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ARTICLE INFO ABSTRACT

Editor: Dr. Jennings Potential consequences of combined exposure to the selected food-borne alkenylbenzenes safrole and estragole
or their proximate carcinogenic 1’-hydroxy metabolites 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 de-

scribes the cytotoxic effects and no statistically significant differences were shown in the level of formation of the
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SN(Xa:dldT :t formation major DNA adducts. Furthermore, physiologically based kinetic modeling revealed that at normal dietary intake
Cytotoxicity the concentration of the parent compounds and their 1’-hydroxymetabolites remain substantially below the Km
Alkenylbenzenes values for the respective bioactivation and detoxification reactions providing further support for the fact that the

simultaneous presence of the two carcinogens or of their proximate carcinogenic 1’-hydroxy metabolites may not
affect their DNA adduct formation. Overall, these results point at the absence of interactions upon combined

exposure to selected food-borne alkenylbenzenes at realistic dietary levels of intake.

1. Introduction

Via the diet, humans can be exposed to combinations of numerous
substrates that may act individually, additively or interactively (syner-
gism 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 (Scientific Committee on
Consumer Safety, S, et al., 2012). Based on the underlying mode of ac-
tion, 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 com-
pounds 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, addi-
tional aspects may have to be considered, for instance, compounds with
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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 (Staal et al., 2007; Lévay and Bodell, 1992).

The current study focuses on the combined effects of two selected
model compounds of the group of food-borne alkenylbenzenes. Alke-
nylbenzenes 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, 2012). In previous risk assessments by the MOE approach com-
bined exposure to alkenylbenzenes was taken into account assuming
dose addition (Alajlouni et al., 2016; Alajlouni et al., 2017; Al-Malah-
meh 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 sulfated by
sulfotransferases to produce the ultimate carcinogenic 1’-sulfoox-
ymetabolite responsible for the DNA adduct formation. However,
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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. Experimental studies were performed with the 1’-hydroxy me-
tabolites 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). Previous studies have shown the essential role of sulfo-
transferases in the DNA adduct formation, mutagenicity and tumor in-
duction by the alkenylbenzenes (Boberg et al., 1983; Wiseman et al.,
1987; Herrmann et al., 2012; Honda et al., 2016), and also that in HepG2
cells sulfotransferase activity is essential and sufficiently active to sup-
port formation of the DNA adducts (Yang et al., 2020a; Jeurissen et al.,
2008). The latter follows from the fact that exposure of the HepG2 cells
to 1’-hydroxyestragole in the presence of the specific sulfotransferase
inhibitor pentachlorophenol reduced estragole DNA adduct formation
by 90% (Jeurissen et al., 2008). Thus, HepG2 cells contain sufficient
sulfotransferase for the bioactivation of the 1’-hydroxy metabolites, and
inducing the DNA adduct formation. Potential interactions at the level of
the cytochrome P450 mediated 1’-hydroxylation of the parent alke-
nylbenzenes were evaluated by comparing physiologically based kinetic
modeling based predictions of liver concentrations at realistic dietary
dose levels to known kinetic constants for these conversions.

2. Material and method
2.1. Chemicals and reagents

Bovine spleen phosphodiesterase II (SPDE II), venom phosphodies-
terase I (VPDE I), nuclease P1, phosphatase alkaline (AP), tris(hydrox-
ymethyl)aminomethane (Tris), 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT), and ethylenediaminetetra-
acetic 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), r-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 (HCI), zinc
sulfate (ZnS04), and sodium acetate were purchased from Merck
(Darmstadt, Germany). Acetonitrile (ACN) was purchased from Biosolve
(Dieuze, France). RNeasy Lysis buffer (RLT) was purchased from QIA-
GEN (Hilden, Germany). Formic acid was purchased from VMR (Fon-
tenay-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 Collec-
tion (Manassas, Virginia, USA) and cultured with MEM supplemented
with 10% (v/v) FBS, 1% (v/v) P/S mixture with r-glutamine and 1% (v/
v) NEAA and incubated at 37 °C in a humidified 5% CO5 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 ex-
periments or in T-25 flasks (Greiner Bio-One, Frickenhausen, Germany)
for experiments on DNA adduct formation.

