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PBPK model reporting template for chemical risk assessment applications:  Example for estragole DNA adduct formation
Note:  The example was prepared to illustrate how the PBPK model reporting template could be used, using estragole DNA adduct formation as an example.  The authors thank Dr. Alicia Paini (European Commission Joint Research Centre) for preparing this example. 
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[bookmark: _Toc30515964]1. Executive summary
[bookmark: _Toc25217830][bookmark: _Toc25220803][bookmark: _Toc27728174]The present PBPK model was built to predict estragole DNA adduct formation, taking the kinetic modelling one step closer to the ultimate endpoint of tumor formation, as part of a new strategy for low dose cancer risk assessment. At the present state-of-the-art there is no scientific consensus on how to perform the risk assessment of these compounds when present at low levels in a complex food matrix. In order to refine the evaluation of the risks associated with these food-borne genotoxic carcinogens, information on their mode of action (MOA) at low versus high doses, on species differences in toxicokinetics and toxicodynamics, including dose- and species- dependent occurrence of DNA damage and repair, and on effects on expression of relevant enzymes, is required. The development of a PBPK model predicting the in vivo dose dependent DNA adduct formation in rat liver based on in vitro data only. The PBPK model allows prediction of the levels of 1′-hydroxyestragole and 1′-sulfooxyestragole in the liver of rat and an in vitro concentration response curve for DNA adduct formation in cultured rat primary hepatocytes exposed to 1′- hydroxyestragole. The PBPK model was validated and evaluated by quantifying the dose-dependent estragole DNA adduct formation in Sprague Dawley (SD) rat liver and measuring the urinary excretion of 1′- hydroxyestragole glucuronide. The model allows prediction of dose dependent bioactivation, detoxification, and DNA adduct formation of estragole in rats. The PBPK model described herein is based on the following articles by Punt et al., (2008) and Paini et al., (2010, 2012).
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[bookmark: _Toc30515965]2. Background information
The purpose of development of this PBPK model was to predict estragole kinetics and formation of DNA adducts. Such models will facilitate risk assessment because will facilitate extrapolation from high to low dose levels, and in a next stage between species (rat-human) and between individuals. 

Estragole (C10H12O, CAS 140-67-0; MW 148.2 g/mol; LogKow = 3.47), is an alkenylbenzene, the chemical structure consists of a benzene ring substituted with a methoxy group and a propenyl group (Figure 1). 
[image: ]
Figure 1. Estragole Metabolism, phase I and phase II metabolites formed in liver.

Estragole is a natural ingredient of several herbs and spices such as: basil, nutmeg, fennel, marjoram, tarragon and anise, and these provide one of the sources of human exposure. Since estragole containing extracts are used in food processing, exposure to this compound can also occur in food products containing the extracts or in food products containing the spices and herbs. Basil, has amount of estragole in a range of 0.05 – 19.30 mg/kg (Siano et al., 2003). Basil-based food supplements contain from 0.20 up to 241.56 mg estragole/g basil food supplement (Van den Berg et al., 2011). Estragole was found to be carcinogenic when administered to rodents at high dose levels. However, when used at low dose levels as a flavor, estragole was considered to be generally recognized as safe (GRAS) in 1965 by the Expert Panel of the Flavour and Extract Manufacturer’s Association (FEMA). Estragole was approved by the US food and Drug Administration (FDA) for food use as a flavor. In 2002 the FEMA Expert Panel reviewed the safety of the use of estragole as a flavor and estimated that the average intake from natural flavoring complexes is approximately 0.01 mg/kg bw/day (Smith et al., 2002). Estragole has also been evaluated by the European Scientific Committee on Food, with the final opinion pointing to the genotoxic and carcinogenic properties, and suggesting restrictions in its use in food (SCF, 2001). In the evaluation of the European Committee on Food the estimated intake of estragole, calculated based on its proposed uses and use levels in various food categories, amounted to 0.07 mg/kg bw/day estragole (SCF, 2001). 
Estragole Mode of Action: Upon oral intake, estragole undergoes rapid and essentially complete absorption along the gastrointestinal tract (Anthony et al., 1987). Abdo et al. reported that estragole could be already adsorbed in the stomach (Abdo et al., 2001). Estragole itself is not reactive but upon its absorption in the gastrointestinal track the compound is transported to the liver, where it can be either bioactivated or detoxified (Smith et al., 2002). Figure 1 presents an overview of the various phase I and phase II metabolites produced resulting in bioactivation or detoxification of estragole. Estragole is detoxified via O-demethylation to 4-allylphenol and via epoxidation to estragole 2,3-oxide (Phillips et al., 1981; Smith et al., 2002). The main pathway for bioactivation of estragole proceeds by hydroxylation on the allyl side chain by cytochrome P450 enzymes resulting in the formation of 1′-hydroxyestragole (Swanson et al., 1981), (C10H12O2 ;CAS 51410-44-7; 164.2 g/mol; Log Kow (KOWWIN v1.67 estimate) = 1.93). Subsequent sulfonation of 1′- hydroxyestragole by sulfotransferases gives rise to formation of the unstable ultimate carcinogenic metabolite 1′-sulfooxyestragole which decomposes to generate the reactive carbocation which covalently binds to DNA and protein (Phillips et al., 1981). 
1′-Hydroxyestragole can be detoxified by glucuronidation or via oxidation to 1′-oxoestragole (Bock et al., 1978; Iyer et al., 2003; Phillips et al., 1981). Cytochrome P450 mediated oxidation of the allyl side chain of estragole may also result in formation of 3′-hydroxyanethole that can be oxidized to 4-methoxycinnamic acid which in turn can further be oxidized to 4-methoxybenzoic acid. Glucuronosyl conjugates of 3′-hydroxyanethole have also been observed in urine of rats exposed to estragole (Anthony et al., 1987), which indicates that glucuronidation of 3′-hydroxyanethole can occur as well (Anthony et al., 1987; Punt et al., 2008). Several adducts are formed upon reaction of 1′-sulfooxyestragole with DNA (Figure 2). These adducts include N2 -(trans-isoestragol-3′-yl)-deoxyguanosine (E-3'-N 2 -dG), N2 -(estragol-1′-yl)-deoxyguanosine (E-1′- N 2 -dG), 7-(trans-isoestragol-3′-yl)-deoxyguanosine (E-3'-7-dG), 8-(trans-isoestragol-3′-yl)-deoxyguanosine (E-3'-8-dG), (Phillips et al., 1981; Punt et al., 2007) and N6 -(trans-isoestragol-3′-yl)-deoxyadenosine (E-3′-N 6 - dA) (Phillips et al., 1981). The major adduct formed with the guanine base is N2 -(trans-isoestragol-3′-yl)- deoxyguanosine (E-3′-N 2 -dG) which is considered to play a role in the genotoxic and carcinogenic effects induced by estragole (Philips et al., 1981; Smith et al, 2002). Recently it was reported that adducts between estragole and adenine (E-3′-N 6 -dA) were formed to a significant extent in the liver of male rats (F344) exposed to estragole at a dose level of 600 mg/kg bw for 4 weeks (Phillips et al., 1981; Ishii et al., 2011). 
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Figure 2 Estragole metabolism: hydroxylation and sulfonation leading to a reactive intermediate which covalently binds to DNA bases: guanine and adenine. Upon reaction with these bases different adducts are formed: N2 -(trans-isoestragol3′-yl)-deoxyguanosine (E-3′-N 2 -dG), N2 -(estragol-1′-yl)-deoxyguanosine (E-1′-N 2 -dG), 7-(trans-isoestragol-3′-yl)- deoxyguanosine (E-3′-7-dG), 8-(trans-isoestragol-3′-yl)-deoxyguanosine (E-3′-8-dG), and N6 -(trans-isoestragol-3′-yl)- deoxyadenosine (E-3′-N 6 -dA). 


Estragole DNA adduct formation and tumor incidence studies: Several investigators have studied the mechanism of estragole carcinogenesis by examining DNA binding and characterizing DNA adducts formed by estragole and its reactive metabolites. Randerath et al. (1984) utilized 32P-postlabeling to analyze DNA adduct formation in the livers of adult female CD-1 mice administered intra peritoneal (i.p.) injections of estragole, safrole, and other alkenylbenzenes. Estragole exhibited the strongest adduct formation to mouse liver DNA (200-300 pmol adducts/mg DNA, at a 10 mg dose per mouse, corresponding to a dose level of 400 mg/kg bw/day assuming a mouse weight of 0.025 kg). Phillips et al. (1984) found that estragole induced adducts to liver DNA of newborn male B6C3F1 mice treated by i.p. injection on day 1, 8, 15 and 22 after birth at doses of 0.25, 0.5, 1.0 and 3.0 µmol per animal (with a final total dose of 4.75 µmol per animal). The DNA adduct levels observed in estragole-treated mice were 30.0, 14.8 and 9.4 pmol/mg DNA on days 23, 29 and 43, after birth respectively (Philips et al., 1984). Ishii et al. (2011) confirmed estragole-specific dG and dA adduct formation in vivo, using an isotope dilution LC-ESI-MS/MS method for measuring E-3′-N 6 -dA together with the two major dG adducts, E-3′-C 8 -dG and E3′-N 2 -dG. The levels of these adducts measured in the livers of F344 rats treated with estragole at a probably carcinogenic dose of 600 mg/kg bw for 4 weeks were respectively 3.5 E-3′-C 8 -dG adducts in 106 dG, 4.8 E3′-N 2 -dG adducts in 106 dG, and 20.5 E-3′-N 6 -dA adducts in 106 dA. Jeurissen et al. (2007) measured by LC-MS/MS the formation of 130 E-3′-N 2 -dG adducts in 106 dG in HepG2 cells exposed to 50µM 1’-hydroxyestragole.

Tumor incidence studies are reported in Chapter 1 of Paini et al., but were not used to evaluate and validate the model (https://pdfs.semanticscholar.org/1691/425aa05891d152afa5d23bc9359098569c8c.pdf)

The present PBPK model is an extension of the PBPK models available to simulate estragole bioactivation and detoxification in rat (Punt et al., 2008) but also a human model was available (Punt et al., 2009) and was also extended (Punt et al., 2016). These PBPK models were defined based on literature data and in vitro metabolic parameters only, and provide possibilities to model metabolism of estragole at different oral doses in both species. These models provide more insight in relative dose- and species-dependent differences in bioactivation and detoxification of estragole, and are able to provide dose dependent predictions on the level of formation of the proximate and ultimate carcinogenic metabolites 1′ -hydroxyestragole and 1′ -sulfooxyestragole, respectively, in the target organ, the liver. In order to extend PBPK models to predict the overall toxic response and mode of action of a genotoxic compound should be described taking into account dynamics factors in addition to the kinetic factors. The PBPK model (Paini et al., 2010) was evaluated using literature data but additional validation and evaluation was performed using data from in vivo studies (Paini et al., 2012).


[bookmark: _Toc25217832][bookmark: _Toc25220805][bookmark: _Toc27728175][bookmark: _Toc30515966]3. Model purpose
[bookmark: _Toc25217833][bookmark: _Toc25220806][bookmark: _Toc27728176]The purpose of development of this PBPK model was to develop new strategies for low dose cancer risk assessment of estragole by extending the PBPK models previously defined for simulating time concentration kinetics of estragole to predict DNA adduct formation. This will take the approach one step closer to the ultimate endpoint of tumor formation. Such models will facilitate risk assessment because they facilitate extrapolation from high to low dose levels, between species including human and between individuals. Furthermore, the PBPK model predicts in vivo DNA adduct formation based on only in vitro parameters contributes to the 3Rs (Replacement, Reduction and Refinement) for animal testing. 

This PBPK model could be applied for risk assessment of genotoxic compounds, for instance it could be informative for the developed of EFSA Opinions on alkenylbenzene.

[bookmark: _Toc30515967]4. Materials and methods
PBPK models describe the body as a set of interconnected compartments, which represent the human organs and plasma, describing the absorption, distribution, metabolism, and excretion (ADME) characteristics of a compound within the body;  by simulating the DNA adduct formation we include a description of the interaction of the chemical or its reactive metabolite with the toxicological receptor causing a first step towards the adverse effect. 

[bookmark: _Toc25217834][bookmark: _Toc25220807][bookmark: _Toc27728177][bookmark: _Toc30515968]4.1. Modeling strategy
The strategy adopted to develop the model was a six step approach for the development of a basic PBPK model illustrated by Rietjens et al., (2011), these steps include (see also figure 3):
(i) definition of a conceptual model, which includes defining a simplified representation of the biological system and which model compartments can be included:
a. Gather the biological knowledge and information on the ADME and MoA of estragole.
b. The main target organ was found to be the liver as main organ where metabolism occurred, kidney and lungs were also checked but metabolism could be neglected.
c.  Establish the model structure (see 4.3)
(ii) translation of the conceptual model into a mathematical model by formulating a differential equation for each compartment; 
a. Establish the model equations (see 4.4)
(iii) defining the values of the parameters in the equations either from literature or from experiments: 
0. Gather the input parameter that were not measured  via literature search.
0. Measuring in vitro the Vmax and Km of parent and metabolites. 
0. Synthesis the hydoxy metabolite/setup the analytics to measure the input parameters
0. Expose of the rat primary hepatocyte to the metabolite to measure DNA adduct formation that then inform the model
(iv) solving the equations by calculating the concentrations of relevant compounds and their metabolites in the specific compartments; 
a. Write in Berkeley Madonna the equations 
(v) Validation and evaluation of the model performance with ultimate improvements to the model when needed; 
a. Mass balance was checked 
b. Sensitivity analysis was performed to check the sensitive parameters
c. Validation using in vivo rodent data. SD in vivo test performed to see the amount formed of estragole DNA adduct in the liver to compare simulations with measured in vivo data.
d. Refinement of the rat  PBPK model from Punt et al. 2008  by adding liver zonation to better predict in vivo measurement as compared to  the simulations
(vi) Making predictions by performing simulations.
a. Application for food risk assessment of low dose genotoxic chemicals. 


[image: ]
Figure 3. Schematic representation of the workflow used for model strategy to develop the PBPK model.


[bookmark: _Toc25217835][bookmark: _Toc25220808][bookmark: _Toc27728178][bookmark: _Toc30515969]4.2. Summary of data for model development and evaluation
[bookmark: _Toc25217836][bookmark: _Toc25220809][bookmark: _Toc27728179]Information on biochemical (Vmax & Km) parameters measured using in vitro systems and time-dose concentration of DNA adduct formed and measured in vivo.

Chemicals: 
1. Estragole was obtained from Acros Organics (Geel, Belgium). 2′-Deoxyguanosine was purchased from Sigma (Basel, Switzerland). 1,2,3,7,9-15N5-2′-Deoxyguanosine (15N5- dGuo) was obtained from Cambridge Isotope Laboratories (Cambridge, MA).  
1. Synthesis of 1′-hydroxyestragole. 1′-Hydroxyestragole was synthesized based on a reaction described by Drinkwater et al. (1976) adapted from Borchert et al. (1973). (±)-1′-Hydroxyestragole (3.75 g [22.85 mmol, 80% isolated yield]) was isolated as a yellow oil. Satisfactory purity was demonstrated by NMR (N96%), HPLC (N96%), and GC-Tof analysis (pure). 
1. Synthesis of 1′-acetoxyestragole. Purity of 1′-acetoxyestragole was verified by HPLC UV, NMR, and GCToF
1. Synthesis of E-3′-N2 -deoxyguanosine (E-3′-N2 -dGuo) and (15N5) E-3′- N2 -deoxyguanosine ((15N5) E-3′-N2 -dGuo). E-3′-N2 -dGuo and (15N5) E-3′-N2 -dGuo were prepared as described by Punt et al. (2007)
Analytics: 
1. LC-ESI-MS/MS method for detection and quantification of E-3′-N2 -dGuo; 2.
1. Quantification of nucleoside E-3′-N2 -dGuo by isotope dilution.

