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o-Toluidine is a monocyclic aromatic amine present in the formulation of some materials that contact
drinking water. NSF/ANSI 61 Annex A (2011) and US EPA (2005a) risk assessment guidelines were used
to determine an acceptable drinking water level. Occupational exposure to o-toluidine is associated with
an increased risk of bladder cancer but human disease rates could not be used to establish risk values due
to inadequate exposure data and coexposures in the epidemiology cohorts. Chronic dietary exposure to o-
toluidine hydrochloride was associated with benign and malignant tumors in both sexes of F344 rats and
B6C3F1 mice. o-Toluidine is genotoxic in vitro and in vivo. A 10~ cancer risk level was extrapolated from
the human equivalent BMDL,, of 13 mg/kg-day for the combined incidence of papillomas and carcinomas
of the bladder transitional epithelium in female rats. Considering varying susceptibility to tumor devel-
opment at different life stages, the unit risk was modified to incorporate potency adjustments for early-
life exposures. A framework for lifestage adjustment is presented that makes assumptions evident. For
this assessment, the lifetime unit risk derived was ~2-fold greater than the unadjusted adult lifetime unit

Mode of action
Cancer

risk, and the resulting Total Allowable Concentration in drinking water is 20 pg/L.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

o-Toluidine is a monocyclic aromatic amine (CAS No. 95-53-4)
with synonyms including 2-toluidine, 2-aminotoluene, 1-amino-
2-methylbenzene, 2-amino-1-methylbenzene, 1-methyl-2-amino-
benzene, 2-methyl-1-aminobenzene, 2-methylaniline, 2-methyl-
benzamine, and 2-methylbenzeneamine (ChemIDplus, 2011). It is
listed as a High Production Volume chemical in the United States
(US EPA, 2010) and the European Union (OECD, 2004). The 2001
annual production volume of o-toluidine was estimated to be
59,000 metric tonnes (130 million pounds) worldwide (OECD,
2006). The 2006 aggregate production volume for manufactured
and imported o-toluidine was between 10 and 50 million pounds
(US EPA, 2007).

The principle use of o-toluidine is in the preparation of methyl
ethyl aniline, an intermediate in the manufacture of certain chlori-
nated herbicides, such as acetochlor, metolachlor, and propisochlor
(OECD, 2006). o-Toluidine is also an intermediate used for the syn-
thesis of rubber chemicals, dyes and pigments, fungicides, pharma-
ceuticals, and curing agents for epoxy resin systems. It has been
used as a corrosion inhibitor in paint formulations (WHO/IPCS,
1998), and a minor use is as a clinical laboratory reagent for the
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photometric determination of glucose in blood. No direct con-
sumer use is known for o-toluidine (OECD, 2006). Occupational
exposures occurred during o-toluidine production and/or during
its use in dye and pigment manufacture (NTP, 2011a) and during
rubber production (Weiss et al., 2005). Since o-toluidine is a minor
metabolite of another High Production Volume chemical, o-nitro-
toluene (NTP, 1996), occupational exposure to o-nitrotoluene is an-
other potential source of o-toluidine exposure.

The International Agency for Research on Cancer (IARC) evalu-
ated o-toluidine and its hydrochloride for carcinogenic potential
(IARC, 1982, 1987, 2000, 2010; Baan et al., 2008). Most recently, o-
toluidine was classified by IARC (Baan et al., 2008; IARC, 2010) as
Group 1: The agent is carcinogenic to humans. The Working Group
also reaffirmed magenta production (where o-toluidine is used as
an intermediate) as ‘“carcinogenic to humans,” and as a known
cause of bladder cancer. Based on a similar toxicological profiles be-
tween 4,4'-methylenebis(2-chloroaniline) and o-toluidine, these
compounds were concluded to operate via a common mode of ac-
tion, involving the interaction with DNA to form adducts in urothe-
lial cells (IARC, 2009).0-Toluidine is present in certain elastomers,
coatings, and sealants used in products that contact potable water.
Its presence is occasionally detected in drinking water contact
materials tested for compliance with health effects standards estab-
lished by NSF/ANSI 61 (2011). There is no US EPA Maximum
Contaminant Level (MCL) or Health Advisory for o-toluidine in
drinking water. This risk assessment is the outcome of a
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comprehensive toxicological evaluation of o-toluidine, as an
extractant from drinking water system components evaluated un-
der NSF/ANSI 61 (2011).

2. Methods

We first reviewed the scientific literature related to the human
health effects of o-toluidine, including metabolism, kinetic, toxicol-
ogy, and epidemiology data. The literature search strategy em-
ployed was based on the Chemical Abstract Service Registry
Number (CASRN) and the common name. As a minimum, the fol-
lowing data banks were searched:

e ChemlID Plus.

e Registry of Toxic Effects of Chemical Substances (RTECS).

e Hazardous Substances Data Bank (HSDB).

e GENE-TOX.

e Environmental Mutagen Information Center (EMIC).

e Developmental and Reproductive Toxicology (DART).

e TOXLINE - Core and Special.

e TRI (Toxics Release Inventory).

e Chemical Carcinogenesis Research Information System (CCRIS).

e Medline (via PubMed).

o Integrated Risk Information System (IRIS).

e Syracuse Research Corporation Online Toxic Substance Control
Act Database (TSCATS).

Much of the pertinent literature had previously been reviewed
by WHO (1998), IARC (2000), OECD (2006), and these secondary
sources were used for some literature that pre-dated those publi-
cations. For the literature published subsequent to these reviews
and all studies that were determined to be key to this risk assess-
ment, the original publications were reviewed in their entirety and
relevant information was included.

Although both non-cancer and cancer endpoints were consid-
ered, we focus here on endpoints related to cancer because they
were determined to be pivotal to the current assessment. US EPA
guidelines for cancer risk assessment (US EPA, 2005a) explicitly
call for consideration of possible sensitive subpopulations and/or
life stages, and the Supplemental Guidance for Assessing Suscepti-
bility from Early-Life Exposure to Carcinogens (US EPA, 2005b) fo-
cuses on assessing the effects of exposure to potential carcinogens
during childhood for agents that act specifically through a muta-
genic mode of action. Following US EPA guidelines, we evaluated
the mode of action in determining the approach for dose-response
assessment from positive human and experimental animal tumor
data. Absent a biologically based dose-response model, which is
the preferred method for cross-species and low-dose extrapolation,
we used default procedures to derive human equivalent doses from
experimental animal doses, and benchmark dose modeling to find
the best-fit curve to the appropriate dose-response data (US EPA,
2000a, 2011a). Assuming a mutagenic mode of action for o-tolui-
dine, we derived a drinking water lifetime unit risk that takes into
account the impact of early lifestage susceptibility and exposure.
We present a framework for lifestage adjustment that illustrates
the assumptions made to facilitate future refinements to this anal-
ysis as new information becomes available.

3. Hazard identification
3.1. Toxicokinetics
Much of the available data on the metabolism and kinetics of o-

toluidine has been reviewed previously (IARC 2000; OECD 2006).
o-Toluidine is well absorbed by oral, dermal and inhalation routes

of intake in animals and humans. Radiotracer studies in rats show
the oral bioavailability is high, and tissue distribution is wide-
spread. Approximately 92% of the dose was recovered in the urine
within 24 h of a 50 mg/kg gavage dose (Cheever et al., 1980; Brock
et al., 1990).

In both rats and humans, o-toluidine undergoes N-oxidation to
a reactive metabolite that binds covalently to hemoglobin and
DNA. o-Toluidine hemoglobin adducts have been used to monitor
exposure to o-toluidine and have been found in exposed humans
and rats, as well as in control human and rat groups with no known
source of exposure. The potential for persistence of o-toluidine or
its metabolites in humans was shown by comparison of the urinary
concentrations determined in exposed and unexposed workers
prior to the work shift (Teass et al., 1993; Brown et al., 1995).0-
Toluidine is excreted primarily via the urine of humans and rats
as N-acetylated metabolites (Son et al., 1980; El-Bayoumy et al.,
1986; Teass et al., 1993; Brown et al., 1995; Williamson et al.,
1995; Ward et al., 1996). The main metabolite is 4-amino-3-meth-
ylphenol (synonym 4-amino-m-cresol) and small amounts of the
N-hydroxy-derivative are also formed (Son et al., 1980; Kulkarni
et al., 1983). Unmetabolized o-toluidine is also excreted in the ur-
ine of rats at concentrations that are high (21-36%) in comparison
to the noncarcinogenic p- and m-toluidine isomers (2.5% each), and
contact of the parent compound with the urinary bladder was pro-
posed as a basis for o-toluidine tumorigenesis in this organ (Che-
ever et al., 1980). A physiologically based pharmacokinetic model
to permit quantitative comparisons between rats and humans,
however, is not available. A partial metabolic scheme is depicted
in Fig. 1.

