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Abstract

EFSA asked the Panel on Plant Protection Products and their residues to deliver a Scientific Opinion on
testing and interpretation of comparative in vitro metabolism studies for both new active substances
and existing ones. The main aim of comparative in vitro metabolism studies of pesticide active
substances is to evaluate whether all significant metabolites formed in the human in vitro test system,
as a surrogate of the in vivo situation, are also present at comparable level in animal species tested in
toxicological studies and, therefore, if their potential toxicity has been appropriately covered by animal
studies. The studies may also help to decide which animal model, with regard to a particular
compound, is the most relevant for humans. In the experimental strategy, primary hepatocytes in
suspension or culture are recommended since hepatocytes are considered the most representative in
vitro system for prediction of in vivo metabolites. The experimental design of 3 9 3 9 3
(concentrations, time points, technical replicates, on pooled hepatocytes) will maximise the chance to
identify unique (UHM) and disproportionate (DHM) human metabolites. When DHM and UHM are being
assessed, test item-related radioactivity recovery and metabolite profile are the most important
parameters. Subsequently, structural characterisation of the assigned metabolites is performed with
appropriate analytical techniques. In toxicological assessment of metabolites, the uncertainty factor
approach is the first alternative to testing option, followed by new approach methodologies (QSAR,
read-across, in vitro methods), and only if these fail, in vivo animal toxicity studies may be performed.
Knowledge of in vitro metabolites in human and animal hepatocytes would enable toxicological
evaluation of all metabolites of concern, and, furthermore, add useful pieces of information for
detection and evaluation of metabolites in different matrices (crops, livestock, environment), improve
biomonitoring efforts via better toxicokinetic understanding, and ultimately, develop regulatory
schemes employing physiologically based or physiology-mimicking in silico and/or in vitro test systems
to anticipate the exposure of humans to potentially hazardous substances in plant protection products.
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1. Introduction

1.1. Background and Terms of Reference as provided by EFSA

The requirement to perform in vitro comparative metabolism studies for pesticide active substances
related to human health is set by Commission Regulation (EU) No 283/2013 setting out the data
requirements for active substances, in accordance to Regulation (EC) No 1107/2009 of the European
Parliament and of the Council concerning the placing of plant protection products on the market,
which establishes in Section 5 “Toxicological and metabolism studies” that “Comparative in vitro
metabolism studies shall be performed on animal species to be used in pivotal studies and on human
material (microsomes or intact cell systems) in order to determine the relevance of the toxicological
animal data and to guide in the interpretation of findings and in further definition of the testing
strategy. An explanation shall be given or further tests shall be carried out where a metabolite is
detected in vitro in human material and not in the tested animal species”.

In addition, the same Regulation defines that “The relevance of generating toxicity data in animal
models with dissimilar metabolic profiles to those found in humans shall be addressed, if such
metabolic information is available, and taken into consideration for study design and risk assessment”.

The scope of in vitro comparative metabolism studies is to assess potential interspecies differences
in metabolism of a pesticide active substance. The aim is to ensure that all metabolites formed by the
in vitro human material (e.g., human hepatocytes) are also present in, and thus covered by, one or
more of the animal species used in toxicological studies. When a metabolite is present only in human
material “an explanation shall be given or further tests shall be carried out” to assess its toxicological
relevance. The same applies for metabolites in considerable excess in human material as compared to
animals when deemed essential from toxicity point of view.

Currently no validated test methods are available to conduct these studies. Consequently, in the
context of the toxicological dataset submitted for the approval or renewal of pesticide active
substance, these studies are either conducted using different experimental layouts or in some cases
they are not provided. Therefore, this poses some challenges for the national authorities and EFSA
when evaluating the studies received by the applicants during the peer review process of pesticide
active substance.

In vitro comparative metabolism studies are widely used for pharmaceuticals in various stages of
development, from a new chemical entity characterization to a pre-clinical safety assessment and this
knowledge could support the use of these studies in the pesticide context (FDA, 2020). However, it
became clear in the context of the EU pesticide peer review that further guidance on the minimum
requirements in conducting in vitro comparative metabolism studies on pesticide active substances and
assessing related data would be needed (Outcome of the pesticides peer review meeting on general
recurring issues in mammalian toxicology, EFSA, 2016).

In addition, following implementation of Regulation (EU) 283/2013, biomonitoring methods for
human body fluids and tissues are required. In the absence of a minimal set of data on interspecies
differences in metabolism, it could be very complex to address the question of using the metabolism
data in rat as a surrogate of metabolism in human for biomonitoring methods.

In order to set a common scientific background among all the stakeholders involved in the peer
review process (i.e., Applicants, European Commission, Member States, Pesticide Steering
Network), the EFSA Pesticide Unit organised a workshop in 2018 on comparative in vitro metabolism
studies in regulatory pesticide risk assessment. An event report on the outcome of the workshop was
published in 2019 (EFSA, 2019a). The workshop indicated the need of guidance on how to perform
these studies. The discussion held was used as foundation stone for developing the current project.

The project was therefore started with the aim to develop an EFSA Guidance illustrating the testing
strategy that should be applied to assess interspecies comparative in vitro metabolism,
the minimum requirements that should be met in the testing protocol for the selected assays and
interpretation of the study results.

During the activity, the European Commission was informed about the status of the Guidance and
commented that it would be beneficial to address not only the problem formulation related to the
identification of human metabolites not properly assessed by toxicological studies using laboratory
animal species, but also how to assess the identified human metabolites from the toxicological point of
view. Therefore, to address the second problem formulation (evaluation of toxicological relevance
of human metabolites not properly assessed by toxicological animal studies), the PREV Unit considered
that further experience would be needed and that the contribution of the EFSA PPR Panel would allow
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further development of the activity. This resulted in a Scientific Opinion of the PPR Panel as final
output offering the opportunity to better engage with the European Commission by considering the
possibility of transforming the Scientific Opinion into a Guidance document which can then be taken
note by the Commission (as it has happened in the past).

The Scientific Opinion will provide scientific advice on how to perform comparative in vitro
metabolism studies and how to interpret the results in the context of pesticides risk assessment. This
will likely contribute to enhance harmonisation when applicants conduct these studies and to better
support regulators when evaluating the data, thus increasing consistency during the Peer Review
process.

Therefore, EFSA requested the PPR Panel to develop a Scientific Opinion to:

a) illustrate the testing strategy that should be applied to investigate interspecies comparative in
vitro metabolism, the minimum requirements that should be included in the testing protocol
for the selected assays and interpretation of the study results for the identification of human
metabolites not properly assessed by toxicological studies using laboratory animal species.

b) assess the relevance of the toxicological profile of human metabolites not properly assessed
by toxicological studies using laboratory animal species.

1.2. Interpretation of the terms of Reference

The PPR developed this scientific document as an Opinion and not as a Guidance as requested in
the terms of reference. Based on the experience gained with the application of this opinion, the
development of a Guidance may be considered in the future.

The opinion focusses on the regulatory context of pesticide active substances at the EU level to
satisfy the data requirement set in Commission Regulation (EU) No 283/2013 related to conducting
comparative in vitro metabolism studies. However, the Scientific Opinion is relevant for all areas of
chemical risk assessment.

The following considerations from the legislation (Commission Regulation (EU( No 283/2013))
should be kept in mind when conducting comparative in vitro metabolism studies and interpreting the
results obtained:

• ‘The relevance of generating toxicity data in animal models with dissimilar metabolic profiles to
those found in humans shall be addressed, if such metabolic information is available, and
taken into consideration for study design and risk assessment’ (Annex, Section 5 Introduction,
L93/21).

• ‘Comparative in vitro metabolism studies shall be performed on animal species to be used in
pivotal toxicology and on human material (microsomes or intact cell systems) in order to
determine the relevance of the toxicological animal data and to guide in the interpretation of
findings and in further definition of the testing strategy’ (Annex, Section 5.1.1. Absorption,
distribution, metabolism and excretion after exposure by oral route, L93/22).

• ‘An explanation shall be given, or further tests shall be carried out where a metabolite is
detected in vitro in human material and not in the tested animal species’ (Annex, Section
5.1.1. Absorption, distribution, metabolism and excretion after exposure by oral route, L93/22).

Taking into account the regulatory text, the first problem formulation is the identification of human
metabolites not sufficiently assessed by toxicological studies using laboratory animal species.
Therefore, this opinion is aimed to provide scientific and technical discussion on how to perform
comparative in vitro metabolism studies, how to interpret the results obtained and which further
assessment shall be carried out when a metabolite is found only in human material (i.e. unique human
metabolite, UHM) or present at higher amounts in humans than animals (i.e. disproportionate human
metabolite, DHM) (see Section 4 for more detailed definition).

When the legal text of the data requirement is implemented in the context of this opinion, the
points above are interpreted as follows:

a) The opinion focuses on in vitro methodologies and study design related to liver metabolism
with the aim to identify UHM and DHM because the liver is considered the organ with the
highest metabolic capacity compared to other organs and tissues (see Section 3 for more
detailed information).

Comparative in vitro metabolism
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b) The results of comparative in vitro metabolism studies will support the peer review process of
the risk assessment of pesticides active substances in the interpretation of toxicological test
results and their extrapolation to the assessment of hazards and risks for humans.

c) Data requirement mentions that further action is needed when ‘a metabolite is detected in
vitro in human material and not in the tested animal species’ as well as ‘the relevance of
generating toxicity data in animal models with dissimilar metabolic profiles to those found in
humans shall be addressed, if such metabolic information is available, and taken into
consideration for study design and risk assessment’ (see Section 6). The study design and
experimental strategy outlined in this opinion intend to optimise the detection of potential
UHM and allow the evaluation of DHM.

Although this opinion focuses on the use of in vitro test systems related to liver metabolism,
depending on the existing information on the test item, extrahepatic tissue metabolism needs
consideration as well. If organs other than the liver are studied, the same principles as indicated for
the liver apply to identify UHM and DHM. It is anticipated that the study design described in this
opinion can also be used for other aims related to the use of toxicokinetic (TK) information to support
chemical risk assessment and recommendations will be given in the opinion.

2. Overview of the Structure and Key points of the Scientific Opinion

Comparative in vitro metabolism studies aim to assess potential interspecies differences in
metabolism of a test item. This Scientific Opinion is tailored to the EU data requirement on pesticide
active substances,1 and therefore, the test item is used as synonym of the pesticide active substance.
The comparison of metabolites formed in vitro should allow evaluation whether all metabolites formed in
the human test system are also present at comparable level in pivotal animal species used in toxicological
studies and therefore, if their relevance for human risk assessment has been appropriately addressed.

The experimental strategy outlined in this opinion is schematically presented in Figure 1 and aims
to optimise the chances to detect all relevant metabolites, by minimising sources of variability and/or
bias during the planning and execution of the studies. This variability is related to the specific and
critical factors and conditions in the test system, test item, preliminary studies, experimental design of
the main study, analytical matters and evaluation of results, i.e. all factors that can influence the
amount of metabolite formed and therefore its analytical detection (see Section 3).

a) Test system and test item

Primary hepatocytes from all animal species used in the EU pesticide active substance regulatory
data package on mammalian toxicology (i.e. rat, mouse, dog and rabbit) and from humans are the
recommended test system. Primary hepatocytes are recommended since human hepatocytes are
considered the best surrogate for prediction of human in vivo metabolism (Obach et al., 2016) (see
Section 3.1). The recommendation of hepatocytes is consistent with the legal requirements for
pesticides where use of ‘microsomes or intact cell systems’ is cited. It reflects the latest and most
appropriate state of knowledge and science.

Test item characterisation (e.g. radiochemical purity, solubility) together with determination of
cytotoxicity in preliminary experiments is important element for concentration selection in the main
experiment.

b) Preliminary experiments

Regarding hepatocytes, cytotoxicity and metabolic competence are the most important pieces of
information required before performing the actual experiments. Determination of in vitro clearance is
useful for deciding whether long-term incubation in cultured hepatocytes is required to assess slow-
metabolising test items.

Regarding the test item, it is of importance to assure that it is not excessively bound to plasticware
or other non-biological materials in the system (see Section 3.2).

c) Experimental design of the main study

The PPR Panel recommends to maximise the chances of identifying UHM and DHM by taking into
account the test item concentration, incubation time and technical replicates in the experimental
design (see Section 3.3). Metabolite formation from a test item is dependent on:

1 Active substances refer to both new and existing one in the renewal process.
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– the kinetic characteristics of metabolising enzymes affecting the selection of test item
concentration,

– the length of incubation time affecting the sensitivity of detecting selective metabolites and
– the number of technical replicates affecting the robustness of the measured metabolite

amount.

To limit the contribution of individual biological variability and having a response representative of the
’average’ population, the use of pooled hepatocytes is recommended (see Appendix C for further details).
As a recommendation, a standard hepatocyte concentration of 1 million hepatocytes/mL is suggested,
but dependent on the velocity of conversion this can be changed and ideally optimised (Appendix A).

For the above-mentioned reasons, the design of 3 9 3 9 3 (concentrations, time points, technical
replicates of pooled test systems) would allow a reasonable setting to identify UHM and DHM, which
may be less likely with simpler designs such as 1 concentration and incubation time (Whalley et al.,
2017).

The study design includes also considerations on the applicability domain of the test (Section 3.4)
and selection of species (Section 3.5), which may result in modifications of the execution of the actual
experiments.

d) Definition of unique human metabolite (UHM) and disproportionate human metabolite
(DHM)

According to this Scientific Opinion, metabolites of concern are those that are unique to human, i.e.
not detectable in incubations with test material from other test species, i.e. UHM, and those that are
present in more than fourfold abundance at any sampling time point in human hepatocytes as
compared with other species, i.e. DHM (Section 4). The assignment of a metabolite as
disproportionate may be challenging especially at abundance ratios close to a factor of 4, considering
biological and technical complexity and variability. However, the 3 9 3 9 3 experimental design (see
above) provides ample experimental results and supports integrated analysis and decision-making.

e) Chemical Analysis

Regarding the analysis of the incubates, test item-related radioactivity recovery and metabolite
profile are the most important parameters in the first step. On this basis, the assignment of DHM and
UHM is made. In the second step, structural characterisation of the assigned metabolites is performed
with appropriate mass spectrometry (MS) and nuclear magnetic resonance (NMR) techniques. The
scheme of metabolic pathways is an important part of chemical analysis and for further consideration
of potential consequences (Section 5).

f) Toxicological assessment of metabolites

For a DHM that has already been co-tested in in vivo animal toxicity study with the parent compound,
a pragmatic approach to avoid additional animal testing is to apply an additional uncertainty factor (UF)
to the default UF (100), resulting in an overall larger UF for deriving a health-based guidance value
(HBGV) for the parent compound. The default UF of 4 allows for interspecies difference in toxicokinetics,
consequently the metabolite formed in quantities more than fourfold in humans compared to animal
species is not covered by animal testing and would require an additional UF, the value of which is
dependent on the relative quantity of the DHM in human and animal hepatocytes.

Due to current and developing toxicological assessment schemes employing new approach
methodologies (NAMs) and adherence to the 3Rs principle, the hazard identification (Section 6.2)
would begin with the application of QSAR and read-across methodologies, and proceed to various in
vitro toxicological testing methods and batteries. If these approaches do not provide sufficient level of
necessary information, in vivo animal toxicity studies, e.g. a 90-day rat study, could be considered.
This step-wise approach is in alignment with earlier EFSA guidance documents and scientific opinions.

In case a human metabolite is not covered by parent compound and even if a limited toxicological
database exists, additional UF can be applied for setting health-based guidance value for this unique
human metabolite (Section 6.3). The additional UF may be determined by expert judgement on a
case-by-case basis. It is also possible to apply an additional uncertainty factor for extrapolation of a
low observed adverse effect level (LOAEL) to a no observed adverse effect level (NOAEL), or the data
from the critical study may be modelled to derive a benchmark dose (lower confidence limit) (BMDL),
which can then be used as the reference point (also referred to as point of departure) for the
derivation of the health-based guidance value.
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g) Recommendations for the future

Obviously, the comparative in vitro metabolism study can provide a significant piece of information
to assess the potential role of metabolites of concern in toxicological risk assessment of a pesticide
active substance. Additionally, knowledge of in vitro metabolites in incubations with test material from
humans and animal toxicology test species would add useful pieces of information for the toxicological
evaluation of metabolites in different matrices (crops, animals, ecosystems, residues in environment).
Improved understanding of toxicokinetics would support current biomonitoring efforts. Finally,
comprehensive integrative regulatory schemes would benefit from physiologically based or physiology-
mimicking virtual or in vitro test systems to anticipate and prevent the exposure of humans and
ecosystems to potentially hazardous active substances in plant protection products (see Section 7).

3. Study design and experimental strategy

3.1. Test systems

There are three principal prerequisites for the selection of an adequate in vitro test system to
compare metabolism of a test item between different species.

1) The system should mimic the most important in vivo metabolising organ (liver2) in terms of
biotransformation. No single in vitro test system can mimic all the complexities of human (or

Test System and Test Item

Radiolabelled
Gathering information

Hepatocytes
Suspended and/or plated

Species and applicability domain

Preliminary Experiments

Cells: viability, cytotoxicity, 
metabolic competence

Solubility, non-specific 
(plastic) binding

Experimental design 
of the main study

3 concentrations / 3 times points
3 technical replicates

C
H

A
PTER

 3

Definition of DHM/UHM 
and Chemical Analysis

C
H

A
PTER

 4 | 5

Radioactivity : Recovery and profile
Comparative profile-based Evaluation

DHM vs UHM // Chemical Structure ID 

Toxicological Assessment 
of metabolites

UF approach to DHM
New Approach Methodologies (NAMs)

In Vivo Toxicological studies
Risk characterisation

C
H

A
PTER

 6

Recommendations 
for the future

C
H

A
PTER

 7

Figure 1: Overview of the structure and key points of the scientific opinion

2 If a scientifically justified suspicion about the involvement of an extrahepatic tissue in metabolism and metabolites of
toxicological significance arises, approaches to address this possibility should be considered (see also Section 7.5).
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animal) TK processes, but the liver is considered the most important organ for
biotransformation of the majority of chemicals, including pesticide active substances, being
responsible to a significant extent for total metabolism.

2) The test system should be compliant with Good In vitro Method Practices (GIVIMP) in-house
validation standards (OECD, 2018a) or should have been used for metabolism studies for an
extended time, so that researchers and regulators (not necessarily in the pesticide area)
have sufficient confidence in its performance.

