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1.1 Background information 

An endocrine disrupting-chemical (EDC) is defined by the European Union (EU) as 
an “exogenous substance that can cause adverse health effect in an intact organism, 
or its progeny, secondary to changes in endocrine function” (European Commission, 
2001). EDCs include substances from natural sources (hormones, plant and fungal 
constituents) and artificial origin (drugs and pesticides) (Karrow et al., 2011). The 
main concern rises from continued chronic exposure to these kind of compounds. 
EDCs can affect the endocrine function of an organism in different ways, including 
influences on hormone biosynthesis, metabolism, transport, and effects at receptor 
and post-receptor level. Some EDCs can act as the endogenous estrogen 17β-
estradiol (E2) through the binding to estrogen receptors (ERs) (La Merrill et al., 
2020). Critical effects related to this mode of action can be noticed on reproductive 
organs, causing hyperestrogenism, stillbirth, infertility, disturbance of the menstrual 
cycle, miscarriages, decreased sperm count and quality and swallowed uterus 
(Balabanič et al., 2011; Fink-Gremmels and Malekinejad, 2007; Metzler et al., 2010; 
Yang et al., 2018). The mycotoxin zearalenone (ZEN) is a well-known example of 
a contaminant of food and feed that causes reproductive disorders in young gilts 
(Döll et al., 2004; Minervini et al., 2005). Metabolites of ZEN may add to this effect 
(Metzler et al., 2010). This observation has led to a broader study of the metabolism 
of ZEN and the endocrine activity of its metabolites; due to the endocrine-disrupting 
nature of ZEN, data from humans are still limited. Therefore the aim of this PhD 
project was to gain further insight into the metabolism of ZEN, including its 
metabolism in liver and intestinal microbiota of not only experimental animals but 
also human, and to include this information in physiologically-based kinetic (PBK) 
models to enable evaluation of the role of metabolism of ZEN in its estrogenic 
activity. The next sections present an overview of the metabolism and toxicity of 
ZEN and of the methods used in the present thesis to study the role of this 
metabolism, including the metabolism by the intestinal microbiota, in the 
estrogenicity of ZEN.  

1.2 Zearalenone 

Zearalenone (ZEN; C18H22O5), a non-steroidal phenolic resorcyclic acid lactone 
(3,4,5,6,9,10-hexahydro-14, 16-dihydroxy-3-methyl-1H-2-benzoxacyclotetradecin-
1,7(8H)-dione) (Figure 1.1) (EFSA, 2011), is a mycotoxin resulting from the 
secondary metabolism of fungi growing on crops intended for food and feed. 
Although ZEN is best known to commonly contaminate maize crops, it can also 
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contaminate other cereal crops such as oats, barley, wheat, rice and sorghum (Lawley
et al., 2012). ZEN is produced by several species of the genus Fusarium such as F.
graminearum, F. cerealis, F. culmorum and F. equiseti, of which growth is favored 
by humid, pre-harvest and storage conditions (Gromadzka et al., 2008).  

1.2.1 Metabolism of ZEN 

In animals, following the ingestion and absorption of ZEN in the upper part of the 
intestinal tract (Kowalska et al., 2016), two major pathways for ZEN 
biotransformation have been described (Olsen et al., 1981). The first pathway is the 
reduction of the keto group at the 7 position of ZEN resulting in the hydroxylated 
metabolites α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) (Figure 1.1). These 
reactions are catalyzed by 3α- and 3β-hydroxysteroid dehydrogenases (HSDs) in 
liver, while similar biotransformation by the intestinal microbiota has also been 
reported (Gratz et al., 2017; Rogowska et al., 2019). Malekinejad et al. (2006) 
described significant interspecies differences in the formation of α-ZEL and β-ZEL 
in incubations with liver fractions, where pigs have a higher preference for the 
formation of α-ZEL over β-ZEL, and rats vice a higher preference for the formation 
of β-ZEL over α-ZEL. The second pathway of metabolism for ZEN, which is also 
relevant for its metabolites α-ZEL and β-ZEL, is the conjugation with glucuronic 
acid catalyzed by uridine diphosphate glucuronosyltransferases (UGTs), which are 
active in liver and intestinal tissue (Kutsukake et al., 2019; Pfeiffer et al., 2010). This 
conjugation of ZEN and its metabolites facilitate the excretion of the compounds 
through urine and/or feces (Fitzpatrick et al., 1988; Mirocha et al., 1981).  
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Figure 1.1. Metabolism of ZEN by hydroxysteroid dehydrogenases in mammalians

1.2.2 Toxicity of ZEN

The exposure to ZEN is associated with reproductive disorders generally due to its 
ability to bind to estrogen receptors (ERs) and exert estrogenic effects. The European 
Food Safety Authority (EFSA, 2011) reviewed all data available and concluded 
young gilts to be most sensitive to ZEN exposure. Due to limited data on the effects 
of ZEN in humans, the risk assessment for humans is based on the estrogenic effects 
in young gilts. A tolerable daily intake (TDI) for humans of 0.25 μg/kg bw for ZEN 
was established based on a No-observed effect level (NOEL) for ZEN of 10.4 µg/kg 
bw (Döll et al., 2003; EFSA, 2011), and an uncertainty factor of 40 accounting for 
interspecies differences in kinetics and human interindividual variability. Due to the 
higher sensitivity of pigs, the uncertainty factor for the differences in toxicodynamics 
between pigs and humans was reduced from 2.5 to 1.0. Interspecies differences in 
sensitivity may also be to some extent related to differences in toxicokinetics, with 
a higher preference for the formation of more estrogenic metabolites, such as α-ZEL, 
observed in pigs relative to other species such as rat and chicken (Malekinejadet al., 
2006). 
The structural similarity of ZEN and its metabolites with the natural estrogen E2
explains their ability to bind and activate ERs (Kuiper et al., 1998). In mammalian 
tissues, subtypes for ER, i.e. ERα and ERβ, are described. It is commonly assumed 
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that ZEN has higher binding affinity for ERα than ERβ (EFSA, 2016; Kuiper et al., 
1998). The estrogenic potencies of ZEN and its metabolites, α-ZEL and β-ZEL, have 
been characterized in vitro using assays with endpoints including the binding affinity 
to ERs, activation of ER-regulated reporter genes or proliferation of estrogen-
sensitive cells (Ehrlich et al., 2015; Frizzell et al., 2011; Le Guevel and Pakdel, 2001; 
Malekinejad et al., 2005; Metzler et al., 2010; Minervini et al., 2005; Molina-Molina
et al., 2014). Some of the estrogenic activities observed in vitro are summarized in 
Table 1.1. This Table focuses on interactions and activation of ER, because this ER 
is generally assumed to be involved in the adverse estrogenic health effects induced 
by EDCs including ZEN (Shier et al., 2001). Though differences in the estrogenic 
potency are observed, all the studies rank the potency of ZEN and its major 
metabolites as follows: α-ZEL > ZEN > β-ZEL. This ranking is in line with the in
vivo uterotrophic assay in rats where the activity of the metabolite α-ZEL was 60-
times higher than that of ZEN, while β-ZEL was 5 times less potent than ZEN 
(Everett et al., 1987). The formation of α-ZEL is not only of relevance because the 
compound is more potent as an estrogen than ZEN itself but also because its 
estrogenic potency was shown to be only 10-fold lower than that of E2 (Everett et
al., 1987). Together, these results support the notion that the formation of α-ZEL 
represents a bioactivation pathway while β-ZEL formation represents a 
detoxification pathway. Therefore, as observed for pigs, a higher preference for α-
ZEL formation may play a role in the higher sensitivity of this species to ZEN 
exposure. To what extent this α-ZEL formation actually plays a role in the toxicity 
of ZEN in not only pigs but also in human remains to be elucidated.  
Glucuronidation of ZEN and also of its metabolites α-ZEL and β-ZEL hinders the 
binding of the molecules to the ER, providing a detoxification pathway (Frizzell et
al., 2015)
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1.2.3 ZEN-14-glucoside, a modified form of ZEN 

ZEN-14-glucoside (ZEN-14-G) is a modified form of ZEN resulting from the 
metabolism of ZEN in plants for its storage in the vacuoles (Broekaert et al., 2015). 
ZEN-14-G has been reported to be present in food commodities at levels similar to 
or higher than those of ZEN. Similar to the glucuronide forms of ZEN, ZEN-14-G 
has a lower affinity for activation of ERs as shown in a combined in vitro/in silico
study (Dellafiora et al., 2017). The efficient release of the parent compound ZEN 
from ZEN-14-G via hydrolysis by the action of intestinal microbiota (Dall’Erta et
al., 2013; Gratz et al., 2017) indicates the importance of the inclusion of ZEN-14-G 
in a group health-based guidance value (HBGV), i.e. the TDI of 0.25 µg/kg bw 
expressed in ZEN equivalents under the assumption that ZEN-14-G will be fully 
hydrolyzed, absorbed and therefore contributing with the same potency as ZEN 
(EFSA, 2016). This further indicates the importance of including metabolism by the 
intestinal microbiota in the hazard and risk assessment of ZEN and its modified 
forms.  

1.3 Intestinal microbiota 

The mammalian gastro-intestinal tract consists of 100 trillions of microbes including 
bacteria, viruses, archea, fungi and protozoa (Lu et al., 2015). Bacteria have been the 
main focus of studies on intestinal microbiota, with Firmicutes and Bacteroides 
representing the most dominant phyla in most laboratory animals and humans (Qin
et al., 2010; Turner, 2018). The highest bacterial density is found in the large 
intestine with estimates of 1013 bacterial cells present in the human colon (Sender et
al., 2016a; Sender et al., 2016b), which makes it an important site for microbial 
metabolism. The intestinal microbiome alone has 150-fold higher genetic content 
than the human genome, providing a large source of complementary metabolic 
activity to that of the liver and gut mucosa (Qin et al., 2010). The complimentary 
activity provided by the intestinal microbiota plays primary roles in the production 
of metabolites, such as short chain fatty acids, resulting from the fermentation of 
non-digestible carbohydrates and protein, and the production of bile acids (Sousa et
al., 2008). The activity of the intestinal microbiota may also include metabolism of 
drugs and xenobiotics, and in some cases the metabolic activity provided by the 
intestinal microbiota may be even as extensive as, for example, that of the liver 
(Clarke et al., 2019; Scheline, 1973). Despite the fact that the presence and metabolic 
capacity of the intestinal microbiome is well known for already a long time, the 
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inclusion of the metabolic potential of the intestinal microbiota in toxicology has not 
been fully considered.  

1.3.1 The intestinal microbial metabolic capacity of xenobiotics in toxicology 

The liver is considered to act as the main site for the metabolism of dietary 
components and xenobiotics, but the large capacity for metabolic activity of the gut 
microbiome makes the intestinal microbiota of interest for research considering co-
metabolism (Clarke et al., 2019). High interspecies and interindividual variations in 
intestinal microbiota related to diverse factors like diet, host genetics and 
environmental conditions are described in literature (Nguyen et al., 2015). The 
variability reported is mainly related to taxonomic profiling, with the major phyla 
Firmicutes and Bacteroides being shared in all species, but quantitative differences 
occurring at genera and species levels (Turner, 2018). In spite of the microbial 
diversity, the microbial metabolic pathways are shared between individuals of the 
same species, as reported widely for humans (Huttenhower et al., 2012; Visconti et
al., 2019). The metabolic capacity of the intestinal microbiota for drugs and 
xenobiotics includes reduction and hydrolysis as two main chemical modifications. 
Other transformations by the intestinal microbiota include decarboxylation, 
dihydroxylation, (de-) acetylation, proteolysis and denitration (Claus et al., 2016). 
These modifications are in line with the demand of energy required by the bacteria, 
because the reductive activity provides the bacteria with an electron acceptor for 
anaerobic respiration, while the hydrolytic activity, e.g. deglycosylation, provides 
carbon sources required as substrate for microbial growth (Spanogiannopoulos et al., 
2016). The metabolites derived from the intestinal microbial metabolism can result 
in an altered bioactivity, bioavailability and toxicity of the xenobiotics (Koppel et
al., 2017). Such is the case for ZEN-14-G when converted to ZEN; the intestinal 
microbial hydrolysis of ZEN-14-G to ZEN results in an increase in its bioavailability, 
and an increased estrogenic potential, while the subsequent reduction of ZEN to α-
ZEL and β-ZEL represents bioactivation and detoxification pathways of ZEN, 
respectively.  

1.3.2 Methods in toxicology to study the intestinal microbial metabolism 

The study of the intestinal microbial metabolism poses several challenges. In vivo 
studies with experimental animals provide an approach for such studies, but raises 
ethical issues arising from the use of experimental animals, while taking difference 
in in vivo intestinal microbial composition into account when comparing different 
species can also pose technical challenges (McCabe et al., 2015). In vitro methods 
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such as the (anaerobic) incubation of isolated strains, synthetic communities or fecal 
samples have been developed as alternative testing strategies. The use of fecal 
samples, as used in the present thesis, is widely discussed as they might not represent 
the microbial composition present in the whole gastro-intestinal tract. However, as 
stated above, the main site for intestinal microbial metabolism is the colon, which 
harbors 70% of the bacterial community. Additionally, the communities in feces and 
colon have been reported to be highly comparable (Behr et al., 2018; Yang et al., 
2019). The use of fecal samples provides advantages such as the fact that it represents 
a non-invasive and high yield sampling method compared to the collection of 
samples from different parts of the intestine in individual subjects (Zoetendal et al., 
2002). Another advantage provided by the use of in vitro incubations with fecal 
samples is that it facilitates studies on interspecies and interindividual differences in 
the intestinal microbial metabolism. When using in vitro technologies it has to be 
kept in mind that results obtained still need translation to the in vivo situation. This 
is where so-called physiologically-based kinetic modelling may be of use, since it 
allows modeling of in vivo kinetics based on kinetic parameters defined in in vitro 
studies. This approach was also used in the present thesis.  

1.4 Physiologically-based kinetic (PBK) models 

PBK models offer an alternative approach for non-animal based testing strategies. 
They describe the absorption, distribution, metabolism, and excretion (ADME) 
characteristics of a specific chemical in the whole body in time via a series of 
mathematical equations, and enable translation of in vitro data to the in vivo situation 
(Louisse et al., 2017; Rietjens et al., 2011). The development of a PBK model to be 
used for so-called quantitative in vitro to in vivo extrapolation (QIVIVE) includes 
six steps: (1) definition of the conceptual model, (2) translation into a mathematical 
model, (3) definition of the parameters, (4) solving the model equations, (5) 
evaluation of the model performance and (6) making predictions (Rietjens et al., 
2011). In the first step, it is necessary to define the compartments necessary to 
describe the organs that are important for the ADME of the compound. Figure 
1.2 presents the conceptual model developed in the present thesis for ZEN, with 
a sub-model for the metabolite α-ZEL, including compartments for liver, blood, 
fat tissue, small intestine, and also a compartment for the colon enabling 
inclusion of intestinal microbial metabolism. The rest of the tissues are grouped 
together in compartments for either rapidly or slowly perfused tissues. The 
compartments are connected via the systemic circulation. In the second step the 
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mathematical equations for each compartment are defined using physiological, 
physico-chemical and kinetic parameters. These parameters have to be defined 
in the third step. The physiological parameters such as tissue volumes and tissue 
blood flows can usually be obtained from literature. The physico-chemical 
parameters, such as for example tissue/blood partition coefficients, can be 
obtained from in silico approaches while the kinetic parameters (absorption and 
metabolism) are defined in in vitro experiments. In the fourth step, the 
mathematical model is solved to predict the concentrations of the compound and 
its metabolites in each compartment using software such as Berkeley Madonna 
or MATLAB. The model outcomes are subsequently compared with in vivo data 
as part of the evaluation in the fifth step. Additionally, a sensitivity analysis is 
generally performed to identify the most influential parameters for the 
predictions. In the last step, the model can be used for making predictions, such 
as concentrations of the compound or its relevant metabolite(s) in relevant tissues 
or in blood over time at any dose level. Once evaluated, the PBK models can be 
used to study dose- and species-dependent effects by changing the relevant 
parameters. In this PhD thesis, the PBK model approach facilitated the study of 
the contribution of the intestinal microbial metabolism of ZEN, defining the 
relevant kinetic parameters in in vitroassays with fecal samples, to the blood 
concentration of ZEN and its metabolite α-ZEL in rats and humans. 

Figure 1.2. Schematic representation of the conceptual PBK model for ZEN with a sub-
model for the metabolite α-ZEL 
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1.5 Combining PBK models and Monte Carlo simulation 

The PBK model developed along the lines described above predicts the outcome for 
an average population since the parameters defining the model are selected to 
represent the average of the respective population or species. It may be of interest 
however to not only consider interspecies but also intraspecies variability. The PBK 
model approach can facilitate this as well. 
This can be done by defining parameters for the PBK model using tissue or fecal 
samples from individual donors instead of pooled samples, enabling definition of 
individual PBK models that can be used to predict the endpoint of interest, for 
example the dose-dependent maximum blood concentrations (Cmax) of ZEN or α-
ZEL. This will provide insight in the interindividual variability for the endpoint of 
interest. The data obtained for the various parameters using individual tissue samples 
can also be used to define the distributions for the respective parameters in the 
population as a whole which can subsequently be used as input for so-called Monte 
Carlo modeling combined with PBK modeling to define the interindividual 
variability in the population as a whole. A Monte Carlo simulation is a computer-
based method of analysis enabling combination of a large number of sets of 
randomly generated values for input variables to assess their impact on the model 
output (Tan et al., 2011). The distribution of the input variables can be defined based 
on the results obtained with individual tissue or fecal samples in in vitro assays. 
Then, the Monte Carlo algorithm randomly samples from the distributions of the 
input variables to run the PBK model and generate the output parameter of interest 
(e.g. blood or tissue concentrations of ZEN or α-ZEL). Each run or simulation will 
represent one randomly selected individual. In general, a ‘virtual population’ of 
1,000 or more individuals is generated to obtain a stable output distribution from 
which central tendencies (geometric mean) and percentiles (95th and 99th) for the 
population as a whole can be derived (Figure 1.3). The distributions obtained from 
the method described, can subsequently be used to derive a so-called chemical-
specific adjustment factors (CSAF) for interindividual differences in kinetics, a value 
that can substitute the default uncertainty factor for interindividual variability in 
kinetics (IPCS, 2005). For the interindividual variability, the CSAF is defined from 
the comparison of the percentiles obtained from the output distribution to the 
geometric mean (IPCS, 2005).  
In the present thesis, the distribution in the kinetic parameters obtained for hepatic 
and intestinal microbial metabolism of ZEN and α-ZEL in vitro were the input 
variables for a Monte Carlo simulation.  
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Figure 1.3. Schematic representation of PBK modeling linked to Monte Carlo simulation to 
predict interindividual variability. 

1.6 Thesis overview 

As mentioned above, the aim of this PhD project was to acquire further knowledge 
of the intestinal microbial and the liver metabolism of ZEN in three different species, 
i.e. rats, pigs and humans. For rats and humans the information obtained in vitro for
intestinal microbial and hepatic metabolism was integrated in PBK models enabling
assessment of the contribution of metabolism by the intestinal microbiota and liver
to the predicted Cmax of ZEN and its bioactive metabolite α-ZEL. The PBK model
also enabled conversion of estimated daily intake values to Cmax levels that could be
compared to concentrations actually causing estrogenic responses in in vitro
bioassays in order to elucidate whether at realistic dietary exposure levels ZEN or α-
ZEL induced estrogenicity is to be expected. The effects on the predicted Cmax of
ZEN and α-ZEL due to the human interindividual differences in the metabolism of
ZEN were assessed with the PBK model coupled to Monte Carlo simulations and
this also provided a CSAF for interindividual differences in kinetics of ZEN. Finally,
the in vitro model for intestinal microbial metabolism was used to assess the
metabolism of ZEN-14-glucoside.
In Chapter 1, the current chapter, the background information, outline and aims of
this PhD thesis are provided.
In Chapter 2, an in vitro model with fecal samples for the study of intestinal
microbial formation of α-ZEL and β-ZEL from ZEN was developed, optimized to
allow quantification of kinetic parameters and used to assess and quantify
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interspecies differences. Furthermore the relative contribution of intestinal microbial 
metabolism, as compared to that of hepatic metabolism, to the bioactivation and 
detoxification of ZEN was assessed.  
In Chapter 3, PBK models for rat and human for ZEN with sub-models for the 
metabolite α-ZEL were developed that included the intestinal microbial 
bioactivation and detoxification of ZEN. The models allowed quantification of the 
role of intestinal microbiota in the overall metabolism of ZEN and the influence of 
intestinal metabolism on the blood concentrations (Cmax) of ZEN and -ZEL. The 
PBK model for humans was further used to compare the predicted internal 
concentrations of ZEN and α-ZEL to the concentration able to induce estrogenicity 
in vitro.  
In Chapter 4, the PBK model for human was coupled to Monte Carlo simulation to 
assess interindividual variation in the formation of α-ZEL and β-ZEL from ZEN 
by the intestinal microbiota and liver in a simulated human population. The results 
were used to define a CSAF for the interindividual variability in kinetics of ZEN.  
In Chapter 5, interspecies and interindividual variation of the hydrolysis of ZEN-
14-G to ZEN was studies using the in vitro model with fecal samples developed in
Chapter 2. The time for full hydrolysis of a relevant dose was estimated and
compared to the total colonic residence time in order to elucidate the potential
contribution of ZEN-14-G to ZEN exposure as a result of intestinal microbial
metabolism.
Finally in Chapter 6, the main findings from the chapters in this thesis are discussed.
This chapter includes a discussion on the strengths and limitations of the methods
applied and results obtained, to further define the characteristics of metabolism of
ZEN by humans and the consequences of this metabolism for the hazards posed upon
exposure to this EDC with estrogenic potential. Furthermore, the chapter presents
future perspectives defining potential data gaps and future studies when considering
the use of alternative in silico and in vitro approaches when studying the role of
intestinal microbial metabolism in human hazard and risk assessment, in line with
the 3R framework (Berg et al., 2011).
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Abstract 

Zearalenone (ZEN) is a mycotoxin known for its estrogenic activities. The 
metabolism of ZEN plays a role in the interspecies differences in sensitivity to ZEN, 
and is known to occur in the liver and via the intestinal microbiota, although the 
relative contribution of these two pathways remains to be characterized. In the 
present study a fecal in vitro model was optimized and used to quantify the 
interspecies differences in kinetics of the intestinal microbial metabolism of ZEN in 
rat, pig and human. Vmax, Km, and catalytic efficiencies (kcat) were determined, and 
results obtained reveal that the kcat values for formation of α-ZEL and β-ZEL 
amounted to 0.73 and 0.12 ml/h/kg bw for human microbiota, 2.6 and 1.3 ml/h/kg 
bw for rat microbiota and 9.4 and 6.3 ml/h/kg bw for pig microbiota showing that 
overall ZEN metabolism increased in the order human < rat < pig microbiota. 
Expressed per kg bw the kcat for ZEN metabolism by the liver surpassed that of the 
intestinal microbiota in all three species. In conclusion, it is estimated that the 
activity of the intestinal colon microbiome may be up to 36% of the activity of the 
liver, and that it can additionally contribute to the species differences in bioactivation 
and detoxification and thus the toxicity of ZEN in pigs and rats but not in humans. 
The results highlight the importance of the development of human specific models 
for the assessment of the metabolism of ZEN.  
 
Keywords: Intestinal microbiota; bioactivation; detoxification; zearalenone; 
interspecies differences 
 
Abbreviations:α-ZEL: α-zearalenol; β-ZEL: β-zearalenol; ER: estrogen receptor; 
kcat: catalytic efficiency; RP: relative potency; UPLC-PDA: ultra-performance liquid 
chromatography method with diode array detection; LC-MS/MS: Liquid 
chromatography tandem mass spectrometry; ZEN: zearalenone  
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2.1  Introduction 

Zearalenone (ZEN) is a mycotoxin produced by Fusarium species contaminating 
grains and cereals, particularly wheat and corn. ZEN is known to act as an endocrine 
disruptor, and exposure to ZEN is known to cause reproductive-toxicity, mediated 
via estrogen receptor agonism (EFSA, 2016). Upon ingestion, ZEN is metabolized 
to α-zearalenone (α-ZEL) and β-zearalenone (β-ZEL). Conversion to α-ZEL 
represents bioactivation because α-ZEL has been shown in different in vitro and in
vivo studies to be on average 60 times more potent as an ER agonist than ZEN. In 
contrast, β-ZEL is 5 times less potent than ZEN so that conversion of ZEN to β-ZEL 
is considered a detoxification (EFSA, 2016). Differences in the reduction of ZEN to 
α-ZEL and β-ZEL between species is considered a key factor contributing to 
differences in the sensitivity to ZEN exposure. Interspecies differences in 
bioactivation and detoxification of ZEN to α-ZEL and β-ZEL have been well-
described for liver tissue (Mukherjee et al., 2014). Pigs, whose liver appears to be 
more efficient in α-ZEL production than that of other species are also most sensitive 
towards ZEN toxicity observed in reproductive organs (Malekinejad et al., 2006; 
EFSA, 2011). However, in addition to the liver also the intestinal microbiota can 
metabolize ZEN to α-ZEL and β-ZEL (Gratz et al., 2017), although the relative 
contribution of conversion by the gut microbiota as well as interspecies differences 
in bioactivation and detoxification of ZEN by the intestinal microbiota remain to be 
characterized. Mammalian intestinal microbiota is known to modulate many 
processes essential to maintain host health, including the biotransformation of 
xenobiotics (Nicholson et al., 2012). The overall metabolic capacity of the intestinal 
microbiome has been described to complement the metabolic capacity of the host by 
encoding for enzymes that the host does not possess itself, with an overall broader 
substrate specificity (Koppel et al., 2017). While there is a significant body of 
literature showing interspecies differences in microbiome composition (Ley et al., 
2008; Krych et al., 2013; Nguyen et al., 2015) due to lifestyles and diets (Sousa et
al., 2008; Hörmannsperger et al., 2015), little is known about the potentially 
resulting differences in functionality. Typical microbial reactions include the 
reduction of chemicals (Sousa et al., 2008), an important reaction for the 
bioactivation and/or detoxification of ZEN, so that differences in metabolic capacity 
of the intestinal microbiota might contribute to the interspecies differences in 
sensitivity to ZEN exposure. 
The aim of the present study was to develop an in vitro model system to assess and 
quantify the contribution of the intestinal microbial metabolism to the bioactivation 
and detoxification of ZEN. The model to be developed should enable the 
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quantification of kinetics for the conversion of ZEN in incubations with fecal 
samples from different host species, facilitating the quantitative characterization of 
species differences in bioactivation and detoxification and thus the contribution of 
gut microbial metabolism to species differences in sensitivity to ZEN exposure. The 
development of an in vitro model that enables quantification of kinetic parameters 
for intestinal metabolism is essential for future incorporation of conversion by the 
intestinal microbiota in alternative testing strategies within the 3R the framework for 
alternatives for animal testing (Berg et al., 2011). 
In the present study an in vitro model with fecal slurries was optimized and 
successfully applied for i) the assessment of interspecies differences in the intestinal 
microbial metabolism of ZEN in rats, pigs, and humans, and ii) comparison of the 
relative intestinal and hepatic bioactivation and detoxification of ZEN to α-ZEL and 
β-ZEL. 

2.2 Materials and methods 

2.2.1 Materials 

ZEN (CAS registry number 17924-92-4; ≥ 99.0%), α-ZEL (CAS registry number 
36455-72-8; >98%), β-ZEL (CAS registry number 71030-11-0; >98%) and 17β-
estradiol (E2; CAS registry number 50-28-2) were purchased from Sigma-Aldrich 
(Schnelldorf, Germany). Stock solutions of the test chemicals were prepared in 
dimethyl sulfoxide (DMSO; CAS registry number 67-68-5) purchased from Merck 
(Darmstadt, Germany). Cryopreserved UltraPoolTM human microsomes (150 mixed 
gender donors) and pooled human liver S9 (20 mixed gender donors) were obtained 
from Corning (Woburn, MA, USA). β-Nicotinamide adenine dinucleotide 
phosphate, reduced form (NADPH; CAS registry number 2646-71-1) was purchased 
from Carbosynth (Berkshire, UK). Trizma® base (Tris, CAS registry number 77-86-
1) and glycerol (CAS registry number 56-81-5) were obtained from Sigma-Aldrich
(Steinheim, Germany). Magnesium chloride hexahydrate (MgCl2∙6H2O; CAS
registry number 7791-18-6) and formic acid (FA; CAS registry number 64-18-6)
were obtained from VWR International (Amsterdam, The Netherlands). Methanol
(MeOH, UPLC/MS grade; CAS registry number 67-56-1) and acetonitrile (ACN,
UPLC/MS grade; CAS registry number 75-05-8) were purchased from Biosolve
(Valkenswaard, The Netherlands). Phosphate-buffered saline (PBS, pH 7.4),
Dulbecco’s modified Eagle’s medium nutrient mixture F12 (DMEM/F12), phenol
red-free DMEM/F12, fetal bovine serum (FBS), non-essential amino acids (NEAA),
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dextran coated charcoal-filtered fetal calf serum (DCC-FBS) and geneticin (G418; 
CAS registry number 108321-42-2) were obtained from Gibco (Paisley, UK). 

