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results in MOE values for myristicin that amount to 1000–
2700, indicating a priority for risk management. The results 
obtained illustrate that PBK modeling provides insight into 
possible species differences in the metabolic activation of 
myristicin. Moreover, they provide an example of how PBK 
modeling can facilitate a read-across in risk assessment from 
a compound for which in vivo toxicity studies are available 
to a related compound for which tumor data are not reported, 
thus contributing to alternatives in animal testing.

Keywords  Myristicin · Alkenylbenzenes · Safrole · 
Physiologically based kinetic (PBK) modeling · Read-
across-based risk assessment

Introduction

Myristicin (1-allyl-5-methoxy-3,4 methylene-dioxyben-
zene or methoxysafrole) is naturally occurring and present 
in several spices including nutmeg and mace of trees of 
Myristica species, principally Myristica fragrans Hout, and 
their essential oils (Forrest and Heacock 1972; Matthews 
et al. 1974; Sammy and Nawar 1968). There is a potential 
for human exposure to myristicin through foods, bever-
ages, food supplements, and traditional medicines. Myris-
ticin belongs to the group of alkenylbenzenes that contains 
structural analogues such as methyleugenol, estragole, 
elemicin, safrole, and apiol (Fig.  1), compounds that are 
all naturally occurring in herbs and spices such as basil, 
nutmeg, and their essential oils (Barceloux 2009). Safrole, 
estragole, and methyleugenol have been shown to induce 
hepatic tumors in rats or mice upon chronic oral exposure 
to high doses and upon administration to male CD-1 mice 
during the preweaning period (Borchert et al. 1973; Drink-
water et  al. 1976; Ioannides et  al. 1981; Wislocki et  al. 
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1977; Innes 1969; National Toxicology 2000). Tumors 
were found especially in the liver at frequencies that 
amounted to, for example, 2/50, 3/50, 14/50, and 25/50 
at 0, 37, 75, and 150 mg methyleugenol/kg bw per day in 
male rats (National Toxicology 2000). A summary of fur-
ther incidences of malignant tumor formation in mice and 
rats after administration of estragole, methyleugenol, or 
safrole can be found in our previous paper (van den Berg 
et al. 2011). However, myristicin is less well studied than 
its structurally related analogues, and only limited toxi-
cological data are available. While in  vitro genotoxicity 
studies indicate that myristicin is mutagenic and capable 
of inducing the formation of DNA adducts (EFSA 2012; 
Zhou et al. 2007b), no two-year carcinogenicity studies of 
myristicin in experimental animals are available hamper-
ing its risk assessment.

Some short-term studies were conducted on the induc-
tion of hepatic tumors, in which male B6C3F1 mice were 
given myristicin during the preweaning period in two sep-
arate experiments. In the first experiment, myristicin was 
injected with a total dose of 3.75 µmol to 33 male B6C3F1 
mice over a period of 22 days, and the total duration of the 
experiment was 12  months. In a second experiment, 45 
male B6C3F1 mice were each injected with a total dose of 
4.75 µmol myristicin over a period of 22 days, and the total 
duration of the experiment was 18 months. In these short-
term exposure experiments, myristicin had no detectable 
activity for the initiation of hepatic tumors (Miller et  al. 
1983).

 In agreement with hepatocarcinogenicity in mice 
(Miller et  al. 1983), DNA adduct formation upon expo-
sure to myristicin was generally lower and less persistent 
than DNA adduct formation upon exposure to methyleuge-
nol and estragole and appeared to be about twofold lower 
than DNA adduct formation upon exposure to safrole, both 
in in  vitro study (Zhou et  al. 2007a) and in in  vivo stud-
ies (Table 1) (Phillips et al. 1984; Randerath et al. 1984). 
N2-(trans-isomyristicin-3′-yl)-2′-deoxyguanosine was 

found to be the major myristicin DNA adduct formed 
when mice were given cola drinks instead of water up to 
8 weeks. In a parallel experiment, pregnant ICR mice were 
treated by gastric intubation with a single dose of 6 mg of 
myristicin, and the level of myristicin adducts in maternal 
and fetal liver was 68 and 63 % of the total adducts (Ran-
derath et  al. 1993). In freshly isolated rat hepatocytes in 
primary culture, safrole, estragole, and methyleugenol 
induced unscheduled DNA synthesis (UDS) and cytotoxic-
ity at the concentrations of 10−6 to 10−3 M, (Howes et al. 
1990) while myristicin showed cytotoxicity. In these stud-
ies, concentrations inducing UDS were generally close to 
or already at concentrations detecting cytotoxicity, ham-
pering interpretation of the data. The data supporting a 
genotoxic mode of action for the tumor induction by the 
alkenylbenzenes rather come from studies reporting DNA 
adduct formation. In these studies, myristicin, as well as 
estragole, methyleugenol, and safrole, all showed positive 
results (Zhou et al. 2007a; Kobets et al. 2016; Phillips et al. 
1984; Randerath et al. 1984). A schematic overview of the 
detoxification and bioactivation of myristicin that is similar 
to that of its structurally related compound safrole (Swan-
son et  al. 1979; Borchert et  al. 1973; Drinkwater et  al. 
1976) is shown in Fig. 2. Epoxidation of the double bond 
in the allyl side chain yields the 2,3-epoxide. In in  vitro 
experiments, the epoxide readily forms DNA adducts, but 
rapid detoxification by epoxide hydrolase and glutathione 
S-transferases (GSTs) prevents it from forming detectable 
levels of DNA adducts in vivo (Luo et  al. 1992; Luo and 
Guenthner 1996). The primary bioactivation pathway of 
myristicin is 1′-hydroxylation of the alkene side chain to 
yield the 1′-hydroxy metabolite which can be conjugated 
with either glucuronic acid representing a detoxification 
reaction or sulfate representing the ultimate bioactivation 
to 1′-sulfoxymyristicin (Drinkwater et  al. 1976; Benedetti 
et al. 1977; Zangouras et al. 1981; Miller et al. 1983). The 
1′-sulfoxy metabolite represents the ultimate carcinogenic 
metabolite (Wiseman et  al. 1985, 1987; Randerath et  al. 
1984; Phillips et  al. 1984). 1′-Sulfoxy metabolites of alk-
enylbenzenes may react readily with DNA, RNA, and pro-
teins but can also be detoxified through reaction with H2O 
or conjugation with glutathione (Phillips et al. 1984; Miller 
et al. 1983; Fennell et al. 1984; Ishii et al. 2011). Therefore, 
only a fraction of the 1′-sulfoxy metabolite is expected to 
form DNA adducts (Rietjens et al. 2014). 

Although myristicin is thus likely to also induce DNA 
adducts and liver tumors, its risk assessment at low real-
istic dietary intake levels is hampered by the fact that car-
cinogenicity studies are lacking (Hallstrom and Thuvan-
der 1997). Therefore, the aim of the present study was to 
characterize the detoxification and bioactivation of myris-
ticin and to develop a physiologically based kinetic (PBK) 
model to describe the ultimate formation of the 1′-sulfoxy 

Fig. 1   Structural formulas of the alkenylbenzenes, estragole, methyl-
eugenol, elemicin, safrole, myristicin, and apiol
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metabolite in the liver of both rat and human and subse-
quently perform a read-across-based risk assessment using 
a similar PBK model previously described for safrole for 
which tumor data from long-term toxicity testing are avail-
able. Previously, using a similar approach and read-across 
from estragole and methyleugenol, the risk of exposure to 
elemicin for which also only limited in vivo rodent tumor 
data were available could be evaluated (van den Berg et al. 
2012). Such a PBK modeling-based read-across illustrates 
a novel approach for animal-free risk assessment of a geno-
toxic carcinogen without the need for a long-term carcino-
genicity study.

Materials and methods

Chemicals

Myristicin, tris(hydroxymethyl)aminomethane, uri-
dine 5′-diphosphoglucuronide acid (UDPGA), reduced 
L-glutathione (GSH), alamethicin (from Trichoderma-
viride), 3′-phosphoadenosine-5′-phosphosulfate (PAPS), 
β-nicotinamide adenine dinucleotide (NAD+), and reduced 
β-nicotinamide adenine dinucleotide phosphate (NADPH) 
were obtained from Roche Diagnostics (Mannheim, Ger-
many). Dimethyl sulfoxide (DMSO) was obtained from 

Fig. 2   Proposed metabolic 
pathways of the alkenylbenzene 
myristicin
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Acros Organics (Geel, Belgium). Potassium dihydrogen 
phosphate, dipotassium hydrogen phosphate trihydrate, 
acetic acid, and magnesium chloride were supplied by 
VWR International (Darmstadt, Germany). Acetonitrile 
(ACN) (UPLC/MS grade) was purchased from Biosolve 
BV (Valkenswaard, The Netherlands). Trifluoroacetic acid 
TFA was obtained from Merck (Darmstadt, Germany). 
Pooled male rat liver microsomes and S9 from Sprague–
Dawley and mixed gender pooled human liver microsomes 
and S9 were obtained from BD Gentest (Woburn, USA). 
Pooled male Sprague–Dawley rat lung, kidney, and small 
intestinal microsomes and pooled gender human lung, kid-
ney, and intestinal microsomes were purchased from Bio-
Predic International (Rennes, France).

Synthesis of 1′‑hydroxymyristicin and 1′‑oxomyristicin

The synthesis of 1′-hydroxymyristicin from myristicin was 
done as described previously by Jeurissen et al. (2004), and 
1′-oxomyristicin was synthesized from 1′-hydroxymyr-
isticin according to the method used for the synthesis of 
1′-oxoestragole from 1′-hydroxyestragole (Wislocki et  al. 
1976).

