Published on 23 January 2018. Downloaded by RSC Internal on 7/2/2018 4:21:34 PM.

Toxicology Research

ROYAL SOCIETY

OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Toxicol. Res., 2018, 7, 565

Received 2nd November 2017,
Accepted 22nd January 2018

DOI: 10.1039/c7tx00294g

rsc.li/toxicology-research

Screening for human urinary bladder carcinogens:
two-year bioassay is unnecessaryy

Samuel M. Cohen @

Screening for carcinogens in general, and for the urinary bladder specifically, traditionally involves a two-
year bioassay in rodents, the results of which often do not have direct relevance to humans with respect
to mode of action (MOA) and/or dose response. My proposal describes a multi-step short-term (90 day)
screening process that characterizes known human urinary bladder carcinogens, and identifies those
reported in rodent two-year bioassays. The initial step is screening for urothelial proliferation, by
microscopy or by increased Ki-67 labeling index. If these are negative, the agent is not a urinary bladder
carcinogen. If either of these is positive, an MOA and dose response analysis are performed. DNA reactiv-
ity is evaluated. If the chemical is non-DNA reactive, evaluation for cytotoxicity is performed. This involves
examination of the urothelium and urine, the latter to identify the generation of urinary solids (e.g. calculi).
If urinary solids are the cause of cytotoxicity, the MOA is not relevant to human cancer, but dose response
becomes essential for evaluating potential toxicity to humans. If cytotoxicity occurs but no urinary solids
are detected, urinary concentrations of the chemical and its metabolites are evaluated, and compared to
in vitro cytotoxicity against rodent and human immortalized urothelial cell lines. Based on this process, a
screen for urinary bladder carcinogenicity is reliable, and more importantly, can be based on MOA and
dose response analyses useful in the overall risk assessment for possible human bladder cancer. The pro-
posed procedure is shorter, less expensive and more relevant than the two-year bioassay.

Urinary bladder carcinogens

Cancer of the urinary bladder has been related to chemicals
ever since the report by Rehn in 1895 associating development
of cancer of the urinary bladder in workers of the German
aniline dye industry with their exposure at work."” This led to
the eventual demonstration by Hueper et al.® in 1937 that one
of the active chemicals in the dye industry, 2-naphthylamine,
induced bladder cancer in dogs by oral administration. This
was the first demonstration of an aromatic amine as a carcino-
gen for the urinary bladder. In this study Hueper et al. also
raised, for the first time, the issue of latency: induction of
cancer takes time, often many years in humans. Tumors do
not arise shortly after exposure to a chemical. This has been a
mainstay of chemical carcinogenesis and cancer induction, in
general, ever since this report by Hueper et al.
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Modes of action

It is currently acknowledged that there are several modes of
action by which a chemical may cause tumors. However, the
traditional two-year bioassay was designed before the various
modes of action were recognized, thus it is not planned for
characterizing mode of action and/or dose-response, which
are crucial for evaluation of human relevance. These modes of
action for urinary bladder carcinogenesis are: DNA reactivity,
mitogenicity, and cytotoxicity by formation of urinary solids or
by chemical toxicity. Each of these modes of action is
explained below.

DNA reactive carcinogens

The early observations by Hueper et al.® led to intense investi-
gations into the carcinogenicity of aromatic amines, including
the metabolic activation of these chemicals, which is an
important factor involved in the mode of action of tumor
induction. Since Hueper et al,’ numerous aromatic amines
have been identified as human bladder carcinogens in occu-
pational ~ settings," including 4-aminobiphenyl (4-ABP),

Toxicol Res., 2018, 7, 565-575 | 565


www.rsc.li/toxicology-research
http://orcid.org/0000-0002-5047-0962
http://crossmark.crossref.org/dialog/?doi=10.1039/c7tx00294g&domain=pdf&date_stamp=2018-06-25
http://dx.doi.org/10.1039/c7tx00294g
http://pubs.rsc.org/en/journals/journal/TX
http://pubs.rsc.org/en/journals/journal/TX?issueid=TX007004

Published on 23 January 2018. Downloaded by RSC Internal on 7/2/2018 4:21:34 PM.

