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Chapter 1
General introduction, aim, outline of 
thesis



1. Short introduction and aim of the thesis

DNA adduct formation upon exposure to genotoxic carcinogens is often referred to as 
a biomarker of exposure rather than as a biomarker of effect. In spite of this, increased 
levels of DNA adducts of a specific genotoxic carcinogen are generally assumed to increase 
the tumor incidences. However, the relation between the levels of DNA adducts formed 
and the levels of mutations or tumor formation is by no means well defined and may vary 
from one compound to another. This may in part be related to the fact that cells have 
quite efficient DNA repair systems, which may prevent the conversion of DNA lesions 
into mutations. At the present state-of-the-art DNA adduct persistence was found to be 
substantial for different genotoxic carcinogens including for example, DNA adducts derived 
from a pyrrolizidine alkaloid, aflatoxin B1 and some polycyclic aromatic hydrocarbons (Croy 
and Wogan 1981; Geacintov and Broyde 2017; Zhu et al. 2017), providing opportunities 
for adduct accumulation upon chronic exposure. The potential adduct accumulation may 
increase the chances of mutations and subsequent induction of tumors.

The aim of the present thesis was to obtain better insight in the relative hazards and risks 
of DNA adducts formed by alkenylbenzenes, a group of compounds naturally occurring in 
many spices and herbs, by studying their DNA adduct formation, stability, and repair.

The following sections present an overview of the basic principles of importance for the 
present thesis including an introduction to the model compounds used, estragole and 
safrole, their bioactivation resulting in DNA adduct formation, DNA repair, molecular 
dynamics (MD) simulation to study structural perturbations upon DNA adduct formation, 
and the current state-of-the-art on the risk assessment related to these genotoxic 
carcinogens.

2. The model compounds of the present thesis: estragole and 
safrole

Estragole (C10H12O) and safrole (C10H10O2), belong to the group of alkenylbenzenes, which 
share a similar chemical structure with a benzene ring substituted with a propenyl group. 
The only difference between the two structures is a methoxy group positioned in the 
benzene ring for estragole and a dioxolane group present in the benzene ring for safrole 
(Fig.1). Estragole and safrole naturally occur in different herbs and spices. The dominating 
dietary sources for estragole are tarragon, sweet basil, sweet fennel and their essential oils, 
and for safrole these are nutmeg, mace, cinnamon, anise, black pepper and sweet basil 
(SCF 2001, 2002).
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In 1965, the Expert Panel of the Flavor and Extract Manufacturers’ Association concluded 
that estragole was generally recognized as safe (GRAS) at the proposed levels of use 
(R.L and B.L 1965) and can be used as a food flavour approved by the US Food and Drug 
Administration (FDA) (21 CFR 121.1164). Estragole was evaluated in 2000 by the Committee 
of Experts on Flavouring Substances (CEFS) of the Council of Europe considering chronic 
exposure or limited repeated dose exposure (Demyttenaere and Oils 2015). The evaluation 
of the CEFS in 2000 (CEFS 2000) presented that estragole is a genotoxic carcinogen but 
induces weak hepatocarcinogenicity in mice. In 2001 the Scientific Committee for Food 
(SCF) concluded that estragole has been demonstrated to be carcinogenic via a genotoxic 
mode of action inducing hepatocarcinogenicity in mice, and that this indicated a need for 
restrictions in use of estragole (SCF 2001). Before these restrictions in use implemented 
by EU regulation no 1334/2008 (Regulation (CE)1334/2008), the average daily intake of 
estragole in human was estimated to amount to 0.7 mg/kg bw based on dietary patterns 
and levels of use in the respective food categories (SCF 2001), while, using a poundage 
based method for the intake estimate, the estimated daily intake from flavour use was 
estimated to amount to 0.01 mg/kg bw (Smith et al. 2002).

Safrole was observed to induce a significant increase in benign and malignant liver tumors 
upon long term exposure through dietary administration in rats (Long et al. 1963). The 
carcinogenicity of safrole was evaluated by the International Agency for Research on Cancer 
(IARC) in 1976 and 1987 and safrole was categorized as group 2B, probably carcinogenic to 
human. In 1997, the Committee of Experts on Flavouring Substances (CEFS) of the Council 
of Europe evaluated safrole as a weak hepatocarcinogen in experimental animal studies as 
well as a genotoxic and a transplacental carcinogen (Council of Europe 1997). Consequently, 
the restrictions on the use of food containing safrole was indicated by various regulatory 
bodies globally (Kemprai et al. 2020). The estimated average daily intake of safrole from 
consumption of foods that contain safrole reported by the SCF was 0.005 mg/kg bw (SCF 
2002).

Fig. 1 Chemical structure of estragole and safrole
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2.1 Estragole and safrole metabolism resulting in DNA adduct formation
Estragole and safrole are considered to be rapidly absorbed from the gastrointestinal 
tract and delivered to the liver, which is the main target organ for their activation and 
detoxification (Anthony et al. 1987; Fritsch et al. 1975a; Fritsch et al. 1975b; Smith et al. 
2002). The bioactivation pathway of both compounds proceeds in a similar way through 
cytochrome P450 mediated 1’-hydroxylation followed by sulfotransferase mediated 
conjugation as summarized in Fig.2 (Miller et al. 1983; Swanson et al. 1981). Different 
predominant enzymes for the 1’-hydroxylation were reported by Jeurissen et al. (2004; 
2007) with P450 1A2 and 2A6 being the main enzymes for the 1’-hydroxylation of 
estragole, and P450 2A6 the main enzyme for the 1’-hydroxylation of safrole. Subsequently, 
1’-hydroxymetabolites can be transformed by sulfotransferases to the ultimate carcinogenic 
metabolites, 1’-sulfooxyestragole and 1’-sulfooxysafrole. These metabolites are unstable 
in an aqueous environment, leading to the formation of a carbocation upon loss of the 
sulphate group which has the ability to bind to DNA, RNA and proteins, and/or a direct 
interaction with these macromolecules also resulting in adduct formation (Phillips et 
al. 1981a; Phillips et al. 1981b; Poirier et al. 2000; Wislocki et al. 1976). Alternatively, 
1’-hydroxymetabolites can be detoxified by glucuronidation or oxidation (Iyer et al. 2003; 
Martati et al. 2012) (Fig.3).

1’-Sulfooxyestragole can bind to either an adenine or guanine base. Reactions with adenine 
result in the formation of one of the major DNA adducts, namely N6-(trans-isoestragol-3ʹ-
yl)-deoxyadenosine (E-3ʹ-N6-dA). Binding with a guanine base yields one of following DNA 
adducts: N2-(trans-isoestragol-3ʹ-yl)-2ʹ-deoxyguanosine (E-3ʹ-N2-dG), N2-(estragol-1ʹ-yl)-
2’-deoxyguanosine (E-1ʹ-N2-dG), 7-(trans-isoestragol-3ʹ-yl)-deoxyguanosine (E-3ʹ-7-dG) 
and 8-(trans-isoestragol-3ʹ-yl)- deoxyguanosine (E-3ʹ-8-dG) (Fig.2) (Phillips et al. 1981b; 
Punt et al. 2007). The major DNA adduct is E-3’-N2-dG contributing to the carcinogenicity 
and genotoxicity induced by estragole (Phillips et al. 1981b; Smith et al. 2002). Similar 
to estragole, five different types of safrole DNA adducts were detected upon binding of 
1’-sulfooxysafrole to either a guanine or adenine base including N2-(safrol-1’-yl)-dG (S-1’-
N2-dG), N2-(trans-isosafrol-3’-yl)-dG (S-3’-N2-dG), N6-(trans-isosafrol-3’-yl)-dA (S-3’-N6-dA), 
8-(trans-iosafrol-3’-yl)-dG (S-3’-8-dG) and 7-(trans-isosafrol-3’-yl)-dG (S-3’-7-dG) (Wiseman 
et al. 1985). The major DNA adduct that plays a role in the carcinogenicity and genotoxicity 
of safrole is S-3’-N2-dG.

2.1.1 Interaction between estragole and safrole in bioactivation
Herb-based exposure to combinations of alkenylbenzenes was observed in botanicals 
and botanical preparations including plant food supplements and medicinal herbal 
supplements (Prinsloo et al. 2019). In the study of Alajlouni et al. (2016), more than one 
alkenylbenzene (methyleugenol, estragole, myristicin and/or apiol) were extracted from 
dry tea samples. As they have a similar mode of action, it is of interest to characterise the 
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potential occurrence of interactions between different alkenylbenzenes upon combined 
exposure. As mentioned above, P450 2A6 appears to be an important enzyme involved in 
1’-hydroxylation of both estragole and safrole pointing at a potential for binding of these 
compounds to the same active site resulting in competitive inhibition. According to a study 
by Jeurissen et al. (2007), competitive interaction between estragole and safrole in the 
formation of 1’-hydroxymetabolites was observed upon equimolar combined exposure. 
The total 1’-hydroxylation of estragole and safrole at 50-200 μM substrate concentration, 
being 4.5-18 and 6.25-25-fold above the respective Km value, amounted to 52% of the total 
1’-hydroxylation expected without taking competitive interaction into account (Jeurissen et 
al. 2007). For the sulfotransferase and UDP-glucuronosyltransferase mediated conjugations 
and the oxidation of the 1’-hydroxymetabolites a similar competitive interaction could be 
expected to occur. Formation of glucuronidation and oxidation of 1’-hydroxymetabolites 
occur in parallel to the formation of 1’-sulfooxymetabolites. The balance between 
the formation of glucuronide conjugate, oxidation and sulfoxidation of the 1’-hydroxy 
metabolites will influence the ultimate DNA adduct formation. However, so far there is no 
study on the possible interactions between different alkenylbenzenes in their bioactivation 
and detoxification, or DNA adduct formation occurring upon combined exposure.

Fig. 2 Metabolic pathways for bioactivation and detoxification of estragole, also relevant for safrole 
and the formed DNA adducts
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2.1.2 DNA damage: DNA adducts
DNA adducts are a form of DNA damage caused by covalent binding between DNA and 
reactive (metabolites of) chemicals leading to the genetic damage if DNA adducts cannot 
be removed or repaired before the next round of the replication (Pottenger et al. 2019). 
Some of the DNA adducts can block the replication and induce DNA damage responses 
consisting of various DNA repair pathways, for instance, nucleotide excision repair (NER), 
base excision repair (BER), homologous recombination (HR) and nonhomologous DNA end 
joining (NHEJ), damage tolerance processes, and cell-cycle checkpoints (Giglia-Mari et al. 
2011; Pottenger et al. 2019), which catalyse repair of the DNA modifications. Among these 
mechanisms, DNA damage tolerance processes contribute to survival after DNA damage 
and, in some situations, also actively promote the generation of mutations (Waters et al. 
2009), for instance, translesion synthesis (TLS) polymerases mediate an error-prone process 
that tolerates chemical modifications of the bases and is able to replicate DNA directly in 
order to bypass template DNA damage, which induces a high probability of inserting an 
incorrect base. Other DNA adducts that do not block the replication are potentially more 
mutagenic and their mutation efficiency is chemical structure dependent (Pottenger et al. 
2019). For instance, O6-alkyl/hydroxyalkylguanine (O6-alkylG) has been reported to show a 
high frequency of mispairing (80%) while N7-alkyl/hydroxyalkylguanine (N7-alkylG) shows a 
low frequency (below 0.1%), the first one resulting from the disruption of the possibility for 
hydrogen bond formation between O6 at guanine and H41 at cytosine thereby generating 
G to A transitions. If the mutation occurs in critical genes, for example those that suppress 
cancer development, such as the p53 gene, or in regions regulating transcription of 
oncogenes such as the k-ras gene (Hwa Yun et al. 2020), the mutation will increase the 
chances for further carcinogenic transformation.

2.1.3 Tumor development
Mutation is necessary but not sufficient for tumor formation (Poirier 2016). A tumor can be 
defined as a group of cells losing mechanisms for controlling their normal growth (Poirier 
2012). This process can be initiated by exposure to chemicals that can damage or bind to the 
DNA, resulting in the permanent DNA mutations. During the exposure, cells can gradually, 
by subsequent mutations, develop the ability to sustain the proliferative signalling, evade 
growth suppressors, resist cell death, enable replicative immortality, induce angiogenesis, 
and activate invasion and metastasis (Hanahan and Weinberg 2011), accompanied by 
formation of abnormal proteins as well as distortion of chromosomal stability. Thus, the 
tumor formation is a multistep process that requires multiple mutations developing over a 
long period of time from the beginning of the chronic exposure to the appearance of the 
tumor (Poirier 2012).
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2.2 DNA repair

2.2.1 NER mechanism
NER is the most versatile repair system involved in the repair of cyclobutane–pyrimidine 
dimers (CPDs); 6–4 pyrimidine–pyrimidone photoproducts (6–4PPs) induced by UV 
radiation; various bulky DNA adducts formed from man-made and natural chemicals; 
drug-mediated intrastrand crosslinks, and ROS-generated cyclopurines (Marteijn et al. 
2014). Given that NER is involved in repair of bulky adducts it may also be the system most 
important for repair of the alkenylbenzene DNA adducts studies in the present thesis.

In general, there are four steps involved in this NER pathway: damage recognition, damage 
verification, excision, and gap-filling and ligation (Fig.3). The damage recognition is initiated 
by two different subpathways: global genome repair (GGR) and transcription-coupled 
repair (TCR). GGR is able to remove bulky damage in the entire genome, whereas TCR 
performs repair of the lesions located in especially the transcribed strand. In the damage 
recognition process, different factors are recruited for the two subpathways. In GGR a set 
of enzymes including the DNA-damage binding proteins UV-DDB (DDB1 and DDB2) and 
XPC-Rad23B complex constantly scan the genome and are responsible for the detection of 
the distortion of the DNA helix. In TCR, instead of recruiting the UV-DDB and XPC-Rad23B 
complex, blocking of RNA polymerase by the lesion provides the damage recognition signal. 
After recognition, the following steps are identical for both subpathways (Fleck 2004). 
Transcription factor II (TFIIH) complex is recruited at the lesion site, which is responsible for 
unwinding the DNA around the damaged site, and the subunit XPD verifies the existence of 
a lesion (Marteijn et al. 2014). Subsequently, excision repair cross-complementing (ERCC) 
excision repair 1, DNA repair endonuclease XPF (ERCC-1 XPF), and XPG, which stabilizes 
the TFIIH (Sugasawa 2010) make the dual incisions at the 5ʹ site and 3ʹ site, respectively, 
to excise the damaged fragment. In the final step, gap-filling and ligation, the gap is filled 
by DNA repair synthesis, in which the correct nucleotide information is provided by the 
template obtained from the intact, complementary, opposite DNA strand (Northrop and 
Connor 2008).

2.2.2 Persistence of alkenylbenzene DNA adducts

As indicated above the NER mechanism that is responsible for repair of bulky DNA adducts, 
may also be potentially involved in repair of the DNA adducts of the alkenylbenzenes 
studied in the present thesis. Interestingly, the persistence of some alkenylbenzene 
DNA adducts in liver cells in either in vivo or in vitro studies was reported (Gupta et al. 
1993; Herrmann et al. 2013; Phillips et al. 1981a; Phillips et al. 1981b). Initial studies on 
the persistence of alkenylbenzene DNA adducts were performed by Phillips et al. (1981a; 
1981b) dosing female CD-1 mice with a single dose of either 1’-hydroxyestragole or 
1’-hydroxysafrole. Residual levels of N2-guanine or N6-adenine adducts remained in the 
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Fig. 3 NER pathway, adapted from Marteijn et al. (2014)
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liver for at least 20 days following dosing. A subsequent study by Randerath et al. (1984) 
examined the existence of DNA adducts in CD-1 mice liver upon a single dose of safrole 
at a level of 10 mg. Little change of DNA adduct levels was observed up to 140 days after 
treatment. Gupta et al. (1993) studied the DNA adduct levels in CD-1 mouse liver upon a 
single i.p. dose of 0.01, 0.1, 1 or 10 mg safrole. A similar pattern of DNA adduct persistence 
was observed at all dose levels with only a limited reduction over the entire time (30 days) 
following exposure. Give these results it is also of interest to note the presence of DNA 
adducts derived from methyleugenol in human hepatic DNA obtained from surgery of 30 
Caucasian subjects (Herrmann et al. 2013). Two types of DNA adducts were detected with 
a higher level of N2-MIE-dG (0-36 /108 nts) and a lower level of N6-MIE-dA (0-0.56 /108 nts), 
which is in line with experimental models where N2-MIE-dG adducts appeared to be the 
dominant DNA adduct (Herrmann et al. 2013). These authors also knocked out the mouse 
SULT1a1 gene and replaced it with the human SULT1A1/1A2 gene cluster and observed a 
similar level of formation of two DNA adducts upon single oral exposure to methyleugenol 
at a dose level estimated to be equal to human daily dietary intake of methyleugenol. The 
authors concluded that their results indicate that the formation of N2-MIE-dG and N6-MIE-
dA in human liver samples originate from dietary exposure (Herrmann et al. 2013).

Since different type of DNA adducts would be formed upon the exposure, the inappreciable 
loss of adducts for several weeks after treatment may be due to the different repair 
efficiency of alkenylbenzene DNA adducts with different conformations. Some of the 
conformations may hinder the repair mechanism leading to the slow repair rate (Phillips et 
al. 1981b).

2.2.3 Other NER-resistant DNA lesions
Not only the alkenylbenzene DNA adducts are persisted, but other DNA adducts have also 
been reported to be NER resistant (Geacintov and Broyde 2017). It is well known that NER 
sensing proteins detect the distortions or destabilizations of the DNA helix rather than the 
damage itself (Geacintov and Broyde 2017). The NER-resistant or weaker NER substrates 
might cause minimal distortion or even an increase in the thermal stability of the duplex. 
This indicates the relevance of the conformational and stereochemical features of the 
lesions. For instance, the good NER substrate, the cis-B[a]PDE-N2-dG adduct derived from 
the reaction of benzo(a)pyrene with the guanine in double-stranded DNA, intercalates in 
the adjacent base pairs resulting in the flipping out of both the modified and partner bases 
in the double helix. This obvious destabilization can be easily detected by the XPC because 
of the occurrence of the partner base extrusion on the undamaged strand (Geacintov 
and Broyde 2017). Once the interaction of XPC is successful, subsequent steps of the NER 
pathway will be triggered. On the other hand, the trans-B[a]PDE-N2-dG adduct is positioned 
in the minor groove with minimal perturbations of the base-pairing resulting in 5 times 
lower NER efficiency than what was observed for the cis-adduct (Geacintov and Broyde 
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2017). This example illustrates that the conformational features of the DNA lesion impact 
NER efficiency.

Size of the lesions is another factor that can influence the distortion extent. The greater 
the bulky adducts, the greater the distortion of the DNA structure induced via steric 
crowding. For example, the diol epoxides of fjord DB[a,l]P, with one additional aromatic 
ring having bigger size compared to benzo(a)pyrene, react with guanine in double-stranded 
DNA to produce the aromatic ring system in the 14S (-)-trans-DB[a,l]PDE-N2-dG adduct 
that needs sufficient space to relieve the crowding resulting in the distortion of the minor 
groove (Rodríguez et al. 2014). Also, the different level of steric crowding can come from 
binding at different positions of one type of base (e.g guanine) in the sequence. 35% NER 
efficiency, relative to the stereoisomeric (+)-cis-B[a]PDE-N2-dG adduct, appeared in the 
repair of the (+)-trans-B[a]PDE-N2-dG adduct positioned on G2 in the sequence of (......
CATGCG1G2CCTAC···) versus 80% efficiency when the (+)-trans-B[a]PDE-N2-dG adduct was 
positioned on G1 (Geacintov and Broyde 2017; Kropachev et al. 2009). Moreover, NER can 
be completely ineffective in case of the absence of the partner base opposite the modified 
base (Del) or creation of an abasic site, since in these situations there is no extrudable 
nucleotide that interacts with the XPC protein initiating the NER process. Furthermore, 
successful recognition of the damaged site alone cannot guarantee the success of the 
following steps of NER. Weak or NER resistant substrates can enhance the stability of the 
DNA structure by inducing strong π−π base stacking interactions between adduct residues 
and neighbouring base pairs thereby especially hampering the double-strand separation, as 
reported for the aristolochic acid-derived N6-adenine adducts (Lukin et al. 2012). A summary 
of weak or NER-resistant lesions reported in the literature as well as their characterizations 
is shown in table 1.

2.3 Molecular dynamics (MD) simulation
Considering that the adduct conformational features represent one of the factors that 
impact the NER efficiency, for some DNA adducts their conformational properties and the 
extent of distortion of the double-stranded DNA helix upon their formation have been 
investigated through molecular dynamics (MD) simulation (Fountain and Krugh 1995; Lukin 
et al. 2012). MD simulation is a computer technique to investigate the movement and 
interactions of each atom in a molecular system over time (Karplus and McCammon 2002). 
It facilitates understanding of the biomolecular functions especially when experiments are 
inaccessible. In addition, MD simulation also connects theory and real-life experiments 
by enabling checking theory by performing simulations and validating results obtained by 
real-life experiments (Gupta and Varadwaj 2018). From the late 1950s, MD simulation was 
applied in simple gasses and used to study research topics in protein and drug development 
(Hollingsworth and Dror 2018). In the following section, the basic principles of MD, shown 
in Fig.4, are introduced in some more detail.
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2.3.1 General information of MD simulations
MD simulations typically start from a defined molecular structure. This molecular structure 
is defined based on existing structural information provided by for example NMR analysis, 
an existing crystal structure, or built by software, like Molecular Operating Environment 
if no experimental data are available. Once the starting structure has been selected, its 

Table 1. Summary of the weak or NER-resistant DNA lesions. * indicates the modified base. This table 
is adapted from Geacintov and Broyde (2017)

Duplex DNA sequence DNA conformation and thermal DNA 
duplex stability 

NER- resistant G*: N2-dG
A*: N6-dA

B[a]PDE-N2-dG (10R cis 
and 10S trans)

Deletion
Duplex

G*: Del G* opposite base C is missing; the 
deletion duplex is stabilized with ΔTm= 
+19 °C

B[c]PhDE-N6-dA;
14R-DB[a,l]PDE-N6-dA

Full duplex …CA*C… Intercalative conformation, all base 
pairs intact. No destabilization (1R- B[c]
PhDE-N6-dA, ΔTm= 0 °C), or strong 
destabilization (14R-DB[a,l]PDE-N6-dA, 
ΔTm= 11 °C

UV CPD photoproduct Full duplex …GT^TG… Intrastrand crosslink, minimal distor-
tion 

3-nitrobenzanthrone 
dG-N2-ABA

Native DNA - Positioned in minor groove; A DNA 
stabilizing adduct with ΔTm= +7.5 °C

Aflatoxin B1-Gua Native DNA AFB1-FAPY adducts are persistent in rat 
liver and human fibroblast DNA, ΔTm= 
+15 °C (AFB1-FAPY)

Aristolochic Acid (ALL-
-dA adduct)

Full duplex & 
Native DNA

CA*G & TA*G The Watson−Crick hydrogen bonding 
with the dT base is fully disrupted and 
loss of hydrogen bonding is com-
pensated by stabilizing π−π stacking 
interactions between the aromatic 
ring system of the ALII residue and the 
flanking guanine residues in the CA*C 
sequence context. Moderate destabili-
zation, ΔTm= -3 to -6.4 °C

Weak NER response

10S-trans-B[a]PDE-N-
2-dG 

Full duplex …CG*C… Positioned in minor groove, duplex 
destabilizing ΔTm=-8 to -11 °C

10S(R)-trans-B[a]
PDE-N6-dA

Full duplex …CA*C… Intercalative conformation, all base 
pairs intact. The thermal stability is 
strongly related to the sequence (10S). 

10 S-trans-DB[a,l] 
PDE-N2-dG 

Full duplex …CG*C… Minimal destabilization ΔTm=-2 °C
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coordinates are created or downloaded from an existing database to describe the position 
of each atom in the structure. As the crucial factor for the stability and validity of MD 
simulations for all macromolecules, the potential energy experienced by atoms over time 
should be described accurately by a force field (Adcock and McCammon 2006). The force 
field functions and parameters are derived either from experimental data or by fitting high-
level quantum mechanical calculations (Gupta and Varadwaj 2018). As the atom consists of 
nuclei and electrons, the behavior of electrons needs to be described which can be done 
by quantum chemistry. Since the quantum mechanical calculations are computer intensive, 
unless the research objective is related to a chemical reaction or chemical bonding of metal 
ions, the electron motion is neglected to reduce degrees of freedom. Only nuclear motion 
is considered in the classical MD simulation (Gupta and Varadwaj 2018). Currently, there 
are many popular force fields applied in MD simulation, for instance, CHARMM, AMBER, 
GROMOS, OPLS, and COMPASS (Cornell et al. 1996; MacKerell Jr et al. 1998; Oostenbrink 
et al. 2004; Sun 1998). In the present work, GROMOS was used. The total potential 
energy derived from a force field is the sum of the various contributions including bonded 
interactions and non-bonded interactions. Bonded interactions are further described 
by bond stretching, angle bending, torsional dihedral angle and improper dihedral angle 
terms. And non-bonded interactions comprise van der Waals interactions and electrostatic 
interactions (González 2011). For each of the elements, the parameters involved in the 
calculation can be set appropriately by fitting against high-precision quantum-mechanical 
calculations, or against experimental data.

After the force field is applied, solvent is added with additional counter ions to neutralize 
the system (Gupta and Varadwaj 2018). Once the system is defined the MD simulation 
is first initialized for a short time period to reach equilibrium. The initial velocities are 
sampled from a Maxwell-Boltzmann distribution at a low temperature (GROMACS 2020). 
As force field and initial velocity are given in the system, the velocity iteration, acceleration 
and position can be calculated for the subsequent steps using classical mechanics. After 
equilibrium, the ensemble, represented as the collection of the points in phase space 
satisfying the conditions of a particular thermodynamic state, is generated. Selection of the 
appropriate ensemble, like the microcanonical ensemble (NVE), the canonical ensemble 
(NVT), or the isothermal-isobaric ensemble (NPT) is based on the thermodynamic boundary 
conditions. The NVE ensemble describes an isolated system with constant number of 
particles (N) and constant energy (E) in a constant volume (V), i.e. a system that can neither 
exchange particles nor energy with the surroundings (Satoh 2003). In this case, the energy 
in the system, particles and volume remains exactly constant over time. The NVT ensemble 
represents the system with the fixed N, V and temperature (T). In this ensemble, the energy 
in the system can be exchanged with the fixed T from a heat bath (Jean-Pierr and Ian 
2013). NPT is the statistical ensemble with a constant N, pressure (P) and T (Owicki and 
Scheraga 1977), which plays an important role when comparing to experiments that are 
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mostly performed under the constant pressure. Normally, this ensemble is also chosen for 
DNA adduct simulation (Cai et al. 2011; Mu et al. 2013; Mu et al. 2012). The production 
MD simulation runs under selected ensemble conditions with prolonged simulation time 
(Gupta and Varadwaj 2018).

2.3.2 MD simulation to study structural perturbations upon DNA adduct formation
The distortion of the DNA structure upon insertion of DNA adducts derived from different 
substrates has been investigated in previous studies (Cai et al. 2011; Mu et al. 2013; Mu et 
al. 2012). In the study of Cai et al. (2011), the structural characteristics of the intercalative 
adduct conformations induced by14R (+)- and 14S (-)-trans-anti-DB[a,l]P-N6-dA adducts 
were characterised by molecular modelling and MD simulation. Authors indicated that the 
14 R (+)-adduct presented greater van der Waals stacking interactions with flanking base 
pairs, and less perturbations of the DNA structure reflected by less incomplete hydrogen 
bonding, less local groove enlargement, less unwinding, and a lower solvent exposure 
than the 14S (-)-adduct. In an MD study of the N-(2ʹ-deoxyguanosin-8-yl)-2-aminofluorene 
adduct and N-(2ʹ-deoxyguanosin-8-yl)-2-acetylaminofluorene adduct, derived from the 
carcinogens 2-aminofluorene and 2-acetylaminofluorene respectively, it was shown that 
both adducts displayed the base-displaced conformations with energetic distortions in the 
modified DNA duplexes, which cause Watson-Crick hydrogen bonding disruption, stacking 

Fig. 4 General protocol of MD simulation
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destabilization, untwisting and minor groove enlargement (Mu et al. 2012). Distortion of 
the DNA structure was also observed upon MD simulation studies on the cis-B[a]P-dG 
adduct insertion (Mu et al. 2013). The dC base opposite the modified dG was extruded into 
the major groove and hydrogen bonding was lost for 15% of the time during the simulation. 
These examples showed that MD simulation can be considered a useful tool to characterise 
the level of distortion as a result of DNA adduct formation.

2.4 DNA adducts upon chronic exposure
DNA adduct persistence resulting from resistance towards DNA repair mechanisms, 
may result in DNA adduct accumulation upon chronic exposure that may occur in real-
life situations. Upon chronic exposure, the type of DNA adducts detected may change 
comparing was compared to acute exposure due to differences in the repair efficiency, 
half-life time of the different adducts or cell apoptosis induction. Richardson et al. (1985) 
reported that upon single-dose exposure to 1,2-dimethylhydrazine and diethylnitrosamine 
the induced concentration of the major adduct (O6-ethylguanine) appeared to be 100-fold 
higher than the formation of the minor adduct (O4-ethylguanine), whereas after additional 
2-4 weeks exposure, a similar level of both adducts was observed due to the lower repair 
rate of O4-ethylguanine. In addition, Fedtke et al. (1990) showed that the slow loss of N2 
,3-ethenoguanine adducts resulting from vinyl chloride exposure in the liver of rats had a 
half-life of more than 30 days longer compared with that of 7-(2’-oxo-ethyl)guanine adducts 
with 62 hours half-life under the same exposure regimen. Upon prolonged exposure 
relative levels of N2 ,3-ethenoguanine adducts gradually increased so that the ratio between 
the N2 ,3-ethenoguanine and 7-(2’-oxo-ethyl)guanine adducts changed from 1:100 after 
immediate exposure to 1:14 at the end of 1 week exposure. Exposure duration dependent 
differences in the type of adducts detected was also observed for estragole DNA adducts, 
with the ratio between the major E-3’-N6-dA and E-3’-N2-dG DNA adducts being 1:10 upon 
the single exposure whereas after 4 weeks repeated exposure, E-3’-N6-dA became the 
dominant one (Suzuki et al. 2012). These examples illustrate that the nature of the major or 
minor adduct can be dependent on the time of exposure as well as their half-life.

2.5 Risk assessment

2.5.1 General information
As genotoxic and carcinogenic properties of alkenylbenzenes have been detected in animal 
studies, the risks associated with the levels of alkenylbenzenes present in food need to be 
evaluated. In general, risk assessment consists of four steps: hazard identification, hazard 
characterization, exposure assessment, and risk characterization. One of the important 
steps in hazard characterisation is to establish the dose-response relationship, from which 
the No Observed Adverse Effect Level (NOAEL), Lowest Observed Adverse Effect Level 
(LOAEL) or a lower confidence limit of the Benchmark Dose (BMDL) can be derived as the 
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point of departure (EPA 2012). NOAEL or BMDL10 values can be used for the definition of so-
called health-based guidance values that define safe levels of human exposure without an 
appreciable risk of deleterious effects during a lifetime such as for example an acceptable 
daily intake (ADI). An ADI is the safe exposure threshold for a non-genotoxic compound that 
can be intentionally added to food such as for example a food additive. When the estimated 
daily intake (EDI) remains below the ADI there is no health concern (Alger et al. 2013; FDA 
2000; Nohmi 2018). For genotoxic carcinogens, current risk assessment practice assumes 
that there is no safe exposure threshold. Compounds that test positive for genotoxicity 
will not be allowed for use as a food additive, pesticide or veterinary drug (Nohmi 2018). 
However, the presence of genotoxic carcinogens in food cannot be completely avoided 
since such compounds may become part of our food as for example environmental 
contaminants, as processing contaminants and/or because they are natural constituents 
of food ingredients. Examples are the mycotoxin aflatoxin B1, produced by fungi upon 
improper storage conditions of food, or the model compounds of the present study, the 
alkenylbenzenes which are natural constituents of many herbs and spices (Negera and 
Washe 2019; Rietjens et al. 2005).