3) Adequate liver-derived test systems from humans and the species of pivotal toxicity tests
should be available.

In the pharmaceutical area, liver microsomes are a suitable choice for comparing the metabolite
profile among humans and animal species, although they do not contain the whole metabolic
machinery. This is because the final assessment of human metabolites relies on in vivo human data
(phase-1 trials; FDA, 2020). However, in the area of pesticides, in vivo human data are rarely available,
and therefore in most cases, the assessment of human metabolites can only rely on in vitro data.
Therefore, in vitro studies should be robust enough to detect both UHM and DHM and should give
the complete picture on metabolic pathways by using the most appropriate experimental test system,
particularly important for interpretation of the results.

For addressing the first problem formulation of this opinion, i.e. to identify DHM and UHM,
isolated primary hepatocytes, either suspended (for short-term incubation) or plated (for longer term
incubation), are considered the best choice. Hepatocytes, as the main hepatic cell type, mimic intact
liver in terms of most important biotransformation enzymes. Decades of experience exist in using
hepatocytes in biomedical research and drug development, particularly for elucidating in vitro
metabolism, metabolite formation and clearance in drug development by the pharmaceutical industry.
Cryopreserved pooled hepatocytes are commercially available. The human hepatocyte test system
(plated hepatocytes) has been validated by EURL-ECVAM regarding Cytochromes P450 (CYP) induction
(Bernasconi et al., 2019). Hepatocytes isolated from different animal species, including rat, mouse, dog
and rabbit have been used in research and drug development for a long time (FDA, 2020). Pooled
primary hepatocytes are considered the most suitable model since they average out possible outlier in
enzymatic activities and they contain the physiologically relevant expression of phase I and phase II
biotransformation enzymes, appropriate concentration of the cofactors, and expression of transporter
proteins.

Metabolites formed in vivo can be well predicted by using hepatocytes in suspension. The
predictability of metabolites formed by subsequent reactions gives more uncertainty for decision-
making (Dalvie et al., 2009). This may be attributed to, e.g. the short incubation time that can be used
with hepatocytes in suspension (maximum about 4 h, see Appendix C). For such cases, long-term
incubation test systems can be used (e.g. 24 h, see Appendix C), for which plated hepatocytes are
recommends in this opinion (Ballard et al., 2014; Kratochwil et al., 2017), and if available, the results
of long-term incubations are the basis for the assessment.

For addressing other follow-up problem formulations, such as formation of reactive
metabolites or isoform-specific metabolism, microsomes, S9 fractions, heterologous expression systems
or other suitable approaches such as chemical trapping agents might be suitable choices depending on
a specific problem formulation.

3.2. The test item

The PPR Panel recommends to gather existing knowledge from the open literature (retrieved by
means of the literature search, EFSA, 2011) and/or additional databases (e.g. ADME data in US-EPA
dashboard3, ECVAM databases4 or OpenFoodTox, see Appendix F) on the test item itself (when it is an
existing one subject to renewal) or on structurally similar test items before the comparative in vitro
metabolism study is conducted. Other information, e.g. on hepatic clearance, may also be helpful for
selecting the test conditions, when a comparative metabolism study is designed.

In silico testing, such as QSAR analysis for metabolism prediction can facilitate the planning of the
study by postulating the main metabolic pathways in humans and potential human metabolites,

3 https://comptox.epa.gov/dashboard
4 Worth et al. (2018a,b): https://data.europa.eu/euodp/en/data/dataset/jrc-eurl-ecvam-rodent-in-vitro-intr-clear-db and https://
data.europa.eu/euodp/en/data/dataset/jrc-eurl-ecvam-rodent-in-vivo-biotrans-db

5 https://www.efsa.europa.eu/en/data/chemical-hazards-data
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including primary and more distal metabolites (also called secondary metabolites, i.e. formed by a
second or more reactions), but this information cannot be used as alternative to an in vitro study, and
should be considered as supplementary information only.

In order to design the study in a proper way, information on the physical–chemical properties and
characterisation of the test item are required (GIVIMP, OECD, 2018a). More details are given in
Appendix B.

As part of a toxicological dossier developed for a pesticide active substance, prior to approval for
use within EU (Regulation EC (No) 1107/2009), an in vivo TK study, usually performed in the rat
following the OECD Test Guideline 417, is required (OECD, 2010). The radiolabelled test item is
administered to the animals and afterwards all relevant metabolites (present at ≥ 5% of the
administered dose) are identified in body fluid and tissues (e.g. plasma, serum, blood, urine and
faeces) to provide a metabolic scheme for the test item. The PPR recommends that the radiolabel
material used in the in vitro metabolism study to be of similar composition than the one used in in the
in vivo metabolism study. The identification refers to the exact structural determination of relevant
metabolites. The knowledge obtained with the in vivo rat kinetic study provides important insight into
the potential major metabolites that could be formed in vitro, as in general grossly identical
metabolites are expected to be formed in vitro and in vivo (see also Section 6.2.1). This information,
together with the possible derivation of TK parameters such as in vivo clearance and half-life, might
help on the a priori selection of the most appropriate test system conditions (e.g. short-term vs. long-
term incubation). In the rat in vivo TK study, a general overview about the metabolism is gained and a
tentative identification of major metabolites done. However, more detailed TK parameters such as
clearance, half-life or bioavailability of metabolites are not possible to be derived, because of
experimental design and unspecificity of the analytical method used (i.e. quantifying total radioactivity,
not differentiating between parent chemical and metabolites).

The in vivo TK study results on the test item may help to design and interpret the comparative in
vitro metabolism study. As pointed out in OECD TG 417, the in vivo rat study provides useful
information about the analytical method for parent and metabolites (OECD, 2010). The results would
help to select an analytical method for detection and identification of the metabolites in the in vitro
hepatocyte study.

For the active substances subject to a renewal process, the full package of toxicological and in vivo
TK studies is already available and the comparative in vitro metabolism studies can be informed on that
basis. For the new active substances, timing of conducting the in vitro metabolism study might vary
depending on the characteristics of the test item and the policy of the laboratories or companies. If TK
parameters could be derived from the in vivo study, they may contribute to constructing a PBK model for
the test item and metabolites, which can be used to provide more insights into dose-dependent internal
exposure to parent chemical and metabolites (see Section 7.6). Comparison of metabolism between in
vitro rat hepatocytes and the in vivo TK rat study may be helpful to extrapolate the results of the in vitro
human hepatocyte study to in vivo hepatic metabolism and contributes to the acceptability assessment
of the comparative in vitro metabolism study. However, there is very little published data on this
potential. Regarding human metabolites, available studies indicate that the metabolite profile obtained in
vitro can reflect the in vivo metabolite pattern, especially concerning primary metabolites (Anderson et
al., 2009; Dalvie et al., 2009). Generation of in vitro metabolism data in laboratory animals and
comparison of these data with in vivo TK data for pesticide active substances provide the information
how in vitro metabolism data reflect in vivo metabolite profiles.

In the area of pesticides, according to EU pesticide active substance data requirements, another
important source of information on metabolite formation are pesticide residue metabolism studies in
livestock, the availability of which, however, depends upon the intended pesticide use.

3.3. Preliminary experiments

Before the comparative metabolism study is to be performed, the PPR Panel recommends to
conduct preliminary experiments to assess (1) the cytotoxic potency of the test item to the test
system, (2) the metabolic competence of the test system and (3) the non-specific binding of the test
item.

1) Cytotoxic potency of the test item to the test system

Biotransformation enzyme activity can be reduced in chemical-induced stress and cytotoxicity
situations. Therefore, comparative metabolism studies are to be performed at test item concentrations
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that do not affect hepatocyte function. Test item-induced toxic effects can be assessed by performing
a cytotoxicity study as described in more detail in Appendix C.1.1, allowing to establish the highest
test item concentration that does not affect hepatocyte function to be used in the comparative
metabolism studies. As toxicity can be caused by a biotransformation product (i.e. metabolite), it is of
importance that the cytotoxicity studies are performed with metabolically active hepatocytes. Studies
need to be performed with hepatocytes of all selected species, since species-dependent differences in
cytotoxic potencies of the test item may occur.

2) Metabolic competence of the test system

Adequate functioning of the test systems would be needed to obtain relevant data on the test
item’s metabolite formation. Such information can be obtained by assessing the time-dependent
metabolite formation of well-known reference compounds, which can also be applied as positive
control in the comparative metabolism study itself (more information is presented in Appendix B.5 and
Appendix C.1.2). Comparative metabolism studies should only be performed with hepatocytes batches
with sufficient metabolic activity.

3) Non-specific binding of the test item

For the adequate interpretation of the data obtained in the comparative metabolism study, insight
into the availability of the test item to the test system (hepatocytes) is essential. Especially for very
lipophilic test items, non-specific binding, e.g. to plastic and/or medium constituents, may largely
reduce the availability of the test item to the hepatocytes. More information on this topic is presented
in Appendix C.1.3.

Besides these preliminary studies, performance of a pilot clearance study can be helpful. Such a
clearance study provides information on the velocity of the conversion of the test item, which can be
used to estimate whether a short-term incubation would suffice to reach 20% conversion or whether a
long-term incubation would be required. More information on such clearance studies is presented in
Appendix C.2.

3.4. Experimental design of the main study

Selection of the experimental test conditions for conducting the comparative in vitro metabolism
study and application of well-defined acceptance criteria is critical to obtain robust and reliable data.
The choice of, amongst others, hepatocyte concentration and culture medium have a large impact on
intrinsic clearance values obtained with in vitro hepatic studies as shown in an analysis of clearance
data obtained with different experimental set-ups (Louisse et al., 2020). Because intrinsic clearance in
hepatocytes is practically wholly determined by metabolism, it can be expected that also with in vitro
metabolite formation studies, experimental set-up influences the study outcome. The experimental
design described in this Scientific Opinion is considered optimal to maximise the chances of detecting
potential metabolites, particularly those which are formed with a slow rate of formation and therefore
prone to be not detected, since occurring at concentrations below the limit of detection of the
analytical method. Since the aim of such studies is to compare the metabolic profiles across species
and to possibly identify also DHM (in addition to UHM), it is important to use the same experimental
set-up, when possible, across species. By assuring this, the identified in vitro species differences will
not result from differences in experimental set-up but will reflect (differences in) biology. It is intended
to minimise sources of experimental variability which would affect the comparison of metabolic
profiles.

Although the design described below serves as an example regarded by the PPR Panel as a
minimum option, it has to be kept in mind that pesticide active substances are a highly variable group
of chemicals belonging to different chemical classes with different properties, and therefore, it is
expected that a single design (or even a range of designs) does not fit all different test items.

At least three concentrations: Concentrations of the test item have a significant impact on the
detection of relevant metabolites. In the main experiment 3, concentrations are recommended: high,
medium and low. One high concentration (e.g. 100 µmol/L), which should not be cytotoxic (i.e.
viability ≥ 80% compared to solvent control), is recommended to maximise the chance of detecting
metabolites that are formed via metabolic reactions with low affinity. However, at such high substrate
concentrations, certain metabolic conversions may be inhibited, indicating that incubation with a lower
substrate concentration is required (e.g. 1 µmol/L) to allow formation (and subsequent detection) of
metabolites that would be formed via these reactions. It is highly recommended to also include an
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intermediate concentration (e.g. 10 µmol/L) as it would provide relevant insights into the kinetics of
the reactions underlying the metabolite(s) formation, such as the concentrations at which metabolic
reactions get saturated.

At least three time points: In the main experiment, at least three incubation time points are
recommended. An incubation period of 4 h is considered the maximum incubation time applicable with
primary hepatocytes in suspension cultures, allowing the maximum metabolic conversion and
formation of more distal metabolites. It is highly recommended to include at least two sampling time
points (e.g. 1 and 2 h) (see Appendix H) to assess whether changes in metabolite levels are time
dependent (indicating adequate functioning of the in vitro test system during the whole test duration).
Furthermore, information on time-dependent changes in metabolite levels provides more insight into
the kinetics of formation of primary and more distal metabolites, facilitating a better evaluation of DHM
in humans compared to animals.

Three technical replicates of pooled test systems: It is of importance to perform three simultaneous
incubations of each pooled hepatocyte preparation to address the variability of the assay protocol.

Depending on the outcome of the test, additional replicates, time points or concentrations might be
needed to substantiate whether e.g. certain reactions are saturated. In addition, depending on the
chemical properties of the pesticide active substance, such as solubility and cytotoxicity, chemical-
specific optimal concentrations can be selected.

Slow-metabolised test item: To ensure that the test item has been metabolised and that
metabolites are formed, the PPR Panel recommends to observe a minimum of 20% decrease of the
concentration of the test item (and its related conversion into metabolites) at the end of the 4-hour
incubation period in hepatocytes from all species. The proposed value of 20% takes into account
several factors such as variability and method of analysis (FDA, 2018). In case no or limited
metabolism is observed (i.e. less than 20% decrease of the test item), the PPR Panel recommends to
perform a longer incubation of, e.g. 24 h in plated hepatocyte incubations to avoid that potentially
unique metabolites are not detected due to slow conversion in vitro (Ballard et al., 2014; Kratochwil et
al., 2017). Based on available data (e.g. having data on structurally similar compounds or results from
a pilot in vitro clearance study), a long-term incubation could be immediately selected. For test items
which are not metabolised or metabolised at very low rate, or for which the half-life is known to be
shorter than 24 h, the omission of the 24-h incubation can be reasonably justified.

Detailed information on a recommended experimental set-up is given in Appendices 2 and 3.

3.5. Applicability domain of the test

The described experimental set-up in Appendix C.3 will not be applicable for all test items. For
example, for a volatile test item, a closed system would be required to prevent evaporation and for
substances that have a poor solubility in water, dosing in medium without proteins may cause
problems, requiring a tailored study design. There may be cases in which, due to the knowledge on
the physico-chemical and toxicological properties of the test item, a comparative in vitro metabolism
study does not appear scientifically necessary or testing for this purpose not technically practicable.
Examples of such test items are some inorganic active substances (e.g. calcium carbonate) for which
in vitro testing is not needed.

For test items that are complex mixtures the recommendation is to test the most representative
component(s) within the mixture, the selection of which is done on the basis of different criteria,
including but not limited to, the results of in vivo ADME study or toxicity information (e.g. in silico
methods or other NAMs, if available), as described in the EFSA Guidance on mixture risk assessment
(EFSA Scientific Committee, 2019). This issue is becoming more and more relevant considering the use
of essential oils and biopesticides.

3.6. Selection of species

As a default approach, the PPR Panel recommends to perform comparative in vitro metabolism
studies by using hepatocytes from human and from all animal species used in the EU pesticide active
substance regulatory data package on mammalian toxicology (i.e. rat, mouse, dog and rabbit).

However, a tiered approach could be considered depending on the problem formulation. For
identification of UHM and DHM, the comparative in vitro metabolism studies could be conducted by
using human and rat hepatocytes in a first step. Depending on the outcome (e.g. metabolite present
in humans and not in rats), it could be further investigated whether the human metabolite is formed in
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all other species relevant for the assessment of the particular substance. This is based on the fact that
the majority of in vivo toxicity studies in the EU pesticide active substance regulatory data package are
performed in rats (from short-term to long-term toxicity as well as reproductive toxicity). If the rat is
the most sensitive species, no further comparative metabolism studies in other species are necessary.

If the problem formulation is to address the human relevance of a reference point or a health-
based guidance value derived from a study on a species other than the rat, the PPR Panel
recommends to conduct further tests by employing hepatocytes from other species (i.e. mouse, dog,
rabbit).

It may be anticipated that comprehensive comparative in vitro metabolism testing (i.e. to have all
species, not only the rat ) could provide information that is useful and cost-effective considering that
the problem formulation in the EU pesticide assessment is rarely limited to the derivation of a health-
based guidance value from a single species. The EU pesticide assessment also includes hazard
identification by considering all the species, e.g. on developmental toxicity (i.e. rabbit), mutagenicity
and carcinogenicity (i.e. mouse) as well as endocrine disruption (including dog). The Panel advises to
consider a tailor-made and flexible approach depending on the problem formulation.

4. Definition of unique and disproportionate human metabolites

Differences in the metabolites profile between the species can be either qualitative or quantitative.
The qualitative differences can originate from the lack of an enzyme in a particular species producing a
metabolite of interest. Quantitative differences can be observed due to various reasons, like lower
expression or different kinetics of the enzyme, a different (iso)enzyme catalysing the metabolite
production or different rate of further metabolism of the metabolite (Weidolf and Wilson, 2016). Even
if the metabolite profiles are qualitatively similar in different species, usually there are large differences
in quantitative proportions of metabolites (e.g. Pelkonen et al., 2009; Weidolf and Wilson, 2016).

Interindividual differences of various metabolites produced in animal species used in the
toxicological studies are usually regarded as of smaller importance vis-�a-vis interspecies differences. In
any case, historical data in metabolic enzyme activities and metabolite amounts, if available, would be
useful to collect genetic shifts in strains over the time. In the area of pesticides, it is recommended
that the same strain as the one predominantly used in the toxicological studies is used in the
comparative in vitro metabolism studies to provide representativeness of the results.

Interindividual differences in humans (e.g. due to genetic polymorphisms in xenobiotic metabolising
enzymes) are generally large (Zanger and Schwab, 2013). If the problem formulation is to identify
UHM or DHM, the comparative in vitro metabolism study can be conducted by using pooled human
hepatocytes from both genders as representative of an ‘average’ human, avoiding the large differences
possibly related to the use of hepatocytes from a single donor.

If the problem formulation is to address the uncertainty from human variability in metabolism
(currently addressed by a subfactor of 3.16 of the default UF value of 10 to account for TK differences
across humans), the best strategy would be to identify the isoform-specific metabolism in simplified
test systems (e.g. recombinant enzymes, microsomes) and confirm results by using hepatocytes from
different single donors characterised for their relative (iso)enzyme content.

It is expected that comparison and analysis of metabolic pathways between species could be
facilitated by using an electronic database like OECD MetaPath (Kolanczyk et al., 2012) if comparative
in vitro metabolism is submitted electronically (EFSA, 2021).

4.1. Unique human metabolite(s)

A metabolite that is only detected in the human-derived test system and not in in vitro or in vivo
laboratory species is defined as ‘unique human metabolite; UHM’.

The PPR Panel recommends to consider the UHM to be present at least in one of the tested
concentrations.

