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PBK Model-Based Prediction of Intestinal Microbial and
Host Metabolism of Zearalenone and Consequences for its

Estrogenicity

Diana M. Mendez-Catala,* Qianrui Wang,* and Ivonne M.C.M. Rietjens

Scope: The aim of the present study is to develop physiologically-based
kinetic (PBK) models for rat and human that include intestinal microbial and
hepatic metabolism of zearalenone (ZEN) in order to predict systemic
concentrations of ZEN and to obtain insight in the contribution of metabolism
by the intestinal microbiota to the overall metabolism of ZEN.

Methods and Results: In vitro derived kinetic parameters, apparent
maximum velocities (V,,,,) and Michaelis—Menten constants (K,,) for liver
and intestinal microbial metabolism of ZEN are included in the PBK models.
The models include a sub-model for the metabolite, a-zearalenol (a-ZEL), a
metabolite known to be 60-times more potent as an estrogen than ZEN.
Integrating intestinal microbial ZEN metabolism into the PBK models
revealed that hepatic metabolism drives the formation of a-ZEL. Furthermore,
the models predicted that at the tolerable daily intake (TDI) of 0.25 pg kg~ bw
the internal concentration of ZEN and a-ZEL are three-orders of magnitude
below concentrations reported to induce estrogenicity in vitro.

Conclusion: It is concluded that combining kinetic data on liver and intestinal
microbial metabolism in a PBK model facilitates a holistic view on the role of

content.[!l In the European Union (EU),
the presence of ZEN in food commodi-
ties is regulated with maximum permit-
ted levels ranging from 20 to 400 pg kg~!
for cereals and cereal products.[23]

The adverse health effects of ZEN have
been related to its estrogenicity, originat-
ing from its structural similarity to the
natural hormone 17p-estradiol (E2) and
proceed through binding of ZEN to the
estrogen receptors (ERs).[*] Also, ZEN
metabolites may play a role in this estro-
genicity. ZEN is known to undergo reduc-
tion to form the metabolites a-zearalenol
(@-ZEL) and B-zearalenol (-ZEL),>! with
a-ZEL showing a relative potency that is
about 60-fold higher than that of ZEN
reflecting bioactivation, while the for-
mation of B-ZEL decreases the potency
five times representing a detoxification.[®]
ZEN as well as «-ZEL and B-ZEL can

the intestinal microbiota in the overall metabolism of the foodborne

xenobiotic ZEN and its bioactivation to a-ZEL.

1. Introduction

Zearalenone (ZEN) is a nonsteroidal mycotoxin that is formed by
Fusarium spp., primarily F. graminearum. The fungus is known
to infect mainly crops of wheat and maize, and while in the field
usually the concentrations of ZEN are still low, they show a ten-
dency to increase under storage conditions with high moisture
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be further metabolized to glucuronide
conjugates, before they are eliminated
through urine andjor feces.>’#! ZEN
and its metabolites are conjugated at
a lower extent to sulfate conjugates as
observed in vitro,! but this not confirmed in vivo.l®! This
metabolism of ZEN may occur in the liver and intestinal tissue,
while anaerobic in vitro fecal incubations have shown the intesti-
nal microbiota to also play a role in the conversion of ZEN to
a- and f-ZEL.'%11 In vitro studies with liver S9 fractions!'?! and
fecal slurries!*l have shown interspecies differences in bioactiva-
tion and detoxification by both the liver and intestinal microbiota.
Due to limited data available on the kinetics and toxicity of ZEN
in humans, the risk assessment has been based on the observa-
tions in young gilts identified as the most sensitive species.[>1314]
Based on a no observed effect level (NOEL) of 10.4 pg kg~! bw for
estrogenic effects of ZEN in young gilts!™! a tolerable daily in-
take (TDI) of 0.25 ug kg~! bw per day was defined taking an un-
certainty factor of only 40 to account for interspecies differences
and human variability.*]

Given the limited data on the role of the intestinal microbiota
in the in vivo bioactivation and detoxification of ZEN, the aim
of the present study was to develop a physiologically-based ki-
netic (PBK) model in human that would enable an integrated
description of the metabolism of ZEN, and provide insight in
the overall role of the intestinal microbiota in the bioactivation

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH


http://www.mnf-journal.com
mailto:diana.mendezcatala@wur.nl
mailto:qianrui.wang@wur.nl
https://doi.org/10.1002/mnfr.202100443
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmnfr.202100443&domain=pdf&date_stamp=2021-10-25

ADVANCED
SCIENCE NEWS

M@JIar Nutrition

www.advancedsciencenews.com

and detoxification of ZEN in vivo. This model requires descrip-
tion of a separate compartment in the PBK model for intestinal
microbial metabolism describing the formation of a- and g-ZEL
by the microbiota. To enable evaluation of the model also a PBK
model for rats was developed to allow comparison of model pre-
dictions to in vivo kinetic data, which for this species are available
in literature.I'>] The PBK models obtained allowed evaluation of
the role of metabolism of ZEN by the intestinal microbiota in the
overall metabolism of ZEN and comparison of dose-dependent
internal concentrations with in vitro concentrations for ZEN and
a-ZEL able to induce estrogenicity.