Cell Culture & exposure:
1. Preparation and cultivation of primary rat hepatocytes. White male Sprague–Dawley rats, 8 weeks old, with a weight of 200–250 g, were used to isolate fresh primary hepatocytes by perfusion. Exposure of primary rat hepatocytes to 1′-hydroxyestragole. Rat primary hepatocytes were exposed to 1′-hydroxyestragole.
1. DNA extraction from primary hepatocytes and enzymatic digestion. DNA was extracted from primary rat hepatocytes exposed to the test compound using the Get pure DNA Kit-Cell protocol (Dojindo Molecular Technology Inc., Kumamoto, Japan) for 3 × 106 to 1 × 107 cells (following the manufacturer's instructions).
1. Determination of 1′-hydroxyestragole in supernatant of primary rat hepatocytes
1. Cytotoxicity assay.

In vivo study: Animal Male Sprague Dawley rats, 6 weeks old, were used to perform a time and dose response study, information on the experimental set up can be found in Paini et al., (2012).


[bookmark: _Toc30515970]4.3. Model development and structure
[bookmark: _Toc25217837][bookmark: _Toc25220810][bookmark: _Toc27728180]Differential equations were integrated using the Berkley Madonna 8.0.1 software (Macey and Oster, UC Berkeley, CA, USA).
The PBPK model for rats was developed based on the PBPK model developed by Punt et al. (2008). The equation for DNA adduct formation was introduced into the PBPK rat model for estragole. In order to calculate the amount of DNA adducts formed at each external dose of estragole given, the model was extended as follows. The mass balance equation for the level of 1′-hydroxyestragole in the liver (L) reported in Punt et al. (2008) in the PBPK model was used to derive the AUC for 1′-hydroxyestragole in the liver within the first 2 h of exposure (Paini et al., 2010). To further improve the overall simulation of DNA adduct formation by the in vitro PPBK model, and to further reduce the differences between predicted and experimentally observed values, a refined PBPK model was defined taking two additional factors into account (Paini et al., 2012):
1. Liver zonation dividing the liver compartment within the PBPK model into three equal zone.
1. A submodel for 1'-OHES, to allow for entering the systemic circulation, and only 60% was allowed back into the liver.
[image: Cover]
Figure 4: Schematic diagram of the new proposed PBPK model for estragole in rodents, with a 1'-OHES submodel and the liver compartment (L) subdivided into three equal zones: L1. A periportal zone containing the sulfotransferase (SULTs) activity and glucuronsyltransferases (UGTs). L2. A middle zone modelled without relevant enzyme activity. L3. A pericentral zone including the CYPs and glucuronsyltransferases (UGTs). GI, gastro intestinal tract; RPT, rapidly perfused tissue; SPT, slowly perfused tissue. (taken from Paini et al., 2012).
[bookmark: _Toc30515971]4.4. Model equations
Equations governing the rat PBPK model for estragole. (A= Amount, AM =amount metabolite)

Uptake estragole from GI tract
AGI = amount estragole remaining in GI tract, umol
dAGI /dt =-Ka*AGI
AGI = DOSE

Slowly perfused tissue compartment
AS = amount estragole in slowly perfused tissue, umol
       dAS /dt = QS*(CA- ((AS/VS)/PSE))
Richly perfused tissue compartment
AR = amount estragole in richly perfused tissue, umol
       dAR /dt = QR*(CA- ((AR/VR)/PRE))
Fat compartment
AF = amount estragole in fat tissue, umol
       dAF /dt = QF*(CA- ((AF/VF)/PFE)) 

Liver compartment (Zonation)
AL1 = amount estragole in zone 1 of liver, umol
dAL1/dt =  QL*(CA - (AL1/(VL/3))/PLE)+ Ka*AGI 
AL2 = amount estragole in zone 2 of liver, umol
dAL2 /dt =  QL*(CVL1 -((AL2/(VL/3))/PLE)
AL3 = amount estragole in zone 3 of liver, umol
dAL3 /dt =  QL*(CVL2 -(AL3/(VL/3))/PL) - AMLHE /dt - AMLAP /dt - AMLEE /dt -AMLHA /dt
AMLHE = amount estragole metabolized in liver to 1’-hydroxyestragole (HE)
       dAMLHE /dt = VmaxLHE*(AL3/(VL/3))/PL)/(KmLHE + (AL3/(VL/3))/PL)
AMLAP = amount estragole metabolized in liver to 4-allylphenol (AP)
      dAMLAP /dt = VmaxLAP*(AL3/(VL/3))/PL)/(KmLAP + (AL3/(VL/3))/PL)
AMLEE = amount estragole metabolized in liver to estragole-2 /dt,3 /dt-oxide (EE)
       dAMLEE /dt = VmaxLEE*(AL3/(VL/3))/PL)/(KmLEE + (AL3/(VL/3))/PL)
AMLHA = amount estragole metabolized in liver to 3 /dt-hydroxyanethole (HA)
      dAMLHA /dt = VmaxLHA*(AL3/(VL/3))/PL)/(KmLHA + (AL3/(VL/3))/PL)       

Kidney compartment 
AK = amount estragole in kidney tissue, umol
       dAK /dt = QK*(CA - (AK/VK)/PKE) - AMKHE /dt - AMKAP /dt  
AMKHE = amount estragole metabolized in kidney to 1’-hydroxyestragole (HE)
       dAMKHE /dt = VmaxKHE*((AK/VK)/PKE)/(KmKHE + (AK/VK)/PKE)
AMKAP = amount estragole metabolized in kidney to 4-allylphenol (AP)
       dAMKAP /dt = VmaxKAP*((AK/VK)/PKE)/(KmKAP + (AK/VK)/PKE)       

Lung compartment 
ALu = amount estragole in lung tissue, umol
       dALu /dt = QC*(CV-(ALu/VLu)/PLuE))  - AMLuHE /dt - AMLuAP /dt  
AMLuHE = amount estragole metabolized in lung to 1’-hydroxyestragole (HE)
       dAMLuHE /dt = VmaxLuHE*(ALu/VLu)/PLuE)  /(KmLuHE + (ALu/VLu)/PLuE))
AMLuAP = amount estragole metabolized in lung to 4-allylphenol (AP)
       dAMLuAP /dt = VmaxLuAP*(ALu/VLu)/PLuE)  /(KmLuAP + (ALu/VLu)/PLuE))

Arterial blood compartment      
AA = amount arterial blood estragole
      dAA/dt = QC*(CALu- (AA/VA))   

Venous blood compartment     
AV = amount venous blood estragole (umol/L)
      dAV /dt = (QF*((AF/VF)/PFE) + QR*((AR/VR)/PRE) + QS*- ((AS/VS)/PSE) + QL*(AL3/(VL/3))/PL)+ QK*(AK/VK)/PKE)) - QC*(AV/VV)
      dAUCV /dt = AV/VV
 
1’-hydroxyestragole submodel, slowly perfused tissue compartment
ASHE = amount 1’-hydroxyestragole in slowly perfused tissue, umol
dASHE /dt = QS*(CAHE -ASHE/VS/PSHE)
1’-hydroxyestragole submodel, richly perfused tissue compartment  
ARHE = amount 1’-hydroxyestragole in richly perfused tissue, umol
dARHE /dt = QR2*(CAHE -ARHE/VR2/PRHE)
1’-hydroxyestragole submodel, fat tissue compartment
AFHE = amount 1’-hydroxyestragole in fat tissue, umol
dAFHE /dt = QF*(CAHE -AFHE/VF/PFHE) 
1’-hydroxyestragole submodel, liver tissue compartment (glucuronidation in zone 1)
AL1HE = amount 1’-hydroxyestragole in zone 1 of liver tissue, umol
dAL1HE /dt = QL*(CAHE*0.6-AL1HE/(VL/3) /PLHE)- AMLHES /dt - AMLHEG /dt
AL2HE = amount 1’-hydroxyestragole in zone 2 of liver tissue, umol
dAL2HE /dt =  QL*(AL1HE/(VL/3) /PLHE -AL2HE/(VL/3)/PLHE)
AL3HE = amount 1’-hydroxyestragole in zone 3 of liver tissue, umol
dAL3HE /dt =  AMLHE /dt +QL*(AL2HE/(VL/3)/PLHE-AL3HE/(VL/3)/PLHE) - AMLOE /dt 
AMLHEG= amount 1’-hydroxyestragole metabolized in liver to 1’-hydroxyestragole glucurondie (HEG)
       dAMLHEG /dt = VmaxLHEG*AL1HE/(VL/3) /PLHE/(KmLHEG + AL1HE/(VL/3) /PLHE)
       CBWHEG = (AMLHEG/BW)*1000
AMLOE= amount 1’-hydroxyestragole metabolized in liver to 1 /dt-oxoestragole (OE)
       dAMLOE /dt = VmaxLOE*AL3HE/(VL/3)/PLHE/(KmLOE + AL3HE/(VL/3)/PLHE)
AMLHES= amount 1’-hydroxyestragole metabolized in liver to 1 /dt-sulfooxyestragole (HES)
       dAMLHES /dt = VmaxLHES*AL1HE/(VL/3) /PLHE/(KmLHES + AL1HE/(VL/3) /PLHE)
1’-hydroxyestragole submodel, liver tissue compartment (glucuronidation in zone 3)
AL1HE = amount 1’-hydroxyestragole in zone 1 of liver tissue, umol
dAL1HE /dt = QL*(CAHE*0.6-AL1HE/(VL/3) /PLHE)- AMLHES /dt 
 AL1HE/(VL/3) /PLHE= AL1HE/(VL/3) /PLHE
 AL2HE = amount 1’-hydroxyestragole in zone 2 of liver tissue, umol
dAL2HE /dt =  QL*(AL1HE/(VL/3) /PLHE -AL2HE/(VL/3)/PLHE)
AL2HE/(VL/3)/PLHE= AL2HE/(VL/3)/PLHE
 AL3HE = amount 1’-hydroxyestragole in zone 3 of liver tissue, umol
 dAL3HE /dt =  AMLHE /dt +QL*(AL2HE/(VL/3)/PLHE-AL3HE/(VL/3)/PLHE) - dAMLOE /dt - dAMLHEG /dt
AL3HE/(VL/3)/PLHE= AL3HE/(VL/3)/PLHE
 AMLHEG= amount 1‘-hydroxyestragole metabolized in liver to 1’-hydroxyestragole glucurondie (HEG)
        dAMLHEG /dt = VmaxLHEG*AL3HE/(VL/3)/PLHE/(KmLHEG + AL3HE/(VL/3)/PLHE)
         CBWHEG = (AMLHEG/BW)*1000
 AMLOE= amount 1‘-hydroxyestragole metabolized in liver to 1 /dt-oxoestragole (OE)
        dAMLOE /dt = VmaxLOE*AL3HE/(VL/3)/PLHE/(KmLOE + AL3HE/(VL/3)/PLHE)
 AMLHES= amount 1’-hydroxyestragole metabolized in liver to 1 /dt-sulfooxyestragole (HES)
        dAMLHES /dt = VmaxLHES*AL1HE/(VL/3) /PLHE/(KmLHES + AL1HE/(VL/3) /PLHE)        
  1‘-hydroxyestragole submodel, arterial and venous blood compartment     
 AVHE = amount venous blood 1’-hydroxyestragole (umol/L)
dAVHE/dt = (QR2*(ARHE/VR2/PRHE) + QF*(AFHE/VF/PFHE)+ QS*(ASHE/VS/PSHE)+ QL*(AL3HE/(VL/3)/PLHE)-QC* (AVHE/(VV+VA))
CVHE = AVHE/(VV+VA)
CAHE = CVHE

DNA adduct formation 
dAUCLHE/dt = (AL1HE+AL2HE+AL3HE)/VL 
The following equation was added to the model to describe the formation of E-3′-N2 -dGuo DNA adducts as a function of the AUC for 1′-hydroxyestragole: 
DNAdGUO =A+B*AUCHE 
The DNAdGUO (#adducts/1000 nt) is the amount of DNA adduct formed due to the specific binding of 1′-hydroxyestragole to deoxyguanosine nucleoside, A and B are the intercept and the slope calculated based on the data from the in vitro experiments.
[bookmark: _Toc25220811][bookmark: _Toc27728181][bookmark: _Toc30515972]4.5. Model parameters
The physiological parameters used in the estragole model were obtained from Brown et al. (1997). Partition coefficients were estimated from the log Kow based on a method of DeJongh et al. (1997) (Table 1). Log Kow values were estimated with the software package ClogP version 4.0 (Biobyte, Claremont, CA).
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Table 1. Physiological Parameters and Partition Coefficients Used in the PBPK Model for Estragole in rats based on Brown et al., 1997 and DeJongh et al. (1997).
	Parameter
	Abbreviation
	
	Value
	Unit

	Linear uptake
	Ka
	
	1
	hr-1

	Body weight
	BW
	
	0.263 (Stedev +/-10.25)
	Kg

	
	Tissue volumes (% body weight)

	Liver
	VL
	
	3.4
	

	Lungs
	VLu
	
	0.5
	

	Kidneys
	VK
	
	0.7
	

	Fat
	VF
	
	7
	

	Rapidly perfused
	VR
	
	4.4
	

	Slowly perfused
	VS
	
	67.6
	

	Venous blood 
	VV
	
	5.55
	

	Arterial blood
	VA
	
	1.85
	

	Rapidly perfused submodel
	VR2
	
	9-VLc
	

	
	
	
	
	

	Cardiac output
	CO
	
	15
	l/hr/kg bw0.74

	
	Blood flow to tissue (% cardiac output)

	Liver 
	QL
	
	25
	

	Kidneys
	QK
	
	14.1
	

	Fat
	QF
	
	7
	

	Rapidly perfused
	QR
	
	36.9
	

	Slowly perfused
	QS
	
	17
	

	Rapidly perfused submodel
	QR2
	
	
	

	
	
	
	
	

	
	Partition coefficients of estragole

	Liver:blood 
	PLE
	
	2.4
	

	Lung:blood 
	PLuE
	
	2.4
	

	Kidey:blood 
	PKE
	
	2.4
	

	Fat:blood 
	PFE
	
	76.9
	

	Rapidly perfused:blood 
	PRE
	
	2.4
	

	Slowly perfused:blood 
	PSE
	
	0.8
	

	
	
	
	
	

	
	Partition coefficient of 1-hydroxyestragole

	Liver:blood
	PLHE
	
	1.1
	

	Rapidly partition coefficient
	PRHE
	
	1.1
	

	Slowly partition coefficient
	PSHE
	
	0.55
	

	Fat partition coefficient
	PFHE
	
	9.92
	

	
	
	
	
	

	Metabolism Liver
	
	
	
	

	metabolites of estragole
	
	
	unscaled maximum rate of metabolism
	

	HE = 1'-hydroxyestragole, 
	VmaxLHEc
	
	1.48
	(nmol min-1 (mg protein)-1)

	AP = 4-allylphenol
	VmaxLApc
	
	0.85
	(nmol min-1 (mg protein)-1)