To evaluate whether the presence of these genotoxic carcinogens in our food raises a 
concern the so-called margin of exposure (MOE) approach has been defined (EFSA 2005). 
The MOE can facilitate the identification of the genotoxic carcinogens of highest concern 
that require priority in risk management actions, and it is calculated as the ratio between 
the BMDL10 , derived from tumor data in most cases obtained in studies in experimental 
animals, and the estimated daily human intake (EFSA 2012a). The MOE does not quantify 
the risk. If the MOE that is based on a BMDL10 derived from an animal study, is higher than 
10000, it indicates a low concern for public health and consequently it is considered as a low 
priority for risk management action (Benford 2016). The magnitude of threshold (10000) 
includes the 100-fold uncertainty factor for inter- or intra- species differences and another 
factor of 100 for interindividual differences in the factors impacting the carcinogenic 
process (eg. cell cycle or DNA repair) and the fact that the BMDL10 used for calculating the 
MOE represents an effect level (Benford 2016).

2.5.2 Potential application of DNA adducts in risk assessment
In a previous study by La and Swenberg (1996), the potential application of DNA adducts in 
risk assessment especially in risk estimation involved in the risk characterization step was 
illustrated. Many risk assessments extrapolate the data from a high dose exposure level in 
animal experiments to the low dose human exposure by fitting the data to a linear, non-
threshold model with zero risk at zero dose, to predict the tumor incidence at a certain level 
of exposure (National Research Council 1987). However, the nature of the dose-response 
relationship at the low dose range is not clear. The assumption of a linear non-threshold 
dose-response curve may not always be correct. It can be argued for example that when 
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the metabolism resulting in detoxification or DNA repair pathways is efficient at low dose 
levels, but can be saturated at higher dose levels, that the dose-response curve for tumor 
incidence may become sublinear at low dose levels (Scheller et al. 1995). Quantification of 
the DNA adduct levels at the target site at different dose levels is a better point of focus 
than the relationship between the tumor incidence and external exposure since use of DNA 
adduct levels as a measure of internal exposure is including the absorption, distribution, 
metabolism, and DNA repair. The molecular dosimetry, as a way of integrating the process 
from exposure to effect, can facilitate detection of the saturations in bioactivation, 
detoxification and DNA repair. Therefore, application of molecular dosimetry on data on 
dose dependent DNA adduct formation could give a better insight in the nature of the dose-
response relationship for tumor incidence and can help to extend the observation range 
of data to dose levels that are several orders of magnitude lower than the administration 
dose used in the animal study (La and Swenberg 1996). Although, the debate of using 
DNA adduct data in risk assessment is ongoing, these data can be integrated with other 
information including dosimetry, toxicity, mutagenicity, genotoxicity and tumor incidence 
to provide the characterization information for mode of action-based hazard and risk 
characterization (Carmichael et al. 2011; Jarabek et al. 2009).

2.5.3 Combination exposure in risk assessment
At the present state-of-the-art there is no generally accepted method to evaluate the risk 
induced by combined exposure to different or even related genotoxic and carcinogenic 
compounds (Nohmi 2018). In 2011, the EU Scientific Committees on Health and 
Environmental Risks (SCHER), on Emerging and Newly Identified Health Risks (SCENIHR), 
and on Consumer Safety (SCCS), indicated that the effect from combination exposure 
could be greater than the effect from individual compound exposure (SCCS, SCHER, 
SCENIHR, 2012). Depending on the mode of action, different assumptions are applied. For 
substances sharing a similar mode of action, dose/concentration addition can be applied. 
Interactions (including antagonism, potentiation, and synergy) between compounds 
could occur at medium or high exposure levels. For substances with a different mode of 
action, independent action is assumed since substances elicit effects based on a different 
mechanism of action without interaction with each other (Drescher and Boedeker 1995; 
Finney 1942; Medlock Kakaley et al. 2019). Under this situation, the response addition 
model can be used and there is no need for a combined risk assessment. When the mode 
of action information is not available, preferably dose/concentration addition should be 
considered (Staal and van der Ven 2016). For this dose additivity approach, the hazard 
index (HI) and toxic equivalency factor (TEF) are commonly used to facilitate the combined 
risk assessment (Alajlouni et al. 2017; Staal and van der Ven 2016). The HI is the sum of 
the hazard quotients (HQs) for toxins that affect the same target organ or organ system. 
HQs are defined as the ratio of the exposure concentration (like EDI) and a safe dose 
(like a reference dose (RfD), an acceptable or tolerable daily intake (ADI or TDI), BMDL. 
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etc) (OECD 2018). If the HI is lower than 1, it means the toxins are not likely to induce the 
adverse effect during a lifetime exposure, whereas a HI higher than 1, indicates that the 
effects should be evaluated case by case to see which exposure adds most to exceedance 
of relevant health based guidance values and to direct potential risk management actions. 
For evaluation of combined exposure by dose addition also the so-called toxic equivalency 
(TEQ) approach using toxic equivalency factors (TEFs) has been developed, to evaluate the 
combined exposure to structurally related compounds with a similar mode of action but 
different potency (Delistraty 1997). The TEQ approach takes into account differences in 
toxic potency between congeners. The TEF for each individual congener can be expressed 
as the ratio of the concentration or dose inducing a defined level of toxicity, such as for 
example the EC50, from the compound of interest and from the reference compound; TEF = 
EC50compound 1 / EC50 reference compound. The total value called the toxic equivalency (TEQ) value for 
a mixture is calculated by the sum of each compounds dose or concentrations multiplied 
by its corresponding TEF value. This method has been used to evaluate combined exposure 
to alkenylbenzenes where the EDI for combined alkenylbenzene exposure was calculated 
based on the TEQ approach as Σ(EDI X TEF)i (i=different compounds). As a reference 
compound the alkenylbenzene detected at the highest level in the samples analysed was 
chosen being methyleugenol (Alajlouni et al. 2017). In addition, it should be noticed that 
the TEQ approach uses dose addition based on the default assumption of additive effects 
of the mixtures (Meek et al. 2011). Although the alkenylbenzenes of interest act on the 
same target tissue (liver) and share a similar mode of action, at the current state-of-the-art, 
further evidence to support the assumed dose addition has not been provided.

Objective and outline of this thesis
The aim of the present thesis was to obtain better insight in the relative hazards and risks 
of DNA adducts formed by the selected alkenylbenzenes estragole and safrole, by studying 
their DNA adduct formation, stability and repair. DNA adduct formation was measured in 
different liver cell models and the mechanism of potential resistance towards repair of the 
DNA adducts formed was investigated, from the perspective of conformation-dependent 
(in)efficiency of repair of the major DNA adducts, using MD simulation. In addition, the 
impact of combined exposure to alkenylbenzenes known to simultaneously occur in our 
diet as well as the chances that the accumulation of DNA adducts might reach levels that 
raise a concern was also investigated.

The work of the present thesis is presented in 6 chapters:

Chapter 1 presents an overview of the basic principles of importance for the present 
thesis including an introduction to the model compounds used, estragole and safrole, their 
bioactivation, DNA adduct formation, DNA repair, MD simulation, and the current state-of-
the-art related to risk assessment of compounds that are genotoxic and carcinogenic.
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Chapter 2 and Chapter 3 describe studies on the formation and repair of the major DNA 
adducts of estragole and safrole including studies on the role of NER in the repair of the 
DNA adducts. The chapters also describe MD simulations to characterise the level of 
structural distortion upon DNA adduct formation in order to characterise the conformation-
dependent (in)efficiency of the DNA adduct repair.

In Chapter 4 the consequences of repeated exposure to estragole were evaluated in order 
to characterise the effect of repeated daily dietary exposure. To this end, the DNA adduct 
accumulation was quantified in HepaRG cells exposed to estragole concentrations predicted 
to occur in the liver at realistic levels of dietary intake. The accumulation rate thus obtained 
was used to estimate the number of daily exposures required to reach DNA adduct levels 
at the BMD10 for tumor formation in experimental animals by the related alkenylbenzene 
methyleugenol.

In Chapter 5 the effects of combined exposure to estragole and safrole on cytotoxicity and 
DNA adduct formation in liver cells were investigated to a further extent. It was investigated 
whether combined exposure would result in dose (concentration) addition by measuring 
the cellular toxicity of equipotent mixtures of 1’-hydroxyestragole and 1’-hydroxysafrole. It 
was also investigated whether combined exposure to estragole and safrole would result in 
competitive inhibition of DNA adduct formation at relatively high concentrations of the test 
compounds and at the dose level of dietary daily intake.

Chapter 6 summarizes the results obtained and provides the overall discussion and further 
recommendations for future research.
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Abstract

Estragole, naturally occurring in a variety of herbs and spices, can form DNA adducts after 
bioactivation. Estragole DNA adduct formation and repair was studied in in vitro liver cell 
models, and a molecular dynamics simulation was used to investigate the conformation 
dependent (in)efficiency of N2-(trans-isoestragol-3’-yl)-2’-deoxyguanosine (E-3’-N2-dG) DNA 
adduct repair.

HepG2, HepaRG cells, primary rat hepatocytes and CHO cells (including CHO wild type and 
three NER deficient mutants) were exposed to 50 μM estragole or 1’-hydroxyestragole 
and DNA adduct formation was quantified by LC-MS immediately following exposure and 
after a period of repair. Results obtained from CHO cell lines indicated that NER plays a role 
in repair of E-3’-N2-dG adducts however with limited efficiency since in the CHO wt cells 
80% DNA adducts remained upon 24 h repair. Inefficiency of DNA repair was also found in 
HepaRG cells and primary rat hepatocytes. Changes in DNA structure resulting from E-3’-
N2-dG adduct formation were investigated by molecular dynamics simulations. Results from 
molecular dynamics simulations revealed that conformational changes in double stranded 
DNA by E-3’-N2-dG adduct formation are small, providing a possible explanation for the 
restrained repair, which may require larger distortions in the DNA structure.

NER mediated enzymatic repair of E-3’-N2-dG DNA adducts upon exposure to estragole 
will be limited, providing opportunities for accumulation of damage upon repeated daily 
exposure. The inability of this enzymatic repair is likely due to a limited distortion of the 
DNA double stranded helix resulting in inefficient activation of nucleotide excision repair.

Keywords: Estragole, DNA adduct, DNA repair efficiency, molecular modelling and 
simulation



1. Introduction

Estragole, one of the food-borne alkenylbenzenes, can naturally occur in a variety of herbs 
and spices such as sweet basil, fennel, star anise and essential oils (Rietjens et al. 2014). 
Upon dietary intake, estragole can be rapidly absorbed by the gastrointestinal tract and 
bioactivated in the liver (Smith et al. 2002). An overview of the bioactivation pathway of 
estragole is presented in Fig. 1. Briefly, the bioactivation proceeds by cytochrome P450 
catalyzed formation of the proximate carcinogen 1’-hydroxyestragole (1’-OH estragole), 
upon which 1’-OH estragole is sulfonated by sulfotransferases (SULTs) to produce the 
ultimate carcinogenic metabolite 1’-sulfoxyestragole that can result in DNA adduct 
formation and contributes to the induction of hepatocarcinogenicity (Paini et al. 2010). The 
major DNA adduct formed is N2-(trans-isoestragol-3’-yl)-2’-deoxyguanosine (E-3’-N2-dG) 
(Fig.1) (Phillips et al. 1981b; Punt et al. 2007).

When considering estragole DNA adduct formation it is important to note that the level of 
DNA adducts depends on not only their formation via the reactive 1’-sulfooxy metabolite 
but also on the efficiency of their possible repair. In mammalian cells, bulky DNA lesions can 
be repaired by the nucleotide excision repair (NER) mechanism. In this mechanism a set 
of enzymes including XPC-RAD23B recognizes the local distortion and continues to recruit 
other factors like TFIIH, XPB, XPD etc. to initiate the process of repair (Schärer 2013). Some 
bulky DNA adducts, such as adducts formed by aristolochic acids, aflatoxin B1 and benzo(a)-
pyrene have however been reported to merge with the DNA double stranded helix in such 
a way that they do not result in a significant disturbance of the overall DNA structure, 
resulting in these adducts being relatively resistant to NER (Geacintov and Broyde 2017). 
A recent study did report the detection of N6-(methylisoeugenol-3’-yl)-2’-deoxyadenosine 
(ME-dA) in the urine of rats exposed to different plant extractions containing the related 
alkenylbenzene methyleugenol for 12 h (Feng et al. 2018). The occurrence of this DNA 

Fig. 1 Metabolic pathway for bioactivation of estragole and N2-(trans-isoestragol-3’-yl)-2’-deoxyguanosine 
(E-3’-N2-dG) adduct formation
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adduct in the urine may reflect direct interaction of the reactive intermediate with free 
dA but may also in part result from NER mediated repair of ME DNA adducts as suggested 
by Feng et al. (2018). On the other hand, Herrmann et al. (2013) reported detection of 
methyleugenol DNA adducts in the livers of Caucasian subjects. This revealed that repair 
may be not fully efficient and/or that the DNA repair is not sufficient to balance DNA 
formation as a result of exposure to methyleugenol from a regular diet, resulting in 
detectable levels of adducts. The efficiency of repair of alkenylbenzene DNA adducts has, 
however, not been studied in detail so far. Therefore, the aim of the present paper is to 
quantify DNA adduct formation and repair of the alkenylbenzene estragole in different in 
vitro cell models, and study how this adduct formation impacts the conformation of the 
double strand DNA helix using molecular modelling.

2. Material and method

2.1 Chemicals and reagents
Estragole, human insulin, ammonium bicarbonate, dexamethasone (DEX), bovine 
spleen phosphodiesterase II (SPDE II), venom phosphodiesterase I (VPDE I), nuclease 
P1, phosphatase alkaline (AP), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 
bromide (MTT), tris(hydroxymethyl)aminomethane (Tris), ethylenediaminetetraacetic 
acid (EDTA), and 2’-deoxyguanosine were obtained from Sigma (St. Louis, Missouri, USA). 
Minimum Essential Medium (MEM), L-glutamine, Dulbecco’s Modified Eagle Medium: 
Nutrient Mixture F-12 (DMEM/F-12), alpha minimum essential media (αMEM), trypsin 
and phosphate buffered saline (PBS) (pH 7.4) were purchased from Gibco (Paisley, UK). 
Non-Essential Amino Acids (NEAA), Williams’ E Medium, and penicillin-streptomycin (P/S) 
were purchased from Gibco (Grand Island, New York, USA). CM3000 and 4000 kits were 
purchased from Gibco (Frederick, Maryland, USA). Fetal Bovine Serum (FBS) was purchased 
from Bodinco BV (Alkmaar, Netherlands). Hydrocortisone 21-hemisuccinate was purchased 
from Cayman Chemical (Ann Arbor, Michigan, USA). Dimethylsulfoxide (DMSO), hydrochloric 
acid (HCl), zinc sulfate (ZnSO4), sodium acetate, and acetic anhydride were purchased from 
Merck (Darmstadt, Germany). 4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate (WST-1) was obtained from Roche (Mannheim, Germany). Acetonitrile 
(ACN) was purchased from Biosolve (Dieuze, France). RLT lysis buffer was purchased from 
QIAGEN (Hilden, Germany). Formic acid was purchased from VMR (Fontenay-sous-Bois, 
France). Beta-naphthoflavone (BNF) was purchased from Fluka Chemie GmbH (Buchs, 
Switzerland). 1’-OH estragole was synthesized as described previously (Paini et al. 2010).

2.2 Cellular models
The human hepatoma cell line HepG2 cells were obtained from the American Type Culture 
Collection (Manassas, Virginia, USA). Cells were cultured in MEM containing Earle’s Salts, 
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supplemented with 10 % (v/v) FBS, 1 % (v/v) P/S, 1 % (v/v) NEAA and 2 mM L- glutamine. 
Cells were incubated at 37 °C with 5 % CO2 and subcultured every three or four days.

The human hepatoma cell line HepaRG (undifferentiated cells) was purchased from 
Biopredic International (Saint Grégoire, France). The cells were first incubated in growth 
medium containing Williams’ E Medium containing 10 % FBS (Sigma, St. Louis, Missouri, 
USA), 100 IU/mL of P/S, 5×10-5 M hydrocortisone 21-hemisuccinate and 5 μg/mL of human 
insulin for 2 weeks. In the following 2 weeks, differentiation medium was used to facilitate 
the differentiation of the cells into cells with hepatocyte-like morphology after which the 
cells were cultured for another 2 weeks in the same medium supplemented with 1.7 % 
DMSO to obtain maximum differentiation. HepaRG cells plated in 96-well plates (Greiner 
Bio-One, Frickenhausen, Germany) and T-25 flasks (Greiner Bio-One, Frickenhausen, 
Germany) were used for the cytotoxicity tests and in vitro DNA adduct formation 
experiments respectively.

Rat (Wistar) primary hepatocytes in suspension (cryopreserved, male) were purchased from 
Thermo Fisher Scientific (Bleiswijk, Netherlands). The CM3000 kit was used for thawing 
the cells and the CM4000 kit was used for cell maintenance. All the kits were dissolved 
in Williams’ E Medium without phenol red according to the protocol provided by Thermo 
Fisher Scientific.

Chinese Hamster Ovary (CHO) wild type and UV mutated types (UV5, UV41 and UV24), in 
which NER activity is absent, were obtained from ATCC (Manassas, Virginia, USA). Wild type 
cells were grown in DMEM/F-12 containing 10 % (v/v) FBS and 1 % (v/v) P/S. Mutant cells 
were grown in αMEM with 10 % (v/v) FBS. All cells were incubated at 37 °C with 5 % (v/v) 
CO2 until reaching 80 % confluence.

2.3 Cytotoxicity test
Cytotoxicity was tested by the MTT assay (HepG2 and HepaRG cells) or the WST assay 
(hepatocytes). To this end, HepG2 cells, HepaRG cells and rat hepatocytes were seeded in 
96 well plates at the concentration of 2×105 cells/mL, 0.9×105 cells/mL, and 5×105 cells/mL 
respectively. The cells were exposed to serum-free medium containing (final concentration) 
50 μM estragole or 1’-OH estragole with 0.1 % DMSO for 2 h. Each compound was tested 
in three independent experiments. After exposure, 10 μL of 5 mg/mL MTT for HepG2 and 
HepaRG cells, or 10 μL of WST-1 reagent for rat hepatocytes were added to each well 
followed by incubation for another hour. For the MTT assay, the medium was removed and 
100 μL of DMSO were added to the wells to dissolve the MTT formazan crystals. For the 
WST-1 assay, no additional handlings were required. The absorbance was measured at 562 
nm for the MTT assay and at 440 nm for the WST assay using a SpectraMax M2 (Molecular 
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Devices, USA). The cell viability was expressed as % of the control, with the solvent control 
set at 100 % viability.

2.4 In vitro DNA adduct formation
2.4.1 Induction of cytochromes P450
To increase cellular levels of cytochromes P450 required for estragole bioactivation to 1’-
OH estragole, HepG2 cells and HepaRG cells were cultured in 25cm2 flasks and incubated 
at 37 °C and 5 % (v/v) CO2 in a humidified atmosphere in the presence of inducers of 
cytochrome P450 1A2 and 2A6 the isoenzymes previously shown to be involved in estragole 
1’-hydroxylation (Jeurissen et al. 2007). Once 60-70 % confluence was reached, HepG2 
cells were maintained in medium with reduced FBS (2 %) for 2 h after which the cells were 
incubated with the CYP1A2 inducer BNF (final concentration 5 μM) or the CYP2A6 inducer 
DEX (final concentration 50 μM) in the same medium for three days, with medium renewal 
every 24 h.

Induction for differentiated HepaRG cells was started in the first week after full 
differentiation. To this end the differentiation medium was changed to growth medium and 
cells were cultured in this medium for another 3 days. After that, the induction medium 
(Biopredic) with 2 % FBS containing BNF (final concentration 5 or 25 μM) or DEX (final 
concentration 50 μM) was applied for another three days with medium renewal every 24 h.

Stock solutions of inducers were prepared in DMSO and further diluted with induction 
medium to give a final concentration of DMSO of 0.1 %. Control cells (non-induced) were 
exposed to 0.1 % (v/v) DMSO during the induction period.

2.4.2 Exposure of cellular models to estragole and 1’-OH estragole
HepG2 cells and HepaRG cells including induced and non-induced cells, and non-
induced primary rat hepatocytes were exposed to estragole or 1’-OH estragole at a final 
concentration of 50 μM for 2 h. The test compounds were dissolved in DMSO and then 
diluted in exposure medium, with 0.1% final concentration of DMSO. After 2 h of incubation, 
cells were washed with PBS. HepG2 cells and HepaRG cells were detached by using trypsin 
and collected in PBS. For primary rat hepatocytes, cells were kept in suspension in 6-well 
plates (Corning, Kennebunk, USA) by gentle shaking at a density of 1×106 cells/well. After 
exposure, the cells were centrifuged at 500 rpm (Hermle Z400K Refrigerated Centrifuge, 
Germany) for 5 minutes to discard the exposure medium and the cell pellet was washed 
with PBS. All cells were collected in 1 mL of PBS in the Eppendorf tube and centrifuged at 
1500 rpm for 5 minutes. The washing and centrifugation step was repeated one more time, 
and the pellet was lysed into 200 μL of RLT lysis buffer before DNA isolation.
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2.4.3 DNA isolation and digestion
DNA was isolated using the QIAamp DNA Mini Kit protocol for cultured cells (Hilden, 
Germany). The number of cells for each sample was between 2×106 and 5×106 cells. The 
yield and purity of the isolated DNA were determined by Nanodrop 2000 technology 
(Thermo Scientific, Wilmington, Delaware USA) measuring the absorbance ratio A260/280 
nm. DNA samples with a ratio of 1.8-2.0 were considered sufficiently pure. After quantifying 
the DNA, samples were evaporated to dryness and nanopure water was added to the 
samples to obtain the final amount of 50 μg DNA in 30 μL of water. DNA digestion was 
applied as previously described by Paini et al. (2010) with minor adjustments. In short, 40 
μL of PI-buffer (300 mM sodium acetate, 1 mM ZnSO4, pH 5.3), 20 μL of SPDE II solution 
(0.0004 U/μL in water), and 10 μL of nuclease P1 (0.5 μg/μL in water) were added to DNA 
samples and then the samples were incubated at 37 °C for 4 h. Then the samples were 
incubated with a mixture of 40 μL of PA-buffer (500 mM Tris–HCl, 1 mM EDTA, pH 8.0), 20 
μL of VPDE I solution (0.00026 U/μL in water), and 1.6 μL of AP (200 units) for another 2 h. 
After incubation, samples were freeze-dried and stored at -80 °C until LC-MS/MS analysis. 
Before analysis the dry digested samples were dissolved in 25 μL of ultrapure water for E-3’-
N2-dG detection.

2.5 DNA repair assay
The role of NER in the repair of E-3’-N2-dG DNA adducts was investigated in CHO wild type 
cells and three NER deficient mutants. Although the CHO cells are ovary instead of liver 
cells, the set of wildtype and NER deficient mutants presents a representative model to 
study the role of human NER since the CHO cells have been shown to contain the human 
genes involved in NER (Rolig et al. 1998). Given that CHO cells do not contain cytochromes 
P450 needed for bioactivation of estragole, estragole DNA adduct repair in these cells was 
studied upon generation of the DNA adducts via exposure of the cells to 1’-OH estragole. 
The concentration of 1’-OH estragole used was adapted to result in DNA adduct levels 
that amounted to levels comparable to what was observed in primary hepatocytes and 
HepaRG cells in order not to overload the NER system. To this end CHO wild type and UV 
mutated CHO cells were exposed to 50 μM 1’-OH estragole for 2 h at 37 °C to generate DNA 
adducts at levels <50/108 nts. The DNA repair assay was additionally performed in non-
induced HepaRG cells and rat hepatocytes which were exposed to 50 μM estragole for 2 h. 
After exposure, the cells were washed with PBS once, the medium was replaced with fresh 
medium without the test compound and cells were incubated for 0, 2, 4, 24, 48 and 72 h 
before they were harvested for measurement of (residual) DNA adduct levels.

2.6 Synthesis of E-3’-N2-dG adduct
DNA adducts were synthesized via the reaction of 1’-acetoxyestragole with 
2’-deoxyguanosine following the protocol described by Punt et al. (2007). Synthesis of 
1’-acetoxyestragole was based on Paini et al. (2010) with the slight modification of using 
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110 μL of acetic anhydride instead of 35 μL. For E-3’-N2-dG adduct synthesis, in short, 
250 μL of 1’-acetoxyestragole in DMSO (0.01 g/mL) was mixed with 2250 μL of 2.5 mM 
2’-deoxyguanosine in 2.5 mM ammonium bicarbonate (pH 7.4). The incubation was stirred 
over the weekend at 37 °C. The DNA adducts were purified using a Waters Agilent HPLC 
(Etten-Leur, Netherlands) on an Alltima C18 5 μm column, 150×4.6 mm (Alltech, Breda, 
Netherlands). The gradients were made with nanopure water as solvent A and ACN as 
solvent B. The flow rate was 1 mL/minute. The start condition was 80/20 (A/B), changing 
to 70/30 (A/B) from 0-40 min after which the percentage of ACN increased to 100 % over 
2 minutes, and was kept at 100 % for one minute. Then the gradient changed back to the 
start condition in 2 minutes and was kept at that condition for 15 minutes. Detection was 
carried out using a photodiode array detector (Waters, Milford, MA, USA) at 260 nm. E-3’-
N2-dG eluted at 16.80 minutes. Peaks of several injections were collected and combined 
and freeze dried. The purified adduct thus obtained was weighted and then used in LC-
MS/MS to establish calibration curves for the quantification of DNA adducts isolated from 
exposed cells.

2.7 LC-MS/MS method for detection and quantification of E-3’-N2-dG 
adducts
The LC-MS/MS method for detection of the E-3’-N2-dG adducts was adapted from Paini et 
al. (2010). The analysis was performed on a Shimadzu Nexera XR LC-20AD SR UPLC system 
coupled with a Shimadzu LCMS-8040 mass spectrometer (Kyoto, Japan). 5 μL of the sample 
from digested HepG2 cell DNA, HepaRG cell DNA, rat hepatocyte DNA or CHO cell DNA 
were injected into the 1.7 μm 50×2.1 mm column (Phenomenex, California, USA) at 40 °C. 
The gradient was made with ultra-pure water (solvent A) and ACN (solvent B). Both solvents 
contained 0.1 % (v/v) formic acid. The flow rate was 0.3 mL/min and each run was 10 min 
in total. The initial condition was 95/5 (A/B) for 1 minute, a linear gradient was applied 
from 5 % to 100 % acetonitrile over 8 minutes and maintained for 0.5 minutes. Then the 
gradient returned to the start condition in 0.1 minute and was kept for the remaining time. 
E-3-N2-dG eluted at 5.99 minutes. The MS-MS analysis was carried out using a Shimadzu 
LCMS-8040 triple quadrupole with electrospray ionization (ESI) interface. The instrument 
was operated in positive mode in the multiple reaction monitoring (MRM) mode with a 
spray voltage of 4.5 KV. The transitions (m/z) used for obtaining the daughter fragments 
were 414.2 →298.2, 414.2 →164.1, and 414.2 →147 for E-3’-N2-dG. Calibration curves 
were established by plotting the peak area of a known concentration of the synthesized 
DNA adduct against the corresponding DNA adduct concentrations. The amount of the DNA 
adducts detected in the samples was related to the total amount of digested DNA detected 
in each sample and expressed as the number of E-3’-N2-dG adducts per 108 nucleotides 
(nts) based on the assumption of 1.98×1015 nts / μg DNA.
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2.8 Molecular modelling

2.8.1 Starting structure and force field
Since no experimentally determined structure of E-3’-N2-dG is available, the Molecular 
Operating Environment (MOE) software (version 2018.0101, Chemical Computing Group, 
Montreal) was employed to build an initial model for E-3’-N2-dG directly on the G6* of a 11-
mer base sequence of B-type form DNA (Fig. 2a). The DNA sequence chosen in the present 
study is the same as the one used previously to study (+)-cis-B[a]PDE-N2-dG or (-)-trans-
B[a] PDE-N2-dG enabling comparison of the results (Mocquet et al. 2007). All molecular 
interactions were described by the GROMOS force field, parameter set 45A4 (Soares et al. 
2005). Corresponding parameters were assigned to the modified base, as described in the 
Supplementary information Fig. S1. Both reference DNA and modified DNA (with adduct) 
were solvated in a periodic rectangular box with a 1.4 nm minimum distance for solutes to 
box edges and a 0.23 nm minimum distance for the solute to solvent, containing explicit 
simple point charge (SPC) water and neutralized with 20 Na+ counterions. The concentration 
of additional sodium chloride was 0.2 M. Before the simulation, the models were energy 
minimized by the steepest descent algorithm to optimize the geometry. A systematic 

Fig. 2 (a) Base sequence context in which the adduct is embedded. G6* represents the modified 
guanine base and (b) chemical structure of the E-3’-N2-dG adduct with dihedral angles α, β, γ and δ
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search was performed on the dihedral angles α, β, γ and δ (Fig. 2b) and diverse low energy 
conformations were selected. The additional information of selected conformations was 
detailed described in Results section. For the unmodified reference simulations, four 
independent simulations were performed.

2.8.2 Molecular dynamics simulations
All the simulations were performed using the GROMOS11 molecular simulation package 
(Version 1.5.0; Biomos B.V.) (Schmid et al. 2012). Bond-length constraints of solute 
and solvent were imposed by the SHAKE algorithm with a 2-fs time step. A pairlist was 
generated every 5 steps by using a grid algorithm (Heinz and Hünenberger 2004). The short-
range cut-off interactions up to a distance of 0.8 nm were computed at every timestep and 
intermediate-range interactions up to 1.4 nm were computed at pairlist construction and 
kept constant in between. Long-range interactions were approximated by a reaction-field 
contribution, assuming a homogenous medium with a dielectric permittivity of 61 beyond 
a distance of 1.4 nm (Heinz et al. 2001; Tironi et al. 1995). Prior to equilibration, initial 
velocities were sampled from a Maxwell-Boltzmann distribution at 60 K. The system was 
gradually heated up to 300 K in 5 equidistant steps. In order to restrain the solute position 
during equilibration, a harmonic potential-energy term was used. The force constant for 
solute position restraints was decreased by a factor of 10 at each equilibration step with 
an initial value of 2.5.104 kJ/mol/nm2. In addition, the first and last GC base pairs were kept 
together, by applying half harmonic attractive distance restraints on the hydrogen bonds 
to avoid the disruption of the initial conformation during the molecular dynamics (MD) 
simulation. After equilibration of 0.5 ns, constant temperature and pressure were imposed 
for the subsequent simulation. The temperature remained at 300 K via weak coupling, 
employing two separate temperature baths for solute and solvent with 0.1 ps coupling 
time. Additionally, the pressure was set to 1 atm with an isothermal compressibility of 
4.575.10-4 (kJ mol-1 nm-3)-1 and a coupling time of 0.5 ps (Berendsen et al. 1984). Overall 
center of mass motion was removed every 2 ps. The simulations were performed for 20 ns.

2.8.3 Structural analysis
The GROMOS++ programs were employed for structural analysis (Eichenberger et al. 2011). 
A conformational clustering was conducted on the conformation of the adduct, after a 
superposition of the DNA backbones. For this, structures, separated by 5 ps were collected 
from all four adduct simulations and the atom-positional-root-mean-square deviations 
(RMSDs) was calculated between all pairs of structures. Structures within 0.2 nm of each 
other were considered structural neighbors and the clustering algorithm described by 
Daura et al. (1999) was used. For each of the clusters, the central member structure was 
selected as a representative structure. The stability of the MD simulation for the reference 
double stranded DNA helix and the modified DNA helix (with DNA adduct) was tested by 
monitoring RMSDs, which represent the deviations in each trajectory snapshot relative to 
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the respective starting structure. The form of the DNA helix was classified by the DISICL 
algorithm (Nagy and Oostenbrink 2014). The hydrogen bonding occupancy was analyzed 
using a geometric criterion. A hydrogen bond was considered to be formed when the 
hydrogen-acceptor distance was within 0.25 nm and the donor-hydrogen-acceptor angle 
was larger than 135°. The total non-bonded interaction energy for the whole DNA structure 
and van der Waals interactions between the adduct and the rest of the residues without 
solvent were calculated. DNA duplex helicoidal parameters and groove dimensions were 
analyzed over the whole trajectories by X3DNA (Lu and Olson 2003). For this GROMOS 
trajectories were converted to PDB files and parsed individually. PyMOL was used to make 
molecular images and movies (DeLano 2002), (Version 2.3, 2019).