There might be a situation in which parent compounds or metabolites can act as inhibitors of
metabolism at higher concentrations (e.g. Houston and Kenworthy, 2000; Wu, 2011; Leow and Chan,
2019). In addition, formation of more distal metabolites may lead to concentration-dependent changes
in putative UHM. In both situations, the assignment of UHM (and also DHM, for that matter) may
prove difficult and it has to be done on a case-by-case basis. Compounds may also act as inducers of
biotransformation enzymes, but these effects are not likely to occur within 24 h (Bernasconi et al.,
2019).
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4.2. Disproportionate metabolite(s)

In the context of this Scientific Opinion, a disproportionate human metabolite (DHM) is defined as a
metabolite that is present at a quantity higher than four times in human hepatocytes when compared
to laboratory animal species hepatocytes at any sampling point.

The factor of 4 is derived from the TK interspecies subfactor of the default uncertainty value of 10
to account for animal to human differences in TKs as defined by IPCS (2005). The assessment of DHM
in the pharmaceutical area relies on human data obtained in phase-1 clinical trials (FDA, 2020). In the
area of pesticide active substances, in vivo human data are rarely available, and therefore, the
identification of DHM as described in this opinion can only be based on in vitro data.

The analysis should consider any of the concentrations and the temporal trend for a given
metabolite in order to define a DHM (see Appendix H). The PPR Panel recommends to define a DHM
based on a direct comparison of appropriate metabolite amounts in human and animal metabolite
profiles (see Section 5).

The study design outlined in this opinion is considered appropriate to allow an enhanced detection
of DHM. However, as the translation to the in vivo situation involves many additional factors, the
relevance of the DHM for the in vivo situation should still be evaluated, especially regarding the
projected (relative) internal exposure of humans.

In case the highest concentration tested is different between species due to differential cytotoxicity,
the comparison of the relevant metabolites across the species should be done by comparing the
formation of these metabolite at the same non-cytotoxic concentrations.

5. Chemical analysis

Obtaining quantitative information about the number, identity and abundance of metabolites
formed is one of the main goals of in vitro metabolite profiling (Spaggiari et al., 2014a,b). In the
pharmaceutical field, it is an essential part of preclinical and clinical drug discovery and development
(see e.g. Pelkonen et al., 2009). In the context of pesticide active substances and this Scientific
Opinion, the principal goal is to compare the metabolite profiles of various species, especially rat,
mouse, dog and rabbit, with the human profile, to identify UHM and DHM, which cannot be assessed
in formal in vivo studies.

Primarily, concentrations of test item are selected on the basis of physico-chemical parameters such
as LogP, LogD and solubility as well as cytotoxicity and assay requirements. However, from the
beginning, it is of importance to consider potential prerequisites and requirements of the analytical
system to become confident that metabolites and metabolic profiles measured in incubations with
different species are measured in such a manner that the presence of UHM and quantitation of DHM
can be confidently evaluated.

5.1. Suitability and selection of analytical tools

Because the rat in vivo TK studies is performed usually with the radiolabelled material to obtain
definite knowledge on the TK characteristics of the studied test item, the same radiolabelled test item
could be used in the in vitro metabolism studies, employing appropriate separation techniques to
produce the metabolite profile (see Section 3.1).

High-pressure liquid chromatography (HPLC) coupled with mass spectrometry (MS) or high-
resolution MS (HRMS) has become the prevailing analytical strategy for in vitro metabolism studies
(Tolonen and Pelkonen, 2015; Spaggiari et al., 2014a,b). Combining the unique detectability and
quantitative measurement of the radiolabelled test item with the superior separation and identification
power of the modern LC-MS techniques (together if needed with NMR techniques) by the unlabelled
compound could provide the optimal workflow for comparative in vitro metabolism studies.

Because all analytical techniques are limited by their capability to detect analytes at a certain
threshold, tested concentrations should optimise the chance of keeping poorly soluble compounds in
solution while reducing the chance for saturation of metabolic enzymes. Because modern online
radiochromatography detectors typically have an unquenched 14C counting efficiency of greater than
90% (Deakin, 2015), the PPR Panel preferred 14C to 3H except when atomic substitution proves
difficult to implement or the structure of the compound of interest is altered. Hence, the
concentrations of the 14C radiolabelled compound may be increased if the specific activity is limited
and sufficient solubility is achieved.
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The radiolabelled test item using 14C is preferred for following the fate of the total mass of the
substrate added. It can be replaced if it is demonstrated that (a) mass balance and metabolite
identification can be adequately evaluated using the unlabelled test substance and (b) the analytical
specificity and sensitivity of the method used with non-radioactive test substance is equal to, or
greater than, those obtained with the radiolabelled test substance. The basic scenario of the study,
suspended or plated hepatocytes in a suitable culture medium, simplifies the analytical performance, e.g.
matrix effect is lower than in in vivo studies.

5.2. Production of comparative metabolite profiles

5.2.1. Use of radioactive techniques

Radiolabelled material is essential for studies of metabolite profiles and routes of metabolism
because all significant moieties or degradation products can be tracked with appropriate labelling. This
is especially of significance in estimation of the bound fraction, not extractable and recoverable of
parent compound and metabolites, suggesting the production of reactive metabolites (see
Appendix E). The quantitative aspect of radioactivity is also useful in establishing metabolite profiles
when absolute structure of metabolites is unknown. As previously mentioned, the use of stable
isotopes together with the radiolabelled isotope is encouraged to aid in identification of metabolites by
using various spectroscopic methods (e.g. radioactive detector (RAM), MS, including fragmentation
approaches (MS/MS, MSn), HRMS or NMR) (see Figure 2).

Non-radioactive substances could be used for comparative in vitro metabolism studies. Although
metabolite quantitation and recovery are more difficult to measure with non-labelled compounds,
comparative assay conditions should ascertain, to the extent it is possible, that individual metabolite
could be compared across species and time points.

5.2.2. Metabolite profiles of comparative in vitro metabolism

As previously mentioned, radiolabelled test material is essential to distinguish labelled metabolites
from exogenous matrix. Because the quantitative aspect of radioactivity is invaluable in establishing
patterns when structures of metabolites are unknown (and their UV spectra and relative MS ionisation
responses are not fully established), relative comparison is an acceptable approach. Figure 3 shows a

HPLC UV/Vis

MS

RAM

optional

UV/Vis spectrum
UV chromatogram

Mass spectrumTotal Ion current (TIC)  
chromatogram

Energy spectrum
Radio chromatogram

Figure 2: Schematic set-up for online HPLC-UV and RAM with optional online MS detection for
structure elucidation
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hypothetical example of the analytical workflow (also including the existing results of the in vivo rat TK
study) with ultimate (radiolabelled) metabolite profiles of human and four experimental animal species.

With the radiolabel as a marker, it is much easier to distinguish the precursor compound and its
labelled metabolites from endogenous matrix compounds to obtain metabolic profiles. The detected
radio-labelled metabolites should elute at the same retention time as observed in the LC-MS
chromatogram (see Figure 2). An additional monitoring at low UV wavelength (e.g. 205–210 nm)
(nonspecific wavelength where most organic molecules show some UV absorbance) could provide
another information of the level of endogenous material co-eluting with the radioactive components of
interest. This important information, related to matrix effect, could be useful for further developing the
chromatographic separation method when metabolite identification is needed.

As an example, formation of metabolites of [14C]- X with both qualitative and quantitative
differences among the species examined is shown in Figure 4. The most notable difference is the total
absence of the metabolites marked in black in any species tested, while this metabolite fraction
appears present in humans (black arrow), representing an UHM.

Recoveries for all samples following reconstitution should be higher than 90% which allows a valid
comparison between species. If a metabolite is detected in vitro in humans but not in rats but it is
identified in the rat ADME study in vivo, this metabolite is not to be considered unique to humans.

In vivo metabolic
profiles

In vitro metabolic profiles
after multiple 

concentration assays

[14C] - X

Hepatocytes

Figure 3: Metabolite profiles of comparative metabolism with radiolabelled compounds from in vivo
rat and comparative in vitro studies
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The formation of metabolites of [14C]- X with relative quantitative differences between the species
examined is presented in Figure 5; the most notable difference is the difference observed related to
the amount of signal recovered from the metabolite marked in orange between human (30%) and any
other species tested (Max 5%). The PPR Panel recommends to compare the amount of radioactivity
between metabolites taken into account that the total radioactivity recovered is sufficient. This
metabolite could be considered as DHM because the relative quantification (peak area: 30%/5% in this
example) exceeds a factor of 4, taking into account the analytic variability.

Unique human metabolite
(UHM)

Unique Human
Metabolite (UHM)

[14C] - X

Hepatocytes

In vitro metabolic profiles
after multiple 

concentration assays

Figure 4: Metabolite profiles of a compound in incubations with hepatocytes from human, rat, mouse,
dog and rabbit demonstrating qualitative differences between species

> 4X 
70%

10%

5%
10%

30% 50%
10%

5%

> 90%Disproportionate
Metabolite

> 90%

[14C] - X

Hepatocytes

In vitro metabolic profiles
after multiple 

concentration assays

Figure 5: Metabolite profiles of a compound in incubations with hepatocytes from human, rat, mouse,
dog and rabbit demonstrating quantitative differences between species
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If one UHM DHM is detected in any of the tested situations, the PPR Panel recommends the
identification of this metabolite, e.g. by use of MS and/or NMR, in line with metabolite identification
described in the OECD 417 test guideline (OECD, 2010).

5.3. Metabolite identification

The PPR Panel recommends identifying all UHM and/or DHM metabolites detected at ≥ 5% of the
administered dose, considering a total recovery of administered test substance (radioactivity) higher
than 90% as well as describing a metabolic scheme for the test item.

Generally, LC-HRMS techniques offer the most effective technology to screen and/or identify
metabolites, in both in vitro and in vivo conditions. The high mass accuracy of modern instrumentation
enables reliable and accurate identification of the molecule, i.e. actual biotransformation with respect
to the parent compound, as well as makes the fragment ion mass spectra data more informative in
comparison to other types for MS/MS-instruments operating at unit resolution, i.e. triple quadrupole or
ion trap MS-based technology. Furthermore, LC-HRMS technique makes possible to obtain accurate
analyte concentrations for pharmacokinetic studies and clearance estimation.

A typical metabolite identification approach involves the following steps:

• predict possible metabolites using in silico methods (see Section 3.1) or based on researcher’s
experience;

• apply survey scans of the test and control samples;
• compare ion chromatograms of the test and control samples to determine the m/z values of

expected and unexpected metabolites;
• conduct product ion scan and/or MS/MS; MSn on the m/z of suspected metabolites and

propose metabolite structures;

Overall, the above strategies for metabolite identification typically are well suited for identification
of metabolites but may be not sufficient for complete structure determination and further
quantification of the identified metabolites.

• (Optional) confirm metabolite structures using NMR, synthesis of authentic standards or other
chemical techniques combined with MS if needed (Anari and Baillie, 2005).

A prior knowledge of the likely routes of biotransformation of the analyte greatly facilitates the
detection and structural characterisation of its metabolites. Together with accurate mass data with low
mass error from the detected compounds and because common changes in molecular weights caused
by metabolic reactions are well known, the combination of MS/MS and HRMS experiments can enable
the differentiation in the biotransformation with different molecular formula but presenting the same
nominal mass change. In addition to HRMS, the strength of time-of-flight mass spectrometry (TOF-MS)
instruments for metabolite screening is their very high detection sensitivity when a wide mass range of
data is acquired. Thus, prediction values of expected metabolites allow for the construction of user-
defined MS acquisition protocols that frequently reveal the presence of minor metabolites, even in the
presence of a vast excess of coeluting endogenous constituents.

When the LC–MS methods do not give clear structural information for the formed metabolite, or the
structure obtained by LC–MS methods must be elucidated in a more detailed manner, the synthesis of
possible metabolites and consequent comparison of the LC–MS data for the detected metabolite and
synthesised compounds are mandatory. The identification of a metabolite via the MS information only,
including additional structural information that could be obtained via fragmentation analysis, high-
resolution measurements and/or advanced MS acquisition mode such as ion mobility (IMS)-based
approaches is generally considered as sufficient in the present context, but in some cases have to be
then completed by NMR for a full structural elucidation.

For formal naming of novel metabolites identified for the first time, the PPR Panel recommends to
be consistent with IUPAC nomenclature. The PPR Panel recommends common naming, together with
novel structures and/or release of an electronic code for the structure, i.e. the International Chemical
Identifier (INCHI) code that is recommended by IUPAC and NIST. The INCHI code and software to
generate this code for chemical drawings is freely available (http://inchi.info/software_en.html).
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6. Toxicological assessment of Human Metabolites

The toxicological assessment of human metabolites (DHM and/or UHM) should start from evidence
from existing studies, if available. Metabolites found as residues in crops and/or livestock or
groundwater metabolites may be the same as DHM and/or UHM: hence already known and tested to
assess their relevance. If such information is not available, the first step should be based on
alternative approaches to animal testing such as NAMS, including read-across, in silico tools and/or in
vitro methods. These alternative approaches are evolving very quickly, and therefore, this section
describes different options to assess the available evidence.

For in vitro or in vivo testing of a metabolite, sufficient material is required, which may need to be
synthesised. The PPR Panel acknowledges that testing of certain metabolites may be challenging, e.g.
in case a metabolite is unstable. Therefore, the PPR Panel recommends a tailored testing strategy
depending on the nature of the metabolite and by considering whether synthesis and testing of a
metabolite is possible.

The PPR Panel recommends to assemble, weight and integrate all available evidence in a weight of
evidence approach (EFSA Scientific Committee, 2017a,b) in order to reach conclusion on the biological
relevance of human metabolites with regard to their toxicity (see Appendix I).

Although the different sources of information are reported separately, the PPR Panel recommends
to follow an integrated approach to testing and assessment (IATA) (OECD, 2020a) by integrating all
available data derived from multiple methods and sources, starting from in silico to in vitro and then to
in vivo data. Pragmatic approaches to avoid animal testing are also described.

6.1. Uncertainty factor approach to a disproportionate human
metabolite

While UHM has not been identified in tested laboratory species and is therefore a priori a
compound of non-assessed toxicity, DHM has been co-tested in toxicity-tested laboratory species
however occurring in in vitro systems at lower levels than in human hepatocytes.

The UF approach can be an option to address safety concerns around DHM of unknown
toxicological concern, by conservatively assuming that DHM is the toxic moiety of the test item.

This pragmatic approach to avoid additional animal testing for a DHM could be envisaged by
applying an additional UF to the default UF, resulting in a UF larger than 100 for deriving a HBGV for
the parent compound. This approach can be useful in cases where human exposure is exhausting a
small proportion of the HBGV. In such a case, the overall UF is calculated depending on the relative
quantity of the DHM in humans compared to animal species.

The toxicity of a metabolite formed in up to fourfold quantities in humans compared to animal
species is assumed to be covered by testing when applying an uncertainty factor of 100 to the
reference point for the parent compound. Hence, it can generally be assumed that the quantity of
metabolite produced in the animal species can be divided by an UF of 25 (i.e. = 2.5 (interspecies
differences in toxicodynamics (TD)) and human variability in TK (3.16) and TD (3.16), while the UF
accounting for interspecies difference in TK (4) can be excluded (for explanation of the subfactors, see
IPCS 2005) to arrive at the amount of metabolite in humans at the HBGV for the parent compound
derived from the reference point divided by an UF of 100.

Two scenarios can be considered as examples for the approach (Figure 6).

1) In the first scenario, the metabolite in humans is formed up to four times higher levels than
in rats. For example, taking a quantity of metabolite in rat as 5% and a reference point of
100 mg/kg body weight (bw) per day, a quantity of 5 mg metabolite/kg bw per day has
been tested. Applying an UF of 100 results in an HBGV of 1 mg/kg bw per day for the
parent compound, whereas the safe dose for the metabolite is 0.2 mg/kg bw per day using
the UF of 25. At the HBGV of 1 mg/kg bw per day for the parent compound, the amount of
the metabolite formed in humans is tested as safe up to 0.2 mg/kg bw per day. This
represents 20% of the HBGV of 1 mg/kg bw per day and it is fourfold higher than the 5%
in rats. Hence, for a fourfold higher quantity in humans compared to the animal species, the
toxicity of the metabolite has been sufficiently covered at the level of exposure at the HBGV
when applying the UF of 100 for the parent compound.

2) In the second scenario, the metabolite is formed in higher than fourfold quantities in
humans compared to the animal species. For example, if the quantity of the
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disproportionate metabolite in rat is 5% and the quantity in humans is 40% (eightfold
higher), the toxicity of the disproportionate metabolite is not sufficiently covered when using
an UF of 100. In this case, assuming a reference point of 100 mg/kg bw per day for the
parent compound, the HBGV would be 1 mg/kg bw per day for the parent, equivalent to a
dose of 0.2 mg/kg bw per day for the disproportionate metabolite (see example 1). When
exposing humans to the parent compound at a level of 1 mg/kg bw per day, i.e. equal to
the HBGV, the metabolite level produced in humans would be 0.4 mg/kg per day. Since only
exposure up to 0.2 mg/kg bw per day to the metabolite (5%) can be considered as safe,
the exposure in humans would be a concern. This concern can be accounted for by applying
an additional UF to the HBGV. This additional UF can be derived by calculating the ratio of
quantities human/animal metabolite in vitro and divide this by 4 (see Figure 6). In this
example, an additional UF of 2 ([40/5]/4) would be calculated resulting in an overall UF of
200. Accordingly, the HBGV for the parent compound would be 0.5 mg/kg bw per day.
Lowering the HBGV as described would adequately protect humans to the toxicity of the
parent compound and the disproportionate metabolite.

6.2. Hazard identification

In line with other EFSA scientific documents (e.g. EFSA PPR Panel, 2016), the PPR Panel
recommends, as a first step, to assess the potential genotoxicity of a DHM or UHM. In case a human
metabolite is present only in one laboratory species, assessed only in very specific or limited studies
(e.g. developmental toxicity study in rabbits or subchronic studies in dogs), further toxicological
considerations are appropriate, since other endpoints might not be covered (e.g. carcinogenicity).

