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For more than half a century the rodent bioassay has been used in an attempt to predict the potential of chemicals to
cause cancer in humans. High mortality and animal husbandry problems led to a more statistically correct study that
utilized 50 or more animals per group, cost 1 to 3 million US dollars, and required 3 to 6 years to complete. With an
increased understanding of the carcinogenic process came the realization that chemically induced cancer in rodents
may not be predictive of carcinogenic potential in humans. This paper describes the odyssey of the bioassay and
recommends design improvements that include the incorporation of new molecular methods, the development of
data to describe a plausible mode of action, pharmacokinetic and dynamic data for cross-species extrapolation,
relevant dose levels consistent with human exposure scenarios, reduction in the number of animals used, and a
harmonized international testing strategy for the acquisition of data useful in risk assessments.
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Although epidemiologic studies had their beginnings as
early as 1775, when Dr Percivall Pott, a surgeon at St
Bartholomew’s Hospital in England, ascribed scrotal
cancer to contamination of the skin by chimney soot (1),
it was not until 1915 when Yamagiwa & Ichikawa (2)
produced malignant epithelial tumors through the appli-
cation of coal tar to the ears of rabbits that cancer stud-
ies with animals began. As it was recognized that coal
tar was a human carcinogen, this critical experiment led
to other known human carcinogens being administered
to animals to elicit tumors to validate the approach. This
practice evolved into the use of animal surrogates for
evaluating the potential for chemicals to cause cancers
in humans.

The usefulness of animal tests is usually justified by
reference to the fact that all compounds identified as hu-
man carcinogens with the use of epidemiologic meth-
ods have also been demonstrated to be animal carcino-
gens (3-5). Whereas the connection between positive
epidemiologic findings and positive findings in animals
has shown consistency, the reverse correlation does not
necessarily hold. Positive findings in animals typically
provide only an alert to the potential of chemically in-
duced cancer in humans. Thus the use of the bioassay
has shifted from the verification of human cancer cau-
sation to one of prediction. As such, the bioassay has

become a centerpiece in human health risk assessment
and the regulation of chemicals.

Animal bioassays have been used for over three quar-
ters of a century and have been used by regulators for 40
years for human hazard assessment and about half of that
time for quantitative risk assessment. In the United States,
the Food and Drug Administration (FDA), the National
Cancer Institute, the National Toxicology Program (NTP),
and the Environmental Protection Agency (EPA) have
been the most significant players in the area of human
health and cancer risk assessment. In Europe, the World
Health Organization’s International Agency for Research
on Cancer (WHO/IARC) has been the prime mover.

Given the predictive role of the bioassay in risk es-
timation, several assumptions set the foundation for the
design and interpretation of the bioassay. At least six
primary assumptions are (i) that the carcinogenic re-
sponse observed in animals can usually be directly trans-
lated to humans and tissue site concordance is not nec-
essary (6), (ii) that the relationship between dose and
cancer response is linear, (iii) that the slope of the dose—
response relationship at low doses can be derived from
data at high doses, (iv) that large doses, including the
maximum tolerated dose (MTD), must be employed to
insure reasonable power for tumor detection (7), (v) that
a sufficient number of animals (50 rodents per gender
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and group) should be included in the experimental design
to insure reasonable power for detecting carcinogenic ef-
fects (7); and (vi) that all carcinogens can be treated in
the same manner, regardless of the mode of action.

Bioassay design

These assumptions have dictated the experimental de-
sign and have also rigidly defined the boundaries of in-
terpretation. The standard rodent cancer bioassay con-
ducted by the NTP of the National Cancer Institute gen-
erally included at least 50 animals per gender and group
and at least four groups (control, % the MTD, Y2 the
MTD, the MTD) or a minimum of 400 animals (7, 8).
For each material tested, bioassays were carried out in
the strains of choice of the NTP, B(C;F, mice and
Fischer 344 rats (9). A typical experimental design for
an NTP study is presented in table 1.

The number of animals required to conduct a bio-
assay for just one compound is significant. In addition,
this design is not the most animal intensive that has been
used, as some may employ 90 to 100 animals per gen-
der and group and four or five dose levels.

The test substance is typically administered to ani-
mals daily (depending on the method of administration)
over the course of their lifetimes. All the animals that
die during the test interval or are killed at scheduled
sacrifices are necropsied, gross pathology is performed,
approximately 32 tissues are harvested, and micropatho-
logical evaluation on all tissues is completed by veteri-
nary pathologists (9). All non-neoplastic and neoplastic
findings are evaluated, statistically analyzed, and then
interpreted by toxicologists and pathologists (7). The
Carcinogenic Potency Project [Gold, LS. The Carcino-
genic Potency Project. http://potency.berkeley.edu/
cpdb.html (accessed November 11, 2002)] boasts that
it contains the analysis of 5152 experiments on 1298
chemicals, including all of the NTP bioassays. Karstadt
& Haseman (10) reported that, during the two decades

Table 1. Experimental design used by the National Toxicology
Program for rodent cancer bioassays.® [From Chhabra et al

(9)]

Parameter Animals Species  Gender Dose levels Totals
(N) (N) (N)

Exposure groups 60 2 2 3 720

Controls 60 2 2 1 240

Sentinel 15 2 2 60

Total 1020

2 Exposure duration: 104 weeks; interim evaluations: week 65 (10
animals/gender and group, killed for assessing chronic effects);
toxicity end points: chronic toxicity, carcinogenicity.
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between 1976 and 1996, the NTP sponsored or conduct-
ed approximately 900 bioassays. In a similar time frame,
the registrants of pesticides conducted an additional 620
bioassays [EPA. List of Chemicals Evaluated for Car-
cinogenic Potential. Communication Services Branch
(7506C), Office of Pesticide Programs. http://
www.epa.gov/pesticides/carlist/ (accessed November
11, 2002)]. TARC [TARC Monographs Programme on
the Evaluation of Carcinogenic Risks to Humans. http:/
/monographs.iarc.fr/ (accessed November, 2002)] lists
a total of 879 agents, mixtures, and exposures that [ARC
has evaluated for carcinogenicity to humans.