The data available regarding the specific forms of cytochrome
P450 (CYP) involved in the metabolism of o-toluidine are limited.
Many aromatic amines are preferentially bioactivated by CYP1A2
in rats (Hammons et al., 1991) and humans (Kim and Guengerich,
2005). Smokers have significantly higher CYP1A2 activity com-
pared to nonsmokers, yet smoking status did not influence the in-
crease of o-toluidine hemoglobin adducts formed after treatment
with the o-toluidine precursor, prilocaine (Gaber et al., 2007). On
the other hand, o-toluidine itself is an inducer of hepatic CYP con-
tent and activities, and was especially effective in inducing caffeine
metabolism, predominantly catalyzed by CYP1A2 (Jodynis-Liebert
and Matuszewska, 1999), aryl hydrocarbon hydroxylase activity,
predominantly catalyzed by CYP1A (Gnojkowski et al., 1984), eth-
oxyresorufin-O-deethylase (CYP1A1 and CYP1A2), and other CYP
activities (ethoxycoumarin-O-deethylase and aldrin epoxidase)
(Leslie et al., 1988). Additionally, induction of hepatic CYP1A2
among other isoforms by Phenobarbital treatment caused a 1.5-
fold increase in the binding of o-toluidine to hemoglobin in the
presence of rat microsomes in vitro (Teass et al., 1993) and a sim-
ilar but variable response in rats in vivo (DeBord et al., 1992).

The production of ring-hydroxylated metabolites of o-toluidine
was enhanced approximately 8-fold in rats given an ethanol liquid
diet for 28 days as compared with rats given the control diet (Diaz
Gomez et al., 2006), suggesting that ring-hydroxylation pathways
may be catalyzed by CYP2ET1.

3.2. Health effects in humans

Oral exposure information in humans was not identified. Cases
of non-oral human poisoning by o-toluidine were reviewed by
OECD (2006). The principle acute effect induced in humans follow-
ing inhalation exposure is methemoglobinemia (OECD, 2006;
ChemIDPlus, 2011), with clinical signs of central nervous system
depression. Chronic effects in workers exposed to o-toluidine in-
clude anemia, anorexia, weight loss, skin lesions, central nervous
system depression, cyanosis, methemoglobinemia, and bladder
cancer (US EPA, 2000b; IARC, 2010; HSDB, 2011).
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Fig. 1. Proposed metabolic pathway for o-toluidine, adapted from Son et al. (1980) and Riedel et al. (2006), with modifications.

Several human case studies and epidemiology studies involving
o-toluidine have been reported and reviewed previously by IARC
(2000, 2010), OECD (2006). A number of these studies suggested
that occupational exposure to o-toluidine is associated with an in-
creased risk of bladder cancer (see Table 1). It was not possible to
definitively ascribe the bladder cancer to o-toluidine per se, in light
of coexposure to other potential bladder carcinogens (including
p-toluidine, aniline, o-nitrotoluene, rosaniline, safranine T, 4,4'-
methylene-bis-(2-methylaniline), 2-naphthylamine and toluene),
although co-exposures differed between studies (IARC, 2000).

An IARC Working Group (Baan et al.,, 2008) reassessed the
carcinogenicity of certain aromatic amines, including o-toluidine,
suspected of being carcinogenic. Following the re-evaluation of
o-toluidine carcinogenicity data, it was noted that the occupational
cohort studies showed greatly increased risks of bladder cancer,
which could not be explained by smoking. Moreover, other known

bladder carcinogens were present only in trace amounts in two of
the studies (Ward et al., 1991; Sorahan et al., 2000), and the high-
est risk of bladder cancer was associated with the longest duration
of o-toluidine exposure (Sorahan, 2008; Baan et al., 2008). Based on
the epidemiology studies in concert with several positive rodent
carcinogenicity studies and the detection of o-toluidine hemoglo-
bin adducts in humans, the IARC working group concluded that
o-toluidine is carcinogenic to humans, and assigned it to evidence
Group 1 (Baan et al., 2008; IARC, 2010).

3.3. Animal studies

Exposure to o-toluidine produces methemoglobinemia in labo-
ratory animals as with humans. In short-term repeated oral dosing
studies in rats, the earliest effects associated with o-toluidine are
cyanosis, morphological changes associated with the spleen and
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Table 1
Summary of selected studies of workers exposed to o-toluidine.
Population Bladder Potential coexposures Reference
cancer
NY State rubber chemical plant SIR=27.2 Aniline, 4-aminobiphenyl 2-aminofluorene, hydroquinone, toluene, carbon Ward et al. (1991), Prince
workers (1749 men) Latency 23/ disulfide, sulfur, benzothiazole, 2-mercaptobenzothiazole, nitrobenzene et al. (2000), IARC (2010)
34 years
Italian dyestuff factory workers SMR=62.5 4,4'-Methylene bis(2-methylaniline), magenta, safranine T, o-nitrotoluene, 2,5- Rubino et al. (1982), IARC
(906 men) Latency diaminotoluene, aniline, 0-aminoazotoluene, toluene, smoking (2010)
24.9 years
German 4-chloro-o-toluidine SIR=72.7 N-acetyl-o-toluidine, 6-chloro-o-toluidine, 4-chloro-o-toluidine Stasik (1988), IARC, (2010)
plant workers (116 men) Latency
27.5 years
Wales rubber chemical plant SMR =277 Aniline, 2-mercaptobenzothiazole, phenyl-B-naphthylamine Sorahan et al. (2000),
workers (2160 men) Latency Sorahan (2008)
>20 years

the urinary bladder, bone marrow hypercellularity, and in the liver,
lipid peroxidation and the induction of antioxidant defenses. After
13- or 26-week exposures, male rats developed splenic capsule
fibrosis, diffuse hyperplasia of the urinary bladder epithelium,
and an increase in placental-GST positive foci in the liver. Hyper-
plasia of the epididymis was also observed after 26 weeks of expo-
sure. After two-years of exposure to o-toluidine hydrochloride in
the diet, non-neoplastic dose-related lesions were found in the
spleen of rats and mice, and in the urinary bladder of rats. Decre-
ments in body weight or body weight gain were seen consistently
in animals exposed via the feed for durations of two weeks to two
years.

No data were located on the reproductive effects or develop-
mental toxicity of o-toluidine in the published literature. Chronic
administration led to proliferative lesions and neoplasms of mes-
enchymal tissue in male rats including the peritoneal lining of
the scrotum. In chronically treated female mice, ovarian cysts were
observed. Standard reproductive parameters were not evaluated in
these studies, and the data are not sufficient to determine whether
exposure to o-toluidine can alter reproductive function. Repeated-
dose studies along with the respective LOAEL and NOAEL values for
non-cancer effects are summarized in Table 2.

Supporting the human epidemiological evidence of carcinoge-
nicity are chronic studies in several species of animals. Table 3
summarizes the findings of carcinogenicity studies with the hydro-
chloride of o-toluidine given via the diet to rats and mice of differ-
ent strains. In addition to these studies, o-toluidine induced
urinary bladder papillomas in dogs after lifetime oral exposure
(Pliss, 2004) and in rabbits and guinea pigs when administered
by the subcutaneous route (US EPA, 1988b). The urinary bladder
is the only suspected target in humans for o-toluidine
carcinogenicity.

3.4. Genotoxicity

Studies of the genotoxic potential of o-toluidine were previ-
ously reviewed by Danford (1991), WHO/IPCS (1998), IARC
(2000, 2010), OECD (2006). o-Toluidine was included in two inter-
national collaborative studies evaluating short-term tests for car-
cinogens, which contributed to a large database of studies
available for this compound. Bacterial tests conducted under stan-
dard conditions in Salmonella typhimurium and Escherichia coli are
largely negative, consistent with what is generally observed with
monocyclic aromatic amines (IARC, 2010). However, o-toluidine
is a weak bacterial, fungal and mammalian mutagen under non-
standard conditions when protocol variations included use of the
fluctuation test (Gatehouse, 1981; Hubbard et al., 1981), addition
of norharman (Nagao and Takahashi, 1981) or lithocholic acid

(Kawalek et al., 1983), and the use of hamster rather than rat liver
S9 (Zeiger and Haworth, 1985) or high concentrations of S9 mix.

Results from several cytogenetic studies have demonstrated
clastogenic activity of o-toluidine in mammalian cells in vitro, usu-
ally requiring prolonged exposure. Exogenous metabolic activation
is not always a requirement, and incubation in serum-free media is
necessary to evoke a positive response when hepatic S9 mix is
added. In certain fungal and mammalian systems, o-toluidine in-
duces aneuploidy or polyploidy. o-Toluidine was positive in an
in vitro micronucleus test using human lymphocytes (Vian et al.,
1993), without requirement for hepatic S9. Species differences
may account for variable results observed in vivo. In mice, in vivo
tests for bone marrow chromosomal aberrations and micronuclei
were negative after intraperitoneal administration, and a mouse
bone marrow micronucleus test by the oral route was similarly
negative (OECD, 2006). When the micronucleus test was per-
formed with Fischer 344 or Sprague-Dawley male rats by the oral
or intraperitoneal routes, the results were reproducibly positive in
peripheral blood reticulocytes and negative in hepatocytes (Suzuki
et al., 2005).0-Toluidine causes single-strand DNA breaks in vitro
and in vivo (Cesarone et al., 1982). It induces unscheduled DNA
synthesis in vitro, with a requirement for S9 or intrinsic metabolic
capability. Unscheduled DNA synthesis was also induced in vivo in
the transitional epithelium of the rat urinary bladder (OECD, 2006).
o-Toluidine causes the transformation of cultured mammalian
cells, again, in the presence of S9 or in cells with intrinsic metabo-
lism. In a bone marrow sister chromatid exchange assay in mice,
o-toluidine produced positive results after high intraperitoneal
doses (McFee et al., 1989). Ohkuma et al. (1999) reported that o-
toluidine metabolites caused oxidative DNA damage in vitro in
the presence of Cu(Ill). DNA adducts of o-toluidine (as a major
metabolite of prilocaine) were detected in human urothelial cells
obtained from the urine of patients following prilocaine anesthesia
(Richter et al., 2006; Gaber et al., 2007), and were later detected in
11 out of 12 human bladder tumors (B6hm et al., 2011). When
evaluated in male rats, DNA adducts were obtained in the liver
(Brock et al., 1990) and nasal mucosa (Duan et al., 2008).