2.9 Statistical analysis
Durnnett’s Multiple Comparison Test was performed using GraphPad Prism 5 (Version 5.04, 
2010; GraphPad Software, Inc).

3. Results

3.1 Cytotoxicity test
The test compounds estragole and 1’-OH estragole were not cytotoxic to the HepG2 cells, 
HepaRG cells or primary rat hepatocytes at concentrations applied in the experiments as 
detected in the MTT or WST-1 assay (data not shown).

3.2 DNA adduct formation in non-induced liver cell models
In order to select the most suitable liver cell model for subsequent DNA repair experiments, 
studies of E-3’-N2-dG formation in HepG2 cells, HepaRG cells and primary rat hepatocytes 
were performed. To this end cells were exposed to both the parent compound estragole and 
the proximate carcinogenic metabolite 1’-OH-estragole. The number of adducts measured 
after exposure to 50 μM estragole or 1’-OH estragole in the different cell models is shown 
in Fig. 3. The data reveal that in all cell models DNA adduct formation is readily detectable 
upon exposure to 1’-OH estragole with the amount increasing in the order HepG2 cells < 
HepaRG cells < primary rat hepatocytes (Fig. 3b). Upon exposure of the cells to estragole, 
DNA adduct formation was only detected in HepaRG and rat hepatocytes albeit at levels 
that were respectively 33- and 40-fold lower than observed upon incubation with the same 
concentration of 1’-OH estragole. In HepG2 cells exposed to estragole E-3’-N2-dG was below 
the limit of detection (Fig. 3a).

3.3 DNA adduct formation in induced liver cell models
Given that HepG2 and HepaRG models are easier to handle than rat hepatocytes it was 
investigated whether E-3’-N2-dG formation in these models could be increased to the level 
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observed in the primary rat hepatocytes upon induction of CYP2A6 or CYP1A2, known to 
convert estragole to 1’-OH estragole (Jeurissen et al. 2007). Thus, E-3’-N2-dG formation was 
studied in HepG2 cells and HepaRG cells pretreated with DEX or BNF in order to induce 
CYP2A6 or CYP1A2 respectively. Fig. 4 presents the E-3’-N2-dG formation in induced HepG2 
cells and induced HepaRG cells exposed to 50 μM estragole and 1’-OH estragole for 2 h. 
After 2 h incubation with the parent compound estragole, E-3’-N2-dG formation was 
detected in HepaRG cells but not in HepG2 cells, and DNA adduct formation in HepaRG cells 
was similar upon treatment with DEX or BNF as compared to non-induced control cells (Fig. 
4a). In HepG2 cells, the DNA adduct levels formed upon 1’-OH estragole exposure were 
similar among the different treatments and also similar to the non-induced control. It is 
of interest to note that the results obtained upon exposure of the HepaRG cells to 1’-OH 
estragole revealed that pretreatment with BNF resulted in a reduction of the E-3’-N2-dG 
formation while DEX treatment had no effect (Fig. 4b). Comparison of the DNA adduct 
levels formed upon exposure of the HepaRG cells to estragole or 1’-OH estragole revealed 
that E-3’-N2-dG formation upon exposure to 1’-OH-estragole was again 15- to 37-fold higher 
than upon exposure to estragole. Based on these results it was concluded that the best cell 
models to study the formation and subsequent repair of E-3’-N2-dG adducts would be non-
induced HepaRG cells and rat hepatocytes exposed to estragole.

3.4 DNA repair
Fig. 5 shows the time-dependent change in DNA adduct levels in both HepaRG and rat 
hepatocytes after removal of estragole from the culture medium. In HepaRG cells (Fig. 
5a), the level of E-3’-N2-dG gradually declined during the subsequent 72 h although the 
reduction did not reach statistical significance. After 72 h the repair was not complete and 
there was a substantial level of E-3’-N2-dG (77 % of the original amount) remaining. In rat 

Fig. 3 E-3’-N2-dG formation in non-induced HepG2 cells, HepaRG cells and primary rat hepatocytes 
exposed to (a) 50 μM estragole and (b) 50 μM 1’-OH estragole for 2 h. Data represent the mean (+SD) 
from three independent experiments. Note the 50- fold different scale of the Y-axis in figure a and b
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hepatocytes which can be kept in suspension for a limited amount of time only, DNA adduct 
levels upon 4 h repair were not reduced compared to the amount detected immediately 
upon the removal of estragole (Fig. 5b). The limited reduction in E-3’-N2-dG adducts 
upon periods of repair may be in part due to the NER mechanism but could also be due 
to apoptosis removing cells with high levels of adducts from the population. These results 

Fig. 4 E-3’-N2-dG formation in HepG2 cells and HepaRG cells exposed to (a) 50 μM estragole or (b) 50 
μM 1’-OH estragole for 2 h upon pretreatment with the CYP1A2 inducer BNF (final concentration 5 
μM or 25 μM) or the CYP2A6 inducer DEX (final concentration 50 μM). Data represent the mean (+SD) 
from three independent experiments. Note the 50- fold different scale of the Y-axis in figure a and b

 

Fig. 5 Time-dependent E-3’-N2-dG DNA adduct repair in (a) HepaRG cells and (b) primary rat hepatocytes. 
Raw data are available in the supplementary information Table S1. Repair is expressed as the level 
of E-3’-N2-dG adducts remaining expressed as the percentage of the DNA adduct levels detected at 
0h, set at 100 %. The level of DNA adducts at 0h was 38 ± 5 / 108 nts and 102 ± 28 / 108 nts in HepaRG 
cells and rat hepatocytes respectively. Data represent the average and SD from three independent 
experiments
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indicate that in these liver cell models over the time span of the repair periods the E-3’-N2-
dG adducts were repaired to only a limited extent, if at all.

3.5 Role of NER in the repair of E-3’-N2-dG DNA adducts
In order to investigate the possible role of NER in the repair of E-3’-N2-dG DNA adducts 
the repair of E-3’-N2-dG DNA adducts was studied in CHO wild type cells, and three NER-
deficient mutants. Given that these cells do not contain substantial levels of cytochromes 
P450, E-3’-N2-dG levels were induced by incubating the cells with 1’-OH estragole. The 
concentration of 1’-OH estragole was chosen such that levels of the E-3’-N2-dG DNA adducts 
formed were comparable to what was detected in the HepaRG cells exposed to estragole. 
At 50 μM 1’-OH estragole the E-3’-N2-dG DNA adduct levels at 0 h amounted to 46 ± 6 / 108 
nts in wild type cells, 34 ± 6 / 108 nts in UV 5 cells, 30 ± 3 / 108 nts in UV 24 cells and 32 ± 4 
/ 108 nts in UV 41 cells.

The results in Fig. 6 reveal that in CHO wild type cells, there was a significant, albeit again 
limited, reduction in E-3’-N2-dG levels in the first 4 h after removal of the 1’-OH-estragole, 
with no further decrease up to 24 h recovery at which time around 80% of the DNA adducts 
(36 ± 2 / 108 nts) remained in the cells. In corresponding NER-deficient cells, no significant 
NER repair was observed (Fig. 6). This indicates that NER might be involved in the E-3’-N2-
dG adduct repair but that this process is eliminating the adducts over a 24 h time span to a 
limited extent only.

Fig. 6 Time-dependent E-3’-N2-dG DNA adduct repair in CHO wild type and NER-defective UV cells 
(UV 5, UV 24 and UV 41). Raw data are available in the supplementary information Table S2. Repair 
is expressed as the level of E-3’-N2-dG adducts remaining expressed as the percentage of the DNA 
adduct levels detected at 0h, set at 100%. Durnnett’s Multiple Comparison Test was used to test for 
significant difference in the DNA adduct levels between the 0h repair sample and the samples with 
a certain number of hours repair for each cell line ( * indicates P<0.05); The level of DNA adducts at 
0h amounted to 46 ± 6 / 10^8 nts in wild type cells, 34 ± 6/ 10^8 nts in UV 5, 30 ± 3/ 10^8 nts in UV 
24 and 32 ± 4 /10^8 nts in UV 41 based on four independent experiments
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3.6 Molecular modelling and MD simulations
To obtain further insight in the apparent inefficient repair of E-3’-N2-dG adducts, molecular 
modelling and MD simulations were performed.

3.6.1 DNA-adduct structure
A conformational clustering was performed on the conformations of the E-3’-N2-dG adduct 
that were observed in each of the four simulations, starting from initial conformations 
E_1, E_2, E_3 and E_4. A total of 92 clusters were observed, of which the first 10 clusters 
contained 88 % of the sampled conformations. Fig. 7a shows the representative structures 
of these 10 clusters. The E-3’-N2-dG adduct incorporated into the selected base sequence 
resulted in the representative DNA adduct structures that shared similar binding features 
with the adduct residue remaining in the minor groove of the helix, aligned in 3’-direction. 
No intercalation of the adduct between the nucleobases was observed. Only one of the 
ten structures (NO.8) showed base pair displacements with bases C7 and C17 flipped out 
into the major groove of the helix respectively, and with the T8 base sandwiched between 
C7 and A15 (Fig. 7a). No base extrusion was found in the other structures. The number of 
structures in each cluster are shown in Fig. 7b. With 413 occurrences, cluster 8 represent 
2.5 % of all 16000 analyzed conformations. It is interesting to note that except for cluster 
8, all the clusters contained structures that originate from all four simulations, as indicated 
by the different colors. These results indicate that all the representative structures are 
sampled by the four simulations and that the simulations are not dependent on the initial 
structures. For cluster 8, 99.5 % of the structures come from the simulations that started 
from the E_1 conformation. Apparently, a distortion of the DNA structure occurred in this 
simulation. The initial and final conformations of the individual simulations are shown in the 
supplementary information Fig. S2 and S3. Supplementary information Table S3 presents 
the initial values of the dihedral angles α, β, and δ, and the interaction energy in the 
starting conformations E_1 to E_4. Table S3 presents the average values for each dihedral 
angle and the interaction energy along the whole simulation. The population distributions 
of the dihedral angles are shown in Supplementary information, Fig. S4. In agreement with 
the observation that all major clusters were sampled by each of the four simulations, the 
population distribution of the dihedral angle α, β, and δ are very similar for all simulations, 
with the possible exception of the simulation starting from conformation E_1.

3.6.2 RMSD analysis
An RMSD analysis was performed in order to quantify the structural differences between 
the DNA adduct conformations and reference DNA conformations. Time-dependent 
RMSD patterns for the different E-3’-N2-dG conformations, as well as for four replicates 
of the unmodified reference duplex were calculated along the MD trajectories for all the 
base pairs excluding the first and last one. Results obtained are presented in Fig. 8. For 
the reference duplex, the RMSD overall converged with values fluctuating around 0.15 nm. 

CELLULAR LEVELS AND MOLECULAR DYNAMICS SIMULATIONS OF ESTRAGOLE DNA ADDUCTS 49

2



The relatively small increase of fluctuation in RMSD of the simulation E_1 occurred first 
at about 12ns, which reflected the perturbation at T8:A15. The obvious fluctuation of the 
RMSD in the E_1 simulation occurred from 14 ns onwards until the end of the simulation 
and reflected the gradual displacement of the base pairs resulting in the final displacement 
(Supplementary information, Fig. S3 and movie 1). On the contrary, the RMSD for the other 
simulations starting from E_2 to E_4 revealed no differences with the reference duplex with 
overall RMSD values amounting to 0.15 nm-0.2 nm on average.

Fig. 7 Ten representative E-3’-N2-dG adduct structures obtained from conformational clustering showing 
the central 3-mer (C5-G6*-C7) or the central 4-mer (C5-G6*-C7-T8) from the minor groove side (a), 
and the number of different conformations observed in the first 10 clusters (b). Colors indicate the 
number of structures originating from the individual simulations
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3.6.3 Non-bonded interaction energy
Total non-bonded interaction energy, including Van der Waals interactions and electrostatic 
interactions, of the DNA helix, as well as the Van der Waals interaction between adduct 
residues and its surroundings (excluding solvent) are shown in Fig. 9. Except for the 
simulation starting from conformation E_1, the other simulations presented similar 
energies in both analyses. It is interesting to notice that the simulation starting from the 
E_1 conformation shows more favorable Van der Waals interaction energy (Fig. 9b) but 
an overall less favorable non-bonded interaction energy for the entire structure (Fig. 9a). 
This indicates that although higher Van der Waals interaction energy may contribute to the 
stabilization of the DNA structure to some extent, the overall stability of DNA structure was 
impaired to a much larger extent. In Fig. S5, the population distributions for this simulation 
are split up into the initial (part I: 0-14 ns) and final (part II: 14-20 ns) parts, because 
according to Fig. 8, this is where the distortion of the structure appears. It is clear that the 
shifts that are seen in Fig. 9 originate from this distortion.

Fig. 8 Time-dependent RMSDs for four simulations of modified DNA duplex starting from different 
conformations of the E-3’-N2-dG adduct (colors) as well as the unmodified control duplex (grey scales) 
along the 20 ns simulation resulting in the final conformations depicted in Fig. S3
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3.6.4 Hydrogen bonding
Table 1 shows the average occupancies of canonical (Watson-Crick) hydrogen bonds 
through the whole simulations in the middle 4-mer base pairs in both the modified and 
unmodified DNA duplex. The data obtained from the simulation E_1 reflect the distortion 
in hydrogen bonding from G6:C17 to T8: A15 with occupancies amounting to 38-80 %. 
The most striking perturbation was found at T8:A15 rather than at the lesion site G6:C17, 
mainly resulting from the displacement of the base pair after approximately 12 ns, resulting 
in decreased average occupancies. Other simulations displayed only limited changes in 
the hydrogen bonding characteristics for all sites analyzed with the overall hydrogen bond 
occupancies within one base pair being similar in reference DNA and in modified DNA. In 
these conformations the decreases in hydrogen bond occupancies at N4-O6 were balanced 
by the increase at N2-O2. Overall, the results indicate that upon E-3’-N2-dG adduct 
formation the hydrogen bonding was somewhat disturbed but only to a limited extent.

3.6.5 Structure classification
To further investigate if the structure classification changes in modified DNA as compared 
to reference DNA, the DISICL (DIhedral-based Segment Identification and Classification) 
algorithm was used to analyze the conformations. The two strands of the DNA duplex were 
classified separately (Table 2). In the first strand of the DNA duplex, the simulation starting 
from the E_1 conformation showed obvious changes with respect to the reference DNA 
simulations, where the sharp turn (ST) type gave a 3.5 % increase at the expense of the 
AB transition class. The ST type defines segments where the backbone turns more than 
90° (Nagy and Oostenbrink 2014), which is consistent with the observation of the DNA 
backbone connecting C17 and G18 bases, accompanied by the base extrusion (Fig. 7). A 
slight rise of the BL class (B-Loop) occupancy was observed in both simulations starting from 

Fig. 9 Population distribution of the non-bonded interaction energy (including Van der Waals interactions 
and electrostatic interactions) for the overall DNA helix excluding counter ions and solvent (a). 
Population distribution of total van der Waals interaction energy between estragole adduct residue 
and its surroundings (including ions) without solvent (b)
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the E_1 and E_3 conformations. Although the B-Loop cannot form the perfect B-helix, the 
increased percentage of B-Loop induces the structure shifting to become more like B-type 
helix (Nagy and Oostenbrink 2014). In the second strand, values of the unclassified (UC) 
and ST fractions in the simulation starting from the E_1 conformation increased with 5.2 % 
and 0.9 % respectively compared to the unmodified DNA, followed by a slight increase of 
the UC class (2.6 %) in the E_2 simulation. Considering the two strands together, except for 
the E_1 simulation, there were no big changes in the structure classification of the other 
simulations.

3.6.6 Helicoidal parameters and groove width
Helicoidal parameters, including six local base pair parameters (shear, stretch, stagger, 
buckle, propeller and opening) and six step parameters (rise, roll, shift, slide, tilt and twist) 
(Lu and Olson 2003), were measured at the center 3-mer for each conformation of modified 
DNA, reference DNA and for a classical B-type DNA. The definition of base pair step is 
shown in Fig. S6. The simulation starting from conformation was not included since the lack 
of base pairing information resulting from the base extrusion cannot provide the base-pair 
geometric position, consequently X3DNA cannot characterize the helicoidal parameters 
and groove width (Lu and Olson 2003). Among the local base pair parameters, an obvious 

Table 1 Hydrogen bond occupancies (%) for the central 4-mer of the duplex DNA in different initial 
conformation simulations. Yellow highlighted values represent values higher than the average of Ref 
plus standard deviation (SD; calculated over the four replicas of the simulations). Blue highlighted 
values represent values lower than the average of Ref minus SD. The hydrogen bonds for all the base 
pairs are shown in Supplementary information, Table S4

Ref SD Simulation 
E_1 

Simulation 
E_2 

Simulation 
E_3 

Simulation 
E_4 

C5...G18 N4..H41..O6 93.1 1.7 93.1 94.0 93.9 91.9

N1..H1..N3 97.0 0.5 95.0 96.4 96.6 96.0

N2..H21..O2 72.4 1.8 62.5 70.6 72.0 72.4

G6...C17 N4..H41..O6 92.6 0.7 64.9 83.6 85.8 84.5

N1..H1..N3 98.7 0.1 76.0 94.6 95.5 95.0

N2..H21..O2 88.2 0.7 80.0 98.4 97.9 98.2

C7...G16 N4..H42..O6 93.9 0.4 65.5 91.3 91.8 91.9

N1..H1..N3 95.6 0.4 71.8 96.9 97.2 96.7

N2..H21..O2 75.9 0.7 61.3 80.8 80.7 79.3

T8...A15 N6..H61..O4 92.5 0.6 38.5 94.6 93.2 93.4

N3..H3..N1 96.3 0.2 38.6 94.3 94.9 94.9
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enlargement of the shear distance compared to the reference DNA only occurred at 
the lesion site in all the simulations (Fig. 10). Shear is one of the critical parameters 
characterizing the hydrogen bonding features (Lu and Olson 2003), which is in agreement 
with the observed loss of hydrogen bonds at the G6:C17 base pair in all simulations (Table 
1). Except shear, small differences were also observed in buckle (all the center base pairs) 
and stagger (G6 and C7 base pairs), see Fig. S7. For the step parameters small differences 
were seen in rise, shift (C5-G6 step), slide and tilt (G6-C7 step). Interestingly, these 
parameters showed the structure of modified DNA were slightly more like the classical 
B-type form DNA (Supplementary information, Table S6).

Groove widths were measured as the smallest phosphorus-phosphorus separation between 
the two strands through minor and major groove. Both major and minor groove widths 
were comparable with the reference DNA simulations in all modified DNA simulations. 
The simulation starting from conformation E_1 is excluded based on the same reason as 
presented for the helicoidal parameters measurement (Supplementary information, Fig. 
S8).

Table 2 DNA structure classification of E-3’-N2-dG adduct and reference DNA conformations. The 
percentage of six structure classifications are shown in the table. The complete classification is given in 
Table S5, Supplementary information. Data are presented as the average (standard deviation; SD) based 
on the middle 9 residues. For the reference DNA, four replicates were performed. Values, higher than 
the average of Ref plus SD, shown in yellow; lower than the average of Ref minus SD, shown in blue

Strand 1a BIb BLc AHd STe ABf UCg

Ref 21.7 (7.1) 17.9 (1.7) 8.3 (5.5) 0.6 (0.72) 40.1 (6.5) 4.2 (1.3)

Simulation E_1 26.4 21.3 3.8 4.1 29.3 5.4

Simulation E_2 28.2 18.0 5.8 0.5 38.2 3.7

Simulation E_3 20.5 21.4 7.3 0.5 35.9 5.1

Simulation E_4 22.9 18.8 7.5 0.4 35.9 4.4

Strand 2 BI BL AH ST AB UC

Ref 20.7 (11.9) 12.6 (3.7) 11.7 (8.3) 0.4 (0.3) 43.5 (8.38) 3.9 (2.0)

Simulation E_1 18.8 14.4 9.9 1.5 37.4 9.1

Simulation E_2 23.3 16.1 8.9 0.4 38.6 6.5

Simulation E_3 22.0 10.3 11.4 0.3 46.8 3.3

Simulation E_4 20.2 13.8 10.6 0.3 43.1 4.1
a.Strand 1 contains the DNA adduct. b. BI: Classical B form DNA. c. BL: B-loop. d. AH: A-helix. e. ST: 
sharpturn. f. AB: AB transition g. UC: unclassified.
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4. Discussion

Insight in formation and repair of estragole DNA adducts is essential to better understand 
the consequences of daily dietary exposure to this food-borne genotoxic carcinogen present 
in herbs and spices and products derived from them. Earlier in vitro studies on DNA adduct 
formation by alkenylbenzenes were performed with primary rat hepatocytes or HepG2 
cells (Alhusainy et al. 2013a; Cartus et al. 2012; Jeurissen et al. 2008; Paini et al. 2010). In 
the present study, on estragole DNA adduct formation and repair also HepaRG cells were 
included since these cells can differentiate into cells with hepatocyte-like morphology when 
treated with DMSO and are reported to express cytochrome P450 and phase II enzymes at 
levels more comparable to liver hepatocytes than HepG2 cells (Kanebratt and Andersson 
2008; Nelson et al. 2017). Data obtained revealed that formation of E-3’-N2-dG DNA adducts 
is increasing in the order HepG2 cells < HepaRG cells < primary rat hepatocytes upon 
exposure to either estragole or 1’-OH estragole. In all cell models, DNA adduct formation 
was readily detectable upon exposure to 1’-OH estragole, indicating the cells contain the 
SULT activity required for conversion of 1’-OH estragole to the DNA reactive 1’-sulfooxy 
metabolite. In HepaRG cells and primary rat hepatocytes, DNA adduct formation was also 
readily observed upon estragole exposure with levels formed in hepatocytes being only 2.5-
fold higher than those in the HepaRG cells. The lack of formation of detectable E-3’-N2-dG 
levels in HepG2 cells likely reflects the relatively low CYP activity in these cells (Westerink 

Fig. 10 Distribution of observed Shear distances (in Å) at the G6:C17 base pair for the reference DNA 
simulations and the simulations starting from conformations E_2, E_3 and E_4
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and Schoonen 2007) hampering the efficient conversion of the parent compound to the 
1’-OH-metabolite.

Pretreatment of the HepG2 or HepaRG cells with BNF and DEX to induce CYP1A2 and CYP2A6 
(Gerets et al. 2012; Meunier et al. 2000), the enzymes shown previously to be involved in 
estragole 1’-hydroxylation (Jeurissen et al. 2007) did not result in increased levels of E-3’-
N2-dG formation. Pretreatment of HepaRG cells with BNF even resulted in a decrease in 
the E-3’-N2-dG formation upon exposure to 1’-OH estragole, likely resulting from induction 
of uridine diphosphate-glucuronosyl transferase (UDPGT) or glutathione S-transferases 
(GST) which is able to support detoxification pathways (Takahashi et al. 1996), but this was 
not further investigated. Based on the induction results, the non-induced HepaRG cells 
and rat hepatocytes were used in the DNA repair assays instead of further developing or 
investigating the actual level of the respective CYPs in the induced cell models.

Based on these results subsequent studies on repair of E-3’-N2-dG adducts were performed 
in HepaRG and primary hepatocytes exposed to estragole. Repair of the alkenylbenzene 
DNA adducts is expected to proceed via nucleotide excision repair (NER), and the role of 
NER in the repair of E-3’-N2-dG DNA adducts was investigated using NER-proficient CHO 
wild type and NER-deficient CHO UV cell lines. The results obtained with these cell models 
reveal that NER contributes to repair of the E-3’-N2-dG DNA adducts, which might be 
induced especially during cell check point (Barnum and O’Connell 2014), but that it was 
only reducing the E-3’-N2-dG DNA adduct levels in the CHO wild type cells to about 70 to 
80 % of the original adduct levels, in the 24 h following their formation. The same result 
was obtained for the HepaRG cells exposed to estragole, in which upon 48 and 72 h repair 
84 and 78 % of the E-3’-N2-dG DNA adducts persisted. Also in primary hepatocytes, the 
DNA adduct level was not reduced after 4 h repair. This observation in the in vitro cell 
models is in line with in vivo data reporting DNA adducts in the liver of CD-1 mice exposed 
to the related alkenylbenzene safrole to be persisted up to 30 days (Gupta et al. 1993). 
For estragole, Phillips et al. (1981b) reported that N2-guanine adducts, including E-3’-N2-
dG DNA, formed in the liver of mice exposed intravenously to 1’-OH estragole, can be 
removed, although a significant fraction of the adducts persisted up to at least 20 days 
after treatment. These authors already suggested that the relatively inefficient repair of the 
E-3’-N2-dG DNA adducts could be the consequence of the conformation of the DNA adducts 
(Phillips et al. 1981b). Also for other DNA adducts, including for example 10S-(-)-trans-B[a]
PDE-N2-dG, it has been suggested that efficient binding of XPC-Hhr23B at the site of the 
DNA lesion is hampered when the DNA adducts formed do not result in substantial base 
displacement (Min and Pavletich 2007; Mu et al. 2015).

To further investigate the possible conformation dependent (in)efficiency of E-3’-N2-dG 
DNA adduct repair, molecular modelling and MD simulations were applied to characterize 
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the structural changes resulting from formation of these adducts in the double stranded 
DNA helix.

The results from molecular simulations indicated that the E-3’-N2-dG DNA adduct is likely to 
insert sideways in the DNA duplex and protrudes out of the minor groove with the estragole 
moiety orienting towards to 3’-side direction. Most of the representative structures seen 
in the first 10 clusters, correspond to stable DNA double helices. One simulation (starting 
from conformation E_1) displays obvious structure distortion emerging during the last 6 ns 
of the 20 ns simulation. This distortion is accompanied by displacement of T8:A15 with T8 
intercalating between C7 and A15 bases. At the same time, part of the phenyl ring of the 
estragole moiety gets closer to the base opposite the modified site, resulting in disturbance 
of the G6*:C17 base pair, and extrusion of the C17 base out of the helix towards the minor 
groove. The other part of the phenyl ring of estragole gets closer to the C7 base, causing 
extrusion of C7 to the major groove (Supplementary information, movie 2). This whole 
process is correlated with severe hydrogen bond disruption and with a greater extent of 
unwinding.

It is interesting to notice that NER can recognize different lesions without the need for a 
common chemical motif, because the critical factor for recognition, XPC-Hhr23B, is triggered 
by destabilization of the DNA helix instead of by the damage itself (Nasheuer 2009). 
The term destabilization emphasizes the structural distortion of the secondary structure 
of the DNA, mainly caused by loss of the Watson-Crick hydrogen bonding and the local 
instability induced by the lesions (Mocquet et al. 2007). In the present study, comparing 
the modified DNA and reference DNA, RMSDs, structure classification, and non-bonded 
interaction energy reflecting the overall stability or changes of the DNA structure, all point 
at a severe distortion occurring in only one out of four simulations. At the local lesion site, 
this simulation shows flipped bases on both the damaged and undamaged strands. Similar 
to the (+)-cis-B[a]PDE-N2-dG adduct, a good NER substrate, it results in disruption of the 
Watson-Crick base pair, and extrusion of the flipped partner base of the modified guanine 
into the major groove (Mu et al. 2017). This flipped base on the undamaged strand is a key 
conformational property for XPC-Hhr23B binding and recruits later NER factors including 
TFIIH, XPA and XPG to the lesion site (Buterin et al. 2005). Therefore, the character of bases 
extrusion in conformations obtained from simulation E_1 could assist XPC- Hhr23B protein 
capture in an efficient way and induce NER response. On the contrary, for (-)-trans-B[a]PDE-
N2-dG, which is repaired by NER with 5 to 10 times lower efficiency than (+)-cis-B[a]PDE-N2-
dG (Hess et al. 1997; Mocquet et al. 2007), a structural conformation was obtained in which 
the adduct residue is positioned in the minor groove, aligned in 3’-direction without base 
displacement, with the Watson-Crick hydrogen bonding of all base pairs remaining intact 
(Andreas 2005; Mocquet et al. 2007). These observations are very similar to the structures 
observed in 9 of the first 10 clusters in Fig. 7. for the E-3’-N2-dG DNA adducts. For these 
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conformations, no base extrusion appeared and all Watson-Crick hydrogen bonds remained 
in place. Data from the central 3-mer helicoidal parameters reveal that the adduct insertion 
even impacts the DNA structure to more closely resemble the canonical B-type DNA. 
Therefore, the NER responses towards these conformations are likely weaker than towards 
the conformations observed in the simulation starting from conformation E_1. Together, 
our MD simulation data do show that the distortion of the DNA structure is limited because 
only in the simulation starting from conformation E_1 a distortion was observed for 8 ns 
of the 20 ns. Given that distortion of the DNA double helix is the trigger for NER mediated 
repair, the limited distortion of the DNA helix in terms of both conformational changes 
and time during which they were observed in the MD simulations, provides a qualitative 
explanation for the limited DNA repair. In line with what was previously shown for other NER 
resistant DNA adducts (Mocquet et al. 2007; Mu et al. 2017) the current MD simulations 
provide an initial analysis of the adducted state in terms of conformational changes, 
hydrogen-bond disruptions, non-bonded interaction energy and structure classification 
at a 20 ns simulation time scale. Our observations support a qualitative link between the 
limited NER mediated repair and the DNA distortion by E-3’-N2-dG adduct formation. 
Linking the outcomes of the MD simulation in a quantitative way to the experimental data 
is not possible based on the current simulation data. First of all, the relative occurrence of 
the different conformations of the E-3’-N2-dG DNA adduct or quantification of which one is 
the dominant one is not revealed in this study, and would require a significantly increased 
computational effort. Significantly more and longer simulations would be required. Second, 
it is not known exactly what extent of distortion is needed to activate NER mediated repair, 
further hampering a quantitative comparison. Moreover, other factors than limited NER 
mediated repair, like apoptosis and/or DNA/cell replication, may have an influence on the 
adduct level, again hampering a quantitative comparison.

Except conformational aspects, other factors may also impact the potential efficiency of 
NER repair, including the base sequence context where the lesion is located (Cai et al. 2010; 
Liu et al. 2015; Ruan et al. 2007) and steric crowding that occurs if more than one guanine 
is modified in the same strand (Kropachev et al. 2009). Since it can be expected that adduct 
formation is a stochastic process it can also be foreseen that E-3’-N2-dG adducts in reality 
will be present within a large variety of DNA backgrounds. Thus, the results of the present 
study obtained using the 11-mer provides a first indication on structural conformational 
changes to be expected upon E-3’-N2-dG adduct formation. Studying the consequences 
of variability in this 11-mer for the structural changes upon E-3’-N2-dG formation, and the 
resulting chances on DNA repair, remains an interesting topic for future research. Using 
the now defined 11-mer provides the advantage of enabling comparison of the outcomes 
to similar studies performed previously for benzo[a]pyrene DNA adducts (Mocquet et 
al. 2007; Mu et al. 2017). The local thermodynamic stability of the DNA helix (Cai et al. 
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2012; Reeves et al. 2011), and steps in the NER pathway following recognitions of the DNA 
damage are possible factors that can be involved in the NER repair efficiency in general.