Paper

2-naphthylamine, as well as benzidine and benzidine-based
azo dyes. The chemical 2-acetylaminofluorene (2-AAF) was
developed in the 1940s as a pesticide for commercialization,
but was prevented from reaching the market following the dis-
covery that it produced urinary bladder cancer in a number of
species, including rats and mice.? 2-AAF became a model com-
pound for investigating aromatic amines, and led the Miller®
to their discovery that aromatic amines were metabolically acti-
vated by N-hydroxylation, followed by N-esterification with
sulfate or glucuronate, producing a reactive electrophilic
metabolite, leading to DNA binding, DNA adduct formation,
and ultimately mutation. The possibility that the reactive inter-
mediate could be a free radical has also been investigated. The
process of metabolic activation to reactive electrophiles which
react with DNA was identified as a generalized phenomenon
for a wide range of DNA-reactive chemicals.®

Numerous chemicals have been identified as DNA-reactive
carcinogens in addition to aromatic amines and amides,
including polycyclic aromatic hydrocarbons, N-nitrosamines,
and aflatoxins. Several DNA reactive chemicals have been
identified as urinary bladder carcinogens, such as aromatic
amines and amides, phosphoramide mustards, such as cyclo-
phosphamide, and alkylating agents such as thiotepa, and
various chemicals related to these."”>” Some of these chemi-
cals, including 2-AAF, have also produced cancer in other
organs in rodent assays, (e.g., liver, breast, and Zymbal’s
gland).” A list of chemicals that are known to produce bladder
cancer in humans by a DNA reactive mode of action are listed
in Table 1. Of those chemicals that have been investigated in
animal models, all have been carcinogenic, and the target
organ is usually the urinary bladder.

Although the mode of action for these chemicals involves
metabolic activation to DNA reactive electrophiles, their dose
response has generally not been linear, neither in animal
models®® nor in humans.'® This non-linear dose response for
carcinogenesis occurs despite the dose response for steady
state levels for DNA adducts with these chemicals nearly

Table 1 DNA reactive human urinary bladder carcinogens

2-Acetylaminofluorene (2-AAF)
2-Naphthylamine
4-Aminobiphenyl

Benzidine

Benzidine-based azo dyes
Cyclophosphamide
Ifosphamide

Chlornaphazine

Phenacetin

o-Toluidine
4,4-Methylenebis(2-chloroaniline) (MOCA)
Methylenedianiline

Thiotepa

Aristolochic acid

Chemicals on this list are identified from ref. 1, 2, 4, 7, and from IARC
Monographs on the individual chemicals. Of the chemicals listed that
have been tested in rodents, all have been carcinogenic to the urinary
bladder and some also induced tumors of other tissues.
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always being linear. The ED,; mega-mouse experiment per-
formed at the National Center for Toxicological Research
(NCTR) in the 1970s demonstrated that using 2-AAF adminis-
tered to mice as the model system resulted in a non-linear
dose-response for tumors of the urinary bladder. This non-lin-
earity was shown to be related to an increase in cell prolifer-
ation that occurred at higher doses with these chemicals.”

Principles of carcinogenesis

Cancer is clonal and occurs due to multiple mutations in a
single stem cell (pluripotential cell).>""" Carcinogens
increase cancer risk in one of two ways: (a) by a direct damage
to DNA every time DNA replicates (DNA reactive carcinogen),
or (b) by increasing the number of DNA replications, leading
to an increased opportunity for “spontaneous” mutations to
occur (carcinogens that are not DNA reactive).>""> In animal
models, it appears that DNA reactivity by itself does not
produce an increased incidence of tumors in the urinary
bladder great enough to be detectible, whether there is a 10%
detection limit (as with experiments involving 50-60 animals
per group) or with a detection limit of 1% (as in the EDy
study).’ The use of modeling has demonstrated that although
DNA adducts occur at low doses, the anticipated incidence at
these low doses would be considerably below 1% over the life-
time of a rodent. At higher doses, cell proliferation rate and
the number of target cells are increased (hyperplasia), result-
ing in a detectable incidence of bladder tumors. This dose
response for DNA reactive carcinogens has practical signifi-
cance for humans.