2.2.2 Estrogenicity of ZEN, α-ZEL and β-ZEL studied in an estrogen 
receptor-mediated reporter gene (ERα -CALUX) assay 

U2OS ERα reporter gene cells, derived from a stably transfected human 
osteosarcoma cell line expressing ERα were kindly provided by BioDetection 
Systems (Amsterdam, The Netherlands) (Sonneveld et al., 2004), were cultured in 
DMEM/F12 supplemented with 10% FCS, 0.5% NEAA and 4μg/ml of geneticin. 
The cells were routinely subcultured every 3 to 4 days. 
For the CALUX assay, cells were seeded in 96-well view plates at a density of 1x105 
cells/ml in 100 μl of assay medium (phenol red-free DMEM/F-12 supplemented with 
5% DCC-FCS and 0.5% NEAA) and allowed to attach for 48 hours with a renewal 
of assay medium after the first 24 hours. 48 Hours after seeding, the medium was 
aspirated and replaced with 100 μl assay medium containing ZEN (0.1 pM-10 nM), 
α-ZEL (0.01-1000 pM), or β-ZEL (0.01 pM-10 nM) added from 200 times 
concentrated stock solutions in DMSO (0.5% DMSO maximum final concentration). 
For each assay, the concentrations were tested in triplicate. 100 pM E2 was used as 
positive control and 0.5% DMSO as solvent control. After 24 hours, the cells were 
washed with 100 μl 0.5 PBS, and lysed with 30 μl of low salt buffer (LSB; pH 7.8) 
containing 10 mM Tris, 2 mM dithiothreitol (DTT), and 2 mM 1, 2-
diaminocyclohexanete triacetic acid monohydrate. The plates were placed on ice for 
15 minutes and frozen at -80°C for at least 2 hours. Plates were thawed while being 
shaken and luciferase activity was measured using a luminometer (Glomax-Multi 
Detection System, Promega, California) upon adding 100 μl of FLASH mix (pH 7.8) 
containing 20 mM tricine, 1.07 mM (MgCO3)4Mg(OH)2∙5H2O, 2.67 mM MgSO4, 
0.1 mM ethylenedinitrilotetraacetic acid disodium salt dihydrate, 2 mM DTT, 0.47 
mM D-luciferin and 5 mM adenosine-5-triphosphate. 
The luciferase activity was measured in relative light units and used to calculate the 
fold increases of luminescence relative to the solvent control in MS Excel (2016). 
The obtained values were normalized to the maximum response of E2 (100 pM) set 
at 100% and the concentration-response curves were fitted in GraphPad Prism 5.04 
(GraphPad software, San Diego California, U.S.A.) by using a non-linear regression 
model (four parameter sigmoidal dose-response) to obtain the half-maximal effect 
concentrations (EC50). 



Chapter 2 

32 

The EC50 values from other studies using ER activation as endpoint were collected 
and used to calculate the relative potency factors (EC50 ZEN/EC50 metabolite) that could 
be compared to the relative potency factors obtained in the present study. 

2.2.3 Collection of rat, pig and human fecal samples 

Fresh fecal samples from Wistar rats (10 male and 15 female) were kindly provided 
by BASF (Ludwigshafen, Germany). Feces from each individual were obtained by 
physical stimulation of the abdomen to trigger defecation, weighed and immediately 
transferred into an anaerobic solution of 10% (v/v) glycerol in PBS and diluted to a 
final fecal concentration of 20% (w/v). Samples were manually homogenized using 
a sterile glass wand, and tubes flushed with N2 gas before being frozen to -80 ºC. 
Subsequently, individual samples were mixed and filtered using a woven sterile 
medical gauze dressing (HeltiQ) under anaerobic conditions (85% N2, 10% CO2 and 
5% H2, in a Bactron EZ anaerobic chamber). Aliquots of the resulting fecal slurry 
were prepared and stored at -80 ºC until further use. 
Fecal samples collected from 10 piglets (5 females and 5 males) were kindly 
provided by Wageningen Livestock Research (Wageningen, The Netherlands) 
during dissection of untreated control animals of an animal study for which 
permission (license number 2016.D0136.003) by the Animal Care and Use 
Committee of Wageningen University & Research (Wageningen, The Netherlands) 
was obtained. Samples from each individual were treated and stored separately as 
described. The colorectal part of the intestines containing feces were closed with 
artery clamps before being removed. Fecal matter from these sections were 
transferred to 50 ml centrifuge tubes, immediately flushed with N2 gas and 
transported in an airtight container into the anaerobic environment of the anaerobic 
chamber described below for further processing. Samples were weighed and fecal 
slurry prepared by diluting the samples with an anaerobic solution of 10% glycerol 
in PBS to obtain a final concentration of 20% (w/v). Samples were manually 
homogenized with a sterile serological pipette and filtered using a woven sterile 
medical gauze dressing (HeltiQ). Aliquots of the fecal slurry were prepared and 
stored at -80ºC until further use. Prior to the experiments a pool of the 10 individuals 
was prepared. 
Human fecal samples were donated by 10 volunteers (7 females and 3 males), aged 
24-64 years. Volunteer donors did not consume antibiotics or visit tropical countries
for 3 months prior to sample donation and have no history of intestinal diseases. The
research protocol for use of these human samples was evaluated by the Medical
Ethical Reviewing Committee of Wageningen University (METC-WU) and judged
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not to require further evaluation within the scope of the Dutch Medical Research 
Involving Human Subjects Act. Samples from each individual were treated and 
stored separately as follows: in specimen tubes, 3-5 gram of fecal samples were 
collected and subsequently transferred into an anaerobic environment within 2 
minutes after donation by the participants. Samples were immediately diluted in an 
anaerobic solution of 10% glycerol in PBS to obtain the fecal slurry (20% w/v). 
Samples were manually homogenized with a sterile serological pipette and filtered 
using SpinCon® (Meridian Bioscience Europe) centrifugal filters at 2,500 rpm for 5 
minutes. The filtrate was divided into aliquots and stored at -80ºC until further use. 
Prior to the experiments a pool of fecal samples of 10 individuals was prepared. 

2.2.4 In vitro incubation of ZEN with rat, pig and human fecal samples 

To optimize the incubation conditions, linearity of reaction rates over different fecal 
concentrations and over time was established for rat, pig and human samples. To this 
end, 20 µM ZEN was incubated under anaerobic conditions with different 
concentrations of fecal slurry and for different time points. To assess linearity over 
different fecal concentrations, incubation mixes of 100 µL containing 1.4 - 20% of 
fecal slurry from rats, pigs, and humans in anaerobic PBS (pH 7.4) containing 20 
µM of ZEN added from a 200x concentrated stock in DMSO (0.5% DMSO final 
concentration) were prepared under anaerobic conditions and incubated 
anaerobically at 37 °C for 5 hours. To assess linearity over time, ZEN was incubated 
with 5% of fecal slurry and sampled every hour for a total of 8 hours. To stop the 
reactions, 100 μl of ice-cold MeOH were added, the samples were vortexed, and kept 
on ice for 10 minutes. The samples were centrifuged at 21,500 x g for 15 minutes at 
4 ºC, and the supernatant was kept for ultra-performance liquid chromatography 
photodiode array (UPLC-PDA) or liquid chromatography-tandem mass 
spectrometry (LC-MS/MS) analysis. Blank controls were included to assess the 
stability of ZEN during incubation. 
Using the optimized incubation conditions, a range of substrate concentrations of 
ZEN was incubated to establish reaction kinetics. Incubation mixes of 100 µL were 
prepared containing 1 - 250 µM of ZEN added from 200x concentrated stock 
solutions in DMSO (0.5% DMSO final concentration), 5% of fecal slurry from rats, 
pigs, or humans, and PBS (pH 7.4). The samples were incubated anaerobically at 
37°C for 5 hours. To stop the reaction, 100 μl of ice-cold MeOH were added, the 
samples were vortexed, and kept on ice for at least 10 minutes. The samples were 
centrifuged at 21,500 x g for 15 minutes at 4ºC and the supernatant was kept on ice 
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for immediate UPLC-PDA or LC-MS/MS analysis. Three independent experiments 
for each species were done and data are presented as mean ± standard deviation (SD). 

2.2.5 In vitro human hepatic metabolism of ZEN 

Human liver microsomal and S9 fraction incubations to characterize the reduction 
of ZEN by hepatic samples were optimized to establish the linearity over time and 
protein concentration. To obtain the kinetic parameters, the incubation mixtures with 
a final volume of 200 μl contained (final concentrations) 2 mM NADPH, 5 mM 
MgCl2 and 0.3 mg/ml liver microsomal or S9 fraction proteins in 0.1 M Tris-HCl 
buffer (pH 7.4). After 1-minute pre-incubation at 37°C, the reactions were started by 
the addition of 1 - 500 μM ZEN (from 100 times concentrated stock solutions in 
DMSO). The incubations were carried out for 10 min for the microsomes and 5 min 
for the S9 fractions. To stop the reaction 20% (v/v) ice-cold ACN was added. Blank 
incubations were performed without the addition of NADPH. The samples were 
centrifuged for 5 min at 15,000 x g and the supernatant was kept on ice for immediate 
UPLC-PDA analysis. 

2.2.6 Kinetic analysis 

To derive the kinetic constants for the formation of α-ZEL and β-ZEL by both the 
microbial and human hepatic metabolism, the amount of metabolites formed 
expressed per gram of feces or protein, respectively, and per unit of time (rate of 
formation) were calculated using Microsoft Excel (version 2016) and plotted against 
the substrate concentrations used. The curve for each metabolite was fitted in 
GraphPad Prism 5.04 (GraphPad software, San Diego California, U.S.A.) using a 
standard Michaelis-Menten regression (V=Vmax*[S]/(Km+[S])) to obtain the in vitro 
kinetic constants, Vmax (pmol/min/mg of feces or pmol/min/mg of protein) and Km 
(μM) for the microbial and human hepatic formation of α-ZEL and β-ZEL. 

2.2.7 Comparison of microbial and hepatic metabolism of ZEN 

Using the reported average defecation masses of 3 g feces/day for rat (Cavigelli et
al., 2005), 1,360 g feces/day for pigs (Mariscal-Landin, 2007) and 128 g feces/day 
for humans (Rose et al., 2015), and correcting for average body masses of 0.25 kg 
for rats (Brown et al., 1997), 25 kg for pigs (Upton, 2008) and 70 kg for humans 
(Brown et al., 1997), the in vitro Vmax (in pmol/min/mg of feces) was scaled to an in
vivo Vmax (in μmol/h/kg bw). 
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The hepatic Vmax (pmol/min/mg of protein), Km (μM) and kcat (defined as Vmax/Km) 
values obtained in this study for human and as reported in literature (Malekinejad et
al., 2006) for rat and pig based on in vitro studies with liver microsomes and S9 
fractions were used for comparison to the in vivo Vmax and kcat values for conversion 
by the intestinal microbiota. In line with the requirements of the 3Rs (reduction, 
refinement and replacement) for animal experimentation only the data for hepatic 
metabolism of human, which were not available in literature, were experimentally 
determined in this study. The in vitro Vmax values for conversion by liver samples 
were scaled to an in vivo Vmax (in µmol/h/kg bw) using protein yields, liver weight 
and body mass for each species. Microsomal protein yield used for rat liver was 38 
mg/g liver (Chiu and Ginsberg, 2011), for pig liver it was 32.6 mg/g liver (Millecam
et al., 2018) and for human liver it amounted to 32 mg/g liver (Barter et al., 2007); 
S9 protein yield used for rat liver was 87 mg/g liver (Chiu and Ginsberg, 2011), and 
it was 127.9 mg/g liver for pig liver (Lignet et al., 2016) and 143 mg/g liver for 
human liver (Punt et al., 2009). Liver weights for rats, pigs and humans were 
calculated using body masses of 0.25, 25 and 70 kg, respectively, and tissue volumes 
(% of body weight) of 3.4 (Brown et al., 1997), 2.9 (Upton, 2008) and 2.6 (Brown
et al., 1997), respectively. 
Once the in vivo kcat values were obtained, the percentage of contribution for hepatic 
(microsomes and S9 fractions) and microbial metabolism were calculated. 

2.2.8 Quantification of α-ZEL and β-ZEL: UPLC-PDA and LC-MS/MS 
analyses 

A UPLC-PDA system (Waters Acquity) was used for the quantification of ZEN, α-
ZEL and β-ZEL formed in incubations with rat fecal slurry. The UPLC system was 
equipped with an Acquity BEH C18 column 1.7 μm, 50 mm x 2.1 mm (Waters) set 
at 45 ºC and a UV detection system recording wavelengths of 190-400 nm. Nanopure 
water (A) and ACN (B) were used as eluents at a flow rate of 0.6 ml/min with the 
following gradient profile: 0-25% B (0 - 0.5 min), 25-50% B (0.5 - 1.2 min), 50-75% 
B (1.2 - 3 min), 75% B (3 - 3.5 min), 75-100% B (3.5 - 4 min), 100-0% B (4 - 4.25 
min) and 0% B (4.25 - 5 min). Per run, 3.5 μl of sample were injected. ZEN, α-ZEL 
and β-ZEL were identified using commercially available standards. Chromatograms 
were presented at 235 nm and chemicals were quantified by comparison of the peak 
areas at 235 nm to those from standard curves (estimated LOD = 0.02 µM; LOQ = 
0.05 µM) prepared using commercially available standards. 
ZEN, α-ZEL and β-ZEL formed in pig and human incubations were quantified by 
LC-MS/MS. The analysis was performed on a Nexera XR LC-20AD SR UPLC 



Chapter 2 

36 

system coupled to a triple quadrupole LCMS 8040 mass spectrometer (Shimadzu 
Benelux, ‘s Hertogenbosch, The Netherlands) with electrospray ionization (ESI) 
interface. The UPLC system was equipped with a Kinetex® C18 column 1.7μm, 50 
mm x 2.1 mm (Phenomenex) and set at 40 ºC with a flow rate of 0.3 ml/min. The 
mobile phases consisted of nanopure water containing 0.1% (v/v) formic acid (A) 
and ACN containing 0.1% (v/v) formic acid (B). The total run time was 14 minutes 
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 minutes and 100-0% B (8 - 8.1 min)
for equilibration. Per run, 1 μl of sample was injected. MS/MS analysis was operated
in the positive ion mode and the MRM mode with a spray voltage of 4.5 KV. The
transitions monitored were (m/z) 319.2 → 301.2, 319.2 → 283.1, 319.2 → 187.1 for
ZEN; (m/z) 321.2 → 303.1, 321.2 → 285.1, 321.2 → 131.0 for α-ZEL; and 321.2 →
303.2, 321.2 → 285.15, 321.2 → 267.0 for β-ZEL. The Postrun Analysis function
from the LabSolutions software (Shimadzu, Kyoto, Japan) was used to obtain the
peak area of the total ion chromatogram (TIC) for each compound. For quantification
of the compounds, the areas were compared to standard curves made using
commercially available standards (estimated LOD = 0.01 µM; LOQ = 0.04 µM).

2.3 Results 

2.3.1 Estrogenicity of ZEN, α-ZEL and β-ZEL 

The concentration-response curves (Supplementary Figure 2.1) for the induction of 
ERα-mediated gene expression were used to derive EC50 values of 1.6 nM, 0.03 nM 
and 41.6 nM for ZEN, α-ZEL and β-ZEL, respectively. EC50 values, from this study 
and other relevant literature, are listed in Table 2.1 together with the calculated 
relative potencies (RP) of the metabolites compared to ZEN. The relative potencies 
(RP) of the metabolites compared to ZEN were calculated and are included in Table 
2.1. Substantial variation in RPs between the studies is observed, with, in spite of 
this, α-ZEL always showing higher potency than ZEN being 12- to 200-fold more 
potent, while the RP for β-ZEL was always lower amounting to 0.002- to 0.6 times 
the RP of ZEN. In all cases, the potency ranking of the compounds is α-ZEL > ZEN 
> β-ZEL, with α-ZEL being on average 72.3 times more potent and β-ZEL on
average 5.5 times less potent than ZEN. Therefore, the formation of α-ZEL from
ZEN is considered a bioactivation while the formation of β-ZEL a detoxification.
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2.3.2 Conversion of ZEN in in vitro incubations with rat, pig and human fecal 
slurries 

To study its intestinal microbial metabolism, ZEN was incubated anaerobically with 
rat, pig and human fecal slurries. This resulted in the formation of two metabolites 
identified as α-ZEL and β-ZEL (Figure 2.1). Under the conditions applied no other 
metabolites were formed at a detectable level. Incubation conditions were optimized 
for subsequent study of reaction kinetics defining the range where metabolite 
formation was linear with respect to time and fecal slurry concentration. Based on 
the experimental results obtained (Supplementary Figure 2.2), optimal  

conditions for subsequent kinetic experiments were defined as 5-hour incubation 
time using 5% fecal slurry. 
Using the conditions thus established for linear conversion with respect to incubation 
time and fecal concentration, the ZEN concentration-dependent conversion of ZEN 
to α-ZEL and β-ZEL was quantified (Figure 2.2). The formation of α-ZEL and β-
ZEL followed Michaelis-Menten behavior (Figure 2.2) and allowed determination 
of the kinetic constants Vmax and Km. The in vitro kinetic constants and catalytic 
efficiencies (kcat; calculated as Vmax/Km) for the formation of α-ZEL and β-ZEL by 
fecal samples of the three species are presented in Table 2.2. In all three species, α-
ZEL was formed at a higher rate than β-ZEL at all substrate concentrations tested. 
The kcat values for formation of α-ZEL in incubations with fecal slurries from rats 
and pigs appeared to be comparable, with the kcat for the pooled fecal samples from 
rats, being 1.23 times higher than that or the pooled fecal samples from pigs. Among 
the three species, the highest kcat for the formation of α-ZEL was observed with the 
pooled human fecal samples, mainly due to a higher Vmax. When comparing human 
with rat and pig fecal samples, the kcat for the formation of α-ZEL by human fecal 
samples was 1.8 to 2.0 times higher. The kcat for formation of β-ZEL for rat and pig 
fecal samples was also comparable, with a 1.1 times higher value for pig samples. 
Human fecal samples showed for β-ZEL formation a kcat that was 1.6 to 2.0 fold 
lower than that for the other two species, suggesting a less efficient detoxification.  
As shown in Table 2.2, the resulting ratio between kcat,ZEL and kcat,ZEL is highest for 
human (6:1) indicating human to be the species with the highest relative level of 
bioactivation of ZEN to α-ZEL with relatively low detoxification to -ZEL by the 
fecal samples. 
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Figure 2.1. Chromatogram of the incubation of 20 μM ZEN with fecal slurries from rats for 
5 hours at 37oC under anaerobic conditions. Peaks marked with an * represent peaks also 
present in blank incubations without ZEN and originating from the fecal slurry. 

In a next step the in vitro Vmax and kcat values obtained for the formation of α-ZEL 
and β-ZEL were scaled to in vivo Vmax and kcat values expressed per kg bw using the 
defecation volume per day and the respective body masses as scaling factors (Table 
2.2). After this conversion, the in vivo kcat of pigs for the formation of α-ZEL 
appeared to be almost 3.6 and 12.8 times higher than that for rats and humans, 
respectively, revealing that on a per kg basis pigs represent the species with the 
highest potential of the three investigated species for the formation of α-ZEL. For β-
ZEL, the in vivo kcat values for pigs were 4.9 and 52.4 times higher than those in rats 
and humans, respectively. In spite of humans showing the highest in vitro kcat α-ZEL 
and β-ZEL for, they appeared to have the lowest in vivo kcat due to a relatively lower 
defecation volume per kg bw. 

Figure 2.2. ZEN concentration-dependent formation of α-ZEL and β-ZEL in incubations with 
pooled fecal samples of rat, pig and human. Each data point represents the mean ±SD of three 
independent experiments. 
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2.3.3 In vitro liver conversion of ZEN by microsomal and S9 fractions 

To enable comparison of intestinal microbial conversion to conversion by the liver, 
the in vitro kinetic data for hepatic metabolism of ZEN in humans were determined 
in this study from in vitro incubations with liver microsomes and S9 fractions, where 
the formation of α-ZEL and β-ZEL followed Michaelis-Menten behavior (Figure 
2.3). Vmax, Km and kcat values derived from these data are presented in Table 2.3, 
together with the kinetic constants Vmax, Km and kcat obtained from literature for 
conversion of ZEN by liver microsomes and S9 from rats and pigs (Malekinejad et
al., 2006). Also these Vmax and kcat values were scaled to the in vivo situation and the 
values thus obtained are also presented in Table 2.3. The catalytic efficiencies for 
liver metabolism of ZEN in humans and pigs showed a preference for the formation 
of α-ZEL over β-ZEL, while in rats β-ZEL was formed more efficiently than α-ZEL. 
Overall human liver catalyzed the conversion of ZEN to α-ZEL 7 and 75 times more 
efficiently (based on microsomes and S9 liver fractions, respectively) than liver from 
pigs. The lowest kcat for the formation of α-ZEL were observed for rat microsomes 
and S9 fractions with 8 and 899 times lower kcat values than obtained for human liver 
microsomes and S9 fractions, respectively. The highest kcat for the formation of β-
ZEL was observed for rat microsomes and human S9 fractions, pig liver samples 
showing the lowest preference for β-ZEL formation. 

Figure 2.3. Substrate (i.e. ZEN) concentration-dependent formation of α-ZEL and β-ZEL in 
incubations with pooled human liver microsomes (A) and pooled human S9 fractions (B). 
Each data point represents the mean ± SD of three independent experiments.  

A B 
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Figure 2.4. Calculated in vivo kcat from microbial and hepatic (microsomes and S9 factions) 
formation of α-ZEL and β-ZEL from ZEN in rats, pigs and humans 

2.3.4 Comparison of intestinal microbial and hepatic metabolism of ZEN 

The in vivo kcat values derived for the metabolism of ZEN to α-ZEL and β-ZEL from 
the in vitro liver and fecal incubations allow the comparison of the activities of the 
liver and colonic microbiome, revealing marked species differences (Figure 2.4). 
When comparing these values, the in vivo Vmax and kcat appear to be higher for liver 
(microsomes and S9 fractions) than for the intestinal microbiota for all three species. 
While for pigs and rats the Km for metabolism of ZEN by the intestinal microbiota 
was lower than the Km for liver, for humans the Km for the intestinal microbiota was 
higher than that for liver. 
For the three species, the relative activity of the colonic microbiome compared to the 
liver for the formation of α-ZEL ranged from 0.1 (in human) to 8 - 12% (in pigs) to 
4 - 27% (in rats), while for β-ZEL the values ranged from 0.1 (in human) to 0.1 - 
0.2% (in rats) and 17 - 36% (in pigs) (Table 2.4). In pigs, the relative activity of the 
intestinal colonic microbiota was the highest for both α-ZEL and β-ZEL formation, 
followed by rats where the activity of the colonic microbiota to form α-ZEL was a 
quarter of the activity of liver S9. This comparison suggests that overall the kcat of 
the liver is higher than of the microbiota for the reduction of ZEN. 
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Table 2.4. Activity (%) of the intestinal colonic microbiome metabolism to the overall 
conversion of ZEN to α-ZEL and β-ZEL compared to the hepatic metabolism based on in
vivo kcat values. The liver microsomes or S9 fraction activity represent 100% of the activity. 

% activity of the microbiome 
vs liver microsomes 

% activity of the microbiome 
vs liver S9 fractions 

α-ZEL β-ZEL α-ZEL β-ZEL 
Rat 4 ≤ 0.1 27 ≤ 0.2 
Pig 12 36 8 17 

Human ≤ 0.1 ≤ 0.1 ≤ 0.1 ≤ 0.1 

2.4 Discussion 

The aim of the present study was to develop an in vitro model system to predict and 
quantify intestinal microbial metabolism, and to apply this model system to study 
interspecies differences in the intestinal microbial metabolism of ZEN. The level of 
reduction of ZEN to α-ZEL has been linked to interspecies differences in sensitivity 
to the estrogenic effects of ZEN (Malekinejad et al., 2006; Pfeiffer et al., 2011) given 
that α-ZEL has a significantly higher estrogenic potency than ZEN. While kinetics 
are considered to play a major role in interspecies differences (EFSA, 2011), it 
should be noted that also other factors, such as differences in the estrogen receptors 
themselves (Harris, et al., 2002, Matthews, et al., 2000) and differences in estrogen 
receptor activation sites (O’Lone, et al., 2004) can be involved in the interspecies 
differences in sensitivity to ZEN exposure. The results from the ERα-CALUX assay 
used in this study showed that α-ZEL was 55 times more estrogenic than ZEN, while 
-ZEL was 25 times less estrogenic than ZEN, an observation in line with other 
studies comparing the relative potencies of ZEN, α-ZEL and -ZEL for ER-α-
mediated responses although the size of the relative differences varied with the study 
(Table 2.1). Prior studies have also reported that ZEN and its metabolites can bind 
to and activate ER-β, but it is not clear if there is a receptor subtype specific 
preference (Takemura et al., 2007; Cozzini and Dellafiora, 2012). Despite the 
variation in the size of the differences, all studies corroborate that reduction of ZEN 
to α-ZEL is a bioactivation pathway, while the reduction to β-ZEL can be considered 
a detoxification (Metzler et al., 2010). 
In the in vitro model for intestinal microbial conversion of ZEN developed in this 
study, the intestinal microbiota were derived from fecal slurries prepared from fecal 
samples from rat, pigs and humans. Intestinal microbial metabolism has been studied 
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previously by the use of synthetic communities or isolated microbial strains (Lagier
et al., 2016), but one of the main advantages of using fecal samples for metabolic 
studies is that they allow for studying interspecies differences, as well as 
interindividual differences. Another advantage of the use of fecal samples is that 
these can be sampled non-invasively, as opposed to collection of microbial 
communities from other parts of the intestinal tract, usually involving individuals 
with compromised health status (Ahmed et al., 2007; Leimena et al., 2013; 
Zoetendal et al., 2002). When using fecal samples to characterize intestinal microbial 
metabolism, it is of importance to note that there are differences in bacterial numbers 
and compositions along the intestinal tract, which might lead to regiospecific 
differences. However, the colon, harboring 70% of the total bacteria present in the 
gut, is the main site for bacterial fermentation (Hillman et al., 2017). The bacterial 
communities in colon and feces have been reported to be highly comparable (Behr
et al., 2018; Hold et al., 2002; Yang et al., 2019). Furthermore, proofs of principle 
that show that anaerobic in vitro incubations using fecal communities can be used to 
predict intestinal microbial metabolic activities have been reported (Wang et al., 
2020), supporting the use of anaerobic fecal samples as a representative population 
of intestinal microbes. Therefore, the use of anaerobic fecal samples for the study of 
intestinal microbial metabolism represents a first tier approach to estimate its 
contribution to the total metabolism in the host. An additional advantage of using 
fecal samples as inoculum is the high yield of material obtained, which, together 
with the short incubation times and volumes, allows for a high-throughput 
application required in in vitro testing (Bisanz et al., 2018). The effect of freezing, 
storing and thawing on the metabolic activity of the fecal samples for conversion of 
ZEN was tested and shown not to affect the metabolism (data not shown).  
In the present study, the microbiota obtained from fecal samples enabled 
characterization and also quantification of the kinetic interspecies differences in the 
metabolism of ZEN. Fecal samples have previously been used successfully in 
anaerobic incubations with pharmaceuticals and foodborne chemicals to assess their 
susceptibility to microbial metabolism (Atkinson et al., 2004; Dall'Asta et al., 2012; 
Gaya et al., 2016; Rowland et al., 2018). These studies, however, assessed the 
presence or absence of metabolism in only a qualitative or semi-quantitative manner, 
which does not allow for the definition of in vitro kinetic constants of intestinal 
microbial metabolism. Optimizing the incubation conditions as done in the present 
study for linearity in time and with the amount of fecal slurry, allows definition of 
kinetic constants. Definition of these kinetic constants would be an essential 
requirement for integration of intestinal microbial metabolism in so-called 
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physiologically-based kinetic (PBK) models used in in vitro-in silico based testing 
strategies developed to replace in vivo testing (Louisse et al., 2017; National 
Research Council, 2007). To our knowledge, the results of the present study provide 
the first proof-of-principle to use in vitro fecal incubations to quantify kinetic 
constants for intestinal microbial metabolism, and to use these in vitro kcat values 
obtained for conversion to in vivo kcat for interspecies comparisons. 
In the current study, it was shown that ZEN was reduced to both α-ZEL and β-ZEL 
(Figure 2.1) under anaerobic conditions, which corroborates qualitative results from 
previous studies reporting incubations of ZEN with human fecal material (Gratz et 
al., 2017). α-ZEL and β-ZEL appeared to be the major metabolites in the incubations 
(Figure 2.1), which indicates that the results from the in vitro fecal incubations are 
in line with the in vivo observation that α-ZEL and β-ZEL are the major metabolites 
of ZEN observed in different species such as rats, pigs, chickens and humans (Ali 
and Degen, 2018; Binder et al., 2017; Buranatragool et al., 2015; Dänicke et al., 
2005; Fleck et al., 2017; Sun et al., 2019). Conversion of ZEN to α-ZEL and β-ZEL 
represents a chemical reduction and is in line with the notion of Spanogiannopoulos 
et al. (2016) who suggested that anaerobic respiration of the intestinal microbiota 
could be facilitated by the use of the broad range of xenobiotics available as terminal 
electron acceptors, as in anaerobic environments no oxygen is available to fulfill this 
function. 
Our results show species differences in the in vitro formation of α-ZEL and β-ZEL 
by the intestinal microbiota under anaerobic conditions, supporting the idea that the 
differences in the intestinal microbial composition may affect the metabolic activity 
(Conlon and Bird, 2014; Sousa et al., 2008). Comparison of the estimated in vivo kcat 
(Table 2.2) of the different species showed that the microbiome of pigs was overall 
most efficient in metabolizing ZEN, followed by that of rats and humans. Although 
the relatively high sensitivity of pigs to adverse effects of ZEN has been linked to 
the higher formation of α-ZEL in the liver (Malekinejad et al., 2006; EFSA, 2011), 
the results from microbial metabolism now obtained indicate that metabolism by the 
gut microbiota may contribute to this interspecies difference in sensitivity where the 
highest α-ZEL formation was observed in pigs (Table 2.4). Additionally, the 
preference for the detoxification of ZEN together with the lower intestinal microbial 
metabolism observed for rats compared to pigs is in line with the lower sensitivity 
to ZEN reported for this species (EFSA, 2011). 
The in vivo kcat for the formation of α-ZEL by the human intestinal microbiota is 
lower than that for pigs and rats, but so is the detoxification to β-ZEL. The human 
intestinal microbiota strongly favors the formation of α-ZEL over β-ZEL, with ratios 
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of formation for α-ZEL:β-ZEL around 6:1 in humans, an observation in line with 
what was observed for the hepatic metabolism ratio for α-ZEL:β-ZEL of 4:1. In 
addition to having a high preference for the formation of α-ZEL, as shown also by 
Bravin et al. (2009), and in contrast to what was observed for the intestinal microbial 
metabolism, expressed per kg bw human hepatic metabolism appeared to show the 
highest in vivo kcat of the three species. The establishment of safe dose levels of 
exposure to ZEN for humans has been based on pigs as model species due to 
similarities in physiological and anatomical characteristics, as well as their efficient 
formation of α-ZEL (EFSA, 2011; Uchiyama et al., 2019), however, the higher 
preference for the bioactivation of ZEN shown in the present study together with the 
low preference for detoxification to β-ZEL, 4-6 times lower than α-ZEL formation, 
indicate a need for human-specific models to study metabolism and sensitivity to 
ZEN exposure. There is an urgent need for more human-relevant models in 
toxicology, as has also been demonstrated by the other researchers highlighting the 
differences in kinetics as an important contributor to species differences (Islam et 
al., 2018). A better understanding of human ADME can further aid the development 
of human biomonitoring strategies to assess exposure to mycotoxins. This is 
particularly useful for mycotoxins such as ZEN, for which the occurrence of 
conjugated forms have been reported, but are difficult to quantify due to the lack of 
commercially available analytical standards (Lorenz et al., 2019). 
The comparison of the relative catalytic efficiency of microbial and the hepatic 
metabolism of ZEN showed that humans compared to pigs and rats, have the lowest 
microbial activity with less than 0.1% of α-ZEL and β-ZEL formed by the 
microbiota. Although the use of fecal samples as a source of gut microbiota may 
represent a first tier approach to estimate and quantify intestinal microbial activity it 
likely adequately reflects the relative interspecies differences in the intestinal 
microbial metabolism of ZEN. 
Overall, the developed in vitro model was able to capture interspecies differences in 
the formation α-ZEL and β-ZEL by intestinal microbiota, which can also be applied 
to study interindividual differences in the conversion of other chemicals known to 
be converted by the intestinal microbiota. The model system enables quantification 
of kinetic data that can be used to integrate intestinal microbial metabolism in so-
called PBK models for quantitative in vitro to in vivo extrapolations (QIVIVE).  
It is concluded that the intestinal colonic microbial activity may be up to 36% of the 
activity of the liver and that it can additionally contribute to the species differences 
in bioactivation and detoxification and thus the toxicity of ZEN in pigs and rats but 
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not in humans. The results highlight the importance of the development of human 
specific models for the assessment of the metabolism of ZEN.  
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Supplementary Material 

