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Abstract

Areca nut (AN) is consumed by more than 600 million of individuals, particularly in some regions of South Asia, East Africa,
and tropical Pacific, being classified as carcinogenic to humans. The most popular way of exposure consists of chewing a
mixture of AN with betel leaf, slaked lime, and other ingredients that may also contain tobacco named betel quid (BQ).
Arecoline is the principal active compound of AN, and, therefore, has been systematically studied over the years in several
in vitro and in vivo genotoxicity endpoints. However, much of this information is dispersed, justifying the interest of an
updated and comprehensive review article on this topic. In this sense, it is thus pertinent to describe and integrate the genetic
toxicology data available as well as to address key toxicokinetics aspects of arecoline. This review also provides information
on the effects induced by arecoline metabolites and related compounds, including other major AN alkaloids and nitrosation
derivatives. The complexity of the chemicals involved renders this issue a challenge in genetic toxicology. Overall, positive
results in several endpoints have been reported, some of them suggesting a key role for arecoline metabolites. Nevertheless,
some negative genotoxicity findings for this alkaloid in short-term assays have also been reported in the literature. Finally,
this article also collates information on the potential mechanisms of arecoline-induced genotoxicity, and suggests further
approaches to tackle this important toxicological issue.
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Introduction

Arecoline (N-methyl-1,2,5,6-tetrahydropyridine-3-carbox-
ylic acid methyl ester) is considered the major natural alka-
loid present in areca nut (AN; Fig. 1). AN corresponds to the
dried seed of the fruit derived from the Areca palm (Areca
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catechu L, Arecaceae). This tree is endemic in many regions
in Asia (especially in the South and South-East), East
Africa, and Western Pacific (Kumpawat et al. 2003; Volgin
et al. 2019). The use of AN in these areas of the world is
very ancient, being employed in traditional folk medicine,
in culinary and for religious and social purposes. Notably,
its use is still very pervasive nowadays in different coun-
tries from these regions, including India, Taiwan, Nepal,
Malaysia, Indonesia, Pakistan, and China—Hunan province
and Papua New Guinea. Moreover, AN is also used by some
communities in other parts of the world, such as USA, UK,
South and East Africa, and Australia (Sharan et al. 2012;
Volgin et al. 2019) as a consequence of immigration.

AN is commonly referred to as betel nut (BN), although
some authors stated that this designation can be misleading
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Fig. 1 Areca nut (AN) is the
dried seed of the fruit derived
from the Areca palm (Areca cat-
echu), which is a tree endemic
in many regions in Asia
(especially in the South and
South-East), East Africa, and
Western Pacific. It is a widely
chewed natural product with
estimated 600 million users
across the world. AN is also
referred to as the betel nut (BN),
although this latter designation
should be avoided. Betel or
Betel quid refers to a combined
preparation of the areca nut and
slaked lime (calcium hydrox-
ide) rolled into a leaf of betel
pepper (Piper betle), and may
also contain tobacco. Calcium
hydroxide favors hydrolyzation
of arecoline and guvacoline

to arecaidine and guvacine,
respectively

and should be avoided, being the terminology AN more
appropriate (Patidar et al. 2015). There are several available
forms of presentation of AN, named with common or tra-
ditional designations that vary according to the geographi-
cal location and among the cultural groups/individuals that
consume them. The most popular form consists of chew-
ing a mixture named betel quid (BQ), that contains AN,
betel leaf (BL), as well as slaked lime paste and different
flavoring agents and additives. In some countries, tobacco
is also incorporated in the mixture (IARC 2012). A detailed
description of the different chewing items and their respec-
tive traditional names (e.g., pan or paan, gutkha) is beyond
the scope of this review and can be found elsewhere (IARC
2012; Sharan et al. 2012; Patidar et al. 2015; Mehrtash et al.
2017). Also, it should be noted that there is significant con-
fusion regarding the exact terminology reported for these
products which hinders the adequate characterization of the
habit and consequent health effects (Patidar et al. 2015).

It is generally estimated that BQ is consumed by about
10-20% of the world’s population and that approximately
600 million persons chew AN (IARC 2012; Volgin et al.
2019; Arora and Squier 2019). These estimates alert us to
the impressive number of users that are exposed to arecoline,
often at a daily basis. In view of this, BQ chewing is consid-
ered by many authors as the fourth most common psychoac-
tive and addictive habit worldwide, after tobacco (nicotine),
ethanol, and caffeine (Giri et al. 2006; Chou et al. 2008; Vol-
gin et al. 2019). Moreover, it should be noted that BQ, either
with or without added tobacco, as well as AN, have been
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classified by the International Agency for Research on Can-
cer (IARC) as Carcinogenic to humans, belonging to Group
1 TARC 2004, 2012). The oncological diseases for which
sufficient evidence in humans exists comprise cancers of the
oral cavity, esophagus, pharynx (BQ with tobacco), and a
positive association for liver cancer (BQ without tobacco).
The impact of AN in human health is not restricted to cancer.
In fact, other harmful effects associated with AN exposure
include cardiovascular disease, cerebrovascular disorders,
metabolic syndrome, diabetes, and asthma, among others
(Javed et al. 2010; Mehrtash et al. 2017). The systemic
effects of AN have also been reviewed by Garg et al. (2014)
that organized the various toxic effects observed towards
each of the major organs/systems. In addition, AN also dis-
plays deleterious effects in the fetus upon maternal use dur-
ing the pregnancy. Clearly, these reviews and several other
studies show that this habit may affect almost all organs
of the human body, triggering or aggravating several dis-
orders. Notably, the use of AN or BQ is a neglected global
emergency in terms of public health that requires a closer
attention from the scientific community and policy makers
(Mehrtash et al. 2017).

Arecoline has not yet been evaluated by the IARC mono-
graph program, although this assessment can be anticipated,
since this alkaloid was recently mentioned on the Report of the
Advisory Group that recommend priorities for the timeframe
2020-2024 (IARC 2019). In fact, arecoline, as the primary
active ingredient of AN, was given the high priority recom-
mendation status. As stated in the IARC (2004) monograph
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and summarized in IARC (2019), there is limited evidence for
the carcinogenicity of arecoline in experimental animals with
positive findings for lung adenocarcinomas, stomach squa-
mous cell carcinomas, and liver haemangiomas in male mice
treated with arecoline by gavage, although negative results
were also observed in other studies with different administra-
tion routes. Importantly, no human studies specifically focus-
ing on arecoline are known (IARC 2019).

As abovementioned, arecoline has indeed a pivotal role
in the context of AN or BQ use not only, since it is usually
reported as the most abundant alkaloid present, constituting
about 85-95% of the total alkaloid fraction, but also because
it is generally recognized to be the most active AN alkaloid
involved in the psychoactive and other toxic effects observed
in AN chewers. Despite all the existing knowledge on the car-
cinogenic effects of BQ and AN, there are still many gaps
concerning the mode of action (MoA) of these agents as
human carcinogens. Moreover, the precise role of arecoline
in this context is still a matter of discussion. There is grow-
ing evidence pointing out to non-genotoxic events induced by
arecoline (Jeng et al. 1994; Chang et al. 1998). Epigenetic
effects have been described and considered in the context of
AN-induced cancers (Lin et al. 2011; Lai et al. 2014; Chuer-
duangphui et al. 2018). Nonetheless, the broad spectrum of
genotoxic effects induced by arecoline per se as well as by its
major metabolites and related compounds has been observed
in different experimental models, being known, for instance,
the mutagenic potential of arecoline in the Ames test since the
early 1980s. In view of this, the present work primarily aims
at reviewing the available data on the genotoxic potential of
arecoline, describing the deleterious effects observed in com-
plementary endpoints and correlating them to toxicokinetic
aspects of arecoline, especially to its metabolic activation and
nitrosation. The innovative aspects of this comprehensive
review also include genetic toxicology information concern-
ing other major AN alkaloids (i.e., arecaidine, guvacine, and
guvacoline) and additional chemicals present in BQ.

This review also intends to gather the scattered informa-
tion concerning the possible mechanisms of genotoxicity,
identifying throughout the article different approaches used
to modulate the responses observed in the genotoxicity tests
which may be important to support a genotoxic MoA for
arecoline. Finally, some gaps in this research field are rec-
ognized and some suggestions provided towards a better
comprehension of this complex issue that affects so many
individuals.

