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Chemicals can increase the risk of cancer by either di-
rectly damaging DNA (DNA reactive) or increasing cell
proliferation. DNA reactive carcinogens involve activation
to reactive metabolites, forming DNA adducts which are
mutagenic. The presence of numerous cellular repair proc-
esses suggest that these could have a threshold. The is-
sues involved are described for 2-acetylamino‰uorene uri-
nary bladder carcinogenicity. Chemicals that act by in-
creasing cell proliferation involve either increased cell
births or decreased cell deaths, leading to an accumulation
of cells. Multiple mechanisms can produce these eŠects,
most of which have threshold processes. Arsenicals ap-
pear to act by inducing cellular cytotoxicity with regenera-
tive proliferation, induced by generation of reactive triva-
lent forms which interact with critical sulfhydryl groups in
cells. A more deˆnitive threshold response is illustrated for
the formation of urinary solids, either calculi (melamine)
amorphous calcium phosphate-containing precipitate (so-
dium saccharin) or crystalluria (PPARg agonists). Increas-
ing evidence strongly supports the concept of thresholds
in carcinogenesis, not only for chemicals acting by increas-
ing cell proliferation but also for those acting by DNA reac-
tivity.
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Introduction
The issue of thresholds in chemical carcinogenesis has

pervaded the ˆeld of carcinogenesis for more than seven
decades. It arose primarily by the observation that DNA
reactive carcinogens behaved much like radiation (1).
Since radiation appeared to have a non-threshold
response for cancer induction, it was assumed that a
similar process could occur with chemicals. Many of the
known carcinogens of the 1950s and 1960s were demon-
strated to be metabolically activated to metabolites that
reacted covalently with DNA leading to the formation
of DNA adducts, many of which were mutagenic (2),
providing strong support for a closer association with
radiation, experimentally and theoretically.

However, the concept of linearity with radiation-in-
duced carcinogenesis has recently been questioned (3).

Likewise, the likelihood that carcinogenesis, even for
DNA reactive carcinogens, could have a threshold has
also become a topic of considerable interest and con-
cern. In addressing the concept of thresholds in carcino-
genesis, it is critical to separate the processes that have
been identiˆed for DNA reactive carcinogens compared
to those chemicals that produce cancer without forming
DNA reactive metabolites or DNA adducts (4,5).

Terminology
In discussions regarding thresholds, unfortunately,

there has been confusion in terminology by interchange-
ably using several other terms to imply thresholds. The
separation of these terms and their distinct meanings is
critical to any discussion regarding thresholds. To begin
with, the term non-linearity is not the same as
thresholds. Non-linearities can occur for a variety of
reasons, saturation of metabolic processes, competing
dose responses, hormetic eŠects, and others. Although
in some of these cases the non-linearity will actually
have a true threshold, these terms need to be distin-
guished. The more di‹cult distinction is between a no
observed eŠect level (NOEL) compared to the term
threshold. With increasing technology, our ability to de-
tect various responses has increased, so that levels that
were once thought to be thresholds have turned out not
to be, since the level of detection was signiˆcantly im-
proved. This has become particularly true given the in-
credible developments in analytical chemistry during the
past few decades.

For example, a‰atoxin is a known liver carcinogen for
many species, including humans (6,7). Initially, there
was the possibility of a threshold response since low lev-
els of the chemical could not be detected. With advances
in analytical chemistry, we can now detect a‰atoxin to
levels as low 10－18, implying that a‰atoxin is present in
all peanut products, albeit at extremely low levels. Fur-
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thermore, the detection of a biologic response is gener-
ally much less sensitive than analytical chemistry. Can-
cer detection, as well as detection of prenoplastic lesions
such as hepatocellular foci, is particularly not sensitive
(8). Thus, the observation of a no observed increase in
tumors at a given dose does not necessarily imply a true
threshold. For an experiment with only 50 animals per
group, the level of detection is an increase above the
spontaneous level of approximately 10 percent. Obvi-
ously, such a high incidence would be intolerable in a
human population, where extrapolations are generally
to levels of lifetime increased risk of cancer of 1 in
100,000 or 1 in 1,000,000. To obtain such extrapola-
tions, theoretical models have to be used. This is where
the issue of no observed eŠect levels compared to true
thresholds becomes an issue (8–10). It is essential when
conceptualizing the extrapolation to lower doses that
the model is biologic rather than statistical. Frequently,
extrapolation from observed response levels to levels be-
low which an observable response can be detected will ˆt
a variety of mathematical models, some of which have
thresholds and some of which do not. Only biological
understanding can be used to make a realistic extrapola-
tion to the low dose.

