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Factors influencing chemical relative potency in
mixture toxicity risk assessment

Frances Widjaja-van den Ende

The concept of relative potency (REP) is well established
through terms like REP, relative potency factor (RPF), and toxic
equivalency factor (TEF). REP is often determined using

in vivo data, such as for dioxins. However, many factors such
as dose, species, endpoint, interindividual variability, and
chemical structure can influence REP values. This mini review
examines REP values for pyrrolizidine alkaloid N-oxides (PA-
N-oxides) versus their parent alkaloids. Using physiologically
based kinetic (PBK) model simulations, the impact of dose,
species, endpoint, interindividual variability, and chemical
structure on REP values could be quantified. Results show that
interindividual variability and chemical structure are the most
influential. This highlights PBK modeling as a valuable tool for
predicting REP, especially when animal data are limited and
in vitro tests alone are insufficient.
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Introduction

In modern food chain, one encounters combined expo-
sure to chemicals from groups of compounds with
similar structures, toxicokinetics, toxicodynamics, and
mode of action. Examples are exposure to dioxins,
perfluoroalkyl and polyfluoroalkyl substances (PFAS), or
pyrrolizidine alkaloids (PAs) and their N-oxides (PA-N-
oxides). Risk assessment of these combined exposures is
preferably performed using the toxic equivalency
concept, where combined exposure is expressed in
terms of equivalents of a selected reference compound
from the group. This implies that exposure to the
mixture is quantified by adding up the dose levels of
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cach congener multiplied by its relative potency with
respect to the reference compound, where the risk can
be evaluated based on toxicity of the respective refer-
ence compound. The relative potencies of the chem-
icals are defined as relative potency (REP), relative
potency factor (RPF), or toxic equivalency factor (TEF)
[1,2], further referred to as REP in this review.

Defining REP requires toxicity data in an assay that
reflects the critical adverse effect so that the values are
defined for the relevant toxic endpoint. These assays
may include in vitro assays, like the dioxin receptor-
chemically-activated  luciferase  expression  (DR-
CALUX) quantifying Aryl hydrocarbon-receptor (Ah-
receptor) activation for defining TEF values for dioxins
[3], or in vivo data on liver toxicity that have been used
to propose RPF for PFAS [4], although liver toxicity
does not match the critical immune toxicity effect used
by the European Food Safety Authority (EFSA) to
define the tolerable weekly intake (TWI) for PFAS [5].
The use of these in vitro and in vivo assays defines the
REP used in subsequent risk assessment of human di-
etary exposures to these groups of chemicals. Given that
risk assessment of these combined exposures relates to
the human situation, it indicates that REP should be
relevant for human and at low realistic dose levels. This
raises the question as to what extent species differ-
ences, concentrations or doses, and endpoint used, dif-
ferences between in vitro and in vivo, or interindividual
differences influence REP, and how these influences
compare to the differences caused by the variation in
chemical structure of the congeners.

The current review summarizes insights obtained by
studying these questions for the group of PA-N-oxides
and their parent PAs, comprising a group of natural
toxins present in foods like honey, herbal teas, and food
supplements [6].

Use of new approach methodologies

In vivo studies unlikely provide insights into the influ-
ence of dose, endpoint used, species differences, and
interindividual differences on REP, given that such
studies would require high numbers of experimental
animals, cannot be done in humans, are hard
to perform at realistic low dose levels given the sensi-
tivity of the detection methods, and cannot define the
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influence of human interindividual differences. Instead,
new approach methodologies (NAMs), consisting of in
silico and in vitro approaches, can be applied, and PAs
and their N-oxides were selected as the model com-
pounds. The toxicity of PA-N-oxides depends on their
chemical reduction back to the parent PAs, which
induce liver toxicity and liver carcinogenicity via for-
mation of reactive pyrrole-intermediates that form pro-
tein and DNA adducts. This implies that the toxicity of
the PA-N-oxides relative to their parent PAs can be
quantified by quantifying the level of formation and
internal exposure to the parent PA upon dosing the PA-
N-oxide, as compared to the internal exposure to the
parent PA upon dosing an equimolar dose of this parent
PA. The relevant kinetic parameters, including the
maximum blood concentration (Cp,x) and the area
under the concentration-time curve from 0 to 24 h
(AUC(—24p) for the parent PA, can be defined by phys-
iologically based kinetic (PBK) modeling [7]. Figure 1a
provides the PBK model-based prediction of the blood
concentration-time profile for riddelliine upon dosing
rats with the parent PA riddelliine or with an equimolar
dose of the related PA-N-oxide. The ratio of the PBK
model-predicted area-under-the-riddelliine concentra-
tion-time curve (AUCy—_24n, riD) upon dosing riddelliine
N-oxide compared to the AUCy_24p, RID upon an equi-
molar dose of riddelliine reflects the REPripo 1 rID and
amounts to 0.67 [7]. This value is in line with the
REPRIDO o rRID Of 0.64 derived from available in vivo
data on the amount of riddelliine-derived DNA adducts/
10® nucleotides in the liver of rats exposed to riddelliine
or riddelliine N-oxide [8], indicating the validity of the
NAMs applied, and supporting that PBK modeling

