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Abstract: Commonly consumed foods and beverages can contain chemicals with reported carcino-
genic activity in rodent models. Moreover, exposures to some of these substances have been associated
with increased cancer risks in humans. Food-borne carcinogens span a range of chemical classes
and can arise from natural or anthropogenic sources, as well as form endogenously. Important
considerations include the mechanism(s) of action (MoA), their relevance to human biology, and
the level of exposure in diet. The MoAs of carcinogens have been classified as either DNA-reactive
(genotoxic), involving covalent reaction with nuclear DNA, or epigenetic, involving molecular and
cellular effects other than DNA reactivity. Carcinogens are generally present in food at low levels,
resulting in low daily intakes, although there are some exceptions. Carcinogens of the DNA-reactive
type produce effects at lower dosages than epigenetic carcinogens. Several food-related DNA-reactive
carcinogens, including aflatoxins, aristolochic acid, benzene, benzo[a]pyrene and ethylene oxide, are
recognized by the International Agency for Research on Cancer (IARC) as causes of human cancer. Of
the epigenetic type, the only carcinogen considered to be associated with increased cancer in humans,
although not from low-level food exposure, is dioxin (TCDD). Thus, DNA-reactive carcinogens in
food represent a much greater risk than epigenetic carcinogens.

Keywords: carcinogens; food; DNA-reactants; epigenetic; risk assessment

1. Introduction

Foods and beverages are essentially complex mixtures of chemicals consumed for
either sustenance or pleasure. The diversity of chemicals found in food is vast, as are their
varying properties. It has long been known that chemicals with carcinogenic activity in
rodent models can be found in many commonly consumed foods [1–5] from a variety of
sources including plants, microorganisms, contaminations, additive uses and reactions
which occur during storage, processing and cooking [2] (Table 1). In addition, carcinogens
can be formed endogenously, from food materials [6–8]. This review focuses mainly on
carcinogens, both rodent and human, present in foods and beverages at low concentra-
tions which are imperceptible, and a few components present at levels associated with
adverse effects. It does not address drinking water contaminants, such as arsenic, or the
contributions of caloric content and macro components such as fat content, or the excess
consumption of alcoholic beverages, all of which, nevertheless, have been implicated in
increased cancer risks in humans [9–16].

Chemical carcinogens exert their effects through two distinct types of mechanism
of action (MoA), which have been characterized as DNA-reactive (genotoxic) and epi-
genetic (non-genotoxic) [17–20], as discussed below. Chemical structure determines the
carcinogenic MoAs; DNA-reactive carcinogens have structures that form reactive elec-
trophiles, either directly or following bioactivation, whereas epigenetic carcinogens lack
such properties, but have structures that exert other molecular and cellular effects leading

Foods 2022, 11, 2828. https://doi.org/10.3390/foods11182828 https://www.mdpi.com/journal/foods

https://doi.org/10.3390/foods11182828
https://doi.org/10.3390/foods11182828
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/foods
https://www.mdpi.com
https://orcid.org/0000-0003-0651-9420
https://doi.org/10.3390/foods11182828
https://www.mdpi.com/journal/foods
https://www.mdpi.com/article/10.3390/foods11182828?type=check_update&version=2


Foods 2022, 11, 2828 2 of 90

to cancer [17,18]. These differences in MoA underly the nature of human cancer risks from
exposures [21,22].

Table 1. Sources of detectable carcinogens in food.

Source Examples a

1. Naturally occurring

Plant:

alkenylbenzene derivatives
aristolochic acid
cycasin
ptaquiloside
d-limonene

psoralen
pyrrolizidine alkaloids
pulegone
β-myrcene

Microbial/Fungal: various mycotoxins
2. Contaminants

Introduced before processing: daminozide
dioxins

DDT
flumequine

Introduced during processing: trichloroethylene methylene chloride

Food contact materials:
plastics (polyolefins, polyesters,
polystyrene, polyamides, etc.)
polymeric coatings

monomers (vinyl
chloride, styrene,
acrylonitrile)

3. Additives

Anthropogenic:
α,β-aldehydes
butylated hydroxyanisole and
butylated hydroxytoluene

hexenal
saccharin

4. Formed from food components

During processing:
acrylamide
chloropropanols
ethyl carbamate (urethane)

furan
various nitrosamines
alkylated imidazoles

During packaging: bisphenol A
furan phthalates

During storage: benzene

During cooking: acrylamide
benzo[a]pyrene

various heterocyclic
amines

In the body: nitrosamines and nitrosamides
α,β-aldehydes ethylene oxide

a Many of the agents listed are detectable only at minute levels by highly sensitive analytical techniques.

1.1. Mechanisms of Carcinogenicity of DNA-Reactive Carcinogens

DNA-reactive carcinogens have structures that permit formation of electrophilic re-
actants that covalently bind (adduct) to nucleophilic sites in nuclear DNA, as well as in
other macromolecules, including RNA and proteins, in the target tissue(s) of carcinogenic-
ity [23–25]. In target tissue(s), a single DNA reactant can form different DNA adducts on
various nucleophilic sites either on a single base or on different bases. Each adduct can
undergo different rates of repair depending upon its location in the genome. For example,
adducts in transcriptionally active regions are repaired by a transcription-coupled repair
system whereas adducts in transcriptionally silent regions are repaired by a global repair
system [26]. The levels of DNA adducts resulting from exposures are a function of several
metrics including dose levels, the frequency of exposure, and rates of DNA repair for
specific adducts. Each adduct has a characteristic efficiency with which it gives rise to
mutations, with those at sites of base pairing being more mutagenic.

Pro-mutagenic DNA alterations are converted to mutations during cell replication [27–29].
Mutations in critical growth control genes lead to neoplastic conversion, and subsequent
neoplastic development [28,30]. DNA-reactive carcinogens can also exert other cellular
effects, such as cytotoxicity, leading to enhanced cell proliferation, which can contribute to
their carcinogenic activity [31,32]. DNA-reactive carcinogens can have additive effects with
one another in their target organ(s).

Some DNA adducts evidently do not lead to carcinogenicity, since some adducts
can be found in tissues where no tumors are induced following administration of a
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carcinogen [33–36]. For example, acrylamide, which is discussed below, forms adducts
in target and non-target tissues [37]. It could also be the case that epigenetic effects are
required to enable neoplastic conversion resulting from some adducts [38,39].

As a result of DNA interactions, DNA-reactive carcinogens are typically genotoxic in
assay systems in which appropriate bioactivation is represented [17,18,24,40,41]. Moreover,
DNA-reactive carcinogens often produce tumors at multiple sites and with a short duration
of exposure, even after administration of a single dose for some. This property underlies
their activity in limited short-term bioassays [18].

Some DNA-reactive carcinogens have been demonstrated to exhibit no-observed-
adverse-effect-levels (NOAELs) for carcinogenic effects in animal models [25,31,42–46],
although conflicting data have been reported. Based on the steps for tumorigenesis, it is
evident that biological thresholds that may influence the likelihood of cancer progression for
genotoxic carcinogens exist. Nevertheless, currently, thresholds are not generally accepted
for DNA-reactive carcinogens from a risk assessment and management perspective [47]. It
is acknowledged that the derivation of NOAELs can be dependent on the study design,
and more research is needed in this space. It is outside the scope of this paper to discuss
thresholds for carcinogens in detail; however, this topic is reviewed elsewhere [25,31,42–46].

1.2. Mechanisms of Carcinogenicity of Epigenetic Carcinogens

Epigenetic carcinogens do not chemically react with DNA [17,20,48–52]. In the target
tissue(s) of carcinogenicity, MoAs of these types of carcinogens involve molecular or cellular
effects, which through secondary mechanisms, can either indirectly result in modification
of DNA function or cell behavior [17,48]. For example, epigenetic carcinogens can induce
oxidative stress, resulting in oxidative DNA damage [53–55], leading to either neoplastic
conversion or stimulation of cell proliferation, thereby facilitating neoplastic development,
often from cryptogenic pre-neoplastic cells. Epigenetic carcinogens can also affect gene
expression [56,57], leading to neoplastic conversion. Such effects are often specific for
rodents (e.g., d-limonene). Epigenetic carcinogens can enhance carcinogenicity of DNA-
reactive carcinogens through interactive effects such as neoplasm promotion (e.g., butylated
hydroxyanisole).

Due to their lack of direct DNA reactivity, epigenetic carcinogens, in contrast to
DNA-reactive agents, are typically negative in genotoxicity assays, even in the presence of
bioactivation, unless some artifact, such as extreme cytotoxicity, mediates mutagenicity. To
exert their carcinogenicity, epigenetic agents often require prolonged high-level exposures.
Their MoA underlies the fact that in limited bioassays they are negative for initiating
activity, but may be positive for promoting activity [18].

Epigenetic carcinogens are well established to exhibit NOAELs for the cellular effect
underlying their carcinogenicity in animal models [17,19], as discussed for several of the
food-borne carcinogens reviewed herein. Accordingly, thresholds are generally accepted
for DNA-reactive carcinogens from a risk assessment perspective [47].

2. Risk Assessment of Food-Derived Carcinogens
2.1. Application of Carcinogenicity Data to Human Risk

Two types of carcinogenicity data are used in the assessment of risk: human epi-
demiologic data and tumor data obtained in testing in rodent models [58]. The former is
considered more relevant for a variety of reasons [59–62], although such data are often
limited in human exposure information and can be poorly controlled [63].

Animal data are usually more robust, but frequently involve findings whose relevance
to humans is uncertain [18,64,65], because the tumorigenic effect involves MoAs operational
only in rodents. In addition, rodent studies do not mimic real life human exposures with
respect to both the concentration and frequency of exposure. The human diet is also
composed of mixture of components, which can both enhance and inhibit carcinogenicity.

Thus, in assessing human risk, two considerations are critical, i.e., the MoA of carcino-
genicity and human exposure dose [21,25].
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Once a chemical has been identified in a food product and its structure determined, it
is possible to undertake an in silico analysis to determine, based on structure-activity rela-
tionships, the potential for DNA reactivity [66]. While this works well for relatively simple
compounds, with the complexity of many natural products, the subtleties of metabolic
activation become increasingly difficult to predict. If sufficient material is available, direct
testing for DNA reactivity is the preferred approach [18].

This review focuses primarily on chemicals present in food that have sufficient evi-
dence of carcinogenicity in either humans or experimental animals and which were clas-
sified by the International Agency for Research on Cancer (IARC) as either carcinogenic
to humans (Group 1), probably (Group 2A) or possibly (Group 2B) carcinogenic to hu-
mans [58,67]. IARC also recognizes a third group of substances (Group 3) which lack
sufficient evidence to be classified as carcinogenic to humans but nonetheless can have the
potential to cause carcinogenicity in animals. Moreover, a variety of chemicals has not yet
been characterized as to their carcinogenic risk to humans. Where available, evaluations by
other expert groups are cited. Data on classification of carcinogens by government agencies
and their carcinogenic potencies (TD50) calculated based on the tumorigenicity findings in
rodents are provided in Table 2.

Table 2. Classifications and characteristics of food-borne carcinogens.

Chemical Name CAS Registry
Number

Classification Carcinogenic Potency
(TD50, mg/kg/d) c MoA

IARC a NTP b

1. Human carcinogens

Aflatoxins 1 1 0.343 (mouse)
0.0032 (rat) GTX

Aristolochic acid I 313-67-7 1 1 N/A GTX

Benzene 71-43-2 1 1 77.5 (mouse)
169 (rat) GTX

Benzo[a]pyrene 50-32-8 1 2 3.47 (mouse)
0.956 (rat) GTX

Dioxin (TCDD) 1746-01-6 1 1 0.000156 (mouse)
0.0000235 (rat) EPI

Dioxin-like compounds (PBCs) 1 N/L N/A EPI

Ethylene oxide 75-21-8 1 1 63.7 (mouse)
21.3 (rat) GTX

Methoxsalen with UV A radiation 298-81-7 1 1 32.4 (rat) GTX
Processed meat 1 N/L N/A GTX
Salted fish 1 N/L N/A GTX
2. Likely to be human carcinogens

Acrylamide 79-06-1 2A 2 3.75 (rat) GTX

2-Amino-3-methylimidazo[4,5-f ]quinoline 76180-96-6 2A 2 19.6 (mouse)
0.812 (rat) GTX

p,p′-Dichlorodiphenyl-trichloroethane
(DDT) 50-29-3 2A 2 12.8 (mouse)

84.7 (rat) EPI

Ethyl carbamate (urethane) 51-79-6 2A 2 16.9 (mouse)
41.3 (rat) GTX

5-Methoxypsoralen 484-20-8 2A N/L N/A GTX
N-nitrosodiethylamine 55-18-5 2A 2 0.0265 (rat) GTX
Red meat 2A N/L N/A GTX
2-Amino-3,4-dimethylimidazo[4,5-
f ]quinoline 77094-11-2 2B 2 15.5 (mouse) GTX

2-Amino-3,8-dimethylimidazo[4,5-
f ]quinoline 77500-04-0 2B 2 24.3 (mouse)

1.66 (rat) GTX

2-Amino-1-methyl-6-phenylimidazo[4,5-
b]pyridine 105650-23-5 2B 2 33.2 (mouse)

1.78 (rat) GTX

Benzophenone 119-61-9 2B N/L 152 (rat)
379 (mouse) EPI
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Table 2. Cont.

Chemical Name CAS Registry
Number

Classification Carcinogenic Potency
(TD50, mg/kg/d) c MoA

IARC a NTP b

Bracken fern 2B N/L N/A GTX

Butylated hydroxyanisole 25013-16-5 2B 2 5530 (mouse)
405 (rat) EPI

3-Chloro-1,2-propanediol 96-24-2 2B N/L 117 (rat) Uncertain
Crotonaldehyde 4170-30-3 2B N/L 4.2 (rat) GTX
Cycasin 14901-08-7 2B N/L N/A GTX
1,3-Dichloro-2-propanol 96-23-1 2B N/L 46.4 (rat) GTX

Di(2-ethylhexyl) phthalate 117-81-7 2B 2 476 (rat)
484 (mouse) EPI

1,4-Dioxane 123-91-1 2B 2 204 (mouse)
267 (rat) Uncertain/EPI

Fumonisin B1 116355-83-0 2B N/L 6.79 (mouse)
5.75 (rat) Uncertain/EPI

Fusarin C 79748-81-5 2B N/L N/A Uncertain/EPI

Furan 110-00-9 2B 2 2.72 (mouse)
0.396 (rat) EPI

Lasiocarpine 303-34-4 2B N/L 0.389 (rat) GTX

Methyl eugenol 93-15-2 2B 2 19.3 (mouse)
19.7 (rat) GTX

Methylazoxymethanol 592-62-1 2B N/L N/A GTX

2-Methylimidazole 693-98-1 2B N/L 782 (mouse)
868 (rat) EPI

4-Methylimidazole 822-36-6 2B N/L 387 (mouse)
317 (rat) EPI

Methyl isobutyl ketone 108-10-1 2B N/L 612 (rat) EPI
Monocrotaline 315-22-0 2B N/L 0.94 (rat) GTX
β-Myrcene 123-35-3 2B N/L 15,400 (rat) EPI
N-nitrosodiethanolamine 1116-54-7 2B 2 3.17 (rat) GTX

Ochratoxin A 303-47-9 2B 2 6.41 (mouse)
0.136 (rat) GTX/EPI

Pickled vegetables 2B N/L N/A GTX

Pulegone 89-82-7 2B N/L 232 (mouse)
156 (rat) EPI

Riddelliine 23246-96-0 2B 2 1.97 (mouse)
0.119 (rat) GTX

Safrole 94-59-7 2B 2 51.3 (mouse)
441 (rat) GTX

trans,trans-2,4-Hexadienal 142-83-6 2B N/L 176 (mouse)
62.2 (rat) GTX

3. Unknown carcinogenic potential
Agaritine d 2757-90-6 3 N/L N/A GTX
Butylated hydroxytoluene 128-37-0 3 N/L 653 (mouse) EPI
Carrageenan (native) d 9000-07-1 3 N/L N/A

Chlorate (sodium salt) d 7775-09-9 3 N/L 69.1 (mouse)
0.865 (rat) EPI

Eugenol d 97-53-0 3 N/L N/A

Furfural d 98-01-1 3 N/L 197 (mouse)
683 (rat) Uncertain

Hydroquinone 123-31-9 3 N/L 225 (mouse)
82.8 (rat) EPI

Isatidine d 15503-86-3 3 N/L 0.716 (rat) GTX
d-Limonene d 5989-27-5 3 N/L 204 (rat) EPI

Malondialdehyde 24382-04-5 3 N/L 14.1 (mouse)
122 (rat) GTX
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Table 2. Cont.

Chemical Name CAS Registry
Number

Classification Carcinogenic Potency
(TD50, mg/kg/d) c MoA

IARC a NTP b

Patulin d 149-29-1 3 N/L N/A Uncertain
Ptaquiloside 87625-62-5 3 N/L N/A GTX
Quercetin d 117-39-5 3 N/L 10.1 (rat) EPI
Retrorsine d 480-54-6 3 N/L 0.862 (rat) GTX
Senkirkine d 2318-18-5 3 N/L 1.7 (rat) GTX
Sodium saccharin d 128-44-9 3 N/L 2140 (rat) EPI
Symphytine d 22571-95-5 3 N/L 1.91 GTX
Zearalenone d 17924-92-4 3 N/L 39 (mouse) EPI
4. Not classified by IARC/NTP

Daminozide d 1596-84-5 N/L N/L 1030 (mouse)
2500 (rat) EPI

Estragole 140-67-0 N/L N/L 51.8 (mouse) GTX
Genistein d 446-72-0 N/L N/L 27.1 (rat) EPI
N-methyl-N-formylhydrazine d 758-17-8 N/L N/L 1.37 (mouse) GTX

a IARC group 1—carcinogenic to humans; group 2A—probably carcinogenic to humans; group 2B—possibly
carcinogenic to humans; group 3—not classifiable as to its carcinogenicity to humans; group 4—probably not
carcinogenic to humans. Source—Agents Classified by the IARC Monographs, Volumes 1–131 [67] . b 1—known to
be a human carcinogen; 2—reasonably anticipated to be a human carcinogen. Source—NTP Report on Carcinogens,
15th Edition [68] . c Only rodent data was included for comparison; Source—Lhasa Carcinogenicity Database,
https://carcdb.lhasalimited.org/ (accessed on 9 July 2022). d Not discussed in this review. EPI, epigenetic
modifications; GTX, genotoxicity; N/A, not available N/L, not listed.

In this review, the evidence for human cancer risk from intake of food borne carcino-
gens of both the DNA-reactive and epigenetic types is discussed. In the assessment of risk
from experimental studies, the greatest weight is given to studies with oral administration
since that route of intake is most relevant to human consumption. The demonstration of
human carcinogenicity is made in epidemiologic studies, although, the absence of an effect
can be due to inadequacy of the studies.

2.2. Risk Assessment of DNA-Reactive Rodent Carcinogens

In order to evaluate possible safety concerns arising from presence of carcinogens with
DNA-reactive MoA in the diet, many regulatory and advisory agencies, including the Eu-
ropean Food Safety Authority Panel on Contaminants in the Food Chain (EFSA CONTAM)
and the Joint Food and Agriculture Organization of the United Nations (FAO)/World
Health Organization (WHO) the Expert Committee on Food Additives (JECFA) use a
margin of exposure (MoE) approach [69,70]. MoE is calculated as a ratio between an ap-
propriate Point of Departure for a tumor response, such as NOAELs obtained from animal
studies, and a predicted or estimated human exposure level. A number of considerations
should be taken into account when a MoE is derived, including the biological relevance of
carcinogenic MoAs to humans [65].

Among DNA-reactive rodent carcinogens, only aflatoxins, aristolochic acid I, benzene,
benzo[a]pyrene and ethylene oxide, have been found to be associated with cancer causation
in humans (Table 2). Nevertheless, all materials in this class are genotoxic, indicating an
MoA that represents human risk [22].

2.3. Risk Assessment of Epigenetic Carcinogens

The contribution and relevance of epigenetic mechanisms produced by dietary factors
leading to the development of cancer in humans is uncertain [71], and the best approach to
risk assessment of such carcinogens remains a topic of a debate [72]. Nevertheless, at low
intermittent exposures (less than 1 mg/day) epigenetic carcinogens are not considered to
pose cancer risks to humans [21]. This may reflect the absence in humans of the processes
involved in the MoAs in rodents, e.g., d-limonene alpha 2µ(α2µ)-globulin nephropathy

https://carcdb.lhasalimited.org/
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in male rats leading to kidney tumors [73], or the much lower exposures of humans, e.g.,
forestomach irritation in rats caused by butylated hydroxyanisole leading to squamous
cell carcinoma [74]. Additionally, the fact that epigenetic changes can be reversible could
contribute to lack of human risk. Hence, for epigenetic carcinogens NOAELs are used to
derive safety values, such as tolerable daily intake (TDI) [21].

3. DNA-Reactive Carcinogens and Related Chemicals Present in Food

This section provides an overview of food-derived carcinogens that typically produce
genotoxic and mutagenic effects in vitro and/or in vivo, in particular with appropriate
bioactivation. Chemical structures of DNA-reactive carcinogens and related chemicals
discussed in this section are provided in Figures 1–5.

3.1. Phytotoxins

A recent inventory of botanical ingredients that are of possible concern for human
health because of their genotoxic and carcinogenic properties revealed that the majority
of the compounds identified belong to the group of alkenylbenzenes or the group of
unsaturated pyrrolizidine alkaloids [75].
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3.1.1. Alkenylbenzene Derivatives

Alkenylbenzene (AB) compounds (Figure 1(1–6)) are important constituents of herbs
and spices such as nutmeg (Myristica fragrans), cinnamon (Cinnamomum verum), anise star
(Illicium verum), tarragon (Artemisia dracunculus), sweet basil (Ocimum basilicum), and sweet
fennel (Foeniculum vulgare) which are present in the modern food chain mainly as a result of
use of these herbs and spices and the use of their essential oils as flavorings [76]. There are
two general types of ABs, methylenedioxyallylbenzenes and methoxyallylbenzenes [77,78],
with different potential for bioactivation.
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ABs are well absorbed following oral intake [79]. Biotransformation pathways are
influenced by dose; at lower doses, ring oxidation occurs, whereas, at higher doses, the
allyl side chain is also oxidized ultimately through sulfate ester formation to chemically
reactive intermediates [78–82]. Polymorphisms in metabolism and lifestyle differences are
likely to influence metabolism of these compounds [83].

Some ABs are DNA-reactive, as shown in a study in mice in which several cola
beverages were administered in place of drinking water leading to formation of significant
levels of DNA adducts in the livers [84]. These adducts were detected in mice treated with
extracts of nutmeg or mace, or myristicin (1-allyl-5-methoxy-3,4-methylenedioxybenzene),
the major spice constituent of nutmeg and smaller amounts of adducts derived from safrole,
a minor constituent of nutmeg.

The ABs discussed in this section have exhibited carcinogenic activity in rodents. Other
ABs, such as eugenol (Figure 1(4)) and methyl isoeugenol, with structures not conducive to
formation of an electrophile have not been found to be carcinogenic under conditions in
which related ABs with structures that form electrophiles were [78,82,85,86].

3.1.1.1. Safrole

Occurrence: Safrole (SAF) (4-allyl-1,2-methylenedioxy-benzene) (Figure 1(1)), the proto-
type compound of the AB group, is present in Sassafras, nutmeg, cinnamon, sweet basil and
star anise [77,82,87]. Until 1960, the beverage root beer contained approximately 30 ppm
safrole it being made from the root of Sassafras albidum which contains about 85% safrole in
the essential oil from its root bark [88].