	EE = estragole-2',3'-oxide
	VmaxLEEc
	
	2.16
	(nmol min-1 (mg protein)-1)

	HA = 3'-hydroxyanethole
	VmaxLHAc
	
	1.05
	(nmol min-1 (mg protein)-1)

	Affinity constants
	
	
	
	

	HE = 1'-hydroxyestragole, 
	KmLHE 
	
	116
	(umol/L)

	AP = 4-allylphenol
	KmLAP
	
	458
	(umol/L)

	EE = estragole-2',3'-oxide
	KmLEE 
	
	154
	(umol/L)

	HA = 3'-hydroxyanethole
	KmLHA 
	
	93
	(umol/L)

	metabolites of 1'-hydroxyestragole
	
	
	unscaled maximum rate of metabolism
	

	HEG = 1'-hydroxyestragole glucuronide
	KmLHEG 
	
	51.5
	(nmol min-1 (mg protein)-1)

	OE= 1'-oxoestragole 
	KmLOE 
	
	2.9
	(nmol min-1 (mg protein)-1)

	HES = 1'-sulfooxyestragole
	KmLHES 
	
	0.019
	(nmol min-1 (mg protein)-1)

	Affinity constants
	
	
	
	

	HEG = 1'-hydroxyestragole glucuronide
	KmLHEG 
	
	203
	(umol/L)

	OE= 1'-oxoestragole 
	KmLOE 
	
	1609
	(umol/L)

	HES = 1'-sulfooxyestragole
	KmLHES 
	
	63
	(umol/L)

	Metabolism Lung
	
	
	
	

	metabolites of estragole
	
	
	unscaled maximum rate of metabolism
	

	HE = 1'-hydroxyestragole
	VmaxLuHEc
	
	0.44
	(nmol min-1 (mg protein)-1)

	AP = 4-allylphenol

	VmaxLuAPc
	
	0.67
	(nmol min-1 (mg protein)-1)

	Affinity constants
	
	
	
	

	HE = 1'-hydroxyestragole
	KmLuHE
	
	25
	(umol/L)

	AP = 4-allylphenol
	KmLuAP
	
	0.5
	(umol/L)

	Metabolism kidney
	
	
	
	

	metabolites of estragole
	
	
	unscaled maximum rate of metabolism
	

	HE = 1'-hydroxyestragole
	VmaxKHEc
	
	0.26
	(nmol min-1 (mg protein)-1)

	AP = 4-allyphenol
	VmaxKAPc
	
	0.54
	(nmol min-1 (mg protein)-1)

	Affinity constants
	
	
	
	

	HE = 1'-hydroxyestragole
	KmKHE
	
	22
	(umol/L)

	AP = 4-allyphenol
	KmKAP 
	
	0.5
	(umol/L)

	
	
	
	
	

	DNAadducts
	
	
	0.032*AUCLHE
	

	
	AUCLHE
	
	CLHE
	




Liver Scaling factors for metabolism 
S9PL=143	Liver S9 protein yield (mg/gram liver) 
MPL=32	Liver microsomal protein yield (mg/gram liver) 
L=VLC*1000	Liver volume (gram/kg BW)  

metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLHE = VMaxLHEc/1000*60*MPL*L*BW	
VMaxLAP = VMaxLAPc/1000*60*MPL*L*BW
VMaxLEE = VMaxLEEc/1000*60*MPL*L*BW
VMaxLHA = VMaxLHAc/1000*60*MPL*L*BW

metabolites of 1'-hydroxyestragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLHEG = VmaxLHEGc/1000*60*S9PL*L*BW
VMaxLOE = VmaxLOEc/1000*60*MPL*L*BW
VMaxLHES = VmaxLHESc/1000*60*S9PL*L*BW

Lungs Scaling factors
MPLu=20 			; Lung microsomal protein yield (mg/gram liver) Atio et al. 1976  
Lu=VLuC*1000			; Volume lung (gram/kg BW) 

metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLuHE = VMaxLuHEc/1000*60*MPLu*Lu*BW
VMaxLuAP = VMaxLuAPc/1000*60*MPLu*Lu*BW

Kidney Scaling factors
MPK=7					; Kidney microsomal protein yield (mg/gram liver) Atio et al. 1976
K=VKC*1000				; Volume kidney (gram/kg BW) 	

metabolites of estragole, unscaled maximum rate of metabolism (nmol min-1 (mg protein)-1)
metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxKHE = VMaxKHEc/1000*60*MPK*K*BW
VMaxKAP = VMaxKAPc/1000*60*MPK*K*BW

[bookmark: _Toc25217840][bookmark: _Toc25220813][bookmark: _Toc27728182]DNA adduct data established in vivo can be found Table 2. Results from the in vivo estragole excretion are also available in Table 2. 

[bookmark: _Toc30515973]4.6. Model simulations
[bookmark: _Toc25217841][bookmark: _Toc25220814][bookmark: _Toc27728183]The PBPK model was run using oral route of exposure, to mimic the gavage. The exposure occurred as one bolus and simulations were run for 2hrs and 24 hrs. Exposure doses simulated using the SD rat PBPK model were 0.01, 0.07, 5, 30, 775, 150, 300 mg ES/kg BW.

[bookmark: _Toc30515974]4.7. Software 
Differential equations were integrated using the Berkley Madonna 8.0.1 software (Macey and Oster, UC Berkeley, CA, USA), using Rosenbrock's algorithms for solving stiff systems. https://berkeley-madonna.myshopify.com/ 
The Berkeley Madonna User’s Guide - Version 8.0.2 - December 28, 2009 (https://www.berkeleymadonna.com/system/storage/download/BM-Users-Guide-8.0.2.pdf)) 
[bookmark: _Toc30515975]Step-by-step instructions:
1. Enter (copy and paste)  the model code reported in the appendix in the  Berkley Madonna 8.0.1 software, Equation window; 
2. Open the parameter window in order to be able to see all parameter and be able to change the values without touching the code;
3. Set the ODOSE to 0.01 or 0.07 mg/kg BW.
4. Run simulation: (check mass balance). Check time or dose dependent curves by using the graph window (a tabular format of the curve can be also exported). 

[bookmark: _Toc25217842][bookmark: _Toc25220815][bookmark: _Toc27728184][bookmark: _Toc30515976]5. Modeling results
[bookmark: _Toc25217843][bookmark: _Toc25220816][bookmark: _Toc27728185][bookmark: _Toc30515977][bookmark: _Toc25217844]5.1. Model evaluation
From the experimental data on the decrease of 1′-hydroxyestragole as a function of time in the incubations with rat primary hepatocytes exposed to 50 and 100 μM 1′-hydroxyestragole , the AUCHE(in vitro) values were calculated. These experimental data obtained at 50 and 100 μM 1′-hydroxyestragole were also presented as the decrease in the percentage of the original concentration of the test compound. From these experimental results obtained at 50 and 100 μM of 1′- hydroxyestragole, the time-dependent decrease in the concentration of 1′-hydroxyestragole at other starting concentrations of 1′-hydroxyestragole was calculated and the theoretical data thus obtained to generate theoretical curves allowed calculation of the area under time curve (AUCHE(in vitro)) values for the whole range of 1′-hydroxyestragole concentrations. In a next step, these AUCHE(in vitro) values were used to replace the x-axis values, resulting in representation of the level of E-3′-N2 -dGuo DNA adduct formation in rat primary hepatocytes as a function of the AUC for 1′-hydroxyestragole (AUCHE(in vitro)), Figure 5. This reveals a linear relationship with an intercept at the origin. Thus, the curve presented can be fitted by a linear equation passing through zero according to: 
DNAdGUO = 0.0324*AUCHE with an r2= 0.9635, 
and DNAdGUO representing the amount of E-3′-N2 - dGuo DNA adducts (adducts/1000 nt) formed in the hepatocytes at a certain AUCHE(in vitro) (h×μmol/l) of 1′-hydroxyestragole. By incorporating this equation into the PBPK model and defining that AUCHE(in vitro) should equal AUCHE (h ×μmol/l) in the in vivo PBPK model defined by Punt et al. (2008) a link between the AUC predicted in the PBPK model (AUCHE) and the AUC from the hepatocyte incubations (AUCHE(in vitro)) was established; ultimately providing a link between the PBK model and the formula for DNA binding in vitro and defining a PBPK model that can predict DNA binding as a function of estragole dose. Figure 6 presents a comparison between the dose-dependent formation of estragole–DNA adducts in the liver of male Sprague Dawley rats as experimentally determined in this study and as predicted by the PBPK model. The results reveal that the PBPK model–based predictions closely match the experimentally observed values. The PBPK model predictions at 48h upon dosing appear to slightly overestimate DNA adduct formation by a factor of 1.9–2.3-fold. Figure 7 shows in addition the simulations of DNA adducts formed and glucuronidation of estragole run with the refined PBPK model including liver zonation. 

[image: ]

Figure 5. E-3′-N2-dGuo adduct formation in primary rat hepatocytes expressed in #adducts/1000 nt as a function of the AUCHE(in vitro) (h × μmol/l) of 1′-hydroxyestragole and quantified by LC-ESI-MS/MS using an isotope dilution technique (average of four individual experiments).

[image: Cover]

Figure 6: In vitro PBPK model (solid line) prediction of the DNA adduct formation at 48h versus DNA adducts measured in vivo (black square) at different oral doses of estragole. Data represent the average and standard deviation of 10 rats.

[image: ]
Figure 7A. Comparison of experimental data obtained in this study for DNA adduct formation in the liver to their PBK/PBPK−based predicted values when using either the original model (black lines) or the newly defined extended PBK/PBPK models including liver zonation and a submodel for 1'-hydroxyestragole; (dashed lines). The two zonal models include UGTs in either Zone 3 (dashed black line) or Zone 1 (dashed grey line) and in vivo experimental data are presented as black triangles and represent the average and standard deviation of 10 rats.  8B. Comparison of experimental data obtained in this study for formation of urinary 1'-hydroxyestragole glucuronide to their PBK/PBPK−based predicted values when using either the original model (black lines) or the newly defined extended PBK/PBPK models including liver zonation and a submodel for 1'-hydroxyestragole; (dashed lines). The two zonal models include UGTs in either Zone 3 (dashed black line) or Zone 1 (dashed grey line). Data presented as black squares are the results of this study whereas those presented as open circles are those reported by Anthony et al. (5) for female Wistar Albino rats. Urinary data (black squares) represent the average and standard deviation of eight rats.



Table 2. Individual rat data for estragole DNA adduct (#adduct/1000 nt) formation and urinary excretion of the 1’-OHES (nmol/kgbw) as glucuronide conjugate.


[bookmark: _Toc25217845][bookmark: _Toc25220817][bookmark: _Toc27728186][bookmark: _Toc30515978]5.2. Sensitivity, uncertainty, and variability analyses
Normalized sensitivity coefficients (SC) were determined to identify parameters that largely influence the prediction of the maximal blood concentrations (Cmax) in liver blood by the PBPK model, using the equation:
SC = ((C’-C)/(P’-P))*(P/C)
where P and Pʹ are the initial and modified parameter values respectively, and C and Cʹ are the initial and modified values of the model output resulting from an increase in parameter value, respectively (Evans and Andersen, 2000). A 5% increase in parameter value was chosen to analyze the effect of a change in a parameter. Local, one at time, sensitivity analysis was performed at different estragole doses to identify the key parameters that can influence the DNA adduct formation in the PBPK model outcome. The estragole doses set for sensitivity analysis were 0.07 mg/kg bw (Figure 8, corresponding to the average daily intake for humans, SCF, 2001) and 100 mg/kg bw (the highest dose at which the model prediction is linear).
[image: ]
Figure 8. Sensitivity analysis of the PBPK model predictions at a dose of estragole of 0.07 mg/kg bw (black bars) and 100 mg/kg bw (grey bars). Model parameters evaluated include the Vmax and Km of the different metabolites in the liver (L) and lung (Lu): 1′-hydroxyestragole (HE), estragole-2′,3′-oxide (EE), 3′-hydroxyanethole (HA), 4-allylphenol (AP). 1′-hydroxyestragole glucuronide (HEG). Bw, body weight; VK, volume kidney; VL, volume liver; QF, blood flow through fat; QL, blood flow through the liver; PLHE, liver/blood partition coefficient 1′-hydroxyestragole; and slope of the DNAdGUO versus AUCHE(in vitro) curve.
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High sensitivity was found also when changing the liver/blood partition coefficient for 1′-hydroxyestragole (PLHE). Uncertainty is also high since the PC is based on a QSAR (Brown et al., 1997) and not on measured data. 

	VmaxLHEG & KmEG – VmaxLHE

Metabolic parameters were measured and have a high SA on model output and could have a medium uncertainty due to the fact that there can be human errors and analytical limits in measuring.
	SLOPE


The in PBPK model to predict DNA adducts was first built using in vitro measurements. But was then checked in vivo and resulted in (+/-) 2 fold from in vivo data. Uncertainty is low while the SA is high due to the high impact this will have on the DNA adduct prediction of the model 

	
	Medium
	Ka 

Uptake constant has a medium impact on model outcome based on the SA but has high uncertainty due to the fact that was assumed a liner uptake of the chemical, without considering real absorption.
	
	VL

The volume of the liver will have a medium impact on the model output based on SA. The value cannot differ so much so uncertainty is low. 

	
	Low
	
	
	


Figure 9. Evaluation of model parameters sensitivity versus uncertainty based on results of the SA reported in figure 9. SA = Sensitivity analysis.

[bookmark: bbib31]Sensitivity analysis was performed at different estragole doses to identify the key parameters that can influence the DNA adduct formation in the PBPK model outcome. The estragole doses set for sensitivity analysis were 0.07 mg/kg bw (corresponding to the average daily intake for humans, SCF, 2001) and 100 mg/kg bw (the highest dose at which the model prediction is linear). All parameters of the model were changed and only the ones that resulted in a normalized sensitivity coefficient higher than 0.1 (in absolute value) were kept and displayed in Figure 9. The results show that the parameters with a major impact on the model prediction of the levels of DNA adducts were the slope of the DNAdGUO versus AUCHE(in vitro) curve obtained from the in vitro hepatocyte data. Further, the kinetic parameters Vmax and Km for the glucuronidation of 1′-hydroxyestragole have a major impact. High sensitivity was found also when changing the liver/blood partition coefficient for 1′-hydroxyestragole (PLHE). Additionally, the dose played a role; at 0.07 mg/kg bw parameters such as body weight; liver volume; blood flow through the liver; the uptake constant Ka; and the kinetic parameters Vmax and Km of the 1′-hydroxy metabolite had a higher impact than at 100 mg/kg bw. On the contrary, at 100 mg/kg bw, the blood flow through fat and the Vmax of 1′-hydroxyestragole in the liver had a higher impact.
[bookmark: _Toc25217846][bookmark: _Toc25220818][bookmark: _Toc27728187][bookmark: _Toc30515979]5.3. Model applicability
The newly defined PBPK model was used to simulate the dose dependent DNA adduct formation in the liver of rat exposed to estragole. The results of these simulations reveal that up to dose levels of 100 mg/kg bw E-3′-N2 -dGuo DNA adduct formation is predicted to be linear with increasing dose of estragole.
At a dose level of 0.01 mg/kg bw (Smith et al., 2002) and 0.07 mg/ kg bw estragole (estimated daily human exposure for a 60-kg person reported by the Scientific Committee on food of the European Union) (SCF, 2001), the PBK model predicted amounts of E-3′-N2 -dGuo DNA adduct formed of, respectively, 2 and 12.8 in 108 nt. 
This PBPK model can be applied for risk assessment of genotoxic compounds, for instance it could be informative for the developed of EFSA Opinions on alkenylbenzene.
[bookmark: _Toc25217847][bookmark: _Toc25220819][bookmark: _Toc27728188][bookmark: _Toc30515980]6. Discussion and conclusions
The purpose of development of this PBPK model was to develop new strategies for low dose cancer risk assessment of estragole by extending the PBPK models previously defined for simulating time concentration kinetics of estragole to predict DNA adduct formation. This will take the approach one step closer to the ultimate endpoint of tumor formation. Such models will facilitate risk assessment because they facilitate extrapolation from high to low dose levels, between species including human and between individuals. Furthermore, the PBPK model predicts in vivo DNA adduct formation based on only in vitro parameters contributes to the 3Rs (Replacement, Reduction and Refinement) for animal testing. 

