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Abstract
Currently, there is no single taxonomy for organizing data on
the various types of chemical interactions that may affect risks
from combined exposures. A taxonomy of chemical in-
teractions is proposed that is based on a combination of the
aggregate exposure pathways (AEPs) and adverse outcome
pathways (AOPs) (AEP–AOP framework). The AEP–AOP
framework organizes data on the causal events that ocur over
the entire source–exposure–response continuum of a chem-
ical’s release. The proposed taxonomy uses this framework in
two ways. First, four top-level categories are established based
on the location in the continuum where a chemical interaction
occurs. Second, each top-level category has two or more
subcategories that are based on concepts taken from AEPs
and AOPs. The categories and subcategories are potentially
useful in developing standardized definitions for interaction
terms and improving our understanding of the impacts of
chemical interactions on risk to human health and the
environment.
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1. Introduction
Currently, there is no single framework for categoriz-
ing the diverse types of chemical interactions that
affect the adverse human and ecological outcomes
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from chemicals. While multiple individuals and orga-
nizations have proposed methods of organizing infor-
mation on the effects of combined exposures to
chemicals [1e7], these approaches have not consid-
ered the entire sourceeexposureeresponse contin-
uum. In many instances, such approaches have only
addressed interactions between chemicals that pro-
duce a common adverse outcome (AO) in in vivo
models [7] or that only address toxicological in-
teractions in individual organisms [2]. This article
offers an approach that has the potential to fill this gap.

Here, we propose a taxonomy that is based on the
aggregate exposure pathway (AEP) framework [8e
10] and the adverse outcome pathway (AOP)
framework [11e13].1 In this article, we argue that
the combination of AEPs and AOPs (AEPeAOP)
provides a useful framework for organizing the
diverse types of chemical interactions into a hier-

archical system of mutually exclusive categories.
These categories can provide a more detailed orga-
nization of interactions that have at best only been
broadly characterized in earlier approaches. In
addition, the categories organize interactions into
groups with common attributes. As a result, the
taxonomy can aid in the understanding and man-
agement of impacts of chemical interactions on
human health and the environment.

The proposed taxonomy is presented as an initial

work. The concepts in this article are offered as a
discussion starter, and we welcome additional ideas,
modifications, and suggestions. This article begins
with a brief review of relevant components of AEPs
and AOPs, followed by a description of the taxonomy
and a brief discussion.
2. The combined AEP–AOP framework
The AEPeAOP framework is an objective system for
organizing information on events occurring along the
sourceeexposureeresponse continuum (Figure 1A),
using concepts from graph theory. In an AEP,
chemical exposure is defined in terms of one or
www.sciencedirect.com
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Figure 1

(a) Linked aggregate exposure pathway–adverse outcome pathway (AEP–AOP) and (b) the four top categories for the proposed interaction taxonomy.
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more key exposure states (KESs) and key transi-
tional relationships (KTRs) [8e10]. An AEP begins
with the characterization of the source of a chem-

ical’s release and continues to the target site
exposure (TSE). The TSE describes the exposure
state of a chemical or its active metabolite
(e.g. concentration and duration) at the physiolog-
ical site of the molecular initiating event (MIE) of
the chemical’s AOP. The relationship between the
TSE and MIE is defined empirically, typically using
doseeresponse data from in vitro assays [14]. In an
AOP, the toxicity of chemicals in humans or other
receptors is defined in terms of key events (KEs)
and key event relationships (KERs) [11e13]. Mul-

tiple AOPs that involve common KEs combine to
produce AOP networks. AOP networks can link the
effects of multiple chemicals through one or more
MIEs to common KEs and ultimately to one or
more AOs.

Unlike the chemical-agnostic nature of AOPs, an
AEP is chemical specific, and separate AEPs are
required for each chemical. In addition, unlike the
KERs in an AOP, the KTRs of an AEP are divided
into two types. The first type involves the
www.sciencedirect.com
movement of a chemical from one KES to another
(i.e. transport processes). The second type involves
the conversion of a chemical into another chemical

(i.e. transformation processes). This latter type of a
KTR results in the creation of a new AEP for the
transformation product [9].

