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I. Introduction

MucH of the recent history of toxicology
has involved routine investigation. The pi-
oneers and innovators have always been
there, crying out to be heard, but largely
unnoticed. To this day the all too prevalent
attitude persists that the experimental an-
imal is a sort of “black box” into whose
inner workings one need not and should not
inquire. Test materials are introduced
through every available orifice, into the
conjunctival sac, onto the skin, or by var-
ious parenteral routes. The effects on the
animal are then observed with ever-increas-
ing degrees of elaboration and sophistica-
tion. More and more minutiae are noted,
more and more man- and woman-power is
engaged in checking and cross-checking the
data, signing and countersigning the note-
books and worksheets. More and more
computer programs are brought into action,
more and more acres of printout generated,
while the final reports increasingly attain
gargantuan proportions.

Amid all this frenetic (and expensive)
activity, does anyone anywhere pause to
wonder what goes on inside the “black
box”? Of course some people do, but they
are in the minority, and most often they are
offered little encouragement or support in
their eagerness to probe further into the
phenomena that they observe. The “black
box” outlook persists in industry, govern-
ment, and even in some sectors of acade-
mia. The reasons call for no elaboration;
one may point to the justifications put for-
ward for that archetype of the “black box”
approach—and in all probability the last

bastion of its stouthearted defenders—the
NCI Carcinogenesis Bioassay Program.
Preserving inviolate the secrets locked up
in that particular “black box” has assured
perpetuation of the mystical belief in the
one-molecule theory of carcinogenesis.

Two hundred or even one hundred years
ago the search for mechanisms by which
the body handles toxic agents was a slow
and tedious undertaking (table 1). Today
we possess tools of exquisite and sometimes
overpowering sensitivity that have accel-
erated, in fact made possible, the study of
metabolism and pharmacokinetics. At the
same time, the contributions from the basic
sciences promise to revolutionize both the
methods used and the study of mechanisms
in toxicology. What encourages the belief
that we really are emerging from the Dark
Ages into a new era of enlightenment is the
quickening interest of basic scientists in the
relevance and application of their research
efforts to toxicology. The general public’s
concern about toxic hazards and environ-
mental pollution has permeated into the
fastnesses of academia, so that increasingly
it is those scientists who pose the questions
and seek to provide answers, rather than
leaving it to toxicologists to apply the find-
ings stemming from basic research. More
and more scientists in a variety of disci-
plines are heeding Claude Bernard’s mes-
sage that toxic agents are keys with which
to unlock the secrets of nature.

There is irony and paradox in the fact
that the new era in toxicology, with all this
wealth of potential resources at its disposal,
faces the prospect of progressive asphyxia-
tion by proliferating regulatory guidelines,
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TABLE 1
Time-scale in discovery of metabolic comugaaon‘
COT‘&'P' o Substrate Oben. o ldentification  Time Lapee

yr
Glycine Benzoic Acid 1773 1845 72
Sulfuric acid Phenol 1867 1876 9
Glucuronic acid Euxanthic acid 1846 1879 33
Acetic acid Aromatic amines 1887 1893 6

* Based on Conti and Bickel (21).

hypertrophied requirements based on cook-
book recipes, and legalistic stereotyped
testing protocols. As the noose draws tigh-
ter, there is less and less scope for the
exercise of expertise and judgment to ob-
tain meaningful answers to relevant ques-
tions, as distinct from negative data in-
tended to satisfy government authorities.

Even worse, the dawning era is charac-
terized by public disillusion concerning the
benefits conferred by new technologies on
society. This pessimism applies particularly
to chemicals, where, as Harvey Brooks (11)
has stated, “There is a growing domain of
research which might be said to have a
vested interest in the exaggeration of dis-
benefits. . . . ” What until just recently was
popularly regarded in the academic world
as the pedestrian and mundane pursuit of
safety testing has acquired a new glamour.
Even the lowliest amateur can now climb
on the bandwagon by proving something
harmful with a minimum of skill and effort,
and then bask in the radiance of instant
media exposure.

It would thus be an understatement to
say that we desperately need the help of
genuine scientists. The area in which the
greatest contribution can be made is that
of long-term effects brought about by
chronic low-level exposure to toxic agents:
the nature of those effects, the mechanisms
by which they arise, and the assessment of
the risk to man of such effects seen in
animals, in lower organisms, or in vitro
systems. The no-threshold one-molecule
philosophy—once exclusively prevalent in
the domain of carcinogenesis—is increas-
ingly encroaching into other areas of toxi-

cology as part of the zero-risk attitude that
the public is encouraged to adopt and de-
mand as a basis of public policy. Looked at
scientifically, even in the instance of mu-
tagenic/carcinogenic potential, important
factors need to be taken into account in
assessing the problem posed by a chemical
agent that has elicited positive results (ta-
ble 2). In effect, therefore, we have an un-
solved equation for the determination of
the mutagenic/carcinogenic impact of a
particular level of exposure (table 3). The
equation omits to mention possible inter-
actions with oncogenic viruses and bacteria.
Moreover, this analysis makes no allowance
for reversibility of the early lesions as a
result of the action of repair mechanisms of
the body, some of the evidence for which is
discussed below; but it emphasizes the im-
ponderables inherent in the situation.

