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Physiologically-Based Kinetic Modeling Predicts Similar In
Vivo Relative Potency of Senecionine N-Oxide for Rat and
Human at Realistic Low Exposure Levels
Frances Widjaja,* Yasser Alhejji, Jamyang Yangchen, Sebastiaan Wesseling,
and Ivonne M. C. M. Rietjens

Scope: This study aims to determine if previously developed
physiologically-based kinetic (PBK) model in rat can be modified for
senecionine (SEN) and its N-oxide (SENO), and be used to investigate
potential species differences between rat and human in relative potency (REP)
of the N-oxide relative to the parent pyrrolizidine alkaloid (PA).
Methods and results: In vitro derived kinetic parameters including the
apparent maximum velocities (Vmax) and Michaelis–Menten constants (Km)
for SENO reduction and SEN clearance are used to define the PBK models.
The rat model is validated with published animal data, and the toxicokinetic
profiles of SEN from either orally-administered SENO or SEN are simulated.
REP values of SENO relative to SEN amount to 0.84 and 0.89 in rat and
human, respectively.
Conclusion: The REP value can be dose- and species-dependent, with the
values for rat and human being comparable at low realistic exposure
scenarios. In summary, PBK modeling serves as a valuable New Approach
Methodology (NAM) tool for predicting REP values of PA-N-oxides and may
actually result in more accurate REP values for human risk assessment than
what would be defined using in vivo animal experiments.
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1. Introduction

Pyrrolizidine alkaloids (PAs) are sec-
ondary plant metabolites found in 3%
of flowering plants[1–3] and in food com-
modities such as honey, tea, plant food
supplements, herbs, and spices.[4] Hu-
mans are exposed to PAs via two main
pathways, namely accidental contamina-
tion of foodstuffs and deliberate use
of PA-containing plants in herb based
foodstuffs.[5] For example, chronic food-
stuff contamination in South Africa from
Senecio and Crotalaria make their way
into grains that are used to prepare
food, and Senecio extracts are also used
to prepare tea as remedy for medi-
cal conditions such as amenorrhea and
menorrhagia.[6] Senecio plants are known
to contain senecionine (SEN) and its N-
oxide (SENO)[7–10] and Senecio poison-
ing has been reported to cause liver
carcinoma.[6] Recent studies show that
consumption of Gynura segetum herbal
samples containing high levels of SENO

also caused acute toxicity in the form of the hepatic sinusoidal
obstruction syndrome.[11]

More than 660 different structures of PAs and their N-oxides
(PA-N-oxides) have been identified.[12] In plants, PAs coexist
with their N-oxides[13,14] with PA-N-oxides being identified as the
dominant form.[7,15] PA-N-oxides must first be reduced to their
parent PAs before causing toxicity (Figure 1).[11,16–21] This reduc-
tion primarily takes place in two body compartments: the large
intestine where conversion occurs by intestinal microbiota and
the liver.[16–18] PAs are detoxified through N-glucuronidation,[22]

hydrolysis,[15,23] or N-oxidation to their N-oxides,[24] while re-
duction of the N-oxides regenerates the PAs. PAs with an
1,2-unsaturated bond are protoxins that can be metabolically
oxidized into bioactive pyrroles such as dehydropyrrolizidine
alkaloids (DHPAs) and subsequently hydrolyzed into (±)-6,7-
dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP).[21]

These pyrrole moieties can react with glutathione (GSH)[25] or
form covalent bonds[26] with protein or DNA leading to toxic
pyrrole-protein adducts[27] and pyrrole-DNA adducts.[28] Upon
reaction with GSH, the pyrrole moieties can still react with
DNA as shown for instance for 7-GS-DHP, 7-cysteine-DHP,
and 7-valine-DHP.[29] The protein and DNA pyrrole adducts
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Figure 1. Metabolic pathway of SENO and SEN as adapted from He et al.[21]

subsequently cause hepatotoxicity,[21] genotoxicity,[22] and
carcinogenicity.[23]

Given that exposure to PAs generally includes a mixture of
PAs with different potency, definition of so-called relative po-
tency (REP) values is essential for a combined risk assessment.
However, given the large number of PAs and PA-N-oxides, it is
unrealistic to determine these REP values by in vivo toxicity stud-
ies indicating the need for use of New Approach Methodologies
(NAMs). In a previous study, we used physiologically based ki-
netic (PBK) modeling to show that REP values for PA-N-oxides
are likely to be lower than those of their parent PAs.[30–32] This
NAMwas based on physiologically based kinetic (PBK)modeling
and was able to take the reduction of the PA-N-oxide by the in-
testinal microbiota to the corresponding parent PA into account,
a factor often ignored in in vitro model systems applied thus far
to define REP values for PA-N-oxides.[30,31] This previous study
also revealed the REP value for the riddelliine N-oxide (RIDO) to
be dose-dependent with the REP value being lower at high dose
levels used in animal experiments and higher at lower realistic
dietary intake levels.[16] At these low dose levels, experimental

quantification of the REP value becomes hampered by the de-
tection limits of the experimental method applied, illustrating an
important advantage of the PBK modeling based NAM. At dose
levels realistic for human exposure, the REP value of RIDO rel-
ative to riddelliine (RID) amounted to 0.78, while at higher dose
levels used in the available animal study, the REP value was 0.67.
The PBK modeling also revealed that this decrease in the REP
value with increasing dose level could be ascribed to saturation
of the reduction of RIDO to RID when dosing RIDO and of the
clearance of RID when dosing RID.
This study aims to use the previously validated PBK models

for RID and RIDO in rats to develop PBK models for rats and
humans for another PA, SEN, and its N-oxide, SENO, and
to use the PBK models thus defined to investigate i) whether
also for this PA-N-oxide the REP value is dose-dependent, and
ii) whether the REP value is species-dependent. SENO and
SEN were selected as the model compounds for the present
study because they are among the 17 PAs in EFSA’s list of PAs
relevant for food and feed.[4] Another reason for the selection
was that for SENO kinetic data from an in vivo rat study[11]
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are available for PBK model evaluation. Given that different
PAs show different kinetic profiles,[33] different PA-N-oxides
might also demonstrate different kinetic profiles due to potential
structure-dependent differences in reduction of the N-oxides
to the parent PAs[20] and in metabolic clearance of the formed
parent PAs.[34] Besides structure-dependent differences, there
might also be species-dependent differences in the kinetics of
PAs and their N-oxides potentially resulting in different REP
values in rat and human. One species difference known to
occur relates to the fact that in addition to being cleared by
hepatic CYP450s and carboxylesterases, in humans PAs can
additionally be cleared through N-glucuronidation by uridine
5′-diphospho-glucuronosyltransferase (UGT), a reaction not
relevant in rats[22,35] (Figure 1).

