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CHAPTER 1

General introduction



Short introduction and aim of thethesis

Safrole, 4-allyl-1,2-methylenedioxybenzene, is a constituent of spices like nutmeg, mace
and star anise and of some food products to which safrole containing spices are added such
as pesto sauce, cola beverages, Bologna sausages and Vienna sausagetsalS2003).

In addition, safrole containing spices are used as source of natural flavouring and as
traditional medicine for illnesses related to the nervous and digestive system (Leela, 2008).
Current European Council Directive (EC) on food flavouring regulation No 1334/2008 has
prohibited the use of safrole as such in human foods and restrictions have been set on the
concentration of safrole in foods that are prepared with safrole containing flavourings or
food ingredients with flavouring properties (European Commission, 2008). In the U.S.
already in 1960 the U.S. Food and Drug Administration (FDA) prohibited the use of pure
safrole and sassafras oil (content of safrole >80%) in food (FDA Ban 21 CFR 189, 180;
revised April 1 2008) due to the potential carcinogenicity of safrole as demonstrated in
rodent studies (Borcheet al., 1973; Milleret al., 1983; Wislockiet al., 1977).

Several risk assessments have been performed to evaluate the safety of human exposure to
safrole. In 1997, the Committee of Experts on Flavouring Substances (CEFS) of the
Council of Europe evaluated safrole and concluded that safrole is a weak hepatocarcinogen
in experimental animal studies but also a genotoxic and a transplacental carcinogen, and
that efforts should be made to reduce its consumption through foods and beverages as much
as possible (Council of Europe, 1997). The Scientific Committee on Food (SCF) of the
European Union (EU) concluded in their evaluation that safrole is genotoxic and
carcinogenic and that reductions in the exposure and restriction in the use levels are
indicated (SCF, 2002). These opinions are all based on carcinogenicity data from rodent
studies because adequate human data were not available. At present, discussions are
ongoing on how to translate the results from animal bioassays at high dose levels of the
pure compound to the risk for the human population exposed to safrole at relatively low
levels via dietary intake. This translation of cancer risk from the animal data to humans at
relevant dietary intake levels needs a better understanding of species dependent, dose
dependent, and interindividual differences in bioactivation and detoxification of safrole and

the possible influence of the food matrix on these processes.



The aim of this thesis was to obtain insight into the effects of dose-, species-,
interindividual- and matrix dependent differences on the bioactivation and detoxification of

safrole using physiologically based biokinetic (PBBK) modeling.

Exposureto safrole

Although use of safrole has been banned in the EU and U.S., intake of safrole at very low
levels occurs in daily life via the diet from consumption of spices containing safrole such as
nutmeg, mace, star anise, cinnamon and black pepper and from food products to which
these spices are added such as cola beverages, Bologna sausages and Vienna sausages
(Sianoet al., 2003). The content of safrole in essential oils of nutmeg, mace, star anise and
black pepper is 2.33, 1.05, 0.14, 0.14 and 0.1% (JECFA, 2009). The content of safrole in
Bologna and Vienna sausages was determined to amount to 2 and 0.2 mg/kg of product,
respectively which can most likely be ascribed to nutmeg addition (8iahg 2003). The

intake of safrole may also result from consumption of soft drinks which may contain safrole
up to 3-5 times the use limit of 1 ug/mL (Choong and Lin, 2001). Furthermore, exposure to
safrole occurs in some countries in Southeast Asia as a result of the popular habit of
chewing a betel quid containimjper betle (containing 15 mg/g fresh weight of safrole), a
habit that was linked to the incidence of oral squamosa cell carcinoma ¢Célen1999;
Hwanget al., 1992; Koet al., 1995).

The average daily intake of safrole from consumption of foods that contain safrole was
estimated to be 0.3 mg/day corresponding togkg body weight (bw)/day for a 60 kg
person (SCF, 2002). This value was based on a selection of 28 food categories to which
safrole could still be added at the time of the evaluation. Given current regulations that
restrict safrole use in food, this average daily intake may be lower at present, although
recent estimates from other assessment bodies report comparable intakes. The Joint
FAO/WHO Expert Committee on Food Additives (JECFA), at the sixty-ninth meeting,
estimated the intake of safrole from food consumption to amount tou§f@rson/day
(equivalent to 9.5u9/ kg bw/day for a 60 kg person) in the U.S. based on the highest
reported levels of volatile oil in spices and the highest reported safrole concentration in the

oil (JECFA, 2008). From EU import data of nutmeg, mace and its essential oils, the



maximum daily intake of safrole was estimated to be|87person (equivalent to 14ug/
kg bw/day for a 60 kg person) (JECFA, 2008). The FDA estimated the intake of safrole
from only essential oil of nutmeg and mace to be 4 pg/kg bw/day (SCOGS, 1973).

Safrole metabolism

Upon oral intake, safrole is rapidly absorbed from the gastrointestinal tract by passive
diffusion (Fritzh, 1975). Biotransformation of safrole occurs mainly in the liver (Benedetti
et al., 1977; Klungsgyr and Scheline, 1983). The metabolism of safrole including its
bioactivation and detoxification pathways is presented in Figure 1.1. The metabolic
pathways of safrole include oxidative dealkylation of the methylenedioxy group resulting in
1,2-dihydroxy-4-allylbenzene (DHAB) which is the major metabolite of safrole in rat,
guinea pig and man exposed to safrole (Benedgtal., 1977; Changet al., 2002;
Klungsgyr and Scheline, 1982; Stillwedt al., 1974). This metabolite may be further
oxidized to an o-quinone metabolite, 4-allyd-quinone, which isomerizes non-
enzymatically to a more electrophiliequinone methide (Boltost al., 1994). DHAB can

be excreted following conjugation at its hydroxyl moieties through sulfation and/or
glucuronidation prior to oxidation to the quinone/quinone methide or upon GSH
conjugation of its quinone/quinone methide which has been observed to occur in rat
hepatocytes (Nakagawet al., 2009). However, GSH conjugation was a minor pathway
compared with the sulfation and/or glucuronidation of DHAB (Nakagetveh., 2009).A

small amount of 3hydroxysafrole as conjugated form has also been detected in the urine of
rats exposed to safrole, but not in the urine of humans exposed to safrole (Behaetti
1977). This metabolite is formed upon the direct hydroxylation of the alkyl side chain at the
3’ position and is subsequently conjugated with glycine to give 3,4-methylenedioxybenzoyl
glycine and 3,4 methylenedioxy-cinnamoyl glycine which are excreted in the urine (Boberg
et al., 1986). Epoxidation of the double bond of the allyl side chain results3rsafrole

oxide which is rapidly hydrolysed by microsomal epoxide hydrolase formiry 2
dihydroxysafrole (loannidest al., 1981; Klungsgyr and Scheline, 1983). The major
bioactivation pathway of safrole is initiated by formation of the proximate carcinogenic

metabolite thydroxysafrole in a reaction catalysed by cytochromes P450, with P450 2A6,



Figure 1.1. Biotransformation pathways of safrole.



P450 D6.1, P450 2C9, P450 2C19 and P450 2E1 being the main P450 enzymes involved in
human (Jeurissert al., 2004; Liuet al., 2004; Uenget al., 2004). 1-Hydroxysafrole
subsequently undergoes several further reactions. One of these reactions is further
bioactivation to the ultimate carcinogefistiifooxysafrole catalyzed by sulfotransferases
(SULTSs). Detoxification of thydroxysafrole may result from the conjugation reaction
catalyzed by UDP-glucuronosyltransferases (UGTs) resulting ‘Wmydroxysafrole
glucuronide which is excreted in the urine in rodents and humans. Another reactlen of 1
hydroxysafrole is its oxidation forming-tixosafrole which was detected in small amounts

as conjugated form in the bile of rats accounting for 6.5% of the dosénpdrbxysafrole
injected intraperitoneal (i.p) to rats (Fennetllal., 1984). 1-Oxosafrole is subsequently
conjugated with glutathione forming-@lutathionSyl)-1’-oxo-2,3-dihydrosafrole which

can be converted to the corresponding mercapturic adid-&cetylcystein Syl)-1'-oxo-
2',3-dihydrosafrole (Fenneét al., 1984).

Carcinogenicity of safrole

Long term carcinogenicity studies of safrole in rodents have been performed. Table 1.1
presents an overview of the available carcinogenicity data from long term studies with
safrole in mice and rats. Wisloc#t al. (1977) employed oral administration of safrole via

the diet to rats for 51 weeks. In this study, the incidence of hepatomas was increased (17%)
at a dose of 200 mg safrole/kg bw/day. Rats exposed to 68 mg safrole/kg bw/day and
controls showed no hepatomas. Three independent studies using mice and rats were
reported in the publication by Borchettal. (1973). In study 1, administration of safrole

via the diet to male CD-1 mice at dose levels of 390 and 488 mg safrole/kg bw/day for 56
weeks resulted in a significant increase in the incidence of hepatocellular carcinomas, by 44
and 53%, respectively, compared to controls (0%). In study 2, rats were administered
safrole via the diet at dose levels of 82 and 138 mg/kg bw/day for 47 weeks and this
resulted in the formation of hepatocellular carcinomas but not at levels that were
significantly different compared to the levels in controls. In study 3, increasing levels of
hepatocellular carcinomas were observed in male CD-1 mice dosed by subcutaneous (s.c)
injection with 9.45 umol of safrole (given in four injections on days 1, 7, 14, and 21 of age

to preweanling mice) but no hepatocellular carcinomas formed in female CD-1 mice



(Borchertet al., 1973). When safrole was administered to post weaning mice, a significant
increase in hepatocellular tumors was observed in females (48%) but not in males (8%).
Male offspring (34%) nursed by mothers treated treated with safrole during lactation had
hepatocelluler tumors but not female offspring (Vesselinovitchl., 1979). The results
suggested that safrole or its metabolites may cross the placenta to the fetuses and be
transferred from lactating mothers exposed to safrole to the offspring through the milk
(Vesselinovitchet al., 1979).

Table 1.1. Overview of carcinogenicity data from rodent studies with safrole reported in

literature
Species Sex Route of Duration of Sacrifice Dose # of animals|Inciden|  References
administration exposure with liver tumor| ce (%)
or
hepatocellular
carcinoma/#an
mals
Mice B6C3Fl M 18 days 0 3/100 3 Vesselinovitch
Trigf]f;?” (12,14,16,18 Total dose 500 mg/kg bW 2/63 3.2|etal. (1979)
F days of 0 0/98 0
gestation) Total dose 500 mg/kg bw 0/71 0
M gastric _ 92 wk |0 3/100 3
intubation 90 wk (twice 120 mg/kg bw/day 4/60 8
F weekly) 0 0/98 0
120 mg/kg bw/day 22/60 48
M 0 3/100 3
via milk 3 wk (2 days Total dose 1500 mg/kg b\®@8/85 34
F interval) 0 [o/98 0
Total dose 1500 mg/kg b\@/80 25
Rat CD1 74 wk 0 0/18 0 Wislockiet al.
diet 0.22% (68 mg/kg bw/day0/18 0 (1977)
M 96wk
96 wk 0 0/15 0
0.5% (200 mg/kg bw/day|3/18 17
Mice CD1 F ‘ 78wk 0 0/30 0 Miller et al.
diet 0.5% (176 mg/kg bw/day21/30 70  [(1983)
F 52 wk 0 0/50 0
86 wk |0-25% (80 mg/kg bw/day)34/47 72
0.5% (160 mg/kg bw/day39/49 80
Mice CD1 M 0 4/50 8 Borchertet al.
diet 56 wk 70 wk {0.4% (390 mg/kg bw/day11/25 44 [(1973)
0.5% (488 mg/kg bw/day)B/15 53
M 0 4/36 11
s.cinjection| 3wk (at day 56 wk Total 9.45 umol 20/35 57
F 1,7,14,21) 0 0/31 0
Total 9.45 pmol 0/27 0
Rat (SD) M diet 0 0/18 0
47 wk 52 wk [0.3% (82 mg/kg bw/day)| 0/18 0
0.5% (138 mg/kg bw/day1/18 6

Note : M: male; F:

female; i.p: intraperitoneal; s.c: subcutaneous; s.t: stomach tube; wk: week




In addition, also several carcinogenicity studies which administered the proximate
carcinogenic metabolite of safrolé;Hydroxysafrole, were performed in both mice and rats
through various routes of administration. Table 1.2 presents the data of these
carcinogenicity studies with’-hydroxysafrole. In general, the results show that the 1
hydroxy metabolite of safrole also induces hepatocellular tumors in rodent studies. Male
rats dosed with 'thydroxysafrole at 77 mg/kg bw/day for 43 weeks and 100 mg/kg bw/day
for 73 weeks showed incidences of hepatocellular carcinoma of 40 and 90%, respectively
(Wislocki et al., 1977). Bobergt al. (1983) showed that oral dose levels of 125 mg/kg

Table 1.2. Overview of carcinogenicity data from rodent studies wittydroxysafrole
reported in literature

Species Sex| Route of Duration | Sacrifice Dose # of animals with| Inciden| References
administra of liver tumor or | ce (%)
tion exposure hepatocellular
carcinoma/#anim
als
o 0/32 o Boberget al.
Mice CD-1 (1983)
F diet 70 wk | 125 mg/kg bw/day 17/29 60
52 wk
260 mg/kg bw/day 25/32 78
Wislocki et
Rat CD 73 wk 0 0/18 0 al. (1977)
M diet 43 wk 96 wk | 0.25% (77 mg/kg bw/day) | 7/18 40
73wk 0.55% (100 mg/kg bw/day)] 16/18 90
) Boberget al.
Mice 0 4/33 12 (1983)
B6C3F o
M Injection 0.05 pmol/g bw/day 12/34 36
ip onday8,| 44wk
12 0.1 umol/g bw/day 31/36 86
0.2 pmol/g bw/day 32/33 97
. o Miller et al.
Mice CD-1 Injection 0 7146 15 (1983)
M i.p on day| 52wk
1,8,15,22 4.72 pmol /g bw/day 30/46 65
Mice Injection 0 5/35 14
B6c3F1 | M S€  lon 52wk
day1,8,15 3.75 umol/ g bw/day 24/26 92
and 22)
Rat Fisch Injecti 0 0/20 0
atrische M s.c t\I’I'IJii(;IOI"I 104 wk
weekly Total dose 2 mmol/rat 11/20 55
(10 wk)

Note : M: male; F: female; i.p: intraperitoneal; s.c: subcutaneous; s.t: stomach tube; wk: week



bw/day and 260 mg/kg bw/day of-lydroxysafrole given to female mice caused 60 and
78% increase in the hepatoma incidence as compared to control, respectively éBaberg
1983).

DNA adduct for mation and genotoxicity of safrole

Safrole was not mutagenic in the Salmonella reverse mutation assay (Ames test) (Swanson
et al., 1979). I-Hydroxysafrole was mutagenic foB Typhimurium strain TA 100
(Swansonet al., 1979). Bioactivation of safrole by sequentidthgdroxylation and
sulfation to 1-sulfooxysafrole results in a reactive intermediate capable of forming protein,
RNA and DNA adducts, the latter of which may lead to carcinogenesis (Randeaath

1984; Boberget al., 1983; Milleret al., 1983). DNA adducts induced by safrole and its
reactive metabolites '-hydroxysafrole and 'Isulfooxysafrole have been characterized.
Phillip et al. (1981) have identified DNA adducts formed in the liver of adult female CD-1
mice after administration ofH-labelled I-hydroxysafrole. The major adduct was
characterized ab’*(trans-isosafrol-3-yl)-2'-deoxyguanosine (S-Bi>-dGuo). Minor DNA
adducts detected we¢-(safrol-1-yl)-2’-deoxyguanosine (S-N*-dGuo) andN°-(trans-
isosafrol-3-yl)-2’-deoxyadenosine (S-BI>-dAdo) (Phillips et al., 1981). Daimonet al.
(1998) isolated four DNA adducts from the liver of rats exposed to safrole. Two DNA
adducts were identified as $1-dGuo and S‘IN*-dGuo which are similar to the ones
reported by Phillipgt al. (1981) and Randerath al. (1984), while two other safrole-DNA
adducts remained unidentified (Daimehal., 1998). Figure 1.2 presents the schematic
pathway for bioactivation of safrole and the nature of the DNA adducts formed. The safrole
metabolite 23'-safrole oxide is also an electrophilic metabolite that was shown to react
with DNA bases to form DNA adducts in vitro but these adducts were not detected in mice
exposed to safrole (Qato and Guenthner, 1995). This absence of DNA adduct formation by
2',3-safrole oxide in vivo may be due to rapid detoxification §8Zafrole oxide by
glutathione S-transferase and epoxide hydrolases (loanetid#s 1981; Klungsgyr and
Scheline, 1983; Guenthner and Luo, 2001).



Figure 1.2. Bioactivation pathways of safrole and the structure of DNA adducts as identified in literature (Chung
et al., 2008; Daimoret al., 1998; Randeratét al., 1984; Phillipset al., 1981). S-3N*-dGuo=N*(trans-isosafrol-
3-yl)-2'-deoxyguanosine, S-N>-dGuo= N> (safrol-1-yl)-2'-deoxyguanosine and S48%-dAdo= N°-(trans-

isosafrol-3-yl)-2-deoxyadenosine.



Studies with hepatocytes isolated from F344 rats exposed to safrole by gastric intubation
showed that safrole was able to induce chromosome aberrations, sister chromatid
exchanges (SCEs) and DNA adducts (Dairebal., 1998). Five repeated administrations

of 125 and 250 mg/kg bw of safrole increased the aberrant cells in the liver dose
dependently. Both administration of a single dose (100 - 500 mg/kg bw safrole) and five
repeated doses (62.5 and 125 mg/kg bw safrole) induced SCEs in the liver (@aahon
1998). In another in vivo study, it was reported that adduct formation in the female mice
liver was approximately linear with the dose of safrole down to the lowest dose tested in a
range from 1-10 mg safrole/mouse with no indication of a threshold. Only at the highest
concentration of safrole tested (10 mg/mouse), a slight deviation from linearity was
observed (Guptet al., 1993).

Formation of DNA adducts upon exposure to safrole was also observed in humans; in a
sample of oral tissue obtained from an oral cancer patient having a habit of betel quid
chewing the presence of DNA adducts identified as-I8*8Guo was reported (Churey

al., 2008).

Cancer risk assessment

The presence of safrole in herbs, spices or processed foods cannot be avoided resulting in a
certain level of daily exposure. Because safrole is both genotoxic and carcinogenic, the
prediction of the resulting cancer risk at low dose levels representing realistic human
dietary intake is needed. At present there are different approaches that are available for
assessing the risk of substances that are both genotoxic and carcinogenic (EFSA, 2005).
There is no international harmonised approach for risk assessment of compounds that are
both genotoxic and carcinogenic. The difficulties in risk assessment of compounds that are
both genotoxic and carcinogenic originate from the fact that the carcinogenic process
induced by genotoxicity is normally regarded to have no threshold, thereby, eliminating the
possibility for definition of a safe level of exposure (EFSA, 2005). The mutagenic
carcinogenic process may be initiated already upon exposure at very low levels and
therefore a NOAEL cannot be identified. A principle of ALARA (as low as reasonably

achievable) was used in risk management of compounds that are both genotoxic and



carcinogenic but this approach does not enable a risk manager to assess the urgency and the
extent of the risk reduction measures needed (EFSA, 2005). The extrapolation of tumor
data obtained at high dose levels in rodent studies to the risk for humans at realistic low
dietary exposure levels is particularly important. This implies that animal data from
bioassays using high dose levels have to be translated to the human situation with very low
levels of intake. For the extrapolation from high doses in animal studies to lower exposure
in human, some mathematical models are available. A Virtual Safe Dose (VSD), a dose
which provides a response equivalent to 1 extra tumor case in 1.000.000 upon lifetime
exposure, can be estimated by extrapolation from the dose causing a certain cancer
incidence to the lower dose range estimating the dose that would give this incidence of 1 in
a million upon life time exposure. This implies extrapolation far outside the experimental
dose and tumor incidence range and an outcome for the VSD that depends very much on
the extrapolation model applied (EFSA, 2005). Linear extrapolation for assessing the risk
of chemicals that are genotoxic and carcinogenic and calculating the VSD is criticized
because it is unknown whether linear extrapolation actually reflects the underlying
biological processes and because it does not take species differences into account (EFSA,
2005). The Margin of Exposure (MOE) approach was recently proposed by the FAO/WHO
Joint Expert Committee on Food Additives (JECFA) and the European Food Safety
Authority (EFSA) as an alternative approach for the risk assessment of compounds that are
both genotoxic and carcinogenic (EFSA, 2005). The MOE is based on the available animal
dose-response data, without extrapolation outside the experimental data range, and on
human intake data. The MOE approach needs a reference point which can be taken from
the dose response data of the animal experiments and should represent a dose causing a low
but measurable cancer response. The MOE can be calculated as the ratio between the
reference point (e.g. BMDb) (the lower confidence limit of the benchmark dose causing
10% extra tumor incidence above background levels (BMIand the estimated daily
dietary human intake (EDI). An MOE of 10,000 or higher is considered as a low priority
for risk management (EFSA, 2005). This MOE of 10,000 is applied to adequately allocate
various uncertainties; taking into account a factor 100 for species differences and human

variability in the basic processes of toxico-kinetics and toxico-dynamics, a factor 10 for



interindividual human variability in cell cycle control and DNA repair, and a factor 10 for
uncertainties in the shape of the dose-response curves outside the observed dose range
(EFSA, 2005).

Overall, it is important to note that the MOE does not provide a quantitative risk
assessment, but especially provides a tool to set priorities in risk management. This implies
that new approaches for risk assessment of compounds that are both genotoxic and
carcinogenic are required. Quantitative risk assessment of a compound that is genotoxic and
carcinogenic requires extrapolation from high to low dose, from one exposure route to
another and from one exposure duration to another which can all be performed using a
physiologically based biokinetic (PBBK) approach. In addition, extrapolation from animal
toxicity data cannot assure human safety without understanding of the species dependent
differences in kinetics of absorption, distribution, metabolism and excretion (ADME) of the
compound of interest. PBBK modeling provides a powerful method for increasing the
accuracy of the extrapolation because it facilitates extrapolation from animal species to
human, from high doses to low doses and from one exposure route or time frame to another
(Clewell, 1995). An accurate assessment of risk associated with exposure to a hazardous
chemical should be based on all the biologically relevant mechanistic data (Andersen and
Krishnan, 1994). Biologically based PBBK models provide a method for increasing the

accuracy of these extrapolations (Clewell, 2010).
Physiologically based biokinetic (PBBK) modeling

Physiologically based biokinetic (PBBK) models are mathematical descriptions of the
ADME characteristics of a chemical and its metabolites in the species and organs of
interest. The mathematical descriptions include physiological (e.g. blood flow),
physicochemical (e.g. partition coefficients) and biochemical (e.g. metabolic rates)
parameters. PBBK models consist of many compartments representing individual target
tissues (e.g. liver, kidney, lung) or non-target tissues lumped together in one compartment
(e.g. slowly perfused tissues such as muscle and skin or richly perfused tissues such as
brain and spleen) (Puatal., 2007).



Exposure to carcinogenic compounds leads to absorption and distribution of the compounds
or their reactive metabolites to the target tissues. These reactive metabolites may alter the
chemical structure of the DNA of the target tissues which may initiate tumor formation.
Using the PBBK models, the dose of the reactive metabolites reaching the target tissues can
be predicted. Quantitative information on the concentration of the reactive form of a
compound in the target tissue of interest in different species provides a better basis for
species dependent extrapolation in risk assessment (Andersen and Krishnan, 1994). PBBK
models have been used in risk assessment of various carcinogenic compounds. One
example of the application of PBBK models in risk assessment is the development of a
PBBK model for inhaled styrene by Ramsey and Andersen (Ramsey and Andersen, 1984).
The model was evaluated with a set of data of rats and human and used for dose route, dose
level and interspecies extrapolation for time dependent changes in tissue and blood levels of
styrene. The obtained PBBK models adequately described the blood and organ
concentrations of styrene for intravenous (iv), inhalation and intragastric doses of styrene
and this information was subsequently used for route to route extrapolations in the risk
assessment. Another example of the application of a PBBK model in risk assessment is the
PBBK model for vinyl chloride (Clewelkt al., 1995). The PBBK models developed
described the uptake, distribution and metabolism of vinyl chloride in mouse, rat, hamster
and human following inhalation or oral exposure. The mode of action for carcinogenicity of
vinyl chloride appears to be DNA adduct formation by its reactive metabolite
chloroethylene epoxide. The results showed that the PBBK model based predictions for
vinyl chloride were in good agreement with risk estimates based on inhalation studies with
mice and rats facilitating dose-response extrapolation across species. Furthermore, the risks
estimated from dietary administration were in accordance with those derived from the
inhalation route (Clewebt al., 1995).

Food matrix effects

Another factor that should be take into account in risk assessment for food-born compounds
that are genotoxic and carcinogenic is the effect of the food matrix. Safrole has been
demonstrated to be carcinogeniarrvivo studies. However, all of these studies have been

done using high doses of the pure compound without taking matrix effects into



considerations. In a realistic human situation, exposure to safrole occurs mainly via
consumption of nutmeg, mace and their essential oils and/or food products containing these
spices or essential oils (SCF, 2002). Possible modulating effects of other compounds
present in the herbs or spices or in other parts of the diet on the bioavailability and/or on the
cytochrome P450 and or SULT-catalyzed bioactivation of safrole may occur and may have

to be taken into account in the risk assessment.

Some spices were found to inhibit cytochrome P450 2C9, one of the cytochrome isoforms
found to be involved in the metabolism of safrole tdidroxysafrole (Jeurisseet al.,

2004; Kimuraet al., 2010; Uenget al., 2004). Furthermore for the related alkenylbenzene
estragole present in basil it was recently demonstrated that a methanolic basil extract and its
isolated constituent nevadensin inhibited the sulfation and resulting DNA adduct formation
of the proximate carcinogenic’-tiydroxyestragole metabolite in studies using rat and
human S9 protein, the hepatoma cell line HepG2 and/or rat hepatocytes (Alhaisainy
2010; Jeurissed al., 2008). Moreover, an in vivo study with Sprague-Dawley rats showed
that co-administration of estragole with nevadensin, at dose levels with a ratio reflecting
their actual presence in basil, resulted in a significant 36% reduction in the lewds of
(trans-isoestragol-3y1)-2-deoxyguanosine (E-\*-dGuo) DNA adducts formed in the

liver (Alhusainyet al., 2013). Thus matrix effects should preferably be taken into account

in the risk assessment and studies on bioactivation and detoxification of safrole.
Objective and outline of thisthesis

The aim of this thesis was to obtain insight into the effects of dose-, species-,
interindividual- and matrix dependent differences on the bioactivation and detoxification of

safrole using PBBK modeling.

This chapter, chapter 1, presents an introduction to the bioactivation and detoxification of
safrole, safrole DNA adduct formation and the resulting tumor incidence, PBBK modeling,
the importance of the matrix effects in the risk assessment of food-borne chemicals and the
aim and the content of this thesis. In chapter 2, a PBBK model for safrole bioactivation and
detoxification in rats is defined. Chapter 3 defines the PBBK model for safrole

bioactivation and detoxification in human with a Monte Carlo simulation to predict



interindividual variation in the population as a whole. To investigate whether the food

matrix modulates sulfotransferase (SULT)-catalyzed bioactivation of safrole, in chapter 4

the safrole containing spice mace is analysed for possible ingredients that may modulate

safrole bioactivation. The kinetic data for interference with safrole bioactivation obtained

for the thus identified mace ingredient are incorporated into the PBBK model to predict the

effect of this matrix ingredient on formation ofslulfooxysafrole in rat and human. An in

vivo validation study in rats to evaluate the PBBK model based predictions for the effect of

the mace ingredient on safrole bioactivation and DNA adduct formation in vivo is presented

in chapter 5. Finally, chapter 6 summarizes the results obtained, and presents an overall

discussion including future perspectives to be addressed.
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Abstract

A physiologically based biokinetic (PBBK) model for alkenylbenzene safrole in rats was
developed using in vitronetabolic parameters determined using relevant tissue fractions.
The performance of the model was evaluated by comparison of the predicted levels of 1,2-
dihydroxy-4-allylbenzene and-hydroxysafrole glucuronide to levels of these metabolites
reported in the literature to be excreted in the urine of rats exposed to safrole, and by
comparison of the predicted amount of total urinary safrole metabolites to the reported
levels of safrole metabolites in the urine of safrole exposed rats. These comparisons
revealed that the predictions adequately match observed experimental values. Next, the
model was used to predict the relative extent of bioactivation and detoxification of safrole
at different oral doses. At low as well as high doses, P450 mediated oxidation of safrole
mainly occurs in the liver in which 1,2-dihydroxy-4-allylboenzene was predicted to be the
major P450 metabolite of safrole. A dose dependent shift in P450 mediated oxidation
leading to a relative increase in bioactivation at high doses was not observed. Comparison
of the results obtained for safrole with the results previously obtained with PBBK models
for the related alkenylbenzenes estragole and methyleugenol revealed that the overall
differences in bioactivation of the three alkenylbenzenes to their ultimate carcinogenic 1
sulfooxy metabolites are limited. This is in line with the generally less than 4-fold
difference in their level of DNA binding in in vitro and in vivo studies and their almost
similar BMDL, values (lower confidence limit of the benchmark dose that gives 10%
increase in tumor incidence over background level) obtained in in vivo carcinogenicity
studies. It is concluded that in spite of differences in the rates of specific metabolic
conversions, overall the levels of bioactivation of the three alkenylbenzenes are comparable

which is in line with their comparable carcinogenic potential.



Introduction

Safrole (1-allyl-3,4-methylenedioxybenzene) is an alkenylbenzene that is recognized to be a
genotoxic carcinogenic agent in rodents (Borcleerl., 1973; Miller and Miller, 1983,;

Phillips et al., 1981). In rats, its hepatocarcinogenicity was reported to correlate closely
with its DNA adduct formation in the liver (Miller and Miller, 1983; Philligisal., 1981).

Safrole is the main component of sassafras oil, and it occurs as a trace constituent in star
anise, nutmeg and black pepper and can be found in food containing these herbs such as
pesto sauce, cola beverages, Bologna sausages and Vienna sausagest &5ja21203).

The habit of chewing a betel quid which contains leaveRipér betle (15 mg/g fresh

weight of safrole) have been reported to result in safrole concentrations of up to 420 pM in

saliva during chewing (Hwang al., 1992).

Safrole and sassafras oil were banned as food additives and flavoring agents by the FDA in
1960 because of their carcinogenic potential. The European Council Directive on food
flavoring 88/388/EEC, amended by Commission Directive 91/71/EEC, limited safrole in
foodstuff and beverages to 1 ppm. In 1997, the Committee of Experts on Flavoring
Substances (CEFS) of the Council of Europe evaluated safrole and concluded that safrole is
a weak hepatocarcinogen in experimental animal studies but also a genotoxic and a
transplacental carcinogen, and that efforts should be made to reduce its consumption

through foods and beverages as far as possible.

The Scientific Committee for Foodf the European UnioSCF, 2002)estimated the
average daily intake of safrole to be 0.3 mg/day equivalent to 5 pg/kg bw/day for a 60 kg
person while the Joint FAO/WHO Expert Committee on Food Additives (JECFA)
estimated the maximum dietary exposure to safrole to amount to 879 pg/person/day

equivalent to 14.6 pg /kg bw/day for a 60 kg person.

The genotoxic and hepatocarcinogenic action of safrole has been correlated to the
formation of its proximate carcinogenic metabolitenfdroxysafrole followed by sulfation

to the ultimate carcinogenic metabolitesiilfooxysafrole (Borchertt al., 1973; Wislocki

et al., 1976; Wislockiet al., 1977). A second pathway for bioactivation to an electrophilic

metabolite consists of the formation of 1,2- dihydroxy-4-allylbenzene, which can



subsequently be oxidized to amquinone leading to an electrophilquinone methide
intermediate (Boltomt al., 1994). Figure 2.1 gives a schematic overview of the metabolism
of safrole presenting these pathways for bioactivation as well as the relevant detoxification
pathways. Bioactivation of safrole té-Hydroxysafrole is catalyzed by cytochromes P450,
with P450 2A6, P450 D6.1, P450 2C9, P450 2C19 and P450 2E1 being the main P450
enzymes involved in humans (Jeurisgtial., 2004; Liuet al., 2004; Uenget al., 2004).
Sulfation by sulfotransferases (SULTSs) convertdydroxysafrole to tsulfooxysafrole

which is unstable and spontaneously decomposes to produce an electrophilic carbonium
cation which can form covalent adducts with cellular macromolecules (Borethett,

1973; loannidest al., 1981; Wislockiet al., 1977). A major detoxification pathway of 1
hydroxysafrole in rats is the conjugation of-hydroxysafrole with glucuronic acid
catalyzed by UDP-glucuronosyltransferases (UGTSs) resulting in a stable metabolite which
is excreted in the urine (Benedaedtial., 1977; Stillwellet al., 1974). In humans, however,
oxidation of the hydroxy metabolite of the related alkenylbenzene estragole appeared to
be the major pathway for detoxification oftydroxyestragole (Purdt al., 2009) and it
remains to be established whether this species difference in detoxification 6htldxy
metabolite also occurs for safrole. In rats, the oxidation of Hmydroxy metabolite may

be a minor pathway (Pustal., 2008).

Small amounts of'shydroxysafrole as conjugated form have also been detected in the urine
of rats exposed to safrole, but not in humans (Beneadetti, 1977). The occurrence of this
metabolite may arise from isomerization of-hydroxysafrole during glucuronidase
hydrolysis (Borcheret al., 1973; Stillwellet al., 1974) although others have questioned
this isomerization and pointed at dire&th§droxylation as a minor metabolic pathway, on
the basis of the detection in urine of 3,4-methylenedioxybenzoyl glycine and 3,4-
methylenedioxycinnamoy! glycine which would result from oxidation of the side chain of
3-hydroxysafrole (Bobergt al., 1986). Swift detoxification of 'shydroxysafrole via these
pathways may explain that the levels of hepatic nucleic acid and protein adducts formed in
mice upon administration of-Bydroxysafrole were much lower than those obtained upon
administration of hydroxysafrole (Bobergt al., 1986).



Figure 2.1. Proposed biotransformation pathways of safrole.



Oxidative dealkylation of the methylenedioxy group of safrole results in the formation of
1,2-dihydroxy-4-allylbenzene as a major metabolite in rats, guinea pigs and humans
(Benedettiet al., 1977; Changt al., 2002; Klungsgyr and Scheline, 1982; Stillwatlial.,

1974), which may be converted by oxidation to quinone metabolites such as d@-allyl-
quinone which isomerizes nonenzymatically to a more electrophijainone methide
(Bolton et al., 1994). In vitro studies showed that 1,2-dihydroxy-4-allylbenzene induced
chromosome aberration in Chinese hamster ovaries (CHO-K1) in a dose dependent manner
(10-50 pM) and increased the frequency of micronuclei up to 3 times at concentration of 40
UM (Lee-Chenet al., 1996). However, 1,2-dihydroxy-4-allylbenzene can be excreted
following conjugation at its hydroxyl moieties prior to oxidation to the quinone/quinone
methide or upon GSH conjugation of its quinone/quinone methide which has been observed
to occur in rat hepatocytes (Nakagastal., 2009). Thus, bioactivation of 1,2-dihydroxy-4-
allylbenzene to its quinone/quinone methide metabolites may be observed especially in
systems without adequate conjugation possibilities. When such conjugation reactions are
adequate, such as in vivo, possible adverse effects of 1,2-dihydroxy-4-allylbenzene are
likely to be limited.

Another metabolic pathway of safrole is epoxidation of the double bond in the allyl side
chain yielding 23-safrole epoxide which is susceptible to hydrolysis by microsomal
epoxide hydrolase forming’,3"-dihydroxysafrole (loannidest al., 1981; Klungsgyr and
Scheline, 1983).

To predict the extent of bioactivation and detoxification of safrole at low dose levels based
on experimental data obtained at relatively higher dose levels, it is important to take
nonlinear effects in toxicokinetics into account when extrapolating from high to low doses.
The objective of the present study was to build a physiologically based biokinetic (PBBK)
model providing insight into possible dose dependent changes in safrole metabolism with
emphasis on detoxification and bioactivation pathways. Kinetics for relevant P450
mediated oxidation reactions of safrole and conjugation reactiorishgéldoxysafrole were
determined in vitro using tissue fractions of organs that were found to be capable of
metabolizing safrole or’-hydroxysafrole. The kinetic data obtained in vitro were used to

build a PBBK model for rats which was used to estimate the time and dose dependent



formation of the proximate and ultimate carcinogenic metabolites of safréle, 1
hydroxysafrole and 'isulfooxysafrole in vivo. The performance of the model was
evaluated by comparison of the predicted level of metabolites formation to the reported
levels of metabolites excreted in the urine of Wistar rats (Klungsgyr and Scheline, 1983)
and male Sprague-Dawley rats exposed at different levels of safrole (Bemtdstti
1977). The metabolites included in this comparison were 1,2-dihydroxy-4-allylboenzene, 1

hydroxysafrole glucuronide and the total urinary excretion of safrole metabolites.
M aterials and methods

Caution : Safrole, 1-hydroxysafrole, 1,2-dihydroxy-4-allylbenzene aneogosafrole are

carcinogenic compounds which should be treated carefully.

