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Alkenylbenzenes in Foods: Aspects Impeding the Evaluation of Adverse Health Effects
Reprinted from: Foods 2021, 10, 2139, doi:10.3390/foods10092139 . . . . . . . . . . . . . . . . . . . 93

Lena Hermes, Janis Römermann, Benedikt Cramer and Melanie Esselen

Phase II Metabolism of Asarone Isomers In Vitro and in Humans Using HPLC-MS/MS and
HPLC-qToF/MS
Reprinted from: Foods 2021, 10, 2032, doi:10.3390/foods10092032 . . . . . . . . . . . . . . . . . . . 120

Mario E. Götz, Benjamin Sachse, Bernd Schäfer and Andreas Eisenreich
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Preface

Culinary herbs and spices confer characteristic flavors or coloring to food. In this Special Issue

of Foods, we aim to focus on culinary herbs and spices from a health perspective. Substances of plant

origin are often regarded as harmless. The intention of this Special Issue is to provide a science-based

view of the health impact of naturally occuring ingredients in plants with a particular focus on the

health impact of plants used as culinary herbs and spices. In this context, different aspects will be

addressed, including toxicological, analytical, and regulatory issues regarding naturally occurring

ingredients in culinary herbs and spices as well as in products, such as essential oils and the food

supplements based on them. For this purpose, some selected examples of these compounds will

be utilized to illustrate potential effects on human health, together with knowledge gaps related to

hazard and exposure assessment. Moreover, safety issues related to products, such as essential oils or

food supplements containing extracts of culinary herbs and spices that have become widely available

to consumers through several distribution channels in the EU, will be covered.

Andreas Eisenreich and Bernd Schaefer

Editors
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Editorial

Natural Compounds in Plant-Based Food

Andreas Eisenreich * and Bernd Schäfer

Department of Food Safety, German Federal Institute for Risk Assessment (BfR), Max-Dohrn-Str. 8-10,
10589 Berlin, Germany
* Correspondence: andreas.eisenreich@bfr.bund.de; Tel.: +49-30-18412-25202

Plant-based foods include a wide range of products, such as fruits, vegetables, herbs
and spices, as well as food products based on them, such as sauces, soups, or beverages.
Particularly, culinary herbs and spices are used to confer characteristic flavor or coloring to
those food products due to their aromatizing and color-giving properties. This, in turn, is
based on the occurrence of various compounds, naturally generated as secondary plant
metabolites in those herbs and spices [1]. In this context, those substances of plant origin
are often regarded as harmless. However, several secondary plant metabolites, originally
generated to deter pests or herbivores (e.g., phenylpropanoids and pyrrolizidine alkaloids),
may also exhibit toxic properties to consumers [2–4].

In this Special Issue, several expert contributions addressed aspects regarding “Nat-
ural Compounds in Plant-Based Food”. These include the occurrence, toxicological rel-
evance, and potential health benefits of different compounds, such as alkenylbenzenes,
pyrrolizidine alkaloids, glucosides, curcumin, and piperine in culinary spices and herbs, as
well as in essential oils and processed foods made up of these.

Alkenylbenzenes represent an important group of naturally occurring substances in
plants used as food or for food production [1]. Therefore, a part of this Issue is devoted
to these compounds and the associated safety issues. In this context, different aspects
regarding the occurrence (e.g., in herbs and spices), toxicokinetics, toxicity, and analytics,
as well as the corresponding uncertainties, were discussed in detail [2,5]. Along with
this, experimental data regarding state-of-the-art analytics of alkenylbenzenes were also
presented in this compilation [6].

Another complex of this Issue dwelled on the toxicology of pyrrolizidine alkaloids [7].
In this context, different studies dealing with the regulation and associated molecular
processes induced by a pyrrolizidine alkaloid in experimental liver settings were also
included here [8,9].

Human cancer risk is an issue of particularly high importance in the context of an
exposure to potentially genotoxic and carcinogenic naturally occurring substances in plant-
based food, such as alkenylbenzenes and pyrrolizidine alkaloids [2,3]. To address this topic,
a review giving a detailed overview of relevant food-borne chemical carcinogens and the
evidence for human cancer risk was also included in this Issue [10].

In addition, other articles published in this Issue deal with the further issues of
naturally occurring compounds (e.g., curcuminoids and piperine) in different herbs and
spices, such as dill, tarragon, black pepper, or turmeric [11–14]. In this context, different
relevant topics were addressed in more detail, such as analytical aspects but also the current
safety issues as well as potential health benefits associated with those compounds.

The scientific publications curated in this compilation certainly do not represent a
comprehensive and conclusive summary of the abovementioned field of science. However,
the present Special Issue offers a balanced view on the issue “Natural Compounds in
Plant-Based Food”, thereby attempting to shed more light on the different relevant facets
of this topic with a particular focus on the potential health effects of the ingredients present
in culinary herbs and spices as well as in essential oils and other food products made of
them as part of the human diet.
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Review

Food-Borne Chemical Carcinogens and the Evidence for Human
Cancer Risk

Tetyana Kobets 1,*, Benjamin P. C. Smith 2 and Gary M. Williams 1

1 Department of Pathology, Microbiology and Immunology, New York Medical College,
Valhalla, NY 10595, USA

2 Future Ready Food Safety Hub, Nanyang Technological University, Singapore 639798, Singapore
* Correspondence: tetyana_kobets@nymc.edu; Tel.: +1-914-594-3105; Fax: +1-914-594-4163

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
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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
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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].

Figure 1. Chemical structures of DNA-reactive carcinogenic phytochemicals and related chemicals
present in foods. Asterisks indicate sites of activation.

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
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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].

Figure 2. Chemical structures of DNA-reactive carcinogenic mycotoxins and related chemicals
present in foods. Asterisks indicate sites of activation.
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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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Figure 3. Chemical structures of DNA-reactive carcinogens formed during food processing and
related chemicals present in foods. Asterisks indicate sites of activation.

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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Figure 4. Chemical structures of DNA-reactive heat-generated carcinogens and related chemicals
present in foods. Asterisks indicate sites of activation.

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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Figure 5. Chemical structures of DNA-reactive carcinogens and related chemicals formed endoge-
nously and exogenously present in foods. Asterisks indicate sites of activation.

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

29



Foods 2022, 11, 2828

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.

Figure 6. Chemical structures of non-DNA-reactive carcinogenic phytochemicals present in foods.

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].

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.
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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.

Figure 9. Chemical structures of non-DNA-reactive carcinogens formed during processing, packaging
and storage of food.

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].

Figure 10. Chemical structures of non-DNA-reactive carcinogenic food additives.

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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OTA, Ochratoxin A; PA, Pyrrolizidine alkaloid; PAH, Polycyclic aromatic hydrocarbon; PCB, polychlo-
rinated biphenyl; PCDD, polychlorinated dibenzo-para-dioxin; PCDF, polychlorinated dibenzofuran;
PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine; PMTDI, Provisional maximum tolerable
daily intake; PPARα, peroxisome proliferator-activated receptor alpha; PUFA, Polyunsaturated fatty
acids; PUL, Pulegone; ROS, reactive oxygen species; SAF, Safrole; SCE, Sister chromatid exchange;
SCF, Scientific Committee on Food; T4, Thyroxine; TCDD, Dioxin; TD50, Carcinogenic potency; TDI,
Tolerable daily intake; TEF, Toxic equivalency factor; TSH, Thyroid stimulating hormone; UDS,
Unscheduled DNA synthesis; WHO, World Health Organization.
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Abstract: Alkenylbenzenes are naturally occurring secondary plant metabolites, primarily present
in different herbs and spices, such as basil or fennel seeds. Thus, alkenylbenzenes, such as safrole,
methyleugenol, and estragole, can be found in different foods, whenever these herbs and spices
(or extracts thereof) are used for food production. In particular, essential oils or other food products de-
rived from the aforementioned herbs and spices, such as basil-containing pesto or plant food supple-
ments, are often characterized by a high content of alkenylbenzenes. While safrole or methyleugenol
are known to be genotoxic and carcinogenic, the toxicological relevance of other alkenylbenzenes
(e.g., apiol) regarding human health remains widely unclear. In this review, we will briefly summarize
and discuss the current knowledge and the uncertainties impeding a conclusive evaluation of adverse
effects to human health possibly resulting from consumption of foods containing alkenylbenzenes,
especially focusing on the genotoxic compounds, safrole, methyleugenol, and estragole.

Keywords: alkenylbenzenes; food; consumption; regulation; mixtures

1. Introduction

Alkenylbenzenes primarily occur as secondary plant metabolites in various herbs
and spices (e.g., basil, fennel, and parsley) but are also present—albeit at lower levels—
in agricultural crops, e.g., in tomatoes and apples [1,2]. Alkenylbenzenes are compo-
nents of essential oils. Therefore, high concentrations can be found in food products
made from aromatic parts of the abovementioned herbs and spices (e.g., fennel tea, basil-
containing pesto, and plant food supplements) [3–6]. Since alkenylbenzenes have strong
aromatic properties, they are also used as flavoring substances in foods and as fragrances
in cosmetics [1]. Several alkenylbenzenes, such as safrole, methyleugenol, and estragole,
are known to be toxic, and the most relevant toxicological endpoints include genotox-
icity and carcinogenicity, whereby the toxicity is not caused by the parent compounds
themselves but by their highly reactive metabolites [1].

The toxicity of alkenylbenzenes—especially their genotoxic and carcinogenic potential
—is a controversially debated issue. Results of various toxicological studies demonstrated
that single alkenylbenzenes, such as safrole, methyleugenol, and estragole, cause—amongst
other things—genotoxic and carcinogenic effects in animal studies [1,7,8]. However, some
other alkenylbenzenes, such as elemicin and apiol, have not yet been sufficiently assessed
regarding their genotoxic and carcinogenic properties.

Beside the toxicity of single compounds, it has to be kept in mind that different foods
may contain more than one alkenylbenzene, such as basil, which contains methyleugenol,
estragole, and other compounds [9]. This is of particular importance for substances ex-
hibiting a similar mode of action, since it may result in additive toxicity [9]. On the other
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hand, it was shown in different studies that the genotoxic potential of alkenylbenzenes
may be reduced by other plant components, such as the sulfotransferase (SULT) inhibitor
nevadensin [10,11]. This was called the matrix-derived combination effect [10]. How-
ever, the relevance of this effect in different food matrices is still an intensively discussed
issue [12,13].

Occurrence data of alkenylbenzenes in different foods are necessary to assess human
exposure. However, there are significant variations in occurrence levels, depending on,
e.g., the analyzed samples (parts of plants, time of harvesting, region of origin), method-
ology (i.e., not standardized sample preparation and analytical methods), etc. Due to
these differences, it is often not possible to assess occurrence data of different origins in a
comparative manner, which complicates conducting a reliable exposure assessment.

Moreover, structural differences in alkenylbenzenes, such as in estragole vs. trans-anethole
(see Table 1) influence toxicokinetics of these compounds. This, in turn, also affects the
toxic (especially the genotoxic) potential of different alkenylbenzenes, which has to be
taken into account for an assessment of the risks possibly resulting from exposure to
these substances.

Table 1. Occurrence of safrole, methyleugenol, estragole, trans-anethole, and myristicin found in essential oils (EO) from
herbs and spices.

Safrole Methyleugenol
Estragole

(=Methylchavicol)
trans-Anethole Myristicin

CAS N◦ 94-59-7 93-15-2 140-67-0 4180-23-8 607-91-0

Structural formula
O

O

 O

O

 O  O  
O

O

O  
h

IUPAC name 5-prop-2-enyl-1,3-
benzodioxole

1,2-dimethoxy-4-
prop-2-enylphenol

1-methoxy-4-prop-2-
enylbenzene

1-methoxy-4-(E)-
prop-1-enyl]benzene

4-methoxy-6-prop-2-
enyl-1,3-

benzodioxole

Synonyms (select.)

5-Allyl-1,3-
benzodioxole

Shikimole
Safrene

Sassafras
Rhyuno oil

4-Allyl-1,2-
dimethoxybenzene

4-Allylveratrole
Eugenol methyl ether
Eugenyl methyl ether

4-Allylanisole
1-Allyl-4-

methoxybenzene
p-Allylanisole

Chavicol methyl
ether

Tarragon

(E)-Anethole
p-Propenylanisole
4-Propenylanisole

Anise camphor
(E)-1-Methoxy-4-

(prop-1-en-1-
yl)benzene

6-Allyl-4-methoxy-
1,3-benzodioxole

5-Allyl-1-methoxy-
2,3-(methylenedioxy)

benzene
Asaricin

Occurrence in essential oils (%) + (reference)

Allspice berries 62.7 [14]
Allspice
berries 4–9 [15]

Allspice berries 8.8 [16]
Anise seeds 0.1–0.2 [17] 1.44–7.08 [17] 79.49–89.99 [17]
Anise seeds 0.5–2.3 [18] 76.9–93.7 [18]
Anise seeds >90 [18]

Chinese Star anise
seeds 0.5–5.5 [19,20] 88.5–92 [19,21,22]

Japanese Star Anise
seeds 6.6 [23] 9.8 [23] 1.2 [23] 3.5 [23]

Sweet Fennel aerial
parts 2–3 [24] 9.7–54.7 [24]

Sweet Fennel roots 2.5–10 [24]
Basil oil Ocimum
basilicum leaves 9.27–87.04 [25–28] 0–81 [25–28]

Western tarragon 0.51–28.87 [29,30] 17.26–75 [30,31]

Eastern tarragon
no Safrole

(but 21.45–38.90
Elemicin) [32]

9.59–28.40 [32] 0.29–0.31 [32]

Nutmeg kernel
Eastern Indonesia

1.6
(and 1.7 Elemicin)

[33]

16.7
(and 16.8.

Methyl-iso-eugenol)
[33]

2.3 [33]

Nutmeg kernel Sri
Lanka

1.4
(and 2.1 Elemicin)

[34]
0.6 [34] 4.9 [34]
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In the following parts, we will briefly summarize and discuss the current knowl-
edge and the uncertainties impeding a reliable evaluation of the health risks resulting
from alkenylbenzene exposure, especially focusing on the genotoxic compounds, safrole,
methyleugenol and estragole. Moreover, we will shed some more light on ongoing discus-
sions (e.g., the toxic potential of single compounds and mixtures) and some strengths as
well as weaknesses of current experimental and analytical strategies regarding the risks
possibly resulting from exposure to alkenylbenzenes in general.

2. Current Knowledge

2.1. Occurrence of Alkenylbenzenes

Consumers need to know which of their food consumption habits might result in high
intake levels of genotoxic alkenylbenzenes in order to become able to draw informed deci-
sions, whether to choose or not to choose a certain alkenylbenzene-containing aromatized
or natural food.

2.1.1. Alkenylbenzenes in Herbs and Spices

In the following part, some examples are described to shed more light on the complex-
ity of alkenylbenzene composition in different herbs and spices.

Fennel

The herb fennel (Foeniculum vulgare Mill., Umbelliferae or Apiaceae) is cultivated in
many countries all over the world. Essential oils can be obtained by steam distillation of the
dried ripe fruits or other parts of the plant such as leaves, stems, or roots, as described by
Trenkle [24]. The wild common fennel is bitter (var. vulgare), and the cultivated one is rather
sweet (var. dulce). Essential oil yields can be 2–6%, the major constituent of which is usually
trans-anethole (60–90%) [35,36]. Depending on the extraction methods used, estragole
contents vary between 3.3–5.3% in the aerial parts of the plant [37]. Trenkle, in 1972 in the
aerial parts of the sweet fennel, found (stems, leaves, and seeds) trans-anethole (9.7–54.7%),
cis-anethole (0.1–0.8%), and estragole (2.0–3.0%) but no myristicin [24]. However, the
fennel roots contained neither anetholes nor estragole but contained instead dill-apiol
(45.6–62.7%), myristicin (2.5–10%), and parsley apiol (0.2%). The oil from sweet fennel
fruits is used as a flavor component in many products. Hydrodistillation of fennel fruits
may yield up to 88% estragole [38]. Very common in, e.g., Europe is the consumption of
fennel tea infusions. The determination of estragole in infusions from different widely
used commercial herbal teas based on Foeniculum vulgare seeds by an optimized headspace
solid-phase microextraction followed by gas chromatography–mass spectrometry (GC–MS)
analysis revealed levels of estragole to range within 50–250 μg/L [39] or even reach levels
from 241–2058 μg/L in teas from teabags [40]. In preparations of tea extracts from herbal
tea mixtures (n = 16) of the fennel–anise–caraway type, estragole contents ranged from
4.0–76.7 μg/L, whilst trans-anethole concentrations ranged from 83.2–7266.4 μg/L [41].
Interestingly, one hour following ingestion of fennel–anise–caraway tea by breastfeeding
women, approximately 1% (i.e., 0.13 μg/L milk) of the consumed estragole via tea ingestion
and up to 5% (i.e., 4.23 μg/L milk) of trans-anethole consumed via tea ingestion was found
in the human milk of lactating mothers [41]. An earlier study could identify in breast milk
from breastfeeding women, at the time point of two hours following ingestion of a 100 mg
trans-anethole containing capsule, a mean concentration of 9.9 μg trans-anethole per liter
of human breast milk. Peak concentrations of trans-anethole were 23.2 μg/L milk [42].
These results indicate that some alkenylbenzenes may even, as parent compounds, escape
maternal hepatic metabolism and can be transferred into breast milk, albeit at very low
concentrations. To our knowledge, other systematic studies that investigated metabolites of
estragole and trans-anethole and other alkenylbenzenes in human breast milk are missing.
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Basil

Sweet basil herb (Ocimum basilicum L., Labiatae or Lamiaceae) is, nowadays, culti-
vated in many countries around the world, originating probably from Africa and tropical
Asia. The essential oil is generated from dried leaves and stems (aerial parts of the plant)
by steam distillation. In a systematic study of essential oils obtained from the aerial parts
of seven varieties of Ocimum basilicum, it was found that basil oils may contain, relative to
other identified components, high amounts of methyleugenol (9.27–87.04%) and estragole
(0–48.28%; only in the varieties “Lettuce Leaf” and “Dark Green”). The alkenylbenzene
content depends on the basil variety, season, and the environmental conditions, as well
as the maturation state at harvest, such as growth height. Another alkenylbenzene found
in nearly all sweet basil oils investigated is eugenol (0–33.5%). All the studied varieties of
Ocimum basilicum, except “Lettuce Leaf” (lowest contents of methyleugenol 9.24–15.45%),
were very rich in methyleugenol (up to 87.04%) with dependence on solar irradiance,
temperature and relative humidity as determining factors [25]. Earlier studies on the
chemical components of Ocimum basilicum plants focused on the age and the leaf posi-
tion at the stem [26], as well as differentiated the essential oil analysis derived from the
flowers, leaves, and stems [27]. Eugenol levels were slightly higher in younger leaves,
and methyleugenol levels predominated in older leaves, but appears to be more affected
by leaf position. The flowers of basil collected in Turkey contained 58.26% estragole,
0.23% trans-anethole, and only 0.03% methyleugenol. The respective leaves contained
52.60% estragole, 0.55% trans-anethole, and 0.18% methyleugenol. Interestingly, the basil
stems contained less estragole (15.91%), trans-anethole (0.10%) and methyleugenol (0.06%),
but in addition, and exclusively found in stems, were dill-apiol (50.07%), apiol (9.48%),
elemicin (0.30%), and low amounts of eugenol (0.12%). There still appears to be no full
clarity on the biosynthetic pathways of alkenylbenzenes in basil species and the envi-
ronmental factors influencing the expression of biosynthetic enzymes. As discussed by
Vani and colleagues, chavicol O-methyltransferase identified in crude protein extracts of
sweet basil may be responsible for the conversion of chavicol to estragole [28]. Eugenol
may be transformed into methyleugenol by eugenol O-methyltransferase, both enzymes
most likely use S-adenosylmethionine (SAM) as the methyl donor. However, formation
of estragole and methyleugenol is strongly dependent on season and on solar irradiance.
Estragole contents may even reach 81% if leaves of Ocimum basilicum are extracted with
n-hexane before analysis with GC–MS [28]. Using the same techniques, Vani et al. identi-
fied high contents of methyleugenol (36–76%) in n-hexane extracts of another basil species
Ocimum tenuiflorum (also named Ocimum sanctum), mainly grown in India.

Exposure to estragole and methyleugenol might be low at common use levels of
fresh basil, but there are only a few systematic investigations of alkenylbenzene contents
in food preparations of various recipes. Moreover, with consumption of an essential oil
merchandised as a food supplement or the plants being part of dishes in which basil is
prepared together with other culinary oils, consumer exposure to alkenylbenzenes may
increase considerably. An example is given by Bousova and colleagues who found estragole
at a high concentration of 101 mg/kg pesto product [43]. This traditional dish from Genova,
Italy, mainly consists of olive oil, hard cheese, pine nuts, garlic, salt, and basil leaves. Very
varying levels of estragole in pesto preparations have been reported (0.05–19.30 mg/kg
versus fresh basil containing 10.21–16.05 mg/kg [44]. Another study reported levels of
estragole in “Pesto Genovese” (3.2–34.1 mg/kg estragole) [6]. The same study additionally
reported levels of methyleugenol (22.9–56.4 mg/kg) and even myristicin (13.2–15.8 mg/kg),
and in one sample apiol (3.4 mg/kg).

Recently, Sestili et al. concluded that maximum level should be precautionarily defined
for alkenylbenzenes from different basil species and thus different chemotypes that contain
high amounts of methyleugenol and estragole in essential oils intended for consumption
with food [45]. Currently, no precise data regarding the consumption of basil or the realistic
levels of different alkenylbenzenes in this herb is available.
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Further occurrence data of alkenylbenzenes in other herbs and spices, such as allspice,
anise, and tarragon, are summarized in Table 1.

2.1.2. Alkenylbenzenes in Aromatized and Fortified Food Products

Many essential oils contain alkenylbenzenes. The most prominent examples of es-
sential oils used in food and beverages are oils produced from basil, fennel, tarragon,
parsley, anise, star anise, nutmeg, and mace [46]. Such oils are mostly obtained from plant
components by hydrodistillation, steam distillation, solvent extraction, supercritical fluid
extraction, ultrasound- or microwave-assisted extractions, or a combination of diverse
techniques [47].

When consumed with food products, essential oils can contribute significantly to the
overall exposure to potentially genotoxic and carcinogenic compounds. These oils usually
contain between 30–90 weight% of the critical ingredient. Depending on the amount of
essential oils added to processed foods for reasons of flavoring or food supplements, un-
known amounts of alkenylbenzenes exist as undefined mixtures in finished food products.
Although these oils are generally meant to be used in very small volumes to refine culinary
products, it is, however, difficult to calculate people’s overall exposure, also because of the
individual food intake habits. As a special case, plant food supplements may contain high
amounts of essential oils.

Essential Oils Used as Food Flavorings

Depending on the origin of the plants, basil oils and tarragon oils contain variable but
very high amounts of estragole (methylchavicol). Whilst basil oils may be widely used
by consumers, tarragon oils are mainly used for food aroma compositions [32]. Parsley
seed oils are used for seasonings for meat and sauces. They contain apiol, myristicin,
and 2,3,4,5-tetramethoxy-allylbenzene. Pimento oils from berries or leaves of that tree
predominantly contain eugenol and can also be used for food aroma compositions. In most
essential oils containing anethole, the trans-anethole isomer by far predominates the cis
isomer. trans-Anethole contents are high in fennel, anise, and star anise oils [46].

Nutmeg oils and mace oils are mainly used for cola-flavored soft drinks and may
contain myristicin and other alkenylbenzenes. Thus, it is expected that all the ingre-
dients of nutmeg are part of cola-flavored soft drinks to various extents. Major com-
pounds of nutmeg and mace oils are sabinene, alpha- and beta-pinene, myrcene, limonene,
and at least five different alkenylbenzenes. Myristicin, safrole, and elemicin determine
the flavor of these oils to a great extent. Myristicin, safrole, elemicin, methyleugenol,
and eugenol could be quantified in cola-flavored soft drinks [48]. However, an at least
30-fold variation in the levels of safrole and myristicin, for example, has been reported
in different nutmeg oils of specific geographical origins, ranging from 0.1–3.2% and from
0.5–13.5%, respectively [48]. Consequently, the amounts of safrole and myristicin were
quantified in cola-flavored soft drinks of different brands and following different process-
ing procedures, including various storage conditions. Variation in the contents of safrole
and myristicin in different cola-flavored soft drinks were identified to be approximately
two to three orders of magnitude [49]. Minimum contents of safrole and myristicin were
0.6–0.4 μg/L, and maximum levels ranged from 43.9–325.6 μg/L for safrole and myristicin,
respectively. Other alkenylbenzenes than safrole and myristicin were not evaluated in
those cola-flavored soft drinks, so that the total content of alkenylbenzenes in cola-flavored
soft drinks remains to be elucidated.

2.2. Toxicity of Alkenylbenzenes
2.2.1. Toxicokinetic Impact on Toxic Properties of Alkenylbenzenes

Following oral exposure, alkenyl benzenes are rapidly absorbed from the gastroin-
testinal tract. The low systemic bioavailability of the ingested parent compounds, however,
points to a pronounced first pass metabolism [50–58]. Different metabolic routes have
been observed for alkenylbenzenes, resulting either in bioactivation (toxification) or in
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detoxification of the parent compounds. The extent of the different pathways depends
on species and dose [59,60]. Important metabolic steps of estragole as an example for the
alkoxyallylbenzenes are shown in Figure 1.
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Figure 1. Important metabolic steps of estragole as an example for the allylalkoxybenzenes. CYP, cytochrome
P450-monooxygenase; UGT, uridine 5′-diphospho-glucuronosyltransferase; EH, epoxide hydrolase; SULT, sulfotrans-
ferase; Nuc, nucleophile (e.g., DNA, protein).
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For alkoxyallylbenzenes, such as safrole, methyleugenol, and estragole, metabolic
pathways include O-dealkylation of the alkoxy substituents at the aromatic ring, epoxida-
tion at the double bond of the allylic side chain, and 1′-hydroxylation of the allylic side
chain [59,60]. O-dealkylation of an aromatic alkoxy group (or demethylenation) leads to the
formation of the corresponding phenolic (catecholic) derivatives [50,61–67]. The resulting
phenol group can be further metabolized via phase II enzymes to stable glucuronides or
sulfate conjugates that are rapidly excreted in the urine [54,59]. Therefore, this metabolic
route can be considered a detoxifying pathway.

Epoxide formation at the double bond of the allylic side chain represents another
metabolic route. Following epoxidation, the epoxide ring can be cleaved by epoxide hy-
drolases to form diols. The occurrence of 2′,3′-dihydrodiols (and sometimes the epox-
ides) in urine of rodents treated with different alkenylbenzenes points to the forma-
tion of these metabolites in vivo [64,67,68]. Additionally, detoxification of epoxides by
glutathione-S-transferases was observed [69,70]. If detoxification does not occur fast
enough and/or to a critical extent, epoxides may be attacked by nucleophilic structures
of the cell. Experiments of Guenthner and Luo have demonstrated that the epoxides are
capable forming covalent adducts with proteins and DNA in vitro, suggesting a potential
for genotoxicity [69,71]. However, the toxicological relevance of that pathway is generally
considered low, since the epoxide is rapidly detoxified by epoxide hydrolases or via glu-
tathione conjugation, with humans generally having a higher epoxide hydrolase activity
than rats [59,60,69].

The first step of the third pathway is the cytochrome P450 (CYP)-mediated 1′-
hydroxylation of the allylic side chain [59,60]. 1′-hyroxy derivatives were detected as
metabolites in the urine of rodents and humans following oral exposure to alkenylben-
zenes [50,57,58,64,68]. On one hand, 1′-hydroxy derivatives can be further metabolized by
glucuronidation, leading to detoxification, as demonstrated for 1′-hydroxyestragole [72].
Another option for detoxification, especially in humans, is the oxidation to the corre-
sponding oxo derivative, which may be conjugated with glutathione [73–75]. However,
bioactivation is also possible as the 1′-hydroxy alkenylbenzenes can subsequently be sul-
foconjugated by SULTs. The resulting allylic sulfate esters are instable and may react
with cellular nucleophiles, such as proteins or DNA [76,77]. This metabolic pathway is
considered primarily responsible for the tumorigenic activity of some allylalkoxybenzenes,
such as safrole, estragole, and methyleugenol [8,78,79]. The toxicological relevance of this
pathway is also underlined by the finding that co-administration of the SULT-inhibitor
pentachlorophenol (PCP) drastically reduced the carcinogenic activity of safrole in ro-
dents [80]. Apart from that, the reactive sulfate esters may by detoxified by glutathione
conjugation, yielding mercapturic acid derivatives. Indeed, the occurrence of N-acetyl-
S-[3′-(4-methoxyphenyl)allyl]-L-cysteine—the mercapturic acid formed from 1′-sulfoxy
estragole—has been detected in the urine of human volunteers after drinking fennel tea
containing approximately 2 mg estragole [52]. Of note, although the highly reactive metabo-
lites are formed via 1′-hydroxylation followed by sulfoconjugation at 1′-position, the final
adducts are formed at the sterically less hindered 3′-position [52,77,81].

In addition, modifications at the side chain, yielding the 3′-hydroxylated isomers with
the double bond in 1′,2′-position, is also possible. Such metabolites, as well as the parent
compounds, may undergo further conversion to 3′-hydroxy and 3′-oxo derivatives via
different chemical reactions [61,81].

Whereas the detoxifying O-dealkylation appears to be predominant at relatively low
dose levels in rodents, the fraction of 1′-hydroxylation at the allylic side chain—leading
to the proximate carcinogenic metabolite—seems to increase at higher doses in rodent
studies [68,82,83]. However, the formation of 1′-hydroxy metabolites is also possible at
relevant dose levels in humans, as the 1′-hydroxy metabolite of estragole has already
been detected in the urine of human volunteers after drinking fennel tea [58]. Likewise,
the occurrence of N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-cysteine—the mercapturic acid
formed from 1′-sulfoxy estragole—in the urine of human volunteers after drinking fennel

99



Foods 2021, 10, 2139

tea [52], as well as the detection of DNA adducts of 1′-sulfoxymethyleugenol in human
liver samples [84,85], underlines the formation of reactive cations in humans. Of note,
interindividual human variations, such as polymorphisms and lifestyle factors influencing
the activity of certain enzymes involved in the metabolism of allylalkoxybenzenes, may
also influence the level of bioactivation of these compounds [85–88]. To illustrate this,
Tremmel et al. have shown that the number of methyleugenol-derived DNA adducts in
human liver samples is associated with the SULT1A1 copy number polymorphism [85].

In contrast to safrole, methyleugenol, and estragole, no carcinogenic effects have
yet been observed for other members of the alkoxyallylbenzenes, such as elemicin and
apiol [79]. Of note, the available studies generally do not meet today’s standards for car-
cinogenicity studies, e.g., study duration was often too short. Results from physiologically
based biokinetic modeling studies, however, suggest that the extent of bioactivation to
the ultimate carcinogenic 1′-sulfoxy metabolites is in the same order of magnitude for
safrole, methyleugenol, estragole, elemicin, and myristicin, also pointing to a toxicological
relevance for the latter two compounds [74,89–91].

Alkoxyprop-1-enylbenzenes, such as trans-anethole, are generally considered less
toxic compared to the alkoxyallylbenzenes [60], although trans-anethole also acts as a liver
carcinogen at high dose levels [92]. This class undergoes similar metabolic changes, such
as the alkoxyallylbenzenes [57,65–67,93,94]. However, formation of the 1′,2′-epoxide is
assumed to be primarily responsible for the hepatotoxic effects of trans-anethole observed in
rodent studies at higher dose levels [95]. The efficient detoxification by epoxide hydrolases
and glutathione—as described for the alkoxyallylbenzenes—may limit the toxicological
relevance at low exposure levels. Another major metabolic pathway for this class is
hydroxylation at the 3′-position at the propenyl side chain. Interestingly, in contrast
to the 1′-hydroxy metabolites formed from the alkoxyallylbenzenes, the 3′-metabolites
of the alkoxyprop-1-enylbenzenes are not efficiently metabolized by SULTs but mainly
undergo oxidative side chain modification, yielding alkoxy cinnamoyl derivatives and
alkoxy benzoic acid derivatives that are further conjugated with glycine [51,57,62,66].
Nevertheless, it has recently been demonstrated that both trans-anethole and estragole may
principally lead to the formation of the same DNA adducts and hemoglobin adducts at the
3′-position, although adduct formation resulting from trans-anethole is much lower. This
adduct formation by trans-anethole observed in hepatic S9-mix was efficiently blocked by
PCP, indicating that some of the primarily formed 3′-hydroxyanethole is also converted by
SULTs into the reactive 3′-sulfoxyanethole [76].

No carcinogenicity has been observed for eugenol, a hydroxyallylbenzene [79,96].
For this structural class, the free phenolic hydroxyl group enables a rapid phase II con-
jugation, leading to hydrophilic and non-toxic metabolites that are subject to fast renal
elimination [54]. This difference may explain the lower toxicity of hydroxyallylbenzenes
compared to alkoxyallylbenzenes. Further metabolic routes exist for hydoxyallylbenzenes,
e.g., isomerization of the double bond and quinone methide formation [59,60]. However,
these pathways shall not be described here, as hydroxyallylbenzenes are not in the primary
focus of this review.

For the hydroxyprop-1-enylbenzene derivative isoeugenol, evidence of carcinogenicity
was observed in a two year study [97]. However, the relevance of these findings is not yet
fully clear [60]. Generally, this class of compounds may undergo similar metabolic changes,
similar to those of the other alkenylbenzenes. However, the combination of the free phenol
group and the double bond in 1′,2′-position facilitates rapid detoxifying metabolism via
phase II conjugation at the phenolic hydroxyl group and hydroxylation at 3′-positions [53].

2.2.2. Aspects Regarding Genotoxic and Carcinogenic Effects of Alkenylbenzenes

Safrole

Regarding the toxicity of safrole, animal studies showed that administration led to
the induction of tumors, e.g., in mice and rats [98]. In the early 1960s, the first data
were published indicating that safrole causes carcinogenic effects in rat liver [99]. In the
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following years, results of different animal studies (e.g., in rat and mice) confirmed that
safrole is a carcinogen in the liver and other tissues, such as the lung [100,101]. Moreover,
it was demonstrated that this carcinogenic effect was—at least in parts—mediated via
active metabolites, such as 1′-hydroxysafrole or, rather, 1′-sulfoxysafrole [80,98,101–103].
The mutagenic effect of safrole and its metabolites was also verified in vitro and in vivo [7,104].
The toxicological relevance of the genotoxic 1′-sulfoxysafrole is underlined by the finding
that co-administration of the SULT-inhibitor PCP drastically reduced the carcinogenic
activity of safrole in rodents [80]. Therefore, the Scientific Committee on Food (SCF) of
the European Commission (EC) considered safrole as a genotoxic carcinogen in 2002 [98].
In line with this, International Agency for Research on Cancer (IARC) also classified safrole
as “possibly carcinogenic to humans” (Group 2B) [105].

Estragole

Results of different in vivo studies indicated that treatment of mice with estragole or
its metabolite 1′-hydroxyestragole led to the induction of hepatic tumors [8,79,106]. Results
of further studies conducted in bacteria and in cell culture indicated that mutagenic effects
were more pronounced following treatment with the metabolite 1′-hydroxyestragole than
with the parent compound estragole [7,107]. Therefore, induction of liver tumors seems
to depend on the formation of 1′-hydroxymetabolites [8,31] that are further activated to
highly reactive 1′-sulfoxy metabolites [108]. Based on the available data, the SCF of the EC
concluded that estragole is genotoxic and carcinogenic [109]. Therefore, it was not possible
to establish a safe exposure limit, and usage restrictions were recommended [109].

Methyleugenol

Long-term studies have revealed that methyleugenol induces liver and neuroen-
docrine tumors in rodents [79,110]. In this context, the National Toxicology Program (NTP)
stated that there was clear evidence for carcinogenic activity in rats and in mice [110].
Methyleugenol was considered to be a multisite and multispecies carcinogen [111]. Differ-
ent in vitro studies provided inconclusive results regarding mutagenicity of methyleugenol.
In bacterial test systems, no mutagenic activity of methyleugenol was found without
metabolic activation, whereas, e.g., in mammalian cell culture, a genotoxic activity was
observed [110,112–114]. Moreover, the 1′-hydroxy- and 2′,3′-epoxy-metabolites were also
found to be mutagenic in vitro [112,114]. In 2000, de Vincenzi et al. concluded from these
findings that methyleugenol is a naturally occurring genotoxic carcinogen, exhibiting a
DNA-binding potency similar to that of safrole. In line with this, the SCF of the EC also
stated that methyleugenol has been demonstrated to be genotoxic and carcinogenic and
recommended reduction in exposure and restrictions in use levels for this substance [111].
Substantiating this, IARC classified methyleugenol in 2013 as “possibly carcinogenic to
humans” (Group 2B) [115].

Other Alkenylbenzenes

Even if some alkenylbenzenes are structurally closely related, such as estragole and
trans-anethole or eugenol and methyleugenol (see Table 1), they often exhibit a different
genotoxic and carcinogenic potential.

For eugenol, long-term studies revealed no mutagenic potential and no carcinogenic
effects in rodents [79,96,116]. Based on the available data and a corresponding quality assess-
ment, different authorities considered eugenol as not genotoxic or carcinogenic [117,118].

In contrast to eugenol, isoeugenol was found to exhibit carcinogenic activity in ro-
dents (e.g., in the liver of mice [97,119]). The relevance of this finding, however, is not
fully clear, yet [60]. Results of various in vitro and in vivo studies showed no mutagenic
activity [113,120], whereas some few studies indicated a potential genotoxic activity at
higher concentration in vitro [121]. However, based on the available data, isoeugenol was
considered to be a non-genotoxic carcinogen by Joint Food and Agriculture Organization/
World Health Organization (FAO/WHO) Expert Committee on Food Additives (JECFA)
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and European Food Safety Authority (EFSA). Moreover, it was concluded that isoeugenol
would not rise a safety concern at the estimated intake levels arising from use as a flavoring
substance [122–124].

In chronic rodent studies, trans-anethole did not increase the tumor incidence [79,92,95].
Moreover, most studies performed on the mutagenicity of trans-anethole failed to show
a mutagenic activity, whereas only a few studies—often offering a limited reliability or
reproducibility—indicated a mutagenic activity [7,95,125,126]. Based on the available data,
JECFA concluded that trans-anethole is not genotoxic [126]. Due to the hepatotoxic effects
observed in rats (considered as secondary to its cytotoxic properties and possibly mediated
via the anethole epoxide), safety concerns were formulated by JECFA regarding the use of
trans-anethole as flavoring agent [126]. In this context, recently published results have to
be mentioned, showing that both trans-anethole as well as the structurally related estragole
are able to form DNA and hemoglobin adducts, even if the adduct formation resulting
from trans-anethole is much lower [76].

2.2.3. Toxicity of Alkenylbenzenes from Complex Food Matrices

In 2019, EFSA published a guideline document regarding the genotoxicity assessment
of chemical mixtures [127]. In this guideline, EFSA recommends the application of a
component-based approach to chemical mixtures, in which the genotoxic potential of all
components are assessed individually. Consequently, this means that, if a mixture contains
one or more chemical substances that are individually assessed to be genotoxic (in vivo via
a relevant route of administration), the whole mixture raises concern for genotoxicity [127].
In line with this, the toxicity of alkenylbenzenes is, in most cases, tested in vivo only with
pure substances [128].

In 2008, Rietjens and colleagues mentioned that exposure of consumers to alkenylben-
zenes under everyday conditions most often occurs in presence of a “normal” food matrix,
such as herbs (e.g., basil) or in processed food products (e.g., pesto sauces or beverages),
respectively [4,128]. In this context, it has to be kept in mind that—due to the presence of
several alkenylbenzenes in most foods/matrices, such as anise or basil—additive effects
must be assumed regarding the genotoxicity of mixtures. In line with this, Dusemund et al.
stated that specific foods may contain more than one alkenylbenzene [9]. This, in turn,
could possibly lead to additive or combined toxicity effects of different alkenylbenzenes
taken up via the same food. Moreover, other researchers have also concluded that the
consumption of food containing different alkenylbenzenes may contribute to combined
toxic effects [3,6,129,130]. This may also apply to other compounds present in a distinct
food matrix (e.g., contaminants), which can affect similar endpoints like alkenylbenzenes,
such as genotoxicity by a comparable or different mode of action [131–133].

On the other hand, Rietjens et al. stated that certain food matrices may also reduce the
genotoxic potential of alkenylbenzenes via interaction on a metabolic level [128]. Bioac-
tivation of alkenylbenzenes, such as safrole and estragole, plays an important role for
mediating their genotoxic effects via the generation of proximate (1′-hydroxy metabolites)
and ultimate (1′-sulfoxy metabolites) carcinogenic intermediates [89,102,128].

In 2008, Jeurissen et al. found that methanolic basil extract reduces the genotoxic
effect of 1′-hydroxyestragole in vitro via inhibition of SULT-mediated bioactivation to the
1′-sulfoxy metabolite [134]. In contrast to that, Müller et al. failed to show any protective
matrix-derived effect related to other matrix compounds in an in vitro study characterizing
the genotoxic effects of estragole vs. estragole-containing basil oil [135]. The EFSA Scientific
Co-operation (ESCO) working group discussed this discrepancy in 2009. Comparing the
available in vitro data for these specific basil-based preparations, they concluded that the
occurrence of potentially protective matrix effects have to be shown in vivo at relevant
intake levels for each botanical or botanical preparation of interest [12].

Several years later, Alhusainy et al. identified nevadensin to be the compound in basil
extract responsible for reducing the generation of the ultimate carcinogenic metabolites
of estragole and methyleugenol [11,136–138]. Additionally, van den Berg et al. found
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apigenin, a less potent SULT-inhibitor, to be present in powdered basil material, too [10].
It was speculated that bioactivation of estragole may be reduced by matrix-derived combi-
nation effect of SULT-inhibitors, such as nevadensin in basil-containing foods [10,11,136].
However, regarding realistic human intake of foods containing high levels of estragole,
such as basil-containing plant food supplements, this matrix effect was predicted to be of
limited relevance [10]. Therefore, van den Berg and colleagues critically stated that the
matrix-derived combination effect for those basil-containing foods should be judged on a
case-by-case basis [10].

Furthermore, the presence of those SULT-inhibitors in botanical matrices was only
shown in some distinct botanical preparations, such as methanolic basil extract and basil-
containing plant food supplements [10,136]. Therefore, the existence, validity, and potential
efficacy of those protective effects has been unknown for most other botanicals or botanical
preparations, until now. Moreover, the relevance of those potential matrix-derived effects
seems to be rather low in the context of human-relevant exposure level [139].

2.2.4. Genotoxicity and Carcinogenicity of Alkenylbenzenes Required Restrictions for
Their Use in Foods

Due to their genotoxic properties, the use of safrole as a flavoring substance for human
food has been prohibited in the USA since 1960 [140]. Moreover, the use of methyleugenol
as a flavoring substance in food was also forbidden in the USA by the United States (U.S.)
Food and Drug Administration (FDA) in 2018 [141]. By contrast, the use of estragole
in foods is not restricted in the USA [9,31]. The U.S. FDA approved trans-anethole as
a food additive [95]. Isoeugenol is also approved as a flavoring substance in food in
the USA [142]. The same applies for eugenol [116,143]. Moreover, the use of eugenol is
also permitted in other regions, including Australia, Indonesia, and the European Union
(EU) [116]. Besides this, eugenol and isoeugenol are also approved as fish anesthetic,
e.g., in Australia, New Zealand and Finland, but not in the EU or the USA [144,145].
In this context, it is not surprising that residues of both substances were also found in
the fillet tissue of freshwater fish previously exposed to this compound [146]. Finally,
the use of myristicin in food products is not regulated in the USA [147]. Moreover, there
are currently no specific guidelines or laws concerning the production or sale of synthetic
myristicin or myristicin isolated from natural sources [147]. This also applies to the EU
and other regions/countries in the world. The aforementioned information shows that the
use of different alkenylbenzenes—some of which have genotoxic potential, e.g., estragole
or trans-anethole—is not adequately regulated in the USA. Moreover, the use of most
alkenylbenzenes is currently not regulated in most other regions of the world, including
Asia, Africa, and South America.

In 2001 and 2002, respectively, the Scientific Committee on Food (SCF) of the EC
evaluated safrole, methyleugenol, and estragole and concluded that these compounds
are genotoxic carcinogens and suggested restrictions for their use in foods [98,109,111].
Based on the SCF’s recommendations, the EC prohibited the addition of pure safrole,
methyleugenol, and estragole as a flavoring substance to food and established maxi-
mum levels for these substances—when naturally present in corresponding ingredients—
in certain compound foodstuffs, such as soups and sauces or non-alcoholic beverages [148].
Thus, in the EU, estragole, methyleugenol, safrole, and beta-asarone shall not be added as
such to food (see Annex III Part A of Regulation (EC) No 1334/2006). Further EU restric-
tions apply to these alkenylbenzenes (in Annex III Part B of Regulation (EC) No 1334/2006).
The maximum levels of estragole, methyleugenol, and safrole, naturally present in fla-
vorings and food ingredients with flavoring properties or in certain food compounds to
which flavorings and/or food ingredients with flavoring properties have been added, have
been defined by the EU Parliament and the Council. Accordingly, estragole may not be
present in amounts greater than 50 mg/kg food in dairy products, processed fruits, veg-
etables (including mushrooms, fungi, roots, tubers, pulses, and legumes), nuts and seeds,
and fish products. Non-alcoholic beverages may not contain more than 10 mg estragole
per kg. As for methyleugenol, soups and sauces may not contain more than 60 mg/kg;
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dairy products and ready to eat savories, no more than 20 mg/kg; meat preparations and
meat products, including poultry and game, no more than 15 mg/kg; fish preparations
and fish products, no more than 10 mg/kg; and non-alcoholic beverages, no more than
1 mg methyleugenol/kg. In addition, even up to 25 mg/kg safrole may be present in soups
and sauces; 15 mg safrole/kg in meat preparations and meat products, including poultry
and game; safrole is still permitted in fish preparations and fish products. In non-alcoholic
beverages, 1 mg safrole/kg shall not be exceeded. Furthermore, the content of beta-asarone,
a major constituent of Calamus oils, is legally restricted in Europe for alcoholic bever-
ages to a maximum of 1 mg/kg (see Annex II Part B of Regulation (EC) No 1334/2006).
The tetraploid form of Acorus calamus L. shall not be used as a source for the production
of flavorings and food ingredients with flavoring properties (see Annex IV Part A of Reg-
ulation (EC) No 1334/2006). In addition, according to the abovementioned regulation,
“the maximum levels shall not apply where a compound food contains no added flavor-
ings and the only food ingredients with flavoring properties which have been added are
fresh, dried or frozen herbs and spices”. However, the usage of other structurally related
(see Table 1) and potentially toxic alkenylbenzenes, such as elemicin or apiol, is, so far, not
regulated in the EU, whereas some derivatives, such as eugenol, isoeugenol, and trans-
anethole are listed as authorized flavoring compounds in Regulation (EU) No 872/2012.

3. Aspects Impeding the Evaluation of Adverse Health Effects of Alkenylbenzenes

3.1. Uncertainties Regarding the Occurrence of Alkenylbenzenes

Adequate and comparable occurrence data are of high importance in order to estimate
oral exposure of humans to certain alkenylbenzenes via consumption of foods containing
these substances. Currently, there are several issues, which make it difficult to perform
such a reliable oral exposure assessment of consumers for alkenylbenzenes. These aspects
will be discussed in the following parts of the text.

3.1.1. Conclusions Regarding Aromatized Foods and Their Potential
Alkenylbenzene Contents

Even if the amount of a specific alkenylbenzene appears to be low in a certain food
category, there is a risk of dose addition depending on the dietary habits of consumers if
many alkenylbenzene-containing food products are frequently ingested in a short period of
time. Some alkenylbenzenes, such as elemicin and apiol, have not yet been fully assessed for
their hepatotoxic and genotoxic potential and have not been sufficiently monitored in the
potentially relevant food products. Since, for all existing food matrices, specific extraction,
separation, and detection procedures for each of the alkenylbenzenes would have to be
elaborated, standardized, and validated, this appears to be a difficult endeavor. However,
given the high hepatotoxic potential of other alkenylbenzenes, there is an undoubted
necessity to analytically determine all the possible alkenylbenzenes in raw and prepared
food products and food preparations. Analytical techniques have advanced significantly in
specificity and sensitivity in recent years, and the first promising approaches have been
made to quantitate some alkenylbenzenes in foods and beverages [6,49,149–152]. Further
ambitious experimental monitoring activities could build on those approaches.

3.1.2. Issues Regarding Currently Available Occurrence Data for Alkenylbenzenes

The herbs and spices that we discussed above contain variable amounts of alkenylben-
zenes. Depending on the family, the genus, the species and their varieties, the geographical
origin (e.g., soil, humidity, solar irradiance, etc.), and the plant parts analyzed (fruits, seeds,
flowers, leaves, stems, roots, in different maturation states at harvest, etc.) very differ-
ent contents of alkenylbenzenes and their metabolites may prevail in foods. In addition,
depending on the procedures of post-harvest treatment, sample preparation (extraction
methods and duration, solvents used, etc.), and analytical methods utilized (e.g., GC, LC,
etc., which are described in detail elsewhere [153]), the reliability of quantitative data may
vary considerably. These circumstances call for the elaboration of standardized analytical
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procedures to enable reliable quantification of alkenylbenzenes in crude spice extracts,
essential oils and their oleoresins, and finished aromatized foods. Ideally, such methods
would become internationally harmonized. These efforts have to be complemented with
efforts to measure all known alkenylbenzenes in a representative set of well-defined fin-
ished food products that belong to food categories naturally containing alkenylbenzenes,
and in those that intentionally become aromatized.

3.2. Consumption of Alkenylbenzene-Containing Foodstuffs

Besides information on occurrence, data on consumption also play an important role
for the exposure assessment. In the following section, we will discuss some aspects leading
to uncertainties regarding the currently available consumption data on alkenylbenzene-
containing foods

3.2.1. Limited Availability of Data Regarding Consumption

Besides data regarding some few individual foods (e.g., fennel-based teas or plant
food supplements) [5,12,154], the availability of consumption data—especially of current
information—in the context of alkenylbenzenes is rather limited [98,109,111]. This leads
to uncertainties regarding the current exposure of humans to alkenylbenzenes via the
consumption of food.

Among other things, the availability of current consumption data on naturally
alkenylbenzene-containing foods, such as herbs, spices, and flavored foods (e.g., baked
goods or beverages) is mandatory to perform a reliable risk assessment for these substances.

Currently available consumption data regarding alkenylbenzene-containing food are
not up to date, since they were largely captured and evaluated approximately
20 years ago [98,109,111]. In this context, it is important to note that the consumer behavior
may have changed over the last two decades in different regions of the world [155,156].
Moreover, consumption habits may also vary between different countries in the EU as
well as worldwide [157]. This may lead to differences regarding exposure of consumers to
alkenylbenzenes via distinct locally favored foods or mainly regionally consumed food
products, such as basil-containing pesto sauce, herbal Indonesian beverages, or herb-based
Chinese medicinal teas [6,116,130].

3.2.2. Lack of Biomarker Prevents Exposure Estimation

Until now, no biomarker has been identified that reliably reflects the external exposure
of humans to alkenylbenzenes via food consumption under realistic conditions. However,
the analytical quantification of a biomarker is a possible alternative for the estimation of the
external exposure. Two types of biomarkers are commonly used for other compounds in
food, i.e., mercapturic acids (MAs) in urine samples [158] or protein adducts (usually deter-
mined in hemoglobin) [159]. Amounts of a urinary MA excreted within 24 h may be used
for the estimation of the daily exposure to the parent compound, if the compound ratio is
known, which is converted into the MA (reverse dosimetry) [160]. Recently, N-acetyl-S-[3′-
(4-methoxyphenyl)allyl]-L-cysteine was described as the main MA, which is formed from
estragole and its structural congener trans-anethole [52]. A single controlled exposure to
fennel tea (n = 12) resulted in the excretion of N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-
cysteine in the urine samples within 24 h. The interindividual variation of total N-acetyl-
S-[3′-(4-methoxyphenyl)allyl]-L-cysteine excreted (93–1076 ng) reflected the complexity
of estragole/trans-anethole metabolism involving different enzyme families, i.e., CYP,
SULT and alcohol dehydrogenases (ADH). It hinders an accurate estimation of the exter-
nal exposure for individuals from the N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-cysteine
determined in 24 h urine samples. In addition, the biomarker is not specific; one cannot dis-
tinguish between N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-cysteine formed from estragole
or trans-anethole. These considerations also hold true for another biomarker of exposure
to these compounds, the hemoglobin adduct N-(isoestragole-3-yl)-valine (IES-Val) [76].
Hemoglobin adducts are considered as biomarkers of medium-term exposure, because
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hemoglobin can accumulate adducts in its lifetime of ~120 d. IES-Val was shown to increase
steadily when fennel tea was consumed over 28 d. However, the complexity of metabolism
and the missing specificity for one compound also hinders the exposure estimation from
IES-Val.

In summary, the conjugate N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-cysteine (24 h
urine) and the adduct IES-Val (hemoglobin) can only be used as biomarkers for the inter-
nal exposure to the ultimate carcinogen 1′-sulfoxyestragole or to 3′-sulfoxyisoestragole,
the reactive sulfate ester metabolites of estragole and trans-anethole, respectively [52,76].
Similar studies have not yet been published for the other alkenylbenzenes, such as safrole or
methyleugenol. The biomarkers equivalent to those described for estragole/trans-anethole
may offer a higher specificity. However, the metabolism of safrole and methyleugenol may
be as complex as that of estragole, which renders an exposure assessment for individuals
at least difficult.

Together, the aforementioned data show that more research is needed regarding the
exposure of humans to alkenylbenzenes via the consumption of food, especially in the
context of real-life influences. In this context, the development of specific biomarkers and
reliable measurement strategies is also of high importance.

3.3. Issues Regarding the Toxicity of Alkenylbenzenes
3.3.1. The Genotoxic and Carcinogenic Potential of Alkenylbenzenes

Toxicity data regarding estragole, safrole, and methyleugenol show that the geno-
toxic and carcinogenic potential of these compounds is complex and may differ—at least
in part—from that of other structurally related alkenylbenzenes, such as trans-anethole
and eugenol. This may be based—amongst other things—on toxicokinetic differences
of alkenylbenzenes, albeit having only slight structural differences, such as estragole vs.
trans-anethole or methyleugenol vs. eugenol. In many cases, there are no adequate stud-
ies regarding carcinogenicity of different alkenylbenzenes, such as elemicin and apiol.
In addition, studies investigating the genotoxic potential are often missing or the study
design is not adequate to reliably address the genotoxic potential of that class of com-
pounds. Therefore, additional studies are needed, especially those designed according to
international guidelines and taking into account the alkenylbenzene specific bioactivation
via SULTs to allow a comparative analyses and assessment of the (geno-)toxic potential of
alkenylbenzenes in a conclusive manner.

3.3.2. Weaknesses of Standard Genotoxicity Tests and Implications for Hazard Assessment

In order to identify the possible genotoxic activity of a given substance, genotoxicity
studies are conducted and evaluated in several legal sectors. As a general rule, at least
one mutagenicity test with bacteria and one cytogenicity test with mammalian cells is re-
quired [161–165]. Depending on the legal area, in vivo genotoxicity studies are either generally
requested or may be subsequently required based on the findings of the in vitro tests.

There are many new or revised Organisation for Economic Co-operation and Devel-
opment (OECD) test guidelines [166] for several genotoxic endpoints available. These test
guidelines comprise the requirements for a reliable study design as well as an acceptable
presentation of the study results.

Nevertheless, the tests described by OECD should be regarded as standard tests,
which are generally suitable for identifying a possible genotoxic activity of a test substance,
but need to be adapted to the individual case. As a prerequisite, information on metabolism
as well as mechanistic understanding of the test compound is needed before the genotoxic-
ity test is carried out in a modified way.

The weaknesses of the in vitro and in vivo standard test systems can manifest them-
selves in either false-positive or false-negative results. False test results are to be avoided
in the regulatory process in order to prevent unnecessary animal studies, but also to enable
protection of human health. Some pitfalls of standard genotoxicity studies—with special
focus on the situation for alkenylbenzenes—will be discussed in the following section.
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False-Negative Results

Depending on the existence of particular functional chemical groups in the molecular
structure of the test substance, it might be possible that the test substance reacts with
components of the metabolic activation system (i.e., proteins of the S9 mix) or the solvent
(i.e., DMSO). As described by Nestmann et al. in 1985, DMSO can undergo chemical reac-
tions with alkyl halides [167]. Consequently, the lowered effective concentration of the test
substance reduces the sensitivity of the test system and can provoke false-negative results.

Another possibility for an artificial negative result in the Ames test can be extreme
experimental conditions, such as drastic changes in pH leading to cytotoxicity. This could,
ultimately, mask the quantitative formation and detection of revertant colonies.

Moreover, the solubility as well as the stability of the test substance plays an important
role in the sensitivity of the test system. Substances with a short half-life could decay
before passing through the bacterial cell wall. Thus, contact with the genetic material in
the bacterium would be prevented. This circumstance is particularly critical as the test
substance is per se reactive due to its low stability. Thus, nucleophilic reactions of the DNA
with the test substance are considered likely.

For some substances, it has also been shown that they can be detected better in the
Ames test with the pre-incubation method than with the standard plate incorporation
assay. Among these are substances with special structural characteristics, such as short
chain aliphatic nitrosamines, divalent metals, aldehydes, azo-dyes and diazo compounds,
pyrollizidine alkaloids, allyl compounds, and nitro compounds [168]. In order to avoid
false-negative results, the appropriate modification of the Ames test should be favored.

For other genotoxic endpoints, such as clastogenicity, false-negative results are also
described in the literature. Substances producing crosslinks with DNA should be handled
with care in Comet assays in which DNA strand breaks are detected. To DNA/DNA-
intra-strand and DNA/DNA-inter-strand-crosslinkers belong cisplatin and mytomycin
C, respectively [169]. Both compounds impair the sensitivity of the Comet assay due to
their potential to reduce DNA fragmentation. Consequently, the formation of comets is not
adequately captured.

Many substances are not inherently genotoxic but require critical enzymatic steps to
form reactive intermediates. The bioactivation process is often mediated by so-called phase
I enzymes. On the contrary, phase II enzymes serve the purpose of making substances
more inert, water-soluble and thus easier to excrete. Metabolic competence of a test system
depends on various factors (e.g., cell type, S9 mix, co-factors). For instance, different cell
types express different enzymes. To illustrate this, the metabolic competence of liver cells is
greater than that of human lung fibroblasts (V79 cells). However, the latter are often used
in common genotoxicity studies, and even the addition of S9 mix—as recommended by
OECD test guidelines—cannot compensate for many phase II enzymes or their co-factors.
The individual enzyme capacity and activity level within a given test system depends
on many further factors. For instance, S9 mix can be obtained from the liver, but also
from other organs, such as the lungs or kidney. Of note, the enzyme composition and
level are also species-dependent and can be affected by the use of chemical inductors.
Although S9 mix is often obtained from livers of arochlor-treated rats, the use of hamster
S9 mix or even human S9 mix is advantageous in specific cases. S9 mix largely represents
phase I enzymes (CYP). The addition of the appropriate co-factor (nicotinamide adenine
dinucleotide phosphate (NADPH)-generating system) thus primarily boosts oxidative
conversions. Other enzymes, such as the epoxide hydrolases, require no co-factors other
than water, and are thus also addressed by using S9 mix. The situation is different for
most phase II enzymes. These are either not expressed by the bacteria or mammalian cells,
are not components of the standard S9 mix, or are less active due to a lacking co-factor. Even
if a reactive metabolite is formed extracellularly by a metabolic activation system, such as
S9 mix, it is questionable whether this metabolite can permeate the cellular barrier and
reach the genetic material. All these aforementioned factors regarding biotransformation
can contribute to false-negative results.
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False-negative results also play an important role in animal experiments. The test for
micronuclei formation in bone marrow or peripheral blood is generally only considered
reliable and valid if the test substance (or its metabolites) is systemically available. To ensure
this, the corresponding OECD test guideline 474 [170] recommends using a reduction in the
polychromatic erythrocytes/normochromatic erythrocytes (PCE/NCE) ratio as a surrogate
for bioavailability. If the ratio is not decreased compared to the PCE/NCE ratio of the
control animals, systemic availability of the test substance is difficult to prove without
further information (e.g., clinical signs of animals, detection of the test substance in blood
plasma). However, study evaluators are often faced with the problem that many test
substances are not cytotoxic in the bone marrow. Consequently, they do not modify the
PCE/NCE ratio. In this respect, the test substance could be systemically available without
a change in the PCE/NCE ratio.

False-Positive Results

False positive results can often be explained by the presence of extreme conditions
in the culture medium. For example, strong fluctuations in pH or osmolality can lead to
cytotoxicity and eventually to artificial positive test results.

Another example for false-positive results might be the enzyme equipment of the test
system. The classical Salmonella strains applied in the Ames test express nitroreductases.
These enzymes allow for azo- and nitroreduction. However, these enzymes are not present
in mammals. Owing to this uncertainty, an extrapolation to the human situations might
be difficult. Theoretically, metabolic activation of nitro compounds can be mediated by
intestinal bacteria in humans. To clarify this, an absorption test should be carried out in
these cases. If the test substance (or its metabolites) is completely absorbed, the risk of
intestinal bioactivation is low, as direct contact with the intestinal bacteria is unlikely [169].

Possible Ways to Optimize Standard Genotoxicity Tests

One option to mimic possible bioactivation and detoxification steps—taking into
account phase I and also phase II enzymes—is the use of bacteria, mammalian cells,
and animals that have been genetically modified to artificially express certain enzymes.
In this way, bacteria and cells with murine enzymes could serve the purpose of studying
possible biotransformation processes in mice. Toxicological endpoints could be the bacterial
reverse mutation assay, but also the hypoxanthine-guanine phosphoribosyltransferase
(HPRT) assay or the mouse lymphoma assay. Apart from that, indicator assays such as
DNA adduct formation could also give indications about the genotoxic activity of a test
compound. Furthermore, genotoxicity studies applying bacteria, mammalian cells, or even
animals expressing the corresponding murine enzymes might be of particular importance
if, for example, tumor formation was observed in mice and the underlying mechanism
has to be clarified. Finally, experiments utilizing human enzymes could help to better
extrapolate findings from animal studies to the human situation.

In order to select a suitable genotoxicity model, information on the species-dependent
metabolism as well as a hypothesis for the underlying genotoxic mode of action is indis-
pensable. A number of in silico tools have been established for the identification of possible
structural alerts for genotoxicity. Many of them are well-trained and generate reliable
predictions about metabolism. These prediction programs can, therefore, help to identify
critical metabolites that might mediate genotoxic events.

Of note, in silico programs should be selected with care. If a chemical structure is too
dissimilar for what the in silico model is trained for, a reliable prediction for metabolism or
genotoxicity can be challenging. For this reason, a prerequisite for conducting valid and
robust predictions is the availability of appropriate representative training data within the
in silico model [171].
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Optimization of Standard Genotoxicity Tests Using the Example of the
Alkenylbenzene Methyleugenol

The dominant metabolic pathway relevant for genotoxicity is conversion of methyleugenol
to 1′-hydroxymethyleugenol via CYP enzymes [61]. After sulfo-conjugation of the allylic
hydroxyl group by SULTs, electrophilic esters are formed, which can be attacked by nu-
cleophilic structures in the cell (e.g., DNA or proteins). This critical bioactivation step has
been described not only for methyleugenol, but also for other alkenylbenzenes, such as
safrole and estragole [79,80,102,120,172–177]. If DNA adducts are not error-free repaired
by the cell’s repair system, they can manifest as mutations. This is particularly concerning
if proto-oncogenes or tumor suppressor genes are affected, as cancer development might
be triggered.

The genotoxic and mutagenic activity of methyleugenol has been tested in numerous
standard in vitro tests. In the bacterial reverse mutation test with conventional bacterial
strains, methyleugenol was not mutagenic [113,178,179]. This finding did not change with
the addition of an exogenous activation system (S9 mix). The main reason for this observa-
tion is that SULTs are not considered in conventional genotoxicity studies. Whereas the use
of an S9 mix can increase the metabolic competence for phase I enzymes (if appropriate
co-factors are added) many phase II enzymes—such as SULTs—remain unconsidered.

In contrast, mutagenic findings have been observed in bacteria being genetically
modified for the expression of murine and human SULTs [77]. Likewise, DNA adduct
formation was higher in bacteria, cells, and animals expressing murine or human SULTs
in comparison to the wild-type [77,180]. This illustrates that standard genotoxicity tests
should be optimized and adapted to the relevant question. However, when quantitatively
comparing DNA adduct levels and the mutagenic potential of alkenylbenzenes between
conventional, murine, and humanized test systems, attention should be paid to how much
SULT (and which form) is expressed in which bacterial strain and animal model [77,180].
Furthermore, the SULT status in mice may also vary between tissues [181].

Outlook for Future Studies and Testing

While, for the alkenylbenzene methyleugenol, the bioactivation via SULTs could be
described very well, corresponding experiments with SULT proficient test systems for other
relevant alkenylbenzenes, such as estragole, safrole, or elemicin, are still widely lacking.
Such experiments should be made up in order to better understand the influence of SULTs,
thereby enabling a more realistic extrapolation to the human situation.

3.3.3. Toxicity of Mixtures Is Still a Controversially Debated Issue

The Scientific Panel on food additives, flavorings, processing aids, and materials
in contact with food (AFC) of EFSA commented regarding the genotoxic potential of
estragole and tarragon that the modification of inherent toxicity of a naturally occurring
substance by the matrix in which it is present (e.g., the herb) can be considered plausible [13].
However, the panel further stated that, besides a reduction in toxicity, effects related to
additional compounds present in the corresponding matrix could also lead to unchanged
as well as to increased toxicity, depending on the mode of action. Moreover, it was
mentioned that research on individual substance/matrix interactions cannot be used to
draw general conclusions about herbs and spices under all conditions of use, ingestion,
and metabolism [13].

Discrepancies between experimental settings and real-life human consumption scenar-
ios raise another important issue in this context. In animal studies, alkenylbenzenes, such
as methyleugenol, were administered to test subjects as pure substances. However, this
does not reflect the eating habits of the consumer, who mainly consumes methyleugenol
via herbs and spices [182,183].

The group of Rietjens could demonstrate that flavonoids such as nevadensin—which,
in addition to methyleugenol, is also present in certain matrices, such as herbs and spices—
exhibit SULT-inhibiting effects. In animal studies, it was shown that methyleugenol-derived
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DNA adduct levels were lowered by simultaneous administration of methyleugenol and
nevadensin in the liver of rats [137]. These experimental findings may indicate that such
matrix-derived effects should be considered in the evaluation of genotoxicity studies to
reliably assess the risk of adduct formation in humans. For methyleugenol, however,
adducts could also be detected in human lung and liver samples [84,85,184] raising the
question whether possible matrix effects would be sufficient to protect humans against
methyleugenol derived mutagenicity. This should be taken seriously, especially since a copy
number variation in humans exists for SULT1A1—the SULT form with the highest activity
towards 1′-hydroxymethyleugenol [77]. An association of methyleugenol-mediated DNA
adducts in human livers with this copy number variation and their expression levels has
already been shown [85].

Together, these data and arguments show that the toxicity of mixtures is still a contro-
versially debated issue. Therefore, further studies are needed to shed more light on this
controversially debated issue.

3.3.4. Transferability of Findings in Animal Studies to Human

Experimental animal models (e.g., mice or rats) are typically used to study toxico-
logical effects of substances occurring in food, such as alkenylbenzenes, to assess their
potential impact on human health through the oral intake of food [96,147,185]. This is
in line with current recommendations of international scientific bodies, such as EFSA or
OECD, published in corresponding testing guidelines [186,187]. However, the utilization of
experimental animals and the transfer or extrapolation of the obtained results to a human
setting poses different problems, leading to uncertainties regarding data interpretation
and assignability.

Results of rodent studies regarding safrole showed that genotoxic effects were me-
diated via its active metabolites, such as the proximate carcinogen 1′-hydroxysafrole or,
rather, 1′-sulfoxysafrole [80,98,102]. However, findings of a comparative study performed
in rats and humans showed that the safrole metabolite 1′-hydroxysafrole was only found
in rat but not in human urine [50]. These findings suggest species-specific differences
regarding the metabolisms of rodents vs. humans, and—as discussed by Bode and Dong
in 2015—this discrepancy raises the question of whether the genotoxic effects observed in
experimental animals are also expectable in humans [101]. In line with this interpretation,
absence of carcinogenic alkenylbenzene metabolites in human urine was used by Smith
et al. as argument against a potential cancer risk to humans through the consumption
of food containing methyleugenol and estragole [107]. However, such results might be
influenced by the study design, e.g., by the dose administered. Indeed, the formation of
1′-hydroxy metabolites is also possible at relevant dose levels in humans, as the 1′-hydroxy
metabolite of estragole has already been detected in the urine of human volunteers after
drinking fennel tea [58]. Moreover, N-acetyl-S-[3′-(4-methoxyphenyl)allyl]-L-cysteine—
the mercapturic acid formed from 1′-sulfoxy estragole—was also found in the urine of hu-
man volunteers after drinking fennel tea [52], and DNA adducts of 1′-sulfoxymethyleugenol
were detected in human liver samples [84,85]. This indicates that the intake of relatively
low doses of alkenylbenzenes via food in humans may lead to the generation of instable
cations. In addition, it should be noted in this context that a lack of certain metabolites
in urine gives no information regarding the presence of metabolites, especially of phase I
intermediates, in liver or other metabolizing tissues. In addition, metabolites with certain
structural characteristics, such as some sulfates or even carbo cations, may have only a
short half-life due to their reactivity and are therefore difficult to detect analytically.

Differences between rodent and human metabolism influencing potential genotoxic ef-
fects of alkenylbenzenes were also indicated by others. Sulfoconjugation-mediating SULTs
are known to play an important role in the generation of ultimate carcinogenic metabo-
lites of different compounds, including alkenylbenzenes (e.g., metabolites of safrole and
methyleugenol) or heat-induced food contaminants, such as furfuryl alcohol [77,89,188].
Under the conditions of the test system used, human SULT1A1 and murine Sult1a1 acti-
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vated the test compounds at lower concentrations than other members of the SULT family
did [77,188]. In this context, the efficacy of human SULT1A1, regarding the activation
of methyleugenol, was demonstrated in DNA adduct studies to be higher than that of
its murine orthologue in vitro and in vivo [77,180]. Of note, quantitative comparisons
should be handled with caution, as the level of adduct formation depends on the level
of SULT enzymes. SULT expression varies in a tissue-specific manner and depends on
the selected species (e.g., transgenic humanized versus wild-type mice). Nevertheless,
these data indicate that SULTs may influence the genotoxic effects of alkenylbenzenes and
other genotoxic compounds in a species-dependent manner. Further substantiating this,
Al-Malahmeh and colleagues also described, in 2017, species-specific differences between
rat and human regarding the metabolism of the alkenylbenzene myristicin and generation
of its genotoxic 1′-sulfoxy metabolite. However, physiologically based kinetic modelling
indicated that these differences were within a default factor of four [89].

Therefore, it has not yet been fully clarified to what extent carcinogenicity data from
animal studies regarding alkenylbenzenes is transferable to humans.

4. Conclusions

In this review, we summarized several aspects regarding the occurrence, toxicokinetics,
and toxicity of alkenylbenzenes.

The currently available information summarized in this article clearly show that a
number of different alkenylbenzenes, such as safrole, methyleugenol, and estragole, have
genotoxic and carcinogenic properties. Although the toxicological relevance for these
well-investigated derivatives is still under discussion when these substances are taken
up in low amounts via herbs and spices, it seems very clear, from a toxicological point
of view, that high intake levels—as may result from specific plant food supplements,
for example—should be avoided.

However, there are still several uncertainties impeding a reliable evaluation of the health
risks that may result from the intake of different alkenylbenzenes via food. These uncertainties
are based on the following data gaps, which need to be closed by appropriate research:

• valid occurrence data reflecting the occurrence of all toxicologically relevant alkenyl-
benzenes in different food products

• comprehensive consumption data for such alkenylbenzene-containing products, which
should be collected via appropriate consumption surveys

• determination of toxicological properties of yet insufficiently investigated derivatives, such
as elemicin and apiol, via adequate studies designed according to international guidelines
and taking into account the alkenylbenzene-specific bioactivation (e.g., via SULTs)

The aforementioned uncertainties and associated discussions underline that it is
currently not possible to perform a conclusive evaluation of possible adverse effects to
human health related to the consumption of alkenylbenzene-containing foods.
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Abstract: (1) Background: Metabolism data of asarone isomers, in particular phase II, in vitro
and in humans is limited so far. For the first time, phase II metabolites of asarone isomers were
characterized and human kinetic as well as excretion data after oral intake of asarone-containing
tea infusion was determined. (2) Methods: A high pressure liquid chromatography coupled with
quadrupole time-of-flight mass spectrometry (HPLC-qTOF-MS) approach was used to identify
phase II metabolites using liver microsomes of different species and in human urine samples. For
quantitation of the respective glucuronides, a beta-glucuronidase treatment was performed prior to
analysis via high pressure liquid chromatography coupled with tandem mass spectrometry (HPLC-
MS/MS). (3) Results: Ingested beta-asarone and erythro and threo-asarone diols were excreted as
diols and respective diol glucuronide conjugates within 24 h. An excretion rate about 42% was
estimated. O-Demethylation of beta-asarone was also indicated as a human metabolic pathway
because a corresponding glucuronic acid conjugate was suggested. (4) Conclusions: Already reported
O-demethylation and epoxide-derived diols formation in phase I metabolism of beta-asarone in vitro
was verified in humans and glucuronidation was characterized as main conjugation reaction. The
excretion rate of 42% as erythro and threo-asarone diols and respective asarone diol glucuronides
suggests that epoxide formation is a key step in beta-asarone metabolism, but further, as yet unknown
metabolites should also be taken into consideration.

Keywords: asarone isomers; human study; metabolites; asarone glucuronides

1. Introduction

Alpha-asarone (aA) and beta-asarone (bA) are phenylpropanoids, whose chemical
structures only differ in the conformation of the double bound of the respective C3 side
chain. These compounds mainly occur in essential oils of Acorus species, which are widely
disseminated in Europe, North America and East Asia [1,2]. The predominant class is
Acorus (A.) calamus L. Nevertheless, asarone contents strongly vary depending on several
factors such as country of origin, polyploidy and plant materials e.g., roots or leaves [3].
In Indian tetraploid varieties, bA is present at high amounts of up to 95%, whereas aA
amounts are on average about 15% [4].

Besides flavoring properties and bioactivity, essential oils as well as dried rhizomes or
leaves of calamus are mainly used in herbal teas, frozen desserts, yoghurts, alcoholic and
non-alcoholic beverages or food supplements [5]. Traditional phytomedicine and cosmetics
also represent significant human exposure routes [2,4,5]. Moreover, asarone isomers and
calamus-derived preparations are considered to show positive effects on human health
such as antioxidant, anti-inflammatory, antidepressant, anti-microbial, neuro-, chemo- and
radioprotective properties that facilitate their use as phytopharmaceutical summarized
in Das et al. [6] and Chellian et al. [7]. Besides all positive effects, these substances are
also of toxicological concern. Among acute and chronic toxicity, hepatotoxic properties
in rodents as well as cytotoxic, genotoxic and mutagenic effects in vitro are reported for
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parent compounds and several oxidative phase I metabolites [7–11]. Furthermore, DNA
repair mechanisms are also activated in response to asarone-mediated genotoxic effects
in cells [10].

Phase I metabolism of aA and bA is elucidated in liver microsomes of different
species. The main metabolite of aA is reported as 3′-oxoasarone, which arises out of
(E)-3′-hydroxyasarone (3′OH) via further oxidation steps, whereas bA is mainly metabo-
lized via an epoxide intermediate to erythro- and threo-1′,2′-dihydroxyasarone (erythro- and
threo-asarone diols) and 2,4,5 trimethoxy-phenylacetone (asarone ketone) [12–14]. Even
though in vitro phase I metabolism has been deeply characterised in the literature, little
is known so far about potential phase II conjugation of these compounds. Nonetheless,
the intake of A. calamus oil preparations in a human intervention trial proposes a renal
hydroxylated bA metabolite after glucuronidase treatment, emphasizing glucuronic acid
conjugation as possible phase II pathway [15]. This metabolite is also observed in urine of
rats after an intraperitoneal application of aA [16].

Currently, there is no human data available regarding toxicokinetic parameters. In studies
with rodents, for aA, bioavailability of 34% up to 78% is reported, which is further enhanced
by inhalation [7]. Plasma half-life times of 29 min for aA and 13 min for bA are found after in-
travenous treatment of rats [17]. Depending on application form, longer half-life periods for
oral and inhalative aA application, with values of 65 min up to 95 min, are reported [17,18].
In blood serum of rats, the half-life value of approximately 54 min indicate that bA is
rapidly excreted [19]. Furthermore, marginal oral bioavailability has been considered,
due the hydrophilic character of the asarone isomers, summarized in Chellian et al. [7].
Nevertheless, both isomers are shown to cross the blood brain barrier [18,20].

So far, in the European Union a maximum level of 1 mg/kg for bA is defined for
alcoholic beverages, and for food a recommended maximum of 0.1 mg/kg is given [5,21].
For calamus preparations, it is recommended to use diploid varieties, which contain
almost no or little bA amounts. For herbal medicine products, an intake of 2 μg/kg body
weight/day is temporarily acceptable [5,22]. aA is not further regulated by law in the
European Union, while bA is classified as a genotoxic carcinogen, thus the margin of
exposure approach is used for risk assessment and a value below 10,000 is considered a
high priority [23]. Toxicokinetic and toxicodynamic data of the genotoxin bA have to be
urgently improved for adequate risk evaluation.

In consideration of the limited metabolism data of asarone isomers, in this study mi-
crosomal phase II metabolites were characterized using the respective phase I metabolites.
Moreover, a human study was performed to identify main renal phase II metabolites. Ten
participants consumed a commercially available calamus-containing infusion and gave
urine samples over a period of 48 h. Furthermore, the study provided new insights into
the excretion kinetic over the observation period and the overall rate of excretion, which
was calculated considering the ingested asarone amounts. A high-pressure liquid chro-
matography coupled with quadrupole time-of-flight mass spectrometry (HPLC-qTOF-MS)
approach was used to identify new metabolites in microsome samples and in human urine.
Kinetic and excretion data were generated using validated high-pressure liquid chromatog-
raphy with tandem mass spectrometric (HPLC-MS/MS) detection for quantitation.