The present PBPK model is an extension of the PBPK models available to simulate estragole bioactivation and detoxification in rat (Punt et al., 2008) but also a human model was available (Punt et al., 2009) and was also extended (Punt et al., 2016). These PBPK models were defined based on literature data and in vitro metabolic parameters only, and provide possibilities to model metabolism of estragole at different oral doses in both species. These models provide more insight in relative dose- and species-dependent differences in bioactivation and detoxification of estragole, and are able to provide dose dependent predictions on the level of formation of the proximate and ultimate carcinogenic metabolites 1′ -hydroxyestragole and 1′ -sulfooxyestragole, respectively, in the target organ, the liver. In order to extend PBPK models to predict the overall toxic response and mode of action of a genotoxic compound should be described taking into account dynamics factors in addition to the kinetic factors. The PBPK model (Paini et al., 2010) was evaluated using literature data but additional validation and evaluation was performed using data from in vivo studies (Paini et al., 2012).
[bookmark: _Toc25217848][bookmark: _Toc25220820][bookmark: _Toc27728189][bookmark: _Toc30515981]7. Electronic files and supporting documents
[bookmark: _Toc30515982][bookmark: _Toc25217849][bookmark: _Toc25220821][bookmark: _Toc27728190]Estragole rat PBPK model Model Code
The model was already published previously by Punt et al., [Toxicol Appl Pharmacol. 2008 Sep 1;231(2):248-59. Epub 2008 Apr 27.(16)] and Paini et al., [Toxicol Appl Pharmacol. 2010 May 15;245(1):57-66. Epub 2010 Feb 6. (15)]. Equations describing the liver zonation and submodel for the estragole metabolite 1’-hydroxyestragole are included in the model code Paini et al., 2010, 2012.  Equations are solved with the Berkeley Madonna Software (Copyright ©1993-2001 Robert I. Macey & George F. Oster - http://www.berkeleymadonna.com/).
;===========================================================================
;Physiological parameters
;==========================================================================
;Tissue volumes
BW = 0.263 {Kg}		; body weight rat	
VLc = 0.043			; fraction of  liver tissue
VKc = 0.006			; fraction of kidney tissue
VLuc = 0.0053			; fraction of lung tissue
VFc = 0.07			; fraction of fat tissue
VAc =  0.0185			; fraction of arterial blood: 0.074*1/4	
VVc = 0.0555			; fraction of venous blood: 0.074*3/4
VRc = 0.09-VLc-VLuc-VKc	; fraction of richly perfused tissue
VSc = 0.82-VFc-VAc-VVc	; fraction of blood flow to slowly perfused tissue
VR2c = 0.09-VLc		; fraction of richly perfused tissue in 1’-hydroxyestragole submodel
VL = VLc*BW 	
VLu= VLuc*BW
VK = VKc*BW 
VF = VFc*BW 
VR = VRc*BW			 
VS = VSc*BW 
VA = VAc*BW
VV = VVc*BW
VR2 = VR2c*BW
;-------------------------------------------------------------------------------------------------;Blood flow rates
QC = 15*BW**0.74 {L/hr}	
QLc = 0.25			; fraction of blood flow to liver
QKc = 0.141			; fraction of blood flow to kidney
QFc = 0.07			; fraction of blood flow to fat
QRc = 0.76-QLC-QKC		; fraction of blood flow to richly perfused tissue 
QSc = 0.24-QFC		; fraction of blood flow to slowly perfused tissue			
QR2c = 0.76-QLC	; fraction of blood flow to richly perfused tissue in 1’-hydroxyestragole submodel
QL = QLc*QC 
QK = QKc*QC 
QF = QFc*QC 
QR = QRc*QC			 
QS = QSc*QC 
QR2 =QR2c*QC
;=========================================================================
;Partition Coefficients
;========================================================================
 ;estragole
PLE = 2.4			; liver/blood partition coefficient	
PLuE=2.4			; lung/blood partition coefficient
PKE=2.4			; kidney/blood partition coefficient
PFE = 76.9			; fat/blood partition coefficient
PRE = 2.4			; richly perfused tissues/blood partition coefficient
PSE = 0.8			; slowly perfused tissues/blood partition coefficient
 ;1'-hydroxyestragole
PLHE = 1.1			;liver/blood partition coefficient
PRHE = 1.1			;rapidly partitio coefficient
PSHE = 0.55			;slowly partition coefficient
PFHE  = 9.92  			;fat partition coefficient
;==============================================================
;Biochemical parameters 
;==============================================================
;Linear uptake rate (hr-1)
Ka = 1
;---------------------------------------------------------------;Metabolism liver
  ;Scaling factors
S9PL=143;	Liver S9 protein yield (mg/gram liver) 
MPL=32;	Liver microsomal protein yield (mg/gram liver) 
L=VLC*1000;	Liver volume (gram/kg BW)  
  ;metabolites of estragole, unscaled maximum rate of metabolism (nmol min-1 (mg protein)-1)
VmaxLHEc = 1.48		;HE = 1'-hydroxyestragole, 
VmaxLAPc = 0.85		;AP = 4-allylphenol
VmaxLEEc = 2.16		;EE = estragole-2',3'-oxide
VmaxLHAc = 1.05		;HA = 3'-hydroxyanethole
 ;metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLHE = VMaxLHEc/1000*60*MPL*L*BW	
VMaxLAP = VMaxLAPc/1000*60*MPL*L*BW
VMaxLEE = VMaxLEEc/1000*60*MPL*L*BW
VMaxLHA = VMaxLHAc/1000*60*MPL*L*BW
 ;metabolites of estragole, affinity constants (umol/L)
KmLHE = 116
KmLAP = 458
KmLEE = 154
KmLHA = 93
 ;metabolites of 1'-hydroxyestragole, unscaled maximum rate of metabolism (nmol min-1 (mg protein)-1)
VmaxLHEGc = 51.5		; HEG = 1'-hydroxyestragole glucuronide
VmaxLOEc = 2.9		; OE= 1'-oxoestragole 
VmaxLHESc = 0.019		; HES = 1'-sulfooxyestragole
 ;metabolites of 1'-hydroxyestragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLHEG = VmaxLHEGc/1000*60*S9PL*L*BW
VMaxLOE = VmaxLOEc/1000*60*MPL*L*BW
VMaxLHES = VmaxLHESc/1000*60*S9PL*L*BW
  ;metabolites of 1'-hydroxyestragole, affinity constants (umol/L)
KmLHEG = 203
KmLOE = 1609
KmLHES = 63
;----------------------------------------------------------------------------------- ------------------------;Metabolism lung
;Scaling factors
MPLu=20 			; Lung microsomal protein yield (mg/gram liver) Atio et al. 1976  
Lu=VLuC*1000			; Volume lung (gram/kg BW) 
;metabolites of estragole, unscaled maximum rate of metabolism (nmol min-1 (mg protein)-1)
VmaxLuHEc = 0.44		; HE = 1'-hydroxyestragole
VmaxLuAPc = 0.67		; AP = 4-allylphenol
 ;metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxLuHE = VMaxLuHEc/1000*60*MPLu*Lu*BW
VMaxLuAP = VMaxLuAPc/1000*60*MPLu*Lu*BW
;metabolites of estragole, affinity constants (umol/L)
KmLuHE = 25		
KmLuAP = 0.5
;-----------------------------------------------------------------------------------------------;Metabolism kidney
;Scaling factors
MPK=7					; Kidney microsomal protein yield (mg/gram liver) Atio et al. 1976
K=VKC*1000				; Volume kidney (gram/kg BW) 	
;metabolites of estragole, unscaled maximum rate of metabolism (nmol min-1 (mg protein)-1)
VmaxKHEc = 0.26			; HE = 1'-hydroxyestragole
VmaxKAPc = 0.54			; AP = 4-allyphenol
 ;metabolites of estragole, scaled maximum rate of metabolism (umol hr-1)
VMaxKHE = VMaxKHEc/1000*60*MPK*K*BW
VMaxKAP = VMaxKAPc/1000*60*MPK*K*BW
;metabolites of estragole, affinity constants (umol/L)
KmKHE = 22		
KmKAP = 0.5
;==========================================================================
;Run settings
;==========================================================================
;Molecular weight
	MWE = 148.2;			Molecular weight estragole
	MWHE=164.2;			Molecular weight 1'-hydroxyestragole
;Given dose (mg/ kg bw) and oral dose umol/ kg bw}	
	GDOSE = 0.07 {mg/ kg bw}				; GDOSE = given dose
	ODOSE = GDOSE*1E-3/MWE*1E6 {umol/ kg bw}	; ODOSE = given dose recalculated to umol/kg bw
	DOSE=ODOSE*BW;					; DOSE = umol
;Time
	Starttime = 0;			in hrs
	Stoptime = 48;			in hrs
;=====================================
;Dynamics
;=====================================
;slowly perfused tissue compartment
;AS = amount estragole in slowly perfused tissue, umol
       AS' = QS*(CA-CVS) 
       Init AS = 0
       CS = AS/VS
       CVS = CS/PSE
;--------------------------------------------------------;richly perfused tissue compartment
;AR = amount estragole in richly perfused tissue, umol
       AR' = QR*(CA-CVR) 
       Init AR = 0
       CR = AR/VR
       CVR = CR/PRE
;-------------------------------------------------;fat compartment
;AF = amount estragole in fat tissue, umol
       AF' = QF*(CA-CVF) 
       Init AF = 0
       CF = AF/VF
       CVF = CF/PFE
;---------------------------------------------------------;uptake estragole from GI tract
;AGI = amount estragole remaining in GI tract,umol
AGI' =-Ka*AGI
Init AGI = DOSE
;------------------------------------------------------------;liver compartment
;AL1 = amount estragole in zone 1 of liver, umol
AL1' =  QL*(CA -CVL1)+ Ka*AGI 
Init AL1 = 0
CL1 = AL1/(VL/3)
CVL1=CL1/PLE
   ;AL2 = amount estragole in zone 2 of liver, umol
AL2' =  QL*(CVL1 -CVL2)
Init AL2 = 0
CL2 = AL2/(VL/3)
CVL2=CL2/PLE
 ;AL3 = amount estragole in zone 3 of liver, umol
AL3' =  QL*(CVL2 -CVL3) - AMLHE' - AMLAP' - AMLEE' -AMLHA'
Init AL3 = 0
CL3 = AL3/(VL/3)
CVL3=CL3/PL
;AMLHE = amount estragole metabolized in liver to 1'-hydroxyestragole (HE)
       AMLHE' = VmaxLHE*CVL3/(KmLHE + CVL3)
       init AMLHE = 0
;AMLAP = amount estragole metabolized in liver to 4-allylphenol (AP)
       AMLAP' = VmaxLAP*CVL3/(KmLAP + CVL3)
       init AMLAP = 0  
;AMLEE = amount estragole metabolized in liver to estragole-2',3'-oxide (EE)
       AMLEE' = VmaxLEE*CVL3/(KmLEE + CVL3)
       init AMLEE = 0   
 ;AMLHA = amount estragole metabolized in liver to 3'-hydroxyanethole (HA)
       AMLHA' = VmaxLHA*CVL3/(KmLHA + CVL3)
       init AMLHA = 0
  ;----------------------------------------------------------------------------------- 
;AK = amount estragole in kidney tissue, umol
       AK' = QK*(CA -CVK) - AMKHE' - AMKAP'  
       Init AK = 0
       CK = AK/VK
       CVK = CK/PKE
;AMKHE = amount estragole metabolized in kidney to 1'-hydroxyestragole (HE)
       AMKHE' = VmaxKHE*CVK/(KmKHE + CVK)
       init AMKHE = 0
;AMKAP = amount estragole metabolized in kidney to 4-allylphenol (AP)
       AMKAP' = VmaxKAP*CVK/(KmKAP + CVK)
       init AMKAP = 0                
;------------------------------------------------------------------ ;lung compartment
;ALu = amount estragole in lung tissue, umol
       ALu' = QC*(CV-CALu)  - AMLuHE' - AMLuAP'  
       Init ALu = 0
       CLu = ALu/VLu
       CALu = CLu/PLuE
;AMLuHE = amount estragole metabolized in lung to 1'-hydroxyestragole (HE)
       AMLuHE' = VmaxLuHE*CALu/(KmLuHE + CALu)
       init AMLuHE = 0 
;AMLuAP = amount estragole metabolized in lung to 4-allylphenol (AP)
       AMLuAP' = VmaxLuAP*CALu/(KmLuAP + CALu)
       init AMLuAP = 0
 ;-------------------------------------------------------------------------------; arterial blood compartment      
;AA = amount arterial blood estragole
AA' = QC*(CALu-CA);  
Init AA = 0
CA =  AA/VA
;-----------------------------------------------------------------------------; venous blood compartment     
;AV = amount venous blood estragole (umol/L)
      AV' = (QF*CVF + QR*CVR + QS*CVS + QL*CVL3+ QK*CVK) - QC*CV
      Init AV = 0            
      CV = AV/VV
      AUCV' = CV
      init AUCV = 0
;----------------------------------------;1’-hydroxyestragole submodel, slowly perfused tissue compartment
;ASHE = amount 1’-hydroxyestragole in slowly perfused tissue, umol
ASHE' = QS*(CAHE -CVSHE)
Init ASHE = 0
CSHE = ASHE/VS
CVSHE = CSHE/PSHE
;--------------------------------------;1’-hydroxyestragole submodel, richly perfused tissue compartment  
;ARHE = amount 1’-hydroxyestragole in richly perfused tissue, umol
ARHE' = QR2*(CAHE -CVRHE)
Init ARHE = 0
CRHE = ARHE/VR2
CVRHE = CRHE/PRHE
 ;------------------------------------------------;1’-hydroxyestragole submodel, fat tissue compartment
;AFHE = amount 1’-hydroxyestragole in fat tissue, umol
AFHE' = QF*(CAHE -CVFHE) 
Init AFHE = 0
CFHE = AFHE/VF
CVFHE = CFHE/PFHE
;------------------;1’-hydroxyestragole submodel, liver tissue compartment (glucuronidation in zone 1)
    ;AL1HE = amount 1’-hydroxyestragole in zone 1 of liver tissue, umol
AL1HE' = QL*(CAHE*0.6-CVL1HE)- AMLHES' - AMLHEG'
Init AL1HE = 0
CL1HE = AL1HE/(VL/3) 
        CVL1HE=CL1HE/PLHE
;AL2HE = amount 1’-hydroxyestragole in zone 2 of liver tissue, umol
AL2HE' =  QL*(CVL1HE -CVL2HE)
Init AL2HE = 0
CL2HE = AL2HE/(VL/3)
CVL2HE=CL2HE/PLHE
 ;AL3HE = amount 1’-hydroxyestragole in zone 3 of liver tissue, umol
AL3HE' =  AMLHE' +QL*(CVL2HE-CVL3HE) - AMLOE' 
Init AL3HE = 0
CL3HE = AL3HE/(VL/3)
CVL3HE=CL3HE/PLHE
;AMLHEG= amount 1'-hydroxyestragole metabolized in liver to 1'-hydroxyestragole glucurondie (HEG)
       AMLHEG' = VmaxLHEG*CVL1HE/(KmLHEG + CVL1HE)
       init AMLHEG = 0
       CBWHEG = (AMLHEG/BW)*1000
;AMLOE= amount 1'-hydroxyestragole metabolized in liver to 1'-oxoestragole (OE)
       AMLOE' = VmaxLOE*CVL3HE/(KmLOE + CVL3HE)
       init AMLOE = 0
;AMLHES= amount 1'-hydroxyestragole metabolized in liver to 1'-sulfooxyestragole (HES)
       AMLHES' = VmaxLHES*CVL1HE/(KmLHES + CVL1HE)
       init AMLHES = 0
;----------------;1’-hydroxyestragole submodel, liver tissue compartment (glucuronidation in zone 3)
;AL1HE = amount 1’-hydroxyestragole in zone 1 of liver tissue, umol
;AL1HE' = QL*(CAHE*0.6-CVL1HE)- AMLHES' 
;Init AL1HE = 0
;CL1HE = AL1HE/(VL/3) 
        ;CVL1HE=CL1HE/PLHE
;AL2HE = amount 1’-hydroxyestragole in zone 2 of liver tissue, umol
;AL2HE' =  QL*(CVL1HE -CVL2HE)
;Init AL2HE = 0
;CL2HE = AL2HE/(VL/3)
;CVL2HE=CL2HE/PLHE
;AL3HE = amount 1’-hydroxyestragole in zone 3 of liver tissue, umol
;AL3HE' =  AMLHE' +QL*(CVL2HE-CVL3HE) - AMLOE' - AMLHEG'
;Init AL3HE = 0
;CL3HE = AL3HE/(VL/3)
;CVL3HE=CL3HE/PLHE
;AMLHEG= amount 1'-hydroxyestragole metabolized in liver to 1'-hydroxyestragole glucurondie (HEG)
       ;AMLHEG' = VmaxLHEG*CVL3HE/(KmLHEG + CVL3HE)
       ;init AMLHEG = 0
       ;CBWHEG = (AMLHEG/BW)*1000
;AMLOE= amount 1'-hydroxyestragole metabolized in liver to 1'-oxoestragole (OE)
       ;AMLOE' = VmaxLOE*CVL3HE/(KmLOE + CVL3HE)
       ;init AMLOE = 0        
;AMLHES= amount 1'-hydroxyestragole metabolized in liver to 1'-sulfooxyestragole (HES)
       ;AMLHES' = VmaxLHES*CVL1HE/(KmLHES + CVL1HE)
       ;init AMLHES = 0
;------------------------------------; ;1’-hydroxyestragole submodel, arterial and venous blood compartment     
;AVHE = amount venous blood 1’-hydroxyestragole (umol/L)
AVHE' = (QR2*CVRHE + QF*CVFHE+QS*CVSHE+QL*CVL3HE)-QC*CVHE;
Init AVHE = 0            
CVHE = AVHE/(VV+VA)
CAHE = CVHE
;===========================================================================
;Mass balance calculations
;===========================================================================
{Mass Balance}
Total = DOSE
Calculated = AF + AS + AR + AL1+AL2+AL3 + AK+  ALu + AV+ AA + AGI +  AMLEE  + AMLHA+ AMLHE + AMLAP  +  AMKHE + AMKAP + AMLuHE + AMLuAP 
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1 
;============================================================================
;Calculations with model
;============================================================================
;DNA adduct formation - link to dynamics
CLHE = (AL1HE+AL2HE+AL3HE)/VL 
AUCLHE'= CLHE 
Init AUCLHE=0
DNAdGuo=0.032*AUCLHE
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15N5-dG 1,2,3,7,9-15N5-2′-Deoxyguanosine (15N5-dG)
BMD Benchmark Dose
BMR Benchmark Response
dG 2'-deoxyguanosine
E-1'-N2-dA N6-(trans-isoestragol-3′-yl)-deoxyadenosine
E-3'-7-dG 7-(trans-isoestragol-3′-yl)-deoxyguanosine
E-1'-N2-dG N 2-(estragol-1′-yl)-deoxyguanosine
E-3'-8-dG 8-(trans-isoestragol-3′-yl)-deoxyguanosine
E-3'-N2-dG N 2-(trans-isoestragol-3′-yl)-deoxyguanosine
EDI Estimated Daily Intake
EFSA European Food Safety Authority
ES Estragole
FEMA Flavor and Extract Manufacturers Association
GC-MS Gas Chromatography – Mass Spectrometry
GSH Glutathione
GST Glutathione-s-transferase
HE 1'-Hydroxyestragole
HEG 1'-Hydroxyestragole glucuronide
HPLC High Performance Liquid Chromatography
JECFA Joint FAO/WHO Expert Committee on Food Additives
LC-MS Liquid Chromatography – Mass Spectrometry
MOA Mode of Action
MOE Margin of Exposure
nt nucleotide
OE 1′-oxoestragole
PBPK Physiologically based pharmacokinetic
PFS Plant Food Supplements
SCF-EU Scientific Committee on Food of the European Union
SD Sprague Dawley
Stdev Standard Deviation
SULT Sulfotransferase
VSD Virtual Safe Dose
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1.4.2 Estragole DNA adduct formation and tumor incidence studies