Finally, it is of importance to note that inefficient repair of the DNA damage caused by 
estragole is likely to contribute to the ultimate hazards and risks of this food-borne dietary 
ingredient. It implies that repair will not be complete before a subsequent dietary exposure, 
or before cell division occurs, providing possibilities for accumulation of the damage and 
increasing the chances on the DNA damage turning into a mutation.
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Abstract

The formation and repair of N2-(trans-isosafrol-3’-yl)-2’-deoxyguanosine (S-3’-N2-dG) 
DNA adducts derived from the spice and herbal alkenylbenzene constituent safrole 
were investigated. DNA adduct formation and repair were studied in vitro and using 
molecular dynamics (MD) simulations. DNA adduct formation was quantified using liquid 
chromatography mass spectrometry (LCMS) in wild type and NER (nucleotide excision 
repair) deficient CHO cells and also in HepaRG cells and primary rat hepatocytes after 
different periods of repair following exposure to safrole or 1’-hydroxysafrole (1’-OH safrole). 
The slower repair of the DNA adducts found in NER deficient cells compared to that in CHO 
wild type cells indicates a role for NER in repair of S-3’-N2-dG DNA adducts. However, DNA 
repair in liver cell models appeared to be limited, with over 90% of the adducts remaining 
even after 24 or 48 h recovery. In our further studies, MD simulations indicated that S-3’-
N2-dG adduct formation causes only subtle changes in the DNA structure, potentially 
explaining inefficient activation of NER. Inefficiency of NER mediated repair of S-3’-N2-dG 
adducts points at persistence and potential bioaccumulation of safrole DNA adducts upon 
daily dietary exposure.

Keywords: Safrole, DNA adduct stability, NER repair, molecular dynamics simulations



1. Introduction

Safrole, one of the food-borne alkenylbenzenes, is a major constituent of various herbs 
and spices including sweet basil, sweet fennel, anise star and cinnamon (Rietjens et al. 
2014). Safrole is of concern because of its carcinogenicity, leading to tumor induction 
and liver changes, shown in in vivo studies where rodents were exposed to high doses of 
safrole for over 12 months (Abbott et al. 1961; Hagan et al. 1965; Homburger et al. 1961). 
Carcinogenicity of safrole requires its bioactivation to 1’-sulfooxysafrole which results in 
the formation of DNA adducts pointing at a genotoxic mode of action (Martati et al. 2014). 
The major safrole DNA adduct is N2-(trans-isosafrol-3’-yl)-2’-deoxyguanosine (S-3’-N2-dG) 
(Martati et al. 2014). An overview of the bioactivation pathway of safrole is presented in 
Scheme 1.

Although increased levels of DNA adducts are generally assumed to increase the tumor 
incidence, the relation between the levels of DNA adducts formed and the levels of 
mutations or tumor formation is by no means well-defined (Paini et al. 2011). This may 
partly be related to the fact that cells have efficient DNA repair systems, of which in 
particular, the nucleotide excision repair (NER) is responsible for removing bulky adducts 
that significantly distort the DNA helix (Gillet and Schärer 2006; Hoeijmakers 2009; 
Nouspikel 2009). Four phases are included in the NER mediated repair. In a first step the 
damage leading to DNA structure distortion or alteration of its stability is the signal for 
the initial recognition (Petruseva et al. 2014). Following damage recognition, transcription 
factor II (TFIIH) complex is recruited at the lesion site, which is responsible for unwinding 

Scheme 1. Metabolic pathway for bioactivation of safrole resulting in N2-(trans-isosafrol-3′-yl)-2′-
deoxyguanosine (S-3′-N2-dG) adduct formation.
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the DNA around the damaged site (Melis et al. 2013). Subsequently, ERCC excision repair 
1, DNA repair endonuclease XPF (ERCC-1 XPF) and XPG that stabilizes the TFIIH (Ito 
et al. 2007) make the dual incisions at the 5’ site and 3’ site respectively to excise the 
damaged fragment. In the final step, the gap is filled by DNA repair synthesis, in which 
the correct nucleotide information is provided by the template obtained from the intact, 
complementary opposite DNA strand (Northrop and Connor 2008).

Previous studies have reported that, in female CD-1 mice treated with a single dose 
of safrole, the safrole DNA adducts formed in the liver appeared to be persistent with 
only a slight decrease observed 2 days after dosing (Gupta et al. 1993). In line with this 
observation, we previously demonstrated that when HepaRG cells and primary rat 
hepatocytes were exposed to the related alkenylbenzene estragole for 2 h, they appeared 
to contain still more than 70% of the formed DNA adducts upon a subsequent 72 h recovery 
period in the absence of the alkenylbenzene. This pointed at limited repair and resistance 
toward NER mediated DNA adduct elimination (Yang et al. 2020a). Resistance toward 
NER mediated DNA adduct repair has also been reported for DNA adducts of some other 
genotoxic carcinogens including AFB1 FAPY adducts derived from aflatoxin (Croy and Wogan 
1981), ALII-N6-dA adducts derived from aristolochic acids (Sidorenko et al. 2012), and the 
polycyclic aromatic hydrocarbon (PAH) diol epoxide-N6-adenine DNA adducts formed upon 
exposure to fjord-type PAHs (Geacintov and Broyde 2017).

The resistance of these DNA adducts to NER mediated repair was proposed to be related 
to limited conformational changes upon DNA adduct formation in double-stranded DNA 
(ds DNA), leaving the base pairs intact, thereby hampering the first step of NER mediated 
DNA repair because of limited signaling and subsequent Xeroderma pigmentosum, 
complementation group C (XPC) insertion, and recruitment of repair enzymes (Geacintov 
and Broyde 2017; Yang et al. 2020a). The present study aims to quantify the DNA adduct 
formation and repair of the alkenylbenzene safrole in HepaRG cells and rat hepatocytes, 
study the role of NER in the repair of S-3’-N2-dG DNA adducts in CHO wild type cells and 
NER deficient UV cells, and investigate by molecular dynamics (MD) simulation the extent 
of distortion of the ds DNA helix upon formation of the S-3’-N2-dG DNA adduct. Resistance 
toward DNA repair would imply that, upon dietary intake, DNA adducts might not be fully 
repaired before the next dietary intake thus providing an opportunity for bioaccumulation 
of the adducts formed.
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2. Material and method

2.1 Chemicals and reagents
Safrole, human insulin, ammonium bicarbonate, bovine spleen phosphodiesterase II 
(SPDE II), venom phosphodiesterase I (VPDE I), nuclease P1, phosphatase alkaline (AP), 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), Tris, EDTA and 
2’-deoxyguanosine were obtained from Sigma (St. Louis, Missouri, USA). L-glutamine, 
Dulbecco’s modified Eagle medium: nutrient mixture F-12 (DMEM/F-12), alpha minimum 
essential media (αMEM) and phosphate buffered saline (PBS) were purchased from Gibco 
(Paisley, UK). Williams’ E medium, and penicillin/streptomycin (P/S) were purchased 
from Gibco (Grand Island, New York, USA). Fetal bovine serum (FBS) was purchased from 
Bodinco BV (Alkmaar, Netherlands). Hydrocortisone 21-hemisuccinate was purchased from 
Cayman Chemical (Ann Arbor, Michigan, USA). CM 3000 and 4000 kits were purchased 
from Gibco (Frederick, Maryland, USA). DMSO, hydrochloric acid (HCl), zinc sulfate (ZnSO4), 
sodium acetate, and acetic anhydride were purchased from Merck (Darmstadt, Germany). 
4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate (WST-
1) was obtained from Roche (Mannheim, Germany). ACN was purchased from Biosolve 
(Dieuze, France). RLT lysis buffer was purchased from QIAGEN (Hilden, Germany). Formic 
acid was purchased from VMR (Fontenay-sous-Bois, France). 1’-OH safrole was synthesized 
as described previously (Paini et al. 2010).

2.2 Cellular models
The undifferentiated human hepatoma cell line HepaRG (Biopredic International, Saint 
Grégoire, France) was cultured in growth medium containing Williams’ E medium containing 
10% (v/v) FBS, 100 IU/mL of P/S, 0.01% (v/v) L-glutamine, 5×10-5 M hydrocortisone 
21-hemisuccinate, and 5 μg/mL of human insulin. The medium was refreshed three times 
a week. After 2 weeks of growth, cell differentiation was initiated by incubating the cells 
with the same medium supplemented with 1.7% (v/v) DMSO for another 2 weeks to obtain 
full differentiation. The medium was refreshed three times a week. All experiments were 
conducted in the first week after full differentiation.

Cryopreserved primary rat hepatocyte suspensions were purchased from Thermo Fisher 
Scientific (Bleiswijk, Netherlands). Cells were incubated in Williams’ E medium without 
phenol red using the CM3000 kit for thawing or the CM4000 kit for cell maintenance 
according to the manufacturer’s protocol.

Chinese hamster ovary (CHO) wild type and NER defective CHO UV cells (UV5, UV41 and 
UV24) were purchased from ATCC (Manassas, Virginia, USA). Wild type cells were grown 
in DMEM/F-12 supplemented with 10% (v/v) FBS and 100 IU/mL of P/S. CHO UV cells were 
cultured in αMEM with 10% (v/v) FBS.
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All the cells were incubated at 37°C with 5% CO2 and seeded in 96-well plates (Greiner 
Bio-One, Frickenhausen, Germany) for cytotoxicity assays and T-25 flasks (Greiner Bio-One, 
Frickenhausen, Germany) or 6-well plates (Greiner Bio-One, Frickenhausen, Germany) for 
measurement of DNA adduct formation.

2.3 Cytotoxicity test
Cells were seeded in 96-well plates at a concentration of 2×104 cells/well (CHO cells), 
9×104 cells/well (HepaRG cells), and 5×105 cells/well (rat hepatocytes), respectively. 
Cytotoxicity was tested by the MTT assay (HepaRG cells and CHO cells) or the WST-1 
assay (rat hepatocytes) after exposing the cells for 2 h to serum-free medium containing 
safrole or 1’-OH safrole, added from 1000 times concentrated stock solutions in DMSO. 
The final concentration of DMSO in exposure medium was 0.1% (v/v). Each combination 
of compound and cell type was tested in three independent experiments. After exposure, 
HepaRG cells and CHO cells were incubated with 10 μL of 5 mg/mL MTT, and rat hepatocytes 
were incubated with 10 μL of WST-1 reagent for another hour. For the MTT assay, the 
medium was removed and 100 μL of DMSO was added to all wells to dissolve the MTT 
formazan crystals. The absorbance was measured at 562 and 620 nm for the MTT assay 
and 440 and 620 nm for the WST-1 assay using a SpectraMax M2 (Molecular Devices, USA). 
Background absorption measured at 562 or 440 nm was subtracted from the absorption 
at 620 nm during the analysis. The cell viability was expressed as % of control, with the 
solvent control set at 100% viability.

2.4 DNA adduct formation and DNA repair
DNA adduct formation was quantified in HepaRG cells grown at a density of 0.5×106 cells/
flask in T-25 flasks or in rat hepatocytes incubated in suspension at 1×106 cells/well in 
a 6-well plate, upon exposure for 2 h to safrole, or in CHO cells (wild type and UV cells) 
grown at 80% confluency in T-25 flasks upon 2 h of exposure to 1’-OH safrole. The final 
concentrations used in these incubations were 50 μM safrole for HepaRG cells and rat 
hepatocyte suspensions and 50 μM 1’-OH safrole for CHO wild type and UV5 cells or 75 μM 
1’-OH safrole for UV24 and UV41 cells. The final concentration of DMSO was 0.1%. After 
exposure, the exposure medium was removed, and cells were washed twice with PBS. The 
cells were either lysed directly by RLT buffer (0 h of repair) or incubated for additional time 
periods in the presence of fresh medium without test compound to allow DNA repair for 2, 
4, 24, and 48 h before harvesting the cells for measurement of (residual) DNA adduct levels. 
The harvested cells were collected in PBS followed by centrifugation and resuspension in 
PBS twice before lysis. Cell lysis was performed by adding 200 μL of RLT lysis buffer per 
pellet before DNA isolation.
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2.5 DNA isolation and digestion
DNA was isolated from lysed cells using the QIAamp DNA Mini Kit protocol for cultured 
cells (Hilden, Germany). The number of cells for each sample was not beyond 5×106 cells. 
Nanodrop 2000 technology (Thermo Scientific, Wilmington, Delaware, USA) was used for 
measuring DNA concentration and purity based on the absorbance ratio A260/280 nm. 
DNA samples with an A260/280 nm ratio of 1.8-2.0 were considered sufficiently pure. After 
quantification of the DNA levels, the DNA samples were freeze-dried and the concentration 
of DNA was adjusted to 50 μg /30 μL by adding nanopure water before DNA digestion. 
DNA digestion was performed as previously described (Paini et al. 2010) with the minor 
modification that 1.6 μL of AP solution was used instead of 5 μL. The detailed procedure 
is presented in the Supplementary information. After digestion, samples were evaporated 
to dryness and dissolved in 25 μL of ultrapure water before the detection of S-3’-N2-dG by 
LC-MS/MS.

2.6 Synthesis of S-3’-N2-dG adduct
S-3’-N2-dG was synthesized by the reaction of 1’-acetoxysafrole with 2’-deoxyguanosine 
following the protocol described previously (Punt et al. 2007). Synthesis of 1’-acetoxysafrole 
was based on a reported protocol (Paini et al. 2010) using 1’-OH safrole instead of 1’-OH 
estragole and 110 μL of acetic anhydride instead of 35 μL. The detailed procedure of S-3’-
N2-dG adduct synthesis is presented in the Supplementary information.

2.7 LC-MS/MS method for detection and quantification of S-3’-N2-dG 
adducts
The LC-MS/MS method for detection of S-3’-N2-dG adducts was adapted from a method 
reported before (Paini et al. 2010). The analysis was performed on a Shimadzu Nexera 
XR LC-20AD SR UPLC system coupled with a Shimadzu LCMS-8040 mass spectrometer 
(Kyoto, Japan). Each digested DNA sample was injected onto the 1.7 μm 50×2.1 mm 
column (Phenomenex, California, USA) with a 5 μL injection volume and running at a flow 
rate of 0.3 mL/min for 10 min. Detailed information on the elution protocol is provided 
in the supplementary information. The concentration of DNA adducts present in the cell 
samples was calculated based on a calibration curve quantifying the peak area of a known 
concentration of the synthesized DNA adduct against the corresponding DNA adduct 
concentrations. The amount of the DNA adducts detected in the samples was related to 
the total amount of digested DNA detected in each sample and expressed as the number of 
adducts per 108 nucleotides (nts).
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2.8 Molecular modelling and MD simulation

2.8.1 Starting structure and force field
The initial structure of S-3’-N2-dG was built using Molecular Operating Environment 
(MOE) software (version 2018.0101, Chemical Computing Group, Montreal), because no 
experimentally determined structure is available. The safrole adduct was added on the G6* 
of the B-type form DNA 11-mer base sequence used previously to study distortion of the ds 
DNA helix structure upon formation of the E-3’-N2-dG estragole adduct and the B[a]PDE-N2-
dG adduct (Fig.1a) (Mocquet et al. 2007; Yang et al. 2020a). The GROMOS force field 45A4 
parameter set was used to describe molecular interactions (Soares et al. 2005). In a recent 
study, using AMBER force fields, including the bsc1 and OL15 modifications, simulations with 
longer simulation time could not provide a satisfactory description of the A/B equilibrium 
of the DNA, with a too strong emphasis on the B type and hardly any occurrence of the A 
type. The transition between A-DNA and B-DNA is a basic element of DNA’s conformational 
repertoire (Zgarbová et al. 2018), and it is important to investigate how the safrole adduct 
formation would affect the DNA structure in terms of the conformational equilibrium of the 
DNA. The GROMOS 45A4 force field allows for this flexibility and has previously successfully 
been used in a number of works in the literature (Dolenc et al. 2006; Németh et al. 2014; 
Oostenbrink and van Gunsteren 2005). In particular, we have also used this parameter set 
in our previous work on estragole adduct formation (Yang et al. 2020a). The force-field 
parameters for S-3’-N2-dG were derived based on analogy of similar functional groups in 
this force field and is supplied in the supplementary information Fig. S1. Detailed system 
settings before the simulation are available in the Supplementary information. A systematic 
search was performed on the dihedral angles α, β, γ, and δ (Fig.1b), and four diverse low 
energy conformations were selected. Preliminary 20 ns molecular dynamics simulations 
were performed to study the influence of the initial structure.

2.8.2 Molecular dynamics simulations
The GROMOS11 (version 1.5.0; Biomos B.V.) (Schmid et al. 2012) and Gromacs (release 
2020) (Abraham et al. 2015) packages for molecular simulations were used for the 
molecular dynamics simulations. Prior to simulation, 0.5 ns of equilibration was performed 
from randomly generated initial velocities. Constant temperature and pressure were 
reached after equilibration and applied in the following. Analysis of the preliminary 20 ns 
simulations of the four selected initial conformations of the adducted DNA revealed that the 
same safrole conformations were sampled, independent of the initial structure (see Fig. S2 
in the supplementary material). Subsequently, twelve independent 100 ns simulations were 
performed: 6 of the unmodified reference DNA and 6 of the adducted form of Fig. 1(b). The 
simulations were started from the same initial structures as those of the preliminary ones, 
with different random seeds to assign initial velocities. No significant differences between 
individual simulations were observed. Unless stated differently, analyses are reported as 
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averages and standard deviations over the six independent simulations. Details of the 
equilibration and simulation protocols are given in the Supplementary information.

2.8.3 Structural analysis
The GROMOS++ programs were employed for structural analysis (Eichenberger et 
al. 2011). The clustering algorithm described previously (Daura et al. 1999) was used 
for conformational clustering analysis of the adduct, after a conformational fit of the 
DNA backbone. The structures were collected every 30 ps from six independent adduct 
simulations and calculated between all pairs of structures based on the atom-positional 
root-mean-square deviation (RMSD). Structures between which the safrole conformation 
differed less than 0.2 nm after a rotational fit of DNA backbone were considered structural 
neighbors, and for each of the clusters, the central member structure was chosen as the 
representative structure. RMSD differences along the trajectories relative to the respective 
starting structure were calculated for reference DNA without adduct and for modified DNA 
with the safrole adduct. The form of the DNA helix was classified by the DISICL (dihedral-
based segment identification and classification) algorithm (Nagy and Oostenbrink 2014). 
Hydrogen bonding is defined by a minimum donor-hydrogen-acceptor angle of 135° and 
a maximum hydrogen-acceptor distance of 0.25 nm (Oostenbrink et al. 2005). DNA duplex 

Fig.1 (a) Base sequence context in which the lesion is embedded. G6* represents the modified guanine 
base. (b) Chemical structure of the S-3’-N2-dG adduct with different dihedral angles.

   (b)  
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helicoidal parameters were analyzed in the same way as described previously (Yang et al. 
2020a). The parameters evaluated in the analysis include six local base pair parameters 
(buckle, propeller, opening, shear, stretch, and stagger) and six base pair step parameters 
(rise, roll, shift, slide, and tilt). These parameters, together with the groove dimensions, 
were analyzed over the whole trajectories using X3DNA (Lu and Olson 2003). The GROMOS 
trajectories were converted to PDB files and parsed individually. PyMOL was used to make 
molecular images and movies (version 2.3, 2019) (DeLano 2002).

2.9 Statistical analysis
Durnnett’s multiple comparison test was performed using GraphPad Prism 5 (version 5.04, 
2010; GraphPad Software, Inc.).

3. Results

3.1 Cytotoxicity test
The test compounds safrole and 1’-OH safrole were not cytotoxic to the HepaRG cells, CHO 
cells, or primary rat hepatocytes at the concentrations tested upon 2 h of exposure, as 
shown by the results of the MTT and WST-1 assays (data not shown).

3.2 Role of NER in the repair of S-3’-N2-dG DNA adduct
The role of NER in the possible repair of S-3’-N2-dG adducts was investigated in CHO wild 
type cells and three NER defective mutants. The CHO (mutant) cells were used for these 
studies because the human genes related to NER are contained in CHO cells (Rolig et al. 
1998). Upon 24 h of repair, a significant reduction in cellular S-3’-N2-dG adduct levels was 
only observed in the CHO wild type cells but with still 35 ± 13% of the original S-3’-N2-dG 
adduct level remaining in the cells after 24 h of repair (Fig. 2a). Although attenuation of DNA 
adduct levels was observed in NER deficient cells, in these cells the reduction did not reach 
statistical significance. Fig. 2b presents the reduction in the level of DNA adducts in the 
different cells expressed in the number of DNA adducts per 108 nt. Also, this presentation 
of the data as absolute change in the number of S-3’-N2-dG adducts per 108 nts compared 
to the level detected at t-0 h of repair reveals that the reduction in DNA adduct levels was 
most substantial and only significant in the CHO wild type cells. Taken together, the data 
support a role for NER in the repair of the S-3’-N2-dG DNA adduct.

3.3 DNA repair in liver cell models
Fig. 3 presents S-3’-N2-dG DNA adduct level changes over time of repairing in HepaRG cells 
and rat hepatocytes. In HepaRG cells (Fig. 3a), the level of the DNA adducts appeared to be 
persistent without a clear reduction during the 48 h of recovery. In rat hepatocytes, time 
to follow the repair was restricted to 4 h after the exposure due to the limited viability of 
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the primary hepatocytes upon prolonged incubation. After 4 h of repair, the DNA adduct 
levels were not reduced compared to the amount detected immediately upon the removal 
of safrole (Fig. 3b). These data indicate that in the liver cell models S-3’-N2-dG adducts were 
persistent and were not efficiently removed by the repair system within the 48 h following 
their formation.

3.4 Molecular modeling and MD simulation
To obtain insight into potential reasons underlying the inefficient repair of the S-3’-N2-dG 
DNA adducts MD simulations were performed. To this end, first molecular modeling was 

Fig. 2 Time-dependent DNA repair in CHO wild type and CHO NER defective cells (UV5, UV41, and 
UV24). DNA adducts are expressed as (a) the percentage of remaining S-3’-N2-dG adducts compared 
to the corresponding value at 0 h of repair setting at 100% and as (b) the numerical change in the 
actual number of S-3’-N2-dG adducts per 108 nts compared to the level detected at t-0 h of repair. 
The level of DNA adducts at 0 h of repair amounted to 49 ± 19 / 108 nts in wild type cells, 26 ± 7 / 
108 nts in UV5, 15 ± 1 /108 nts in UV24, and 20 ± 5 /108 nts in UV41. A T-test was used to test for 
significant differences in DNA adduct levels compared to the level at 0 h of repair in the respective 
cell line (*p<0.05, ** p<0.01); data represent the average and SD for four independent experiments.
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performed based on the structure built by the MOE software. Fig. S2 in the supplementary 
information shows the conformation of the adduct in the initial structures. Four 20 ns 
MD simulations were initially analyzed to investigate the influence of the initial structure, 
followed by six independent 100 ns simulations to study the structural effects on ds DNA 
upon S-3’-N2-dG DNA adduct insertion.

3.4.1 Preliminary simulations
Supplementary Table S3 compares the values of the dihedral angles along the adduct, 
highlighted in Fig. 1 for the initial structures and averaged over the simulations. Even 
though the initial structures differed significantly, the averages of the dihedral angles in 
these simulations were strikingly similar. Also, the distributions in Fig. S3 suggest that 
similar conformations are sampled. Similarly, the nonbonded interaction energies between 
the safrole adduct and the rest of the DNA molecule is indistinguishable between the 
simulations (Table S3). A joint conformational clustering of the four simulations was 
performed based on snapshots extracted every 5 ps of these simulations. A total of 34 
clusters were obtained. The number of structures in the first 5 clusters, which cover 92% 
of all sampled conformations contained in 34 clusters, is shown in Fig. S4. As indicated 
with different colors in this figure, the first 5 clusters contained structures that originated 
from each of the four simulations, which illustrates that simulations are independent of the 
initial structure.

3.4.2 Representative conformations of the adduct
A conformational clustering was subsequently performed on the conformations of the S-3’-
N2-dG adduct that were observed in each of the six 100 ns simulations. A total of 51 clusters 
were obtained. The representative structures of the first 6 clusters, which cover 90% of all 
sampled conformations contained in 51 clusters, are shown in Fig. 4a. As indicated with 

Fig. 3 Time-dependent S-3’-N2-dG DNA adduct repair in (a) HepaRG cells and (b) primary rat hepatocytes. 
DNA adducts are expressed as the percentage of the level at the end of the 2 h of exposure and t=0 
for the repair set at 100%. The number of DNA adducts at 0 h of repair (100%) in HepaRG cells and 
rat hepatocytes amounted to 18 ± 3 / 108 nts and 75 ± 36 /108 nts, respectively.
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different colors in Fig. 4a, the first 6 clusters contained structures that originated from all 
six simulations, which illustrates that the most relevant conformations were observed in 
each of the independent simulations. The representative structures (Fig. 4b) show a similar 
pattern with the S-3’-N2-dG adduct residue being placed in the minor groove of the helix. 
No intercalated conformations of S-3’-N2-dG adduct in ds DNA were found at the lesion site.

3.4.3 RMSD analysis
In order to illustrate the structural differences between the modified DNA helix containing 
the S-3’-N2-dG DNA adduct and six simulations of a reference DNA helix, the RMSD was 

Fig. 4. a) Occurrence of the first 6 conformational clusters in 6 independent 100 ns simulations of 
the S-3’-N2-dG conformations. The different colors refer to 6 different simulations. (b) Corresponding 
representative structures for these first 6 clusters showing the S-3’-N2-dG adduct in the central 3-mer 
(C5-G6*-C7).
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calculated for all the atoms excluding the first and last base pairs along the MD simulation 
(Fig. 5). The average RMSD values vary between 0.15 and 0.22 nm in both the reference 
DNA and the modified DNA. Overall, the average RMSD amounted to 0.17 ± 0.03 nm 
(standard deviation over the six simulations) for the unmodified DNA and 0.19 ± 0.01 
nm for the simulations of the adducted DNA. No major conformational changes were 
observed, suggesting that only limited changes upon the formation of the S-3’-N2-dG DNA 
adduct occur. The transient peak of the green curve around 60 ns for the adducted DNA 
corresponds to a minor, reversible base opening (see Fig. 5).

3.4.4 Structure classification
The changes in DNA structure classification caused by DNA adduct formation was further 
analyzed by DISICL. DISICL was used to calculate and classify the structure based on the 
central 9-mer of each strand of the helix (Table 1). In general, the structure classification 
changes are subtle and limited. While for all simulations a transition from the modeled 
B-DNA to the AB transition region is observed, this seems slightly less for the DNA strand 
with the safrole adduct. For the opposing strand no significant differences between the 
unmodified DNA and the adducted DNA are observed at all.

3.4.5 Helicoidal parameters and groove width
Further analysis of any distortions in the successive DNA base pairs was performed by 
evaluation of helicoidal parameters, including step parameters and local parameters, using 
the X3DNA software for different simulations of unmodified DNA and for modified DNA. The 
step parameters are measured between adjacent base pairs (Supplementary information, 

Fig. 5 RMSD of all atoms in the central 9-mer DNA duplex for unmodified DNA (top panel) and modified 
DNA (lower panel) as a function of the 100 ns of the six independent simulations. Different colors 
match the colors in Fig. 4 and represent individual simulations.
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Table 1. DNA structure classification of modified DNA and unmodified DNA. Four independent 
simulations were performed in reference DNA with the standard deviation (over six simulations). All 
the data are presented as the average values from the central 9-mer of each strand, and subsequently 
averaged over the six independent simulations (with standard deviations). Significant differences 
(differences between averages are larger than the uncertainty on this difference) are indicated with 
an asterisk (*)

Strand 1 a Strand 2

type unmodified  
DNA

adducted  
DNA

unmodified 
DNA

adducted 
DNA

BI b  22.8 ± 1.5 24.8 ± 1.2 (*) 18.3 ± 1.6 18.1 ± 1.5

BL c 15.9 ± 0.7 17.6 ± 1.0 (*) 13.1 ± 0.3 13.0 ± 1.5

AH d 8.5 ± 0.2 7.1 ± 0.4 (*) 13.0 ± 1.0 13.1 ± 1.7

AB e 41.7 ± 0.7 38.8 ± 1.0 (*) 42.9 ± 0.8 43.3 ± 2.0

AB2 f 2.9 ± 0.5 2.8 ± 0.3 3.4 ± 0.3 3.3 ± 0.4

UC g 4.5 ± 0.6 4.6 ± 0.5 5.6 ± 0.8 5.7 ± 0.8

a) Strand 1 contains the DNA adduct. b) BI: classical B form DNA c) BL: B-loop. d) AH: A-helix. e) AB: 
AB transition. f) AB2: AB transition region 2 g) UC: unclassified.

Table 2. Average values of helicoidal parameters at step 5 and step 6. The data present as average 
with standard deviations over the six independent simulations. Significant differences between the 
unmodified DNA and adducted DNA are indicated with an asterisk (*)

Unmodified DNA Adducted DNA

Step 5

Rise (Å) 3.76 ± 0.06 3.62 ± 0.04 *

Roll (°) 15.4 ± 0.4 15.6 ± 0.6

Shift (Å) 0.13 ± 0.06 0.12 ± 0.21

Slide (Å) -1.96 ± 0.03 -1.85 ± 0.03 *

Tilt (°) -1.4 ± 0.4 -2.1 ± 0.7

Twist (°) 27.2 ± 0.3 25.9 ± 0.5 *

Step 6

Rise (Å) 3.20 ± 0.04 3.16 ± 0.03

Roll (°) 5.1 ± 0.1 6.6 ± 0.4 *

Shift (Å) -0.25 ± 0.02 -0.18 ± 0.01 *

Slide (Å) -0.98 ± 0.15 -0.82 ± 0.14

Tilt (°) -3.2 ± 0.2 -2.1 ± 0.1 *

Twist (°) 35.6 ± 0.2 34.7 ± 0.4 *
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Fig. S5), while the local parameters are measured between two pairing nucleobases 
(Rodriguez-Oquendo 2015).

For the data obtained from local base pair parameters, small shifts were found in the 
buckle, shear, and stretch of the modified base pair (base pair 6) as well as the buckle of the 
neighboring base pairs (5 and 7) and the stagger of base pair 7 (Supplementary information, 
Fig. S6). The rest of the structural parameters in modified DNA displayed almost the same 
values as those for the reference DNA (data not shown). For the step parameter analysis, 
small but significant changes were identified at steps 5 and 6 (Table 2). At step 6 (between 
base pairs 6 and 7), a slight increase of approximately 1.5° was observed in the roll, which 
is considered to be still in line with a commonly observed 10 to 15° variation in DNA crystal 
structures (Rice and Correll 2008). Changes in the tilt and twist were smaller with 1.1 and 
0.9°, respectively. At step 5, the change in the twist amounts to 1.3°. The values are still 
very comparable to the values for ideal B-DNA (Cai et al. 2011). The changes in rise and 
slide (step 5) and shift (step 6) are of the order of 0.1 Å and seem negligible.

The major and minor groove widths are calculated from the distances between adjacent 
phosphorus atoms (Supplementary information, Fig. S7). Both the major groove and the 
minor groove are about 3 Å larger than typical B-DNA, in accordance with the relatively low 
occurrence of pure B-DNA conformations seen in Table 1. Significant increases of about 0.6 
Å between unmodified and adducted DNA are only observed in the minor groove at base 
pairs 7 and 8, corresponding to the position of the safrole adduct (Fig. 4).

