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A B S T R A C T   

Estragole and anethole are secondary metabolites occurring in a variety of commonly used herbs like fennel, 
basil, and anise. Estragole is genotoxic and carcinogenic in rodents, which depends on the formation of 1′-sul-
foxyestragole after hydroxylation and subsequent sulfoconjugation catalyzed by CYP and SULT, respectively. It 
was hypothesized recently that anethole may be bioactivated via the same metabolic pathways. Incubating 
estragole with hepatic S9-fractions from rats and humans, specific adducts with hemoglobin (N-(isoestragole-3- 
yl)-valine, IES-Val) and DNA (isoestragole-2′-deoxyguanosine and isoestragole-2′-deoxyadenosine) were formed. 
An isotope-dilution technique was developed for the quantification of IES-Val after cleavage with fluorescein 
isothiocyanate (FITC) according to a modified Edman degradation. The same adducts, albeit at lower levels, were 
also detected in reactions with anethole, indicating the formation of 3′-hydroxyanethole and the reactive 3′- 
sulfoxyanethole. Finally, we conducted a pilot investigation in which IES-Val levels in human blood were 
determined during and after the consumption of an estragole- and anethole-rich fennel tea for four weeks. A 
significant increase of IES-Val levels was observed during the consumption phase and followed by a continuous 
decrease during the washout period. IES-Val may be used to monitor the internal exposure to the common 
reactive genotoxic metabolites of estragole and anethole, 1′-sulfoxyestragole and 3′-sulfoxyanethole, 
respectively.   

1. Introduction 

The phenylpropanoid estragole (1-methoxy-4-(prop-2-en-1-yl)ben-
zene) and its isomer anethole (isoestragole, 1-methoxy-4-(prop-1-en-1- 
yl)benzene) are major constituents of the essential oils of various 
herbs like tarragon, chervil, basil, and fennel (Khan and Abourashed, 
2010). Since parts and extracts of these plants are used as spices and 
flavorings in a variety of foodstuffs, estragole and anethole are taken up 
to a significant extent with the diet. However, the contents of these 
substances in food can vary notably. For instance, it was shown that 
estragole contents in fennel fruits used for the preparation of tea differs 
by nearly two orders of magnitude, ranging from 150 μg/g dry weight up 
to 13,248 μg/g dry weight (van den Berg et al., 2014). Therefore, esti-
mating the total dietary exposure to these substances is challenging, but 
nevertheless of relevance due to their known toxic properties. 

Regarding estragole, the compound was found to form DNA adducts 

and to induce tumors in the livers of mice (Drinkwater et al., 1976; 
Miller et al., 1983; Wiseman et al., 1987) and rats (Bristol, 2011). 
Therefore, estragole has to be considered as genotoxic carcinogen, and 
exposure should be as low as reasonably achievable (ALARA principle), at 
least for isolated estragole. Using the margin of exposure (MoE) 
concept,1 a rough estimation of the estragole exposure for the North 
American adult population is 1 μg/kg body weight per day (Smith et al., 
2002). In combination with a BMDL10 of 3.3–6.5 mg/kg body weight 
derived from the increased incidence of hepatocellular carcinomas in 
female mice, MoE values of 3300 to 6500 were calculated, implying a 
high priority for risk management (van den Berg et al., 2011). A 
reduction of its contents in food has been advised (Scientific Committee 
on Food, 2001), and flavoring with estragole as such is not allowed in 
the European Union (European Commission, 2008). 

In contrast to estragole, anethole was weakly carcinogenic in long- 
term bioassays inducing nodular hyperplasia in the liver of rats (New-
berne et al., 1989) but not in mice (Miller et al., 1983). Due to the lack of 
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1 This concept is based on the ratio of the exposure level of a substance that causes an increased level of malignant tumors in animal experiments (usually, the 95% 
lower confidence limit of the benchmark dose associated with an increase of cancer incidence by 10% (BMDL10)) and the estimated human exposure of the substance 
by the diet. 
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unambiguous data on genotoxic effects, the Joint FAO/WHO Expert 
Committee on Food Additives (JECFA) considered anethole as 
non-genotoxic and derived an acceptable daily intake (ADI) of 2 mg/kg 
body weight based on a no-observed adverse effect level (NOAEL) of 
300 mg/kg body weight in anethole-treated rats. Yet there are literature 
reports on weak genotoxic effects. For example, hepatic DNA adducts 
were detected after treatment of newborn mice (Phillips et al., 1984) or 
turkey foetuses (Kobets et al., 2016) with anethole using 
32P-postlabeling. 

In order to understand the mechanisms of genotoxicity and carci-
nogenicity, the metabolism of estragole was intensively studied in rats 
and mice. In these studies, four main metabolites were identified, 
namely 1′-hydroxyestragole, 4-methoxycinnamyl alcohol, 4-methoxy-
phenyllactic acid, and 4-methoxyhippuric acid (McDonald, 1999). 
1′-hydroxyestragole proved majorly responsible for the observed geno-
toxic effect due to further activation to 1′-sulfoxyestragole by sulfo-
transferases (Fennell et al., 1985; Wiseman et al., 1987). Spontaneous 
sulfate cleavage yields an allylic carbocation, rapidly forming covalent 
bonds to proteins and DNA (Fig. 1), hence explaining the genotoxicity 
and carcinogenicity of estragole (Ishii et al., 2011; Phillips et al., 1981). 
Analogous to estragole, the metabolism of anethole in rats and mice 
involves hydroxylation to 3′-hydroxyanethole (Bounds and Caldwell, 
1996). A recent study showed that estragole and anethole form a com-
mon mercapturic acid (N-acetyl-S-[3’-(4-methoxyphenyl)allyl]-L-Cys, 
AMPAC; Fig. 1), pointing to the formation of the same reactive allylic 
carbocation (Monien et al., 2019). In case of estragole, this carbocation 
is formed by desulfation of 1′-sulfoxyestragole. The excretion of AMPAC 
in human urine observed after the intake of anethole led to the hy-
pothesis that 3′-hydroxyanethole can be converted to 3′-sulfoxyanet-
hole, which turns into the same allylic carbocation formed from 
estragole (Fig. 1). 