Methodology

A comprehensive literature search in English was performed
in PubMed, without any timeframe, to identify and select
articles (i.e., original research and reviews) to be included in

this review. The keywords systematically used were “areco-
line”, “areca nut”,”betel nut” or “betel quid” plus “genotox-
icity”, or plus a specific genetic damage endpoint (e.g., “gene
mutations”, “Ames test”, “chromosomal aberrations”’(CA)
“micronuclei” (MN), “Sister-chromatid-exchanges” (SCE),
“Comet assay”, “DNA damage”). “Toxicokinetics” and
“metabolism” were also used as keywords combined with
“arecoline”. Electronic copies of the articles were obtained,
being further examined to identify additional relevant pub-
lications addressing the genotoxicity induced by arecoline,

arecoline metabolites, or arecoline-related compounds.
Toxicokinetics of arecoline

As stated above, arecoline, arecaidine, guvacine, and guva-
coline are the major alkaloids isolated from AN, the fruit of
Areca catechu palm (Shih et al. 2010). Despite the preva-
lence of AN use and potential human carcinogenicity, more
studies focusing on the toxicokinetics of its primary toxic/
active alkaloid, arecoline, in humans or in animals are ned-
eed (Gupta et al. 2020). Arecoline (Fig. 2) toxicokinetics is
fully reviewed below. Nevertheless, it is also important to
investigate the toxic effects of the two active metabolites,
i.e., arecaidine and arecoline N-oxide (AQO, also known as
arecoline 1-oxide), to better understand their function in
arecoline-induced toxicology (Pan et al. 2018). Moreover,
it is also important to remember that the pharmacokinet-
ics studies of the extracts of this plant are most likely dif-
ferent from the results regarding its isolated alkaloids such
arecoline.

Hayes et al. (1989) developed a gas chromatogra-
phy—mass spectrometry (GC-MS) technique for quantitative
analysis of arecoline in blood plasma, in the concentration
range 1-50 ng/mL, which was used on plasma samples from
healthy volunteers who had received transdermal doses at
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Fig.2 Structures of the major areca alkaloids found in areca nut. In
addition to arecoline, the other three main alkaloids are arecaidine,
guvacine, and guvacoline, being these three alkaloids related. Arecai-
dine is the free carboxylic acid derivative of arecoline; guvacine is the
N-desmethyl derivative of arecaidine; and guvacoline is the N-desme-
thyl derivative of arecoline
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3 mg/h. The time—concentration profile showed a maximum
plasma concentration of 4-5 ng/mL at 5-10 h after dermal
application. Moreover, the oral mucosal absorption of areco-
line was rapid, with blood plasma concentrations increasing
with dose and time (Strickland et al. 2003).

Arecoline easily crosses the blood-brain barrier with a
brain/plasma concentration ratio close to unity (Doucette
et al. 1986; Perry et al. 1981). Other studies have shown that
arecoline readily crosses the blood—brain barrier after its
intravenous administration to subjects with Alzheimer’s dis-
ease (Asthana et al. 1996), confirming a very short plasma
t,,, values in rats (Soncrant et al. 1989) and other human
studies (Shetty et al. 1991). Indeed, arecoline has deep brain
penetration as evidenced by its numerous central nervous
system effects (Gupta et al. 2020). The mean volume of dis-
tribution was 2.55 +2.05 L/kg (range, 0.63-6.1 L/kg) with
a clearance of 13.6 +5.8 L/min. Arecoline was found in the
placenta of a mother using AN whose child was affected by
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neonatal withdrawal syndrome (L6pez-Vilchez et al. 2006),
a sign that may possibly underlie the addictive potential of
the AN.

Arecoline is rapidly metabolized to arecaidine mainly in
the liver, but also in the kidney (Patterson and Kosh 1993).
An overview of the metabolic pathways of both compounds
is depicted in Fig. 3. Hydrolysis in plasma was also reported
(Pan et al. 2017). Interestingly, the hydrolysis of ester moiety
of arecoline to arecaidine was completely inhibited using 5%
formic acid as a stabilizer, which was immediately added to
freshly collected rat plasma samples (Pan et al. 2017). Arec-
oline was not metabolized by either blood or brain homogen-
ates to any significant degree. Giri et al. (2006) administered
arecoline and arecaidine to mice, and their urinary metabo-
lite profiles were analyzed by using ultra-performance liquid
chromatography-coupled time-of-flight mass spectrometry
(UPLC-TOFMS). Eleven metabolites of arecoline were
identified, including arecaidine, AO, arecaidine N-oxide,
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Fig.3 The metabolic pathway of arecoline and arecaidine. Arecai-
dine and N-methylnipecotic acid represent the major metabolites of
arecoline. Underlined compounds denote the two active metabo-
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lites of arecoline, being arecoline 1-oxide (also known arecoline
N-oxide) critical in toxicity. Arecoline hypothetical metabolic routes
are presented with dashed lines
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N-methylnipecotic acid, N-methylnipecotylglycine, arecaidi-
nylglycine, arecaidinylglycerol, arecaidine mercapturic acid,
arecoline mercapturic acid, and arecoline N-oxide mercaptu-
ric acid, together with nine unidentified metabolites. Results
also evidenced that the major metabolite of both arecoline
and arecaidine was N-methylnipecotic acid, which is the
result of C=C double-bond reduction (Boyland and Nery
1969; Nery 1971). These metabolic findings were recently
corroborated after detailed in vivo analysis of absorption
and metabolism of AN extracts by liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) (Li
et al. 2017). Arecaidine, formed by arecoline hydrolysis in
liver, is a Michael acceptor like arecoline and can react with
proteins, generating protein-toxic adducts (Chou et al. 2012).

Since the administration of AO to rats produce a broadly
similar metabolic picture as arecoline itself, it was suggested
the reduction of AO back to arecoline and then its subse-
quent metabolism (Nery 1971). This process of N-oxide
reduction and re-synthesis has been termed “metabolic
retroversion” from the study of trimethylamine N-oxide in
volunteers with a trimethylamine N-oxidation pharmaco-
genetic deficiency (Al-Waiz et al. 1987). It was suggested
that N-oxides may undergo metabolic reduction in vivo,
perhaps by the gut flora, before being N-oxidized back to
the parent compound (Giri et al. 2007). It was possible to
visualize the “metabolic retroversion” during the adminis-
tration of trimethylamine N-oxide (TMAO) to two patients
with an inherited trimethylamine N-oxidation deficiency,
known as fish-odor syndrome. While unaffected subjects
excreted > 94% of the administered TMAO apparently
unchanged, with only 4% as the free base trimethylamine
(TMA), the two affected patients excreted 35 and 51% of
dose as TMA, and two heterozygous subjects excreted 12
and 16% of dose as TMA. Overall, these findings suggested
that 40-60% of an oral dose of TMAO undergoes retroverted
metabolism (Al-Waiz et al. 1987) and approximately 80% of
the urinary metabolites are N-oxides.

Subsequently, Giri et al. (2007) studied the metabolism
of one of the two major urinary metabolites of arecoline in
the mouse, i.e., AO, after oral administration of a dose of
20 mg/kg. A total of 16 mass/retention time pairs yielded 13
metabolites of AO, most of them novel. The principal path-
ways of metabolism of AO were mercapturic acid formation,
with catabolism to mercaptan and methylmercaptan metabo-
lites, apparent C=C double-bond reduction, carboxylic acid
reduction to the aldehyde, N-oxide reduction, and de-ester-
ification, together with various combinations of these path-
ways. Furthermore, four of these metabolites were detected
as diastereomers, making a total of 14 urinary metabo-
lites, including the arecoline. Arecoline was converted to
AO in vitro by human flavin-containing monooxygenases
FMO1 and FMO3, but not by FMOS5 or any of 11 human
cytochromes P450 tested (CYP1A1, CYP1A2, CYPIBI,

CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6,
CYP2E1, CYP3A4, and CYP4A11). As discussed below,
this metabolite has moderate mutagenicity as the ultimate
carcinogen and plays an important role in arecoline-induced
oral carcinogenesis (Lin et al. 2011). The relative abundance
of each isozyme of FMO1 and FMO3 will determine which
isozyme is preferentially utilized in any given tissue. The
FMOs catalyze the NADPH-dependent oxidation of a vari-
ety of xenobiotics which contain nucleophilic heteroatoms,
typically nitrogen, sulfur, or phosphorus (Shephard and
Phillips 2010; Ziegler 1993). These enzymes are efficient
two-electron oxygenating enzymes for N-oxidation, unlike
P450s, which generally use sequential one-electron trans-
fer chemistry (Guengerich et al. 1997). The microsomal
FMO enzyme family is comprised of five isozymes, i.e.,
FMO1-FMOS, whose expression is tissue-specific (Phillips
and Shephard 2017). FMO1 is predominantly expressed in
human kidney, and FMO?2 in lung and kidney (Cashman and
Zhang 2006; Klaassen 2019; Phillips and Shephard 2017).
FMO3 is the prominent isozyme in adult human liver, FMO4
is more broadly distributed in liver, kidney, small intestine,
and lung, and FMOS is expressed in human liver, lung, small
intestine, and kidney (Cashman and Zhang 2006; Klaassen
2019; Phillips and Shephard 2017).

