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In chemical safety assessment, information on adverse effects after chronic exposure to low levels

of hazardous compounds is essential for estimating human risks. Results from in vitro studies are

often not directly applicable to the in vivo situation, and in vivo animal studies often have to be

performed at unrealistic high levels of exposure. Physiologically based biokinetic (PBBK)

modeling can be used as a platform for integrating in vitro metabolic data to predict dose- and

species-dependent in vivo effects on biokinetics, and can provide a method to obtain a better

mechanistic basis for extrapolations of data obtained in experimental animal studies to the

human situation. Recently, we have developed PBBK models for the bioactivation of the alke-

nylbenzene estragole to its DNA binding ultimate carcinogenic metabolite 10-sulfooxyestragole in

both rat and human, as well as rat and human PBBK models for the bioactivation of coumarin to

its hepatotoxic o-hydroxyphenylacetaldehyde metabolite. This article presents an overview of the

results obtained so far with these in silico methods for PBBK modeling, focusing on the possible

implications for risk assessment, and some additional considerations and future perspectives.

Keywords:

Coumarin / Estragole / Metabolism / Physiologically based

biokinetic models / Risk assessment

1 Introduction

1.1 Estragole

Estragole is an alkenylbenzene that occurs in different herbs

such as tarragon, basil, and fennel and is present in

products derived from these herbs such as pesto and

essential oils [1, 2]. Average daily intake of estragole was

estimated to be 10–70 mg/kg bw.day [1, 3]. There is interest

in the safety assessment of estragole as a food constituent,

since estragole has been identified to be genotoxic in vitro
and carcinogenic in rodent studies performed at high dose

levels [4–6].

Based on disposition studies of 14C-methoxy-labeled

estragole in rats, mice, and humans and identification of the

metabolites excreted, the principal metabolic pathways of

estragole have been established [7, 8]. Figure 1 shows an

overview of estragole metabolism including pathways for

bioactivation to the proximate and ultimate carcinogenic

metabolite and pathways for detoxification. The main phase

I metabolic pathways include 10-hydroxylation, O-demethy-

lation, epoxidation and 30-hydroxylation of estragole. The
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main metabolic pathways of the proximate carcinogen

10-hydroxyestragole are sulfonation to the ultimate carcino-

gen 10-sulfooxyestragole, and detoxification through glucur-

onidation to 10-hydroxyestragole glucuronide, or oxidation to

10-oxoestragole.

Several evaluations have been performed to assess the

safety of human exposure to estragole at low-dietary intake

levels. In an evaluation performed by the Scientific

Committee on Food (SCF) of the European Committee in

2001, it was concluded that estragole is genotoxic and

carcinogenic and restrictions in use were indicated

[3] (http://ec.europa.eu/food/fs/sc/scf/out104_en.pdf). The

Expert Panel of the Flavor and Extract Manufacturers

Association (FEMA) classified estragole in 1965 as Generally

Recognized as Safe under the conditions of intended use as

flavouring substance in food [9]. In 2002, the FEMA re-

evaluated the data available for estragole and concluded

again that exposure to estragole from food, mainly as spices

or added as such, does not pose a significant cancer risk to

humans [1]. In this conclusion, it was taken into account

that there are experimental data suggesting a non-linear

relationship between dose and profiles of metabolism and

metabolic activation. In a more recent evaluation performed

by the Joint FAO/WHO Expert Committee on Food Addi-

tives in 2008, it was indicated that although evidence of

carcinogenicity to rodents given high doses of estragole

exists, further research is needed to assess the potential risk

to human health from low-level dietary exposure to estragole

present in foods and essential oils and used as flavouring

agents [10] (http://www.who.int/entity/ipcs/food/jecfa/

summaries/summary69.pdf).

Overall, these different expert judgments reflect a

general problem in cancer-risk assessment studies, which

is a lack in scientific consensus on how to translate

carcinogenicity data obtained in experiments with rodents

at high levels of exposure to the situation for humans

exposed to low levels. Determining the cancer risk in

humans at low-dose-dietary intake levels requires extra-

polation of the animal carcinogenicity data obtained with

respect to species and dose. Uncertainties exist about the

shape of the dose–response curve below the range of the

animal experimental data, and about possible species

differences in metabolism including metabolic activation

and detoxification.

The aim of our physiologically based biokinetic (PBBK)

studies for estragole was to obtain quantitative insight into

dose- and species-dependent differences in the bioactivation

and detoxification of estragole.

Figure 1. Metabolism of estragole with the

bioactivation pathway proceeding by

formation of the proximate carcinogen

10-hydroxyestragole and the ultimate carci-

nogen 10-sulfooxyestragole. Formation of

the other metabolites eventually leads to

detoxification and excretion.
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1.2 Coumarin

Coumarin is a naturally occurring compound that was first

isolated from Tonka beans, and is found at high levels in

some essential oils, particularly cassia leaf oil, cinnamon

leaf oil, cinnamon bark oil and in lavender oil and pepper-

mint oil. Coumarin is also found in fruits (bilberry), green

tea and other foods, such as chicory, and in personal care

products [11–13]. Chronic exposure to coumarin by the oral

route has been reported to result in liver adenomas and

carcinomas in rats and liver adenomas in mice [11–15].