Microsomal metabolism of myristicin

First, it was determined which organs are involved in the 
biotransformation of myristicin in rat and human. For this 
purpose, liver, kidney, lung, and small intestine micro-
somes from male Sprague–Dawley rat and pooled gender 
human were used. Incubations were performed by adding 
myristicin to incubation mixtures containing 1  mg/mL of 
the microsomal protein preparations and 3 mM NADPH in 
0.2 M Tris–HCl (pH 7.4). After 1 min of pre-incubation at 
37 °C, myristicin (final concentration, 1000 μM) was added 
from a 100 times concentrated stock solution in DMSO 
so that the final DMSO content was 1  % (v/v). Incuba-
tions were carried out for 30 min after which the reactions 
were terminated by adding 25  µl (0.25 times the incuba-
tion volume) of ice-cold ACN. Samples were centrifuged 
for 5 min at 13,000×g, and the supernatant was stored at 
−20 °C until UPLC analysis. As metabolism of myristicin 
was observed only in incubations with liver microsomes for 
male rats and pooled gender human, the determination of 
kinetic constants for the formation of microsomal metabo-
lites was performed only for the liver fractions. Incubations 
to determine kinetic constants were performed following 
the conditions described above using final concentrations 
of myristicin from 25 to 1000 μM for rat and human liver. 
In all incubations, the final concentration of DMSO, in 
which myristicin was dissolved, was kept at 1 % (v/v). The 
formation of different microsomal metabolites was linear 
with time and microsomal protein concentration under the 

conditions described. Blank incubations were performed in 
the absence of the cofactor NADPH. All incubations were 
performed in triplicate.

Glucuronidation of 1′‑hydroxymyristicin 
to 1′‑hydroxymyristicin glucuronide

The kinetic constants for the metabolic conversion of 
1′-hydroxymyristicin to 1′-hydroxymyristicin glucuro-
nide (HMG) by both male rat and human liver fractions 
were determined as described previously for the related 
1′-hydroxyalkenylbenzenes (Punt et al. 2008; van den Berg 
et al. 2012; Punt et al. 2009; Martati et al. 2011, 2012; Al-
Subeihi et  al. 2011, 2012). Briefly, incubations contained 
(final concentrations) 10 mM of UDPGA and 0.5 mg/ml of 
male Sprague–Dawley or pooled gender human S9 protein 
in 0.2 M Tris–HCl (pH 7.4) containing 10 mM of MgCl2. 
To overcome enzyme latency and to obtain maximal glu-
curonidation activity, incubations containing S9 were pre-
treated on ice with 0.025 mg/ml alamethicin added from a 
200 times concentrated stock dissolved in methanol (Fisher 
et al. 2000; Lin and Wong 2002). After 15 min of alame-
thicin treatment, samples were pre-incubated at 37 °C for 
1  min, and reactions were subsequently started by add-
ing 1′-hydroxymyristicin at final concentrations of 10 
to 1200  μM. 1′-Hydroxymyristicin was added from 100 
times concentrated stock solutions in DMSO. The reac-
tion mixtures were incubated for 30 and 180  min for rat 
and human, respectively, and terminated by adding 25  µl 
(0.25 times the incubation volume) of ice-cold ACN. Blank 
incubations were carried out in the absence of the cofac-
tor UDPGA. Experiments were performed in triplicate. 
The longer incubation time in human samples was required 
due to the lower rate of glucuronidation. The formation of 
1′-hydroxymyristicin glucuronide was linear with time and 
the S9 protein concentration under the experimental condi-
tions described. All samples were centrifuged for 5 min at 
16,000×g, and the supernatant was stored at −20 °C until 
ultra-performance liquid chromatography (UPLC) analysis.

Oxidation of 1′‑hydroxymyristicin to 1′‑oxomyristicin

The kinetic constants for the enzymatic conversion of 
1′-hydroxymyristicin to 1′-oxomyristicin were determined 
using incubation mixtures containing (final concentrations) 
3 mM NAD+, 2 mM GSH, and 1 mg/ml rat or human liver 
microsomes in 0.2 M Tris–HCl (pH 7.4). GSH was added 
to the incubation mixtures to trap the reactive 1′-oxo metab-
olite formed after oxidation of 1′-hydroxymyristicin. The 
level of GSH in the incubations was optimized in a previous 
study to obtain maximum scavenging of 1′-oxoestragole 
(Punt et  al. 2009). To this end, incubations were per-
formed in the presence of increasing concentrations of 
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GSH, ranging from 2 to 10  mM. At a concentration of 
2  mM GSH maximum formation of GS-1′-oxoestragole 
was reached in the incubations, pointing at maximum scav-
enging of 1′-oxoestragole at this concentration (Punt et al. 
2009). Kinetic constants for this reaction in rat and human 
liver were derived by performing incubations with NAD+ 
as a cofactor, given that in rat and human liver, NAD+ is 
mainly present in an oxidized form with levels of NAD+ 
being much higher than those of NADH. In a previous 
study, it was shown that the highest level of 1′-hydroxy alk-
enylbenzene oxidation occurs in incubations with micro-
somes in the presence of NAD+ as cofactor. In incubations 
with pooled human liver cytosol in the presence of NAD+ 
or NADP+, lower levels of oxidation were observed, indi-
cating that the reaction is not primarily catalyzed by alco-
hol dehydrogenases (ADH) or other enzymes present in 
the cytosol (Punt et al. 2010). The enzyme responsible for 
the oxidation may be 17β-hydroxysteroid dehydrogenase 
type 2 (17β-HSD2) (Punt et  al. 2010). Prior to the addi-
tion of 1′-hydroxymyristicin at final concentrations ranging 
between 10 and 4000 μM to the incubation mixture from 
100 times concentrated stock solutions in DMSO, samples 
were pre-incubated for 1  min at 37  °C. Reactions were 
terminated after 10 min of incubation at 37 °C by adding 
25 μl (0.25 times the incubation volume) of ice-cold ACN. 
The formation of the GSH conjugate of 1′-oxomyristicin 
(GS-1′-oxomyristicin) was linear with time and microso-
mal protein concentration under the experimental condi-
tions used. Blank incubations were performed without the 
cofactor NAD+. Incubations were performed in triplicate. 
All samples were centrifuged for 5 min at 13,000×g, and 
the supernatant was stored at −20 °C until UPLC analysis.

Sulfonation of 1′‑hydroxymyristicin 
to 1′‑sulfoxymyristicin

The formation of 1′-sulfoxymyristicin was determined 
using incubations containing male rat liver Sprague–Daw-
ley or pooled gender human liver S9 proteins, PAPS as a 
cofactor, and GSH, which acts as a scavenger of the reac-
tive carbocation formed due to the unstable nature of the 
1′-sulfoxy metabolite in an aqueous environment (van 
den Berg et al. 2012; Martati et al. 2011; Al-Subeihi et al. 
2011). Incubation mixtures containing (final concentra-
tions) 10 mM of GSH, 0.2 mM of PAPS, and 3 mg/ml of 
S9 proteins in 0.1  M potassium phosphate (pH 8.2) were 
pre-incubated for 1  min at 37  °C. After the pre-incuba-
tion, 1′-hydroxymyristicin dissolved in DMSO was added 
in final concentrations ranging between 10 and 6000 μM 
while keeping the final content of DMSO at 1  % (v/v). 
The reaction was terminated after 360  min of incuba-
tion by adding 25 μl (0.25 times the incubation volume)  
of ice-cold ACN. The formation of the GSH conjugate of 

1′-sulfoxymyristicin was linear with time and S9 protein 
concentrations under the experimental conditions used. 
Blank incubations were performed in the absence of PAPS. 
Incubations were performed in triplicate. All samples were 
centrifuged for 5 min at 16,000×g, and the supernatant was 
stored at −20 °C until ultra-performance liquid chromatog-
raphy (UPLC) analysis.

Identification and quantification of metabolism 
of myristicin and 1′‑hydroxymyristicin by UPLC

Microsomal incubations with myristicin only detected pri-
mary metabolites, and all incubation conditions were cho-
sen such that substrate conversion did not exceed 10  % 
of the initial substrate concentration, a condition that is 
also essential to ascertain adequate determination of the 
kinetic constants. Secondary metabolism of the relevant 
1′-hydroxy metabolite of myristicin was taken into account 
by determining the kinetic constants for its conversion 
in (a) glucuronidation, (b) sulfation, and (c) oxidation, 
again under conditions that allowed adequate definition 
of kinetic constants and with <10 % substrate conversion. 
Incubation samples were subjected to UPLC analysis that 
was performed as described previously (Punt et al. 2008). 
Identification was achieved by comparing the UV spectra 
of the formed metabolites to the spectra of the synthesized 
1′-hydroxymyristicin and 1′-oxomyristicin reference stand-
ards. Quantification of all formed metabolites was done by 
comparing the peak areas to those of calibration curves of 
the corresponding reference compounds, determined using 
UPLC with photodiode array detection (UPLC-PDA). The 
UPLC system was composed of a Waters (Waters, Milford, 
MA) Acquity solvent manager, sample manager, and pho-
todiode array detector, equipped with Water Acquity UPLC 
BEH C18 column.

For 2′,3′-dihydroxymyristicin and 5-allyl-2,3-dihy-
droxyanisole that were found to have the same UV spec-
trum as 1′-hydroxymyristicin, and for 1′-hydroxymyris-
ticin, estimation was based on the comparison of the peak 
area of the formed metabolites to the calibration curve of 
the synthesized 1′-hydroxymyristicin at a wavelength of 
210  nm. For 3′-hydroxymyristicin, estimation was based 
on the comparison of the peak area to the calibration curve 
of the GSH adduct of synthetised 1′-oxymyristicin at a 
wavelength of 212 nm, because 3′-hydroxymyristicin was 
found to have the same UV spectrum as the GSH adduct of 
synthetised 1′-oxymyristicin. The gradient for analysis of 
microsomal metabolites was performed with 100  % ACN 
and ultrapure water containing 0.1 % (v/v) TFA. The flow 
rate was 0.6  ml/min. The gradient started at 10  % ACN, 
increased to 50 % ACN over 4 min, increased to 80 % over 
0.5 min, followed by decrease to 10 % ACN over 0.5 min, 
and finally kept at 10 % for 1 min.
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1′-Hydroxymyristicin glucuronide was estimated based 
on the comparison of the peak area of the formed metab-
olite to the calibration curve of 1′-hydroxymyristicin at a 
wavelength of 210 nm. The flow rate was 0.6 ml/min. The 
gradient was made using a mixture of ACN and ultrapure 
water containing 0.1 % (v/v) TFA. The gradient started at 
10  % ACN, increased to 60  % over 3.5  min, after which 
ACN was increased to 80 % over 0.5 min, and kept at 80 % 
for 0.5 min, and finally decreased to 10 % over 0.5 min.

