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Abstract: Organisms are exposed to ever‐changing complex mixtures of chemicals over the course of their lifetime. The
need to more comprehensively describe this exposure and relate it to adverse health effects has led to formulation of the
exposome concept in human toxicology. Whether this concept has utility in the context of environmental hazard and risk
assessment has not been discussed in detail. In this Critical Perspective, we propose—by analogy to the human exposome—
to define the eco‐exposome as the totality of the internal exposure (anthropogenic and natural chemicals, their bio-
transformation products or adducts, and endogenous signaling molecules that may be sensitive to an anthropogenic
chemical exposure) over the lifetime of an ecologically relevant organism. We describe how targeted and nontargeted
chemical analyses and bioassays can be employed to characterize this exposure and discuss how the adverse outcome
pathway concept could be used to link this exposure to adverse effects. Available methods, their limitations, and/or re-
quirement for improvements for practical application of the eco‐exposome concept are discussed. Even though analysis of
the eco‐exposome can be resource‐intensive and challenging, new approaches and technologies make this assessment
increasingly feasible. Furthermore, an improved understanding of mechanistic relationships between external chemical
exposure(s), internal chemical exposure(s), and biological effects could result in the development of proxies, that is, relatively
simple chemical and biological measurements that could be used to complement internal exposure assessment or infer the
internal exposure when it is difficult to measure. Environ Toxicol Chem 2022;41:30–45. © 2021 The Authors. Environmental
Toxicology and Chemistry published by Wiley Periodicals LLC on behalf of SETAC.
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INTRODUCTION
Organisms are exposed to thousands of chemicals from

natural and anthropogenic origins throughout their lifetime.
Typically, however, prospective assessments of chemical risk
are based on characterizing potential adverse effects caused by
single chemicals. Similarly, retrospective assessments designed
to evaluate the efficacy of prospective assessments are usually
limited to an analysis of a subset of chemicals to which an
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organism may be exposed. To fully understand the combined
effects of chemicals (Kortenkamp & Faust, 2018), a compre-
hensive description of exposure and related environmental
hazards is therefore crucial. Monitoring of exposure from the
external environment (e.g., via media such as water or sedi-
ments) can be expanded to cover an ever larger number of
chemicals, in part through the use of bioassays for a more in-
tegrated assessment (Altenburger et al., 2019). If the goal,
however, is to predict adverse effects on organisms and pop-
ulations, the composition and amounts of chemicals (or their
transformation products) that are bioavailable to interact with
internal molecular targets are most relevant. To better describe
this internal exposure, human health researchers have devel-
oped the concept of a chemical “exposome,” which compre-
hensively describes the internal chemical environment. The
ultimate goal of this approach is to provide a clearer linkage
between chemical exposures and adverse effects, recognizing
the complex interplay between chemical impacts and the or-
ganism's responses to contaminant stressors (Escher
et al., 2017; G. W. Miller & Jones, 2013; Peters et al., 2011;
Rappaport, 2011, 2012; Wild, 2005, 2012).

Historically, ecotoxicology has largely focused on external
exposure concentrations for deriving effect concentrations of
concern. Starting in the mid‐1980s, however, the concepts of
critical body residues and lethal body burdens, with a focus on
single chemicals, began to emphasize the relevance of internal
concentration (or dose) as opposed to external exposure
(Escher et al., 2011; Jarvinen & Ankley, 1999; McCarty
et al., 2011; McCarty & Mackay, 1993; Meador et al., 2008). As
for human health assessments, a comprehensive description of
complex internal exposures rather than a focus on individual
chemicals could be useful in both prospective and retrospective
assessments of hazards to ensure that the risks of individual
chemicals can be evaluated in the context of mixtures.

The objectives of this Critical Perspective are to provide a
useful definition of the eco‐exposome; elucidate the require-
ments, limitations, and challenges associated with assessment
of the eco‐exposome; and identify available experimental and
computational tools for assessment of the eco‐exposome. Re-
cent developments in chemical analytics and biological effects
assessment have made possible a more comprehensive de-
scription of chemical exposure in humans. The same techno-
logical advancements can be adopted in ecotoxicology.
Therefore, it is timely to discuss the application of the ex-
posome concept for environmental organisms.

The article is base on presentations and discussion ema-
nating from a workshop coordinated by the US Environmental
Protection Agency and the Helmholtz Centre for Environmetal
Research ‐ UFZ, Germany, held in August 2017 in Duluth,
Minnesota, USA.

DEFINITION OF THE ECO‐EXPOSOME
The (human) exposome has been defined as the totality of

exposure from conception to end of life, including exposures to
exogenous chemicals and natural products, as well as

chemicals generated internally in response to toxic insult
or lifestyle factors such as diet, smoking, and stress
(Rappaport, 2011; Wild, 2005, 2012). Recent applications of
this approach include studies investigating the link between
air pollution and coronary heart disease/asthma (Vineis
et al., 2020), potential effects of air pollution on lung function in
children (Agier et al., 2019), and the association between in
utero chemical exposure and fetal growth (Agier et al., 2020).

The term “eco‐exposome” was introduced in the National
Research Council report Exposure Science in the 21st Cen-
tury: A Vision and Strategy (National Research Council, 2012).
In that report, the eco‐exposome was defined as “the
extension of exposure science from the point of contact be-
tween stressor and receptor inward into the organism and
outward to the general environment, including the eco-
sphere” and included “narrating the flow and pulse of ex-
posures through the ecosphere, of which humans are part,
[promoting] … a more thorough investigation of the potential
sources of exposure and how these sources can be controlled
to protect public and ecosystem health.” In this definition,
the environment was considered as a meta‐organism, and the
boundaries separating external and internal exposures were
not clearly defined.

With the goal of harmonizing the assessment of human and
environmental health risks, we propose a narrower definition of
the eco‐exposome that aligns with the human exposome def-
inition. Our definition (see Textbox 1) expands on that pre-
viously proposed by Escher et al. (2017) and is focused on the
internal concentration in a manner similar to that outlined for
the assessment of pharmaceuticals in aquatic fauna (T. H. Miller
et al., 2018). This focus on internal exposure is required to
improve the linkage between exposure and effects because
typically only chemicals that enter the organism contribute to
disruption of cellular functions, potentially leading to adverse
effects (Escher & Hermens, 2004).

Although the human exposome and eco‐exposome are
defined in similar terms, there are differences in the application
of these concepts. Measurements of the human exposome are
typically limited to nondestructive assessment of blood, urine,
or feces. In contrast, measurements made in the context of the
eco‐exposome can use whole organisms or portions thereof,
including known or suspected target tissues. In practice,

TEXTBOX 1: Definition of the eco‐
exposome

The eco‐exposome represents the totality of internal
exposure over a lifetime to individuals of a given species.
This includes exposure to anthropogenic chemicals, their
biotransformation products, and/or adducts. Endoge-
nous signaling chemicals, changed in response to ex-
posure of anthropogenic chemicals, could contribute to
the totality of an internal exposure and the translation of
this exposure to biological responses.
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individual susceptibility represents an important factor for
translation of the internal exposure to effects in humans,
whereas in ecotoxicology the assessment is most often focused
on maintenance of self‐sustaining populations rather than the
health of individuals. With respect to application of the eco‐
exposome concept, many species (or model representatives of
their taxa/trophic level) are available for small‐scale and/or
high‐throughput screening studies, which enables ex-
perimental examination of mechanisms and perturbed path-
ways through which a given internal exposure leads to adverse
outcomes. This direct verification of hypothesized adverse ef-
fects is only possible to a limited extent in humans (see, e.g.,
Preston et al., 2020). By comparison with the human ex-
posome, integration of the eco‐exposome over time can be
more easily established by trans‐sectional analysis; that is, by
subsampling different life stages from an entire population (an
example of flame retardants is described by Su et al. [2017]).
Furthermore, for some ecologically relevant organisms, the life
span is short enough that the eco‐exposome can be observed
during their entire lifetime. One major challenge of the eco‐
exposome concept involves the numerous taxonomic groups
and species in an ecosystem; however, one could envisage
using selected species as sentinels for a specific trophic level or
environmental compartment, as is often done for ecological
risk assessment (van Leeuwen & Vermeire, 2007).

PRINCIPLES OF THE ECO‐EXPOSOME
ASSESSMENT
Chemical versus bioanalytical assessment of the
exposome

While initial assessments of the human exposome focused
largely on chemical measurements, simultaneous consideration
of the biological attributes of the internal environment may
provide additional means to better characterize complex ex-
posures. Accordingly, some authors have proposed that as-
sessment of the (eco‐)exposome should be complemented by
the use of biochemical receptor‐binding assays (Chung
et al., 2021), in vitro cellular bioassays (Escher et al., 2017;
Wild, 2012), and targeted omics techniques (Escher
et al., 2017; Wild, 2012). Bioassays can be used to measure
effects caused by extracted internal chemicals, thereby im-
proving assessment of the eco‐exposome. While chemical an-
alytics can provide internal exposure information for thousands
of exogenous compounds, current methods cannot detect all
chemicals of potential toxicological concern, so concurrent
measures of biological effects may help account for undetected
yet toxicologically important chemicals and provide insight on
potential mixture effects such as synergism or antagonism
(Escher et al., 2020).

