
Mechanisms of Carcinogenesis in Risk ldentification
Ed. H. Vainio. P.N. Magee. D.B. McGregor & Al. McMichael
Lyon, International Agency for Research on Cancer, pp. 477-500
tlIARC, 1992

Species-specific mechanisms of carcinogenesis

J.A. Swenberg1, D.R. Dietrich 1, R.M. McClain2 & S.M. Cohen3

IDepartments of Environmental Sciences and Engineering and Pathology,
The University of North Carolina at Chapel Hili, Chapel Hili, NC;
2Department ofToxicology, Hoffman-La Roche, Inc., Nut/ey, NI;

and 3Department of Pathology, The University of
Nebraska Medical Center, Omaha, NE, USA

Introduction
While there is excellent concordance between the results of animal and human studies on
known human carcinogens, the data are much less consistent for known animal carcinogens,
There could be many reasons for this, First, there may have been inadequate study or length
and magnitude of human exposure to demonstrate human susceptibility. A second major
factor is the difference in the proportion of genotoxic and nongenotoxic agents among
known human and animal carcinogens: the vast majority of known human carcinogens are
genotoxic. Arecent survey by Shelby (1988) showed that 20 of23 known human carcinogens
were genotoxic. A similar proportion of the expanded IARC list of human carcinogens
(IARC, 1987) is genotoxic (Shelby & Zeiger, 1990). In contrast, roughly half of the much
larger number ofrodent carcinogens are nongenotoxic (Ashby & Tenant, 1991). It is difficult
to imagine that for only a few or none of these chemicals has there been adequate human
exposure or epidemiological investigation to demonstrate human carcinogenicity. Unlike
their genotoxic counterparts, the nongenotoxic agents usually induce neoplasia in rodents at
maximum tolerated doses and rarely at doses one order of magnitude lower. Exceptions,
such as tumour promotion by 2,3,7,8-tetrachlorodibenzo-para-dioxin, have been shown to
work through a receptor-based mechanism.

A principal mechanism for several nongenotoxic carcinogens is increased cell proli­
feration. While it has long been recognized that cell proliferation is required for both muta­
genesis and carcinogenesis, its role is beginning to be better understood. Cell proliferation is
required to 'fix' DNA damage into mutations, whether that damage is chemically induced by
a genotoxic agent or spontaneous. Such spontaneous DNA damage is common, with 50000
to 250 000 such events occurring per cell per day (Loeb, 1989; US National Research
Council, 1989). Most of these events are rapidly and efficiently repaired; when cell proli­
feration is increased, however, there is less time available for repair prior to DNA
replication. Cell proliferation is also required for donal expansion of initiated ceIls, a
mechanism that enhances the probability of additional genetic events taking place. These
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same mechanisms markedly enhance the carcinogenicity of genotoxic agents at doses that
increase cell proliferation (Swenberg et al.,1990).

Enhanced cell proliferation increases the risk of cancer in rodents and humans (Preston­
Martin et al., 1990). The agents and mechanisms responsible for increased cell proliferation
are often species-specific or limited to high exposures. Thus, accurate prediction of the risk
to humans presented by these agents requires a detailed understanding of their mechanism
and dose-response relationships. This paper presents current understanding of three
species-specific mechanisms of carcinogenesis: ~-2Jl-globulin nephropathy and carcino­
genesis, thyroid stimulationg hormone (TSH)-mediated thyroid tumours, and bladder carci­
nogens associated with crystal and calculi formation. Many other examples could be cited;
however, these represent three of the best characterized models currently available.

~-2Jl-Globulinnephropathy and carcinogenesis
~-2Jl-G1obulin nephropathy is a weil characterized disease that occurs only in male rats:

Female rats and mice, guinea-pigs, hamsters, dogs and monkeys of either sex do not develop
this disease when exposed to agents that cause it in male rats (HaIder et al., 1985; AIden,
1986; Swenberg et al. , 1989; Borghoffet al. , 1990). Likewise, there are no data to suggest that
these agents cause protein droplet accumulation in the kidneys of humans. Research from
severallaboratories has elucidated the mechanism responsible for this remarkable sex- and
species-specific disease.

The acute disease is characterized by the accumulation of ~-2Jl-globulinin lysosomes of
the P2 segment of the nephron, single-cell necrosis, formation of granular casts at the
junction of P3 and the thin loop of Henle, compensatory cell proliferation and the presence
of regenerative tubules (Halder et al., 1985; AIden, 1986; Swenberg et al., 1989; Borghoff
et al., 1990). Following chronic exposure to agents that cause ~-2Jl-globulinnephropathy,
there is exacerbation of these lesions, linear mineralization of the renal pelvis and induction
of a 0-25% incidence of renal-cell tumours. As mentioned above, neither female rats nor
mice of either sex exhibit renal disease when exposed similarly.

~-2Jl-Globulin is a low-molecular-weight protein of 18 700 Da that is synthesized under
androgenic control by the hepatic parenchymal cells of mature male rats, secreted into the
blood, freely filtered through the glomerulus, partially resorbed by the P2 segment of the
nephron and excreted into the urine in large amounts (3-19 mg/day) (Roy & Neuhaus, 1966;
Roy et al., 1966; Vandoren et al., 1983; Ekstrom & Hoekstra, 1984). ~-2Jl-Globulin is also
found in the urine of female rats; however, the concentrations are 107 to 680-fold lower than
that found in male rats (Vandoren et al. , 1983). This sex-specific difference is based on a lack
of synthesis of the androgen-dependent hepatic form of ~-2Jl-globulin in female rats.

Mechanisms of a-2Jl-globulin nephropathy and carcinogenesis

The chemicals known to cause this disease and the extent of mechanistic data available for
each are listed in Table 1. These chemicals or their metabolites can bind reversibly to ~-2Jl­

globulin (Lock et al. , 1987; Strasser et al., 1988; Charbonneau et al., 1989; Lehman­
McKeeman et al., 1989). Even though the agents fall into rather diverse chemical classes,
molecular modelling studies have demonstrated strong structure-activity relationships
(Borghoff et al. , 1991). Active chemicals fit deeply into a hydrophobic pocket of ~-2Jl­

globulin. When hydrogen bonding between the chemical and protein can occur, the



Table 1. Data on chemicals that cause a o2IJ.ogiobulin nephropathya

Substance/chemical Protein Increased a-21J.-Globulin Cell Initiation/
droplets a-21J.-globulin binding proliferation promotion

d-Limonene + + + + +
Unleaded gasoline + + + + +
2,2,4-Trimethylpentane + + + + +
1,4-Dichlorobenzene + + + + NR
Isophorone + + + + NR
3,5,5-Trimethyl hexanoie acid derivatives + + + NR NR
Decalin + + NR +b NR
Tetrachloroethylene + + NR + NR

~Pentachloroethane + + NR + NR
~

ClO-Ct2 isoparaffinic solvent (saturated + + NR NR NR '"'~-aliphatic hydrocarbons) '"
Lindane + + NR NR NR i3
BW540C NR NR NR ~