Quantification of GS-1′-oxomyristicin was based on 
a calibration curve of the GSH adduct of the synthesized 
1′-oxymyristicin made as previously described (van den 
Berg et  al. 2012; Punt et  al. 2009; Martati et  al. 2011; 
Al-Subeihi et  al. 2011). In short, a 60 μM concentration 
of the synthetic standard of 1′-oxomyristicin, dissolved 
in ACN, was incubated with different concentrations of 
GSH (i.e., 0–20 μM) in 0.2 M Tris–HCl (pH 7.4) for 6 h 
at 37 °C, resulting in full conversion of the GSH to GS-1′-
oxymyristicin. Quantification was done by comparing the 
peak areas of the formed GS-1′-oxo metabolite in the incu-
bation mixtures with peak areas of the GS-1′-oxymyristicin 
calibration curve thus obtained at a wavelength of 212 nm. 
The gradient for analysis of the metabolite consisted of a 
mixture of ACN and ultrapure water containing  0.1 % (v/v) 
TFA. The flow rate was 0.6  ml/min, The gradient started 
with 10  % ACN, increased to 30  % ACN over 2.5  min, 
after which ACN was increased to 80 % over 0.5 min, kept 
at 80 % for 0.5 min, followed by a decrease to 10 % over 
0.5 min, and finally kept at 10 % for 0.5 min.

Quantification of 1′-sulfoxymyristicin was done using 
UPLC analysis as described for the estimation of 1′-sul-
foxysafrole (Martati et al. 2011). The UV spectrum of the 
GSH adduct of 1′-sulfoxymyristicin was found to be simi-
lar to the UV spectrum of the GSH conjugate of 1′-oxo-
myristicin, and estimation of the GSH adduct of 1′-sulfoxy-
myristicin was thus accomplished by comparing the peak 
area of this metabolite to the calibration curve of GS-1′-
oxomyristicin at a wavelength 305  nm. The gradient for 
analysis of the metabolite consisted of a mixture of ACN 
and ultrapure water containing 0.1 % (v/v) TFA. The flow 
rate was 0.6 ml/min, starting at 0 % ACN and increasing 
the percentage of ACN to 20 % over 0.2 min, followed by 
an increase to 30 % ACN over 4.3 min, then increasing to 
100 % over 0.3 min, and keeping it at 100 % for 0.2 min, 
and finally decreasing to 0 % over 0.2 min and keeping it 
at 0 % for 0.8 min. Separation and purification of the GSH 
adduct of 1′-sulfoxymyristicin was performed by collecting 
the peak of the metabolite from the UPLC column. Then, 
LC–MS analysis of the metabolite was conducted using a 
micro-TOF MS (Bruker) coupled to an Agilent LC (1200 
Series) equipped with Altima C18 column (150 × 4.6 mm, 
3 µm). The mobile phase used consisted of (A) nanopure 
water with 0.1  % formic acid and (B) HPLC-grade ACN 

with 0.1 % formic acid. Elution was at a flow rate of 0.8 ml/
min, starting at 22 % B with a linear increase to 100 % B 
in 30 min. Subsequently, the gradient returned linearly to 
the initial conditions in 2 min and remained 13 min at this 
condition prior to the next injection. Mass spectrometric 
analysis was in the negative electrospray mode using a 
spray capillary voltage of 4500 V, a capillary temperature 
of 200 °C, and nitrogen as nebulizer gas at 8.0 L/min.

Determination of kinetic constants

Kinetic constants for the metabolic conversions of myris-
ticin and 1′-hydroxymyristicin were derived by fitting the 
data to the standard Michaelis–Menten equation,

For conversion of 1′-hydroxymyristicin to 1′-sulfoxy-
myristicin, a first-order rate linear equation was used:

in which [S] represents the substrate concentration, Vmax the 
maximum velocity, and Km the Michaelis–Menten constant 
for the formation of the different metabolites of myristicin 
or 1′-hydroxymyristicin, kHMS the first-order rate constant 
for sulfonation of 1′-hydroxymyristicin. Data analysis was 
accomplished using GraphPad Prism, version 5.04 (Graph-
Pad Software, San Diego, CA).

Physiologically based kinetic (PBK) models

Two PBK models were developed describing the relative 
importance of bioactivation and detoxification of myristicin 
in rat and human at different oral dose levels. The models 
developed in this study were essentially based on the PBK 
models previously defined for the metabolism of estragole 
(Punt et al. 2008, 2009), methyleugenol (Al-Subeihi et al. 
2011, 2012), elemicin (van den Berg et al. 2012), and saf-
role (Martati et al. 2011, 2012) in rat and human. A sche-
matic overview of the developed PBK models for myris-
ticin metabolism in rat and human is shown in Fig. 3. The 
models consist of several compartments representing dif-
ferent organs and tissues (i.e., liver, fat tissue, richly per-
fused tissues, and slowly perfused tissues) that are mutu-
ally connected through the systemic circulation. First-order 
kinetics was used to describe the uptake of myristicin from 
the gastrointestinal (GI) tract assuming a direct uptake by 
the liver with an absorption rate constant (ka) of 1.0  h−1, 
which is based on the fast and complete absorption of the 
structurally related alkenylbenzene safrole from the GI 
tract (Punt et  al. 2008). For rat and human, the liver was 
the only organ able to convert myristicin to different micro-
somal metabolites. 2′,3′-Dihydroxymyristicin (DHM), 
3′-hydroxymyristicin (3HM), 1′-hydroxymyristicin (HM), 

v = Vmax × [S]/Km + [S]

v = kHMS × [S]
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and 5-allyl-2,3-dihydroxyanisole (DHA) were formed in 
incubations with both rat and human liver.

Accordingly, mass balance equations for myristicin in 
rat liver and human were as follows:

where UptakeM (μmol) is the amount of myristicin taken 
up from the GI tract, AGIM (μmol) is the amount of myr-
isticin remaining in the GI tract, and ALM (μmol) is the 
amount of myristicin in the liver or CLM is the myristicin 
concentration in the liver (μmol/L). CAM and CVM are the 
myristicin concentrations in the arterial and venous blood 
(both in μmol/L), QL is the blood flow rate to a tissue 
(L/h), QC is the cardiac output (L/h), VL is the volume of 
liver, PLM is the tissue/blood partition coefficient of myris-
ticin, and Vmax and Km are the values representing the maxi-
mum rate of formation and Michaelis–Menten constant, 
respectively, for the formation of 2′,3′-dihydroxymyristicin 
(DHM), 3′-hydroxymyristicin (3HM), 1′-hydroxymyris-
ticin (HM), and 5-allyl-2,3-dihydroxyanisole (DHA).

The mass balance equation for the metabolic conversion 
of 1′-hydroxymyristicin by glucuronidation, oxidation, and 
sulfonation in the liver in rat and human liver is as follows:

∂ALM/∂t = ∂UptakeM/∂t + QL× (CAM − CLM/PLM)

− VmaxHM × CLM/PLM/
(

KmHM + CLM/PLM
)

− Vmax3HM × CLM/PLM/
(

Km3HM + CLM/PLM
)

− VmaxDHA × CLM/PLM/
(

Km DHA + CLM/PLM
)

− VmaxDHM × CLM/PLM/
(

Km DHM + CLM/PLM
)

∂Uptake/∂t = −∂AGIM/∂t = Ka × AGIM,AGIM(0) = oral dose

CLM = ALM/VL

where ALHM is the amount of 1′-hydroxymyristicin in the 
liver (μmol), CLHM is the 1′-hydroxymyristicin concentra-
tion in the liver (μmol/L), PLHM is the liver/blood parti-
tion coefficient of 1′-hydroxymyristicin, and Vmax and Km 
are the maximum rate of formation and Michaelis–Menten 
constant, respectively, for the formation of the differ-
ent 1′-hydroxymyristicin metabolites in the liver, includ-
ing 1′-hydroxymyristicin glucuronide, 1′-oxomyristicin, 
and kHMS is the first-order rate constant for sulfonation of 
1′-hydroxymyristicin that was used instead of Km and Vmax 
as sulfonation showed no saturation. Vmax and Km values 
and first-order rate constants k in case of the absence of sat-
uration (for sulfonation of 1′-hydroxymyristicin in rat and 
human) for the different metabolic pathways of myristicin 
and 1′-hydroxymyristicin were derived from results from 
in vitro experiments in the present study. Vmax values that 
were derived in  vitro expressed as nmol  min−1 (mg liver 
microsomal or S9 protein)−1 were scaled to values rep-
resenting the Vmax per μmol  h−1 (g liver)−1 using micro-
somal protein yields of 35  mg/g for rat and 32  mg/g for 
human liver and S9 protein yields of 143 mg/g for liver, as 
defined previously (Punt et al. 2008, 2009), based on Med-
insky et  al. (1994). First-order rate constant k expressed 
in ml min−1 (mg liver S9 protein)−1 was scaled to values 

∂ALHM/∂t = VmaxHM
× CLM/PLM/

(

KmHM
+ CLM/PLM

)

− Vmax,LHMG
× CLHM/PLHM/

(

KmHMG
+ CLHM/PLHM

)

− VmaxHMO
× CLHM/PLHM/

(

KmHMO
+ CLHM/PLHM

)

− kHMS × CLHM/PLHM

CLM = ALM/VL

Fig. 3   Schematic overview of 
the PBK model for myristicin in 
rat and human
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expressed in ml h−1 per g liver using the same conversion 
factor for S9 protein yield. Tables 2 and 3 summarize the 
physiological parameters (i.e., tissue volumes, cardiac 
output, and tissue blood flows) for rat and human, respec-
tively, which were derived from the literature (Brown et al. 
1997). Partition coefficients were derived in silico based 
on a method described by DeJongh et al. (1997) using the 
log Kow. Log Kow values for myristicin (Clog P 3.1721) and 
1′-hydroxymyristicin (Clog P 1.6151) were estimated using 
Chemdraw professional 15 (ChemOffice® Professional 
15.0 by perkin elmer). Mass balance equations were coded 
and numerically integrated in Berkely Madonna 8.3.18 

(Macey and Oster, UC Berkeley, CA) using Rosenbrock’s 
algorithm for stiff systems. PBK models in rat and human 
liver were run for 720  h, because that would be the time 
for total clearance of myristicin in human tissues after one 
dose. 

