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A B S T R A C T   

Pyrrolizidine alkaloids (PAs) and their N-oxides (PA-N-oxides) are phytotoxins found in food, feed and the 
environment. Yet, limited data exist from which the relative potency of a PA-N-oxide relative to its corresponding 
PA (REPPANO to PA) can be defined. This study aims to investigate the influence of dose, fraction bioactivated and 
endpoint on the REPPANO to PA of a series of pyrrolizidine N-oxides using in vitro-in silico data and physiologically 
based kinetic (PBK) modeling. The first endpoint used to calculate the REPPANO to PA was the ratio of the area 
under the concentration–time curve of PA resulting from an oral dose of PA-N-oxide divided by that from an 
equimolar dose of PA (Method 1). The second endpoint was the ratio of the amount of pyrrole-protein adducts 
formed under these conditions (Method 2). REPPANO to PA values appeared to decrease with increasing dose, with 
the decrease for Method 2 already starting at lower dose level than for Method 1. At dose levels as low as 
estimated daily human intakes, REPPANO to PA values amounted to 0.92, 0.81, 0.78, and 0.68 for retrorsine N- 
oxide, seneciphylline N-oxide, riddelliine N-oxide and senecivernine N-oxide, respectively, and became inde-
pendent of the dose or fraction bioactivated, because no GSH depletion, saturation of PA clearance or PA-N-oxide 
reduction occurs. Overall, the results demonstrate the strength of using PBK modeling in defining REPPANO to PA 
values, thereby substantiating the use of the same approach for other PA-N-oxides for which in vivo data are 
lacking.   

Introduction 

Pyrrolizidine alkaloids (PAs) and their N-oxides (PA-N-oxides) are 
phytotoxins that can be found in food, feed and the environment. There 
are up to 1000 PAs and PA-N-oxides occurring in 3 % of global flowering 
plants (Stegelmeier et al., 1999; Smith and Culvenor, 1981), with PA-N- 
oxides occurring as the predominant form (Wuilloud et al., 2004; Yang 

et al., 2017). PA-N-oxides are generally assumed to be less toxic than 
their parent PAs because the N-oxides must first be reduced to their 
corresponding PAs by intestinal microbiota and liver cytochromes P450 
(CYPs 450) (Mattocks, 1971; Yang et al., 2019; Tang et al., 2013). The 
PAs, upon bioactivation by CYPs P450 to reactive pyrrole intermediates, 
form adducts with proteins (Ruan et al., 2015; Ma et al., 2018; Chen 
et al., 2020; Ma et al., 2021) and DNA (Chou et al., 2003; He et al., 2017) 
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(Fig. 1) causing hepatotoxicity, genotoxicity and tumorigenicity. 1,2- 
Unsaturated PAs pose a chronic health risk upon long-term exposure 
resulting from for instance use of some herbal teas because they are 
considered to be genotoxic and carcinogenic, with MOE values that may 
be lower than 10,000 (Dusemund et al., 2018). Effects upon acute 
exposure to high dose levels include hepatic veno-occlusive disease 
(HVOD), liver cirrhosis and hepatic tumours, but the acute human 
health risk from short-term PA consumption is considered to be low 
based on an EFSA scientific risk assessment and other risk assessments 
(Dusemund et al., 2018; EFSA et al., 2017). Upon reduction and sub-
sequent bioactivation, PA-N-oxides can cause the same adverse effects as 
their parent PAs (Yang et al., 2017; Chou et al., 2003; He et al., 2021). 

Until now, limited data exist from which the relative potency of a PA- 
N-oxide compared to its corresponding PA (REPPANO to PA) can be 

defined (Fig. 1). In vitro studies generally provide inadequate REPPANO to 

PA values since the reduction of the PA-N-oxide to the corresponding PA 
by intestinal microbiota is generally not taken into account, resulting in 
REPPANO to PA values < 0.1 (He et al., 2017; Allemang et al., 2018; 
Louisse et al., 2019). In addition, assuming the PA-N-oxides to be 
equally potent as their parent PA (REPPANO to PA value equals 1.0 (Merz 
and Schrenk, 2016) may overestimate the risk given that the reduction 
of the PA-N-oxide may be incomplete or may result in a lower area under 
the concentration time curve (AUC) for the parent PA with a lower 
maximum plasma concentration (Cmax) than what is observed upon 
dosing the PA itself (Yang et al., 2017; Yang et al., 2019). 

Some in vivo data exist for a selected number of PAs and PA-N-oxides 
from which REPPANO to PA values can be derived that take into account 
the in vivo PA-N-oxide kinetics. Table 1 provides such data available for 

Fig. 1. Metabolic pathways for PA-N-oxides and PAs, and the three methods for determining the REPPANO to PA value.  
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riddelliine N-oxide (RIDO) and riddelliine (RID). To estimate REPPANO to 

PA values, the PA and its N-oxide should preferably be dosed in the same 
study at equimolar levels characterizing the same endpoint. Table 1 
reveals that such data sets exist for the amount of pyrrole-protein ad-
ducts and the amount of pyrrole-DNA adducts formed, in studies with 
RIDO and RID reported by Xia et al. (Xia et al., 2016; Xia et al., 2013). 
From these data a REPPANO to PA value for RIDO relative to RID can be 
derived that is lower than 1.0 and also appears to be lower at a higher 
dose level (Table 1). 

The data presented in Table 1, also reveal that calculating the 
REPPANO to PA value based on the AUC for the parent PA RID can only be 
achieved using data from two different studies administering orally 
either only RID (Williams et al., 2002) or only RIDO (Yang et al., 2019) 
at different single dose levels. After dose-normalization, the AUC of RID 
from oral RIDO divided by that from oral RID yielded a REP value of 
0.32. This REPPANO to PA value might be unreliable because the two 
studies did not only use different dose levels, but they also used different 
rat strains, with Williams et al. using Fisher rats (Williams et al., 2002) 
and Yang et al. using Sprague-Dawley rats (Yang et al., 2019). In addi-
tion, Williams et al. (Williams et al., 2002) fed the rats ad libitum, while 
Yang et al. (Yang et al., 2019) only stated the administration of distilled 
water before compound administration. 

Fig. 1 presents the metabolic scheme for PA-N-oxides and PAs 
including the bioactivation to the reactive pyrrole intermediates such as 
6,7-dihydro-7-hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP) and 
dehydroretronecine (DHR). The figure also presents the different end-
points used in Table 1 for calculating the REPPANO to PA value. In a 
previous study (Widjaja et al., 2022), it was shown that when based on 
the AUC for the parent PA the REPPANO to PA value may decrease with the 
dose because of saturation of PA clearance and saturation of PA-N-oxide 
reduction. The reason for a reduction in the REPPANO to PA value of RIDO 
compared to RID when based on the amount of pyrrole-protein or 
pyrrole-DNA adducts, as observed in vivo (Table 1) remains to be 
elucidated. The overview in Fig. 1 illustrates that the reactive pyrrole 
intermediates could either be conjugated with glutathione (GSH) 
forming 7-glutathione-DHP (7-GS-DHP) as the major conjugate (Tamta 
et al., 2012; Ning et al., 2019), or react with protein and DNA forming 
pyrrole-protein and pyrrole-DNA adducts. This competition for pyrrole 
scavenging by GSH on the one hand or by protein and DNA on the other 
hand may result in an effect on the REPPANO to PA value when the kinetics 
for GSH conjugation would vary with the dose between the PA and the 
PA-N-oxide. This could explain an influence of the dose on the REPPANO 

to PA value when calculated based on pyrrole-protein or DNA adducts. 
The physiologically based kinetic (PBK) modeling allows for studying 
such a hypothesis without the need for experiments with large numbers 
of experimental animals. At the same time it provides a new approach 
methodology (NAM) where, in contrast to the in vitro studies reported so 
far (He et al., 2017; Allemang et al., 2018; Louisse et al., 2019), the role 
of PA-N-oxide reduction by liver and especially intestinal microbiota can 

be included. 
The aims of the present study were to: 1) generate more insight into 

the influence of dose, fraction bioactivated and endpoint used on the 
relative potency value of RIDO compared to RID using PBK modeling as 
a novel testing strategy, and 2) extend the approach to other pairs of PA- 
N-oxides and PAs including seneciphylline N-oxide (SNPO), retrorsine 
N-oxide (RTRO), senecivernine N-oxide (SVRO) and their corresponding 
parent PAs (Fig. 2). In our previous study, this in vitro - in silico 
approach provided insight in the REPPANO to PA value of senecionine N- 
oxide (SENO) relative to senecionine (SEN) (Widjaja et al., 2023). 
Studying it for another PA-N-oxide and its PA for which in vivo data to 
define a REP value are available (RIDO and RID) will reveal whether the 
approach might be applied to PA-N-oxides and PAs for which in vivo 
data are lacking (SNPO, RTRO, SVRO and their PAs). At the same time 
building the PBK models for additional PAs for which in vivo data on 
blood concentrations are available for PBK model evaluation, will 
further validate the PBK models and support their use for prediction of 
the REPPANO to PA values. All PA-N-oxides selected for the present study 
are of macrocyclic diester configuration for the purpose of direct 
comparison. 

