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Meeting Report

Workshop Report from the Division of Research Grants, National Institutes of
Health
Oxy Radicals in Carcinogenesisâ€”A Chemical Pathology Study Section Workshop1

The supposition that oxygen-free radicals are involved in
tumorigenesis has been bolstered by recent exciting, although
sometimes controversial, evidence from a number of diverse
studies. In order to increase awareness of these new findings
and to consider which questions are fundamental to the reso
lution of free radical mechanisms in carcinogenesis, a workshop
was organized by members of the Chemical Pathology Study
Section in an effort to improve its review capabilities in this
area and determine the progress and direction of the field since
it was last reviewed in 1982. The workshop was organized to
bring together individuals with expertise in free radical chem
istry and experimental carcinogenesis to discuss: (a) the biolog
ical evidence for involvement of free radicals in carcinogen
metabolism and subsequent initiation and in the promotion and
progression stages of carcinogenesis; (b) the biological relevance
of free radical interaction with nucleic acids; and (c) the role of
free radical scavengers and antioxidant defenses against car
cinogenesis. The ultimate goals of these discussions were to
address questions pertinent to a critical evaluation of the pos
sible causal role of free radicals in carcinogenesis and which
approaches would most likely yield this information.

Formal Presentations and Discussions

L. Marnett started the discussion by noting the recent surge
of interest in the involvement of free radicals in carcinogenesis.
He concluded that this was a natural outgrowth of the long
overdue realization that free radicals are formed in biological
systems and that they contribute significantly to physiological
and pathological processes. Much research emphasis linking
free radicals and cancer has focused on intermediates of oxygen
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reduction such as Superoxide aniÃ³n and hydroxyl radical. Al
though the peroxyl radical has received less attention, it may
be just as important biologically as reduced oxygen intermedi
ates. Marnett suggested that peroxyl radicals may participate
in reactions that are relevant to both tumor initiation and
promotion. For example, the stereoselectivity of epoxidation
by peroxyl radicals of BP2-7,8-diol is distinct from that exhib
ited by cytochrome P-450. Oxygen introduction by peroxyl
radicals occurs on the same side of the molecule as the 8-
hydroxyl group, whereas oxygen introduction by cytochrome
P-450 is determined primarily by the orientation of the pyrene
moiety with respect to the active site of the enzyme. These and
other observations suggest that epoxidation can occur by a free
radical mechanism. The carbon-centered radical couples with
Ã›2to form a peroxyl radical, which is the species that epoxidizes
BP-7,8-diol. (-)-BP-7,8-diol, which is the enantiomer generated
in vivo from BP, is epoxidized to the (+)-enantiomer of the
a/!//-dihydrodiolepoxide. (+)-BP-7,8-diol is epoxidized by per
oxyl radicals mainly to the (â€”)-enantiomer of the anfi-diolepox-
ide but by cytochrome P-450 to the (-t-)-enantiomer of the syn-

diolepoxide. The distinctive stereochemistry of epoxidation of
(+)-BP-7,8-diol by peroxyl radicals and cytochrome P-450 pro
vides a useful method for differentiating the two pathways of
epoxidation in vitro and potentially in vivo.

What is the relevance of these observations to metabolic
activation of BP and other polycyclic hydrocarbons in skin?
The first step in the metabolism of BP or DMBA has to occur
via a cytochrome P-450-dependent reaction because no other
mammalian enzymes epoxidize aromatic rings of PAH. This
reaction is not effected by peroxyl radicals; in fact, peroxyl
radicals oxidize BP to quiÃ±ones.The identity of the cytochrome
P-450 isoenzyme in mouse skin that catalyzes arene oxide
formation is not known, nor is it clear whether the isoenzyme
is present in epidermal tissue prior to hydrocarbon administra
tion or is induced as a result of treatment. At this point, J.
Baron commented that although the untreated epidermis of
rats and mice contain little if any PAH-inducible P-450, this is
not the case with human epidermis. Marnett continued by
noting that the terminal step in the metabolic activation path
way, oxygÃ©nationof dihydrodiols to dihydrodiolepoxides, is
effected by both peroxyl radicals and cytochrome P-450. The
relative contribution that either of the oxidizing agents make
to this step probably depends on the state of induction of the
epidermal cells. If little induction has occurred, peroxyl radicals
may make a major contribution to oxidation, but if significant
induction has occurred, cytochrome P-450 should predominate.