Classification

As stated previously, all compounds identified as hu-
man carcinogens through epidemiologic studies have
been demonstrated to be animal carcinogens. However,
the converse of this argument, that all animal carcino-
gens are or can be expected to be human carcinogens,
may not be true. The carcinogen classification schemes
that have been developed by many agencies globally
usually apply similar criteria, that is, the strength or
weight of evidence (11-14). These guidelines call for
the evaluation of mode of action data, along with hu-
man epidemiologic and animal cancer data, to assign the
likelihood that a chemical may cause cancer in humans.
The guidelines then call for a categorization that reflects
whether or not a chemical is a known, probable, or pos-
sible human carcinogen; if the agent lacks carcinogenic
activity; or if the agent cannot be classified.

Recently, the United States Congress has mandated
the NTP to prepare a report that lists agents that are ei-
ther known or reasonably anticipated to be human car-
cinogens. The NTP, like [ARC, must use good scientif-
ic judgment and evaluate all relevant human data, ani-
mal data, mechanistic data, and conclusions regarding
carcinogenicity in humans or experimental animals in
listing a chemical (14).

The carcinogen classification schemes used by these
various agencies are summarized in table 2.

Results

Over three decades of bioassay use allows us to step
back and evaluate what it has given us. The results of
evaluation and categorization of the findings of cancer bi-
oassays by IARC and the EPA are summarized in table 3.

It can be seen that 43% of the chemicals reviewed
by IARC were classified by IARC as known, probable,
or possible human carcinogens, whereas 53% of the
chemicals classified by the EPA fit the probable and



Table 2. Carcinogen classification schemes. (IARC = International
Agency for Research on Cancer, EPA = Environmental Protection
Agency)

Category Descriptor

IARC,  EPA, 1986
1992 (50)2 (11)

EPA, 1996 (12)

Carcinogenic to
humans
Probably to carcino- Group 2a Category B,, Likely to be carcinogenic
genic to humans category B, to humans

Possibly carcino-  Group 2b Category C  Suggestive evidence of
genic to humans carcinogenicity, but not
sufficient to assess human
carcinogenic potential
Data are inadequate for an
assessment of human
carcinogenic potential
Not likely to be carcino-
genic to humans

Group 1 Category A Carcinogenic to humans

Unclassifiable as a
human carcinogen

Group 3  Category D

Probably not carcin- Group 4 Category E
ogenic to humans

2 The National Toxicology Program will use similar descriptors.

possible categories. Similarly, Haseman & Huff (8)
found that about 51% of the 266 NTP studies they re-
viewed were positive in either the rat or mouse. Hase-
man (15) reported that, out of the 471 NTP studies, 250
(53%) produced carcinogenic effects in at least one gen-
der—species group, 64 (14%) gave equivocal results, 150
(32%) were negative in all gender—species groups, and
7 (1%) were considered inadequate for evaluation. Thus
about half of all chemicals tested have shown some car-
cinogenic activity that was judged to have some degree
of significance to human health.

Rodent—human concordance

As previously described, both rats and mice have been
used to assure the detection of carcinogenic potential.
In essence, one species served as a “backup” for the oth-
er. Haseman & Huff (6) showed an overall concordance
of 74% between rats and mice exposed to the same
chemical. In addition, within a species, the response
across genders had an 87% concordance for rats and
89% for mice. More amazingly, Haseman & Huff (6)
concluded that using only male rats and female mice in
these experiments would have achieved the same con-
clusion for 96% of the chemicals tested. Finally, the high
interspecies correlation shown in these studies supports
the view that extrapolation of carcinogenicity outcomes
to other species, including humans, was validated. This
conclusion supports the primary assumption that the car-
cinogenic response observed in animals can be directly
translated to humans.

Gold et al (16) reviewed cancer bioassays for 738
chemicals (526 evaluated in rat bioassays and 412 in
mouse bioassays) to examine concordance across spe-
cies and target tissue sites. The top 10 target tissues for
rodents are summarized in table 4.
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Table 3. Classification of chemicals by the International Agency
for Research on Cancer (IARC) and the Environmental Protection
Agency (EPA).

Category IARC? EPA®
N¢ Percent- N°¢ Percent-
age! age*
Carcinogenic to humans 174 10 0 0
Probably carcinogenic to humans 126 7 154 25
Possibly carcinogenic to humans 464 26 176 28

Unclassifiable as a human carcinogen 992 56 140 23
Probably not carcinogenic to humans 2 01 150 24

Total 1758 620

2 |ARC. IARC Monographs Programme on the Evaluation of Carcino-
genic Risks to Humans. http://monographs.iarc.fr/. (accessed 11
November 2002).

b United States Environmental Protection Agency. List of Chemicals
Evaluated for Carcinogenic Potential. Communication Services Branch
(7506C), Office of Pesticide Programs. http://www.epa.gov/pesticides/
carlist/ (accessed 11 November 2002).

¢ Probable number of rodent bioassays used to classify.

4 Percentage of total bioassays.

Table 4. Ten most prevalent tumor sites in rodents [from Gold et
al (16)].