Supplementary Figure 2.1. Concentration-response curves in U2OS-ERa CALUX assay 
determined from the measured luciferase activity. The results are presented as mean+-SD 
from two independent experiments of the induction of luciferase activity relative to the 
positive control (100pM E2) 
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Supplementary Figure 2.2. Linearity of the metabolite formation from the microbial 
metabolism of ZEN in rats, pigs and humans as part of the optimization process. 
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Abstract 

Zearalenone (ZEN) is a nonsteroidal mycotoxin found mainly in cereals. The toxicity 
of ZEN is linked to reproductive disorders caused by the ability of ZEN and its 
metabolites to bind to estrogen receptors. Metabolism of ZEN may occur not only in 
host tissue but may also be catalysed by the intestinal microbiome. The aim of the 
present study was to develop PBK models for rats and humans that include intestinal 
microbial and hepatic metabolism of ZEN in order to obtain insight in the 
contribution of metabolism by the microbiota to the overall metabolism of ZEN. The 
models include a sub-model for the metabolite, α-zearalenol (α-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 α-ZEL. Furthermore, the models predicted that at the TDI of 
0.25 μg/kg bw the internal concentration of ZEN and α-ZEL are 3 orders of 
magnitude below concentrations reported to induce estrogenicity in in vitro 
bioassays. 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 the 
intestinal microbiota in the overall metabolism of ZEN and its bioactivation to α-
ZEL. 
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3.1 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 tendency to increase under storage conditions with high moisture content 
(Gupta et al., 2018). In the European Union (EU), the presence of ZEN in food 
commodities is regulated with maximum permitted levels ranging from 20 to 400 
µg/kg for cereals and cereal products (Borzekowski et al., 2018; EFSA, 2011).  
The adverse health effects of ZEN have been related to its estrogenicity, originating 
from its structural similarity to the natural hormone 17β-estradiol (E2) and proceed 
through binding of ZEN to the estrogen receptors (ERs) (Metzler et al., 2010). Also, 
ZEN metabolites may play a role in this estrogenicity. ZEN is known to undergo 
reduction to form the metabolites α-zearalenol (α-ZEL) and β-zearalenol (β-ZEL) 
(Fitzpatrick et al., 1988), with α-ZEL showing a relative potency that is about 60-
fold higher than that of ZEN reflecting bioactivation, while the formation of β-ZEL 
decreases the potency 5 times representing a detoxification (EFSA, 2016). ZEN as 
well as α-ZEL and β-ZEL can be further metabolized to glucuronide conjugates, 
before they are eliminated through urine and/or feces (Fitzpatrick et al., 1988; 
Mirocha et al., 1981; Warth et al., 2013). ZEN and its metabolites are conjugated at 
a lower extent to sulfate conjugates as observed in vitro (Pfeiffer et al., 2010), but 
this not confirmed in vivo (Warth et al., 2013). This metabolism of ZEN may occur 
in the liver and intestinal tissue, while anaerobic in vitro fecal incubations have 
shown the intestinal microbiota to also play a role in the conversion of ZEN to α- 
and β-ZEL (Gratz et al., 2017; Mendez-Catala et al., 2020). In vitro studies with 
liver S9 fractions (Malekinejad et al., 2006) and fecal slurries (Mendez-Catala et al., 
2020) have shown interspecies differences in bioactivation 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 
observations in young gilts identified as the most sensitive species (Dänicke et al., 
2005; Döll et al., 2003; EFSA, 2011). Based on a no observed effect level (NOEL) 
of 10.4 µg/kg bw for estrogenic effects of ZEN in young gilts (Döll et al., 2003) a 
tolerable daily intake (TDI) of 0.25 µg/kg bw/day was defined taking an uncertainty 
factor of only 40 to account for interspecies differences and human variability 
(EFSA, 2011).  
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 kinetic (PBK) model in human that would enable an 
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integrated description of the metabolism of ZEN, and provide insight in the overall 
role of the intestinal microbiota in the bioactivation and detoxification of ZEN in 
vivo. This model requires description of a separate compartment in the PBK model 
for intestinal microbial metabolism describing the formation of α- and β-ZEL by the 
microbiota. To enable evaluation of the model also a PBK model for rats was 
developed to allow comparison of model predictions to in vivo kinetic data, which 
for this species are available in literature (Shin et al., 2009). 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 -ZEL able to 
induce estrogenicity.  

3.2 Materials and methods 

3.2.1 Materials 

ZEN (CAS registry number 17924-92-4; ≥ 99.0%), α-ZEL (CAS registry number 
36455-72-8; >98%), β-ZEL (CAS registry number 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 fractions were purchased from 
Corning (Woburn, MA, USA) and pooled rat and human intestinal S9 fractions were 
purchased from Xenotech (Kansas City, USA). Uridine 5-diphosphoglucuronide 
trisodium salt (UDPGA; CAS registry number 63700-19-6) was obtained from 
Carbosynth (Berkshire, United Kingdom). 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). Magnesium chloride 
hexahydrate (MgCl2∙6H2O; CAS registry number 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 obtained from 
Gibco (Paisley, UK). 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).  

3.2.2 In vitro incubations with ZEN and α-ZEL to derive kinetic parameters 
for the PBK model  

The kinetic parameters (Vmax and Km) for the glucuronidation of ZEN and α-ZEL in 
liver tissue were obtained from in vitro incubations of ZEN and α-ZEL with rat and 
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human liver S9 fractions. The incubation mixtures (final volume 100 μl) contained 
(final concentrations) 0.1 M Tris-HCl (pH 7.4), 5 mM MgCl2, 0.025 mg/ml 
alamethicin, the substrate in concentrations ranging from 0.3-150 μM (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-minute 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 minutes. Intestinal S9 incubations for the 
glucuronidation of ZEN were performed in 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 minutes. 
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 15,000 x g for 5 minutes and the 
supernatant was immediately analyzed by UPLC-PDA. The formation of 
glucuronides was confirmed by the incubation of non-terminated samples with β-
glucuronidase.  

3.2.3 UPLC-PDA analysis 

A UPLC-PDA system (Waters Acquity) was used for the quantification of ZEN, -
ZEL and their glucuronides. The UPLC system was equipped with an Acquity BEH 
C18 column 1.7 μm, 50 mm x 2.1 mm (Waters) set at 40 ºC 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 minutes and 100-0% B (8 - 8.1 min) for equilibration. Per run, 
3.5 μl of sample were injected. ZEN, α-ZEL and β-ZEL were identified using 
commercially available standards. Chromatograms were analyzed at 235 nm and 
glucuronides quantified using calibration curves of the respective commercially 
available non-conjugated analogues. The glucuronides were indentified by their 
conversion to the corresponding non-conjugated analogues upon incubation with β-
glucuronidase.  

3.2.4 Kinetic analysis 

To derive the kinetic constants for the formation of ZEN-glucuronide and α-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) 
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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 California, U.S.A.) using a standard Michaelis-Menten equation 
(V=Vmax*[S]/(Km+[S])) to obtain the in vitro kinetic constants, Vmax in pmol/min/mg 
S9 protein and Km in μM.  

3.2.5 Development of PBK models for rat and human 

A schematic representation of the PBK model of ZEN, including a sub-model for α-
ZEL, for rat and human is presented in Figure 3.1. The model is based on a model 
previously reported and evaluated by Wang et al. (2020) for the isoflavone daidzein. 
The PBK model describes the kinetics upon intravenous (i.v.) injection or oral 
exposure. The i.v. administration was included to allow comparison of the model 
predictions to available in vivo kinetic data in rats (Shin et al., 2009). 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 (skin, muscle 
and bone), liver, intestine and stomach. The intestinal 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 microbiota. The process of 
stomach emptying [half-life, rat: 15 min (Reilly et al., 1990); human: 15 min (Sun 
et al., 1988)] and the small intestinal transition [transition time in rat: 1.5 h; human: 
4 h (Davies and Morris, 1993)] were included in the model. The compartment for 
the small intestinal lumen was divided in 7 sub-compartments enabling the 
description of the transition through the compartment (Louisse et al., 2015; Li et al., 
2017; Zhang et al., 2018; Gilbert-Sandoval et al., 2020). The elimination of ZEN 
was modeled via its glucuronidation in intestinal and liver tissue assumed to be 
followed by efficient excretion.  
In order to predict the blood concentrations of α-ZEL, a sub-model for α-ZEL was 
included. In this sub-model α-ZEL is formed in the liver from ZEN and also enters 
the liver upon its formation by the intestinal microbiota. Glucuronidation of α-ZEL 
formed by the microbiota was assumed to occur in the liver following 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 values for the physiological parameters (i.e. tissue volumes and blood 
flows) were taken from literature (Brown et al., 1997) and are presented in Table 
3.1. The physicochemical parameters (i.e. tissue/blood partition coefficients) are 
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presented in Table 3.2 and were estimated as previously described (DeJongh et al., 
1997) based on the octanol-water partition coefficients (Log P) of 3.32 and 3.16 for 
ZEN and α-ZEL, respectively, obtained from ChemDraw version 18 (Perkin Elmer 
& CambridgeSoft, USA).

Figure 3.1. Schematic presentation of the main PBK model for ZEN including a sub-model 
for the bioactive metabolite -ZEL

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 α-ZEL from the different sub-compartments in the model into the small 
intestinal tissue or from the large intestinal lumen directly to the liver. The Papp,Caco-

2 value reported for ZEN was 10.3 × 10-6 (Pfeiffer et al., 2011). The Papp,Caco-2 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.(2009) using the curve fit option present in Berkeley 
Madonna, yielding a value of 10.4 × 10-5 cm s-1 (Papp, Caco-2 fitted). The latter value 
was used for predictions and evaluation. Subsequently, in vivo Papp values (Papp, in 
vivo) were estimated by the following correlation established by Sun et al.(2002): 
Log (Papp, in vivo) = 0.6836 × Log (Papp, Caco-2 fitted) – 0.5579. It was assumed that the 
estimated Papp, in vivowas the same for both rats and humans. The parameter values 
for the intestinal absorption rates were derived from the Papp, in vivoby using the 
following equation (Verwei et al., 2006; Louisse et al., 2015; Li et al., 2017; Zhang
et al., 2018; Gilbert-Sandoval et al., 2020): Absorption rate (µmol h-1) = apparent 



Chapter 3 

66 

permeability coefficient in vivo (Papp, in vivo ; cm h-1) × surface area of the small 
intestine (cm2) × luminal concentration of the compound (mM). The surface 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 cm (Tsutsumi et al., 2008)] and 157 cm2 [based on 
radius of 1 cm and small intestinal length of 25 cm (Vdoviaková et al., 2016)]. For 
human the surface areas for small and large intestine were calculated to be 72 [based 
on radius of 2.5 cm (Kararli, 1995) and small intestine length of 460 cm 
(Hosseinpour and Behdad, 2008)] and 47 dm2 [based on radius of 5 cm and large 
intestine length of 150 cm (Vdoviaková et al., 2016)]. The luminal concentration of 
ZEN in the small intestine was calculated by dividing the amount of ZEN in the 
tissue by the small intestinal volume. The calculated volumes for rat and human 
small intestine were 8.4 mL (Tsutsumi et al., 2008) and 9 L (Kararli, 1995; 
Hosseinpour and Behdad, 2008), respectively, based on radius and small intestinal 
length. The transport of α-ZEL formed by intestinal microbiota was modeled to go 
directly from the large intestine to liver with the absorption calculated from Papp, 
caco-2 value of 5.4 × 10-6 cm s-1, this value was kept as reported in literature (Pfeiffer 
et al., 2011), as no kinetic data for fitting is available for α-ZEL. 
The kinetic constants (Vmax and Km) for the conversion of ZEN to α-ZEL and β-ZEL 
by the intestinal microbiota were obtained from anaerobic incubations with fecal 
samples performed as previously described (Mendez-Catala et al., 2020). The Vmax, 
expressed in pmol/min/g feces, 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 g 
(Hoskins and Zamcheck, 1968)] for rats and 0.0018 for humans [based on a 
defecation volume per day of 128 g (Rose et al., 2015)]. The Vmax values for the 
formation of α-ZEL and β-ZEL and the subsequent glucuronidation of α-ZEL, 
obtained from incubations with rat liver S9 (Malekinejad et al., 2006) or human liver 
S9 (Mendez-Catala et al., 2020), were scaled to the whole tissue assuming an S9 
protein concentration of 143 mg S9 protein/g liver for rats (Punt et al., 2008) and 
120.7 mg protein/g liver (sum of 40 mg microsomal protein and 80.7 mg of cytosolic 
protein) for human (Cubitt et al., 2011). The intestinal Vmax 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 tissue for rat and human, respectively (Peters et al., 2016). The 
Km values in vivo were assumed to be similar to those obtained in vitro. 
Due to the absence of studies reporting dose related blood levels of ZEN in humans 
and because excretion through urine is presented as an adequate biomarker for ZEN 
biomonitoring (Lorenz et al., 2019), the urinary excretion of ZEN and α-ZEL were 
modeled to occur from the blood with excretion rates of 0.096 and 0.015 h-1, 
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respectively, estimated before in Mukherjee et al. (2014). 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 
(Teeguarden et al., 2005; Yang et al., 2013).  
The PBK model equations were coded and integrated in Berkeley Madonna 8.0.1 
(UC Berkeley, CA, USA) using the Rosenbrock’s algorithm for stiff systems. The 
model code for rat and human are presented in Supplementary material.  

Table 3.1. Physiological parameters used in the rat and human PBK model for ZEN based on 
Brown et al. (1997)  

Symbol Values 

Rat Human 

Physiological parameters 

Body weight (kg) BW 0.25 70 

Tissue volumes (fraction of body weight) 

Small intestine VSIc 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 QSIc 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 
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Table 3.2. Physicochemical parameters used in the rat and human PBK model. Tissue: blood 
partition coefficients of ZEN and α-ZEL were calculated based on the method by DeJongh 
et al. (1997) 

 
Rat Human 

ZEN α-ZEL ZEN α-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 

3.2.6 PBK model evaluation 

The performance of the model developed for rats was evaluated by comparison of i) 
the predicted blood concentration time profile 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 
(Shin et al., 2009), and ii) the predicted maximum blood concentration (Cmax) of ZEN 
to the Cmax obtained in a rat study following a single oral dose of 8 mg/kg bw (Shin 
et al., 2009). The study from Mallis et al. (2003) was considered unsuitable for the 
evaluation due to differences in the experimental design, where ZEN was co-
administered with 4 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 assuming that blood concentrations are 0.6 
times the serum concentration in rats (Walker et al., 1990; Probst et al., 2006; Yang 
et al., 2007). 
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 comparison to the cumulative urinary concentration of ZEN and ZEN-
glucuronide (total ZEN) reported by Mirocha et al. (1981) and Warth et al. (2013) 
at oral doses of 1.43 mg/kg bw and 0.2 μg/kg bw, respectively.  
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 (Evans and Andersen, 
2000): 

SC =  (C′ − C)/(P′ − P)  ×  P/C 
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where C is the initial value of the model output (Cmax 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 mg/kg bw and 0.2 μg/kg bw for human representing the dose levels 
from available in vivo studies used for model evaluation (Mirocha et al., 1981; Warth
et al., 2013). Larger SC values represent a higher impact of the parameter on the 
predictions for the Cmax of ZEN and α-ZEL.  

3.3 Results 

3.3.1 In vitro kinetic data for rats and humans 

Tables 3.3 to 3.5 summarize the kinetic parameters of the metabolism of ZEN and 
α-ZEL required for the PBK model.  
The in vitro kinetics for the formation of α-ZEL and β-ZEL in rat and human liver 
were obtained from literature (Malekinejad et al., 2006; Mendez-Catala et al., 2020) 
and are presented in Table 3.3 together with the scaled Vmax, Km and kcat values for 
the formation of α-ZEL and β-ZEL. A substantial interspecies difference is observed 
in the kcat for formation of α-ZEL and β-ZEL by rat and human liver. A comparison 
of the kcat values shows humans to have a 563- and 2-fold higher kcat for conversion 
of ZEN to respectively α-ZEL and -ZEL than rat.  

The kinetics for the formation of α-ZEL and β-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 (Mendez-Catala et al., 2020) and are 
presented in Table 3.4 along with the scaled Vmax and kcat 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 kcat values for formation of -ZEL 
and -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 -ZEL/-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 -ZEL in both liver and intestinal 
microbial metabolism. 
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The extent of glucuronidation of ZEN and -ZEL by rat and humans was quantified 
by UPLC-PDA analysis of formation of the respective glucuronides upon incubation 
of ZEN with liver (Figure 3.2) and intestinal (Figure 3.3) S9 fractions and of α-ZEL 
with liver S9 fractions (Figure 3.2). The results obtained show that the concentration 
dependent rate of glucuronidation followed Michaelis-Menten kinetics. The in vitro
Vmax and Km values and the catalytic efficiencies (kcat calculated as Vmax/Km) for the 
glucuronidation of ZEN and -ZEL derived from these data, as well as the scaled 
Vmax and kcat values are presented in Table 3.5. The in vivo kcat 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 kcat for rats being 2.7-fold higher than for 
human.  
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Rat 

Figure 3.2. Concentration dependent formation of (A-B) ZEN glucuronide and (C-D) α-
ZEL glucuronide in incubations with rat and human liver S9 

Figure 3.3. Concentration dependent formation of ZEN glucuronide in incubations with (A) 
rat and (B) human intestinal S9 

A 

C D 

A B 

B 

Human 
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3.3.2 PBK model development and evaluation 

The kinetic constants for the conversion of ZEN to -ZEL and -ZEL and for 
glucuronidation of ZEN and -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 (Shin et al., 2009) as shown in Figure 3.4. These results indicate that the model 
predicts the time dependent 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 3.5 the Cmax of unconjugated ZEN predicted upon 
oral dosing was compared to the Cmax reported by Shin et al. (2009) upon oral dosing 
of rats with 8 mg/kg bw ZEN, with resulting values of 6.08 and 8.14 nM, 
respectively, showing an only 1.3-fold difference. 

It was also evaluated to what extent inclusion of the -ZEL sub-model affected the 
prediction for the Cmax of ZEN. The Cmax of ZEN appeared to be minimally affected 
by the inclusion of its intestinal microbial metabolism to α-ZEL into the model, and 
the concentration of α-ZEL in blood was predicted to amount to less than 0.1% of 
the concentration of ZEN when ZEN is dosed at 8 mg/kg bw (Figure 3.5). 
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Figure 3.4. Comparison of predicted and reported (Shin et al., 2009) 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  

Figure 3.5. PBK model predicted time dependent blood concentration of ZEN and -ZEL 
in rat upon an oral dose of 8 mg/kg bw. 

A B 

C D 
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The predictions made by the human PBK model were evaluated based on urinary 
levels of ZEN and its metabolites reported in human studies (Mirocha et al., 1981; 
Warth et al., 2013). The cumulative 24 hours urinary excretion data reported for 
humans by Mirocha et al. (1981) and Warth et al. (2013) after an oral dose of ZEN 
were compared to the human PBK model predicted values in Table 3.6. The reported 
in vivo cumulative urinary concentrations were calculated based on a mean urinary 
volume for human of 2.42 L (Warth et al., 2013) 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 cumulative urinary amount 
(Table 3.6) 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 
predicted 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. (1981). The 
prediction of Cmax of ZEN and α-ZEL showed the concentration of α-ZEL in blood 
to amount to about 3% of the concentration of ZEN when ZEN is dosed at 0.143 and 
1.43 µg/kg bw (Supplementary Figure 3.1). Finally, the contribution of intestinal 
microbiota to metabolism revealed that the formation of α-ZEL from ZEN was 
driven by hepatic metabolism (Supplementary Figure 3.2)  

Table 3.6. In vivo and predicted cumulative urinary excretion of total ZEN in humans 24 
hours after oral dosing of ZEN 

Dose (mg) 
In vivo urine 
amount (mg)a 

Predicted 
urine amount 

(mg) 
Predicted / in

vivo  Reference 

100 32.1 18.1 0.56 Mirocha et al. 
(1981) 

0.01 0.73 x 10-3 1.58 x 10-3 2.08 Warth et al. 
(2013) 

a based on an average urine volume of 2.42 L per day (Warth et al., 2013) 

The performance of the models was further evaluated through a sensitivity analysis 
to assess the parameters affecting the prediction of the concentration of ZEN in blood 
to the largest extent. Figure 3.6 presents the results obtained. The sensitivity analysis 
was performed at an oral dose levels of 8 mg/kg bw in rats and 0.143 µg/kg bw and 
1.43 mg/kg bw for humans, representing the dose levels used in the in vivo studies 
used for model evaluation (Mirocha et al., 1981; Shin et al., 2009; Warth et al., 
2013). Only the parameters resulting in a normalized sensitivity coefficient higher 
that 0.1 (absolute value) are shown in Figure 3.6. In all scenarios, the Cmax values for 
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ZEN were greatly affected by the kinetic parameters for glucuronidation of ZEN in 
the small intestine and liver tissue. Other parameters found to impact the Cmax 
predictions for ZEN included physiological parameters such as body weight, tissue 
volume and blood flows, especially those of the small intestine and the liver. The 
parameters 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 Cmax prediction. 

3.3.3 Comparison of EC10 values for estrogenicity with predicted Cmax 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 μg/kg bw or equal to 
estimated dietary intakes of ZEN (2.4-29 ng/kg bw) (EFSA, 2011), the Cmax values 
of ZEN and -ZEL would reach levels that induce estrogenic responses. To this end 
predicted Cmax values were compared to data from the ZEN or α-ZEL concentration-
dependent responses in a selection of different in vitro model systems for 
estrogenicity. The predicted concentrations were corrected for the plasma unbound 
fractions calculated to be 0.089 and 0.103 for ZEN and -ZEL, respectively (WFSR, 
2020). Figure 3.7 reflects that different bioassays for estrogenicity result in 
somewhat different potencies for ZEN and -ZEL. Nevertheless, the results 
presented in Figure 3.7 also reveal that the Cmax for both -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 EC10 values of all bioassays. 
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Figure 3.6. Sensitivity coefficients of the PBK model parameters for the predicted Cmax of 
ZEN in (A) rat at an oral dose of 8 mg/kg bw, and (B) human at oral doses of 0.143 µg/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, Vmax and Km = maximum rate of formation and the Michaelis-Menten kinetic constant 
for the formation of ZEN glucuronide (ZENGLU) in SI (small intestine) and L (liver). 

A 

B 
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Figure 3.7. Comparison of EC10 values derived from estrogenic in vitro studies (Le Guevel 
and Pakdel, 2001; Mendez-Catala et al., 2020; Molina-Molina et al., 2014) to Cmax values 
predicted by the human PBK model to occur at a mean estimated daily intake (EDI) of ZEN, 
ranging from 2.4-29 ng/ kg bw and at the TDI of 0.25 µg/kg bw. 

3.4 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, α-ZEL, known to be more active as an estrogen than ZEN 
itself (Fitzpatrick et al., 1989; Shier et al., 2001). 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 -ZEL. The results 
obtained revealed that, in spite of the conversion of ZEN to α-ZEL by intestinal 
microbiota, the formation of α-ZEL from ZEN is mainly driven by hepatic 
metabolism. In the PBK models developed, the intestinal microbial metabolism of 
ZEN was integrated as a separate compartment by the inclusion of kinetic parameters 
obtained from in vitro anaerobic incubations of ZEN with fecal samples (Mendez-
Catala et al., 2020). Previously Wang et al. (2020) showed a first proof-of-principle 
for the inclusion of microbial metabolism in a PBK model based on kinetic 
parameters obtained in such anaerobic fecal 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 prediction 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 
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limited because of its substantially lower systemic concentrations (Wang et al., 
2020). The results of the present study show a similar outcome for ZEN and -ZEL. 
This followed from the fact that the Cmax predicted for -ZEL amounted to less than 
0.1% or about 3% of the Cmax for ZEN itself in rats and humans, respectively. This 
indicates that in despite of the 60-fold higher estrogenicity reported for α-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 oral dosing of ZEN. The model 
prediction of blood concentrations after 4 different i.v. doses of ZEN showed to be 
in line with the kinetics reported by (Shin et al., 2009). A study dosing ZEN at 8 
mg/kg bw orally to rats (Shin et al., 2009) reported a Cmax that was also adequately 
predicted 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. (1981) exposed ZEN directly, Warth et al. (2013) did it from naturally 
contaminated products.  
The PBK models developed showed that liver is the main site for the conversion of 
ZEN to α-ZEL (Supplementary Figure 3.2), a conclusion that holds at dose levels as 
low as the dose representing daily dietary intake (2.4 ng/kg bw/day) (EFSA, 2011) 
to dose levels used in rodent bioassays of 8 mg/kg bw (Shin et al., 2009). The model 
predictions also revealed humans to have on average a 76-times higher concentration 
of α-ZEL in liver compared to rat. This is in line with previous reports on species 
differences in the metabolism of ZEN, indicating that humans (Bravin et al., 2009), 
similar to pigs, form relatively more α-ZEL than rats. The integration of the kinetic 
parameters for α-ZEL formation in the PBK model for human revealed the predicted 
blood concentration of α-ZEL to amount to about 3% of the total concentration of 
ZEN reaching the blood (Supplementary Figure 3.1). The low concentration of α-
ZEL reaching the circulation can be ascribed to an efficient glucuronidation of ZEN 
in the intestinal tissue and liver competing with formation of α-ZEL in these organs, 
in combination with efficient hepatic glucuronidation of α-ZEL. The glucuronidation 
of ZEN has previously been reported to represent the main conjugation pathway for 
ZEN (Kiessling and Pettersson, 1978; Malekinejad et al., 2006; Mikula et al., 2012; 
Pfeiffer et al., 2010) and results in a decrease in the toxicity of ZEN due to the 
absence of estrogenic activity of ZEN glucuronide (Frizzell et al., 2015). The kinetic 
constants in Table 3.5 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 α-ZEL in liver was also comparable with rats 
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again being 1.1 times more efficient than humans. These results are in line with those 
of Pfeiffer et al. (2010) reporting the percentage of glucuronidation of ZEN and α-
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 (Brand et al., 2010; 
Boonpawa et al., 2015). The glucuronidation of ZEN in human liver is reported to 
be catalyzed by UGTs, with UGT1A1, 1A3 and 1A8 being the major contributors 
(Pfeiffer et al., 2010). In the same study, intestinal glucuronidation 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 (Kutsukake et al., 2019). 
Based on studies in a rat everted model Ieko et al. (2020) reported the rapid 
glucuronidation 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 Ieko et al. (2020) 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 (Supplementary Table 3.1). 
Furthermore, the outcomes of the human PBK model enabled prediction of the 
internal concentrations of ZEN and α-ZEL resulting from dietary intake of ZEN or 
from intake at the level of the TDI, with concentrations of ZEN and α-ZEL known 
to induce estrogenicity in in vitro bioassays. The predicted Cmax values were on 
average 3 orders of magnitude lower than the EC10 for ZEN and α-ZEL in bioassays 
with different estrogenic endpoints, suggesting that at the current levels of dietary 
intake up to at least the TDI, the concentration of ZEN and α-ZEL in blood will not 
reach the concentrations known to cause estrogenic effects. This comparison 
illustrates the potential of the PBK model-based approach 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 different age groups in sensitivity to ZEN into account. To take such potential 
interindividual differences into account remains an interesting topic for further 
studies especially given a possible correlation between exposure to ZEN and early 
onset of puberty in young girls as suggested before (Hannon et al., 1987; Szuets et
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al., 1997; Massart and Saggese, 2010; Bandera et al., 2011). The human PBK model 
developed in the present study can form a basis to build individual 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 considerations. 
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 (Hillman et al., 2017). Furthermore, Behr et al. (2018) 
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 (Atkinson et al., 2004;
Wang et al., 2020). Therefore, the in vitro anaerobic incubations with fecal slurries
show a good first tier approach for the estimation of overall intestinal microbial
metabolism in the host.
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 α-
ZEL, the contribution of this intestinal microbial metabolism to systemic
concentrations of α-ZEL in the host are limited. Furthermore, it was shown that in
spite of the higher estrogenic potency of α-ZEL its contribution to the estrogenic
effects occurring upon exposure to ZEN are limited, and that at current levels of
intake ZEN and also α-ZEL concentrations remain low enough to not raise a concern.
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 experimental animals or a human intervention study.
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Supplementary Material 

