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Chemicals have been recognized as etiological factors in
human carcinogenesis since the 18th century observations of
the nasal carcinogenicity of snuff by Hill and the scrotal car-
cinogenicity of soot in chimney sweeps by Sir Percival Pott (1).
Numerous other specific chemicals and chemical mixtures have
subsequently been identified as carcinogenic for humans and
are considered to be responsible for a large proportion of human
cancers (2, 3). A major contributor to the induction of human
cancers is the chemical mixture resulting from smoking ciga
rettes, which leads to an increased incidence of cancers of the
lung, upper respiratory tract, urinary bladder, and other tissues
(4).

It was not until the 20th century, however, that animal models
were developed for further investigation of chemical carcino
genesis, both for identifying carcinogenic chemicals and for
delineating the mechanisms by which cancer is caused (1). In
this century considerable progress has been made in identifying
etiological factors of human carcinogenesis and also in under
standing specific mechanisms by which these agents act.

Most chemicals identified as carcinogenic for humans have
also been established as carcinogenic in various animal models
(1-3). Most of these chemicals have been shown to be genotoxic
in various short-term assays, and most have been shown to be
metabolically activated to reactive intermediates that bind di
rectly to DNA, presumably leading to the genetic mistakes that
result in cancer.

It is not surprising that most of the chemicals initially iden
tified as carcinogens in animal models and in humans were
potent chemicals that were also shown to be potent mutagens
following metabolic activation. Radiation was also found to be
carcinogenic in humans and animals (5). The results of various
epidemiological investigations, animal bioassays, and DNA
damage studies strongly suggested that radiation and carcino
genic chemicals increase the risk of developing cancer, even at
low doses (2, 3, 5, 6). At high doses, there was a high incidence
of cancer resulting from exposure to these agents, and lower
incidences occurred as the dose was decreased. Although obser
vations in the very low exposure dose ranges could not be
characterized experimentally, the fact that radiation and chem
icals produced DNA damage even at extremely low doses and
that this damage was considered to lead ultimately to the
production of cancer led to the paradigm that carcinogenic
chemicals and radiation had no threshold with respect to the
production of cancer (7). Thus, even a very small exposure was
considered to be associated with an increased risk of developing
cancer.

This nonthreshold paradigm gave rise in the 1950s and 1960s
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to the concept that prevention of cancer required complete
elimination of all cancer causing chemicals from the environ
ment, without regard to exposure levels (8). The likelihood that
a chemical that produces cancer in animals also poses a risk to
humans led to the enactment of laws and regulations restricting
human exposure to chemicals in the environment and in food.

These laws and regulations are based on two assumptions:
(a) a chemical that causes cancer in animals poses a cancer risk
to humans; and (b) cancer risk at high doses implies a cancer
risk at low doses. These two assumptions still seem appropriate
for radiation and for most, if not all, genotoxic chemicals, while
recognizing that there will be some variation in dose-response
occurring between species and even among individuals within a
given species. However, considerable evidence is accumulating
which suggests that these two assumptions may not be appro
priate for all chemicals whose risk for humans is based on
evaluation of the results of animal bioassays. With numerous
advances in cell and molecular biology, genetics, chemistry, and
pharmacokinetics increasing our understanding of mechanisms
of carcinogenesis, we are in a position to reevaluate these
assumptions and to more rationally assess the cancer risk of
chemicals, particularly those that do not have direct genotoxic
effects. Increased cell proliferation appears to be a critical factor
for this approach.

Carcinogenesis: What We Know

There are certain aspects of carcinogenesis, regardless of the
etiological agent, that are strongly supported by experimental
observations. Any model of carcinogenesis and extrapolations
between species must take these basic principles into account.
These are summarized in Table 1.

The first principle is that cancer results from genetic errors
in normal cells that have the potential to become a cancer. The
genetic basis of carcinogenesis was originally stated by Boveri
in 1914 (9) with his somatic mutation theory, and recent
advances in the molecular biology of cancer, with the discovery
of oncogenes and suppressor genes, have provided definitive
evidence (10-12).

The second basic principle of carcinogenesis is that more
than one genetic mistake must occur for cancer to develop. It
is unclear what specific genetic errors must occur, or how they
occur, but the multievent requirement for carcinogenesis is well
established in both animal models and human tumors. In the
1940s, several investigators began to present evidence that
carcinogenesis could occur through multiple steps. These re
ports, which culminated in the publication by Berenblum and
Shubik (13) in 1947, defined the model referred to as initiation
and promotion. These investigators, and subsequently others,
have delineated characteristics of each of these two processes,
although the specific mechanisms involved have yet to be de
fined (14-16). Many of the chemicals with promoting activity
were found to be nongenotoxic in a variety of short-term
screens, whereas most of the chemicals shown to have initiating
activity were shown to be genotoxic (17, 18).
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Table 1 Basic principles of carcinogenesis

1. Cancer arises due to genetic alterations.
2. More than one genetic alteration is required.
3. DNA replication is not 100% precise.

Although the initiation-promotion model was the first spe
cific multistage model of carcinogenesis (13), a more definitive,
genetically based, multievent model of carcinogenesis was de
fined by Knudson (19) in 1971 regarding retinoblastoma. This
model, including identification of the specific gene involved,
has been described in great detail in numerous publications (20,
21). Defects in both alÃelesof the Rb gene must be altered for
cancer to arise in retinoblasts. In the inherited form of the
disease, a defect in one of the alÃelesis present from the
germline; the mistake in the second alÃeleoccurs during fetal
development or childhood. In the sporadic form of the disease,
both alÃelesbecome affected during development of the eye. In
the inherited cases, since only one genetic error remains to
happen, patients usually develop multiple lesions which are
frequently bilateral. In contrast, the sporadic form of the dis
ease, requiring both mistakes to occur during eye development,
usually occurs singly and unilaterally.

The third basic principle of carcinogenesis is based on an
observation well known to geneticists for decades. Every time
DNA replicates, it does so without 100% fidelity (22, 23). In
other words, every time a cell goes through the process of
division, there is an opportunity, albeit extremely small, for a
mistake to be made in any gene, including those responsible for
cancer development. DNA damage and replication errors that
go unrepaired during the mitotic cycle are fixed and appear in
subsequent cell progeny. Thus, cell replication contributes to
carcinogenesis, not by a new, ultimate, unknown mechanism
but by indirectly providing opportunities for somatic mutations
to occur.

A Biological Model of Carcinogenesis

The above three principles provide a framework within which
a general model of carcinogenesis can be constructed (24-27).
The key feature is that an agent can increase the incidence of
cancer in a given tissue in one of two ways: either by specifically

damaging the DNA of the cell or by increasing the number of
cell divisions, thereby providing greater opportunity for a spon
taneous genetic error to occur during normal cellular DNA
replication. It is assumed that genetic errors occur randomly
during cell replication (recognizing that different portions of
the DNA in different cells might be more susceptible to error),
where the spontaneous error rate in a given gene is extremely
low (for example, 1 error/IO6 to IO8cell divisions). Further, the

genetic error must occur in a cell with the potential for devel
oping into a cancer. This is generally the stem cell (or equiva
lent) population within a given tissue. Errors that occur in cells
that have already begun the process of differentiation will not
develop into a cancer since differentiated cells are committed
to eventual death. Obviously, rates of DNA repair and other
cellular repair mechanisms will affect the rate at which specific
irreversible genetic alterations occur. Numerous mechanisms
will enhance or inhibit these direct genetic and cell kinetic
effects and thereby influence the carcinogenic potential of the
agent (Fig. 1). Also, different tissues, whether slowly or rapidly
proliferating, are likely to have differing susceptibilities and
repair capacities, influencing responsiveness to various agents.