Site Positive chemicals
N %

Rats
Liver 206 39
Mammary gland 102 19
Kidney 86 16
Stomach 85 16
Hematopoietic system 56 11
Lung 55 10
Urinary bladder 49 9
Nasal cavity / turbinates 43 8
Ear / Zymbal’s gland 41 8
Esophagus 36 7
Total chemicals 526 100

Mice
Liver 231 56
Lung 116 28
Stomach 63 15
Vascular system 59 14
Hematopoietic 53 13
Kidney 26 6
Mammary gland 24 6
Thyroid gland 18 4
Urinary bladder 12 3
Uterus 12 3
Total chemicals 412 100

Of the 10 most frequent tumors detected in rats or
mice, seven are common to both (70% concordance),
indicating a relatively high degree of correlation be-
tween rodent species.

Liver tumors are the most common response in ro-
dent cancer bioassays (16, 17). In fact, a deliberate de-
cision was made 30 years ago to choose strains of rodents
exhibiting high liver sensitivity to known carcinogens
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(17). However, as presented in table 5, the age-adjusted
incidence of liver tumors in humans is 2.4/100 000 (18).
Mammary gland tumors in rats and mice were approxi-
mately 19 000/100 000 and 6000/100 000, respectively,
as opposed to breast cancer in humans at 134.1/100 000.
Although there was 70% concordance for the most prev-
alent sites between rat and mouse (table 4), there was
only 30% site concordance between rats and humans
and 40% between mice and humans (table 5).

Since the bioassay is used to predict the likelihood
of cancer occurring in humans, a useful comparison is
the incidence rates for cancer in humans. Table 5 shows
the incidence and mortality for the top 10 human can-
cers. Whereas these are not cancers presumed to be in-
duced or elevated by chemicals, as in the rodent cancer
table (table 4), the incidence rates give us some idea of
how rodent cancer compares to human cancer rates.

Table 5. Ten most prevalent tumor sites in humans (19).

Site Incidence per Deaths per
100 000 100 000
Prostate (male) 165.4 12.6
Breast (female) 134.1 28.8
Lung 62.9 57.7
Colon and rectum 53.7 21.7
Corpus uteri (female) 24.2 2.1
Urinary bladder 20.0 4.4
Lymphoma® 19.1 8.7
Ovary (female) 16.8 9.0
Skin melanoma 16.3 2.7
Oral cavity and pharynx 1141 3.0

2 Age-adjusted to 2000 US population.
® Non-Hodgkin’s lymphoma.

Table 6. Summary of results of the National Toxicology Program
for 266 bioassays of male and female rats and mice [Haseman &
Huff (6)]. (+ = positive in that species and gender, — = negative in
that species and gender)

Model Possible outcomes Number
of
Fisher 344 rats B6C3F1 mice studies
Male Female Male Female
4 + + + + 38
3 + + + - 1
+ + - + 10
+ - + + 5
- + + + 5
2 + + - - 16
+ - + - 1
+ - - 4
-2 + + - 1
- + - + 2
- - + + 23
1 + - - 13
—a — —a 3
—a —_ + —a 7
- - - + 6
0 - - - - 131

2 Chemical that would not have been found carcinogenic had only the
male rat and female mouse models been used.
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Only 2 of the top 10 human cancers are concordant with
appearance in rodents.

The fact that there is minimal concordance between
the target organs most prevalent in the rodent to those
in humans is at least worrisome. This concern may have
contributed to Karstadt & Haseman’s (10) decision to
review bioassay databases for mouse liver, rat thyroid
follicular cell, bladder and kidney (male rat), forestom-
ach (mouse and rat, gavage route), and lung (mouse and
rat, inhalation of particles). These are organ sites in the
top 10 sites for rodents (see table 4) for which the mode
of action is thought to be partially known and is con-
sidered to be irrelevant to humans. These investigators
wished to determine the effect of discounting the tumors
on the classification of chemicals as carcinogens in an-
imals; thus they examined both the carcinogenicity data
for chemicals studied in NTP bioassays or the ones re-
viewed in TARC monographs. Karstadt & Haseman (10)
found that deleting rodent liver tumors had a significant
impact on evaluations of carcinogenicity in animals, that
is, 56 of 234 (24%) chemicals determined to be carci-
nogenic in the NTP bioassay program would no longer
be considered carcinogenic. In addition, 102 of 234
(44%) would have weaker evidence of carcinogenic ef-
fects. For the IARC database, 33 of 361 (9%) chemi-
cals determined by IARC to have “limited” or “suffi-
cient” evidence of carcinogenicity would no longer be
considered carcinogenic, and 119 of 361 (33%) would
have weaker evidence of carcinogenic effects. Thus liv-
er tumors in rodents drive a substantial portion of the
decision to call a chemical “carcinogenic”, yet liver tu-
mors are not prevalent in the United States population.

After two decades of testing, these results lead to
either of two diverging conclusions, either the early
premise holds that site concordance is not necessary to
simply identify compounds with carcinogenic potential
or the bioassay has failed to properly alert us to cancers
of human relevance.

Strain comparison

Along with the question of organ concordance between
species, there comes the less-examined relationship of
strain differences in characterizing the carcinogenic re-
sponse. In an attempt to reduce the number of animals
used and evaluated in the bioassay, scientists at the NTP
examined the possibility of eliminating some of the four
models that they used in their bioassay (ie, the male rat,
female rat, male mouse and female mouse). Haseman
& Huff (6) concluded that, if they had only used male
F-344 rats and female B6C3F1 mice, they would be able
to detect over 90% of the tumors observed from using
both male and female rats and mice of these strains. This
claim is illustrated in table 6, where 266 chemicals were
examined in two species and two genders (four models).



