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Use of Physiologically Based Kinetic Modeling to Predict Rat
Gut Microbial Metabolism of the Isoflavone Daidzein to
S-Equol and Its Consequences for ER𝜶 Activation

Qianrui Wang,* Bert Spenkelink, Rungnapa Boonpawa, Ivonne M. C. M. Rietjens,
and Karsten Beekmann

Scope: To predict gut microbial metabolism of xenobiotics and the resulting
plasma concentrations of metabolites formed, an in vitro–in silico-based
testing strategy is developed using the isoflavone daidzein and its gut
microbial metabolite S-equol as model compounds.
Methods and results: Anaerobic rat fecal incubations are optimized and
performed to derive the apparent maximum velocities (Vmax) and
Michaelis–Menten constants (Km) for gut microbial conversion of daidzein to
dihydrodaidzein, S-equol, and O-desmethylangolensin, which are input as
parameters for a physiologically based kinetic (PBK) model. The inclusion of
gut microbiota in the PBK model allows prediction of S-equol concentrations
and slightly reduced predicted maximal daidzein concentrations from 2.19 to
2.16 µm. The resulting predicted concentrations of daidzein and S-equol are
comparable to in vivo concentrations reported.
Conclusion: The optimized in vitro approach to quantify kinetics for gut
microbial conversions, and the newly developed PBK model for rats that
includes gut microbial metabolism, provide a unique tool to predict the in vivo
consequences of daidzein microbial metabolism for systemic exposure of the
host to daidzein and its metabolite S-equol. The predictions reveal a dominant
role for daidzein in ER𝜶-mediated estrogenicity despite the higher estrogenic
potency of its microbial metabolite S-equol.
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1. Introduction

The human intestinal tract is host to a di-
verse microbial community consisting of
bacteria, yeasts, viruses, archaea, fungi,
and protozoa, of which anaerobic bacte-
ria are dominating in number especially
in the distal colon where the microbial
density is the highest.[1] The gut micro-
biota is known to play an important role
in the health of the host, among others
through metabolism of indigestible food
components, formation of vitamins, and
protection of the host frompathogens.[2,3]

While there are significant interindivid-
ual differences in the composition of
the microbiota, these do not necessarily
translate to functional differences.[4] Yet,
dysbiosis of the gut microbiota is associ-
ated with various diseases, such as nonal-
coholic fatty liver disease, metabolic dis-
orders, inflammatory bowel disease, and
autism.[5–9] The gut microbiota can fur-
ther affect the susceptibility of its host
to adverse effects caused by foodborne
chemicals and pharmaceuticals by modi-
fying their toxicity through a broad range

of reactions, such as reduction, hydrolysis, dehydroxylation,
acetylation, deacetylation, and N-oxide cleavage.[10,11]

To reduce the use of animal experimentation, toxicity test-
ing is currently undergoing a paradigm shift away from the
use of experimental animals toward the use of human-based
in vitro experimentation combined with in silico modeling. At
the heart of these testing strategies, physiologically based kinetic
(PBK) models are used to describe the absorption, distribution,
metabolism, and excretion (ADME) to make sure kinetics are
taken into account when using in vitro data to conclude on the in
vivo situation.[12] With PBKmodeling based reverse dosimetry, in
vitro concentration–response curves can be translated to in vivo
dose–response curves that allow definition of points of departure
that are required in risk assessment. In previous work we have
shown proofs-of-principle for predicting, for example, liver toxi-
city of the pyrrolizidine alkaloids lasiocarpine and riddelliine in
rats[13] and human,[14] kidney toxicity of aristolochic acid I,[15] and
developmental toxicity of glycol ethers,[16] phenols,[17,18] and all-
trans-retinoic acid.[19] Currently established PBK models, how-
ever, entirely ignore the gut microbiota, which may turn out an
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Figure 1. Schematic of daidzein metabolism by gut microbiota.

issue for compounds where metabolism by gut microbiota
plays an important role in their ADME characteristics and/or
toxicity.[12,20] Currently established PBK models focus on the use
of mammalian cell lines and tissue samples, yet entirely ignore
the gut microbiota.
The isoflavone daidzein is an extensively studied example of

a phytochemical that is affected by gut microbial metabolism.
Daidzein is present in high levels in soybeans and soy products
and is commonly consumed especially in Asian and vegetarian
diets.[21] Microbial metabolism of daidzein yields dihydro-
daidzein (DHD), which is subsequently further metabolized to
S-equol and O-desmethylangolensin (O-DMA) by the gut micro-
biota (Figure 1).[22,23] The metabolite S-equol is reported to have
a higher bioavailability and slower clearance than daidzein,[24]

and to be a more potent inducer of estrogen receptors (ERs) than
daidzein.[25] S-equol is reported to preferentially bind to ER𝛽 over
ER𝛼.[26] Opposite to ER𝛼 activation, which is associated with ad-
verse health effects through induction of cell proliferation, ER𝛽
activation is associated with beneficial health effects through
anti-proliferative activities.[27] The microbial metabolite S-equol,
however, is only produced by 20–35% of the Western adult
population and 50–55% of the Asian adult population.[22,28,29]

Most animal species are reported to be capable of producing
S-equol,[30] which indicates that studies in laboratory animals
might overestimate the effect of isoflavone ingestion when
compared to the general human population. Importantly, S-
equol-producing individuals are reported to benefit more from
isoflavone ingestion than nonproducers.[31] Some previous
studies have isolated and characterized different bacterial strains
from human and animal feces capable of converting daidzein
to S-equol or intermediates.[32–35] The conversion of daidzein to
S-equol is catalyzed by three reductases, i.e., daidzein reductase,

dihydrodaidzein reductase, and tetrahydrodaidzein reductase,
possibly involving NAD(P)H, flavin adenine dinucleotide, and
flavin mononucleotide as cofactors.[36–41] However, these previ-
ous studies with isolated bacteria did not enable quantification
of kinetic parameters required to include the gut microbial
conversion of daidzein in PBK models.
In the present study, the metabolic rates of gut microbial

metabolism of the model compound daidzein in rats were
derived using anaerobic fecal incubations. Based on the kinetic
data obtained, a PBK model described by Boonpawa et al.[42] was
adapted to contain a gut microbial compartment, allowing to pre-
dict plasma concentrations not only of the isoflavone daidzein but
also of its most important metabolite S-equol and relevant phase
II metabolites. The predicted concentrations of thesemetabolites
are compared to in vivo concentrations reported in literature.