Using this framework as the starting point, a probabilistic
biologically based model of carcinogenesis has been formulated
(24-27) (Fig. 2). This model assumes that carcinogenesis occurs
as a result of two genetic errors, but it could be extended to
include settings that require an additional number of genetic
events (28, 29) (Fig. 3). It should be noted, however, that all of
the experimental data sets examined thus far can be interpreted
in terms of two irreversible genetic events.

The normal cell population in a given tissue is composed of
stem cells, cells committed to differentiation, and fully differ
entiated cells (30). In a layered epithelium, such as that of the
urinary bladder, these cell categories can be readily visualized;
stem cells are within the basal cell layer, committed cells are in
the basal and intermediate layers, and fully differentiated cells
form the superficial layer. In other tissues, distinction between
stem cells and non-stem cells remains controversial. Neverthe
less, under normal circumstances, the usual stem cell or its
equivalent (we will use the term stem cell for simplicity, real
izing its limitations) divides into a stem cell to replace itself
and into a cell committed to differentiation to replace fully

Exposure

Fig. 1. Numerous factors can enhance or
inhibit the sequence from normal to interme
diate to malignant cells. These can relate di
rectly to the chemical and its metabolism or to
cellular responses to the chemical. +. effects
that increase the likelihood of cancer develop
ment; â€”¿�,those decreasing it; Â±,those which
can do either. A chemical can affect one or
more of the identified factors.

Differentiation

Physiologic
Milieu

Metabolic
Activation

Excretion

Pharmacokinetic
Variables

Cytotoxicity Â±
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Fig. 2. Diagrammatic representation of the two-stage model of carcinogenesis (from Ref. 24, reproduced with permission from IRL Press). Circles on left, stem
cell states which lead to development of malignancy beginning in the lower left-hand corner with normal cells, which can undergo a change to intermediate cells,
which in turn can undergo a change to transformed (malignant) cells. Circles to right of stem cell states, cells committed to differentiation and ultimately death.
Downward arrows represent cell death directly.

Fig. 3. Multiple genetic alterations are frequently observed in intermediate
populations. These alterations could occur sequentially and all be required for
cancer development (28, 29) as illustrated in the top sequence. Alternatively, as
illustrated in the bottom sequence, there might be two critical and essential genetic
alterations which are required for cancer development, with other genetic and
nongenetic alterations, such as changes in susceptibility to gene damage, cell
proliferation, or differentiation which affect the normal and intermediate cell
populations and enhance cancer development but are not required for cancer to
occur (from Ref. 71, reproduced with permission from the U.S. and Canadian
Academy of Pathology, Inc.).

differentiated cells that have died and have been removed. This
replacement process is necessary for maintaining the steady-
state size of a given organ.

Rarely, when a stem cell divides, one of its daughter cells
undergoes one of the genetic errors required for cancer devel
opment. This cell then enters an intermediate population, so
labeled because it has progressed partially along the pathway
to the full cancer development. If more than two genetic errors
are required for the development of cancer, there will be a
progression of intermediate populations, each with an increas
ing number of genetic errors (see Fig. 3). Ultimately, the final

genetic mistake occurs, producing a cell which will give rise to
a malignancy. It must be emphasized that this cell is not a
benign cell, such as those comprising papillomas or hyperplastic
nodules.

Even though cell division rates can be very high, the actual
transitions between cell populations are low frequency events
under normal circumstances. The probability of a genetic tran
sition event, once cell division is already in process, is repre
sented in Fig. 2 as PÂ¡and P2 for transitions from normal to
intermediate and from intermediate to malignant cellular states,
respectively. To increase the number of normal cells that be
come intermediate cells, an agent can increase the number of
cell divisions in the normal stem cell population (by increasing
the number of cells in the normal stem cell population and/or
by increasing the mitotic rate of these cells), or it can increase
the conditional transition probability P\. Similarly, to increase
the number of intermediate cells that become malignant, an
agent can increase the number of cell divisions in the interme
diate stem cell population (by increasing the number of inter
mediate stem cells and/or their mitotic rate), or it can increase
the conditional transition probability PI. Of course, an agent
can influence more than one of these variables.

Genotoxic Chemicals and Cancer

Most of the chemicals identified as human carcinogens or as
carcinogens in animal models prior to 1960 are genotoxic, i.e.,
chemicals that directly interact with DNA and cause DNA
damage (2, 3). For most of these chemicals, there is metabolic
activation to reactive intermediates which bind to DNA, form
ing DNA adducts, which lead to DNA damage and ultimately
cancer. Radiation is similarly genotoxic (5).
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Optimally, extrapolation of effects to low doses and especially
extrapolations between species require considerable informa
tion, including that pertaining to differences in metabolic path
ways and pharmacokinetic parameters, such as absorption,
distribution, and excretion (31, 32). These parameters are con
sidered in physiologically based pharmacokinetic models (31),
which are useful for deriving species-specific information relat
ing administered dose to target organ dose. However, in ex
amining dose-response relationships, the response side of the
equation is also important. Response at the cellular level, such
as metabolic activation, DNA repair, cellular toxicity, and
regenerative proliferation, will greatly affect the carcinogenic
response of a target tissue to a given target dose of a chemical.

Genotoxicity and Cell Proliferation: 2-AAF3

Dose-response differences for genotoxic chemicals due to
differences in cellular response have been most clearly deline
ated in an experiment involving more than 24,000 female mice
treated with various doses of 2-AAF, with enough animals per
group at the low doses to detect an increased tumor incidence
of 1% (33, 34). In that experiment, mice were given 2-AAF at
30 to 150 ppm of the diet and sacrificed after 18, 24, or 33
months of treatment. The resulting dose responses for the two
target organs, liver and bladder, are shown in Fig. 4.

The obvious differences in the dose-response relationship for
these two target organs are not due to differences in pharma
cokinetic factors, since Beland et al. (35) have demonstrated
that the dose relationships of DNA adduct formation in bladder
and liver are linear to doses as low as 5 ppm. The bladder
actually had higher levels of adducts than the liver. The differ
ences in dose-response relationships can, however, be readily
explained in terms of differences in cellular response.

