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Abstract
In light of an ever-increasing exposure to chemicals, the topic of potential mixture toxicity has gained increased attention, 
particularly as the toxicological toolbox to address such questions has vastly improved. Routinely toxicological risk assess-
ments will rely on the analysis of individual compounds with mixture effects being considered only in those specific cases 
where co-exposure is foreseeable, for example for pesticides or food contact materials. In the field of pesticides, active 
substances are summarized in so-called cumulative assessment groups (CAG) which are primarily based on their toxicody-
namic properties, that is, respective target organs and mode of action (MoA). In this context, compounds causing toxicity 
by a similar MoA are assumed to follow a model of dose/concentration addition (DACA). However, the respective approach 
inherently falls short of addressing cases where there are dissimilar or independent MoAs resulting in wider toxicokinetic 
effects. Yet, the latter are often the underlying cause when effects deviate from the DACA model. In the present manu-
script, we therefore suggest additionally to consider toxicokinetic effects (especially related to xenobiotic metabolism and 
transporter interaction) for the grouping of substances to predict mixture toxicity. In line with the concept of MoA-based 
CAGs, we propose common kinetics groups (CKGs) as an additional tool for grouping of chemicals and mixture prioritiza-
tion. Fundamentals of the CKG concept are discussed, along with challenges for its implementation, and methodological 
approaches and examples are explored.
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Introduction

Toxicological risk assessments are mainly based on the toxi-
cological characterization and assessment of individual com-
pounds with potential mixture effects only being considered 
in selected cases such as pesticides (Stein et al. 2014) or in 
other cases of foreseeable co-exposure (e.g., food contact 
materials). The latter is a precondition for mixture effects to 
occur, as are sufficiently high doses. It is for this reason that 
incidences of known mixture toxicity are generally low and 

that single substance assessments are in most cases consid-
ered sufficiently conservative (Herzler et al. 2021). Yet, the 
ever-increasing use of and exposure to chemicals have led 
to regained regulatory awareness of potential mixture effects 
(Tralau et al. 2021). This is particularly the case for chemical 
substances regulated under REACH (EU legislation on the 
Registration, Evaluation and Authorization of Chemicals), 
but has also stimulated conceptual debates for those regula-
tory domains where potential mixture effects already are 
already considered to some extent, such as pesticides.

The respective assessments often follow component-
based approaches, which require information of the sub-
stances mode of action (MoA). In the field of pesticides, 
active substances are summarized in so-called cumulative 
assessment groups (CAG). For the sake of feasibility and 
handling, this approach is primarily based on toxicodynamic 
properties, that is, respective target organs and MoAs. Com-
pounds sharing a similar MoA can then be assessed using 
the dose/concentration addition (DACA) model. However, 
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such toxicodynamic-based approaches inherently fall short 
of addressing wider toxicokinetic effects caused for example 
by dissimilar or independent MoAs. It is often these latter 
cases where the effects of the corresponding mixtures are at 
risk of being underestimated as they can significantly devi-
ate from DACA.

In the area of pharmaceutical drug safety and regulation 
where the investigation of drug–drug interactions (DDIs) is 
mandatory, possible toxicokinetic interactions therefore are 
a key focus during the approval of new active substances 
for human or veterinary therapy (Pelkonen et al. 2020). 
Indeed, instructions on the study of interactions at the 
level of absorption, distribution, metabolism and excretion 
(ADME) dominate the current guideline on the investiga-
tion of drug interactions issued by the European Medicines 
Agency (EMA 2012). Numerous pharmacological interac-
tions, often based on interference with the cytochrome P450 
(CYP)-mediated phase I metabolism of active substances, 
have been published and discussed in depth elsewhere (Tra-
lau and Luch 2012, 2013). Similarly, various DDIs resulting 
from interference at the level of transmembrane transport 
have been identified and discussed with regard to their prac-
tical consequences for regulatory assessment by the Interna-
tional Transporter Consortium (Tweedie et al. 2013).

Although DDI is roughly the pharmaceutical equivalent 
to mixture toxicity, there are some important differences 
when it comes to the assessment of chemicals. First, drugs 
usually are designed for and take effect on specific molecular 
targets with an established MoA and well-investigated phar-
macokinetics. Contrastingly, chemicals not only tend to be 
more promiscuous and less specific in their toxicity, but also 
often lack data regarding their MoA and kinetic behavior. 
Second, patients are usually intendedly exposed to a limited 
number of drugs at pharmacologically relevant dose levels at 
a time, while consumer exposure to chemicals often occurs 
unintendedly, e.g., via residues or contaminants in food and 
drinking water. Whereas the less systematic exposure of 
consumers undoubtedly complicates targeted assessment, 
it also acts as a kind of gatekeeper with regard to potential 
mixture effects, as for these to occur requires co-exposure 
at doses high enough to yield an effect. Generally, consumer 
exposure to chemicals occurs at low levels, mostly below the 
respective toxicological reference values like the acceptable 
daily intake (ADI) or the tolerable daily intake (TDI).

However, with about 22,000 compounds currently reg-
istered as industrial chemicals under REACH, the number 
of chemical combinations available for exposure is almost 
infinite. Add to this some 470 and 150 active substances 
approved for use in plant protection products and biocides in 
the EU, and there is unarguably a need to develop strategies 
for the identification and prioritization of potentially critical 
mixtures even in the absence of an immediate concern (Tra-
lau et al. 2021). Given the large chemical space, any wider 

regulatory strategy on mixture toxicity will in the end have 
to settle for a two-tier system. First, there needs to be a filter-
ing step to narrow down and define the number of substance 
combinations to be looked at. Ideally, this should be done 
with a strong focus on exposure, which can, if needed, be 
complemented by considerations regarding hazard potential 
(Herzler et al. 2021; Tralau et al. 2021). The actual assess-
ment then follows in a second step that will strongly rely on 
the toxicological evaluation of the potential effects and in 
that context grouping and prioritization.

In this step, mixtures, which might exert effects that 
deviate from the general assumption of dose/concentration 
addition (DACA), are of specific interest. Such mixtures of 
concern might be identified by grouping chemicals based on 
their toxicological properties, as, e.g., already established 
for pesticides. Here, so-called cumulative assessment groups 
(CAG) are used to classify active compounds (EFSA 2021). 
For practical reasons, the CAG concept has historically put 
a strong focus on toxicodynamics. Although CAG forma-
tion thus usually omits broader toxicokinetic considerations, 
it can at times comprise kinetic aspects specifically linked 
to the respective adverse outcome at the organ level. For 
example, transport and metabolism of thyroid hormones 
were parameters used when compiling a CAG for the thy-
roid gland, as was induction of phase I biotransformation 
enzymes for a CAG for liver (Nielsen et al. 2012). Notably, 
a common target organ and/or MoA is a precondition for 
any CAG-based approach. Such grouping approaches in 
combination with exposure or risk considerations are fre-
quently used as a starting point for the selection and pri-
oritization of chemicals for mixture toxicity testing and 
assessment (OECD 2018). One prominent example for this 
is the EU-funded project “EuroMix”, where a number of 
tools and methodologies for mixture risk assessment have 
been developed and evaluated. The project strongly relied on 
adverse outcome pathways (AOP) and thus in turn substance 
interactions such as for example the ability of a test com-
pound to interact with certain molecular targets and exert 
toxicological effects. As a consequence mixture selection 
in “EuroMix” was essentially based on the toxicodynamic 
properties of the individual test chemicals (Alarcan et al. 
2021; Beronius et al. 2020). This is also further substanti-
ated in the recent European Food Safety Authority (EFSA) 
Mixtox Guidance (EFSA 2021).