II. Homeostasis and Adaptation

Since toxicity constitutes a breakdown in
homeostatic mechanisms, this would be a
good point to begin our discussion on the
needs of the new era. The maintenance of
stability in the internal environment of an
organism was expressed by the term “ho-
meostasis,” introduced by Cannon (16). As
shown schematically in figure 1, homeosta-
sis involves regulation within the cell, as
well as the action upon regulated cells of
regulatory cells situated in particular loci
possessing specialized functions. Wiener
(177) was the first to point to the fact that
this delicate modulating and integrating ef-
fect is a necessary condition for life in a
multicellular organism and is achieved by
a system of communication involving feed-
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TABLE 2
Overall carcinogenic/mutagenic impact
Source Factor(s) Susceptibility Reaistance
1. Chemical agent C/M* potency Strong Weak
Level and duration of High, prolonged Low, transient
tissue exposure
II. Body defense and Metabolism Activation, covalent Detorxication,
adaptive binding inactivation
mechanisms Repair and restoration Delayed or error- Accelerated, accurate
of damage prone and complete
C/M agents Increased Decreased
III. Endogenous .
synthesis
IV. “Natural” food C/M synergists Increased Decreased
V. Rest of environment C/M antagonists Decreased Increased

* C/M, carcinogenic/mutagenic; synergists include syncarcinogens, cocarcinogens, comutagens, promoters,
modifying factors; antagonists include anticarcinogens, antimutagens, protective factors and other tumor

suppressants.

TABLE 3
The unsolved equation

Total cancer impact of compound

(Carcinogenic potential of compound)

+ b (Action of syncarcinogens, cocarcinogens, pro-
moters, modifying factors, etc.)

— ¢ (Protective action of body defense and adaptive
mechanisms)

— d (Action of anticarcinogens and other tumor sup-
pressants)

+ e (Carcinogens in “natural” food)

+ f (Carcinogens formed endogenously)

back mechanisms. Adaptation to exposure
to a variety of chemical and physical agents,
as well as to excess or deficiency of an
essential element such as oxygen, is an im-
portant feature of the homeostatic mecha-
nism. Thus the components of homeostasis
may be divided into two parts: constitutive
regulatory mechanisms; and various adap-
tive mechanisms for protection against the
toxicity of endogenous and exogenous
chemicals. The defense mechanisms may
be mustered in sequence, according to the
nature and severity of the challenge pre-
sented to the organism.

An interesting example of this sequence
of adaptive developments is illustrated by
the order of DNA repair systems respond-
ing to alkylation (table 4). What needs to
be stressed here is that the inducible error-
prone repair system is capable of decaying

TABLE 4
Sequence of DNA repair systems responding to
alkylation® (in bacteria; possibly also in

mammalian cells)
Systems Brought into Action
. Error-prone
State of Cells Error-free repair repair
b et B fpaiaes, 3 Inducible

Normal + Trace 0
Adapted + + 0
Low exposuret + Trace 0
Medium + + 0

exposure
High exposure + + +

* Jeggo et al. (71, 72), Lehman (90), Rupp et al.
(133), Samson and Cairns (134), Witkin (181).

1 Exposure to mutagen = Concentration X time;
e.g. ethyl methane sulfonate (EMS), methyl methane
sulfonate (MMS), N-methyl-N’-nitro-N-nitrosoguani-
dine (MNNG).

1 Error-prone system is liable to “fix” the mutation
(unless excessive damage to the chromosome stops
replication). Mispairing during replication is another
possible mechanism of mutagenesis.
when the exposure to alkylating agent di-
minishes, so that the inducible mechanism
is no longer needed and the constitutive
and adaptive mechanisms are capable of
dealing at an adequate rate with the need
to repair alkylated DNA. Of course, there
is no guarantee that occasionally some mol-
ecules of the alkylated DNA do not slip
through the chinks in the defensive armour
and a mutation results in the course of
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F16. 1. Schematic representation of the interrelationships between homeostatic mechanisms of a multicel-
lular organism and its adaptive responses to external exposures to physical and chemical agents.

postreplication repair. This hypothetical
possibility needs to be weighed against the
history of man’s exposure, from time im-
memorial, to a host of environmental car-
cinogens, as discussed below.

More general aspects of the host defense
mechanisms have been discussed by Apffel
(2), who divided them into mechanisms of
containment, directed against already
transformed cells, and mechanisms of sur-
veillance, intended to prevent or inhibit the
initial events of neoplasia. Among the dif-
ferent aspects of endogenous chemical sur-
veillance, two are worthy of special mention
here: the natural anticarcinogenic and an-
timutagenic protective agents; and the mi-
crosomal enzyme systems. Under the first
heading, reference should be made to the
work of Wattenberg and Loub (170) and
Wattenberg (171) and of Kallistratos and
Fasske (77), and Kallistratos and Kallistra-
tos (78). Kallistratos defined three cate-
gories of agents that were capable of in-
hibiting, partially or completely, the carci-
nogenic effect of benzo(a)pyrene on mice:
polyamines such as putrescine; unsaturated
polycarboxylic acids such as cis-aconitic
acid; and sulphur compounds such as mer-
captosuccinate. It is interesting that the
observations of Kallistratos with putrescine
have recently been fully duplicated and
confirmed (47). In addition, the anticarcin-
ogenic actions of indoles (170), vitamin A,
retinol and synthetic retinyl esters (59, 151),

and selenium, which is also antimutagenic
(69), have been receiving increasing atten-
tion.