3. A taxonomy of interactions
The proposed taxonomy of chemical interactions
consists of a hierarchical set of categories. The
definition of a chemical interaction in this article
differs from that in mixture toxicology, where
interaction has been defined as a deviation from

additivity in doseeresponse [5]. In this article, the
term ‘chemical interaction’ is more broadly defined
(see Text Box). An interaction between two chem-
icals does not require a common source, a common
route of exposure, or concurrent exposure nor does
it imply that both chemicals will independently
cause a common AO. Rather, an interaction is
considered to have occurred if two chemicals, or
their toxicological effects, perturb a common node
in the combined AEPeAOP framework leading to a
change in the probability of the occurrence of an
AO.
Current Opinion in Toxicology 2019, 16:58–66

www.sciencedirect.com/science/journal/24682020


Key definitions
Chemical interaction: the ability of a dose (or release) of one
chemical to influence the ability of a dose (or release) of a second
chemical to cause an AO.
Receptor: an organism or population of organisms in which the AO
occurs.
Molecular receptor: macromolecules where chemicals bind and
trigger additional chemical reactions.

60 Systems Toxicology
It is acknowledged that individuals are exposed to
complex mixtures and that interactions involving three
or more chemicals are common. However, the proposed
taxonomy is limited only to interactions between pairs of

chemicals for several reasons. First, if a taxonomy cannot
be established for binary interactions, it is unlikely that a
taxonomy will succeed in categorizing more complex
interactions. Second, it is expected that more complex
interactions will be informed by improved understand-
ing of interactions between chemical pairs. This has
been demonstrated for dosimetry interactions [15,16].
Finally, studies of the patterns of actual combined ex-
posures have reported that receptors mostly at risk of
combined exposures receive the majority of their risk
from only one or two chemicals [17,18]. Future efforts to

organize data on chemical interactions should include
investigating the extent to which this taxonomy can be
applied to more complex interactions.

The top level of the taxonomy consists of four categories
that are based on the location along the AEPeAOP
framework at which an interaction occurs (Figure 1B).
The location is defined by a specific edge along which
chemical X affects a KTR or KER in the AEP or AOP of
chemical Y. The subcategories for each of the top cate-
gories are defined using characteristics of the AEP and

AOP. For example, there are separate subcategories for
movement and conversion KTRs. The categories and
subcategories are meant to be mutually exclusive in
terms of an interaction (i.e. a given interaction between
two chemicals will fall into only one category). However,
two chemicals can interact in multiple ways. For
example, chemicals may be involved in a common active
transport process, compete for activation by the same
cytochrome P450, and bind to the same molecular re-
ceptor to trigger a common MIE. As a result, when
multiple interactions occur for the same two chemicals,

the interactions may fall into different categories.

In creating the top-level categories, we use the concept
of the ‘outer exposure surface’ developed in the field of
exposure science [19]. The surface is a boundary that
separates the body of the receptor from the environ-
ment. The outer exposure surface is defined here as
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running above and outside of an organism’s hair, skin,
exterior of the eye, and over the nasal and mouth
openings. The last KES before the outer surface is
‘external’ exposure and is defined in terms of concen-
tration of a chemical in the environmental media
contacting the exposure surface and duration of the
chemical’s presence in the contact media. The move-
ment KTRs that cross the exposure surface are the

route-specific absorption processes: dermal absorption,
inspiration, and ingestion. This definition places in-
teractions that occur in the enclosed volumes of the
gastrointestinal and respiratory systems within the
second of the four categories. This is done to account for
processes of metabolism, mechanical transport, and
organ-specific absorption that occur within these
systems.

3.1. Category 1: interactions in release, fate,
transport, and exposure processes
This category includes interactions between two
chemicals that occur before the external exposure sur-
face (Figure 2). Historically, interactions between
chemicals in environmental media have not been
considered as part of human toxicology and have been
addressed by the fields of fate, transport, and exposure

assessments. The field of ecotoxicology, however, does
consider these interactions [3].