1-Methylnipecotic acid 1-oxide methyl ester is a metabo-
lite arising from the reduction of the 3,4-double bond of
AO (Giri et al. 2007). Such a metabolic reaction was also
reported for the biotransformation of arecoline to 1-meth-
ylnipecotic acid in the mouse (Giri et al. 2006). Perusal of
the structure of 1-methylnipecotic acid 1-oxide methyl ester
reveals chiral centers at positions N1 and C3 and, thus, the
possibility of diastereomers. The two trans-diastereomers
are 1-(R), 3-(R) and 1-(S), 3-(S), and the cis-diastereomers
are 1-(R), 3-(S), and 1-(S), 3-(R) [cis/trans relative to the
oxide]. Both arecoline and arecaidine have been reported to
form mercapturic acids in the rat (Boyland and Nery 1969)
and, therefore, presumably undergo glutathione conjugation.
Arecoline 1-oxide mercapturic acid exhibits asymmetry at
positions C3 and C4, meaning that arecoline 1-oxide mer-
capturic acid exists as two pairs of diastereomers, 3-(R),
4-(S) and 3-(S), 4-(R) [both cis-] together with 3-(R), 4-(R)
and 3-(S), 4-(S) [both trans-]. These undergo cysteine
S-conjugate P-lyase activity producing 4-methylmercapto-
1-methylnipecotic acid 1-oxide methyl ester, which are likely
precursors of the thiol metabolites. The aldehyde 1-methyl-
3,4-dehydropiperidine-3-carboxaldehyde was also identified
as metabolite of AO.

The rapid hydrolysis of arecoline by plasma esterases
results in the short plasma t;,, of arecoline and reduced
excretion unchanged by the kidneys (Sethy and Francis
1988). In the study of Giri et al. (2007) approximately 50%
of the urinary metabolites corresponded to unchanged AO,
25% to other N-oxide metabolites, while approximately
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30% corresponded to mercapturic acids or their metabolites.
Many metabolites, principally mercapturic acids and their
derivatives, were excreted as diastereomers that could be
resolved by UPLC-TOFMS. In another study of the same
research group, unchanged arecoline comprised 0.3-0.4%,
arecaidine 7.1-13.1%, AO 7.4-19.0%, and N-methyl-
nipecotic acid 13.5-30.3% of the dose excreted in 0—12 h
urine after arecoline administration (Giri et al. 2006). In a
study of 15 Alzheimer patients receiving 5 mg intravenous
arecoline, the mean terminal plasma t,,, of arecoline was
approximately 9.3 min with plasma arecoline concentrations
returning to baseline within approximately 1 h (Asthana
et al. 1996). Relatively longer t;,, were obtained for are-
caidine (4.3 h) and N-methylnipecotic acid (7.9 h) in five
healthy nonchewers after oral administration of AN water
extracts (Hu et al. 2010). In an interesting study, the ultra-
high-performance liquid chromatography system coupled to
tandem mass spectrometry method was developed to quan-
tify arecoline, arecaidine, guvacoline, and guvacine in hair
as proof of long-term exposure to BN (Gheddar et al. 2020).
Of note, some authors were unable to detect any alkaloids in
the female hair samples. This was claimed to be due to the
chemical hair treatments or excessive use of hair products,
since all other factors regarding AN chewing habits were
similar to the male volunteers (Franke et al. 2020).

Arecoline psychoactive effects

As already mentioned, AN is the fourth most common
abused drug after nicotine, ethanol, and caffeine, espe-
cially among people of lower socioeconomic status (Kumar
Srivastava 2014; Lee et al. 2012; Ni et al. 2013; Shah et al.
2002; Wang et al. 2005). In several communities, AN is used
as a socializing food substance and in religious festivities
(Osborne et al. 2011; Ujvary 2014).

The effects are described as pleasurable and generally
stimulating, inducing a sense of well-being, euphoria,
heightened alertness, a warm sensation throughout the body,
and an increased capacity to work. Psychosis due to AN con-
sumption was first described in Papua New Guinea in 1977
by Burton-Bradley, and was associated with high intake as
part of a ceremony with traditional healers (Burton-Bradley
1978). Since then, this condition has been rarely described
in literature. Indeed, clinical studies currently available show
that AN consumers do not have an increased risk to develop
schizophrenia (Bales et al. 2009; Coppola and Mondola
2012; Sullivan et al. 2007).

Dependence is positively correlated with the frequency
of chewing per day and the ability to stop is highly depend-
ent on the period and frequency of consumption (Bhat et al.
2010; Lin et al. 2006; Winstock 2002). Although depend-
ence originates mild symptoms, the proportion of depend-
ence is relatively high, ranging from 20 to 90% among
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current users (Ko et al. 2020). Acute toxic psychosis as
characterized by auditory hallucinations, grandiose, or per-
secutory delusions has not been widely observed following
AN use. Although available reports are very limited, AN
psychosis appears to be reversible and there are no reports of
“bad trips” following excessive chewing. There is also some
evidence that pure arecoline may enhance working memory
in Alzheimer’s disease patients. However, the results are
unpredictable and inconclusive (Raffaele et al. 1996). Ko
et al. (2020) highlighted that AN increased both brain sero-
tonin and noradrenaline levels, whereas arecoline displayed
monoamine oxidase-A (MAO-A) inhibitor-like properties.
MAO-A inhibitors prevent neurotransmitter breakdown
and increase dopamine and serotonin concentrations in the
brain. A significant increase in brain dopamine levels was
observed after arecoline administration through injection to
mice (Molinengo et al. 1986). Moreover, the nonselective
muscarinic and nicotinic receptor agonist effects of areco-
line, responsible for the parasympathomimetic effects of AN
preparations, should also not be discharged, since choliner-
gic system plays a key role in the development of cocaine
dependence (Coppola and Mondola 2012). More recently,
it was demonstrated that individuals chronically exposed
to BQ have higher functional connectivity than controls of
the orbitofrontal cortex, and inferior temporal and angular
gyri (Sariah et al. 2020).

A withdrawal syndrome has been described for the AN,
and it is characterized by mood swings, anxiety, irritabil-
ity, reduced concentration, sleep disturbance, and increased
appetite (Lee et al. 2012; Wiesner 1987; Winstock et al.
2000). Symptoms typically begin within 48 h and tolerance
was also reported (Winstock et al. 2000).

Genotoxicity of arecoline and related compounds

The genetic toxicity of arecoline has been evaluated in dif-
ferent in vitro and in vivo models, and some information
concerning the possible mechanisms involved is available
in the literature. Some of these data have been reported in
original articles or summarized either in review articles or in
the IARC publications (2004, 2012, 2019). Moreover, there
are also reports on the genotoxicity of AN extracts, reflect-
ing not only arecoline’s inherent genotoxicity but also the
potential contribution of the other genotoxic alkaloids and
chemicals present. This fact renders the assessment of the
genotoxic burden induced by arecoline in the extracts far
more complex, being also important to mention that other
phytochemicals present may even counteract the noxious
effects of the abovementioned alkaloids. Nevertheless, there
is a significant amount of data concerning the genetic toxi-
cology of arecoline per se and some information regarding
the genotoxic effects of arecoline’s major metabolites, par-
ticularly AO. Since arecoline and other AN alkaloids can
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react with nitrites forming nitrosamines, these derivatives
have also been studied, especially those found in the saliva
of BQ chewers. In view of this, we organize the information
available in separate subsections, summarizing the results
of arecoline and related compounds in: (i) gene muta-
tion assays, (ii) DNA damage and repair assays, and (iii)
cytogenetic endpoints in mammalian systems. Some authors
included the S9 metabolic activation mixture (S9) in their
studies. Moreover, some of the genotoxicity results were
achieved not only in vitro but also in in vivo animal models
(i.e., rat and mouse). An overview of the genetic toxicology
data for arecoline, its metabolites, and related AN alkaloids
is depicted in Fig. 4. Some of the main key findings of these
studies are also present in this figure in a simplified manner,

i.e., identifying positive (+ ve), weak positive (weak + ve),
and negative (—ve) results, according to the conclusions of
the authors in their original publications. This figure does
not intend to characterize in depth the responses observed
but rather to provide a holistic view of the genetic toxicology
information available. The results obtained with AN or BQ
extracts are not present in Fig. 4, although some results con-
cerning these extracts are mentioned below in this section.