Figure 1

provides a way to define in vivo REPpaNO o pA Without
animal experiments.

Effect of dose

The PBK model developed for riddelliine and riddelliine
N-oxide in rats also facilitates definition of concentra-
tion-time curves for riddelliine in rats at doses other than
the one used in the available in vivo experiment
(Figure 1a). This allows evaluating the effect of dose on
REPRIDO to RID- Figurc 1b shows that REPRIDO to RID
depends on the dose, with the value of 0.67 obtained at
8.8 mg/kg bw riddelliine N-oxide and 8.4 mg/kg bw
riddelliine (both 24 pmol/kg bw), increasing with
decreasing dose and reaching a constant value of 0.78 at
dose levels below 1 pumol/kg bw [7]. The PBK model also
highlights that this effect of increasing dose on the
decreasing REPRIpO 1o rRID Value is due to saturation of
two kinetic processes: 1) reduction of riddelliine N-oxide
to riddelliine, resulting in a less than linear increase in
the AUCy_z4p, rip Wwith increasing dose of the N-oxide,
and 1i) clearance of riddelliine, resulting in more than
linear increase in the AUCy_z4n, r1p upon dosing the PA
itself. Both effects result in an increase in the REPRIpO w0
riD, calculated as the AUCy_4p, rip upon dosing the N-
oxide (decreasing with the dose) divided by the AUCy—
24h, RID upon dosing the PA (increasing with dose) [7].
These data clearly show that REP varies with dose when
kinetics saturate, and they might saturate at different
dose for different congeners [9].

Effect of species differences
Building similar PBK models for senecionine and its N-
oxide, for not only rats but also humans, allowed
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a) Riddelliine blood concentration-time curves as simulated by PBK modeling following an oral dosage of riddelliine (dashed line) or riddelline N-oxide
(solid line) in rat, and b) REPpano to pa Value of riddelliine N-oxide compared to riddelliine (REPgpo 10 rip) @s derived using PBK modeling [7] or calculated
from existing animal data by Xia et al. [8]. Graphs are extracted from Widjaja et al., 2022 [7]. PBK, physiologically based kinetic; REP, relative potency.
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evaluating species differences and also the NAMs
approach, since also for this PA and its N-oxide in vivo
data to define a REPpANO 1o pA In rats is available [10].
Figure 2a presents the concentration-time curves for rat
and human for senecionine N-oxide and its parent PA,
and Figure Z2b shows the REPspNoO o sEN derived from
the corresponding AUCy—z4n, spN values at different
dose levels. The results obtained reveal that i) the
predicted REPsENO o sEn of 0.88 at the dose of the
in vivo study [11] is in line with the predicted value of
0.84 [10] calculated by the NAMs approach, ii) also for
this PA, REPpanO o pa decreases with increasing dose
and is higher at low level exposure than the value ob-
tained at the experimental dose applied in the rat study,
and iii) species differences between rats and human are
predicted to be limited, with REPpaNO (o pA at realistic
dose for human risk assessment, amounting to 0.84 and
0.89 for rats and humans, respectively [10].