2. Experimental Section

2.1. Materials and Standard Chemicals

SEN (98%) and SENO (91%)were purchased fromPhytolab (Phy-
tolab GmbH & Co. KG, Germany). Test chemicals were prepared
in DMSO purchased from Acros Organics (Geel, Belgium). Ace-
tonitrile (ACN) (UPLC/MS grade) and methanol were purchased
from Biosolve (Valkenswaard, the Netherlands). Di-potassium
hydrogen phosphate trihydrate (K2HPO4⋅3H2O) and potassium
dihydrogen phosphate (KH2PO4) were purchased from Merck
(Darmstadt, Germany). The reduced form of nicotinamide ade-
nine dinucleotide phosphate (NADPH) was purchased from Car-
bosynth (Carbosynth, UK), while NADPH regeneration system
was purchased from Tebu Bio B. V. (Heerhugowaard, the Nether-
lands). Phosphate-buffered saline (PBS, pH 7.4) was purchased
from Gibco (Paisley, USA). Pooled rat and human liver S9 were
purchased from Corning (Amsterdam, the Netherlands), and
pooled rat small intestine S9 from Xenotech (Kansas City, USA).
Fresh rat fecal samples from Wistar rats (10 males and 10 fe-
males) were a gift from BASF (Ludwigshafen, Germany) and
were collected, treated, and stored as previously described.[16]

Fresh human fecal samples (12 random donors) were obtained
as previously described.[16,36] Both rat and human fecal sam-
ples were collected fresh immediately after feces excretion from
donors. The rat fecal samples collection did not require ethical
approval because they were given as gift from BASF, while the
S9 fraction samples were purchased from industries that already
possess the license to sell these materials for research purposes.
The human fecal samples collection did not require ethical ap-
proval because METC Oost Nederland declare this study to not
fall under the Act ofMedical Research InvolvingHuman Subjects
(WMO), while the S9 fraction samples were purchased from in-
dustries that already possess the license to sell thesematerials for
research purposes.

2.2. In Vitro Incubations with SENO and SEN to Derive Kinetic
Parameters for the PBK Model

The kinetic constants (Vmax and Km) for SENO reduction to SEN
were obtained from in vitro incubations of SENO with fecal ma-
terial or liver S9 of rat or human, while the kinetic constants for

SEN clearance were derived from in vitro incubations of SEN
with liver S9 of both species. Under all incubation conditions (Ta-
ble S1, Supporting Information), the conversion was linear with
time and concentration of feces or S9[16,17,37–39] (data not shown).
All measurements were performed in triplicate.

2.2.1. Anaerobic Rat and Human Fecal Incubations

Almost every study that incorporated in vitro incubations with
fecal bacteria performed their experiments in a different man-
ner. The aim of the present study was to obtain rate constants for
microbial conversion by a microbial sample as closed to the in-
testinal microbial activity as possible, and therefore short incuba-
tions were performed using minimal medium (i.e., PBS) to pre-
vent preferential growth of the microorganisms. This approach
was also based on the fact that in previous studies this method
appeared to provide kinetic constants able to adequately predict
the in vivo kinetics.[36,37]

The incubation was performed in a total incubation volume
of 100 μL containing anaerobic PBS, the amount of fecal slurry
optimal for the incubation time (Table S1, Supporting Informa-
tion), and 2–200 μM SENO (added from 50 times concentrated
stock solution in DMSO). Controls were performed without the
addition of fecal slurry. Samples were incubated in an anaerobic
chamber (Sheldon, Cornelius, USA) at 37 °C under atmospheric
conditions of 85% v/v N2, 10% v/v CO2, and 5% v/v H2. Upon
5 min preincubation at 37 °C, the reaction was started by the ad-
dition of SENO. The reaction was terminated by adding one vol-
ume of ice-cold methanol followed by centrifugation at 21 500 x g
for 15 min at 4 °C and supernatants were immediately analyzed
with LC-MS/MS.

2.2.2. Aerobic Rat and Human S9 Incubations

The incubation was performed in a total volume of 100 μL con-
taining (final concentrations) 0.1 M potassium phosphate (pH
7.4), 2 mMNADPH, the amount of liver S9 optimal for the incu-
bation time (Table S1, Supporting Information), and 2–200 μM
SENO (added from 50 times concentrated stock solution in
DMSO). When reduction by liver S9 was done in an anaerobic
setting, anaerobic phosphate buffer was used and the incubation
was performed in an anaerobic environment as described for the
fecal incubations. When the NADPH regeneration system was
used, NADPH was replaced with NADPH regeneration system
in the incubation. Controls were performed without the addition
of NADPH or NADPH regeneration system. Upon 1 min prein-
cubation with NADPH in a shaking water bath at 37 °C, the reac-
tion was started by the addition of SENO. The reaction was termi-
nated by adding 20% v/v ice-cold ACN followed by centrifugation
at 16 000× g for 5min at 4 °C and supernatants were immediately
analyzed with LC–MS/MS.
To measure SEN clearance, liver S9 was used because hepatic

CYP450 and carboxylesterases are found in both the microsome
and cytosol. The incubation was performed in a total volume of
100 μL containing (final concentrations) 0.1 M potassium phos-
phate (pH 7.4), 2 mM NADPH, the amount of liver S9 optimal
for the incubation time (Table S1, Supporting Information), and
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0.5–50 μM SEN (added from 20 times concentrated stock solu-
tion in DMSO). SEN was only prepared up to 1 mM due to sol-
ubility issues.[31] Controls were performed without the addition
of NADPH. Upon 5 min preincubation with NADPH in a shak-
ing water bath at 37 °C, the reaction was started by the addition
of SEN. The reaction was terminated by the addition of 20% v/v
ice-cold ACN followed by centrifugation at 16 000 x g for 5 min at
4°C and the supernatants were immediately analyzed with LC–
MS/MS.

2.3. LC-MS/MS Analysis

SEN and SENO were quantified by LC–MS/MS[16,39] using a Shi-
madzu Nexera XR LC-20AD XR UHPLC System coupled with
a Shimadzu LCMS-8045 MS (Kyoto, Japan). A 1 μL aliquot was
loaded into a reverse phase C18 column (Phenomenex 1.7 μm
2.1 × 50 mm). The flow rate was 0.3 mL min−1 and the mobile
phase was made with ultrapure water with 0.1% v/v formic acid
and ACN containing 0.1% v/v formic acid. A linear gradient was
applied from 0% to 100% ACN in 7 min. This percentage was
kept for 1 min, after which it was reduced back to the starting
conditions of 0% ACN in 1 min and the column was equilibrated
for another 4 min at the starting conditions before the next injec-
tion. Under these conditions, SEN eluted at 4.2 min and SENO at
4.3 min. For detection a Shimadzu LCMS-8045 triple quadrupole
with ESI interface was used. The instrument was operated in pos-
itive ionizationmode in themultiple reactionmonitoring (MRM)
mode with a spray voltage of 4.0 kV. SENO was monitored at
the [M + H]+ of precursor to products of 352.1 → 94.20 (CE =
−50 eV), 352.1→ 118.20 (CE = −38 eV) and 352.1→ 120.25 (CE
= −39 eV). SEN was monitored at the [M + H]+ of precursor to
products of 336.1 → 94.10 (CE = −37 eV), 336.1 → 120.15 (CE
= −31 eV), and 336.1 → 138.25 (CE = −30 eV). Concentrations
(0.001–1 μM) were quantified based on calibration curves pre-
pared using commercially available standards.