In the environment, chemical X may interact with
chemical Y by either influencing the movement of
chemical Y between KESs (movement KTRs), changing
the rate that chemical Y is converted into another
chemical in a medium (conversion KTRs), or creating a
new conversion KTR that is based on chemical reactions
involving both chemicals X and Y. Category 1, however,
does not include chemical reactions between chemical Y

and a naturally occurring substance (oxygen, water, hy-
droxide radicals, and so on) or biotransformation unaf-
fected by chemical X. Such reactions are conversion
KTRs that would normally occur in the AEPof chemical Y.

3.1.1. Category 1A — environment: movement.
Category 1A interactions occur when chemical X affects
the movement of chemical Y in a medium or across
media (i.e. a movement KTR). This change affects all

subsequent KESs and, ultimately, the TSE for chemical
Y. Examples of this type of interaction would be the
effects of acids on the mobility of metals in aquatic
systems [3] or the addition of Portland cement to
immobilize metals by reducing the movement of
groundwater through metal-containing wastes [20].

3.1.2. Category 1B — environment: conversion
Category 1B interactions occur when chemical Y is

transformed by naturally occurring processes (conver-
sion KTRs), with the rates of these transformations
affected by the presence of chemical X in a relevant
compartment of the environment. This results in a
www.sciencedirect.com
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Figure 2

Subcategories 1A, 1B, and 1C of category 1: interactions during fate and transport.
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change in subsequent KESs of the parent compound Y
and the relevant transformation product of Y. An
example of such an interaction is the slowing of the

conversion of ammonia to nitrate in soil by the use of
dicyandiamide to inhibit bacterial nitrification [21].

3.1.3. Category 1C — chemical reactions between
two chemicals in the environment
For category 1C interactions, two chemicals X and Y
chemically react, and a receptor is then exposed to the
reaction products. Using the AEP terminology, the
presence of chemical X can be viewed as creating a
conversion KTR that results in a new AEP for the re-
action product(s) of X and Y RXY. Category 1C in-
teractions are common for chemicals released to the
atmosphere. An example of such an interaction is the
reaction of nitrogen oxide and methane to produce
formaldehyde [22]. Category 1C interactions require

that chemicals X and Y share the same KES.

3.2. Category 2 — interactions that change the
toxicokinetics of a chemical
This category includes interactions between two
chemicals that occur after the external exposure

states. It includes interactions that affect KTRs
associated with crossing of the exposure surface and
all subsequent KESs (Figure 3). These interactions
have historically been called kinetic interactions
[3,5,6,16], and they closely parallel the interactions
in category 1. Chemical X may interact with
www.sciencedirect.com
chemical Y by either influencing the movement of
chemical Y between two KESs, by influencing the
conversion of chemical Y into the transformation

product of Y, or by directly reacting with chemical Y.
As with category 1, the taxonomy does not include
conversion KTRs of chemical Y that are a natural
part of the AEP of chemical Y.

The mechanism by which chemical X alters chemical
Y’s movement or conversion KTR may be a chemical
effect occurring through the same KES as chemical X
or could be a separate pharmacologically mediated
effect. As a result, chemical X need not share the same
KES or even be present in an organism at the same

time as chemical Y.

3.2.1. Category 2A — toxicokinetics: adsorption,
distribution, and excretion
As category 1A, category 2A interactions occur when the
presence of chemical X alters the transport processes
(movement KTRs) and subsequent KESs for chemical Y,
including the TSE. Examples of such processes include
the following:

� Changing absorption d the surfactant sodium lauryl
sulfate increasing the dermal absorption of disinfec-
tion by-products, such as chloroacetonitrile [23].

� Changing distribution d the vasoconstrictor
epinephrine that limits lidocaine dispersion from the

oral mucosa and the jawbone [24].
Current Opinion in Toxicology 2019, 16:58–66
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Figure 3

Subcategories 2A, 2B, and 2C of category 2: toxicokinetic interactions.
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� Changing elimination d administering sodium bi-
carbonate to increase renal excretion of a salicylate
(e.g. aspirin) [25].