(i) Gene mutations
Bacterial reverse mutations The mutagenicity of
arecoline in prokaryotes was described in the early
1980s by Shirname et al. (1983). In this work, the
mutagenic activity of BQ extracts and major alka-

Gene Mutations

Arecoline

+ve Ames test with or w/o 59/

weak +ve Ames test with S9(©

-ve Ames test w/o S9(¢ )

+ve 8-azaguanine mut (V79 Chinese hamster cells) with or w/o S9'¢
+ve HPRT forward mut (Chinese hamster ovary cells)(?)

-ve gpt mut in vivo (gpt delta transgenic mice oral and hepatic tissues)®

Arecaidine

+ve Ames test with or w/o S9!
Arecoline-N-Oxide

+ve Ames test w/o S9 (¢ 9)
Nitrosoguvacoline

weak +ve Ames test with or w/o S9(°)

Cytogenetic studies in vivo

Arecoline

weak +ve CA (Swiss albino mice - bone-marrow cells))

+ve SCE (Swiss albino mice - bone-marrow cells))

+ve CA and SCE (Swiss albino mice - bone-marrow cells)*¥)
+ve MN (Swiss mice - polychromatic erythrocytes)(©

+ve MN (Swiss albine mice — fetal polychromatic erythrocytes)®@

Arecaidine

+ve SCE (Swiss albino mice - bone-marrow cells)@)
-ve MN (Swiss mice - polychromatic erythrocytes)'e)

DNA damage and repair endpoints

Arecoline

-ve SOS chromotest with or w/o S9t

+ve comet assay(?

+ve UDS (early spermatid stages of Swiss albino mice cells)®
+ve UDS (Hep-2 cells - in vitro)®

-ve UDS (human gingival keratinocytes- in vitro)"

+ve DNA breaks (Swiss albino mice kidney cells - in vitro)™
+ve DNA breaks (human oral cells - in vitro)(°)

weak +ve DNA breaks (human oral cells - in vitro)®

+ve DNA breaks (KB, Hep-2 and 293 cells - in vitro)@"

-ve DNA breaks (rat liver clone 9 cells- in vitro)!@

-ve DNA breaks (human oral cells - in vitro)(st!

Arecoline-N-Oxide

+ve DNA breaks (rat liver clone 9 cells- in vitro)

+ve DNA breaks (human oral cells - in vitro)©)

+ve DNA breaks (immunodeficient NOD/SCID mice)®

Arecaidine
+ve DNA breaks (human oral cells - in vitro)®
-ve DNA breaks (human oral cells - in vitro)®

Guvacoline, Guvacine, N-nitrosoguvacoline, N-nitrosoguvacine, NMPN
-ve DNA breaks (human oral cells - in vitro)®

NMPA
+ve DNA breaks (human oral cells - in vitro)®

Cytogenetic studies in vitro
Arecoline

+ve CA (Chinese hamster ovary cells)@)

+ve CA and SCE w/o S9 (Chinese hamster ovary cells)()

+ve MN (Chinese hamster ovary cells)(ad)

+ve CA and SCE (human PBLs)Y)

+ve MN with or w/o S9 (human PBLs, human hepatoma cells)®)
+ve chromosomal instability (Hep-2 cells, KB cells)f)

Fig.4 Overview of the genetic toxicology data on arecoline, areco-
line metabolites, and related areca nut alkaloids in different end-
points in vitro and in vivo. +ve positive result, weak +ve weak posi-
tive result, —ve negative result, w/o without, mut mutation, UDS
unscheduled DNA synthesis, HPRT hypoxanthine phosphoribosyl-
transferase, NMPN 3-(N-nitrosomethylamino)propionitrile, NMPA
3-(N-nitrosomethylamino)propionaldehyde, CA chromosomal aber-
rations, SCE sister chromatid exchange, MN micronuclei, PBLs
peripheral blood lymphocytes. References: *Shirname et al. (1983),
bWang and Peng (1996), ‘Lin et al. (2011), dWang et al. (2018), °Sh-

irname et al. (1984), 'Shih et al. (2020), Wu et al. (2012), PKeve-
kordes et al. (1999), iShakya and Siddique (2018), iSinha and Rao
(19852), XSharan and Wary (1992), Teng et al. (1999), ™Wary and
Sharan (1988), "Rehman et al. (2016), °Kuo et al. (2019), PKuo et al.
(2015), 9Tsai et al. (2008), 'Huang et al. (2016), *Jeng et al. (1994),
‘Sundqvist et al. (1989), "Panigrahi and Rao (1982), “Panigrahi and
Rao (1983), "Deb and Chatterjee (1998), *Chatterjee and Deb (1999),
YKumpawat et al. (2003), “Sinha and Rao (1985b), **Panigrahi and
Rao (1984), ®Stich et al. (1981), *Dave et al. (1992), “Lee et al.
(1996), ®Kevekordes et al. (2001), *Wang et al. (2010)
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loids were evaluated in the classical mutagenic-
ity Ames test, using four Salmonella typhimurium
strains (TA100, TA 1535, TA98, and TA 1538) in
the presence or absence of S9. The aqueous extracts
of BQ, BQ plus tobacco, and BN were mutagenic
in TA100 and TA1535 strains, while the aqueous
extract of BL displayed negative results in all four
strains. The most sensitive strain was TA100, indi-
cating base-paired substitutions upon extract incuba-
tion. Importantly, arecoline (hydrochloride form) and
arecaidine were also mutagenic in all the four tester
strains, being the former clearly the most mutagenic
ingredient. In fact, arecoline revealed to increase the
number of revertants/plate at doses > 10 pg/plate,
both with and without S9. At lower doses of 1 and
5 ug/plate, arecoline gave negative results, while the
maximum revertant colony level was achieved with
arecoline at 200 pg/plate with S9 (613 revertants/
plate). The sensitivity was consistently higher in the
presence of S9 either for isolated alkaloids tested or
for the extracts. Moreover, the impact of metabolic
activation was more pronounced for lower muta-
genic doses of arecoline. For instance, for arecoline
at 10 pg/plate, the number of revertants was 242 with
S9 vs 17 without S9, whereas for 200 ug/plate, the
number of revertants was 613 with S9 vs 375 without
S9.

Wang and Peng (1996) also studied the muta-
genic potential of arecoline. In this report, they
evaluated the effects of arecoline free base, as well
as of N-nitrosoguvacoline (NG) and crude alkaloid
extracts. Arecoline was not mutagenic in TA9S,
although an increased mutation frequency was
observed in TA100 in the presence or absence of S9.
Conversely to the results abovementioned from Shir-
name et al. (1983), the mutagenic effect of arecoline
was more pronounced without S9. In view of this,
the authors concluded that the discrepancies between
studies should be ascribed to the type of arecoline
evaluated, i.e., arecoline hydrochloride vs free
base (oily). Moreover, Wang and Peng (1996) also
mentioned that the crude alkaloid extract, mainly
constituted by arecoline (~75%), but also contain-
ing guvacoline (~13%), guvacine (~11%), and are-
caidine (1%), is a weak mutagenic agent in TA100
in the presence of S9, with no response in TA98,
possibly indicating a base-paired mechanism upon
metabolic activation. Another aspect of this study
was the evaluation of the mutagenic activity of NG in
both tester strains TA98 and TA100. NG was the only
N-nitrosation product of arecoline found in the saliva
of Taiwan BQ chewers. This compound revealed to
be a weak direct acting mutagen in both tester strains,
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with a reduction in the mutagenic activity after S9
incubation.

Other authors were also interested in the assess-
ment of the mutagenic potential of BQ-derived
N-nitrosoamines. In fact, Miyazaki et al. (2005) using
a set of genetically engineered Salmonella typhimu-
rium strains YG7108, co-expressing one human
cytochrome P450 (i.e., CYP1A1, CYP1A2, CYP1BI,
CYP2A6, CYP2A13, CYP2D6, or CYP3A4) and the
NADPH-cytochrome P450 reductase, found that the
human CYP2A subfamily members have determinant
roles in the bioactivation and consequent mutagenic
activity of all the specific BQ-derived nitrosoam-
ines. NG, considered the most relevant nitrosation
product of arecoline, was shown to be activated by
CYP2A13 and CYP2AG6, revealing to be much less
mutagenic than 3-(N-nitrosomethylamino)propional-
dehyde (NMPA; mainly activated by CYP2A13 and
also activated by CYP2A6, CYP1A1, CYP1A2, and
CYPI1B1) or 3-(N-nitrosomethylamino)propionitrile
(NMPN; primarily activated by CYP2A6 and also
activated by CYP1A1 and CYPIBI1).