Model Code for Rat 

=========================================================== 
Physiological parameters 
=========================================================== 
 Tissue volumes (reference: Brown et al. (1997)) 
BW= 0.250  (Kg)  body weight rat 

VSIc = 0.014  fraction of small intestine 

VLc = 0.034  fraction of liver tissue  

VRc = 0.034 0.082-VSIc-VLc  fraction of rapidly 
perfused tissue 
VSc = 0.667  0.737-VFc  fraction of slowly perfused tissue

VFc = 0.070  fraction of fat tissue  

VBc = 0.074  fraction of blood  

VSI = VSIc*BW (L or Kg) volume of small intestine tissue 
(calculated) 
VL = VLc*BW  (L or Kg) volume of liver tissue (calculated) 
VR = VRc*BW  (L or Kg) volume of rapidly perfused tissue 
(calculated) 
VS = VSc*BW (L or Kg) volume of slowly perfused tissue 
(calculated) 
VF = VFc*BW  (L or Kg) volume of fat tissue (calculated) 
VB = VBc*BW  (L or Kg) volume of blood (calculated) 
---------------------------------------------------------------------------------------------------- 
Blood flow rates (reference: Brown et al. (1997)) 
QC = 5.38  (L/h)  cardiac output:15*BW^0.74 

QSIc = 0.151  fraction of blood flow to small 
intestine 
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QLc = 0.099 0.25 - QSIc  fraction of blood flow to liver 

QRc = 0.51 0.76 - QSIc - QLc  fraction of blood flow to rapidly 
perfused tissue 
QSc = 0.17 0.24 - QFc  fraction of blood flow to slowly 
perfused tissue 
QFc = 0.07  fraction of blood flow to fat 

QSI = QSIc*QC (L/h) blood flow to small intestine tissue 
(calculated) 
QL = QLc*QC  (L/h) blood flow to liver tissue (calculated) 
QR = QRc*QC   (L/h) blood flow to rapidly perfused tissue 
(calculated) 
QS = QSc*QC   (L/h) blood flow to slowly perfused tissue 
(calculated) 
QF = QFc*QC  (L/h) blood flow to fat tissue (calculated) 

=========================================================== 
 Physicochemical parameters 
=========================================================== 
partition coefficients, calculated based on QPPR of DeJongh et al. (1997) 

ZEN in main model 
PIZEN = 2.64  intestine/blood partition coefficient  
PLZEN = 2.64  liver/blood partition coefficient 
PRZEN = 2.64  rapidly perfused tissue/blood partition 
coefficient  
PSZEN = 0.76  slowly perfused tissue/blood partition 
coefficient 
PFZEN = 106.93 fat/blood partition coefficient 

α-ZEL in sub-model 
PIaZEL = 2.38  intestine/blood partition coefficient  
PLaZEL = 2.38  liver/blood partition coefficient  
PRaZEL = 2.38  rapidly perfused tissue/blood partition 
coefficient  
PSaZEL = 0.71  slowly perfused tissue/blood partition 
coefficient 
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PFaZEL = 92.79    fat/blood partition coefficient 
---------------------------------------------------------------------------------------------------- 
absorption/transfer rates 

Stomach emptying rate 
ksto = 2.8 stomach emptying rate (/h) reference: Reilly 
et al. (1990) 

intestinal absorption and transfer rates of ZEN 
PappCaco2ZEN=-3.9838 fitted Log Papp, Caco-2 (cm/h) reference: Pfeiffer 
et al. (2011) 

Log (Papp,in vivo) = 0.6836*Log(PappCaco2ZEN)-0.5579 reference: 
Sun et al. (2002) 
PappZEN=10^(0.6836*PappCaco2ZEN-0.5579)*3600/10  (dm/h) 

Vin = 0.0012    volume for each compartment of intestines (L) 
SAin = 0.134     surface area (dm2) 
kin = 4.17  transfer rate to next compartment within the 
intestines (/hr)  
kabin1 = PappZEN*SAin  absorption rate constant (L/hr) 

Vin1 = Vin  volume of intestine compartment 1 (L) 
SAin1 = SAin      surface area of intestine compartment 1 (dm2) 
kabin1 = PappZEN*SAin1  absorption rate constant of intestine compartment 
1 (L/hr) 
kin1 = kin    transfer rate to intestine compartment 2 (/hr) 

Vin2 = Vin  volume of intestine compartment 2 (L) 
SAin2 = SAin      surface area of intestine compartment 2 (dm2) 
kabin2 = PappZEN*SAin2  absorption rate constant of intestine compartment 
2 (L/hr) 
kin2 = kin    transfer rate to intestine compartment 3 (/hr) 

Vin3 = Vin  volume of intestine compartment 3 (L) 
SAin3= SAin    surface area of intestine compartment 3 (dm2) 
kabin3 = PappZEN*SAin3  absorption rate constant of intestine compartment 
3 (L/hr) 
kin3 = kin     transfer rate to intestine compartment 4 (/hr) 



Chapter 3 

94 

Vin4 = Vin  volume of intestine compartment 4 (L) 
SAin4 = SAin    surface area of intestine compartment 4 (dm2) 
kabin4 = PappZEN*SAin4 absorption rate constant of intestine compartment 4 
(L/hr) 
kin4 = kin     transfer rate to intestine compartment 5 (/hr) 

Vin5 = Vin  volume of intestine compartment 5 (L) 
SAin5 = SAin    surface area of intestine compartment 5 (dm2) 
kabin5 = PappZEN*SAin5 absorption rate constant of intestine compartment 5 
(L/hr) 
kin5 = kin   transfer rate to intestine compartment 6 (/hr) 

Vin6 = Vin   volume of intestine compartment 6 (L) 
SAin6 = SAin     surface area of intestine compartment 6 (dm2) 
kabin6 = PappZEN*SAin6 absorption rate constant of intestine compartment 6 
(L/hr) 
kin6 = kin        transfer rate to intestine compartment 7  (hr) 

Vin7  =  Vin    volume of intestine compartment 7  (L) 
SAin7  = SAin   surface area of intestine compartment 7  (dm2) 
kabin7 = PappZEN*SAin7 absorption rate constant of intestine compartment 7  
(L/hr) 
kin7   = 0.464 (/h) transfer rate of ZEN from small intestine to large 
intestine 
  reference: Kimura and Higaki (2002) 

Vinb  =  0.0338    volume of large intesine  (L) reference: 
Vdoviaková et al. (2016) 
SAinb  = 1.57   surface area of large intestine  (dm2) reference: 
Vdoviaková et al. (2016) 
Kb = PappZEN*SAinb    absorption rate constant from the large intestine  
(L/hr) 
Kb= PappZEN*SAinb        absorption rate constant from the large intestine  (L/hr) 

α-ZEL  
PappCaco2aZEL=-5.2676  Log Papp, Caco-2 reference: Pfeiffer et al. (2011) 
(cm/h) 
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Log (Papp,in vivo) = 0.6836*Log(PappCaco2aZEL)-0.5579 reference: Sun et 
al. (2002) 
PappaZEL=10^(0.6836*PappCaco2aZEL-0.5579)*3600/10 (dm/h) 

Vin8 = Vin   volume of intestine compartment 7 (L) 
SAin8 = SAinb   surface area of intestine compartment 7 
(dm2) 
kabin8 = PappaZEL*SAin8  absorption rate constant of α-ZEL from LI to liver 
(L/hr) 

excretion (/h) 
KurZ = 0.096  urinary excretion of ZEN reference: Mukherjee et 
al. (2014) 
KfeZ = 0.69  fecal excretion of ZEN reference: Mukherjee et al. 
(2014) 

KuraZ = 0.012  urinary excretion of α-ZEL reference: Mukherjee 
et al. (2014) 
=========================================================== 
 Kinetic parameters  
=========================================================== 
metabolism in small intestine tissue 

scaling factors 
S9SI= 37.1 small intestinal S9 protein yield (mg S9 protein/gram 
intestine) reference: (Peters et al., 2016) 
SI=VSIc*1000 small intestine in body weight (gram/kg BW) 

 metabolites ZENGLU, unscaled maximum rates of metabolism, (nmol/min/mg S9 
protein) 
VmaxSIZENGLUc= 8.617 in vitro, S9 incubations from this study 

 metabolites ZENGLU, scaled maximum rates of metabolism, (µmol/h) 
VMaxSIZENGLU = VmaxSIZENGLUc/1000*60*S9SI*SI*BW 

 metabolites ZENGLU, affinity constants, (µmol/L) 
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KmSIZENGLU = 6.198 in vitro, S9 incubations from this study 

---------------------------------------------------------------------------------------------------- 
 metabolism in large intestine lumen (microbiota compartment) 

 scaling factors 
VMB = 0.0164 fraction of feces of BW reference: Hoskins and Zamcheck 
(1968) 

 metabolites α-ZEL and ß-ZEL, unscaled maximum rates of metabolism, (pmol/h/g 
faeces) 
VmaxLIaZELc=0.0138    reference: Mendez-Catala et al. (2020) 
VmaxLIbZELc= 0.0084   reference: Mendez-Catala et al. (2020) 

 metabolites α-ZEL and ß-ZEL, scaled maximum rates of metabolism, (µmol/h) 
VmaxLIaZEL= VmaxLIaZELc/1000000*1000 *VMB*BW  
VmaxLIbZEL= VmaxLIbZELc/1000000*1000 *VMB*BW 

 metabolites α-ZEL and ß-ZEL, affinity constants, (µmol/L) 
KmLIaZEL = 66   reference: Mendez-Catala et al. (2020) 
KmLIbZEL = 80   reference: Mendez-Catala et al. (2020) 
----------------------------------------------------------------------------------------------------
metabolism in liver 

scaling factors 

VLS9 = 143  liver S9 protein yield (mg S9 protein/gram liver) 
reference: Punt et al. (2008) 
L=VLc*1000 (gram/kg BW) liver 

 Part 1: Zearalenone phase I metabolism α-ZEL and β-ZEL formation 

 metabolites α-ZEL and ß-ZEL, unscaled maximum rates of metabolism, 
(pmol/min/mg S9 protein) 
VmaxLaZELc= 32  reference: Malekinejad et al. (2006) 
VmaxLbZELc= 72  reference: Malekinejad et al. (2006) 

 metabolites α-ZEL and ß-ZEL, scaled maximum rates of metabolism, (µmol/h) 
VmaxLaZEL = VmaxLaZELc/1000000*60* VLS9 *L*BW 
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VmaxLbZEL= VmaxLbZELc/1000000*60* VLS9 *L*BW 

 metabolites α-ZEL and ß-ZEL, affinity constants, (µmol/L) 
KmLaZEL = 592 reference: Malekinejad et al. (2006) 
KmLbZEL = 21  reference: Malekinejad et al. (2006) 

 Part 2: Zearalenone phase II metabolism-glucuronidation 

 metabolites ZENGLU, unscaled maximum rates of metabolism, (nmol/min/mg S9 
protein) 
VmaxLZENGLUc=7.029 in vitro, S9 incubations from this study 

 metabolites ZENGLU, scaled maximum rates of metabolism, (µmol/h) 
VmaxLZENGLU = VmaxLZENGLUc /1000*60* VLS9 *L*BW 

 metabolites ZENGLU, affinity constants, (µmol/L) 
KmLZENGLU = 6.753 in vitro, S9 incubations from this study 

 Part 3: α-ZEL phase II metabolism: glucuronidation 

 metabolites α-ZELGLU, unscaled maximum rates of metabolism, (nmol/min/mg S9 
protein) 
VmaxLaZELGLUc= 6.963 in vitro, S9 incubations from this study 

 metabolites α-ZELGLU, scaled maximum rates of metabolism, (µmol/h) 
VmaxLaZELGLU = VmaxLaZELGLUc/1000*60* VLS9 *L*BW 

 metabolites α-ZELGLU, affinity constants, (µmol/L) 
KmLaZELGLU =7.426 in vitro, S9 incubations from this study 
=========================================================== 
 Run settings 
=========================================================== 
molecular weight 
MWZEN = 318.37     molecular weight ZEN 
---------------------------------------------------------------------------------------------------- 
oral dose 
ODOSEmg =0     (mg/kg bw)   oral 
dose, variable  
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ODOSEumol= ODOSEmg*1000/MWZEN*BW (µmol)    unit 
change to µmol  
---------------------------------------------------------------------------------------------------- 
IV dose 
IVDOSEmg1 = 8   (mg/kg bw)  IV dose, variable 

IVDOSEumol=IVDOSEmg1*1000/MWZEN*BW  unit change to µmol 

time 
Starttime = 0 (h) 
Stoptime = 24 (h) variable

DTMIN = 1e-6    minimum integration time (DT) 
DTMAX = 0.15    maximum integration time (DT) 
=========================================================== 
 Main model calculations/dynamics: zearalenone 
=========================================================== 
Stomach 
Ast = amount in stomach   
Ast' = -ksto*Ast 

Init Ast =ODOSEumol 
---------------------------------------------------------------------------------------------------- 
small intestine lumen compartment 
intestines, divided in 7 compartments 
Ain1 = Amount ZEN in intestine compartment 1 (µmol) 
Cin1  = Ain1/Vin1 
Ain1' = ksto*Ast - kin1*Ain1- kabin1*Cin1 
Init Ain1 = 0 

Ain2 = Amount ZEN in intestine compartment 2 (µmol) 
Cin2 = Ain2/Vin2 
Ain2' = kin1*Ain1 - kin2*Ain2 - kabin2*Cin2 
Init Ain2 = 0 

Ain3 = Amount ZEN in intestine compartment 3 (µmol) 
Cin3 = Ain3/Vin3 
Ain3' = kin2*Ain2 - kin3*Ain3 - kabin3*Cin3 
Init Ain3 = 0 
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Ain4 = Amount ZEN in intestine compartment 4 (µmol) 
Cin4 = Ain4/Vin4 
Ain4' = kin3*Ain3 - kin4*Ain4 - kabin4*Cin4 
Init Ain4 = 0 

Ain5 = Amount ZEN in intestine compartment 5 (µmol) 
Cin5 = Ain5/Vin5 
Ain5' = kin4*Ain4 - kin5*Ain5 - kabin5*Cin5 
Init Ain5 = 0 

Ain6= Amount ZEN in intestine compartment 6 (µmol) 
Cin6 = Ain6/Vin6 
Ain6' = kin5*Ain5 - kin6*Ain6 - kabin6*Cin6 
Init Ain6 = 0 

Ain7= Amount ZEN in intestine compartment 7 (µmol) 
Cin7 = Ain7/Vin7 
Ain7' = kin6*Ain6 - kin7*Ain7 - kabin7*Cin7 
Init Ain7 = 0 
----------------------------------------------------------------------------------------------------  
small intestine tissue compartment 
ASIZEN: amount of ZEN in small intestinal tissue, (µmol) 
ASIZEN' = kabin1*Cin1+ kabin2*Cin2+ kabin3*Cin3+ kabin4*Cin4+ 
kabin5*Cin5 + kabin6*Cin6 + kabin7*Cin7+ QSI*(CB- CVSIZEN) - ASIZENGLU' 

Init ASIZEN=0 
CSIZEN = ASIZEN/VSI 
CVSIZEN = CSIZEN/PIZEN 

 ASIZENGLU: amount of ZEN metabolized to metabolite ZENGLU, (µmol) 
ASIZENGLU'= VmaxSIZENGLU*CVSIZEN/(KmSIZENGLU+ 

CVSIZEN)  
Init ASIZENGLU=0 

---------------------------------------------------------------------------------------------------- 
 large intestine lumen compartment: microbial activity 
 ALIZEN: amount of ZEN in large intestine lumen, (µmol) 

ALIZEN' = kin7*Ain7 - ALIaZEL' - ALIbZEL' - Kb*CLIZEN - 
KfeZ*ALIZEN  

Init ALIZEN = 0 
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 CLIZEN = ALIZEN/ (VMB*BW) 
 
 ALIaZEL: amount of α-ZEL formed due to gut microbial activity, (µmol) 
 ALIaZEL'= VmaxLIaZEL*CLIZEN/(KmLIaZEL + CLIZEN) 
 Init ALIaZEL=0 
  
 ALIbZEL: amount of ß-ZEL formed due to gut microbial activity, (µmol) 
 ALIbZEL'= VmaxLIbZEL * CLIZEN/(KmLIbZEL + CLIZEN) 
 Init ALIbZEL=0 
----------------------------------------------------------------------------------------------------  
 liver compartment 
 ALZEN: amount of ZEN in liver, (µmol) 
 ALZEN' = QL*CB+QSI*CVSIZEN-(QL+QSI)*CVLZEN - ALaZEL' - 
ALbZEL'- ALZENGLU' + Kb* CLIZEN  
 Init ALZEN=0 
 CLZEN = ALZEN/VL 
 CVLZEN = CLZEN/PLZEN 
 
 ALaZEL: amount of ZEN metabolized to metabolite α-ZEL in liver, (µmol) 
 ALaZEL'= VmaxLaZEL* CVLZEN /(KmLaZEL+ CVLZEN)  
 Init ALaZEL=0 
 
 ALbZEL: amount of ZEN metabolized to metabolite ß-ZEL in liver, (µmol) 
 ALbZEL'= VmaxLbZEL* CVLZEN /(KmLbZEL+ CVLZEN)  
 Init ALbZEL=0 
 
 ALZENGLU: amount of ZEN metabolized to metabolite ZENGLU in liver, (µmol) 
 ALZENGLU'= VmaxLZENGLU* CVLZEN/(KmLZENGLU+ CVLZEN)  
 Init ALZENGLU=0 
----------------------------------------------------------------------------------------------------  
 fat compartment 
 AF = amount of ZEN in fat tissue, (µmol) 
AF' = QF*(CB-CVF)  
Init AF = 0 
CF = AF/VF 
CVF = CF/PFZEN 
----------------------------------------------------------------------------------------------------  
rapidly perfused tissue 
AR = amount of ZEN in rapidly perfused tissue, (µmol) 
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AR' = QR*(CB-CVR)  
Init AR = 0 
CR = AR/VR 
CVR = CR/PRZEN 
----------------------------------------------------------------------------------------------------  
slowly perfused tissue 
AS = amount of ZEN in slowly perfused tissue, (µmol) 
AS' = QS*(CB-CVS)  
Init AS = 0 
CS = AS/VS 
CVS = CS/PSZEN 
----------------------------------------------------------------------------------------------------  
blood compartment 
AB: amount of ZEN in blood, (µmol) 
AB' =  (QL+QSI)*CVLZEN + QF*CVF + QS*CVS + QR*CVR - QC*CB - 
KurZ*AB    
Init AB = IVDOSEumol 
CB = AB/VB 
AUC'=AB 
Init AUC=0 
----------------------------------------------------------------------------------------------------  
 urinary excretion 
AZur' = KurZ*AB 
Init AZur = 0 
=========================================================== 
 Main model: mass balance calculation 
=========================================================== 
Total = ODOSEumol + IVDOSEumol 
Calculated = Ast+ Ain1 + Ain2 + Ain3 + Ain4 + Ain5 + Ain6 + Ain7+ ASIZEN 
+ASIZENGLU + ALIZEN+ ALIaZEL + ALIbZEL+ ALZEN + ALaZEL +
ALbZEL+ALZENGLU + AF + AR + AS + AB + AZur + AZfe

ERROR=((Total-Calculated)/Total+1E-30)*100 
MASSBBAL=Total-Calculated + 1 
=========================================================== 
 Sub-model calculations/dynamics: α-ZEL 
=========================================================== 
 large intestine lumen compartment  
 ARLIaZEL = amount of α-ZEL in large intestine lumen, (µmol) 
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ARLIaZEL' = ALIaZEL' - kabin8*(ARLIaZEL/VMB*BW) - 
KfeaZ*ARLIaZEL 

init ARLIaZEL = 0 
----------------------------------------------------------------------------------------------------  
liver compartment 
ARLaZEL: amount of α-ZEL in liver, (µmol) 
ARLaZEL' = ALaZEL'+kabin8*(ARLIaZEL/VMB*BW) + (QL+QSI)*CBaZEL - 
(QL+QSI)*CVLaZEL - ALaZELGLU'   
Init ARLaZEL= 0 

CLaZEL = ARLaZEL/VL 
CVLaZEL = CLaZEL/PLaZEL 

 ALaZELGLU: amount of α-ZEL glucuronide in liver 
ALaZELGLU'= VmaxLaZELGLU* CVLaZEL/(KmLaZELGLU+ 

CVLaZEL)  
Init ALaZELGLU=0 

ALaZELGLUmg' = ALaZELGLU*MWZEN/1000*BW 
Init ALaZELGLUmg = 0 
---------------------------------------------------------------------------------------------------- 
 fat compartment 
 AFaZEL: amount of α-ZEL in fat tissue, (µmol) 
AFaZEL' = QF*(CBaZEL-CVFaZEL)  
Init AFaZEL = 0 

CFaZEL = AFaZEL/VF 
CVFaZEL = CFaZEL/PFaZEL 

---------------------------------------------------------------------------------------------------- 
 rapidly perfused tissue 
 ARaZEL: amount of α-ZEL in rapidly perfused tissue, (µmol) 

ARaZEL' = QR*(CBaZEL-CVRaZEL) 
Init ARaZEL = 0 
CRaZEL = ARaZEL/VR 
CVRaZEL = CRaZEL/PRaZEL 

---------------------------------------------------------------------------------------------------- 
slowly perfused tissue 
ASaZEL: amount of α-ZEL in slowly perfused tissue, (µmol) 

ASaZEL' = QS*(CBaZEL-CVSaZEL) 
Init ASaZEL = 0 
CSaZEL = ASaZEL/VS 
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CVSaZEL = CSaZEL/PSaZEL 
----------------------------------------------------------------------------------------------------  
blood compartment 
ABaZEL: amount of α-ZELin blood, (µmol) 
ABaZEL' = (QL+QSI)*CVLaZEL + QF*CVFaZEL + QR*CVRaZEL + 
QS*CVSaZEL - QC*CBaZEL - KuraZ*ABaZEL 
Init ABaZEL=0 
CBaZEL = ABaZEL/VB 
AUCaZEL'=ABaZEL 
Init AUCaZEL=0 
----------------------------------------------------------------------------------------------------  
urinary excretion 
AaZur' = KurZ*ABaZEL 
Init AaZur = 0 
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Model Code for Human 

=========================================================== 
Physiological parameters 
=========================================================== 
Tissue volumes, reference: Brown et al. (1997) 
BW= 70   (Kg) body weight rat 
VSIc = 0.009  fraction of small intestine 
VLc = 0.026  fraction of liver tissue  

VRc = 0.041 ;0.076-VSIc-VLc fraction of rapidly 
perfused tissue 
VSc = 0.596  ;0.81-VFc fraction of slowly perfused tissue

VFc = 0.214 fraction of fat tissue 

VBc = 0.074 fraction of blood  

VSI = VSIc*BW (L or Kg) volume of small intestine tissue 
(calculated) 
VL = VLc*BW  (L or Kg) volume of liver tissue (calculated) 
VR = VRc*BW   (L or Kg) volume of rapidly perfused tissue 
(calculated) 
VS = VSc*BW  (L or Kg) volume of slowly perfused tissue 
(calculated) 
VF = VFc*BW  (L or Kg) volume of fat tissue (calculated) 
VB = VBc*BW   (L or Kg) volume of blood (calculated) 

---------------------------------------------------------------------------------------------------- 
 Blood flow rates, reference: Brown et al. (1997) 

QC = 347.9  (L/h)  cardiac output:15*BW^0.74 
QSIc = 0.181   fraction of blood flow to small 
intestine 
QLc = 0.046  0.227 - QSIc  fraction of blood flow to liver 

QRc = 0.473   0.7 - QSIc – QLc fraction of blood flow to 
rapidly perfused tissue 
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QSc = 0.248   0.3 - QFc  fraction of blood flow to slowly 
perfused tissue 
QFc = 0.052     fraction of blood flow to fat  
 
QSI = QSIc*QC  (L/h)  blood flow to small intestine tissue 
(calculated) 
QL = QLc*QC  (L/h)  blood flow to liver tissue (calculated) 
QR = QRc*QC   (L/h)  blood flow to rapidly perfused tissue 
(calculated) 
QS = QSc*QC   (L/h)  blood flow to slowly perfused tissue 
(calculated) 
QF = QFc*QC  (L/h)  blood flow to fat tissue (calculated) 
 
 
=========================================================== 
Physicochemical parameters 
=========================================================== 
partition coefficients, calculated based on QPPR of DeJongh et al. (1997) 
 
ZEN in main model 
PIZEN = 6.56    intestine/blood partition coefficient  
PLZEN = 6.56    liver/blood partition coefficient 
PRZEN = 6.56    rapidly perfused tissue/blood partition 
coefficient  
PSZEN = 4.25    slowly perfused tissue/blood partition 
coefficient 
PFZEN = 134.86    fat/blood partition coefficient 
 
α-ZEL in sub-model 
PIaZEL = 6.11   intestine/blood partition coefficient  
PLaZEL = 6.11   liver/blood partition coefficient  
PRaZEL = 6.11   rapidly perfused tissue/blood partition coefficient  
PSaZEL = 3.99   slowly perfused tissue/blood partition coefficient 
PFaZEL = 131.62  fat/blood partition coefficient 
 
 ---------------------------------------------------------------------------------------------------  
absorption/transfer rates 
 
Stomach emptying rate 
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ksto  = 2.8 stomach emptying rate (/h) reference: 
Reilly et al. (1990) 

intestinal absorption and transfer rates of ZEN  
Papp, Caco-2  ZEN = 10.3   ( x10-5 cm/sec)    fitted apparent in vitro, from Caco-2 
reference: Pfeiffer et al. (2011) 
PappCaco2ZEN=-4.9829     Log Papp, Caco-2 

 Log (Papp,in vivo) = 0.6836*Log(PappCaco2ZEN)-0.5579 reference: Sun et 
al. (2002) 
PappZEN=10^(0.6836*PappCaco2ZEN-0.5579)*3600/10 (dm/h) 

Vin   = 1.29  volume for each compartment of intestines (L) 
SAin  = 10.3    surface area (dm2) 
kin   =  2.19  transfer rate to next compartment within the 
intestines (/hr) 
 kabin1  = PappZEN*SAin  absorption rate constant (L/hr) 

Vin1  = Vin  volume of intestine compartment 1  (L) 
SAin1 = SAin  surface area of intestine compartment 1  (dm2) 
kabin1  = PappZEN*SAin1   absorption rate constant of intestine compartment 1  
(L/hr) 
kin1  = kin    transfer rate to intestine compartment 2  (/hr) 

Vin2  = Vin  volume of intestine compartment 2  (L) 
SAin2 = SAin       surface area of intestine compartment 2  (dm2) 
kabin2  = PappZEN*SAin2    absorption rate constant of intestine compartment 2  
(L/hr) 
kin2  = kin     transfer rate to intestine compartment 3  (/hr) 

Vin3  =  Vin  volume of intestine compartment 3  (L) 
SAin3=  SAin    surface area of intestine compartment 3  (dm2) 
kabin3  = PappZEN*SAin3   absorption rate constant of intestine compartment 3  
(L/hr) 
kin3  = kin      transfer rate to intestine compartment 4  (/hr) 

Vin4  =  Vin   volume of intestine compartment 4  (L) 
SAin4 = SAin    surface area of intestine compartment 4  (dm2) 
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kabin4  = PappZEN*SAin4    absorption rate constant of intestine compartment 4  
(L/hr) 
kin4  = kin         transfer rate to intestine compartment 5  (/hr)  

Vin5  =  Vin    volume of intestine compartment 5  (L) 
SAin5 = SAin   surface area of intestine compartment 5  (dm2) 
kabin5  = PappZEN*SAin5  absorption rate constant of intestine compartment 5  
(L/hr) 
kin5  = kin    transfer rate to intestine compartment 6  (/hr) 

Vin6  =  Vin     volume of intestine compartment 6  (L) 
SAin6 = SAin       surface area of intestine compartment 6  (dm2) 
kabin6  = PappZEN*SAin6  absorption rate constant of intestine compartment 6  
(L/hr) 
kin6  = kin           transfer rate to intestine compartment 7  (/hr) 

Vin7  =  Vin     volume of intestine compartment 7  (L) 
SAin7  = SAin     surface area of intestine compartment 7  (dm2) 
kabin7 = PappZEN*SAin7  absorption rate constant of intestine compartment 
7  (L/hr) 
kin7   = 0.464  transfer rate of ZEN from small intestine to large 
intestine  (/h) reference: Kimura and Higaki (2002) 

SAinb  = 47.12     surface area of large intestine  (dm2) reference: 
Vdoviaková et al. (2016) 
Kb= PappZEN*SAinb         absorption rate constant from the large intestine  
(L/hr) 

 α-ZEL 
 Papp, Caco-2  α-ZEL = 5.4      (x10-6 cm/sec), apparent in vitro, from Caco-2  
reference: Pfeiffer et al. (2011) 
PappCaco2aZEL=-5.2676   Log Papp, Caco-2 

 Log (Papp,in vivo) = 0.6836*Log(PappCaco2aZEL)-0.5579 reference: Sun et 
al. (2002) 
PappaZEL=10^(0.6836*PappCaco2aZEL-0.5579)*3600/10 (dm/h) 

SAin8  = SAinb     surface area of intestine compartment 7  (dm2) 
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kabin8  = PappaZEL*SAin8 absorption rate constant of α-ZEL from LI to 
liver(L/hr) 

excretion (/h) 
KurZ = 0.096 urinary excretion of ZEN reference: Mukherjee et 
al. (2014) 
KfeZ = 0.024 fecal excretion of ZEN reference: Mukherjee et al. 
(2014) 
KuraZ = 0.015 urinary excretion of α-ZEL reference: Mukherjee et al. 
(2014) 

KfeG = 0.024   urinary excretion of ZENGLU reference: 
Mukherjee et al. (2014) 