Table 6 shows that, of the 266 chemicals examined,
there were 135 chemicals (~51%) tested that had a pos-
itive response in at least one or more of the four NTP
models. There were 131 chemicals that did not yield a
positive response in any of the NTP models (~49%). Of
the 135 chemicals that were determined to be carcino-
genic in the bioassay, 124 chemicals (92%) would have
been found to be positive in either or both the male
Fischer 344 rat and the female B6C3F1 mouse. Eleven
chemicals (8%), which were positive in models in ei-
ther or both the female Fisher 344 rat and male B6C3F1
mouse, would have been missed if only the male rat and
the female mouse models were considered.

Interestingly, a different conclusion can be gained
if we perform a similar exercise using the results from
bioassays conducted for 46 chemicals of a certain former
crop protection chemical company. Industry tradition-
ally uses other strains of rodents for their bioassays than
government laboratories do. Instead of the F-344 rat, the
Sprague-Dawley rat is used; instead of B6C3F1 mice,
CD-1 mice are used. If the strains of rodents are
switched, much different results are obtained, as pre-
sented in table 7.

Of the 46 chemicals evaluated, 24 of the bioassays
were positive in one or more of the four models (~52%).
However, if only the male rat and the female mouse
models are used, as proposed in the NTP scenario, 14
chemicals (64%), which were found to be animal car-
cinogens in the rodent bioassay models, would have
been missed. Therefore, the strain of rodent used in eval-
uating the oncogenic potential of a chemical in a bio-
assay can markedly affect the ability to effectively as-
sess the carcinogenic potential of a chemical in animals.

Notably, the tumor types missed by the two NTP
models (male Fisher-344 rat and female B6C3F1 mouse)
were mammary gland tumors for eight chemicals ob-
served in the Sprague-Dawley female rat, and six chem-
ical produced liver tumors in the male CD-1 mice. As
the mode of action is known for the female rat model
and is known to be irrelevant to man (20) and the mode
of action for liver tumors in male mice has been at least
mildly challenged regarding human relevance (21), it
can be questioned whether anything important was ac-
tually missed. Therefore, the gender and strain of ro-
dent used in the cancer bioassay can have a significant
impact on the cancer outcome observed.

We have seen that the evidence for organ sites does
not necessarily correlate well from rodents to humans,
and the selection of the rodent strain chosen may alter
the conclusion, but there are other factors that need to
be considered because they may have an impact on the
primary assumptions. Half of the six primary assump-
tions are associated with dose-response, namely, the re-
lationship between dose and cancer response is linear, the
slope of the dose-response relationship at low doses
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can be derived from data at high doses, and large doses,
including the MTD, must be employed to insure reasona-
ble power for tumor detection (7). Thus the effect of dose
on cancer detection deserves careful consideration.

Effect of dose level selection

Three of the six basic assumptions concerning the in-
terpretation of bioassay results made by Haseman (7)
involve the effect of dose on response to carcinogens
(ie, the relationship between dose and cancer response
is linear, the slope of the dose—response relationship at
low doses can be derived from data at high doses, and
large doses, including the MTD, must be employed to
insure reasonable power for tumor detection). All three
of these assumptions assume that an investigator can
confidently use a linear low-dose extrapolation proce-
dure to accurately estimate low-dose human cancer risk
directly from the rodent bioassays regardless of wheth-
er the doses selected are low, high, or even an overdose.
The MTD concept, as it is empirically set for a given
chemical in a bioassay, often embodies overdosing.

The impact of administering an excessive MTD of
chemicals on the tumorigenic response in the rodent bi-
oassay cannot be accurately estimated without careful
reviews of the completed bioassays; however, it is
known to be significant (22, 23).

Haseman & Seilkop (24) examined how the associ-
ation between rodent carcinogenicity and MTD was
evaluated in 326 long-term carcinogenicity studies with
mice and rats; they focused on experimental outcomes.

Table 7. Summary of the results of bioassays of company X for
the Sprague-Dawley rat and CD-1 mouse for 46 crop protection
chemicals. (+ = positive in that species and gender, — = negative
in that species and gender)

Model Possible outcomes Number
of

Sprague-Dawley rats CD-1 mice studies

Male Female Male Female

4 + + + + 0
3 + + + - 0
+ + - + 0
+ - + + 0
- + + + 0
2 + + - - 2
+ - + - 0
N - - 0
- + + - 0
- + - + 8
- - + + 0
1 + - - - 0
-2 + —_ —a 8
-2 —_ —a 6
- - - + 0
0 - - - - 22

2 Chemical that would not have been found carcinogenic had only the
male F-344 rat and female B6C3F1 mouse models been used.
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These investigators found that the MTD was not a reli-
able predictor of whether or not a chemical would be a
rodent carcinogen. Their investigation confirmed that
comparisons of carcinogenic potencies based only on
positive studies may result in artificially elevated esti-
mates of the underlying association between chemical
toxicity and rodent carcinogenicity. Gaylor & Gold (25)
concluded that this finding was, in part, due to the rela-
tively narrow range of doses employed in 2-year rodent
bioassays and the limited range of statistically signifi-
cant tumor incidence rates.

Chronic, accelerated cell division is plausible as the
major reason for more than half of the studied chemicals
being classified as carcinogens when tested at the MTD
in standard rodent cancer bioassays (26-28). As current-
ly conducted, rodent bioassays provide inadequate data
to estimate human risk at low doses. Sixty percent of
the chemicals tested in both rats and mice are carcino-
genic; even among the known nonmutagens, 49% are
positive (among the mutagens, 78% are positive) (28).
The high positive rate is consistent for synthetic chemi-
cals, natural chemicals (99.9% of the chemicals humans
are exposed to are natural) (28-30), natural pesticides,
and chemicals in roasted coffee (27, 31). The carcino-
genicity of constituents in roasted coffee, as identified
by the rodent bioassays, is presented in table 8.