The quest for the identification of the ultimate
mutagen responsible for the carcinogenic activity
of BQ/AN in human populations (chewers) using
the Ames test was resumed by Lin et al. (2011). In
this study, not only arecoline (hydrobromide) but
also its metabolite AO was evaluated in TA98 and
TA100 tester strains in the presence or absence of
S9. The results obtained in both strains have a simi-
lar pattern and did not indicate mutagenic effects
of arecoline without S9, pointing out, however, to
a low mutagenic effect in the presence of S9. The
response obtained for arecoline at 1 pg/plate in
TA100, revealed an increase in the mean number
of revertants from 103 (without S9) to 210 (with
S9), at this dose level. Likewise, an increase from
11 (without S9) to 25 (with S9) was obtained for
arecoline at 1 pg/plate in TA98. The effect of AO was
studied without S9, and the authors considered that
this metabolite exerted a moderate mutagenic effect
in both strains with a clear dose-effect relationship
in both tester strains. In fact, the mean number of
revertants in the background increased from 101 in
TA100, and 10 in TA98 to 964 and 86, respectively,
at the highest concentration tested. The presence of
sulthydryl compounds (i.e., GSH, N-acetylcysteine,
and cysteine) and the N-oxide-reducing reagent
titanium trichloride markedly reduced AO muta-
genicity. Overall, these authors claimed that AO is
possibly the ultimate mutagen. They suggested that
AO should be further studied in view of its inher-
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ent mutagenicity, because it is considered the main
metabolite of arecoline.

More recently, Wang et al. (2018) also studied
arecoline and AO in complementary in vitro assays,
including the Ames test. The tester strains TA98
and TA 100 were selected and the experiments per-
formed in the absence of S9-mix at concentrations
up to 1000 uM. In general, arecoline led to small
and non-significant increases in the number of rever-
tants/plate. Conversely, AO elicited much higher
rises in the frequency of revertants, rendering sig-
nificant responses, albeit not for all the concentra-
tions tested. The maximum response was achieved
with AO 1000 uM, with increases of the number of
revertants/plate from 14 in TA98 and 168 in TA100
(background) to 53 and 618, respectively. While
comparing the mutagenic effects induced by both
compounds, the authors used the term “strikingly”
to describe the higher response displayed by AO.

Mammalian gene mutations. A few reports
addressed the formation of gene mutations in mam-
malian cells in vitro and in vivo. The induction of
8-azaguanine resistant mutations in V79 Chinese
hamster cells was observed in a dose-response
manner for arecoline, extracts of BN, as well as for
extracts of BQ plus tobacco. Significant increases in
the number of mutant colonies were present with and
without S9. While arecaidine also induced forward
mutations with S9 but in a much lower frequency,
BQ extract per se revealed to be nonmutagenic (Shir-
name et al. 1984).

The mutagenicity of arecoline was very recently
reported in CHO-K1 cells using the hypoxanthine
phosphoribosyltransferase (HPRT) forward muta-
tion assay (Shih et al. 2020). In fact, arecoline (100
and 200 pg/mL) significantly increased the mutation
frequency of these cells. Moreover, the authors also
described that the co-treatment of melatonin (1 mM)
with arecoline significantly reversed the mutagenic
potential of this alkaloid.

The mutations at the HPRT locus were also evalu-
ated in cultured human keratinocytes (HaCaT cells)
treated with AN extracts (Lai and Lee 2006). The
short-term treatment (24 h) resulted in the increase
in the mutation frequency for extract concentra-
tions > 40 ug/mL. The long-term protocol (35 pas-
sages) revealed that AN extract, at a sublethal con-
centration of 20 pg/mL, but not 5 pg/mL, markedly
increased the mutation frequency. Intracellular
reactive oxygen species (ROS) and other genotoxic-
ity biomarkers were also increased, specifically the
formation of 8-hydroxydeoxyguanine (8-OHdG) and
MN. These two endpoints will be further discussed in

(ii)

this section in the context of experiments performed
with arecoline.

An in vivo approach was described in Wu et al.
(2012) using gpt delta transgenic mice (male) to
assess the mutagenic effects of arecoline in organ-
specific sites, i.e., oral and hepatic tissues. Two
weeks after oral exposure to arecoline (hydrobro-
mide) via drinking water (300 and 700 pg/mL,
6 week treatment), the average mutation frequency
in these tissues was not significantly different when
compared to the mutagenicity observed in unex-
posed mice. Nevertheless, the authors emphasized
that in some individual mice treated with arecoline,
the mutation frequency was 2.5 higher than the aver-
age of control mice and a unique mutation pattern
was present. Notably, in these arecoline-treated
mice, G:C — T:A transversions (more frequent),
G:C— A:T transitions, and G:C — C:G transversions
were found in contrast to G:C — A:T transitions, the
main spontaneous mutations present.

DNA damage and repair endpoints

Arecoline and related compounds have been stud-
ied in diverse reports performed to assess the forma-
tion of DNA lesions and their repair. Some experi-
ments have been performed using non-mammalian
assays, for instance the induction of bacterial SOS
functions as a measure of the primary response to
DNA damage (SOS Chromotest) or the comet assay
using transgenic Drosophila melanogaster. Neverthe-
less, most of the studies were performed with mam-
malian cells in vitro, often resorting to cells derived
from oral tissues either from benign or malignant
origin. A few reports mentioned below have also
described in vivo experiments with rodent models to
assess DNA damage and repair.

Non mammalian assays Kevekordes et al. (1999).
assessed the genotoxicity of several naturally occur-
ring xenobiotics, including arecoline in Escherichia
coli PQ37 (SOS chromotest). In contrast to the Ames
test positive results mentioned, arecoline gave nega-
tive results in this colorimetric test either in the pres-
ence or absence of S9. The close correlation between
both bacterial tests and their comparable results has
been recognized, since most of the mutagenic com-
pounds are also SOS inducers in the E. coli strains. In
view of this, arecoline could be included in the group
of genotoxic chemicals that display discrepant results
between the two tests.

Recently, Shakya and Siddique (2018) used a trans-
genic fly strain of Drosophila melanogaster, which
has been recognized as an alternative in vivo model
in Toxicology. The third instar larvae of Drosophila
melanogaster (hsp70-lacZ) Bg® were exposed via diet
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to arecoline (up to 80 uM) and a set of toxicological
assays were performed, including the comet assay
and oxidative stress indicators. For the lower concen-
trations of 5 and 10 uM, an absence of adverse effects
was noticed. Significant increases in the tail length
were observed in a concentration-dependent manner
for arecoline concentrations > 20 pM. At these lev-
els, increases in parameters associated with oxida-
tive stress (e.g., protein carbonyl content, and lipid
peroxidation) as well as decreases in the antioxidant
defense (GSH content) were also present. Overall,
the authors suggest that an oxidative stress-based
mechanism is relevant for arecoline’s toxicity.

Mammalian assays The unscheduled DNA syn-
thesis (UDS) assay was initially employed by Sinha
and Rao (1985a) in the early spermatids of Swiss
albino mice treated with arecoline. UDS occurs
when the DNA damage inflicted by a given geno-
toxicant results in repair DNA synthesis. In these
experiments, arecoline at doses of 20-80 mg/kg led
to dose—response increases in the unscheduled incor-
poration of tritiated thymidine into the DNA of the
early spermatids. The authors speculated that the jus-
tification of the UDS data could be the result of the
binding reaction of arecoline to DNA. Morphological
alterations in the shape of sperm heads were also
observed, and in this case, non-disjunction events in
the germ cells were suggested to be involved.

In addition, an in vitro study (Sharan and Wary,
1992) reported that arecoline and different BN
extracts induced UDS in Hep-2 cells (originally
thought to be derived from an epidermal carcinoma
of the larynx and then identified as established via
HeLa contamination, as described in ATCC). In rela-
tive terms, the aqueous and acetic acid BN extracts
were more effective in this endpoint than arecoline,
hydrochloric acid, and ethanol extracts. Conversely,
Jeng et al. (1999) using human gingival keratinocytes
(GK) reported negative results for arecoline (concen-
trations up to 1.6 mM). Inflorescence of piper betle
(IPB) extracts also gave negative results, whereas AN
extract elicited an increase in UDS in GK up to 5.5-
fold comparing with untreated controls.