+ + '"'BW58C + + NR NR NR Si
'"'Levamisol + + NR NR NR ~

Gabapentin + + NR NR NR ~

9-Tridecyl acetate + + NR NR NR l:l

Isopropylcyclohexane + + NR NR NR ;:s
c::;-

lP-5 jet fuel (mixed distillate + NR NR NR NR ~
hydrocarbons) '"

lP-4 jet fuel (mixed distillate + NR NR NR NR
hydrocarbons)

Diesel fuel, marine + NR NR NR NR
lP-lO synthetic jet fuel + NR NR NR NR

(exohexahydro-4,7-methanoindan)
RJ-5 synthetic jet fuel (hydrogenated + NR NR NR NR

dimers of norbornadiene)
lP-7 distillate jet fuel + NR NR NR NR
lP-TS distillate jet fuel + NR NR NR NR
Stoddard solvent + NR NR NR NR
Tetralin + NR NR NR NR
Hexachloroethane + NR NR NR NR .p..
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Table 1 (contd)

Substance!chemical Protein Increased o:-2~-Globulin Cell Initiation!
~droplets o:-2~-globulin binding proliferation promotion ~
~
;::;

Dimethyl methylphosphonate + NR NR NR NR ~
~

Methyl isobutyl ketone + NR NR NR NR ~

Methyl isoamyl ketone + NR NR NR NR ~

Diisobutyl ketone + NR NR NR NR e:..
1,3,6-Tricyanohexane + NR NR NR NR

aAdapted from Appendix 1, VS Environmental Protection Agency (1991); NR, not reported
bBased on cell counts in urine
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digestibility of o:-2/l-globulin by proteases is inhibited, leading to accumulation of the male
rat-specific protein in lysosomes of the P2 segment of the nephron (Lehman-McKeeman et
al., 1990). Hyaline droplets can also be produced by injecting female rats intraperitoneally
with o:-2/l-globulin (Ridder et al., 1990). This accumulation of o:-2/l-globulin is cytotoxic and
results in single-cell necrosis. The exfoliated renal epithelium, which represents the nidus for
granular cast formation, is restored by compensatory cell proliferation.

The increase in cell proliferation is localized in the P2 segment of the nephron and to a
much lesser extent in the P3 segment (Short et al., 1986, 1987, 1989a). Increased cell
proliferation can be demonstrated readily using pulse (Short et al., 1986) or continuous
(Shart et al., 1987, 1989a; Dietrich & Swenberg, 1991a) administration of 3H-thymidine or
bromodeoxyuridine; it can be detected as early as three days after exposure to o:-2/l-globulin­
inducing agents; and it has been demonstrated to remain elevated through at least 50 weeks
of exposure (Short et al., 1989a). The extent of this increase in proliferation is dose-related,
maximum tolerated doses resulting in 5- to 12-fold greater numbers of labelIed cells (Short
et al., 1987, 1989a). Clear no-effect doses can be demonstrated (Short et al., 1986, 1987,
1989a). Of great importance is the demonstration that female rats that have been exposed
identically have no increase in cell proliferation (Short et al., 1989a). While this strongly
suggests that the increase in cell proliferation requires the presence of large amounts of
o:-2/l-globulin, arecent comparison of cell proliferation in d-limonene-exposed Fischer 344
and NBR male rats showed that the protein is absolutely required (Dietrich & Swenberg,
1991a). NBR rats are the only identified strain that does not synthesize the androgen­
dependent form of o:-2/l-globulin (Chatterjee et al., 1989). Whereas Fischer 344 rats exposed
to d-limonene exhibited a five-fold increase in cell proliferation after 5 or 30 weeks of
exposure to 150 mg/kg per day, NBR rats were unaffected (Dietrich & Swenberg, 1991a).
Both strains metabolized d-limonene to the 1,2-oxide, the nongenotoxic metabolite that
binds reversibly to o:-2/l-globulin (Watabe et al., 1980; Dietrich & Swenberg, 1991a). The
increase in cell proliferation associated with o:-2j.L-globulin nephropathy is reversible.
Following exposures of up to three weeks to 2,2,4-trimethylpentane ar unleaded gasoline,
proliferation rates returned to the controllevel within one week after cessation of exposure
(Short et al., 1989a). Longer-term exposures result in a slower return to control rates.
Morphological evidence of regenerative tubules can still be identified four weeks after
subchronic exposure ceases (HaIder et al., 1984).

This sustained increase in cell proliferation is capable of promoting spontaneously or
chemically initiated cells of the proximal tubule to form preneoplastic and neoplastic lesions
(Short et al., 1989b; Dietrich & Swenberg, 1991a). The promoting activity is totally depen­
dent on the presence of o:-2j.L-globulin. Concentration-related increases in the incidence of
preneoplastic and neoplastic renallesions were evident in male Fischer 344 rats initiated
with N-nitrosoethyl-N-hydroxyethylamine (NEHE) and promoted with unleaded gasoline or
2,2,4-trimethylpentane (Short et al., 1989b); no increase occurred in females. The promoting
activity paralleled increases in cell proliferation (Short et al., 1989a). When NBR rats were
initiated with NEHE and promoted with d-limonene, no increase in the incidence ofatypical
tubules, atypical hyperplasia or renal adenomas occurred (Dietrich & Swenberg, 1991a). In
contrast, Fischer 344 rats promoted with d-limonene developed more atypical tubules and
atypical hyperplasia, while Fischer 344 rats initiated with NEHE and promoted with
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d-limonene developed more atypical tubules, atypical hyperplasias and renal adenomas
(Dietrich & Swenberg, 1991a). Promotion of preneoplastic or neoplastic lesions occurred
only in groups that also exhibited increased cell proliferation. An important observation in
this study was the presence of occasional preneoplastic lesions in the kidneys of control rats
of both strains, as these lesions are thought to represent early forms of spontaneous kidney
tumours. The incidence of these lesions was increased by exposure to NEHE in both strains
and by exposure to d-limonene alone in Fischer 344 rats. These data strongly suggest Hiat
agents that cause ~-2J.!-globulin nephropathy induce renal tumours in male rats through
sustained increases in cell proliferation. The higher rate of cell proliferation decreases the
amount of time available to repair DNA damage, increasing the probability that mutations
will lead to spontaneously initiated renal epithelial cells and promoting donal expansion of
such cells, thereby increasing the probability of neoplasia.

Additional evidence for the sex and species specificity of this syndrome comes from
studies on levamisole. Levamisole, a drug used as an antihelminthic, in cancer chemotherapy
and in the treatment of rheumatoid arthritis in humans, causes ~-2J.!-globulin nephropathy in
male rats (Read et al., 1988). No increase in the level of urinary N-acetyl ß-glucosaminidase,
an indicator of nephrotoxicity, was seen in patients who received 150 mg levamisole per day
for 26 weeks (Dieppe et al., 1978). Levamisole has not yet been studied for carcinogenicity in
animals or humans.