Recently, the European Food Safety Authority (EFSA), based

on the results of a study on DNA-adduct formation in kidney

and liver of rats demonstrating that coumarin does not bind

covalently to DNA, concluded that coumarin induces liver

tumors by a non-genotoxic mode of action. A tolerable daily

intake (TDI) of 0.1 mg coumarin/kg bw.day was established

[13]. The theoretical maximum daily intake of coumarin was

calculated to be about 4.1 mg/day or 0.07 mg/kg bw.day for a

60-kg person [11, 13].

Figure 2 shows an overview of coumarin metabolism.

The major route of coumarin bioactivation is 3,4-epoxidation

to coumarin epoxide, which is followed by subsequent

rearrangement of the epoxide to o-hydroxyphenyl-

acetaldehyde (oHPA) [16] which is considered to be the

hepatotoxic intermediate [11, 17–19]. Coumarin epoxide

may also be conjugated to glutathione both chemically and

enzymatically, the latter route being especially efficient in

rats and mice [18]. oHPA can be detoxified by reduction to

o-hydroxyphenylethanol (oHPE), but especially by oxidation

to o-hydroxyphenylacetic acid (oHPAA) [11, 18, 20–22].

Significant species differences between rat and man exist

in coumarin bioactivation via the 3,4-epoxide pathway. In

rats and mice, the 3,4-epoxidation pathway appears to be the

major route of coumarin biotransformation, whereas in

humans the detoxifying coumarin 7-hydroxylation predo-

minates, a reaction catalyzed by CYP2A6 [11, 16, 19, 20,

23–27]. Furthermore, detoxification of oHPA to oHPAA was

shown to be more efficient in humans than in rats [18].

Based on these species differences in biotransformation

Felter et al. [19] argued that the uncertainty factor for

interspecies variation used for definition of the TDI could be

reduced from 10 to 2.5 leaving only the factor 2.5 for toxi-

codynamic differences but taking out the factor 4 for toxi-

cokinetics. However, also of importance is that in man a

genetic polymorphism has been identified for CYP2A6, the

P450 enzyme catalyzing the detoxifying 7-hydroxylation of

coumarin [28–30].

The aim of our PBBK studies for coumarin was to

quantify the metabolic pathway(s) replacing the 7-hydro-

xycoumarin formation in homozygous CYP2A6-deficient

subjects and to estimate computationally the expected

consequences of the CYP2A6 deficiency for oHPA forma-

tion in the liver of human.

1.3 PBBK models

As outlined above, an overall problem in current risk-

assessment strategies is the need to extrapolate experi-

mental data obtained in animal experiments at high dose

levels to a low-dose human situation. Uncertainties about

the shape of the dose–response curve at dose levels relevant

for dietary human intake, and about species differences in

metabolic activation and detoxification, make it difficult to

perform such extrapolations. PBBK modeling can provide a

method to obtain a better mechanistic basis for extrapola-

tions of data obtained in experimental animal studies to the

human situation [31–33].

A PBBK model is a set of mathematical equations that

together describe the absorption, distribution, metabolism

and excretion characteristics of a compound within an

organism on the basis of three types of parameters [34–37].

These parameters include physiological parameters (e.g.
cardiac output, tissue volumes, and tissue blood flows),

physico-chemical parameters (e.g. blood/tissue partition

coefficients), and kinetic parameters (e.g. kinetic constants

for metabolic reactions) [34–37]. Solution of the PBBK

equations produces outcomes that are an indication of, for

example, the tissue concentration of a compound or its

metabolite in any tissue over time at any dose, allowing

analysis of effects at both high but also more realistic low

dose levels. Furthermore, such PBBK models can be devel-

oped for different species, which can facilitate interspecies
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Figure 2. Metabolism of coumarin including the bioactivation

pathway proceeding by formation of oHPA. Formation of the

other metabolites eventually leads to detoxification and excretion.
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extrapolation. In addition, by incorporating equations and

kinetic constants for metabolic conversions by individual

human samples and/or specific isoenzymes, modeling of

interindividual variations and genetic polymorphisms

becomes feasible [38].

For the development of a PBBK model for a specific

compound, model parameters need to be obtained. The

physiological parameters of a species (e.g. blood flow rates

and tissue volumes) can be obtained from the literature [39].