6.2.1. New Approach Methodologies (NAMs)/Non-animal or Alternative Testing
Methods

One of the options to assess the potential toxicity of UHM and DHM would be animal testing,
however, such studies are undesirable in view of the worldwide effort to reduce animal testing for
ethical reasons. In addition, such studies are time consuming and expensive. Therefore, alternative
methods to animal testing, also referred to as NAMs provide options to generate information on the
potential toxicity of UHMs and DHMs. Although NAMs are widely used for data-poor chemicals, there is
currently no EFSA harmonised guidance document on the use of NAMs in chemical risk assessment
(see Section 7.9).

Ratio of quantities
human/animal metabolite

in vitro formation (RQh/a) ≤4?

Uncertainty
factor (UF) 100

YES

Reference point/ 
UF = HBGV

NO

Additional UF : 
calculate RQh/a 
and divide by 4

Overall UF : 
100 x additional UF

Reference 
point/overall UF = HBGV

Figure 6: Avoiding additional animal testing of a DHM by using an additional uncertainty factor for
the derivation of HBGV. Examples are given in Appendix J. (RQh/a: ratio of quantities of
human/ animal metabolite formed in vitro).
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QSAR and Read-across methods

A first step to identify the potential hazard of the metabolite under investigation would be the use
of non-testing methods such as QSAR and read-across. These methods allow to infer toxic properties
(e.g. genotoxicity or general toxicity) of UHM or DHM based on data for structurally similar substances.
The application of QSAR and read across for genotoxicity and general toxicity, and some worked
examples, have been previously described in detail in the PPR Panel Guidance on the establishment of
the residue definition for dietary risk assessment (EFSA PPR Panel, 2016). Below a brief description of
both approaches is presented.

QSAR models are statistically based or knowledge-based models which link chemical structure to
biological activity for a number of compounds and then predict such biological activity for data-poor
chemicals within the same applicability domain. The increasing availability of data and modern
machine learning techniques will further facilitate the development and increase the predictivity of
QSARs (e.g. Pawar et al., 2019; Muratov et al., 2020; Keyvanpour and Shirzad, 2021; Shah et al.,
2021). The in silico part of assessment generally starts with the QSAR analysis, e.g. using the OECD
Toolbox evaluation,6 of the parent and related metabolites to reveal highest similarities (e.g. Dice
index, analysis of functional groups).

While a simple similarity measure does not always reflect changes in reactivity and itself may not
be enough to fully justify a read-across prediction (Schultz et al., 2015, 2019), further analyses at
organic functional group levels are performed. In these analyses, potential significance of various
functional groups in terms of TK and TD is considered.

QSARs are predominantly used for predicting genotoxic properties of substances with a known
chemical structure. Currently, their use in predicting general toxicity is limited. For predicting
genotoxicity, QSAR models are generally considered to give reliable results when the substance to be
predicted is within the applicability domain (Benigni et al., 2019, 2020). When using QSARs,
conclusions on the genotoxicity are generally drawn on the outcome of two or more independent
QSAR models for each genotoxicity endpoint. All relevant genotoxicity endpoints, i.e. gene mutations,
and structural and numerical chromosomal aberrations, have to be considered. The conclusion on the
genotoxic potential of the metabolite(s) is justified by providing all necessary information, e.g. which
models were used, the applicability domain and reliability of the models.

Read-across is a technique used for predicting endpoint information for one substance by using
data on the same endpoint from one or more other substances which have been shown to be
structurally related. In a read-across approach, experimental data on genotoxicity or other endpoints
for one or more chemicals (source chemical(s)) can be used to make a prediction for the same
endpoint for one or more different chemicals (target chemical(s)), e.g. UHM and DHM. The primary
assumption is that the source and target chemical(s) provoke similar effects related to the assessed
endpoints, usually based on structural similarity, and therefore exhibit similar biological activity (OECD,
2007b). Guidance on grouping and read-across or how these principles can be implemented have been
published by ECHA (2008, 2013), OECD (2014) and EFSA (2019b).

The read-across approach is a stepwise process, starting with defining the endpoint that is
evaluated, and establishing a working hypothesis and justification for read-across. The structural
similarities of the UHM or DHM and the source chemicals (for instance the parent or other chemicals)
need to be assessed and the dissimilarities must be considered. The PPR Panel recommends to discuss
the relevance of the similarities and dissimilarities identified for making use of read-across to evaluate
the endpoint considered in the analysis. Based on the evaluation, it can be concluded whether the
UHM or DHM is similar to the source chemicals and is expected to exert the same toxicity as the
source chemicals or whether the UHM or DHM should be considered dissimilar and no conclusion on its
toxic effect can be drawn.

For the QSAR as well as read-across approaches, it is essential that all steps in the process are well
documented so that the adequacy and scientific validity of the approaches can be assessed.

The PPR Panel recommends to draw a final conclusion on the similarity between toxic potential of
the UHM or DHM and the structurally related chemicals upon the outcome from the QSAR and read-
across approaches and other available information, e.g. for in vitro tests, using a weight of evidence
approach (EFSA Scientific Committee, 2017a).

6 https://www.oecd.org/chemicalsafety/oecd-qsar-toolbox.htm#Guidance_Documents_and_Training_Materials_for_Using_the_
Toolbox
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In vitro methods. Genotoxicity testing of UHM or DHM (in case genotoxicity is not adequately
covered by available data or QSAR predictions) should follow the outline of the EFSA genotoxicity
testing strategies (EFSA, 2011; EFSA PPR Panel, 2016, 2017c). It is important to consider the structure
of the metabolite, because this could affect the behaviour of the compound, e.g. with regard to the
uptake into the cell. A possibility that a metabolite is further metabolised, needs consideration, also
regarding the adequacy of the standard S9-mix. Relevant in vitro genotoxicity tests have been included
in the OECD guideline programme.

Alternative in vitro test methods and strategies to measure TK processes (intestinal absorption and
metabolism, hepatic transport and metabolism, etc.) (Olesti et al., 2021) and TD processes at different
levels of biological organisation (molecular, biochemical, cellular, etc.) are currently being developed,
e.g. EUToxRisk (https://www.eu-toxrisk.eu/), DNT IATA (EFSA PPR Panel, 2021), EPA list (US EPA,
2021) and OECD guidelines. As an excellent example, skin sensitisation can indicate the progress in
development and application of non-animal test methods (OECD, 2020b). Concerning TK processes,
only measurement of skin absorption using in vitro methods is included in OECD guidelines (OECD TG
428; OECD, 2004) and in vitro CYP induction in human hepatocytes has been validated (Bernasconi et
al., 2019). Regarding TD processes, most OECD-approved guidelines are related to endocrine disruptor
screening (e.g. OECD TG 455, 456, 458, 493; OECD, 2016, 2011, 2020c, 2015, respectively)). Many
cell-based test panels for target organ toxicities have been developed and many of them are available
commercially. Examples of such panels include microphysiological test systems (Marx et al., 2020),
tissue chip technologies (Rusyn and Roth, 2021), imaging-based (cell painting) phenotypic profiling
(Hussain et al., 2020; Nyffeler et al., 2020) and in vitro cell stress panels (Hatherell et al., 2020). A
recent example of the use of such in vitro information for toxicological evaluation is coumarin (Baltazar
et al., 2020). Recently, the USA consumer product safety commission (CPSC) drafted a guidance to
clarify to stakeholders the informational requirements of CPSC to evaluate NAMs and IATAs, e.g.
related to concordance and reproducibility data, false-positive and false-negative rates, applicability
domain, test endpoint and validation studies (CPSC, 2021). The recently adopted 11th Revision of the
SCCS Note for Guidance for assessing the safety of cosmetic ingredients (SCCS, 2021) is also a
valuable document to be consulted, considering that animal testing in banned in Europe for these
kinds of products and alternative approaches are described. This or similar guidance from regulatory
agencies will facilitate the use of data obtained by NAMs and IATAs to provide information on the
toxicity of UHMs and DHMs.

Non-guideline in vitro test methods are increasingly being used for providing information as part of
the weight of scientific evidence in characterising mechanism or mode of action or a hazard in order to
better understand the toxicity observed with parent and metabolite(s) and used in risk-based decision-
making. Furthermore, the results of these in vitro methods are important as building blocks for
molecular initiating and key events and their relationships in developing adverse outcome pathways
(AOPs) which would be useful in the frame of IATA schemes, provided they are scientifically justifiable
and suitable for risk assessment purposes. However, the PPR Panel recommends to consider the use in
vitro methods, as well as experimental evidence obtained with the approaches mentioned above, on a
case-by-case basis and by assessing the relevance and reliability of the alternative approaches (OECD,
2018a). When assessing the internal validity of the study, the criteria set by National Toxicology
Programme-Office of Heath Assessment and Translation (NTP-OHAT) is recommended to be applied
(NTP, 2019).

6.2.2. In vivo methods

If the above in silico and in vitro assessments do not allow for the convincing conclusion as to the
absence or insignificant probability of a human hazard, toxicological relevance of DHM and UHM can
be based on in vivo testing (EFSA PPR Panel, 2016) as a last resort. The testing strategy should take
into account the toxicological profile of the parent compound and the possibility to explore specific
hazards.

For toxicity assessment of DHM and UHM, for which safety concerns cannot be excluded by other
means and methods, in vivo tests may be the last option. Because of the unknown toxicity of the
human metabolites of concern and the need to set health-based guidance values, a 90-day rat study
(OECD TG 409; OECD, 1998) on the metabolite can be an option. This is unless an alternative study
would better reflect the most reasonable comparison by using lower number of animals. The PPR
Panel recommends to assure comparability of testing conditions by using the same strain of laboratory
animals and the same experimental conditions used for the parent.
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6.3. Risk characterisation

Analogously to cosmetic ingredients (SCCS, 2021), an approximate risk assessment to human
metabolites could be based on internal doses, if considered justified.

For this assessment of the internal dose, the PPR Panel highly recommends building a generic PBK
model to estimate the internal human exposure to the parent compound and on this basis also to the
metabolites of concern, following the OECD Guidance document on the characterisation, validation and
reporting of PBK models for regulatory purposes (OECD Guidance Document No331, 2021).

In the absence of data and in judiciously selected cases, the use of an adjusted internal threshold
of toxicological concern (TTC) (Partosch et al., 2014) might be a suitable approach in case of a very
low exposure (below 1 µg/kg bw per day). Work is ongoing to develop robust internal TTC thresholds,
especially in the area of cosmetics; meanwhile the SCCS has proposed an interim conservative internal
TTC of 1 lmol/L plasma concentration, which is supported by the published experience on
pharmaceuticals, a literature review of non-drug chemical/receptor interactions and analysis of
ToxCastTM data (SCCS, 2021). This internal TTC value applies only to non-genotoxic substances.

If a human metabolite is considered to be covered by toxicological evaluation of a parent
compound, also its risk assessment is covered.

When the toxicity of a human metabolite is not covered by the parent compound data, even if only
a limited toxicological database exists, available data may still be useful for risk assessment. In such
cases an additional UF might apply to setting of health-based guidance value for a human metabolite
(EFSA Scientific Committee, 2012). Additional UFs, usually in the range of 3–10, may be applied to
account for limited or missing data, e.g. to extrapolate from an LOAEL to an NOAEL or from a short-
term to a long-term study. The value of the UFs must be determined by expert judgement on a case-
by-case basis. As an alternative approach to the application of an additional uncertainty factor for
extrapolation of an LOAEL to an NOAEL, the data from the critical study may be modelled to derive a
BMDL as a potential reference point to be used for the derivation of the health-based guidance value.

7. Recommendations for the future

7.1. Relevance of comparative metabolism studies to other areas

The PPR recommends to:

• reflect upon the metabolites or degradation products formed in groundwater or as
residues in plants and/or livestock studies. Some DHM and UHM might be identified in
residues and livestock or groundwater. Information obtained from testing the metabolites of
pesticide active substance could help in assessing their relevance in this area.

• consider the formation of reactive metabolites. The comparative in vitro metabolism
studies may also suggest the formation of reactive (see Appendix E), potentially toxic
metabolites, which requires tentative identification. It is of importance to use this information
in studies concerning residues and their potential toxicity (crops, food-producing animals, food
processing, etc.) for targeted search and tentative identification and for checking whether
there could be additional sources of human exposure.

• explore the use of in vitro metabolism studies in other areas such as residues. For
example, with the aim to replace in vivo livestock metabolism studies and reduce animal
testing (Montesissa et al., 1996). It is noted that OECD guideline TG already exists for in vitro
metabolism using fish S9 and fish hepatocytes (OECD TG 319A and B, OECD, 2018c,d).

7.2. Human relevance of toxicity effects, within a weight of evidence
approach

The PPR recommends to:

• Consider contribution of comparative in vitro metabolism studies for the
assessment of the human relevance of toxic effects observed in animals. The
species-specific formation of metabolites can also be useful as additional line of evidence for
assessing the human relevance of toxicity effects observed in animal species. The use of
hepatocytes from all animal species used in toxicological studies (i.e. rat, mouse, dog and
rabbit) would be strongly recommended to address human relevance of adverse effects
observed in animal species, within a weight of evidence approach (EFSA Scientific Committee,
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2017a). It is clear that a species-specific effect e.g. in rats can be only tentatively attributed to
the concurrent formation of a ‘unique’ metabolite and further mechanistic studies on the
plausibility of the hypothesis are needed. However, this can flag a potential issue about the
relevance of deriving the reference values from toxicological studies from that species.
Information from comparative in vitro metabolism can be added to dose-temporal concordance
table within the ICPS frameworks for assessment of mode of actions and human relevance.

• For a pesticide active substance re-evaluation, comparative in vitro metabolism
studies should be considered under the renewal process as a tool to identify the
relevant species for setting health-based guidance values. The species-specific
formation of metabolites may be also important in the discussion on which animal species the
setting of reference values should be based. In case rat and human have a similar metabolic
profile, while the dog is characterised by a peculiar metabolic pattern with the lowest NOAEL
observed in the 1-year dog study, then it should be proven that the metabolites formed only in
dogs are those responsible for the observed effects and the dog is therefore not the relevant
species for human risk assessment. This recommendation is in line with the EU Regulation
283/2013.

• Consider comparative in vitro metabolism studies as a tool to improve the design
of toxicological data set and reduce animal testing (3Rs). For new pesticide active
substances safety assessment, specific studies should be performed on defined species and
this is currently not subject to changes. However, even if it is not the primary goal of this
Scientific Opinion, it is worth mentioning that in other areas (e.g. drug development)
comparative in vitro metabolism studies provide useful information to select the most relevant
species in toxicological studies for new developed test item. In this case, the kinetic
information is collected before the other toxicity studies are conducted and the most
appropriate species is selected, with a substantial reduction in the number of animals tested
(EMA, 2009; FDA, 2020). A first attempt to follow this line is given in Commission Regulation
(EU) No 283/2013, where it is stated: 5.5 Long term toxicity and carcinogenicity – If
comparative metabolism data indicate that either rat or mouse is an inappropriate model for
human cancer risk assessment, an alternative species shall be considered. This consideration
could be subject to discussion when it comes to the update of the data requirements for
pesticides in the future, as this is in line with the animal welfare policy in the EU. EU legislation
on the protection of animals used for scientific purposes identifies guiding principles for the
ethical use of animals in experimental procedures (Directive 2010/63/EU), based on the 3Rs
principles (replace, reduce and refine). As part of the DG-Sante, EURL ECVAM has a specific
mandate specified in EU legislation and includes a number of duties to advance the 3Rs
principles of animal testing. In this context and based on the internationally established
principles of the 3Rs, EFSA is committed to promote use of data derived from alternative
approaches or NAMs, where possible (EFSA, 2014). The commitment also applies to EMA,
having established a specific WG on the Application of the 3Rs in Regulatory Testing of
Medicinal Products (EMA, 2017a,b) and to ECHA (2017).

7.3. Human body fluid and tissues

The PPR recommends to:

• Consider the possibility to use mandatory field studies for efficacy and residues as
an occasion to collect urine samples in operators. As explained in the terms of
reference, following implementation of Regulation (EU) 283/2013, analytical methods are
required for the substances that are included in the residue definition for human body fluids
and tissues. In the development of plant protection products, the applicant will perform
residues field studies in which the product is handled by operators who are potentially
exposed to the active substance in the formulated product. It would be possible to obtain
biological specimens from the exposed people, e.g. fractionated collection of urine over 24 h.
Provided that the specific metabolites monitored in urine are identical in in vitro studies in
human test system, the specimens could be examined for the presence and amounts of the
parent compound and respective specific metabolites, thus providing information on the
metabolites occurring in vivo in humans. Although the amount of active substance and
metabolites is expected to be low, the structure of potential human metabolites is already
known from in vitro metabolism studies. Confirming the in vitro human metabolites in vivo
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would contribute to the confidence in the conducted human risk assessment and to propose
proper residue definition for human body fluids and tissues. The PPR noted that all ethical
considerations should be taken when conducting these studies and analyses.

• Consider follow-up biomonitoring studies on residents and workers. It could provide
additional relevant information on the metabolism of active substances in humans. Further
information on human biomonitoring following exposure to pesticides can be found in an EFSA
supporting publication (RPA, HSL and IEH, 2017).

7.4. Additional parameters to be measured in the in vitro metabolism
study

The PPR recommends to:

• Consider the possibility to evaluate in the same experiment the in vitro metabolic
clearance, Km and Vmax. This is possible by quantifying the concentration of parent
compound in the in vitro test systems across experimental concentrations and over time
points. Although this information is not strictly needed for the identification of potential UHM or
DHM, it may be useful for future applications in TK modelling of active substances of plant
protection products. The PPR Panel noted that for adequate determination of Km and Vmax,
experimental conditions will need to be optimised, such as determination of the optimal
incubation time point and inclusion of more than three concentrations.

• Pay attention to the metabolite profile of both phase I and II metabolites, which may
suggest the formation of potential reactive intermediates and metabolites, such as glutathione
or sulfate-conjugates and their downstream products.