Materials and methods 

Materials 

Riddelliine (RID, 99 %), seneciphylline N-oxide (SNPO, 98 %), sen-
eciphylline (SNP, 99 %), retrorsine N-oxide (RTRO, 96 %), retrorsine 
(RTR, 99 %), senecivernine N-oxide (SVRO, 98 %) and senecivernine 
(SVR, 99 %) were purchased from Phytolab (Phytolab GmbH & Co. KG, 
Germany) and were prepared in DMSO purchased from Acros Organics 
(Geel, Belgium). Acetonitrile (ACN, UPLC/MS grade) was purchased 
from Biosolve (Valkenswaard, the Netherlands). Di-potassium hydrogen 
phosphate trihydrate (K2HPO4⋅3H2O) and potassium dihydrogen phos-
phate (KH2PO4) were purchased from Merck (Amsterdam, the 
Netherlands). The reduced form of nicotinamide adenine dinucleotide 
phosphate (NADPH) was purchased from Carbosynth (Carbosynth, UK). 
L-glutathione-reduced form (GSH, purity ≥ 98 %) was purchased from 
Sigma-Aldrich, now rebranded as Merck (Amsterdam, the Netherlands). 
Pooled rat liver S9 from male Sprague-Dawley (SD) rats was purchased 
from Corning (Amsterdam, the Netherlands). Phosphate-buffered saline 
(PBS, pH 7.4) was purchased from Gibco (Paisley, USA). Fresh rat fecal 
samples from Wistar rats (10 males and 10 females) were a gift from 
BASF (Ludwigshafen, Germany) and were collected, treated, and stored 
as previously described (Widjaja et al., 2022). Rat fecal samples were 
collected fresh immediately after feces excretion. Rat liver S9 samples 
were purchased from industries, all already possessing the license to 
provide these materials for research purposes. 

Table 1 
In vivo REPPANO to PA values of RIDO relative to RID calculated at different dose levels and endpoints in rats. Further details on the 3 methods to calculate the REPPANO to 

PA value are presented in Fig. 1. BW is abbreviation for body weight.  

Dose (µmol⋅kg¡1 BW) Duration Oral RIDO administration Oral RID administration REPPANO to PA Reference 

Parameter quantified 
AUC of RID (µg⋅min mL− 1) (Method 1 Fig. 1) 
28.62 Single dose – 30.96 ± 4.80 0.32a Williams et al. (Williams et al., 2002) 
54.74 Single dose 19.22 ± 6.99 – Yang et al. (Yang et al., 2019) 
Amount of pyrrole-protein adducts (ng⋅g− 1 protein) (Method 2 Fig. 1) 
4.5 3 Daily doses 295.00 ± 33.10 348.00 ± 31.20 0.85 Xia et al. (Xia et al., 2016) 
24 3 Daily doses 707.00 ± 62.90 1197.00 ± 216.00 0.59 Xia et al. (Xia et al., 2016) 
Amount of pyrrole-DNA adducts (adducts⋅10-8 nucleotides) (Method 3 Fig. 1) 
24 3 Daily doses 8.47 13.2 0.64 Xia et al. (Xia et al., 2013) 
2.9 Single dose – 1180 0.36a,b Wang et al. (Wang et al., 2005) 
2.7 Single dose 399 – Wang et al. (Wang et al., 2005) 

aDose normalized REPPANO to PA value = (AUC RID from oral RIDO / dose of RIDO) / (AUC RID from oral RID / dose of RID). 
bQuantification of DNA adduct levels by 32P-post-labelling may be less accurate than by LC-MS/MS. 
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In vitro incubations to derive kinetic constants 

In vitro incubations were conducted to obtain kinetic constants 
(Vmax, Km and kcat) as input for the PBK models. The reduction of SNPO, 
RTRO and SVRO to the corresponding parent PAs by intestinal micro-
biota and liver was studied as described in previous studies with RIDO 
(Widjaja et al., 2022) and SENO (Ning et al., 2019; Ning et al., 2019) 
using anerobic incubations with rat feces and aerobic incubations with 
rat liver S9. The clearance of SNP, RTR and SVR was investigated using 
aerobic incubations with rat liver S9 following a procedure similar to the 
one described for RID (Widjaja et al., 2022) and SEN (Ning et al., 2019; 
Ning et al., 2019). 7-GS-DHP formation from SNP, RTR and SVR and RID 
was determined using aerobic incubations with rat liver S9 in the 
presence of GSH as previously performed for SEN (Widjaja et al., 2023). 
The optimal conditions employed to study the reduction of PA-N-oxides 
to the free base PAs, the clearance of parent PAs and the formation of 7- 
GS-DHP are summarized in Table 2. At these conditions, product for-
mation was shown to be linear in time and with the amount of protein. 

LC-MS/MS analysis of PAs 

The reduction of the PA-N-oxides and the clearance of their parent 

PAs were quantified using liquid chromatography with tandem mass 
spectrometry (LC-MS/MS). The analysis was performed using a UHPLC 
system (Shimadzu SIL-40C XR autosampler) coupled with a column 
oven (Shimadzu CTO-40C) and a valve unit (Shimadzu FCV-20AH2) 
combined with an MS system (Shimadzu LCMS-8045, Kyoto, Japan). A 
1 µL injection volume of sample was examined with a reverse phase C18 
column (Phenomenex 1.7 μm 2.1 × 50 mm) at a flow rate of 0.3 mL/min. 
Milli-Q water and acetonitrile were used as mobile phases, each con-
taining 0.1 % v/v formic acid. The measurement started with 0 % to 100 
% ACN for 6 min. 100 % ACN was kept for 1 min after which it changed 
to the starting condition of 0 % ACN within 1 min. Prior to the next 
injection, this percentage was kept for 4 min. The PAs and their PA-N- 
oxides were analyzed with a positive ionizing mode and quantified in 
the multiple reaction monitoring (MRM) mode; detailed information on 
[M + H]+ of precursors to products m/z, collision energy (CE) and 
retention times (RT) can be found in Table 1S of the Supplementary 
Material. Calibration curves of these compounds were defined using 
commercially available reference compounds in a range of 0.001–1 μM, 
and employed to quantify the concentrations of PAs in the samples using 
the total ion chromatogram (TIC). 

Fig. 2. Chemical structures of the studied PA-N-oxides and their corresponding parent PAs.  

Table 2 
Optimized incubation conditions for obtaining kinetic constants for metabolism of PA-N-oxides and their parent PAs.  