2. Experimental Section

2.1. Materials

ZEN (CAS registry number 17924-92-4; >99.0%), a-ZEL (CAS
registry number 36455-72-8; >98%), f-ZEL (CAS registry num-
ber 71030-11-0; >98%), were purchased from Sigma-Aldrich
(Schnelldorf, Germany). Test chemicals were prepared in
dimethyl sulfoxide (DMSO; CAS 67-68-5) purchased from Merck
(Darmstadt, Germany). Pooled rat and human liver S9 frac-
tions were purchased from Corning (Woburn, MA, USA)
and pooled rat and human intestinal S9 fractions were pur-
chased from Xenotech (Kansas City, KS, USA). Uridine 5-
diphosphoglucuronide trisodium salt (UDPGA; CAS registry
number 63700-19-6) was obtained from Carbosynth (Berkshire,
UK). Trizma base (Tris, CAS registry number 77-86-1) and
alamethicin (from Trichoderma viride; CAS 27061-78-5) were
obtained from Sigma-Aldrich (Steinheim, Germany). Magne-
sium chloride hexahydrate (MgCl,«6H,O; CAS registry num-
ber 7791-18-6) and formic acid (FA; CAS registry number 64-
18-6) were obtained from VWR International (Amsterdam, The
Netherlands). Phosphate-buffered saline (PBS, pH 7.4), was ob-
tained from Gibco (Paisley, UK). Ultra performance liquid chro-
matography/mass spectrometry (UPLC/MS) grade methanol
(MeOH; CAS registry number 67-56-1) and acetonitrile (ACN;
CAS registry number 75-05-8) were purchased from Biosolve
(Valkenswaard, The Netherlands).

2.2. In vitro Incubations with ZEN and a-ZEL to Derive Kinetic
Parameters for the PBK Model

The kinetic parameters (V,,, and K ) for the glucuronidation
of ZEN and a-ZEL in liver tissue were obtained from in vitro
incubations of ZEN and a-ZEL with rat and human liver S9 frac-
tions. The incubation mixtures (final volume 100 uL) contained
(final concentrations) 0.1 M Tris-HCI (pH 7.4), 5 mM MgCl,,
0.025 mg mL~! alamethicin, the substrate in concentrations
ranging from 0.3 to 150 uM (added from 100 times concentrated
stock solutions in DMSO) and 0.2 mg mL™! of pooled liver
S9 fraction from rat or human. After 1-min preincubation
in a shaking water bath at 37 °C, the reaction was started by
the addition of 3 mM (final concentration) UDPGA. Control
incubations were performed without the addition of UDPGA.
The incubations were carried out for 7 min. Intestinal S9 in-
cubations for the glucuronidation of ZEN were performed in
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a similar way with only a few modifications. Final incubation
mixtures contained 0.01 mg mL~! alamethicin and 0.04 mg
mL~! intestinal S9 fractions. The incubations were carried out
for 20 min. Under all these conditions the conversion was linear
with time and S9 protein concentration (data not shown). All
reactions were terminated by the addition of 20% (v/v) ice-cold
ACN followed by centrifugation at 15000 X g for 5 min and the
supernatant was immediately analyzed by ultra performance
liquid chromatography-photodiode array (UPLC-PDA). The
formation of glucuronides was confirmed by the incubation of
non-terminated samples with g-glucuronidase.

2.3. UPLC-PDA Analysis

A UPLC-PDA system (Waters Acquity) was used for the quantifi-
cation of ZEN, a-ZEL, and their glucuronides. The UPLC system
was equipped with an Acquity BEH C18 column 1.7 ym, 50 mm
x 2.1 mm (Waters) set at 40 °C and a UV diode array detection
system recording wavelengths of 190-400 nm. Nanopure water
A) and ACN B) were used as eluens at a flow rate of 0.3 mL min~!
with the following gradient profile: 0-40% B (0-1.3 min), 40-50%
B (1.3-5.7 min), 50-100% B (5.7-6 min), 100% B kept for 2 min
and 100-0% B (8-8.1 min) for equilibration. Per run, 3.5 pL of
sample were injected. ZEN, a-ZEL, and f-ZEL were identified us-
ing commercially available standards. Chromatograms were an-
alyzed at 235 nm and glucuronides quantified using calibration
curves of the respective commercially available non-conjugated
analogues. The glucuronides were indentified by their conver-
sion to the corresponding non-conjugated analogues upon incu-
bation with f-glucuronidase.

2.4. Kinetic Analysis

To derive the kinetic constants for the formation of ZEN-
glucuronide and a-ZEL-glucuronide, the amount of metabolite
formed expressed per mg of protein and per unit of time (rate of
formation) was calculated using Microsoft Excel (version 2016)
and plotted against the substrate concentration. The curve for
the concentration dependent metabolite formation was fitted in
GraphPad Prism 5.04 (GraphPad software, San Diego, CA, USA)
using a standard Michaelis—Menten equation (V =V, , *[S]/(K,,
+ [S])) to obtain the in vitro kinetic constants, V,,,, in pmol min~
mg~! S9 protein and K, in uM.

2.5. Development of PBK Models for Rat and Human

A schematic representation of the PBK model of ZEN, includ-
ing a sub-model for a-ZEL, for rat and human is presented in
Figure 1. The model is based on a model previously reported
and evaluated by Wang et al.('®! for the isoflavone daidzein. The
PBK model describes the kinetics upon intravenous (i.v.) injec-
tion or oral exposure. The i.v. administration was included to al-
low comparison of the model predictions to available in vivo ki-
netic data in rats.['] The main model for the parent compound
ZEN consisted of separate compartments for blood, fat, rapidly
perfused tissue (heart, lung, and brain), slowly perfused tissue
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Figure 1. Schematic presentation of the main PBK model for ZEN including a sub-model for the bioactive metabolite a-ZEL.