Several investigators have studied the mechanism of estragole carcinogenesis by examining DNA binding
‘and characterizing DNA adducts formed by estragole and its reactive metabolites. Randerath et al. (1984)
utiized “*P-postiabeling to analyze DNA adduct formation in the livers of adult female CD-1 mice
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Fig. 4. Time-dependent decrease of 1'-hydroxyestragole in the media of primary rat
hepatocytes exposed to either 50 (W) or 100 (A) uM of 1"-hydroxyestragole as
expressed in absolute concentrations (A) or as percentage of the starting concentration
(B, and representation of the calculated time-dependent 1'-hydroxyestragole decrease
in cell culture supernatant at each concentration tested 150 uM (), 100 jM (*), 50 uM
().25 1M (A), 10 1M (—), 5 M (+), 2.5 uM (W), 1 M (@) from which the respective
AUCite(in vitro) (hx pumol/1) values were calculated (C).

protein binding, it can be concluded that glucuronidation of
1’-hydroxyestragole accounts for most of the decrease in 1'-
hydroxyestragole in the in vitro incubations, which would be in
line with its metabolic fate in the in vivo situation. This confirms that
the primary rat hepatocytes under these conditions are metabolically
competent to form glucuronic acid conjugates as the major pathway
for phase Il metabolism of 1’-hydroxyestragole.

Rat PBBD model predictions

The newly defined PBBD model was used to simulate the dose-
dependent DNA adduct formation in the liver of rat exposed to
estragole. The results of these simulations are displayed in Fig. 6 and
reveal that up to dose levels of 100 mg/kg bw E-3'-N>-dGuo DNA
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Fig. 5. E-3'-N’-dGuo adduct formation in primary rat hepatocytes expressed in
#adducts/1000 nt as a function of the AUCk(in viero) (h x pmol/1) of 1'-hydroxyestragole
and quantified by LC-ESI-MS/MS using an isotope dilution technique (average of four
individual experiments).

5. Modeling results

5.1. Definition of the PBBD model by linking in vitro data on DNA adduct formation to the PBBK
model

From the experimental data on the decrease of 1'-hydroxyestragole as a function of time in the
incubations with rat primary hepatocytes exposed to 50 and 100 uM 1'-hydroxyestragole (Fig. 4A),
the AUCHE(in vitro) values were calculated. These experimental data obtained at 50 and 100 uM 1'-
hydroxyestragole were also presented as the decrease in the percentage of the original
concentration of the test compound (Fig. 4B). This reveals that the time-dependent decrease follows
a similar pattern at both concentrations. From these experimental results obtained at 50 and 100
uM of 1'- hydroxyestragole, the time-dependent decrease in the concentration of 1'-
hydroxyestragole at other starting concentrations of 1'-hydroxyestragole was calculated and the
theoretical data thus obtained are reported in Fig. 4C. These theoretical curves (Fig. 4C) allowed
calculation of the area under time curve (AUCHE(in vitro)) values for the whole range of 1'-
hydroxyestragole concentrations. In a next step, these AUCHE(in vitro) values were used to replace
the x-axis values in Fig. 3, resulting in Fig. 5. Fig. 5 represents the level of E-3'-N2 -dGuo DNA adduct
formation in rat primary hepatocytes as a function of the AUC for 1'-hydroxyestragole (AUCHE(in
vitro)). In line with Fig. 3 also Fig. 5 reveals a linear relationship with an intercept at the origin. Thus,
the curve presented in Fig. 5 can be fitted by a linear equation passing through zero according to:
DNAJGUQ = 0:0324AUCHE with r 2= 0.9635, and DNAdGUOQ representing the amount of E-3'-N2 -
dGuo DNA adducts (adducts/1000 nt) formed in the hepatocytes at a certain AUCHE(in vitro)
(hxumol/1) of 1'-hydroxyestragole. By incorporating this equation into the PBBK model and defining
that AUCHE(in vitro) should equal AUCHE (h xumol/l) in the in vivo PBBK model defined by Punt et
al. (2008) a link between the AUC predicted in the PBBK model (AUCHE) and the AUC from the
hepatocyte incubations (AUCHE(in vitro)) was established; ultimately providing a link between the
PBBK model and the formula for DNA binding in vitro and defining a PBBD model that can predict
DNA binding as a function of estragole dose.

5 5.2 Rat PBBD model predictions
64 A Paini et al. / Toxicology and Applied Pharmacology 245 (2010) 57-66 3
0.25 obtained from the in vitro hepatocyte data. Further, the kinetic = The newly defined PBBD model was used to simulate the dosedependent DNA adduct formation in
parameters V. and Kp, for the glucuronidation of 1'-hydroxyestra- b the liver of rat exposed to estragole. The results of these simulations are displayed in Fig. 6 and
02 gole have a major impact. High sensitivity was found also when a reveal that up to dose levels of 100 mg/kg bw E-3'-N2 -dGuo DNA adduct formation is predicted to
z changing the liver/blood partition coefficient for 1’-hydroxyestragole 3 be linear with increasing dose of estragole
§ 0.15 (PLHE). Additionally, the dose played a role; at 0.07 mg/kg bw = =
3 parameters such as body weight; liver volume; blood flow through X
'g the liver; the uptake constant Ka; and the kinetic parameters V,.x and a
k] 0.1 K, of the 1’-hydroxy metabolite had a higher impact than at 100 mg/ 3
- kg bw. On the contrary at 100 mg/kg bw, the blood flow through fat -
0.05 and the Vi, of 1-hydroxyestragole in the liver had a higher impact. = ~
0 Discussion Q
0 20 40 60 80 100 e 3
ES dose in mg/kg bw/day The present study illustrates the development of a physiologically -
based biodynamic (PBBD) model describing the dose-dependent DNA o
Fig. 6. Dose-dependent, PBBD model predicted DNA adduct formation (#adducts/1000  adduct formation in liver of rats exposed to estragole. The PBBD model a2
nt) in the liver of rat exposed orally to estragole (ES dose in mg/kg bw/day). was developed based on combining our previously developed PBBK + 2
model for predicting in vivo formation of 1’-hydroxyestragole in the b
adduct formation is predicted to be linear with increasing dose of  liver of rats exposed to estragole (Punt et al., 2008) with in vitro data £
estragole. from experiments in which the formation of the major estragole - X
Atadose level of 0.01 mg/kg bw (Smith et al,, 2002) and 0.07 mg/ DNA adduct, E-3'-N>-dGuo, in isolated rat hepatocytes exposed to N
kg bw estragole (estimated daily human exposure for a 60-kg person 1’-hydroxyestragole was quantified. In parallel, measurement of the
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reported by the Scientific Committee on food of the European Union) time-dependent decrease in 1’-hydroxyestragole in the medium of -





image6.png
]
-]

0.01

ADAIMT U U000 L/SiIonppes

0.001

1000

100

Estragole Dose (mg/kg bw)

10




image7.png
1] —orinaimoser
|~ uSTsinzoner
| —veTainzones
1 awe -

#adducts 10001t n Liver

1000





image8.emf
estragole adduct levels

Dose Rat Code nmol/kgbw 24 h nmol/kgbw 48 h #adduct/1000 nt 

5mg/kg 12 1408.3 3575.6 0.001

5mg/kg 13 391.2 1217.7 0.004

5mg/kg 15 796.6 2048.5 0.002

5mg/kg 16 951.8 4014.3 0.003

5mg/kg 17 309.5 682.4 0.004

5mg/kg 18 1516.6 6981.5 0.003

5mg/kg 19 914.4 5175.3 0.004

5mg/kg 20 941.2 3695.7 0.003

30mg/kg 22 6786.4 13839.1 0.009

30mg/kg 23 42801.8 1484.9 0.013

30mg/kg 24 4558.1 14473.9 0.005

30mg/kg 25 26970.2 94174.5 0.014

30mg/kg 26 198.9 775.6 0.013

30mg/kg 27 499.2 1332.9 0.010

30mg/kg 28 5264.6 10481.8 0.009

30mg/kg 29 4737.3 7864.4 0.012

75mg/kg 31 752.8 2560.0 0.065

75mg/kg 32 9009.2 23034.9 0.040

75mg/kg 33 33037.6 46654.6 0.044

75mg/kg 34 2949.1 7826.7 0.021

75mg/kg 35 31882.1 61872.3 0.023

75mg/kg 36 38096.1 80758.1 0.014

75mg/kg 37 902.5 2275.4 0.013

75mg/kg 39 616.9 1796.3 0.017

150mg/kg 41 34738.1 134500.6 0.077

150mg/kg 42 51824.2 114706.4 0.023

150mg/kg 43 14242.4 32181.1 0.083

150mg/kg 45 53757.6 101553.8 0.083

150mg/kg 46 72050.9 198829.9 0.114

150mg/kg 47 1349.9 4791.4 0.099

150mg/kg 48 23554.2 46852.2 0.089

150mg/kg 49 19090.0 37384.3 0.079

300mg/kg 51 59577.005 202776.961 0.221

300mg/kg 52 18771.887 159178.879 0.082

300mg/kg 54 86969.633 210224.408 0.201

300mg/kg 55 4591.157 9952.682 0.062

300mg/kg 56 25497.232 154003.420 0.135

300mg/kg 57 111739.301 231669.069 0.054

300mg/kg 59 8049.570 20556.839 0.032

300mg/kg 60 242547.262 524813.931 0.087

1'-OHES glucuronide levels


Microsoft_Excel_97-2003_Worksheet.xls
cal

				91.1																(ng/ul)		168.48		µL		ng		nmol

		CAL1		0		0		0		0		0		0		0		0						0		0		0

		CAL2		1431845.571		1652832.346		3217411.758		2111814.12		2908367.443		3224359.987		4343754.147		2698626.48171429		Y		X		5		842.4		5.6918918919