2. Materials and Methods

2.1. Chemicals and Reagents

All solvents used for sample dilution or chromatography were of LC-MS-grade and
purchased from Carl Roth (Karlsruhe, Germany), Fisher Scientific (Schwerte, Germany)
or Sigma-Aldrich (Steinheim, Germany), if not stated otherwise. Water was purified us-
ing a Purelab Flex 2 system (Veolia Water Technologies, Celle, Germany). Formic acid
(FA), and magnesium chloride (MgCl2) were ordered from Merck (Darmstadt, Germany),
tris(hydroxymethyl)aminomethane (TRIS) from VWR (Darmstadt, Germany) and ammo-
nium hydrogen carbonate from Carl Roth (Karlsruhe, Germany). Uridine-5′-diphosphate
glucuronic acid (UDPGA), glucose-6-phosphate-dehydrogenase (G6P-DH) and NADP+
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were purchased from Sigma-Aldrich and E. coli beta-glucuronidase from Romer Labs
GmbH (Butzbach, Germany). G6P was from AppliChem (Darmstadt, Germany).

Microsomes from the species pig and horse were isolated according to the protocol
of LAKE 1987 and stored at −80 ◦C in storage buffer [24]. Human microsomes (Corning®

UltraPool™, Corning, NY, USA) were purchased from Corning Inc. (Durham, NC, USA).
bA, 3′OH and (Z)-asarone-1′,2′-epoxide (bAE) were kindly provided by our project

partner from the University of Kaiserslautern (Germany). Threo- and erythro-asarone diols
were isolated from a decomposed epoxide solution. Further information can be found in the
literature [10]. Additionally, 7′-hydroxycoumarin and 4-methylumbelliferyl-β-D-glucuronide
were purchased from Sigma-Aldrich (Steinheim, Germany). All analyte solutions were
prepared in acetonitrile and stored at −20 ◦C.

2.2. In Vitro Experiments

Phase II metabolites were generated by incubation of liver microsomes (rat, pig, hu-
man) with the respective phase I metabolites 3′OH and bAE. Subsequently characterization
was carried out by a HPLC-qTOF-MS approach. Experimental conditions were set for
glucuronic and sulfuric acid conjugation and experimental settings are described below.
As sulfuric acid conjugation was not successful, further sample preparation focuses on glu-
curonidation. Details for sulfuric acid conjugation are described in Supporting Information
Table S1.

Sample Preparation

The method to simulate glucuronic acid conjugation by microsomes using phase I
metabolites was conducted in accordance with WU et al., 2007 [25]. In each reaction mixture
protein concentration was normalized to 1 mg/mL, independent of the microsome species.
The reaction mixture consisted of 0.3 mM UDPGA, 0.4 mM MgCl2 and 0.1 mM 3′OH or
bAE, respectively. The volume of each reaction mixture was filled with 83.4 mM Tris buffer
to 200 μL. Microsomes were directly added before the reaction was started. Each tube was
gently vortexed and incubated at 37 ◦C for 4 h while gently shaking. To stop the reaction,
400 μL acetonitrile were added to each tube and the samples were centrifugated at 4 ◦C for
5 min and 14,000× g. 150 μL of supernatant were diluted with 850 μL of water achieving a
final concentration of acetonitrile of 12%, noting the starting conditions of the following
HPLC-qTOF-MS method. A blank sample without analyte was used to distinguish analyte
signals from matrix signals. Moreover, a second blank sample without liver microsomes
was implemented to distinguish enzymatic from chemical reactions. Efficiency of the used
microsomal systems was verified with the control 7′-hydroxycoumarin (100 μM).

2.3. Human Study
2.3.1. Study Conditions and Subjects

Ten healthy enrolled participants (five females and five males, age 25.8 ± 4.0, BMI
23.8 ± 1.9) were informed about the aim and scope of the study and gave their written
consent to the study conditions prior to their commencement. Samples and food diaries
were equipped with a six-digit number and assigned to each participant randomly. The
study was approved by the research ethical committee of the University Hospital Münster,
Germany (File reference: 2020-002-f-S).

2.3.2. Study Design

Study participants were not allowed to consume A. calamus-derived preparations or
herbal products three days before intake of the tea infusion (wash-out phase), and wrote a
food diary during the complete study progress (Figure 1).
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Figure 1. Study design including wash-out phase, diary keeping and urine collection after intake of 300 mL calamus tea
infusion. Urine samples were collected for 48 h and total urine volume was determined. The participants collected a spot
urine sample every time they urinated.

On day one, participants passed a morning urine sample as blank before calamus tea
consumption. Tea preparation is described in (Section 2.3.3 “Calamus Tea selection”). All
participants consumed at the same time 300 mL of the prepared tea infusion to ensure a
consistent intake of asarone isomers. The tea infusion was consumed within half an hour
and urine was collected for 48 h. The total urine volume over 48 h was determined by each
participant by summarizing the volumes of each spot urine sample. Thereafter, an aliquot
of 2 mL of each urine sample was collected for every time point (Figure 1). Urine samples
were stored at 20 ◦C prior to sample preparation.

The total urine volume and the concentrations of erythro- and threo-asarone diols after
beta-glucuronidase treatment was used to determine the excretion rate. Excretion values
over 48 h were totalized and were compared with the amounts of erythro- and threo-asarone
diols and bA in 300 mL of the consumed tea infusion. The average of all values for each
participant was used as overall excretion rate (%).

The kinetic curve was determined using point in time of urination (aliquot of each
urine delivery of each participant), given urine volume and concentrations of erythro- and
threo-asarone diols in the urine samples over the period of 48 h. Time points were classified
in two-hour blocks, except for the night hours (14–20 h) and the last 24 h, because in this
period only a small number of samples was above the limit of quantitation (LOQ). The
results were represented in a box-plot-whisker diagram. The average 50% of the data is
located within the box, whose dimensions are defined by the lower and upper quartiles.
The lowest and highest data points are shown by the whiskers if the values fall within the
1.5 interquartile range otherwise they are outliers and demonstrated as dots below and
above the whiskers.

2.3.3. Calamus Tea Selection

Calamus tea consisted of organically grown calamus roots, which have been dried
and chopped prior to disposal. The used calamus infusion classified as food was analyzed
within a previous product screening study [26]. Tea was prepared by weighing 48.5 g of
dried calamus roots, infusing it with 3300 mL of boiling water and steeping for 15 min.
For analysis of the asarone amount, an aliquot was filtrated using a 0.45 μM regenerated
cellulose (RC) membrane (Phenomenex, Aschaffenburg, Germany), diluted with acetoni-
trile/0.1% formic acid in water (12/88, v/v) and analyzed by HPLC-MS/MS as reported
previously [26]. 300 mL of the infusion contained 0.76 mg bA, 0.65 mg erythro-asarone diols
and 1.38 mg threo-asarone diols. The amounts are in the mean of commercially available
calamus infusions [26]. The fresh calamus tea was prepared by a separation of the rhizome
from the A. calamus plant, which was bought in a local garden center (Vechta, Germany)
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The outer root layer was cleaned, and 3 g of calamus roots were crushed. Thereafter the
roots were infused with 200 mL boiling water (100 ◦C). Steeping time, filtration, dilution
and analysis were carried out as described above.

2.3.4. Urine Sample Preparation

To 100 μL of each urine sample of each collection point, 100 μL of ammonium hydrogen
carbonate (NH4HCO3) buffer (pH 6.6) were added which contained 6000 U/mL of beta-
glucuronidase. The samples were incubated for 16 h at 37 ◦C by gently shaking. A volume
of 200 μL acetonitrile were added to stop the enzyme reaction and after homogenization
samples were centrifugated at 14,000× g for 5 min at 5 ◦C. Afterwards, the supernatant
was diluted 1:10 with acetonitrile/0.1% formic acid in water (12/88, v/v) prior to HPLC-
MS/MS or qTOF-MS analysis. Workability of beta-glucuronidase was verified by the
4-methylumbelliferyl-β-D-glucuronide converted to the highly fluorescent 4-methylum-
belliferon and glucuronic acid. Fluorescence was measured at 365/440 nm.

2.4. Method Validation

The developed HPLC-MS/MS method for quantitation of erythro- and threo-asarone
diols was evaluated with regard to the following parameters: linearity, limit of detection
(LOD), LOQ, recovery as well as intraday and interday repeatability [27].

For quantitation of erythro- and threo-asarone diols in the urine samples, a matrix-
matched calibration in blank urine of different volunteers was prepared. To that end,
urine was processed as described in Section 2.3.4. and fortified with the analytes at
concentrations of 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 ng/mL, respectively. Linearity across
the whole working range was verified by the Mandel’s fitting test and a coefficient of
determination (R2) ≥ 0.995.

LOD and LOQ were determined using a matrix-matched approach in blank urine of
different volunteers. Analytes were spiked in the following concentrations 0.05, 0.1, 0.25,
0.5, 1.0, 2.5, 5.0 and 10 ng/mL. Procedure was performed in triplicate. LOD and LOQ were
determined using a Signal to Noise (S/N) approach receiving a S/N ratio of three for LOD
and ten for LOQ.

For determination of recovery rates, blank urine was spiked with distinct analyte con-
centrations (0.25, 0.5, 1, 2.5, 5, 10, 25, 50 ng/mL) prior to sample preparation (Section 2.3.4).
For calculation, the matrix-matched calibration was measured along with the matrix cali-
bration and the slope of both calibration curves was compared. Each calibration point was
prepared in triplicate.

The precision of the method is described by interday and intraday repeatability.
Intraday repeatability was evaluated by preparing and analyzing one randomly chosen
urine sample of one test person ten times. For interday repeatability one sample was
prepared three times and repeatedly injected throughout the measurement of all urine
samples of the study.

2.5. HPLC-MS/MS and HPLC-qTOF-MS Settings

Chromatographic separation for MS/MS analysis was achieved using a 1260 Infinity
LC system (Agilent Technologies, Waldbronn, Germany). MS/MS analysis was performed
using a QTrap® 5500 mass spectrometer equipped with a Turbo V ion source and operated
with Analyst software 1.6.2 (Sciex, Darmstadt, Germany). The obtained values for the MS
parameters declustering potential (DP), collision energy (CE) and collision cell exit potential
(CXP) were individually determined by infusing standard solutions into the MS system. MS
parameters are as follows: Q1 (m/z), 225; Q3 (m/z) QN (quantifier transition)/QL (qualifier
transition), 193/167; declustering potential (DP), 104; collision energy (CE) QN/QL, 18/23;
CXP (V), 11. Retention time (RT): 5.39 min for erythro-asarone diols and 5.69 min for
threo-asarone diols. Further HPLC-MS/MS setup details are presented in Supporting
Information Table S2.
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Chromatographic separation for qTOF-MS analysis was achieved using a Bruker
Elute system (Bruker, Bremen, Germany). Mass spectrometric analysis was carried out
on a Bruker impact II qTOF system equipped with an ESI Apollo II ion source oper-
ated in positive and negative ionization mode, depending on the analyte of interest
(Bruker, Bremen, Germany). For identification of phase II metabolites, a full scan mode
within a mass range of m/z 50 to 1300 as well as Auto MS/MS scan modes, were used.
Further HPLC-qTOF-MS setup details for the analysis of liver microsome samples, as well
as urine samples are given in the Supporting Information Tables S3 and S4.

3. Results

3.1. Microsome Experiments

Incubation of the selected phase I metabolites 3′OH and bAE with pig liver microsomes
resulted in formation of different glucuronic acid conjugates. For bAE, it is re-ported that
this compound is not stable and hydrolyzes in aqueous solution, with a half-life between
2.4 min and 4 min to erythro- and threo-asarone diols and asarone ketone [13,28].

Consequently, incubation of bAE with microsomes resulted in diol-derived glucuronic
acid conjugates. The extracted ion chromatograms (XICs) with m/z 399.1297 for 3′OH
glucuronide (Figure 2a) and m/z 417.1402 for erythro- and threo-asarone diols-derived
glucuronic acid conjugates (Figure 2b) allowed the detection of two peaks with mass differ-
ences (Δm) of 0.5 ppm and 0.8 ppm to the calculated masses of [M–H]−. Figure 2c shows
the qTOF-MS spectrum of the 3′OH-glucuronide. The fragment with m/z 223.0984 can be
assigned to the loss of the glucuronic acid moiety and corresponds to the [M–H]− of 3′OH
(Figure 2c). Due to its low concentration, the spectrum of the erythro- and threo-asarone
diol-glucuronides did not provide significant fragmentation data. Liver microsomes of
human and horse were also used to investigate the phase II metabolism of both phase I
metabolites (3′OH, bAE). The respective glucuronic acid conjugates were formed by all
species but with slightly different turnover rates (data not shown). Detailed information
about species-specific phase II-Metabolism has to be considered in subsequent analyses
and are not in the scope of the presented investigations. Sulfuric acid conjugation was not
observed at all, indicating that glucuronidation can be considered as the main metabolic
phase II pathway in microsomes from all species.

3.2. Method Validation

Method validation of the used HPLC-MS/MS method was performed prior to analysis
of the urine samples from the human study. As erythro- and threo-asarone diols were found
to be the dominant metabolites in urine after beta-glucuronidase treatment, quantitation
of these compounds with a matrix-matched calibration in blank urine was performed.
Erythro- and threo-asarone diols are diastereomers, which represent a pair of enantiomers,
respectively (Figure 3a).

Accordingly, with the used HPLC-MS/MS method, for the diastereomers erythro-
and threo-asarone diols could be chromatographically separated, while the enantiomers
coeluted. Figure 3b shows the analysis of one selected urine sample spiked with erythro
and threo-asarone diols at a concentration of 5 ng/mL

From matrix-matched calibration, the validation parameters LOD and LOQ as well as
linearity were determined. Linearity across the applied concentration range was confirmed
by means of the Mandel’s fitting test as well as a R2 ≥ 0.995 for the analytes. The analytical
precision via interday and intraday repeatability reached values of between 3% and 12%
and recovery rates of 83% or 103% were determined. All values fall into an acceptable
range considering the respective US Food and Drug Administration regulations [27]. The
validation parameters are illustrated in Table 1.
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Figure 2. HPLC-qTOF-MS chromatograms after incubation of (a) 3′OH and (b) bAE in pig liver microsomes. Presented
are the extracted-ion chromatogram (XICs) with the calculated mass of (a) m/z 399.1305 ± 0.01 for the 3′OH glucuronide
and (b) m/z 417.1397 ± 0.01 for erythro- and threo-asarone diols-derived glucuronic acid conjugates. (c) HPLC-qTOF-MS
spectrum of 3′OH glucuronide (m/z 399.1305 ± 0.01) with the respective structural formula and the suggested cleavage of
the glucuronic acid majority to m/z 223.0984.

Figure 3. (a) Structural illustration of erythro- and threo-asarone diols and their stereochemistry. (b) HPLC-MS/MS
chromatogram of a 1:10 diluted urine sample spiked with 5 ng/mL of erythro- and threo-asarone diols. Presented are the
quantifier (m/z 225→193) and qualifier (m/z 225→167) SRM transition.
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Table 1. Method performance characteristics of the LC-MS/MS method used for quantitation of erythro- and threo-asarone
diols in urine samples.

Substance
Linear Range

[ng/mL]
LOQ [ng/mL] LOQ [ng/mL]

Interday
Repeatability

[%]

Intraday
Repeatability

[%]
Recovery [%]

erythro-asarone diols 0.25–50 0.09 0.30 12.3 3.4 103
threo-asarone diols 0.25–50 0.06 0.25 8.5 8.3 83

3.3. Human Study
3.3.1. Analysis of the Consumed Tea Infusion

The amounts of bA (0.76 mg) as well as erythro- (0.65 mg) and threo-diols (1.38 mg) in
300 mL of the consumed tea were used in total (2.79 mg) for calculation of the excretion rates.

3.3.2. HPLC-MS/MS and qTOF-MS Analysis of Urine Samples

Figure 4 shows HPLC-MS/MS chromatograms of an exemplary urine sample from
one randomly selected participant before (a) and after beta-glucuronidase treatment (b),
recorded in MRM-mode. The subsequently mentioned metabolism was observed in the
urine of all participants with marginal differences in individual metabolite concentrations
and excretion rates. The two peaks (5.39 and 5.69 min) represent the erythro- and threo-
asarone diols, respectively, whereas the peak with a retention time of 5.80 min showing
the same MRM transition could not be identified with the available standards (Figure 4a).
No signal corresponding to 3′OH or asarone ketone was detected in all analyzed urine
samples. Furthermore, no hints for a 3′OH glucuronide were found. However, after beta-
glucuronidase treatment, the signal at 5.80 min disappeared, while the erythro-asarone
diols peak (5.39 min) slightly and the threo-asarone diols peak (5.69 min) strongly in-
creased (Figure 4b). These results suggest that the peak eluting at 5.80 min represents
glucuronidated metabolites of the consumed asarone derivatives.

Figure 4. HPLC-MS/MS chromatogram of a randomly selected urine sample, which was given after consumption of a
calamus tea infusion, (a) before; (b) after treatment with beta-glucuronidase.

To verify these findings and further to identify further new phase II metabolites, an
untargeted HPLC-qTOF-MS approach was applied to human urine samples before beta-
glucuronidase treatment. For the main peak, a mass of m/z 417.1404 ([C18H26O11–H]−,

Δm: 0.2 ppm) supports the suggestion that erythro- and threo-asarone diol-glucuronides are
potential phase II metabolites in humans (Figure 5a). Moreover, an unknown metabolite
with an exact mass of m/z 403.1256 was detected in human urine. Based on a calculated
m/z of 403.1256 for [C17H24O11–H]−, a mass difference of 1 ppm to the calculated mass
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suggested that also demethylated erythro- and threo-asarone diols-derived glucuronides
were formed (Figure 5b). The recorded qTOF-MS spectrum supports our suggestions.
The detected fragment ions of m/z 227.0923 are reported to arise due to the loss of the
glucuronic acid moiety, and m/z 212.0685 with a further loss of a methyl group (Figure 5c).

Figure 5. Exemplary HPLC-qTOF-MS chromatograms of a randomly selected urine sample before enzyme treatment.
Presented are the extracted-ion chromatogram (XICs) with the calculated mass for (a) erythro- and threo-asarone diol
glucuronides (diol-glucuronides, m/z 417.1404 ± 0.02) and (b) demethylated erythro- and threo-asarone diol glucuronides
(demethylated diol-glucuronides, m/z 403.1247 ± 0.01). (c) HPLC-qTOF-MS spectrum of the O-demethylated erythro-
and threo-asarone diol glucuronides (m/z 403.1247 ± 0.01) with the respective structural formula. The fragment m/z
227.0923 ± 0.02 corresponds to the O-demethylated metabolites after glucuronic acid cleavage. The loss of a further methyl
group is shown by the exact mass of m/z 212.0685 ± 0.01.

As mentioned before, the calamus infusion used for the human study contains bA
as well as erythro- and threo-asarone diols, thus the potential metabolization of bA to the
identified phase II metabolites is not possible. Therefore, in a second proof of concept
experiment, an infusion of fresh calamus roots was consumed by three participants and
urine samples were collected as described above. It is reported that this tea infusion
contains only bA (20 mg/kg) [26]. The analysis of these three urine samples showed that all
characterized phase II metabolites are also excreted after single bA intake. Corresponding
chromatograms are shown in Supporting Information Figure S1.

3.3.3. Kinetic Studies and Excretion Rate Determination

Kinetic data and excretion rates were determined based on the analysis of the erythro-
and threo-asarone diol peaks formed after beta-glucuronidase treatment, because the respec-
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tive glucuronides were characterized as main human metabolites. The O-demethylated
erythro- and threo-asarone diols-derived glucuronides were not included, because no corre-
sponding reference compounds were available. Based on the above-mentioned finding,
that an oral intake of bA also results in a renal excretion of erythro- and threo-asarone diols
glucuronides, the overall amount of bA and erythro- and threo-asarone-diols was used to
calculate total excretion rates. In sum, a total excretion of 42 ± 6% of all participants was
determined. Kinetic data over a period of 48 h is shown in Figure 6. The respective phase II
metabolites were rapidly excreted, with a maximum excretion between one and six hours.
After 24 h only marginal amounts of erythro- and threo-asarone diols were further detected,
thus the period between 24 h and 48 h was summarized in one bar.

Figure 6. Erythro- and threo-asarone diols (diols) excretion kinetic [μg] of ten participants over a period of 48 h. Excretion
is classified in two-hour blocks, except for the night hours (14–20 h) and the last 24 h, because the concentrations of the
metabolites were mostly under the Limit of Quantification (LOQ).

4. Discussion

The scope of this work was the characterization of so far unknown asarone isomers-
derived phase II metabolites in vitro and in humans, as well as a quantitative assessment
of their excretion profile and kinetic in humans. In microsome experiments using the
selected phase I metabolites bAE and 3′OH, new glucuronic acid conjugates, erythro- and
threo-asarone diol glucuronides and 3′OH glucuronide, were identified based on their exact
mass and mass spectrometric fragmentation pattern. After the intake of a bA- and erythro-
and threo-asarone diols-containing tea infusion, signals for erythro- and threo-asarone diol
glucuronides were detected, while no signals for further reported phase I metabolites
e.g., 3′OH or asarone ketone were observed. However, in the presented human study,
signals indicating O-demethylation reactions and respective glucuronic acid conjugation
were found and suggest a further metabolic pathway.

In literature, a human renal glucuronic acid conjugate of hydroxylated aA is postulated
after consumption of A. calamus oil without any further characterization [15]. The results
of the conducted human study exclude the formation of a 3′OH-derived glucuronide.
Side chain hydroxylation is hypothesized as main phase I metabolic pathway of aA [14].
Furthermore, the results suggest that side chain hydroxylation at position 3′ of bA does
not occur in humans, even though it is a published pathway using liver microsomes of
different species [13].

It is known that bAE rapidly decomposes to erythro- and threo-asarone diols and
asarone ketone in aqueous solutions [13,28,29], hence glucuronic acid conjugation of ery-
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thro- and threo-asarone diols in liver microsomes after an incubation with bAE was detected.
The consumed commercially available tea infusion contained besides bA also the ery-
thro- and threo-asarone diols, thus raising the question as to whether the corresponding
glucuronides are solely formed from the erythro- and threo-asarone diols present in the
beverage. To answer this question, a second proof of the concept study with a calamus
infusion of fresh non-dried roots, containing only the parent compound bA, was performed.
However, the erythro- and threo-asarone diol-derived glucuronides were also found in a
comparable pattern in human urine after consumption of this infusion. For the first time,
these results explicitly emphasize that the epoxide-diol-pathway, which is identified as
the main toxification pathway using liver microsomes [13], is also of special relevance in
humans. In addition, these results are of high toxicological concern because the bAE is
postulated as ultimate carcinogen [13]. Moreover, in mammalian cell systems bA-derived
DNA adducts are identified and genotoxic effects of bAE are reported [9,28]. Consid-
ering the observed excretion rate of 42%, it is quite reasonable that the highly reactive
epoxide intermediate is formed to a significant extent, which promotes its binding to macro-
molecules such as DNA or proteins. However, a fast repair of epoxide-derived genotoxic
DNA-damage in liver tumor HepG2 cells and also a time-dependent decrease of DNA
adducts in rat hepatocytes are reported [10,28]. Epoxide hydrolases catalyze the formation
of less reactive dihydro-diol derivatives and they are suggested to play a major role in the
detoxification of epoxides in vivo [30]. Nevertheless, missing data on the stability of bAE
in vivo makes it difficult to assess potential further risks.

O-Demethylation was identified as a second metabolism pathway in humans because
glucuronic acid conjugates of demethylated erythro- and threo-asarone diols were detected
in human urine after intake of tea infusion of fresh or dried calamus roots, respectively. It
is reported that O-demethylation, besides hydroxylation and epoxide formation plays a
crucial role in microsomal metabolization of bA [13].

For the phenylpropenes elemicin, myristicin, and safrole several metabolites are
characterized in human urine after nutmeg abuse or in urine samples of rats after drug
administration. O-Demethylation and side chain hydroxylation are identified as main
phase I reactions, whereas in phase II the functionalized metabolites are found to be
partly conjugated to glucuronic acid or sulfuric acid [31]. Urinary recovery rates of the
phenylpropenes estragole and eugenol of between 65–70% and 95% are reported and 50%
of recovered eugenol is also excreted as glucuronic or sulfuric acid conjugates [32,33]. In
contrast asarone derivatives were exclusively excreted as glucuronic acid conjugates, but
with recovery rates below 50%. Regarding the excretion rate, it has to be mentioned that
demethylated reference compounds are not available so far. Consequently, the detected
demethylated asarone derivatives cannot be quantified after beta-glucuronidase treatment.
Furthermore, no sulfonated metabolites were determined in human urine. These findings
are in line with further in vitro investigations showing that the incubation of 3′OH and
bAE with cytosolic fractions did not lead to sulfuric acid conjugates. It is also reported
that sulfonation of 1′-hydroxy-estragole is less dominant in humans than in rodent species
using respective liver S9-fractions [34]. Another work postulates 2,4,6-trimethoxycinnamic
acid as a further metabolite of aA and bA in rat hepatocytes via LC-MS [35], which was not
considered in this investigation.

The results show that, after calamus tea consumption by ten healthy participants,
bA and erythro- and threo-asarone diols were quickly excreted within 24 h as respective
glucuronides and, to a smaller extent, as non-conjugated erythro- and threo-asarone diols,
reaching their maximum levels between 1 h and 6 h. A fast excretion and also a rapid
glucuronidation is reported for the structure-related compound estragole after the intake
of a fennel tea or the oral administration eugenol [34,36].
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5. Conclusions

In sum, the results point out that uridine 5′-diphospho-glucuronosyltransferase-
catalyzed conjugation reactions play a crucial role in phase II metabolism of asarone
derivatives. This study confirms O-demethylation as an important metabolism pathway in
humans for the first time. A fast renal excretion within 24 h is observed after calamus tea
consumption. The recovery rate of only 42% emphasize that further work is still needed to
characterize yet unknown human bA-related metabolites. A metabolization of bA via the
epoxide-diol-pathway is suggested and should be considered for human risk assessment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10092032/s1, Figure S1: HPLC-qTOF-MS chromatogram of a selected urine sample
after intake of fresh prepared bA-containing calamus tea, Table S1: Substances and concentrations
used for phase II sulfonation experiments, Table S2: HPLC-MS/MS setup for the quantitation of
threo- and erythro-asarone diols in urine samples, Table S3: HPLC-qTOF-MS setup for the screening
of liver microsome samples for phase-II-metabolites originating from beta-asarone epoxide (bAE)
and 3′hydroxyasarone (3′OH), Table S4: Characterization of unknown metabolites: Differences to
HPLC-qTOF-MS setup presented in Table S2.
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Abstract: Alkenylbenzenes represent a group of naturally occurring substances that are synthesized
as secondary metabolites in various plants, including nutmeg and basil. Many of the alkenylbenzene-
containing plants are common spice plants and preparations thereof are used for flavoring purposes.
However, many alkenylbenzenes are known toxicants. For example, safrole and methyleugenol were
classified as genotoxic carcinogens based on extensive toxicological evidence. In contrast, reliable
toxicological data, in particular regarding genotoxicity, carcinogenicity, and reproductive toxicity
is missing for several other structurally closely related alkenylbenzenes, such as myristicin and
elemicin. Moreover, existing data on the occurrence of these substances in various foods suffer from
several limitations. Together, the existing data gaps regarding exposure and toxicity cause difficulty
in evaluating health risks for humans. This review gives an overview on available occurrence data
of myristicin, elemicin, and other selected alkenylbenzenes in certain foods. Moreover, the current
knowledge on the toxicity of myristicin and elemicin in comparison to their structurally related and
well-characterized derivatives safrole and methyleugenol, especially with respect to their genotoxic
and carcinogenic potential, is discussed. Finally, this article focuses on existing data gaps regarding
exposure and toxicity currently impeding the evaluation of adverse health effects potentially caused
by myristicin and elemicin.

Keywords: alkenylbenzenes; myristicin; elemicin; safrole; methyleugenol; flavoring

1. Introduction

Myristicin (CAS N◦: 607-91-0; IUPAC name: 4-methoxy-6-prop-2-enyl-1,3-benzodioxole),
elemicin (CAS N◦: 487-11-6; IUPAC name: 1,2,3-trimethoxy-5-prop-2-enylbenzene), safrole
(CAS N◦: 94-59-7; IUPAC name: 5-prop-2-enyl-1,3-benzodioxole), and methyleugenol
(CAS N◦: 93-15-2; IUPAC name: 1,2-dimethoxy-4-prop-2-enylbenzene) are secondary
plant metabolites belonging to the group of alkenylbenzenes (Figure 1). Such deriva-
tives may particularly be found in Umbelliferae (anise, star anise, fennel, sweet fennel,
and parsley), Myristicaceae (nutmeg and mace), Labiatae (sweet and exotic basil), and
Compositae (tarragon).

Figure 1. Structural formulas of methyleugenol, elemicin, safrole, and myristicin.

Several alkenylbenzene derivatives are known toxicants. For example, safrole and
methyleugenol were classified by the International Agency for Research on Cancer (IARC)
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as “possibly carcinogenic to humans” (Group 2B) [1,2]. Moreover, the Scientific Committee
on Food (SCF) of the European Commission (EC) considered safrole and methyleugenol as
genotoxic carcinogens and suggested restrictions for their use in foods [3,4]. In consequence,
the EC prohibited the addition of safrole and methyleugenol as pure flavoring substances
to food and established maximum levels for these substances–when naturally present–for
certain flavored foodstuffs, such as soups and sauces or non-alcoholic beverages (Regulation
(EC) No 1334/2008). In contrast to safrole and methyleugenol, the structurally closely
related alkenylbenzenes myristicin and elemicin were not assessed by international expert
bodies in a comparable manner until now (Figure 1). This is probably due to the lack of
reliable data regarding genotoxicity, carcinogenicity, and other toxic effects.

It is assumed that the toxicity of safrole and methyleugenol is mainly caused by
metabolic activation at the allylic side chain, namely 1′-hydroxylation and subsequent
sulfonation to the resulting allylic sulfate esters. These intermediates are instable and
may subsequently react with cellular nucleophiles including DNA and proteins [5]. The
relevance of further metabolites, e.g., quinone methides or other so far unknown reactive
intermediates possibly involved in hepatotoxic effects are far less clear.

Paying attention to the chemical structure, it may be noted that the less intensively stud-
ied derivatives, myristicin and elemicin, each bear just one additional methoxy substituent
at the benzene core as compared to safrole and methyleugenol, respectively (Figure 1).
The allylic side chain is a common feature of all the four alkenylbenzenes discussed here.
Metabolic differences with respect to the allylic side chain, the suspected site of metabolic
activation leading to toxicity, are expected to be marginal. However, oxidative demethyle-
nation of myristicin and oxidative demethylation of elemicin at the benzene core are not
entirely comparable to similar reactions on safrole and methyleugenol. Consequently, the
resulting patterns of urinary benzyl metabolites that could be detected in rats [6,7] and in
humans [8] following elemicin and nutmeg ingestion, respectively, are different from those
formed from safrole and methyleugenol in rodents.

Nevertheless, for all the four compounds, the toxic principle that is assumed to lead
to toxification is the 1′-hydroxylation and subsequent sulfonation to the resulting allylic
sulfate esters [5].

Intake of myristicin, elemicin, safrole, and methyleugenol is presumed to occur
mainly from the consumption of spices and essential oils made thereof [9,10]. High levels
may also be present in plant-based food supplements (PFS) as well as in various pro-
cessed flavored foods such as sauces, baked goods, and beverages, such as cola-flavored
softdrinks [5,10–13].

Taken together, the toxicological relevance of alkenylbenzene occurrence, especially for
less intensively investigated members such as myristicin and elemicin, is still under discussion.

In this review, we summarize and discuss the current knowledge regarding occur-
rence, toxicokinetics, and the toxicity of myristicin vs. safrole, as well as elemicin vs.
methyleugenol. Moreover, we highlight data gaps currently impeding the assessment of
the adverse health effects of these substances.

2. Occurrence of Myristicin and Elemicin

The occurrence of the alkenylbenzenes safrole and methyleugenol in plants used as
foods was described in detail elsewhere [5]. Beside this, aromatic plants, as well as powders,
extracts, or essential oils made thereof can also serve as sources for myristicin and elemicin,
which are described here.

Of note, when interpreting occurrence data, it should always be kept in mind that the
chemical constituents of culinary spices, including alkenylbenzenes, are widely dependent
not only on species but also on environmental factors such as geographic location, seasonal
variation, and harvest time. Furthermore, the analytical method–especially the extraction
procedure–may also affect the obtained occurrence data [14–16]. In the following part, as
well as in Table 1, we will present relevant examples of (culinary) plants and their essential
oils containing myristicin and elemicin.

135



Foods 2022, 11, 1988

2.1. Myristicin and Elemicin in Nutmeg and Mace

The name “myristicin” originally referred to the solids that crystallize from nutmeg
oil while in prolonged storage. These, however, are today known to be myristic acid [17].
Elemicin was first identified as a component of the myristicin fraction from nutmeg oil [18].

The nutmeg tree is a tropical tree indigenous to the Maluku Islands of Indonesia
(Myristica fragrans Houtt., family Myristicaceae). Its seeds consist of a kernel and a cover-
ing aril surrounding the kernel. Whereas mace designates the red lacy aril, the dried kernels
of the ripe seeds are named nutmeg. When grounded material or powders are hydrodis-
tilled, about 2.4% crude oil can be obtained [19]. These oils are rich in alkenylbenzenes,
such as eugenol (19.9%), methyleugenol (16.7%), methyl iso-eugenol (16.8%), myristicin
(2.3%), safrole (1.6%), and elemicin (1.7%). In contrast, a slightly different composition of
oils from the dried kernels of Myristica fragrans originating from Sri Lanka was reported,
with almost no eugenol (0.2%), or methyleugenol (0.6%), nearly equal amounts of safrole
(1.4%) and elemicin (2.1%), but higher levels of myristicin (4.9%) [20]. Numerous reports on
the composition of nutmeg oils are published, reporting varying levels of alkenylbenzenes
in nutmeg seeds. It is, on the one hand, the storage of ground powders [21], but on the
other hand, very much the geographical origin that determines the volatile composition of
nutmeg extracts as recognized by Baldry and colleagues [22]. They showed high variabili-
ties in alkenylbenzene contents, with myristicin ranging from 0.5% to 12.4%, safrole from
0.1% to 3.2%, elemicin from 0.3% to 4.6%, methyleugenol from 0.1% to 1.2%, and eugenol
from 0.1% to 0.7% in different nutmeg oils from West India and South East Asia. Mace
powders and mace oils contain similar constituents as nutmeg powders and nutmeg oils.
For example, in 10 powdered genuine Indonesian nutmeg seeds extracted with boiling
methanol, myristicin accounted for up to 2.9% and safrole accounted for up to 0.39%.
Nutmeg oil from Indonesian nutmegs contained 9.73% myristicin and 2.16% safrole [23].

Nutmeg and mace are used as domestic spices and as flavoring ingredients in many
food products, such as in gelatins, puddings, sweet sauces, baked goods, meats, fish, pickles
(processed vegetables), candy, ice cream, and non-alcoholic beverages [24,25]. In addition,
several globally available PFS contain nutmeg seed powders or nutmeg oils to very varying
extents [11].

Further relevant examples for plants and their essential oils containing myristicin and
elemicin, as well as other selected alkenylbenzenes, are listed in Table 1.

Table 1. Occurrence of safrole, myristicin, methyleugenol, and elemicin found in essential oils (EO)
from culinary plants.

Source Safrole Myristicin Methyleugenol Elemicin

Nutmeg 0.1–3.2% [19,20,22,23] 0.5–12.4% [19,20,22,23]
(16.9 ± 0.6 mg [26]) 0.1–16.7% [19,20,22] 0.3–4.6% [19,20,22]

Parsley

20.3–94.1% (seed) [27,28];
3.1–91.9% (leaf) [27];
6.6–30.1% (root) [27]

(1435 ppm [29];
3.6–526 ppm (leaf) [30])

Sweet fennel 2.5–10% (root) [31,32]

Dill 0.21% (seed) [33];
4.38% (root) [32]

Parsnip 18.3–66.2% (root) [34,35]
(200 ppm (root) [36])

Sweet basil

9.24–87.04% [15];
0.03% (flower) [37,38];
0.06% (stem) [37,38];

0.18–76% (leaf) [37–39]

0.30% (stem) [37,38]
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Table 1. Cont.

Source Safrole Myristicin Methyleugenol Elemicin

Carrot

34.4% (leaf) [40];
43.9% (fruit) [40];

0.4–29.7% (root) [41,42];
(0.5–15 ppm (root) [43])

2.51% (fruit) [44] 1.4–35.3% [45];
32.89% (fruit) [44]

Pepper (Piper)

0.2–3.0 mg/kg (fruit) [46];
<3% (fruit) [47];

4.81% (fruit) [48];
24% [49];
49% [50];

64–98% [51]

<1% (fruit) [47];
16.55% (fruit) [48];
0.3–7.6% (leaf) [52]

<3% (fruit) [47];
1.53% (fruit) [48]

<1% (fruit) [47];
3.91% (fruit) [48];

0.2–1.6% (leaf) [52]

Japanese star anise 6.6% [53] 3.5% [53] 9.8% [53]

Tarragon 9.59–28.40%
(seeds) [54]

21.45–38.90%
(seeds) [54]

Sweet bay

3.1% (flower) [55];
4.7% (bark) [55];

16.0% (stem) [55];
11.8–21.3% (leaf) [55,56]

0.8% (stem) [55];
5% (leaf) [56]

2.2. Myristicin and Elemicin in Food Flavorings

Due to the intentional use of essential oils and the dried powder of nutmeg or mace
for flavoring reasons, certain types of soft drinks, pastries, and some types of crisps contain
high levels of myristicin and elemicin.

Cola-flavored soft drinks may contain nutmeg oil and/or mace oil, which consist
of different major compounds, such as sabinenes and myrcene, as well as at least five
different alkenylbenzenes. Myristicin, safrole, and elemicin mainly determine the flavor
of these oils. Accordingly, myristicin, safrole, elemicin, methyleugenol, and eugenol were
detected in cola-flavored soft drinks [57]. In 2013, Raffo et al. published quantitative
data on the amounts of safrole and myristicin in the cola-flavored soft drinks of different
brands following different processing procedures, including various storage conditions.
Levels of safrole and myristicin varied approximately 2–3 orders of magnitude. In flavored
soft drinks, average concentrations of safrole and myristicin were 23.0 and 168.3 μg/L,
with minimum contents of 0.6 and 0.4 μg/L and maximum levels of 43.9 and 325.6 μg/L,
respectively [12]. These variations might be due to variable levels of alkenylbenzenes in
the added essential oils. For example, measurements of alkenylbenzene concentrations
in different nutmeg oils of specific geographical origins revealed an at least 30-fold varia-
tion, e.g., in the levels of safrole (ranging from 0.1 to 3.2%) and myristicin (0.5 to 13.5%),
respectively [57]. In the study of Raffo et al., only the levels of myristicin and safrole were
measured in cola-flavored soft drinks, but not those of other alkenylbenzenes. Therefore,
the total amount of alkenylbenzenes in cola-flavored soft drinks remains unknown so far.

Another important example for processed foods containing alkenylbenzenes is “Pesto”.
This traditional dish from Genova, Italy, mainly consists of olive oil, hard cheese, pine
nuts, garlic, salt, and basil leaves. Different alkenylbenzenes were detected at varying
levels in basil-containing “Pesto”, including methyleugenol (22.9–56.4 mg/kg), myristicin
(13.2–15.8 mg/kg), estragole (3.2–34.1 mg/kg), and apiol (3.4 mg/kg) [58].

Parsley and dill teas can be purchased without restriction. Recently levels of alkenyl-
benzenes in such teas were investigated. Myristicin, methyleugenol, apiol, and estragole
are detected to varying extents in dry tea samples or in hot water herbal extracts containing
parsley, dill leaves, or seeds, or being in a mixture with other herbs. The total amount of
alkenylbenzenes in the dry tea samples ranged from 18 to 1269 μg/g dry preparation [59].
In 2017, Alajlouni and colleagues also found relevant levels of the alkenylbenzenes myris-
ticin, apiol, and estragole (17–6487 μg/g) in parsley and dill-based PFS [60].
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Beside this, baked goods, meat products, condiments, relishes, soft candy, gelatin,
pudding, soups, alcoholic beverages, and gravies may also contain myristicin and el-
emicin to various and often unknown amounts if refined with oils from parsley, nutmeg
or mace [24,61]. This also applies to other alkenylbenzenes [62,63]. Therefore, monitoring
of myristicin, elemicin, and other alkenylbenzenes in many food commodities appears
justified in order to gain a reliable database for future exposure assessments [25].

2.3. Myristicin and Elemicin in Foods

Analytical methods are already in place to monitor myristicin and elemicin in complex
food matrices [25]. An early study reported 16.9 mg myristicin per gram dried nutmeg
powder following 12 h methanol extraction at 50 ◦C [26]. Other methods for analyzing
ground nutmeg, wine and beer spices, and many food commodities utilize ultrasonic
assisted extractions, followed by solid phase extraction and gas chromatography (GC)–
mass spectrometry (MS) [64,65]. Other methods for analyzing myristicin from ground
nutmeg (502 μg/g), from wine and beer spices (11.87 μg/g), from some food commodities
(2.46–15.22 μg/g), and even from human serum (17.60–33.25 μg/g from human volun-
teers who incorporated 100 mg myristicin 1 h before blood sampling) utilize ultrasonic
assisted extractions, followed by solid phase extraction and gas chromatography (GC)–
mass spectrometry (MS) [64,65]. Other methods use functionalized magnetic microspheres
for isolation of allyl-benzodioxoles, followed by gas chromatography–mass spectrometry,
such as myristicin (264.2–599.6 μg/L) and safrole (14.0–40.35 μg/L) from cola drinks [66].
However, in these methods, varying and often not fully validated analytical procedures
were used, hampering the comparability of the analytical results. In addition, for many
food categories no data are available at all. Since there is no legal mandate for monitoring all
potentially toxic alkenylbenzenes in all relevant food categories, the availability of compre-
hensive and reliable occurrence data is currently rather limited. Taken together, the actual
occurrence levels of myristicin and elemicin, as well as of many other alkenylbenzenes, are
still widely unknown for many foods.

3. Toxicity of Myristicin and Elemicin: Lessons Learned from Safrole and Methyleugenol

In the following, the current knowledge on the toxicity of myristicin and elemicin in
comparison to the structurally related and well-investigated alkenylbenzenes, safrole and
methyleugenol, is summarized.

3.1. Metabolism of Myristicin and Elemicin vs. Safrole and Methyleugenol
3.1.1. Common Structural Features

Initial steps of the hepatic activation of methylenedioxy- and methoxy-substituted
allylic alkenylbenzenes include epoxidation of the exocyclic double bond followed by its
cleavage by microsomal or cytosolic epoxide hydrolases or spontaneous hydration to gen-
erate 2′,3′-dihydrodiols [67]. Such metabolites are detected in the urine of animals treated
with allylbenzenes [6,68–70]. Another pathway may be the hydroxylation of the 1′-carbon
atom adjacent to this 2′,3′-double bond [71]. Side chain reactions of alkenylbenzenes are
catalyzed by various cytochrome P450 monooxygenases (CYPs). Epoxides and dihydro-
diols may be derived not only from the allylbenzene compounds but also from some of
their metabolites, which still possess an intact allyl group, such as the allylcatechols [72].
However, phenolic and catecholic compounds typically undergo rapid phase II conju-
gation, which might be a predominant pathway for such metabolites as also shown for
the alkenylbenzene eugenol containing a free phenolic group [73]. Thus, in contrast to
alkenylbenzenes that bear only methoxy or methylenedioxy substituents, the high first-pass
conjugation and rapid elimination may explain why eugenol is deemed to be less toxic as
compared to the well-known hepatocarcinogens methyleugenol and safrole.

Following hydroxylation at the 1′-position (Figure 2), the alcoholic metabolite can be
sulfonated. Subsequent heterolytic cleavage of the formed sulfate moiety would generate
an electrophilic carbenium ion intermediate, which is highly reactive towards nucleophilic
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sites [74,75], and that may, for example, generate glutathione (GSH) conjugates, as well as
adducts with proteins, RNA, or DNA [76]. Since the carbenium ionic charge is delocalized,
adducts can be formed at the 1′- or 3′-position, with the 3′-position being the preferred
site [77,78].

Figure 2. Metabolite excretion of safrole in the rat is reported to be 93% within 72 h, and most of this
material (86%; [79]) would consist of metabolites formed via demethylenation of the methylenedioxy
moiety to yield carbon monoxide or formate and the dihydroxy-benzene moiety [80]. The other
metabolic routes observed were allylic hydroxylation and the epoxide-diol pathway [70,79]. Oxida-
tions of the allylic side chain of safrole may proceed (i) via an epoxide resulting in side chain propane
diols during different stages of the metabolic steps [72], or (ii) via 1′-hydroxylation followed by sul-
fonation that might lead to a reactive carbocation intermediate [5]. Other possible steps of metabolic
ways of safrole are (iii) the subsequent oxidation of the 1′-hydroxysafrole to the 1′-oxo-safrole [81],
(iv) oxidation at the 3′-position to yield 3′-hydroxy-isosafrole, and (v) the demethylenation of safrole
to 4-allylcatechol that may isomerize to its quinone-methide [82–84]. The occurrence of glutathione
conjugates at the 1′-position may be indicative of the intermediate formation of para-quinone me-
thide tautomers [82], whereas glutathione conjugates at the benzene ring point to reactions with
ortho-quinone intermediates [82]. CYP: cytochrome P450 monooxygenases; SULT: sulfotransferases;
EH: epoxide hydrolases; nuc: nucleophilic structures such as DNA or proteins.
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However, the metabolic pathway to the carbenium ions is only one selected pathway,
already often discussed with respect to the cyto- and genotoxic activity of alkenylbenzenes.
This metabolic pathway presumes the presence of sulfotransferases (SULT) and cofactors
such as 3′-phosphoadenosine-5′-phosphosulfate (PAPS) [5].

On the other hand, alkenylbenzenes and their metabolites that bear ortho- and/or
para-phenolic groups may form quinone methide intermediates (Figure 2) [82,85] that
are also prone to be conjugated by GSH or react directly with other nucleophiles in the
cell. The transient formation of a quinone methide of eugenol appears plausible [85] since
an eugenol GSH conjugate was detected utilizing rat liver or rat lung microsomes [86].
The cytotoxic effects of eugenol recognized in rat hepatocytes are reasoned to be due
to the formation of a reactive quinone methide intermediate [87]. In 1990, Fischer et al.
tentatively identified metabolites including thiophenol metabolites (11%) following eugenol
ingestion in the urine of humans, presumably formed by GSH conjugation at an aromatic
ring position [73]. Thus, methoxylated non-phenolic substances (e.g., methyleugenol and
elemicin) may as well undergo CYP enzyme-mediated O-demethylation and subsequent
quinone methide formation followed by GSH conjugation. Similarly, there can be oxidative
demethylation of methoxy groups in elemicin by CYP1B1 [88], creating the possibility to
yield also catechols or other phenols and conjugates, as was shown from benzodioxole-
substituted alkenylbenzenes myristicin and safrole in rat and human urine using GC-MS [8].

A number of CYP isoenzymes are capable of catalyzing the 1′-hydroxylation of ak-
enylbenzenes [88–93]. An overview of CYPs that are demonstrated to be involved in the
oxidation of methyleugenol, elemicin, safrole, and myristicin is shown in Table 2.

Table 2. Human cytochrome P450 isoenzymes mediating the 1′-hydroxylation of alkenylbenzenes.

Substance Cytochrome P450 Subtype Reference

Methyleugenol CYP1A2 (CYP2C9, 2C19) [90,92]

Elemicin CYP1A1, CYP1A2, CYP3A4 [88]

Safrole CYP2A6 (CYP1A2, CYP2C19, CYP2E1) [89,91]

Myristicin CYP3A4 (CYP1A1) [93]
Main human CYPs and, in brackets, contributing human CYPs involved in the metabolism of methyleugenol,
elemicin, safrole, and myristicin.

Apart from the epoxide, the carbenium ion, and the quinone methide metabolic
pathways of the alkenylbenzenes already discussed, another metabolic pathway that
may occur after rearrangement of the double bond from 2′,3′-position to 1′,2′-position
is the oxidation of 3′-hydroxy metabolites of alkenylbenzenes leading to cinnamic acids
and propionic acids [6,68,69]. In principle, 3′-hydroxy-1′,2′-propenylbenzenes may be
equivalent to 1′-hydroxy-allylbenzenes as substrates for hepatic SULTs. On the other hand,
due to steric reasons further side chain oxidation of the 3′-hydroxy-propenylbenzenes
yielding cinnamaldehydes and cinnamic acids, which can be conjugated with GSH or
glycine, appear to dominate. Further oxidation, probably via the fatty acid β-oxidation
cycle, would lead to side chain cleavage and the formation of benzoic acids and its glycine
conjugates [5].

Seemingly small, but relevant structural molecular differences in benzene ring sub-
stituents of the parent alkenylbenzenes call for a closer look at the potential metabolic
pathways of elemicin, myristicin, methyleugenol, and safrole. In an attempt to iden-
tify similarities and possible differences of elemicin and myristicin, we compared their
metabolic features to the closely related derivatives methyleugenol and safrole. Those
two compounds bearing only methoxy groups at the benzene ring without methylene
bridge are methyleugenol and elemicin. The two compounds with a methylenedioxy
moiety are safrole and myristicin, which are categorized as benzodioxoles.
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3.1.2. Metabolism of Methyleugenol

Results of ADME experiments performed in 2000 within a study of the National Toxi-
cology Program (NTP) led to the conclusion that absorption of orally ingested methyleugenol
in rats and mice is rapid and complete, and that the distribution of methyleugenol to tissues
is fast. In rodents, methyleugenol is extensively metabolized in the liver and more than 70%
of the dose administered is found in the urine of rats and mice as hydroxylated, sulfated,
or glucuronidated metabolites [92].

With view on the toxicity of methyleugenol, it is generally assumed that bioactivation is
mainly mediated via 1′-hydroxylation at the allylic side chain followed by sulfo conjugation,
yielding a highly reactive sulfate ester [10,94].

In the NTP study, it was shown that repeated ingestion of methyleugenol may saturate
metabolic enzymes [92], leading to greater tissue accumulation and thus higher probability
for genotoxicity, mutations, and malignant cell transformations. Saturability of metabolism
is of special concern in cases when 1′-hydoxylation of the allylic side chain becomes more
prominent over other pathways. This may enhance hepatocarcinogenesis in rodents at
higher dose levels [95].

In rat bile, methyleugenol could be found in the form of GSH conjugates. These conju-
gates detected by Yao and colleagues potentially resulted from reactions with methyleugenol-
derived epoxide metabolites, α,β-unsaturated aldehydes, carbenium ions, and quinone
methides [96]. These conjugates were further metabolized, yielding the cysteine conjugates
found in rat urine. In GSH-fortified microsomal preparations that lack SULT and PAPS,
it was generally not expected that carbenium intermediates would be formed. However,
Yao et al. found 1′-bound GSH and related cysteine conjugates in such incubations [96].
Thus, it is hypothesized that 1′-hydroxy metabolites or other metabolites than the sulfate
esters may directly react with GSH under certain conditions.

Beside 1′-hydroxylation, the metabolites observed in rats and mice suggest that
methyleugenol can also undergo demethylation, ring, and/or further side chain oxidations [92].

The NTP authors further concluded that the risk to humans ingesting methyleugenol
is expected to be subject to marked inter-individual metabolic variability. Indeed, hydrox-
ylation of methyleugenol investigated in human liver microsomes varied considerably
(37-fold), with the highest hydroxylation rate being similar to that observed with liver
microsomes from rats [97]. Moreover, one study by Tremmel et al. demonstrated that
methyleugenol-induced DNA adduct levels in human liver samples were dependent on
the SULT1A1 copy number [94].

3.1.3. Metabolism of Elemicin

Elemicin is the natural continuation of methyleugenol, bearing two meta- and one para-
methoxy group relative to the allyl side chain. For this compound, the O-demethylation
pathway becomes more prominent, which leads to some divergent metabolites, compared
to methyleugenol. In 1980, Solheim and Scheline revealed that the two major metabolic path-
ways of elemicin in rats follow the cinnamoyl pathway and the epoxide-diol pathway [6].
The former route gives 3,4,5-trimethoxyphenyl-propionic acid and its glycine conjugate
as major urinary metabolites, whereas 2′,3′-dihydroxy-elemicin is the most prominent
metabolite of the latter route. In addition, elemicin can also be 1′-hydroxylated at the
allylic side chain. When comparing the kinetic constants for conversion of elemicin and
1′-hydroxy-elemicin by male rat liver and mixed gender pooled human liver fractions,
van den Berg et al. concluded that glucuronidation of 1′-hydroxy-elemicin, representing a
detoxification pathway, is the most important pathway in rats and in humans. In contrast,
bioactivation of 1′-hydroxy-elemicin by sulfonation was suggested to be only a minor
pathway in both rat and human liver [76].

In 2019, Wang et al. confirmed and extended these studies. They found a total
of 22 metabolites for elemicin in mice, e.g., in urine, feces, and plasma [88]. In vivo,
elemicin and most of its metabolites were mainly excreted in urine collected from 0 to 24 h
post-procedure in metabolic cages of male C57BL/6 mice that were orally administered
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100 mg/kg elemicin. The obtained results indicate that phase I metabolic reactions of
elemicin included demethylation, hydroxylation, hydration, allyl rearrangement, reduction,
hydroformylation, and carboxylation. Phase II metabolism of elemicin yielded several
conjugates, e.g., with cysteine, N-acetyl cysteine, glucuronic acid, glycine, or taurine [88].
In addition, the 4-demethoxylated forms of elemicin and of 2′,3′-dihydroxy-elemicin could
be detected in human urine after nutmeg abuse [8].

3.1.4. Metabolism of Safrole

From a toxicological point of view, safrole bioactivation by sequential 1′-hydroxylation
and sulfonation, resulting in reactive sulfate esters capable of forming adducts with cellular
nucleophiles such as DNA, is of high relevance [71,89]. In 1983, Boberg et al. identified
1′-sulfoxy-safrole as an ultimate electrophilic metabolite of safrole and as an initiator of hep-
atic carcinogenicity in vivo. The toxicological relevance of this pathway was demonstrated
in mice co-treated with the hepatic SULT inhibitor pentachlorophenol (0.05% added to the
diet of mice) in vivo and in mice being genetically defective with respect to the hepatic
synthesis of PAPS [75].

However, work in rats, mice, and guinea pigs elucidated multiple metabolic path-
ways of safrole far beyond 1′-hydroxylation and sulfo conjugation. Upon intraperitoneal
(i.p.) injection safrole is metabolized in rat and guinea pig by the epoxide-diol path-
way and by cleavage of the methylenedioxy ring to form a catechol [98,99]. Since an
allylic double bond is still present in the catechol and 1′-hydroxy-safrole, both metabo-
lites can be further metabolized via epoxides to the corresponding dihydrodiols. A
small amount of a triol 1′,2′,3′-trihydroxy-safrole was found in rat urine by Stillwell
and colleagues [70]. Interestingly, 2′,3′-epoxy-safrole apparently has sufficient stability
in vivo to be absorbed from the peritoneal cavity to the circulatory system, and to persist
even in urine. The major urinary metabolites identified by GC-MS were 4-allylcatechol,
1′-hydroxy-safrole, 2′,3′-dihydroxy-safrole, 2′,3′-dihydroxy-4-propyl-catechol, 2′-hydroxy-
1′- (3,4-methylenedioxy-phenyl)-propanoic acid, and 3,4-methylenedioxy-benzoyl glycine [70]
(Figure 2).

Urinary metabolites of safrole in the rat were also identified via GC-MS in a further
study performed in 1982. Metabolite excretion was 93% within 72 h, and most of this
material (86%) consisted of metabolites formed via demethylenation of the methylenedioxy
moiety. The other metabolic routes observed were allylic hydroxylation and the epoxide-
diol pathway [79].

3.1.5. Metabolism of Myristicin

Myristicin is well absorbed following oral exposure and is metabolized extensively.
Metabolism of the volatile alkenylbenzene myristicin results in the formation of less

volatile metabolites, predominantly remaining in the aqueous phase on extraction with
ether [99].

Early experiments highlighted the cleavage of the methylenedioxyphenyl moiety con-
comitant with CO2 release from myristicin as an important metabolic pathway. Within 48 h
after oral administration of radiolabeled myristicin to male albino mice, 73% of the radio-
carbon was set free as 14CO2 [98], which was potentially formed from the hydroxylation of
the methylene group of myristicin and subsequent release and degradation of formate-14C.
This demethylenation reaction was found to be catalyzed by microsomal CYPs and would
yield the corresponding catechol derivative.

Later analytical studies in rat and human urine indeed revealed further water-soluble
metabolites of myristicin, including the catecholic derivatives. In male Wistar rats that
were administered myristicin once by oral gavage (100 mg/kg), different metabolites
were identified in urine, including 1′-hydroxy-myristicin, 5-allyl-2,3-dihydroxy-1-methoxy-
benzene, 5-allyl-2-hydroxy-1,3-methoxy-benzene, 5-allyl-1-hydroxy-2,3-methylendioxy-
benzene, 5-(2′,3′-dihydroxypropyl)-1-hydroxy-2,3-methylendioxy-benzene [8].
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Incubation of myristicin in rat liver microsomes formed two major metabolites,
1′-hydroxy-myristicin and 5-allyl-1-methoxy-2,3-dihydroxy-benzene, bearing a catechol
moiety [7]. Those metabolites were also identified in the above mentioned study by
Beyer et al. in 2006 [8].

Isolation of metabolites from male Sprague–Dawley rat urine after a single oral ad-
ministration of 100 mg/kg myristicin, and comparison before and after glucuronidase treat-
ment, suggests that the catecholic metabolites 5-allyl-1-methoxy-2,3-dihydroxy-benzene
and 1′-hydroxy-myristicin are also excreted in their respective conjugated forms [7].

Currently, no comprehensive studies with respect to quantitative metabolism and
excretion of myristicin in humans are available. However, one study examined metabo-
lites present in the urine of a patient who ingested five nutmeg seeds, resulting in an
intoxication [8].

3.2. Genotoxicity

As described above, different metabolic pathways may lead to the formation of re-
active intermediates capable of binding DNA, thereby causing genotoxicity. For many
alkenylbenzenes, it is widely accepted that the 1′-hydroxylation at the allylic side chain,
followed by SULT-mediated sulfo conjugation yielding a highly electrophilic sulfate es-
ter, might be the most relevant pathway leading to toxicity [10]. The sulfate ester may
form inter alia DNA adducts as demonstrated by 32P-postlabeling techniques and mass
spectrometry [78,100–105]. Structures of four DNA adducts formed in mouse liver after
administration of the proximate hepatocarcinogen 1′-hydroxy-estragole were initially de-
scribed by Phillips et al. in 1981 [106,107]. Similar kinds of studies, as well as studies on
other genotoxicity endpoints and mutagenicity, were performed for many alkenylbenzenes,
as systematically reviewed in detail elsewhere [5,10,108]. In the following part, the most
relevant studies on genotoxicity of methyleugenol, elemicin, safrole, and myristicin are
exemplarily described in brief.

3.2.1. Genotoxicity of Methyleugenol vs. Elemicin

Methyleugenol was found to induce sister chromatid exchange (SCE) in Chinese
hamster ovary (CHO) cells after metabolic activation, as well as intrachromosomal recom-
bination in yeast with and without metabolic activation [92]. Some years later, Groh and
colleagues further characterized the impact of methyleugenol and its metabolites on DNA
damage induction in vitro. It was observed that 1′-hydroxy-methyleugenol and 2′,3′-epoxy-
methyleugenol had a higher DNA strand breaking activity than the parent compound
methyleugenol in Chinese hamster lung fibroblast (V79) cells, demonstrating the marked
relevance of these metabolites. However, in the same study, only 3′-oxomethylisoeugenol
and 2′,3′-epoxy-methyleugenol induced the formation of micronucleated V79 cells [109].
Furthermore, methyleugenol and the oxidative metabolites concentration dependently
increased the amount of DNA strand breaks, as measured using the in vitro alkaline comet
assay in human colon carcinoma HT29 cells [110,111].

In 1992, Chan and Caldwell found that methyleugenol, 1′-hydroxy-methyleugenol and
2′,3′-epoxy-methyleugenol caused unscheduled DNA synthesis (UDS) in rat hepatocytes,
and that the inducing potency of the 1′-hydroxy metabolite was higher than that of the
parent substance in vitro [112]. In 2006, methyleugenol was also shown to form DNA
adducts after hydroxylation and sulfonation. DNA adducts of methyleugenol were detected
using 32P-postlabeling techniques in the livers of F344 rats (n = 4 out of 8) exposed orally to
5 mg/kg/day for 28 days. No adducts were found after exposure to 1 mg/kg/day [113].

In 2013, Herrmann et al. detected methyleugenol-induced DNA adducts also in hu-
man liver samples [114]. Twenty-nine human liver samples unambiguously contained
the N2- (trans-methylisoeugenol-3′-yl)-2′-deoxyguanosine adduct (N2-MIE-dG). A second
adduct, N6- (trans-methylisoeugenol-3′-yl)-2′-deoxyadenosine (N6-MIE-dA), was also
found in most samples, but at much lower levels. The median methyleugenol DNA
adduct level detected in human non-tumorous liver samples was 13/108 nucleotides for
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N2-MIE-dG and N6-MIE-dA combined, corresponding to 1700 adducts per diploid genome
(6.6 × 109 base pairs). As further elegantly reported, hepatic DNA adduct formation
by methyleugenol in mice is strongly affected by their SULT1A content [115,116], prov-
ing the toxicological relevance of this metabolic pathway. Indeed, also in human liver
samples, an association between the SULT1A1 copy number and the adduct level was
demonstrated [94]. Moreover, it is shown in vitro for the structural derivative estragole
that the resulting DNA adducts are inefficiently repaired [117], which might contribute to
the accumulation of substantial levels of DNA adducts upon prolonged dietary exposure.

Beside this, Yang et al. recently showed that reactive metabolites of methyleugenol
were also able to form RNA adducts [118]. However, the biological consequences of these
RNA adductions are so far unclear, as also mentioned by the authors.

As shown for methyleugenol [112], also elemicin was found positive in a DNA binding
assay and in UDS assays [24,76,119,120].

Despite the well-recognized DNA damages, methyleugenol is reported to be only
weakly or non-mutagenic in different bacterial test systems with or without metabolic
activation [3,92,121,122]. In another study done by Groh et al. in 2012, it was shown that
methyleugenol did not cause mutations at the hprt locus in cultured V79 cells after 1 h of
incubation. After extended treatment (24 h) only 2′,3′-epoxy-methyleugenol exhibited slight
mutagenic activity with a mutation frequency being 4–5 times higher than the spontaneous
mutation frequency of the solvent control [109]. A possible explanation for the lack of
mutagenicity, especially in bacterial systems, might be the lack of metabolic competence,
especially in view on SULTs or the cofactor PAPS [5,122].

The mutagenic potential of methyleugenol was also studied in vivo [3]. Data published
by NTP indicates that oral administration of methyleugenol via gavage (10–1000 mg/kg bw;
5 days/week) to B6C3F1 mice does not cause micronucleus formation in peripheral blood
erythrocytes [92]. Likewise, it was unable to induce chromosomal aberrations in CHO cells
or micronucleus formation in peripheral blood erythrocytes of mice in other studies [92,122].
In contrast, Devereux and colleagues observed a higher frequency of β-catenin gene mu-
tations (20/29; 69%) in hepatocellular carcinomas of mice exposed to methyleugenol
(37–150 mg/kg) than in spontaneous liver tumors (2/22; 9%) from unexposed mice [123].
Since deregulation of Wnt/β-catenin signaling is considered an early event in chemically
induced hepatocarcinogenesis, this observation represents an indication of the genotoxic
potential of methyleugenol [3,122].

Beside this, mutagenicity of methyleugenol was recently verified in vivo, utilizing a
xanthine-guanine phosphoribosyltransferase (gpt) delta rodent gene mutation assay [124].
For this in vivo mutation assay, transgenic gpt delta rats (n = 10/group, both sexes) were
treated for 13 weeks with different doses of methyleugenol via gavage (0, 10, 30, and
100 mg/kg). A significant increase in mutagenicity assessed, via gpt and Spi− mutant
frequencies, was observed in rat hepatocytes of the highest dose group. Mutant frequen-
cies were further associated with pro-carcinogenic processes. From these data, the au-
thors concluded that genotoxic mechanisms might be involved in methyleugenol-induced
hepatocarcinogenesis [124].

In contrast to methyleugenol, there is currently no literature available regarding the
mutagenic potential of elemicin. However, the structural features and the few data on
genotoxicity suggest such an activity also for elemicin.

3.2.2. Genotoxicity of Safrole vs. Myristicin

The genotoxic activity of safrole is known. For example, it was demonstrated that
safrole is capable of inducing sister chromatid exchanges, chromosomal aberrations, replica-
tive DNA synthesis, and DNA adducts in rat liver in vivo [125]. It appears that these effects
result from the 1′-hydroxylation followed by sulfo conjugation yielding reactive sulfate
esters. This is because the concomitant application of the SULT-inhibitor PCP or the use
of brachymorphic mice, being deficient in the SULT cofactor PAPS, strongly reduced the
genotoxic effects [126].
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Already in 1986, Reddy and Randerath reported that two DNA adducts were detected
by 32P-postlabeling techniques in the liver of adult female CD1 mice treated with safrole [104].
These DNA adducts were identified as N2- (trans-isosafrol–3′-yl)-2′-deoxyguanosine and
N2- (safrol-1′-yl)-2′-deoxyguanosine. In 1998, using the same 32P-postlabeling assay,
Daimon et al. studied DNA adduct formation in hepatocytes isolated from male F344
rats exposed to safrole [127]. The sum of the two above mentioned major DNA adducts
was 898 DNA adducts/108 nucleotides. In this study, hepatocytes were isolated 24 h after
a single dose of safrole or five repeated doses (once a day) by gavage and allowed to
proliferate in Williams′ medium E supplemented with an epidermal growth factor. This
enabled a certain percentage of DNA repair in situ. Beside this, safrole was shown to cause
UDS in cultured rat hepatocytes, but not in HeLa cells [128,129].

Randerath et al. investigated the DNA adduct formation of a series of alkenylbenzenes
in the liver of adult female CD-1 mice by 32P-postlabeIing 24 h after i.p. administration
of non-radioactive test compounds (2 or 10 mg/mouse). The known hepatocarcinogens,
safrole, estragole, and methyleugenol, exhibited the strongest binding to mouse liver
DNA. However, the formation of DNA adducts in the liver were demonstrated also for
myristicin in male B6C3F1 mice and female CD-1 mice. In comparison to safrole, estragole,
and methyleugenol, substitution at the 3-, 4-, and 5-positions of the benzene ring of
allylbenzenes (elemicin, myristicin) results in compounds with intermediate DNA binding
capability [100]. In 2007, Zhou et al. further proved that myristicin forms DNA adducts
comparable to those of safrole and methyleugenol in cultured human hepatocytes as well
as in adult mouse liver, as analyzed via 32P-postlabeling [130]. With the exception of
methyleugenol, DNA adduction was dose-dependent in these experiments, decreasing in
the order, methyleugenol > safrole ~ myristicin.

In other experiments, female mice were exposed to soft drinks. Covalent liver DNA
adducts detected by 32P-postlabeling were identical to those detectable with the single com-
pounds myristicin and safrole. Liver adduct levels increased with exposure duration [101].

DNA adduct formation and DNA damage by myristicin were also assessed using
an avian egg model [131–133]. Medium white turkey eggs with 22- to 24-day-old fetuses
received three injections of nine alkenylbenzenes: safrole (1, 2 mg/egg), methyleugenol (2,
4 mg/egg), estragole (20, 40 mg/egg), myristicin (25, 50 mg/egg), elemicin (20, 50 mg/egg),
anethole (5, 10 mg/egg), methyl isoeugenol (40, 80 mg/egg), eugenol (1, 2.5 mg/egg),
and isoeugenol (1, 4 mg/egg). Fetal livers were harvested 3 h after the last injection.
Measurements of DNA strand breaks were executed using the comet assay and DNA
adduct formation, and were analyzed via 32P-postlabeling. At the highest doses tested,
estragole, myristicin, elemicin, safrole, methyleugenol, and anethole induced DNA adduct
formation. Estragole, myristicin, and elemicin also induced DNA strand breaks as measured
with the comet assay.

In freshly isolated hepatocytes from male F344 rats, myristicin induced a dose-dependent
but slight increase in UDS, an indicator of DNA excision repair activity [120]. However, the
authors concluded from the obtained data that myristicin was negative in that assay [120].
Decreased DNA damage repair might be an important indirect genotoxic mode of action, as
highlighted by Martins et al. in 2014 and 2018 [10,134]. They showed in vitro that exposure
of human leukemia cells (K562) for 6 h with 100 μM myristicin led to reduced expression
of various DNA damage response genes including OGG1 (base excision repair), ERCC1
(nucleotide excision repair), RAD50 (double strand break repair), ATM (DNA damage
signaling), and GADD45G (stress response). As summarized by Célia Maria da Silva
Martins in 2016 in her dissertation, myristicin appears to activate apoptotic mechanisms and
downregulate DNA damage response genes involved in nucleotide excision repair, double
strand break repair, DNA damage signaling, and stress response [135]. In 2011, Martins
et al. studied the mutagenic potential of myristicin in vitro in mammalian cells [136]. In
this experimental setting, myristicin tested without metabolic activation was negative in
a comet assay used to evaluate DNA breaks, as well as in a γH2AX assay (sometimes
recognized as an indicator for DNA double strand breaks) performed in CHO cells.
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The DNA damaging activity may lead to the manifestation of heritable mutations. The
mutagenic potential of safrole and its metabolites was studied in different experimental
settings [4]. In the bacterial reverse mutation assay (Ames test), safrole was generally
negative, or at most, weakly positive [137–139]. In contrast to the parent compound safrole,
1′-hydroxy-safrole, as well as other metabolites (2′,3′-epoxy-safrole, 1′-acetoxysafrole and
1′-oxo-safrole), were demonstrated to be directly mutagenic in the Ames test [139,140].
In addition, safrole was shown to be mutagenic in other experimental settings (bacteria
and yeast) and to induce cell transformation in vitro [141,142]. The mutagenic potential
of safrole, including the induction of gene mutations, chromosomal aberrations, DNA
single-strand breaks, and SCEs was also demonstrated in mammalian cells [143–145].

Safrole′s mutagenic potential was also studied in vivo [4]. In 1972, Epstein and col-
leagues obtained negative results for safrole in a mouse dominant lethal assay [146]. In line
with this, testing of safrole in a bone marrow micronucleus assay and in a rat liver UDS
assay also led to negative outcomes [147,148].

However, other studies clearly indicated the mutagenic potential of safrole in vivo.
The first studies performed by Green and Savage in 1978 showed that safrole was positive in
an in vivo i.p. host-mediated assay with Salmonella typhimurium [138]. Similar findings were
published by Poirier and de Serres in 1979, utilizing the same assay with S. typhimurium
or Saccharomyces cerevisiae [141]. Some years later, Daimon and colleagues showed that
repeated-dose treatment of F344 rats with 125 or 250 mg safrole/kg bw dose-dependently
induced chromosome aberrations in rat liver cells [127]. Moreover, singe-dose treatment of
rats with 10–500 mg safrole/kg bw caused SCEs in rat livers in a dose-dependent manner,
too. These effects were associated with the generation of DNA adducts in the hepatocytes
of these rats [127].

The aforementioned indication of safrole′s mutagenic activity was substantiated by
the findings of Jin et al., who observed an increased gpt mutant frequency in transgenic
gpt delta rats after a 13-week exposure to safrole via diet at the highest dose group tested
(0, 0.1%, 0.5%; n = 10/group, both sexes). The authors concluded that these data clearly
demonstrated the mutagenicity of safrole in vivo [149]. These findings were confirmed by
results of another study performed in 2013, utilizing a similar in vivo transgenic rodent
model [150]. In this study, male F344/NSlc-Tg (gpt delta) rats (n = 15 per dose) were fed
with 0.5% safrole via diet for 4 weeks. This dose was identified as a carcinogenic dose from
an earlier study [140]. In this experimental setting, safrole caused a significantly increased
gpt mutant frequency, which was associated with a tumor-promoting activity, as suggested
by an elevated number and area of GST-P-positive foci in rat livers, compared to controls.
The authors stated that these data confirm that safrole is a genotoxic carcinogen [150].

In contrast to safrole, data on myristicin′s mutagenic potential is sparse. A study
published by Damhoeri et al. in 1985, studied the mutagenic activity of oleoresins prepared
from myristicin-containing nutmeg fruits without metabolic activation in an in vitro mu-
tagenicity assay in S. typhimurium. The authors reported that the tested oleoresins were
mutagenic. Moreover, pure myristicin was also positive in the mutagenicity test [151].
Based on these data, it was suggested by Hallstrom and Thuvander in 1997 that both
nutmeg and myristicin may be weakly mutagenic, but additional studies were required to
finally conclude on the mutagenic potential [24].

Just recently in 2019, NTP characterized the mutagenic potential of myristicin. Myris-
ticin was not mutagenic in S. typhimurium with or without metabolic activation. In addition,
a micronucleus test was integrated in the subchronic toxicity study in which myristicin
(0, 10, 30, 100, 300, or 600 mg/kg bw; 5 days/week) was administered via gavage to
F344/NTac rats and B6C3F1/N mice (10 male and 10 female/group) for 13 weeks. There
was a significant dose-dependent decrease in the percentage of polychromatic erythrocytes
(PCEs) in the peripheral blood of male and female mice, illustrating toxicity to the bone
marrow in mice and suggesting that the test compound reached the target tissue. In mice,
however, no significant effect of myristicin on micronucleated red blood cells was observed.
A significant increase in micronucleated immature erythrocytes in the peripheral blood
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was observed in male and female rats of the highest dose group (600 mg/kg bw). This
was accompanied by significantly elevated amounts of circulating PCEs. Therefore, the
authors suggested that myristicin might have stimulated erythropoiesis in rats. It was
concluded that studies performed by the NTP provide limited evidence for the genotoxicity
of myristicin [152]. However, findings from others indicated that myristicin, similar to
other genotoxic alkenylbenzenes, e.g., safrole and methyleugenol, forms DNA adducts
in vivo [100,130,132]. However, NTP authors stated that the consequence of these adducts
is unknown, as myristicin was not tested for mutation induction in vivo [152]. Therefore,
further and more adequate studies are needed to allow for a conclusive evaluation of the
mutagenic potential of myristicin. Ideally, those studies should be designed as comparative
studies (e.g., testing of myristicin vs. other alkenylbenzenes, such as safrole, in a similar
experimental setting, e.g., as proposed by Nohmi and colleagues [150,153]), to allow a
ranking regarding the genotoxic potential of these substances. As demonstrated with other
alkenylbenzenes, in vivo assays capable of detecting gene mutations, i.e., transgenic rodent
assays like the gpt delta assay, might be appropriate test systems for detecting potential
alkenylbenzene-induced mutations.

3.2.3. Genotoxic Effects in Pregnant Mice and in Offsprings

Since the altered hormone constitution in pregnancy may profoundly affect the ac-
tivity of maternal xenobiotic metabolizing enzymes [154], a period of heightened sus-
ceptibility to chemical carcinogenesis may exist not only for the developing conceptus,
but also for the dam [155,156]. For example, the effects of pregnancy on the covalent
binding of several carcinogens to DNA were investigated in mice. Non-pregnant or
timed-pregnant (18th day of gestation) mice of similar age were treated with safrole or
1′-hydroxy-safrole per os. Tissue DNA adduct levels at 24 h after treatment were analyzed
via 32P-postlabeling. Binding of safrole and its proximate carcinogen, 1′-hydroxy-safrole,
to maternal liver and kidney DNA was increased by a factor of 2.3–3.5 during pregnancy
in mice [157]. In 1993, Randerath et al. observed a similar effect in the liver of pregnant
mice exposed to myristicin (48,000 adducts/109 nucleotides in liver DNA from dams vs.
17,000 adducts/109 nucleotides in liver DNA from non-pregnant mice) [101]. This indi-
cates that exposure to genotoxic compounds may be more hazardous for the maternal body
during pregnancy than for non-pregnant adult females. In addition, safrole and myristicin
may not quantitatively react in a first pass manner in mouse maternal liver alone. Part of
the amount of safrole administered maternally and some reactive metabolites may reach
the fetus transplacentally. Indeed, DNA adduct formation was observed by Randerat et al.
in fetal liver after exposure to myristicin in pregnant mice [101]. The ability to form DNA
adducts of myristicin transplacentally is of concern with respect to rapid cell divisions
occurring in fetal liver cells, thus increasing the possibility of fixing potential mutagenic
lesions which may further lead to carcinogenesis. In this context, administration of safrole
to pregnant mice during the second half of gestation also led to the development of epithe-
lial kidney tumors in female offsprings, demonstrating transplacental carcinogenesis [155].
In this study, a strong age- and sex-dependent difference (p < 0.01) in offspring renal car-
cinogenesis by safrole was observed. For comparison, in the case of the direct alkylating
carcinogen ethylnitrosourea, no significant sex-dependent differences were observed [158],
and preweaning as well as adult mice were equally sensitive to renal carcinogenesis by
ethylnitrosourea [159].

3.3. Carcinogenicity of Safrole, Methyleugenol, Myristicin and Elemicin

Mutagenicity may lead to the development of cancer. For example, mutations in tumor
suppressor genes or proto-oncogenes can cause uncontrolled cell division [160,161].

Safrole and methyleugenol are known hepatocarcinogens in experimental
animals [126,162–167]. This was demonstrated by several rodent studies described and
discussed in detail elsewhere [3,4,122,168].
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In contrast to safrole and methyleugenol [92,122,168,169], data on the carcinogenicity
of myristicin and elemicin are sparse. However, some limited experimental information is
available suggesting the possible carcinogenic activity of these compounds [24,152,170].

Although results from an early experimental study using a preweaning mouse model
suggest that myristicin is not hepatocarcinogenic [166], the reliability of this study must be
questioned. Based on an in silico analysis, Auerbach et al., in 2010, reported that myristicin
might potentially act as a weak carcinogen [170]. They predicted that administration of
myristicin at 2 mmol/kg/day for 2 years would lead to a weak, albeit significant, increase
in hepatic tumor burden in male rats. However, it should be noted that the informative
value of in silico testing, with respect to the endpoint carcinogenicity, is rather limited [171].