Cigarette smoking: DNA reactivity and
increased cell proliferation

In addition to lung cancer, cigarette smoking has long been
known to be associated with an increased risk of cancer of the
lower urinary tract, including the kidney pelvis, ureters, and
urinary bladder, with a relative risk of approximately 3 times
the incidence that occurs in non-smokers.">’” Numerous aro-
matic amines have been detected in cigarette smoke, including
4-ABP, and DNA adducts from these aromatic amines have
been detected in the urothelium of animal models and of
humans.”® However, the levels of exposure to the aromatic
amines from cigarette smoke, and the level of DNA adducts
formed from this exposure, are not sufficient to produce
increased cell proliferation of the urothelium, and do not
explain the increased incidence of urothelial cancer in
smokers.'® In addition to DNA adducts, increased urothelial
cell proliferation has been observed in smokers.'* It must be
that other chemicals in cigarette smoke increase the cell pro-
liferation. Cohen and Ellwein®° demonstrated that this
increased proliferation acts in synergy with the DNA reactivity
of the aromatic amines (and possibly other constituents) from
cigarette smoke. A leading possibility for the substance in ciga-
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rette smoke that increases urothelial cell proliferation is nic-
otine, or possibly one or more nicotine metabolites."

Numerous additional aromatic amines have been detected
as environmental exposures of concern, including heterocyclic
amines generated by heating foods.'® Many of these hetero-
cyclic amines have been shown to be carcinogenic in rodent
and dog models, but the level of exposure to these chemicals
in the human diet appears to be at low levels of micrograms or
lower. To date, there is no convincing evidence indicating an
increased risk to humans from exposure to heterocyclic
amines."” Other amines to which humans are exposed include
various tryptophan metabolites such as kynurenine, anthrani-
lic acid, and their hydroxylated metabolites. In the 1950s and
60s there was some evidence that these might be associated
with an increased risk of bladder cancer, based on the hypoth-
esis that ortho-aminophenols could be carcinogenic.'®
However, once the Millers’ demonstrated that it was
N-hydroxylation that led to the induction of cancer by aromatic
amines, this hypothesis could no longer be supported.
Additionally, evidence accrued that administration of
L-tryptophan to rats did not increase the risk of urinary
bladder cancer, nor was there an increase in cell proliferation
with i-tryptophan administration."’

Non-DNA reactive carcinogens

In addition to DNA reactive carcinogens, agents which are not
associated with DNA reactivity have also been demonstrated to
be associated with an increased risk of bladder cancer in
humans. These compounds increase the risk of cancer by
increasing cell proliferation by a mode of action involving
either direct mitogenicity or cytotoxicity (cell death) with pro-
longed regenerative urothelial proliferation. Such agents in
humans are inorganic arsenic,?® bacterial cystitis,>” and infec-
tion with the parasite Schistosoma mansoni (leading to
schistosomiasis).*!

Mode of action: increased cell
proliferation

Increased cell proliferation can occur secondary to immuno-
suppression, which is associated with activation of various
viruses known to produce cancer, such as Epstein-Barr virus
(EBV), human papilloma virus (HPV), Kaposi’s sarcoma virus
(KSV or HHV-8), or hepatitis B and C viruses (HBV and HCV).°®
However, none of these are known to be associated with
bladder cancer.>®” Furthermore, immunosuppressed patients,
whether due to inherited disorders, to treatment with immu-
nosuppressive chemicals such as those used in organ trans-
plantation, cancer chemotherapy, or treatment of various auto-
immune disorders, or to AIDS, do not have an increased risk
of bladder cancer. Thus, immunosuppression does not appear
to be a mode of action relevant to human or animal bladder
cancer.
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Another mode of action that can increase the risk of cancer
in general is high levels of estrogenic activity.® However, there
is no evidence that this is relevant to urinary bladder carcino-
genesis>®” although this mode of action is associated with an
increased risk of tumors of endometrium, breast, and to a
more limited extent liver.>*”