2. Experimental Section

2.1. Materials and Standard Chemicals

Pooled Sprague Dawley (SD) male rat liver S9 was ob-
tained from Corning (MA, USA). Daidzein, S-equol,
17𝛽-estradiol (E2), DMSO, glycerol, alamethicin, uridine
5′-diphosphoglucuronic acid (UDPGA), Tris, trans-1,2-
diaminocyclohexane-N,N,N′,N′-tetracetic acid monohydrate
(CDTA), tricine, (MgCO3)4Mg(OH)2·5H2O, luciferin Na-salt,
adenosine triphosphate (ATP), and 1,4-dithiothreitol (DTT) were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands)
at the highest purity available. DHD was obtained from Cay-
man Chemical (AA, USA) and O-DMA was purchased from
Plantech (Reading, UK). Ethanol, trifluoroacetic acid (TFA),
MgCl2, CuSO4, 37% HCl, MgSO4·7H2O, NaOH, ethylenedini-
trotetraacetic acid (EDTA·2H2O; Titriplex III), and KCl were
purchased from VWR International (Amsterdam, The Nether-
lands). Ultra-performance liquid chromatography (UPLC) grade
solvents ACN and methanol were obtained from Biosolve BV
(Valkenswaard, The Netherlands). The human osteosarcoma U-2
OS ER𝛼 cell line and the U-2 OS Cytotox cell line were kindly pro-
vided by BioDetection Systems (Amsterdam, The Netherlands).
Fetal calf serum (FCS) was obtained fromBodinco (Alkmaar, The
Netherlands). PBS, fetal calf serum treated with dextran coated
charcoal (DCC-FCS), DMEM/F-12 (catalog number 31331-028)
and DMEM/F-12 (catalog number 21041-025) were supplied by
Gibco (Paisley, UK). Nonessential amino acids (NEAA), trypsin
(0.025%), and G418 disulfate salt (geneticin) were obtained
from Invitrogen Life Technologies (Breda, The Netherlands).
Ninety-six-well plates were purchased from Greiner Bio-One
(Frickenhausen, Germany) and polystyrene cell culture flasks
were purchased from Corning (Amsterdam, The Netherlands).
5 × 9 cm sterile medical gauze dressing was purchased from
HEKApres (Venray, The Netherlands; catalog number KO 0036).

2.2. Anaerobic Incubation of Rat Feces

Fresh fecal samples from Wistar rats (20 males and 20 females)
were kindly provided by BASF (Ludwigshafen, Germany). Feces
were obtained by physical stimulation, weighed, and immedi-
ately transferred into an anaerobic solution of 10% v/v glycerol
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in PBS and diluted to a final fecal concentration of 20% w/v.
Pooled samples were homogenized using a sterile glass wand,
tubes flushed with N2 gas, and stored at −80 °C until further
use. Subsequently, samples were filtered using sterile gauze un-
der anaerobic conditions, and aliquoted samples of resulting fe-
cal slurry were stored at −80 °C until use.
Conditions for anaerobic incubation of rat feces were opti-

mized to achieve linear depletion of the substrate and linear
formation of metabolites over time and concentration of feces.
Incubation solutions of 100 µL were prepared in anaerobic PBS
containing 0.3% to 8% feces (v/v), and 0.5% daidzein added
from 200 times concentrated stock solutions in DMSO (final
concentration 17.5 µm). Samples were prepared in an anaerobic
chamber (Sheldon, Cornelius, USA) with an atmosphere of 85%
N2, 10%CO2, and 5%H2, and incubated in the same atmosphere
at 37 °C. After incubation, 1 volume of ice-cold methanol was
added to terminate the reaction. Subsequently, samples were put
on ice for 10 min and centrifuged at 21 500 × g for 15 min at 4
°C to precipitate microorganisms, particles, and proteins. Quan-
tification of the substrate and metabolites in supernatants was
subsequently done using UPLC analysis performed as described
below. For the kinetic incubations, 6% of feces (v/v) and an in-
cubation duration of 35 min were chosen as optimal conditions.
To obtain the kinetics of rat microbial conversion of daidzein,

incubations were carried out with a range of daidzein concen-
trations from 2.2 to 70 µm. Incubation solutions of 100 µL were
prepared containing 30% (v/v) fecal slurry (i.e., 6% (w/v) final
concentration of feces in reactions), 69.5% anaerobic PBS (v/v),
and 0.5% daidzein (v/v) added from 200 times concentrated
stock solutions in DMSO resulting in final concentrations as
indicated. Solvent control and negative control samples were
prepared either without daidzein (replaced by 0.5% volume of
DMSO) or without fecal slurries (replaced by 30% volume of
anaerobic PBS), respectively. These samples were prepared and
processed in the same way as stated above. Incubations were
repeated three times.

2.3. Glucuronidation of S-Equol by Rat Liver S9

Incubations with pooled liver S9 fractions from male SD rats
were performed as described by Islam et al.[43] with some modi-
fications. Incubation mixtures of 100 µL were prepared contain-
ing 10 mm UDPGA, 0.025 mg mL−1 alamethicin (added from a
200-time concentrated stock solution in methanol), and 0.5 mg
protein mL−1 rat liver S9 fractions in 50 mm Tris-HCl (pH 7.4)
with 10 mm of MgCl2. After pre-incubation in a shaking water
bath at 37 °C for 1 min, reactions were initiated by adding 0.5 µL
of the substrate S-equol (from 200 times concentrated stock so-
lutions in DMSO) resulting in final concentrations ranging from
1 to 200 µm. After incubation in a shaking water bath at 37 °C
for 5 min, reactions were terminated by adding 25 µL of ice-cold
ACN. Under these conditions, glucuronidation of S-equol was
linear in time and with protein concentration (data not shown).
Negative and blank controls were performed in the absence of
either the substrate or UDPGA. Samples were subsequently cen-
trifuged at 21 500 × g for 15 min at 4 °C to precipitate proteins.
Supernatants were stored at −80 °C until UPLC analysis. Incuba-
tions were repeated three times.