Carcinogenicity: Dietary administration of SAF at up to 5000 mg/kg body weight
(bw) to mice and rats caused increases in the incidences of hepatocellular carcinoma or
cholangiocarcinoma [78,89,90]. SAF carcinogenicity in mice was strain specific [91]. The
hepatocarcinogenicity of 1′-hydroxy SAF metabolites has been also demonstrated [91,92].

Genotoxicity/DNA Binding (Adducts): Genotoxicity tests yielded inconclusive results, be-
ing generally negative in vitro, although, some genotoxicity was observed in vivo [78,93,94].
SAF also induced in vitro chromosomal aberrations sister chromatid exchange (SCE), un-
scheduled DNA synthesis (UDS) and DNA damage [90]. Nevertheless, guanine deriva-
tive SAF-DNA adducts were isolated from the livers of multiple species, including rats,
mice [82,90,95,96], chicken and turkey [85,86] and humans [97,98].

Biotransformation: SAF undergoes bioactivation primarily on its side chain (Figure 1(1))
to form a hydroxy metabolite which is subsequently sulfated [99,100]. These reactions
involve several cytochrome P450 (CYP) enzymes, especially CYP1A2 [83] and sulfotrans-
ferase [101]. Genotoxic effects of SAF are likely mediated by metabolites, 1′-hydroxysafrole
and 1′-sulfoxysafrole [77]. A number of hydroxylated metabolites have been isolated from
human urine [102].

MoA: SAF was considered to be a genotoxic carcinogen, based on its ability to induce
formation of DNA adducts [90].

Human Exposure: Humans may ingest SAF with edible spices, such as sassafras, cinnamon,
nutmeg, mace, star anise, ginger, black and white pepper, and from chewing betel quid [68].
An Estimated Daily Intake (EDI) for SAF was reported to be 300 µg/person/day [82,90].
JECFA [78] estimated the intake of safrole to be around 879 µg/person/day.

Human Effects: Most of the evidence that SAF may be carcinogenic to humans comes
from studies of individuals who chew betel quid, which is known to contain up to 15 mg/g
SAF. Thus, SAF-like DNA adducts have been reported in oral squamous cell cancers [97,103]
and hepatocellular carcinoma [104] isolated from users of betel quid. Betel quid users are
known to have an increased risk for oral cancer development [103].

Risk: SAF was classified by the IARC [87] as possibly carcinogenic to humans (Group 2B)
(Table 2). Reflecting these concerns, JECFA did not allocate an Acceptable Daily In-
take (ADI) [78]. The direct addition of SAF to food is prohibited in the USA (21 CFR
§ 189.180) [105] and Europe (Regulation EC No. 1334/2008) [106]. Nevertheless, exposure
to SAF continues to occur [107].
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3.1.1.2. Estragole

Occurrence: Estragole (1-methoxy-4-(2-propenyl)-benzene) (Figure 1(2)) is a natural
constituent of a number of aromatic plants and their essential oil fractions including among
others tarragon, sweet basil, sweet fennel and anise star [77,78,82,108]. As a flavoring agent
it is used at maximum levels of 50 ppm [79].

Carcinogenicity: Estragole and its 1′-hydroxy metabolite were hepatocarcinogenic in
mice when administered in diet at doses up to 600 mg/kg bw for 12 months [91,92]. In
mice susceptibility to estragole carcinogenicity was strain specific [91]. In rats, estragole
administered by gavage up to 600 mg/kg bw, 5 days/week for 3 months showed evidence
of carcinogenic activity, increasing incidences of cholagiocarcinomas and hepatocellular
adenomas [109].

Genotoxicity/DNA Binding (Adducts): Genotoxicity and DNA binding of estragole has
been reported [78,79,85,96,98,110–112]. However, it was primarily negative in in vitro
tests [109], likely due to inadequate bioactivation [25].

Biotransformation: With regard to metabolism, studies in rats indicate that the proximate
carcinogen, the 1′-hydroxy metabolite, was produced in minimal amounts at doses in the
range of 1–10 mg/kg bw/day [79]. In humans, this metabolite appears to be produced at
an even lower rate [113]. These considerations would argue for the existence of a practical
threshold for carcinogenic risk in human population [114].

MoA: Formation of DNA adducts and genotoxicity are considered to underly carcino-
genicity of estragole [79,108].

Human Exposure: Based on the annual production volume for flavoring substances,
the per capita intake of estragole in the US is 5 µg/day [78], while other sources estimated
average baseline exposures to estragole from food intake to range from 500 to 5000 µg/day,
with an average exposure of 1000 µg/person/day [108].

Human Effects: No evidence for human carcinogenicity of estragole is available [108].
Risk: The Expert Panel of the Flavor and Extract Manufacturers’ Association (FEMA),

concluded that based on the fact that genotoxic and carcinogenic effects of estragole are
dose dependent, present dietary exposures to estragole do not pose a significant cancer
risk to humans [79]. However, JECFA indicated that further research is required to as-
sess potential human risk from low-level exposures [78]. Analyses of cancer responses
in rodents demonstrated that thresholds for estragole carcinogenicity were well above
the levels normally associated with human consumption [114]. Based on the carcino-
genic potency, the European Medical Agency (EMA) [108] calculated an ADI for adults of
52 µg/person/day.

3.1.1.3. Methyl Eugenol

Occurrence: Methyl eugenol (ME) (1,2-dimethoxy-4-(2-propenyl)benzene) (Figure 1(3))
occurs in a variety of plants, including nutmeg, sweet basil, tarragon, allspice and pi-
mento [77–79,82,115]. Both ME and eugenol (Figure 1(3,4)) were found in juice from
oranges treated on the tree with rind-injuring abscission agents used to loosen the fruit for
mechanical harvesting [116]. As a flavoring agent, ME was used in the past at a maximum
level of 50 ppm [79]; however, since 2008, ME has been banned for direct addition to foods
in Europe (Regulation EC No. 1334/2008) [106].

Carcinogenicity: In a 2-year study, with ME administered to rats and mice of both
sexes at doses up to 150 mg/kg bw by gavage, 5 days/week for 105 weeks, chemical-
related increases in liver neoplasms occurred in all dosed groups of rats [79,115,117]. In
the glandular stomach, mucosal atrophy, an early indication of potential neoplasia, was
increased at all doses in rats and malignant gastric neuroendocrine tumors were observed in
high dose group in male mice. In rats, gastric neuroendocrine cell hyperplasia was evident
at 6 months and neuroendocrine tumors occurred in the high dose group. Other neoplasms
with increased incidence included forestomach squamous cell papilloma or carcinoma,
renal tubule adenomas, malignant mesotheliomas, mammary gland fibroadenomas and
fibromas of the subcutaneous tissue [115,117].
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Genotoxicity/DNA Binding (Adducts): ME tested generally negative in genotoxicity tests
in vitro and in vivo [115,117]. However, it induced chromosomal aberrations and UDS
in vitro [82,115] and formed DNA adducts in human hepatocytes [98] and the livers of
rats [118], turkey and chicken fetuses [85,86]. Moreover, correlation between formation of
DNA adducts and tumor formation has been shown for ME, and a threshold for tumors
was calculated at 1020.1 molecules/kg/day [119]. Results of PBPK modelling for rats
and humans support validity of linear extrapolation of ME tumor data from rodents to
humans [120]. However, the application of this log/linear plot for extrapolation is not
uniformly accepted [121].

Biotransformation: Similar to other ABs discussed above, ME is bioactivated by CYP1A2
through hydroxylation at the 1′ position (Figure 1(3)) to produce reactive 1′-hydroxymethyle
ugenol, followed by sulfation. Other metabolic pathways include oxidation of the 2′,3′-
double bond to form ME-2,3-oxide and O-demethylation followed by spontaneous rear-
rangement to form eugenol quinone methide [68,79,115].

MoA: DNA-binding of 1′-hydroxy ME metabolite most likely underlies MoA for the
several types of ME-induced neoplasms [115,122]. In rat liver, ME rapidly induced preneo-
plastic lesions indicating tumor initiating activity [118]. In addition, based on mechanistic
studies of other chemicals that have induced gastric neuroendocrine tumors [123], the
mucosal atrophy may have produced decreased hydrochloric acid production which stim-
ulates gastrin production leading to neuroendocrine cell proliferation, and eventually to
neuroendocrine neoplasia.

Human Exposure: The overall EDI of ME in US from dietary sources was estimated to be
0.77 µg/kg bw/day, with basil, nutmeg and allspice being primary sources of exposure [79].
JECFA calculated mean per-capita dietary exposure to ME of 80.5 µg/day in US and
9.6 µg/day in Europe [78]. The total dietary intake of food containing ME was calculated
to be 66 µg/kg bw/day for regular consumers [122].

Human Effects: No epidemiological studies evaluating evidence of human carcino-
genicity from ME are available [68,115].

Risk: ME has been classified by IARC [115] as possibly carcinogenic to humans
(Group 2B) (Table 2) based on sufficient evidence for carcinogenicity in animals. While
FEMA concluded that present exposures to ME do not pose significant risk to human
health [79], estimated MoE based on the dose–response modelling ranges from 100 to
800, suggesting that the dietary intake of ME is of high concern [122]. In 2018, the FEMA
Expert Panel removed ME from the FEMA Generally Recognized as Safe (GRAS) list, citing
the need for additional data to clarify the relevance of DNA adducts formed by ME in
humans [124].

3.1.1.4. α- and β-asarone

Occurrence: Propenylic phenylpropenes, α- and β-asarone ((E)-/(Z)-1,2,4-trimethoxy-
5-prop-1-enylbenzene) (Figure 1(5,6)), are constituents of essential oils (e.g., calamus oil)
which are present in certain plants such as Acorus spp. and Aarum spp. and are used as
flavoring agents [125,126]. β-asarone content varies with the source of the plant; Indian
plant oil is approximately 75–95% β-asarone, whereas European is 5–10% [127,128].

Carcinogenicity: When fed to rats for 2 years at doses up to 2000 mg/kg bw, β-asarone
induced leiomyosarcomas of the small intestine of males but not females [126–128]. Feeding
Indian calamus oil at 0.05% and greater produced intestinal tumors in male and female
rats, while feeding European calamus oil induced leiomyosarcomas and additionally, liver
neoplasms at 1% and greater. Hepatocarcinogenicity of α- and β-asarone was also reported
following oral administration or intraperitoneal injections to mice [91,129].

Genotoxicity/DNA Binding (Adducts): In the in vitro genotoxicity assays, α- and β-
asarone produced conflicting results, while in vivo mutagenicity data is limited [128]. Nev-
ertheless, positive results in the in vitro mutagenicity assays were obtained in the presence
of bioactivating systems or in metabolically competent cell lines, including human Hepa-G2
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cells [94,126,129–131]. Asarones also induced SCE, UDS and DNA breaks in vitro [126,132].
Both isomers produced DNA adducts in rat hepatocytes [133] and in avian embryos [86].

Biotransformation: In rat hepatocytes, the major metabolite of asarones was 2,4,5-
trimethoxycinnamic acid, which was not genotoxic [131]. In rat and human liver mi-
crosomes epoxide-derived side-chain diols were the major metabolites, and the major
bioactivation pathway for α-asarone was considered to be 3′-hydroxylation of propenylic
side chain by CYP1A2, while for β-asarone, epoxidation by CYP3A4 prevails [126,134–136].
O-demethylation catalyzed by CYP1A1, 2A6, 2B6, and 2C19 was a minor reaction.

MoA: The mutagenicity and DNA binding of side chain epoxides formed during
bioactivation of asarones suggests that this intermediate is responsible for carcinogenic
effects, at least in the liver [129,136]. The MoA for induction of the intestinal tumors
remains undetermined.

Human Exposure: The primary source of human exposure to asarones is through the
consumption of alcoholic beverages such as bitters, liqueurs and vermouths, in which
levels of calamus oil have been detected up to 0.35 mg/kg [128]. While no regulations for
the use of α-asarone are currently in place, limits of 0.1 and 1 mg/kg are set for β-asarone in
food and alcoholic beverages, respectively [126]. Nevertheless, some alcoholic drinks can
contain up to 4.96 mg/kg of β-asarone [128]. Based on limited British data, maximum EDI
for β-asarone is approximately 115 µg/day or 2 µg/kg bw/day [127,128].

Human Effects: No epidemiological studies investigating association of asarones with
human cancer risk has been reported; however, some in vitro studies indicate anticarcino-
genic properties of β-asarone [137,138].

Risk: JECFA and the Scientific Committee on Food (SCF) concluded that the existence
of a threshold cannot be assumed for β-asarone due to its genotoxicity [127,128]. Accordingly,
an ADI for nutritional exposure could not be derived. Committees recommended that
calamus oil used in foods should have the lowest practicable levels of β-asarone. Calamus
oil and its extracts are prohibited from use in the USA (21 CFR § 189.110) [139].

3.1.2. Aristolochic Acids

Occurrence: Aristolochic acid I (AAI) (8-methoxy-6-nitrophenanthro[3,4-d]-l,3-dioxole-
5-carboxylic acid) (Figure 1(7)) is one of a group of about 14 AAs known to be present in
plants belonging to the family Aristolochiaceae (Birthwort family). Species known to contain
AAs include A. contorta, A. debilis, A. fangchi, and A. manshuriensis [15,68,140–142].

Carcinogenicity: AAI, either purified or as a mixture with AAII (Figure 1(8)), was
carcinogenic in rats and mice after oral exposure producing tumors predominantly in the
forestomach and in the kidneys [15,68,140,143,144]. Other target organs of carcinogenicity
include lung, uterus and lymphatic system in female mice and urinary bladder, thymus,
small intestine and pancreas in rats. In addition, extracts from Aristolochia plants, A. man-
shuriensis and A. fructus induced forestomach and kidney tumors in rats when administered
orally [15].

Genotoxicity/DNA Binding (Adducts): AAI and AAII, have been found to be geno-
toxic in vitro and in vivo [141,145,146] and to form DNA adducts in vitro and in rodent
tissues [141,147–151], as well as in humans urothelial tissues of patients with Chinese herb
nephropathy, Balkan endemic nephropathy or urothelial cancer [152,153]. The major AA-
specific DNA adducts were 7-(deoxyadenosin-N6-yl)aristolactam and 7-(deoxyguanosin-
N2-yl)aristolactam [141]. Adducts of deoxyguanosine and deoxyadenosine were found
in animal studies in both target (forestomach) and non-target tissues (glandular stomach,
liver, lung, and bladder). In addition, AAs can bind to codon 61 of the ras oncogene and to
purines in the p53 tumor suppressor gene [68,141,153].

Biotransformation: Bioactivation of AAI occurs by nitro reduction in the presence of
NAD(P)H quinone oxidoreductase and CYP1A2 [154] leading to formation of a nitre-
nium ion which, by rearrangement reactions, forms adducts on both deoxyguanosine and
deoxyadenosine, the latter being biologically more stable [155].
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MoA: Covalent binding to DNA and resulting mutagenicity is the predominant MoA
of AAI carcinogenicity [15,68]. The most frequently observed mutation is a single TP53
mutation (A to T transversion), consistent with the presence of persistent AAI-adenine
adducts in DNA of exposed patients [141,153,156].

Human Exposure: AAs are present in herbal products and several teas made from
Aristolochia plants [68,157] and in wild ginger used by North American Indians [158].
A combined EDI for AAI and AAII was calculated to be 1.7× 10−3–30 µg/kg bw/day [142].

Human Effects: Consumption of herbal supplements containing AAs has been linked
to nephropathy [159] and cases of urothelial cancer [160,161]. Among patients with AA
nephropathy, the rate of urothelial cancer is much higher compared to the prevalence of
transitional-cell carcinoma of the urinary tract [68].

Risk: Based on the evidence that AA-specific DNA adducts and TP53 mutations
have been described in humans, IARC [15] upgraded classification of AAI from probable
human carcinogen (Group 2A) to human carcinogen (Group 1) (Table 2). MoEs for kidney
tumor formation calculated based on the rodent data were below 10,000 indicating risk to
humans [142]. The US Food and Drug Administration (FDA) advised consumers in 2001 to
discontinue use of botanical products that contain AA; however, exposure to AA continues
despite its known hazards [162].

3.1.3. Glucosides
3.1.3.1. Cycasin

Occurrence: Cycasin (methylazoxymethanol-D-glucoside) (Figure 1(9)) is a glucoside
produced by the cycad nut, which grows in most tropical climates [89,163]. The amount of
cycasin ranges from 0.02% to 2.3% [89].

Carcinogenicity: With oral administration, cycasin induced neoplasia in mice, rats, ham-
sters, guinea pigs, and monkeys mainly in liver, kidney and colon [89,164]. A metabolite
of cycasin, methylazoxymethanol (MAM) (Figure 1(10)), has also been shown to induce
hepatocellular carcinomas and tumors in other organs, including kidneys and intestinal
tract, in nonhuman primates [164], and colon carcinogenesis in rodents [165–168].

Genotoxicity/DNA Binding (Adducts): Cycasin was genotoxic after removal of a sugar
residue to yield the aglycone, MAM, which is an alkylating agent [89,169–173]. MAM
produced DNA adducts, specifically O6-methylguanine and N7-methylguanine, in vitro
and in vivo in rats and guinea pigs [174–178].

Biotransformation: Bioactivation of cycasin to MAM occurs by hydroxylation of the
methyl group, a reaction which is catalyzed by CYP2E1 [179]. Interspecies differences in
metabolic bioactivation of cycasin to MAM was suggested to underly different susceptibility
to its carcinogenicity [178].

MoA: The genotoxic metabolite MAM was shown to target cellular processes involved
in carcinogenesis [180].

Human Exposure: Human exposure to cycasin is limited since cycad nuts are no longer
used as a source of starch. Cycasin can, however, contaminate improperly prepared
flour, as has occurred in Guam, where concentrations of cycasin ranged from 0.004 to
75.93 µg/g [175].

Human Effects: Human ingestion of cycad plant toxins has been associated with
neurodegenerative disorders in inhabitants of Guam [181,182], but no appreciable increase
in cancer mortality was evident at 2 to 7 years after heavy intake [89]. Cases of acute toxicity
from high exposures have been reported but all with complete initial recovery [183].

Risk: IARC [89] classified both, cycasin and MAM, as possibly carcinogenic to humans
(Group 2B) (Table 2).

3.1.3.2. Ptaquiloside and Bracken Fern

Occurrence: Ptaquiloside (Figure 1(11)) is an unstable norsesquiterpene glucoside of the
illudane type [184,185]. It is present in bracken fem (Pteridium aquilinum), in wild species
and in products made from fronds at concentration ranges of 6300 ± 520 and 44 ± 3 µg/g,
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respectively [186]. High quantities of ptaquiloside, in various studies ranging from 0.0006
to 0.0058 µg/mL, were found in the milk from farm animals that consume diet containing
bracken fern [187–190].

Carcinogenicity: Ingestion of bracken fern by cattle and sheep has been reported to
cause cancers of the esophagus and urinary bladder [191,192]. Feeding of bracken fern to
rats and mice induced intestinal and bladder cancers [193], which was initially attributed
to the content of quercetin [194], but ptaquiloside was subsequently demonstrated to be the
carcinogenic constituent [190,195]. With oral administration, ptaquiloside induced tumors
of mammary glands, ileum and urinary bladder in female rats [196,197] and oral squamous
cell carcinomas in HPV16-transgenic mice [198].

Genotoxicity/DNA Binding (Adducts): Ptaquiloside was genotoxic in bacterial muta-
genicity assays and in the rat hepatocyte primary culture DNA-repair assay [199–201]. In
addition, it produced chromosomal aberrations in Chinese hamster lung cells and human
mononuclear blood cells [202,203], and DNA damage in human gastric epithelial cells [204].
Formation of DNA adducts was reported in upper gastrointestinal tract of mice that were
fed bracken fern [205,206] and in target tissue of carcinogenicity, ileum, in rats injected
with ptaquiloside intravenously [207]. DNA adducts formed after exposure to bracken fern
were distinctly different from the adducts formed by ptaquiloside [206].

Biotransformation: Bioactivation of ptaquiloside is not enzyme mediated, and involves
conversion to aglycone, ptaquilosin, which, under alkaline conditions undergoes aromati-
zation resulting in a reactive metabolite, bracken dienone [185]. Dienone has an ability to
alkylate DNA, forming adducts primarily on N3 position of adenine and N7 position of
guanine [185].

MoA: DNA alkylation of adenine bases with subsequent DNA depurination and
breakage leading to induction of mutations, in particular to activation of H-ras proto-
oncogenes and frameshift mutations of p53 gene [192,204,208,209] is thought to be the
main mechanism underlying ptaquiloside-related carcinogenicity. Other potential MoAs,
including clastogenicity and aneugenicity, as well as alteration of monocyte function, TNFα
expression and cell proliferation, cannot be excluded [202,207,210].

Human Exposure: Estimation of human consumption of ptaquiloside with cow’s milk
resulted in intake levels ranging from 1.75 to 13.4 mg/day [211]. Some populations in
Japan, Brazil and Canada can also consume cooked or salted bracken crosiers [185,186].

Human Effects: No study on human carcinogenicity of ptaquiloside is available. How-
ever, in areas where bracken fern is consumed, there is a correlation between the con-
sumption of ptaquiloside-contaminated milk and increased risk of esophageal or stomach
cancer [184,212,213].

Risk: While IARC recognizes bracken fern as possibly carcinogenic to humans (Group 2B),
it considers ptaquiloside to be unclassifiable as to its carcinogenicity (Group 3) (Table 2)
based on limited evidence [193]. Nevertheless, genotoxicity and mutagenicity of ptaquilo-
side, as well as some epidemiological evidence of potential carcinogenicity raises concerns
for human safety [184,190,202].

3.1.4. Psoralens

Occurrence: Psoralen (7H-furo[3,2-g][1]benzopyran-7-one) (Figure 1(12)) is a furo-
coumarin which is naturally present in several plants, notably Psoralea corylifolia, celery,
parsley and in all citrus fruits, including bergamot orange peel, whose oils are used as
flavors [214–217]. In citrus-flavored beverages, the highest levels of psoralens, 29 and
24 mg/L, were found in bergamot juice and home-made limoncello, respectively [218]. Lev-
els of psoralens in celery varied, depending on when it was harvested, from 26 to 84 µg/g
fresh weight [216]. Psoralens are widely used in the photochemotherapy of various skin
conditions in humans [219].

Carcinogenicity: Psoralen derivatives, 5- and 8-methoxypsoralen (methoxsalen)
(Figure 1(13,14)), produced skin tumors in mice in the presence of UV A light, even with
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oral administration [15,68,193,220,221]. In male rats, tumors of Zymbal glands and kidneys
were also reported after oral gavage with methoxsalen [222].

Genotoxicity/DNA Binding (Adducts): Psoralen can be photoactivated to DNA cross
linking reactant which exhibit genotoxicity and photomutagenicity [15,193,222–224]. Inter-
calation occurs predominantly on pyrimidine bases of DNA, mainly with thymine, which
leads to inhibition of DNA synthesis, in addition, psoralens have high affinity for uridine
bases on RNA [219].