For elemicin, first indications of tumorigenicity were reported by Wiseman and colleagues,
who administered male B6C3F1 mice i.p 1′-hydroxy-elemicin or 1′-acetoxyelemicin in 4 doses
during the first 21 days postnatally [126]. In this study, an average of 0.8 hepatoma/mouse rel-
ative to 0.1 hepatoma/mouse for the solvent-treated controls was observed after 13 months.
An earlier and similar assay with 1′-hydroxy-elemicin, but using only 50% of the doses
used by Wiseman et al., however, provided no evidence for its hepatocarcinogenicity when
administered to preweaning male mice [166]. Data from two-year combined toxicity and
carcinogenicity studies do not exist so far, neither for myristicin nor for elemicin. Those
studies are crucial for a conclusive evaluation of the carcinogenic potential of myristicin and
elemicin, as also stated by others [10,24,61]. Thus, the possible carcinogenic potential (in-
cluding the underlying mode of action) of myristicin and elemicin merit further attention.

3.4. Other Toxicological Endpoints

In the following part of the manuscript, further toxicologically relevant effects of
methyleugenol, elemicin, safrole, and myristicin will be described in a comparative manner.
This includes acute, as well as subchronic toxicity, studied in vivo.

3.4.1. Acute Toxicity of Methyleugenol vs. Elemicin and Safrole vs. Myristicin

In 2000, results of a short-term animal study done by NTP showed that methyleugenol
is moderately toxic following a single oral dose. The median lethal oral dose (LD50) was 810
to 1560 mg/kg body weight (bw) for rats and 540 mg/kg bw for mice [92]. The undiluted
chemical (98% purity) was found to be neither an eye irritant nor a skin irritant to rats
and mice [92,172]. In contrast to methyleugenol, there is currently no literature available
regarding the acute toxicity of elemicin.

Safrole was shown to be moderately toxic [173]. Its LD50 following oral administration
was 1950 mg/kg bw and 2350 mg/kg bw in rats and mice, respectively [174,175]. Moreover,
for safrole, acute neurological effects were described, including depression, ataxia in rats,
as well as psychoactive and hallucinogenic effects in humans, which were considered as
being similar to those reported for other methylendioxybenzene compounds, including
myristicin [173,176,177]. The availability of literature regarding acute toxicity of myristicin
is limited. In 1961, Truit and colleagues performed an acute toxicity study in rats treated i.p.
with myristicin (200–1000 mg/kg bw) [178]. In the highest dose group, myristicin induced
hyperexcitability followed by central nervous depression in rats. From these data, authors
derived an LD50 > 1000 mg myristicin/kg in rats following i.p. application [178]. Although
the database on myristicin is rather limited, its acute toxicity after oral administration
was considered to be low [24]. Taken together, acute toxicity of myristicin seems to be
comparable to that of safrole, especially regarding neurological effects.

3.4.2. Subchronic Toxic Effects of Methyleugenol vs. Elemicin and Safrole vs. Myristicin

In 2000, NTP published the results of 14-week rat and mouse studies, in which
subchronic toxicity of the oral administration of methyleugenol (0, 10, 30, 100, 300 or
1000 mg/kg bw via gavage; 5 days/week) to male and female F344/N rats and B6C3F1
mice was investigated [92]. Regarding the experiments done with rats, all animals survived
until the end of the study. However, exposure to methyleugenol reduced body weight gain
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and caused cholestasis, hepatic dysfunction with hypoproteinemia and hypoalbuminemia,
as well as atrophic gastritis. Moreover, this led to increased liver and testis weight and
adrenal gland hypertrophy [92]. A no observed effect level (NOEL) of 30 mg/kg bw per day
was identified [3,92]. In the mouse study, 9 out of 10 males and all females of the highest
dose group died before the end of the study [92]. Methyleugenol exposure was associated
with reduced body weight gain, elevated liver weight in mice, and increased incidences
of cytological alteration, necrosis, bile duct hyperplasia, and subacute inflammation in
livers. Furthermore, there were increased incidences for atrophy, necrosis, oedema, mitotic
alteration, and cystic glands of the fundic region of the glandular stomach in mice of both
sexes [92]. A NOEL of 10 mg methyleugenol/kg bw and day was identified for mice [3,92].
In sum, the available subchronic studies indicated that methyleugenol is moderately toxic,
which includes different adverse effects, primarily in liver and stomach [3,92,179].

In contrast to methyleugenol, there is currently no literature available regarding
elemicin′s subchronic toxicity.

In 1965, Hagan et al. performed a subchronic toxicity study, in which safrole (250,
500 and 750 mg/kg bw per day) was administered via gavage to Osborne–Mendel rats
of both sexes for 105 days [180]. In the two highest dose groups, several rats died before
the scheduled end of the study. In the lowest dose group, all rats survived until the end
of the study. Several organotoxic effects were observed in this rat study, including liver
hypertrophy, focal necrosis with slight fibrosis, steatosis, bile duct proliferation, and adrenal
enlargement with fatty infiltration [4,180].

Comparable findings were obtained by Jin and colleagues in a rat study performed
in 2011 [149]. In this study, safrole was administered to rats via diet (doses: 0, 0.1, and
0.5%; n = 10/group; both sexes) for 13 weeks. The main findings of this study were
significantly reduced final body weights in male and female rats of all dose groups and
hepatotoxic effects, including increased relative liver weights and significantly increased
incidences of centrilobular hypertrophy, centrilobular vacuolar degeneration, and single
cell necrosis of hepatocytes. Moreover, the authors found that the relative kidney weights
of male and female rats were significantly increased after 13 weeks. Accompanying this,
different nephrotoxic effects were observed in male rats of the highest dose group, such
as significantly increased incidences of tubular hyaline droplets, granular cast, pelvic
calcification, and interstitial cell infiltration in the kidney [149]. Taken together, the liver
and kidney appeared to be the target organs with the most severe effects.

Regarding myristicin′s subchronic toxicity, NTP published in 2019 the results of 90-day
toxicity studies performed in F344/NTac rats and B6C3F1/N mice [152]. In these studies,
different doses of myristicin (0, 10, 30, 100, 300, or 600 mg/kg bw) were administered via
gavage 5 days/week for 13 weeks to rats and mice of both sexes (n = 10). In the rat study,
all males survived until the end, whereas, three female rats of the highest dose group died
within 4 days of the study [152]. Exposure of rats to myristicin led to various treatment-
related effects, including reduced mean body weight, enlarged livers, increased relative
liver and kidney weights, as well as increased triglycerides and alanine aminotransferase
activity regarding clinical pathology. Accompanying this, several treatment-related lesions
were identified in rats, such as centrilobular hepatocyte hypertrophy and necrosis in the
liver; epithelium atrophy and hyperplasia as well as necrosis in the glandular stomach;
and renal tubule hyaline droplet accumulation as well as a slightly increased severity of
nephropathy [152]. Moreover, myristicin also affected the reproductive system of male
rats, which included decreased absolute left cauda and left epididymis weights, as well
as a lowered number of sperm per cauda epididymis, germinal epithelium degeneration,
elongated spermatid retention in seminiferous tubules of the testis, and exfoliated germ cells
in epididymal duct lumina. Therefore, the authors concluded that oral myristicin exposure
exhibited the potential to induce reproductive toxicity in male F344/NTac rats [152]. In
the mouse study, all animals survived until the end. In mice exposed to myristicin, mean
body weights were reduced, livers were enlarged, absolute and relative liver weights were
elevated and hematology parameters were affected, which included increased leukocyte
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counts and segmented neutrophil number. Moreover, various treatment-related lesions
were observed in mice, such as oval cell hyperplasia, centrilobular hepatocyte hypertrophy,
and necrosis of the liver, epithelial and nerve atrophy, glands hyperplasia, hyaline droplet
accumulation, and cytoplasmic vacuolization of the respiratory epithelium in the nose.
Beside this, there was a significantly increased incidence of atrophy and hyperplasia in
the epithelium of the glandular stomach as well as of chronic and epithelial suppurative
inflammation in the forestomach [152]. From these findings, authors concluded that the
major targets after oral myristicin administration in rats and mice were the liver and
glandular stomach. Additional targets were salivary glands, the nose, kidney, testis,
epididymis, and the forestomach. Study authors identified a lowest observed effect level
(LOEL) of 30 mg/kg bw (increased relative liver weight) for male rats, 10 mg/kg bw
(clinical chemistry) for female rats, 100 mg/kg bw (increased liver weights) for male
mice, and 10 mg/kg bw (increased liver weights) for female mice. Moreover, a NOEL
of 10 mg/kg bw for male rats and of 30 mg/kg bw for male mice was identified, but not
for female rats or mice [152]. Together, the aforementioned data clearly indicate that the
spectrum of toxic effects following subchronic myristicin exposure is at least in part, and
especially regarding the hepatic and renal effects, comparable to that of the structurally
similar compound safrole.

4. Conclusions

The limited toxicological data and the lack of occurrence and consumption data
preclude a comprehensive evaluation of adverse health effects potentially associated with
myristicin, elemicin, and other alkenylbenzenes.

Therefore, additional occurrence data is needed for all toxicologically relevant alkenyl-
benzenes in different food products, especially those containing high levels of alkenyl-
benzenes (e.g., essential oils, basil-containing pesto, or PFS) [5,11,58]. Alkenylbenzenes
can be separated either via GC or high-performance liquid chromatography techniques
(HPLC) followed by MS [12,25,181–184]. However, to increase the specificity and accu-
racy of methods used for sample preparation, extraction, as well as substance separation
constant standardization efforts are needed. Furthermore, data on the consumption of
alkenylbenzene-containing foods is required. This data should be collected via appropriate
consumption surveys.

The alkenylbenzenes safrole and myristicin as well as methyleugenol and elemicin
are structurally closely related (Figure 1). This in turn suggests that the hazard poten-
tial of those compounds could exhibit similarities. In this regard, it appears reasonable
to identify potential hazards of the toxicologically widely unexplored alkenylbenzenes
myristicin and elemicin in comparison to those of the known genotoxic carcinogens saf-
role and methyleugenol. The available toxicological data, e.g., data on toxicokinetics and
genotoxicity, already suggest that both myristicin and elemicin might form reactive metabo-
lites being similar to those being formed from safrole and methyleugenol. However, the
sparse data also indicate that there might be quantitative differences that may result in an
altered toxicity profile. This in turn, cannot be finally evaluated at present. Indeed, their
genotoxic and carcinogenic potential is widely unknown, so far. In this context, two-year
combined oral toxicity and carcinogenicity studies are mandatory for the evaluation of
the long-term effects, as well as of the carcinogenic potential of myristicin and elemicin,
as also recommended by others [10,24,61]. Moreover, the underlying modes of action of
these compounds merit further attention, too. In this context, an appropriate experimental
setting should be designed taking into account the alkenylbenzene-specific bioactivation
(e.g., via SULTs) discussed in detail before [5].

It is important to note that the conventional bacterial reverse mutation test (Orga-
nization for Economic Co-Operation and Development (OECD) Test Guideline (TG) 471;
Ames test [185]) lacks the metabolic competence to yield the ultimate carcinogenic sulf-oxy
intermediates from alkenylbenzenes [186]. However, genetic modifications of the bacteria
enabling SULT expression may lead to a more adequate in vitro setting for the mutagenicity

150



Foods 2022, 11, 1988

testing of compounds metabolically activated via this pathway, such as methyleugenol,
myristicin, and elemicin [5,186]. Substantiating this, Monien et al. demonstrated in 2011
that furfuryl alcohol was negative in the standard Ames test, whereas it was mutagenic in
a modified setting utilizing S. typhimurium TA100 engineered for the expression of human
SULT1 [187]. In line with this, in 2016, Honda and colleagues found methyleugenol, which
is not mutagenic in standard Ames test [92], to be mutagenic in a modified Ames test
using a human SULT1-expressing S. typhimurium TA100 strain [186]. Although scientific
approaches exist that augment bacteria with human sulfotransferases, these systems are
not yet internationally standardized and validated for regulatory purposes.

An alternative approach is the hypoxanthine guanine phosphoribosyltransferase
(HPRT) assay (OECD TG 476), which is an in vitro mammalian cell gene mutation test
using the hprt and xprt genes for gene mutation measurement in mammalian cells [188].
The method is described in detail elsewhere [189]. Modification of the HPRT assay via
the use of replication competent cells (e.g., human liver cells) expressing human SULT1A1
could also offer an appropriate setting for in vitro mutagenicity testing of compounds
bioactivated in a SULT-dependent manner, such as safrole, methyleugenol, myristicin,
and elemicin.

From a toxicological point of view, and for the sake of animal welfare, initial muta-
genicity testing of alkenylbenzenes with unknown modes of action, such as elemicin and
myristicin, should be done in vitro. This might be sufficient, if initial testing of mutagenic-
ity is conducted using appropriate test systems, enabling the intracellular activation to
reactive sulfate esters by SULT-proficient bacterial or mammalian cells. For regulatory
purposes, it appears however reasonable to recommend transgenic rodent (TGR) models
(OECD TG 488 [190]) as ultimate confirmatory assays to decide on mutagenic potencies of
alkenylbenzenes in vivo following a positive in vitro finding [189].

A promising candidate among those TGR models appears to be the gpt delta rodent
gene mutation assay, developed by Nohmi et al. [153,191–193]. Since its development, it was
already successfully used in various studies in the context of food safety research [153,193].
Regarding alkenylbenzenes, the gpt delta TGR model was demonstrated to reliably identify
safrole, methyleugenol, and estragole as mutagens [124,149,194], as also concluded by
others [3,4,195]. One additional benefit of such test systems is the option to evaluate
mutagenicity in any tissue of interest [189]. This is of particular interest when mutagenicity
would have to be tested in distinct organs, such as in the liver, e.g., for testing of suspected
hepatocarcinogens, such as methyleugenol and elemicin [189]. Moreover, such an approach
might pave the way for simultaneous testing of mutagenicity in different tissues at the
same time. Moreover, such in vivo assays are needed to distinguish between genotoxic
(e.g., aflatoxin B1) and non-genotoxic carcinogens (e.g., 3-chloro-1,2-propanediol) [153].

Together, the aforementioned approaches would shed more light on the existing, and
currently still serious, data gaps, and could help to reduce considerable uncertainties
currently impeding the evaluation of adverse health effects potentially associated with the
consumption of foods containing alkenylbenzenes.
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Abstract: Piperine is a natural ingredient of Piper nigrum (black pepper) and some other Piper species.
Compared to the use of pepper for food seasoning, piperine is used in food supplements in an
isolated, concentrated form and ingested as a bolus. The present review focuses on the assessment of
the possible critical health effects regarding the use of isolated piperine as a single ingredient in food
supplements. In human and animal studies with single or short-term bolus application of isolated
piperine, interactions with several drugs, in most cases resulting in increased drug bioavailability,
were observed. Depending on the drug and extent of the interaction, such interactions may carry
the risk of unintended deleteriously increased or adverse drug effects. Animal studies with higher
daily piperine bolus doses than in human interaction studies provide indications of disturbance
of spermatogenesis and of maternal reproductive and embryotoxic effects. Although the available
human studies rarely reported effects that were regarded as being adverse, their suitability for
detailed risk assessment is limited due to an insufficient focus on safety parameters apart from drug
interactions, as well as due to the lack of investigation of the potentially adverse effects observed in
animal studies and/or combined administration of piperine with other substances. Taken together, it
appears advisable to consider the potential health risks related to intake of isolated piperine in bolus
form, e.g., when using certain food supplements.

Keywords: piperine; food safety; drug interaction; reproductive toxicity; bolus administration

1. Introduction

The alkaloid piperine ((E,E)-piperine; IUPAC-name: (2E,4E)-5-(2H-1,3-benzodioxol-5-
yl)-1-(piperidin-1-yl)penta-2,4-dien-1-one; CAS-No.: 94-62-2; FEMA-No: 2909; molec-
ular formula: C17H19NO3; molecular weight: 285.34 g/mol) is a natural ingredient
of Piper nigrum, Piper longum and some other Piper species, as well as of Aframomum
melegueta K. Schum. (Grains of Paradise) [1–7]. The alkaloid is the main compound
imparting the pungent flavour to fruits of Piper nigrum and Piper longum. Piper nigrum
fruits are used to produce black, white and green pepper. Black peppercorns are pro-
duced from whole, dried, full-grown, not yet fully ripe fruits, while white peppercorns
are produced from dried, ripe fruits after removal of the outer layer [8,9]. Green pepper-
corns are obtained from unripe fruits subjected to processing methods by which the green
colour is maintained.

The occurrence of piperine in the European/Western diet primarily results from use
of pepper for food seasoning, but also from the use of the substance in isolated form for
spicing/flavouring purposes, e.g., in beverages and spirits [2]. The substance can occur
in four stereoisomeric forms: (E,E)-piperine (= piperine), (Z,E)-piperine (= isopiperine),
(E,Z)-piperine (= isochavicine) and (Z,Z)-piperine (= chavicine). In black and white pepper,
(E,E)-piperine constitutes by far the main and most pungent isomer. The other three
isomers seem to be formed primarily via light-induced or enzymatic isomerization [10].
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Primarily in in vitro and in animal studies, as well as in some human studies, piperine
has been shown to be a biologically versatile compound that can interact with a variety
of chemically and functionally diverse biomolecular targets, such as enzymes, membrane
transporters, receptors or other biomolecules. For example, piperine may provide pro-
tection against forms of oxidative damage and improve the activities of compromised
anti-oxidative defence mechanisms (e.g., related to superoxide dismutase or catalase), but
depending on the study settings, may also decrease the anti-oxidative defence mechanisms
and among others, piperine further displays the potential to influence the activity of drug-
metabolizing enzymes, including enzymes involved in phase I (cytochrome P-450-enzymes)
and phase II metabolism (e.g., UDP-glucuronosyltransferases), to interact with cellular
drug transporters (e.g., P-glycoprotein) or to modulate the cellular targets (monoamine
oxidase) associated with neurodegenerative diseases [1,11–18].

Currently, attention is largely focused on the potential of piperine to influence the
bioavailability of certain drugs via interaction with drug-metabolizing enzymes and/or
inhibition of drug transporters or efflux pumps, thereby in many cases increasing the
drug bioavailability and efficacy. In addition, inclusion of piperine into drug-loaded
nanoparticles or lipospheres is being investigated as a means of increasing the effectiveness
of advanced drug delivery systems [19,20].

In food supplements, piperine (primarily in the form of highly piperine-enriched
pepper extracts, frequently with a piperine content in the range of ≥ 95%) is often used
and promoted, among others, as a bio-enhancer to increase the bioavailability of other
ingredients contained in these food supplements. Based on the use of piperine in various
food supplements, its multi-facetted biological activities, and on the differences regarding
the pattern of piperine intake when comparing the use of food supplements to the use of
pepper for food seasoning, a closer look into the safety aspects of the use of piperine as an
ingredient of food supplements appears to be warranted.

This review focuses on the possible critical health effects regarding the use of isolated
piperine as a single ingredient in food supplements (i.e., without the addition of other
bioactive substances). The use of isolated piperine as a flavouring agent is outside the scope
of this review. In the context of the present review, the focus was laid on adult persons;
thus, children and adolescents were not considered. To this end, a literature search was
performed in the scientific databases Pubmed and Embase, with the last update performed
in February 2021. To initially retrieve a broad spectrum of references, the search term
“piperine” was used, without combination with other search terms. To further identify the
relevant scientific publications that are within the scope of the present review, the abstracts
of the retrieved references were screened to facilitate the selection of a subset of publications
that were subsequently subjected to further scrutiny of the full texts. In addition, reference
lists of the identified relevant publications as well as websites of acknowledged scientific
bodies or national authorities were checked.

2. Occurrence and Exposure

2.1. Occurrence

Piper nigrum is the main source of piperine in European/Western cuisine. Other
potential sources are foods flavoured with piperine in isolated form or foods flavoured with
other Piper species (e.g., Piper longum and Piper retrofractum Vahl)or with the spice “grains
of paradise” (Aframomum melegueta) [2]. Regarding the piperine content of black pepper,
ranges of 2–7% [21], 2–9% [13] or 4–6% with contents up to 10% [2] have been reported.
For Piper longum, piperine contents of 1.2–5% [13,22–24], and for Piper retrofractum Vahl
contents of 3.1–4.5% have been indicated [13,23]. In an investigation of four commercial
brands of pure ground black pepper with high piperine contents (10–11%), E,E-piperine
was the most abundant (≥99% of detected piperine isomers) and Z,Z-piperine (= chavicine)
the least abundant (≤0.07%) piperine isomere [10].

During storage of ground black, white and green pepper at 4 ◦C for 6 months, a decrease
in piperine content of about 12–30% was observed [25]. Different findings were made
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regarding heat treatment of pepper, ranging from mild piperine losses of 4–12.5% during
cooking in an open pan (30 min) or pressure cooking (20 min) [26] to losses of approximately
28% during cooking (20 min) or about 34% during pressure cooking (10 min) [27].

2.2. Exposure

In 2007, by extrapolation from limited consumption data, the Australian Therapeutic
Goods Administration (TGA) estimated that the piperine intake in New Zealand was about
25 mg per person per day, in the USA approximately 60 mg and in India approximately
120 mg per person per day [28]. According to another source, which was based on annual
US import data of black pepper, with an estimated average per capita intake of approxi-
mately 0.7 g pepper/day, a corresponding per capita piperine intake of 14–54 mg/day was
calculated for the US population [29].

In an exposure estimation performed by the German Federal Institute for Risk As-
sessment (BfR) in 2018, which was based on food consumption data from the National
Consumption Survey II of the Max Rubner-Institute (2008) [30], including approximately
20,000 individuals, a mean per capita pepper intake of the male German population (14–80
years) of 0.6 g/day was estimated, with an estimated per capita intake at the 95th intake
percentile of 1.6 g pepper/day. Assuming an average piperine content in pepper of 4–6%,
this would correspond to an estimated mean per capita intake by the male population
of 24–36 mg piperine/day and an estimated intake at the 95th percentile of 64–96 mg
piperine/day. Regarding this estimation, it is noted on the one hand that information
on the consumption of herbs/spices is generally subject to greater uncertainty as their
consumption is often not documented, and an underestimation of the amount consumed
can therefore be assumed. On the other hand, it should be borne in mind that this in-
take estimation does not take into account possible piperine losses caused by storage or
food preparation.

In India, a consumption survey conducted from December 2006 to July 2008 in three
regions recorded the median monthly per capita intakes of black pepper of 3–18.5 g
(0.1–0.62 g/day) and in the 90th percentile of 16.7–41.7 g (0.56–1.39 g/day) [31]

Taken together, the available estimations of daily piperine intake resulting from the
use of pepper in food preparation are afflicted with considerable scientific uncertainty.
It should also be kept in mind that when using pepper for food seasoning, the piperine
intake occurs in conjunction with all other pepper constituents and with different degrees
of comminution of the peppercorn, potentially bringing about matrix effects influencing
the bioavailability or pharmacodynamic effects of piperine ingested in this way, which may
differ from the intake of piperine as an isolated substance.

In its assessment of isolated piperine and several aliphatic and arylalkyl amines and
amides as flavouring agents, the European Food Safety Authority EFSA (2015) reported an
estimated European per capita intake of 6.2 μg piperine/day for the use of isolated piperine
as a flavouring substance based on the EU Maximised Survey-derived Daily Intake (MSDI)
method (see also below). However, EFSA noted in this assessment that the use levels
were needed for some of the abovementioned flavouring substances, including piperine, to
calculate the Modified Theoretical Added Maximum Daily Intakes (mTAMDIs) in order to
identify those flavouring substances that required a more refined exposure assessment and
to finalise the evaluation [32].

In food supplements, piperine is usually used in combination with other ingredients
to increase their bioavailability, and commonly its addition occurs via highly piperine-
enriched black pepper extracts (piperine content frequently in the range of ≥ 95%). There-
fore, black pepper extract is often mentioned on the ingredient list of food supplements
and the piperine content is only indicated in second place. The piperine content of food
supplements is frequently in the range of 5–30 mg per daily dose, with single products
reaching dosages of 40 or up to about 50–100 mg per daily dose, but the market may be
subject to change.
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The piperine content of the highly piperine-enriched black pepper extracts (frequently
in the range of ≥95%) is very similar to the piperine content of chemically defined piperine
used as an isolated flavouring substance (piperine content ≥97% [33]) or to the piperine
content of the substance used in scientific investigations, for which it was procured as a
chemical from chemical companies (usually ≥97%).

3. Kinetics and Metabolism

In animal studies conducted by Bhat and Chandrasekhara [34,35] and Suresh and
Srinivasan [36], with rats receiving an oral dose of 170 mg piperine/kg body weight (bw),
only about 3–4% of the dose was detected in faeces in unchanged form over a period of 4 or
5 days, respectively, and it was concluded that 96–97% of the administered piperine dosage
was absorbed [34,36]. In an accompanying investigation with everted sacs of rat intestines,
only piperine was detected in serosal fluid and intestinal tissue, which led to the conclusion
that piperine did not undergo any metabolic change during absorption [34]. However,
in both the abovementioned animal studies, only small portions of the administered oral
dose could be detected in serum and investigated tissues. In the more recent study of
Suresh and Srinivasan (2010), maximum levels were reached 6 h after oral administration
of a piperine dose of 170 mg/kg bw, with approximately 38.8 μmol piperine/L in serum
and 0.39% of the administered piperine dose in liver, 0.37% in kidney and about 9.7% in
the flushed intestine [36]. In both studies, no piperine was detectable in urine [34,36], but
Bhat and Chandrasekhara detected piperine metabolites, i.e., piperonylic acid, piperonyl
alcohol, piperonal and vanillic acid, and their conjugates, in urine, which in their free
forms represented about 15.5% of the administered dose (measured within 96 h after
piperine administration) [35]. The latter authors assumed that most of the administered
piperine was absorbed and that it was not transformed during intestinal absorption but
was probably later metabolized rapidly by other tissues [34].

In a more recent study in rats, the bioavailability of an oral dose of 3.5 mg piperine/kg
bw was calculated to be about 25% by comparing plasma AUC values following oral and
i.v. administration [37]. Regarding piperine metabolites, Gao et al. (2017) identified 12
metabolites in rat plasma, bile, urine and faeces, with 10 piperine metabolites occurring
both in plasma and urine. The metabolites were grouped into metabolites resulting from
methylenedioxycyclic ring-opening, from methylenedioxycyclic ring-oxidation and from
piperidine ring-cleavage [38]. Shang et al. (2017) even detected and tentatively character-
ized 148 piperine metabolites in rat plasma, urine and faeces after oral administration of
250 mg piperine/kg bw. Piperine mainly underwent hydrogenation, dehydrogenation,
hydroxylation, glucuronide conjugation, sulphate conjugation, ring cleavage and their com-
posite reactions. However, information on plasma or urine levels of the detected piperine
metabolites is not available from this study [39]. In laying hens receiving piperine–enriched
feed (80 mg/kg feed), significant proportions of piperine isomers were observed in egg
yolks (3.0 μg piperine, 0.7 μg chavicine, 2.9 μg isopiperine and 5.3 μg isochavicine per g egg
yolk), indicating that piperine metabolism can also comprise substance isomerization [40].

Information on piperine serum or plasma levels observed in rats after oral administra-
tion is not uniform. With oral doses of 3.5, 20, 35 or 250 mg piperine/kg bw, corresponding
plasma Cmax values of approximately 0.45, 3.4, 5.4–6.0 or 12.7 μmol piperine/L were ob-
served in different studies [37,41–43]. However, other studies observed higher Cmax values
with approximately 9.9 μmol/L after an oral dose of 20 mg piperine/kg bw [44] or levels
of approximately 28–39 μmol/L after a dose of 170 mg piperine/kg bw [34,36]. Plasma
protein binding was about 98% in rats receiving an oral dose of 35 mg piperine/kg bw [42].
Furthermore, piperine was shown to efficiently penetrate and homogeneously distribute
into the brain of rats after oral piperine doses (35 mg/kg bw), leading to comparable
AUC(0-∞)-values in brain and plasma with a brain–plasma AUC ratio of 0.95. However,
based on the AUC(0-∞) values, the piperine level in cerebrospinal fluid was around 50 times
lower than in brain or plasma [42].

163



Foods 2021, 10, 2121

In humans, information on kinetics and metabolism of oral piperine doses are sparse.
In an investigation with two individuals receiving a single oral dose of 50 mg piperine
(approximately 0.71–0.83 mg/kg bw, assuming a body weight of 60–70 kg), the plasma
peak concentrations reached 2.7–3.3 μmol/L (Tmax = 1–3 h) [45].

In human urine, the piperine metabolites 5-(3-4-dihydroxphenyl)valeric acid piperi-
dide (which was excreted as sulphate) and its derivate hydroxylated in position 4 of the
piperidine ring, 5-(3-4-dihydroxphenyl)valeric acid-4-hydroxypiperidide, were observed
one or two days after oral administration of piperine (25 mg) or a high dose of pepper,
respectively. Interestingly, these two urine metabolites could not be detected in 2 out of 14
investigated individuals who instead excreted 5-(3-4-dihydroxphenyl)-2-4-pentadienoic
acid piperidide, providing first indications for individual differences in human piperine
metabolism [46]. In rat urine, all three metabolites could be detected [38]. In an in vitro
study comparing the hepatic piperine metabolism in mouse, rat, dog and human hepa-
tocytes, the predominant metabolic pathways included formation of a catechol derivate
for all species; however, the metabolic pathways displayed species-specific differences in
terms of types and quantities of metabolites [47].

4. Safety Aspects

4.1. Information Based on Evaluations by Scientific Bodies and National Authorities

The European Food Safety Authority (EFSA) has evaluated the use of piperine as
a flavouring substance. In its evaluations, EFSA (2008; 2011; 2015) disagreed with a No
Observed Effect Level (NOEL) of 20 mg piperine/kg bw/day that had previously been
identified by the Joint FAO/WHO Expert Committee on Food Additives (JECFA) (2006),
due to the shortcomings of the underlying animal study (lack of histopathology, study
duration) and in 2015 identified a No Observed Adverse Effect Level (NOAEL) of 5 mg
piperine/kg bw/day, based on a newly available 90-day rat feeding study performed
according to OECD guideline 408 (endpoint: dose-dependent increase in cholesterol level
in male animals) [29,32,48–50] (see (2) in Section 4.2.2). In its final conclusion, EFSA (2015)
agreed with the JECFA (2006) conclusion “no safety concern at estimated levels of intake
as flavouring substance” based on the MSDI approach (estimated European per capita
intake by the MSDI approach: 6.2 μg piperine/day) [32,50]. Currently, isolated piperine
is approved as a flavouring agent in the European Union with no restrictions on use or
maximum levels set in regulation (EC) No. 1334/2008. However, its use level may be
self-limiting due to the pungent taste of piperine.

In 2007, the Australian Complementary Medicines Evaluation Committee (CMEC)
evaluated the use of piperine as a component in herbal preparations for use in listed
medicines. Due to the possible effects on the bioavailability of medicinal products (leading
to increased bioavailability in most cases, see Section 4.2.4) and the risk of inadvertent
interactions with medicinal products, the committee recommended a maximum daily dose
limit of 10 mg/day for piperine (based on a person’s body weight of 50 kg) when present
as a component in herbal preparations for use in listed medicines [28].

The Canadian authority Health Canada (2019) has elaborated a monograph on the use
of Piper nigrum (black pepper) as an ingredient in Natural Health Products, which also in-
cludes piperine isolated from the fruits of Piper nigrum. For adults (≥18 years), a daily dose
of 250–420 mg for the unextracted powder of Piper nigrum fruits and a daily maximum dose
of 14 mg for the use of piperine as an isolated substance in these products were established.
For these products, a label statement is required that persons taking other medicines or
natural health products should consult a healthcare practitioner/provider/professional
or physician before use, as black pepper/piperine may alter their effectiveness. The same
applies to pregnant or breastfeeding women. The monograph does not list any contraindi-
cations or known adverse reactions [51].

None of the evaluations described above mentioned the paternal reproductive toxico-
logical effects observed in some animal studies (see (3) in Section 4.2.2).
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In 2016, on request of the Norwegian Food Safety Authority, the Norwegian Scientific
Committee for Food Safety (VKM) carried out a risk assessment of a daily dose of 1.5 mg
piperine in food supplements. The panel applied the Margin of Exposure (MOE) approach
in its assessment and used the NOAEL of 5 mg/kg bw/day identified by EFSA (2015),
which was based on an animal study (endpoint: dose-dependent increase in cholesterol
level in male animals) as the starting point for the MOE calculation. As the margin of
exposure for all age groups considered was greater than 100, the panel concluded that this
intake was unlikely to produce adverse effects in individuals aged 10 years or older [2].

4.2. Potential Hazards
4.2.1. Genotoxicity

In its assessment of piperine as a flavouring agent, JECFA (2006) concluded regarding
genotoxicity that piperine belongs to a group of aliphatic and aromatic amine and amide
derivates for which negative results were reported in bacterial assays for reverse mutation
and that piperine consistently gave negative results in a variety of in vivo studies [50,52–54].
EFSA agreed in its assessment with JECFA that the available studies on genotoxicity did
not preclude the evaluation of piperine (and some other aliphatic and arylalkyl amines and
amides) as a flavouring agent [32,48,49].

In a more recent study, piperine displayed negative results in an in vitro micronucleus
test with Chinese hamster ovary cells in the presence or absence of metabolic activation
and caused no increase in the numbers of micronucleated polychromatic erythrocytes
in an in vivo micronucleus test in mice with all the tested doses (highest tested dose
574 mg/kg bw), leading to the conclusion that in this study piperine was not genotoxic [55].

4.2.2. Animal Studies

(1) Acute and Subacute Toxicity

Piyachaturawat et al. investigated the acute toxicity of piperine (dissolved in equal
volumes of DMSO and 95% ethanol) following a single administration via intragastric (i.g.)
gavage to mice and rats [56]. For adult male mice, the resulting calculated LD50 value was
330 mg/kg bw, compared to an LD50 of 15.1 mg/kg bw based on i.v. administration. In the
same study, an LD50 value of 514 mg/kg bw was derived for single i.g. administration
of piperine to adult female rats, while a higher LD50 value was calculated for young
female weanling rats (LD50 > 585 mg/kg bw). Animals receiving lethal doses experienced
convulsion and died of respiratory paralysis [56].

In another study with mice, all animals survived oral doses of 143 to 574 mg/kg/day
given on two consecutive days, but displayed lethargy ranging from a slight degree in the
low-dose group to a severe one in the high-dose group [55].

In a subacute oral toxicity study with female rats receiving 0, 100, 250, 350 or 500 mg
piperine/kg bw/day for seven days, the body weight gain of animals receiving 100 mg/kg
bw was comparable to that of the control group. Daily doses of 250 mg/kg bw led to
reduced body weight gain and caused haemorrhage in the stomach of 3 out of 8 animals,
whereas the higher doses of 350 and 500 mg/kg bw caused the death of 2 and 5 out
of 8 animals, respectively. Animals receiving 500 mg piperine/kg bw/day displayed
histopathological changes of different types and degrees in the stomach, urinary bladder,
adrenal glands and small intestine. In addition, luteal cells in the central portion of the
corpora lutea were degenerated in this dosage group [56].

(2) Subchronic Toxicity Studies

In a study with groups of young male rats that received 100 mg piperine/kg feed
for 56 days or 110, 220 or 440 mg pepper oleoresin/kg feed (equivalent to 50–200 mg
piperine/kg feed), or 2 g pepper/kg feed, no adverse effects on growth, food efficacy,
organ weights, blood count and investigated clinical chemistry parameters were observed
compared to the control group [50,57]. In its evaluation of piperine as a flavouring agent,
JECFA (2006) based its NOEL for piperine of 20 mg/kg bw/day on this animal study, but
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EFSA (2008) considered this study inadequate for NOAEL identification due to study-
design limitations [48,50]. It should be mentioned that this animal study reported increased
haemoglobin values for the piperine group (242 g/L) compared to the control and to the
pepper/pepper oleoresin groups (~140 g/L); however, the red blood cell count was similar
to the other groups, making a typing error highly possible [57].

The subchronic toxicity study (90-day study) in rats that was finalised in 2013 and
used by EFSA (2015) [32] for the assessment of piperine as a flavouring agent has been
published meanwhile (Bastaki et al. (2018) [29]). In this study, 0, 5, 15 or 50 mg piperine/kg
bw/day were administered via feed for 90 days. According to the EFSA assessment,
the reduced weight gain observed in the highest male dose group was due to reduced
feed intake (possibly related to food palatability). There were no mortalities, no gross
and microscopic changes nor clinical pathology or organ weight changes attributable to
piperine. Some statistically significant changes in haematology, coagulation or clinical
chemistry parameters were considered by EFSA as not dose-dependent, small in magnitude
and within the range of historical values. However, statistically significant dose-dependent
increases in cholesterol levels were observed in male animals receiving 15 and 50 mg
piperine/kg bw/day (approximately by 30 and 55%, respectively), which was used by
EFSA for NOAEL identification.

According to EFSA, reduced relative epididymides weights were observed in male
animals administered 5 and 50 mg/kg bw/day, respectively, but these changes were con-
sidered small and not dose-dependent and therefore of limited toxicological relevance [32].
Regarding this finding, it is noted on the one hand that reduced relative (to-brain weight)
epididymis weights (17–23%) were observed in all three piperine dosage groups without
displaying dose dependence, with reductions being statistically significant only in the 5 and
50 mg/kg bw dosage groups. On the other hand, it must be mentioned that these changes
were without histopathological findings. From this study, EFSA identified a NOAEL of
5 mg piperine/kg bw/day due to the dose-dependent elevated cholesterol plasma levels
in male animals at the mid and high dose (15 and 50 mg/kg bw/day) [32].

Contrary to the EFSA (2015) assessment, Bastaki et al. (2018) ascribed no toxicological
relevance to the observed increases in cholesterol levels described above because, in their
opinion, the cholesterol levels were within the historical control range for male animals and
because of corroborating evidence from other studies showing an absence of a cholesterol
increase. Rather, they identified a NOAEL of 50 mg piperine/kg bw/day (the highest dose
tested) from this study [29].

(3) Paternal Reproductive Toxicological Effects

In 1999, as a consequence of administration of 0, 5 or 10 mg piperine/kg bw/day
(suspended in 0.9% saline) via a gastric catheter to young adult male rats for 30 days
(n = 10 per group), Malini et al. [58,59] reported in the high-dose group statistically signifi-
cantly (p < 0.05) reduced sperm concentrations in caput and cauda epididymides, statistically
significantly reduced relative weight of testis (relative to body weight) and reduced absolute
weight of the cauda epididymides, vas deferens, seminal vesicle and ventral prostate. The
relative organ weights were also reduced, according to the authors’ own calculations based on
the mean body and organ weights stated in one of the two publications by Malini et al. [59];
however, no information on statistical significance is available for these calculations. Fur-
thermore, histopathological changes in the testis, increased serum gonadotropins (FSH, LH)
and reduced the intra-testicular testosterone concentration, as well as reduced the testicular
lipid content, changes in the testicular lipid profile and reduced activity of some testicular
lipogenic enzymes were observed (for details, see Table 1). Histopathological changes in the
testes were also observed at 5 mg piperine/kg bw/day, but to a lesser extent than in the
high-dose group. Within this low-dose group, the other parameters mentioned above showed
changes in the same direction as seen in the high-dose group, but these changes were also
of smaller magnitude and, in the majority of cases, no longer statistically significant. The
reduced testicular weight was attributed to disturbed spermatogenesis and the reduced total
lipid content of the testes caused by piperine administration [58,59].
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In another study [60], D’Cruz and co-workers administered 0, 1, 10 and 100 mg
piperine/kg bw/day dissolved in a vehicle (10% DMSO in ethanol and groundnut oil at
the ratio of 1:1) to young adult male rats via a micropipette for 30 days and observed in the
10 mg/kg bw group statistically significant (p < 0.05) reductions in the cauda epididymal
sperm count and sperm motility, statistically significantly reduced absolute weight of the
testes and caput, corpus and cauda epididymides, and reduced activity of the antioxidant
enzymes in the testes and corpus and cauda epididymides, accompanied by increased
hydrogen peroxide generation and lipid peroxidation. In this study, the observed effects
in the 10 mg/kg bw group on epididymal sperm count and testicular and epididymal
weight were markedly smaller than in the study by Malini and co-workers. In the high-
dose group (100 mg/kg bw), the effects were more pronounced and additionally included
statistically significantly reduced sperm viability and significantly reduced relative testes
weight (relative to body weight) (for details, see Table 1). Further immunofluorescence
studies by the same group [61] revealed a dose-dependent increase in caspase 3 and
FAS protein in testicular germ cells that was related to piperine administration and was
accompanied by dose-dependent changes in the testicular antioxidant system (reduced
activity of antioxidant enzymes, increases in hydrogen peroxide generation and in lipid
peroxidation). In the low-dose group (1 mg/kg bw), no relevant reproductive toxicological
effects were observed in either of the studies by D’Cruz et al. [60,61]. These studies used
small animal groups with only four animals each, which reduces the scientific significance
of the study findings.

In young adult male rats that orally received 10 mg piperine/kg bw/day (suspended
in normal saline containing 0.5% carboxymethyl cellulose) for 60 days, Chinta and co-
workers observed a statistically significantly (p < 0.05) reduced epididymal sperm count,
sperm motility and sperm viability compared to the control group (the latter receiving the
vehicle only), accompanied by histopathological changes in the testes and epididymides;
statistically significantly increased serum gonadotropins (FSH, LH), with a reduced intra-
testicular testosterone concentration; and statistically significantly reduced activity of
anti-oxidant enzymes or other enzymes in the testes and epididymides (for details, see
Table 1) [16,62]. Data on reproductive organ weights were also recorded in this study,
but in one of the two publications dealing with this study, inconsistencies were noticed
between the testes weights and calculated indexes or a coefficient based on testes and
body weights [62]. For this reason, no further detailed information on the weights of the
reproductive organs is provided here. After a recovery period of 60 days without piperine
administration, the observed changes were reversible.

Animals receiving the piperine dose (10 mg/kg bw) every 4th day in the same study
displayed some of the abovementioned adverse effects that were also observed with the
daily piperine administration, e.g., reduced sperm viability and mobility, which were
less pronounced but in some cases still statistically significant (for details, see Table 1).
With piperine administration (10 mg/kg bw) every 7th day, the individual parameters
that were mentioned in relation to the daily piperine administration showed changes in
the same direction but the changes were considerably milder and no longer statistically
significant (e.g., sperm count, testicular testosterone). Chinta and co-workers concluded
from their data that piperine might be a good lead molecule for the development of a
reversible oral male contraceptive [16,62]. Animals receiving piperine every day displayed
decreased body weight of about 10% after 60 days of piperine administration, which
was not statistically significant. All animal groups receiving piperine (n = 6 per study
group) showed statistically significantly reduced absolute liver weights (approximately
35–39% reduction compared to the control group) at the end of the piperine administration
period. The authors did not comment on those data. These reductions were still existent
in the group that had received piperine every day (about −9%) and the group that had
received piperine every 4th day (about −41%) after the recovery period, without reaching
statistical significance (p < 0.05). Due to the administration of piperine suspended with
carboxymethyl cellulose, it is assumed that piperine was given as a bolus once per day.
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In a fourth study with male rats (juvenile animals, 35 days old at baseline; n = 6
per group) that involved administration of 0, 5 or 10 mg piperine/kg bw/day for 30
days by gavage, stimulation of pubertal Leydig cell development (increased Leydig cell
number and promoted maturation) and an inhibited spermatogenesis were observed.
Regarding the latter effect, the authors only cite histological findings of the testes and
epididymides and indicated that already the dose of 5 mg piperine/kg bw/day reduced
the epididymal sperm count, but no concrete figures on sperm counts were provided.
This lack of data presentation reduces the scientific weight of the evidence provided in
this study. Serum testosterone levels were elevated and the FSH levels were lowered in
both piperine groups [63,64]. In this regard, the findings in juvenile rats differ from those
observed in older rats [59,62].

Overall, the findings from these four studies [16,58–64] largely point in the same
direction, with some differences of observed adverse reproductive effects between young
adult and juvenile male rats. Concordantly, in young adult male rats, reproductive tox-
icological effects, i.e., disturbed spermatogenesis (and accompanying effects on testes,
epididymides and accessory male reproductive organs of different nature and degrees)
were observed with intakes of 10 mg/kg bw/day [16,58–62]. The less pronounced effects,
which were only partly statistically significant, were observed in adult male rats already at
5 mg/kg bw/day. From these studies, a LOAEL of 5 mg piperine/kg bw/day [58,59] and
a NOAEL of 1 mg/kg bw/day [60,61] can be identified for the endpoint male reproductive
toxicity (disturbed spermatogenesis). However, the study of D’Cruz and co-workers used
a wide spacing between the tested piperine doses (factor of 10) [60,61]. In one study,
adverse paternal reproductive effects observed with repeated daily piperine (bolus) doses
of 10 mg/kg bw were reversible after piperine discontinuation for several weeks [16,62].
Based on information of the four studies on piperine administration, it can be assumed
that piperine administration in these studies was carried out via bolus administration.
In three of these four studies, piperine administration was via gavage, micropipette or
gastric catheter, suggesting bolus administration. The piperine dosage form of the fourth
study, i.e., piperine in carboxymethyl cellulose, suggests bolus application as well.

It is noted that these studies are afflicted with certain limitations (statistical analysis
of organ weights mainly comprising data on the absolute organ weights and the data on
relative organ weights not being available in most cases; small animal group sizes in some
studies; in the study of Chen et al., only histological findings were cited but no concrete
data on sperm counts were provided; and reduced absolute liver weights not having been
reported in other animal studies at this daily dose and contradictory information on the
parameters related to testes weights in the study of Chinta and co-workers). However, taken
as a whole, the aggregated study findings all point in the same direction and the paternal
toxicological reproductive effects, i.e., disturbed spermatogenesis, are corroborated by
findings at different levels, such as histopathology, sperm parameters, hormonal changes
and changes at the level of enzyme activities, as well as changes in absolute organ weights.
The limited scientific significance of absolute organ weights is acknowledged; however,
a statistically significant change in the relative testes weights was seen at least in one
study [58] with daily doses of 10 mg/kg bw. The observed differences in hormone levels
between the studies of Malini et al. and Chinta et al. on the one hand compared to Chen
et al. on the other hand may be related to the different life stages of the investigated male
animals (juvenile versus young adult rats) [16,58,59,62–64].

The question of whether the mode of piperine administration in the study by D‘Cruz
and co-workers (piperine dissolved in 10% DMSO, ethanol and groundnut oil) [60,61] or in
the study by Chinta and co-workers (together with carboxymethyl cellulose) [16,62] could
possibly affect the bioavailability of piperine, leading to increased adverse effects, remains
elusive. Adequate data to compare the influence of these modes of administration with the
influences of the currently available piperine-containing dietary supplements and the food
additives or galenic technics used in their manufacturing on the bioavailability of piperine,
are currently not available.

172



Foods 2021, 10, 2121

In contrast to the largely consistent findings from the four studies cited above, different
results are available from the 90-day toxicity study with rats used by EFSA (2015) for
the evaluation of piperine as a flavouring agent, and which has already been described
in (2) in Section 4.2.2 [29,32]. In this study, intakes of 0, 5, 15 or 50 mg piperine/kg
bw/day were administered via feed. In male animals of the 5 and 50 mg/kg bw-groups,
statistically significantly reduced relative epididymis weights (relative to brain weight)
were observed. EFSA attributed only limited toxicological relevance to these findings
due to the small changes and the non-existent dose dependence, and these changes were
without histopathological findings (see also (2) in Section 4.2.2 and Table 1). This study did
not include any specific examinations of sperm parameters or LH and FSH blood levels, as
these types of investigations are not common in 90-day toxicity studies.

In its assessment, EFSA (2015) did not address the findings of Malini et al. [58,59] and
D’Cruz and co-workers [60,61], which were available at that time (since a review of the avail-
able scientific literature was not foreseen at this time as part of this assessment procedure).

A major difference between the four animal studies cited first [16,58–64] and the 90-
day toxicity study used by EFSA seems to be that in the 90-day toxicity study, piperine was
administered via feed, resulting in multiple intakes of small quantities spread throughout
the day, whereas in the four first-cited animals studies, it can be assumed that piperine was
administered as a bolus dose, possibly resulting in higher maximum blood or tissue levels
or otherwise increased bioavailability. The bolus administration of piperine in the first four
animal studies more closely resembles the usual human use of food supplements, which
often bear recommendations relating to 1–3 doses per day.

In this context, it is noted that Daware et al. observed no increased numbers of abnor-
mal sperm cells in a sperm shape abnormality test performed with male mice receiving
daily doses of 35–75 mg piperine/kg bw for 5 days [54]. However, this test is primarily
performed regarding a genotoxicity assessment.

In in vitro studies, reduced viability and motility of goat sperm cells were seen with
high doses of piperine (40–100 μmol/L) added to the sperm culture media [65], as well as
impaired fertilization ability of hamster sperms directly exposed to high piperine doses
(180–1005 μmol/L) in the capacitation medium [66]. However, the scientific relevance of
these in vitro findings remains elusive due to the high piperine concentrations used and
the direct exposure of the sperm cells to piperine via culture media, which differs from the
exposure of sperm cells resulting from oral piperine intakes.

The mode of action of the bolus doses of piperine on spermatogenesis and the ac-
companying effects on male reproductive organs remains elusive. With young adult male
rats, it has been hypothesized that induced oxidative stress due to depletion of antioxidant
enzymes and increased generation of reactive oxygen species (ROS) in epididymis and
testis, and activation of the Fas-mediated pathway in testicular germ cells, may contribute
to the observed antifertility effects. However, inhibition of the cytochrome P-450 enzymes
or other enzymes involved in the synthesis of testicular steroid hormones, interaction
of piperine with the active site of the androgen binding protein, induction of hormonal
imbalances (effects on serum levels of FSH, LH, sex hormone-binding globulin and tes-
ticular testosterone) or other effects on the functional integrity of the testis and the male
reproductive organs are also being discussed, and appear possible [16,61,62].

It is noted that even with high bolus doses of fine Piper nigrum fruit powder (25 or
100 mg/kg bw/day) administered for 20 or 90 days to male mice, negative effects on the
sperm count in the cauda epididymis, sperm motility, viability and number of morpho-
logically abnormal spermatozoa were observed (viability not affected with 25 mg/kg bw
dose administered for 20 days), which increased with escalating daily dose and duration of
application from 20 to 90 days. After 90 days of pepper powder administration, statistically
significantly reduced relative weights (relative to body weight) of the testis, epididymis
and seminal vesicle were observed in both dosage groups. No male animal receiving 100
mg/kg bw/day for 90 days (other animals were not examined) was fertile in mating trials
with untreated female mice 24 h and 14 days after the termination of pepper administration,
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respectively. The fertility of the treated male animals improved after an 8-week recovery
period, but was still (statistically not significantly) reduced at this time point [67]. The fine
fruit powder (suspended in water containing milk powder) was administered by a feeding
needle; therefore, it can be assumed that the administration occurred as a bolus.

(4) Maternal Reproductive Toxicological and Embryotoxic Effects

Depending on the time point of piperine administration before or during pregnancy,
different reproductive toxicological or embryotoxic effects were observed in female animals.

In the study by Daware et al. (2000), young female mice (n = 6 per group) receiving 0,
10 or 20 mg piperine/kg bw/day for 14 days until the day of mating with untreated male
animals displayed a statistically significantly reduced mating rate in the high-dose group
(mating performance: 50% versus 83% in control group) and in both piperine dose groups
a statistically significantly reduced fertility index (fewer mated animals became pregnant;
fertility index: 60% and 66%, respectively). With this piperine administration protocol, the
litter size of the pregnant animals and the growth of the pups were not affected. When the
piperine doses (10 or 20 mg/kg bw/day) were administered to female mice from Day
1 through to Day 5 of gestation, significantly reduced implantation rates were observed
in both dose groups, with implantations in 1 out of 6 mated animals each in the low- or
high-dose group, respectively, versus 6 out of 6 mated animals in the control group. The
post-implantation survival was not affected. In this study, piperine was given suspended
in a formulation containing 1% carboyxmethyl cellulose, which was most likely done by
bolus administration [54].

Significant implantation-inhibiting effects were also observed in another study by
Piyachaturawat et al. (1982) with mice receiving oral bolus doses of 2 × 12.5 or 2 × 50 mg
piperine/kg bw/day (dissolved in equal volume of DMSO and 95% ethanol; n = 19–21)
from Day 2 through to Day 5 of gestation, with the implantation rates reduced by 71%
and 90%, respectively, compared to the control group receiving the vehicle only (other
oral doses not investigated). In addition, significant abortive effects were observed in
mice given the same piperine bolus doses (2 × 12.5 or 2 × 50 mg/kg bw/day; n = 17–21)
from Day 8 through to Day 12 of gestation (interrupted pregnancies in 58.8% and 71.4% of
pregnant animals, respectively; other oral doses not investigated). Bolus doses of 25 mg
piperine/kg bw/day given from gestation Day 15 onwards (n = 8) resulted in delayed
labour and significantly increased number of dead foetuses (6.1 dead foetuses/litter vs. 0.3
dead foetuses/litter in the control group; other oral doses not investigated) [68].

In a study with female rats (n = 6), a reduced implantation rate (33% reduction) was
observed with an oral piperine dose of 100 mg piperine/kg bw/day administered from
gestation Day 1 through to Day 7 (other doses not investigated) [69].

In female hamsters, which received intra-gastric daily doses of 50 or 100 mg piper-
ine/kg bw/day from Day 1 through to Day 4 of the oestrus cycle, followed by hormonally
induced superovulation and artificial insemination with spermatozoa of untreated male
animals, increased fertilization of eggs in the early phase of fertilization 9 or 24 h after
insemination were observed compared to the control animals [70]. However, due to the
applied methodology (hormonally induced superovulation which might interfere with
piperine effects on female reproduction, artificial insemination, no information on preg-
nancy outcome), the scientific significance of these findings remains elusive regarding the
effects of piperine on maternal reproduction or embryonic development.

In conclusion, from these studies, a LOAEL of 10 mg/kg bw/day can be identified with
regard to adverse maternal reproductive and embryotoxic effects in mice [54]. This was
the lowest daily dose investigated in these studies.

(5) Interactions with Drugs

Animal studies on the interactions of piperine with drugs are discussed together with
the corresponding human studies in Section 4.2.4.
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4.2.3. Human Studies

(1) Intervention Studies

In human single-dose studies, piperine doses of 50 or 500 mg were applied either
alone (50 mg piperine) or in combination (500 mg piperine) with curcumin. However,
neither of both studies was designed to address piperine safety issues or provided data on
the safety parameters (occurrence/absence of adverse events, haematological or clinical
chemistry lab parameters) [45,71].

Human studies with repeated piperine administrations comprise only a small num-
ber of studies using piperine without concomitant administration of other substances
(drug interaction studies with piperine-only run-in phases of 3–10 days and piperine
doses of 15–20 mg/day) [72–79]. In addition, there are a number of other studies in which
piperine (in several cases in form of highly piperine-enriched pepper extracts) was given
in combination with other substances, e.g., curcumin, resveratrol, Camellia sinensis ex-
tract, herbal extracts or others, in order to increase the bioavailability or effectiveness of
these substances [80–116]. Some of these piperine combination studies included control
groups receiving piperine without concomitant administration of the other substances
mentioned above, but these studies lacked control groups receiving no piperine, and were
conducted in individuals suffering from different diseases and using various drugs during
the course of the study, or no information on product tolerance was provided [88,89,99,116].
The combination studies frequently used piperine doses in the range of 4–15 mg/day with
study durations of 4–17 weeks, but also other studies are available, in which 60 mg piper-
ine/day administered for 4 days [90], doses of 10 mg/day for 6 months [96,97] or doses of
40 mg/day for 3 or 6 month, respectively [86,111], were used. However, available human
studies with piperine administration were primarily conducted to evaluate the efficacy of
piperine or the efficacy of the accompanying substances, and in most cases safety issues
were only marginally addressed or reported. Most of the studies provided no information
or only inadequate information on the occurrence or absence of adverse events and/or no
data of the relevant safety lab parameters (a situation that is often found with substances
used as ingredients in food supplements [117]). In this regard, it should be noted that the
fact that no information on the absence or occurrence of adverse events was provided in
several studies cannot be taken as a proof that actually no adverse events occurred [117].
In some of the available studies in which piperine was administered concomitantly with
other substances, it is stated that no serious adverse events or severe undesirable effects
were reported, leaving open questions regarding the less severe effects. A few studies with
combined administration of piperine (4–10 mg/day or unspecified doses) with other sub-
stances (iron preparation, resveratrol, curcumin, multi-ingredients or others) reported that
no adverse events occurred [82,83,101,106,111–113,118]. Individual studies with combined
administration of piperine with other substances (a multi-ingredient product, curcumin)
conducted in patients with non-alcoholic fatty liver disease or COPD reported the occur-
rence of adverse events, comprising gastrointestinal adverse effects (abdominal discomfort
or diarrhoea in two studies with 3/40 individuals or 4/45 individuals, respectively; none in
placebo groups with n = 40 or 12, respectively) or rash (in one study with 1/45 individuals;
none in placebo group with n = 12) [84,103].

None of the identified human studies included investigations regarding the potential
effects of piperine on male reproductive capacity (i.e., sperm parameters).

Taken together, due to insufficient data on safety parameters, the lack of investigations
into the effects of piperine on human spermatogenesis and/or the combined administration
of piperine with other substances conducted in most studies, the available human studies
involving piperine administration provide no adequate scientific basis for the assessment
of the possible health risks of oral intake of isolated piperine used as single ingredient and
ingested in bolus form.

(2) Studies on Reproductive Toxicological Effects
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No published human intervention study could be identified, which included investi-
gations into the effects of bolus intakes of isolated piperine on male reproductive organs,
reproductive capacity or sperm parameters. The same applies regarding the reproductive
effects in women (pregnant women or women who intend to become pregnant).

In an epidemiological study, a statistically significant inverse association was observed
between plasma testosterone concentrations and, among others, plasma piperine levels in
healthy middle-aged men (median: 50 years) [119]. However, as already mentioned by the
study authors, a statistical association does not imply causality and therefore the scientific
significance of these data from this particular study alone regarding male reproductive
effects remains elusive (i.e., piperine plasma levels could just be a lifestyle marker).

4.2.4. Interactions of Piperine with Medicinal Products and Other Substances

The pharmacokinetic interactions of piperine with various chemically and pharmaco-
logically diverse drugs have been observed in both human and animal studies. In most
instances, interactions of piperine with drugs resulted in a better bioavailability of the
investigated drugs, exemplified by increases in the maximum plasma/serum concentra-
tions (Cmax) and/or increased AUC values (AUC = area under the curve) for the respective
drugs. These effects are in line with the purported “bio-enhancing” activity of piperine.

In human studies, oral administration of 20 mg piperine/day (~ 0,29 mg piperine/kg bw
based on a body weight of 70 kg) for one or several days resulted in improved bioavailability
(elevated serum/plasma concentrations and/or elevated AUC values) of the following drugs:
propranolol (antihypertensive drug), theophylline (bronchodilatory drug), phenytoin, carba-
mazepine (antiepileptic drugs), nevirapine (HIV-1 reverse transcriptase inhibitor), chlorzoxa-
zone (muscle relaxant), diclofenac (non-steroidal anti-inflammatory drug) and fexofenadine
(antihistaminic drug). In the cases involving administration of 20 mg of piperine/day, the
increases in the drug Cmax and AUC values were approximately 1.07- to 2.2-fold (Cmax) and
1.09- to 2.7-fold (AUC values), depending on the drug and drug dosage. Regarding rifampicin
(antibiotic drug), such interactions were reported in the context of concomitant administration
of 50 mg piperine/day (for details, see Table 2) [72–77,79,120–122].

For midazolam (sedative), prolonged and increased pharmacological effects of the
drug (prolonged duration of sedation, increased number of individuals with amnesia)
were observed with piperine administration of 15 mg/day for 3 days and subsequent
midazolam administration on the 4th day [78].

For the substances β-carotene and coenzyme Q10, increased bioavailability was al-
ready observed in the case of combined administration of 5 mg piperine/day with 15 mg β-
carotene/day for 14 days or with 120 mg coenzyme Q10/day, respectively, for 21 days [123,124].
Regarding curcumin, the Cmax or AUC values were approx. 30 or 20 times higher, respectively,
when administered together with 20 mg piperine/day [125].
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Table 2. Effects of piperine on the bioavailability of drugs in human studies.

Drug Therapeutic Use
Drug Dose and

Duration
Piperine Dose and

Duration
Drug Bioavailability Reference

propranolol antihypertensive drug

40 mg/day as single
dose, preceded by
piperine administration
for 7 days

20 mg/days for 7 days
increased bioavailability
(AUC: 2.03 fold, Cmax:
2.04 fold) Bano et al., 1991 [72]

theophylline bronchodilatory drug

150 mg as single dose,
preceded by piperine
administration for 7
days

20 mg/days for 7 days
increased bioavailability
(AUC: 1.96 fold, Cmax
1.62 fold)

rifampicine antibiotic drug 450 mg as single dose 50 mg as single dose
increased bioavailability
(AUC: 1.71 fold, Cmax:
1.25 fold)

Zutshi et al., 1985 [122]

phenytoin antiepileptic drug

300 mg as single dose
preceded by piperine
administration for 7
days, given to healthy
subjects

20 mg/day for 7 days

increased bioavailability
(AUC: 1.50 fold, Cmax:
1.27 fold) Cmax increase
was statistically not
significant

Bano et al., 1987 [79]

150 mg given to patients
with epilepsy who were
on phenytoin therapy
with 2 × 150 mg/day
for at least 2 months

20 mg as single dose

slightly increased
bioavailability
(AUC: 1.09 fold, Cmax:
1.10 fold)

Pattanaik et al., 2006
[120]

200 mg given to patients
with epilepsy who were
on phenytoin therapy
with 2 × 200 mg/days
for at least 2 months

20 mg as single dose

slightly increased
bioavailability
(AUC: 1.17 fold, Cmax:
1.22 fold)

carbamazepine antiepileptic drug

200 mg as single dose
given to healthy
subjects on day 11
(applied 1 day after last
piperine dose)

20 mg/day for 10 days
increased bioavailability
(AUClast: 1.48 fold,
Cmax: 1.68 fold)

Bedada et al., 2017 [73]

300 mg given to patients
with epilepsy who were
on carbamazepine
therapy with 2 × 300
mg/day for at least 2
months

20 mg as single dose

slightly increased
bioavailability
(AUC: 1.10 fold, Cmax:
1.07 fold; Cmax increase
was statistically not
significant

Pattanaik et al., 2009
[121]

500 mg given to patients
with epilepsy who were
on carbamazepine
therapy with 2 × 500
mg/day for at least 2
months

20 mg as single dose

slightly increased
bioavailability
(AUC: 1.13 fold, Cmax:
1.10 fold)

nevirapine
non-nucleoside HIV-1
reverse transcriptase
inhibitor

200 mg as single dose
on day 7 of piperine
administration

20 mg/day for 7 days
increased bioavailability
(AUC: 2.67 fold, Cmax:
2.20 fold)

Kasibhatta and Naidu
2007 [77]

chlorzoxazone centrally acting muscle
relaxant

250 mg as single dose
on day 11 (applied 1 day
after last piperine dose)

20 mg/day for 10 days
increased bioavailability
(AUC∞ : 1.69 fold, Cmax:
1.58 fold)

Bedada and Boga 2017
[74]

fexofenadine antihistaminic drug
120 mg as single dose
on day 11 (applied 1 day
after last piperine dose)

20 mg/day for 10 days
increased bioavailability
(AUC: 1.68 fold, Cmax:
1.88 fold)

Bedada and Boga 2017
[75]

diclofenac nonsteroidal
anti-inflammatory drug

100 mg as single dose
on day 11 (applied 1 day
after last piperine dose)

20 mg/day for 10 days
increased bioavailability
(AUC: 1.66 fold, Cmax:
1.64 fold)

Bedada et al., 2017 [76]

midazolam sedative
10 mg as single dose on
day 4 (applied 1 day
after last piperine dose)

15 mg/day for 3 days

increased clinical effects

- increased
duration of
sedation ≈ 1.89
fold;

- increased
number of
individuals with
drug-induced
amnesia

Rezaee et al., 2014 [78]

In these human studies referred to above, piperine was administered once daily as a
bolus and the piperine and/or drug administration was performed for one or more days
according to different administration schedules. The effects of piperine were influenced by
the dose of the administered drug and/or the duration of the piperine or the drug adminis-
tration and/or possibly by the investigated population group, i.e., healthy individuals or
individuals suffering from certain diseases (for details, see Table 2 and below). With the
exception of the studies on β-carotene and coenzyme Q10, currently no published human

177



Foods 2021, 10, 2121

study could be identified with simultaneous longer-term piperine and drug/substance
administration to achieve steady-state levels of piperine and the drug/substance.

In animal studies (rodents or rabbits), higher piperine doses were generally used
(2.1–30 mg/kg bw/day), as compared to the doses employed in human studies in which
interactions were investigated. The interactions described for the animal studies in most
cases also resulted in increased bioavailability (increased serum/plasma Cmax and/or
increased AUC values) of the investigated drugs. However, interactions in animal studies
were observed with several additional drugs, such as ibuprofen, nimesulide, oxyphenylbu-
tazone (non-steroidal anti-inflammatory drugs); amoxycillin, ampicillin, norfloxacin, mar-
bofloxacin, metronidazole (antibiotic drugs); glimepiride, nateglinide (antidiabetic drugs);
simvastatin, rosuvastatin (lipid-lowering drugs); verapamil, diltiazeme (calcium channel
blockers); sodium valproate (antiepileptic drug); darunavir ethanolate (HIV protease in-
hibitor); losartan (angiotensin II receptor type 1 antagonist); domperidone (antiemetic
drug); almotriptan (anti-migraine drug); and fexofenadine (antihistaminic drug) [126–144].

Increased bioavailability in animal studies has also been observed for a number of
other substances (for example for puerarin, resveratrol, emodin, linarin or cannabidiol).

In the case of the drugs nimesulide, oxyphenylbutazone, ibuprofen or nateglinide,
the piperine-mediated elevated bioavailability was reported to also be associated with
increased drug efficacy. Moreover, increased pharmacological effects, without concomitant
measurement of drug levels, have been observed for pentobarbitone (short-acting barbitu-
rate), pentazocine (opioid), sertraline (selective serotonin reuptake inhibitor), midazolam
or diazepam [126,134,140,141,145,146].

By contrast, animal studies were also identified in which no improved drug bioavailabil-
ity or a decreased bioavailability was observed for the combined administration of piperine
with drugs, i.e., with cefadroxil, carbamazepine, warfarin or diltiazem [127,147–149].

For diltiazem, a reduced drug bioavailability was observed with administration of 10
or 20 mg of piperine/kg bw/day for 14 days and diltiazem administration on Day 15 (i.e.,
one day after termination of piperine administration). The repeated dosing of piperine
in this study led to induced gene expression of the multidrug transporter P-glycoprotein,
which may have played a role in limiting the bioavailability of diltiazem [147].

As a further example, co-administration of warfarin (2 mg/kg bw) with piperine
(10 mg/kg bw) to rats resulted in a decrease in the warfarin Cmax and AUC values by 32 and
20%, respectively, combined with a reduced clinical anti-coagulant effect of warfarin [149].

The influence of the study conditions (investigated species, investigated human popu-
lation, duration of drug treatment and/or schedule of piperine application and piperine
dose) on the results of available interaction studies is illustrated by data obtained with
carbamazepine. In healthy humans receiving a single dose of carbamazepine (200 mg)
on Day 11 after 10 days of piperine administration (20 mg/day), significant increases in
Cmax (1.7 fold) and AUC (1.5 fold) values were observed compared to the control group
receiving carbamazepine only, which were attributed to piperine-mediated inhibition of the
CYP3A4 enzyme [73]. In epilepsy patients, with long-time carbamazepine monotherapy
and steady-state carbamazepine plasma levels, small increases in Cmax (1.1 fold) and AUC
(1.1) values were observed after administration of a single dose of 20 mg piperine combined
with 500 mg carbamazepine [121]. In an animal study with rats receiving a single combined
dose of carbamazepine with 3.5 or 35 mg piperine/kg bw, no significant changes in plasma
levels (Cmax or AUC-values) of carbamazepine and the major carbamazepine metabolite,
carbamazepine-10,11-epoxide, were seen compared to the control group receiving carba-
mazepine only. Rats concomitantly receiving the same carbamazepine and piperine doses
for 14 days showed significantly decreased plasma levels of carbamazepine (plasma Cmax
25–39% reduced; plasma AUC 29–37% reduced). The plasma levels of carbamazepine-
10,11-epoxide and brain levels of carbamazepine were also reduced in both piperine-treated
groups, but reached statistical significance only in the high-dose group. Carbamazepine-
10,11-epoxide brain levels were also reduced but reached no statistical significance. A
decreased plasma concentration of carbamazepine was observed in the high-dose piperine
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group, despite decreased CYP3A2 protein expression in rat liver. The reduced carba-
mazepine drug and metabolite levels were mainly attributed to a reduced carbamazepine
absorption (animals displayed increased defecation and wet faeces with piperine) and a
decreased brain penetration of carbamazepine caused by piperine [148].

In addition to the abovementioned study conditions, it can be assumed that the
concomitant administration of other bioactive substances together with piperine might
also influence the effects of piperine on the bioavailability of the investigated drugs.

Concerning the improved bioavailability seen with several drugs, different underlying
mechanisms have been discussed, such as improved drug absorption and/or inhibition of
degradation or elimination. In this context, depending on the drug or investigated substance,
different mechanisms for influencing absorption and different molecular targets relating to
the metabolism of xenobiotics are at the center of discussion, viz. the unspecific gastroin-
testinal effects (increased splanchnic blood flow), altered membrane dynamics, inhibition
of cytochrome P-450 enzymes (CYP3A4, CYP2E1, CYP2C9, etc.), inhibition of multispecific
efflux transporters, such as P-glycoprotein, or other mechanisms [1,15,73–78,120,124,150].

It is noted that for the reduced bioavailability of diltiazem observed in an animal
study, induction of P-glycoprotein has been considered as an underlying principle [147].

In summary, single or short-term administration of piperine bolus doses combined
with several chemically and pharmacologically diverse drugs resulted in interactions,
which in most cases led to increased drug bioavailability. However, it can be assumed
that such interactions with piperine may also occur with other drugs that have not be
tested in this respect so far. Such interactions may vary over time and depend on the
used drug, drug dosage and piperine dosage, and may also possibly vary depending on
concomitant administration of further bioactive substances. Appropriate investigations in
humans are required with the drugs in question to further clarify this issue. Interactions
(increased bioavailability of drugs) in humans were observed with several drugs at bolus
doses of 20 mg piperine/day. For one drug (midazolam), increased clinical efficacy was
reported with bolus administration of 15 mg piperine/day. The findings with β-carotene
and coenzyme Q10 indicate that already bolus doses of 5 mg piperine/day may possibly
cause interactions with certain substances or drugs.

5. Discussion

This review focuses on the evaluation of the safety of isolated piperine used as a single
ingredient in food supplements, i.e., in bolus form, in adult individuals. Children and
adolescents were not included in the consideration since adult persons constitute the prime
target population for food supplements containing piperine.

Piperine is a natural ingredient of Piper nigrum (black pepper) and some other Piper
species, e.g., Piper longum. Due to the use of peppercorns as a spice, it is a common
component of the human diet. Apart from this source, piperine may be used in isolated
form as a flavouring agent in food production.

When pepper is used for food seasoning purposes, piperine is added to food in com-
bination with all other components of the peppercorns (which may influence observed
biological effects) and in varying degrees of comminution (which may influence its bioavail-
ability). In this context, it is usually consumed together with large quantities of food and in
several portions throughout the day. By contrast, when piperine is used in food supple-
ments, the piperine supply differs greatly in that piperine is ingested in isolated or highly
concentrated form and as a bolus (usually in 1–3 portions per day), without any substantial
amounts of other pepper components. These differences may influence the bioavailability
and biological effects of piperine ingested as a bolus and in isolated form compared to its
usual intake via food seasoning.

Currently available human studies with oral piperine administrations provide no
adequate scientific basis for the final assessment of the potential health risks associated
with intakes of isolated piperine used as a single ingredient and ingested in bolus form.
This is a situation also frequently found with other substances used as ingredients of
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dietary supplements. Although hardly any adverse effects (apart from potentially un-
desirable interactions of piperine with various drugs) were reported in available human
studies, it is noted that in most cases safety issues were only marginally addressed or
reported. In addition, is to be considered that in many studies piperine was administered
in combination with other substances and that the combined administration complicates
data interpretation.

However, some currently available human and animal studies already provided
indications of potential health risks of bolus doses of isolated piperine.

In human and animal studies with single or short-time application, piperine was
shown to interact with various drugs. In most cases, these interactions led to an improved
bioavailability of the investigated drugs and are in line with the purported “bio-enhancing”
activity of piperine. It can be assumed that such interactions may also occur with other
drugs, and can vary, depending on the individual drug, drug dosage, piperine dosage,
duration of intake and time span between piperine and drug intake. Additionally, inter-
actions may also possibly vary depending on the concomitant administration of further
bioactive substances. For clarification, appropriate investigations in humans are required
with the drugs in questions, involving in particular studies with repeated drug and piperine
application to reach steady-state levels.

Improved bioavailability can offer advantages in drug therapy if this is performed
under medical supervision. Without adequate medical supervision, however, depending
on the drug, piperine-based drug interactions may carry the risk of unintended and/or
deleteriously increased medicinal drug effects or of the occurrence of adverse drug effects,
especially in the case of drugs with a narrow therapeutic range. Increased bioavailability of
certain drugs has been observed in several human studies with bolus doses of 20 mg/day
(= LOEL), and findings with β-carotene and coenzyme Q10 suggest that in some cases bolus
doses of 5 mg piperine/day might also cause such interactions. Taken together, against the
background of these data, it seems advisable that individuals taking medicinal products,
especially drugs with known piperine interactions or drugs for which no interaction
data are available, should consult a physician prior to the use of isolated piperine as a
food supplement.

Based on animal data, further potential health risks or potential risk groups, respec-
tively, of bolus doses of isolated piperine can be identified. In four animal studies with
juvenile and young adult rats, largely consistent paternal reproductive toxic effects (see
Table 1) were observed at piperine bolus doses of 10 mg/kg bw/day [16,58–64].

In young adult rats, male reproductive toxic effects, which were significantly weaker
and only partly statistically significant, were observed by Malini et al., already at bolus
doses of 5 mg/kg bw/day [58,59]. On the other hand, a NOAEL of 1 mg piperin/kg
bw/day (as bolus) can be identified from the study by D’Cruz and co-workers, who used a
large spacing between the tested piperine doses (factor 10) [60,61]. Consistently clearer ad-
verse paternal reproductive effects, i.e., disturbed spermatogenesis and accompanying ad-
verse male reproductive effects, however, were observed with doses of 10 mg/kg bw/day.

It is to be acknowledged that these studies are afflicted with certain limitations;
however, taken as a whole, the aggregated study findings point in the same direction and
paternal toxicological reproductive effects, i.e., disturbed spermatogenesis, are corroborated
by findings at different levels (i.e., histopathology, sperm parameters, hormonal changes
and other parameters).

The reason for the different findings in terms of paternal reproductive toxic effects of
these four studies compared to a sub-chronic 90-day animal toxicity study [29] remains
elusive. The major difference seems to lie in the method of piperine administration: in
the sub-chronic 90-day animal study, piperine was administered via feed, resulting in
multiple intakes of small piperine quantities spread throughout the day. In the case
of the other four abovementioned animal studies, piperine administration as a bolus
can be assumed, possibly resulting in higher peak blood or tissue levels or otherwise
increased bioavailability.
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Regarding the reversibility of the disturbed spermatogenesis observed by Chinta and
colleagues (see above) [16,62], it remains to be investigated to what extent such reversibility
may still be present with piperine administrations lasting longer than 60 days. In addition,
it remains to be clarified to what extent these findings may be extrapolated to humans.
Even taking into account these findings of Chinta and co-workers with respect to the
potential reversibility of the perturbation of spermatogenesis under certain conditions, the
consistent paternal reproductive effects observed with bolus doses of 10 mg/kg bw/day
should be classified as being toxicologically relevant and of potential concern.

Human studies that included adequate investigations to clarify the possible effects of
bolus doses of isolated piperine on the male reproductive system could not be identified in
the course of preparation of the current review. Therefore, as long as this knowledge gap
has not been resolved and against the background of the adverse male reproductive effects
observed in animal studies with high bolus intakes of isolated piperine, it seems advisable
to maintain an adequate margin of exposure between those bolus doses of isolated piperine
for which adverse male reproductive effects in animal studies were reported and the daily
amounts of isolated piperine used in food supplements.

By using a dose of 10 mg piperine/kg bw/day for which adverse male reproductive
effects were reported in several animal studies as a point of departure, the application of
an uncertainty factor of 3 seems warranted for extrapolation to a NOAEL from this intake
level. In addition, for deriving health-based guidance values from animal data, EFSA
recommends to use an overall default assessment factor of 100 to account for inter-species
and intra-human variability (10 for inter-species variability x 10 for inter-human variability)
in the absence of chemical-specific data on the kinetics and/or dynamics [151]. Based on
an assumed body weight of 70 kg, this approach would lead to a health-based guidance
value of 2.3 mg/day (10 mg/kg bw/day × 70 kg bw/(3 × 100)) for piperine when used in
isolated form via bolus administration, i.e., as a food supplement. This intake seems to be
low compared to estimates of daily piperine intakes resulting from the usual culinary use
of pepper in normal human diet. However, it should be taken into account that the intake
of piperine in isolated form may not be directly comparable to its intake in conjunction with
all other pepper ingredients and various degrees of comminution of the peppercorn. On the
other hand, the effect of pepper consumption (in particular of high bolus doses with a high
degree of comminution) on human male reproductive capacity remains to be clarified.

The health-based guidance value of 2.3 mg/day, as calculated above, which would
currently be expected to provide an adequate level of protection with respect to poten-
tial male reproductive toxicity, would also be below the piperine bolus doses for which
interactions with concomitantly administered drugs/substances have been observed.

In animal studies, maternal reproductive toxicity and embryotoxic effects were ob-
served with piperine bolus doses of 10–25 mg/kg bw/day, which varied, depending on
the time of piperine administration with regard to the day of mating, the duration of time
covered during gestation and the piperine dose (10 mg/kg bw/day: reduced fertility
index, reduced implantation rates; 25 mg kg bw/day: reduced implantation rates, abortive
effects, delayed labour and increased foetal mortality) [54,68]. It should be noted that
the observed adverse effects occurred in these studies at the lowest piperine bolus doses
tested and that certain adverse effects were only investigated at 25 mg/kg bw/day. From
the available animal studies, a LOAEL of 10 mg/kg bw/day, but no NOAEL regarding
maternal reproductive toxicity and embryotoxic effects could be identified. It remains to be
clarified whether the use of DMSO in the oral piperine application by Piyachaturawat et al.
(1982) might have had an influence on the bioavailability or observed effects of piperine.
However, adverse maternal reproductive and embryotoxic effects were also observed in a
second study [54].