III. Metabolic Activation

A further aspect of endogenous chemical
surveillance arises through the action of
microsomal monooxygenase and other bio-
transforming enzyme systems. These gen-
erate the so-called “hockey-stick” dose-re-
sponse curve (22) characterized by an initial
portion at low levels of exposure possessing
a slope that is zero or approaches zero (in-
dicative of effective adaptation), and an-
other portion of the curve at higher levels
of exposure where the slope increases
sharply as the threshold dose is passed
(deactivation system saturated, adaptive
reserves exceeded). Examples of such
curves are illustrated in figures 2 and 3. In
this context the term “threshold” may be
defined as a level and/or rate of exposure
that exists for every compound such that a
certain maximum limit may be attained
without overwhelming or impairing the de-
fense mechanisms of the organism.

The issue of threshold should be viewed
in the context of the relationship between
metabolic biotransformation and patholog-
ical changes brought about by chemical
compounds (fig. 4). In the case of vinyl
chloride (VC), the polar excretable metab-
olites of VC identified in rat urine suggest
the involvement of a chemically-reactive
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F16. 2. Adaptive changes in the livers of rats, receiving daily doses of 2,4, 6-tritert.-butylphenol, that permit
maintenance of a low concentration of the toxic agent in the liver (52).

intermediate in the hepatotoxic and carci-
nogenic actions of this compound. The me-
tabolites concerned are N-acetyl(S-2-
hydroxyethyl)cysteine and thiodiglycolic
acid, probably formed from S-(2-hydroxy-
ethyl)cysteine (63). Subsequent work has
revealed the presence of S-(carboxy-
methyl)cysteine and N-acetyl-S-vinyl-cys-
teine in rat urine after inhalation or oral
administration of VC, lending further sup-
port to the suggestion that chloroethylene
oxide and thence chloroacetaldehyde are
the reactive intermediates (55). What is of
greater importance is the degree of covalent

binding to nucleophilic groups in DNA, pro-
tein, and other macromolecules within the
cell (80, 119, 163). Evidence has been sought
for indices of exposure along these lines by
analyzing the degree of alkylation of the
globin moiety of hemoglobin as a dose mon-
itor (118). Legator (89) has pursued work
along similar lines, while also measuring
substituted histidine and cysteine deriva-
tives in urine as evidence of alkylating ex-
posure in vivo. A further step in the delin-
eation of the interaction products of VC
with DNA has been the work of Bolt et al.
(6, 87) and Green and Hathway (566) and
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F1G. 3. Correlation between the liver content of polychlorinated biphenyl (PCB) (in ppm) and the mito-
chondrial $-aminolevulinic acid (ALA) synthetase activity (umoles ALA/g liver/hr). A, control animals; A, 0.1
mg/kg; O, 1 mg/kg; B, 10/mg/kg; @, 100 mg/kg; x = birds showing fluorescence under ultraviolet light. [From

Vos et al. (166), with permission.]

Hathway (62) demonstrating the formation
of etheno-derivatives, probably through the
oxirane and/or chloroacetaldehyde path-
ways:1,N®-ethenoadenosine and 3,N*‘-eth-
enocytidine are postulated as forming from
RNA and the corresponding imidazopyr-
imidine and purine derivatives from DNA
in vitro. The relationship between detoxi-
fication and covalent binding of vinyl chlo-
ride is illustrated in figure 5, taken from the

work of Watanabe et al. (169). Modulation
of microsomal and other enzyme activity
involved in the metabolism of vinyl chloride
may be brought about by fasting of the
animals. The striking influence of an 18-hr
fast on the excretion of vinylidene chloride
has been demonstrated by McKenna et al.
(103, 104).

The nature and direction of covalent
binding are influenced by trapping of reac-
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logarithm of the exposure concentration of vinyl chloride (VC). Macromolecular binding (@) is expressed as
microgram equivalents of VC bound per gram of protein (mean + SD) GSH (A) is expressed as percentage of
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tive metabolites by small nucleophiles such
as glutathione, cysteine, methionine, or as-
corbic acid (108). Thus cysteine inhibits the
in vitro covalent binding of chloroform to
microsomal protein, concomitantly trap-
ping a reactive metabolite, presumably
phosgene, as 2-oxothiazolidine-4-carboxylic
acid (126). Within a given target organ, the
duration of persistence of particular acti-
vated metabolites of a compound and, more

100

250 500 1000 5000 10,000

especially, the time course of covalent bind-
ing to components in particular parts of
those organs constitute very important in-
formation. Examples are available from the
study of the metabolism of benzene, dem-
onstrating the persistence of catechol and
hydroquinone within the bone marrow (66,
131) and the persistence of 2,5-hexanedione
in sciatic nerve of rats exposed to n-hexane
(174). Mudge et al. (107) have studied the
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time course of covalent binding of tritiated
p-acetylaminophenol given in a dose of 200
mg/kg to CD-1 mice. The authors demon-
strated that the slope of disappearance is
less for renal papilla than for renal cortex
or liver. This represents a longer duration
of covalent binding to protein in the renal
papilla following administration of acet-
aminophen.