Much needs to be learned about the metabolic processes re
sponsible for critical events in skin. The burst of experimenta
tion on the role of free radicals in carcinogenesis and the

2The abbreviations used are: BP, benzo(a)pyrene; DMBA, 7,12-dimethyl-

benz(a)anthracene; DES, diethylstilbestrol; SOD, Superoxide dismutase; PMNs,
polymorphonuclear leukocytes; CuDIPS, copper II (diisopropylsalicylic acid):;
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bon; 8-OHdGuo. 8-hydroxy-2'-deoxyguanosine; HMUra, 5-hydroxymethylura-

cil.
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questions that these studies raise hopefully serve to emphasize
this.

D. Borg noted that for some years it has been recognized that
secondary OH â€¢mediate a major component of radiobiological
damage to cells exposed aerobically to low LET ionizing irra
diation. It should, however, be kept in mind that II and c .â€ž,
must not be forgotten in the rush to study "oxygen radicals."

J. Liehr presented data which implicated a possible role of
free radicals in hormonal carcinogenesis. Estrogens can induce
tumors in rodents and are associated with reproductive tract
cancer in humans. Although estrogens, after metabolic activa
tion by peroxidase or cytochrome P-450, were found to 'bind'

to DNA, covalent estrogen-DNA adducts have not been iso
lated. Furthermore, when pure [3H]4',4"-diethylstilbestrol qui-

none, a metabolic intermediate of DES, was reacted with DNA,
'binding' to DNA was measured, but covalent adducts could

not be detected. Liehr, however, has found that DES induced
covalent DNA modification in Syrian hamster kidneys prior to
the appearance of renal carcinogenesis. Using the 32P-postla-

beling assay, the modified nucleotides were detected specifically
in the target organs. Although the structures of DES-induced
DNA adducts are not yet known, they were found to be identical
with those induced by estradiol, hexestrol, or other stilbene or
steroid estrogens in the hamster kidney under comparable con
ditions. Since the 32P-postlabeling assay is highly sensitive and

specific with regard to chemical structure, it is postulated that
structurally diverse estrogens induce adducts of identical struc
tures. Thus, DNA damage is induced by estrogens, but the
hormones are not part of the adduct structure. Although the
adduci to DNA has not yet been elucidated, it has been postu
lated, based on the metabolism data, that it is the result of free
radical involvement in the activation of unknown endogenous
electrophile(s).

E. Copeland asked what the adducts were. Liehr, with Borg
and Marnett, agreed that possibly lipids or lipid fragments,
formed by free radical-induced lipid peroxidation, may bind to
DNA in a covalent fashion. Liehr added that they may be lipid-
DNA adducts because of their Chromatographie mobilities. The
adducts are probably site specific on the DNA, with 10 to 100
per genome, and may be involved in inducing growth factors.
G. Teebor asked whether the lipid-like adducts are repairable.
Liehr thought not, noting that subsequent tumor growth or
regression was estrogen dependent (whether there was repair
before transformation is unknown).

S. Leadon then discussed his work on the modification of
DNA by free radicals that are indirectly induced by chemical
carcinogens. He has measured the formation and repair of one
type of DNA modification, 5,6-dihydroxy-5,6-dihydrothymine
(thymine glycol), following exposure of cultured human mam
mary epithelial cells to BP. Using a monoclonal antibody
against thymine glycols in a sensitive immunoassay, he found
that this lesion was produced in DNA in a dose-dependent
manner after allowing the cells to metabolize BP. The amount
of thymine glycols produced by indirect action was similar to
the amount of direct BP-DNA adducts formed, indicating that
the total amount of damage produced by this indirect action
was large. Thymine glycols produced during the metabolism of
BP by human mammary epithelial cells were efficiently re
moved from the DNA, with kinetics similar to the removal of
thymine glycols produced by ionizing radiation. Exposure of
cells to BP in the presence of SOD increased survival, and
decreased the amount of thymine glycols, but had no effect on
the amount of BP-DNA adducts. This suggested that damage

produced by oxygen radicals during the metabolism of BP plays
a role in the cytotoxic effects of the carcinogen.