Sensitivity analysis

To determine which parameters have the greatest influ-
ence on model predictions, a sensitivity analysis was per-
formed as described previously (Punt et al. 2008, 2009; van 
den Berg et al. 2012; Martati et al. 2011, 2012; Al-Subeihi 
et  al. 2011, 2012). For this purpose, normalized sensitiv-
ity coefficients (SCs) were determined using the following 
equation:

where C is the initial value of the model output, C′ is 
the modified value of the model output resulting from 
an increase in parameter value, P is the initial parameter 
value, and P′ represents the modified parameter value. An 
increase of 5  % in parameter values was used to analyze 
the effect of a change in parameter on the formation of 
1′-hydroxymyristicin and 1′-sulfoxymyristicin (expressed 
as a percentage of the dose). Each parameter was analyzed 
individually, while the other parameters were kept at their 
initial value.

Comparison of the PBK model‑based prediction 
of bioactivation of myristicin to the PBK model‑based 
predictions for bioactivation of the structurally related 
compound safrole

The predicted model outcomes for the formation of 
1′-hydroxymyristicin and 1′-sulfoxymyristicin in the liver 
of rat and human were compared with the predicted dose-
dependent formation of the 1′-hydroxy- and 1′-sulfoxy 
metabolite of the structurally related alkenylbenzene saf-
role. For this purpose, the previously defined PBK mod-
els for safrole described by Martati et al. (2011, 2012) for 
rat and human were used. For the comparison, the models 
describing the metabolism of myristicin and safrole were 
run for a period of 720 h.

Results

Microsomal conversion of myristicin

To identify which organs are involved in the metabolism 
of myristicin in both male rat and human, incubations 
were performed using microsomal protein preparations 

SC =
(

C
′
− C

)

/
(

P
′
− P

)

× (P/C)

Table 2   Parameters used in the PBK model for myristicin in male rat

Physiological parameters (Brown 
et al. 1997)

Tissue: blood partition coef-
ficients

Body weight (kg) 0.25 Myristicin

Percentage of body weight  Liver 2.49

 Liver 3.4  Fat 80.41

 Fat 7.0  Rapidly perfused 2.49

 Rapidly perfused 5.1  Slowly perfused 0.62

 Slowly perfused 60.2

 Blood 7.4 1′-Hydroxymyristicin

 Liver 1.12

Cardiac output (l/h) 5.4

Percentage of cardiac output

 Liver 25

 Fat 7.0

 Rapidly perfused 51.0

 Slowly perfused 17.0

Table 3   Parameters used in the PBK model for myristicin in human

Physiological parameters (Brown 
et al. 1997)

Tissue: blood partition coef-
ficients

Body weight (kg) 60 Myristicin

Percentage of body weight  Liver 6.63

 Liver 2.6  Fat 105.78

 Fat 21.4  Rapidly perfused 6.63

 Rapidly perfused 5.0  Slowly perfused 4.18

 Slowly perfused 51.7

Blood 7.9 1′-Hydroxymyristicin

 Liver 1.64

Cardiac output (l/h) 310

Percentage of cardiac output

 Liver 22.7

 Fat 5.2

 Rapidly perfused 47.3
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from liver, kidney, lung, and small intestine of both spe-
cies. Chromatographic analysis of these incubations 
revealed that for rat and human, no detectable metabolism 
of myristicin occurred in small intestine, lung, or kidney 
microsomes, and metabolism was only observed for liver 
microsomes.

An example of a chromatogram of an incubation of 
myristicin with male rat liver microsomes and NADPH as 
a cofactor is shown in Fig. 4. In incubations with rat liver 
microsomes, 2′,3′-dihydroxymyristicin (Rt  =  1.19  min), 
3′-hydroxymyristicin (Rt  =  2.01  min), 1′-hydroxymyris-
ticin (Rt  =  2.04  min), and 5-allyl-2,3-dihydroxyanisole 
(Rt = 2.11 min) were formed. In incubations with human 
liver microsomes, the same four metabolites were found. 
Identification was done based on the comparison of the 
UV spectra and retention times of the formed metabolites 
with those of the specific synthesized or commercially 
available reference compounds. However, tentative identi-
fication of 2′,3′-dihydroxymyrsticin was based on the fact 
that the epoxidation of the double bond in the allyl side 
chain of estragole, methyleugenol, and safrole yields the 
2′,3′-epoxide, found to be hydrolyzed by epoxide hydro-
lase to the 2′,3′-dihydroxy metabolite (Luo et  al. 1992; 
Luo and Guenthner 1996; Guenthner and Luo 2001). The 
hydrolysis product of the epoxide, 2′,3′-dihydroxy metab-
olite  of myristicin, safrole, or elemicin, was detected in 
the urine of rats administered high doses (100 mg/kg bw) 
of each substance individually or a high dose of nutmeg 
(500  mg/kg  bw) (Beyer et  al. 2006). Data revealed that 

3′-hydroxymyristicin was formed directly from myris-
ticin rather than from isomerization of 1′-hydroxymyris-
ticin since the formation of 3′-hydroxymyristicin was not 
observed in incubations of 1′-hydroxymyristicin with liver 
microsomes and NADPH (data not shown). The kinetic 
constants (i.e., Vmax and Km) were derived from plots of 
the rates of formation of different microsomal metabolites 
in incubations with male rat liver microsomes, and human 
liver microsomes from myristicin at concentrations ranging 
from 25 to 1000 μM (for details, see Fig. S1 in the sup-
plementary materials). The values obtained are shown in 
Table 4, together with the catalytic efficiencies, calculated 
as Vmax/Km. Analysis of incubations that were performed 
with male rat liver microsomal preparations revealed that 
the metabolite arising from O-demethylenation of myris-
ticin, namely 5-allyl-2,3-dihydroxyanisole, was formed 
with the highest Vmax value. Moreover, the 2′,3′-dihydrox-
ymyristicin and 5-allyl-2,3-dihydroxyanisole were abun-
dantly formed in incubations with male rat microsomal 
liver preparations with a high affinity. In incubations per-
formed with male rat liver microsomes, 1′-hydroxymyr-
isticin and 3′-hydroxymyristicin were the least important 
metabolites formed upon conversion of myristicin. In gen-
eral, the catalytic efficiency for the formation of 5-allyl-
2,3-dihydroxyanisole by male rat liver microsomes had the 
highest value, followed by the catalytic efficiency for the 
formation of 2′,3′-dihydroxymyristicin, 1′-hydroxymyris-
ticin, and 3′-hydroxymyristicin, respectively. The catalytic 
efficiency for the formation of 5-allyl-2,3-dihydroxyanisole 

Fig. 4   UPLC chromatogram of an incubation of myristicin (1000 µM) with male rat liver microsomes. The peak marked with an asterisk was 
also found in the blank incubation without NADPH
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was found to be approximately sevenfold higher than that 
for the formation of 3′-hydroxymyristicin. In incubations 
with human liver fractions, 5-allyl-2,3-dihydroxyanisole 
was found to be the most abundant metabolite formed 
followed by 2′,3′-dihydroxymyristicin, 1′-hydroxymyris-
ticin, and 3′-hydroxymyristicin, respectively. Analysis of 
the catalytic efficiencies for the formation of the differ-
ent microsomal metabolites of myristicin, obtained with 
pooled human liver microsomes, showed that the forma-
tions of 2′,3′-dihydroxymyristicin, 1′-hydroxymyristicin, 
and 3′-hydroxymyristicin were the least important routes 
of myristicin metabolism, whereas the formation of 5-allyl-
2,3-dihydroxyanisole represents the major pathway for the 
human liver microsomal conversion of myristicin. 

Glucuronidation of 1′‑hydroxymyristicin

Chromatographic analysis of incubations with male rat 
and mixed gender pooled human liver S9, UDPGA as 
cofactor and 1′-hydroxymyristicin as substrate, revealed 
a peak at 1.36 min (chromatogram not shown). Moreover, 
chromatographic analysis of incubations performed in the 
absence of the cofactor UDPGA did not show a peak at a 
retention time of 1.36  min. Together, these data indicate 
that the compound eluting at 1.36 min can be assumed to 
be 1′-hydroxymyristicin glucuronide. The rate of the meta-
bolic conversion of 1′-hydroxymyristicin to 1′-hydroxy-
myristicin glucuronide in incubations with both male rat 
and human liver fractions with increasing concentrations 
of 1′-hydroxymyristicin is presented in Fig. 5a, d, respec-
tively. The kinetic constants derived from these plots are 
presented in Table 4.

Oxidation of 1′‑hydroxymyristicin

The rate of oxidation of 1′-hydroxymyristicin with increas-
ing concentrations of 1′-hydroxymyristicin in incubations 
with male rat and pooled human liver microsomes is shown 
in Fig. 5b, e, respectively, and the kinetic constants derived 
from these data are presented in Table 4.

Sulfonation of 1′‑hydroxymyristicin

In the present study, GSH was used to trap the reactive 
1′-sulfoxymyristicin formed upon sulfonation of the proxi-
mate carcinogenic metabolite of myristicin, 1′-hydroxy-
myristicin. The scavenging is based on a chemical reac-
tion but can also be catalyzed by the GST present in the 
S9 incubations in which the sulfonation of 1′-hydroxymyr-
isticin was measured. Chromatographic analysis of incuba-
tions with male rat or mixed gender pooled human liver S9, 
increasing concentration of  1′-hydroxymyristicin, PAPS, 
and GSH revealed a peak at 1.05 min, which was identified 

as the GSH adduct of the carbocation of 1′-sulfoxymyris-
ticin. Identification was achieved based on the chromato-
graphic analysis of incubations performed in the absence of 
GSH and the presence of PAPS and liver S9 proteins since 
in these incubations, no peak was found at 1.05 min. The 
identity was verified by LC–MS analysis, which revealed 
a deprotonated molecule at m/z 496 that corresponds to 
the expected [M–H]− mass of a GSH adduct of 1′-sulfoxy-
myristicin. The rate of formation of 1′-sulfoxymyristicin in 
incubations with male rat and mixed gender pooled human 
liver S9 is presented in Fig. 5c, f, respectively. The kinetic 
constants for the conversion of 1′-hydroxymyristicin to 
1′-sulfoxymyristicin in rat and human liver are presented in 
Table 4.