3.4.6 Hydrogen bonding
Except by structural modifications, the conformational changes and stability of the DNA 
helix are also reflected by the hydrogen bonding. Overall, the Watson-Crick hydrogen bonds 
are stable throughout the simulations. A complete loss of hydrogen bonds at a specific base 
pair is only observed rarely, and reversibly. Fig. S8 shows two exemplary time series of the 
occurrence of all Watson-Crick hydrogen bonds. Fig. S8B corresponds to the dark green 
curve in the lower panel of Fig. 5; note the reversible loss of hydrogen bonds at the seventh 
base pair around 60 ns, corresponding to the increased RMSD in Fig. 5. Table 3 describes 
hydrogen bonding occupancies (%) for the central 3-mer for unmodified DNA and adducted 
DNA. The Watson-Crick hydrogen bonding remained stable at all base pairs, but a shift in 
the hydrogen bond strengths occurred at the modified base pair G6*:C17. In G6*: C17, 
the presence of the S-3’-N2-dG adduct at the N2 site of guanine gives a 10% increase in 
hydrogen bonding occupancies at N2-O2; however, this is balanced by a decrease at N4-O6 
and N1-N3. This correlates with the slight shift of the shear property at this base pair (Fig. 
S6). The S-3’-N2-dG DNA adduct insertion influences the hydrogen bonding in C7:G16 in a 
similar way but to a lesser extent.
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4. Discussion

It is well-known that NER is involved in the repair of bulky DNA adducts (Gillet and Schärer 
2006; Gunz et al. 1996; Hoeijmakers 2009; Nouspikel 2009). In this study, the role of NER in 
repair of the major DNA adduct formed upon exposure to the food-borne alkenylbenzene 
safrole, S-3’-N2-dG, was illustrated by the data derived from CHO wild type and CHO UV 
cells, which are mutated in different genes coding for proteins involved in NER (Balajee 
et al. 1998). In more details, XPD (deletion in UV5) and ERCC3 (XPB) (mutation in UV24) 
are the core components of TFIIH participating in the unwinding of DNA at the site of the 
lesion and verifying the damage (Fuss and Tainer 2011; O’brien et al. 2005). The ERCC-
XPF (deletion in UV 41) is responsible for the incision of the lesion site (Lee et al. 2015; 
O’brien et al. 2005). The deficiency in these genes leads to the greater resistance of DNA 
adducts in the CHO UV cells when compared with the CHO wild type although some of 
the adducts were removed by 24 h, indicating that there may either be some repair or a 
reduction in DNA adducts due to DNA adduct dilution caused by the DNA/cell replication, 
or by apoptosis of cells containing high level of DNA adducts. The lower removal rates of 
DNA adducts in CHO UV cells as compared to the CHO wild type cells were also reported 
for N-OH-2-NA DNA adducts (Thompson et al. 1983). In addition, the standard deviations 
in Fig. 2a are generally high, an observation that it is likely related to the relatively low level 
of DNA adducts formed upon exposure to 1’-hydroxysafrole at 50 μM concentration. Use 
of higher concentrations was considered but not considered adequate because based on 
our pretest (data not shown) exposure concentrations higher than 50 μM did not induce 
DNA adduct increase obviously. This is probably caused by the common production of 
sulfonation that may inefficiently penetrate cell membrane and be hard to reach to DNA, 
or inhibit the SULT-mediated bioactivation by producing the secondary reactive species by 

Table 3. Hydrogen bonding occupancies (%) for the center 3-mer for unmodified DNA and adducted 
DNA with standard deviations over the six simulations. Significant differences are indicated with an 
asterisk (*). Example time series of occurrences for all base pairs are given in Fig. S8.

Unmodified DNA Adducted DNA

C5...G18 N4..H41..O6 91.1 ± 1.5 91.0 ± 1.0

N1..H1..N3 97.4 ± 0.4 96.8 ± 1.7

N2..H21..O2 77.5 ± 4.2 76.8 ± 5.6

G6...C17 N4..H41..O6 91.3 ± 0.9 86.8 ± 2.3 *

N1..H1..N3 98.6 ± 0.1 96.5 ± 1.6 *

N2..H21..O2 88.6 ± 0.9 98.2 ± 0.1 *

C7...G16 N4..H41..O6 92.7 ± 0.9 91.4 ± 0.4 *

N1..H1..N3 96.5 ± 0.8 97.3 ± 0.2

N2..H21..O2 77.2 ± 1.8 82.0 ± 0.6 *
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reacted with media components (Glatt et al. 1998). The concentration of 50 μM enables 
comparison to our previous study on DNA adduct formation and repair upon exposure to 
50 μM 1’-hydroxyestragole (Yang et al. 2020a) where higher levels of estragole DNA adducts 
were formed with relatively lower standard deviations.

Given that the liver is the target organ for safrole induced tumor formation, the repair of 
the S-3’-N2-dG adduct was also investigated in HepaRG cells and rat hepatocytes. Limited 
or even no attenuation in the S-3’-N2-dG adducts level was found in both HepaRG cells and 
rat hepatocytes during the whole recovery time, illustrating persistence of the S-3’-N2-dG 
adducts in these cells. Although given the bulky nature of the adducts focus in the study 
was on nucleotide excision repair (NER), known to be the major type of repair for bulky 
adducts, other types of DNA repair may be considered as well including for example base 
pair excision repair (BER). The results obtained for the primary hepatocytes and HepaRG 
cells demonstrate that, whatever the mode of action, the repair of the S-3’-N2-dG adducts 
is limited. Thus, independent of the mechanisms contributing to the small reduction in 
the level of the adducts, including repair, apoptosis, and/or cell replication, the removal 
appears to be inefficient and incomplete within the 24 h following exposure, this points at 
the potential for bioaccumulation upon repeated daily exposure. The persistence of S-3’-
N2-dG adducts was also reported in previous in vivo studies upon exposure of CD-1 mice 
to 10 mg of safrole via intraperitoneal injection (Gupta et al. 1993; Randerath et al. 1984). 
Randerath et al. (1984) detected the DNA adduct levels at 1, 7, 28, 58, 98, and 140 days 
after treatment with safrole reporting a reduction by 75% in the first 7 days but persistence 
of the adducts upon prolonged time intervals. In a later study, Gupta et al. (1993) also 
found the S-3’-N2-dG adducts to be persistent, but immediately following exposure, there 
was limited reduction observed at all time points following safrole dosing (1, 2, 3, 7, 15, and 
30 days). In particular, this more recent study is in line with the observations in the present 
study using in vitro liver models, where the repair in both the human HepaRG cell line as 
well as in the primary rat hepatocytes was limited if not absent. It is also of interest to note 
that the limited repair reported by Gupta et al. (1993) was observed at all safrole dose 
levels tested including 0.01, 0.1, 1, and 10 mg / mouse. The reason underlying the initial 
decrease in the study reported by Randerath et al. (1984) remains to be elucidated. The 
limited repair or even absence of repair of DNA adducts of alkenylbenzenes in the liver was 
also reported before. In 1984, Phillips et al. (1984) found that DNA adducts detected upon 
estragole, methyleugenol, safrole exposure of B6C3F1 mice were still present 22 days after 
the final treatment. We recently corroborated the persistence of the major estragole DNA 
adduct (E-3’-N2-dG) with over 80% of the adduct level remaining in rat hepatocytes and 
human HepaRG cells after 72 h of repair (Yang et al. 2020a).

In 1981, Phillips et al. proposed that the inefficient repair of estragole DNA adducts may 
be the consequence of the conformation of the DNA adducts (Phillips et al. 1981b). In our 
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previous molecular modeling and simulation study (Yang et al. 2020a), this hypothesis was 
investigated to a further extent using MD simulation of the structure of an estragole DNA 
adduct (E-3’-N2-dG) embedded within a theoretical 11-mer ds DNA structure. The majority 
of simulations with different initial conformations of the E-3’-N2-dG DNA adduct located 
in the minor groove of the DNA helix showed limited distortion of the DNA structure as 
compared to that of DNA without the estragole adduct. The limited repair of the DNA 
adducts that bind to the amino group of guanine and reside in the B-DNA minor groove 
where they cause little distortion is in line with what has been observed for other adducts 
including N2 -AAF-dG, N2 -anti-BP-diol epoxide-dG (Beland 1978), and N2-ABA-dG (Lukin 
et al. 2011). These results and the fact that recognition and subsequent repair by the 
NER mediated repair process requires a substantial structural disturbance leads to the 
conclusion that the limited disturbance of the DNA upon adduct formation may explain 
the inefficient repair and persistence of the DNA adducts formed. In the current study, we 
applied the same molecular modeling and simulation strategy to characterize the structural 
changes of ds DNA caused by formation of the S-3’-N2-dG adduct.

Similar to E-3’-N2-dG adduct (Yang et al. 2020a), the MD simulation of the S-3’-N2-dG 
adducts show conformations in which safrole is located in the minor groove of the DNA 
helix. In representative structures of the S-3’-N2-dG DNA adduct, the base pairs remain 
intact and in their original positions. This holds for the base pairs next to the lesion site. 
In six independent 100 ns simulations of unmodified and of adducted DNA, the overall 
DNA structure was well maintained. The structure moves from an initially modelled B-DNA 
structure towards the AB transition conformations, and shows slightly larger groove 
dimensions. Overall, the results from the molecular modeling and MD simulation indicate 
that the modified DNA is highly comparable to the reference DNA. All parameters point at 
very little deformation of the DNA structure. This could explain why, in liver cell models, the 
repair of S-3’-N2-dG is inefficient. This further corroborates results reported previously for 
the related alkenylbenzene estragole (Yang et al. 2020a). In line with some other studies 
the stability of the duplex DNA upon E-3’-N2-dG formation could be further investigated 
using melting temperature studies (Buterin et al. 2000; Laryea et al. 1995; Ruan et al. 2002), 
although it should be kept in mind that the relationship between DNA structure and the Tm 
may not always be straightforward (Geacintov and Broyde 2017), making this a study in 
itself.

So far, our studies have tested the DNA adduct formation and DNA repair upon exposure to 
estragole and safrole, which are two major food-borne alkenylbenzenes. Previous data on 
the formation of the DNA adducts by these two alkenylbenzenes revealed a higher catalytic 
efficiency, defined as Vmax/KM, for bioactivation to the DNA reactive 1’-sulfooxymetabolite 
for estragole than for safrole, reflected by an 8-fold higher catalytic efficiency for 
1’-hydroxylation and a 2.5-fold higher catalytic efficiency for sulfonation (Martati et al. 
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2012; Punt et al. 2007; Punt et al. 2009). These results are in line with our findings that, at a 
50 μM concentration of the parent alkenylbenzenes, 2-fold higher DNA adduct levels were 
formed in HepaRG cells or rat hepatocytes exposed to estragole than those exposed to 
safrole (Supplementary information, Tables S1 and S2; Yang et al. (2020a), Supplementary 
information, Tables S1 and S2). The limited repair of the DNA adducts raises the concern 
of a possible accumulation of DNA adducts upon regular exposure to low dietary levels. 
Whether such accumulation would ultimately reach the levels occurring at dose levels that 
cause increased tumor incidences in rodent studies remains an interesting topic for future 
study.
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Abstract

Accumulation of N2-(trans-isoestragol-3’-yl)-2’-deoxyguanosine (E-3’-N2-dG) DNA adducts 
derived from the alkenylbenzene estragole upon repeated dose exposure was investigated 
since the repair of this adduct was previously shown to be inefficient. To this end human 
HepaRG cells were exposed to repeating cycles of 2 h exposure to 50 μM estragole 
followed by 22 h repair to mimic daily exposure. The E-3’-N2-dG DNA adduct levels were 
quantified by LC-MS/MS after each cycle. The results show accumulation of E-3’-N2-dG DNA 
adducts at a rate of 17.53 adducts / 108 nts / cycle. This rate at the dose level calculated 
by physiologically based kinetic (PBK) modeling to result in 50 μM was converted to a rate 
expected at average human daily intake of estragole. The predicted time estimated to reach 
adduct levels reported at the BMD10 of the related alkenylbenzene methyleugenol of 10-
100 adducts /108 nts upon average human daily intake of estragole amounted to 8-80 (in 
rat) or 6-57 years (in human). It is concluded that the persistent nature of the E-3’-N2-dG 
DNA adducts may contribute to accumulation of substantial levels of DNA adducts upon 
prolonged dietary exposure.

Key words: Estragole, DNA adduct accumulation, repeated exposure



1. Introduction

The group of food-borne alkenylbenzenes includes the compounds estragole, safrole and 
methyleugenol, generally present in herbs and spices like tarragon, nutmeg, basil and/
or anise (EFSA 2012; Van Den Berg et al. 2011). These compounds raise a health concern 
because of their DNA adduct formation and carcinogenicity (Miller et al. 1983), inducing 
hepatic tumors at high dose repeated exposure in rodents (Jamuna 2010; Miller et al. 1983; 
SCF 2001). The mode of action underlying tumor formation includes metabolism of the 
parent alkenylbenzene by cytochromes P450 and sulfotransferases to 1’-sulfoxy metabolites 
that are able to form DNA adducts (Phillips et al. 1981b; Randerath et al. 1984; Wiseman 
et al. 1985). Although formation of DNA adducts may result in mutations and increase the 
risk of developing cancer, the DNA adduct formation may also induce DNA repair and be a 
reversible process (Klaunig and Kamendulis 2010). The ultimate hazard and risk posed by 
DNA adduct formation will thus depend on the efficiency of repair during the time before 
subsequent exposures. Our previous studies on cellular repair of the major estragole and 
safrole DNA adducts (E-3’-N2-dG and S-3’-N2-dG respectively) showed the repair of these 
DNA adducts to be inefficient with 80-90% of the adducts still remaining in HepaRG cells 
or primary hepatocytes after 48 h and/or 4 h repair (Yang et al. 2020a; Yang et al. 2020b). 
These observations are in line with in vivo studies where the DNA adducts of safrole were 
reported to persist in the liver of orally exposed CD-1 mice with only limited amounts being 
removed 30 days after a single dose (Gupta et al. 1993). This implies that DNA adduct 
levels are not only likely to increase with increasing dose levels, but also upon repeated 
exposure. Upon repeated exposure with insufficient repair between subsequent exposures, 
accumulation of DNA adduct levels with increasing days of exposure would be expected. 
The aim of the present study was to characterize this potential accumulation of DNA adduct 
levels upon repeated exposure to estragole. To mimic daily exposure HepaRG cells were 
exposed to estragole in a repeated 2 h exposure 22 h repair regimen, and the levels of 
the major E-3’-N2-dG adduct were quantified using LC-MS/MS. The estragole concentration 
used for these experiments was selected based on outcomes of a physiologically based 
kinetic (PBK) model based evaluation of the dose dependent liver blood concentrations 
using the models described by Punt et al. (2008; 2009). From the results obtained, the rate 
of bioaccumulation of the DNA adducts upon daily exposure could be estimated. This result 
was used to estimate the time required, at normal human dietary intake levels of estragole, 
to accumulate levels of E-3’-N2-dG DNA adducts in the range of the estimated level of liver 
DNA adducts of the related alkenylbenzene methyleugenol at its BMD10 (Paini et al. 2011).
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2. Material and Method

2.1 Chemical and reagents
Estragole, human insulin, bovine spleen phosphodiesterase II (SPDE II), venom 
phosphodiesterase I (VPDE I), nuclease P1, phosphatase alkaline (AP), Tris(hydroxymethyl)
aminomethane (Tris), and ethylenediaminetetraacetic acid (EDTA) were obtained from 
Sigma (St. Louis, Missouri, USA). Phosphate buffered saline (PBS) (pH 7.4) was purchased 
from Gibco (Paisley, UK). Williams’ E Medium, and penicillin-streptomycin (P/S) were 
purchased from Gibco (Grand Island, New York, USA). Fetal Bovine Serum (FBS) was 
purchased from Bodinco BV (Alkmaar, Netherlands). Hydrocortisone 21-hemisuccinate was 
purchased from Cayman Chemical (Ann Arbor, Michigan, USA). Dimethylsulfoxide (DMSO), 
hydrochloric acid (HCl), zinc sulfate (ZnSO4), and sodium acetate were purchased from 
Merck (Darmstadt, Germany). Acetonitrile (ACN) was purchased from Biosolve (Dieuze, 
France). RNeasy Lysis buffer (RLT) was purchased from QIAGEN (Hilden, Germany). Formic 
acid was purchased from VMR (Fontenay-sous-Bois, France).

2.2 Cellular model
HepaRG cells provide a frequently used model for studying hepatotoxicity of especially 
compounds that require cytochrome P450 mediated bioactivation (Szabo et al. 2013). The 
HepaRG cell line is derived from human hepatocellular carcinoma cells (Gripon et al. 2002) 
and can differentiate into hepatocyte-like morphology when treated with DMSO (Marion et 
al. 2010). In our previous study (Yang et al. 2020a), it was already shown that upon exposure 
of the HepaRG cells to estragole detectable levels of estragole derived DNA adducts can be 
formed. The undifferentiated HepaRG cell line was purchased from Biopredic international 
(Saint Grégoire, France) and cultured in growth medium consisting of William E Medium 
supplemented with 10% FBS (Sigma, St. Louis, MI, USA), 100 IU/mL of P/S, 5 × 10−5 M 
hydrocortisone 21-hemisuccinate and 5 μg/mL of human insulin at the density of 2×105 
cells/flask for 2 weeks at 37 °C and 5% (v/v) CO2 in a humidified atmosphere. After 2 weeks 
growth, differentiation medium was used to facilitate cell differentiation into cells with 
hepatocyte-like morphology with extra 1.7 % DMSO added to the growth medium for the 
following 2 weeks. All media were refreshed every other day. HepaRG cells were cultured in 
T-25 flasks (Greiner Bio-One, Frickenhausen, Germany) and maintained until the first week 
after full differentiation before being used for detection of DNA adduct formation upon 
repeated exposure.

2.3 PBK modeling
In order to find a suitable concentration of estragole that will result in formation of 
detectable levels of E-3’-N2-dG DNA adducts and has biological meaning, PBK model-based 
evaluation of the dose dependent liver blood concentrations were undertaken using the 
models described by Punt et al. (2008; 2009) predicting the bioactivation and detoxification 
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of estragole in rat and in human respectively. Both models were used to calculate the dose-
dependent maximum liver blood concentration of estragole, and from these data a suitable 
concentration used for the in vitro repeated exposure experiments was derived.

2.4 DNA adduct formation upon repeated exposure
Based on the PBK model results the concentration of estragole selected for the experiments 
was 50 μM. Detailed information underlying this selection is shown in the result section. 
For repeated exposure, eight T-25 flasks of differentiated HepaRG cells were exposed to 
50 μM estragole for 2 h. All the test compounds were added to exposure medium from a 
1000 times concentrated stock solution in DMSO (final DMSO concentration amounting to 
0.1%). After 2 h incubation, cells were washed by PBS once and the exposure medium was 
changed back to the differentiation medium without test compound for 22 h to facilitate 
DNA repair. This 2 h exposure and 22 h repair is considered as one cycle. The same process 
was repeated for another three cycles and after each time of repair, two flasks of HepaRG 
cells were randomly chosen and collected for quantification of the E-3’-N2-dG adduct 
levels. Fig. 1 presents a schematic overview of the repeated exposure experimental design. 
Since the differentiated HepaRG cells did not proliferate during the repair period (data not 
shown), no correction for DNA adduct dilution due to cell proliferation was required. Upon 
harvesting, cells were washed twice by resuspending in PBS and centrifugation at 211g for 
5 minutes twice. After the second centrifugation, the supernatant was removed and the 
cells were lysed via the addition of 200 μL of RNeasy Lysis Buffer (RLT buffer) before DNA 
isolation.

Fig. 1 Schematic presentation of the repeated exposure experiment  
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2.5 DNA isolation and digestion
DNA isolation was performed using the QIAamp DNA Mini Kit protocol for cultured cells 
(Hilden, Germany). The range of the cell number for DNA isolation was between 2×106 
and 5×106 cells. The isolated DNA concentration was determined through NanodropTM 

One (Thermo scientific, Waltham, MA, USA) and purity of the isolated DNA was measured 
based on the absorbance ratio A260/A280 with a value of 1.8-2.0 considered as sufficiently 
pure. After isolation, DNA samples were freeze-dried overnight and stored at -80 oC until 
digestion. Dried samples were dissolved in nanopure water, adjusted to 50 μg per 30 μL 
before digestion. DNA digestion was performed as previously described (Yang et al. 2020a). 
Briefly, samples were incubated with 40 μL of PI-buffer (300 mM sodium acetate, 1 mM 
ZnSO4, pH 5.3), 20 μL of SPDE II solution (0.0004 U/μL in water), and 10 μL of nuclease P1 
(0.5 μg/μL in water) at 37 °C for 4 h. After 4 h incubation, 40 μL of PA-buffer (500 mM Tris–
HCl, 1 mM EDTA, pH 8.0), 20 μL of VPDE I solution (0.00026 U/μL in water), and 1.6 μL of AP 
(200 units) were added and samples were incubated at 37 oC for another 2 h.

2.6 Synthesis of E-3’-N2-dG adduct and LC-MS/MS method for detection 
and quantification of E-3’-N2-dG adducts
E-3’-N2-dG adduct synthesis was performed as previously reported(Yang et al. 2020a). LC-
MS/MS detection and quantification of the E-3’-N2-dG adducts was adapted from Paini et 
al. (2010) using a Shimadzu Nexera XR LC-20AD SR UPLC system coupled with a Shimadzu 
LCMS-8040 mass spectrometer (Kyoto, Japan). The samples (5 µL) were loaded onto a 
reverse phase C18 column (1.7 µm 2.1 × 50 mm) with a flow rate of 0.3 mL/min and the 
column temperature set at 40 °C. The mobile phase consisted of ultrapure water with 0.1% 
(v/v) formic acid and acetonitrile containing 0.1% (v/v) formic acid. The initial condition was 
5% acetonitrile for 1 minute, followed by a linear gradient to 100% acetonitrile in 8 minutes 
which was maintained for 0.5 minutes, after which the gradient went back to the initial 
conditions in 0.1 minute and remained at this condition for the rest of the running time. 
The total running time of each sample was 10 minutes. E-3-N2-dG eluted at 5.99 minutes. 
The MS-MS analysis was carried out using a Shimadzu LCMS-8040 triple quadrupole with 
electrospray ionization (ESI) interface. The instrument was operated in positive mode in 
the multiple reaction monitoring (MRM) mode with a spray voltage of 4.5 KV. E-3’-N2-dG 
was monitored at the [M + H]+ of precursor to product 414.2→298.2, 414.2→164.1, and 
414.2→147 m/z. The level of DNA adducts was quantified using a calibration curve where 
the peak area of a known concentration of the synthesized DNA adduct was plotted against 
the corresponding DNA adduct concentrations. Calibration curves in buffer and cellular 
matrix were similar. The limits of detection and quantification of the E-3’-N2-dG DNA 
adducts were 0.0025 pmol and 0.008 pmol respectively. The amount of the DNA adducts 
detected in the samples was related to the total amount of digested DNA in each sample 
and calculated from the Nanodrop output in ng/mL using a molar extinction coefficient for 
double stranded DNA of 50 μg×mL−1 cm−1. E-3’-N2-dG DNA adduct levels were expressed 
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as the number of E-3’-N2-dG adducts per 108 nucleotides (nts) based on the assumption of 
1.98×1015 nucleotides / μg DNA.

2.7 Estimation of the number of daily cycles required to reach the estimated 
level of DNA adducts at the BMD10 for the related alkenylbenzene 
methyleugenol upon repeated daily exposure at realistic human dietary 
exposure levels
From the repeated exposure experiment a linear equation describing the cycle dependent 
increase in E-3’-N2-dG adduct levels in the HepaRG cells could be derived. The slope of the 
linear equation represents the increase in the E-3’-N2-dG adduct level / 108nts / cycle upon 
exposure of the cells to 50 μM estragole. The slope thus obtained was used to estimate the 
rate of E-3’-N2-dG DNA adduct accumulation per cycle upon exposure to the dose at normal 
dietary levels using linear extrapolation from the dose level that is predicted by the PBK 
model to result in an estragole liver blood concentration of 50 μM. This linear extrapolation 
is supported by previous studies that revealed i) that the level of 1’-sulfooxyestragole 
responsible for the DNA adduct formation increased linear with the dose from dose levels as 
low as dietary human intake levels up to the BMDL10 for tumor formation in rats (Rietjens et 
al. 2010), ii) a linear E-3’-N2-dG adduct formation in primary rat hepatocytes with increasing 
concentration of 1’-hydroxyestragole and also linear dose-dependent E-3’-N2-dG adduct 
formation in rats in vivo predicted by physiologically based translation of these in vitro data 
to the in vivo situation (Paini et al. 2010) and iii) a linear dose dependent increase in E-3’-N2-
dG adduct formation in estragole exposed rats (Paini et al. 2012). Except estragole, another 
alkenylbenzene methyleugenol also showed an increased linear relation between the level 
of 1‘-sulfooxymethyleugenol that contributes to the DNA adduct formation and the dose 
of methyleugenol from the low level of human dietary intake up to the BMDL10 for tumor 
formation in both in vivo and in vitro (Al-Subeihi et al. 2012). The value thus obtained for 
the increase in the E-3’-N2-dG adduct level /108nts / cycle was used to calculate the number 
of days required to reach 10-100 adducts /108nts, the estimated level of methyleugenol 
liver DNA adduct formation at its BMD10 for liver tumor formation (Paini et al. 2011).

3. Results

3.1 PBK modeling based selection of the in vitro exposure concentration
Fig. 2 presents the human and rat PBK model-based prediction of the dose dependent 
concentration of estragole in venous blood of the liver for dose levels up to 100 mg/kg bw. 
The graph reveals an increase in the estragole liver venous blood concentration with the 
dose of estragole. From this curve it was derived that at the BMD10 value for rat, the dose 
level causing 10% tumor incidence, reported to amount to 47 mg/kg bw/day (Paini et al. 
2010), the liver venous blood concentration of estragole is predicted to amount to 71 μM 
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in human and 44 μM in rat respectively. Based on these results the estragole concentration 
selected for the repeated exposure experiment was chosen at 50 μM corresponding to a 
dose level of 52 mg/kg bw in rat and 36 mg/kg bw in human.

3.2 DNA adduct formation upon repeated exposure
HepaRG cells were exposed to 50 μM estragole repeatedly for 4 cycles with each cycle 
consisting of 2 h of exposure and 22 h of repair (Fig. 3) after which the level of E-3’-N2-dG 
DNA adducts was quantified. Fig. 3 shows the results obtained revealing a gradual increase 
in the level of E-3’-N2-dG DNA adducts with increasing number of cycles reflecting E-3’-N2-

Fig. 2 The PBK model based prediction of the dose dependent venous liver blood concentration of 
estragole in human (straight line) and rat (dotted line). The CVE values at the BMD10 of 47 mg/kg bw/
day (Paini et al. 2010) are also indicated.

 

Fig. 3 Relation between the number of E-3’-N2-dG DNA adducts/108 nucleotides detected in the HepaRG 
cells upon increasing number of daily cycles of 2 h exposure to 50 μM estragole and 22 h repair.
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dG DNA adduct accumulation upon repeated exposure. The data can adequately (R2=0.94) 
be described by a linear increase with the number of cycles described by equation (1):

Number of E-3’-N2-dG DNA adducts /108 nts = 17.53x Number of cycles.        Equation (1)

The slope of this relationship reflects the accumulation rate expressed in the number of 
E-3’-N2-dG DNA adducts /108 nts/cycle at 50 μM estragole and amounts to 17.53 E-3’-N2-dG 
DNA adducts /108nts/ cycle.

3.3 Estimation of the number of daily cycles of estragole exposure required 
to reach adduct levels at the BMD10 for liver tumor incidence of the related 
alkenylbenzene methyleugenol at the estimated human daily intake of 
estragole
The estimated level of DNA adducts reported to occur at the BMD10, the dose level 
causing 10% tumor incidence above background values (EFSA et al. 2017) of the related 
alkenylbenzene methyleugenol was used for comparison. This value was reported to 
amount to of 10-100 adducts /108nts (Paini et al. 2011). According to the data presented 
in Fig. 3 obtained at a concentration of 50 μM estagole indicating a rate of E-3’-N2-dG DNA 
adduct accumulation of 17.53 adducts /108nts/ cycle it would take 5 to 6 cycles to reach 
a E-3’-N2-dG DNA adduct levels amounting to 100 /108 nts, while at this level of exposure 
a level of 10 /108 nts would already be achieved within the first cycle. The PBK modeling 
indicated this concentration of 50 μM to be reached in venous liver blood at a dose level of 
52 mg/kg bw in rat and 36 mg/kg bw in human, which implies exposure in the range of the 
BMD10 and substantially higher than normal human dietary intake. The human daily dietary 
intake of estragole was estimated by the EU Scientific Committee on Food (SCF) and the US 
Flavor and Extract Manufacturers Association (FEMA) to amount to values of 0.07 and 0.01 
mg/kg bw/day, respectively (SCF 2001; Smith et al. 2002). This relatively high level of intake 
estimated by the SCF was based on the theoretical maximum use levels of estragole in 28 
food categories and consumption data for these food categories based on 7-day dietary 
records of adult individuals, which also included pure compound addition. However, since 
estragole has been demonstrated to be genotoxic and carcinogenic, in the EU the addition 
of estragole as a pure compound to food has been regulated (SCF 2001). Therefore, the 
value of 0.07 reported by the SCF likely overestimates current exposure levels (Punt et al. 
2016). Therefore, a human daily dietary estragole exposure of 0.01 mg/kg bw/day was 
considered to provide a realistic estimate.

Assuming a linear relationship between the rate of DNA adduct accumulation per cycle and 
the dose level, the rate of accumulation at 0.01mg/kg bw/day would amount to 0.0034 
and 0.0048 E-3’-N2-dG DNA adducts /108nts/ cycle in rat and in human, respectively. These 
rates for formation of E-3’-N2-dG DNA adducts estimated to occur at realistic human dietary 

ESTRAGOLE DNA ADDUCT ACCUMULATION UPON REPEATED EXPOSURE 99

4



intake levels imply that a level of 10-100 adducts /108 nts would be reached in 8-80 and 
6-57 years in rat and in human respectively.

4. Discussion

In present study, the potential accumulation of E-3’-N2-dG DNA adduct levels upon repeated 
exposure of human liver cells to estragole in vitro was characterized in order to obtain 
insight in the consequences of the limited efficiency of the repair of this major estragole 
DNA adduct (Yang et al. 2020a). To this end first a rat or human PBK model-based estimation 
of the venous liver blood concentration at dose levels in the range of the BMD10 for tumor 
formation in rat was obtained to define the experimental estragole concentration to which 
the HepaRG cells were exposed. In line with what was reported before (Punt et al. 2009) 
the species difference in the kinetics of estragole was limited. For the repeated exposure 
experiment HepaRG cells were used instead of primary hepatocytes, although primary 
human hepatocytes are considered as “gold standard model” for xenobiotic metabolism 
and hepatoxicity (Choi et al. 2015; Gerets et al. 2012; Hart et al. 2010). However, the short 
lifespan of human hepatocytes (Hart et al. 2010) hampers their application in repeated 
exposure scenario’s. Upon full differentiation, HepaRG cell cultures have been reported 
to be comparable to primary human hepatocytes in terms of drug metabolism capacity 
(Gerets et al. 2012), and E-3’-N2-dG DNA adduct formation upon exposure to estragole 
was recently shown to be only 2-fold less efficient in differentiated HepaRG cells than in 
primary rat hepatocytes (Yang et al. 2020a). Moreover, in both cell lines the E-3’-N2-dG DNA 
adducts were shown to be not efficiently repair (Yang et al. 2020a). This supports the use 
of HepaRG cells as an adequate model to study the E-3’-N2-dG DNA adduct accumulation 
upon repeated exposure, also because they show less batch-to-batch variability than 
primary hepatocytes (Gerets et al. 2012). Furthermore, they do not proliferate within the 
timeframe of the repeated dose experiment so that DNA adduct levels are not diluted by 
DNA replication.