Tissue–blood partition coefficients might be obtained

experimentally in vitro using vial equilibration techniques or

equilibrium dialysis techniques [40, 41], but can also be

obtained using in silico methods. Several in silico models

have been published by which tissue–blood partition coef-

ficients of a compound can be calculated based on their

octanol–water partition coefficients [42]. Biochemical para-

meters for PBBK models, including metabolic parameters,

are most often obtained by making preliminary assump-

tions about metabolic routes and optimizing the kinetic

constants by fitting the model to available in vivo data

[34, 35]. Alternatively, metabolic parameters might also be

derived from in vitro experiments with tissue fractions,

primary cell cultures, or tissue slices of organs involved in

the metabolism of the compound [43]. Lipscomb and Poet

[43] have pointed out some advantages of using in vitro
metabolic parameters to define PBBK models, which

include the ability to separately define and analyze indivi-

dual metabolic processes, such as phase I metabolism and

phase II metabolism, or bioactivation and detoxification, and

to compare contributions from individual conversions with

the overall metabolism across species and between indivi-

duals, when limited in vivo data are available as is often the

case for humans [43].

2 Materials and methods

In the present studies, the metabolic parameters for the

relevant biotransformation reactions for estragole and

coumarin, shown in Figs. 1 and 2, were determined using in
vitro experiments with tissue fractions [18, 20, 44–46]. PBBK

models for estragole and coumarin in rat and human were

developed based on these in vitro metabolic data. For estra-

gole in rat and human, the models defined consisted of

seven compartments including blood, liver, kidney, lung,

fat, richly perfused tissue, and slowly perfused tissue

[44, 47]. For coumarin in rat and human, the models defined

consisted of five compartments including blood, liver, fat,

richly perfused tissue, and slowly perfused tissue [45, 47]. A

schematic diagram of both PBBK models is shown in Fig. 3.

The values for the physiological parameters and partition

coefficients that have been used in the models can be found

in the literature [44–48]. The physiological parameters were

obtained from the literature [39]. The partition coefficients

were estimated from the log Kow based on a method of

DeJongh et al. [49]. Log Kow values were estimated with the

software package ClogP version 4.0 (Biobyte, Claremont,

CA, USA). Model equations were coded and numerically

integrated in Berkeley Madonna 8.0.1 (Macey and Oster, UC

Berkeley, CA, USA), using the Rosenbrock’s algorithm for

stiff systems.

The Vmax values for the different phase I metabolic

pathways in the liver, expressed as nmol/min mg micro-

somal protein, were scaled to the liver using a microsomal

protein yield of 32 mg/g liver [50]. The Vmax values for the

different phase I metabolic pathways in the lung and kidney

were scaled accordingly using a microsomal protein yield of

20 mg/g lung, and 7 mg/g kidney [50–52]. The Vmax values

for sulfonation and glucuronidation of 10-hydroxyestragole,

expressed as nmol/min mg S9 protein, were scaled to the

liver using a S9 protein yield of 143 mg/g liver [51]. The

apparent in vitro Km values were assumed to correspond to

the apparent in vivo Km values. The uptake of estragole and

coumarin from the gastrointestinal tract was described by a

first-order process, assuming direct entry from the intestine

to the liver compartment. The absorption rate constant (Ka)

was set to 1.0/h, resulting in a rapid absorption of estragole

or coumarin from the gastrointestinal tract [7].

3 Results

3.1 Estragole

As an example Fig. 4 shows the estragole concentration-

dependent rate of formation of the different estragole phase

I metabolites by rat and human liver microsomes. From

these curves, Vmax and Km values could be derived [44]. Vmax

and Km values were also determined for glucuronidation

and sulfation of 10-hydroxyestragole [44, 45] using rat as well

as human samples [44, 47].

Based on the in vitro kinetic data for the different bioac-

tivation and detoxification reactions catalyzed by rat and

human tissue fractions PBBK models for estragole meta-

bolism in rat and human were developed [45, 47]. With

Figure 3. Schematic diagram of the PBBK model for (A) estragole

and (B) coumarin [44, 45].
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these models predictions were made on formation of

different metabolites in human liver in time and at different

oral doses.

In male rat O-demethylation of estragole appeared to be a

major metabolic route at low doses of estragole, occurring

mainly in the lung and kidney. Due to saturation of the

O-demethylation pathway in lung and kidney, formation of

the proximate carcinogenic metabolite 10-hydroxyestragole,

which was shown to occur mainly in the liver of male rat,

becomes relatively more important at higher doses of

estragole. The PBBK model predicted that formation of this

metabolite increased from 16% of the dose at a dose of

0.07 mg/kg bw to 29% of the dose at a dose of 300 mg/kg bw.

This relative increase in formation of 10-hydroxyestragole

leads to a relative increase in formation of 10-hydro-

xyestragole glucuronide, 10-oxoestragole, and 10-sulfooxy-

estragole, the latter being the ultimate carcinogenic

metabolite of estragole. The formation of 10-sulfooxy-

estragole predicted by the PBBK model increased from

0.08% of the dose at a dose of 0.07 mg/kg bw to 0.16% of the

dose at a dose of 300 mg/kg bw. Overall, these results indi-

cate that the relative importance of different metabolic

pathways of estragole may vary in a dose-dependent way,

leading to a relative increase in bioactivation of estragole at

higher doses.