		CAL3		3278602.491		3807925.266		9127298.266		11625502.789		8257080.636		9126309.283		9558766.824		7825926.50785714		0		0		10		1684.8		11.3837837838

		CAL4		6818225.418		6229125.772		14538597.562		15076917.236		12705795.653		14559593.903		17875341.352		12543370.9851429		1542339.0		833333.333333333		25		4212		28.4594594595

		CAL5		7355691.551		9947265.699		19565259.676		23039039.516		16443524.083		19463196.954		22964060.82		16968291.1855714		3543263.9		2500000		50		8424		56.9189189189

		CAL6		9019555.563		9985794.282		27374871.816		37219524.495		24221800.344		27363956.406		27856189.147		23291670.2932857		6523675.6		4166666.66666667		75		12636		85.3783783784

		CAL2		0		8665255.662				2130048.231		20090778.09		15889316.422				11693849.60125		8651478.6		5833333.33333333		100		16848		113.8378378378

		CAL3		0		16412038.807				6718108.06		27680058.754		27087242.637				19474362.0645		9502674.9		8333333.33333333

		CAL4		0		31997991.051				35439489.932		58892298.104		41760119.967				42022474.7635

		CAL5		0		40313736.028				48516196.804		89121551.118		60573735.32				59631304.8175

		CAL6		0		79871661.586				63627293.028		119365465.94		66099904.314				82241081.217

		CAL7		0		90508538.809				89870063.513		75919902.017		75128605.424				82856777.44075

		Sample name		Std amount		91.1								91.1

		CAL1		0		0				0		0		0								0		0		0		0		0

		CAL2		0		20283888.375				14294256.475		20860452.889		15072427.703								1		168.48		0.648		6.48		0.0437837838

		CAL3		0		36200923.398				46654549.475		35812073.898		27008220.832								3		505.44		1.944		19.44		0.1313513514

		CAL4		0		63402655.736				118925195.259		59055038.749		43393136.964								5		842.4		3.24		32.4		0.2189189189

		CAL5		0		98270648.934				134754378.456		96452053.47		61037052.372								7		1179.36		4.536		45.36		0.3064864865

		CAL6		0		121561499.137				149600233.462		74001554.955		121784740.475								10		1684.8		6.48		64.8		0.4378378378

		CAL7		0		143468041.349				167000931.273		133668342.497		136425435.547

								µL		mM OHES		µL		mM

								starting volume		starting concentration		final volume		final []		µM		nM

								25		100		120		20.8333333333		20833.3333333333		20833333.3333333

								10		100		120		8.3333333333		8333.3333333333		8333333.33333333

								7		100		120		5.8333333333		5833.3333333333		5833333.33333333

								5		100		120		4.1666666667		4166.6666666667		4166666.66666667

								3		100		120		2.5		2500		2500000

								1		100		120		0.8333333333		833.3333333333		833333.333333333

								0		100		120		0		0		0





cal

		





mL urines

		rat number				t0		t1		t2		t3		t4		tot volume  Urines mL		dose mg/kg ES		mL

		12		5		3.5		0.9		6		2		5		17.4		5

		13		5		2		2		3.5		2		3		12.5

		15		5		6		2		5		2		4		19

		16		5		4		1		4		2.5		4		15.5

		17		5		1		1		6.5		2.5		4		15

		18		5		3		2		5		3		5.5		18.5

		19		5		3.5		1.5		5.5		4		7		21.5

		20		5		2.5		1.5		3.5		1		2.5		11				16.3

		22		30		2		3		4		2		4		15		30

		23		30		4		2		8		2		6		22

		24		30		2		1		3		1.5		5.5		13

		25		30		5		1		4		4		5.5		19.5

		26		30		1		0.9		4		0.9		3		9.8

		27		30		2		1		2		1.5		2.5		9

		28		30		4		1		6		2.5		3.5		17

		29		30		2.5		1		5		1.2		2		11.7				14.625

		31		75		5		1		3		1		3		13		75

		32		75		8		2		3		3		3		19

		33		75		8		2		4		1.5		2.5		18

		34		75		6		2		4		2.5		4.5		19

		35		75		10		2.5		8		3.5		5		29

		36		75		8		2		4		2		4.5		20.5

		37		75		7		3		4.5		2.5		3		20

		39		75		8.5		2.5		4		2.5		4		21.5				20

		41		150		4		4.5		4		4		4.5		21		150

		42		150		6		1		3		2		2.5		14.5

		45		150		12		3.5		4		3		3.5		26

		46		150		8		3.5		5.5		2		5		24

				150

				150

				150

				150

		51		300		8		2		32.5		2		8		52.5		300		29.25

		52		300		8.5		2		2		1		2.5		16

		54		300		4		2		4.5		2		5		17.5

		55		300		4.5		2.5		6.5		2.5		3.5		19.5

		56		300		6		1		3		2		2.5		14.5

		57		300		5.5		2.5		4.5		2		3.5		18

		59		300		9		2		4.5		2		3.5		21

		60		300		4		1.5		4.5		2		3		15				21.75





5

				buffer		Bglu														buffer		Bglu

		12		17402.539		16704.015		-698.524		to		0						16		31729.021		20351.302		to		-11377.719		0

		12		0		42367.151		42367.151		t1		42367.151						16		19679.582		32766.931		t1		13087.349		13087.349

		12		23980.493		25450.154		1469.661		t2		1469.661						16		31272.438		32141.804		t2		869.366		869.366

		12		14395.31		8195.206		-6200.104		t3		0				84865.476		16		25337.767		22740.006		t3		-2597.761		0				119028.603

		12		10186.226		8852.965		-1333.261		t4		0		84521.32		67817.305		16		31681.606		31379.862		t4		-301.744		0		85260.037		64908.735

		13		9309.73		7579.443		-1730.287		to		0						18		33911.001		31617.679		to		-2293.322		0

		13		21748.013		10517.758		-11230.255		t1		0						18		31563.541		41011.542		t1		9448.001		9448.001

		13		9016.014		13928.984		4912.97		t2		4912.97						18		27824.272		32106.808		t2		4282.536		4282.536

		13		5320.164		9205.169		3885.005		t3		3885.005				39861.469		18		28796.67		39531.243		t3		10734.573		10734.573				152007.445

		13		6141.055		6209.558		68.503		t4		68.503		32026.185		24446.742		18		36311.446		39357.852		t4		3046.406		3046.406		104736.029		73118.35

		15		6491.943		1816.599		-4675.344		to		0						19		35241.601		28785.314		to		-6456.287		0

		15		32995.113		22466.351		-10528.762		t1		0						19		25875.185		25973.038		t1		97.853		97.853

		15		6635.773		14045.292		7409.519		t2		7409.519						19		25090.706		21150.628		t2		-3940.078		0

		15		8881.595		7931.141		-950.454		t3		0				50556.81		19		22328.318		34112.803		t3		11784.485		11784.485				109823.891

		15		2295.321		6114.026		3818.705		t4		3818.705		38328.242		36511.643		19		20549.713		28587.422		t4		8037.709		8037.709		75908.98		47123.666

		17		6309.848		5983.051		-326.797		to		0						20		24861.794		23752.048		to		-1109.746		0

		17		4934.615		6432.533		1497.918		t1		1497.918						20		47930.069		28606.766		t1		-19323.303		0

		17		5645.48		7678.75		2033.27		t2		2033.27						20		35681.847		34772.865		t2		-908.982		0

		17		5259.391		1430.022		-3829.369		t3		0				16664.651		20		37103.759		39788.516		t3		2684.757		2684.757				146395.148

		17		5438.224		1123.346		-4314.878		t4		0		20094.334		14111.283		20		27277.303		43227.001		t4		15949.698		15949.698		87131.679		63379.631

														AUC		stdev

												5		51896.175375		22863.5699293594





5 nmol

				rat code		0-24hr		0-48hrs				nM

		5mg/kg		12		67817.305		84865.476				52167.1576923077

		5mg/kg		13		24446.742		39861.469

		5mg/kg		15		36511.643		50556.81

		5mg/kg		16		64908.735		119028.603

		5mg/kg		17		14111.283		16664.651

		5mg/kg		18		73118.35		152007.445

		5mg/kg		19		47123.666		109823.891

		5mg/kg		20		63379.631		146395.148

		30mg/kg		22		331343.527		363830.167

		30mg/kg		23		1421660.874		27401.158

		30mg/kg		24		381311.363		538140.187

		30mg/kg		25		1897513.798		2208579.504

		30mg/kg		26		12904.501		27401.158

		30mg/kg		27		60743.556		69509.645

		30mg/kg		28		251174.628		269278.056

		30mg/kg		29		260094.467		272703.341

		75mg/kg		31		65935.73		112112.225

		75mg/kg		32		623547.307		724676.473

		75mg/kg		33		2002851.467		2121267.716

		75mg/kg		34		181149.7		221888.264

		75mg/kg		35		1065378.804		1142585.815

		75mg/kg		36		2176620.523		2214775.986

		75mg/kg		37		40735.979		59251.954

		75mg/kg		39		34445.447		50152.78

		150mg/kg		41		1250654.737		2421168.74

		150mg/kg		42		4365669.584		4547233.358

		150mg/kg		43		718958.338		812251.687

		150mg/kg		45		2437583.523		2466886.287

		150mg/kg		46		2609122.423		4050040.24

		150mg/kg		47		114238.112		216265.241

		150mg/kg		48		737554.571		843573.223

		150mg/kg		49		947656.795		1039253.706

		300mg/kg		51		596478.064		1573959.329

		300mg/kg		52		1632590.997		7383353.103

		300mg/kg		54		4534596.673		5277566.984

		300mg/kg		55		172224.519		224008.334

		300mg/kg		56		2109768.433		5365479.155

		300mg/kg		57		5939103.45		6630368.752

		300mg/kg		59		424051.371		586589.395

		300mg/kg		60		14199525.194		16758740.136





30

				Buffer		Bgluc										0-24hr		0-48hrs																0-24hr		0-48hrs

		26		454.319		0		-454.319		to		0								22		76643.617		12974.75		-63668.867		to		0

		26		0		0		0		t1		0								22		932190.652		299368.365		-632822.287		t1		0

		26		11050.946		12904.501		1853.555		t2		1853.555								22		23436.462		31975.162		8538.7		t2		8538.7

		26		0		0		0		t3		1321.388								22		166972.541		15539.012		-151433.529		t3		0

		26		0		14496.657		14496.657		t4		14801.744		12904.501		12904.501		27401.158		22		0		16947.628		16947.628		t4		16947.628		344318.277		331343.527		363830.167

		27		6036.265		62.503		-5973.762		to		0								23		13406.664		15953.265		2546.601		to		0

		27		0		0		0		t1		0								23		531682.619		40650.808		-491031.811		t1		0

		27		0		60743.556		60743.556		t2		60743.556								23		1240965.155		1386103.268		145138.113		t2		145138.113

		27		13636.602		1812.265		-11824.337		t3		0								23		234852.228		33791.646		-201060.582		t3		0

		27		1936.384		6953.824		5017.44		t4		5017.44		60806.059		60743.556		69509.645		23		11273.416		23956.955		12683.539		t4		12683.539		1426754.076		1421660.874		27401.158

		28		3333.331		3675.23		341.899		to		341.899								24		32532.085		26683.606		-5848.479		to		0

		28		64367.418		83651.997		19284.579		t1		19284.579								24		520468		349280.99		-171187.01		t1		0

		28		22500.196		167522.631		145022.435		t2		145022.435								24		765684.862		32030.373		-733654.489		t2		0

		28		1814.255		5343.172		3528.917		t3		3528.917								24		122302.5		142187.061		19884.561		t3		19884.561

		28		5465.996		12760.256		7294.26		t4		7294.26		254849.858		251174.628		269278.056		24		15528.816		14641.763		-887.053		t4		0		407994.969		381311.363		538140.187

		29		375.18		364.834		-10.346		to		0								25		42977.94		41427.679		-1550.261		to		0

		29		220694.048		221694.048		1000		t1		1000								25		539270.953		637857.225		98586.272		t1		98586.272

		29		61080.766		38400.419		-22680.347		t2		0								25		1702721.026		1259656.573		-443064.453		t2		0

		29		974.787		2817.602		1842.815		t3		1842.815								25		235147.657		279738.389		44590.732		t3		44590.732

		29		13214.223		9791.272		-3422.951		t4		0		260459.301		260094.467		272703.341		25		491125.156		31327.317		-459797.839		t4		0		1938941.477		1897513.798		2208579.504

												30		587236.9065		701167.690980609





30 (2)

										0-24hr		0-48hrs

						30 mg/kg		22		331343.527		363830.167

						30 mg/kg		23		1421660.874		27401.158

						30 mg/kg		24		381311.363		538140.187

						30 mg/kg		25		1897513.798		2208579.504

						30 mg/kg		26		12904.501		27401.158

						30 mg/kg		27		60743.556		69509.645

						30 mg/kg		28		251174.628		269278.056

						30 mg/kg		29		260094.467		272703.341





75

				buffer		Bgluc								0-24hr		0-48hrs				buffer		Bglu								0-24hr		0-48hrs

		31		12692.205		8690.463		to		-4001.742		0						32		40177.217		14396.308		to		-25780.909		0

		31		65092.909		65935.73		t1		842.821		842.821						32		621878.336		163329.784		t1		-458548.552		0

		31		0		0		t2		0		0						32		116745.926		460217.523		t2		343471.597		343471.597

		31		12131.889		35406.941		t3		23275.052		23275.052						32		34407.569		80962.23		t3		46554.661		46554.661

		31		23297.182		10769.554		t4		-12527.628		0		65935.73		112112.225		32		21206.298		20166.936		t4		-1039.362		0		623547.307		724676.473

		34		17584.437		8181.969		to		-9402.468		0						33		15869.189		23220.438		to		7351.249		7351.249

		34		70414.603		111232.487		t1		40817.884		40817.884						33		1492199.481		1382470.145		t1		-109729.336		0

		34		24892.58		69917.213		t2		45024.633		45024.633						33		1283062.299		620381.322		t2		-662680.977		0

		34		18583.529		27164.594		t3		8581.065		8581.065						33		64768.582		38271.748		t3		-26496.834		0

		34		10025.466		13573.97		t4		3548.504		3548.504		181149.7		221888.264		33		157146.298		80144.501		t4		-77001.797		0		2002851.467		2121267.716

		37		8715.889		8964.134		to		248.245		10248.245						35		8991.13		10732.823		to		1741.693		1741.693

		37		20443.819		24610.575		t1		4166.756		4166.756						35		3139103.95		924170.271		t1		-2214933.679		0

		37		23289.582		16125.404		t2		-7164.178		0						35		388323.635		141208.533		t2		-247115.102		0

		37		10199.057		8928.063		t3		-1270.994		0						35		23250.83		40952.943		t3		17702.113		17702.113

		37		9734.937		9587.912		t4		-147.025		0		40735.979		59251.954		35		53519.481		36254.068		t4		-17265.413		0		1065378.804		1142585.815

		39		8635.322		4323.756		to		-4311.566		0						36		11035.878		17422.941		to		6387.063		6387.063

		39		19787.036		22762.908		t1		2975.872		2975.872						36		1758690.598		1435647.523		t1		-323043.075		0

		39		56506.889		11682.539		t2		-44824.35		0						36		550928.794		740973		t2		190044.206		190044.206

		39		14056.923		8526.974		t3		-5529.949		0						36		52641.537		21961.085		t3		-30680.452		0