In the liver, 2-AAF is metabolically activated by normal
hepatocytes but not by those in the intermediate cell population.
Also, at the doses utilized in this experiment, there was no
effect on hepatocyte proliferation. Thus, the only parameter in
the liver affected by 2-AAF at administered doses was Pt. In
contrast, in the bladder the reactive metabolite (different from
the one in the liver) interacts with both normal and intermediate
bladder cells; in addition, there is increased cell proliferation at
doses of 60 ppm and above (34). Correspondingly, at doses of
60 ppm and above, there is a sharp increase in the tumor
incidence in the bladder, whereas at the lower doses there is
apparently no detectable increase in incidence. These dose-
response relationships have been analyzed in detail previously
(34). Although the lower 2-AAF doses did not produce a
significant increase in bladder tumor incidence, in contrast to
the liver, the fact that DNA adducts were formed at the lower
doses in both tissues clearly indicates that there is an effect at
these doses. The shape of the dose-response curve for the
bladder reflects the interaction between cell proliferation and
direct genetic damage. The lack of a detectable effect in the
bladder at doses below 60 ppm, despite DNA adduct formation,
indicates that the cancer effect was below the level of detection
(1%) of the study. On the basis of these investigations, this
chemical fits all of the principles that we have described above
for a genotoxic carcinogen, including the absence of a no-effect
dose threshold.

Different dose-response relationships are anticipated for dif
ferent chemicals depending on the dose response of DNA

'The abbreviations used are: 2-AAF, 2-acetylaminofluorene; NTP, National
Toxicology Program; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin.

0 30 45 60 75 100

Dose (ppm)

Fig. 4. Model results for effects of 2-AAF dose on liver (â€¢)and bladder tumor
(A) prevalences after p.o. administration to mice for 24 months. Symbols represent
data from the ED0, study and lines represent the results of the modeling analyses.
These analytical results are consistent with actual data from the ED0i study (33,
34).

adduct formation (or other types of DNA damage), cell prolif
eration, and various repair mechanisms. A small increase in
tumor incidence at low doses, where genetic interactions occur,
with much steeper increases in tumor incidences at higher doses,
where there is genetic interaction and increased cell prolifera
tion, is observed with a variety of chemicals, such as the
nitrosamines dimethylnitrosamine and diethylnitrosamine, in
rat liver (36-39).

In summary, for genotoxic chemicals, the classical paradigm
of a nonthreshold response is likely to be correct, but the actual
dose-response relationship for tumor incidence is greatly influ
enced by an effect of a chemical on cell proliferation.

Nongenotoxic Agents and Cancer

An increasing number of chemicals are being discovered
which are not metabolically activated to reactive intermediates,
do not interact with DNA directly, are not genotoxic in most
short-term screens, and yet increase the incidence of cancer in
experimental animals (40, 41). In terms of the model presented
above, "nongenotoxic" means that there is no increase in either

of the conditional genetic transition probabilities, P\ and P2.
Thus, for these chemicals the only remaining mechanism for
increasing the incidence of cancer is through increasing the
number of cell divisions (25). Even with a replication error rate
per cell division that is the same as that in control, untreated
animals, an increased number of opportunities for spontaneous
genetic mistakes will translate into an increased risk of cancer.

Foreign Bodies. Foreign bodies represent the simplest exam
ples of such nongenotoxic agents (42). Thin films of various
substances implanted into the subcutaneous tissue of rodents
can result in an increased incidence of sarcomas. The specific
mechanisms are unclear but appear to be dependent entirely on
a continuous increase in the proliferative rate of the fibroblasts
surrounding the implanted material. There is an obvious thresh
old effect; either the material is present or not, although an
object of at least some minimum size may be required. Putting
holes in the object also permits repair of the process, rather
than sustained proliferation, and tumors form to a much lesser
extent.

Implantation of pellets of various materials, such as glass,
stainless steel, cholesterol, or paraffin wax, into the bladder
lumen of rats or mice also produces cancer (43-45). Depending
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on the smoothness of the pellet surface, variable degrees of
urothelial abrasion occur with consequent regenerative hyper-
plasia. The hyperplastic response continues as long as the pellet
remains in the bladder lumen, and eventually carcinomas de
velop. The incidence of carcinoma increases with time. For
example, Jull (46) implanted paraffin wax pellets into 3-month-
old mice and observed cancer incidences of 10.6% after 40-50
weeks, 26.8% after 70-80 weeks, and 53.8% after 100-110
weeks. Again, there is an obvious threshold response: either the
pellet is present or it is not. Several variables appear to influence
the carcinogenic response to such pellets, including smoothness
of the pellet, differences between species (the mouse tends to
be less susceptible than the rat), rates of cell death as well as
proliferation rates, and the presence of urine (probably related
to the high levels of growth factors in urine). Thus, despite high
rates of cell proliferation, not every animal with a pellet (or, as
described below, a calculus) will develop a cancer in a 2-year or
shorter bioassay. It is, remember, a probabilistic phenomenon.

Calculi. In contrast to the implantation of foreign materials
directly into the bladder, foreign material can be generated by
administering chemicals which produce urinary calculi (43,47-
49). The calculi can form from the ingested chemical itself,
such as melamine or uracil; a metabolite of the ingested chem
ical, such as from glycine; or a substance derived from physio
logical alterations secondary to the administered chemical, such
as increased phosphate, calcium, or oxalate excretion (Table 2).
For example, feeding uracil as 3% of the diet to rats (50, 51) or
mice (52) leads to the formation of uracil calculi, a rapid
increase in the proliferative rate of the bladder epithelium, and
the formation of nodular and papillary hyperplasia. This rep
resents a marked increase in the number of urothelial cells
which, when combined with their increased proliferative rate,
produces an enormous increase in the total number of cell
divisions occurring over time. In contrast, if uracil is adminis
tered in the diet at a level of only 1%, still a high dose, there is
no formation of urinary calculi, no increase in cell proliferation,
and no formation of tumors.

Significantly, for all calculus generating chemicals, a certain
threshold level of the chemical must be administered to generate
the calculi that ultimately lead to the production of tumors.
This threshold can be determined through measurement of
pertinent chemical and physiological factors. For such chemi
cals, statistical extrapolations to low dose exposures from high
dose responses are inappropriate and misleading. Threshold
exposure levels for humans can be estimated by taking into
account the specific factors involved in the formation of the
calculi. A qualitative evaluation of this nature has recently been
used by the United States Environmental Protection Agency in
ruling that melamine does not pose a carcinogenic risk for
humans, despite its urinary bladder carcinogenicity in rats (53-

55).
Sodium Saccharin and Crystalluria. Sodium saccharin poses

a similar, albeit somewhat more subtle mechanism (56). Sodium
saccharin has been shown to increase the incidence of bladder
cancer in rats when administered beginning at conception or at
birth and continuing through the lifetime of the offspring, with
considerably less activity if administration is begun after 6
weeks of age. The lowest dose with which there has been an
increased effect on carcinogenesis is approximately 2.5%; no
effects are observed at 1% of the diet. In addition, if saccharin
is administered at doses as high as 7.5% of the diet, but as the
acid rather than the sodium salt, no effect is seen. Similarly,
any treatment which results in acidification of the urine while

Table 2 Chemicals that lead to urinary calculi"

Uracil

Melamine
Uric acid
Homocysteine
Cysteine oxalates
Calcium oxalate
Calcium phosphate
Diethylene glycol
Biphenyl

4-Ethylsulfonylnaphthalene-
1-sulfonamide

Oxamide
Acetazolamide
Terephlhalic acid
Dimethyl terephthalate
Nitrilotriacetate
Polyoxyethylene-8-stearate
Glycine
Orotic acid

Â°This list is not meant to be complete but indicates some of the wide range of

chemicals capable of leading to urinary calculi.

sodium saccharin is administered, e.g., by coadministration of
NH4C1, inhibits the effects on the urothelium (57). The male
rat is considerably more susceptible than the female rat, and
the mouse, hamster, and monkey appear to be resistant to the
bladder effects of sodium saccharin (56). Multiple large epide
miolÃ³gica!studies suggest that humans are also resistant to the
effect of saccharin on the urinary bladder (56, 58).