Therefore, as excessive doses have been routinely
used in rodent bioassays, the human relevance of a tu-
mor observed at these high levels of exposure has to be
challenged. Even if one assumes a linear relationship
between dose and cancer response, the slope of the
dose-response relationship at low doses can be derived
from data derived at the excessively high levels.

Refinements proposed for the bioassay

We have considered the fact that organ-site evidence
does not translate well from rodents to humans, the se-
lection of strain of rodent may alter the outcome, the
relationship between dose and cancer response may not
be linear, and excessive dosing may enhance the power
of the bioassay but lead to false positives. Hence the six

Table 8. Carcinogenic hazard of natural constituents of roasted
coffee as assessed by the rodent bioassay [Ames & Gold (27)].

Assessment? Coffee constituent

Positive (N=19)  Acetaldehyde, benazaldehyde, benzene, benzofuran,
Benzo (a) pyrene, caffeic acid, catechol, 1,2,5,6-
dibenazanthracrene, ethanol, ethylbenzene,
formaldehyde, furan, furfural, hydrogen peroxide,

hydroquinine, limonene, styrene, toluene, xylene

Acrolein, biphenyl, choline, eugenol, nicotinamide,
nicotinic acid, phenol, piperidine

Caffeine

Negative (N=8)

Uncertain

2To be tested: about 1000 chemicals.
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major assumptions that were made when the format of the
cancer bioassay was first established (7) would appear to
not have weathered the test of time as leading to relevant
findings for humans that are meaningful in human risk
assessment. Therefore, a new paradigm should be consid-
ered that incorporates new molecular biological methods,
establishes a plausible mode of action that can be under-
stood, applies across species, genders, and ages while us-
ing pharmacokinetic and dynamic principles that permit
the comparison of the rodent model with the human one
and reduce the number of animals utilized in these tests.

Incorporating new molecular biological methods

After more than five decades of time-consuming, re-
source-intensive, animal-intensive, and less than all-pre-
dictive rodent cancer bioassays being conducted, it is
becoming increasingly apparent that there has to be a
better way of assessing human carcinogenic risk and
incorporating more information on mechanisms and
modes of action into the risk assessment process (32).
It has been estimated that the world’s total resources for
the activity of rodent bioassays could only perform a
few hundred bioassays in a 3-year period. As was point-
ed out by Fung et al (33) in 1995, over 75 000 chemi-
cals in commercial use have yet to be evaluated. The
question that now confronts scientists is how we can
create alternative approaches that accurately and effi-
ciently capture the cancer process and reduce the un-
necessary use of animals (34). The following is a discus-
sion of approaches that may result in the reduction of an-
imal use.

Ames assay. Over 40 years ago, there was great excite-
ment concerning one possible alternative approach,
mutagenicity testing (35). In the time that followed, sig-
nificant effort was spent on the standardization and val-
idation of these tests, as well as on accepting a battery
of these short-term in vitro and in vivo tests (36, 37).
Clearly, this approach had significant promise in reduc-
ing the number of animals used, in reducing time and
costs, and in enhancing predictability, as it was found
that most human carcinogens are genotoxic (mutagen-
ic), but not all genotoxic agents have been shown to be
carcinogenic in humans (38). Despite a well-defined
correlation between mutagenic, or DNA-reactive poten-
tial, and carcinogenic potential, only about 70% of the
mutagens have been determined to be carcinogenic in
the NTP database (39). Although the correlations have
become weaker over the past 20 years, and with them
the predictive value of short-term tests, such tests still
provide vital information for identifying and under-
standing the mechanisms involved in carcinogenicity
(40). Despite the possible weaknesses in the genotoxic
assessment approach, it may be equal or better than the



rodent cancer bioassay in detecting chemicals that may
cause cancer in humans.

Structure-activity relationships. An additional alternative
method that demonstrated some promise was the
evaluation of chemicals by structure-activity relation-
ships (SAR) as another alternative to the 2-year bioassay
(41, 42). SAR models are generally built to include
many of the parameters (eg, log P and organic media)
necessary for modeling in vivo activity, both linear and
nonlinear regression models, and generic algorithms to
select an optimal set of molecular descriptors for mod-
eling and predicting activity [Welch WJ. Computation-
al tools for the prediction and classification of estrogenic
compounds. Available from URL: http://cfpub.epa.gov/
ncer_abstracts/index.cfm/fuseaction/display.abstract
Detail/abstract/169/report/0 (accessed 17 November
2002)]. The algorithms can be built upon chemical or
physical properties of the molecule, or actually built
from a database of bioassays containing the biological
response for classes of chemicals. If the actual experimen-
tal results of a database of NTP bioassays are used, it
should be well understood that the reliability of the esti-
mate is no better than the accuracy of the reliability of the
database used to construct the algorithms for the model.

In 1996, the NTP ran a test demonstration to evalu-
ate the predictability of several commercial and knowl-
edge-based models in predicting the outcomes of rodent
carcinogenicity tests (43). In the first set of 44 chemi-
cals of unknown carcinogenic potential for which NTP
bioassays were run, 13 participant modelers were given
the chemical structures and asked to predict with their
specific model for carcinogenicity (positive or negative
response) for each of the chemicals, without the model-
ers’ a priori knowledge of the outcome of the bioassays.
Since 9 of the 44 chemicals were equivocal, only the
remaining 35 chemicals were used to estimate the over-
all predictive success of the 13 modelers. The results of
this assessment are presented in figure 1.