In a comprehensive systematic review, Martin et  al. 
(2021) recently analyzed publicly available data on mixture 
effects. The authors concluded that while DACA appeared 
to be sufficiently protective for most mixtures, the poten-
tial for non-additive, especially synergistic effects, should 
not be disregarded, particularly for some classes of chemi-
cals. They also confirmed that synergistic effects are often 
linked to interferences at a toxicokinetic level, for example to 
interactions affecting the corresponding compounds’ ADME 
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properties. This observation is well in line with what we 
have seen in our own regulatory work and research projects 
as well as with what has been reported by others (Ceder-
green 2014).

Recent findings by Lasch et al. (2021) for example show 
that triglyceride accumulation caused by the triazole-class 
fungicides propiconazole, tebuconazole and difenconazole 
in HepaRG cells is exacerbated by the presence of the non-
steatotic pyrrole-class fungicidal compound fludioxonil. 
This effect is related to an interference of fludioxonil with 
the CYP-mediated metabolism of the triazoles (Lasch et al. 
2021). In line with this, studies in vivo also showed devia-
tion from DACA for the combination of the three closely 
related azole fungicides cyproconazole, epoxiconazole, and 
prochloraz (Schmidt et al. 2016). The data presented in the 
aforementioned papers highlight the relevance of toxicoki-
netic interference as a decisive cause of mixture effects devi-
ating from DACA, both in vitro and in vivo. In addition, the 
observation that combinations of a steatotic substance with 
a non-steatotic substance amplifies the observed steatotic 
effect in liver cells (Lasch et al. 2021) highlights possible 
limitations of a prioritization and grouping strategy, which 
predominantly relies on the constituents’ toxicodynamic 
properties.

Undoubtedly, CAG- and AOP-based approaches are use-
ful as grouping tools and for the selection and prioritization 
of chemical mixtures. Given the data routinely at hand, they 
are also often a practical way forward. This should not lead 
to an underestimation of effects though. With the concept 
of chemical grouping based on toxicokinetic similarities not 
being entirely new (OECD 2018), it therefore appears timely 
to complement the existing strategies for mixture categoriza-
tion with more comprehensive toxicokinetic considerations. 
Respective data should cover the induction and inhibition of 

key enzymes for phase I and phase II metabolism, as well 
as interferences related to transport processes. We therefore 
recently proposed developing a novel grouping system based 
on common kinetic groups (Braeuning and Marx-Stoelting 
2021). A schematic overview of respective AOP/CAG- and 
CKG-based strategies is presented in Fig. 1. A CKG concept 
may be used to identify, select and prioritize compounds 
and mixtures thereof with toxic effects potentially exceeding 
DACA. Here, we substantiate the concept of CKG and dis-
cuss important issues to consider when establishing CKGs. 
In addition, examples for CKG grouping are presented.

How to construct a CKG?

In principle, toxicokinetic interactions of compounds may 
involve all aspects of toxicokinetics, classically catego-
rized within the ADME concept. Not all of these aspects 
are considered equally relevant in the fields of pharma-
cology or toxicology: for example, high concentrations of 
some pharmaceutical compounds are capable of displac-
ing others from plasma protein binding, thus altering their 
pharmacokinetic properties. This effect is not considered 
a likely cause of interaction in the case of exposure to 
comparably low doses of multiple environmental chemi-
cals or pesticide residues in food. By contrast, interfer-
ence of a compound (or several similar compounds for 
that matter) with specific metabolic enzymes or trans-
port proteins may play a role, sufficient potency pro-
vided. Especially, the induction or inhibition of enzymes 
or transporters involved in biotransformation needs to be 
considered in this context. The Transformer database cur-
rently lists 4407, 431 and 1158 of such interactions with 

Fig.1   Comparison of com-
mon assessment group (CAG) 
and common kinetic group 
(CKG) approaches. Adverse 
outcome pathway (AOP)- and 
CAG-based approaches focus 
on toxicodynamic properties 
(target organ and/or mode 
of action (MoA), while the 
CKG-based approach centers on 
toxicokinetics (e.g., the ability 
of a compound to interfere with 
drug-metabolizing enzymes

target organ
or MoA

kine�cs
metabolism

e.g. liver, 
receptor agonism

e.g. CYP inducer,
substrate

compound A       compound B compound A       compound B

AOP/CAG-based approach CKG-based approach

mixture selec�on and priori�za�on
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phase I enzymes, phase II enzymes and drug transport-
ers, respectively (Hoffmann et al. 2014). Construction of 
CKGs should therefore primarily focus on interactions 
with these proteins (Fig. 2).

Xenobiotic-metabolizing enzymes from the CYP 
superfamily are among the most important enzymes when 
it comes to phase I metabolism of drugs and environmen-
tal chemicals. The isoforms 3A4/5, 2D6, 2C9, 1A2, 2B6, 
2C19, 2C8, 2A6, 2E1, and 2J2 are frequently involved 
in the metabolism of drug molecules (Li 2021) with 
CYP3A4 being the oxygenase involved most frequently 
(Huang et al. 2008). Interference with CYPs therefore has 
been a frequent underlying cause for kinetic interactions 
such as the aforementioned effects observed by Lasch 
et al. (2021) for the three triazole fungicides. For recent 
overviews see, e.g., Pelkonen et al. (2020) and Tralau 
and Luch (2012, 2013). Likewise, frequently affected 
are systems involved in the active uptake or excretion of 
xenobiotics as exemplified by the high number of known 
drug-transporter interactions (Hoffmann et al. 2014). The 
potential of transporters to affect significantly a chemi-
cal’s ADME fate at all levels has been demonstrated 
repeatedly. The main players include MRPs (multidrug 
resistance-related proteins), MDRs (multidrug-resistance 
proteins), OATPs (organic anion-transporting peptides), 
OATs (organic anion transporters), OCTs (organic cation 
transporters), and others at the intestinal, hepatic, renal 
and/or other protective barriers (Fu et al. 2021). Espe-
cially, the ATP-binding cassette (ABC) transport protein 
family is one of the most important systems for the efflux 
of chemicals from cells. Hence, inhibition and induction 
of transporters are frequent mechanisms relevant for toxi-
cokinetic interactions (FDA 2020; Stevenson et al. 2006).

