 313 nm, as it was also
observed in a rfrevious experiment (28). Notewcrthily,
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also this UV-A carcinogenic effect 1is prevented by
supplemental carotenoids.

As far as the mechanism of action is concerned, one
should consider that BC and CX yielded results similar
to those otserved in the inhibition of photocarcinogenic
enhancement by BP. Therefore, the properties of
carotenoids as radical scavengers and/or singlet oxygen
quenchers must play a role. This is important to assume
that the photccarcinogenic effect cof 8-MOP must imply
the involvement of oxygen.

IIT. PHOTOMUTAGENICITY BY 8-MOP IN SALMONELLA TYPHIMURIUM
TA 102 AND ITS PARTIAL PREVENTION BY CAROTENOIDS
(L.S., L.B., A.B., R.P., G.S., P.B.)

The findings of protection by carotenoids in breast
photocarcinogenesis produced by 8-MOP, suggested, as it
was just pointed out, that an oxygen involvement in this
mechanism should take place. Therefore, the action of BC
on photomutagenicity in a UV-A irradiated 8-MOP bacteria
system was 1investigated. Such experimental attempt was
carried out using a strain of S. Typhimurium , TA 102,
sensitive to oxidative mutagens irradiated in a medium
under normal atmospheric conditions or bubtled with
nitrogen (33).

The assay procedure was similar to that described
by Jose (8). 8-MOP and BC, dissolved in DMSO, were added
to bacteria suspensions at different concentrations; the
suspensions were pre-incubated for 20 min at room
temperature and then exposed to UV-A radiation, in
normal atmospheric conditions, or pre-bubbled for 60 min
with nitrogen to obtain an anoxic medium.

As shown 1in Fig. 2, wunder normal atmosrheric
conditions (in the presence cf air) 8-MOP proved to be
mutagenic after UV-A irradiation at a ccncentration of
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Fig. 2. 8-MOP photomutagenesis in air and its inhibition
by BC; photomutagenesis in anoxia with no BC pro-
tection. Evidence for a diphasic photoreaction.
(After Santamaria et al. Med. Biol. Env., 1984).

1 pg/ml (4.6 M) confirming previous findings on E. coli
(18). Such mutation is prevented by BC 10 and 100 p g/ml

(18.6 - 186 pM) up to about 50% and T7C%, respectively.
The mechanism of this phercrenon was not due to an
umbrifercus screen effect, but rather to a
physiochemical action of the drug. Indeed, the

absorption of UV-A 1light by BC solution in the same
experimental conditions was negligible. UV-A light and
BC were found tc have no mutagenic effect per se;BC was
not found tc be a phctcmutagenic substance.

The same experiment carried cut in a medium
saturated with nitrogen (Fig. 2) showed  that
photomutagenesis by 8-MOP does occur, but to an extent
up to about 65% lower than in the presence of air. In
this case BC did nct play any protective rcle. The same
experimental picture was obtained with CX.
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The above results may be somehow considered
complementary to the data reported by de Mol et al. (18)
which demonstrated that cxygenation enhances 8-MOP
photomutagenesis in E. coli especially when D20 is used
as a medium where 02 has a longer life time.

Actually, our findings proved that 8-MOP
photomutagenesis cccurs in anoxia, but 1is greatly
enhanced in the air through an oxygen effect which is
thercughly eliminated by BC or CX. This clearly
demcristrated a two-step photcreaction.

BC was not used by de Mol et al. in their
experiment where formation of O _ was demonstrated (17),
because this compound was believed to be ' unsuitable for
several phctcchemical reasons. Nevertheless, our data
showed that BC is effective alsc in an in vitro system;
this suggests the proper interpretation of the mechanism
of action of photocarcinogenesis prevention by 8-MOP.
Indeed, it is possible to figure out that 8-MOP displays
also invivo a two-step photoreaction (33) as follows:
first, an oxygen independent photoadduct with pyrimidine

bases of DNA (3), secondly, an in situ generation of O2

(7 or activated oxyradical species, which are quenched
when tissues are saturated with carotenoids.

The fact that 8-MCF 1is photcmutagenic also in
anoxic conditions, although to a lesser extent, does nct
disprove the original statement that rhotosensitizing
properties of furoccumarins are oxygen independent (19).

IV. SUPPLEMENTAL CAROTENOILS PREVENT GASTRIC CANCER
INDUCED BY N-METHYL-N'-NITRO-N-NITROSOGUANIDINE (MNNG)
IN RATS

(L.S., A.B., C.R., A.A., G.S., L.A.)

The antitumorigenic activity of carotenoids,
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described 1in the previous sections, concerned substances
listed as indirect carcinogenic agents, being dependent
on light excitation and/or metabolic oxidation. Hence,
it was worth trying to test supplemental carotenoids
upon a carcinogenic proces<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>