Carcinogenesis
Cancer is a complex process, but our understanding

has advanced considerably (4). We now know that can-
cer is due to multiple genetic eŠects occurring in a single
target cell, giving rise to the clonal origin of cancers. It
is clear that more than one genetic alteration is required,
although the actual number is unknown. Furthermore,
we know that every time DNA replicates, mistakes oc-
cur, albeit infrequently. The mutation rate for DNA
replications in somatic cells varies with cell types, with
frequent mutations occurring in lymphoid cells whereas
mutations occur much less frequently in many epithelial
cell systems. Nevertheless, every time a cell replicates,
there is a chance for mistakes. It is only when all of the
critical changes in DNA occur in a single cell that cancer
ultimately develops.

Based on these observations, there are ultimately only
two major ways that a chemical can increase the risk of
cancer: 1) the chemical can directly damage DNA, lead-
ing to an increase in the probability that a critical
mistake leading to cancer will occur each time DNA
replicates; or 2) the number of DNA replications can be
increased, increasing the probability of spontaneous
mistakes occurring. Since DNA replications are occur-
ring in most tissue systems, there is a background inci-
dence of cancer risk. It is only when the number of
DNA replications or the number of mistakes per replica-
tion are increased that there is an increased risk for
developing cancer (4,9,11).

There are numerous pathways that have been de-

scribed for metabolic activation of chemicals leading to
DNA reactive metabolites (2,12). Ultimately, the eŠect
is to react with the DNA forming an adduct that is
mutagenic. Just having DNA adducts does not neces-
sarily mean that they are mutagenic, as some DNA ad-
ducts do not lead to mutations. Furthermore, any time
an adduct forms, there are numerous repair processes
which eliminate the possibility for mutation. These vary
considerably by the type of adduct that is formed, par-
ticularly with diŠerences between small versus large,
bulky adducts (4).

Likewise, increases in cell proliferation can occur by
several mechanisms (4). Fundamentally, however, they
occur either by increasing cell births or decreasing cell
deaths. Increasing cell births can occur either by direct
mitogenesis, usually associated with hormones or
growth factors, or by toxicity, cell death, and regenera-
tive proliferation. Decreases in cell death can occur
either by inhibiting apoptosis or inhibiting diŠerena-
tion, which is a cell death process. By inhibiting cell
death, there is an accumulation of cells. Even if the rate
of DNA replication remains the same as in controls, the
number of DNA replications, the critical parameter,
will be increased.

It is essential that the mistakes that are induced in the
DNA occur in a single cell, since cancer is a clonal proc-
ess, and it is essential that the cell in which these mis-
takes occur is part of the pluripotential (stem) cell popu-
lation of a tissue (4). Cells that are committed to
diŠerentiation or fully diŠerentiated are essentially com-
mitted to dying. These will not evolve into cancer cells,
since the continuity for cell lineage is essential.

Based on these concepts, it is evident that the critical
parameters for each step in the process of developing
cancer are fundamentally the probability that each time
DNA replicates a critical mistake will occur in one of the
genes leading to cancer and the number of DNA replica-
tions. The number of DNA replications is dependent on
the cell number and the rate at which replication is oc-
curring. Each of these parameters can be assessed, and
if any one of them is increased, there is a potential in-
crease in the risk of developing cancer.