Having said that, it should, however, be noted that 
other groups of genes might be relevant for compound 
interactions as well, for example effects on DNA repair 
enzymes in the case of exposure to genotoxic compounds.

Information source for CKG assignment

Methodologically, both in vitro and in silico assays are 
suited to be the primary source of data for sorting substances 
into CKGs, of course considering the general limitations of 
such approaches. In vivo information, e.g., on biomarkers 
for effects on biotransformation and transport activity can 
provide supporting information, but may not be available in 
many cases.

Currently, EU chemical legislation REACH does not 
require the generation of any specific information on the 
ADME properties of a chemical at any tonnage. Neverthe-
less, summaries of existing toxikokinetic data for some well-
researched chemicals are present in REACH dossiers and 
made available through the European Chemicals Agency 
(ECHA) dissemination website. Unfortunately, this infor-
mation is mostly limited to data from OECD TG 417 with 
the focus on the absorption, distribution and excretion of a 
radiolabel in laboratory animals. In some cases, biotransfor-
mation products are identified and quantified in excreta, pro-
viding some additional information on the likely metabolic 
pathway in rodents. This is also the typical level of informa-
tion available for biocides. Meanwhile for pesticides, data 
on comparative in vitro biotransformation is required since 
2013 (EC 2013). However, while this allows a better under-
standing of the respective compound’s metabolism, identifi-
cation of the enzymes catalyzing the biotransformation is not 
a requirement. Information on the enzymes involved there-
fore is limited to what data are publicly available, including 
potential inhibitors or interactions with cellular transport.

As enzyme and transporter induction is frequently linked 
to adaptive and adverse toxicodynamic outcomes, some indi-
cations on these aspects may in fact be gained from mecha-
nistic studies (if performed). Indeed, a draft test guideline 
named “Determination of Cytochrome P450 (CYP) enzyme 
activity induction using differentiated human hepatic cells” 
has been developed by the OECD (2019). However, this test 
guideline has not yet been finalized following consultation 

Fig.2   How to build CKGs: 
especially interactions with 
drug-metabolizing enzymes 
such as cytochrome P450 (CYP) 
enzymes or with transporters 
such as the ATP-binding cas-
sette (ABC) transporters play a 
role in drug–drug interactions 
(DDIs). Some enzymes are most 
prominent here, for example 
CYP3A4. Hence, in vitro test-
ing as performed in the field of 
pharmaceuticals may form the 
basis of CKG construction

CYP3A4

inducer

inhibitorsubstrate

Tes�ng of substances for their ability to interact with specific enzymes or transporters in vitro

ABC2B1

inducer

inhibitorsubstrate

CYPx
ABCy

inducer

inhibitorsubstrate

CKGCYP3A4 CKGABC2B1 CKGnn

Sor�ng of substances into CKGs by their ability to interact with specific enzymes or transporters
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in 2019. For a start, CKG formation for chemicals, including 
biocides and pesticides, will thus have to rely on the limited 
data publicly available, generation of further data pending.

In the field of pharmaceuticals, in vitro experiments and 
clinical pharmacokinetic data may give the first mechanis-
tic information on DDIs and the need and design of fur-
ther studies. For detection of such interactions, a number 
of methods exist (Wienkers and Heath 2005). For example, 
reporter gene assays indicate whether a substance is able to 
induce genes for a certain CYPs or transporters (Willson and 
Kliewer 2002). Moreover, in vitro batteries detecting sub-
strates or inhibitors of CYPs are applied to detect potential 
DDIs. Fu et al. (2021) have recently summarized the portfo-
lio of existing in vitro methods for identifying and character-
izing transporter substrates and inhibitors. Table 1 provides 
an overview of some of the in vitro methods recommended 
for the investigation of pharmacokinetic drug interactions 
and is based on the guidelines of European and US regula-
tory agencies (EMA 2012; FDA 2020). For pharmaceuticals, 
the methodology needed for assigning chemicals to CKGs 
therefore in large has already been explored and established. 
In principle, these tools would also be applicable to chemi-
cals, therefore omitting the need of major development of 
new tests.

Several large databases provide information about pos-
sible pharmacokinetic interactions. Examples are the 
Transformer—Metabolism of Xenobiotics database (Hoff-
mann et al. 2014), the “SUPERCYP” database (Preissner 
et al. 2009), or the Kardiolab database for CYP interactions 
(https://​www.​kardi​olab.​ch/​CYP450_​2JSI.​html). In addition, 
predictive in silico models have been developed to generate 
some understanding of the likely metabolic pathways for a 
chemical substance as well as potential biotransformation 
enzymes and transporters involved.

More recently, the use of biomarkers for detecting the 
inhibition or induction of biotransformation enzymes and 
transporters in vivo, i.e., in humans and animals, has been 
discussed intensively (Chu et al. 2018). This latter approach 
allows obtaining evidence for physiologically relevant 
repression or induction of the respective pathway in vivo 
and at the same time allows describing rather than model the 
respective dose–response relationship. Notably, biomarker 
measurements could be included in existing in vivo proto-
cols, extending their predictive value from single substance 
toxicology to potential mixture toxicity.

Complexity versus clarity

Types of substances to be included in each CKG

Mechanistically, different groups of compounds will have to 
be considered within a CKG. The first group of compounds 

is constituted by substrates of the respective metabolic 
enzyme or transport protein. Adding more complexity to 
the system, the CKG will also have to comprise inducers as 
well as inhibitors of the respective enzyme or transporter, 
thus merging different molecular MoAs (see also Fig. 2 for 
illustration). This approach is similar to what is already done 
for pharmaceutical compounds; e.g., within the databases 
mentioned above.

Which CKGs should be considered?

The human genome encodes almost 60 different CYP 
enzymes, of which especially members of families 1–3 
are active in xenobiotic metabolism (Zanger et al. 2014). 
When considering CKG as an extension to the existing CAG 
approach, substances affecting an individual CYP enzyme 
like CYP3A4 should consequently be summarized in one 
CKG. Comparable considerations apply to the family of 
ABC transporters, which comprises 49 members within the 
human genome (Vasiliou et al. 2009). Initially the number 
of CKGs would practically be limited to those phase I and 
phase II enzymes as well as transporters, for which toxicoki-
netic interactions have been observed or at least predicted 
in the past. While the knowledge on DDIs and interactions 
described in the scientific literature and/or included in the 
EMA and FDA guidelines may serve as a starting point, 
existing experience relies largely on DDIs. Therefore, addi-
tional enzymes/transporters may need to be taken into con-
sideration for chemicals, while others frequently relevant to 
drugs might turn out to be less important.

Complexity of CKG assignment

Many compounds display a complex ADME pattern involv-
ing multiple steps and enzymes. Without further prioritiza-
tion, displaying the full complexity of in vivo metabolism 
in a CKG system would thus most likely lead to network too 
complex as to allow straightforward regulatory conclusions 
on potential mixture toxicity. For this reason, mapping and 
filtering the metabolic pathways for those most relevant will 
be a key task for establishing CKG-based assessment. In this 
context, also genetic polymorphisms in ADME genes might 
be necessary to consider in some cases.