2.4. Determination of Kinetic Constants

Kinetic constants were obtained from the SENO concentration-
dependent rate for SENO reduction or SEN concentration-
dependent rate for SEN clearance as previously described for
RIDO[16] and RID.[38,39] The amount of SEN formed was deter-
mined as the amount detected in full incubations minus the
amount detected in the blanks (without feces or NADPH), while
the amount of SEN cleared was determined as the amount de-
tected in blanks (without NADPH) minus the amount in the
full incubations. Kinetic constants for SENO reduction by in-
testinal microbiota and SEN clearance (Vmax and Km) were de-
termined by fitting the data to the Michaelis–Menten Equa-
tion (1) using GraphPad (GraphPad Prism Software version
5.04, San Diego, CA, USA), where v was rate of reaction (μmol
h−1 g feces−1 or nmol min−1 mg−1 protein), Vmax was maxi-
mum velocity (μmol h−1 g feces−1 or nmol min−1 mg−1 protein),
Km was Michaelis–Menten constant (μM), and S was substrate
concentration (μM).

v =
vmax × [S]

Km + [S]
(1)

For SENO reduction by liver S9, the concentration-dependent
rate of SENO reduction did not show saturation up to the highest
concentration tested. Hence, the data were fitted to Equation (2)
with the slope of the linear curve representing the first-order rate
constant k which equals Vmax/Km when [S] < < Km.

v = k [S] =
vmax

Km

[S] (2)

2.5. Development of PBK Models

The PBKmodel for SENOwith a SEN submodel was based on the
model for RIDO with a submodel for RID[16] (Figure 2). Phys-
iological parameters were obtained from literature,[40] and the
physicochemical parameters were calculated using available in
silico tools such as the Quantitative In Vitro to In Vivo Extrap-
olation (QIVIVE) tools[41,42] as developed by Wageningen Food
Safety Research. Log P values of 0.5 and 1.1 for SENO and SEN,
respectively, were taken from PubChem as computed by XLogP3
3.0 (PubChem release 2021.05.07).[43] Due to lack of experimental
values, the blood plasma ratio (B/P) is often assumed to be 1 for
basic compounds or 0.55 (1-hematocrit) for acidic compounds.[44]

Since both SENO and SENwere considered as basic compounds,
the B/P ratio was assumed to be 1. The list of parameters and the
model code for both the rat and human PBKmodel can be found
in Tables S4, S5, Supporting Information. The model equations
were coded and numerically integrated in Berkeley Madonna 9
(UC Berkeley, CA, USA) using Rosenbrock’s algorithms for stiff
systems to predict AUCSEN.

2.5.1. Absorption

While orally-administered PAs are rapidly absorbed from the GI
tract into blood,[18,38,45,46] the more polar PA-N-oxides are more
slowly absorbed in the small intestine.[47,48] As a result PA-N-
oxides are transferred to a larger extent to the colon, where in-
testinalmicrobiotamay reduce the PA-N-oxides to the parent PAs
prior to absorption via the portal vein to the liver.[16,18,19,46,49–54]

To include all these absorption processes in the PBK models,
three types of absorption rate constants were included in the SEN
and SENO models: a rate constant for the absorption from the
GI tract via the portal vein into the liver (ka1 for SENO and kb1
for SEN respectively), a rate constant for transfer from the small
intestine to the intestinal microbiota compartment located in the
colon (kin1 for SENO and kin2 for SEN respectively), and a rate
constant for uptake from the colon compartment to the liver (ka2
for SENO and kb2 for SEN respectively). As colon was part of
the GI tract, ka1 was set equal to ka2 (labeled ka SENO) as well as
kb1 to kb2 (labeled kb SEN). The absorption rate constants for up-
take from the GI tract into liver were calculated based on the
apparent permeability coefficient (Papp) values in Caco-2 cells

[48]

and an absorption rate constant for uptake of RID from the GI
tract to the liver of 0.72 h−1[38] using Equation (3).[16,38,55] The
Papp values of SENO and SEN were 0.72 (10−6 cm s−1) and 16.26
(10−6 cm s−1),[48] yielding absorption rate constants for uptake
from theGI tract into the liver for SENO (ka SENO) and SEN (kb SEN)
of 0.17 and 3.90 h−1, respectively. The ka values thus obtained
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Figure 2. PBK model for SENO with a submodel for SEN. *The N-glucuronidation pathway only occurs in human.

Table 1. Absorption rate values as derived from literature and Papp values.

Absorption rate of
SENO (ka1 and ka2)

Absorption rate of SEN
(kb1 and kb2)

Remarks

0.288 0.426 At 11.5 mg SEN kg−1 bw[46]

0.276 0.330 At 5.7 mg SEN kg−1 bw[46]

0.170 3.900 Papp
[48] and ka values based on

Equation (3).[16,38,55]

0.245 1.552 Average value from literature as
final ka or kb values

were compared to and combined with other reported absorption
rate values from Wang et al.,[46] and an average value was taken
for the PBK model as shown in Table 1. The transfer rate con-
stants of SENO and SEN from the small intestine (lower ileum)
to the intestinal microbiota (caecum) (kin1 for SENO and kin2 for
SEN) were assumed to be the same as the rate constants for trans-
fer of orally-administered drugs, amounting to 0.46 h−1.[16,37,56]

Papp PA or PA N−oxides

ka PA or PA N−oxides
=

Papp RID
ka RID

(3)

2.5.2. Metabolism

Kinetic constants for four metabolic conversions were included
in the PBK models namely for SENO reduction to SEN 1) by
intestinal microbiota and 2) in the liver, and for SEN clear-
ance in the liver through 3) oxidation and hydrolysis by hep-
atic CYP450 and carboxylesterase (i.e., liver S9), and 4) through
N-glucuronidation by UGT (Figure 2). N-glucuronidation was
only considered in the human PBK model as it was reported to
not occur in rats.[22,35] The SENO reduction to SEN by intesti-

nal CYP450 was not included in the PBK model because the
rate of this reaction was significantly lower than liver CYP450
reduction.[16,17] When converted to in vivo or the whole body,
SENO reduction by intestinal CYP450 amounted to only 8.3%
of that by liver tissue.
Scaling of the in vitro Vmax and catalytic efficiency (kcat or

Vmax/Km) to the in vivo situation was performed for both incu-
bations with feces and S9. For SENO reduction by intestinal
microbiota, the in vitro Vmax (μmol h−1 g−1 feces) was scaled to
the whole body using Equation (4) and a fecal fraction to body
weight (fbw) of 0.0164 g rat feces g−1 bw based on a defecation
volume per day of 4.1 g and a bw of 250 g,[37,57,58] or of 0.0018 g
human feces g−1 bw based on a defecation volume per day of
128 g and a default bw of 70 kg.[58,59] Fecal microbiota was used
as first approach to represent intestinal microbiota because
feces was previously shown to best mimic the cecal content
where the majority of microorganisms resides,[16,37,58,60] and also
because use of fecal incubations combined with scaling based
on defecation rates as the methodology for converting the in
vitro data obtained to the whole body has been proven adequate
in previous studies.[16,37,58,60,61]

Vmaxin vivo = Vmaxin vitro × fbw × 1000 (4)