=========================================================== 
  Kinetic parameters  
=========================================================== 
metabolism of small intestine tissue 

scaling factors 
S9SI= 35.2  small intestinal S9 protein yield (mg S9 protein/gram 
intestine) reference: (Peters et al., 2016) 
SI=VSIc*1000 small intestine in body weight (gram/kg BW) 

metabolites ZENGLU, unscaled maximum rates of metabolism, (nmol/min/mg S9 
protein) 
VmaxSIZENGLUc= 0.491  in vitro, S9 incubations from this study 

metabolites ZENGLU, scaled maximum rates of metabolism, (µmol/h) 
VMaxSIZENGLU = VmaxSIZENGLUc/1000*60*S9SI*SI*BW 

metabolites ZENGLU, affinity constants, (µmol/L) 
KmSIZENGLU = 1.174  in vitro, S9 incubations from this study 
 --------------------------------------------------------------------------------------------------- 
metabolism of large intestine lumen (microbiota compartment) 

scaling factors 
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VMB = 0.0018 fraction of faeces of BW, reference: Rose et al. 
(2015) 

  metabolites α-ZEL and ß-ZEL, unscaled maximum rates of metabolism, (pmol/h/g 
faeces) 
VmaxLIaZELc=0.054   in vitro,  anaerobic rat fecal incubations 
VmaxLIbZELc= 0.0108  in vitro,  anaerobic rat fecal incubations 

  metabolites α-ZEL and ß-ZEL, scaled maximum rates of metabolism, (µmol/h) 
VmaxLIaZEL= VmaxLIaZELc/1000000*1000 *VMB*BW  
VmaxLIbZEL= VmaxLIbZELc/1000000*1000 *VMB*BW 

 metabolites α-ZEL and ß-ZEL, affinity constants, (µmol/L) 
KmLIaZEL = 135 in vitro,  anaerobic rat fecal incubations 
KmLIbZEL = 163 in vitro,  anaerobic rat fecal incubations 

---------------------------------------------------------------------------------------------------- 
metabolism of liver 

scaling factors 

VLS9 = 120.7  liver S9 protein yield, (mg S9 protein/gram liver) 
reference: Cubitt et al. (2011) 
L=VLc*1000 (gram/kg BW)  liver 

 Part 1: Zearalenone phase I metabolism α-ZEL and ß-ZEL formation 

  metabolites α-ZEL and ß-ZEL, unscaled maximum rates of metabolism, 
(pmol/min/mg S9 protein) 
VmaxLaZELc= 358.7     reference: Malekinejad et al. (2006) 
VmaxLbZELc= 209.3     reference: Malekinejad et al. (2006) 

  metabolites α-ZEL and ß-ZEL, scaled maximum rates of metabolism, (µmol/h) 
VmaxLaZEL = VmaxLaZELc/1000000*60* VLS9 *L*BW 
VmaxLbZEL= VmaxLbZELc/1000000*60* VLS9 *L*BW 

 metabolites α-ZEL and ß-ZEL, affinity constants, (µmol/L) 
KmLaZEL = 9  reference: Mendez-Catala et al. (2020) 
KmLbZEL = 23  reference: Mendez-Catala et al. (2020) 
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 Part 2: Zearalenone phase II metabolism-glucuronidation 

  metabolites ZENGLU, unscaled maximum rates of metabolism, (nmol/min/mg S9 
protein) 
VmaxLZENGLUc=2.97  in vitro, S9 incubations from this study 

  metabolites ZENGLU, scaled maximum rates of metabolism, (µmol/h) 
VmaxLZENGLU = VmaxLZENGLUc /1000*60* VLS9 *L*BW 

 metabolites ZENGLU, affinity constants, (µmol/L) 
KmLZENGLU = 2.043 in vitro, S9 incubations from this study 

 Part 3: α-ZEL phase II metabolism: glucuronidation 

  metabolites α-ZELGLU, unscaled maximum rates of metabolism, (nmol/min/mg 
S9 protein) 
VmaxLaZELGLUc= 2.983  in vitro, S9 incubations from this study 

  metabolites α-ZELGLU, scaled maximum rates of metabolism, (µmol/h) 
VmaxLaZELGLU = VmaxLaZELGLUc/1000*60* VLS9 *L*BW 

  metabolites α-ZELGLU, affinity constants, (µmol/L) 
KmLaZELGLU =2.415  in vitro, S9 incubations from this study 
=========================================================== 
  Run settings 
=========================================================== 

molecular weight 
MWZEN = 318.37      molecular weight ZEN 
---------------------------------------------------------------------------------------------------- 
oral dose 
ODOSEmg = 8     (mg/kg bw)  oral dose, 
variable  
ODOSEumol= ODOSEmg*1000/MWZEN*BW (µmol)   unit change to 
µmol  
time 
Starttime = 0 (h) 
Stoptime = 24 (h)  variable 
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DTMIN = 1e-6     minimum integration time (DT) 
DTMAX = 0.15     maximum integration time (DT) 
=========================================================== 
  Main model calculations/dynamics: zearalenone 
=========================================================== 
 --------------------------------------------------------------------------------------------------- 
 Stomach 
 Ast  = amount in stomach  
Ast'  = -ksto*Ast 

Init Ast = 0 
---------------------------------------------------------------------------------------------------- 
small intestine lumen compartment 
intestines, divided in 7 compartments 
Ain1  = Amount ZEN in intestine compartment 1 (µmol)  
Cin1   = Ain1/Vin1 
Ain1'  = ksto*Ast - kin1*Ain1- kabin1*Cin1 
Init Ain1  =  0 

Ain2 = Amount ZEN in intestine compartment 2 (µmol) 
Cin2  = Ain2/Vin2 
Ain2' = kin1*Ain1 - kin2*Ain2 - kabin2*Cin2 
Init Ain2  = 0 

Ain3 = Amount ZEN in intestine compartment 3 (µmol) 
Cin3  = Ain3/Vin3 
Ain3' = kin2*Ain2 - kin3*Ain3 - kabin3*Cin3 
Init Ain3  = 0 

Ain4 = Amount ZEN in intestine compartment 4 (µmol) 
Cin4  = Ain4/Vin4 
Ain4' = kin3*Ain3 - kin4*Ain4 - kabin4*Cin4 
Init Ain4  = 0 

Ain5 = Amount ZEN in intestine compartment 5 (µmol) 
Cin5  = Ain5/Vin5 
Ain5' = kin4*Ain4 - kin5*Ain5 - kabin5*Cin5 
Init Ain5  = 0 
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Ain6= Amount ZEN in intestine compartment 6 (µmol) 
Cin6  = Ain6/Vin6 
Ain6' = kin5*Ain5 - kin6*Ain6 - kabin6*Cin6 
Init Ain6  = 0 

Ain7= Amount ZEN in intestine compartment 7 (µmol) 
Cin7  = Ain7/Vin7 
Ain7' = kin6*Ain6 - kin7*Ain7 - kabin7*Cin7 
Init Ain7  = 0 
----------------------------------------------------------------------------------------------------  
small intestine tissue compartment 
ASIZEN: amount of ZEN in small intestinal tissue, (µmol) 
ASIZEN' = kabin1*Cin1+ kabin2*Cin2+ kabin3*Cin3+ kabin4*Cin4+ 
kabin5*Cin5+ kabin6*Cin6+ kabin7*Cin7+ QSI*(CB- CVSIZEN) - ASIZENGLU' 

Init ASIZEN=0 
CSIZEN = ASIZEN/VSI 
CVSIZEN = CSIZEN/PIZEN 

 ASIZENGLU: amount of ZEN metabolized to metabolite ZENGLU, (µmol) 
ASIZENGLU'= VmaxSIZENGLU*CVSIZEN/(KmSIZENGLU+ 

CVSIZEN)  
Init ASIZENGLU=0 

 --------------------------------------------------------------------------------------------------- 
 large intestine lumen compartment: microbial activity 
 ALIZEN: amount of ZEN in large intestine lumen, (µmol) 

ALIZEN' = kin7*Ain7 - ALIaZEL' - ALIbZEL' - Kb*CLIZEN - 
KfeZ*ALIZEN  

Init ALIZEN = 0 
CLIZEN = ALIZEN/ (VMB*BW) 

 ALIaZEL: amount of α-ZEL formed due to gut microbial activity, (µmol) 
ALIaZEL'= VmaxLIaZEL*CLIZEN/(KmLIaZEL + CLIZEN) 
Init ALIaZEL=0 

 ALIbZEL: amount of ß-ZEL formed due to gut microbial activity, (µmol) 
ALIbZEL'= VmaxLIbZEL * CLIZEN/(KmLIbZEL + CLIZEN) 
Init ALIbZEL=0 

 --------------------------------------------------------------------------------------------------- 
liver compartment 
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ALZEN: amount of ZEN in liver, (µmol) 
ALZEN' = QL*CB+QSI* CVSIZEN-(QL+QSI)*CVLZEN - ALaZEL' - 

ALbZEL'- ALZENGLU' + Kb* CLIZEN  
Init ALZEN=0 
CLZEN = ALZEN/VL 
CVLZEN = CLZEN/PLZEN 

 ALaZEL: amount of ZEN metabolized to metabolite α-ZEL in liver, (µmol) 
ALaZEL'= VmaxLaZEL* CVLZEN /(KmLaZEL+ CVLZEN) 
Init ALaZEL=0 

 ALbZEL: amount of ZEN metabolized to metabolite ß-ZEL in liver, (µmol) 
ALbZEL'= VmaxLbZEL* CVLZEN /(KmLbZEL+ CVLZEN) 
Init ALbZEL=0 

 ALZENGLU: amount of ZEN metabolized to metabolite ZENGLU in liver, (µmol) 
ALZENGLU'= VmaxLZENGLU* CVLZEN/(KmLZENGLU+ CVLZEN) 
Init ALZENGLU=0 

---------------------------------------------------------------------------------------------------- 
fat compartment 
AF = amount of ZEN in fat tissue, (µmol) 
AF' = QF*(CB-CVF)  
Init AF = 0 
CF = AF/VF 
CVF = CF/PFZEN 
---------------------------------------------------------------------------------------------------- 
rapidly perfused tissue 
AR = amount of ZEN in rapidly perfused tissue, (µmol) 
AR' = QR*(CB-CVR)  
Init AR = 0 
CR = AR/VR 
CVR = CR/PRZEN 
---------------------------------------------------------------------------------------------------- 
slowly perfused tissue 
AS = amount of ZEN in slowly perfused tissue, (µmol) 
AS' = QS*(CB-CVS)  
Init AS = 0 
CS = AS/VS 
CVS = CS/PSZEN 
---------------------------------------------------------------------------------------------------- 
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blood compartment 
AB: amount of ZEN in blood, (µmol) 
AB' = (QL+QSI)*CVLZEN + QF*CVF + QS*CVS + QR*CVR - QC*CB - 
KurZ*AB    
Init AB = 0 
CB = AB/VB 
AUC'=AB 
Init AUC=0 
----------------------------------------------------------------------------------------------------  
  urinary excretion 
AZur' = KurZ*AB 
Init AZur = 0 
=========================================================== 
  Main model: mass balance calculation 
=========================================================== 
Total = ODOSEumol  
Calculated = Ast+ Ain1 + Ain2 + Ain3 + Ain4 + Ain5 + Ain6 + Ain7+ ASIZEN 
+ASIZENGLU + ALIZEN+ ALIaZEL + ALIbZEL+ ALZEN + ALaZEL +
ALbZEL+ALZENGLU + AF + AR + AS + AB + AZur + AZfe

ERROR=((Total-Calculated)/Total+1E-30)*100 
MASSBBAL=Total-Calculated + 1 
=========================================================== 
 Sub-model calculations/dynamics: α-ZEL 

=========================================================== 
 large intestine lumen compartment  
 ARLIaZEL = amount of α-ZEL in large intestine lumen, (µmol) 

ARLIaZEL' = ALIaZEL' - kabin8*(ARLIaZEL/VMB*BW) - 
KfeaZ*ARLIaZEL 

init ARLIaZEL = 0 
----------------------------------------------------------------------------------------------------  
liver compartment 
ARLaZEL: amount of α-ZEL in liver, (µmol) 
ARLaZEL' = ALaZEL'+kabin8*(ARLIaZEL/VMB*BW) + (QL+QSI)*CBaZEL - 
(QL+QSI)*CVLaZEL - ALaZELGLU'   
Init ARLaZEL= 0 

CLaZEL = ARLaZEL/VL 
CVLaZEL = CLaZEL/PLaZEL 
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ALaZELGLU: amount of α-ZEL glucuronide in liver 
 ALaZELGLU'= VmaxLaZELGLU* CVLaZEL/(KmLaZELGLU+ 
CVLaZEL)  
 Init ALaZELGLU=0 
 
ALaZELGLUmg' = ALaZELGLU*MWZEN/1000*BW 
Init ALaZELGLUmg = 0 
----------------------------------------------------------------------------------------------------  
fat compartment 
AFaZEL: amount of α-ZEL in fat tissue, (µmol) 
AFaZEL' = QF*(CBaZEL-CVFaZEL)  
Init AFaZEL = 0 
 CFaZEL = AFaZEL/VF 
 CVFaZEL = CFaZEL/PFaZEL 
----------------------------------------------------------------------------------------------------  
rapidly perfused tissue 
ARaZEL: amount of α-ZEL in rapidly perfused tissue, (µmol) 
  ARaZEL' = QR*(CBaZEL-CVRaZEL)  
 Init ARaZEL = 0 
 CRaZEL = ARaZEL/VR 
 CVRaZEL = CRaZEL/PRaZEL 
----------------------------------------------------------------------------------------------------  
slowly perfused tissue 
ASaZEL: amount of α-ZEL in slowly perfused tissue, (µmol) 
 ASaZEL' = QS*(CBaZEL-CVSaZEL)  
Init ASaZEL = 0 
CSaZEL = ASaZEL/VS 
CVSaZEL = CSaZEL/PSaZEL 
----------------------------------------------------------------------------------------------------  
blood compartment 
ABaZEL: amount of α-ZELin blood, (µmol) 
ABaZEL' = (QL+QSI)*CVLaZEL + QF*CVFaZEL + QR*CVRaZEL + 
QS*CVSaZEL - QC*CBaZEL - KuraZ*ABaZEL 
Init ABaZEL= 0 
CBaZEL = ABaZEL/VB 
AUCaZEL'=ABaZEL 
Init AUCaZEL=0 
----------------------------------------------------------------------------------------------------  
urinary excretion 
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AaZur' = KurZ*ABaZEL 
Init AaZur = 0 
----------------------------------------------------------------------------------------------------  
fecal excretion 
AaZfe' =  KfeaZ*ARLIaZEL 
Init AaZfe = 0 
=========================================================== 
Sub-model calculations for ZENG excretion 
=========================================================== 
ZEN and α-ZEL-glucuronide available for recirculation and urinary excretion 
(Based on model for BPA by Teeguarden et al. (2005) and Yang et al. (2013)) 

Calculations for urinary excretion of the glucuronides assuming 90% is available for 
excretion via urine 
ADG'= 0.9*ALZENGLU - KurG*ADG 
Init ADG = 0 

AZGur' = KurG*ADG'    Amount of ZEN-glucuronide excreted in urine 
Init AZGur =0 
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Supplementary Figure 3.1. PBK model predicted time dependent blood concentration of ZEN 
and α-ZEL in human upon oral doses of 1.43x10-4 and 1.43 mg/kg bw. 

A B 
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Supplementary Figure 3.2. Predicted formation of -ZEL in liver and from microbial 
metabolism at different dose levels in humans.  

Supplementary Table 3.1. Glucuronidation of ZEN in small intestinal tissue and liver in rats 
and humans presented as the percentage of oral dose, after 2 hours after oral dosing  

Species Small intestinal  Liver  Total 
Rat 92.3 7.6 99.9 
Human 75.8 11.3 87.1 
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Abstract 

Zearalenone (ZEN) is a mycotoxin commonly present in grains such as maize, wheat 
and oats. ZEN is known to cause reproductive disorders with substantial interspecies 
and potentially also interindividual differences in sensitivity. These differences may 
in part be linked to differences in the metabolism of ZEN. In the liver and for the 
intestinal microbiome, the major biotransformation pathway of ZEN is the reduction 
to α-zearalenol (α-ZEL), which is a more potent estrogen, and β-zearalenol (β-ZEL) 
which is less potent. The aim of the present study was to quantify the consequences 
of interindividual differences in bioactivation and detoxification of ZEN by 
physiologically-based kinetic (PBK) modelling linked to Monte Carlo simulation. 
To this end the interindividual variation in Vmax and Km of α-ZEL and β-ZEL 
formation by intestinal microbiota or liver samples were assessed, each for a group 
of 20 individuals providing the input parameters for the PBK modeling and Monte 
Carlo simulation. The results obtained provided a distribution for the blood levels 
(Cmax) of ZEN and its metabolites from which a chemical-specific adjustment factor 
(CSAF) for human interindividual differences in kinetics was derived. The CSAF 
thus obtained indicated that use of the default HKUF is adequately protective for a 
healthy adult population. This study demonstrates the strength of an in vitro-in silico 
approach to characterize inter-individual variation in kinetics of ZEN enabling 
evaluation of the uncertainty factors for the risk assessment of ZEN. 
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4.1 Introduction 

The mycotoxin zearalenone (ZEN), produced by Fusarium spp. is present commonly 
in grains such as maize, wheat and oats (EFSA, 2011). Oral exposure to high levels 
of ZEN causes reproductive disorders such as infertility, abnormal lactation and 
vaginal prolapses in pigs (Mirocha & Christensen, 1974). Species differences 
observed in the toxicity of ZEN described in literature have been partly linked to 
differences in the metabolism of ZEN (EFSA, 2011). A major biotransformation 
pathway of ZEN is the enzymatic reduction of ZEN to α-zearalenol (α-ZEL) and β-
zearalenol (β-ZEL) (EFSA, 2011; Fitzpatrick et al., 1988). In the liver, the enzymes 
3α- and 3β-hydroxysteroid dehydrogenases (HSDs) catalyze the conversion of ZEN 
to α-ZEL and β-ZEL, respectively, by reducing the keto group at the 7’ position, 
resulting in a hydroxylated metabolite (Figure 4.1).  
Upon absorption, ZEN and its metabolites are distributed to various reproductive 
organs (Liang et al., 2015; Mally et al., 2016). Due to the structural similarity of 
ZEN and its metabolites to the natural estrogen 17β-estradiol (E2), they can act as 
endocrine active chemicals (Takemura et al., 2007). This activity has been linked to 
binding of ZEN and its metabolites to estrogen receptors (ER), acting as agonist (ER-
α) or partial agonist (ER-β) (Metzler et al., 2010). The estrogenic potential of α-ZEL 
has been reported to be on average 60-times higher than that of ZEN, while for β-
ZEL it is on average 5-times lower than that of ZEN (EFSA, 2011). A comparison 
of the metabolism of ZEN in pigs, rats and humans using in vitro incubations with 
hepatic and intestinal microbial fractions showed pigs and humans to have a 
preference for the formation of α-ZEL, while rats had a higher preference for β-ZEL 
formation in incubations with liver samples and comparable preference for the 
formation of α-ZEL and β-ZEL by intestinal microbiota (Malekinejad et al., 2006; 
Mendez-Catala et al., 2020). The higher preference for α-ZEL formation together 
with the in vivo observations in young gilts (Dänicke et al., 2005; Döll et al., 2003) 
has set them as the most susceptible species for ZEN induced adverse effects. Based 
on data in young gilts, a TDI of 0.25 µg/kg bw has been derived from a No Observed 
Effect Level (NOEL) of 10.4 µg/kg bw (Döll et al., 2003; EFSA, 2011). To establish 
the TDI, a default uncertainty factor (UF) of 4 for interspecies differences in kinetics 
and 10 for human variability were used, with the UF for human variability being 
divided in 3.16 for toxicokinetics and 3.16 for toxicodynamics (EFSA, 2011; IPCS, 
2005). Given the higher sensitivity of pigs and under the assumption that female 
humans would not be more sensitive than female pigs, the default UF of 2.5 for 
interspecies differences in dynamics was not included. To further refine the risk 
assessment, chemical-specific adjustment factors (CSAFs) might also be considered 
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for interindividual differences in toxicokinetics and toxicodynamics or for 
interspecies differences in toxicokinetics, to replace the respective default UF values 
(IPCS, 2005).
The human variability in kinetics or dynamics following ZEN exposure is not yet 
characterized. The physiologically-based kinetic (PBK) model previously developed 
for metabolism of ZEN in human, with a sub-model for α-ZEL (Chapter 4 of this 
thesis, offers a potential novel approach to define a CSAF for the interindividual 
differences in kinetics for ZEN. The CSAF is based on predictions of the maximum 
sum of the blood concentrations (Cmax) of ZEN and α-ZEL upon exposure to ZEN 
for different individuals, expressed in ZEN equivalents, calculated from the relative 
potency factor (RPF) of 1 for ZEN and 60 for α-ZEL (EFSA, 2016). The aim of the 
present study was to characterize a CSAF for the interindividual human differences 
in kinetics of ZEN using individual PBK models combined with Monte Carlo 
simulation, as previously also applied for phenols and lasiocarpine (Ninget al., 2019; 
Strikwoldet al., 2017). To this end, the individual human kinetics for 20 individuals 
for either hepatic or intestinal microbial metabolism of ZEN and formation of α-ZEL 
and β-ZEL, were determined to define individual PBK models enabling prediction 
of the variability in the maximum blood concentration of the sum of ZEN and α-ZEL 
expressed in ZEN equivalents. Based on the variability parameters thus obtained, 
Monte Carlo simulations were performed to extend the analysis to a larger number 
of individuals and define the distribution from which a CSAF for interindividual 
differences in kinetics within the population as a whole could be derived. 

Figure 4.1. Metabolism of ZEN by hydroxysteroid dehydrogenases in mammalians
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4.2 Materials and Methods 

4.2.1 Materials 

ZEN (CAS registry number 17924-92-4; ≥ 99.0%), α-ZEL (CAS registry number 
36455-72-8; >98%), β-ZEL (CAS registry number 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). Human liver S9 fractions from 20 individuals (10 females 
and 10 males) were purchased from Corning (Woburn, MA, USA), details on the 
individuals are found in Supplementary Table 4.1. β-Nicotinamide adenine 
dinucleotide phosphate, reduced form (NADPH; CAS registry number 2646-71-1) 
was purchased from Carbosynth (Berkshire, UK). Trizma® base (Tris, CAS registry 
number 77-86-1) and glycerol (CAS registry number 56-81-5) were obtained from 
Sigma-Aldrich (Steinheim, Germany). Magnesium chloride hexahydrate 
(MgCl2∙6H2O; CAS registry number 7791-18-6) and formic acid (FA; CAS registry 
number 64-18-6) were obtained from VWR International (Amsterdam, The 
Netherlands). 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). Phosphate-buffered saline (PBS, pH 
7.4), was obtained from Gibco (Paisley, UK). 

4.2.2 Collection of human fecal samples 

Human fecal samples were donated by 20 volunteers (15 females and 9 males), aged 
19-64 years. Individual information can be found in the Supplementary Table 4.2.
Volunteer donors did not consume antibiotics or visit tropical countries for 3 months
prior to sample donation and have no history of intestinal diseases. The research
protocol for use of these human samples was evaluated by the Medical Ethical
Reviewing Committee of Wageningen University (METC-WU) and judged not to
require further evaluation within the scope of the Dutch Medical Research Involving
Human Subjects Act. Samples from each individual were treated and stored
separately as follows: in specimen tubes, 3-5 gram of fecal samples were collected
and subsequently transferred into an anaerobic environment within 2 minutes after
donation by the participants. Samples were immediately diluted in an anaerobic
solution of 10% glycerol in PBS to obtain the fecal slurry (20% w/v). Samples were
manually homogenized with a sterile serological pipette and filtered using
SpinCon® (Meridian Bioscience Europe) centrifugal filters at 2,500 rpm for 5
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minutes. Aliquots were prepared from the resulting fecal slurry and stored at -80ºC 
until further use.  

4.2.3 Individual in vitro human hepatic metabolism of ZEN 

Human liver S9 fraction incubations to characterize the reduction of ZEN by hepatic 
samples were optimized to establish the conditions providing linearity over time and 
protein concentration. To obtain the kinetic parameters, the incubation mixtures with 
a final volume of 200 μl contained (final concentrations) 2 mM NADPH, 5 mM 
MgCl2 and 0.3 mg/ml liver S9 fraction proteins in 0.1 M Tris-HCl (pH 7.4). After 1-
minute pre-incubation at 37°C, the reactions were started by the addition of 1 - 500 
μM ZEN (from 100 times concentrated stock solutions in DMSO). The incubations 
were carried out for 5 min. To stop the reaction 20% (v/v) ice-cold ACN was added. 
Blank incubations were performed without the addition of NADPH. The samples 
were centrifuged for 5 min at 15,000 x g and the supernatant was kept on ice for 
immediate UPLC-PDA analysis. 

4.2.4 Individual in vitro human intestinal microbial metabolism of ZEN 

To characterize the formation of α-ZEL and β-ZEL by intestinal microbiota, 
incubations with individual fecal samples were performed. A range of substrate 
concentrations of ZEN was incubated to establish reaction kinetics. Incubation mixes 
of 100 µL were prepared containing 1 - 250 µM of ZEN added from 200x 
concentrated stock solutions in DMSO (0.5% DMSO final concentration), 10 mg 
feces/mL (final concentration), and PBS (pH 7.4). The samples were incubated 
anaerobically at 37°C for 5 hours. Under these conditions the reactions were linear 
time and fecal concentration (data not shown). To stop the reaction, 100 μl of ice-
cold MeOH were added, the samples were vortexed, and kept on ice for at least 10 
minutes. The samples were centrifuged at 21,500 x g for 15 minutes at 4ºC and the 
supernatant was kept on ice for immediate LC-MS/MS analysis. Two independent 
experiments for each individual were done and data are presented as mean ± standard 
deviation (SD). 

4.2.5 UPLC-PDA and LC-MS analysis: Quantification of α-ZEL and β-ZEL 

The formation of α-ZEL and β-ZEL in incubations with human liver S9 fractions 
was quantified in an UPLC-PDA system (Waters Acquity). The UPLC system was 
equipped with an Acquity BEH C18 column 1.7 μm, 50 mm x 2.1 mm (Waters) set 
at 45 ºC and a UV detection system recording wavelengths of 190-400 nm. Nanopure 
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water (A) and ACN (B) were used as eluents 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 minutes and 100-0% B (8 - 8.1 min) for 
equilibration. Per run, 3.5 μl of sample were injected. ZEN, α-ZEL and β-ZEL were 
identified using commercially available standards. Chromatograms were presented 
at 235 nm and chemicals were quantified by comparison of the peak areas at 235 nm 
to those from standard curves prepared using commercially available standards. 
α-ZEL and β-ZEL formed in incubations with human fecal samples were quantified 
by LC-MS/MS to enable quantification without disturbance from matrix-derived 
peaks. The analysis was performed on a Nexera XR LC-20AD SR UPLC system 
coupled to a triple quadrupole LCMS 8040 mass spectrometer (Shimadzu Benelux, 
‘s Hertogenbosch, The Netherlands) with electrospray ionization (ESI) interface. 
The UPLC system was equipped with a Kinetex® C18 column 1.7μm, 50 mm x 2.1 
mm (Phenomenex) and set at 40 ºC with a flow rate of 0.3 ml/min. The mobile phases 
consisted of nanopure water containing 0.1% (v/v) formic acid (A) and ACN 
containing 0.1% (v/v) formic acid (B). The total run time was 14 minutes 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 minutes and 100-0% B (8 - 8.1 min) for 
equilibration. Per run, 1 μl of sample was injected. MS/MS analysis was operated in 
the positive ion mode and the MRM mode with a spray voltage of 4.5 KV. The 
transitions monitored were (m/z) 319.2 → 301.2, 319.2 → 283.1, 319.2 → 187.1 for 
ZEN; (m/z) 321.2 → 303.1, 321.2 → 285.1, 321.2 → 131.0 for α-ZEL; and 321.2 → 
303.2, 321.2 → 285.15, 321.2 → 267.0 for β-ZEL. The Postrun Analysis function 
from the LabSolutions software (Shimadzu, Kyoto, Japan) was used to obtain the 
peak area of the total ion chromatogram (TIC) for each compound. For quantification 
of the compounds, the areas were compared to standard curves made using 
commercially available standards. 

4.2.6 Kinetic analysis 

To derive the kinetic constants for the formation of α-ZEL and β-ZEL by both the 
microbial and human hepatic metabolism, the amount of metabolites formed 
expressed per gram of feces or protein, respectively, and per unit of time (rate of 
formation) were calculated using Microsoft Excel (version 2016) and plotted against 
the substrate concentrations used. The curve for each metabolite was fitted in 
GraphPad Prism 5.04 (GraphPad software, San Diego California, U.S.A.) using a 
standard Michaelis-Menten regression (V=Vmax*[S]/(Km+[S])) to obtain the in vitro 
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kinetic constants, Vmax (pmol/min/mg feces or pmol/min/mg protein) and Km (μM) 
for the microbial and human hepatic formation of α-ZEL and β-ZEL. 

4.2.7 PBK modelling and Monte Carlo simulation 

In the present study, the PBK model previously developed for ZEN including a sub-
model for α-ZEL (Chapter 4 of this thesis) was used for the evaluation of the inter-
individual variation in blood concentrations of ZEN and α-ZEL that may result from 
differences in the kinetics for the metabolism of ZEN in liver and intestinal 
microbiota.  
The interindividual variation in formation of α-ZEL and β-ZEL from ZEN in the 
liver and by intestinal microbiota was assessed using a population of 20 individuals 
each. All possible combinations of the kinetic constants Vmax and Km obtained from 
incubations with 20 individual liver S9 fractions and 20 individual intestinal 
microbiota samples were used to define 400 different individual PBK models. From 
the predicted time-dependent concentration profiles for ZEN and α-ZEL obtained 
from each individual model at a dose equivalent to the current TDI of 0.25 µg/ kg 
bw (EFSA, 2011) the total time-dependent concentration profile expressed in ZEN 
equivalents was calculated for each model based on the RPF of 1 for ZEN and 60 for 
α-ZEL (EFSA, 2016). From this curve the Cmax expressed in ZEN equivalents was 
derived. From the Vmax and Km obtained in the hepatic and fecal incubations, also the 
mean (µx) and coefficient of variation (CV) of the kinetic parameters for α-ZEL and 
β-ZEL formation were obtained. 
Next, the PBK model was linked to Monte Carlo simulations to simulate the 
consequences of the interindividual variation in Vmax and Km for conversion of ZEN 
to α-ZEL and β-ZEL in the liver and by the intestinal microbiota for the predicted 
Cmax of ZEN and of α-ZEL (expressed in ZEN equivalents) at an oral dose of 0.25 
µg/ kg bw, the current TDI for ZEN (EFSA, 2011), in a larger human population. 
For the Monte Carlo analysis, a total of 10,000 simulations were performed. In each 
simulation the Vmax an Km values were taken randomly from a log-normal 
distribution. The distributions were truncated at ±3 SD by excluding values that were 
3 times higher or lower than the geometric mean (GM) (Ning et al., 2019; Strikwold
et al., 2017). The log-normal distribution of Vmax and Km for α-ZEL and β-ZEL 
formation were defined by the mean (µw) and the standard deviation (σw) according 
to (Zhang et al., 2007): 

𝜇𝜇𝑤𝑤  =  ln 𝜇𝜇𝑥𝑥

√1 + 𝐶𝐶𝐶𝐶𝑥𝑥
2

and 
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𝜎𝜎𝑥𝑥
2 =  ln(1 +  𝐶𝐶𝐶𝐶𝑥𝑥

2) 
The model predictions with the Monte Carlo simulation were performed with 
Berkeley Madonna 8.0.1 (UC Berkeley, CA, USA) using the Rosenbrock’s 
algorithm for stiff systems. The generated population distribution was statically 
analyzed with GraphPad Prism 5.04 (GraphPad software, San Diego California, 
U.S.A.) to obtain the GM and different percentiles (P95 and P99) of the Cmax values 
for ZEN equivalents. The population distribution enabled the prediction of the 
CSAF, obtained by dividing the 95th or 99th percentile of Cmax of ZEN plus α-ZEL 
expressed in ZEN equivalents by the GM (IPCS, 2005).  