Increased cell proliferation can be produced either by
increasing cell births or decreasing cell deaths, which leads to
an increase in the number of cells.** The critical parameter for
increased cell proliferation is the number of DNA replications
(not the rate), although the two frequently occur together,
especially in layered epithelia such as the urothelium.
Increased cell births can be produced either by direct mito-
genicity (usually involving hormones or growth factors) or by
cytotoxicity and regenerative proliferation, although only one
chemical, propoxur, has been associated with increased mito-
genicity in the bladder urothelium.?® Raf inhibitors have recently
been shown to increase urothelial proliferation and tumors in
rats, but it is unknown whether this is due to direct mitogenicity
or cytotoxicity.>* Decreased cell deaths can be produced either
by decreasing apoptosis or decreasing differentiation. No agent
has yet been identified which acts on the urothelium by decreas-
ing cell deaths. Urothelial cytotoxicity with regenerative prolifer-
ation is by far and away the most common mode of action
leading to increased cell proliferation for the urothelium, and
this is true for both DNA reactive and non-DNA reactive agents.
The cytotoxicity usually involves urothelial necrosis, but theoreti-
cally could be due to increased apoptosis, such as seen with
fumonisin B1 and kidney tumors.**

Mode of action: urinary solids

Numerous chemicals have been identified that produce
urothelial proliferation and carcinogenesis in the rodent
model by increasing urinary solids, either precipitates, crystals,
and/or calculi (Table 3).>°™*" The urinary solids can be formed
by the chemical itself (e.g. melamine),”® by a metabolite, or
from crystallization of normal urinary constituents resulting
from alteration of the urinary composition.*®** An example of
the latter is the decreased citrate levels induced by the dual
peroxisome proliferator-activated receptor (PPAR) activator
muraglitazar, leading to decreased urinary citrate concen-
trations and precipitation of calcium in the urine.** Another
example of urinary solids forming from normal urinary con-
stituents is the formation of a calcium phosphate-containing
precipitate in rats administered high doses of various sodium
salts, such as saccharin and ascorbate (Table 4).*"** This
appears to occur only in rats and is not relevant to human tox-
icity or carcinogenicity.**** However, the precipitate must be
identified to demonstrate this mode of action, as it cannot be
assumed automatically that any sodium salt producing urothe-
lial proliferation is acting by this mode of action. Sodium
o-phenylphenol produces urothelial hyperplasia at high doses
in rats, but does not produce this precipitate. Rather, it acts by
chemical cytotoxicity, probably through formation of its
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Table 2 DNA reactive urinary bladder carcinogens identified in
rodents

N,N-Dibutylnitrosamine
N-Butyl-N-(4-hydroxybutyl)nitrosamine (BBN)
N-Butyl-N-(3-carboxypropyl)nitrosamine
N-Methyl-N-octylnitroamine
N-Methyl-N-decylnitrosamine
N-Methyl-N-dodecylnitrosamine
N-Methyl-N-tetradecylnitrosamine
N-[4-(5-Nitro-2-furyl)-2-thiazolyl [formamide (FANFT)
N-[4-(5-Nitro-2-furyl)-2-thiazolyl Jacetamide (Furium)
2-Amino-4-(5-nitro-2-furyl)-thiazole
4-Nitrodiphenyl

4-Acetylaminobiphenyl
N-Hydroxy-2-acetylaminofluorene
2-Acetylaminofluorene

o-Aminoazotoluene

Dichlorobenzidine
3,2"-Dimethyl-4-aminobiphenyl
2-Methoxy-3-aminodibenzofuran
3-Methoxy-4-aminobiphenyl
2,6-Dimethylaniline

3,5-Dimethyaniline

3-Ethylaniline

Anthraquinone

Ptaquiloside

Chemicals on this list were identified from ref. 4 and 50, IARC
Monographs, and results from the National Toxicology Program (NTP)
Technical Reports.

Table 3 Substances producing urinary calculi when administered to
rodents and/or humans

Uracil Oxamide Salicylazosulfapyridine
Thymine Acetazolamide Disperse blue 1
Fosetyl-al Terephthalic acid Triamterene
Melamine Dimethylterephthalate Sulfonamides
Urate Polyoxyethylene-8-stearate Ampicillin
Homocysteine  Glycine Amoxicillin
Cysteine Pyroxasulfone Indinavir
Calcium Sulfosulfuron Glafenic acid
oxalate

Calcium Muraglitazar Orotic acid
phosphate

Calcium Pioglitazone Biphenyl
carbonate

Diethylene 4-

glycol Ethylsulfonylnaphthalene-

1-sulfonamide

Chemicals on this list were identified from ref. 1, 4, 26, 36, 38-40, 43
and 45.