(skin, muscle, and bone), liver, intestine, and stomach. The in-
testinal compartment consisted of three separate compartments
including the small intestinal lumen, small intestinal tissue, and
the large intestinal lumen in order to enable description of both
metabolism in small intestinal tissue and by the intestinal micro-
biota. The process of stomach emptying [half-life, rat: 15 min!'";
human: 15 min["®] and the small intestinal transition [transition
time in rat: 1.5 h; human: 4 h(**)] were included in the model.
The compartment for the small intestinal lumen was divided in
seven sub-compartments enabling the description of the transi-
tion through the compartment.[2*-23] The elimination of ZEN was
modeled via its glucuronidation in intestinal and liver tissue as-
sumed to be followed by efficient excretion.

In order to predict the blood concentrations of a-ZEL, a sub-
model for a-ZEL was included. In this sub-model a-ZEL is
formed in the liver from ZEN and also enters the liver upon its
formation by the intestinal microbiota. Glucuronidation of a-ZEL
formed by the microbiota was assumed to occur in the liver fol-
lowing its transport from the large intestinal lumen to the liver.

The parameters required for the PBK model of ZEN are i)
physiological parameters, ii) physicochemical parameters, and
iii) kinetic parameters for metabolism and excretion. The val-
ues for the physiological parameters (i.e., tissue volumes and
blood flows) were taken from literaturel?*] and are presented in
Table 1. The physicochemical parameters (i.e., tissue/blood par-
tition coefficients) are presented in Table 2 and were estimated
as previously described®’! based on the octanol-water partition
coefficients (Log P) of 3.32 and 3.16 for ZEN and a-ZEL, re-
spectively, obtained from ChemDraw version 18 (Perkin Elmer
& CambridgeSoft, USA).

The apparent permeability coefficients (Papp) obtained from
in vitro transport studies using Caco-2 cell layers were used to
describe the intestinal absorption of ZEN and a-ZEL from the
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Table 1. Physiological parameters used in the rat and human PBK model
for ZEN based on Brown et al.[24]

Symbol Values

Rat Human

Physiological parameters
Body weight [kg] BW 0.25 70

Tissue volumes (fraction of body weight)

Small intestine VSlc 0.014 0.009
Liver VLc 0.034 0.026
Rapidly perfused tissue VRc 0.034 0.041
Slowly perfused tissue VSc 0.667 0.596
Fat VFc 0.07 0.214
Blood VBc 0.074 0.074
Cardiac output [L h™'] Qc 5.38 347.9
Blood flow to tissue (fraction cardiac output)
Intestine QSlc 0.151 0.181
Liver Qlc 0.099 0.046
Rapidly perfused tissue QRc 0.51 0.473
Slowly perfused tissue QSc 0.17 0.248
Fat QFc 0.07 0.052

different sub-compartments in the model into the small intesti-
nal tissue or from the large intestinal lumen directly to the liver.
The Pappc,,, value reported for ZEN was 10.3 x 107°.126] The
Pappc,..., value for ZEN was one of the most influential factors
for the prediction of ZEN in blood (see Result section), therefore
this values was also optimized by curve fitting to the in vivo data
from Shin et al.[') using the curve fit option present in Berkeley
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Table 2. Physicochemical parameters used in the rat and human PBK
model. Tissue: blood partition coefficients of ZEN and a-ZEL were cal-
culated based on the method by Dejongh et al.[?°]

Rat Human
ZEN a-ZEL ZEN a-ZEL
Intestine 2.64 2.38 6.56 6.11
Liver 2.64 2.38 6.56 6.11
Rapidly perfused tissues 2.64 2.38 6.56 6.11
Slowly perfused tissues 0.76 0.71 4.25 3.99
Fat 106.93 92.79 134.86 131.61

Madonna, yielding a value of 10.4 x 107> cm s} (PapPeaco.s fitted)-
The latter value was used for predictions and evaluation. Subse-
quently, in vivo Papp values (Papp,, i,) Were estimated by the
following correlation established by Sun et al.l?’]: Log (Pappi, vivo)
= 0.6836 X Log (Pappcacos fied) — 0-5579. It was assumed that
the estimated Papp,, .;,, Was the same for both rats and humans.
The parameter values for the intestinal absorption rates were de-
rived from the Papp;, ., by using the following equation(2-23-28l;
Absorption rate (umol h™1) = apparent permeability coefficient
in vivo (Papp;, vivo; €M h™1) x surface area of the small intestine
(cm?) X luminal concentration of the compound (mM). The sur-
face areas of the rat small and large intestine were calculated to be
94 [based on radius of 0.18 cm and small intestinal length of 83
cml?l] and 157 cm? [based on radius of 1 cm and small intestinal
length of 25 cml3%]. For human the surface areas for small and
large intestine were calculated to be 72 [based on radius of 2.5
cm®Y and small intestine length of 460 cm!*?] and 47 dm? [based
on radius of 5 cm and large intestine length of 150 cm[*%)]. The lu-
minal concentration of ZEN in the small intestine was calculated
by dividing the amount of ZEN in the tissue by the small intesti-
nal volume. The calculated volumes for rat and human small in-
testine were 8.4 mL® and 9 L,*"*% respectively, based on radius
and small intestinal length. The transport of a-ZEL formed by
intestinal microbiota was modeled to go directly from the large
intestine to liver with the absorption calculated from Papp,,.,
value of 5.4 X 107® cm s7!, this value was kept as reported in
literature,[?°! as no kinetic data for fitting is available for a-ZEL.
The kinetic constants (V,,,, and K,) for the conversion of ZEN
to a-ZEL and f-ZEL by the intestinal microbiota were obtained
from anaerobic incubations with fecal samples performed as pre-
viously described.['”) The V., expressed in pmol min~! g=! fe-
ces, was scaled to the whole body by means of the fecal fraction
of body weight of 0.0164 [based on a defecation volume per day
of 4.1 gl*¥] for rats and 0.0018 for humans [based on a defecation
volume per day of 128 gi*¥l]. The V, .. values for the formation
of a-ZEL and p-ZEL and the subsequent glucuronidation of a-
ZEL, obtained from incubations with rat liver S93°) or human
liver 9,119 were scaled to the whole tissue assuming an S9 pro-
tein concentration of 143 mg S9 protein g~! liver for rats**l and
120.7 mg protein g~! liver (sum of 40 mg microsomal protein
and 80.7 mg of cytosolic protein) for human.l*”} The intestinal
V... for glucuronidation of ZEN was scaled to whole tissue using
an S9 protein yield of 37.1 and 35.2 mg S9 protein g~! intestinal
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tissue for rat and human, respectively.*®! The K, values in vivo
were assumed to be similar to those obtained in vitro.