Some special features of metabolic acti-
vation have emerged from the study of
halothane metabolism (19) intended to cor-
relate the formation and macromolecular
binding of reactive intermediates with the
known and unusual hepatotoxic properties
of this anesthetic agent (165). There ap-
pears to be a balance between oxidative
metabolic pathways and reductive path-
ways (fig. 6), the latter giving rise to unsta-
ble reactive products (12), including trifluo-
rocarbene that forms a complex with the
ferrous iron of cytochrome P-450 (113). Co-
valent binding takes place predominantly
with lipids, especially the phospholipids
phosphatidylethanolamine and lecithin
(147, 148, 164). Sipes and his colleagues (12,
70, 96, 148) have developed an anoxia model
involving exposure of animals to 14% oxy-
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F16. 6. Schematic representation of the oxidative
and reductive pathways of halothane metabolism. Al-
though the formation of trifluoroacetylethanolamine
is shown as possibly stemming from the oxidative
pathway, covalent binding of halothane metabolites to
phosphatidylethanolamine and other microsomal lip-
ids is greatly accentuated by a hypoxic environment
(70).
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gen and 1% halothane for 2 hr, which makes
possible a response that is predominantly
in the reductive metabolic pathway,
thereby eliciting liver necrosis. In view of
the key role of phospholipid in the mono-
oxygenase system (93, 183), the fact that
covalent binding of halothane metabolites
is two-thirds to phospholipid and only one-
third to protein underscores the importance
of studying phospholipid binding in other
contexts.

Interactions with microsomal cyto-
chrome P-450, for instance by high doses of
cyclophosphamide, can lead to denatura-
tion and depression of monooxygenase ac-
tivities (98). 4-Hydroxycyclophosphamide
or acrolein bring about 40 to 50% denatur-
ation, apparently by binding with sulfhy-
dryl groups. Interference with heme biosyn-
thesis by allylisopropylacetamide (27) and
heme destruction by VC (60) are other
mechanisms of depression of cytochrome
P-450 activity.

It would be a mistake, however, to think
of alkylation and covalent binding exclu-
sively in terms of drugs or other synthetic
chemicals. Thus, enteric bacteria activate
cholesterol, cholic acid, and deoxycholic
acid to products that are bound covalently
to DNA (187). Alkylating agents are de-
rived from contaminants in air and water,
formed from the volatile hydrocarbons of
deciduous forests by photooxidation and
degradation. These hydrocarbons include
terpenes and particularly isoprene, which is
also present in human alveolar air (26).
From these terpenes is produced 3-meth-
ylfuran, which is metabolized in mice to an
alkylating agent binding covalently to lung
macromolecules and capable of producing
severe bronchiolar necrosis (7).

Historically, both Williams (179) and
Brodie (10) regarded the function of endog-
enous metabolizing enzymes as responsible
for detoxication, making possible the elim-
ination of xenobiotics from the body. James
and Elizabeth Miller are the principal ar-
chitects of our current concepts of meta-
bolic activation in the conversion of procar-
cinogens (and promutagens) to the ultimate
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reactive metabolites considered to be re-
sponsible for the long-term “irreversible”
effects of such compounds. They postulated
the general theory of conversion of chemi-
cal agents to electrophilic reactants
through the action of microsomal mixed
function oxidases, and demonstrated the
capacity of such electrophiles to interact
covalently with cellular nucleophiles in tis-
sue macromolecules such as proteins and
nucleic acids. By a series of brilliant inves-
tigations they identified the biotransfor-
mation products of 2-acetylaminofluorene
and established previously unknown routes
for the biesynthesis of the specific electro-
philic reactant forms of this carcinogen.
Subsequently, they have applied these ap-
proaches to other carcinogens such as saf-
role (105). The impact on toxicology of
these theories, and the studies on which
they are based, has been immense. Today,
increasing emphasis is placed on the signif-
icance of metabolic mechanisms in the con-
version of compounds to more toxic moie-
ties, including the “ultimate” toxicants
thought to be responsible for specific ef-
fects. Some examples of neurotoxic acti-
vation are shown in figure 7. L-Allylglycine
is converted to 2-keto-4-pentenoic acid
through the action of L-amino acid oxidase;
2-keto-4-pentenoic acid is one to two thou-
sand times more potent as an inhibitor of
cerebral glutamic acid decarboxylase, re-

NEUROTOXIC ACTIVATION

cnz-cmnzcn(mz)coou an-C”CNZCOCOON
Allylglycine
ac,oczcuzcuzcuzac, (:Ns(ll)CMZanCO(:M3
n-Hexane
CH. 5 CN3C
—
CHoCH, cn,c
Versalide (AETT)

F1G. 7. Examples of neurotoxic activation: L-allyl-
glycine to 2-keto-4-pentenoic acid (65), n-hexane to
2,5-hexanedione (31, 174) and 6-acetyl-1,1,4,4-tetra-
methyl-7-ethyl-1,2,3,4-tetralin (AETT) to the 6, 7-di-
acetyl metabolite suspected to be the active neurotoxic
agent (117).
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sulting in a convulsant action in mice (65).
The conversion of n-hexane to 2,5-hexane-
dione through the intermediate methyl-n-
butyl ketone has been established by the
work of DiVincenzo et al. (31) and further
studies along these lines have been carried
out by White et al. (174). Finally, the neu-
rotoxicity of Versalide (AETT) is thought
to involve the possible activation step
shown in figure 7, full details of which have
not been clearly established. Why the met-
abolic products referred to above are neu-
rotoxic is still unknown. Penetration of the
blood-brain barrier may be a factor, as pos-
tulated for the neurotoxicity seen occasion-
ally with azaribine (triacetyl 6-azauridine),
where 6-azauracil formed by enteric orga-
nisms in the lower intestine is thought to
be the active agent (34).