With regard to the potential health risks for which there are indications when using
isolated piperine in bolus doses (drug interactions, disturbed spermatogenesis, adverse
maternal reproductive and embryotoxic effects), it remains to be clarified whether these
risks may be influenced by other bio-active, additional ingredients in food supplements
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ingested together with piperine. In principal, the same considerations apply to highly
piperine-enriched pepper extracts, although the difference between some highly piperine-
enriched extracts and the piperine preparations supplied from chemical companies (purity:
≥ 97%), used for instance in the cited studies of Chinta et al. [16,62] or D’Cruz et al. [60,61],
does not seem to be substantial. However, in cases involving either other bio-active
ingredients and/or highly piperine-enriched pepper extracts, any claimed mitigation
or elimination of the adverse effects described above should be supported by adequate
scientific investigations and data.

In conclusion, human and animal studies with single or short-term application of
isolated piperine used in bolus form revealed interactions of the substance with several
drugs, which can give rise to potential health risks, and based on which individuals
taking medications can be identified as a potential risk group. For individuals taking
medicinal products (especially drugs with known piperine interactions or drugs for which
no interaction data are available), it seems advisable to consult a physician prior to the use
of isolated piperine as a food supplement.

Animal studies with higher daily piperine bolus doses provide indications for further
potential health risks (disturbed spermatogenesis; adverse maternal reproductive and
embryotoxic effects), for which no adequate human data are currently available.

Considering that a distinct NOAEL for maternal reproductive and embryotoxic effects
could currently not be identified from the available animal studies, it seems advisable for
pregnant women to abstain from the use of food supplements containing isolated piperine.
Moreover, the reduced implantation rates that were reported in animal studies may also be
of relevance for women who wish to become pregnant.

Regarding the observed adverse paternal reproduction effects in animal studies and
the lack of information on the effects of bolus doses of isolated piperine on the human
male reproductive system, it appears prudent to maintain an adequate margin of exposure
between those bolus doses that produced adverse paternal reproductive effects in animal
studies and the maximum daily amounts of isolated piperine in food supplements.

Considering the uncertainties outlined above, the importance of addressing the ex-
isting knowledge gaps regarding effects of bolus doses of isolated piperine on human
male reproductive capacity in future human intervention studies, by including specific
investigations into this endpoint in the study design, is emphasised.
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Abbreviations

AUC area under the curve
bw body weight
Cmax maximum (or peak) serum/plasma concentration of a drug/substance
CMEC (Australian) Complementary Medicines Evaluation Committee
COPD chronic obstructive pulmonary disease
DMSO dimethyl sulfoxide
EFSA European Food Safety Authority
FAO Food and Agriculture Organization
FSH follicle-stimulating hormone
i.g. intragastric
i.v. intravenous
JECFA Joint FAO/WHO Expert Committee on Food Additives
LH luteinizing hormone
LOAEL Lowest observed adverse effect level
LOEL Lowest observed effect level
MOE Margin of Exposure
MSDI Maximised Survey-derived Daily Intake
NOAEL No observed adverse effect level
NOEL No observed effect level
OECD Organization for Economic Co-operation and Development
mTAMDIs Modified Theoretical Added Maximum Daily Intakes
TGA (Australien) Therapuetic Goods Administration
Tmax time to reach maximum serum/plasma concentration after administration of a drug/substance
WHO World Health Organization
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Abstract: The aim of this study is to present the benefits and risks associated with the consumption of
black pepper and cinnamon, which are very popular spices in Poland. The article presents the current
state of knowledge about health properties and possible dangers, such as liver damage, associated
with their consumption. The experimental part presents the results of the research on the antioxidant
properties against the DPPH radical, which was 80.85 ± 3.84–85.42 ± 2.34% for black pepper, and
55.52 ± 7.56–91.87 ± 2.93% for cinnamon. The total content of polyphenols in black pepper was
10.67 ± 1.30–32.13 ± 0.24 mg GAE/g, and in cinnamon 52.34 ± 0.96–94.71 ± 3.34 mg GAE/g. In
addition, the content of piperine and pepper oil in black pepper was determined, as well as the
content of coumarin in cinnamon. The content of piperine in the black pepper samples was in the
range of 3.92 ± 0.35–9.23 ± 0.05%. The tested black pepper samples contained 0.89 ± 0.08–2.19 ±
0.15 mL/100 g d.m. of essential oil. The coumarin content in the cinnamon samples remained in the
range of 1027.67 ± 50.36–4012.00 ± 79.57 mg/kg. Taking into account the content of coumarin in the
tested cinnamon samples, it should be assumed that the majority of cinnamon available in Polish
retail is Cinnamomum cassia (L.) J. Presl.

Keywords: black pepper; cinnamon; health benefits and risks; antioxidant properties

1. Introduction

Herbs and spices are very important in food technology, gastronomy and home
cooking. Spices are most often defined as products of plant origin [1]. Initially their use
was mainly combined with flavoring and improving the appearance of food. Then, it was
pointed out that spices have preservative, antioxidant and antimicrobial properties, which
significantly affect the shelf life and value of food [2]. Although the preservative properties
of spices have been known to mankind since ancient times, nowadays, thanks to highly
advanced analytical methods, we are learning about the compounds that are responsible for
this action [3]. Health-protective properties are another benefit of the use of spices. Herbs
and spices are carriers of numerous chemical compounds with health-improving properties
that can provide potential protection against cardiovascular diseases, neurodegenerative
diseases, diabetes type 2, and cancer [4]. However, we must remember the differences in
terminology and we want to pay special attention to the difference between medicinal herbs,
which are classified as medicinal products, and herbs, which are in turn food products.

Black pepper [Piper nigrum L.] and cinnamon [Cinnamomum spp.] are very popular
spices in Poland. In 2020, imports of black pepper to Europe amounted to 80,000 tons, of
which 6% was imported to Poland, and it was the 6th largest importer of black pepper in
Europe. Over 75% of Polish pepper imports are whole grains. Part of the imported pepper
is re-exported, and the estimated domestic consumption in 2020 was 5400 tons [5]. Among
European countries, Poland ranks 6th when it comes to cinnamon imports (other than
cinnamon Cinnamomum zeylanicum Blume neither crushed nor ground) and it accounts
for 0.74% of total world imports. When it comes to cinnamon Cinnamomum zeylanicum
B. neither crushed nor ground, Poland ranks 8th among the European countries with
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imports amounting to 0.32% [6]. Those two spices are one of the most consumed spices
in Europe and Poland with a wide range of uses [7,8]. The aim of this work was to make
a commodity characterization of these spices in the context of their potential importance
for the consumer. In the above-mentioned spices, the main bioactive substances were
determined and compared with the results of other authors’ research. Specifically, the
antioxidant properties of the spices were determined as these are most often mentioned
in the discussion of health-promoting properties of spices. Additionally, piperine and
coumarine were chosen as representative biomarkers of the quality of black pepper and
cinnamon, respectively. Piperine is the most important bioactive compound of black pepper,
while coumarin due to its hepatotoxic activity should be closely monitored in any products
with the addition of cinnamon.

An attempt was also made to determine the significance of the addition of a given
spice to food on its health-promoting impact.

2. Characteristics of Selected Spices and Its Relevance to the Consumer

2.1. Black Pepper [Piper nigrum L.]—Origin, Types and Properties

Black pepper [Piper nigrum L.] is one of the most popular and one of the oldest
spices [9]. It comes from the Malabar Coast of south-western India from where its journey
around the world began. It is grown in many countries, including India, China, Indonesia,
Malaysia, Brazil, Sri Lanka, and Vietnam. The great career of pepper began in the fifteenth
and sixteenth centuries with the era of geographical discoveries. The spice is the dried
seeds of this tropical evergreen plant. It occurs in several stages of harvesting as white,
green and black pepper and differs in the degree of maturity and method of treatment.

Black pepper is obtained from unripe fruits by drying, most often in the sun, until
the skin acquires a very dark color, almost black. Many factors influence the quality of
black pepper (Figure 1). One of the factors affecting the quality of this spice is the variety
of the plant. The Indian Spice Research Institute in India maintains the world’s largest
collection of over 2000 varieties [9]. Other factors shaping the quality of black pepper are
details of production including, inter alia, conditions of growing, harvesting, threshing,
drying, cleaning, storage and standardization. The quality of black pepper depends largely
on the size of the corns, color, the content of light, damaged peppercorns, humidity, the
presence of foreign bodies such as animal excrement, and the presence of insects. These
factors are fundamentally determined by the practices of harvesting, processing and the
treatment of peppercorns on plantations and the classification and storage procedures
adopted by exporters. Another aspect of quality is the level of microbial contamination,
which should not exceed the permissible limits [10]. The commercial quality of black
pepper is determined by pre-treatment and treatment of grains after harvest. Most often,
peppercorn is blanched and intensively dried, as a result of which it usually contains less
than 10% water.

However, pepper drying is not always carried out in mechanical dryers. In India, a
very popular method is the solarization of pepper, which involves drying pepper in the
sun after blanching in hot water [11]. Pepper is grown in tropical conditions characterized
by high temperature, high precipitation and humidity. Such conditions are favorable to the
development of fungi, which leads to an increased occurrence of mycotoxins, especially in
the absence of Good Agricultural Practices (GAP), Good Manufacturing Practices (GMP)
and Good Hygiene Practices (GHP) [12]. For additional protection of black pepper against
mycotoxins, as well as for decontamination, gamma irradiation is used [13]. Increasingly,
however, consumers are looking for organic or bio-based products. Such alternative
cultivation methods include, for example, the combined use of Rhizosphere bacteria with
endophytic bacteria, which inhibits root diseases and increases the productivity of black
pepper. Organic cultivation, on the other hand, provides pepper without pesticide and
herbicide residues [14–16]. Additional factors affecting the quality of pepper are climate
change and economic and social factors. Research conducted by Karamawati et al. [17]
shows that Indonesian farmers are switching from pepper to oil palms farming for this
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reason, which brings higher profits and requires less work. The growing conditions
and commercial quality of black pepper affect the sensory characteristics, which gives
satisfaction to consumers. Unfortunately, the consumers are often disappointed with
the quality of the spice when they discern the lack of information about the origin of
the spice or the content does not correspond to the name of the product. To identify
and study the authenticity of black pepper, very advanced research methods such as
infrared spectroscopy with Fourier-transform using chemometry or metabolomic studies
using ultra-high-performance liquid chromatography coupled with high-resolution mass
spectrometry must be used [18,19]. These methods are very expensive, time-consuming
and require a huge commitment of forces and resources and very well-equipped research
laboratories. Therefore, the study of authenticity and traceability seeks fast, non-destructive
methods based on the analysis of various data using chemometry, which will shorten and
accelerate the research at least at the initial stage of identification [20,21]. The sensory
and health properties of black pepper arise from its composition. Black pepper (Piper
nigrum L.) contains compounds that can be classified into three groups. The first group
consists of compounds that determine the sharpness of black pepper, the second includes
substances that determine its aroma, and the third group consists of other compounds such
as: fiber, starch, polyphenols, mineral salts, lipids [22]. The compound, which determines
the pungent aroma of black pepper is piperine, together with its analogues.

Figure 1. Factors influencing the black pepper (Piper nigrum L.) quality. Source: own study.

From its detection by Hans Christian Ørsted in 1819, 55 piperine analogues were iden-
tified in black pepper [23]. The essential oil of black pepper also has very rich composition.
It contains terpene and sesquiterpene hydrocarbons and their oxidized forms in the amount
of 1–3%. Its composition is influenced by geographical origin and respective production
process. A very important ingredient of black pepper is oleoresin, derived by extraction in
the amount of 6–13%. It consists of 15–20% of essential oil and 35–55% piperine [24–26].
For the consumer, the quality of spice is determined by its seasoning properties (the smell
and taste giving and improving in different dishes). The health properties of black pepper
and piperine are presented on Figure 2 and in Table 1.
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Figure 2. Health properties of black pepper and piperine. Source: own study.

Table 1. Health properties of black pepper and piperine based on other authors’ studies.

Health Effects Source

Antiallergic effect Aswar et al., 2015; Kim & Lee 2009 [27,28]

Analgetic activity Bukhari et al., 2013; Jeena et al., 2014; Tasleem et al., 2014 [29–31]

Antiarthritic activity Bang et al., 2009; Umar et al., 2013 [32,33]

Anticancer activity Banerjee et al., 2021; Greenshields et al., 2015; Morsy & Abd El-Salam 2017;
Prashant et al., 2017 [34–37]

Antidiabetic activity Atal et al., 2016; Kharbanda et al., 2016; Oboh et al., 2013; Sarfraz et al., 2021 [38–41]

Antidepressant activity Emon et al., 2020; Ghosh et al., 2021; Hritcu et al., 2015; Mao et al., 2014 [42–45]

Antihypertensive activity Hlavačková et al., 2011; Lee et al., 2015; Taqvi et al., 2008; [46–48]

Antiinflammatory activity Bang et al., 2009; Jeena et al., 2014; Tasleem et al., 2014; Yu et al., 2020 [30–32,49]

Antimicrobial activity
Bawazeer et al., 2022; Chen et al., 2019; Daigham & Mahfouz 2020; Hien & Dao

2022; Martinelli et al., 2017; Morsy & Abd El-Salam 2017; Zhang et al., 2017;
Zou et al., 2015 [36,50–56]

Antineurodegenerative activity Chonpathompikunlert 2010; Elnaggar et al., 2015; Etman et al., 2018 [57–59]

Antiobesity activity Du et al., 2020; Lailiyah et al., 2021; Meriga et al., 2017; Shah et al., 2011 [60–63]

Antioxidant activity Jeena et al., 2014; Srinivasan 2007; Vijayakumar & Nalini 2006 [30,64,65]

Cardiovascular protection Dutta et al., 2014; Taqvi et al., 2008; Wang et al., 2021 [48,66,67]

Gastrointestinal and antidiarrheal activity Mehmood & Gilani 2010; Srinivasan 2007; Shamkuwar et al., 2012; Shamkuwar
2013 [64,68–70]

Hepatoprotective and pancreatitis activity Bae et al., 2011; Christina et al., 2006; Gurumurthy et al., 2012; Matsuda et al., 2008;
Nirwane & Bapat 2011 [71–75]

Source: own study.

2.2. Cinnamon (Cinnamomum spp.)—Characteristics, Properties, Use

Cinnamon, next to pepper, is one of the most widely used spices in the world. Cin-
namon (Cinnamomum Scheffer) belongs to the Lauracae family, which includes more than
200 species. Cinnamon trees are evergreen trees growing in tropical climates in countries
such as India, Indonesia, Philippines, Sri Lanka, Myanmar, Vietnam and China. However,
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of these, only a few have a unique significance in medicine, cosmetology and as a spice
(Table 2).

Table 2. Main varieties of cinnamon for medicinal and seasoning purposes.

Systematic Term Synonym Common Term Occurrence Source

Cinnamomum verum
J. Presl

Cinnamomum zeylanicum
Blume

Ceylon cinnamon
True cinnamon Sri Lanca Weerasekera et al., 2021 [76]

Cinnamomum cassia (L.)
J.Presl

Cinnamomum aromaticum
Ness

Chinese
cinnamon China, North-east asia Zhang et al., 2017 [55]

Cinnamomum burmannii
(Nees & T.Nees) Blume —

Indonesian
cinnamon

Java cinnamon

Indonesia, Wietnam,
Filipines Al-Dhubiab 2012 [77]

Cinnamomum tamala
(Buch.-Ham.) T.Ness &

C.H. Eberm.

Cinnamomum albiflorum
Ness

Cinnamomum lindleyi
Lukman

Laurus tamala Buch.-Ham.

Indian cassia
Indian bay leaf

Tejpatta

India, Nepal,
Bhutan, China Tiwari & Talreja 2020 [78]

Cinnamomum loureiroi
Ness — Saigon cinnamon

Vietnamese cinnamon Wietnam Kumar et al., 2019 [79]

Source: own study.

Species of cinnamon trees differ in the morphological features of the leaves, such as
shape, color, size and veining. Other distinguishing features of cinnamon trees are the
morphological features of flowers, fruits and bark. The properties of cinnamon are mainly
due to flowers, fruits, leaves and bark composition. The most valued part of cinnamon due
to its unique healing properties is the bark of C. verum J. Presl (synonym of C. zeylanicum
Blume) [76]. The bark of C. verum J. Presl is thin, softer than other cinnamon trees bark,
paper and curls inwards on both sides, while the bark of C. cassia L. is hard, thicker and
curls only on one side, see Figure 3. Individual species of cinnamon bark also have a
different color, aroma, tenderness and taste.

Figure 3. Cinnamon bark (a) C. verum J. Presl and (b) C. cassia L. Source: [80].

The medicinal and spicy properties of C. verum J. Presl cinnamon bark result mainly
from its composition. In addition, Ceylon cinnamon is more expensive due to its chemical
composition, high quality, health benefits, and trace amounts of coumarin, which is found
in higher concentrations in Cassia cinnamon. Table 3 shows the bark composition of two
popular cinnamon trees.
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Table 3. Basic composition of the bark of Cinnamomum verum J. Presl and Cinnamomum cassia L.

Cinnamon Composition

Cinnamomum verum
cinnamaldehyde 1.99% (1.49–3.20%), cinnamylacetate,

cinnamon alcohol 0.043% (nd–0.083%), eugenol,
coumarin (nd–0.004%)

Cinnamomum cassia

cinnamaldehyde (0.005–9.383%), cinnamic acid
(0.001–0.191%), cinnamyl alcohol (0.001–0.177%)
cinnamamyl acetate, cinnamon alcohol, eugenol,

coumarin 0.001–1.218% (up to 5%)
Source: [81].

A number of compounds contained in cinnamon such as aldehydes, alcohols, acids,
esters, terpenes and others cause that it is used as a flavoring agent in seasonings, sauces,
pastries and sweets, drinks, meat dishes, cereals, chewing gums and fruit preserves. The
cinnamaldehyde in cinnamon is responsible for its sweet taste, and the addition of sugar
in food products further enhances this effect. Cinnamon oil obtained from bark is also a
flavoring agent in perfumes and toilet waters, lotions, shampoos, soaps and other cosmet-
ics [82].

In the food trade, cinnamon occurs in the form of bark fragments of various sizes, but
more often in the form of ground powder. Ground cinnamon is sometimes falsified and
instead of C. verum contains C. cassia or powder of other cinnamon trees, and on the labels
of food products containing cinnamon there is no information about the origin of the raw
material [83]. For this purpose, very specialized and advanced analytical methods are used
to detect adulteration, which allow the identification of the raw material [51,84–87].

The identification of geographical origin is also important due to the presence of
coumarin in cinnamon. Coumarin compounds with a benzopyrone structure are found in
plants of the families Leguminosae (Legumes), Rutaceae (Ruthaceae), Umbellifereae (Apiaceae)
(Umbellate), Compositae (Complex), Gramineae (Grassy), forming connections of a glycosidic
nature. However, in 1954, when the FDA report on the hepatotoxic effects of coumarin was
published, the European Commission directive 88/388/EEC (Annex II) recommended that
the intake of coumarin from natural sources, used as a food additive, should not exceed
2 mg/kg of food.

In 2005, Chemisches and Veterinäruntersuchungsamt in Münster, Germany, deter-
mined a coumarin content of 22 mg/kg in a sample of Christmas cinnamon cookies, which
led to a discussion on increasing the supervision of food products containing coumarin, as
well as on compliance with the limits by food producers [88]. As a result of these studies
and discussions, the EFSA (European Food Safety Authority) has set the Acceptable Daily
Intake (ADI for animals at 0.1 mg/kg body weight based on the maximum non-harmful
dose (NOAEL). In 2008, the EFSA established the same TDI for humans [89].

C. verum is mainly used for medicinal purposes, due to the fact that only this species
of cinnamon contains small amounts of coumarin. Cinnamon for medicinal purposes has
been used since ancient times [90] and the medicinal properties of cinnamon have been
confirmed in numerous studies (Figure 4 and Table 4).
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Figure 4. Health properties of cinnamon C. verum. Source: own study.

Table 4. Health properties of cinnamon based on other authors’ studies.

Health Properties Source

Analgetic activity Pandey & Chandra 2015 [91]

Anticancer activity Dutta & Chakraborty 2018; Thompson et al., 2019 [92,93]

Antidiabetes activity Anderson et al., 2015; Zare et al., 2019; Shinjyo et al., 2020 [94–96]

Antiinflammatory activity Han & Parker 2017; Schink et al., 2018; Shishehbor et al., 2018 [97–99]

Antimicrobial activity Abd El-Hack et al., 2020; Arancibia et al., 2014; Atki et al., 2019 [100–102]

Antiobesity activity Mnafgui et al., 2015 [103]

Antioxidant activity Gulcin et al., 2019; Weerasekera et al., 2021 [76,104]

Cardiovascular protection Jain et al., 2017; Mnafgui et al., 2015; Mousavi et al., 2020; Tarkhan et al.,
2019 [103,105–107]

Insecticidal effect Khan et al., 2020; Attia et al., 2020 [108,109]

Neurological disorders Kang et al., 2016; Khasnavis & Pahan 2014 [110,111]
Source: own study.

3. Materials and Method

Samples (25) of black pepper (Piper nigrum L.) were obtained from the polish market.
The test samples were representative of the entire Polish market. They came from a
network of super and hyper stores present throughout the country, i.e., Auchan, Carrefour,
Biedronka Jeronimo Martens, Kaufland, Lidl, Netto, Dino. These included both branded
products and own brands of retail chains. All samples were encoded and analyzed. The
piperine, essential oil content and antioxidant activity against DPPH radical and total
polyphenols were investigated.

Material for the study consisted of 12 samples of ground cinnamon (Cinnamomum
spp.) purchased in Poland. The coumarin content and antioxidant activity against DPPH
radical and total polyphenols were investigated.

3.1. Used Chemicals

2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin–Ciocalteu reagent, gallic acid, standard
coumarin (purity ≥ 99%) were purchased from Sigma Aldrich GmbH (Steinheim, Germany),
HPLC grade methanol and ethanol were obtained from POCH S.A. (Gliwice, Poland).
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Five packages of each spice sample were taken from the market according to PN-ISO
948 [112], then milled in case of black pepper and cinnamon according to PN-ISO 2825 [113],
and then 1% aqueous extracts were prepared.

3.2. Total Phenolic Content

The total phenolic content (TP) in water crude extracts was determined by the Folin–
Ciocialteau method with modifications [114] 2.5 mL of 0.2 N FC reagent was added to
tested solutions and mixed. After 5 min, 2 mL 75 g/L Na2CO3 solution was added. After
120 min incubation, the absorbance relative to that of a prepared blank was read at 760 nm
using a spectrophotometer (Unicam UV2, Varian). The TP content is expressed in mg of
gallic acid equivalents (mg GAE/g of product).

3.3. DPPH Free Radical Scavenging

Antioxidant activity was determined using the DPPH reagent and showed as DPPH
radical scavenging percent. Free radical scavenging effect was determined using the free
radical DPPH (2,2-diphenyl-1-picrylhydrazyl) reagent. 1 mL of the extract was added to
2 mL DPPH. The samples were gently mixed and left to stand in the darkness for 60 min.
Absorbance was read at 517 nm using spectrophotometer. A control sample was prepared
by mixing DPPH with distilled water. The ability of extracts to scavenge DPPH free radicals
was calculated according to the following equation:

Radical scavenging activity [%] AA[%] =
Abscontr − Abssample

Abscontr
× 100

The values are presented as the means of triplicate analyses.

3.4. Piperine Assay

Crushed black pepper was extracted with ethanol (97% or absolute), and the obtained
extracts were determined spectrophotometrically at a wavelength λ = 342 nm using UV-VIS
spectrophotometer Unicam. The determination was made in three repetitions [115].

3.5. Essential Oil Content

The determination of essential oil content in crushed black pepper was made by
steam distillation in a Dering apparatus [116]. The essential oil content was expressed
as mL/100 g d.m. Determinations were performed in triplicate.

3.6. Coumarin Content

The separation of coumarin was obtained in ground cinnamon by the HPLC method
using RP-Nova Pack C18 (240 × 4.6 mm, 5 μm) column. A mobile phase was composed of
acetonitrile water with a gradient elution at a flow rate of 1 mL/min. The identification of
coumarin in the cinnamon samples was conducted based on their retention time compared
with the retention time of the standard. The HPLC method was validated in term of
linearity, limit of detection, limit of quantification, precision and accuracy.

3.7. Statistical ANALYSIS

Results were presented as the mean and standard deviation. The experimental designs
and calculations were conducted using the Software Package Statistica 10.0 (StatSoft Inc.,
Tulsa, OK, USA).

The experiments were evaluated using analysis of variance (ANOVA) to find the
impact of the type and quantity of spices on the evaluated parameters. Statistical hypotheses
were verified at a significance level of p values < 0.05.

4. Results and Discussion

The analyses of selected bioactive compounds content and antioxidant activity were
carried out in samples of black pepper and cinnamon available on the Polish retail mar-
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ket. These studies will allow to assess the amounts of bioactive substances which Polish
consumers will find in these spices. The obtained results were compared with the other
authors’ studies.

4.1. Analysis of Black Pepper (Piper nigrum L.)

Black pepper samples (25) were encoded, the total content of polyphenols, antioxidant
activity, the content of essential oil and piperine were determined. The analyses were
performed in three repetitions and the results are presented in Table 5.

Table 5. Antioxidant activity (TP, AA), piperine and essential oil content in black pepper.

n
TP

M ± SD
[mg GAE/g]

AADPPH

M
[%]

Piperine
M ± SD

[%]

Essential Oil
M ± SD

[mL/100 g d.m.]

1 3 13.02 ± 1.56 84.42 ± 2.32 6.49 ± 0.07 1.09 ± 0.09

2 3 32.13 ± 0.24 84.51 ± 3.92 5.26 ± 0.03 1.29 ± 0.01

3 3 11.52 ± 0.30 83.93 ± 1.29 7.11 ± 0.05 1.77 ± 0.08

4 3 13.18 ± 0.35 85.42 ± 2.34 9.23 ± 0.05 2.05 ± 0.17

5 3 11.72 ± 0.85 84.86 ± 3.79 6.19 ± 0.05 1.12 ± 0.01

6 3 11.90 ± 0.29 82.67 ± 3.99 5.77 ± 0.04 1.48 ± 0.08

7 3 10.67 ± 1.30 85.32 ± 4.71 6.40 ± 0.05 1.31 ± 0.08

8 3 14.41 ± 0.73 81.49 ± 2.22 5.91 ± 0.00 2.08 ± 0.08

9 3 11.37 ± 0.18 82.01 ± 6.48 6.17 ± 0.04 1.43 ± 0.00

10 3 11.80 ± 1.13 80.64 ± 3.21 6.61 ± 0.02 1.03 ± 0.16

11 3 12.29 ± 0.78 84.27 ± 4.43 7.19 ± 0.05 2.18 ± 0.08

12 3 11.18 ± 0.06 80.85 ± 3.84 5.77 ± 0.04 1.75 ± 0.08

13 3 10.88 ± 0.37 85.13 ± 2.93 7.19 ± 0.05 1.55 ± 0.14

14 3 13.31 ± 0.12 81.73 ± 5.11 5.90 ± 0.06 1.32 ± 0.17

15 3 12.38 ± 0.54 78.07 ± 3.27 6.44 ± 0.03 1.86 ± 0.14

16 3 12.85 ± 1.02 84.45 ± 4.12 3.92 ± 0.35 1.61 ± 0.16

17 3 11.59 ± 0.27 71.29 ± 3.84 4.87 ± 0.02 1.48 ± 0.08

18 3 12.03 ± 0.32 81.83 ± 4.01 5.55 ± 0.02 1.42 ± 0.07

19 3 11.65 ± 0.70 84.60 ± 5.82 3.98 ± 0.06 2.17 ± 0.14

20 3 14.02 ± 1.08 85.34 ± 4.17 5.78 ± 0.64 1.47 ± 0.08

21 3 12.85 ± 1.02 84.43 ± 2.22 4.61 ± 0.12 1.76 ± 0.08

22 3 11.24 ± 0.53 84.59 ± 2.81 4.95 ± 0.17 1.28 ± 0.14

23 3 9.75 ± 0.96 73.88 ± 3.23 4.87 ± 0.02 0.89 ± 0.08

24 3 14.53 ± 0.61 81.48 ± 1.11 5.58 ± 0.01 1.48 ± 0.08

25 3 11.28 ± 0.74 63.93 ± 0.86 4.51 ± 0.22 2.19 ± 0.15
Source: own study.

4.1.1. Antioxidant Properties of Black Pepper (Piper nigrum L.)

The research showed different antioxidant activity of the tested black pepper samples
available on the Polish market. The content of total polyphenols ranged from 9.75 to
32.13 mg GAE/g. The results of the statistical analysis confirmed that the pepper origin
(brand) significantly influences the total content of polyphenols (KW-H(24) = 114.126,
(p = 0.000)). The antiradical activity of the tested samples was at a high level, ranging from
63.93% to 85.42%. Statistical analysis showed that the brand of pepper influences the ability
to scavenge DPPH free radicals (KW-H(24) = 114.63, p = 0.001).
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The obtained results of our own research showed that the content of essential oils in
pepper significantly influences the antioxidant activity measured with the use of DPPH
radicals. A statistically significant, positive weak correlation between these parameters
was found r = 0.251 (p = 0.045). It means that as the content of essential oil increases, the
ability of the spice to scavenge DPPH radicals also increases. It should also be noted that
pepper oil has a moderate ability to scavenge free radicals compared to other oils [117].
Gülçin points to the strong antioxidant properties of water and ethanolic black pepper
extracts. The total content of polyphenols was determined at the level of 54.3 mg GAE
in aqueous extracts [118]. The total content of polyphenols determined by Andradea
and Ferreira, depending on the modification in the extraction, ranged from 14 to 27 mg
GAE/g [119]. Ahmad determined the total content of polyphenols in the methanol extracts
of black pepper purchased in Delhi, at the level of 172.8 mg GAE/100 g [120]. Nagy et al.,
determined the content of polyphenols in black pepper at the level of 338 ± 1.41 mg
GAE/100 g, and the scavenging capacity of DPPH free radicals in methanolic solutions of
pepper at the level of 13.28% [121].

The ability to scavenge free radicals of aqueous pepper extracts in the studies by Nahak
and Sahu was for cubeb pepper (Piper cubeba) from 35.38 to 45.84% and for black pepper
from 28.15 to 39.92%. In ethanol solutions it increased to 77.61% for cubeb pepper and
74.61% for black pepper [122]. The DPPH scavenging capacity of 35.20% was determined
for an aqueous solution of black pepper by Gupta [123].

The polyphenol content of various pepper extracts was determined by Sruthi and
Zachariah. Pepper extracts in chloroform and methanol showed the highest content of
polyphenols compared to those in which n-hexane and water were used. In the case of
black pepper, the total content of polyphenols in the aqueous solution was at the level of
3.84 μg GAE/g, and in the case of P. longum pepper, 2.16 μg GAE/g [124].

The high total polyphenol content in black pepper grown in Korea was determined by
Lee et al., at the level of 1421.95 ± 22.35 mg GAE/100 g [125]. In another study, m, deter-
mined the total content of polyphenols in ethanol extracts of whole Korean peppercorns
and after debarking, and it was 1046 ± 22 and 797 ± 28 mg GAE/100 g, respectively [26].
One of the lowest total polyphenols contents in black pepper from Bhubaneswar, India was
shown by Mallick et al., and it was at the level of 11.9 ± 0.1 mg GAE/100 g [126].

In this context, the results obtained by Trifan et al., in different extracts are very
interesting. The scavenging capacity of DPPH extracts with hexane, dichloromethane,
50% aqueous methanol and methanol was 18.77 ± 0.24, 19.56 ± 0.59, 45.41 ± 0.03, and
32.41 ± 0.07 mg Trolox equivalents (TE)/g, respectively. The presented research results
indicate the importance of the analytical technique used in the extraction of the research
material, and specifically in the type of polar and non-polar solvent used for the extraction
of the spice [127].

In their research, Suchaj et al., showed a statistically significant effect of black pepper
irradiation on the increase in antioxidant activity determined with the use of DPPH radicals
after 2 months of storage. After 4 months of storage, these changes ranged from 4 to
9% [128].

4.1.2. Piperine Content in Black Pepper (Piper nigrum L.)

The content of piperine in the studied samples of pepper varies. Three samples of pepper
did not meet the requirements of the PN-A-86965:1997, the piperine content in them being
less than the required 4%, but they met the requirements of Codex Alimentarius. A piperine
content of 3.5% in black pepper is mandatory according to ESA 2015 and Codex Alimentarius
FAO/WHO [129,130]. The content of piperine of four manufacturers was at the limit of the
requirements of the standard and ranged from 3.92 to 3.98%. The remaining samples met the
requirements of the standard, with the highest average piperine content equal 6.61%. The
results of the statistical analysis confirmed that the brand of pepper affected the content of
piperine. The calculated statistic was KW-H(24) = 620.83431 (p = 0.000).
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The content of piperine at a similar level (2–7.4%) was determined by Ravidran [131].
Hamrapurkar et al., determined the piperine content of black pepper by the HPLC method.
The piperine content was 8.13% in P. nigrum and 4.32% in P. longum, and these levels
were slightly higher when extracted with CO2 gas (supercritical fluid) and methanol as a
cosolvent and amounted to 8.76% and 4.96%, respectively [132]. A similar method was
used by Rajopadhye et al., to determine the piperine content of various types of pepper
purchased in Indian supermarkets. They obtained mixed results: 4.52% for P. nigrum, 3.71%
for P. longum, and 1.19% for P. cubeba [133].

Zachariah et al., determined the piperine content at a much lower level from 2.8 to
3.8%. In a later study, the same authors determined piperine in black pepper from different
locations in India: the lowest contents were found in pepper from Thevam (1.6%) and
Neelamundi (2.0%), and the highest in samples from Perumkodi (9.5%) and Kuthiravally
(8.7%) [134]. In addition to the type, the place of cultivation also affects the content of
bioactive compounds in pepper. Sruthi et al., in the genus Panniyur-1, depending on the
place of cultivation, determined the piperine content at the level of 2.13 to 4.49% [135].

The geographical origin also affects the varying levels of piperine content in black
pepper. The high content of piperine in pepper from Malaysia (Malacca) was determined
by HPLC by Rezvanian et al., and amounted to 5.85% [136]. Piperine in Indian and
Malaysian pepper as determined by Jansz et al., was at the level of 2–7%, while in pepper
from Sri Lanka above 7% [137]. Shango et al., found that the piperine content in black
pepper depends on climatic factors such as air temperature, humidity, water availability
and the amount of precipitation. In addition, they showed that the piperine content was
influenced by the height at which the crop is located. Black pepper grown in Indonesia at an
altitude of 650, 450 and 190 m above sea level contained 4.52%, 4.47% and 3.38% piperine,
respectively [138]. The lowest piperine content in black pepper so far was determined by
Ajaml [139]. The used reversed-phase liquid chromatography (RP-HPLC) method for the
determination of piperine content in samples of pepper grown in various districts in Kerala,
India, and it was in the range of 1.53 ± 0.002 to 1.78 ± 0.002 % w/w.

In turn, Lee et al. [125] determined piperine in samples of Korean pepper at the
level of 2352.19 ± 68.88 mg/100 g. A similar content of piperine was determined by
Shrestha et al. [140] in black pepper samples taken from various areas of Kathmandu in
Nepal, and it ranged from 2.33% to 3.34% with an average of 2.75% and a standard deviation
of 0.31%. In another study by Lee et al. [26] in Korean pepper samples, they determined
piperine in the whole black pepper grain and in the grain with the peel stripped off, at 3728
± 0.180 and 4035 ± 0.108%, respectively. It turned out that when the peel was removed,
the piperine content was 8.2% higher, and the removal of the outer skin led to a softer taste
and greater bioactivity of the black pepper.

4.1.3. Essential Oil Content in Black Pepper (Piper nigrum L.)

While the content of piperine affects the sensory properties of pepper and determines
its sharpness, the essential oil has a decisive influence on the aromatic properties. However,
it should be remembered that both the content of piperine and essential oil are important
factors influencing the health properties of black pepper, which is widely discussed in the
theoretical part of this study. Moreover, the essential oil not only influences the aromatizing
properties but also inhibits the growth of many microorganisms, including pathogenic
microorganisms. The research of Nikoloć et al., showed that P. niger essential oil has a
preservative effect on food [141].

The essential oil content of the 25 tested samples of black peppercorns was diver-
sified. On average, it ranged from 0.89 to 2.19 mL/100 g of dry product. According to
the requirements of the PN-A-86965 standard [117], the oil content should not be lower
than 1.5 mL/100 g for black peppercorns and 1 mL/100 g for ground black pepper. The
average content of essential oil in 50% of the tested samples did not meet the requirements
of the above-mentioned standards, and was below 1.5 mL/100 g. According to Codex
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Alimentarius, the content of essential oil in black pepper should not be less than 2% of the
dry weight [129,142].

The Kruskal–Wallis test showed the existence of differences in the essential oil content
between the tested samples (KW-H(25) = 62.547, p = 0.001).

Published works on the content of essential oil in black pepper are rare and concern
various aspects related to it. The content of essential oil, apart from factors related to
the product, depends on the extraction conditions. The amount of essential oil increases
as the extraction temperature increases. The efficiency of the process increases for black
peppercorns from 0.4% after 40 min at 100 ◦C to 2.6% at a temperature of 250 ◦C [143].
These amounts are similar to those presented by Pino et al., who determined them at the
level of 1 to 3% [144]. Rezvanian found the content of essential oil in peppercorns from
Malaysia also at a relatively low level, ranging from 0.76% for Jahor pepper to 1.06% for
Malacca pepper [138]. A more varied amount of essential oil is given by Zachariach et al. It
ranges from 0.6% for the genus Perunkodi to 6.0% for the genus Subhakara [145].

Kurian et al., observed the variability in the essential oil content in the range from
2.7 to 5.1%, they also believe that the classical hydrodistillation method is the best method
of obtaining volatile oils compared to other techniques [146]. On the other hand, other
researchers publish results showing significantly lower levels of essential oil, also obtained
by hydrodistillation. Rmili et al., confirmed that the hydrodistillation method is one of the
best methods for obtaining essential oil from black pepper, however, the amount of essential
oil obtained by them from black pepper remained at a low level of 1.24% [147]. A slightly
higher content of essential oil in the range of 1.60–2.80% was obtained by hydrodistillation
from black pepper by Hussain et al. [148].

The results of other authors’ studies confirm that the location of crops also significantly
affects the content of essential oil in the same type of pepper. Sruthi determined the content
of an oil of the Panniur-1 genus depending on the cultivation location, the determined
amounts of the oil varied, and their content ranged from 1.6 to 3.2% [135]. Additionally,
the studies carried by Chen et al., showed that the content of essential oil in pepper is
influenced by the place of cultivation. They tested 25 samples of black and white pepper
from different growing regions. The Investigated black pepper from the Yunnan Province
in China contained 4.12%, and white pepper contained 3.01% of essential oil. On the
other hand, the content of essential oil obtained from pepper originating in Indonesia and
Vietnam was at the level of approximately 2% [25].

4.2. Analysis of Cinnamon (Cinnamonum sp.)

Table 6 presents the results of the determination of the content of bioactive substances
and antioxidant properties in cinnamon samples purchased on the Polish retail market.
They are referred to the other authors studies.

Table 6. Antioxidant activity (TP, AA) and coumarine content in cinnamon Cinamomum sp.

n
TP

M ± SD
[mgGAE/g]

AADPPH

M
[%]

Coumarine
M ± SD
[mg/kg]

1 3 94.71 ± 3.34 90.48 ± 4.13 1027.67 ± 50.36

2 3 92.32 ± 2.01 69.39 ± 2.88 3120.67 ± 81.25

3 3 85.77± 1.29 88.285 ± 1.49 2107.33 ± 103.24

4 3 74.58 ± 5.71 87.57 ± 2.11 3157.67 ± 59.77

5 3 73.38 ± 3.82 55.52 ± 7.56 2240.67 ± 57.01

6 3 72.33 ± 5.53 85.50 ± 2.65 3383.67 ± 57.07

7 3 71.22 ± 1.16 82.53 ± 1.99 2368.33 ± 37.58
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Table 6. Cont.

n
TP

M ± SD
[mgGAE/g]

AADPPH

M
[%]

Coumarine
M ± SD
[mg/kg]

8 3 77.575 ± 1.59 72.03 ± 3.47 3111.12 ± 34.28

9 3 52.345 ± 0.96 68.19 ± 3.47 3564.67 ± 42.12

10 3 69.16 ± 1.24 76.12 ± 2.81 3066.33 ± 60.12

11 3 97.17 ± 2.18 91.87 ± 2.93 2725.32 ± 41.29

12 3 94.64 ± 2.36 72.64 ± 3.02 4012.00 ± 79.57

13 3 64.38 ± 1.67 90.48 ± 3.33 3198.71 ± 81.82

14 3 88.27 ± 1.11 79.94 ± 4.61 3798.00 ± 90.04

15 3 79.25 ± 2.13 91.11 ± 2,63 3812.24 ± 61.29

16 3 69.91 ± 1.18 87.51 ± 1.85 2603.77 ± 83.64
Source: own study

4.2.1. Antioxidant Properties of Cinnamon (Cinnamonum sp.)

Among the analyzed samples, the highest total content of phenolic compounds was
found in the sample 11 at 97.17 mg GAE/g, and the lowest in the sample 9 at 52.345 mg
GAE/g (Table 6). The highest capacity of scavenging DPPH radicals was observed in
the samples of producer 11 (91.87% on average), and the lowest in sample number 5, for
which it amounted to 55.52%. The performed statistical analysis confirmed that the origin
(brand) of cinnamon significantly influences the total phenolic content (K-W, H(15) = 59.025,
p = 0.001), and the ability to scavenge free radicals (K-W, H(15) = 69.582, p = 0.000).

The total content of polyphenols in cinnamon bark determined by Abraham was
289.0 ± 2.2 mg GAE/g of plant [149].

The highest content of polyphenols was found in cassia bark ethanol extracts (9.534 g
GAE/100 g d.m.), in leaves (8.854 g GAE/100 g d.m.) and the lowest in buds (6.313 g
GAE/100 g d.m.). Extracts obtained from extraction with a CO2 supercritical fluid with
metanol were characterized by a lower content of total polyphenols [150]. In addition, they
confirmed the high DPPH radical scavenging capacity (over 80%) of Cinnamomum cassia
ethanolic extracts. They obtained the highest values for cinnamon leaves.

Mathew and Abraham found a statistically significant decrease in the concentration of the
DPPH radical along with an increase in the concentration of cinnamon bark extract from about
60% for a 3.125 μg/mL solution to about 5% for a 50 μg/mL solution [151]. Dragland found very
high concentrations of antioxidants (>75 mmol/100 g) in the Cinnamomi cortex [152]. Additionally,
other studies confirm the ability of plants from the Cinnamomum family to scavenge free
radicals [153–155].

Prasad found a difference in the DPPH free radical scavenging ability between different
grades of cinnamon. They decrease as follows: C. zeylanica > C. cassia > BHT > C. pasiflorum >
C. burmannii > C. tamala [156]. The aqueous and alcoholic extracts of cinnamon (1:1) showed
a significant ability to inhibit lipid oxidation in the in vitro lipid oxidation test [157].

Cinnamon has a higher oxidation inhibitory capacity than BHA, BHT and propyl
gallate tested in the lipid peroxidation test [158]. Prakash et al. [159] found a high free
radical scavenging capacity in solutions from cinnamon bark of C. zeylanicum, similar to
the characteristics obtained by ascorbic acid.

Lin et al., assessed the antioxidant activity (using the DPPH radical) of 42 types of
essential oils, including cinnamon oil. They showed the highest DPPH radical scavenging
activity among the studied essential oils at the level of 91.4 ± 0.002% [160]. In another
test, this spice was recognized as the best natural antioxidant, stronger than its synthetic
counterparts (BHA, BHT). This is important to extend the shelf life of foodstuffs as oxidation
is one of the most common chemical reactions responsible for food spoilage. It is likely
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that the high content of flavonoids is an essential basis for such a strong antioxidant
activity [161].

Interesting, especially related to its use in cooking, is the fact that cinnamon’s antioxi-
dant properties increase with the extraction temperature. Shobana and Akhilender Naidu
subjected that the extract in a temperature of 100 ◦C for 30 min, not only did not lose its
antioxidant properties, but rather showed a significant increase in them. “Cold” cinnamon
extract had an antioxidant activity equal to 21%, while when cooked it increased by as
much as 35% [157].

Trifan et al., showed that the antioxidant properties of cinnamon depend on the
extraction method. They extracted the cinnamon bark with hexane, dichloromethane, 50%
aqueous methanol and methanol. The result was a total polyphenol content of 18.46 ± 0.27,
14.00 ± 0.15, 92.90 ± 0.46, and 63.68 ± 1.48 mg GAE/g, respectively. In the same study,
the antioxidant activity (using the DPPH radical) was as follows: 6.96 ± 0.41, 9.39 ± 0.57,
473.74 ± 1.45, 178.42 ± 0.81%. These results clearly indicate a high relationship between
antioxidant activity and the extraction technique, i.e., the polarity of the solvent, which
influences the extraction of cinnamon essential oil [127].

4.2.2. Coumarin Content in Cinnamon (Cinnamonum spp.)

In 16 samples of cinnamon purchased on the Polish market, the varied content of
coumarin was determined and ranged from 1027.67 ± 50.36 to 4012.00 ± 79.57 mg/kg.
The performed statistical analysis allowed us to establish the existence of a relationship
between the origin (brand) of cinnamon and the content of coumarin (K-W, H(15) = 35.325,
p = 0.0003). The conducted research allows us to assume due to the high content of
coumarin, but also a strong aroma and slightly sweet taste that we are dealing with cassia.

These results are also confirmed by other authors [162–164]. Authors examining
the content of coumarin in cinnamon found that it is directly related to the species of
cinnamon and the degree of processing (it differs for the bark of cinnamon and ground
cinnamon). Woehrlin et al., report the coumarin content in cinnamon bark at the level of
1740 to 7670 mg/kg [165]. Its content in the bark found in Chinese studies was even over
12,000 mg/kg [166]. In ground cinnamon, Blahova and Svobodova [164] gave it at the level
from 2650 to 7017 mg/kg in samples from the Czech market. A high level of coumarin was
also determined by Ho et al.—29,400 mg/kg DS [167]. On the other hand, Lungarini found
very low contents (<100 mg/kg) in ground C. verum, and up to 3094 mg/kg in cassia [168].

The higher content of coumarin in cassia than in Ceylon cinnamon is also confirmed
by studies by other authors. Sproll et al. [163] found in the tested samples from the German
market the absence of coumarin in Ceylon cinnamon, while in cassia, it was determined
at the level of 2880–4820 mg/kg. In the samples of cinnamon of undefined origin, these
amounts reached even 8790 mg/kg, and 85% of the 20 samples contained coumarin, so it
can be presumed that 15% were samples of Ceylon cinnamon.

Among the food products containing cinnamon, an important source of coumarin
were cinnamon cookies with up to 88 mg of coumarin/kg, and bread and breakfast cereals
(up to 32 mg of coumarin/kg). This results in an amount exceeding the TDI by a child
consuming just three to four cinnamon cookies weighing 5 g, and for an adult it is about
ten pieces. Coumarin was present in small amounts in dairy products (up to 2 mg/k) and
alcohols (up to 8 mg/kg) [163].

Research conducted in India has shown that cinnamon sourced directly from planta-
tions has a low to moderate coumarin content, ranging from 12.3 to 143 mg/kg. On the other
hand, a high content of coumarin was found in samples of ground cinnamon purchased in
retail stores and it ranged from 819 to 3462 mg/kg. Only one market sample of cinnamon
purchased from an authentic spice vendor showed low coumarin content (19.6 mg/kg).
The authors of the study suggest that market cinnamon is very often adulterated with
cheaper substitutes such as C. cassia and C. burmanii, because market cinnamon containing
the least coumarin was three times more expensive than other market products [169].
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In spice mixtures containing cinnamon, the coumarin content reaches 4308 mg/kg [170],
and in plants from the Lamiaceace family it ranges from 14,300 to 276,900 mg/kg DS, Lavan-
dula-lavender and Salvia-sage show its highest content [171].

Authors including Sproll [163] and Abraham [149] consider that regulations on the
content of coumarin in food should be established, which was reflected in the Regulation of
the European Parliament and of the Council (EC) No. 1334/2008 of 16 December 2008 [172].

Ground cinnamon and spice blends purchased in retail stores have led food regulatory
authorities in many countries to increase the frequency of inspections [173,174]. The
Norwegian Scientific Committee for Food Safety (Vitenskapskomiteen for mattrygghet,
VKM), at the request of the Norwegian Food Safety Authority (Mattilsynet), conducted a
risk assessment of coumarin consumption in the Norwegian population. As a result of these
studies, it was found that a small or occasional exceeding of the TDI is not considered to
increase the risk of adverse health effects. The consumption of coumarin may in some cases
exceed the TDI seven to twenty times. Liver toxicity may occur soon after the initiation of
coumarin exposure. Such large daily exceedances of TDI, even within a limited period of
1–2 weeks, raise concerns about adverse health effects [175].

5. Conclusions

The principal role of spices is to raise the quality of food to a higher level. Hence,
spices are used primarily to provide consumers with a sensory experience and pleasure
from consuming food [176]. Black pepper (Piper nigrum L.) and cinnamon (Cinnamomum
spp.) are frequently consumed spices in Poland. The research discussed in this paper shows
that these spices, apart from influencing the sensory value of food, may have a positive
effect on the human body. The research carried out in this study shows that the quality of
black pepper available to consumers in retail trade was at a good level, as measured by the
results of the content of piperine and pepper oil. The content of piperine in the black pepper
samples was in the range of 3.92 ± 0.35–9.23 ± 0.05%. The tested black pepper samples
contained 0.89 ± 0.08–2.19 ± 0.15 mL/100 g d.m. essential oil. The coumarin content in
the cinnamon samples remained in the range of 1027.67 ± 50.36–4012.00 ± 79.57 mg/kg.
Taking into account the coumarin content, we suppose that the majority of cinnamon
available in the Polish retail trade is Cinnamomum cassia (L.) J. Presl.

In the wider context of the research carried out, the question is what are the benefits
of consuming spices for consumers? These benefits appear to depend primarily on the
amount of spices consumed and their quality, measured by the content of the important
bioactive substances. Therefore, the inspection services face a major task of ensuring that
the quality of spices available on the market is as high as possible, because only then will
these spices will have a high sensory value and will have an impact on human health.
Consequently, there is still a need for more research into how spices affect the specific
organs of the human body [177,178].
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46. Hlavačková, L.; Janegová, A.; Uličná, O.; Janega, P.; Černá, A.; Babál, P. Spice up the hypertension diet—curcumin and piperine
prevent remodeling of aorta in experimental L-NAME induced hypertension. Nutr. Metab. 2011, 8, 72. [CrossRef] [PubMed]

47. Lee, K.P.; Lee, K.; Park, H.-W.; Kim, H.; Hong, H. Piperine inhibits platelet-derived growth factor-BB-induced proliferation and
migration in vascular smooth muscle cells. J. Med. Food 2015, 18, 208–215. [CrossRef]

48. Taqvi, S.I.H.; Shah, A.J.; Gilani, A.H. Blood pressure lowering and vasomodulator effects of piperine. J. Cardiovasc. Pharmacol.
2008, 52, 452–458. [CrossRef]

49. Yu, S.; Liu, X.; Yu, D.C.E.; Yang, J. Piperine protects LPS-induced mastitis by inhibiting inflammatory response. Int. Immunophar-
macol. 2020, 87, 106804. [CrossRef] [PubMed]

50. Bawazeer, S.; Khan, I.; Rauf, A.; Aljohani, A.S.M.; Alhumaydhi, F.A.; Khalil, A.A.; Qureshi, M.N.; Ahmad, L.; Khan, S.A. Black
pepper (Piper nigrum) fruit-based gold nanoparticles (BP-AuNPs): Synthesis, characterization, biological activities, and catalytic
applications—A green approach. Green Process. Synth. 2022, 11, 11–28. [CrossRef]

51. Chen, P.; Sun, J.; Ford, P. Differentiation of the Four Major Species of Cinnamons (C. burmannii, C. verum, C. cassia, and C. loureiroi)
Using a Flow Injection Mass Spectrometric (FIMS) Fingerprinting Method. J. Agric. Food Chem. 2014, 62, 2516–2521. [CrossRef]
[PubMed]

52. Daigham, G.E.; Mahfouz, A.Y. Assessment of Antibacterial, Antifungal, Antioxidant and Antiviral Activities of Black pepper
Aqueous Seed Extract. Al-Azhar Univ. J. Res. Stud. 2020, 2, 1–12.

53. Hien, L.T.M.; Dao, D.T.A. Antibacterial Activity of Black Pepper Essential Oil Nanoemulsion Formulated by Emulsion Phase
Inversion Method. Curr. Res. Nutr. Food Sci. 2022, 10, 311–320. [CrossRef]

54. Martinelli, L.; Rosa, J.M.; Fereira, C.S.B.; Nascimento, G.M.L.; Freitas, M.S.; Pizato, L.C.; Santos, W.O.; Pires, R.F.; Okura, M.H.;
Malpass, G.R.P.; et al. Antimicrobial activity and chemical constituents of essential oils and oleoresins extracted from eight pepper
species. Ciênc. Rural 2017, 47, e20160899. [CrossRef]

55. Zhang, J.; Ye, K.-P.; Zhang, X.; Pan, D.-D.; Sun, Y.-Y.; Cao, Y.-X. Antibacterial Activity and Mechanism of Action of Black Pepper
Essential Oil on Meat-Borne Escherichia coli. Front. Microbiol. 2017, 7, 2094. [CrossRef]

56. Zou, L.; Hu, Y.-Y.; Chen, W.-X. Antibacterial mechanism and activities of black pepper chloroform extract. J. Food Sci. Technol.
2015, 52, 8196–8203. [CrossRef] [PubMed]

206



Foods 2022, 11, 2746

57. Chopathompikunrt, P.; Wattanathorn, J.; Muchimapura, S. Piperine, the main alkaloid of Thai black pepper, protects against
neurodegeneration and cognitive impairment in animal model of cognitive deficit like condition of Alzheimer’s disease. Food
Chem. Toxicol. 2010, 48, 798–802. [CrossRef] [PubMed]

58. Elnaggar, Y.S.R.; Etman, S.M.; Abdelmonsif, D.A.; Abdallah, O.Y. Novel piperine-loaded Tween-integrated monoolein cubosomes
as brain-targeted oral nanomedicine in Alzheimer’s disease: Pharmaceutical, biological, and toxicological studies. Int. J. Nanomed.
2015, 10, 5459–5473. [CrossRef] [PubMed]

59. Etman, S.M.; Elnaggar, Y.S.R.; Abdelmonsif, D.A.; Abdallah, O.Y. Oral brain-targeted microemulsion for enhanced piperine
delivery in Alzheimer’s disease therapy: In vitro appraisal, in vivo activity, and nanotoxicity. AAPS PharmSciTech 2018, 19,
3698–3711. [CrossRef] [PubMed]

60. Du, Y.; Chen, Y.; Fu, X.; Gu, J.; Sun, Y.; Zhang, Z.; Xu, J.; Qin, L. Effects of piperine on lipid metabolism in high-fat diet induced
obese mice. J. Funct. Foods 2020, 71, 104011. [CrossRef]

61. Lailiyah, N.N.; Ibrahim, M.D.; Fitriani, C.A.; Hermanto, F.E. Anti-Obesity Properties of Black Pepper (Piper nigrum L.): Completing
Puzzle using Computational Analysis. J. Smart Bioprospect. Technol. 2021, 2, 101–106. [CrossRef]

62. Meriga, B.; Parim, B.; Chunduri, V.R.; Naik, R.R.; Nemani, H.; Suresh, P.; Ganapathy, S.; Wu, S.B. Antiobesity potential of
Piperonal: Promising modulation of body composition, lipid profiles and obesogenic marker expression in HFD-induced obese
rats. Nutr. Metab. 2017, 14, 72. [CrossRef] [PubMed]

63. Shah, S.S.; Shah, G.B.; Singh, S.D.; Gohil, P.V.; Chauhan, K.; Shah, K.A.; Chorawala, M. Effect of piperine in the regulation of
obesity-induced dyslipidemia in high-fat diet rats. Indian J. Pharmacol. 2011, 43, 296–299. [CrossRef]

64. Srinivasan, K. Black Pepper and its Pungent Principle-Piperine: A Review of Diverse Physiological Effects. Crit. Rev. Food Sci.
Nutr. 2007, 47, 735–748. [CrossRef] [PubMed]

65. Vijayakumar, R.S.; Nalini, N. Efficacy of piperine, an alkaloidal constituent from Piper nigrum on erythrocyte antioxidant status in
high fat diet and antithyroid drug induced hyperlipidemic rats. Cell Biochem. Funct. 2006, 24, 491–498. [CrossRef]

66. Dutta, M.; Ghosh, A.K.; Mishra, P.; Jain, G.; Rangari, V.; Chattopadhyay, A.; Das, T.; Bhowmick, D.; Bandyopadhyay, D. Protective
effects of piperine against copper ascorbate induced toxic injury to goat cardiac mitochondria in vitro. Food Funct. 2014, 5, 2252.
[CrossRef] [PubMed]

67. Wang, D.; Zhang, L.; Huang, J.; Himabindu, K.; Tewari, D.; Horbańczuk, J.O.; Xu, S.; Chen, Z.; Atanasov, A.G. Cardiovascular
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Abstract: Recent studies have raised the question whether there is a potential threat by a horizontal
transfer of toxic plant constituents such as pyrrolizidine alkaloids (PAs) between donor-PA-plants
and acceptor non-PA-plants. This topic raised concerns about food and feed safety in the recent
years. The purpose of the study described here was to investigate and evaluate horizontal transfer
of PAs between donor and acceptor-plants by conducting a series of field trials using the PA-plant
Lappula squarrosa as model and realistic agricultural conditions. Additionally, the effect of PA-plant
residues recycling in the form of composts or press-cakes were investigated. The PA-transfer and
the PA-content of soil, plants, and plant waste products was determined in form of a single sum
parameter method using high-performance liquid chromatography mass spectroscopy (HPLC-ESI-
MS/MS). PA-transfer from PA-donor to acceptor-plants was frequently observed at low rates during
the vegetative growing phase especially in cases of close spatial proximity. However, at the time of
harvest no PAs were detected in the relevant field products (grains). For all investigated agricultural
scenarios, horizontal transfer of PAs is of no concern with regard to food or feed safety.

Keywords: biodegradation; pyrrolizidine alkaloid (PA); contamination; food chain; compost; plant
waste; Lappula squarrosa; Senecio jacobaea; HPLC-ESI-MS/MS; horizontal alkaloid transfer

1. Introduction

To date, many cases of human and livestock poisonings are recorded in literature
as a result of food, phytomedicines, or feed contamination with secondary metabolites
of toxic plants such as pyrrolizidine alkaloids (PAs), cardiac glycosides or other toxic
compounds [1,2]. In the case of PAs, these toxins are introduced mainly by accidental
co-harvesting of poisonous PA plants together with the crop of interest [3]. Pyrrolizidine
alkaloids (PAs) are a class of phytotoxins occurring in an estimated 3% of the flowering
plants worldwide [4–6]. Presently, more than 660 individual PAs and PA-N-oxides (PANOs)
have been structurally characterized [4], and three plant families (Asteraceae, Boraginaceae,
and Fabaceae) are by far the most important sources of these toxins [4,6]. In the case of
the Asteraceae, PAs occur mainly in the tribes Senecioneae and Eupatorieae. Within the
Fabaceae, the genus Crotalaria is well known for PAs, while PAs are common in many
genera of the Boraginaceae family [4]. Most derived PAs from plants can be assigned to one
of four main structural classes and in particular, 1,2-unsaturated ester-PAs (see Figure 1),
have been associated with hepatotoxicity and carcinogenicity [7,8].

The increasing awareness of PA-toxicity and the elucidation of the corresponding
mode of action of PA-toxicity over the past few years, has triggered studies on various
routes on how these toxic plant metabolites may enter and contaminate food and feed
chains, although (with only a few exceptions) PA-plants are not used for crop produc-
tion [9–11].
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Figure 1. Exemplary chemical structures and features of some pyrrolizidine alkaloids (PAs).

So far, accidental or unwanted co-harvesting has been identified as the main source of
PA-contamination potentially harmful to humans or livestock as a result of mixing leaves
of plants that contain PAs with leaves of medicinal herbs or teas [12] or of mixing the seeds
of PA-plants with wheat and barley crops [13]. Commercial fraud and mixing medicinal
herbs with other plants to meet price, volume, or other market demands, might be another
source for this contamination [2]. In addition, flowers, with their contents of nectar and
pollen, are by now a well-known cause of food contamination with PAs [14]. Many studies
have been conducted on beehive products (honey, royal jelly, pollen food supplements)
and have demonstrated that these products could naturally be contaminated by PAs [14].
When tracing the sources of contamination, it was found that nectar of PA-producing plants
was the main source of contamination of these beehive products which could additionally
increase by the PA-load of pollen from those flowers [14,15]. Furthermore, animal products
can be also contaminated with PAs [12]. As stated, eggs, milk, cheese, and at low levels,
meat, were shown to contain PAs if the feed of animals contained PA-plants in the first
place [10].

Recently, a new path via horizontal PA-transfer of PA-plants or decaying PA-plant
material to neighboring non-PA-plants was proposed and discussed as an additional source
of PA-contamination of non-PA-crops [16]. Similar observations are known for xenobiot-
ica such as insecticides, polycyclic aromatic hydrocarbons (PAH), pentafluorophenol or
pharmaceutical products/metabolites, which are transferred directly from contaminated
soil to plants via the roots [17–19]. However, such transfers are less known and so far,
less studied for natural compounds and plant-to-plant transfer. Since chronic intake of
low amounts of PAs may be potentially hazardous to humans and livestock [20], the
contribution of each possible route of PA-entry (e.g., honey, tea, spices, etc.) should be
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carefully investigated to evaluate the importance of its contribution to the overall risk
of PAs in the food chain. So far, horizontal PA-transfer was demonstrated under labo-
ratory or laboratory-like conditions only, demonstrating the possibility of a transfer of
PAs from mulched PA-plants to non-PA-plants as well as, e.g., from Senecio jacobaea to
various herbs such as mentha or chamomilla [21], or between living plants in close spatial
proximity, e.g., from S. jacobaea to various herbs like parsley or melissa [22]. In addition,
a recent published study reported the transfer from strongly PA-plant infested fallow
land (Chromolaena odorata) after slash-and-burn and slash-and-mulch practice to the subse-
quently cultivated maize plants [23]. These studies have in common that the transfer is
usually observed from a PA-weed to crops under a more or less extreme PA-plant excess
(potted plant experiments or PA-plant invasions). These conditions are usually not found
in Western agricultural economies; hence these findings hardly mirror the potential impact
to evaluate a realistic risk of horizontal PA-transfer in agricultural practice. So far, the ratio
of non-PA-plant to neighboring PA-plants or decaying PA-plant material was not reflecting
a realistic agricultural practice, where PA-plants/PA-biomass (here: weeds) should be
by far outnumbered by the cultivated non-PA-crop plants. In addition, climate, soil, and
seasons should have a major impact on the transfer rate (e.g., in the majority of cases the
crop is harvested before PA-plants start to accumulate or decay). Furthermore, while in
previous model experiments higher PA-levels were detected in roots and leaves/stems, in
many realistic scenarios, seeds would be the final crop/product, but so far only very little
data is available here [23]. In order to gain better insight into how these above-mentioned
second-degree contamination routes impact the PA-contamination of non-PA-crops, we
decided to conduct field experiments for several seasons to investigate the scenario of
horizontal PA-transfer under realistic, actual agricultural and climate conditions.

2. Materials and Methods

2.1. Field Experiments

Field trials were carried out in accordance with the general guidelines of field tri-
als methodology [24] in the time period between 2017 to 2020, in the surroundings of
Halle/Saale located in the rain shadow of the Harz Mountains range (“Mitteldeutsches
Trockengebiet”, Central German Dry Area). This consists of a dry but fertile landscape in
the center of Germany close to Halle/Saale (Saxony-Anhalt, Germany). The altitude there
is approximately 100 m above sea level. The mean for the long-term annual precipitation
in this area is below 500 L/m2, and the mean annual temperature is 9.0 ◦C [25].

However, comparing the vegetation periods between 2018 and 2020, 2018 was con-
siderably drier (<400 L/m2), whereas other locations showed even lower measurements
(<300 L/m2). All three periods were significantly warmer following the general trend of
the climate changes that took place there (annual mean values of up to >11 ◦C during the
trial periods).

All soils of the experiments had a medium to high credit rating (diluvial and loess
sites, soil value indices, “Ackerzahl” [26]) of 54–98 and had a medium to elevated level
of macro and micronutrient supply. All field experiments and the control plots were
managed ecologically during these experiments and were in line with good agricultural
practice methodology, while weed control was carried out exclusively by mechanical means.
For the cultivation of L. squarrosa only the variety “Laira” was used. This is a biennial
genotype, which is cultivated during autumn sowing of the previous year. The crops
grown after L. squarrosa cultivations were chosen based on their importance for a rational
crop rotation scheme for this region and for organic farming, constituting the idea that
different possible plant families should be represented in these experiments. Regionally
common varieties were used for these subsequent cultivations. Several scenarios of field
experiments were conducted and the details are described below. In addition, Figure 2 in
Results and Discussion illustrates and summarizes the chronology and rotation of field
and crops.
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Figure 2. Experimental design to investigate possible horizontal PA-transfer in the context of PA-plant (L. squarrosa) cultivation.

2.2. Soil Improvement Measures
2.2.1. Composts

Composts were prepared in 2018 and 2019 (July through September) to yield four
different model composts which were used to test the impact of PA-plant compost on PA-
transfer to subsequent crops: (a) control-compost contained only compost stock; (b) Senecio-
compost contained compost stock of which 32% (w/w) of fresh cut S. jacobaea material were
included; (c) Lappula-compost contained compost stock of which 14% (w/w) L. squarrosa
press-cake powder was included; (d) Senecio/Lappula-compost contained both 15% (w/w)
fresh cut S. jacobaea and 9% (w/w) L. squarrosa press-cake powder in the composite.

Details on the compost making, PA-degradation and final PA-levels of the composts
are given in Chmit et al. [27]. These four composts were analyzed for value-determining
soil nutrients [27].

2.2.2. L. squarrosa Press-Cake

Dried L. squarrosa press-cake (residues of the pressed L. squarrosa seeds for oil produc-
tion; harvest 2017) was used in homogenous milled form (3 mm) provided by Exsemine
GmbH (Salzatal, Germany). Samples were taken to analyze the PA-content of the press-
cake before it was used to set up the composts (2018 and 2019) and before the material was
added directly to the soil for field plot preparation in 2019 and 2020.
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2.3. PA-Transfer via PA-Plant Compost/Press-Cake Using Experimental Field Plots

Compost/press-cake experiments were performed in 2018/2019 in Etzdorf (Saxony-
Anhalt, Germany) on a single field plot with a high-quality a high-quality loess-loam No.1
soil (“chernozem”, soil value index 98). The area was divided in individual 1.7 m × 1.7 m
plots with a 2 m distance to each other in all directions. Six different cultivation experiments
were investigated: control-compost, Senecio-compost, Lappula-compost, Senecio/Lappula-
compost, direct L. squarrosa press-cake, and mineral fertilizer as a control plot. Two crops
were used as potential acceptor-plants: winter wheat (Triticum aestivum), variety “Wiwa”
and summer barley (Hordeum vulgare), variety “Avalon”. Four replicates of each treatment
were conducted, resulting in 48 individual plots that were managed according to good
agricultural practice (Figure 4). The corresponding amounts of compost/press-cakes were
added to each plot to meet the nutrient requirements of the crop to be grown, based on
total nitrogen content (T. aestivum 100 kg/ha and H. vulgare 50 kg/ha). A table showing the
nutritional content and the added amount per plot is given in the Supplementary Materials
file (Table S1).

The corresponding amounts of 2018 composts/press-cake quantities were added and
worked in, on 18 October 2018 for both crops. This was done manually to avoid cross
contamination between different plots. Winter wheat was sown on 19 October 2018 and
spring barley in 4 March 2019, using a row distance of 25 cm. The mineral fertilization of
the control plot was carried out for winter wheat on 26 April 2019, and for spring barley
23 May 2019 (at the two-node stage).

A second, very similar experiment was conducted in 2019/2020, in the area of Zappen-
dorf (Saxony-Anhalt, Germany) near a high-quality, loess-loam No. 2 site (soil value
index 85). The analog experiment had the same variants. However, due to techni-
cal/agricultural reasons, instead of 4 replicate plots for each treatment larger individual
plots were used (3 m × 5 m) to allow similar numbers and distant sampling of soil and
plants for analysis. This resulted in 12 individually treated plots.

2.4. One- and Two-Year Follow-Up Studies on PA-Transfer to Acceptor-Plants on Fields Previously
Used for L. squarrosa Cultivation

These experiments were carried out on 50–400 m2 plots in Zappendorf (Black loess
No. 2/clay soil) after harvesting L. squarrosa crops.

The experiments were performed growing winter wheat and spring barley as subse-
quent crops in the first year after cultivation. For the second year, the plots were swapped,
and spring barley followed winter wheat and vice versa. Controls using the same crop
varieties were grown on a nearby comparable location, with the difference being that
no PA-plants (e.g., L. squarrosa) were grown on these plots previously. The plots were
sampled three times per season: (a) soil right before the start of the cultivation, (b) soil,
roots and plantlets at the two-node stage and (c) soil, roots, above ground plant parts and
grain/seeds/fruits of the cultivated crop. The subsequent crops were selected according to
their importance for local agriculture. A total of three seasons were covered.

In addition, a more diverse range of follow-up crops of common regional varieties
from other plant families were also included in these experiments, however, not under the
strict procedure of three independent replicates. These other crops included Brassica napus,
Pisum sativum and Coriandrum sativum. These experiments were conducted nearby on
similar soil and climate conditions (diluvial site, soil value index 54, Halle/Saale, Martin
Luther University, Halle-Wittenberg, Germany).

2.5. Investigations of Distance-Related Effects on PA-Transfer

To investigate the effects of distance on PA-transfer to non-PA-plants, field strips right
next to the L. squarrosa cultivation were prepared. The location in 2019 was Kühnfeld
(Martin Luther University, Halle-Wittenberg, Germany, soil value index 54), and in 2020 it
was Zappendorf (soil value index 85, Saxony-Anhalt, Germany). These strips were planted
with Lolium multiflorum. Plant and soil samples were taken at a distance of 50 cm, 200 cm
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and 400 cm away from the field of L. squarrosa cutivation. In addition, to monitor and
minimize the PA-carry-over via soil, four Kick-Brauckmann vessels with a diameter of
22 cm and a height of 22 cm (0.038 m2 soil) were buried up to the rim in these strips. Two
vessels each were placed at a 50 cm and two vessels at 200 cm distance to the L. squarrosa
cultivation. All four vessels per season also contained L. multiflorum as plants. To illustrate
this experiment, we added a picture to the Supplementary Materials (Figure S1).

2.6. Controls and Pot Experiments

All experiments described above were accompanied through seasons with control ex-
periments using plots that had no history of PA-plant cultivation (in particular, L. squarrosa).
On these control patches Brassica napus, Pisum sativum, Coriandrum sativum, T. aestivum,
H. vulgare and L. multiflorum were cultivated.

In addition to these field-controls, a one-season model experiment was conducted,
using 20 Kick-Brauckmann pots (including replicates) to grow T. aestivum and H. vulgare
separately, under controlled conditions. At the start of the experiment, the pots were
individually filled using two kinds of soil: (a) commercial potting soil, and (b) top soil from
a harvested L. squarrosa field. Shoot samples of both grain crops from both treatments were
collected and analyzed for PAs at the two-node stage.

2.7. Sample Collection

In all experiments, samples of soil at the different growing stages (sowing stage,
vegetation stage, two-node stage, and harvesting stage) were taken in the soil layer of
the main root horizon (0–30 cm depth) using the boring stick method (8–14 impacts per
variant depending on the crop acreage). All soil samples were frozen in plastic zip-lock
bags and stored at −20 ◦C, then lyophilized and stored under dry and dark conditions
until analysis. On the other hand, whole plants (including roots) at the vegetation stage
(two-node stage) and crops at the stage of harvest were manually sampled using a spade
(8–10 stakes) to collect about 20–50 plants per variant, depending on the species. In
addition, individual plants of weeds growing in the plots were sampled as well. The plant
material of the vegetation stage (two-node stage) and weeds were cleaned from adherent
soil and separated into roots and shoot material. Harvest-ready plants were separated
into roots, straw, and crop product (seeds, fruits); all different plant parts were collected in
individual paper bags, air dried and stored at room temperature until analysis. Right before
analysis all individual samples of one plot/field were well mixed resulting in an individual
cross-section sample per data point, hence each value represents a biological average.

2.8. Chemicals and Reagents

All chemicals used were purchased from Roth (Karlsruhe, Germany) and Sigma-
Aldrich (Seelze, Germany) and of HPLC grade purity or redistilled before use. Lithium
aluminum hydride solution (1 M) in THF and pyridine both in AcroSeal quality were
acquired from ACROS Organics (Fair Lawn, New Jersey, USA). Strong cation exchange solid
phase extraction cartridges (SCX-SPE) were obtained from Phenomenex (Aschaffenburg,
Germany). Isotopically labeled internal standard (IST) 7-O-9-O-dibutyroyl-[9,9−2H2]-
retronecine, was synthesized in our laboratory [28].

2.9. Chemical Analysis of PAs
2.9.1. Sample Preparation and HPLC-ESI-MS/MS Quantification of the Total PA-Content

All analyzed samples were in homogenous form, lyophilized and homogenized in
50 mL conical centrifuge tubes using a mixer mill (MM 400; Retsch, Haan, Germany) for
2 min at 30 Hz. Three-hundred mg from each sample was soaked in a 15 mL polypropylene,
conical centrifuge tube using 11 mL H2SO4 0.05 M. Then, 40 μL of internal standard solution
(2 μg/mL in methanol) was added to each tube and the tubes were thoroughly mixed
and extracted overnight using a continuous tube rotator (Multi Bio RS-24, Biosan, Riga,
Latvia) and the following settings: orbital: 21/01, reciprocal: 15/01, vibrio: 5/1, duration:
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14 h. Sample preparation to analyze the total PA-content of the individual samples was
carried out according to the methods of Cramer et al. [28] and Letsyo et al. [29]. During
the course of sample preparation all 1,2-unsaturated retronecine- and heliotridine-type
ester PAs/PANOs were converted into the corresponding core structures, i.e., retronecine
and/or heliotridine. After derivatization, these analytes were analyzed by HPLC-ESI-
MS/MS, generating a single signal which could be quantified by the use of the added
isotopically labeled IST, allowing the calculation of the total content of all 1,2-unsaturated
retronecine- and heliotridine-type ester PAs including all metabolites thereof, which still
bear both necessary features of PA-toxicity (1,2-unsaturation and ester-PAs). Using an
internal deuterated standard allowed the direct quantification across all matrices (matrix
effects were covered and the IST was detected in all analyzed samples). A limit of detection
(LoD) of 1 μg PA/kg and a limit of quantification (LoQ) of 5 μg PA/kg was obtained
across all different matrices. A detailed description of this method and the sum parameter
approach as well as the underlying calculations was added to the Supplementary Material
or can be found at Cramer et al. [28]. Individual samples (positive and negative analytical
results) were re-analyzed randomly, to confirm the integrity of the method. Data analysis
and integration was achieved with Analyst 1.6.2 Software (Applied Biosystems MDS Sciex,
Darmstadt, Germany). All analytical values are presented based on dry weight (d.w.).

2.9.2. Profiling of Individual PA-Patterns by HPLC-ESI-MS/MS

Pyrrolizidine alkaloid patterns of soil and plant materials were determined by an
HPLC-ESI-MS/MS method, using an individual PA-detection approach according to the
published BfR-method [30]. Extraction and profiling of the PAs in these products were
conducted as a service by a commercial laboratory (QSI, Bremen, Germany; Chemisch-
physikalische Analyze (#45183)) comprising 31 individual PAs and PANOs. The detailed
results of this analysis can be found in the Supplementary Materials Table S2.

3. Results and Discussion

As outlined in the introduction, the transfer of toxic PAs from decaying PA-plant
material as well as the transfer from nearby PA-plants to acceptor non-PA-plants was
demonstrated in laboratory model experiments and its possible impact on food and feed
safety was discussed [22,31]. In order to be able to derive realistic conclusions for a possible
risk of horizontal PA-transfer from PA-plants to non-PA-plants, which might end up in food
and feed, it was necessary to choose an appropriate experimental design. This means, in
particular, a realistic ratio of PA-plants/PA-plant material (PA-donor) to non-PA-crop (PA-
acceptor). Under given circumstances (Western agricultural economy) there should only be
a very low number of PA-weeds compared to non-PA-crops. We know from several studies
that these few so-called “accessory herbs” can cause PA-contamination via co-harvesting
of the non-PA-crop [32,33], thus, it can most likely be ruled out that horizontal PA-transfer
causes an additional risk in such a scenario. However, there is one realistic scenario which
might cause problems in terms of horizontal PA-transfer that should be considered and
investigated in more detail. A few PA-plant species are grown for commercial reasons.
Hence, under this circumstance, there are exclusively PA-plants growing on an agricultural
scale, generating potential PA-pressure directly on: (a) neighboring plants/cultivations, or
indirectly via; (b) PA residues in the soil, which may impact subsequent cultivations on
these plots. In addition, these PA-plant cultivations generate biomass waste that might
return to fields as a form of organic fertilizer (composts, harvest residues or biogas residues)
as it is promoted for circular bioeconomies. In all these scenarios there would be a potential
risk that higher PA-loads might be accidently transferred to non-PA-crops, generating a
significant accumulation of PAs in these acceptor-food-crops.

Currently, there are only a few PA-plants used commercially, mainly from the Boragi-
naceae plant family for the production of high-quality seed oils, such as Borago officinalis [34],
Buglossoides arvensis [35], and Echium plantagineum [36]. In our experiments, we used
Lappula squarrosa, another PA-producing Boraginaceae species currently being investigated
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for its potential as an alternative source for seed oils rich in stearidonic acid [37]. In addition
to these cultivated PA-plants or production residues thereof, some organic fertilizers like
composts might be produced containing, e.g., press-cake from Boraginaceae seed oil pro-
duction or cuttings from other PA-plants for bio-recycling. In particular, it has recently been
observed that some species like S. jacobaea (syn.: Jacobaea vulgaris), Senecio aquaticus [38,39],
or Senecio inaequidens (a neophyte to European areas) [40], may mass-infest pasture ar-
eas or public land (parks, greenery, nature preserves, and ancillary areas of transport
routes/roadsides) [41]. Those cuttings and green wastes naturally contain a high load of
toxic PAs and if used as organic fertilizers in non-PA-crops, these PAs could potentially
be passed on via horizontal PA-transfer. Instead of unrealistic laboratory experiments
we designed a series of field experiments to investigate the possibility and the potential
risks of horizontal PA-transfer. The experiments were conducted over a period of three
seasons in order to trace as precisely and comprehensively as possible the impact of “worst
case” scenarios by cultivating PA-plants and recycling their biomass, e.g., as compost. The
experimental design is summarized in Figure 2.