In the current study, we wanted to test the contribution of sulfo-
transferases to the bioactivation of anethole using a hepatic activation 
system (S9) supplemented with the cofactor 3′-phosphoadenosine-5′- 
phosphosulfate (PAPS). Since the sulfate esters are too reactive for 
reliable analysis, their adducts formed with DNA and hemoglobin (Hb) 
were compared by LC-MS/MS analyses. For the assessment of anethole 
and estragole bioactivation, a method for the quantification of a com-
mon Hb adduct, N-(isoestragole-3-yl)-valine (IES-Val), following Edman 
degradation using fluorescein isothiocyanate (FITC) as cleavage reagent 
(Rydberg et al., 2009) was developed. The method was used to measure 
IES-Val in human samples. The potential of IES-Val as a common 
biomarker for the internal exposure to anethole and estragole is 
discussed. 

2. Methods 

2.1. Collection of blood samples and isolation of erythrocytes 

Blood samples were collected in different settings (pool sample, 
omnivores of a nutrition study, controlled exposure in a volunteer: see 
below) using 9 ml EDTA tubes (Sarstedt, Nümbrecht, Germany). The 
erythrocytes were isolated after storing the samples for 30 min at room 
temperature. In a first step, the samples were centrifuged (12 min, 
2500×g, 15 ◦C), and the plasma was removed. Afterwards, 5 ml 0.9% 
(w/v) NaCl solution was added followed by inverting and centrifugation 
(12 min, 2500×g, 15 ◦C). Following the removal of the supernatant, the 
washing procedure was repeated once. Erythrocytes were lyzed by 
adding one volume of distilled water (equal to the amount of plasma that 
was removed before) and freezing in liquid nitrogen. After thawing the 
samples, the Hb concentration was determined by a HemoCue 201+
(HemoCue AB, Ängelholm, Sweden). Finally, the erythrocytes were 
stored at − 80 ◦C until further analysis. 

2.2. In vitro formation of IES-Val from estragole and anethole 

In order to test whether anethole forms the same Hb adduct as 
estragole, an in vitro S9 assay (an assay using post-mitochondrial su-
pernatants of liver homogenates (S9)) was conducted. In this assay, the 
metabolic activation by hydroxylation and sulfoconjugation and the 
following adduct formation with Hb was assessed in a reaction mixture 
containing 4 μM estragole or anethole (both from SigmaAldrich), 35 mg 
human Hb (pool sample, see below), 0.5 mg S9 protein (from pheno-
barbital/β-naphtoflavon induced rats) and 25 μM 3′-phosphoadenosine- 
5′-phosphosulfate (PAPS) in aqueous buffer (20 mM K2HPO4, 2 mM KCl, 
1 mM Na2HPO4, 0.25 mM NADPH, 0.3 mM glucose 6-phosphate (all 
from Roth, Karlsruhe, Germany), 2.5 mM MgCl2 (Merck)). The mixtures 
were incubated in three replicates at 37 ◦C for 1 h, shock-frozen in liquid 
nitrogen and stored at − 80 ◦C until further analysis. Reaction mixtures 
additionally containing the sulfotransferase (SULT) inhibitor penta-
chlorophenol (PCP; 100 μM, SigmaAldrich) or replacing rat by human 
hepatic S9 fractions (female and male, pools of 10 donors for each sex, 
Xenotech, Kansas City, USA) were prepared and treated in parallel. 

2.3. In vitro formation of IES-dG and IES-dA 

The in vitro assay established for the formation of IES-Val at the N- 
terminus of Hb was also used to confirm the formation of the estragole 
DNA adducts isoestragol-deoxyguanosine (IES-dG) and isoestragol- 
deoxyadenosine (IES-dA). At this, the same reaction conditions as 
described above were used replacing Hb by 500 μg calf thymus DNA (10 
mg/ml Thermo Fisher Scientific, Dreieich, Germany) as target for the 
adduct formation. 

Abbreviations 

ADI acceptable daily intake 
AMPAC N-acetyl-S-[3’-(4-methoxyphenyl)allyl]-L-Cys 
BMDL benchmark dose lower confidence limit 
CID collision-induced dissociation 
CV coefficient of variation 
CYP cytochrome P450 
ESI electrospray ionization 
FITC fluorescein isothiocyanate 
FTH fluorescein thiohydantoin 
GST glutathione S-transferase 
Hb hemoglobin 
IES-dA isoestragole-deoxyadenosine 

IES-dG isoestragole-deoxyguanosine 
IES-Val N-(isoestragole-3-yl)-valine 
IES-Val-FTH 3-fluorescein-1-(isoestragol-3′-yl)-5-(propan-2-yl)-2- 

thioxoimidazolidin-4-one 
JECFA Joint FAO/WHO Expert Group on Food Additives 
LOD limit of detection 
LOQ limit of quantification 
MoE margin of exposure 
MRM multiple reaction monitoring 
PAPS 3′-phosphoadenosine-5′-phosphosulfate 
PCP pentachlorophenol 
SPE solid-phase extraction 
SULT sulfotransferase  
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After completion of the assay, DNA was digested in a two-step pro-
tocol by first adding 72 μl sodium citrate buffer (100 mM, pH 6.0 
adjusted with HCl), 72 μl CaCl2 (50 mM), 24 μl (12 U) microccocal 
nuclease (SigmaAldrich), 4.5 μl (225 mU) calf spleen phosphodiesterase 
(SigmaAldrich) and incubating over night at 37 ◦C. Secondly, 171 μl Tris 
buffer (500 mM, pH 10.9 adjusted with NaOH) and 12 μl (12 U) calf 
intestinal alkaline phosphatase (Thermo Fisher Scientific) were added 
followed by another incubation at 37 ◦C over night. The digest was 
centrifuged (5 min, 18,000×g, room temperature) and the supernatant 
filled in glass vials prior to LC-MS/MS analysis. 