		39		12923.427		7180.359		t4		-5743.068		0		34445.447		50152.78		36		29680.346		16194.378		t4		-13485.968		0		2176620.523		2214775.986

																		AUC

														75				773833.119625		888208.566800504





75 (2)

						0-24hr		0-48hrs

		75mg/kg		31		65935.73		112112.225

		75mg/kg		32		623547.307		724676.473

		75mg/kg		33		2002851.467		2121267.716

		75mg/kg		34		181149.7		221888.264

		75mg/kg		35		1065378.804		1142585.815

		75mg/kg		36		2176620.523		2214775.986

		75mg/kg		37		40735.979		59251.954

		75mg/kg		39		34445.447		50152.78

						75





150

				buffer		Bgluc								0-24hr		0-48hrs				buffer		Bglu										0-24hr		0-48hrs

		41		2658.226		4175.046		to		1516.82		0						43		22483.924		27984.076		to		5500.152		0		0

		41		2970997.24		763495.22		t1		-2207502.02		0						43		258196.057		192137.822		t1		-66058.235		0		0

		41		0		487159.517		t2		487159.517		485642.697						43		34607.553		526820.516		t2		492212.963		492212.963		486712.811

		41		0		1125733.058		t3		1125733.058		1124216.238						43		35121.217		22041.692		t3		-13079.525		0		0

		41		0		44780.945		t4		44780.945		43264.125		1250654.737		2421168.74		43		52481.051		71251.657		t4		18770.606		18770.606		13270.454		718958.338		812251.687

		42		3255.378		5071.911		to		1816.533		0						47		44519.712		50124.541		to		5604.829		0

		42		0		2756962.783		t1		2756962.783		2755146.25						47		184373.938		93652.947		t1		-90720.991		0

		42		0		1608706.801		t2		1608706.801		1606890.268						47		97353.512		20585.165		t2		-76768.347		0

		42		0		116848.58		t3		116848.58		115032.047						47		32369.831		53322.336		t3		20952.505		20952.505		15347.676

		42		0		64715.194		t4		64715.194		62898.661		4365669.584		4547233.358		47		22112.086		48704.793		t4		26592.707		26592.707		117313.698		114238.112		216265.241

		45		3124.484		8983.778		to		5859.294		0						48		42719.505		25085.085		to		-17634.42		0

		45		1361.604		1297643.413		t1		1296281.809		1290422.515						48		30868.77		499642.753		t1		468773.983		468773.983

		45		0		1139940.11		t2		1139940.11		1134080.816						48		38885.704		237911.818		t2		199026.114		199026.114

		45		0		0		t3		0		0						48		22408.119		46171.713		t3		23763.594		23763.594

		45		8010.899		29302.764		t4		21291.865		15432.571		2437583.523		2466886.287		48		64458.6		59846.939		t4		-4611.661		0				737554.571		843573.223

		46		313098.046		6598.368		to		0								49		20824.974		26325.062		to		5500.088		0

		46		1292570.061		116492.443		t1		0								49		373369.527		912524.532		t1		539155.005		539155.005		533654.917

		46		269919.99		2492629.98		t2		2222709.99		2222709.99						49		37322.305		35132.263		t2		-2190.042		0

		46		72681.568		1293347.751		t3		1220666.183		1220666.183						49		46078.569		56951.697		t3		10873.128		10873.128		5373.04

		46		129972.963		147570.066		t4		17597.103		17597.103		2609122.423		4050040.24		49		30516.566		34645.214		t4		4128.648		4128.648				947656.795		1039253.706





150 (2)

						0-24hr		0-48hrs

		150mg/kg		41		1250654.737		2421168.74

		150mg/kg		42		4365669.584		4547233.358

		150mg/kg		43		718958.338		812251.687

		150mg/kg		45		2437583.523		2466886.287

		150mg/kg		46		2609122.423		4050040.24

		150mg/kg		47		114238.112		216265.241

		150mg/kg		48		737554.571		843573.223

		150mg/kg		49		947656.795		1039253.706





300

				buffer		Bglu								0-24hr		0-48hrs						buffer		Bglu

		54		31650.536		30981.591		to		-668.945		0								51		14357.168		5522.465		to		-8834.703		0

		54		812534.304		139586.067		t1		-672948.237		0								51		5685.883		42609.504		t1		36923.621		36923.621

		54		5662960.567		4395010.606		t2		-1267949.961		0								51		306943.295		553868.56		t2		246925.265		246925.265

		54		609011.499		517840.873		t3		-91170.6259999999		0								51		2979.007		777483.818		t3		774504.811		774504.811

		54		113126.366		225129.438		t4		112003.072		112003.072		4534596.673		5277566.984				51		463677.439		199997.447		t4		-263679.992		0		596478.064		1573959.329

		57		21026.295		20306.325		to		-719.97		0								52		12680.831		1878.591		to		-10802.24		0

		57		1067731.987		625951.492		t1		-441780.495		0								52		89585.483		288095.87		t1		198510.387		198510.387

		57		3857651.849		5313151.958		t2		1455500.109		1455500.109								52		2047186.007		1344495.127		t2		-702690.88		0

		57		443105.711		653187.64		t3		210081.929		210081.929								52		381422.656		17298.804		t3		-364123.852		0

		57		399852.195		38077.662		t4		-361774.533		0		5939103.45		6630368.752				52		10791.24		5733463.302		t4		5722672.062		5722672.062		1632590.997		7383353.103

		59		27816.383		11978.429		to		-15837.954		0								55		25622.276		23214.815		to		-2407.461		0

		59		209585.368		115254.912		t1		-94330.456		0								55		34801.504		19562.419		t1		-15239.085		0

		59		189579.073		308796.459		t2		119217.386		119217.386								55		282178.259		152662.1		t2		-129516.159		0

		59		270678.449		141038.496		t3		-129639.953		0								55		36248.473		25496.773		t3		-10751.7		0

		59		16795.729		21499.528		t4		4703.799		4703.799		424051.371		586589.395				55		40767.368		26287.042		t4		-14480.326		0		172224.519		224008.334

		60		10428.792		10222.661		to		-206.131		0								56		79151.034		74984.05		to		-4166.984		0

		60		4918181.673		2973289.418		t1		-1944892.255		0								56		68525.248		125225.239		t1		56699.991		56699.991

		60		3105222.227		11226235.776		t2		8121013.549		8121013.549								56		1763486.494		1984543.194		t2		221056.7		221056.7

		60		742052.176		604241.516		t3		-137810.66		0								56		1641129.449		1402988.837		t3		-238140.612		0

		60		3624778.15		1954973.426		t4		-1669804.724		0		14199525.194		16758740.136				56		1052365.487		1852721.885		t4		800356.398		800356.398		2109768.433		5365479.155

																AUC

														300		3701042.337625		4714143.77270112





300 (2)

						0-24hr		0-48hrs

		300mg/kg		51		596478.064		1573959.329

		300mg/kg		52		1632590.997		7383353.103

		300mg/kg		54		4534596.673		5277566.984

		300mg/kg		55		172224.519		224008.334

		300mg/kg		56		2109768.433		5365479.155

		300mg/kg		57		5939103.45		6630368.752

		300mg/kg		59		424051.371		586589.395

		300mg/kg		60		14199525.194		16758740.136





Sheet7

		

										1.3

																0-24hrs				Anthony et al. (1987)

				AUC		stdev				nM				nmol in total urine		nmol/kgBw		stdev		nmol 1'-OHES glucuronide/kg bw		L		toal urine mL

		5		49808.17		21116.9869355662				38313.97692		16243.83610		251.2302201099		966.2700773457		106.5131538838		4.5		0.0065571429		6.5571428571

		30		577093.33925		691495.84197731				443917.95327		531919.87844		2530.3323336346		9732.0474370562		3031.9433071313		1027.4		0.0057		5.7

		75		773833.119625		888208.566800504				595256.24587		683237.35908		3831.9620827584		14738.315702917		4398.3404990602		18493.2		0.0064375		6.4375

		150		1647679.760375		1395182.7468613				1267445.96952		1073217.49759		9777.4403362912		37605.5397549662		8279.1064099462		390411		0.0077142857		7.7142857143

		300		3701042.337625		4714143.77270112				2846955.64433		3626264.44054		28876.2643924588		111062.555355611		36780.6821826131		938356.2		0.0101428571		10.1428571429





Sheet7

				106.5131538838		106.5131538838

				3031.9433071313		3031.9433071313

				4398.3404990602		4398.3404990602

				8279.1064099462		8279.1064099462

				36780.6821826131		36780.6821826131





nmolall

				rat code		0-24hr		0-48hrs				nM(24hrs)		nM(48hrs)		rat number		tot volume  Urines 24hrs) mL		L		nmol in total urine (24hrs)		tot volume  Urines 48hrs) mL		L		nmol in total urine (48hrs)		rat number		body weight grams		body weight Kg		nmol/kgBw 24hrs		nmol/kgBw 48 hrs		Animal		liver 1		liver 2		liver 3		Average

		5mg/kg		12		67817.305		84865.476				52167.1576923077		65281.1353846154		12		6.9		0.0069		359.9533880769		14		0.014		913.9358953846		12		255.6		0.2556		1408.268341459		3575.6490429758		12						0.0010198296		0.0010198296

		5mg/kg		13		24446.742		39861.469				18805.1861538462		30662.6684615385		13		5.5		0.0055		103.4285238462		10.5		0.0105		321.9580188462		13		264.4		0.2644		391.182011521		1217.6929608402		13		0.010234275		0.0020627007		0.0009252958		0.0044074238

		5mg/kg		15		36511.643		50556.81				28085.8792307692		38889.8538461538		15		7		0.007		196.6011546154		13		0.013		505.5681		15		246.8		0.2468		796.6011127042		2048.4931118314		15		0.0038216358		0.0021591747		0.0007294223		0.0022367443

		5mg/kg		16		64908.735		119028.603				49929.7961538462		91560.4638461538		16		5		0.005		249.6489807692		11.5		0.0115		1052.9453342308		16		262.3		0.2623		951.7688935159		4014.2788190269		16		0.0053638355		0.002778201		0.0013897898		0.0031772754

		5mg/kg		17		14111.283		16664.651				10854.8330769231		12818.9623076923		17		7.5		0.0075		81.4112480769		14		0.014		179.4654723077		17		263		0.263		309.5484717754		682.3782217023		17		0.0079930476		0.0021240352		0.001295518		0.0038042002

		5mg/kg		18		73118.35		152007.445				56244.8846153846		116928.803846154		18		7		0.007		393.7141923077		15.5		0.0155		1812.3964596154		18		259.6		0.2596		1516.6186144364		6981.4963775631		18		0.0061093709				0.000618643		0.003364007

		5mg/kg		19		47123.666		109823.891				36248.9738461538		84479.9161538461		19		7		0.007		253.7428169231		17		0.017		1436.1585746154		19		277.5		0.2775		914.3885294525		5175.3462148302		19		0.0063222552		0.0027473941		0.0022026854		0.0037574449

		5mg/kg		20		63379.631		146395.148				48753.5623076923		112611.652307692		20		5		0.005		243.7678115385		8.5		0.0085		957.1990446154		20		259		0.259		941.1884615385		3695.7492070092		20		0.0051494062		0.001793663		0.0010748359		0.0026726351

		30mg/kg		22		331343.527		363830.167				254879.636153846		279869.359230769		22		7		0.007		1784.1574530769		13		0.013		3638.30167		22		262.9		0.2629		6786.4490417532		13839.1086724991		22		0.0119880867		0.0111140893		0.0025004633		0.0085342131

		30mg/kg		23		1421660.874		27401.158				1093585.28769231		21077.8138461538		23		10		0.01		10935.8528769231		18		0.018		379.4006492308		23		255.5		0.2555		42801.7725124191		1484.9340478699		23		0.0180218737		0.0146772064		0.0058942378		0.0128644393

		30mg/kg		24		381311.363		538140.187				293316.433076923		413953.99		24		4		0.004		1173.2657323077		9		0.009		3725.58591		24		257.4		0.2574		4558.1419281573		14473.9157342657		24		0.0103606264		0.0041241902		0.0010720676		0.005185628

		30mg/kg		25		1897513.798		2208579.504				1459625.99846154		1698907.31076923		25		5		0.005		7298.1299923077		15		0.015		25483.6096615385		25		270.6		0.2706		26970.1773551652		94174.4629029507		25		0.0165238362		0.0215854156		0.0044076125		0.0141722881

		30mg/kg		26		12904.501		27401.158				9926.5392307692		21077.8138461538		26		4.9		0.0049		48.6400422308		9		0.009		189.7003246154		26		244.6		0.2446		198.855446569		775.553248632		26		0.0124814061		0.0164462237		0.0092096059		0.0127124119

		30mg/kg		27		60743.556		69509.645				46725.8123076923		53468.9576923077		27		3		0.003		140.1774369231		7		0.007		374.2827038462		27		280.8		0.2808		499.2073964497		1332.9156119877		27				0.0150089555		0.0054516341		0.0102302948

		30mg/kg		28		251174.628		269278.056				193211.252307692		207136.966153846		28		7		0.007		1352.4787661539		13		0.013		2692.78056		28		256.9		0.2569		5264.6117795011		10481.8239003503		28		0.0115425644		0.0053937914		0.0092249346		0.0087204301

		30mg/kg		29		260094.467		272703.341				200072.666923077		209771.800769231		29		6		0.006		1200.4360015385		9.5		0.0095		1992.8321073077		29		253.4		0.2534		4737.3165017303		7864.3729570154		29		0.0182793601		0.0112975952		0.0064428825		0.0120066126

		75mg/kg		31		65935.73		112112.225				50719.7923076923		86240.1730769231		31		4		0.004		202.8791692308		8		0.008		689.9213846154		31		269.5		0.2695		752.7984015984		2560.0051377194		31		0.1135654607		0.0320927152		0.0492778991		0.0649786916

		75mg/kg		32		623547.307		724676.473				479651.774615385		557443.440769231		32		5		0.005		2398.2588730769		11		0.011		6131.8778484615		32		266.2		0.2662		9009.2369386812		23034.8529243484		32		0.0465090164		0.0327380603				0.0396235384

		75mg/kg		33		2002851.467		2121267.716				1540654.97461538		1631744.39692308		33		6		0.006		9243.9298476923		8		0.008		13053.9551753846		33		279.8		0.2798		33037.6334799582		46654.59319294		33		0.0491421592		0.0383472204				0.0437446898

		75mg/kg		34		181149.7		221888.264				139345.923076923		170683.28		34		6		0.006		836.0755384615		13		0.013		2218.88264		34		283.5		0.2835		2949.1200651201		7826.7465255732		34		0.0267415407		0.0151097771				0.0209256589

		75mg/kg		35		1065378.804		1142585.815				819522.156923077		878912.165384615		35		10.5		0.0105		8604.9826476923		19		0.019		16699.3311423077		35		269.9		0.2699		31882.114293043		61872.2902642004		35		0.0226517023		0.0225473352				0.0225995188

		75mg/kg		36		2176620.523		2214775.986				1674323.47923077		1703673.83538462		36		6		0.006		10045.9408753846		12.5		0.0125		21295.9229423077		36		263.7		0.2637		38096.0973658878		80758.1454012427		36		0.0103002348		0.0183391692				0.014319702

		75mg/kg		37		40735.979		59251.954				31335.3684615385		45578.4261538462		37		7.5		0.0075		235.0152634615		13		0.013		592.51954		37		260.4		0.2604		902.5163727402		2275.4206605223		37		0.013348809						0.013348809