Although the explanation is often not
readily apparent, activation may involve
cyclization in order to produce a highly
toxic compound. Examples are provided by
the case of lysinoalanine, which is acted
upon by rat kidney L-amino acid oxidase in
order to produce 1,7-diazabicyclo[4:3:0]
nonane 6,8-dicarboxylic acid (fig. 8). This
derivative appears to be the responsible
agent that brings about cytomegalic alter-
ations in the lining cells at the pars rectae
of the proximal tubules of the rat kidney,
thus accounting for the unique nephrotoxic
effects of lysinoalanine in the rat, which are
not observed in other species (88). A further
example (fig. 9) of cyclization is the conver-
sion of the food coloring Brown FK; prob-
ably through the action of azo reductases
of intestinal microflora, to a tetraamino-
benzene and thence to 2,4, 7-triaminophen-
azine (62).

IV. Environmental Mutagens and An-
timutagens

The availability of short-term tests (15)
and notably the Ames test, for detection of
mutagenic potential has provided a fasci-
nating insight into the types of cyclization
that occur during cooking of food. The out-
standing products formed from foodstuffs
by pyrolysis are heterocyclic nitrogen-con-
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F1a. 9. Conversion of the food coloring Brown FK
by the microflora of the rat cecum, via a tetraamino-
benzene, to 1,4, 7-triaminophenazine (52).

taining materials derived from amino acids
such as tryptophan, glutamic acid, and pro-
tein or peptide sources (fig. 10). Not only
are they potent mutagens in bacterial and
mammalian cells in vitro, but the pyroly-
sate of L-tryptophan also transforms Syrian
hamster embryonic cells and brings about
sebaceous gland suppression in mice (160).
The pioneering efforts of Sugimura and
Nagao (156) have been joined by other
groups studying a variety of pyrolysates of
foodstuffs (77, 79, 101, 102) as well as mu-
tagenic components in food (table 5). It is
interesting to point to the similarity of some
of these pyrolysis products to a natural
plant material, ellipticine, which has been
studied as a tumor-inhibitory agent (9, 17).

Figure 10 also serves to draw attention to
the comutagens, harman and norharman,
whose actions have been studied exten-
sively (100, 110-112, 162). There is also
increasing evidence of antimutagenic prin-
ciples (desmutagens) in food, especially un-
cooked vegetable juices (75, 76, 106). Al-
though some flavonoids are mutagens (ta-

ble 5), and quercetin brings about neoplas-
tic transformation of hamster embryo cells
(161), other naturally-occuring flavones are
suppressants of mutagenicity, for example
of benzo(a)pyrene (29). There are other
instances such as cysteine (132) of the mod-
ulating action of food components on mu-
tagenicity. Ironically, nitrite present in py-
rolyzed proteins and related materials acts
as a protective agent, decreasing apprecia-
bly their mutagenic activity, as well as that
of the mutagenic aminobenzoquinolines
(185). The ubiquity of antagonists to mu-
tagens and to carcinogens (referred to
above) is matched by some evidence of
agents protective against teratogens. Cys-
teamine inhibits oncogenesis (61, 99) and
also prevents the teratogenic action of 5-
azacytidine (158). It would indeed be inter-
esting to test the effectiveness of cyste-
amine against such teratogenic actions as
that of hyperthermia (18, 44) or of potato
preparations (82, 138).

In addition to the mutagens in food, the
short-term tests have revealed the presence
of a number of hitherto-unsuspected envi-
ronmental mutagens (table 6). Not surpris-
ingly, known environmental carcinogenic
factors such as ultraviolet light, including
sunshine, and ionizing radiation have also
proved to be mutagenic. To these findings
should be added the observations on the
endogenous formation of N-nitrosamines in
the body (41) and the presence of volatile
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Pyrolyzed Mutagens (M) or
Cooked Food Component Comutagens Zc)
Broiled meat and fish  L-Tryptophan Amino-y-carbolines (M, (102 109,
Harman, norharman (C,II )
L-Glutamic acid Dipyridoimidazoles (M,I111) (182)
Soybean Soybean globulin Amino-a-carbolines (M,I1V) (186)
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F1G. 10. Pyrolysis products isolated from various proteins, peptides, and their constituent amino acids. In
addition to those structures depicted, phenylalanine pyrolysate has been reported to yield the mutagen 2-amino-

5-phenylpyridine (153).

TABLE 6

Mutagens in food
Mutagens Foodstuffs
Heated carbohydrates (caramels from var- Molasses, honey, caramel candy, wine, brown sugar, soy sauce
ious sugars.) (115, 136)

Malonaldehyde Beef (2-15 ug/g) (137)
Cholesterol (autoxidized) Various (1)
Flavonoids Plant foods (30, 155)
Ascorbic acid (+Cu), triose reductone Processed, stored, cooked (116, 1562)
Benzo(a)pyrene Bread (up to 1.1 ug/kg) (57)

Charcoal-broiled or smoked meat (46, 91)
Nitrosamines Bacon, cheese, other foods; (57, 58) beer (67, 150)

Nitrosatable amines (methylguanidine, ag-
matine)

Various (81)

Unknown Cooked beef, beef extract, hamburgers (20)
Unknown (?diethylnitrosamine) Salted fish (China) (64)
TABLE 6 V. The Importance of Saturating Doses
Sources of environmental mutagens

Water (? from pipelines) (135)

Oxygen (physiological concentrations) (13)
Ozone (ambient) (184)

Intestinal bacteria (157)

nitrosamines in human feces (167). It seems
appropriate to quote a phrase from Sugi-
mura et al. (154) that speaks for itself: “Fi-
nally, we must say that it really seems
peculiar that the importance of mutagen-
carcinogens in foods has not been the main
subject throughout the long history of can-
cer research.”