Bioanalytical assessment would also allow for improved
consideration of the role of endogenous chemicals synthesized
by the body in response to exogenous chemicals and relevant
for signaling processes that trigger diverse toxicity pathways.
For instance, exposure to exogenous chemicals can result in
elevated levels of reactive oxygen species (ROS) normally

produced by the body. Elevated ROS levels lead to covalent
modification of a sensor protein and stabilization of the nuclear
factor erythroid 2–related factor 2 transcription factor, resulting
in induction of antioxidant response pathways (Yamamoto
et al., 2018). While a meta‐analysis revealed elevated ROS
levels in organisms exposed to higher levels of some pollutants
in the environment (Isaksson, 2010), it is unclear whether ele-
vated ROS represents a biomarker of exposure or whether this
response contributes to the internal exposure and may mediate
adverse effects. Similarly, endogenous hormone levels may
change in response to exposure to an environmental con-
taminant such as a sex steroid or thyroid hormone synthesis
inhibitor. Here, there is strong evidence that a change in hor-
mone levels, that is, the internal exposure, may represent a key
causative event for the propagation of adverse effects (Conolly
et al., 2017; Crofton, 2008). Over time, however, this adverse
effect may trigger changes to the internal chemical environ-
ment (e.g., through compensatory feedback mechanisms), re-
sulting in an even more complex situation, which is relevant to
an integrated translation of exposure to biological effects.
These types of complex scenarios may be resolved by com-
bining (internal) chemical exposure assessment with analysis of
key biological signaling molecules relevant to known or sus-
pected toxicity pathways. (A change in signaling molecule
abundance can also be defined as a key event [KE] in an ad-
verse outcome pathway [AOP; see section Making the Link
between Exposure and Effect]. In this Critical Perspective, we
consider such changes to be part of a complex chemical ex-
posure given that these molecules might be coextracted with
exogenous chemicals [see section Extraction] and contribute to
an internal chemical environment associated with toxic effects
and organismal responses to such effects.)

The complementary application of chemical analysis and
bioassays requires information to link exposures to adverse
effects of regulatory significance. Establishing these links can
be achieved by using the AOP framework. The AOP concept
was first described approximately a decade ago to support the
translation of responses measured at different levels of bio-
logical organization into effects germane to environmental risk
assessors, specifically changes in survival, growth/develop-
ment, and reproduction that influence the status of populations
of organisms (Ankley et al., 2010). An AOP describes the sup-
porting evidence for an initial interaction of a chemical with a
biological macromolecule (the molecular initiating event [MIE];
e.g., an enzyme, receptor, or DNA) and the subsequent
downstream changes across levels of biological organization
(captured as measurable KEs) that culminate in an apical re-
sponse of concern, the adverse outcome (Figure 1). Hundreds
of published studies have employed the AOP concept as a
method to organize and interpret biological data in the context
of predictive toxicology. For this reason, the AOP framework
has received considerable international support relative to
regulatory activities associated with chemical risk assessment
(https://www.oecd.org/chemicalsafety/testing/projects-adverse-
outcome-pathways.htm).

While the AOP concept has proven to be a valuable tool to
support effects assessment, it is limited by not having an
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explicit consideration of chemical exposure and toxicokinetics
upstream of the MIE. To address this gap, the aggregate ex-
posure pathway (AEP) framework was proposed. An AEP de-
scribes the pathway from source to environmental media and
external to internal concentrations. Hence, it complements and
links to AOPs (Teeguarden et al., 2016; Figure 1). However, the
AEP describes individual chemicals, or groups of chemicals,
linked to a specific MIE as exemplified by perchlorate exposure
and inhibition of the sodium iodine symporter (Hines
et al., 2018). The eco‐exposome concept provides a more
holistic vision of chemical risk assessment that considers the
interactions in complex mixtures, thereby augmenting the role
of AEPs.

Eco‐exposome versus mixture risk assessment
A risk assessment of ecological impacts based on individual

chemicals does not capture the reality of most environmental
scenarios where exposure is to mixtures of chemicals

(Kortenkamp & Faust, 2018). Historically, assessments of well‐
defined mixtures of toxicologically well‐characterized chem-
icals have been performed and combined with predictive
models for concentration addition (for chemicals with similar
mode of action) or independent action (for chemicals with
dissimilar action; Faust et al., 2003). A relevant example of the
former approach involves polychlorinated biphenyls (PCBs),
polychlorinated dibenzofurans, and polychlorinated dibenzo‐p‐
dioxins, where potential mixture effects have been based on a
common mechanism of action, activation of the aryl hydro-
carbon receptor (Van den Berg et al., 1998). A mixture as-
sessment can also be performed by summation of toxic units
with or without consideration of the mode of action (Kienzler
et al., 2016; Posthuma et al., 2019). The foregoing approaches
to mixture assessment are restricted, however, to chemicals
that are identified as mixture components, can be quantified,
and for which appropriate toxicity data exist. For complex en-
vironmental mixtures, these traditional approaches would only
apply to a portion of the chemicals detected by chemical
analysis (Escher et al., 2020).

FIGURE 1: The eco‐exposome assessment in relation to aggregate exposure pathways, cellular toxicity pathways, and adverse outcome pathways.
The fish sketch represents one possible organism for which an eco‐exposome assessment could be conducted. Endogenous chemicals are
chemicals normally synthesized by the body that are involved in some type of cell signaling pathway. The levels of these endogenous chemicals may
change as a direct consequence of exposure to exogenous chemicals and/or because of cellular and organismal responses to toxic effects. AEP =
aggregate exposure pathway; AOP = adverse outcome pathway; MIE = molecular initiation event; KE = key event; AO = adverse outcome.
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The eco‐exposome concept seeks to comprehensively
characterize the internal chemical environment, including en-
dogenous signaling molecules that may be affected by ex-
posure to exogenous chemicals. As such, the eco‐exposome
concept goes well beyond the traditional assessment of de-
fined chemical mixtures. Because of this expanded mixture
perspective, the eco‐exposome assessment is potentially
better suited to understanding biological effects in the context
of simultaneous or sequential perturbations for multiple path-
ways/responses that derive from unknown components. Fur-
thermore, by combining the eco‐exposome assessment with
knowledge of chemical exposure and the mode of action of
chemicals of concern, a mechanistic link between complex
exposure scenarios and effect may be established.

METHODS TO MEASURE AND INTERPRET
THE ECO‐EXPOSOME

The goal of performing eco‐exposome assessments is
made possible by the availability of established methods for
sampling, sample extraction, targeted and nontargeted
chemical analyses and bioassays, and data integration and
interpretation. In this section, we describe the nature and
application of some of these basic tools (Figure 2). The focus
is on principles for internal exposure assessment and, when
available, on organisms in the environment. Methods for as-
sessment of external exposure are considered when the ap-
proach may be adapted to internal exposure prediction/
assessment. Given that eco‐exposome analysis is a novel
approach not yet routinely applied in environmental hazard
and risk assessment, the available tools and feasibility of
performing a comprehensive assessment may considerably
change in the future.

Sampling
An important initial step for eco‐exposome assessment is a

thorough design and planning of sample collection. The type
of sample (e.g., whole animals vs. specific organs or body
fluids) and the timing/season/frequency of sample collection,
possibly including trans‐sectional sampling of life stages or age
groups, all dictate the type of information and associations that
can be obtained through an eco‐exposome assessment. To
discriminate chemical from nonchemical stressors, information
on confounding factors such as nutritional status, temperature
stress, habitat quality, and so on, should be considered for the
sampling design; and appropriate additional samples and data
should be collected. Nondestructive approaches applied to
humans, such as analysis of saliva or urine (Bessonneau
et al., 2017; Maitre et al., 2018), usually would not be required
for environmental assessments. However, in instances where
these approaches might be required and possible (e.g.,
threatened or endangered species, large species), noninvasive
sampling techniques may be useful. Examples include analysis
of fish mucus and feces (Ekman et al., 2015; Hano et al., 2018).

Extraction
An array of methods is available to extract chemicals from

biological tissues; however, none of these methods are com-
prehensive in terms of analyte coverage. It is common, there-
fore, to tailor individual methods to specific chemical classes
(e.g., metals vs. organics, hydrophilic vs. hydrophobic chem-
icals). Furthermore, exhaustive extracts may contain many en-
dogenous chemicals, so sample cleanup is often required to
avoid damaging analytical instrumentation and/or confounding
effects (e.g., masking effects; see Table 1) in chemical analysis
and bioassays (Reiter et al., 2020). For direct comparison of

FIGURE 2: Analytical and effect‐based methods to characterize the eco‐exposome.
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TABLE 1: Challenges and potential solutions for the eco‐exposome assessment

Challenge Description Possible solutions

Comprehensiveness of chemical exposure
assessment

In many cases, the identity of internal xenobiotic
chemicals will be only partially known,
hampering a comprehensive assessment
because of methodological limitations such as
lack of analytical standards, insensitivity of
detection as a result of matrix effects, and
masking of exogenous chemicals by
endogenous chemicals (see “Endogenous vs.
exogenous chemicals”).

Suspect screening may reveal the identity of
more compounds of toxicological relevance.
Matrix or masking effects from ions or
macromolecules such as proteins may be
avoided by using passive samplers to extract
tissues or biofluids. Alternatively, proxies
(e.g., external exposure assessment) may be
used to infer internal exposure.

Endogenous versus exogenous compounds Extraction of a biofluid, tissue, or whole‐
organism sample will yield both endogenous
and exogenous compounds. The large
number and often higher concentrations of
endogenous compounds may mask the
detection of compounds that have been taken
up from the environment. This can be
challenging for untargeted chemical analysis
and may also influence results from
bioanalytical assessment.

The use of surrogate environmental matrices or
passive samplers (mimicking organisms)
could help to differentiate between
endogenous and exogenous compounds. By
comparing sample extracts to extracts
obtained from unexposed control organisms
it may be possible to identify compounds of
exogenous origin.

Formation of adducts Reactive xenobiotic electrophiles can form
adducts with biological macromolecules (e.g.,
DNA, proteins). These adducts are not
captured by standard extraction protocols but
are highly relevant with respect to biological
responses (e.g., cancer, cytotoxicity).

Specific protocols are available to identify DNA
or protein adducts and could be applied to
complement standard extraction
procedures.

Organ‐specific assessment It may not be feasible to analyze all relevant
tissues in an organism. Furthermore, the
assessment of internal concentrations in small
organisms may only be possible in whole‐
body extracts.

Experience may indicate organs for which
major differences in internal exposure can be
expected, informing subsequent tissue
sampling efforts. For small organisms,
chemical imaging may provide information
on tissue distribution

Exposure over lifetime Albeit to a lesser degree than for external
exposure, an individual sample taken for an
exposome assessment represents a snapshot.
Hence, exposure over the lifetime of an
organism may be difficult to characterize if a
limited number of “snapshot” samples are
available. This would apply particularly to
nonpersistent and/or hydrophilic chemicals,
which may be rapidly excreted from an
organism during recovery periods.