Several of the chemicals that induce ~-2J.!-globulin-related kidney tumours in male rats
also cause tumours at other sites. 1,4-Dichlorobenzene, pentachloroethane, tetrachloro­
ethylene and unleaded gasoline cause hepatocellular neoplasms in mice (US National Toxi­
cology Program, 1983, 1986a, 1987a; IARe, 1989); administration of tetrachloroethylene
was also associated with an increased incidence ofleukaemia in rats (US National Toxicology
Program, 1986a). The mechanisms responsible for the induction of tumours at these sites are
not known at this time.

Not all agents that induce ~-2J.!-globulin nephropathy result in an increased incidence of
kidney tumours in male rats. In some cases, this absence of effect has been due to inadequate
length of exposure. For example, aseries of hydrocarbons was evaluated in rats exposed for
90 days and held far an additional 19 months (Bruner, 1984, 1986). None of the hydro­
carbons increased the incidence of renal tumours. When rats were exposed to hydrocarbons
for one or more years, however, tumours were induced in the kidneys ofmales. The incidence
ofrenal tumours induced by the ~-2J.!-globulin mechanism is much lower than that which can
be achieved by genotoxic renal carcinogens administered at their maximal tolerated doses.
Furthermore, the extent of mechanistic data available for different agents varies markedly
(see Table 1). Thus, while the weight of evidence supporting the sex- and species-specific
mechanism for this dass of agents is very strong, the relevance of the mechanism for the
carcinogenic activity of a specific chemical must be determined on a case-by-case basis.

Species differences in urinary proteins
Having established that the presence of ~-2J.!-globulin is mandatory für the formation of
kidney tumours in male rats following treatment with ~-2J.!-globulin nephropathy-inducing
agents, the question arises whether extrapolation üf such data on carcinogenicity to other
species, induding humans, is warranted. Most compounds that are carcinogenic in animals
are generally assumed to pose some risk to humans. In the case of ~-2J.!-globulinnephro-
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pathy-inducing agents, the carcinogenic mechanism is dearly associated with the presence of
a specific urinary protein (~-2j.!-globulin)not found in humans or any other species. Several
proteins that share some amino acid sequences with ~-2j.!-globulin have been identified in
the serum and urine of various species, induding humans (Pervaiz & Brew, 1987;
Akerstroem et al., 1987; Pevsner et al., 1988), and the presence of such partially homologous
proteins in humans raised concern that these low-molecular-weight proteins might interact
with ~-2j.!-globulin nephropathy-inducing agents, thus putting into question the specificity of
~-2j.!-globulinnephropathy for male rats. Assuming that a homologous protein binds the
aforementioned chemicals reversibly, the protein must be excreted into the plasma in large
amounts, freely filtered by the glomerulus, readily reabsorbed into the proximal tubules and
catabolized in the lysosomes of the proximal tubule epithelial cells at a slower rate than
normal after binding one of the chemicals in order to induce lesions similar to those of
~-2j.!-globulinnephropathy. On the basis of the estimated daily average production of urine
and the average body weights of rats and humans, Olson et al. (1990) showed that rats excrete
approximately 90 times more total protein than humans. Of the total protein excreted, the
predominant fraction in rats consisted of low-molecular-weight proteins (18 kDa), whereas a
predominance of high-molecular-weight proteins (66 kDa) was found in humans. The small
amount of low-molecular-weight protein excreted by male humans was identified as ~racid
glycoprotein, ~l-j.!-globulin, myoglobin and ß2-j.!-globulin. Of these four proteins, only
~racid glycoprotein and ~l-j.!-globulin share amino acid sequences with ~-2j.!-globulin

(Akerstroem et al., 1987; Pervaiz & Brew, 1987; Pevsner et al., 1988). ~rAcid glycoprotein
and ~l-j.!-globulin are synthesized in the livers of rats and humans (Ricca & Taylor, 1981;
Akerstroem & Landin, 1985; Gross et al., 1987, 1988) and have been purified from the urine
of rats and humans, as weil as from the urine of rabbits and guinea-pigs in the case of
~l-j.!-globulin(Akerstroem et al., 1987; Pevsner et al., 1988; Olson et al., 1990); they can thus
be compared directly with ~-2j.!-globulin.

If ~l-acid glycoprotein and ~rj.!-globulin reversibly bind ~-2j.!-globulin nephropathy­
inducing chemicals and/or their metabolites with the same affinity as ~-2j.!-globulin, one
would expect that female rats, male NBR rats, rabbits and guinea-pigs would also develop
renal disease following treatment with these chemicals. Male NBR rats, female rats and
guinea-pigs, however, do not accumulate protein in the renal cortex following treatment with
~-2j.!-globulin nephropathy-inducing agents and are thus refractory to this disease
(MacEwen & Vernot, 1978; Gaworski et al., 1980, 1981; AIden, 1986; Swenberg et al. , 1989;
Ridder et al., 1990; Dietrich & Swenberg, 1991a,b). In addition, mice, which excrete com­
parable amounts of the low-molecular-weight mouse urinary protein with the dosest amino
acid sequence homology to ~-2j.!-globulin(approximately 90%; Borghoffet al., 1990), do not
develop the protein-related nephropathy or renal tumours following chronic exposure to
d-limonene and other ~-2j.!-globulinnephropathy-inducing agents (US National Toxicology
Program, 1983, 1986a,b, 1987a,b; Short et al., 1989b; US National Toxicology Program,
1990).

Recently, a sex-linked human protein of similar size was identified in urine from patients
with renal disease (Bernard et al., 1989, 1990); it was named urine protein 1 and has been
called the human equivalent of ~-2j.!-globulin(Bernard et al., 1989). This reference has led to
considerable confusion and miscitation. Jackson and Turner (1988) purified and partially

••
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sequenced human urine protein 1 and determined that it is related to rabbit uteroglobin, not
0:-211-globulin. Urine protein 1 does not bind d-limonene-1,2-oxide or 2,4,4-trimethyl-2­
pentanol, metabolites of chemicals that bind to 0:-211-globulin. It is also present in human
urine at concentrations four to five orders of magnitude lower than that of 0:-211-globulin in
male rat urine (US Environmental Protection Agency, 1991).

Epidemiology
No systematic epidemiological study has been carried out on nephropathy in populations
with elevated exposures to industrial chemicals that are known to induce binding to 0:-211­
globulin. The only human situations studied in which exposure to these chemicals occurs are
associated with gasoline. On the basis of the six available studies, an IARC working group
classified the human evidence for the carcinogenicity of gasoline as 'inadequate' (IARC,
1989).