2.4. Synthesis of IES-dA and IES-dG 

Synthetic authentic standards for IES-dG and IES-dA were necessary 
for optimization of the LC-MS/MS analysis of the in vitro assays 
described above. They were prepared by reacting 100 μl 1′-acetox-
yestragole (synthesized by ASCA GmbH, 100 mM solution in DMSO) 
with 100 μl dG (100 mM stock solution in DMSO, SigmaAldrich) and 
100 μl dA (100 mM stock solution in DMSO, SigmaAldrich) in 800 μl 
water. The reaction was incubated at room temperature under shaking 
for 1 h. Reaction mixtures were centrifuged (5 min, 18,000×g) and 
subjected to LC-MS/MS analysis without any purification. 

2.5. Cleavage of N-terminal IES-Val 

The N-terminal Hb adduct IES-Val was detached by a modified 
version of the FIRE™ procedure (Rydberg et al., 2009). For this, 
erythrocyte lysate aliquots containing 35 mg Hb were subjected to an 
Edman degradation by adding 15 μl KHCO3 (1 M, Merck, Darmstadt, 
Germany), 5 mg FITC (in 30 μl DMF; SigmaAldrich, Taufkirchen, Ger-
many) and 12 fmol [13C5,15N1]-3-fluorescein-1-(isoestragol-3′-yl)-5- 
(propan-2-yl)-2-thioxoimidazolidin-4-one ([13C5,15N1]-IES-Val-FTH; 
synthesized by ASCA GmbH, Berlin, Germany) as internal standard 
followed by a 20 h incubation at 37 ◦C under shaking at 800 rpm. Re-
sidual Hb was removed by precipitation with acetonitrile (Merck, 1.5 

ml), vortexing, 5 min sonication, and centrifugation (10 min, 12,700×g, 
room temperature). The supernatant was transferred to a new tube and 
alkalized with 25 μl NH3 solution (1 M, Merck). IES-Val-FTH and its 
internal standard were enriched by solid-phase extraction (SPE) using 
Oasis MAX columns (60 mg, 3 ml, Waters, Eschborn, Germany) as fol-
lows. SPE cartridges were activated with 2 ml acetonitrile and equili-
brated with 2 ml distilled water. After sample loading, cartridges were 
subsequently washed with 2 ml acetonitrile, 2 ml water, and 2 ml 1% 
(v/v) aqueous formic acid (SigmaAldrich) and sucked dry by a vacuum 
manifold. IES-Val-FTH was eluted with two times 1.5 ml 90% (v/v) 
aqueous acetonitrile containing 1% (v/v) formic acid. In order to freeze 
the eluates, the fractions were stored at − 80 ◦C for at least 1 h prior to 
drying in a centrifugal evaporator at room temperature. After 45 min, 
the remaining volumes of the elution fractions were combined and 
frozen again prior to evaporation to dryness. Dried samples were stored 
at − 80 ◦C and reconstituted in 60 μl of 50% (v/v) aqueous acetonitrile 
containing 1% (v/v) formic acid prior to measurement. 

2.6. Validation of the LC-MS quantification of IES-Val in human blood 
samples 

The limit of detection (LOD), limit of quantification (LOQ), linearity 
of detection and matrix effect of the LC-MS method were determined by 
a serial dilution (in the range of 0.1 pM–10 nM) of [13C5,15N1]-IES-Val- 
FTH in water or in samples of a human Hb pool after Edman degradation 
(n = 4 replicates). This Hb pool consisted of equal Hb amounts of 
samples from seven donors without special exposure to estragole. For 
the initial identification of the Hb adduct as well as for the determina-
tion of the intraday and interday reproducibility of the LC-MS/MS 
method, IES-Hb was prepared as follows. From the pooled Hb (here-
after termed unmodified Hb) sample, 1 ml was incubated with 50 μl 1′- 
acetoxyestragole (100 mM in DMSO; synthesized by ASCA GmbH, Ber-
lin, Germany) at 37 ◦C under shaking for 18 h. The resulting IES- 
modified Hb was diluted stepwise in the same erythrocyte pool used 
for its synthesis and stored at − 80 ◦C until use. The intraday and 

Fig. 1. Bioactivation of estragole and anethole catalyzed by cytochrome P450 (CYPs) and sulfotransferases (SULTs) to the respective sulfuric acid esters. The 
spontaneous cleavage of the sulfate ions leads to a reactive, resonance-stabilized carbocation. This may form adducts with proteins and DNA or it may be detoxified 
by glutathione S-transferases (GST) leading to the formation of a specific mercapturic acid. Here, only reaction products with the carbon at the 3′-position are shown. 
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interday reproducibility of the method was determined by analyzing a 
1:10,000; 1:100,000; 1:200,000 and 1:400,000 dilution of the prepared 
IES-modified Hb. This analysis was done with four replicates for each 
concentration and repeated once per week for five consecutive weeks. 