3.2.2. Category 2B — toxicokinetics: metabolism.
As category 1B, category 2B interactions occur when the
presence of chemical X changes the metabolism of
chemical Y and, ultimately, the TSEs of chemical Y and
its metabolite Y’. Examples of such processes include
the following:

� Inhibiting metabolism d the ability of piperonyl
butoxide to inhibit the metabolism of pyrethroid in-
secticides in insects [5].

� Increasing metabolism d the ability of cruciferous

vegetables to increase the metabolism of benzo(a)
pyrene through activation of phase I enzymes
(i.e. Cytochrome P450s (CYPs)) [26].

� Inhibiting metabolism by competing for an enzyme or
cofactord the ability of ethanol to protect against the
toxicity of methanol by competitive inhibition of
alcohol dehydrogenase [27].

3.2.3. Category 2C — chemical reactions within a
receptor
Category 2C interactions occur when two chemicals
interact within a receptor. As with category 1C, the
presence of chemical X creates a new conversion KTR
for chemical Y. This type of interaction is rare because it
Current Opinion in Toxicology 2019, 16:58–66
requires at least one of the two chemicals to be present
in high concentrations within the receptor. Such in-
teractions are, however, the basis for trapping agents (a

technique used to study reactive intermediates) [28].
Category 2C interactions require that chemicals X and Y
share the same KES.

3.3. Category 3 — chemical interactions that
involve chemicals with a common AO
This category includes interactions between two
chemicals that have a common MIE, a common
interim KE, or a common AO. Interactions between
such chemicals have historically been considered by
the field of toxicology as ‘dynamic interactions’
[3,5,6]. Category 3 is divided into three sub-
categories (Figure 4).

3.3.1. Category 3A — interactions involving a
common MIE
Category 3A interactions occur when two chemicals
have a common MIE. Examples of MIEs affected by
multiple chemicals include binding to a common re-
ceptor, exhausting a common cofactor (e.g. glutathione),
or disrupting a common target such as the cellular

membrane. As a result, the presence of chemical X at
the target site will affect the TSE of chemical Y
necessary to cause the MIE. An example of such an
interaction occurs between androgen ‘antagonists’ such
as vinclozolin and hydroxyflutamide [29].
www.sciencedirect.com
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Figure 4

Subcategories 3A, 3B, and 3C of category 3: toxicodynamic interactions.
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3.3.2. Category 3B — interactions involving a
common KE (other than the MIE) for an AOP
These interactions occur when individual chemicals
have separate MIEs, which lead to a common KE
within an AOP network. As a result, the level of
TSE of chemical Y required to cause the initial

common KE (and all subsequent KEs and the AO)
is modified by the effect of chemical X. Note that
unlike interactions in category 3A, chemical X would
not affect the ability of chemical Y to cause the
MIE or other KEs that occur before the first
common effect. An example of this type of inter-
action would be stimulation of estrogen receptor
activity by bisphenol A, which can lead to decreases
in male epididymal weight and sperm production,
along with inhibition of the androgen receptor by
diethylhexyl phthalate. The two exposures have

different, and independent, MIEs but lead to one or
more common KEs and the same AO of reduced
fertility [30].

3.3.3. Category 3C — interactions for chemicals
with different AOPs but a common AO
These interactions are the result of chemicals
affecting separate AOPs that lead to a common AO.
An example of such an interaction would be pul-
monary fibrosis that is caused by exposure to both
nickel oxide nanoparticles and cigarette smoke [31e
33].
www.sciencedirect.com
3.4. Category 4 — interactions leading to an AO
in a population because of population- or
ecosystem-mediated interactions
Many ecological AOPs move beyond the occurrence of
adverse effects in individual organisms and define the
AO as impacts on a population of organisms. These
impacts are expressed as the decline, or loss, of popu-
lations of an organism at a specific location. While
category 3 interactions can affect these AOs, changing
the AO to the population level introduces new mecha-
nisms for interaction. Category four addresses these
interactions.

These interactions fall into two subcategories

(Figure 5), multiple effects occurring in a population of
one species and effects occurring in populations of two
separate species where there is a relationship between
the two species. Both types of interactions could also be
viewed as falling under categories 3B or 3C (having a
common KE or common AO). However, because they
occur in populations rather than individual organisms,
they are assigned to a separate category.