Due to the absence of studies reporting dose related blood lev-
els of ZEN in humans and because excretion through urine is
presented as an adequate biomarker for ZEN biomonitoring,!!
the urinary excretion of ZEN and a-ZEL were modeled to occur
from the blood with excretion rates of 0.096 and 0.015 h7!, re-
spectively, estimated before in Mukherjee et al.[*) Additionally,
the excretion of the ZEN glucuronide in humans was modeled
taking under the assumption that with 90% of the glucuronides
formed in the liver will be excreted through the urine.[*!#]

The PBK model equations were coded and integrated in Berke-
ley Madonna 8.0.1 (UC Berkeley, CA, USA) using the Rosen-
brock’s algorithm for stiff systems. The model code for rat and
human are presented in Supplementary material.

2.6. PBK Model Evaluation

The performance of the model developed for rats was evaluated
by comparison of i) the predicted blood concentration time pro-
file of ZEN to the time dependent blood concentrations reported
in literature upon single i.v. doses of 1, 2, 4 and 8 mg kg~! bw, %]
and ii) the predicted maximum blood concentration (C,,,,) of
ZEN to the C,,, obtained in a rat study following a single oral
dose of 8 mg kg! bw.[">] The study from Mallis et al.[**] was con-
sidered unsuitable for the evaluation due to differences in the
experimental design, where ZEN was co-administered with four
other isoflavones. As the PBK model developed predicts ZEN
blood concentrations, the serum concentrations of ZEN from in
vivo studies in rats were converted to blood concentrations as-
suming that blood concentrations are 0.6 times the serum con-
centration in rats.[*4]

As data on dose-dependent blood levels upon exposure to ZEN
in humans suitable for model evaluation were not available,
the evaluation of the human PBK model was done by compar-
ison to the cumulative urinary concentration of ZEN and ZEN-
glucuronide (total ZEN) reported by Mirocha et al.l*’] and Warth
et al.B] at oral doses of 1.43 mg kg™ bw and 0.2 pg kg™' bw, re-
spectively.

To further evaluate the PBK models a sensitivity analysis was
performed to identify the parameters having the largest impact
on the model predictions. The sensitivity coefficients (SC) were
determined following the equation!*8]:

SC=(C'-C)/(P-P)xP/C 1)

where C is the initial value of the model output (C,,,, of ZEN),
C’ the modified value of the model output resulting from a 5%
increase in the parameter value, P is the initial parameter value
and P’ is the parameter value with a 5% increase. Each parameter
change was analyzed individually, while others were kept at the
initial values. The analysis was conducted with an oral dose of
8 mg kg~! bw for rats and oral doses of 1.43 mgkg~! bwand 0.2 pug
kg™ bw for human representing the dose levels from available
in vivo studies used for model evaluation.®#’! Larger SC values
represent a higher impact of the parameter on the predictions for
the C,,,, of ZEN and a-ZEL.
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Table 3. In vitro and scaled in vivo kinetic parameters for the conversion of ZEN to a-ZEL and g-ZEL in rat and human liver, as derived from literature
data using in vitro incubations of ZEN with rat and human liver S9 fractions.

Species Viaxo i vitro [pmol min~! K ko, in vitro Scaled V,,,, in vivo keat, in vivo
Metabolite mg~' S9 protein] [uM] [uL min~" mg=" S9 protein] [umol h=" kg™! bw]a) [Lh™T kg™! bw]
Rat”
a-ZEL 32 592 0.05 9.34 0.02
p-ZEL 72 21 3.43 21 1.00
Human®
a-ZEL 358.7 9 38.7 80.02 8.89
p-ZEL 209.3 23 9.02 46.7 2.03

? Calculated from [(Viaxo in Vitro) X (mg S9 protein/g liver) x (g liver) x (60 min h=")]/(10% umol pmol~")/kg bw. For rat and human the mg S9 protein/g liver were 143 and

120.7, respectively; ~ Malekinejad et al.[**]; 9 Mendez-Catala et al.["0]

Table 4. In vitro and scaled in vivo kinetic parameter for the conversion of ZEN to a-ZEL and f-ZEL by the intestinal microbiota as derived from anaerobic

in vitro incubations of ZEN with rat and human fecal slurries.['°]

Species Viaxs in vitro [pmol K keat in vitro Scaled V,,,, In vivo keat in vivo
Metabolite min~! mg~! feces] [uM] [uL min=! mg~" feces]” [umol h~" kg™ bui” [mLh~" kg™! bw]
Rat
a-ZEL 0.23 66 35 0.23 2.60
B-ZEL 0.14 80 1.8 0.10 1.30
Human
a-ZEL 0.90 135 6.6 0.10 0.73
B-ZEL 0.18 163 1.1 0.02 0.12

? (107%) pL min~" mg~! feces; ®) Calculated from [(Vinasr
were 4.1 and 128 g, respectively.