2.4. UPLC Analysis

UPLC analysis was performed to quantify the concentrations of
daidzein and its metabolites. The Waters ACQUITY UPLC sys-
tem (Etten-Leur, The Netherlands) was equipped with a guard
column and a Waters Acquity UPLC BEH C18 (1.7 µm, 2.1 ×
50 mm) column. 0.1% TFA in nanopure water (v/v) was used as
solvent A and ACN as solvent B. The injection volume was 3.5 µL
and wavelengths of 190–320 nm were recorded using a Waters
photodiode array detector.
For analysis of gut microbial metabolites, a flow rate of

0.3 mL min−1 was applied, and elution was performed us-
ing the following gradient: 0% B in 0–1.00 min; 0–25% B in
1.00-1.30 min; 25–30% B in 1.30–2.70 min; 30–80% B in 2.70–
3.70min, 80–100% in 3.70–4.00min, 100% B for 4.00–5.00, 100–
0% B in 5.00–6.00min, and 0% B between 6.00–7.00min. Identi-
fication and quantification of daidzein and its microbial metabo-
lites, that is, DHD, S-equol, and O-DMA, were achieved using
commercially available standards at a wavelength of 280 nm.
For the detection of rat liver S9 incubation products, a flow

rate of 0.4 mL min−1 was applied, and elution was performed us-
ing the following gradient: 0–18% B in 0.20–0.40 min; 18% B for
0.20–3.00 min; 18–30% B in 3.00–3.50 min; 30–80% B in 3.50–
5.00min, 80–100% in 5.00–5.50min, 100% B for 5.50–6.00, 100–
0% B in 6.00–6.50 min, and 0% B between 6.50 and 7.00 min. To
verify the type of conjugation, non-terminated samples were in-
cubated with beta-glucuronidase standard S-equol was used as a
reference to allow quantification at the wavelength of 280 nm.

2.5. Kinetic Analysis

Kinetic constants, including the apparent maximum velocity
(Vmax) expressed in µmol h−1 g−1 feces and µmol h−1 g−1 protein,
and the apparent Michaelis–Menten constant (Km) expressed in
µm, were derived to describe the gut microbial conversion of
daidzein and the glucuronidation of S-equol, using GraphPad
Prism 5.04 (GraphPad Software, CA, USA). Data from rat fecal
anaerobic incubations of daidzein and rat liver S9 incubations of
S-equol were fitted to the standard Michaelis–Menten equation.

v =
Vmax × [S]

Km + [S]
(1)

where v is the conversion rate and [S] represents the substrate
concentration.

2.6. PBK Model Development

The schematic structure of the PBK model for daidzein and
S-equol is shown in Figure 2. This newly defined conceptual
PBK model includes a main model for the parent compound
daidzein, which involves separate compartments for blood, liver,
fat, rapidly perfused tissue (e.g., heart, lung, and brain), and
slowly perfused tissue (e.g., skin, muscle, and bone). This model
was based on the model previously reported and validated for
the related isoflavone genistein.[42] To simulate reactions in the
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Figure 2. Schematic structure of the PBK model. The left part is the part that describes the metabolism of daidzein, which partly converts to S-equol
in the large intestinal lumen by gut microbiota and is then imported in the right part of the model which describes the metabolism of S-equol. All
compartments including blood, rapidly and slowly perfused tissues, fat and liver are identical in the two parts of the model.

Table 1. Parameters used for the PBK model of daidzein and S-equol in rats.

Physiological parameters[44] Tissue: Blood partition coefficients[45,46]

Body weight [kg] 0.25 Cardiac output [L h−1] 5.38 Daidzein S-equol

Percentage of body weight Percentage of cardiac output Intestine 1.62 Intestine 2.44

Small intestine 1.4 Intestine 15.1 Liver 1.62 Liver 2.44

Liver 3.4 Liver 9.9 Rapidly perfused tissue 1.62 Rapidly perfused tissue 2.44

Rapidly perfused tissue 6.8 Rapidly perfused tissue 51.0 Slowly perfused tissue 0.58 Slowly perfused tissue 0.72

Slowly perfused tissue 66.7 Slowly perfused tissue 17.0 Fat 44.75 Fat 96.29

Fat 7.0 Fat 7.0

Blood 7.4

Non-perfused tissue 5.7

GI tract contents 5.0

intestine, the small intestinal lumen, small intestinal tissue, and
the large intestinal lumen were described as separate compart-
ments, where the gut microbial metabolic activities were de-
scribed in the large intestinal lumen. The conversion of daidzein
by the gut microbiota resulted in the formation of three metabo-
lites, DHD, S-equol, and O-DMA. S-equol was modeled to di-
rectly enter the liver from the large intestinal lumen with the rate
constant of 3.43 h−1, as the phase II metabolism of large intesti-
nal tissue was considered negligible compared to that of the liver.
To be able to predict the plasma concentrations of S-equol, being
themost important metabolite due to its biological activity, a sub-
model was prepared to describe its distribution and metabolism.
In order to develop a PBKmodel, three types of parameters are

needed: i) physiological and anatomical descriptors, ii) physico-

chemical parameters such as partition coefficients of the com-
pound, and iii) kinetic parameters which describe the metabolic
reactions.[20] Values for the first two classes of parameters are
presented in Table 1. Physiological parameter values such as tis-
sue volumes and blood flows, were obtained from literature.[44]

