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Acrolein was considered previously by the 
IARC Monographs programme in 1978 (IARC, 
1979), 1984 (IARC, 1985), 1987 (IARC, 1987), 
and most recently in 1995 (IARC, 1995), when it 
was evaluated as not classifiable as to its carcin-
ogenicity to humans (Group 3). Crotonaldehyde 
was also evaluated by the IARC Monographs 
programme in 1995, when the Working Group 
concluded that it was not classifiable as to its 
carcinogenicity to humans (Group 3) (IARC, 
1995).

Arecoline itself has not been previously eval-
uated by the IARC Monographs programme. 
However, arecoline is the most abundant alka-
loid considered in the context of betel-quid and 
areca-nut chewing in IARC Monographs Volume 
85 (IARC, 2004) and Volume 100E (IARC, 
2012a). It is the primary active ingredient of the 
areca nut, which is classified as carcinogenic to 
humans (Group 1) (IARC, 2012a). 

The Advisory Group to Recommend Priori
ties for the IARC Monographs that met in 2019 
recommended that all three agents 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. A 

summary of the findings of this volume appears 
in The Lancet Oncology (Marques et al, 2021).

Electrophilicity as a key 
characteristic of carcinogens

A characteristic feature of many carcinogens 
is that they are either direct-acting electrophiles or 
are metabolized to an electrophile. Electrophiles 
can bind to nucleophilic sites in DNA, forming 
adducts with DNA and potentially leading to 
DNA damage, including mutations, DNA strand 
breaks, and chromosomal aberrations. As des- 
cribed in a recent IARC Scientific Publication, 
multiple factors and mechanistic processes 
may play a role in determining whether elec-
trophiles will result in carcinogenicity (IARC, 
2019). A key factor is the extent of DNA binding 
of the electrophile, which can be affected by 
physiochemical properties (i.e. binding affinity 
for DNA or protein), time-dependent tissue 
concentrations, and the presence of alternative 
molecular targets (e.g. glutathione). In addition, 
the fate of the induced DNA lesion(s) may be 
influenced by various other molecular, cellular, 
and physiological factors, including the physical 
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properties of the lesion (e.g. persistence and 
mutagenic potential), the activities and effective-
ness of relevant DNA repair processes, and the 
rates of cell division and cell death. Importantly, 
related mechanistic effects, including inhibi-
tion of topoisomerase II and inhibition of DNA 
repair, may also be triggered by some electro-
philes, which can amplify the resulting DNA 
damage. Therefore, when considering whether a 
compound “is electrophilic” in a toxicologically 
meaningful way, its reactivity with biologically 
relevant nucleophiles, the nature of the resulting 
lesion(s), and the physiological context should be 
taken into account. 

Evidence that an agent “is electrophilic” may 
come from a range of computational analyses, 
molecular and cellular experiments, and other 
types of studies. Relevant findings may predict 
inherent DNA reactivity of the parent compound 
or its metabolite(s), characterize the structure of 
the DNA adduct, and illustrate adduct formation 
during controlled experiments in experimental 
animals or after occupational or other exposures 
in humans. Studies on DNA-adduct formation 
may provide an essential part of this evidence, 
depending on the specificity of the adduct for 
the exposure and the outcome. As highlighted 
in the Preamble to the IARC Monographs and 
relevant for this key characteristic, data from 
studies investigating susceptibility to cancer in 
experimental animals or in humans can provide 
important support for mechanistic conclu-
sions. For example, the Group 1 evaluations of 
trichloroethylene, N′-nitrosonornicotine, and 
nitrosomethylamino)-1-(3-pyridyl)-1-butanone 
(IARC, 2012a; 2014) were supported by studies 
showing that polymorphisms in metabolic 
enzymes affecting the formation or detoxifica-
tion of electrophiles can influence cancer risk. 
The strength of these molecular epidemiology 
studies in supporting the conclusions of the 
Working Group relies on the evaluation of study 
quality, as elaborated in the Preamble, and is the 
focus of the collaborative review undertaken with 

Working Group members reviewing exposure 
characterization, studies of cancer in humans, 
and mechanistic data. 