Comparison of the kinetic constants for conversion 
of myristicin and 1′‑hydroxymyristicin by male rat 
and mixed gender pooled human tissue fractions

To allow a comparison between the kinetic constants 
for metabolism of myristicin and 1′-hydroxymyristicin 
by male rat and mixed gender pooled human tissue frac-
tions, Vmax values that were derived in  vitro expressed in 
nmol min−1 (mg microsomal or S9 protein)−1 were scaled 
to values representing the Vmax per μmol h−1 (g tissue)−1 
using microsomal and S9 protein yields as described in the 
literature (Medinsky et al. 1994) and previously used (Mar-
tati et al. 2011, 2012; van den Berg et al. 2012; Punt et al. 
2009; Al-Subeihi et al. 2011, 2012). Making the use of the 
in vivo Vmax values derived accordingly, a scaled catalytic 
efficiency (scaled Vmaxin vivo/Km) for the formation of 
myristicin metabolites could be calculated (Table  5). For 
sulfonation, the rate constants for product formation (ml/
min/mg protein) were scaled based on S9 protein yield of 
143  mg/g liver. These values show that the catalytic effi-
ciency for the formation of the proximate carcinogenic 
metabolite of myristicin, 1′ hydroxymyristicin, was found 
to be 13-fold higher in male rat liver as compared to human 
liver. This difference in catalytic efficiency for the for-
mation of 1′-hydroxymyristicin is predominantly caused 
by the high affinity (expressed as Km) and high activity 
(expressed as Vmax) for its formation from myristicin in 
male rat liver, since the Km value in rat liver incubations 
was twofold lower than that in human liver incubations and 
Vmax in rat liver incubations was fivefold higher than that in 
human liver incubations. The detoxification of 1′-hydroxy-
myristicin by formation of 1′-hydroxymyristicin glucu-
ronide was found to be the main metabolic reaction with 
1′-hydroxymyristicin in rat. Glucuronidation of 1′-hydrox-
ymyristicin occurs in male rat with higher affinity than in 
human (i.e., Km 836 μM), whereas in human the Km was 
3140 μM, and analysis of the data revealed a high Vmax 
value for 1′-hydroxymyristicin glucuronidation resulting 
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in a catalytic efficiency that was 400-fold higher in male 
rats as compared to human. Oxidation of 1′-hydroxy-
myristicin was found to be 1.2 times more efficient in 
human liver as compared to male rat liver resulting from 
a 1.8-fold lower affinity in rat. Sulfonation was found to 
be the least efficient metabolic pathway for 1′-hydroxy-
myristicin in both rats and human. For rat, the in  vivo 
scaled k was 0.15  ml  h−1 (g tissue)−1, and for human, it 
was 0.14 ml h−1 (g tissue)−1, indicating that sulfonation of 

1′-hydroxymyristicin is equally efficient in male rat liver 
and human liver. Altogether, it can be concluded that glucu-
ronidation of 1′-hydroxymyristicin, representing a detoxi-
fication pathway, is the most important pathway in rat, and 
the oxidation is the most important pathway for conversion 
of 1′-hydroxymyristicin in human. Moreover, on the basis 
of the kinetic data obtained, bioactivation of 1′-hydroxy-
myristicin following sulfonation was found to represent 
only a minor pathway in both rat and human.

Fig. 5   Concentration-dependent rate of a glucuronida-
tion of 1ʹ-hydroxymyristicin in incubations with male rat liver 
S9 or d pooled human mixed gender liver S9, b oxidation of 
1ʹ-hydroxymyristicin in incubations with pooled male rat liver micro-

somes or e pooled human mixed gender liver S9, and c sulfonation of 
1ʹ-hydroxymyristicin in pooled male rat liver S9 or f pooled human 
mixed gender liver S9. Data points represent mean values ±SD of 
three or four individual experiments
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Evaluation of PBK model performance

The performance of the newly developed PBK models 
for myristicin could not be evaluated against in vivo data 
because quantitative data on the formation or excretion 
of the different metabolites in rat or humans exposed to 
myristicin are not available. However, Beyer et  al. (2006) 
reported that in rats and humans, myristicin and safrole 
were O-demethylenated. In the urine of the human nut-
meg abuser, who had taken 5 nutmegs, the acetylated 
metabolites of 5-allyl-2,3-dihydroxyanisole and 2′,3′-dihy-
droxymyristicin could be identified. In the same study, 
O-demethylenation of myristicin to generate 5-allyl-2,3-di-
hydroxyanisole seems to result in the main metabolite of 
myristicin detected in rat urine samples collected over a 
24-h period after administration of a single oral dose of 
100 mg/kg bw myristicin, with a percentage of 67 % of the 
total dose (Beyer et al. 2006). In line with these results, the 
developed PBK model predicted 5-allyl-2,3-dihydroxyani-
sole to be the major metabolite formed at a dose of 100 mg/
kg bw myristicin in rat after 24  h, with a percentage of 
73 % of the total dose. This predicted value of 73 % of the 
dose matches well with the 67 % observed in the in vivo rat 
study.

Important to note is that the PBK models for myristicin 
were based on the proposed biotransformation in Fig.  2 
and comparable with the PBK models for estragole, meth-
yleugenol, and safrole, for which more data allowing the 
evaluation of the models were available. The performance 
of the rat PBK models developed for estragole, methyl-
eugenol, and safrole was reported before (Punt et al. 2008; 
Martati et  al. 2011; Al-Subeihi et  al. 2011). Evaluation 
was done by comparing the predicted levels of a variety 
of metabolites in plasma or excreted in the urine of rats. 

Data revealed that the predicted PBK model values and 
the levels of these metabolites derived from in vivo studies 
adequately matched (Punt et al. 2008; Martati et al. 2011; 
Al-Subeihi et  al. 2011). Furthermore, also for the devel-
oped human PBK models for estragole (Punt et al. 2009), 
methyleugenol (Al-Subeihi et al. 2012), and safrole (Mar-
tati et al. 2012), a comparison could be made between the 
model predictions and the reported in vivo data for blood 
concentrations or the urinary excretion of some of the 
metabolites, thereby further supporting the validity of the 
models. Considering these data, it was concluded that the 
developed PBK models for myristicin will also adequately 
describe the in vivo levels of metabolites formed in rat and 
human after conversion of myristicin and 1′-hydroxymyris-
ticin at different oral dose levels of myristicin.

PBK model predictions

PBK modeling was performed at dose levels of 0.05 and 
300  mg/kg bw to allow comparison with the PBK model 
outcomes previously reported for safrole (Martati et  al. 
2011, 2012). Following an exposure to 0.05  mg/kg bw 
myristicin, both myristicin and its proximate carcino-
genic metabolite 1′-hydroxymyristicin were predicted 
and observed to be almost completely metabolized within 
a 720-h period in rat and human. At a higher oral dose 
level of 300  mg/kg bw myristicin, both myristicin and 
1′-hydroxymyristicin were also predicted to be fully metab-
olized within 720  h. Therefore, for all further modelings, 
values were calculated at 720  h after dosing. Figure  6a 
shows the PBK model-based predictions for the dose-
dependent formation of the different microsomal metabo-
lites of myristicin in rat. The percentage of the dose con-
verted to 1′-hydroxymyristicin is predicted to increase in 
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a dose-dependent manner. Concurrent with the increased 
percentage of the dose that undergoes 1′-hydroxylation of 
the alkene side chain, a 1.6-fold dose-dependent decrease 
in the percentage of the dose that underwent epoxidation 
to give 2′,3′-dihydroxymyristicin was observed comparing 
the levels at 0.05 and 300 mg/kg bw. At the same time, a 
<1.6-fold increase in the formation of 3′-hydroxymyr-
isticin was observed. The formation of 5-allyl-2,3-dihy-
droxyanisole did not change with increasing dose levels 
and was equal to 48 % of the administered dose. Figure 6b 
shows the dose-dependent increase in the formation of the 
metabolites of 1′-hydroxymyristicin in rat. This reveals a 
1.8-fold increase in the percentage of the dose ultimately 
converted into 1′-hydroxymyristicin glucuronide, 1′-oxo-
myristicin, and 1′-sulfoxymyristicin, going from a dose 
of 0.05 to 300  mg/kg  bw. This dose-dependent increase 
in the formation of the different 1′-hydroxymyristicin 

metabolites can be explained by the 1.8-fold increase in 
the formation of 1′-hydroxymyristicin with increasing dose 
levels. Figure 7a reveals that in human, the percentage of 
the dose converted to 1′-hydroxymyristicin equaled 6.5 % 
at a dose of 0.05  mg/kg  bw and increased to 8.0  % at a 
dose of 300 mg/kg bw. Accompanying the increase in the 
formation of 1′-hydroxymyristicin, there were a 1.4-fold 
decrease in the formation of 2′,3′-dihydroxymyristicin and 
a steady formation of 5-allyl-2,3-dihydroxyanisole. Forma-
tion of 3′-hydroxymyristicin was predicted to increase 1.8-
fold with increasing dose from of 0.05 to 300 mg/kg bw. 
Figure  7b shows a 1.25-fold dose-dependent increase in 
the percentage formation of 1′-hydroxymyristicin glucuro-
nide, 1′-sulfoxymyristicin, and 1′-oxomyristicin, in human 
liver with increasing dose from of 0.05 to 300 mg/kg bw. 
Comparison of the relative extent of bioactivation of myr-
isticin by rat and human liver revealed that formation of 
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1′-hydroxymyristicin (expressed as nmol/g liver) is compa-
rable in rat and human liver at the low dose of 0.05 mg/kg 
bw and 1.8-fold higher in rat liver than in human liver at a 
dose of 300 mg/kg bw (Fig. 8a). Formation of 1′-sulfoxy-
myristicin (expressed as nmol/g liver) is fourfold higher in 
human liver than in rat liver at a low dose of 0.05 mg/kg bw 
and 2.8-fold lower in rat liver than in human liver at a dose 
of 300 mg/kg bw (Fig. 8b).  