Materials. Pooled male rat liver microsomes and S9 from Sprague-Dawley were purchased
from BD Gentest (Worburn,U.S.). Pooled male rat lung, kidney and small intestinal
microsomes (Sprague-Dawley) were obtained from BioPredic International (Rennes,
France). Safrole (purity 97%), ',2-dihydroxysafrole (purity 99%), Tris
(hydroxymethyl)aminomethane, alamethicin (frdnchoderma viride), L-ascorbic acid,
uridine 3-diphosphoglucuronide acid (UDPGA) and 3,4-(methylenedioxy) cinnamic acid
were purchased from Sigma-Aldrich (Steinheim, GermapaGlucuronidase and reduced
(NADPH) and oxidized (NAD) B-nicotinamide adenin dinucleotide phosphate were
obtained from Roche Diagnostics (Mannheim, Germany). Glutathione reduced (GSH) and
dimethyl sulfoxide (DMSO) were purchased from Acros Organic (New Jersey, U:S.). 3
Phosphoadenosiné-phosphosulphate  (PAPS) was obtained from Fluka (Buchs,
Switzerland). Potassium dihydrogen phosphate, dipotassium hydrogen phosphate
trihnydrate, acetic acid (glacial) and magnesium chloride were purchased from VWR Merck
(Darmstadt, Germany). Chromatography grade acetonitrile was purchased from Biosolve
(Valkenswaard, The Netherlands)./-Hydroxysafrole was synthesized as described
previously (Jeurissenet al., 2004) and purified using a preparative thin-layer
chromatography method with a mobile phase system of a mixture of petroleumbenzene and
ethylacetate (50:50). The purity oftydroxysafrole was determined by HPLC to be about

99%. 3-Hydroxysafrole was synthesized from 3,4-(methylenedioxy)cinnamic acid as



described previously (Anglet al., 2008) and purified using a preparative thin-layer
chromatography method with a mobile phase system of petroleumbenzene and ethylacetate
(50:50). The purity of 3hydroxysafrole was determined by HPLC and amounted to about
97%. 1-Oxosafrole was synthesized fromthlydroxysafrole on the basis of the method
used for Zloxoestragole (Wislockiet al., 1976). 1,2-Dihydroxy-4-allylbenzene was
synthesized as described previously (Bolebral., 1994). The purity of 1,2-dihydroxy-4-
allylbenzene was determined by HPLC to be about 95%.

P450 mediated oxidation of safrole

Metabolites formed during P450 mediated oxidation of safrole were identified and
quantified upon the incubation of safrole with pooled male rat (Sprague-Dawley) liver, lung
and kidney microsomes in the presence of NADPH. The incubations were performed at
37°C containing 1 mg/mL of microsomal protein, 3 mM NADPH, 1 mM ascorbic acid in
0.2 M Tris-HCI pH 7.4. After 1 min of preincubation at 37°C the reactions were started by
adding safrole from a 100 times concentrated stock solutions in DMSO. To identify which
organs were involved in safrole metabolism the incubations were first performed at
concentration of 1000 pM. After 20 min the reactions were terminated by adding 40 pL of
ice-cold acetonitrile to the total incubation volume of 160 pL. All samples were centrifuged
for 5 min at 16000 g and frozen at -20°C until analysis by HPLC. For determination of the
kinetic constants for formation of the various P450 mediated oxidation products of safrole
the same conditions were used, with the final concentration of safrole ranging from 10—
1000 pM, and the final concentration of DMSO being kept constant at 1%. Blank
incubations were performed without the cofactor NADPH. Under these conditions the
formation of the different metabolites of P450 mediated oxidation appeared to be linear
with time and microsomal protein concentration (data not shown). Each experiment

consisted of three replicates.

Deter mination of kinetic constantsfor glucuronidation of 1’-hydroxysafrole

Incubations with pooled male rat S9 protein (Sprague-Dawley) were performed to

determine the kinetic constani4,(, andK,,) for glucuronidation of thydroxysafrole. The



incubation mixtures contained (final concentrations) 10 mM UDPGA, 0.2 mg S9
protein/mL, 0.2 M Tris-HCI (pH 7.4) and 10 mM MgCPreincubation of the mixture with
0.025 mg/mL alamethicin added from a 200 times concentrated stock in methanol during
15 min on ice was applied in order to obtain maximal glucuronidation activity (Feshler

2000). Preincubation at 37°C for 1 min was performed prior to addition of the substrate 1
hydroxysafrole from a 200 times concentrated stock solution in DMSO. After 10 min at
37°C the reaction was terminated by adding 50 pL of cold acetonitrile to the total
incubation volume of 200 pL. The samples were centrifuged for 5 min at 16000 g and
frozen at -20°C until analysis by HPLC. Blank incubations were performed without the
cofactor UDPGA. Three replicates of each experiment were performed. Formatién of 1
hydroxysafrole glucuronide was confirmed by performing additional incubations in which
the samples obtained were treated vtblucuronidase. For these incubations, 90 pL of
the sample of a reaction mixture that has not been terminated by the addition of acetonitrile
was added to 10 pL of 1M potassium phosphate (pH 6.2) and 2 ptgloturonidase
solution (0.3 units), followed by incubation for 1 h at 37°C.

Deter mination of kinetic constantsfor oxidation of 1’-hydr oxysafrole

The kinetic constants for conversion ¢fydroxysafrole to toxosafrole were analyzed by
incubations of pooled male rat liver microsomes (Sprague-Dawley) with concentrations of
1'-hydroxysafrole ranging from 10-4000 pM. The incubation mixtures contained (final
concentrations) 3 mM NAD 2 mM GSH, and 1 mg/mL microsomes in 0.2 M Tris HCI
(pH 7.4). GSH was added as an agent to trap the forrrmcbaafrole and NADwas used

as a cofactor (Puret al., 2009). Preincubation at 37°C for 1 min was performed prior to
addition of the substrate’-fiydroxysafrole. After 10 min at 37°C the reaction was
terminated by adding 2pL of cold acetonitrile to the total incubation volume of 100 pL.
The samples were centrifuged for 5 min at 16000 g and frozen at -20°C until analysis by

HPLC. Three replicates of each experiment were performed.



Deter mination of kinetic constantsfor sulfation of 1'-hydroxysafrole

The sulfation of thydroxysafrole was performed using incubations ‘efiydroxysafrole

with male rat liver S9 protein of Sprague-Dawley in the presence of GSH as a scavenger of
the reactive carbocation formed upon decomposition of the unstadléfdoxysafrole (Al-
Subeihiet al., 2011). The incubation mixtures of 100 uL contained (final concentrations)
10 mM GSH, 3 mg S9 protein/mL and 0.2 mM PAPS in 0.1 M potassium phosphate (pH
8.0). Preincubation at 37°C for 1 min was performed prior to additiofrlofdtoxysafrole

from a 100 times concentrated stock solution in DMSO (final concentration 1% DMSO).
The incubation was terminated after 2 h by addition of 25 pL cold acetonitrile. The samples
were centrifuged for 5 min at 16000 g and frozen at -20°C until analysis by HPLC. Under
these condition the formation of the glutathione adduct of the carbocation derived'from 1
sulfooxysafrole appeared to be linear with time and S9 protein concentration (data not
shown). Determination of the kinetic constants for the formatiort-sfilfooxysafrole from
1'-hydroxysafrole was performed with the same conditions as those described above, with
the final concentration of’-hydroxysafrole ranging from 25-600 uM. Blank incubations
were performed without GSH or male rat liver S9 protein. Three replicates of each

experiment were performed.

Identification and quantification of metabolites of P450 mediated oxidation of safrole,

and of 1'-hydroxysafrole glucuronide, 1'-oxosafrole and 1’-sulfooxysafrole

For the quantification of metabolites of P450 mediated oxidation of safrole, aliquots of 50
ML were analyzed on a Waters M600 HPLC equipped with photodiode array detector 2996
using an Alltima column C18 5 um, 150 x 4.6 mm (Grace Alltech, Breda, The Netherlands).
The gradient was made with ultrapure water and acetonitrile. The flow rate was 1 mL/min,
starting at 100% ultrapure water and increasing to 15% acetonitrile in 5 min, after which
the percentage of acetonitrile was increased to 30% and 38% in 20 min and 10 min
respectively and kept at 38% for 10 min and then increased to 100% over 10 min and kept
at this level for 5 min, after which the column was re-equilibrated in ultrapure water for 10
min. Quantification of 23'-dihydroxysafrole and 'dhydroxysafrole was achieved by

comparison of the peak areas obtained at a wavelength of 286 nm to the calibration curve of



the corresponding synthesized reference compounds. The same method was used for the
quantification of 3hydroxysafrole and 1,2-dihydroxy-4-allylbenzene at a wavelength of

266 nm and 280 nm respectively.

For the quantification of’dhydroxysafrole glucuronide, aliquots of 50 puL were analyzed on

a Waters M600 HPLC equipped with a photodiode array detector 2996 using an Alltima
column C18 5 um, 150 x 4.6 mm (Grace Alltech, Breda, The Netherlands). The gradient
was made with ultrapure water containing 0.1% (v/v) acetic acid and acetonitrile. The flow
rate was 1 mL/min and a gradient was applied from 10% to 25% acetonitrile in 30 min,
increased to 100% acetonitrile in 2 min and maintained at 100% acetonitrile for 1 min, after
which acetonitrile was decreased to 10% within 2 min and maintained at this level for 10
min. Because 'thydroxysafrole glucuronide has the same UV spectrum as 1
hydroxysafrole it was assumed that it has the same molar extinction coefficiefit as 1
hydroxysafrole. Therefore, quantification was done by comparison of the peak area of 1
hydroxysafrole glucuronide obtained at a wavelength of 286 nm to the calibration curve of

the synthesized-hydroxysafrole at the same wavelength.

For the quantification of'doxosafrole, aliquots of 50 puL were analyzed on a Waters M600
HPLC equipped with photodiode array detector 2996 using an Alltima column C18 5 um,
150 x 4.6 mm (Grace Alltech, Breda,The Netherlands). The mobile phase was made with
ultrapure water containing 0.1% (v/v) acetic acid and acetonitrile. The flow rate was 1
mL/min and a gradient was applied from 0% to 25% acetonitrile over 5 min after which the
percentage of acetonitrile was kept at 25% for 5 min and then increased to 100% over 3 min
and kept at 100% for 3 min, after which the column was re-equilibrated in ultrapure water
containing 0.1% (v/v) acetic acid for 10 min. Detection was performed at 312 nm.
Quantification of oxosafrole was performed by means of a calibration curve obtained as
described previously (Puset al., 2009). A calibration curve of-bxosafrole was prepared

by incubating 60 uM synthesizeddxosafrole with increasing concentrations of GSH (0—

20 uM) in 0.2 M Tris-HCI (pH 7.4). The reactions were incubated for 6 h at 37°C resulting
in the maximum formation of GS-bxosafrole. The peak area of GSekosafrole in the

chromatograms of these reactions were related to the quantity of GSH used in the reactions,



thus providing the curve for the GSH adduct ¢bRosafrole ultimately quantifying the

formation of 1-oxosafrole.

For the quantification of'dsulfooxysafrole, aliquots of 3.5 pL were analyzed on a UPLC
(Ultra Performance Liquid Chromatography)-DAD system consisting of a Waters (Milford,
MA) Acquity binary solvent manager, sample manager and photodiode array detector,
equipped with a Waters Acquity UPLC BEH RP 18 column (1.7 um, 2.1 x 50 mm). The
gradient eluent consisted of ultrapure water containing trifluoroacetic acid 0.1% (v/v) and
acetonitrile and the flow rate was 0.6 mL/min. A gradient was applied from 20% to 30%
acetonitrile over 4.5 min after which the percentage of acetonitrile was increased to 100%
over 0.3 min and kept at 100% for 0.2 min. Thereafter, the percentage of acetonitrile was
reduced to its initial value in 0.2 min and kept at this level for 1.5 min. Detection and
quantification of *sulfooxysafrole were performed at 266 nm. Because the UV-spectrum
of the GSH adduct of 'bulfooxysafrole was similar to the UV-spectrum of 3
hydroxysafrole, it was assumed that it has the same molar extinction coefficieht as 3
hydroxysafrole. Quantification of the GSH adduct dfsdlfooxysafrole was therefore
achieved by comparison of the peak area of the GSH addu¢isaffdoxysafrole in the
chromatograms obtained at a wavelength of 266 nm to the calibration curve of 3

hydroxysafrole at the same wavelength.

LC-M Sanalysis of 1'-hydroxysafrole glucur onide, 1’-oxosafr ole and 1’-sulfooxysafrole

Formation of l-hydroxysafrole glucuronide in the incubations was verified by LC-MS
which was performed on an Agilent 1200 HPLC system coupled to a Bruker MicroTOF
mass spectrometer. Aliquots of 20 pL were separated on an Alltima C18 5 um, 150 mm X
2.1 mm (Grace Alltech, Breda, The Netherlands). The gradient eluent was made with
ultrapure water containing 0.1% (v/v) formic acid (eluent A) and acetonitrile with 0.1%
(v/v) formic acid (eluent B) and the flow rate was set to 0.2 mL/min. A linear gradient was
applied from 10% to 25% eluent B over 30 min after which the percentage of eluent B was
increased to 100% over 2 min and kept at 100% for 1 min. Mass spectrometric analysis was
in the negative electrospray mode using a spray capillary voltage of 4500 V, a capillary

temperature of 20C and nitrogen as nebulizer gas at 8.0 L/min.



The nature of GS‘doxosafrole in the incubations was verified by LC-MS, which was
performed on an Agilent 1200 HPLC system coupled to a Bruker MicroTOF mass
spectrometer. Aliquots of 20 pL (injected volume) were separated on an Alltima C18 5 um
column, 150 x 2.1 mm (Grace Altech, Breda, The Netherlands). The gradient was made
with acetonitrile (eluent B) and ultrapure water (eluent A) both containing 0.1% (v/v)
formic acid and the flow rate was set to 0.2 mL/min. A linear gradient was applied from 0-
25% eluent B over 5 min and was kept at 25% for 5 min, after which the percentage of
eluent B was increased to 100% over 2 min. Mass spectrometric analysis was performed in
positive electrospray mode using a spray capillary voltage of 4500 V, a capillary

temperature of 20C and nitrogen as nebulizer gas at 8.0 L/min.

Formation of the glutathione conjugate dfstilfooxysafrole was verified by LC-MS,
which was performed on an Agilent 1200 HPLC system coupled to a Bruker MicroTOF
mass spectrometer. Aliquots of 20 pL (injected volume) were separated on an Alltima C18
5 um column, 150 x 2.1 mm (Grace Altech, Breda, The Netherlands). The gradient was
made with ultrapure water containing 0.1% (v/v) formic acid (eluent A) and acetonitrile
with 0.1% (v/v) formic acid (eluent B) and the flow rate was set to 0.2 mL/min. The
percentage of eluent B was kept at 0% for 5 min after which a linear gradient was applied
from 0% to 10% eluent B over 10 min and a subsequent increase to 30% in another 10 min
after which the percentage of eluent B was increased to 80% over 10 min and kept at 80%
for 2 min. Mass spectrometric analysis was in the negative electrospray mode using a spray
capillary voltage of 4500 V, a capillary temperature of 200°C and nitrogen as nebulizer gas
at 8.0 L/min.

Data analysis

The apparent maximum veloCitW {ax@pp) and apparent Michaelis-Menten constant
(Kmapp) for the formation of the different P450 mediated oxidation products of safrole, and
for glucuronidation, oxidation and sulfation dfltydroxysafrole were determined by fitting

the data to the standard Michaelis Menten equationVy[S]/(K+[S]). In this equation,

[S] represents the substrate concentration for P450 mediated oxidation reactidhs or 1

hydroxysafrole for conjugation reactions. Fitting the data to Michaelis Menten equation



was done using GraphPad Prism version 5.03 (GraphPad Software, San Diego California
U.S.). The values d¥,,,« andK,, were reported in nmole per nper mg microsomal or S9
protein and uM respectively. Scaling of in vitro data, expressed as nmol/min/mg protein, to
in vivo data, expressed asnol/h, was performed as described below for the definition of
the PBBK model.

Definition of the PBBK model for safrole metabolism

A PBBK model was developed to describe the dose dependent kinetic behavior of safrole
and the formation of its metabolites in male rats. The model was based on a model
previously defined for estragole (Puwattal., 2008). A schematic presentation of the PBBK
model used to simulate the metabolism and distribution of safrole in the rat is presented in
Figure 2.2. The model consists of eight compartments including the liver, lung, and kidney
as metabolizing compartments, and separate compartments for fat, arterial blood, venous
blood, richly perfused and slowly perfused tissues. Safrole is assumed to be taken up from
the gastrointestinal tract following first order kinetics and to be absorbed by the liver
directly with an absorption constant set at 170 Fhis assumption was based on the fact
that uptake of the related alkenylbenzene estragole from the gastrointestinal track is known
to be rapid and complete with an absorption half-life of 0.7 h (Antlebal, 1987; Puntt

al., 2008). Metabolism of safrole resulting in the formation ehydroxysafrole and '3
hydroxysafrole was observed in the liver, lung and kidney and therefore described for these
organs whereas the formation 6f32dihydroxysafrole (derived from safrolé,2-epoxide)

and 1,2-dihydroxy-4-allyloenzene was observed and therefore modeled only in the liver
compartment. The mass balance equations in the PBBK model for time dependent changes

of safrole in the liver, kidney and lung were as follows:

Liver: dAL4dt = dUptakes/dt
+QL*(CAs-CLg/PLg)
Viax,L_prs CLyPLY/(Ki, L prs+CLg/PLg)
Vimax_11s* CLg/PLg/(Km,_11s+CLg/PLs)

Vimax_sns* CLe/PLg/(Km,_snstCLg/PLs)



Viax,_pras* CLIPLY/(Kn L pras+CLS/PLs)
dUptakeg/dt = -dAGI J/dt = K;* AGI s, AGI5(0)= oral dose
CLs=ALgVL
Kidney: dAKg/dt = QK*( CAs—CK</PKs)
- Vimax k_sns® CKg/PKo/(Kmk_snstCKs/PKyg)
CKs = AKg/VK
Lung: dALug/dt = QC*(CVs— CLug/PLus)
“Viaxk_sns® CLUg/PLUg/(Kim k_snstCLug/PLUS)
Viaxk_11s* CLUg/PLUg/ (K k_1mstCLug/PLUS)

ClLus =ALug/VLu

whereuptakes (in umol) is the amount of safrole taken up from the gastrointestinal tract,
AGls (in umol) is the amount of safrole remaining in the gastrointestinal #ag, (in

pmol) is the amount of safrole in a tissue (Ti= L (liver), K(kidney) or Lu (lur@))s (in
pmol/L) is the safrole concentration in a tissG8gandCVs are the safrole concentrations

in the arterial and venous blood (both in umol/Q);i (in L/h) is the blood flow rate to a
tissue,QC (in L/h) is the cardiac outpu¥/Ti (in L) is the volume of a tissu&Tisis the
tissue/blood partition coefficient of safrole athati v and Kn1i v are the values
representing the apparent maximum rate and Michaelis-Menten constant for the formation
of 2,3-dihydroxysafrole (DHS), thydroxysafrole (HS), 3-hydroxysafrole (31S), and
1,2-dihydroxy-4-allyloenzene (DHAB). Formation of ', 2-dihydroxysafrole, 3
hydroxysafrole and 1,2-dihydroxy-4-allyloenzene from safrole are taken into account but
no further reaction of these metabolites were modeled. Formatiorhgtifbxysafrole is
taken into account in the liver and lung but its further conversion by conjugation reactions

was only modeled in the liver and not in the lung because formation of this metabolite in



Figure 2.2. Schematic presentation of the physiologically based biokinetic (PBBK) model used to simulate the

metabolism and distribution of safrole in rat.

the lung was considered too low to require further modeling of its conjugation reactions
(see Results section). The mass balance equation-fydfoxysafrole in the liver is as

follows:
Liver: dALyps /dt = Vi ans * CLe/PLs/(Km 1ms +CLJPLY)
~ Vmax,L_1HSG * CI—l’HdF’I—l’HS/(Km,L_l’HSG +CL1’HS/PL1’HS)
~ Vmax,L_1HOS * CLl’HS/PLl’HS/(Km,L_lHOS+CL1’HS/PL1’HS)
'Vmax,L_lHSS * CLl’HS/PLl’Hg(Km,L_lHSS+CL1’HS/PL1’HS)
CLins = ALpys/VL

where AL,ys is the amount of 'dhydroxysafrole in the liver (in umolGLyys is the I-
hydroxysafrole concentration in the liver (in umol/Bl..ys is the liver/blood partition

coefficient of I-hydroxysafrole an®¥ma. . v andKn, . v are the apparent maximum rate and



Michaelis-Menten constant for the formation in the liver of the various conjugated
metabolites, including 'tfhydroxysafrole glucuronide HSG), 1-oxosafrole (HHOS) and
1'-sulfooxysafrole (HSS).

The metabolites ’'ZB-dihydroxysafrole, 3hydroxysafrole and 1,2-dihydroxy-4-
allylbenzene formed in all organs ant¢thydroxysafrole glucuronide and-dxosafrole
formed in the liver were all assumed to be completely excreted in the urine. Transport of
metabolites from the liver to the kidney and urine was not included in the model. PBBK
model predictions of the dose dependent formation of the various P450 mediated oxidation

products of safrole and of the various conjugated metabolites were performed over 72 h.

The kinetic parameters for the formation of P450 mediated oxidation products of safrole
and for the glucuronidation, oxidation and sulfation Bhyldroxysafrole were determined

in vitro. The V. values for the formation of P450 mediated oxidation products and
conjugated metabolites obtained from incubations with microsomal liver samples were
scaled to the liver using a microsomal protein yield of 35 mg/g liver (Medigtsty, 1994;
Puntet al., 2008). TheV,« values for metabolites formed in the lung and kidney were
scaled using a microsomal protein yield of 20 mg/g lung and 7 mg/g kidney (Beierschmitt
and Weiner, 1986; Medinskgt al., 1994; Puntt al., 2008). TheV,. values for sulfation

and glucuronidation of’dhydroxysafrole were scaled to the liver using an S9 protein yield

of 143 mg/q liver.

The physiological parameter values including organ volumes, cardiac output, and blood
flows were taken from literature (Brovanal., 1997) and are shown in Table 2.1. Partition
coefficients were estimated from the l&g, based on the method described previously
(Dedonghet al., 1997). The values of log P for safrole and "thydroxysafrole were
calculated with ChemBio3D Ultra 2010 (CambridgeSoft, U.S.) and amounted to 3.18 and
1.62. Mass balance and differential equations of safrole metabolism were coded and
simulated with Berkeley Madonna 8.3.14 (Macey and Oster, UC Berkeley, CA, U.S.) using

the Rosenbrock algorithm for stiff system.



Sensitivity analysis

Sensitivity analysis was used to identify the parameters that have the greatest impact on a
specified model output (DeWoskin, 2007). Normalized sensitivity coeffici&ty \ere
determined according to the following equati&g. = (C- C)/(P’-P)*(P/C), whereC is the

initial value of the model output;’ is the modified value of the model output resulting
from an increase in parameter valRes the initial parameter value afdis the modified
parameter value (Evans and Andersen, 2000; Garg and Balthasar, 2007t Br,d2002).

On the basis of literature data (Pehé&l., 2008), an increase of 5% in parameter values was
chosen to analyze the effect of a change in parameter on the formation of 1,2-dihydroxy-4-
allylbenzene, 7“hydroxysafrole, hydroxysafrole glucuronide, '-bxosafrole and 1
sulfooxysafrole (expressed as % of dose over 72 h). The final coefficients were calculated

using Excel (Excel 2007, Microsoft Corporation, WA).

Table 2.1. Parameters used in the physiologically based biokinetic model for safrole in rat

Physiological parametérs Tissue: blood partition coefficiefits

body weight (kg) 0.25

percentage of body weight safrole
liver 3.4 liver 2.50
lungs 0.5 lung 2.50
kidney 0.7 kidney 2.50
fat 7.0 fat 80.75
rapidly perfused 4.4 rapidly perfused 2.50
slowly perfused 67.6 slowly perfused 0.82
arterial blood 1.85 I-hydroxysafrole
venous blood 5.55 liver 1.13

cardiac output (L/h/kg bW*) 15.0

percentage of cardiac output

liver 25.0

kidney 14.1

fat 7.0

rapidly perfused 36.9

slowly perfused 17.0

#Brownet al. (1997)
®DeJongtet al. (1997)



Comparison of PBBK model based predictionsfor safroleto the PBBK model based
predictionsfor therelated alkenylbenzenes estragole and methyleugenol

The PBBK model based predictions obtained for safrole were compared to those obtained
with previously developed PBBK models for the related alkenylbenzenes estragole and
methyleugenol (Al-Subeihét al., 2011; Puntet al., 2008). To this end, the three PBBK
models were run to obtain i) the predicted time dependent concentration of alkenylbenzenes
in the liver and ii) the dose dependent formation of the respectivgdioxy metabolites,

the ZT-hydroxy glucuronide metabolites, th€-dko metabolites, and the’-4ulfooxy
metabolites of estragole, methyleugenol, and safrole. For the dose dependent prediction of
metabolite formation the PBBK models were run from dose levels of 0.0001 mg/kg bw up
to 1000 mg/kg bw, and for 24 h in the case of estragole and methyleugenol and 72 h in the

case of safrole.

Results

P450 mediated oxidation of safrole

HPLC analysis of incubations with rat liver, lung, kidney and small intestine microsomes in
the presence of safrole as substrate and NADPH as cofactor reveals that P450 mediated
conversion of safrole only occurs in incubations with rat liver, lung and kidney (Figure 2.3),
whereas no conversion of safrole was found in incubations with male rat small intestinal
microsomes (data not shown). The metabolites formed in incubations with rat liver
microsomes are '3-dihydroxysafrole, thydroxysafrole, 3hydroxysafrole and 1,2-
dihydroxy-4-allylbenzene (Figure 2.3A). The HPLC chromatograms of incubations of rat
lung microsomes revealed the formation ¢f Bydroxysafrole and 'dhydroxysafrole
(Figure 2.3B) and those of kidney microsomes the formation-bf®oxysafrole (Figure
2.3C). These metabolites were identified on the basis of the similarity of their UV spectrum
and retention time compared to the UV spectrum and retention time of synthesized or
commercially available reference compounds. Under the conditions applied the retention
time for 2,3-dihydroxysafrole, thydroxysafrole, 83hydroxysafrole and 1,2-dihydroxy-4-
allylbenzene were 17, 28, 29, and 30 min respectively. In these microsomal incubations,

safrole 2,3-oxide was not detected because of its swift hydrolysis by microsomal epoxide



hydrolase to 23'-dihydroxysafrole (Delaforget al., 1980; Guenthner and Luo, 2001; Luo
et al., 1992; Stillwell et al., 1974).Formation of 'shydroxysafrole was shown to result
directly from safrole metabolism and not from the isomerizationi-bfydroxysafrole since
incubation of Xhydroxysafrole with liver microsomes and the cofactor NADPH did not

result in the formation of’dhydroxysafrole (data not shown).

The formation of thydroxysafrole in incubations with liver microsomes is higher than that
in incubations with lung microsomes while in the incubations with kidney microsomes no
formation of 1-hydroxysafrole was observed. The data indicate that extrahepatic P450
mediated oxidation contributes to a minor extent to the overall P450 mediated oxidation of

safrole.

Figure 2.3. HPLC chromatograms of incubations of safrole with male rat (A) liver, (B) lung, and (C) kidney
microsomes at a substrate concentration of 1000 uM and NADPH as a cofactor. The peaks marked with an

asterisk were also present in the blank incubations without NADPH.

Kinetics of P450 mediated oxidation of safrole

Figure 2.4A shows the rate of formation df32dihydroxysafrole, thydroxysafrole, 3

hydroxysafrole and 1,2-dihydroxy-4-allylbenzene in incubations with male rat liver



microsomes and increasing concentrations of safrole (10-1000 pum). Similar experiments
were performed for lung and kidney microsomes (500-4000 pM) (Figure 2.4B and 2.4C).
Table 2.2 presents the appardtt and V. vValues obtained from these plots and the

catalytic efficiencies\{na/K) derived from them.

Figure 2.4. Safrole concentration dependent rate of formation of P450 metabolites in incubations with rat (A) liver,
(B) lung, and (C) kidney microsomes and NADPH as a cofactor. In the plots each point represents the mean (+
SD) of three replicates corresponding to the formation’,8f-@hydroxysafrole {), 1-hydroxysafrole &), 3-
hydroxysafrole @) and 1,2-dihydroxy-4-allylbenzene.

The results obtained reveal that with male rat liver microsomes 1,2-dihydroxy-4-
allylbenzene is the major metabolite formed, followed byhytroxysafrole, 3
hydroxysafrole and’ZB'-dihydroxysafrole. The catalytic efficiency for the formation of 1,2-
dihydroxy-4-allylbenzene, resulting from O-dealkylation is about 8 fold higher than that for

the formation of thydroxysafrole.

The results obtained with male rat lung microsomes reveal thatdioxysafrole is the
most abundant metabolite formed in the lung (Figure 2.4B). In the lung, the apgasent

for the formation of thydroxysafrole is about 2.5 times lower than the apparggtfor



the formation of 3hydroxysafrole whereas the apparent I about 22 times lower.
Overall, the catalytic efficiency for the formation ofhydroxysafrole by male rat lung
microsomes is about 8 times higher than that the catalytic efficiency for the formatien of 3

hydroxysafrole.

The results obtained with male rat kidney microsomes reveal that emjyg®xysafrole is
formed (Figure 2.4C). The apparéwit., K. and catalytic efficiency calculated as the
apparentV./K, of 3-hydroxysafrole were 3067 uM, 0.1 nmol/ min/mg microsomal

protein and 0.03 pL/min/mg microsomal protegapectively.

The relatively large variations in the kinetic values for formation’dfy8roxysafrole are
mainly caused by the fact thatt8/droxysafrole was also formed in the blank incubations
without co-factor NADPH. Correcting the amount dfhgdroxysafrole formed in full

incubations for the amount formed in the blank, contributed to the experimental variation.

Table 2.2. The kinetic parameters for P450 mediated oxidation of safrole in incubations
with liver, lung and kidney microsomes from male Sprague-Dawley rats

Organ  Metabolite K (app) Vinax (app) In vitro catalytic ~Scaled In vivo
(LM)? (nmol/min/mg efficiency Vmax, invivo ~ Catalytic
microsomal (Vmaxeppy/Km@pp) ~ (Hmol/h)  efficiency
protein} (UL/min/mg (scaled
microsomal Vimax, in
protein) vivo Kim (app)
(Uh)
Liver ﬁi'%'d oxysafrole 14946 0.12¢0.02 0.81 214 0.014
1'-hydroxysafrole 497 + 190 0.40 +0.09 0.81 7.2° 0.015
3-hydroxysafrole 546 +370 0.33 +0.17 0.61 5.9" 0.011
1.2-dihydroxy-4- 5,5 157 2.1 40.49 6.7 37.8 0.12
allylbenzene
Lung  I-hydroxysafrole 159 +66 0.04 £0.003 0.25 0.06 4.10*
3-hydroxysafrole 3573 #2152 0.1 +0.03 0.03 0.15 4.10°
Kidney 3-hydroxysafrole 30671966 0.1 +0.015 0.03 0%7 2.10°

#The values are mean + SD of three independent determinations

PV rex (appy /(2000 nmol/pmol)*(60 min/h)*(35 mg microsomal protein/g liver)*(34 g liver/kg bw)*(0.25 kg bw)
 Virax app) /(1000 nmol/pmol)*(60 min/h)*(20 mg microsomal protein/g lung)*(5 g lung/kg bw)*(0.25 kg bw)

d Vinex (app) /(1000 nmol/pmol)*(60 min/h)*(7 mg microsomal protein/g kidney)*(7 g kidney/kg bw)*(0.25 kg bw)



Comparing the in vivo catalytic efficiencies for the formation of P450 mediated metabolites
in different organs shows that in the male rat conversion of safrole is most efficiently
catalyzed in the liver with 1,2-dihydroxy-4-allylbenzene as the most abundant metabolite.
The in vivo catalytic efficiency for the formation of the proximate carcinogenic metabolite

1'-hydroxysafrole is approximately 9% of the total catalytic efficiency of the liver.

Glucuronidation of 1'-hydroxysafrole

An HPLC chromatogram of an incubation of male rat liver S9 withytiroxysafrole as the
substrate and UDPGA as cofactor to study glucuronidation "dfydroxysafrole is
presented in Figure 2.5A. Formation of a single metabolite eluting at a retention time of 24
min was observed. Treatment of the sample \@iplucuronidase resulted in complete
elimination of this metabolite and a concomitant increase in the intensity of the peak of 1
hydroxysafrole, revealing that the metabolite formed corresponds to the glucuronosyl

conjugate of thydroxysafrole.

Furthermore, the spectrum of the metabolite obtained by LC-MS reveals a deprotonated
molecule atm/z 353, which corresponds to the theoretically expected mass and confirms

that the metabolite corresponds téhgdroxysafrole glucuronide.

Kinetics of glucuronidation of 1'-hydroxysafrole

Figure 2.5B shows the rate of glucuronidation o&fhydroxysafrole with a substrate
concentration increasing from 5-1000 uM. Kinetic constants obtained from this graph
included an apparent,,;, amounting to 25 nmol/min/mg S9 protein and an appdatgnt
value of 101 puM. The catalytic efficiency for glucuronidation dfhydroxysafrole
(VmaKm) is 248 pL/min/mg S9 protein (Table 2.3).

Oxidation of 1'-hydroxysafrole

Figure 2.6A shows the HPLC chromatogram of an incubation’-bfydroxysafrole with
male rat liver microsomes and NARs cofactor and GSH as a trapping agent. Formation
of a single metabolite with a retention time of 12 min was observed. On the basis of LC-MS

analysis, the metabolite could be identified a$5%$-oxosafrole because the spectrum



reveals a deprotonated moleculeré 484 which corresponds to the theoretically expected

mass.

Kinetics of oxidation of 1’-hydroxysafrole

Figure 2.6B shows the rate of oxidation dfh¥droxysafrole with increasing substrate

concentrations ranging from 10-4000 uM. The data obtained revealed an appgreht
5.9 nmol/min/mg microsomal protein and an appargnb&1809 uM.

Comparison of the kinetic constants for the oxidation 'diytiroxysafrole with those for
the glucuronidation of 'thydroxysafrole that were scaled to the in vivo situation (Table
2.3) reveals that the catalytic efficiency for the formation 'efxbsafrole was about 300

times lower than those for the formation 6h¥droxysafrole glucuronide.

Figure 2.5 HPLC chromatogram of an incubation Bhydroxysafrole (1 mM) with male rat liver S9 in the
presence of UDPGA as a cofactor (A) arichydroxysafrole concentration dependent rate of formation’-of 1

hydroxysafrole glucuronide (B). In the plot each point represents the mean (+ SD) of three replicates.



Figure 2.6. HPLC chromatogram of an incubation ‘dfyliroxysafrole (1 mM) with male rat liver microsomes in
the presence of NADas a cofactor and GSH as a trapping agent (A) ahydtoxysafrole concentration
dependent rate of formation of-dxosafrole (B). In the plot each point represents the mean (+ SD) of three

replicates.

Table 2.3. Kinetic parameters for conjugation reactions-bfydroxysafrole in incubations
with liver microsomes and S9 protein from male Sprague-Dawley rats

Organ Metabolite Kim (app) Vinax(app) In vitro catalytic Scaled In vivo catalytic
(LM)? (nmol/min/  efficiency Vmaxinvivo  €fficiency (scaled
mg (Vmax appfKm (app) (Hmol/h)  Vimaxin vive/Km (app)
microsomal  (uL/min/mg (LWh)
or S9 microsomal or S9
protein} protein)
L-hydroxysafrole 141,65 25157 248 1823 18
glucuronide
LIVer 1/ oxosafrole 1809487 5.9:+1.4 32 105 0.06
1-sulfooxysafrole ~ 127+19 0.03+ 0.0020.24 212 0.017

2The values are mean + SD of three independent determinations
PV max(appy/ (1000 pmol/nmol)*(60 min/h)*(143 mg S9 protein/g liver)*(34 g liver/kg bw)*(0.25 kg bw)
“Vimax@ppy/ (1000 pmol/nmol)*(60 min/h)*(35 mg microsomal protein/g liver)*(34 g liver/kg bw)*(0.25 kg bw)

Sulfation of 1'-hydroxysafrole

Figure 2.7A shows the UPLC chromatogram of an incubation’-bfdroxysafrole with
male rat liver S9 using PAPS as cofactor and GSH as trapping agent for the reactive

carbocation derived from the unstablestilfooxysafrole metabolite. Formation of a single



metabolite with a retention time of 1.23 min was observed. HPLC analysis of incubations
of 1'-sulfooxysafrole in the absence of GSH and in the presence of S9 protein and PAPS
revealed no peak formation at 1.23 min (chromatogram data not shown). This argument
was used to confirm the formation of the GSH adduct of the carbocation-of 1
hydroxysafrole and thus an indirect detection of the formation-siiliooxysafrole in the

complete incubation.

