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ortho-Nitroanisole was considered previ-
ously by the IARC Monographs programme in 
Volume 65 of the IARC Monographs (IARC, 
1996), when it was evaluated as possibly carcino-
genic to humans (Group 2B) because of sufficient 
evidence in experimental animals. ortho-Anisi-
dine, a High Production Volume chemical and 
metabolite of ortho-nitroanisole, was considered 
previously in Supplement 7 (IARC, 1987) and 
Volume 73 of the IARC Monographs (IARC, 
1999), when it was evaluated as Group 2B because 
of sufficient evidence in experimental animals. 
Aniline is a High Production Volume chemical 
that was considered previously in Volume 27 
(IARC, 1982) and Supplement 7 of the IARC 
Monographs (IARC, 1987), when it was evalu-
ated as not classifiable as to its carcinogenicity to 
humans (Group 3) because of limited evidence in 
experimental animals and inadequate evidence 

in humans. Cupferron has not been previously 
evaluated by the IARC Monographs programme.

The Advisory Group to Recommend Pri- 
orities for the IARC Monographs recommended 
that ortho-anisidine (together with the struc-
turally similar ortho-nitroanisole), aniline, and 
cupferron be evaluated with high priority 
(Marques et al., 2019). New data have become 
available, primarily bioassay and mechanistic 
evidence, and these data have been included and 
considered in the present volume.1 

A summary of the findings of this volume 
appears in The Lancet Oncology (DeMarini et al., 
2020).

GENERAL REMARKS
This one-hundred-and-twenty-seventh volume of the IARC Monographs contains eval-
uations of the carcinogenic hazard to humans of some aromatic amines and related 
compounds, including ortho-nitroanisole, ortho-anisidine (and its salt, ortho-anisidine 
hydrochloride), aniline (and its salt, aniline hydrochloride), and cupferron. Due to the coro-
navirus disease (COVID-19) pandemic, this meeting, which was scheduled to be held in 
Lyon, France, was held remotely.

1 Standardized searches of the PubMed database were conducted for each agent and for each outcome (cancer in 
humans, cancer in experimental animals, and mechanistic evidence, including the key characteristics of carcinogens). 
The literature trees, including the full set of search terms for the agent name and each outcome type, are available at: 
https://hawcproject.iarc.fr/assessment/623/ (ortho-anisidine and its hydrochloride salt), https://hawcproject.iarc.fr/
assessment/624/ (ortho-nitroanisole), https://hawcproject.iarc.fr/assessment/625/ (aniline and its hydrochloride salt), 
and https://hawcproject.iarc.fr/assessment/627/ (cupferron).

https://hawcproject.iarc.fr/assessment/623/
https://hawcproject.iarc.fr/assessment/624/
https://hawcproject.iarc.fr/assessment/624/
https://hawcproject.iarc.fr/assessment/625/
https://hawcproject.iarc.fr/assessment/627/
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Information gaps in exposure 
characterization

For all the agents in this volume, the Working 
Group noted substantial data gaps regarding 
production and use, as well as environmental 
and occupational exposure levels. Data gaps 
exist for high-income countries but are particu-
larly notable in low- and middle-income coun-
tries. The Working Group has noted in the 
monograph on aniline that these data gaps were 
especially surprising given that aniline is a High 
Production Volume chemical with widespread 
occupational use, and for which there is long-
standing concern about toxicity and potential 
carcinogenicity.

Considerations relating to studies 
of cancer in humans

The body of literature related to cancer in 
humans exposed to these agents was sparse. 
Exceptionally, case reports or case series were 
considered for ortho-anisidine and aniline 
as potentially providing information on rare 
cancers among exposed workers, as well as 
historical context. However, the paucity of expo-
sure information and co-exposures to other 
carcinogenic agents limited the informativeness 
of these reports. The few available case–control 
or cohort studies of occupational exposure to 
aniline mostly investigated cancer of the urinary 
bladder. Most of these studies could not distin-
guish the effects of aniline from those of co-ex-
posures to known bladder carcinogens, or had 
other important limitations. 