The findings of the PBBK model for male rat were in

good agreement with observations in the literature, reveal-

ing dose-dependent effects on the biokinetics for estragole

in female Wistar rats in vivo. In these in vivo studies, the

proportion of O-demethylation was observed to decrease

with increasing doses (as determined by the percentage of

exhalation as 14CO2), whereas the proportion of the dose

excreted as 10-hydroxyestragole glucuronide in the urine

increased from 1.3 to 5.4% of the dose in the range of

0.05–50 mg/kg bw to 11.4–13.7% in the dose range of

500–1000 mg/kg bw [7]. The PBBK model provided insight

in the mechanism underlying this dose-dependent effect

observed in vivo, which was identified to be a result of

saturation of the O-demethylation pathway in the lung and

kidney.

Based on the PBBK model for estragole, dose-dependent

effects on bioactivation and detoxification of estragole in

humans could be studied as well. In humans no relative

increase in formation of 10-sulfooxyestragole was identified

to occur with increasing dose levels. The PBBK model even

predicted that the relative formation of this metabolite

decreased from 0.19% of the dose at a dose of 0.07 mg/kg bw

to 0.08% of the dose at a dose of 300 mg/kg bw, due to

saturation of the 10-hydroxylation pathway in the liver.

Further analysis revealed that this difference between the rat

and the human model, showing respectively an increase

versus a decrease in the relative formation of 10-sulfooxy-

estragole with increasing dose, was due to the fact that in the

human model efficient O-demethylation in lung and kidney

was absent, whereas in the rat these conversions reduced the

relative formation of 10-sulfooxyestragole at low dose levels.

The human PBBK model also revealed that at a dose range

within one order of magnitude of the estimated average

dietary human intake of 0.07 mg/kg bw, these dose-depen-

dent effects on the relative percentage of the dose converted

to 10-sulfooxyestragole were not significant.

The performance of the PBBK model defined for estra-

gole in human could, to some extent, be evaluated against

available in vivo data on the disposition of 0.001 mg/kg bw

[methoxy-14C]-labeled estragole in two human volunteers

described by Sangster et al. [8]. The PBBK model predicted

formation of 10-hydroxyestragole glucuronide, correspond-

ing to 2.0% of the dose after 24 h, is comparable to the

reported in vivo level of this metabolite being �0.5% of the

dose [8]. The predicted formation of 4-allylphenol, corre-

sponding to 2.4% of the dose after 8 h, is fourfold lower than

the reported in vivo level of �10% of the dose after 8 h [8].

These results indicate that the PBBK model predicts the

formation of these metabolites within the same order of

magnitude as the reported levels.

Figure 5 shows an overview of the PBBK-based predic-

tions for the dose-dependent formation of 4-allylphenol,

resulting from O-demethylation, 10-hydroxyestragole, the

proximate carcinogenic metabolite, 10-sulfooxyestragole, the

ultimate carcinogenic metabolite, 10-hydroxyestragole

glucuronide, and 10-oxoestragole in the liver of rat and

human at dose levels up to 300 mg/kg bw.

The results obtained clearly reflect significant

species-dependent differences in the relative importance of

O-demethylation, being more important in male rat than in

human (Fig. 5A), as well as in the major pathway for

detoxification of 10-hydroxyestragole, being glucuronidation

to 10-hydroxyestragole glucuronide in male rat (Fig. 5D) but

oxidation to 10-oxoestragole in human (Fig. 5E). These

results also indicate that lower levels of urinary excretion of

10-hydroxyestragole glucuronide in human than in male rat

Figure 4. Estragole concentration-dependent rate of formation of

4-allylphenol (A), hydroxyestragole (B), estragole-20,30-oxide (C),

and 30-hydroxyestragole (D) by rat (m) and human (J) liver

microsomes. In the plots each point represents the mean (7SD)

of three replicates.
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do not necessarily reflect lower levels of formation of the

proximate and ultimate carcinogenic metabolites 10-hydro-

xyestragole and 10-sulfooxyestragole. The PBBK results

obtained indicate that in spite of marked species differences

in O-demethylation of estragole and in glucuronidation

and oxidation of 10-hydroxyestragole, the resulting species

differences in formation of 10-hydroxyestragole and

10-sulfooxyestragole up to dose levels of 50 mg/kg bw are

moderate and amount to less than a twofold species-

dependent variation in bioactivation.

Formation of 10-oxoestragole has not been considered to

be an important metabolic route of 10-hydroxyestragole

before, mainly because in rat relatively small amounts

of derivatives of this metabolite have been detected in

the urine after exposure to estragole [53]. Based on the

approach of identifying principal metabolic pathways of

estragole in incubations with tissue fractions of relevant

organs, it could be revealed that in human oxidation of

10-hydroxyestragole is a major metabolic pathway, which

was predicted by the PBBK model to account for 62.7% of

the dose.

Altogether it is concluded that the species-dependent

variation in bioactivation of estragole to 10-sulfooxyestragole

is smaller than 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) [54] (http://www.inchem.org/

documents/ehc/ehc/ehc210.htm).