3.5. Mode of action evaluation

Mode of action considerations are an integral component of risk
assessment frameworks designed to establish the human relevance
of animal carcinogenicity data (Boobis et al., 2006; Meek et al.,
2003). Mode of Action is defined as the sequence of measurable key
events and cellular and biochemical events, starting with the inter-
action of an agent with the target cell, through functional and ana-
tomical changes, resulting in adverse health effects (US EPA, 2005a).
Key events are empirically observable, necessary steps in the disease
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Table 2
Summary of repeated dose studies with o-toluidine hydrochloride and LOAEL and NOAEL values for noncancer effects.
Study type (species) Exposure  NOAEL® LOAEL? (mg/ Critical effect(s) Reference
route (mg/kg- kg-day)
day)
14-Day (F344 rat) Diet None 23.7 (males) Methemoglobinemia (males, females); |Body weight gain Dupont
25.5 (females) (females) (1994) OECD
(2006)
20-Day with 5 and 10 day Gavage None 225 (males) |Body weight gain; | Survival; Cyanosis; 1Spleen organ weight Short et al.
interim groups (F344 rat) Splenic congestion, hemosiderosis, and hematopoiesis; Bone (1983)
marrow hypercellularity
4-Week (Wistar rat) Diet None 40 (males) THepatic microsomal lipid peroxidation, GSH concentrations, GSH Jodynis-
peroxidase and catalase activities. |Hepatic superoxide dismutase Liebert and
activity Murias
(2002)
7-WeekP (F344 rat) Diet 37(males) 75 (males) |Body weights NCI (1979)
149 224 (females)
(females)
7-Week” (B6C3F1 mouse) Diet None 301 (males and |Body weight gain (males and females) NCI (1979)
females)
26-Week with 13 week interim, Diet None 213 (males) |Body weight gain; Spleen absolute and relative organ weight NTP (1996)
stop and continuous exposure Hyperplasia of the urinary bladder transitional epithelium
groups (F344 rat) (completely reversible). Hemosiderin accumulation in the spleen,
liver Kupffer cells, and renal tubule epithelium (partly reversible)
Fibrosis of the splenic capsule (irreversible). Mesothelial
hyperplasia (continuous exposure) of the tunica vaginalis
18 Month® (CD-1 rat) Diet None 162 (males) |Body weight gain; |Survival Weisburger
et al. (1978)
72 Week! (F344 rat) Diet None 98 (males) |Body weight gain; |Survival Hecht et al.
(1982)
2-Year (F344 rat) Diet None 178 (males) |Body weight gain; |Survival; TIncidence of epithelial hyperplasia NCI (1979)
92 (females) of urinary bladder; fIncidence of mesothelial hyperplasia of
splenic capsule
18 Month € (CD-1 mouse) Diet None 905 (males and |Body weight gain; |Survival Weisburger
females) et al. (1978)
2-Year (B6C3F1 mouse) Diet None 93 (males) |Body weight gain; TIncidence of splenic hematopoesis (males); NCI (1979)
97 (females) TIncidence of ovarian cysts (females)
¢ Dose of the hydrochloride multiplied by 0.746 to obtain the dose of the free base, o-toluidine.
b Animals were held for 1 week on control diets following the 7 week exposure period.
¢ Animals were held for 6 months on control diets following the 18 month exposure period.
4 Animals were held for 20 weeks on control diets following the 72 week exposure period.
¢ Animals were held for 3 months on control diets following the 18 month exposure period.
Table 3
Summary of rodent oral carcinogenicity studies with o-toluidine hydrochloride.
Test system Route Tumors Reference
CD rats (males) Diet Subcutaneous fibromas and fibrosarcomas; urinary bladder transitional cell carcinomas (n.s.) Weisburger
18 mo/24 mo ob et al. (1978)
F344 rats Diet Both sexes: sarcomas of multiple organs. Males: mesotheliomas in multiple organs or the tunica vaginalis; urinary NCI (1979)
101-104 wks bladder transitional-cell carcinomas (n.s.). Females: splenic sarcomas, urinary bladder transitional-cell carcinomas,
mammary gland fibroadenomas or adenomas.
F344 rats (males) Diet Urinary bladder papillomas and carcinoma (n.s.); mesotheliomas and sarcomas of the peritoneum; liver and Hecht et al.
72 wks mammary tumors (1982)
CD-1 mice Diet Hemangiosarcomas and hemangiomas of abdominal viscera (both sexes) Weisburger
18 mo/24 mo ob et al. (1978)
B6C3F1 mice Diet Hemangiosarcomas and hemangiomas (males) NCI (1979)
103 week Hepatocellular carcinomas (females)
n.s. = not significant.
ob = observation.
process. While the mode or modes of action for o-toluidine toxicity 1. Initial bioactivation by hepatic microsomal cytochrome P450
and carcinogenicity in various target tissues are not completely enzymes.
understood, we propose that the following set of key events is in- 2. Further bioactivation in the urinary bladder transitional epithe-

volved in the mode of carcinogenic action of o-toluidine to the hu-
man and rodent urinary bladder (see Fig. 2):

DNA adducts.

lium via NAT1 yielding reactive nitrenium ions and forming
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Fig. 2. Proposed key events involved in the mode of carcinogenic action of o-toluidine to the transitional epithelium.

3. Semiquinone/quinone redox cycling in the transitional epithe-
lium producing oxidative cellular damage and compensatory
cell proliferation.

4. Mutation resulting from direct or indirect DNA damage to uri-
nary bladder transitional epithelial cells.

5. Human and rodent urinary bladder tumors.

The urinary bladder is the only suspected target in humans for
o-toluidine carcinogenicity. Hecht et al. (1982) distinguished
between the mechanism involved in the tumor induction in the
urinary bladder and liver (N-oxidation) and that responsible for ef-
fects observed in the spleen, peritoneum, skin, and mammary
gland. A comparison of the effects of chronic administration of
o-toluidine hydrochloride, and a minor metabolite, o-nitrosotolu-
ene, showed o-nitrosotoluene to be more potent than o-toluidine
hydrochloride in the male F-344 rat urinary bladder and liver. This
was not the case for effects observed in the peritoneum, skin, and
spleen, where o-nitrosotoluene and o-toluidine induced compara-
ble numbers of tumors, nor in the mammary gland, where fibroad-
enomas were induced to a greater extent by o-toluidine. The

authors concluded that induction of bladder tumors by o-toluidine
hydrochloride depends upon N-oxidation and resulting interaction
of o-nitrosotoluene or the corresponding hydroxylamine with
cellular macromolecules in the bladder epithelium, whereas
N-oxidation may not be a key step for the induction of tumors of
the skin, spleen, peritoneum, and mammary gland.

The data for o-toluidine suggest that multiple modes of action
likely contribute to the carcinogenicity of this compound, with
some target organ specificity. Mutagenic N-oxidized metabolites
participate in the development of urinary bladder neoplasias, and
stimulation of cell division in the transitional epithelium may also
be involved (see Fig. 2).

3.5.1. Metabolic activation

N-oxidation catalyzed by cytochrome P450 appears to be a nec-
essary if not sufficient step in the activation of o-toluidine to a
bladder and liver carcinogen. Hepatic cytochrome P450 enzymes
catalyze the formation of N-hydroxyl-o-toluidine (Stillwell et al.,
1987; Cheever et al., 1992; Teass et al., 1993; Sabbioni and Sepai,
1995); the specific cytochrome P450 isoforms responsible for this
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activation have not be elucidated. Further oxidation to nitrosotol-
uene may take place in the blood, generating methemoglobin
(Kiese, 1966). The N-oxidized intermediates form adducts with
blood hemoglobin, as demonstrated in vitro (Teass et al., 1993)
and in vivo (Stillwell et al., 1987; Cheever et al.,, 1992; Richter
et al.,, 2001). Alternatively, the N-hydroxyarylamine can potentially
be metabolized to a reactive N-sulfonyloxyarylamine, N-acetoxya-
rylamine and/or N-hydroxy arylamine N-glucuronide, which are
capable of reacting with protein and DNA (Sabbioni and Sepai,
1995) and may be responsible for the cytotoxicity and genotoxicity
of o-toluidine.