From this demonstration project, modelers 1-3 and
7 showed some promise, but none of the 13 modelers
provided predictive estimates that were much better than
a toss of a coin. SAR has not yet achieved the level of
reliability needed for it to be used exclusively for es-
tablishing the carcinogenic potential of a chemical.

Genetically modified animals. Additional alternatives
lead back to in vivo tests. Advances in genetic engineer-
ing have created opportunities for improved understand-
ing of the molecular basis of carcinogenesis. Investiga-
tors can produce mice of unique genotypes and pheno-
types that afford insights into the events and mecha-
nisms responsible for tumor formation (44).

Eastin et al (45) reported that researchers of the Na-
tional Institute of Environmental Health Sciences are
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exploring the utility of genetically altered mice to study
mechanisms of carcinogenesis. Two of these mouse
models, the Tg.AC (carrier of an activated mouse H-
ras oncogene) and the p53+/— (heterozygous for the
wild-type tumor suppressor gene Trp53), have genetic
alterations that appear to hasten their expression of chemi-
cally induced tumors. In fact, the first set of 11 chem-
icals tested in genetically altered mice compared with
previous findings in the traditional 2-year rodent assays
and the literature on human tumor findings (45).

This alternative approach would eliminate the need to
perform a full lifetime mouse carcinogenicity study, but
replace full mouse bioassay using approximately 1000
animals for both genders with a study of 100 to 200 trans-
genic mice of one gender; the treatment period would be
reduced from 1.5 years to 26 weeks (46). Clearly, these
models would appear to have the potential to serve as
more rapid and less expensive test systems with which to
identify carcinogens than the standard rodent bioassay.

In fact, the Food and Drug Administration has
agreed that available information indicates that there is
sufficient experience with some in vivo transgenic ro-
dent carcinogenicity models to support their application
as complementary second species studies, in conjunc-
tion with a single 2-year rodent carcinogenicity study
(47). The optional substitution of a second 2-year ro-
dent carcinogenicity study with an alternative study, such
as an in vivo transgenic carcinogenicity study, is part of
the International Conference on Harmonization guidance
S1B: Testing for Carcinogenicity of Pharmaceuticals (48).

Shortening the bioassay. Another practical consideration
may be to shorten the duration of the bioassays. Davies
et al (49) studied the TARC monographs (volumes 1-
70) to determine the time of the onset of treatment-re-
lated tumors in long-term rodent studies for chemicals
classified by IARC as having sufficient evidence of car-
cinogenicity in animals. Their analysis excluded stud-
ies on metals and their salts, studies on particulates,
studies by parenteral routes of administration that re-
sulted in tumors only at the site of exposure, and stud-
ies that did not equate to the current standard long-term
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Figure 1. Summary of 13 sets of modeler predictions made for 35 chemicals
evaluated using cancer bioassays of the National Toxicology Program.
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rodent carcinogenicity bioassay. Two hundred and ten
chemicals were reviewed. Davies et al (49) found that
treatment-related tumors were first apparent within 12
months for 66% of the chemicals and that studies of
longer than 18 months were necessary for only 7%. The
list of chemicals included TARC group 1 chemicals (hu-
man carcinogens) that were detected in animals within
18 months; most were found within 12 months. Most of
the tumor types that required more than 18 months for
detection were of dubious relevance to risk assessment
for human health. Therefore, the study duration could be
cut in half and not miss any important chemically related
tumor formation.

Establishing a plausible mode of action that can be under-
stood and applied across species, genders and ages

In hazard identification and subsequent hazard charac-
terization, the primary question is whether the effects
observed in animal studies can be expected in humans.
Because of the grave consequences of cancer, certainty
about cancer causation has always been a paramount con-
cern. Assessing the relevance of animal tumors to human
health reliably demands an understanding of the pathobi-
ology that underlies the carcinogenic effect (13, 50-52).
Recent scientific research has yielded a substantial body
of data on carcinogenic modes of action in laboratory an-
imals. Studies in laboratory animals and, to a less extent
in humans, firmly establish that cancer arises through ge-
netic and nongenetic events and that informed use of in-
formation about a carcinogen’s mode of action could in-
crease confidence in conclusions about the hazard and risk
potential of environmental chemicals for humans.

To address this issue, the US EPA and the Interna-
tional Programme on Chemical Safety (IPCS) proposed
guidance for assessing the weight of evidence for modes
of action for chemical carcinogens in animals as an aid
in determining whether animal tumors are relevant for
human cancer risk assessment [EPA. Guidelines for car-
cinogen risk assessment: risk assessment forum: SAB
review draft. Washington (DC): US Environmental Pro-
tection Agency; 1999. (Available at URL: http://
www.epa.gov/ncea/raf/crasab.htm); 53]. The proposed
guidance for mode of action focuses on identifying “key
events”, generally described as “measurable effects that
are critical to the induction of tumors, as hypothesized
in the postulated mode of action”, for use in evaluating
the mode of induction of these tumors. Thus the actual
relationship of findings in animals to human health de-
pends on knowing the key events by which an agent
causes cancer in animal models and whether or not those
key events would plausibly occur in humans.

A workgroup from the International Life Sciences
Institute (ILSI) and the Risk Sciences Institute (RSI)
continued the development of the EPA/IPCS guidance
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by examining the data on mode of action for six chemi-
cally induced tumor types. From these case studies, the
committee recommended a framework (54) for more
fully using information on mode of action to analyze
the human relevance of animal tumors in the hazard
characterization phase of the risk assessment process.