For organisms that have relatively short life
cycles, fluctuations in external exposure over
a relatively large time span may be less
relevant than for long‐lived organisms. Lipid‐
rich tissues may be useful for evaluating
exposures to hydrophobic chemicals
because these chemicals tend to remain in
such tissues for a long period of time. Other
chemicals with high persistence such as
perfluoroalkyl substances may also be
detected from snapshot samples in case of
fluctuating exposures. Proper attention to
sampling design and properties of targeted
chemicals may increase the likelihood that
limited samples adequately capture the
nature of the exposure (see “Translation of
the exposure event”).

Life‐stage specificity Organisms undergo complex transitions in their
development, passing through windows of
sensitivity with particular vulnerability to
adverse toxicological effects. Exposure would
only be relevant if it was present during such
periods, and hence exposure and effect data
may not match.

Trans‐sectional sampling from populations
could partially address this issue.

Species specificity An exposome assessment inherently accounts
for species differences in TK. Knowledge of TK
could, however, be relevant for extrapolation
between species. Current practice is the
collection of data only for a limited number of
species.

If the TK of a given chemical and organism are
well understood, the toxicodynamics are
conserved, and an appropriate TK model is
available, extrapolation of chemical kinetics
and effects from a tested species to untested
species may be possible.

Modulation of internal exposure by diet,
trophic level, the microbiome, parasites,
habitat, and behavior (migration)

Diet, trophic level, the microbiome, habitat,
parasites, and behavior can impact the
translation of external exposures to internal
concentrations. Diet and the microbiome may

These factors would be reflected in the
assessment of internal exposure, but their
individual impacts on the exposure would be
unknown. For data interpretation and

(Continued )
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chemical analysis and bioassay results, use of the same ex-
traction and cleanup methods (albeit not necessarily the same
sample) is ideal.

Tissues are typically extracted using organic solvents, fol-
lowed by different cleanup steps, often focused on the diges-
tion or removal of coextracted lipids or other matrix
constituents (Baduel et al., 2015). Such cleanup steps need to
be adapted to the analytes of interest, to avoid their removal
and/or degradation (Schlittenbauer et al., 2015). This is espe-
cially challenging if the methods aim at detecting a wide range
of analytes including both exogenous chemicals and biogenic
molecules, such as in nontarget screening (Baduel et al., 2015).
Equilibrium passive sampling with polymers such as silicone
can be used as an alternative extraction technique for neutral,
low–molecular weight chemicals covering a wide range of hy-
drophobicity, with octanol–water partition coefficients from
approximately 10 to 108. Depending on the size of an or-
ganism, passive samplings can be applied to the whole or-
ganism, homogenized tissues, or body fluids (Jahnke
et al., 2014; Jin et al., 2013; Jin, Escher, et al., 2015; Rojo‐Nieto
et al., 2019). Extraction with polymers avoids or largely reduces
coextraction of the matrix because proteins and ions do not
partition into polymers. Therefore, passive sampling extracts
can be subjected to chemical analysis or bioassays of the re-
sulting samples without further cleanup.

While it could be interesting—and relevant—to consider
different organs (e.g., liver, brain) or fluids (e.g., plasma, urine)
when characterizing internal exposures, this is difficult for many
ecologically relevant organisms because of their small body
size (e.g., invertebrates, young animals, and small fish species).
In these cases, whole‐body extractions may have to be used.
Higher levels in specific organs, however, could be diluted by
whole‐body extractions. In some cases, toxicokinetic (TK)
models developed for larger species may be used to ex-
trapolate from whole‐body to tissue‐specific chemical con-
centrations. Alternatively, chemical analytics combined with
spatial imaging could be applied for small species (Halbach
et al., 2019; Kirla et al., 2016).

Chemical analysis
Chemical analysis methods range from targeted methods

that are based on the use of standard compounds to suspect
screening of expected chemicals such as predicted metabolites
without available reference standards to nontarget methods
that aim to detect and identify chemicals unknown from the
perspective of described chemical structure, chromatographic
properties, and fragmentation patterns. Similar to extraction
methods, the choices made in designing and optimizing

TABLE 1: (Continued )

Challenge Description Possible solutions

also impact the biotransformation of both
endogenous and exogenous chemicals. Diet
can be influenced by population structure,
which may regulate access to food and
exposure to certain chemicals.

extrapolation among different species and
environmental settings it would be useful to
understand the impact of modulating factors
on internal concentrations of exogenous
chemicals. Controlled experiments could be
conducted to study these impacts.

Endogenous chemicals changed by
nonchemical stressors

Climate, nutrition, and habitat represent factors
that may impact the levels of endogenous
signaling chemicals and could confound
identification of effects caused by exposure to
exogenous chemicals.

Controlled experiments that study the impact
of climate, nutrition, or habitat could help to
identify changes in endogenous chemical
levels unlikely to be caused by exposure to
exogenous chemicals. Furthermore, tracers
of diet and habitat (e.g., stable isotopes or
fatty acids) may reveal changes in
endogenous chemicals related to
nonchemical stressors.

Translation of the exposure event Temporal variations in exposure (e.g., peak
runoff events vs. exposure to continuous
discharge) may be differentially translated to
internal concentrations, depending on the
chemicals of interest. Particularly, peak
exposure may be difficult to detect for
nonpersistent compounds if samples are
obtained outside of an ongoing discharge/
event.

Sampling test species at different times and
locations corresponding to different
exposure situations would allow for a better
resolution of fluctuating exposure.

Deriving population effects The eco‐exposome is based on an assessment
of individual organisms. For environmental risk
assessment, exposures and effects
experienced at the individual level would have
to be translated to the population level.

Translation of effects from individuals to
populations is not a specific requirement in
the eco‐exposome assessment and is
already part of the regulation of single
chemicals. Existing models for translation to
population levels could be combined with
eco‐exposome assessment.

TK = toxicokinetics.
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analytical methods will impact the suite of chemicals that can
be detected in both targeted and nontargeted analyses. No
single method will be truly comprehensive. For instance, the
choice of the chromatographic method, the ionization tech-
nique, or the use of gas chromatography versus liquid chro-
matography for mass spectronomy analyses will limit detection
to compounds with amenable chromatographic properties.
However, some of these limitations could be overcome by
combining different methods.

Targeted chemical analysis. There are thousands of chem-
icals that could occur in a given environmental sample. How-
ever, by necessity, chemical risk assessments typically focus
only on relatively few of these, defined by the overlapping
subset of what is perceived to be of concern in terms of un-
acceptable biological effects and what can actually be meas-
ured. In tissues, analytical methods often focus on chemicals
with high persistence (e.g., organic pollutants such as PCBs,
dioxins) and/or known/anticipated biological activity (e.g., pol-
ycyclic aromatic hydrocarbons, pesticides, some pharmaceut-
icals; T. H. Miller et al., 2018). Persistent organic pollutants
have been focused on in the past because of their high hazard
potential.

Targeted approaches have the advantage that extraction
and detection can be tailored for the chemicals(s) of interest,
providing maximum specificity, sensitivity, and data quality. In
contrast, if a large number of chemicals is to be detected si-
multaneously (or if nontargeted analysis is conducted, see
section Nontargeted Chemical Analysis), the analytical proto-
cols have to compromise toward the detection of a large va-
riety of chemicals. An additional limitation of targeted analysis
is, of course, the need to have a standard for each of the tar-
geted chemicals.

Suspect screening analysis. Suspect screening is used to
extend chemical screening beyond a limited number of targets
to a set of possibly or likely occurring compounds even if no
reference standards are available. To this end, chromatograms
are screened with high‐resolution mass spectrometry (HRMS)
for large sets of compounds with known or predicted structures
and molecular masses of concern. Suspect screening can be
based on chemical suspect lists such as that available through
the NORMAN Suspect List Exchange (https://www.norman-
network.com/nds/SLE/). Alternatively, suspect screening can be
focused on suspects closely related to the study aim such
as predicted metabolites of target compounds (Krauss
et al., 2010). Suspect screening has been widely applied for the
analysis of water and sediment samples (e.g., Chiaia‐
Hernandez et al., 2014; Hug et al., 2014). Relatively fewer ex-
amples exist for application of this method to body fluids (e.g.,
human urine or blood [Plassmann, Brack, et al., 2015; Plass-
mann, Schmidt, et al., 2015]) or tissue extracts of environmental
organisms (Du et al., 2017; Musatadi et al., 2020).

Nontargeted chemical analysis. Targeted approaches,
even when they detect a large number and variety of chem-
icals, cannot detect all chemicals of potential toxicological

relevance. Recognizing this fact, there has been an increasing
emphasis on development of nontargeted analytical ap-
proaches for complex mixture assessment that are more com-
prehensive in terms of coverage and not restricted to chemicals
for which analytical standards are available (Hollender
et al., 2017; Schymanski et al., 2015). Nontarget screening
employs HRMS to determine the mass of molecular ions of
chemicals as accurately as possible. The overwhelming number
of signals for which information is limited typically demands
these signals be prioritized prior to their identification. This
prioritization depends on the aim of the study and may address
frequent or rare peaks, peaks with higher intensities, or those
occurring only in affected organisms. Identification of some
chemicals can be achieved using databases, such as Wiley EI‐
MS, NIST‐EI‐MS, or METLIN (Milman, 2015). The US Environ-
mental Protection Agency's chemistry dashboard—which pro-
vides information for more than 700 000 compounds—also can
be used to identify chemical structures in nontargeted HRMS
screening studies (McEachran et al., 2018). Identification of
detected chemicals is critical to establishing plausible linkages
to possible biological effects and move from qualitative non-
target screening to a quantitative assessment. However, even
when the nontargeted analysis by HRMS does not reveal
compound identity, chemical “fingerprints” consisting of the
totality of (nonidentified) signals may provide insights as to
exposure sources and trigger suspect screening for these fin-
gerprints in the exposure pathway from source to biological
tissues (Brack et al., 2019). To date, nontargeted analytical
approaches have rarely been applied to extracts of environ-
mental species. One recent example is the analysis of con-
taminants in northern pike, which identified the plasticizer
diethyl phthalate and the surfactant perfluorooctane sulfonic
acid among the compounds with relatively high abundance
(Tian et al., 2019). Another example was provided by reanalysis
of full‐scan HRMS data from fish fillet samples previously sub-
jected to targeted analysis. This nontargeted assessment led to
identification of additional perfluoralkyl substances, including
polyfluorinated carboxylic acids and polyfluorinated telomer
alcohols, hydroxylated polychlorinated biphenyls, and various
pesticides, herbicides, antifungals, pharmaceuticals, artificial
sweeteners, and personal care products (Baygi et al., 2021).