N-hydroxy-o-toluidine and its various conjugates produced in
the liver can enter the circulation and reach the lumen of the blad-
der, where they can form highly electrophilic nitrenium ions,
which may in turn lead to DNA adducts in the transitional epithe-
lium (Kadlubar and Badawi, 1995; Taylor et al., 1998; Riedel et al.,
2006). Nonenzymatic activation of N-hydroxyarylamines to reac-
tive electrophiles is favored under the mildly acidic conditions
(e.g., pH 5-6) found in human and dog urine (Beland et al,
1983), but this activation can also take place at pH 7.5 (Kulkarni
et al,, 1983). NAT1 in the urinary bladder is thought to catalyze
acetylation of the N-hydroxyarylamine to form the reactive N-acet-
oxyarylamine that ultimately hydrolyzes and binds to DNA (Tal-
aska, 2003) and initiates DNA damage.

While N-oxidation appears to be a critical step in generation of
DNA reactive metabolites, intermediates formed via alternate
pathways are likely to contribute to the expression of o-toluidine
toxicity. CYP2E1 is implicated in the ring-hydroxylation of o-tolu-
idine at positions para- and ortho- to the amine. Ring-hydroxyl-
ation reactions are catalyzed by liver microsomes and liver nuclei
from naive rats, and induced by ethanol treatment (Diaz Gomez
et al., 2006). The major pathway of o-toluidine metabolism is ring
hydroxylation in the para (4)-position to form 4-amino-m-cresol,
and N-acetylation of the latter to form N-acetyl-4-amino-m cresol;
both metabolites are excreted as sulfates and glucuronides in the
urine (Cheever et al., 1980; Son et al., 1980; Williamson et al.,
1995). The unconjugated phenolic metabolites are sensitive to oxi-
dation (Son et al., 1980), potentially forming reactive quinone imi-
nes which can undergo redox cycling and generate reactive oxygen
species. This mechanism may explain the observation that the N-
acetyl-4-amino-m-cresol concentration in urine was positively
correlated with urinary bladder cell proliferation in rats (Dupont,
1994).

3.5.2. Genotoxic modes of action

N-oxidation of o-toluidine is necessary for the expression of
mutagenicity, as well as the development of bladder tumors. When
tested for mutagenicity in S. typhimurium, the hydroxylamine, C-
nitroso and hydroxamic acid metabolites of o-toluidine were found
to have significant mutagenic activity exclusively in base-pair
mutagen sensitive strains of S. typhimurium (Hecht et al., 1979),
but only in the presence of rat liver homogenate (Hecht et al.,
1979; Gupta et al.,, 1987). The parent compound has repeatedly
been negative in standard bacterial reverse mutation assays. The
mutagenicity was proposed to arise from activation of o-toluidine
to N-acetyl-N-hydroxy-o-toluidine, which can further generate
reactive electrophilic nitrenium ions and covalently bind DNA
(Gupta et al., 1987). Previous reviews (Danford, 1991; IARC,
2000; OECD, 2006) of the extensive body of genetic toxicity data
have detailed the lack of consistency in assay results, but conclude
that o-toluidine exhibits mutagenic, clastogenic, and DNA damag-
ing activity under certain conditions.

DNA damage may alternatively be mediated by the generation
of free radical intermediates from phenolic or N-hydroxyl metabo-
lites of o-toluidine. Quinoneimines can undergo a one-electron
reduction catalyzed by flavoenzyme NADPH-cytochrome P450

reductase and spontaneously reoxidize with the resultant forma-
tion of reactive oxygen species. The generation of free radicals by
o-toluidine was confirmed by Ohkuma et al. (1999) who showed
that 4-amino-3-methylphenol (major metabolite) is autooxidized
to form aminomethylphenoxyl radical, and o-nitrosotoluene (min-
or metabolite) is reduced by NADH to the o-toluolhydronitroxide
radical. These authors proposed that oxidative damage to DNA
via these radical metabolites of o-toluidine participates in the
carcinogenic action of o-toluidine. 8-0xo0-7,8-dihydro-2’-deoxy-
guanosine is formed efficiently in vitro by o-toluidine metabolites
(4-amino-3-methylphenol and o-nitrosotoluene plus NADH) in
the presence of Cu(ll) and is known to cause GC to TA transver-
sions, a common DNA mutation found in bladder carcinoma
(Ohkuma et al., 1999). It is of interest that ring hydroxylation of
o-toluidine to 2-amino-m-cresol and 4-amino-m-cresol can be cat-
alyzed by rat liver nuclei as well as microsomes (Diaz Gomez et al.,
2006). Thus o-toluidine metabolites and reactive oxygen species
might be generated in proximity to potential DNA targets.

There is also evidence of a direct interaction between o-tolui-
dine metabolites and DNA in vivo. o-Toluidine-releasing DNA ad-
ducts in the human bladder were preliminarily reported by
Richter et al. (2006) and Gaber et al. (2007) by capillary gas chro-
matography-mass spectrometric analysis of hydrolyzed adducts.
Subsequently these adducts were detected in 11 out of 12 human
bladder tumors at a mean concentration of 8.72 + 4.49 fmol/ng
DNA. This concentration was >100-fold higher than 4-aminobi-
phenyl-releasing DNA adducts in the same tissues, and >30-fold
higher than concentrations of o-toluidine-releasing DNA adducts
in epithelial and submucosal bladder tissues of 46 sudden death
victims (Bohm et al., 2011).

When evaluated in male rats, DNA adducts were obtained in the
liver (Brock et al., 1990) and also in the nasal mucosa (Duan et al.,
2008), but surprisingly, none were detected in the urinary bladder
epithelium by the nucleotide 3?P-postlabeling assay (detection
limit ~1 adduct in 10® normal nucleotides) following single or 7-
day gavage dosing (Duan et al., 2008). The authors noted that some
adducts are significantly underestimated by the postlabeling assay
used. Lifetime bioassays with o-toluidine identified the liver as a
target in male and female mice (NCI, 1979); in male rats (Hecht
et al., 1982), and 1 rat out of 50 (sex not specified) developed a he-
patic sarcoma after subcutaneous injection (Pliss, 2004). Nasal
pathology was not evaluated in the chronic studies. On the basis
of relative macromolecular binding of ortho- and para- isomers of
toluidine, Brock et al. (1990) concluded that the degree of binding
did not correlate directly to carcinogenic potency. When the uri-
nary bladder epithelium of the rat was specifically investigated fol-
lowing 14-day feeding with o-toluidine, both unscheduled DNA
synthesis and cellular proliferation were found to be significantly
elevated when compared with controls (Dupont, 1994).

3.5.3. The urinary bladder epithelium

Toxicity to the urinary bladder epithelium was investigated in
male and female F344 rats fed o-toluidine for 14-days (Dupont,
1994). There was a dose related increase in cell proliferation, which
was positively correlated with the urinary excretion of N-acetyl-4-
amino-m-cresol in both sexes. At the high dose level, mild urothe-
lial hyperplasia was observed in females that received an esti-
mated 321 mg/kg-day, and minimal thickening of the urothelial
layer was observed in males that received an estimated 300 mg/
kg-day (after correcting for the test substance stability). The high
dose level in this study also induced unscheduled DNA synthesis
in urinary bladder cells evaluated ex vivo. Cell proliferation is indic-
ative of a regenerative response of the transitional epithelium to
cellular damage caused by o-toluidine metabolites. Toxicity to
the urinary bladder epithelium may be a consequence of
reactive oxygen species generated by the redox cycling of
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N-acetyl-4-amino-m-cresol and its quinone imine counterpart, or
damage mediated by the electrophilic quinone imine itself (see
Fig. 2). N-acetyl-4-amino-m-cresol is a major o-toluidine metabo-
lite (Williamson et al., 1995) and is sensitive to spontaneous oxida-
tion (Son et al., 1980).

4. Exposure characterization
4.1. Sources of exposure

The general population may be exposed to low o-toluidine con-
centrations through ambient air, tobacco smoke, or food (HSDB,
2011), as well as drinking water. No reports were located in the
published literature referencing the measurement of o-toluidine
in drinking water. However, o-toluidine has occasionally been de-
tected during extraction testing of drinking water system compo-
nents at low ppb concentrations, normalized to static at-the-tap
conditions (NSF International, personal communication). o-Tolui-
dine occurs in tobacco leaves, black tea, and in beans (Phaseolus
vulgaris) (Neurath et al., 1977). Unspecified toluidine isomers that
are likely to include o-toluidine were detected in kale (Brassica
oleracea), celery (Apium graveolens), and carrots (Daucus carota)
(OECD, 2006). o-Toluidine is ubiquitous in the human environment
because it is a major component of tobacco smoke (OECD, 2006). In
the main-stream smoke of cigarettes, 30-208 ng/cigarette of o-
toluidine was measured, and in the unfiltered side-stream smoke
it was the most abundant of the aromatic amines measured at 2-
4 ng/cigarette (Luceri et al., 1993). In spite of the relatively higher
level of o-toluidine found in side-stream cigarette smoke, the con-
tribution from passive smoke to o-toluidine hemoglobin adduct
levels was concluded to be small relative to region-specific factors,
such as traffic density-related air pollution in larger cities as com-
pared to rural environments (Richter et al., 2001). The o-toluidine
concentration in ambient air from a variety of indoor air sources,
including nonsmoking zones and rooms where smoking was al-
lowed, ranged from 3.0 to 16.9 ng/m>. The concentration of an out-
door air source in Florence, Italy (location not specified) was
2.5 ng/m> (Luceri et al., 1993).