Table 4 Sodium salts administered orally at high doses to rats that
produce urothelial proliferation

Saccharin Ascorbate
Succinate Erythorbate
Aspartate Phosphate
Glutamate Chloride
Bicarbonate Citrate

Administration of high concentrations of the sodium salts of these
anions produces an alteration in the urinary composition of rats
leading to formation of a cytotoxic calcium phosphate-containing
urinary precipitate, regenerative proliferation, and ultimately urinary
bladder tumors. This MOA is unique to rats and not relevant to
humans.**™**
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quinone.*® Similarly, sodium cacodylate produces urothelial
proliferation by cytotoxicity that is caused by a reactive metab-
olite while no urinary solids are formed.*’

Considerable evidence has accumulated demonstrating that
a mode of action involving urinary solids is not relevant to
human cancer.*®*** Some chemicals, melamine for example,
have been demonstrated to produce calculi in rats and mice,
and urinary bladder tumors in rats if administered at a con-
centration sufficient to produce urinary tract calculi.*® This
finding in rats and mice does not predict carcinogenicity in
humans. However, exposure to sufficiently high levels of mela-
mine in humans can lead to the formation of calculi, as was
ultimately demonstrated in the unfortunate episode of adul-
teration of infant formula in China, where a large number of
infants developed urinary tract calculi and had to be hospital-
ized.*” A small number died. The risk assessment for such
chemicals as melamine is not related to its carcinogenicity in
the animal model, but to the actual toxicity of the formation of
calculi, which can occur in humans. Thus, if urinary solids for-
mation is the mode of action concluded for a particular chemi-
cal, the risk assessment is related to the toxicity of urinary
solid formation, not to carcinogenicity.

Mode of action: chemical cytotoxicity

Certain chemicals can produce urothelial cytotoxicity by a reac-
tive metabolite, or by themselves, which is much less
common. This mode of action is relevant to humans, but
involves a threshold exposure, namely, the exposure necessary
to produce a minimal urinary concentration of the metabolite
(s) adequate to produce urothelial cytotoxicity. There is no risk
of toxicity and no cancer risk when exposure to a chemical is
below the level that can produce cytotoxicity. Similar consider-
ations have been identified for chemicals in several other
tissues, chloroform, for example, in the liver and kidney.*®

The risk assessment for such a chemical must involve quan-
titation of the urinary levels of the metabolite(s) in the animal
model that will enable evaluation of the threshold exposures
in humans. If actual measurements are available from
humans (e.g., for pharmaceuticals), those can be incorporated
into the risk assessment.

Several chemicals have been identified that act by cyto-
toxicity of reactive metabolites (Table 5). For example, the pes-
ticide diuron induces bladder tumors in the rat when adminis-

Table 5 Chemicals producing urothelial proliferation in rodents that
act by generating a cytotoxic metabolite in the urine

Inorganic arsenic
Dimethylarsinic acid
Pulegone

Diuron
Tributylphosphate
Sodium o-phenylphenol
Transfluthrin

Chemicals on this list were identified from ref. 20, 37, 46, and 51-53.
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tered in the diet at doses of 1250 ppm and 2500 ppm.*° Doses
of 500 ppm leads to an increase in cytotoxicity and cell pro-
liferation but no tumors. Investigations have shown that the
urinary metabolites most likely involved with the cytotoxicity
and tumor induction are N-(3,4-dichlorophenyl)urea and 4,5-
dichloro-2-hydroxyphenylurea. The amounts required to
produce a cytotoxic level of these metabolites in the urine are
several orders of magnitude greater than would occur with
possible human exposures.

Screening for urinary bladder
carcinogens

The generally accepted standard for screening chemicals for poss-
ible carcinogenicity in humans is the two-year bioassay in
rodents, usually mice and rats. The chemicals that are known to
increase the risk of bladder cancer in humans have generally
been positive in the standard rodent two-year bioassay, with the
notable exceptions of cigarette smoke* and inorganic arsenic.>’
However, the two-year bioassay has numerous problems:**** (1)
the long time necessary for performing such an assay, (2) the
high cost, (3) the large number of animals, (4) the frequently
questionable extrapolation of the animal findings to humans with
respect to the dose response, and often (5) the lack of relevance of
the findings in animals to humans based on the mode of action.