L. Diamond asked for an explanation of the effectiveness of
exogenous SOD since it is hard to envision how this enzyme
could enter a cell. Leadon replied that BP may be a "membrane-
active agent" and SOD may exert its protective effect by reduc

ing Superoxide anions extracellularly. G. Teebor and J. Cadet
questioned whether the monoclonal antibody against thymine
glycol is really specific for this lesion or measures a Â«informa
tional change. Cadet was intrigued that these monoclonal an
tibodies were able to cross-react with a DNA exposed to far
UV light, since under these conditions, thymine glycol is not
produced in detectable amounts. Leadon felt that the absolute
specificity of the antibody will be difficult to assess since not
all the oxidation products of thymine following either radiation
or some chemical treatment have been identified. In addition,
not all of the known thymine lesions can be selectively intro
duced into DNA, which is the requirement for assessing anti
body specificity. However, Leadon pointed out that the bottom
line of his data is that there is a lot of oxidative base damage
produced when cells metabolize BP. This damage appears to
be causa] for cytotoxicity; whether it is important for transfor
mation remains to be determined.

T. Kensler then summarized evidence from his laboratory
and others that free radicals may be involved in both the
initiation and promotion stages of multistage carcinogenesis.
One example of possible free radical involvement in initiation
concerns the ability of the 7,8-dihydrodioI of BP, but not the
parent compound BP, to be metabolized to a genotoxic species
by TPA-activated PMNs. The addition of TPA to a mixture of
mouse keratinocytes and PMNs (at a 1 to 3 ratio) resulted in
increased carcinogen binding to keratinocyte DNA which was
dependent upon the myeloperoxidase/respiratory burst re
sponse. Application of TPA to mouse skin results in an infil
tration of neutrophils which can then be activated by a second
application of TPA, effectively increasing the concentration of
reactive oxygen species in the skin. This protocol results in
50% increase in binding to epidermal DNA of the 7,8-diol and
suggests that under specific conditions, tumor promoters can
elevate free radical generation which can increase the conver
sion of some compounds to their ultimate carcinogenic form.

Evidence that free radicals are involved in the promotion
stage comes from several sources: (a) free radical-generating
compounds are tumor promoters; (b) promoters such as TPA
have been shown to stimulate oxygen radical production; (c)
promoters can modulate the antioxidant defense mechanism;
and (Â¡I)antioxidants are antipromoters. Kensler has been par
ticularly interested in identifying the radicals of benzoyl per
oxide and eumene hydroperoxide produced by keratinocytes.
Using electron-spin resonance and spin-trapping techniques, he
observed alkyl radicals as the principal products, presumably
arising via ÃŸ-scissionfrom an intermediate alkoxyl radical. No
peroxyl radicals were detected. The formation of methyl radi
cals raises the question of a role for alkylation of cellular
macromolecules in modulating cell phenotype during promo
tion. In this regard, addition of radiolabeled benzoyl peroxide,
which appears to be metabolized to phenyl radicals, yields
products that bind to protein, but not to DNA. In recent work
with antioxidants, Kensler has shown that CuDIPS, a lipophilic
SOD biomimetic, inhibits TPA tumor promotion. Butylated
hydroxyanisole is also an inhibitor; it was determined that this
is due to direct antioxidant activity rather than to an increase
in endogenous radical scavengers such as glutathione. He con
cluded that, collectively, the above evidence strongly links the
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generation of free radical species with the processes of carci-
nogenesis, particularly tumor promotion.

J. C. Barrett expressed concern over relevance to the in vivo
situation of the TPA-induced PMN metabolism by 7,8-dihy-
rodiol of BP since a ratio of 3 PMNs to 1 keratinocyte was
needed. Kensler concurred. J. Baron asked whether free radical-
generating systems enhance the conversion of papillomas to
carcinomas; Kensler answered in the affirmative, noting that
Tom Slaga's group has shown that benzoyl peroxide and H2O2
enhance conversion. In response to Liehr's question about the

amount of eumene hydroperoxide needed to see radicals, Ken
sler replied that he had used heroic amounts, but that now that
he had characterized radical production he would use the levels
employed in carcinogenesis models. Fischer inquired as to
whether Kensler had used ZnDIPS as controls for the CuDIPS
antipromotion studies. He noted that ZnDIPS, which lacks
SOD-mimetic activity, had no effect on tumor promotion so he
feels that the effect of CuDIPS implicated the intermediacy of
Superoxide and was not related to possible toxicity of the ligand.