Mechanistic class considerations

Three of the agents evaluated (ortho-nitroan-
isole, ortho-anisidine, and aniline) were clas-
sified in IARC Group 2A on the basis of strong 
mechanistic evidence. In view of the metabolism 
of ortho-nitroanisole to the aromatic amine 
ortho-anisidine, and mechanistic considerations 
for all three agents, ortho-nitroanisole, ortho- 
anisidine, and aniline were classified on the basis 
of belonging to a class of aromatic amines for 
which several members (i.e. 4-aminobiphenyl, 
2-naphthylamine, and ortho-toluidine) have 
been classified as carcinogenic to humans (IARC 
Group 1). ortho-Nitroanisole, ortho-anisidine, 
and aniline are similar to this class of aromatic 
amines with respect to the formation of common 
DNA-reactive moieties, genotoxicity, and target 
organs of carcinogenicity in animal bioassays 
for chronic toxicity. No data on DNA adducts 
in humans were available for ortho-nitroanisole, 
ortho-anisidine, or aniline. However, data on 
metabolism and DNA-adduct formation from 
human in vitro systems and studies of exposed 
rodents supported the view that ortho-nitroan-
isole, ortho-anisidine, and aniline are metabol
ically activated to reactive electrophiles and 
undergo binding to DNA in a manner that paral-
lels the established paradigm for carcinogenic 
aromatic amines. ortho-Nitroanisole, ortho-ani-
sidine, and aniline are genotoxic. The urinary 
bladder is a common target organ of carcino-
genicity for several of these aromatic amines 
in experimental animals. In the rat urinary 
bladder, ortho-nitroanisole and ortho-anisidine 
form DNA adducts, induce DNA damage, and 
cause malignant tumours when administered 
orally. The Group 1 agents ortho-toluidine and 
2-naphthylamine similarly cause malignant 
bladder tumours in the rat, and 4-aminobi-
phenyl causes malignant tumours of the urinary 
bladder when administered orally to dogs and 
mice (IARC, 2012). Other common target organs 
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of carcinogenicity in experimental animals are 
the spleen and testis. DNA binding and malig-
nant tumours are seen in the spleen after oral 
administration of aniline to male Fischer 344 
rats. The Group 1 agent ortho-toluidine similarly 
induces malignant splenic tumours in these rats, 
and an increased incidence of mesothelioma of 
the tunica vaginalis of the testis is seen with 
both aniline and ortho-toluidine (IARC, 2012). 
Overall, the mechanistic considerations that 
strongly support classification of ortho-nitroan-
isole, ortho-anisidine, and aniline in Group 2A 
go beyond chemical structural similarity to 
encompass biological and biochemical similar-
ities relevant to common key characteristics of 
carcinogens.

Data gaps regarding cupferron

Cupferron (N-nitroso-N-phenylhydroxylamine) 
is a N-nitroso hydroxylamine that has a unique 
chemical structure (Hrabie & Keefer, 2002). Such 
chemicals have attracted research interest for 
pharmaceutical applications because of their 
capacity to release nitric oxide (NO) under 
physiological conditions. Several experimental 
studies in acellular and non-mammalian systems 
support the view that cupferron can generate 
NO. For instance, in an acellular system, Alston 
et al. (1985) showed that cupferron is an excel-
lent substrate for horseradish peroxidase (with  
k > 107 M−1 s−1) and generated NO and nitroso-
benzene. Similarly, Hou et al. (1999) demon-
strated that the O-alkyl derivatives of cupferron 
could function as NO photoreleasing donor 
compounds, as also supported by Thomsen 
et al. (2018). The exposure of Vicia faba roots 
to cupferron and visible light in the absence 
of oxygen caused the induction of chromo-
somal aberrations, as did NO in this test system 
(Kihlman, 1959). Overall, these results indi-
cate that cupferron and its derivatives can be 

oxidized to the unstable oxy radical, which then 
spontaneously decomposes to nitrosobenzene. 
Considering that many mammalian peroxidases 
(e.g. thyroid peroxidase, lactoperoxidase, eosin-
ophil peroxidase) have a similar function to that 
of plant horseradish peroxidase (Josephy, 1986; 
Vlasova, 2018), it is reasonable to assume that 
in mammalian species cupferron is likely to be 
oxidized to nitrosobenzene and produce NO by 
certain peroxidases, especially in the presence of 
oxygen. Interestingly, nitrosobenzene is a reactive 
metabolite of aniline, supporting mechanistic 
commonalities between aniline and cupferron. 
However, no data on absorption, distribution, 
metabolism, or excretion in humans or in other 
mammalian systems (in vivo or in vitro) were 
available for the main metabolites formed from 
cupferron to inform conclusions about any 
commonalities with aniline or other aromatic 
amines (e.g. ortho-toluidine). 