Sensitivity analysis

A sensitivity analysis was performed to define model 
parameters that are capable of influencing the formation of 
1′-hydroxymyristicin and 1′-sulfoxymyristicin in rat and 
human liver. For this purpose, normalized sensitivity coeffi-
cients (SCs) were calculated for all parameters at a dose of 
0.05 mg/kg bw myristicin. This sensitivity analysis reveals 
to what extent small variation in the respective parameters 
influences the results. The sensitivity analysis also reveals 
to which parameters the predicted outcomes are most sen-
sitive. The results of this analysis are presented in Fig.  9. 
Figure  9 especially presents the parameters affecting the 
formation of 1′-hydroxymyristicin (black) and 1′-sulfoxy-
myristicin (gray) that have a normalized SC >|0.1|. In rat 
liver, the formation of the ultimate carcinogenic metabolite 
1′-sulfoxymyristicin is primarily influenced by the kinetic 
constants of 1′-hydroxymyristicin formation from myristicin 

(VmaxHM, KmHM). The kinetic constants for the formation 
of 5-allyl-2,3-dihydroxyanisole and 2′,3′-dihydroxymyr-
isticin (VmaxDHA, KmDHA

, VmaxDHM, KmDHM) were also 
found to highly influence the formation of 1′-hydroxymyr-
isticin in rat and human liver. In rat liver, the formation of 
the ultimate carcinogenic metabolite 1′-sulfoxymyristicin is 
primarily influenced by the kinetic constants of 1′-hydroxy-
myristicin formation from myristicin (VmaxHM, KmHM), 
and the kinetic constants for the formation of 1′-hydroxy-
myristicin glucuronide (VmaxHMG

, KmHMG
), k, the first-

order rate constant for the sulfonation of 1′-hydroxymyris-
ticin (kHMS), and the kinetic constants for the formation of 
5-allyl-2,3-dihydroxyanisole and 2′,3′-dihydroxymyristicin 
(VmaxDHA, KmDHA

, VmaxDHM, KmDHM) were also found to 
highly influence the formation of 1′-sulfoxymyristicin in rat 
liver. In human liver, the formation of the ultimate carcino-
genic metabolite 1′-sulfoxymyristicin is primarily influenced 
by the kinetic constants of 1′-hydroxymyristicin forma-
tion from myristicin (VmaxHM, KmHM), the kinetic constants 
for the formation of 1′-oxomyristicin (VmaxHMO

, KmHMO
 ), 

k, the first-order rate constant for the sulfonation of 
1′-hydroxymyristicin (kHMS) and liver microsomal protein 
yield (MP), and the kinetic constants for the formation of 
5-allyl-2,3-dihydroxyanisole and 2′,3′-dihydroxymyris-
ticin (VmaxDHA, KmDHA

) were also found to highly influence 
the formation of 1′-sulfoxymyristicin in human liver. The 
kinetic constants for the formation of 1′-hydroxymyristicin 

Fig. 9   Normalized sensitivity 
coefficients for the formation of 
1′-hydroxymyriticin (black) and 
1′sulfoxymyristicin (gray) in 
the liver of rat or human
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glucuronide were found to highly influence the formation of 
1′-sulfoxymyristicin in rat liver, and the kinetic constants for 
formation of 1′-oxomyristicin were predicted to affect the 
formation of 1′-sulfoxymyristicin in human liver to a high 
extent. These results reflect the fact that glucuronidation of 
1′-hydroxymyristicin in rat and oxidation of 1′-hydroxymyr-
isticin in human are considered as the most important com-
petitive metabolic pathways to sulfonation.

Comparison of the PBK model‑based prediction 
of bioactivation of myristicin by rat and human to that 
of its structurally related compound safrole

In a next step, the mode of action-based PBK models for 
myristicin metabolism in rat and human were used to facil-
itate a read-across from data on safrole (Martati et al. 2011, 
2012). On the basis of the PBK models, a comparison was 
made for the dose-dependent formation of the proximate 

carcinogenic 1′-hydroxy metabolite and of the ultimate 
carcinogenic 1′-sulfoxy metabolite of myristicin and saf-
role in the liver of rats. Figure 10 shows the dose-depend-
ent formation of these metabolites in rat liver as predicted 
by the respective PBK models. The PBK model-based pre-
dicted formation of the proximate carcinogenic 1′-hydroxy 
metabolites shows that the formation of the 1′-hydroxy 
metabolites of myristicin and safrole was predicted to be 
the same at low dose 0.05 mg/kg bw and 1.4-fold higher 
for myristicin than that of safrole at dose level 100  mg/
kg  bw (Fig.  10a). The predicted model outcomes for the 
formation of the ultimate carcinogenic 1′-sulfoxy metabo-
lites of safrole and myristicin are shown in Fig. 10b. The 
PBK models for rat predict the formation of 1′-sulfoxy-
myristicin to be 1.5-fold higher for myristicin than saf-
role at low dose of 0.05 mg/kg bw and 2.2-fold higher for 
myristicin than for safrole at dose level of 100 mg/kg bw. 
Figure  11 shows the predicted dose-dependent formation 
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of 1′-hydroxy metabolites and 1′-sulfoxy metabolites of 
safrole and myristicin in human liver. In human liver, the 
predicted formation of 1′-hydroxymyristicin is sevenfold 
lower than the formation of 1′-hydroxysafrole at a dose 
level of 0.05 mg/kg bw and 4.5-fold lower for myristicin 
than for safrole at high dose of 100 mg/kg bw (Fig. 11a). 
The data also reveal that in human liver, the formation of 
the DNA-reactive 1′-sulfoxy metabolite is comparable, 
1.35-fold higher for safrole at low-dose level 0.05  mg/
kg  bw, and 1.1-fold higher for myristicin at high-dose 
level 100 mg/kg bw (Fig. 11b). 

Implications for risk assessment

The margin-of-exposure (MOE) concept was applied to 
assess the possible risks for human health resulting from 
the daily exposure to myristicin (JECFA 2005; EFSA 2005; 
Barlow et  al. 2006; O’Brien et  al. 2006). The MOE is a 
dimensionless ratio based on a reference point representing 
a dose causing a low but measurable cancer incidence in 
experimental animals (e.g., a BMDL10), which is divided 
by the estimated daily intake in humans (EFSA 2005). 
When the MOE is lower than 10,000, the compound of 
interest is considered to be a priority for risk management 
actions and a concern for human health (EFSA 2005). To 
date, tumor data for myristicin, from which a BMDL10 can 
be derived, are absent in the available literature, hampering 
the application of the MOE approach in the risk assessment 
of myristicin. Nevertheless, the results of the PBK model 
predictions presented above indicate that at dose levels in 
the range of the BMDL10 values, the formation of 1′-sul-
foxy metabolites of myristicin in human liver is compara-
ble (1.1-fold higher) to that of the structurally related saf-
role. On the basis of these considerations, and the limited 
difference in 1′-sulfoxy metabolite formation for myristicin 
and safrole in rat and human liver, it was concluded that the 
BMDL10 values of safrole could be used to perform an ini-
tial MOE-based risk assessment for myristicin. Using the 
BMDL10 for safrole of 1.9–5.1 mg/kg bw per day (van den 
Berg et  al. 2011) and an estimated daily intake of myris-
ticin of 0.0019 mg/kg bw per day (WHO 2009) from use 
of herbs and spices, the MOE for myristicin would amount 
to 1000–2684. The estimated daily intake of safrole from 
spice and spice oil in the USA amounts to 0.001 mg/kg bw 
per day (WHO 2009). These data result in an MOE for saf-
role of 1900–5100, indicating a priority for risk manage-
ment that is somewhat lower than for myristicin.

Discussion

In the presented paper, the recently developed mode 
of action-based PBK models for detoxification and 

bioactivation of the alkenylbenzene safrole (Martati et  al. 
2011, 2012) in male rat and human were extended to the 
structurally related alkenylbenzene myristicin. The newly 
developed PBK models combine biochemical and physico-
chemical information on myristicin and on the physiology 
of the organism of interest (i.e., rat and human), enabling 
the quantification of detoxification and bioactivation in rat 
and human at realistic low exposure levels. The develop-
ment of these models facilitates a risk assessment based on 
read-across from data on safrole, for which in vivo chronic 
toxicity studies are available, to myristicin, a compound for 
which toxicity data are limited.

The PBK models for myristicin defined in the present 
paper were able to predict the overall formation of the reac-
tive 1′-sulfoxymyristicin metabolite in the liver of rat and 
human, thus enabling comparison to the overall formation 
of the 1′-sulfoxy metabolites of the corresponding alkenylb-
enzene safrole. Comparison of the rat and human PBK 
model predictions indicated an only limited species-depend-
ent difference in the overall metabolic activation of myris-
ticin. The difference observed was within the default factor 
of 4, which is generally used to describe kinetic differences 
between species (IPCS 2010). The newly developed PBK 
model for myristicin was also used to compare the lev-
els of metabolic activation of myristicin to those predicted 
previously for safrole in male rat and human liver (Martati 
et al. 2011, 2012). Results reveal that the formation of the 
proximate and ultimate carcinogenic metabolites of myris-
ticin and safrole in rat liver appears to be comparable vary-
ing about 1.4-fold and 2.2-fold, respectively, with rat liver 
bioactivation of myristicin predicted to be somewhat higher 
than that of safrole for both metabolites. In humans, the for-
mation of especially the 1′-sulfoxy metabolites of the two 
alkenylbenzenes is predicted to be comparable (1.1-fold dif-
ference). The PBK model outcomes obtained for the forma-
tion of reactive 1′-sulfoxy metabolites of myristicin and saf-
role can be compared to the relative bioactivation of these 
two alkenylbenzenes observed in other studies. In an in vitro 
study with cultured human cells, the ability of myristicin to 
form DNA adducts upon exposure of the cells to myristicin 
appeared to be almost the same as upon exposure to safrole 
(Zhou et  al. 2007b) which is in line with the relative dif-
ferences predicted by the PBK models. Data derived from 
another study in which mice were exposed to the alkenylb-
enzenes via intraperitoneal (i.p) injection (Table 1) suggest 
that the DNA adduct formation of safrole and myristicin is 
also not much different with DNA adduct formation in the 
liver of safrole being 2.7 times higher than that of myris-
ticin (Randerath et  al. 1984). In a parallel study, Phillips 
et al. (Table 1) reported that in neonatal mice, both safrole 
and myristicin were able to form DNA adducts in liver, and 
the DNA binding levels of safrole and myristicin were 17.5 
and 7.8 pmol/mg DNA, respectively (Phillips et al. 1984). It 
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is important to note that in these mice studies, DNA adduct 
levels were quantified by 32P post-labeling which is known 
to be less accurate than, for example, LC–MS in the quan-
tification of DNA adduct levels (Randerath et al. 1984). On 
the basis of the results now available, it can be concluded 
that using data on safrole for a read-across to myristicin is 
a reasonable approach for an initial risk assessment on myr-
isticin. Such a risk assessment for myristicin can be based 
on the MOE approach. Because data on tumor formation 
are currently not available for myristicin, risk assessment 
for myristicin was performed using the BMDL10 values for 
tumor formation by safrole, given the comparable bioactiva-
tion in human liver predicted by the newly developed PBK 
models, where the difference in the bioactivation of myris-
ticin and safrole was predicted to be only 1.1-fold.