Saccharin is not metabolically activated to a reactive electro-
phile (it is actually nucleophilic with a pKa of approximately
2.8), it does not react with DNA, and it is not mutagenic in
multiple short-term screens (56). However, it does increase the
proliferative rate of the adult rat bladder epithelium approxi
mately 5- to 10-fold. It is also capable of increasing the prolif
erative rate during the first 3 weeks of the rats' life, a time

during which the bladder normally proliferates rapidly, as it
does ;'/; utero; in the adult rat, the epithelium normally is

mitotically quiescent. As described in detail elsewhere (56, 59),
P, and P2 can be kept at control levels in modeling analyses
and the additional numbers of cell divisions during the lifetime
of the rat given high doses of sodium saccharin are sufficient
to account fully for the increased incidence of bladder cancer
in the rat if only one biologically plausible assumption is made:
the proliferation of intermediate cells is enhanced more than
that experienced by the normal cell population.

Although multiple variables which increase or decrease the
effects of sodium saccharin on the rat bladder have been iden
tified, the formation of silicate precipitates and/or microcrystals
in the urine appears to be central to the production of increased
urothelial proliferation (25, 56, 60). These precipitates and
crystals form if the urinary pH is above approximately 6.5;
their formation is enhanced by increasing concentrations of
sodium (and possibly potassium), and large amounts of protein
are required for their formation. It is well known that the male
rat has large amounts of protein compared to the female and
also that rats have considerably greater amounts of urinary
protein than humans (61), even more than patients with the
nephrotic syndrome. It appears that not only is the amount of
protein important, but the type of protein is critical as well.
Low molecular weight proteins, such as a2u-globulin, appear to
be more effective in producing silicate precipitate and crystals
than higher molecular weight proteins, such as albumin. Taking
these multiple factors into account, including silicates, pH,
protein, and sodium, it is likely that sodium saccharin is not car
cinogenic for humans, even if it could be administered at the
high doses fed to rats. The human appears to be like the mouse
with respect to a lack of urothelial response to sodium saccharin
(58, 62). The mouse is resistant to the effects of sodium sac
charin even at doses as high as 7.5% of the diet. Humans also
do not appear to have either a bladder proliferative (62) or
carcinogenic (56, 58) response to sodium saccharin.

Using mechanistic information such as this, one can estimate
the risk to humans more realistically than by extrapolating high
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dose rat data using some mathematical-statistical formulation
(56, 59, 63-65). Because, in fact, the human is unlikely to
respond to sodium saccharin with the formation of bladder
cancer, any dose could be tolerated. However, even if we were
to assume that humans are like the male rat, the most suscep
tible sex and species, with a no-effect threshold at approxi
mately 1% of the diet, an estimated threshold dose for humans
would be on the order of 25,000 mg/day for a 70-kg person. In
contrast, application of the linear extrapolation approach for
estimating risk results in a maximum allowable human dose of
approximately 3 mg/day.

Vitamin C. The difficulties that can be presented if thresholds
and mechanisms are not taken into account when dealing with
nongenotoxic chemicals are illustrated by considering the sub
stance vitamin C. Sodium ascorbate (and for that matter, most
sodium salts of organic acids) behaves like sodium saccharin in
the male rat (66-68). Ascorbic acid itself enhances rat bladder
cancer formation if coadministered with sodium bicarbonate to
keep the urinary pH elevated (69). The doses at which sodium
ascorbate is effective are comparable to those for sodium sac
charin (57, 66). If mechanistic considerations and threshold
effects are not taken into account in extrapolating results from
the male rat to humans, a maximum allowable dose for a risk
of one new bladder cancer/IO6 population is approximately 3

mg/day, as with sodium saccharin. Yet, for this essential vita
min, the minimum recommended daily allowance to avoid
scurvy is 60 mg/day (70). Obviously, there is no increased risk
of bladder cancer by taking vitamin C at a level of 3 mg/day,
60 mg/day, or even higher doses. Biological considerations
must be taken into account in extrapolating animal data to
human exposures.

Chemicals Involving Tissues Other Than Bladder. Although
we have focused our examples on chemicals related to bladder
carcinogenesis, similar mechanistic considerations and analyses
pertain to essentially any organ system that has been examined
in experimental models and in human carcinogenesis (24-27,
71). For example, several chemicals increase incidences of
kidney cancer in male but not female rats secondary to inter
actions with Â«^-globulin (72). Differences in the types of uri
nary proteins between sexes and between species make human
cancer risk from these substances unlikely. Butylated hydroxy-
anisole at high doses in the diet increases proliferation of the
squamous epithelium of the rat and hamster forestomach, even
tually producing carcinomas. This chemical poses two problems
for extrapolation to humans (73, 74). In addition to extrapolat
ing from high to low doses, there is no analogue in humans for
the rodent forestomach. The closest analogue is the esophagus,
but butylated hydroxyanisole has no effect on the rodent esoph
agus. A large number of chemicals increase the incidence of
thyroid neoplasms in rats, but the mechanisms are not directly
pertinent to the human situation (75, 76). PhÃ©nobarbital in
creases rat thyroid cancer by enhancing the clearance of thyrox-
ine, with consequent increased thyroid stimulating hormone
production and subsequent increased proliferation in the target
tissue, the thyroid. PhÃ©nobarbitalhas also been shown to be a
liver carcinogen in rodents, even though it is not genotoxic (77,
78). Again, its effect is through increasing proliferation in the
target tissue, predominantly by acting on those cells that have
already entered into the intermediate cell population, and a
threshold dose must be reached to produce an effect. There is
no evidence of human thyroid or liver carcinogenicity by phÃ©
nobarbital in several large epidemiolÃ³gica! investigations of
human populations (79).

Classification of Chemicals

The foregoing discussion of mechanisms has important im
plications for the terms scientists and regulators use to char
acterize and categorize chemicals associated experimentally
with cancer induction. Chemicals that increase the risk of
developing cancer have traditionally and somewhat loosely been
referred to as carcinogens. However, with our increased under
standing and dissection of the mechanisms involved in carci
nogenesis, this becomes a particularly difficult term to define.
Adding complexity to the semantics is the use of terms such as
complete carcinogen, promoter, initiator, progressor, cocarcin-
ogen, complÃ©ter,converter, etc. The difficulty with all of these
terms is that they rely on specific experimental protocols for
their definition rather than being defined from the perspective
of a biological process. We prefer to refer to chemicals that
enhance the carcinogenic process in terms indicative of the
mechanism by which they can act (25): either direct DNA
damage (genotoxic) or increased cell proliferation (nongeno
toxic). Of course, chemicals can do both. This classification
scheme is illustrated in Fig. 5.