		75mg/kg		39		34445.447		50152.78				26496.4976923077		38579.0615384615		39		6.5		0.0065		172.227235		13		0.013		501.5278		39		279.2		0.2792		616.859724212		1796.303008596		39		0.0167623595						0.0167623595

		150mg/kg		41		1250654.737		2421168.74				962042.105384615		1862437.49230769		41		8.5		0.0085		8177.3578957692		17		0.017		31661.4373692308		41		235.4		0.2354		34738.1388945167		134500.58355663		41				0.0828166276		0.0720292343		0.077422931

		150mg/kg		42		4365669.584		4547233.358				3358207.37230769		3497871.81384615		42		4		0.004		13432.8294892308		8.5		0.0085		29731.9104176923		42		259.2		0.2592		51824.1878442545		114706.444512702		42		0.013794825		0.0383963787		0.0163081128		0.0228331055

		150mg/kg		43		718958.338		812251.687				553044.875384615		624808.99		43		6.5		0.0065		3594.79169		13		0.013		8122.51687		43		252.4		0.2524		14242.4393423138		32181.1286450079		43		0.0819572231		0.0771562445		0.089637902		0.0829171232

		150mg/kg		45		2437583.523		2466886.287				1875064.24846154		1897604.83615385		45		7.5		0.0075		14062.9818634615		14		0.014		26566.4677061538		45		261.6		0.2616		53757.5759306634		101553.775635145		45		0.1203401429		0.0950431715		0.0321939997		0.0825257714

		150mg/kg		46		2609122.423		4050040.24				2007017.24846154		3115415.56923077		46		9		0.009		18063.1552361538		16		0.016		49846.6491076923		46		250.7		0.2507		72050.8784848578		198829.872786966		46		0.1367923912		0.1070332509		0.0980521474		0.1139592632

		150mg/kg		47		114238.112		216265.241				87875.4707692308		166357.877692308		47		4		0.004		351.5018830769		7.5		0.0075		1247.6840826923		47		260.4		0.2604		1349.8536216472		4791.4135280043		47		0.1006954236				0.0977820352		0.0992387294

		150mg/kg		48		737554.571		843573.223				567349.67		648902.479230769		48		11.5		0.0115		6524.521205		20		0.02		12978.0495846154		48		277		0.277		23554.2281768953		46852.1645653985		48				0.0742542833		0.1041627145		0.0892084989

		150mg/kg		49		947656.795		1039253.706				728966.765384615		799425.927692308		49		7		0.007		5102.7673576923		12.5		0.0125		9992.8240961539		49		267.3		0.2673		19090.0387493165		37384.3026418026		49				0.0671907255		0.0901290789		0.0786599022

		300mg/kg		51		596478.064		1573959.329				458829.28		1210737.94538462		51		34.5		0.0345		15829.61016		44.5		0.0445		53877.8385696154		51		265.7		0.2657		59577.0047421905		202776.961120118		51		0.1045994135		0.2733454174		0.2844834551		0.2208094287

		300mg/kg		52		1632590.997		7383353.103				1255839.22846154		5679502.38692308		52		4		0.004		5023.3569138461		7.5		0.0075		42596.2679019231		52		267.6		0.2676		18771.8868230424		159178.878557261		52		0.0491495544		0.0626460959		0.1339515254		0.0819157252

		300mg/kg		54		4534596.673		5277566.984				3488151.28692308		4059666.91076923		54		6.5		0.0065		22672.983365		13.5		0.0135		54805.5032953846		54		260.7		0.2607		86969.6331607211		210224.408497831		54		0.2012788731						0.2012788731

		300mg/kg		55		172224.519		224008.334				132480.399230769		172314.103076923		55		9		0.009		1192.3235930769		15		0.015		2584.7115461539		55		259.7		0.2597		4591.1574627529		9952.6821184207		55		0.0637963283		0.0898838817		0.0317596653		0.0618132918

		300mg/kg		56		2109768.433		5365479.155				1622898.79461538		4127291.65769231		56		4		0.004		6491.5951784615		9.5		0.0095		39209.2707480769		56		254.6		0.2546		25497.2316514593		154003.420063146		56		0.1324550169		0.2422407013		0.0313887993		0.1353615058

		300mg/kg		57		5939103.45		6630368.752				4568541.11538462		5100283.65538461		57		7		0.007		31979.7878076923		13		0.013		66303.68752		57		286.2		0.2862		111739.300516046		231669.068902865		57		0.0610179181		0.0477697167				0.0543938174

		300mg/kg		59		424051.371		586589.395				326193.362307692		451222.611538462		59		6.5		0.0065		2120.256855		12		0.012		5414.6713384615		59		263.4		0.2634		8049.5704441913		20556.8387944629		59				0.030787557		0.0324295042		0.0316085306

		300mg/kg		60		14199525.194		16758740.136				10922711.6876923		12891338.5661538		60		6		0.006		65536.2701261538		11		0.011		141804.724227692		60		270.2		0.2702		242547.261754825		524813.93126459		60		0.0266657037		0.1130114382		0.1213353037		0.0870041485





UmL2

		rat number				t0		t1		t2		tot volume  Urines mL		tot volume  Urines mL		dose mg/kg ES		mL

		12		5		3.5		0.9		6		10.4		6.9		5

		13		5		2		2		3.5		7.5		5.5

		15		5		6		2		5		13		7

		16		5		4		1		4		9		5

		17		5		1		1		6.5		8.5		7.5

		18		5		3		2		5		10		7

		19		5		3.5		1.5		5.5		10.5		7

		20		5														6.5571428571

		22		30		2		3		4		9		7		30

		23		30		4		2		8		14		10

		24		30		2		1		3		6		4

		25		30		5		1		4		10		5

		26		30		1		0.9		4		5.9		4.9

		27		30		2		1		2		5		3

		28		30

		29		30		2.5		1		5		8.5		6				5.7

		31		75		5		1		3		9		4		75

		32		75		8		2		3		13		5

		33		75		8		2		4		14		6

		34		75		6		2		4		12		6

		35		75		10		2.5		8		20.5		10.5

		36		75		8		2		4		14		6

		37		75		7		3		4.5		14.5		7.5

		39		75		8.5		2.5		4		15		6.5				6.4375

		41		150		4		4.5		4		12.5		8.5		150

		42		150		6		1		3		10		4

		45		150		12		3.5		4		19.5		7.5

		46		150		8		3.5		5.5		17		9

				150		4		4.5		4		12.5		8.5

				150

				150		12		3.5		4		19.5		7.5

				150		8		3.5		5.5		17		9				7.7142857143

		51		300		8		2		32.5		42.5		34.5		300

		52		300		8.5		2		2		12.5		4

		54		300		4		2		4.5		10.5		6.5

		55		300		4.5		2.5		6.5		13.5		9

		56		300		6		1		3		10		4

		57		300		5.5		2.5		4.5		12.5		7

		59		300

		60		300		4		1.5		4.5		10		6				10.1428571429





Sheet1

						1'-OHES glucuronide levels				estragole adduct levels

		Dose		Rat Code		nmol/kgbw 24 h		nmol/kgbw 48 h		#adduct/1000 nt

		5mg/kg		12		1408.3		3575.6		0.001

		5mg/kg		13		391.2		1217.7		0.004

		5mg/kg		15		796.6		2048.5		0.002

		5mg/kg		16		951.8		4014.3		0.003

		5mg/kg		17		309.5		682.4		0.004

		5mg/kg		18		1516.6		6981.5		0.003

		5mg/kg		19		914.4		5175.3		0.004

		5mg/kg		20		941.2		3695.7		0.003

		30mg/kg		22		6786.4		13839.1		0.009

		30mg/kg		23		42801.8		1484.9		0.013

		30mg/kg		24		4558.1		14473.9		0.005

		30mg/kg		25		26970.2		94174.5		0.014

		30mg/kg		26		198.9		775.6		0.013

		30mg/kg		27		499.2		1332.9		0.010

		30mg/kg		28		5264.6		10481.8		0.009

		30mg/kg		29		4737.3		7864.4		0.012

		75mg/kg		31		752.8		2560.0		0.065

		75mg/kg		32		9009.2		23034.9		0.040

		75mg/kg		33		33037.6		46654.6		0.044

		75mg/kg		34		2949.1		7826.7		0.021

		75mg/kg		35		31882.1		61872.3		0.023

		75mg/kg		36		38096.1		80758.1		0.014

		75mg/kg		37		902.5		2275.4		0.013

		75mg/kg		39		616.9		1796.3		0.017

		150mg/kg		41		34738.1		134500.6		0.077

		150mg/kg		42		51824.2		114706.4		0.023

		150mg/kg		43		14242.4		32181.1		0.083

		150mg/kg		45		53757.6		101553.8		0.083

		150mg/kg		46		72050.9		198829.9		0.114

		150mg/kg		47		1349.9		4791.4		0.099

		150mg/kg		48		23554.2		46852.2		0.089

		150mg/kg		49		19090.0		37384.3		0.079

		300mg/kg		51		59577.005		202776.961		0.221

		300mg/kg		52		18771.887		159178.879		0.082

		300mg/kg		54		86969.633		210224.408		0.201

		300mg/kg		55		4591.157		9952.682		0.062

		300mg/kg		56		25497.232		154003.420		0.135

		300mg/kg		57		111739.301		231669.069		0.054

		300mg/kg		59		8049.570		20556.839		0.032

		300mg/kg		60		242547.262		524813.931		0.087






image9.png
C  © File | file:///C:/Users/Klimeto/Downloads/Paini2010.pdf

[ Aphysiolc X M Risultatic X | [3 kip10225 x | BB EUcareer X | [§] Invivoval x | & 6917 x Berkeley ! X | +

adduct formation is predicted to be linear with increasing dose of
estragole.

Atadose level of 0.01 mg/kg bw (Smith et al,, 2002) and 0.07 mg/
kg bw estragole (estimated daily human exposure for a 60-kg person
reported by the Scientific Committee on food of the European Union)
(SCF,2001), the PBBK model predicted amounts of E-3'-N?-dGuo DNA
adduct formed of, respectively, 2 and 12.8 in 10 nt.

Sensitivity analysis

Sensitivity analysis was performed at different estragole doses to
identify the key parameters that can influence the DNA adduct
formation in the PBBD model outcome. The estragole doses set for
sensitivity analysis were 0.07 mg/kg bw (corresponding to the
average daily intake for humans, SCF, 2001) and 100 mg/kg bw (the
highest dose at which the model prediction is linear). All parameters
of the model were changed and only the ones that resulted in a
normalized sensitivity coefficient higher than 0.1 (in absolute value)
‘were kept and displayed in Fig. 7. Fig. 7 shows that the parameters
‘with a major impact on the model prediction of the levels of DNA
adducts were the slope of the DNA4cuo versus AUCug(in vitro) CUIVE
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DNA adduct, E-3"-N*-dGuo, in isolated rat hepatocytes exposed to
1’-hydroxyestragole was quantified. In parallel, measurement of the
time-dependent decrease in 1’-hydroxyestragole in the medium of
the exposed rat hepatocytes defined the concentration versus time
area under the curve of each concentration of the test compound,
AUChig(in vitro)- By defining the equation describing the E-3'-N’-dGuo
DNA adduct formation in rat primary hepatocytes as a function of the
AUChg(in vitro) and by adding this equation to the PBBK model and
defining the AUCyg(in vitro) to be equal to the AUC already defined in
the rat model it became possible to couple biokinetic with dynamic
data and to extend the PBBK model to a PBBD model. The PBBD model
allows estimation of the level of DNA adduct formation in rat liver
upon different doses of estragole. This AUC approach was used
previously in an article on dynamical coupling of PBPK/PD and AUC-
based toxicity models for arsenic in vivo in tilapia (Liao et al., 2005).

The PBBD model outcome showed a linear relationship between
the level of E-3'-N’-dGuo DNA adduct formation and the dose of
estragole up to at least 100 mg/kg bw/day. At a dose level of 0.01 mg/
kg bw/day (Smith et al., 2002) and 0.07 mg/kg bw/day estragole
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(SCF,2001), the PBBK model predicted amounts of E-3’-N?>-dGuo DNA
adduct formed equal to respectively 2 and 12.8 in 10° nt. These levels
of adducts were 2 to 3 orders of magnitude below the background
level of DNA damage of 1 adduct in 10° nt, which are of no known
consequence (Williams, 2008). Furthermore levels are 1 to 2 orders of
magnitude lower than the background levels of DNA adducts formed
by low molecular weight alkylating agents, like for example
N-nitrosamines, that are in a range of 1-10 adducts in 107 nt (Farmer
et al,, 2005; Farmer, 2008).
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Fig. 7. Sensitivity analysis of the PBBD model predictions at a dose of estragole of 0.07 mg/kg bw (black bars) and 100 mg/kg bw (grey bars). Model parameters evaluated include
the Vimax and K of the different metabolites in the liver (L) and lung (Lu): 1"-hydroxyestragole (HE), estragole-2',3'-oxide (EE), 3'-hydroxyanethole (HA), 4-allylphenol (AP).
1-hydroxyestragole glucuronide (HEG). Bw, body weight; VK, volume kidney: VL, volume liver; QF, blood flow through fat; QL. blood flow through the liver; PLHE, liver/blood
partition coefficient 1'-hydroxyestragole; and slope of the DNAcyo versus AUCkg in viero) CUIVE.
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1’-hydroxyestragole exposed rat primary hepatocytes, as reported in
the present study, will give more insight on how the body reacts to the
chemical at various dose levels. Clearly a limitation is that the present
PBBD model predicts DNA adduct formation as the endpoint and does
not yet allow prediction of estragole mutagenicity or carcinogencity,
since for DNA adducts to induce mutations, the cells must survive,
proliferate, and replicate (Bailey et al., 2009), which still is a long
process before achieving the endpoint of actual tumor formation.
However, although DNA adduct formation of genotoxic carcinogens is
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A)- Comparison-of-experimental-data-obtained-in-this:study-for-DNA-adduct-formation-in-
the'liver-to-their-PBBK/PBBD—based-predicted-values-when-using-eitherthe-original-
model-(black-lines)-orthe-newly-defined-extended-PBBK/PBBD-models-including-liver:
zonation-and-a-submodel-for-1'-hydroxyestragole;(dashed-lines).-Thetwo-zonal:
models-include-UGTs-in-either-Zone-3-(dashed-black-line)-or-Zone-1-(dashed-grey-line)-
and®/n:ivoexperimental-data-are-presented-as-blacktriangles-and-represent-the:
average-and-standard-deviation-of-10-rats.-(B)-Comparison-of-experimental-data-
obtained-in-thisstudy-for-formation-of-urinary-1'-hydroxyestragole-glucuronide-to-their-
PBBK/PBBD—based-predicted-values-when-using-either-the-original-model-(black-lines)-
orthe'newly-defined-extended-PBBK/PBBD'models-including-liverzonation-and-a-
submodel-for-1'-hydroxyestragole;-(dashed-lines).-The‘two-zonal'modelsinclude-UGTs-
in-either-Zone-3-(dashed-black-line)-or-Zone-1-(dashed-grey-line).-Data-presented-as-
black-squares-are-the-results-of-this'study-whereas-those-presented-as-open-circles-are:
those-reported-by-Anthony°et-al.-(5)-forfemale-Wistar-Albino-rats.-Urinary-data-(black-
squares)-represent-the-average-and-standard-deviation-of-eight-rats.q
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