The formation of DNA breaks is an important
genotoxic feature that has been evaluated by comple-
mentary assays in the last decades in the context of
arecoline or AN extracts exposure. Wary and Sharan
(1988) compared the ratio of single-stranded DNA/
double-stranded DNA (ssDNA/dsDNA) recovered
after exposure to arecoline (10 pg/mL) or to an aque-
ous extract of BN from North-East India (100 ug/
mL) in cultured kidney cells from Swiss albino mice.
Using the alkaline DNA-unwinding technique, areco-
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line-exposed cells led to large increase in the sSDNA/
dsDNA ratio with time, with a small reduction after
the 3rd day culture. The BN extract also significantly
increased DNA damage but in lesser magnitude when
compared to arecoline alone. Conversely, comparing
to arecoline, the aqueous BN extract (100 pg/mL)
enhanced the rate of cell proliferation in a higher
extent, being this finding highlighted in the report.

The in vitro effects of AN extracts and the four
major AN alkaloids (i.e., arecoline, arecaidine,
guvacoline, and guvacine) in human buccal epi-
thelial cells were studied by Sundqvist et al. (1989)
using the Alkaline elution assay. These authors
also included in this report data on the nitrosation
products of the alkaloids, i.e., NG, N-nitrosoguva-
cine, NMPA, and NMPN. AN extract (300 pg/mL)
caused DNA single-strand breaks (SSBs) and DNA
protein crosslinks. Both DNA lesions increased in a
concentration-dependent manner with AN extracts.
In contrast, arecoline as well as the other individual
alkaloids did not significantly increase the level of
SSBs. The same negative response occurred for the
nitrosated derivatives, except for NMPA. In view of
this, the authors highlighted the potential importance
of this nitrosation product in the induction of tumors
in BQ chewers.

DNA-strand breakage was also evaluated using
the DNA precipitation in arecoline-treated human
oral mucosal fibroblasts derived from the normal
oral mucosa (Jeng et al. 1994). While this alkaloid
induced concentration-dependent cytotoxic effects,
no DNA damage was observed even at a high con-
centration level (up to 600 ug/mL). This absence of
genotoxicity of arecoline contrasts with the positive
results obtained with the extracts of BN and IBP,
although at cytotoxic concentrations.

The histone H2AX phosphorylation assay has been
used by several authors to evaluate the induction of
DSBs by arecoline and related compound types.
In this context, arecoline (0.3 mM; 24 h) induced
DNA damage in different human cell lines in vitro.
The effect of arecoline in terms of generation of
v-H2AX was concentration- and time-dependent
(immunofluorescence assay), being also observed a
cell cycle arrest at G2/M (Tsai et al. 2008). Accord-
ingly, arecoline represses the expression of p53 and
respective p53 target genes, and inhibits UV-induced
DNA repair, which might lead to an increase in DNA
damage and gene alterations. Tsai et al. (2011) stud-
ied the expression profile of microRNA (miRNA)
upon AN extract (800 ug/mL) or arecoline (100 pg/
mL) treatment as compared with untreated human
gingival fibroblasts (HGF cells). The authors identi-



Archives of Toxicology (2021) 95:375-393

385

fied eight miRNAs that were differentially expressed
in a consistent manner after AN extract or arecoline
exposure. Moreover, the miR-23a overexpression
in AN extract-treated cells was correlated with the
increase in y-H2AX expression.

Another study addressed the in vitro induction of
DNA damage by arecoline and AO using the phos-
phorylation of histone H2AX as the endpoint (Kuo
et al. 2015). The effect of both compounds was evalu-
ated in confluent normal human gingival fibroblasts
(HGF-1 cells) in a 7-day continuous exposure proto-
col. Arecoline (200 and 400 uM) weakly increased
y-H2AX expression. In contrast, at equimolar con-
centrations, AO led to a significant four-to-fivefold
increase. The quantification of cellular 8-OHdG by
ELISA revealed that AO induced larger oxidative
DNA damage levels comparing with arecoline. Nev-
ertheless, all concentrations tested of both chemicals
were significantly different than untreated controls,
and the magnitude of the higher effect of AO was not
as evident as with the y-H2AX assay. The authors
further studied the induction of y-H2AX in vivo by
AO using the immunodeficient NOD/SCID mice
model. Sublingual tongue sections revealed an
approximately 11-fold increase in the expression
of y-H2AX (immunohistochemistry analysis) when
compared with control mice. In a subsequent study
(Kuo et al. 2019), this group recently used the same
endpoint to reinforce the importance of the metabo-
lite AO and highlighted the impact of human flavin-
containing monooxygenase FMO3 in this context. In
fact, AO led to higher DNA damage activity in terms
of y-H2AX comparing to arecoline in HGF-1 cells,
and the knockdown of FMO3 by siRNA elicited the
downregulation of H2AX in HSC3 cells treated with
arecoline.

The comet assay was also used in experiments
performed with Hep-2 cells to evaluate the concur-
rent impact of arecoline with benzo(a)pyrene (BaP)
in terms of DNA damage and repair (Huang et al.
2016). In this study, subtoxic concentrations of arec-
oline (0.1 mM) or BaP in a 7-day treatment protocol
increased genotoxicity, leading to comets character-
ized by mild DNA damage. Notably, the extended
co-exposure to both chemicals caused moderate-to-
severe DNA damage observed in 60% of the cells.
In terms of DNA repair, BaP at short-term treatment
enhanced the Nucleotide Excision Repair (NER)
activity, although in a prolonged co-exposure with
arecoline, XPD expression was repressed leading
to the accumulated of unrepaired DNA damage and
consequent genomic instability. The authors high-

lighted the impact of the concomitant exposure to
both deleterious chemicals in BQ and tobacco smoke.

Recently, Wang et al. (2018) addressed the geno-
toxicity, ROS production and cytotoxicity of areco-
line and AO in rat liver clone 9 cells. Arecoline did
not induce significant DNA breaks as evaluated by
the alkaline comet assay (mean tail moment) at con-
centrations up to 500 uM (2 h treatment). Conversely,
a marked increase in DNA damage was observed in
a concentration-dependent manner for AO, being
this genotoxic effect counteracted in the presence of
NAC. The authors also measured the formation of
ROS by AO and showed that this pro-oxidant effect
can be reduced using diverse chemical strategies
(e.g., NAC, Trolox, and penicillamine).

The fraction of cells containing large 53BP1 foci,
a surrogate indicator of irreparable DNA-strand
breaks, was evaluated in two human oral fibroblast
lines (NHOF-1 and NHOF-5) exposed for 48 h to
arecoline (100 and 300 uM) and arecaidine (30
and 100 uM) (Rehman et al. 2016). Both alkaloids
induced DNA damage at all the concentrations tested,
with increases of approximately three-to-fourfold
comparing to untreated controls. It should be men-
tioned that comparing the equimolar concentration
of 100 puM, the genotoxic effect for arecaidine was
higher than the observed for arecoline. In this report,
the authors also studied other biomarkers, including
p16™K4A “a specific marker of senescence in oral
fibroblasts, being this parameter also increased for
both alkaloids.

(iii)) Cytogenetic studies

In vitro experiments The genotoxic effects displayed by
arecoline and related alkaloids per se and combined with
other compounds present in BQ extracts have been often
reported using different in vitro cytogenetic assays. In the
early 1980s, the clastogenic effects of arecoline in vitro were
initially reported (Stich et al. 1981). An exposure period of
3 h to arecoline increased the frequency of metaphases con-
taining chromosome aberrations in Chinese Hamster Ovary
(CHO) cells. The clastogenicity of arecoline increased
upon concurrent exposure with other components of BQ,
i.e., quercetin, chlorogenic acid, or eugenol. Using the same
cell line, the in vitro genotoxic effects induced by areco-
line and aqueous AN extract were reported in terms of CA
and SCE (Dave et al. 1992). Two types of exposure sched-
ules were addressed for both agents in the absence of S9
metabolic activation, i.e., a continuous treatment with low
concentration and a pulse short-term treatment. Concentra-
tion-dependent increases in the cytogenetic damage indica-
tors were observed for both assays and treatment protocols
either for arecoline or AN extract, being the effects more
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severe in the case of low concentration and longer exposures.
This experimental design tends to better mimic the chronic
exposure that might occur in AN long-term consumers. Sig-
nificant increases in CA/cell were observed for arecoline at
50 and 75 pg/mL for continuous treatment, and at 200 and
250 pg/mL for pulse treatment. SCEs’ induction revealed
to be a very sensitive biomarker, with significant results of
SCE/cell for arecoline at a lower concentration level, i.e.,
at concentrations > 12.5 pg/mL for continuous exposure,
and > 100 ug/mL for short-term treatment. In addition, the
genotoxicity of arecoline combined with nicotine was fur-
ther evaluated in CHO resorting to the same CA and SCE
assays (Trivedi et al. 1993). This study was considered per-
tinent by the authors, since tobacco is mostly chewed with
AN. Overall, the results, obtained with concentrations of
arecoline and nicotine in the same range of those found in
the saliva of BQ chewers, pointed out to a significant cytoge-
netic damage in CHO cells.