S. Fischer next presented findings from some of her recent
work on determining whether TPA can induce oxidant gener
ation in epidermal cells and whether such oxidant production
is essential to or plays a role in the promotion process. A
chemiluminescence assay was used to measure the generation
of an oxidant(s), believed to be Superoxide aniÃ³n, in isolated
epidermal cells and a significant response to TPA was demon
strated. This oxidant response appears to be mediated by pro
tein kinase C because it can be stimulated by addition of
phospholipase C and specific protein kinase C inhibitors com
pletely suppressed both the TPA and phospholipase C response.
The question of the possible biological effects of Superoxide has
been partially addressed by showing that ornithine decarboxyl-
ase activity can be induced in cultures of epidermal cells treated
with the superoxide-generating system xanthine/xanthine oxi
dase. An additional indication of the role of the oxidant re
sponse in promotion comes from studies comparing the TPA
promotion-sensitive inbred SSIN mice with the resistant

C57BL/6J mice. The C57BL/6J epidermal cells produce only
a minimal oxidant response to either TPA or phospholipase C
while the SSIN produce a significant response. In addition, the
C57BL/6J do not respond to topical application of TPA with
the hyperplasia and inflammation observed in the SSIN. The
SSIN and C57BL/6J were crossed in order to determine
whether their progeny were promotable with TPA and if pro-
motability correlated with oxidant generation, epidermal hy
perplasia, and edema, a measure of inflammation. The resulting
FI hybrids were found to be sensitive to TPA as a tumor
promoter and also produced a moderate hyperplastic response,
with little obvious inflammatory cell infiltration or edema. In
addition, the oxidant response to TPA in the FI hybrids was
minimal, resembling their C57BL/6J parent. Fischer summa
rized by suggesting that (a) the extent of the oxidant response
may not be pertinent to the TPA promotion process (whether
some level of response is essential is unknown), and (b) the FI
hybrids may provide a model in which the inflammatory aspects
of TPA treatment (possibly mediated by the stimulated oxi-
dants) can be separated from its tumor promoting activity.

G. T. Bowden presented his work on the multistage mouse
skin model in which he used ionizing radiation as a source of
free radicals. The results of his recent work concerning the
"initiating" potential of active oxygen species were quite differ

ent from those obtained with PAHs as initiators. He has found
that relatively low dose levels of 4 MeV X-rays (0.5-11.25 Gy)
have an initiating effect with respect to the incidence of malig

nant squamous cell carcinomas but no effect on the incidence
of benign papillomas when using the two-stage protocol with
TPA as the promoter. His interpretation of the results is that
ionizing radiation, a known clastogen, is effective in tumor
progression (benign to malignant conversion) but is weakly
active as a classical 'initiator.1 He further speculated that for an

agent to be effective as an initiator, it should be a good point
mutagen; ionizing radiation, which mediates its effects on DNA
primarily through the hydroxyl radical, is not an effective point
mutagen. This point was further emphasized by discussing the
data from Balmain's laboratory which suggest that the initiating

activity of DMBA is mediated through the activation of Ha-ros
as a result of an A to T conversion at the 61st codon (a rare
event). The effect of ionizing radiation may be more general
(not a rare event); however, the generalized effect may remain
silent except for conferring a high probability of conversion to
malignancy on a developing benign tumor. Bowden also dis
cussed the possibility that progression involves a free radical-
induced clastogenic event involving the activation or inactiva-
tion of a cellular gene. If inactivation is involved, a possible
class of genes to be considered are the tumor or oncogene
suppressor genes. If specific gene activation is involved in
progression either by a direct or indirect mechanism one of a
number of potential target genes is the transin gene, which
codes for a secreted metalloprotease hypothesized to be in
volved in invasion and/or metastasis.