An important limitation of most of the epidemiological studies of renal cancer and
exposure to gasoline is that exposures to hydrocarbon were not assessed quantitatively. In
many of the studies, exposure assessment did not go beyond ascertaining that an individual
had been employed by a petroleum company or in a refinery. An additional complication of
judging the relevance of these studies to the 0:-211-g1obulin mechanism is that the exposures
are to complex mixtures. Two of the studies (McLaughlin, 1984; Siemiatycki el al., 1987)
indicate small increases in relative risk for kidney cancer in subgroups potentially exposed to
gasoline. A recently published study (Partanen el al., 1991) found an elevated risk and an
exposure-response relationship between kidney cancer and exposure to gasoline. These
studies are summarized below.

McLaughlin (1984) found an elevated odds ratio (OR) for occupational exposure to
'petroleum, tar, and pitch products' (OR, 1.7; 95% confidence interval [CI], 1.0-2.9) in men,
after adjusting for the confounding factors of age and cigarette smoking. In a subsequent,
more detailed analysis of this grouping (McLaughlin el al., 1985), no overall association
(OR, 1.0; 95% CI, 0.7-1.4) was observed between renal-cell cancer and employment in a
range of occupations with potential exposure to petroleum products. In a trend analysis, a
slight risk among service station attendants was associated with duration of employment
(OR, 1.2; 95% Cl, 0.6-2.3). The most consistent finding in these studies (McLaughlin el al.,
1983; McLaughlin & Schuman, 1983; McLaughlin, 1984) was an association with cigarette
smoking.

Siemiatycki el al. (1987) conducted a population-based case-referent study in Montreal
on associations between cancer and estimated exposure to 300 chemical materials, of which
12 were petroleum-derived liquids. These mixtures included automotive and aviation gaso­
lines and distillate jet fue!. No statistically significant risk for renal cancer was found with
exposure to automotive gasoline (OR, 1.2; 90% CI, 0.8-1.6). Statistically significant in­
creases were noted, however, at the 90% confidence level with exposure to aviation gasoline
(OR, 2.6; 90% CI, 1.2-5.8) or to jet fuel (OR, 2.5; 90% CI, 1.1-5.4). Aviation gasoline differs
in composition from its automotive counterpart by a high content of alkylate naphthas,
constituted mainly of branched alkanes (Siemiatycki el al., 1987). Six of the seven cases with
exposure to aviation gasoline had also had exposure to jet fuel, making it difficult to
distinguish a unique exposure. In-depth analyses of the two associations using logistic
regression methods indicated, however, a greater role for aviation gasoline than for jet fue!.
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Partanen et al. (1991) reviewed 672 cases of renal-cell adenoma for a case-control study.
Owing to poor participation, only 338 sets of cases and contrals were ultimately included for
analysis-thereby limiting the interpretability of the findings. The investigators collected
life-long job histories and translated them into indicators of industry, occupation and
estimated occupational exposure. An elevated risk for kidney cancer was found to be asso­
ciated with a history of employrnent in 'white-collar' occupations; the printing industry; the
chemical industry; the manufacture of metal praducts, mail, telephone and telegraph
services; and iran and metal work. An elevated risk (OR, 1.2; 95% CI, 0.6-2.5) was asso­
ciated with exposure to gasoline, and an exposure-response relationship was observed for in­
creasing exposure to gasoline. A potential confounder, discussed in the paper, is the fact that
the gasoline used in Finland, especially in the past, contained tetraethyllead. Exposure to
lead was associated with an increased risk for kidney cancer (OR, 2.9; 95% CI, 0.5-16.1). In
addition, the sparsity of the estimates of exposure to gasoline meant that the investigators
had to develop arbitrary exposure categories, which may have maximized the dose-response
relationship.

Wong and Raabe (1989) conducted a quantitative meta-analysis by cancer site of em­
ployees in the petroleum industry in the USA, Canada, Europe, Australia and Japan,
critically reviewing almost 100 published and unpublished epidemiological reports. Standar­
dized mortality ratios observed for kidney cancer in the industry as a whole were similar to
those for the general population. The results from the studies of refineries ranged from
nonsignificant deficits to nonsignificant excesses; however, the possibility of an elevated risk
for kidney cancer was raised for one specific group within the industry. Drivers among distri­
bution workers in the United Kingdom had excess mortality from kidney cancer that is of
borderline significance. The authors concluded that additional data, particularly on exposure
to downstream gasoline, are needed to resolve the issue. Thus, while small risks cannot be
excluded on the basis of specific job categories, the association between human kidney
cancer and quantitative exposure to petroleum distillates, if there is one, must be small.
Reviews by IARC (1989) and the US Environmental Protection Agency (1991) have come to
similar conclusions.

In summary, a detailed understanding of the mechanisms involved in 0!-2~-globulin

nephropathy and renal carcinogenesis has been provided by investigations of several
chemicals in various animal, biochemical and molecular modelling systems. All of the data
are consistent with the hypothesis that reversible binding of chemicals or their metabolites to
this abundant, male rat-specific protein is causally related to the induction of disease. No
pathological or epidemiological data are available to suggest that humans are susceptible to
a similar disease process. The equivocal data on human renal cancer and exposure to petro­
leum distillates do not address the hypothesis, since a causal association is doubtful and the
exposures were to complex mixtures containing hundreds of chemicals. Our present under­
standing of this disease process strongly suggests that it is unlikely that nongenotoxic
chemicals that have been shown to only induce renal tumours in male rats via this mechanism
pose a carcinogenic risk to humans.
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Role ofcarcinogens and goitrogens in the pathogenesis ofthyroidgland neoplasia in
rodents

Altered thyroid gland function and thyroid neoplasia

A basic understanding of the mechanisms of chemical induction of thyroid neoplasia was
obtained during experimentation in the 1940s and 1950s. Two basic mechanisms were
recognized, one of which was that of chemieals that exert a direct carcinogenic effect on the
thyroid gland. Thyroid tumours have been produced by a variety of directly acting carci­
nogenie substances, such as polycyclic hydrocarbons (Esmarch, 1942; Gnatyshak, 1957),
2-acetylaminofluorene (Cox et al., 1947), dichlorobenzidine (Pliss, 1959) and a variety of
nitrosamines.

The second basic mechanism for the production of thyroid tumours is hormone im­
balance. Kennedy and Purves (1941) found thyroid adenomas in rats fed a diet containing
Brassica seeds, a naturally occurring goitrogen. Numerous studies have demonstrated that
treatment with a variety of antithyroid substances (thiourea, thiouracil and their derivatives,
and 3-amino-l ,2,4-triazole) induces a high incidence of thyroid tumours in rats (Napalkov,
1976). Other substances that exert antithyroid effects in rats, such as some sulfonamides, also
produce thyroid tumours (Swarm et al., 1973). A1though certain substances that produce
hormonal imbalance, such as the polycyclic hydrocarbons, mayaIso exert a direct carcino­
genie effect, it is weil established that hormone imbalance alone can increase the incidence of
thyroid tumours in rodents and that many antithyroid (goitrogenie) substances known to
cause thyroid cancer by hormonal imbalance have no direct carcinogenic effect.