3.2 Coumarin

Figure 6 shows the HPLC chromatograms of incubations of

coumarin with microsomes from pooled human and rat

liver reflecting the species-dependent differences in forma-

tion of 7-hydroxycoumarin, the major metabolite formed by

human liver microsomes (Fig. 6A) and oHPA, the major

metabolite formed by rat liver microsomes (Fig. 6B).

In rat microsomal incubations, there was no formation of

7-hydroxycoumarin whereas in human microsomal incuba-

tions formation of oHPA was not observed to any significant

extent.

The PBBK model defined for coumarin included the

following: (i) uptake of coumarin from the intestine by

passive diffusion; (ii) transport to the liver, fat, and all other

organs lumped together as either rapidly perfused tissue or

slowly perfused tissue; (iii) hepatic metabolism of coumarin

to 7-hydroxycoumarin, oHPA, 3-hydroxycoumarin and

4-hydroxy-3-glutathionyl-coumarin; and (iv) conversion of

oHPA to oHPAA and oHPE.

The PBBK model thus defined provided relative

estimates of liver levels of oHPA, not only in man and

rat, but also in humans deficient in coumarin 7-hydro-

xylation, at increasing levels of coumarin exposure

(Fig. 7).

For rat liver a dose-dependent increase in the Cmax for

oHPA formation is observed (Fig. 7A). For human liver of

wild-type CYP2A6 subjects (Fig. 7B dotted line) a dose-

dependent increase in oHPA formation is only observed at

dose levels above 15 mg/kg bw when 7-hydroxylation of

coumarin becomes saturated and additional amounts of

coumarin start to be metabolized through alternative

biochemical pathways. For homozygous CYP2A6-deficient

subjects, with Vmax for coumarin 7-hydroxylation set to zero,

there is a dose-dependent increase in the Cmax for oHPA in

the liver without an apparent threshold (Fig. 7B solid line).

Nevertheless, comparison of Fig. 7B to Fig. 7A reveals that

along the whole dose range modeled the predicted oHPA

levels in liver of CYP2A6-deficient subjects remain at least

tenfold lower than the Cmax values predicted for oHPA in rat

liver at similar dose levels.

4 Discussion

The results presented show that integrating in vitro meta-

bolic parameters, using a PBBK model as a framework,

provides a good method to evaluate the occurrence of dose-

dependent effects and species differences in bioactivation

and detoxification of estragole and coumarin. Using this

approach, mechanisms underlying dose-dependent effects

in bioactivation were revealed. Furthermore, insight was

Figure 5. PBBK model-based predictions for the dose-dependent

formation of (A) 4-allylphenol, (B) 10-hydroxyestragole, (C)

10-sulfooxyestragole, (D) 10-hydroxyestragole glucuronide, and

(E) 10-oxoestragole in the liver of rat (solid line) and human

(dotted line) at dose levels up to 300 mg/kg bw.
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obtained in the occurrence of species differences in meta-

bolism and metabolic activation.

4.1 Implications for risk assessment

4.1.1 Coumarin

For coumarin significant species differences exist in meta-

bolism. In man, the 3,4-epoxidation of coumarin leading to

the hepatotoxic oHPA is a minor route, whereas in rats the

detoxifying 7-hydroxylation appears to be a minor route.

Whether these species differences in toxicokinetics may

provide an argument for the reduction of the interspecies

safety factor when extrapolating from the animal studies to

the human situation, as previously suggested by Felter et al.
[19], is dependent on how these differences in kinetics

together influence the levels of oHPA in the liver of rat and

human. To provide some insight into this question, a PBBK

model for coumarin for both rat and human was developed,

taking into account coumarin 7-hydroxylation, coumarin

3-hydroxylation, formation of the glutathione conjugate of

coumarin 3,4-epoxide, formation of oHPA, detoxification of

oHPA to oHPAA, and conversion of oHPA to oHPE. The

PBBK models presented may not give insight in the absolute

formation of oHPA in the liver of rat and human in vivo
since the models were not validated against in vivo data.

Nevertheless, the model simulations give insight in the

relative differences in oHPA formation in the liver of rat and

human, in order to assist extrapolation of rat data to the

human situation.

The predicted Cmax for oHPA in the liver of the average

CYP2A6 wild-type human subject was predicted to be about

three orders of magnitude lower than the Cmax predicted for the

liver of rats, representing a species sensitive to coumarin liver

toxicity [19]. The PBBK models developed also allowed model-

ing of the kinetics in CYP2A6-deficient human subjects that

are homozygous for the CYP2A6�2 allele (Vmax for coumarin

7-hydroxylation set to zero). The PBBK model thus defined

revealed that for these CYP2A6-deficient human subjects the

Cmax and AUC0–24h the area under the concentration time

curve for oHPA formation could amount to values that were,

respectively, 70- and 500-fold higher than those predicted for

the average CYP2A6 wild-type human subject. The increased

AUC0-24h is in line with observations reported before for an

individual who was homozygous for the CYP2A6�2 allele in

which approximately 50% of a 2 mg dose of coumarin was

excreted as oHPAA [29], reflecting a significant increase in the

percentage of coumarin excreted over time via the coumarin

3,4-epoxide pathway upon homozygous CYP2A6 deficiency.