Compound Reduction of PA-N-oxides with rat 
feces 

Reduction of PA-N-oxides with rat 
liver S9 

Clearance of parent PAs with rat 
liver S9 

Incubation of parent PAs with rat liver 
S9 to form 7-GS-DHP 

Feces (g feces mL− 1) Time (min) S9 protein (mg mL− 1) Time 
(min) 

S9 protein (mg mL− 1) Time 
(min) 

S9 protein (mg mL− 1) Time 
(min) 

SNPO 0.06 180 1.0 60 – – – – 
SNP – – – – 1.0 60 1.0 60 
RTRO 0.04 120 1.0 60 – – – – 
RTR – – – – 0.5 60 1.0 60 
SVRO 0.04 120 1.0 60 – – – – 
SVR – – – – 0.5 30 1.0 60 
RID – – – – – – 1.0 60  
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LC-MS/MS analysis of 7-GS-DHP 

7-GS-DHP was quantified by LC-MS/MS using a Shimadzu Nexera XR 
LC-20AD XR UHPLC system coupled with a Shimadzu LCMS-8040 MS 
(Kyoto, Japan). A 1 µL aliquot was loaded onto a reverse phase C18 
column (Phenomenex 1.7 µm 2.1 x 50 mm). The flow rate was 0.3 mL/ 
min 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. The mobile 
phase was composed of water and ACN. A linear gradient was applied 
from 0 to 5 % ACN in 8 min and was further increased to 100 % ACN in 6 
min. This percentage was kept for 0.5 min and was then reduced to the 
starting conditions in 0.1 min. The column was equilibrated for another 
4 min at the starting conditions before the next injection, and detailed 
information on [M + H]+ of precursors to products m/z, collision energy 
(CE) and retention times (RT) can be found in Table 1S of the Supple-
mentary Material. Quantification was done by comparing the peak area 
of the 7-GS-DHP formed in the incubation samples to the calibration 
curve of 7-GS-DHP ranging from 0.078 to 10 µM (r2 = 0.991) previously 
reported by Ning et al. using the same conditions and LC-MS/MS in-
strument (Ning et al., 2019; Ning et al., 2019). 

Determination of kinetic constants 

Kinetic constants were obtained from PA-N-oxide concentration- 
dependent rates for PA-N-oxide reduction or PA concentration- 
dependent rates for PA clearance and 7-GS-DHP formation as previ-
ously described for RIDO (Widjaja et al., 2022) and SENO (Widjaja et al., 
2023). The amount of PA formed was determined as the amount 
detected in full incubations minus the amount detected in the blanks 
(without feces or NADPH), while the amount of PA cleared was deter-
mined as the amount detected in blanks (without NADPH) minus the 
amount in the full incubations. The amount of 7-GS-DHP formed was 
determined as the amount detected in full incubations minus the amount 
detected in the blanks (without NADPH). Kinetic constants for PA-N- 
oxide reduction by intestinal microbiota and rat liver S9, PA clearance 
and 7-GS-DHP formation from PAs were determined by fitting the data 
using GraphPad (GraphPad Prism Software version 10.0.2, San Diego, 
CA, USA). 

Kinetic constants for PA formation from PA-N-oxides in incubations 
with rat feces, PA clearance and 7-GS-DHP formation from PAs in in-
cubations with rat liver samples, were obtained by fitting the data to the 
Michaelis-Menten equation: 

v =
Vmax

1 + Km
[S]

=
Vmax × [S]
Km + [S]

where v is the rate of reaction (μmol⋅h− 1⋅g⋅feces− 1 or 
nmol⋅min− 1⋅mg− 1⋅S9 protein), Vmax the maximum rate of reaction 
(μmol⋅h− 1⋅g⋅feces− 1 or nmol⋅min− 1⋅mg− 1⋅S9 protein), Km the Michae-
lis–Menten constant (μM), and [S] the substrate concentration (μM). 
Vmax was scaled to an in vivo value (L⋅h− 1) by either: 1) using a fecal 
fraction to body weight (fbw) of 0.0164 g rat feces⋅g− 1 BW (Wang et al., 
2020; Mendez-Catala et al., 2021; Hoskins and Zamcheck, 1968) based 
on a defecation volume per day of 4.1 g and a body weight (BW) of 0.25 
kg, or 2) using an S9 protein yield of 143 mg S9 protein⋅g− 1 rat liver, a 
rat liver weight of 34 g⋅kg− 1 BW and a BW of 0.25 kg (Punt et al., 2008). 
To mimic the effect of internal GSH depletion the Vmax for 7-GS-DHP 
formation was multiplied by a % to define the residual Vmax, to 
describe the accompanying reduction in the overall rate of 7-GS-DHP 
formation. 

Since PA formation from PA-N-oxides in incubations with rat liver S9 
appeared to follow first-order reaction kinetics, the slope of the plot for 
the formation rate versus substrate concentration directly represents 
kcat, which equals Vmax / Km, but does not define Vmax and Km values as 
such. This can be derived from the Michaelis-Menten equation for sub-
strate concentrations at [S] ≪ Km, where 1 + Km / [S] equals Km / [S]. 

Consequently, the Michaelis-Menten curve in the range where [S] ≪ Km 
becomes: 

v =
Vmax

1 + Km
[S]

=
Vmax

Km
[S]

=
Vmax

Km
[S] = kcat[S]

where v is the rate of reaction (nmol⋅min− 1⋅mg− 1⋅protein), Vmax the 
apparent maximum rate of reaction (nmol⋅min− 1⋅mg− 1⋅protein), Km the 
apparent Michaelis-Menten constant (μM), and [S] the substrate con-
centration (μM). The slope kcat was determined by fitting the data to the 
linear regression model. The in vitro kcat expressed in mL⋅min− 1⋅mg− 1 

S9 protein thus obtained was scaled to an in vivo value expressed in 
L⋅h− 1 by using an S9 protein yield of 143 mg S9 protein ⋅g− 1 rat liver, a 
rat liver weight of 34 g⋅kg− 1 BW and a BW of 0.25 kg (Punt et al., 2008). 

Building the PBK model 

The PBK model for PA-N-oxides with a submodel for PAs in rats 
(Fig. 3) previously developed and evaluated for RID (Widjaja et al., 
2022) was extended to include GSH-scavenging of the reactive pyrrole 
intermediate through 7-GS-DHP formation from PAs (Ning et al., 2019; 
Widjaja et al., 2023), with 7-GS-DHP being the major metabolite formed 
in this reaction. Rat liver S9 incubations were used to derive kinetic 
constants for 7-GS-DHP formation and to build the rat model because rat 
data for RID were available from which REPPANO to PA values for vali-
dation of the approach could be performed for RIDO before extending 
the model to other PA-N-oxides. The Supplementary Material presents 
the model code in which changes in the model code highlighted in red 
indicate changes in the model as compared to the model code reported 
before (Widjaja et al., 2022) in order to include the 7-GS-DHP formation. 
The apparent permeability coefficient (Papp) values to derive absorption 
constant for all PAs and PA-N-oxides, and the other physiological, 
physicochemical, and kinetic parameters can also be found in the Sup-
plementary Material. For SNP and RTR and their corresponding PANOs, 
the bioavailability was based on fitting the PBK model predictions to 
available in vivo data resulting in values of 10 % and 24 %, respectively 
(see Result section for details). For SVRO and SVR, an F (oral bioavail-
ability) of 15 % reported for RIDO and RID (Widjaja et al., 2022) was 
used as there are no available in vivo data that define the bioavailability 
of SVRO and SVR. Additionally, it is important to note that the N- 
oxidation of the PAs to their PA-N-oxides is included in the general 
clearance of the PAs, while its contribution to the overall amount of PA- 
N-oxide upon dosing the PA-N-oxide is considered negligible. The model 
was built in Berkeley Madonna version 9.1.18 and was run with the 
Rosenbrock (stiff) method as ordinary differential equations solver. 

To include 7-GS-DHP formation, the equation in the PA submodel for 
the change in the amount of PA in the liver was extended to read as 
follows with RID as example:  

ALRID’=QL*(CBRID–CVLRID)+kb1*ASIRID+kb2*ALIRID+ALM1′- 
ALM2′-ALM3′+ALM3′                                                                          

where ALRID’ is the change in the total amount of RID in liver tissue, QL* 
(CBRID – CVLRID) is the net amount of RID going into the liver from RID 
that enters from arterial blood and leaves to the systemic blood circu-
lation, kb1*ASIRID is the amount of RID entering the liver via the portal 
vein from the small intestine, and kb2 * ALIRID reflects the uptake of RID 
from the large intestine where it is formed from RIDO via reduction by 
gut microbiota, ALM1′ is the amount of RID formed by RIDO reduction 
in the liver, and ALM2′ is the amount of RID metabolized or cleared in 
the liver. This part of the equation is similar to what was previously 
included in the model code. The term ALM3′ reflects the formation of 7- 
GS-DHP from RID. Given that this conversion described by the term - 
ALM3′ was also included in the overall clearance of RID (described by 
the term - ALM2′), also a term + ALM3′ was added to the equation to 
avoid that this part of the clearance is subtracted twice when modeling 
the change in the amount of RID in the liver. Subtracting and adding the 
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reaction that forms 7-GS-DHP from the entire RID clearance (- ALM3′ +
ALM3′) allows quantification of 7-GS-DHP formation without disturbing 
the mass balance of this model (Ning et al., 2019; Widjaja et al., 2023; 
Ning et al., 2019). 