Chemical adducts. Electrophilic chemicals can form covalent
bonds with DNA, proteins, or glutathione, which requires a
different approach for analysis compared with solvent‐based
extraction of nonbound chemicals. As with unbound chemicals,
protocols are available for targeted as well as nontargeted
analyses. The latter protocols are used for assessment of the
adductome, which represents the totality of chemicals bound
to tissues or nucleophiles (Rappaport et al., 2012). Analysis of
DNA adducts generally requires enzymatic digestion of a
sample followed by a cleanup step to enrich the adducts be-
fore application of MS‐based methods (Balbo et al., 2014). In
the case of proteins, the assessment is typically focused on
selected molecules such as serum albumin or hemoglobin
(Rappaport et al., 2012). Proteins with covalent modifications
are enriched, digested, and subsequently analyzed with MS.
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Bioanalytics
Two scenarios for bioanalytical assessment of the eco‐

exposome are envisioned (Figures 1 and 2). In the first, bio-
analytical tools such as in vitro assays would be employed to
measure the activity of extracts as a complement to chemical
analyses. Quantification of estrogenic effects or dioxin‐like
activities of mixtures extracted from tissue or blood using in
vitro bioassays would represent examples of this approach
(Erdmann et al., 2013). In the second scenario, effect‐based
methods would directly measure the consequences of ex-
posure in the species of concern, such as changes in gene or
protein expression, enzyme activity, or endogenous metab-
olite abundance linked to a specific toxicity pathway or AOP.
The traditional (effect‐) biomarker approach reflects this
second approach, which integrates exposure and suscepti-
bility to effects. Again, estrogenic chemicals represent an
appropriate example; thus, induction of the egg yolk protein
vitellogenin in male fish provides an integrated measure of
internal exposure to chemicals that stimulate the estrogen
receptor (Cavallin et al., 2016). For both scenarios, there are
targeted and nontargeted biological approaches available
(Figure 2).

Targeted bioanalytical assessment. Targeted approaches
may be used to study a narrow group of chemicals that in-
teract with a specific molecular target (e.g., activation of the
estrogen receptor) or a wide range of chemicals that provoke
the same generalized response to a toxic insult (e.g., markers
of oxidative stress). Ideally, targeted bioanalytical methods
should be linked to an effect that is considered adverse and
relevant for maintenance of animal populations. There are a
number of examples where such bioanalytical methods have
been applied to extracts of tissues or body fluids (Jin
et al., 2015b), such as the assessment of estrogenic chemicals
in dolphin blubber (Yordy et al., 2010), androgenic chemicals
in the liver of various wild animals (Misaki et al., 2015) and
dugongs (Jin et al., 2013), aryl hydrocarbon receptor agonists
in fish and seafood (Kojima et al., 2011), thyroid hormone
disruptors in polar bear blubber (Simon et al., 2013), im-
munotoxicants in blubber from polar bears and whales
(Desforges et al., 2017), and chemicals in dugong blubber
that induce adaptive stress response pathways (Jin
et al., 2015a). Similar assays also have been used for the
comparative assessment of surface waters (Blackwell
et al., 2018; Neale et al., 2017; Schroeder et al., 2016). In
theory, it is possible to use these methods to compare effects
associated with chemical mixtures in water and biota; how-
ever, this approach would require that extraction procedures
used for each sample matrix do not affect chemical compo-
sition or alternatively that effects on chemical composition
are similar for both sample types. When these types of bio-
assays are applied as suites of measurements designed to
capture multiple pathway‐based bioactivities, the assessment
becomes more comprehensive and closer to a nontargeted
approach. Polymerase chain reaction arrays, targeted se-
quencing, and targeted MS‐based proteome or metabolome

analyses that focus on a diverse set of selected targets or
certain groups of targets (Shi et al., 2016; Roberts et al., 2012;
Kurokawa et al., 2004; Harrill et al., 2021) would represent
approaches that are intermediate to traditional targeted and
nontargeted assessments.

Nontargeted biological assessment. There are several
omics‐based approaches that can be employed to compre-
hensively capture system‐wide responses without preselection
of specific endpoints (Figure 2). Observed changes at the mo-
lecular level not only capture integrated responses to con-
taminant mixtures but potentially can be linked to adverse
effects through application of the AOP framework and asso-
ciated concepts (Brockmeier et al., 2017). This linkage to ad-
verse effects can be supported by analyzing the enrichment of
predefined pathway‐specific gene sets or AOP‐related gene sets
(Subramanian et al., 2005) based on curated databases such as
the Kyoto Encyclopedia of Genes and Genomes (Kanehisa &
Goto, 2000) or the Comparative Toxicogenomics Database
(CTD). The latter database represents an assembly of gene ex-
pression data from hundreds of different studies with chemical
stressors (Davis et al., 2019). One challenge in establishing
causative linkages of chemicals to adverse effects is that it can
be difficult to distinguish primary, direct effects from indirect
compensatory and adaptive biological responses. In the future,
association of measured gene/metabolite responses with KEs
represented in AOPs may facilitate the distinction of direct ef-
fects responsible for adverse outcomes (Pittman et al., 2018).

A specific benefit of metabolomic analyses is that the MS‐
based techniques employed can measure endogenous and
exogenous chemicals, thereby providing an integrated data set
that links internal exposure to potential effects (Niedz-
wiecki, 2019). In addition, these analyses are generally per-
formed on biofluids such as urine and bile, which provides
potentially important information regarding the metabolism of
both endogenously and exogenously derived chemicals
(Bouatra et al., 2013).

Individual omics‐based techniques may only show re-
sponses to specific classes of biomolecules. Ideally, there-
fore, a multi‐omics approach should be employed (see
Canzler et al., 2020). Omics‐based approaches can be ap-
plied directly to an organism sampled from a contaminated
environment. Alternatively, extracts of tissues from an or-
ganism could be used to measure omics responses using in
vitro systems. To date, however, this second approach has
only been applied to organisms or cells that were exposed to
extracts from water rather than tissue extracts. For example,
Zhen et al. (2018) described the use of metabolomics in a
zebrafish cell line treated with water extracts containing
complex chemical mixtures to define biological pathways
perturbed by components of the sample. While such an ap-
proach can support initial identification of potential hazards
associated with a given exposure scenario, additional inves-
tigation is required to establish whether a specific risk is ac-
tually relevant to a species of concern in the environment
under consideration.
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Challenges, confounding factors, and limitations
for assessment of the eco‐exposome

Despite the technological advances we have described,
there are several challenges associated with an eco‐exposome
assessment (Table 1), including the analytical discrimination of
exogenous chemicals from endogenous chemicals present at
very high concentrations. This challenge may hamper efforts to
link observed effects to toxic (but unrecognized) chemicals
present as part of a larger mixture. In such cases, an external
exposure assessment (i.e., measurement of these chemicals in
environmental media) may serve as an indicator of potential
internal exposure. A key feature of an eco‐exposome assess-
ment is the goal of integrating an organism's cumulative ex-
posure over its entire lifetime. In particular, the capture of
critical time windows of life stage–specific susceptibility may be
important to link the eco‐exposome with adverse effects. In
some cases, it may be sufficient to apply a trans‐sectional as-
sessment, which involves simultaneous monitoring of many
organisms in a given population at different life stages. In ad-
dition, there may be cases where the exposure is relatively
stable because of the size of the receiving water (e.g., in large
lakes) or because of a continuous chemical discharge (e.g.,
observed for the river Danube [Rico et al., 2016]). In such in-
stances, it would be feasible to conduct an exposure assess-
ment over an entire lifetime for organisms that have a short life
span. In cases of intermittent exposure, a complexity may be
approached that is difficult to resolve. These intermittent ex-
posures can be further complicated by life‐history factors such
as migration and reproduction. Finally, species‐specific factors
such as habitat preference can impact any type of exposure,
making it difficult to extrapolate between species. In general,
integration of ecological factors into the exposome is chal-
lenging but could be achieved through various approaches.
For instance, ecological parameters could serve as modulating
factors when predicting the transition from exposure to pop-
ulation effects using the AOP framework (see section Making
the Link between Exposure and Effect). Such an attempt has
been suggested to estimate potential combined effects of cli-
mate change and chemical exposure and may be extended to
an exposome assessment (Hooper et al., 2013). Approaches
that used Bayesian network models represent a further ex-
ample to estimate the impact of chemical exposure versus
other environmental factors (e.g., oxygen levels, temperature,
habitat, population structure; Mitchell et al., 2021) with a focus
on population development and could be applied in the ex-
posome assessment as well.

Assessment of the eco‐exposome inherently accounts for TK
processes that control chemical uptake and accumulation in
exposed organisms. It does not resolve these TK processes;
however, an understanding of TK would be relevant for trans-
lating an internal exposure to an external exposure (“reverse
toxicokinetics”) and could provide a basis for extrapolating
internal exposure data to untested species. The TK models
used to perform these extrapolations can be informed by in
vitro measurement of key parameters such as plasma protein
binding and intrinsic metabolic clearance (Pearce et al., 2017).
For species extrapolation of effects, toxicodynamic differences

between organisms may be important. For example, cross‐
species conservation of relevant protein targets for a given
chemical and the subsequent chain of events leading to a
potential adverse effect can vary among species. Computa-
tional tools to evaluate molecular target similarity such as Se-
qAPASS (Sequence Alignment to Predict across Species
Susceptibility) could be used to assess cross‐species suscepti-
bility to chemicals of concern (LaLone et al., 2016).