Effect of endpoint used

In the NAMs applied, REPpanO o pa Was calculated
using the AUC(_z4n, pa for the parent PA as the
endpoint. The data for riddelliine N-oxide and sene-
cionine N-oxide discussed above revealed that the
predicted REPpaNO o pA Was in line with the REP
derived from in vivo experimental data. For senecionine
N-oxide, the experimental data also allowed calculating
REPsENO 10 SEN based on the amount of pyrrole-protein
adducts formed [11], resulting in 0.61. This was lower
than the 0.88 obtained based on the AUCg_z4n, pa [11],
and thus REPpaNO 1o pA Varied with the endpoint used.

Extending the PBK model to predict the amount of
pyrrole-protein adducts formed and including the scav-
enging of reactive pyrrole intermediate by reduced
glutathione (GSH), revealed that this did not influence
the REPPANO to PA derived from the AUCO_24h’ PA, but
could explain the lower REPpsNO o pa at high dose
levels. At higher dosees, especially upon dosing the PA
and not when dosing the PA-N-oxide, GSH depletion
resulted in relatively higher level of pyrrole-protein ad-
ducts formed since scavenging of the reactive pyrrole
intermediates by GSH was reduced [12]. At low dose,
GSH depletion does not occur, and REPpaNO 0 PA
calculated based on the AUCy_41, pa becomes similar to
the one based on the amount of pyrrole-protein adducts
(Figure 3). Only at high dose of the PA where GSH
levels are depleted [13—15], is the REPpanO 0 PA
calculated based on the pyrrole-protein adduct
levels lower than the one based on the AUCj_z4p, pa.
GSH depletion is more readily observed upon dosing the
PA than upon dosing the N-oxide because dosing the N-
oxide results in lower concentrations of the PA
(Figures 1a and 2a) and thus lower chances on GSH
depletion are observed. More GSH depletion upon
dosing the PA results in higher pyrrole-protein adduct
formation when dosing the PA than when dosing an
equimolar dose of the N-oxide, resulting in a lower
REPpPANO 10 pA When calculated based on pyrrole-protein
adducts formed. The results obtained also reveal that at
low doses relevant for human dietary intake, REPpaNO 1o
pa obtained based on the two endpoints are similar, and
the AUCp_24n, pa is an adequate endpoint to define
REPpANO 1o PA-
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a) Senecionine blood concentration—time curves as simulated by PBK modeling following an oral dosage of senecionine (dashed line) or senecionine N-
oxide (solid line) in human (green) and rat (black), b) REP value for senecionine N-oxide relative to senecionine (REPseno to sen) With increasing dose
level as simulated by PBK modeling for human and rat, also presenting the REP value derived from animal data taken from Yang et al. [11]. Graphs were
extracted from a previous publication by Widjaja-van den Ende et al. [10]. PBK, physiologically based kinetic; REP, relative potency; SENO; senecionine

N-oxide; SEN, enecionine N-oxide.
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REPseno to sen When simulated with the PBK model based on either the AUC,_o4n, pa OF the pyrrole-protein adducts compared to values obtained from
animal data reported by Yang et al. [11].This graph was extracted from Widjaja-van den Ende et al. [12]. AUC, area under the concentration—time curve;
PBK, physiologically based kinetic; REP, relative potency; SENO, senecionine N-oxide; PA, pyrrolizidine alkaloid.

Effect of interindividual variability

REPs defined based on in vitro assays [16,17] generally
do not consider differences in in vivo kinetics such as
interindividual differences in the actual human popu-
lation. PBK modeling coupled to Monte Carlo simula-
tion allows measuring the consequences of
interindividual variability in kinetics on REPpaANO o PA-
To this end, the characteristics of the distributions from
which the Monte Carlo simulation samples the kinetic
constant to describe different individuals were defined
based on both literature and experimental data. Exper-
imental data on interindividual variability were defined
for the metabolic kinetic parameters for PA-N-oxide
reduction by fecal microbiota or liver enzymes and PA
clearance by liver enzymes, using samples from 25 or 30
individuals and Bayesian statistics to interpret the data
and define the distributions. Figure 4 shows the results
obtained and reveals that REPpaNO 1 pa for riddelliine
N-oxide relative to riddelliine at low dose may vary from
0.71 to 0.97, with a mean value of 0.87, due to interin-
dividual differences in kinetics [18]. Using the 95th
percentile of the distribution for a worst-case estimate
in risk assessment yields 0.97.