A consistent mechanism, widely accepted by many investigators, to explain the patho­
genesis of thyroid tumours in rats treated with antithyroid drugs has been described (Furth,
1959, 1969). Antithyroid drugs initially produce hormonal imbalance by interfering with
thyroid hormone production or metabolism. A sustained increase in the synthesis and
secretion of TSH occurs via the negative feedback system of the pituitary gland to stimulate
thyroid function. TSH stimulation produces a variety of changes in the follicular cell and its
function, including hypertrophy, hyperplasia and uItimately neoplasia. A sustained excessive
level of TSH is considered to be the pathogenic factor responsible for thyroid tumour pro­
duction under these conditions.

The fact that excessive secretion of endogenous TSH alone (in the absence of any
chemical treatment) produces a high incidence of thyroid tumours has been clearly esta­
blished by several experiments in which rats were fed diets deficient in iodine (Bielschowsky,
1953; Axelrad & Leblond, 1955; Leblond et al., 1957; Isler et al., 1958) or in which TSH­
secreting pituitary tumours were transplanted into mice with normal thyroids (Furth, 1954).
In rats, iodine-deficient diets are goitrogenic. Iodine-deficient diets induce simple hypo­
thyroidism, thereby increasing TSH secretion and uItimately resulting in high incidences of
thyroid tumours in rats. These effects can be reversed by iodine supplementation, thyroid
hormone replacement or hypophysectomy. Goitrogenie substances or regimens are also
powerful promoters of thyroid gland neoplasia after administration of directly acting carci­
nogenic substances (Bielschowsky, 1944; Morris, 1955; Hiasa et al., 1982a). Under these
conditions, pituitary tumours mayaIso be observed, due to overstimulation of the pituitary
thyrotropes.
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Species differences in thyroid gland biochemistry and physiology

There are marked species differences in thyroid gland physiology that must be taken into
account in an evaluation of species differences in the induction of thyroid gland neoplasia
secondary to hormone imbalance. The most obvious difference between rodents and
primates is that rodents, and some other species, lack thyroid-binding globulin (Dohler et al.,
1979). Thyroid-binding globulin is the predominant plasma protein that binds and transports
thyroid hormone in the blood. Thyroxine (T4) binds to three plasma proteins, thyroid­
binding globulin, pre-albumin and albumin, with binding constants of 10-1°, 10-7 and 10-5,

respectively (Robbins & Rall, 1979). The lack of thyroid-binding globulin in the rodent, in
which albumin and pre-albumin have three and five orders of magnitude less binding affinity
for thyroxine, may be one of the more important factors responsible for the species diffe­
rences in thyroid gland function.

The half-life ofT4is 12 h in rats and five to nine days in humans, and the serum TSH level
is 25 times higher in rodents than in man (Dohler et al., 1979). The rodent thyroid gland thus
has much higher activity than that of the primate, a conclusion that is also supported by the
histological appearance of the thyroid gland. In primates, the follicles are uniformly large,
with abundant colloid surrounded by relatively flattened follicular epithelial cells. In
contrast, the rodent thyroid has large follicles only in the periphery of the gland, the interior
of which is comprised of comparatively small follicles with small amounts of colloid
surrounded by a more cuboidal follicular epithelium. If rats are given exogenous thyroid
hormone, the follicles accumulate colloid and increase in size, and the epithelial cells assume
a more flattened appearance. Both the physiological parameters and the histological
appearance indicate that the rodent thyroid gland is markedly more active and operates at a
considerably higher level with respect to thyroid hormone turnover as compared to the
primate. It is important to note that many quantitative parameters of the rodent differ from
those of the primate by orders of magnitude.

The incidence of 'spontaneous' thyroid gland neoplasia is also markedly different. The
Fischer 344 male rat has about a 2% incidence of thyroid follicular cell neoplasia (0.8%
carcinoma and 1% adenoma) (Haseman et al., 1984), as compared to an average incidence
of approximately 0.004% carcinoma, with a range ofO.001-0.016%, in humans (Sokai, 1953;
Ron & Modan, 1982). The prevalence of occult thyroid carcinoma in humans at autopsy has
been high in some studies; all or most of these were papillary carcinomas, a form rarely
observed in rats (Ron & Modan, 1982).

The relative susceptibility of rodents and humans to thyroid neoplasia secondary to
hormone imbalance or simple hypothyroidism can be assessed by comparing humans in
iodine-deficient areas of endemic goitre to rats in the same areas or to rats treated with
iodine-deficient diets. Over the years, there has been a slight, disputed association between
endemic goitre and thyroid cancer in humans; however, endemic goitre has affected millions
of individuals and, although relatively extensive epidemiological studies have been con­
ducted, a c1ear etiological role in thyroid gland neoplasia has never been established (Saxen
& Saxen, 1954; Pendergrast et al., 1961; Doniach, 1970). In contrast, rodents in areas of
endemic goitre (Wegelin, 1928) or those treated with iodine-deficient diets (Hellwig, 1935;
Bielschowsky, 1953; Axelrad & Leblond, 1955; Leblond etai., 1957; Isleretal., 1958) exhibit
a high incidence of thyroid gland neoplasia.
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The marked species differences between rodents and primates in thyroid gland physio­
logy, in the spontaneous incidences of thyroid gland neoplasia and in the apparent suscepti­
bility to neoplasia secondary to simple hypothyroidism support the conclusion that thyroid
gland neoplasia secondary to hormone imbalance is species specific. Rodents have an in­
creased incidence of thyroid gland neoplasia in the presence of mild to moderate increases in
TSH and may, in fact, be above an 'apparent threshold' for TSH-mediated neoplasia. In
contrast, no clear etiological role for hypothyroidism has been established in human thyroid
cancer, even though chronic hypothyroidism, in the moderate to severe range, occurs in
people living in areas of endemic goitre (Doniach, 1970). Thus, it appears that the contri­
bution of endemic goitre to human thyroid cancer is small at most.

Mechanisms for altered thyroid function

The functional unit of the thyroid gland is the follicle, which consists of a single layer of
follicular epithelium surrounding an area of colloid, the storage form of thyroid hormone.
The thyroid gland is unique among the endocrine glands in that hormone synthesis and
storage are essentially extracellular processes, which occur at the apical surface of the cell
membrane. Thyroid hormone synthesis involves active transport of iodine, peroxidase­
mediated iodination and coupling of tyrosine residues on thyroglobulin to form thyroid
hormone, which is stored as colloid until released (Degroot & Niepomniszcze, 1977;
Elkholm, 1981).

The follicle and the follicular cell are highly organized, polarized structures. Thyroid
hormone synthesis involves reactive biochemistry, and the organization of its structure and
function serves to protect the cell from accidental iodination and eytotoxicity from oxidation
products. The thyroid peroxidases appear to be active only at the apical surface of the cell
membrane.