Reference was made above to constitu-
tive, adaptive, and inducible DNA repair
mechanisms in bacterial cells and possibly
also mammalian cells. These mechanisms
have relevance to observations of the for-
mation of alkylated derivatives of DNA in
whole animals (37). The work that ushered
in a new era in consideration of DNA and
RNA alkylation was carried out by Loveless
(94) who demonstrated O°-methylguanine
or 0% ethylguanine formation through the
action of methylating or ethylating agents
respectively. Recently this has been shown
to result in base-pair substitutions, with
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resultant mutagenic effect (51). Emphasis
was laid by Rajewsky, Kleihues, and others
(14, 54, 84, 85, 97, 114) on the persistence of
O°-alkylguanines in the brain as an expla-
nation of the origin of tumors of the central
nervous system resulting from transplacen-
tal effects of ethylnitrosourea and similar
alkylating agents (35, 36). Persistence of
unrepaired O°-methylguanine in the brain,
and to a lesser extent in the kidney, has
been followed for as long as 6 months after
single or repeated (weekly) injections of
methylnitrosourea (97). Evidence has re-
cently been provided by Pegg et al. (114,
121, 122) that dimethylnitrosamine in high
doses inhibits the removal of O%methyl-
guanine from brain. Accordingly, while
placing emphasis on the capacity of differ-
ent organs to repair alkylation damage to
DNA, and the speed with which low levels
of damage are restored to normal, one must
bear in mind the possibility that in high
doses the toxic agent itself may exercise an
inhibitory effect. Singer et al. (143-146)
have stressed that alkylation at the O° po-
gition of guanine may merely indicate more
critical reactions at other sites, for example
the oxygens of pyrimidine bases. They have
also drawn attention to the formation of
phosphotriesters. In fact, Shooter et al.
(140-142) have postulated that the pres-
ence of phosphotriesters may be a more
critical indicator of mutagenic/carcinogenic
activity than the formation of alkylated
purine and pyrimidine bases. These obser-
vations should be brought to bear on prob-
lems of the association of persistent DNA
damage with organotropic carcinogenic po-
tential (92).

Considerations of the capacity and the
rate of repair mechanisms assume great
importance when, as is often the case, one
is dealing with processes characterized by
nonlinear pharmacokinetics. The common
source of nonlinearity is the limited capac-
ity of a key system (metabolic, tissue-bind-
ing, distributory, or excretory). Saturation
of such systems may be brought about by
high doses of compounds possessing low
acute toxicity, thus influencing for example
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monooxygenase metabolism or glutathione
coujugation. Applying Michaelis-Menten
kinetics, one finds that at low doses or
concentrations approaching real-life situa-
tions the rate of change of the concentra-
tion of a test compound is proportional to
the concentration, whereas at high doses
(e.g., in the range of maximum tolerated
doses used in carcinogenesis bioassays) the
rate of change is a constant—that is, zero
order rate (48). The practical implications
of this difference in pharmacokinetics of
high and low doses have emerged most
clearly from the work of Gehring et al. (48-
50, 130, 168, 169), Bolt et al. (5, 6), Kensler
(83), and others. Several of these authors
have also drawn attention not only to the
fallacies that can result from exclusive re-
liance on high-dose studies but also to the
importance of defining ‘“dose” as that
amount of the reactive metabolite present
in covalently bound form linked to tissue
macromolecules; or, failing that, the
amount of labeled compound present at the
target site (50, 169). This is a far cry from
the practice of basing dose-response extrap-
olations on the amount administered to the
animal or present in an inhalation chamber
in which exposure occurs.

VI. Lessons Learned from the MTD

Disregard of the critical considerations
concerning homeostatic and defense mech-
anisms of the body has been evident in the
use of the maximum tolerated dose (MTD)
in carcinogenesis bioassays. Predicting the
appropriate MTD calls for experience and
judgment (149). A careful set of criteria for
selection of the MTD may be cited (43) as
follows:

1. Induces no overt toxicity, i.e., appre-
ciable death of cells or organ dysfunction as
determined by appropriate clinical patho-
logical, pathological, or biochemical meth-
ods.
2. Induces no toxic manifestations which
are predicted to shorten the lifespan of the
animals except as the result of neoplastic
development.

3. In two generation studies, is not det-
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rimental to conception rates, fetal or neo-
natal survival, or postnatal development.

4. Does not retard weight gain during the
subchronic test by greater than 10% as com-
pared to control animals.

5. Takes into consideration metabolic
and pharmacokinetic data, and if dose-de-
pendent qualitative or quantitative differ-
ences occur, at least one test dose should
be set above the metabolic shift (provided
the level(s) does not exceed the criteria
listed above 1 through 4).