Biotransformation: Metabolism of psoralen involves hydroxylation of phenyl ring,
hydrogenation and hydrolysis of the unsaturated lactone ester, and oxidation of the furan
ring to generate epoxide or/and γ-ketoenal intermediates [225,226]. These reactions are
catalyzed by CYP3A4, CYP1A1, CYP1A2 and CYP2B6 [226–230]. Incubation of psoralen
with liver microsomes from different species, including humans, dogs, non-human primates
and rodents, demonstrated similarity of metabolites produced by humans and dogs, while
metabolic capabilities of rat and monkey microsomes were the closest to those of human
microsomes [225].

MoA: Photochemical genotoxicity and mutagenicity are most likely responsible mecha-
nism of psoralens carcinogenicity [15,68,193]. Other potential MoAs may involve oxidative
damage [219].

Human Exposure: Dietary exposure to psoralens occurs mainly from either limes,
with estimated per capita exposure of 1300 µg/day [231], or grapefruit juice, with dietary
exposure re-estimated to be in the range of 548 to 2237 µg/day [232].

Human Effects: Human exposures have so far been mainly associated with photoder-
matitis due to occupational contact [216,233,234] with only one report of phototoxicity
following ingestion [235]. Human carcinogenicity studies relating to oral psoralens have
only been made with patients receiving photodynamic therapy (PUVA) [15,68,236,237] and
no attempt to extrapolate these positive results to normal populations has been undertaken.
One study identified an association between high citrus consumption and melanoma [238].
This study, however, did not specifically assess risk from psoralen consumption.

Risk: IARC classifies methoxsalen with UV A radiation as a human carcinogen (Group
1) and 5-methoxypsoralen as probable human carcinogen (Group 2A) [15,193] (Table 2).
Further investigation to establish potential health risks of dietary intake of psoralens in
humans is warranted [219].

3.1.5. Pyrrolizidine Alkaloids

Occurrence: Pyrrolizidine alkaloids (PAs) are heterocyclic compounds (Figure 1(15–18)),
most of which derive from esters of basic alcohols known as necine bases [239–243]. Close to
500 PAs have been identified [244]. They occur widely in flowering plants, and consequently
in honey, and are present in herbal teas from many countries [241,244–246].

Carcinogenicity: Over 20 PAs are established to be carcinogenic in experimental ani-
mals [89,240,247–250]. Oral administration of lasiocarpine (Figure 1(15)), monocrotaline
(Figure 1(16)), riddelliine (Figure 1(17)), and retrorsine (Figure 1(18)) produced tumors pri-
marily in the liver of rats [68,242,251,252]. Other target organs of PA carcinogenicity include
lung, kidney, skin, bladder, brain and spinal cord, pancreatic islets and adrenal gland.

Genotoxicity/DNA Binding (Adducts): Many PAs are genotoxic and mutagenic in vivo
and in vitro following metabolic activation [240,242,245,248,250,252–256]. Several PAs,
including retronecine-type PAs riddelliine [257] and monocrotaline [258], are known to form
DNA crosslinking and DNA adducts in vivo [250,253,259]. Levels of DNA adducts was
reported to closely correlate with the carcinogenic potency of some PAs [25,250,253,257].

Biotransformation: The bioactivation of PAs is mediated by CYPs, in particular, CYP3A4,
which catalyze hydroxylation of the necine base, followed by dehydration to form the
corresponding dehydropyrrolizidine derivatives [240,245,246,249,260]. The dehydropy-
rrolizidine derivatives (i.e., pyrrole metabolites) have been reported to be strong alkylating
agents and have been linked to tumor initiation [261,262]. Similarities have been observed



Foods 2022, 11, 2828 15 of 90

between metabolic activation of several PAs in vitro by human and rat microsomes [260,263];
however, certain differences in formed metabolites were reported [264,265].

MoA: Genotoxicity and acute toxicity of PAs are the most likely mechanisms involved
in the carcinogenicity of these compounds [250,253].

Human Exposure: In the majority of developed countries, human exposure to PAs,
which mainly occurs from consumption of contaminated foods of animal origin, grains
and plant-derived foods, including herbs, spices and teas, is low, ranging from 0.035 to
0.214 µg/kg bw/day [240,249,266]. Mean total dietary intakes of PAs were estimated to be
0.019 µg/kg bw/day for children and to 0.026 µg/kg bw/day for adults [246], with the
highest dietary exposure, ranging from 0.0013 to 0.26 µg/kg bw/day, resulting from herbal
tea consumption, while consumption of honey has been calculated to result in chronic
dietary exposure ranging between 0.0001 and 0.027 µg/kg bw/day [240,266]. In Europe,
levels of PAs is various foods is limited up to 400 µg/kg for herbal infusions [249].

Human Effects: In humans, PAs are known to be teratogenic and to act as abortafacients,
and exposure can be potentially lethal [267]. Hepatotoxicity of PAs in humans has been also
reported [268]. There is a need for epidemiologic studies on acute and long-term effects
of PAs.

Risk: IARC [89,247] classified lasiocarpine, monocrotaline and riddelliine as possibly
carcinogenic to humans (Group 2B) (Table 2), even though there is no epidemiological evi-
dence to indicate that intake of these substances, even at toxic levels, present a carcinogenic
risk [246,269]. Other PAs, namely hydroxysenkirkine, isatidine, jacobine, retrorsine, seneci-
phylline, senkirkine and symphytine, were not classifiable as to their carcinogenicity to
humans (Group 3) (Table 2) [89,247]. EFSA and JECFA concluded that based on calculated
MoEs, there is a potential concern for human health, in particular for high-level long-term
consumers [240,246,248,270]. Genotoxic and carcinogenic potentials of PAs indicates prior-
ity for risk management and warrants effort to continue reduction of PAs content in herbal
products [271].

3.2. Mycotoxins

Mycotoxins are produced by fungi that can contaminate a variety of crops pre- and
post-harvest, and which are associated with several diseases in animals and humans. Myco-
toxins cannot be completely eliminated from food by food processing procedures, including
thermal processing [272]. Of major concern are the mycotoxins aflatoxins, ochratoxin A
and fumonisins [273,274].
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3.2.1. Aflatoxins

Occurrence: Aflatoxins (AFs) (Figure 2(1–6)) are mycotoxins formed by various strains
of the fungus, Aspergillus flavus, and are present in contaminated foods, particularly corn
and peanuts [68,275,276]. Food levels of AFs are often expressed as total AFs [276], which
is useful for monitoring purposes. AFB1 has a tetrahydrocyclopenta[c]-furo [3′,2′:4,5]-furo
[2,3-h]chromene skeleton with oxygen functionality at positions 1, 4 and 11 (Figure 2(1)).

Carcinogenicity: AFB1 is the most highly carcinogenic AF [277] and one of the most
potent carcinogens [278,279] (Table 2). Oral administration of AFB1, including as AFs
mixtures, produced sufficient evidence for carcinogenicity in multiple species [275]. Specif-
ically, AFB1-induced increases in the incidences of hepatocellular or cholangiocellular
carcinomas were observed in rats, hamsters, marmosets, tree shrews, and monkeys; in
addition, increase were observed in renal cell carcinomas and colon tumors in rats, lung
adenomas in mice as well as osteogenic sarcoma, gallbladder tumors and adenocarcinoma
of the pancreas in monkeys [68,275]. AFB2 (Figure 2(4)), AFG1 (Figure 2(2)), and AFM1
(Figure 2(3)) also produced liver tumors in experimental animals, but their potency was
significantly lower compared to that of AFB1 [68,280]. No evidence for carcinogenicity of
AFG2 have been reported [275].

Genotoxicity/DNA Binding (Adducts): AFB1 is genotoxic in vitro and in vivo, producing
mutagenic, aneugenic and clastogenic effects [275,281,282], as well as DNA adducts in
multiple species [275,283–286], with the AFB1-N7-guanine adduct being assumed to be pro-
mutagenic and pro-carcinogenic [278,287–289]. The initial AFB1-DNA adduct is unstable
in vivo; it either depurinates to give an AFB1-guanine residue which can be detected in the
urine, or forms a more stable ring opened formamidopyrimidine derivative measurable
in cellular DNA. AFB1-DNA adducts show high correlation with tumor incidence, but no
threshold for hepatic DNA adduct formation was reported [25]. AFB1 also elicited DNA
repair synthesis in cultured human hepatocytes [290] and γH2AX induction in human cell
lines derived from hepatoblastoma, renal cell adenocarcinoma, and epithelial colorectal
adenocarcinoma [291]. DNA adduct formation has been also reported after AFG1 and
AFM1 exposures [292,293].

Biotransformation: The genotoxic and carcinogenic AF, AFB1, is metabolically activated
predominantly by CYP3A4 oxidation at the 8–9 positions (Figure 2(1)) to form an AFB1-
8,9-epoxide, which is highly reactive and binds to the N7 position of guanine residues in
DNA [287–289,294]. There is abundant evidence that in humans AFB1 is bioactivated by
CYP1A2, 2B6, 3A4, 3A5, 3A7 and GSTM1 enzymes [281]. Ramsdell and Eaton [279] reported
that mouse and monkey microsomes formed AFB1-8,9-epoxide at higher rates compared to
rat and human; however, at lower substrate concentrations, conversion to AFB1-8,9-epoxide
increased with rat and human microsomes, but not with mouse of monkey microsomes.
Thus, the authors attributed interspecies differences in carcinogenic potency of AFB1 to
differences in patterns of epoxide formation. AFG1 and AFM1, which also have a double
bond at the 8,9-position (Figure 2(3,4)), can form epoxides; however, they are less DNA-
reactive compared to AFB1-8,9-epoxide [281]. Non- or weakly carcinogenic AFs, e.g.,
AFB2, AFG2, and AFM2, lack the double bond in the 8–9 position (Figure 2(4–6)) [276]
and, except in the duck, are not metabolized to detectable levels of AFB1 [295]. CYP3A4
and CYP1A2 can also metabolize AFB1 to hydroxylated metabolites, AFM1 and AFQ1.
Roebuck and Wogan [296] reported that AFQ1 was the principal metabolite produced by
monkey, human, and rat liver, whereas duck liver produced mainly chloroform-insoluble
derivatives. Monkey, human, and mouse liver also produced AFP1, which was not observed
in duck and rat. The authors noticed that duck, monkey, and human livers were most
active, each metabolizing approximately 80% of available substrate in half an hour. In
comparison, activity of rat and mouse livers was lower, each metabolizing from 15 to
20% of substrate. No consistent pattern of metabolism that could explain interspecies
differences in susceptibility to AFB1 carcinogenicity was detected. Detoxication of AFB1
occurs predominantly via conjugation with glutathione (GSH), and extent of this reaction
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differs among species, with mouse showing the highest and humans having the lowest
conjugation rates [281].

MoA: Covalent binding of AFB1-8,9-epoxide to N7 of guanine in DNA is considered to
be the primary MoA of AFB1 carcinogenicity [275,278,281,289,297]. The adduct is believed
to induce mutations of TP53 gene in humans [275,276]. In addition, AFB1 epoxide reacts
with serum proteins, including albumin. All have been used as biomarkers to assess AFB1
exposure [298,299]. Such studies have led to the clear association of AFB1 exposure and
hepatocellular carcinoma, particularly in those infected with hepatitis B virus [278,281,300].
This is believed to be due to enhanced liver cell proliferation with hepatitis [300]. A strong
correlation of urinary adducts indicative of AFB1 exposure, notably AFB1-N7-guanine,
serological markers of hepatitis B infection, and liver cancer risk exists [301]. Induction
of oxidative stress, immunomodulation and epigenetic modification also play a role in
carcinogenicity of AFB1 [278,281].

Human Exposure: Overall, exposure to AFB1 results from ingestion of foods contami-
nated with Aspergillus flavus. Total EDI to AFs ranges from 0.0001 to 0.049 µg/kg bw/day
in developing countries and is generally less than 0.001 µg/kg bw/day in developed
countries [276]. In parts of the worlds where Aspergillus contamination of food is prevalent,
AFB1 occurs in such foods at significant levels [278,302]. In the United States, consumption
of food contaminated with up to 20 ppb AFB1, mainly corn and peanuts, is permitted [303],
with the exception of milk, which is required to contain less than 0.5 ppb [304], correspond-
ing to about 30 µg/day for a 70 kg adult. Obviously, high exposures are occurring in parts
of the world where crop contaminations are not well controlled and accordingly, the cancer
risk is much higher.

Human Effects: In humans, exposure to AFs is associated with increased risk of liver
cancer, particularly in association with concurrent hepatitis B [68,275,281,299,300].

Risk: IARC [275] considers AFs to be carcinogenic to humans (Group 1) (Table 2).
JECFA estimated the cancer potency for exposure to AFB1 per 100,000 population at
0.001 µg/kg bw/day, and recommended that efforts to reduce aflatoxin exposure con-
tinue [276]. The Committee also noticed that AFM1 will generally make a negligible (<1%)
contribution to aflatoxin-induced cancer risk for the general population. EFSA estimated
that MoEs, which range from 5000 to 29 for AFB1 and from 100,000 to 508 for AFM1
exposures, respectively, raise a concern for human health [281].

3.2.2. Ochratoxin A

Occurrence: Ochratoxin A (OTA) (N-[(3R)-5-chloro-8-hydroxy-3-methyl-1-oxo-3,4-dihydro-
1H-isochromen-7-yl]carbonyl-L-phenylalanine) (Figure 2(7)), is a mycotoxin produced by
a single Penicillium and several Aspergillus fungal species [305–307]. The ochratoxins are
pentaketides, consisting of a dihydroisocoumarin coupled to 8-phenylalanine (Figure 2(7))
and, unusually for natural products, OTA is chlorinated. OTA is formed in improperly
stored foods which have been produced mainly in Europe and Canada, including cereals,
beans, ground nuts, oleaginous seeds, meat and wine [306].

Carcinogenicity: In several strains of mice, OTA fed in the diet induced kidney neo-
plasms, including carcinomas, at a concentration of 40 mg/kg bw, and liver neoplasms
at 1 mg/kg bw. When administered by gavage to rats it induced renal tumors starting
at 70 µg/kg bw, [305,308]. Male rats were considerably more susceptible than females.
A feature of the renal toxicity of OTA is formation of karyomegalic nuclei in the tubular
epithelia, predominantly in the corticomedullary zone [309].

Genotoxicity/DNA Binding (Adducts): OTA was consistently negative in studies assess-
ing mutagenicity in Salmonella typhimurium, both with and without exogenous metabolic
activation. In contrast to bacteria, however, overall results from genotoxicity tests in mam-
malian cell systems provide some evidence for a weak genotoxic activity of
OTA [305,307,310–312]. It elicited DNA repair synthesis in cultured rat and mouse hepato-
cytes at cytotoxin doses, increased DNA strand breaks levels and mutagenicity in target
tissue, kidney, in rodents [307,312]. Controversy exits over whether OTA reacts directly
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with DNA. OTA did not form DNA adducts in the kidneys of male rats when measured
using radiolabeled OTA and accelerator mass spectrometry [313], while others obtained
positive results in isolated DNA and cell culture by dehalogenation and redox reactions
analyzed by nucleotide 32P-postlabeling (NPL) [314]. Mantle et al. [315] was able to identify
a small amount (20–70 adducts per 109 normal nucleotides) of a single DNA adduct in
the kidneys of rats using refined NPL methodology. These conflicting data have been re-
viewed [306,310,312]. EFSA concluded that while formation of covalent OTA-DNA adducts
remains controversial, OTA mutagenicity cannot not simply be a consequence of oxidative
DNA damage [307].

Biotransformation: OTA is characterized by rapid absorption and distribution, but
slow elimination and excretion [307]. The major metabolite of OTA forms as a result of
hydrolyses of amide bond between phenylalanine and dihydroisocoumaric acid. OTA
also undergoes oxidative dichlorination in the presence of CYPs, generating electrophilic
quinone, which can be further reduced to hydroquinone metabolite and excreted in urine,
as has been shown in rats and humans [307,312]. In addition, peroxidase enzymes are
involved in oxidation of OTA to electrophilic phenolic radical, which is believed to cause
oxidative stress. Radical and benzoquinone intermediates formed during metabolism of
OTA can covalently bind to DNA, generating C-bound C8-dG adducts [306].

MoA: The definitive MoA for carcinogenicity of OTA remains unclear, and most likely
involves a combination of mutagenicity and increased reactive oxygen species (ROS) level
leading to oxidative DNA damage [306,310,312,316,317]. Alternatively, an epigenetic MoA
for renal carcinogenicity has been postulated to be a combination of inhibition of histone
acetyltransferase, producing mitotic disruption leading to increased cell proliferation and
genetic instability [310]. The mitotic disruption may be the basis for karyomegaly observed
in rodent kidneys [318]. Thus, MoA other than DNA reactivity are possible for OTA. The
pathogenesis of the renal tumors in male rats probably does not involve an α2u-globulin
MoA [319]. Moreover, sex and strain differences are suggestive of biotransformation being
important [320].

Human Exposure: In European Union, dietary exposures range between 0.00064 to
0.0178 µg/kg bw/day across all age groups [307]. The EDI values for OTA calculated
from food products range from 1 × 10−7 to 0.0252 µg/kg bw/day [306]. In areas where
contamination occurs, biomarkers of OTA exposure are measurable in human blood, urine
and milk [306].

Human Effects: OTA is suspected to be the main etiologic agent for human Balkan
endemic nephropathy and the associated urinary tract tumors [311,321].

Risk: IARC [305] classified OTA as possibly carcinogenic to humans (Group 2B) based
on sufficient evidence for carcinogenicity in experimental animals (Table 2). JECFA con-
cluded that maximum levels of at 5 or 20 µg/kg in contaminated cereal grains would be
unlikely to have an impact on dietary exposure to OTA, and established a provisional
tolerable weekly intake of 0.112 µg/kg bw [322]. EFSA estimated that MoE for chronic neo-
plastic effects ranged from 22,615 to 815, indicating possible health concern for high-level
consumers and breastfed infants [307].

3.3. Carcinogens Formed during Food Processing

While many carcinogens associated with food processing are generated during heating
(see next section), some can be formed through nonthermal process or during storage [5].
Such chemicals include benzene, cholopropanols and ethyl carbamate.
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3.3.1. Benzene

Occurrence: Benzene (BZ) (Figure 3(1)) is present at low levels in a wide variety of
foods [323], in particular processed products, as well as in drinking water and soft bever-
ages [324,325]. Highest concentrations of BZ, up to 2100 ppb, have been reported in eggs,
haddock, beef and butter [326]. It is formed from a reaction between sodium or potassium
benzoate and ascorbic acid, which are often used as food preservatives [327], this can
result in BZ concentrations ranging from 0.001 to 0.038 µg/g in some products such as
eggs [323]. In addition, BZ can be introduced to foods from packaging materials [328]. In
soft beverages BZ is present in small amounts, below 5 µg/kg [329,330].

Carcinogenicity: BZ produced leukemia, and other neoplasms, in rats and in mice
with inhalation exposure [68,324,331,332]. With oral administration, BZ at doses up to
200 mg/kg bw is reported to produce oral cavity and skin tumors in rats, Zymbal gland
carcinoma in rats and mice, malignant lymphoma, lung cancer, preputial gland carcinoma
and cancer of the mammary gland in mice [324,333].

Genotoxicity/DNA Binding (Adducts): The genotoxicity data are mixed, although, DNA
damage and chromosomal aberrations were often reported in animals and occupation-
ally exposed humans [324,331,334–339]. In addition, BZ metabolites form DNA adducts
in vitro, in mice and human hematopoietic cells [324,340–344]. Importantly, hydroquinone
(HQ), a major metabolite of BZ and a food component, does not form DNA adducts
in vivo [343,345,346]. p-Benzoquinone is a possible candidate for the genotoxic metabo-
lite of BZ [347–349], although other metabolites have been considered, including indirect
mechanisms involving oxidative DNA damage [324,331,334,350].

Biotransformation: BZ is biotransformed by CYPs, mainly CYP2E1, to benzene oxide,
which is further metabolized by various pathways to phenol, HQ, catechol and trans,trans-
muconic acid in experimental animals and humans [324,331,351].
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MoA: The exact molecular mechanism which BZ exerts its carcinogenicity remains to be
elucidated, especially by the oral route. Oxidative DNA damage, genotoxicity, aneugenicity
and clastogenicity, as well as interference with cell cycle and immunosuppression may be
involved [324,334,336,350].

Human Exposure: Predominant exposure to BZ in general population occurs through
air, rather than foods [68,324,326,352,353]. Similarly, while detectable BZ levels are present
in human milk, infant exposure occurs predominantly from the air [354]. A dietary exposure
to BZ through various sources was estimated to be in the range of 0.003 to 0.05 µg/kg
bw/day [326,355]. In Canada, intake level of BZ from food and water was estimated at
approximately 10 µg/day [356]. Currently, no limits for BZ are established in foods and
beverages, while in water it ranges from 1 to 10 ppb in different countries [325].

Human Effects: In humans, BZ is associated with increased risk of leukemia, myelodys-
plastic syndrome and other hematopoietic disorders with airborne occupational expo-
sures [324,351,357]. Some studies also report association between BZ exposure in occupa-
tional settings and cancers in other organs, including respiratory, gastrointestinal, urinary,
central nervous systems and skin [324]. No data on carcinogenicity via food exposure are
available [326].

Risk: BZ is recognized by IARC [324] as carcinogenic to humans (Group 1) (Table 2).
JECFA concluded that based on known effects, BZ in not suitable for use as an additive
in food [358]. Using probabilistic modelling, Cheasley et al. [356] estimated that lifetime
excess cancer risk associated with BZ dietary intake was 35 per million. Nevertheless, MoEs
calculated based on the estimated dietary intake did not indicate human risk from dietary
exposures [325,326,355,359], however more studies are warranted.

3.3.2. Chloropropanols

Occurrence: 3-Chloro-1,2-propanediol (CP) (Figure 3(2)) and 1,3-dichloro-2-propanol (DP)
(Figure 3(3)) are formed during the acid hydrolysis of vegetable proteins through the
reaction of chloride ions with triglycerides [115,360–362]. Several are present at low
levels ranging from 9.6–82.7 µg/kg, in various foods, most notably refined oils, acid-
hydrolyzed proteins and soy sauces; however, some sauces contain as high as 18 mg/kg or
876 ppm [115,276,361,363–365]. Chloropropanols can be also found in paper-based food
contact materials [366,367].

Carcinogenicity: In a two-year bioassay in rats, CP produced increases in kidney, Leydig
cell, and mammary neoplasms administered at doses up to 400 ppm (29.5 mg/kg bw/day)
in drinking water [115,276]. DP produced increases in neoplasms in the liver, kidney and
tongue in rats at doses up to 30 mg/kg bw/day [115,365,368,369].

Genotoxicity/DNA Binding (Adducts): CP was genotoxic in some in vitro assays, but not
in vivo [115,370,371]. In contrast, DP was clearly genotoxic in vivo and in vitro, with or
without metabolic activation [115,276,361,365,368]; however, formation of DNA adducts
has not been reported. Genotoxicity of DP was attributed to formation of epoxide interme-
diate [368].

Biotransformation: CP is metabolized by alcohol dehydrogenase to chlorolactic acid, while
DP is metabolized by CYP2E1, to cytotoxic metabolites, including 1,3-dichloroacetone [115,361].

MoA: No clear MoA has been established for carcinogenicity of CP and DP. There is ev-
idence that CP induces tumors by a hormonally mediated and/or cytotoxic MoA [362,372].
Oxidative damage has been also implicated [373]. Nevertheless, genotoxic MoA cannot be
excluded for CP and DP [115].

Human Exposure: Mean EDI for CP was calculated to range from 0.2 to 3.8 µg/kg
bw/day in adults and to be 1.3 µg/kg bw/day in children [276,362]. Mean EDI for DP was
estimated to be 7 µg/person/day from soy sauce consumption, and 0.1 µg/person/day
from dietary sources other than soy sauce [365,369].