Thyroid hormone release involves pinocytosis of colloid by microvilli and digestion by
lysosomes to release T4 and T3, which are secreted into plasma and bound to plasma proteins
for transport to peripheral tissues. The most important aspect of the metabolism of thyroid
hormone is monodeiodination to form T3, the physiologically active form of thyroid hor­
mone. The metabolism and excretion of thyroid hormone involve both T3and T4. While T4 is
metabolized by glucoronidation, T3is predominantly sulfated. Both T3 and T4 are excreted in
urine and bile (Robbins, 1981).

Thyroid hormone synthesis, release, transport and cellular uptake, conversion ofT4 to T3,
hormone metabolism and the regulation of these processes by the hypothalamic-pituitary­
thyroid axis and autoregulatory processes in the thyroid gland itself is a complex process and
provides many points at which chemicals can interfere with thyroid gland function. Regard­
less of the mechanism involved, the response to hypothyroidism is similar. The pituitary
releases TSH as a compensatory response to stimulate the thyroid to produce more hor­
mone. Chronic stimulation of the thyroid gland by TSH in rodents leads to a progression of
follicular cell hypertrophy, hyperplasia and eventually neoplasia (Furth, 1959, 1969). Chemi­
cals can intercede either intra- or extrathyroidally, or both. Intrathyroidal mechanisms can
involve iodine uptake or hormone synthesis, and extrathyroidal mechanisms can involve
effects on hormone metabolism or disposition. A few examples are discussed below.
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Intrathyroidal mechanisms

Two classes of chemicals known to inhibit thyroid hormone synthesis are the thiourelyenes
(thiourea, propylthiouracil, methimidazole) and the sulfonamides (sulfadiazine, sulfa­
methazine). The thiourelynes are considerably more potent in inhibiting thyroid hormone
synthesis than the sulfonamides; however, sufficiently high doses of many sulfonamides are
goitrogenic in rodents (Mackenzie et al. , 1941; Mackenzie & Mackenzie, 1943; Swarm etai.,
1973; Takayama et al., 1986). Although the goitrogenicity of the sulfonamides has been
known since 1941, only a few have been tested for carcinogenicity. Sulfamethoxazole at a
dose of50 mg/kg per day or more is goitrogenic and produced thyroid neoplasia in rats within
50 weeks of treatment. Sulfamethazine produced goitrogenic effects and thyroid neoplasia in
rats at doses of 600 ppm or more and in mice at a dose of 4800 ppm (Heath & Littlefield,
1984; Fullerton & Kushmaul, 1987; Littlefield et al., 1989, 1990). Sulfisoxazole, which is only
weakly goitrogenic in rodents, did not produce thyroid gland neoplasia at doses up to 400
mg/kg per day in rats or at 2000 mg/kg per day in mice treated for two years (US National
Cancer Institute, 1979). The various sulfonamides that have been tested have no apparent
genotoxic effect, and the thyroid gland neoplasia observed after administration of goitro­
genic dosages is considered to be secondary to hormonal imbalance.

While some species (including rats, mice, hamsters, dogs and swine) are sensitive to the
goitrogenic effect of the sulfonamides, others, including chickens, guinea-pigs and monkeys,
are not (Mackenzie & Mackenzie, 1943; Swarm et al., 1973; Takayama et al., 1986). No effect
on thyroid function or morphology was observed in rhesus monkeys treated with sulfa­
methoxazole (Swarm et al., 1973) for one year at doses up to 300 mg/kg per day or in cyno­
molgus monkeys treated for four weeks with sulfamonomethoxine (Takayama et al. , 1986) at
doses up to 300 mg/kg per day. In humans, no clinically significant effect on thyroid function
has been observed with sulfonamides given at therapeutic dose levels (Koch-Weser et al.,
1971). Although Cohen (1981) observed a small decrease in serum thyroid hormone values
in patients treated with sulfamethoxazole or cotrimoxazole, no increase in TSH was
observed. In addition, no abnormality of thyroid function was observed in a group of young
patients receiving chronic treatment with cotrimoxazole (Smellie et al., 1982, 1983).

Takayama and co-workers (1986) studied the species difference between rats and
monkeys using propyl thiouracil and sulfamonomethoxine. The effect of these compounds on
thyroid gland function (in viva) and their ability to inhibit thyroid gland peroxidase from rats
and monkeys (in vitra) were assessed. Rats treated with either compound had decreased T3
and T4 values and markedly elevated TSH values, accompanied by follicular-cell hyperplasia
and increased thyroid gland weight at doses of30 or 300 mg/kgper day. In contrast, no effect
on thyroid function or morphology was observed in monkeys receiving 300 mg/kg per day of
either compound.

In vitra there was a marked difference in the inhibition of microsomal thyroid peroxidase
by sulfamonomethoxine, depending on the source of the enzyme; the concentration (ICso)
required to inhibit monkey thyroid peroxidase was approximately 450 times greater than that
required to inhibit thyroid peroxidase from rats. The ICso of propylthiouracil required to
inhibit monkey thyroid peroxidase was approximately 50 times greater than for the rat,
indicating a quantitative difference between rats and monkeys for inhibition of thyroid
function by propylthiouracil both in viva and in vitra. With respect to the sulfonamide, the
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difference is sufficiently great that it can be considered to be a qualitative species difference
in antithyroid activity between rats and monkeys. The marked difference in inhibition of
thyroid peroxidase by sulfonamide between rats and monkeys constitutes the biochemical
basis for the observed species differences in the goitrogenic effects of sulfonamides. It
explains why the sulfonamides are goitrogenic in rats at relatively low doses but do not
produce effects in monkeys at very high doses or in humans at therapeutic doses.

Extrathyroidal mechanisms
Conversion of T4 into the more active hormone triiodothyronine (T3) occurs in many peri­
pheral tissues and is mediated by a microsomal 5'-monodeiodinase which removes one
iodine at the 5' position in thyroxine (Robbins, 1981).

Various iodinated organic compounds, such as tetraiodofluoresceine (Ruiz & Ingbar,
1982), amiodarone (Burger et al., 1976) and iodinated radio-contrast media (Burgi et al.,
1976) inhibit 5'-monodeiodinase and thus disrupt the conversion ofT4 to T3. The decrease in
serum T3 values results in a compensatory increase in pituitary TSH. Prolonged treatment
with tetraiodofluoresceine at very high doses results in a moderate increase in thyroid
follicular neoplasia in rodents. Propylthiouracil and methimidazole not only inhibit thyroid
peroxidase but also inhibit the monodeiodinases.