2.7. LC-MS/MS analysis of IES-Val-FTH, IES-dG and IES-dA 

Analysis of the extracted IES-Val-FTH as well as of IES-dG and IES-dA 
was performed on an Acquity I-Class UPLC (Waters) coupled to a QTrap 
6500 mass analyzer (SCIEX, Toronto, Canada). The analytes were 
separated by reversed-phase chromatography on a HSS T3 column (2 
mm × 150 mm, 1.8 μm, Waters) using a gradient of acidified water 
(0.1% formic acid (v/v), solvent A) and acidified acetonitrile (0.1% 
formic acid (v/v), solvent B). For the analysis of IES-Val-FTH, the 
following course was used: 0–2 min isocratic 10% B, 2–15 min linear 
from 10% to 90% B, 15–18 min isocratic 90% B, 18–18.1 min linear from 
90% to 10% B, 18.1–19 min isocratic 10% B. Separation of the nucle-
oside adducts IES-dG and IES-dA was performed with a slightly different 
gradient table: 0–2 min isocratic 15% B, 2–15 min linear from 15% to 
65% B, 15–15.1 min linear from 65% to 90% B, 15.1–18 min isocratic 
90% B, 18–18.1 min linear from 90% to 15% B, 18.1–19 min isocratic 
15% B. In both cases, the flow rate was 400 μl/min and the injection 
volume was 8 μl. The column temperature was set to 40 ◦C. The mass 
spectrometer was operated in positive ESI mode with the following 
parameters: curtain gas = 40 psi, ion spray voltage = 4500 V, entrance 
potential = 10 V, temperature = 450 ◦C, gas1 = 60 psi, gas2 = 70 psi. 
The IES-Val-FTH and [13C5,15N1]-IES-Val-FTH were detected by multi-
ple reaction monitoring (MRM) with the transitions m/z 635.1 to 445.1 
for the unlabeled and m/z 641.1 to 448.1 for the [13C5,15N1]-labeled IES- 
Val-FTH with the following parameters: declustering potential = 150 V, 
collision energy = 57 V and cell exit potential = 24 V. The quantification 
of the intrinsic IES-Val-FTH was based on the signal intensity of 
[13C5,15N1]-IES-Val-FTH. The detection of IES-dG and IES-dA was done 
by MRM as well using the transitions m/z 398.1 to 147.0 for IES-dA and 
m/z 414.1 to 298.0 for IES-dG. At this, the following MS parameters 
were used: entrance potential = 10 V, declustering potential = 63 V, 
collision energy = 35 V and 17 V, cell exit potential = 10 V and 12 V for 
IES-dA and IES-dG, respectively. 

2.8. High resolution LC-MS/MS of IES-Val-FTH 

IES-Val-FTH originating from 1′-acetoxyestragole-treated Hb (see 
2.6.) was prepared and analyzed as described in sections 2.7. [Edman +
LC-MS/MS]. In a time window of + - 0.1 min around its expected 
retention time, the transfer capillary was disconnected from the ion 
source and the effluents were collected in a 1.5 mL reaction tube. Five μL 
of this fraction as well as of a 1 μmol/L [13C5,15N1]-IES-Val-FTH solution 
were electrosprayed via a nanoflow ion source (TriVersa NanoMate, 
Advion BioScience, Harlow, Essex, UK) using nanoelectrospray chips 
(1.45 kV ionization voltage, 0.45 psi nitrogen gas pressure) into a 
QExactive Plus mass spectrometer (Thermo Fisher Scientific, Bremen, 
Germany) operated in positive mode (capillary temperature 250 ◦C, 
sheath, auxiliary, and sweep gas flow rate 0, S-lens RF level 60). Mass 
spectra were recorded from m/z 50 to 1700 with the orbitrap mass 
analyzer (resolution: 70,000 at m/z 200). Tandem mass spectra were 
acquired with precursor ion selection in the quadrupole (isolation width 
3), HCD fragmentation (normalized collision energy 35 V) and fragment 
ion recording in the orbitrap (m/z 50 to 1700, resolution 70,000 at m/z 
200). The instrument was operated by Tune 2.11 and data was analyzed 
using Freestyle 1.5 software. 

2.9. High resolution LC-MS/MS of IES-dA and IES-dG 

High resolution precursor and fragment ion spectra of putative IES- 
dA and IES-dG were used to confirm both elemental composition and 
chemical structure. Analyses were performed on an Acquity I-Class 

UPLC (Waters, city, country) connected to a TripleTOF 6600 (Sciex) 
equipped with an electrospray ionization source and operated in nega-
tive mode. Chromatographic separation was carried out as described 
before (see 2.7.) The operating parameters of the TripleTOF 6600 were: 
ion spray voltage 4500 V, interface heater temperature 450 ◦C, curtain 
gas 55 psi, ion source gas 1 60 psi, ion source gas 2 70 psi. The exact mass 
of IES-dA and IES-dG was determined by a time of flight (TOF)-MS scan 
from 34 Da to 1200 Da. Simultaneously, the MS2 fragment ion spectra 
was recorded by a product ion scan of the ions m/z 398.2 and 414.2 Da. 
At this, a declustering potential of 60 V and a collision energy of 25 V 
with a collision energy spread of 15 V was used. Data acquisition and 
processing was carried out using Analyst 1.7.1 software (Sciex). 

2.10. IES-Val during and after controlled exposure to fennel tea 

To test the usability of IES-Val-FTH as biomarker of estragole expo-
sure (proof of principle), the medical head of the project (K.A., age 62 
years, body weight 80 kg) drunk 500 ml of fennel tea per day in the 
morning for a period of 4 weeks. Blood sampling was done directly 
before the first consumption and on days 8, 15, 22, 29, 49, 70, 91, 112 
and 133 after the first consumption. 

For the preparation of fennel tea infusion, bitter fennel fruits pur-
chased from Bombastus-Werke AG (Freital, Germany) were ground in a 
mortar and added to a pot with boiling water (16 g fennel fruits per 1 l of 
boiling water). Then, the fennel tea was incubated for 10 min under 
manual mixing after 3, 6 and 9 min. Afterwards, the tea infusion was 
cooled to room temperature, filtered through a cotton towel and ali-
quoted in 500 ml glass bottles that were stored at 4 ◦C for a maximum 
time of 4 days until consumption. The methods for the quantification of 
estragole and anethole in the tea by GC-MS and LC-UV are described in 
the Supplemental Information. At this, the concentration of estragole 
was in the range of 4–6 mg/l whereas the concentration of anethole was 
in the range of 100–140 mg/l. 

2.11. Statistics 

The calculation of the average, median and standard deviation 
values was done with Excel 2016 (Microsoft, Redmond, USA). 

3. Results 

3.1. Identification of the Hb adduct IES-Val 

In order to identify the Hb adduct of estragole, 1′-acetoxyestragol, a 
reactive congener of 1′-sulfoxyestragole, was incubated with human Hb. 
This reaction leads to the formation of estragole Hb adducts that might 
also be formed in humans after the consumption of estragole containing 
food. After completion of the reaction, the N-terminal valine of Hb, 
which possibly contains an estragole-induced adduct, was cleaved off by 
the isothiocyanate FITC in a reaction termed Edman degradation (Fig. 2; 
Rydberg et al., 2009). The reaction product was purified by SPE. 