Environmental exposure can occur during the manufacture and
processing of o-toluidine, either via wastewater effluent or atmo-
spheric emissions. Raw wastewater from a pigment manufacturing
factory in Korea contained o-toluidine at 25.3 mg/L, a level acutely
toxic to aquatic organisms, but the substance was not detected in
the effluent indicating that it was removed effectively by the fac-
tory wastewater treatment plant (Jo et al., 2008). o-Toluidine was
present in surface-water samples taken from three rivers in Ger-
many, at levels of 0.3-1 pg/L (Neurath et al., 1977). According to
the Official Emission Declaration for the year 2000, <25 kg/annum
of o-toluidine was emitted into the atmosphere at the five German
production and processing sites (OECD, 2006). Annual environ-
mental releases from industrial facilities in the United States were
16,229, 18,797, and 16,2401b in 2005, 2006, and 2007, respec-
tively, as reported in the Toxics Chemical Release Inventory (TRI,
2009).

Releases of o-toluidine may occur from products like coal oil
and gasoline. It is formed by the reductive degradation of o-nitro-
toluene at former ammunition sites (OECD, 2006), but degrades
more rapidly than its precursor (Van Aken and Agathos, 2002).
The estimated half-life in air of o-toluidine due to indirect photo-
degradation is 2.9 h (OECD, 2006) assuming 500,000 hydroxyl rad-
icals/cm® (AOPWIN, v. 1.91). Significant hydrolysis of o-toluidine in
aquatic compartments is not expected due to the lack of hydroly-
sable functional groups. The results of several standard biodegra-
dation tests, indicated that o-toluidine is readily biodegradable
under aerobic conditions (OECD, 2006).

4.2. Exposure assessment

o-Toluidine has been detected in most urine samples analyzed
from the general population and the levels are generally higher
in smokers compared to non-smokers (Riffelmann et al., 1995; Rie-
del et al., 2006). OECD (2006) concluded that tobacco smoke,
including environmental tobacco smoke, is the predominant
source of o-toluidine exposure in non-occupationally exposed hu-
mans. Diet and region-specific factors such as air pollution have
also been identified as possible contributing sources (DeBruin
et al.,, 1999; Richter et al., 2001).

Biomonitoring data in humans confirmed that population expo-
sure to o-toluidine occurs in both smokers and non-smokers, under
various occupational and environmental settings (Weiss et al.
2000; Weiss and Angerer, 2002; Talaska, 2003; Riedel et al. 2006).

5. Determination of dose response relationship
5.1. Key study and critical effect

5.1.1. Key study

Considering the proposed mode of urinary bladder carcinoge-
nicity and the lack of adequate exposure information among occu-
pationally exposed cohorts, quantitative assessment of cancer risk
associated with o-toluidine relies on urinary bladder carcinogenic-
ity data from laboratory animals. Several studies on the carcinoge-
nicity of o-toluidine were located and the two-year study of o-
toluidine hydrochloride in diet (NCI, 1979) with rats and mice
was selected as the key study. It was considered to be the most
suitable for risk assessment, based on the chronic duration of expo-
sure and thoroughness of reporting. The study was conducted prior
to the development of current regulatory guidelines (US EPA,
2009), and the protocol lacked clinical chemistry, urinalysis, and
organ weight measurements, although these deficiencies did not
impact the assessment. As discussed in 6.2.2, Critical effect, the
compromised health status and low survival of the males rats in
this study hindered meaningful interpretation of male tumor data;
however, considering the concordance of target organ (i.e. urinary
bladder) between humans and rodents, the fact that the maximum
tolerated dose may have been exceeded was not considered to im-
pact the assessment. Since the reaction of o-toluidine with stom-
ach acid will yield the hydrochloride salt, the use of the
hydrochloride salt as the test article rather than o-toluidine itself
is not a concern (US EPA, 1984). Chronic dietary administration
to rats resulted in sarcomas of multiple organs in each sex, fibro-
mas of the subcutaneous tissue and mesotheliomas in multiple or-
gans or the tunica vaginalis in male rats, and sarcomas of the
spleen, transitional-cell carcinomas of the urinary bladder, and
fibroadenomas or adenomas of the mammary gland in female rats
(Table 4).

The results of chronic testing in mice of both sexes showed in-
creased hepatocellular adenomas and carcinomas and vascular tu-
mors (hemangiosarcoma and hemangioma) particularly in high
dose males (Table 5). These studies in rodents had adequate test
group sizes of 50 per sex, per dose level, and appropriate exposure
duration of 101-104 weeks. The dietary route of exposure was also
relevant. The other carcinogenicity studies, reviewed previously
(IARC, 2000), were less completely reported; however, the tumor
findings from other oral studies (Weisburger et al., 1978; Hecht
et al., 1982; Pliss, 2004) were concordant with the results reported
by NCI (1979).

The epidemiology studies were also assessed and subsequently
discounted for their potential use in quantifying o-toluidine risk.
Several confounding factors were identified; notably, the
numerous co-exposures that occurred with o-toluidine in the
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Table 4

Neoplastic and nonneoplastic effects in F344 rats after chronic dietary administration of o-toluidine hydrochloride® (NCI, 1979).
Dose, ppm in feed 0 3000 6000

Males Females Males  Females Males Females

Survival® 90%® 80%2 26% 57% 0%¢ 22%
Mean body weights compared to controls? NA NA 113% 112% 122% 123%
Neoplastic effects )
Urinary bladder - transitional cell carcinoma or papilloma 0/20 0/20f 3/50 10/45" 1/44 22/47"
Spleen - sarcoma, NOS; angiosarcoma, or osteosarcoma 0/20  0/20f 8/49  9/49" 442 12/49"
Subcutaneous tissue - fibroma 0/20°  0/20 28/50'  4/50 27/49' 2/49
Mammary gland - fibroadenoma or adenoma, NOS 0/20 7/20f 7/50 20/50 1/50 35/49'
Multiple organs lesions of mesenchymal origin® - malignant mesothelioma; mesothelioma, NOS; 0/20°  0/20f 17/491  2/50 29/42! 19/49

fibrosarcoma; angiosarcoma; or osteosarcoma

Non-neoplastic effects
Urinary bladder - epithelial hyperplasia
Spleen capsule mesothelial hyperplasia

0/20  0/20 9/50  21/45  7/44 13/47
0/20  0/20 18/49  32/49  5/42 12/49

Statistical analysis of non-neoplastic effects was not performed.
NA = not applicable.

2 Only effects observed at an increased incidence compared to controls were included with the following exceptions; if observed in only one sex, results for the other sex

were included for comparison; “rare tumors were included.
b

c
d

Survival at 101 weeks.

Survival data were not provided, and were thus estimated from the available graphs at 104 weeks except where otherwise indicated.

Mean body weight data were not provided, and were thus estimated from the available graphs.

¢ Tumors are most frequently associated with the spleen; excludes lesions NOS that were too undifferentiated to classify.

f Cochran-Armitage test, p < 0.05.

¢ Significant Tarone test for dose-related trend in mortality p < 0.001.
h_ Significant Fischer exact test compared to control, p < 0.05.
! Significant Fischer exact test compared to control, p < 0.01.

epidemiology studies. These included aniline, 4-aminobiphenyl
(Ward et al, 1991); 4,4-methylene bis(2-methylaniline) and
smoking (Rubino et al., 1982); N-acetyl-o-toluidine, and 6-chloro-
o-toluidine (Stasik, 1988); and 2-mercaptobenzothiazole and phe-
nyl-B-naphthylamine (Sorahan et al., 2000), among others. Many of
these substances are considered carcinogenic or possibly carcino-
genic to humans, and it is possible that these exposures interacted
with o-toluidine exposure, thus influencing the incidences of blad-
der cancer discovered. While the disease occurrence was ulti-
mately attributed primarily to the effect of o-toluidine exposure,
disease rates could not be used to establish o-toluidine risk values.

The exposure information available from Ward et al. (1996) was
valuable for establishing an association between o-toluidine expo-
sure and bladder cancer in the worker cohort studied (Ward et al.,
1991; Markowitz and Levin, 2004; Markowitz, 2005), but there are
several confounds to using these data for the purpose of quantita-
tive risk assessment. Elevated urinary concentrations and hemo-
globin adducts were measured in both exposed and unexposed
cohorts, and there is insufficient information to quantitatively de-
scribe the relationship between external and internal dose. Fur-
ther, temporal trends and variations in exposure concentrations
from 1972 to 2003 occurred due to improvements in workplace
exposure controls and job reassignments. Thus, extrapolation be-
yond the bounds of the observation period (Ward et al., 1996) to
estimate previous and subsequent exposure concentrations was
not considered appropriate. In the absence of a quantitative expo-
sure assessment, the epidemiology studies could not be used to
establish reliable risk values.