DNA Reactive Carcinogens
I use the term DNA reactive speciˆcally rather than

the broader term of genotoxicity (5). Genotoxicity in-
cludes alterations in DNA due to DNA adduct forma-
tion and mutations, but also includes other genetic proc-
esses such as aneuploidy, translocations, deletions, and
other genetic alterations. However, the other genotoxic
endpoints beside speciˆc DNA reactivity are generally
indirect processes, secondary to alternations in cellular
processes that indirectly aŠect DNA (13). For these
genotoxic, but non-DNA reactive processes, there is
strong theoretical and experimental evidence that there
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can be a threshold involved. The ultimate question
comes to the possibility of a threshold for DNA-reactive
carcinogens. The di‹culty in addressing the possibility
of a threshold for such agents, is our very limited abili-
ties for detecting the biological phenomena, such as
mutation, preneoplastic and neoplastic formation.
Nevertheless, on purely theoretical grounds, the recent
arguments being developed for possible thresholds for
radiation-induced mutation and carcinogenesis can be
applied to DNA-reactive carcinogens (14).

Detection of such agents relies primarily on a variety
of methods, including structure activity relationships,
the Ames mutation assay in Salmonella, and speciˆc
assays for detection of DNA adducts, such as 32P-
postlabeling (5).

Acetylamino‰uorene
The issues concerned in the dose response assessment

for DNA-reactive carcinogens was illustrated well by the
large study performed in the 1970s evaluating 2-
acetylamino‰uorene (AAF) administered to female
mice, with liver and urinary bladder tumors being in-
duced (8,15). Large numbers of animals (greater than
24,000) were used so that the level of detection would be
an increased incidence of 1z in contrast to the usual
10z detectability in a standard two-year bioassay. In-
terim sacriˆces were performed at 18 and 24 months
with a terminal sacriˆce at 33 months. Furthermore,
stop feeding experiments were included, with the agent
being administered in the diet. Low doses were used,
ranging from 30 to 150 ppm of the diet.

The dose response for liver tumors was nearly linear,
whereas the dose response for the urinary bladder
tumors was clearly sigmoidal, with a signiˆcant increase
in bladder tumor incidence only seen at 60 ppm and
above.

However, evaluation of DNA adducts in the bladder
and liver tissues showed that there were actually more
AAF DNA adducts in the bladder per unit of DNA
compared to the liver, but more importantly, the dose
response for DNA adducts was linear in both the blad-
der and liver down to doses considerably lower than
those used in the carcinogenicity study (8,16). Again,
this is an example of level of detection being of
paramount importance, since detection limits for DNA
adducts are considerably more sensitive than tumor
formation.

The reason for the increase in tumor incidence at 60
ppm and above in the bladder was because this was the
dose at which there was not only DNA adduct forma-
tion, but an increase in cell proliferation in the urotheli-
um. The combination of increased DNA adducts and
increased cell numbers proliferating at a higher rate
than normal provided an adequate milieu for develop-
ment of a detectable incidence of tumors. However,

modeling of the process, taking into account DNA repli-
cation and DNA adduct formation, indicates that there
would also be an increased incidence of tumors at lower
doses, below the level of detection (1z) for tumors. The
incidences would be expected to be less than 0.1z, well
below the level of detection for tumors, but not for
DNA adducts (8,15,16). This is an example of non-
linearity, the issue of threshold being complicated by
issues related to level of detection.

Arsenic Carcinogenesis
Although evidence is accumulating that DNA adduct

formation and speciˆc mutagenesis may actually have a
threshold (3,14), this remains a controversial issue. As
more deˆnitive data are developed, this issue can be
resolved. However, it will be reliant on development of
technologies that are highly sensitive so that level of
detection does not become an issue.

Inorganic arsenic is a known human carcinogen, in-
ducing tumors of the skin, lung, and urinary bladder
(17). Although there is evidence, primarily in vitro, that
it can produce genotoxic eŠects, this occurs at high con-
centrations and by indirect mechanisms (18). Arsenicals
do not interact directly with DNA, so it is not DNA
reactive. Instead, it would appear that inorganic arsenic
and a methylated arsenical, dimethyl arsinic acid
(DMA) cause cytotoxicity in the target tissue, leading to
regenerative proliferation which is sustained over time
resulting eventually in the development of tumors
(17–19). It remains controversial, but the evidence is ac-
cumulating that arsenic carcinogenesis and toxicity are
threshold phenomena.