4.3 Results 

4.3.1 Formation of α-ZEL and β-ZEL by individual human liver S9 fractions 

Table 4.1 presents the kinetic parameters for the formation of α-ZEL and β-ZEL 
from ZEN in incubations with liver S9 fractions from 20 individuals. The difference 
between the highest and the lowest value obtained for kcat for α-ZEL formation is 8-
fold with a CV of 40.3%. For β-ZEL formation the difference between the highest 
and lowest kcat values is 13-fold with a CV of 84.2%. The relatively higher CV for 
the kcat for β-ZEL formation is caused by the relatively high kcat value for individual 
H0751. The comparison of the average kcat for α-ZEL and β-ZEL formation, showed 
the average kcat for β-ZEL to be 3.9-fold lower than the one for α-ZEL indicating an 
overall preference for conversion of ZEN to α-ZEL over formation of -ZEL. No 
significant variations between gender and kcat values were found for the liver 
metabolism (Supplementary Figure 4.1). 

4.3.2 Formation of α-ZEL and β-ZEL by individual human intestinal 
microbiota 

The kinetic parameters for the conversion of ZEN to α-ZEL and β-ZEL in 
incubations with 20 individual human fecal samples are presented in Table 4.2. 
Compared to the hepatic metabolism, the intestinal microbiota resulted in a relatively 
higher interindividual variation in the parameters for α-ZEL and β-ZEL formation. 
The lowest and the highest kcat values for α-ZEL were 8.5 times different with a CV 
of 59.1%. The kinetic parameters, Vmax and Km for β-ZEL formation varied greatly 
with CV values of 133.8% and 150.7%, respectively, which was due to the absence 
of β-ZEL formation in 11 out of the 20 individuals. No significant variations between 
gender and kcat values were found for the intestinal microbial metabolism 
(Supplementary Figure 4.2). 
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4.3.3 PBK modeling and Monte Carlo simulation 

The influence of the interindividual differences in α-ZEL and β-ZEL formation in 
liver and intestinal microbiota on the Cmax of ZEN plus α-ZEL, expressed in ZEN 
equivalents, were evaluated by two methods. In the first method, the variation in Cmax 
expressed in ZEN equivalents was determined using the data for the two sets of 20 
individuals, one set for liver (Table 4.1) and one set for intestinal microbiota (Table 
4.2). The individual kinetic parameters, i.e. Vmax and Km, present in these data sets 
were combined to result in 400 individual PBK models. Figure 4.2 shows the box 
and whisker plot for the predicted Cmax expressed in ZEN equivalents obtained with 
these 400 individual PBK models at an oral dose equivalent to the TDI of 0.25 µg/kg 
bw. Table 4.3 presents the geometric mean (GM), GM CV (%) and fold-variation 
between the minimum and maximum of the predictions thus obtained. As no gender 
differences were observed, the current CV for the mixed population was considered 
adequate for the modelling approach in this study. In the second method, a Monte 
Carlo simulation was performed at an oral dose of 0.25 µg/kg bw to evaluate the 
interindividual variation in Cmax expressed in ZEN equivalents that could occur in a 
larger population. The Monte Carlo simulation was performed in order to take the 
combination of the variability in liver and microbial kinetics into account. The Monte 
Carlo simulation resulted in the elimination of 1.2% of the 10,000 simulations, so 
that results obtained relate to 9879 individuals. The box and whisker plot for the 
predicted Cmax expressed in ZEN equivalents obtained from the Monte Carlo 
simulations is shown in Figure 4.2. The frequency distribution for the predicted Cmax 
obtained from the simulated population is presented in Figure 4.3. The GM, GM CV 
(%) and the fold variations of the simulated population are presented in Table 4.3. 
The GM for the Cmax expressed in ZEN equivalents obtained from the Monte Carlo 
simulation appeared to be comparable (1.1-fold higher) to the GM obtained from the 
400 individual PBK models. When the 95th and 99th percentile of the population were 
considered, the fold variation was 4.7 and 8.3, respectively, a variation being higher 
for the Monte Carlo simulation than what was obtained using the 400 individual PBK 
models. The chemical specific adjustment factor (CSAF) was defined as the ratio 
between the 95th and 99th percentile obtained from the distribution of the Cmax 
expressed in ZEN equivalents in the simulated population (Figure 4.3) divided by 
the GM (IPCS, 2005). The 95th and 99th percentiles of the Cmax of ZEN equivalents 
amounted to 0.55 and 0.84 pM, respectively. The CSAF values obtained were 2.45 
for the 95th percentile and 3.97 for the 99th percentile.  
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Figure 4.2. Box and whisker plot representing the distribution of the maximum blood 
concentration (Cmax) expressed in ZEN equivalents at an oral dose of 0.25 µg ZEN/ kg bw, 
representing the TDI of ZEN, predicted with the PBK model resulting in 400 individual PBK 
models from a combination of 20 individuals for liver and 20 individuals for intestinal 
microbiota. Also, the distribution in Cmax predicted with the PBK model linked with Monte 
Carlo (MC) simulation for 9879 individuals including the variation in Vmax and Km for α-
ZEL and β-ZEL formation from ZEN in liver and intestinal microbial metabolism is 
presented. The whiskers represent the minimum and maximum Cmax expressed in ZEN 
equivalents. 

Figure 4.3. Frequency distribution for the Cmax expressed in ZEN equivalents in 9879 
individuals after a single oral dose of 0.25 µg/kg bw obtained by Monte Carlo simulation 
including the variation in Vmax and Km for α-ZEL and β-ZEL formation from ZEN in liver 
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and microbiota. The GM, P95 and P99 representing the geometric mean, and the 95th and 99th 
percentile of the distribution are indicated. 

Table 4.3. Geometric mean, GM, CV (%) and the fold difference between the minimum and 
maximum, the 5th and 95th or the 1st and 99th percentile of the Cmax expressed in ZEN 
equivalents after exposure to an oral dose of 0.25 µg/kg bw of ZEN predicted by individual 
PBK models and by PBK modeling linked to Monte Carlo simulation. 

Cmax of ZEN equivalents of 
400 individual PBK models 

Cmax of ZEN equivalents of PBK 
model with MC simulation for liver 

and microbiota 

GM (pM) 0.2038 0.2252 
GM CV (%) 20 60 

Fold-variation  2.6 a 4.7 b 8.2 c 
a Fold variation of the predicted minimum and maximum Cmax of ZEN equivalents by 
individual PBK models 
b Fold variation of the 5th and 95th percentile of the population for the predicted Cmax of 
ZEN equivalents obtained from the PBK model coupled with Monte Carlo simulation 
c Fold variation of the 1st and 99th percentile of the population for the predicted Cmax of 
ZEN equivalents obtained from the PBK model coupled with Monte Carlo simulation 

4.4 Discussion 

The present study aimed to assess the effect of interindividual variation in kinetics 
for conversion of ZEN to α-ZEL and β-ZEL by liver and intestinal microbiota for 
the blood concentration of ZEN plus α-ZEL expressed in ZEN equivalents. In this 
analysis α-ZEL was taken into account because this metabolite has been shown to 
be 60 fold more potent as an estrogen than ZEN itself, so the Cmax was expressed in 
ZEN equivalents using a RPF for ZEN of 1.0 and for α-ZEL of 60 (EFSA, 2016). To 
quantify the interindividual variability, individual in vitro derived kinetics for liver 
and intestinal microbial formation of α-ZEL and β-ZEL from ZEN were included in 
a PBK model and results obtained were coupled with Monte Carlo simulations. A 
previous sensitivity analysis of this PBK model revealed liver conversion of ZEN to 
α-ZEL to be factors of major influence on the plasma levels of ZEN plus α-ZEL 
expressed in ZEN equivalents, with the influence of the conversion by the microbiota 
being relatively moderate (Chapter 4 this thesis). Nevertheless, interindividual 
differences in both these processes were included in the current analysis. To quantify 
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the interindividual differences in metabolism of ZEN and in the resulting plasma 
levels of ZEN plus α-ZEL expressed in ZEN equivalents, first, the kinetic parameters 
for the formation of α-ZEL and β-ZEL from ZEN were obtained from individual 
incubations with human liver S9 fractions and fecal samples, and used to build 
individual PBK models for ZEN. The 400 individual PBK models obtained were 
used to predict Cmax expressed in ZEN equivalents for 400 individuals. Secondly, the 
interindividual variation in a larger population was predicted by Monte Carlo 
simulation in connection with the PBK model for ZEN. The population distribution 
of Cmax expressed in ZEN equivalents from the Monte Carlo simulation was used for 
the prediction of CSAF values. The ratio of the GM and the 95th percentile resulted 
in a CSAF of 2.45 for a healthy population. Given that in risk assessment, the 95th 
percentile is generally considered to protect sensitive individuals in a population, the 
CSAF of 2.45 indicates that the default safety factor is adequately protective for the 
healthy population when compared to the default uncertainty factor of 3.16 (HKUF) 
for inter-individual kinetic variation (IPCS, 2005). Whether this also holds for 
prepubertal individuals and children remains to be established, although it is 
expected that a potential increased sensitivity of this subgroups may rather be due to 
differences in toxicodynamics, such as interindividual differences in the number and 
sensitivity of ERs and the pathways following ER activation (Dänicke and Winkler, 
2015; Fitzpatrick et al., 1989; Kuiper et al., 1998). In pigs, prepubertal individuals 
seem to be more sensitive to ZEN exposure, but the underlying mode of action and 
its relevance for human remains to be established (Andretta et al., 2011; Bandera et
al., 2011; Döll et al., 2004; Gajęcka et al., 2012; Szuets et al., 1997). Nevertheless, 
the inclusion of a subgroup including prepubertal individuals in defining the 
interindividual differences also for kinetics of ZEN remains of interest for future 
research. In the guideline of IPCS, it is established that a CSAF can be estimated for 
a bimodal population, selecting the 95th percentile of the sensitive subgroup to define 
the CSAF, dividing it by the GM of the general population (IPCS, 2005). This may 
result in a CSAF higher than 2.45 and perhaps more in line with the default value of 
3.16 or the value obtained when using the 99th percentile of the distribution obtained 
in the present study amounting to 3.97.  
The individual kinetic differences observed in liver may be ascribed to 
interindividual differences in the activity of the enzymes responsible for the aliphatic 
hydroxylation of ZEN, i.e. formation of α-ZEL and β-ZEL, 3α- and 3β-
hydroxysteroid dehydrogenase (HSD) (Malekinejad et al., 2005). These differences 
may relate to factors other than age or gender related variability; a previous study 
characterizing the activities of 3α-HSD and 3β-HSD in females and males reported 



Chapter 4 

138 

no signification variation between the two groups (Pirog and Collins, 1999). Dong
et al. (2010) reported no significant gender differences based on an in vitro study 
assessing the formation of α-ZEL in hepatic tissue of goats. Similarly, no correlation 
was found between age (range 19 to 64 years) and the formation of α-ZEL and β-
ZEL in the present study and also the mean catalytic efficiencies for α-ZEL and β-
ZEL formation in males and females were comparable. The enzymes involved in the 
formation of α-ZEL and β-ZEL from ZEN by the intestinal microbiota have not yet 
been elucidated, but evidence suggests the presence of homologue proteins that 
resemble 3α-HSDs in steroid reduction activity (Kisiela et al., 2012). Additionally, 
ZEN might act as terminal electron acceptor for anaerobic respiration in the gut 
(Spanogiannopoulos et al., 2016), which might also explain the chemical reduction 
of ZEN to α-ZEL and β-ZEL.  
Although no gender correlations were found in the present study, differences 
between individuals in the formation of α-ZEL, β-ZEL, and the ratioα-ZEL/β-ZEL were 
found. This indicates that other factors may have an influence on the metabolism of 
ZEN. External factors, such as diet, could for example influence 3β-HSD expression 
in the liver (Rasmussen et al., 2012) and intestinal microbial composition (Duncan
et al., 2007; Lewis et al., 2015; Singh et al., 2017). Genetic variation may also play 
a role. In humans 3α-HSD in the liver is encoded by the AKR1C4 gene (NCBI, 2020). 
Single Nucleotide Polymorphisms (SNPs) in the AKR1C4 gene may influence the 
biotransformation of exogenous and endogenous steroids (Rižner and Penning, 
2014), and could therefore possibly influence the reduction pathway of ZEN. 
Furthermore, intestinal microbial composition is influenced by host genetics (Chen
et al., 2018; Goodrich et al., 2014). Therefore, genetic and environmental factors 
may contribute to the interindividual variability in the metabolism of ZEN observed 
in the present study. 
Overall, the variation in the human kinetics of ZEN and their influence in the Cmax 
values can be studied through PBK modelling linked to Monte Carlo simulation. The 
CSAF values estimated in this study of 2.45 for the 95th percentile and 3.97 for the 
99th percentile of the adult population suggest the default HKUF to be protective 
enough for the adult healthy population. Whether this also holds for children remains 
to be investigated, and could be done using a similar in vitro-in silico approach using 
PBK modelling in conjunction with Monte Carlo simulation for the estimation of 
health based guidance values defined using CSAF values for human interindividual 
variation. 
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Supplementary Material 

Supplementary Table 4.1. Information for individual liver S9 fractions from Corning 
(Woburn, MA, USA) 

Individual code Gender Age 

H0033 M 44 
H0041 M 33 
H0120 F 57 
H0164 M 30 
H0177 F 45 
H0205 F 48 
H0208 F 78 
H0220 F 33 
H0251 F 42 
H0420 M 42 
H0422 M 69 
H0428 F 57 
H0438 M 56 
H0441 M 63 
H0442 M 49 
H0487 M 48 
H0751 M 29 
H0025 F 30 
H0246 F 40 
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Supplementary Table 4.2. Information for the individual fecal samples collected in this study 

Individual Gender Age 

1 F 28 
2 F 24 
3 F 60 
4 M 25 
5 M 35 
6 M 65 
7 M 45 
8 M 28 
9 F 25 
10 M 27 
11 F 19 
12 F 25 
13 M 26 
14 F 59 
15 F 26 
16 F 24 
17 M 64 
18 M 26 
19 F 27 
20 F 31 
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Supplementary Figure 4.1.Comparison of male and female in vitro kcat values for α-ZEL and 
β-ZEL formation from incubations with human S9 fractions.  

Supplementary Figure 4.2. Comparison of male and female in vitro kcat values for α-ZEL and 
β-ZEL formation from incubations with human fecal slurries. 
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Abstract 

Zearalenone is a secondary metabolite from fungi (Aspergillus and Fusarium) 
infecting crops. In plants, ZEN is conjugated with glucose, to facilitate its storage in 
the vacuoles, with zearalenone-14-glucoside (ZEN-14-G) being the most prevalent 
form. The modified forms of ZEN were not considered to be of concern due to a low 
bioavailability, but in recent years it became clear that the intestinal microbiota can 
increase the bioavailability. In 2016 the European Food Safety Authority (EFSA), 
proposed a group health-based guidance value (HBGV) for ZEN and its modified 
forms, equal to 0.25 �g/ kg bw derived from estrogenic effects observed in immature 
gilts exposed to ZEN as critical effect. In the present study we used an in vitro model 
to study interspecies (rat, pig and human) and human interindividual differences in 
the hydrolysis of ZEN-14-G to ZEN by the intestinal microbiota derived from fecal 
samples. Substantial interspecies and interindividual differences were observed in 
vitro. An in vivo estimation indicated that all three species and all individuals are 
likely to fully hydrolyze ZEN-14-G in less than 0.01% of the total colonic transit 
time. These results suggest that ZEN-14-G will become bioavailable as ZEN by the 
action of the intestinal microbiota, and fully supports the inclusion of ZEN-14-G in 
the current group HBGV with equal potency to ZEN. 
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5.1  Introduction 

Mycotoxins are secondary metabolites of fungi (e.g. Aspergillus, Fusarium, and 
Penicillium) infecting diverse crops and known to exert toxic effects in animals and 
humans. Zearalenone (ZEN) is a mycotoxin produced by Fusarium spp. mainly in 
crops of maize and wheat, that can be found in food and feed (EFSA, 2011). ZEN 
and its metabolites are known to cause reproductive disorders in animals and 
humans, and the group health-based guidance value (HBGV), i.e. the tolerable daily 
intake (TDI), proposed by the European Food Safety Authority (EFSA) was derived 
using the estrogenic effects observed in immature gilts exposed to ZEN as critical 
effect �����������;������������. The modified forms of ZEN are a result of plant 
metabolism, in which ZEN is conjugated with glucose and/or sulphates to increase 
its polarity and facilitate storage of the mycotoxin in the vacuoles (Broekaert et al., 
2015). Though ZEN has multiple sites for potential conjugation (Figure 5.1), most 
modifications occur at its hydroxyl moiety at C14 because conjugate formation at 
�������������������������������������������������������������������������� ����
carbonyl at C1 of ZEN. Thus, ZEN-14-glucoside (ZEN-14-G) is known as the most 
prevalent conjugated (modified) form of ZEN. According to Berthiller et al. (2013) 
the presence of ZEN-14-G in food products could account for up to 30% of the total 
ZEN content.  
Initially, the modified forms of ZEN were not considered to be of concern for human 
health due to their limited bioavailability related to a high molecular weight and poor 
absorption upon ingestion. However, it is now well recognized that the intestinal 
microbiota can mediate several metabolic reactions, one of them being 
deglycosylation (Sousa et al., 2008), thereby affecting the bioavailability of ZEN-
14-G. The metabolism of modified forms of ZEN has been studied in vivo in pigs 
(Binder et al., 2017), and the potential of the human intestinal microbiota to 
hydrolyze the modified forms of ZEN has been shown in vitro using fecal samples 
(Dall’Erta et al.������;������ et al., 2017). This implies that the intestinal microbiota 
expands the host’s metabolic capacity for ZEN-14-G. However, overall differences 
in the intestinal microbial communities between species and individuals have been 
described (Krych et al.�� ����;� ������ et al., 2015), and may originate from 
differences in age, gender, diet, lifestyle and/or genetic background (Nicholson et 
al., 2012).  
The aim of the present study was to use an in vitro model based on the use of fecal 
samples derived from rats, pigs and humans to quantify the kinetic parameters for 
the hydrolysis of ZEN-14-G to ZEN by the intestinal microbiota. Additionally, 
interindividual differences in the formation of ZEN from ZEN-14-G by the human 
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intestinal microbiota were characterized. The kinetic data obtained were compared 
to intestinal residence time to get an insight in the efficiency of this metabolic 
conversion and the resulting bioavailabilityof ZEN from ZEN-14-G in the different 
species and for different individuals.The results obtained will elucidate possible 
species differences as well as human interindividual differences in microbial 
metabolism and the potential contribution of ZEN-14-Gto ZEN exposure.

Figure 5.1.ZEN and its major modified form ZEN-14-G

5.2 Materials and methods

5.2.1 Materials

ZEN-14-β-D-glucoside(CAS 105088-14-0) was purchased from HPC standards 
GmbH (Cunnersdorf, Germany). ZEN (CAS 17924-92-4; ≥ 99.0%), was purchased 
from Sigma-Aldrich (Schnelldorf, Germany). Stock solutions of the test chemicals 
were prepared in dimethyl sulfoxide (DMSO) purchased from Merck (Darmstadt, 
Germany). Methanol (MeOH, UPLC/MS grade) and acetonitrile (ACN, UPLC/MS 
grade) were purchased from Biosolve (Valkenswaard, The Netherlands). Phosphate-
buffered saline (PBS, pH 7.4), was obtained from Gibco (Paisley, UK). 

5.2.2 Collection of fecal samples

Fecal samples of Wistar rats (10 male, 15 female) were kindly provided by BASF 
(Ludwigshafen, Germany). Fecal sample from piglets (5 females and 5 males) were 
kindly provided by Wageningen Livestock Research (Wageningen, The 
Netherlands) and collected during dissection of untreated control animals of an 
animal study for which permission (license number 2016.D0136.003) by the Animal 
Care and Use Committee of Wageningen University & Research (Wageningen, The 
Netherlands) was obtained. Fecal samples from human (7 females and 3 males) were 
donated by 10 healthy volunteers, aged 24-64 years. Volunteer donors did not 
consume antibiotics or visit tropical countries for 3 months prior to sample donation 
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and have no history of intestinal diseases. The research protocol for use of these 
human samples was evaluated by the Medical Ethical Reviewing Committee of 
Wageningen University (METC-WU) and judged not to require further evaluation 
within the scope of the Dutch Medical Research Involving Human Subjects Act. All 
samples were transferred into an anaerobic environment as soon as possible and at 
most within minutes after collection. 
Briefly, fresh fecal samples were weighed and diluted in anaerobic solution of 10% 
glycerol in PBS to obtain a fecal slurry (20% w/v) under anaerobic conditions (85% 
N2, 10% CO2 and 5% H2, in a Bactron EZ anaerobic chamber). The samples were 
manually homogenized with a sterile serological pipette and filtered using a woven 
sterile medical gauze dressing (HeltiQ) for rat and pig samples or SpinCon® 
(Meridian Bioscience Europe) centrifugal filters for human samples. The resulting 
filtrate was divided into aliquots and stored at -80ºC until further use. Individual 
human samples were treated and stored separately. Prior to the experiment, a pool of 
10 (human) individuals was prepared  

5.2.3  In vitro incubation of ZEN­14­G with fecal samples 

The in vitro incubations of ZEN-14-G with pooled fecal samples for rats, pigs and 
humans, as well as for the 10 individual humans, were performed under anaerobic 
����������������������������������������������������������������������������������
��������������������������������������������������������������������������������������
humans and 1 - ����������-14-G (added from 100x concentrated stock solutions 
in DMSO). The reaction was started by the addition of ZEN-14-G after a 5-minute 
pre-incubation at 37 ºC. The mixtures were incubated anaerobically at 37 ºC for 5 
minutes. Under these conditions, the hydrolysis of ZEN-14-G was linear in time and 
with the fecal concentration (see Supplementary Material). The reactions were 
terminated by the addition of 100 μl ice-cold MeOH, the samples were vortexed, and 
kept on ice for 10 minutes. Subsequently the samples were centrifuged at 21,500 x g 
for 15 minutes at 4 ºC, and the supernatants were kept for immediate liquid 
chromatography-����������������������������-MS/MS) analyses. Blank controls 
without fecal sample were included to assess the stability of ZEN-14-G during the 
incubation. Incubations with individual human fecal samples were performed in the 
same way. Three independent experiments for each species and for each (human) 
individual were done and data are presented as mean ± standard deviation (SD). 
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5.2.4  Quantification of ZEN: LC­MS/MS analysis 

The formation of ZEN from ZEN-14-G in incubations with rat, pig and human fecal 
slurry was quantified by LC-MS/MS. The analysis was performed on a Nexera XR 
LC-20ADXR UPLC system coupled to an LCMS 8045 mass spectrometer 
(Shimadzu Benelux, ‘s Hertogenbosch, The Netherlands). The UPLC system was 
equipped with a Kinetex® C18 column 1.7μm, 50 mm x 2.1 mm (Phenomenex) and 
operated at a flow rate of 0.3 ml/min at 40 ºC. The mobile phases consisted of 
nanopure water containing 0.1% (v/v) formic acid (A) and ACN containing 0.1% 
(v/v) formic acid (B). The total run time was 14 minutes 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 minutes and 100-0% B (8 - 8.1 min) and kept at 0% B for re-
equilibration of the column. Per run, 1 μl of sample was injected. MS-MS analysis 
was performed in the LCMS 8045 triple quadrupole with electrospray ionization 
(ESI) interface. The analysis was operated in the negative ion mode and the MRM 
mode with a spray voltage of 4.5 KV. The transitions monitored were (m/z) 479.10 
→ 317.1 ZEN-14-�;������������������→ 175.0, 317.10 → 273.10, 317.10 → 131.0
for ZEN. The Postrun Analysis function from the LabSolutions software (Shimadzu,
Kyoto, Japan) was used to obtain the peak area of the total ion chromatogram (TIC)
for each compound. For quantification, the areas were compared to standard curves
made using commercially available standards.

5.2.5  Kinetic analysis 

To derive the kinetic constants for the formation of ZEN from ZEN-14-G by rat, pig 
and human (pooled and individual) microbial metabolism, the amount of ZEN 
formed expressed per gram of feces and per unit of time (rate of formation) were 
calculated using Microsoft Excel (version 2016) and plotted against the substrate 
concentrations used. The curve for each metabolite was fitted in GraphPad Prism 
5.04 (GraphPad software, San Diego California, U.S.A.) using a standard Michaelis-
Menten regression (Equation 1) to obtain the in vitro kinetic constants, Vmax 
(nmol/min/mg of feces) and Km (μM) for the microbial metabolism of ZEN-14-G. 

VZEN = Vmax * [ZEN-14-G] / (Km + [ZEN-14-G])  Equation 1 
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5.2.6  Estimation of in vivo microbial metabolism of ZEN­14­G in rat, pigs and 
humans  

The in vitro Vmax (nmol/min/mg feces) for the formation of ZEN in anaerobic 
incubations with fecal samples from rat, pig and (pooled and individual) human was 
scaled to an in vivo Vmax, in vivo (μmol/h) using the reported average defecation masses 
of 4.1 g feces/day for rat (Kimura and Higaki, 2002), 1,360 g feces/day for pigs 
(Mariscal-Landin, 2007) and 128 g feces/day for humans (Rose et al., 2015). The Km 
values in vitro were assumed to be equal to the Km values in vivo.  
The kinetic parameters obtained were used to calculate the rate of formation of ZEN 
(VZEN) in vivo from a mean estimated intake of ZEN-14-G using equation 1, where 
the Vmax used was the estimated Vmax, in vivo (�mol/h), Km was assumed to be equal in 
vivo to in vitro and [ZEN-14-G] is the concentration of ZEN-14-G (nM) in the colon 
estimated as follows. The concentration of ZEN-14-G was assumed from an 
intestinal amount of ZEN-14-G resulting from an estimated daily intake (EDI) of 2.8 
ng/kg bw/day calculated from the mean occurrence of ZEN-14-G of 39 �g/kg 
reported in breakfast cereals (Boevre et al., 2012) and a mean consumption for adults 
of 5 g cereal/day (EFSA, 2011). Firstly, the EDI was corrected for average body 
masses of 0.25 kg for rats (Brown et al., 1997), 25 kg for pigs (Upton, 2008) and 70 
kg for humans (Brown et al., 1997). Secondly, the dose was converted to nmol using 
the molecular weight (MW) of 480.5 g/mol for ZEN-14-G. Finally the [ZEN-14-G] 
(nM) was calculated by dividing by the colonic volume assumed to be equal to the 
fecal defecation volume per day for rats, pigs and humans for this purpose to correct 
for differences in microbial density. The time (min) required to hydrolyze all ZEN-
14-G at this dose could be estimated dividing ZEN-14-G (nmol) by the VZEN 
(nmol/h) obtained multiply by 60 for the conversion from hours to minutes. The 
times required for full hydrolysis of ZEN-14-G were compared to the fecal residence 
time reported in literature.  

5.3  Results 

5.3.1  In  vitro  and  in  vivo  interspecies  differences  in  intestinal  microbial 
hydrolysis of ZEN­14­G 

To study the hydrolysis of ZEN-14-G by the intestinal microbiota from rats, pigs and 
humans, the concentration-dependent conversion of ZEN-14-G to ZEN by pooled 
fecal samples under anaerobic conditions was quantified (Figure 5.2). The formation 
of ZEN from ZEN-14-G showed to be a rapid process. With the optimized conditions 
for linear metabolism of 2 mg/mL of fecal slurry and 5 minutes, the release of ZEN 
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from ZEN-14-G followed Michaelis-Menten behavior allowing the derivation of the 
in vitro kinetic constants Vmax and Km. In the absence of the intestinal microbiota, 
ZEN-14-G was stable under the incubation conditions. The in vitro Vmax, Km, and 
catalytic efficiency (kcat calculated as Vmax/Km) for the formation of ZEN are 
presented in Table 5.1. The comparison of the in vitro kcat values of the three species, 
showed rat microbiota to intrinsically hydrolyze ZEN-14-G 3.2 times more 
efficiently than pigs and 3.6 times more efficiently than humans. The difference 
between human and pigs was smaller, with pig microbiota being only 1.3-fold more 
effective. 
The in vitro parameters were used to estimate the time for a full conversion of ZEN-
14-G by the intestinal microbiota in vivo. First, the in vitro parameter Vmax for the
formation of ZEN from ZEN-14-G was scaled to the in vivo situation as described 
in the Materials and Methods section. Then, the in vivo Vmax and Km (Table 5.1) were 
used to estimate the rate of the formation of ZEN (VZEN) in vivo at a concentration 
of ZEN-14-G that would result from an estimated daily intake of 2.8 ng/kg bw. The 
VZEN obtained was used to estimate the time required for the full hydrolysis of ZEN-
14-G and was compared to the average colonic transit time reported in literature for
each species. The results of these calculations are presented in Table 5.2 and show 
that full conversion of ZEN-14-G is expected to require 0.02, 0.05 and 0.06 min in 
rat, pigs and humans respectively, amounting to less than 0.01 % of the transit time 
in all species (Table 5.2). This indicates that during the transit through the colon full 
and efficient hydrolysis of ZEN-14-G will take place in all three species. The time 
needed for full hydrolysis of ZEN-14-G shows interspecies differences with a higher 
efficiency by rats, followed by pigs and finally humans, but overall fast hydrolysis 
of the dose is predicted.  