Each year, the donor-PA-plant L. squarrosa was cultivated on different field plots
(Figure 2, Plot A) and soil and plant samples (accessory herbs) were analyzed for PA-
content. Plots B and C, respectively (Figure 2), represent two fields, where L. squarrosa
grew before. While on plot B L. squarrosa grew there the season before, the second, plot C,
was free of the donor-PA-plant for one season, resulting in a two-year follow-up study on
plots growing L. squarrosa. Here, soil and plant samples (accessory herbs) were analyzed
for PA-content three times and two times during each season, respectively. Plots D and
E had no history of PA-plant cultivation before and were sub-divided into small plots
where different crops were grown using additional organic fertilization (Plot D, PA-plant
composts; Plot E, L. squarrosa press-cake from seed oil production residues). Plots F and G
had no history of L. squarrosa cultivation and were used as controls. While Plot F was a pure
control plot, Plot G was a strip next to the L. squarrosa cultivation (starting at a distance of
50 cm) to monitor possible distance effects on neighboring non-PA-plants. All experiments
were repeated using new plots where necessary (e.g., new plots for controls, composts and
so on) and rotating the L. squarrosa follow-up crops, which means the scheme illustrated in
Figure 2 was performed twice, resulting in a two-year follow-up period for plots where
L. squarrosa was grown in the past. Furthermore, in the period from March to August
2019, pot experiments were added as additional controls using L. squarrosa soil from the
pre-season and commercial potting soil as substrates, and T. aestivum and H. vulgare as
acceptor-plants (Figure 2; Pot A and Pot F).

3.1. PA-Content of Soil

The soil of all plots was sampled and was analyzed for PA-content before the cultiva-
tion started, then during the growth phase (two-node stage) as well as at the time of harvest.
Since the applied analytical method was a sum parameter method, it comprised all toxico-
logical relevant 1,2-unsaturated heliotrine- and retronecine-type PAs or even metabolized
forms, which might occur due to biodegradation by soil microorganisms. Surprisingly, only
some samples showed elevated PA-concentrations. Hence, the PA-positive soil results will
be listed and discussed in the corresponding sections of the individual experiments below.

3.2. PA-Content of Non-PA-Plants Growing on L. squarrosa Plots (Plot A)

These experiments roughly reflect the experiments conducted so far to demonstrate
the phenomena of horizontal PA-transfer [21,31]. In this case, a large number of PA-plants
(L. squarrosa) were growing next to non-PA-plants (here common endemic weeds). For
this scenario, elevated levels of PAs were observed generally in roots and in the above
ground plant parts of those accessory herbs. Table 1 shows the level of PAs transferred to
individual non-PA-plants via horizontal transfer.

219



Foods 2021, 10, 1827

Table 1. PA-content caused by horizontal PA-transfer to non-PA-accessory plants growing in L.
squarrosa cultivations (Plot A, Figure 1).

Accessory Plant Species
Total Sum of PAs [μg PA/kg d.w.]

Root Shoot

Chenopodium album 49.8 16.6
Convolvulus arvensis 512.9 4253.9

Echinochloa crus-galli 1 118.9 746.6
Echinochloa crus-galli 2 213.1 2944.2
Echinochloa crus-galli 3 359.2 988.5
Echinochloa crus-galli 4 214.4 710.1
Echinochloa crus-galli 5 1180.1 2184.8

Equisetum arvense 285.3 3691.9
Lactuca serriola 21.9 778.9

Lamium purpureum 1048.7 2975.4
Portulaca oleracea trace 198.4

Atriplex patula 37.6 2386.6
Stellaria media 29.4 126.6
Urtica dioica 209.6 807.6
Veronica spp. 76.2 1850.1
Viola arvensis 2917.6 7254.7
L. squarrosa 1 1,251,880.0 4,053,520.0

1 PA-donor-plant.

The PA-levels in these plants ranged from traces (P. oleracea) up to 2917.6 μg PA/kg
in the roots (average: 455 μg PA/kg) and 16.6–7254.7 μg PA/kg in the shoots (average:
1995 μg PA/kg). Besides the exemption of C. album, the PA-levels in the shoots always
exceeded the levels in the roots, here by a factor of 15 on average (shoot/root factor:
ranging from 0.3 (C. album) to 64 (A. patula)). The highest levels of PAs were recorded
for the shoots and in the roots of V. arvensis (Table 1). This corresponds well to previous
findings by Nowak et al. [21] and Letsyo et al. [23], where there was also the trend of
higher PA-levels in the transpiration-active organs of the acceptor-plants, like shoots and
leaves. In addition, the PA-levels observed in the acceptor-plants correspond to the results
reported from the laboratory-like experiments, either by the transfer of mulching/decaying
PA-plants ([21]: 50–500 μg PA/kg) or by co-cultivation of acceptor-plants with S. jacobaea
([31]: 100–1500 μg PA/kg). However, as interesting as these observations of horizontal
natural-product transfers are, in our opinion it is absolutely essential to put these numbers
into perspective and in direct comparison to the corresponding donor-plants to receive a
realistic impression on how relevant this transfer is in terms of possible PA-contamination.
Hence, for comparison reasons, the PA-levels of L. squarrosa were determined as well and
are given in Table 1 (last row). As a result, the PA-levels of the donor-plant are two to three
times the magnitude of the levels in the acceptor-plants. Our field experiments reflected
the worst-case scenario possible for a realistic agricultural practice. Accessory plant/weeds
(here: non-PA-plants) growing as close as naturally possible were by far outnumbered
by PA-Plants. In this setting, a transfer rate of 0–0.23% and 0–0.18% compared to the
donor-PA-plant could be observed. Hence, in all other possible agricultural scenarios
these ratios are exactly the other way around (a non-PA-plant is the cultivated crop and
by far outnumbers some individual PA-containing weeds). As a main result of this study,
a low number of PA-weeds, together with the low observed transfer rate, will not lead
to detectable contaminations of final crop as a whole via horizontal PA-transfer. Instead,
co-harvesting of PA-weeds together with crops can cause significant PA-levels in food and
feed [13,42,43] and should be considered the major route for the possible PA-contamination.

During our standard sum parameter quantitative analytical approach the structural
information of the PAs is lost. Therefore, we analyzed the individual PAs of some selected
samples to obtain the PA-profile using a second analytical method, established for the
simultaneous determination of 17 PAs and 14 PANOs [30]. The typical PA-pattern ob-
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served for L. squarrosa in this study was; lycopsamine (39.7%), lycopsamine-N-Ox (26.1%),
intermedine-N-Ox (20.7%) and intermedine-N-Ox (13.6%) (Figure 1), all members of the
1,2-unsaturated lycopsamine-type family PAs, typical for Boraginaceae plant spp. The
results of this individual PA-analysis confirmed that C. arvensis, E. crus-galli, A. patula,
and V. arvensis had similar PA-patterns as observed in L. squarrosa, where lycopsamine
ranged between 48.3–67.6%, intermedine 23.6–32.4%, lycopsamine-N-Ox 0–21.3%, and
intermedine-N-Ox 0–6.9%, all L. squarrosa typical open-chain retronecine-monoester-type of
PAs. No other PAs/PANOs e.g., from the Senecionine-type PAs (closed-ring, diester-type)
were detected (Figure 1). These findings confirmed that L. squarrosa was always the source
of the PAs found in the accessory herbs.

3.3. Distance Effect of PA-Transfer (Plot G)

The effect of distance on the transfer of PAs was also investigated in this study (Table 2).
These plots (Plot G, Figure 2) were located directly next to L. squarrosa cultivations (Plot
A, Figure 2). The soil PA-content before the start of the experiment was below the limit of
detection. As a model, L. multiflorum, an additional grass variety (compared to Plots B and
C), was chosen for these experiments. The PA-levels in relation to the distance from the
L. squarrosa cultivation were measured at the full-blooming stage of the nearby L. squarrosa
cultivation (Figure S2). Two setups were investigated and sampled: (a) regular growing
grass at a certain distance; and (b) grass samples growing in an extra pot, which was
buried in the soil before the start to see how a barrier in the soil (closed system in terms of
soil-transfers) would affect the PA-transfer.

Table 2. Effect of distance on the PA-content of L. multiflorum (Plot G, Figure 1) growing next to a
plot of L. squarrosa (Plot A, Figure 1).

Distance between L. multiflorum and L. squarrosa
Total Sum of PAs [μg PA/kg d.w.]

Root Shoot

50 cm without vessel 19.2 335.1
50 cm with vessel 11.9 38.1

200 cm without vessel Trace 21.4
200 cm with vessel Trace 8.6

400 cm without vessel Trace 8.3

The results showed significantly reduced PA-transitions compared to the data obtained
for the accessory herbs growing in Plot A (Figure 1). While accessory herbs in Plot A showed
average values of 455 and 1995 μg PA/kg on average for roots and shoots, respectively,
a distance of 50 cm to L. squarrosa lowered the PA-levels significantly to 19 and 335 μg
PA/kg for roots and shoots, respectively. In addition, greater distances resulted in steadily
decreasing PA-levels.

In all cases analyzed, the PA-profiles detected in L. multiflorum were matching the PA-
profile of L. squarrosa (see Section 3.2.), with a domination of lycopsamine (66.03−77.78%)
and intermidine (20.15−27.91%), which points to L. squarrosa as the sole PA-source.

Surprisingly, the potted samples also still showed some low levels of PAs, mainly in
the shoots. It is expected that the horizontal PA-transfer takes place via the roots; however,
there seems to be the possibility that a small fraction of this transfer might occur differently.
At this point in time, we assume that maybe air-borne particles (pollen or dust of the nearby
L. squarrosa plants) or rainwater flowing on the soil surface and over the rims of the buried
pots and carrying a PA-load from the neighboring L. squarrosa cultivation [44,45] might
cause these low PA-transfers.

As a result, for agricultural practice of growing PA-plants, a distance of four meters
should be an adequate isolation distance to reduce PA-contamination of neighboring
cultivations and reduce PA-transfers to a minimum.
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3.4. Crops on Fields Used for L. squarrosa Cultivation Before

In another series of experiments, we wanted to monitor the possible transfer of PAs
on fields which were previously used for L. squarrosa cultivation, to crops that grew on
these soils in the following seasons. Two different follow-up crops (two types of cereals
grains) usually recommended as follow-up crops for L. squarrosa were used to cover for a
broader picture.

3.4.1. One-Year Follow-Up Studies on PA-Transfer to Acceptor-Plants on Fields Previously
Used for L. squarrosa Cultivation (Plot B)

Several growth stages were observed. At the beginning, only soil at the stage of
sowing was sampled. Later on, soil and plants at the two-node stage and just before
harvest, including the crop fruits (here: cereal grains), were sampled and analyzed for
total PA-content. As shown in Table 3, soil of such plots might contain low levels of PAs
due to the preceding L. squarrosa cultivation. This PA-load can also be transferred to the
next generation of crops on these plots, as it can be seen by the PA-values of the two-node
stage (roots and shoots, 8.2 and 37.1 μg PA/kg, respectively), higher values were again and
consistently observed in above ground parts of the plants (Table 3).

Table 3. PA-content of follow-up crops (T. aestivum and H. vulgare) on plots used for the cultivation
of L. squarrosa the year before.

Sample

Total Sum of PAs [μg PA/kg d.w.]

T. aestivum H. vulgare
2019 2020 2019 2020

sowing stage soil 20.8 17.4 <LoD 1 <LoD
two-node stage soil <LoD <LoD <LoD <LoD

roots 8.1 10 7.4 7.3
shoots 60.8 14.4 34.4 38.7

time of harvest soil <LoD <LoD <LoD <LoD
roots <LoD <LoD <LoD <LoD
straw <LoD <LoD <LoD <LoD

caryopses <LoD <LoD <LoD <LoD
1 Limit of detection.

This result for the vegetative part of the season is in accordance with Letsyo et al. [23]
for Zea mays; there it was reported that PAs passed through the roots and accumulated at
low levels in the leaves (16.3–21.1 μg/kg). Moreover, Hama et al. [44] demonstrated that
during winter, soil contains lower amounts of PAs due to low temperature and the leaching
of PAs into deeper soil layers out of the reach of the roots. However, at the point of harvest
there were no longer PAs detected in the crops (T. aestivum and H. vulgare), suggesting
that during the ripening of the grain and the die-off of the plant, the low PA-amounts
of the growing phase in the green parts either vanish or get diluted below the detection
limit by the increase of the above ground biomass. No PAs could be detected in the final
harvest products, suggesting that fruits/grains are not a PA-sink in non-PA-plants and most
importantly, no PAs would be transferred into the food chain under such circumstances.

Besides these elaborate multi-year experiments with grains (including numerous
replicates of plots) individual cultivations of C. sativum, P. sativum, and B. napus were
planted in the season right after L. squarrosa cultivation and monitored for PA-content.
In these experiments, the soil samples at the sowing stage showed higher levels of PAs,
111–714.4 μg PA/kg (Table 4). However, while in some cases PA-soil levels were main-
tained at low levels throughout the season/experiment, this PA-contamination was not
transferred to the later stages of the above ground plant parts nor to the harvested crops.
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Table 4. PA-content of various follow-up crops on plots used for the cultivation of L. squarrosa the
year before.

Total Sum of PAs [μg PA/kg d.w.]

C. sativum P. sativum B. napus

sowing stage soil 714.4 111.0 332.7
two-node stage soil 27.4 11.3 <LoD 1

roots <LoD 12.0 <LoD
shoots <LoD <LoD <LoD

time of harvest soil 13.4 8.3 8.7
roots <LoD 8.3 <LoD
straw <LoD <LoD <LoD

caryopses <LoD <LoD <LoD
1 Limit of detection.

The additional analyzed PA-profile for the positive samples confirmed L. squarrosa
as the origin of the PA-transfer. The detailed analytical results are summarized in the
Supplementary Materials (Table S2).

3.4.2. Second-Year Follow-Up Studies on PA-Transfer to Acceptor-Plants on Fields
Previously Used for L. squarrosa Cultivation (Plot C)

The former L. squarrosa plots described above were monitored for an additional season
(Plot C; Figure 2), switching the follow-up crops from T. aestivum to H. vulgare and vice
versa. Except for some soil and a single root sample all of these second successor crop
samples were PA-negative (Table 5).

Table 5. PA-content of follow-up crops (T. aestivum and H. vulgare) on plots used for the cultivation
of L. squarrosa two years before.

Sample

Total Sum of PAs [μg PA/kg d.w.]

T. aestivum H. vulgare
2019 2020 2019 2020

sowing stage soil <LoD 1 15.4 <LoD <LoD
two-node stage soil <LoD <LoD <LoD <LoD

root <LoD <LoD 8.1 32.6
shoot 61.7 <LoD <LoD <LoD

time of harvest soil <LoD 15.7 <LoD 25.9
roots <LoD <LoD <LoD 44.8
straw <LoD <LoD <LoD <LoD

caryopses <LoD <LoD <LoD <LoD
1 Limit of detection.

However, at the final stage of crop cultivation in this second season, a re-growth of
new L. squarrosa plants appeared strictly between the rows of the sown crops (Figure 3).

These plants originated from twice hibernated L. squarrosa seeds, which were still
present in the soil from the L. squarrosa cultivation two seasons ago and which were still able
to germinate. Since this somewhat resembled the situation as observed in the co-cultivation
of L. squarrosa and accessory herbs in Plot A (Figure 2), we addressed this phenomenon
in more detail. To study a possible effect of this phenomenon, three adjacent plants of
T. aestivum and of H. vulgare, located right next to germinating/developing L. squarrosa
patches, were collected and analyzed.
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Figure 3. L. squarrosa plantlets (red box) between rows of the follow-up crop H. vulgare, originating
from hibernated seeds of L. squarrosa growing on this plot two years ago (Plot C).

As shown in Table 6, roots and straw of most of these crop plants next to the L.
squarrosa patches were PA-positive, ranging between 9.8–397.7 μg PA/kg in the roots and
13.2–108 μg PA/kg in the straw. However, there was no PA-transfer to the caryopsis of
these plants. As it could be confirmed in this and other studies, the simultaneous growth
of PA-plants next to non-PA-plants results in the transfer of small amounts of secondary
plant metabolites. Interestingly, in this case, germinating/developing PA-plants next to
“adult” acceptor-plants generally resulted in higher PA-levels in the roots instead of the
shoot parts, while in the experiments before, in adult PA-donor-plants in combination with
young accessory plants, this was exactly the other way around.

Table 6. PA-content caused by horizontal PA-transfer to non-PA-accessory plants originating from
re-germination of hibernated L. squarrosa seeds maintained in the soil after two years.

Total Sum of PAs [μg PA/kg d.w.]
T. aestivum H. vulgare

Plant 1 Plant 2 Plant 3 Plant 1 Plant 2 Plant 3

root 70.6 <LoD 1 20.9 <LoD 397.7 9.8
straw 66.1 <LoD 108 13.2 41.8 <LoD

caryopses <LoD <LoD <LoD <LoD <LoD <LoD
1 Limit of detection.

The re-appearance/outgrowth of L. squarrosa seeds in these experiments can be at-
tributed to the special experimental design in combination with the ecological agriculture
practice applied. This led to extended row spacing allowing sunlight to reach these inter-
spaces and promoting the development of the L. squarrosa plantlets. However, this does not
seem a problem in general, since, due to economic reasons, the cultivation of L. squarrosa is
intended for conventional cultivation and is very sensitive to the conventional herbicide
groups and is easily outcompeted under conventional cultivation conditions with higher
crop populations and denser row spacing. Hence, the possible germinating and possible
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carry-over of PAs seems only relevant for ecological agriculture practice and might need to
be addressed there more specifically.

The analytical determined PA-profiling confirmed that L. squarrosa was the source of
the PA-transfer.

3.5. PA-Plant Composts/L. squarrosa Press-Cake Experiments (Plots D and E)

In today’s promoted circular bioeconomies, there should be no bio-waste accumulated;
instead, it should be re-utilized, and harvest residues should stay in or return to the field.
This is particularly tricky if those materials contain potentially toxic compounds, in our
case, the PAs. Recently, we demonstrated that a plant derived PA-load added to the
composting fermentation process is dramatically reduced by more than 99.9%, while a
91 to 99% reduction was observed in bio-gas fermentation [27]. However, despite the
tremendous PA-reduction through such processing, there were still some residual PA-levels
in those materials ranging from 0 to 26 μg PA/kg [27].

To understand the full picture of the impact of the cultivation of PA-producing Bor-
aginaceae species, we conducted field experiments on the effects of returned L. squarrosa
harvest materials to the field on subsequently planted crops. In particular, we investigated
different methods for improving soil quality (mainly nitrogen content) by using PA-plant
composts, including L. squarrosa press-cake compost (residue from seed-oil production) but
also used the press-cake directly (Figure 4).

 

Figure 4. Picture showing the PA-plant composts/L. squarrosa press-cake experiments. T. aestivum (dark green) and H. vulgare
(light green) plots are marked (red box). Each plot represents a different experimental variant or a replicate thereof.

In summary, all soil samples collected at sowing stage of T. aestivum and H. vulgare in
2018 and 2019 were below the limit of detection. In addition, the PA-content in soil, root,
and shoot samples of the two-node vegetative stage of T. aestivum and of H. vulgare as well
as all the samples at the stage of harvest, including the grains, also tested negative for PAs.

This result clearly showed that returning harvest wastes containing toxic PAs to the
soil after composting or using L. squarrosa press-cake directly, do not lead to any risk of PA-
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transfers to the follow-up cultivated crops; moreover, plants, soil and farming economies
benefit from this measure of returning harvest residues back to the fields. In our opinion,
the so far published studies on horizontal transfer of natural products [21,31,46] do not
consider common cultivation and farming conditions, instead describe a phenomenon at
artificial/worst-case conditions using mulched poisonous plants (S. jacobaea, C. odorata and
C. autumnale). It seems extremely unlikely that those conditions could be achieved under
standard agricultural practice. However, it seems appropriate to reduce possible PA-loads
through fermentation processes (composting, biogas fermentation) and incorporate treated
plant material into the soil before the start of the next cultivation period. As demonstrated,
this practice allows the safe handling and recycling of L. squarrosa harvest residues without
any impact on follow-up cultivations.

3.6. Controls and Additional Pot Experiments (Plot F and Pot A and C)

As expected, in all control samples (soil, root, above ground parts and fruits) had no
detectable PA-levels.

The control experiment using either fresh commercial potting soil or surface soil of a
field which was used for L. squarrosa cultivation before, has confirmed the previous results.
The analytical result showed that only those crops which grew (two-node stage) in PA-plant
soil were contaminated with PAs in the shoots at levels ranging between 8.7–20.7 μg PA/kg,
while the crops growing in potting soil were devoid of PAs. At the stage of harvest, on the
other hand, significant levels of PAs could also be detected in the straw, but the caryopsis
was PA-free. Table 7 summarizes the results obtained for PA-acceptor- plants T. aestivum
and H. vulgare of pots containing PA-plant soil.

Table 7. PA-content of T. aestivum and H. vulgare growing in pots with surface soil from L. squarrosa
fields of the previous year.

Total Sum of PAs [μg PA/kg d.w.]

T. aestivum H. vulgare

sowing stage soil <LoD 1 <LoD
two-node stage soil <LoD <LoD

roots <LoD <LoD
shoots 20.7 8.7

time of harvest soil 79.1 179.5
roots 71.5 84.2
straw 132.4 2019.2

caryopses <LoD <LoD
1 Limit of detection.

Again, the reason for the transfer of PAs was the germinating of L. squarrosa plantlets
in pots containing topsoil of a L. squarrosa field, where the seeds had fallen on the ground
during harvest and germinated in the next season after hibernation. However, under this
regime of forced closeness of the pot and the high abundance of L. squarrosa plantlets, a sig-
nificant amount of PAs was found in the straw at the time of harvest (up to 2019.2 μg PA/kg).
Hence, as a general preventive measure in the cultivation of PA-plants for seed oil produc-
tion, the germination of remaining PA-plant seeds in the next season should be monitored
and controlled, and if necessary reduced or prevented (e.g., use of herbicides).

4. Conclusions

In summary, the conducted experiments help to better understand or re-evaluate
two different aspects. Firstly, under certain conditions, we could reproduce the so-called
“horizontal transfer of natural products”, however all our experiments did not show any
marked difference to the well-known fact of the uptake of xenobiotics (organic pollu-
tants/compounds) by plants [47]. The processes of uptake and distribution within plants
are well known and mainly depend on physio/chemical characteristics of the compounds
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in the near environment (water, soil, air) of the acceptor-plant [47]. Whether this compound
is of natural origin or synthetic seems of no relevance. Hence, the uptake is a completely
neutral process and as we can extract from our data, the low transfer rates of 0.1% com-
pared to concentrations in the “donor-plant” do not have any impact for the “acceptor”,
since it results in low overall concentrations which do not benefit the acceptor (no toxic or
deterrent effects can be expected which would increase the fitness). In addition, there is
also no great loss for the donor, which still largely maintains its metabolite concentration
(not losing fitness/protection or wasting too much energy for the production of these
compounds). Therefore, there is no real “transfer”, since transfer somehow implies an
intentional handover of a compound or a trait, at least from one partner. Under these
circumstances of neutral and/or non-intentional (“it just happens”), using an already
existing terminology like “uptake” seems to be appropriate.

Secondly, we can address the recently discussed possible negative effects of the uptake
of natural products (plant toxins) and its possible impact of food and feed safety. To
answer these questions, we tried to use field-trial setup spanning several seasons instead
of laboratory-style experiments, using the worst-case scenario—cultivation of a PA-plant.
Since the uptake only occurred at a low rate, we can define simple measures to eliminate
the potential risk of PAs entering the food or feed chain. Boraginaceae seed oil plants can be
safely produced by keeping distance to neighboring cultivations (e.g., using existing farm
roads, ditches or the recently promoted flowering strips for biodiversity). Harvest residues
can be efficiently re-used, however interposed fermenting methods (composts, biogas) are
recommended, and the germinating of hibernated PA-plant seeds should be monitored
and if necessary, contained appropriately. To meet or maintain quality in this specific area
of PAs in food, feed or phytopharmaceuticals, the main issues for the future will still be
the control and prevention of co-harvesting and processing of PA-plants together with the
crop or plant of interest [3].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods10081827/s1. Figure S1. Setting up of compost-bins; A: Control-Compost, B: S. jacobaea-
Compost, C: S. jacobaea and L. squarrosa-Compost, D: L. squarrosa-Compost. 1-compost starter,
2-S. jacobaea material, 3-bio starter, 4-compost stock, 5-L. squarrosa press cake. Table S1 Calculated
amounts of compost/press-cakes for each plot to meet nutritional requirements. Table S2 The detailed
analysis results of extraction and profiling of the PAs of plant samples as Chemisch-physikalische
Analyse (#45183) comprising 31 individual PAs and PANOs by QSI (Bremen, Germany).Figure S2.
Picture to illustrate investigations of distance-related effects on PA-transfer. Green: L. squarrosa field;
Red: Excavated Kick-Brauckmann vessel (50 cm) next to its hole; Black: field strip of L. multiflorum;
Blue: Still buried Kick-Brauckmann vessel (200 cm) including L. multiflorum.
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Abstract: Pyrrolizidine alkaloids (PAs) are a group of secondary plant metabolites being contained
in various plant species. The consumption of contaminated food can lead to acute intoxications
in humans and exert severe hepatotoxicity. The development of jaundice and elevated bile acid
concentrations in blood have been reported in acute human PA intoxication, indicating a connection
between PA exposure and the induction of cholestasis. Additionally, it is considered that differences
in toxicity of individual PAs is based on their individual chemical structures. Therefore, we aimed
to elucidate the structure-dependent disturbance of bile acid homeostasis by PAs in the human
hepatoma cell line HepaRG. A set of 14 different PAs, including representatives of all major structural
characteristics, namely, the four different necine bases retronecine, heliotridine, otonecine and
platynecine and different grades of esterification, was analyzed in regard to the expression of genes
involved in bile acid synthesis, metabolism and transport. Additionally, intra- and extracellular
bile acid levels were analyzed after PA treatment. In summary, our data show significant structure-
dependent effects of PAs on bile acid homeostasis. Especially PAs of diester type caused the strongest
dysregulation of expression of genes associated with cholestasis and led to a strong decrease of intra-
and extracellular bile acid concentrations.

Keywords: pyrrolizidine alkaloids; structure dependency; hepatotoxicity; cholestasis; bile acids

1. Introduction

Secondary plant compounds have increasingly come into the focus of risk assess-
ment as food contaminants in recent years. One group of these contaminants are the
1,2-unsaturated pyrrolizidine alkaloids (PAs). Humans are exposed to PAs mainly via the
consumption of contaminated food. The Federal Institute for Risk Assessment identified
in 2013 tea, herbal teas and honey as the main sources for human PA uptake in Western
countries [1]. In addition, a consumption of contaminated salad mixes, herbs, flour or
cereals can also lead to the uptake of substantial amounts of PA [2–5]. However, there are
also some plants used as food that produce PA themselves such as borage. Chen et al. [6]
showed that lycopsamine N-oxide, lycopsamine and acetyllycopsamine were the main PAs
in the sample they studied. Dietary supplements based on plants containing PAs may also
contribute to increased exposure to PAs. However, the total intake of PAs through their
consumption cannot be estimated yet.

Although the levels of PA in most foodstuffs have been significantly reduced in recent
years, exposure via highly contaminated dried herbs or herbal mixtures with PA levels of
up to 3000 μg/kg seem to be possible [7].

PAs most commonly enter foods through mechanical harvesting processes, but con-
tamination of honey by pollen from PA-containing plants or the use of PA-containing plants
as herbal medicine is also a possible source of exposure [8–10].
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Since PAs are primarily a random contamination of otherwise PA-free foods, it is
not possible to predict which PAs are present in which foods. On the one hand, there are
considerable differences in PA content between plant species, and on the other hand, factors
such as soil conditions, climate and geographical origin can lead to considerable variations
in the composition and quantity of PA within a plant species. Large intra-plant differences
between different parts are also possible [11,12]. Therefore, exposure to PAs can only be
estimated based on previous studies, but cannot be calculated accurately. Some studies
have investigated the PA content in different foods and food supplements, and all the
1,2-unsaturated PAs used in this study were found in foodstuffs. For example, lasiocarpine
and senecionine, two of the most toxic PAs examined in our study, were detected in various
(herbal) teas and food supplements. Echimidine was also frequently detected [5,13].

After uptake, PAs can cause severe damage to humans and livestock after consumption
of contaminated food or feed. Depending on the exposure, acute and chronic liver damage
can result, such as liver hardening, ascites and the hepatic sinusoidal obstruction syndrome
(HSOS), as well as liver cirrhosis, fibrosis, or liver cancer [14,15]. Due to their widespread
distribution in more than 6000 plant species, especially in the Asteraceae, Boraginaceae and
Fabaceae families, around the world, PA contamination is not locally limited [3,8,9,16,17].

Currently, more than 660 different PAs and their corresponding N-oxides are known.
About half of them are considered to exhibit genotoxic and hepatotoxic properties [18].
Chemically, PAs consist of a necine base, which can be esterified with organic acids at the
OH-groups at the C 7 and C 9 positions of the double-ring system. Based on their chemical
structure, PAs can be classified into different groups. PAs can be divided according to their
corresponding necine base (1-hydroxymethylpyrrolizidine) into platynecine-, heliotridine-,
retronecine- and otonecine-type PAs. The different grades of esterification allow a further
subdivision into free bases (no esterification), monoesters and open-chained or cyclic
diesters (Figure 1) [19].

The PA parent substance and its N-oxide are not very reactive as such, and therefore
do not directly induce toxic effects. Due to metabolic activation in the liver, reactive
metabolites such as dehydropyrrolizidine alkaloids (DHP) are formed, resulting in DNA
and protein adducts [20–22]. For the formation of these metabolites, a double bond at
the C 1/C 2 position is necessary. Therefore, the 1,2-saturated platynecine-type PAs are
considered to be non-toxic [23,24].

The molecular mode of action of PAs and their metabolites in the liver is not fully
understood yet. In previous studies, effects on various intracellular pathways, such as the
induction of apoptosis, DNA damage response, and prostanoid synthesis were investi-
gated [25–29]. In a whole-genome microarray analysis by Luckert et al. [30] in primary
human hepatocytes, evidence for PA-induced disturbance of bile acid homeostasis was
found. In association with PA-induced HSOS, jaundice is often diagnosed. An accumula-
tion of bilirubin is also an indication that the normal pathway of bilirubin degradation and
bile flow may be impaired [15,31].

The bile, produced in the liver, is essential for efficient absorption of fats and lipophilic
substances in the intestine, as well as for the excretion of metabolites and endogenous
substances from the liver. It consists of bile acids, phospholipids, cholesterol, proteins,
bilirubin, electrolytes and water. The first and rate-limiting step in the de novo synthesis of
bile acids is the 7α-hydroxylation of cholesterol, catalyzed by CYP7A1. The primary bile
acids cholic acid (CA) and chenodeoxycholic acid (CDCA) are conjugated very rapidly with
the amino acids glycine and taurine after their synthesis. Secondary bile acids are formed
by conversion by microorganisms in the intestine and enter the liver after absorption from
the intestine [32–36].

A disturbance of bile acid homeostasis can have serious consequences for the liver.
Reduced bile flow can cause accumulation of potentially cytotoxic bile acids in the liver,
leading to serious cell damage [37–39].

Some recently published studies by Waizenegger et al. [40] and Hessel-Pras et al. [41]
described the disturbance of bile homeostasis by selected PAs. Due to the small number
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of PAs investigated in these studies, predictions on the structure–activity relationship are
not applicable. Therefore, in the present study, a set of 22 structurally different PAs was
systematically investigated in relation to selected endpoints associated with the disturbance
of bile acid homeostasis. The endpoints in the focus of this study include the induction of
cytotoxicity, changes in the expression of cholestasis-associated genes and the influence
on the levels of intra- and extracellular bile acids in the metabolically competent human
hepatoma cell line HepaRG.

Platyphylline (P)

Figure 1. Overview of different PAs and their structural characteristics sorted by their grade of
esterification: (A)—free bases; (B)—monoesters; (C)—open-chained diesters; (D)—cyclic diesters.
The respective type of necine base is indicated in brackets: H—heliotrine (7S); O—otonecine (7R);
P—platynecine (7R); R—retronecine (7R). The only 1,2-saturated PA, platyphylline, is indicated in
italics. For cytotoxicity studies, all listed esters and the free bases heliotridine and retronecine were
analyzed. The bold and underlined PAs represent the reduced test set for all subsequent experiments.

2. Materials and Methods

2.1. Chemicals

The PAs used in this study, except platyphylline, were purchased from Phytoplan
Diehm & Neuberger GmbH (Heidelberg, Germany) with a purity of at least 95%. Platy-
phylline was obtained from BOC Sciences (New York, NY, USA). All PAs were dissolved in
50% acetonitrile (ACN, Sigma-Aldrich, Taufkirchen, Germany)/50% H2O. The 5 mM stock
solutions were stored at −20 ◦C. All other chemicals used in this study were obtained from
Merck (Darmstadt, Germany) or Sigma-Aldrich (Taufkirchen, Germany) in the highest
available purity.
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2.2. HepaRG Cell Culture

The human hepatoma cell line HepaRG was purchased from Biopredic International
(Saint-Gregoire, France). The cells were cultivated for two weeks in proliferation medium
composed of William’s Medium E with stable glutamine (PAN Biotech, Aidenbach, Ger-
many), 10% fetal bovine serum (FBS Good forte, PAN Biotech, Aidenbach, Germany),
100 U/mL penicillin and 100 μg/mL streptomycin (Capricorn Scientific, Ebsdorfergrund,
Germany), 5 μg/mL human insulin (PAN Biotech, Aidenbach, Germany) and 50 μM hydro-
cortisone hemisuccinate (Sigma-Aldrich, Taufkirchen, Germany). After the proliferation
phase, differentiation was initiated by adding 1.7% dimethyl sulfoxide (DMSO, Merck,
Darmstadt, Germany). The differentiation of HepaRG cells was completed after two weeks
of cultivation in differentiation medium consisting of proliferation medium with 1.7%
DMSO. All experiments with HepaRG were conducted with differentiated cells seeded at
passages 16 to 20.

2.3. Cell Viability Assay

For cytotoxicity testing, 9000 HepaRG cells per well were seeded in the inner 60 wells
of a 96-well plate. After proliferation and differentiation, FBS was set to 2% for 48 h before
incubation. DMSO concentration of 1.7% was kept to reach the maximum expression of
various CYP enzymes and transporters to ensure a strong metabolic activation of PAs [42].
The cells were treated with PAs in different concentrations as indicated in the figures.
After 24 h of incubation, 10 μL of undiluted MTT reagent (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Sigma-Aldrich, Taufkirchen, Germany) were added per
well. After an incubation time of 30 min at 37 ◦C, the supernatant was removed and the
formazan crystals were dissolved in 130 μL isopropanol with 0.7% sodium dodecyl sulfate
(SDS, Merck, Darmstadt, Germany) for approximately 30 min under shaking and light
protection. Absorption was measured at 570 nm, with 630 nm as reference wavelength [43].
Cell viability was calculated by subtracting the background and normalizing the treatment
to solvent control. Solvent control was set to 100%. Four independent experiments with
three replicates each were performed.

2.4. Isolation of Total RNA and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

The effect of PAs on the expression of cholestasis-associated genes was analyzed using
real-time qPCR. HepaRG cells were seeded at a density of 0.2 × 106 cells per well in 6-well
plates. After proliferation and differentiation, DMSO and FBS were set to 0.5% and 2% for
48 h before incubation to ensure inducibility of gene expression. The cells were treated
with PAs in different concentrations as indicated in the figures. After 24 h of incubation,
the cells were washed two times with ice-cold phosphate-buffered saline (PBS). The total
RNA was extracted using the RNeasy Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol, including the on-column DNase digestion step. Concentration
and purity of the RNA was measured at 260 and 280 nm by a TecanM200Pro using a
NanoQuant plate.

cDNA was synthesized by transcribing 1 μg of RNA, using the High Capacity cDNA
Reverse Transcriptase Kit according the manufacturer’s instructions (Applied Biosystems,
Foster City, CA, USA). qPCR was conducted with Maxima SYBR Green/ROX qPCR Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA), 300 nM primers and 1 μL cDNA per
sample in a total volume of 10 μL. The amplification protocol comprised the following steps:

• initial denaturation (15 min at 95 ◦C)
• 40 cycles of denaturation (30 s at 95 ◦C) and annealing/elongation (1 min at 60 ◦C)
• final elongation (10 min at 60 ◦C)
• dissociation curve

All qPCRs were performed on a 7900HT Fast Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA) using the 384-well format. Primer sequences used for the
amplification are summarized in Table S2 in the supplementary material. The primers were
obtained from Eurofins (Hamburg, Germany). The results were evaluated according to the
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2–ΔΔCt method [44], normalized to the housekeeping gene GUSB (β-glucuronidase) and
referred to the solvent control. Three replicates per sample were measured.

2.5. Bile Acid Quantification

The content of different bile acids was detected via UPLC-MS/MS in the cell culture
supernatant and cell lysates. Thus, HepaRG cells were seeded at a density of 0.2 × 106

cells per well in 6-well plates. After the normal proliferation and differentiation period of
four weeks, the FBS level in the medium was set to 2% for 48 h. DMSO concentration of
1.7% was kept to reach the maximum expression of various CYP enzymes and transporters
to ensure a strong metabolic activation of PAs [42]. Before the incubation with PAs, the
cells were washed once with PBS (room temperature) to remove the traces of FBS from cell
culture medium. The incubation with PAs was conducted with FBS-free differentiation
medium to reduce the background signal from bile acids contained in FBS, as described
in the study by Sharanek et al. [39]. The volume of incubation medium (differentiation
medium containing the respective amount of PAs) was reduced by 50% to 1 mL per
well, to increase the concentration of excreted bile acids in the supernatant. Cells were
incubated in triplicates to pool the medium and cells of three wells during harvesting, in
order to facilitate analytical determination of bile acids present only at low levels. After
incubation for 48 h, the medium was collected and stored at −80 ◦C. Cells were washed
twice with PBS, trypsinized for 15 min at 37 ◦C and collected (Trypsin-EDTA, Capricorn
Scientific, Ebsdorfergrund, Germany). After a second washing step with 1 mL PBS and
centrifugation at 250× g for 5 min, the supernatant was discarded and the cell pellets were
stored at −80 ◦C.

Bile acid analysis was conducted using UPLC coupled to tandem mass spectrometry
as described previously [45]. Briefly, bile acids in cell lysates and medium were extracted
by adding methanol containing deuterated internal standards. After vortexing and cen-
trifugation, the methanol was evaporated under a stream of nitrogen, the samples were
reconstituted in methanol:water [1:1 v/v] and injected onto the UPLC system (Infinity1290,
Agilent Technologies, Palo Alto, CA, USA). Separation was made on a Kinetex C18 column
(Phenomenex, Torrance, CA, USA) using H2O and ACN as mobile phases. Detection was
made in negative mode using a QTRAP 5500 mass spectrometer (Sciex, Concord, Canada).
Three independent experiments were performed.

2.6. Statistical Analysis

For statistical analysis, SigmaPlot 14.0 software (Systat Software, Erkrath, Germany)
was used. Statistically significant differences in a concentration series were calculated
using a one-way ANOVA. Following the differences of the treated samples versus the
respective solvent control were tested using Dunnett’s post hoc analysis. Differences that
were statistically significant are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. PA-Induced Cytotoxic Effects in HepaRG Cells

To elucidate the structure-dependent effects of PAs on HepaRG cells and to establish a
suitable concentration range for further investigations, cell viability studies were performed.
Metabolically competent HepaRG cells were treated with the 22 PAs for 24 h at six different
concentrations ranging from 0.1 to 250 μM. The upper concentration limit resulted from the
low PA solubility and the resulting high concentration of solvent in the incubation medium
(max. 2.5% ACN). The high concentration of 1.7% DMSO in the medium was chosen to
obtain the highest possible activity of xenobiotic-metabolizing CYP enzymes for effective
bioactivation of PAs [42].

The results of the MTT assay are summarized in the heat map in Figure 2. For better
overview, the PAs were sorted in descending order according to cell viability detected at the
highest concentration. Clear differences in cell viability became obvious at a concentration
of 250 μM, varying between 100 and 41%. Upon closer examination, it can be seen that
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among the less cytotoxic PAs (cell viability > 80% at 250 μM), the free bases heliotridine and
retronecine, as well as monoesters, such as lycopsamine, indicine, intermdine, rinderine,
echinatine and europine, were mainly represented. Moderate (cell viability between 80
and 60%) to strong toxicity (cell viability < 60%) was more likely to be induced by open-
chained and cyclic diesters. Platyphylline, which is actually considered to be non-toxic,
nevertheless led to a statistically significant reduced cell viability of 88% and 81% at the
highest concentrations of 100 μM and 250 μM, respectively. Corresponding cytotoxicity
data for HepaRG cells with a reduced DMSO content of only 0.5% have been published
previously [25]. The levels of the effects here turned out to be somewhat smaller, but the
order of PAs by strength of induced cytotoxicity is comparable.
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Figure 2. Decreasing viability of HepaRG cells 24 h after PA exposure. Cell viability was measured
by the MTT assay. The mean values out of three biological replicates with three technical replicates
each were normalized to the solvent control (SC, 2.5% ACN, 1.7% DMSO). Triton X-100 (0.05%) was
used as positive control (PC). The heat map shows the cell viabilities in percent of the solvent control.
Blue color indicates a decrease in cell viability and yellow indicates an increase. Statistics: * p < 0.05,
** p < 0.01, *** p < 0.001 (one-way ANOVA followed by Dunnett‘s post hoc test versus the solvent
control). Mean values, standard deviations and p-values can be found in the supplemental material.
Abbreviations for structural characteristics of the PAs: retronecine (R), heliotrine (H), otonecine (O) or
platynecine (P) type; free base (B), monoester (M), open-chained diester (D(o)) or cyclic diester (D(c)).
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3.2. PAs Affect Structure-Dependently Expression of Genes Involved in Bile Acid Homeostasis

Effects of PAs on the regulation of cholestasis-associated gene expression were eluci-
dated with a test set of 14 selected PAs in which representatives of all structural groups
were present. qPCR was used to investigate the expression of 45 genes associated with
cholesterol and bile acid metabolism. HepaRG cells were treated with PAs at concentrations
of 5, 21, and 35 μM for 24 h. These concentrations were chosen to induce no or only weak
cytotoxic effects. For the analysis of gene expression, the DMSO concentration was lowered
from 1.7% to 0.5% to ensure inducibility of gene expression.

In Figure 3 the induction of gene expression in percent of the solvent control is
represented as the heat map. Further details such as means and standard deviations are
summarized in the supplemental material (Table S3). For better comparability of the results
for the different endpoints tested, the PAs were always sorted according to their cytotoxicity-
inducing potential, as shown in Figure 2. The analyzed genes were classified related to
the function of their corresponding proteins into the groups transport proteins, xenobiotic-
metabolizing enzymes, transcription factors, and enzymes of cholesterol metabolism.

In the heat map, it can be clearly seen that the expression of all investigated genes
was downregulated or unchanged without an exception. A significant upregulation of
expression was not detected for any of the examined genes. In addition, it is noticeable
that the effects, particularly in the case of the xenobiotic-metabolizing enzymes, were
sometimes extremely strong with a reduction of the expression down to around 0.02%
(CYP7A1, senecionine, 35 μM). Summarizing the gene expression data, it can additionally
be concluded that PAs showing the strongest effects on cell viability also have more
pronounced effects on the regulation of gene expression.

3.2.1. Transport Proteins

Within the group of transporters, the bile salt export pump (BSEP, ABCB11), the
Na+/taurochlorate cotransporting polypeptide (NTCP, SLC10A1) and the bile acyl-CoA
synthetase (SLC27A5) interact very specifically with bile acids and are thus directly in-
volved in bile acid and cholesterol homeostasis. For these transporters, a very significant
concentration-dependent downregulation of gene expression was observed after treat-
ment with the three most cytotoxic PAs (lasiocarpine, senecionine, and heliosupine). Even
after exposure of HepaRG cells to echimidine and seneciphylline, a weaker but still sig-
nificant downregulation was evident at 21 and 35 μM of the PAs. Less or non-cytotoxic
PAs exhibited no or only weak effects on the expression of genes encoding the above-
mentioned transporters. A similar pattern was observed for the expression of the less
bile-acid-specific transport proteins ABCB4, ABCC3, ABCC6, ABCG5, SLC22A7, SLC22A9,
SLC51A, SLCO1B1 and SLCO2B1. For the genes encoding the transport proteins ABCB1,
ABCC2, SLC51B, SLCO1B3, no substantial changes in gene expression were detected.

3.2.2. Enzymes of Cholesterol and Bile Acid Metabolism

While the expression of the genes for the enzymes of HMG-CoA synthesis (HMGCS1/2)
was significantly downregulated, no change was detected in the gene expression of the
rate-limiting HMGCR. The expression of INSIG1, responsible for the regulation of HMGCR
expression via negative feedback was slightly downregulated (maximum reduction to 16%
for 21 μM senecionine). BAAT, an enzyme for the amidation of bile acids with taurine and
glycine, showed a significant reduced gene expression down to 5.5% of the solvent control.
The decrease of the gene expression levels was stronger, the more cytotoxic and higher
concentrated the respective PA was. The transcripts of CYP enzymes directly involved in
the catabolism of cholesterol or the de novo synthesis of bile acids (CYP7A1, CYP8B1) were
strongly downregulated in a structure-dependent manner, while the expression of CYP27A1
and CYP39A1, relevant for the synthesis of secondary bile acids, were not affected at all.
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3.2.3. Xenobiotic-Metabolizing Enzymes

The expression levels of all investigated genes of xenobiotic-metabolizing enzymes
were affected in a structure- and concentration-dependent manner. For CYP1A1 and POR,
however, the decrease of mRNA content was rather weak. For these genes we could still
detect around 20–30% of the transcript level of the solvent control after the exposure with
the strongest regulating PAs. The transcription of the genes encoding the enzymes CYP1A2,
CYP2B6, CYP2E1, CYP3A4, SULT2A1 and UGT2B4 was strongly downregulated.
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Figure 3. Changes in expression of cholestasis-associated genes after PA treatment of HepaRG cells for 24 h. Differentiated
HepaRG were treated with PAs in concentrations of 5, 21 and 35 μM. The Ct-values were evaluated according to the 2-ΔΔCt

method by normalizing Ct-values of the respective gene to the housekeeping gene β-glucuronidase (GUSB) and by referring
to solvent-treated cells (0.35% ACN and 0.5% DMSO). The cutoff for gene expression regulation was set from 67% to 150%
of solvent control. Changes in gene expression within this range were considered not to be biologically relevant. The cells of
the heat map show the changes in gene expression of the target genes in percent of the solvent control as means of three
replicates. Blue color indicates a downregulation and yellow color an upregulation of gene expression. Expression levels
below 10% of solvent control are additionally highlighted by white + (+ expression level below 10%; ++ expression level
below 5%; +++ expression level below 1%). Statistics: * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA followed by
Dunnett‘s post hoc analysis versus the respective solvent control). Mean values, standard deviations and p-values are
summarized in the supplemental material (Table S3), as well as the sequences of used primers and the full-length names
and synonyms of the detected genes (Table S2). Structural characteristics: retronecine (R), heliotrine (H), otonecine (O) or
platynecine (P) type; free base (B), monoester (M), open-chained diester (D(o)) or cyclic diester (D(c)).

238



Foods 2021, 10, 1114

3.2.4. Transcription Factors

In general, gene expression of transcription factors was less affected by PA treatment
in HepaRG cells. For transcription factors typically expressed in the liver (FXR, HNF1A,
HNF4A, LRH-1, LXR, PPARA, and PXR), a downregulation of expression at the mRNA level
down to 14% compared to untreated cells could be detected. No changes were detected for
the nuclear receptors ESR1 and RXRA. The gene expression of the constitutive androstane
receptor (CAR) was strongly affected by PAs in a structure-dependent manner: a reduction
of the CAR transcript down to 0.6% was detected in the treated HepaRG cells for the most
cytotoxic PAs senecionine, heliosupine and lasiocarpine.

3.3. PAs Disturb Bile Acid Homeostasis Intra- and Extracellular

The amounts of the primary bile acids cholic acid (CA) and chenodeoxycholic acid
(CDCA), as well as the respective glycine- or taurine-conjugated bile acids (GCA, TCA,
GCDCA, TCDCA), were measured in the cell lysates and medium supernatants of PA-
treated HepaRG cells by UPLC/MS after 48 h of incubation with PAs under serum-free
conditions. Due to their formation by gut bacteria, secondary bile acids were not considered
in our model.

The detected intra- and extracellular amounts of bile acids are summarized in Figure 4.
PAs were sorted according to their potential to induce cytotoxicity in HepaRG cells (cp.
Figure 2). The amounts of bile acids in the medium of the treated cells were normalized to
the values obtained with medium of the respective solvent control (untreated cells, set to
100%). The amount of bile acids in the cell lysates was first normalized to the total protein
content of the cells and then to the corresponding solvent control.

The pattern of the effects on bile acid homeostasis is obviously similar to the effects on
gene regulation and cytotoxicity. The higher the cytotoxic potential of the PA, the stronger
the effects on bile acid balance. Furthermore, the amount of bile acids in the medium and
in the cells decreased significantly with increasing concentration of the respective PA. The
effect was much more pronounced in the cell lysates than in the medium. Besides the
reduced amounts of most detected bile acids, the conjugated bile acid TCDCA represents an
exception due to a slightly increased level in the medium of PA-treated cells. Additionally,
a slight but significant increase of intracellular CDCA could be detected after treatment
with the non-cytotoxic PAs indicine and heliotridine.

Cyclosporine A, a drug known to induce cholestasis, was used as a positive control [46].
Exposure of HepaRG cells to 20 μM cyclosporine A for 48 h showed similar but much
weaker effects than treatment with toxic PAs.
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Figure 4. Changes in the intra- and extracellular bile acid concentration after PA treatment for 48 h.
Differentiated HepaRG cells were treated with PAs in concentrations of 5, 21 and 35 μM under serum-
free conditions. The cells of the heat map are colored according to the relative change of the respective
bile acid as mean of three replicates compared to untreated cells (solvent control, 0.35% ACN and 1.7%
DMSO). An increase is indicated by yellow color and blue filling indicates a decrease compared to the
solvent control (100%). Cyclosporine A (20 μM) was used as positive control (PC) for the induction
of cholestasis [46]. Bile acid levels below 10% of solvent control are additionally highlighted by white
+ (+ below 10%; ++ below 5%; +++ below 1%). Statistics: * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way
ANOVA followed by Dunnett‘s post hoc analysis versus the respective solvent control). Mean values,
standard deviations and p-values are summarized in the supplemental material (Table S4). Structural
characteristics: retronecine (R), heliotrine (H), otonecine (O) or platynecine (P) type; free base (B),
monoester (M), open-chained diester (D(o)) or cyclic diester (D(c)). Abbreviations for measured
bile acids: cholic acid (CA), glycocholic acid (GCA), taurocholic acid (TCA), chenodeoxycholic acid
(CDCA), glycochenodeoxycholic acid (GCDCA), taurochenodeoxycholic acid (TCDCA).
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4. Discussion

Due to their widespread distribution and their strong hepatotoxic properties, 1,2-
unsaturated PAs are among the most important naturally occurring toxins. In current risk
assessment, the general assumption that all PAs have equipotent hepatotoxic properties
regardless of their structural characteristics has been followed [13]. However, many recent
studies suggest structure-dependent effects of PAs on various endpoints like the induc-
tion of cytotoxicity and apoptosis, the occurrence of DNA double-strand breaks, and the
formation of micronuclei and DHP-DNA adducts [26,47–52]. For all studies mentioned, a
highly comparable order of PAs, sorted by their respective effect level, could be observed.
The group of PAs showing the strongest effects, if used in the respective test set, always
included the representatives of the open-chained diesters of the heliotridine type (lasio-
carpine and heliosupine), and the cyclic diesters of the retronecine type (senecionine and
seneciphylline). Echimidine (open-chained diester, retronecine type) also always showed
a clear effect on the endpoint studied, despite some variations. This ranking has been
observed independently of the test system or endpoint investigated and is comparable
to the observations in this study. As discussed in detail in Glück et al. [25], it is becom-
ing increasingly apparent that the representatives of the open-chained and cyclic diester
groups of the heliotrine and retronecine type show the strongest toxic effects, whereas free
bases and monoesters show no or only weak effects. This pattern of effect levels was also
observed in the present study dealing with the disturbance of bile acid homeostasis.

A balanced bile acid level is important for normal liver function. Changes in the
concentration of cytotoxic bile acids in the liver can lead to severe damage to hepatocytes.
Jaundice and HSOS are frequently reported symptoms after PA intoxication, and indicate
a connection between PA exposure and disturbance in bile flow [31]. Currently, there
are very few studies dealing with an association between PA exposure and bile acid or
cholesterol imbalance. Yan and Huxtable identified the first evidence for such a relation
in the 1990s by studying changes in bile flow and bile composition in rat liver after PA
administration [53,54]. They showed that detoxification of PAs occurs via glutathione
conjugation. The resulting hydrophilic conjugates are then efficiently secreted via the bile.
Taurine from liver cells and bile also appears to reduce PA toxicity [55]. Furthermore,
Yan and Huxtable [56] found evidence that different PAs can induce different effects or
effect levels, as retrorsine and senecionine stimulated bile flow and monocrotaline and
trichodesmine did not.

Xiong et al. [57,58] investigated the effect of the PA senecionine as a single substance,
or of extracts from PA-containing plants, on the expression of genes associated with the
synthesis and transport of bile acids in two in vivo studies. In addition, the concentration
of various bile acids was measured in the serum of rats after PA ingestion. In both studies,
an increase in serum concentration was detected for all bile acids analyzed. In addition to
the abovementioned studies, Hessel-Pras et al. [41] showed an induction of liver necrosis,
inflammation and a disturbance of bile acid homeostasis in mouse liver after the exposure
to senecionine, resulting in increased bile acid concentrations in serum.

Effects on bile acid homeostasis have also been described in several in vitro studies.
Comparable to the information provided by the abovementioned in vivo studies, Luckert
et al. [30] found indirect evidence for effects of PAs on the metabolism and transport of bile
acids in primary human hepatocytes. After treatment with four different PAs, downregula-
tion of the transcript level was observed for the liver transport proteins ABCB11 (BSEP),
ABCC2, ABCC3, ABCC6, SLC10A1 (NTCP), SLC22A7, SLC22A9, SLCO1B1, SLCO1B3,
SLCO2B1. Waizenegger et al. [40] examined the regulation of an extensive set of genes
associated with bile acid homeostasis, with an experimental setup comparable to the design
of this study. After treatment of HepaRG with four different PAs, the qPCR analyses and
bile acid content measurements showed results very similar to the present study, including
a strong reduction of gene expression of several enzymes involved in bile acid uptake,
synthesis, metabolism, and excretion. Enzymes involved in de novo bile acid synthesis
(CYP7A1, CYP8B1, BAAT) show decreased transcript levels in the in vitro experiment of
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this study. In rat liver, however, this change is only partially visible and rather weak. After
exposure to senecionine, the expression of Cyp7a1 and Baat was slightly decreased, whereas
after ingestion of Senecio vulgaris extract, the transcript levels of Cyp8b1 and Baat were
reduced [57,58].

According to formerly published results from Waizenegger et al. [40], the analysis of
the intra- and extracellular bile acid levels in the present study shows a strong reduction
of their concentrations. The effects of the cholestasis-inducing drug cyclosporine A [46]
were very similar to the PA-induced variations in bile acid balance, indicating a possible
cholestasis-inducing potential of PAs in vivo. Overall, the changes of bile acid amounts
were intracellularly stronger than extracellularly. This may be due to the fact that the
cells are able to secrete the toxic bile acids very efficiently. The concentration changes for
the primary bile acids CA and CDCA were much weaker than for their corresponding
conjugates. However, since the unconjugated bile acids are rapidly converted into the
glycine and taurine conjugates, their intracellular levels and effects on overall bile acid
concentrations are very small compared to the conjugated bile acids.

Comparing gene expression data from the two in vivo studies in rat liver and the
in vitro study in human HepaRG, many similarities can be found [40,57,58]. The genes
of the nuclear receptors FXR and SHP are less expressed in both, in vitro in the human
cell system and in vivo in the rat liver, after exposure to senecionine and the extract of
Senecio vulgaris. The gene expression of the transporters SLC10A1 (NTCP) and SLCO1B1 is
also significantly downregulated in all three studies. These transporters are responsible
for the uptake of bile acids into hepatocytes from the blood [59–62]. Reduced expression
of these transporters could result in lower bile acid concentrations in hepatocytes and
thus counteract cholestasis. Differences are apparent in the regulation of the transporters
ABCB11 (BSEP), SLC22A7, and ABCC3. While Abcb11 (Bsep) and Slc22a7 showed hardly
any altered expression at the mRNA level in rat liver, their orthologs were significantly
downregulated in human HepaRG cells after PA exposure. ABCB11 (BSEP) transports
bile acids from the hepatocytes into the bile, whereas SLC22A7 imports organic anions
(potentially bile acids) from the basolateral (blood) side into the hepatocytes [63]. ABCC3,
on the other hand, showed only minimal downregulation in cell culture experiments,
whereas gene expression was greatly increased in the rat. ABCC3 is responsible for
exporting bile acids to the basolateral side of hepatocytes. This pathway is considered
as an alternative route for the secretion of bile acids from cholestatic hepatocytes [64].
Thus, Abcc3 upregulation in vivo fits very well with the increased serum concentration
of bile acids that was also measured. However, this discrepancy of enhanced bile acid
amounts in vivo to low levels observed in our in vitro model can probably be associated
with the simplified 2D culture of HepaRG cells. Despite differentiation of HepaRG into
hepatocyte-like and biliary epithelium-like cells, the culture model does not fully reflect the
compartmentalization and polarization of the liver that may strongly affect the regulation
of various processes like the efflux of bile acids. Nevertheless, the results of the cell culture
experiment clearly show a PA-mediated impairment of bile acid homeostasis in human
hepatocyte-like HepaRG cells.

5. Conclusions

In the present study, we have shown that PAs have a significant structure-dependent
effect on bile acid homeostasis. We were able to demonstrate that especially PAs of the di-
ester type caused strongest dysregulation of expression of several genes responsible for bile
acid synthesis, uptake and secretion in HepaRG cells. Furthermore, the amounts of intra-
as well as extracellular bile acids were strongly affected. The dramatic decreases of intra-
and extracellular bile acid amounts were also predominantly detected for diester-type PAs
showing a clear impairment of the bile acid balance, which may contribute to cholestatic
liver disease in vivo. Therefore, our in vitro results support in vivo observations [36,53,54]
that PAs could stimulate the formation of cholestasis. Our data show very impressively the

242



Foods 2021, 10, 1114

structure dependence of this effect, although this correlation must be verified and further
investigated in vivo.

Nevertheless, for a reliable risk assessment of PAs, some knowledge gaps need to
be filled. Especially with regard to the classification of PAs according to their structural
characteristics and the resulting differences in their toxicity, further refining studies are
necessary. Important aspects for future studies should be the analysis of toxicokinetics and
the associated metabolic reactions of toxification and detoxification. Further in vivo and
in vitro studies are therefore essential for a more precise and reliable assessment of the risk
to human health from PA contamination in food.
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Abstract: 1,2-unsaturated pyrrolizidine alkaloids (PAs) belong to a group of secondary plant metabo-
lites. Exposure to PA-contaminated feed and food may cause severe hepatotoxicity. a pathway
possibly involved in PA toxicity is the disturbance of bile acid homeostasis. Therefore, in this study,
the influence of four structurally different PAs on bile acid homeostasis was investigated after single
(24 h) and repeated (14 days) exposure using the human hepatoma cell line HepaRG. PAs induce
a downregulation of gene expression of various hepatobiliary transporters, enzymes involved in
bile acid synthesis, and conjugation, as well as several transcription regulators in HepaRG cells.
This repression may lead to a progressive impairment of bile acid homeostasis, having the potential to
accumulate toxic bile acids. However, a significant intracellular and extracellular decrease in bile acids
was determined, pointing to an overall inhibition of bile acid synthesis and transport. In summary,
our data clearly show that PAs structure-dependently impair bile acid homeostasis and secretion by
inhibiting the expression of relevant genes involved in bile acid homeostasis. Furthermore, important
biliary efflux mechanisms seem to be disturbed due to PA exposure. These mole-cular mechanisms
may play an important role in the development of severe liver damage in PA-intoxicated humans.

Keywords: pyrrolizidine alkaloids; hepatotoxicity; HepaRG; cholestasis; bile acid

1. Introduction

Pyrrolizidine alkaloids comprise a large group of secondary plant compounds occur-
ring ubiquitously in the plant kingdom. They are constitutively produced in about 3% of
the world’s flowering plants as a protective mechanism against herbivores [1,2]. To date,
over 660 structurally different pyrrolizidine alkaloids and their N-oxide derivates have
been identified, and about half of them are considered to be toxic [3,4]. The PA-associated
harmful effects on livestock and humans [5–8] are associated with a double bound in
C1,2-position in the necine base. In the following, the abbreviation PA is always used for
1,2-unsaturated PAs. Intoxications in humans by PA-contaminated cereals, herbal teas,
and herbal medicines were reported in the United States, India, Tajikistan, Afghanistan,
and South Africa [9–14]. PAs can cause severe liver damage characterized by hemorrhagic
liver necrosis, ascites, cirrhosis, and the development of the characteristic hepatic sinusoidal
obstruction syndrome (HSOS) [6,14,15].

The molecular mechanisms of PA hepatotoxicity are not yet fully elucidated. a well-
known molecular mechanism is the formation of adducts with DNA and proteins by
reactive PA metabolites, which are formed by enzymatic conversion in the liver [7]. Further
mechanisms at the molecular level, such as interactions of PAs with specific signaling and
metabolic pathways, are not completely understood. Recently, a genome-wide expression
study in primary human hepatocytes provided evidence for PA-mediated induction of
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apoptosis and impairment of bile acid homeostasis [16], suggesting a partial involvement of
these mechanisms in PA-induced hepatotoxicity. Additionally, increased bile acid levels in
blood, as well as disturbance of bile acid secretion, were shown in mice following an acute
toxic dose of senecionine [17].

The bile produced in the liver is essential for the absorption and digestion of lipids
from the intestinal lumen, as well as for the elimination of xenobiotics, endogenous com-
pounds, and metabolic products (e.g., cholesterol, bilirubin, and hormones) [18,19]. It con-
sists predominantly of water (82%), followed by bile acids, phospholipids, cholesterol,
proteins, bilirubin, and electrolytes. Primary bile acids are synthesized from cholesterol
in the hepatocytes by various enzymes (including cytochrome P450 monooxygenase 7A1
(CYP7A1), CYP8B1, and CYP27A1) [20,21]. Under physiological conditions, the primary
bile acids are conjugated with the amino acids glycine or taurine, followed by secretion by
hepatocytes into the bile canaliculi, along with the remaining bile constituents, and storage
and concentration in the gallbladder. After release into the duodenum and subsequent
absorption and digestion of the food constituents, about 95% of the bile acids are reab-
sorbed into the liver via blood circulation, thus entering enterohepatic circulation [20,22].
Therefore, hepatic transport proteins are essential for the formation of bile and maintaining
bile flow. Sinusoidal (basolateral) transporters are responsible for the uptake of endoge-
nous and exogenous substances into the hepatocytes, and canalicular (apical) transporters
mediate the biliary secretion into the bile canaliculi [23,24]. If the secretion of bile acids
and consequently the bile flow are impaired, potentially toxic bile components, such as
bile acids, bilirubin, and cholesterol, can accumulate, and thus may lead to the damage of
hepatic cells [25,26]. In 2013, Vinken et al. proposed an adverse outcome pathway (AOP)
for drug-mediated cholestasis [26]. The proposed AOP connects as the primary molecular
initiating event the inhibition of the canalicular transporter ATP-binding cassette subfamily
B member 11 (ABCB11) with various key events (e.g., bile acid accumulation, regulation
of nuclear receptors, induction of inflammation, and oxidative stress) and intermediate
steps (e.g., induction of apoptosis/necrosis and gene expression changes) to the adverse
outcome, cholestasis.

Based on the proposed AOP for cholestatic liver disease [26] and data suggesting that
an impairment of bile acid homeostasis may contribute to the PA-induced hepatotoxic-
ity [16,17], the present study aims to systematically investigate the effect of PA treatment
on bile acid homeostasis in the human hepatoma cell line HepaRG. In this regard, possi-
ble structure-dependent effects were examined using the four structurally different PAs
echimidine, heliotrine, senecionine, and senkirkine (for chemical structures see Figure 1).
In addition, two different exposure scenarios were comparatively investigated, namely
a single treatment for 24 h and a repeated treatment for 14 days. The human hepatoma
cell line HepaRG was used due to its hepatocyte-like morphology, high metabolic activity,
and its suitability to investigate bile acid homeostasis [21,27]. Furthermore, HepaRG cells
can be cultivated under long-term conditions, enabling a continuous treatment with test
substances [28,29].

 
Figure 1. Chemical structure of PAs used in this study. Selected PAs represent the main occurring
basic structures of necine base types and structures of esters: heliotrine is a monoester of the
heliotridine-type, and senecionine and senkirkine are both cyclic diesters representing retronecine-
and otonecine-type PAs, respectively. The open-chained diester echimidine belongs to the retronecine-
type group.
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2. Materials and Methods

2.1. Chemicals

Heliotrine was purchased from Latoxan SAS (Valence, France). Echimidine, senecio-
nine, and senkirkine were purchased from PhytoLab GmbH & Co. KG (Vestenbergs-
greuth, Germany). All other chemicals were purchased from Sigma-Aldrich (Taufkirchen,
Germany) in the highest purity available.

2.2. Plasmids

The plasmid pGL4.14-CYP7A1-Prom was constructed as already described [30]. Briefly,
the CYP7A1 promoter region was cloned into the vector pGL4.14 (Promega, Madison, WI,
USA) upstream of the firefly luciferase reporter gene by means of sequence and ligation-
independent cloning [31,32]. The CYP7A1 promoter (−2014 to −1 bp from translation start
site) was amplified from human genomic DNA using the primers 5′-CGG TAC CTG AGC
TCG CTA GCC AGG AAA GAA CTG CAC CCA TAA T-3′ and 5′-CAG ATC TTG ATA TCC
TCG AGT TTG CAA ATC TAG GCC AAA ATC T-3′ and subsequently inserted between the
NheI/XhoI site of pGL4.14. The construction of the Renilla luciferase expression plasmid
pcDNA3-Rluc was described elsewhere [33].

2.3. Cell Culture

HepaRG cells were obtained from Biopredic International (Saint-Gregoire, France)
and cultured in William’s E medium supplemented with 10% (v/v) fetal bovine serum (FBS)
(both from Pan-Biotech GmbH, Aidenbach, Germany), 100 U/mL of penicillin, 100 μg/mL
of streptomycin (Capricorn Scientific GmbH, Ebsdorfergrund, Germany), 5 μg/mL of
insulin (Pan-Biotech GmbH, Aidenbach, Germany), and 5 × 10−5 M of hydrocortisone
hemisuccinate (Sigma-Aldrich, Taufkirchen, Germany) at 37 ◦C in a humidified atmosphere
containing 5% CO2. For all experiments, HepaRG cells were used in passages between
17 and 20. After seeding, HepaRG cells were cultivated in the medium for two weeks.
To initiate differentiation of the cells, the HepaRG cells were then cultivated with a medium
containing 1% dimethyl sulfoxide (DMSO) for two days, followed by a medium with
1.7% DMSO (Merck KGaA, Darmstadt, Germany) for a further 12 days. For investigating
PA-induced hepatotoxic effects in HepaRG cells, two different incubation scenarios were
performed: a single incubation for 24 h and a repeated incubation for 14 days comprising
a total of seven incubations every two days. The exact cultivation and incubation schemes
have recently been published [29].

The human hepatocarcinoma cell line HepG2 was obtained from the European Collec-
tion of Cell Cultures (ECACC, Porton Down, UK). The cells were grown in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, PAN-Biotech GmbH, Aidenbach, Germany)
supplemented with 10% (v/v) FBS (Capricorn Scientific GmbH, Ebsdorfergrund, Germany),
100 U/mL of penicillin, and 100 μg/mL of streptomycin (both from Capricorn Scientific
GmbH, Ebsdorfergrund, Germany) at 37 ◦C in a humidified atmosphere containing 5%
CO2. At a confluence of about 80–90%, the cells were passaged and plated at a density of 3
to 5 × 104 cells/cm2. Cells at passages up to 12 were used for all experiments.

2.4. Preparation of RNA and Quantitative Real-Time PCR Analysis (qRT-PCR)

For gene expression analysis, HepaRG cells were seeded in six-well plates at a density
of 2 × 105 cells/well. After differentiation, cells were incubated with 5, 35, or 70 μM of PA
or the solvent (1.7% DMSO, 0.7% acetonitril (ACN)) for either 24 h or 14 days. To inves-
tigate the effects of PAs on CYP7A1 gene expression in HepG2 cells, 7.5 × 105 cells/well
were seeded in six-well plates and incubated on the next day with the three abovemen-
tioned concentrations of PA for 24 h. Following incubation, HepaRG cells were harvested
directly into an RLT buffer from the RNeasy Kit (Qiagen, Hilden, Germany) containing
1% β-mercaptoethanol, while HepG2 cells were harvested into phosphate-buffered saline
(PBS) and centrifuged for 5 min at 300× g. After centrifugation, the supernatant was
discarded, and the HepG2 cell pellet was dissolved in an RLT buffer containing 1% β-
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mercaptoethanol. The RNA of HepG2 and HepaRG cells was isolated using the RNeasy
Mini Kit (Qiagen, Hilden, Germany). a total of 1 μg of RNA was reverse transcribed into
single-stranded cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) according to the manufacturer’s protocol. Quantita-
tive real-time PCR was performed on a 7900HT Fast Real-Time PCR System (Applied
Biosystems, Darmstadt, Germany) using Maxima SYBR Green/ROX qPCR Master Mix
(2×) (Thermo Fisher Scientific, Waltham, MA, USA). Thermal cycling conditions have been
described elsewhere [16]. Relative quantification of gene expression was calculated ac-
cording to the 2−ΔΔCt method [34] by normalizing the Ct values of the PA-treated samples
to that of the reference gene ACTB (encoding β-actin) and the solvent-treated samples.
an upregulation of gene expression was represented by relative expression values > 1,
while a downregulation was reflected by values in the range of 0 < x < 1. For allowing
a dimension-matched expression for the up- and downregulation, the reciprocals of the
values for downregulation were calculated and are therefore shown as values < −1.

2.5. Transcriptional Activation of CYP7A1 by Dual Luciferase Reporter Gene Assay

For the CYP7A1 reporter gene assay, HepG2 cells were seeded in 96-well plates at
a density of 1.8 × 104 cells/well. After 18–24 h, the cells were transiently transfected using
the TransIT-LT1 transfection reagent (Mirus Bio, Madison, WI, USA) with 80 ng of the
plasmid pGL4.14-CYP7A1-Prom and 1 ng of the Renilla luciferase expression plasmid
(pcDNA3-Rluc) used as internal control for normalization. Four to 6 h after transfection,
the cells were treated with four different concentrations of the PAs echimidine, heliotrine,
senecionine, and senkirkine (5, 35, 70, or 250 μM) or the solvent (2.5% ACN) for 24 h.
The known CYP7A1 promotor activity inhibitor phorbol 12-myristate 13-acetate (PMA,
5 μM) was used as a positive control [35]. After 24 h, the cells were lysed by adding 50 μL
of lysis buffer to each well (100 mM of potassium phosphate with 0.2% (v/v) Triton X-100,
pH = 7) and incubated for 15 min on a plate shaker. After centrifugation, luciferase activity
was analyzed as previously described [36]. Firefly luciferase values were normalized to
Renilla luciferase values and expressed as fold-induction referred to solvent control.

2.6. Staining of Bile Canaliculi to Assay Canalicular Efflux

The fluorescent dye CDFDA was used to investigate canalicular efflux in HepaRG
cells. The membrane-permeable CDFDA is metabolized by intracellular esterases to CDF,
a substrate of ABCC2, resulting in fluorescence labeling of bile canaliculi. Therefore,
5.5 × 104 HepaRG cells/well were seeded in 24-well plates. After differentiation, the cells
were treated with a PA (5 or 35 μM), the solvent (1.7% DMSO, 0.35% ACN), or the pos-
itive control (10 mM of acetaminophen (APAP)) for 24 h or 14 days. Cells were washed
three times with Hank’s balanced salt solution buffer (HBSS; 5.4 mM of KCl, 0.44 mM
of KH2PO4, 0.5 mM of MgCl2 × 6 H2O, 0.41 mM of MgSO4 × 7 H2O, 137 mM of NaCl,
4.2 mM of NaHCO3, 0.34 mM of Na2HPO4, 25 mM of D-glucose, and 10 mM of 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH = 7.4)) prior to incubation with
5 μM of CDFDA for 30 min at 37 ◦C. Supernatants were discarded and cells were washed
again three times with an HBSS buffer. The distribution of CDF was analyzed using the
fluorescence microscope Axio Observer.D1 (objective EC Plan-Neofluar 5x/0.16 Ph 1) at
λex/em = 470/525 nm.

2.7. Staining of the Tight Junction Protein Zonula Occludens-1 (ZO-1) Combined with Nuclei Staining

HepaRG cells were seeded in 24-well plates on gelatin-coated cover slips (Ø 13 mm)
at a density of 5.5 × 104 cells/well to determine effects of PAs on tight junction proteins.
Subsequent to the treatment with either 5 or 35 μM of PA (echimidine, heliotrine, senecio-
nine, and senkirkine), the solvent (1.7% DMSO, 0.35% ACN), or the positive control APAP
(10 mM) for 24 h, cells were washed twice with PBS and fixed by treatment with ice-cold
methanol for 20 min. After two washing steps with PBS, nuclei were stained by using
SYTOX™ Orange Nucleic Acid Stain (1 μM) (Thermo Fisher Scientific, Braunschweig,
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Germany), and cells were washed again twice with PBS. Subsequently, cells were blocked
with 10% bovine serum albumin (BSA) in PBS for 1 h at room temperature. The cells were
washed twice with PBS before incubation with the primary antibody ZO-1 (1:400 in block-
ing solution) (Cell Signaling Technology Europe, B.V., Leiden, Netherlands) for 4 h at room
temperature. Following primary antibody incubation, the cells were washed twice in PBS
and afterwards incubated with the secondary antibody AlexaFlour488-conjugated Goat
Anti-Rabbit IgG Alexa Fluor 488 secondary antibody (1:400 in blocking solution; Thermo
Fisher Scientific, Waltham, MA, USA) for 1 h in the dark at room temperature. Coverslips
were washed twice in PBS and once in H2O and then mounted onto slides using Vecta
Shield HardSet Mounting Medium (Vector Laboratories, Burlingame, CA, USA). Imaging
of SYTOX Orange (λex/em = 547/570) and ZO-1/Alexa Fluor 488 (λex/em = 488/519) was
performed using the confocal laser scanning microscope Leica TCS SP5 (objective HCX PL
APO 63x/1.40 OIL PH3 CS).

2.8. Analysis of Bile Acid Content

The amount of different bile acids was detected via ultra-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS) in cell culture supernatants
and cell lysates. Therefore, HepaRG cells were seeded at a density of 0.2 × 105 cells/well
in six-well plates. After the proliferation and differentiation period of four weeks, the FBS
level in the medium was reduced to 2% for 48 h. The cells were then washed once with
pre-warmed PBS and incubated with either 5, 21, or 35 μM of PA, the solvent (1.7% DMSO,
0.35% ACN), or the positive control (20 μM of cyclosporine A) in an FBS-free medium to
avoid interactions with bovine bile acids occurring in FBS [21]. The amount of cell culture
medium was reduced to 1 mL per well to yield a higher concentration of secreted bile acids.
Supernatants were collected after incubation for 48 h. Cells were washed twice with PBS,
trypsinized for 15 min at 37 ◦C, and collected by adding 1 mL of PBS. After centrifugation
at 250× g for 5 min, the supernatant was discarded. To increase the amount of bile acids,
the cells and medium of three wells were pooled.

Bile acids were quantified using UPLC-MS/MS as described previously [37]. Briefly,
bile acids in cell lysates and cell culture supernatants were extracted by adding methanol
containing deuterated internal standards. After intensive mixing and centrifugation,
methanol was evaporated under a stream of nitrogen. The samples were resuspended
in a 1:1 (v/v) methanol:water mixture and injected onto the UPLC system (Infinity1290,
Agilent Technologies, Santa Clara, CA, USA). Separation was performed on a Kinetex C18
column (Phenomenex, Torrance, CA, USA) using water and acetonitrile as mobile phases.
Detection was operated in negative mode using a QTRAP 5500 mass spectrometer (Sciex,
Concord, ON, Canada).

2.9. Statistical Analysis

Statistical analysis was performed with SigmaPlot 13.0 software. Statistical differences
between the mean values of the treatments and the solvent control were determined by
one-way ANOVA, followed by Dunnett’s post hoc test. Statistically significant differences
were assumed at p < 0.05.

3. Results

3.1. PA-Dependent Alterations of Gene Expression of Transporters, Enzymes, and Transcription
Regulators Involved in Bile Acid Homeostasis

Considering the microarray data of Luckert et al. (2015) [16] and the proposed mech-
anisms for the development of cholestasis according to the AOP for cholestatic liver
diseases [26], 32 target genes were selected to examine possible effects on their expression
after 24 h and 14 days of treatment with the four structurally different PAs echimidine,
heliotrine, senecionine, and senkirkine via qRT-PCR. These 32 target genes comprise 14
hepatobiliary transporters, eight enzymes, and ten transcriptional regulators involved in
bile acid homeostasis. Data of cell viability were recently summarized in Waizenegger et al.
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(2018) [29]. Based on these results, the following three concentrations were chosen: 5 μM
(non-cytotoxic), 35 μM (non- to slightly cytotoxic), and 70 μM (cytotoxic). The qRT-PCR
results showed that only the higher concentrations (35 and 70 μM) affected gene expression,
whereas no significant changes occurred after treatment with the lowest concentration
(5 μM). Furthermore, the regulatory effects after 24 h of PA treatment seemed to be higher
than after 14 days. Additionally, the strongest regulatory effects were found after treatment
with the retronecine-type PA echimidine and senecionine, while the weakest were detected
for the heliotridine-type PA heliotrine.