Tissue/blood partition coefficients were calculated based on the
method reported by DeJongh et al.[45] using the octanol-water
partition coefficient (Log P) of 2.51 and 3.20 for daidzein and S-
equol,[46] respectively.
Kinetic parameters Vmax and Km defined in rat fecal anaerobic

incubations as described above were used to describe gut micro-
bial conversions from daidzein to DHD, S-equol, and O-DMA,
as was required for model development. To this end, rat fecal
anaerobic incubations were carried out as described above. The
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obtained apparent Vmax values expressed in µmol h−1 g−1 feces
were scaled to the whole body using a fecal fraction of body
weight 0.0164.[47]

Kinetic constants of daidzein glucuronidation by liver and
small intestinal tissue samples were taken from published
literature,[43] whereas formation of sulfated metabolites was con-
sidered to be negligible, since previous studies showed the cat-
alytic efficiencies (Vmax/Km) for sulfation to be at least two orders
of magnitude lower than glucuronidation.[43] Kinetic constants
for rat liver glucuronidation of S-equol were obtained by perform-
ing incubationswith pooled SDmale rat liver S9 fractions, carried
out as described above.
Vmax values (nmol min−1 mg−1 protein) of glucuronidation in

small intestine and liver were scaled to in vivo Vmax values, using
an S9 protein yield of 38.6 and 143 mg g−1 tissue for small intes-
tine and liver, respectively. These values were obtained from the
sum of cytosolic protein yield of 18 and 108 mg g−1 tissue and
microsomal protein yield of 20.6 and 35 mg g−1 tissue for small
intestine and liver, respectively.[48,49] The scaled Vmax values and
the catalytic efficiencies were calculated as follows:
Large intestinal lumen:

Scaled Vmax (μmol h−1) = Vmax

(
μmol h−1g−1 feces

)

× (1000 × 0.0164)(g feces kg−1bw) × 0.25
(
kg bw

)
(2)

Small intestine:

Scaled Vmax (μmol h−1) =

Vmax

(
nmol min−1mg−1S9 protein

)
∕1000

(
nmol μmol−1

)

× 60
(
min h−1) × 38.6 (mg S9 protein g−1small intestine)

× 14
(
g small intestine kg−1bw

)
× 0.25

(
kg bw

)
(3)

Liver:

Scaled Vmax (μmol h−1) =

Vmax

(
nmol min−1mg−1S9 protein

)
∕1000

(
nmol μmol−1

)

× 60
(
min h−1) × 143 (mg S9 protein g−1liver)

× 34
(
g liver kg−1bw

)
× 0.25

(
kg bw

)
(4)

Catalytic efficiency:

In vitro catalytic efficiency (mL h−1 g−1 feces) = Vmax (µmol h−1

g−1 feces) Km
−1 (µm)*1000 (mL L−1)

In vitro catalytic efficiency (mL min−1 mg−1 S9 protein) = Vmax
(nmol min−1mg−1 S9 protein) Km

−1 (µm)
Scaled catalytic efficiency (L h−1) = scaled Vmax (µmol h−1) Km

−1

(µm)

The PBK model equations were coded and numerically inte-
grated in Berkeley Madonna 8.3.18 (UC Berkeley, CA, USA) us-
ing Rosenbrock’s algorithms for stiff systems. The model code is
presented in Section S1, Supporting Information.

2.7. Sensitivity Analysis

A sensitivity analysis was performed using a relatively simple
linear method[50] to assess which parameters of the PBK model
have the largest impact on predicted maximum plasma con-
centrations (Cmax) of daidzein and S-equol. Normalized sensitiv-
ity coefficients (SCs) were calculated according to the following
equation.[50]

SC =
(C′ − C)
(P′ − P)

× P
C

(5)

where C stands for the initial value of model output; C′ is the
modified value of model output with a 5% increase of an input
parameter; P is the initial parameter value; and P′ is the param-
eter value with an increase of 5%. For sensitivity analysis, only
one parameter is changed each time, while other parameters are
kept at their initial values. A large SC value indicates a large im-
pact of this parameter on predicted plasma Cmax of daidzein and
S-equol. Oral doses of 2, 38, and 80 mg kg−1 bw daidzein were
used to carry out the sensitivity analysis, which are the reported
highest daily intake in a Western diet, average daily intake in an
Asian diet, and the highest dose when consuming soy supple-
ments, respectively.[51]

The linear sensitivity analysis now performed was a simple
first tier approach aiming to provide initial information about
which parameters influence the predicted Cmax values most,
while a more extended analysis of variability in the thus identi-
fied most influential parameters, for example via example Monte
Carlo modeling, might provide additional insight in intraspecies
differences.[52,53,54]

To further assess how gut microbial related kinetic parameters
Vmax and Km affect plasma Cmax of daidzein and S-equol, a sensi-
tivity analysis was performed using Km and Vmax values amount-
ing to their mean value plus or minus the standard deviation (P′

in the formula equals P plus or P minus the respective standard
deviation).

2.8. Estrogen Receptor-Mediated Chemical-Activated Luciferase
Gene Expression Assay of Daidzein and S-Equol

To assess the estrogenic potency of daidzein and S-equol, the re-
porter gene assay ER𝛼-CALUX was performed, using the human
osteosarcoma U-2 OS ER𝛼 cell line which is stably expressing
ER𝛼 in addition to a 3× estrogen response element (ERE) and
TATA box binding protein combined with a luciferase gene as
reporter.[55]