7.5. Non-hepatic metabolism

The PPR recommends to:

• Address non-hepatic metabolism when information from the in vivo rat TK study
can indicate that non-hepatic metabolism plays a major role. When in vivo rat
metabolites formed are predominantly products of esterases (e.g. carboxylesterases (CEs)) or
other biotransformation enzymes (e.g. monoamino oxidases (MAO)), and when the conversion
rate is high (i.e. practically all the parent is expected to be initially hydrolysed on the basis of
the rat in vivo TK data), one should consider using both a liver-based tool and a suitable
extrahepatic tool relevant for the exposure route (i.e. an enterocyte test system for oral
exposure). If hydrolysis is very rapid in the enterocyte test system, systemic exposure is
expected to be mainly to the principal product(s) of hydrolysis. An enterocyte testing system
(or analogous) is needed to evaluate the extent of first-pass metabolism and the extent of
exposure of the liver to the predominant hydrolysis product. Consequently, the PPR Panel
recommends to use the principal hydrolysed metabolite as a substrate for the liver-based test
system to evaluate its further phase I and II metabolic fates. Interspecies differences in liver
metabolism of pesticides play a critical role to depict their comparative metabolism, kinetics
and associated consequences on toxicity (detoxification/bioactivation). In addition, intestinal
metabolism plays an important role in the first pass metabolism and depicting interspecies
differences related to such processes can support the development of quantitative in vitro–in
vivo extrapolation and PBK models. These can be further integrated in the risk assessment
process to take into account the species-specific ADME, differences in internal dose at the
target organ and toxicity in a quantitative manner.

• Development of in vitro systems to investigate such species differences in
intestinal metabolism. The test system should be able to express intestinal phase I/phase II
enzymes and transporters in order to identify isoform-specific metabolism (human enzymes
and corresponding orthologous in experimental animals) and the relative contribution
compared to the liver. The performance of case studies will be necessary to validate these test
systems using pesticide active substances with known metabolism. This will provide, in parallel
to hepatic metabolism, a model to characterise inter-species differences in the first pass
metabolism.
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• Development of a database providing quantitative information on the expression and
activities of phase I, phase II enzymes and transporters in organs with biotransformation
capacity, including the liver, intestine and kidney at the isoform level in test species and humans.

• Development of quantitative in vitro–in vivo extrapolation (QIVIVE) and PBK
models for each species integrating liver, intestinal, kidney metabolism, etc., transport and
excretion while testing and validating them with pesticide active substances with known and
unknown ADME properties.

7.6. Study design of the in vivo rat ADME study

The PPR recommends to:

• improve the design of the in vivo rat ADME study (OECD 417; OECD, 2010). The
design of the in vivo rat ADME study does not always allow proper estimation of TK
parameters for their application in the construction of a PBK model, if only total radioactivity
was measured. Critical factors for estimating TK parameters are dose (multiple), concentration
of a parent and principal metabolites (plasma, excreta, tissues) and time (multiple points). TK
parameters to be estimated are absorption, bioavailability (intestinal, post-hepatic), protein
binding, volume of distribution, metabolite formation (fractional), clearances, half-life and
excretion pattern in biological fluids.

• In addition to the measurement of total radioactivity, specific methods to measure parent
and metabolites separately should be applied, not only at the final time point but also at
intermediate time points.

7.7. PBK modelling

The PPR recommends to:

• build a generic PBK model to estimate the internal exposure to the parent
compound and to the metabolites of concern in humans and test species. As
described in this Scientific Opinion, the data generated from comparative in vitro metabolism
studies are used to assess interspecies differences in metabolite formation in a qualitative and
quantitative manner. A direct translation of such in vitro data to the in vivo situation is not
straightforward, and more insight and better understanding is needed here. For an optimal
translation of animal toxicity data to the human situation regarding interspecies differences in
kinetics, quantitative insight into interspecies differences in time-dependent internal
concentrations would be needed, as an ultimate aim, for both the parent chemical and its
metabolites at defined exposure scenarios. Such time-dependent internal exposures do not
solely depend on biotransformation in the liver, but also on other kinetic processes, which can
differ extensively between species, including uptake and metabolism from the gastrointestinal
tract, plasma protein binding, plasma: tissue partitioning, excretion rate and for certain
chemicals extrahepatic metabolism and transporter protein-mediated kinetics. These chemical-
and species-specific kinetic processes can be integrated in PBK models, which can be used to
predict/simulate internal concentrations at defined exposure scenarios. For the development of
such PBK models, in vitro, in silico and in vivo kinetic data can be used to obtain chemical-
specific input parameters. In that regard, the in vitro biotransformation data produced in the
context of the comparative in vitro metabolism studies described in this Scientific Opinion can
provide important chemical-specific input data for PBK model development in both test species
and humans.

In the context of this Scientific Opinion, such PBK-TD models can be used to (1) quantitatively
assess species differences in internal exposure to DHM and (2) for quantitative in vitro to in vivo
extrapolation of NAM-based toxicity data (mainly from in vitro studies) obtained for UHM and/or DHM,
estimating external exposure to the pesticide active substance.

In 2021, the OECD released a ‘Guidance document on the characterization, validation and reporting
of PBK models for regulatory purposes’ OECD Guidance Document No. 331), with ‘the goal of
increasing confidence in the use of these models parameterized with data from in vitro and in silico
methods’. Application of high-quality and robust input data using standardised approaches, e.g. as
proposed in this opinion, is considered critical for increased confidence in such PBK models based on in
vitro- and in silico-derived chemical-specific kinetic parameters.

Comparative in vitro metabolism

www.efsa.europa.eu/efsajournal 26 EFSA Journal 2021;19(12):6970

 18314732, 2021, 12, D
ow

nloaded from
 https://efsa.onlinelibrary.w

iley.com
/doi/10.2903/j.efsa.2021.6970 by U

niversita D
i M

ilano, W
iley O

nline L
ibrary on [12/05/2023]. 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



7.8. Use of pathway-related uncertainty factors and chemical-specific
adjustment factors

The PPR recommends to:

• use pathway-related uncertainty factors and chemical-specific adjustment factors
instead of default factor by investigating isoform-specific metabolism. The WHO
proposed the use of chemical-specific adjustment factors (CSAF) when chemical-specific data are
available or pathway-related UFs for the human TK dimension, when the metabolic pathway is
known in humans (Renwick, 1993; IPCS, 2005; Dorne and Renwick, 2005; EFSA Scientific
Committee, 2012; Bhat et al., 2017; Dorne, 2010). Such CSAFs have been applied in the context
of EFSA’s risk assessment for cadmium through a meta-analysis of TD biomarkers combined with
PBK modelling (EFSA CONTAM, 2009). A further example is the phosphates as food additives (E
338- 341, E343, E450 – 452) where mechanistic information and a probabilistic approach was
used for deriving a CSAF reducing it from the default of 100 to 4 (Smeraldi et al., 2020). In
addition, human variability in TK processes using the pharmaceutical database has been
investigated for specific isoforms of phase I (e.g. CYP3A4, CYP2C9, CYP2C19, CYP2D6; PON1)
and phase II enzymes (e.g. GSTs) by means of meta-analysis of parameters reflecting acute
(Cmax) and chronic exposure (AUC) (Testai et al., 2021). The resulting variability distributions
were combined with isoform-specific in vitro metabolism data for food relevant chemicals (e.g.
pesticide active substances, contaminants) to predict their blood concentrations in humans by
means of PBK and QIVIVE modelling. Finally, PBK-TD modelling has also been developed for
specific pesticide active substances and endpoints such as acetyl-cholinesterase inhibition
(Kasteel et al., 2020; Testai et al., 2021). Such developments will allow the integration of
quantitative mode of action and AOP information in chemical risk assessment. Since the AOP
framework does not include the TK dimension, the Aggregated Exposure Pathway (AEP) concept
has been proposed to integrate such dimension and EFSA’s Scientific Committee has
recommended to further develop knowledge on MoA, AOP and AEPs (EFSA Scientific Committee,
2019). In this context, it is foreseen that the identification of metabolic pathways for pesticide
active substances and other chemicals in test species and humans using in vitro assays combined
with chemical-specific data and PBK modelling can allow to explore integration of AEPs and AOPs
and refine default UFs to science-based UFs. However, according to the current EU legislation on
pesticide active substances, the default UF should not be lowered below a 100-fold.

7.9. Overarching guidance on TK and NAMs for hazard characterisation

The PPR recommends to:

• develop an EFSA harmonised guidance document on the use of TKs and
metabolism data in chemical risk assessment. The PPR panel recommends the
development of a guidance document on the use of TKs and metabolism data in chemical risk
assessment by EFSA’s Scientific Committee. This will provide harmonised methodologies for
regulated products and contaminants using tiered approaches depending on the regulatory
context and data availability. These include the use of basic ADME data, the development of
PBK and QIVIVE models and the integration of quantitative metrics on interspecies differences
and human variability in TK processes including subgroups of the human population (children,
inter-ethnic differences, individuals harbouring the same genetic polymorphisms) (OECD, 2021;
Testai et al., 2021). Finally, such a guidance document will provide a basis to derive reference
points and health-based guidance values on an internal dose basis for risk characterisation
through illustrative case studies.

• To develop an EFSA harmonised guidance document on the use of NAMs in
chemical risk assessment. The PPR panel recommends further integration of NAMs in
chemical risk assessment (e.g. high-throughput techniques, in vitro, OMICs and in silico
methods such as PBK and QIVIVE models) as currently investigated worldwide (OECD, US EPA,
EFSA). Relevant examples include large open-source platforms such as the US-EPA CompTox
Chemicals Dashboard, ECHA’s REACH database and EFSA’s OpenFoodTox and new QSAR
models predicting TK and TD properties of chemicals such as the VEGA hub and the OPERA
suite from US-EPA (Dawson et al., 2021; Williams et al., 2021). In practice, case studies could
explore how to integrate NAMs for a range of regulatory contexts (pesticide active substances,
food additives, contaminants) using the existing OECD Harmonised Template (OHT) 201 for
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structuring mechanistic data and the OHT 58 for kinetic data to implement these tools in a
structured and transparent manner.

7.10 Guidance on comparative in vitro metabolism

The PPR Panel recommends performing a critical assessment of the studies submitted following the
experimental design as introduced in this opinion to gain experience and to be used in the drafting of
a future guidance on comparative in vitro metabolism.
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CL int; in vitro
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CL int, in vitro time-dependent decrease of the test item (µL/min per mg
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assessment
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structures and functions common to all cells of the body, such as DNA,
chromosomes, mitochondria, the cytoskeleton and various membranes (OECD,
2018)

DEFRA Department for Environment Food & Rural Affairs
DHM;
Disproportionate
human metabolite(s)

Metabolite(s) produced by both human- and animal hepatocytes, but at a
significantly higher amount with the human hepatocytes than in animal
species.

Distal metabolite Produced from two or more reactions from the test item. This term has been
used in this opinion. In xenobiotic metabolism secondary metabolite is used to
define this kind of metabolite, however because this term is used in a different
meaning in plant or microorganism sciences, a word ‘ distal’ has been often
used in this opinion
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EURL ECVAM EU Reference Laboratory for alternatives to animal testing
FDA Food Drug Administration
FP7 Predict IV Seventh Framework Programme. Profiling the toxicity of new drugs: a non-

animal-based approach integrating toxicodynamics and biokinetics.
GSH Glutathione
HBGV Health-based guidance values
HPLC High-pressure liquid chromatography
HPLC-UV High-pressure liquid chromatography-ultraviolet
HRMS High Resolution MS
IATA integrated approach to testing and assessment
IMS Ion mobility
INCHI International Chemical Identifier
IPCS International Programme on Chemical Safety
IUPAC International Union of Pure and Applied Chemistry
KCN Potassium Cyanide
Km Michaelis constant
LC-MS liquid chromatography-mass spectrometry
livestock Cattle, horses, poultry, and similar animals kept for domestic use but not as

pets, especially on a farm or ranch.
LDH Lactate dehydrogenase
LOAEL Low observed adverse effect level
LOE Line of evidence
Metabolic
competence

Capacity of a test system to metabolise a test item.

MAO monoamino oxidase
Mass balance The term ‘mass balance’ refers to attempting to collect as much of the

radiolabel administered as possible. The radiolabel is collected while
monitoring the exposure of radioactivity in biological samples and/or accessible
tissues of interest.

MetaPath Metabolic Pathways
Met-ID Metabolite identification
MS mass spectrometry
MS/MS Tandem mass spectrometry
MSE/DDA Data dependent Acquisition
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NADPH Nicotinamide adenine dinucleotide phosphate
NAMs New Approach Methodologies
NB Nota bene
NMR nuclear magnetic resonance
NOAEL No observed adverse effect level
Non-specific binding Attachment of the test item to either the macromolecules of the cell medium

or sorption of the test item to the plastic labware or physical sequestration of
the test item in the matrix (e.g. collagen scaffolds)

OECD Organisation for Economic Co-operation and Development
OHT OECD Harmonised Templates
PB(T)K models Physiologically Based (Toxico)Kinetic models. Physiologically based (toxico)

kinetic, or alternatively referred to as physiologically based pharmacokinetic or
biokinetic models, are quantitative descriptions of absorption, distribution,
metabolism, and excretion (ADME, possibly including toxicity as ADMET) of
synthetic or natural chemical substances in humans and other animal species.
PBTK models are increasingly being used as an effective tool for designing
toxicology experiments and for conducting extrapolations essential for risk
assessments (e.g. in pharmaceutical research and drug development, and in
health risk assessment for cosmetics or general chemicals) (OECD, 2021).

Phase 1 metabolism Oxidation, reduction or hydrolysis reactions
Phase 2 metabolism Conjugation reactions, i.e. glucuronidation, acetylation, glutathione

conjugation and sulfation
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Pivotal species Laboratory animal species used in toxicological studies that have been used
for setting human health based guidance values.

PPR Plant Protection Products and their Residues
PREV Pesticide Peer Review
Primary metabolite Produced from a single biotransformation reaction from the test item (Dalvie

et al., 2009)
QIVIVE Quantitative in vitro–in vivo extrapolation
QSAR Quantitative structure–activity relationship
RAM Radioactive detector
REACH Registration, Evaluation, Authorisation and Restriction of Chemicals
Slow metabolism Less than 20% decrease of the concentration of the test item (and its related

conversion into metabolites) during 4 h in suspended hepatocytes
Secondary metabolite Produced from two or more reactions from the test item (Dalvie et al., 2009).

Because this term is used in a different meaning in plant or microorganism
sciences, a word ‘ distal’ has been often used in this opinion.

TG Test Guideline
TD Toxicodynamics
Test item Synonym of the active substance
3Rs principle Replacement, reduction and refinement of animal experimentation
TK (or ADME) Toxicokinetics. Study of the absorption, distribution, excretion, and metabolism

(ADME) of substances (OECD TG 417)
TLC Thin layer chromatography
TOF Time-of-flight
TTC Threshold of toxicological concern. The threshold of toxicological concern

(TTC) approach is a pragmatic, scientifically valid methodology to assess the
safety of substances of unknown toxicity found in food

UF Uncertainty Factor
UHM, Unique human
metabolite(s)

Metabolite(s) only formed/detected in vitro in human hepatocytes and not in
laboratory animal species.

US EPA United States Environmental Protection Agency
Vmax Maximum velocity
WG Working group
WHO World Health Organization
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Appendix A – In vitro systems for studying hepatic metabolism

A.1. Metabolism of xenobiotics

A large number of enzymes participate in the metabolism of compounds foreign to the body
(‘xenobiotics’ including pesticide active substances) and traditionally these biotransformations are
grouped into two phases. Phase I (i.e. oxidations, reduction, hydrolysis, etc.) is responsible for either
detoxification or for bioactivation resulting in the formation of more toxic metabolites. Phase II
metabolism (conjugations a parent or a phase I metabolite with glucuronic acid, sulfate, glutathione,
etc.) mainly facilitates the excretion of chemicals by making them more hydrophilic and generally
makes reactive metabolites inactive by, e.g. glutathione conjugation. However, it is known that some
phase II metabolites can be toxic (Glatt, 2000), indicating that it is relevant to also cover all Phase II
metabolites, including sulfo-conjugation for which the responsible enzymes are lacking in liver
microsomes, as well as glutathione conjugation which takes predominantly place in the soluble fraction
in the cell.

The number of metabolites produced from a single substance may be from none or a few to more
than hundreds. Often, one or a couple major and several minor metabolites are formed from a single
compound. However, the PPR Panel noted that primary metabolites are usually further metabolised to
more distal metabolites and thus amounts of any single metabolite could change as a function of time,
either decreasing, if further metabolism is very active, or increasing as happens to many more distal
metabolites, e.g. glucuronides and other conjugates. It should also be remembered that in vivo
metabolites move through the body to be ultimately excreted via urine or bile (faeces). Thus, actually
the measurement of metabolites in any in vitro test system is a moving target, a snapshot of the
continuous dynamic process, and by in vitro systems, it is possible to obtain only a partial, incomplete
and time point specific view of the metabolite profile of a substance.

A.2. In vitro test systems

A large variety of in vitro test systems to study metabolism are currently available ranging from
tests to study single or a few metabolising enzymes (e.g. recombinant enzymes) to organs-on-a-chip
techniques intended to mimic metabolically active tissues/organs in more physiological arrangements
(e.g. organoids). These in vitro hepatic test systems are used for the production, identification and
quantitation of metabolites, but they all have definitive advantages and disadvantages in this respect.
Subcellular fractions (e.g. liver microsomes) and isolated hepatocytes have been used for decades for
metabolism studies and there is a huge database on using them for specific purposes in metabolism
studies. There are a large number of more elaborated test systems (see Table A.1), many of them
commercially available, but these systems are still under development and there is insufficient
experience and validation.

Because the goal of this opinion is to compare metabolite profiles between humans and test
species with the aim to detect both UHM and DHM, to be applied for human risk assessment based on
animal regulatory toxicity studies, the outcome of the test should mimic the in vivo situation as much
as possible. In the context of this opinion, it is appropriate to state that there exists a common
consensus among scientists and regulators that hepatocyte in vitro test system is the best option when
there is a need to produce a metabolite profile resembling an in vivo profile. The main reasons to
select hepatocytes have been elaborated in Section 3.