Furthermore, the spectrum of the metabolite obtained by LC-MS analysis of this metabolite
reveals a deprotonated moleculeré 468 which corresponds to the theoretically expected
mass and confirms that the metabolite corresponds to the GSH adduct of the carbocation

formed from 1-sulfooxysafrole.

Figure 2.7. Figure 2.7. UPLC chromatogram of an incubatiort-loydroxysafrole (1 mM) with male rat liver S9
homogenates in the presence of PAPS as a cofactor and GSH as a trapping agent (Aydmdysafrole
concentration dependent rate of formation ‘esulfooxysafrole (B). In the plot each point represents the mean (+

SD) of three replicates.

Kinetics of sulfation of 1'-hydroxysafrole

Figure 2.7B shows the rate of sulfation ¢h¥droxysafrole with a substrate concentration
increasing from 25-600 uM. The data obtained revealed an appdsgptof 0.03
nmol/min/mg S9 protein and an apparent &f 127 uM. The catalytic efficiency for the
sulfation of I-hydroxysafrole ¥ma/Km) is 0.24 pL/min/mg S9 protein.



Comparison of the kinetic constants for sulfation ¢hydroxysafrole with those for
glucuronidation and oxidation of-hydroxysafrole that were scaled to the in vivo situation
(Table 2.3) reveals that the catalytic efficiency for formation 'euffooxysafrole was
about 1058 times and 3.5 times lower than those for the formatiokhgtdoxysafrole

glucuronide and'loxosafrole respectively.

Altogether, it can be concluded that in the male rat liver, glucuronidation is the major
pathway for the conversion of-iydroxysafrole followed by oxidation and sulfation 6 1

hydroxysafrole to tsulfooxysafrole is a minor pathway.

Per for mance of the PBBK model

The PBBK model defined when incorporating all of the kinetic constants and parameters
defined (Tables 2.1, 2.2 and 2.3) was used to predict time and dose dependent safrole
metabolism at low and high dose levels. To this end dose levels of 0.05 and 300 mg/kg bw
were chosen to allow for the comparison with the outcomes obtained previously using the
PBBK model for estragole (Puetal., 2008).

The PBBK model predicts that at doses ranging from 0.05 to 300 mg/kg bw about 99% of
the metabolism of safrole takes place in the liver. The major metabolites of safrole formed
in the liver are 1,2-dihydroxy-4-allylbenzene arieh§droxysafrole which were formed for

respectively 100% and 99% in the liver amounting to ~74% and ~10% of the dose within
the dose-range of 0.05-300 mg/kg bw. Extrahepatic conversion of safrole did not contribute

significantly to the overall formation of these metabolites.

Performance of the constructed PBBK model was evaluated by comparison of the predicted
total metabolite formation to the reported total urinary excretion of safrole metabolites as a
percentage of the dose in male Sprague-Dawley rats exposed to different levels of safrole
(Benedettiet al., 1977) and by comparison of the percentage of the dose predicted to be
excreted as’dhydroxysafrole glucuronide and 1,2-dihydroxy-4-allylbenzene in the urine as
compared to the actual reported level of excretion of these metabolites in the urine of
Wistar rats upon intragastrical administration of safrole at a dose level of 162 mg/kg bw

(Klungsgyr and Scheline, 1983).



Figure 2.8 shows the comparison between the PBBK predicted and the reported
experimental data on the level of total safrole metabolites excreted in urine at different oral
dose levels of safrole. At a dose level of 0.63 mg/kg bw, the PBBK model-predicted
percentage of the dose excreted as metabolites and the actual percentage excreted in an in
vivo rat experiment (Benedettt al., 1977) are similar (Figure 2.8A). At 6 h postdosing,

the PBBK model predicted the percentage of the dose excreted as safrole metabolites to
amount to 51% and the experimental value reported in the literature (Beetdetti977)
amounted to 45%, whereas at 12 hours these values amount to respectively 67 and 78% of
the dose. At a dose of 60 mg/kg bw (Figure 2.8B) only limited experimental data are
available, but the three data points reported amount to values of 18%, 78% and 85% of the
dose, values that match the predicted values relatively well since these amount to 46%,
84% and 97% of the dose. At a dose of 745 mg/kg bw, (Figure 2.8C) deviation between the
PBBK predicted levels of excretion and the actually observed levels of excretion are
somewhat larger especially in the first hour after dosing where the predicted levels are 6.5
fold higher than the measured levels, although at 24 h or more upon dosing the predicted
levels again match the experimental levels well and amount to values that were only 1.1-

2.3 fold higher than the reported levels.

Figure 2.8. PBBK predicted (x) and reportell (Benedettiet al., 1977) percentage of the safrole dose excreted as
urinary metabolites at oral dose levels of (A) 0.63 mg/kg bw (B) 60 mg/kg bw, and (C) 745 mg/kg bw



The model was also evaluated by comparing the PBBK model based prediction for the
percentage of the dose excreted &bytiroxysafrole glucuronide and 1,2-dihydroxy-4-
allylbenzene to the values reported in a study in which Wistar rats were exposed to 162
mg/kg bw safrole (Klungsgyr and Scheline, 1983). Figure 2. 9 shows that the model
accurately predicts the percentage of 1,2-dihydroxy-4-allylbenzene excreted in urine. The
predicted formation of 1,2-dihydroxy-4-allylbenzene 24, 48 and 72 h after oral dosing was
60%, 72% and 74% of the dose, respectively, whereas the levels actually measured
amounted to 58%, 70% and 72% respectively. The PBBK model prediction for the
formation of 1-hydroxysafrole glucuronide 24, 48 and 72 h upon dosing are 2-2.5 times
higher than reported levels but within the same order of magnitude (Figure 2.9). Predicted
levels of I-hydroxysafrole glucuronide amounted to 7.9%, 9.3% and 9.6% of the dose

respectively whereas the reported levels amounted to 3.9%, 4.0% and 4.0%.

Figure 2.9. PBBK predicted formation of 1,2-dihydroxy-4-allylbenzemg @nd I-hydroxysafrole glucuronide
(A) compared to experimental data reported for formation of 1,2-dihydroxy-4-allylbenzéneagd 1-

hydroxysafrole glucuronideX) in rats exposed to 162 mg/kg bw safrole (Klungsgyr and Scheline,.1983)



Model predictions

In a next step, the PBBK model was used to predict the concentration of safrole and 1
hydroxysafrole and the further metabolism ofhgdroxysafrole to thydroxysafrole
glucuronide, toxosafrole and 'isulfooxysafrole in the liver. The PBBK model-predicted
time dependent concentration of safrole ardhytiroxysafrole and the formation of-1
hydroxysafrole glucuronide,’-bxosafrole and 'dsulfooxysafrole in male rat liver upon
exposure to 0.05 or 300 mg/kg bw of safrole are presented in Figure 2.10. At a dose 0.05
mg/kg bw the maximum concentration of safrole artytiroxysafrole were predicted to

be achieved within less than 1 h while full conversion of safrole and maximal overall
formation of I-hydroxysafrole glucuronide, -bxosafrole and 'isulfooxysafrole were
predicted to be achieved within 48 h. The maximum concentrations of safrole’-and 1
hydroxysafrole and the overall formation ofHlydroxysafrole glucuronide,’-bxosafrole

and 1-sulfooxysafrole are 0.23, 0.00008, 0.8, 0.0026 and 0.0007 nmol/g liver respectively.
Formation of Z*hydroxysafrole glucuronide, '-bxosafrole and ‘Isulfooxysafrole
corresponds to 8.9%, 0.03% and 0.008% of the dose respectively.

PBBK model predictions at a dose of 300 mg/kg bw reveal that safrole and 1
hydroxysafrole were metabolized completely after 72 h and that the maximum
concentrations of safrole and-Hydroxysafrole were obtained within 1 h with values of
1700 and 0.256 nmol/g liver, respectively (Figure 2.10B). The formation "of 1
hydroxysafrole glucuronide,’-bxosafrole and 'isulfooxysafrole was predicted to amount

to 5370, 17.4 and 5.1 nmol/g liver which corresponds to 9.9%, 0.03% and 0.009% of the
dose, respectively. These percentages were similar to the percentages of formation

predicted at a dose level of 0.05 mg/kg bw.



Figure 2.10. PBBK model predicted time dependent concentration (nmol/g liver) of safrolehgddokysafrole
and formation of thydroxysafrole glucuronide,-bxosafrole and "dsulfooxysafrole at a dose level of (A) 0.05

mg/kg bw safrole and (B) 300 mg/kg bw safrole.

The PBBK model based predictions for the percentage of safrole metabolized to the various
P450 metabolites at increasing oral doses of safrole are presented in Figure 2.11. At a dose
of 0.05 mg/kg bw the percentage of safrole metabolized’,&-dthydroxysafrole, %
hydroxysafrole, 3hydroxysafrole and 1,2-dihydroxy-4-allylbenzene was, respectively,
8.9%, 9.1%, 6.7%, and 74.5% of the dose. When the dose was increased to 300 mg/kg bw,
approximately 6.9%, 10.0%, 7.7% and 74.0% of the dose was predicted to be metabolized
to 2,3-dihydroxysafrole, Thydroxysafrole, 3hydroxysafrole and 1,2-dihydroxy-4-



allylbenzene respectivelyThese results reveal that 1,2-dihydroxy-4-allylbenzene is the
major metabolite at low but also at high dose levels. When the dose increases the relative
formation of 2,3-dihydroxysafrole decreased only to a limited extent from 8.9% at a dose
0.05 mg/kg bw to approximately 6.9% of the dose at a dose 300 mg/kg bw while the
percentage formation of-hydroxysafrole and 'shydroxysafrole tended to increase also
only to a limited extent from values amounting to, respectively, 9.1% and 6.7% of the dose
at 0.05 mg/kg bw to values of, respectively, 10.0% and 7.7% of the dose at 300 mg/kg
bw/day. Overall, the results presented in Figure 2.11 reveal that for safrole a dose
dependent shift in P450 mediated oxidation leading to a relative increase in bioactivation at
higher dose levels, is not observed. This can be explained by the fact that for P450
mediated oxidation of safrole no saturation of an important metabolic route occurs in a dose

range from 0.05 up to 300 mg/kg bw/day.

Figure 2.11. PBBK predicted dose dependent changes in overall formation of P450 metabolites in all organs. The
lines correspond to’&-dihydroxysafrole (see), Tthydroxysafrole = == ), 3-hydroxysafrole ===), and 1,2-
dihydroxy-4-allylbenzene=¢ ¢ =—).

Sensitivity analysis

A sensitivity analysis was performed to identify the key parameters that influence the
formation of 1,2-dihydroxy-4-allylbenzene, '-Hydroxysafrole, 1 hydroxysafrole
glucuronide, toxosafrole and’dsulfooxysafrole.



Figure 2.12A presents that at both dose levels analyzed, 0.05 and 300 mg/kg bw, the
formation of 1,2-dihydroxy-4-allylbenzene is influenced by the kinetic constants for its

formation from safrole\max . pras @8NAKm, L pHag)-

Figure 2.12B presents the sensitivity analysis fdrytiroxysafrole formation. Formation of
1'-hydroxysafrole is predicted to be mostly affected by the kinetic constants for its
formation from safroleMmax 1ns @and Ky 1ns) and kinetic constants for the formation of

1,2'd|hyd rOXy'4-aIIylbenzena/(naxyLiDHAB and Kn,LfDHAB) .

Figure 2.12C shows the results of the sensitivity analysis on the kinetic parameters which
influence the formation of "tydroxysafrole glucuronide. Glucuronidation of- 1
hydroxysafrole was affected by the kinetic constants for formation-bydroxysafrole
(VmaxL_mmss Kmi 1ns) and the kinetic constants for formation of 1,2-dihydroxy-4-

allylbenzene max,._onas @NdKm | prag).

Figure 2.12D reveals that oxidation of-hydroxysafrole was affected by the kinetic
constants for formation of-hydroxysafrole Ymax.._ms andKm, 1ns), for glucuronidation
of 1-hydroxysafrole Vmax i iisc and Km 1msg), for oxidation of Xhydroxysafrole
(Vmax,L_mmos and K 1nog), the kinetic constants for formation of 1,2-dihydroxy-4-
allylbenzene Vmax,._pras @ndKn L phas), the yield of microsomal liver protein (MPL), and
the yield of S9 protein (S9PL).

Figure 2.12E reveals that sulfation ofhydroxysafrole was affected by the kinetic
constants for the formation of-fiydroxysafrole ¥max. ms and Km 1s), the kinetic
constants for the formation of 1,2-dihydroxy-4-allylbenze¥ga(. pnas and Km L pHas).
for the glucuronidation of 'dhydroxysafrole Vmax . msc and Kmi 1nsg), and for the

sulfation of 1-hydroxysafrole Vmax . miss@ndKm 1hs9-

Comparison of the PBBK model based predictionsfor safroleto the PBBK model
based predictionsfor the related alkenylbenzenes estragole and methyleugenol

Figure 2.13A shows that at a dose of 0.05 mg/kg bw, safrole was metabolized within 48 h
which is longer than the 5 and 15 h predicted previously by the related PBBK models for
estragole and methyleugenol respectively (Al-Subetilai., 2011; Pungt al., 2008). At a



dose of 300 mg/kg bw, safrole was predicted to be metabolized within 72 h whereas the
corresponding values for estragole and methyleugenol amounted to respectively 15 and 20
h (Figure 2.13B).

Using these PBBK models for predicting bioactivation and detoxification of estragole,
methyleugenol and safrole the relative time and dose dependent formation of the proximate
carcinogenic thydroxy metabolites and also of thé-hydroxy glucuronide and the
ultimate carcinogenic reactive and unstablesulfooxy metabolites of the three model
alkenylbenzenes can be obtained. Figure 2.14 presents the formation of these metabolites
for the three alkenylbenzenes as predicted by the respective PBBK models. Figure 2.14A
and 14B show that formation of théHydroxy metabolite and’-hydroxy glucuronide for

the three alkenylbenzenes are very similar. Figure 2.14C shows that the formatien of 1
oxomethyleugenol is predicted to be approximately less than 20-fold higher than the
formation of 1-oxoestragole and’-bxosafrole. Figure 2.14D reveals that the formation of
the unstable reactive-&ulfooxy metabolite in the liver of male rat is predicted to vary less
than 6-fold for the three alkenylbenzenes, being highest for methyleugenol, mainly because
of additional differences in the catalytic efficiency of the conversion of tigdroxy
metabolites in the various conjugation reactions. The data obtained also reveal that for all
three alkenylbenzenes the formation of the ultimate carcinogésiglfbtoxy metabolite
increases linearly with the dose up to dose levels of at least 100 mg/kg bw and that the
overall conversion of safrole is slower than that of estragole and methyleugenol taking
about 72 instead of 24 h for full conversion. This can be explained by the fact that for P450
mediated oxidation of safrole, in contrast to that of estragole and methyleugenol, no
saturation of an important metabolic route occurs in a dose range from 0.05 up to 300

mg/kg bw/day.



Figure 2.12. Sensitivity of the predicted formation of (A) 1,2-dihydroxy-4-allylbenzene;-{Bfioxysafrole, (C)
1'-hydroxysafrole glucuronide, (D)Y-bxosafrole, and (E)'Jbulfooxysafrole to different model parameters. White

bars correspond to the normalized sensitivity coefficients at a dose of 0.05 mg/kg bw and black bars at a dose of
300 mg/kg bw. S9PL = Liver S9 protein yield, MPL = Liver microsomal protein yieldx &d K, are the
maximum rate of formation and the Michaelis-Menten constant for the formation of the different metabolites in
the liver: I-hydroxysafrole (HS), 1,2-dihydroxy-4-allylbenzene (DHAB), -tiydroxysafrole glucuronide
(1'HSG), 1-oxosafrole (HOS), and %sulfooxysafrole (HSS).



Figure 2.13. PBBK model predicted time dependent concentration (nmol/g liver) of estraged, (
methyleugenol<= =), and safrole (+s*+) at a dose level of (A) 0.05 mg/kg bw and (B) 300 mg/kg bw

Figure 2.14. PBBK predicted dose dependent formation of (A) tHe/dtoxy metabolite, (B) "dhydroxy
glucuronide, (C) toxo metabolite, and (D)-bulfooxy metabolite of estragole-——), methyleugenol=-= —
=), and safrole (ee+¢) in male rat liver (Sprague-Dawley) after 24 h in case of estragole and methyleugenol and 72

h in case of safrole (Al-Subeibi al., 2011; Puntt al., 2008).



Discussion

In the present study, a PBBK model was developed that allowed for the evaluation of
bioactivation and detoxification of safrole at different oral dose levels in male rats. The
advantages of PBBK models over in vivo or in vitro experiments are that PBBK models
provide more insight into which tissues are involved, provide insight into the formation and
distribution of metabolites in the various tissues of interest, allow predictions of the
formation of the proximate and ultimate reactive unstable carcinogenic metabolite(s) and
provide insight into the dose levels at which deviation from linear kinetics for bioactivation

and detoxification might occur.

The performance of the newly developed PBBK model was evaluated by comparison of the
predicted levels of metabolite formation to levels reported in the literature. A first
experimental data set available reported levels for the formation of total safrole metabolites
detected in the urine of Sprague-Dawley rats exposed to three different oral doses of safrole
(Benedettiet al., 1977). The model predicted the time dependent formation of safrole
metabolites relatively well especially at dose levels of 0.63 and 60 mg/kg bw. A second
experimental data set available for the evaluation of model performance reported time
dependent excretion of 1,2-dihydroxy-4-allylbenzene ariehydroxysafrole as '1
hydroxysafrole glucuronide, in the urine of Wistar rats exposed to 162 mg/kg bw safrole
(Klungsgyr and Scheline, 1983). The model predicted the formation of these two
metabolites at levels amounting to, respectively, 74% and 10% of the dose, whereas the
percentages experimentally observed amounted to respectively 72% and 4 % of the dose.
Thus, the model appeared to accurately predict the biotransformation for safrole generally
within 2-fold variation. Part of the deviations observed may be due to the fact that our
PBBK model was developed using tissue samples from Sprague-Dawley rats, whereas the
literature data were obtained with, respectively, Sprague-Dawley (Benedéitti 1977)

and Wistar rats (Klungsgyr and Scheline, 1983). Different species may have different types
and contents of enzymes responsible for safrole metabolism, and metabolism may vary
depending on the rat strain used (Kishélal., 2008). Moreover, uncertainty in the exact
values of the model parameters for scaling up the in vitro data to the in vivo situation may

affect the accuracy of the model as the sensitivity analysis revealed that the formation of



1,2-dihydroxy-4-allylbenzene and '-Aydroxysafrole is mostly affected by kinetic

parameters. Altogether, the results obtained in the analysis of model performance imply
that conclusions derived from the model should preferably not be based on absolute
outcomes but rather on a comparison of different conditions in a relative way as done in the

present study.

Comparison of the PBBK model based predicted time dependent concentrations of the three
alkenylbenzenes in the liver reveals that for safrole, in contrast to estragole and
methyleugenol, metabolism might not be complete within 24 h upon dosing pointing at
possibilities for accumulation upon repeated dosing especially at relatively high dose levels.
The major detoxification route of safrole is O-demethylation resulting in 1,2-dihydroxy-4-
allylbenzene (predicted to account for 74.5% of the dose at a dose of 0.05 mg/kg bw) a
reaction catalyzed almost entirely in the liver. This result is different from the results
obtained for the related alkenylbenzene estragole for which at a dose of 0.05 mg/kg bw, the
major detoxification route, resulting in 4-allylphenol upon O-demethylation, appeared to
occur predominantly in the lung and kidney (Petrdl., 2008). Thus, at relatively low dose
levels, extrahepatic metabolism has a role in rapid metabolism of estragole while this is not
the case for safrole where metabolism mainly occurs in the liver, resulting in a longer time

needed for complete conversion.

The PBBK predictions also revealed that the relative formation of the various safrole P450
mediated metabolites is hardly changing with the dose (Figure 2.11). The formation of the
proximate carcinogenic metabolitéHydroxysafrole is predicted to increase from 9.1% to
10.2% of the dose when the dose increases from 0.05 mg/kg bw to 300 mg/kg bw.
Together, these data indicate that in contrast to outcomes previously obtained from similar
PBBK models for the related alkenylbenzenes estragole and methyleugenol (Al-8ubeihi
al., 2011; Puntt al., 2008) for safrole a dose dependent shift in P450 catalyzed reactions

leading to a relative increase in bioactivation at higher dose levels is not observed.

The I-hydroxy metabolites of the alkenylbenzenes and their sulphate conjugates have been
shown to form DNA adducts in vivo and in vitro in a dose dependent manner (Babberg
al., 1983; Daimonet al., 1998; Drinkwateret al., 1976; Miller et al., 1983; Miller and



Miller, 1983; Phillipset al., 1984; Randeratkt al., 1984; Swansoset al., 1981). It is of
interest to compare the results for the PBBK predicted formation of the ultimate
carcinogenic metabolites of the three alkenylbenzenes to their relative potency for DNA
adduct formation in vitro and in vivo and even to their BMPplalues (the lower
confidence bound of the benchmark dose that gives 10% extra cancer incidencg){BMD

for tumor formation. In HepG2 cells exposed to the alkenylbenzenes, the dose dependent
formation of DNA adducts decreased in the order methyleugenol > estragole > safrole, but
varied at most 3.5-fold (Zhowet al., 2007). This is similar to the earlier finding in
experiments in vivan mouse liver in which the formation of DNA adducts in the liver of
mice exposed to alkenylbenzenes also varied by less than 3.4-fold being again highest for
methyleugenol (Randerattt al., 1984). Furthermore, the estimated calculated BMDL
values of safrole, methyleugenol and estragole amount to approximately 3-29 mg/kg
bw/day (calculated using BMD software based on the data from (Babealg, 1983;

Miller et al., 1983)), 22-32 mg/kg bw (Rietjerst al., 2008) and 9-33 mg/kg bw/day
(Rietjens et al., 2010), respectively. This indicates that these alkenylbenzenes have a

comparable carcinogenic potential.

Altogether, it is concluded that the present study describes a PBBK model to quantify the
bioactivation and detoxification of safrole in male rats. In contrast to outcomes previously
obtained from similar PBBK models for the related alkenylbenzenes estragole and
methyleugenol, for safrole a dose dependent shift in P450 mediated conversion leading to a
relative increase in bioactivation at higher dose levels is not observed. In spite of this
difference and the fact that complete metabolism of safrole takes longer than that of
estragole and methyleugenol, the overall differences in bioactivation of the three
alkenylbenzenes to their ultimate carcinogerisulfooxy metabolites are limited, which is

in line with the generally less than 4-fold difference in their level of DNA binding in in
vitro and in vivo studies and in their comparable BMpValues in in vivo carcinogenicity
studies. It is concluded that in spite of differences in the rate of specific metabolic
conversions, overall the levels of bioactivation of the three alkenylbenzenes is comparable,

which is in line with their comparable carcinogenic potential.
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Abstract

A physiologically based biokinetic (PBBK) model for the alkenylbenzene safrole in
humans was developed based on in vitro- and in silico-derived kinetic parameters. With the
model obtained, the time- and dose-dependent formation of the proximate and ultimate
carcinogenic metabolites,’-thydroxysafrole and 'dsulfooxysafrole in human liver were
estimated and compared with previously predicted levels of these metabolites in rat liver. In
addition, Monte Carlo simulations were performed to predict interindividual variation in the
formation of these metabolites in the overall population. For the evaluation of the model
performance, a comparison was made between the predicted total amount of urinary
metabolites of safrole and the reported total levels of metabolites in the urine of humans
exposed to safrole, which adequately matched. The model results revealed no dose-
dependent shifts in safrole metabolism and no relative increase in bioactivation at dose
levels up to 100 mg/kg body weight/day. Species differences were mainly observed in the
detoxification pathways of’hydroxysafrole, with the formation of-bxosafrole being a

main detoxification pathway of-hydroxysafrole in humans but a minor pathway in rats,
and glucuronidation of’dhydroxysafrole being less important in humans than in rats. The
formation of I-sulfooxysafrole was predicted to vary 4- to 17-fold in the population (fold-
difference between the 8%nd median, and $5and %' percentile respectively), with the
median being three to five times higher in human than in rat liver. Comparison of the
PBBK results for safrole with those previously obtained for the related alkenylbenzenes
estragole and methyleugenol revealed that differencessulfboxy metabolite formation

are limited, being only twofold to fivefold.



Introduction

Safrole, a natural plant constituent, is the major component of sassafras oil and a minor
constituent in star anise, nutmeg and black pepper. Safrole was documented to be a rodent
carcinogen (Borcheret al., 1973; Miller et al., 1983; Wislockiet al., 1977). The
genotoxicity and carcinogenicity of safrole has been related to the formation of DNA
adducts (Borchertt al., 1973; Daimonet al., 1998). Studies on the bioactivation and
detoxification of safrole in humans are limited. Chewing of betel quid, which contains
Piper betle leaves containing 15 mg safrole/g fresh weight, has been reported to result in
safrole concentrations of up to 420 uM in saliva (Hweing., 1992). A case-control study
showed a significant correlation between the incidence of oral squamous cell carcinoma
and chewing of betel quid in a Taiwanese population Kal., 1995). This phenomenon

was linked to a high frequency of safrole-DNA adducts in squamous cell carcinoma and

oral submucous fibrosis tissues of betel quid users (Ethatn 1999).

Safrole and sassafras oil were banned as food additives in 1960 by the U.S. Food and Drug
Administration (FDA). In Europe, a limitation of safrole in foodstuff and beverages was set
at 1 ppm (The European Council Directive on food flavoring 88/388/EEC, amended by
Commission Directive 91/71/EEC) (EEC, 1988). In 1997, the Committee of Experts on
Flavoring Substances (CEFS) of the Council of Europe evaluated safrole and concluded
that safrole is a weak hepatocarcinogen in experimental animal studies but also a genotoxic
and a transplacental carcinogen; hence efforts should be made to reduce its consumption
through foods and beverages as much as possible (Council of Europe, 1997). The Scientific
Committee on Food (SCF) of the European Union concluded in their evaluation that safrole
is genotoxic and carcinogenic and that reductions in the exposure and restriction in the use
levels are indicated (SCF, 2002).

Daily intakes of safrole were estimated by the SCF to amount to 0.3 mg/day equivalent to 5
pa/kg body weight (bw)/day for a 60 kg person (SCF, 2002), and the Joint FAO/WHO

Expert Committee on Food Additives (JEFCA) estimated the maximum dietary exposure to
safrole to amount to 879 pg/person/day equivalent to 14.6 pg/kg bw/day for a 60 kg person

(JECFA, 2008). Furthermore, a study performed amongst non-betel quid chewers in



Taiwan showed that the urine of non-betel quid chewers contained 1,2-dihydroxy-4-
allylbenzene, a major metabolite of safrole pointing out that intake of safrole from common
spices in Taiwanese foods such as ginger and black pepper results in detectable exposure
levels (Changt al., 2002).

The carcinogenicity of safrole has been correlated to its metabolic conversion by
cytochromes P450 and sulfotransferases (SULTs) to a genotoxic metabdlite, 1
sulfooxysafrole (Borchemt al., 1973; Uenget al., 2005; Wislockiet al., 1977). In humans,

the first step in this bioactivation is mainly catalyzed by cytochromes P450 2A6, P450
D6*1, P450 2C9, P450 2C19 and P450 2E1 (Jeuriasahn, 2004; Liuet al., 2004; Ueng

et al., 2004). The proximate carcinogenic metabolitbydroxysafrole can subsequently be
sulfonated to the ultimate carcinogenic metabolitsulfooxysafrole, which is unstable and
spontaneously decomposes to produce an electrophilic carbonium cation forming covalent
adducts with cellular macromolecules including DNA (Borcleerl., 1973; loannidest

al., 1981; Wislockiet al., 1977). Other metabolites of safrole are presented in Figure 3.1
and include products resulting fro@-demethylation, epoxidation and-3ydroxylation

being 1,2-dihydroxy-4-allylbenzene’,2-safrole oxide and’dydroxysafrole, respectively.

In rats, 1,2-dihydroxy-4-allylbenzene is the major metabolite of microsomal conversion of
safrole and this metabolite can subsequently be oxidized mqganone leading to an
electrophilic p-quinone methide intermediate (Bolt@hal., 1994). 23-Safrole oxide is
susceptible to hydrolysis by microsomal epoxide hydrolase formijBgdthydroxysafrole
(loannideset al., 1981; Klungsgyr and Scheline, 1983}Hydroxysafrole is converted to

the ultimate carcinogen by SULT-mediated conversion’sulfooxysafrole, but can also

be detoxified via oxidation to '-bxosafrole or glucuronidation to’-hydroxysafrole
glucuronide (Figure 3.1) (Pustal., 2008).

Species-dependent differences in bioactivation and detoxification of safrole have been
reported. For example, glucuronide conjugates’tfytiroxysafrole and 'shydroxysafrole

were detected in the urine of rats but not in that of humans (Benededti, 1977).
Formation of the "toxo metabolites of the related alkenylbenzenes estragole and
methyleugenol appears to be a minor detoxification pathway in rats (Al-Sudbedhi

2011; Martatiet al., 2011; Puntet al., 2008). In humans, however, oxidation of tHe 1



hydroxy metabolite of the related alkenylbenzenes estragole and methyleugenol appeared to
be a major pathway for detoxification of thehlydroxy metabolite (Al-Subeitet al., 2012;
Puntet al., 2009).

To facilitate extrapolations of high dose animal carcinogenicity data for safrole to low dose
in human exposure scenarios, insights are required in possible dose-dependent effects,
species differences, and interindividual human variation in bioactivation and detoxification
of this compound. The aim of the present study was to build a physiologically based
biokinetic (PBBK) model for safrole in humans to obtain these insights. For the model
development, the kinetic parameters for the metabolic conversions of safrole’-and 1
hydroxysafrole were determined in vitro using tissue fractions of human organs that were
found to be capable of metabolizing safrole 6hyldroxysafrole. The outcomes of the
model were compared with those of the previously defined PBBK model for safrole in rats
(Martati et al., 2011) to evaluate the occurrence of species differences in bioactivation and
detoxification of safrole. In addition, Monte Carlo simulations were performed to predict
interindividual variation in the formation of these metabolites in the population as a whole.
Finally, the outcomes of the humans model were also compared with those obtained with
previously defined PBBK models for the related alkenylbenzenes estragole and
methyleugenol (Purdt al., 2010; Al-Subeihgt al., 2012).

M aterials and methods

Materials. Pooled human liver microsomes, cytosol and S9 were purchased from BD
Gentest (Worburn, MA). Pooled human lung and kidney microsomes were obtained from
BioPredic International (Rennes, France). Safrole (purity 97%3,-dthydroxysafrole
(purity 99%), Tris(hydroxymethyl)aminomethane, alamethicin (fiimichoderma viride),
L-ascorbic acid, uridine"sliphosphoglucuronic acid (UDPGA) and 3,4-(methylenedioxy)
cinnamic acid were purchased from Sigma-Aldrich (Steinheim, Germafy).
Glucuronidase and reducédnicotinamide adenin dinucleotide phosphate (NADPH) and
oxidized (NAD") were obtained from Roche Diagnostics (Mannheim, Germany). Reduced
glutathione (GSH) and dimethyl sulfoxide (DMSO) were purchased from Acros Organics
(New Jersey). '‘3hosphoadenosiné-phosphosulphate (PAPS) was obtained from Sigma-



Aldrich (Zwijndrecht, The Netherlands). Potassium dihydrogen phosphate, dipotassium
hydrogen phosphate trihydrate, acetic acid (glacial) and magnesium chloride were
purchased from VWR (Darmstadt, Germany). Chromatography grade acetonitrile was
purchased from Biosolve (Valkenswaard, The NetherlandsHydroxysafrole was
synthesized and purified as described previously (Jeurigtsah, 2004; Martatiet al.,

2011). 3Hydroxysafrole was synthesized from 3,4-(methylenedioxy) cinnamic acid as
described previously (Anglet al., 2008) and purified as previously described (Mawsgti

al., 2011). 1-Oxosafrole was synthesized frohlydroxysafrole based on the method used
for 1'-oxoestragole (Wislockét al., 1976). 1,2-Dihydroxy-4-allylbenzene was synthesized
as described previously (Boltehal., 1994).

Deter mination of the kinetic constants for microsomal conver sion of safrole

Metabolites formed by microsomal conversion of safrole were identified and quantified
upon incubation of safrole with human liver, lung, and kidney microsomes in the presence
of NADPH. These incubations were performed as described previously for the microsomal
conversion of safrole in rat tissue fractions (Maréal., 2011). The incubation mixtures

had a final volume of 160 pL and contained 1 mg/mL microsomal protein, 3 mM NADPH,
and 1 mM ascorbic acid in 0.2 M Tris-HCI (pH 7.4). When metabolite formation was
observed with a specific tissue fraction, the kinetic constants for the formation of this
metabolite were determined by performing incubations for 10 min at 37°C at substrate
concentrations that ranged from 10 to 1000 uM (final concentration). The reactions were
started after 1 min of pre-incubation by addition of the substrate and terminated by addition
of 40 pL of cold acetonitrile. An incubation mixture without NADPH was used as the
blank.



Figure 3.1. Biotransformation pathways of safrole.



Deter mination of kinetic constantsfor glucuronidation, sulfation, and oxidation of 1'-

hydroxysafrole

To determine the kinetic constants for the metabolic conversiohhyfdtoxysafrole to %
hydroxysafrole glucuronide, "-sulfooxysafrole, and 'doxosafrole, incubations were
performed with human liver S9 (in case of glucuronidation and sulfonation) or human liver
microsomes (in case of oxidation) in the presence of the relevant cofactors. The choice of
the tissue fractions was based on our previous works on the related alkenylbenzene
estragole (Punét al., 2008; Puntt al., 2009) in order to make the results comparable.
Incubations for glucuronidation and sulfonation were, for instance, performed with S9
fractions and not with microsomes and cytosol separately to allow for direct comparison of
the kinetic constants obtained for these reactions (@uwaft, 2007; Pungkt al., 2008). All

the reactions were performed as described previously for the metabolic conversion of 1
hydroxysafrole by rat tissue fractions (Martettial., 2011). In case of glucuronidation, the
incubation mixtures had a final volume of 200 pL and contained (final concentrations) 10
mM UDPGA, 0.2 mg S9 protein/mL in 0.2 M Tris-HCI (pH 7.4) and 10 mM MgThese
incubation mixtures were first pre-treated on ice with 0.025 mg/mL alamethicin for 15 min
to obtain maximum glucuronidation activity (Fisher al., 2000). The reactions were
carried out for 360 min at 37°C at a substrate concentration that ranged from 100 to 4000
UM (final concentration). In case of sulfonation ofh¥droxysafrole the incubation
mixtures had a final volume of 100 pL, containing (final concentrations) 0.2 mM PAPS, 2
mg S9 protein/mL, and 10 mM GSH in 0.1 M potassium phosphate (pH 8.0). These
incubations were carried out for 120 min at 37°C at a substrate concentration that ranged
from 250 to 4000 pM (final concentration). For oxidation éhydroxysafrole, initial
incubations were performed to determine the subcellular distribution and enzyme
specificity of this enzymatic reaction. These reactions were carried out for 10 min at a
substrate concentration of 1000 pM with incubation mixtures that had a final volume of 100
uL, containing (final concentrations) 3 mM NADNADH, NADP* or NADPH, 1 mg
microsomal or cytosolic protein/mL, and 2 mM GSH in 0.2 M Tris-HCI (pH 7.4). Based on
these incubations, the oxidation reaction ‘dfiidroxysafrole was observed to mainly occur

in incubations with microsomes and NARs cofactor (data not shown) and the kinetic



constants were determined for this reaction only. For the determination of these kinetic
constants, incubations were carried out for 10 min at 37°C at the same conditions as
described above and a substrate concentration that ranged from 10 to 4000 pM (final

concentration).

All of the above reactions were started after pre-incubation at 37°C for 1 min by addition of
the substrate "hydroxysafrole diluted in DMSO and terminated by addition of cold

acetonitrile amounting to 25% (v/v) of the incubation volume. The final concentration of
DMSO in the incubation mixtures was kept constant at 1%. Incubation mixtures without the

specific cofactors were used as blanks.
Samples and data analysis

For the determination of kinetic constants for each metabolite, three replicates were always
performed. All samples were centrifuged for 5 min at 16000 g and the supernatants were
frozen at -20°C until analysis by high performance liquid chromatography (HPLC) or ultra
performance liquid chromatography (UPLC). Analysis of the samples resulting from the
microsomal conversion of safrole as well as the oxidation and glucuronidatior of 1
hydroxysafrole was performed on a Waters M600 HPLC equipped with a photodiode array
detector as previously described (Margttal., 2011). Quantification and detection of the
GSH conjugate of 'dsulfooxysafrole were performed on a Waters UPLC equipped with a
photodiode array detector system as described previously (Martati, 2011). The
different metabolites of safrole andHtydroxysafrole were identified and quantified on the
basis of the similarity of their UV spectrum and retention time and compared with the UV
spectrum and retention time of synthesized or commercially available reference compounds
as described previously (Marta&tial., 2011). In the microsomal incubations, safrdl@2

oxide was not detected because of its swift hydrolysis by microsomal epoxide hydrolase to
2',3-dihydroxysafrole (Guenthner and Luo, 2001; laial., 1992; Stillwellet al., 1974).