Chemicals are initially evaluated in animal bioassays to de
termine whether they influence the carcinogenic process. There
has been considerable argument as to the appropriate doses,
species, strains, and several other details of the bioassay (80-
84). There is general agreement, however, on the necessity for
long-term bioassays to evaluate whether a chemical can increase
the risk of developing cancer under specific circumstances,
because short-term screens, whether for mutagenicity or cell
proliferation, are inadequate for definitively predicting whether
chemicals will or will not increase the risk of cancer (41, 85-
87). Once a chemical has been shown to increase the risk of
cancer in a bioassay, it can be placed into either the genotoxic
category or the nongenotoxic one. Although exceptions can
occur, the present battery utilized by the NTP for evaluating
genotoxicity should be able to serve as an initial screen for this
determination (88, 89). Unique circumstances for specific
chemicals can be ascertained as appropriate. The distinction
between genotoxic and nongenotoxic is critical for a proper
dose and species extrapolation.

CHEMICAL CARCINOGEN

GENOTOXIC

Threshold unlikely
Dose-response may be affected
by cell proliferation
(usually toxicity related
at high doses)

NON-GENOTOXIC

Reaction with
cell receptor7

PROLIFERATIVE

1. Threshold questionable
2. Usually eftective at

low doses

PROLIFERATE

Threshold likely
Usually related
to toxicity and
regeneration

Fig. 5. Proposed classification scheme for carcinogens (from Ref. 25; Copyright
1990 by the American Association for the Advancement of Science). The effect
of genotoxic chemicals can be accentuated if cell proliferative effects are also
present. Nongenotoxic chemicals act by increasing cell proliferation directly or
indirectly, either through interaction with a specific cell receptor or nonspecifically
by (a) a direct mitogenic stimulus, (ft) causing toxicity with consequent regener
ation, or (c) interrupting physiological process. Examples of the latter mechanism
include thyroid stimulating hormone stimulation of thyroid cell proliferation after
toxic damage to the thyroid and viral stimulation of proliferation after
immunosuppression.
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No-Effect Thresholds and Mechanism. For genotoxic com
pounds it can be assumed that a no-effect threshold does not
exist. A threshold is likely for any accompanying proliferative
effects, which will significantly influence the dose response of
the chemical, as illustrated above for 2-AAF (33-35) and as is
true for numerous other genotoxic chemicals (2, 3, 5, 7, 36-

38).
Nongenotoxic chemicals act at specific doses and with spe

cific mechanisms to increase cell proliferation, which in turn
increases the opportunities for mutagenic events in dividing
cells and, ultimately, increases the risk of cancer (25,40). These
compounds can be divided (25) into those that interact through
specific cell receptors, such as the phorbol esters and TCCD,
and chemicals that do not, such as sodium saccharin, sodium
ascorbate, melamine, phÃ©nobarbital,and rf-limonene. A chem
ical which acts nonspecifically at the onset can ultimately trigger
a specific hormone or other substance which acts through a cell
receptor. For example, many of the chemicals that affect thy-
roxine metabolism ultimately lead to an increase in thyroid
stimulating hormone production, which clearly acts through a
specific cell receptor in the thyroid to produce increased cell
proliferation in that organ. Hormones associated with increased
cancer risks, such as estrogen, act through specific cell
receptors.

Despite the fact that agents acting through specific cell re
ceptors do so at low doses, they nonetheless are likely to have
a threshold for a response. This has been suggested for over 30
years for substances such as the phorbol esters (initially admin
istered as croton oil), for which a threshold phenomenon has
been well described (15, 16). Like other physiological responses
involving specific cell receptors (90), a certain percentage of the
receptors on a cell must be occupied for the cellular response
to occur; it takes more than a single molecule interacting with
a single cell receptor to produce a cellular response.

For chemicals not acting through a specific cell receptor,
threshold mechanisms certainly apply.

TCDD: A Nongenotoxic Experimental Carcinogen. TCDD is
an example of an active compound where current classification
terminology (e.g., promoter, secondary carcinogen, indirect
carcinogen) is found lacking, if not misleading (91-93). TCDD

is not genotoxic, it increases cell proliferation in the target
tissue, and it is one of the most potent cancer producing
chemicals in rodents yet discovered (94). Nevertheless, since it
does not act through direct DNA damage, several investigators
are hesitant to call it a carcinogen, instead relating its action to
some unspecified promoting mechanism. Such compounds do
not act through some nebulous mechanism which cannot be
defined further than calling it promotion; TCDD is a chemical
that increases the risk of developing cancer in a specific animal
by increasing cell proliferation in the target tissue. By itself, it
can induce liver cancer and tumors of other organs at doses
that are substantially lower than classical liver carcinogens,
such as the azo dyes and 2-AAF. There is suggestive evidence
that TCDD might increase the risk of developing certain can
cers, such as soft tissue sarcomas, in humans (95), especially at
higher exposure levels. Is it reasonable to continue to refer to
2-AAF and the azo dyes as carcinogens and to refer to TCDD
as a promoting substance? They all increase cancer risk, al
though they do so through different mechanisms. On the one
hand, 2-AAF and the azo dyes interact directly with DNA and
also have cell proliferative effects, while TCDD only has the
latter capability.

And yet, because metabolites of 2-AAF and azo dyes damage

DNA directly and TCDD does not, they are biologically quite
different. Risk extrapolation from rodent bioassays to humans
requires different approaches for nongenotoxic compared to
genotoxic chemicals (25). Calculus forming chemicals are ob
vious examples of chemicals that can produce cancer in exper
imental animals at high doses, but at doses to which humans
are exposed, there is no expected potential for risk of cancer
development. At present, the classification system used by the
International Agency for Research on Cancer does not specifi
cally designate such a category (96). If a chemical produces
cancer in an experimental animal, it is assumed to have poten
tial for producing tumors in humans. A new category is needed
for chemicals that have probable or possible carcinogenic activ
ity in experimental animals but are not expected to be carcin
ogenic in humans. To be sure, only nongenotoxic chemicals
should be considered to be classified for inclusion in such a
category.

Cell Proliferation:
Phenomenon

A Quantitative and Qualitative

Considerable controversy has evolved concerning the evi
dence that increased cell proliferation can be a mechanism by
which an agent increases the risk of developing cancer (25, 80-
84, 97-99). In examining the connection between cell prolifer
ation and cancer, there has been some attempt to equate general
cytotoxicity with cell proliferation. Finding little correlation
between toxicity and carcinogenicity based on analysis of chem
icals examined in NTP bioassays, Hoel et al. (100) concluded
that toxicity is not a pertinent mechanism for carcinogenicity.
What was not appreciated, however, is that cell proliferation is
not increased by all types of toxicity, including several forms of
neurotoxicity, cardiotoxicity, immunotoxicity, and nutritional
toxicity, to mention but a few. Also, a chemical can produce
such severe toxicity that the target organ is severely reduced in
size, resulting in fewer cells. For example, monuron produces
severe growth retardation and a liver approximately one-half
the size of that in control mice ( 101). In this case, the compound
would have to produce a doubling of mitotic rates to offset the
50% loss in cell numbers just to maintain the same number of
cell divisions as in controls. Examining only cell division rates
in estimating cancer risk would be very misleading.