As further noted in the Preamble, evidence 
for a group of key characteristics of carcinogens 
described by Smith et al. (2016) can provide addi-
tional context and can strengthen mechanistic 
conclusions overall. For many Group 1 agents 
that are electrophilic (e.g. ethylene oxide; IARC, 
2012b), or that can be metabolized to electrophiles 
(e.g. aflatoxins, vinyl chloride, aristolochic acid; 
IARC, 2012b, c), the mechanistic conclusions 
were strengthened by evidence that these agents 
are genotoxic. Studies of micronucleus induc-
tion in exposed workers or studies of molecular 
signatures in the DNA (e.g. the TP53 mutation 
signature for aristolochic acid; IARC, 2012c) 
have been especially influential in this regard. 
For the agents evaluated in the present volume, 
all of which are electrophilic without requiring 
metabolic activation, there was evidence from a 
range of studies conducted in different systems 
and supporting multiple key characteristics of 
carcinogens. For two of the agents, acrolein and 
crotonaldehyde, there was supporting evidence 
for these mechanistic conclusions from studies 
on DNA adducts in humans; while providing 
important support, human studies on DNA 
adducts did not alone provide  “strong” evidence 
from exposed humans of key characteristics of 
carcinogens. Acrolein is a strongly electrophilic 
α,β-unsaturated aldehyde (enal) that readily 
reacts with DNA bases and proteins. Acrolein 
is genotoxic; it alters DNA repair or causes 
genomic instability; it induces oxidative stress; 
it is immunosuppressive; it induces chronic 
inflammation; and it alters cell proliferation, 
cell death, or nutrient supply. Crotonaldehyde 
is an electrophilic bifunctional α,β-unsaturated 
aldehyde (enal) that can form cyclic adducts in 
DNA, DNA interstrand crosslinks, and DNA–
protein crosslinks. Crotonaldehyde is genotoxic; 
it induces oxidative stress; and it induces chronic 
inflammation. Arecoline is an electrophilic 
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α,β-unsaturated ester that can undergo Michael 
addition with cellular nucleophiles. It is geno-
toxic; it alters DNA repair or causes genomic 
instability; and it induces oxidative stress. 

Differentiating endogenous from 
exogenous exposures

For two of the agents considered in the 
present volume, acrolein and crotonaldehyde, 
human exposure may derive from both endoge-
nous processes and exogenous sources. Findings 
were similar for some other aldehydes previously 
evaluated by the IARC Monographs programme, 
such as acetaldehyde and formaldehyde (IARC, 
2012a, b). 

As discussed in the monographs on acrolein 
and crotonaldehyde, many studies considered 
only tobacco smoking as an external exposure 
source to these chemicals and attributed findings 
in non-smokers (such as DNA adduct formation) 
to endogenous exposures. However, a diversity of 
exogenous exposures, including tobacco smoke 
as well as air pollution, diesel engine exhaust, 
inflammatory conditions, and a high fat diet, 
have been demonstrated in well-controlled 
experimental studies to increase the levels of 
aldehyde DNA adducts derived from acrolein 
and crotonaldehyde. Appropriate attribution of 
the effects of these diverse exogenous exposures 
is important in consideration of endogenous 
formation of acrolein and crotonaldehyde. 

Endogenous formation of acrolein and 
crotonaldehyde is mechanistically plausible. 
For acrolein, endogenous formation may occur 
by several pathways, including the reaction of 
myeloperoxidase with hydroxyl-amino acids 
such as threonine; the oxidation of spermine 
and spermidine by amine oxidase; and perox-
idation of polyunsaturated fatty acids (see 
the monograph on acrolein). Lipid peroxida-
tion and metabolism, specifically from ω-3 

polyunsaturated fatty acids, including docosa-
hexaenoic acid, linoleic acid, and eicosapentae-
noic acid, are also suggested endogenous sources 
of crotonaldehyde. As a result, aldehyde-derived 
DNA adducts are constantly formed in cellular 
DNA as endogenous background lesions. 

The question remains as to how informative 
these endogenous processes are for cancer hazard 
assessment. Firstly, endogenous background 
levels of an agent pose a challenge in untangling 
external from internal exposures, especially 
if the external exposure can only be indirectly 
assessed from metabolites or biomarkers. The 
interpretation of data on such biomarkers is not 
always straightforward and it may be difficult to 
separate the contribution of endogenous forma-
tion of metabolites (e.g. originating from lipid 
peroxidation or inflammation) from exogenous 
sources. Secondly, decreased or increased adduct 
levels may result from alterations in endogenous 
processes, including during the toxic response to 
the agent or during the course of cancer devel-
opment. For example, endogenous formation of 
formaldehyde may be important in the devel-
opment of leukaemia in patients with Fanconi 
anaemia (IARC, 2012b). For these reasons, DNA 
adducts in human cancer cells cannot be consid-
ered as a marker of external exposure, since 
cells have undergone several cycles of molecular 
changes and selection that affect the internal 
concentration of adducts. 

Data from high-throughput 
screening assays

The analysis of the in vitro bioactivity of 
acrolein and arecoline was informed by data 
from high-throughput screening assays gener-
ated 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 
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these assays were uninformative regarding 
the carcinogenicity of these agents. Although 
neither programme includes assays for mutagen-
icity or DNA-adduct formation, they do include 
a few assays to detect end-points encompassed 
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 capacity and the small number of 
genotoxicity assays limits the value of these high-
throughput screening programmes for carcin-
ogenicity assessments of genotoxic and other 
chemicals.

Scope of systematic review 

Standardized searches of the PubMed data-
base (National Library of Medicine, 2021) were 
conducted for the agent and for each outcome 
(cancer in humans, cancer in experimental 
animals, and mechanistic evidence, including 
the key characteristics of carcinogens). The liter-
ature trees for the agent, including the full set 
of search terms for the agent name and each 
outcome type, are available online.1
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