Inhibition of CYPs is mainly caused by direct interaction 
of the respective compounds with the enzyme’s active center 
and as such accessible to testing or, in case of a crystal struc-
ture, modeling. Likewise, induction of CYP activity is fre-
quently related to nuclear receptor-mediated mechanisms 
the activity of which can be interrogated using reporter 
systems. Finally, protein stabilization can play some role in 
xenobiotic-mediated alterations of CYP activities, e.g., for 
CYP2E1 (Gonzalez 2007; Gonzalez et al. 1991). However, 
while again this can be tested for the characteristic of being 

https://www.kardiolab.ch/CYP450_2JSI.html
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a CYP substrate, inhibitor or inducer is often not limited to 
a single isoform. Many compounds will therefore be part of 
more than one CYP- or transporter-related CKG.

For ABC transporters, the processes of transport, inhibi-
tion, and induction can be interlinked. Substrates may act 
as competitive inhibitors when present at higher concentra-
tions (Epel et al. 2008). For example, the P-gp (ABCB1) 
substrate verapamil inhibits the transport of other substrates 
by rapid diffusion back into the cell from which it is then 
effluxed again, thus competitively claiming the entire trans-
port capacity (Litman et al. 2001). Somewhat comparable 
to CYP enzyme induction by xenobiotics via protein stabi-
lization, transport inhibition due to chronic capacity over-
load can lead to the induction of more transporters. Thus, 
inhibitors or competitive substrates can become ABC protein 
inducers. The respective induction can be a specific response 
to high concentrations of one single substrate or inhibitor 
(Lemma et al. 2006), but has also been shown to occur upon 
exposure to lower doses of a variety of substances (Kurelec 
1995). In the latter case, induction is a response to a gener-
ally high workload that cannot be traced back to specific 
substances (Elmeliegy et al. 2020). Some ABC transporters, 
e.g., P-gp, possess unspecific binding domains and trans-
port a variety of structurally different compounds. Others, 
e.g., MRP2, specialize on ionized and conjugated chemicals 
(Bard 2000; Borst and Elferink 2002). Hence, toxicokinetic 
effects on metabolism, affecting CYP reactions and/or phase 
II conjugation reactions, can be interlinked with effects on 
ABC transport.

Challenges by multi‑compound mixtures

Several scenarios have to be considered when addressing 
toxicokinetic effects on transporters or xenobiotic-metabo-
lizing enzymes by multi-compound mixtures. First, what if 
several substrates are present in a mixture? As long as the 
capacity of an enzyme or transporter is far from saturation, 
all substrates are converted or transported and influences 
on other substrates also present at low concentrations are 
expected to be minor. In this context, information on expo-
sure levels will certainly be helpful to judge on the relevance 
and/or likelihood of mixture effects. When approaching satu-
ration, however, it can reasonably be assumed that substrates 
with higher binding site affinity are processed first, while all 
others accumulate within the cell.

Second, what if several inhibitors are present in a mix-
ture? Competitive inhibitors are often substrates character-
ized by high binding site affinity but slow rates of catalysis 
or transport. Therefore, they slow down the turnover of other 
substrates and competitive inhibitors, but will eventually be 
eliminated from the cell. That is, unless their net uptake 
is faster than their metabolism or efflux. Non-competitive 
ATPase inhibitors can lead to long-term inactivation of ABC 

transporters (Lentz et al. 2000; Litman et al. 2001). They 
will even prevent slow efflux and may only be counteracted 
by the induction of higher levels of transporters. Thus, even 
mixtures of inhibitors may display increased effects, for 
example if a toxic competitive inhibitor co-occurs with a 
non-competitive or ATPase inhibitor.

Third, what if substrates and inhibitors are present in a 
mixture? The observed effects may mirror the example of 
the presence of a toxic competitive and another inhibitor, 
since competitive inhibitors are often, ultimately, substrates 
themselves. Where toxic substrates are present in a mixture 
with an inhibitor, increased effects may be observed.

Fourth, what if inhibitors and inducers are present in a 
mixture? Long-term inhibition may eventually lead to the 
induction of the inhibited proteins, as for example reported 
for transporters (Kurelec 1995). Presumably, the faster the 
induction of new transporters, the less relevant the influ-
ence of inhibitors becomes. However, since ABC transport is 
energy-dependent this may still affect the cell by draining its 
energy reserves (Litman et al. 2001; Stevenson et al. 2006).

Fifth, how can metabolism and transport interact? Higher 
metabolism rates of one component of a mixture may lead 
to that substance being removed from the cell more effi-
ciently. Be it either by improved binding site affinity or by 
decreased re-uptake across the lipid bi-layer membrane. 
Hence, substances competing for metabolic enzymes may 
indirectly compete for efflux. Potentially, this could augment 
adverse effects by more slowly metabolized and toxic ABC 
transporter substrates.

Approaches to reduce complexity

In principle, two strategies can be used to reduce the afore-
thought complexity. First, addition of (semi-)quantitative 
aspects (e.g., “strong inducer”, “weak inhibitor”, “main 
metabolic pathway”) will help to filter for potentially criti-
cal interactions within a high number of CKG entries. This 
way, any further differentiation for competitive or non-
competitive inhibition also will become unnecessary, as the 
inclusion into a CKG will be primarily based on the effect, 
not the specific mechanism.

Second, it could be discussed whether meaningful cutoffs 
for inclusion in a certain CKG can be defined (e.g., “at least 
10% of compound metabolized by CYP3A4”, “inhibition 
only at concentrations exceeding X µM”). This also would 
result in a considerable reduction of the number entries of 
a CKG. As mentioned before testing systems, e.g., for CYP 
activities, are well established hence allowing for this kind 
of selection based on compound screening.

For drugs, the biopharmaceutical classification system 
(BCS) has been introduced to classify drug candidates in 
accordance to the likelihood that they will display variable 
toxicokinetic behavior through certain types of interaction 
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(ICH 2021). This allows focusing on those substances and 
pathways with higher likelihood of effect. For example, sub-
strate studies with MDR1 and BCRP (Breast cancer resist-
ance protein) are recommended for BCS class 1 drugs with 
low oral bioavailability as well as for low solubility and high 
permeability class 2 drugs, while high solubility/low perme-
ability BCS class 3 drugs qualify for evaluation for absorp-
tive transport by OATP1B1/1B3 and renal clearance-related 
transport by OAT1, OAT3 and OCT2 is regarded relevant for 
class 4 low solubility/permeability drugs (Fu et al. 2021). In 
analogy to the BCS, a chemical that is a substrate of a bio-
transformation enzyme and/or transporter, but both unlikely 
to be significantly affected in terms of its kinetics (Cmax, area 
under the curve (AUC)) or to significantly inhibit or induce 
this pathway, may not qualify for a CKG. Notably, criteria 
have been defined by the leading drug authorities to decide 
whether the inhibitor or substrate properties determined for 
a drug candidate in vitro warrants further follow-up in vivo 
DDI studies. The quantitative cutoff values set depend on 
the individual activity and potency. Such decision criteria 
could be translated into chemical safety assessment. For this 
purpose, the maximum concentration of the substance in 
the gut or other compartments could be estimated from an 
established reference dose.