Barrett questioned whether the free radical generators, H2O2
and benzoyl peroxide, could initiate carcinogenesis. Bowden
indicated that the experimental animal data indicate that these
agents are not active as initiators but they are active in causing
the progression of papillomas to carcinomas. Could it be,
Barrett continued, that these compounds did initiate but then
proved toxic to initiated cells? Bowden said that unfortunately
there was no way to test this idea in the animal because to date
it is not possible to identify "initiated" cells in the skin. Loeb

wondered whether particular sites in DNA were sensitive to
clastogenicity. Bowden indicated that there were known fragile
sites in chromosomes for ionizing radiation but he was not
aware of similar information for chemical agents that are clas
togenic.

Copeland related the story of the Flatfish Hypothesis, a
changing hypothesis he has been developing since the late
1970s. Suppose the DNA-carcinogen adduct really had no
direct causal effect in carcinogenesis. What new hypothesis
could there be which accounted for the DNA adduct but did
not depend on it for carcinogenesis? There is no doubt of the
reality of DNA adducts but suppose that some unknown factor
associated with the carcinogen was really responsible for initi
ating carcinogenesis but, being quickly lost, left little trace. The
flatfish lure seemed an apt model since the brightly colored
body could represent the PAH adduct readily found on DNA
and the hooks could represent rapidly disappearing free radi
cals, the true carcinogens. We should be able to find residues
of the free radical battle: evidence of H-atom abstraction, pres
ence of less reactive radicals (e.g., CH3-) as well as hydroxyl
radical adducts. Hydroxyl radical-mediated double-strand DNA
cuts, followed by inversions and rejoining, could produce a
sequence error of several bases. This is the extent of the devel
opment of the Flatfish Hypothesis, but it should be noted that
its real value may lie in the suggestion that there is at least one
alternative explanation to the conventional one concerning
carcinogen-DNA adducts as the primary mechanism of initia
tion.

Cadet then presented an overview of the methods that are
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available for detecting radical adducts of nucleosides. Chemical
characterization and synthesis of specific oxygen radical-de

rived nucleoside derivatives from the major bases, particularly
the hydroxyl radical products, were first described. He has
recently shown in model studies using 2'-deoxyribonucleosides

that photoreactions with photosensitizers such as menadione
mimic in a specific way the action of hydroxyl radicals. He has
also surveyed the products or base modifications resulting from
the reaction of specific reactive oxygen species. For example,
'Ã›2reacts only with guanine, -OH reacts with all nucleosides,

particularly thymine, ROOH probably reacts through the RO-
or ROO â€¢intermediate, whereas OÃwas shown to be unreactive.
In general, reaction with the sugar moiety of DNA leads to
strand breaks while reaction with a base results primarily in
addition to a double bond. The reaction of OH â€¢with thymine
in the presence of oxygen mostly produces thymine glycols and
formamides. Under similar experimental conditions carba-
moylimidazolidone diol derivatives are the main OH â€¢-mediated
decomposition products of 2'-deoxycytosine. Guanine and ad-

enine can also undergo hydroxylation to form the 8-hydroxy
product. Apurinic sites or ring opening may also occur in DNA.

The available methods for measuring or monitoring the for
mation of oxidative base damage were also surveyed and the
potential as well as limitations of each were discussed. Immu-
nological approaches, using monoclonal antibodies, appear to
be promising in terms of sensitivity. 32P-postlabeling may lead

to the development of a new assay to detect reactive oxygen
adducts. However, several aspects need consideration in order
to make the analysis accurate and quantitative. First, enzymatic
digestion of modified DNA should be quantitative. Some le
sions such as formamide attached to 2'-deoxyribose are resis

tant to phosphodiesterase digestion whereas 5-hydroxymeth-
yluracil residues can be completely digested. Secondly, optimi
zation of the phosphorylation yield of modified 3'-nucleosides
released from DNA in the presence of 32P and polynucleotide

kinase by using chemically synthesized authentic samples as
the substrates should be helpful. Thirdly, determination of the
stability of the modified nucleotides under the given experimen
tal conditions is essential. Cadet concluded by stating that the
detection of cellular DNA damage by using either this approach,
the already established immunological assays or electrochemi
cal techniques remains a difficult and challenging problem.