Upon repeated exposure to estragole, in the HepaRG cells accumulation of E-3’-N2-dG DNA 
adducts was readily observed. The accumulation of E-3’-N2-dG DNA adducts showed a 
linear increase with the number of cycles allowing calculation of a rate of E-3’-N2-dG DNA 
adduct accumulation per cycle. This rate amounted to 17.53 adducts / 108nts/ cycle at 50 
μM estragole. At this rate of accumulation, levels of 10-100 adducts /108nts, would be 
reached in 5–6 cycles (days). This level of 10-100 adducts /108nts was chosen as a reference 
value given that exposure to the structurally related alkenylbenzene methyleugenol at its 
BMD10 for liver tumor formation was estimated to result in this level of DNA adducts (Paini 
et al. 2011). Given that the comparable value estimated for the alkenylbenzene safrole was 
one order of magnitude higher (Paini et al. 2011) using the value of 10-100 adducts /108nts 
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provides a conservative reference value. Converting the rate observed in the present study 
for estragole induced DNA adduct formation at 50 μM estragole, predicted by PBK modeling 
to be achieved in liver venous blood at dose levels of 52 mg/kg bw in rat and 36 mg /kg bw in 
human, to a rate at a human daily dietary intake of 0.01 mg/kg bw in a linear way, results in 
a rate for adduct accumulation of 0.0034 and 0.0048 E-3’-N2-dG DNA adducts /108nts/ cycle 
in rat and human respectively. Assuming such a linear relationship between the estragole 
concentration or dose and DNA adduct formation is supported by studies in the literature 
reporting a linear concentration or dose response relationship for DNA adduct formation in 
primary rat hepatocytes exposed to 1’-hydroxyestragole (Paini et al. 2010) and also in rats 
exposed to estragole (Paini et al. 2012). It is also supported by the linear dose-dependent 
formation shown for the DNA reactive 1’-sulfooxymetabolite from dose levels in the low 
range of the virtual safe dose up to dose levels as high as the BMDL10 for tumor formation 
(Rietjens et al. 2010). At an accumulation rate of 0.0034 to 0.0048 E-3’-N2-dG DNA adducts 
/108nts/ cycle it would take 8–80 or 6–57 years to reach E-3’-N2-dG DNA adduct levels in 
the range of 10-100 adducts /108nts in rat and in human respectively. Furthermore, it is of 
importance to note that in a recent study, the concentration dependent E-3’-N2-dG DNA 
adduct formation in rat hepatocytes was measured at low concentrations of estragole (0-1 
μM) (Schulte-Hubbert et al. 2020). The PBK model predicts these concentrations to be 
present in liver blood at oral dose levels of 0-1.5 mg/kg bw. The authors reported that at 
exposure concentrations increasing up to 1 μM E-3’-N2-dG DNA adduct formation increases 
in a sublinear way with an apparent threshold at 0.5 μM. This implies that the number of 
days likely required to reach the level of 10-100 adducts /108 may take longer than what has 
been estimated based on linear extrapolation. This because the PBK model predicts that at 
estimated dietary daily intakes of 0.01-0.07 mg/kg bw/day the liver blood concentrations 
of estragole amount to value of 0.01 to 0.04 μM and are thus likely below this apparent 
threshold of 0.5 μM for adduct formation. In the study reported by Herrmann et al. (2013) 
methyleugenol DNA adducts have been detected in human liver samples. Methyleugenol 
DNA adducts (N2-MIE-dG and N6-MIE-dA) were present at detectable levels in non-tumorous 
liver tissue samples of 28 out of 30 subjects (age 19–69 years). The median methyleugenol 
DNA adduct levels (13 / 108nts for N2-MIE-dG and N6-MIE-dA combined) detected in human 
non-tumorous liver tissue samples was also in the range of the 10-100 adducts /108nts. 
These human experimental data on adduct levels of this related alkenylbenzene in human 
liver likely resulting from dietary exposure, are thus in line with the results obtained in the 
present study for estragole via repeated exposure of HepaRG cells in vitro.
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5. Conclusion

In this study, the rate of accumulation of E-3’-N2-dG DNA adducts in HepaRG cells repeatedly 
exposed to estragole in vitro was quantified. The rate of E-3’-N2-dG adduct accumulation 
amounted to 17.53 E-3’-N2-dG DNA adducts/ 108nts/ cycle at 50 μM estragole from which 
the rate at realistic human dietary intakes levels was estimated to amount to 0.0034 and 
0.0048 E-3’-N2-dG DNA adducts/ 108nts/ cycle in rat and in human respectively. At this 
rate of accumulation adduct levels estimated to occur at the BMD10 value of the related 
alkenylbenzene methyleugenol of 10-100 adducts /108nts were predicted to be reached 
upon prolonged dietary exposure. It is concluded that the persistent nature of the E-3’-N2-
dG DNA adducts may contribute to accumulation of substantial levels of DNA adducts upon 
prolonged dietary exposure.
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Abstract

Potential consequences of combined exposure to the proximate carcinogenic metabolites 
of the selected food-borne alkenylbenzenes safrole and estragole were evaluated in vitro 
and in silico. HepG2 cells were exposed to 1’-hydroxyestragole and 1’-hydroxysafrole 
individually or in equipotent combination subsequently detecting cytotoxicity and DNA 
adduct formation. Results indicate that concentration addition adequately describes the 
cytotoxic effects and no statistically significant differences were shown in the level of 
formation of the major DNA adducts. Furthermore, physiologically based kinetic modelling 
revealed that at normal dietary intake the concentration of the parent compounds and 
their 1’-hydroxymetabolites remain substantially below the Km values for the respective 
bioactivation and detoxification reactions providing further support for the fact that the 
simultaneous presence of the two proximate carcinogens does not affect their DNA adduct 
formation. Overall, these results point at the absence of interactions upon combined 
exposure to selected food-borne alkenylbenzenes at dietary levels of intake.

Key words: Combination exposure, dose addition, interactions, DNA adduct formation, 
cytotoxicity, alkenylbenzenes



1. Introduction

Via the diet, humans can be exposed to combinations of numerous substrates that may 
act individually, additively or interactively (synergism and antagonism) with respect to 
biological effects (Dale and Garner 1996). In 2012, the EU Scientific Committees on Health 
and Environmental Risks (SCHER), on Emerging and Newly Identified Health Risks (SCENIHR), 
and on Consumer Safety (SCCS), emphasized that effects induced by combined exposure 
could be greater than those induced by the individual compound exposure (SCHER, 
SCCS, SCENIHR, 2012). Based on the underlying mode of action, combined exposure may 
result in i) dose (concentration) addition in case of a similar mode of action at the same 
target site, ii) response addition for different modes of action, or iii) interaction among 
compounds resulting in synergism or antagonism, where the total effect of combined 
exposure to these compounds differs from what is predicted by either response addition 
or dose (concentration) addition (Bliss 1939; Howard and Webster 2009; Staal et al. 2007). 
However, additional aspects may have to be considered, for instance, compounds with a 
similar mode of action can also interact with each other via influences on metabolism or 
induction of metabolic enzymes leading to outcomes different from dose addition (Lévay 
and Bodell 1992; Staal et al. 2007).

The current study focuses on the combined effects of two selected model compounds 
of the group of food-borne alkenylbenzenes. Alkenylbenzenes are substances naturally 
occurring, often in combination, in different herbs and species. The compounds are of 
concern because they are genotoxic carcinogens (Miller et al. 1983) and risk assessment 
can therefore be based on the so-called margin of exposure (MOE) approach (EFSA 2012b). 
In previous risk assessments by the MOE approach combined exposure to alkenylbenzenes 
was taken into account assuming dose addition (Al-Malahmeh et al. 2017; Alajlouni et al. 
2016; Alajlouni et al. 2017). This assumption was based on the fact that the alkenylbenzenes 
of interest act on the same target tissue (liver) and via a similar mode of action. Their 
bioactivation is initiated by cytochromes P450 resulting in conversion of the parent 
compound to the proximate carcinogenic 1’-hydroxymetabolite, which is subsequently 
sulfonated by sulfotransferases to produce the ultimate carcinogenic 1’-sulfooxymetabolite 
responsible for the DNA adduct formation. However, further evidence to support the 
assumed dose addition has not been available. Therefore, the aim of the present study was 
to study the effects of combined exposure to two model alkenylbenzenes, estragole and 
safrole. Studies were performed with the 1’-hydroxy metabolites since these were proven 
to result in measurable cytotoxicity and DNA adduct formation in the HepG2 cells used for 
the studies (Yang et al. 2020a). Potential interactions at the level of the cytochrome P450 
mediated 1’-hydroxylation of the parent alkenylbenzenes were evaluated by comparing 
physiologically based kinetic model-based predictions of liver concentrations at realistic 
dietary dose levels to know kinetic constants for these conversions.
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2. Material and method

2.1 Chemicals and reagents
Bovine spleen phosphodiesterase II (SPDE II), venom phosphodiesterase I (VPDE I), nuclease 
P1, phosphatase alkaline (AP), tris(hydroxymethyl)aminomethane (Tris), 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and ethylenediaminetetraacetic 
acid (EDTA) were obtained from Sigma (St. Louis, Missouri, USA). Phosphate buffered 
saline (PBS) (pH 7.4) and Non-Essential Amino Acids (NEAA) were purchased from Gibco 
(Paisley, UK). Minimum Essential Medium (MEM), L-glutamine, and penicillin-streptomycin 
(P/S) were purchased from Gibco (Grand Island, New York, USA). Fetal Bovine Serum (FBS) 
was purchased from Bodinco BV (Alkmaar, Netherlands). Dimethylsulfoxide (DMSO), 
hydrochloric acid (HCl), zinc sulfate (ZnSO4), and sodium acetate were purchased from 
Merck (Darmstadt, Germany). Acetonitrile (ACN) was purchased from Biosolve (Dieuze, 
France). RNeasy Lysis buffer (RLT) was purchased from QIAGEN (Hilden, Germany). Formic 
acid was purchased from VMR (Fontenay-sous-Bois, France). 1’-hydroxyestragole (1’-OH 
estragole) and 1’-hydroxysafrole (1’-OH safrole) were synthesized as described previously 
(Paini et al. 2010).

2.2 Cell model
HepG2 cells were obtained from the American Type Culture Collection (Manassas, 
Virginia, USA) and cultured with MEM supplemented with 10% (v/v) FBS, 1% (v/v) P/S 
mixture with L-glutamine and 1% (v/v) NEAA and incubated at 37 °C in a humidified 5% 
CO2 atmosphere. The culture medium was refreshed every two or three days until the cell 
density reached 80%. The cultured cells were either seeded in 96-well plates (Greiner Bio-
One, Frickenhausen, Germany) for cytotoxicity experiments or in T-25 flasks (Greiner Bio-
One, Frickenhausen, Germany) for experiments on DNA adduct formation.

2.3 Cytotoxicity test
HepG2 cells were seeded in 96-well plates at the concentration of 2×104 cells/well for one 
day growth and exposed to 1’-OH estragole or 1’-OH safrole individually or in combination 
in serum-free medium for 24 h. For the individual exposure, the concentrations were 0, 30, 
50, 70, 100, and 150 μM for 1’-OH estragole, and 0, 100, 200, 400, 800 and 1,000 μM for 
1’-OH safrole. For the combined exposure, 1’-OH estragole was chosen as the reference 
compound. Therefore, the relative potency factor (RPF) was defined as 1.00 for 1’-OH 
estragole. The RPF for 1’-OH safrole was derived from the cytotoxicity experiments with the 
individual compounds and used to define equipotent mixtures for the combined exposure 
experiments. A series of mixture concentrations in the range between 0 μM and 150 μM 1’-
OH estragole equivalents was tested. The final concentration of DMSO was 0.5% in all cases. 
Cytotoxicity was quantified by the MTT assay. To this end, after exposure 10 μL of 5 mg/mL 
MTT were added to each well followed by incubation for another hour. The medium was 
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then removed and 100 μL of DMSO were added to the wells to dissolve the MTT formazan 
crystals. The absorbance was measured at 562 nm using a SpectraMax M2 (Molecular 
Devices, USA). The cell viability was expressed as % of the control, with the solvent control 
set at 100 % viability.

2.4 DNA adduct formation
First, concentration dependent DNA adduct formation was measured in HepG2 cells for 
individual exposure to 0, 30,60, 90, 120, and 150 μM for 1’-OH estragole or 0, 80, 160, 200, 
240 μM 1’-OH safrole. The results obtained were used to define the combined exposure 
regimens selecting concentrations resulting in comparable DNA adduct levels to obtain 
equipotent mixtures.

Secondly, to examine the interaction between the two compounds, quantification of DNA 
adducts was performed in HepG2 cells exposed to the individual concentrations and a 
mixture of 32 μM 1’-OH estragole and 200 μM 1’-OH safrole, both causing a comparable 
level of adduct formation from upon individual exposure.

The final concentration of DMSO in all assays was 0.1% and exposure time was 2 h. After 
exposure, cells from 2 T-25 flasks were harvested and collected by centrifugation at 211g 
for 5 minutes. The supernatant was discarded and cells were washed by resolving the pellet 
in 0.5 -1 mL of PBS followed by another centrifugation step. After final centrifugation, the 
final cell pellets were dissolved in 200 μL of RNeasy Lysis Buffer (RLT buffer) to lyse the cells 
before DNA isolation.

2.5 DNA isolation and digestion
DNA isolation was performed using the QIAamp DNA Mini Kit protocol for cultured cells 
(Hilden, Germany). The suitable number of cells for DNA isolation was within the range 
of 2×106 to 5×106. After isolation, 1.5 μL of each sample was dissolved in NanodropTM 
One (Thermo scientific, Waltham, MA, USA) to check the concentration and purity of the 
isolated DNA. The purity of the isolated DNA was measured based on the absorbance ratio 
A260/A280 with a value of 1.8-2.0 considered as sufficiently pure. The concentration was 
calculated from the Nanodrop output in ng/mL using a molar extinction coefficient for 
double stranded DNA of 50 μg×mL−1 cm−1. After isolation, DNA samples were freeze-dried 
overnight and stored at -80 oC until digestion. Dried samples were dissolved in nanopure 
water and adjusted to 50 μg per 30 μL before digestion. DNA digestion was performed as 
previously described (Yang et al. 2020a; Yang et al. 2020b). Briefly, samples were incubated 
with 40 μL of PI-buffer (300 mM sodium acetate, 1 mM ZnSO4, pH 5.3), 20 μL of SPDE II 
solution (0.0004 U/μL in water), and 10 μL of nuclease P1 (0.5 μg/μL in water) at 37 °C for 
4 h. After 4 h incubation, 40 μL of PA-buffer (500 mM Tris–HCl, 1 mM EDTA, pH 8.0), 20 μL 
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of VPDE I solution (0.00026 U/μL in water), and 1.6 μL of AP (200 units) were added and 
samples were incubated at 37 oC for another 2 h.

2.6 Synthesis of major DNA adducts, and LC-MS/MS method for detection 
and quantification
The major DNA adducts of 1’-OH estragole N2-(trans-isoestragol-3’-yl)-2’-deoxyguanosine 
(E-3’-N2-dG) and 1’-OH safrole N2-(trans-isosafrol-3’-yl)-2’-deoxyguanosine (S-3’-N2-dG) 
were synthesized according to protocols described previously (Yang et al. 2020a; Yang et 
al. 2020b). LC-MS/MS detection and quantification of these two major DNA adducts were 
performed also as previously described (Yang et al. 2020a; Yang et al. 2020b). In brief, LC-
MS/MS analysis was performed on a Shimadzu Nexera XR LC-20AD SR UPLC system coupled 
with a Shimadzu LCMS-8040 mass spectrometer (Kyoto, Japan). Samples (5 μL each) were 
injected onto a reverse phase C18 1.7 μm C18 100 Å, 50 × 2.1 mm column (Phenomenex, 
California, USA) with a column temperature at 40 °C. The gradient was made with Milli-Q 
water and acetonitrile both containing 0.1% (v/v) formic acid. The flow rate was set at 0.3 
mL/min. The mobile phase was first kept at 5% acetonitrile for 1 min, and then a linear 
gradient was applied up to 100 % acetonitrile over 5 min. The acetonitrile in the mobile 
phase was subsequently kept at 100% for 0.5 min, lowered to 5 % in 0.1 min, and kept at the 
starting condition for 4.4 min. Thus, the measurement of each sample took approximately 
12 min in total. Under these conditions, E-3’-N2-dG and S-3’-N2-dG eluted at 5.99 and 5.40 
minutes respectively. The MS-MS analysis was carried out using a Shimadzu LCMS-8040 
triple quadrupole with electrospray ionization (ESI) interface. The instrument was operated 
in positive mode in the multiple reaction monitoring (MRM) mode with a spray voltage of 
4.5 KV. E-3’-N2-dG was monitored at the [M + H]+ of precursor to product 414.2 →298.2, 
414.2→164.1, and 414.2→147 m/z at collision energy (CE) settings of 10 eV, 25 eV, and 28 
eV respectively. Identification and quantification of S-3-N2-dG was achieved at the [M+H]+ 
of the precursor and the transitions (m/z) used for obtaining the daughter fragments which 
were 428.1→312.0, 428.1→164.05, and 428.1→161.05 m/z at collision energy (CE) settings 
of 10 eV, 25 eV and 28 eV. The level of DNA adducts was quantified using a calibration curve 
where the peak area of a known concentration of the synthesized DNA adduct was plotted 
against the corresponding DNA adduct concentration. The amount of the DNA adducts 
detected in the samples was related to the total amount of digested DNA in each sample, 
and DNA adduct levels were expressed as the number of adducts per 108 nucleotides (nts) 
based on the assumption of 1.98×1015 nucleotides / μg DNA.

2.7 Physiologically based kinetic modelling
In order to evaluate the potential interaction in cytochrome P450 and sulfotransferase 
mediated bioactivation upon combined exposure to estragole and safrole at estimated 
human daily intake (0.01mg/kg bw for estragole and 0.005 mg/kg bw for safrole) (Rietjens 
et al. 2015; Smith et al. 2002), the maximum concentrations of estragole and safrole or 
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their 1’-hydroxymetabolites occurring in the liver were predicted by physiologically based 
kinetic (PBK) model in humans. These concentrations were compared to the Km values 
for the enzymes involved in catalysing the conversion of both parent compounds to 
corresponding 1’-hydroxymetabolites followed by 1’-sulfooxymetabolite formation. Given 
that the inhibitor could also be a substrate and converted through enzyme to product P2 , 
therefore the k3 and k-3 can also be considered as the k1 and k-1 for this compound (Fig. 1). 
As Km equals (k-1+k2)/k1 and Ki equals k-1/k1 it can be assumed that when the substrate 
concentration remains far below Km it is also likely below Ki, pointing at the absence of 
efficient inhibition and, thus, competitive interactions.

2.8 Data analysis
To analyze whether the response of combined exposure can be predicted by concentration 
addition, the cytotoxicity data were evaluated by comparison of the concentration-
response curves of the individual compounds to the curve for the equivalent potency 
mixture expressed in 1’-OH estragole equivalents. At IC10 and IC25, the 95% confidence 
interval of 1’-OH estragole concentrations were calculated by GraphPad Prism 5.

The additivity for the level of DNA adduct formation was analyzed using a t-test to detect 
statistically significant differences between the added response resulting from isolated 
exposure and the result obtained upon combined exposure, performed by Microsoft Excel 
2013 while GraphPad Prism 5 was used for plotting the data.

3. Results

3.1 Cytotoxicity upon individual and combined exposure
Cell viability of HepG2 cells was quantified by the MTT assay after 24 h of exposure to either 
1’-OH estragole or 1’-OH safrole (Fig. 2). The IC50 values derived from these data amounted 
to 102 μM for 1’-OH estragole and 288 μΜ for 1’-OH safrole. Based on these results, an 

Fig. 1 kinetic scheme for combined conversion of estragole and safrole by cytochromes P450 or 
combined conversion of 1’-OH estragole and 1’-OH safrole by sulfotransferases
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equipotent mixture containing 1’-OH estragole and 1’-OH safrole at a ratio of 1:3 was 
also tested for cytotoxicity and the result obtained, presenting cell viability as a function 
of the concentration expressed in 1’-OH estragole equivalents, are also present in Fig. 2. 
The results thus obtained show that the concentration-response curve for the combined 
exposure matches that of 1’-OH estragole with an IC50 value of 99 μM. Only slight deviation 
occurred at the lower concentrations where effects on cell viability were less than 20%. 95% 
interval limits for the IC10 and IC25 concentrations of the curves obtained for the combined 
exposure and the reference compound 1’-OH estragole revealed non statistically significant 
difference (data not shown). Taken together these results imply that the effects of the two 
compounds on cytotoxicity are additive.

3.2 DNA adduct formation upon individual and combined exposure
Fig. 3 presents the concentration dependent DNA adduct formation as detected in HepG2 
cells exposed to 1’-OH-estragole or 1’-OH safrole for 2 h. In contrast to the results obtained 
upon 24 h exposure (Fig. 2) the concentrations tested were not cytotoxic upon 2 h exposure 
(data not shown). A positive linear correlation between concentration and the number of 
DNA adducts formed was found for both compounds (R2=0.98 for 1’-OH estragole exposure 
and R2=0.94 for 1’-OH safrole exposure). The slope of the curves reflects the ability of the 
respective 1’-OH metabolites to form DNA adducts and indicate DNA adduct formation 
upon exposure to an equimolar concentration of 1’-OH estragole to be higher than what is 
observed upon exposure of the cells to 1’OH- safrole.

To assess the DNA adduct formation upon combined exposure to these two compounds, 
HepG2 cells were exposed to individual concentrations and a mixture of 32 μM 1’-OH 

Fig. 2 Cell viability of HepG2 cells evaluated by the MTT assay after 24 h exposure to individual 
compounds or an equipotent mixture of 1’-OH estragole and 1’-OH safrole. Data points represent 
mean ± SD of three independent experiments
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estragole and 200 μM 1’-OH safrole for 2 h, both causing a comparable level of adduct 
formation upon individual exposure (Fig. 4). Upon combined exposure the formation of 
both E-3’-N2-dG and S-3’-N2-dG were not statistically significantly different from the levels 
observed upon exposure to the compounds in isolation.

Fig. 3 DNA adduct (E-3’-N2-dG or S-3’-N2-dG) formation in HepG2 cells after 2 h exposure to increasing 
concentrations of 1’-OH estragole or 1’-OH safrole

 

Fig. 4 DNA adduct (E-3’-N2-dG and/or S-3’-N2-dG) formation in HepG2 cells 2 h after individual or 
combined exposure to 200 μM 1’-OH safrole and/or 32 μM 1’-OH estragole. Data represent mean ± 
SD of three independent experiments
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3.3 PBK modeling
The concentrations of estragole, safrole, and their 1’-hydroxymetabolites present in the 
liver were predicted by PBK modelling (Martati et al. 2012; Punt et al. 2009) upon exposure 
to estimated daily intake of 0.01 mg/kg bw for estragole (Smith et al. 2002) or 0.005 mg/
kg bw for safrole (Rietjens et al. 2015). The corresponding liver concentrations were 0.017 
μM and 0.016 μM for estragole and safrole respectively (Table 1). In cytochrome P450 
(CYP) mediated bioactivation, estragole and safrole share CYP2A6 as a major enzyme 
involved in 1’-hydroxymetabolite formation (Jeurissen et al. 2007), providing a potential 
target for interaction upon combination exposure. In Table 1, the PBK model calculated 
liver concentrations are compared to the Km for this CYP2A6 mediated 1’-hydroxylation 
of estragole and safrole. This comparison reveals that the PBK modeling based predicted 
concentrations were 2 to 3 orders of magnitude below the Km for both compounds. Given 
that Km equals (k-1+k2)/k1 and Ki equals k-1/k1 or (k-3+k4)/k3 and k-3/k3 respectively (Fig. 1) it is 
likely that these substrate liver concentrations are also substantially below the Ki, pointing 
at the absence of efficient inhibition and competitive interactions. Similar considerations 
hold for the sulfotransferase mediated sulfonation of the 1’-OH metabolites considering 
the Km value and PBK model predicted liver concentrations also presented in Table 1, 
providing an explanation for the absence of significant interactions at the level of the DNA 
adduct formation in the HepG2 cells upon combined exposure to 1’-OH estragole and 
1’-OH-safrole. The PBK model predicted liver concentrations of 1’-OH estragole and 1’-
OH safrole amounted to 0.04 μM and 0.005 μM respectively, being also several orders of 
magnitude below the respective kinetic constants. Overall, these results indicate that at 
dietary levels of intake, interactions at the level of cytochrome P450 or sulfotransferase 
mediated bioactivation of estragole and safrole are unlikely to occur.

Table 1. PBK model predicted concentrations of estragole, safrole, 1’-OH estragole and 1’-OH safrole 
in human liver upon exposure to the estimated daily dietary intake of estragole and safrole as well 
as the Km values for their conversion by CYP2A6 and sulfotransferases respectively.

Estragole Safrole 1’-OH Estragole 1’-OH Safrole 

Concentration 
(μM)

0.017 0.016 0.04 0.005

Km (μM) 8a 12a 727c 3828b

a. Jeurissen et al., 2007 (Jeurissen et al. 2007)
b. Martati et al., 2012 (Martati et al. 2012)
c. Punt et al., 2007 (Punt et al. 2007)
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4. Discussion

In this study, the consequences of combined exposure to estragole and safrole were 
characterized based on in vitro and in silico models. Combined effects of the proximate 
carcinogenic metabolites 1’-OH estragole and 1’-OH safrole for the endpoints cytotoxicity 
and DNA adduct formation were quantified in an in vitro cell model. Studies were 
performed in HepG2 cells since these cells were shown before to allow detection of 
the respective endpoints upon exposure to the proximate 1’-hydroxy alkenylbenzene 
metabolites (Yang et al. 2020a; Yang et al. 2020b). The 1’-hydroxy metabolites of estragole 
and safrole were selected for this study, because estragole and safrole represent important 
food borne alkenylbenzene constituents which cause similar adverse effects (toxicity and 
carcinogenicity) at the same target organ (the liver) by a similar mode of action proceeding 
via formation of the proximate carcinogenic 1’-hydroxylated metabolites (Borchert et 
al. 1973; EPA 2000; Kobets et al. 2016; Wiseman et al. 1985). Estragole and safrole can 
naturally occur in many herbs and spices, and some botanical products and plant food 
supplements (PFSs) contain more than one alkenylbenzene (Alajlouni et al. 2017) reflecting 
the importance to obtain insight in potential consequences of combined exposure. The 
study was performed with the proximate 1’-hydroxymetabolites instead of the parent 
compounds because the HepG2 cells lack sufficient activity of cytochromes P450 for the first 
step in bioactivation of the alkenylbenzenes to form the proximate carcinogenic 1’-hydroxy 
metabolites. The studies performed provide insight in potential interaction upon combined 
exposure at the level of the sulfotransferase mediated bioactivation and subsequent DNA 
adduct formation. Experimental studies on the potential interactions at the level of the CYP 
mediated conversion of the parent alkenylbenzenes to the 1’-hydroxy metabolites would 
require use of primary hepatocytes exposed to the parent compounds. Recent studies 
have shown that in primary hepatocytes cytotoxicity and also DNA adduct formation of 
the parent alkenybenzenes can be detected (Hasheminejad et al. 1994; Yang et al. 2020a) 
providing a suitable model system for future studies. Given the relatively unrealistic high 
amount of human hepatocytes that would be required for such studies in the current study 
this interaction was studied in silico using previously developed PBK models.

The data obtained in the present study on cytotoxicity indicate that binary mixtures of 
the two selected alkenylbenzene 1’-hydroxymetabolites showed concentration (dose)-
addition. Interesting to observe is that the relative difference in potency between the two 
1’-hydroxymetabolites for cytotoxicity was different (3-fold) from the difference observed 
in potency for DNA adduct formation (8-fold). This may imply that the sulfotransferase 
mediated bioactivation, which is a determinant factor in causing 1’-OH alkenylbenzene 
derived DNA adduct formation, may not be the rate limiting factor in the mode of action 
underlying the cytotoxicity.
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With respect to DNA adduct formation, also no significant interactions between 1’-OH 
estragole and 1’-OH safrole were observed. Such interactions could have resulted from 
mutual competition at the active site of the sulfotransferase catalyzing the conversion the 
DNA reactive metabolites. The lack of such an interaction results probably from the fact 
that the concentrations tested for both compounds of 32 μM for 1’-OH-estragole and 200 
μM for 1’-OH-safrole were substantially below the Km for their sulfotransferase mediated 
conversion reported to amount to 727 μM for 1’-OH-estragole and 3828 μM for 1’-OH-
safrole and in incubations with human liver S9 (Martati et al. 2012; Punt et al. 2007). It 
should be noted that potentially interactions at the level of DNA adduct formation could 
also have originated from interactions at the level of repair of these adducts. However, 
previous studies revealed this repair to be limited and therefore unlikely to be a dominant 
factor for interactions (Yang et al. 2020a; Yang et al. 2020b). Furthermore, interactions at the 
level of detoxification of the proximate carcinogenic 1’-OH metabolites by glucuronidation 
and/or oxidation may also potentially play a role. However, given the results of the present 
study it can be concluded that also these processes do not result in detectable interactions 
upon combined exposure. This result is in line with the fact that the concentrations of 
both compounds tested were also below the Km for their glucuronidation and oxidation 
mediated conversions in incubations with human liver fractions reported to amount to 
respectively 1.32 mM and 0.55 mM for 1’-OH estragole (Punt et al. 2007), and 0.71 mM and 
0.35 mM for 1’-OH safrole (Martati et al. 2012).

Finally, as already indicated above, upon dietary combined exposure to estragole and 
safrole, potential interactions may originate at the level of the CYP mediated bioactivation 
of the alkenylbenzenes. A previous PBK study on the potential inhibition of the SULT 
mediated bioactivation of estragole by the CYP inhibitor nevadensin already elucidated 
that, while inhibition was observed at dose levels used in rodent bioassays, the interaction 
was no longer observed at realistic human dietary intake levels. This is because at realistic 
human dietary intake systemic concentrations of the inhibitor did not reach its Ki value of 4 
nM (Rietjens et al. 2015). In the present study the potential interactions at the level of both 
CYP and SULT mediated bioactivation were studied in silico using the previously developed 
PBK models in humans for estragole (Punt et al. 2009) and safrole (Martati et al. 2012). 
The concentrations of the parent compounds in the liver of humans upon dietary intake of 
the alkenylbenzenes were predicted to be orders of magnitude below the Km for the CYP 
mediated 1’-hydroxylation. Given that Km equals (k-1+k2)/k1 and Ki equals k-1/k1 or (k-3+k4)/
k3 and k-3/k3 respectively (Fig. 1), it is likely that these substrate liver concentrations are 
also substantially below the Ki, pointing at the absence of efficient inhibition and, thus, 
competitive interactions. Similar results were obtained for the predicted concentrations of 
the 1’-OH metabolites and the kinetic constants for their conversion by the sulfotransferase 
or their detoxification by glucuronosyltranferases or via their further oxidation. This 
explains why in the DNA adduct experiments no interaction was observed. This result is 
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in line with the previous conclusion that interactions upon combined exposure generally 
mainly happen at moderate or high dose levels (Könemann et al. 1996).

In summary, the results of the present study provide support for the absence of interaction 
effects upon combined exposure to two selected food-borne alkenylbenzenes at dietary 
levels of intake. This result provides a first line of evidence to support the use of dose 
addition in risk assessment of their combined dietary exposure.
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Chapter 6
General discussion



Major findings

The aim of the current thesis was to investigate the relative hazards and risks of DNA 
adducts formed by alkenylbenzenes via studying the DNA adduct formation, stability, and 
repair, as well as the effects of combined and repeated dose exposure on their formation. 
Alkenylbenzenes (estragole and safrole) were selected as test compounds because of their 
genotoxic mode of action and their widespread occurrence in food. DNA adducts induced by 
alkenylbenzenes can be persistent in human liver tissue (Herrmann et al. 2013) increasing 
the chances on mutations (Pottenger et al. 2019). Previous studies have reported the 
stability of estragole and safrole DNA adducts since these adducts remained in mice liver 
for up to at least 20 days following exposure (Gupta et al. 1993; Phillips et al. 1981b). So 
far, there is no adequate explanation for their repair-resistance. A hypothesis was proposed 
linking the resistance of the DNA adducts to inefficient repair mechanisms due to the 
nature of the DNA adduct conformations (Phillips et al. 1981b). This hypothesis was proven 
for DNA adducts induced by PAHs for which DNA adduct repair efficiency was related to the 
extent of DNA helix structure distortion caused by conformational changes upon formation 
of the DNA adduct (Geacintov and Broyde 2017). In order to better understand the mode of 
action underlying the repair-resistance of the alkenylbenzenes DNA adducts, knowledge on 
the DNA repair efficiency of the major estragole and safrole DNA adducts and the level of 
distortion of the DNA structure caused upon formation of the DNA adducts are required. The 
formation of persistent DNA adducts would lead to the potential bioaccumulation of these 
DNA adducts. As exposure time is prolonged, the DNA adduct level would gradually increase 
and may reach levels of adducts reported at the BMD10 for rodent liver tumor formation in 
studies in experimental animals (Paini et al. 2011), even upon low dose exposure levels. 
Thus, in the present thesis DNA adduct accumulation upon repeated exposure to estragole 
was studied in order to investigate whether accumulation of DNA adducts upon repeated 
exposure is indeed observed and to estimate how many cycles of exposure and subsequent 
(limited) repair would be required to reach adduct levels of concern. In addition, because 
several alkenylbenzenes can be present in botanicals and botanical preparations (Prinsloo et 
al. 2019) at the same time effects of combined exposure were also investigated. In current 
risk assessment of combined exposure to alkenylbenzenes, dose addition is assumed 
because of their similar mode of action, similar target organ and similar critical effect 
(Alajlouni et al. 2016). However, at the present state-of-the art experimental evidence to 
support this assumption is limited. Therefore, it was of interest to characterize the potential 
occurrence of interactions between different alkenylbenzenes upon combined exposure. In 
the following section, the major findings obtained in the present thesis to fill the scientific 
gaps are presented and discussed in more detail.