The available information from tests for 
genotoxicity with cupferron in experimental 
systems indicated that cupferron is mutagenic 
and clastogenic. Quantitative structure–activity 
relationship (QSAR) modelling predicted the 
mutagenic potential of cupferron. The findings in 
animal cancer bioassays that cupferron induces 
tumours at multiple sites in both sexes of rats 
and mice are consistent with expectations for 
chemicals that are mutagenic and clastogenic. 
However, there are significant gaps in evidence 
for cupferron including a lack of information in 
humans and other in vivo mammalian systems 
relevant to key characteristics of carcinogens. 
As noted above, studies on absorption, distribu-
tion, metabolism, or excretion of cupferron in 
mammalian species or cells were not available, 
although chemistry information and acellular 
data support the inference that cupferron can 
be metabolized to nitrosobenzene, especially 
in the presence of oxygen. Overall, there is 
strong evidence from experimental systems that 
cupferron exhibits key characteristics of carcin-
ogens; cupferron is genotoxic. Cupferron was 
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carcinogenic in both rats and mice, inducing 
tumours of the forestomach and liver. Even in 
the absence of the observed sufficient evidence 
for carcinogenicity in experimental animals, 
the available strong mechanistic evidence alone 
supports the classification of cupferron in 
Group 2B.

Data from high-throughput 
screening assays

 The analysis of the in vitro bioactivity of several 
of the agents reviewed in the present volume 
was informed by data from high-throughput 
screening assays generated by the Toxicity 
Testing in the 21st Century (Tox21) and Toxicity 
Forecaster (ToxCast) research programmes of 
the government of the USA (Thomas et al., 2018). 
The results from these assays were uninformative 
regarding the carcinogenicity of all these agents. 
Although neither programme includes assays for 
mutagenicity or DNA-adduct formation, they do 
include a few assays to detect end-points encom-
passed by the key characteristics of carcinogens 
(Smith et al., 2016), such as DNA repair, altered 
gene expression, oxidative stress, and modulated 
receptor-mediated effects. Nonetheless, a recent 
analysis of data from five such assays in Tox21 
showed < 40% sensitivity for agents that are 
direct-acting genotoxicants in standard assays 
(i.e. Ames test, chromosomal aberrations in 
vitro, micronucleus formation in vivo) (Hsieh 
et al., 2019). These programmes are constantly 
being improved and new assays are included 
over time. However, at present, the general lack 
of metabolic activation and the small number of 
genotoxicity assays restricts the value of these 
high-throughput screening programmes for 
carcinogenicity assessments of genotoxic and 
other chemicals.  

Methaemoglobinaemia 

Methaemoglobinaemia is an adverse out- 
come commonly seen after exposure to 
many toxicants, including ortho-nitroanisole, 
ortho-anisidine, aniline, and various other 
aromatic amino- and nitroaromatic compounds 
classified by the IARC Monographs programme 
(e.g. the Group 2B agents 2-chloronitroben-
zene, 4-chloronitrobenzene, 2-amino-4-chloro- 
phenol, and N,N-dimethyl-p-toluidine). For 
several such agents, methaemoglobin forma-
tion has been attributed to the formation of 
N-hydroxyarylamine and other metabolites 
that engage in Kiese redox cycling yielding 
methaemoglobin and increasing cellular oxida-
tive stress (Sabbioni, 2017). In methaemoglo-
binaemia, oxidation of the haem iron reduces 
the oxygen-carrying capacity of the blood. As a 
biological marker of exposure, methaemoglobin 
in blood is used as a basis for exposure indices, 
such as those set by the American Conference 
of Governmental Industrial Hygienists (ACGIH, 
2008). 
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