There are several reasons why simply measuring cell prolif
eration is inadequate for judging whether a chemical will ulti
mately increase the risk of cancer. First, the relevant prolifera
tion is only that which occurs in the stem cell (pluripotential)
population of the tissue, not in the differentiated cells. This is
most convincingly apparent in comparing adenomatous polyps
in the human colon to hyperplastic polyps (71, 102). Adenom
atous polyps involve proliferation of the crypt (stem) cells and
have a significant risk of eventually evolving into cancer. Hy
perplastic polyps, in contrast, are proliferations of the mucus
containing differentiated cells and do not have any increased
cancer risk, even if an individual has a large number of them.

Second, to develop a detectable level of cancer incidence,
some aspect of the cellular proliferation must usually be sus
tained (25). For example, di(2-ethylhexyl)phthalate, a chemical
known to stimulate peroxisome proliferation and produce can
cer in the rat liver, produces an initial burst of mitotic activity
in normal hepatocytes, but the mitotic rate then rapidly returns
to normal (103). However, by the time the labeling index
measure of mitotic activity has returned to normal levels, the
liver is 30% larger than normal and it remains larger. This
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increase might be due partially to an increase in cell size
(hypertrophy) but also includes an increase in cell number
(hyperplasia). Thus, the cell population to which the labeling
index applies has increased, and although the rate is the same
as that in control animals, the total number of cell divisions
occurring in hepatocytes is greatly increased. In evaluating cell
proliferation studies, it is essential to take into account the total
number of stem cell divisions; not only mitotic rate but the
number of cells present must also be ascertained.

Third, the mitotic rate may not be markedly increased in the
normal cell population, but that does not mean that there is
not a proliferation stimulus preferential to cells already in the
intermediate population, such as in hepatocellular foci in the
rat liver. This holds true for another peroxisome proliferator,
Wyeth-14,643 (103), and for phÃ©nobarbital (104). With phÃ©
nobarbital there is actually little stimulation of normal hepa
tocytes, but a marked increase in cell division rates occur within
the foci. The number of cells in these foci also increases dra
matically, possibly due not only to the increase in the prolifer-
ative stimulus but also to a decrease in cell death rates.

Inequalities in Carcinogenesis. Other examples have been
cited of increased cell proliferation without cancer and, con
versely, increases in cancer production without an apparent
increase in cell proliferation (97-100). These examples are cited
to refute the relationship of cell proliferation to carcinogenesis.
However, this is analogous to the observation that there are
chemicals that are positive in short-term genotoxicity screens
that do not produce cancer in 2-year animal bioassays and there
are chemicals which produce cancer in 2-year bioassays that are
not mutagenic in short-term screens (41). To conclude that
mutagenesis is unrelated to carcinogenicity is obviously incor
rect given the genetic basis of cancer. The same simplistic
thinking with respect to cell proliferation is equally illogical
and noninformative. Three essential inequalities mut be consid
ered in carcinogenesis risk assessment:

Mutagenesis ^ Carcinogenesis

Cell proliferation ^ Carcinogenesis

Toxicity ;* Cell proliferation

These inequalities do not mean that cell toxicity, cell prolif
eration, or mutagenicity are unrelated to the carcinogenic proc
ess, they only reinforce the point that the carcinogenic process
is complex and involves considerable interaction between var
ious biological variables.

This complexity extends to mechanistic considerations,
whether related to genetic damage or to proliferation. For
example, a chemical that is mutagenic in a short-term in vitro
screening assay, such as the Ames test, does not necessarily
produce mutagenic consequences in a whole organism, possibly
due to differences in metabolic activation, inactivation, or DNA
repair, among other possibilities. However, a chemical which is
mutagenic in a short-term screen should be considered to have
the potential for cancer production until demonstrated
otherwise.

Similarly, any chemical that increases cell proliferation
should be viewed as suspicious with regard to increasing cancer
risk. Of critical importance for chemicals with only proliferative
effects, as emphasized above, is that mechanism as well as dose
must be considered in extrapolation between animals and hu
mans. It must be realized that the effects of a chemical at high
doses do not necessarily imply similar changes at low doses,

and the changes in a rat or a mouse do not necessarily imply
similar changes in humans. That is not to say that the rodent
bioassay system is unpredictive. It only means that greater care
must be taken in making the extrapolation from results of
rodent bioassays to human risk than simply assuming that a
positive result in the bioassay implies a risk to humans, no
matter what the dose.

Because of dose and/or cellular response differences between
species, utilizing high doses of nongenotoxic chemicals in ro
dent bioassays will produce a large number of false positives
with respect to human cancer risk (25). Like any test, specificity
is sacrificed to increase sensitivity (105). To assess human risk,
the result of the bioassay is only a beginning which must be
followed by mechanistic considerations, including questions of
genotoxoicity versus nongenotoxicity, threshold, dose effects,
pharmacokinetics, and cell proliferative effects.

Illustrative Examples

We present several theoretical modeling exercises [using a
mathematical simulation model described elsewhere (24, 25,
34, 59)] to illustrate the dynamic nature of the interactions
between cell proliferation, genetic events, and the development
of cancer. To begin with, every tissue in the organism, whether
rat, mouse, or human, has a certain background ("sponta
neous") incidence of tumors. Utilizing information from the

NTP, we estimate a background incidence of liver cancer of
about 0.5% by the end of a 2-year bioassay in male F344 rats.
With a background probability of genomic error in each of two
critical alÃelesof 10~7and utilizing information from the liter

ature regarding normal liver growth and development, the
cumulative cancer incidence over time can be simulated, as
illustrated in Table 3.

In Table 3, as in the ones to follow, we have indicated the
number of normal hepatocytes in the liver during the rats'

lifetime, the number of newly intermediate cells (reflective of
the number of foci), the total number of intermediate cells
(reflective of the total number of cells in these foci), and the
cumulative incidence of tumors. We have made the assumption
that a malignant tumor can be recognized if it contains IO'1cells
(approximately 1 mm3) and the animal is then identified as

positive for malignancy. The development of one malignant cell
does not result in the diagnosis of a malignancy, but rather,
there is a time lag for the development of the tumor to a
detectable size, either clinically or histopathologically.

As shown in Table 3, the liver during fetal and neonatal
growth is a relatively rapidly proliferating tissue, but in older
animals it is mitotically quiescent and grows very slowly, essen
tially replacing dying hepatocytes. It is also evident that, even

Table 3 Simulation of control rat liver

Age(wk)-1

0
3
6

26
52

104
130No.

of
normal

hepatocytes3.0
x 10Â«

9.2 x IO7
4.0 x 10"
8.1 x 10"
1.6X 10'
1.8 x 10'
1.9 x 10"
1.9 x 10'No.

of new
intermediate
cells(foci)"10(0)

103(0)
244 (0.2)
764 (0.6)

1141 (1.1)
1805(2.0)
2148(3.5)No.

of total
intermediate

cells2.8

x 10'
2.9 x IO2
7.8 x IO2
2.3 x IO3
3.4 x IO3
8.0 x IO3
1.2 x 10*Cumulative

probability
of visible
tumor*0.00013

0.00097
0.00377
0.00633

Â°Foci assumed to be detectable with 250 cell clone.
4 Malignant tumors with 10' cells.
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Table 4 Simulation of the effects of a single dose of a genotoxic chemical at 6
weeks of age, producing immediate hepatocyte death followed by a short-term
spike in both mitotic activity and the genetic error probability for normal cells

Age (wk)6

7
8

2652

104
130No.

of
normal

hepatocytes8.1
x 10"

5.8 X 10"
6.6 x 10"
9.7 x 10"
1.2 x IO9
1.3 x IO9
1.3 x IO9No.

of new
intermediate
cells(foci)"244

(0.2)
5371 (0.2)
5406 (0.2)
5650 (0.6)
5945 (2.0)
6394 (3.5)
6631 (5.9)No.

of total
intermediate

cells7.8
x IO2

6.3 x IO3
7.2 x IO3
1.3 x IO4
2.5 x IO4
5.2 x IO4
7.5 x IO4Cumulative

probability
of visible
tumor*0.00016

0.00563
0.02580
0.04200

Â°Foci assumed to be detectable with 250 cell clone.
4 Malignant tumors with 10' cells.