Assuming that all oHPAA formed will be excreted in the urine,

the PBBK model predicts that upon dosing 2 mg (0.03 mg/

kg bw for a 60 kg person), corresponding to the dose applied in

the Hadidi et al. study [29] and within the range of estimated

normal dietary exposure [15], the excretion of oHPAA will be

0.05% of the dose for a wild-type human subject and increases

to 28% of the dose for a homozygous CYP2A6-deficient human

subject. This increase in the predicted value of the dose

excreted as oHPAA to 28% approximately explains the 50%

reported by Hadidi et al. [29] and reveals that the model for the

CYP2A6-deficient human subjects is in good agreement with

the in vivo data obtained by Hadidi et al. [29].

Figure 7. PBBK model predicted dose-dependent concentration

of oHPA in the liver of (A) rat and (B) a human wild-type CYP2A6

subject (dotted line) and a human homozygous CYP2A6-defi-

cient subject (Vmax for coumarin 7-hydroxylation set to zero)

(solid line).-0,001

0,004

0,009

0,014

0,019

0,024

0 5 10 15 20 25

retention time (min)

A278

7HC coumarin

oHPAA

?

3HC
oHPA

-0,001

0,001

0,003

0,005

0,007

0,009

0,011

0 5 10 15 20 25

oHPAA

oHPA

3HC

coumarin

retention time (min)

A278

A

B

Figure 6. HPLC chromatograms of 30 min incubations of 1000mM

coumarin with (A) pooled human liver microsomes and (B)

pooled rat liver microsomes. An unidentified metabolite peak is

marked with a question mark [45].
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Cmax values predicted for oHPA formation in the

liver of CYP2A6 wild-type human and of homozygous

CYP2A6-deficient subjects were, respectively, about 1000-

and 10-fold lower than Cmax values predicted for rat liver.

For wild-type human subjects and the subjects with

completely deficient coumarin 7-hydroxylation the

AUC0–24 h values for oHPA in the liver were also, respec-

tively, about 1000- and 10-fold lower than that for rat liver.

This points at reduced chances on oHPA liver toxicity in

humans as compared with rat even for homozygous

CYP2A6-deficient subjects. The results obtained also

demonstrated that this holds over a dose range from 0.1 mg/

kg bw (the TDI) to 50 mg/kg bw (Fig. 7).

It is concluded that even in human subjects with

complete deficiency in detoxifying 7-hydroxylation the

chances on formation of the hepatotoxic coumarin meta-

bolite oHPA will be lower than those expected in the liver of

rats when exposed to a similar dose on a body-weight basis.

Clinical data and case reports have been interpreted to

indicate that a subgroup within the human population

might be especially sensitive to the hepatotoxic effects of

coumarin, occurring a few weeks after treatment [55–57].

Our modeling results corroborate that the CYP2A6 poly-

morphism is unlikely to be the factor underlying the higher

sensitivity of these individuals. This outcome agrees with

the lack of a correlation between the hepatotoxic responses

and the CYP2A6 genotype status of the patients [58],

because the frequency of homozygous individuals with two

defective alleles in the general population is estimated to be

much lower than the frequency of study patients with

elevated liver enzymes. The higher sensitivity in these

individuals may be due to other as yet unsolved factors

which may include the fact that these studies were generally

not performed in healthy subjects, such as patients with

chronic lymphedema [55], chronic venous insufficiency

[56, 57], individuals with a history of hepatitis [56, 57], and/

or upon concomitant exposure to troxerutin [56, 57].

Increased toxicity could also be due to bolus dosing rather

than dietary administration. Therefore, it can be concluded

that the human studies include several confounding factors

and that the reason for the increased susceptibility to liver

damage of some individuals within the groups of patients

treated with coumarin remains to be established.

This could be a reason for taking not only these patient

studies, but also animal studies into account in the safety

assessment on coumarin. The PBBK results reveal that in

human subjects, even when 7-hydroxylation is deficient, the

chances on formation of the toxic oHPA metabolite will be

significantly lower than those expected in the liver of rats

when exposed to a similar dose on a body-weight base. This

conclusion should be taken into account when extrapolating

data from experimental studies in sensitive animals, i.e. rats,

to the general human population, and could be a reason to

reduce the uncertainty factor for interspecies variation used

for the definition of the TDI from 10 to 2.5 leaving only the

factor 2.5 for toxicodynamic differences but taking out the

factor 4 for toxicokinetics, as suggested before [59] (http://

www.advisorybodies.doh.gov.uk/coc/guideline04.pdf).