Mass spectrometric analysis revealed a reaction product with a mass- 
to-charge ratio (m/z) of 635.1840 indicating the presence of a fluores-
cein thiohydantoin formed from FITC and IES-Val. The structure of the 
analyte was most probably that of 3-fluorescein-1-(isoestragol-3′-yl)-5- 
(propan-2-yl)-2-thioxoimidazolidin-4-one (IES-Val-FTH, Fig. 2). Since 
only one MRM signal was observed, we assumed that the α-amino group 
of Val attaches regioselectively at the 3′-carbon. Also glutathione 
conjugation takes place preferably at the 3′-carbon, which is sterically 
favored compared to the 1′-carbon position (Monien et al., 2019). In 
order to check this structural hypothesis, a stable-isotope labeled form of 
IES-Val-FTH was synthesized and characterized by 1H-NMR. Compari-
son of the retention time and fragmentation (supplementing Figure S1) 
of the [13C5,15N1]-IES-Val-FTH with the product of the Edman degra-
dation confirmed the structural identity of both compounds. According 
to the current state of knowledge, it cannot be ruled out that the 
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1′-adduct is also formed. 
Interestingly, MRM signals at the correct retention time indicated 

that small amounts of IES-Val were also present in the non-treated 
human Hb pool used for the reaction with 1′-acetoxyestragole, reflect-
ing background exposure (see below). 

3.2. Optimization of the LC-MS/MS conditions for the quantification of 
IES-Val 

Next, we established and validated an LC-MS/MS method for the 
analysis of IES-Val from human blood samples. In a first step, conditions 
for the analysis of IES-Val-FTH were optimized by direct infusion of 
[13C5,15N1]-IES-Val-FTH. At this, a precursor ion [M+H]+ with m/z 
641.1 was observed. A product ion scan of this ion showed the main 
fragments to be m/z 448.1, m/z 390.1, and m/z 147.0, with the highest 
signal intensity for the first one. Therefore, the transitions m/z 635.1 to 

445.1 of IES-Val-FTH and m/z 641.1 to 448.1 of [13C5,15N1]-IES-Val- 
FTH were used as quantifier signals. For the analysis of IES-Val-FTH, a 
reversed phase chromatography system was established allowing the 
separation of the IES-Val-FTH eluting at 12.45 min from background 
peaks at 7.4 min and 15.6 min (Fig. 3). 

3.3. Validation of the LC-MS/MS method for the determination of IES- 
Val 

LOD, LOQ and the linearity of detection of the established LC-MS 
method were analyzed by a serial dilution of [13C5,15N1]-IES-Val-FTH 
in pure water or Hb samples that were processed by Edman degradation 
and SPE enrichment. In both cases, linear regression of the MS signal 
intensities over the tested concentration range between 0.1 pM and 10 
nM yielded coefficients of determination (r2) of >0.999 (supplementing 
Figure S2). In samples with Hb matrix, a signal reduction (matrix effect) 

Fig. 2. Fluorescein isothiocyanate (FITC)-mediated cleavage of the N-terminal Hb adduct, IES-Hb, yields an estragole-valine-fluorescein complex (IES-Val-FTH).  

Fig. 3. LC-MS/MS (MRM) traces of IES-Val-FTH (m/z 635.1 to 445.1; A, B) and [13C5,15N1]- IES-Val-FTH (m/z 641.1 to 448.1; C, D) obtained by analysis of a Hb pool 
sample incubated with estragole in absence (A, C) or presence of metabolically activating S9 mix (B, D). 
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of 11.6% was observed. The LOD (S/N ≥ 3) and LOQ (S/N ≥ 10) values 
without matrix were 13 and 33 amol on column, respectively, whereas 
with matrix LOD and LOQ values were 23 and 80 amol on column, 
respectively. The LOQ of 80 amol on column corresponds to 2.3 fmol/g 
Hb (assuming an Edman yield of 100%). However, it is of note that the 
LOD and LOQ of the analysis of the human samples shows a significant 
variation between each sample since the intensities of the background 
signals are varying. In general, the LOD and LOQ of the human samples 
are higher than the values that have been derived from this experiment 
since the background signals for the MRM transition of IES-Val-FTH are 
higher in comparison to the ones for the internal standard. Despite the 
distinct hydrophobicity of the IES-Val-FTH, no carry over was detected 
in the analyzed concentration range. 

The recovery of IES-Val-FTH was determined by spiking of 12 fmol 
[13C5,15N1]-IES-Val-FTH to samples of the human Hb pool, which orig-
inated from persons without intended exposure to fennel tea or to other 
acknowledged sources of estragole in the past four months. After Edman 
degradation and SPE enrichment, the signal intensity of this samples was 
compared to samples containing the same amount of [13C5,15N1]-IES- 
Val-FTH that was added to the same Hb matrix after Edman degradation, 
SPE enrichment and drying. At this, the recovery of the [13C5,15N1]-IES- 
Val-FTH proved to be 71.2% ± 3.8% (n = 4). 

For the determination of the intraday and interday precision of the 
final method, the IES-modified Hb was synthesized by the reaction of 1′- 
acetoxyestragol with human Hb. The modified Hb was then diluted in 
unmodified Hb samples at different concentrations. For the four IES-Val 
concentrations tested, the intraday precision ranged from 1.4% to 7.5% 
(CV) whereas interday precision ranged from 7.1% to 9.5% (CV). The 
yield of the Edman degradation was constant in the tested concentration 
range (supplementing Figure S3). 