Cells were cultured at 37 °C in a humidified atmosphere and
5% CO2. Cell culture medium used was DMEM/F-12 (with phe-
nol red) supplemented with 5% DCC-FCS (v/v), 1% NEAA (v/v),
and 1% penicillin streptomycin. Cultures were trypsinized and
subcultured at a ratio of 1:6 to 1:8 twice per week, when grown
to 70–80% confluence. 2 days before plating of the cells to per-
form the assay, cells were exposed to 0.2 mm geneticin in the cell
culture medium to exert selection pressure.
To perform the assay, cells were trypsinized and plated in the

inner 60 wells of 96-well plates with a density of 1 × 104 cells per
well in 100 µL per well of assaymedium. Assaymediumusedwas
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DMEM/F-12 (without phenol red) supplemented with 10% FCS
(v/v) and 1%NEAA (v/v). The outer 36 wells were filled only with
200 µL PBS. After 24 h, the assaymediumwas carefully aspirated
and replaced by 100 µL fresh assay medium per well. After an-
other 24 h of incubation, assaymediumwas aspirated and 100 µL
exposuremediumwas added. Exposuremedium consisted of test
compounds in DMSO (0.5% final concentration) prepared from
200 times concentrated stocks in assay medium, and cells were
exposed to 0.01–1000 pm E2, 0.1–100 000 nm daidzein, or 0.1–
100 000 nm S-equol, 1000 pm of E2 (positive control for ER𝛼 ac-
tivation), 1 mm of CuSO4 (positive control for cytotoxicity), and
0.5% DMSO as solvent control in each plate. Every condition was
tested in six replicates per plate. Cells were incubated with test
chemicals for 24 h, after which cells were washed with 100 µL
PBS, and 30 µL low salt buffer (LSB) were subsequently added to
each well to lyze the cells. LSB contained 0.12% Tris, 0.03% DTT,
and 0.07% CDTA in nanopure water (w/w). Plates were placed
on ice for 15 min and frozen at −80 °C overnight before mea-
surement. Experiments were repeated three times.
For measurement, plates were thawed on a plate shaker at

room temperature for 1 h, and then luciferase activity was
measured using flash mix in a GloMax Multi+ luminometer
(Promega, CA, USA) at room temperature. Flash mix consisted
of 20mm tricine, 1.07mm (MgCO3)4Mg(OH)2, 2.67mmMgSO4,
0.1 mm EDTA, 2 mm DTT, 0.47 mm luciferin, and 5 mm ATP
in nanopure water (pH 7.8). The resulting relative light units
(RLUs) were standardized by subtracting the background of the
solvent control, and expressing results relative to the maximum
luciferase response of E2 set at 100%.
Flavonoids are known to exert post-translational effects on

luciferase.[56,57] To be able to correct the results of the ER𝛼-
CALUX for these effects, the post-translational effects of daidzein
and S-equol on luciferase were studied in U-2 OS Cytotox
cells constitutively expressing luciferase.[58] In this assay, post-
translational stabilization of luciferase leads to increased lu-
ciferase activity, and cytotoxicity leads to reduced luciferase activ-
ity. Cell culturing, plating, and exposure conditionswere identical
to the ER𝛼-CALUX assay described above. Experiments were also
repeated three times.
The results of the ER𝛼-CALUX assay were corrected for post-

translational effects of the test chemicals on the reporter enzyme.
To this end, chemical-induced changes to luciferase activity in
the Cytotox assay relative to the solvent control were calculated,
and the results of the ER𝛼-CALUX were divided by the respec-
tive factors. A nonlinear regression was fitted to the data (three-
parameter dose–response curve with a Hill slope of 1.0) to the
corrected data to obtain the concentration–response curves for
each compound, using GraphPad Prism 5.04.

3. Results

3.1. Clearance of Daidzein in Rat Fecal Anaerobic Incubations

To assess gut microbial metabolism of daidzein, anaerobic incu-
bations of daidzeinwith rat feces were performed. Figure 3 shows
the depletion of daidzein at different concentrations of feces. It
can be seen that at low concentrations of feces (i.e., 0.3%, 0.6%,
0.9%, and 1.2%), there is no or very low metabolism due to lag

Figure 3. Depletion of daidzein (starting concentration 17.5 µm) in anaer-
obic incubations containing increasing concentrations of rat feces.

Figure 4. Concentration-dependent formation of DHD (circles), S-equol
(triangles), and O-DMA (squares) in rat fecal incubations with daidzein
under anaerobic conditions. Data are presented asmean± SD of triplicate
experiments.

phases, while at high concentrations of feces (i.e., 4%, 6%, and
8%), metabolism starts immediately. At high concentrations of
feces, there are linear increases in the rate of daidzein depletion
over fecal concentrations, and from that linear range 6% feces
was selected for subsequent experiments. The rates of daidzein
depletion were linear over time for at least 1 h, and thus, the incu-
bation time of 35 min was selected for subsequent experiments.

3.2. Kinetic Constants of Metabolite Formation from Daidzein in
Rat Fecal Incubations

Figure 4 presents the daidzein concentration dependent appar-
ent formation rates of DHD, S-equol, and O-DMA in rat fecal in-
cubations. Themetabolite formation followedMichaelis–Menten
kinetics and allowed definition of apparent Vmax and Km values.
Catalytic efficiencies (calculated as Vmax/Km) for the formation of
DHD, S-equol, and O-DMA derived from these kinetic param-
eters were calculated, and are shown in Table 2. Of the three
microbial metabolites, S-equol is formed with the highest cat-
alytic efficiency, which is 1.3- and 15.7-fold as high as that of DHD
and O-DMA, respectively.
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Table 2. Kinetic parameters for formation of daidzein gut microbial
metabolites.

DHD S-equol O-DMA

Vmax [µmol h−1 g−1 feces] 0.35 ± 0.01 0.28 ± 0.02 0.04 ± 0.01

Km [µm] 1.69 ± 0.21 1.08 ± 0.55 2.42 ± 2.31

Catalytic efficiency
[mL h−1 g−1 feces]

207.10 ± 31.65 259.26 ± 150.55 16.53 ± 19.9

Figure 5. Concentration-dependent formation of S-equol glucuronide-1
(circles with solid line) and glucuronide-2 (triangles with dashed line) in
incubations with pooled liver S9 fractions from male SD rats. Data are
presented as mean ± SD of triplicate experiments.