5.1.2. Critical effect

The target tissues in which malignant neoplasms developed fol-
lowing lifetime oral exposure of rodents to o-toluidine were prin-
cipally the urinary bladder, spleen, liver and vasculature. In
identifying the critical effect from the NCI (1979) studies, in gen-
eral, tumors that occurred in more than one species and or sex
were assessed as being more significant than single-species and
sex tumors that were observed. Additionally, tumors with

significantly elevated incidences at both low and high doses were
assessed as more significant than tumors that were induced only
after high-dose treatment. o-Toluidine targets the urinary bladder
in multiple species (dog, rabbit, guinea pig, and rat) and the urinary
bladder is the only suspected target in humans for o-toluidine car-
cinogenicity. The incidence of transitional cell neoplasia of the uri-
nary bladder was significantly increased in female F344 rats at
both low and high dose levels, and was consequently selected as
the critical effect. Also considered but not selected as the critical ef-
fect were sarcomas of multiple organs (the spleen most frequently
involved), which were also observed in rats of each sex. The splenic
hyperplasia, fibrosis, and neoplasia reported in male and female
rats are considered to be sequelae to red blood cell destruction
and heme pigment accumulation (Goodman et al., 1984; NTP,
1996). Such effects would become manifest only when the capacity
of the spleen to remove and process damaged red blood cells is ex-
ceeded, suggesting that these tumors are not suitable for low-dose
linear extrapolation, and do not represent the critical effect. The
incidences of mammary, vascular, and hepatocellular tumors were
increased only in high dose groups, and were therefore not critical.

Increased incidences of urinary bladder tumors were found in
male and female rats in the NCI (1979) study, females showing a
significant dose-related trend and significant pairwise compari-
sons with the control at both low and high dose levels. Transitional
cell epithelial hyperplasia, potentially a precursor lesion that pro-
gresses to neoplasia, was present in both males (0/20, 9/50, and
7/44) and females (0/20, 21/45, and 13/47), and there appeared
to be a dose-related progression from transitional-cell epithelial
hyperplasia to transitional-cell carcinomas of the urinary bladder,
particularly in females. The lack of dose-response relationship in
males may be attributable to the high mortality rate in this study,
with 100% mortality in high-dose males at 101 weeks. Based on
this study and other chronic studies in male rats, it is evident that
the urinary bladder is a target organ in both sexes. In male CD rats
fed o-toluidine hydrochloride for 18 months and held for 6 months
on control diets, the incidences of transitional cell carcinomas were
3/23 in the low dose (162 mg/kg-day) group and 4/23 in the high
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Table 5
Neoplastic and nonneoplastic effects in mice after chronic dietary administration of o-toluidine hydrochloride® (NCI, 1979).
0 1000 3000
Males Females Males Females Males Females
Dose, ppm in feed
Survival 75% 95% 86% 78% 68% 86%
Mean body weights compared to controls® NA NA 16% 115% 115% 133%
Neoplastic effects
Hepatocellular carcinoma 4/19 0/20" 16/50 2/49 11/50 7/50
Hepatocellular adenoma 1/19 0/20 3/50 2/49 3/50 6/50
Hepatocellular carcinoma or adenoma 5/19 0/20" 19/50 4/49 14/50 13/50""
Hemangiosarcoma 1/19° 1/20 1/49 1/49 10/50 2/50
Hemangioma 1/19 0/20 1/48 0/49 2/50 1/50
Hemangiosarcoma or hemagioma 1/19° 1/20 2/50 1/49 12/50 3/50
Non-neoplastic effects
Splenic hematopoiesis 1/19 9/20 6/49 4/49 11/50 6/47
Ovarian cyst NA 1/20 NA 7/46 NA 6/47

Statistical analysis of non-neoplastic effects was not performed.
NA, not applicable.

9 Only effects observed at an increased incidence compared to controls were included with the following exceptions; if observed in only one sex, results for the other sex

were included for comparison; “rare tumors were included.

> Mean body weight data were not provided, and were thus estimated from the available graphs.

* Cochran-Armitage test, p < 0.05.
" Significant Fischer exact test compared to control, p < 0.01.

dose (350 mg/kg-day) group, compared with concurrent (0/16) or
pooled (5/111) controls (Weisburger et al., 1978). In male F344 rats
fed o-toluidine hydrochloride for 72 weeks and held for 20 weeks
(Hecht et al., 1982), the incidence of transitional cell carcinomas
was 4/30 (13%) in treated rats (98 mg/kg-day) compared with 0/
27 in controls. While the incidences of transitional cell carcinomas
of the bladder in male rats do not achieve statistical significance,
the similarity in response among the three bioassays suggests bio-
logical significance of these tumors. The lower incidence of bladder
tumors in male rats compared with female rats may be related to
sex-specific patterns of arylamine activation and detoxication.
For example, glutathione S-transferase M1 (GSTM1), a phase II en-
zyme linked to arylamine detoxification and bladder cancer risk
(Yu et al., 2002) is more abundant in male than female mouse liv-
ers. If arylamine detoxification activity is also higher in male than
female rats, the expected result would be lower bladder tumor
incidence in male rats. In support of a sex-based difference in o-
toluidine activation/detoxication, urinary bladder epithelial
changes observed in a 14-day oral study with rats (Dupont,
1994) was more pronounced in females (LOAEL = 170 mg/kg-day)
than in males (LOAEL =300 mg/kg-day). In a study of gender-
and smoking-related bladder cancer risk in the United States, wo-
men were found to have a higher propensity for arylamine activa-
tion compared to men and, consequently, experience a higher level
of bladder cancer risk relative to men with comparable arylamine
exposure (Castelao et al., 2001). Consistent with this result, the lev-
els of blood hemoglobin adducts of toluidine isomers in male chil-
dren were slightly lower than in female children (Richter et al.,
2001).

In sum, of all the tumor types induced by chronic administra-
tion of o-toluidine to laboratory animals, transitional tumors of
the urinary bladder epithelium are the only malignant tumors that
were observed in more than one species and sex, indicating consis-
tency of results across different assays and animal models. Tumors
were significant at low as well as high doses, and the tumor re-
sponse was larger in female rats than in male rats. The relevance
of this neoplasia to humans is inferred from evidence in epidemi-
ology studies and a common cytochrome P450-dependent bioacti-
vation pathway in rats and humans.

According to McConnell et al. (1986) and Brix et al. (2010), the
incidences of bladder tumors of the same tissue of origin observed
in chronic animal bioassays may be combined for risk assessment

purposes. Thus, transitional cell neoplasia of the urinary bladder
was considered the critical effect, and papilloma and carcinoma
incidences were combined for benchmark dose modeling. A sepa-
rate histomorphogenic origin was assumed for the single squa-
mous cell carcinoma observed in low dose males (data not
shown), and this tumor type was not combined with the transi-
tional cell tumors.

5.2. Identification of susceptible populations

For carcinogens that act through a mutagenic mode of action,
there can be greater susceptibility for the development of tumors
when exposures occur in early life stages as compared with later
life stages (US EPA, 2005b). The key study selected for the quanti-
tative estimation of o-toluidine cancer risk is a standard two-year
bioassay in which exposure in the diet commenced at the young
adult stage of life; 6 weeks in rats and mice (NCI, 1979). To address
the potential impact of early-life exposure, the cancer risk derived
from the standard study was modified according to US EPA (2005b)
with potency adjustments for early-life exposures. Susceptibility to
o-toluidine will depend on the maturity of arylamine bioactivation
capacity, which develops early in life. Thus while the neonate is
considered inherently more sensitive to mutagenic carcinogens,
it would not be susceptible to o-toluidine until arylamine bioacti-
vation capacity develops. Susceptibility to methemoglobinemia,
generally greater in infants (Denshaw-Burke and Savior, 2008),
would also be dependent upon the capacity for bioactivation of
o-toluidine. Based on these considerations, default age-specific
adjustment factors were selected for age groups between 6 months
and 16 years, because no toxicokinetic or toxicodynamic data were
available for o-toluidine to directly assess cancer susceptibility
during this period. A quantitative analysis of lifetime unit risk is
presented in 6.4 Dose-Response Assessment that incorporates the
recommended factors for early life stage susceptibility as well as
early life stage exposure.

A principal route of metabolism for o-toluidine is via N-acetyla-
tion, a primary detoxication mechanism in humans for aromatic
amines (Beland and Kadlubar, 1985). Genetic polymorphisms have
been identified for N-acetylation enzymes, NAT1 and NAT2, and
epidemiological evidence indicates that acetylator phenotype af-
fects an individual’s susceptibility to aromatic amine-induced
bladder cancer (Freudenthal et al., 1999). The mean increased risk
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of bladder cancer in NAT2 slow acetylators is 1.5-1.75 times higher
relative to fast acetylators in cases of documented exposure to aro-
matic amines (Golka et al., 2002; Talaska, 2003). Thus it is possible
that slow acetylators may be more susceptible to o-toluidine tox-
icity than rapid acetylators, however this possibility has not been
confirmed in animal models.