The safrole concentration-dependent rate of formation of different products of microsomal
conversion of safrole, and the’-Hydroxysafrole concentration-dependent rate of
glucuronidation, oxidation and sulfation were fitted to the standard Michaelis-Menten

equation: v Vo *[SI/(Kn+[S]). In this equation, [S] represents the substrate concentration



of the respective reaction. The apparent maximum velodity.gep) and apparent
Michaelis-Menten constanKf,p,) Were determined using GraphPad Prism version 5.03
(GraphPad Software, San Diego CA). The valuesvVgf, and K, were reported in
nmol/min/mg microsomal or S9 protein and uM, respectively. Scaling of in vitro data,
expressed as nmol/min/mg protein, to in vivo data, expressednakh/g tissue, was

performed as described below.

Definition of the PBBK model for safrole metabolism

A PBBK model describing the dose-dependent kinetic behavior of safrole and formation of
its metabolites in humans was developed based on the model previously defined for safrole
in male rats (Martatit al., 2011), and for the related alkenylbenzene estragole in rats (Punt
et al., 2008) and in humans (Puattal., 2009). Figure 3.2 presents a schematic overview of
the PBBK model used to simulate the metabolism and distribution of safrole in humans.
The following compartments were included in the model: (1) liver and kidney as
metabolizing compartments, and (2) lung, fat, blood, richly perfused tissue and slowly
perfused tissue as separate compartments. No parallel model describing the distribution of
1'-hydroxysafrole over the body was included, because a near quantitative intrahepatic
conversion of thydroxysafrole was assumed. This assumption was based on the findings
(see Results section) that the overall catalytic efficiency for the reactions convérting 1
hydroxysafrole was higher than the catalytic efficiency for the formation 'of 1

hydroxysafrole.

The uptake of safrole from the gastrointestinal tract was assumed to follow first-order
kinetics, assuming safrole to be absorbed directly to the liver with an estimated absorption
constant set at 1.0*h This assumption was based on the fact that uptake of the related
alkenylbenzene estragole from the gastrointestinal track is known to be rapid and complete
with an estimated absorption half-life of 0.7 h (Anthahwl., 1987; Puntt al., 2008). 3
Hydroxysafrole formation was modeled in the liver and kidney. Microsomal metabolism of
safrole resulting in 'thydroxysafrole, 23-dihydroxysafrole (derived from safrol€,2-

oxide) and 1,2-dihydroxy-4-allylbenzene was only observed in the liver and therefore

modeled only in the liver compartment. Formation 6hyldroxysafrole in the liver was



followed by its further conversion td-thydroxysafrole glucuronide,-sulfooxysafrole, and
1'-oxosafrole. The mass balance equations in the PBBK model for time-dependent changes
of safrole in the liver and kidney were essentially the same as previously described for the
rats PBBK model (Martatit al., 2011).

The urinary excretion of safrole metabolites was considered rapid and complete based on
the literature data of Benedeti al. (1977) indicating that‘C-safrole administered to
humans was excreted almost completely in the urine within 5 days, and that only a limited
percentage of the dose (< 2.25%) was found in feces. Based on this consideration, the
transport of metabolites from liver to the kidney and urine was not included in the model.
Instead, the metabolites ',2-dihydroxysafrole, 1,2-dihydroxy-4-allylbenzene, '-
hydroxysafrole glucuronide and-dxosafrole formed in liver and-Bydroxysafrole formed

in the liver and kidney were assumed to be all completely excreted in the urine.

Figure 3.2. Schematic presentation of the physiologically based biokinetic (PBBK) model used to simulate the

bioactivation and detoxification of safrole in humans.



The kinetic parameters for the product formation upon by microsomal conversion of safrole
and for the glucuronidation, oxidation and sulfation Bhyldroxysafrole were determined

in vitro. The V.« values for the formation of microsomal safrole metabolites and of
conjugated metabolites obtained from incubations with microsomal liver samples were
scaled to the liver using a microsomal protein yield of 32 mg/g liver (Betradr, 2007).

The Vinax Values for the formation of metabolites formed in the kidney were scaled using a
microsomal protein yield of 7 mg/g kidney (Beierschmitt and Weiner,1986; Medgisky

al., 1994; Puntt al., 2008). TheV, .« values for the sulfation and glucuronidation &f 1
hydroxysafrole were scaled to the liver using an S9 protein yield of 143 mg/g liver
(Medinskyet al., 1994; Puntt al., 2008; Al-Subeihgt al., 2012).

The physiological parameter values including organ volumes, cardiac output, and blood

flows were taken from literature (Brovanal., 1997) and are shown in Table 3.1.

Table 3.1. Parameters used in the physiologically based biokinetic model for safrole in
humans.

Physiological Parametérs Tissue : Blood Partition Coefficiefits
Body Weight (kg) 60
Percentage of Body Weight Safrole
Liver 2.6 Liver 6.7
Kidney 0.4 Kidney 6.7
Fat 21.4 Fat 106
Rapidly Perfused 4.6 Rapidly Perfused 6.7
Slowly Perfused 51.7 Slowly Perfused 4.2
Blood 7.9 1-Hydroxysafrole
Liver 1.7

Cardiac Output (L/h/kg bW*) 15.0
Percentage of Cardiac Output

Liver 22.7
Kidney 175
Fat 5.2

Rapidly Perfused 29.8
Slowly Perfused 24.8

#Brownet al. (1997)
®DeJongtet al. (1997)



Partition coefficients for safrole and-Hydroxysafrole were estimated from the ClogP
values (DeJonghkt al., 1997). ClogP values were calculated with ChemBio3D Ultra 2010
(CambridgeSoft, MA) and were 3.18 and 1.62 for safrole aftiydroxysafrole,
respectively. Mass balance and differential equations of safrole metabolism were coded and
simulated with Berkeley Madonna 8.3.14 (Macey and Oster, UC Berkeley, CA) using the
Rosenbrocls algorithm for stiff system. PBBK model predictions of the dose-dependent
formation of the various products of microsomal conversion of safrole and of the various
conversion products of-hydroxysafrole were performed over 120 h. In our PBBK model
predictions, 120 h was selected because for this time point in vivo human experimental data

that could be used for model evaluation were available (Benetaittj 1977).
Sensitivity analysis

Sensitivity analysis was used to identify the parameters that have the greatest impact on a
specified model output (DeWoskin, 2007). Normalized sensitivity coefficients (SC) were
determined according to the following equation: SC = ([ J/(P-P)*(P/C), where C is the

initial value of the model output,’Gs the modified value of the model output resulting
from an increase in parameter value, P is the initial parameter valué snithé> modified
parameter (Rietjenst al., 2011). The effect of a 5% change in each parameter on the
formation of 1-hydroxysafrole and 'dsulfooxysafrole (expressed as percentage of dose
over 120 h) was analyzed. The final coefficients were calculated using Excel (Excel 2007,

Microsoft Corporation, WA).

Evaluation of interindividual variability on population level using Monte Carlo

simulation

To predict the influence of interindividual variability on the model outcomes, a Monte

Carlo simulation was performed. For this simulation, a total number of 10,000 simulations
were run. The parameters that significantly affect the outcomes as indicated by the
normalized SC values higher than |0.1| were included in the Monte Carlo simulations. For

these simulations, the mean, and standard deviatiow,, describing the log-normal



distribution of each parameter were derived from the mgand coefficient of variation of

the non-In-transformed data using the following equation (Zletalg, 2007) :

2
U, = In{uX / (1+ CV, ﬂ and sz = In(1+ CV, 2)

Meanwhile, the values of the parameters that have normalized SC values lower than |0.1]
were kept at their mean values. The coefficients of variation (CVs) of the distribution of the
yield of S9 protein (S9PL), microsomal protein yield of the liver (MPL), and volume of the
liver (VL) were collected from the literature and corresponded to 46% (Ramdkr 2007),

46% (Barteret al., 2007), and 5% (EPA, 2000), respectively. For the kinetic constants of
the different metabolic reactions included in the Monte Carlo simulations, general CVs of
30% were used to represent a moderate level of uncertainty and variability (Cowehgton
al., 2007). The outputs were then analyzed statistically to calculate the different percentiles
of the distribution of the model outcomes using GraphPad Prism version 5.03 (GraphPad

Software, San Diego CA).

Comparison of PBBK model-based predictionsfor safrole with the PBBK model-
based predictionsfor the related alkenylbenzenes estragole and methyleugenol

The PBBK model-based predictions obtained for safrole were compared with those
obtained with previously developed PBBK models for the related alkenylbenzenes
estragole and methyleugenol (Al-Subeghial., 2012; Pungt al., 2009). To this end, the
three PBBK models were run to obtain the dose-dependent formation of the respective 1
hydroxy metabolites, "dhydroxy glucuronide metabolites,-dxo metabolites, and’-1
sulfooxy metabolites. The PBBK models were run from dose levels diviglkg bw to

100 mg/kg bw for 120 h. The lowest dose level of bdg/kg bw was chosen to ascertain

that the modeling would include realistic human dietary intake levels and the high dose
levels of 100 mg/kg bw was chosen to make sure the evaluation would include dose levels

known to cause tumors in in vivo rodent studies.



Results

Microsomal conversion of safrole

HPLC analysis of incubations with pooled human liver, kidney and lung microsomes in the
presence of safrole as substrate and NADPH as cofactor reveals that conversion of safrole
only occurs in incubations with pooled human liver and kidney microsomes, whereas no
conversion of safrole occurs in incubations with human lung microsomes (data not shown).
The metabolites formed in incubations with human liver microsomes are the same as those
previously shown to be formed in incubations with rat liver microsomes (Mattati,

2011). Incubations of safrole with human kidney microsomes revealed the formation of
only 3-hydroxysafrole (chromatogram not shown). Altogether the data indicate that
extrahepatic microsomal conversion of safrole contributes to a minor extent to the overall

microsomal conversion of safrole.

Kinetics of microsomal conversion of safrole

Figure 3.3A shows the rate of formation df32dihydroxysafrole, thydroxysafrole, 3
hydroxysafrole and 1,2-dihydroxy-4-allylbenzene in incubations with pooled human liver
microsomes and increasing concentrations of safrole from 10 to 1000 pM. Similar
experiments were performed with kidney microsomes using substrate concentrations
ranging from 250 to 4000 uM (Figure 3.3B). Table 3.2 presents the apparamd Vpmax

values obtained from these plots and the catalytic efficiengiggK.,) derived from them.

The results obtained reveal that with pooled human liver microsomes 1,2-dihydroxy-4-
allylbenzene is the major metabolite formed, followed byhyHroxysafrole, 23-
dihydroxysafrole and'shydroxysafrole. The catalytic efficiencies of the major metabolites
1,2-dihydroxy-4-allylbenzene and '-ydroxysafrole, were 4.9 and 4.3 pL/min/mg

microsomal proteirrespectively.

The results obtained with human kidney microsomes reveal that bhiyd®xysafrole is
formed. The appareit.,, K., and catalytic efficiency calculated as the appavgpy/K,
for the formation of 3hydroxysafrole were 0.03 nmol/min/mg microsomal protein, 1054

UM, and 0.03 pL/min/mg microsomal protaiespectively (Figure 3.3B). In the kidney; 3



hydroxysafrole was also formed in the blank incubations without NADPH. Correcting the
amount of 3hydroxysafrole formed in the complete incubation for the amount’-of 3
hydroxysafrole formed in the blank incubation contributed to the relatively large

experimental variation in th€,, value revealing a coefficient variation of 80%.

Glucuronidation of 1’-hydroxysafrole

Formation of the glucuronosyl conjugate ¢thydroxysafrole was analyzed in incubations
with pooled human liver S9 and UDPGA as cofactor. Formation of the glucuronosyl
conjugate of thydroxysafrole eluting at a retention time of 24 min was observed
(chromatogram not shown). This metabolite was previously identifie¢tagloxysafrole
glucuronide by liquid chromatography-mass spectrometry (LC-MS) (Mattati, 2011).
Treatment of the sample wit-glucuronidase resulted in complete elimination of this
metabolite and a concomitant increase in the intensity of the peakhgtirbxysafrole,
corroborating that the metabolite formed corresponds to the glucuronosyl conjugate of 1

hydroxysafrole.
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Figure 3.3. Safrole concentration dependent rate of formation of microsomal conversion of safrole in incubations
with human (A) liver and (B) kidney microsomes and NADPH as a cofactor. In the plots each point represents the
mean (+ SD) of three replicates corresponding to the formation33tmydroxysafrole {), 1'-hydroxysafrole

(), 3-hydroxysafrole @) and 1,2-dihydroxy-4-allylbenzene.



Table 3.2. The kinetic parameters for microsomal conversion of safrole in incubations with liver and kidney microsomes and for
conversion of thydroxysafrole in incubations with liver microsomes or S9 protein from humans and the cofactor for the respective conversions.

Organ Metabolite Km (LM)? Coefficient Vmax(nmol/min/mg Coefficient In vitro catalytic efficiency
Variation ofK, microsomal protein or S9  Variation ofViax (Vimax(appyKm) (ML/min/mg
protein} microsomal protein or S9
protein)
Microsomal conversion of safrole
Liver 2',3-dihydroxysafrole 41 +10 24% 0.07 £ 0.004 6% 1.7
1-hydroxysafrole 35+10 29% 0.15 +0.008 5% 43
3-hydroxysafrole 255 +99 39% 0.11+0.01 9% 0.4
1,2-dihydroxy-4-allylboenzene 172 + 30 17% 0.85 £ 0.05 6% 4.9
Kidney 3-hydroxysafrole 1054 + 843 80% 0.03 +£ 0.008 27% 0.03
Conversion of hydroxysafrole
Liver l-hydrox_ysafrole 1322 + 208 16% 0.1 +0.006 6% 0.08
glucuronid&
1-oxosafrole® 549 + 84 15% 7504 5% 13.7
1'-sulfooxysafrol€ 3828 + 1801 47% 0.017 + 0.005 29% 0.004

aThe values are mean + SD of three independent determin&tlonabation with S9 proteitf;Incubation with microsomal protein



Figure 3.4A shows the rate of glucuronidation dfhyldroxysafrole with a substrate
concentration increasing from 100 to 4000 pM. The appafgptandK,, values derived

from these data amounted to 0.1 nmol/min/mg S9 protein and 1322 pM, respectively,
resulting in an apparent catalytic efficien®,£/K.,) of 0.08 uL/min/mg S9 protein (Table
3.2).

Oxidation of 1'-hydroxysafrole

Formation of the glutathione adduct withdkosafrole (GS-1oxosafrole) was analyzed in
incubations with pooled human liver microsomes and NAB cofactor and GSH as a
trapping agent for the’-bxosafrole formed. Formation of a single metabolite with a
retention time of 12 min was observed (chromatogram not shown). This metabolite was
previously identified by LC-MS as GS-&xosafrole (Martatét al., 2011).

Figure 3.4B shows the rate of oxidation dfh¥droxysafrole with increasing substrate
concentrations ranging from 10 to 4000 uM. The appa¥ggtobtained from this graph
amounted to7.5 nmol/min/mg microsomal protein and the appakgntvalue to 549 uM,
resulting in an apparent catalytic efficiency§/K.) of 13.7 puL/min/mg microsomal
protein (Tabel 3.2).

Sulfation of 1'-hydroxysafrole

Formation of the glutathione adduct withsllfooxysafrole (GS-isulfooxysafrole) was
analyzed in incubations with human liver S9 using PAPS as cofactor and GSH as trapping
agent for the reactive carbocation derived from the unstaislelfboxysafrole metabolite.

A single metabolite was formed which eluted at a retention time of 1.2 min (chromatogram
not shown). This metabolite was previously identified as G&#fooxysafrole by LC-MS
(Martati et al., 2011). UPLC analysis of incubations défsulfooxysafrole in the absence of
GSH and in the presence of S9 protein and PAPS revealed no peak formation at 1.2 min

(chromatograms not shown).



Figure 3.4. tHydroxysafrole concentration dependent rate of formation of (A)ydroxysafrole glucuronide

with pooled human liver S9 in the presence of UDPGA as a cofactor, (B)-@®shfrole with pooled human

liver microsomes in the presence of NARs a cofactor and GSH as a trapping agent and (C)'-GS-1
sulfooxysafrole with pooled human liver S9 homogenates in the presence of PAPS as a cofactor and GSH as a

trapping agent. In the plot each point represents the mean (+ SD) of three replicates

Figure 3.4C shows the rate of the formation of GStlfooxysafrole with a substrate
concentration increasing from 250 to 4000 uM. Based on these d#tg theformation of
1'-sulfooxysafrole by human liver S9 protein was determined to be 3828 uM akghe
0.017 nmol/min/mg S9 protein resulting in a catalytic efficien®y,(K,) of 0.004
pL/min/mg S9 protein (Table 3.2).



Table 3.3. Scaled kinetic parameters for safrole metabolism by human and male rat tissue fractions as used in the PBBK models.

Metabolite Organ Humarfe Male Rat§*
ScaledVimax, in Km Catalytic ScaledVimax, in Km Catalytic
vivo (WMol/h/g (LM) efficiency vivo (WMol/h/g (LM) efficiency
tissuey (mL/h/g tissuey (mL/h/g
tissuej tissuej
Microsomal conversion of safrole
2',3-dihydroxysafrole Liver 0.1 41 2.4 0.20 149 1.3
1'-hydroxysafrole Liver 0.3 35 8.6 0.8 497 1.6
Lung nd n.d - 0.05 159 0.3
3-hydroxysafrole Liver 0.2 255 0.8 0.7 546 1.1
Lung n.d n.d - 0.1 3573 0.03
Kidney 0.01 1054 0.01 0.04 3067 0.01
1,2-dihydroxy-4-allylbenzene Liver 1.6 172 9.3 4.0 313 13.0
Conversion of hydroxysafrole
1'-hydroxysafrole glucuronide Liver 0.90 1322 0.7 215 101 2124
1'-oxosafrole Liver 16.0 549 29 11.0 1809 6.3
1'-sulfooxysafrole Liver 0.15 3828 0.04 0.26 127 2.0

#The values are mean + SD of three independent determinations

P data obtained from present study

¢ data obtained from previous study

4ScaledV, Were converted from in vitrd,«based on microsomal protein yield of 32, 20 and 7 mg/g tissue for liver, lung and kidney, respectively, and S9 protein
yield of 143 mg/g liver

¢ Catalytic efficiency (scaleWyum/Km )

n.d : not detected



Comparison of kinetic data for safrole bioactivation and detoxification by humans

and malerats

Table 3.3 presents a summary of the kinetic parameters for safrole bioactivation and
detoxification by human tissue fractions compared to the kinetic parameters previously
reported for male rat tissue fractions (Marital., 2011). TheV .« values expressed as
pmol/h/g tissue were obtained by scaling the in Wigg, values toV.x values expressed

per g liver using microsomal or S9 protein yields from the different organs that were
obtained from literature (Medinskst al., 1994). This conversion allowed comparison of

the kinetic constants obtained with different tissue fractions.

In the human liver, the scaléd, . for formation of 1-hydroxysafrole is about 2.5-fold
lower than that for rat liver, whereas the appakgnis 14-fold lower than that for rat liver.
Overall, the catalytic efficiency (scale®,/K,) for formation of the proximate
carcinogenic metabolite’-hydroxysafrole in human liver is 5 times higher than that in rat
liver. The catalytic efficiency for formation 1,2-dihydroxy-4-allylbenzene is 1.3-fold lower
in human than in male rat liver. The catalytic efficiency for formation §8'-2
dihydroxysafrole in human liver is 2.0-fold higher than that in rat liver. The catalytic

efficiencies for formation of ‘shydroxysafrole are similar for human and male rat liver.

Comparison of the catalytic efficiency for glucuronidation Bhyldroxysafrole by human

and male rat liver reveals that this conversion is more than 3200 times less efficient in
human liver which is due to a 250-fold lower scalgl, and a 13-fold higheK,, for
glucuronidation in human liver. Comparison of oxidation 6hydroxysafrole in human

liver to that in male rat liver reveals that this metabolic pathway is four times more efficient
in human liver due to a 1.3-fold higher scal\égl, value and a 3.3-fold lowd€,, value for
1'-hydroxysafrole oxidation in human liver as compared to rat liver. The catalytic efficiency
for formation of 1-sulfooxysafrole was 50-fold lower in human liver than in rat liver due to

a 2-fold lowerV,,. value and a 30-fold high&t,, value.



Sensitivity analysis of the PBBK model developed

To identify the key parameters that affect the levels of the proximate carcinogenic
metabolite hydroxysafrole and the ultimate carcinogenic metaboligulfooxysafrole, a
sensitivity analysis was performed. Normalized SC values (sensitivity coefficients) were
calculated at a dose 0.005 mg/kg bw and only parameters that had a normalized SC higher
than 0.1 (in absolute value) are presented (Figure 3.5). Formatigrhpdirbxysafrole is
predicted to be mostly affected by the kinetic constants for its formation from safrole
(Vmax,_ms and Ky, 1ns), the kinetic constants for formation for,@-dihydroxysafrole
(VmaxL pns and Kn . png), the kinetic constants for formation of 1,2-dihydroxy-4-
allylbenzene Vmax,._pras @ndKn L phas), microsomal protein yield of the liver (MPL), and

the volume of the liver (VL). The predicted formation dfstiifooxysafrole was mostly
affected by the kinetic constants for formation dfhydroxysafrole ¥Ymax. 1ns and

Km.L 1ns), for oxidation of :hydroxysafrole ¥max.._1ros @andKm L 110s) and for sulfation of
1-hydroxysafrole Ymax._mssandKn . 1ms9 and to a minor extent by the kinetic constants
for formation of 1,2-dihydroxy-4-allylbenzen¥{ay . pnas andKm . pnas), for formation of
2',3-dihydroxysafrole Vmax L pns@ndKm, pns), the yield of S9 protein (S9PL), the yield of

microsomal protein of the liver (MPL), and the volume of the liver (VL).

Based on the sensitivity analysis probability distributions were assigned to the model
parameters to which the model outcome is most sensitive, thereby allowing to perform
Monte Carlo simulations to see the effect of uncertainty and variability on the PBBK based
predictions for the total amount of metabolites excreted in the urine, for the formation of
microsomal metabolites of safrole ',@-dihydroxysafrole, %Thydroxysafrole, 3
hydroxysafrole and 1,2-dihydroxy-4-allylbenzene), for the conversiortlofdroxysafrole
(2'-hydroxysafrole glucuronide,’-bxosafrole and 'isulfooxysafrole), for concentration of
safrole in liver and blood and for the concentration’dfytdroxysafrole in the liver, and the

predicted formation of’dsulfooxysafrole at different oral doses.



Figure 3.5. Sensitivity analysis showing the sensitivity of the predicted formatidtydrbxysafrole (white bars)

and I-sulfooxysafrole (black bars) to different model parameters. VL= volume of the liver, SO9PL= liver S9
protein yield, MPL= microsomal protein yield of the liver aWg. and K, are the maximum rate and the
Michaelis-Menten constant for the formation of the different metabolites in the liver, respectiy@ly, 2
dihydroxysafrole (DHS), 'thydroxysafrole (HS), 1,2-dihydroxy-4-allyloenzene (DHAB), -@xosafrole
(’HOS), and 1sulfooxysafrole (HSS).

M odel simulation of total metabolites for med

Performance of the PBBK model thus obtained was evaluated by comparison of the PBBK-
model based prediction for the total formation of metabolites that will be excreted in the
urine to the reported total urinary excretion of safrole metabolites expressed as a percentage
of the dose reported in the literature for humans exposed to dose levels of safrole of 0.163
and 1.655 mg/subject given orally (corresponding to 0.0027 mg/kg bw and 0.0276 mg/ kg
bw for a 60 kg person) (Benededt al., 1977). The metabolites to be excreted were
calculated as the sum of’,2-dihydroxysafrole, 1,2-dihydroxy-4-allyloenzene,- 1
hydroxysafrole glucuronide and-dxosafrole formed in liver and-Bydroxysafrole formed

in the liver and kidney.



The results of the Monte Carlo simulations show that at a dose of 0.163 mg/subject (Figure
3.6A), the PBBK model predicted percentage excreted as metabolites and the actual
percentage excreted in human experiments are comparable. The simulation shows that at 6
h upon oral administration of 0.163 mg/subject, therBedian and 9% percentile of the
predicted percentage of the dose excreted as safrole metabolites were 37%, 59% and 78%
of the dose, respectively, whereas the experimental value reported in the literature
amounted to 55 + 15.6% (Benedettal., 1977). Upon 12 h of exposure, the reported value

is 86 + 1.3% of the dose and the predicted percentag¥ ehé&dian, and 95percentile

were 46%, 68% and 84% of the dose, respectively.

At a dose of 1.655 mg/subject (Figure 3.6B), upon 6 h of exposure the percentage of the
dose excreted as safrole metabolites is reported to be 70% (standard deviation not given)
(Benedettket al., 1977), whereas the predicted values of the simulation were 37%, 59%, and

77% of the dose for thé"smedian and 95percentile, respectively.

Figure 3.6. PBBK model and Monte Carlo simulation based predictions for interindividual variability in urinary
safrole metabolite excretion (expressed as percentage of the dose administered) as compared to reported values
(mean_+ SD)«) (Benedettiet al., 1977) at oral dose levels of (A) 0.163 mg/subject (corresponding to 0.0027
mg/kg bw for a 60 kg person) and (B) 1.655 mg/subject (corresponding to 0.0276 mg/kg bw for a 60 kg person in
the PBBK model). The solid line corresponds to the predicted median value and the dashed lin€4 @nthe 5

95" percentiles. Note that for several reported data points, the standard deviation is so small that they are not
visible.



M odel simulation of the concentration of safrolein theliver and blood and the

concentration of 1'-hydroxysafrolein theliver

In a next step, the PBBK model was used to make predictions for the time- and dose-
dependent bioactivation and detoxification of safrole in humans. Figure 3.7 presents the
time-dependent predictions for the concentration of safrole in human blood and liver and
the concentration of “hydroxysafrole in human liver upon oral exposure to 0.005 mg
safrole/kg bw, which is the estimated dietary human intake reported by the SCF (2002). At
a dose of 0.005 mg/kg bw, the maximum liver concentrations of safrole and 1
hydroxysafrole were predicted to be achieved within less than 0.5 h upon dosing. Although
safrole and thydroxysafrole concentrations in the liver are low after 12 h, full conversion

is not yet reached at this time point. Only after 120 h a more complete conversion is
achieved, with 88% of the dose being metabolized to the different microsomal metabolites
of safrole and almost full conversion of thehydroxysafrole formed. The PBBK model-
predicted levels of the different safrole metabolites formed after 120 h are displayed in
Table 3.4. The major metabolites are 1,2-dihydroxy-4-allylbenzene 'angibxysafrole,

which are predicted to amount to ~38 and ~36% of the dose, respectively. 1
Hydroxysafrole was mostly converted téakosafrole at a dose 0.005 mg/kg bw (10.8
nmol/kg bw, corresponding to 35% of the dose, and to 98% of 'thgdtoxysafrole
formed), whereas formation of the ultimate carcinogenic metabdlgelfboxysafrole was
predicted to amount to 0.04% of the dose and to 0.1% of the amourbydraxysafrole
formed. Formation of 'thydroxysafrole glucuronide was predicted to amount to 0.8% of

the dose and to 2.0% the amount elfifidroxysafrole formed.



Table 3.4. PBBK model predicted quantities of metabolites formed during 120 h upon an
oral dose of 0.005 mg/kg bw (equivalent to 31 nmol/kg bw)

Metabolite Amount formed Percentage Percentage of
(nmol/kg bwy of the dos@ 1-hydroxysafrole
Microsomal conversion of safrole
2,3-dihydroxysafrole 3(2,7) 11 (6, 23)
1-hydroxysafrole 11 (5, 17) 36 (16, 55)
3-hydroxysafrole 1 (0.6, 1.0) 3(2,4)
1,2-dihydroxy-4-allylbenzene 12 (6, 17) 38 (19, 56)
Conversion of thydroxysafrole
1-hydroxysafrole glucuronide 0.2 (0.06, 0.6) 0.8 (0.2, 2.0) 2.0
1-oxosafrole 10.8 (5, 16) 35 (16, 53) 98
1-sulfooxysafrole 0.01 (0.0027, 0.04 (0.01,0.13) 0.1
0.04)

2Values between the parentheses representd' tieds9%' percentiles.

Figure 3.7. Monte Carlo simulation for the time-dependent concentration of safrole in A) liver and B) blood and
C) time-dependent concentration ¢thydroxysafrole in the liver, upon oral exposure to 0.005 mg/kg bw safrole.

No experimental data were available for comparison. The solid line indicates the predicted median value and the
dashed lines thé"sand 94' percentile values.



The PBBK model-based predictions for the percentage of safrole metabolized to the various
microsomal metabolites at increasing oral doses of safrole are presented in Figure 3.8. At a
dose of 0.005 mg/kg bw the percentage of safrole metabolizé@'tdiBydroxysafrole, &
hydroxysafrole, 8hydroxysafrole and 1,2-dihydroxy-4-allylbenzene was, respectively, 11,
36, 3, and 38% of the dose. When the dose was increased to 100 mg/kg bw, approximately
8, 21, 4, and 39% of the dose was predicted to be metaboliz&8'dit2ydroxysafrole,
hydroxysafrole, 3hydroxysafrole and 1,2-dihydroxy-4-allyloenzene, respectivéhese

results reveal that 1,2-dihydroxy-4-allylbenzene is the major metabolite at low but also at
high dose levels. When the dose increases the relative formatiéf3'afil?ydroxysafrole

and 1-hydroxysafrole decreased only to a limited extent from 11 and 36% of the dose at
0.005 mg/kg bw to approximately 8 and 21% of the dose at 100 mg/kg bw, whereas the
percentage formation of 1,2-dihydroxy-4-allyloenzene antiy8roxysafrole tended to
increase to a limited extent from values amounting to, respectively, 38 and 3% of the dose
at 0.005 mg/kg bw to values of 39 and 4% of the dose at 100 mg/kg bw/day. Overall the
results reveal that for safrole a dose-dependent shift in microsomal conversion of safrole
leading to a relative increase in bioactivation at higher dose levels, is not observed. This can
be explained by the fact that for microsomal conversion of safrole no saturation of an

important metabolic route occurs in a dose range from 0.005 to 100 mg/kg bw/day.

Figure 3.8. PBBK model based predicted dose-dependent changes in overall formation of microsomal safrole
metabolites in all organs. The lines correspond’®-d@ihydroxysafrole {=+¢), 1'-hydroxysafrole €= =), 3-

hydroxysafrole =), and 1,2-dihydroxy-4-allylbenzene=g ==).



M odel simulations of the for mation of different metabolites of safroleand 1’-

hydroxysafrole and comparison of those metabolites between humans and malerats

To obtain insight in possible species differences in metabolic activation and detoxification
of safrole between humans and male rats, the results obtained with the PBBK model for
safrole in humans were compared with those obtained by the previously defined PBBK
model for safrole in male rats (Martad al., 2011). First, a comparison is made with
respect to the possible species differences in the formation of various microsomal
metabolites of safrole and in the formation ofhgdroxysafrole metabolites. This
comparison was made at a dose level of 0.005 mg/kg bw, which is a dose level reflecting
realistic daily human intakes. The second comparison focuses on the formatién of 1
sulfooxysafrole in human and male rat liver at dose levels varying from high doses
representing dose levels causing liver tumors in long-term rodent bioassays, down to dose

levels reflecting realistic human exposure.

Results from a Monte Carlo simulation of the formation of microsomal metabolites of
safrole and of the conversion ofHydroxysafrole and comparison of those metabolites
between humans and rats are presented in Figure 3.9. Differences between humans and
male rats mainly occur in the formation of-hydroxysafrole and 1,2-dihydroxy-4-
allylbenzene (Figure 3.9A) with the median formation Bfiildroxysafrole being fourfold
higher in humans and the median formation 1,2-dihydroxy-4-allylbenzene being twofold
lower in humans. The median formation df32dihydroxysafrole is 1.3- fold higher in
humans than in male rats. The median formation’-tify@roxysafrole is twofold lower in
humans than in male rats (Figure 3.9A). In humahbydroxysafrole is mostly oxidized to
1'-oxosafrole (Figure 3.9B), which is due to the relative high efficiency for oxidatioh of 1
hydroxysafrole in comparison with glucuronidation and sulfonation. Predicted formation of
1'-oxosafrole in humans is 98% of theé-hyydroxysafrole formed while in rats this
metabolite only accounts for 0.3% of thehydroxysafrole formed (Martaét al., 2011). In

male rats, Zthydroxysafrole is mostly converted to’-Hydroxysafrole glucuronide
corresponding to 99.5% of thé-Hydroxysafrole formed (Martaét al., 2011), a value that

is predicted to amount to only 2% in human liver. Formation of the ultimate carcinbgen 1

sulfooxysafrole in humans was predicted to range between 0.128%pé&6entile) and



0.01% (8" percentile) of the dose with the median being fivefold higher in human than in

rat liver (Figure 3.9B).

Figure 3.9. PBBK model and Monte Carlo simulation based prediction of (A) the formation of microsomal
conversion of safrole in humans (indicated with H) and male rat (indicated with R) liver following an oral dose of
0.005 mg/kg bw safrole and (B) the cumulative levels of metabolites formed froyarbxysafrole in humans
(indicated with H) and male rat liver (indicated with R) at this oral dose. Results of the Monte Carlo simulation
obtained with the PBBK model for humans were presented as box-plots. The bottom and top of the boxes
represent the 35and 74' percentile, respectively and the the middle of the box is the@&@entile (the median).

The ends of the whiskers attached to the box represent th& tvel %' percentile. For the rat model only the

average predicted formation of different metabolites is displayed

To see the possible dose-dependent changes in the formatiorsufobxysafrole in
different species, the dose-dependent predicted formatiofsoifaoxysafrole in humans

was compared with that predicted for rats. The predicted formatiofrsufifaoxysafrole

from a dose as low as 1ng/kg bw to a dose as high as 100 mg/kg bw is presented in
Figure 3.10. From these results it can be derived that the formatidisufdoxysafrole in
human and rat liver is predicted to be linear up to doses as high as the benchmark dose
(BMD 1) that gives 10% extra cancer incidence (Filipsatoa., 2003) amounting to 5-39
mg/kg bw (calculated based on data from Boletrgl. (1983) and Milleret al. (1983))

when plotted on a log-log scale (Figure 3.10) as well as on linear scale (data not shown).
Over the whole dose range the median formation'-sbitfooxysafrole is three to fivefold
higher in human than in rat liver, with th® percentile being equal to the formation 6f 1

sulfooxysafrole in rat liver and the ®percentile being 12- to 19-fold higher.
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Figure 3.10. PBBK model-predicted dose-dependent formation- cfuffooxysafrole in the liver of human,
corresponding to the median orSgercentile (—— ), the &' and 9%' percentiles ~— ) and rat4=— ). Note
that the lines of the"Spercentile of Esulfooxysafrole formation in humans and the mean of those in rats overlap.

Comparison of PBBK model-based predictionsfor safrole with the PBBK model-
based predictionsfor the related alkenylbenzenes estragole and methyleugenol in

humans

With the present PBBK model for safrole and the PBBK models for the related
alkenylbenzenes estragole and methyleugenol previously developed (Al-Sebeihi

2012; Pungt al., 2009), comparisons can be made for the dose-dependent formation of the
proximate carcinogenic’-hydroxy metabolites and also of thehyydroxy glucuronide, '1

oxo, and %sulfooxy metabolites. Figure 3.11 presents the formation of these metabolites
for the three alkenylbenzenes as predicted by the respective human PBBK models. Figure
3.11A shows that the predicted formation dfhgdroxysafrole is 12-fold lower than
formation of I-hydroxyestragole and fivefold higher than formation of- 1
hydroxymethyleugenol. Figure 3.11B shows that the predicted formatior+tofddoxy
glucuronide is very similar for the three alkenylbenzenes. Figure 3.11C shows that the
predicted formation of 'doxosafrole is approximately twofold lower than formation 6f 1
oxoestragole and 10-fold higher than formation 'efiidroxymethyleugenol. Figure 3.11D
reveals that the formation of the unstable reactiv&ilfooxy metabolite in the human liver



is predicted to vary less than fivefold for the three alkenylbenzenes, being highest for
estragole. The data obtained also reveal that for all three alkenylbenzenes the formation of
the ultimate carcinogenic-sulfooxy metabolite increases linearly with the dose up to dose
levels of at least 10 mg/kg bw and that the overall conversion of safrole is slower than that

of estragole and methyleugenol taking about 120 h instead of 24 h for full conversion.

Figure 3.11. PBBK model based prediction of the dose-dependent formation of (AhtliEdky metabolite, (B)
the I-hydroxy glucuronide metabolite, (C) thedko metabolite, and (D) theé-4ulfooxy metabolite of estragole
(
models used for estragole and methyleugenol were previously described (Al-Sait#ihi2012; Puntet al.,
2009).