Human Effects: No adequate data are currently available to assess the potential carcino-
genicity of the chloropropanols in humans [115].
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Risk: IARC [115] classifies CP and DP as possibly carcinogenic to humans (Group
2B) (Table 2). JECFA [276] set a provisional maximum tolerable daily intake (PMTDI) of
4 µg/kg bw/day for CP, while EFSA [362] established a much lower TDI of 2 µg/kg bw/day.
JECFA concluded that no TDI can be estimated for DP based on its effects [365,369]; how-
ever, based on calculated MoE, DP in diet was considered to be of low concern for human
health [361].

3.3.3. Ethyl Carbamate (Urethane)

Occurrence: Ethyl Carbamate (EC) (Figure 3(4)), also referred to as urethane, is a fermen-
tation product formed from the reaction of ethanol and carbamyl phosphate [374,375].
It is present as a natural trace constituent in various alcoholic beverages and in fer-
mented food items, including cheese, bread, yogurt, soy sauce and fermented soybean
products [374,376–379]. Mean concentrations of EC in some spirits, particularly in stone-
fruit brandies, have been measured in a range of 4 to 122 µg/kg (or 0.1 to 1400 µg/L), while
in foods lower concentrations, ranging from 0.2 to 16 µg/kg, were observed [374,376–378].
EC content in foods can also increase with thermal processing [380].

Carcinogenicity: With oral administration to mice, EC up to 600 ppm induced mainly
liver, lung, harderian gland, skin, mammary gland, ovaries, blood vessels and forestom-
ach neoplasms [377,381,382]. In rats, oral administration of EC resulted in an increased
incidence of Zymbal and mammary gland carcinomas [68,377].

Genotoxicity/DNA Binding (Adducts): Genotoxicity and clastogenicity of EC has been
demonstrated in vitro and in vivo [377,382–384]. The formation of etheno DNA adducts
was reported in the liver [385], lung [386] and other organs [387] in rats and mice.

Biotransformation: EC is metabolized predominantly by CYP2E1 to reactive metabo-
lites, vinyl carbamate and vinyl carbamate epoxide [377,382,388–390]. Formation of vinyl
carbamate was also reported after incubation of human liver and lung microsomes with
EC [391,392], suggesting similarities in metabolism of EC between humans and rodents.

MoA: Formation of reactive metabolite and consequent transition mutations in Kras
oncogene is considered as major mechanism involved in tumorigenesis of EC [377,388,393].
Other potential MoAs may involve proinflammatory signaling, mitochondrial dysfunction
and ROS formation [376].

Human Exposure: Under normal dietary habits, excluding alcoholic beverages, the EDI was
in the range of 0.01 to 0.02µg/kg bw/day, or an average of 0.015µg/kg bw/day [378,394]. Mean
EC intake from diet and alcoholic beverages rages from 0.015 to 0.065 µg/kg bw/day [374].

Human Effects: No epidemiologic studies are currently available to assess hazardous
effects of EC in humans [377,378].

Risk: IARC [377] evaluated EC as probably carcinogenic to humans (Group 2A)
(Table 2). JECFA [378] and EFSA [379] concluded that exposure to EC in food, exclud-
ing alcoholic beverages, poses low concern for human health. Nevertheless, health concern
exists for consumers of alcoholic beverages, and mitigation measures should the imple-
mented to reduce levels of EC in certain spirits. Schlatter and Lutz [395] calculated a
virtually safe dose for EC of 0.02 to 0.08 µg/kg bw/day, which represents negligible risk to
human health. Nevertheless, consumption of alcoholic beverages, in particular stone-fruit
distillates, increases cancer risk to approximately 0.01%.

3.4. Heat-Generated Carcinogens

Heating and combustion of organic materials (e.g., tobacco) is well established to
generate carcinogens. With respect to foods, three major types are acrylamide, heterocyclic
amines and polycyclic aromatic hydrocarbons [396].
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3.4.1. Acrylamide

Occurrence: Acrylamide (AC) (propen-2-amide) is an unsaturated amide (Figure 4(1)),
which is formed in heated foods, especially those rich in carbohydrates, by a reaction of
reducing sugars with asparagine [397–399] and consequently is present in a variety of food
products, notably baked or fried foods [68,400–403]. Efforts to reduce AC formation in
foods have been active. For example, asparaginase has been proposed for use in food
manufacture to convert asparagine to aspartic acid, thereby depleting one of the precursors
of AC formation [403–405].

Carcinogenicity: AC was tested for carcinogenicity in rats by oral administration. In
males, it increased the incidences of peritoneal mesotheliomas found in the region of
the testis and of follicular adenomas of the thyroid gland. In females, thyroid follicular
tumors, mammary gland tumors, glial tumors of the central nervous system, oral cavity
papillomas, uterine adenocarcinomas and clitoral gland adenomas were increased. In
four screening bioassays in mice, AC, given either orally or intraperitoneally, increased
both the incidence and multiplicity of lung tumors in all experiments [402,406,407]. In a
two-year rodent carcinogenicity bioassay [408], AC produced clear evidence of carcinogenic
activity in rats and mice. Specifically, administration of up to 50 ppm AC in drinking water
resulted in increased incidences of thyroid gland and heart tumors in rats of both sexes, of
malignant mesotheliomas and cancer in the pancreatic islets in male rats and of cancers
in the clitoral gland, liver, mammary gland, skin, and mouth or tongue in female rats.
Increased incidences of cancer in the harderian gland, lung, and stomach were observed in
male and female mice, in addition, female mice also had increased incidences of cancer in
the mammary gland, skin, and ovary.
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Genotoxicity/DNA Binding (Adducts): AC is genotoxic and forms DNA adducts in target
as well as non-target tissues of carcinogenicity, including the liver, lung, kidney, leucocytes
and, testes in mice and in the liver, brain, thyroid, leukocytes and testes or mammary gland
in rats [37,409]. In a dose–response study, a 0.1 µg/kg bw was established as a NOAEL for
DNA adduct formation [410], suggesting plausibility of thresholds for carcinogenicity. In
rats dosed with AC at 2 or 15 mg/kg bw for up to 28 days, DNA synthesis was increased in
target tissues, but not in a non-target tissue, the liver [411]. In mice, administration of AC
at 7.5, 15 and 30 mg/kg bw/day by gavage for 28 days produced a significant increase in
micronuclei formation in the peripheral blood and an increase in gpt mutation frequencies
in testes and lungs [412]. In addition, AC induced DNA strand breaks in various tissues in
rats and mice [413–415].

Biotransformation: AC has two potentially reactive sites, a conjugated double bond
and an amide group (Figure 4(1)) [399]. In vivo, AC is epoxidized at its double bond to
glycidamide (GA) [416]. Both, AC and GA, are reactive and while there is some evidence for
genotoxicity of AC [417], GA appears to be the DNA-reactive metabolite of AC [418]. GA
reacts readily with DNA [407,419,420], forming purine adducts [410,421]. In rats, following
administration of AC at 3 mg/kg bw, the majority of metabolites excreted in urine were
AC-GSH conjugates, while a substantial proportion of the remainder consisted of two
GA-derived mercapturic acids [422]. GA and dihydroxypropionamide were not detected
at this dose level. The metabolism of AC in humans was investigated in a study in which
male volunteers were administered 3 mg/kg AC orally. At 24 h, urine contained a third of
the administered dose, and the majority of metabolites was derived from direct conjugation
of AC with GSH [422]. GA, dihydroxypropionamide and one unidentified metabolite
were also detected in urine. This study indicated both similarities and differences in the
metabolism of AC between humans and rodents.

MoA: The carcinogenicity of AC may result from a combination of DNA reactivity
and increased cell proliferation in target tissues. However, non-genotoxic MoA, such as
alterations of calcium signaling, might be more relevant for tumorigenicity of AC, since
evidence of its genotoxicity are weak [25]. In addition, some studies provide evidence
of oxidative DNA damage by AC, as well as epigenetic modifications which might be
involved in tumorigenesis [423–425]. Several possible MoAs have been reviewed [409].

Human Exposure: Dietary exposure to AC results from consumption of foods prepara-
tion of which involves cooking at high temperatures (e.g., French fries and potato chips),
other exposure routes may involve dermal contact and inhalation. EDI of AC in several
European populations was estimated to range from 0.4 to 1.9 µg/kg bw/day [425], with
average dietary intake of 0.5 µg/kg bw/day in adults worldwide [426].

Human Effects: Numerous epidemiologic studies have examined the relationship
of dietary consumption of AC and risk for cancers of the kidney, large bowel, urinary
bladder, oral cavity and pharynx, esophagus, larynx, breast, and ovary [406,427]. No
evidence of any association was found. Individual susceptibility, however, may be related
to genetic polymorphisms in enzymes involved in activation and detoxification of AC [428].
Two cohort mortality studies were conducted among workers exposed to AC. The first
showed no significant excess of cancer but was of small size, short duration of exposure
and short latency. In the other study, in one plant in the Netherlands and three in the
US, a nonsignificant increase was found in deaths from pancreatic cancer, but there was
no trend with increasing exposure. In a prospective study, increased risks were found
for postmenopausal endometrial and ovarian cancer with increasing dietary AC intake,
particularly among never-smokers. Risk of breast cancer was not associated with AC
intake [429].

Risk: Based on sufficient evidence for carcinogenicity in experimental animals and
inadequate evidence in humans, IARC [402] classified AC as “probably carcinogenic to hu-
mans” (Group 2A) (Table 2). JECFA [403] concluded that estimated MoE for cancer events
of 310 for general population and 78 for population with high exposure indicates a human
health concern. EFSA [425] also concluded that although the epidemiological studies have
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not demonstrated AC to be a human carcinogen, MoE indicates a concern for neoplastic
effects based on animal evidence. However, based on the dietary intakes [400,425], ex-
posures to AC are mainly at or below those considered acceptable for AFB1, which is a
more potent carcinogen in animal models (Table 2). It would therefore seem unlikely that a
significant risk exists for the general population. Furthermore, an expert panel convened
by the German Federal Agency of Consumer Health Protection and Veterinary Medicine
opined that while AC was a genotoxic carcinogen, it was likely to show a non-linear dose–
response curve with respect to carcinogenic effect [430]. In support of this, Baum et al. [431]
have shown that at concentrations added to human blood which are comparable to those
achieved by intake from food, AC preferentially reacts with protein components of blood,
and is ‘quenched’ without affecting DNA in lymphocytes.

3.4.2. Heterocyclic Amines

Occurrence: Heterocyclic Amines (HCAs) are generated in meats cooked at high tem-
peratures which produce protein decomposition [4,305,396,432]. A variety of different
HCAs have been identified, representing several structural types reflecting the chemistry
of their formation. The major subclass of HCAs, aminoimidazoazaarenes, which is the
most abundant in food, includes 2-amino-3-methylimidazo [4,5-f]quinoline (IQ) (Figure 4(2)),
2-amino-3,4-dimethylimidazo [4,5-f]quinoline (MeIQ) (Figure 4(3)), 2-amino-3,8-dimethylimidazo
[4,5-f]quinoline (MelQx) (Figure 4(4)), 2-amino-3,4,8-trimethylimidazo[4,5-f]quinoline (diMeIQx)
(Figure 4(5)), and 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine (PhIP) (Figure 4(6)) [433].

Carcinogenicity: HCAs are potent multisite carcinogens in several species [68,305].
Specifically, oral administration of IQ, MeIQ and MeIQx to rats or mice caused increases in
the incidences of tumors in the liver, small and large intestine, forestomach, lung, Zymbal
gland, skin, mammary and clitoral glands, as well as lymphomas and leukemias. In the
case of MeIQx, hepatic neoplastic lesions were observed only at high doses, indicating
possibility of thresholds [45]. In rats, carcinogenicity of IQ in several target tissues was
potentiated with high fat diet [434]. IQ was also shown to induce hepatocellular carcinomas
in cynomolgus monkeys after chronic dosage of 10 or 20 mg/kg for 5 days/week. PhIP
administered orally caused lymphoma in male rats and in mice of both sexes. Moreover,
several cancers associated with the Western diet, specifically carcinoma of prostate gland,
adenocarcinoma of the small intestine and colon and mammary gland carcinoma were
observed in rats orally exposed to PhIP. Neonatal mice are also extremely sensitive to
carcinogenic HCAs [68,305]. The order of carcinogenic potencies of selected HCAs is as
follows: IQ > MeIQ > MeIQx > PhIP (Table 2).

Genotoxicity/DNA Binding (Adducts): HCAs are potent genotoxic mutagens in vari-
ous systems in vitro and in vivo [68,305,435,436], including human cells [437]. IQ, MeIQ,
MeIQx and PhIP were shown to induce DNA damage and chromosomal aberrations, SCE,
micronucleus formation and UDS. HCAs have been shown to form DNA and protein
adducts in vitro and in vivo in various species, including humans [305,438–443]. Data
from studies investigating formation of PhIP DNA adducts reported that in human tissues
at dietarily relevant exposures DNA adducts form with greater efficiency compared to
rodents [436]. There was a liner correlation between the dose and DNA-binding of some
HCAs in the liver [25].

Biotransformation: The bioactivation of HCAs involves mainly N-hydroxylation, usu-
ally by CYP1A2 [444], and subsequent acetylation by N-acetyltransferase type 2 [445],
leading to formation of a reactive nitrenium ion, as with other aromatic amines. Nitre-
nium ion primarily binds to C8 atom of guanine bases [432,436]. Genetic polymorphism
of these enzymes in humans might play a role in susceptibility to genotoxicity and car-
cinogenicity of HCAs [446]. For example, high levels of DNA damage were observed in
cell cultures with rapid acetylation [447] and individuals with rapid acetylator phenotype
are believed to have higher risk of certain cancers after exposure to HCAs compared to
slow-acetylators [432,445].
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MoA: Carcinogenicity of HCA most likely results from formation of DNA adducts
which lead to mutations in proto-oncogenes and tumor-suppressor genes, including K-ras,
Ha-ras, Apc, β-catenin, and TP53 [68,432].

Human Exposure: Human intake of HCAs is estimated to range from 0.001 to
0.017 µg/kg bw/day [448] with some intakes as high as 1900 ng [449]. The average lifetime
time-weighted consumption of HCAs for US population is estimated to be approximately
0.009 µg/kg/day, with PhIP comprising two thirds of the intake [450].

Human Effects: HCAs are reasonably anticipated to be human carcinogens [68,432].
They have been implicated in causing cancers of the breast [451], colon and rectum [449],
stomach and esophagus [452], and lung [453]. Estimated consumption by humans of at
least one HCA, PhIP, was associated with increased levels of DNA adducts in breast [454]
and prostate tissues [455] of patients with cancers at those sites. While consumption of
cooked or grilled meat has been associated with various types of cancers, the data do not
definitively implicate HCAs as the causative component of these associations [449].

Risk: IARC [305] classifies HCAs as either possible (Group 2A) (e.g., IQ) or probable
(Group 2B) (e.g., MeIQ, MeIQx, PhIP) human carcinogens (Table 2). An upper-bound risk
for US population from dietary exposures to HCAs was estimated to be 28,000 cancers,
with PhIP accounting for almost half (46%) of the total risk [448]. The consumption of
cooked meat and fish was the primary contributor to cancer risk in humans. Nevertheless,
currently no regulations targeting reduction of exposure to HCAs exist [68].

3.4.3. Polycyclic Aromatic Hydrocarbons

Occurrence: Polycyclic Aromatic Hydrocarbons (PAHs) is a group of compounds com-
posed of two or more fused aromatic rings, which are present in many foods, either from
deposition from air pollution or formed during cooking processes such as with char broiling
of meats [275,378,456,457]. Heating of food above 350–400 ◦C leads to formation of PAHs,
notably, the prototypical PAH, benzo[a]pyrene (BaP) (Figure 4(7)). BaP is found in smoked
foods, charcoal-broiled steaks and ground meats [458–460]. The highest levels of BaP are
found in grilled meats, at up to 4 ng BaP/g of cooked meat, [460].

Carcinogenicity: A variety of PAHs produced sufficient evidence of carcinogenicity
in experimental animals [68,461]. In particular, BaP produced tumors in multiple species,
including mouse, rat, hamster, guinea pig, rabbit, duck, newt, and monkey, following
exposure by many different routes [68,275]. When administered orally, either via gavage
or with diet, BaP at dosages up to 14 mg/kg bw/day increased incidences of tumors in
lymphoid and haematopoeitic systems and in several organs in mice, including the lung,
forestomach, liver, oesophagus and tongue [68,275,378]. Administration of BaP to rats by
gavage for two years, produced liver tumors and tumors of forestomach at the lowest dose
of 10 mg/kg bw and higher [462]. PAH mixtures, in particular creosote oils, coal-tar pitches,
shale oils, anthracene oils, and certain bitumens have been shown to induce skin tumors in
mice upon topical application [461,463].

Genotoxicity/DNA Binding (Adducts): PAHs, including BaP, are mutagenic and geno-
toxic in a variety of test systems, both in vitro and in vivo [47,275,378]. Reactive metabolites
of PAHs can covalently bind to DNA, predominantly at the N2 position of desoxyguano-
sine [378]. A linear correlation between DNA adduct formation and mutagenicity was
reported, providing evidence against the existence of thresholds for BaP effects [25].

Biotransformation: BaP and other PAHs with appropriate structures are bioactivated to
oxides and dihydrodiols, which in turn are oxidized to diol epoxides, in a multi-step, inducible
pathway involving CYP and epoxide hydrolase microsomal enzyme systems [464,465]. The
dihydrodiol epoxide intermediate(s) (e.g., benzo(a)pyrene-7,8-dihydrodiol-9,10-epoxide
(Figure 4(8))) form stable and depurinating DNA adducts, which are primarily responsible
for the mutagenic and carcinogenic action of BaP and other PAHs [47,275]. PAHs lacking
the structural basis for formation of epoxides which can open and generate relatively
stable carbonium ions with appropriate conformations of their hydroxyl groups are at
most weakly carcinogenic [466]. For PAHs with lower ionization potential, the one-electron
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oxidation pathway, which results in the formation of unstable DNA adducts, might also be
important [47].

MoA: The formation of DNA adducts by reactive metabolites, oxides and diol epoxides,
is considered to be an initiating event in the development of tumors caused by BaP and
some other PAHs [47,68]. These adducts were shown to induce mutations in oncogenes and
tumor suppressor genes, such as K-ras and TP53, in humans and rodents [275]. However,
due to poor quantitative relationship between levels of DNA adduct in target tissues
and tumor formation, other factors involved in MoA should be considered. For example,
induction of oxidative stress [467], immunosuppression [468], alterations of cell cycle [469]
and epigenetic modifications [470] might also contribute to carcinogenic effects of PAHs.

Human Exposure: Food contaminated with PAHs, either from environmental sources
or during processing and cooking, is the major source of exposure in non-smokers [47,457].
JECFA [378] reported EDI for BaP to be in a range of 0.0006 to 2.04 µg/kg bw/day, and for
other PAHs EDI varies from 0.0001 to 0.015 µg/kg bw/day. Intake of PAHs in children
is approximately double of the intake in adults [378]. EFSA [47] identified cereals and
cereal products as well as seafood as the two highest contributors to the dietary exposure to
PAHs. The European Union legislation (Regulations EC No. 835/2011 and No. 2020/1255)
provides specific regulations for maximum levels of PAHs in various foods, which, de-
pending on the product, ranges from 1 to 10 µg/kg for BaP and from 1 to 50 µg/kg for all
PAHs [457,471,472]. In US, no maximum limits for PAHs in foods has been established, with
exception of maximum permissible level of BaP in bottled water of 0.0002 mg/L [68,457].

Human Effects: No epidemiological studies on association between exposure to the
individual PAHs and human cancers have been conducted, and data on the carcinogenic
effects of PAHs in humans is available only for mixtures [68,275,461,463]. Thus, studies of
smokers and consumers of certain meat products uncovered evidence of the carcinogenicity
of BaP and other PAHs in humans. Lung cancer has been shown to be induced in humans
by cigarette smoke, and by exposures to roofing tar and coke oven emissions, all of which
contain mixtures of PAH [68]. A recent case control study reported an association between
exposure to BaP in the diet and an increased risk for colorectal adenoma [473].

Risk: IARC [275] concluded that BaP is a human carcinogen (Group 1) based on the
biological plausibility of mechanism of carcinogenicity in humans (Table 2). In a study of
human intake in Korea, a possible excess cancer risk ascribed to PAHs using the cancer
potency of BaP was calculated to be 2.3 cases per 100,000 persons [474]. Based on the MoE
of 25,000 (mean) and 10,000 (high), and a human exposure estimate of 0.004 (mean) to
0.01 (high) µg/kg bw/day, JECFA [378] concluded that the estimated oral intakes of PAHs
were of low concern for human health. Similarly, EFSA [47] established that MoE of 17,900
for BaP is indicative of low concern for consumer health at the average estimated dietary
exposures; however, for high-level consumers potential concern exists.

3.5. Carcinogens Formed Exogenously and Endogenously

Consumer exposure to carcinogens is multifactorial and, in some cases, in addition
to exogenous sources might involve endogenous formation of hazardous chemicals as a
result of metabolic reactions [6]. Such endogenous exposures can significantly contribute
to total exposures and complicate risk assessment.
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3.5.1. Ethylene Oxide

Occurrence: Ethylene oxide (EtO) (Figure 5(1)) is primarily used as an intermediate
in the production of ethylene glycol [275]. However, in some countries, including USA,
Canada and India, EtO has been also used as a fumigant for its disinfectant properties,
and hence it may be present as a residue on contaminated foods including spices, nuts,
sesame seeds, dry fruits and vegetables, milk powder and cereal, at various concentrations
exceeding 0.05 mg/kg and even reaching 1800 mg/kg in some herbal teas [475–477]. Due to
known hazardous effects, use of EtO in food production in Europe is prohibited (Regulation
(EC) No 1107/2009) [478], and maximum residue levels are established between 0.02 and
0.1 mg/kg (Regulation (EC) No 396/2005) [479]. Such regulations led to a recent recall
of a variety of products containing EtO contaminated sesame seeds or locust bean gum,
including bread, sauces, ice cream and other fermented milk products [480,481]. In addition
to exogenous sources, EtO can be also formed endogenously as a result of lipid peroxidation
reactions, metabolic activity of microbiota or following metabolism of ethylene [482–484].
Endogenous levels of EtO in humans were estimated to range from 0.13 to 6.9 ppb [485].

Carcinogenicity: EtO is a multisite carcinogen in rodents, with target organs including
the hematopoietic system in mice and rats, the lung, Harderian gland, mammary gland, and
uterus in mice, and the brain and mesothelium in rats [68,275,486–489]. Oral administration
of up to 30.5 mg/kg bw of EtO through gavage twice a week produced an increase in the
forestomach squamous cell carcinoma in rats [490].

Genotoxicity/DNA Binding (Adducts): EtO exhibited genotoxic and mutagenic effects,
albeit weak, in experimental systems in vitro and in vivo, moreover, cytogenic alterations
and DNA damage, including chromosomal aberrations, SCE, hprt mutations, micronucleus
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formation, and DNA single-strand breaks were reported in peripheral blood of humans
with occupational exposures [275,487–489,491–495]. As a direct alkylating agent, EtO
covalently binds to DNA, predominantly at the N7 position of guanine [487,496–499].