The induction of MN after exposure to arecoline and
sodium fluoride (NaF, component of BQ) in the CHO cell
line was also studied (Lee et al. 1996). After exposure to
arecoline (up to 6 uM) a significantly increase in micro-
nucleated cells was observed in a concentration-dependent
effect. The prolongation of the cell cycle duration was also
observed. NaF also showed to be genotoxic, increasing the
frequency of MN. As abovementioned, BQ has a complex
composition. Among other substances, glycyrrhizin and
catechin are present. The combined exposure of arecoline
(6 uM) with glycyrrhizin (10 uM) or catechin (10 pM) led
to significantly reductions in the number of micronucleated
cells as well as delays in the cell cycle duration when com-
pared to arecoline alone. At a high concentration, glycyr-
rhizin (100 pM) also significantly increased the frequency
of MN, whereas catechin was not genotoxic. The authors
inferred from the results of the combined exposure to areco-
line and catechin that the genotoxicity of arecoline might be
mediated by the production of ROS.

The induction of MN was further studied in CHO-K1
cells (Shih et al. 2020). Arecoline (100 and 200 pg/mL) sig-
nificantly induced the formation of MN in a concentration-
dependent manner. Melatonin co-treatment resulted in a
decrease in the frequency of MN, in accordance with the
HPRT results from the same study. The authors suggested
that melatonin activates the DNA repair activity of the cells,
reducing these deleterious effects induced by arecoline.

The in vitro genotoxic potential of arecoline was also eval-
uated in cells of human origin. In fact, significant increases
in the number of MN in human peripheral blood lympho-
cytes (PBLs) in the presence and absence of S9 as well as
in the human hepatoma cell line Hep-G2 were reported by
Kevekordes et al. (2001). In addition, the induction of CA
and SCE by arecoline as well as by raw BN extract was also
observed in human PBLs using a 72-h exposure protocol
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(Kumpawat et al. 2003). This report also explored mecha-
nistic clues, namely the influence of superoxide dismutase
(SOD) and GSH on the genotoxic effects observed, as well
as the role of anoxic vs air incubation conditions in the %
aberrant cells and SCE/metaphase. Importantly, the authors
concluded that the formation of ROS by arecoline partially
contributes to the induction of CA, since the clastogenicity
of this alkaloid decreased with SOD post-treatment as well
as in anoxic conditions. The depletion of GSH by buthionine
sulfoximine (BSO) resulted in small increases in the % aber-
rant cells. In contrast for SCE formation, another mechanism
is proposed involving pS3-dependent delayed cell kinetics
which may be relevant to allow more time for DNA repair.

In an attempt to gain mechanistic insights on the carci-
nogenicity of AN, Wang et al. (2010) showed that arecoline
arrests Hep-2 and KB cells (considered HeLa derivative) at
prometaphase with the presence of large quantities of mis-
aligned chromosomes. Arecoline was also able to stabilize
the mitotic spindle assembly and deregulate mitosis genes.
As a consequence, arecoline-exposed cells exhibit chromo-
somal instability and a higher probability of aneuploidy and
MN formation.

In vivo experiments In vivo cytogenetic experiments have
been performed since the 1980’s addressing the genotoxicity
of arecoline and related compounds. Arecoline was consid-
ered to exert in vivo weak chromosome breaking effects in
Swiss albino mice, increasing in a dose-response manner
the frequency of chromosome aberrations in bone-marrow
cells (Panigrahi and Rao 1982). The pattern of the aberra-
tions present included chromatid and chromosome breaks,
rings, as well as cells with pulverized chromosomal compo-
nents and cells with multiple breaks. In subsequent works,
these authors reported the formation of SCE by arecoline
(Panigrahi and Rao 1983), arecaidine (Panigrahi and Rao
1984), and BN extract (Panigrahi and Rao 1986) in bone-
marrow cells using this in vivo animal model. Arecoline also
revealed additive genotoxic effects in terms of SCEs in the
presence of caffeine (Panigrahi and Rao 1983).

Shirname et al. (1984) reported increases in the frequency
of MN in polychromatic erythrocytes (MNPCE) from male
Swiss mice treated with arecoline, as well as with extracts of
BN and of BQ with tobacco. Negative results were observed
for arecaidine, extract of BQ alone, or BL. Moreover, areco-
line induced the formation of MNPCE in fetal blood because
of the transplacental exposure that occurred in pregnant
Swiss albino mice during the late gestation phase (Sinha
and Rao 1985b). Accordingly, the authors concluded that the
placenta does not constitute an efficient barrier to arecoline.

Deb and Chatterjee (1998) evaluated the effect of areco-
line (intraperitoneal administration, i.p.) alone as well as
combined with BSO or GSH in mouse bone-marrow cells
in vivo (Swiss albino mice). Either arecoline or BSO per
se induced CA and SCE, but GSH alone only induced
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SCE. Arecoline combined with BSO-mediated GSH deple-
tion (20 mg/kg; 10 h) revealed an increase of CA and SCE
frequencies when compared with arecoline alone. GSH
(400 mg/kg) revealed to reduce the formation of CA by
arecoline, although it was ineffective in the reduction of
SCE. These authors also further studied the in vivo effects of
arecoline in bone-marrow cells from Swiss albino mice fol-
lowing oral and intraperitoneal (i.p.) administration (Chat-
terjee and Deb 1999). At both administration routes, areco-
line induced CA, SCE, and delays in the cell cycle. This
alkaloid caused a higher level of CA 1 day after ip treat-
ment as compared with the clastogenicity observed after 5
or 15 days (both similarly genotoxic). The oral treatment
with arecoline induced chromosomal damage, but no dif-
ferences among the three periods evaluated were detected.
Cell cycle delay was observed 15 days after oral exposure
to arecoline, with a greater percentage of first-cycle meta-
phases and a higher delay than after ip administration.
Arecoline i.p. administration induced a delay in the cell
cycle kinetics and there was a tendency of SCE towards a
non-Poisson distribution. In view of this, it was considered
that the induction of CA and the impairment of cell cycle
kinetics could result from the formation of DNA adducts
which mediated the cell division delay and induced SCEs.
However, for oral administration of arecoline, induced delay
in cell cycle progression was considered by these authors to
probably result as a consequence of DNA damage repair.
No linear increase was observed for i.p. treatment, although
the SCE frequency was higher after 5- and 15-day exposure
than after 1 day. Conversely, for oral treatment, there was
a linear increase in SCEs frequency from day 1 to day 15.
The authors considered that a higher DNA damage by areco-
line administered orally can be explained by its metabolic
conversion to potential carcinogens/mutagens that does not
occur after i.p. administration. In this study, the addition
of NAC revealed protection against cytotoxicity induced by
arecoline through an increase of endogenous thiol levels.
In addition, Kumpawat et al. (2003) studied not only the
cytogenetic damage induced by arecoline and BN extracts
in human PBLs in vitro as described above, but also the
impact of these agents in mouse bone-marrow cells in vivo.
The genotoxic effects of arecoline in this model were in the
same line as with PBLs, although with some differences in
terms of magnitude.