For SENO reduction and SEN clearance by liver S9, in vitro
Vmax and kcat values were scaled based on Equation (5) using an
S9 protein yield of 143 mg S9 protein g−1 liver for rat[62] (based
on the sum of 108 mg microsomal protein g−1 tissue and 35 mg
cytosolic protein g−1 tissue), or 120.7 mg S9 protein g−1 liver for
human[63] (based on the sum of 40 mg microsomal protein g−1

tissue and 80.7 mg cytosolic protein g−1 tissue). For SENO reduc-
tion by small intestine S9, the in vitro kcat was scaled using an S9
protein yield of 38.6 mg S9 g−1 intestine tissue[63] (based on the
sum of 20.6 mgmicrosomal protein g−1 tissue and 18 mg cytoso-
lic protein g−1 tissue). The Km values in vivo were assumed to be
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similar to those obtained in vitro. For SEN clearance by UGTs, ki-
netic parameters were obtained from literature and were scaled
with Equation (5) using a human liver microsomal yield of 40mg
microsomal protein g−1 tissue.[22,35]

kcat in vitro =
Vmax in vitro

Km
,

kcat in vivo =
kcat in vitro × 60 ×

[
fraction of S9 or microsome in organ

]
×
[
organ weight

]

1000
(5)

2.5.3. Excretion

In the PBK models, urinary excretion was described by glomeru-
lar filtration (GF)[16,64,65] as in Equation (6) using a glomerular fil-
tration rate (GFR) of 0.08 L h−1 in rat and 7.5 L h−1 in human,[64]

and the fraction unbound (Fub) values of SENO and SEN of 0.987
and 0.491, respectively.[41,66] Fub values were quantified using an
in silico QIVIVE tool,[41] and the values for rat and human were
assumed to be similar.

GFPA or PA N−oxides = GFR ×
(
CVKPA or PA N−oxides × FubPA or PA N−oxides

)

(6)

2.5.4. Dose and Bioavailability for Evaluation of Model Predictions

For model validation by comparison to available literature data
on kinetics, an equimolar dose of 55 μmol kg−1 bw SENO or SEN
was used, based on the dose used in the in vivo study reported
by Yang et al.[11] The SEN submodel was validated using three
dose levels of 22.9, 11.5, and 5.7 mg kg−1 bw representing the
dose levels used in the in vivo study reported by Wang et al.[46]

Simulations were performed assuming the 8.2% bioavailability
upon oral dosing previously reported for SEN,[46] unless indi-
cated otherwise. For evaluation of the predicted REP value PBK
model calculations were performed at a dose of 55 μmol kg−1 bw
since this was the dose level used in the in vivo experiments for
which kinetic data were available. The REP value was calculated
as the ratio between the area under the SEN blood concentration
time curve (AUCSEN) predicted by the PBK model for rats orally-
administered with SENO and the AUCSEN predicted upon dos-
ing an equimolar dose of SEN as depicted in Equation (7). Given
that the REP value was dose-dependent as shown in the previous
study,[16] the study used a range of doses including low realistic
exposure levels starting from 0.1 mg kg−1 bw to[21,67] high doses
as used in animal studies up to 300 mg kg-1 bw[68,69] to investi-
gate the dose-dependent REP value of SENO to SEN in rat and
human.

REPSENO in rat or human =

AUCSENfrom orally dosed senecionine N − oxide
AUCSENfrom orally dosed senecionine

(7)

2.6. Sensitivity Analysis

A sensitivity analysis was performed to assess which parame-
ters of the PBK model have the largest impact on the predicted

AUCSEN at 24 h. Normalized sensitivity coefficients (SCs) were
calculated[70] using Equation (8) where C was the initial value of
the model output, C’ was the modified value of model output
with a 5% increase of an input parameter, P was the initial pa-
rameter value and P’was the parameter value with an increase of
5%. Only one parameter was changed each time, while the other
parameters were kept at their initial values. A large SC value in-
dicates that the respective parameter has a large impact on the
predicted AUCSEN. An equimolar dose of 55 μmol kg−1 bw (ei-
ther 19.33 mg kg−1 bw SENO or 18.45 mg kg−1 bw SEN) used in
the animal study of Yang et al.,[11] or 0.285 μmol kg−1 bw (either
0.1mg kg−1 bw SENOor 0.095mg kg−1 bw SEN) representing the
lower bound of PA exposure levels with human relevance,[21,67]

was used to perform the sensitivity analysis in the rat and hu-
man model, respectively. All sensitivity analyses were performed
assuming a bioavailability of 8.2%.

SC =
(C′ − C)
(P′ − P)

× P
C

(8)

3. Results

3.1. In Vitro Kinetic Data for Rat and Human

The in vitro kinetic data for SENO reduction to SEN in incuba-
tions with rat and human fecal samples (Figure 3a) and liver S9
(Figure 3b), and the in vitro Vmax, Km, and kcat values derived
from these curves alongwith the scaled values are summarized in
Tables 2 and 3. The results obtained in Figure 3a show that the
concentration-dependent rate of SENO reduction to SEN by fe-
cal samples followed Michaelis–Menten kinetics. Although the
in vitro kcat for reduction of SENO by intestinal microbiota from
human is 7.2-fold higher compared to the in vitro kcat for reduc-
tion of SENO by intestinal microbiota from rat, the scaled in vivo
kcat is 1.3-fold lower in human than rat due to the relatively lower
24-h defecation volumes in human.
Figure 3b reveals that the concentration-dependent rate of

SENO reduction by rat and human liver S9 followed first-order
reaction kinetics, while data obtained for the concentration de-
pendent SENO reduction by rat small intestine S9 can be found
in Figure S7, Supporting Information. Although the in vitro kcat

Mol. Nutr. Food Res. 2023, 67, 2200293 2200293 (6 of 15) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. SENO concentration-dependent rate of SEN formation in a) anaerobic incubation with pooled feces or b) aerobic incubation with liver S9.
SEN concentration-dependent rate of c) SEN clearance in aerobic incubation with liver S9. Data are presented as mean ± SD of three independent
experiments (n = 3) with feces or liver S9 of rat and human.

Table 2. Kinetic constants for SENO reduction by intestinal microbiota in
rat and human.

Rat Human

Vmax, in vitro [μmol h−1 g−1 feces] 0.320 ± 0.005 0.877 ± 0.038

Vmax, in vivo [μmol h−1 kg−1 bw]a) 5.250 ± 0.088 1.578 ± 0.068

Km [μM] 35.090 ± 1.960 13.360 ± 2.630

kcat, in vitro [L h
−1 g−1 feces]b) 0.009 0.066

kcat, in vivo [L h
−1 kg−1 bw]c) 0.150 0.118

a)
Vmax in vivo = (Vmax, in vitro) × fbw × 1000. Fraction of feces to bw for rat and

human are 0.0164[37,57,58] and 0.0018[58,59] g feces g−1 bw, respectively;
b)
kcat, in

vitro = (Vmax, in vitro)/Km;
c)
kcat, in vivo = (Vmax, in vivo)/Km.

values for reduction of SENO by liver S9 are relatively similar in
both species, the scaled in vivo kcat is 1.9-fold lower in human
than in rat due to relatively lower level of S9 in human liver than
in rat liver. In rat, the in vivo kcat values of SENO reduction by
liver S9 were 2.3-fold and 12.0-fold higher than the in vivo kcat
values for SENO reduction by the intestinal microbiota and by
small intestine S9, respectively. In human, the scaled in vivo kcat
value for SENO reduction by liver S9 was 1.6-fold higher than the
kcat for reduction by the intestinal microbiota. Based on the trend
found in rat and a previous study by Ning et al.[39] showing the
PA metabolism in small intestine to be significantly lower than
that in the liver, SENO reduction by the small intestine was not
included in the PBK models.