Using the BMDL10 for safrole of 1.9–5.1  mg/kg  bw 
per day (van den Berg et al. 2011) and an estimated daily 
intake of myristicin of 0.0019  mg/kg bw per day (WHO 
2009) from use of herbs and spices, the MOE for myristicin 
would amount to 1000–2684. For comparison, the MOE 
values of safrole can be given, obtained at the estimated 
daily intake of safrole from spice and spice oil in the USA 
that amounts to 0.001 mg/kg bw per day (WHO 2009) and 
a BMDL10 of safrole of 1.9–5.1 mg/kg bw per day (van den 
Berg et al. 2011). These data result in an MOE for safrole 
of 1900–5100, indicating a priority for risk management 
that is lower than for myristicin.

Altogether, the results obtained indicate that PBK mod-
eling provides an important insight into the limited species 
differences between male rat and human in the metabolic 
activation of myristicin, and that in human liver, forma-
tion of the ultimate carcinogenic 1′-sulfoxy metabolites 
is almost the same for myristicin and safrole supporting a 
possibility for the risk assessment for myristicin based on 
the MOE approach using the BMDL10 for tumor formation 
of safrole as a reasonable but careful approximation. The 
present study provides an example of how PBK modeling 
can facilitate a read-across in risk assessment from com-
pounds for which in  vivo toxicity studies are available to 
a compound for which only limited toxicity data have been 
described, thus contributing to the development of alterna-
tives for animal testing.

Acknowledgments  The authors would like to thank Dr. Yiannis Fia-
megos for the synthesis of 1′-hydroxymyristicin, and Bert Spenke-
link and Suzanne van den Berg for the synthesis of 1′-oxymyristicin. 
AMA and AJAM acknowledge financial support from the SOIT foun-
dation (The foundation for Stimulation of Innovation in Toxicology).

Funding  This publication has been produced with the financial assis-
tance of the European Union under the ENPI CBC Mediterranean Sea 
Basin Programme. The contents of this document are the sole respon-
sibility of ASEZA and can under no circumstances be regarded as 
reflecting the position of the European Union or of the programme’s 

management structures. BRAMA (Botanicals Risk Assessment Train-
ing in the Mediterranean Area) project I.B/4.1/257.

Compliance with ethical standards 

Conflict of interest  Prof. IMCM Rietjens declares she is a member of 
the Expert Panel of the Flavour and Extract Manufacturers Association 
(FEMA). Other authors declare that no conflict of interest exists.

Open Access  This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.

References

Al-Subeihi AA, Spenkelink B, Rachmawati N, Boersma MG, Punt A, 
Vervoort J, van Bladeren PJ, Rietjens IMCM (2011) Physiologi-
cally based biokinetic model of bioactivation and detoxification 
of the alkenylbenzene methyleugenol in rat. Toxicol In  Vitro 
25:267–285. doi:10.1016/j.tiv.2010.08.019

Al-Subeihi AA, Spenkelink B, Punt A, Boersma MG, van Bladeren 
PJ, Rietjens IMCM (2012) Physiologically based kinetic mod-
eling of bioactivation and detoxification of the alkenylbenzene 
methyleugenol in human as compared with rat. Toxicol Appl 
Pharmacol 260:271–284. doi:10.1016/j.taap.2012.03.005

Barceloux DG (2009) Nutmeg (Myristica fragrans Houtt.). Dis Month: 
DM 55:373–379. doi:10.1016/j.disamonth.2009.03.007

Barlow S, Renwick AG, Kleiner J, Bridges JW, Busk L, Dybing E, 
Edler L, Eisenbrand G, Fink-Gremmels J, Knaap A, Kroes R, 
Liem D, Muller DJ, Page S, Rolland V, Schlatter J, Tritscher A, 
Tueting W, Wurtzen G (2006) Risk assessment of substances that 
are both genotoxic and carcinogenic report of an International 
Conference organized by EFSA andWHOwith support of ILSI 
Europe. Food Chem Toxicol 44:1636–1650

Benedetti MS, Malnoe A, Broillet AL (1977) Absorption, metabolism 
and excretion of safrole in the rat and man. Toxicology 7:69–83

Beyer J, Ehlers D, Maurer HH (2006) Abuse of nutmeg (Myristica 
fragrans Houtt.): studies on the metabolism and the toxicologic 
detection of its ingredients elemicin, myristicin, and safrole in 
rat and human urine using gas chromatography/mass spectrom-
etry. Ther Drug Monit 28:568–575

Borchert P, Miller JA, Miller EC, Shires TK (1973) 1′-Hydroxysaf-
role, a proximate carcinogenic metabolite of safrole in the rat 
and mouse. Cancer Res 33:590–600

Brown RP, Delp MD, Lindstedt SL, Rhomberg LR, Beliles RP (1997) 
Physiological parameter values for physiologically based phar-
macokinetic models. Toxicol Ind Health 13:407–484

DeJongh J, Verhaar HJ, Hermens JL (1997) A quantitative property-
property relationship (QPPR) approach to estimate in  vitro tis-
sue-blood partition coefficients of organic chemicals in rats and 
humans. Arch Toxicol 72:17–25

Drinkwater NR, Miller EC, Miller JA, Pitot HC (1976) Hepato-
carcinogenicity of estragole (1-allyl-4-methoxybenzene) and 
1′-hydroxyestragole in the mouse and mutagenicity of 1′-acetox-
yestragole in bacteria. J Natl Cancer Inst 57:1323–1331

EFSA (2005) Opinion of the Scientific Committee on a request from 
EFSA related to a harmonised approach for risk assessment of 
substances which are both genotoxic and carcinogenic. EFSA J 
282:1–31

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1016/j.tiv.2010.08.019
http://dx.doi.org/10.1016/j.taap.2012.03.005
http://dx.doi.org/10.1016/j.disamonth.2009.03.007


733Arch Toxicol (2017) 91:713–734	

1 3

EFSA (2012) Compendium of botanicals reported to contain naturally 
occurring substances of possible concern for human health when 
used in food and food supplements. EFSA J 10(5):2663

Fennell TR, Miller JA, Miller EC (1984) Characterization of the bil-
iary and urinary glutathione and N-acetylcysteine metabolites of 
the hepatic carcinogen 1′-hydroxysafrole and its 1′-oxo metabo-
lite in rats and mice. Cancer Res 44:3231–3240

Fisher MB, Campanale K, Ackermann BL, VandenBranden M, 
Wrighton SA (2000) In vitro glucuronidation using human liver 
microsomes and the pore-forming peptide alamethicin. Drug 
Metab Dispos 28:560–566

Forrest JE, Heacock RA (1972) Nutmeg and mace, the psychotropic 
spices from Myristica fragrans. Lloydia 35:440–449

Guenthner TM, Luo G (2001) Investigation of the role of the 
2′,3′-epoxidation pathway in the bioactivation and genotoxicity 
of dietary allylbenzene analogs. Toxicology 160:47–58

Hallstrom H, Thuvander A (1997) Toxicological evaluation of myris-
ticin. Nat Toxins 5:186–192. doi:10.1002/nt.3

Howes AJ, Chan VS, Caldwell J (1990) Structure-specificity of the 
genotoxicity of some naturally occurring alkenylbenzenes deter-
mined by the unscheduled DNA synthesis assay in rat hepato-
cytes. Food Chem Toxicol 28:537–542

Innes J (1969) Bioassay of pesticides and industrial chemicals for 
tumorigenicity in mice. Natl Cancer Inst 42:1101–1114

Ioannides C, Delaforge M, Parke DV (1981) Safrole: its metabolism, 
carcinogenicity and interactions with cytochrome P-450. Food 
Cosmet Toxicol 19:657–666

International Programme on Chemical Safety (IPCS) (2010) Character-
ization and application of physiologically based pharmacokinetic 
models in risk assessment. World Health Organization, Interna-
tional Programme on Chemical Safety, Geneva, Switzerland

Ishii Y, Suzuki Y, Hibi D, Jin M, Fukuhara K, Umemura T, Nishikawa 
A (2011) Detection and quantification of specific DNA adducts 
by liquid chromatography-tandem mass spectrometry in the liv-
ers of rats given estragole at the carcinogenic dose. Chem Res 
Toxicol 24:532–541. doi:10.1021/tx100410y

JECFA (2005) Sixty-fourth meeting. FAO/WHO publication under 
WHO Food Additives 55 paper 83

Jeurissen SM, Bogaards JJ, Awad HM, Boersma MG, Brand W, Fia-
megos YC, van Beek TA, Alink GM, Sudhölter EJ, Cnubben 
NH, Rietjens IMCM (2004) Human cytochrome P450 enzyme 
specificity for bioactivation of safrole to the proximate car-
cinogen 1′-hydroxysafrole. Chem Res Toxicol 17:1245–1250. 
doi:10.1021/tx040001v

Kobets T, Duan JD, Brunnemann KD, Etter S, Smith B, Williams 
GM (2016) Structure-activity relationships for DNA damage by 
alkenylbenzenes in turkey egg fetal liver. Toxicol Sci: Off J Soc 
Toxicol 150:301–311. doi:10.1093/toxsci/kfv322

Lin JH, Wong BK (2002) Complexities of glucuronidation affecting 
in vitro in vivo extrapolation. Curr Drug Metab 3:623–646

Luo G, Guenthner TM (1996) Covalent binding to DNA in vitro of 
2′,3′-oxides derived from allylbenzene analogs. Drug Metab Dis-
pos 24:1020–1027