I have previously proposed an alternative to the two-year
bioassay for screening chemicals for possible carcinogenicity
in humans, with both a mode of action and dose response
analysis that provides a better assessment of the risk to
humans than a standard two-year bioassay.**** Furthermore,
this proposal requires less time, less cost, fewer animals, and
provides results that can be evaluated for human relevance
both qualitatively and quantitatively. This screening proposal
is a multi-step procedure based on the two possible general-
ized MOAs by which any agent can increase the risk of cancer:
either directly damaging DNA, or increasing the number of
DNA replications. It uses the mode of action/human relevance
framework developed by the International Programme on
Chemical Safety (IPCS), the U.S. Environmental Protection
Agency (EPA), Health Canada and the International Life
Sciences Institute (ILSI) as models to screen for possible carci-
nogens and evaluate modes of action and the dose
response.>>>° The procedure proposed for the bladder is
similar to the previous one described for the liver** and can be
applied to any tissue. The steps of the procedure are: (1) initial
screen, (2) screen for DNA reactivity, (3) evaluation for
increased cell proliferation, (4) evaluation for cytotoxicity, (5)
evaluation for urinary solids, and (6) evaluation of cytotoxic
chemicals. These steps are described in Fig. 1.

Step 1: Initial screen

The initial step in the evaluation is a screening assay for
increased cell proliferation. Animals are administered the

This journal is © The Royal Society of Chemistry 2018
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agent for 4 weeks and then the bladders are evaluated for
increased cell proliferation. The evaluation includes light
microscopic examination of the bladder epithelium for hyper-
plasia (Fig. 2). If the light microscopic evaluation is negative,
the urothelium is evaluated for increased proliferation using a
Ki-67 labeling index (avoiding the need for administration of
an exogenous agent such as bromodeoxyuridine (BrdU)). The
labeling index can be done on the same blocks of paraffin-
embedded tissue used for the light microscopic examination
of hematoxylin and eosin (H&E)-stained tissues. If the bladders
are negative for hyperplasia and increased labeling index after
4 weeks of treatment, additional groups with the same treat-
ment and started at the same time as the 4 weeks groups, are
examined after 13 weeks. If the examination at 4 weeks is posi-
tive, the contingent 13 weeks animals can be terminated
without further examination. If the examinations at 4 and 13
weeks are negative, the chemical is not a bladder carcinogen.
This can be confidently concluded since all chemicals that are
rodent bladder carcinogens in two-year bioassays are detected
using hyperplasia or increased labeling index at 4 and/or 13
weeks. More importantly, all known human bladder carcino-
gens produce increased urothelial proliferation by 13 weeks of
administration in rodents, including cigarette smoke by inha-
lation®® and inorganic arsenic administered in the drinking
water or diet,”® which do not produce tumors in rodent in a
standard two-year bioassay.’®** This screening assay will
detect DNA reactive as well as non-DNA reactive agents that
increase the incidence of bladder cancer in rodents or in
humans. If this initial screening assay is positive either at 4 or
at 13 weeks, then additional analyses are performed to evalu-
ate mode of action, dose response and relevance to humans.

Step 2: Screen for DNA reactivity

DNA reactivity can generally be readily demonstrated by incor-
porating findings from structure-activity computerized
models, in vitro Ames assay, and metabolism investigations
evaluating the possibility of formation of a reactive electrophi-
lic intermediate. Metabolic activation in rodents can be com-
pared to humans, usually using in vitro methods and struc-
ture-activity analyses. If formation of DNA reactive metabolites
is likely to occur in humans, then it is assumed that the agent
will be a human carcinogen and likely carcinogenic for the
urinary bladder. In addition to the DNA reactive urinary
bladder carcinogens identified in humans which are listed in
Table 1, numerous DNA reactive chemicals have been identi-
fied in rodent bioassays (Table 2).