By studying the formation and repair of E-3-N2-dG and S-3-N2-dG DNA adducts derived 
from estragole and safrole in different in vitro liver cell models (Chapter 2 and 3) it was 
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shown that exposure of HepaRG cells and primary rat hepatocytes to estragole and safrole 
results in the formation of detectable DNA adduct levels. Thus, it was concluded that these 
cells provide adequate in vitro models to study DNA adduct formation and repair upon 
exposure to the parent alkenylbenzenes. HepG2 cells appeared to form detectable levels 
of E-3-N2-dG DNA adducts only when exposed to the proximate carcinogen 1’-OH estragole, 
most likely because of their low level of cytochromes P450 required to convert the parent 
alkenylbenzene to its proximate carcinogenic 1’OH metabolite. Exposure to 1’-OH estragole 
and 1’-OH safrole induced detectable E-3-N2-dG and S-3-N2-dG DNA adducts levels also in 
CHO cells enabling use of CHO wild-type and three NER-deficient mutants to investigate the 
DNA repair and the role of the NER system in this repair. Results obtained in all these in vitro 
models illustrated that repair of the E-3-N2-dG DNA adducts was limited, with 77% of the 
original amount of adducts remaining in the cells, in HepaRG cells and primary hepatocytes 
after 72 h and 4 h repair respectively. Persistence of S-3’-N2-dG adducts was observed in 
HepaRG cells as well rat hepatocytes in which no substantial reduction of DNA adduct levels 
was displayed during the 48 h and 4 h recovery. The role of NER in the limited repair of E-3-
N2-dG adducts was studied in the CHO cells, in which repair appeared to be limited as well, 
showing a statistically significant decrease in DNA adduct levels in the first 4 h after removal 
of the 1’-OH estragole exposure, with no further decrease up to 24 h recovery at which 
time around 80% of the DNA adducts (36 ± 2/108 nts) remained in the CHO wild type cells. 
In corresponding NER-deficient cells, no significant NER repair was observed. For S-3’-N2-dG 
adducts, a statistically significant reduction in adduct levels occurred in the CHO wild type 
cells after 24 h repair with 35 ± 13% of the original adduct level remaining. In contrast, a 
limited extent of repair of the S-3’-N2-dG adduct was observed in NER deficient cells. These 
data indicated the likelihood of involvement of the NER system in the repair, albeit limited, 
of both adducts. To further evaluate the possible underlying mechanism of the apparent 
inefficient repair of the E-3-N2-dG and S-3’-N2-dG adduct, molecular modelling and MD 
simulation were performed. The results from molecular simulation indicated that the 
most representative E-3-N2-dG and S-3-N2-dG adduct conformations shared similar binding 
features, with the adduct residue remaining in the minor groove of the helix, distorting the 
DNA structure to only a limited extent with all base pairs remaining intact (Fig. 1). Only one 
simulation starting with the E1 conformation of the E-3-N2-dG adduct showed the extrusion 
of the base out of the helix resulting in a more prominent distortion of DNA structure for a 
limited percentage of the 20 ns simulation time. These data provided a possible explanation 
for the restrained repair, since activation of the DNA repair systems may require larger 
distortions in the DNA structure. Overall, these results showed the persistence of E-3-N2-
dG and S-3-N2-dG adducts in the liver cell models and provided evidence to support the 
conclusion that the inefficient enzymatic repair is likely due to a limited distortion of the 
DNA double-stranded helix resulting in inefficient activation of NER.
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The results obtained in our in vitro and in silico studies on the persistence and inefficient 
repair of the major estragole and safrole DNA adducts are in line with data in literature 
also pointing at the persistence of these DNA adducts in vitro and in vivo. The persistence 
of estragole DNA adducts was observed in V79 cells treated with increasing estragole 
concentrations of 0.5, 0.75 and 1 mM for 2 h followed by 25 h of repair. DNA adducts 
were still present after the recovery time indicating the repair inefficiency (Martins et al. 
2012b). Estragole DNA adducts were also present in the liver of mice for 21 days after 
the last treatments with estragole (Phillips et al. 1984). While, safrole DNA adducts were 
persistent in liver tissue of mice without detectable changes either over a short period of 
time (3 weeks) (Nath et al. 1992) or a long period of time (20 weeks) (Randerath et al. 

Fig. 1 Representative structures of E-3’-N2-dG (a) and S-3’-N2-dG (b) as obtained in the molecular 
modeling studies (for further details see Chapter 2 and 3)
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1984) following a single dose of safrole. For S-3-N2-dG adducts, it has been found that the 
adducts can be detected in the liver tissue for 2 days with only a slight decrease of adduct 
levels, after dosing of safrole to female CD-1 mice (Gupta et al. 1993). Integrating what has 
been found in the current thesis and the findings observed in the in vivo studies, the limited 
repair of the alkenylbenzene adducts, for both estragole and safrole, points at the potential 
for bioaccumulation upon repeated daily dietary exposure.

In order to investigate this potential bioaccumulation of alkenylbenzene DNA adducts to a 
further extent, the accumulation of the major estragole DNA adduct of estragole (E-3-N2-
dG) was investigated in human HepaRG cells that were exposed to repeating cycles of 2 
h exposure to estragole followed by 22 h repair to mimic daily exposure (Chapter 4). The 
same process was repeated for another three cycles and after each cycle at the end of 
the 22 h repair, the level of E-3-N2-dG was quantified. In contrast to primary hepatocytes, 
HepaRG cells can be maintained in culture for longer periods of time enabling the repeated 
exposure regimen. Results showed a linear increase (R2=0.94) in the level of E-3’-N2-
dG DNA adducts with an increasing number of cycles reflecting E-3’-N2-dG DNA adduct 
accumulation upon repeated exposure. From the results obtained the accumulation 
of E-3’-N2-dG DNA adducts was estimated to occur at a rate of 17.53 adducts / 108 nts / 
cycle. The concentration of estragole used in this experiment with the HepaRG cells was 
selected based on data from physiologically based kinetic modelling to reflect the liver 
concentration of estragole that would correspond to the dose level of 52 mg/kg bw (for 
rats) and 36 mg/kg bw (for humans). These dose level reflects dose levels in the range of 
doses that would induce liver tumors in experimental animals (Paini et al. 2010). In a next 
step, assuming linearity in the dose dependent DNA adduct formation, the rate of DNA 
adduct accumulation obtained was converted to a rate that would occur at the level of 
dietary daily intake of estragole of 0.01 mg/kg bw/day (Smith et al. 2002). This resulted in 
values amounting to 0.0034 and 0.0048 E-3’-N2-dG DNA adducts/ 108nts/ cycle at a dose of 
0.01 mg/kg bw/day in rat and human respectively. These rates for formation of E-3’-N2-dG 
DNA adducts imply that a level of 10-100 adducts /108 nts, reported to occur at the BMD10 
of the related alkenylbenzene methyleugenol (Paini et al. 2011), would be reached in 8-80 
(in rat) and 6-57 years (in human). This implies that the results in Chapter 4 indicate that 
due to the persistent nature of adducts, at prolonged dietary exposure, the major estragole 
DNA adducts, may accumulate to reach substantial levels at normal dietary intake levels of 
estragole.

Accumulation of E-3’-N2-dG DNA adducts obtained in our in vitro study was also in line 
with results from an in vivo rat study where the formed E-3’-N2-dG adduct level showed 
to be significant higher at 48 h after treatment with a single dose of estragole than at 
24 h indicating that full conversion of estragole takes longer than 22 h (Paini et al. 2012) 
further supporting continued accumulation upon repeated daily exposure. Moreover, 
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Herrmann et al. (2013) reported detection of methyleugenol DNA adducts in the livers of 
Caucasian subjects. The detected DNA adduct level were within the range of 10-100 /108 
nts and were most likely the result of regular dietary exposure. This is in line with what we 
observed in HepaRG cells upon repeated exposure. It is of interest to note that recently, 
Schulte-Hubbert et al. (2020) reported a sublinear increase of DNA adduct formation at the 
concentration below 1 μM. The threshold of 0.5 μM for DNA adduct formation is higher 
than the concentrations predicted by PBK modeling to result from dietary exposure (0.01–
0.04 μM at a dose of 0.01-0.07 mg/kg) indicating that the number of days likely required 
to reach the level of 10-100 adducts /108 may take longer than what has been estimated 
based on linear extrapolation of the adduct accumulation rate. More detailed information 
and considerations on this topic are presented below in the general discussion section.

Given that alkenylbenzene producing botanicals may contain more than one alkenylbenzene 
(Prinsloo et al. 2019) combined exposure to alkenylbenzenes via food may occur. To obtain 
further insight in the consequences of such combined exposure, in final experiments of 
the present thesis the consequences of combined exposure to estragole and safrole for 
cytotoxicity and DNA adduct formation was investigated using the in vitro and in silico 
models developed (Chapter 5). For cytotoxicity, concentration-viability curves were 
established upon exposing HepG2 cells to 1’-OH estragole and 1’-OH safrole individually 
or in combination. Obtained results showed that the concentration-response curve for the 
combined exposure adequately matched that of 1’-OH estragole with comparable IC50 
values expressed in estragole equivalents. These results indicate that the two compounds 
show an additive effect for cytotoxicity of their proximate carcinogenic metabolites, which 
were in previous studies already shown to be more toxic than their respective parent 
compounds. For studies on DNA adduct formation upon combined exposure, HepG2 
cells were exposed to 1’-OH safrole or an equipotent concentration of 1’-OH estragole 
individually or in combination. Results obtained illustrated the comparable level of E-3’-N2-
dG adducts formed upon individual and combination exposure, indicating the absence of 
interactions at the level of the sulfotransferase mediated bioactivation and the subsequent 
DNA adduct formation. Similar results were obtained for the S-3’-N2-dG formation. To also 
include the cytochrome P450 mediated first step in the bioactivation in this analysis an in 
silico approach was applied. To this end the concentration of the alkenylbenzenes in the 
liver expected at dietary intake levels of estragole and safrole were predicted using PBK 
modeling. These liver concentrations of estragole and safrole at the estimated dietary intake 
levels were predicted by the human PBK models (Martati et al. 2012; Punt et al. 2009) to 
amount to 0.017 μM and 0.016 μM respectively. Comparing these values to the Km values 
for CYP2A6, the major P450 enzyme involved in 1’-hydroxylation of estragole and safrole 
(Jeurissen et al. 2007), revealed that the PBK modeling based predicted concentrations 
were 2 to 3 orders of magnitude below the Km for both compounds indicating an unlikely 
occurrence of interaction at the level of P450 mediated 1’-hydroxy metabolite formation. 
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A similar analysis could also be made for the sulfotransferase mediated sulfonation of the 
1’-OH metabolites where the predicted liver concentration of 1’-OH estragole (0.04 μM) 
and 1’-OH safrole (0.005 μM) were far below the Km values for sulfotransferases of both 
compounds of 1’-OH estragole and 1’-OH safrole respectively (Martati et al. 2012; Punt 
et al. 2009) corroborating the absence of competitive interactions, as also observed in 
the in vitro cellular model. Overall, these results indicate that at dietary levels of intake, 
interactions at the level of DNA adduct formation resulting from cytochrome P450 or 
sulfotransferase mediated bioactivation of estragole and safrole are unlikely to occur.

Based on these experiments and considerations the present thesis provides further 
insight in the relative hazards and risks of DNA adduct formation upon human exposure 
to selected alkenylbenzenes (estragole and safrole) at realistic dietary exposure levels. 
These insights were obtained by studying formation of alkenylbenzene adducts, as well 
as their repair, potential accumulation, and interactions upon single and also combined 
exposure in different liver cell models combined with in silico PBK modelling and molecular 
dynamics. The obtained results show that the limited extent of DNA repair may result in 
the accumulation of DNA adducts, that, even at realistic dietary human intake, may reach 
levels that raise a potential concern upon chronic exposure. Although more than one 
alkenylbenzene may occur simultaneously in herbal products, the results also revealed 
that potential interactions are unlikely to happen, since internal concentrations at realistic 
dietary exposure remain too low to result in such interactions, so that effects obtained are 
additive. The current thesis provides an example of combined use of in vitro and in silico 
test strategies for evaluating the potential hazards and risks of these DNA adducts induced 
by food borne genotoxic carcinogens. It provides novel insights in the pathways underlying 
their mode of action. Use of computer modeling facilitated generation of data in in vitro 
experiments at concentrations that can be linked or extrapolated to realistic low dose 
dietary human exposure levels.

General discussion

Although a better understanding of relative hazards and risks of DNA adducts derived from 
estragole and safrole was provided in the present thesis, several items of interest for some 
further discussion and future experiments can be identified and include the following 
topics:

1. Considerations on the use of MD simulations to investigate the potential underlying 
mechanisms for the NER resistance of alkenylbenzene DNA adducts
2. Impact of the base sequence within which DNA adduct binding occurs, and the 
consequences for DNA structure distortion and the efficiency of NER mediated repair
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3. The consequences of DNA damage caused by estragole and safrole DNA adduct formation 
when not repaired
4. Accumulation of the persistent estragole DNA adducts
5. Potential combination effects affecting the DNA adduct formation
6. Implications for risk assessment

1. Considerations on the use of MD simulations to investigate 
the potential underlying mechanisms for the NER resistance of 
alkenylbenzene DNA adducts

MD simulations were performed to investigate the structural changes in the double-
stranded (ds) DNA occurring upon DNA adduct formation. This was of interest because the 
NER system repair requires distortion of the ds DNA helix to initiate repair, and previous 
studies on other NER resistant DNA adducts indicated that the resistance could be due to 
the limited DNA distortion (Geacintov and Broyde 2017). This was reported for instance, 
for the bulky DNA adducts derived from some polycyclic aromatic hydrocarbons (PAH) (Cai 
et al. 2012). In the current thesis MD simulation was applied to detect the changes in the 
ds DNA structure caused by the major estragole and safrole adducts (Chapter 2 and 3). 
The simulations revealed an only limited distortion, providing a potential explanation for 
the persistence of the E-3’-N2-dG and S-3’-N2-dG adducts. These results illustrate the use 
of computer modeling to better understand the NER mediated response. In the following 
section, two elements that can influence the results of the MD simulation and useful 
additions to future MD studies are discussed in some more detail.

• Why using GROMOS 45A4 nucleic acid force field
As the MD simulation is strongly dependent on the quality and nature of the force field, 
based on which the movement of the respective atoms in the structure is described. The 
choice of a force field can always be debated. There are three force fields for nucleic acids 
that are frequently applied: the AMBER ff9x, CHARMM c36, and GROMOS force fields 
(Galindo-Murillo et al. 2014). In a recent study, using the AMBER force field, including the 
bsc1 and OL15 modifications, simulations with longer simulation time could not provide 
a satisfactory description of the transitions of double-stranded DNA between the A- and 
B-forms, resulting in too many states of the DNA in B type geometry and basically the 
absence of the A type geometry (Zgarbová et al. 2018). The transition between A-DNA and 
B-DNA is a basic element of DNA’s conformational repertoire (Zgarbová et al. 2018). Since 
DNA adduct formation can also modify the type of DNA helix, it is important to investigate 
how the estragole and safrole adduct formation would affect the DNA structure using a 
force field that provides an adequate A/B equilibrium of the DNA. In contrast to the results 
of the AMBER simulations with predominantly B-type DNA, simulations conducted using 
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the CHARMM 36 force field enabled modeling of the A-to-B transition without energy 
barrier. However, when applying the CHARMM 36 force field, A-like structures sometimes 
persist in the specific regions for up to 10 ns more, and a slow transition was observed 
in the sequence containing less A-phobic sequences (Waters et al. 2016). In the current 
thesis, the GROMOS force field was used. Different from the AMBER and CHARMM force 
fields, this force field can provide more flexibility of the DNA due to the limited Watson-
Crick hydrogen bonding (Galindo-Murillo et al. 2014). The limited Watson-Crick hydrogen 
bonding also induces issues with terminal base pair fraying followed by distortion of 
the whole structure (Ricci et al. 2010; Setz 2018). In order to avoid opening events, half 
harmonic attractive distance restraints on the hydrogen bonds of the terminal base pairs 
were applied in the present simulations conducted using the GROMOS 45A4 force field. 
When these restraints were included the stability of the simulation vastly improved without 
irreversible hydrogen bonds broken in the unmodified DNA simulation (Chapter 2, Table1; 
Chapter 3, Table 3, Fig. S8). Besides, as compared with a previous GROMOS 45A3 version, 
the GROMOS 45A4 force field resulted in a lower atom-positional RMSD for the canonical 
DNA structures and reduced fluctuations of atom positions in the terminal regions leading 
to more stable hydrogen bonds between complementary base pairs (Soares et al. 2005). 
The distance restraints on terminal base pairs with the improved force field provide a stable 
and flexible DNA providing an adequate basis to facilitate investigation of the structural 
modifications caused by estragole and safrole DNA adduct formation. Still, as simulations 
become longer and more extensive (see below) new limitations in force-field accuracy 
come to mind. Efforts to improve the force fields further are continuously under way, such 
that distance restrains on the terminal base pairs may no longer be necessary. A major 
challenge is the lack of accurate primary structural data to parameterize force fields against, 
without biasing towards specific DNA structures. The crucial question is not the average 
structure that may be derived from X-ray crystallography or NMR spectroscopy, but the 
dynamic equilibrium between multiple conformations of DNA, which need to be sampled 
in MD simulations.

• Simulation time
In the present thesis MD simulations were performed for 20 ns as well as 100 ns 
durations. The simulations conducting for the shorter timescale, 20 ns, indicated that the 
conformations of the major estragole and safrole DNA adducts were independent of the 
initial structure and did not reveal significant distortions of the ds DNA helix (Chapter 2, 
3). In the safrole study (Chapter 3) a further extension of the simulation time (to 100 ns) 
was included in order to ascertain that also upon longer simulation times the damaged 
DNA would not undergo a conformation change and the modification would not disturb 
the DNA environment. The 100 ns simulation carried out for the 11 mer containing the 
S-3’-N2-dG DNA adduct (Chapter 3) confirmed the results of the MD simulation during 
the shorter timescale. This result is in line with a simulation for the Dickerson dodecamer 
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(CGCGAATTCGCG) using the AMBER parmbsco force field, that revealed that convergence 
of internal properties of the DNA helix can be reached within the 250-300 ns timescale 
simulation (Dršata et al. 2013).

So far, for MD simulations on DNA structures a wide range of simulation times varying from 
picosecond to millisecond regimes were explored. However, the setting of the simulation 
time for sampling the dominant structural and dynamics features of DNA is always a 
challenging question (Galindo-Murillo et al. 2015). Although there is no uniform standard 
for the simulation time, it has been proposed that longer MD simulation time will provide a 
more rigorous test of the force-field parameters for nucleic acids and expose the potential 
issues in the force fields (Galindo-Murillo et al. 2015). As an example, Zgarbová et al. (2014) 
found the formation of multiple noncanonical structures at the ends of the DNA (end effects) 
in the first tens to hundreds of nanoseconds of the MD simulations. These end effects, also 
named base pairing opening events, were related to the inaccurate force field description 
of glycosidic (χ) torsion potentials for DNA molecules, which overstabilizes the syn region 
and allows for rapid anti to syn transition. This issue induces unachievable convergence of 
the DNA structural parameters within several microseconds of the timescales. Based on 
these findings, longer simulation time can be considered as the strategy for checking the 
accuracy of the force field.

Before prolonging the simulation to the long timescale, it is still suggested to perform an 
initial MD simulation with a relatively shorter timescale. The short simulation time will 
reveal any obvious mistakes or issues occurring in the force field. Further extension of 
the simulation time will facilitate to confirm the convergence and reproducibility of the 
simulation. In the present work, small conformational distortions in the safrole simulations 
were observed within 20 ns, which were then revealed to be reversible in the longer 
simulations.

These two considerations together form a certain tension for simulations of DNA. On the one 
hand, longer simulation times may be required to ensure convergence of conformational 
preferences, while on the other hand longer simulations may reveal additional inaccuracies 
in the force fields. One approach, is to perform multiple similar simulations in parallel, 
such that it can be determined if any conformational changes are intrinsic to the system, 
or just the effect of a random fluctuation. This emphasizes the need for accurate force 
field descriptions that allow for sufficient flexibility and yet stable simulations of ds DNA. 
Future research should focus on the characterization of dynamic equilibrium for ds DNA 
conformations, including effects of the sequence. Both experimental work and long-
time simulations need to be brought in agreement to further improve the quality of MD 
simulations for DNA.
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2. Impact of the base sequence within which DNA adduct 
binding occurs, and the consequences for DNA structure 
distortion and the efficiency of NER mediated repair

The 11-mer ds DNA sequence used in the current thesis was chosen to be similar to the one 
used in the previous study reported by Cai et al. (2011) who studied the conformational 
changes upon formation of 14R (+)- and 14S (-)-trans-anti-DB[a,l]P-N6-dA adducts in a 
CCATCA*CTACC ds DNA sequence. In our studies a small modification of the 11-mer ds DNA 
sequence was made by changing the adenine at position 6 to a guanine to allow formation 
of the E-3’-N2-dG and S-3’-N2-dG adducts. This sequence has been used before to investigate 
the structural DNA modifications caused by insertion of different PAH DNA adducts (Cai et 
al. 2011; Cai et al. 2012; Mocquet et al. 2007). When considering the structural changes in 
the ds DNA helix upon adduct formation, the potential impact of the used base sequence 
requires further consideration. The changes of the base sequence may perform variations 
in adduct distribution. Eventually differences in distortion of DNA structure for adducts in 
a different base sequence environment would also provide a basis for differences in NER 
repair efficiency. Therefore, it would be interesting to know how the alkenylbenzenes DNA 
adducts distribute in the sequence with one guanine flanking with different bases and in a 
guanine-rich sequence. And their subsequent influence on the NER repair efficiency caused 
by the DNA structure perturbation.

So far, there is no study focusing on the influence of base sequence on alkenylbenzene 
DNA adducts binding or conformational consequences of the adduct formation, but the 
potential influence of the surrounding DNA base sequence on the adduct formation has 
been studied to some extent in related research on other DNA adducts. From these studies, 
the distribution of dG DNA adducts in DNA has showed a sequence-dependent preference 
for DNA adduct formation (Richardson and Richardson 1990). In a single guanine 
sequence, for instance, the O6-methyldeoxyguanosine adduct generated by N-methyl-N-
nitrosourea (MNU) showed sequence-dependent preference for binding in the sequence 
5’-TATACTAGTATA-3’ with 2.1-fold higher than in the sequence 5’-TATACATGTATA-3’ where 
the adenine replaced by thymine nearby the guanine for the lesion site presented in 
the preceding 5’ (Dolan et al. 1988). This study also found same preference for binding 
in 5’-TATACTAGTATA-3’with 1.5-fold greater occurred in N7-alkylguanine (N7-alkylG) DNA 
adducts formation induced by MNU. The potential mechanism involves the formation of 
a tetrahedral precursor intermediate on the purine preceding the guanine in 5’-flanking 
regions. Although it is not clear whether this mechanism could apply for alkenylbenzenes 
DNA adducts, these findings implied that the DNA adduct distribution can be influenced 
by the base nearby the guanine residue. Moreover, in a guanine-rich sequence, O6-
methyldeoxyguanosine adduct showed sequence-dependent preference in sequence 
of 5’-CCG1TG2G3G4ATATGGGTC-3’ with 5-6 fold greater binding at G3 and G4 than at G1, 
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and a 3-fold greater binding at G3 and G4 compared with G2 (Richardson and Richardson 
1990). N7-alkylG DNA adducts derived from nitrogen mustards showed a preferable 
binding sequence with consecutive guanine sequences or GC clusters. The reactive moiety 
of nitrogen mustards is the aziridinium group with positive charge that can be attracted 
by either consecutive guanine sequences (like GGG) or GC clusters in DNA, which provide 
greater negative molecular electrostatic potential in the DNA sequence and consequently 
generate the preference for DNA adduct formation in these specific sequences (Kohn et 
al. 1987). Since a positively charged reactive carbocation can also be produced during 
the alkenylbenzene DNA adduct formation, alkenylbenzene DNA adducts may also likely 
be generated in the regions where the guanine is flanked by G’s or C. If that is the case, 
subsequent MD studies may focus on investigating the structural changes upon the 
preferential formation of alkenylbenzene DNA adducts at different G positions in a guanine-
rich sequence.

The preferential adduct formation at guanine in different base environments may also 
influence the NER repair efficiency. For instance, when 10S (+)-trans-anti-B[a]P-N2-dG 
adduct binds to the single G surrounding with different bases, the various NER repair 
efficiency was found (Cai et al. 2010). 1.5-fold higher repair efficiency was observed in 
the sequence of 5’…CACATG6TACAC-3’ (TG6T-II) when (+)-trans-B[a]PDE-N2−dG adduct 
bonded to the guanine (G6) than bonded to the same sequence with replacing the two 
thymines flanking G6 by cytosines (CG6C-II). This is because that 5’-TG6T-II duplex showed 
much more dynamics than 5’-CG6C-II duplex due to 1) weaker hydrogen bonding present 
in T:A pair, with only two hydrogen bonds, than in G:C pairs, with three hydrogen bonds; 2) 
weaker stacking of T-G compared to C-G steps enhancing the mobility. These result in the 
enhanced bending and untwisting of the DNA structure, which gives the stronger signal 
of DNA distortion for NER (Cai et al. 2010). An influence of the DNA sequence has also 
been observed for the (+)-trans-B[a]PDE-N2−dG adduct positioned at different guanines in 
the sequence of 5’- ….CATGC5G6G7CCTAC…-3’. More than 2-fold higher NER efficiency was 
observed when the (+)-trans-B[a]PDE-N2−dG adduct was located at the G6 position of this 
sequence than at the G7 position (Kropachev et al. 2009). In this study it was shown that 
when the adduct binds to the G6 position, the guanine amino group from G6 crowds the 
BP benzylic ring leading to the rotation of the BP moiety that intrudes into the hydrogen 
bonding of C5: G base pairs. This results in a significant distortion of the DNA structure. 
Whereas when the adduct binds to the G7 position, untwisting of the DNA helix and an 
enlarged roll between theC5:G/G6:C base pair was observed due to the steric hindrance 
between the G6 guanine amino group and the BP aromatic ring system. However, all the 
base pairs remained intact. Less distortion of the DNA helix was displayed when the adduct 
binds at G7 than at G6 (Kropachev et al. 2009) providing an explanation for the lower NER 
activity for the G7 than the G6 adduct. Based on these findings, it would be of interest 
for future studies to check the consequences of the surrounding DNA basis for the effect 
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of the adduct formation on the structural changes. The UvrABC nuclease incision method 
would be available for detecting the location of the DNA adducts in the DNA of in vitro 
or in vivo alkenylbenzene exposed liver cells, since the UvrABC nuclease only produces 
specific incision bonds in the modified DNA fragments (Arakawa et al. 2006). Based on the 
information of alkenylbenzene DNA adduct location, MD simulations similar to the ones 
presented in this thesis, can be carried out for identifying the corresponding DNA structure 
distortion.

3. The consequences of DNA damage caused by estragole and 
safrole DNA adduct formation when not repaired

In Chapter 2 and 3, the studies with the CHO wildtype and NER deficient cells pointed at 
a potential role for the NER system in the limited repair of the E-3’-N2-dG and S-3’-N2-dG 
DNA adducts. And although the repair is limited it is also of interest to consider whether 
potentially also other than NER mediated DNA repair pathways could be involved. 
Furthermore, as in theory DNA adduct formation could result in different types of DNA 
damage and thus activation of different types of repair, it would be interesting to obtain 
further insight into what kind of DNA damage is induced by the DNA adduct formation and 
whether other repair pathways may also contribute to the processes following estragole 
and safrole DNA adduct formation.

In the following content, different types of DNA damage including DNA strand-breaks, sister 
chromatid exchange (SCE), chromosomal aberrations (CA) and base transitions, which have 
been reported to result from estragole and safrole DNA adduct formation (Daimon et al. 
1997; Kobets et al. 2016; Martins et al. 2012b; Suzuki et al. 2012), and corresponding repair 
mechanisms are discussed (Fig. 2).

• DNA strand-breaks
DNA strand-breaks were evaluated in turkey eggs fetal livers by the alkaline comet assay 
(Kobets et al. 2016). Significant dose-related increases in DNA strands breaks were 
observed at both low dose (5 and 10 mg/egg) and high dose (20 and 40 mg/egg) levels of 
estragole exposure with 2-3.5-fold increase compared to control. High level of estragole 
DNA adduct formation (1886/ 108 nts) was detected at dose level of 40 mg/egg by using 
a 32P-postlabeling assay. In contrast, the same study reported negative results in the assay 
for DNA strand breaks upon safrole exposure at a dose level of 1 and 2 mg/egg, while a low 
level of DNA adduct formation (3/108 nts) was detected at the highest dose (2 mg/egg). The 
negative results of DNA strand breaks may be caused by undetectable level of DNA adduct 
formation induced from low dose level of safrole exposure. These findings for estragole 
and safrole, points at a possible relation between DNA adduct formation and DNA strand-
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breaks. When DNA adduct levels are low, there may even be a practical threshold and/or 
insufficient sensitivity for the comet assay detection of breaks resulting from DNA adducts.

As the comet assay can detect both single-and double-stranded DNA breaks under alkaline 
conditions and no detailed information was mentioned in the study reported by Kobets et 
al. (2016), both types of DNA strand breaks could be induced. Single-stranded DNA breaks 
(SSB), can be repaired by SSB repair (SSBR) or homologous recombination (HR) (Hossain et 
al. 2018). It is widely known that SSB represent the intermediate products of base excision 
repair (BER). Therefore, it is likely that BER also participates in the repair of DNA damage 
caused by estragole and safrole. Double-stranded DNA breaks (DSB), can be repaired by HR 
and nonhomologous DNA end joining (NHEJ) (Lieber 2010).

• SCEs
Adduct-forming compounds are considered as a good inducer of SCE (Daimon et al. 1997). 
Some studies have reported that the SCEs formation can be appeared upon estragole and 
safrole exposure (Daimon et al. 1997; Martins et al. 2012a). A dose dependent increase 
in estragole DNA adducts and SCE formation with a strong correlation between SCE and 
estragole DNA adduct formation (R2=0.962) was observed in V79 cells treated with 0-1 mM 
of estragole for 2 h (Martins et al. 2012a). Significant levels of SCE can also be induced 

Fig. 2 Summary of potential lesions induced by estragole and safrole DNA adduct formation.
SCE: sister chromatid exchange, CA: chromosomal aberrations, SSB: single-stranded DNA breaks, DSB: 
double-stranded DNA breaks, MMR: mismatch repair, BER: base excision repair, SSBR: SSB repair, HR: 
homologous recombination, NHEJ: nonhomologous DNA end joining, TLS: translesion synthesis polymerases
Lesions are marked by yellow and corresponding repair mechanisms are marked by red. The black dash 
arrows present the lesions induced by other damages but not directly induced by DNA adduct formation.
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in rats upon single oral exposure to 1000 mg/kg bw of safrole possibly resulting from the 
1’-sulfoxy metabolites binding to DNA, although no correlation study between SCE and 
safrole DNA adduct formation was performed (Daimon et al. 1997). During the process 
of SCE, SSB can be produced. Therefore, the repair of SSB may facilitate to suppress SCE 
events (Wilson III and Thompson 2007).

• CA
Another type of DNA damage, induction of CA, was evaluated in the same study of Daimon 
et al. (1997) upon exposing rats repeatedly at a dose level of 500 mg/kg bw safrole for 5 
times. Similar to what was concluded for the SCE induction, the induction of CA in the rat 
liver was ascribed to the formation of the 1’-sulfooxy metabolite that can bind to DNA. As 
it is widely accepted that CA induction also can be due to unrepaired or misrepaired DSB 
(Iliakis et al. 2004), repair mechanisms for unrepaired DSB, HR or NHEJ, may facilitate to 
suppress the CA formation.