The gene expression data showed a significant downregulation of five ABC trans-
porters (ABCB4, ABCB11, ABCC2, ABCC3, ABCC6) and six solute carrier (SLC) transporters
(SLC10A1, SLC22A7, SLC22A9, SLC51A, SLCO1B1, and SLCO2B1). After 24 h of PA treat-
ment (Figure 2A), the most pronounced effects were found for the three SLC transporters
SLC22A7, SLC22A9, and SLC51A, followed by the two SLC transporters SLC10A1 and
SLCO2B1. a complete list of the gene expression values is provided in Table S1 in the
Supplemental Materials. a lower but significantly reduced gene expression was observed
for the three ABC transporters ABCB4, ABCB11, and ABCC6. The weakest significant
regulatory effects were detected for the two ABC transporters ABCC2 and ABCC3. For the
two SLC transporters SLC51B and SLCO1B3, no significant changes in gene expression
were observed, except for the treatment with 35 and 70 μM of senecionine, as well as
70 μM of heliotrine. In comparison, after 14 days of treatment, the strongest decrease
in gene expression was also observed for the SLC transporters SLC22A7 and SLC51A,
while the regulatory effect on SLC22A9, as well as SLCO1B1 and SLCO2B1, was signifi-
cantly lower compared to the 24 h treatment (Figure 2A). In contrast, ABCB11 was more
downregulated after 14 days of PA treatment than after 24 h. The weakest significant
downregulation was detected for the ABC transporters ABCB4, ABCC2, and ABCC6 and
the SLC transporter SLC10A1, whereas no significant effects were found for the three
transporters ABCC3, SLC51B, and SLCO1B3 after continuous PA treatment. Finally, for the
transporter ABCB1, a significant downregulation of gene expression was only observed
after 14 days of treatment with the retronecine-type PAs echimidine and senecionine.

Concerning the effects of PAs on several enzymes involved in bile acid homeostasis,
gene expression data revealed the strongest downregulation for the three CYP monooxyge-
nases CYP3A4, CYP7A1, and CYP8B1 after 24 h of PA treatment, with the most prominent
repression for CYP7A1, the rate-limiting enzyme in bile acid formation (see Figure 2B).
Furthermore, a significant downregulation was found for the phase II enzymes SULT2A1
(encoding sulfotransferase 2A1) and UGT2B4 (encoding UDP-glucuronosyltransferase
2B4), as well as for BAAT (encoding bile acid-CoA:amino acid N-acyltransferase). All three
enzymes are required for bile acid conjugation. Compared to the aforementioned enzymes,
gene expression of the two CYP monooxygenases CYP27A1 and CYP39A1, also involved
in bile acid synthesis, was only slightly decreased after PA treatment. In line with the
24 h treatment, the 14-day treatment also led to the strongest decrease in gene expression
of CYP7A1, followed by CYP3A4 and CYP8B1. However, the downregulation of BAAT,
SULT2A1, and UGT2B4 was less pronounced after 14 days. In contrast to the 24 h PA
treatment, no effect was found on the expression of CYP27A1 and CYP39A1 after 14 days.

Additionally, for both PA treatment schemes, gene expression data showed a down-
regulation of all 10 investigated transcription regulators (see Figure 2C). After 24 h,
the strongest downregulation was observed for NR1I3 (encoding the constitutive an-
drostane receptor), followed by NR1I2 (encoding the pregnane X receptor) and further on
HNF4A (encoding the hepatocyte nuclear factor 4 alpha), PPARA (encoding the peroxisome
proliferator activated receptor alpha), and NR0B2 (encoding small heterodimer partner).
The weakest downregulation was found for the five remaining transcription regulators
ESR1 (encoding the estrogen receptor alpha), NR1H4 (encoding the farnesoid X receptor),
HNF1A (encoding the hepatocyte nuclear factor 1 alpha), INSIG2 (encoding the insulin
induced gene 2), and SREBF1 (encoding the sterol regulatory element-binding transcription
factor 1). After 14 days of PA treatment, the strongest downregulation was also detected for
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NR1I3, followed by NR0B2, NR1I2, and SREBF1. In line with the 24 h treatment, NR1H4,
HNF4A, and INSIG2 were only slightly downregulated after 14 days of PA treatment,
whereas no regulation of gene expression was observed for ESR1, HNF1A, and PPARA.

Figure 2. PA-dependent alterations of bile acid homeostasis-associated gene expressions ((A): trans-
porters, (B): enzymes, (C): nuclear receptors) in HepaRG cells. HepaRG cells were seeded and
cultivated as described in the material and methods section. Subsequently, the cells were incubated
for 24 h or 14 days with 5, 35, or 70 μM of PA or the solvent (Ctr; 1.7% DMSO and 0.7% ACN).
The total RNA was isolated and transcribed into cDNA. Expression analysis was performed by
qRT-PCR. Gene expression of the target gene was normalized to ACTB and referred to solvent control
to obtain relative expression (2−ΔΔCt method). The heat map shows the relative expression values
for up- and downregulation as positive and negative fold changes (means of three independent
experiments with three replicates each). For better comparability, only the fold change range between
−15 and 15 is shown. Values exceeding this range are marked with +. Statistical differences were
evaluated using one-way ANOVA followed by Dunnett’s test: * p < 0.05, ** p < 0.005, *** p < 0.001.
Em, echimidine; Sc, senecionine; Hn, heliotrine; Sk, senkirkine.

3.2. PA-Dependent Inhibition of CYP7A1 Promoter Activity and Gene Expression

Since PA treatment in HepaRG cells led to a strong decrease in CYP7A1 gene expression
(see Section 3.1), possible inhibitory effects of PAs on the transcriptional activity of CYP7A1
were investigated using a reporter gene assay. Therefore, HepG2 cells were transfected with
the reporter gene plasmid pGL4.14-CYP7A1-Prom and the control plasmid pcDNA3-RLuc.
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Following 24 h of PA treatment (5, 35, 70, or 250 μM), the firefly and Renilla luciferase
activities were determined. In HepG2 cells, even the highest PA concentration did not
induce cytotoxicity. This might be due to the low expression level of phase I xenobiotic-
metabolizing enzymes. As shown in Figure 3, no concentration-dependent inhibition of
CYP7A1 promoter activity was observed for the four PAs. Although there was a significant
decrease in firefly luciferase activity after exposure to the PAs echimidine and heliotrine,
this inhibition was relatively constant across all four investigated concentrations (~1.5- and
1.9-fold for 5 μM and 250 μM of echimidine, respectively, and ~1.6- and 1.8-fold for 5 μM
and 250 μM of heliotrine, respectively).

Figure 3. Interaction of PAs with CYP7A1 promoter activity in HepG2 cells. HepG2 cells were
cultivated and seeded as described in the materials and methods section. Cells were transfected with
the reporter gene plasmid pGL4.14-CYP7A1-Prom (80 ng) and the control plasmid pcDNA3-Rluc
(1 ng) for 6 h and subsequently treated with 5, 35, 70, or 250 μM of PA, solvent (Ctr; 2.5% ACN),
or positive control (PC, 5 μM of PMA). After an incubation period of 24 h, the cells were lysed,
and the firefly and Renilla luciferase activity was detected. The activity of the firefly luciferase was
normalized to the activity of the Renilla luciferase and referred to solvent control (= 1) to obtain
the x-fold induction. Shown are means ± standard deviations of three independent experiments
with three replicates each. Statistical differences were evaluated using one-way ANOVA followed by
Dunnett’s test: * p < 0.05, ** p < 0.005, *** p < 0.001. Em, echimidine; Sc, senecionine; Hn, heliotrine;
Sk, senkirkine.

The treatment with the known inhibitor of CYP7A1 promoter activity PMA resulted in
a significant inhibition of transcriptional activity by about 2.5-fold. Furthermore, this sub-
stance showed a concentration-dependent repression. To investigate whether the effect
on CYP7A1 repression by PAs is dependent on the metabolism of the PA, the influence of
the four PAs on CYP7A1 gene expression in HepG2 cells was investigated. Treatment for
24 h with the retronecine-type PAs echimidine and senecionine did not lead to a significant
change in CYP7A1 gene expression in HepG2 cells, whereas treatment with 70 μM of the
PAs heliotrine and senkirkine resulted in a weak but significant downregulation of 1.9- or
1.5-fold, respectively (data depicted in Supplemental Materials, Figure S1).

3.3. Effect of PAs on ABCC2-Driven Canalicular Efflux

In order to examine whether PA treatment for 24 h or 14 days affects bile flow, HepaRG
cells were incubated with CDFDA and analyzed by fluorescence microscopy. Since CDFDA
is intracellularly converted by esterases to the fluorescent ABCC2 substrate CDF, ABCC2-
mediated export of CDF into the bile canaliculi leads to their fluorescence labeling [38].
As shown in Figure 4 and Figure S2 in the Supplemental Materials, after treatment with the
solvent control and the low concentration (5 μM) of the retronecine-type PAs echimidine
and senecionine, CDF fluorescence was visible as clear, distinct green dots revealing
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an intact ABCC2 transport system. In contrast, treatment with the higher concentration of
echimidine and senecionine (35 μM) for 24 h and 14 days led to a substantial effect on the
transport and distribution of CDF (Figure 4B). The staining of bile canaliculi appeared rather
diffuse and indistinct, with more extension across the area, indicating an accumulation
of the dye in the bile canaliculi. After treatment with the heliotridine-type PA heliotrine
and the otonecine-type PA senkirkine for 24 h, no effects on CDF transport were observed
(Figure S3 in the Supplemental Materials), and the staining of the bile canaliculi was
comparable to the solvent control. However, after 14 days of treatment, heliotrine (35 μM)
showed a slight impairment of CDF transport, whereas senkirkine had no effect after
prolonged exposure (Figure S4 in the Supplemental Materials). In summary, in particular,
the retronecine-type PA seem to affect the transport of CDF and thus possibly the bile
acid flow.

 

Figure 4. PA-dependent disturbance of ABCC2 driven efflux in HepaRG cells. (A) Differentiated
HepaRG cells were incubated for 24 h or 14 days with 35 μM of echimidine, senecionine, or the solvent
(1.7% DMSO and 0.35% ACN). To localize the bile canaliculi, the cells were incubated with 5 μM of
5(6)-carboxy-2′,7′-dichloro-fluorescein diacetate (CDFDA) for 30 min at 37 ◦C, and then analyzed
on the fluorescence microscope Axio Observer.D1 (objective EC Plan-Neofluar 5x/0.16 Ph 1) under
transmitted light and after excitation with 470 nm at 525 nm. The membrane-bound, non-fluorescent
CDFDA is intracellularly converted by esterases into the green fluorescent ABCC2 substrate 5(6)-
carboxy-2′,7′-dichlorofluorescein (CDF). By ABCC2-mediated transport, CDF enters the bile ducts.
Representative sections are shown. The indicated scale applies to all images. (B) Exemplarily
enlarged images of CDF fluorescence after treatment of HepaRG cells for 24 h with the solvent, 35 μM
of echimidine, or 35 μM of senecionine. The indicated scale applies to all images of this enlargement.
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3.4. Influence of PAs on the Tight Junction Protein ZO-1

According to the proposed AOP by Vinken et al. (2013), the impairment of tight
junctions is one of the secondary molecular events that may contribute to the development
of cholestatic liver disease [26]. The localization of the tight junction protein ZO-1 was
investigated in more detail using immunofluorescence microscopy to check a possible
influence of PA treatment on cell–cell contacts. As depicted in Figure 5, only the high
concentration of the retronecine-type PA senecionine (35 μM) showed slight changes
in immunofluorescence of the ZO-1 protein after 24 h compared to the solvent control,
highlighted by discontinuities in the grid structure and a decrease in the intensity of the
green immunofluorescence similar to the positive control (10 mM of APAP). No influence on
the tight junction protein ZO-1 was observed for the treatments with lower concentration
(5 μM) or for the treatment with 35 μM of the other three PAs echimidine, heliotrine,
and senkirkine.

 

Figure 5. Effects of PA treatment on the tight junction protein ZO-1 in HepaRG cells. HepaRG cells
were cultivated and seeded as described in the materials and methods section. After 14 days of further
cultivation, the cells were treated with 5 or 35 μM of PA, solvent (1.7% DMSO and 0.35% ACN),
or the positive control (10 mM of acetaminophen) for 24 h. Subsequently, the F-actin cytoskeleton was
stained with ActinGreen 488 (green) and ZO-1 with an anti-ZO-1 antibody (1:500 in blocking solution)
for 4 h. Afterwards, cells were treated with the secondary antibody Alexa Fluor 488 (anti-Rabbit IgG,
1:400 in blocking solution) for 1 h. Staining was determined using confocal fluorescence microscopy
(Leica TCS SP5 with a 63× objective). Representative sections are shown. Indicated scale applies to
all images.
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3.5. Effects of PAs on Bile Acid Content

Amounts of primary and conjugated bile acids were measured in HepaRG cells and
supernatants after treatment for 48 h with 5, 21, or 35 μM of PA. The primary bile acids
synthesized in the liver are cholic and chenodeoxycholic acid, which are further conjugated
with glycine or taurine. Within the UPLC/MS method used, the following bile acids were
measured: primary bile acids, such as cholic acid and chenodeoxycholic acid, as well as
conjugated bile acids, such as taurohyocholic acid, taurocholic acid, taurochenodeoxycholic
acid, taurodeoxycholic acid, glycohyocholic acid, glycocholic acid, glycochenodeoxycholic
acid, and glycodeoxycholic acid.

For a better comparison of the intracellular and extracellular effects, total bile acid
amounts were referred to the solvent control (0.35% ACN), which was set as 100%. The sum
of the determined bile acids in each treatment group is depicted in Figure 6. an overall
concentration-dependent decrease of bile acids was observed intra- and extracellularly
after PA incubation. However, the strongest decrease occurred for the retronecine-type PAs
senecionine and echimidine. The treatment of HepaRG cells with the known cholestasis
inducer cyclosporine a also resulted in a decrease to 50% and 20% of the extra- and
intracellular bile acid content, respectively.

 
Figure 6. Sum of intra- and extracellular bile acid content after PA treatment. Differentiated HepaRG
cells were treated under serum-free conditions for 48 h with PAs, as indicated in the figure. Bile
acids were quantified as described in the material and methods section. The sum of bile acids was
calculated and normalized to solvent control (1.7% DMSO, 0.35% ACN) set as 100%. As the control,
cells were treated with 20 μM of known cholestasis inducer cyclosporine A, resulting in a decrease of
bile acid amounts to 50% ± 15 in the medium and 20% ± 12 in the cells. Statistical differences were
evaluated using one-way ANOVA followed by Dunnett’s test: *** p < 0.001.

4. Discussion

A balanced bile acid homeostasis is a basic requirement for healthy normal liver
function, including enzymes involved in the production and detoxification of bile acids,
as well as sinusoidal and canalicular transporters mediating the bile acid flow. Recent
research results point to an involvement of impaired bile acid homeostasis in PA-induced
hepatotoxicity [16,17]. Therefore, the present study initially investigated the influence of
PA treatment on the gene expression of 14 hepatobiliary transporters by qRT-PCR. This re-
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vealed a significant downregulation of gene expression of five ABC transporters and six
sinusoidal SLC transporters. Additionally, the expression of several enzymes involved in
bile acid homeostasis, synthesis, and detoxification was analyzed, also showing a signifi-
cant PA-dependent downregulation. Furthermore, the effects of PA treatment on the gene
expression of various transcriptional regulators were determined. a clear repression of the
transcription regulators was shown, especially for NR1I3 and NR1I2, followed by HNF4A
and NR0B2. In general, these effects were more pronounced after 24 h of PA treatment than
after 14 days of PA treatment. In regard to the chemical structure of the PA, the strongest
effects were observed for the retronecine-type PAs echimidine and senecionine, whereas
heliotridine-type PA heliotrine exerted the weakest effects. Similar results regarding the
influence on gene expression of hepatobiliary transporters and also of enzymes involved
in bile acid metabolism could be observed by Luckert et al. (2015) in primary human hepa-
tocytes [16]. After treatment with 100 μM of the PAs echimidine, heliotrine, senecionine,
and senkirkine, a downregulation of the gene expression of SLC10A1, SLC22A7, SLCO1B1,
and SLCO2B1 was observed. In accordance with the results presented here, Luckert et al.
(2015) also observed a PA-related downregulation of the canalicular transporters ABCC2
and ABCB11 in primary human hepatocytes in their microarray analysis. The authors
also observed a PA-induced downregulation for the enzymes BAAT, CYP7A1, CYP8B1,
CYP27A1, and SULT2A4 in primary human hepatocytes. Furthermore, the bioinformatic
analysis of the microarray data performed by Luckert et al. (2015) predicted an inhibition
of the transcriptional regulators NR1I3 and HNF4A, whereas for NR0B2, an activation was
predicted. In agreement with the results of the present study, Xiong et al. [39] observed
a reduction in the gene expression of Slc10a1 and Slco1b2 in rat livers after treatment with
senecionine (35 mg per kg body weight, 36 h). In contrast, no effect on the expression of
ABCB11 was observed in rat livers. However, after treatment with Senecio vulgaris, a PA-
producing plant, Xiong et al. (2014) also observed a reduced gene expression of Abcb11 and
the SLC transporters Slc10a1, Slco1a2, and Slco1b2 in rat livers [40]. a reduced expression
of Cyp7a1 and Baat was detected in rat livers after treatment with senecionine, whereas
the expression of Cyp8b1, in contrast to the results presented here, was not affected [39].
After treatment with Senecio vulgaris, reduced gene expression of Baat, but not of Cyp7a1
and Cyp8b1, was observed in rat livers [40]. Consistent with the results of the present
study, the two in vivo studies mentioned above also described a reduced gene expression
of NR0B2 in rat livers after treatment with senecionine or Senecio vulgaris [39,40].

The reduced expression of the transporters SLC10A1, SLC22A7, SLC22A9, SLC51A,
SLCO1B1, and SLCO2B1, determined in the present study, may possibly lead to a reduced
uptake of bile acids, since these transporters are located in the basolateral membrane of
hepatocytes and are responsible for the uptake of bile acids and other organic anions
from sinusoidal blood. In contrast, the transporters ABCC2 and ABCB11 are located on
the canalicular side, and are responsible for the secretion of bile acids into the bile ducts.
Therefore, a reduced gene expression of these transporters may result in a reduced secretion
of bile acids. In this context, in the present study, an impairment of hepatobiliary transport
was detected in vitro via fluorescence microcopy. Similar effects were also observed in vivo
in mice [17]. Furthermore, inhibition of ABCB11, in particular by accumulation of bile acids
in the hepatocytes, has already been described for the development of cholestasis [25,41,42].
Regarding the PA-induced downregulation of various transcription factors, PAs may also
affect bile acid, cholesterol homeostasis, and associated signaling pathways via interaction
with transcriptional regulators. Furthermore, the observed PA-related downregulation of
the enzymes CYP27A1, CYP39A1, CYP7A1, and CYP8B1 may inhibit bile acid synthesis,
which could be due to a possible feedback regulation induced by accumulating toxic bile
acids. In addition, the decreased gene expression of CYP3A4, BAAT, SULT2A1, and UGT2B4
indicates a potential decrease in bile acid metabolism and conjugation, which in turn would
lead to a reduced detoxification of bile acids.

With regard to the downregulation of CYP7A1, the rate-limiting enzyme of bile acid
synthesis, the present study used a reporter gene assay to investigate the inhibition of
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transcriptional activity of the CYP7A1 promoter in the hepatocyte cell line HepG2. The ob-
served inhibition of the CYP7A1 promoter activity after PA treatment was not concentration-
dependent. Additionally, the effect of PA treatment on the gene expression of CYP7A1
in HepG2 cells was investigated. Whereas in the metabolically highly active HepaRG
cells PA treatment caused a significantly reduced CYP7A1 expression, in HepG2 cells,
only a slight effect on the gene expression of CYP7A1 was observed after 24 h of PA ex-
posure. Since HepG2 cells generally exert low metabolic activity, the results suggest that
the PA metabolites may be responsible for the reduced CYP7A1 gene expression shown in
HepaRG cells.

Impairment of tight junctions, changes in the cytoskeleton, oxidative stress, and in-
duction of apoptosis/necrosis are also key events associated with the development of
cholestasis [20,24–26]. The induction of apoptotic processes by PA treatment, both intrinsic
and sensitized to extrinsic apoptosis, has been shown in various studies [29,43]. Damage
to tight junctions can lead to an increase in paracellular permeability, reflux of bile con-
stituents into the sinusoidal space of Disse and plasma, and a reduction of the osmotic
gradient, which is normally the driving force for bile secretion [24,44,45]. With regard to
a possible influence on the tight junction protein ZO-1, protein location was investigated
by immunofluorescence staining. ZO-1 showed discontinuities in the staining only after
24 h of treatment with senecionine (35 μM), indicating a potential damage of the tight
junctions. For the other three PAs echimidine, heliotrine, and senkirkine, no influence on
ZO-1 could be detected, suggesting that this mechanism might only be marginally involved
in a potential PA-associated cholestasis. To the best of our knowledge, no further studies
investigating a PA-related effect on hepatocellular tight junction proteins are available.

A key event in the development of cholestasis is the accumulation of bile acids,
leading to the induction of apoptosis/necrosis, oxidative stress, and a regulation of nuclear
receptors and gene expression. Various in vivo studies have shown elevated bile acid
levels in rat serum after administration of both senecionine and Senecio vulgaris [17,39,40].
The authors concluded that PA treatment resulted in an excess accumulation of bile acids in
hepatocytes, which led to an adaptive response to avoid bile acid overload in hepatocytes.
This adaptive response includes suppression of bile acid de novo synthesis (reduced gene
expression of e.g., Cyp7a1), reduced sinusoidal reabsorption (reduced expression of e.g.,
Slc10a1), and reduction of bile acid accumulation by activation of alternative basolateral
export pumps (Abcc3 and Abcc4). In the present in vitro study, a potential suppression
of bile acid synthesis and sinusoidal uptake by regulation of corresponding enzymes
and transporters (e.g., SLC10A1 and CYP7A1) was shown in HepaRG cells at the mRNA
level. However, no increased mRNA expression of alternative export pumps was detected,
but, on the contrary, a downregulation of ABCC3 was detected. In accordance with the
studies of Xiong et al. (2014) [39,40], further studies showed an increase in bile acids in the
serum and an increase in liver toxic enzyme markers and bilirubin in horses, as well as
in calves, after ingestion of Senecio species or Cynoglossum officinale [46–49]. All of these
data suggest that PA treatment leads to increased serum bile acid levels. However, in the
present in vitro study, reduced bile acid levels were measured intra- and extracellularly
in PA-treated cells compared to solvent-treated cells. The strength of the reduction is
associated with the previously observed cytotoxicity [29] and the described potency of the
tested PA [29,50]. a possible explanation for the observed reduced bile acid levels may be
that PAs intracellularly disturb bile acid metabolism in HepaRG cells so dramatically that
significantly less bile acids are formed and thus secreted.

In summary, we observed a strong PA-mediated impairment of bile acid homeostasis
in human HepaRG cells, comprising a downregulation of numerous genes involved in bile
acid uptake, synthesis, detoxification, and secretion. Furthermore, bile acid secretion seems
to be disturbed, and thus might contribute to the development of cholestatic liver disease.
Generally, the most pronounced effects were observed for senecionine and echimidine,
representing PAs of the retronecine type. Using the HepaRG cell model and the molecular
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initiating and key events addressed in the AOP for cholestasis, we could confirm the
evidence from in vivo studies for the development of cholestasis in our in vitro cell model.
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Abstract: 1,2-unsaturated Pyrrolizidine Alkaloids (PAs) are secondary plant metabolites that occur as
food contaminants. Upon consumption, they can cause severe liver damage. PAs have been shown to
induce apoptosis, to have cytotoxic and genotoxic effects, and to impair bile acid homeostasis in the
human hepatoma cell line HepaRG. The major mode of action of PAs is DNA- and protein-adduct
formation. Beyond that, nuclear receptor activation has only been observed for one receptor and two
PAs, yielding the possibility that other cellular mediators are involved in PA-mediated toxicity. Here,
the mode of action of Senecionine (Sc), a prominent and ubiquitous representative of hepatotoxic
PAs, was investigated by analyzing 7 hepatic microRNAs (miRNAs) in HepaRG cells. Ultimately,
11 target genes that were predicted with Ingenuity Pathway Analysis software (IPA) were found
to be significantly downregulated, while their assigned miRNAs showed significant upregulation
of gene expression. According to IPA, these targets are positively correlated with apoptosis and
cellular death and are involved in diseases such as hepatocellular carcinoma. Subsequent antagomiR-
inhibition analysis revealed a significant correlation between PA-induced miRNA-4434 induction and
P21-Activated Kinase-1 (PAK1) downregulation. PAK1 downregulation is usually associated with cell
cycle arrest, suggesting a new function of Sc-mediated toxicity in human liver cells.

Keywords: cell cycle; IPA; microRNA; PAK1; pyrrolizidine alkaloids; senecionine

1. Introduction

Pyrrolizidine alkaloids are the most common natural toxins with over 660 different
chemical structures. They are present in more than 6000 plant species worldwide and can
occur as contaminants in food and feed, posing a possible health risk for humans and
livestock [1]. For example, they can be found in products such as tea, honey, culinary
herbs, dietary supplements or herbal preparations such as traditional medicine [2–5]. It
must be stressed that the exposure to pyrrolizidine alkaloids can occur via a wide variety
of foodstuff, which increases the likelihood of ingestion. Because 1,2-unsaturated Pyrro-
lizidine Alkaloids (PAs) have genotoxic properties and are considered to be carcinogenic,
no safe threshold value such as the TDI (Tolerable Daily Intake) can be derived. Therefore,
it is recommended to apply the ALARA principle (As Low As Reasonably Achievable) to
prevent unnecessary exposure [6].

PAs are known to require metabolic activation in the liver, usually provided by mem-
bers of the cytochrome P450 superfamily [7]. The hepatotoxic metabolites may cause acute
toxic effects such as Hepatic Sinusoidal Obstruction Syndrome (HSOS), resulting in ascites,
hepatomegaly, and ultimately death. Chronic intoxication may lead to megalocytosis, liver
cirrhosis and cancer [7–16]. To a lesser extent, PAs are also pneumotoxic, most likely due to
systemic distribution of reactive metabolites to the lung [17].

Pyrrolizidine alkaloids consist of one so-called necine base, which is esterified with one
or two aliphatic mono- or dicarboxylic acids (necic acids). Accordingly, they are classified
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into different structure types, depending on the structure of their necine base (retronecine-,
heliotridine-, otonecine-, and platynecine-type) and further into monoesters, open-chained
diesters and cyclic diesters [18].

Until today, many in vitro studies have been conducted showing that PAs cause
apoptosis [19,20], cytotoxicity [21], and genotoxicity [22] in a structure-dependent manner.
Moreover, they were shown to disturb bile acid homeostasis in the human hepatoma cell
line HepaRG [23,24]. Upon PA treatment, it is consistently observed that the expression
pattern of genes relevant for apoptosis, bile acid homeostasis, and metabolism is highly
deregulated in liver cells in vivo and in vitro [21,23,25]. Nonetheless, some ambiguities
remain regarding the underlying molecular mechanisms of PA-mediated hepatotoxicity.
The major molecular mode of action is the binding of PA metabolites to DNA and proteins
to form adducts via alkylation [7]. Nevertheless, interactions between PAs and specific
regulatory elements may pose additional molecular mechanisms leading to deregulation of
cellular signaling and disturbance of metabolic pathways. Therefore, PA-mediated nuclear
receptor activation was investigated, mainly because nuclear receptors are typical targets
in xenobiotic-induced toxicity. However, no PA-induced activation could be observed,
with the exception of Pregnane X Receptor (PXR), which was exclusively activated by the
PAs echimidine and Lasiocarpine (Lc), resulting in the activation of its target CYtochrome
P450 monooxygenase (CYP) 3A4 [26]. Therefore, it appears likely that cellular signaling
pathways and mediators other than nuclear receptor interference are involved in mediating
the effects of PAs. miRNAs are small, non-coding, 21- to 25-nucleotide-long RNA molecules
that regulate a wide variety of physiological processes such as cell growth, development,
apoptosis, differentiation, and carcinogenesis at the post-transcriptional level [27,28]. In
animals, miRNAs bind their target mRNAs in the 3′-UnTranslated Region (UTR). Depend-
ing on the complementarity of base pairing between the miRNA and the mRNA target,
the binding of the miRNA either leads to mRNA cleavage or translational repression. It is
postulated that translational repression is the predominant mechanism by which metazoan
miRNAs negatively regulate their targets [29]. Many miRNAs are crucial regulators of bile
acid homeostasis, lipid and glucose metabolism, inflammation, apoptosis, and prolifer-
ation [30–32], for example, and are deregulated in many liver diseases [32,33]. Notably,
CYP7A1, the rate-limiting enzyme in bile acid synthesis, is regulated by two miRNAs, with
one of them being the most abundant miRNA in the liver [34]. Interestingly, a correlation
between chronic exposure to the PA riddelliine and an altered miRNA expression pattern
in the liver has been observed in a 12-week feeding study with rats [35]. Moreover, an
integrative analysis studying the miRNA-mRNA interaction after acute incubation with
the PA Monocrotaline (Mc) in high doses found the phagosome signaling pathway to be
a relevant molecular mechanism of PA-induced HSOS in mice [36]. Some miRNAs are
solely expressed in a tissue-specific manner; others circulate in body fluids such as blood
or urine and have been proposed as non-invasive biomarkers for disease prediction and
progression. For example, circulating miRNAs in blood samples from patients suffering
from PA-induced HSOS were positively correlated with the severity of liver injury and
progression of HSOS [37]. Additionally, patients suffering from intrahepatic cholestasis
showed elevated miRNA levels in blood and liver tissue [33]. Therefore, miRNA signa-
tures are currently discussed as early-stage biomarkers for HSOS and other liver-specific
injuries [28,38].

The present study aimed to examine the role of hepatic miRNAs in the regulation of
PA-induced hepatotoxicity in HepaRG cells. For this purpose, relevant hepatic miRNAs
were discovered that are sensible to PA treatment. With quantitative analysis and Ingenuity
Pathway Analysis (IPA), an evidence-based tool for target and pathway prediction, a
selection of target genes was further subjected to analysis to identify the potential engaged
molecular functions and biological pathways involved in PA-mediated toxicity in human
liver cells.
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2. Materials and Methods

2.1. Chemicals

The PAs Lc and senecionine (Sc) (>95% purity) were obtained from PHYTOPLAN
Diehm & und Neuberger GmbH (Heidelberg, Germany). In order to get 5 mM stock
solutions, the PAs were dissolved in 50% acetonitrile (ACN) and 50% water (v/v). All other
chemicals were purchased from Merck KGaA (Darmstadt, Germany) and Thermo Fisher
Scientific (Waltham, MA, USA).

2.2. Cell Culture

The human hepatoma cell line HepaRG was purchased from Biopredic International
(Saint-Grégoire, France). The cells were cultivated at 37 ◦C in a humidified atmosphere
of 5% CO2 [39]. After seeding, cells were cultivated in William’s Medium E with sta-
ble glutamine (PAN-Biotech, Aidenbach, Germany) for proliferation. The medium was
supplemented with 10% Fetal Bovine Serum (FBS; PAN-Biotech, Aidenbach, Germany),
50 μM hydrocortisone hemisuccinate (Merck KGaA, Darmstadt, Germany), 100 U/mL
penicillin and 100 μg/mL streptomycin (Capricorn Scientific, Ebsdorfergrund, Germany)
and 5 μg/mL human insulin (PAN-Biotech, Aidenbach, Germany). After two weeks of
proliferation, 1.7% of DiMethyl SulfOxide (DMSO; Merck KGaA, Darmstadt, Germany)
was added to initiate differentiation and HepaRG cells were cultivated for another two
weeks to fully differentiate before being used for experiments.

2.3. Liver-Specific miRNA Array

For liver-specific miRNA expression screening, HepaRG cells were seeded at a density
of 0.2 × 106 cells per well in 6-well plates and cultivated as described in Section 2.2. After
four weeks of cultivation and 48 h prior to incubation, fully differentiated cells were
adapted to treatment medium containing 1.7% DMSO and a reduced FBS concentration
of 2%. The cells were incubated with 10, 35 and 250 μM of the most potent Lc for 8 h
or with 2.5, 10 and 35 μM Lc for 24 h, respectively. The miRNA was isolated using the
miRNeasy Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s protocol,
including a purification step of the miRNA-enriched fraction using the RNeasy MinElute
Cleanup Kit (Qiagen, Hilden, Germany). Initially, cells were lysed with 700 μL QIAzol
lysis reagent. As a miRNA isolation efficiency control, a spike-in control consisting of
three synthetic templates in different concentrations (Qiagen, Hilden, Germany) was
added to the lysis buffer. The subsequent procedure was as follows: incubation for 5 min
at Room Temperature (RT), addition of 140 μL chloroform per sample and thoroughly
mixing, incubation for 3 min at RT, centrifugation for 15 min at 12,000× g at 4 ◦C, transfer
of the upper aqueous phase intro a new tube, addition of one volume of 70% ethanol
(usually 350 μL) and thorough mixing, transfer of the sample into an RNeasy Mini spin
column, and centrifugation for 15 s at 8000× g at RT. The RNeasy Mini spin columns
containing the mRNA fractions were discarded. The flow-through containing the smaller
miRNA fraction was purified as follows: addition of 450 μL 100% ethanol, thorough
mixing, transfer of the sample into an RNeasy MinElute spin column and centrifugation
for 15 s at 8000× g at RT, washing of column with 700 μL RWT buffer and 500 μL RPE
buffer, respectively, for 15 s at 8000× g at RT, final washing with 500 μL 80% ethanol
with subsequent centrifugation for 2 min at 8000× g at RT and subsequent drying by
centrifugation for 5 min at 8000× g at RT. Afterwards, the miRNA fractions were eluted
in 14 μL water and quantified at 260 and 280 nm on a TecanM200Pro spectrometer (Tecan
Group Lt., Männedorf, Switzerland). Next, 10 ng miRNA (naturally occurring as non-
polyadenylated) were polyadenylated by a poly(A) polymerase and reverse transcribed
into cDNA using the miRCURY LNA RT Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Additionally, as a reverse transcription efficiency control,
a spike-in control consisting of a synthetic RNA target (Qiagen, Hilden, Germany) was
added to the reaction buffer. The reverse transcription step lasted for 60 min at 42 ◦C,
followed by an inactivation step for 5 min at 95 ◦C. Quantitative real-time Polymerase Chain
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Reaction (qPCR) on pre-designed PCR panels with Locked Nucleic Acids (LNA)-enhanced
oligonucleotides (miRCURY LNA miRNA custom PCR array of 84 liver-specific miRNAs
(see Supplementary Materials Table S1 for a list of all miRNAs investigated)) was performed
from 62.5 pg cDNA on an ABI 7900HT Fast Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA) in 384-well format using miRCURY LNA SYBR Green Master Mix
and ROX reference dye (20×) (Qiagen, Hilden, Germany). The thermal profile was as
follows: initiation (2 min, 95 ◦C), denaturation (10 s, 95 ◦C, 40 cycles), annealing/elongation
(1 min, 56 ◦C, 40 cycles) and dissociation curve analysis. Results were analyzed using the
QIAGEN GeneGlobe miRCURY LNA miRNA PCR Data analysis software. That is, Ct
values were evaluated in consideration of an interplate calibrator, RNA isolation efficiency
spike-in controls and reverse transcription efficiency spike-in control, and subsequently
normalized to the expression of a set of housekeeping genes such as the miRNAs miR-103a-
3p, -16-5p, -191-5p, -423-5p and -23a-3p and a small nucleolar RNA (snoRD38D) and referred
to the values of the solvent control (2.5% ACN for 8 h and 0.35% ACN for 24 h), which is in
accordance with the 2−ΔΔCt method [40].

2.4. RNA Isolation and qPCR Analysis

To investigate the deregulation of gene expression of the selected liver-specific miR-
NAs, HepaRG cells were seeded, cultivated and adapted to treatment medium as described
in Section 2.3. The cells were incubated with 35 μM Sc for 2, 4, 6, 8 and 24 h, respectively. The
mRNA and miRNA were isolated using the miRNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s protocol, including a purification step of miRNA-enriched
fractions using the RNeasy MinElute Cleanup Kit (Qiagen, Hilden, Germany). Cell lysis
and total RNA isolation occurred as mentioned in Section 2.3. with the exception that
no spike-in control was added. Additionally, the RNeasy Mini spin columns containing
the mRNA fractions were not discarded, but stored at 4 ◦C until further isolation. The
flow-through containing the smaller miRNA fractions was purified and miRNA eluted as
mentioned in Section 2.3. Afterwards, mRNA isolation occurred as follows: washing of
RNeasy Mini columns once with 700 μL RWT buffer and twice with 500 μL RPE buffer with
centrifugation for 15 s at 8000× g at RT between each step, respectively, and drying by cen-
trifugation for 1 min at full speed at RT. The samples were eluted in 30 μL water. Both the
miRNA enriched samples and the total RNA samples were quantified at 260 and 280 nm
on a TecanM200Pro spectrometer (Tecan Group Lt., Männedorf, Switzerland).

Five hundred ng miRNA were polyadenylated and reverse transcribed into cDNA
using the miScript II RT Kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocol. The cDNA was synthesized by using a poly(T) primer with a 5′ universal tag,
enabling the alignment with a universal primer during qPCR amplification. qPCR was
performed from 227.3 pg cDNA on an ABI 7900HT Fast Real-Time PCR system in 384-well
format using miScript SYBR Green PCR Kit (Qiagen, Hilden, Germany) with 10x universal
primer and 10x miRNA-specific miScript Primer Assay (Qiagen, Hilden, Germany). The
thermal profile was as follows: initial activation (15 min, 95 ◦C), 3-step cycling (40 cycles in
total) with denaturation (15 s, 94 ◦C), annealing (30 s, 55 ◦C), elongation (34 s, 70 ◦C), and
dissociation curve analysis. Ct values were evaluated according to the 2−ΔΔCt method [40]
by normalizing the respective Ct-values to the expression level of miR-103a and referring
to the solvent control (0.35% ACN).

One microgram of total RNA was reverse transcribed into cDNA using the High-
Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s protocol. Using 20 ng cDNA, qPCR was conducted on an
ABI 7900HT Fast Real-Time PCR system in 384-well format with Maxima SYBR Green/ROX
qPCR Mastermix (Thermo Fisher Scientific, Waltham, MA, USA) and 300 nM of each primer
(synthesized at Eurofins Genomics, Ebersberg, Germany, see Table 1). The thermal profile
was as follows: initial denaturation (15 min, 95 ◦C), 3-step cycling (40 cycles in total)
with denaturation (30 s, 95 ◦C), annealing and elongation (1 min, 60 ◦C), final elongation
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(10 min, 60 ◦C), and dissociation curve analysis. Ct values were evaluated according to the
2−ΔΔCt method and normalized to the housekeeping gene GUSB (β-glucuronidase).

Table 1. Sequences of primers used for qPCR analysis of target genes.

Gene Ensembl ID Forward Primer (5′–3′) Reverse Primer (5′–3′)

ACVR2A ENSG00000121989 TGTTTTGGGCACAGGTTATTGT CAAGGTGGGGTTTTATGGGGA
AOX1 ENSG00000138356 TCCCTGCCATCTGTGACATG CCGACTCTCCCAGACCCTTA

ATP6V1H ENSG00000047249 CCAAAACTGTGGCCATGCTA TGCTGGTGAGAGGCTTCAGA
ATP7A ENSG00000165240 CAAAACCAGGCGTCTCAACC TCGTCCACTGCTGTTTTCGG

BOK ENSG00000176720 CACACACAGCCTTCCCTTGA GCCTGTATCTCCTGAGTGCC
CASP2 ENSG00000106144 GAATTCCACCGGTGCAAGGA TGGATGATGGGGAGGTGACA
FBXW7 ENSG00000109670 TATACTCCCTGCCCTTCCCC CCAACATCCTGCACCACTGA
FOXO1 ENSG00000150907 CAGGGGTGGCCATGTAAGTC GGAACAAGAACGTGGAATCTGC
GAS2 ENSG00000148935 GTGCCGAGATTTAGGGGTGG GCAATCCGGCCAAGCTCTAG
GUSB ENSG00000169919 CACCAGGGACCATCCAATAC ATGTAGGTGGTGGGTGTCGT
IFIH1 ENSG00000115267 CAAAAGAAGTGTGCCGACTATCA TGCACCATCATTGTTCCCCA

LEPROT ENSG00000213625 ATTGAGTTCCCAGGCCAAGC AGACCCAAAACTCAGGCAGG
PAK1 ENSG00000149269 GCCTGACATGATACCCTGCC AGCAAACATCCCCAACACCC

PATZ1 ENSG00000100105 AGTCTGGTCAGGGAAGTAGGG ACACAATGTCCCTACCTGCC
PRKAR1A ENSG00000108946 ACTTTGCTGGAGTGGTGGTG TGGTCTTGAACTCCTGGGCT
RACGAP1 ENSG00000161800 CTGTCCCCTTCCCTGCATTC TGCACAACAATGGAGGGGAT

REL ENSG00000162924 CTTCATGCCCCTTCCCAGTC ACGTTGACAACCCAGCTGTT
SFXN1 ENSG00000164466 AACAGGGTCATGCTTGGATCA GGCTTCTTGAGGTCTCTGGC

SLC25A29 ENSG00000197119 GCCCACACTGTAGAGTCACG AGAAAGGGGCTGGAGTGTCT
SLC4A4 ENSG00000080493 CAAACATTGCAACTCAGGGCT TTCACATTGTAGGACTGGGACA
STX17 ENSG00000136874 TGTTAGCAAGGGTCAGCACG TCAAGCACCACTCAGCAATGT

ST6GAL1 ENSG00000073849 AGCCCACTTTCCCTCTCCAT TGCCTCTCTCACTGAACCGT

2.5. Ingenuity Pathway Analysis

The target genes of miRNAs with significantly altered expression values in HepaRG
cells after treatment with 35 μM Sc for 24 h were predicted with Ingenuity Pathway Analysis
software (IPA, version 70750971, Qiagen Bioinformatics, Redwood City, CA, USA). IPA
uses experimentally validated targeting interactions from TarBase [41], miRecords [42] and
Ingenuity expert findings, and predicted miRNA–mRNA interactions from TargetScan [43].
The predicted target genes were compared to the gene expression dataset from a whole
genome microarray conducted with primary human hepatocytes incubated with 100 μM Sc
for 24 h [44]. The matched targets were prioritized according to their miRNA and mRNA
relationship. This included opposing expression pairing and “highly predicted” and/or
“experimentally observed” confidence of miRNA-target gene correlation. Subsequently,
IPA core analysis and expression analysis with the matched target genes were performed
to predict affected diseases and functions and to determine possible signaling pathways
involved in PA toxicity.

2.6. AntagomiR Experiments

In order to identify the targets of the miRNA-4434 (also known as human miRNA-4516)
and to assess if this specific miRNA expression is sensitive to PA exposure in HepaRG cells,
so-called antagomiR experiments were conducted. For this purpose, HepaRG cells were
seeded, cultivated and adapted to treatment medium as described in Section 2.3. The cells
were incubated with 35 μM Sc and transfected with Lipofectamine RNAiMAX (Thermo
Fisher Scientific Waltham, MA, USA) reagent with either miRCURY LNA miRNA Power
Inhibitor (antagomiR)-4434 (5′-3′ sequence: TTCTACTTTACTTCTCCT, matches miRNA-
4434 in its seed region GGAGAAG), miScript Inhibitor Negative Control (5′-3′ sequence:
TAACACGTCTATACGCCCA; both from Qiagen, Hilden, Germany) as an antagomiR-
Negative Control (antagomiR-NC) or water as a negative treatment control. RNAiMAX
and antagomiR-4434, antagomiR-NC or water were prepared separately in Opti-MEM
reduced serum medium before being mixed 1:1 and incubated for 5 min at RT. Afterwards,
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the antagomiR-lipid complexes were added to the cells, resulting in a final concentration of
100 pmol (50 nM) or 150 pmol (75 nM) antagomiR-4434 or anagomiR-NC per 6-well, re-
spectively. According to the manufacturer’s protocol, antisense effects are usually assessed
24–72 h after transfection. Therefore, in this case, total RNA was isolated 48 h after transfec-
tion and isolation was conducted with the RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, as described elsewhere [45]. Quantity and
purity of isolated RNA were measured at 260 and 280 nm on a TecanM200Pro spectrometer.
Then, 1 μg total RNA was reverse transcribed into cDNA and qPCR was performed from
20 ng cDNA as described in Section 2.4.

2.7. Cell Viability Assay

In order to exclude antagomiR-mediated cytotoxicity on PA-incubated HepaRG cells,
cells were seeded at a density of 9000 cells per well in the inner 60 wells of a 96-well plate
and cultivated as described in Section 2.2. After differentiation, cells were incubated with
35 μM Sc and transfected with either antagomiR-4434 or antagomiR-NC at concentrations
of 25, 50, 75 and 100 nM, respectively, as described in Section 2.5. Transfection reagent
with water was used as a negative control and 0.01% Triton-X-100 served as positive
control for cytotoxicity. The Neutral Red Uptake (NRU) assay was applied for assessing the
cell viability. Briefly, 120 μL 3-amino-7-dimethylamino-2-methylphenazine hydrochloride
(neutral red) reagent dissolved in cell culture medium (40 μg/mL) was added per well
and incubated for 2 h at 37 ◦C. Afterwards, the supernatant was discarded, cells were
washed twice with Phosphate Buffered Saline (PBS) and dye crystals dissolved in 150 μL
desorption solution (1% acetic acid in 50% ethanol). After shaking for 10 min (under
protection from light), fluorescence was measured at λex = 530 nm and λem = 645 nm on a
TecanM200Pro spectrometer.

2.8. Statistical Analysis

Statistical analysis was performed using SigmaPlot 14.0 software (Systat Software,
Erkrath, Germany). All qPCR data were subjected to logarithmic tranformation and
statistically significant differences were calculated by Student’s t-test in the case of single
comparison analyses. If applicable, p-values were subjected to False Discovery Rate (FDR)
correction [46]. Results were considered as significant at p < 0.05 and are indicated in the
graphs by * p < 0.05, ** p < 0.01, *** p < 0.001.

3. Results

3.1. Sc Induces miRNA Expression in HepaRG Cells

First, the miRNA expression profile in HepaRG cells was analyzed with a customized
liver-specific miCURY LNA Array covering 84 miRNAs. Compared to the control group,
the number of deregulated miRNAs above 1 log2 Fold Change (FC) or below 1 log2 FC
tended to be highest at 250 μM after 8 h and at 35 μM after 24 h, respectively (see Supple-
mentary Figure S1). Among the top deregulated miRNAs, a selection of five downregulated
and four upregulated miRNAs were chosen to be investigated within senecionine (Sc)-
treated HepaRG cells. Sc was used for qPCR in order to have greater certainty for general
PA effects and to exclude very specific effects of one single PA. To this end, HepaRG cells
were treated with 35 μM of Sc and miRNA expression was analyzed after five different time
points. Seven out of nine miRNAs proved to be differentially expressed after Sc treatment.
The results are summarized in a heat map in Figure 1. Interestingly, all but one miRNA
showed an increased expression compared to the solvent control in a time-dependent
manner and for three miRNAs, the upregulation was highest after 8 h. miRNA-122-3p (alias
miRNA-122*) was the only one which showed significant downregulation after 24 h.
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Figure 1. miRNA expression in differentiated HepaRG cells after exposure to 35 μM Sc at 5 different
time-points. The results were evaluated using the 2−ΔΔCt method [40]. Results are shown as log2

fold changes (log2 FC) and as mean of three independent biological replicates. Gene expression
values were referred to the solvent control (ctrl) of the respective time point but, for clarity, only
the ctrl values of the 2 h time point are depicted here. Up- or downregulation of gene expression is
indicated in green or red, respectively. The higher the values, the stronger the coloration. Mean values
and standard deviations (SD) are summarized in the Supplementary Materials Table S2. Statistical
analysis was performed using Student’s t-test as this is a case of single comparison analysis. That
is, each miRNA expression value of one time point was compared to the ctrl of this respective time
point. Subsequently, p-values were subjected to FDR correction. Significant differences are depicted
as follows: * p < 0.05, ** p < 0.01, *** p< 0.001.

3.2. Prediction of Biological Consequences of PA-Mediated miRNA Level Alterations

Subsequently, the target genes of seven miRNAs that were identified to have signif-
icantly altered expression log2 FC values in HepaRG cells (see Figure 1) were predicted
with IPA software (see Figure 2 for workflow).

The predicted target genes (773 in total) were compared to the gene expression dataset
from a whole genome microarray conducted with primary human hepatocytes incubated
with 100 μM Sc for 24 h [44]. Matched and prioritized targets (143 target genes) were
submitted to a so-called IPA expression analysis to predict affected diseases and functions.
In Figure 3 the top “diseases and bio functions” of the deregulated target genes of seven
selected miRNAs predicted in Sc-treated primary human hepatocytes are shown. “Cancer”
and “organismal injury and abnormalities” are the two main diseases and disorders that
are regulated by the highest number of predicted targets. Among molecular and cellular
functions, “cell death and survival” has the highest number of target genes with the most
pronounced statistical significance. “Liver hyperproliferation” is the top hepatotoxicity
function with 57 target genes involved, followed by “hepatocellular carcinoma” with
16 target genes.

Based on the expression analysis, 21 target genes involved in cellular growth and
development, apoptosis and inflammation were chosen to be further investigated by qPCR
in HepaRG cells incubated with 35 μM Sc for five different time points. The results are
depicted in Figure 4 as a heat map. A total of 11 out of 21 genes showed an opposing
expression pairing (indicated by superscript number 1); that is, significant downregula-
tion, while their attributed miRNAs were upregulated. For the miRNA-4434 in particular,
interaction with 5 out of 11 targets was predicted. These five targets comprised Growth
Arrest-Specific protein 2 (GAS2), P21-Activated Kinase-1 (PAK1), LEPtin Receptor Overlap-
ping Transcript (LEPROT), POZ/BTB and AT hook containing Zinc finger 1 (PATZ1) and
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ST6 beta-GALactoside alpha-2,6-sialyltransferase 1 (ST6GAL1). Therefore, this miRNA was
chosen for further experiments.

Figure 2. Workflow of miRNA target gene prediction with IPA. The target genes of 7 differentially
and significantly expressed miRNAs in HepaRG cells were predicted with IPA (773 predicted targets)
and compared to the dataset of a whole genome microarray conducted with primary human hepato-
cytes [44]. Among the 8623 Differentially Expressed Genes (DEGs) of the primary human hepatocytes
after Sc-treatment (100 μM, 24 h), 143 targets were found to overlap with the predicted miRNA target
genes. Out of these, 21 targets that simultaneously showed both a significant deregulation in the
microarray as well as a high (predicted) confidence of miRNA-target interaction, were selected to
be further investigated in HepaRG cells exposed to 35 μM of Sc for 5 different time points. A total
of 11 out of 21 target genes showed an opposing expression pairing to their annotated miRNAs
(indicated by superscript number 1), as verified by qPCR in HepaRG cells. IPA analysis revealed that
5 out of 11 targets were regulated by one miRNA (miRNA-4434).

Figure 3. Top 3 pathways in 3 “diseases and bio functions” of deregulated target genes in primary
human hepatocytes listed in IPA after expression analysis with 7 miRNAs. IPA target gene prediction
of 7 significantly deregulated miRNAs in HepaRG cells treated with 35 μM of Sc for 24 h was
compared to the gene expression data from Sc-treated primary human hepatocytes (100 μM, 24 h) [44].
The numbers of deregulated target genes (number of molecules) predicted to be involved in diseases
and bio functions are depicted as bar charts and their lower range of the p-value is shown in −log2

FC (orange graph).
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Figure 4. Target gene expression in differentiated HepaRG cells after exposure to 35 μM Sc at
5 different time points. The results were evaluated using the 2−ΔΔCt method [40]. Results are shown
as log2 FC and as mean of three biological replicates. Gene expression values were referred to the
solvent control (ctrl) of the respective time point but, for clarity, only the ctrl values of the 2 h time
point are depicted here. Up- or downregulation of gene expression is indicated in green or red,
respectively. The higher the values, the stronger the coloration. Mean values and standard deviations
are summarized in the Supplementary Materials Table S3. Superscript number 1 indicates the target
genes that show an opposite regulation to their annotated miRNAs and the black arrows indicate the
predicted regulatory miRNAs, respectively. Statistical analysis was performed using Student’s t-test
as this is a case of single-comparison analysis. That is, each target gene expression value of one time
point was compared to the solvent control of this respective time point. Subsequently, p-values were
subjected to FDR correction. Significant differences are depicted as follows: * p < 0.05, ** p < 0.01,
*** p< 0.001.
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3.3. MiR-4434 Negatively Regulates PAK1 Gene Expression in HepaRG Cells

In order to investigate whether it is indeed the PA-mediated induction of miR-4434 lev-
els that leads to the downregulation of the pre-selected target genes, differentiated HepaRG
cells were treated with 35 μM of the PA Sc and, subsequently, transiently transfected either
with the synthetic miRNA antagonist antagomiR-4434 or with an antagomiR-NC (both at
50 and 75 nM concentrations) or with transfection reagent and water only, as a negative
treatment control. The miRNA inhibitor does not degrade its target, but forms a stable
complex with it, resulting in an inhibition of miRNA-4434 function. The antagomiR-NC
is non-homologous to any mammalian gene and was used to examine if the results of
the antagomiR-4434-mediated inhibition were specific. That is, results achieved with the
antagomiR-NC should be similar to results from negative treatment control (transfection
reagent and water only). It was ensured that the combined incubation with antagomiR and
Sc was non-cytotoxic (see Supplementary Materials Figure S2). The gene expression of all
21 target genes was assessed after 48 h and the values of the Sc-treated cells were always
referred to their respective solvent control (antagomiR-4434, antagomiR-NC, or negative
treatment control) (see Supplementary Materials Figure S3). When comparing antagomiR-
4434-transfected cells with the negative control (antagomiR-NC) within the Sc-treatment
group, the antisense effect of the antagomiR and its subsequent effect on miR-4434 target
gene expression becomes evident. Here, the inhibition of miR-4434 led to significantly
attenuated downregulation of PAK1 gene expression, with increased significance at the
higher antagomiR concentration (Figure 5).

Figure 5. PAK1 gene expression in differentiated HepaRG cells after exposure to 35 μM Sc and
antagomiR-mediated inhibition of miR-4434 after 48 h. The results were evaluated according to the
2−ΔΔCt method [40]. (a) After housekeeper normalization, the values of the Sc-treated cells were
referred to the respective solvent control (0.35% ACN). Noteworthy, the different treatments (antagomiR-
4434, antagomiR-NC and negative treatment control) were referred to their respective solvent controls.
AntagomiR/antagomiR-NC treatment was applied in the two concentrations 50 and 75 nM. Results
are shown as log2 FC and as mean of three replicates. Mean values and standard deviations are
summarized in the Supplementary Materials Table S4. (b) For normalized PAK1 expression analysis
within the Sc-treated cells, antagomiR-4434 treatment was referred to antagomiR-NC treatment. Again,
antagomiR/antagomiR-NC treatment was applied in the two concentrations 50 and 75 nM. Additionally,
the negative treatment control was referred to antagomiR-NC to ensure specific antagomiR-mediated
inhibition. Statistical analysis was performed using Student’s t-test as this is a case of single-comparison
analysis. That is, the value of PAK1 gene expression with antagomiR-4434 treatment (50 and 75 nM,
respectively) was compared to the value of PAK1 gene expression with antagomiR-NC treatment
(50 and 75 nM, respectively). Significant differences are depicted as follows: * p < 0.05, *** p < 0.001.
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4. Discussion

This study aimed to investigate the PA-induced effects on miRNA expression. Further-
more, miRNA-mediated effects on potential target genes were considered as an additional,
however indirect, molecular regulator in PA-mediated hepatotoxicity. In the last years,
miRNAs have emerged as very important players in the regulation of a variety of bio-
logical processes in many cell types, including those in the liver [32]. miRNA function
ensures fine tuning of target gene expression, and subsequently protein abundance and
protein distribution under constantly changing cellular conditions [47]. For example, in
the liver intracellular miRNA levels regulate lipid and glucose metabolism [48], inflam-
mation [49–51], apoptosis and necrosis [52–54], cell cycle and proliferation [55], as well as
epithelial–mesenchymal transition during liver regeneration [56] and liver fibrosis [57,58].
Alterations in physiological miRNA levels correlate with various liver diseases such as
viral hepatitis, alcoholic and nonalcoholic steatohepatitis, drug-induced liver injury, and
autoimmune liver disease [32]. In metazoan cells, it is generally assumed that transla-
tional repression, presumably occurring during translation initiation, is the predominant
mechanism by which miRNAs negatively regulate their target genes [29]. Therefore, it
could be concluded that protein analysis is the investigative method of choice. However,
transcript degradation of the target mRNA is an unfailing secondary effect triggered by the
initial event of translational repression [59–61]. Therefore, qPCR analysis of target mRNA
expression is a reliable and widely used method to assess the effects of miRNA-mediated
gene silencing and was also applied here.

To elucidate the regulatory effects of miRNAs on their target genes is rather challenging
because of its sheer complexity. For example, one miRNA can regulate many targets, and
one target can be regulated by many different miRNAs in turn. Furthermore, miRNAs can
directly bind their target gene, or they can indirectly regulate a target gene via binding to
regulatory molecules like transcription factors, which have their own mode of action [62].
Thus, miRNAs can actually decrease, increase or not change the expression levels of
their target genes [63]. This study aimed to achieve the first insights into the mechanistic
of miRNA expression in HepaRG cells to understand its implication in PA-mediated
hepatotoxicity. Therefore, for simplicity we only considered target genes that showed
reverse correlation in gene expression in relation to their assigned miRNAs. Thus, target
genes potentially showing a positive correlation or no correlation at all could have been
overlooked. In general, miRNA upregulation upon PA-treatment has been described before.
For example, miRNA-34a, which is considered to be a biomarker for exposure to genotoxic
compounds, showed significant upregulation after chronic PA ingestion in a feeding study
with rats [35]. Furthermore, blood samples from patients with HSOS showed elevated
levels of miRNA-148a-3p, miRNA-362-5p, and miRNA-194-5p, which could be correlated
to the severity of the PA-induced liver injury [37].

Upon Sc-incubation, seven liver-specific miRNAs could be verified to be significantly
deregulated in HepaRG cells. All but one showed increased gene expression in a time-
dependent manner. For miRNA-4301, miRNA-5100 and miRNA-4454, upregulation was
highest after 8 h, showing the early responsiveness of miRNA levels. miRNA-4301 and
miRNA-5100 have been observed to regulate proliferation and apoptosis in lung and
breast cancer cells [64–67], but according to our assessment there are no reports on their
implication in hepatic diseases. For miRNA-4454, it was reported that upregulation pos-
itively enhances hepatic carcinoma progression [68], miR-223 is a common regulator in
various liver diseases [69], and miRNA-3663-3p was shown to be downregulated in hepa-
tocellular carcinoma cells, thus positively regulating cell proliferation of cancer cells [70].
The involvement of these three miRNAs in liver diseases might pose an interface be-
tween their PA-induced upregulation and possible carcinogenic properties that have been
described for PAs [71–73]. miRNA-4434 had the highest upregulation of all miRNAs in-
vestigated. This miRNA plays a role in different tumors, either as promoter or inhibitor
of proliferation [74–76]. However, reports on its relevance in liver function and disease
are rare. One study observed miRNA-4434 to be inhibited by a long non-coding RNA
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(lncRNA) called Long Stress Induced Non-Coding Transcripts 5 (LSINCT5) in hepato-
cellular carcinoma progression, potentially resulting in inhibited miRNA-4434 induced
apoptosis [77]. miRNA-122-3p (alias miRNA-122*, derived from the antisense strand of the
precursor (pre)-miRNA; [78]) was the only miRNA that showed a significant downregula-
tion only after 24 h. Noteworthy, miRNA-122-3p downregulation has been observed during
early and advanced liver fibrosis [79]. As fibrosis is a disease which is also observed after
chronic PA-intoxication, this could point towards a connection between downregulated
miRNA-122-3p levels and PA-mediated toxicity resulting in fibrosis. The most abundant
miRNA in the liver, miRNA-122-5p (alias miRNA-122a, derived from the sense strand of
the pre-miRNA), did not show a statistically relevant deregulation in gene expression after
Sc-treatment at any time-point and was therefore excluded from further analysis.

The comparison analysis between IPA-predicted mRNA targets and differentially
expressed genes obtained from a whole genome microarray [44] revealed a target match of
143 genes that are involved in many diseases and disorders such as cancer in general and
hepatocellular carcinoma in particular, with cellular growth and proliferation as underlying
molecular and cellular functions. Of course, this analysis is a rather generalized evaluation.
Therefore, out of these targets, a set of 21 genes regulating processes in cellular growth,
development, apoptosis and inflammation was chosen to be verified in Sc-treated HepaRG
cells and subjected to further IPA analysis. For cAMP-dependent PRotein Kinase type I-
Alpha Regulatory subunit (PRKAR1A), a miRNA-dependent regulation was also observed
in Mc-treated mice for type II-alpha subunit (Prkar2a). Moreover, in the same study, target
gene V-type proton ATPase subunit e 2 (Atp6v0e2) also showed a significant upregulation
in a miRNA-dependent way [36]. Here, another subunit type (ATP6V1H) was selected.
Both PRKAR1A and ATP6V1H showed upregulation of gene expression, as was observed
in the study mentioned above. A small subgroup of 11 genes showed reverse correlation
in gene expression in comparison to their assigned miRNAs. These five miRNAs out of
the initial set of seven were miRNA-223, miRNA-3663-3p, miRNA-4301, miRNA-4434, and
miRNA-5100. According to IPA analysis, the 11 dysregulated genes generally promote
apoptosis and necrosis and decrease cellular survival. Interestingly, miRNA-4434 was pre-
dicted to be an upstream regulator of 5 out of the 11 genes, which was the highest number
of annotated targets for one miRNA. Surprisingly, it was not a well-established hepatic
miRNA such as miRNA-223 or miRNA-122-5p, but the rather less-known miRNA-4434.
The five target genes are involved in processes such as cell cycle progression (GAS2 and
PAK1), growth hormone signaling (LEPROT), apoptosis (PATZ1) and immunity (ST6GAL1),
suggesting a correlation between PA-induced upregulation of miRNAs and subsequent
downregulation of these five target genes, presumably resulting in disturbed cellular func-
tion. Ultimately, antagomiR-mediated inhibition of miRNA-4434 resulted in significantly
altered gene expression pattern of the target gene PAK1, strongly indicating a biological
connection. The PAK1 gene encodes one family member of the serine/threonine-specific
intracellular protein kinases that are involved in a number of cellular functions includ-
ing cell cycle regulation, apoptosis, and cytoskeletal motility, usually through substrate
phosphorylation [80]. PAK1 is a regulator in key signaling pathways which are relevant
for cell cycle progression and proliferation. On the one hand, PAK1 is overexpressed
in many cancers and positively correlates with promotion of cell survival, invasion and
metastasis, and drug resistance [81]. In the context of tumor therapy, for example, PAK1
triggers DNA repair caused by genotoxic therapeutic agents [82]. On the other hand, PAK1
hinders cell cycle progression upon inhibition [83]. Additionally, miRNA interaction with
PAK1 expression has been described previously: in hepatocellular carcinoma development,
miRNA-485-5p was observed to suppress PAK1 levels, and lncRNA-mediated binding
of miRNA-485-5p resulted in the upregulation of PAK1 during hepatocellular carcinoma
progression [84]. Here, a PA-induced upregulation of miRNA-4434 can be assumed to
negatively regulate PAK1 expression, presumably resulting in cell-cycle arrest. Notably, an
implication of PAs in cell cycle regulation, which is closely linked to DNA damage, has
been observed before [85]. This effect was observed to be higher for the more toxic PAs in
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comparison to the less toxic PAs. In conclusion, we suggest that the identification of the
regulatory mechanism of miRNA-4434-initiated and PAK1-induced dysregulation of cell
cycle signaling may help to understand the molecular mode of action of some hepatotoxic
and carcinogenic effects of Sc.
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ATP6V1H/0E2 V-type proton ATPase subunit H/E 2
DEG Differentially Expressed Gene
DMSO DiMethyl SulfOxide
FBS Fetal Bovine Serum
FC Fold Change
FDR False Discovery Rate
GAS2 Growth Arrest-Specific protein 2
GUSB β-glucuronidase
HSOS Hepatic Sinusoidal Obstruction Syndrome
IPA Ingenuity Pathway Analysis
Lc Lasiocarpine
lncRNA long non-coding RNA
LSINCT5 Long Stress-Induced Non-Coding Transcripts 5
LEPROT LEPtin Receptor Overlapping Transcript
Mc Monocrotaline
miRNA microRNA
NRU Neutral Red Uptake
PA 1,2-unsaturated PyrrolizidineAalkaloid
PAK1 P21-Activated Kinase-1
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PATZ1 POZ/BTB and AT hook containing Zinc finger 1
PRKAR1A/2A cAMP-dependent PRotein Kinase type I (II)-Alpha Regulatory subunit
PXR Pregnane X Receptor
qPCR quantitative real-time Polymerase Chain Reaction
RT Room Temperature
Sc Senecionine
ST6GAL1 ST6 beta-GALactoside alpha-2,6-sialyltransferase 1
TDI Tolerable Daily Intake
UTR 3′-UnTranslated Region
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Abstract: Polyacetylene phytochemicals are emerging as potentially responsible for the chemoprotec-
tive effects of consuming apiaceous vegetables. There is some evidence suggesting that polyacetylenes
(PAs) impact carcinogenesis by influencing a wide variety of signalling pathways, which are impor-
tant in regulating inflammation, apoptosis, cell cycle regulation, etc. Studies have shown a correlation
between human dietary intake of PA-rich vegetables with a reduced risk of inflammation and cancer.
PA supplementation can influence cell growth, gene expression and immunological responses, and
has been shown to reduce the tumour number in rat and mouse models. Cancer chemoprevention by
dietary PAs involves several mechanisms, including effects on inflammatory cytokines, the NF-κB
pathway, antioxidant response elements, unfolded protein response (UPR) pathway, growth factor
signalling, cell cycle progression and apoptosis. This review summarises the published research on
falcarinol-type PA compounds and their mechanisms of action regarding cancer chemoprevention
and also identifies some gaps in our current understanding of the health benefits of these PAs.

Keywords: polyacetylenes; phytochemicals; anti-inflammatory; anticancer

1. Introduction

Studies have indicated the beneficial impact of eating vegetables and fruits on human
health in preventing chronic diseases including cancer, which is one of the major causes of death
around the world [1]. Polyacetylenes (PAs) are a class of chemicals defined by the presence
of two or more carbon–carbon triple bonds in the carbonic skeleton [2]. Falcarinol-type PAs
are biologically active compounds that are widely found in plants in the Apiaceae family, such
as carrots, celery and parsley, and the Araliaceae family, such as ginseng. Carrot is the main
dietary source of polyacetylenic oxylipins, including falcarinol (FaOH), falcarindiol (FaDOH)
and falcarindiol 3-acetate (FaDOH3Ac) (Figure 1), with FaOH serving as the intermediate
metabolite of PA, from which the other forms are generated [3–5]. Carrots have been studied
for their nutritional value, in addition to their disease-curative effects, for almost 90 years [6].
Carrot is a rich source of the vitamin A precursor β-carotene and also provides some potentially
beneficial dietary fibre. Carrot also contains other potentially bioactive phytochemicals including
carotenoids, phenolics, PAs, isocoumarins, terpenes and sesquiterpenes, many of which have
been extensively investigated for potential therapeutic properties against a wide range of
diseases including cancer, cardiovascular disease, diabetes, anaemia, colitis, ocular diseases and
obesity [7]. Ginseng is also rich in PAs; in addition to FaOH (also called panaxynol), they include
panaxydiol and panaxydol (Figure 1) [8], which have similar properties to FaOH [9–11]. Despite
the extensive research on the analytical and biochemical identification and characterization of
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plant PAs, as well as the large number of papers on their putative biological functions, little
is known about the structures and functions of the enzymes involved in PA biosynthesis [12].
Furthermore, the molecular genetic principles underlying PA production in various plant tissues
are poorly understood, and little is known about the genetics and inheritance of specific PA
patterns and concentrations in (crop) plants [3].

Figure 1. Chemical structures of FaOH, (3R)-falcarinol (also known as panaxynol); FaDOH, (3R,8S)-
falcarindiol; FaDOH3Ac, (3R,8S)-falcarindiol-3-acetate; panaxydol; and panaxydiol.

β-carotene was initially believed to be protective against multiple chronic diseases,
particularly cardiovascular disease and cancer, due to observations of associations of
reduced risk of these diseases with a high dietary intake (with carrots as the primary
dietary source of β-carotene) [13–16]. However, meta-analyses of subsequent intervention
studies ruled out a role of β-carotene in suppressing non-communicable diseases affecting
lifespan [17]. for example, dietary supplementation with purified β-carotene showed a
dose-dependent increased risk of lung cancer for intakes higher than what can be obtained
from food [18]. Thus, it was suggested that other bioactive substances such as PAs (FaOH
and FaDOH) could be responsible for the health benefits of carrot [19]. Phytochemicals
have been used as the main sources of the primary structures for conventional drugs used
for curing cancer. Natural products historically have been essential in the development
of new treatments for cancer and infectious diseases [20–23]. This review focuses on the
possible mechanisms of action of PAs in inflammation and cancer, with emphasis placed on
the various pathways involved including growth factor signalling, inflammatory processes,
oxidative stress, cell cycle progression and apoptosis. We will also discuss the potential
for PAs to modulate one or more of these pathways to contribute toward the treatment or
prevention of inflammation and cancers.

2. Polyacetylenes and Inflammation

2.1. Chronic Inflammation Disease and Cancer

Chronic inflammation is recognized as a leading promoting factor of diseases including
carcinogenesis [24], which continues to be the leading cause of mortality and disability
around the world [25–28]. Tumour-promoting inflammation is recognised as an enabling
hallmark of cancer [29]. Cancer and inflammation are linked by intrinsic and extrinsic
pathways. Intrinsically, oncogenes regulate the inflammatory microenvironment, whereas
extrinsically, the inflammatory microenvironment promotes the growth and spread of
cancer [30]. Various cell types involved in chronic inflammation can be found in tumours,
both in the surrounding stroma and within the tumour itself. Neoplasms, including
some of epithelial origin, contain a significant inflammatory cell component [31]. Multiple
studies on human clinical samples have revealed that inflammation influences epithelial cell
turnover [32,33]. Significantly, human susceptibility to breast, liver, large bowel, bladder,
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prostate, gastric mucosa, ovary and skin carcinoma is increased when proliferation occurs
in the context of chronic inflammation [32–37].

Chronic inflammation is linked to approximately 25% of all human cancers and
increases cancer risk [38] by stimulating angiogenesis and cell proliferation, inducing gene
mutations and/or inhibiting apoptosis [38]. Chronic inflammation can develop from acute
inflammation if the irritant persists, although in most cases the response is chronic from
the start. Chronic inflammation is characterized by the infiltration of injured tissue by
mononuclear cells such as macrophages, lymphocytes and plasma cells, as well as tissue
destruction and attempts at repair [31]. Helicobacter pylori infections in gastric cancer, human
papillomavirus infections in cervical cancer, hepatitis B or C infections in hepatocellular
carcinoma and inflammatory bowel disease in colorectal cancer (CRC) are common causes
of chronic inflammation associated with cancer development [39,40]. Inflammation also
causes epigenetic changes that are linked to cancer development.

Natural PAs from diverse food and medicinal plants and their derivatives exert multi-
ple bioactivities, including anti-inflammatory properties [41]. PAs can impact inflammation
through known and unknown pathways. Evidence supports that PA compounds improve
human health by stimulating anti-cancer and anti-inflammatory mechanisms [3]. These
PAs contain triple bonds that functionality convert them into highly alkylating compounds
that are reactive to proteins and other biomolecules. This unique molecular structure might
be the key to understanding the beneficial effects of PAs such as their anti-inflammatory
and cytoprotective function [41]. Recent research has suggested that the anti-cancer role of
certain foods might be attributed to their anti-inflammatory function. Root vegetables, and
particularly carrots, are promising natural sources in this respect thanks to their rich content
of PAs [3,41–43]. The anti-inflammatory properties of purple carrots have been suggested
to be due to the high levels of anthocyanin pigments [44]; however, another study showed
that PAs, not anthocyanins, are responsible for the anti-inflammatory bioactivity of purple
carrots [45]. In vitro and in vivo studies have demonstrated that the health-benefitting
effects of carrots and other root vegetables might be attributed to PAs, such as FaOH and
FaDOH [46]. Other dietary compounds, including several different phytochemicals, have
been examined in the context of cancer chemoprevention; however, until now the measured
effects [47–50] have been quite small and inconsistent compared with those found for PAs.

2.2. Inhibition of Nuclear Factor Kappa B (NF-κB) Pathways

NF-κB is a transcription factor that regulates the expression of many genes involved
in the regulation of inflammation and autoimmune diseases [51,52]. Moreover, NF-κB
plays a significant role in inflammation-induced cancers, as NF-κB is one of the major
inflammatory pathways that are triggered by, for example, infections causing chronic
inflammation [39,40,53]. Cellular immunity, inflammation and stress are all regulated by
NF-κB signalling, as are cell differentiation, proliferation and apoptosis (Figure 2) [54,55].
Both solid and hematologic malignancies frequently modify the NF-κB pathway in ways
that promote tumour cell proliferation and survival [56–58].

NF-κB, a key factor in the inflammatory process, provides a mechanistic link between
inflammation and cancer, and the components of this pathway are targets for chemopre-
vention, particularly in CRC [59]. There are two major signalling pathways for NF-κB
activation, namely the canonical and the non-canonical NF-κB signalling pathways. The
canonical pathway activates NF-κB1 p50, RELA and c-REL, which are also called canonical
NF-κB family members. The non-canonical NF-κB pathway, on the other hand, selectively
activates p100-sequestered NF-κB members, mostly NF-κB2 p52 and RELB, which are also
called non-canonical NF-κB family members [60]. LPS and proinflammatory cytokines,
among other pathogenic substances, activate NF-κB through degrading inhibitors of κB
(IκBs) [61] to release the common subunit P65 (RELA). In order to trigger the transcription
of these genes, activated NF-κB travels into the nucleus and attaches to its associated DNA
motifs. When activated, the NF-κB p65 subunit binds to the promoter regions of genes
involved in inflammation, leading to the production of IL-6, IL-1β and TNF-α [62].
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Figure 2. NF-κB target genes implicated in the onset and progression of inflammation. NF-κB is a
transcription factor that is inducible. After activation, it can regulate inflammation by activating the
transcription of several genes. NF-κB regulates cell proliferation, apoptosis and differentiation in
addition to promoting the production of pro-inflammatory cytokines and chemokines. Endoplasmic
reticulum (ER) stress results in an inflammatory unfolded protein response (UPR). Stress on the ER
induces apoptosis by activating inflammation. This can be accomplished by stimulating IKK complex
(element of the NF-κB) or (X-box binding protein 1) XBP1 and (protein kinase R-like ER kinase) PERK
through a mediator. These trigger the release of pro-inflammatory molecules, hence accelerating
cell death.

Carrot PAs, particularly FaOH and FaDOH, were studied for their anti-inflammatory
properties [3,63], in part by inhibiting the transcription factor NF-κB [64]; however, their
exact mechanism of action is still unknown. Mice fed a diet containing FaOH were less likely
to develop severe inflammation after being exposed to LPS [5]. FaOH from Saposhnikovia
divaricata (S. divaricata) significantly reduced the levels of LPS-induced TNF-α and IL-6 in
cultured BV-2 microglia cells and murine serum [61]. FaOH and FaDOH purified from
carrots were demonstrated for their preventative effects on colorectal precancerous lesions
in azoxymethane (AOM)-induced rats. Biopsies of neoplastic tissue were analysed for
gene expression, and the results showed that FaOH and FaDOH inhibited NF-κB and
the downstream inflammatory markers TNF-α, IL-6 and COX-2 [46]. FaOH from Radix
Saposhnikoviae (dried roots of S. divaricata, Apiaceae) inhibited LPS-induced NF-κB p65
activation and IκB-α phosphorylation in BV-2 microglia cells [61]. Treatment using FaOH
from the roots of Heracleum moellendorffii (H. moellendorffii) inhibited LPS-induced NF-κB
signalling activation by inhibiting IκB-α degradation and nuclear accumulation of p65 [65]
in RAW264.7 cells. In addition, FaDOH reduced the level of LPS/IFNγ-induced NF-κB,
IKK-α and IKK-β activation in rat primary astrocytes [64].

Prostaglandin (PG) synthesis is a hallmark of inflammation. Two enzymes, cyclooxy-
genase (COX) 1 and 2, catalyse the first step of PG synthesis, but COX-2 is the major one
that responds to inflammatory signals to produce PG at inflammatory sites [66]. However,
COX-2 can be suppressed by inhibiting the NF-κB translocation pathway (Figure 2) [67].
COX-2 expressions in healthy tissues are low, but they can quickly increase in response
to growth factors, cytokines and signals promoting tumour invasion, metastasis, aberrant
proliferation and angiogenesis [68]. Malignancies, including colorectal [69], bladder [70],
breast [71], lung [72], pancreatic [73], prostate [73] and head and neck cancer [74], tend to be
associated with elevated levels of COX-2. Mechanistically, COX-2 promotes carcinogenesis
through the creation of prostaglandins (PGs), which suppress apoptosis and stimulate
the development of blood vessels in tumour tissue, which helps in sustaining tumour cell
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viability and growth [39,75], suggesting that anti-inflammatory drugs targeting COX-2
might be beneficial in the treatment of different types of cancer.

PAs modulate inflammation via suppressing COX-2 expression, which depends on
NF-κB activation by inflammation [76]. FaOH inhibited LPS-induced COX-2 expression in
RAW264.7 cells, thus blocking PGE2 overproduction [65]. FaOH isolated from American
ginseng (P. quinquefolius) effectively reduced the severity of colitis in mice treated by dextran
sulphate sodium (DSS) induced for a week before FaOH treatment. FaOH reduced the
number of CD11b+ macrophages in the lamina propria and the inflammation hallmark pro-
tein COX-2. These data suggest that macrophages expressing COX-2 might be an essential
factor for colitis development. Interestingly, FaOH treatment prior to DSS did not prevent
colitis or reduce colitis severity in mice [8]. Quiescent macrophages in the lamina propria in
a healthy mouse might offer protection against colitis induction, as depleting macrophages
prior to induction of colitis may exacerbate DSS-induced colitis [77]. However, when
colitis develops, there is an increase in the number of activated macrophages that secrete
pro-inflammatory cytokines to boost the inflammatory response, thus exacerbating colitis.
At this stage, an overactive macrophage response to enteric microbiota greatly contributes
to the pathogenesis of colitis [78]. Treatment with FaOH to target macrophages was shown
to be highly effective in suppressing colitis at this stage, highlighting the utility of FaOH
in the treatment of a hyper-inflammatory disease (Figure 3) [79]. In an azoxymethane
(AOM)-induced rat colorectal cancer model, FaOH and FaDOH downregulated COX-2 in
precancerous lesions of CRC [46] and also reduced the number of malignant tumour foci.
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Figure 3. Schematic representation of the possible mechanism of immunoregulation activity of
poly-acetylenes (PAs) in macrophages. (Interferon-γ) IFN-γ activates macrophage cells to M1, and
PAs downregulate NF-κB activities in M1 macrophages by inhibiting iNOS, COX-1 and COX-2. PAs
suppress the inflammatory response by inhibiting cytokines (IL-16, IL-1β and TNF-α) and upreg-
ulating Nrf2 pathway (HO-1 and NQO1) in macrophages. PAs structure modified from Mplanine
(2022) https://www.wikiwand.com/en/Falcarinol#Media/File:Falcarinol_3D_BS.png (accessed on
1 January 2023).