Table 5 Simulation of the effects of continuous administration beginning at 8
weeks of a nongenotoxic chemical, producing a preferential proliferative

stimulation of intermediate cells

Cumulative
No. of total probability
intermediate of visible

Age (wk)

No. of
normal

hepatocytes

No. of new
intermediate
cells (foci)0 cells tumor

6g26521041308.1Â±10"1.1
x10'1.7
x10'2.0
x10'2.1
xIO92.2
x IO9244

(0.2)361
(0.2)879

(3.5)1399(27)2295(518)2762

(967)7.8

xIO21.2
xIO31.0
xIO44.6
x10"8.2
x10!3.4
x IO60.000210.009200.223000.66100

1Foci assumed to be detectable with 250 cell clone.
*Malignant tumors with 10' cells.

with a background rate for PÂ¡and P2 of 10 7, all rats by the
beginning of a 2-year bioassay (6 weeks of age) already have
initiated cells, usually several hundred. This is referred to by
several investigators as the background incidence of liver cell
foci (39). This is the natural consequence of replication errors
that occur with cell division during normal growth and devel
opment. It is also apparent that the rate of growth within the
initiated (and normal) cell population slows during the remain
ing lifetime of the animal; there is no exogenous stimulus for
cells to proliferate at a high rate. Despite the rapid proliferation
occurring during development of the liver, there are insufficient
cell divisions in the intermediate population to expect that a
malignant cell will be produced by the time of birth. Eventually
with continued proliferation in hepatocellular foci, the devel
opment of a malignant tumor is possible, and by 2 years there
is a cumulative incidence of 0.377%.

It is unclear what the stimuli are for background ("sponta
neous") genetic errors and proliferation rates. It has been sug

gested that oxidative damage is responsible for many of these,
but other mechanisms might also be applicable (80-82).

If a genotoxic chemical (e.g., diethylnitrosamine) is admin
istered which is active toward the liver and also has a cell
proliferative effect, it is easy to see how the incidence of liver
tumors will be increased. In Table 4, such a chemical is admin
istered as a single dose at 6 weeks. There is a rapid increase in
the number of initiated cells following administration of the
chemical, but not much of an effect on eventual cancer devel
opment because of the absence of any sustained increase in cell
proliferation and a return to background levels of genetic error
rates shortly after the chemical is removed. Many intermediate
cell foci are created but very few evolve into foci of any appre
ciable (detectable) size.

If a nongenotoxic chemical (e.g., phÃ©nobarbital)is adminis
tered which causes increased cell proliferation, especially of the
cells in the intermediate population, there is a gradual increase
in the number of normal hepatocytes entering the intermediate

cell population. In particular, there is a noticeable increase in
the number of initiated foci of detectable size and of total cells
in the intermediate population (Table 5). Intermediate cells are
continuously proliferating. It is obvious that tumors can evolve
in these animals by 2 years of age. If the dose is such that it
produces a proliferative stimulus greater than that modeled, the
incidence can reach 100%. On the other hand, if the dose of
the nongenotoxic chemical is below the threshold required to
increase cell proliferation, there will be no increase in cancer
incidence over control levels.

Combining these two sceneries, the administration of a single
dose of a genotoxic stimulus followed by a proliferative stimulus
(Table 6), results in a high incidence of liver tumors by 2 years
of age. There is a slight decrease in the number of detectable
foci compared to the number seen with only the proliferative
agent alone because of the disruptive effect of the prior short-
term administration of the genotoxic compound.

Table 7 presents a simulation where genotoxic effects on
normal cells are added to the proliferative compound previously
considered in Table 5. This could correspond, for example, to
long-term administration of the genotoxic chemical illustrated

in Table 4, but at a lower, less toxic dose. There is a dramatic
increase in the number of new intermediate cells produced from
the normal cell pool. So, after allowing time for the aggressive
clonal expansion to manifest itself, a large number of the foci
reach a detectable size. It should be noted that if genotoxicity
were directed toward already initiated cells (i.e., P-Â¿is elevated
instead of/>i), the appearance of malignant tumors is acceler

ated: 59% by 1 year and 100% by 1.5 years.
No matter when the stimulus is given, if there is an increase

in genotoxicity and/or increase in cell proliferation, there is
ultimately a chance of an increased risk of developing cancer.
However, as is evident from these analyses, if the stimulus
occurs sufficiently early in the animal's life, spontaneous genetic

error rates and normal cell division rates often will be adequate
to carry the process to a detectable incidence of malignancy
without the need for a continuous exogenous stimulus.

Table 6 Simulation of the effects of a single dose of a genotoxic chemical at 6
weeks of age followed by continuous administration beginning at 8 weeks of age

of a nongenotoxic chemical which stimulates cell proliferation

Age(wk)682652104No.

ofnormalhepatocytes8.1

xIO86.6
x10"1.1
xIO91.2X

10'1.3
x 10'No.

ofnewintermediatecells

(foci)0244

(0.2)5406
(0.2)5720
(3.5)6036
(23)6579

(507)No.

oftotalintermediatecells7.8

xIO27.2
xIO35.6
x10"2.4
x10'4.3
x IO6Cumulativeprobabilityof

visibletumor*0.000620.048800.73400

1Foci assumed to be detectable with 250 cell clone.
' Malignant tumors with IO6cells.