), methyleugenol== == =), and safrole (.....) in pooled human liver after 120 h. The human PBBK



Discussion

In the present study, a PBBK model was developed to provide possibilities for the
evaluation of the relative extent of bioactivation and detoxification of safrole in humans at

dose levels relevant for human dietary intake.

The performance of the developed PBBK model was evaluated by comparison of the
predicted levels of urinary metabolite formation with the literature reported levels of the
total safrole metabolites detected in the urine of humans exposed to two different oral doses
of safrole (Benedettét al., 1977). The model predicted the time-dependent formation of
safrole urinary metabolites reasonably well at the two dose levels of 0.0027 mg/kg bw for a
60 kg person (corresponding to 0.163 mg/subject) and 0.0276 mg/kg bw for a 60 kg person
(corresponding to 1.655 mg/subject). The PBBK model-based prediction for the formation
of safrole urinary metabolites at these dose levels amounted to 88% of the dose, whereas
the percentage experimentally reported amounted to 97 and 96% of the dose, respectively.
Based on results of a Monte Carlo simulation the differences observed were found to be
partly due to uncertainty and variability in rates of formation of different metabolites and/or

in other parameters shown in the sensitivity analysis to influence the modeling outcomes to

the largest extent.

Benedettiet al. (1977) revealed that treatment of the urine of humans exposed to 1.655
mg/subject with3-glucuronidase resulted in extracted safrole metabolites at levels that were
lower than those obtained for the urine of a rat exposed to safrole. This correlates with the
finding of the present study that the glucuronidation chyHroxysafrole is a minor
pathway in humans when compared with rats, leaving the possibility for other conversions
of 1’-hydroxysafrole in humans. Although the extent of oxidation'dfytiroxysafrole to
1'-oxosafrole could not be evaluated against human in vivo data, the present study reveals
that in human liver oxidation of-hydroxysafrole is the main detoxification route ¢f 1
hydroxysafrole and this is in line with what was observed before for detoxification of 1
hydroxyestragole and’-hydroxymethyleugenol in human liver (Al-Subeiti al., 2012;

Puntet al., 2009).



The PBBK model-predictions revealed that the relative formation of the various metabolites
of microsomal conversion of safrole as well as the formation of the different 1
hydroxysafrole metabolites is hardly changing at dose levels up to 100 mg/kg bw in
humans (Figure 3.8). The PBBK model for safrole previously developed for male rats
revealed similar results, showing also no dose-dependent effects on the relative extent of
bioactivation and detoxification (Martatt al., 2011). The PBBK model-predictions on
species differences and interindividual human variation in formatiortiflfboxysafrole

can be used to derive so-called chemical-specific adjustment factors (CSAFs), which allow
to evaluate the appropriateness of the default uncertainty factors used in risk assessment for
species differences and interindividual human variation in kinetics (Meek, 2003).
Comparison of the median-4ulfooxysafrole up to dose levels of 100 mg/kg bw between
rats and humans, revealed that species differences are moderate, amounting to only three- to
fivefold. Species-dependent differences in the bioactivation of safrofestdféoxysafrole

are thus in line with the default factor of 4 generally assumed to reflect interspecies
variation in kinetics (assuming that the default factor of 10 can be divided into a factor of 4
for kinetics and 2.5 for dynamics) (IPCS, 2010). Monte Carlo simulations were performed
to evaluate the effect of uncertainty and variability on the predicted formatiort of 1
sulfooxysafrole in the liver. Based on these results a CSAF for interindividual differences
in kinetics can be calculated by dividing the parameter estimate at'thEe&ntile by the
parameter estimate at the median (IPCS, 2005). The CSAF obtained in this way for the
predicted formation of'dsulfooxysafrole is 3.9. Comparison of the CSAF with the default
uncertainty factor of 3.16 for human variability in biokinetic reveals that the default

uncertainty factor adequately protects 95% of the population.

Different approaches worldwide exist to assess the risk of compounds that are both
genotoxic and carcinogenic. Numerical estimates of the risk associated with human
exposure might be derived by extrapolation of carcinogenicity data obtained in animals at
high to low dose levels relevant for the human situation. Linear extrapolation is the simplest
form by which such extrapolations below the available experimental data set can be
performed (COC, 2004). This approach is, however, much debated, because it is not known

whether linear extrapolation actually reflects the underlying biological processes. In



addition, it is argued that species differences are not taken into account in this approach
(EFSA, 2005). The results of the PBBK models for rats (Magtadi., 2011) and humans
obtained in the present study, however, indicate that the kinetic data do not provide a reason
to argue against such a linear extrapolation from the rat tumor data to the human situation.
As illustrated in Figure 3.10, the dose-dependent formation-sfilfiooxysafrole in the

liver of rat and human is linear from doses as high as the Bi&vn to dose levels as low

as the virtual safe dose (VSD) that gives one additional cancer risk in a million upon life
time exposure) amounting to 0.046-0.39 pg/kg bw when plotted on a log-log scale as done
in Figure 3.10 and also when plotted on a linear scale (Figure not shown). Because the
BMD,, appears to be located within the linear part of the curves and the rat and human
curves do not differ substantially, the PBBK results of the present study support that
possible non-linear kinetics and species differences in kinetics should not be used as an
argument against using a linear low dose cancer risk extrapolation from animal data to the
low dose human situation. This illustrates that PBBK models provide a useful tool in risk

assessment of food-borne chemicals when evaluating human risks.

The I-hydroxy metabolites of the alkenylbenzenes safrole, methyleugenol, and estragole
and their sulphate conjugates have been shown to form DNA adducts in vivo and in vitro in
a dose-dependent manner. It is of interest to compare the results for the PBBK predicted
formation of the ultimate carcinogenic metabolites of the three alkenylbenzenes with their
relative potency for DNA adduct formation in vitro and in vivo and even with their BMD
values for tumor formation. In human liver, the differences in the level of the predicted
formation of the ultimate carcinogenic-dulfooxy metabolite formed from the three
alkenylbenzenes were less than fourfold, the formation being highest for estragole. For rat
liver, we have previously reported similar (fivefold) differences in bioactivation of the three
alkenylbenzenes to their ultimate carcinogenisulfooxy metabolites (Martatet al.,

2011). In HepG2 cells exposed to the alkenylbenzenes, the dose-dependent formation of
DNA adducts decreased in the order methyleugenol > estragole > safrole but varied at most
3.5-fold. Furthermore, the estimated calculated BNMPlalues of safrole, methyleugenol,

and estragole, amount to approximately 3-29 mg/kg bw/day (calculated using BMD
software based on the data from Bobeirgl. (1983) and Millert al. (1983)), 22-32 mg/kg



bw (Rietjenset al., 2008), and 9-33 mg/kg bw/day (Rietjegtsal., 2010), respectively.
These results together indicate that in both rats and humans the level of bioactivation of the

three alkenylbenzenes is comparable, which is in line with their comparable carcinogenic

potential.
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Abstract

Safrole, a natural constituent of mace, causes liver tumors in rodent bioassays at high dose
levels. This is ascribed to formation of DNA reactivesdlfooxysafrole. The present paper
identifies malabaricone C as a mace constituent able to inhibit safrole DNA adduct
formation at the level of sulfotransferase (SULT)-mediated bioactivation. The SULT
inhibition was incorporated into the physiologically based biokinetic (PBBK) rat and
human models for safrole to investigate the possible in vivo effect of co-administration of
safrole and malabaricone C-containing mace extract. At a dose of 50 mg/kg body weight
(bw), assuming 100 or 1% uptake of malabaricone C and a ratio of malabaricone C-
containing mace extract to safrole similar to what is found in mace, inhibitiori- of 1
sulfooxysafrole formation by malabaricone C-containing mace extract for rats and humans
amounts to 90 and 100% or 61 and 91%, respectively. Altogether these data suggest a
potential reduction of the cancer risk when safrole exposure occurs via mace within its
normal food matrix compared to what is observed upon exposure to safrole as a pure
compound.



Introduction

Myristica fragrans Houtt. belongs to the family Myristicaceae and is the source for two
important spices produced from different parts of the plant: nutmeg which originates from
the seeds and mace which is made from the dried aril cover of the seeds. Mace and its
essential oils are most widely used as flavouring agents for sauces, meat and other food
products. However, mace as well as nutmeg are known to contain so-called
alkenylbenzenes including safrole (Archer, 1988) which has been recognized to be DNA
reactive and carcinogenic in rodent bioassays when given at high dose levels (Baimon
al., 1997; Daimonet al., 1998). In addition, the habit of chewing betel quid in the
Taiwanese population was reported to result in safrole concentrations up to 420 uM in
saliva during chewing and has been linked to the increased incidence of oral squamous cell
carcinoma (Hwangt al., 1992; Koet al., 1995). Furthermore, safrole-like DNA adducts
were detected with high frequency in oral tissues from oral cancer patients (Cilen e
1999).

The DNA reactive and hepatocarcinogenic effects of alkenylbenzenes have been linked to
their bioactivation via the formation of &Hydroxy metabolite catalyzed by cytochromes
P450 followed by sulfation resulting the ultimate reactiveulfooxy metabolite that forms
covalent adducts with cellular macromolecules including DNA, RNA and proteins
(Borchert et al., 1973a; Wislockiet al., 1977). Figure 4.1 schematically presents the
pathway for bioactivation of safrole and the nature of the DNA adducts formed. The DNA
adducts found in hepatic tissue of rats exposed to safrole were identifiéd(@mans-
isosafrol-3-yl)-2'-deoxyguanosine (S-Bl>-dGuo), N’~(safrol-1-yl)-2'-deoxyguanosine (S-
1'-N*-dGuo) and\’-(trans-isosafrol-3-yl)-2'-deoxyadenosine (S-8I°>-dAdo) (Randeratiat

al., 1984). The S‘a\N*dGuo and S“iIN*-dGuo were the major adducts found in patients
with oral squamous cell carcinoma resulting from the habit of betel quid chewing éChen
al., 1999).

The Committee of Experts on Flavouring Substances (CEFS) of the Council of Europe
evaluated safrole and concluded that safrole is a weak hepatocarcinogen and that efforts

should be made to reduce its consumption through foods and beverages as much as possible



(Council of Europe, 1997). Safrole and sassafras oil were banned as food additives in 1960
by the U.S. Food and Drug Administration (FDA). The Scientific Committee on Food
(SCF) concluded that safrole is genotoxic and carcinogenic and that reduction in exposure
and restriction in the use levels are indicated (SCF, 2002). Human exposure to safrole is
mainly via consumption of herbs and spices mostly nutmeg, mace and their essential oils
(SCF, 2002). One may argue that risk assessment resulting from consumption of herbs and
spices that contain safrole should take into account the possible modulating effects of other
compounds present in these herbs or spices on the cytochrome P450 and/or sulfotransferase
(SULT)-catalyzed bioactivation of safrole. Some spices were found to inhibit cytochrome
P450 2C9, one of the cytochrome isoforms found to be involved in the metabolism of
safrole to 2:-hydroxysafrole (Jeurissest al., 2004; Kimuraet al., 2010; Uenget al., 2004).
Furthermore for the related alkenylbenzene estragole present in basil, it was recently
demonstrated that a methanolic basil extract and its isolated constituent nevadensin
inhibited the sulfation and DNA adduct formation of the proximate carcinogénic 1
hydroxyestragole metabolite in studies using rat and human S9 protein, the hepatoma cell
line HepG2 and/or rat hepatocytes (Alhusaigtyal., 2010; Jeurisseret al., 2008).
Therefore, the objective of the present study was to investigate whether safrole containing
spices contain ingredients that may inhibit the SULT mediated bioactivation of safrole.
Mace was chosen as the model spice of interest because it contains significant levels of
safrole (0.43-1.99%) (Archer, 1988). Upon identifying a major mace ingredient able to
inhibit SULT mediated bioactivation and DNA adduct formation ‘efiidroxysafrole in in

vitro model systems, the possible effect of combined in vivo exposure was investigated by
incorporating the kinetics for SULT inhibition into our recently developed physiologically
based biokinetic (PBBK) models for formation dfslilfooxysafrole in the rat and human

liver.



Figure 4.1. Bioactivation pathways of safrole and the structure of DNA adducts as identified by éCalung
2008; Daimoret al., 1998; Randeratét al., 1984; Phillipst al., 1981). S-3N*>-dGuo =N(trans-isosafrol-3-yl)-
2-deoxyguanosine, S-N>-dGuo =N*(safrol-1-yl)-2’-deoxyguanosine and $H8°-dAdo= N°-(trans-isosafrol-3-

yl)-2’-deoxyadenosine.



M aterials and methods

Caution : The following chemicals are hazardous and should be handled carefully: 1

hydroxysafrole and’dacetoxysafrole.

Powder dried mace was obtained from a local supermarket. Pooled human and male rat
liver S9 (Sprague-Dawley) were purchased from BD Gentest (Worburn, U.S.). The HepG2
cell line was purchased from American type culture collection (Manassas, Virginia).
Culture medium DMEM/F12 (L-glutamine, 15 mM HEPES) and phosphate buffer saline
(PBS, pH 7.4) were purchased from GIBCO (Paisley, UK). The chemical compounds were
obtained with highest purity available. 7-Hydroxycoumarin (7HC), 7-hydroxycoumarin
sulphate potassium salt (7HCS), 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT), ammonium bicarbonate, Tris(hydroxymethyl)aminomethane, uridine 5
diphosphoglucuronic acid (UDPGA):-Bhosphoadenosing-phosphosulphate (PAPS); 2
deoxyguanosine (@Guo), pentachlorophenol (PCP), glutathione reduced (GSH),
phosphodiesterase | fronCrotalus adamenteus (venom phosphodiesterase, VPDE),
phosphodiesterase Il from bovine spleen (spleen phosphodiesterase, SPDE), alkaline
phosphatase fronscherichia coli, and nuclease P1 frorRenicillium citrinum were
obtained from Sigma-Aldrich (Steinheim, Germany). Oxidif&dicotinamide adenine
dinucleotide phosphate (NAD was obtained from Roche Diagnostics (Mannheim,
Germany). Methanol and ethanol (pro analysis), hydrochloric acid, acetic acid glacial,
formic acid, ethylenediaminetetraacetic acid (EDTA), sodium phosphate, zinc sulphate
(ZnSQ, 7H,0), pyridine and trifluoroacetic acid (Uvasol) were purchased from VWR
(Darmstadt, Germany). Dimethyl sulfoxide (DMSQO) and dichloromethane were purchased
from Acros Organic (New Jersey, U.S.)cétic anhydridewas supplied by J.T. Baker
(Deventer, The Netherlands). Chromatography grade acetonitrile and methanol were
purchased from Biosolve BV (Valkenswaard, The Netherlandshlydroxysafrole was
synthesized and purified as described previously (Jeurigtsah, 2004; Martatiet al.,

2011). I-Acetoxysafrole was synthesized fromihydroxysafrole as described previously

for synthesis of tacetoxyestragole from the related alkenylbenzenes estragole (Batchert
al., 1973b; Punét al., 2007).



Preparation of mace extract

A methanolic mace extract was prepared as previously described for preparation of
methanolic extracts from basil (Alhusaingt al., 2010). The extraction yield was

approximately 32% (w/w). The mace extract obtained was subsequently diluted with
methanol, to a concentration of 150 mg/mL. Methanolic mace extract and its stock of 150

mg/mL were kept at -20°C until usage.

Fractionation of mace extract

Mace extract was fractionated using preparative HPLC using a Waters 600 controller liquid
chromatography system with Waters 2996 PDA-detector (Waters, Milford, MA). To this
end, 50uL of a solution of 150 mg methanolic mace extract/mL was injected onto a
preparative column Sunfire C18 (Bn, 10 x 250 mm). The mobile phase was made with
ultrapure water containing 0.1 % (v/v) acetic acid and methanol. The flow rate was 4
mL/min and a gradient was applied from 0 % to 100% methanol in 80 minutes, and kept at
100% for 10 minutes, after which the column was re-equilibrated with the initial condition
for 10 minutes. A total of 37 fractions were collected. Methanol was subsequently
evaporated under nitrogen stream. Prior to freeze drying, the fractions were kept overnight
at -80°C. The freeze drying was performed using an Alpha 1-2 LDplus freeze dryer
(Salmenkipp BV, The Netherlands) at approximately 0.63 mbar. The samples thus obtained
were dissolved in 10@QL methanol and kept at -80°C until further analysis for SULT
inhibiting activity using the SULT activity assay.

M easurement of SULT activity

The effect of the methanolic mace extract and its isolated freeze dried fractions on SULT
activity was investigated using the substrate 7HC and performed as previously described
(Alhusainyet al., 2010). For quantification of 7HCS in the incubations for SULT activity,
aliquots of 3.5 pL of the incubation mixtures were analyzed on a Waters UPLC/DAD
system consisting of a Waters Acquity binary solvent manager, sample manager and
photodiode array detector (Waters, Milford, MA), equipped with a Waters Acquity UPLC
BEH C18 column (1.7 pum, 2.1 x 50 mm). Quantification of 7HCS was achieved by



comparison of the peak area of the 7HCS in the chromatograms obtained at wavelength of

280 nm to the calibration curve of a commercially available of reference compound.

Deter mination of 1Csg

The ICy, for the mace extract mediated inhibition of SULT was determined in incubation
with rat or pooled human S9 based on incubation for SULT activity performed as described
above, with 25 uM 7HC and concentration of mace extract ranging from 0.01 to750 mg/L
ThelCspvalues of mace extract were determined by fitting the data to the standard enzyme
hyperbolic inhibition equation: y ¥.x* (1 - (x /(ICs0 +X))) + Y2, using the Life Science
Workbench (LSW) data analysis toolbox (version 1.1.1, MDL information system, San
Leandro, CA). In this equation, Y represents the percentage of inhibition of 7HCS
formation compared to control, Y2 is the lowest value ofV¥, refers to the velocity

observed in the absence of mace extract and x is the concentration of mace extract.

Deter mination of the inhibition constant

The inhibition constant for SULT inhibition was determined in incubations with rat or
pooled human S9 by the mace extract based on incubations for SULT activity performed as
described above, with concentrations of 7HC increasing from 0 to 25 pM in the absence or
presence of mace extract at the concentration close to thefdCthe respective S9
preparation. The type of inhibition by mace extract was determined with SigmaPlot
Enzyme Kinetics Module (Systat Software, Inc, San Jose, CA). The initial velocities
observed in the presence or absence of mace extract were automatically fitted to the
equations and the best fitting inhibition model was selected. Mace extract appeared to
exhibit a mixed-type inhibition of SULT catalyzed formation of 7HCS with rat and human
liver S9 protein (see Results section). The inhibition constéhtapnd the factor alpha
describing this type of inhibition were obtained. The factor alpha reveals the effect of
inhibitor on the binding of the enzyme for its substrate as well as the effect of the substrate

on the binding of the enzyme for its inhibitor (Copeland, 2000).



' H-NMR analysis

The fraction showing the most potent SULT-inhibiting activity was analyzetHdyMR

to identify the compound(s) present. To this end, the methanol was evaporated under a
nitrogen flow, followed by freeze drying and the sample was dissolved in 200 uL
deuterated methanol in a 3 mm NMR tube (Bruker match systerJMR analysis was
performed using a Bruker Avance Ill 600 MHz NMR spectrometer (Bruker Ettlingen,
Germany) equipped with a cryoprobe. A Noesygpprld pulse sequence with a 3 s delay, 0.1
s mixing time and a 1.8 s acquisition time were used (18,028 Hz sweep width, 64 K data
points). Spectra were obtained at 300 K. Resonances were reported relative to deuterated
methanol at 3.34 ppm. In addition 2i-'H NMR data were acquired (COSY and
TOCSY) as well adH-*C HSQC data.

Cytotoxicity test

Cytotoxicity of 2-hydroxysafrole and the mace extract towards HepG2 cells was
determined using the MTT test (Jeurisseal., 2008). The optical density of each well was
measured with a plate reader (Molecular Devices, Sunnyvale, CA) at a wavelength 562 and
620 nm for the colour intensity and background, respectively. The cell viability was defined

as the ratio between the absorbance of exposed cells as compared to the absorbance for

untreated controls.

Formation of S-3'-N*dGuo in HepG2 cells exposed to 1’-hydroxysafrole and mace

extract

HepG2 cells were grown in culture medium (DMEM/F12 with glutamine containing 10%
foetal calf serum) in a 75 mL flask. Cell confluence of 90% was required prior to exposure.
At 90% confluence, the growth medium was removed and the cells were exposed to fresh
medium containing the test compoundsH¥droxysafrole was added from a 1000 times
concentrated stock solution in DMSO to give a final concentration of 100 uM. Mace extract
(final concentrations of 0, 5, 25, and 100 mg/L) was added from 1000 times concentrated
stock solutions in methanol. After exposure for 14 hours at 37°C and 5fstl@&Ocells

were scrapped in PBS (pH 7.4) and collected in a 1.5 mL Eppendorf tube and centrifuged at



1500 rpm for 5 min. The pellets were stored at -20°C until DNA isolation. Isolation of
DNA from HepG2 cells exposed to the test compounds was performed as described

previously (Paingt al., 2010).

Synthesis of S-3'-N%dGuo

S-3-N*-dGuo was prepared as described previously for synthesis oNifeans
isoestragol-3yl)-2'-deoxyguanosine (E-\’-dGuo) adduct of the related alkenylbenzene
estragole (Purt al., 2007). To obtain pure synthesized'SN3dGuo, the reaction mixture

was purified using HPLC-UV (Waters 600 controller liquid chromatography system)
equipped with an Alltima C18 column of 5 um, 150 x 4.6 mm (Grace Alltech, Breda, The
Netherlands). The flow rate was set at 1 mL/min. The gradient was made with ultrapure
water and acetonitrile. A gradient was applied from 20% to 26% acetonitrile over 40 min
after which the percentage of acetonitrile was increased to 100% in 2 min and kept at 100%
for 1 min. The initial condition was reached within 2 min and kept for 15 min. Under these
conditions, the peak corresponding to’SN3dGuo eluted at a retention time of 22.6 min.
Collected fractions were pooled and the acetonitrile was evaporated under nitrogen. Freeze

drying was performed after the collected fractions were kept overnight at -80°C.

Quantification DNA adductsby LC-M S

Quantification of S-3N*dGuo was performed using LC-ECI-MS/MS on a Perkin Elmer
200 series HPLC System (Perkin Elmer, Waltham, MA) coupled to an API 3000 system
(Applied Biosystem, Foster city, CA) as previously described for detectiBr86N*-dGuo
(Painiet al., 2012; Pungt al., 2007). To this end, an aliquot of 10 pL was injected on an
Agilent Zorbax Extend-C18 column, 2.1x50 mm, 3.5 Micron 80 A (Basel, Switzerland),
with a Zorbax guard column. The gradient was made with ultrapure water containing 0.1%
(v/v) formic acid and acetonitrile. The flow rate was set at 0.3 mL/min agrddient was
applied from 20% to 70% acetonitrile over 8 min, after which the percentage of acetonitrile
was brought to 100% in 1 min and kept at 100% acetonitrile for 2 min. The initial condition
was restored in 1 min and the column was equilibrated at this condition for 8 min. Under

these conditions S=3?-dGuo eluted at 2.7 min. The mass spectrometric analysis was done



in positive ion mode. The ion spray voltage was set at 4 kV and the ion source temperature
was set at 25C. The nebulizer gas (air), curtain (nitrogen) and collision gas (nitrogen)
were set to 15, 10 and 5 psi respectively. A divert valve was used in order to discard the
eluent during the first 2 min and the gradient after elution of the peak. Sample analysis was
carried out using the selected reaction monitoring (SRM) mode and characteristic
transitions were recorded. The most intense transition was used as quantifier and
subsequent transitions as qualifiers, for®%3dGuo these transitions were as follows: 428

— 312 m/z (quantifier), 428> 164 m/z (qualifier), 428~ 161 m/z (qualifier).

Effect of mace extract on 1'-hydroxysafrole glucur onidation and oxidation

To determine the inhibiting potency of mace extract on glucuronidation and oxidati6n of 1
hydroxysafrole, incubations were performed with human or rat liver S9 protein (for
glucuronidation) or human or rat liver microsomes (for oxidation). The incubations were
performed as described previously (Margtal., 2011; Martatet al., 2012) in the absence

or presence of 100 mg/L of mace extract added from a 200 times concentrated stock
solution of mace extract in methanol. The type of inhibition by mace extract was
determined with SigmaPlot Enzyme Kinetics Module (Systat Software, Inc, San Jose, CA).
The initial velocities observed in the presence or absences of mace extract were
automatically fitted to the equations and the best fitting inhibition model was selected and

the values oK; (the inhibition constants) are also obtained.

Safrole PBBK models

The PBBK models used to predict the effect of the SULT inhibition by mace extract on
safrole bioactivation in vivo were based on the PBBK models previously described for
safrole in rats (Martatet al., 2011) and humans (Marta al., 2012). The values of the
apparent maximum velocitWfaxpp) for formation of microsomal safrole metabolites and

of 1'-oxosafrole were scaled to the liver using a microsomal protein yield of 32 mg/g liver
(Barter et al., 2007). TheVpaxapp Values for sulfation and glucuronidation of- 1
hydroxysafrole were scaled to liver using an S9 protein yield of 143 mg/g liver (Medinsky
etal., 1994).



Safrole was assumed to be absorbed directly from the gastrointestinal tract to the liver
following first order kinetics with a default absorption constant set at™i.thhis study,

the inhibition of SULT-mediated formation of-dulfooxysafrole by the mace extract was
included in the PBBK model with a function for mixed inhibition. The resulting modified
Michaelis-Menten equation for the formation é&fsiilfooxysafrole that was incorporated in

the model was as follows:

dAM Hss/dt=vmaxl|-|sé(l+|/(a|pha’Ki,Hss))*CL HslpmS/(Kmles*(l"'l/ Kileg/ (1+|*(a|pha*Ki,Hss))+(C LHslpLHs)

In this equation,K;uss and alpha*ss are the dissociation constants of the enzyme-
inhibitor complex and of enzyme-substrate-inhibitor complex for the sulfation reaction,
respectively K yss and alphak; ysswere expressed as mg/\/max nssand Km nss are the
values representing the maximum rate and Michaelis-Menten constant for sulfonation of 1
hydroxysafrole, expressed as nmol/min/mg S9 protein and uM, respectively.iCihe
concentration of thydroxysafrole in the liver (uM), Bs is the liver/blood partition

coefficient of 1-hydroxysafrole.

In incubation with rat tissue fractions, mace extract also exhibited competitive inhibition of
oxidation of 1-hydroxysafrole and non-competitive inhibition of glucuronidation 6f 1

hydoxysafrole. These reactions were not inhibited in incubations with human liver
fractions. To this end, only in the rat PBBK model the Michaelis-Menten equations

describing oxidation and glucuronidation were modified as follows:

dAMpoddt= Vinay Hos* CL 1e/PLng/ ((Km Ho9*(1+(I/ K Hog) + CLng/PLs)

dAMysd/dt= Vinax Hsd (1+1/K hse) *CL pg/P Lid/ (K nset CLng/P L)

In this equationsKnos and K uss represent the dissociation constants of the enzyme-

inhibitor complex for oxidation and glucuronidation. Béthios andK; ysg were expressed



as mg/L.Vmax and Kn, x are the values representing the maximum rate and Michaelis-
Menten constant, respectively, for oxidation (x=HOS) and glucuronidation (x=HSG) of 1
hydroxysafrole (expressed as nmol/min/mg protein and pM, respectively) i€lthe
concentration of ‘thydroxysafrole in the liver (uM), Bs is the liver/blood partition

coefficient of I-hydroxysafrole.

In the PBBK model, mace extract was assumed to undergo the same fate as safrole in the
liver as described by the following the equation: [I] = CL * f, where [I] is the concentration

of mace extract (mg/L), CL is the concentration of safrole in the liver (umol/L), and f is the
ratio mace extract (mg) and safrole (umdlp see the possible difference in kinetics and
bioavailability of safrole and mace extract the model was run with a variable ratio between
these compounds (expressed as mg/pumol). The ratio was varied from 0 (no mace extract) to
44 (representing an amount of mace extract (expressed as mg) that is 44 times higher than
safrole (expressed as pmol). From this simulation formation’-stilfooxysafrole, %
oxosafrole and "thydroxysafrole glucuronide were calculated after 72 h (for rat model)
(Martati et al., 2011) or 120 h (for human model) (Martettial., 2012) representing time

points at which safrole conversion appeared to be complete. The dose of safrole used for
the PBBK modeling was 0.005 mg safrole/kg body weight (bw) which is the dose
representing human daily intake (SCF, 2002).

Statistical Analysis

A t-test was performed using Excel (Microsoft Office 2010) to evaluate whether the
differences between treatments were statistically significant. Variances equality were tested
with Levene's test (SPSS 15.0 for Windows, SPSS Inc. Chicago, IL).

Results

Inhibition of SULT activity by mace extract

Figure 4.2A shows the inhibition of SULT activity by increasing concentrations of the
methanolic mace extract. Increasing concentrations of the mace extract inhibited SULT
activity in a dose-dependent manner. For comparison the figure also shows the effect of 25
UM of the well-known SULT inhibitor PCP. Incubations without co-factor PAPS did not



show any formation of 7HCS, whereas, control incubations with methanol or DMSO

elicited no inhibition of SULT mediated 7HCS formation (data not shown).

SULT inhibition by different fractions of mace extract

Figure 4.2B shows the SULT inhibiting potency of each of the 37 mace fractions collected
upon HPLC fractionation of the methanolic mace extract. The fractions with the most
potent SULT inhibiting activity were fractions 23 (with approximately 91% inhibition),
followed by fraction 18 (88%) and fraction 19 (57%). The most potent mace fraction,
fraction number 23, was analyzed using HPLC revealing that it contained one major
compound (chromatogram not shown) and subsequently analyzeddsitigR and*3C-

NMR in order to identify this compound.

Figure 4.2. Inhibition by mace extract of the SULT mediated conversion of 7HC to 7HCS by pooled rat liver S9
protein in the presence of (A) an increasing concentration of mace extract or 25 uM PCP or (B) collected mace
fractions. Data points represent mean + SD of three independent measurements. An asterisk (*) indicates a

significant inhibition compared to the incubation without inhibitor (* p < 0.05, ** p<0.01, *** p< 0.001).



Identification of a potent inhibitor in mace extract

'H-NMR and **C-NMR characteristics of the compound present in fraction 23 perfectly
matched the molecule no 7 (malabaricone C) reported by (halm 2000). Figure 4.3

presents the structure of this newly identified SULT inhibitor from mace.

Figure 4.3. Chemical structure of malabaricone C, the newly identified SULT inhibitor in mace extract

Effect of mace extract on thekineticsof SULT activity

Inhibition of SULT activity by mace extract indicated that the inhibition was dose
dependent (Figure 4.4). ThegiGralues of mace extract derived from these curves are 41
and 3.2 mg/L for rat and human liver S9 protein, respectively. For determination Kf the
values for the SULT inhibition by mace extract, 7THC concentration-dependent SULT
activity was measured in the absence (uninhibited) or presence of 50 mg/L or 3 mg/L of
mace extract for respectively rat and pooled human S9. Figure 4.5 presents the formation of
7HCS by pooled rat and human liver S9 versus the 7HC substrate concentration in the
presence and absence of mace extract. The appasgrandV,, . values derived from the

curve obtained in the absence of inhibitor are presented in Table 4.1. The catalytic
efficiency (/ma/Kmy for SULT-dependent formation of 7HCS was about three times higher
for male rat liver S9 protein than that for human liver S9 protein. In rats, the apgagent

for sulfation was two times lower and tKg, increased three times in the presence of 50
mg/L mace extract. Whereas in humans, in the presence of 3 mg/L of mace extract the
apparent/, was 1.7 times lower than thg,,, obtained in the absence of mace extract and

the K, values was 2.3 times higher. These results indicate thaMpgtlas well aX,, are



affected to a similar extent upon addition of the mace extract pointing at a mixed-type
inhibition for both rat and human SULT activity in the liver by mace extract Kl tialues
for inhibition of SULT activity were 8.3 and 1.0 mg/L for rat and human liver S9, whereas

the alphakK; derived from these curves amounted to 41.5 and 4 mg/L.

Table 4.1. Kinetic parameters of SULT-dependent formation of 7HCS by pooled rat and

human liver S9 protein in the absence and presence of mace extract.

Without mace extract With mace extraét

Species AppareMmax ApparentKr, ApparentVmax Apparent Ki alpha;
(pmol/min/mg of 7THC M) (pmol/min/mg Kmof 7HC  (mg/L) (mg/L)
S9 protein S9 protein (M)

Rat 1341 + 53 3004 622 + 49 88+1.7 8.3 41.5

Human 301+14 22+04 174 £ 11 50+0.9 1.0 4.0

! Concentration of mace extract used were 50 and 3 mg/L for, respectively, rat and pooled human S9.
Data represent mean + SD of three replications (for rats) and five replications (for humans).

Kiis a dissociation constant of the enzyme-inhibitor complex.

alphaiis a dissociation constant of the enzyme-substrate-inhibitor complex.

Figure 4.4. Mace extract concentration dependent SULT inhibition in incubations with male rat liver S9 protein

(A) and pooled human liver S9 protew).(



Figure 4.5. 7HC concentration dependent formation of 7HCS in the absgmeepfesenceX) of mace extract
(50 mg/L for rat liver S9 or 3 mg/L for pooled human liver S9) in incubation with (A) male rat liver S9 protein and

(B) pooled human liver S9 protein.

Inhibition of DNA adduct formation by mace extract in HepG2 cells exposed to 1'-

hydroxysafrole

Figure 4.6 presents the formation 'SN3-dGuo detected in HepG2 cells exposed to 100
UM 1'-hydroxysafrole for 14 h in the absence and presence of increasing concentrations of
mace extract. The mace extract did not display cytotoxicity up to concentrations of at least
100 mg/L which was the highest concentration tested. The results revealed that mace
extract inhibited formation of S“®*dGuo in 1-hydroxsafrole exposed HepG2 cells an
effect that increased with the concentration of the mace extract and was statistically

significant at concentration of 25 mg/L of mace extract and above.

Effect of mace extract on glucuronidation and oxidation of 1'-hydroxysafrole

Table 4.2 presents the appardqt and V. for glucuronidation and oxidation of'-1
hydroxysafrole in the absence and presence of 100 mg/L mace extract with pooled rat and
human liver S9 or microsomal protein. In rats, the appafgpfor oxidation was 1.3 times

higher and thé&,,increased 2.8 times in the presence of 100 mg/L of mace extract.



Figure 4.6. S-3N*>-dGuo formation in HepG2 cells exposed to 1M 1-hydroxysafrole in the absence or
presence of an increasing concentration of mace extract. Data points represent mean + SD. An asterik (*) indicates
significant inhibition (P < 0.05).

Whereas for glucuronidation, thé,.cis 1.5 times lower and thi€,, increased 2.5 times.
These results point at competitive inhibition type for oxidation 'dfytiroxysafrole and
non-competitive type inhibition for glucuronidation ofHydroxysafrole. Based on data
presented in Table 4.2, the values were determined to amount to 140 mg/L and 86 mg/L
for oxidation and glucuronidation of-lhydroxysafrole, respectively. In human, addition of
100 mg/L of mace extract to the incubation has no effect in glucuronidation and oxidation
of 1’-hydroxysafrole because the appar¥ptyx and K., were not significantly different

compared with those values in the absence of 100 mg/L of mace extract.

PBBK -based prediction for conversion of 1'-hydroxysafrolein the presence of mace

extract

The PBBK model for detoxification and bioactivation of safrole in both rat and human were
modified to take the inhibition by malabaricone C-containing mace extract into account and
allow investigation of possible in vivo effects on safrole bioactivatiori-tulfooxysafrole.

PBBK model-based predictions were made at safrole dose levels of 0.005 mg/kg bw and 50

mg/kg bw (Figure 4.7). The dose level of 0.005 mg/kg bw was selected to take into account



realistic human dietary exposure levels and the dose of 50 mg/kg bw was chosen to include
dose levels known to cause tumors in in vivo rodent studies. The PBBK model revealed
that oral administration of a dose of safrole 0.005 mg/kg bw (SCF, 2002 ) together with
increasing dose levels of mace extract result in a decrease in formation of the ultimate
carcinogenic metabolite’-sulfooxysafrole. At a ratio between mace extract and safrole of
44 (mg/umol) reflecting the level of these constituents in mace (as characterized by the
extraction efficiency and the safrole content of mace quantified by HPLC analysis of the
methanolic extracts, data not shown), the predicted inhibition of formation’-of 1
sulfooxysafrole in rat and human liver were 4 and 49%, at a dose 0.005 mg/kg bw of
safrole, respectively, assuming 100% uptake of mace extract and its constituent, including
malabaricone C to follow the same kinetic profile as safrole. Figure 4.7B presents the
predicted formation of 'Isulfooxysafrole at a dose of safrole of 50 mg/kg bw. At a ratio of
mace extract and safrole of 44, the inhibition 66ulfooxysafrole formation for rat and
human liver are 90 and 100% or 61 and 91% assuming 100 and 1% mace extract uptake,

respectively.