This has been best studied utilizing the example of
DMA induction of bladder tumors in the rat (18). DMA
is negative in the two-year bioassay in mice. DMA in
rats rapidly induces cytotoxicity of the urothelium that
is evident by scanning electron microscopy, with conse-
quent increased cell proliferation due to regeneration.
Arsenicals are known to be highly reactive in the triva-
lent form, and for DMA this is also true. DMA is ad-
ministered in the pentavalent form, but is metabolized
to the trivalent form and excreted in the urine at concen-
trations that are adequate to produce the cytotoxicity,
based on in vitro and in vivo investigations (18). DMA is
further methylated to trimethylarsenic oxide (TMAO),
which is also pentavalent and relatively non-toxic. In
addition to the trivalent DMAIII, DMA also is metabo-
lized to thiolated metabolites, some of which are highly
cytotoxic. These are cytotoxic because of their ability to
rapidly enter the cell and then rapidly be converted from
the pentavalent thiolated arsenical to the highly reac-
tive, trivalent DMAIII.

There is a clear dose response for DMA in the rat,
with no evidence of changes present in the urothelium at
an oral dose of 2 ppm DMA, whereas detectable
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changes are seen at doses of 10 ppm and higher, with
tumorigenicity occurring at 100 ppm of the diet (18).
This has also been corroborated in studies administering
the DMA in the drinking water. Of critical importance
is the observation that potentially cytotoxic concentra-
tions of DMAIII are excreted in the urine of the rats that
are administered DMAV in the diet or drinking water at
concentrations of 10 ppm and above, but they are not
detected in the rats administered the DMAV as 2 ppm of
the diet. Clearly, this provides a biological basis for a
threshold, which is dependent on an adequate concen-
tration of the metabolites being excreted in the urine
that is su‹cient for producing the cytotoxicity. If the
concentration of the critical metabolite (DMAIII) is be-
low this threshold, then there is not a cellular response,
such as cytotoxicity, regeneration, and tumors. Thus,
the evidence strongly supports the concept of a
threshold for arsenic-induced carcinogenesis in the rat.

There is also accumulating evidence in humans that
inorganic arsenic, which has a mode of action similar to
DMA, also has a threshold for carcinogenesis in hu-
mans based on epidemiology studies (20). A study by
Lamm et al. (21) reexamined the Taiwanese data based
on precinct and showed a threshold at approximately
150 ppb of exposure in the drinking water. Several re-
cent epidemiology studies of populations exposed to rel-
atively low levels of inorganic arsenic (less than 100
ppb) in the drinking water also give negative results with
respect to tumorigenicity (20). Most of these studies
have been related to the bladder, but there is similar evi-
dence accumulating for the lung and skin. Such conclu-
sions are supported not only by epidemiology investiga-
tions, which are relative crude measures, but also are
based on sound biological principles, including the
necessity for the presence of an adequate concentration
of the trivalent arsenical in the target tissue that is
su‹cient for inducing cytotoxicity, or for that matter,
any biological response.

Urinary Calculi
The clearest evidence for thresholds in carcinogenesis

involves the mode of action involving production of uri-
nary calculi and associated urinary bladder neoplasms
(22–24). This has been best investigated in the rat, but
also has been identiˆed in the mouse. Its relevance to
humans remains controversial, since calculi are rarely
present in humans for a sustained period of time (they
cause obstruction and excruciating pain and removed
after a short period of time) (24,25). In the unusual cir-
cumstances in which they are present for long periods of
time (diverticuli, neurogenic bladder) bacterial cystitis is
also present, a known risk factor for bladder cancer in
humans. In animal models, development of urinary
tract calculi is dependent entirely on the solubility of the
agent involved. Only when a concentration that exceeds