3.4. In vitro formation of IES-Val by estragole 

The IES-Val analysis was also applied to trace metabolic activation of 
estragole in vitro. The latter was studied using a rat hepatic S9 assay 
proficient for CYP-mediated hydroxylation and SULT-mediated sulfo-
conjugation and human Hb as trapping reagent. Indeed, remarkable 
amounts of IES-Val (1327 fmol/g Hb; Fig. 4) were detected. Sulfo-
conjugation seemed crucial for its formation, as both removal of the 
SULT cofactor 3′-phosphoadenosine-5′-phosphosulfate (PAPS) and 
addition of the SULT inhibitor pentachlorophenol (PCP) reduced IES-Val 
formation to 1.6% and 2.3% (22 and 30 fmol/g Hb), respectively. 
Although a small amount of IES-Val was observed in presence of PCP, 
this result demonstrates that SULT activity is of principal importance for 
the metabolic activation of estragole. Repetition of the assay with 
human male and female S9 preparation (10 donors each) yielded mean 
IES-Val levels of 46 and 32 fmol/g Hb respectively, demonstrating the 
formation of IES-Val by human S9 preparations as well. 

3.5. In vitro synthesis and characterization of DNA adducts from 
estragole 

Analogously to protein adduct formation, estragole bioactivation 
and DNA adduction was studied using the established S9 system sup-
plemented with calf thymus DNA instead of Hb as trapping reagent. 
Analysis of the DNA digest with positive mode ESI-MS revealed reaction 
products with m/z [M+H]+ 414.1 and 398.1, corresponding to the ex-
pected adducts, IES-dG and IES-dA, respectively (Fig. 5). Their identity 
was confirmed by high resolution MS (m/z 414.1782 and 398.1837, 1.2 
and 2.3 ppm, respectively) and MS/MS spectra (see supplementing 
Figure S4). It is of note that for both adducts, several isomers were 
formed as can be seen in the chromatograms. Their structure may differ 
in the adducting position (1′- or 3′-carbon of the allylic sidechain) as was 
shown previously (Ishii et al., 2011; Punt et al., 2007). However, since 
the isomers showed identical fragmentation patterns (data not shown), 
the isomer structures could not be assigned to the chromatographic 

peaks. 

3.6. In vitro synthesis and characterization of DNA and Hb adducts from 
anethole 

It has previously been shown that anethole may be bioactivated by 
sulfoconjugation as well, leading to the formation of mercapturic acids 
that are structurally identical to those formed from estragole (Monien 
et al., 2019). In order to test whether the adducts identified upon 
estragole bioactivation might also be formed from anethole, the in vitro 
assays described above were repeated replacing estragole by equal 
molar amounts of anethole (Fig. 6A–D). In comparison with the back-
ground samples (mean 13 fmol IES-Val/g Hb), IES-Val levels observed in 
the incubation with anethole (mean 214 fmol IES-Val/g Hb) were 16.5 
times higher, but not as high as in the incubation with estragole. In 
addition, the putative adducts IES-dA and IES-dG observed in calf 
thymus DNA incubated with S9-mix, PAPS and estragole, were also 
observed in reactions containing S9-mix, PAPS and anethole, albeit at a 
lower level (Fig. 6B). The adduct levels in hemoglobin and DNA showed 
that bioactivation of estragole was 6.2 times or 5.6 times more efficient, 
respectively, in comparison to that of anethole. The observation of 
identical adducts formed from both substances shows that IES-Val 
cannot be seen as a specific marker for the internal exposure to 
estragole. 

3.7. Human exposure to estragole and anethole 

In order to study the human background levels of IES-Val observed 
before (3.1) on an individual level, 14 Hb samples selected randomly 
from the omnivore group of the Risks and Benefits of a Vegan Diet 
(RBVD) study at the German Federal Institute for Risk Assessment 
(Weikert et al., 2020) were analyzed. At this, IES-Val was detectable in 
all of the analyzed samples with a median concentration of 16.4 fmol/g 
Hb (range 11.6–46.5 fmol IES-Val/g Hb). 

Finally, the method’s utility to quantify exposure to elevated levels of 
estragole and anethole was tested (proof of principle) by exposing a 

Fig. 4. Formation of IES-Val from estragole and Hb in presence of S9 from 
phenobarbital/β-naphthoflavone induced rats and PAPS after 60 min of incu-
bation (red). IES-Val formation was reduced in absence of the SULT cofactor 
PAPS (light green) and in presence of the SULT inhibitor PCP (100 μM, dark 
green). IES-Val was formed as well in assays using female (purple) and male 
(blue) human S9 (preparations of 10 persons) and PAPS. Unmodified Hb in light 
grey. Unmodified Hb with estragole and PAPS without S9 in dark grey. Shown 
are average values ± standard deviations (n = 3 individual assays). (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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healthy volunteer to 0.5 l of fennel tea (containing about 2.5 mg estra-
gole and 60 mg anethole) per day for a period of 4 weeks. Starting from a 
background level of 16.0 fmol IES-Val/g Hb, IES-Val levels increased 
significantly after one week of exposure and reached a maximum of 
30.6 fmol IES-Val/g Hb at the end of the exposure period (Fig. 7). 
Thereafter, IES-Val levels decreased continuously until week 15 after the 
end of exposure when a level similar to that prior to the exposure period 
was reached (16.3 fmol IES-Val/g Hb). 

4. Discussion 

One purpose of the current work was to test the hypothesis that 
anethole is bioactivated in a similar fashion like estragole, as previous 

studies indicated. Both compounds led to the formation of the inter-
mediate 3′-hydroxyanethole (Solheim and Scheline, 1973) or the mer-
capturic acid AMPAC (Monien et al., 2019) detected in urine samples of 
rats and humans, respectively. AMPAC excretion observed after 
controlled exposure to anethole led to the hypothesis that, following a 
similar bioactivation pathway as estragole, anethole is converted to 
3′-sulfoxyanethole and forms a highly reactive allylic carbocation after 
spontaneous cleavage of the sulfate ion. Here we tested this, using a 
hepatic rat S9 assay proficient for CYP-catalyzed hydroxylation and 
SULT-catalyzed sulfoconjugation, the steps that convert estragole into 
1′-sulfoxyestragole. The assay allowed detection of the IES-Val at the 
N-termini of Hb incubated in the presence of estragole. The reactions of 
anethole in the presence of S9-mix and Hb or DNA showed that anethole 
formed protein and DNA adducts as well, albeit 6.2- and 5.6-fold less, 
respectively, compared to estragole. The relatively low adduct levels 
formed from anethole may be due to various (yet unknown) factors, e.g. 
variations of the CYP-catalyzed hydroxylation at both carbons at 1′- and 
3′-position or variations in the electron density on both carbons at 1′- 
and 3′-position of the allylic carbocation. However, it must be noted as 
well that the direct comparison of IES-Val levels resulting from incu-
bation with estragole or anethole has limited significance, because none 
of the reactions partaking in bioactivation has been characterized by 
Michaelis-Menten kinetics (Km and Vmax are unknown). 