Liehr asked whether it was possible to distinguish between
DNA attacked by the radiolysis products of H2Ã› and direct
DNA damage. Cadet responded that the degradation products
are different so that such a distinction can be made. L. A. Loeb
was curious about whether depurination occurred; Cadet replied
that he had observed it when working with nucleosides but he
had not yet looked for apurinic sites in DNA.

S. Nishimura next presented his work on a particular type of
oxidative DNA damage, formation of 8-OHdGuo. 8-OHdGuo
can be readily detected in a mixture of 2'-deoxyribonucleosides

by an electrochemical detector coupled to a high pressure liquid
Chromatograph, a method developed by R. Floyd. The sensitiv
ity of this method, which can detect less than one 8-OHdGuo
per IO5nucleosides, lends itself to measuring oxidative damage
to DNA in vivo. To this end, Nishimura has 7-irradiated mice
and quantitated the formation and loss of 8-OHdGuo in liver.
To determine whether such radical adducts may be involved in
carcinogenesis he has examined the rat kidney model in which
KBrOj (which produces Ol in aqueous systems) given in the
drinking water is a tumor promoter in short term experiments
or a complete carcinogen in long term studies. The appearance
of 8-OHdGuo in target (kidney) but not in nontarget (liver)

tissue suggested a role in tumorigenesis. In order to determine
whether 8-OHdGuo has a biological function, two oligonucle-
otides in which 8-OHdGuo was located in a specific position
were synthesized and the fidelity of replication determined.
Analysis of the newly made strands from each of these oligo-
nucleotides showed that extensive mispairing occurred, partic
ularly with one of the constructs, that the mispaired base was
random, and that the particular bases adjacent to the adduct
may have a modifying effect. Nishimura's conclusion from this

in vitro work was that radical adducts can cause base mispairing
that may create a mutagenic event.

Teebor next gave a brief talk on the repairability of oxygen
radical-modified DNA bases. Oxidative damage to DNA prob
ably occurs spontaneously suggesting that repair enzymes exist
that are directed against such damage. So far, several such
enzymes have been characterized. One enzyme is present in
bacteria (endonuclease III in Escherichia coli) and eukaryotes
and has a broad range of substrates most of which are derived
from ring saturated pyrimidines and their ring open products
(urea for example). Modified bases and residues are removed
by yV-glycosylase action. These lesions are probably helix break
ers and cannot be "read through" by either DNA polymerase

or RNA polymerase. An analogous enzyme is present in mam
malian cells. The other repair enzyme is HMUra ./V-glycosylase
which seems to be absent in bacteria and yeast and present in
mammalian cells with the highest specific activity in murine
tissue in brain and thymus. When administered exogenously as
a 2'-deoxyribonucleoside, HMUra is incorporated into mam

malian DNA with ease (like thymidine), is repaired, and is
relatively nontoxic. The current hypothesis is that HMUra may
be only weakly mutagenic and therefore of significance only to
organisms with long lived differentiated tissue like the immune
and central nervous systems.

Loeb's presentation addressed the question of whether oxy

gen could be mutagenic. The amber gene was chosen as a
specific mutation site to enable measurement of mutation fre
quencies and determination of substituted bases. Single
stranded 0x174 am DNA was incubated with ferrous iron in
aqueous solution exposed to air. The DNA was then transfected
into E. coli spheroplasts. Analysis of the loss of survival of
biologically active DNA as a function of Fe2+ concentration
showed that 2.7 pM Fe2+ introduces one lethal hit per DNA
molecule per 30 min at 37Â°C.Mutagenesis is linear with time

of incubation; a 40-fold increase is seen after 2 h with 1 ^M
Fe2+. This is the highest mutation frequency yet observed for

any mutagen in the 0x174 am DNA system. That oxygen free
radicals were responsible for mutations was suggested by the
effective inhibition of mutagenesis by the addition of desfer-
rioxime, a chelator of Fe2+, or by catalase and mannitol, sug

gesting the involvement of H2Ã›2and hydroxyl radicals. DNA
sequence analysis of the Fe2+-induced mutants indicates that

reversion of the a/w3 codon to the wild phenotype occurs by a
transversion mutation involving substitution of 2'-deoxyaden-
osine for thymidine opposite a template 2'-deoxyadenosine.