Biotransformation: EtO can be either hydrolyzed, spontaneously or in the presence of
microsomal epoxide hydrolase, to ethylene glycol with subsequent conversion to oxalic
acid, formic acid and carbon dioxide, or conjugate with GSH to form mercapturic and
thiodiacetic acids [275,488,500]. Several studies implied that polymorphism in human GST
genotype, in particular GSTT1, might underly the difference in susceptibility to adverse
effects of EtO [501–504].

MoA: While carcinogenicity of EtO is attributed to its genotoxicity and mutagenic-
ity [275,489], formation of N7-guanine DNA adducts are not likely to contribute to the
carcinogenic MoA. These adducts are not pro-mutagenic and are steadily repaired not lead-
ing to accumulation of abasic sites [497,505]. Hence, mutagenicity of EtO was attributed to
minor adducts, N3-2-hydroxyethyladenine and O6-2-hydroxyethylguanine [506]. Due to
high repair rate of DNA adducts formed by alkylating agents, existence of thresholds for
EtO genotoxicity it plausible [489,507]. Several studies also attempted to use dose–response
data for genotoxicity endpoints to estimate safe exposure levels to EtO [508,509].

Human Exposure: Exposures to EtO occur predominantly through inhalation, while
dietary exposures are negligible [275]. Thus, EDI from all food sources amounts to
10 µg/person/day, which is lower than endogenous production of EtO by bacteria
(15–20 µg/day) [510]. Average per capita consumption of EtO with spices was estimated
to range from 0.21 µg/person/day in New Zealand to 1.6 µg/person/day in US [511].

Human Effects: There is no evidence of adverse health effects related to the consumption
contaminated foods, mainly due to the rapid breakdown of EtO. While some epidemiologi-
cal studies report association between occupational exposure (primarily through inhalation)
to EtO and higher risk of lympho-haematopoietic [512] and breast cancers [513], the evi-
dence is limited and not supported by meta-analysis studies [68,275,487,489,514–516].

Risk: Despite only limited evidence of carcinogenicity in humans, IARC [275] classified
EtO as human carcinogen (Group 1) (Table 2), based on the mechanistic evidence of
its genotoxicity in workers. While the NTP and the US EPA [68,517] reached the same
conclusion, systemic analyses of carcinogenicity and toxicity data conducted by several
authors suggests that such classification grossly overestimates the risk of EtO [489,516].
One study estimated that cancer risk from consumption of EtO with contaminated spices
was negligible [511]. The German Federal Institute for Risk Assessment also established
that EtO intake at or below 0.037 µg/kg bw/day should be considered of low concern [518].

3.5.2. N-Nitroso Compounds

Occurrence: N-Nitroso compounds (Figure 5(2,3)) are formed in food and in vivo at
acidic pH by nitrosation of secondary and tertiary amino compounds [68,519–521]. Their
formation also occurs in vivo at neutral pH by nitric oxide generated by bacteria converting
nitrates and nitrites, or macrophages or endothelial cells metabolizing arginine [522–524].
N-Nitroso compounds have been found in over 200 foods, including fruits, vegetables,
beverages, meats and cereals, and can be present in drinking water [456,519,521,525,526].
Concentrations of nitrosamines in food depend on the method, time and temperature
of cooking or fat composition [527]. Thus, mean levels of N-nitroso compounds were
0.5 µmol/kg of fresh meat and over 5.5 µmol/kg of frankfurters and salted, dried fish [526].
Nevertheless, the levels in most foods are generally below 10 ppb [519,528] or less than
10 µg/kg, with exception of fired food, such as bacon, in which an average concentration is
36 µg/kg [521].

Carcinogenicity: Various dialkyl and cyclic nitrosamines have been found to produce
tumors at multiple sites in a range of species, including rats, mice and hamsters. Target
organs of carcinogenicity include the liver, esophagus, nasal and oral mucosa, kidney, pan-
creas, urinary bladder, lung and thyroid [8,68,521,529–532]. N-nitrosodiethylamine (NDEA)
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(Figure 5(2)) is considered to be an exceptionally potent carcinogen, compared to other
nitrosamines [533] (Table 2).

Genotoxicity/DNA Binding (Adducts): As a class, nitrosamines, particularly the volatile
nitrosamines, are potent mutagens/genotoxins, both in vitro and in vivo [68,521,529,530].
Many of the nitrosamines act as alkylating agents [534,535] leading to pro-mutagenic
lesions, including alkylation at the N7 and O6 positions of guanine or O4 position of
thymidine [536–538]. For example, NDEA (Figure 5(2)) and N-nitrosodiethanolamine
(Figure 5(3)) form poorly repaired O4-ethyldeoxythymidine and O6-2-hydroxyethyl-
deoxyguanosine DNA adducts [536,539]. Some organ specificity of nitrosamines may
arise because, unlike the liver, sensitive tissues such as the brain lack a DNA-repair enzyme,
alkyltransferase, that regenerates guanine from O6-alkylguanine [540].

Biotransformation: N-Nitroso compounds are bioactivated to diazonium ions by hy-
droxylation involving several CYP isozymes [521,541], in particular CYP2E1 [536,542]. The
organ specificity probably stems from tissue specific CYPs that activate the nitrosamines
which alkylate DNA in the organ where they are activated.

MoA: Formation of alkylated DNA adducts and consequent mutagenesis and genomic insta-
bility are likely the most prevalent cancer-related mechanism of nitrosamines [529,533,536,543].

Human Exposure: In Europe, EDI of volatile N-nitrosamines ranges from 0.001 to
0.02 µg/kg bw/day [521]. In US the average daily intake was calculated to be 1.8 µg/day in
a vegetarian diet and 1.9 µg/day in a Western diet [544]. The highest values of nitrosamines,
up to 0.531 µg/serving, were found in alcohol, meat and dairy products [525].

Human Effects: In humans, indirect evidence exists of the carcinogenic action of ni-
trosamines through reported associations between gastrointestinal (esophageal, gastric,
colorectal), pancreatic, bladder cancers and the consumption of foods containing relatively
high concentrations of nitrosamines, nitrites and nitrates [68,521,529,530]. Additionally,
nasopharyngeal cancers associated with consumption of salted fish have been attributed to
N-nitroso compounds (see below) [545].

Risk: IARC classified the majority of food-borne nitrosamines as either probable
(Group 2A) or possible (Group 2B) human carcinogens [67], although, certain practices
known to result in increased cancer risks, including consumption of processed meat and
fish, smoking, and betel quid chewing, and certain occupations in the rubber industry,
result in exposures to various nitrosamines. The lack of identification of nitrosamines
as “known human carcinogens” is largely a consequence of the low levels of human
exposure to these compounds. Using the benchmark approach, permissible daily exposures
(PDE) for cancer and mutagenicity were calculated to be 6.2 and 0.6 µg/person/day for
N-nitrosodimethylamine and 2.2 and 0.04µg/person/day for NDEA, respectively [543].

3.5.3. α,β-Unsaturated Aldehydes

α,β-Unsaturated aldehydes (Figure 5(4–8)) compose a wide ranging class of aldehydes
which naturally occur in a variety of foods and can be added as flavor ingredients. In
addition, they can be formed endogenously through lipid peroxidation [546–549]. They are
formed from the polyunsaturated fatty acids (PUFA) in triglycerides, as well as from any
free fatty acids, which are susceptible to auto oxidation [548,550].

3.5.3.1. Malondialdehyde, 4-Hydroxynonenal, Crotonaldehyde, trans,trans-2,4-hexadienal

Occurrence: Several α,β-unsaturated aldehydes, including malondialdehyde (MDA)
(Figure 5(4)), in its enolic form, 4-hydroxynonenal (HNE) (Figure 5(5)) and crotonaldehyde
(CA) (Figure 5(6)), occur as contaminants in food, especially edible oils [548,551,552].
Trans,trans-2,4-hexadienal (Figure 5(7)) is used as a flavoring agent [548,549,553] and was
detected in a variety of food products, including olives, caviar, chicken and beef [115].

Carcinogenicity: The α,β-unsaturated aldehydes that have been tested in standard 2-year
bioassays in rodents include CA [554], MDA [555], and trans,trans-2,4-hexadienal [556,557].
In the rat, CA administered at 0.6 and 6.0 mM/L in drinking water for 113 weeks was
associated with development of neoplastic nodules of the liver [554] in conjunction with
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overt hepatotoxicity (necrosis, fibrosis, cholestasis, and inflammation). In the same strain of
rats, the incidence of thyroid follicular cell neoplasms was increased following 103 weeks
of administration of MDA at 100 mg/kg bw/day (5 days/week) by oral gavage, in addi-
tion, pancreatic islet cell adenomas were observed in male rats in the group that received
50 mg MDA/kg [555,558]. Dosing of rats and mice with trans,trans-2,4-hexadienal by gav-
age in com oil at dosages greater than 45 mg/kg, 5 days/week, for up to 105 weeks resulted
in an increased incidence of squamous-cell papillomas and carcinomas of the forestomach
in both species [115,556]. In a neonatal mouse model, no tumors were observed after
administration of CA, MDA and HNE via intraperitoneal injections up to 3000 nmol [559].

Genotoxicity/DNA Binding (Adducts): CA [552,560,561], HNE [562], MDA [551,563], and
trans,trans-2,4-hexadienal [115,557,560,561] have been shown to be genotoxic, especially
in vitro [548]. Unsaturated aldehydes are considered to be strong alkylating agents, and
as such they can covalently bind to DNA and proteins. In particular, formation of DNA
adducts was detected in vitro and in vivo in multiple tissues of rats and mice after exposure
to CA [552], MDA [551], and trans,trans-2,4-hexadienal [115,556]. DNA adducts of CA have
been also detected in exposed humans [552,564]. Another lipid peroxidation product, HNE,
reacts with DNA chemically and can form DNA adducts [565,566], however it may be
too reactive with proteins for DNA adducts to be formed in vivo if administered directly.
Thus, in serum-containing medium HNE was not mutagenic to cultured cells, whereas a
protected form was [567]. Depletion of GSH and resulting oxidative stress are thought to
be prerequisites for formation of DNA adducts by unsaturated aldehydes [548].

Biotransformation: The oxidation of fatty acids leads to formation of hydroperoxides,
which in turn, decompose in a terminal reaction to form aldehydes from the methyl
terminus of the fatty acid chain [548]. The levels of hydroperoxides formed are often
estimated by assay of thiobarbituric acid-reactive substances [568,569], but more precise
measurement techniques are available [570]. Detoxication of unsaturated aldehydes occurs
primarily through reactions with GSH, yielding metabolites that are excreted in the urine
of rats and humans [548,552].

MoA: In addition to direct DNA-reactivity and mutagenicity, oxidative stress and
immunomodulation might also play a role in the carcinogenic MoA of α,β-unsaturated
aldehydes [115,548,552]. Based on the findings in vitro and in vivo, EFSA ruled out geno-
toxicity concern for trans,trans-2,4-hexadienal [557].

Human Exposure: Humans are exposed to α,β-unsaturated aldehydes from food and
alcoholic beverages, as well as endogenously, particularly in some disease states [548,571].
Levels of dietary exposure are low, particularly in the case of the flavoring agent trans,trans-
2,4-hexadienal whose per capita intake is estimated at 100 µg/kg of bw/day [549].

Human Effects: Several epidemiological studies provided little evidence of a posi-
tive association between CA exposure with the lung [572,573], oral cavity, stomach, and
colon [574] cancer risks in humans [552].

Risk: IARC [115,552] classified CA and trans,trans-2,4-hexadienal as possibly carcino-
genic to humans (Group 2B), while MDA was considered to be not classifiable as to its
carcinogenicity to humans (Group 3) [558] (Table 2). In a risk assessment of CA [575], a
conclusion was made that based on an analysis of the doses which produced DNA adducts,
use of the hepatocellular tumor data from the rat drinking water carcinogenicity study
is likely to overestimate human cancer risk. This is indicative of a practical threshold for
the genotoxic and carcinogenic effect of CA. The JECFA evaluation [549] of the NOAEL
for trans,trans-2,4-hexadienal of 15 mg/kg bw/day was based on the NTP Report [556]
and was estimated to be >100,000 times its current EDI when used as a flavoring agent,
thus JECFA concluded that this flavoring agent does not pose a safety concern. FEMA
reaffirmed α,β-unsaturated aldehydes as GRAS, based on the lack of evidence of potential
hazard to human health at concentrations present in food [548].
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3.5.3.2. Trans-2 hexenal

Occurrence: Trans-2-hexenal (2-HEX) is a 6-carbon aliphatic unsaturated aldehyde
(Figure 5(8)), which accounts for over 65% of total annual volume of unsaturated aldehydes
used as flavor ingredients [548,549]. 2-HEX has been identified in a variety of plant species,
including peppers, tomatoes and potatoes, and is referred to as leaf aldehyde [576]. The
highest content of 2-HEX was reported in bananas, which contain approximately 32 ppm
or 76 mg/kg [548,577].

Carcinogenicity: 2-HEX has not been tested for carcinogenicity in a 2-year bioassay [578];
however, based on structural similarities with trans,trans-2,4-hexadienal (Figure 5(7,8)),
it can be expected to produce forestomach tumors in rodents when administered by oral
gavage [548]. Some evidence of tumorigenicity was found in rats and mice that received
three intraperitoneal injections of 2-HEX at the total dose of 150 mg/kg bw 18-month after
the exposure [579]. Specifically, higher incidences of leukemia, liver and kidney tumors
were described in mice, while in rats, tumors of parotid gland and lungs were reported.

Genotoxicity/DNA Binding (Adducts): 2-HEX was genotoxic in several assays in vitro
producing DNA damage, mutagenicity, clastogenicity and aneugenicity [548,553,578,580].
No induction of gene mutations, direct DNA strand breaks or micronucleus formation was
reported in rodents in vivo [553,579]. In humans, non-smoking volunteers that consumed
three to six bananas per day for 3 days showed at least a doubling of micronuclei in
exfoliated buccal cells [581]. Rinsing the oral cavity with water containing 10 ppm 2-HEX
produced a more pronounced effect. Subsequent experiments in rats [575,582] concluded
that such exposures posed a negligible risk except in very special situations. 2-HEX has
been also shown to form adducts with DNA and proteins [548,553]. Specifically, cyclic
1,N2-propanodeoxyguanosine adducts were detected in vitro and in several tissues of
rats, including forestomach, esophagus, liver and kidneys, following oral doses of up to
500 mg/kg bw; however, the covalent binding index was calculated to be extremely low
(0.06) [583–586]. Using a physiologically based in silico model developed in rats, formation
of 2-HEX DNA adducts in humans from current levels of dietary intake was predicted to
be three orders of magnitude lower compared to endogenous DNA adduct levels [587].

Biotransformation: 2-HEX is readily oxidized to trans-2-hexenoic acid in vitro by mouse
cytosolic fraction and isoenzymes of rat aldehyde dehydrogenase [548,553]. Conjunction
with GSH is a major mechanism involved in detoxication [548,549,587].

MoA: While DNA adduct formation can be related to mutagenicity of 2-HEX in vitro,
EFSA concluded that based on the in vivo findings, concern for genotoxicity for this
compound can be ruled out [553]. Induction of oxidative damage, exacerbated by GSH
depletion, can potentially play an important role in carcinogenicity [588].

Human Exposure: Combined daily per capita intake of 2-HEX from foods was cal-
culated to be 2390 µg/person per day or 31–165 µg/kg bw/day, with majority of expo-
sures occurring with consumption of bananas [548,575]. An EDI based on the maximized
survey-derived daily intake of 2-HEX as a flavoring substance was calculated to be 409
and 2800 µg/capita per day (or 0.007 and 0.05 mg/kg bw per day) in US and Europe,
respectively [578].

Human Effects: Data assessing association of human cancer risk with 2-HEX exposure
are currently lacking.

Risk: JECFA [549] and EFSA [578] concluded that 2-HEX would not pose a safety
concern at the current levels of intake as a flavoring substance. Based on low covalent
binding of 2-HEX, estimated cancer risk of 1–5 per 107 lives was considered to be negligible;
however, under certain circumstances, utilization of 2-HEX as a flavoring agent or fungicide
can increase cancer risk to 2–6 per 104 lives [575,582].

3.6. Carcinogenicity of Preserved and Processed Foods

Smoking and pickling of foods have long been suspected of leading to formation of
carcinogens, particularly nitrosamines [519,589,590].
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3.6.1. Preserved Vegetables

Consumption of pickled vegetables, prepared with or without salting, which is pre-
dominant in some regions of Asia, such as China, Japan and Korea, showed some associa-
tion with higher risk of stomach, nasophageal or esophageal cancers; however, the evidence
is not consistent [305,591]. In a meta-analysis of 16 case-control studies, the highest versus
lowest preserved vegetable intake was associated with a 2-fold increase in the risk of
nasopharyngeal cancer, whereas consumption of non-preserved vegetables was associated
with reduced risk [592]. The increased risk was attributed to the content of nitrates and
nitrosamines. Based on the limited evidence for carcinogenicity of pickled vegetables in
humans and inadequate evidence for carcinogenicity in experimental animals, IARC [305]
classifies pickled vegetables as possibly carcinogenic to humans (Group 2B) (Table 2).

3.6.2. Red and Processed Meat

In many countries, consumption of red meat, usually cooked, and processed meats
that have been prepared thorough salting, curing, fermentation and smoking varies from
50 to 200 g/day [593]. While the evidence of carcinogenicity of consumption of either red
or processed meat in experimental animals is inadequate, a variety of studies reported an
association between the consumption of such meats with higher risk of colorectal, pancre-
atic, prostate, breast, endometrial, liver and gastric cancers in humans [593–596]. Cooking
and processing of meat results in formation of various genotoxic carcinogens, including
N-nitroso compounds, HACs and PAHs (discussed above), which are capable of induc-
ing pro-mutagenic DNA damage, contributing to carcinogenesis [593,597]. In addition,
consumption of processed meat can produce oxidative stress and formation of lipid peroxi-
dation products that could contribute to carcinogenic MoA [593]. Based on the available
data, IARC [593] classified consumption of red meat as probably carcinogenic to humans
(Group 2A), while consumption of processed meat was considered to be carcinogenic to
humans (Group 1) (Table 2).

3.6.3. Salted Fish

Salted fish is produced and consumed primarily in Southeast Asia and northern
Europe. Low levels of several volatile nitrosamines (discussed above) have been detected
in Chinese-style salted fish [598], which is prepared by treating with dry salt or an aqueous
salt solution followed by drying in the sun, and high levels of N-nitrosodimethylamine
have been reported in some samples [599–601].

Several experiments have demonstrated that feeding of high concentrations (i.e., >5%)
of Chinese-style salted fish in the diet induced nasal cavity tumors in rats [602–604], a site
for carcinogenicity of nitrosamines [531]. Administration of an extract of nitrate-treated
fish induced glandular stomach cancer in rats [605]. In addition, N-nitrosamines-specific
DNA adducts were detected in the livers and kidneys of rats which were fed Chinese salted
fish [606].

In humans, association between consumption of salted fish and cancer incidences has
been demonstrated [599]. A population-based case-control study [607] showed that indi-
viduals with the highest intake of salted fish had an 80% increase in risk of nasopharyngeal
carcinoma and a linear trend with respect to protein-containing preserved foods. In addi-
tion, a meta-analysis of cohort studies in Korea, China and Japan supported the evidence
that consumption of salted fish is associated with a 1.2-fold increase in the risk of gastric
cancer [591], 1.2- to 1.45-fold increased risk for nasopharyngeal carcinoma [608], as well
as higher risk of stomach and colon cancer [609]. Potential association of nasopharyngeal
tumors in endemic areas with Epstein-Barr virus cannot be excluded [599]. IARC [599]
concluded that there was sufficient evidence in humans for causation of nasopharyngeal car-
cinomas by Chinese-style salted fish, and classified it as carcinogenic to humans (Group 1)
(Table 2).
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4. Epigenetic Carcinogens or Carcinogens with Uncertain Mode of Action and Related
Chemicals Present in Food

This section provides an overview of food-derived carcinogens that are typically nega-
tive in genotoxicity assays in vitro and in vivo, and which facilitate neoplastic development
through molecular and cellular mechanisms other than direct DNA reactivity. This sec-
tion also includes carcinogens that do not have enough mechanistic data for classification.
Chemical structures of carcinogens and related chemicals discussed in this section are
provided in Figures 6–10.

4.1. Phytotoxins

In 2018, FDA announced a ban on seven synthetically derived agents, including methyl
eugenol, myrcene, pulegone, benzophenone, ethyl acrylate, pyridine and styrene for use
as flavoring substances [610]. The majority of these substances have natural counterparts,
discussed in this manuscript.
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4.1.1. β-Myrcene

Occurrence: β-myrcene (Figure 6(1)) is an acyclic monoterpene, which occurs naturally
in a variety of plants, including verbena, lemongrass, bay, rosemary, basil, cardamon and is
a constituent in many fruits, vegetables and beverages, such as citrus peel oils and juices,
pineapple, celery, carrot, beer, white wine, and many others [611–613]. The highest levels
of β-myrcene, up to 10 g/kg dry weight, were reported in hops [611]. It is also widely used
as a flavor and fragrance material.

Carcinogenicity: Oral administration of β-myrcene by gavage up to 1000 mg/kg bw,
5 days a week, induced a significant increase in liver tumors (adenomas and carcinomas)
in male and female mice. In rats, increased incidences of renal tubular adenomas and
carcinomas were reported [611,614–616].

Genotoxicity/DNA Binding (Adducts): β-myrcene lacks genotoxicity and mutagenicity
in vitro and in vivo [611,613,614,616–619], accordingly, no covalent DNA binding was reported.

Metabolism: Metabolism of β-myrcene involves oxidation of the carbon–carbon double
bond (Figure 6(1)) to an epoxide intermediate, which after hydrolysis gives rise to diol
conjugates, 10-hydroxylinalool and 7-methyl-3-methyleneoct-6-ene-1,2-diol, that were
detected in the urine of rabbits and rats [611,620–622]. Diols are further oxidized to
corresponding aldehydes and hydroxy acids [613]. These reactions are likely metabolized
by CYPs [619], and β-myrcene was shown to inhibit activity of CYP2B1 in vitro and induce
CYP2B1/B2 in vivo [623,624].

MoA: The mechanism of tumor induction by β-myrcene remains largely unknown [612].
Analyses of cancer data by FEMA [619,622] suggested that hepatocarcinogenesis in mice
and renal tumors in rats are secondary to cytotoxicity of β-myrcene at high carcinogenic
doses, and in the kidney are related to the chronic progressive nephropathy and possibly
unusual nephrosis. While it is structurally similar to another terpene, d-limonene, which
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is known to bind to α2u-urinary globulin producing nephropathy, IARC [611] concluded
that β-myrcene did not meet all of the criteria to explain its carcinogenicity by a α2u-
globulin-associated mechanism. Histopathologic assessment of the kidneys from rats
chronically dosed with β-myrcene confirmed that due to complex renal pathology, α2u-
globulin nephropathy cannot be the sole MoA of carcinogenicity [625].

Human Exposure: Daily per capita intake of β-myrcene in US was calculated to be
3 µg/kg bw/day [622,626]. Another, more recent FDA estimation suggested an EDI of
1.23 µg/kg bw/day [612]. In Europe, estimated per capita intake was calculated to be
4.8 µg/kg bw/day [616].