3.3. Enzymatic Conjugation of S-Equol in Incubations with
Pooled Rat Liver S9 Fractions

Kinetic parameters for liver phase II glucuronidation of S-equol
were determined by in vitro incubations of pooled rat liver
S9 fractions, as glucuronidation is the major pathway of host
phase II conjugation of S-equol. Two glucuronides of S-equol
were formed at similar rates in these incubations (Figure 5).
Due to the molecular structure of S-equol, only having hydroxyl
groups available for glucuronidation at the 4′ and 7 positions,
the formed metabolites are likely S-equol-4′-O-glucuronide and
S-equol-7-O-glucuronide. The formation of the glucuronides fol-
lowedMichaelis–Menten kinetics, resulting inVmax values of 11.0
and 10.6 nmol min−1 mg−1 S9 protein, and Km values of 22.5 and
13.7 µm for formation of S-equol glucuronide-1 and glucuronide-
2, respectively (Table 3). The catalytic efficiency for the formation

Table 3. Kinetic parameters for formation of S-equol phase II metabolites
by pooled rat liver S9 fractions.

S-equol
glucuronide-1

S-equol
glucuronide-2

Vmax [nmol min−1 mg−1 S9 protein] 11.0 10.6

Km [µm] 22.5 13.7

Catalytic efficiency
[mL min−1 mg−1 S9 protein]

0.49 0.77

Scaled Vmax [µmol h−1] 802.23 773.06

Scaled catalytic efficiency [L h−1] 35.65 56.43

of S-equol glucuronide-2 is 1.6 times higher than that for forma-
tion of glucuronide-1, especially because of a 1.6-fold lower Km.

3.4. PBK Modeling

3.4.1. Influence of Microbial Metabolism on Plasma Concentrations
of Daidzein and S-Equol

PBK modeling was used to predict the effect of gut microbial
metabolism on the plasma concentrations of daidzein and its
metabolite S-equol in the host.
The results obtained provide a first proof-of-concept for includ-

ing the gut microbiota as a separate compartment in the PBK
model structure, confirming that only in this way occurrence of
S-equol in host plasma can be predicted. This is clearly shown in
Figure 6A which presents the predicted time-dependent plasma
concentration of S-equol for both the PBK model without and
with the gut microbiota included. It can be seen that upon oral
dosing of 20 mg kg−1 bw daidzein, S-equol is not present in
the circulation when microbial metabolism is not included in
the PBK model, since its plasma concentration remains zero.
Oncemicrobial activity is introduced into themodel, S-equol con-
centrations show a typical pharmacokinetic curve with a Cmax
of 0.007 µm. This is a proof-of-concept that the current devel-
oped PBK model including microbiota as a separate compart-
ment works.
The metabolic activity of gut microbiota marginally affects

the plasma levels of daidzein (Figure 6B), where plasma Cmax
of daidzein decreases from 2.19 to 2.16 µm, and the area un-
der the concentration-time curve (AUC0-4h) reduces from 0.018
to 0.016 µmol h L−1 when microbial activity is introduced into
the system.

3.4.2. Comparison of Model Predictions and In Vivo Data on
Daidzein and S-Equol Plasma Concentrations

The plasmaCmax of unconjugated daidzein and S-equol predicted
by the model were compared with in vivo plasma concentrations
upon oral administration of 1.14–30 mg kg−1 bw daidzein re-
ported in literature.[59–68] For the literature data reporting the con-
centrations of daidzein and S-equol after hydrolysis, these data
were corrected for the fractions of unconjugated daidzein and S-
equol in the circulation (i.e., 8.1% and 1.1%, for daidzein and
S-equol, respectively).[69] Figure 7 shows the ratio between the
predicted plasma concentrations and the values reported in liter-
ature (details are presented in Tables S1 and S2, Supporting In-
formation). There is considerable variation between the in vivo
studies, and the predicted plasma Cmax of daidzein is on average
1.22 times the reported in vivo plasma Cmax. For S-equol, only
two studies were found that could be included in this compari-
son, and based on these data the predicted plasma Cmax of equol
is on average 1.07 times the predicted in vivo plasma Cmax.

3.5. Sensitivity Analysis

To assess key parameters that influence the model output, in
this case the plasma Cmax of daidzein and S-equol, a sensitivity
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Figure 6. PBK model predicted plasma concentrations of A) S-equol and B) daidzein upon oral dosing of 20 mg kg−1 bw daidzein. The red dashed line
represents the predicted plasma concentrations without inclusion of the gut microbial compartment and the solid blue line represents the predicted
plasma concentrations including the gut microbial compartment in PBK modeling.

Figure 7. Ratio between the predicted plasma Cmax and the in vivo Cmax of
unconjugated daidzein and S-equol upon oral dosing of 1.14–30 mg kg−1

bw daidzein.[59–68] Each data point represents a separate study reported
in the literature. If different doses were tested, each dose is represented
by a data point.

analysis was carried out. Upon oral dosing of daidzein at 2, 38,
and 80 mg kg−1 bw, parameters that appeared to have absolute
normalized sensitivity coefficients (SCs) higher than 0.1 for at
least one dose are presented in Figure 8.
Results reveal that the normalized SCs for most of the PBK

model parameters are dose-dependent. The predicted plasma
Cmax of daidzein is predominantly influenced by the absorp-
tion rate of daidzein to small intestinal tissue (Ka), the frac-
tion of blood flow to rapidly perfused tissue (QRc), the frac-
tion of liver tissue (VLc), the liver S9 protein yield (VLS9), and
the Vmax for daidzein-7-O-glucuronide formation by the liver
(VmaxLDAI7Gc).
Similarly, for S-equol, parameters including QRc, VLS9, and

VLc affect its predicted plasma Cmax to the largest extent. The pa-
rameters related to gut microbial activities have small effects on
the plasma Cmax of daidzein, but considerable influence on the
Cmax of S-equol. Especially the Vmax and Km for formation of S-
equol in the large intestine (VmaxLIEQUc and KmLIEQU) are of
influence on the Cmax of S-equol.
Further analysis also confirmed that gut microbial kinetics

Vmax andKm are influential parameters, where Table S3, Support-
ing Information, shows that plasmaCmax of daidzein and S-equol
change, albeit still to a limited extent, when changing kinetic pa-
rameters according to their standard deviations.