The proposal that mutagenesis by oxygen free radicals proceeds
in part via the formation of apurinic sites is supported by the
findings that the SOS response is required and that the types
of mutations produced are the same as those resulting from
depurination.

D. Reed then reviewed the protective systems of normal and
tumor cells after acute injury, with an emphasis on the gluta-
thione redox cycle. Those protective systems which are based
on the cellular content of thiols such as glutathione and gluta-
thione-dependent enzymes appear interrelated to the antioxi-
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dant vitamins C and E, as well as other cellular constituents.
Thus, the glutathione redox cycle has a major protective role
against the damaging effects of cellular bioreduction reactions
and reactive oxygen species. As a model system, the status of
glutathione in freshly isolated hepatocytes has been studied in
terms of maintenance of intracellular glutathione levels, rates
of depletion and resynthesis, and the physiologically separate
pools in mitochondria and cytoplasm. Vitamin E is also very
important in that it can terminate the propagation reaction of
lipid peroxidation. Oxidation of glutathione and NADPH via
the glutathione redox cycle causes calcium to be released from
both the mitochondrial and extramitochondrial compartments.
The calcium ionophore, A23187, which causes cell death unless
glutathione depletion is prevented, allows extracellular Ca2+

movement into the cell from whence it is constantly pumped
out in an energy-dependent manner, inducing a futile cycle.
Failure to maintain an adequate NADPH/NAD* ratio reflects

on ATP levels also but since it is coupled to thiol redox status,
the potential exists for regulation of certain enzymes of carbo
hydrate metabolism via the status of the glutathione mixed
disulfides. Reed concluded that studies of this type should
extend our understanding about the control by calcium ion and
particularly about how such control is modulated via carbohy
drate metabolism. C. Jefcoate, in considering the relationship
between membrane lipid peroxidation and DNA damage, asked
whether lipid peroxidation could mediate cell proliferation.
Reed replied that it may, and that this is an area that needs
study.

L. Oberley concluded the presentations by discussing the
paradox that carcinogens and promoters that cause the produc
tion of active oxygen species should induce such endogenous
defenses as SOD. In most tumor cells, however, MnSOD and
catalase levels are low. This apparent paradox can perhaps be
best resolved by consideration of the relationship between en
dogenous antioxidant level and differentiation. Several exam
ples support this relationship, including finding that 49 out of
50 hepatomas had high growth rates (low differentiation) and
low catalase levels. Since an increased level of SOD is believed
to reflect an increased oxidative state, the relationship between
differentiation and oxidative stress is further suggested. When
WI 38 cells are transformed with SV40, a loss of MnSOD is
observed. The question then arises as to whether this loss
correlates with transformation or immortality. Work with sev
eral normal cell types and their transformed counterparts indi
cates that oxidative stress can cause an increase in SOD in
normal cells but not in the transformed cells. A relationship
between antioxidant enzymes and oncogenes was also postu
lated, based on correlations observed for certain types of tumors
for which chromosomal abnormalities are known and the chro
mosomal nearness of the genes for Mn and CuZn SOD. The
above observations led Oberley to develop a two-step theory in
which attainment of immortality is associated with loss of
MnSOD followed by a loss of control of cell division.

Workshop Assessment

It was the consensus of the workshop participants that more
insight had been gained into the types of oxidative damage that
can be produced and their potential consequences for cellular
processes. Considerable discussion was generated and many
critical questions that can be resolved only through future
investigations were raised. Diamond found the workshop ex
tremely useful and learned a lot about oxygen radicals particu
larly with regard to DNA modifications. However, she ex

pressed the feeling that because of the ubiquitous nature of
oxyradical precursors and generating systems, it is easy to
invoke this mechanism to explain each step in carcinogenesis
or almost any other disease and that one has to be extremely
careful not to create a bandwagon before enough hard facts are
in to justify one.