The in vitro kinetics for SEN clearance in incubations with rat
and human liver S9 are presented in Figure 3c and Table 3 along
with the scaled in vivo Vmax and kcat values.
Figure 3c shows that the concentration-dependent rate of SEN

clearance followed Michaelis–Menten kinetics. The in vitro kcat
value for clearance of SEN by liver S9 is 6.7-fold lower for human
than rat liver S9. Similarly, the in vivo kcat value is 11.2-fold lower
in human than in rat. These overall lower clearance kcat values in
human were mainly due to a relatively lower Vmax and lower S9
protein for human liver than for rat liver. In the next step, all ob-
tained kinetic parameters were integrated in the PBK models to
examine if these kinetic differences result in different REP values
of SENO relative to SEN for rat and human.

3.2. PBK Model Validation

To validate the PBKmodel, the model outcome is compared with
the animal data as reported by Yang et al.[11] andWang et al.[46] as
shown in Table 4. Figure 4 compares the PBK model simulation
with published in vivo animal data from Yang et al.[11] assum-
ing 8.2% bioavailability, as reported upon oral exposure of rat to
SENO or SEN. Using an equimolar oral dose of 55 μmol kg−1

bw of either SENO or SEN, blood concentrations of SENO and
SEN, or of only SEN, were simulated. Figure 4a reveals that the
model predictions underestimated the maximum SENO blood
concentration (Cmax SENO) reported by Yang et al.[11] by a factor

Table 3. Kinetic constants for S9 or microsomal metabolism in rat and human.

Rat Human

SENO reduction SEN clearance SENO reduction SEN clearance

Liver S9 Small intestine S9 Liver S9 Liver S9 Liver S9 (CYP450 and
carboxylesterases)

Liver microsome (N-
glucuronidation)d)

Vmax, in vitro [nmol min−1 mg−1 protein] n.a. n.a. 0.560 ± 0.040 n.a. 0.100 ± 0.010 3.000 ± 0.150

Vmax, in vivo [μmol h−1 kg−1 bw]a) n.a. n.a. 163.360 ± 11.670 n.a. 18.830 ± 1.880 187.200 ± 9.360

Km [μM] n.a. n.a. 24.390 ± 3.650 n.a. 31.370 ± 6.150 710.000 ± 70.000

kcat, in vitro [mL min−1 mg−1 protein]b) 0.001 0.001 0.020 0.001 0.003 0.004

kcat, in vivo [L h
−1 kg−1 bw]c) 0.350 0.029 6.700 0.188 0.600 0.264

a)
Vmax , in vivo = [(Vmax, in vitro)/1000] × 60 × [S9 or microsome in organ] × [organ weight]. Rat S9 is 143 mg S9 g−1 liver and 38.6 mg S9 g−1 small intestine. Human hepatic

fraction is 120.7 mg S9 g−1 liver and 40 microsome g−1 liver. The weight of rat liver, small intestine, and human liver are 34, 14, and 26 g kg−1 bw, respectively;
b)
kcat, in vitro

= (Vmax, in vitro)/Km;
c)
kcat, in vivo = (Vmax, in vivo)/Km;

d)
He et al.[35]

Mol. Nutr. Food Res. 2023, 67, 2200293 2200293 (7 of 15) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

 16134133, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

nfr.202200293 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [17/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.mnf-journal.com


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

Table 4. PBK model outcome compared to animal data as reported by Yang et al.[11] and Wang et al.[46] assuming 8.2% bioavailability and a rat bw of
0.20 kg[13] or of 0.25 kg.[46].

Parameters Oral dose of SENO Oral dose of SEN

Oral dose
[mg kg−1 bw]

19.33 18.45 22.9 11.5 5.7

PBK
model

Animal data
(Yang et al.)[11]

PBK
model

Animal data
(Yang et al.)[11]

PBK
model

Animal data
(Wang et al.)[46]

PBK
model

Animal data
(Wang et al.)[46]

PBK
model

Animal data
(Wang et al.)[46]

Cmax SENO [ng mL−1] 232.98 392.29 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Tmax SENO [h] 1.05 3.56 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.

Cmax SEN [ng mL−1] 56.31 38.66 191.47 205.79 231.46 1226.69 114.58 451.37 56.38 412.11

Tmax SEN [h] 1.05 0.67 0.26 0.17 0.26 0.17 0.26 0.17 0.26 0.17

AUCSEN [ng mL−1 h] 176.01 251.80 217.69 287.33 272.85 1278.67 135.54 552.33 66.81 502.17

REP (as ratio of
AUCSEN)

n.a. n.a. 0.81a 0.88 n.a. n.a. n.a. n.a. n.a. n.a.

AUCpyrrole-protein
[ng mL−1 h]

n.a. 6416.33 n.a. 10474.67 n.a. n.a. n.a. n.a. n.a. n.a.

REP (as ratio of
AUCpyrrole-protein)

n.a. n.a. n.a. 0.61 n.a. n.a. n.a. n.a. n.a. n.a.

n.a., not applicable.
a)
REP value is 0.81 or 0.83 when calculated with either 0.2 kg or 0.25 kg as bodyweight, respectively.

Figure 4. PBK model predicted and literature reported data for the Cmax of SENO and SEN upon an equimolar oral dose of a) 19.33 mg kg−1 bw SENO
or b) 18.45 mg kg−1 bw SEN as used in the in vivo study by Yang et al.[11] with a bioavailability of 8.2% and rat body weight of 0.20 kg.

of only 1.7-fold while the maximum SEN blood concentration
(Cmax SEN) upon oral SENO administration was slightly overesti-
mated by a factor of 1.4-fold compared to the Cmax SEN reported
by Yang et al.[11] Figure 4b reveals that when SEN was orally-
administered, the model outcomes closely matched the Cmax SEN
reported by Yang et al.[11] Assuming 100% bioavailability ap-
peared to overpredict the literature data (Figure S8, Supporting
Information).
To validate the model further, Figure 5 compares the PBK SEN

submodel predictions with published in vivo animal data from
Wang et al.,[46] again assuming 8.2% bioavailability. The sim-
ulated outcome with 100% bioavailability can be found in Fig-
ure S9, Supporting Information. In this model validation, three
different doses of SENwere used tomimic the conditions used in
the animal studies. In contrast to the well-fitted outcome shown
in Figure 4b, the PBK model predictions of Cmax SEN underesti-
mated the Cmax reported in the study fromWang et al.[46] by 3.9–
7.3-fold for the three doses.