As indicated in these criteria, it is clearly
inappropriate to select a MTD that pro-
duces massive tissue toxicity, which has
happened not infrequently in the past, even
right from the start of exposure. The falla-
cies that can result from nonspecific tissue
damage were discussed at the First Inter-
national Congress on Toxicology (53). In
particular, the practice of fluctuating dos-
age is scientifically undesirable because
those doses producing substantial mortality
are liable to result in survivors with severe
toxic tissue damage, a fact conveniently
cloaked in the final report by expressing
the dose in terms of the overall time-
weighted average. Assays in which this ap-
proach was used should be evaluated with
great caution and, preferably, repeated us-
ing an acceptable protocol.

The historic debate concerning the role
of injury and repair (25) or “chronic irrita-
tion” (4) in the etiology of cancer has at-
tracted renewed interest through the accu-
mulating evidence of the heightened sus-
ceptibility of proliferating tissue to the ac-
tion of carcinogens. Such proliferation may
be the result_of mechanical perforation or
freezing of the serosal surface of the bladder
in the rat (74, 139) or of partial hepatec-
tomy, or occur during the regenerative
phase after hepatic necrosis (23, 24, 127,
128).

One of the consequences of nonspecific
tissue damage (129) that may be produced
by compounds administered at the MTD is
carcinogenesis by a “secondary” mecha-
nism. Here is a well-recognized concept that
was utilized by the Food and Drug Admin-
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istration to account for the production of
liver cancer by high doses of selenium,
which is an essential nutrient at low doses
(40). The important principle of secondary
carcinogenesis is much more widely appli-
cable (86), although its implications have
not been adequately explored. Suffice it to
say that the production of cancer by sec-
ondary mechanisms is an instance in which
the end-result is not necessarily indicative
of carcinogenic potential of the compound
responsible for the effect. In some cases of
this sort, a threshold is demonstrable for
the production of the primary effect that
elicits this secondary neoplastic change.
Thus, in considering selenium, the Com-
missioner of the Food and Drug Adminis-
tration pointed out that consumption of
beverage alcohol “is associated with a
higher incidence of liver cirrhosis, which in
turn, is associated with a higher incidence
of liver cancer. Other common agents, at
high levels, may produce the same result.”
He drew the conclusion that such sub-
stances “are not, by reason of their capacity
to induce liver damage when abused by
being consumed at high levels, properly
classified as carcinogenic because of their
potential association with a higher rate of
liver cancer.”

One may extend the illustration of sec-
ondary mechanisms of carcinogenesis to
the area of antithyroid action that results
in thyroid epithelial hyperplasia which, if
continued long enough, eventually leads to
neoplasia. This is the mechanism by which
iodine deficiency elicits thyroid cancer in
rats (33, 95) but, apparently, does not lead
to thyroid cancer in people (32). Thyroid
hyperplasia is produced in rats by dietary
goitrogens, certain sulfonamides, and other
antithyroid agents (3). What is more, the
high rate of apparently spontaneous follic-
ular hyperplasia in the thyroids of old rats
makes this species an unsuitable model for
man. A further example of “secondary” car-
cinogenesis involves the production of blad-
der stones by compounds like diethylene
glycol (172, 173). In rats and mice, the pres-
ence in the urinary bladder of such stones
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or other foreign bodies is associated with
the development of urothelial hyperplasia,
papillomas, and ultimately carcinomas
(159). These illustrations emphasize the
need for careful analysis and expert judg-
ment in interpreting observations on carci-
nogenesis, in view of the importance of
distinguishing primary from secondary
pathological events. Only in this way can
one assess the role played by the particular
MTD of the compound used in any given
bioassay in eliciting the primary changes.

One view of primary changes, such as
thyroid hyperplasia, that progress to neo-
plasia, regards them as precancerous pro-
cesses. The question then arises: Are such
primary changes irreversible, or does low-
ering or cessation of exposure to the agent
that elicited them cause them to disappear?
The latter course is observed with antithy-
roid agents (73). Evidence also exists that,
in the liver, bladder, or other organs,
changes seeming to be preneoplastic can be
reversed in their early stages, depending on
dose and duration of exposure, by discon-
tinuing administration of the chemical re-
sponsible for eliciting these effects (38, 39,
45, 68, 123-125, 178). Finally, reference
should be made to the frequency with
which neoplastic cells are found in rodents,
possibly associated with the presence of
oncogenic viruses. Thus DeOme et al. (28)
have reported the detection of inapparent
nodule-transformed cells in the mammary
gland tissues of virgin female BALB/cfC3H
mice infected with mammary tumor virus.
Brand (8) has furnished convincing evi-
dence that “solid-state” carcinogenesis in-
volves the existence of preneoplastic prop-
erties in mesenchymal pluripotential stem
cells of the microvasculature in subcuta-
neous connective tissue. The implications
of these few observations are potentially
momentous. They may not be found to be
universally applicable, but they do empha-
size that measured caution and a search for
understanding are more appropriate in the
interpretation of specific observations than
insistence upon rigid criteria.
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VIL. Risk Assessment and Acceptable
Risk

Two problems are addressed here: that
of extrapolation from high-dose responses
to the likely consequences of exposure at
the (usually) low environmental levels; and
interpretation of human risks from the ef-
fects observed in laboratory animals. The
fallacies to which the use of the MTD may
give rise in the course of carcinogenesis
bioassays have been discussed above. But,
assuming that valid data have in fact re-
sulted from the high-dose experiments, risk
assessment dependent upon the downward
extension of the dose-response curves is still
fraught with considerable potential for er-
ror. Numerous authors have stressed the
uncertainties that stem from different
shapes of the dose-response curves in the
low-dose region and attempts have followed
to use various quantitative theories of on-
cogenesis as a basis for the development of
mathematical approaches to high-dose low-
dose extrapolation. Discussions of this sub-
ject will be found in the report of the Food
Safety Council (43), in Wilson (180), and in
Cornfield (22).