Chemicals acting on various aspects of thyroid hormone metabolism have an important
impact on thyroid hormone economy in the rodent (Cavalieri & Pitt-Rivers, 1981). The
monodeiodinases are quantitatively the most important path in the disposition of T4. In
addition, T4 is glucuronidated and T3 is sulfated and subsequently excreted in bile. Deami­
nation, decarboxylation and c1eavage of the ether link occur but are of quantitatively lesser
importance (Robbins, 1981). Many chemicals are hepatic microsomal enzyme inducers at
high doses and alter thyroid function in rodents by increasing the hepatic disposition of
thyroid hormone (Oppenheimer et al., 1968; Hili et al., 1989). Decreased serum thyroid
hormone results in a compensatory increase in pituitary TSH, which can exert a tumour
promoting effect in initiation-promotion models (Hiasa et al., 1982b) or an increase in
thyroid gland neoplasia in two-year carcinogenicity studies (McClain, 1989). The finding that
small amounts of T4 block the tumour promoting effect of microsomal enzyme inducers such
as phenobarbital supports the conclusion that this effect is secondary to hormone imbalance
as a result of increased hepatic disposition ofT4 as opposed to a direct tumour promoting or
carcinogenic effect in the thyroid gland (McClain et al., 1988; McClain, 1989; McClain et al.,
1989).

Of the chemicals mentioned above, tetraiodofluoresceine produced only mild effects on
thyroid function in humans at very large multiples of the allowable daily intake (Gardner
et al., 1987). Chronic exposure to anticonvulsant drugs, many of which induce enzymes at
therapeutic doses, results in only mild changes in thyroid function (moderately decreased T4

with normal T3 and TSH values and anormal TSH response to administered thyrotropin
releasing hormone) (Ohnhaus & Studer, 1983). These changes are not clinically significant.

AIthough neither inhibition of the monodeiodinase nor induction of thyroid hormone
disposition following chemical exposure represents a species-specific effect, these responses
must be considered in the context of the degree of hypothyroidism, if any, that is produced
under the exposure conditions and of the likelihood that mild or moderate simple
hypothyroidism presents an increased risk for thyroid neoplasia in humans.
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Extrapolation
Chemicals can alter thyroid function and result in hypothyroidism through a variety ofintra­
and extrathyroidal mechanisms. Many of these chemicals cause thyroid hormone imbalance
and neoplasia in rodents in two-year carcinogenicity studies. Chemicals that produce thyroid
neoplasia in rodents secondary to simple hypothyroidism can be considered to be species
specific, in that simple hypothyroidism in humans is not a known etiological factor for thyroid
cancer. The degree ofhypothyroidism that results from exposure to a chemical would present
a major toxicological problem before the exposure entails an increased risk for neoplasia.

Because of marked species differences in thyroid gland physiology and apparent suscepti­
bility to hypothyroidism, the rodent is an inappropriate model from which to extrapolate
cancer risk to man for chemicals that operate secondary to hormone imbalance. Rodents
are, however, very sensitive to the action of 'directly acting carcinogens'. Even in this case, all
other factors being equal, the rodent model is likely to be conservative and to provide
overestimates of risks for species wi th different thyroid gland function because of the strong
promoting effect of high levels of TSH.

Urinary bladder carcinogenesis
Urinary bladder carcinogenesis has been associated with chemicals since the report by Rehn
in 1895 of bladder cancer in workers in the German dye industry (Clayson & Cooper, 1970;
Price, 1971). Several specific chemicals and mixtures have been identified as human bladder
carcinogens, including cigarette smoke, 2-naphthylamine, benzidine, 4-aminobiphenyl,
phenacetin, chlornaphazine and cyclophosphamide (Clayson & Cooper, 1970; Cohen et al.,
1987). In addition, urinary bladder carcinogens have been established in animal models.
Similarities and differences in susceptibility and organ specificity have been identified
between species (Cohen et al., 1987; Cohen, 1981).

Urinary bladder carcinogens can be subdivided into those that act via a genotoxic mecha­
nism (including all of those known to affect humans) and those that act by increasing cell
proliferation over time, or by both processes (Cohen & Ellwein, 1990). Ithas become evident
that increased cell proliferation also contributes to the carcinogenicity of genotoxic bladder
carcinogens in susceptible species, including humans (Auerbach & Garfinkei, 1989; Cohen
& Ellwein, 1990).

The most extensively studied urinary bladder carcinogens are the class of aromatic
amines and amides, several ofwhich are known human urinary tract carcinogens (Clayson &
Cooper, 1970; Cohen, 1981). They are metabolically activated by several enzymes, resulting
in some variation in organ specificity between species (Cohen, 1981; Dawley et al. , 1991).
Considerable evidence indicates that, for humans, it is the amine that is involved in the
induction of bladder cancer rather than the amide, and differences in ability to acetylate
and/or deacetylate these compounds greatly influence whether the chemical affects the
bladder in a given species (Cartwright et al., 1982). Several genotoxic chemicals have been
identified as urinary bladder-specific carcinogens in animal models, including nitrofurans,
such as N-[4-(5-nitro-2-furyl)-2-thiazolyl]formamide, and nitroso compounds, such as N­
nitrosobutyl-N-(4-hydroxybutyl)amine (Clayson & Cooper, 1970; Cohen et al., 1987). There
is little difference in the organ specificity of these compounds between rats, mice and dogs,
although there are some differences in potency and strain responsiveness.
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In summary, genotoxic urinary bladder carcinogens have strikingly similar effects among
species. The differences that exist can be partially explained by differences in metabolic
activation and detoxication. Strain differences can occur secondary to metabolic differences,
even among humans. For example, the carcinogenicity of aromatic amines is different in
people who are fast acetylators and in those who are slow acetylators (Cartwright et al.,
1982).

Nongenotoxic bladder carcinogenesis
The differences between species in response to nongenotoxic chemicals that affect the
urinary bladder are considerably greater than that in response to genotoxic chemicals. A
common feature of nongenotoxic bladder carcinogens is their ability to produce sustained
increases in cell proliferation of the urothelium, with a corresponding influence on the dose­
response curve. They appear to induce bladder cancer only at high doses (Cohen & Ellwein,
1990).

Marked increases in urothelial proliferation in rats and mice can be brought about by
inserting pellets of a variety of materials, including paraffin wax, cholesterol, glass and
stainless-steel, into the lumen of the bladder (Clayson & Cooper, 1970; Price, 1971; Cohen et
al., 1987). This produces erosion and ulceration of the bladder epithelium, with consequent
marked regenerative hyperplasia and eventually the formation of urinary bladder carci­
nomas. Variations in the roughness of the surface of these pellets alters the rate at which
proliferation and tumours occur, but with any of these pellets tumours ultimately occur at a
significant level of incidence.