Information pertaining to nutritional status, behavior, and
duration/fluctuations in exposure may also be important for
cross‐species extrapolation of exposure and effects. Tracers of
diet and habitat (e.g., carbon and nitrogen stable isotope ra-
tios, fatty acids) have been used to assess dietary exposures to
chemical stressors and examine risk relative to population de-
velopment (Bracey et al., 2020; Cabana & Rasmussen, 1994;
Hoffman et al., 2020). These studies show that diet, trophic
level, habitat, and behavior (movement) can vary by life stage,
resulting in stage‐ or age‐specific changes in both individual
exposure and translation of external exposure to internal con-
centration. These stage‐ or age‐specific changes result in
substantial interpopulation variability in risk, especially when
integrated over an animal's lifetime. These tracers may also be
applied to estimate the contribution of nonchemical stressors
such as the presence of invasive species which can affect diet,
nutrition, or habitat (Lepak et al., 2019). Finally, because the
ultimate goal of environmental risk assessment is the pro-
tection of populations and ecosystems, a translation from the
individual level is required. This is also a major difference rel-
ative to the focus of human exposome assessments on in-
dividual health, which requires additional efforts to address the
population relevance. The translation from the individual to the
population is a challenging task and cannot be experimentally
verified easily. Therefore, at least for a screening‐level analysis,
this might be achieved using computational tools to predict
population responses (Kramer et al., 2011; Perkins et al., 2019).

While some of the limitations described in this Critical Per-
spectives are challenging to overcome, practical application of
the eco‐exposome concept nonetheless enables development
of a formalized framework for defining plausible linkages be-
tween exposure and effects. At present, it is somewhat difficult
to apply experience gained from human exposome assess-
ments because many of these have been hypothesis‐driven
and/or restricted to the assessment of a fairly limited (<100)
number of analytes (Huhn et al., 2021).

MAKING THE LINK BETWEEN EXPOSURE
AND EFFECT

The goal of a comprehensive exposure assessment is to
provide a basis for diagnosis of chemicals or groups of chem-
icals to which organisms were exposed and/or reliable and
quantitative prediction of adverse effects. A variety of agnostic
(i.e., nontarget) statistical and computational approaches, in-
cluding logistic regression, partial least squares regression
(PLS), and machine learning, have been utilized to identify
environmental factors associated with biological effects in both
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eco‐ and human exposome research (Collette et al., 2019;
Jeong et al., 2018; Rappaport, 2012; Zheng et al., 2020). For
example, Collette et al. (2019) used PLS combined with cross‐
validated predictive residuals analyses to identify stressors re-
lated to endogenous metabolite profiles in a zebrafish cell line
exposed to water sample extracts from 38 different US streams.
A comparative assessment of analytical, regression‐based ap-
proaches for exposome studies indicated multivariate ap-
proaches (e.g., sparse PLS, Graphical Unit Evolutionary
Stochastic Search) as preferable to univariate approaches
(Agier et al., 2016). Alternatively, the Connectivity Map ap-
proach applied to relate omics responses in fish to chemicals in
water samples could be applied to establish links to internal
concentrations (Wang et al., 2016). Ontology‐based analysis of
effect patterns (Wang et al., 2019) or machine learning ap-
proaches (Nagata et al., 2014) established in other scientific
fields also could be adapted to discover associations in an eco‐
exposome context.

Several studies have integrated prior knowledge of
chemical–biological interactions (e.g., genes, metabolites) to
link external exposures to observed effects on the tran-
scriptome using information from databases such as CTD
(Schroeder et al., 2017; Williams et al., 2011). Given the ab-
sence of standardized data analytics approaches and a bias of
a priori methods toward known exposure–effect associations,
an integration of multiple lines of evidence stemming from
agnostic and a priori knowledge‐derived analyses may be the
best available option. A study by Perkins et al. (2017) dem-
onstrated how context likelihood of relatedness analysis can
be integrated with a priori knowledge of chemical–gene in-
teraction data to identify chemicals of concern. Another ex-
ample of an integrative approach is the “meet in the middle”
analysis deployed by a human exposome study where ultra-
fine particle exposure and asthma were linked to several
perturbed metabolic pathways, in part via logistic regression
(Jeong et al., 2018).

While agnostic approaches are appropriate for identifying
potential associations between exposure and effects, the es-
tablishment of causal links typically requires the incorporation
of existing or new mechanistic information. The AOP frame-
work is designed to facilitate the establishment of causal
relationships between endpoints based on plausible
relationships examined using weight‐of evidence criteria
(Becker et al., 2015). As such, AOPs are uniquely suited for
identifying and supporting a mechanism‐based link between
chemical exposure and adverse effect(s). Eco‐exposome as-
sessments can benefit from integration of the AOP concept in
at least two ways (Figure 3). First, AOPs such as those cata-
loged in the open‐source AOP wiki (https://aopwiki.org/) can be
used to predict potential adverse effects based on chemical/
bioanalytical information obtained as part of the assessment.
Second, information from AOPs can be used to identify rele-
vant bioanalytical measurements that might be needed to ad-
dress apical endpoints of potential concern in a given eco‐
exposome assessment scenario. For example, if an eco‐
exposome analysis is aimed at resolving potential reproductive
effects in fish, there are several gene expression and/or

metabolomic endpoints relevant to estrogen or androgen
signaling or steroid hormone synthesis (Ankley et al., 2009).
Conversely, eco‐exposome measurements could be used to
inform the development of AOPs. Specifically, the analytic
portion of an eco‐exposome analysis may indicate the pres-
ence of chemical stressors (or bioactivities) of concern, leading
to targeted prioritization of AOP development based on the
identification of relevant MIEs.

A major challenge associated with integration of the AOP
and eco‐exposome concepts is the need to address chemical
mixtures that include individual components acting through
known and unknown MIEs (and corresponding AOPs). To ad-
dress this challenge, recent efforts have focused on the de-
velopment and use of interactive AOP networks as a basis for
predicting mixture effects (Knapen et al., 2018; Villeneuve
et al., 2018). These efforts, while in their early stages, none-
theless offer a conceptual basis needed to apply pathway‐
based approaches to the prediction of toxicity associated with
complex chemical mixtures (e.g., Ankley et al., 2020). Data-
bases that link pathway information and molecular targets to
MIEs and KEs may be used to infer known AOPs from omics
data (Pittman et al., 2018). Conversely, toxicogenomic assess-
ments may generate new hypotheses for AOPs targeted by an
internal exposure and lead to the further development or ap-
plication of targeted assays that support exposure assessment
(Figure 2).

In principle, linked AOP–exposome assessments could
provide a basis for tracing back from MIEs or downstream KEs
to specific chemical stressors of greatest concern from an ef-
fects perspective. Examples of this type of retrospective anal-
ysis in environmental surveillance have been provided by
Schroeder et al. (2016) and Corsi et al. (2019), albeit for ex-
ternal exposure assessment. Bioinformatic approaches such as
the AOP Explorer, Bayesian network analysis, and other
network‐based tools can facilitate this type of decoding the
eco‐exposome for both the prediction of adverse effects and

FIGURE 3: Benefits of the integration of the eco‐exposome concept
and the adverse outcome pathway framework. AOP = adverse out-
come pathway.
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the diagnosis of exposure (Knapen et al., 2018; Perkins
et al., 2019; Villeneuve et al., 2018).

An additional complicating factor in establishing links be-
tween exposure and effects is the time‐varying nature of in-
ternal exposures. Furthermore, adaptation and recovery may
be possible across a wide range of exposures, while exposures
that exceed a critical threshold or persist for a sufficiently long
period of time may overwhelm cellular (e.g., damage repair)
and systemic physiological (e.g., homeostatic) defense mech-
anisms. Quantitative AOP models could be used to account for
biochemical and physiological adaptations mediated by feed-
back loops, as illustrated by an example for steroid synthesis
inhibitors and their effects on reproduction in fish (Conolly
et al., 2017; Doering et al., 2019).

SUMMARY AND PROSPECTUS
Among the greatest challenges facing toxicologists is the

need to comprehensively assess exposure and establish causal
linkages between this exposure and potential or observed bi-
ological changes. To assist in predicting risks associated with
these exposures, toxicologists in the human health community
proposed the concept of the exposome. While basing esti-
mates of risk on some measure of an organism's lifelong in-
ternal exposure to chemicals is intuitively appealing—and
certainly reasonable from a toxicological perspective—it is
emerging technologies in the areas of analytical chemistry,
molecular biology, and informatics that have made assessment
of the exposome a truly practical notion.

Incorporation of the exposome concept into ecological
risk assessments is a logical evolution. There are, however,
important differences between human health and ecological
assessments with respect to the collection and interpretation
of exposome data. Ecologically relevant species of concern
may be very short‐lived and provide comparatively small
sample masses (relative to humans), which can result in the
need for innovative sampling approaches such as the pooling
of organisms and collection over a longer time period. In
other instances, collection of eco‐exposome data may be
easier than for human health analyses; for example, for most
species of interest it is possible to employ terminal (de-
structive) sample collection in both field and laboratory set-
tings. In contrast, human biomonitoring studies are often
based on the collection of body fluids such as blood or urine,
which are not necessarily representative of the complete in-
ternal exposome.