• Base transition
Base transition could be induced by exposing to estragole resulting in GC:AT transition. 
This base transition was found upon prolonged exposure to estragole at a dose level of 200 
mg/kg bw for 4 weeks in rats (Suzuki et al. 2012). A predominant increase of GC:AT base 
transition was in line with the formation of ES-3’-N6-dA or 3’-8-dG adducts, and this point 
mutation can be repaired by DNA mismatch repair (MMR) (Belfield et al. 2018).

• TLS mediated error-prone process
In addition, in early studies the persistence of the E-3’-N2-dG adduct was observed to be 
related to the TLS mediated error-prone process (Paini et al.). Rat hepatocytes were treated 
with 50 μM 1’-OH estragole for 24 h which was shown to induce the increase of mRNA 
expression of polymerases involved in translesion synthesis. This may trigger the tolerant 
response to favor survival.

Overall, it can be concluded that formation of the reactive 1’-sulfooxymetabolites may 
result in not only DNA adducts but also in several other types of genetic damage. As 
a result, in addition to NER, many other repair pathways including SSBR, BER, HR, NHEJ, 
and MMR may be involved in the repair of estragole and safrole induced DNA damage, 
or bypass the DNA adduct to allow the replication on damaged DNA-substrates. This may 
imply that the mutation incidence following the DNA adduct formation is likely related to 
the DNA damage accompanied by additional lesions resulting from the DNA adducts.
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4. Accumulation of the persistent estragole DNA adducts

• The role of other estragole DNA adduct than E-3’-N2-dG adducts upon 
prolonged exposure
The limited repair of the E-3’-N2-dG adducts observed in Chapter 2 pointed at potential 
adduct accumulation. This was investigated to a further extent in Chapter 5 where a gradual 
linear increase in the level of E-3’-N2-dG DNA adducts with an increasing number of cycles 
of daily exposure and repair was found. In the present thesis E-3’-N2-dG appeared to be 
the major adduct formed in estragole exposed liver cells. This is in line with literature data 
reporting the E-3’-N2-dG adducts to be the major adduct detected in cells in vitro (Schulte-
Hubbert et al. 2020) or in the liver of exposed rodents (Randerath et al. 1984). The E-3’-N2-
dG adduct was shown to be the dominant one being detected at 10 times higher amounts 
than the E-3’-N6-dA adduct, another type of estragole DNA adduct formed by binding of 
the reactive estragole metabolite to the N6 in adenine, upon single exposure to estragole 
of primary rat hepatocytes in the concentration range of 0-300 μM (Schulte-Hubbert et al. 
2020). However, the major estragole DNA adduct E-3’-N2-dG adduct may switch to E-3’-N6-
dA adduct upon repeated exposure observed from in vivo study. In an in vivo study, in which 
rats were treated with 0, 22, 66 or 200 mg/kg bw estragole for 4 weeks, E-3’-N2-dG adducts 
were the major ones at the dose level of 22 mg/kg bw estragole exposure while in this 
study this adduct level did not change obviously at higher doses levels. Whereas, the level 
of E-3’-N6-dA adducts increased significantly along with the dose and E-3’-N6-dA became 
the predominant type of adduct upon exposure to 66 or 200 mg/kg bw estragole (Suzuki 
et al. 2012). These findings imply that at high dose level, there appears to be no longer a 
balance between E-3’-N6-dA adduct formation and repair. The slower decrease/repair of 
the E-3’-N6-dA adduct than of the E-3’-N2-dG adduct may facilitate a continuous increase in 
adduct levels resulting in their accumulation overtime upon prolonged exposure at a higher 
rate than that of the E-3’-N2-dG adduct, switching the dominant DNA adduct from E-3’-
N2-dG to E-3’-N6-dA. However, upon exposure to relatively low levels (like 50 μM used in 
current thesis), E-3’-N2-dG adduct might be still predominant, because the difference in the 
rate of formation may dominate the accumulation of the levels.

• Accumulation of DNA adducts at different conditions
1) Sublinear increase of DNA adducts at low dose levels
The relation between E-3’-N2-dG adduct formation and concentration/ dose has been 
shown to be linear both in vitro and in vivo in experimental animals (Paini et al. 2012; Paini 
et al. 2010). However, a recent study demonstrated that the E-3’-N2-dG adduct levels were 
not significantly increasing when substrate concentrations to which rat hepatocytes were 
exposed was below 1 μM resulting in a hypolinear relationship between concentration of 
estragole and DNA adduct levels detected in the cells (Schulte-Hubbert et al. 2020). The 
predicted threshold for E-3’-N2-dG adduct level increase derived from these data was 0.47 
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μM estragole. In the studies reported by Paini et al. (2010) the lowest concentration in rat 
hepatocytes exposure was 0.5 μM 1’-OH estragole estimated by PBK modeling (Paini et al. 
2012) to amount to estragole liver concentration of 2 μM and the lowest dose in the in 
vivo rat study was 5 mg/kg bw estragole estimated by PBK modeling to amount to a liver 
concentration of 2.8 μM (Paini et al. 2012). Thus, in neither of these studies reporting a 
linear concentration or dose dependent increase in estragole DNA adduct levels the liver 
cells were exposed to estragole concentrations below 1 μM, the region where the sublinear 
behavior was observed. Therefore, it is possible that the linear model adequately describes 
the data at relatively high exposure levels. However, at the low concentration range, that is 
below 1μM, linear extrapolation of the concentration response data obtained at high levels 
may lead to the overestimation of the DNA adduct formation at extremely low exposure 
conditions. PBK modeling performed in the present thesis revealed that the concentration 
range below 1μM estragole, however is representative for dose levels that match realistic 
dietary intake levels. In the repeated exposure experiment performed in the current thesis 
(Chapter 4), only one concentration (50 μM) was tested. The slope used to estimate the 
rate of E-3’-N2-dG DNA adduct accumulation at normal dietary levels was obtained using 
linear extrapolation from the dose level that is predicted by the PBK model to result in an 
estragole liver blood concentration of 50 μM. This linear extrapolation of the rate of adduct 
accumulation to lower concentrations may therefore also results in an overestimation and 
thus worst-case estimate of the accumulation rate of the DNA adducts. For a future study, it 
is suggested to define concentration-response and corresponding dose-response behavior 
at low dose levels to confirm the potential sublinear behavior.

2) Accumulation of DNA adducts under long exposure time
Besides sublinear accumulation of DNA adducts at low dose level, another factor that may 
influence the levels of DNA adducts achieved upon repeated dose exposure is whether 
steady state levels can be achieved. Many studies found that the accumulated DNA adducts 
can reach a plateau (steady state) upon continuous treatment. For instance, N7-GA-Gua 
adducts derived from acrylamide exposure upon repeated dosing at 1 mg/kg/day in both 
rats and mouse was gradually increased and reached to steady state after 14 days treatment 
(Doerge et al. 2005). It has been also found that reaching the plateau level is faster under 
higher concentration exposure than under lower concentration exposure (Boucheron et al. 
1987). In the current repeated exposure in vitro study, no plateau of adduct accumulation 
was observed after 4 cycles, probably because the balance between DNA adduct formation 
and loss was not yet reached. Also in in vivo repeated dose studies, the steady state of DNA 
adduct formation was not observed after 5 days exposure of safrole to doses up to 250 mg/
kg bw (Daimon et al. 1998). Therefore, it would be interesting to find out that whether such 
a steady state would be obtained either in vitro or in vivo and if so at what dose and time 
exposure regimens and at what levels of DNA adduct.
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In addition, in order to better understand the balance of DNA adduct level, the different 
ways of DNA adduct loss applied in estragole DNA adduct are suggested to investigate 
in the future. The main sources of loss of DNA adduct formation includes removing DNA 
adducts by repair mechanism, cell apoptosis / death and DNA adduct chemical instability. 
Since the results of the present thesis showed the limited DNA repair of E-3’-N2-dG DNA 
adduct, the loss of DNA adducts may to a substantial extent be achieved by cell apoptosis or 
chemical instability. For cell apoptosis, Schulte-Hubbert et al. (2020) found that a decrease 
of the E-3’-N2-dG DNA adduct level was observed in rat hepatocytes upon longer exposure 
time (>24 h) to estragole due to increased cell apoptosis and/or an increase in DNA repair. 
Conflicted result revealed that no detectable cell apoptosis was observed in HepG2 cells 
upon exposure to estragole for shorter treated time (4 h) (Villarini et al. 2014). This is 
probably due to the low bioactivation activity mediated by CYP enzymes of the estragole in 
HepG2 cells (Chapter 2). Thus, it is still suspected that cell apoptosis could be induced at the 
later time points upon prolonged exposure for shorter exposure time. Moreover, until now 
there is no study reported the half-life of E-3’-N2-dG DNA adduct, which cannot provide the 
insight in how stable the adduct is. Investigating this question can also be helpful to offer 
the explanation on the change of the major type of estragole DNA adducts upon prolonged 
exposure.

5. Potential combination effects affecting the DNA adduct 
formation

In Chapter 5, interaction effects on DNA adduct formation were not observed probably 
due to the low exposure concentrations that cannot induce the inhibition effects. The dose 
dependency of combination effects on alkenylbenzene dependent DNA adduct formation 
has been observed before when studying the inhibition on estragole DNA adduct formation 
by nevadensin (Alhusainy et al. 2013a; Alhusainy et al. 2013b). The natural basil flavone 
nevadensin showed significant suppression of E-3’-N2-dG adducts formation both in in vitro 
studies as well as in rats at high dose levels in vivo (Alhusainy et al. 2013a; Alhusainy et 
al. 2013b). However, PBK based modeling of this interaction at 100-1000-fold lower dose 
levels of estragole and nevadensin revealed that the inhibition effect on E-3’-N2-dG adducts 
formation would no longer be observed at realistic human exposure levels of estragole and 
nevadensin resulting from co-exposure from use of basil in which both compounds occur 
simultaneously (Alhusainy et al. 2013a; Alhusainy et al. 2013b; Rietjens et al. 2015). This is 
due to the fact that upon low dose exposure the concentration in the liver is lower than the 
Ki values for the inhibition of SULT triggered by nevadensin leading to ineffective inhibition. 
So far, there are no Ki vales for inhibition of P450 2A6 and SULT mediated conversion of 
estragole and 1’-OH-estragole by safrole or 1’-OH safrole respectively. In Chapter 5 of 
the thesis these potential interactions at the level of the bioactivation reactions were 
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evaluated based on the respective Km values. A previous study showed that the total 
activity of estragole and safrole 1’-hydroxylation was inhibited by 52 % upon simultaneous 
exposure to estragole and safrole at equimolar (50, 100, and 200 μΜ) (Jeurissen et al. 
2007). Comparing the concentrations used in this study with the Km values of 8 and 12 
μΜ for CYP2A6 mediated 1’-hydroxylation of estragole and safrole, corroborates that at 
the concentrations of 50 to 200 μΜ, which are substantially higher than the Km values, 
substantial inhibition can be observed. At concentrations far below the Km the competitive 
inhibition of the bioactivation enzymes involved in formation of the ultimate carcinogenic 
1’-sulfooxymetabolite that results in DNA adduct formation would no longer occur. This 
could be further explained by mathematics equation of reaction velocity when inhibitor 
is involved. According to the equation of competitive inhibition (Equation 1), when Km 
and Ki are in the same order of magnitude and these values are much higher than the 
[S] or [I], the value of I/Ki is extremely low, and the interaction induced by inhibitor could 
be neglected. Under this situation, comparing Km value with used concentration of S or I 
can give the primarily estimation of potential interaction effects. However, when Ki and [I] 
are in the same order of magnitude and no matter which one is higher, the participation 
of inhibitor increases Km value and subsequently decreases the velocity of the reaction 
resulting in the interaction effects. Under this scenario, if the magnitude of Km and Ki 
is unknown, comparing Km value with concentration of S or I is not accurate enough. 
Similarly, in noncompetitive inhibition (equation 2), the interaction effect is observed when 
Ki and [I] are in the same order of magnitude. Therefore, in the case of absence of Ki values, 
comparison used concentrations to Km values could only give the rough estimation of 
potential interaction effects when Km and Ki are much higher than [S] and [I]. Therefore, in 
future studies the actual Ki values for both CYP2A6 and SULT inhibition induced by safrole 
or 1’-OH safrole should be defined.

   …………………… Equation 1

  …………………… Equation 2

Another topic to consider in such future studies on potential interactions upon combined 
exposure is the P450 enzyme most likely to be involved Jeurissen et al. (2007) pointed 
out that at safrole concentrations below 500 μM P450 2A6 appeared to be the dominant 
enzyme for safrole 1’-hydroxylation, while at higher concentrations P450 2C9 will become 
more dominant. In addition, the isoforms of SULT contributing to sulfonation of 1’-
OH estragole and 1’-OH safrole are not defined yet. Only one study proposed that the 
human SULT1A1 and SULT1C2 are involved in conversion of the 1’-hydroxymetabolite of 
methyleugenol to DNA reactive metabolites (Herrmann et al. 2012). Therefore, further 
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kinetic studies may also be directed at investigating the SULT enzymes involved in the 
bioactivation of 1’-hydroxymetabolites of estragole and safrole to 1’-sulfooxymetabolites.

6. Implication of risk assessment

Risks resulting from bioaccumulation of DNA adduct upon repeated exposure to the food-
born carcinogen estragole may be evaluated in some more detail taking the results of the 
present thesis into account. According to the bioaccumulation rate estimated at dietary 
exposure levels, it would take 6-80 years to reach to the level of 10-100 adducts /108 nts 
estimated in other studies to be the range of DNA adducts of the related alkenylbenzene 
methyleugenol DNA adduct levels at the BMDL10 for tumor formation (Paini et al. 2011) and 
also in line with the level of methyleugenol DNA adducts detected in human liver tissue 
samples showing a level of 13 /108 nts, as the median level from 30 liver samples (range 
0-37 / 108 nts) (Herrmann et al. 2013). These human experimental data on adduct levels 
of this related alkenylbenzene in human liver likely resulting from dietary exposure, are 
consistent with the results obtained in the present study for estragole via repeated exposure 
of HepaRG cells in vitro. According to Herrmann et al. (2013), the level of methyleugenol 
DNA adducts detected in the human liver samples were close to the DNA adduct levels 
induced by repeated 2 years exposure of mice or rats at the TD50 dose (the dose level 
can induce 50% tumor incidence) of some other liver carcinogens. Herrmann et al. (2013) 
indicated that the substantial level of hepatic methyleugenol DNA adducts detected may 
pose a significant carcinogenic risk. Altogether these literature data combined with the 
results of the present thesis indicate that also the current dietary exposure to estragole 
may potentially result within a lifetime in levels of estragole DNA adducts in human liver 
that raise a concern. This increases the concern about human dietary alkenylbenzene 
exposure. Given that so far, only for methyleugenol DNA adduct levels were detected in 
human liver tissues, future studies should focus on whether human liver samples also 
contain detectable levels of estragole or safrole DNA adducts.

The results of the present study pointed at accumulated estragole DNA adduct levels that 
could reach levels of 10-100 /108nts within a lifetime, which may be a level of concern given 
it matches the levels detected for methyleugenol at the BMD10 for rat liver tumor formation 
(Paini et al. 2011). This accumulated level of estragole DNA adducts may also be substantial 
in comparison to the background DNA adduct levels, since the steady state level of adducts 
induced by low molecular weight alkylating agents is estimated to be in the range of 10-
100 adducts /108 nts (Farmer 2008), thus adding to chances on mutations and the resulting 
tumor incidences.
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Moreover, it is of interest to note that the rate of accumulation of the DNA adduct levels 
defined in Chapter 4 was obtained with HepaRG cells, because liver hepatocytes are 
not viable for the time needed for such longer-term exposure scenarios. Therefore, it 
is of interest to consider whether the rate of bioaccumulation in hepatocytes would be 
comparable to that detected in HepaRG cells. Results obtained in Chapter 2 and 3 showed 
that the limited efficiency in the repair of estragole and safrole DNA adducts, and thus 
the potential for DNA adduct accumulation, was observed in both rat hepatocytes and 
HepaRG cells. The actual level of DNA adduct formation in the hepatocytes was even 2-4 
time higher than that in HepaRG at similar exposure concentrations. Therefore, it is likely 
that bioaccumulation will occur in hepatocytes cells with even higher accumulation rates 
compared to that quantified in HepaRG cells. This would imply that even a lower number 
of exposures would be required to reach the level of 10-100 adducts /108 nts and a higher 
chance that the dietary levels would pose a risk upon prolonged exposure.5 Since due to 
their short life span hepatocytes cannot be used for such repeated dose in vitro studies, 
as an alternative model, 3D human liver microtissues generated from human hepatocytes 
may be considered (Kermanizadeh et al. 2014). These 3D human liver microtissues can be 
maintained for 21 days enabling prolonged exposure. It is also preferable to mimic the in 
vivo environment with multi-cell types to perform more like liver response (Messner et al. 
2013). Therefore, when one does not want to perform such studies in vivo, it is of interest 
to use new ex vivo cell models to investigate the characterization of alkenylbenzene DNA 
adduct accumulation upon prolonged exposure. These studies should also include the 
potential sub-linear increase in DNA adduct levels at low levels of exposure.

To conclude, potential risks for alkenylbenzenes DNA adducts still need to be studies to a 
further extent integrating more studies related to sublinear increase of adduct formation at 
low dose levels and repeated exposure for longer periods of time.

Conclusion

In conclusion, the present thesis showed novel insights into the relative hazards and risks 
of DNA adducts formed by the selected alkenylbenzenes estragole and safrole, by studying 
their DNA adduct formation, stability and repair. The present thesis demonstrated that 
persistence of the DNA adducts provides a chance for DNA adduct accumulation resulting 
in the gradual production of substantial DNA adduct levels upon prolonged exposure. 
Moreover, combined exposure to the alkenylbenzenes themselves at realistic human 
daily intake levels, was shown to not result in interactions that affect the level of DNA 
adduct formation by the individual alkenylbenzenes. It is important to further define the 
concentration-response and corresponding dose-response behavior at low dose levels to 
confirm a potential sublinear behavior and thus lower risks than estimated when assuming 
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linear behavior. The in vitro and in silico methods of the present thesis provide a way forward 
to study such effects at low exposure levels, since in vitro studies allow measurement of 
DNA adduct formation at well-defined low concentrations, while PBK modeling can be used 
to translate these concentrations to actual in vivo dose levels, as illustrated by the results 
of the present thesis. Furthermore, given the persistent nature of the adducts it is also 
essential to extent these single dose studies at low exposure levels to repeated dose or 
repeated concentration exposure studies.
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Dršata Ts, Pérez A, Orozco M, Morozov AV, Sponer J, Lankas F (2013) Structure, stiffness and substates 
of the Dickerson-Drew dodecamer. Journal of chemical theory computation 9(1):707-721

GENERAL DISCUSSION 145

6



Farmer P (2008) Significance for risk assessment of increases in background levels of carcinogen-derived 
protein and DNA Aadducts. Toxicology Letters(180):S24

Galindo-Murillo R, Roe DR, Cheatham III TE (2015) Convergence and reproducibility in molecular 
dynamics simulations of the DNA duplex d (GCACGAACGAACGAACGC). Biochimica et Biophysica 
Acta -General Subjects 1850(5):1041-1058

Galindo-Murillo R, Bergonzo C, Cheatham III TE (2014) Molecular modeling of nucleic acid structure: 
Setup and analysis. Current protocols in nucleic acid chemistry 56(1):7.10. 1-7.10. 21

Geacintov NE, Broyde S (2017) Repair-resistant DNA lesions. Chemical research in toxicology 30(8):1517-
1548

Gupta KP, van Golen KL, Putman KL, Randerath K (1993) Formation and persistence of safrole-DNA 
adducts over a 10 000-fold dose range in mouse liver. Carcinogenesis 14(8):1517-1521

Herrmann K, Engst W, Appel KE, Monien BH, Glatt H (2012) Identification of human and murine 
sulfotransferases able to activate hydroxylated metabolites of methyleugenol to mutagens in 
Salmonella typhimurium and detection of associated DNA adducts using UPLC–MS/MS methods. 
Mutagenesis 27(4):453-462

Herrmann K, Schumacher F, Engst W, et al. (2013) Abundance of DNA adducts of methyleugenol, a 
rodent hepatocarcinogen, in human liver samples. Carcinogenesis 34(5):1025-1030

Hossain M, Lin Y, Yan S (2018) Single-strand break end resection in genome integrity: mechanism and 
regulation by APE2. International journal of molecular sciences 19(8):2389

Iliakis G, Wang H, Perrault A, et al. (2004) Mechanisms of DNA double strand break repair and 
chromosome aberration formation. Cytogenetic genome research 104(1-4):14-20

Jeurissen SM, Punt A, Boersma MG, et al. (2007) Human cytochrome P450 enzyme specificity for the 
bioactivation of estragole and related alkenylbenzenes. Chemical research in toxicology 20(5):798-
806

Kermanizadeh A, Roursgaard M, Messner S, et al. (2014) Hepatic toxicology following single and multiple 
exposure of engineered nanomaterials utilising a novel primary human 3D liver microtissue model. 
Particle Fibre Toxicology 11(1):1-15

Kobets T, Duan J-D, Brunnemann KD, Etter S, Smith B, Williams GM (2016) Structure-activity relationships 
for DNA damage by alkenylbenzenes in turkey egg fetal liver. Toxicological Sciences 150(2):301-311

Kohn KW, Hartley JA, Mattes WB (1987) Mechanisms of DNA sequence selective alkylation of guanine-N7 
positions by nitrogen mustards. Nucleic acids research 15(24):10531-10549

Kropachev K, Kolbanovskii M, Cai Y, et al. (2009) The sequence dependence of human nucleotide excision 
repair efficiencies of benzo [a] pyrene-derived DNA lesions: insights into the structural factors that 
favor dual incisions. Journal of molecular biology 386(5):1193-1203

Lieber MR (2010) The mechanism of double-strand DNA break repair by the nonhomologous DNA end-
joining pathway. Annual review of biochemistry 79:181-211

Martati E, Boersma MG, Spenkelink A, et al. (2012) Physiologically based biokinetic (PBBK) modeling of 
safrole bioactivation and detoxification in humans as compared with rats. Toxicological sciences 
128(2):301-316

146 CHAPTER 6



Martins C, Cação R, Cole KJ, et al. (2012a) Adapted from: Estragole: a weak direct-acting food-borne 
genotoxin and potential carcinogen. Mutation Research/Genetic Toxicology Environmental 
Mutagenesis 747(1):86-92. https://run.unl.pt/bitstream/10362/20115/1/Martins%20
C%C3%A9lia%20TD%202016.pdf

Martins C, Cação R, Cole KJ, et al. (2012b) Estragole: a weak direct-acting food-borne genotoxin and 
potential carcinogen. Mutation Research/Genetic Toxicology Environmental Mutagenesis 747(1):86-
92

Messner S, Agarkova I, Moritz W, Kelm J (2013) Multi-cell type human liver microtissues for hepatotoxicity 
testing. Archives of toxicology 87(1):209-213

Mocquet V, Kropachev K, Kolbanovskiy M, et al. (2007) The human DNA repair factor XPC-HR23B 
distinguishes stereoisomeric benzo [a] pyrenyl-DNA lesions. The EMBO journal 26(12):2923-2932

Nath RG, Vulimiri SV, Randerath KJB, communications br (1992) Circadian rhythm of covalent 
modifications in liver DNA. Biochemical biophysical research communications 189(1):545-550

Paini A, Punt A, Scholz G, et al. (2012) In vivo validation of DNA adduct formation by estragole in rats 
predicted by physiologically based biodynamic modelling. Mutagenesis 27(6):653-663

Paini A, Punt A, Viton F, et al. (2010) A physiologically based biodynamic (PBBD) model for estragole DNA 
binding in rat liver based on in vitro kinetic data and estragole DNA adduct formation in primary 
hepatocytes. Toxicology and applied pharmacology 245(1):57-66

Paini A, Scholz G, Guignard G, et al. DNA damage response induced by 1’-hydroxyestragole in rat primary 
hepatocytes Submitted DNA repair

Paini A, Scholz G, Marin-Kuan M, et al. (2011) Quantitative comparison between in vivo DNA adduct 
formation from exposure to selected DNA-reactive carcinogens, natural background levels of DNA 
adduct formation and tumour incidence in rodent bioassays. Mutagenesis 26(5):605-618

Phillips DH, Miller JA, Miller EC, Adams B (1981b) Structures of the DNA adducts formed in mouse liver 
after administration of the proximate hepatocarcinogen 1ʹ-hydroxyestragole. Cancer Research 
41(1):176-186

Phillips DH, Reddy MV, Randerath K (1984) 32 P-post-labelling analysis of DNA adducts formed in the 
livers of animals treated with safrole, estragole and other naturally-occurring alkenylbenzenes. II. 
Newborn male B6C3F 1 mice. Carcinogenesis 5(12):1623-1628

Pottenger L, Boysen G, Brown K, et al. (2019) Understanding the importance of low-molecular weight 
(ethylene oxide-and propylene oxide-induced) DNA adducts and mutations in risk assessment: 
Insights from 15 years of research and collaborative discussions. Environmental Molecular 
Mutagenesis 60(2):100-121

Prinsloo G, Steffens F, Vervoort J, Rietjens IM (2019) Risk assessment of herbal supplements containing 
ingredients that are genotoxic and carcinogenic. Critical Reviews in Toxicology 49(7):567-579

Punt A, Paini A, Boersma MG, et al. (2009) Use of physiologically based biokinetic (PBBK) modeling 
to study estragole bioactivation and detoxification in humans as compared with male rats. 
Toxicological sciences 110(2):255-269

GENERAL DISCUSSION 147

6



Randerath K, Haglund RE, Phillips DH, Reddy MV (1984) 32 P-post-labelling analysis of DNA adducts 
formed in the livers of animals treated with safrole, estragole and other naturally-occurring 
alkenylbenzenes. I. Adult female CD-1 mice. Carcinogenesis 5(12):1613-1622

Ricci CG, de Andrade AS, Mottin M, Netz PA (2010) Molecular dynamics of DNA: comparison of force 
fields and terminal nucleotide definitions. The Journal of Physical Chemistry B 114(30):9882-9893

Richardson FC, Richardson KK (1990) Sequence-dependent formation of alkyl DNA adducts: a review 
of methods, results, and biological correlates. Mutation Research/Fundamental Molecular 
Mechanisms of Mutagenesis 233(1-2):127-138

Rietjens IM, Tyrakowska B, van den Berg SJ, Soffers AE, Punt A (2015) Matrix-derived combination 
effects influencing absorption, distribution, metabolism and excretion (ADME) of food-borne toxic 
compounds: implications for risk assessment. Toxicology Research 4(1):23-35

Schulte-Hubbert R, Küpper J-H, Thomas AD, Schrenk D (2020) Estragole: DNA adduct formation in 
primary rat hepatocytes and genotoxic potential in HepG2-CYP1A2 cells. Toxicology 444:152566

Setz M (2018) Molecular Dynamics Simulations of Biomolecules from Validation to Application. Ph. D. 
Thesis, University of Natural Resources and Life Sciences: Vienna …

Smith R, Adams T, Doull J, et al. (2002) Safety assessment of allylalkoxybenzene derivatives used as 
flavouring substances—methyl eugenol and estragole. Food chemical Toxicology 40(7):851-870

Soares TA, Hünenberger PH, Kastenholz MA, et al. (2005) An improved nucleic acid parameter set for 
the GROMOS force field. Journal of computational chemistry 26(7):725-737

Suzuki Y, Umemura T, Hibi D, et al. (2012) Possible involvement of genotoxic mechanisms in estragole-
induced hepatocarcinogenesis in rats. Archives of toxicology 86(10):1593-1601

Villarini M, Pagiotti R, Dominici L, et al. (2014) Investigation of the cytotoxic, genotoxic, and apoptosis-
inducing effects of estragole isolated from fennel (Foeniculum vulgare). Journal of natural products 
77(4):773-778

Waters JT, Lu X-J, Galindo-Murillo R, et al. (2016) Transitions of double-stranded DNA between the A-and 
B-forms. The Journal of Physical Chemistry B 120(33):8449-8456

Wilson III DM, Thompson LH (2007) Molecular mechanisms of sister-chromatid exchange. Mutation 
Research/Fundamental Molecular Mechanisms of Mutagenesis 616(1-2):11-23
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Chapter 7
Summary



Estragole and safrole are members of the group of alkenylbenzenes that are naturally 
present in different herbs and spices. These compounds can be bioactivated and form 
DNA adducts that play a role in their carcinogenicity. At the current state-of-the-art, the 
relation between the levels of DNA adducts formed and the levels of mutations or tumor 
formation is by no means well defined. This may in part be related to the fact that cells have 
quite efficient DNA repair systems, which may prevent the conversion of DNA lesions into 
mutations. The aim of the present thesis was to investigate the alkenylbenzene DNA adduct 
formation, stability, and repair. Based on these findings, the relative hazards and risks of 
DNA adducts were evaluated considering realistic exposure scenario’s, like combined and 
repeated dose exposure at dietary levels of intake.

Chapter 1 provided general information on estragole and safrole, their bioactivation 
resulting in DNA adduct formation, DNA repair, molecular dynamics (MD) simulations to 
study structural perturbations upon DNA adduct formation, and the current state-of-the-art 
on the risk assessment related to these genotoxic carcinogens. In Chapter 2 and 3, formation 
and repair of the major DNA adducts of estragole and safrole was quantified in different cell 
models. Results showed a limited DNA repair efficiency for both DNA adducts. Molecular 
dynamics simulations were used to investigate the potential conformation dependent (in)
efficiency of repair of the major estragole and safrole DNA adducts. Results from molecular 
dynamics simulations revealed that conformational changes in double-stranded DNA upon 
formation of these adducts were small, providing a possible explanation for the restrained 
repair, which may require larger distortions in the DNA structure to activate recognition 
and subsequent repair. In Chapter 4, accumulation of the major DNA adducts derived from 
the alkenylbenzene estragole upon repeated exposure was investigated in HepaRG cells 
treated in repeated cycles of 2 h exposure and 22 hours repair. The results obtained showed 
accumulation of adducts at a rate of 17.53 adducts / 108 nts / cycle. This rate was converted 
to a rate expected at average human daily intake of estragole. Based on these data it 
was estimated that it would take 6-57 years intake at the estimated daily intake to reach 
levels of 10-100 adducts /108 nts, a level of DNA adducts reported at the BMD10 of the 
related alkenylbenzene methyleugenol. These findings revealed that the persistent nature 
of the major estragole DNA adducts may contribute to accumulation of substantial levels 
of DNA adducts upon prolonged dietary exposure. In Chapter 5, potential consequences 
of combined exposure to the proximate carcinogenic metabolites of the selected food-
borne alkenylbenzenes safrole and estragole were evaluated in vitro and in silico. Results 
indicate that concentration addition adequately described the cytotoxic effects and no 
statistically significant differences were shown in the level of formation of the major DNA 
adducts upon combined as compared to single exposures. The absence of any interaction 
on DNA adduct formation was also predicted for combined exposure to estragole and 
safrole at normal dietary intake. The prediction revealed that the simultaneous presence 
of the two proximate carcinogens does not affect their DNA adduct formation. Chapter 
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6 presented a summary of the results obtained in this thesis and an overall discussion 
regarding to 1) considerations on the use of MD simulations to investigate the potential 
underlying mechanisms for the NER resistance of alkenylbenzene DNA adducts, 2) impact 
of the base sequence within which DNA adduct binding occurs, and the consequences for 
DNA structure distortion and the efficiency of NER mediated repair, 3) the consequences 
of DNA damage caused by estragole and safrole DNA adduct formation when not repaired, 
4) accumulation of the persistent estragole DNA adducts, 5) potential combination effects 
affecting the DNA adduct formation, 6) implications for risk assessment.

Altogether, the present thesis provides further insight in the relative hazards and risks of 
DNA adduct formation by elucidating the mode of action of estragole and safrole DNA 
adduct formation and repair in more details via combined use of in vitro and in silico novel 
testing strategies. The in vitro and in silico methods of the present thesis provide a way 
forward to study the accumulation of the DNA adducts at low repeated dose exposure 
levels to a further extent.
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