3.4.1. Category 4A — separate adverse effects
affecting a common population
This category includes chemical interactions in a pop-
ulation that occur from two chemicals causing two
different adverse effects on different individual organ-
isms in a common population. One chemical may affect
Current Opinion in Toxicology 2019, 16:58–66
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Figure 5

Subcategories 4A and 4B of category 4: population- and ecosystem-based interactions.
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a population by suppressing survival rates of juveniles
and a second by causing a general narcotic effect in
adults. The population may tolerate either effect, but in

combination, the chemicals could reduce the size of the
population or eliminate the population entirely. An
example of this type of interaction is the combined ef-
fects of the parasiticide flubenzuron and pyrethroid in-
secticides that are coapplied in aquaculture to control
sea lice on copepods [34e36]. The flubenzuron para-
siticides accumulate in sediment where they suppress
the chitinous growth of nauplii and preadult sea lice
residing there. In contrast, the pyrethroids do little to
affect the development of sea lice but cause immobili-
zation and reduced feeding behavior in adults.

3.4.2. Category 4B — chemicals that impact a
population directly and indirectly by affecting
another species
This category includes population impacts that occur
when two chemicals cause adverse effects in two
different species in an ecosystem and where the exis-
tence of one of the species is dependent on the pres-
ence of the other. For example, the release of a pesticide
and herbicide to a body of water could result in com-

bined effects in aquatic invertebrates. The herbicide
would reduce densities of aquatic plants the in-
vertebrates feed on, and the insecticide would directly
affect the invertebrates. A specific example of this type
of interaction would be the combined effects of the
pesticides terbufos and atrazine on cladoceran mortality.
Terbufos causes direct effects, whereas atrazine [37]
reduces the levels of algae present.
4. Discussion
As discussed previously, the system described in this
article is proposed as a starting point for a taxonomy of
Current Opinion in Toxicology 2019, 16:58–66
chemical interaction that can organize data and provide
insights into chemical interactions. Future researchers
may wish to modify or revise this work to address in-

teractions not considered in this article. We encourage
researchers to investigate the claim of this article
that the four categories are exhaustive and
nonoverlapping because this finding is central to the
concept of a taxonomy. The taxonomy also could be
extended in a number of ways. For example, categories
3A and 3B could be further subdivided based on the
specific MIE or KE that is the basis for the interaction.
The taxonomy may also be helpful in categorizing in-
teractions between chemical and nonchemical stressors.

One way that the taxonomy could be useful is for clari-
fying interaction nomenclature. Currently, chemical in-
teractions are studied in the overlapping fields of fate and
transport, exposure, pharmacokinetic modeling, toxi-
cology, and ecotoxicology. The field of toxicology itself
reflects the different perspectives of regulatory toxi-
cology, pharmacology, and in vivoe and in vitroebased
approaches. As a result, it is often difficult to reconcile the
terms and concepts that are used to describe chemical
interactions. The taxonomy presented here has the po-
tential to improve nomenclature by providing a consistent

framework for describing all the ways chemicals interact.
Future work on the taxonomy could explore how existing
nomenclature could be mapped to this framework.

We also welcome investigations on how the different
categories of interactions can be used to improve our
understanding of the impacts of chemical interactions
on risk to human health and the environment. For
example, we note that categories 3A and 3C match well
with the conceptual descriptions of interactions
addressed by dose addition and response addition
www.sciencedirect.com
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models [1]. The interactions in category 2 also match
with the definitions of potentiation [38] and antagonism
[1], and the three subcategories (2A, 2B, and 2C) may
be useful in organizing data on these types of
interactions.
5. Conclusions
The key concept underlying the taxonomy is that the
location of the interaction in the sourceeexposuree
response continuum provides a basis for categories of
chemical interactions. We also observe that concepts
defined by the AEP and AOP such as (movement and
conversion KTRs, MIE, interim KEs, and individual and

population AOPs) provide a basis for defining useful
subcategories.
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