Whittemore (176) has summarized the
data of White (175), pointing to the impor-
tance of the possible discrepancy between
the exposure of the animal (the applied
dose) and cellular concentrations of the test
material. Whittemore suggests that “future
modeling efforts should emphasize incor-
poration of physiological, pharmacological,
and biochemical information ... there is
need for study of the distribution, excretion
and metabolism of chemical carcinogens for
the purpose of establishing effective dose in
experimental work.” Unfortunately, no ref-
erence is made by Whittemore to the ad-
vances in this field in recent years. The
advantages of such mathematical models
that incorporate pharmacological and bio-
chemical information, as predicted by
Whittemore in regard to “reducing uncer-
tainty due to interspecies differences”, are
already beginning to be realized through
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the work of Gehring, Watanabe, McKenna,
and their colleagues referred to above (49,
50, 103, 104, 130, 168, 169).

In the face of advancing knowledge about
the constant exposure of the human body
to exogenous and endogenous carcinogens
and mutagens, the protagonists of the one-
molecule theory of carcinogenesis attack on
another front, namely the proportion of
human cancer attributable to workplace ex-
posure. But they maintain a discreet silence
over the widening gap between their theory
and the facts of life. An interesting dilemma
faces them in trying to explain away the
observation that a number of elements,
such as chromium and selenium, are essen-
tial nutrients and yet are carcinogenic at
high doses. Rather than concede that
there must be a threshold below which
these potentially carcinogenic elements are
harmless, the incredible suggestion is put
forward that some parts of the body benefit,
at the cost of cancer induced by the same
levels (in the case of chromium, 50 ppb) of
the same elements in other parts of the
body. Thus, Wilson (180) submits that “it
is possible that a substance can be neces-
sary for one part of a body’s function while
providing the risk of destruction of an-
other.” As biologists, let us recognize this
philosophy for what it is: the death rattle
of a flat-earth hypothesis!

The risk involved in any activity, includ-
ing that associated with chemical exposure,
is perceived differently by those responsible
for creating it, those who control it, or those
who experience it. Accordingly, the issue of
acceptability of such risk requires some ob-
jective standard of comparison. Just as the
natural level of background radiation is
used to assess the hazard of low-level radia-
tion exposures, Flowers (42) has suggested
that the natural level for chemicals can act
as a basis for judging chemical hazards.
However, the fallacious assumption is made
that the natural levels are low and corre-
spond to very low risks. On the contrary,
while the evidence cited above concerning
naturally-occurring mutagens/carcinogens
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in food and the environment is by no means
an exhaustive presentation of the subject,
it clearly points to much greater risks than
most people have ever imagined. Thus the
prevalent idea that a new period of muta-
genic exposure of man began with the man-
ufacture of chemicals may be correct; but,
historically, this latest development was
preceded by the greatly increased muta-
genic exposures that occurred when our
ancestors began to breathe oxygen, adopted
a terrestrial environment, learned the se-
cret of fire, and started to cook their food.

In order to render a judgment on the
level of risk, essential prerequisites are:
identification of the nature of the hazard,
development of sound dose-response data,
and application of appropriate mathemati-
cal treatment of the data. While no scien-
tifically valid scale exists for a decision on
acceptability of the risk, it is appropriate to
consider how much is added to the existing
background of hazard due to the environ-
ment and lifestyle of the individual. Ob-
viously, the new era in toxicology should do
much to make possible a more informed
assessment of this background. It should
also help in comparative risk analysis, af-
fording a measure of the risks of alternative
occupations involving exposure to chemi-
cals, potential life-shortening agents, or
stress factors that need to be taken into
account.

VIIL. Conclusion

The new era in toxicology has empha-
sized certain needs that are essential to an
intelligent and informed approach to toxi-
cological evaluation of a compound. A
strong bridge between biochemistry and
morphology is essential in such studies.
Furthermore, adequate investigations
along biochemical lines should precede the
important toxicological tests, particularly
those carried out on a long-term basis. The
study of metabolism and pharmacokinetics
should seek to define inflection-points in
the dose-response curves. Covalent binding
should be studied, and in this connection



366 GOLBERG

better methods are needed that are less
time-consuming and more accurate. Above
all, a better definition of what is happening
in the course of covalent binding will
achieve a clearer understanding of the
chemical conduct of the compound.

It has not been possible in this presen-
tation to detail all the mechanisms of toxic
action that are capable of being studied by
the means at our disposal. Certainly, the
participation of membranes, lysosomes, and
immune mechanisms in toxic action are of
vital importance. In the new era of toxicol-
ogy, it is essential to apply whatever tools
are appropriate to the study of a particular
compound; and, if we do all this in an
intelligent and well-informed manner, the
new era will indeed have arrived. The pub-
lic and the environment will be the benefi-
ciaries of our objective and conscientious
scientific efforts.
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