With regard to transporters, substrates and inhibitors 
may be defined based on their net effect on specific trans-
porters. Thus substrates with a high net uptake by passive 
diffusion, such as the P-glycoprotein (P-gp) substrate vera-
pamil, should be effectively regarded as inhibitors as they 
will effectively outcompete any other effect be it inhibitory 
or activating. The identification of potential inducers should 
be limited to substances, which have been demonstrated to 
cause transporter induction in relevant test systems. In addi-
tion, for the sake of reducing complexity the potential role 
of inhibitors and substrates as unspecific inducers may prob-
ably be disregarded. In doing so, one allows for worst-case 
scenarios where transport inhibition leads to increased cellu-
lar accumulation. To account for the efflux of metabolites by 
transporters, they should be included in the list of transporter 
substrates wherever such information is available.

Mathematical models have been developed to quanti-
tatively predict the complex interplay between inducers, 
inhibitors and substrates of one or more relevant transport-
ers. In some cases, such models have shown remarkable 
predictivity for certain combinations of drugs and transport 
pathways. For example, when the interaction of rosuvasta-
tin with the drugs rifampicin, asunaprevir, and velpatasvir 
mediated by hepatic OATP1B1/3 and intestinal breast can-
cer resistance protein (BCRP) was modeled as the ratio 
of the area under the curve (AUC), predicted values were 
within a 1.5- to 2-fold range of what was measured in vivo 
(Sane et al. 2020). However, a recent comprehensive analy-
sis by Taskar et al. (2020) still identified a large number of 

practical challenges with regard to general applicability of 
such complex physiologically-based toxicokinetic (PBTK) 
models for predicting transporter/enzyme mediated DDIs. 
Nevertheless, such models may be instrumental to further 
develop and validate qualitative decision criteria as those 
discussed above.

Examples for CKGs: CYP3A4/5 and ABCC2

In the following, we will focus on two prototypical toxicoki-
netic interactions as representative examples for ADME-
relevant proteins and the construction of CKGs: the CYP 
enzyme CYP3A4 as a representative of phase I metabolism, 
and the transporter ABCC2 (also termed MRP2) as a rep-
resentative of the ABC transporter family. By referring to 
these two prominent examples. we show how CKGs may be 
created and composed.

Based on the above considerations, two draft candidate 
CKGs are presented in Tables 2 and 3, respectively. These 
are by far not complete and just given to illustrate how a 
CKG could look like. Table 2 shows the membership of 
selected pesticidal active compounds in a CKG for CYP3A4, 
while an exemplary suggestion of substance classification 
for compounds being substrates of or activating the MRP2 
transporter is provided in Table 3.

The information depicted in Tables 2 and 3 should, of 
course, not be perceived as a complete CKG. Instead, a num-
ber of chemicals have been picked, for which information 
on CYP or transporter interaction is available. These are 
exemplarily shown to illustrate how substrates, inducers and 
inhibitors could be included into a CKG, and how available 
information can be utilized to predict interactions based on 
toxicokinetic interference.

Table 2   Draft CKG for CYP3A4/5. The CKG was compiled to illus-
trate how a CKG could look like in contrast to a CAG​

Considering the multitude of chemical substances and the limited 
knowledge on toxicokinetics (including CYP-dependent metabo-
lism) of many of those compounds, the CKG is certainly not com-
plete and information on some abilities of the substances is missing. 
For a recent review on CYP-inducing azoles see Marx-Stoelting et al. 
(2020)

Substance Substrate Inhibitor Inducer Reference(s)

Epoxiconazol () () Yes Heise et al. (2015), 
Zahn et al. (2018)

Difenoconazol Yes () Yes Lasch et al. (2020)
Propiconazole () () Yes Knebel et al. (2019)
Fludioxonil () Yes No Lasch et al. (2020)
Cyproconazol () () Yes Zahn et al. (2018)
Tebuconazol () () yes Knebel et al. (2019)
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Table 2 shows that various triazole-class fungicides are 
inducers of CYP3A4 activity, which is mechanistically based 
on pregnane-X-receptor (PXR) and constitutive androstane 
receptor (CAR) activation by the compounds, followed by 
subsequent transcriptional activation of the CYP3A4 gene 
(Braeuning and Marx-Stoelting 2021). Fludioxonil, by con-
trast, inhibits CYP3A4 activity. Taken together, this informa-
tion can be used to predict a potential interaction between flu-
dioxonil and, e.g., difenoconazol, leading to effects potentially 
deviating from the DACA concept. Existence of this particu-
lar interaction has been demonstrated by Lasch et al. (2020). 
Similarly, Table 3 shows selected substrates, inhibitors, and 
inducers of the transport protein ABCC2. The simultaneous 
presence of, e.g., a substrate and an inhibitor may give rise 
to the assumption that interactions could occur, which lead to 
effects beyond what is covered by the DACA concept.

Conclusion

This work has explored and exemplified how the basically 
toxicodynamic approach of the CAG and AOP concepts can 
be complemented by toxicokinetics-centered CKG. Notably 
both concepts should not be regarded as something funda-
mentally different or exclusionary as molecular interactions 
with cellular structures such as enzymes and receptors are 
underlying mechanisms of many toxicokinetic interactions. 
Ultimately, considering the toxicodynamic as well as toxi-
cokinetic aspects of chemical mixtures in an integrated man-
ner therefore will not only help mixture assessment in gen-
eral, but appears a necessary precondition for singling out 
those mixtures that hazard-wise have the greatest potential 
for impacting consumer safety.

Funding  Open Access funding enabled and organized by Projekt 
DEAL.