3.3. PBK Model Prediction

The PBKmodel based predictions of SEN toxicokinetic profile in
rat and humanwith 8.2%bioavailability are shown inFigure 6a,b,
respectively. The profile with 100% bioavailability can be found in
Figure S10, Supporting Information. Figure 6a and Table 4 reveal
that the rat PBK model predicted lower Cmax SEN and a more de-
layed Tmax SEN upon orally-administered SENO compared to the
situation upon orally-administered SEN. A similar trend is also
found for the human PBK model predictions as shown in Fig-
ure 6b. Comparison of the predicted rat and human data reveals
a notable difference with significantly higher Cmax SEN values and
prolonged exposure to SEN in human as compared to rat.
Figure 7a,b shows the dose-dependent REP values of SENO

in rat and in human calculated based on the ratio of AUC values
derived from the predicted time-dependent SEN concentration–
time profiles presented in Figure 6a,b. The REP values derived
from an available in vivo study that reports AUCSEN values

Mol. Nutr. Food Res. 2023, 67, 2200293 2200293 (8 of 15) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 5. PBK model predicted and literature reported data for the Cmax SEN upon oral doses of a) 22.9, b) 11.5, and c) 5.7 mg kg−1 bw SEN as used in
the in vivo study by Wang et al.[46] with a bioavailability of 8.2% and rat body weight of 0.25 kg.

Figure 6. PBK model predicted concentration–time toxicokinetic profile of SEN in blood of a) rat and b) human with 8.2% bioavailability at equimolar
dose of 19.33 mg kg−1 bw SENO (continuous line) or 18.45 mg kg−1 bw SEN (dashed line). Note the unequal scaling of the two y-axis.

and AUCpyrrole-protein levels upon dosing either SEN or SENO[11]

(Table 4) are also depicted. From the results thus obtained it
follows that: 1) these REP values derived from the in vivo data
closely match the PBK-model based predicted REP values, and
2) the in vivo REP value calculated based on the ratio of the
literature reported AUCpyrrole-protein values (0.61) is lower than the
REP value calculated based on the ratio of the literature reported
AUCSEN values (0.88). The results also reveal that at realistic
low dose exposure scenarios, the REP value of SENO predicted
based on the ratio of the AUCSEN amounted to be 0.84 in rat, and

to 0.89 in human. Meanwhile at high dose level of 55 μmol kg−1

bw used in animal study,[11] the interspecies difference appeared
somewhat smaller with REP values amounting to 0.83 for rat
and 0.86 for human, respectively. The results in Figure 7 also
reveal that regardless of the bioavailability value used, at realistic
low dose levels the REP values converge to a comparable value
for both species.
To investigate the reason behind the dose-dependent decrease

of the REP value with increasing dose levels, in Figure 8, the nor-
malized AUCSEN (calculated as the AUCSEN divided by the dose) is

Figure 7. REP values calculated as the ratio of the PBK model predicted AUCSEN upon an oral dose of SENO and the AUCSEN upon an equimolar oral
dose of SEN, where the REP value is plotted against the log equimolar dose (μmol kg−1 bw) of SENO and SEN in a) rat and b) human assuming different
bioavailability of 8.2% and 100%. For comparison the REP values derived from the in vivo experimental rat data from Yang et al.[11] (Table 4) are also
presented.

Mol. Nutr. Food Res. 2023, 67, 2200293 2200293 (9 of 15) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 8. Ratio of AUCSEN/dose against log equimolar dose (μmol kg−1 bw) in a) rat and b) human with 8.2% bioavailability after oral dose of SENO
and of SEN. Note the unequal scaling of the two y-axis.

plotted against the oral dose of SENO or of SEN. From these data
it follows that in both species, with increasing dose of SEN, the
AUCSEN increasesmore than proportional with the dose pointing
at saturation of SEN clearance. This saturation effect is less pro-
nounced when dosing SENO: with increasing dose of SENO, the
reduction of SENO to SEN may saturate resulting in a decline of
the AUCSEN with increasing dose of SENO. Together the satura-
tion of SEN clearance and of SENO reduction result in decreasing
REP values at higher doses in both species.

3.4. Sensitivity Analysis

To evaluate the model’s sensitivity, normalized SCs were calcu-
lated for both the SENO and SEN model at high dose in rat and
low dose in human resulting in the data shown in Figure 9. Inde-
pendent of the dose and species, similar results are obtained. In
the SENOmodel, the parameters of high influence on the model
predictions for the AUCSEN at 24 h are those involved in the re-
duction of SENO and the clearance of SEN by liver S9. Similar
to the rat model, and given that SEN is also cleared through N-
glucuronidation in human, these clearance-related parameters
were also demonstrated to be influential in the human model.
In the SEN model, the influential parameters are mainly re-
lated to SEN clearance by liver S9 and by N-glucuronidation. It
is worth noting that in the human model the SEN clearance by
liver S9 is relatively more influential than SEN clearance by N-
glucuronidation.

4. Discussion

The aim of this study was to investigate whether previously pub-
lished NAM to quantify REP values for a PA-N-oxide relative to
its parent PA using PBK models[16] can also be applied to i) cal-
culate the REP value of another PA-N-oxide than RIDO, using
SENO and SEN as the model compounds, and ii) to investigate
if interspecies differences in metabolic capacity between rat and
human also result in different REP values. Compared to the REP
value at low dose exposure levels previously defined for rats us-
ing a similar in vitro-in silico NAM for RIDO as compared to RID

of 0.78,[16] the REP value now obtained for SENO relative to its
parent PA SEN of 0.84 is slightly higher. Yet, similar to RIDO,
the predicted REP value of SENO is lower than 1, amounting at
realistic low dose levels to 0.84 in rat and 0.89 in human. Despite
the interspecies differences in metabolic kinetic parameters, the
REP values at realistic low dose exposure appeared comparable
in both species.
Compared to the previous results obtained for RIDO, the ki-

netic parameters obtained in the present study for the reduction
of SENO by rat samples show that in anaerobic rat fecal incuba-
tions the reduction of SENO occurs 6.7-fold slower than that of
RIDO, whereas in incubations with liver S9 it is 2.4-fold faster.
It is worth highlighting that the in vivo kcat value for SENO re-
duction by intestinal microbiota is lower than by liver, in con-
trast to what was observed for reduction of RIDO for which the
reduction by intestinal microbiota appeared to exceed that by
the liver. Consistent with previous studies, N-oxide reduction by
small intestine S9 appeared substantially less efficient than that
by liver S9[16,17] an observation that can be related to the fact that
reduction of PA-N-oxides is reported to be mainly facilitated by
CYP1A2 and CYP2D6,[17] which show lower activity in rat intesti-
nal microsomes than rat liver microsomes.[71] A similar trend
was also observed for human samples, for which N-oxide reduc-
tion by small intestine S9 was relatively small and therefore not
included in the PBKmodel.[39] When converted to in vivo kcat val-
ues with appropriate scaling factors for either microsome or S9,
the clearance of SEN in rat liver (6.70 L h−1 kg−1 bw) appears to be
faster than that of RID (2.0 L h−1 kg−1 bw). The finding is in agree-
ment with previous literature where Geburek et al. (2020) associ-
ated an extra -OH group with higher degree of oxidation and con-
sequently lower degradation as seen in RID compared to SEN.[72]