2.3. Oxidative Stress
2.3.1. Inhibition of Nitric Oxide Synthase (NOS) and Pro-Inflammatory Cytokine Pathways

Nitric oxide (NO) is essential in a number of physiological functions, such as host
defence, where it prevents the spread of disease-causing microbes within cells by stifling
their reproduction [80]. The upregulation of NO expression in response to cytokines
or pathogen-derived chemicals is a crucial part of the host’s defence against different
types of intracellular pathogens. Different cell types produce the enzyme NOS, which
catalyses the synthesis of NO, at high levels in a number of different tumour types [81].
Inflammation induces a specific form of NOS, i.e., the inducible isoform of nitric oxide
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synthase (iNOS), via activating iNOS gene transcription (Figure 2) [82]. iNOS is involved in
complex immunomodulatory and antitumor mechanisms, which have a role in eliminating
bacteria, viruses and parasites [83].

A considerable number of studies have been published on the role of PAs in iNOS expres-
sion in inflammation. Studies have demonstrated that FaOH extracted from P. quinquefolius
inhibited iNOS expression in ANA-1 mΦ macrophage cells that were polarized to M1 [8] and
LPS-induced iNOS expression in macrophages [84,85], leading to colitis suppression [8]. More-
over, FaDOH was tested on rat primary astrocytes for its impact on LPS/IFN-γ-induced iNOS
expression. FaDOH blocked 80% of LPS/IFN-γ-induced iNOS by reducing iNOS protein and
mRNA in a dose-dependent manner. FaDOH was shown to suppress iNOS expression, and it
inhibited IKK, JAK, NF-κB and Stat1 (Figures 2 and 3) [64].

Another study showed a dose-dependent reduction in nitric oxide production in
macrophage cells, where treatment with an extract of purple carrots containing PAs signifi-
cantly reduced iNOS activity and iNOS expression in macrophage cells [45]. PAs reduced
nitric oxide production in macrophage cells without cytotoxicity [45]. In vivo, purple
carrots also inhibited inflammation in colitic mice and reduced colonic mRNA expression
of iNOS [44]. FaOH from H. moellendorffii roots inhibits the LPS-induced overexpression of
iNOS in RAW264.7 cells [65]. FaOH and other PAs from P. quinquefolius such as panaxydiol
have a suppressive effect on iNOS expression in macrophages treated with LPS [85].

2.3.2. Reactive Oxygen Species (ROS) Pathways

Oxidative stress is described as an imbalance between the generation of free radicals
and reactive metabolites, also known as oxidants or reactive oxygen species (ROS), and
their removal by protective mechanisms, also known as antioxidants. Electron transfer is
involved in oxidative and antioxidative processes, which influence the redox state of cells
and the organism. The altered redox state stimulates or inhibits the activities of various
signal proteins, which have an effect on cell fate [86,87]. PAs promote apoptosis preferen-
tially in cancer cells mediated ROS stress. A study has analysed ROS production in MCF-7
cells after treating with panaxydol. The increase in the ROS levels started at 10–20 min
after the panaxydol treatment. The role of NADPH oxidase was investigated in order to
determine the source of ROS after panaxydol treatment. The creation of reactive oxygen
species (ROS) by NADPH oxidase appeared to take precedence, while ROS production
in the mitochondria was secondary but also necessary, suggesting that NADPH oxidase
generates ROS in the presence of panaxydol. Panaxydol was tested on different cell lines to
investigate whether the induction of apoptosis occurred preferentially in cancer cells. In
this study, panaxydol induced apoptosis only in cancer cells [88].

FaOH and FaDOH from carrot were tested for their effects on the oxidative stress
responses of primary myotube cultures. The effects of 100 μM of H2O2 on the intracellular
formation of ROS, the transcription of the antioxidative enzyme, cytosolic glutathione
peroxidase (cGPx), and the heat shock proteins (HSP) HSP70 and heme oxygenase 1
(HO-1) were studied after 24 h treatment with FaOH and FaDOH at a wide range of
concentrations. At intermediate concentrations, under which only moderate cytotoxicity
was shown, intracellular ROS formation was slightly enhanced by PAs. In addition, PAs
increased the transcription of cGPx and decreased the transcription of HSP70 and HO-1.
The enhanced cGPx transcription may have decreased the need for the protective properties
of HSPs as an adaptive response to the elevated ROS production. However, ROS production
was significantly reduced with higher doses of PAs (causing substantial cytoxicity), and the
transcription of HSP70 and HO-1 decreased to a lesser extent, while the induction of cGPx
was marginally reduced, showing a necessity for the protective and repairing functions of
HSPs [89].

Transcription factor Nrf2 (also known as nuclear factor erythroid 2-like 2) regulates
the expression of various antioxidant, anti-inflammatory and cytoprotective factors, in-
cluding heme oxygenase-1 (Hmox1, HO-1) and NADPH:quinone oxidoreductase-1 (NQO1).
S-alkylation of the protein Keap1, which normally inhibits Nrf2, is induced by FaDOH
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extracted from Notopterygium incisum (N. incisum), as reported in [90]. Moreover, nuclear
accumulation of Nrf2 and expression of HO-1 were both enhanced in LPS-stimulated
RAW264.7 cells by FaOH from H. moellendorffii roots [65]. FaOH also inhibited the inflam-
matory factor level and reduced nitric oxide production in BV-2 microglia. FaOH also
reduced the levels of LPS-induced oxidative stress in BV-2 microglia [61]. In addition,
FaOH inhibited inflammation in macrophages by activating Nrf2 [85]. HO-1 is linked to
redox-regulated gene expression. Chemical and physical stimuli that produce ROS either
directly or indirectly cause the expression of HO-1 to respond [91]. A one-week study
looked at the effects of FaOH (5 mg/kg twice per day in CB57BL/6 mice) pre-treatment
on acute intestinal and systemic inflammation. FaOH effectively increased HO-1 mRNA
and protein levels in both the mouse liver and intestine and reduced the levels of the
plasma chemokine eotaxin and the myeloid inflammatory cell growth factor GM-CSF, both
of which are involved in the recruitment and maintenance of first-responder immune
cells [92].

3. Unfolded Protein Response (UPR) Pathways

The endoplasmic reticulum (ER) stress response, also known as unfolded protein
response (UPR), is a cellular process that is activated by a number of conditions that disrupt
protein folding in the ER. The UPR is an evolutionarily conserved adaptive mechanism in
eukaryotic cells that aims to clear unfolded proteins and restore ER protein homeostasis.
When ER stress is irreversible, cellular functions deteriorate, often leading to cell death
(Figure 2) [93]. There is mounting evidence that ER stress plays a significant role in the
development and progression of varied diseases, including cancer and inflammation [93,94].
FaDOH-induced cell death is mediated via ER stress induction and the activation of
the UPR.

Reducing the extent of ER stress by overexpressing the ER chaperone protein glucose-
regulated protein 78 (GRP78) or by knocking down components of the UPR pathway
decreased FaDOH-induced apoptosis. In contrast, raising the level of ER stress by inhibiting
GRP78 enhanced the apoptosis triggered by FaDOH extracted from Oplopanax horridus
(O. horridus) [95]. In addition, ER stress mediated panaxydol-induced apoptosis in MCF-7
cells [96]. Another study investigated the effect of a sub-toxic dose of 5 μM of FaDOH
in a series of experiments and found that it increased the lipid content and number of
lipid droplets (LDs) in human mesenchymal stem cells (hMSCs) and enhanced PPARγ2
expression in human colon adenocarcinoma cells. The activation of PPARγ can enhance
ABCA1 expression [97]. FaDOH treatment showed an upregulation of ABCA1 in colon
neoplastic rat tissue, suggesting a function for this transporter in the redistribution of
lipids and the enhanced creation of LDs in cancer cells, which may result in endoplasmic
reticulum (ER) stress and cancer cell death [97].

4. Cancer

4.1. In Vitro
4.1.1. Anti-Proliferative Activity

PAs derived from different plants exhibit potent cytotoxicity against a variety of
cancer cells. These biologically active molecules engage directly or indirectly in biological
processes, including cellular cycle arrest, HIF-1 (hypoxia-inducible factor-1 alpha) activation
and signal transducer and transcriptional factor 3 (STAT3) suppression.

The anti-proliferative effects of FaOH isolated from carrots was initially shown in
2003. In addition, FaOH-type PAs show toxicity against human pancreatic carcinoma cells,
but not against normal pancreatic cells, in vitro by modulating the expression of the genes
involved in apoptosis, cell cycle, stress response and death receptors [42,98].

Treatment of leukaemia cell lines with carrot extract or isolated FaOH or FaDOH
inhibited cell cycle progression, suggesting that carrots cause cell cycle arrest (G0/G1) in
leukaemia cell lines [99]. Moreover, the cytotoxicity of FaOH, FaDOH and panaxydiol
isolated from the dichloromethane extract of root celery was tested for its potential impact

286



Foods 2023, 12, 1192

in a number of human cancer and leukaemia cell lines. All PAs examined exhibited
moderate cytotoxicity against leukaemia, lymphoma and myeloma cell lines, although
FaOH had significantly more activity against the lymphocytic leukaemia cells than FaDOH
and panaxydiol [100]. In other studies, FaDOH also had less cytotoxic activity than FaOH
and FaDOH3Ac [99,101].

4.1.2. Pro-Apoptosis Activity

Cancer prevention and treatment depend on the use of a variety of bioactive com-
pounds that inhibit the early stages of cellular transformation required for the development
of the neoplastic phenotype, such as initiating autophagy, apoptosis or other forms of cell
death such as oncosis or necrosis [102]. Apoptosis dysfunction is a major contributor to
cancer development and progression. Tumour cells’ ability to avoid apoptosis can play a
significant role in their resistance to traditional therapies.

One study investigated the effects of FaOH on human pancreatic ductal adenocarci-
noma cell lines compared with normal pancreatic cells. FaOH regulated the genes related
to pro-apoptosis, anti-apoptosis, apoptosis, cell cycle, stress and death receptors in adeno-
carcinoma cells more preferentially than in normal pancreatic cells [98]. FaOH suppressed
pro-apoptosis genes (BAD and HTRA-2), anti-apoptosis genes (Livin and XIAP), a cell
cycle controller (Phospho-p53 at amino acids serine 15, 46 and 392 (S15, S46 and S392),
stress-related genes (Clusterin and Hsp60) and death receptor genes (TNFR1 and TNFSF1A).
In addition, FaOH increased cell cycle checkpoint phosphorylation (Phospho-Rad17 (S635))
and induced stress-related genes (HO-1, HMXO1, HP32 and Hsp27). Furthermore, FaOH-
type and other PAs are potent inhibitors of pancreatic cancer cell proliferation [98].

Tumour recurrence and drug resistance are both facilitated by cancer stem-like cells
(CSCs) [103]. Hsp90 is known to enhance cancer cell survival and their ability to acquire
anti-cancer drug resistance; its overexpression has been linked to a poor prognosis in
human malignancies [104,105]. An in vivo study showed that orally administered FaOH
significantly suppressed the proliferation of lung cancer in a mouse model without overt
symptoms of toxicity at concentrations of 50 mg/kg body weight [103], which would
correspond to a human dose of 4 mg/kg [106]. FaOH selectively inhibited carcinogenesis
cells but not normal cells both in vitro and in vivo by inhibiting the function and viability
of cancer stem-like cells of non-small-cell lung cancer by triggering apoptosis without
enhancing Hsp70 expression. Moreover, FaOH, at a low dose of 1 μM, induced apoptosis
in cancer stem-like cells [103]. The pro-apoptotic function of panaxydol from P. ginseng
was also tested on different cell lines to check whether the induction of apoptosis occurred
preferentially in cancer cells. Indeed, panaxydol selectively induced apoptosis in malignant
cancer cells [85].

4.1.3. Gut Microbiota Composition

A study aimed to investigate whether the antibacterial effects of FaOH and FaDOH
may be a mechanism of action in the antineoplastic properties of FaOH and FaDOH.
They tested the effect of FaOH and FaDOH on gut microbiota composition in an AOM-
induced rat colorectal cancer model. Rats treated with AOM were fed either a normal
rat diet or a diet enriched with FaOH and FaDOH. Analysis of cecum faecal samples
revealed a significant change in the gut microbiota among the groups. FaOH and FaDOH,
which suppressed the growth of neoplastic tumours in the colon in a rat colon cancer
model, modified the composition of low-abundance gut microbiota GM members, such
as Lactobacillus reuteri, and high-prevalence Turicibacter, which was also correlated with a
reduction in the number of macroscopic sites of neoplasms. Thus, this study demonstrated
that modifications in the gut microbiota may play a significant role in the colon-protective
action of FaOH and FaDOH against neoplastic transformation [107].
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4.1.4. Other Effects

FaOH stimulated the differentiation of primary mammalian cells at concentrations
as low as 0.004 to 0.4 μM, whereas cytotoxic effects were observed at concentrations of
>4 μM [108]. Moreover, one study evaluated PAs (FaOH and FaDOH) isolated from
carrots in non-cancerous human intestinal epithelial cells (FHs 74 Int. cells) and intestinal
cancer cells (CaCo-2). The growth–inhibition response was seen in concentrations above
1 μg/mL (~4 μM), with maximum inhibition at 20 μg/mL (~80 μM). The FaOH showed a
higher inhibitory potency compared with FaDOH. In addition, cancer cells treated with
combinations of FaOH and FaDOH showed a synergistic response for the inhibition of cell
growth [109]. FaOH purified from carrots inhibited caspase-3 expression to prevent cell
death and reduced basal DNA strand breakage in CaCo-2 cells. Thus, FaOH is either pro-
survival or pro-death in a concentration-dependent manner in CaCo-2 cells. The effects of
FaOH on CaCo-2 cells appear to be biphasic, with low and high concentrations of falcarinol
inducing pro-proliferative and apoptotic characteristics, respectively [110].

PAs have other effects relevant for cancer. PAs can be used to heal or relieve symptoms
by interacting with other foods or drugs. Cisplatin, which has nephrotoxicity as a side
effect, is a therapeutic drug for various solid tumours. FaDOH attenuates cisplatin-induced
injury and down-regulates mRNA levels of TNF-α, IL-1β and the protein expression of
p-NF-κB p65 in mice [111].

Another study demonstrated the effects of FaOH, FaDOH, FaDOH3Ac and falcarindiol
3,8-diacetate on breast cancer multidrug resistance protein (BCRP/ABCG2), a xenobiotic
efflux transporter that causes chemotherapy resistance in cancer. PAs inhibited mitox-
antrone efflux (an ABCG2 substrate) in HEK293 cells overexpressing ABCG2. In a vesicular
transport assay, a concentration-dependent inhibition of methotrexate (another ABCG2
substrate) uptake into ABCG2-overexpressing Sf9 insect cell membrane vesicles was ob-
served. PAs also inhibited baseline and sulfasalazine-stimulated vanadate-sensitive ATPase
activities in ABCG2-overexpressing Sf9 insect cell membrane vesicles. This study suggested
that PAs might mitigate multidrug resistance in chemotherapy. As ABCG2 may play a role
in the absorption and disposition of PAs, there may be food–drug interactions between
PA-rich foods and ABCG2 substrate drugs [112].

4.2. In Vivo

There is not yet any direct in vivo evidence supporting an anti-cancer role of PA
in humans. Observational human studies have reported that carrot consumption was
associated with a reduced risk of several cancer types. For example, in a prospective
cohort study including 57,053 Danes, an intake of 2–4 or more raw carrots each week
(>32 g/day) was associated with a 17% reduction in the risk of colorectal cancer [16],
pancreatic cancer and leukaemia [113] compared to individuals with no intake of raw
carrots. One experimental study with carrot juice (500 mL) containing approximately
18 mg FaOH reduced the level of inflammatory cytokines IL-1 and IL-16 significantly in
LPS-stimulated human blood an hour after intake compared with before the intake of carrot
juice [114]. More detailed studies were performed using animal models. The consumption
of carrot powder reduced the growth of intestinal tumours in an ApcMin/+ mouse colon
cancer model [115,116]. A study examined colon preneoplastic lesions in AOM-treated
rats that were fed carrots (10% freeze-dried carrot with a natural concentration of FaOH
at 35 μg/g), FaOH (purified FaOH mixed at 3.5 μg/g in food) or a control for 18 weeks.
The number and size of lesions decreased significantly in the rats that received either one
of the two experimental treatments compared to the control group, indicating that carrots
and FaOH slowed the growth of aberrant crypt foci (ACF) and tumours [117]. In a similar
study, again using AOM-treated rats as a colon cancer model, feed containing a mixture of
FaOH and FaDOH at concentrations four times higher than the previous study significantly
reduced the number of tumours >1 mm, from 21 in controls to 12 in PA-treated rats [118].
An inverse correlation was found between a higher intake of a combination of FaOH and
FaDOH with the multiplicity of colorectal neoplastic lesions [46]. These studies support the
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hypothesis that diets rich in FaOH and FaDOH can be a preventive treatment of colorectal
cancer. A human dose of PAs corresponding to a 2017 rat experiment would be 24 mg
per day for a 70 kg person, which could be provided by consuming 260 g per day of the
cultivated carrot cultivar ‘Nantes Empire’ [118].

PAs from ginseng have shown selective tumour reduction activities similar to chemother-
apeutic agents. Panaxydol isolated from Panax ginseng (P. ginseng) inhibited tumour growth
in mouse tumour models, including PC3 human prostate cancer xenograft and mouse renal
carcinoma (Renca) cells. BALB/c nude mice bearing PC3 or Renca cell tumours were injected
with panaxydol every two days for a course of three weeks. Panaxydol inhibited the growth of
the PC3 xenograft dose-dependently, with complete suppression at 100 mg/kg. Panaxydol also
reduced Renca tumour size in dose-dependent manner, demonstrating an in vivo anticancer
effect in this model [96].

5. Polyacetylene Toxicology and Pharmacokinetics

5.1. Toxicology of PAs

PAs in high concentrations have toxic effects that depend on cell sensitivity. In in vitro
studies, FaOH has shown cytotoxic activity against intestinal cell lines at concentrations of
4 μM [108] and 10 μM [109]. In addition, FaDOH has shown a toxic activity in human colon
adenocarcinoma (HT-29) cells in concentrations >50 μM, while it exhibited a toxic effect
on human mesenchymal stem (hMSC) cells in concentrations > 20 μM [97]. In another
study, FaDOH and panaxydol showed toxicity at concentrations of 40 μM [109]. In vivo,
FaOH showed neurotoxic effects at a high concentration (LD50 = 100 mg/kg) when injected
into mice [119], whereas FaDOH had no neurotoxic effects in rats when injected with
similar concentrations (LD50 > 200 mg/kg) [120]. However, by inhibiting the Foxo–Notch
axis, FaDOH can disrupt the maintenance of normal neural stem cells and modify the
balance between the self-renewal and differentiation of neural stem cells with negative
consequences [121]. There was also a report on the modulation of GABAA receptors by
FaOH, which may underlie a sedative effect [122]. Mammals have not been observed to
be poisoned after the voluntary consumption of FaOH-type PAs in natural sources; this is
probably related with the bitter taste of PAs, in particular FaDOH, which causes a bitter or
burning sensation when occurring in concentrations > 40 μM [123], thus preventing the
eating of unsafe amounts of vegetables with too high levels of these PAs. This contrasts with
other types of polyacetylenes such as oenanthotoxin, which is found in the neurotoxic plant
hemlock water dropwort [124]. However, while FaOH-type PAs can also cause neurotoxic
symptoms, this requires much higher concentrations than those that occur in edible plants,
and therefore their presence in food plants is deemed harmless [125]. FaOH from ivy
(Hedera helix L.) has a moderate allergic potential on human skin. Repeated direct contact
with ivy or other plants containing FaOH can cause sensitization in susceptible individuals
and subsequently lead to allergic contact dermatitis after long-term frequent exposure
to skin [126]. Most patients with this rare condition become sensitised in occupational
settings, e.g., plant nursery workers handling ornamental plants [127]; only very few
cases of PA-related contact dermatitis from Apiaceous vegetables have been reported [128].
This contact dermatitis may be related to falcarinol selectively alkylating the anandamide
binding site in the CB1 receptor [129].

As far as we are aware, no research has been published on the safety and side effects
of falcarinol-type PAs in other contexts than food safety or contact dermatitis. Therefore,
it is necessary to carry out research on the toxicological evaluation and potential toxicity
mechanisms of PAs and to establish scientifically justified safe doses and applications as a
prerequisite for their use in therapeutic and clinical applications.

5.2. Pharmacokinetics of PAs

The study of pharmacokinetics determines the fate of drugs supplied externally to a
living body [42]. Pharmacokinetic research, such as pharmacodynamic and toxicological
research, has become an essential part of drug preclinical and clinical research. It is critical
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in the development of new drugs, the improvement of dosage forms and the study of
dosage form mechanisms [130].

Two studies have reported on the bioavailability of serum FaOH concentrations in hu-
mans after the consumption of carrot juice. One study used three doses of fresh carrot juice
providing 19, 33 or 49 μmol FaOH and demonstrated the dose-dependent bioavailability of
this compound, reaching 0.010 μM (4.0 ng/mL) after the highest dose [19]. A recent study
prepared juice from 30 g of freeze-dried carrot powder containing approximately 18 mg
FaOH, corresponding to 300 g raw carrot (two–three carrots). The powder was mixed
with water to a total of 500 mL and given to participants. Serum FaOH concentrations
reached their peak at 1 h after consumption, and the peak concentration was 0.9–4.0 ng/mL.
FaOH had a half-life of 1.5 h in human serum [131]. Another study reported measuring
the pharmacokinetics of FaOH in mice. FaOH was intravenously (IV) administered to
mice at 5 mg/kg and orally administrated at 20 mg/kg to determine the pharmacokinetic
parameters in the plasma and tissue using LC-MS/MS. FaOH reached a peak plasma
concentration of 8.24 μg/mL after IV administration and then declined in a multiphasic
manner. A plasma analysis of FaOH after oral administration showed that the compound’s
concentration quickly reached a maximum of 1.72 μg/mL in 1 h. The plasma concentration
then decreased in a multiphasic manner, reaching a final measurable concentration of
32.2 ng/mL after 24 h. FaOH had a half-life of 1.5 h when IV injected and 5.9 h when
administered orally, with a bioavailability of 50.4%. The mice did not show any toxicity
up to 300 mg/kg orally [132]. When mice were orally given 20 mg/kg of FaOH, the FaOH
concentrations in the colon tissue were the highest at 2 h after treatment at 121 ng/mL [132].
The very high murine values contrast remarkably with the similarity of the maximal plasma
concentration ranges reported in the above two human studies. However, the lack of detail
in the description of the LC-MS methodology in the mouse paper opens the possibility
that this may reflect issues with the methodology rather than substantial differences in
bioavailability between the species; additional bioavailability studies in mice would be
useful to resolve this important question.

6. Conclusions

Food plants of the Apiaceae and Araliaceae families rich in PAs have important poten-
tial regarding cancer prevention. The findings reviewed here (Table 1) consistently support
that PAs are anti-neoplastic natural phytochemicals with the potential for advancement
into multiple applications in cancer prevention and treatment and as leading compounds
in the discovery of new anticancer drugs. The mechanisms of the action attributed to
PAs are similar to those of many other anticancer drugs, which include triggering cell
cycle arrest, apoptosis, UPR and reducing inflammation but potentially with lower toxic
side effects. The PA concentrations in widely consumed vegetables such as carrots are
sufficiently high to potentially provide substantial chemo-preventive effects within the
recommended vegetable and fruit intake of 400 g per day while at the same time being
sufficiently low to exclude concerns about toxicity from these dietary sources. PAs have
significant inhibitory effects on multiple cancer cell pathways, indicating anti-proliferative
and anti-tumorigenic properties.

Nevertheless, much work still needs to be carried out to assess and possibly develop
the medical development of PAs. Despite being widely distributed in plants, PAs are
instable and present in relatively small amounts, which makes it challenging to isolate
abundant polyacetylenes from natural sources for large-scale experiments. Improved isola-
tion methods or the development of improved stereospecific chemical synthesis procedures
will provide better feasibility for further study. Future studies are needed to determine
the safe doses of PAs in humans, which is a prerequisite for any non-food application,
whether as food supplements or drugs. In this regard, additional studies are needed on
animals and humans for a better determination of the toxicological effects of PAs. Phar-
macokinetic studies on PAs are limited, and the pharmacological actions of many PAs are
unknown. Advancing this research will provide a scientific foundation for assessments of
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their potential for clinical applications and new drug development. NF-κB pathways are
influenced by PAs, indicating their significance in terms of not only cancer prevention and
treatment but also various other biological processes. However, future studies should focus
on investigating the exact mechanism of action of PAs, particularly on NF-κB pathways,
to distinguish the influence of PAs on gene transcription, translation or post-translation
functions, such as enzymatic activity. Animal experiments, clinical studies and human
intervention studies must be conducted to investigate and compare health benefits of PAs
in whole foods or isolated PA metabolites using biomarkers indicating inflammation and
other cancer-related processes to guide the optimisation of the implementation of affordable
food-based cancer prevention programmes.

Table 1. Studies of polyacetylene compounds extracted from or contained in natural food and herbs
and their applications, doses, time and effect or pathway assessed.

Compound/Source Dose/Route Time Model Effect/Pathway Investigated Ref.

FaOH/carrot Orally 10 mg/kg 1 weeks Mice Activate Nrf2 pathway [5,92]

FaOH/P. quinquefolius 0.5–100 μM/mL 12 h Primary
Macrophages Induce DNA damage/apoptosis [8]

FaOH/P. quinquefolius Orally 0.01–1 mg/kg 2 weeks Mice Reduce inflammation/Induce apoptosis [8]

PAs/purple carrot 6.6 or 13.3 μg/mL 16 h RAW 264.7 cells Reduce secretion of the proinflammatory
cytokines (IL-6, IL-1β, TNF-α) [45]

FaDOH/P. quinquefolius 50 μM/mL 30–60 min Astrocytes cells Modulate NF-κB Pathway [64]

FaOH/S. divaricata Orally 0.1–1 mg/kg 1 weeks Mice Modulate NF-κB
pathway/proinflammatory [61]

FaOH/S. divaricata 1–10 μM/mL 3.5–24 h Microglia cells Reduce nitric oxide
secretion/NF-κB pathway [61]

FaOH, FaDOH/carrot Orally 0.16–35 μg/g feed 20 weeks Rats Reduce tumour growth in
colon/NF-κB pathway [46]

FaOH/H. moellendorffii 6.25–50 μg/mL 20 h RAW 264.7 cells Activate ROS/Nrf2/HO-1 signaling
pathway/Modulate NF-κB pathway [65]

FaOH/P. quinquefolius 0.5 μM/mL 6 h Macrophages
cell lines Activate Nrf2 pathway/NF-κB pathway [85]

Panaxydol/P. ginseng 50 μg/mL 6 h MCF-7 cells Induce ROS generation, induce
apoptosis/activate Nrf2 pathway [88]

FaOH, FaDOH/carrot 6.25–50 μM/mL 24 h Myotube cells Modulate ROS pathway [89]
FaDOH/N. incisum 2.5 μM/mL 24 h HEK293 cells Modulate Nrf2/ARE pathway [90]
FaDOH/O. horridus 10 μM/mL 8 h Colon cancer cells Modulate ER/UPR pathway [95]

Panaxydol/P. ginseng 20 μg/mL 2–4 h MCF-7 cells Modulate ER/EGFR
pathway/induce apoptosis [96]

FaDOH/carrot 5 μg/mL 24 h HT-29/hMSCs cells Modulate PPARγ pathway [97]

FaOH/O. horridus 0.3 μg/mL 48 h PANC-1 cells Inhibit human pancreatic cancer
cells/Induce apoptosis [98]

FaOH, FaDOH/carrot 25–100 μM/mL 24 h Leukaemia cells Induced apoptosis in leukaemia
cells/arrest of cell cycle [99]

FaOH/P. ginseng Orally 50–100 mg/kg mouse 8 weeks Mice Reduced lung tumorigenesis [103]
FaOH/P. ginseng 1 μM/mL - NSCLC cells Induce apoptosis [103]

FaOH, FaDOH/carrot Orally 7 μg/g feed 20 weeks Rats Alter gut microbiota,
Lactobacillus reuteri, Turicibacter [107]

FaOH/carrot 0.5–100 μM/mL 72 h CaCo-2 Cell Induce proliferation/apoptosis [110]
FaDOH IP injection/50–100 mg/kg 4 days Mice Activate Nrf2 pathway/NF-κB pathway [111]

FaOH, FaDOH,
FaDOH3Ac/carrot 20 μM/mL 105 min HEK293 cells Modulate ABCG2 pathway [112]

FaOH in purple carrot juice Orally approx. 18 mg in
500 mL 1 h Human Reduce secretion of the proinflammatory

cytokines IL-1α and IL-16 [114]

PAs in carrot powder Orally approx. 20 μg/g feed 12 weeks Mice Reduced tumours in intestine [116]
PAs in carrot powder Orally approx. 20 μg/g feed 10 weeks Mice Reduced tumours in intestine [115]

Panaxydol/P. ginseng IP injection/50–100 mg/kg 30 days Mice Reduced syngeneic and
xenogeneic tumours [96]

FaOH/carrot Orally 3.5 μg/g feed 18 weeks Rats Reduced tumours in colon [117]
FaOH+FaDOH/carrot Orally 7 + 7 μg/g feed 18 weeks Rats Reduced tumours in colon [118]
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Abstract: Mustard plants have been widely cultivated and used as spice, medicine and as source
of edible oils. Currently, the use of the seeds of the mustard species Sinapis alba (white mustard or
yellow mustard), Brassica juncea (brown mustard) and Brassica nigra (black mustard) in the food and
beverage industry is immensely growing due to their nutritional and functional properties. The
seeds serve as a source for a wide range of biologically active components including isothiocyanates
that are responsible for the specific flavor of mustard, and tend to reveal conflicting results regarding
possible health effects. Other potentially undesirable or toxic compounds, such as bisphenol F,
erucic acid or allergens, may also occur in the seeds and in mustard products intended for human
consumption. The aim of this article is to provide comprehensive information about potentially
harmful compounds in mustard seeds and to evaluate potential health risks as an increasing use of
mustard seeds is expected in the upcoming years.

Keywords: mustard; Sinapis alba; Brassica nigra; Brassica juncea; glucosinolates; isothiocyanates;
bisphenol F; erucic acid; allergy; toxicology

1. Introduction

Mustard has been known as one of the oldest condiments ever and has been con-
sidered as one of the most widely grown and multifunctional plant in the world for
thousands of years. The first known cultivars and use of mustard plants dating back to
3000 B.C. [1]. The following section gives a short overview about mustard plants, their
taxonomic classification and the economic relevance of mustard seeds.

Mustard plants belong to the commonly known mustard family Brassicaceae of the
order Brassicales (previously denoted as Capparales) including over 330 genera and over
3700 species that are distributed worldwide [2]. Notable characteristics of this family are
the four sepals in median position of the flowers followed by four alternating petals that
are arranged in a crossform referring to the old family name Cruciferae. The presence of
organosulphur compounds is also a unique characteristic of this plant family.

The most cultivated varieties within this family almost all belong to the six species
Brassica rapa, Brassica juncea, Brassica nigra, Brassica carinata, Brassica oleracea and Brassica
napus in which also two of three of the most important mustard species are included (B.
juncea and B. nigra). Based on cytogenetic and hybridization experiments of the Korean
botanist U Nagaharu (1935), a well-known model named “U’s triangle” have demonstrated
the genetic relationship among these different species. The triangle is based on the theory
that the genomes of three ancestral diploid species of Brassica combined to give rise to three
common tetraploid vegetables and oilseed crop species. Figure 1 illustrates the triangle and
shows the main forms B. rapa, B. nigra and B. oleracea with their own elementary genome A,
B and C. The three amphidiploid species B. juncea (AB), B. napus (AC) and B. carinata (BC)
are natural hybrids of the diploids. A genetic relationship exists also between B. nigra and
the genera Sinapis L. in which the species Sinapis alba, belonging to one of the important
mustard species, is included [1,3–5].
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Figure 1. Taxa, genomes, chromosome number (n) and genetic relationship among Brassica species
represented by U’s triangle. The most cultivated mustard species that are subject of this article are
framed in black.

Amongst the approximately 40 species of mustard plants in the Brassicaceae fam-
ily, three types, derived from the genera Sinapis and Brassica, are mainly commercially
cultivated throughout the world and used to make the mustard condiment.

The genus Sinapis L. contains several different types of mustard species, including
Sinapis alba (L.) (white mustard, syn. B. hirta Moench or B. alba Linn) or Sinapis arvensis
(charlock mustard). As mentioned above the cultivated form S. alba L. is phylogenetically
close to Brassica species and occasionally referred to as Brassica alba or B. hirta. The seeds of
S. alba are light straw yellow-colored and are slightly larger than the seeds of B. nigra and
juncea. White mustard), believed to be native to the Mediterranean region, is the most used
mustard species in Europe [1,6]. In warm regions, the mustard plant is primarily cultivated
for its seeds, as a spice and for its high oil content, whilst in cold regions it is grown as catch
crop, green fodder crop or as green manure. Varieties of mustard blends made from white
mustard are available on the market. For example the American ballpark-style mustard is
made from the white seeds, blended with vinegar and spices and usually coloured with
turmeric [7]. Characteristic of the white mustard seeds is the glucosinolate sinalbin, which
is enzymatically hydrolysed to 4-hydroxybenzyl isothiocyanate contributing significantly
to the irritating odour and the sharp flavour of the mustard. However, white mustard is
milder in taste than other mustard species. The seeds are often used for pickling gherkins
or mixed pickles or making sausages [7]. Several varieties of yellow mustard exist with
different qualities such as earlier maturing, nematode-resistance or altered content of
glucosinolates or erucic acid. According to the catalogue of varieties of agricultural plant
species more than 100 varieties of S. alba L. are listed [8].

Brassica nigra (L.) W.D.J. Koch (black mustard, syn.: S. nigra, B. sinapioides) is widely
cultivated for its blackish brown-red seeds which are slightly bitter and more pungent than
the seeds of the white (S. alba) or brown (B. juncea) mustard. Sinigrin is the major glucosi-
nolate in the seeds of black mustard and can be hydrolysed to allyl-isothiocyanate (AITC)
giving the characteristic of a pungent irritating odour [9]. Black mustard is commonly
used as spice, potherb and as source of oil, however in the Unites States (U.S.) and Europe
difficulties in harvesting reduce its popularity [7]. Likewise, the plant plays an important
role in traditional medicine since eternal times, either used internally or externally. Black
mustard oil is also utilized for production of soap and for medicinal remedies [10]. When
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black mustard seeds are grounded to meal and mixed with vinegar, a pungent condiment
occurs. Among the different mustard varieties, the traditional Dijon mustard originated
in the city of Dijon in France, is very popular and made from black or brown mustard
seeds blended with wine (vinegar) and/or verjuice and seasonings. If vinegar is added to
a ground mixture of seeds of black and white mustard a milder blend is produced (e.g.,
German mustard) [7].

Plants of Brassica juncea (L.) Czern. and Coss. (brown mustard, syn. B. integrifolia)
are grown worldwide, in North America and Europe mainly for the seeds to be used as
condiment, in the Indian subcontinent for oil production, and in Asiatic countries like
China and Japan the mustard plant is used as a root and leaf vegetable [1,6]. B. juncea
plants are shorter and have larger seeds than its relative B. nigra. B. juncea is more suitable
for its agricultural cultivation and mechanical harvesting than B. nigra due to its higher
growth and its pods, which are less prone to bursting. Therefore, brown mustard enables
less labour-intensive and cost-effective production and increasingly replaces cultivation of
black mustard [9]. B. juncea is a hybrid form derived from interspecific crosses between
B. nigra and B. rapa giving it the characteristics of rapid growth from B. rapa and the
mustard oil of B. nigra. Several subspecies of B. juncea exist with different morphologies
and characteristics. Besides the oilseed types, vegetable and root type forms are cultivated
for its edible leaves, inflorescences, stems and roots [1,11]. Due to its close relative to B.
napus (oilseed rape, canola) a canola variety known as Brassica juncea var. juncea canola
was developed from B. juncea resulting in low erucic acid and glucosinolate content and
comparable oil and meal quality as canola (rapeseed) species [12,13]. The most important
constituent in brown mustard is the natural glucosinolate sinigrin which on hydrolysis
yields up to 1.4% allyl-isothiocyanate, known as volatile oil responsible for the pungent
taste of brown mustard. B. juncea is also used as fodder and in traditional medicine, e.g., as
diuretic or stimulant [10].

The world’s largest producer of mustard seeds in the last years was Nepal, accounting
for more than 32% of the global production in 2019, followed by Russia with 25% and
Canada with 21%. In the recent past, the largest importers of mustard seeds across the
globe were the U.S. and Germany, followed by France, however the import values strongly
vary depending on the different mustard species intended to be market. In this case,
North America is the major market for yellow mustard used for the condiment industry,
whereas Europe is important for brown mustard for use as a condiment, often in the form
of specialty mustards. The Asia–Pacific region is the major market for brown mustard used
as spicy cooking oil and condiments [14]. According to data provided by FAOSTAT (Food
and Agriculture Organization of the United Nations), the countries UK (221 K tonnes),
Germany (202 K tonnes) and Italy (190 K tonnes) had the highest volumes of prepared
mustard consumption in 2019, together comprising 44% of total consumption [15]. In 2019,
the average consumption of mustard per capita in Germany was around 900 g [16]. So far,
the average daily consumption of mustard might be in the range from 1 to 2 g and it is very
common to consume around 10–20 g mustard (as condiment) during a meal.

Mustard plants, especially the seeds, are used as or in food in many different forms
and due to different functional properties. Processed foods are often mixed with natural
mustard seeds, such as in pickled gherkins or small white onions. Mustard is also used
as an ingredient in many ready-cooked dishes like crackers, appetizers, various flours
and dehydrated products for soups. Moreover, various spicy sauces, vinaigrettes and
mayonnaises often contain mustard condiment. Mustard may even be present in baby
food. The risk of contamination is high, e.g., in fast food restaurants or snack stands where
several products with mustard are handled [9,10].

To put it briefly, the seeds of mustard plants are characterized by various nutritional
and functional properties and the use in the food and beverage industry is constantly
growing. As mustard plants contain several bioactive compounds, the purpose of this
review is to present a comprehensive overview about potentially harmful substances in the
seeds from a toxicological perspective and to evaluate possible risks to human health.
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2. Biologically Active Compounds in Mustard Seeds

Long ago, mustard was considered as medicinal plant rather than as culinary one
pointing out the existence of biologically active compounds in the plants and their seeds.
In general, these so-called “bioactive compounds” are typically present in various natural-
based sources characterized by specific functionalities. In recent years, the research in-
terest in these phytochemicals increased exponentially in various commercial industries.
Moreover, scientific and (bio)technologic developments have led to immense nutritional
discoveries and product developments resulting in increasing numbers of food products
with potential medical and health benefits. Due to its broad use as nutraceutical or func-
tional constituents for several health purposes, biologically active compounds have entered
the market in many different forms (e.g., as food supplements), partially without reliable
scientific basis with respect to efficacy or safety [17,18].

The growing consumer interest towards different taste preferences and healthy eating
habits increases the use of mustard seeds and products made thereof. Due to its different
functional and technological properties, mustard is gradually utilized in a wide-range by
the food and beverage industry as well as in the cosmetic and pharmaceutical industry
Moreover, the use of mustard plants has gained increasing interest for several non-food uses.
For instance, seed meal of yellow mustard (S. alba) was shown to be efficient in controlling
weeds, and oriental mustard (B. juncea) seed meal has been used as a broad-spectrum
pesticide to control nematodes, insects, and fungi [19,20]. Current and future studies will
undoubtedly focus on the health benefits of mustard plants and seeds whereas information
on undesirable and antinutritional compounds in these products intended for human
consumption will tend to fade into the background. Therefore, this article underscores
and evaluates those compounds in mustard seeds potentially exerting undesired effects
in humans.

2.1. Glucosinolates

The unique properties of glucosinolates and their breakdown products isothiocyanates,
so called mustard oils, providing the typical flavour and (bitter) taste of mustard plants.
Especially their seeds have been known for hundreds of years [21]. Since then, up to
200 different glucosinolates have been reported, predominantly in the plant families of the
order Brassicales, but also in plants of the genus Drypetes [22,23].

Glucosinolates may be defined as amino acid-derived sulphur-containing glycosides
sharing a generic chemical structure consisting of thiohydroximates carrying an S-linked b-
glucopyranosyl moiety and an O-linked sulfate residue, and with a variable side chain (R).
Until now, more than 200 side-groups (alkyl, alkenyl, aryl, indolyl) have been identified.
Occasionally, further substituents are attached to O, S or N atoms of the side chain or
glucosyl moiety [22–24].

Glucosinolates can be divided into three chemical groups including aliphatic, indole
and aromatic glucosinolates depending on the amino acid precursor. Aliphatic glucosino-
lates are derived from alanine, leucine, isoleucine, valine and methionine. Indolic group
are derived from tryptophan and aromatic glucosinolates are derived from phenylalanine
and tyrosine, respectively. The majority of those are the aliphatic glucosinolates derived
from chain-elongated methionine [25–27].

Most of the hydrophilic glucosinolates are chemically and thermically stable. However,
they can be converted into diverse breakdown products by specific ß-thioglucosidases,
referred to as myrosinases, which are present in glucosinolate-producing plants but also in
fungi and in bacteria commonly associated with gut microflora [28,29] (Figure 2).
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Figure 2. Enzymatic processing of glucosinolates by myrosinase into hydrolysis products.

In that regard it is of interest, that significant amounts of metabolites of glucosinolates
(largely dithiocarbamates) were excreted via the urine of healthy human volunteers after
eating brassica vegetables, even when myrosinase has been completely heat-inactivated.
The excretion falls to negligible levels when the microbiota was disturbed, e.g., due to
antibiotic treatment [30]. Therefore, bacterial myrosinase activity can cause the breakdown
of glucosinolates in the distal gut, leading to release of several glucosinolate metabolites,
e.g., isothiocyanates into the faecal stream and/or the urine.

In intact plants, myrosinases are separated from its substrates, e.g., in different cells or
in different intracellular compartments. Damage of the plant tissue in case of preparing
or chewing results in enzyme release. In the presence of water myrosinase initiates upon
catalyzation by ascorbic acid hydrolytic cleavage of the β-glucosyl moity forming glucose,
hydrogen ion and an unstable aglycone (thiohydroxamate-O-sulfonate). It is of note, that
myrosinases are activated to various degrees by ascorbic acid, and in some instances
the enzyme is almost inactive in its absence [22]. After the non-enzymatically release
of the sulfate residue various volatile and non-volatile compounds derive, which exert
different biological activities such as plant defence against insects or phytopathogens, or as
attractants, and also give the specific flavour and pungency of mustard [31,32].

The hydrolysis products include isothiocyanates, previously known as “thiogluco-
sides” or “mustard oils”, thiocyanates, nitriles, epithionitriles, oxazolidine-2-thiones (5-
vinyl-2-oxazolidinethione and 5-vinyl-1,3 oxazolidine-2-thione), and indol derivatives
depending on the aglycone structure and reaction conditions (e.g., pH value, ferrous ion
concentration, specifier proteins) (Figure 2). Considering plant biology, these alternative
breakdown products provide an additional level of plant defence [33,34].

Under physiological conditions, isothiocyanates contribute to 60–90% of the total glu-
cosinolate breakdown products. After release of glucose, the thiohydroximate-O-sulfonate
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is formed, which can be spontaneously degraded by a Lossen-like rearrangement to the
relatively stable isothiocyanates.

Isothiocyanates are very reactive and toxic for microbes, nematodes, fungi and insects,
however many species of the Brassicaceae are able to promote alternative activation path-
ways by the action of specifier proteins. In the presence of these proteins, formation of
isothiocyanates is reduced in favour of alternative breakdown products [35].

For instance, the presence of nitrile specifier proteins (NSPs) leads to an increased
formation of nitriles [36,37], whereas, the occurrence and activity of the epithiospecifier
protein (ESP) leads to the generation of epithionitriles from alkenyl-glucosinolate aglycons
as well as nitriles from non-alkenyl-glucosinolate-aglycons. Moreover, it was shown that at
physiological pH, isothiocyanates are the major products, whereas nitriles are formed at
more acid pH [38].

Each type of Brassica vegetables including mustard plants show a characteristic
glucosinolate composition and most species contain a limited number of glucosinolates [22].
The amount and composition vary among the different plant organs such as roots, leaves,
stems and seeds, mainly with the highest concentrations often found in the reproductive
tissues (florets, flowers and seeds). Therefore, for quantification of glucosinolates and
their corresponding breakdown products, the seeds seem to be the best bulk source. The
glucosinolate profile also depends on various environmental and ecophysiological factors
such as plant nutrition, water availability, plant age and plant cycle [39].

Tables 1 and 2 give an overview of glucosinolates and their corresponding desulfated
breakdown products identified in the mainly cultivated mustard species S. alba, B. nigra, B.
juncea [22,24,29,40]. The mustard species S. alba, B. nigra and B. juncea show large ranges
between the highest and lowest levels of total glucosinolate content as well as different
content of predominant glucosinolates, rise up to 200 μmol/g seed.

Table 1. Distribution of glucosinolates among mustard plant species.

Mustard
Species Common Names

Glucosinolates Identified Systematic Name

Trivial Name (a-Glycone = R Side Chain)

S. alba white, yellow mustard

Gluconapin a 3-Butenyl
Progoitrin a 2R-2-Hydroxy-3-butenyl

Glucobrassicanapin a Pent-4-enyl

# (Gluco-)Sinalbin b 4-Hydroxybenzyl
Glucotropaeolin b Benzyl
Gluconasturtiin b 2-Phenylethyl

Glucoerucin c 4-Methylthiobutyl
Glucoibe(rve)rin c 3-Methylthiopropyl

Glucoiberin c 3-Methylsulphinylpropyl

2-Methylpropyl Isobutyl d

Glucobrassicin e 3-Indolylmethyl
Neoglucobrassicin e N-Methoxy-3-indolylmethyl

B. nigra wlack, shortpod mustard, moutarde noire # (Gluco-)Sinigrin a 2-Propenyl

B. juncea brown, indian, asiatic, chinese, sarepta
mustard

# (Gluco-)Sinigrin a 2-Propenyl
# Gluconapin a 3-Butenyl

Progoitrin a 2R-2-Hydroxy-3-butenyl
Epiprogoitrin a 2S-2-Hydroxy-3-butenyl

Glucosinalbin b 4-Hydroxybenzyl

# predominant glucosinolates in mustard seeds; a aliphatic olefin, b aromatic aryl, c S-containing, d aliphatic branched chain, e aromatic
indol.

302



Foods 2021, 10, 2089

Table 2. Glucosinolate content in mustard species.

Mustard
Species

Total Content of Glucosinolates Content of Predominant Glucosinolates Reference

S. alba

Sinalbin (seed): 250 μmol/g sinalbin [23]

Sinalbin (seed): 165 ± 3 μmol/g
Sinigrin (seed): 155 ± 4 μmol/g [41]

Seed: 45.4–61.9 g/kg FW
Sinalbin (seed): 16.6–46.2 g/kg FW
Progoitrin (seed): 0.8–1.3 g/kg FW

Glucoibervirin/Glucobrassicin/4-hydroxglucobrassicin (seed): <0.2 g/kg FW
[42]

B. nigra

Seed: 207.2–229.0 μmol/g FW Sinigrin (seed): 202–226.7 μmol/g FW [43]

Seed: 26–62.4 g/kg FW
Sinigrin (seed): 24.5–61.2 g/kg FW

Gluconapin/Progoitrin/Glucoibervirin (seed): <0.3 g/kg FW
Sinalbin/4-hydroxglucobrassicin (seed): <0.9 g/kg FW

[42]

B. juncea

Intact seed: 15.7–127.6 μmol/g DW
Leaf: 4.3–129.9 μmol/g DW

Gluconapin:
(leaf): 0.6–70.1 μmol/g DW

(seed): 2.3–90.8 μmol/g
Sinalbin

(leaf): 0.1–64.9 μmol/g DW
(seed): 0.2–35.2 μmol/g

Epiprogoitrin (leaf): 0.7–16.4 μmol/g DW

[44]

Seed: 94.4–169.2 μmol/g FW Sinigrin (seed): 43.79–145.5 μmol/g FW
Gluconapin (seed): 0–110.58 μmol/g FW [43]

Seed: 68–153μmol/g FW Sinigrin (seed): 0–134.2 μmol/g FW
Gluconapin: 68–153 μmol/g FW [45]

Defatted seed meal: 58.83–132.26 μmol/g [46]

Oil free seed meal: 123.8–152.1 μmol/g [47]

Sinigrin (seed): 155 ± 4 μmol/g [41]

Seed: 18.1–61.8 g/kg FW

Sinigrin (seed): 16.6–46.2 g/kg FW
Gluconapin/Progoitrin/Glucoibervirin/Glucoerucin/

Sinalbin/Gluconasturiin (seed): <1 g/kg FW
4-hydroxyglucobrassicin (seed): 0.6–1.6 g/kg FW

[42]

DW dry weight, FW fresh weight.

Sinalbin and sinigrin whose chemical structure was elucidated by Ettlinger and Lun-
deen [48,49] belong to the main glucosinolates in mustard seeds. In brown mustard (B.
juncea) and black mustard (B. nigra) seeds sinigrin is the predominant compound degrading
to allyl-isothiocyanate (AITC) after hydrolysis, whereas, the main glucosinolate of white
mustard (S. alba) is sinalbin yielding 4-hydroxybenzyl isothiocyanate (29) (Figure 3).

The concentration of glucosinolates and their breakdown products in mustard plants,
especially in the seeds, is largely dependent on the activity of myrosinase or related bacterial
enzymes or further chemical transformation prior to consumption [26].

In case of mustard as food one has to distinguish between the intake of whole not-
processed seeds as seasoning in several dishes, and processed seeds, for example as mustard
flour made from ground, peeled and non-degreased seeds or as oil made by pressing the
seeds. Prepared mustard is mostly composed of a mixture of ground mustard seed and/or
mustard flour and/or mustard cake [9,10].

In general, glucosinolates are relatively stable in the seeds until cell damage results in
chemical degradation involving myrosinase-catalysed hydrolysis. Thermal treatment leads
to inactivation of myrosinase via denaturation [50] and preserve most of the glucosinolates.
Van Eylen et al. showed that the optimum temperature of myrosinase activity of mustard
seeds from S. alba was at 60 ◦C, however the activity decreased when the temperature of
the experimental system was higher and was influenced by several other factors such as
pH or presence of ascorbic acid [51].

303



Foods 2021, 10, 2089

Figure 3. Main glucosinolates and corresponding hydrolysis products in brown (B. juncea), black (B.
nigra) and white (S. alba) mustard seeds.

This occurs for example when whole mustard seeds are added as spice to dishes which
are cooked, like soups or stews. In this case, intact glucosinolates might reach the colon,
however a certain amount of the glucosinolates seem to be hydrolysed in the stomach
or can be absorbed via passive transport or via diffusion in the small intestine. In the
colon, several bacteria strains are able to hydrolyse glucosinolates to form isothiocyanates,
amines or nitriles depending on the type of bacterial myrosinase-like activity. Usually,
cooking reduces the concentration of glucosinolates, partly through thermal breakdown
and partly to leaching of the intact glucosinolates and their derivatives into the cooking
liquid. Besides, heat treatment inhibits the activity of myrosinase through denaturation
of the enzyme [52,53]. Therefore, the processing method can make a very large difference,
both to the intake of glucosinolates, and to the bioavailability of their breakdown products.

The pattern of intact glucosinolates and breakdown products upon heat treatment is
influenced by the thermal stability of the corresponding molecules. For instance, indol
glucosinolates—one of the best-known representatives is progoitrin—seem to be less stable
than aliphatic ones such as sinigrin, which is the predominant glucosinolate in black and brown
mustard seeds. However, sinigrin totally disappears upon boiling, while 5-vinyloxazolidine-2-
thione (derived from progoitrin) and 3-methyl-sulphinylpropylisothiocyanate (derived from
glucoiberin) may partly escape decomposition [54].

Comparison between different mustard seed preparations showed that the seed alone
had higher sinigrin and lower content of the breakdown product isothiocyanate compared
to mustard preparations, whereas the wholegrain-style mustard contained lower sinigrin
and higher isothiocyanate levels. This suggests that during mustard preparation, the
enzyme myrosinase can break down sinigrin in the presence of high salinity and acidity
from added ingredients, such as salt or vinegar [55]. Isothiocyanates are volatile and
water-soluble. It can be expected that they largely disappear after processing steps using
high temperatures and soaking in water, but those processes are commonly not included
during mustard preparation.

Interestingly, in a thesis, it was shown that beside allyl-isothiocyanate derived from
sinigrin, sulforaphane derived from glucoraphanin also corresponds to the most abun-
dant breakdown product detected in different samples of table mustard. In this case,

304



Foods 2021, 10, 2089

concentration of allyl-isothiocyanates ranged from 4 to above 200 mg/100 g fresh weight
whereas sulforaphane ranges from 24 to above 188 mg/kg. These unexpected results of
sulforaphane quantification may be explained by the fact that table mustard is a mixture
and probably also contain glucoraphanin-containing ingredients [56].

Consumption of mustard seeds, either whole or after preparation, may lead to the
intake of intact glucosinolates as well as their different breakdown products. One has to
note, that the pungent taste of different prepared mustard samples strongly depends on
levels of allyl-isothiocyanates [57]. The dietary intake of glucosinolates in general have been
reported ranging from 2 to 29 mg/day depending on population groups and countries [58].
However, dietary intake of glucosinolates through the consumption of mustard as well as
exposure data on different types of glucosinolates, especially of sinigrin and sinalbin, and
their corresponding breakdown products such as allyl-isothiocyanates, are not available.

2.1.1. Toxicological and Antinutritional Effects

Many plants of the Brassicaceae family containing glucosinolates are used for human
and animal nutrition. Glucosinolates themselves are biologically inactive, however various
breakdown products exert a variety of toxicological and antinutritional effects in animals
whereas the information on adverse effects in humans is limited.

Numerous studies confirm the negative effects that occur in animals after feeding of
glucosinolate-containing rapeseed cake (de-oiled seeds). After oil extraction from oilseed
crops, such as rapeseed (B. napus) or white mustard (S. alba), the hydrophilic glucosinolates
remain in the seed meal fraction (by-product) used in animal diets [25]. The presence of
the glucosinolates sinigrin and progoitrin in the diet is strongly associated with bitter taste
and is responsible for reduced palatability corresponding to a lower intake of glucosinolate
containing animal diets [26,59].

Although progoitrin is a non-bitter glucosinolate, it produces more profound bitter
taste compared to sinigrin due its degradation to the extremely bitter compound goitrin by
myrosinase or by heat treatment [60]. In Annex I of Directive 2002/32/EC, vinyl thioox-
azolidone (5-vinyloxazolidine-2-thione (5-VOT), known as goitrin) and volatile mustard
oil expressed as allyl-isothiocyanate are listed as undesirable substances with maximal
amounts for animal feed. Humans are also sensitive to the strong flavours of glucosino-
late breakdown products, and these compounds are therefore important determinants of
intentionally or unintentionally flavour [61].

The main toxic effects in animals can be described as decreased feed intake, growth
depression, enlargement of liver and kidneys, structural and functional alteration of the
thyroid gland, and reprotoxic effects such as embryo mortality in mammals and reduced
egg production in birds, amongst which the adverse effects on thyroid metabolism are
the most thoroughly studied. Even though the extent of the detrimental effects both on
productivity and on health vary within the animal species and the amount of glucosinolates,
it is suggested that the formation of isothiocyanates, thiocyanates, oxazolidinethiones and
nitriles from glucosinolates strongly contribute to the observed toxicological effects [62,63].

2.1.2. Goitrogenic Effects

The reduction of the livestock feeding quality of seed meal following oil extraction is
largely due to the presence of thiocyanate ion (SCN-), isothiocyanates and oxazolidine-2-
thiones, which all have been shown to be goitrogenic [64].

At neutral pH, myrosinase-initiated hydrolysis of glucosinolates mainly yield isothio-
cyanates which are relatively stable in aqueous solutions. In comparison and especially
at higher pH, isothiocyanates from glucobrassicin and neoglucobrassicin, which belong
to indolylglucosinolates, as well as sinalbin may degrade to free thiocyanate ion and fur-
ther metabolites [65]. McGregor et al. reported in oil-free seed meal from four cultivars
of B. juncea thiocyanate ion concentration of 5.4 to 6.9 μmol/g whereas the amount of
volatile isothiocyanates correspond to 116.9 to 145.9 μmol/g [47]. Mustard seeds of S.
alba contain the glucosinolate sinalbin, which under physiological condition (pH 5–7) is
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decomposed mainly to 4-hydroxybenzylalcohol and thiocyanate ion. Under acidic con-
ditions other degradation compounds were identified, such as 4-hydroxybenzyl cyanide
or 4-hydroxybenzylnitrile (2-(4-hydroxyphenyl)acetonitrile) [66]. Paunovic et al. inves-
tigated sinalbin degradation products in ground yellow mustard seeds and paste. They
identified 2-(4-hydroxyphenyl)acetonitrile as the major degradation product in ground
seeds, whereas the most abundant sinalbin degradation product in mustard paste was
4-(hydroxymethyl)phenol. Other degradation compounds identified were 4-methyl phenol,
4-ethyl phenol, 4-(2-hydroxyethyl)phenol and 2-(4-hydroxyphenyl) ethanoic acid [67].

The thiocyanate ion formed by degradation of glucosinolates is known to be a compet-
itive inhibitor of the sodium/iodide (NIS) symporter located on the basolateral membrane
of the thyroid follicular cell. Consequently, the iodide uptake by the thyroid gland is
impaired which can lead to reduced synthesis of thyroid hormones [68]. The effect is only
evident in iodine-deficient diets and increased iodine intake can prevent the adverse effects.

This is not the case for goitrin. Isothiocyanates that are derived from progoitrin (2-
hydroxy-3-butenyl glucosinolate) cyclize to produce 5-vinyloxazolidine-2-thione, known
as goitrin. Goitrin is a potent inhibitor of the thyroid peroxidase, which plays a central
role in the thyroid hormone biosynthesis by regulating organification, iodination and
coupling reactions to form thyroid hormones (T3 and T4) in the thyroid gland. This leads to
suppressed thyroxine secretion and reduced serum tetraiodothyronine (T4) concentration
and can result in a compensatory increase in thyroid glandular mass (known as goiter-
hyperplasia and hypertrophy). This has been shown in several animal species. Adverse
effects in animals were observed with different concentrations of progoitrin/goitrin in the
diet, ranging from 71 to 755 μmol/100 g depending on species investigated. In general,
ruminants seem to be less sensitive to dietary glucosinolates, unlike pigs, which are severely
affected by dietary glucosinolates compared to rabbit, poultry, and fish [63,69].

Besides isothiocyanates, nitriles have been reported to exert goitrogenic effects [70]
however only sparse descriptions exist about the mode of action of nitriles on the thyroid
gland. More reliable data report adverse effects on liver and kidney functions of this
substance class [62]. The formation of nitriles from glucosinolates is favoured under acid
conditions or in the presence of Fe(II) ions, whereas epithiospecific protein (ESP) promotes
the formation of epithionitriles.

It was shown that nitriles were the dominant glucosinolate products from hydrolysis
of aliphatic glucosinolates in cabbage presumably due to the effect of endogenous Fe(II)
ions [71]. However, limited data exist regarding the amount or formation of nitriles
consuming mustard seeds. Cole et al. showed negligible concentrations of nitriles in seeds
of B. juncea or B. nigra [72] and Choi et al. detected only very small amounts of organic
nitriles in serum of rats treated with sinigrin, the predominant glucosinolate in mustard
seeds [73].

In principle, exposure of isothiocyanates and goitrin derived from glucosinolates,
predominantly sinigrin and gluconapin occurring in mustard seeds, might also be capable
of inducing goitrogenic effects in humans. However, no reliable studies exist regarding
exposure of goitrogens due to the consumption of mustard and mustard products and
higher risk of goiter or related pathologies.

Studies in human volunteers indicate that exposure of goitrogens (e.g., progoitrin)
through the intake of realistic amounts of Brassica vegetables does not alter thyroid function.
However, if consumed in considerable quantities it may contribute to development of
goiter [74,75].

The absence of epidemiological evidence regarding goitrogenic effects after consump-
tion of Brassica vegetables containing high amount of these toxic compounds, such as
goitrin from Brussels sprouts, is partly due to the fact that cooking inactivates myrosinase
responsible for activation of progoitrin to goitrin, thus reduces the biological availability of
goitrogenic breakdown products to sub-clinical levels.

It needs to be emphasized, that mustard seeds or mustard condiment are generally not
heat-treated and damage of the seeds might form high amounts of goitrogens whose expo-
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sition should still be considered and monitored, especially in iodine-deficient population
groups or in subjects where thyroid hormone production is already impaired. Additionally,
even if myrosinase activity is diminished, the ability of intestinal microorganisms to readily
convert inactive precursors, such as progoitrin, into goitrogenic compounds, should also
be considered.

2.1.3. Genotoxic and Carcinogenic Effects

Certain glucosinolate breakdown products have been under observation as possible
human carcinogens. Several of these compounds are electrophilically reactive, for example,
due to the highly electrophilic central carbon in the isothiocyanate group (-N=C=S), and
possibly undergo addition as well as substitution reactions with nucleophiles.

In the past, several isothiocyanates from Brassica vegetables including broccoli tested
as freshly prepared juice were investigated using in vitro models and partially demon-
strated dose-dependent genotoxic effects in bacterial and mammalian cells [76–80].

Musk et al. observed significant clastogenic activity (chromosome aberration and sis-
ter chromatid exchanges) in in vitro cell lines for phenyl isothiocyanate (PITC), phenethyl
isothiocyanate (PEITC) and benzyl isothiocyanate (BITC), which is one of the major break-
down products of the glucosinolate sinalbin contained in white (S. alba) mustard seeds. No
mutagenic effects were observed for allyl-isothiocyanate (AITC), known as the predomi-
nant hydrolysis product of sinigrin and the major flavour constituent of brown (B. juncea)
and black mustard (B. nigra) seeds [81,82].

With regard to AITC, the EFSA Panel on Food Additives and Nutrient Sources added
to Food (ANS) summarized in its scientific opinion on the safety of AITC used as a food
preservative genotoxicity tests in in vitro and in vivo studies (summary of the studies
in [83]). Positive as well as negative results have been observed in genotoxicity tests with
AITC in bacterial and mammalian cells in vitro when no metabolic activation occurred.
Mutagenic effects mostly occurred when cytotoxic concentrations of AITC were used. In
the presence of metabolic activation, the results were generally negative, even in modified
Ames tests with extended preincubation time suggesting that cytochrome P450 isoenzymes
seem to be able to reduce markedly the occurrence of mutagenic derivatives. According
to the EFSA Panel, reactive oxygen species might be involved in the genotoxic effects of
AITC in vitro. On the other hand, no convincing evidence on genotoxicity was shown in
in vivo studies performed on different genetic endpoints. Therefore, the Panel did not raise
concern regarding genotoxic effects of AITC [83].

Moreover, AITC administered via gavage was not carcinogenic for B6C3F1 mice of
either sex, however an increased incidence of transitional cell papillomas of the urinary
bladder of F344/N male rats was reported [84]. Possible explanations for the carcino-
genic effects of AITC at repeated high doses in male rats consider the accumulation of
the corresponding mercapturic acid conjugate of AITC. The AITC conjugate N-acetyl-
S-(N-allylthiocarbamoyl)-L-cysteine is the major urinary metabolite in humans and rats
whereby in rats the AITC clearance is slower compared to humans. High concentrations
of the N-acetyl-cysteine conjugate in the bladder might therefore be a direct irritant on
the bladder epithelium or dissociate into free AITC likewise act as irritating substance
resulting in regenerative hyperplasia and subsequent benign papillomas. Considering
that no genotoxicity in vivo was observed, a threshold mechanism (high-dose response) of
AITC underlying these effects in the urinary bladder was assumed [83].

Several aliphatic, aromatic and indole glucosinolates were also tested by Baasanjav-
Geber et al. for their mutagenic potential using Ames test and two different S. typhimurium
strains. Mutagenicity was observed only when myrosinase was added to the test com-
pounds demonstrating the predominant role of the glucosinolate breakdown products
with respect to the mutagenic potency. The indole glucosinolate neoglucobrassicin, mainly
occurring in broccoli and kale, had the highest increases in the number of revertants in
both strains. Sinalbin, which is the main glucosinolate in white mustard (S. alba) seeds
and hydrolysed to 4-benzyl isothiocyanate (BITC), likewise had a high number of rever-
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tants. However, the mutagenic potency of sinalbin was much lower and similar to other
glucosinolates tested [85].

In summary, high concentrations of several glucosinolates, especially indolic glucosi-
nolates and their degradation products, isothiocyanates have been shown to be mutagenic
in vitro and the results might give some cause for concern. However, clear genotoxic
or carcinogenic effects in humans have not been reported [86,87]. In this context, it has
to be emphasized that under in vivo test conditions isothiocyanates may be efficiently
detoxified [26,76,78].

2.1.4. Evaluation of Toxicological Effects

The characteristic hot and pungent flavour of mustard is based predominantly on
isothiocyanates produced from the parent compounds sinigrin and sinalbin, though various
types of other glucosinolate-derived products, such as goitrin, may also occur but in much
smaller quantities. The described toxic and antinutritional effects of these biologically
active breakdown products seem predominantly occur in animal species rather than in
humans and with the administration of high doses.

In 2008, EFSA considered the Joint FAO/WHO Expert Committee on Food Addi-
tives (JECFA) evaluations of miscellaneous nitrogen-containing substances including allyl-
isothiocyanate and benzyl-isothiocyanate. The panel agreed, based on a Maximised Survey-
derived Daily Intake (MSDI) approach, with the JECFA conclusion that “No safety concern
at estimated levels of intake as flavouring substances” is made, which also applied to
allyl-isothiocyanate and benzyl-isothiocyanate, and that “the available data on genotoxicity
and carcinogenicity do not preclude the evaluation of the flavouring substances through
the Procedure” [88,89].

Except for AITC [83], no comprehensive toxicological evaluation and derivation of
health-based guidance values of glucosinolates or their degradation products predomi-
nantly occurring in mustard seeds have been identified. In its opinion dealing with the
safety of AITC for the proposed use as food additive, EFSA established an acceptable
daily intake (ADI) of 20 μg/kg body weight. AITC concentrations in mustard seeds and
products vary widely depending on mustard species and process conditions [10,57,83,90].
Assuming an average mustard consumption of 1 g/day containing 1000 mg AITC per kg
mustard product, the intake of AITC would be 1 mg per day and would not exceed the ADI
of 1.4 mg for an adult weighing 70 kg. However, if the body weight is lower or the AITC
concentration is higher, up to 15,000 mg/kg mustard, as it is documented by EFSA [83],
would result in exceedance of the ADI, e.g., for children or adolescents.

Numerous factors, such as the activity of myrosinase and specifier proteins as well as
processing conditions (temperature, pH, acidic environment) may influence the conversion
rate of glucosinolates to isothiocyanates and the formation of more or less, partially not yet
known, toxic derivatives.

Early experimental data have indicated that isothiocyanates might be mutagenic and
genotoxic in various assays, however evidence of carcinogenicity in experimental animals
is inconclusive and human studies are limited. On the opposite, research has recently
focused on the anti-carcinogenic properties of constituents of Brassica vegetables, especially
of isothiocyanates. Anti-carcinogenic effects have been attributed to the inhibition of
cytochrome P450 enzymes, and a concomitant induction of phase II detoxifying enzymes,
thereby preventing the activation of pro-carcinogens and improving their conjugation and
elimination [91–93].

Therefore, it is not surprising that glucosinolates and their hydrolysis products are
already on the market as ingredients in dietary supplements and concentrated herbal prepa-
rations. However, most evidence concerning anti-carcinogenic effects and the mechanism
of action has come from in vitro or animal studies.

Despite the huge number of epidemiological studies reporting on decreased cancer
risk in humans along with a higher intake of Brassica vegetables, an increasing (therapeutic)
use of high-dose, partially isolated glucosinolates (isothiocyanates) should be questioned
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when clear dose–effect relationships are not clinically proven and the tissue bioavailability
is largely unknown. It is certainly possible that some glucosinolates have properties that
are both carcinogenic and chemopreventive [94].

Furthermore, it has to be noticed that volatile mustard oils including AITC and goitrin
are listed as undesirable substances in animal feed [61]. Pointing out the harmfulness of
these compounds and the need of monitoring including exposure assessments when used
by humans in concentrated forms is necessary because human studies focusing on adverse
effects are still scarce. However, the intake of biologically active glucosinolate breakdown
products from mustard seeds is comparatively low and could be considered to be tolerated
when for example the ADI established for allyl isothiocyanates from whatever source is
not exceeded.

2.2. Bisphenol F

Bisphenol F is an aromatic compound related to bisphenol A through its basic structure
containing two phenol groups. The two aromatic rings of bisphenol F are linked through
methylene. Generally, bisphenol F comprises several isomers such as 2,2′-, 2,4′- and
4,4′-dihydroxydiphenylmethane. Recently, bisphenol F was detected in several mustard
products containing seeds of white mustard (S. alba) as well as in various plants of the
orchid family (Orchidaceae) (Coeloglossum viride var. bracteatum (rhizome), Galeola faberi
(rhizome), Gastrodia elata (rhizome), Tropidia curculioides (root)) and in the seeds of Xanthium
strumarium, which are partly used as herbal remedies [95] (Table 3).

Table 3. Occurrence of bisphenol F in foods related to mustard.

Food Items Bisphenol F Content (in mg/kg) Reference

Condiments 2.4 [96]

Commercial table mustard (n = 61) mean 1.84 (max 8.4)
[97,98]thereof mild mustards (n = 19) mean 3.2

Commercial table mustard

[99]

Medium hot mustard (n = 39) <5 (n = 37); >9 (n = 2)
Sweet mustard (n = 7) <3
Hot mustard (n = 10) <3

Quince mustard (n = 1) <1
Self-made mustard products

Mustard flour n.d.
Table mustard from B. nigra n.d.
Table mustard from B. juncea n.d.

Table mustard from S. alba 0.18–0.94

Mustard dressing 1.13 [100]
n.d. not detected.

Bisphenol F is structurally similar to bisphenol A and belongs to one of the main
substitutes replacing bisphenol A in the production of epoxy resins and polycarbonates
used in the manufacture of adhesives, plastics, coatings and other applications [101]. Thus,
the occurrence of bisphenol F is constantly increasing in products leading to consumer
exposure from a broad number of sources.

In contrast to bisphenol A, bisphenol F in mustard and other plant species is not
derived from synthetic materials, packaging or other sources of contamination, but is most
likely formed as a breakdown product of glucosinolates [97].

Evaluation of Possible Health Risks

The occurrence of bisphenol F in mustard products is obviously due to the formation
from a natural ingredient in the seeds during mustard production. Zoller et al. excludes
the origin of bisphenol F from contamination through epoxy resin or other sources like
food packaging. In support of this, the 4,4′-isomer was nearly exclusively detected in the
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samples. A contamination with bisphenol F would most likely lead to the occurrence of all
isomers which are commercially used as a mixture of the three isomers, respectively [97].

It was observed that the highest levels of bisphenol F were detected in mild mustard
samples compared to spicy ones. Additionally, bisphenol F was detected in mustard
produced from seeds of S. alba but not from B. juncea or B. nigra or in mustard flour [97,99].
Therefore, based on differences in composition of the mustard species it is considered that
bisphenol F is formed from the glucosinolate glucosinalbin, because it is predominantly
found in the seeds of white mustard (S. alba) but not in B. juncea or B. nigra. This possibly
can also explain the higher levels of bisphenol F in mild mustard types mainly contain S.
alba which is milder in taste than other mustard species.

Recent findings from Zoller et al. verified the myrosinase-catalysed formation of 4-
hydroxybenzyl isothiocyanate from 4-hydroxy benzyl glucosinolate (sinalbin). In the pres-
ence of water, the isothiocyanate is hydrolysed to the intermediate 4-hydroxybenzylalcohol.
Subsequently, formation of a carbocation from the isothiocyanate by release of thiocyanate
or from the 4-hydroxybenzyl alcohol by protonation and release of water is suggested. A
further 4-hydroxybenzyl alcohol molecule could result in dimerization and formation of the
4,4′-isomer of bisphenol F [97]. Additionally, it was pointed out that 4,4′-bisphenol F could
also be formed from 4-hydroxybenzylalcohol in the stomach due to its acidic conditions as
it was also shown for other glucosinolate breakdown products [102].

After absorption bisphenol F is distributed throughout the body, also including the
reproductive organs and the foetus by crossing the placental barrier. As glucuronide or
sulfate conjugate, bisphenol F is rapidly excreted mainly via urine and to a lesser extent in
faeces, however residues of bisphenol F were still detectable in tissues 96 h after a single
dose was administered to rats [103].

So far, no comprehensive evaluation of possible health risks due to the exposure
of bisphenol F in humans is available. Subchronic and chronic toxicity studies as well
as studies on reproductive and developmental toxicity are still lacking. However, the
structural similarity of bisphenol F to bisphenol A suggests comparable biological (adverse)
effects and the potential to disrupt the human endocrine system [104–108].

In contrast to bisphenol A [104], no health-based guidance values for bisphenol F or
legal regulations for foodstuff exist. However, some authorities evaluated the possible
health risks to consumers from the natural occurrence of bisphenol F in mustard prod-
ucts. The Swiss authority FSVO (Federal Food Safety and Veterinary Office) carried out
a risk assessment and evaluated the ratio between the lowest observed adverse effect
level (LOAEL) and the dietary intake of bisphenol F from mustard products. In a very
rudimentary approach, it was concluded that a daily intake of 0.67 mg of bisphenol F
may be tolerable for a person of 60 kg body weight corresponding to a tolerable daily
intake of 11 μg/kg body weight/day. The calculation was based on a LOAEL (Lowest
Observed Adverse Effect Level) of 20 mg/kg body weight/day which was the lowest
dose tested in a repeated 28-day toxicity study in rats leading to reduced body weight and
several changes of blood parameters. Including several extrapolation factors (from LOAEL
to NOAEL (No Observed Adverse Effect Level); from subacute to chronic toxicity) and
an uncertainty factor of 100, it was assumed that consumption of 80 g mustard with the
highest detected level of bisphenol F (8.4 mg/kg) would pass the margin of safety of 1800
which was postulated by the authority [98].

The German Federal Institute for Risk Assessment (BfR) used for its assessment the
tolerable daily intake (TDI) of bisphenol A of 4 μg/kg body weight/day which was estab-
lished by the European Food Safety Authority (EFSA) in 2015 [104] and is currently being
re-evaluated [109]. The German authority concluded that even in the case of consuming
high amount of mustard (4 g/day) with a maximum bisphenol F content of 6 mg/kg, the
daily mean intake of bisphenol F would not exceed the assumed TDI of 4 μg/kg body
weight/day. In the case of “normal consumers”, the estimated intake quantity is 100 times
lower [110]. Therefore, adverse health effects due to the intake of bisphenol F from mus-
tard are not to be expected, although further toxicological studies are needed for a final
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evaluation. It should be underlined that bisphenol A substitutes appear to have similar
metabolism, potencies and action and may pose similar potential health risks as bisphenol
A. Thus, consumption of mustard may be an important source of bisphenol F and continues
monitoring of this compound and its relevant sources, either natural or technical-induced,
and thorough investigations on its health effects in humans remain important [100,111,112].

2.3. Erucic Acid

Mustard seeds are regarded as an important source of edible oil, which are used due to
its nutty and pungent flavour and its high smoke point (250 ◦C), especially in Eastern and
North-Western India [113]. Oil from Brassica plants differ from other vegetable oils mainly
due to their significant proportion of long-chain monoenoic fatty acids, eicosenoic and
erucic acids. Wendlinger et al. detected up to 19 fatty acids in mustard oils, of which oleic
acid (18:1n-9), linoleic acid (18:2n-6), alpha-linolenic acid (18:3n-3), eicosanoic acid (20:1n-9)
and erucic acid (22:1n-9) belong to the major ones [114]. Erucic acid is a typical example of
a very-long chain mono-unsaturated fatty acid (VLCMFA) with 22 carbon atoms and one
double bond between C13 and C14, also referred to as docosenoic acid (C22:1). Further, it
belongs to the predominant fatty acid in seed oils from the three commercial cultivated
mustard species B. nigra, B. juncea and S. alba containing levels over 30% erucic acid of total
fatty acids (Table 4).

Table 4. Erucic acid concentration in mustard products.

Type Origin
Amount of Erucic Acid

(of Total FA)
Reference

Mustard seed B. juncea mustard
(54 varieties) India 35.7–51.4% [113]

B. juncea varieties Bangladesh 43.7–48.6% [115]

B. juncea (51 collections)

India

22.5–53.4%

[116]B. nigra (3 collections) 35.9–40.1%

S. alba (4 collections) 39.1–47.2%

B. nigra (n = 5)

Germany 20–40% [117]B. juncea (n = 5)

S. alba (n = 5)

B. juncea (n = 12)
India

39.4–51.8%
[46]

B. juncea (n = 3) 0.9–1.6%

B. nigra (n = 5)
Egypt

33.3–45/32–42.9 %a

[118]
B. juncea (n = 5) 21.9–40/24.2–42.7 %a

Mustard seed oil
Mustard oil (n = 3) Australia 43.8–45.8%

[114]
Mustard oil (n = 6) Germany 0.3–50.8%

S. alba mustard oil
Egypt

37.90%
[90]

B. juncea mustard oil 23.90%

Mustard oil

India [119]Variety 1 (n = 3) 0.9–4.7%

Variety 2 (n = 2) 14.7–34.1%

Mustard oil
Bangladesh

41.80%
[120]

Mustard oil (Erucic free) 20.10%

Mustard oil (n = 59) India 48.5–54.02% [121]

Mustard oil Turkey 11.40% [122]

Mustard oil Malaysia 18.50% [123]
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Table 4. Cont.