Luo G, Qato MK, Guenthner TM (1992) Hydrolysis of the 2′,3′-allylic 
epoxides of allylbenzene, estragole, eugenol, and safrole by both 
microsomal and cytosolic epoxide hydrolases. Drug Metab Dis-
pos 20:440–445

Martati E, Boersma MG, Spenkelink A, Khadka DB, Punt A, Vervoort 
J, van Bladeren PJ, Rietjens IMCM (2011) Physiologically based 
biokinetic (PBBK) model for safrole bioactivation and detoxi-
fication in rats. Chem Res Toxicol 24:818–834. doi:10.1021/
tx200032m

Martati E, Boersma MG, Spenkelink A, Khadka DB, van Bladeren PJ, 
Rietjens IMCM, Punt A (2012) Physiologically based biokinetic 
(PBBK) modeling of safrole bioactivation and detoxification 

in humans as compared with rats. Toxicol Sci 128:301–316. 
doi:10.1093/toxsci/kfs174

Matthews WSA, Pickering GR, Robinson FU (1974) The distillation 
and composition of nutmeg oils. Proceedings International Con-
gress Essential Oils, San Franciso

Medinsky MA, Leavens TL, Csanady GA, Gargas ML, Bond JA 
(1994) In vivo metabolism of butadiene by mice and rats: a com-
parison of physiological model predictions and experimental 
data. Carcinogenesis 15:1329–1340

Miller EC, Swanson AB, Phillips DH, Fletcher TL, Liem A, Miller 
JA (1983) Structure-activity studies of the carcinogenicities in 
the mouse and rat of some naturally occurring and synthetic alk-
enylbenzene derivatives related to safrole and estragole. Cancer 
Res 43:1124–1134

National Toxicology P (2000) NTP toxicology and carcinogenesis 
studies of methyleugenol (CAS NO. 93-15-2) in F344/N Rats 
and B6C3F1 Mice (Gavage Studies). Natl Toxicol Prog Tech 
Rep Ser 491:1–412

O’Brien J, Renwick AG, Constable A, Dybing E, Muller DJ, Schlatter 
J, Slob W, Tueting W, van Benthem J, Williams GM, Wolfreys 
A (2006) Approaches to the risk assessment of genotoxic car-
cinogens in food: a critical appraisal. Food Chem Toxicol 
44:1613–1635

Phillips DH, Reddy MV, Randerath K (1984) 32P-post-labelling anal-
ysis of DNA adducts formed in the livers of animals treated with 
safrole, estragole and other naturally-occurring alkenylbenzenes. II. 
Newborn male B6C3F1 mice. Carcinogenesis 5:1623–1628

Punt A, Freidig AP, Delatour T, Scholz G, Boersma MG, Schilter 
B, van Bladeren PJ, Rietjens IMCM (2008) A physiologically 
based biokinetic (PBBK) model for estragole bioactivation and 
detoxification in rat. Toxicol Appl Pharmacol 231:248–259. 
doi:10.1016/j.taap.2008.04.011

Punt A, Paini A, Boersma MG, Freidig AP, Delatour T, Scholz G, 
Schilter B, van Bladeren PJ, Rietjens IMCM (2009) Use of phys-
iologically based biokinetic (PBBK) modeling to study estragole 
bioactivation and detoxification in humans as compared with 
male rats. Toxicol Sci 110:255–269. doi:10.1093/toxsci/kfp102

Punt A, Jeurissen SM, Boersma MG, Delatour T, Scholz G, Schilter 
B, van Bladeren PJ, Rietjens IMCM (2010) Evaluation of human 
interindividual variation in bioactivation of estragole using 
physiologically based biokinetic modeling. Toxicological Sci 
113:337–348. doi:10.1093/toxsci/kfp272

Randerath K, Haglund RE, Phillips DH, Reddy MV (1984) 32P-post-
labelling analysis of DNA adducts formed in the livers of ani-
mals treated with safrole, estragole and other naturally-occurring 
alkenylbenzenes. I. Adult female CD-1 mice. Carcinogenesis 
5:1613–1622

Randerath K, Putman K, Randerath E (1993) Flavor constituents in 
cola drinks induce hepatic DNA adducts in adult and fetal mice. 
Biochem Biophys Res Commun 192:61–68

Rietjens IMCM, Cohen SM, Fukushima S, Gooderham NJ, Hecht S, 
Marnett LJ, Smith RL, Adams TB, Bastaki M, Harman CG, Tay-
lor SV (2014) Impact of structural and metabolic variations on 
the toxicity and carcinogenicity of hydroxy- and alkoxy-substi-
tuted allyl- and propenylbenzenes. Chem Res Toxicol 27:1092–
1103. doi:10.1021/tx500109s

Sammy GM, Nawar WW (1968) Identification of the major compo-
nents of nutmeg oil by gas chromatography and mass spectrom-
etry. Chem Ind 38:1279–1280

Swanson AB, Chambliss DD, Blomquist JC, Miller EC, Miller JA 
(1979) The mutagenicities of safrole, estragole, eugenol, trans-
anethole, and some of their known or possible metabolites for 
Salmonella typhimurium mutants. Mut Res 60:143–153

van den Berg SJ, Restani P, Boersma MG, Delmulle L, Rietjens 
IMCM (2011) Levels of genotoxic and carcinogenic compounds 

http://dx.doi.org/10.1002/nt.3
http://dx.doi.org/10.1021/tx100410y
http://dx.doi.org/10.1021/tx040001v
http://dx.doi.org/10.1093/toxsci/kfv322
http://dx.doi.org/10.1021/tx200032m
http://dx.doi.org/10.1021/tx200032m
http://dx.doi.org/10.1093/toxsci/kfs174
http://dx.doi.org/10.1016/j.taap.2008.04.011
http://dx.doi.org/10.1093/toxsci/kfp102
http://dx.doi.org/10.1093/toxsci/kfp272
http://dx.doi.org/10.1021/tx500109s


734	 Arch Toxicol (2017) 91:713–734

1 3

in plant food supplements and associated risk assessment. Food 
Nutr Sci 2:989–1010

van den Berg SJ, Punt A, Soffers AE, Vervoort J, Ngeleja S, Spen-
kelink B, Rietjens IMCM (2012) Physiologically based kinetic 
models for the alkenylbenzene elemicin in rat and human and 
possible implications for risk assessment. Chem Res Toxicol 
25:2352–2367. doi:10.1021/tx300239z

WHO (2009) Safety evaluation of certain additives, prepared by the 
Sixty-ninth meeting of the Joint FAO/WHO Expert Committee 
on Food Additivies, pp 103–164. http://whqlibdoc.who.int/publi-
cations/2009/9789241660600_eng.pdf

Wiseman RW, Fennell TR, Miller JA, Miller EC (1985) Fur-
ther characterization of the DNA adducts formed by electro-
philic esters of the hepatocarcinogens 1′-hydroxysafrole and 
1′-hydroxyestragole in vitro and in mouse liver in vivo, includ-
ing new adducts at C-8 and N-7 of guanine residues. Cancer Res 
45:3096–3105

Wiseman RW, Miller EC, Miller JA, Liem A (1987) Structure-activ-
ity studies of the hepatocarcinogenicities of alkenylbenzene 
derivatives related to estragole and safrole on administration to 
preweanling male C57BL/6 J x C3H/HeJ F1 mice. Cancer Res 
47:2275–2283

Wislocki PG, Borchert P, Miller JA, Miller EC (1976) The meta-
bolic activation of the carcinogen 1′-hydroxysafrole in vivo and 
in vitro and the electrophilic reactivities of possible ultimate car-
cinogens. Cancer Res 36:1686–1695

Wislocki PG, Miller EC, Miller JA, McCoy EC, Rosenkranz HS 
(1977) Carcinogenic and mutagenic activities of safrole, 
1′-hydroxysafrole, and some known or possible metabolites. 
Cancer Res 37:1883–1891

Zangouras A, Caldwell J, Hutt AJ, Smith RL (1981) Dose depend-
ent conversion of estragole in the rat and mouse to the carci-
nogenic metabolite, 1′-hydroxyestragole. Biochem Pharmacol 
30:1383–1386

Zhou GD, Moorthy B, Bi J, Donnelly KC, Randerath K (2007a) DNA 
adducts from alkoxyallylbenzene herb and spice constituents in 
cultured human (HepG2) cells. Environ Mol Mutagen 48:715–
721. doi:10.1002/em.20348

Zhou SF, Xue CC, Yu XQ et al (2007b) Metabolic activation of herbal 
and dietary constituents and its clinical and toxicological impli-
cations: an update. Curr Drug Metab 8:526–553

http://dx.doi.org/10.1021/tx300239z
http://whqlibdoc.who.int/publications/2009/9789241660600_eng.pdf
http://whqlibdoc.who.int/publications/2009/9789241660600_eng.pdf
http://dx.doi.org/10.1002/em.20348

	Physiologically based kinetic modeling of the bioactivation of myristicin
	Abstract 
	Introduction
	Materials and methods
	Chemicals
	Synthesis of 1′-hydroxymyristicin and 1′-oxomyristicin
	Microsomal metabolism of myristicin
	Glucuronidation of 1′-hydroxymyristicin to 1′-hydroxymyristicin glucuronide
	Oxidation of 1′-hydroxymyristicin to 1′-oxomyristicin
	Sulfonation of 1′-hydroxymyristicin to 1′-sulfoxymyristicin
	Identification and quantification of metabolism of myristicin and 1′-hydroxymyristicin by UPLC
	Determination of kinetic constants
	Physiologically based kinetic (PBK) models
	Sensitivity analysis
	Comparison of the PBK model-based prediction of bioactivation of myristicin to the PBK model-based predictions for bioactivation of the structurally related compound safrole

	Results
	Microsomal conversion of myristicin
	Glucuronidation of 1′-hydroxymyristicin
	Oxidation of 1′-hydroxymyristicin
	Sulfonation of 1′-hydroxymyristicin
	Comparison of the kinetic constants for conversion of myristicin and 1′-hydroxymyristicin by male rat and mixed gender pooled human tissue fractions
	Evaluation of PBK model performance
	PBK model predictions
	Sensitivity analysis
	Comparison of the PBK model-based prediction of bioactivation of myristicin by rat and human to that of its structurally related compound safrole
	Implications for risk assessment

	Discussion
	Acknowledgments 
	References