the solubility of the chemical do calculi form (22–26).
This is dependent on a deˆnable physical property of the
chemical, a true physical chemical threshold related to a
true biological threshold. Once calculi form in the uri-
nary tract, they act as an abrasive leading to urothelial
toxicity, frequently ulceration, and consequent marked
regenerative proliferative generation which continues as
long as the calculus is present. The extent of the
proliferation is enormous, with an increase in labeling
index of more than 100 times compared to controls and
an increase in cell number of more than 1,000 times.
This results in a replication number that is more than 5
orders of magnitude greater than controls. It is not sur-
prising that a marked increase in bladder tumors fre-
quently is associated with such stimuli. The induction of
the tumors is a consequence of the increased prolifera-
tion which is a consequence of the cytotoxicity, which is
a consequence of the presence of urinary tract calculi,
which is a consequence of the precipitation of a material
because it has exceeded a threshold level related to its
solubility. The carcinogenic agent is the calculi, not the
chemical itself.

Numerous substances have been identiˆed that
produce urinary calculi, but the concept of threshold
was particularly evident in a recent unfortunate example
involving melamine (27). Melamine is present in the en-
vironment because of its use in plastics and in agricul-
ture, but at exceedingly low levels, usually less than a
microgram per day per person (26). However, at high
concentrations it had been shown in rats and mice that
urinary tract calculi could be produced by melamine ad-
ministration at high doses, and in rats, there was an in-
creased incidence of bladder tumors secondary to the
calculi, not to the chemical melamine itself. However,
the exposures required for calculus development in the
rodents was approximately 5 orders of magnitude great-
er than human exposures, thus no evidence of toxicity
or carcinogenicity was expected in the human popula-
tion from this chemical (26).

However, a few years ago there was an episode of
contamination of infant formula with extremely high
levels of melamine, leading to the induction of urinary
tract calculi in these infants (27). Fortunately, treatment
could be performed to correct this problem in most of
the infants, without known sequelae. Nevertheless, the
amount of melamine was certainly su‹cient to produce
urinary tract calculi, having far exceeded the threshold
level necessary for precipitation in the urine. There is no
information regarding the ultimate induction of
tumors, but given the transient nature of the calculi, it is
unlikely that there was carcinogenicity. However, this is
clear evidence of a threshold involved in toxicity and, at
least in the animal models, a clear threshold for carcino-
genicity.
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Urinary Solids
An indirect process leading to urinary tract calculi

also involves a threshold and has been illustrated with
examples including sodium salts, such as sodium sac-
charin and sodium ascorbate, which in rats leads to ex-
cess amounts of calcium phosphate being present in the
urine leading to precipitation, urothelial proliferation,
and ultimately a low incidence of bladder tumors. This
is a rat speciˆc phenomenon, but clearly involves a
threshold (28,29).

A similar process was identiˆed with PPARg and dual
PPARg/PPARa agonists in rats (25,30). Mechanistical-
ly this was shown to involve inhibition of citrate synthe-
sis by the PPARg agonists leading to hypocitratemia
with consequent hypocitraturia. Since citrate is the
major chelating substance in urine keeping calcium in
solution, the signiˆcant lowering of citrate led to
precipitation of calcium-containing urinary solids, in-
cluding calculi. This led to the typical sequence of toxic-
ity, necrosis, regenerative proliferation, hyperplasia and
ultimately tumors. Again, this involves a process that is
clearly a threshold response related to the physical
chemical properties of calcium and phosphate, indi-
rectly in‰uenced by the PPARg agonists.

Conclusions
There is extensive evidence that non-DNA reactive

carcinogens, such as sodium saccharin, arsenic, and
PPARg agonists have a threshold mode of action for
development of toxicity and tumors. For DNA reactive
carcinogens, such as AAF, the question remains un-
clear, although accumulating evidence suggests that
there is a threshold involved in this process. This will be
greatly in‰uenced by the potential for threshold
mechanisms in the metabolic activation versus inactiva-
tion as well as the ability for cells to repair DNA adducts
that are formed. Ultimately, the conclusion as to
whether a threshold is present or not must rely on a the-
oretical model that includes threshold phenomena since
demonstration of a true threshold in laboratory or
epidemiology studies will be di‹cult if not impossible
because of the issue of level of detection.
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