5.3. Benchmark dose modeling

To evaluate the dose-response relationship for the combined
transitional cell carcinomas and papillomas of the urinary bladder
of female rats (NCI, 1979) a benchmark dose (BMD) was calculated.
The BMD is the statistical lower confidence limit on the dose pro-
ducing a predetermined level of change for an adverse effect com-
pared with the response in untreated animals (US EPA, 2000a,
2011a). BMDs, benchmark dose lower bounds (BMDLs) and their
associated slope factors were determined at the 10% response level
with 95% confidence, an appropriate default given the tumor inci-
dences of 22% and 47%, at low and high dose levels, respectively.
For the purposes of the present assessment, the estimated mean
achieved dietary doses in animals were converted to human equiv-
alent doses, consistent with the default assumption that the hu-
man is more sensitive to o-toluidine than the rat (Table 6). The
quantal linear model with the slope restricted to >1 had the best
statistical fit with the fewest parameters, and the statistical 95%
lower confidence limit on a 10% effect level (BMDL,g) is 13 mg/
kg-day (see Appendix). The corresponding slope factor of 0.0077
(mg/kg-day)~! is an upper-bound estimate of risk per increment
of dose that can be used to estimate risk probabilities for different
exposure levels.

The unit risk, defined as the upper-bound excess lifetime cancer
risk estimated to result from continuous exposure to an agent at a
concentration of 1 pg/L (US EPA, 2011c), may be calculated from
the slope factor using the default 70 kg body weight and 2 L/day
drinking water consumption of an adult:

0.0077 kg-day " 1 " 2L " 1
mg 70kg = day = 1000 pg
=022 x10°(ug/L)"

Unit Risk =

The derived cancer slope factor used in the above Unit Risk cal-
culation was based on a standard chronic adult rodent bioassay,
which did not address the impacts of early-life exposures. For car-
cinogens acting through a mutagenic mode of action, US EPA
(2005b) recommends that a potency adjustment should be used
to assess cancer risks associated with early-life exposures. We used
the slope factor first to calculate unit risks for individual life stages,
and then summed the lifestage unit risks to derive the lifetime,
lifestage-adjusted unit risk, as recommended by US EPA (2005b)
supplemental guidance.

Chemical-specific data were not available to assess cancer sus-
ceptibility from early-life exposure directly, and the recommended
default adjustment factors of “10” for the risk from 6 months to
<2 years of life; “3” for the risk for ages two through <16; and
“1” for ages 16 until 70, were applied. For the periods from birth
to <6 months of age, an adjustment factor of “1” was used instead
of the default of “10”, based on deficiencies in cytochrome P450s
involved in the metabolic activation of aromatic amines (Ginsberg
et al., 2002). Xenobiotic metabolizing cytochrome P450s are gener-
ally immature at birth and reach full maturation between
6 months and one year of age (Vieira et al., 1996; Cresteil, 1998;
Kurata et al., 1998; Nakamura et al., 1998; Tanaka, 1998; Valcke
and Krishnan, 2011). Although the specific CYP isoforms that bio-
activate o-toluidine have yet to be defined, given the overlapping
substrate specificity within this family of enzymes, it is reasonable

to conclude that the degree of metabolic activation of o-toluidine
by neonates until six months of age is low relative to adults. Thus
selection of a 1x adjustment factor for ages 0 (birth) to 6 months is
health-protective. After six months of age, the rate of cytochrome
P450-catalyzed activities is comparable to adult levels. The use of
default potency adjustment factors for lifestages beginning at six
months is therefore consistent with the capacity for metabolic acti-
vation of o-toluidine and associated risks at these lifestages (Gins-
berg et al., 2002).

Water ingestion rates also vary as a function of age, and chil-
dren drink more water relative to their body weights than do
adults. Thus, age-specific drinking water ingestion rates were ap-
plied to the various age range groupings (US EPA, 2005b). Recom-
mended water ingestion rates were used, specifically, consumer-
only ingestion rates, which represent the quantity of water con-
sumed only by individuals who reported water intake during the
survey period (US EPA, 2011b). Central estimates of the 90th per-
centile ingestion rates (L/kg-day) were chosen to correspond
approximately with the default standard water ingestion quantity
of 2 L for a 70 kg adult (88th percentile, US EPA, 2000). Using the
recommended age groups, potency adjustment (p.a.) factors and
exposure factors, listed in Table 7, and the derived slope factor,
the individual age group unit risks (Unit Risk,g.) associated with
the corresponding life stage were derived according to the
following:

Unit Riskyge (1g/L) ' = 0.0077kg —day x 1 x ingested water(L)
mg bw(kg) day
x 1mg x exposure(y) x p.a.
1,0004g 70y 1

The lifetime age group-adjusted Unit Risk (Unit Riskagg) for a
population with average life expectancy of 70 years is obtained
by summation of individual Unit Risk,ge values (Table 7), thus:

Zindividual Unit Risk,ge = lifetime Unit Riskage
=47 x 107 (ug/L) "or 0.47
x 10 5(pg/L) !

For o-toluidine, the lifetime Unit Riskagg of 0.47 x 1075 (pg/L)~!
is approximately 2-fold higher than the unadjusted Unit Risk value
0f 0.22 x 107 (ug/L)~! for a 70 kg adult consuming 2 L of drinking
water per day (Table 8). Based on the ratio of the Unit Riskagg to
the unadjusted Unit Risk, a lifestage-adjusted oral slope factor
and 107> cancer risk level can be derived. The values and deriva-
tion of these parameters are presented in Table 8. The lifestage-ad-
justed 107> cancer risk level is 0.61 pg/kg-day; ~2-fold lower than
the unadjusted cancer risk level of 1.3 pg/kg-day.

6. Risk characterization

The total allowable concentration (TAC) is a mean value used to
evaluate the results of product extraction testing to static at-the-
tap conditions (NSF/ANSI 61, 2011). For a compound considered
to be a genotoxic carcinogen, the TAC is set at the 10> cancer risk
level, a level considered to be safe and protective of public health
(US EPA, 1991). The cancer risk level is calculated from the unit
risk. The derived lifestage-adjusted unit risk (Unit Riskagg) was
used for the calculation of the TAC, as follows:

107° 047x10°°
TAC g/l
TAC =21 pg/L or 0.021 mg/L
=0.02 mg/L or 20 pg/L (rounded)



280 J. Caroline English et al. /Regulatory Toxicology and Pharmacology 64 (2012) 269-284

Table 6

Dose-response data for benchmark dose modeling of combined neoplasia of urinary bladder in female rats administered o-toluidine hydrochloride (NCI, 1979).

F344 female rat dose, o-toluidine
hydrochloride®® (mg/kg-day)

Average Dietary
Level® (ppm)

F344 female rat dose, o-
toluidine? (mg/kg-day)

Human equivalent dose®, o-
toluidine mg/kg-day

Urinary bladder transitional cell
neoplasia’, combined Incidence/total

0 0 0
3,000 257 192
6,000 530 395

0 0/20
48 10/45"
95 22/47°

¢ Based on gravimetric formulation of the diets.

b Doses were estimated using the standard allometric relationship of food consumption (F, kg/day) and body weight (W, kg) for all animal species combined (US EPA,

1988a), i.e., [F=0.065 W79,

¢ Based on mean study body weights of 0.265 kg and 0.230 kg, respectively, at the low- and high-dose levels, obtained from female body weight data graphs at Week 75.
4 The dose of o-toluidine as the free base was calculated by multiplying the dose of the hydrochloride by the ratio of molecular weights for the free base (107.155) to the

hydrochloride (143.616), equal to 0.746.
¢ Human Equivalent Dose = dose (mg/kg-day) x (kg rat/70 kg human)
f Lesions include papilloma and carcinoma.

" p<0.05.

" p<0.01.

0.25

This risk assessment accounts for the relatively higher drinking
water intake on a body weight basis (L/kg-day) of early lifestage
populations by using exposure factors for these populations in
determining a lifestage-adjusted lifetime Unit Risk estimate. It also
accounts for the potential for greater susceptibility in life stages
between 6 months and 16 years of age relative to adults by using
recommended potency adjustment factors (US EPA, 2005c).

Urinary measurements provide a reasonable indication of gen-
eral population exposure to o-toluidine for comparison with the
1075 cancer risk level derived in this risk assessment. An adult con-
suming 2 L of drinking water per day containing o-toluidine at the
total allowable concentration (TAC) of 20 pg/L would consume
40 pg/day. The mean total exposure to o-toluidine from all sources
was determined by Riedel et al. (2006) from urinary measurements
to be 0.11 pg/day in non-smokers (n = 9) and 0.20 pg/day in smok-
ers (n=10) (Riedel et al., 2006). Similar results were obtained by
Weiss and Angerer, 2002, who detected o-toluidine in 16 out of
20 subjects (smoking status was not reported) at urinary concen-
trations of 0.12 ng/L (median) and 2.7 pg/L (95th percentile); con-
centrations ranged from <0.05 to 3.1 pg/L. Assuming 1 L of urine is
excreted per person per day (West, 1990), the median exposure
from all sources was 0.12 pig/day and the 95th percentile exposure
was 2.7 pg/day. The latter value is comparable to the calculated
daily uptake of o-toluidine by smokers of 3.6 pg/day (Talaska,
2003). When compared with the 10~° cancer risk value of 40 ug
per day, high level general population exposure, represented by
the 95th percentile or individuals smoking 25 cigarettes per day,
is approximately 7-9% of the 10~> cancer risk value. Mean or med-
ian exposures in the populations studied by Weiss and Angerer
(2002) and Riedel et al. (2006) are <1% of the 10~ cancer risk
value.