Human Effects: No findings on human carcinogenicity are available [611].
Risk: IARC [611] classifies β-myrcene as possibly carcinogenic to humans (Group 2B)

(Table 2). Safety assessment of β-myrcene by FEMA concluded that MoA of carcinogenicity
in rodents is not relevant to humans and rodent carcinogenicity is not indicative of a health
risk [619,622]. JECFA and EFSA [616,626] concluded that at estimated current dietary
intake, β-myrcene would not pose a safety concern. Despite these conclusions, FDA
recently withdrew authorization for use of a synthetic form of myrcene as a food additive
due to its carcinogenicity in accordance with the Delaney Clause [610,612,627].

4.1.2. Pulegone

Occurrence: Pulegone (PUL) ((R)-5-methyl-2-(1-methylethylidine)cyclohexanone)
(Figure 6(2)) is a naturally occurring monoterpene ketone found in a variety of plants,
in particular mint species, such as Nepeta cataria (catnip), Mentha piperita, and pennyroyal
and is used as a flavoring agent [628–631].

Carcinogenicity: Oral administration of PUL to mice at up to 150 mg/kg bw in corn oil
by gavage, 5 days/week for 105 weeks, significantly increased incidences of hepatocellular
adenoma in both sexes and incidences of hepatoblastoma in male mice [628,632]. In rats,
increased incidences of urinary bladder neoplasms were observed in females only, while
no evidence of carcinogenic activity was observed in males.

Genotoxicity/DNA Binding (Adducts): PUL was not genotoxic or mutagenic in vitro and
in vivo [628,629,631–633]. Genotoxicity studies with herbal preparations containing PUL,
such as peppermint oil, also yielded negative result [631]. No covalent DNA binding has
been reported, although reactive metabolites of PUL can covalently bind to proteins [634].

Metabolism: PUL is metabolized by different pathways, including hydroxylation in the
9-position to toxic metabolite menthofuran or in the 5-position to piperitenone; reduction
of the carbon-carbon double bond, which results in formation of menthone and isomen-
thone; or conjugation with GSH [631,635,636]. Hydroxylation to menthofuran involves
multiple CYPs, including human CYP2E1, CYP1A2, CYP2C19 and CYP3A4 [637–639].
The major metabolites of PUL detected in humans were 10-hydroxypulegone, 8- and 1-
hydroxymenthone, and menthol [640]. Metabolism of PUL to menthofuran can result in
formation of reactive metabolites, in particular, epoxide pulegone 8-aldehyde (γ-ketoenal)
and p-cresol, that can bind to proteins and deplete GSH levels [628,631,634,639,641].

MoA: An epigenetic MoA for PUL-induced urinary bladder tumors in female rats
was proposed to involve chronic exposure to high concentrations resulting in excretion
and accumulation of PUL and its cytotoxic metabolites, particularly piperitenone, in the
urine, leading to urothelial cytotoxicity and sustained regenerative urothelial cell pro-
liferation eventually resulting in development of urothelial tumors [642]. In addition,
toxicity of menthofuran and covalent binding of its metabolites to proteins can lead to
chronic regenerative cell proliferation, which can contribute to liver and urinary bladder
carcinogenesis [628,630,631].

Human Exposure: Dietary exposure to PUL results primarily from ingestion of prod-
ucts flavored with spearmint or peppermint oil, such as confectionery, chewing gum, as
well as alcoholic and non-alcoholic beverages [630,631]. JECFA [629] estimated an in-
take for PUL of approximately 2 µg/person/day or 0.04 µg/kg bw/day in Europe and
12 µg/person/day or 0.03 µg/kg bw per day in USA. The European Commission (Regula-
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tion EC No. 1334/2008) [106] set a limit of 20 mg/kg for PUL and menthofuran in foods
and beverages.

Human Effects: No epidemiological studies linking PUL to human cancer risk have
been conducted [628].

Risk: IARC [628] concluded that PUL was possibly carcinogenic to humans (Group 2B)
(Table 2) based on sufficient evidence for carcinogenicity in experimental animals but
inadequate evidence in humans. JECFA [629] found no safety concern when PUL is used
as a flavoring agent. EMA [631] suggested that MoA for tumor induction in rodents is not
relevant for carcinogenicity risk in humans, and recommended an acceptable exposure
limit of 0.75 mg/kg bw/day.

4.2. Mycotoxins

Fumonisin B1 and Fusarin C are the major toxins derived from Fusarium fungi species,
Fusarium verticilloides (also known as moniliforme) and proliferatum, which are common
contaminants on crops, in particular corn [247,276,305,643].

Foods 2022, 11, x FOR PEER REVIEW  36  of  93 
 

 

 

Figure 7. Chemical structures of non‐DNA‐reactive carcinogenic mycotoxins and related chemicals 

present in foods. 

4.2.1. Fumonisins 

Occurrence:  Fumonisin  B1  (FB1)  (Figure  7(1)),  is  the  most  prevalent  member  of 

fumonisins class. It has the chemical structure of a substituted 2‐amino‐icosane diester, 

which  has  features  in  common  with  the  sphingoid  base  backbone  of  sphingolipids 

[644,645]. The highest concentrations of FB1, which range from 310 to up to 23,800 μg/kg, 

were reported in maize and maize‐based cereal products [276]. 

Carcinogenicity: In female mice, oral administration of FB1 caused an increase in hepa‐

tocellular adenomas and carcinomas. In the study in male rats, an increase in cholangocar‐

cinomas and hepatocellular carcinomas were observed, while in the other rat study, FB1 

induced renal tubule carcinomas  in males exposed to up to 100 ppm [247,646,647]. FB1 

was reported to have liver cancer initiating activity, as evidenced by induction of prene‐

oplastic foci in rats by 7 weeks of dosing [648]. Some studies suggest that it also has tumor 

promoting activity [649,650]. For example, FB1 administered in diet had promotional ac‐

tivity  on  liver  tumors  initiated  by AFB1  and N‐methyl‐N′‐nitro‐N‐nitrosoguanidine  in 

trout [651]. 

Genotoxicity/DNA Binding (Adducts): The structure of FB1 (Figure 7(1)) lacks features 

that confer DNA  reactivity. Accordingly,  it was not mutagenic  in bacteria; however, a 

positive result was reported in a luminescence induction assay in the absence of metabolic 

activation [247,647]. The compound did not induce DNA repair synthesis in the liver cells 

of rats in vitro or in vivo and no evidence for DNA adduct formation with oligonucleo‐

tides in vitro was found [247]. However, evidence for induction of DNA damage by FB1 

was reported in rat brain glioma cells and human fibroblasts in vitro, and in spleen and 

liver  cells  isolated  from  exposed  rats  [652–654].  In  addition,  FB1  caused  DNA 

Figure 7. Chemical structures of non-DNA-reactive carcinogenic mycotoxins and related chemicals
present in foods.

4.2.1. Fumonisins

Occurrence: Fumonisin B1 (FB1) (Figure 7(1)), is the most prevalent member of fumon-
isins class. It has the chemical structure of a substituted 2-amino-icosane diester, which
has features in common with the sphingoid base backbone of sphingolipids [644,645]. The
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highest concentrations of FB1, which range from 310 to up to 23,800 µg/kg, were reported
in maize and maize-based cereal products [276].

Carcinogenicity: In female mice, oral administration of FB1 caused an increase in
hepatocellular adenomas and carcinomas. In the study in male rats, an increase in cholan-
gocarcinomas and hepatocellular carcinomas were observed, while in the other rat study,
FB1 induced renal tubule carcinomas in males exposed to up to 100 ppm [247,646,647].
FB1 was reported to have liver cancer initiating activity, as evidenced by induction of
preneoplastic foci in rats by 7 weeks of dosing [648]. Some studies suggest that it also has
tumor promoting activity [649,650]. For example, FB1 administered in diet had promotional
activity on liver tumors initiated by AFB1 and N-methyl-N′-nitro-N-nitrosoguanidine in
trout [651].

Genotoxicity/DNA Binding (Adducts): The structure of FB1 (Figure 7(1)) lacks features
that confer DNA reactivity. Accordingly, it was not mutagenic in bacteria; however, a
positive result was reported in a luminescence induction assay in the absence of metabolic
activation [247,647]. The compound did not induce DNA repair synthesis in the liver cells
of rats in vitro or in vivo and no evidence for DNA adduct formation with oligonucleotides
in vitro was found [247]. However, evidence for induction of DNA damage by FB1 was
reported in rat brain glioma cells and human fibroblasts in vitro, and in spleen and liver
cells isolated from exposed rats [652–654]. In addition, FB1 caused DNA fragmentation in
rat liver and kidney [655]. Positive results were obtained in micronucleus assays in vitro
with human-derived hepatoma (HepG2) cells but not with rat hepatocytes [656]. In bone
marrow of mice, an increase in formation of micronuclei was found after intraperitoneal
injection of FB1 [657]. Positive results were obtained in chromosomal aberration assays
with rat hepatocytes.

Metabolism: There is little or no evidence that fumonisins are metabolized in vivo or
in vitro [247,646,647]. Nevertheless, FB1 induced CYP1A activity in hepatoma cell line, and
CYP2E activity in rats, while inhibiting CYP2C11 and CYP1A2 enzymes [658,659]. Liver
and kidney retain most absorbed material [660]. Hydrolyzed FB1 is more toxic compared
to the parental form, and recently, hydrolyzed metabolites were detected in the kidney and
liver of rats administered FB1 by intraperitoneal injections [661].

MoA: One postulated MoA for FB1 carcinogenicity involves disruption of sphingolipid
metabolism, either through inhibition of ceramide synthesis [662] or due to changes in
polyunsaturated fatty acid and phospholipid pools [649], leading to alteration of sig-
naling pathways that control cell behavior and DNA synthesis [247,645,660,663–666].
Such perturbations produce alterations in cell turnover. Another proposed MoA in-
volves oxidative stress, which is likely to mediate DNA damage observed in some as-
says [276,291,652,654,660]. In support of this hypothesis, FB1 was demonstrated to in-
crease lipid peroxidation in rat kidney and liver and decrease levels of antioxidant en-
zymes [667,668]. In addition, dosing of rats with 100 µg/kg bw for 12 weeks resulted in
downregulation of hepatic antioxidant genes [655].

Human Exposure: In Europe and North America, EDI to FB1 ranges from 0.01 to
0.2 µg/kg bw/day, while in other countries with different climate, cultivation practices
and higher consumption of maize and maze-based products, EDI levels are much higher,
reaching up to 354.9 µg/kg bw/day in South America and Africa, and up to 740 µg/kg
bw/day in China [660]. The highest levels of chronic dietary exposure, ranging from 0.18
to 3.9 µg/kg bw/day for FB1 and from 0.27 to 6.4 µg/kg bw/day for total fumonisins were
reported in children, with cakes, cookies and pies, cereal-based foods and cereal grain being
the main contributors [276]. JECFA reported that in adults, mean chronic exposures to FB1
did not exceed 0.56 µg/kg bw/day for FB1 and 0.82 µg/kg bw/day for total fumonisins,
respectively.

Human Effects: Epidemiological evidence shows a link between exposure to F. monili-
forme contaminated corn and esophageal and hepatocellular cancer [247,305,669–672] but
these reports do not indicate the specific compounds involved. Others [673,674] investi-
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gated FB1 specifically, but were not able to find significant association between exposure
and cancer risk [276].

Risk: IARC [247] evaluated FB1 as possibly carcinogenic to humans (Group 2B) (Table 2)
based on sufficient evidence for carcinogenicity in experimental animals and inadequate
evidence in humans. JECFA [276,647] established a PMTDI of 2 µg/kg bw/day for FB1
alone or in combination with other fumonisins, and recommended to reduce exposures to
fumonisins, especially in the areas where maize is consumed at higher levels.

4.2.2. Fusarin C

Occurrence: Fusarin C (FC) (Figure 7(2)) belongs to 2-pyrrolidinone metabolites pro-
duced by various species of the fungus Fusarium, including Fusarium moniliforme and
oxysporum [305,675]. FC has been detected in corn and maize grain in concentrations rang-
ing from 28 to 83 mg/kg [305,676,677]. While unstable to heat, FC may survive cooking
process [678].

Carcinogenicity: FC induced papillomas and carcinomas of the oesophagus and forestom-
ach in mice and rats when administered by oral gavage at 0.5 or 2 mg twice a week to mice
or rats, respectively [305]. FC did not act as a promoter in rat liver [679].

Genotoxicity/DNA Binding (Adducts): FC was genotoxic in vitro in the presence of
exogenous bioactivation, producing mutagenicity, SCE, chromosomal aberration and mi-
cronuclei formation [305,680,681]. Only marginal effect was observed in UDS assay in rat
hepatocytes [682]. Currently, no in vivo genotoxicity studies with FC were reported. While
crude extracts of Fusarium moniliforme produced direct mutagenicity in bacteria as well as
positive results in NPL assays, no DNA adducts were measured by NPL assay with pure
FC [683,684].

Metabolism: FC accumulates mainly in the intestines, stomach and liver after adminis-
tration by gavage to rats. Studies utilizing rat liver microsomal enzymes showed that FC is
metabolized by carboxyesterase to water-soluble fusarin PM1, while monooxygenase is
involved in the FC conversion to a mutagenic metabolite [305,685,686]. Hydroxylation at
the 1-position resulted in production of two genotoxic metabolites, fusarin Z, which was
the most potent mutagen in vitro, and fusarin X [687].

MoA: The role of mutagenic effects of FC in the development of cancer is not clear.
One study suggested that FC may act as an estrogenic agonist in vitro [688]; however, no
effects on mammary glands were detected in carcinogenicity studies [305].

Human Exposure: Major source of exposure to FC is maize and maize grain [305,676,677].
Currently, no data on dietary intake levels of FC in humans have been reported.

Human Effects: FC has been suggested to be responsible for the high incidence of
esophageal cancer in China [680] and South Africa [689]. Changes in the staple diet of Black
South Africans from sorghum to maize (corn), on which the fungus grows more easily,
has been associated with the epidemic of squamous carcinoma of the esophagus in that
area [671].

Risk: IARC [305] classifies FC, similar to other toxins derived from Fusarium moniliforme
as possibly carcinogenic to humans (Group 2B) (Table 2).

4.3. Environmental, Agricultural and Industrial Contaminants

A variety of industrial contaminants and chemicals used in crop protection and
production have caused cancers in experimental models and have been considered to be
likely human carcinogens [67,275,690,691]. Traces of these chemicals can contaminate food,
albeit at extremely low levels. The cancer risk that such exposures might pose has been a
matter of debate.



Foods 2022, 11, 2828 38 of 90

Foods 2022, 11, x FOR PEER REVIEW  38  of  93 
 

 

hepatocytes  [682]. Currently,  no  in  vivo  genotoxicity  studies with  FC were  reported. 

While crude extracts of Fusarium moniliforme produced direct mutagenicity in bacteria as 

well as positive results  in NPL assays, no DNA adducts were measured by NPL assay 

with pure FC [683,684]. 

Metabolism: FC accumulates mainly in the intestines, stomach and liver after admin‐

istration by gavage to rats. Studies utilizing rat liver microsomal enzymes showed that FC 

is metabolized by carboxyesterase to water‐soluble fusarin PM1, while monooxygenase is 

involved in the FC conversion to a mutagenic metabolite [305,685,686]. Hydroxylation at 

the 1‐position resulted in production of two genotoxic metabolites, fusarin Z, which was 

the most potent mutagen in vitro, and fusarin X [687]. 

MoA: The role of mutagenic effects of FC in the development of cancer is not clear. 

One study suggested that FC may act as an estrogenic agonist in vitro [688]; however, no 

effects on mammary glands were detected in carcinogenicity studies [305]. 

Human  Exposure:  Major  source  of  exposure  to  FC  is  maize  and  maize  grain 

[305,676,677]. Currently, no data on dietary intake levels of FC in humans have been re‐

ported. 

Human Effects: FC has been  suggested  to be  responsible  for  the high  incidence of 

esophageal cancer  in China  [680] and South Africa  [689]. Changes  in  the staple diet of 

Black South Africans  from sorghum to maize  (corn), on which the  fungus grows more 

easily, has been associated with the epidemic of squamous carcinoma of the esophagus in 

that area [671]. 

Risk: IARC [305] classifies FC, similar to other toxins derived from Fusarium monili‐

forme as possibly carcinogenic to humans (Group 2B) (Table 2). 

4.3. Environmental, Agricultural and Industrial Contaminants 

A variety of industrial contaminants and chemicals used in crop protection and pro‐

duction have  caused  cancers  in  experimental models  and have been  considered  to be 

likely  human  carcinogens  [67,275,690,691].  Traces  of  these  chemicals  can  contaminate 

food, albeit at extremely low levels. The cancer risk that such exposures might pose has 

been a matter of debate. 

 

Figure 8. Chemical structures of non‐DNA‐reactive carcinogenic contaminants in food. 

   

Figure 8. Chemical structures of non-DNA-reactive carcinogenic contaminants in food.

4.3.1. Agricultural Contaminants
4.3.1.1. p,p′-dichlorodiphenyltrichloroethane

Occurrence: Technical grade p,p’-dichlorodiphenyltrichloroethane (DDT) (Figure 8(1)) is
a complex mixture of DDT, its isomers and related compounds. As an organochlorine
insecticide, DDT, had a major impact on the incidence of malaria and typhus as a cheap and
effective method of killing the female Anopheles mosquito, which is the malaria parasite
vector, and lice, which spread Rickettsia prowazekii, the cause of epidemic typhus [691].
Cost-effectiveness analyses shows that DDT is the least expensive, yet effective insecticide
for prevention of malaria that kills thousands of people each day [692,693]. Nevertheless,
owing to the extensive use of DDT in agriculture to control insects, such as the pink boll
worm (Pectinophora gossypiella) on cotton, codling moth (Cydia pomonella) on deciduous fruit,
Colorado potato beetle (Leptinotarsa decemlineata), and the European corn borer (Ostrinia
nubilalis), and DDT’s resistance to degradation or metabolism, which results in bioaccumu-
lation in the food chain, it has been largely banned in the early 1970s with the expectation
that all use would be stopped [694]. In 2006, however, the World Health Organization
(WHO) reversed a 30-year policy by endorsing the use of DDT for malaria control [695].
DDT and its metabolites and degradation products, p,p′-dichlorodiphenyldichloroethylene
(DDE) and p,p′-dichlorodiphenyldichloroethane (DDD), have been found in human breast
milk [696,697], as well as some of the foods, including American cheese, butter, catfish,
carrots, summer squash, celery, and salmon [694]. IARC [691] and Smith [696] reported
that the mean concentrations of DDT in population have declined in much of the world:
from 5000–10,000 µg/kg to around 1000 µg/kg of milk fat or even lower over the last three
decades. Although different concentrations are found in different regions, the declines seen
in various countries correspond to their restrictions on use of DDT.

Carcinogenicity: In some studies, DDT produced liver tumors in rats and mice at doses
exceeding 46 mg/kg bw by gavage or 250 mg/kg in diet, as well as increases in incidences
of malignant lymphomas and lung neoplasms in mice [68,691,694]. In contrast, US National
Cancer Institute [698] bioassays at up to 642 ppm in male rats and 175 ppm in female mice
detected no evidence for carcinogenicity of DDT. The DDT metabolites, DDE and DDD,
also were hepatocarcinogenic in mice [699].

Genotoxicity/DNA Binding (Adducts): The genotoxicity data on DDT and related com-
pounds were overwhelmingly negative; however, some evidence of DNA damage, chromo-
some aberrations, and micronuclei formation was reported in human lymphocytes exposed
to DDT in vitro [691,694,699,700]. No covalent DNA binding has been reported.
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Metabolism: Due to its high lipophilicity, DDT, DDE and DDD tend to accumulate in
the adipose tissue [694,701,702]. In mammals, including humans, DDT is primarily dehy-
drochlorinated to DDD, which is further metabolized to easily excreted 2,2-bis-chlorophenyl
acetic acid isomers. To a lesser degree, DDT is also converted to DDE, which tends to
bioaccumulate in lipid-rich tissues [691,700,702]. In rats, DDT and its metabolites has
been shown to induce several CYPs, including CYP2B and CYP3A [703]. DDT can be also
biotransformed to methylsulfonyl intermediates, which exhibit toxicity, in particular in
adrenal gland [704].

MoA: DDT was shown to have a liver tumor promoting effect in mice [705], which,
based on mechanistic studies [706], was attributed to its accumulation in the lipid layer of
liver cell membranes and reduction of cell-cell communication, thereby diminishing tissue
homeostatic control of incipient neoplastic cells. This MoA implies a requirement for a
sufficient exposure over time to maintain the interference with intercellular communication
throughout the liver. IARC also found strong evidence that DDT acts as endocrine disruptor,
is immunosuppressive and can induce oxidative stress, all of these MoAs are operable in
humans [691].

Human Exposure: Numerous studies have investigated human exposure to organochlo-
ride pesticides such as DDT, specifically due to concerns over its ability to bioaccumulate
in the body and persist in the environment. However, due to the ban of DDT and declining
levels of DDT and its metabolites in humans, more recent exposure data are scarce. It has
been estimated that over 90% of the DDT detected in the general population is derived
from food, particularly from meat, fish, poultry, and root and leafy vegetables [691,694].
The highest average daily intake ranging from 24.2 to 27.8 µg/day, was observed in Arctic
populations, that consume foods such as seal or whale [694]. Nevertheless, most coun-
tries have seen a significant decline in DDT intake, ranging from 20 to 40% [700]. For
example, in Europe total dietary exposure to DDT and its metabolites decreased from
0.00627 µg/kg bw/day in 1997 to 0.0051 µg/kg bw/day in 2005, and in US a decline from
0.0213 to 0.0056 µg/kg bw/day was observed from 1984 to 1991 [700]. EFSA also concluded
that in most European countries, current EDI values for DDT, which range from 0.005 to
0.03 µg/kg bw/day in adult and children and up to 1 µg/kg bw in breastfed infants, are
below the established provisional TDI of 0.01 mg/kg bw.

Human Effects: While some positive associations between DDT and cancers of the
liver and testis, and non-Hodgkin lymphoma were reported, there seems to be limited
evidence that DDT and related compounds from any source increase cancer rates in
humans [691,699,707–710], even in agricultural workers [711]. This absence of carcino-
genicity may be due to insufficient exposures, although some occupational exposures have
been substantial, or it may reflect the fact that most human populations do not display
rates of spontaneous liver tumor development that are as high as sensitive rodent models,
indicating a low background of initiation available for promotion to tumor formation.

Risk: In 2018, IARC [691] upgraded classification for DDT from possibly (Group 2B)
to probably carcinogenic to humans (Group 2A) (Table 2), based on sufficient evidence of
carcinogenicity in experimental animals and strong mechanistic evidence that MoA for
DDT carcinogenicity can operate in humans.

4.3.1.2. Dioxins and Dioxin-Like Compounds

Occurrence: Dioxins and related Dioxin-Like-Compounds (DLCs) refer to a complex
family of chlorinated compounds with similar structures and biological effects. 2,3,7,8-
Tetrachloro-p-dioxin (TCDD) (Figure 8(2)) is one of the most potent and prominent dioxins
in the environment and is often referred synonymously as “dioxin”. Dioxin and DLCs,
including polychlorinated dibenzo-para-dioxins (PCDDs), dibenzofurans (PCDFs) and the
polychlorinated biphenyls (PCBs), are formed by dimerization of chlorophenols produced
during the synthesis of chlorophenoxy acetic acid herbicides [275]. The dimerization of
2,4,5-trichlorophenol yields TCDD while the heterodimerization of 2,4,5-trichlorophenol
with related phenols such as 2,4-dichlorophenol yields tri- through heptachlorinated diben-
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zodioxins and dibenzofurans. Other sources of TCDD include the use of chlorophenol as
wood preservatives, use of chlorine in pulp bleaching, incineration of halogen containing
materials [712,713]. DLCs usually occur as mixtures and, in order to express the expected
biological activity of mixtures by a common dose metric, toxic equivalency factors (TEFs)
relative to the activity of TCDD have been developed [275,365,690,714]. Using TEFs and
mass concentrations, dioxin toxic equivalents (TEQs) for a source can be calculated. Based
on these values, there are at least 7 PCDDs, 10 PCDFs and 12 PCBs that have dioxin-like
activity [715,716]. Food-mediated human exposure to TCDD and DLCs occurs when con-
taminants from the above-described sources are ingested by animals, including fish, which
in turn are used as human foods [275,690,717]. Dioxins have also been detected in human
milk, ranging from 5 to 15 ng TEQ/kg lipid [717–719]. Levels of TCDD and DCLs in the
environment, and consequently in food, have been declining since the late 1970s because of
reduced industrial emissions [720].