Table 5.1. In vitro and in vivo kinetic parameters for the release of ZEN from ZEN-14-G by 
rat, pig and human intestinal microbiota. 

Microbial 
Vmax, 

in vitro a  Km b 
in vitro kcat 

c
Scaled Vmax, 
in vivo d 

in vivo 
kcat e 

Rat  2.67 45.1 58.9 654.4  58 
Pig  1.36 73.2 18.6 1.1 x 10 5  61 

Human  0.91 55.4 16.5 7 x 103  1.8 
a nmol/min/mg of feces 
b μM 
c μL/min/mg feces 
d μmol/h 
e L/h/kg bw 



Ch
ap

te
r 

5

Interspecies and human interindividual differences in metabolism of ZEN-14-G 

157 

Figure 5.2. ZEN-14-G concentration-dependent formation of ZEN in incubations with pooled 
fecal samples of rat (A), pig (B) and human (C). Each data point represents the mean ±SD of 
three independent experiments. 

C 

A B 
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Table 5.2. In vivo estimation for the release of ZEN from a dose of 2.8 ng/kg bw/day of ZEN-
14-G by rat, pig and human intestinal microbiota.

Species 
[ZEN­14­

G]a VZEN 
b 

Transformation 
time c 

Reported 
colonic 
transit 
time c 

% of transit 
time for full 
conversion 

Rat  0.4 5 0.02 360d 0.0047 
Pig  0.1 162 0.05 2160e 0.002 

Human  3.2 401 0.06 1440f 0.0042 
a ��;���������������������-14-G in colon estimated from and EDI of 2.8 ng kg bw-1 
[(EDI/480.5g mol-1) *kg bw*volume of defecation per day)] 
b ������;��������������������������������������������-14-G 
c min 
d de Zwart et al. (1999)  
e Musial et al. (1992) 
f Wilson (2000) 

5.3.2  Human  inter­individual  differences  in  the  intestinal  microbial 
hydrolysis of ZEN­14­G  

Besides the differences between humans and model animals such as rats and pigs, 
interindividual human differences in intestinal microbial metabolism were 
characterized. The kinetic parameters for the hydrolysis of ZEN-14-G were obtained 
from anaerobic incubations with fecal samples from 10 individuals. The release of 
ZEN for all individuals followed Michaelis-Menten kinetics. The individual kinetic 
parameters Vmax and Km obtained are presented in Table 5.3. The kinetic parameters 
were scaled to in vivo Vmax values, and used to estimate the times for full hydrolysis 
of a dose of 2.8 ng/kg bw ZEN-14-G.  
The average apparent in vivo Vmax and Km obtained from the individual incubations 
were 4,716 �mol/min and 37.6 μM, respectively. A 5.4-fold difference was 
observed between the highest and lowest in vivo Vmax obtained for the 10 
individuals, with a CV of 42.2%. The relatively high CV observed was caused by 
individuals 2 and 7 which have high apparent Vmax values that are 4.1-5.4-fold 
higher than the mean Vmax. The mean of the apparent in vivo kcat (151 L/h) obtained 
from the individual incubations (Table 5.3) was in line with the apparent in vivo kcat 
(126 L/h) obtained from the incubation with the pooled sample (Table 5.2). The 
estimation of the time required for full hydrolysis of ZEN-14-G shows that in all 10 
individuals the hydrolysis will be complete within less than 0.16 min and thus less 
than 0.01% of the residence time.  
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5.4  Discussion 

The aim of this study was to assess the interspecies differences in the intestinal 
microbial hydrolysis of ZEN-14-G to ZEN using in vitro derived kinetics. Following 
the assessment of interspecies differences, we used this in vitro anaerobic incubation 
system to study inter-individual differences in the hydrolysis of ZEN-14-G in 
humans. ZEN-14-G is one of the major modified forms of ZEN present in food and 
feed, and due to the low absorption shown in in vitro studies (Gratz et al., 2017), the 
exposure to ZEN-14-G in vivo may add to the overall ZEN exposure due to the 
capacity of the intestinal microbiota to hydrolyze ZEN-14-G to ZEN. The results 
obtained in the present study confirm that the intestinal microbiota can efficiently 
hydrolyze ZEN-14-G to ZEN in all three species. The hydrolysis of ZEN-14-G to 
ZEN by the intestinal microbiota is in line with results from in vitro studies showing 
the reaction to occur in incubations of ZEN-14-G with human fecal samples 
(Dall’Erta et al., 201�;������ et al., 2017).  
The use of fecal samples offers a number of advantages for the study of intestinal 
microbial metabolism of ZEN-14-G, and other xenobiotics. Firstly, the use of fecal 
samples facilitates studies of interspecies and interindividual differences in 
metabolism. Secondly, the samples are obtained non-invasively with a high yield. 
Thirdly, these in vitro incubations enable quantification of kinetics for the 
metabolism of ZEN-14-G. While there are differences in microbial composition 
along the intestinal tract, the colon is the main site for bacterial fermentation, 
harboring 70% of the total bacteria present in the gut. Behr et al. (2018) reported the 
bacterial communities in feces and colon of rats to be highly comparable. Moreover, 
proofs of principle showing the adequacy of using anaerobic in vitro incubations 
using fecal samples for quantification of kinetics for intestinal microbial metabolism 
were reported (Mendez-Catala et al.�� ����;� ���� et al., 2020). As under the 
experimental conditions of the current study no lag phase was encountered, which 
allowed to establish linearity over time and concentration of fecal sample, kinetic 
studies were possible. 
The comparison of in vitro kcat values for the formation of ZEN from ZEN-14-G 
showed that of the three investigated species, the microbial communities of rats had 
the highest intrinsic efficiency, while humans had the lowest intrinsic efficiency. The 
scaling of the in vitro Vmax to an in vivo Vmax resulted in pigs having the highest 
efficiency followed by humans and rats, an outcome that is driven by the differences 
in defecation masses. The percentage of the colonic transit time required for the full 
hydrolysis of ZEN-14-G estimated from the in vivo kinetic parameters obtained at a 
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mean estimated intake of ZEN-14-G in humans of 2.8 ng/kg bw derived from 
occurrence data in breakfast cereals (Boevre et al., 2012) showed the three species 
to hydrolyze the respective amount of ZEN-14-G quickly, in less than 1% of the 
colonic transit time. This observation is in line with results from in vivo studies in 
pigs showing that upon oral administration of ZEN-14-G, no ZEN-14-G was 
detected in plasma (Catteuw et al., 2019), nor in feces or urine samples as reported 
by Binder et al. (2017), corroborating an efficient ZEN-14-G hydrolysis. Human 
inter-individual differences in hydrolysis of ZEN-14-G by intestinal microbiota were 
observed in this study with a CV of 42% in vitro. This seems to be in contrast with 
the study from Gratz et al. (2017) where no clear differences between 5 individuals 
were observed. However, this discrepancy may be due to the fact that in the report 
from Gratz et al. (2017) ZEN-14-G appeared to be completely hydrolyzed already at 
the first timepoint of sampling (i.e. 30 minutes) by all individuals, not reflecting the 
initial conditions of hydrolysis. The in vivo scaling of the individual intestinal 
microbial metabolism of ZEN-14-G pointed at full and efficient hydrolysis with the 
amount of ZEN-14-G ingested via the mean estimated intake from breakfast cereals 
being complete on average within 0.09 min amounting to 0.006 % of the colonic 
residence time.  
ZEN-14-G is resistant to acidic conditions (Dall’Erta et al., 2013), and therefore 
stomach hydrolysis in mammals is unlikely to occur. Gareis et al. (1990) suggested 
the hydrolysis of ZEN-14-G to be mediated by glycoside hydrolases such as β-
glucosidase. The low absorption of ZEN-14-G shown from in vitro transfer studies 
with Caco-2 cells monolayers (Cirlini et al.������;������ et al., 2017) suggests a need 
for the involvement of microbial β-glucosidases in the release of ZEN from ZEN-
14-G. Human β-glucosidases are expressed in tissues such as liver, gut, kidney and
spleen and are known to be involved in the hydrolysis of plant glucosides such as 
glucosides of flavonoids, but their efficiency for hydrolysis is affected by the 
position of the glucose moiety and the chemical structure of the xenobiotic as 
observed when comparing for example the hydrolysis of quercetin-3-glucoside 
which is not hydrolyzed by human β-glucosidases, quercetin-3-glucoside is (Berrin 
et al.������;����������� et al., 2011). Additional to glucosidases encoded in the human 
genome, the microbial communities in the intestinal tract represent a significant 
source of glucosidases (Berthiller et al.�� ����;� ���� et al., 2006). The intestinal 
microbiota derived from fecal samples of rats, pigs and humans showed to fully and 
efficiently hydrolyze ZEN-14-G. This is different from the results reported by 
Berthiller et al. (2011) for deoxynivalenol-3-β-D-glucoside (DON-3-G), another 
modified mycotoxin glucoside, where cultures of individual bacteria derived from 
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the intestinal microbiota were not able to fully hydrolyze DON-3-G. Differences in 
experimental conditions, the use of only selected isolated bacterial strains, or an 
overall lower hydrolysis of DON-3-G could explain these differences in the extent 
of hydrolysis observed. While overall the human intestinal microbiota are considered 
to have a conserved metabolic capacity despite interindividual differences in 
composition (Koppel et al., 2017), the observed differences in efficiency of 
hydrolysis of ZEN-14-G, i.e. the interindividual in vivo kcat varying from 0.02 to 0.22 
L/h, are likely due to interindividual differences in the expression of relevant 
hydrolytic enzymes, such as β-glucosidase (Cole et al.������;������� et al., 2017). 
The variation of intestinal microbial communities between species and individuals 
may also be associated with factors like gender, age and dietary habits. From the 
current analysis, due to the low number of subjects analyzed, such potential 
correlations could not be studied to a further extent.  
To our knowledge, this is the first study to report interspecies and inter-individual 
differences in the kinetics for the hydrolysis for ZEN-14-G by the intestinal 
microbiome present in fecal samples. The results obtained reveal substantial 
interspecies and human inter-individual differences in vitro although for all species 
and individuals at estimated dietary levels of intake full hydrolysis of ZEN-14-G 
within the colonic transit time was estimated to occur in vivo. This suggests that 
ZEN-14-G could become bioavailable as ZEN by the action of the intestinal 
microbiota, and fully supports the inclusion of ZEN-14-G in the current group 
HBGV with a relative potency equal to that of free ZEN.  
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Supplementary Material 

Supplementary Figure 5.1. Linearity of ZEN formation from the microbial metabolism of 
ZEN-14-G in rats, pigs and humans as part of the optimization process. 
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6.1  Overview and main findings 

Zearalenone (ZEN) is a mycotoxin present in food and feed. ZEN acts as an 
endocrine disrupting chemical (EDC) due to its structural similarity to the natural 
estrogen 17β-estradiol (E2) and its ability to bind to and activate estrogen receptors 
(ERs). Observations in experimental animals have linked ZEN exposure to 
reproductive disorders. In mammals, ZEN is metabolized to α-ZEL and β-ZEL in 
liver and by the intestinal microbiota, with α-ZEL being on average 60-times more 
potent than ZEN as an estrogen active compound and β-ZEL being 5-times less 
potent than ZEN. Interspecies differences in the preference for α-ZEL and β-ZEL 
formation combined with interspecies differences in toxicodynamics have been 
associated with interspecies differences in sensitivity to ZEN exposure, with pigs 
being considered the most sensitive species in part due to their higher preference for 
α-��������������������������������������������������������������������������
������������������������������ ������ ���������������������������� �����strogenic 
effects of ZEN in young gilts (Döll et al., 2004). Human kinetic studies on ZEN and 
its metabolism to α-ZEL and β-ZEL have not been reported. Therefore, the aim of 
this PhD project was to gain further insight into the metabolism of ZEN, including 
its metabolism in liver and intestinal microbiota of not only experimental animals 
but also human, and to include this information in physiologically based kinetic 
(PBK) models to enable evaluation of the role of metabolism of ZEN in its estrogenic 
activity. 
In the present thesis, fecal samples from rats, pigs and humans were used in an in 
vitro model to assess and quantify the formation of α-ZEL and β-ZEL from ZEN by 
the intestinal microbiota (Chapter 2). The kinetics obtained were scaled to the in vivo 
situation and subsequently compared to the scaled in vivo liver metabolism of ZEN. 
The comparison of in vivo catalytic efficiencies (kcat) of the intestinal microbial 
formation of α-ZEL and β-ZEL for the three species, based on defecation volumes 
per day and expressed per kg bw, revealed that the overall ZEN metabolism 
increased in the order human < rat < pig microbiota. The kcat for liver metabolism, 
expressed per kg bw, in the three species surpassed the metabolism of the intestinal 
microbiota. While in pigs the formation of α-ZEL and β-ZEL from ZEN by the 
intestinal microbiota can be up to 36% of the activity of the liver, and might 
contribute to the bioactivation of ZEN in pigs, this contribution may be much less 
pronounced for humans due to the larger difference between the scaled kcat of the 
liver and the microbiota for humans. The interspecies differences captured from the 
in vitro model for the intestinal microbial metabolism and the comparison to hepatic 
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metabolism highlight the importance of the development of human-specific models 
for the assessment of the kinetics of ZEN. To further study the role of the intestinal 
microbiota and liver in the overall metabolism of ZEN, PBK models for rats and 
humans were built for ZEN including a sub-model for α-ZEL (Chapter 3). The PBK 
model for rats was validated by comparing the predicted result for the maximum 
blood concentration (Cmax) of ZEN of 6.08 nM to a Cmax of 8.14 nM reported in vivo 
(Shin et al., 2009) at an oral dose of 8 mg/kg bw, showing a 1.3-fold difference. The 
human model was evaluated with 24 h cumulative urinary levels of ZEN available 
for 2 (male) individuals exposed to 1.43 mg/kg bw (Mirocha et al., 1981) and 0.143 
μg/kg bw (Warth et al., 2013) ������;�����������������������������-fold lower and 
2.1-fold higher than the in vivo reports, respectively. The integration of the intestinal 
microbiota in both PBK models indicated that the hepatic metabolism is dominant 
in the formation of α-ZEL. Additionally, the predicted Cmax for ZEN and α-ZEL in 
humans at a range of doses of 2.4-29 ng/kg bw, representing the estimated daily 
intake for the average adult population, were 3 orders of magnitude lower than the 
in vitro concentrations inducing estrogenic activity (EC10) in in vitro bioassays for 
estrogenicity. Despite the higher estrogenicity of α-ZEL, the results of this study 
suggest that at normal dietary intake estrogenic effects are unlikely to occur. This is 
due to the efficient glucuronidation of ZEN and its metabolites, reducing the 
circulation of the biologically active aglycones. The study provided a proof-of-
principle for inclusion of intestinal microbial metabolism in PBK models and how 
this offers a view into the role of the intestinal microbiota in the systemic 
concentrations of ZEN and its metabolite α-ZEL in the host. Despite the low concern 
at current exposures, interindividual differences in kinetics shown for piglets 
(Brezina et al., 2016), which are most likely also present in humans, suggest the need 
for models to include interindividual toxicokinetic differences in the risk assessment 
of ZEN. In a further study of the present thesis (Chapter 4) human PBK models were 
developed using microbiota and tissue samples from individual donors and the 
outcomes of these models were combined with Monte Carlo simulation to obtain an 
insight into the interindividual differences in hepatic and intestinal microbial 
metabolism and bioactivation of ZEN, and the consequences for the interindividual 
differences in the Cmax of ZEN and α-ZEL. Initially, the kinetics for liver metabolism 
were determined using human liver S9 samples of 20 individuals, and kinetics for 
intestinal microbial metabolism were obtained using fecal samples from also 20 
individuals following the in vitro approach developed in Chapter 2. The derived 
kinetic parameters provided the input for the definition of 400 individual PBK 
models from which the distribution of the Cmax for ZEN and α-ZEL in human plasma 



Chapter 6 

172 

could be predicted. Based on the characteristics of these distributions, the PBK 
model outcomes were combined with Monte Carlo simulations to simulate the 
distribution of Cmax for ZEN and α-ZEL for a larger population (n = 9879). The 
distribution of the predicted Cmax of ZEN and α-ZEL, presented in ZEN equivalents, 
was used to estimate a compound specific assessment factor (CSAF) for 
interindividual differences in kinetics of 2.45 for the 95th percentile of the adult 
population. This CSAF value suggests that the current default uncertainty factor for 
interindividual variation in kinetics (UFHK) of 3.16 is sufficiently protective for the 
adult population. As some reports in mammals have suggested prepubertals to be 
possibly more sensitive to ZEN exposure, it remains to be investigated whether this 
also holds for humans and if so whether this can be ascribed to differences in 
toxicokinetics or is rather due to differences in toxicodynamics. This will indicate 
whether the inclusion of a sensitive subgroup of prepubertal individuals in the CSAF 
for interindividual differences in kinetics is required.  
The strategy developed in Chapters 2- 4 provides a proof-of-principle for the in vitro-
in silico study of ZEN kinetics and its interspecies and interindividual variability. 
Besides ZEN, zearalenone-14-glucoside (ZEN-14-G), a modified form of ZEN 
reported to occur frequently in food and feed in combination with ZEN can increase 
the exposure to ZEN. Despite the low bioavailability of ZEN-14-G, it may contribute 
to the systemic ZEN exposure because ZEN-14-G can be converted to ZEN by the 
action of the intestinal microbiota. Therefore, in further studies of the present thesis 
the in vitro model for quantification of metabolism by the intestinal microbiota was 
used to quantify the metabolism of ZEN-14-G in rats, pigs and humans (Chapter 5). 
Additionally, human interindividual differences in this metabolism were assessed. 
Substantial interspecies and interindividual differences for the hydrolysis of ZEN-
14-G to ZEN by the intestinal microbiota were observed in vitro. The in vitro kinetic 
data were scaled to the in vivo situation and compared to the colonic residence time 
to obtain insight in whether in vivo full hydrolysis of ZEN-14-G would be likely to 
occur. The time for full hydrolysis of a realistic dietary dose of ZEN by the intestinal 
microbiota was estimated to amount to less than 0.01% of the reported total colonic 
residence time in all three species. This result indicates the importance of the 
intestinal microbiota upon exposure to ZEN-14-G and supports the inclusion of 
ZEN-14-G into the group health-based guidance value (HBGV), i.e. the TDI, of 0.25 
�g/ kg bw (EFSA, 2016).  
Though the study of the contribution of intestinal microbial metabolism to the overall 
host kinetics poses a number of challenges as addressed in later sections, the strategy 
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described and applied in this PhD thesis shows a proof-of-principle how the 
contribution of intestinal microbial metabolism can be considered.  

6.2  General discussion and future perspectives 

The in vitro model for intestinal microbial metabolism of ZEN and ZEN-14-G 
revealed interspecies and interindividual differences in metabolism. The inclusion of 
the kinetic parameters obtained for ZEN in PBK models enabled modeling of the 
contribution of the intestinal microbiota to the overall metabolism of ZEN in the 
host. This revealed that the conversion of ZEN by the intestinal microbiota is likely 
not as significant as the metabolism in the liver. Overall the results obtained offer 
several opportunities for further consideration and research which are discussed in 
some more detail in the following sections.  

6.2.1  In vitro models to study the intestinal microbial metabolism  

In toxicology, the consequences of metabolism by the intestinal microbiota have 
gathered increasing interest in part because of its wide array of metabolic enzymes, 
which is on average 100-fold larger than that of the host. Several in vivo and in vitro 
models have been developed to study intestinal microbial metabolism, each of them 
with its own limitations. However, there is a need for the development of suitable in 
vitro and in silico methods, given the request for reduction in the number of in vivo 
studies with experimental animals within the 3R (replacement, reduction, 
refinement) framework (Berg et al.������;���������������������������������. This 
development is also driven by the fact that results obtained with experimental 
animals may not adequately reflect the human situation. However, the use of in vitro 
models to study intestinal microbial metabolism poses several challenges. One of the 
main concerns is the source of the intestinal microbiota. The microbiota is known to 
vary along the gastrointestinal tract, with the highest concentration of microbiota 
found in the large intestine, a site with ideal conditions for the growth of 
communities of microbiota and for chemical reactions to take place. Fecal samples 
have shown to be representative of the colonic microbiota, as shown by the 
comparison performed for rats (Behr et al., 2018) and humans (Visconti et al.������;�
Zierer et al., 2018). Although individual differences in the microbial composition of 
the intestinal microbiota are reported, many metabolic processes thereof have been 
shown to be comparable between individuals (Abubucker et al., 2012). In vitro 
studies with fecal samples have been reported as initial inoculum for in vitro 
fermentation (Atkinson et al.�� ����;������ et al., 2017) or for the preparation of 
fecalase (Tamura et al., 1980), an extract of the microbial enzymes. In this PhD 
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thesis, fecal samples from three different species were obtained and used as a 
surrogate for the study of intestinal microbial metabolism of ZEN and ZEN-14-G. 
The proper preparation of these samples provided a suitable way for obtaining a high 
yield from a single sampling to be stored and used for further research (National 
Academies of Sciences and Medicine, 2018). Even though studies have used a 
similar approach, variation in the experimental conditions represent a major source 
for potential lack of reproducibility (Clarke et al., 2019). The use of specific culture 
media to resemble the surroundings of the large intestine in in vitro fermentations 
may lead to selective growth of bacteria, and to the possible loss of other relevant 
bacteria (Mortelé et al.�� ����;� ����� et al., 2019). In these circumstances, the 
metabolic potential arising from changes in the communities might affect the 
metabolic capacity. Continuous in vitro fermentation models derived from fecal 
samples, consisting of multiple connected compartments mimicking the intestinal 
microbiota in the different portions of the colon, have been developed (Nissen et al., 
2020). Examples of these models include the Simulator of the Human Intestinal 
Microbial Ecosystem (SHIME) (Van den Abbeele et al., 2010) and the TNO in vitro 
model-2 (TIM-2) (Minekus et al., 1999). The models allow for longer incubations, 
resulting in a stable composition due to a constant flow (refreshment) of nutrients, 
��������������������������������������������������;������������������������������
being able to mimic different sections of the intestinal tract to a certain extent, and 
allow to study perturbances of the intestinal microbiota. Despite this, the complexity 
of the models makes them costly, time and material consuming, and make that they 
do not offer any significant advantages over small batch static cultures for the 
purposes of the research described in this thesis. As an alternative to fecal samples 
used as inoculum, defined microbial populations which include bacterial species 
supposedly driving the metabolic activity observed in vivo were suggested (Schäpe 
et al., 2019). While these well-defined populations can be useful for studying the 
interactions of the respective microorganisms with a compound of interest, the 
reduced complexity and representation of the actual intestinal microbiota, as 
compared to fecal samples used as inoculum, allowing to study interindividual and 
interspecies differences, is considered a disadvantage. The advantages and 
disadvantages of each model need to be considered when choosing an experimental 
system suitable for the objective of the study. In the development of the method 
described in the present thesis, compounds of interest were incubated with fecal 
samples in anaerobic PBS, which appeared to be a suitable medium for short-time 
incubations (< 24 hours). The incubations in PBS appeared to eliminate a lag time 
observed when incubations were performed in general growth media (data not 
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shown). Short incubations of these so called “static batch cultures” were reported to 
have an advantage over longer incubations because of possible changes in pH and 
redox potential at prolonged incubation times �������������������������;��������
and van den Abbeele, 2013). As the culture is suggested to follow a typical bacterial 
growth curve, incubation times should be only as short as needed and not exceed 24 
- 48 hours �������� ���������� ����;� ����� et al., 2008). Overall, this method 
allowed to obtain kinetic parameter for the formation of α-ZEL and β-ZEL from ZEN 
(Chapter 2) as well as the kinetics for the hydrolysis of ZEN-14-G to ZEN (Chapter 
5), by the intestinal microbiota present in the fecal samples of different species and 
individuals.  
Obviously, the use of fecal samples for studies on the intestinal microbial 
metabolism still raises the question on the role of the intestinal microbiota in earlier 
portions of the intestine- i.e. duodenum and jejunum. Though the research to obtain 
samples from earlier portions of the intestine by less invasive techniques continues, 
including for example the application of swallowable devices to collect intestinal 
fluids, they still pose challenges connected to sample preservation after collection 
(Koziolek et al.������;������������� et al.������;����� et al., 2020). Until these 
techniques become more widely available and if the objective of the study does not 
point otherwise, fecal samples are expected to provide a suitable source for the study 
of microbial metabolism. It is concluded that anaerobic incubations with fecal 
samples represent a first-tier approach which can be further combined with other in 
vitro and in silico models, such as PBK modelling, offering the possibility for the 
analysis of the contribution of the intestinal microbiota to the overall metabolism in 
an organism. Combining the kinetics obtained in anaerobic fecal incubations with 
PBK modeling to obtain insight in the role of intestinal microbial metabolism in 
overall host metabolism has been shown valid also in a previous study on daidzein 
converted by the intestinal microbiota to S-equol (Wang et al., 2020). 

6.2.2  General contribution of the intestinal microbiota to host metabolism  

The intestinal microbial metabolism of pharmaceuticals has been studied as part of 
an improvement of drug formulations for a better delivery and for the detection of 
metabolites that could result in a toxic congener. Although the drug-microbiome 
interactions are relatively well-understood, the contribution of the intestinal 
microbiota to the metabolism of xenobiotics entering through the food chain remains 
a topic for further research. Unlike the liver, where the metabolism is geared towards 
the elimination of xenobiotics (via introduction of functional groups followed by 
glucuronidation and sulfation), the intestinal microbiota has a wider metabolic 
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capacity, mainly through reduction and hydrolysis, that may add to the metabolism 
in liver or other extrahepatic tissues (Clarke et al., 2019). The contribution of the 
intestinal microbial metabolism of the mycotoxin ZEN includes its conversion to α-
ZEL and β-ZEL, which, when taking the same metabolic conversion in the liver into 
account, was shown to contribute up to 36% of the overall metabolism in pigs, while 
in humans the contribution of the intestinal microbiota appeared to be less than 0.1%. 
The inclusion of the in vitro kinetics in a human PBK model for ZEN, and the 
accompanying sensitivity analysis, revealed that the predicted blood concentrations 
of ZEN and α-ZEL in humans were predicted to be unaffected by the metabolism of 
ZEN by the intestinal microbiota, while the major contributions were provided by 
the glucuronidation in liver and intestinal tissue. The PBK models presented a proof-
of-principle for the inclusion of intestinal microbial metabolism as part of the 
modelling strategy. A similar PBK model based approach by Wang et al. (2020) also 
quantified the role of metabolism of the intestinal microbiota for plasma 
concentrations of metabolites in the host. Wang et al (2020) developed a model for 
daidzein which adequately predicted the plasma concentrations of S-equol, a 
metabolite uniquely formed by the intestinal microbiota. The actual contribution of 
the intestinal microbial metabolism to the host metabolism is dependent on the nature 
of the chemical. This is clearly illustrated for ZEN-14- G which was shown to be 
very rapidly and fully converted to ZEN by the intestinal microbiota. This is 
especially of interest given the limited transport of ZEN-14-G reported in in vitro 
studies with Caco-2 cell monolayers (Cirlini et al., 2016), pointing at limited 
bioavailability. The efficient hydrolysis of ZEN-14-G by the intestinal microbiota 
observed from in vitro incubations for rats, pigs and humans, as well as that observed 
for other glucosides such as daidzin and genestin (Gaya et al.������;��������� et al., 
2002), supports the potential importance of the role of the intestinal microbiota and 
its inclusion in PBK models. Additionally, the intestinal microbiota can play an 
important role in the enterohepatic recirculation of xenobiotics. By deconjugating 
conjugated metabolites excreted via the bile into the intestine, the intestinal 
microbiota can make these molecules available for re-uptake. In the case of ZEN and 
its metabolites, it can be speculated that this process not only slows down the 
elimination of these compounds, but also increases the potential for metabolism of 
ZEN to α-ZEL and β-ZEL . In the future, these mechanisms (i.e. biliary excretion, 
microbial metabolism, and re-uptake) need to be combined and included in PBK 
models.  
It is of importance to note that this inclusion of the intestinal microbial metabolism 
in PBK models via kinetic parameters obtained in fecal in vitro incubations requires 
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scaling of in vitro kinetics to the in vivo situation, which may not be straightforward. 
In the next section this will be discussed further. 