Effect of chemical structure

Table 1 presents REPpaNO o pa Obtained by the same
NAM approach for other PA-N-oxides (Figure 5) at low
dose [9,19]. This reveals that, in line with the
assumption underlying the toxic equivalency concept,
differences in chemical structure result in different
REPpANO 1o pA- At low doses, where the influences of

dose and species differences were limited, influences of
chemical structure are substantial, as are influences of
interindividual differences. To be used in combined risk
assessment, REPpANO 1o pa 1s multiplied by the REPp, ¢,
rID to obtain REPpaNO 0 RID, Which allows calculation of
PA-N-oxide dose levels in riddelliine equivalents.
Table 1 presents the REPpANO o RID thus obtained and
reveals these values to be 1.09- to 2.33-fold lower than
the corresponding interim REPpaNO o RID proposed for
these PA-N-oxides, assuming PA-N-oxides to be equally
toxic as the corresponding PAs [20].

Implications for other groups of compounds
It is of interest to consider the implications of the re-
sults obtained when using PBK modeling to define REP
values for the PA-N-oxides, for the REP values currently
in use for dioxins [21—23], and proposed for PFAS
[4,24,25].

A first lesson learned is that when REP values are
quantified based on in vitro bioassays, such as micro-
nucleus assay [17] or YH2AX assay [16] for PA-N-
oxides, or in some cases, the DR-CALUX assay for
activation of the Ah receptor for dioxins, the resulting
REP values reflect toxicodynamics differences only.
These values do not account for toxicokinetic differ-
ences. This is especially true for dioxins, although most
REP values for dioxins are still based on in vivo data
rather than in vitro assays like CALUX. This short-
coming could be solved by using PBK models to trans-
late the concentration—response curves obtained in the

Current Opinion in Toxicology 2025, 43:100541
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Distribution of REPRipo to rip, Calculated based on AUCy_o4n, pa When simulated with the PBK model for the human population at 1 pmol/kg bw riddelliine
N-oxide or an equimolar dose of riddelliine. This graph was extracted from Widjaja-van den Ende et al. [18]. AUC, area under the concentration—time
curve; PBK, physiologically based kinetic; REP, relative potency; RIDO, riddelline N-oxide; RID, riddelliine.

in vitro bioassay to in vivo dose—response curves by PBK
modeling-facilitated reverse dosimetry [26]. REPs could
subsequently be defined based on the predicted in vivo
dose that produces a specific response in 50% of the
population (EDS50 values), instead of based on the
in vitro concentration where 50% of the maximal
response is observed (EC50 values). Differences be-
tween in vitro effective concentrations and in vivo
effective doses for related compounds may be substan-
tial. This is for example illustrated by data reported for
the in vitro and in vivo developmental toxicity of a series
of phenol derivatives [27] (Figure 6), where especially
the different in vivo kinetics for the p-

heptyloxyphenol compared to the other congeners re-
sults in a substantial difference between the in vitro
embryonic stem cell test (EST)-based REPs and the
in vivo observed and predicted REPs.

When it can be argued that differences in kinetics be-
tween congeners within a group are small, as may be the
case for a series of closely related dioxins with compa-
rable physicochemical and kinetic characteristics, the
influence of kinetics may be limited. However, for
compounds with different physicochemical and kinetic
characteristics, these differences can substantially in-
fluence REP.
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Table 1

REPpanoO to Pa taken from Widjaja-van den Ende et al. [7,9,10] and from Alhejji et al. (submitted) [19], interim REPpa 1o rip defined

by Merz and Schrenk [20], and REPpano to RiD 10 be used in combined risk assessment at low dose levels, obtained by multiplying the