Declarations 

Conflict of interest  The authors declare that there are no conflicts of 
interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Alarcan J, de Sousa G, Katsanou ES et  al (2021) Investigating 
the in vitro steatotic mixture effects of similarly and dissimi-
larly acting test compounds using an adverse outcome path-
way-based approach. Arch Toxicol. https://​doi.​org/​10.​1007/​
s00204-​020-​02969-y

Bard SM (2000) Multixenobiotic resistance as a cellular defense 
mechanism in aquatic organisms. Aquat Toxicol 48(4):357–389. 
https://​doi.​org/​10.​1016/​S0166-​445X(00)​00088-6

Beronius A, Zilliacus J, Hanberg A, Luijten M, van der Voet H, van 
Klaveren J (2020) Methodology for health risk assessment of 
combined exposures to multiple chemicals. Food Chem Toxicol 
143:111520. https://​doi.​org/​10.​1016/j.​fct.​2020.​111520

Borst P, Elferink RO (2002) Mammalian ABC transporters in health 
and disease. Annu Rev Biochem 71(1):537–592. https://​doi.​org/​
10.​1146/​annur​ev.​bioch​em.​71.​102301.​093055

Table 3   Draft CKG for ABCC2

The CKG was compiled to illustrate how a CKG could look like in contrast to a CAG. Considering the multitude of chemical substances and the 
limited knowledge on toxicokinetics (including transport) of many of those compounds, the CKG is certainly not complete

Substance Substrate Inhibitor Inducer Reference(s)

GSH conjugates of metals, e.g., As, Sn, Ag, Cd X Suzuki and Sugiyama (2002)
Kala et al. (2000)

Glucuronide conjugates of drugs, e.g.,
 Diclofenac
 Acetaminophen

X Seitz et al. (1998)
Xiong et al. (2000)

Non-conjugated drugs, e.g.,
 Etoposide
 Vincristine
 Doxorubicin
 Cisplatin

X Cui et al. (1999)

Ochratoxin A X O'Brien and Dietrich (2005)
Rifampicin X Fromm et al. (2000)
Curcumin X Ge et al. (2016)
Phenobarbital X Xiong et al. (2002)

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00204-020-02969-y
https://doi.org/10.1007/s00204-020-02969-y
https://doi.org/10.1016/S0166-445X(00)00088-6
https://doi.org/10.1016/j.fct.2020.111520
https://doi.org/10.1146/annurev.biochem.71.102301.093055
https://doi.org/10.1146/annurev.biochem.71.102301.093055


1670	 Archives of Toxicology (2022) 96:1661–1671

1 3

Braeuning A, Marx-Stoelting P (2021) Mixture prioritization and 
testing: the importance of toxicokinetics. Arch Toxicol. https://​
doi.​org/​10.​1007/​s00204-​021-​03026-y

Cedergreen N (2014) Quantifying synergy: a systematic review of 
mixture toxicity studies within environmental toxicology. PLoS 
ONE 9(5):e96580

Chu X, Liao M, Shen H et al (2018) Clinical probes and endogenous 
biomarkers as substrates for transporter drug-drug interaction 
evaluation: perspectives from the international transporter con-
sortium. Clin Pharmacol Ther 104(5):836–864. https://​doi.​org/​
10.​1002/​cpt.​1216

Cui Y, König J, Buchholz U, Spring H, Leier I, Keppler D (1999) 
Drug resistance and ATP-dependent conjugate transport medi-
ated by the apical multidrug resistance protein, MRP2, perma-
nently expressed in human and canine cells. Mol Pharmacol 
55(5):929–937

EC (2013) Commission Regulation (EU) No 283/2013 of 1 March 
2013 setting out the data requirements for active substances, in 
accordance with Regulation (EC) No 1107/2009 of the European 
Parliament and of the Council concerning the placing of plant 
protection products on the market Official Journal of the European 
Union 3:–84

EFSA (2021) Guidance Document on Scientific criteria for grouping 
chemicals into assessment groups for human risk assessment of 
combined exposure to multiple chemicals. EFSA J 19(12):e07033. 
https://​doi.​org/​10.​2903/j.​efsa.​2021.​7033

Elmeliegy M, Vourvahis M, Guo C, Wang DD (2020) Effect of P-gly-
coprotein (P-gp) inducers on exposure of P-gp substrates: review 
of clinical drug–drug interaction studies. Clin Pharmacokinet 
59(6):699–714. https://​doi.​org/​10.​1007/​s40262-​020-​00867-1

EMA (2012) Guideline on the investigation of drug interactions. Euro-
pean Medicines Agency London, United Kingdom

Epel D, Luckenbach T, Stevenson CN, Macmanus-Spencer LA, Ham-
doun A, Smital T (2008) Efflux transporters: newly appreci-
ated roles in protection against pollutants. Environ Sci Technol 
42(11):3914–3920. https://​doi.​org/​10.​1021/​es087​187v

FDA (2020) In Vitro Drug Interaction Studies — Cytochrome P450 
Enzyme- and Transporter-Mediated Drug Interactions Guidance 
for Industry

Fromm MF, Kauffmann HM, Fritz P et al (2000) The effect of rifampin 
treatment on intestinal expression of human MRP transporters. 
Am J Pathol 157(5):1575–1580. https://​doi.​org/​10.​1016/​S0002-​
9440(10)​64794-3

Fu S, Yu F, Sun T, Hu Z (2021) Transporter-mediated drug–drug 
interactions—Study design, data analysis, and implications for 
in vitro evaluations. Med Drug Discov 11:100096. https://​doi.​org/​
10.​1016/j.​medidd.​2021.​100096

Ge S, Yin T, Xu B, Gao S, Hu M (2016) Curcumin affects phase II 
disposition of resveratrol through inhibiting efflux transporters 
MRP2 and BCRP. Pharm Res 33(3):590–602. https://​doi.​org/​10.​
1007/​s11095-​015-​1812-1

Gonzalez FJ (2007) The 2006 Bernard B. Brodie Award Lecture. 
Cyp2e1. Drug Metab Dispos 35(1):1–8. https://​doi.​org/​10.​1124/​
dmd.​106.​012492

Gonzalez FJ, Ueno T, Umeno M, Song BJ, Veech RL, Gelboin HV 
(1991) Microsomal ethanol oxidizing system: transcriptional and 
posttranscriptional regulation of cytochrome P450, CYP2E1. 
Alcohol Alcohol Suppl 1:97–101

Heise T, Schmidt F, Knebel C et  al (2015) Hepatotoxic effects 
of (tri)azole fungicides in a broad dose range. Arch Toxicol 
89(11):2105–2117. https://​doi.​org/​10.​1007/​s00204-​014-​1336-1

Herzler M, Marx-Stoelting P, Pirow R et al (2021) The “EU chemicals 
strategy for sustainability” questions regulatory toxicology as we 
know it: is it all rooted in sound scientific evidence? Arch Toxicol. 
https://​doi.​org/​10.​1007/​s00204-​021-​03091-3

Hoffmann MF, Preissner SC, Nickel J, Dunkel M, Preissner R, Pre-
issner S (2014) The Transformer database: biotransformation of 
xenobiotics. Nucleic Acids Res 42(D1):D1113–D1117. https://​
doi.​org/​10.​1093/​nar/​gkt12​46

Huang SM, Strong JM, Zhang L et al (2008) New era in drug interac-
tion evaluation: US Food and Drug Administration update on CYP 
enzymes, transporters, and the guidance process. J Clin Pharmacol 
48(6):662–670. https://​doi.​org/​10.​1177/​00912​70007​312153

ICH (2021) M9 Biopharmaceutics Classification System—Based Bio-
waivers Guidance for Industry. U.S. Department of Health and 
Human Services Food and Drug Administration

Kala SV, Neely MW, Kala G et al (2000) The MRP2/cMOAT trans-
porter and arsenic-glutathione complex formation are required for 
biliary excretion of arsenic. J Biol Chem 275(43):33404–33408. 
https://​doi.​org/​10.​1074/​jbc.​M0070​30200