3. Results

3.1. In vitro Kinetic Data for Rats and Humans

Tables 3-5 summarize the kinetic parameters of the metabolism
of ZEN and a-ZEL required for the PBK model.

The in vitro kinetics for the formation of a-ZEL and g-ZEL in
rat and human liver were obtained from literature!!®35] and are
presented in Table 3 together with the scaled V., K, and k,
values for the formation of @-ZEL and f-ZEL. A substantial inter-
species difference is observed in the k, for formation of a-ZEL
and p-ZEL by rat and human liver. A comparison of the k_,, values
shows humans to have a 563- and 2-fold higher k_,, for conversion
of ZEN to, respectively, a-ZEL and f-ZEL than rat.

The kinetics for the formation of a-ZEL and -ZEL from ZEN
by the intestinal microbiota, obtained from anaerobic in vitro
incubations of ZEN with pooled rat and human feces, were also
obtained from literature!!%) and are presented in 4 along with the
scaled V. and k_, values for the formation of the metabolites
based on the 24 h defecation volumes of 4.1 and 128 g for rats
and humans, respectively. A comparison of the scaled k_,, values
for formation of a-ZEL and g-ZEL by the intestinal microbiota
shows that the values for rats are 4- and 14-fold higher than those
obtained for humans. The ratio of a-ZEL/B-ZEL was shown to
be higher in humans (i.e., 6/1) than in rats (i.e., 2/1). Overall,
humans showed a higher preference for the bioactivation of
ZEN to a-ZEL in both liver and intestinal microbial metabolism.

The extent of glucuronidation of ZEN and a-ZEL by rat and
humans was quantified by UPLC-PDA analysis of formation of
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in vitro) x (defecation volume in mg) x (60 min h=")]/(10° umol pmol~') /kg bw. Rat and human defecation volumes

the respective glucuronides upon incubation of ZEN with liver
(Figure 2) and intestinal (Figure 3) S9 fractions and of a-ZEL
with liver S9 fractions (Figure 2). The results obtained show that
the concentration dependent rate of glucuronidation followed
Michaelis—Menten kinetics. The in vitro V,,, and K, values and
the catalytic efficiencies (k.,, calculated as V, . /K,,) for the glu-
curonidation of ZEN and a-ZEL derived from these data, as well
as the scaled V., and k_, values are presented in5. The in vivo
k., for glucuronidation of ZEN by S9 liver fractions showed to be
comparable for rats and humans. Larger interspecies differences
were observed for the glucuronidation of ZEN by S9 intestinal
tissue samples, with the in vivo k,, for rats being 2.7-fold higher

than for human.

cat

3.2. PBK Model Development and Evaluation

The kinetic constants for the conversion of ZEN to a-ZEL and f-
ZEL and for glucuronidation of ZEN and a-ZEL were integrated
into the PBK models for rat and human. First, the performance
of the model was evaluated based on the comparison of the
concentration—time curves of ZEN predicted by the rat PBK
model with available in vivo kinetic data upon i.v. administration
of ZEN at various dose levels to rats!’® as shown in Figure 4.
These results indicate that the model predicts the time depen-
dent blood concentrations and clearance of ZEN well. In a next
step literature data from an in vivo rat study with oral dosing
were used for evaluation of the model. In Figure 5 the C, . of
unconjugated ZEN predicted upon oral dosing was compared to
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Table 5. In vitro and scaled in vivo kinetic parameters for the glucuronidation of ZEN and a-ZEL in incubations with rat or human liver S9 obtained from
in vitro incubations of ZEN or a-ZEL with rat and human liver S9 fractions and UDPGA (Figures 2 and 3).

Compound Vinax iN Vitro [nmol min~! Ko ke in vitro Scaled V,,,, in vivo k.o, in vivo
Organ mg~! of protein] [uM] [ml min~" mg~" protein] [umol=" h=T kg™! bw]a) [Lh™" kg™ bw]
Rat
ZEN
Liver 7.03 6.75 1.04 2050.50 303.64
Intestine 8.62 6.19 1.39 268.54 43.44
a-ZEL
Liver 6.96 7.43 0.94 2031.25 273.53
Human
ZEN
Liver 2.97 2.04 1.45 559.23 273.73
Intestine 0.49 1.17 0.42 18.67 15.90
a-ZEL
Liver 2.98 2.42 1.24 561.68 232.58
? Calculated from [(Vinax» in vitro) X (mg S9/g liver) X (60 min h=1)]/(10* umol nmol=") /kg bw.
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Figure 2. Concentration dependent formation of A-B) ZEN glucuronide and C-D) a-ZEL glucuronide in incubations with rat (A and C) and human (B
and D) liver S9.

the C,,,, reported by Shin et al.'>] upon oral dosing of rats with  intestinal microbial metabolism to @-ZEL into the model, and the