Tables 4.2. Kinetic parameters for glucuronidation and oxidation-bydroxysafrole in
incubations with pooled rat and human liver S9 or microsomal protein in the absence and
presence of mace extract.

Species Without mace extract With 100 mg/L mace extract
ApparentVpax ApparentK,,  ApparentVmax ApparentK,, K;(mg/L)
(nmol/min/mg S9 (LM) (nmol/min/mg S9 (LM)
protein or microsomal protein or microsomal
protein) protein)
Oxidation
Rat 50+04 1719 + 293 6.7+0.6 4791 +£671 140
Human 8.0+0.3 670 £ 75 75+0.6 911 + 202
Glucuronidation
Rat 176+1.6 224 + 56 11.7+2.0 563 + 198 86
Human 0.09 £ 0.02 537 £ 299 0.09 £0.01 565 + 148

Data represent mean + SD of three replications.
Kiis dissociation constant of the enzyme-inhibitor complex



Figure 4.7. PBBK-based predictions for the dose-dependent effect of mace extrastlfokysafrole formation
in the liver of rat (white bars) and human (black bars) at oral dose level of (A) 0.005 mg/kg bw and (B) 50 mg/kg.

Discussion

Safrole is an alkenylbenzene occurring in many spices. The compound was shown to be
hepatocarcinogenic in rodents when administered at high dose levels as a pure compound
(Borchertet al., 1973a; Borchentt al., 1973b; Daimoret al., 1997; Daimoret al., 1998).

The aim of the present study was to investigate whether ingredients present in safrole
containing herbs and spices, using mace as the model spice, can interact with the SULT
mediated bioactivation of safrole pointing at a possible reduction in bioactivation when the
compound would be dosed in its natural food matrix instead of as a pure compound. In a
previous study, it was demonstrated that the flavonoid nevadensin, a constituent in basil, is
a potent inhibitor of bioactivation of the related alkenylbenzene estragole at the level of the
SULT-mediated conversion of the proximate carcinogerikydroxy metabolite to the
ultimate carcinogenic 'dsulfooxy metabolite (Jeurissegt al., 2008; Alhusainyet al.,

2010). The results of the present study reveal that mace also contains a potent SULT
inhibitor which was identified as malabaricone C. TKge for SULT inhibition by
malabaricone C-containing mace extract was 8.3 and 1.0 mg/L for male rat and human liver
fractions, respectively. Given that malabaricone C was not available as a pure compound
only an estimate of th&; for malabaricone C can be made. Mace contains 0.53%

malabaricone C (Oralst al., 1991). Taking 32% extraction yield for preparation of the



mace extract and assuming all malabaricone C to be extracted in mace extract, the content
of malabaricone C in mace extract is 1.66%. Assuming that 50% of the inhibition observed
with mace extract would be due to malabaricone C, tKesalues would amount to 0.19

and 0.023 uM malabaricone C. Thé§evalues would be in the same range asthelues
determined previously for other SULT inhibitors in the diet like kaempferol and apigenin
which K; values of 0.6 uM and 0.7 uM were observed (Alhusaing., 2012). TheK;

values are higher than th& value previously identified for nevadensin for which e

value amounted to 4 nM. The mechanism of inhibition of SULT activity by malabaricone
C-containing mace extract in this present study was mixed type inhibition resulting an
increased appare#t, and a decreased appar®ht, The alphaK; values obtained in the
present study for malabaricone C-containing mace extract for rat liver and human were four
to five times higher than thi€;. This indicates that the inhibitor has higher affinity for the
free enzyme than for the enzyme-substrate complex. In a previous study, inhibition of
SULT activity by different flavones as well as by nevadensin was found to be non-
competitive (Alhusaint al., 2010) and also a great volume of literature data supports the
plausibility of non-competitive inhibition of sulfonation of various substrates by different
flavonoids such as quercetin, genistein, daidzein, (+)-catechin, kaempferol, apigenin, and
diadzein (Ghazali and Waring, 1999; Mesia-Vela and Kauffman, 2003; Walle 1995).
Coughtrie and Johnston (2001) showed that epicatechin gallate and epigallocatechin gallate
showed uncompetitive inhibition to SULT1A1 but mixed type inhibition to SULT1A2-
1A3. Recently, studies usingalmonella typhimurium TA100 strains with expression of
human SULT revealed especially human SULT1Al1 and SULT1C2 to be able to activate
the I-hydroxymetabolite of the related alkenylbenzene methyleugenol to DNA reactive
metabolites (Herrmanet al., 2012). The SULT enzymes responsible for conversiori-of 1
hydroxysafrole to %sulfooxysafrole remain to be established. To investigate whether the
malabaricone C-containing mace extract would also be able to exert inhibition of the DNA
adduct formation in an intact cell system, the effect of increasing concentrations of mace
extract on safrole DNA adduct formation in cells from the human hepatoma cell line
HepG2 exposed to-hydroxysafrole was quantified (Brandehal., 2003; Knasmiuilleet

al., 1998). Exposure of HepG2 cells tehyydroxysafrole in the presence of an increasing



concentration of malabaricone C-containing mace extract revealed a dose-dependent

inhibition of S-3-N*dGuo formation.

Furthermore, the kinetics for inhibition of SULT activity by malabaricone C-containing
mace extract were integrated into the previously defined PBBK models for safrole
bioactivation and detoxification in male rat and human liver (Mamadl., 2011, Martati,

et al., 2012). The modified PBBK model allowed prediction of bioactivation and
detoxification of safrole in the rat and human liver when safrole would be dosed in the
presence of mace extract. At a dose of safrole 50 mg/kg bw and ratio of 44 mg mace
extract/umol safrole, the predicted inhibition of formation e$ulfooxysafrole in male rat

and human liver were 90 and 100% and 61 and 91% assuming 100 and 1% uptake of
malabaricone C, respectively. Thus formation 6fulfooxysafrole is predicted to be
inhibited although not completely blocked upon co-exposure to safrole and the newly

identified SULT inhibitor present in mace, malabaricone C.

In conclusion, the present study identifies an important SULT inhibitor present in mace to
be malabaricone C. This points at a possible matrix effect of combined exposure to safrole
and malabaricone C. For the human liver samples, the SULT inhibition was shown to lead
to the inhibition of the formation of the ultimate carcinogenic metabolite, without reducing
the rate of detoxification of the proximate carcinogehybdroxysafrole via glucuronidation

or oxidation. This indicate a potential reduction of the cancer risk when safrole intake via
mace results from the food matrix containing malabaricone C or other SULT inhibitors
presents in the regular daily diet (SCF, 2002) compared to what is observed upon exposure
to safrole as a pure compound. Validation of the relevance of the interaction of this SULT
inhibitor with safrole bioactivation in aim vivo study will provide further support for the
hypothesis that this combination effect should be taken into account in risk assessment of

alkenylbenzenes.
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Abstract

The present study investigated whether the malabaricone C-containing mace extract that
was previously shown to be able to inhibit safrole DNA adduct formation in vitro can also
inhibit safrole DNA adduct formation in vivo. To this end, mace extract and safrole were
co-administered orally to Sprague-Dawley rats and the level of safrole DNA adduct
formation in the liver was quantified and compared to the level of safrole DNA adducts
detected in the liver of rats exposed to safrole only. Since the inhibition of safrole DNA
adduct formation by malabaricone C-containing mace extract was previously shown to
occur at the level of the sulfotransferase (SULT) -mediated bioactivation’-of 1
hydroxysafrole to 1sulfooxysafrole, a third group of rats exposed to safrole together with
the well-known SULT inhibitor pentachlorophenol (PCP) was also included. LC-ECI-
MS/MS based quantification of DNA adduct levels in the liver of safrole exposed rats
revealed a significant (p<0.01) 55% and 64% reduction of safrole DNA adduct formation
when exposure to safrole occured in the presence of malabaricone-C containing mace
extract or PCP, respectively. Given the role of DNA adduct formation in the
hepatocarcinogenicity of safrole, the results of the present study suggest that the likelihood
of bioactivation and subsequent adverse effects may be lower, when safrole is dosed in
rodents bioassays within a relevant food matrix containing SULT inhibitors compared to
dosing of pure safrole. Using the data obtained a refined risk assessment using the Margin
of Exposure (MOE) approach was performed. The results obtained point at a potential
reduction of the cancer risk resulting in increased MOE values and a lower priority for risk
management when the carcinogenicity of safrole would have been tested within a relevant
food matrix containing SULT inhibitors compared to what is observed in rodent bioassays

upon exposure to pure safrole dosed by gavage.



Introduction

Some spices such as mace, nutmeg, star anise and black pepper contain the alkenylbenzene
safrole, a compound that has been proven to be genotoxic and carcinogenic at high dose
levels in rodent studies (Borchesttal., 1973; Miller et al., 1983; Wislockiet al., 1977,
Daimonet al., 1998). Bioactivation of safrole is initiated by cytochromes P450 resulting in
formation of the proximate carcinogenic metabolitehyidroxysafrole followed by
sulfonation mediated by sulfotransferases (SULTs) and resulting in formation of the
ultimate carcinogenic metabolite’-dulfooxysafrole. Sulfooxysafrole forms covalent
adducts with cellular macromolecules including DNA (Borchetrtal., 1973; 1980;
Wislocki et al., 1977). The role of 'Isulfooxysafrole in the formation of DNA adducts in

the liver of rat and mice dosed with safrole is supported by the observation that this DNA
adduct formation can be inhibited by co-administration of safrole with pentachlorophenol
(PCP), a known SULT inhibitor (Bobegrgal., 1983; Daimoret al., 1997; Randeraté&t al.,

1984). The DNA adducts isolated from the liver of rats exposed to safroleNimrans-
isosafrol-3-yl)-2'-deoxyguanosine (S-Bl-dGuo), N’~(safrol-1-yl)-2'-deoxyguanosine (S-
1'-N*-dGuo) and\’-(trans-isosafrol-3-yl)-2'-deoxyadenosine (S-8I°>-dAdo) (Randeratiet

al., 1984). DNA adducts identified in patients with oral squamous cell carcinoma resulting
from the habit of betel quid chewing were S\8-dGuo and S-‘iIN*>dGuo (Cheret al.,

1999).

In the European Union, the use of safrole as such in food has been banned since 2008,
whereas in the U.S. it was already banned since 1960. As a result, the current daily
exposure to safrole mainly results from the intake of safrole with spices or food products to
which safrole-containing herbs or spices or their essential oils are added including for
example cola and alcoholic beverages and sausages (Choong and Lin, 200&t @lurré

1987; Siancet al., 2003). This raises the question of whether rodent studies dosing safrole

at high levels as a pure compound present an adequate basis for assessment of the risks

associated with the intake of safrole in a complex food matrix.

In a previous study, we demonstrated that mace extract and especially its constituent

malabaricone C inhibited safrole DNA adduct formation at the level of SULT-mediated



bioactivation and formation of S-8/>-dGuo in 1-hydroxysafrole exposed HepG2 cells
(Martati et al., 2012). A physiologically based biokinetic (PBBK) model analysis of safrole
bioactivation and detoxification in rat, incorporating the SULT inhibition to predict the
possible in vivo effect, predicted that administration of safrole at dose levels generally used
in rodent cancer bioassays in the presence of malabaricone C-containing mace extract
would significantly inhibit the %sulfooxysafrole formation, thereby possibly reducing the

cancer risk and influencing the risk assessment.

The aim of the present study was to investigate whether the inhibition by the ingredients
present in mace extract of SULT activity and’SN3dGuo adduct formation in incubations

with male rat liver S9 fractions and in HepG2 cells (Marghtal., 2011; Martatiet al.,

2012) can also be demonstrated in vivo in a rat model. The results obtained were also used

to make a refined risk assessment of safrole.
Materials and methods

Fine ground powdered mace was obtained from a local supermarkiEo®yguanosine
(2dGuo), pentachlorophenol (PCP), phosphodiesterase | f@otalus adamenteus
(venom phosphodiesterase, VPDE), phosphodiesterase Il from bovine spleen (spleen
phosphodiesterase, SPDE), alkaline phosphatase Esoherichia coli, nuclease P1 from
Penicillium citrinum, p-glucuronidase fronHelix pomatia Type HP-2, and ethyl acetate
were obtained from Sigma—Aldrich (Steinheim, Germany). Methanol and ethanol (pro
analysis), hydrogen chloride, acetic acid glacial, formic acid, ethylenediaminetetraacetic
acid (EDTA), sodium phosphate, sodium acetate, trifluoroacetic acid and Zh&O

were purchased from Merck (Darmstadt, Germany). Acetic anhydride was supplied by J.T.
Baker (Deventer, The Netherlands). Pyridine was purchased from VWR (Darmstadt,
Germany). Chromatography grade acetonitrile and methanol were purchased from Biosolve
BV (Valkenswaard, The Netherlands). Phosphate buffered saline (PBS, pH 7.4) was
purchased from GIBCO (Paisley, UK)-Hydroxysafrole was synthesized and purified as
described previously (Jeurissenal., 2004; Martatiet al., 2011). 1-Acetoxysafrole was

synthesized from ‘'thydroxysafrole as described previously for synthesis 6f 1



acetoxyestragole from ’-hydroxyestragole for the related alkenylbenzene estragole
(Borchertet al., 1973; Puntt al., 2007).

S-3-N-dGuo was prepared as described previously for synthesis of théN#d&uo
adduct of the related alkenylbenzene estragole (furdl., 2007). To obtain pure
synthesized S:a\*-dGuo, the reaction mixture was purified using HPLC-UV (Waters 600
controller liquid chromatography system) equipped with an Alltima C18 column of 5 um,
150 x 4.6 mm (Grace Alltech, Breda, The Netherlands). The flow rate was set at 1 mL/min.
The gradient was made with ultrapure water and acetonitrile. A gradient was applied from
20% to 26% acetonitrile over 40 min after which the percentage of acetonitrile was
increased to 100% in 2 min and kept at 100% for 1 min. The initial condition was reached
within 2 min and kept for 15 min. Under these conditions, the peak corresponding-to S-3
N?-dGuo eluted at a retention time of 22.6 min. Collected fractions were pooled and the
acetonitrile was evaporated under a stream of nitrogen. Freeze drying was performed after
the collected fractions were kept overnight at -80°C.-8?3iGuo was identified and
quantified by LC-ESI-MS/MS as described below.

Animals

The animal study was performed in accordance with the Dutch Act on animal
experimentation (Stb, 1977,67; Stb 1996, 565), revised February 5, 1997. The protocol of
the study was approved by the ethical committee on animal experimentation of
Wageningen University. Seven week old male Sprague-Dawley (SD) rats were obtained
from Harlan Laboratories (The Netherlands). The rats were housed in type IV cages (three
rats per cage) with Lignocel (Lignocel BK 8/15) bedding. Animals were kept in the
standard animal rooms under conditions of controlled temperature (21+1°C), humidity
(55+10%) and a 12 h light/dark schedule and were monitored daily. Animals were given
free access to feed (Teklad 2914C pellet) and tap water during the whole study (from
arrival at the animal facility until sacrifice). Following a 5-day acclimatization period,
animals were housed individually in the metabolic cages 24 h before gavage and were kept

in the metabolic cages up to time of sacrifice (48 h after gavage).



Pilot Study

The in vivo studies consisted of a range finding pilot study and a main study. For the pilot
study, eight animals were divided into four groups of 2 animals per group. These groups
were exposed as follows: 1) first group dosed once with 150 mg/kg bw of safrole only in
corn oil, 2) second group dosed once with 300 mg /kg bw of safrole only in corn ail, 3)
third group dosed once with 150 mg/kg bw of safrole together with 463 mg/kg bw of mace
extract simultaneously in corn oil, and 4) fourth group dosed once with 300 mg/kg bw of
safrole together with 926 mg/kg bw of mace extract simultaneously in corn oil. The ratio
between safrole and mace extract was chosen based on PBBK model based predictions
selecting a ratio that would result in significant SULT inhibition but would require a dose
of mace extract below the dose level reported to be toxic (El ktadli, 2009). For the

pilot study further animal handling and analyses were performed as described below for the

main study.
Main Study

For the main study, fifteen rats were divided into three groups of 5 rats per group and
exposed as follows: 1) safrole only group dosed once with 150 mg/kg bw safrole only in
corn oil, 2) safrole plus mace extract group dosed once with 150 mg/kg bw of safrole
together with 463 mg/kg bw of mace extract dosed simultaneously in corn oil and 3) safrole
plus SULT inhibitor control group dosed once with 150 mg/kg bw of safrole together with

11 mg/kg bw of PCP simultaneously in corn oil.

A control group receiving only feed and carrier/corn oil was not included in the pilot or
main study because recent studies showed that exposure to only feed and carrier/corn oll
did not result in alkenylbenzene DNA adduct levels above the detection limit &Paini

2012). Safrole and or mace extract were administrated simultaneously using corn oil as
carrier by gavage with the volume of gavage not exceeding 2 mL/kg bw. Animals were
sacrificed 48 h after gavage. Anesthesia was done with a mixture of isoflurane and oxygen
by inhalation, blood was removed after which the liver was removed, weighed and stored at

-80°C until further analysis. The liver was separated in the left liver lobe and the rest of the



tissue containing the right liver lobe. For the pilot and main study, urine was collected at 0,

6, 24, 30 and 48 h after gavage and stored at -80°C for further analysis.

Preparation of mace extract

A methanolic mace extract was prepared as previously described for preparation of
methanolic extracts from basil (Alhusaisyal., 2010). Briefly, 10 g of mace and 200 mL

of a mixture of methanol, ultrapure water and acetic acid (80:19:1) were stirred for an hour
at room temperature. The extraction was performed twice, each time with 200 mL of
solvent mixture. The collected extraction mixtures were filtered using a folded filter
(Schleicher and Schuell, 150 mm). The filtrate was pooled and concentrated by evaporation
at 35°C on a rotary evaporating system (Heidolph Laborota 4000 efficient, Metrohm U.S.).
The extraction yield was approximately 32%. The concentrated mace extract was kept at -

20°C until usage.
Tissue DNA extraction and digestion

Prior to DNA extraction, tissue samples were homogenized mechanically using a cell
homogenizer (B. Melsungen Germany). For the liver, to prepare one sample, 4 random 0.8
g samples were taken from the left liver lobe as well as 4 random 0.8 g samples from the
right liver lobe. Each of the samples was minced with a surgical knife and subsequently
mashed with a mortar and pestle. Then 8 mL cold phosphate buffered saline (PBS) were
added and samples were transferred and homogenized mechanically on ice using a cell
homogenizer. The homogenates were transferred to a 15 mL tube and centrifuged at 3000 g
for 5 min (Sigma centrifuge, type 4K10, Germany). The pellet was dissolved in 300 pL
remaining supernatant and then divided into two equal parts. Each part was transferred to a
2 mL Eppendorf tube to provide sample replicates for analysis. The pellet was extracted
with a Get pure DNA Kit-Cell protocol to obtain DNA according the manual of the Kit.
The DNA pellet was dissolved in 100 puL of nanopure water. The yield and purity of
isolated DNA were determined using the Nanodrop technology by measuring the
absorbance ratio A260/A280nm. DNA samples with an absorbance ratio of 1.8 to 2 were
considered sufficiently pure. The DNA quantity per sample was calculated from the

Nanodrop output in ng/mL using a molar extinction coefficient for double stranded DNA of



50 L mol* cm® (Sambrook and Russell, 2001). The DNA obtained was digested as
previously described (Delatowt al., 2008) to release S-B-dGuo. In short, to 50 pg

DNA in 100 pL water, 20 pL buffer P1 (300 mM sodium acetate, 1 mM ZnS8i® 5.3),

11 pL SPDE solution (0.0004 U/uL in water) and 10 pL nuclease P1 (0.0005 pg/uL in
water) were added and the mixture was incubated for 4 h at 37°C. Subsequently, 20 uL
buffer PA (500 mM Tris-HCI, 1 mM EDTA, pH 8.0), 10 uL VPDE solution (0.00026 U/uL

in water) and 2.6 pL alkaline phosphatase (0.764 U/uL in water) were added and the
mixture was incubated for 3 h at 37°C. The DNA hydrolysates thus obtained were passed
through a 5000 Nominal Molecular Weight Limit (NMWL) cut-off filter for removal of the
enzymes and subsequently evaporated to dryness and reconstituted in 50 pL ultrapure water
and stored at -2Q until further analysis by LC-ESI-MS/MS.

Urine analysis

Urine analysis was performed as previously described (Benedetti., 1977). De-
conjugation of conjugated metabolites in the wurine was performed uBing
glucuronidase/sulfatase. Briefly, frozen urine was thawed quickly at 37°C in a waterbath. A
sample of 5 pL urine was mixed with 45 pL 0.2 M sodium acetate pH 5 and 10f4L of
glucuronidase fronHelix pomatia (activity of glucuronidase 198.455 U/mL and sulfatase
813 U/mL). The mixture was incubated at 37°C for 2 h. The hydrolysate was extracted with
250 pL ethyl acetate using vortexing and centrifugation at 15.000 rpm for 3 min. The
extraction was repeated twice using 250 pL ethyl acetate each time. The extracts thus
obtained were pooled and solvent was evaporated under a stream of nitrogen and the
residue was subsequently dissolved in ultrapure water and stored @tw2il HPLC

analysis.
Quantification of DNA adduct formation

Quantification of S-3N*dGuo was performed using LC-ECI-MS/MS on a Perkin Elmer
200 series HPLC System (Perkin Elmer, Waltham, MA) coupled to an API 3000 system
(Applied Biosystem, Foster city, CA) as previously described for detectidif-¢fans-
isoestragol-3yl)-2'-deoxyguanosine (E-*dGuo) (Painiet al., 2012; Puntt al., 2007).

To this end an aliquot of 10 puL was injected on an Agilent Zorbax Extend-C18 column,



2.1x50 mm, 3.5 Micron 80 A (Basel, Switzerland), with a Zorbax guard column. The
gradient was made with ultrapure water containing 0.1% (v/v) formic acid and acetonitrile.
The flow rate was set at 0.3 mL/min and a gradient was applied from 20% to 70%
acetonitrile over 8 min, after which the percentage of acetonitrile was brought to 100% in 1
min and kept at 100% acetonitrile for 2 min. The initial condition was restored in 1 min and
the column was equilibrated at this condition for 8 min. Under these conditionbl’S-3
dGuo eluted at 2.7 min. The mass spectrometric analysis was done in positive ion mode.
The ion spray voltage was set at 4 kV and the ion source temperature was set at 260
nebulizer gas (air), curtain (nitrogen) and collision gas (nitrogen) were set to 15, 10 and 5
psi, respectively. A divert valve was used in order to discard the eluent during the first 2
min and the gradient after elution of the peak. Sample analysis was carried out using the
selected reaction monitoring (SRM) mode and characteristic transitions were recorded. The
most intense transition was used as quantifier and subsequent transitions as qualifiers, for
S-3-N?-dGuo these transitions were as follows: 428312 m/z (quantifier), 428~ 164

m/z (qualifier), 428— 161 m/z (qualifier).

Identification and quantification of urinary metabolites

Identification and quantification of urinary metabolites obtained after enzymatic de-
conjugation was performed on a UPLC (Ultra Performance Liquid Chromatography)-DAD
(diode array) system consisting of a Waters (Milford, MA) Acquity binary solvent
manager, sample manager and photodiode array detector. Aliquots of 3.5 uL were injected
on the Waters Acquity UPLC BEH RP 18 column (1.7 um, 2.1 x 50 mm). The eluent
consisted of ultrapure water containing trifluoroacetic acid 0.1% (v/v) and acetonitrile. At a
flow rate of 0.6 mL/min, a gradient was applied from 10% to 40% acetonitrile over 2.9 min
after which the percentage of acetonitrile was increased to 100% over 0.2 min and kept at
100% for 0.2 min. Thereafter, the percentage of acetonitrile was reduced to its initial value
in 0.1 min and kept at this level for 1.2 min. Detection and quantification of the urinary
metabolites were performed at 280 nm. Quantification ‘efiyiroxysafrole and 1,2-
dihydroxy-4-allylbenzene was achieved by comparison of the peak areas obtained at a
wavelength of 280 nm to the calibration curves made using the corresponding synthesized

reference compounds.



PBBK -model-based predictions for formation of 1'-sulfooxysafrole in the liver of rat

in the presence or absence of mace extract

The safrole PBBK model defined previously for male rat (Mastadl., 2011) as well as

the PBBK model defined for male rat including the SULT inhibition by malabaricone C-
containing mace extract (Martadi al., 2012) were used to obtain insight in the effects of
SULT inhibition by malabaricone C-containing mace extract on the formation of the
ultimate carcinogenic metabolite,/-dulfooxysafrole, in the liver. PBBK model based
predictions for safrole bioactivation and its inhibition by malabaricone C-containing mace
extract were compared to the results obtained for inhibition of DNA adduct formation in the
liver of rats exposed to safrole in the absence or presence of malabaricone C-containing

mace extract in order to further validate the PBBK models previously defined.
Refined risk assessment for safrole

To estimate the possible consequences of the inhibition of safrole bioactivation and DNA
adduct formation by malabaricone C-containing mace extract for the risk assesment of
safrole the margin of exposure (MOE) approach was used (EFSA, 2005). The MOE is
defined as the ratio between a point of departure derived from the tumor data, preferably
the BMDLy, (the lower confidence limit of the benchmark dose causing 10% extra tumor
incidence) and the estimated daily intake (EDI). An MOE of 10,000 or higher is considered
as low priority for risk management (EFSA, 2005).

For the refined risk assessment of safrole, an estimate was made of the tumor incidences
that would be expected when safrole would have been tested in the presence of
malabaricone C-containing mace extract as done in the present study. To this end the
available data on the incidence of hepatocellular carcinoma in female mice administered
safrole via the diet for 52 weeks were taken as the starting point (tikkr, 1983). The

dose levels reported in the study reported by Métead. (Miller et al., 1983) in mg/kg diet

were converted to dose levels in mg/kg bw/day assuming a daily feed intake of female mice
of 0.13 kg/kg bw/day, and adjusting for 1) 3 doses a week converted to daily administration
(values multiplied by 3/7), 2) duration of the exposure converted to life time exposure

(doses times 52/86) and 3) the loss of the compound on standing in open containers at room



temperature which was reported to amount to 5%/day (Métlat., 1983). First BMDl,
values for safrole were calculated from this data set using the BMD software version 2.4.
MOE values were calculated by dividing the BMfglvalues obtained by the EDI for

regular human daily intake.

In a subsequent step, the tumor incidences in the analysis were reduced by the percentage
inhibition of safrole DNA adduct formation detected in the present study upon co-
administration of safrole with the malabaricone C-containing mace extract. BMD analysis

of these refined data for hepatocellular carcinoma incidence resulted in refined ;BMDL
and MOE values that reflect the possible consequences of testing safrole carcinogenicity in

the presence of the malabaricone C-containing mace extract for the risk assessment.
Statistical analysis

A t-test using Excel (Microsoft Office 2010) was performed to evaluate whether the
differences between the treatments were statistically significant. Variances equality were
tested with Levene's version of the F tested with SPSS 15.0 for Windows (SPSS Inc.
Chicago, IL, U.S.).

Results

Pilot Study: Inhibition of DNA adduct formation by mace extract in the liver of male

rats exposed to safrole

In a dose-finding pilot study, safrole was given by oral gavage at a dose of 150 mg/kg bw
or 300 mg/kg bw with or without mace extract. When safrole was dosed together with mace
extract, a ratio of mace extract to safrole of 0.5 mg/umol was used. At this ratio, the PBBK
model predicted approximately 80% inhibition é¢&sllfooxysafrole formation. The level of

DNA adduct formation was measured in the liver, 48 h after gavage. This time point was
chosen based on a similar study with the related alkenylbenzene estragole which showed
that at 48 h following gavage DNA adducts were significantly higher than at 24 h after
gavage (Paingt al., 2012). Figure 5.1 shows the DNA adduct formation in the liver of rats
dosed with 150 and 300 mg/kg bw safrole. Formation of DNA adducts in the liver of rats
dosed with 300 mg/kg bw safrole was 2.3-fold higher than DNA adduct formation in the



livers of rats dosed with 150 mg/kg bw safrole. Co-administration of safrole with mace
extract resulted in a significant (p<0.05) inhibition of the formation of DNA adducts by 38
and 20% at 150 and 300 mg/kg bw safrole respectively. Based on the results obtained, the
dose level of safrole of 150 mg/kg bw resulted in detectable and significant formation of
safrole DNA adducts and the largest inhibition by mace extract. Therefore, 150 mg/kg bw
safrole dosed with or without mace extract at a ratio of mace extract to safrole of 0.5

mg/umol, was selected for the main study.

Figure 5.1. Formation of DNA adducts in the liver of SD rats treated with safrole at 150 mg/kg bw, safrole at 150
mg/kg bw + mace extract, safrole at 300 mg/kg bw or safrole at 300 mg/bw + mace extract. When safrole was
dosed together with mace extract a ratio of mace extract to safrole of 0.5 mg/umol was used. DNA adducts are
expressed as number of adducts per 1000nt. Data represent the average and standard deviation of 2 rats. * = p
<0.05

Main Study: Inhibition of DNA adduct formation by mace extract in the liver of male

rats exposed to safrole

The main study consisted of three groups of 5 rats exposed to 1) safrole only, dosed with
150 mg/kg bw, 2) safrole and mace extract, dosed with 150 mg/kg bw safrole and 463
mg/kg bw mace extract, and 3) safrole and a positive control for SULT inhibition, dosed
with 150 mg/kg bw + PCP 11 mg/kg bw. Figure 5.2 presents the levels of DNA adducts
detected in the liver of rats exposed to safrole or safrole in the presence of mace extract or
PCP. The formation of DNA adducts in the liver of rats exposed to 150 mg/kg bw safrole,
150 mg/kg bw safrole + 463 mg/kg bw mace extract or 150 mg/kg bw safrole +11 mg/kg
bw PCP amounted to 0.0240+0.0120, 0.0110+0.0045 or 0.0084+0.0018 adducts/1000nt,



respectively. The percentage inhibition of the formation of DNA adducts upon co-
administration of safrole with mace extract or PCP was significant (p<0.01) and amounted

to 55% and 64%, respectively.

Figure 5.2. Formation of DNA adducts in the liver of rats treated with 150 mg/kg bw safrole, 150 mg/kg bw
safrole + 463 mg/kg bw mace extract, or 150 mg/kg bw safrole + 11 mg/kg bw PCP. DNA adducts are expressed
as number of adducts per 1000nt. Data represent the average and standard deviation of 5 rats (for the group treated
with safrole + PCP) or 7 rats (for groups treated with safrole only and safrole + mace extract combining the data

from the pilot and the main study) **= p <0.01

Urinary metabolites of rats exposed to safrole and mace extract

In order to ascertain that co-exposure to safrole and mace extract or PCP did not reduce
DNA adduct formation by affecting the bioavailability of safrole, urinary excretion of
safrole metabolites in rats exposed to safrole with or without mace extract or PCP was
quantified. Figure 5.3 presents the chromatogram of urinary metabolites showing that
hydrolysis of conjugated urinary metabolites of rats exposed to safrole resulted in 5 major
metabolites including 'dhydroxysafrole, 1,2-dihydroxy-4-allylbenzene and eugenol, which
were identified based on a comparison to commercially available reference compounds, and

two unidentified metabolites denoted M3 and M4.
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Figure 5.3: UPLC chromatogram of (A) unhydrolyzed urine, (B) hydrolyzed urine collected before gavage and
(C) hydrolyzed urine collected 24-48 h after gavage from a rat exposed to 150 mg/kg bw safrole.
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Figure 5.4. Cumulative (0-48 hours) excretion of the two major urinary safrole metabolitgdrdxysafrole
(’HS) and 1,2-dihydroxy-4-allylbenzene (DHAB) following administration of 150 mg/kg bw safrole, 150 mg/kg
bw safrole + 463 mg/kg bw mace extract, or 150 mg/kg bw safrole + 11 mg/kg bw PCP to rats.

Figure 5.4 shows the cumulative excretion (0-48 h after gavage) of the two major safrole
metabolites thydroxysafrole and 1,2-dihydroxy-4-allylbenzene. The total percentage of
the dose of safrole excreted in the 0-48 h urine'-dxydroxysafrole and 1,2-dihydroxy-4-
allylbenzene amounted to 61.0+10.0%, 78.0+14.6% and 58.2+11.0% of the dose for rats
dosed with 150 mg/kg bw safrole, 150 mg/kg bw safrole + 463 mg/kg bw mace extract or
150 mg/kg bw safrole + 11 mg/kg bw PCP, respectively. These data indicate that urinary



excretion of the major safrole metabolites is not significantly reduced when safrole is dosed
in the presence of mace extract or PCP. This indicates that the reduction in DNA adduct

formation is not due to a reduced bioavailability of safrole.
Refined risk assessment for safrole

The BMDLy, values for safrole were calculated using BMD software version 2.4 based on
the data from an in vivo study in female mice administered safrole via the diet for 3 days a
week up to 52 weeks and for 86 weeks of study duration (Mitlaf., 1983). Table 5.1
presents an overview of the incidence of hepatocellular carcinomas in female mice with
increasing doses of safrole as reported by Méteal. (Miller et al., 1983) and Table 5.2
presents the results of a BMD analysis of these data. The BjMM@lues obtained amount

to 2.6 to 7.0 mg/kg bw/day (Table 5.2). Based on the estimated dietary intake (EDI) for
safrole reported by the SCF (2002) of 5 ug/kg bw/day, these BMillues result in MOE
values that vary between 520 to 1400.

To estimate what BMD{g values and MOE values would have been obtained when safrole
would have been tested in the bioassays not as a pure compound but in the presence of
mace extract, the percentage inhibition of DNA adduct formation by mace extract defined
in the present study was used to refine the tumor data and the resulting risk assessment.
Table 5.1 presents the refined incidence of hepatocellular carcinomas calculated assuming
that malabaricone C-containing mace extract would be co-administered to the mice together
with safrole at a ratio of safrole to mace extract of 0.5 mg/umol. These refined incidences
of hepatocellular carcinomas at the respective dose levels of safrole were calculated using
the reduction by 55 % in DNA adduct formation as observed in the rat study. It is noted that
this approach assumes, as a first approximation, that a decreasé-Ni-&=3i0 safrole

DNA adduct formation results in a corresponding reduction in hepatocellular carcinoma
formation and also that the matrix effects would be similar in mice and rats. Table 5.3
presents the results of the BMD analysis of the refined tumor data. The BMD analysis of
the newly generated refined data resulted in BlyjDalues that varied from about 17.3 to

22.8 mg/kg bw/day. Using these newly estimated refined B)Dalues and the EDI for
safrole of 5 pg/kg bw/day (SCF, 2002), the MOE for safrole would amount to about 3460



to 4560. Clearly, co-administration of safrole together with mace extract is thus predicted to
increase the BMDJy and MOE levels substantially pointing at a lower priority for risk
management, than when the MOE calculation would be based on the tumor data obtained
with pure safrole.

Table 5.1. An overview of the incidence of hepatocellular carcinomas in female mice
exposed to safrole as reported by Mikerl. (Miller et al., 1983) and the refined incidence

of hepatocellular carcinomas calculated taking into account the inhibition of safrole
bioactivation by malabaricone C-containing mace extract.

Experimental Duration of Time-adjusted dose No. of  Hepatocellular Refined hepatocellular
dose (mg/kg diet) exposure/sacrifice  (mg/kg bw/day)  animals carcinomas  carcinomas incidenée

(weeks) incidence
0 52/8¢ 0 5C 0 0
250( 52/8¢ 8C 47 34 15
500( 52/8¢ 16C 4¢ 39 18

! Dose levels were adjusted for dosing regimen as described in Materials and methods.
2 Incidences were refined assuming a reduction in hepatocellular carcinoma incidences of 55% in line with the
observed reduction in safrole bioactivation.

Tabel 5.2 Results from a BMD analysis of the data on the incidence of hepatocellular
carcinomas in mice exposed to safrole (Miieal., 1983) (Table 5.1) using BMD software
version 2.4, a BMD of 10% extra risk and default settings.

Model No. of Log Likelihood p-value Accepted BMB BMDL 1o
parameters (mg/kg bw/day)  (mg/kg bw/day)

Null 1 -101.2(

Full 3 -57.51

Gammi 1 -54.2¢ 0.17 Yes 8.€ 7.C
Logistic 2 -64.97 0.0C No - -
LogLogistic 1 -52.6¢ 0.8¢ Yes 3. 2.€
LogProbi 2 -52.51 1.0C Yes .2 ND*
Multistage 1 -54,2¢ 0.17 Yes 8.€ 7.C
Probit 2 -64.91 0.0¢ No - -
Weibull 1 -54.2¢ 0.17 Yes 8.€ 7.C
Quante-lineal 1 -54.2¢ 0.17% Yes 8.€ 7.C

* Not determined. Benchmark dose computation failed. Lower limit includes zero



Tabel 5.3. Results from a BMD analysis for the refined incidence of hepatocellular
carcinomas in female mice (Table 5.1) using BMD software version 2.4, a BMD of 10%
extra risk and default settings.