Step 3: Evaluation for increased cell
proliferation

If the chemical is positive in the initial screen but is not DNA
reactive, then the mode of action involves increased cell pro-
liferation. Increased cell proliferation can be demonstrated by

Toxicol. Res., 2018, 7, 565-575 | 569
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Fig. 1 A decision tree summarizing the proposed procedure for screening chemicals for urinary bladder carcinogenicity as described in detail in the text.

various in vitro methods, although more reliably it requires in
vivo investigations.’’ Immunosuppression and estrogenic
activity can readily be evaluated by various in vitro and in vivo
assays, but as explained above, these do not pertain to screen-
ing for urinary bladder carcinogens. Urinary bladder carcino-
gens are assessed by increased urothelial proliferation, which
can be readily accomplished in animal models by histologic

570 | Toxicol. Res., 2018, 7, 565-575

evaluation for hyperplasia in short term assays, usually as
short as 4 weeks, but no longer than 13 weeks, or more sensi-
tively, by incorporating a proliferation labeling index such as
Ki-67 as described above."?"*” All of the known human and
rodent urothelial carcinogens have shown evidence of
increased cell proliferation in a 13 weeks or less assay. The
results of the initial screen will determine if 4 weeks exposure

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Normal urinary bladder urothelium (2A) compared to simple
urothelial hyperplasia (2B), the initial abnormality to be evaluated in the
proposed screening procedure. More severe hyperplasia (nodular and/or
papillary hyperplasia) can be detected in this short term screen if the
toxicity is sufficient to damage the full thickness of the epithelium
(ulceration), usually accompanied by inflammation (original magnifi-
cation x200).

of the animals is sufficient. Based on the results of the initial
screening assay, the more sensitive sex will be used for mode
of action and dose response investigations. If males and
females are of equal sensitivity, either sex can be chosen for
subsequent investigation. This greatly reduces the number of
animals needed.

Step 4: Evaluation for cytotoxicity

The investigation for mode of action needs to involve enough
groups of animals to broadly investigate the dose response of
the increased cell proliferation effect, with at least one dose
that will provide a no effect level. This follow up investigation
needs to incorporate collection of urine specimens and exam-
ination of the urothelium by histology, and possibly scanning

This journal is © The Royal Society of Chemistry 2018
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electron microscopy, and labeling index, either BrdU or Ki-67.
We have found that proliferating cell nuclear antigen (PCNA) is
not reliable for assessing cell proliferation for the urothelium,
and BrdU requires administration exogenously, usually by
intraperitoneal injection for assessment of the bladder. Details
regarding collection of specimens and examination of both
urine and urothelium have been described elsewhere.***”

Examination of the urothelium by light microscopy can
provide information regarding urothelial cytotoxicity if the
agent is sufficiently potent to produce damage to the entire
thickness of the urothelium, but it is not adequate for detec-
tion of toxicity limited to the superficial layer. The latter
instance can be evaluated by examination with scanning elec-
tron microscopy (Fig. 3). Thus, half of the bladder can be pro-
cessed for light microscopy and labeling index, and the other
half should be kept for scanning electron microscopy.’”
Scanning electron microscopy is only necessary if there is no
evidence of toxicity by light microscopy.

If no cytotoxicity is detected at 4 or 13 weeks, but there is
an increase in labeling index, one can conclude that the agent
is acting by a mitogenic mode of action. As indicated above,
only one chemical, propoxur, so far has been demonstrated to
act by direct mitogenicity.>® If cytotoxicity is detected, then
examination of the urine for the possible presence of urinary
solids (precipitate, crystals, or calculi) needs to be evaluated.

Step 5: Evaluation for urinary solids

For the assessment of urine, fresh void specimens are necess-
ary. Usually, this should be within 2 hours of the lights being
turned on in the animal room since the rat is a nocturnal

Fig. 3 Scanning electron micrograph of the urinary bladder luminal
surface showing toxicity and loss of the superficial (umbrella) cell layer
(thick arrows), compared to the normal-appearing urothelium (thin
arrows) with large, flat polygonal cells (white bar at bottom represents
200 pm.).
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animal. It is critical that the animals are not fasted. Adequate
specimens can usually be collected from the rat (greater than
80% of the time) to provide sufficient material for evaluation
of crystalluria, pH and normal constituents of the urine (e.g
calcium, protein, electrolytes). Further details regarding collec-
tion of urine have been described elsewhere.>**”

Evaluation for crystals can usually be performed utilizing
light microscopy, but for some chemicals, crystalluria requires
evaluation by scanning electron microscopy, with attached
X-ray reflective spectroscopy for identification of the compo-
sition of the crystals.?”