Carcinogenicity: In rodents, several DLCs, including TCDD, induced neoplasia, mainly
of the liver [275,690,721–725]. Other target organs and tissues included thyroid gland,
lungs and oral mucosa. TCDD acted as tumor promoter when administered with potent
tumor initiators, such as nitrosamines [275,365,724].

Genotoxicity/DNA Binding (Adducts): TCDD is not DNA-reactive in vitro or in vivo and
does not covalently bind to DNA [365,723,726–728]. Similarly, PCBs are mainly not DNA-
reactive, although some evidence of DNA damage, SCE and chromosomal aberrations
were observed in human lymphocytes [690,729]. PCBs can be metabolically activated to
electrophilic quinoid intermediates, and can produce DNA adducts in vitro; however, no
DNA adducts were observed in vivo [730].

Metabolism: Similar to DDT described in the section above, TCDD and DLCs are
highly lipophilic and thus, tend to accumulate in the adipose-rich tissues, liver has been
also shown as a primary site of TCDD accumulation in rodents [365,731–735]. TCDD
metabolism is very slow and limited and the compound is eliminated mainly unchanged
in the feces [734,735], although it induces activities of CYP1A1, CYP1A2, and CYP1B1
enzymes, which are also involved in the hydroxylation of PCDDs and PCBs [736], in mice
and rats [365,734]. Rat hepatocytes show greater rate of TCDD metabolism compared to
that in guinea pigs, this feature may underly the intraspecies differences in susceptibility to
the toxicity of TCDD [737].

MoA: Dioxins are not DNA-reactive, but enhance liver tumor development through
epigenetic mechanisms mediated by binding to the aryl hydrocarbon receptor leading to
toxicity and enhanced cell proliferation [275,724,738–740]. Accordingly, for these events a
threshold can be established. For example, NOAELs for hepatocyte proliferation in the NTP
bioassays were 0.003 µg/kg at the 14-week interim evaluation and 0.022 µg/kg at 53 weeks
for TCDD [721] and between 10 µg and 100 µg for 3,3′,4,4′-tetrachloroazoxybenzene (PCB
126) [722]. The hepatocarcinogenicity of TCDD in rats was greater in females than in
males apparently due to the influence of estrogenic hormones [741], although the specific
mechanism(s) has not been elucidated. Induction of oxidative damage can also play a role
in carcinogenicity of dioxins. These MoAs are considered to be operational in humans [275].

Human Exposure: Mean dietary exposure to all dioxins in adults occurs primarily
through consumption of food of animal origin, such as meat, dairy products, eggs and
some fish, and is estimated to be 0.3–3 pg/kg bw day [275,365,716,717,742]. In 2010–2021
EDI for PCDDs and PCDFs varied from 0.001 pg TEQ/kg bw/day to 74.31 pg WHO-
TEQ/day [743] depending on the country and method used for estimation of intake. Per
capita intake of dioxins in US population is estimated to be lower (17 to 24 pg per capita)
compared to that of European population (29 to 97 pg per capita) [365]. In nursing infants,
dietary intake of dioxins can reach up to 53 pg TEQ/kg bw/day for TCDD [742] and over
150 WHO-TEQ/kg bw/day for PCDDs and PCBs [719]. Due to limitations in use, intake of
dioxins has substantially reduced over the years.

Human Effects: There is no epidemiological evidence that implicates consumption
of low-level DCLs-containing foods in human cancer causation [713,744]. Nevertheless,
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continuing evaluation of highly exposed individuals is strengthening the observations of
increased cancer risk with dioxin exposure, in particular for lung cancer, soft-tissue sarcoma
and non-Hodgkin lymphoma, although the increases are small for these relatively high
exposures [745,746]. In addition to carcinogenicity, exposure to dioxins is associated with
a variety of adverse effects, including dermatological effects (chloracne), cardiovascular
diseases, endocrine disorders (diabetes, affected thyroid function), reproductive effects,
neurological disorders and an increase in hepatic enzymes [365].

Risk: TCDD and DLCs have been classified by IARC [275,690] to be human carcinogens
(Group 1) (Table 2) based on sufficient epidemiological information, animal carcinogenicity
data and strong mechanistic considerations. In 1998, WHO modified a previously estab-
lished TDI for TCDD from 10 pg/kg bw to a range of 1–4 pg TEQs kg bw/day [747,748],
while the SCF [749] and JECFA [365] established TDI for dioxins of 2 and 2.3 pg/kg bw,
respectively. In contrast, the US EPA [750] has proposed that dioxin doses in the range of
1 pg/kg might represent a cancer risk. This assessment was criticized as overly conserva-
tive [751–754], and the EPA has yet to issue a reanalysis of the cancer TCDD dose response
reassessment.

4.3.2. Food Contact Materials
4.3.2.1. Benzophenone

Occurrence: Benzophenone (diphenylketone) (Figure 8(3)) is an aryl ketone that can occur
in foods naturally or due to migration from packaging or its use as a food
additive [115,365,755,756]. Naturally, benzophenone mainly occurs in grapes at concen-
trations up to 0.13 mg/kg, it is also a constituent of vanilla (up to 0.48 mg/kg), passion
fruit (0.045 mg/kg) and papaya (less than 0.01 mg/kg). Benzophenone can migrate into
foodstuff from paperboard packaging when used as photoinitiator for UV printing inks,
or from plastic food packaging when used as a UV filter [757–760]. Concentrations of ben-
zophonone residues migrated into food ranged from 0.01 to over 5 mg/kg, with the highest
levels, 7.3 mg/kg, detected in confectionery products with high fat content [115,758]. As a
flavoring agent, benzophenone is used at 0.5 to 1.28 mg/kg in non-alcoholic beverages and
at 2 mg/kg in foods in general [115].

Carcinogenicity: Long-term oral administration of benzophenone in diet up to 1250 ppm
(equivalent to 60 mg/kg bw in rats and 160 mg/kg bw in mice) produced some evidence of
carcinogenic activity evident by increases in the incidences of mononuclear cell leukemia
and renal tubular adenoma in male rats as well as liver tumors in male mice and histiocytic
sarcoma in female mice [115,755,756,761–764].

Genotoxicity/DNA Binding (Adducts): Results of in vitro and in vivo genotoxicity testing
for benzophenone were mainly negative [755,756,763,765]. However, in the presence
of recombinant human CYP2A6 and NADPH-CYP reductase, benzophenone induced
umu gene expression in S. typhimurium, which is an indicator of DNA damage [766].
Photoactivated benzophenone has been reported to react with DNA in vitro, producing
single strand breaks, DNA-protein cross-links and abasic sites [767,768].

Metabolism: In rats, benzophenone is metabolized by reduction to benzhydrol or
by oxidation to 4-hydroxybenzophenone, these metabolites and a sulphate conjugate of
4-hydroxybenzophenone were also detected in vitro [769,770].

MoA: Carcinogenic MoA of benzophenone is not well understood and likely involves
multiple mechanisms, including endocrine-disrupting effects and oxidative damage [115].
Thus, benzophenone and its metabolite, 4-hydroxybenzophenone, exhibited estrogenic
effects in vitro and in vivo [771–773]. In the subchronic and chronic rodent studies, oral
administration of benzophenone induced CYP enzymes and consequent hepatocellular
hypertrophy [761–763], indicating that these changes can be involved in hepatocarcinogen-
esis. Renal tumors in male rats were associated with the exacerbation of ageing chronic
nephropathy, suggesting that this MoA largely contributes to renal tubular proliferation
induced by benzophenone [764]. This MoA is not relevant to human renal carcinogene-
sis [764].
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Human Exposure: Combined dietary exposures to benzophenone range from
8.5 µg/kg bw/day in adults to 22 µg/kg bw/day in children [755]. Similar findings were
made in a study involving Taiwan population, where an average daily doses of benzophe-
none from dietary exposures were estimated to range from 4.54 to 25.8 µg/kg bw/day [774].
Daily per capita intakes of benzophenone based on its use as a flavoring ingredient were
estimated to be 0.2 µg/kg bw/day in US and 0.4 µg/kg bw/day in Europe [365,756]. IARC
estimated that dietary exposure to benzophenone from consumption of muscat grapes is
approximately 0.3 µg/kg bw/day [115].

Human Effects: No data linking benzophenone and increased human cancer risk are
currently available [115].

Risk: IARC [115] classified benzophenone as possibly carcinogenic to humans (Group 2B)
(Table 2), stating that while evidence of rodent carcinogenicity is weak, relevance of car-
cinogenic MoA to humans cannot be excluded. EFSA estimated TDI for benzophenone
of 0.03 mg/kg bw [755], and the current migration limit from packaging into foods is
0.6 mg/kg. Despite conclusions made by JECFA [365] and EFSA [755] that benzophenone
poses no safety concerns at current levels of intake when used as a flavoring agent, FDA no
longer allows use of synthetic benzophenone as a flavoring substance under the Delaney
clause [610].

4.3.2.2. Di(2-ethylhexyl) Phthalate

Occurrence: Di(2-ethylhexyl) phthalate (DEHP) (Figure 8(4)) is produced by reaction
of 2-ethylhexanol with phthalic anhydride and is primarily used as a plasticizer in the
production of polyvinyl chloride [115]. Due to its wide presence in packaging materials,
DEHP mainly contaminates food by leaching [775]. Concentrations of DEHP in food range
from 0.001 to 7.5 mg/kg, with the highest levels of DEHP, exceeding 0.3 mg/kg and, in
some cases, reaching 17 mg/kg, reported in foods with high fat content, namely oils, milk,
butter, cheese, mayonnaise, fresh meat and fish products [775–781]. In soft drinks, DEHP
occurs at concentrations ranging from 0.00003 to 0.0035 µg/L [115,782].

Carcinogenicity: Administration of DEHP in the diet up to 6000 ppm (equivalent to
over 350 mg/kg/day) resulted primarily in development of hepatocellular adenomas
and carcinomas in rats and mice of both sexes [68,115,777,783–787]. In addition, higher
incidences of benign Leydig cell tumors and pancreatic adenomas were observed after
DEHP administration. DEHP also showed tumor promoting activity on hepatocellular
lesions induced by NDEA and skin tumors induced by 7,12-dimethylbenz[a]anthracene
(DMBA) in mice [788,789].

Genotoxicity/DNA Binding (Adducts): DEHP and its major metabolite, mono(2-ethylhexyl)
phthalate, produced mainly negative results in the in vitro genotoxicity tests with and
without exogenous metabolic activation system; however, some positive responses were
observed in cell transformation and DNA damage assays [115,777,780,784,790,791]. In vivo
results were mixed [115,339,792,793] although genotoxic effects were likely secondary to
oxidative stress [777,794–798]. DEHP did not covalently bind to liver DNA in mice and
rats [799–801].

Metabolism: In rodents and humans, DEHP is hydrolyzed in the presence of car-
boxyesterases, in particular pancreatic lipases, to mono(2-ethylhexyl) phthalate, which is
further metabolized to phthalic acid and oxidative metabolites, such as mono-(2-
ethyl-5-hydroxyhexyl)phthalate, mono-(2-ethyl-5-oxohexyl)phthalate, mono-(2-ethyl-5-
carboxypentyl)phthalate and mono-[2-(carboxymethyl)hexyl]phthalate, that can be de-
tected in urine and feces either as glucuronide conjugates or unconjugated [115,802–804].
Ito and colleagues [805] reported species differences in the activities of enzymes that partic-
ipate in the metabolism of DEHP, specifically lipase, UDP-glucuronyltransferase, alcohol
dehydrogenase and aldehyde dehydrogenase in various tissues of rats, mice and mar-
mosets. When comparing metabolic activity of human and mouse microsomes, activity of
most DEHP-metabolizing enzymes was significantly higher in mice compared to that in
humans; however, inter-individual variability varied from 10- to 26-fold [806].
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MoA: Activation of peroxisome proliferator-activated receptor alpha (PPARα) pathway
and downstream events are likely the major MoA involved in the hepatocarcinogenesis
produced by phthalates, including DEHP [115,787,807,808]. While PPARα-dependent
pathway is not relevant to humans [809], other molecular pathways might be involved in
carcinogenicity of DEHP, including activation of nuclear receptors, nuclear factor kappa B
(NFκB) and constitutive androstane receptor (CAR) [791,807,810]. Oxidative stress may also
play a role. Production of benign testicular tumors is most likely caused by reproductive
effects of DEHP, specifically, reduction of testosterone production [616].

Human Exposure: Exposure of general population to DEHP occurs mainly through
consumption of contaminated foods, including dairy products, meat, cereal, fish and
seafood [115,777]. EDI ranges from 0.45 to 3.5 µg/kg bw per day in Europe [780] and
from 1 to 30 µg/kg bw per day in USA, with an average of 0.673 µg/kg/day [777,811,812].
Worldwide exposures to DEHP have declined over the years, from 4.40 µg/kg bw/day in
years prior to 2000 to 2.23 µg/kg bw/day in 2015–2017, however children still have the
highest levels of exposure, reaching 5.50 µg/kg bw/day [813].

Human Effects: Only limited data assessing association between human cancer, in
particular breast, prostate and thyroid cancers, and exposure specifically to DEHP are
available [68,115]. No significant associations between dietary exposure to phthalates and
breast cancer was found in a recent population-based study [814].

Risk: IARC [115] classified DEHP as possibly carcinogenic to humans (Group 2B)
(Table 2). EFSA derived a TDI for phthalates of 0.05 mg/kg bw per day [780].

4.3.2.3. 1,4-dioxane

Occurrence: 1,4-dioxane (1,4-diethylene dioxide) is an oxygen-containing single ring
molecule (Figure 8(5)), which is mainly used as a solvent and stabilizer [558]. It can occur
in some foods, including meat, tomatoes, shrimp and coffee as a natural constituent, as a
contact material from food packaging or contaminated water, or as an impurity in food
additives, such as polyethylene glycol and polysorbate [815–817]. Analysis of food products
in Japan, revealed that content of 1,4-dioxane ranged from 3 to 13 µg/kg [818].

Carcinogenicity: Administration of 1,4-dioxane in drinking water induced hepato-
cellular adenomas or carcinomas in rats and mice of both sexes and in male guinea
pigs [68,558,815,816,819,820]. Other target organs of carcinogenicity included nasal cavity
in rats of both sexes, mammary gland in female and abdominal cavity in male rats, gallblad-
der in male guinea pigs. Administration of 1,4-dioxane in drinking water at 25,000 ppm
to rats of both sexes in a 13-week study induced glutathione S-transferase (GST) placen-
tal form-positive hepatocellular foci, which are known preneoplastic lesions [821]. In
addition, 1,4-dioxane promoted hepatocellular foci produced by administration of diethyl-
nitrosamine [822].

Genotoxicity/DNA Binding (Adducts): 1,4-dioxane was non-genotoxic in vitro, in vivo
genotoxicity studies in rodents were also mainly negative although some positive re-
sults suggesting weak genotoxicity were observed at high cytotoxic doses exceeding
1500 mg/kg [815,816,823–826]. More recent studies provide evidence that 1,4-dioxane
induced chromosomal breaks, DNA damage and mutagenicity in the liver of rats or
mice [827–830]; however, these studies also used high dose levels of 1,4-dioxane (above
1000 mg/kg) and thus, no clear conclusion concerning genotoxicity of 1,4-dioxane can be
made. DNA adductome analysis detected several DNA adducts with unidentified chemical
structure after administration of 1,4-dioxane to male rats in the drinking water at 200 and
5000 ppm; however, these adducts could have resulted from oxidative damage, rather than
direct covalent binding [831].

Metabolism: 1,4-dioxane is mainly metabolized in the presence of mixed-function
oxidases to 1,4-dioxane-2-one and then to β-hydroxyethoxyacetic acid, which is excreted
in urine in rats and humans [558,815,816,832]. Induction of CYP2B1/2, CYP2C11, and
CYP2E1 in the liver and only CYP2E1 in the kidney and nasal mucosa was observed in
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rats exposed to 1,4-dioxane in the drinking water, while dosing by gavage induced CYP3A
activity in the liver [833].

MoA: The mechanism(s) of carcinogenicity of 1,4-dioxane has not been elucidated but
is unlikely to involve genotoxicity. Studies suggested that hepatocarcinogenicity of 1,4-
dioxane likely results from cytotoxicity followed by regenerative hyperplasia, in addition,
mitogenic response was suggested as a key initiating event [815,834–837]. Such effects are
threshold-dependent. Oxidative damage might also play a role [838]. Tumors of nasal
passages were attributed to inhalation of drinking water containing 1,4-dioxane [815,839].
SCF [817] concluded that since 1,4-dioxane is likely to exert its carcinogenic effects by
non-genotoxic mechanisms, use of a threshold approach to determine acceptable levels of
exposure is justified.

Human Exposure: Dietary exposures to 1,4-dioxane is a minor exposure route, in
contrast to inhalation. FDA [840] estimated per capita dietary intake of 1,4-dioxane to be low,
averaging at 0.6 µg/person/day. Analyses of Japanese foods revealed an EDI of 1,4-dioxane
averaging from 0.44 to 4.5 µg/kg bw/day [818,841]. SCF established that an estimated
maximum exposure to 1,4-dioxane as a constituent of food additives, polysorbates, in bread
ranges between 0.008 to 0.05 µg/kg bw/day [817].

Human Effects: No epidemiological studies investigating association of oral exposure of
humans to 1,4-dioxane and cancer are currently available [68,558,816]. Limited occupational
studies found no excess of death from cancer associated with 1,4-dioxane exposure [815].

Risk: IARC [558] assigned 1,4-dioxane to a group of chemicals which are possibly
carcinogenic to human (Group 2B) (Table 2). SCF [817] established that exposure to 1,4-
dioxane in food additives is significantly lower than the established NOAEL of 10 mg/kg
bw/day, and thus is of no toxicological concern.

4.3.2.4. Methyl Isobutyl Ketone

Occurrence: Methyl isobutyl ketone (MIBK) (4-methylpentan-2-one) (Figure 8(5)) is
produced from acetone by aldol condensation and is used primarily as denaturant and
solvent [115,842,843]. It is also a natural constituent of many foods including orange and
lemon juice, grapes, papaya, ginger, cooked eggs, meat, milk and cheeses, beer, mushrooms,
coffee and tea, as at concentrations ranging from 0.008 to 6.5 mg/kg, and as a flavoring
agent in meat products, dairy and non-alcoholic beverages, baked goods and puddings at
maximum reported level of 25 mg/kg [115,844]. As a component of adhesive, MIBK can
also migrate into foods from packaging at levels around 10 to 12 mg/kg.

Carcinogenicity: Currently, no studies assessed carcinogenicity of MIBK following oral
exposure. Some evidence of carcinogenic activity were observed in inhalation studies,
which reported increased incidences of renal tubule neoplasms in rats and hepatocellular
neoplasms in mice at the highest tested dose of 1800 ppm (equivalent to 1725 mg/kg/day
for rats and 3171 mg/kg/day for mice) [115,842,844–846].

Genotoxicity/DNA Binding (Adducts): MIBK produced overwhelmingly negative re-
sults in genotoxicity testing battery in vitro and in vivo [115,843,846–849] and thus, is not
considered to be of concern for genotoxicity [842,844].

Metabolism: MIBK is metabolized in vivo by reduction in the presence of alcohol de-
hydrogenases to 4-hydroxyMIBK and by oxidation in the presence of CYP-dependent
monooxygenase to 4-methyl-2-pentanol [843,850–853]. The letter metabolite was not de-
tected with oral administration [852,854]. MIBK has been shown to induce liver and
renal CYPs, potentiating hepato- and nephrotoxicity produced by chloroform and carbon
tetrachloride [853,855,856].

MoA: In the carcinogenicity bioassay, histopathologic changes observed in the kidneys
of rats were characteristic of α2u-globulin nephropathy [846], suggesting that α2u-globulin-
mediated MoA is involved in renal carcinogenesis [275,845,857,858]. This MoA is not
considered relevant to humans [73]. MoA underlying hepatocarcinogenicity of MIBK in
mice is not well understood. While it potentiated hepatotoxicity and cholestasis produced
by other chemicals [853,855,856,859,860] no evidence of hepatotoxicity was observed when
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MIBK was administered alone [275,843]. A study by Hughes and colleagues [861] suggested
involvement of receptor-mediated mechanism, specifically, activation of the CAR/PXR
nuclear receptors, which results in hepatocellular proliferation consequently leading to
tumor development.

Human Exposure: Dietary per capita exposure to MIBK was calculated to be 7µg/person/day
in Europe and 2 µg/person/day in USA [849]. More recent estimations suggest lower
levels of intake of 0.02 µg/kg/day [115].

Human Effects: No data on human carcinogenicity of MIBK are currently available [115].
Long term exposure in occupational settings was reported to cause cognitive impair-
ment [862].

Risk: IARC [275] classified MIBK as possibly carcinogenic to humans (Group 2B)
(Table 2). JECFA [849] concluded that at the current levels of intake as a flavoring agent
MIBK is unlikely to pose any hazard to human health.

4.4. Carcinogens Formed during Processing, Packaging and Storage of Food

Food processing contaminants are generated through cooking practices or as a result of
food packaging and storage. Some of the carcinogens belonging to this type were discussed
in the section on DNA-reactive carcinogens. Examples of epigenetic processing carcinogens
in food include alkylated imidazoles and furan.
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4.4.1. Alkylated Imidazoles

Occurrence: 2-methylimidazole (2-MI) (Figure 9(1)) and 4-methylimidazole (4-MI)
(Figure 9(2)) are formed during fermentation and cooking by ammoniation of simple
sugars [115,863–865]. They have been identified as by-products in foods including caramel
coloring (Classes III and IV) and caramel-colored syrups, cola, ammoniated molasses, wine,
Worcestershire sauce, and soy sauce [115,863,866–871]. 4-MI has been also detected in the
milk from cows fed ammoniated forage [872,873]. Alkylated imidazoles can be also formed
during thermal processing of natural constituents not containing caramel coloring, thus up
to 466 µg/kg of 4-MI and up to 135 µg/kg of 2-MI were detected in roasted barley, malt
and cocoa powder [874].