The current experimental data on the bioactivation of anethole 
revive the discussion on its genotoxicity, which was never shown un-
equivocally in the past. Gorelick reported that anethole was not muta-
genic in Salmonella typhimurium TA100 with or without external 
metabolic activation by S9 preparations from rat liver, and did not 
induce chromosomal aberrations in Chinese hamster ovary cells. How-
ever, the mutant frequency increased with the dose in a mouse lym-
phoma TK ± assay in the presence of rat liver S9. The author concluded 
that the incidence of liver tumors in anethole-treated rats may originate 
from repeated cycles of cell toxic effects and proliferation (Gorelick, 
1995). Two other studies argue in favor of a genotoxic effect of anethole 
increasing the revertants in Salmonella typhimurium TA100 in the pres-
ence of S9 and PAPS (To et al., 1982) and leading to the formation of 
(low levels of) DNA adducts in a turkey egg fetal liver assay (Kobets 
et al., 2016) and in hepatic DNA after treatment with anethole in a 
newborn-mice assay (Phillips et al., 1984), detected by 32P-postlabeling. 
Here, we showed that in the presence of rat liver S9 and PAPS, anethole 
forms the same adducts in calf-thymus DNA that were also observed in 
incubations with estragole (IES-dA and IES-dG), albeit at very low levels 
(Fig. 6). 

Currently, there is no other in vivo data available on the comparative 
bioactivation of estragole and anethole, but we may get an impression 
from a read-across to the related alkenylbenzenes methyleugenol and 
trans-isomethyleugenol, reflecting the same structural relationship of 
estragol and anethole with double bonds between 2′- and 3′-carbons or 
between 1′- and 2′-carbons, respectively (Fig. 1). A dose of 280 μmol/kg 
body weight of 1′-hydroxymethyleugenol (the proximate carcinogen of 
methyleugenol) led to the formation of about 700-fold higher levels of 
N2-(trans-isoestragol-3′-yl)-2′-deoxyguanosine (N2-MIE-dG) in hepatic 
DNA of mice expressing human SULT1A1/1A2 than observed after the 
administration of an equivalent dose of 3′-hydroxymethyleugenol 
formed from trans-isoeugenol. It was argued that, in principle trans- 
isoeugenole was activated to 3′-sulfoxymethylisoeugenol, however, this 
pathway was negligible if compared to the very effective oxidative 
detoxification of 3′-hydroxymethyleugenol by ADH and ALDH, which is 
less efficient with the secondary alcohol, 1′-hydroxymethyleugenol 
(Herrmann et al., 2014). The same rationale explained the observation 
that the portion of anethole converted into AMPAC was about 44 times 
smaller compared to that of estragole after the controlled exposure of 
both compounds in a volunteer. The primary metabolite of anethole, 
3′-hydroxyanethole, may be more prone to oxidation by ADHs and 
ALDHs, compared to a secondary alcohol like 1′-hydroxyestragole 
(Monien et al., 2019). Taken together, our data support the notion that 

Fig. 5. A) LC-MS/MS (MRM) traces of IES-dG (m/z 414 to 298 in red; 1) and 
IES-dA (m/z 398 to 147 in blue; 2) by the incubation of estragole with S9 from 
phenobarbital/β-naphthoflavone induced rats, PAPS and calf thymus DNA. B) 
Incubation of 1′-acetoxyestragole with dG and dA (positive control). Note that 
the peak eluting at 6.5 min shows a different MS2 fragment spectra lacking the 
fragment ion of estragol (m/z 147.1) and is therefore considered to be not one 
of the expected IES-dG isomers. C) In vitro assay without S9 (negative control). 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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the sulfate ester formed from anethole may be genotoxic. However, the 
contribution of this metabolic pathway is minute in comparison to the 
formation of 1′-sulfoxyestragole from estragole. 

The bioactivation of estragole and anethole with hepatic S9 of rats 
led to detectable amounts of IES-Val, lower levels of which were also 
observed after incubating Hb with human S9 mix in the presence of 
estragole. However, the species comparison of results from S9-mediated 
bioactivation are not suitable for deriving conclusions on the relative 
hazard of estragole exposure in humans. The hepatic S9 of rats was from 
animals treated with phenobarbital/β-naphtoflavone, which leads to 
induction of metabolizing CYP enzymes, in particular isoforms of the 
families CYP1A (β-naphtoflavone), CYP2B and CYP2C (phenobarbital; 
Martignoni et al., 2006). In addition, various parameters of absorption, 
distribution, metabolism and excretion in rats and humans are not 
known. For example, there is no data on the absorption of estragole from 
the gastrointestinal tract of either species and the S9 mix also does not 
reflect the extent to which estragole is detoxified via the numerous other 
metabolic pathways (McDonald, 1999). 