Model No. of Log p-value Accepted BMB BMDL 19
parameters Likelihood (mg/kg bw/day) (mg/kg bw/day)

Null 1 -78.0¢

Full 3 -61.6¢

Gammi 1 -62.71 0.3¢ Yes 30.C 22.¢
Logistic 2 -67.7¢ 0.0c No - -
LogLoaistic 1 -62.2¢€ 0.5¢ Yes 24.¢ 17.:
LogProbi 2 -61.6¢ 1.0C Yes 1.0¢ ND*
Multistage 1 -62.71 0.3¢ Yes 30.C 22.¢
Probit 2 -67.1¢ 0.0C No - -
Weibull 1 -62.71 0.3¢ Yes 30.C 22.¢
Quante-lineal 1 -62.71 0.3¢ Yes 30.C 22.¢

*Not determined. Benchmark dose computation failed. Lower limit includes zero.

Discussion

The results of the present paper show that malabaricone C-containing mace extract is able
to inhibit formation of S-3N*dGuo safrole DNA adducts in the liver of SD rats exposed to
safrole and mace extract simultaneously. To date only PCP, a well-known SULT inhibitor,
demonstrated inhibition of the formation of safrole-DNA adducts in rodent liver (Beberg

al., 1983; Daimoret al., 1997; Randerat&t al., 1984). A great number of literature studies
reported in vitro data on dietary compounds inhibiting SULTs such as epicatechin gallate
(ECG), epigallocatechin gallate (EGCG), quercetin, kaempferol, genistein and daidzein
(Coughtrie and Johnston, 2001; De Santal., 2002; Mesia-Vela and Kauffman, 2003),
various beverages containing flavonoids (Nishinaital., 2007), basil extract (Alhusainy

al., 2010; Jeurissedt al., 2008), and malabaricone C-containing mace extract (Mattati

al., 2012). The results of the present study demonstrate that the inhibition of safrole DNA
adduct formation by malabaricone C-containing mace extract observed in in vitro model

systems (Martatt al., 2012) is also observed in vivo.



Using a previously developed PBBK model it was predicted that inhibition of the formation
of 1'-sulfooxysafrole at a ratio of mace extract and safrole of 0.5 mg/pmol would amount to
80% under the assumption of 100% bioavailability of the mace extract constituents (Martati
et al., 2012). The present in vivo study demonstrates that the inhibition 6NSe&uo
safrole DNA adduct formation in the liver of Sprague-Dawley rats by the mace extract
amounted to 55%. The PBBK model predicted that a 55% inhibition of safrole
bioactivation to tsulfooxysafrole would be obtained when the bioavailability of the SULT
inhibitors in the malabaricone C mace extract would be 68% instead of 100%, which may
not be unrealistic. Thus, the results of the in vivo study are in line with what would be

expected based on the PBBK model based predictions for safrole bioactivation.

It is important to note that the safrole DNA adduct measured in the present studyN$ S-3
dGuo which was shown to be the major adduct formed in vitro, in rodent studies and in oral
cancer patients having a habit of betel quid chewing (Cletiaty, 2008; Daimoret al.,

1998; Phillipset al., 1981; Randeratht al., 1984). Given that all safrole DNA adducts are
expected to be derived from the samesulfooxy metabolite it can be foreseen that the
inhibition of the formation of this major S-8-dGuo adduct also reflects inhibition of the

formation of possible other minor safrole DNA adducts.

Previous in vitro studies already revealed that the inhibition of DNA adduct formation by
malabaricone C-containing mace extract occurs at the level of the SULT mediated
bioactivation of :hydroxysafrole to %sulfooxysafrole (Martatét al., 2012). In the present
study, it was demonstrated that urinary excretion of the major safrole metabolites,
(conjugated) *hydroxysafrole and 1,2-dihydroxy-4-allylboenzene is not significantly
reduced when safrole is dosed in the presence of mace extract or PCP. This observation
excludes that the reduction in DNA adduct formation is due to a reduced bioavailability of
safrole when dosed together with malabaricone C-containing mace extract or PCP. The
effect of PCP on safrole DNA adduct formation in the liver is in line with previous studies
reporting a reduction in safrole DNA adduct formation upon co-administration of safrole
with PCP, a known SULT inhibitor (Bobeggal., 1983; Daimoret al., 1997; Randerat&

al., 1984). Although the inhibition in the formation of SNf-dGuo DNA adduct levels

was ascribed to inhibition of the SULT mediated conversion’-ifydroxysafrole to %



sulfooxysafrole, inhibition of other enzymes involved in the bioactivation or detoxification
of safrole by mace extract constituents may also occur. In vitro tests reported by Kimura
al. (Kimuraet al., 2010) showed that mace extract resulted in a potent inhibition of P450
3A4 and P450 2C9 with Kgvalues of 1.1-4.2 pug/mL, and that 17 compounds isolated from
mace inhibited the activities of P450 3A4 and P450 2C9 withl&Ss than 11.2 uM. Since
P450 2C9 was previously shown to be a major P450 enzyme involved in'-the 1
hydroxylation safrole (Jeurissehal., 2004; Uenggt al., 2004), this inhibition of P450 2C9

may have contributed to the observed reduction in safrole bioactivation by mace extract.

A question of interest is how to integrate the food matrix dependent modulation of safrole
bioactivation in the risk assessment of safrole. This can be done using the so-called Margin
of Exposure (MOE) approach and taking into account the results of the present study for the
effect of the malabaricone C-containing mace extract on safrole bioactivation. Assuming a
reduction in hepatocellular carcinoma incidences in line with the observed 55% reduction
in safrole bioactivation, the incidences for hepatocellular carcinomas were refined resulting
in BMDL 14 values of 17.3 to 22.8 mg/kg bw/day instead of 2.6 to 7.0 mg/kg bw/day and in
MOE values that amount to 3460 to 4560 instead of 520 to 1400. From this analysis, it can
be concluded that when safrole would have been tested in rodent bioassays in the presence
of malabaricone C-containing mace extract, increased BlyiBhd increased MOE values
would have been obtained indicating a lower priority for risk management compared to the
BMDL ;o and MOE values derived from rodent carcinogenicity data obtained when testing

safrole as a pure compound.

In conclusion, the present study demonstrated that formation of safrole DNA adducts in the
rat liver was reduced when safrole was administered in the presence of malabaricone C-
containing mace extract. The results obtained point at a potential reduction of the cancer
risk resulting in increased MOE values and a lower priority for risk management when the
carcinogenicity of safrole would have been tested within a relevant food matrix containing
SULT inhibitors compared to what is observed in rodent bioassays upon exposure to pure

safrole dosed by gavage.
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CHAPTER 6

General discussion



General discussion

Safrole, 4-allyl-1,2-methylenedioxy-benzene, is a genotoxic carcinogen of which the use in
food has been prohibited in the U.S. by FDA since 1960 and in Europe since 2008
(European Commission, 2008). As a result, main exposure results from dietary
consumption of safrole containing herbs and spices, such as nutmeg, mace, star anise,
pimento, cinnamon, and black pepper, and food products containing these herbs and spices
or their essential oils. Herbs and spices or essential oils containing safrole are used in
various foods, including for example meat products, baked goods, alcoholic beverages,
soups and non-alcoholic beverages such as cola drinks (SCF, 2002¢tSiAna003). At

present exposure to safrole occurs primarily from (1) consumption of spices containing
safrole especially mace or nutmeg, (2) consumption of cola beverages which may contain
levels that are up to 3-5 times higher than the current EU regulation use limit of 1 mg/kg
product (Choong and Lin, 2001), (3) consumption of alcoholic beverages since one out of
sixteen tested commercial alcoholic beverages contained safrole higher than the current EU
recommended limit of 5 mg/kg product (Cureb al., 1987), (4) consumption of food
products with added safrole containing spices such as Bologna sausages and Vienna
sausage which have been reported to contain 0.2-2 mg safrole/kg product eSéhno

2003), (5) consumption of plant food supplements containing safrole éBalrg2011) and

(6) the habit ofPiper betle chewing since betel quid may contain 15 mg/g fresh weight of
safrole (Hwanget al., 1992).

Various regulatory bodies have posed scientific opinions on the safety of safrole as food
ingredient (SCF, 2002). The European Urgoscientific Committee on Food (SCF)
concluded that safrole has been demonstrated to be genotoxic and carcinogenic, and that
therefore the existence of a threshold cannot be assumed so that the SCF could not establish
a safe exposure limit. The SCF also indicated that consequently reductions in the exposure
and restrictions in the use levels are indicated (SCF, 2002). The Committee of Experts on
Flavouring Substances (CEFS) of the Council of Europe presented the same conclusion
stating that efforts should be made to reduce the consumption of safrole via food and
beverages as far as possible (Council of Europe, 1997). The Joint FAO/WHO Expert
Committee on Food Additives (JECFA) concluded at its twenty-fifth meeting that



flavouring agents containing safrole as the principal flavour-active ingredient should not be
used as food additives, and that it is not practicable to advocate the discontinuation of the
use of spices containing safrole as minor constituents (e.g. nutmeg, mace and cinnamon)
(JECFA, 1981). However, JECFA suggested that when these spices were used, the amount
of safrole in the finished product should be kept as low as possible. The European Council
Directive on food flavouring regulation (EC) no. 1334/2008/EEC that has been applied
from January 20, 2011 onwards defined maximum levels of safrole, naturally present in
flavourings that can be present in food ingredients with flavouring properties, as well as in
certain compound food as consumed to which flavouring and/or food ingredients with
flavouring properties have been added. The European Council defined a limit for safrole of
1 mg/kg for non-alcoholic beverages, 5 mg/kg for alcoholic beverages with more than 25%
alcohol by volume and 15 mg/kg for meat preparation and meat products (European
Commission, 2008). According to the FDA (webpage last updated in 2ah8) toxic

effects of nutmeg and some of its active constituents such as muyristicin, elemicin, and
safrole are clearly manifested only at doses vastly greater than the realistic daily human
intake. However, the essential oil of nutmeg contains 6% of safrole which is known as a
weak hepatocarcinogen and a prohibited food additive in the U.S. since 1960. The intake
level of nutmeg oil and its equivalent from nutmeg and mace, based on the total imports
available annually for use in food in the U.S., is 0.05 mg per kg per day for adults (JECFA,
2009). Assuming a maximum content of 6 % safrole in the oil, the daily intake of safrole
would be about 4 ug/kg bw/day for an adult. The Select Committee on GRAS Substances
(SCOGS) concluded 1) that the safrole and myristicin content in nutmeg products, and
perhaps the content of related constituents such as elemicin, eugenol, and methyleugenol,
should be further investigated to determine the range of content of these constituents in
both nutmeg and mace originating from the East and West Indian, 2) that it would be of use
to investigate or reinvestigate their possible mutagenic, teratogenic, and carcinogenic

effects, and 3) that there is no evidence that nutmeg, mace, or their essential oils

! http://www.fda.gov/Food/IngredientsPackagingLabeling/ GRAS/SCOGS/ucm260910.htm




demonstrate a hazard to the public as they are used in the manner now practiced.
Uncertainties remain and therefore additional studies should be conducted (FDA CFR
Section 182.10, 1973).

At present, there is no internationally harmonised approach for the risk assessment of
compounds that are both genotoxic and carcinogenic. Several authorities use the Margin of
Exposure (MOE) approach. The MOE is obtained by dividing the value of a BMiie

lower confidence bound of the benchmark dose that gives 10% extra cancer incidence
(BMDy()) by the estimated daily intake (EDI) of the substance by the population of interest
(EFSA, 2005; JECFA, 2005). This approach, however, does not result in a quantitative risk
assessment at low dose levels representative for realistic daily human intake. At present,
discussion is ongoing on how to translate the results from animal bioassays at high dose
levels of the pure compound to the risk for the human population exposed to safrole at
relatively low levels via dietary intake. This translation of cancer risks from the animal data
to humans at relevant dietary intake levels needs a better understanding of species
dependent, dose dependent, and interindividual dependent differences in bioactivation and
detoxification of safrole and the possible influence of the food matrix on these processes.
The aim of this thesis was to obtain insight into the dose-, species-, interindividual- and
matrix dependent effects on the bioactivation and detoxification of safrole using

physiologically based biokinetic (PBBK) modeling.

After an introduction to the thesis in chapter 1, in chapter 2, a PBBK model for
detoxification and bioactivation of safrole in male rats was developed based on the model
for the related alkenylbenzenes estragole and methyleugenol (Al-Sebalihi2011; Punt

et al., 2007). The PBBK model consists of eight compartments which are grouped into
metabolizing compartments including liver, kidney, and lung, other compartments
representing either separate tissues (including fat, venous and arterial blood), or tissues
lumped together in compartments representing richly perfused and slowly perfused tissues.
The model was built based on in vitro and in-silico derived parameters determined in the
present thesis. Kinetics for relevant cytochrome P450 (P450) mediated conversions of
safrole and conjugation of-hydroxysafrole were determined in vitro using tissue fractions

of organs that appeared capable of metabolizing safrole. The physiological parameter



values (e.g. organ volumes, cardiac output, and blood flows) were taken from literature
(Brown et al., 1997). Physico-chemical parameters (e.g. blood/tissue partition coefficients

were obtained using in-silico models.

The performance of the model was evaluated by comparison of predicted levels of
formation of 1,2-dihydroxy-4-allylbenzene (DHAB),-Hydroxysafrole glucuronide and

total urinary safrole metabolites to the reported levels of these metabolites in urine of
safrole exposed rats. This evaluation revealed that the predictions adequately matched with
observed experimental values. The rat PBBK model predicted that at a low dose of 0.05
mg/kg bw and also at a high dose of 300 mg/kg bw, P450 mediated conversion of safrole
mainly occurs in the liver with DHAB predicted to be the major P450 metabolite of safrole.
A dose dependent shift in P450 mediated oxidation leading to a relative increase in
bioactivation at high doses was not observed which is in contrast to outcomes previously
obtained from similar PBBK models for the related alkenylbenzenes estragole and
methyleugenol (Al-Subeitet al., 2011; Puntt al., 2008). This can be explained by the fact
that for P450 mediated conversion of safrole no saturation of an important metabolic route
occurs in a dose range from 0.05 up to 300 mg/kg bw. Extrahepatic conversion of safrole
did not contribute significantly to the overall metabolism. In male rat liver, glucuronidation
is the major pathway for the conversion dfhydroxysafrole followed by oxidation,
whereas sulfation of "thydroxysafrole to the ultimate carcinogenic metabolite 1

sulfooxysafrole is a minor pathway.

In the risk assessment, when extrapolating from animal experimental data to the human
situation, species differences in metabolic activation and detoxification of safrole should be
taken into account. In chapter 3, the kinetic constants for bioactivation and detoxification of
safrole with human tissue fractions were obtained. Furthermore, with the PBBK model for
human defined in chapter 3, the formation of the proximate carcinogenic metabelite, 1
hydroxysafrole, and of the ultimate carcinogenic metabolitsulfooxysafrole, in human

could be predicted.

The PBBK model for human was evaluated by comparison of the PBBK model based

predicted and the reported experimental data on the level of total safrole metabolites



detected in the urine of humans exposed to dose levels of 0.0027 mg/kg bw (for a 60 kg
person corresponding to 0.163 mg/subject) and 0.0276 mg/kg bw (for a 60 kg person
corresponding to 1.655 mg/subject) (Benedzttl., 1977). This comparison revealed that

the prediction adequately matched observed experimental values.

Results from the PBBK model based predictions for humans were compared to the PBBK
model based predictions for rat to obtain insight in the possible interspecies differences in
bioactivation of safrole. This comparison showed that the predicted level of formatien of 1
hydroxysafrole in human liver is fourfold higher than that for rat liver and that the predicted
formation of 1-sulfooxysafrole in human liver is about fivefold higher than that for rat
liver. This indicates that the interspecies differences in toxicokinetics for bioactivation of
safrole between rat an human are in line with the uncertainty factor normally taken into
account for interspecies differences in toxicokinetics of 4 (IPCS, 2010). Species differences
between human and rat in the nature of the detoxification pathwayshgéirbxysafrole

were larger, with the formation of-ttxosafrole being the main detoxification pathway in
humans but a minor pathway in rats and glucuronidation-bjydroxysafrole being less

important in humans than in rats.

At a dose relevant for human dietary intake of 0.005 mg/kg bw, formation-of 1
sulfooxysafrole in human liver was predicted to amount to 0.02 nmol/kg bw and this level
increases to 8.7 nmol/kg bw at a dose level of 3 mg/kg bw. This shows that the formation of
1'-sulfooxysafrole in percentage of the dose at the low and high dose level of safrole was
not significantly different. Plotting the dose of safrole (mg/kg bw) vs formation’-of 1
sulfooxysafrole (umol/kg bw) on a log-log scale for human and rat liver as shown in Fig.
6.1, shows a linear relationship over the dose range from dose levels known to cause cancer
in rodent bioassays (for example 100 mg/kg bw) down to dose levels relevant for daily
human intake and as low as the virtual safe dose (VSD). The VSD is a dose that is expected
to give one additional cancer risk in a million people upon life time exposure @dler

2002). By linear extrapolation from the BM{XBenchmark Dose causing 10% extra risk)
obtained from a BMD analysis of the data from the in vivo study of Mitlet. (1983) and
Boberget al. (1983), amounting to 4.6-39 mg/kg bw/day, the VSD can be derived and
amounted to 0.046-0.390 pg/kg bw/day (Martitial., 2011). This graph supports that



possible nonlinear kinetics and species differences in kinetics should not be used as an
argument against using a linear low-dose cancer risk extrapolation from animal data to the
low-dose human situation. This shows that PBBK models can evaluate the interspecies
differences and provide a useful tool in risk assessment of food-borne chemicals when

evaluating human risks.

Figure 6.1. PBBK model-based predicted dose-dependent formatidrsafdbxysafrole in the liver of human,
corresponding to the median or'Sgercentile (—— ), the &' and 9%' percentiles (~— ) and rat 4= — ). Note

that the lines of the"Spercentile of Esulfooxysafrole formation in humans and the mean of those in rats overlap.
Another factor that should be taken into account in the risk assessment of safrole is the
influence of human interindividual differences and this was studied in more detail also in
chapter 3.Human variability may arise from a variety of sources including variation in
physiological parameters or in the activity of metabolizing enzymes involved in safrole
metabolism. To obtain insight in this human interindividual variability in metabolic
activation and detoxification of safrole, Monte Carlo simulations were performed to assess
the impact of the variability on the model predictions. For the Monte Carlo simulation,
probability distributions were assigned to those parameters to which the model outputs for
the predicted level of formation of the proximate carcinogenic metabolite, 1
hydroxysafrole, and of the ultimate carcinogenic metabolitesulfooxysafrole, were

shown to be the most sensitive in the sensitivity analysis.



Monte Carlo simulations revealed that the formation’efulfooxysafrole was predicted to

vary 4- to 17-fold in the population (fold-difference between tH2 &% median, and 45

and 8" percentile respectively). Moreover, a CSAF (chemical-specific adjustment factor)
for interindividual differences in kinetics for predicted formation 6&ulfooxysafrole
representing a ratio of the parameter estimate at thep&&entile and the median is 3.9
(IPCS, 2005). Further analysis reveals that the default uncertainty factor of 3.16 for
interspecies variability in biokinetics (assuming that a factor of 10 is subdivided equally
into two sub-factors each of 28 (3.16) for biokinetic and for biodynamic) (IPCS, 2010)
adequately protects 91% of the population. It can also be concluded that for protecting 99%
of the population a larger uncertainty factor for interindividual differences in biokinetics of

6.8 would be required.

It is of interest to note that the PBBK models for safrole developed in the present thesis
describe the biokinetics of safrole. In a previous study on estragole, we extended the PBBK
model to a so-called physiologically based biodynamic (PBBD) model describing the dose
dependent DNA adduct formation. This was done by linking the PBBK model based
predictions for formation of’dhydroxyestragole to DNA adduct formation in the liver by
using data from an in vitro hepatocyte model in which tHeéhydlroxyestragole
concentration dependent formation of DNA adducts was quantified (Ea#hi, 2010).

This PBBD model for in vivo DNA adduct formation was validated using results from an in
vivo study in which rats were exposed to estragole (R, 2012). Performing similar

in vitro studies to define an equation for thehgdroxysafrole dependent formation of
safrole DNA adducts in rat hepatocytes would allow extension of the current PBBK models
predicting 1-hydroxysafrole and'dsulfooxysafrole formation to a PBBD model predicting

DNA adduct levels in the liver of safrole exposed rats.

A next step would be to correlate the number of DNA adducts to mutagenicity or even to
the level of tumor formation. Such an attempt to relate the level of DNA adducts formed to
tumor incidence in rats and mice exposed to carcinogenic compounds was reported before
(Otteneder and Lutz, 1999). The results of this analysis revealed that the calculated adduct
concentration responsible for a 50% hepatocellular tumor incidence appeared to vary with
the carcinogen studied ranging from 53 to 2083 and 812 to 5543 adduct$ pefatGat



liver and mice liver, respectively. Likewise Paatial. (Painiet al., 2011) concluded that

the number of DNA adducts estimated to be formed at the Biiot tumor formation of

a series of liver carcinogens varied orders of magnitude. Based on that result, these authors
concluded that the quantity of DNA adducts formed by a DNA-reactive compound is not a
carcinogenicity predictor by itself but that other factors such as type of adduct and
mutagenic potential of the adduct or other factors contributing to the mode of action for
tumor formation may be equally relevant. Thus, characterization of the mutagenic and
carcinogenic potential of the safrole DNA adducts formed is a topic that remains open for

future studies.

The current EU Regulation No 1334/2008 prohibits addition of safrole as pure compound to
foods in order to reduce its daily intake and increase the MOE values. As a result of these
regulations, the current human intake of safrole mainly results from consumption of spices
containing safrole such as mace, nutmeg, pepper, etc or from food to which those spices or
their essential oils are added to replace the addition of pure safrole the use of which in food
or beverages has been banned. Thus, human exposure to safrole is always within the
context of a food matrix. In contrast to this, studies on the toxicity and carcinogenicity of
safrole are generally performed using pure safrole. The presence of the complex food
matrix may modulate the bioactivation and detoxification of safrole thereby influencing its
toxicity. Therefore, risk assessment resulting from consumption of herbs and spices that
contain safrole should preferably be performed taking into account the possible modulating
effects of other compounds present in these herbs or spices. Previously, a scientific opinion
on a guidance on safety assessment of botanicals and botanical preparations intended for
use as ingredients in food supplements published by EFSA (EFSA, 2009), already indicated
that where a matrix effect is advocated to support the safety of specific levels of substances
(e.g. that data from a pure substance may overestimate effects of the substance in the
botanical matrix), testing and/or other data should be provided to demonstrate the
occurrence of the matrix effect of the preparation and its magnitude. EFSA also indicated
that a matrix effect should be judged on a case-by-case basis (EFSA, 2009). The
experiments described in chapter 4 of this thesis aimed at obtaining insight in possible

matrix derived effects on the bioactivation of safrole. To this end, the inhibition of



sulfotransferase (SULT)-mediated bioactivation sfigdroxysafrole by a methanolic mace
extract was quantified. To this end the methanolic mace extract was tested for inhibition of
SULT activity and subsequently fractionated testing also its fractions for SULT inhibition.
In the mace fraction, the highest SULT inhibiting activity malabaricone C was identified as
the relevant SULT inhibitor. Thi§; (inhibition constant) for inhibition of SULT activity by

the malabaricone C-containing mace extract was 8.3 and 1.0 mg/L for rat and human liver
S9, respectively. At a methanolic mace extract concentration of 100 mg/mL, oxidation and
glucuronidation of thydroxysafrole were not inhibited in incubations with human liver S9,
showing that at these concentrations, the methanolic mace extract selectively inhibited only

SULTs without modify the detoxification reactions ¢fiydroxysafrole.

In further studies described in chapter 4, it was investigated whether the malabaricone C-
containing mace extract would be able to inhibit the SULT mediated bioactivation and
subsequent DNA adduct formation of safrole in an intact cell system, using human HepG2
cells. Exposure of HepG2 cells to-Hydroxysafrole in the presence of increasing
concentrations of malabaricone C-containing mace extract revealed a dose-dependent
inhibition of N*(trans-isosafrol-3-yl)-2'-deoxyguanosine (S-B>-dGuo) formation. With

mace extract concentrations of 25 and 100 mg/L-I$%8iGuo formation in HepG2 cells
exposed to thydroxysafrole was inhibited by 60 and 88 %, respectively. The mace extract
did not display cytotoxicity up to concentrations of at least 100 mg/L which was the highest

concentration tested.

To investigate if possible effects on safrole bioactivation teulfooxysafrole by
malabaricone C-containing mace extract could also be expected in vivo, the SULT
inhibition was integrated into the PBBK model using Kievalues obtained with rat or
human S9. The PBBK models thus obtained predicted that at a dose of 50 mg/kg bw safrole
and at a ratio of malabaricone C-containing mace extract to safrole similar to the level of
these constituents in mace (44 mg/umol), inhibition e$ulfooxysafrole formation by
malabaricone C-containing mace extract for rats and humans amounts to 90 and 100%
when the bioavailability of the mace extract ingredients would be 100%. When the

bioavailability of the malabaricone C-containing mace extract would be 1% inhibition of 1



sulfooxysafrole formation was predicted to amount to 61 and 91%, for rats and humans,

respectively.

This result points at a potential reduction of the bioactivation and resulting cancer risk
when safrole intake results from the food matrix containing malabaricone C or other SULT
inhibitors present in the regular daily diet. A great number of literature studies reported
some natural dietary compounds to also inhibit SULT activity including compounds such as
epicatechin gallate (ECG), epigallocatechin gallate (EGCG) (Coughtrie and Johnston, 2001;
De Santiet al., 2002), kaempferol, quercetin, genistein and daidzein (Mesia-Vela and
Kauffman, 2003), various beverages containing flavonoids (Nishimtugd., 2007) and

basil extract shown to contain the flavonoid nevadensin that inhibits SULT activity with a
Ki values of 4 nM (Alhusaingt al., 2010; Jeurisseet al., 2008).

In additional studies of the present thesis, it was demonstrated that the inhibition of safrole
DNA adduct formation by malabaricone C-containing mace extract observed in in vitro
model systems can actually be demonstrated in an in vivo experiment. Chapter 5 presents
the results of an in vivo study in which Sprague-Dawley rats were orally exposed to mace
extract and safrole and the level of safrole DNA adduct formation in the liver was
quantified and compared to the level of safrole DNA adducts detected in the liver of rats
exposed to safrole only. The ratio of mace extract and safrole (mg/umol) used in this in
vivo study was 0.5 instead of 44 mg/pumol, the latter being the ratio mimicking the ratio of
these constituents in mace extract. This lower dose of mace extract was chosen to avoid
possible toxicity of the mace extract. At a dose of safrole of 150 mg/kg bw and a ratio of
mace extract and safrole of 0.5 mg/umol, the dose of mace extract would amount to 463
mg/kg bw. This is lower than the dose of 3000 mg/kg bw reported by EI &lalti (2008)

to result in death of mice orally exposed to mace extract, whereas at the lower dose of 300
mg/kg bw, the mice survived (El Makt al., 2008). At a dose safrole of 150 mg/kg bw,

and a ratio of mace extract and safrole of 0.5 mg/umol the predicted inhibition of 1
sulfooxysafrole was still 80% compared to 90% for the ratio of 44 mg/umol. Based on
these considerations, the ratio of 0.5 mg mace extract/umol was chosen for the in vivo
study reported in chapter 5 of this thesis. The results of the in vivo study demonstrate that

the inhibition of S-3N*dGuo safrole DNA adduct formation in the liver of Sprague-



Dawley rats by the mace extract amounted to 55%. The PBBK model predicted that a 55%
inhibition of safrole bioactivation to 'sulfooxysafrole would be obtained when the
bioavailability of the SULT inhibitors in the malabaricone C-containing mace extract would
be 68% instead of 100%, which may not be unrealistic. Thus, the results of the in vivo
study are in line with what would be expected based on the PBBK model based predictions

for safrole bioactivation.

The in vivo study also revealed a 64% inhibition of the safrole DNA adduct formation in
the liver upon co-exposure of the rats to safrole and the well-known SULT inhibitor PCP.
This result is in line with results reported before in rats or mice exposed to safrdle or 1
hydroxysafrole in the presence of PCP (Boletig., 1983; Daimoret al., 1997; Randerath
etal., 1984).

In chapter 5, it was also demonstrated that urinary excretion of the major safrole
metabolites, (conjugated}-thydroxysafrole and DHAB was not significantly reduced when
safrole was dosed in the presence of mace extract or PCP. This observation excludes that
the reduction in DNA adduct formation is due to a reduced bioavailability of safrole when

dosed together with malabaricone C-containing mace extract or PCP.

Inhibition of other enzymes involved in the bioactivation or detoxification of safrole by
mace extract constituents may also occur. In vitro tests reported by Kénaira(2010)
showed that mace extract resulted in a potent inhibition of P450 3A4 and P450 2C9 with
ICsq values of 1.1-4.2 pug/mL, and that 17 compounds isolated from mace inhibited the
activities of P450 3A4 and P450 2C9 withsd@ess than 11.2 uM (Kimuret al., 2010).

Since P450 2C9 was previously shown to be a major P450 enzyme involved if the 1
hydroxylation safrole (Jeurissehal., 2004; Uengt al., 2004), this inhibition of P450 2C9

may have contributed to the observed reduction in safrole bioactivation by methanolic mace

extract.

It is also of interest to note that the levels of safrole DNA adducts detected in the in vivo
study upon a dose of 150 mg/kg bw safrole amounted to_2400+1200 addnttsThs

level is in line with the level of 3700-8000 adduct§/t® previously detected for rats
exposed to 150 mg/kg bw estragole (Alhusashgl., 2013; Painkt al., 2012). It is also of



importance to note that these values are 2 orders of magnitude higher than the levels
recently reported by Herrmaret al. (2013) for the DNA adduct levels of the related
alkenylbenzene methyleugenol in liver samples of 30 human subjects amounting to values
of 13 to 37 per 10nt (for respective median and maximum values). The methyleugenol
adducts detected in this human study are likely to result from intake of food containing
methyleugenol. This comparison reveals that the DNA adduct levels in the liver of rats
exposed to alkenylbenzenes at dose levels that are capable of inducing liver tumors are only
two orders of magnitude higher than the levels apparently present due to current levels of
dietary human exposure, suggestion in another way that the MOE values for these

compounds that are genotoxic and carcinogenic may be (too) low and of safety concern.

Another issue that might be raised is whether results from studies testing safrole or the
other alkenylbenzenes as pure compounds, without the normal food matrix being present,
provide an adequate starting point for risk assessment. Instead one may develop ways to
integrate the food matrix dependent modulation of safrole bioactivation in the risk
assessment of safrole. This can be done using the so-called Margin of Exposure (MOE)
approach and taking into account the results of the in vivo study for the effect of the
malabaricone C-containing mace extract on safrole bioactivation presented in chapter 5 of
this thesis. Assuming a reduction in hepatocellular carcinoma incidences in line with the
observed 55% reduction in safrole bioactivation, the incidences for hepatocellular
carcinomas were refined resulting in BMBlvalues of 17.3 to 22.8 mg/kg bw/day instead

of 2.6 to 7.0 mg/kg bw/day and in MOE values that amount to 3460 to 4560 instead of 520
to 1400. From this analysis, it can be concluded that when safrole would have been tested
in rodent bioassays in the presence of malabaricone C-containing mace extract increased
BMDL ;4 and increased MOE values would have been obtained indicating a lower priority
for risk management compared to the BMPpland MOE values derived from rodent

carcinogenicity data obtained when testing safrole as a pure compound.

It is important to note that the inhibition of safrole DNA adduct formation by malabaricone
C-containing mace extract in the present thesis was shown at high dose levels of safrole and
malabaricone C-containing mace extract. The PBBK models developed in the present thesis

may also be applied to investigate to what extent the inhibition of safrole bioactivation by



malabaricone C-containing mace extract would be observed at lower realistic levels of
dietary intake. It could be calculated that at a dose level of 0.05 mg/kg bw safrole and 13.6
mg/kg bw malabaricone C-containing mace extract, reflecting their ratio in mace of 44
mg/umol, the inhibition of tsulfooxysafrole formation would amount to 23% in rat and
77% in human liver. However, at realistic human dietary intakes the food matrix is likely to
contain also a variety of other SULT inhibitors including epicatechin gallate (ECG),
epigallocatechin gallate (EGCG) (Coughtrie and Johnston, 2001; De ebahti 2002),
kaempferol, quercetin, genistein and daidzein (Mesia-Vela and Kauffman, 2003), various
beverages containing flavonoids (Nishimatal., 2007) and basil extract shown to contain

the flavonoid nevadensin that inhibits SULT activity witkiavalues of 4 nM (Alhusainy

et al., 2010; Jeurisseet al., 2008). It may be expected that the combined effect of all these
SULT inhibitors may result in an inhibition of SULT mediated safrole bioactivation also at

dose scenarios reflecting realistic human intake via food. This remains to be investigated.
Futur e per spectives and conclusions

The present thesis describes the predictions of the dose-, species, interindividual-, and
matrix- dependent effects on the bioactivation and detoxification of safrole using PBBK
modeling. Several issues remain to be developed to a further extent to completely
understand the factors affecting the ultimate risk assessment of dietary human exposure to
safrole. In this section some factors to be considered in future research and risk assessment

of safrole are discussed in some more detail.

1. Improving the PBBK model by incorporation of a sub-model for malabaricone C and of
possible P450 inhibition.

The present PBBK-based prediction for the inhibition of in vivo safrole DNA adduct

formation by malabaricone C-containing mace extract matched relatively well with the
values actually observed in an in vivo validation experiment. However, further optimization
of the model, incorporating a sub-model for malabaricone C kinetics may further improve
the predictions. This was recently shown for the inhibition of estragole DNA adduct
formation by the basil ingredient nevadensin. Incorporation of a nevadenisin PBBK sub-

model into the estragole model significantly improved the predictions resulting in a less



than 2-fold difference between predicted and actually observed DNA adduct levels
(Alhusainy et al., 2013). Such studies will require purification of malabaricone C and

testing of the pure compound which also could be an important objective for further studies.

A further refinement of the PBBK model could be to include inhibition of P450 by mace
extract or the newly identified SULT inhibitor since such effects may also influence the
bioactivation of safrole. Kimurat al. (Kimuraet al., 2010) showed that extracts from 25
herbs and spices contained inhibitors of P450 3A4 and P450 2C9 and that mace extract was
one of them resulting in approximately 95% inhibition at concentrations of mace extract of
100 pg/mL for the P450s tested. Mace extract selectively inhibited P450 3A4 and P450
2C9 with 1G, values of 3.9 and 1.1 pg/mL, respectively. Moreover, the seventeen isolated
compounds from this mace extract were shown to haygvilues for inhibition of P450

3A4 and P450 2C9 ranging from 0.24 to >100 uM. Based on these results, it can be
foreseen that in the presence of mace extract the inhibition of P450 mediated conversion of
safrole may occur, which may affect the ultimate metabolite patterns. Once established the
kinetics for inhibition of P450 activity by malabaricone C-containing mace extract and/or
pure malabaricone C can be integrated into the PBBK model, to further improve its

predictive power.
2. Development of a physiologically based biodynamic (PBBD) model for safrole

The PBBK models obtained for safrole predict the kinetic characteristics of bioactivation
and detoxification of safrole allowing evaluation of dose-, species-, interindividual- and
even matrix- dependent effects on the bioactivation and detoxification of the compound.
The ultimate carcinogenic effect of safrole will depend not only on these kinetic
characteristics but also on toxicodynamic processes, such as the formation of DNA adducts,
as well as the nature, repair and mutagenicity of the adducts formed and the processes
ultimately leading to cancer formation. Therefore, information related to the formation of
DNA adducts, the biological processes of injury, DNA repair, and tumor formation, and
development should be considered. This can be done by extending the present PBBK
models to physiologically based bioynamic (PBBD) models for safrole. In a first step, the

PBBK model can be extended to a PBBD model by including an equation describing the



relationship between formation oflydroxysafrole or tsulfooxysafrole and DNA adduct
formation. An example of such a PBBD model can be found in the PBBD model developed
for estragole describing the dose-dependent formation of DNA adducts of estragole using
the PBBK model for estragole and coupling it to in vitro data obtained with rat primary
hepatocytes (Pairgt al., 2010). The predicted formation of estragole DNA adducts in the
liver of rats was shown to match the in vivo results. Such a PBBD model for safrole is
obviously needed to proceed at least one step beyond the bioactivaticultiodxysafrole

and predict DNA adduct formation. As stated already above characterization of the
mutagenic and carcinogenic potential of the safrole DNA adducts formed is a topic that

remains open for future studies.