REPpano to pa With the corresponding REPpa 1 RiD-

Compound Group REPpANO to Pa (Widjaja-van den Ende et al. REPpa 10 RiD® REPpANO to RID Fold difference®
[7,10,12,18]; Alhejji et al. [9,19]) (Merz and (=REPpano to pA X REPpa 0 RID)
Schrenk [20])
Retrorsine (N-oxide) 7R, cyclic, diester 0.92 1 0.92 1.09
Senecionine (N-oxide) 7R, cyclic, diester 0.84 1 0.84 1.19
Seneciphylline (N-oxide) 7R, cyclic, diester 0.81 1 0.81 1.23
Riddelliine (N-oxide) 7R, cyclic, diester 0.78 1 0.78 1.28
Senecivernine (N-oxide) 7R, cyclic, diester 0.68 1 0.68 1.47
Lasiocarpine (N-oxide) 7S, open, diester 0.43 1 0.43 2.33
Echimidine (N-oxide) 7R, open, diester 0.56 0.1 0.056 1.79
Heliotrine (N-oxide) 7S, monoester 0.43 0.3 0.129 2.33
Lycopsamine (N-oxide) 7R, monoester 0.63 0.01 0.0063 1.59

PA, pyrrolizidine alkaloid; REP, relative potency; RID, riddelliine.

#'The values of REPpa ¢, rip and REPpano 1o rID in this publication are assumed to be the same because PA-N-oxides are assumed to have the
same potency as their parent PAs. But only the REPp, , rip are taken in this calculation.

b The fold difference is calculated based on this equation: REPpaNO w0 rRID (from Merz and Schrenk, which is equal to REPpy ¢, rip due to worst
case scenario assumption) divided by REPpano o riD (0btained in current approach).

Figure 5
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Chemical structures of various PA-N-oxides selected in Table 1. PA-N-oxides, pyrrolizidine alkaloid N-oxides.

Quantifying REP in in vivo studies may overcome the
issue of not taking differences in in vivo kinetics into
account. However, the second lesson learned is that this
should be done at low dose where kinetics are not
saturated. At high dose, differences in kinetics between

congeners may result in differences in the dose at which
saturation of clearance or bioactivation occurs, which
will affect differences in REP. This may imply that REP
determined in animal studies at high dose are not
adequate for low dose human risk assessment. It is

Current Opinion in Toxicology 2025, 43:100541
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Figure 6
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REP of p-substituted phenols compared to phenol as reference compound with REP of 1. REP values were extracted from Strikwold et al. [27] and were
derived from the in vitro EST assay, in vivo data from Kavlock [28], and the in vivo prediction obtained based on PBK modeling-facilitated reverse
dosimetry of the in vitro EST data [27]. PBK, physiologically based kinetic; REP, relative potency.

worth emphasizing that the term ‘dose’ here refers oral
dose in a single administration, which may be different
than the internal ‘dose’ or body burden for persistent,
bioaccumulative, and toxic substances.

Finally, use of an endpoint irrelevant for human risk
assessment, such as when defining REP values for PFAS
based on liver toxicity while the adverse effects on
which the TWI is based on is immunotoxicity [29] also
raises questions on the validity of such values for human
risk assessment. The REPs for PA-N-oxides are relevant
because the toxic effects are initiated by the formation
of PAs that are bioactivated into the same toxic pyrrole
moieties, as well as for dioxins because the toxic effects
are all initiated by activation of the Ah receptor. In
contrast, PFAS activates multiple different receptors,
and the results differ depending on the context of the
study [30,31], where consequently, use of a ‘class’
approach might be more suitable than ‘REPs’ approach
for risk assessment [32].

Discussion

From the overview presented, it becomes clear that
when defining REP, it is important that the conditions
and endpoint used match the human exposure. This
implies the use of relevant dose and endpoint, and
consideration of differences in kinetics, interspecies,
and interindividual variability.

Additionally, performing studies on the influence of
dose, species, endpoint used, and interindividual

differences based on in vivo animal experiments is un-
realistic. This requires high number of animals, studies
on humans will generally not be possible, detection
limits for the relevant endpoints are often not sensitive
enough at low dose, and animal models may be less
relevant to evaluate effects in human. Using in vitro
assays, on the other hand, ignores differences in in vivo
kinetics amongst other limitations [33]. Using PBK
modeling as NAM can help to overcome these limita-
tions by either translating in vitro data to the human
in vivo situation, or by defining relevant in vivo con-
centrations of parent compounds or intermediates
relevant for the ultimate effect, based on which REP can
be defined. It is clear that REP depends on differences
in both toxicodynamics and toxicokinetics, and that
NAMs can take such differences into account in the
examples discussed in this review, but this requires
evaluation on a case-by-case basis.
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