A.3. Short-term incubation: hepatocytes in suspension

As explained in Section 3, the opinion recommends using in the first place a pool of hepatocytes in
suspension, unless there are reasons as elaborated below to employ cultured hepatocytes, and to
perform incubations at three time points within a 4-h time frame. If conversion of the parent is less
than 20% (and if this is not increased to 20% or more upon increasing the hepatocyte concentration
(e.g. to 2 million hepatocytes/mL)), or existing information suggests a low clearance for that chemical,
the PPR Panel recommends to perform a longer incubation by using plated hepatocytes exposed to the
chemical for 24 h.
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A.4. Long-term incubation: hepatocytes plated

For chemicals that are slowly metabolised, the PPR Panel recommends to use plated primary
hepatocytes, since suspended hepatocytes have a limited viability at longer incubation times (more than
4 h). In the context of this opinion, a chemical (parent compound) is considered slowly metabolised
when its concentration decreases less than 20% after 4 h incubation using the recommended cell
concentration of 1 million hepatocytes/mL. Only when the slowly metabolised test item is known to have
a half-life lower than 24 h, the long-term incubation can be skipped. Various long-term hepatic test
systems are available, as being described in Bernasconi et al. (2019). It is considered sufficient to use
plated hepatocytes in a 2D configuration. It is acknowledged that various culture techniques using 3D
configurations are rapidly evolving and currently available from commercial developers (see Table A.1).
Advantages of 3D configurations include a better differentiation state and longer longevity. On the other
hand, one should consider that chemical diffusion into the liver cells, and related availability of chemical
to the metabolising enzymes, may be lower in 3D configurations. The use of 3D configurations is in this
stage not recommended because the aim of this opinion is to have simple study designs, and since
various adequate 2D models are available. Furthermore, the chemical applicability domain of hepatic 3D
models has not been evaluated so far, so their appropriateness for comparative metabolism studies with
pesticide active substances is not known.

Table A.1: In vitro hepatic test systems used for the production, identification and quantitation of
metabolites: advantages and disadvantages

Test system Main advantage Main disadvantage References

In vitro systems with extensive experience and current use for regulatory purposes (Modified from
Wilk-Zasadna et al. (2015) and Gouliarmou et al. (2018))

Recombinant
enzymes

Study of iso-enzyme specific
metabolism

One or few enzymes in
isolation in an ‘artificial’
environment

Foti et al. (2010),
Buratti et al. (2011)

Liver
microsomes

Major phase I enzymes present
(CYPs, etc.)

Insufficient activities for
most phase II enzymes

Buratti et al. (2013),
Buratti and Testai
(2015)

Liver S9 or
homogenate

Major phase I and II enzymes present Subcellular preparation Pelkonen et al. (2009)

* Primary
hepatocytes, in
suspension

Major phase I and II enzymes present
and intact cell system: the current
‘gold standard’ for incubation periods
up to 4 h

Viable for limited time Smith et al. (2012)

* Primary
hepatocytes,
plated

Major phase I and II enzymes present
and intact cell system: the current
‘gold standard’ for incubation periods
longer than 4 h

Gradual decline of metabolic
functions in time

Smith et al. (2012)

HepaRG® cell
line

Metabolic competence ‘hepatocyte-
like’

Represents one donor only Bell et al. (2017)

Human liver
slices

Major phase I and II enzymes present
and intact cell system, basic hepatic
architecture preserved

Specialised skills needed and
Difficult to obtain

de Graaf et al. (2010)

Test systems based on isolated hepatocytes and/or supporting cells (examples)
Currently investigated, but not yet established, test systems for assessing (human) liver metabolism (see e.g.
Godoy et al., 2013; Wilk-Zasadna et al., 2015; Lauschke et al., 2016; Serras et al., 2021)

Primary cell co-
cultures

Relevant interactions with other cell
types

Limited information on
performance available

Guguen-Guillouzo and
Guillouzo (2010)

Micropatterned
plated cell cultures
(e.g. Hepatopac)

Improved stability and functionality
Commercially available

Limited information on
performance available

Chan et al. (2013)

HµREL® Biochip
(microfluidic flow)

Improved stability and functionality
Commercially available

Limited information on
performance available
Relative complex set-up

Burton et al. (2018)
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Test system Main advantage Main disadvantage References

Spheroid scaffold-
free cultures

Improved stability and functionality
Relatively simple setup

Limited information on
performance available

Bell et al. (2017)

Organoids based
on primary hepatic
material

Close resemblance to in vivo
physiological situation

Limited information on
performance available

Gough et al. (2021)

Hepatocyte-like
cells based on
pluripotent
(embryonic or
induced) stem cells

Easy access to material from different
donors (for induced pluripotent stem
cells)

Limited information on
performance available
Functionality in doubt

Si-Tayeb et al. (2010),
Pal et al. (2012)

*: Recommended test system for testing comparative metabolism.
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Appendix B – Test item and reference compounds

B.1. Purity of the test item

The PPR Panel recommends to specify chemical purity for the test item. For reference compounds,
the PPR Panel recommends purity as high as possible and certified material.

The test item to be used in the comparative in vitro metabolism study can be both non-
radiolabelled or radiolabelled material. The choice mainly depends on the sensitivity of the analytical
method employed for metabolite identification analysis. The advances in analytical methods allow the
use of non-radiolabelled material still ensuring good sensitivity, although special attention should be
paid, when using non-radiolabelled material and developing the analytical method, to avoid the
possibility that potentially relevant metabolites are not detected because present at levels below the
limit of detection of the analytical method.

Radiolabelled material can balance the selectivity issue of the analytical method. The use of
radiolabelled material could be from a practical use more straightforward since it is normally used
when conducting animal (rat) TK studies. When radiolabelled material is used, in line with the OECD
TG 417 (item 18 and 19 OECD, 2010), the radiopurity of the radioactive test substance should be the
highest attainable for a particular test substance (ideally it should be greater than 95%). Information
should be provided on the type of radionuclide used.

B.2. Isotope labelling of the test item

The PPR recommends to follow the same principles as in OECD TG 501 (OECD, 2007a) where the
test item should be labelled so that the degradation pathway can be traced as far as possible.
Particularly, the radiolabel should be positioned in the molecule so that all significant moieties or
degradation products can be tracked. If multiple ring structures or significant side chains are present,
separate studies reflecting labelling of each ring or side chain will normally be required if it is
anticipated that cleavage between these moieties may occur. In general, the position of the radiolabel
when conducting a comparative in vitro metabolism study should reflect what is done when performing
in vivo ADME studies according to OECD TG 417 (item 18 and 19 in the OECD TG 417; OECD, 2010).

B.3. Assess solubility, stability, volatility

The assessment of solubility, volatility and stability is highly relevant to determine the highest
concentration of the test item that can be present in the medium containing the test system and to
properly characterise the test item.

In line with OECD GD on GIVIMP (2018a), the PPR recommends to determine solubility, stability,
volatility and non-specific binding (see Appendix C.1.3 for more detailed discussion on non-specific
binding). These parameters can affect the concentration and the bioavailability of the test item and
reference compound added to hepatocytes when performing a comparative in vitro metabolism study.

The concentration of the test item added to the test system (by diluting a stock solution in solvent
to the medium) is called nominal concentration. Once the stock solution of the test item is added to
the cell medium containing the test system (hepatocytes), the concentration of the test item available
to the hepatocytes may be lower than the nominal concentration. This concentration available for the
cells is called actual concentration. An actual concentration lower than the nominal concentration can
be due to one or more processes related to solubility, stability, volatility and non-specific binding, which
depend on the specific chemical–physical properties of the test item. Low actual concentration of the
test item might cause that some relevant metabolites are formed at low levels which can eventually be
not detected because below the limit of detection of the analytical method. Therefore, considering that
the experimental layout is designed to maximise the chances of detecting all relevant metabolites by
reducing any source which can lead to a low actual concentration of the test item.

Poor solubility and/or high volatility of the test item contributes to a low actual concentration.
Moreover, testing a test item with poor solubility or that is highly volatile can be technically difficult.

Most probably, solubility of the test item has been assessed earlier in the testing process (in vivo TK
study and toxicology studies), before performing the comparative in vitro metabolism study. However,
the PPR recommends to always evaluate solubility before conducting a comparative in vitro metabolism
study, as also indicated in GIVIMP. This is necessary because the solvent used to prepare the stock
solution and then the cell medium for the working solution are most likely different from those used in
the in vivo studies and solubility may be different.
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It is suggested to prepare, if solubility allows, stock solutions that are 1,000 times higher than the
desired nominal concentrations. OECD GIVIMP provides technical guidance on how to measure
solubility, both in stock solutions and in working solutions. The easiest method relies on visual
inspection although the accuracy is less than when using appropriate instrumentation as nephelometry
analysis. This method is outlined in a recent validation study with human hepatocytes by EURL-ECVAM
(Bernasconi et al., 2019).

Solubility has to be always measured in both the stock and working solutions. In case of apparent
insolubility in the chosen solvent or in cell medium, dissolution can be attempted by trying other
potential solvents or by incremental twofold dilution as necessary.

Stability refers to the degradation of the test item either under storage conditions and/or in test
conditions which is not due to metabolism (e.g. chemical hydrolysis in aqueous solutions). The stability
of the stock solution can be assessed to cover the storage duration period (days, weeks, months
depending on the conditions of storage). Stability should also be assessed in the cell medium of the
working solution at 37°C in medium by measuring the test item pre- and post-incubation (i.e. 4 h for
short-term incubation and 24 h for long-term incubation) including centrifugation for observation of
any precipitation (pellet residue).

B.4. Preparation of stock and working solutions

The PPR recommends to follow the principles described in GIVIMP (OECD, 2018a) to prepare stock
and working solutions

When preparing the stock solution, different solvents can be used, depending on physical–chemical
properties of the test item, to solubilise the test item. Solubility, stability and volatility can be
determined for the stock solution as well as the working solution. The PPR recommends to store the
stock solution in glass, to avoid unspecific binding, especially for lipophilic compounds. It must be
noted, however, that certain chemicals adhere to glass surfaces, indicating that for such chemicals
storage in glass may not be recommends.

The working solution is obtained by diluting in one or more steps the stock solution. The working
solution must be prepared in the same cell medium used when conducting the comparative in vitro
metabolism study with hepatocytes. Attention should be paid to the amount of organic solvent which
is present in the working solution. The dilution scheme from the stock to the working solution can be
designed to ensure that a minimum of organic solvent is present in the working solution (i.e. < 0.5%
DMSO). This is to ensure that the organic solvent does not interfere with the test system and thus
with the performance of the in vitro experiment.

B.5. Positive control

The purpose of the positive control chemical is to check the proper performance of the test system
(GIVIMP). Because a response in the in vitro comparative metabolism assay is the temporal and
quantitative metabolite profile produced by biotransformation enzymes in hepatocytes – which is not
known beforehand with a test substance – preferable positive controls would be compounds with
several metabolites produced by several phase I and II enzymes, which would provide a required
proof that hepatocytes under study contain a complete and functioning biotransformation machinery.
This last requirement is rather apparent with human hepatocytes because of their variable contents of
biotransformation enzymes. For this reason, pools based on several, preferably at least 20 different
donors are regularly used to level off considerable interindividual variability (Tracy et al., 2016). Pooled
human hepatocytes consisting of 10–100 individuals could be purchased from several companies.

As hepatocytes from maximally five species (human, rat, mouse, dog, rabbit) will be compared, a
question about suitable positive controls becomes important. In this case, simple compounds with
qualitatively and quantitatively well-defined metabolism in various species, i.e. testosterone 6b-
hydroxylation or 7-ethoxycoumarin O-deethylation, and subsequent glucuronidation and sulfation,
would be feasible to use (Arlotto et al., 1991; Honkakoski and Negishi, 1997; Wang et al., 2003, 2006;
van de Kerkhof et al., 2005, 2007). Alongside with historical values, they provide information on the
viability and metabolic competence of the hepatocyte pool used. However, given large and often poorly
understood qualitative and quantitative interspecies differences in xenobiotic-metabolising enzymes, it
is not possible to derive any enzyme-specific information from their use as positive controls.

If specific enzymes are deemed to play a major role in the metabolism (e.g. as estimated based on
rat in vivo TK study or other appropriate evidence), more specific positive controls may also be
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considered to be included. Such chemicals are, e.g. CYP-selective substrates and metabolites of
melatonin (CYP1A1/2), coumarin (CYP2A6), bupropion (CYP2B6), amodiaquine (CYP2C8), tolbutamide
(CYP2C9), omeprazole (CYP2C19), dextromethorphan (CYP2D6), chlorzoxazone (CYP2E1), midazolam
(CYP3A4) and testosterone (CYP3A4), all of which have been compared in human hepatocytes at least
up to 48 h of culturing (Turpeinen et al., 2009). Potential multienzyme multimetabolite substrates have
not been characterised as potential reference chemicals. Further guidance and examples can be found
in the OECD guidance document (OECD, 2018).

B.6. Solvent control

For hepatocytes, the experiment should include a solvent (vehicle) control. Solvent control samples
provide insight into possible background signals in the analytical measurements, pointing to the
possible presence of signals that are not related to biotransformation of the test item.

B.7. Acceptance criteria

The documentation provided by the test system supplier should also be taken into account together
with historical data, when available, and used to establish in vitro method acceptance criteria (OECD
and GIVIMP, OECD, 2018a).
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Appendix C – Experimental test conditions

C.1. Preliminary experiments

To ascertain that the comparative metabolism study is performed in the best way possible,
preliminary experiments need to be performed. These include assessment of the cytotoxicity of the
test item, determination of the metabolic competence of the test system (if no information on the
specific batch of the test system is available) and determination of non-specific binding.

C.1.1. Cytotoxicity assessment

Various methods exist that can be used to assess chemical-induced cytotoxicity, including methods
that determine the number of dead cells (such as the trypan blue exclusion assay), methods that
determine the activity of the cells (such as the WST-1 or resazurin reduction assay) or methods that
measure the release of cellular constituents, indicating possible cell death (such as the Lactate
dehydrogenase (LDH) leakage assay). The latest schemes of cytotoxicity assessments in cells in culture
have been described by Bernasconi et al. (2019), and some in-depth considerations elaborated by
OECD GIVIMP (OECD, 2018a). Potential cytotoxicity of the test item for hepatocytes is determined
starting from the highest soluble concentration, followed by a pre-experimented dilution scheme. The
incubation time should follow the conditions used for the metabolism studies (i.e. 4 h for short-term
incubation and 24 h for long-term incubation).

The PPR recommends to test for cytotoxicity a highest concentration of 100 µmol/L in cell medium,
provided that this concentration is soluble. In case 100 µmol/L is not soluble, further dilutions by using
a fixed dilution factor of 2 can be carried out to obtain the highest soluble concentration that will be
tested for cytotoxicity. A cytotoxicity study will be carried out using 100 µmol/L (or the highest soluble
concentration) as the highest concentration, including also lower concentrations using a fixed dilution
factor of 2 (final concentrations amounting to 100 µmol/L, 50 µmol/L, 25 µmol/L, 12.5 µmol/L,
6.25 µmol/L, 3.125 µmol/L, etc.). Based on the results of the cytotoxicity study, the highest
concentration to be used for the comparative metabolism study will be selected, being the highest
non-cytotoxic concentration (causing no more than 20% cell death). The cytotoxicity assessment can
be performed by using the hepatocytes from all species used in the in vitro comparative metabolism
study (i.e. human, rat, mouse, dog, rabbit).

Since the purpose of this study is to identify DHM and UHM, it is important to minimise any source
of experimental variability that could confound the comparison of metabolic profiles among species.
For this reason, the PPR recommends that the highest concentration (as well as the lower
concentrations) should be the same across the different species.

C.1.2. Metabolic competence

The PPR recommends to characterise the metabolic competence of the test system by including
reference chemicals/positive controls in hepatocytes of all the tested species (see Appendix B.5). This
would allow to show that the test system adequately works when assessing the metabolism of the test
item. With commercially available hepatocytes, suppliers typically provide for the batches they sell
information on rates of metabolite formation related to various substrates, providing insights into the
metabolic capacity of the batch used. If this information is not available, it is recommended to assess
the metabolic competence of the test system by assessing time-dependent metabolite formation for a
selection of reference items (see Appendix B.5). It is also recommended to perform such a study when
a specific batch is used for the first time in the lab, even if information on the metabolic competence
has been provided by the supplier.

The PPR considers sufficient to use a reference chemical that provides insight into the activities of
those enzymes that are known to often lose their activities in in vitro incubations (e.g. CYPs)
(Appendix B.5).

C.1.3. Non-specific binding

Once the highest concentration of the test item to be tested has been identified, based on
cytotoxicity and solubility investigations, the PPR recommends to assess or estimate (e.g. in silico)
non-specific binding in the preliminary experiment phase at any incubation time, since it is one of the
processes affecting the freely dissolved concentration in the medium, limiting the amount of the
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bioavailable test item, especially for a number of lipophilic chemicals, and lead to an overestimation of
the intracellular concentration (Palmgr�en et al., 2006; Kramer et al., 2015).

Non-specific binding refers to the binding of the test item to either the macromolecules of the cell
medium (e.g. proteins in case cell medium-containing serum is used), to sorption to the plastic
labware and to physical sequestration in the matrix (e.g. collagen scaffolds) (this last condition being
limited to cases when 24-h incubation is necessary and plated hepatocytes in sandwich configuration
are used). Results in the literature indicated that chemicals can be adsorbed to plastics depending on
the lipophilicity in a dose- and time-dependent manner, possibly leading to binding saturation at high
concentrations of the chemical. It has also been shown that serum constituents and plastics compete
for binding the chemical (Pomponio et al., 2015). The relationship between lipophilicity and
sequestration by cell matrices is not as clear as for the binding (Kramer et al., 2015).

When not assessed/estimated before starting the main experiment, whenever the recovery
obtained summing up levels of the parent and the metabolite in the cell fraction and cell medium is
less than 90% � 5%, considered as the minimum recovery, the assessment of non-specific binding
has to be performed.

While binding to macromolecules can be reduced by using low percentage or serum-free cell
medium, in case the test item is highly adsorbed to plastic, glass labware could be used to overcome
this issue or other considerations can be evaluated, such as plastic coating, to reduce the non-specific
binding.

Methods to be used are described in ‘Appendix H. Biokinetics and xenobiotic bioavailability’ of the
OECD GIVIMP Document, and indicated in a number of publications whose results are reviewed and
cited in Kramer et al. (2015), reporting results of the FP7 Predict-IV project.

Non-specific binding can be assessed by using the same experimental conditions, which is used to
perform the in vitro comparative metabolism study. Furthermore, the PPR recommends to assess non-
specific binding for the different species if different cell media and labware is used for different
species. Overall, the recovery should be similar across all species used in the main experiment. The
reason, similarly to the cytotoxicity assessment, is to minimise any source of variability (in this case
due to difference in chemical bioavailability) which could confound the comparison of metabolic profile
among species, especially to identify and evaluate DHM. This means that in case a recovery around
80% is obtained, this could be acceptable providing the value is similar across all species. On the other
hand, submitting data with low recovery are strongly discouraged, since it implies a low actual
concentration of the test item which can therefore impact on metabolite identification (because
metabolite(s) formed may not be detected due to low levels which are below the limit of detection of
the analytical method).