Type Origin
Amount of Erucic Acid

(of Total FA)
Reference

S. alba mustard oil

Poland [124]Cultivar 1 22.20%

Cultivar 2 (Erucic free) 3.80%

Other mustard
products

Mustard samples (n = 15)
Germany

14–33%
[114]

Mustard sauces (n = 5) <5%

Mustard condiment
Germany

1.6 g/100 g condiment b

[125]
Mustard seeds 11.5 g/100 g seeds c

Mustard sauces

Malaysia

33.10%

[123]Mustard sauces 32.20%

Mustard powder 25.50%
a 2 crop years, b total fat content 4%, c total fat content 28.8%.

The fatty acid profile and erucic acid content of mustard seeds depend on several
factors such as breeding techniques, total oil content, climatic conditions as well as morpho-
logical and physiological determinants [116]. Recently, breeding programs has successfully
produced canola quality (low, zero erucic acid content) of B. juncea and low erucic acid
content genotypes are cultivated in few countries [126]. Nevertheless, mustard seeds and
mustard oils are one of the food products with the highest erucic acid content that can be
found on the market. Based on the low consumption rate of mustard oil in the European
Union, mustard seeds and mustard condiment or table mustard remain here the major
sources regarding erucic acid intake [127].

2.3.1. Toxicological Effects

Like other long-chain fatty acids, erucic acid is transported to the tissues either bound
to serum albumin or in esterified form incorporated in lipoproteins. The heart and skeletal
muscles primarily utilize fatty acids as energy-providing substrates mainly through mi-
tochondrial ß-oxidation. However, the capacity for mitochondrial ß-oxidation is reduced
for long chain fatty acids (>18 carbon atoms). In this case, erucic acid is likewise sparsely
oxidised by the mitochondrial β–oxidation system, probably due to the poor utilization of
erucoyl-CoA as substrate by the mitochondrial acyl-CoA dehydrogenase. Furthermore,
erucic acid also appears to inhibit the overall rate of fatty acid oxidation, by the mito-
chondria. It is worth noting, that both the capacity for ß-oxidation and inhibition of the
tricarboxylic acid cycle differs between species. Rats compared to pigs seem to have a lower
capacity for ß-oxidation and higher ability to inhibit oxidation of tricarboxylic acid-cycle
intermediates [128,129].

Therefore, high exposure of erucic acid leads to accumulation of triacylglycerols in
heart and other tissues. It has been shown that the lipidosis is reversible and transient
during prolonged exposure, probably due to the increased peroxisomal chain shortening
mediated by peroxisome proliferator-activated receptors. However, myocardial lipidosis is
the most common and sensitive effect associated with short-term, and to a lesser extent,
sub-chronic exposure of erucic acid in all animal species examined. With respect to liver
tissue, the presence of erucic acid appears to induce the peroxisomal β–oxidation system,
resulting in no accumulation of erucic acid and in reduced inhibition of mitochondrial
ß-oxidation. Consequently, the liver is able to export erucic acid as very low-density
lipoprotein (VLDL) [130–133].

Given what is known about the metabolism of erucic acid, it seems reasonable to
expect that humans would also be susceptible to myocardial lipidosis following exposure
to high levels of erucic acid. Clouet et al. observed a very low capacity in human heart
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mitochondria for the direct utilization of erucic acid as a substrate for energy requirements.
Furthermore, activation of fatty acids due to the transfer of acyl groups from Coenzyme A
(CoA) to carnitine, which belongs to the preliminary step of their beta-oxidation, was also
reduced with high erucic acid exposure [134].

Imamura et al. showed that higher levels of docosenoic (22:1) and nervonic (24:1)
acids in plasma phospholipids from diverse dietary sources, were associated with higher
incidence of congestive heart failure in two independent cohorts, assuming possible cardiac
toxicity of long-chain monounsaturated fatty acids [135]. In contrast, Matsumoto et al.
described a lower incidence of coronary heart disease with increased levels of erucic acid
in erythrocytes [136].

According to EFSA, treatment with Lorenzo’s oil, which is a mixture of omega-9 fatty
acids (oleic and erucic) to normalize the accumulation of very long chain fatty acids in
adrenal and cerebral tissues in patients with adrenoleukodystrophy, led to undesirable
effects on the hematopoietic system at doses of 100 mg/kg body weight per day [127].

So far, no reliable information is available regarding the development of myocardial
lipidosis after high intake of erucic acid in humans. Epidemiological studies show no
clear association between cardiac disease in humans and a diet high in erucic acid. One
has to notice, that erucic acid metabolism is relatively complex in respect of differences in
organ dependent metabolism of long chain fatty acids including lipid incorporation, chain
shortening and elongation.

The EFSA Panel on Contaminants in the Food Chain (CONTAM) noted, that erucic
acid-induced myocardial lipidosis observed in several animal species may also be relevant
in humans, especially with the background that myocardial lipidosis is associated with
cardiac insufficiency [127,137]. Therefore, oils, including high erucic acid content, are
considered undesirable for human consumption. In 2016, EFSA conducted a comprehensive
toxicological review and risk assessment of erucic acid in food and feed and established a
tolerable daily intake (TDI) for erucic acid of 7 mg/kg body weight. The TDI is based on
the observed development of myocardial lipidosis in juvenile rats which were treated for
7 days with 1 g erucic acid/kg body weight, and in neonatal piglets that received 1.1 g/kg
erucic acid for 14 days [131,132]. Higher doses of erucic acid resulted in adverse effects on
liver, kidney, skeletal muscles and caused changes in body and testis weight. Moreover,
higher erucic acid intake was accompanied by mitochondrial damage and disorganisation
of myofibrils as well as higher incidence of myocardial necrosis and fibrosis. No conclusion
on genotoxicity and carcinogenicity could be made by EFSA due to limited data available.
A single generation reproductive study was performed in rats and guinea pigs where doses
of erucic acid up to 7500 mg/kg body weight/day were not associated with any adverse
reproductive or developmental effects [127].

2.3.2. Evaluation of Toxicological Effects

Since it was reported that consumption of oils rich in erucic acid are accompanied
with the onset of myocardial lipidosis and heart lesions in a number of species, erucic
acid content in edible oils consumed by humans was restricted to certain levels by various
regulatory agencies.

The Australia New Zealand Food Standards Code (FSANZ) has considered erucic acid
as natural toxicant and set a maximum level of 20 g/kg (2%) in edible oils [138]. This also
applies for the European Union. Commission Regulation (EU) 2019/1870 sets a maximum
limit of 20 g/kg (2%) for erucic acid in vegetable oils and fats placed on the market for the
final consumer or for use as an ingredient in food, whereas the maximum permitted level
for mustard oil is 50 g/kg (5%).

In its scientific opinion, EFSA concludes that the 95th percentile of dietary exposure
levels of erucic acid is especially high in infants and other children. For highly exposed
children, this may pose an elevated health risk [127]. It has to be noted, that stricter
levels apply to infant formula and follow-on formula (Commission Delegated Regulation
(EU) 2019/828). The use of mustard (or the oil) as ingredient in baby food is not usual,
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however due to its numerous functional properties the utilization of small amounts cannot
be excluded.

For mustard as condiment a maximum level of 35 g/kg (3.5%) was established,
however “with acceptance from the competent authority, the maximum level does not
apply to mustard oil locally produced and consumed”. In the European Union level, no
maximum permitted level for erucic acid is set for mustard seeds or powder, which may
contribute to a high exposure of the undesirable substance. In contrast to Asiatic countries,
use of mustard oil in Europe’s cuisines is rare and mustard is mainly consumed in the form
of prepared (table) mustard.

The U.S. Food and Drug Administration (FDA) banned mustard oil in pure form by
publishing an Import Alert specifically stating that “Expressed mustard oil is not permitted
for use as a vegetable oil. It may contain 20 to 40% erucic acid, which has been shown to
cause nutritional deficiencies and cardiac lesions in test animals” [139].

According to the literature search on erucic acid content in mustard seeds and products
derived from (Table 4), the findings indicate that both seeds and oils represent relevant
sources for human intake. Wendlinger et al. showed in 2014 that most of the mustard
oil samples analysed were well above the European Union limit of 5% erucic acid [114].
Recently, the same group from Germany addresses the intake of erucic acid from different
sources including table mustard. According to the authors, teenagers and adults may
exceed the tolerable daily intake of 7 mg/kg body weight/day by consuming one serving
of mustard (10 g) depending on the contribution of erucic acid to the total fatty acids (>40%)
of the seeds and the lipid content of the prepared product (>10%) [117].

It seems obvious that mustard consumption may contribute considerably to the intake
of erucic acid. Especially in India and Pakistan, the use of mustard oil as cooking oil is
widely distributed and still contain high amount of erucic acid. Several experts from India
arguing that the health risks associated with mustard oil, also called the “Olive oil of India”
were not observed in the Indian population, probably due to the high alpha-linolenic
acid content which might compensate for the erucic acid [140]. Nevertheless, further
development of mustard breeds low in erucic acid and a careful choice of the mustard
cultivar used in food products will be in favour of consumer protection.

2.4. Allergens

Mustard seeds have a relatively high protein content, up to 36% depending on the mus-
tard species. The mustard seed storage proteins 2S albumin, referred to as napin, are highly
abundant in mustard seeds, and have been identified as major mustard allergens with
significantly higher response in allergy tests compared to other storage proteins [141,142].

Allergenic 2S albumins have been characterized from white mustard (S. alba) [143,144]
and brown mustard (B. juncea) [145]. According to the WHO/IUIS Allergen Nomenclature
Subcommittee [146] the proteins are termed as Bra j 1 and Sin a 1 which show a close se-
quence homology [147] which increases the probability that people allergic to one mustard
species are also sensitive for the other one [145]. For black mustard (B. nigra), one of the
progenitor species of B. juncea, no information on allergens have been provided by the
WHO/IUIS Allergen Nomenclature Subcommittee, however it can be assumed that seeds
likewise contain allergenic 2 s albumins [148].

Beside the seed storage protein from the 2S albumin, three more allergens have been
identified in S. alba including Sin a 2 which belongs to the seed storage 11S globulin and
known as cruciferin; Sin a 3 corresponding to a non-specific lipid transfer protein, and Sin
a 4, named as profilin (Table 5) [149].
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Table 5. Mustard allergens.

Mustard
Species

List of Allergens Type Source a

S. alba Sin a 1 2S albumin http://www.allergen.org
Sin a 2 11S globulin (legumin-like) seed storage protein http://www.allergen.org
Sin a 3 Non-specific lipid transfer protein type 1 (ns-LTP) http://www.allergen.org
Sin a 4 Profilin http://www.allergen.org

B. nigra Bra j 1 2S albumin seed storage protein http://www.uniprot.org *
B. juncea Bra j 1 2S albumin seed storage protein http://www.allergen.org

a accessed on 8 June 2021, * not listed according to the WHO/IUIS Allergen Nomenclature Subcommittee.

Recently, Hocine et al. assessed protein profiles and immunoglobulin E (IgE)-binding
patterns of selected mustard varieti es (S. alba and B. juncea). In addition to proven allergens,
the authors identified other new IgE-binding protein bands from S. alba and B. juncea
varieties [150].

At present, no effective preventive treatments exist for mustard allergy. The allergenic
proteins are highly resistant to heat treatment. Thermal denaturation for napin and cru-
ciferin occurs upon 80 ◦C depending on the pH-value [151]. Moreover, mustard allergens
are poorly digestible. Sin a 1 was shown to be resistant to digestion by trypsin and other
proteolytic enzymes [141,152]. Therefore, the allergenic potential cannot be effectively
reduced during mustard processing or preparation of table mustard.

Previous studies suggest that allyl-isothiocyanate (AITC), which derives from sinigrin
mainly contained in B. nigra and B. juncea could have the potential to cause allergic contact
dermatitis in humans [153,154]. EFSA evaluated the safety of AITC when used as food
preservative and concluded that AITC may cause contact hypersensitivity which is an
immunologically mediated adverse reaction but mechanistically different from food allergy,
although it might be extremely unlikely that AITC acts as a direct food allergen [83]. In the
scientific opinion on the evaluation of allergenic foods and food ingredients for labelling
purposes, EFSA additionally pointed out that mustard may contain a number of further
irritants triggering non-immune mediated reactions mimicking allergic reactions [155].

2.4.1. Clinical Indication

Food allergy can be IgE-mediated or non-IgE-mediated. IgE-mediated reactions have
a rapid onset, affecting skin, respiratory and gastrointestinal tract, and in some cases can
lead to systemic anaphylaxis, whereas non-IgE-mediated food allergy usually is delayed
and affects mainly the skin and the gastrointestinal tract. The allergic symptoms after
consuming mustard or mustard-containing products are comparable to other IgE-mediated
food allergies. This includes allergic or atopic dermatitis resulting in skin reactions such as
rashes or hives, urticaria, swelling of lips and tongue, facial flushing and oedema, chest
tightness and respiratory problems, rhinitis, asthma, nausea and vomiting, dizziness and
anaphylactic shock. Mustard allergy symptoms were also observed in children under
the age of 3 years indicating a primary sensitization to mustard in at least some food
allergies [148,156–158].

It is suggested that approximately 50% of patients allergic to mustard are also sen-
sitized to mugwort pollen (Artemisia vulgaris) and several vegetable foods, mainly from
the Rosaceae family, but also from tree nuts, peanuts and legumes [159]. Vereda et al.
showed that 21 out of 34 subjects sensitized to mustard had cross-reactivity with fruits
from the Rosaceae family (peach, apple, pear, apricot, plum, cherries and strawberries,
excluding almond) and 20 suffered from allergy to one or more nuts. Moreover, allergy to
mugwort was especially reported [160]. Sin a 1 was the most prevalent allergen and highly
correlated with specific IgE levels. Therefore, Sin a 1 is considered the major allergen of
white mustard (S. alba) and the most suitable marker for a precise diagnostic screening of
mustard sensitization.
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Figueroa et al. reported that all of the 38 patients with mustard IgE-mediated hyper-
sensitivity showed associated sensitization to other members of Brassicaceae family, and
cross-reactivity among them was confirmed. However only 40% of these had symptomatic
reactions, mainly to cabbage, cauliflower and broccoli [161].

The reported cross-reactivities with pollens or with members of the Brassicaceae
family may influence the positivity of specific IgE and skin-prick tests. This may result
in overestimated prevalence of sensitization to mustard, and may possibly influence the
occurrence of oral allergy syndrome-like symptoms elicited by mustard. Another factor
contributing to a possible overestimation of mustard sensitization and allergy may be the
presence of irritants in mustard preparations or mustard containing products. For instance,
the neuropeptide-active agent capsaicin may affect the release of substance P causing a
non-IgE mediated mast cell degranulation [156,162]. Therefore, irritants such as capsaicin
or isothiocyanates may trigger non-immune reactions mimicking allergic reactions which
may lead to false positive allergy-like reactions. For example, Morisset et al. have shown
that only 23.3% of patients with positive skin prick tests are truly allergic to mustard based
on positive oral food challenges [148].

2.4.2. Evaluation of the Allergic Potential

Mustard is one of the priority food allergens declared under several international
food allergen labelling regulations, for instance in the European Union or Canada but not
in the U.S. [163]. According to Regulation (EU) No 1169/2011 mustard belongs to one
of the 14 major allergens that shall be indicated in the list of ingredients. The inclusion
of mustard was based on the view that mustard allergy is a serious health problem in
certain countries, although limited data are available according to the number of people
affected. Mustard allergy is recognized as one of the most frequent spice allergies with a
credible cause–effect relationship confirmed by single and double-blind placebo-controlled
food challenges (DBPCFC). Several clinical studies and case reports documented severe
systemic reactions, including anaphylactic reaction immediately after the ingestion of
mustard, even after small quantities [164–166]. Only a small number of DBPCFC or oral
food challenges (OFC) studies exist in the literature, which possibly can be justified by
technical difficulties of masking the strong taste of mustard limiting the attempts to perform
these studies. Previously, it was suggested that mustard allergy accounts for about 1% of
food allergies in children and up to 7% of total food allergies based on estimated prevalence
in France [152,155,167].

The amount of mustard required to elicit an allergic reaction may be very small.
Estimations of the eliciting dose range from a mean cumulative reactive dose of mustard
sauce of 891.4 ± 855.2 mg, equivalent to 124.8 ± 119.7 mg of mustard, published by
Figueroa et al. to 40 mg of mustard seasoning (roughly equivalent to 0.8 mg of protein)
reported by Morisset et al. [148,161]. In 36 children with a positive mustard skin-prick
test, the cumulative reactive dose by open challenge or double-blind placebo controlled
food challenge (SBPCFC) varied from 1 to 936 mg [156]. Most of the case reports indicate
that allergic reactions come from mustard sauce or mustard hidden in other products,
such as mayonnaise, dips, ketchup sauces, where mustard is present in small or trace
amounts [164].

Using data from clinical studies and mathematical calculations the VITAL Scientific
Expert Panel (VSEP) recently published an update on reference doses including mustard
allergens. For mustard, 0.05 mg protein has been derived as a reference dose for ‘ED01’, or
0.4 mg protein for ‘ED05’ corresponding to a dose where 99% or 95% of people affected
by a mustard allergy are protected from developing objectively measurable allergic reac-
tions [168]. This is in line with EFSA’s conclusion that 1 mg mustard protein may trigger
allergic reactions in patients allergic to mustard [155].

Mustard is widely used in foods due to its sensory attributes, its high protein content
and its numerous functional properties. Therefore, foods formulated with mustard are
expected to rise in future and the risk of masked allergens in modern food products is
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increasing. In regions with high consumption, such as France, mustard might be among the
most important food allergen for children. Hence, it deserves special attention, particularly
as a potent “hidden allergen” provoking unexpected allergic reactions. The seriousness of
the allergic reactions argues for informative labelling in countries where mustard is not
considered as food allergen, such as the U.S.

3. Conclusions

Mustard seeds are widely used in foods due to its sensory attributes, nutritional
values, and its numerous functional properties. The intake of mustard products and foods
formulated with mustard is expected to rise in future and may contribute considerably to
the exposure to several biologically active compounds that were objects of this work. Mus-
tard products and their seeds are consumed in very small quantities primarily explainable
by the characteristic hot and pungent flavour. Adverse effects of bioactive compounds such
as erucic acid or glucosinolates breakdown products have been mainly observed in in vitro
or in vivo animal studies rather than in humans and especially when the compounds were
administered in concentrated or isolated form, and given in high doses. When consumed
in average amounts typically found in a normal diet, it can be expected, that the intake
of mustard seeds or products made thereof do not pose a direct health risk, except for
consumers allergic to mustard proteins. However, it cannot be excluded that high intake
levels of mustard seeds or products made thereof, such as mustard seed oil, cause health
problems. Nowadays, research is basically focusing on the potential beneficial effects of
the multifunctional mustard plant and its ingredients, however reliable data on potentially
toxic compounds and possible health risks should likewise be considered.
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paste. Hem. Ind. 2012, 66, 29–32. [CrossRef]
68. Mitchell, M.L.; O’Rourke, M.E. Response of the thyroid gland to thiocyanate and thyrotropin. J. Clin. Endocrinol. Metab. 1960, 20,

47–56. [CrossRef]

319



Foods 2021, 10, 2089

69. Felker, P.; Bunch, R.; Leung, A.M. Concentrations of thiocyanate and goitrin in human plasma, their precursor concentrations in
brassica vegetables, and associated potential risk for hypothyroidism. Nutr. Rev. 2016, 74, 248–258. [CrossRef]

70. Nishie, K.; Daxenbichler, M.E. Toxicology of glucosinolates, related compounds (nitriles, R-goitrin, isothiocyanates) and vitamin
U found in cruciferae. Food Cosmet. Toxicol. 1980, 18, 159–172. [CrossRef]

71. Daxenbichler, M.E.; Van Etten, C.H.; Spencer, G.F. Glucosinolates and derived products in cruciferous vegetables. Identification
of organic nitriles from cabbage. J. Agric. Food Chem. 1977, 25, 121–124. [CrossRef]

72. Cole, R.A. Isothiocyanates, nitriles and thiocyanates as products of autolysis of glucosinolates in Cruciferae. Phytochemistry 1976,
15, 759–762. [CrossRef]

73. Choi, E.-J.; Zhang, P.; Kwon, H. Determination of goitrogenic metabolites in the serum of male wistar rat fed structurally different
glucosinolates. Toxicol. Res. 2014, 30, 109–116. [CrossRef] [PubMed]

74. Dahlberg, P.A.; Bergmark, A.; Björck, L.; Bruce, A.; Hambraeus, L.; Claesson, O. Intake of thiocyanate by way of milk and its
possible effect on thyroid function. Am. J. Clin. Nutr. 1984, 39, 416–420. [CrossRef] [PubMed]

75. Langer, P.; Michajlovskij, N.; Sedlák, J.; Kueka, M. Studies on the antithyroid activity of naturally occurring L-5-vinyl-2-
thiooxazolidone in man. Endokrinologie 1971, 57, 225–229. [PubMed]

76. Kassie, F.; Knasmüller, S. Genotoxic effects of allyl isothiocyanate (AITC) and phenethyl isothiocyanate (PEITC). Chem. Biol.
Interact. 2000, 127, 163–180. [CrossRef]

77. Kassie, F.; Parzefall, W.; Musk, S.; Johnson, I.; Lamprecht, G.; Sontag, G.; Knasmüller, S. Genotoxic effects of crude juices from
Brassica vegetables and juices and extracts from phytopharmaceutical preparations and spices of cruciferous plants origin in
bacterial and mammalian cells. Chem. Biol. Interact. 1996, 102, 1–16. [CrossRef]

78. Kassie, F.; Pool-Zobel, B.; Parzefall, W.; Knasmüller, S. Genotoxic effects of benzyl isothiocyanate, a natural chemopreventive
agent. Mutagenesis 1999, 14, 595–604. [CrossRef]

79. Baasanjav-Gerber, C.; Hollnagel, H.M.; Brauchmann, J.; Iori, R.; Glatt, H. Detection of genotoxicants in Brassicales using
endogenous DNA as a surrogate target and adducts determined by 32P-postlabelling as an experimental end point. Mutagenesis
2010, 26, 407–413. [CrossRef]

80. Glatt, H.; Baasanjav-Gerber, C.; Schumacher, F.; Monien, B.H.; Schreiner, M.; Frank, H.; Seidel, A.; Engst, W. 1-Methoxy-3-
indolylmethyl glucosinolate; a potent genotoxicant in bacterial and mammalian cells: Mechanisms of bioactivation. Chem. Biol.
Interact. 2011, 192, 81–86. [CrossRef]

81. Musk, S.R.; Johnson, I.T. The clastogenic effects of isothiocyanates. Mutat. Res. 1993, 300, 111–117. [CrossRef]
82. Musk, S.R.; Smith, T.K.; Johnson, I.T. On the cytotoxicity and genotoxicity of allyl and phenethyl isothiocyanates and their parent

glucosinolates sinigrin and gluconasturtiin. Mutat. Res. 1995, 348, 19–23. [CrossRef]
83. EFSA (European Food Safety Authority). Scientific Opinion on the safety of allyl isothiocyanate for the proposed uses as a food

additive. EFSA J. 2010, 8, 1943. [CrossRef]
84. NTP (National Toxicology Program). Carcinogenesis Bioassay of Allyl Isothiocyanate (CAS No. 57-06-7) in F344/N Rats and

B6C3F1 Mice (Gavage Study). Natl. Toxicol. Prpgram Tech. Rep. Ser. 1982, 234, 1–142.
85. Baasanjav-Gerber, C.; Monien, B.H.; Mewis, I.; Schreiner, M.; Barillari, J.; Iori, R.; Glatt, H. Identification of glucosinolate congeners

able to form DNA adducts and to induce mutations upon activation by myrosinase. Mol. Nutr. Food Res. 2011, 55, 783–792.
[CrossRef]

86. Kołodziejski, D.; Piekarska, A.; Hanschen, F.S.; Pilipczuk, T.; Tietz, F.; Kusznierewicz, B.; Bartoszek, A. Relationship between
conversion rate of glucosinolates to isothiocyanates/indoles and genotoxicity of individual parts of Brassica vegetables. Eur. Food
Res. Technol. 2019, 245, 383–400. [CrossRef]

87. Latté, K.P.; Appel, K.-E.; Lampen, A. Health benefits and possible risks of broccoli—An overview. Food Chem. Toxicol. 2011, 49,
3287–3309. [CrossRef]

88. EFSA (European Food Safety Authority). GE 85: Consideration of miscellaneous nitrogen-containing substances evaluated by
JECFA (65th meeting). EFSA J. 2008, 804, 1–30.

89. JECFA (Joint FAO/WHO Expert Committee on Food Additives). Safety evaluation of certain food additives I prepared by
the sixty-fifth meeting of the Joint FAO/WHO Expert Committee on Food Additives (JEFCA). WHO Food Addit. Ser. 2007, 56.
Available online: https://apps.who.int/iris/handle/10665/43407 (accessed on 9 June 2021).

90. Aboulfadl, M.; El-Badry, N.; Ammar, M. Nutritional and Chemical Evaluation for Two Different Varieties of Mustard Seeds.
World Appl. Sci. J. 2011, 15, 1225–1233.

91. Holst, B.; Williamson, G. A Critical Review of the Bioavailability of Glucosinolates and Related Compounds. Nat. Prod. Rep. 2004,
21, 425–447. [CrossRef]

92. Mandrich, L.; Caputo, E. Brassicaceae-Derived Anticancer Agents: Towards a Green Approach to Beat Cancer. Nutrients 2020,
12, 868. [CrossRef]

93. Verhoeven, D.T.; Goldbohm, R.A.; van Poppel, G.; Verhagen, H.; van den Brandt, P.A. Epidemiological studies on brassica
vegetables and cancer risk. Cancer Epidemiol. Biomark. Prev. 1996, 5, 733–748.

94. Lamy, E.; Crössmann, C.; Saeed, A.; Schreiner, P.R.; Kotke, M.; Mersch-Sundermann, V. Three structurally homologous isoth-
iocyanates exert “Janus” characteristics in human HepG2 cells. Environ. Mol. Mutagenesis 2009, 50, 164–170. [CrossRef]
[PubMed]

320



Foods 2021, 10, 2089

95. Huang, T.; Danaher, L.A.; Brüschweiler, B.J.; Kass, G.E.N.; Merten, C. Naturally occurring bisphenol F in plants used in traditional
medicine. Arch. Toxicol. 2019, 93, 1485–1490. [CrossRef]

96. Cao, X.-L.; Kosarac, I.; Popovic, S.; Zhou, S.; Smith, D.; Dabeka, R. LC-MS/MS analysis of bisphenol S and five other bisphenols
in total diet food samples. Food Addit. Contam. Part A 2019, 36, 1740–1747. [CrossRef]

97. Zoller, O.; Brüschweiler, B.J.; Magnin, R.; Reinhard, H.; Rhyn, P.; Rupp, H.; Zeltner, S.; Felleisen, R. Natural occurrence of
bisphenol F in mustard. Food Addit. Contam. Part A 2016, 33, 137–146. [CrossRef]

98. BLV (Bundesamt für Lebensmittelsicherheit und Veterinärwesen, Schweiz) Bisphenol F in Senf—Fakten und Risikobe-
wertung des BLV. Bericht. 2015. Available online: https://www.blv.admin.ch/dam/blv/de/dokumente/lebensmittel-
und-ernaehrung/lebensmittelsicherheit/stoffe-im-fokus/bisphenol-f-senf-fakten-risikobewertung-blv.pdf.download.pdf/
Bisphenol_Risikobewertung_BLV_DE.pdf/ (accessed on 9 June 2021).

99. Reger, D.; Pavlovic, M.; Pietschmann-Keck, M.; Klinger, R. Bisphenol F in Senf: Aktueller Wissensstand und Nachweis mittels
LC-MS/MS. J. Consum. Prot. Food Saf. 2017, 12, 131–137. [CrossRef]

100. Liao, C.; Kannan, K. Concentrations and profiles of bisphenol A and other bisphenol analogues in foodstuffs from the United
States and their implications for human exposure. J. Agric. Food Chem. 2013, 61, 4655–4662. [CrossRef]

101. Karak, N. Vegetable Oil-Based Polymers Properties, Processing and Applications; Woodhead Publishing: Cambridge, UK, 2012.
[CrossRef]

102. De Kruif, C.A.; Marsman, J.W.; Venekamp, J.C.; Falke, H.E.; Noordhoek, J.; Blaauboer, B.J.; Wortelboer, H.M. Structure elucidation
of acid reaction products of indole-3-carbinol: Detection in vivo and enzyme induction in vitro. Chem. Biol. Interact. 1991, 80,
303–315. [CrossRef]

103. Cabaton, N.; Chagnon, M.C.; Lhuguenot, J.C.; Cravedi, J.P.; Zalko, D. Disposition and metabolic profiling of bisphenol F in
pregnant and nonpregnant rats. J. Agric. Food Chem. 2006, 54, 10307–10314. [CrossRef] [PubMed]

104. EFSA (European Food Safety Authority). Scientific Opinion on the risks to public health related to the presence of bisphenol A
(BPA) in foodstuffs. EFSA J. 2015, 13, 3978. [CrossRef]

105. EFSA (European Food Safety Authority). Scientific Opinion of the Panel on food contact materials, enzymes, flavourings and
processing aids (CEF) on 24th list of substances for food contact materials. EFSA J. 2009, 1157–1163, 1–27.

106. Rochester, J.R.; Bolden, A.L. Bisphenol S and F: A Systematic Review and Comparison of the Hormonal Activity of Bisphenol A
Substitutes. Environ. Health Perspect. 2015, 123, 643–650. [CrossRef]

107. Dietrich, D.R.; Hengstler, J.G. From bisphenol A to bisphenol F and a ban of mustard due to chronic low-dose exposures? Arch.
Toxicol. 2016, 90, 489–491. [CrossRef] [PubMed]
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Abstract: Spices and herbs are well-known for being rich in healthy bioactive metabolites. In recent
years, interest in the fatty acid composition of different foods has greatly increased. Thus, the
present study was designed to characterize the fatty acid composition of 34 widely used spices
and herbs. Utilizing gas chromatography (GC) flame ionization detection (FID) and GC mass
spectrometry (MS), we identified and quantified 18 fatty acids. This showed a significant variation
among the studied spices and herbs. In general, oleic and linoleic acid dominate in seed spices,
whereas palmitic, stearic, oleic, linoleic, and α-linolenic acids are the major constituents of herbs.
Among the studied spices and herbs, the ratio of n−6/n−3 polyunsaturated fatty acids (PUFAs) was
recorded to be in the range of 0.36 (oregano) to 85.99 (cumin), whereas the ratio of PUFAs/saturated
fatty acids (SFAs) ranged from 0.17 (nutmeg) to 4.90 (cumin). Cumin, coriander, fennel, and dill
seeds represent the healthiest fatty acid profile, based upon fat quality indices such as the ratio of
hypocholesterolemic/hypercholesterolemic (h/H) fatty acids, the atherogenic index (AI), and the
thrombogenic index (TI). All these seed spices belong to the Apiaceae family of plants, which are an
exceptionally rich source of monounsaturated fatty acids (MUFAs) in the form of petroselinic acid
(C18:1n12), with a very small amount of SFAs.

Keywords: polyunsaturated fatty acids (PUFAs); erucic acid; petroselinic acid; fat quality indices;
hypocholesterolemic fatty acids; atherogenic index (AI)

1. Introduction

Spices and herbs are a vital part of human nutrition around the world, especially in
India, China, and southeastern Asian countries [1]. Spices and herbs are food adjuncts,
traditionally used as flavoring, seasoning, coloring, and as a food preservative agent [1,2].
Moreover, spices and herbs are an exceptionally rich source of nutritionally important
phenolic compounds [3]. These phenolic compounds are primarily responsible for the
potent antioxidative, digestive stimulative, hypolipidemic, antibacterial, anti-inflammatory,
antiviral, and anticancer properties of spices and herbs [4–6].

In general, the terms herbs and spices have more than one meaning. However, the
most widely used are those that consider herbs to be derived from the green parts of a
plant, such as a stem and leaves used in small amounts to impart flavor, whereas spices are
obtained from seeds, buds, fruits, roots, or even the bark of the plants [2].

Fatty acids are the primary nutritional components found in edible seed oils [7].
Seed oils provide essential polyunsaturated fatty acids, linoleic acid (ω−6 or n−6), and
α-linolenic acid (n−3) to humans and other higher animals. In the human body, linoleic
acid give rise to n−6 very long-chain (VLC)-PUFA arachidonic acid, and α-linolenic acid
converts to n−3 VLC-PUFA eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA,
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n−3). These n−6 and n−3 VLC-PUFAs plays key distinct roles in regulating body home-
ostasis. In general, n−6 VLC-PUFAs gives rise to proinflammatory mediators (eicosanoids)
whereas n−3 VLC-PUFAs give rise to anti-inflammatory mediators. Thus, a higher amount
of n−3 VLC-PUFAs in the body may protect from chronic diseases, including cancer, in-
flammatory, or cardiovascular diseases (CVD) [8]. Moreover, a diet with a high proportion
of n−6 PUFAs (high ratio of n−6/n−3 PUFAs) cannot be considered beneficial to health, as
n−3 PUFAs to n−3 VLC-PUFAs conversion occurs at a very low rate (e.g., 8% for EPA and
less than 1% for DHA), and conversion is largely dependent upon the ratio of ingested n−6
(linoleic acid) and n−3 (α-linolenic) PUFAs [9]. In human hepatoma cells, this conversion is
highest when these n−6 and n−3 acids are provided at a 1:1 ratio. Thus, the consumption
of an appropriate amount of fats with a 1:1 n−6/n−3 PUFAs ratio, which was probably
followed by our ancestors [10], may be considered beneficial.

Similar to the consumption of fats with a balanced ratio of n−6/n−3 PUFAs, growing
evidence suggests that replacing saturated fatty acids (SFAs) with monounsaturated fatty
acids (MUFAs) from plant sources may decrease the risk of CVD [11]. And with the health
benefits associated with consumption of n−3 PUFAs and MUFAs, consumer interest is
shifting towards foods with a low proportion of SFAs, a high proportion of MUFAs, and
balanced n−6/n−3 PUFAs. Given this, it is necessary to characterize all the major and
minor components of the diet to acquire a better estimate of the fatty acid composition of
our food.

Spices and herbs are not a significant source of fatty acids, as they form a small part
of the diet. However, a detailed and comparative study of the fatty acid composition
of various spices and herbs may be useful to identify those with health-beneficial fatty
acids. Considering these facts, this study aims to investigate the fatty acid composition
of commercially available major spices and herbs utilizing gas chromatography-flame
ionization detection and GC-mass spectrometry analysis. We used fatty acid composition
data to study spices and herbs to determine their fat quality indices. We anticipate the
results contained herein will contribute significantly to the identification of spices with a
healthy fatty acid profile.

2. Materials and Methods

2.1. Plant Material, Reagents, and Standards

A total of 34 commercially packed spices and herbs (Table 1; 200–500 g each spice
and herb from at least three different brands) were obtained from retail outlets in Seoul,
Korea. The spice and herb samples of different brands were mixed in equal proportions
(200–300 g total) to make a representative sample, ground into a fine powder using a
7010HG laboratory blender (Waring Commercial, Torrington, CT, USA), placed into an air-
tight container, and stored at room temperature. The fatty acid standard mix (37 Component
FAME Mix, CRM47885) was obtained from Merck Ltd., Seoul, Korea. The organic solvents
used for the extraction of lipids were of high-pressure liquid chromatography (HPLC)
grade, obtained from Samchun Chemical Co., Ltd., Seoul, Korea.

2.2. Extraction of Crude Lipid Compounds

The crude lipids were extracted by using the previous method [12,13] with minor mod-
ification. Briefly, 0.6 g dehydrated and powdered spices and herb samples were precisely
weighed and transferred to a 50 mL glass tube. In each tube, 150 mg sodium ascorbate
and 22 mL (isopropyl alcohol/cyclohexane, 10:12, v/v) containing 0.075% butylated hy-
droxytoluene (BHT: w/v; antioxidant) were added, and the contents were subjected to bath
sonication (JAC-2010; 300 w, 60 Hz, for 12 min) for efficient disintegration and complete
extraction, followed by 15 h shaking (200 RPM at 22 ◦C) in a rotary shaker. Contents
were centrifuged at 7000× g (12 min at 4 ◦C). The supernatant was collected, and pellets
were extracted again with 30 mL cyclohexane. Supernatants from both extractions were
pooled (total volume of ~50 mL) and partitioned with an equal volume of 1 M of sodium
chloride (NaCl). The upper cyclohexane phase containing crude lipids were collected,
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filtered over anhydrous sodium sulfate, transferred to a 250-mL round-bottom flask, and
vacuum-dried in a rotary evaporator at 30 ◦C. The crude lipids were recovered into 3 mL
methanol/dichloromethane (DCM) (1:3, v/v) containing 0.1% BHT, transferred to a 5 mL
glass vial fitted with a Teflon-lined screw cap, and stored at −20 ◦C. One milliliter of
sample was used to prepare fatty acid methyl esters (FAMEs).

Table 1. List of spices and herbs used in the present investigation (arranged according to botanical name).

Sample No. Common Name Botanical Name Family Part

1 Galangal root Alpinia galanga (L.) Willd. Zingiberaceae Rhizomes
2 Dill Anethum graveolens L. Apiaceae Seeds
3 Celery Apium graveolens L. Apiaceae Seeds
4 Tarragon Artemisia dracunculus L. Asteraceae Leaves
5 Cayenne pepper Capsicum annuum L. Solanaceae Pods
6 Pepperoncini Capsicum annuum L. var. annuum Solanaceae Pods
7 Hot chili pepper Capsicum frutescens L. Solanaceae Pods
8 Caraway Carum carvi L. Apiaceae Fruits
9 Cinnamon Cinnamomum verum J.Presl Lauraceae Bark
10 Coriander seed Coriandrum sativum L. Apiaceae Seeds
11 Cumin Cuminum cyminum L. Apiaceae Seeds
12 Turmeric Curcuma longa L. Zingiberaceae Rhizomes
13 Lemongrass Cymbopogon microstachys (J. D. Hooker) Soenarko Poaceae Leaves
14 Cardamom Elettaria cardamomum (L.) Maton Zingiberaceae Pods
15 Fennel Foeniculum vulgare Mill. Apiaceae Seeds
16 Star anise Illicium verum Hook.f. Schisandraceae Fruits
17 Allspice Pimenta dioica (L.) Merr. Myrtaceae Fruits
18 Juniper berry Juniperus communis L. Cupressaceae Fruits
19 Bay leaf Laurus nobilis L. Lauraceae Leaves
20 Nutmeg Myristica fragrans Houtt. Myrtaceae Seeds
21 Mace Myristica fragrans Houtt. Myrtaceae Aril
22 Basil Ocimum basilicum L. Lamiaceae Leaves
23 Marjoram Origanum majorana L. Lamiaceae Leaves
24 Oregano Origanum vulgare L. Lamiaceae Leaves
25 Parsley Petroselinum crispum (Mill.) Fuss Apiaceae Leaves
26 Black pepper Piper nigrum L. Piperaceae Fruits (unripe)
27 White pepper Piper nigrum L. Piperaceae Seeds
28 Rosemary Rosmarinus officinalis L. Lamiaceae Leaves
29 Sage Salvia officinalis L. Lamiaceae Leaves
30 Pink peppercorn Schinus mole L. Anacardiaceae Fruits
31 White mustard Sinapis alba L. Brassicaceae Seeds
32 Clove Syzygium aromaticum (L.) Merr. and L. M. Perry Myrtaceae Flower buds
33 Thyme Thymus vulgaris L. Lamiaceae Leaves
34 Ginger Zingiber officinale Roscoe Zingiberaceae Rhizomes

2.3. Preparation of Fatty Acid Methyl Esters (FAMEs)

The crude lipids extracted from the spices and herb samples were used to prepare
the FAMEs, following the previously optimized method [14] with minor modification.
Briefly, 1 mL of a crude lipids sample was transferred into a 5 mL glass vial fitted with a
Teflon-lined screw cap. Contents were evaporated to dryness using a rotary evaporator at
30 ◦C. After evaporation, 3 mL of anhydrous methanolic-HCl (methanol/acetyl chloride,
95:5, v/v) was added and incubated for 2 h at 55 ◦C in a heat block. Samples were cooled
in ice, and FAMEs were sequentially washed with 1M NaCl and 2% sodium bicarbonate
(NaHCO3) and recovered in 4 mL hexane. A pinch of anhydrous sodium sulfate (Na2SO4)
was added to the recovered sample (hexane) to absorb the traces of water. One milliliter
of sample was filtered through a 0.45 μm PTFE syringe filter and transferred to a 1.5 mL
autosampler vial for GC-FID and GC-MS analysis.
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2.4. GC-FID and GC-MS Analysis of FAMEs

FAMEs were quantitatively analyzed with GC (Agilent 7890B, Agilent Technologies
Canada, Inc., Mississauga, ON, Canada) equipped with an autoinjector, an FID, and an
SP-2560 capillary column (100 m, 0.20 μm film thickness, 0.25 mm ID; Merck KGaA,
Darmstadt, Germany). The injector and the detectors were maintained at 250 ◦C and
260 ◦C, respectively. The inlet flow was 2 mL/min with a constant pressure of 54 psi. The
FID parameters of hydrogen (H2) fuel flow, airflow, and make flow (nitrogen, N2) were
set to 30, 400, and 25 mL/min, respectively. The column oven temperature was kept at
140 ◦C for 5 min, then progressively increased to 240 ◦C for 25 min (linear temperature
program 4 ◦C/min and held at 240 ◦C for 15 min [15]. The FAMEs were precisely identified
by comparing them with the retention time with authentic standards. For a more accurate
qualitative analysis, the mass spectra were also recorded using a GC-MS system (QP2010
SE; Shimadzu, Kyoto, Japan), following the optimized GC-FID analysis thermal program.
The identity of FAMEs was confirmed by comparing their fragmentation pattern with
authentic standards, and also by using the National Institute of Standards and Technology
(NIST; U.S. Department of Commerce, Gaithersburg, MD, USA) mass spectrum database
(NIST08 and NIST08s).

2.5. Calculation of Fat Quality Indices

We used the spice and herbs fatty acid profile to determine several nutritional param-
eters of lipids, including the ratios of PUFAs/monounsaturated fatty acids (MUFAs), PU-
FAs/saturated fatty acids (SFAs), the ratio of hypocholesterolemic/hypercholesterolemic
(h/H) fatty acids, atherogenic index (AI), and thrombogenic index (TI) [16]. The ratio of
h/H fatty acids, AI, and TI was calculated with the following equations [16]:

h/H =
cis C18 : 1 + ∑ MUFAs + ∑ PUFAs

C12 : 0 + C14 : 0 + C16 : 0

AI =
C12 : 0 + (4 × C14 : 0) + C16 : 0

∑ MUFAs + ∑ PUFAs

TI = C14:0+C16:0+C18:0
(0.5 × ∑ MUFAs)+(0.5 × ∑ n−6 PUFAs)+(3 × ∑ n−3 PUFAs)+

(
∑ n−3 PUFAs
∑ n−6 PUFAs

)

2.6. Statistical Analysis and Quality Control

We performed a total of six replicate extractions and analyses from each representative
sample. The data were analyzed by one-way analysis of variance (ANOVA), and homoge-
nous subsets (mean separation) were determined using Turkey HSD with a significance
level of p < 0.05, utilizing the IBM statistical 25.0 software.

The method used for GC-FID quantification of FAMEs was validated recently [15].

3. Results and Discussion

3.1. Fatty Acids Composition

In the present study, 18 fatty acids were identified and quantified, utilizing GC-FID
and GC-MS analyses (Table 2). The results, given in Table 2, show that oleic (C18:1n9)
and linoleic acid (C18:2n6) are dominated in seed spices, and palmitic (C16:0), stearic,
oleic, linoleic, and α-linolenic acid (C18:3n3) are the major constituents of herbs. An
exception was myristic (C14:0) acid, which was 60.8% of total fatty acids in Myristica
fragrans (nutmeg) seeds (Figure 1A,B). Surprisingly, myristic acid was just 1.59% of the
total fatty acids in the M. fragrans (mace; Figure 1C) seed arils. The highest proportions
of oleic acid (41.64–41.85%) were recorded in cardamon pods/capsules (Figure S1) and
white pepper seeds (Table 2). The data of the fatty acid composition of cardamom pods
and white pepper seeds are scarce. However, 40.6–49.2% of oleic acid has been reportedly
extracted from cold-pressed cardamom seeds [17,18], which agrees with data obtained in
the present study from whole cardamon pods.
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Figure 1. (A) The gas chromatography (GC)-flame ionization detection (FID) profiles of fatty acid
methyl esters (FAMEs) of nutmeg. (B) The GC-mass spectrum of dominating fatty acid (myristic acid)
from nutmeg. (C) The GC-FID profiles of FAMEs of mace. The numbers, 2, 4, 6, and 8 correspond to
peak numbers illustrated in Table 1.

In the present study, a substantial amount of erucic (C22:1n9; 17.3%) and eicosenoic
(20:1n9; gondoic acid; 8%) acids were exclusively recorded in white mustard (Sinapis alba;
syn Brassica alba) seeds. Similarly, a significant amount of petroselinic acid (C18:1n12c; an
isomer of oleic acid) was recorded only in Apiaceae family seeds.

Among the studied 34 spices and herbs, total fatty acids were recorded to be in the
range of 2.3 (galangal root) to 130.32 mg/g (mace). The odd chain fatty acid, pentadecanoic
(C15:0) acid, was recorded as being a minor constituent (1.18%) in the galangal root.
Similarly, heptadecanoic (C17:0) was recorded at only 0.13–0.14% in cayenne pepper,
allspice, and mace. In nutmeg (Myristica fragrans) seed hexane extract, Anaduaka et al. [19]
reported a significant amount of (27%) heptadecanoic (C17:0; margaric) acid. However, in
the present study, heptadecanoic acid is not detected in nutmeg seeds.
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3.2. Black Pepper and White Pepper

Black pepper and white pepper are prepared from the fruits of Piper nigrum L., ac-
cording to the harvesting time and inclusion of the outer skin. Black pepper is the dried
immature but fully developed fruit, whereas white pepper consists of the mature fruit
lacking the outer skin [20]. The fatty acid composition data of black and white pepper is
scarce. In the present study, 28.57%, 14.95%, 26.61%, and 9.32% of palmitic, oleic, linoleic,
and α-linolenic acid were recorded being in black pepper. In contrast, 22.55%, 41.64%,
17.19%, and 1.49% of palmitic, oleic, linoleic, and α-linolenic was reported as being in white
pepper (Table 2). These observations show that oleic acid increases significantly, whereas
the palmitic, linoleic, and α-linolenic acids decrease significantly during the maturation of
pepper fruits.

3.3. Nutmeg and Mace

Nutmeg and mace spices are obtained from different parts of the same fruit of the
nutmeg (Myristica fragrans; Myristicaceae) tree. Nutmeg is the dried kernel of the seed,
whereas mace is the dried aril surrounding the seed [21]. Myristic acid’s name is derived
from Myristica fragrans, from which it was first isolated [22]. In the present study, myristic
acid was 60.8% of total fatty acids in nutmeg, followed by oleic (C18:1n9c; 13.4%), linoleic
(C18:2n6c; 11.9%), and palmitic (C16:0; 8.94%) (Figure 1A). Surprisingly, in mace, linoleic
acid was 33.7% of total fatty acids, followed by palmitic (30.6%) and oleic (28.0%). Myristic
acid was only 1.59% of the total fatty acids (Figure 1C, Table 2). In the investigations of Al-
Khatib et al. [23], myristic acid was recorded as being 79.7% of the total fatty acids in nutmeg.
Kozłowska et al. [24] analyzed the fatty acids composition of plant seeds, including anise,
coriander, caraway, white mustard, and nutmeg. They reported dominance of oleic (56.5%),
palmitic (18.29%), and linoleic (13.6%) acids in nutmeg. These contrasting observations
probably arose as these authors reported only above C16 fatty acids. Myristic acid is
widely used in the food industry as a flavor ingredient. It is approved as a pharmaceutical
excipient by the Food and Drug Administration (FDA) and declared generally recognized
as safe (GRAS) by various regulators [25].

3.4. Erucic Acid in White Mustard

Mustard (Sinapis alba; syn Brassica alba) seeds are well known for the occurrence of a
substantial amount of erucic and eicosenoic acid [24]. In the present study, white mustard
seeds were found containing 17.3% and 8.0% of erucic and eicosenoic acid, respectively
(Figure 2A, Table 2). High intake of erucic acid is considered harmful for cardiac health [26].
The panel on contaminants in the food chain established a tolerable daily intake (TDI) of
7 mg/kg body weight (BW) for erucic acid based on a no-observed adverse effect level
(NOAEL) for myocardial lipidosis in rats and pigs [26]. Considering the 43 mg of total fatty
acids/g of white mustard seeds, consumption of 100 g of seeds may provide 7.31 mg of
erucic acid. The intake of erucic acid from white mustard used as food condiments in daily
food preparations is far below the TDI and is safe for consumption.
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Figure 2. (A) The gas chromatography (GC)-flame ionization detection (FID) profiles of fatty acid methyl esters (FAMEs) of
white mustard seeds. (B,C) The GC-mass spectrum of eicosenoic acid and erucic acid from white mustard seeds. (D) The
GC-FID profiles of FAMEs of parsley leaves. The numbers, 4, 9, 10, 13, 14, and 16 correspond to peak numbers illustrated in
Table 1. BHT: Butylated hydroxytoluene (A synthetic antioxidant used during lipid extraction).
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Petroselinic acid (C18:1n12c; an isomer of oleic acid) is the major component of
the lipid constituent of Apiaceae family seeds [27,28]. In a previous study [27] of dill
(Anethum graveolens) seeds, 87.2% of total fatty acids were composed of petroselinic acid.
Similarly, in celery (Apium graveolens), coriander seeds (Coriandrum sativum), and fennel
seeds (Foeniculum vulgare), petroselinic acid was recorded as being 56.1%, 72.8%, and
31.32% of total fatty acids. In agreement with the present study, we have also recorded
the 50.4%, 49.4%, 62.1%, and 63.3% of petroselinic acid in dill, coriander celery, and
fennel seeds, respectively (Table 2). And a similar high amount of petroselinic acid was
reported to be in the seeds of other Apiaceae family plants, such as caraway (Carum carvi,
34.1%) and cumin (Cuminum cyminum; 49.9%). In seeds of different varieties of caraway,
Reiter et al. [28] recorded 33.5–42.5% of petroselinic acid, which is in agreement with
the present study. Petroselinic acid possesses potent anti-inflammatory and antiaging
properties by reducing the metabolites of arachidonic acid [29]. And owing to its anti-aging
properties, petroselinic acid is widely used in cosmetics or dermatological compositions [29].
Surprisingly, petroselinic acid was not detected in herbs (leaves) of the Apiaceae family
member parsley (Petroselinum crispum). In the parsley herb, hexadecatrienoic (C16:3n3)
was reported to be 17.7% of the total fatty acids (Figure 2D), whereas no other spices were
found to contain this fatty acid. Parsley has been previously classified as a “16:3” plant
owing to the presence of a significant amount of hexadecatrienoic acid in photosynthetic
tissues, which is part of primitive lipid metabolism [30].

3.5. Fat Quality Indices

The present study is based on the fatty acid composition of 34 spices and herbs. We
evaluated them for fat quality indices, including the n–6/n–3 ratio, AI, TI, and h/H fatty
acid ratios (Table 3). Among the studied spices and food condiments, the ratio of n–6/n–3
PUFAs was found to be in the range of 0.36 (oregano) to 85.99 (cumin). In view of health
benefits associated with the consumption of n−6/n−3 PUFAs ratio of 0.5–2.0 (nearest to
1:1), lipids obtained from leaf spices, including tarragon (0.76), bay leaf (1.33), basil (0.55),
marjoram (0.75), parsley (0.48), white mustard (0.95), sage (0.86), and thyme (0.52) can be
considered to be beneficial. In general, the high occurrence of α-linolenic acids compared
to linoleic acid is responsible for the low n−6/n−3 ratio in leaves (photosynthetic tissue).

In view of the high risk of CVD and other chronic diseases that are associated with the
dietary intake of SFAs [11], fats with a PUFAs/SFAs ratio lower than 0.45 are not advised
for diet [31]. In the present study, PUFAs/SFAs ratios ranged from 0.17 (nutmeg) to 4.90
(cumin). Low PUFAs/SFAs ratios of 0.17 in nutmeg lipids are the result of the dominance
of myristic acid (an SFA; Figure 1A), whereas in the case of cumin, linoleic acid is dominant
over SFAs. In addition to the nutmeg, low PUFAs/SFAs ratios (<0.44) were recorded from
galangal root (0.29), lemongrass (0.24), rosemary (0.28), and sage (0.38) because of the
occurrence of a substantial amount of palmitic acid (Figure S2).

Fats with lower AI and TI and higher ratios of h/H fatty acids are recommended
for minimizing the risk of CVD [32]. In the present study, a significant difference was
recorded for AI, TI values as well as h/H fatty acids among the studied spices and herbs.
The lowest significant values of the AI (0.06) and the highest ratios of h/H fatty acids
(17.0) were obtained from cumin seeds (Table 3, Figure 3), because of the presence of a
low amount of atherogenic lauric, myristic, and palmitic fatty acids, and high amounts of
hypocholesterolemic C18:1 MUFAs and PUFAs. Whereas the lowest significant values of
TI (0.08) were recorded in white mustard, due to the low contents SFAs and high content
of PUFAs.

Overall, based on a higher ratio of h/H fatty acids and their lower AI and TI values,
cumin, coriander, fennel, and dill spices have the healthiest fatty acid profiles (Figure 3).
These spices belong to the Apiaceae family. White mustard also represents a higher ratio of
h/H fatty acids and lower values of AI and TI. However, it contains a substantial amount
of erucic acid.
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In Figure 3, cumin, coriander, fennel, and dill spices top the fat quality indices, the
ratio of h/H fatty acids, AI, and TI. However, the occurrence of a very low proportion
of α-linolenic acid (a n−3 PUFA; 0.35–0.85%) and a fairly good amount of linoleic acid
(a n–6 PUFA; 19.60–33.34%) in these spices, give rise to the high ratio of n–6/n–3 PUFAs
(24.02–85.99), which is substantially higher than the recommended ratio of 1:1. Considering
this, the culinary use of these spices can be recommended with n–3 PUFA rich components
to obtain the overall n–6/n–3 PUFAs ratio of 1:1.

Previously, we had analyzed the total phenolic contents (TPC) and antioxidant activi-
ties of 39 spices and herbs (including the 34 spices and herbs investigated in the present
study) and found that cloves possess the highest antioxidant activities, followed by all-
spice, cinnamon, oregano, and marjoram [33]. The high antioxidant activities of these
spices and herbs were probably the results of the richness of phenolic compounds, as the
antioxidant activities showed a good correlation (0.835–0.966) with TPC. In contrast, in
the present study, cumin, coriander, fennel, and dill spices showed the healthiest fatty
acid profile among the 34 spices and herbs. These observations show that the selection
of healthy spices and herbs may vary with nutrient requirements. Thus, in the present
study, cumin, coriander, fennel, and dill spices are the recommendations based on the fatty
acid profile. However, other spices and herbs might be richer in other health-beneficial
dietary components.

Table 3. The fat quality indices of lipids of spices and herbs.

Sample
No

Total FA
(mg/g
DW)

Total
SFAs

Total
MUFAs

Total
PUFAs

PUFAs:
SFAs

PUFAs:
MUFAs

n−3
PUFA

n−6
PUFA n−6/n−3 h/H AI TI

S1 2.30b 55.75 28.21 16.04 0.29 0.57 2.45 13.59 5.55 1.13 0.95 1.82
S2 23.30 12.70 65.97 21.34 1.68 0.32 b 0.85 20.49 24.02 8.22 0.15 0.24
S3 27.60 14.02 57.11 28.88 2.06 0.51 1.32 27.55 20.82 7.45 0.15 0.29
S4 8.30 41.83 2.23b 55.94 1.34 25.13 31.84 24.10 0.76 b 1.68 0.75 0.28
S5 120.83 23.06 12.96 63.99 2.78 4.94 2.53 61.46 24.30 3.92 0.29 0.49
S6 48.72 24.07 13.54 62.40 2.59 4.61 2.75 59.65 21.71 3.72 0.31 0.51
S7 42.00 31.29 40.04 28.67 0.92 0.72 0.68 27.99 41.12 2.57 0.52 0.81
S8 103.38 19.90 45.93 34.17 1.72 0.74 0.47 b 33.70 71.19 4.94 0.60 0.46
S9 2.78 45.73 23.25 31.03 0.68 1.33 4.04 26.99 6.68 1.52 0.76 1.16

S10 57.06 9.30 69.49 a 21.21 2.28 0.31 b 0.35 b 20.85 58.96 12.12 0.10 0.19
S11 36.37 6.88 b 59.39 33.73 4.90 a 0.57 0.39 b 33.34 85.99 a 17.01 a 0.06 b 0.14
S12 7.01 17.39 5.24 77.36 a 4.45 14.75 4.50 72.86 a 16.20 5.96 0.18 0.26
S13 2.75 75.80 a 6.20 17.99 0.24 2.90 5.70 12.29 2.16 0.43 b 2.66 2.24
S14 8.87 38.10 43.39 18.50 0.49 0.43 b 3.44 15.07 4.38 1.80 0.58 0.92
S15 53.18 9.45 70.42 a 20.13 2.13 0.29 b 0.53 b 19.60 37.30 11.47 0.09 0.19
S16 29.96 26.11 33.92 39.98 1.53 1.18 0.71 39.27 55.10 3.35 0.31 0.63
S17 22.49 43.98 13.90 42.11 0.96 3.03 2.53 39.58 15.62 3.85 0.28 1.21
S18 5.98 47.05 22.41 30.54 0.65 1.36 3.56 26.98 7.58 1.92 0.57 1.11
S19 5.39 62.92 20.33 16.74 0.27 0.82 7.19 9.55 1.33 0.73 2.07 1.38
S20 61.04 73.56 13.74 12.70 b 0.17 b 0.92 0.76 11.94 15.73 0.36 b 9.62 a 4.68 a

S21 130.32 a 36.12 29.36 34.53 0.96 1.18 0.81 33.72 41.69 1.94 0.58 1.04
S22 6.23 63.69 7.56 28.75 0.45 3.80 18.57 10.18 0.55 b 0.74 1.52 0.60
S23 8.09 34.48 33.65 31.87 0.92 0.95 18.23 13.64 0.75 b 2.72 0.43 0.36
S24 8.84 46.01 6.42 47.57 1.03 7.41 35.08 12.49 0.36 b 1.57 0.24 0.32
S25 14.05 22.23 2.14b 75.63 3.40 35.37 a 51.14 a 24.49 0.48 b 4.61 0.78 0.11
S26 5.38 49.12 14.95 35.93 0.73 2.40 9.32 26.61 2.86 1.45 0.81 0.85
S27 3.75 39.28 41.64 19.08 0.49 0.46 1.49 17.59 11.80 2.32 0.48 1.02
S28 4.38 71.32 15.62 13.06 b 0.18 b 0.84 5.31 7.74 b 1.46 0.56 2.08 2.20
S29 6.74 61.96 14.51 23.53 0.38 1.62 12.62 10.90 0.86 b 0.86 1.29 1.06
S30 32.31 20.16 21.74 58.10 2.88 2.67 1.54 56.56 36.78 5.41 0.20 0.44
S31 43.00 8.30 59.33 32.37 3.90 0.55 16.59 15.78 0.95 b 11.29 0.07 b 0.08 b

S32 7.13 60.86 4.47 34.68 0.57 7.76 5.99 28.69 4.79 1.00 1.27 1.27
S33 5.95 46.20 11.03 42.77 0.93 3.88 28.15 14.62 0.52 b 1.65 0.71 0.42
S34 5.26 48.94 7.49 43.57 0.89 5.81 11.10 32.47 2.93 1.38 0.83 0.81

Values are the mean of six determinations. PUFAs: total polyunsaturated fatty acids; MUFAs: total monounsaturated fatty acids; SFAs:
total saturated fatty acids; AI: atherogenic index; and TI: thrombogenic index; h/H: ratios of hypocholesterolemic (h)/hypercholesterolemic
(H) fatty acids. The letters a and b within a column represent the highest and lowest significant (p < 0.05) values, respectively. Sample
numbers (S1–S34) correspond to the Table 1.
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Figure 3. (A) Illustrations showing the high content of healthy monounsaturated (MUFAs) and
polyunsaturated fatty acids (PUFAs) in cumin, compared to low contents of MUFAs and PUFAs, and
high contents of saturated fatty acids (SFAs) in nutmeg. (B) Arrangements of studied spices and herbs
in ascending/descending order according to the fat quality indices of the ratio of hypocholesterolemic
(h)/hypercholesterolemic fatty acids, atherogenic index (AI), and thrombogenic index (TI).
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4. Conclusions

Spices belonging to Apiaceae family plants (cumin, coriander, fennel, and dill) are
an exceptionally rich source of monounsaturated fatty acids (MUFAs) in the form of
petroselinic acid, a good amount of polyunsaturated fatty acids (PUFAs; linoleic acid), and
a small amount of saturated fatty acids. And, with high proportions of MUFAs and PUFAs,
the Apiaceae family spices top the fat quality indices, particularly in terms of a higher
ratio of hypocholesterolemic/hypercholesterolemic fatty acids, and lower values of the
atherogenic index and the thrombogenic index (Figure 3).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods10040854/s1, Figure S1: (A) The gas chromatography (GC)-flame ionization detec-
tion (FID) profiles of fatty acid methyl esters (FAMEs) of cardamom. (B) The GC-mass spectrum
of dominating fatty acid (Palmitic acid); Figure S2. (A–C) The gas chromatography (GC)-flame
ionization detection (FID) profiles of fatty acid methyl esters (FAMEs) of lemongrass, rosemary, and
Sage. The GC-mass spectrum of dominating fatty acid (Palmitic acid). The numbers, 4, 7, 9, 11, and
14 correspond to peak numbers illustrated in Table 1. BHT: Butylated hydroxytoluene (A synthetic
antioxidant used during lipid extraction).
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Abstract: Turmeric (Curcuma longa L.) is an important spice, particularly is Asian cuisine, and is
also used in traditional herbal medicine. Curcuminoids are the main bioactive agents in turmeric,
but turmeric essential oils also contain health benefits. Turmeric is a tropical crop and is culti-
vated in warm humid environments worldwide. The southeastern United States also possesses a
warm humid climate with a growing demand for locally sourced herbs and spices. In this study,
five different varieties of C. longa were cultivated in north Alabama, the rhizome essential oils ob-
tained by hydrodistillation, and the essential oils were analyzed by gas chromatographic techniques.
The major components in the essential oils were α-phellandrene (3.7–11.8%), 1,8-cineole (2.6–11.7%),
α-zingiberene (0.8–12.5%), β-sesquiphellandrene (0.7–8.0%), ar-turmerone (6.8–32.5%), α-turmerone
(13.6–31.5%), and β-turmerone (4.8–18.4%). The essential oil yields and chemical profiles of several
of the varieties are comparable with those from tropical regions, suggesting that these should be
considered for cultivation and commercialization in the southeastern United States.

Keywords: turmeric; essential oil composition; α-turmerone; β-turmerone; ar-turmerone

1. Introduction

Turmeric (Curcuma longa L.), belonging to Zingiberaceae, is a rhizomatous plant native
to Southeast Asia, but is extensively cultivated worldwide, particularly in tropical countries
(e.g., India, Pakistan, Bangladesh, China, Taiwan, Thailand, Sri Lanka, East Indies, Burma,
Indonesia, northern Australia, Costa Rica, Haiti, Jamaica, Peru, and Brazil) [1–4]. Turmeric is
well known for its use as a culinary ingredient and a traditional herbal medicine [5]. It is
extensively used in Asian cuisine and is one of the key ingredients in curry powders [6].
Turmeric, either fresh or in dried form, has a long history of medicinal use, dating back
4000 years [7]. Due to its bright yellow/orange color, turmeric is often referred to as the
“Indian saffron” or “golden spice”. Curcuminoids are considered the main bioactive com-
ponents of turmeric. Turmeric’s medical properties are credited mainly to the curcuminoids,
which are abundant in turmeric rhizome [8]. The total curcumin (sum of all curcuminoids)
was proven to have significant health benefits along with the potential to prevent various
diseases, including Alzheimer’s, coronary heart disease, and cancer [9]. Due to a plethora
of scientific articles on the health benefits of turmeric, the demand for turmeric is steadily
increasing in the US and now represents an estimated US$36 million per annum. The US
imports 90% of its requirements from various countries [10]. Due to recent inconsistencies
associated with quality and production methods of raw materials imported from Asian
countries, many US manufacturers of herbal products are seeking domestically-produced
materials that meet their standards and requirements. Turmeric (Curcuma longa) is one such
crop. The rhizome from which the curcumins are derived is tuberous, with a rough and
segmented skin. The primary rhizome is called the “mother rhizome” or bulb, which is
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pear-shaped in the center (Figure 1). The branches of mother rhizomes are the secondary
rhizomes, called lateral or “finger rhizomes” [11]. The mother rhizomes are more matured
than finger rhizomes, therefore containing higher curcuminoid concentrations and perhaps
higher essential contents than finger rhizomes. However, the curcumin yield from finger
rhizomes is higher than that from mother rhizomes [12].

Figure 1. Underground parts of Curcuma longa showing the rhizomes and roots.

One of the important components of turmeric is its volatile oil. The role of turmeric oil
in the treatment of a wide variety of diseases in animals and humans were reviewed in de-
tail [4,7]. Thus, curcuma oil appears to be a promising agent for the treatment of simple der-
matitis, cerebral stroke, and other disorders associated with oxidative stress [13]. The essen-
tial oils of turmeric are relatively complex, with hundreds of components. The major com-
ponents, however, are α-turmerone (12.6–44.5%), β-turmerone (9.1–37.8%), ar-turmerone
(12.2–36.6%), β-sesquiphellandrene (5.0–14.6%), α-zingiberene (5.0–12.8%), germacrone
(10.3–11.1%), terpinolene (10.0–10.2%), ar-curcumene (5.5–9.8%), and α-phellandrene
(5.0–6.7%) [14].

Turmeric is considered a viable cash crop with a ready market in Alabama and in
the US. Similar to any essential oil crop, turmeric’s essential oil also varies with variety,
soil type, and environmental conditions [15,16]. Hence, evaluating different varieties for
essential content and composition is an important consideration for determining a variety
for cultivation in a particular location. Turmeric is a tropical crop and grows well in warm
and humid environments with mean air temperatures between 20 and 30 ◦C. It can be
planted in all soil types, but it does best in well-drained clay loam or sandy loam soils
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rich in humus or organic matter with a soil pH of about 5.5 to 6.5. It grows in a wide
range of climatic conditions but requires about 100 to 200 cm of rainfall a year. Thus,
Alabama’s hot, humid, and rainy summer season is suited for turmeric production in the
southeastern US. Furthermore, turmeric is potentially suited for catering to the herbal
products industry, which prefers locally sourced materials. The purpose of the present
study was to determine the variation in the essential oil chemistry of five C. longa genotypes
that could potentially be cultivated for commercial purposes in north Alabama and to note
any differences between the mother rhizome and the lateral rhizomes of each cultivar.

2. Materials and Methods

2.1. Curcuma longa Varieties

The five varieties used in this study were selected out of fourteen varieties according
to three criteria: high yield but low curcuminoid content (varieties, CL5, CL3), low yield but
high curcumin content (CL10), and high yield and high curcumin content, thus, high cur-
cumin yield (CL9, CL11), based on studies at Auburn University and Alabama A&M
University. Thus, CL3 and CL5 may be considered for the fresh rhizome market, CL 10 for
the high curcumin dry rhizome herbal products market, and CL9 and CL11, which have
attractive, orange-colored rhizomes, could serve both fresh and dry herbal produce markets.
The two varieties CL3 and CL9 were consistent in their performance over three years in
both south and north Alabama. A knowledge of their relative oil yield and composition
could help in value-addition for either fresh rhizomes or dry herbal markets.

2.2. Cultivation of Curcuma longa

The rhizomes of five turmeric varieties belonging to C. longa (CL3, CL5, CL9, CL10,
and CL11) obtained from various sources (Table 1) were planted in seed germination trays
filled with a soilless potting mix (Pro-Mix) on 3 April 2019. After planting, the trays were
placed in a glass greenhouse at Alabama A&M University, Normal, AL (natural daylight
increasing from 11 h in mid-March to about 14.5 h in early June; mean air temperature
maintained at 26 ◦C) for 70 days for sprouting and plant development. The 10-week-
old plants were then transplanted onto raised beds (60 cm wide, 15 cm high, 25 m long,
2 m apart, covered with black plastic mulch with drip irrigation tubing underneath the
plastic) on 25 June 2019 at the Alabama A&M Winfred Thomas Agricultural Research
Station located in Hazelgreen, AL (Latitude 34◦89′ N and longitude 86◦56′ W). Soil at
the experimental site was a Decatur silt loam (fine, kaolinitic, thermic Rhodic Paleudult).
The plants were grown using organic production methods and irrigation was provided as
and when needed by the drip method. Prior to making the raised beds, the soil was plowed
with a rototiller, and a mixture of composted cow manure, poultry litter, and vermicompost
was incorporated into the soil at a rate equivalent to 45.5 kg of N/ha. Once the crop
was established, a fish emulsion-based organic soluble fertilizer, Neptune’s Harvest™
(Seven Springs Organic Farming and Gardening Supplies, Check, VA, USA), was applied
through the irrigation system at 3-week intervals. Three plants from the middle of each row
were harvested in mid-February 2020 by digging the plants, separating the rhizomes from
the shoot, and washing clean of soil and debris with forced water jets. The mother and
lateral rhizomes (Figure 1) were separated and placed in mesh trays and dried of excess
water using fans at room temperature. The rhizomes were then placed in a cooler box with
ice and carried to the chemistry department at the University of Alabama in Huntsville for
oil extraction and profiling.

2.3. Essential Oils

The fresh rhizomes, both mother and lateral rhizomes (Figure 1), were chopped and
hydrodistilled for 4 h using a Likens–Nickerson apparatus with continuous extraction of
the distillate with dichloromethane. Evaporation of the dichloromethane gave pale yellow
to yellow rhizome essential oils (Table 1), which were stored at −20 ◦C until analysis.
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Table 1. Hydrodistillation details for Curcuma longa rhizome essential oils cultivated in north Alabama.

C. longa Cultivar
(Rhizome)

Source (Origin) of Rhizome
Mass of

Rhizome (g)
Mass of Essential

Oil (g)
% Yield Color

CL3 (mother) Horizon Herbs, 3350 Cedar Flat Road,
Williams, Oregon (Hawaii)

236.2 0.5935 0.251 pale yellow
CL3 (lateral) 268.7 0.6797 0.253 pale yellow
CL5 (mother) James Simon, Rutgers University,

New Jersey (India)
214.0 1.3120 0.613 yellow

CL5 (lateral) 281.0 1.5540 0.553 pale yellow
CL9 (mother) Lam T. Duong

(Dak Lak Province, Vietnam)
207.1 1.3645 0.659 yellow

CL9 (lateral) 188.3 0.8050 0.428 yellow
CL10 (mother) International farmers Market, Chamblee,

Georgia (unknown)
232.0 0.6715 0.289 pale yellow

CL10 (lateral) 282.7 0.5763 0.204 pale yellow
CL11 (mother) Dr. Anand Yadav, Fort Valley State

University, Georgia (unknown)
215.0 1.0760 0.500 pale yellow

CL11 (lateral) 264.6 1.4126 0.534 pale yellow

2.4. Gas Chromatographic–Mass Spectral (GC–MS) Analysis

Gas chromatography–mass spectrometry was carried out as previously described [14]:
Shimadzu GCMS-QP2010 Ultra instrument, electron impact (EI) mode (electron energy =
70 eV), scan range = 40–400 atomic mass units, scan rate = 3.0 scans/s, and GC-MS solution
software (Shimadzu Scientific Instruments, Columbia, MD, USA); ZB-5 fused silica capil-
lary column, 30 m length, 0.25 mm internal diameter, 0.25 μm film thickness (Phenomenex,
Torrance, CA, USA); He carrier gas, head pressure = 552 kPa, flow rate = 1.37 mL/min;
injector temperature = 250 ◦C, ion source temperature = 200 ◦C, oven temperature pro-
gram = 50 ◦C start, increased by 2 ◦C/min to 260 ◦C; 7% w/v solutions, 0.1 μL injections,
split mode (30:1). Essential oil components were identified based on both their retention
indices, which were determined by reference to a homologous n-alkane series, and their
mass spectral fragmentation patterns available from the databases [17–20].

2.5. Hierarchical Cluster Analysis

Agglomerative hierarchical cluster (AHC) analysis was carried out using the chemical
compositions of the C. longa rhizome essential oils. The compositions were treated as
operational taxonomic units, with the percentages of the 16 most abundant components
(α-turmerone, ar-turmerone, β-turmerone, α-phellandrene, 1,8-cineole, α-zingiberene,
β-sesquiphellandrene, terpinolene, (6S,7R)-bisabolone, p-cymene, zingiberenol, ar-curcu-
mene, β-bisabolene, 7-epi-trans-sesquisabinene hydrate, limonene, and ar-tumerol), using
XLSTAT Premium, version 2018.1.1.62926. Euclidean distance was used to determine
dissimilarity, and Ward’s method was used to define the clusters.

3. Results and Discussion

The fresh mother and lateral rhizomes (Figure 1) were chopped and hydrodistilled to
give pale yellow to yellow essential oils in yields ranging from 0.204% to 0.695% (Table 1).
Varieties CL5, CL9, and CL11 gave better essential oil yields (0.443–0.659%) than CL3 or
CL10 (<0.3%). The total oil content of CL5, CL9, and CL11 were similar to those reported
for Indian chemotypes of C. longa [21,22]. In CL5, CL9, and CL10, the mother rhizomes
had higher oil yields than the lateral rhizomes. A similar trend was reported for curcumin
concentration of turmeric varieties grown in south–central AL [12].

The chemical compositions of the C. longa rhizome essential oils are compiled in
Table 2. The major components in the essential oils were α-phellandrene (3.7–11.8%),
1,8-cineole (2.6–11.7%), α-zingiberene (0.8–12.5%), β-sesquiphellandrene (0.7–8.0%), ar-
turmerone (6.8–32.5%), α-turmerone (13.6–31.5%), and β-turmerone (4.8–18.4%). A hi-
erarchical cluster analysis of the C. longa rhizome essential oils in this study was car-
ried out based on the concentrations of the 16 most abundant essential oil components
(α-turmerone, ar-turmerone, β-turmerone, α-phellandrene, 1,8-cineole, α-zingiberene, β-
sesquiphellandrene, terpinolene, (6S,7R)-bisabolone, p-cymene, zingiberenol, ar-curcumene,
β-bisabolene, 7-epi-trans-sesquisabinene hydrate, limonene, and ar-tumerol) (Figure 2).
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Figure 2. Dendrogram obtained from agglomerative hierarchical cluster analysis of the rhizome essential oils from varieties
of Curcuma longa cultivated in north Alabama.

The cluster analysis of the C. longa varieties in this work revealed two well-defined
groups. One group (varieties CL5, CL9, and CL11) was dominated by turmerones
(α-turmerone, ar-turmerone, and β-turmerone). The second group demonstrated lower
concentrations of turmerones, but higher concentrations of other components (e.g., α-zingi-
berene and β-phellandrene). Previous examination of C. longa rhizome essential oils from
India as well as other geographical locations showed there to be four clusters based on
the relative concentrations of the turmerones [14]: (1) dominated by turmerones, but with
relatively large concentrations of other components; (2) dominated by turmerones, espe-
cially ar-turmerone; (3) dominated by turmerones, especially α-turmerone; and (4) very
large concentrations of ar-turmerone. The chemical compositions of varieties CL5, CL9,
and CL11 placed them into the cluster dominated by turmerones (i.e., cluster 2 of [14]),
while varieties CL3 and CL10 had relatively lower concentrations of turmerones with
relatively larger concentrations of components other than turmerones (i.e., cluster 1 of [14]).
Thus, the essential oil compositions of these turmeric varieties adaptable to the Alabama
summer growing season fit in well with essential oil compositions of turmeric varieties
cultivated in Asia. The ar-turmerone and α-turmerone levels were similar to (CL3) or
greater than (CL5, CL9, and CL11) those reported for turmeric grown in a tropical coun-
try, Brazil [23]. The ar-turmerone and α-turmerone were substantially greater than those
reported for turmeric grown in India [24]. The β-turmerone levels were generally lower
than those reported for turmeric grown in tropical countries [22–24], but similar to those
reported for turmeric grown in Korea [25]. The cluster analysis also showed very little
dissimilarity between the mother rhizome essential oil and the lateral rhizome essential
oils for each of the varieties.
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Xu and coworkers examined the extracts of 160 samples of C. longa from China [26].
Gas chromatographic analysis of the volatiles from the extracts revealed three volatile
profile types, while high-performance liquid chromatographic (HPLC) analysis showed
three types based on curcuminoid content. Unfortunately, Xu et al. identified only 10
volatile components, whereas 79 components were identified in our essential oil work.
Furthermore, percent compositions were not reported and only “representative” chro-
matograms were presented. Nevertheless, although comparison is tenuous, based on the
chromatograms, the volatile profile types identified seem to be analogous to essential oil
types in our work. Importantly, volatile profile types “a” and “b” correspond to high-
curcuminoid type “B” [26]. Therefore, we conclude that high turmerone concentrations are
desirable qualities in turmeric essential oil.

The turmerones are responsible for the turmeric-like odor of C. longa [27]. In addition
to their pungent scent, turmerones are important, biologically active constituents of C. longa
rhizome essential oils [28], showing in vitro cytotoxic activities against several human tumor
cell lines [29–32], anti-inflammatory activity through attenuated expression of proinflamma-
tory cytokines [33,34], antibacterial activity against Gram-positive organisms [35], antifungal
activity against phytopathogenic [36] and dermatopathogenic [37] fungi, mosquito larvici-
dal activity against Anopheles gambiae [38] and Culex pipiens [39], and insecticidal activity
against the agricultural pests Sitophilus zeamais and Spodoptera frugiperda [40].

4. Conclusions

The chemical profiles of varieties CL5, CL9, and CL11 tested in this study in north
Alabama were comparable to those growing in tropical regions of the world, suggesting
that these varieties are suitable for commercialization in this region. However, CL3 and
CL10 gave relatively poor essential oil yields and essential oils with lower concentrations
of the turmerones. There is a growing market for Curcuma longa essential oils, with several
varieties showing promise for development in the southeastern United States.
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