If urinary solids are identified, then the mode of
action involves formation of the urinary solid with toxicity and
regenerative proliferation. If urinary solids are not detected,
then the cytotoxicity is being produced by chemical reactivity,
either by the administered chemical itself (uncommon) or by
one or more metabolites. As described above, if urinary solids
are the mode of action, it is not relevant to human cancer
risk.**7*?

Step 6: Evaluation of cytotoxic
chemicals

For substances that produce urothelial cytotoxicity but do not
involve urinary solids, the identity of the metabolites in the
animal model and in humans is most important. In some
instances, the metabolite that is responsible for the cyto-
toxicity in the animal model may not be formed in humans.
This has obvious implications for risk assessment.

The identity of the metabolites can often be made using in
vitro metabolism models. When an in vitro model is not avail-
able, then collection of urine is needed for metabolite identifi-
cation. In some instances, this can be done on fresh void
specimens, but usually will require an overnight collection of
urine, which can be accomplished during the course of the 4
weeks or 13 weeks investigation. Urine collection can be
included in the protocol, and analysis performed if metabolite
identification becomes essential. For extrapolation to humans,
the urinary levels of the cytotoxic metabolites are critical for
inter-species dose response comparisons, but not the blood
levels.***” It has long been known that urothelial carcinogen-
esis occurs secondary to exposure to these chemicals in the
urine, not through the blood.*

An estimation of the minimum urinary concentration
required for cytotoxicity can be made based on measurement
of urinary levels of the metabolites in vivo following adminis-
tration of the chemical to the rat, compared with in vitro
studies of cytotoxicity utilizing immortalized rodent and
human urothelial cells. Since these immortalized urothelial
cells do not differentiate and do not have the protective super-
ficial (umbrella) cell layer, such in vitro assays will tend to be
more sensitive to the toxic effects of the metabolites than
would be expected in vivo. This provides adequate conserva-
tism in the dose response risk assessment.
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Conclusions

In summary, all known rodent and human urinary bladder car-
cinogens can be detected in a short term (13 weeks or less)
assay incorporating microscopic evaluation for urothelial
hyperplasia and increased DNA proliferation as determined by
a BrdU or Ki-67 labeling index. Follow up studies can readily
indicate the mode of action as being either DNA reactivity,
direct mitogenicity or cytotoxicity with consequent regener-
ation. Cytotoxicity can be due to either the formation of
urinary solids or chemical reactivity with regenerative prolifer-
ation. Direct mitogenicity is potentially relevant to humans,
although the exact mechanism would have to be demon-
strated. Formation of urinary solids is relevant to human tox-
icity, but not relevant to human cancer risk. Chemical reactiv-
ity is potentially relevant to humans, but is clearly dose depen-
dent, with the dose required to produce urinary metabolite
levels that can produce cytotoxicity being an actual threshold.
Thus, this short term screening assay with relatively few
follow-up short term studies can readily identify all potential
human urothelial carcinogens, characterize their mode of
action in the animal models and evaluate relevance to
humans. If relevant to humans, the dose response can be
determined, with estimates of urinary levels secondary to
human exposures. In the future, possible molecular markers
might be identified which could be used for screening,
especially ones related to increased cell proliferation and geno-
toxicity. However, at the present time such molecular bio-
markers have not been evaluated extensively for the wide
variety of bladder carcinogens described in this paper, and the
small amount of normal urothelium in the rodent bladder
raises numerous technical issues.

As described elsewhere, with the availability of the pro-
posed procedures the two-year bioassay is no longer necessary.
In fact, for the urothelium, the proposed short term assay is
more sensitive in detecting known human bladder carcino-
gens, such as cigarette smoking and inorganic arsenic, than
the two-year bioassay, and offers more information with regard
to mode of action and human relevance than the traditional
two-year bioassay provides. We have found that the entire pro-
cedure can be completed in six to twelve months, with as few
as 40 animals of one sex and species for the follow-up studies
for chemicals detected as having an effect in the initial 28 or
90 day studies which are currently routinely performed. Thus,
there is considerable savings in time, money, and use of
animals compared to the two year bioassay. More importantly,
the information is more useful for an evaluation of mode of
action and human relevance than the two year bioassay. As
stated elsewhere, it is time to discontinue performing the two-
year bioassay.
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