Methods to calculate the REPPANO to PA value 

In line with the available in vivo data from which REPPANO to PA 
values can be derived (Table 1), the present work used three methods to 
calculate the REPPANO to PA values (Fig. 1) as presented in the equations 
below: 

Method 1 

REPPANO to PA =
AUCPA (dose PANO)

AUCPA (dose PA)

Method 2 

REPPANO to PA =
Amountpyrrole− protein adducts (dose PANO)

Amountpyrrole− protein adducts (dose PA)

Method 3 

REPPANO to PA =
Amountpyrrole− DNA adducts (dose PANO)

Amountpyrrole− DNA adducts (dose PA)

Method 1 has been used in our previous work on RID and its N-oxide 
(Widjaja et al., 2022), while Method 2 and 3 allow calculation of the 
REPPANO to PA value based on other endpoints. Method 2 and 3 both 
allow for consideration of the effect of reduction in GSH scavenging of 
the pyrrole intermediate potentially resulting in relatively higher levels 
of DHP to react to either protein or DNA adducts when GSH scavenging 
would be saturated or limited by reduction in levels of GSH (Fig. 1). The 
amount of pyrrole-protein adducts and pyrrole-DNA adducts formed are 
known to be correlated (Zhu et al., 2022), although, as also shown by the 
data in Table 1, the amount of pyrrole-DNA adducts may be only a small 
fraction of the amount of pyrrole-protein adducts formed (Zhu et al., 
2022). Given that the amount of pyrrole-DNA adducts may amount to 

only a fraction of the amount of pyrrole-protein adducts, in the modeling 
its influence on the amount of pyrrole-protein adducts was considered 
negligible. Therefore, the REPPANO to PA value from Method 2 and 
Method 3 are assumed to be similar, and only REPPANO to PA values from 
Method 2 will be simulated by PBK modeling in this present work. 

Furthermore, since the total amount of pyrrole-protein adducts can 
be expected to vary not only with the dose but also with the fraction of 
the dose bioactivated to reactive pyrrole intermediates, the modeling 
also included a value f representing the fraction of the dose bioactivated. 
As a result, the REPPANO to PA value defined by Method 2 can be 
described by the following equation: 

REPPANO to PA Method 2  

=
Amountpyrrole− protein adducts (PANO)

Amountpyrrole− protein adducts (PA)

=
F × REPPANO to PA Method 1 × f × DosePANO − Amount7− GS− DHP (PANO)

F × f × DosePA − Amount7− GS− DHP (PA) × %residual Vmax  

In which amountpyrrole− protein adducts (PANO) (µmol) is the amount of pyrrole- 
protein adducts formed upon oral PANO administration, 
amountpyrrole− protein adducts (PA) (µmol) is the amount of pyrrole-protein 
adducts formed upon oral PA administration, F is the oral bioavail-
ability of PANO and PA that has for RID previously been estimated at 15 
% (Widjaja et al., 2022);REPPANO to PA Method 1 is the REPPANO to PA 
value derived from the ratio of the AUC of PA from oral PANO admin-
istration divided by the AUC of PA from oral PA administration, f is the 
fraction of the dose bioactivated to active pyrrole intermediates, 
dosePANO is the oral dose of administered PANO (µmol), dosePA is the 
equimolar dose of administered PA (µmol), amount7− GS− DHP (PANO)

(µmol) is the amount of 7-GS-DHP at 24 h from oral PANO adminis-
tration, amount7− GS− DHP (PA) (µmol) is the amount of 7-GS-DHP at 24 h 
from oral PA administration, and %residual Vmax is the factor applied to 
describe the effect of GSH depletion and hence the reduction in the rate 
of 7-GS-DHP formation upon increasing dose of oral PA. 

At low dose levels, the bioavailability or fraction bioactivated no 
longer influence the REPPANO to PA value outcome (see Result section). 
Thus, for the purpose of comparison, the REPPANO to PA values were 
calculated using the same input parameters as for RID for the 3 addi-
tional PA-N-oxides. This included a % residual Vmax of 87 % at high dose 
level of 24 µmol⋅kg− 1 BW, an f of 0.40 and compound specific 

Fig. 3. PBK model for PA-N-oxides with a submodel for PAs as adapted from Widjaja et al. (Widjaja et al., 2022) with the addition of 7-GS-DHP formation to enable 
calculation of pyrrole-protein adduct formation. 
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bioavailability data of 10 % for SNPO, 24 % for RTRO and 15 % for 
SVRO. 

Sensitivity analysis 

A sensitivity analysis was performed to assess which parameters of 
the PBK model have the largest impact on the predicted 
amountpyrrole− protein adducts, which is the parameter for calculating the 
REPPANO to PA by Method 2. A sensitivity analysis for the AUC of PA, 
which was the parameter used for calculating the REPPANO to PA by 
Method 1, was previously presented (Widjaja et al., 2022) and appeared 
to be unaffected by including pyrrole-GSH (i.e. 7-GS-DHP) and pyrrole- 
protein adducts formation in the model. Normalized SCs were calculated 
using the equation below: 

SC =
(C′ − C)/C
(P′ − P)/P  

where C is the initial value of the model output, C’ is the modified value 
of the model output with a 5 % increase of an input parameter, P is the 
initial parameter value, and P’ is the parameter value with an increase of 
5 %. Only one parameter was changed each time, while the other pa-
rameters were kept at their initial values. A large SC value indicates that 
the respective parameter has a large impact on the predicted 
amountpyrrole− protein adducts. 

Results 

RIDO and RID 

7-GS-DHP formation from RID 
The rate of formation of 7-GS-DHP in rat liver S9 incubations with 

increasing concentrations of RID is shown in Fig. 4. The results obtained 
reveal Michaelis-Menten kinetics resulting in the Vmax and Km values 
presented in Table 3. Vmax and Km values were used as input for the PBK 
model to describe the in vivo RID concentration dependent formation of 
7-GS-DHP from either an oral dose of RIDO or RID. Since at dose levels of 
24 µmol⋅kg− 1 BW, the dose level of RIDO used in the in vivo rat study of 
Xia et al. (Xia et al., 2016), and an equimolar dose of RID, the maximum 
concentrations of RID in the liver were predicted by the PBK model to be 
0.21 μM and 0.49 μM, respectively, it can be concluded that the RID 
concentrations in the liver will be substantially (387- and 166-fold) 
lower than the Km for 7-GS-DHP formation determined to be 81.2 µM 
(Table 3). This implies that limitations in 7-GS-DHP formation are un-
likely to result from saturation of the underlying kinetics. Thus, it was 
concluded that at high dose RID, limitation of the GSH pyrrole- 

scavenging capacity may result from internal GSH depletion rather 
than from saturating enzyme kinetics. 

PBK modeling simulation for RIDO and RID 
After incorporating the kinetic constants for 7-GS-DHP formation in 

the PBK model, the model was used to calculate the REPPANO to PA values 
of RIDO relative to RID for the two endpoints used in Method 1 and 2. 
This was done at i) an equimolar dose level of either 4.5 µmol⋅kg− 1 BW 
or 24 µmol⋅kg− 1 BW of RIDO and RID, the dose levels used in the re-
ported in vivo rat studies of Xia et al. (Xia et al., 2016), ii) assuming a 
bioavailability of 15 % since that was reported before to result in PBK 
model predictions that best match the available in vivo kinetic data for 
RID (Widjaja et al., 2022), and iii) for different values of the percentage 
residual Vmax for 7-GS-DHP adduct formation. The latter was done to 
mimic the consequences of GSH depletion and to determine at which 
value for the residual Vmax the REPPANO to PA value obtained best 
matches the REPPANO to PA value calculated by Method 2 from the in vivo 
data available for RIDO and RID (Table 1). 