Knebel C, Buhrke T, Süssmuth R, Lampen A, Marx-Stoelting P, 
Braeuning A (2019) Pregnane X receptor mediates steatotic 
effects of propiconazole and tebuconazole in human liver cell 
lines. Arch Toxicol 93(5):1311–1322. https://​doi.​org/​10.​1007/​
s00204-​019-​02445-2

Kurelec B (1995) Inhibition of multixenobiotic resistance mecha-
nism in aquatic organisms: ecotoxic consequences. Sci Total 
Environ 171(1–3):197–204. https://​doi.​org/​10.​1016/​S0141-​
1136(00)​00202-6

Lasch A, Lichtenstein D, Marx-Stoelting P, Braeuning A, Alarcan 
J (2020) Mixture effects of chemicals: the difficulty to choose 
appropriate mathematical models for appropriate conclusions. 
Environ Pollut 260:113953. https://​doi.​org/​10.​1016/j.​envpol.​
2020.​113953

Lasch A, Marx-Stoelting P, Braeuning A, Lichtenstein D (2021) 
More than additive effects on liver triglyceride accumulation 
by combinations of steatotic and non-steatotic pesticides in 
HepaRG cells. Arch Toxicol 95(4):1397–1411. https://​doi.​org/​
10.​1007/​s00204-​021-​02997-2

Lemma GL, Wang Z, Hamman MA, Zaheer NA, Gorski JC, Hall 
SD (2006) The effect of short-and long-term administration 
of verapamil on the disposition of cytochrome P450 3A and 
P-glycoprotein substrates. Clin Pharmacol Ther 79(3):218–230. 
https://​doi.​org/​10.​1016/j.​clpt.​2005.​11.​001

Lentz KA, Polli JW, Wring SA, Humphreys JE, Polli JE (2000) Influ-
ence of passive permeability on apparent P-glycoprotein kinet-
ics. Pharm Res 17(12):1456–1460. https://​doi.​org/​10.​1023/A:​
10076​92622​216

Li AP (2021) Drug‐Metabolizing Enzymes and Drug Toxicity,
Litman T, Druley T, Stein W, Bates S (2001) From MDR to MXR: 

new understanding of multidrug resistance systems, their 
properties and clinical significance. Cell Mol Life Sci CMLS 
58(7):931–959. https://​doi.​org/​10.​1007/​PL000​00912

Martin O, Scholze M, Ermler S et al (2021) Ten years of research on 
synergisms and antagonisms in chemical mixtures: a systematic 
review and quantitative reappraisal of mixture studies. Environ 
Int 146:106206

Marx-Stoelting P, Knebel C, Braeuning A (2020) The connection 
of azole fungicides with xeno-sensing nuclear receptors. Drug 
Metab Hepatotoxic Cells 9(5):1192. https://​doi.​org/​10.​3390/​
cells​90511​92

Nielsen E, Nørhede P, Boberg J et al (2012) Identification of Cumu-
lative Assessment Groups of Pesticides. EFSA J. https://​doi.​org/​
10.​2903/​sp.​efsa.​2012.​EN-​269

O’Brien E, Dietrich DR (2005) Ochratoxin A: the continuing 
enigma. Crit Rev Toxicol 35(1):33–60. https://​doi.​org/​10.​1080/​
10408​44059​09059​48

OECD (2018) Considerations for Assessing the Risks of Com-
bined Exposure to Multiple Chemicals, Series on Testing and 
Assessment No. 296, Environment, Health and Safety Division, 

https://doi.org/10.1007/s00204-021-03026-y
https://doi.org/10.1007/s00204-021-03026-y
https://doi.org/10.1002/cpt.1216
https://doi.org/10.1002/cpt.1216
https://doi.org/10.2903/j.efsa.2021.7033
https://doi.org/10.1007/s40262-020-00867-1
https://doi.org/10.1021/es087187v
https://doi.org/10.1016/S0002-9440(10)64794-3
https://doi.org/10.1016/S0002-9440(10)64794-3
https://doi.org/10.1016/j.medidd.2021.100096
https://doi.org/10.1016/j.medidd.2021.100096
https://doi.org/10.1007/s11095-015-1812-1
https://doi.org/10.1007/s11095-015-1812-1
https://doi.org/10.1124/dmd.106.012492
https://doi.org/10.1124/dmd.106.012492
https://doi.org/10.1007/s00204-014-1336-1
https://doi.org/10.1007/s00204-021-03091-3
https://doi.org/10.1093/nar/gkt1246
https://doi.org/10.1093/nar/gkt1246
https://doi.org/10.1177/0091270007312153
https://doi.org/10.1074/jbc.M007030200
https://doi.org/10.1007/s00204-019-02445-2
https://doi.org/10.1007/s00204-019-02445-2
https://doi.org/10.1016/S0141-1136(00)00202-6
https://doi.org/10.1016/S0141-1136(00)00202-6
https://doi.org/10.1016/j.envpol.2020.113953
https://doi.org/10.1016/j.envpol.2020.113953
https://doi.org/10.1007/s00204-021-02997-2
https://doi.org/10.1007/s00204-021-02997-2
https://doi.org/10.1016/j.clpt.2005.11.001
https://doi.org/10.1023/A:1007692622216
https://doi.org/10.1023/A:1007692622216
https://doi.org/10.1007/PL00000912
https://doi.org/10.3390/cells9051192
https://doi.org/10.3390/cells9051192
https://doi.org/10.2903/sp.efsa.2012.EN-269
https://doi.org/10.2903/sp.efsa.2012.EN-269
https://doi.org/10.1080/10408440590905948
https://doi.org/10.1080/10408440590905948


1671Archives of Toxicology (2022) 96:1661–1671	

1 3

Environment Directorate OECD Series on Testing and Assess-
ment OECD Series on Testing and Assessment.