Interpretation of exposome data presents different chal-
lenges for ecological versus human health assessments. For
example, in ecological risk assessments, there is an emphasis
on interpretation of exposure information in the context of
population‐ rather than individual‐level responses. In this Crit-
ical Perspective we have emphasized the complementary use
of chemical analyses and bioassays as a means of evaluating
the presence and integrated bioactivity of multiple con-
taminants operating via common or different toxicity pathways
and capturing molecular and biochemical responses to an

internal contaminant exposure. By incorporating molecular and
biochemical endpoints into an eco‐exposome assessment, it
may be possible to “flag” the possible occurrence of un-
detected but biologically active chemicals. Such data also
provide critical information required to interpret potential ad-
verse effects on organisms of interest. Ultimately, the need to
understand and predict risks associated with complex chemical
mixtures requires a means to relate the resulting exposure (i.e.,
the exposome) to apical effects of interest to risk assessors. The
AOP framework is uniquely well suited for this purpose.

Although the eco‐exposome concept is itself relatively
new, the basic approaches it encompasses are not. For ex-
ample, ecotoxicologists have for many years emphasized the
utility and importance of using internal chemical dose as a
basis for predicting toxic effects. We are confident that as the
eco‐exposome concept is incorporated into assessment
scenarios ranging from environmental monitoring to quanti-
tative predictions of risk, the challenge of addressing the
ecological effects of complex mixtures will become increas-
ingly tractable.

Acknowledgment—We acknowledge the participation and
contributions to the workshop of M. Hein (UFZ) and present or
former US Environmental Protection Agency employees D.
Villeneuve, C. LaLone, M. Erickson, D. Mount, and D. Hoff. We
also thank the two anonymous reviewers for their constructive
comments and suggestions. The work was in part supported by
the German Academic Exchange Service via travel grants in the
project Mixture‐AOPs.

Author Contributions Statement—Stefan Scholz, John W.
Nichols, Beate I. Escher, and Gerald T. Ankley contributed
equally to this work.

Data Availability Statement—Data are available from the
corresponding author (stefan.scholz@ufz.de).

REFERENCES
Agier, L., Basagaña, X., Hernandez‐Ferrer, C., Maitre, L., Tamayo Uria, I.,

Urquiza, J., Andrusaityte, S., Casas, M., de Castro, M., & Cequier, E.
(2020). Association between the pregnancy exposome and fetal growth.
International Journal of Epidemiology, 49, 572–586.

Agier, L., Basagaña, X., Maitre, L., Granum, B., Bird, P. K., Casas, M.,
Oftedal, B., Wright, J., Andrusaityte, S., & de Castro, M. (2019). Early‐life
exposome and lung function in children in Europe: An analysis of data
from the longitudinal, population‐based HELIX cohort. The Lancet
Planetary Health, 3, e81–e92.

Agier, L., Portengen, L., Chadeau‐Hyam, M., Basagaña, X., Giorgis‐
Allemand, L., Siroux, V., Robinson, O., Vlaanderen, J., González, J. R., &
Nieuwenhuijsen, M. J. (2016). A systematic comparison of linear
regression–based statistical methods to assess exposome–health asso-
ciations. Environmental Health Perspectives, 124, 1848–1856.

Altenburger, R., Brack, W., Burgess, R. M., Busch, W., Escher, B. I., Focks,
A., Hewitt, L. M., Jacobsen, B. N., de Alda, M. L., Ait‐Aissa, S., Backhaus,
T., Ginebreda, A., Hilscherová, K., Hollender, J., Hollert, H., Neale, P. A.,
Schulze, T., Schymanski, E. L., Teodorovic, I., … Zonja, B. (2019). Future
water quality monitoring: Improving the balance between exposure and
toxicity assessments of real‐world pollutant mixtures. Environmental
Sciences Europe, 31, Article 12.

Ankley, G. T., Bencic, D. C., Breen, M. S., Collette, T. W., Conolly, R. B.,
Denslow, N. D., Edwards, S. W., Ekman, D. R., Garcia‐Reyero, N., &

The eco‐exposome concept—Environmental Toxicology and Chemistry, 2022;41:30–45 41

wileyonlinelibrary.com/ETC © 2021 The Authors

mailto:stefan.scholz@ufz.de


Jensen, K. M. (2009). Endocrine disrupting chemicals in fish: Developing
exposure indicators and predictive models of effects based on mecha-
nism of action. Aquatic Toxicology, 92, 168–178.

Ankley, G. T., Bennett, R. S., Erickson, R. J., Hoff, D. J., Hornung, M. W.,
Johnson, R. D., Mount, D. R., Nichols, J. W., Russom, C. L., Schmieder,
P. K., Serrrano, J. A., Tietge, J. E., & Villeneuve, D. L. (2010). Adverse
outcome pathways: A conceptual framework to support ecotoxicology
research and risk assessment. Environmental Toxicology and Chemistry,
29, 730–741.

Ankley, G. T., Blackwell, B. R., Cavallin, J. E., Doering, J. A., Feifarek, D. J.,
Jensen, K. M., Kahl, M. D., LaLone, C. A., Poole, S. T., & Randolph, E. C.
(2020). Adverse outcome pathway network‐based assessment of the
interactive effects of an androgen receptor agonist and an aromatase
inhibitor on fish endocrine function. Environmental Toxicology and
Chemistry, 39, 913–922.

Baduel, C., Mueller, J. F., Tsai, H., & Ramos, M. J. G. (2015). Development
of sample extraction and clean‐up strategies for target and non‐target
analysis of environmental contaminants in biological matrices. Journal of
Chromatography A, 1426, 33–47.

Balbo, S., Turesky, R. J., & Villalta, P. W. (2014). DNA adductomics.
Chemical Research in Toxicology, 27, 356–366.

Baygi, S. F., Fernando, S., Hopke, P. K., Holsen, T. M., & Crimmins, B. S.
(2021). Nontargeted discovery of novel contaminants in the Great Lakes
region: A comparison of fish fillets and fish consumers. Environmental
Science & Technology, 55, 3765–3774.

Becker, R. A., Ankley, G. T., Edwards, S. W., Kennedy, S. W., Linkov, I.,
Meek, B., Sachana, M., Segner, H., Van Der Burg, B., & Villeneuve, D. L.
(2015). Increasing scientific confidence in adverse outcome pathways:
Application of tailored Bradford‐Hill considerations for evaluating
weight of evidence. Regulatory Toxicology and Pharmacology, 72,
514–537.

Bessonneau, V., Pawliszyn, J., & Rappaport, S. M. (2017). The saliva ex-
posome for monitoring of individuals’ health trajectories. Environmental
Health Perspectives, 125, Article 077014.

Blackwell, B. R., Ankley, G. T., Bradley, P. M., Houck, K. A., Makarov, S. S.,
Medvedev, A. V., Swintek, J., & Villeneuve, D. L. (2018). Potential toxicity
of complex mixtures in surface waters from a nationwide survey of
United States streams: Identifying in vitro bioactivities and causative
chemicals. Environmental Science & Technology, 53, 973–983.

Bouatra, S., Aziat, F., Mandal, R., Guo, A. C., Wilson, M. R., Knox, C.,
Bjorndahl, T. C., Krishnamurthy, R., Saleem, F., Liu, P., Dame, Z. T.,
Poelzer, J., Huynh, J., Yallou, F. S., Psychogios, N., Dong, E., Bogumil,
R., Roehring, C., & Wishart, D. S. (2013). The human urine metabolome.
PLoS One, 8, Article e73076.

Bracey, A. M., Etterson, M. A., Strand, F. C., Matteson, S. W., Niemi, G. J.,
Cuthbert, F. J., & Hoffman, J. C. (2020). Foraging ecology differentiates
life stages and mercury exposure in common terns (Sterna hirundo).
Integrated Environmental Assessment and Management, 17, 398–410.

Brack, W., Hollender, J., de Alda, M. L., Müller, C., Schulze, T., Schymanski,
E., Slobodnik, J., & Krauss, M. (2019). High‐resolution mass spectrom-
etry to complement monitoring and track emerging chemicals and
pollution trends in European water resources. Environmental Sciences
Europe, 31, Article 62.

Brockmeier, E. K., Hodges, G., Hutchinson, T. H., Butler, E., Hecker, M.,
Tollefsen, K. E., Garcia‐Reyero, N., Kille, P., Becker, D., & Chipman, K.
(2017). The role of omics in the application of adverse outcome path-
ways for chemical risk assessment. Toxicological Sciences, 158,
252–262.

Cabana, G., & Rasmussen, J. B. (1994). Modelling food chain structure and
contaminant bioaccumulation using stable nitrogen isotopes. Nature,
372, 255–257.

Canzler, S., Schor, J., Busch, W., Schubert, K., Rolle‐Kampczyk, U. E., Seitz,
H., Kamp, H., von Bergen, M., Buesen, R., & Hackermüller, J. (2020).
Prospects and challenges of multi‐omics data integration in toxicology.
Archives of Toxicology, 94, 371–388.

Cavallin, J. E., Jensen, K. M., Kahl, M. D., Villeneuve, D. L., Lee, K. E.,
Schroeder, A. L., Mayasich, J., Eid, E. P., Nelson, K. R., Milsk, R. Y.,
Blackwell, B. R., Berninger, J. P., LaLone, C. A., Blanksma, C., Jicha, T.,
Elonen, C., Johnson, R., & Ankley, G. T. (2016). Pathway‐based ap-
proaches for assessment of real‐time exposure to an estrogenic waste-
water treatment plant effluent on fathead minnow reproduction.
Environmental Toxicology and Chemistry, 35, 702–716.

Chiaia‐Hernandez, A. C., Schymanski, E. L., Kumar, P., Singer, H. P., &
Hollender, J. (2014). Suspect and nontarget screening approaches to

identify organic contaminant records in lake sediments. Analytical and
Bioanalytical Chemistry, 406, 7323–7335.

Chung, M. K., Rappaport, S. M., Wheelock, C. E., Nguyen, V. K., van der
Meer, T. P., Miller, G. W., Vermeulen, R., & Patel, C. J. (2021). Utilizing a
biology‐driven approach to map the exposome in health and disease:
An essential investment to drive the next generation of environmental
discovery. Environmental Health Perspectives, 129, Article 85001.

Collette, T. W., Ekman, D. R., Zhen, H., Nguyen, H., Bradley, P. M., & Teng,
Q. (2019). Cell‐based metabolomics for untargeted screening and pri-
oritization of vertebrate‐active stressors in streams across the United
States. Environmental Science & Technology, 53, 9232–9240.