2.3. Cytotoxicity

HepG2 cells were seeded in 96-well plates at the concentration of 2
x 10* 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 pM for 1°-OH estragole, and 0, 100, 200, 400, 800 and
1000 pM for 1°-OH safrole. For the combined exposure, 1’-OH estragole
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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 indi-
vidual compounds and used to define equipotent mixtures for the
combined exposure experiments. A series of mixture concentrations in
the range between 0 pM and 150 pM 1°-OH estragole equivalents was
tested. The final concentration of DMSO was 0.5% in all cases. Cyto-
toxicity was quantified by the MTT assay. To this end, after exposure 10
ul 5 mg/ml MTT were added to each well followed by incubation for
another hour. The medium was then removed and 100 pl DMSO were
added to the wells to dissolve the MTT formazan crystals. The absor-
bance 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 pM
for 1°-OH estragole or 0, 80, 160, 200, 240 uM 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 pM 1’-OH estragole
and 200 pM 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 min. The supernatant was
discarded and cells were washed by resolving the pellet in 0.5-1 ml PBS
followed by another centrifugation step. After final centrifugation, the
final cell pellets were dissolved in 200 pl 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 pro-
tocol for cultured cells (Hilden, Germany). The suitable number of cells
for DNA isolation was within the range of 2 x 10° to 5 x 10°. After
isolation, 1.5 pl 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 pg x mL~! em™!. After isolation, DNA
samples were freeze-dried overnight and stored at —80 °C until diges-
tion. Dried samples were dissolved in nanopure water and adjusted to
50 pg per 30 pl before digestion. DNA digestion was performed as pre-
viously described (Yang et al., 2020a; Yang et al., 2020b). Briefly,
samples were incubated with 40 pl PI-buffer (300 mM sodium acetate, 1
mM ZnSO4, pH 5.3), 20 pul SPDE II solution (0.0004 U/pl in water), and
10 pl nuclease P1 (0.5 pg/pl in water) at 37 °C for 4 h. After 4 h incu-
bation, 40 pl PA-buffer (500 mM Tris-HCl, 1 mM EDTA, pH 8.0), 20 pl
VPDE I solution (0.00026 U/l in water), and 1.6 pl AP (200 units) were
added and samples were incubated at 37 °C 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 N’-(trans-isoestragol-3'-yl)-
2'-deoxyguanosine (E-3’-N*-dG) and 1°-OH safrole N°-(trans-isosafrol-3'-
yD)-2'-deoxyguanosine (S-3’-N?-dG) were synthesized according to pro-
tocols described previously (Yang et al., 2020a; Yang et al., 2020b). LC-
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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-20 CE SR UPLC system coupled with a Shimadzu LCMS-
8040 mass spectrometer (Kyoto, Japan). Samples (5 pl each) were injec-
ted onto a reverse phase C18 1.7 pm C18 100 A, 50 x 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’-N?-dG and S-3°-N?-dG eluted at 5.99 and 5.40 min
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'-N°-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-N°-
dG was achieved at the [M+H]+ of the precursor and the transitions 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 x 10*° nucleotides / pg
DNA.

2.7. Physiologically based kinetic modeling

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 (0.01 mg/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 their 1’-hydroxymetabolites occurring in the liver were predicted by
physiologically based kinetic (PBK) modeling in humans. These con-
centrations were compared to the Km values for the enzymes involved in
catalyzing 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 Py, the ks and k_3 can also be considered as the k;
and k_1 for this compound (Fig. 1). As Km equals (k_; + k3)/k; and Ki
equals k_1/k; it can be assumed that when the substrate concentration
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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 pre-
dicted 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 in-
terval 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 pM for 1’-OH
estragole and 288 pM for 1°’-OH safrole. Based on these results, an
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 pM.
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 (R? =
0.98 for 1°-OH estragole exposure and R?> = 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
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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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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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Fig. 3. DNA adduct (E-3'-N-dG or $-3’-N°-dG) formation in HepG2 cells after 2 h exposure to increasing concentrations of 1’-OH estragole or 1'-OH safrole.
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Fig. 4. DNA adduct (E-3’-N?-dG and/or S-3’-N*-dG) formation in HepG2 cells
2 h after individual or combined exposure to 200 uM 1°-OH safrole and/or 32
pM 1'-OH estragole. Data represent mean =+ SD of three independent
experiments.

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 con-
centrations and a mixture of 32 pM 1°-OH estragole and 200 pM 1°-OH
safrole for 2 h, both causing a comparable level of adduct formation
upon individual exposure (Fig. 4). Upon combined exposure the for-
mation of both E-3’-N?-dG and S-3’-N?-dG were not statistically signif-
icantly different from the levels observed upon exposure to the
compounds in isolation.