OECD (2019) Determination of Cytochrome P450 (CYP) enzyme 
activity induction using differentiated human hepatic cells 
Organisation for Economic Co-operation and Development

Pelkonen O, Hakkola J, Hukkanen J, Turpeinen M (2020) CYP-
associated drug–drug interactions: a mission accomplished? 
Arch Toxicol 94(11):3931–3934. https://​doi.​org/​10.​1007/​
s00204-​020-​02912-1

Preissner S, Kroll K, Dunkel M et al (2009) SuperCYP: a com-
prehensive database on Cytochrome P450 enzymes including a 
tool for analysis of CYP-drug interactions. Nucleic Acids Res 
38(1):237–243. https://​doi.​org/​10.​1093/​nar/​gkp970

Sane R, Cheung KWK, Kovács P et  al (2020) Calibrating the 
in  vitro–in vivo correlation for OATP-mediated drug-drug 
interactions with rosuvastatin using static and PBPK models. 
Drug Metab Dispos 48(12):1264–1270. https://​doi.​org/​10.​1124/​
dmd.​120.​000149

Schmidt F, Marx-Stoelting P, Haider W et al (2016) Combination 
effects of azole fungicides in male rats in a broad dose range. 
Toxicology 355:54–63. https://​doi.​org/​10.​1016/j.​tox.​2016.​05.​018

Seitz S, Kretz-Rommel A, Oude Elferink RP, Boelsterli UA (1998) 
Selective protein adduct formation of diclofenac glucuronide is 
critically dependent on the rat canalicular conjugate export pump 
(Mrp2). Chem Res Toxicol 11(5):513–519. https://​doi.​org/​10.​
1021/​tx970​203+

Stein B, Michalski B, Martin S, Pfeil R, Ritz V, Solecki R (2014) 
Human health risk assessment from combined exposure in the 
framework of plant protection products and biocidal products. J 
Verbr Lebensm 9(4):367–376. https://​doi.​org/​10.​1080/​10408​444.​
2018.​15419​64

Stevenson CN, MacManus-Spencer LA, Luckenbach T, Luthy RG, 
Epel D (2006) New perspectives on perfluorochemical ecotoxicol-
ogy: inhibition and induction of an efflux transporter in the marine 
mussel, Mytilus Californianus. Environ Sci Technol 40(17):5580–
5585. https://​doi.​org/​10.​1021/​es060​2593

Suzuki H, Sugiyama Y (2002) Single nucleotide polymorphisms in 
multidrug resistance associated protein 2 (MRP2/ABCC2): its 
impact on drug disposition. Adv Drug Deliv Rev 54(10):1311–
1331. https://​doi.​org/​10.​1016/​S0169-​409X(02)​00075-3

Taskar KS, Pilla Reddy V, Burt H et al (2020) Physiologically-based 
pharmacokinetic models for evaluating membrane transporter 
mediated drug–drug interactions: current capabilities, case stud-
ies, future opportunities, and recommendations. Clin Pharmacol 
Ther 107(5):1082–1115. https://​doi.​org/​10.​1002/​cpt.​1693

Tralau T, Luch A (2012) “Drugs on oxygen”: an update and perspective 
on the role of cytochrome P450 testing in pharmacology. Expert 
Opin Drug Metab Toxicol 8(11):1357–1362. https://​doi.​org/​10.​
1517/​17425​255.​2012.​722620

Tralau T, Luch A (2013) The evolution of our understanding of 
endo-xenobiotic crosstalk and cytochrome P450 regulation and 
the therapeutic implications. Expert Opin Drug Metab Toxicol 
9(12):1541–1554. https://​doi.​org/​10.​1517/​17425​255.​2013.​828692

Tralau T, Oelgeschläger M, Kugler J et  al (2021) A prospective 
whole-mixture approach to assess risk of the food and chemical 
exposome. Nature Food 2(7):463–468. https://​doi.​org/​10.​1038/​
s43016-​021-​00316-7

Tweedie D, Polli J, Berglund EG et al (2013) Transporter studies in 
drug development: experience to date and follow-up on decision 
trees from the International Transporter Consortium. Clin Phar-
macol Ther 94(1):113–125. https://​doi.​org/​10.​1038/​clpt.​2013.​77

Vasiliou V, Vasiliou K, Nebert DW (2009) Human ATP-binding cas-
sette (ABC) transporter family. Hum Genomics 3(3):1–10. https://​
doi.​org/​10.​1186/​1479-​7364-3-​3-​281

Wienkers LC, Heath TG (2005) Predicting in vivo drug interac-
tions from in vitro drug discovery data. Nat Rev Drug Discov 
4(10):825–833. https://​doi.​org/​10.​1038/​nrd18​51

Willson TM, Kliewer SA (2002) Pxr, car and drug metabolism. Nat 
Rev Drug Discov 1(4):259–266. https://​doi.​org/​10.​1038/​nrd753

Xiong H, Turner KC, Ward ES, Jansen PL, Brouwer KL (2000) Altered 
hepatobiliary disposition of acetaminophen glucuronide in iso-
lated perfused livers from multidrug resistance-associated protein 
2-deficient TR−rats. J Pharmacol Exp Ther 295(2):512–518

Xiong H, Suzuki H, Sugiyama Y, Meier PJ, Pollack GM, Brouwer 
KL (2002) Mechanisms of impaired biliary excretion of acetami-
nophen glucuronide after acute phenobarbital treatment or pheno-
barbital pretreatment. Drug Metab Dispos 30(9):962–969. https://​
doi.​org/​10.​1124/​dmd.​30.9.​962

Zahn E, Wolfrum J, Knebel C et al (2018) Mixture effects of two 
plant protection products in liver cell lines. Food Chem Toxicol 
112:299–309. https://​doi.​org/​10.​1016/j.​fct.​2017.​12.​067

Zanger UM, Klein K, Thomas M et al (2014) Genetics, epigenetics, 
and regulation of drug-metabolizing cytochrome p450 enzymes. 
Clin Pharmacol Ther 95(3):258–261. https://​doi.​org/​10.​1038/​clpt.​
2013.​220

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s00204-020-02912-1
https://doi.org/10.1007/s00204-020-02912-1
https://doi.org/10.1093/nar/gkp970
https://doi.org/10.1124/dmd.120.000149
https://doi.org/10.1124/dmd.120.000149
https://doi.org/10.1016/j.tox.2016.05.018
https://doi.org/10.1021/tx970203+
https://doi.org/10.1021/tx970203+
https://doi.org/10.1080/10408444.2018.1541964
https://doi.org/10.1080/10408444.2018.1541964
https://doi.org/10.1021/es0602593
https://doi.org/10.1016/S0169-409X(02)00075-3
https://doi.org/10.1002/cpt.1693
https://doi.org/10.1517/17425255.2012.722620
https://doi.org/10.1517/17425255.2012.722620
https://doi.org/10.1517/17425255.2013.828692
https://doi.org/10.1038/s43016-021-00316-7
https://doi.org/10.1038/s43016-021-00316-7
https://doi.org/10.1038/clpt.2013.77
https://doi.org/10.1186/1479-7364-3-3-281
https://doi.org/10.1186/1479-7364-3-3-281
https://doi.org/10.1038/nrd1851
https://doi.org/10.1038/nrd753
https://doi.org/10.1124/dmd.30.9.962
https://doi.org/10.1124/dmd.30.9.962
https://doi.org/10.1016/j.fct.2017.12.067
https://doi.org/10.1038/clpt.2013.220
https://doi.org/10.1038/clpt.2013.220

	An approach for mixture testing and prioritization based on common kinetic groups
	Abstract
	Introduction
	How to construct a CKG?
	Information source for CKG assignment
	Complexity versus clarity
	Types of substances to be included in each CKG
	Which CKGs should be considered?
	Complexity of CKG assignment
	Challenges by multi-compound mixtures
	Approaches to reduce complexity

	Examples for CKGs: CYP3A45 and ABCC2
	Conclusion
	References