Conolly, R. B., Ankley, G. T., Cheng, W., Mayo, M. L., Miller, D. H., Perkins,
E. J., Villeneuve, D. L., & Watanabe, K. H. (2017). Quantitative adverse
outcome pathways and their application to predictive toxicology. Envi-
ronmental Science & Technology, 51, 4661–4672.

Corsi, S. R., De Cicco, L. A., Villeneuve, L. A., Blackwell, D. L., Fay, B. R.,
Ankley, K. A., Baldwin, G. T., & A. K. (2019). Prioritizing chemicals of
ecological concern in Great Lakes tributaries using high‐throughput
screening data and adverse outcome pathways. Science of the Total
Environment, 686, 995–1009.

Crofton, K. M. (2008). Thyroid disrupting chemicals: Mechanisms and mix-
tures. International Journal of Andrology, 31, 209–223.

Davis, A. P., Grondin, C. J., Johnson, R. J., Sciaky, D., McMorran, R.,
Wiegers, J., Wiegers, T. C., & Mattingly, C. J. (2019). The comparative
toxicogenomics database: Update 2019. Nucleic Acids Research, 47,
D948–D954.

Desforges, J. P., Levin, M., Jasperse, L., De Guise, S., Eulaers, I., Letcher, R.
J., Acquarone, M., Nordoy, E., Folkow, L. P., Hammer Jensen, T.,
Grondahl, C., Bertelsen, M. F., St Leger, J., Almunia, J., Sonne, C., &
Dietz, R. (2017). Effects of polar bear and killer whale derived con-
taminant cocktails on marine mammal immunity. Environmental Science
& Technology, 51, 11431–11439.

Doering, J. A., Villeneuve, D. L., Poole, S. T., Blackwell, B. R., Jensen, K. M.,
Kahl, M. D., Kittelson, A. R., Feifarek, D. J., Tilton, C. B., & LaLone, C. A.
(2019). Quantitative response–response relationships linking aromatase
inhibition to decreased fecundity are conserved across three fishes with
asynchronous oocyte development. Environmental Science & Tech-
nology, 53, 10470–10478.

Du, B., Lofton, J. M., Peter, K. T., Gipe, A. D., James, C. A., McIntyre, J. K.,
Scholz, N. L., Baker, J. E., & Kolodziej, E. P. (2017). Development of
suspect and non‐target screening methods for detection of organic
contaminants in highway runoff and fish tissue with high‐resolution time‐
of‐flight mass spectrometry. Environmental Science: Processes & Im-
pacts, 19, 1185–1196.

Ekman, D. R., Skelton, D. M., Davis, J. M., Villeneuve, D. L., Cavallin, J. E.,
Schroeder, A., Jensen, K. M., Ankley, G. T., & Collette, T. W. (2015).
Metabolite profiling of fish skin mucus: A novel approach for minimally‐
invasive environmental exposure monitoring and surveillance. Environ-
mental Science & Technology, 49, 3091–3100.

Erdmann, S. E., Dietz, R., Sonne, C., Bechshoft, T. O., Vorkamp, K., Letcher,
R. J., Long, M., & Bonefeld‐Jorgensen, E. C. (2013). Xenoestrogenic and
dioxin‐like activity in blood of East Greenland polar bears (Ursus mar-
itimus). Chemosphere, 92, 583–91.

Escher, B. I., Ashauer, R., Dyer, S., Hermens, J. L. M., Lee, J. H., Leslie, H. A.,
Mayer, P., Meador, J. P., & Warne, M. S. J. (2011). Crucial role of
mechanisms and modes of toxic action for understanding tissue residue
toxicity and internal effect concentrations of organic chemicals. In-
tegrated Environmental Assessment and Management, 7, 28–49.

Escher, B. I., Hackermüller, J., Polte, T., Scholz, S., Aigner, A., Altenburger,
R., Böhme, A., Bopp, S. K., Brack, W., Busch, W., Chadeau‐Hyam, M.,
Covaci, A., Eisenträger, A., Galligan, J. J., Garcia‐Reyero, N., Hartung,
T., Hein, M., Herberth, G., Jahnke, A., … Wambaugh, J. F. (2017). From
the exposome to mechanistic understanding of chemical‐induced ad-
verse effects. Environment International, 99, 97–106.

Escher, B. I., & Hermens, J. L. M. (2004). Internal exposure: Linking bio-
availability to effects. Environmental Science & Technology, 38,
455A–462A.

Escher, B. I., Stapleton, H. M., & Schymanski, E. L. (2020). Tracking complex
mixtures of chemicals in our changing environment. Science, 367,
388–392.

Faust, M., Backhaus, T., Boedeker, W., Hamer, V., Scholze, M., Grimme, L.
H., Altenburger, R., Blanck, H., Gramatica, P., & Vighi, M. (2003). Joint
algal toxicity of 16 dissimilarly acting chemicals is predictable by the
concept of independent action. Aquatic Toxicology, 63, 43–63.

42 Environmental Toxicology and Chemistry, 2022;41:30–45—SCHOLZ ET AL.

© 2021 The Authors wileyonlinelibrary.com/ETC



Halbach, K., Wagner, S., Scholz, S., Luckenbach, T., & Reemtsma, T. (2019).
Elemental imaging (LA‐ICP‐MS) of zebrafish embryos to study the tox-
icokinetics of the acetylcholinesterase inhibitor naled. Analytical and
Bioanalytical Chemistry, 411, 617–627.

Hano, T., Ito, M., Ito, K., & Uchida, M. (2018). Sample treatment opti-
mization for fish stool metabolomics. Journal of Chromatography B,
1092, 258–267.

Harrill, J. A., Everett, L. J., Haggard, D. E., Sheffield, T., Bundy, J., Willis, C.
M., Thomas, R. S., Shah, I., & Judson, R. S. (2021). High‐throughput
transcriptomics platform for screening environmental chemicals. Tox-
icological Sciences, 181, 68–89.

Hines, D. E., Edwards, S. W., Conolly, R. B., & Jarabek, A. M. (2018). A case
study application of the aggregate exposure pathway (AEP) and adverse
outcome pathway (AOP) frameworks to facilitate the integration of
human health and ecological end points for cumulative risk assessment
(CRA). Environmental Science & Technology, 52, 839–849.

Hoffman, J. C., Blazer, V. S., Walsh, H. H., Shaw, C. H., Braham, R., & Mazik,
P. M. (2020). Influence of demographics, exposure, and habitat use in an
urban, coastal river on tumor prevalence in a demersal fish. Science of
the Total Environment, 712, Article 136512.

Hollender, J., Schymanski, E. L., Singer, H. P., & Ferguson, P. L. (2017).
Nontarget screening with high resolution mass spectrometry in the en-
vironment: Ready to go? Environmental Science & Technology, 51,
11505–11512.

Hooper, M. J., Ankley, G. T., Cristol, D. A., Maryoung, L. A., Noyes, P. D., &
Pinkerton, K. E. (2013). Interactions between chemical and climate
stressors: A role for mechanistic toxicology in assessing climate change
risks. Environmental Toxicology and Chemistry, 32, 32–48.

Hug, C., Ulrich, N., Schulze, T., Brack, W., & Krauss, M. (2014). Identification
of novel micropollutants in wastewater by a combination of suspect and
nontarget screening. Environmental Pollution, 184, 25–32.

Huhn, S., Escher, B. I., Krauss, M., Scholz, S., Hackermüller, J., &
Altenburger, R. (2021). Unravelling the chemical exposome in cohort
studies: Routes explored and steps to become comprehensive. Envi-
ronmental Sciences Europe, 33, Article 17.

Isaksson, C. (2010). Pollution and its impact on wild animals: A meta‐analysis
on oxidative stress. EcoHealth, 7, 342–350.

Jahnke, A., Mayer, P., McLachlan, M. S., Wickström, H., Gilbert, D., &
MacLeod, M. (2014). Silicone passive equilibrium samplers as “chemo-
meters” in eels and sediments of a Swedish lake. Environmental Sci-
ences: Processes & Impacts, 16, 464–472.

Jarvinen, A. W., & Ankley, G. T. (1999). Linkage of effects to tissue residues:
Development of a comprehensive database for aquatic organisms ex-
posed to inorganic and organic chemicals. Society of Environmental
Toxicology and Chemistry (SETAC).

Jeong, A., Fiorito, G., Keski‐Rahkonen, P., Imboden, M., Kiss, A., Robinot,
N., Gmuender, H., Vlaanderen, J., Vermeulen, R., Kyrtopoulos, S.,
Herceg, Z., Ghantous, A., Lovison, G., Galassi, C., Ranzi, A., Krogh, V.,
Grioni, S., Agnoli, C., Sacerdote, C., … Probst‐Hensch, N. (2018). Per-
turbation of metabolic pathways mediates the association of air pollu-
tants with asthma and cardiovascular diseases. Environment
International, 119, 334–345.

Jin, L., Escher, B. I., Limpus, C. J., & Gaus, C. (2015). Coupling passive
sampling with in vitro bioassays and chemical analysis to understand
combined effects of bioaccumulative chemicals in blood of marine tur-
tles. Chemosphere, 138, 292–299.

Jin, L., Gaus, C., & Escher, B. I. (2015a). Adaptive stress response pathways
induced by environmental mixtures of bioaccumulative chemicals in
dugongs. Environmental Science & Technology, 49, 6963–6973.

Jin, L., Gaus, C., & Escher, B. I. (2015b). Bioanalytical approaches to un-
derstanding toxicological implications of mixtures of persistent organic
pollutants in marine wildlife. In E. Zheng (Ed.), Comprehensive analytical
chemistry persistent organic pollutants (POPs): Analytical techniques,
environmental fate and biological effects (Vol. 67, pp. 58–84). Elsevier.

Jin, L., Gaus, C., van Mourik, L., & Escher, B. I. (2013). Applicability of
passive sampling to bioanalytical screening of bioaccumulative chem-
icals in marine wildlife. Environmental Science & Technology, 47,
7982–7988.