8 mg kg™ bw ZEN, with resulting values of 6.08 and 8.14 nM,  concentration of a-ZEL in blood was predicted to amount to less

respectively, showing an only 1.3-fold difference. than 0.1% of the concentration of ZEN when ZEN is dosed at
It was also evaluated to what extent inclusion of the a-ZELsub- 8 mg kg~! bw (Figure 5).

model affected the prediction for the C,,, of ZEN. The C,,, of The predictions made by the human PBK model were evalu-

ZEN appeared to be minimally affected by the inclusion of its  ated based on urinary levels of ZEN and its metabolites reported
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Figure 4. Comparison of predicted and reported!'®] time dependent plasma concentrations of ZEN in rats upon i.v. administration of doses of A) 1 mg
kg™! bw, B) 2 mg kg™' bw, C) 4 mg kg™' bw, and D) 8 mg kg™ bw.
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Figure 5. PBK model predicted time dependent blood concentration of
ZEN and a-ZEL in rat upon an oral dose of 8 mg kg™ bw.

Table 6. In vivo and predicted cumulative urinary excretion of total ZEN in
humans 24 h after oral dosing of ZEN.

Dose In vivo urine Predicted urine  Predicted/in vivo Reference
[mg] amount [mg]a) amount [mg]

100 32.1 18.1 0.56 Mirocha et al.l[47]
0.01 0.73x1073 1.58x1073 2.08 Warth et al.[8]

* Based on an average urine volume of 2.42 L per day.!®]

in human studies.®*’] The cumulative 24 h urinary excretion

data reported for humans by Mirocha et al.l*’] and Warth et al.l®)
after an oral dose of ZEN were compared to the human PBK
model predicted values in Table 6. The reported in vivo cumu-
lative urinary concentrations were calculated based on a mean
urinary volume for human of 2.42 LI®l to allow comparison with
the PBK model based predicted amount of urinary excretion of
ZEN metabolites.

The evaluation of the human model by comparison of the cu-
mulative urinary amount (Table 6) resulted in an excretion of
15.1-18.1% of the total oral dose, in line with the reported 7.2—
32.1% of the dose recovered in urine. The comparison of the pre-
dicted excretion in urine with the reported data reveals that the
model predicts the reported data reasonably well especially for
the study of Mirocha et al.[’l The prediction of C,,, of ZEN and
a-ZEL showed the concentration of a-ZEL in blood to amount
to about 3% of the concentration of ZEN when ZEN is dosed at
0.143 and 1.43 pg kg™! bw (Figure S1, Supporting Information).
Finally, the contribution of intestinal microbiota to metabolism
revealed that the formation of a-ZEL from ZEN was driven by
hepatic metabolism (Figure S2, Supporting Information).

The performance of the models was further evaluated through
a sensitivity analysis to assess the parameters affecting the pre-
diction of the concentration of ZEN in blood to the largest extent.
Figure 6 presents the results obtained. The sensitivity analysis
was performed at an oral dose levels of 8 mg kg~! bw in rats and
0.143 pg kg~! bw and 1.43 mg kg~! bw for humans, represent-
ing the dose levels used in the in vivo studies used for model
evaluation.[®15471 Only the parameters resulting in a normalized
sensitivity coefficient higher that 0.1 (absolute value) are shown
in Figure 6. In all scenarios, the C,,, values for ZEN were greatly

affected by the kinetic parameters for glucuronidation of ZEN in

Mol. Nutr. Food Res. 2021, 2100443 2100443 (8 of 12)

www.mnf-journal.com

the small intestine and liver tissue. Other parameters found to
impact the C,,, predictions for ZEN included physiological pa-
rameters such as body weight, tissue volume, and blood flows,
especially those of the small intestine and the liver. The parame-
ters describing the absorption from the small intestinal lumen to
the small intestinal tissue (Papp Caco-2, Vin, Ain) also appeared
to have a substantial effect on the C,,, prediction.

max

3.3. Comparison of EC,, Values for Estrogenicity with Predicted
C,.x Values Derived from Dietary Exposure of an Adult
Population

To obtain further insight in the potential of the PBK models, they
were applied to evaluate whether at dose levels equal to the TDI
of 0.25 ug kg™! bw or equal to estimated dietary intakes of ZEN
(2.4-29 ng kg~! bw),3l the C__, values of ZEN and a-ZEL would
reach levels that induce estrogenic responses. To this end pre-
dicted C,,,, values were compared to data from the ZEN or a-
ZEL concentration-dependent responses in a selection of differ-
ent in vitro model systems for estrogenicity. The predicted con-
centrations were corrected for the plasma unbound fractions cal-
culated to be 0.089 and 0.103 for ZEN and «-ZEL, respectively
(https:/ /wfst.shinyapps.io/wfsrqivivetools/).1*! Figure 7 reflects
that different bioassays for estrogenicity result in somewhat dif-
ferent potencies for ZEN and a-ZEL. Nevertheless, the results
presented in Figure 7 also reveal that the C,,, for both a-ZEL
and ZEN predicted by the PBK models, both at levels of normal
dietary intake and at the TDI are predicted to be below the EC,,
values of all bioassays.