6.2.3  In vitro  to  in vivo scaling  factors  for  the study of  intestinal microbial 
metabolism 

The identification of metabolites formed from dietary constituents has been the main 
focus of in vitro studies on intestinal microbial metabolism (Bode et al.�� ����;�
Venema and van den Abbeele, 2013). In the present thesis the work focused on the 
in vitro quantification of the kinetics of the metabolic conversions by the intestinal 
microbiota and extrapolation of the results obtained to the in vivo situation. Such 
studies have been scarcely reported. To allow conversion of the in vitro kinetic data 
to the in vivo situation adequate scaling factors are required. Such scaling factors 
have so far not been reported in literature. In the present thesis, the scaling of in vitro 
intestinal microbial kinetics for ZEN and ZEN-14-G to the in vivo situation was done 
based on the average defecation mass per day under the assumption that the daily 
defecated microbial mass is equal to the microbial mass present in the intestine. This 
scaling converts the amount of fecal sample and corresponding microbiota to the 
whole organism, assuming that the microbial metabolic activity in the fecal mass 
reflects the total capacity of microbial metabolism that may occur in the intestine 
during a day, and that fecal metabolism reflects the major part of microbial 
metabolism in the intestinal tract. The fact that the predictions made appeared to 
adequately match available in vivo data supported the scaling applied. Nevertheless, 
other factors potentially affecting the scaling could also be considered in future 
studies, such as the factors discussed in some more detail hereafter. 
The interindividual differences in defecation mass and the colonic transit time may 
need to be considered when refining the scaling factor. Defecation masses in humans 
vary greatly, for example, a range of 19 - 415 g/day in a population of 220 individuals 
in the United Kingdom was reported (Cummings et al., 1992). In the present thesis 
the average defecation mass of 128 g/day (Rose et al., 2015) was used, but the wide 
variation observed between individuals, along with the differences of microbial 
content represent a challenge for the QIVIVE of data obtained in vitro with intestinal 
microbiota to the in vivo situation. Alternatively, the fecal mass can be corrected for 
the microbial content (or microbial load) using e.g. quantitative PCR (qPCR) 
targeting 16S rRNA or flow cytometry. While these are promising tools the 
variability observed in the techniques needs further attention. For example, qPCR is 
a cost-effective technique for microbial load determination, but a number of 
uncertainties can be introduced through the preparation of the sample (extraction, 
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purification and amplification of DNA) (Bender et al.������;�������� et al., 2020). 
The colonic transit time is also known to vary between species and individuals, and 
so is composition of the intestinal microbiome, both factors which are also affected 
by host genetics and diet. The colonic transit time is an important aspect for the 
analysis as it will determine the time the compound of interest will be in contact with 
the microbiota and therefore affect the amount of metabolite formed. The inclusion 
of the colonic content (i.e. average defecation mass per day) and the colonic transit 
time in the estimation of the metabolite formation by the intestinal microbiome from 
deleobuvir showed the potential relevance of these variables on the scaling to an 
apparent in vivo situation for rats (McCabe et al., 2015). In the same study, the 
formation of deleobuvir metabolites by the intestinal microbiota varied widely 
between the two volunteers included in the study, which indicates the role of 
variability in the intestinal microbiota and the intestinal transit time. 
The research on incorporation of intestinal microbial metabolism in kinetic studies 
relevant for toxicology is still in an initial phase. Zimmermann et al. (2019) proposed 
and evaluated a model for brivudine, a drug for which microbiota and the host are 
involved in metabolism, indicating that assessing the contribution of each is 
important.  
The model presented in Chapter 3 shows that including microbial metabolism in 
PBK models is a way forward to obtain insight into the relative importance of 
microbial metabolism and represents a proof-of-principle for the potential of the use 
of fecal samples in in vitro incubations to define relevant kinetic parameters. 
Extending the proofs-of-principle will also facilitate further refinement and 
validation of the scaling factors used to translate the in vitro kinetic data to the in 
vivo situation. Once refined scaling factors become available, the refinement of the 
PBK model for ZEN, in combination with the in vitro model for intestinal microbiota 
will allow an even better understanding on the impact of host and microbial 
metabolism. 

6.2.4  Species differences in the kinetics and dynamics of ZEN 

As previously mentioned, pigs, specifically young gilts, have been set as the most 
sensitive species for ZEN exposure, and the data available in young gilts have been 
used to define a health-based guidance value, a TDI, for humans. Though no direct 
evidence is currently available, it is possible that the higher sensitivity of pigs, 
compared to other livestock and laboratory animals is in part due to interspecies 
differences in toxicokinetics in addition to interspecies differences in 
toxicodynamics. It remains to be defined as well how the kinetics and dynamics of 
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ZEN in pigs relate to those in humans. In this section, the interspecies differences in 
metabolism and toxicity of ZEN will be discussed to a further extent. 

Interspecies differences in metabolism of ZEN 

The metabolic pathway of ZEN was already described in Chapter 1, and includes 
formation of α-ZEL and β-ZEL and the respective glucuronides as major 
metabolites. Species differences in the levels at which these metabolites are formed 
have been described and are mainly related to differences resulting from the liver 
metabolism. Studies in animals including pigs, rats, poultry and ruminants have 
shown a higher preference for the formation of α-ZEL in pigs in contrast to a 
preference for β-ZEL formation observed in the other animals (EFSA, 2017).  
The formation of α-ZEL and β-ZEL from ZEN in the liver is mediated by 3α- and 
3β-hydroxysteroid dehydrogenase (HSD), respectively, an enzyme with significant 
differences between animals and humans (Degtiar and Kushlinsky, 2001). In rats a 
single 3α-HSD is present, while in humans 4 isoenzymes exist, each of them with 
different activities (Dufort et al.������;��������� et al., 1998). The presence of a 
single form in rats suggests the regulatory mechanism(s) of the activity of 3α-HSD, 
to differ from those in human. The polysubstrate activity of 3α-HSD in humans, 
suggests a significant contribution to the metabolism of xenobiotics (activation or 
detoxification) ������������;���������� et al., 1992). The higher in vitro activity for 
the formation of α-ZEL by subcellular fractions reported for humans compared to 
rats (Chapter 2), suggests the differences in 3α-HSD to play a significant role. In 
pigs, the presence of isoforms of 3α-HSD is not reported in literature, but the higher 
sensitivity is also possibly due to a differential expression and activity of 3α-HSD in 
liver and extrahepatic organs of this species as compared to rats or human (Zheng et 
al., 2019). The role of 3β-HSD is not yet fully understood, but a proof-of-principle 
shows that the expression of the enzyme is reduced in the presence of α-ZEL and β-
ZEL (Rasmussen et al.������;�������� et al., 2003). 
Conjugation of ZEN with glucuronic acid and sulfates in different species is 
reported. Based on in vitro (liver microsomes) and in vivo (urinary excretion) studies, 
glucuronidation appears to be the major pathway for ZEN metabolism ������������ 
et al.������;��������� et al.������;������������ et al.������;����� et al., 2017). Species 
differences in hepatic glucuronidation were described ������������ et al., 2006), 
reporting that after 30 minutes incubation the in vitro glucuronidation by liver S9 
fractions with increasing concentrations of ZEN (10-250 ���������������������������
chickens (12-89%), while under the same in vitro conditions pig liver S9 samples 
showed a 90-100% glucuronidation at concentrations of 10-100 ������������ et al. 
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(2010) reported species differences in rates of glucuronidation from incubations of 
ZEN (50-100 �M) with liver microsomes from rats, pigs and humans. Despite both 
studies being performed at different incubations conditions, the rates of 
glucuronidation in vitro revealed that pigs display the highest glucuronidation 
capacity and intrinsic rate of glucuronidation in liver. A higher glucuronidation will 
result in a loss of estrogenic activity of ZEN, contrasting the notion that pig 
sensitivity is related the formation of more α-ZEL. In Chapter 3, the in vitro 
glucuronidation of ZEN and α-ZEL in incubations with liver S9 from rats and 
humans was efficient. The kinetics obtained showed that the in vivo kcat for rats and 
humans were comparable, with rat being on average 1.1-fold more efficient than 
humans. A similar trend was observed by Pfeiffer et al. (2010) reporting that 
glucuronidation of ZEN and α-ZEL by rat liver samples were 1.6 and 1.5-fold higher, 
respectively, than that of human liver samples. Similar species differences in 
glucuronidation by the liver were also described for the mycotoxin deoxynivalenol 
(Lattanzio et al.������;���������-Zimmermann et al., 2017), an observation that was 
suggested to be due to the influence of gender, age, diet and health status (Pestka et 
al., 2017). 
The intestinal tissue is also an important contributor to the glucuronidation of ZEN, 
acting as first-pass metabolism before ZEN is being transferred to the liver. In 
Chapter 3, the incubation of ZEN with rat intestinal fractions pointed at a higher in 
vitro catalytic efficiency than that obtained with rat liver fractions, and also at a 3-
fold higher efficiency than what was observed for the human intestinal fraction. The 
high efficiency of the rat intestinal fractions for glucuronidation have been 
previously observed for other food-related compounds such as flavonoids 
(Boonpawa et al.������;������ et al., 2010). The high glucuronidation of ZEN in rat 
intestinal tissue was indicated by the results from an in vivo study (Ieko et al., 2020), 
where upon intestinal absorption of ZEN rapid glucuronidation occurred and low 
transport of unconjugated ZEN to the serosa portion was observed. This 
phenomenon reduces the amount of free ZEN reaching the liver to be potentially 
converted to α-ZEL. On the other hand, humans had lower glucuronidation 
efficiency than rats, indicating that a higher amount of ZEN may reach the liver and 
potentially be converted to α-ZEL. Building PBK models including the kinetics for 
all these processes for the different species will be a way forward to actually obtain 
better insight in these species dependent differences in ZEN metabolism. 
ZEN has also been shown to activate the pregnane X receptor (PXR), a nuclear 
receptor involved in the regulation of a number of enzymes for xenobiotic 
metabolism such as cytochromes P450 (especially CYP3A4) and also UDP-
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glucuronyl transferases (UGTs) (Ding et al.�� ����;����� et al., 2002). This may 
reduce the elimination rates for ZEN and its metabolites via glucuronidation due to 
a decrease in the activity of UGTs. It remains to be demonstrated how the 
glucuronidation pattern of ZEN and -ZEL in pigs compares to that in humans or 
rats, but the higher yield of α-ZEL upon ZEN exposure suggests that the intestinal 
glucuronidation may not be as efficient as observed in rat and humans. 

Interspecies differences in toxicity of ZEN and its metabolites 

Sub-acute and sub-chronic toxicity studies in rodents suggest the exposure to ZEN 
and its metabolites to cause hematological alterations, hepatic lesion and estrogenic 
effects. In pigs, the most sensitive species, the reproductive toxicity upon ZEN 
exposure is suggested to be estrogen receptor (ER) mediated. ZEN and its reduced 
metabolites have shown to be full agonist to ERα and partial antagonist of ERβ 
������� et al., 1998). The study of the interaction of ZEN and its reduced metabolites 
with ERs has focused on ERα. In in vitro toxicity studies measuring the binding 
affinity to ERα, ER-mediated gene activation or cell proliferation showed α-ZEL to 
have a higher estrogenic potency than ZEN, while β-ZEL showed the lowest potency 
(Metzler et al., 2010). This was confirmed in Chapter 2 with the U2OS ERα-CALUX 
assay, where the estrogenicity of α-ZEL was 55-fold higher than that of ZEN and the 
estrogenicity of β-ZEL was 25-fold lower than that of ZEN.  
In addition to the species differences in ZEN metabolism to α-ZEL and β-ZEL, the 
variation in the susceptibility of different animal species and humans may also be 
related to differences in the number of ERs, as well as the ER binding affinities for 
ZEN or α-ZEL (Liu and Applegate, 2020). In mammals, the expression of ERα and 
ERβ is tissue dependent; in reproductive organs ERα is mainly present in uterus, 
ovaries and mammary glands, while ERβ is expressed in ovaries and to a lesser 
extent in mammary glands ��������� et al., 2013). The number of ERs in 
reproductive tissues during the developmental stages (Amenyogbe et al.�� ����;�
Meulen et al., 1994), therefore the high sensitivity in young gilts suggests that 
differences in the number of ERs may play a role in species differences. This was 
observed by the comparison of available estrogen binding sites in pigs, rats and 
chickens showing that pigs and rats had a higher concentration of binding sites than 
chickens, as noted from the variance in the relative binding affinities of ZEN and α-
ZEL (Fitzpatrick et al.������;�������������������������. Besides the number of ERs 
present, the affinity for binding of ZEN and its metabolites to the ligand-binding 
pockets of ERs should be considered (Dellafiora et al., ����;�������� et al.������;�
���� et al., 2018). Fitzpatrick et al. (1989) studied the relative binding affinities 
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(RBA) of ZEN, α-ZEL and β-ZEL to ERs derived from uterus in rats, pigs and 
chickens. Pigs had the highest RBAs, while rat and chickens had lower affinities. α-
ZEL showed the highest RBA in the three species. This observation combined with 
the highest preference for α-ZEL formation by both the liver and intestinal 
microbiota in pigs and humans as observed in the present thesis (Chapter 2) provides 
a likely explanation for the relative higher sensitivity of pigs. This higher α-ZEL 
formation in both pigs and humans, combined with their physiological and 
anatomical similarities, also supports the extrapolation of data from pigs to humans, 
under the assumption that female humans will not be more sensitive than gilts 
������� ����;� ������ �����. This assumed similarity in sensitivity towards the 
adverse effects of ZEN in pigs and human provided the basis for elimination of the 
default uncertainty factor of 2.5 for interspecies differences in dynamics in the 
establishment of the TDI. Whether also the default uncertainty factor of 4.0 for 
interspecies differences in kinetics can be modified awaits further studies on the 
differences in kinetic of ZEN in human and pigs. Clearly the results obtained so far 
in the present thesis do point to pigs being more efficient α-ZEL producers than 
humans. The human risk assessment of ZEN and its masked forms is discussed in 
some more detail in the next section. 

6.2.5  Human risk assessment of ZEN and modified forms of ZEN 

The risk assessment for ZEN in humans is hampered by a series of uncertainties 
including the uncertainties in interspecies and interindividual differences in 
toxicokinetics and toxicodynamics, the limited exposure data available for humans 
and the lack of insight in potential sensitive subpopulations. As part of the strategy 
to tackle the gaps in information, PBK modelling is being more widely recognized 
as a powerful tool for risk assessment, mainly when in vivo data are lacking (Paini 
et al., 2019). In Chapters 2 - 4 the combination of in vitro models with PBK 
modelling as presented provided an insight in the impact of interspecies and 
interindividual differences in the kinetics of ZEN. In Chapter 3, the concentrations 
of ZEN and α-ZEL reaching the blood predicted by the PBK model resulted in 3-
fold higher blood levels of α-ZEL in humans than rats. An initial assessment of the 
predicted concentration of ZEN and α-ZEL in blood from an exposure at the level of 
the current TDI revealed that these predicted blood concentrations were 3 orders of 
magnitude lower than the concentrations shown to elicit 10% of the estrogenic 
response (EC10) in vitro. The predictions in this research are based on the exposure 
to ZEN and its metabolite α-ZEL. Future models could consider to also include 
exposure to the modified form of ZEN (ZEN-14-G) although based on the results of 
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the present thesis (Chapter 5) it is expected that ZEN-14-G will be completely 
hydrolyzed to ZEN by the intestinal microbiota. In pigs, in vitro studies with 
intestinal mucosa showed the presence of enzymes able to hydrolyze ZEN-14-G also 
in this tissue (Olsen et al., 1987). If a similar phenomenon is present in humans, as 
shown for flavonoids (Németh et al., 2003), the contribution of mucosal β-
glucosidases to the hydrolysis of ZEN-14-G could be accounted for as well, although 
its contribution relative to that of the intestinal microbiota remains to be established.  

Chemical-Specific Adjustments Factors (CSAF) 

In human risk assessment of ZEN, the establishment of a TDI, or health-based 
guidance value (HBGV), of 0.25 �g/kg bw is based on the NOEL derived from the 
pig study reported by Döll et al. (2004). The estimation of a TDI from animal studies 
includes default uncertainty factors (UF) for interspecies (10) and interindividual 
(10) differences in kinetics. The UF for ZEN includes UFs for human interindividual 
differences in kinetics and dynamics, and for the interspecies differences in kinetics 
with the default factor of 4, while the UF of 2.5 for interspecies differences in 
dynamics was discarded assuming that humans, specifically females, will not be 
more sensitive than young gilts. In cases where actual data are available, the default 
uncertainty factors can be replaced by so-called chemical-specific adjustment factors 
(CSAF). Use of such a CSAF was introduced to enable the incorporation of 
compound specific quantitative data for interspecies and interindividual differences 
into risk assessment (IPCS, 2005). The estimated CSAF value of 2.45 for 
interindividual differences in the metabolism of ZEN obtained in the present thesis 
(Chapter 4) shows that the default UF of 3.16 is protective enough for the healthy 
adult population. The identification of sensitive populations to ZEN exposure is still 
of interest as well as to what extent such increased sensitivity arises form differences 
in kinetics or rather from differences in dynamics. Age and reproductive status are 
reported to influence the sensitivity towards ZEN in pigs where prepubertal gilts are 
more sensitive, as shown from an increase in the size of the reproductive tract when 
exposed to ZEN (Döll et al.�� ����;� ������ et al., 2012). When this increased 
sensitivity in part relates to interindividual differences in kinetics, this has to be 
considered in the CSAF for interindividual differences. To this end, kinetics of ZEN 
would need to be studied in young children. In humans, the presence in urine of ZEN 
and its metabolites has been studied in cases were precocious puberty in young girls 
(age 9-12) was reported (Bandera et al., 2011). In the study, 78% of the samples (128 
girls) were positive to the presence of mycotoxins, with ZEN having the highest 
incidence of detection (55% of the sam�����;����������������������������������������
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reference population are available which limits the conclusions that can be drawn 
from these findings. It is worth to mention that the sources of ZEN and/or its 
metabolites responsible for the exposure in this study were not established. For 
example, α-zearalanol (zeranol, α-ZAL) is a metabolite of ZEN with similar potency 
as α-ZEL (Leffers et al., 2001), therefore is banned as a growth promotor in the 
European Union, while in the United States of America α-ZAL is still used and meat 
products may represent a source of exposure to α-ZAL. Though a direct link was not 
found, meat and popcorn were the most probable sources of mycoestrogens in diet 
(Bandera et al., 2011). Whether the differences in ZEN sensitivity for different 
groups within a population can be attributed to toxicokinetics and/or toxicodynamics 
remains to be understood. The work in this thesis, alongside with earlier work on 
estragole (Punt et al., 2016), phenol (Strikwold et al., 2017) and lasiocarpine (Ning 
et al., 2019), show the strength of the in vitro-in silico approach as a tool for the 
study of a larger population considering different sensitive subgroups and to study if 
the current uncertainty factors applied for ZEN risk assessment are protective 
enough. 

Human biomonitoring data for the human risk assessment of ZEN and ZEN-14-G 

The risk assessment of ZEN and its modified forms is hampered by the information 
gaps arising from the lack of exposure and biomonitoring data. Reports for the 
presence of ZEN in food products are scarce, a limitation raised by EFSA (EFSA, 
����;������������. Currently, Boevre et al. (2012) is the most complete study on 
the presence of ZEN and its modified forms in cereals from the Belgian market and 
has been used by a number of studies, including this thesis (Chapter 5), as a basis for 
the assessment of human exposure to ZEN-14-G. The limited data on the levels of 
ZEN and its modified forms in food products, along with the lack of kinetic studies 
in humans highlight the need of more comprehensive human biomonitoring data 
where the excreted biomarkers could provide a more complete overview of exposure 
to ZEN, accounting also for its modified forms.  
Biomonitoring could include the measurement of concentrations of a compound or 
its effects (e.g. DNA-adduct formation, protein induction, etc.) as biomarkers in 
body fluids and/or tissues that could provide insight into the internal and related 
external exposure or the risk to a certain health effect (Tiesjema et al., 2018). Based 
on the knowledge obtained from studies in pigs, excretion of ZEN and its modified 
forms is mainly through the urine, therefore urine has been a common source to study 
urinary levels of ZEN as a biomarker to assess the exposure. Biomonitoring of urine 
samples, or any other body fluids, still requires the use of other computational 
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methods such as PBK modelling as part of a reverse dosimetry approach to translate 
biomarker levels to actual exposure levels (Bahadori et al., 2007). 
An additional advantage of biomonitoring is that if the population is large enough, it 
may provide insight into sensitive subpopulations, an important aspect for the 
assessment of ZEN and its metabolites for which not only prepubertal girls might be 
at higher risk, but also pre- and postmenopausal women (Mauro et al., 2018). The 
recent literature has focused on the effects of ZEN exposure in female populations, 
but the effects in a male population, and related gender specific toxicokinetics and/or 
toxicodynamics have not been fully elucidated and might be of interest for future 
work. 
Proper study designs developed for the respective compounds to be studied by 
human biomonitoring, including the selection of the appropriate biomarkers and 
availability of sensitive analytical techniques, will provide a more comprehensive 
insight into exposure to compounds for which epidemiological and exposure data are 
limited.  

6.2.6  Future perspectives 

The role and contribution of the intestinal microbial metabolism of xenobiotics in 
toxicology gained attention in previous years leading to the need for the development 
and refinement of in vitro models, as well as the development of methods to translate 
the in vitro data to the in vivo situation. Though many advances have been made 
towards understanding the organisms of the gut microbiota, overall the high 
complexity of the microbial communities and their metabolic capacity still hampers 
a full understanding thereof, as well as the application of intestinal microbial 
metabolism data in toxicology. Future research needs to be done on the development 
of high throughput in vitro methods for the study of microbial metabolism of 
xenobiotics, which will contribute to a more comprehensive understanding of the 
role of the microbiome in toxicology. Furthermore, dysbiosis of the microbiome can 
lead to changes in its metabolic profile, such as changes production and metabolism 
of short-chain fatty acids, choline, amino acids and bile metabolites. Changes in, for 
example, the profile of bile acid metabolites may influence the host metabolism by 
changing expression patterns of phase 1 (CYP450) and phase II (glutathione-S-
transferase and sulfotransferase) enzymes interfering with metabolic mechanisms for 
detoxification (Collins and Patterson, 2020). Additionally, changes in the metabolic 
profile of the microbiota have been linked to the development of diseases such as 
diabetes type 2 and inflammatory bowel disease (IBC) ������������������������;�
Velmurugan et al., 2017). A combination of -omics technologies will allow a more 
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comprehensive understanding of the contribution of the intestinal microbiome to the 
co-metabolism and changes in toxicodynamics of xenobiotics, next to an 
understanding on the changes in metabolic profiles and the development of disease 
linked to intestinal microbiota. Moreover, the refinement of in vitro and/or in silico 
models for host-microbe interactions (von Martels et al., 2017) should be 
encouraged. 
Another area of interest is the refinement of the quantitative extrapolation of in vitro 
data to the in vivo situation (QIVIVE). The scaling of in vitro data to the in vivo 
situation requires the establishment and validation of appropriate scaling factors. 
Among others, the high diversity of the microbiota along the intestinal tract poses a 
challenge for deriving these scaling factors, for which the establishment of 
standardized (average) fecal masses varying from 19 - 415 g/day for humans or 
techniques for microbial load quantification and average colonic transit times are 
required. These scaling factors will also be important for the inclusion of in vitro 
intestinal microbial metabolic parameters in PBK models, and further refinement of 
the current models. Despite the development of PBK model descriptions moving 
towards simpler and generic models, the inclusion of intestinal microbial metabolism 
proved to be a potentially essential extension of these models to which also 
enterohepatic circulation needs to be added, as for many compounds their clearance 
from the body can be delayed due to excretion in bile and further hydrolytic activity 
of the microbiota followed by reuptake in the systemic circulation. 
Risk assessments are moving at a fast pace towards the inclusion of in vitro and in 
silico data as part of the process. Currently, PBK models provide an essential tool 
for the prediction of levels of xenobiotics and their metabolites in host tissues or 
fluids, and to relate external to internal dose levels. For a number of xenobiotics, 
such as ZEN, the lack of human kinetic data limits the evaluation of PBK models 
that could be used for risk assessment. Future research for the risk assessment of 
ZEN and other xenobiotics with limited or no exposure data needs input from human 
biomonitoring studies to refine exposure data and to be combined with PBK models 
to further understand the kinetics of ZEN and other xenobiotics. Obtaining 
information on possible effects (toxicodynamics) of ZEN in humans, and how these 
effects compare to those observed in young guilts on which the current TDI is based, 
might help to identify sensitive human subpopulations and possibly help to refine 
the current HBGV. 
Finally, animal and human risk assessment is mainly based on single chemicals, but 
realistic exposure scenarios will need to include the study of chemical mixtures. The 
study of mixtures is challenged by the large number of chemicals present, the limited 
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information on toxicity and the different modes of action (Bopp et al., 2019). For 
mycotoxins, this is an area that requires further development as the co-occurrence of 
mycotoxins is commonly reported, but the study of combinatorial effects hampered 
by the diverse toxic endpoints of the different types of mycotoxins (Dellafiora and 
Dall'Asta, 2017). To approach the challenges posed by mixtures there is a need for 
better exposure and kinetic data (e.g. biomonitoring data) as well as a better 
understanding on the toxicity of the chemicals, their mode of action, the toxicity 
endpoints and the potential for synergistic or antagonistic interactions. 

6.3  Conclusion 

In conclusion, the work presented in this thesis provides a proof-of-principle for the 
inclusion of in vitro kinetics for intestinal microbial metabolism, derived from 
incubations with fecal samples, together with host metabolism in PBK models to 
assess the contribution of intestinal microbial metabolism to the overall metabolism 
of ZEN. This work also gives insight into the human interindividual differences in 
the metabolism of ZEN enabling evaluation of the current uncertainty factor for 
interindividual differences in kinetics used in the risk assessment of ZEN. Finally, 
the capacity of the intestinal microbiota to fully hydrolyze ZEN-14-G supports the 
inclusion of this modified form in the group HBGV for the risk assessment of ZEN 
and its modified forms. Overall, the insight provided in this thesis opens a series of 
possibilities for further research including the identification of potential sensitive 
human subpopulations to ZEN exposure due to possible differences in toxicokinetics 
between individuals. The present thesis provides a way forward how to study this 
through the application of a combined effort of in vitro, and in silico studies. 
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Zearalenone (ZEN) is a mycotoxin produced by Fusarium spp. present in food and 
feed. ZEN shows in vivo and in vitro endocrine disrupting potential via the activation 
of estrogen receptors (ERs). In mammals, liver and intestinal microbiota metabolize 
ZEN to α-ZEL and β-ZEL, with the estrogenic potency of α-ZEL being 60-times 
higher than that of ZEN and β-ZEL being 5-times less potent than ZEN. The species 
differences in sensitivity to ZEN exposure, with pigs being the most sensitive 
species, might be ascribed to interspecies differences in the formation of α-ZEL and 
β-ZEL in combination with possible interspecies differences in toxicodynamics. 
EFSA proposed in 2016 a group health-based guidance value (HBGV), i.e. a 
tolerable daily intake (TDI) for ZEN and its modified forms, of 0.25 μg/ kg bw based 
����������������������������������������������������������������������������������
ZEN in young gilts. Considering the uncertainty around the effects of ZEN in 
humans, the aim of this PhD project was to gain further insight into the metabolism 
of ZEN, including its metabolism in liver and intestinal microbiota of not only 
experimental animals but also human, and to include this information in 
physiologically-based kinetic (PBK) models to enable evaluation of the role of 
metabolism of ZEN in its estrogenic activity. To this end, intestinal microbial 
metabolism of ZEN was studied in vitro using anaerobic incubations of fecal samples 
from rats, pigs and humans, and scaled to the in vivo situation to enable comparison 
to metabolism in the liver. The apparent in vivo catalytic efficiencies (kcat) for the 
formation of α-ZEL and β-ZEL in the three species showed that overall metabolism 
was higher in pigs, followed by rats and humans. The comparison to liver 
metabolism showed that the intestinal microbiota of pigs contributes up to 36% to 
the overall formation of α-ZEL from ZEN, and might thus contribute to the 
bioactivation of ZEN. For rats, this contribution amounted to 27%, while in humans 
this was less than 0.1%. These interspecies differences highlighted the importance 
for the development of human specific models to assess the kinetics of ZEN. In 
further studies of the present thesis the kinetic constants for the metabolism of ZEN 
by liver and intestinal microbiota were included in newly developed physiologically-
based kinetic (PBK) models for ZEN and its bioactive metabolite α-ZEL, for rats 
and humans. These models enabled prediction of the maximum blood concentrations 
of ZEN and α-ZEL, as well as a comparison of these concentrations to concentrations 
known to induce estrogenicity in in vitro bioassays like the estrogen receptor α-
mediated reporter gene (ERα-CALUX) assay and cell proliferation assays. The 
results obtained revealed that at a range of doses of 2.4-��� ������ ��� �f ZEN, 
representing the estimated daily intake in Europe for the average adult population, 
the maximum levels reaching the blood circulation in humans are 3 orders of 
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magnitude below the concentrations of ZEN and α-ZEL known to be active in in 
vitro studies for estrogenicity of these compounds (EC10). Additionally, the human 
PBK model was used to study interindividual differences in toxicokinetics of ZEN. 
To this end in vitro derived kinetic constants for conversion of ZEN by individual 
liver and intestinal microbiota samples were combined to define 400 individual PBK 
models enabling the prediction of a distribution of the maximum blood 
concentrations (Cmax) for ZEN and α-ZEL. Subsequently the PBK model outcomes 
were combined with Monte Carlo simulation to obtain a distribution for a larger 
population (n=9,879). The distribution of the Cmax at a dose equivalent to the current 
TDI of 0.25 μg/ kg bw was used to estimate a chemical-specific assessment factor 
(CSAF) for human interindividual differences in toxicokinetics of 2.45 for the 95th 
percentile of the adult population. The estimated CSAF obtained for the simulated 
population indicated that the current default uncertainty factor for interindividual 
differences in kinetics of 3.16 is sufficiently protective. Age and reproductive status 
are reported to influence the sensitivity towards ZEN. In pigs, prepubertal gilts seem 
to be more sensitive to ZEN exposure. In humans, the presence of ZEN in urine of 
young girls with cases of precocious puberty was suggested to have a causal relation, 
while this could not be proven. It remains of interest for future studies to characterize 
if the CSAF also adequately covers the interindividual differences for sensitive 
groups and whether the relatively high sensitivity in younger populations is in part 
also related to differences in toxicokinetics or solely due to differences in 
toxicodynamics. Overall, the work of this thesis presents a proof-of-principle for the 
inclusion of in vitro kinetics for intestinal microbial and host metabolism in PBK 
models. Additionally, combining the PBK model with Monte Carlo simulations was 
shown to provide a strong in vitro-in silico tool for the study of interindividual 
differences in metabolism and to evaluate the default uncertainty factors used in the 
current risk assessment. Furthermore, the rapid hydrolysis by the intestinal 
microbiota in vitro of zearalenone-14-glucoside (ZEN-14-G) to release ZEN 
indicates the importance of the intestinal microbiota upon exposure to ZEN-14-G 
and supports the inclusion of ZEN-14-G into the group HBGV (EFSA, 2016) of 0.25 
���������� 
In conclusion, the insights provided in this PhD thesis open a series of possibilities 
for further research including the identification of potential sensitive human 
subpopulations to ZEN exposure due to possible differences in toxicokinetics 
between individuals. The present thesis provides a way forward how to study this 
through the application of a combined approach of in vitro, and in silico studies. 
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