3.6. Estrogenicity of Daidzein and S-Equol

The ER𝛼-CALUX assay was performed to assess the estro-
genic potency of daidzein and S-equol. Figure 9 shows the
concentration–response curves of 17𝛽-estradiol (E2), daidzein,
and S-equol. The respective effective concentrations to reach a
10% (EC10) and 50% (EC50) induction of ER𝛼-mediated gene
expression derived from these curves are listed in Table 4.
The curves of daidzein and S-equol were corrected for post-
translational effects on the luciferase enzyme quantified us-
ing the U-2 OS Cytotox cells. The results obtained show that
the gut microbial metabolite S-equol is a more potent estro-
gen than its parent compound daidzein, having a 6.3- and 12.7-
fold higher potency when comparing EC10 and EC 50 values,
respectively.

3.7. Comparison of In Vitro EC10 and Dietary Resulting Plasma
Concentrations

To obtain insight in the physiological relevance of the in vitro de-
tected estrogenic activity of daidzein and S-equol the EC10 val-
ues for ER𝛼 activation derived from the ER𝛼-CALUX assay were
compared to predicted rat plasma Cmax of daidzein and S-equol
resulting from different dietary exposure scenarios. To this end,
plasma Cmax values of daidzein and S-equol as a result of a typical
Western diet (daily isoflavone consumption <2 mg kg−1 bw),[70]

a Western vegetarian diet (daily isoflavone consumption ≈12 mg
kg−1 bw),[71] an Asian diet (daily isoflavone consumption 15–
61 mg kg−1 bw),[72–74] and isoflavone supplement consumption
(daily isoflavone consumption 20–80mg kg−1 bw)[75–78] were pre-
dicted using the developed PBK model. Predicted Cmax values
obtained were converted to unbound concentrations by correct-
ing for the protein unbound fractions in plasma, which are re-
ported to be 12%[70] and 3.5%[79] for daidzein and S-equol, re-
spectively. Figure 10 shows that for daidzein, predicted unbound
plasma Cmax values resulting from all diets, except for the West-
ern diet, were predicted to be generally higher than the EC10
value of daidzein for ER𝛼 activation. Predicted unbound plasma
Cmax values of S-equol resulting from different dietary intakes
were generally lower than the EC10 value of S-equol for ER𝛼
activation.
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Figure 8. Sensitivity analysis of predicted plasma Cmax of A) daidzein and B) S-equol upon oral dosing of daidzein at dose levels of 2 (white bars), 38
(light gray bars), and 80 (dark gray bars) mg kg−1 bw. Parameters stand for: BW, body weight; VSIc, fraction of small intestine; VLc, fraction of liver;
VRc, fraction of rapidly perfused tissue; VSc, fraction of slowly perfused tissue; QC, cardiac output; QSIc, fraction of blood flow to small intestine;
QLc, fraction of blood flow to liver; QRc, fraction of blood flow to rapidly perfused tissue; QSc, fraction of blood flow to slowly perfused tissue; PRDAI,
rapidly perfused tissue/blood partition coefficient of daidzein; PSDAI, slowly perfused tissue/blood partition coefficient of daidzein, Ka, absorption rate
of daidzein to intestinal tissue; S9SI, small intestinal S9 protein yield; VmaxSIDAI7Gc, Vmax of daidzein-7-O-glucuronide by small intestine; KmSIDAI7G,
Km for formation of daidzein-7-O-glucuronide by small intestine; VLS9, liver S9 protein yield; VmaxLDAI7Gc, Vmax of daidzein-7-O-glucuronide by liver;
VmaxLDAI4iGc, Vmax of daidzein-4′-O-glucuronide by liver; KmLDAI7G, Km for formation of daidzein-7-O-glucuronide by liver; KmLDAI4iG, Km for
formation of daidzein-4′-O-glucuronide by liver; PSEQU, slowly perfused tissue/blood partition coefficient of S-equol; Kb, transfer rate of daidzein to
feces; Ksl, transfer rate of daidzein to feces; Kll, absorption rate of S-equol from intestine to liver; VMB, fraction of feces of body weight; VmaxLIDHDc,
Vmax of DHD by large intestine lumen; VmaxLIEQUc, Vmax of S-equol by large intestine lumen; KmLIDHD, Km for formation of DHD by large intestine
lumen; KmLIEQU, Km for formation of S-equol by large intestine lumen; VmaxLEQU1c, Vmax of S-equol glucuronide-1 by liver; VmaxLEQU2c, Vmax of
S-equol glucuronide-2 by liver; KmLEQU1, Km for formation of S-equol glucuronide-1 by liver; KmLEQU2, Km for formation of S-equol glucuronide-2 by
liver.

4. Discussion

The aim of the present study was to create an in vitro-in silico
based testing strategy to predict gut microbial metabolism of
xenobiotics and the resulting plasma concentrations of the
metabolites formed, using the isoflavone daidzein and its
gut microbial metabolite S-equol as model compounds. The

anaerobic fecal incubations were optimized to establish a linear
relationship of metabolites formed over fecal concentrations and
time, to allow adequate kinetic experiments and definition of
Michaelis–Menten parameters. To our knowledge, this is the first
time that apparent Vmax and Km values are derived to describe
the metabolism of a chemical by the gut microbiota, which are
subsequently used for PBK modeling. Previous in vitro fecal
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Figure 9. Concentration–response curves of E2, daidzein, and S-equol in
the ER𝛼-CALUX assay.

Table 4. EC values of E2, daidzein, and S- equol obtained in the ER𝛼-CALUX
assay.