Table 7 Simulation of the effects of continuous administration beginning at 8
weeks of a chemical which produces a preferential proliferation stimulation of

intermediate cells and is also genotoxic for normal cells

Age(wk)682652104No.

ofnormalhepatocytes8.1

x10"1.1
xIO91.7
x10'2.0
x10'2.1
x 10'No.

ofnewintermediate
cells(foci)0244

(0.2)361
(0.2)52,121

(3.5)104,113(27)193,685

(>10,000)No.

oftotalintermediatecells7.8

xIO21.2
xIO31.5
x10'7.7
x10'1.4
x IO7Cumulativeprobabilityofvisibletumor*0.000210.110000.98600

" Foci assumed to be detectable with 250 cell clone.
4 Malignant tumors with 10' cells.
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Initiation-Promotion-Progression. In these examples, the ef
fects on cancer incidence over time by agents that damage DNA
directly and/or increase cell proliferation can be seen. Each
scenario leads to an increased incidence of cancer, but the
approach avoids the confusion of the terminology of initiation,
promotion, and progression. Theoretically, the model of initi
ation-promotion-progression first involves the short-term ad
ministration of a genotoxic agent for initiation, which acceler
ates the transition of normal cells to the intermediate popula
tion. Promotion then follows and involves long-term
administration of a nongenotoxic agent, causing clonal expan
sion of the intermediate cell population. Progression is simply
the genetic transition of a benign intermediate cell to a fully
malignant cell. In our model, a pure initiating chemical would
affect only Pt, a promoter would affect the proliferation of
intermediate cells, and a chemical acting primarily in the pro
gression mode would affect PÃŒ.However, the genetic transition
of cells from the intermediate population to the malignant state
is also influenced by increasing the mitotic rate of intermediate
cells and does not require a direct effect on P2. Because of this,
it is not always easy to separate out the difference between
promotion and progression in experimental models. Difficulties
also arise in the real world with this terminology because
chemicals usually affect more than one variable. Even with a
sufficiently large effect on only one variable, the background
levels of the other variables are not zero and will, therefore,
have some contribution to the production of cancer.

Many agents clearly do not fit into the model of initiation-
promotion-progression. For example, a single dose of aflatoxin
can produce liver cancer in rats without administration of a
subsequent "promoter" (106). UlcÃ©rationof the rat bladder

mucosa behaves as a classical initiating stimulus, yet there is
no genotoxic stimulus during the ulcÃ©rationand regenerative
hyperplasia (107-110). UlcÃ©rationinduces changes in the blad
der that are morphologically reversible, but with an irreversible
influence that is remembered by the cells. They can then be
enhanced subsequently by a chemical, such as sodium saccharin,
to produce tumors even though sodium saccharin by itself at
those doses does not produce an increased risk of cancer.
UlcÃ©rationproduces an enormous burst in proliferation over a
1-week period in the animal's life (110). This provides enough

new cell divisions to produce a small but significant increase in
the number of cells reaching the intermediate population, in
effect an initiating action (59). If these intermediate cells are
not further stimulated to continue to proliferate rapidly, there
will not be an adequate number of further intermediate cell
divisions to significantly affect the likelihood that the second
genetic event may lead to cancer. However, if they are contin
uously stimulated to divide rapidly, such as following adminis
tration of sodium saccharin at high doses in the diet, the chance
of a malignant cell being produced rises with a corresponding
increased risk of cancer development.

What Is a Carcinogen?

Forty years ago and more, it was relatively easy to define a
chemical as a carcinogen. A carcinogen was simply a chemical
that increased the incidence of cancer in a given tissue in a
given period of time in a bioassay. However, during the past 4
decades, it has become increasingly difficult to live with this
bioassay driven definition. There are too many qualifiers now
to continue to accept this simple definition. It is still easy to
visualize 2-AAF or numerous other aromatic amines as carcin

ogens in the classical sense. At both high and low doses these
compounds produce cancer development in rodents and hu
mans. They fit our classical picture of what a carcinogenic
chemical should be and are congruent with the astute clinical
observations by Hill on snuff, by Pott on soot, and by Rehn on
the development of bladder cancer in dye workers in Germany
(1).

However, this definition falls far short in delineating the
cancer risk resulting from chemicals such as melamine, uracil,
sodium saccharin, vitamin C, phÃ©nobarbital,TCDD, or phorbol
esters. These chemicals produce cancer only under certain
circumstances; the circumstances may be dose related, species
specific, and/or mechanistically related.

The issue has become even more complex with the availability
of newer molecular technologies such as transgenic mice (111).
The rodents used in 2-year bioassays have generally been bred
for susceptibility to cancer to increase sensitivity. Mice are now
available with certain genes inserted into their genome to pro
duce an increased risk of cancer development, which can be
accelerated even more if specific types of chemicals are admin
istered. If a chemical causes cancer in a transgenic mouse, is it
to be considered a carcinogen? The carcinogenicity of a chem
ical must take into consideration the host being exposed.

Implication for Risk Assessment

We suggest that there be changes in both the conceptualiza
tion of carcinogenesis and in the regulatory approach to chem
icals. Of greatest importance is the realization that genotoxic
chemicals are different from chemicals that are nongenotoxic
(25). The difference is particularly pertinent in assessing the
potential for producing cancer in humans. Utilizing modern
toxicological and biological methodologies, considerable mech
anistic information can be obtained to provide a rational ap
proach to assessment of cancer risk.

Can we definitively divide chemicals into genotoxic and non
genotoxic categories? At the present time this is difficult, but it
is usually possible and our methods are improving (40, 41).
There are a number of short-term screens that give us predictive
information regarding the potential mutagenic capabilities of
chemicals. In these short-term screens it is important that dose
effects and other idiosyncrasies be taken into account, so that
they are not interpreted in a vacuum. Ultimately, there must be
an assessment of mutagenic effect in whole organisms and
ultimately in humans. The screens that are available today are
generally adequate for defining chemicals as either genotoxic
or nongenotoxic, especially if chemical and metabolic infor
mation is incorporated into the evaluation.

For genotoxic compounds, the presumption must be made
that there is no threshold effect. A bioassay is still required,
however, to ascertain whether a mutagenic chemical actually
causes cancer in a whole organism. In interpreting the dose
response, however, it is mandatory to take into separate account
the effects of the interaction of the chemical with DNA, the
effects of the chemical on cell proliferation, and any pharma-
cokinetic differences between species. These dose effects can be
ascertained to some degree for many of these chemicals utilizing
technologies which are available today, such as 32P-postlabeling
(112) and pharmacokinetic measurements (31). Cell prolifera-
tive effects can be ascertained by close examination of short-
term studies for proliferative effects in the target tissue. With
the development of new immunohistochemical markers of cell
division, such as Ki-67 (113) and proliferating cell nuclear
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antigen (114), as well as others, we should be able to actually
measure proliferative rates in tissues already being utilized for
acute or subacute toxicity studies. Ultimately it would be best
to include cell proliferative studies in the testing and develop
ment phase for new chemicals, but this is not always practical.
Also, time effects are critical in addition to dose effects for our
understanding of carcinogenesis. Obviously, the more infor
mation available the more biologically based the extrapolation
can be. If detailed dose response information is lacking, con
servative approaches can be implemented, accounting for
known genotoxicity, chemistry, and metabolism of the chemical
and also incorporating information from other known related
chemicals.

For nongenotoxic compounds, some investigation of whether
or not the chemical acts through a specific cell receptor is
helpful in delineating potential mechanisms and in ascertaining
dosage levels that might pose a risk for humans. A variety of
mechanisms have already been investigated (e.g., a2u-globulin
in the male rat kidney, calculi in the bladder, peroxisome
proliferation in the liver, and thyroxine clearance for the thy
roid), and ascertainment of whether a chemical fits into an
already familiar mechanistic model should be helpful. To de
termine thresholds, biological, biochemical, and physiological
experiments will be required.

It must be emphasized that for nongenotoxic compounds, all
of the current mathematical-statistical models of extrapolation
to low dose effects are inappropriate. The central task is not
one of statistical curve fitting, but a judgmental one relating to
biological mechanism. For nongenotoxic chemicals, some esti
mate of a no-effect threshold should be possible.
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