Based on a specific Edman degradation reaction, the FIRE™ pro-
cedure (Rydberg et al., 2009), a sensitive isotope-dilution method for the 
quantification of estragole/anethole adduction of Hb N-termini 
(IES-Val) by UPLC-MS/MS (MRM) was developed and validated. The 
LOQ achieved for this analyte (IES-Val-FTH, 80.3 amol, corresponding 

to about 2.3 fmol/g Hb) is much lower than the LOQs for analogous 
FTH-conjugated adducts from other genotoxic substances, e.g. acryl-
amide (AA-Val-FTH; 2 pmol/g Hb: von Stedingk et al., 2010), glycidol 
(DHP-Val-FTH; 1.4 pmol/g Hb: Hielscher et al., 2017), or furfuryl 
alcohol (FFA-Val-FTH; 0.9 pmol/g Hb: Sachse et al., 2017). The high 
sensitivity of IES-Val-FTH detection might result from (i) its comparably 
high hydrophobicity leading to it being well-separated from side prod-
ucts of the FITC-mediated Edman degradation; (ii) its comparably high 
molecular weight resulting in a low noise level of its quantifier trace 
(m/z 635.1 to 445.1); and (iii) elution conditions increasing its ioniza-
tion efficiency due to higher acetonitrile content (Kostiainen and Bruins, 
1996), resulting in approximately five times larger peak heights for 
equal amounts of IES-Val-FTH compared to AA-Val-FTH (data not 
shown). This superior sensitivity permitted to quantify the low back-
ground levels of IES-Val in human samples. 

Because of the sensitivity of the LC-MS method, it was possible to 
detect the IES-Val levels in Hb samples from 14 adult participants from 
the RBVD study (range 11.6–46.5 fmol/g Hb), which were far below the 
adduct levels of other genotoxins in food observed in German adults, e.g. 
glycidol (2.9–5.5 pmol/g Hb, n = 11; Abraham et al., 2019), acrylamide 
(14.7–92.4 pmol/g globin, n = 30; Vesper et al., 2008) and glycidamide 
(11.2–96.6 pmol/g globin, n = 30; Vesper et al., 2008). The investiga-
tion in a volunteer drinking fennel tea over 4 weeks as a means for the 

Fig. 6. A) IES-Val quantities formed by incubation of anethole (orange) or estragole (red) and human Hb with rat S9 (phenobarbital/β-naphtoflavon induced rats) 
and PAPS. IES-Val quantities formed by incubation of anethole and human Hb with rat S9 (phenobarbital/β-naphtoflavon induced rats), PAPS and the SULT inhibitor 
PCP (100 μM, dark green). Negative controls consisted of Hb incubated alone (light grey) or in presence of anethole and PAPS, but without S9 (dark grey). Shown are 
average values ± standard deviations (n = 3 individual assays; B) LC-MS/MS (MRM) traces of IES-dG (m/z 414 to 298 red; 1) and IES-dA (m/z 398 to 147 in blue; 2) 
obtained by the incubation of anethole with S9 from phenobarbital/β-naphthoflavone induced rats and calf thymus DNA, C) Incubation of 1′-acetoxyestragole with 
dG and dA (positive control); note that the peak eluting at 6.5 min shows a different MS2 fragment spectra lacking the fragment ion of estragol (m/z 147.1) and is 
therefore considered to be not one of the expected IES-dG isomers. D) In vitro assay without S9 (negative control). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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controlled exposure to estragole and anethole led to a detectable in-
crease of the IES-Val level, supporting the notion that the bioactivation 
to the reactive sulfate esters occurs also in humans. After termination of 
the fennel tea exposure, the IES-Val levels decreased within 15 weeks 
until the background level was reached. The elimination followed the 
same zero-order kinetics observed for the Hb adduct 2,3-dihydroxypro-
pyl-Val after its accumulation related to the exposure to fatty acid esters 
of glycidol in 12 participants over 28 days (Abraham et al., 2019). This 
indicates that IES-Val is chemically stable and that its elimination is 
determined primarily by the erythrocyte lifetime (≈120 days). It is of 
note, that the background level of IES-Val was relatively high in com-
parison to the shift observed after 28 days of drinking fennel tea. That is 
why the question arises as to whether other substances besides estragole 
and anethole may contribute to the formation of IES-Val. Similar hy-
potheses were previously expressed about the formation of the glycidol 
adduct DHP-Val in Hb (Abraham et al., 2019) and a possibly endogenous 
source of acrylamide (Goempel et al., 2017). However, based on the 
current knowledge, we cannot address the question on the specificity of 
the IES-Val. 

5. Conclusion 

In the current work, the hypothesis was confirmed that anethole is 
metabolized by hydroxylation at the 3′-carbon and that the electrophilic 
metabolite resulting from the following sulfoconjugation, 3′-sulfox-
yanethole, reacts with cellular nucleophiles, like glutathione, Hb, and 
DNA. Previous studies showed that the mercapturic acids formed after 
glutathione conjugation cannot be distinguished from those of estragole, 
because of the identity of the intermediate allylic carbocation formed 
from 1′-sulfoxyestragole and 3′-sulfoxyanethole (Fig. 1). Consequently, 
the protein and DNA adducts of anethole and estragole are probably the 
same as well. 

Despite the parallel bioactivation, there is only limited evidence for a 
carcinogenic effect of anethole (Newberne et al., 1989), perhaps because 
the genotoxicity of anethole is very mild in comparison to estragole. 

Hepatic DNA adduct analyses with the structurally related substances, 
1′-hydroxymethyleugenol and 3′-hydroxymethyleugenol, in mice 
(Herrmann et al., 2014) and a controlled exposure study with estragole 
and anethole in a human adult (Monien et al., 2019) indicated that the 
sulfoconjugation-related genotoxic potential of anethole may be two 
orders of magnitude lower compared to that of estragole. However, it is 
of note that anethole is much more abundant in some food matrices like 
e.g. fennel tea (in our study about 25 times higher levels compared to 
estragole) or anise. 

Applying the very sensitive technique developed in the current work, 
demonstrated the presence of IES-Val at low levels in all studied blood 
samples. Yet, the formation of IES-Val by estragole and anethole does 
not allow using the adduct as a biomarker of external exposure to these 
substances. However, as an endpoint of bioactivation of estragole and 
anethole leading to the same set of DNA adducts, IES-Val may be 
regarded as a surrogate biomarker for the internal exposure to the 
reactive allylic carbocation formed from 1′-sulfoxyestragole and 3′-sul-
foxyanethole, both of which are analytically intangible and majorly 
responsible for the genotoxic effects. 
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