4.1.2 Estragole

Worldwide different approaches 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 carcinogeni-

city data obtained in animals at high dose levels to low dose

levels relevant for the human situation. Many mathematical

models have been proposed by which such an extrapolation

below the available experimental data can be performed, of

which linear extrapolation is the simplest form [60]. Extra-

polating from animal tumor data at high doses using

mathematical modeling in order to obtain estimates of the

risk to humans at low-dose exposure levels has been much

debated, since it is not known whether or not the model

chosen actually reflects the underlying biological processes.

In addition, it is argued that species differences are not

taken into account and that obtaining numerical estimates

may be misused or misinterpreted in further risk manage-

ment and risk communication, where the uncertainties and

inaccuracy connected to the model may not be commu-

nicated [59].

Considering these disadvantages the Scientific Commit-

tee of the EFSA recommends using a different approach,

known as the margin of exposure (MOE) approach [59].

The MOE approach uses a reference point, usually

taken from data from an animal experiment that represents

a dose causing a low but measurable cancer response.

It can be, for example the BMDL10, the lower confidence

bound of the benchmark dose that gives 10% (extra)

cancer incidence (benchmark dose, BMD10). The MOE

is defined as the ratio between this reference point,

the BMDL10, and the estimated dietary intake in humans.

When this MOE is higher than 10 000, the compound is

considered to be of low priority for risk management actions

[59–62]. This safety margin of 10 000 is applied to adequately

allow for various uncertainties in the MOE approach,

including:

(i) a factor of 100 for species differences and human

variability in biokinetics and biodynamics;

(ii) a factor of 10 for interindividual human variability in

cell cycle control and DNA repair; and

(iii) a factor of 10 for uncertainties in the shape of the

dose–response curve outside the observed dose range.
To date, carcinogenicity data for estragole from which a

BMDL10, and thus a MOE, can be derived result from

a long-term carcinogenicity study conducted in mice [5].

Table 1 summarizes the carcinogenicity data obtained for

estragole in female mice in this study. A BMD analysis of

these data using BMDS version 1.4.1c software was

performed of which the results are summarized in Table 2.

Based on the results summarized in Table 2, it is concluded
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that the BMDL10 value varies between 9 and 33 mg/kg

bw.day.

The average per capita daily intake of estragole was esti-

mated by the SCF to amount to about 4.3 mg per day

(corresponding to 0.07 mg/kg bw.day for a 60-kg person) [3].

This estimation is based on a relative conservative method

using theoretical maximum use levels of estragole in 28 food

categories and consumption data for these food categories

based on 7 days dietary records of adult individuals [3].

Using a different method, a lower average per capita daily

intake of estragole was estimated by the Expert Panel of the

FEMA [1]. This estimation was performed using production

volume data of herbs, essential oils, and flavour substances

containing estragole in the United States [1]. The FEMA

estimated the daily per capita intake to be less than 10mg/

kg bw day [1].

Using the exposure assessment provided by the SCF [3]

of 0.07 mg/kg bw.day and the BMDL10 of 9–33 mg/kg

bw.day, the MOE value would amount to 129 to 471, which

is lower than 10 000, indicating that the consumption of

estragole at these intake levels might be a high priority for

risk management. Using the exposure assessment provided

by Smith et al. [1] of 0.01 mg/kg bw.day and the BMDL10 of

9–33 mg/kg bw.day, the MOE value would amount to

900–3300. Comparison of this MOE value to the value of

10 000 indicates that at these intake levels the use of estra-

gole containing spices and their essential oils might also be

considered a priority for risk management.

In the opinion of the EFSA it has been stated that the

default MOE of 10 000 can be reduced or increased when

appropriate chemical specific data are available [59]. The

results of our PBBK modeling can provide insight in espe-

cially the applicability of the default safety factor for species

differences in biokinetics used to define the value of 10 000.

The outcomes of the PBBK models of this study reveal that

species differences in bioactivation of estragole were

observed to be about twofold and thus smaller than the

default factor of 4 generally assumed to reflect interspecies

variation in kinetics. However, a twofold reduction of the

default value of 10 000 would not lead to a different

conclusion on the priority for risk management.

A similar conclusion emerges from the approach in

which linear extrapolation from a defined point of departure

is used to derive a so-called virtual safe dose (VSD) at which

the additional cancer risk upon life time exposure would be

one in a million and considered negligible [63] (http://

cfpub.epa.gov/ncea/raf/recordisplay.cfm?deid 5 116283).

Using the data and BMD analysis of the study of Miller et al.
[5] (Tables 1 and 2) it can be concluded that in mice, a

benchmark response of 10% extra tumor risk is observed at

a BMD10 value of 13–41 mg/kg bw.day. By linear extrapola-

tion from this point of departure, the VSD that results in an

additional cancer risk of one in a million is calculated to

amount to 0.13–0.41 mg/kg bw.day. Comparison of this

estimated VSD to the estimated dietary human intake of

10–70 mg/kg bw.day [1, 3] indicates that dietary intake levels

are about two orders of magnitude above the VSD, indicat-

ing a priority for risk management.