Carcinogenicity: Both, 2-MI and 4-MI, were carcinogenic in rodent studies [115,875–878].
Specifically, 2-MI induced thyroid follicular cell hypertrophy in mice and hyperplasia in rats
by 15 days [879]. In a 2-year feed study, there was some evidence of carcinogenic activity of
2-MI in male rats based on increased incidences of thyroid gland follicular cell neoplasms
and clear evidence of carcinogenic activity in female rats based on increased incidences
of thyroid gland follicular cell neoplasms [876,878]. In addition, increased incidences
of hepatocellular adenoma in male and female rats may have been related to exposure.
In mice, there was some evidence of carcinogenic activity of 2-MI, based on increased
incidences of thyroid gland follicular cell adenoma and hepatocellular neoplasms in males
and increased incidences of hepatocellular adenoma in females [876,878]. In NTP bioassays,
4-MI fed to groups of male and female mice in diet containing 312 ppm (equivalent to
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80 mg/kg bw/day) and greater for 106 weeks, increased incidences of pulmonary alveo-
lar/bronchiolar adenoma in all dosed groups of females, alveolar/bronchiolar carcinoma
in males given 1250 ppm, and alveolar/bronchiolar adenoma or carcinoma (combined) in
males fed 1250 ppm and in females fed 625 and 1250 ppm [875,877]. In male and female
rats fed diets containing 4-MI at up to 2500 ppm to males or 5000 ppm to females (115 and
260 mg/kg bw/day, respectively) for 106 weeks, there was no evidence of carcinogenic
activity in males and only equivocal evidence in females based on modest increases in the
incidences of mononuclear cell leukemia [875,877].

Genotoxicity/DNA Binding (Adducts): 2-MI and 4-MI were negative in bacterial mutation as-
says when tested either with or without an exogenous bioactivation system [115,865,880,881].
2-MI yielded mixed results in vivo for induction of chromosomal damage, as measured by
micronucleated erythrocyte frequency and was negative in bone marrow micronucleus tests
in rats and mice when administered intraperitoneally three times at 24-h intervals [115].
In a 14-week study of 2-MI; however, a significant exposure-related increase in the fre-
quency of micronucleated erythrocytes was noted in peripheral blood of male and female
mice [865,878]. While 4-MI produced SCE, chromosome aberrations and micronuclei in-
duction in human peripheral lymphocytes in vitro [882], no increase in the frequencies of
micronucleated erythrocytes was seen in the bone marrow of male rats or mice which were
administered 4-MI by intraperitoneal injection, or in peripheral blood samples from male
and female mice dosed in feed for 14 weeks [115,865,875,881].

Metabolism: 2- and 4-MI are rapidly absorbed and quickly eliminated in the urine
mainly unchanged [871,883,884]. Mice cleared 2-MI faster than rats [878]. In rats, 2-MI is
distributed to several tissues, including the thyroid [885], while 4-MI is mainly distributed
to intestines, liver and kidney [115]. The principal urinary metabolite of 2-MI is the ring
oxidized 2-MI, which possesses nucleophilicity [886,887]. Metabolism of 4-MI in rats
and mice is similar, and the major metabolite detected in both species was hydroxylated
4-MI [884].

MoA: The MoA of 2-MI for induction of thyroid neoplasms likely involves interference
with thyroid homeostasis, as described for several other chemicals [888]. 2-MI produced
exposure-related reduction in thyroxine (T4) and increases in thyroid-stimulating hormone
(TSH) in rats and had a lesser effect on T4 in mice [878]. The decrease in T4 can be attributed
to increased hepatic UDP-glucuronyl transferase activity [876], which would lead to in-
creased conjugation and excretion of T4. In response to T4 reduction, pituitary production
of TSH increases which stimulates function and growth of the thyroid [888]. Likewise, the
MoA of 2-MI for the liver tumors appears to involve a trophic effect on the liver reflected
by liver weight and enzyme increases [876]. Both of these MoAs represent adaptive ef-
fects [889], which would be anticipated to be reversible. Nevertheless, IARC concluded
that relevance of such tumor response in animals to humans cannot be excluded [115]. The
MoA of 4-MI in induction of lung tumors in mice remains unclear, but does not involve
genotoxicity, cytotoxicity or mitogenicity [115,890,891].

Human Exposure: The overall EDI for 4-MI for US population ranges from 0.13 to
0.51 µg/kg bw/day, with cola-type carbonated beverages being the highest contributor [892].
The average dietary intake for 4-MI in Europe was estimated to be between 0.4 to
3.7 µg/kg bw/day [893]. EDI of 4-MI from caramel colors ranges from 6 to 11 µg/kg bw/day
for Class III and 7 to 9 µg/kg bw/day for Class IV [871].

Human Effects: No epidemiologic studies assessing human cancer risk of 2-MI or 4-MI
were found [115].

Risk: IARC classifies 2-MI and 4-MI as possibly carcinogenic to humans (Group 2B)
(Table 2). JECFA limits level of 4-MI to 200 and 250 mg/kg in caramel colors Classes III and
IV, respectively [894]. EFSA suggest ADI of 300 mg/kg bw/day for all classes of caramel
color [870]. FDA and EFSA concluded that at levels present in caramel colors 4-MI is not
expected to be a concern to human health [871].
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4.4.2. Furan

Occurrence: Furan (oxacyclopentadiene) (Figure 9(3)) is a volatile contaminant formed
in some foods during heat treatment techniques such as canning and jarring where the
furan cannot escape [895]. The sources for the formation of furan include the oxidation of
polyunsaturated fatty acids or the decomposition of carbohydrates or amino acids, but the
relative contributions of these processes in actual foods is not known [896,897]. Analysis of
approximately 300 food samples found furan levels ranging from nondetectable (below the
limits of detection of the method) to 175 ppb [898]. Particularly high levels were found in
foods that are roasted (e.g., coffee, cocoa, nuts, toasted bread, popcorn) or heated in closed
containers (e.g., canned food, ready meals and baby food) [896–899].

Carcinogenicity: In rodent carcinogenicity studies [68,900,901], furan, administered
to rats by gavage at 8 mg/kg bw, 5 days/week, induced a high incidence of cholangio-
carcinomas in both males and females, at lower doses these tumors were reclassified as
cholangiofibrosis [896,902]. In addition, incidences of mononuclear cell leukemia were
increased in both sexes, and in males, a high incidence of hepatocellular neoplasms was
also produced, while in females the incidence was moderate. In mice, hepatocellular neo-
plasms were induced at 8 mg/kg bw/day, 5 days/week [900]. In female mice, increased
incidence of hepatocellular altered foci and hepatocellular tumors were preceded by a dose-
dependent increase in cell proliferation [903]. At lower dosages (up to 2 mg/kg bw), furan
administered to male rats by gavage induced malignant mesotheliomas in the epididymis
and testicular tunics, dose-related increases in the incidence of mononuclear cell leukemia
and dose-related increasing trend in the incidence of hepatocellular adenomas [902].

Genotoxicity/DNA Binding (Adducts): Furan produced some genotoxicity in bacterial
and mammalian cells in vitro [896,897,901], and chromosomal aberrations in mice, but
was negative in SCE, in the mouse bone marrow erythrocyte micronucleus assay, and did
not induce UDS in rats or mice [900,904,905]. In Big Blue rats, furan produced mainly
negative responses in micronucleus or mutagenicity assays; however, some DNA dam-
age was reported in the comet assay only at cytotoxic doses [906]. DNA strand breaks
reported in rat liver but not in the bone marrow were associated with oxidative stress [907].
DNA-protein crosslinking were observed in turkey embryos after dosing with furan [908].
A major metabolite of furan, cis-2-butene-1,4-dial, is a direct acting mutagen [909], which
can covalently bind to DNA in vitro [910], but not in vivo [911]. Thus, some DNA binding
observed in liver and kidney DNA was attributed to other furan metabolites [912].

Metabolism: Furan undergoes oxidation by CYP2E1 resulting in ring scission and
formation of the α-unsaturated dicarbonyl cis-2-butene-1,4-dial [886,913,914], which is
likely the toxic metabolite [915].

MoA: The MoA of furan carcinogenicity is uncertain, but likely involves chronic
toxicity with increased cell proliferation, which results from binding of furan and cis-2-
butene-1,4-dial to GSH and proteins [896,897]. Nevertheless, in vivo DNA reactivity has
not been rigorously excluded. In addition, there is evidence that oxidative stress and
epigenetic alterations play a role [896,916–918].

Human Exposure: As mentioned above, furan is formed in a variety of heat-treated
foods by thermal degradation of natural food constituents. Mean dietary exposure to
furan in Europe may be as high as 1.23 and 1.01 µg/kg bw/day for adults and 3- to 12-
month-old infants, respectively [896]. In the US, FDA [919] calculations estimated that
mean daily furan exposures ranged from 0.26 µg/kg bw/day for adults to 0.41 µg/kg/day
for infants consuming baby food and 0.9 µg/kg/day for those consuming infant formula.
EDI calculated based on the Dortmund Nutritional and Anthropometric Longitudinally
Designed (DONALD) study for consumers of commercially jarred foods ranged between
0.182 and 0.688 µg/kg/day [920].

Human Effects: Currently, data on effects if furan in humans is limited, and no associa-
tion with carcinogenicity of furan in humans has been investigated.

Risk: IARC [901] classified furan as possibly carcinogenic to humans (Group 2B)
(Table 2). EFSA [896] concluded that exposure to furan indicates health concern, due to
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uncertainties regarding the MoA of furan carcinogenicity; however, current furan exposures
are lower than established MoE of concern.

4.5. Food Additives

Food additives are added to food in order to improve or maintain certain characteris-
tics, such as taste, texture, appearance or safety. Some are added to foods directly, while
others migrate into foods in trace amounts during packaging, storage or handling [921].
According to FDA regulations established in late 1950s, any direct food additive with a
carcinogenic potential should not be added to food; however, current advanced under-
standing of different mechanisms involved in chemical carcinogenesis puts relevance of
such regulations under scrutiny [922,923].
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Monocyclic Phenolics, Synthetic and Natural

Occurrence: The synthetic phenolic antioxidants butylated hydroxyanisole (BHA)
(Figure 10(1)), butylated hydroxytoluene (BHT) (Figure 10(2)), tert-butylhydroquinone (BHQ)
(Figure 10(3)), and hydroquinone (HQ) (Figure 10(4)) are widely used as food additives to
prevent oxidation of lipids [193,849,924–928]. HQ (Figure 10(4)) can also occurs naturally
in food, mainly as a glucose conjugate, 4-hydroxyphenyl-P-glucopyranoside, known as
arbutin, but can be also found in the free form [558,929]. Foods rich in arbutin include
wheat cereal, bread, coffee and pears, with wheat products and pears having the highest
levels of arbutin, 10 and 15 ppm, respectively [929].

Carcinogenicity: When fed in the diet, BHA elicited increased forestomach neoplasms
in rats, hamsters and mice at doses greater than 2% [193,926,930,931]. BHT produced an
increase in mouse lung neoplasms at doses of 0.75% [193,927,931]. BHQ produced no
neoplasms in rats or mice when fed up to 5000 ppm, in spite of the positive genotoxicity
findings; however, in a 6-week feeding study, preneoplastic lesions and papillomas were
observed in forestomach of rats [932,933]. In two-year rodent bioassays, HQ administration
by gavage at 25 or 50 mg/kg in water led at both doses to increases in renal tubular
adenomas in male rats and mononuclear cell leukemias in female rats [558,934]. While there
was no evidence of carcinogenic activity in male mice administered 50 or 100 mg HQ/kg
bw in water, 5 days/week by gavage, there was some evidence of carcinogenic activity in
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female mice, as shown by increases in hepatocellular neoplasms, mainly adenomas, and
thyroid follicular cell adenoma at the same doses [558,934].

Genotoxicity/DNA Binding (Adducts): The synthetic phenolics are non-
genotoxic [924,931,935,936], although BHQ has yielded some positive findings in vitro,
but not in vivo [937,938]. No DNA binding was detected in the target tissue, forestomach,
of rats administered BHA or its metabolites up to 1000 mg/kg [939]. HQ tested positive in
some in vitro and in vivo genotoxicity assays [344,558,940], but did not form adducts with
DNA in vivo [345,346].

Metabolism: BHA is mainly metabolized to glucuronide and sulphate conjugates or
is demethylated to free phenols, including BHQ [926]. BHQ can further undergo either
oxidation to a quinone metabolite or GSH conjugation, as has been shown in rats [941].
Metabolism of BHT in vitro, using mouse microsomes, produced quinone methides, while
in vivo, it is oxidized at one or both tert-butyl group(s) by microsomal oxygenase, fol-
lowed by conjugation with glucuronide [927]. HQ is metabolized mainly to sulfate and
glucuronide conjugates, but a small percentage may be converted to 1,4-benzoquinone,
which can be either conjugated with GSH or form DNA adducts in vitro [558].

MoA: The MoAs of BHA and BHT involve epigenetic mechanisms ultimately leading
to promotion of background neoplasia [924,930,933,942]. A lifetime dose–response study of
tumor promoting effect of BHA in the rat forestomach identified positive effects at 6000 ppm
and above, and a NOAEL at 3000 ppm [943]. In the case of BHT, its MoA appears to involve
infiltration of monocytes into the pulmonary alveoli and stimulation of proliferation of
type II pneumocytes [944,945]. The MoA for the kidney tumor induction in male rats by
HQ has been suggested to involve cytotoxicity leading to increased cell proliferation and
exacerbation of chronic progressive nephropathy [946–949].

Human Exposure: The mean daily intake of BHA varies from 2 to 300 µg/kg bw/day,
depending on consumer age, region and estimate methods, and the main sources of
exposure, similar to other phenolics, include baked goods, snacks and processed potato
products [849,924,926]. EFSA reports [927] a mean dietary exposure to BHT is in the range
of 10 to 30 µg/kg bw/day for adults and 10 to 90 µg/kg bw/day for children, while
JECFA [849] calculated EDI to be between 700 and 990 µg/kg bw. The EDI for BHQ ranges
from 4 to 140 µg/kg bw/day based on poundage data and from 370 to 690 µg/kg bw/day,
based on model diets [849]. EFSA [928] determined that exposure to BHQ as a food additive
averages to approximately 5 µg/kg bw/day in adults and 257 µg/kg bw/day in children.

Human Effects: No epidemiological study has implicated BHA or BHT as human
carcinogens [193]. To the contrary, studies has suggested an inverse relationship with
cancers of gastrointestinal tract [950,951], which is consistent with demonstrated anticar-
cinogenicity of monocyclic phenolics against a variety of DNA-reactive carcinogens in
animal models [345,951,952]. No evidence for human carcinogenicity was found in studies
of occupational exposures or dermatological use of HQ [558,953]. No study of cancer risk
with dietary exposures was reported.

Risk: IARC [193,558] classified BHA as possibly carcinogenic to humans (Group 2B),
while BHT and HQ were considered as not classifiable as to human carcinogenicity
(Group 3) (Table 2). BHA and BHT are not considered to pose carcinogenic risks to
humans based on a threshold-dependent MoAs that are not relevant to potential human
exposure levels [930]. Human exposures are not expected to exceed the ADI values of
0.5, 0.3 and 0.7 mg/kg bw, which have been allocated by JECFA to BHA, BHT and BHQ,
respectively [849,954]. EFSA [926–928] arrived at a similar conclusion after re-evaluating
ADIs for BHA, BHT and BHQ to be 1, 0.25 and 0.7 mg/kg bw/day, respectively, and
comparing them to the mean dietary intakes in children and adult populations.

5. Food-Borne Chemopreventive Agents

A growing body of evidence suggests that a variety of food-derived constituents may
exhibit properties that are preventive and/or protective of cancer formation [1,955–959].
Since 1940, almost half of antitumor drugs have been developed from natural products or
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their derivatives [960]. In contrast, use of naturally occurring chemicals present in diet for
cancer prevention and suppression (also referred to as chemoprevention) remains a highly
debatable topic due to the lack of success in clinical trials [961–964].

The MoA underlying chemopreventive properties of naturally occurring agents
varies [955]. Some compounds block tumor induction during the initiation stage, others
exhibit inhibitory effects during promotion stage, and certain anticarcinogenic substances
affect process of carcinogenesis at multiple points [963,965].

Inhibition of preneoplastic and neoplastic effects produced by established chemical
carcinogens (including chemicals discussed in this review), has been described in experi-
mental settings for several food constituents. For example, naturally occurring coumarins
found in citrus fruits, tonka beans, parsnip, parsley, cinnamon bark oil and peppermint
oil, including simple coumarins (coumarin, limettin) and linear furanocoumarins (impera-
torin and isopimpinellin) inhibited formation of pro-mutagenic DNA adducts by DMBA
in mouse mammary gland and skin [966,967] and formation of BaP DNA adducts and
skin tumors in mice [966]. Significant inhibition of DNA adduct levels produced by the
heterocyclic amine, PhIP, in rat colonic tissue has been reported after administration of
black tea, constituent of mustard plant and papaya seeds, benzylisothiocyanate, and diter-
penes, kahweol and cafestol, found in coffee beans [968]. In addition, kahweol and cafestol
prevented covalent DNA binding of AFB1 in rat livers [969] and restricted tumor formation
and growth caused by DMBA in hamster buccal pouch [970]. The flavonoid, nevadensin,
which is present in basil and peppermint, significantly inhibited formation of ME spe-
cific DNA adducts and incidences of preneoplastic hepatocellular altered foci in the rat
liver [971]. Naturally occurring in turmeric, curcumin has been shown to inhibit initia-
tion and promotion of BaP-induced forestomach tumors and DMBA-induced skin tumors
in mice [972] and stomach tumors induced by N-methyl-N′-nitro-N-nitrosoguanidine in
rats [973]. Synthetic phenolic antioxidant BHT, which is often added to processed food, and
its oxidative metabolites, 2,6-di-tert-butyl-4-hydroxymethylphenol and 2,6-di-tert-butyl-1,4-
benzoquinone, inhibited DMBA-DNA adducts formation and tumorigenesis in mammary
gland of rats [974]. BHT and BHA were also shown to inhibit the hepatocarcinogenicity of
AFB1 in rats [952,975,976]. Monocyclic phenolics, HQ, inhibited cancer-initiating effects
of 2-acetylaminofluorene, including formation of DNA adducts, cell proliferation and
formation of preneoplastic foci, in rat liver [345]. Chlorophyll [977], which is available in
green vegetables, as well as constituents of cruciferous vegetables, 5-(2-pyrazinyl)-4-methyl-
1,2-dithiol-3-thione (oltipraz) and related 1,2-dithiol-3-thiones and 1,2-dithiol-3-ones [978],
inhibited experimental hepatocarcinogenicity of AFB1 in rats. Other indoles, including
indole-3-carbinol and 3,3′-diindolylmethane, also inhibited DMBA-induced mammary
gland tumors in rats and BaP-induced forestomach neoplasms in mice [979]. A number of
carotenoids, which are pigments present in yellow-orange vegetables, with some represen-
tatives of this class also serving as vitamin A precursors, mitigated bacterial mutagenicity of
AFB1, BaP, IQ, and cyclophosphamide in Salmonella typhimurium, and clastogenicity of BaP
and cyclophosphamide in mouse bone marrow micronucleus assay [980], and were shown
to decrease risk of cancers in different sites, including skin, lung, liver and colon [981].

One of the major mechanisms believed to be involved in cancer prevention by chem-
icals present in diet is modification in the activity of enzymes which are involved in
xenobiotic metabolism. Thus, inhibition of phase I enzymes blocks bioactivation of pro-
carcinogens to reactive metabolites, while induction of phase II enzymes leads to increased
detoxication and excretion of carcinogens. For example, the inhibitory effect of naturally
occurring coumarins on formation DMBA and BaP DNA adducts, is suggested to be a
result of CYP1A1/1B1 inhibition and induction of GST activities [966,967]. Inhibition of
tumorigenic effects of a wide array of carcinogens has been also linked to modification
of phase I and phase II enzyme activities. Such activity was suggested for constituents of
cruciferous vegetables, isothiocyanates (sodium cyanate, tert-butyl isocyanate, phenethyl
isothiocyanate, benzyl isothiocyanate and sulforaphane), which inhibited carcinogenicity
of ethionine, 2-acetylaminofluorene, 3,3′-diaminobenzidine, m-toluylenediamine and N-
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butyl-N-(4-hydroxybutyl)nitrosamine in rat liver, DMBA in rat mammary gland, BaP and
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in mouse lung and 1,2-dimethylhydrazine
in large intestine of mice [951,982–984]. Moreover, consumption of cruciferous vegetables,
including broccoli, brussels sprouts and cauliflower, was demonstrated to significantly
enhance detoxication and excretion of PhIP present in cooked meat in humans, due to in-
duction of phase I (CYP1A2) and phase II (glucuronidation) metabolism [985]. In addition,
isothiocyanate compound, sulforaphane, exhibits anti-inflammatory and pro-apoptotic
properties, thus, contributing to chemoprevention [986]. It should be noted, however, that
persistent enzyme induction may be undesirable for humans.

In addition to the effects mentioned above, many plant components (often referred
to as phytochemicals), such as flavone derivatives, isoflavones, catechins, coumarins,
phenylpropanoids, polyfunctional organic acids, phosphatides, tocopherols, ascorbic acid,
and carotenes act as antioxidants counteracting formation of ROS and thereby, preventing
oxidative stress and oxidative DNA damage [987–989]. For example, antioxidant effects
of resveratrol were associated with inhibition of formation and promotion of skin and
breast tumors induced by DMBA in mice or rats [990]. Evidence suggests that food-
derived phytochemicals can potentiate antioxidant effects of each other, emphasizing the
importance of whole food diets rich in fruits and vegetables [988].

Elucidation of mechanisms of tumor prevention on the molecular level, led to discov-
ery of various signaling pathways and molecular targets that are affected by chemopreven-
tive agents [955,963,965]. For example, butyrate-containing structured lipids and tributyrin,
which can be found in wholegrains, vegetables, fruits, nuts and beans, have been shown to
prevent and/or inhibit activation of major oncogenes and induce apoptosis at early stages
of hepatocarcinogenesis [991]. Tumor-suppressive activity of tributyrin was enhanced by
concurrent administration of folic acid [992]. Resveratrol (3,4′,5-trihydroxy-trans-stilbene),
which is present in the grape skins, peanuts and red wine, in addition to antioxidant
effects, has been shown to modulate cell-cycle regulating pathways, such as MAPKs and
NF-κB/AP-1, inducing apoptosis in carcinoma cell lines [993].

It should be noted, however, that some of the compounds described in this section
can demonstrate dual effects in experimental settings. Thus, indole-3-carbinol, BHT and
coumarin in addition to chemopreventive properties, under certain conditions, usually
involving high exposures, can act as tumor promoters [935,994,995]. Nevertheless, presence
of chemopreventive agents in diet and their beneficial effects on cancer prophylaxis in
humans warrants further investigation.

6. Discussion and Conclusions

A wide variety of carcinogens is present in foods and beverages consumed by humans.
Categorization of these as operating through MoAs that are either DNA-reactive or epige-
netic reveals important differences. Dietary carcinogens of the DNA-reactive type often
produce hazardous effects at much lower doses compared to the epigenetic carcinogens.
In addition, they frequently affect multiple target tissues, whereas epigenetic carcinogens
often affect no more than two sites, where their MoA is exerted. Most importantly, sev-
eral DNA-reactive carcinogens found in diet are recognized as causes of human cancer,
including aflatoxins, aristolochic acid, benzene, benzo[a]pyrene, ethylene oxide, and pre-
served food components. Other food-derived DNA-reactive chemicals that are considered
likely to contribute to human cancer include nitrosamines from several sources, as well as
polycyclic aromatic hydrocarbons and heterocyclic amines formed during processing or
cooking of food. In contrast, the only food-borne epigenetic carcinogen considered by some
authorities to be associated with increased cancer in humans, although not from low-level
food exposure, is dioxin (TCDD). Accordingly, DNA-reactive carcinogens represent a much
greater risk than epigenetic carcinogens.
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