The framework is comprised of three questions and
a concordance table. The three questions are a stepwise
analysis of data that establishes (or does not) the plau-
sibility of animal effects occurring in humans. The con-
cordance table allows a side-by-side comparison of key
events in animals and humans and clearly shows wheth-
er or not there is a plausible relationship (concordance).
The questions are as follows: (i) is the weight of evi-
dence sufficient to establish the mode of action in ani-
mals (postulated mode of action, identification of key
events, and application of EPA/IPCS guidance on mode
of action (based on Bradford-Hill criteria), (ii) is the
animal mode of action plausible for humans (concord-
ance table and analysis and statement of confidence),
and, taking into account kinetic and dynamic factors, is
the animal mode of action plausible for humans?

Two critical features characterize this stepwise anal-
ysis. One is the careful and systematic definition of key
events in the mode of action and the other is the con-
cordance table.

Key events are identified in question 1, for which
data is evaluated on a weight-of-evidence basis in the
style of the Bradford-Hill criteria. The Bradford-Hill
criteria rely on a systematic consideration of data that
either strengthen or weaken a postulated mode of ac-
tion. In the first instance, the question is whether the
agent under investigation is responsible for the tumori-
genic effects observed in animals, with comparable
questions about related information on mode of action.
In this regard, the Bradford-Hill criteria (citation) for
causation serve as a general guide. Epidemiologists have
used these criteria to rigorously evaluate data, and the
IPCS has recommended their use as a means to identify
causality. Causation generally depends on the corre-
spondence of temporal relationships, specificity, biolog-
ical plausibility, and overall coherence of the database.
Other considerations include consistency, the strength
of the association, and dose-response relationships. Not
all criteria must be fulfilled to find causation, and the
findings vary in different situations. Nonetheless, this
rigorous process is fundamental to the decision as to
whether or not a mode of action has been identified.

The concordance table forces the assessor to care-
fully list the key events in animals and attempt to align
them with similar processes in humans. If carcinogenic
key events occur in both animals and humans, then that
agent would likely cause cancer in humans. If, on the
other hand, concordance cannot be established for key
events in animals and humans, then the mode of action



is not likely to be operative in humans, and a carcino-
genic outcome is not plausible.

Adherence to this disciplined analytical approach to the
mode of action of a carcinogenic compound provides a
reliable assessment of the relevance to human health with
respect to the tumorigenic effect on animals. It also pro-
vides a rational guide to the development of data to under-
stand carcinogenic modes of action in animals and humans.

Developing pharmacokinetic and dynamic data that
permit the comparison of the rodent model to the
human mode

Models generally consider risk to be a function of the
hazard (toxicity) and exposure (dose). That function is
best described by the dose response of the toxic effect
(22). For any risk assessment system to be effective, it
should consider the dose-response relationship as de-
picted in figure 2.

The administration of very high doses to animals (eg,
the MTD) to maximize hazard identification can pro-
duce nonlinear toxicokinetics due to the saturation of
the metabolism or excretion of the compound. Saturation
phenomena often produce nonlinear dose curves, and any
risk assessment system should be able to address such ef-
fects. Further complications include the increased involve-
ment of normally minor metabolic pathways.
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A default assumption in most low-dose extrapola-
tions is that there is a linear relationship between dosage
and target organ exposure to the active chemical entity.
Sumner & Stevens (22) presented several examples for
the impact of the MTD on the kinetics of saturable proc-
esses and how risk assessment can be impacted. One
such case of saturable processes is represented by al-
tered metabolism at high levels of administration or at
the dose equal to the MTD. A case history for sulfony-
lurea is used for this example. Sulfonylurea is moder-
ately soluble in water and has a molecular weight of
468.3, making it a candidate for biliary secretion (55).
This product is not particularly acutely toxic; it is not a
mutagen, a teratogen, or a reproductive toxin. It is not
tumorigenic to rats. It has not been demonstrated to be
a potential oncogen, but, at doses above the MTD, liver
tumors were found in mice (56). At doses below the
MTD, the compound is metabolized by the hydrolysis
of sulfonylurea and oxidation, as well as by conjuga-
tion. Feeding levels above 3000 ppm resulted in a new
metabolite that was found in mice feces. This compound
seems to demonstrate activation of a secondary pathway
of degradation at these high doses.

A histogram of the chromatography of the radioac-
tive fecal metabolites of sulfonylurea is presented in fig-
ure 3. This histogram shows that early eluting me-
tabolites may change quantitatively with increasing dose

]

EXPOSURE ] l ABSORPTION ] RESPONSE
g

EXTERNAL l
DOSE

DISTRIBUTION AND

METABOLISM OF TARGET TARGET RESPONSE

TOXICANT =) TiSSUE P RECEPTOR ™S |NTIATION
DOSE ~ 4mm pose
REPAIR
STORAGE | EXCRETION

DOSE

CLASSICAL AND
PHYSIOLOGICAL
KINETICS

TARGET ORGAN TOXICITY
MECHANISM

CYTOTOXICITY
MUTAGENICITY

MITOGENICITY

HAZARD

Figure 2. Depiction of pharmacokinetics and
pharmacodynamics incorporated into the tox-

AN

Paercent of
Metabolite

/(/
M
V4
/1

Elution Fraction

(M

icologic process.

100 Feeding
Level

(ppm)

Figure 3. Radiochromatogram of sulfonylu-
rea metabolites in feces of male mice.

137

Scand J Work Environ Health 2005, vol 31, suppl 1



Historical perspective to the cancer bioassay

but that the late eluting metabolite appears only at high
doses. Interestingly, this late peak, eluting at fraction 36,
seems to be less polar than the parent that elutes at frac-
tion 28 in this reverse-phase column. It is also interest-
ing to note that the metabolite seems to form only after
repeat dosing, not with a single dose. The metabolite
was identified after mice were fed radiolabeled sulfo-
nylurea for 28 days. The high-dose metabolite was
found to be a dimer of the original compound with a
ring difluoromethoxy group replaced with a disulfide
bridge between two molecules of the test material.