It is recommended to use the same solvent, cell media, plastic device across species when
conducting the comparative in vitro metabolism studies to minimise interference of non-specific
binding, to enable a reliable estimation of tissue binding and intracellular free active item
concentrations (Mateus et al., 2017; Barr et al., 2019; Ryu et al., 2020; Hsu et al., 2021).

C.2. Pilot in vitro clearance study

Having information on in vitro intrinsic hepatic clearance (CLint, in vitro) of the chemical may help to
better design the experiment on metabolite formation, e.g. to decide whether a 4-h incubation with
hepatocytes in suspension will suffice to reach the minimal required conversion of 20% of the parent
chemical, or whether a 24-h incubation with plated hepatocytes would be required. To that end, one
may perform a pilot clearance study first before the main study on metabolite formation. Figure C.1
shows the simulated time-dependent levels of parent chemical remaining in in vitro incubations
applying 1 million hepatocytes/mL for chemicals with different in vitro intrinsic hepatic clearance values
(CLint, in vitro), assuming that all chemical is available for clearance (so no non-specific binding). It
shows that it can be expected that for chemicals with CL int, in vitro values ≤ 1 µL/min per million
hepatocytes, the percentage of remaining parent is ≥ 80%, indicating that the criterion of ≥ 20%
conversion of parent is not met and a long (24-h) incubation would be needed. An increase in
hepatocyte concentration may increase the percentage of parent conversion, although one must take
into account that kinetics may not be linear between 1 and 2 million hepatocytes/mL and conversion
may not necessarily increase twofold (especially for chemical with high non-specific binding to
hepatocytes).
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C.3. Main Comparative In vitro metabolism study: experimental layout

When the test item has been properly characterised (by assessing solubility, volatility and stability)
and the preliminary experiments conducted to identify the highest concentration to be tested (based
on cytotoxicity and solubility), to verify the metabolic competence of the test system and to assess
possible non-specific binding, the main experiment can be performed.

In the following sections, the experimental conditions on how to perform a comparative in vitro
metabolism study are described to ensure that reliable data are obtained and to support their
transparent interpretation.

It is important to note that in the following sections, minimum requirements on how to perform
these types of studies are provided, proposing fixed values for the number of cells to be used (cell
density) and the incubation time. Both these experimental parameters (cell density and incubation
time) play an important role in the formation of metabolites. Therefore, depending on the specific
chemical-specific properties of the test item to be tested, both parameters can be optimised. Reliable
kinetic data are obtained in conditions in which kinetics are linear with respect to cell concentration
and incubation time, which can be chemical-specific.

If studies are not performed to optimise conditions, standard conditions are recommended (i.e. 1.0
million cells/mL and 1, 2 and 4 h for chemicals with rapid conversion, and 24 h for chemicals with slow
conversion).

Figure C.2 provides a general overview of the main comparative in vitro metabolism study, also
summarising all the steps to be carried out during preliminary experiments and relevant information
related to the test item.

Figure C.1: Time-dependent simulated concentrations of parent chemical remaining in an in vitro
incubation using 1 million (functional) hepatocytes/mL of chemicals with intrinsic in vitro
hepatic clearance (CL int) values of 0.5, 1, 2 or 10 µL/min per million hepatocytes. NB: in
this example, substrates are considered to be present at concentrations at which
metabolic conversion is not saturated (i.e. are below Km). Also, this graph shows the
estimated parent chemical levels assuming that all chemical is available for clearance. As
the chemical may bind to plastic and hepatocytes, the available concentration for
clearance will be lower and remaining parent level will be higher (if plastic and
hepatocyte-bound chemical is recovered during sample preparation for analytical
analysis)
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Primary hepatocytes in suspension 
(pooled; same batch, if possible) from 
human, rat, mouse, dog and rabbit 
are recommended. Maximum 
incuba�on 4 hours (only higher if 
metabolic competence remains 
stable and according to supplier‘s 
specifica�ons).

Radiolabelled test material. The radiolabel 
should be posi�oned in the molecule so 
that all significant moie�es or degrada�on 
products can be tracked (in line with in 
vivo rat TK study).

Describe prepara�on of stock- and 
working solu�ons (e.g. solvent and cell 
medium used).

Assess stability of stock solu�on and 
solubility of both stock- and working-
solu�ons. Assess non-specific binding 
par�cularly if plas�c labware is used.

Recommended cell density: 1 million 
cells/mL; check cell viability a�er 
thawing (be in line with specifica�ons 
supplier).

Experimental work | Appendix 3

Te
st

 sy
st

em
| 

Ap
pe

nd
ix

 3 Test item
 | Appendix 2

Yes

Cytotoxicity assessment for 
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more than 20% cell death).
Start with 100 μM, if 
cytotoxic decrease it by a 
factor of 2.

Evaluate metabolic 
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control.

Ensure that at least the 
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Is the highest 
concentra�on the same 
among all species?

3 technical replicates

3 concentra�ons (including the 
highest) and at least 3 �me-

points for each concentra�on 
(e.g. 1, 2 and 4 h)

Assess non-specific binding: 
measure recovery in the cell 
frac�on and cell medium and 
by mass balance derive 
plas�c binding. Minimum 
recovery 90% ± 5% (remark: 
is then 85%). If less check 
that difference among 
species is similar (about 5%).
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Metabolism observed a�er 4h in 
hepatocytes (i.e. at least  ≥20% decrease test 
item in minimum one concentra�on and in all 
species)?

Yes Proceed with data interpreta�on

No
Perform long-term incuba�on 
(e.g. at least 24 hours) with all 

species hepatocytes (e.g. plated, 
pooled), also considering higher 

number of cells

Figure C.2: Overview of the study design and experimental strategy as described in Appendixes B
and C
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C.3.1. Determination of cell density to be applied

It is important to use an appropriate cell density in the in vitro incubations. The optimal cell density
may be chemical-specific and is preferably optimised for the chemical of interest. Cell density can be
optimised in a first study, in which the test item is incubated using different concentrations of
hepatocytes (e.g. 0.25, 0.5, 1 and 2 million cells/mL). Based on the results of such a first study, an
optimal hepatocyte concentration can be selected for the final study. Ideally, a condition is selected
within the linear frame regarding decrease of parent compound and increase of metabolite(s) related
to cell number.

As the performance of optimisation studies for all species may not be feasible, a default cell
concentration of 1.0 million hepatocytes/mL is recommended to be used for all species, allowing
sufficient (more than 20%) conversion of the parent compounds for chemicals with clearance values >
1 µL/min per million hepatocytes (see Appendix C.2 for related estimations). As indicated before, in
order to ensure that the test item is metabolised, a minimum of 20% decrease in parent compound
concentration has to be observed at the end of incubation time (i.e. 4 h for short-term exposure or
24 h for long-term exposure) for one of the concentrations tested. If metabolic conversion is too low,
the cell density may be increased in order to meet this acceptance criterion. One must realise that
upon increase of cell number, non-specific binding of the chemical to the cells may increase, thereby
decreasing the fraction of the parent chemical available for metabolism. Therefore, in case the cell
density is changed, the PPR Panel recommends to re-evaluate non-specific binding.

C.3.2. Cell viability assessment

The PPR recommends to assess the quality of the hepatocytes used in the incubations by
determining their viability. The percentage of viable cells after thawing should be around the suppliers’
recommendations. This can be done before and after the experiment. At the end of the study, cell
viability can be checked to ensure that the number of cells is not decreased and could be affected by
cytotoxicity. In the absence of the test guideline, the PPR recommends that cell viability is not
decreased more than 20% compared to the start of the study, since a larger decrease may indicate a
rapid decrease in quality of the cells during the incubation.

The PPR recommends to use a test that quickly determines the number of viable cells as a fraction
of the total cell numbers, such as a trypan blue exclusion assay or similar. Other methods, such as
MTT/WST-based or resazurin-based assays, are less suitable, since these require a relative long
incubation time and provide a relative and not an absolute readout for viability.

C.3.3. Concentrations to be tested

In the final study, it is recommended to test three concentrations (including the highest one) that
are the same for the different species. The PPR recommends to cover a reasonable concentration-
spacing range and considering also the analytical sensitivity.

The testing of more concentrations is based on the following rationales:

1) enhance the possibility to detect all metabolites formed by minimising the risk of the analytical
sensitivity issues.

The study design is optimised to maximise the chances of identifying all relevant metabolites,
particularly those that are formed at low levels and therefore that might not be detectable below the
limit of detection of the analytical method. This study design is deemed necessary considering the
challenges of the analytical method.

2) improve the evaluation of disproportionate metabolites.

Since the purpose of this study is also to identify DHM, it is important to minimise any source of
experimental variability which could confound the comparison of metabolic profiles among species. For
this reason, testing more than one concentration would allow to compare the concentration-dependent
metabolic profiles of the different species, providing insights into possible saturation of metabolic
pathways, which may differ from one species to the other.
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C.3.4. Time points to be tested

For short-term exposure, the PPR recommends to expose hepatocytes for a maximum of 4 h,
providing that based on the preliminary experiment, there is no cytotoxicity and that the cells are still
viable and metabolically competent.

For long-term exposure, the PPR recommends to expose hepatocytes for 24 h, providing that
based on the preliminary experiment, there is no cytotoxicity and that the cells are still viable and
metabolically competent.

It is highly recommended to include more sampling time points in order to assess whether changes
in metabolite levels are time dependent (indicating adequate functioning of the in vitro test system
during the whole test duration). Furthermore, information on time-dependent changes in metabolite
levels provides more insight into the kinetics of formation of primary and more distal metabolites, i.e.
facilitating to have a complete picture on metabolic pathways and better evaluation of DHM in humans
compared to animals.

C.3.5. Pooling of hepatocytes

The PPR recommends to use pooled hepatocytes for the comparative metabolism studies. For
humans, both genders (with half females and half males) are recommended to use. For the animal
species used for toxicity testing (i.e. rat, rabbit, mouse and dog), use of pooled hepatocytes of the
sexes used in the toxicity studies is recommended, unless there are reliable evidence to use gender-
mixed hepatocytes (i.e. in vivo studies). For rat, it can be considered, depending on the outcome of in
vivo rat TK study (if available), to separately perform studies with female and male hepatocytes, since
certain biotransformation enzymes are differently expressed between sexes. For rabbit, it is preferable
to use only female hepatocytes (since only rabbit female is used in the developmental study).

Regarding the number of donors to be present in the hepatocyte pools, it is recommended to use a
number of donors as high as possible. Regarding human hepatocytes (in suspension) pools of up to
hundreds of donors are commercially available. As a minimum, 20 donors are recommended, to cover
intraspecies differences in metabolism. For laboratory animals, less intraspecies differences are
expected, and a pool of at least three donors is recommended to be used.

C.3.6. Technical replicates

The PPR recommends to run for each condition (time point and concentration), three technical
replicates by using the same batch of pooled hepatocytes.

C.3.7. Long-term exposure: 24 h

Although isolated primary hepatocytes in solution perform well up to 4-h incubation time in terms
of xenobiotic metabolism capacity, longer incubations lead to a rapid deterioration of enzyme activities.
To preserve the hepatocellular phenotype of the isolated cells over this limit, cryopreservation is
currently a routine way to get the desired cells in required amounts for either immediate short-term
experiments (‘in solution’) or metabolism-competent hepatocyte cultures for extended incubations
(‘plated’). Plated hepatocytes are especially useful for the study of compounds with low metabolism
(e.g. Ma et al., 2017). For long-term culturing, various strategies have been used to maintain the
differentiation status of the isolated hepatocytes, but the main focus is still on the strategy that
employs differentiation-promoting compounds in the culture medium. An overview on various
antidifferentiation procedures and cryopreservation agents has been published (Gouliarmou et al.,
2015). Metabolically competent cryopreserved human primary hepatocyte culture used for the
validation of CYP induction has been recently published (Bernasconi et al., 2019) and protocols are
available (TSAR, TM2009-13), where also most important primary literature sources have been
referenced. Both short-term and long-term primary hepatocyte cultures are widely used also in
pharmaceutical companies and contract research organisations.

C.3.8. Acceptance criteria

The acceptance criteria for experimental setting are described in detail into the OECD GIVIMP
2018a.
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Appendix D – Chemical Analysis

D.1. Comparative metabolite profiles: usefulness of radioactive
techniques

• When using radioisotopes (mostly with the 14C isotope), if possible, the radiolabel should be
located in a core portion of the molecule which is metabolically stable. The radiopurity of the
radioactive test substance should be the highest attainable for a particular test substance
(ideally it should be greater than 95%) in order to establish with the highest accuracy, the
concentration used within the in vitro experiments.

• All significant moieties or degradation products can be tracked. A scientifically based rationale
may be submitted in lieu of conducting studies with multiple radiolabels if no cleavage is
anticipated. However, if cleavage of the molecule is evident, the applicant may be required to
conduct an additional study with a radiolabel that tracks the portion of the molecule that is
cleaved.

• The appropriate amount for injection onto the HPLC-RAM system is based on the need for a
minimum of discriminant signal per peak in the chromatogram. Radiolabels, which ideally do
not affect the physicochemical properties of the compound should allow both the qualitative
and quantitative determination of the parent compound and its metabolites. When different
concentrations of test substance are used, the total radioactivity percentage converted to
metabolites at these concentrations should be consistent.

• Incubations conditions (e.g. million cells/mL and protein concentration) should be carefully
adjusted to prevent excessive non-specific binding in the assay. In addition to protein removal,
the addition of organic solvent to the sample disrupts any binding between parent compound
and/or metabolites and the proteins present in solution, and thus, the analyte concentrations
obtained represent total concentration, which is equivalent to the sum of bound and unbound
(free) analyte concentrations. If there is a considerable fraction of non-extractable radioactivity,
it could be due to binding of reactive intermediates to macromolecules and may need further
investigations.

• The ability of the procedure to recover radioactivity added should be demonstrated. Recovery
is typically inclusive of test material recovered in the extraction solvent, pellet residue and
appropriate vial washes. Overall recovery should ideally be quantitative for applied radioactivity
(i.e. > 90%). If not, further investigation may be required to ascertain the cause of the loss.

• When a PBK model is considered to be used and taken into account that the analytes under
study depends, e.g. of an active transport process, concentrations of the parent compounds
and/or the metabolites in the intracellular space may be higher or lower than the extracellular
space. In this case, and to be efficiently used, the intracellular concentration of compound
must be carefully estimated to be incorporated in the model.

• The questions about the use of HRMS methods to circumvent the need for radioactive material
in identifying metabolites in complex mixtures are controversial. It appears that radioactive and
non-radioactive approaches are generally complementary, especially in the context of
metabolite identification.

D.2. Identification and Characterisation

Identification refers to the exact structural determination of components of the total radioactive
residue. Typically, identification is accomplished either by co-chromatography of the metabolite with
known standards using two different systems or by techniques capable of positive structural
identification such as MS, NMR, etc. In the case of co-chromatography, chromatographic techniques
utilising the same stationary phase with two different solvent systems (e.g. various pH) could be
considered to be an adequate two-method verification of metabolite identity, if the methods separation
could be demonstrated as orthogonal. Identification by co-chromatography should be obtained using
two dissimilar, analytically independent systems such as reversed-phase, HILIC or ion-exchange HPLC,
as example.

• For routine metabolite identification (Met-ID), the complete LC–MS workflow can be greatly
supported by dedicated Met-ID application managers implemented in the MS data acquisition
and data processing software of the LC–MS instrument. Data processing is based on the
comparison between data files acquired for biological samples and for blank/control samples,
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thus searching for differences in the two data sets that can be correlated to the parent
compound or its metabolites.

• It is generally believed that a single chemical shift, m/z value or other singular chemical
parameter is insufficient for metabolite identification. The latter traditionally involves extraction,
isolation and purification followed by elemental analysis, accurate mass measurement, ion
mass fragmentation patterns, NMR (1H, 13C, 2D) and other spectral data such as IR, UV or
chemical derivatisation.

• The accurate mass data together with high spectral accuracy (isotopic pattern determination)
provide key information for molecular formula assignment. Characteristic m/z shifts that occur
in Phase I and Phase II metabolisms could be anticipated. From an MS point of view, the
biotransformation of the analyte results in metabolic m/z shifts relative to the m/z of the
parent compound, e.g., a shift of �14.052 Da due to demethylation and +15.995 Da due to
hydroxylation, N-oxide or sulfoxide formation. Therefore, from the m/z shifts in a metabolite,
one can often investigate more carefully which biotransformation reaction has occurred.

• Metabolites often share the same elemental composition and molecular mass, therefore
without the use of standards, the discrimination of isomeric compounds remains challenging.
Fragmentation patterns of the profiled metabolites are necessary for their unambiguous
identification by elucidating the biotransformation.

• To obtain this additional structural information, molecular ion species can be fragmented in
tandem mass spectrometers using MS/MS or MSn experiments. MS/MS or MSn data can be
acquired in the same analytical run as accurate m/z full scan profiling (on-line MS/MS), by signal-
dependent precursor ion selection (MS/MS) or non-selective fragmentation of all ions (MSE/DDA)
or a two-stage CID system integrated with ion mobility mass spectrometry (IMS-MS).

D.3. Stereoisomers

Currently, about 30% of the marketed pesticide active substances contain a chiral centre (Ye et al.,
2015). The majority of chiral test substances exhibit slight differences in metabolism; however, some
notable examples are available where major differences in metabolism of enantiomers occur (UK
DEFRA, 2003). In these cases, the analytical workflow described in the EFSA guidance (EFSA, 2019b)
can be followed in the comparative in vitro metabolism studies (Nallani et al., 2017; EFSA, 2019b).

When an accurate identification of isomers is necessary, the development of direct or indirect chiral
chromatographic methods that unambiguously separate different stereoisomers is required (Zhao et
al., 2021). Here, NMR spectroscopy can be very powerful in determining structural configurations of
stereoisomers. If there are differences in metabolism of stereoisomers, the toxicological significance of
these differences can be further considered as defined by the EFSA guidance (EFSA, 2019b; see also
de Albuquerque et al., 2018).
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Appendix E – Reactive metabolites

Reactive unstable metabolites and metabolism-connected free radicals are significant initiators of
tissue injuries and toxicities, e.g. genotoxicity (Stachulski et al., 2013). Their detection is necessary
especially in connection with chemicals exposing humans and other living organisms to a significant
extent. The first successful in vitro test to screen and predict potentially genotoxicity of chemicals after
biotransformation was the Ames test, which is based on the use of metabolic activation system,
induced rat liver S9 fraction (see OECD 471). The potential production and presence of reactive
metabolites in early metabolism tests for toxicological risk assessment of plant protection products
could be anticipated on the basis of the approaches listed briefly below (Park et al., 2011; Pelkonen et
al., 2015). There are no regulatory approved strategies to assess the potential role of reactive
metabolites; in a case of suspected toxicological significance, a scientifically justified research strategy
can be developed.