Fig. 5 shows the results obtained when the fraction of the initial dose 
that is bioactivated into pyrrole intermediates is set at 0.40 (40 %). The 
results obtained reveal that under these conditions, the REPPANO to PA 
value calculated by Method 2 decreases upon increasing level of GSH 
depletion with a concomitant reduction in residual Vmax upon dosing 
RID. In addition, with increasing depletion of GSH and thus further 
reduction of the Vmax value for 7-GS-DHP adduct formation upon dosing 
RID, the discrepancy between the REPPANO to PA values from Method 1 
and 2 becomes more pronounced. When the predicted REPPANO to PA 
values were compared with the values derived from the in vivo data 
(Table 1), Fig. 5a shows that the REPPANO to PA value obtained by Method 
2 (0.78) closely matches the in vivo value (0.85) at 4.5 µmol⋅kg− 1 BW 
with 100 % residual Vmax when dosing RID, signifying no GSH depletion 
at this condition. On the other hand, Fig. 5b shows that the REPPANO to PA 
value obtained by Method 2 exactly matches the in vivo value 
(amounting to 0.59) at 24 µmol⋅kg− 1 BW with 87 % residual Vmax when 
dosing RID. The REPPANO to PA value obtained by Method 3 of 0.64, 
which is also presented in Fig. 5, is also comparable to the value of 0.59 
obtained by Method 2, and thus also in line with the predictions ob-
tained at 87 % residual Vmax when dosing RID. 

Using the results thus obtained for the % residual Vmax values, Fig. 6 
presents the dose dependent effect on the REPPANO to PA value as 
determined by Method 1 and 2. To simulate these effects, the % residual 
Vmax in case of Method 2 was gradually decreased from 100 % at a dose 
of 4.5 µmol⋅kg− 1 BW to the value of 87 % at a dose level of 24 µmol⋅kg− 1 

BW, and further decreased in the same linear way at dose levels above 
24 µmol⋅kg− 1 BW. The results show that for both Method 1 and Method 
2, the REPPANO to PA value of 0.78 at 4.5 µmol⋅kg− 1 BW decreases with 
increasing dose level reaching 0.70 (Method 1) and 0.19 (Method 2) at 
154 µmol⋅kg− 1 BW, with the reduction in the REPPANO to PA value 
determined by Method 1 starting to occur from a higher dose level 

Fig. 4. RID concentration dependent rate of 7-GS-DHP formation in aerobic rat 
liver S9 incubations. Data are presented as mean ± SD of three independent 
experiments (n = 3). 

Table 3 
Kinetic constant for 7-GS-DHP formation from RID by rat liver S9 as derived 
from the data in Fig. 4. The parameters Vmax, in vivo and Km are used in the PBK 
model simulations, where Vmax, in vivo can be decreased by multiplying with a 
percentage residual Vmax to mimic the effect of GSH depletion and the 
resulting reduction in 7-GS-DHP formation.  

Parameters Value 

Vmax, in vitro [nmol⋅min− 1⋅mg− 1 S9 protein]  0.17 
Vmax, in vivo [µmol⋅h− 1]a)  12.4 
Km [µM]  81.2 
kcat, in vitro [mL⋅min− 1⋅mg− 1 S9 protein]b)  0.0021 
kcat, in vivo [L⋅h− 1]c)  0.1527 

a) Vmax, in vivo = [(Vmax, in vitro) / 1000] × 60 × [S9 in liver] × [liver weight] ×
BW. Rat S9 is 143 mg S9 protein ⋅g− 1 liver, the weight of rat liver is 34 g⋅kg− 1 

BW and rat body weight is 0.25 kg; b) kcat, in vitro = (Vmax, in vitro) / Km; c) kcat, in 

vivo = (Vmax, in vivo) / Km. 
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onwards than that for Method 2. 
To explain these changes in some more detail, Fig. 7a presents the 

dose-normalized changes in the clearance of RID upon dosing RID and in 
the reduction of RIDO with increasing dose levels as calculated by the 
PBK model of the present study. This reveals that with increasing dose of 
RID, at dose levels above 32 µmol⋅kg− 1 BW, its clearance in the liver 
saturates resulting in relatively higher AUC values for RID. At the same 
time, with increasing equimolar dose of RIDO the reduction of RIDO to 
RID by the intestinal microbiota saturates, resulting in a relative lower 
AUC for RID at increasing dose levels. Together, these two phenomena 
can explain the reduced REPPANO to PA value with increasing dose levels 
as calculated by Method 1 based on AUC values. 

To further investigate the more pronounced reduction in the 
REPPANO to PA value with the dose when calculated by Method 2, Fig. 7b 
shows the change in the dose-normalized amounts of 7-GS-DHP and 
pyrrole-protein adducts formed upon oral dosing an increasing amount 

of RIDO and RID. Especially upon dosing RID, a relatively higher for-
mation of the pyrrole-protein adducts at the cost of 7-GS-DHP adducts is 
observed at dose levels > 4.5 µmol⋅kg− 1 BW, the dose level at which GSH 
is not depleted. This effect is not observed upon dosing RIDO, resulting 
in a dose dependent decrease in the REPPANO to PA value calculated by 
Method 2 already at dose levels > 4.5 µmol⋅kg− 1 BW onwards. Internal 
GSH depletion does not influence the REPPANO to PA value calculated by 
Method 1, for which the REPPANO to PA value starts to show a reduction 
with the dose above 32 µmol⋅kg− 1 BW due to saturation of RID clearance 
and RIDO reduction (Fig. 7a). 

Correlation between f and % residual Vmax 
A final topic considered was that the PBK model simulations pre-

sented so far were based on several assumptions including: i) the dose 
levels of 4.5 and 24 µmol⋅kg− 1 BW, which were in line with the in vivo 
dose levels for which REP values could be derived, ii) 15 % bioavail-
ability, which was supported by earlier modeling data where kinetics of 
RID were best simulated with 15 % bioavailability (Widjaja et al., 2022), 
but also iii) a fraction bioactivated (f) of 0.40. Using this f value of 0.40, 
the % residual Vmax was fitted to adequately predict the in vivo REPPANO 

to PA values by the PBK model simulations. To obtain insight in the in-
fluence of the fraction bioactivated, further simulations were performed. 

These simulations were first done at a dose level of 24 µmol⋅kg− 1 BW 
using the in vivo REPPANO to PA of 0.59 at this dose level for fitting of the 
% residual Vmax to adequately predict this REPPANO to PA value at 
different values for f. Fig. 8a shows the results obtained and reveals that 
at 24 µmol⋅kg− 1 BW, the REPPANO to PA value of 0.59 obtained by Method 
2 can be equally well predicted when using different combinations of f 
and % residual Vmax. It is clear from Fig. 8a that the combinations of f 
and % residual Vmax that result in adequate predictions are linearly 
correlated with a negative slope, reflecting that at a higher f more of the 
initial dose is bioactivated, hence the GSH depletion resulting from 
pyrrole formation at a given dose will be higher, resulting in a lower % 
residual Vmax for 7-GS-DHP formation. 

Fig. 8b presents the results from similar analyses as the one presented 
in Fig. 8a but performed at different dose levels. The slope, Y-intercept 
and X-intercept values of these linear regression lines can be found in 
Table 9S of the Supplementary Material. Fig. 8 reveals that the change in 

Fig. 5. REPPANO to PA values when calculated based on PBK-modeling based predictions with increasing reduction in Vmax for 7-GS-DHP formation when dosing RID 
because of GSH depletion. PBK model simulations were performed assuming a dose level of a) 4.5 and b) 24 µmol⋅kg− 1 BW of RIDO and RID as used by Xia et al. (Xia 
et al., 2016) in their in vivo rat study, 15 % bioavailability, 0.40 as fraction bioactivated to pyrrole intermediates (f), and using either the AUC of RID (Method 1, 
Fig. 1, blue bars) or the amount of pyrrole-protein adducts (Method 2, Fig. 1, red bars). The reduction in Vmax (reflected by the assumed % residual Vmax) mimics the 
consequences of GSH depletion for the pyrrole scavenging by GSH upon dosing RID. The orange and grey horizontal lines represent the REPPANO to PA values derived 
from the in vivo study by Xia et al. (Xia et al., 2016) and Xia et al. (Xia et al., 2013), respectively (Table 1). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. PBK-simulated REPPANO to PA values of RIDO compared to RID using 
different endpoints across a range of dose levels using an f value of 0.40. In vivo 
REPPANO to PA values for Method 2 and Method 3 were calculated as shown in 
Table 1 and are presented for comparison. 
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Fig. 7. Dose-normalized a) AUC of RID and b) amount of 7-GS-DHP and pyrrole-protein adducts from oral RIDO or equimolar dose of oral RID administration at an f 
value of 0.40. Grey box indicates the dose level where saturation of reactions occurs, causing the REPPANO to PA value to decrease with increasing dose. Note the 
different y-axis scale, particularly for (a) where the y-axis starts from 0.04 instead of 0.00. 