3. ldentification of the SULT enzymes for safrole bioactivation and their inhibition by

malabaricone C

Based on the results of the present study the inhibition of the formation of safrole DNA
adducts by a methanolic mace extract was attributed to the inhibition of the SULT mediated
conversion of thydroxysafrole to tsulfooxysafrole. Co-administration of safrole and the
malabaricone C-containing mace extract or the SULT inhibitor PCP to rats (present thesis)
and of safrole and PCP to mice (Bobeteal., 1983) resulted in the reduction of DNA
adduct formation in the liver as a result of inhibition of SULT mediated formatiort of 1
sulfooxysafrole. From the sensitivity analysis of the PBBK model for rats and humans, it
could be derived that formation of-dulfooxysafrole will be most affected by the kinetic
parameters of sulfation of’-hydroxysafrole. Human has at least 11 different SULTs
enzymes and it would be of interest to identify the SULT enzymes involved in safrole
bioactivation because that would allow to take consequences of possible genetic
polymorphisms in relevant SULTSs into account in the risk assessment. Identification of the
SULTSs able to activate’-hydroxysafrole to 1sulfooxysafrole could be performed as done
previously for methyleugenol usin§almonella typhimurium strains expressing various
human or rodent SULTs developed by Herrmaral. (2012). Using these modified
Salmonella typhimurium strains for Ames tests on’-Aydroxymethyleugenol and its
isomers, human SULT1Al and SULT1C2 were observed to be the most active SULTSs in
the formation of DNA reactive methyleugenol metabolites (Herrnghah, 2013). Using



these modifiedSalmonella typhimurium strains for Ames tests ori-dydroxysafrole will
provide information of the SULTs involved in the bioactivation and mutagenicity of
safrole. Using thydroxysafrole in incubations with SULT1A1 Chueal. (2009) showed
that 1-hydroxysafrole can be efficiently sulfonated by SULT1Al (Cheh@l., 2009).
Identification of the actual SULT enzyme involved and of its possible inhibition by

malabaricone C remains of interest for further studies.
4. Risk assessment of the related alkenylbenzenes using read-across of the PBBK models

It is of interest to compare the results of the PBBK model for safrole to those obtained with
the previously developed PBBK model for the related alkenylbenzenes estragole and
methyleugenol in rats and humans (Peinél., 2008; Puntt al., 2009; Al-Subeihiet al.,

2011; Al-Subeihiet al., 2012). This will reveal insight in their relative bioactivation and
chances on DNA adduct formation and can be compared to possible differences in their
BMDL ;4 values for tumor formation. The comparison of the PBBK model based predicted
formation of the ultimate carcinogeni¢-dulfooxy metabolites of safrole, methyleugenol

and estragole appeared to vary less than 6-fold in male rat liver and to vary even less by 2-
to 5-fold in human liver. Formation of DNA adducts in HepG2 cells exposed to the
alkenylbenzenes varied 3.5-fold (Zheual., 2007). Furthermore, the calculated BMpL
values showed a comparable carcinogenic potency amounting to 3-29 (lteatat?011)

mg/kg bw/day, 22-32 mg/kg bw (Rietjeasal., 2008), and 9-33 mg/kg bw/day (Rietjests

al., 2010) for safrole, methyleugenol, and estragole, respectively. Comparison of the
predicted level of formation of the ultimate carcinogerisulfooxy metabolites obtained

from the developed PBBK models to the other in vitro or in vivo data available indicated
that safrole, methyleugenol and estragole have a comparable carcinogenic potential. Taking
this observation into account it is concluded that based on PBBK model based prediction of
detoxification and bioactivation of related alkenylbenzenes one could apply read across and
predict the carcinogenic potential for alkenylbenzenes for which no rodents tumor data are
available, like for example elemicin and apiole, without the need for further animal testing.
Thus PBBK model based predictions could facilitate risk assessment without the need for
animal experiments. Recently, van den Betrgl. (2012) provided an example of this

approach and performed a risk assessment of the alkenylbenzene elemicin for which in vivo



rodent carcinogenicity data are not available using PBBK model based read-across to the

structurally related estragole and methyl eugenol for which tumor data are reported.

5. Formation of safrole derived quinone metabolites by further conversion of DHAB and

their mutagenic potency

Another issue that might be considered in future work on safrole but also on the read across
to other alkenylbenzenes would be the role of ehiého-quinone and/ompara-quinone
methide metabolites that have been reported to be formed from the safrole metabolite
DHAB. These reactive quinone/quinone methide electrophiles may be scavenged via a
reaction with glutathione (GSH) but may also cause further toxicity through either their
potential to support redoxcycling and oxidative stress or to form covalent adducts with
cellular macromolecules (Boltaat al., 1994; O'Brien, 1991). Lee-Chehal. (Lee-Cheret

al., 1996) reported that DHAB induced formation of the oxidative damage DNA product 8-
hydroxy-2-deoxyguanosine (8-OH-dG) which may be responsible for the increased
mutagenicity and cytotoxicity in CHO-K1 cells and in tBayphimurium TA102 test.
Sugumaran and Bolton (1995) also reported productigraafinone methide from DHAB
exhibiting DNA binding potency. In rats exposed to safrole at dose levels of 500 and 1000
mg/kg bw/day for 5 days, 8-OH-dG levels increased and rapidly returned to a basal level on
day 15 (Liuet al., 1999). This is in contrast to the safrole DNA adducts formed in mice
exposed to safrole that can still be detected in the liver at 30 and 140 days after dosing of 10
mg safrole/mouse (Gupthal., 1993; Randeratét al., 1984). Based on theses observations
one may suggest that the stable safrole DNA adducts may play a more important role in the
initiation of cell lesions than the rapidly repaired safrole-induced 8-OH-dG although this
remains to be investigated in more detail. The role of the DHAB derived quinone/quinone
methide metabolites in the adverse effects of safrole may also be limited to some extent
because DHAB can be excreted following its conjugation prior to oxidation or upon GSH
conjugation of its quinone/ quinone methide which has been observed to occur in rat
hepatocytes (Nakagavehal., 2009).

In conclusion, in the present thesis it has been shown that integrating in vitro metabolic,

physiological, and biochemical parameters in PBBK models forms a good tool to give



insight into the possible dose-, species-, interindividual- and matrix dependent effects on
the bioactivation of safrole. Furthermore, given the role of the SULT-mediated formation of
safrole DNA adduct formation in the hepatocarcinogenicity of safrole in rodents, the results
of the present study indicate that the likelihood of bioactivation and subsequent adverse
effects in rodent bioassays will be lower when safrole is tested in the presence of a matrix
containing SULT inhibitors such as malabaricone C-containing mace extract, compared to
exposure of safrole as a pure compound. This will affect the risk assessment of safrole since

it will result in increased BMD}ly and MOE values pointing at a lower priority for risk

management actions.
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CHAPTER 7

Summary



Summary

Safrole is a genotoxic carcinogen the use of which in human food has already been
prohibited since 1960 in U.S. and since 2008 in Europe (FDA Ban 21 CFR 189, 180;
revised April 1 2008; European Commission, 2008). As a result, the main exposure to
safrole occurs through the use of herbs and spices containing low levels of safrole, such as
nutmeg, mace, star anise, pimento, cinnamon, and black pepper, and food products
containing these herbs and spices or their essential oils. Some foods and beverages contain
safrole at levels higher than the current European Union (EU) recommended limitiSiano

al., 2003; Choong and Lin, 2001).

The safety of human exposure to safrole at low dietary intake levels has been assessed
several times (Council of Europe, 1997; SCF, 2002; SCOGS, 1973). The Scientific
Committee on Food (SCF) of the EU concluded in their evaluation that safrole is genotoxic
and carcinogenic and that reductions in the exposure and restriction in the use levels are
indicated (SCF, 2002). The Joint FAO/WHO Expert Committee on Food Additives
(JECFA) concluded at its twenty-fifth meeting that flavouring agents containing safrole as
the principal flavour-active ingredient should not be used as food additives (JECFA, 1981).
These opinions are all based on carcinogenicity data from rodent studies as adequate human
data were not available. Therefore, translation from animal bioassays at high dose levels of
the pure compound to the risk for the human population exposed to safrole at relatively low
levels via dietary intake within the complex food matrix is obviously needed. This
translation needs a better understanding of species-, dose-, and interindividual dependent
differences in bioactivation and detoxification of safrole and the possible influence of the
food matrix on these processes. The aim of this thesis was to obtain insight into the dose-,
species-, interindividual- and matrix dependent effects on the bioactivation and

detoxification of safrole using physiologically based biokinetic (PBBK) modeling.

In the first chapter, background information of the topic and the aims of the thesis are
presented. In chapter 2, a PBBK model for detoxification and bioactivation of safrole in
male rats was developed based on in vitro metabolic parameters determined, in silico

derived partition coefficients, and physiological parameter values taken from literature



(Brown et al., 1997). The PBBK model consists of eight compartments including liver,
kidney and lung as metabolizing compartments and compartments for fat, venous and
arterial blood, richly perfused tissue and slowly perfused tissue. The performance of the
model was evaluated by comparison of predicted levels of 1,2-dihydroxy-4-allylbenzene
(DHAB), 1'-hydroxysafrole glucuronide FHSG) and total urinary safrole metabolites to

the reported levels of these metabolites in urine of rats exposed to safrole (Behebletti
1977; Klungsgyr and Scheline, 1983). This evaluation revealed that the predictions
adequately matched observed experimental values. With the model obtained the relative
extent of bioactivation and detoxification of safrole at different oral doses was examined.
At low as well as high doses, cytochrome P450 (P450) mediated conversion of safrole
mainly occurs in the liver in which DHAB was predicted to be the major P450 metabolite
of safrole. A dose dependent shift in P450 mediated conversion leading to a relative
increase in bioactivation at high doses was not observed. This can be explained by the fact
that for P450 mediated conversion of safrole no saturation of an important metabolic route
occurs in a dose range from 0.05 up to 300 mg/kg bw. Extrahepatic conversion of safrole
did not contribute significantly to the overall metabolism. In male rat liver, glucuronidation

is the major pathway for the conversion dfhydroxysafrole followed by oxidation,
whereas sulfation ofhydroxysafrole to generate the ultimate carcinogenic metabdlite 1

sulfooxysafrole is a minor pathway.

Chapter 3 of the present thesis describes a PBBK model for safrole in human based on in
vitro and in silico derived parameters. The model is composed of eight compartments
including liver, kidney and lung as metabolizing compartments and compartments for fat,
venous and arterial blood, richly perfused tissue and slowly perfused tissue. With the model
obtained, the time- and dose-dependent formation of the proximate and ultimate
carcinogenic metabolites,’-tiydroxysafrole and 'dsulfooxysafrole in human liver were
estimated. In addition, a Monte Carlo simulation was performed to predict interindividual
variation in the formation of these metabolites in the population as a whole. The PBBK
model for human was evaluated by comparison of the PBBK predicted and the reported
experimental data on the level of total safrole metabolites detected in the urine of human

volunteers exposed to safrole (Benedettl., 1977) which showed an adequately match.



The comparison of the PBBK model for rat and human revealed that the predicted level of
formation of 1-hydroxysafrole in human liver is fourfold higher than that for rat liver and
the predicted formation of-sulfooxysafrole is about fivefold higher than that for rat liver.
This indicates that the interspecies differences in toxicokinetics for bioactivation of safrole
between rat an human are in line with the uncertainty factor normally taken into account for
interspecies differences in toxicokinetics of 4 (IPCS, 2010). Species differences between
human and rat in the nature of the detoxification pathwaysofdroxysafrole were larger,

with the formation of Toxosafrole being the main detoxification pathway in humans but a
minor pathway in rats and glucuronidation dfh¥droxysafrole being less important in
humans than in rats. The PBBK model predicted that the formatiorsafféoxysafrole in

the liver of human and rat shows a linear relationship over the dose range from dose levels
known to cause cancer in rodent bioassays (100 mg/kg bw) down to dose levels relevant for
daily human intake and as low as the virtual safe dose (VSD). This shows that PBBK
models can evaluate the interspecies differences and provide a useful tool in risk
assessment of food-borne chemicals when evaluating human risks. Monte Carlo simulations
revealed that the formation of-dulfooxysafrole was predicted to vary 4- to 17-fold in the
population (fold-difference between the"9@nd median, and §5and %' percentile,
respectively). Moreover, a CSAF (chemical-specific adjustment factor) for interindividual
differences in kinetics for predicted formation ¢fsilfooxysafrole representing a ratio of

the parameter estimate at the™9percentile and the median is 3.9 (IPCS, 2005).
Comparison of the CSAF with the default uncertainty factor of 3.16 for interspecies
variability in biokinetics (assuming that a factor of 10 is subdivided equally into two sub-
factors each of 16° (3.16) for biokinetic and for biodynamic) (IPCS, 2010) reveals that the

default uncertainty factor adequately protects 91% of the population.

The current EU regulation No. 1334/2008 banned addition of safrole as pure compound to
food in order to reduce its daily intake. As a result of these regulations, the current human
intake of safrole mainly results from consumption of spices containing safrole such as
mace, nutmeg, pepper, etc. or from food to which those spices or their essential oil are
added. Therefore, risk assessment of safrole resulting from consumption of herbs and spices

containing safrole should be performed taking into account the possible modulating effect



of other compounds present in these herbs or spices. The consequences of possible matrix
dependent effects on the bioactivation and detoxification of safrole was investigated in
chapter 4. Since mace is known to contain relatively high levels of safrole (Archer, 1988),
methanolic mace extract and its fractionated samples were tested for inhibition of SULT
activity, thereby inhibiting the final step in the bioactivation of safrole. The mace fraction
containing malabaricone C showed the highest SULT inhibiting activity KT (iehibition
constant) for inhibition of SULT activity by the malabaricone C-containing extract was 8.3
and 1.0 mg/L for rat and human liver S9, respectively. Inhibition by mace extract of
oxidation and glucuronidation of’-hydroxysafrole was not observed at a mace extract
concentration of 100 mg/L showing that mace extract inhibited selectively SULTSs. In
chapter 4, further studies using human HepG2 cells exposédhydrbxysafrole and in the
presence of mace extract showed that formation of the DNA a8i8atans-isosafrol-3-
yl)-2'-deoxyguanosine (S-3\>-dGuo) was inhibited by 60 and 80% at mace extract
concentrations of 25 and 100 mg/L, respectively. The mace extract did not display
cytotoxicity up to concentrations of at least 100 mg/L which was the highest concentration

tested.

To investigate if possible effects on safrole bioactivation tesulfooxysafrole by
malabaricone C-containing mace extract could also be expected in vivo, the SULT
inhibition was integrated into the PBBK model using tevalues obtained with rat or
human S9. The PBBK models thus obtained predicted that at a dose of 50 mg/kg bw safrole
and a ratio of malabaricone C-containing mace extract to safrole similar to the level of these
constituents in mace (44 mg/umol), inhibition of-slilfooxysafrole formation by
malabaricone C-containing mace extract for rats and humans amounts to 90 and 100%,
respectively, when bioavailibility of the mace extract ingredients would be 100%. When
bioavailibility of the mace extract ingredients would be 1%, the inhibition 'ef 1
sulfooxysafrole formation would be 61 and 91%, respectively. This indicates a potential
reduction of the bioactivation and of the cancer risk when safrole intake results from the
food matrix containing malabaricone C or other SULT inhibitors presents in the regular

daily diet as compared to results obtained when dosing safrole as a pure compound.



In chapter 5, it was demonstrated that the inhibition of safrole DNA adduct formation by
malabaricone C-containing mace extract observed in the in vitro model systems is also
observed in an in vivo experiment. To this end Sprague-Dawley rats were orally exposed to
mace extract and safrole and the level of safrole DNA adducts formed in the liver was
quantified and compared to the level of safrole DNA adducts detected in the liver of rats
exposed to safrole only. The results obtained demonstrate that safrole DNA adduct
formation in the liver of Sprague-Dawley rats by the mace extract was reduced by 55%.
The PBBK model predicted that a 55% inhibition of safrole bioactivation 'to 1
sulfooxysafrole would be obtained when the bioavailability of the SULT inhibitors in the
malabaricone C-containing mace extract would be 68% instead of 100%, which may not be
unrealistic. Thus, the results of the in vivo study are in line with what would be expected
based on the PBBK model based predictions for safrole bioactivation. The in vivo study
also revealed a 64% inhibition of the safrole DNA adduct formation in the liver upon co-
exposure of the rats with the well-known SULT inhibitor PCP. This result is in line with
results reported before in rats or mice exposed to safrole-toydioxysafrole in the
presence of PCP (Bobeeyal., 1983; Daimoret al., 1997; Randeratkt al., 1984). It was

also demonstrated in chapter 5 that urinary excretion of the major safrole metabolites,
(conjugated) thydroxysafrole and DHAB was not significantly reduced when safrole was
dosed in the presence of mace extract or PCP. This observation excludes that the reduction
in DNA adduct formation is due to a reduced bioavailability of safrole when dosed together

with malabaricone C-containing mace extract or PCP.

Chapter 6 of the thesis presents a general discussion of the results obtained. With the PBBK
models developed for rats and humans, the time- and dose-dependent formation of the
proximate and ultimate carcinogenic metabolitéd)ytroxysafrole and'dsulfooxysafrole

in rat and human liver can be predicted. Human interindividual differences in bioactivation
of safrole can be simulated using Monte Carlo simulation. Moreover, the predictions by the
PBBK models for rat and human were compared to evaluate the occurrence of species
differences in bioactivation and detoxification of safrole. The results of the in vitro and in
vivo studies that demonstrated inhibition of the formation of safrole DNA adducts by mace

extract, support that combination effects should be taken into account in the risk assessment



when safrole is tested in the presence of a relevant food matrix. To integrate the food matrix
dependent modulation of safrole bioactivation in the risk assessment of safrole, the so-
called Margin of Exposure (MOE) approach can be used. This revealed that when safrole
would be tested in rodent bioassays in the presence of a matrix containing SULT inhibitors
the MOE values would be higher and the need for risk management actions would be
lower. Finally, chapter 6 presents also some issues of interest for further research on

bioactivation and risk assessment of safrole.
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CHAPTER 8

Samenvatting



Samenvatting

Safrol is een genotoxisch carcinogeen waarvan het gebruik in voedingsmiddelen in de V.S.
al sinds 1960 is verboden en sinds 2008 ook in Europa (FDA Ban 21 CFR 189, 180; revised
April 1 2008; European Commission, 2008). Als gevolg daarvan vindt blootstelling aan
safrol hoofdzakelijk plaats door het gebruik van kruiden en specerijen die lage doses safrol
bevatten, zoals nootmuskaat, foelie, steranijs, piment, kaneel en zwarte peper en
voedingsproducten die deze kruiden en specerijen of de essentiéle olién daarvan bevatten.
Sommige voedingsmiddelen en dranken bevatten hogere niveaus safrol dan de huidige
limiet die door de Europese Unie (EU) is aanbevolen (Séhab, 2003; Choong and Lin,

2001).

De veiligheid van menselijke blootstelling aan safrol bij lage innameniveaus is meerdere
keren onderzocht (Europese Commissie, 1997; SCF, 2002; SCOGS, 1973). De Scientific
Committee on Food (SCF) van de EU stelde in diens evaluatie vast, dat safrol genotoxisch
en carcinogeen is en dat reductie van de blootstelling en beperking in de gebruiksniveaus
noodzakelijk is (SCF, 2002). De Joint FAO/WHO Expert Committee on Food Additives
(JECFA) concludeerde in zijn 2bijeenkomst dat smaaktoevoegingen die hoofdzakelijk
safrol als smaakbepalend ingrediént bevatten, niet meer als voedseladditieven gebruikt
zouden moeten worden (JEFCA, 1981). Deze opvattingen zijn allemaal gebaseerd op
carcinogeniteitsgegevens verkregen uit knaagdierstudies omdat adequate menselijke
gegevens niet beschikbaar waren. Daarom is er behoefte aan een vertaling van uitkomsten
van dierlijke bioassays, uitgevoerd bij hoge doses van de pure stof, naar het risico voor de
mens die wordt blootgesteld aan safrol bij relatief lage doses via inname in een complexe
voedselmatrix. Voor deze vertaling is een beter begrip nodig van de van de species-, dosis-
en individu-afhankelijke verschillen in bioactivering en detoxificering van safrol en de
mogelijke invloed van de voedselmatrix op deze processen. Het doel van dit proefschrift is
om inzicht te verkrijgen in dergelijke species-, dosis- en individu-afhankelijke verschillen

in bioactivering en detoxificering van safrol door gebruik te maken van op de fysiologie

gebaseerde biokinetische (PBBK) modellen.



In het eerste hoofdstuk van dit proefschrift wordt achtergrondinformatie gegeven over het
onderwerp en worden de doelen van het proefschrift gepresenteerd. In hoofdstuk 2 wordt
een PBPK-model ontwikkeld, dat is gebaseerd ofninitro experimenten bepaalde
metabole parameters,in silico bepaalde partitiecoéfficiénten, en fysiologische
paramaterwaarden die zijn gevonden in de literatuur (Brewal., 1997). Het PBBK-

model bestond uit 8 compartimenten waaronder lever, nier en long als metaboliserende
compartimenten en daarnaast compartimenten voor vet, veneus en arterieel bloed, sterk
doorbloed weefsel en zwak doorbloed weefsel. De uitkomsten van het model werden
geévalueerd door vergelijking van voorspelde niveaus van 1,2-dihydroxy-4-allylbenzene
(DHAB), 1'-hydroxysafrol glucuronide (HSG) en het totaal aan urinaire
safrolmetabolieten met de beschreven niveaus van deze metabolieten in de urine van ratten
die waren blootgesteld aan safrol (Benedgttl., 1977; Klungsgyr and Scheline, 1983).
Deze evaluatie liet zien dat de voorspellingen goed overeenkwamen met de waargenomen
experimentele waarden. Met het verkregen model werd vervolgens onderzoek gedaan naar
de relatieve omvang van bioactivering en detoxificering van safrol bij verschillende orale
doses. Zowel bij hoge als bij lage doses komt vooral in de lever conversie van safrol voor,
gekatalyseerd door cytochroom P450 (P450) waarbij DHAB als voornaamste P450-
metaboliet van safrol kan worden verwacht. Een dosis- afhankelijke verschuiving in P450-
gemedieerde omzetting naar een relatieve toename in bioactivering bij hoge doses werd niet
waargenomen. Dit kan worden verklaard door het feit dat voor P450- gemedieerde
omzetting van safrol geen verzadiging van een belangrijke metabole route voorkomt in een
dosisreeks van 0.05 tot 300 mg/kg lichaamsgewicht. Extrahepatische conversie van safrol
draagt niet significant bij aan het safrolmetabolisme. In mannelijke rattenlever is
glucuronidering de belangrijkste route voor de omzetting vamydroxysafrol, gevolgd

door oxidering terwijl sulfatering vari-hydroxysafrol een minder belangrijke route is maar

wel de route die de uiteindelijke carcinogene metabotlistitfooxysafrol genereert.

In hoofdstuk 3 van dit proefschrift wordt een PBPK-model voor safrol in de mens
beschreven dat is gebaseerd opinigtro- enin silico- experimenten bepaalde parameters.
Het model bestaat uit 8 compartimenten, waaronder lever, nier en long als metaboliserende

compartimenten, en compartimenten voor vet, veneus en arterieel bloed, en sterk- en



minder sterk doorbloed weefsel. Met het verkregen model werden de tijd- en
dosisafhankelijke vorming van de voorloper van de carcinogene metabdliet 1
hydroxysafrol en van de carcinogene metabolietulfooxysafrol, in menselijke lever
berekend. Aanvullend werd een Monte Carlo-simulatie uitgevoerd om interindividuele
variatie te voorspellen in de vorming van deze metabolieten in de populatie als geheel. Het
PBBK-model voor de mens werd geévalueerd door de voorspelde PBBK en de beschreven
experimentele data te vergelijken op het niveau van de totale safrol metabolietvorming,
gemeten in de urine van menselijke vrijwilligers die waren blootgesteld aan safrol
(Benedettiet al, 1977) wat resulteerde in een goede match. De vergelijking van het PBBK-
model voor rat en mens liet zien dat het verwachte niveau van vorming 'van 1
hydroxysafrol in humane lever vier maal hoger is dan dat in rattenlever en de voorspelde
vorming van ZLsulfooxysafrol is ongeveer vijf keer hoger in humane lever dan in
rattenlever. Dit toont aan dat de interspeciesverschillen in toxicokinetiek voor bioactivering
van safrol tussen ratten en mensen in overeenstemming zijn met de onzekerheidsfactor van
4 die normaal gesproken in acht wordt genomen voor interspeciesverschillen in
toxicokinetiek (IPCS, 2010). Speciesverschillen tussen mensen en ratten wat betreft de
eigenschap van de detoxificeringsroutes vahytiroxysafrol waren groter. De vorming

van l-oxosafrol is de belangrijkste detoxificeringsroute in de mens, maar een minder
belangrijke route in de rat en glucuronidering vasydroxysafrol is de belangrijkste
detoxificeringsroute in de rat, maar een minder belangrijke route in de mens. Het PBBK-
model voorspelde dat de vorming vars(ilfooxysafrol in de lever van de mens en de rat
een lineair verband laat zien met de dosis, over het hele gebied van dosisniveaus waarvan
bekend is dat deze kanker veroorzaken in knaagdier-bioassays (100 mg/kg
lichaamsgewicht) naar de dosisniveaus die relevant zijn voor de dagelijkse menselijke
inname en even laag als de virtuele veilige dosis (vitual safe dose, VSD). Dit betekent dat
PBBK-modellen de interspeciesverschillen kunnen evalueren en een nuttige bijdrage
kunnen leveren in de risk assessment van in voedsel voorkomende chemicalién bij het
evalueren van menselijke risico’s. Monte Carlo-simulaties toonden aan dat de vorming van
1'-sulfooxysafrol in de populatie 4-voudig tot 17-voudig bleek te verschillen (verschil

tussen achtereenvolgens de® Qiercentiel en de mediaan, en®9n 5 percentiel).



Bovendien kan een CSAF (chemical-specific adjustment factor) worden bepaald voor
interindivuele verschillen in kinetiek voor voorspelde vorming véasulfooxysafrol,
berekend als de ratio van de parameter van Kgi€d6entiel en de mediaan, die uitkomt op

3.9 (IPCS, 2005). Vergelijking van deze CSAF met de standaard onzekerheidsfactor van
3.16 voor interspeciesvariabiliteit in biokinetiek (ervan uitgaand dat een factor 10 evenredig
verdeeld is in twee sub-factoren van elk®$@3.16)voor biokinetiek en biodynamiek)
(IPCS, 2010) laat zien dat de standaard onzekerheidsfactor van 3.16, 91% van de populatie

voldoende beschermt.

Om de dagelijkse inname te reduceren, heeft het huidige EU-voorschrift No. 1334/2008
toevoeging van safrol als pure stof aan voeding verboden Als gevolg van deze regels komt
de huidige inname van safrol door de mens voornamelijk door het gebruik van specerijen
die safrol bevatten, zoals foelie, nootmuskaat, peper etc., of door voeding waaraan deze
specerijen of de essentiéle olién daarvan zijn toegevoegd. Daarom moet risk assessment van
safrol door consumptie van kruiden en specerijen die safrol bevatten, worden uitgevoerd
met inachtneming van het mogelijk modulerend effect van andere stoffen die in die kruiden
of specerijen zitten. De gevolgen van mogelijke matrixafhankelijke effecten op de
bioactivering en detoxificering van safrol zijn onderzocht in hoofdstuk 4. Omdat bekend is
dat foelie relatief hoge niveaus van safrol bevat (Archer, 1988) werd foelie-extract, en
fracties daarvan, getest op remming van SULT-activiteit, de reactie die verantwoordelijk is
voor de laatste stap in de bioactivering van safrol. De foelie-fractie die malabaricone C
bevatte, vertoonde de hoogste SULT-remmingsactiviteitKQjeemmingsconstante) voor
remming van SULT-activiteit door het malabaricone C-bevattende extract was 8.3 en 1.0
mg/L voor respectievelijk ratten- en mensenlever S9. Remming door foelie-extract van
oxidering en glucuronidering van’-fydroxysafrol werd niet gevonden bij een foelie-
extractconcentratie van 100 mg/L en dat toont aan dat foelie-extract SULTs selectief remde.
In hoofdstuk 4 bewijzen verdere studies met menselijke HepG2 cellen blootgesteld aan 1
hydroxysafrol in aan- en afwezigheid van foelie-extract, dat de vorming van het DNA
adductN?(trans-isosafrol-3-yl)-2’-deoxyguanosine (S-3*dGuo) werd geremd voor 60

en 80% bij foelie-extraxtconcentraties van respectievelijk 25 en 100 mg/L. Het foelie-



extract vertoonde geen cytotoxiciteit tot concentraties van ten minste 100mg/L, de hoogst

geteste concentratie.

Om te onderzoeken of deze effecten op safrol-bioactivering via remming van SULT
gemedieerde omzetting var-sulfooxysafrol door malabaricone C- bevattende foelie-
extract eveneerig vivo kunnen worden verwacht, werd de SULT-remming geintegreerd in
het PBBK-model op basis van #&waarden voor ratten- of humaan S9. Het PBBK-model

dat op die manier werd verkregen, gaf aan dat bij een dosis van 50 mg/kg lichaamsgewicht
safrol en een dosis van malabaricone C-bevattend foelie-extract in een ratio gelijk aan het
niveau van deze bestanddelen in foelie (44 mg/umol), remming van 1
sulfooxysafrolvorming door malabaricone C-bevattend foelie-extract voor ratten en mensen
op zal treden op een niveau van 90 en 100%, wanneer de biobeschikbaarheid van de foelie-
extractingrediénten 100% zou zijn. Dit toont een potentiéle reductie aan van bioactivering
en van het kankerrisico als safrol-inname een gevolg is van de voedselmatrix die
malabaricone C- of andere SULT-remmers bevatten in het reguliere dagelijkse dieet,

vergeleken met resultaten die verkregen zijn bij dosering van safrol als pure stof.

In hoofdstuk 5 werd onderzocht of de remming van safrol DNA-adductvorming door
malabaricone C-bevattend foelie-extract, waargenomen imivéro model systeem, ook
gezien kan worden in eénvivo experiment. Daartoe werden Sprague-Dawley ratten oraal
blootgesteld aan foelie-extract en safrol en het niveau van safrol DNA-adducten die in de
lever werden gevormd, werd gekwantificeerd en vergeleken met het niveau van safrol
DNA-adducten die gevonden zijn in de lever van ratten die alleen aan safrol zijn
blootgesteld. De verkregen resultaten toonden aan dat safrol DNA-adductvorming in de
lever van Sprague-Dawley ratten door het foelie-extract met 55% werd gereduceerd. Het
PBBK-model voorspelde dat een 55% remming van safrol bioactivering 'op 1
sulfooxysafrol zou worden verkregen als de biobeschikbaarheid van de SULT-remmers in
het malabaricone C-bevattend foelie-extract 68% zou zijn in plaats van 100%, wat mogelijk
niet onrealistisch is. De resultaten vanideivo studie komen dus overeen met de op het
PBBK-model gebaseerde voorspellingen voor safrol bioactiveringndevo studie liet

ook een remming zien van 64%van de safrol DNA-adductvorming in de lever bij

combinatieblootstelling van de ratten aan safrol en de bekende SULT-remmer PCP. Dit



resultaat komt overeen met eerder beschreven resultaten in ratten of muizen die werden
blootgesteld aan safrol of-fiydroxysafrol, gecombineerd met PCP (Bobetrgl., 1983;
Daimonet al., 1997; Randeratét al., 1984). In hoofdstuk 5 is ook aangetoond dat urinaire
excretie van de belangrijkste safrolmetabolieten, (geconjugeerde) hydroxysafrol en DHAB
niet significant was gereduceerd als safrol gelijktijdig werd gedoseerd met foelie-extract of
PCP. Deze waarneming sluit uit dat de reductie in DNA-adductvorming het gevolg is van
een gereduceerde biobeschikbaarheid van safrol als die samen met malacaribone C-

bevattend foelie-extract of PCP wordt gedoseerd.

Hoofdstuk 6 van het proefschrift is een algemene discussie over de verkregen resultaten.
Met het PBBK-model dat is ontwikkeld voor ratten en mensen, kan de tijd- en dosis-
afhankelijke vorming van de voor bioactivering relevante carcinogene metaboligten, 1
hydroxysafrol en %sulfooxysafrol, in ratten- en mensenlever worden voorspeld.
Menselijke interindividuele verschillen in bioactivering van safrol kan worden gesimuleerd
door Monte Carlo-simulatie te gebruiken. Bovendien zijn de voorspellingen door de PBBK-
modellen voor rat en mens vergeleken om de speciesverschillen in bioactivering en
detoxificering van safrol te evalueren. De resultaten vamd&ro enin vivo studies die
remming vertoonden van de vorming van safrol DNA-adducten door foelie-extract,
bevestigen dat in risk assessment rekening moet worden gehouden met gecombineerde
effecten als safrol zou worden getest in combinatie met een relevante voedselmatrix. Om de
van de voedselmatrix afhankelijke modulering van safrol bioactivering in de risk
assessment van safrol te integreren, kan de zogeheten Margin of Exposure (MOE) worden
gebruikt. Deze benadering laat zien dat, als safrol zou worden getest in knaagdierbioassays
samen met een matrix die SULT-remmers bevat, de MOE-waarden hoger zouden zijn en de
noodzaak voor risk management geringer. Tot slot geeft hoofdstuk 6 enkele onderwerpen
die voor verder onderzoek naar bioactivering en risk assessment van safrol van belang

zouden zijn.
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Abbreviations

1'HOS, 1-oxosafrole

1'HS, T-hydroxysafrole

1'HSG, 1-hydroxysafrole glucuronide

1'HSS, I-sulfooxysafrole

7HC, 7-hydroxycoumarin

7HCS, 7-hydroxycoumarin sulphate

ADME, absorption, distribution, metabolism and excretion
ALARA, as low as reasonably achievable

BMD, benchmark dose

BMDL 4 lower confidence limit of the benchmark dose that gives 10% increase in tumor
incidence over background level

bw, body weight

CEFS, Committee of Experts on Flavouring Substances
CSAF, chemical-specific adjustment factor

CV, coefficient of variation

DAD, diode array

DHAB. 1,2-dihydroxy-4-allylbenzene

DMSO, dimethyl sulfoxide
E-3-N*-dGuo,N?(trans-isoestragol-3yl)-2’-deoxyguanosine
EDI, estimated daily intake

EFSA, European Food Safety Authority

EU, European Union

F, female

FDA, Food and Drug Administration

GRAS, generally recognized as safe

GSH, glutathione reduced

h, hour

i.p, intraperitoneal

JECFA, Joint FAO/WHO Expert Committee on Food Additives



K, kidney

K;, inhibition constant

L, liver

LC, liquid chromatography

LC-MS, liquid chromatography—mass spectrometry

Lu, lung

M, male

MOE, margin of exposure

MPL, microsomal protein yield of the liver

MTT, 3-(4,5-dimethylthiazol-2-y1) 2, 5-diphenyl tetrazolium bromide
NAD, B-nicotinamide adenine dinucleotide

NADPH, reduce@-nicotinamide adenine dinucleotide
NOAEL, no observed adverse effect level

nt, nucleotide

P450, cytochrome P450 enzyme

PAPS, 3phosphoadenosing-phosphosulphate

PBBK, physiologically based biokinetic

PCP, pentachlorophenol

S.C, subcutaneous

s.t, stomach tube
S-1-N*dGuo,N(safrol-1-yl)-2’-deoxyguanosine
S-3-N*-dGuo,N?(trans-isosafrol-3-yl)-2'-deoxyguanosine
S-3-N°-dAdo, N°*-(trans-isosafrol-3-yl)-2’-deoxyadenosine
S9PL, yield of S9 protein

SCE, sister chromatid exchange

SCF-EU, Scientific Committee on Food of the European Union
SCOGS, Select Committee on GRAS Substances

SD, Sprague Dawley

SPDE, spleen phosphodiesterase

SULT, sulfotransferase



UDPGA, uridine 5diphosphoglucuronic acid
UGT, UDP-glucuronosyltransferase

UPLC, ultra performance liquid chromatography
VPDE, venom phosphodiesterase

VSD, Virtual Safe Dose

wk, week
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Overview of completed training activities
Discipline-specific cour ses

Organ Toxicology (Postgraduate Education in Toxicology (PET), 2009)
PBPK Modeling (Toxicology Dept. WUR, 2009)

Molecular Toxicology (PET, 2010)

Toxicogenomics (PET, 2010)

Advanced Food Analysis (VLAG, 2010)

Mutagenesis and Carcinogenesis (PET, 2011)

Course on Laboratory Animal Science (art.9) (Utrecht Univ., 2011)
Cell Toxicology (PET, 2011)

General courses

PhD Week (VLAG, 2009)

Information Literacy (WGS, 2010)

Health Food Innovation: Research Development and Claim Substantiation (MU, 2010)
Mini symposium “How to write a world class paper” (WUR, 2011)

Adobe in Design (WUR Library, 2011)

Scientific Writing and Presentation Skills (WGS, 2011)

Risk Assessment (PET, 2011)

Optional activities

Preparation research proposal (2009)

Research and literature discussions at the Division of Toxicology WUR (2009-2012)
Attending scientific presentation at the Indonesian Student Association (2009-2011)
Attended conferences

Annual Conferences of the ‘Nederlandse Vereniging voor Toxicologie’ (NVT) 2011 in
Zeist, The Netherlands (poster presentation)

International Conference EUROTOX 2011 in Paris, France (poster presentation)
International Conference EUROTOX 2012 in Stockholm, Sweden (poster presentation)
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