4, Discussion

In the present study, PBK models for ZEN in both rat and human
were developed that include intestinal microbial metabolism of
ZEN. The models include a sub-model for the metabolite, a-ZEL,
known to be more active as an estrogen than ZEN itself.5*>1
By integrating microbial ZEN metabolism into the models they
provide insight into the role of the intestinal microbiota in the
metabolism of ZEN and its bioactivation to a-ZEL. The results
obtained revealed that, in spite of the conversion of ZEN to a-ZEL
by intestinal microbiota, the formation of a-ZEL from ZEN is
mainly driven by hepatic metabolism. In the PBK models devel-
oped, the intestinal microbial metabolism of ZEN was integrated
as a separate compartment by the inclusion of kinetic parame-
ters obtained from in vitro anaerobic incubations of ZEN with
fecal samples.['%] Previously Wang et al.['®l showed a first proof-
of-principle for the inclusion of microbial metabolism in a PBK
model based on kinetic parameters obtained in such anaerobic fe-
cal incubations. This earlier PBK study described the metabolism
of the isoflavone daidzein including its microbial conversion to S-
equol in addition to host-based metabolism. In this study it was
shown that the inclusion of microbial metabolism allowed pre-
diction of host plasma levels of S-equol and its conjugates, and
also revealed that in spite of the higher estrogenicity of S-equol
its role compared to the contribution of daidzein itself was lim-
ited because of its substantially lower systemic concentrations.! ¢!
The results of the present study show a similar outcome for ZEN

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 6. Sensitivity coefficients of the PBK model parameters for the predicted C,,, of ZEN in A) rat at an oral dose of 8 mg kg~! bw, and B) human
at oral doses of 0.143 ug kg~' bw and 1.43 mg kg~! bw. The parameters stand for: BW = body weight, VTic = fraction of tissue volume (Ti = SI (small
intestine), L (liver), R (rapidly perfused), S (slowly perfused)), Qc = cardiac output, QTic = fraction of blood flow to tissue (Ti = SI (small intestine), L
(liver), R (rapidly perfused)), PRZEN = rapidly perfused tissue/blood partition coefficient, ksto = stomach emptying rate, PappCaco2ZEN = Papp valued
derived from Caco-2 transport studies, Vin = volume for small intestinal sub-compartment, SAin = surface area for small intestinal subcompartment,
S9SI = small intestinal S9 protein yield, VLS9 = liver S9 protein yield, V,,,, and K,,, = maximum rate of formation and the Michaelis—Menten kinetic
constant for the formation of ZEN glucuronide (ZENGLU) in SI (small intestine) and L (liver).

and a-ZEL. This followed from the fact that the C,,, predicted for
a-ZEL amounted to less than 0.1% or about 3% of the C,,, for
ZEN itself in rats and humans, respectively. This indicates that in
despite of the 60-fold higher estrogenicity reported for a-ZEL its
contribution to the in vivo estrogenicity upon exposure to ZEN
may be limited, while in human it may be higher than in rats.
The PBK model for the metabolism of ZEN in rat allowed the

comparison to available in vivo kinetic data in blood upon i.v. and

Mol. Nutr. Food Res. 2021, 2100443 2100443 (9 of 12)

oral dosing of ZEN. The model prediction of blood concentra-
tions after four different i.v. doses of ZEN showed to be in line
with the kinetics reported by.') A study dosing ZEN at 8 mg kg™
bw orally to rats!®®! reported a C,,,,, that was also adequately pre-
dicted by the model. The evaluation of the human model resulted
in differences in the cumulative urinary amount possibly related
to the exposure, while Mirocha et al.l*’] exposed ZEN directly,
Warth et al.l¥! did it from naturally contaminated products.

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 7. Comparison of ECy, values derived from estrogenic in vitro studies!'®7273] to C,,, values predicted by the human PBK model to occur at a
mean estimated daily intake (EDI) of ZEN, ranging from 2.4 to 29 ng kg™' bw and at the TDI.

The PBK models developed showed that liver is the main site
for the conversion of ZEN to a-ZEL (Figure S2, Supporting In-
formation), a conclusion that holds at dose levels as low as the
dose representing daily dietary intake (2.4 ng kg~! bw per day)P!
to dose levels used in rodent bioassays of 8 mg kg~! bw.["*} The
model predictions also revealed humans to have on average a 76-
times higher concentration of a-ZEL in liver compared to rat.
This is in line with previous reports on species differences in
the metabolism of ZEN, indicating that humans,>?! similar to
pigs, form relatively more a-ZEL than rats. The integration of
the kinetic parameters for a-ZEL formation in the PBK model
for human revealed the predicted blood concentration of a-ZEL
to amount to about 3% of the total concentration of ZEN reaching
the blood (Figure S1, Supporting Information). The low concen-
tration of a-ZEL reaching the circulation can be ascribed to an
efficient glucuronidation of ZEN in the intestinal tissue and liver
competing with formation of a-ZEL in these organs, in combi-
nation with efficient hepatic glucuronidation of a-ZEL. The glu-
curonidation of ZEN has previously been reported to represent
the main conjugation pathway for ZEN[*125354] and results in a
decrease in the toxicity of ZEN due to the absence of estrogenic
activity of ZEN glucuronide.>>! The kinetic constants in Table 5
show rat and human liver to perform the glucuronidation of ZEN
with comparable catalytic efficiencies, with rat being 1.1 times
more efficient than humans. The glucuronidation of a-ZEL in
liver was also comparable with rats again being 1.1 times more ef-
ficient than humans. These results are in line with those of Pfeif-
fer et al.l’! reporting the percentage of glucuronidation of ZEN
and a-ZEL by male rat liver fractions to be 1.6 and 1.5 and times
higher than by human liver fractions, respectively. The somewhat
higher catalytic efficiency observed for the glucuronidation by rat
than human intestinal tissues in vitro is in line with results for
glucuronidation of other UGT substrates such as flavonoids.>¢7]
The glucuronidation of ZEN in human liver is reported to be
catalyzed by UGTs, with UGT1A1, 1A3, and 1A8 being the ma-
jor contributors.’! In the same study, intestinal glucuronidation