Fig. 8. Correlation between assumed f and assumed % residual Vmax at a) 24 µmol⋅kg− 1 BW (red line) and b) different dose levels of RIDO and an equimolar dose of 
RID with 15 % bioavailability that result in the PBK-simulated based REPPANO to PA value by Method 2 of 0.59. Note that the f value is capped at 1.0, and 100 % 
residual Vmax was assumed for 4.5 µmol⋅kg− 1 BW and different % residual Vmax at 24 µmol⋅kg− 1 BW were obtained to predict the REPPANO to PA value depending on 
the f value used, all in all resulting in a PBK-simulated based REPPANO to PA value by Method 2 of 0.59 at 24 µmol⋅kg− 1 BW. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 9. Normalized SCs for the parameters of the rat PBK model for a) RIDO and b) RID dosage on predicted amountpyrrole-protein adducts (µmol) at equimolar doses of 
24 µmol⋅kg− 1 BW. The assumed % residual Vmax at this dose level was 100 % and 87 % for RIDO and RID, respectively. The complete list of abbreviations can be 
found in Table 3S of the Supplementary Material. 
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f value is not influential for the REPPANO to PA value obtained by Method 
2 because changing the f values is accompanied by changing the % re-
sidual Vmax. It is also important to note that at low dose level different f 
values all result in an adequate prediction of the REPPANO to PA value 
assuming 100 % residual Vmax, hence the f value no longer influences the 
REPPANO to PA value. 

Sensitivity analysis 
To evaluate which parameters are influential to the amountpyrrole- 

protein adducts, normalized SCs were calculated for both the RIDO and RID 
model at a dose of 24 µmol⋅kg− 1 BW resulting in the data shown in Fig. 9. 
Similar results were obtained for both models, where the parameters of 
influence on the model prediction for the amountpyrrole-protein adducts were 
those involved in RID clearance (MPL, VmaxLM2c, KmLM2) and 7-GS- 
DHP formation (S9L, VmaxLM3c, residual_Vmax, and KmLM3c). In 
the RIDO model, parameters other than those mentioned are also shown, 
but they appeared to have a substantially lower influence with SC values 
< |1|. It is worth noting that the parameters that are negatively related 
to 7-GS-DHP were positively related to the amount of pyrrole-protein 
adducts and vice versa. 

Three other PA-N-oxides and PAs 

Upon evaluation and validation of the PBK modeling approach to 
quantify the REPPANO to PA value for RIDO and the previous validation of 

the method for predicting the REPPANO to PA value for SENO (Widjaja 
et al., 2023; Widjaja et al., 2023), additional studies were performed to 
predict the REPPANO to PA values for three other macrocyclic diester 
PANOs including SNPO, RTRO and SVRO. 

Kinetic constants from in vitro incubations 
Fig. 10 presents the in vitro kinetic data of PA-N-oxide reduction of 

SNPO, RTRO and SVRO to their parent PAs by gut microbiota and by 
liver S9, as well as the clearance of the corresponding PAs and 7-GS-DHP 
formation from these PAs. PA-N-oxide reduction by gut microbiota and 
PA clearance by liver S9 follow Michaelis-Menten kinetics, while PA-N- 
oxide reduction by liver S9 follows first-order kinetics. The kinetic 
constants obtained from these data are presented in Tables 4 and 5. For 
PA-N-oxide reduction by gut microbiota, the scaled kcat in vivo values for 
SNPO, RTRO and SVRO were 14.5-, 3.9- and 5.5-fold lower than that 
obtained for RIDO, respectively. For PA-N-oxide reduction by rat liver 
S9, the scaled kcat in vivo value for SNPO, RTRO and SVRO were 2.5-, 1.8- 
and 1.8-fold higher than for RIDO. Concerning the PA clearance, the 
scaled kcat in vivo value for SNP was 1.05-fold lower than for RID, whereas 
the scaled kcat in vivo values for RTR and SVR were 1.12- and 3.02-fold 
higher than that obtained for RID, respectively. For 7-GS-DHP forma-
tion from the parent PAs, the scaled kcat in vivo values for SNP, RTR and 
SVR were 2.61-, 2.25- and 2.43-fold lower than that for RID, respec-
tively. Concentrations of SNP, RTR and SVR in the liver as predicted by 
the PBK model at relatively high dose levels of 24 µmol⋅kg− 1 BW amount 

Fig. 10. PA-N-oxide concentration dependent rate of conversion of PA-N-oxides to PAs in a) anaerobic rat fecal incubations and b) aerobic rat liver S9 incubations, 
and PA concentration dependent rate of c) PA clearance and d) 7-GS-DHP formation in aerobic rat liver S9 incubations. Data are presented as mean ± SD of three 
independent experiments (n = 3). 
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to 0.23 µM, 0.34 µM and 0.09 µM (from oral PA-N-oxide dosing) and 
1.24 µM, 0.78 µM and 0.21 µM (from an equimolar oral dose of PA); all 
of these values are significantly lower than the respective Km values for 
7-GS-DHP formation (Table 5). This is similar to what has been observed 
for RID in section 3.1.1, corroborating that limitations in 7-GS-DHP 
formation are unlikely to result from saturation of the enzyme ki-
netics, and might rather be due to GSH depletion at high dose PA. 

To evaluate the PBK models for the three additional macrocyclic 
diester PA-N-oxides and their PAs, only limited in vivo data are avail-
able, consisting of in vivo rat data on blood concentrations upon an oral 

dose of SNP (Long et al., 2021) and RTR (Ma et al., 2021). Fig. 11 pre-
sents the comparison of PBK model based predictions and available in 
vivo data for SNP and RTR blood concentrations, also presenting the 
PBK model predicted PA blood concentrations upon dosing the corre-
sponding PA-N-oxide. For SNP, the best fit for the PBK model simula-
tions was achieved assuming 10 % bioavailability upon the reported SNP 
oral dose of 20 mg⋅kg− 1 BW. The predicted Cmax SNP was 1.2-fold lower 
than the reported in vivo Cmax SNP. The predicted time to reach 
maximum blood concentration (Tmax) was 1.7-fold lower than the re-
ported in vivo Tmax SNP (Fig. 11a and Table 5S Supplementary Mate-
rials). For RTR, the prediction was best fitted to the in vivo data when 
assuming 24 % bioavailability at a reported RTR oral dose of 40 mg⋅kg− 1 

BW. The predicted Cmax RTR and Tmax RTR were 1.03- and 1.6-fold higher 
than the reported animal data (Fig. 11b and Table 7S Supplementary 
Materials). For SVR, no in vivo data for PBK model evaluation were 
available, hence validation of this model was based on validation of the 
same model for SEN (Widjaja et al., 2023; Widjaja et al., 2023), RID 
(Widjaja et al., 2022) and SNP and RTR in the present study. Fig. 11c 
presents the PBK model predicted SVR blood concentrations upon 
dosing 8.4 mg⋅kg− 1 BW of SVR or an equimolar dose of SVRO. 

Using the PBK models thus obtained and validated, the REPPANO to PA 
values of RTRO, SNPO and SVRO by both Method 1 and 2 were calcu-
lated and are shown in Fig. 12. At high dose level such as 154 µmol⋅kg− 1 

BW, the REPPANO to PA for RTRO, SNPO and SVRO are 0.81, 0.69, and 

Table 4 
Kinetic constants for the reduction of PA-N-oxides by rat gut microbiota.  