EC10 [nm] EC50 [nm]

E2 0.001 0.003

Daidzein 62.5 261.6

S-equol 9.9 20.6

incubations have reported microbial metabolism of daidzein and
formation of S-equol.[32–34,80,81] However, from those studies no
kinetic parameters could be derived, as the long incubation times
in the reported studies lead to nonlinear kinetics, which are in
part due to microbial adaptation, usually resulting in exponential
increases in metabolite degradation after a lag phase and/or
depletion of the substrate at longer incubation times.[32–34] In
the present study it was shown that nonlinear kinetics could be
avoided with use of diluted fecal slurries and only relatively short-
incubation times. Fecal samples were used as a representative
matrix for the colonic microbiota, since fecal communities are
reported to be highly comparable to colonic ones in composition
and function.[82–84,86] While there are certain differences in the
microbial composition along the intestinal tract, the colon is
housing the vast majority of microbes and is considered to be the
most important contributor to the metabolic activity of the gut
microbiota. Lagkouvardos et al.[85] performed a thorough review
on the cultivation of bacteria from the intestine of mammals, and
drew the conclusion that up to 65% ofmolecular species detected

Figure 10. Comparison of in vitro–derived EC10 values for induction of
ER𝛼mediated gene expression and predicted unbound Cmax plasma levels
of S-equol (upper part) and daidzein (lower part) resulting from different
dietary intake levels.

by sequencing have representative strains in culture under com-
mon culture conditions. In addition, the culture conditions in our
studywere designed to be as short as possible with as little enrich-
ment as possible to be most representative of the intestinal com-
munities and conditions when sampled, and were not intended
to establish stable cultures. Thus, using fecal incubations to
describe intestinal microbial metabolism provides a reasonable
first tier approach, which, based on the result of the present study
appeared to result in adequate predictions of the PBK model.
Using the kinetic parameters derived for intestinal micro-

bial conversion of daidzein to S-equol and for subsequent glu-
curonidation of S-equol in the liver, a PBK model able to predict
plasma Cmax of daidzein and S-equol in rats was developed. The
PBK model was developed for rats because this enabled compar-
ison of model based predictions to in vivo data available in the lit-
erature. Comparison of the PBKmodel based predictions to these
in vivo data revealed that the predictions matched the available in
vivo Cmax data well, with the predicted plasma Cmax being on av-
erage 1.22 and 1.07 times the in vivo plasma Cmax of daidzein and
S-equol, respectively.
The analysis also revealed that both the reported and predicted

plasma levels of S-equol are substantially lower than those of
daidzein. In line with this, inclusion of gutmicrobial metabolism
in the PBK model appeared to have only a marginal effect on the
daidzein Cmax values, which leads to the suggestion that, in the
case of isoflavones, models omitting the gut microbiota[36,87] can
still adequately predict concentrations of the parent isoflavone.
However, when metabolites with an increased toxicity or biologi-
cal activity are formed, these potentially highly relevant and bioac-
tive metabolites are overlooked. While animal studies are still
the standard in toxicity testing, the described inclusion of mi-
crobial metabolism in in vitro-in silico methods can improve the
predictions of QIVIVE and thereby contribute to their applica-
bility and acceptance. The results of the present study provide
a proof-of-principle on how formation of metabolites by the in-
testinal microbiota can be included in PBK model predictions.
The PBKmodel including microbial S-equol formation in the in-
testinal compartment adequately predicted plasma S-equol con-
centrations in the host.
In line with literature, it was shown that S-equol is a more po-

tent estrogen than daidzein (Figure 9), so that the formation of
S-equol is generally considered to be relevant for health effects
associated with daidzein ingestion in humans.[81,88] However, the
results of the present study, comparing predicted plasma concen-
trations of unconjugated daidzein and S-equol with EC10 values
for ER𝛼 activation obtained in the ER𝛼-CALUX assay, indicate
that in rats the ER𝛼-mediated estrogenicity is likely to be dom-
inated by daidzein in spite of its microbial metabolite S-equol
being more potent. It shall be noted that potential differences
in protein binding between culture medium used in the ER𝛼-
CALUX assay and in plasma were not taken into account for this
comparison, which might cause differences in free concentra-
tions of daidzein and S-equol between these two systems. The
free fraction in plasma of daidzein is reported to be 12%[70] while
that for S-equol is 3.5%,[79] which further supports the conclu-
sion that the contribution of S-equol to the in vivo estrogenicity
of daidzein may be limited.
It is important to note that the PBK model developed in the

present study relates to rats. This was done because for rats there

Mol. Nutr. Food Res. 2020, 64, 1900912 1900912 (10 of 13) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



www.advancedsciencenews.com www.mnf-journal.com

are data on dose-dependent Cmax values of both daidzein and S-
equol available, enabling evaluation of the model predictions. It
should be kept in mind that although the model predictions ap-
pear to be comparable to in vivo data from literature, the cur-
rent developed PBK model still needs further validations and
poses some challenges. For example, the model describes body
structures by dividing them into different independent com-
partments, but in reality, the living organism is far more com-
plex with potential interactions between compartments. Further-
more, the model does not take interindividual differences in the
many parameters used in the equations into account. This might
be achieved by performing Monte Carlo modeling, based on dis-
tributions describing the variability in either all model parame-
ters, or, alternatively, especially the parameters that appear to be
most influential on the predicted outcomes for Cmax of daidzein
and S-equol. This would also allow to take into account the fact
that in contrast to rats, within the human population there are
also individuals who do not produce S-equol. Thus, when inter-
preting the model results, these limitations should be kept in
mind, while future research may consider addressing these as-
pects presently ignored. Based on this validated model a PBK
model for humans can be developed using human fecal mate-
rials and human tissue fractions, although this remains a topic
for further research.
In the current study, proof-of-principle for an in vitro-in sil-

ico based testing strategy to predict gut microbial metabolism of
xenobiotics was developed, which could successfully be applied
to predict the resulting plasma concentrations of an intestinalmi-
crobial metabolite in the host. This is a relevant addition to cur-
rentQIVIVE strategies which are a key element of the twenty-first
century toxicity testing strategies.
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