D. Longnecker thought the most intriguing question to come
out of the workshop was whether some intrinsic feature of
oxyradical-induced damage to DNA is more important to the
induction of "second" hits than "first" mutagenic hits, intro

ducing the concept that not all hits are equal with regard to the
carcinogenesis sequence. R. Oyasu concurred by bringing up
the specific question of whether there was an essential difference
in the DNA damage induced by an initiator such as DMBA
and by a promoter such as TPA. He also questioned why
benzoyl peroxide was effective in converting benign tumors or
papillomas to carcinomas whereas TPA is not, even though
both are generally thought to generate oxidants. Bowden ex
pressed the concern that there seems to be a preoccupation with
attempting to force all observed phenomena related to initiation
and promotion through common mechanisms. It is likely that
different initiators or tumor promoters act through different
mechanisms, even in the same tissue.

Liehr concluded that there is a lack of suitable methods which
can be utilized to study free radical reactions and the formation
of marker products of free radical reactions. It is necessary that
the marker products indeed be formed only by free radical
processes and not by other ionic processes. This will result in
less speculation and more scientific proof. D. Malejka-Giganti
remarked that while excellent progress had been made recently
in determining oxidative damage to DNA, this has been mostly
in vitro work. There are questions as to how useful these
procedures will be for analysis of in vivo models. Teebor agreed
by asking how the nature of the damage in vivo will be known,
its causes (spontaneous versus exogenous) and its effects, i.e.,
lethality, mutagenicity, or carcinogenicity. R. Loeppky felt that
it will be experimentally much more difficult to demonstrate a
connection between oxygen radicals and carcinogenesis than it
has been to make the same connection between certain xeno-
biotics and cancer. The reservoir of protection against oxygen
radicals available in the typical mammalian cell should be much
greater than that against activated carcinogens derived from
xenobiotic substances, based on the theory that organisms have
especially evolved protection against deleterious oxygen chem
istry in order to survive while using oxygen chemistry to sustain
life.

Marnett added that the workshop left him with the feeling
that the field has come a long way since the last workshop in
1982. Specific questions are being asked about the role of free
radicals in various stages of carcinogenesis and, more impor
tantly, analytical methodology is being developed to enable
these questions to be answered quantitatively. There is also
evidence of growing collaboration between free radical people
and carcinogenesis people that cannot but help to upgrade the
quality of research. Cadet concurred and added that it was nice
to be among biologists, biochemists, and chemists who try to
tackle, using their own expertise, the difficult problem of un
derstanding the role of oxygen reaction species in carcinogen
esis.

Fischer commented that oxy-radicals are being evoked in all
aspects of carcinogenesis as well as other pathologies. There
are two reasons for the contagious nature of this phenomenon;
first, it is currently the 'in' thing to do and secondly, it seems

that when SOD or catalase is added in almost any system, it
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has an effect. The result of this is that extrapolations are made
that radicals are involved. This is unfortunate since it is not at
all clear how exogenous application of such enzymes can affect
intracellular, and especially intranuclear, radical reactions. This
anomaly could be left as a black box to be clarified later if one
could be sure that radicals really were involved in the first place.
It seems that what the field as a whole has now is a wealth of
circumstantial evidence. This is not good enough for a verdict
of guilty; what is needed is proofâ€”first to measure, identify, or
otherwise demonstrate the existence of radicals in a given
circumstance and then to show that in that circumstance those
radicals elicit a biological response. These proofs are not easy,
and in many cases, may not now be technically possible. How
ever, this is where future effort has to be made; simply collecting
more circumstantial evidence will not solve the problem. The
take home message is that if radicals are to be evoked in any
process, the experiments designed to show this must be rigor
ous, i.e., they must employ strategies beyond simple addition
of antioxidants. The presence of reactive oxygen does not
necessarily denote a pathological conditionâ€”such oxygen spe
cies are produced as part of physiologically normal metabolism.

H. Thompson felt that this report could not be a finished
product but rather a look at the turmoil of the field. Loeppky
concluded "it's a peanut butter fieldâ€”no cholesterol and no
carcinogens, just a lot of unsaturated fat and very sticky!"

Susan M. Fischer (ed.)
The University of Texas
Smithville, Texas

Robert A. Floyd (ed.)
Oklahoma Medical Research Foundation
Oklahoma City, Oklahoma

Edmund S. Copeland (ed.)
Division of Research Grants
National Institutes of Health
Bethesda, Maryland
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