Compound Vmax, in vitro 

(μmol⋅h− 1⋅g− 1 

feces) 

Vmax, in vivo 

(μmol⋅h− 1)a 
Km 

(µM) 
kcat, in vitro 

(L⋅h− 1⋅g− 1 

feces)b 

kcat, in 

vivo 

(L⋅h− 1)c 

SNPO  0.2013  0.825  47.94  0.0042  0.0172 
RTRO  0.2200  0.902  14.34  0.0153  0.0629 
SVRO  0.2191  0.898  19.77  0.0111  0.0454 
RIDOd  0.1600  0.656  2.63  0.0608  0.2490 

a) Vmax, in vivo = (Vmax, in vitro) × fbw × BW × 1000. Rat fraction of feces to BW 
(fbw) is 0.0164 g feces g− 1⋅BW and rat BW is 0.25 kg; b) kcat, in vitro = (Vmax, in 

vitro)/Km; c) kcat, in vivo = (Vmax, in vivo)/Km; d) Data from previous study (Widjaja 
et al., 2022). 

Table 5 
Kinetic constants for the reduction of PA-N-oxides, clearance of parent PAs and formation of 7-GS-DHP in incubations with rat liver S9 and scaled to the in vivo 
situation.  

Compound Vmax, in vitro 

(nmol⋅min− 1⋅mg− 1 S9 protein) 
Vmax, in vivo 

(µmol⋅h− 1)a 
Km 

(µM) 
kcat, in vitro 

(mL⋅min− 1⋅mg− 1 S9 protein)b 
kcat, in vivo 

(L⋅h− 1)c 

Reduction of PA-N-oxide to parent PAs by rat liver S9 
SNPO  n.a.  n.a.  n.a.  0.0013  0.0948 
RTRO  n.a.  n.a.  n.a.  0.0009  0.0656 
SVRO  n.a.  n.a.  n.a.  0.0009  0.0656 
RIDOd  n.a.  n.a.  n.a.  0.0005  0.0370 
Clearance of PAs by rat liver S9 
SNP  0.24  17.50  37.52  0.0064  0.4664 
RTR  0.44  32.09  57.64  0.0076  0.5567 
SVR  1.10  80.22  53.68  0.0205  1.4944 
RIDd  2.093 nmol⋅min− 1⋅mg− 1 microsome proteind  37.36  75.69  0.0277 mL⋅min− 1⋅mg− 1 microsome proteind  0.4936 
Formation of 7-GS-DHP by rat liver S9 
SNP  0.33  24.10  412.0  0.0008  0.0584 
RTR  0.31  22.61  333.0  0.0009  0.0679 
SVR  0.30  21.88  347.7  0.0009  0.0629 
RID  0.17  12.40  81.20  0.0021  0.1526 

a) Vmax, in vivo = [(Vmax, in vitro) / 1000] × 60 × [S9 in liver] × [liver weight] × BW. Rat S9 is 143 mg S9 protein⋅g− 1 liver, the weight of rat liver is 34 g⋅kg− 1 BW and rat 
body weight is 0.25 kg; b) kcat, in vitro = (Vmax, in vitro) / Km; c) kcat, in vivo = (Vmax, in vivo) / Km; d) Data of RIDO reduction by rat liver S9 taken from Widjaja et al. (Widjaja 
et al., 2022) while data of RID clearance by rat liver microsome taken from Chen et al. (Chen et al., 2018) with [Microsome in liver] of 35 mg microsome protein⋅g− 1 

liver. 

Fig. 11. Comparison of literature available rat in vivo data and PBK model based predictions for: (a) SNP blood concentrations reported by Ma et al., 2021 (circles) 
and predicted assuming 10 % bioavailability at an oral dose of 20 mg⋅kg− 1 BW for SNP (dashed line) or an equimolar dose of SNPO (continuous line); (b) RTR blood 
concentration reported by Long et al., 2021 (squares) and predicted assuming 24 % bioavailability at an oral dose of 40 mg⋅kg− 1 BW for RTR (dashed line) or an 
equimolar dose of RTRO (continuous line); and (c) predicted SVR blood concentrations assuming 15 % bioavailability at an oral dose of 8.4 mg⋅kg− 1 BW for SVR 
(dashed line) or an equimolar dose of SVRO (continuous line). 
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0.63 (Method 1) and 0.56, 0.46, and 0.57 (Method 2). At 24 µmol⋅kg− 1 

BW, the REPPANO to PA for RTRO, SNPO and SVRO increase to 0.91, 0.80 
and 0.68 (Method 1) and 0.87, 0.75 and 0.67 (Method 2). At low dose 
level, the REPPANO to PA values of RTRO, SNPO and SVRO are equal for 
both Method 1 and 2, amounting to 0.92, 0.81 and 0.68, respectively. 

Discussion 

Data from previous studies on RIDO and RID in rats (Yang et al., 
2019; Xia et al., 2016; Xia et al., 2013; Williams et al., 2002) revealed 
that the REPPANO to PA value of RIDO relative to its parent PA RID varied 
with the endpoint used (Table 1). The REPPANO to PA value based on 
comparison of the amount of pyrrole-protein adducts at 4.5 µmol⋅kg− 1 

BW yielded a higher value of 0.85 than the REPPANO to PA value of 0.59 at 
the higher dose of 24 µmol⋅kg− 1 BW (Xia et al., 2016). When calculated 
based on comparison of the AUC of formed RID (Method 1), the REPPANO 

to PA value derived from available in vivo data of 0.32 (Table 1) deviated 
from the predicted value of 0.78, but this may be related to the fact that 
the available in vivo data came from two different studies, with different 
dose levels and different strains of rats (Yang et al., 2019; Williams et al., 
2002). When calculated based on comparison of pyrrole-protein adducts 
at 4.5 µmol⋅kg− 1 BW, the in vivo REPPANO to PA value of 0.85 was close to 
the predicted REPPANO to PA value of 0.78. Moreover, when calculated 
based on comparison of the amount of pyrrole-DNA adducts at 24 
µmol⋅kg− 1 BW, the REPPANO to PA value of 0.64 was comparable to the 
one calculated from the amount of pyrrole-protein adducts of 0.59 at the 
same dose. Thus, the PBK-simulated REPPANO to PA values for RIDO 
matched the available in vivo data for Method 2 and confirmed the dose 
dependency of this REP value, decreasing with increasing dose. In 
further studies of the present paper, PBK modeling was used to inves-
tigate the effect of dose and endpoint used on the REPPANO to PA value for 
RIDO also testing the hypothesis that the lower REPPANO to PA value 
obtained by Method 2 could be ascribed to limitation of the 7-GS-DHP 
formation capacity upon high internal PA concentrations, a situation 
previously shown to influence amount of pyrrole-protein adducts from 
SEN (Widjaja et al., 2023). 

Results obtained indicated that up to 400 µM RID, the 7-GS-DHP 
formation from RID showed Michaelis-Menten kinetics with an in 
vitro kcat value amounting to 0.0021 mL⋅min− 1⋅mg S9 protein scaled to 
an in vivo kcat value amounting to 0.1527 L⋅h− 1. Ning et al. (Ning et al., 
2019; Ning et al., 2019) also measured 7-GS-DHP formation from RID in 
incubations with Caucasian human liver microsomes, and reported an in 
vivo kcat value of 0.2253 L⋅h− 1, comparable (1.5-fold higher) to the one 
obtained in the present study from rat liver S9. Inter-species differences 
in kinetics and liver toxicity of the pyrrolizidine alkaloids are known to 

exist and have previously been studied for lasiocarpine and RID (Ning 
et al., 2019). Based on the benchmark dose lower and upper confidence 
limits for 5 % effect (BMDL5 and BMDU5), the inter-species differences 
were 2.0-fold for lasiocarpine and 8.2-fold for RID with humans being 
more sensitive than rats (Ning et al., 2019). Recently, we measured 7- 
GS-DHP formation in rat liver S9 from SEN (Widjaja et al., 2022), a 
retronecine type PA similar to RID that also belongs to the macrocyclic 
diester PA group. The kinetic values for RID and SEN were highly 
comparable, with the rate of 7-GS-DHP from SEN being 1.1-fold higher 
than that obtained in the present study for RID. This difference was 
somewhat smaller than that reported by He et al. (He et al., 2021) who 
found upon incubation of rat primary hepatocytes with 50 µM RID or 
SEN for 24 h, up to 3.2-fold higher 7-GS-DHP and 2.5-fold higher total 
adduct formation from RID compared to SEN. The difference in incu-
bation time, 1 h in our work compared to 24 h, as well as the usage of 
liver S9 compared to liver hepatocytes, or a potential difference in the 
CYPs present in the respective liver preparations may explain the dif-
ference although this remains to be investigated. 