It is of interest to note that also PAs were reported to be
metabolized by the intestinal microbiota. For instance, literature
reports that PAs can be converted by intestinal microbiota to
a 1-methylene derivative, namely 7𝛼-hydroxy-1-methylene-8𝛼-
pyrrolizidine[47,73,74] or oxidized to its N-oxide.[46] Yet, these
metabolic conversions were not included in the model because
formed PAs were shown to be stable upon incubation with
intestinal microbiota showing negligible clearance in incuba-
tions with both rat and human feces as shown in Figures S1,
S2, Supporting Information, respectively. Rather, PAs in the

Mol. Nutr. Food Res. 2023, 67, 2200293 2200293 (10 of 15) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 9. Normalized SCs for the parameters of the a–c) rat and b–d) human PBK model for SENO (top) and SEN (bottom) on predicted AUCSEN at
24 h (ng mL−1) in blood at equimolar doses of either 55 μmol kg−1 bw in rat or 0.285 μmol kg−1 bw in human with assumed 8.2% bioavailability. The
complete list of abbreviations can be found in Tables S4, S5, Supporting Information.

intestinal tract are quickly absorbed into the liver via the portal
vein.[11,16,19–21,75]

When kinetic parameters for SENO reduction obtained in
anaerobic liver S9 incubations (Table S2 and Figure S3, Support-
ing Information) were used as model input, the model predicted
a Cmax SENO that was 4.4-fold lower and a Cmax SEN that was
1.9-fold higher than the Cmax from the animal data, compared to
a 1.7-fold and 1.4-fold difference obtained with the aerobic rate
constants (Figure S4, Supporting Information). Moreover, the
predicted REP value at 8.2% bioavailability with aerobic kinetic
results (0.83) (Figure S5, Supporting Information) is closer to the
animal-study result (0.88), than the REP value obtained with the
anaerobically obtained kinetic constants (0.96) (Table S2, Sup-
porting Information). Thus, it is concluded that the aerobic con-
ditions apparently better reflect the partly aerobic conditions in
liver tissue. A similar result was previously obtained for RIDO.[16]

Similar to the experiments performed under anaerobic condi-
tion, changing the current methodology by using NADPH regen-
eration system instead of NADPH did not improve the model-
predicted kinetic profile and REP values compared to reported
animal data as shown in Table S3, Supporting Information. In-
stead, the model-predicted toxicokinetic profile for both SENO
and its PA upon oral SENO dosage showed a worse fit to the ani-

mal data (Figure S6a, Supporting Information), with the model-
predicted Cmax SENO being 4.2-fold lower and the Cmax SEN 1.9-fold
higher than the reported animal data (compared to a 1.7-fold and
1.4-fold difference with NADPH) (Figure S6b, Supporting Infor-
mation). Moreover, the predicted REP value at the reported 8.2%
bioavailability obtained with the NADPH dependent kinetic pa-
rameters (0.83) was closer to the animal-study result (0.88), than
the REP value predicted using the kinetic constants obtainedwith
the NADPH regeneration system providing a REP value of (0.96)
(Table S3, Supporting Information). Given that the PBK model
is a model and should predict the in vivo data as good as possi-
ble, it was concluded that the data obtained with NADPH under
aerobic conditions provide the best possible predictions for the in
vivo situation. Nevertheless, the finding that also for PA-N-oxides
an NADPH regeneration system results in a higher catalytic ef-
ficiency for reduction in microsomal incubations is worth fur-
ther investigations to also elucidate the underlying mode of ac-
tion and enzymes involved, which may be similar to the mode
of action and reductases reported by Mazur et al. for carbonyl
compounds.[76]

Upon validating the SEN submodel for rat, the PBK model
based prediction better matched the reported animal data from
Yang et al.[11] while the simulated outcomes underestimate the
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reported data from Wang et al.[46] Despite the comparable dose
levels of 18.45 mg kg−1 bw SEN and 22.9 mg kg−1 bw SEN in
the studies of Yang et al.[11] and Wang et al.,[46] respectively, the
Cmax in the latter study was 6.0-fold higher. This larger deviation
may in part be ascribed to variability in the experimental data
such as inclusion of fasting[46] or injection of saline solution as a
replacement of a taken blood sample.[11] Alternatively, since the
values as reported by Wang et al.[46] seemed to be relatively high,
bioavailability in the Wang et al.[46] study may have been even
higher than 8.2%.
Comparedwith the humanmodel, the kinetic parameters used

as input for the rat model generally show faster metabolism in
N-oxide reduction and PA clearance. Although the in vitro cat-
alytic efficiency of SENO reduction by intestinal microbiota in
human is higher than that in rat, the in vivo catalytic efficiency
shows the opposite trend due to a higher fraction of feces to body-
weight in rat. This higher in vitro catalytic efficiency for intesti-
nal microbial N-oxide reduction in human than in rat concords
with an in vitro study performed on the drug loperamide N-oxide,
which showed faster N-oxide reduction in human ileal effluents
than in rat gut content.[77] Despite interspecies differences in fe-
cal residence time, where feces resides for 8[78] and 30–40 h[79]

in rat and human, respectively, our PBK models predicted the
transformation time of SENO to SEN to be complete upon 7.9
h in rat and upon 12.6 h in human. This leads to the conclu-
sion that SENO is expected to be fully converted to its parent PA
within the fecal residence time for both species. The main bacte-
rial species responsible for PA-N-oxide reduction by the intesti-
nal microbiota remain to be elucidated, but a study with another
N-oxide (trimethylamine N-oxide) reported Enterobacteriaceae,
particularly Escherichia coli, to be the main cause for N-oxide re-
duction. Yet, the amount of fecal Enterobacteriaceae in human
and rat are similar,[80] amounting to approximately 6 log10 cfu
per gram feces, and can thus not explain the interspecies differ-
ence in catalytic efficiency observed in our in vitro results. Con-
sequently, the role of other bacteria genera or enzymes such as
fecalases, cecalases, and gutmicrobiota reductases in PA-N-oxide
reduction should be further investigated. PA-N-oxide reduction
also takes place in the liver, with the catalytic efficiency in in
vitro incubations with liver S9 being higher in rat than in hu-
man. This finding agrees with a previous study where rat liver
microsomes reduced the drug benfluron N-oxide to benfluron
5-fold faster than human liver microsomes.[81] The enzymatic
activity of CYP1A2 and CYP2D6, which catalyze N-oxide reduc-
tion, are also higher in rat liver microsomes than in human liver
microsomes,[71] which further explains this interspecies differ-
ence. Additionally, the clearance of the formed parent PA SEN
appeared to be faster in incubationswith rat liver S9 thanwith hu-
man liver S9. This finding corroborates the observation reported
by Kolrep et al.[82] that SEN is cleared faster and to a higher ex-
tent by rat liver S9 than by human liver S9, and is also in line
with what was reported for other PAs by Ning et al.[39] Further-
more, SEN is metabolized by CYP3A4,[83] a predominant isoen-
zyme present in the liver, and CYP3A4 contributes to the major-
ity of CYP3A activity.[84] The enzymatic activity of CYP3A was
reported to be higher in rat liver microsomes than in human
liver microsomes,[71] explaining the faster clearance of SEN in rat
than human. The PBKmodel predicted a different kinetic profile
for SEN in human as compared to rat with a significantly higher