In addition to clarifying the metabolite milieu at
high-dose levels versus low, pharmacokinetic data may
also help resolve a fundamental discrepancy between the
long-term bioassay and human health risk assessments.
Animal studies are performed at a constant dose level
for a fixed duration (2 years). However, human expo-
sures are intermittent and may fluctuate from high to
low. Kinetic data would provide a rational basis for
bridging between constantly dosed animal studies and
intermittently exposed humans.

Choosing dose levels so that the highest doses tested
do not greatly exceed potential exposure scenarios for
humans

The classic assumption in the early days of long-term
bioassays was that if a compound can be pushed into an
animal for its lifetime at the maximally tolerated dose
(ie, without killing the animal) then the investigator
would have assessed the full range of potential toxico-
logic outcomes. Whereas we used high doses to increase
the sensitivity of hazard identification, unfortunately,
many of the problems in toxicologic studies would arise
from trying to use high-dose effects on animals to pre-
dict potential effects for low-dose exposures in hu-
mans.

As our understanding of carcinogenic processes im-
proves, we are realizing that former assumptions about
linear low-dose extrapolation, particularly for nongen-
otoxic compounds, are flawed. As with any toxicologic
effect, threshold-based mechanisms underlie the carci-
nogenic process and what happens at high-dose lev-
els would not necessarily occur at low-dose levels.

Table 9. Advantages of the genetically modified mouse as a can-
cer bioassay in comparison with the standard bioassay of the
B1C3F1 mouse.

Mouse Duration of Animals  Age- Spontane-  End of study

strain exposure  required related  ous tumors survival
(months) (N) diseases  (atend of  (controls)

study) (%)

B6C3F1 18-24 200 Yes Yes 59-79

P53 +/- 6 60 No No >90

Tg.AC 6 60 No No <90
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Nonetheless, we still conduct studies that require expo-
sures at the MTD. Perhaps we should either reconsider
the relevance of these findings at high-dose levels or
modify dose-level requirements.

Reducing the number of animals used in tests

As shown in table 1, over 1000 animals are used in each
long-term bioassay. The reasons for using this many
animals include statistical power viability and reliable
sensitivity to detect tumors. Nonetheless, our quest to
reveal the cancer-causing potential of chemicals should
take into consideration the opportunity to limit the
number of animal lives required to achieve that quest.
In 1959, the efforts of Russell & Burch (57) identified
the “3Rs” for animal welfare, replacement, reduction,
and refinement.

Relevance is a key feature of alternative methods to
using animals and is the extent to which a test correctly
measures or predicts the biological effect of interest
(58). In the case of cancer bioassay, the biological end
point of interest is cancer in humans. The continued use
of rodent cancer bioassays as a fundamental pillar of
carcinogenicity testing does not lead any closer to the
realization of this objective. As previously discussed,
these studies are performed at a high cost in terms of
time, financial resources, and animals. Compounding
these expenses is the fact that many of the rodent can-
cer bioassays yield equivocal or irrelevant results in re-
gard to humans (59). Clearly there is a critical need to
come up with an alternative model for the rodent can-
cer bioassay that is relevant, reliable, rapid, and reason-
able in cost. If we accept the basic concerns of ICVAM
(58) and ECVAM (34) for alternative tests for the ro-
dent cancer bioassay, we will look to tests that embody
the basic concept of the replacement, reduction, or re-
finement of the use of animals. We have considered
wonderful replacement options of genotoxicity testing
(Ames test) and structure activity relationships in the
replacement area. Although neither approach requires
animals, unfortunately, neither can be touted as replace-
ments for the cancer bioassay as they fail with respect
to either or both relevant and reliable criteria (60).
Therefore, we must seek additional supplemental ap-
proaches to cover the reduction or refinement criteria.
In these areas, we have considered the genetically mod-
ified mouse. The genetically modified P53 +/- and
Tg.AC mouse models do fit in both reduction and re-
finement areas as the number of animals are reduced as
presented in table 9.

Both the P53 +/- and Tg.AC reduce the duration of
exposure by 3- to 4-fold and the number of rodents re-
quired by 31- to 33-fold. These assays meet the rele-
vant, rapid, and reasonable cost criteria; the verdict still
may be out as to reliability. The genetically modified



mouse bioassay may add great value as a part of the tier-
wise testing strategy in cancer assessment (61).

Developing an internationally harmonized, tierwise
testing strategy

Overall, the long-term bioassay has served us well in
verifying or identifying carcinogenic compounds. How-
ever, as discussed in this paper, there are many areas
that are ripe for improvement. To address this concern,
the International Life Sciences Institute (ILSI) has con-
vened a panel of international experts in toxicity test-
ing to define, from first principles, how best to estab-
lish the toxicologic characteristics of compounds. The
mission statement of this group is, in part, to provide a
mechanism for reaching consensus across sectors (in-
dustry, government, academia, and nonprofit) on scien-
tific issues of concern relating to the current safety as-
sessment process for crop protection chemicals. One of
the chief aims of the workgroup was to define a proc-
ess for testing chemicals in a tierwise fashion, such that
one test result leads to a second, third, and so forth, lead-
ing up to a long-term study to address carcinogenic po-
tential from long-term exposure. The field of toxicolo-
gy and, indeed, epidemiology awaits the output of this
group in the ongoing quest to properly identify the car-
cinogenic potential of chemicals.
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