Calculi are equivalents of pellets which can be genera ted by the administration of a
variety of chemieals to various species (Clayson & Cooper, 1970; Clayson, 1974; Cohen,
1981). These chemieals have been studied most extensively in rats and mice and less
frequently in guinea-pigs and rabbits. The production of bladder tumours following calculus
formation has been reported only in rats and mice, and the responsiveness of the urothelium
in the different species varies considerably. For example, administration of uracil as 3% of
the diet to rats produces diffuse papillomatosis, with the appearance of carcinomas within 30
weeks ofadministration. Mice also respond to this level ofuracil, with calculus formation but
with nodular rather than papillary hyperplasia and with a longer time required for the
generation of malignancies (Sakata et al., 1988). Rats also appear to be more susceptible to
the proliferative and tumorigenie effects of implanted pellets (Clayson & Cooper, 1970;
Price, 1971). A response similar to that to uracil is seen in rats following the administration of
melamine, which at high doses leads to the formation of melamine calculi, diffuse hyper­
plasia and eventually carcinomas (Melnick et al., 1984). In mice, although formation of cal­
culi and significant hyperplasia occur, tumours do not appear to form at significant inci­
dences. Numerous other substances have been reported to produce calculi of various types
when administered orally to rats or mice, including oxalates, ethylene glycol and arotic acid.
If calculi persist and the animals survive long enough, bladder tumours arise (Clayson &
Cooper, 1970; Price, 1971; Clayson, 1974). Again, for many of these chemicals, rats would
appear to be more susceptible than mice.

The susceptibility of other species, including humans, to tumour formation after calculi is
not weIl understood. In humans, there is !ittle evidence to suggest that calculus formation
leads to an increased incidence of bladder tumours, although there are case reports of
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bladder tumours arising in patients with long-standing calculi (Clayson, 1974; Matanoski &
Elliott, 1981). The usual type of bladder tumour that arises in humans is transitional-cell
carcinoma, but the most frequent tumours reported in patients with long-standing calculi are
squamous-cell carcinomas. This is also true for patients with other forms of chronic
inflammation, such as schistosomiasis (El-Bolkainy, 1983). In aII ofthese circumstances, the
chronic inflammatory process involves persistent epithelial necrosis and regeneration
(Cohen et al. , 1991).

Several chemicals appear to produce increased cell proliferation rather than calculus
formation, at least in rats, by the formation of a variety of microcrystals (Cohen & Ellwein,
1990; Ellwein & Cohen, 1990). Representative of this class of compounds is sodium
saccharin: Administration of sodium saccharin appears to result in the formation of silicate
crystals and precipitates which are cytotoxic to the urothelium, resulting in regenerative
hyperplasia and ultimately bladder tumour formation. For these silicates to form, several
factors are required, including a urinary pH greater than 6.5 and large amounts of protein;
increased sodium concentration increases the likelihood of their formation. Rats, parti­
cularly males, have large amounts of protein and particularly low-molecular-weight proteins
such as <Y-2)l-globulin. Binding of the saccharin anion to these proteins seems to produce the
necessary milieu for generation of the silicate precipitates and crystals, which appear to be
necessary for the carcinogenicity of sodium saccharin.

Several other sodium salts have been identified that produce increased cell proliferation
and bladder tumour formation in male rats, although their relationship to silicate formation
has not yet been investigated (Cohen & Ellwein, 1990; Ellwein & Cohen, 1990). These
include the sodium salts of ascorbate, erythorbate, citrate, glutamate, aspartate, bicarbonate
and chloride. For those compounds that have been studied in detail, male rats are more
susceptible than females, and mice, hamsters and monkeys appear to be refractory to their
effects. Humans also appear to be unresponsive to the effects of sodium saccharin on
urothelial proliferation or bladder tumour formation (Auerbach & Garfinkel, 1989). The
resistant species do not appear to have the necessary physiological responses to sodium
saccharin, even at high doses, to produce persistent cell proliferation or tumours.

A variety ofother chemicals has been demonstrated to increase urothelial proliferation in
specific species and to enhance bladder tumour formation (Cohen et al., 1987; Ellwein &
Cohen, 1990). Many of these compounds are antioxidants, including butylated hydroxy­
anisoie, butylated hydroxytoluene and ethoxyquin, in addition to ascorbate. These anti­
oxidants increase urothelial proliferation in male rats, but their mechanism of action is
unknown. In the few instances in which they have been studied, mice again appear to be
resistant to their effects. It is unknown what their effects are in humans, although there has
been no reported instance of an effect of any of these antioxidants on the urothelium.

Nitrilotriacetate is a strong chelating agent for a variety of metals, including zinc
(Anderson et al., 1985). Ifadministered at high doses to rats, it has several toxic effects in the
urinary tract and eventually forms renal and urothelial carcinomas, but only at high doses
and, so far, only in rats. Although not studied as extensively, it does not appear to have
carcinogenic effects in mice.

In summary, the interspecies variation in response to a variety of nongenotoxic
compounds is considerably greater than that for genotoxic urinary bladder carcinogens. This
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is probably related to the large differences in physiological responses to these chemieals as
weIl as in the responses to inflammatory and cell proliferative effects on the bladder
epithelium. It would appear that mice and humans are much less susceptible than rats to the
effects of such compounds, and, even in rats, very high doses are required, with an apparent
threshold (Cohen & Ellwein, 1990).

In extrapolating the results of bioassays in animals to humans, it is essential to take into
account metabolie, physiological and cell biological differences between the test species and
humans. Many chemieals that are genotoxic carcinogens in animals appear to present a signi­
ficance risk to humans; however, many nongenotoxic compounds, whether because of the
mechanism involved or the dose-responsiveness, have not been associated with a risk to
humans, in contrast to the findings in rats and/or mice (Cohen & Ellwein, 1990).

Conclusions
Three of the best-studied examples of species-specific mechanisms for carcinogenicity have
been reviewed in some detail. All three involve a common etiological factor, i.e., a sustained
increase in cell proliferation; however, the mechanism(s) by which the sustained increase in
cell proliferation is induced varies from one organ to the next. For kidney tumours and
bladder tumours, the increased cell proliferation is a result of site-specific cytotoxicity and
the associated compensatory regenerative response; however, in the thyroid, the increased
follicular cell proliferation is a response to hormonal imbalance. The existence of species­
and sex-specific physiological and metabolie differences in rats (kidney, bladder and thyroid)
and mice (thyroid), which are not present in humans, predisposes these animals to the
development of kidney, bladder and thyroid tumours following chemical exposures.

The involvement of increased cell proliferation in the etiology of these tumours, does not,
however, imply that all compounds that cause increased cell proliferation are species
specific, nor does it imply that all agents that cause increased cell proliferation are carci­
nogens. Many additional examples of species-specific mechanisms of carcinogenesis could
be cited, including prolactin-induced mammary tumours in rats, murine ovarian tumours
following ovarian atrophy, and forestomach tumours induced by butylated hydroxyanisole in
rodents. While for only a small number of chemieals are adequate data on mechanisms
available at present that could be used for classification, modern research offers exciting
possibilities for improved understanding of the mechanisms responsible for chemical
carcinogenesis. It is important to note that human risk can be estimated accurately only by a
thorough understanding of the mechanisms involved in the etiology of tumours. Incorpo­
ration of mechanistic data into evaluations of carcinogens will permit greater accuracy in
estimations of human risk and will thereby ultimately lead to greater improvements in human
health.
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