Mechanistic insights, conclusions, and future
perspectives

The impact of AN and of its major constituents undoubt-
edly constitutes a pertinent issue in the global human health.
Figure 5 displays many aspects related with AN and areco-
line exposure and toxicological issues that should be taken
into account. Moreover, the genetic toxicity of arecoline is

clearly a complex topic that must be addressed consider-
ing all metabolites and nitrosation products as well as the
interaction with other AN alkaloids and chemicals present
in the AN or BQ extracts. Most of the authors cited herein
concluded that arecoline per se or upon metabolic bioacti-
vation displays a genotoxic potential that should be consid-
ered. This was demonstrated in multiple endpoints related to
the formation of gene mutations (bacteria and mammalian
cells), and different types of DNA lesions (DNA breaks and
oxidative DNA damage), as well as in terms of cytogenetic
damage observed in complementary endpoints (CA, MN and
SCE) (Fig. 4). Nevertheless, it should also be mentioned
that in some endpoints and upon certain experimental con-
ditions, arecoline failed to reveal this significant genotoxic
burden. In addition to these contradictory outcomes, in
some reports, the positive genotoxic response of arecoline
or arecoline’s metabolite was considered slight. Conversely,
in some studies with negative (non-significant) results in
global terms, minor increases in the genetic damage could be
observed (Wang et al. 2018) or a unique pattern of arecoline-
induced mutations could be disclosed (Wu et al. 2012). It
is also important to note that the magnitude of the positive
responses observed varied among the endpoints and experi-
mental conditions of the studies performed. Importantly, it
is critical to understand the MoA of arecoline in the context
of AN- or BQ-induced carcinogenesis. The possibility that
arecoline may also exert its effects by non-genotoxic mecha-
nisms cannot be excluded. These mechanisms should also be
carefully regarded, although they are beyond of the scope of
the present review.

In what concerns the exploration of the underlying
mechanisms of genotoxicity of arecoline, several strategies
have been described in the literature. The first key aspect is
related to the impact of the metabolites and the classification
of arecoline as a direct- or indirect-acting genotoxic com-
pound. In this context, the relevance of some metabolites is
obvious, particularly the active chemical AO. In addition,
the genotoxicity of some nitrosation products, particularly
NMPA has been highlighted. Moreover, the clear muta-
genic responses upon metabolic activation, particularly in
the Ames test, also support the key role of the metabolome.
Nevertheless, arecoline is also able to induce significant
genotoxic insults in diverse assays without external meta-
bolic activation. This fact, along with the notion that the
metabolite (i.e., AO) or the exogenous metabolic activation
(S9) experiments usually originate larger yields of genetic
damage than those observed for arecoline per se, suggests
that this alkaloid displays features of both direct and indi-
rect-acting genotoxic agents, predominantly from the latter.

The next question is how arecoline and/or its active
metabolite(s) exert genetic toxicity. As depicted in Fig. 4
and above mentioned in this section, positive results can be
found for almost all endpoints studied, suggesting genetic
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damage at different levels and possibly various mechanisms
of action involved. The conclusions from several publica-
tions focused in understanding arecoline’s MoA reinforce
this argument. Some mechanistic studies address only, or
mainly, specific genotoxicity endpoints, while others are
interested in additional deleterious features of arecoline
or AN extracts towards malignant transformation. Overall,
different mechanisms have been proposed in the literature.
Previous studies suggested that arecoline is a biological
alkylating chemical due to its ability to undergo addition
reaction through its reactive ethylenic bond (Boyland and
Nery 1969; Nery 1971). Therefore, and in view of the close
correlation between DNA adducts and SCE formation,
it was suggested the involvement of DNA adduction as a
putative mechanism for arecoline’s genotoxicity. As dis-
cussed by Chatterjee and Deb (1999), this alkaloid could
lose one of its methyl groups and may bind to a nucleic
acid and protein. The possible relevance of arecoline—-DNA
adducts is also present in other reports (Deb and Chatterjee
1998; Kumpawat et al. 2003; Chiang et al. 2007). Impor-
tantly, information relative to the impact of DNA adducts
formed by electrophilic arecoline nitrosation products is also
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available. The generation of these nitrosamine-DNA adducts
has been reported in different contexts (Prokopczyk et al.
1987; Chung et al. 1994; Bhattacharjee and Sharan 2008;
TARC 2012). This topic was further reviewed by Sharan and
Choudhury (2010), considering the formation of this par-
ticular type of adducts as a possible key event in the context
of AN-induced carcinogenesis.

Additional mechanisms reported include the role of oxi-
dative stress and ROS in the genotoxicity of arecoline and
related compounds (Lai and Lee 2006; Shih et al. 2010;
Shakya and Siddique, 2018). Some of the arguments in favor
have already been mentioned and involve the generation of
ROS, the depletion of cellular GSH, the induction of oxida-
tive DNA damage, and increases in other oxidative stress
biomarkers. In some studies, the authors modulated fea-
tures associated with oxidative stress and gathered relevant
mechanistic data (e.g., resorting to the use of GSH synthesis
inhibitor BSO, enzymatic and non-enzymatic antioxidants,
and anoxic conditions) (Chang et al. 2001; Kumpawat et al.
2003; Lai and Lee 2006; Wang et al. 2018; Shih et al. 2020).

In addition, some indications obtained from the UDS
assay revealed that arecoline may lead to alterations in DNA
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repair. Moreover, the impact of arecoline in DNA repair have
been reported in different studies (Tsai et al. 2008, 2011;
Lee et al. 2013; Huang et al. 2016; Tu et al. 2019; Shih
et al. 2020) and should also be considered in a mechanistic
perspective. Finally, another possibility already noted is that
arecoline could induce alterations in the mitotic apparatus,
being this possibly associated with aneuploidy events. Wang
et al. (2010) reported that arecoline interferes with genome
stability through the deregulation of spindle assembly and
mitosis regulatory genes. Accordingly, arecoline could be
able to arrest cells at prometaphase with many misaligned
chromosomes that in turn may result in chromosome lag-
ging, i.e., an aneugenic effect. Very recently, Li et al. (2020)
also addressed this topic associating it to arecoline-induced
mitochondrial dysfunction. The authors showed that the
treatment of mouse oocytes with arecoline results in the
disruption of actin filament dynamics, altering the spindle
assembly and the kinetochore-microtubule attachment stabil-
ity. Consequently, aneuploidy and oocyte meiosis arrest can
be observed, clearly interfering with the quality of oocytes.

This review also aims at proposing novel strategies and
intends to identify further aspects that warrant elucidation
on the role of arecoline and related compounds in the car-
cinogenic events that occur in individuals that regularly
consume AN or BQ. Physiologically relevant concentra-
tions of AN alkaloids (i.e., similar to those found in the
saliva of chewers) should be considered as well as long-term
treatment protocols. The diversification of the cell models
selected for the in vitro studies and experimental animal
models for the in vivo studies is also important, since AN
or BQ consumption may constitute increasing risk factors
for other cancers than those that arise from the oral cavity
and esophagus (e.g., hepatocellular carcinoma, lung cancer).
In this context, we propose herein some topics considered
pertinent to be explored: (i) Genotoxicity of arecoline or
its major metabolite(s) in combination with other alkaloids
and derivatives present in AN extracts, as well as with other
oral cancer risk factors. These in vitro or in vivo experi-
ments will allow to address the uncertainty of co-exposure
scenarios; (ii) Systematic analysis of the endometabolome
(intracellular metabolites) and exometabolome (metabolites
secreted in the culture medium) of normal and oral can-
cer cell lines in vitro using LC-MS-MS techniques; (iii)
Comprehensive cytome analysis, with particular emphasis
in the MN evaluation, performed either with buccal cells
or PBLs. The characterization of the content of the MN is
also important for the discrimination between a clastogenic
and aneugenic MoA for arecoline; (iv) Genotoxicity assays
and related endpoints performed in more physiologically
relevant culture systems, particularly in three-dimensional
(3D) cultures. These in vitro experiments can be performed
using normal human cells from oral mucosa as well as cells
from other target organs or, alternatively, can be done using

co-cultures of oral cancer cells in the presence of additional
cell types of the tumor microenvironment (e.g., fibroblasts).
Since the liver is also thought to be an organ at risk in the
context AN or BQ exposure (Wang et al. 2018), advanced
models, such as human stem cell-derived hepatocyte-like
cells (Cipriano et al. 2017a, b, 2020) could also be very
informative; (v) Further elucidation on the potential forma-
tion of DNA adducts in cultured cells exposed to AN, BQ,
arecoline, and related chemicals; (vi) Migration and inva-
sion experiments performed to assess the impact of arecoline
and related compounds in more aggressive phenotypes. The
information obtained should be integrated with data from
genotoxicity endpoints; and finally, (vii) Additional DNA
repair mechanistic insights, a topic somehow overlooked,
although some more recent studies have been published
(e.g., Huang et al. 2016; Tu et al. 2019; Shih et al. 2020).
Nevertheless, further information could be obtained in vitro
with pharmacological inhibitors for different DNA repair
pathways that can be used as mechanistic tools or using
siRNA technology towards key DNA repair enzymes. These
aspects of arecoline’s genetic toxicology and toxicokinetics
along with an integrated view of other arecoline-induced
health effects, including the unraveling of the hallmarks of
cancer associated with AN exposure, would be determinant
for a better understanding of the impact of this complex toxi-
cological issue.
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