REPPANO to PA values based on pyrrole-protein adducts were also 
calculated for SEN (Widjaja et al., 2023) with an f (fraction bioactivated) 
of 0.2 and a % residual Vmax of 63 % to reach the in vivo REPPANO to PA 
value of 0.61 at 55 µmol⋅kg− 1 BW SENO and an equimolar dose of SEN 
(Yang et al., 2017). In previous work with SEN, the correlation between f 
and the % residual Vmax (i.e. or % residual kcat because 7-GS-DHP for-
mation from tested SEN concentration was a first order reaction) was not 
studied, and there was only one dose level to validate the model pre-
diction (i.e. 55 µmol⋅kg− 1 BW). In the current simulations for RID, f and 
% residual Vmax were shown to be negatively correlated, and two dose 
levels were used; 4.5 µmol⋅kg− 1 BW with predicted REPPANO to PA values 
matching the in vivo value at 100 % residual Vmax (no GSH depletion) 
and 24 µmol⋅kg− 1 BW with the REPPANO to PA value of 0.59 being 
adequately predicted at 87 % residual Vmax value due to GSH depletion. 
In the present simulations the reduction in GSH levels and Vmax were 
assumed to start from 4.5 µmol⋅kg− 1 BW onwards although formally the 
GSH depletion could also start at higher dose levels but that will not 
affect the outcomes at 24 µmol⋅kg− 1 BW where a % residual Vmax of 87 % 
was shown to best fit the experimental data for the REPPANO to PA value of 
RIDO to RID. 

The results of the present study also revealed that not only the 
REPPANO to PA value calculated by Method 1 but also the REPPANO to PA 
value calculated by Method 2 decreases with increasing dose levels. For 
Method 1 this was shown to be due to saturation of RID clearance and 
RIDO reduction, while for Method 2 it appeared to be due to reduction of 
the GSH scavenging of the pyrrole intermediate with higher dose, but 
also with higher % bioavailability or higher fraction bioactivated, all 
resulting in increased GSH depletion due to the higher amounts of 
reactive pyrrole intermediates. This is in agreement with previous 
literature showing in vitro concentration-dependent GSH depletion 
upon PA exposure (Griffin and Segall, 1987; Neuman et al., 2007; Chen 
et al., 2009; Wang et al., 2000; Ji et al., 2008; Yang et al., 2016; Yang 
et al., 2017; Xiong et al., 2020). 

In spite of this decrease in REPPANO to PA values with increasing dose, 
the PBK modeling also revealed that at lower dose levels, such as dose 
levels of 5–10 ng⋅kg− 1 BW that are more in the range of human dietary 
intake of PAs (EFSA et al., 2017), the REPPANO to PA value for RIDO tends 
to converge to a value of 0.78. At these low dose levels, also the fraction 
bioactivated no longer influences the REPPANO to PA value since it 
appeared from the results of the present study that at low dose levels 
GSH depletion will not occur, not even at high values for f. It is of in-
terest to note that this REPPANO to PA value that is relevant at low dose 
levels and thus most relevant in the range of human dietary intake of PAs 
will be difficult to determine in an animal experiment given the detec-
tion limits for quantification of the pyrrole-protein adducts. It is also of 
interest to note that the current REPPANO to PA values were based on rat 
data and a rat PBK model, but that PBK modeling also provides a way to 
determine the REP value for human since the method applied uses only 

Fig. 12. PBK-simulated REPPANO to PA values of the three other PA-N-oxides 
with f of 0.4 and with % residual Vmax of 87 % at 24 µmol⋅kg− 1 BW. 
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in silico and in vitro data to support the PBK model predictions (Widjaja 
et al., 2023). 

Furthermore, given that the approach now has been proven adequate 
for two PAs for which in vivo data to evaluate the REPPANO to PA pre-
dictions are available, and the fact that in both cases it has been shown 
that at low dose levels the bioavailability or fraction bioactivated no 
longer influence the REPPANO to PA value outcome, it can be concluded 
that this approach can be used to predict low dose REPPANO to PA values 
for also other PA-N-oxides for which in vivo data to evaluate the pre-
dicted REPPANO to PA values are absent. To this end, first PBK models 
were defined for these PA-N-oxides and their PAs using in vitro and in 
silico methods to define the respective parameters. Literature available 
data on blood PA concentrations in rats for SNP and RTR enabled vali-
dation of these PBK models also corroborating the validity of the PBK 
model as such for other PAs than RID and SEN. The PBK model was 
subsequently used to simulate the REPPANO to PA values for the three 
additional macrocyclic PAs. The results obtained reveal that the 
REPPANO to PA of SNPO, RTRO and SVRO calculated by Method 1 and 
Method 2 at low dose level amounted to 0.81, 0.92 and 0.68, respec-
tively, while the REPPANO to PA for RIDO amounted to 0.78. Overall, the 
REPPANO to PA values of the tested PA-N-oxides and PAs follow the order: 
RTRO > SNPO ≈ RIDO > SVRO. 

The current study corroborates that the dose and endpoint used in-
fluence the REPPANO to PA value, but also elucidates that and why the 
fraction bioactivated is not of influence. This is important because this 
parameter is generally difficult to quantify in either in vivo or in vitro 
studies. Given these results, the current approach provides a way for-
ward to define REPPANO to PA values of PA-N-oxides at low dose levels 
realistic for human intake. Since the REPPANO to PA values converge to a 
single value that is independent of endpoint at low dose levels, REPPANO 

to PA values can be calculated based on the AUC of the PA (Endpoint 1), 
which will require less data and only in vitro studies to define the kinetic 
parameters for PA-N-oxides reduction by intestinal microbiota and liver 
samples, and hepatic PA clearance. 

The REPPANO to PA values for the PA-N-oxides relative to their parent 
PAs obtained by the new approach methodology can subsequently be 
used to establish REP values for the PA-N-oxides relative to the reference 
PA RID (REPPANO to RID). To this end, the REPPANO to PA should be 
multiplied by the REP value for the respective PA relative to RID (REPPA 

to RID). Given that RID is the reference PA for RIDO, the REPPANO to PA is 
per definition equal to the REPPANO to RID because the REPPA to RID for RID 
equals 1.00. Meanwhile, for other PAs, the REPPA to RID can be obtained 
using in vitro methods since for these REP values for parent PAs there is 
no role of intestinal microbial metabolism. For use in risk assessment it 
appears essential to determine the low dose REPPANO to RID values for the 
different PA-N-oxides, as done in the present study, because ultimately 
REPPANO to RID values should be valid for real life risk assessment of 
exposure to low dose mixtures of PAs and PA-N-oxides. 

In summary, PBK modeling can be used to investigate the mechanism 
behind the dose and particularly endpoint dependent REPPANO to PA 
value. At low dose levels, the REPPANO to PA value appears to be inde-
pendent of the endpoint used. In contrast, at high dose levels as used in 
animal studies that would enable experimental determination of 
REPPANO to PA values, the REPPANO to PA values based on formed PAs are 
higher than the ones based on pyrrole-DNA or pyrrole-protein adducts as 
seen for RIDO. The limited capacity of GSH in scavenging reactive 
pyrrole intermediates is due to GSH depletion upon dosing the parent 
PAs, which causes the REPPANO to PA value determined by pyrrole- 
protein adducts to drop faster than the REP value based on formed 
PAs. Finally, our work demonstrates the strength of using a new 
approach methodology based on PBK modeling to replace, reduce and 
refine (3R) the use of animal testing in predicting the REPPANO to PA 
values based on different endpoints also at low dose levels that are 
experimentally less accessible in animal studies. 
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