Cmax SEN and prolonged exposure, which are in line with results
reported before from human PBK model built for senkirkine,[85]

lasiocarpine and riddelliine.[39]

In spite of these substantial interspecies differences in
metabolic clearance and kinetics of SENO and SEN, the dif-
ferences in the predicted REP values appeared limited. The
time-dependent profiles for the Cmax SEN upon dosing equimo-
lar amounts of SENO or SEN are similar in rat and human: a
lower Cmax SEN and a delayed Tmax SEN in case of dosing SENO as
compared to the kinetic profile obtained upon dosing SEN. In
contrast to previous studies where an in vivo REP value was de-
rived from the ratio of DHP-DNA adducts formed upon dosing
equimolar doses of the N-oxide and parent PA,[16,19,20,28] the cur-
rent study used both the ratio of the AUCSEN (0.88) or the ratio
of AUCpyrrole-protein (0.61) in rats orally-administered with SENO
to those orally-administered SEN to calculate the in vivo REP val-
ues because pyrrole-protein (DHP-protein) adducts can also be
used as biomarkers of toxic PA exposure.[15,86,87] In addition, Xia
et al.[87] showed that the level of DHP-DNA adducts correlated
with the level of pyrrole-protein adducts, with correlation coeffi-
cients of 0.573–0.702 and p values of 0.07–0.02.
In theory, using the AUCpyrrole-protein would be a better ap-

proach than using the AUCSEN to calculate the REP value because
adducts may reflect the toxicity of PA exposure better than the
parent PAs themselves. Yet, at the present state of the art this
approach is hampered by the fact that the AUCpyrrole-protein can
so far be determined only using in vivo animal studies. To de-
velop a PBK modeling based approach to derive and predict the
AUCpyrrole-protein and the related REP value is a new study in itself
that is of interest for future research. Moreover, it is of interest
to note that when using the ratio of AUCpyrrole-protein quantified in
an experimental rat study[11] to calculate the REP value, a value
of 0.61 is obtained, which is lower than the value of 0.88 obtained
when using the AUCPA from the same rat study (Table 4). This
discrepancymay be due to depletion of internal GSH at high dose
level of PAs,[88–91] thereby exceeding the capacity of pyrrole-GSH
conjugation and instead forming more pyrrole-DNA or pyrrole-
protein adducts. It may in theory also be due to saturation of the
glutathione conjugation by glutathione S-transferases at high in-
ternal PA concentrations. Given that Cmax SEN was shown to be
higher when dosing SEN as compared to dosing an equimolar
dose of SENO (Figure 6), this GSHdepletion and/or saturation of
GSH conjugationmay occur at lower dose levels for SEN than for
SENO. At high dose levels this will thus lead to relatively higher
pyrrole-protein adduct formation upon dosing SEN than upon
dosing an equimolar dose of SENO, thereby resulting in a lower
REP value when this REP value is calculated based on the ratio
of AUCpyrrole-protein than when it is calculated based on the ratio of
AUCSEN. At lower dose levels, depletion of internal GSH and/or
saturation of GSH conjugation will not occur and the REP value
calculated based on the ratio of AUCpyrrole-protein will remain com-
parable to the REP value calculated based on the ratio of AUCSEN.
This result reveals that REP values should be quantified at real-
istic low dose levels. However, this will also obviously hamper
their quantification in in vivo animal experiments, where gen-
erally high dose levels need to be applied to reach the relevant
detection limits for the compounds and biomarkers under study.
In agreement to the statement of “all models are wrong, but

some are useful,”[92] the model in the present study can be
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considered as a useful first approximation to describe the re-
spective kinetics. Our initial aim is to keep the model as simple
as possible with parameters that can be obtained by either in
vitro or in silico models. However, further refinements of the
PBK model could be considered taking the following limitations
of the model into account. 1) First of all, the model included
aerobic liver metabolism of SENO, while some parts of the liver
might be anaerobic, which, as also shown by our results, may
result in more efficient reduction and higher REP values. 2) The
model did not consider potential metabolism of SEN itself by
the gut microbiota, also because in anaerobic fecal incubations
with SEN there was no substantial degradation of SEN during
the time frame of the incubations. In the present model, all SEN
is assumed to be absorbed directly from the microbiota compart-
ment to the liver. 3) More refined scaling from the in vitro to the
in vivo situation of the rat microbiota kinetic parameters may
be considered using microbial abundances and actual volumes
of the respective gut microbial compartments; one might even
consider to use intestinal content instead of fecal samples for the
incubations, but this would significantly hamper the develop-
ment of a human model. 4) Furthermore, it is of interest to note
that the REP value seems to depend on the endpoint used: using
the data from the in vivo rat study on SEN and SENO reported
by Yang et al.,[11] it follows that the REP value calculated based
on the AUCpyrrole-protein is lower than that calculated based on the
AUCSEN. The model enables quantification of the REP based
on the AUCPA and building an extended model that also allow
prediction of the REP value based on the AUCpyrrole-protein would
be of interest for further studies. This will require determination
of the rate constants for GSH pyrrole-adduct formation and/or
the potential dose dependent reduction of cellular GSH levels
due to scavenging of the reactive pyrrole intermediates. 5) The
model did not consider the reversible nature of the PA-N-oxide
reduction given that PAs can be converted back to PA-N-oxides
in the liver. However, it included PA conversion to PA-N-oxide as
part of the clearance of the PA since that is known to include PA
N-oxidation. 6) Potential transport from the intestinal cells back
into the intestinal lumen was not taken into account, which may
lead to decreased permeability of the intestinal wall and reduced
bioavailability.[93] Reduced bioavailability as shown in an in vivo
study[46,94] was however included in the model. 7) Furthermore,
the PA retrorsine and its liver-derived reactive metabolites were
reported to be transported by bile into the intestine to exert
enterotoxicity, and the current model did not consider this aspect
of the gut-liver axis.[21] 8) Finally, the role of additional liver
microsomal enzymes in PA reduction other than CYPs is worth
further investigation. Given the fact that the rate constant for
liver S9 reduction of SENO obtained in microsomal incubations
with NADPH regeneration system was higher than that obtained
with NADPH, but did not provide better PBK model based pre-
dictions, warrants further investigations of these pathways and
their in vivo relevance. All in all, in spite of these limitations, the
PBK model did provide adequate predictions with only a limited
number of kinetic parameters.
In conclusion, the present study demonstrates a novel proof of

principle for use of a NAMbased on in vitro and in silico data only
to define in vivo REP values for PA-N-oxides. The results obtained
confirm that these REP values are dose-dependent and higher
at more realistic low dose levels than at the higher dose levels

generally applied in in vivo studies in experimental animals, and
also enable definition of REP values for human at realistic dietary
exposure levels. Altogether, it is concluded that PBK modeling
serves as valuable QIVIVE tool for predicting REP values of PA-
N-oxides andmay actually result in more accurate REP values for
human risk assessment than what would be defined using in vivo
animal experiments.
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