Mol. Nutr. Food Res. 2021, 2100443 2100443 (10 of 12)

of ZEN in humans was linked to UGT1A1 and 1A8. A higher
mRNA expression of UGT1A1 and 1A3 in rat liver and intestine
has been reported offering a possible explanation for the species
differences in glucuronidation observed.[®! Based on studies in
a rat everted model Ieko et al.*®] reported the rapid glucuronida-
tion of ZEN immediately after absorption and low transport of
ZEN into the serosa portion. The amount of ZEN predicted by the
PBK model to reach the liver in rats was lower than the amount
reaching the small intestinal tissue, in line with the notion from
Teko et al.*! that only low amounts of ZEN could reach the liver.
The PBK model predicted the glucuronidation of ZEN to mainly
occur in the small intestinal tissue (Table S1, Supporting Infor-
mation).

Furthermore, the outcomes of the human PBK model enabled
prediction of the internal concentrations of ZEN and «a-ZEL re-
sulting from dietary intake of ZEN or from intake at the level of
the TDI, with concentrations of ZEN and a-ZEL known to induce
estrogenicity in in vitro bioassays. The predicted C, ., values were
on average 3 orders of magnitude lower than the EC,, for ZEN
and a-ZEL in bioassays with different estrogenic endpoints, sug-
gesting that at the current levels of dietary intake up to at least
the TDI, the concentration of ZEN and a-ZEL in blood will not
reach the concentrations known to cause estrogenic effects. This
comparison illustrates the potential of the PBK model-based ap-
proach to conclude on in vivo effects without the need for studies
in experimental animals or a human intervention study.

Nevertheless, it is of use to discuss some of the limitations of
the current approach. First of all, it is important to note that the
study is based on the average adult population and does not (yet)
take interindividual differences or possible differences of differ-
ent age groups in sensitivity to ZEN into account. To take such
potential interindividual differences into account remains an in-
teresting topic for further studies especially given a possible cor-
relation between exposure to ZEN and early onset of puberty in
young gitls as suggested before.[®*-%] The human PBK model de-
veloped in the present study can form a basis to build individual

© 2021 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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PBK models and study such interindividual differences within
the human population. Second, the potential of the use of fecal
samples as a source of the intestinal microbiota for the study
of intestinal microbial metabolism needs some further consid-
erations. Although differences in the microbial composition
along the intestinal tract are known, the colon harbors 70% of
total bacteria in the intestinal tract, making it the main site for
fermentation.!®] Furthermore, Behr et al.[®! reported colon and
fecal bacterial communities to be highly comparable, supporting
the notion that fecal slurries can be used as a surrogate for
intestinal microbiota. Furthermore, in a previous study the in
vitro anaerobic incubations with fecal slurries were shown to
adequately describe the kinetics of the formation of S-equol from
daidzein, a metabolite formed only by intestinal microbiota,
allowing description of S-equol kinetics by PBK modeling in
both rat and human.l'¢¢] Therefore, the in vitro anaerobic incu-
bations with fecal slurries show a good first tier approach for the
estimation of overall intestinal microbial metabolism in the host.

Nevertheless is important to note that at the current state-of-
the-art methods that enable use of in vitro models to define PBK
model parameters for intestinal microbial metabolism, as well
as the scaling of the in vitro parameters to the in vivo situation,
are still under development. Our study aims to contribute to this
development. Many studies have so far used anaerobic fecal in-
cubations to study metabolism by the intestinal microbiota,®7-%]
while only few studies actually translated the results obtained to
the in vivo situation enabling a comparison between the contri-
bution by the intestinal microbiota as compared to that from the
liver. Scaling the in vitro metabolic data from anaerobic fecal in-
cubations expressed per mg fecal sample using defecation vol-
umes, as done in the present study, provides a first approximation
that may need further refinement in future studies.

Furthermore, it is of interest to note that interspecies and
interindividual differences in metabolism of ZEN may occur,
also resulting in differences in the relative level of « -ZEL
formation.[”7%7!] Taking such interindividual differences into ac-
count, for example by Monte Carlo modeling, was beyond the aim
of the present study, but provides a useful suggestion for future
studies.

The PBK models now developed provide a first insight into the
role of the intestinal microbiota in the metabolism of ZEN, even
though the intestinal microbiota was predicted to contribute to a
lesser extent compared to the conversion in the liver.

In conclusion, the PBK models developed in this study are able
to quantify interspecies differences in metabolism of ZEN taking
intestinal microbial metabolism into account. Results obtained
reveal that in spite of the capacity of the microbial community in
both rat and human to catalyze conversion of ZEN to a-ZEL, the
contribution of this intestinal microbial metabolism to systemic
concentrations of a-ZEL in the host are limited. Furthermore, it
was shown that in spite of the higher estrogenic potency of a-ZEL
its contribution to the estrogenic effects occurring upon exposure
to ZEN are limited, and that at current levels of intake ZEN and
also a-ZEL concentrations remain low enough to not raise a con-
cern. The study also shows a proof of principle on how an in vitro-
PBK model-based approach can be of use to conclude on in vivo
effects of compounds studied without the need for studies in ex-
perimental animals or a human intervention study.
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