3.3. PBK modeling

The concentrations of estragole, safrole, and their 1’-hydrox-
ymetabolites present in the liver were predicted by PBK modeling using
models previously reported (Martati et al., 2012; Punt et al., 2009) at
dose levels equal to the estimated daily intake of 0.01 mg/kg bw for
estragole (Smith et al., 2002) or 0.005 mg/kg bw for safrole (Rietjens
etal., 2015). The corresponding liver concentrations were 0.017 yM and
0.016 pM for estragole and safrole respectively (Table 1). In cytochrome
P450 (CYP) mediated bioactivation, estragole and safrole share CYP2A6

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 (pM) 0.017 0.016 0.04 0.005
Km (uM) 8° 12° 727°¢ 3828°

2 Jeurissen et al. (2007).
b Martati et al. (2012).
¢ Punt et al. (2007).
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as a major enzyme involved in 1’-hydroxymetabolite formation (Jeur-
issen et al., 2007), providing a potential target for interaction upon
combination exposure. In Table 1, the PBK model calculated liver con-
centrations are compared to the Km for this CYP2A6 mediated 1'-hy-
droxylation 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 + ko)/ky or (k_3 + kq)/ks and Ki equals k_1/k; or k_3/ks (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 sulfo-
transferase mediated sulfation 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 in-
teractions 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 amounting to 0.04 pM and 0.005 pM respectively, being also
several orders of magnitude below the respective kinetic constants.
Overall, these in silico results indicate that at dietary levels of intake,
interactions at the level of cytochrome P450 or sulfotransferase medi-
ated bioactivation of estragole and safrole are unlikely to occur.

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 HepGz2 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 data obtained in the present study on cytotoxicity indicate
that binary mixtures of the two selected alkenylbenzene 1’-hydrox-
ymetabolites showed concentration (dose)-addition. Interesting to
observe is that the relative difference in potency between the two 1'-
hydroxymetabolites for cytotoxicity was different (3fold) from the dif-
ference 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.

With respect to DNA adduct formation, also no significant in-
teractions 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 to the DNA
reactive metabolites. The lack of such an interaction results from the fact
that the concentrations tested for both compounds of 32 pM for 1’-OH
estragole and 200 pM for 1’-OH safrole were substantially below the Km
for their sulfotransferase mediated conversion reported to amount to
727 pM for 1’-OH estragole and 3828 pM for 1’-OH safrole and in in-
cubations with human liver S9 (Martati et al., 2012; Punt et al., 2007).

In a previous study, the interaction at the level of bioactivation by
CYP2A6, the major enzyme involved in 1’-hydroxylation of both safrole
and estragole (Jeurissen et al., 2007; Jeurissen et al., 2004), was already
considered. In this previous study PBK modeling predicted that at
relatively high equimolar concentrations of safrole and estragole up to
200 puM the 1’-hydroxylation of both compounds was predicted to
amount to only 52% of the total 1’-hydroxylation predicted when the
interaction would not be taken into account. Given that the substrate
concentration range considered in this study was substantially higher
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than the Km for CYP2A6 mediated conversion of safrole and estragole
(Table 1), it is of interest to consider the interaction at the level of the
CYPs at lower, more realistic dose levels. PBK modeling results pre-
sented in the present study indicated that at realistic estimated dietary
exposure levels the concentrations of both safrole and estragole would
remain over 3 orders of magnitude below the respective Km value for
their conversion by CYP2A6. Therefore, the data of the present study
indicate that at realistic dietary intake levels interactions between
estragole and safrole at the level of the CYP mediated conversion to their
proximate carcinogenic 1’-hydroxymetabolites are unlikely. The data on
DNA adduct formation and sulfation of the 1’-hydroxy metabolites ob-
tained in the present study support that also at the subsequent steps in
the bioactivation interactions seem unlikely at realistic dietary exposure
levels.

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, in-
teractions at the level of detoxification of the proximate carcinogenic 1’-
OH metabolites by glucuronidation and/or oxidation may also poten-
tially play a role. However, given the results of the present study it can
be concluded that also these processes do not result in detectable in-
teractions 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 respec-
tively 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, 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).

As already indicated above, the concentrations of the parent com-
pounds in the liver of humans upon dietary intake of the alke-
nylbenzenes were predicted to be orders of magnitude below the Km for
the CYP mediated 1’-hydroxylation. Given that Km equals (k_; + k2)/k;
or (k_3 + ks)/ks and Ki equals k_1/k; or k_s/ks (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 concentra-
tions of the 1’-OH metabolites and the kinetic constants for their con-
version 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 in line with the previous conclusion that interactions upon combined
exposure generally mainly happen at moderate or high dose levels
(Konemann 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 pro-
vides a first line of evidence to support the use of dose addition in risk
assessment of their combined dietary exposure.
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