Initial in silico/in vitro studies

• Pre-screening for potential structural alerts using in silico methodology against existing
databases (e.g. QSAR, Read-across, etc.).

• Use of various trapping agents in in vitro systems based on subcellular preparations or
isolated/cultures cells, especially hepatocytes.

• Detection of covalently (tightly) bound radioactivity in in vitro systems (i.e. coming from
comparative in vitro metabolism studies, see Section 5)

• Tentative identification of trapped/bound reactive metabolites by mass spectrometric
techniques.

• Formation of a reactive metabolite in human cellular systems.
• Identification of metabolising enzymes producing reactive metabolites using several types of in

vitro systems.
• Biomarker-based screening of potential (available) in vitro targets for identified reactive

metabolites.

It is also possible to search metabolite adducts in the target tissue (e.g. liver 2D-protein gel
electrophoresis) or plasma (e.g. albumin adduct) or urine (distal products of a reactive metabolite).

As an example of specific adverse reaction, a major hypothesis used to explain chemical-induced
hepatotoxicity is that many toxic chemicals become metabolically activated in the liver to reactive
metabolites that bind covalently to tissue proteins (Baillie and Rettie, 2011). The most frequently used
method involves performing in vitro incubations with liver microsomes (usually from rat and human) in
the presence of the cofactor for cytochrome P450 function (NADPH) and the nucleophile Glutathione
(GSH) (10 mmol/L) or other nucleophilic trapping reagents such as potassium cyanide (KCN), and
semi- carbazide (see e.g. Lassila et al., 2015; Pelkonen et al., 2015). The capturing of reactive
metabolites with GSH (or other trapping agent), followed by structural characterisation by LC/MS/MS
and NMR, is a very useful strategy because it does not require the synthesis of radioactive drug
analogues.
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Appendix F – OpenFoodTox

OpenFoodTox5 contains hazard data from all EFSA chemical assessments since its creation in 2002
and is updated on a yearly basis. It currently includes nearly 5,000 unique substances (4,950
substances) in over 2,040 Scientific Opinions, Statements and Conclusions through the work of its
scientific Panels, Units and Scientific Committee. For regulated products and contaminants, these risk
assessments have been performed by six scientific panels and five supporting units. In details, it
contains data for 2,600 food ingredients, 1,200 pesticides, 350 contaminants, 800 feed additives and
300 food contact materials. Overall, nearly 11,000 toxicological endpoints are available in the database
for human health (2,050), non-target and target animal species (approx. 3,000 and 350), species in
the water compartment (~ 3,100), species in the soil compartment (~ 2,500). In the pesticide area,
reference points for the critical toxicological effect are available from test species (rat, rabbit, mice,
dog). Current developments for ‘OpenFoodTox 2.0’ include (1) enriching the data model to include
more chemical properties such as physico-chemical properties, TK (metabolism, bioaccumulation),
mechanisms of toxicity, (2) exposure data and (3) linking the database to computer models used to
predict TK and toxicity of chemicals. It is foreseen that in the future in vitro comparative metabolism
data for pesticide active substances will be included and can support inputs for modelling pesticide
active substance kinetics using generic PBK models within the TK plate of EFSA. In silico models using
OpenFoodTox have been developed for ecological risk assessment (bees and rainbow trout) and
human risk assessment (rat toxicological data) (Dorne et al., 2021). These in silico models provide
alternative means to animal experiments for the hazard identification and characterisation of
chemicals, and are becoming of increasing interest in the risk assessment community to deliver the
3Rs (replacement, reduction, refinement) (particularly since the banning of animal testing for the
approval of cosmetics as consumer products (Regulation (EC) No. 1223/2009, Art.18(2)).

5 https://www.efsa.europa.eu/en/data/chemical-hazards-data
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Appendix G – Robust Study Summary Report

The PPR Panel proposed the following robust study summary report based on existing OECD
Harmonised Templates (OHT) 201 and 58, the Guidance Document on Good In vitro Method Practices
(GIVIMP), OECD Series on Testing and Assessment, No. 286, OECD Publishing, Paris (OECD, 2018a);
and the experimental layout recommends in this opinion (i.e. hepatocytes as test systems). Although
not comprehensive, the robust study summary can include the following information:

Data source

Reference

Method used

METHOD USED (description)

Name/identifier of the method (if available)

Deviations

Short description of the method and how it is relevant to the endpoint being investigated

Parameters analysed/observed

Applicability domain of the test method

Guideline, quality system/standards or guidance followed (e.g. OECD Guidance Document no. 286 on
Good In vitro Method Practices (GIVIMP), scientific opinion)
GLP compliance.

Test system

DESCRIPTION

Test system: primary hepatocytes (suspended or plated)

Description of the number of passages, mass, volume, dimensions, if applicable

If purchased:

commercial source

supplier

species (i.e. human, rabbit, dog, mouse, rat)

pooled (half females and half males for humans; sex used in toxicity studies for animals; n. of
donors, health status of donor; same batch, if possible)

media used and incubation conditions (cell culture medium characteristics, incubation
temperature, pH, humidity, CO2)

METABOLIC COMPETENCE OF THE TEST SYSTEM

Describe the knowledge about the metabolic competence of primary hepatocytes (i.e. Phase I
and/or II biotransformation capacity) of the test system under remarks

Test and control items (positive and negative control)

CHARACTERISATION OF THE TEST AND CONTROL ITEMS

Chemical name and chemical identification (e.g. IUPAC, CAS number)

Structural formula and molecular weight

Source (i.e. manufacturer or supplier)

Lot/batch number and expiration date

Purity including information on contaminants, isomers

Volatility
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Stability and storage condition

Analytical method for quantification of the test chemical

RADIOLABELLING INFORMATION (IF APPLICABLE)

In line with the in vivo rat TK study

Structural formula with the radiolabel

Radiochemical purity

Specific activity

Expiration date of radiochemical substance

FORM AS APPLIED IN THE TEST (if different from that of starting material)

Specify the relevant form characteristics if different from those in the starting material, such as
state of aggregation, shape of particles or particle size distribution

OTHER SPECIFICS

Other relevant information needed for characterising the tested item, e.g. adjustment of pH,
osmolality and precipitate in the culture medium to which the test chemical is added

Detection method

DETECTION METHODS FOR METABOLITE PROFILING AND IDENTIFICATION

Analytical method: semi-quantitative, relative quantification

Instrument characteristics (e.g. type, model)

Complete description of the analytical method including details on methods for analytical
separation (e.g. chromatography) and analytical detection (e.g. mass spectrometry), limits of
detection and quantification, variability and recovery efficiency, matrix used for standard
preparations, internal standard, etc.

Statistical method

Description and statistical method used for exclusion of time points and/or runs

Test Design

PRELIMINARY EXPERIMENTS (description)

Cytotoxicity (e.g. trypan blue exclusion assay, WST-1 or resazurin reduction assay, LDH leakage
assay)

Metabolic competence of hepatocytes from all species (e.g. incubation with positive control)

Non-specific binding assessment (recovery in the cell fraction and cell medium, by mass balance
derive plastic binding) (Appendix H, GIVIMP)

Pilot in vitro clearance study

TEST AND CONTROL ITEMS PREPARATION

Test item

Concentration selection of the test item (e.g. 0 µmol/L, 1 µmol/L, 10 µmol/L and 100 µmol/L)

Method of preparation of stock and working solutions

Vehicle/solvent and medium characteristics

Dilution steps/dose intervals

Control Items: indicate whether solvent/vehicle controls, negative controls and/or positive
controls (i.e. positive reference substances) were tested concurrently
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EXPERIMENTAL CONDITIONS (main experiment – to be compiled for all species)

Number of replicates

Technical replicates (e.g. 3).

Experimental conditions
Concentration of the test system (e.g. 1 million cells/mL)

Cell viability of hepatocytes suspension after thawing (at least 80%)

Concentration of test and reference/control items (at least three, including the highest one)

Test set-up

Incubation conditions

Incubation temperature, CO2 concentration, humidity level, etc.

Incubation time

Short term (e.g. 4 h).
Long term (e.g. 24 h).

Sampling time/time points (e.g. at least 3)

Data analysis for the test item results

Acceptance criteria: criteria for when results can be accepted, i.e. a set of well-defined
parameters describing aspects of the method such as range for positive and negative controls
(GIVIMP, OECD, 2018a).

Data calculation and statistics (parametric or non-parametric): provide the method used to
calculate the results from raw data to the parameters calculated, such as normalisation, use
of calibration curve, subtraction of control values, calculation of averages, Standard deviations
etc.

Results and discussion

RESULTS FROM THE PRELIMINARY EXPERIMENTS

In vitro clearance (e.g. tabulated results of individual cells, standard deviations). Please, note
that the information reported should allow to conclude on whether a 4-h incubation with
hepatocytes in suspension will sufficient to reach the minimal required conversion of 20% of the
parent chemical, or whether a 24-h incubation with plated hepatocytes would be required.

Cytotoxicity (e.g. tabulated results of individual cells of all selected species, mean and standard
deviation for all tested concentrations, controls and time points).

Metabolic competence.

Non-specific binding assessment.

Discussion of the results (e.g. concentration range selected).

RESULTS FROM THE MAIN EXPERIMENT: describe the most relevant results with regard metabolites
profiling, identification and characterisation, metabolic pathway, other (e.g. enzymatic activity)

Parameter (e.g. metabolism observed after 4 h in hepatocytes)

Results for the parameter (e.g. tabulated results from individual cells for each concentrations
time points and runs; results clearly presented, including negative and failed runs; measurement
including peak area)

Observation (e.g. precipitation, cytotoxicity)

Acceptance of the results (based on acceptance criteria)

Interpretation of the results and discussion (e.g. UHM, DHM identification)

Executive summary
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Appendix H – Determination of disproportionate human metabolite

As indicated in the opinion, it is recommended to include in each experiment per species at least
three time points and three substrate concentrations. Including more than two time points provide
insight into the temporal trend for a given metabolite, which better facilitates the identification of a
DHM. In Figure H.1, hypothetical data from a theoretical experiment are presented on the time-
dependent formation of a metabolite obtained with human hepatocytes (white symbols) and
hepatocytes from a test species (grey symbols). In this example, the metabolite would be considered a
DHM in two situations:

1) the situation in which animal data are represented by the grey squares (all time points factor
difference > 4), and

2) the situation in which the animal data are represented by the grey triangles (1 of 3 timepoints
factor difference > 4).

In the situation in which the animal data are represented by the grey circles, the metabolite would
not be considered a DHM (all time points factor difference < 4). It must be noted that for the situation
in which the animal data are represented by the grey triangles, inclusion of more than two time points
has clear added value, as the temporal trend is not linear as for the other situations, and if only one
time point would have been included, the metabolite may not have been identified as DHM. In reality,
this can be a metabolite that is further metabolised in the test species (e.g. a second oxidation or a
conjugation) which may be absent in humans. In that situation, the metabolite has been tested in the
related animal study but (relative) exposure may be much lower in the test species than in humans,
and therefore, the metabolite is considered as being disproportionate.

Testing more than one concentration (i.e. at least three) is also important. As indicated in the
opinion, a high concentration needs to be included (100 µmol/L when possible, regarding cell viability
and solubility), providing the highest chance on detecting potential UHM. However, it must be noted
that at these high concentrations, metabolic reactions may get saturated for one species, but possibly
not for the other, indicating that for the identification of a possible DHM, inclusion of lower
concentrations in which saturation is less likely, is important. In Figure H.2, hypothetical data from a
theoretical experiment are presented on the time-dependent formation of a metabolite obtained with
human hepatocytes (open black circles) and hepatocytes from a test species (grey circles). In this
example, reaction for the formation of the metabolite gets saturated for humans but not for the test
species. Therefore, when only including a high concentration (Figure H.2C), this metabolite would not

Figure H.1: Hypothetical examples on time-dependent formation of a given metabolite with
incubations using hepatocytes of humans (open black circles) and a test species (grey
symbols, three different scenarios). In this example, the human metabolite would be
considered a DHM in the situation in which the test animal data would be represented by
the grey squares or grey triangles, and would not be considered a DHM when the test
animal data would be represented by the grey circles
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be identified as a potential DHM, whereas it would be identified as such when also including the lowest
concentration (Figure H.2A). In general, including three concentrations (e.g. one low, one intermediate
and one high concentration) provides better data to identify a possible DHM, giving insights into
possible species-dependent differences in saturation of biotransformation reactions.

Figure H.2: Hypothetical example on the time-dependent formation of a given metabolite with
incubations using hepatocytes of humans (open black circles) and a test species (grey
circles) at a low (A), intermediate (B) and high (C) concentration of the test item. In this
example, the metabolite would only be identified as DHM upon incubation with the low
test item concentration (A)
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Appendix I – Weight of evidence reporting table

This appendix proposes a generic example to apply the weight of evidence (WoE) approach on the
assessment of comparative in vitro metabolism of pesticide active substances between humans and
test species. The scientific rationale behind is to evaluate whether all significant metabolites formed in
the human in vitro test system, as a surrogate of the in vivo situation, are also present at comparable
levels in the animal species tested in toxicological studies and, therefore, if their potential toxicity has
been appropriately covered by animal studies. In order to address such questions, the assessor needs
to evaluate whether unique or disproportionate human metabolite(s) (UHM and DHM) are formed in
vitro (hepatocytes) and such differences in the profile of metabolites across species can be either
qualitative or quantitative. Hence, the generic WoE aims to answer related questions which can be
formulated as follows:

Is a UM or DHM produced in humans compared to the test species?
Is the UM or DHM assessed by the toxicological studies in the test species?

All available evidence to identify the UHM or DHM can be assembled in pieces7 and lines of
evidence8 (LOEs), weighted and integrated using the weight of evidence approach described in detail
in the WoE Guidance document from EFSA’s Scientific Committee (EFSA Scientific Committee, 2017a).
In this context, depending on the evidence available, this will allow to reach a conclusion on
the biological relevance of the human metabolites with regard to their toxicity (EFSA Scientific
Committee, 2017b):

LOE1: In vitro metabolism in rats or/and other test species.
LOE2: In vitro metabolism in humans.
LOE3: In vivo metabolism and TK in rats or other test species.
LOE4: In silico evidence in rats, test species or humans.

Methods for weighing and integrating hazard evidence have been described elsewhere and include
qualitative methods (listing, best professional judgement, semi-quantitative methods (causal criteria,
logic); quantitative methods (scoring, indexing and quantification) (Linkov et al., 2009; EFSA Scientific
Committee, 2017a). The methods of choice to be applied will depend on data availability, context of
the assessment, complexity of the method, time constraints and resources and the assessor should
provide a rationale for choosing a particular method. A key aspect for weighing and integrating the
evidence is the assessment of the reliability, relevance and consistency of the evidence and the
iterative nature of the process (EFSA Scientific Committee, 2017a).

Conclusion and summary of results

Table I.1 summarises the WoE assessment with regard to comparative metabolism of pesticide
active substances in humans and test species and its toxicological consequences.

Table I.1: Weight of Evidence reporting table

Question (s)
Q1: Is a UM produced in humans compared to test species?
Q2. Is there a DM in humans compared to test species?
Q3. Is the DHM assessed by the toxicological studies in test species?

Assemble
evidence

Select
evidence

In vitro, In vivo and in silico evidence, literature, previous assessments, etc.

Lines of
evidence
(LOE)

LOE1: In vitro metabolism in rats and other test species
LOE2: In vitro metabolism in humans
LOE3: In vivo metabolism and TK in rats or other test species
LOE4: In silico evidence in rats, test species or humans

Weigh the
evidence

Methods Semi-quantitative scale (low, moderate, high) Quantitative scale

Results Tabular forms for the weighing of each LOE

7 Piece of evidence: a broad term used to refer to distinct elements of evidence that may be combined to form a line of
evidence, e.g. a single study, expert judgement or experience, a model or even a single observation (EFSA Scientific
Committee, 2017a).

8 Line of evidence: set of evidence of similar type (EFSA Scientific Committee, 2017a).
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Question (s)
Q1: Is a UM produced in humans compared to test species?
Q2. Is there a DM in humans compared to test species?
Q3. Is the DHM assessed by the toxicological studies in test species?

Integrate
the evidence

Methods Semi-quantitative scale/Expert judgement/Probability scale

Results The WoE assessment concludes that:
1) Metabolite A is a UHM compared to test species
2) A DHM is formed compared to test species
3) The DHM is covered by the toxicological studies in test species
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Appendix J – Overall Uncertainty Factor Table

Avoiding additional animal testing of a DHM by using an additional uncertainty factor for the
derivation of HBGV is described in Section 6.1. Table J.1 shows some examples based on the results of
the in vitro testing.

Table J.1: Results of the calculation for an additional uncertainty factor (UF) depending on the
results of the in vitro testing and the resulting overall UF

Quantity of disproportionate
metabolite (in % in vitro ) Ratio (human/animal) Additional UF (RQh/a) Overall UF
In animal In human

5 < 20 < 4 1 100

5 20 4 1 100
5 30 6 1.5 150

5 40 8 2 200
5 50 10 2.5 250

5 60 12 3 300
5 70 14 3.5 350

5 80 16 4 400
5 90 18 4.5 450

5 100 20 5 500

10 < 40 < 4 1 100
10 40 4 1 100

10 50 5 1.25 125
10 60 6 1.5 150

10 70 7 1.75 175
10 80 8 2 200

10 90 9 2.25 225
10 100 10 2.5 250

15 < 60 < 4 1 100

15 60 4 1 100
15 70 4.67 1.175 117.5

15 80 5.33 1.33 133
15 90 6 1.5 150

15 100 6.67 1.67 167

20 < 80 < 4 1 100
20 80 4 1 100

20 90 4.5 1.15 115
20 100 5 1.25 125

25 < 100 < 4 1 100

25 100 4 1 100
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