7. Discussion and conclusions

o-Toluidine and its hydrochloride salt are listed in the NTP Re-
port on Carcinogens, 12th Edition, as reasonably anticipated to be
human carcinogens based on sufficient evidence of carcinogenicity
from studies in experimental animals (NTP, 2011a). The lifestage-
adjusted cancer potency factor determined in the current risk
assessment is 0.016 (mg/kg-day) ! and the corresponding unit risk
value is 0.47 x 107 (ug/L)~". These values and the basis for their
derivation may be compared with previous assessments and con-
clusions reached by government agencies. Thus, the US EPA
(1987) classified o-toluidine as a Group B2, probable human car-
cinogen and calculated an oral cancer slope factor of 0.24 (mg/
kg-day)~! and corresponding unit risk value of 6.9 x 10°° (pg/
L)~L. In this assessment, the key study selected by US EPA was that

of Hecht et al. (1982) in which male rats were fed a single dose of
o-toluidine in the diet for 72 weeks. The slope factor was deter-
mined based on the incidence of skin fibromas in treated rats (US
EPA, 1997). In a later assessment (US EPA, 1988b) a cancer slope
value of 0.069 (mg/kg-day)~! was derived from the NCI (1979)
chronic study with male rats. Doses of 0, 150 and 300 mg/kg-day
were assumed, and human potency was calculated using a mean
rat body weight of 408 g (mean of mean body weights of 450 g,
400¢g, and 375 g in control, low and high dose groups, respec-
tively). The incidences of sarcomas in combined target organs (0/
20, 15/50, and 37/49 in control, low dose and high dose groups,
respectively) were used to derive the slope factor (US EPA,
1988b). The US EPA (1987, 1988b) values were not adopted for this
risk assessment because of the compromised health status of the
male rats, the benign nature of the skin fibromas used in the initial
assessment, and the nonlinear mechanism pertaining to aromatic
amine-induced sarcomas used in the later assessment (Goodman
et al.,, 1984).

The State of California Office of Environmental Health Hazard
Assessment (OEHHA) has listed o-toluidine and the hydrochloride
as chemicals known to the state to cause cancer under the Safe
Drinking Water and Toxic Enforcement Act of 1986 (OEHHA,
2009). Using an expedited method for conducting risk assessments,
“no significant risk levels” (levels calculated to result in one excess
case of cancer in an exposed population of 100,000 assuming life-
time exposure) of 4 pg/day for o-toluidine and 5 pg/day for o-tolu-
idine hydrochloride were derived, and the cancer potency value
was 0.18 (mg/kg-day)~! (OEHAA, 2008). The methodology and crit-
ical effect selected by California’s OEHHA (2008) differ from the
current assessment, in that OEHHA (2008) determined that the
male rat was the most sensitive test system, and the potency esti-
mate was based on the geometric mean of human potency values
derived from the male rat in relevant studies (NCI, 1979; Russfield
et al., 1973; Hecht et al., 1982; Weisburger et al., 1978). In the NCI
study, potency was derived using “time-to-tumor” analysis
(Crump et al., 1991) due to the decreased survival of male rats.
The site and histopathology used for dose-response data used in
the potency calculation was “subcutaneous tissue and skin - site
with varying histopathology.” These single species and sex tumor
types consist primarily of benign subcutaneous fibromas. The OEH-
HA value was not adopted for this risk assessment, because female
rats were more sensitive to the development of urinary bladder tu-
mors that were considered more relevant to humans, particularly
in light of the epidemiology data and IARC (2009) conclusion that
exposure to o-toluidine is carcinogenic for human urinary bladder
epithelial cells. Indeed, the only malignant tumor type observed in
both sexes of rat and in multiple species including humans were
transitional cell neoplasias of the urinary bladder epithelium, and
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Table 7
Unit Risk analysis by lifestage.

281

Age grouping?® Exposure duration (years) Potency adjustment®

90th% Ingestion of drinking Water, consumer only® (L/kg bw)

Unit riskyge (pg/L)—1

0-<1 month 0.083 1x
1-<3 months 0.167 1x
3-<6 months 0.25 1x
6 month-<1 year 0.5 10x
1-<2 years 1 10x
2-<3years 1 3x
3-<6 years 3 3x
6-<11 years 5 3x
11-<16 years 5 3x
16-70 years® 54 1x
Total lifetime unit riskagg 70 -

0.235 2.15 x 1079
0.228 419 x 1079
0.148 407 x 107
0.112 6.16 x 1078
0.056 6.16 x 107%8
0.052 1.72 x 10798
0.043 4.26 x 107%8
0.035 5.78 x 10798
0.026 429 x 10798
0.029¢ 1.72 x 1077
- 4.66 x 1077

¢ Recommended set of childhood age groups and default potency adjustment factors for Agency exposure assessments (US EPA, 2005c).

b US EPA (2011b) exposure factors handbook (Estimates of Direct and Indirect Water Ingestion: Community Water) except where noted otherwise.

¢ The 16-<21 year age grouping was collapsed with adults into one age-group based on equivalent sensitivity and similar drinking water consumption rates. Adult default
body weight and drinking water consumption values of 70 kg and 2 L/day, respectively, were used, according to NSF procedures.

Table 8
Comparison of lifestage-adjusted and unadjusted risk derivations.

Parameter - units Unadjusted for lifestage (default)

With lifestage adjustment

Formula Value Formula Value

Slope factor (mg/kg-day)—1 0.1 ° 0.0077 0.1 x LAF® 0.016
BMDL;, BMDLy

107 cancer risk level (mg/kg-day) 0.00001 13 %1073 10 cancer risk levelp® 0.61 x 1073
slope factor —F

Unit risk (ug/L)™! slope factor?x 2 L x 1 mg¢ 0.22 x 1076 Unit riskage (see Table 7 for derivation) 047 x 107

70 kg bw day  1000pg

2 BMDL,( = 13 mg/kg-day (see Appendix).

b LAF (lifestage adjustment factor) = unit riskagg = 2.14 = 2(rounded) .
unit risk

€ 107 cancer risk levelp, = Default (unadjusted) 10~ cancer risk level.

4 Default adult body weight and drinking water consumption.

the bladder is therefore the relevant target organ. Recognizing this
and the reduced survival observed in treated female rats, some of
which developed bladder tumors, a mortality-adjusted analysis
(NTP, 2011b; Portier and Bailer, 1989), could not be performed
for the bladder tumor incidence in female rats for the present
assessment since the necessary individual animal survival and tu-
mor data were not reported by NCI (1979). However, a mortality-
adjusted BMDL estimate was considered unlikely to appreciably
deviate from that estimated in the present assessment, because
survival remained high well beyond the 65-week time to first uri-
nary bladder tumor.

Based on the evidence of increased risk of bladder cancer in hu-
mans occupationally exposed to o-toluidine, measures to reduce
occupational exposures to the lowest feasible concentrations have
been recommended (NIOSH, 1990; UK HSE, 1996). The existing
occupational exposure limits are not health-based but rather based
on technological control and measurement capabilities, and conse-
quently vary considerably. A Maximum Exposure Limit of 0.2 ppm
(0.9 mg/m>; 8-h time-weighted average) was established in the
United Kingdom based on a level of control that was deemed to
be reasonably practicable, with ongoing reductions in exposure
levels as reasonably practicable with the currently available tech-
nology (UK HSE, 1996). The American Conference of Governmental
Industrial Hygienists identified o-toluidine as a confirmed animal
carcinogen with unknown relevance to humans (ACGIH, 2001)
and recommended an occupational exposure limit of 8.8 mg/m?
(2 ppm) as an 8-h time-weighted average, with a skin notation
(sk), reflecting the fact that dermal absorption is an important
occupational exposure pathway. It was recognized that occupa-
tional exposure occurred, as shown by elevated levels of o-tolui-
dine in urine and o-toluidine hemoglobin adducts in workers,

despite workplace air concentrations of <1 ppm (4.38 mg/m?)
which was the study limit of detection (Ward et al., 1991; Teass
et al,, 1993). In 2006, the German MAK-Commission considered
o-toluidine to be a proven human carcinogen (cited by Gaber
et al., 2007), where it had previously been classified as “to be re-
garded as carcinogenic for humans” (Class 2) for the workplace.
For occupational settings in Germany, a Technical Exposure Limit
(TRK) based on analytical capabilities of 0.5 mg/m> (~0.1 ppm)
was assigned (OECD, 2006).

In conclusion, contemporary risk assessment methodology
(NSF/ANSI 61 Annex A, 2011; US EPA, 2005a) were used to deter-
mine an acceptable level for o-toluidine in drinking water. The
drinking water action level of 20 pg/L derived in this risk assess-
ment is protective of public health, since it was based on chronic
oral data for o-toluidine (as the hydrochloride) from an endpoint
and laboratory animal species predictive of the human target,
and further adjusted for early lifestage susceptibility and
exposure.
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