The results of the PBBK models developed for estragole

for male rat and human indicate that kinetic data do not

provide a reason to argue against such a linear extrapolation

from the rat tumor data to the human situation. This is

shown in Fig. 8, in which the PBBK model predicted dose-

dependent formation of 10-sulfooxyestragole in the liver of

rat and human is displayed. Both curves appear to be

quite linear from doses as high as the BMD10 at which

actual increased tumor incidences are observed in rodent

Table 1. Overview of the data from Miller et al. [5] on the incidence
of hematomas in female mice exposed for 12 months via
the diet to estragole

Dose Estimated
dose (mg/
kg bw. day)

No. of
animals

No. of mice
with
hematomas

Incidence

0 0 43 0 0
0.23% in

diet
150–300 48 27 56

0.46% in
diet

300–600 49 35 71

Table 2. Results of a BMD analysis of the data from Miller et al. [5] on the incidence of hepatomas in female mice exposed for 12 months
via the diet to estragole (Table 1), using BMDS version 1.4.1c and the default settings of extra risk, a benchmark response of 10%
and a 95% confidence limit

Mice gender Model No. of parameters Log likelihood Accepted BMD10 (mg/kg bw. day) BMDL10 (mg/kg bw. day)

Females Null 1 �96.1243
Females Full 3 �62.2103
Females Two-stage 1 �62.7403 Yes 22.4 18.1
Females g 1 �62.7403 Yes 22.4 18.1
Females Log logistic 1 �62.2124 Yes 13.1 9.2
Females Log probit 1 �62.7928 Yes 40.7 32.7
Females Weibull 1 �62.7403 Yes 22.4 18.1

To make a worst-case estimate the lowest dose levels of the range were used (i.e. 150 and 300 mg/kg bw day, respectively).
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bioassays, down to as low as the VSD, when plotted on a

log–log scale as shown in Fig. 8 as well as on a linear scale

(figure not shown). Since the BMD10 appears to be within

the linear part of the curve and since the rat and human

curves do not differ substantially, the PBBK results of this

study support that possible non-linear kinetics and species

differences in kinetics should not be used as arguments

against using this linear low-dose extrapolation from high-

dose animal data to the low-dose human situation.

All together, the results presented demonstrate that

PBBK models provide a useful tool in risk assessment of

foodborne chemicals when evaluating human risks.

4.1.3 Additional considerations

Although the risk assessments outlined above for estragole

and coumarin take into account the predicted data on dose-

dependent effects, species differences and interindividual

differences in bioactivation, it should be noted that other

factors might affect the risk assessment as well. The carci-

nogenic effects of estragole and coumarin will for instance

also depend on toxicodynamic processes (i.e. processes of

importance for the ultimate formation and development of

tumors). This could be investigated in further detail by

extending the PBBK models to so-called physiologically

based biodynamic models in which dose levels and

10-sulfooxyestragole or oHPA formation should be coupled

to DNA adduct formation, considered a biomarker of expo-

sure, or to toxicity and, ultimately, cancer incidence.

In addition it should be noted that whereas animal

carcinogenicity experiments are conducted with a pure

compound, human dietary exposure to estragole or

coumarin occurs in a complex food matrix containing other

(herbal) ingredients. In a complex food matrix, interactions

can occur that can affect the bioavailability of food compo-

nents [46, 64]. For example, a slow or incomplete release of

estragole or coumarin from the matrix could result in a

reduced bioavailability as compared with the bioavailability

when dosed as a pure compound by oral gavage. In addition

to the effect of the food matrix on the bioavailability, inter-

actions with other herbal ingredients might occur at the

level of metabolic activation and/or detoxification [46, 64]. It

was, for instance, recently observed by Jeurissen et al. [65]

that a methanolic basil extract is able to efficiently inhibit

the sulfotransferase-mediated DNA adduct formation in

HepG2 human hepatoma cells exposed to 10-hydro-

xyestragole. These results suggest that the bioactivation of

estragole and subsequent adverse effects of estragole are

probably lower when estragole is consumed in a matrix of

other basil ingredients than would be expected on the basis

of experiments using estragole as a single compound.

Whether this inhibition of DNA adduct formation by matrix

ingredients could also occur in vivo was, however, not yet

established and should be further explored.

In conclusion, the data presented show that PBBK

modeling provides a good method to evaluate the occurrence

of dose-dependent effects, species differences, and human

variability in bioactivation and detoxification. The model

predictions obtained can be used to provide a more

mechanistic basis for the assessment of the effects in

humans at low-dose dietary intake levels based on data

obtained in experiments with rodents at high dose levels.

However, for a complete assessment of the cancer risk at

low-dose human intake scenarios additional information is

still needed. For example, more insight will be needed in

toxicodynamic processes that can affect the risk assessment,

and more insight is needed in the modulating effects of

herbal ingredients on the carcinogenic process resulting in a

so-called matrix effect.
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