Kanehisa, M., & Goto, S. (2000). KEGG: Kyoto Encyclopedia of Genes and
Genomes. Nucleic Acids Research, 28, 27–30.

Kienzler, A., Bopp, S. K., van der Linden, S., Berggren, E., & Worth, A.
(2016). Regulatory assessment of chemical mixtures: Requirements,

current approaches and future perspectives. Regulatory Toxicology and
Pharmacology, 80, 321–334.

Kirla, K. T., Groh, K. J., Steuer, A. E., Poetzsch, M., Banote, R. K., Stadnicka‐
Michalak, J., Eggen, R. I., Schirmer, K., & Kraemer, T. (2016). From the
cover: Zebrafish larvae are insensitive to stimulation by cocaine: Im-
portance of exposure route and toxicokinetics. Toxicological Sciences,
154, 183–193.

Knapen, D., Angrish, M. M., Fortin, M. C., Katsiadaki, I., Leonard, M.,
Margiotta‐Casaluci, L., Munn, S., O'Brien, J. M., Pollesch, N., & Smith, L.
C. (2018). Adverse outcome pathway networks I: Development and
applications. Environmental Toxicology and Chemistry, 37, 1723–1733.

Kojima, H., Takeuchi, S., Tsutsumi, T., Yamaguchi, K., Anezaki, K., Kubo, K.,
Iida, M., Takahashi, T., Kobayashi, S., & Jin, K. (2011). Determination of
dioxin concentrations in fish and seafood samples using a highly sensi-
tive reporter cell line, DR‐EcoScreen cells. Chemosphere, 83, 753–759.

Kortenkamp, A., & Faust, M. (2018). Regulate to reduce chemical mixture
risk. Science, 361, 224–226.

Kramer, V. J., Etterson, M. A., Hecker, M., Murphy, C. A., Roesijadi, G.,
Spade, D. J., Spromberg, J. A., Wang, M., & Ankley, G. T. (2011). Ad-
verse outcome pathways and ecological risk assessment bridging to
population‐level effects. Environmental Toxicology and Chemistry,
30, 64–76.

Krauss, M., Singer, H., & Hollender, J. (2010). LC‐high resolution MS in
environmental analysis: From target screening to the identification of
unknowns. Analytical and Bioanalytical Chemistry, 397, 943–951.

Kurokawa, Y., Matoba, R., Nakamori, S., Takemasa, I., Nagano, H., Dono, K.,
Umeshita, K., Sakon, M., Monden, M., & Kato, K. (2004). PCR‐array gene
expression profiling of hepatocellular carcinoma. Journal of Ex-
perimental and Clinical Cancer Research, 23, 135–142.

LaLone, C. A., Villeneuve, D. L., Lyons, D., Helgen, H. W., Robinson, S. L.,
Swintek, J. A., Saari, T. W., & Ankley, G. T. (2016). Sequence alignment
to predict across species susceptibility (SeqAPASS): A web‐based tool
for addressing the challenges of cross‐species extrapolation of chemical
toxicity. Toxicolical Sciences, 153, 228–245.

Leeuwen, C. J., & Vermeire, T. G. (Eds.). (2007). Risk assessment of chem-
icals: An introduction. Springer.

Lepak, R. F., Hoffman, J. C., Janssen, S. E., Krabbenhoft, D. P., Ogorek, J.
M., DeWild, J. F., Tate, M. T., Babiarz, C. L., Yin, R., & Murphy, E. W.
(2019). Mercury source changes and food web shifts alter contamination
signatures of predatory fish from Lake Michigan. Proceedings of the
National Academy of Sciences USA 116, 23600–23608.

Maitre, L., Robinson, O., Martinez, D., Toledano, M. B., Ibarluzea, J., Marina,
L. S., Sunyer, J., Villanueva, C. M., Keun, H. C., & Vrijheid, M. (2018).
Urine metabolic signatures of multiple environmental pollutants in
pregnant women: An exposome approach. Environmental Science &
Technology, 52, 13469–13480.

McCarty, L. S., Landrum, P. F., Luoma, S. N., Meador, J. P., Merten, A. A.,
Shephard, B. K., & Van Wezel, A. P. (2011). Advancing environmental
toxicology through chemical dosimetry: External exposures versus tissue
residues. Integrated Environmental Assessment and Manage-
ment 7, 7–27.

McCarty, L. S., & Mackay, D. (1993). Enhancing ecotoxicological modeling
and assessment. Body residues and modes of toxic action. Environ-
mental Science & Technology, 27, 1718–1728.

McEachran, A. D., Mansouri, K., Grulke, C., Schymanski, E. L., Ruttkies, C., &
Williams, A. J. (2018). “MS‐Ready” structures for non‐targeted high‐
resolution mass spectrometry screening studies. Journal of Chem-
informatics, 10, 1–16.

Meador, J. P., McCarty, L. S., Escher, B. I., & Adams, W. J. (2008). 10th
Anniversary critical review: The tissue‐residue approach for toxicity as-
sessment: Concepts, issues, application, and recommendations. Journal
of Environmental Monitoring, 10, 1486–1498.

Miller, G. W., & Jones, D. P. (2013). The nature of nurture: Refining the
definition of the exposome. Toxicological Sciences, 137, 1–2.

Miller, T. H., Bury, N. R., Owen, S. F., MacRae, J. I., & Barron, L. P. (2018). A
review of the pharmaceutical exposome in aquatic fauna. Environmental
Pollution, 239, 129–146.

Milman, B. L. (2015). General principles of identification by mass spec-
trometry. Trends in Analytical Chemistry, 69, 24–33.

Misaki, K., Suzuki, G., Tue, N. M., Takahashi, S., Someya, M., Takigami, H.,
Tajima, Y., Yamada, T. K., Amano, M., & Isobe, T. (2015). Toxic identi-
fication and evaluation of androgen receptor antagonistic activities in

The eco‐exposome concept—Environmental Toxicology and Chemistry, 2022;41:30–45 43

wileyonlinelibrary.com/ETC © 2021 The Authors



acid‐treated liver extracts of high‐trophic level wild animals from Japan.
Environmental Science & Technology, 49, 11840–11848.

Mitchell, C. J., Lawrence, E., Chu, V. R., Harris, M. J., Landis, W. G., von
Stackelberg, K. E., & Stark, J. D. (2021). Integrating metapopulation
dynamics into a Bayesian network relative risk model: Assessing risk of
pesticides to chinook salmon (Oncorhynchus tshawytscha) in an eco-
logical context. Integrated Environmental Assessment and Manage-
ment, 17, 95–109.

Musatadi, M., González‐Gaya, B., Irazola, M., Prieto, A., Etxebarria, N.,
Olivares, M., & Zuloaga, O. (2020). Focused ultrasound‐based extraction
for target analysis and suspect screening of organic xenobiotics in fish
muscle. Science of the Total Environment, 740, Article 139894.

Nagata, K., Washio, T., Kawahara, Y., & Unami, A. (2014). Toxicity prediction
from toxicogenomic data based on class association rule mining. Tox-
icology Reports, 1, 1133–1142.

National Research Council. (2012). Exposure science in the 21st century: A
vision and a strategy. National Academies Press.

Neale, P. A., Altenburger, R., Ait‐Aissa, S., Brion, F., Busch, W., de Aragao
Umbuzeiro, G., Denison, M. S., Du Pasquier, D., Hilscherova, K., Hollert,
H., Morales, D. A., Novak, J., Schlichting, R., Seiler, T. B., Serra, H.,
Shao, Y., Tindall, A. J., Tollefsen, K. E., Williams, T. D., & Escher, B. I.
(2017). Development of a bioanalytical test battery for water quality
monitoring: Fingerprinting identified micropollutants and their con-
tribution to effects in surface water. Water Research, 123, 734–750.

Niedzwiecki, M. M. (2019). The exposome: Molecules to populations. An-
nual Review of Pharmacology and Toxicology, 59, 107–127.

Pearce, R. G., Setzer, R. W., Strope, C. L., Wambaugh, J. F., & Sipes, N. S.
(2017). httk: R Package for high‐throughput toxicokinetics. Journal of
Statistical Software, 79, 1–26.

Perkins, E. J., Ashauer, R., Burgoon, L., Conolly, R., Landesmann, B.,
Mackay, C., Murphy, C. A., Pollesch, N., Wheeler, J. R., & Zupanic, A.
(2019). Building and applying quantitative adverse outcome pathway
models for chemical hazard and risk assessment. Environmental Tox-
icology and Chemistry, 38, 1850–1865.

Perkins, E. J., Habib, T., Escalon, B. L., Cavallin, J. E., Thomas, L., Weberg,
M., Hughes, M. N., Jensen, K. M., Kahl, M. D., Villeneuve, D. L., Ankley,
G. T., & Garcia‐Reyero, N. (2017). Prioritization of contaminants of
emerging concern in wastewater treatment plant discharges using
chemical: Gene interactions in caged fish. Environmental Science &
Technology, 51, 8701–8712.

Peters, A., Hoek, G., & Katsouyanni, K. (2011). Understanding the link be-
tween environmental exposures and health: Does the exposome
promise too much? Journal of Epidemiology and Community Health, 66,
103–105.

Pittman, M. E., Edwards, S. W., Ives, C., & Mortensen, H. M. (2018). AOP‐
DB: A database resource for the exploration of adverse outcome path-
ways through integrated association networks. Toxicology and Applied
Pharmacology, 343, 71–83.

Plassmann, M. M., Brack, W., & Krauss, M. (2015). Extending analysis of
environmental pollutants in human urine towards screening for sus-
pected compounds. Journal of Chromatography A, 1394, 18–25.

Plassmann, M. M., Schmidt, M., Brack, W., & Krauss, M. (2015). Detecting a
wide range of environmental contaminants in human blood samples—
Combining QuEChERS with LC‐MS and GC‐MS methods. Analytical and
Bioanalytical Chemistry, 407, 7047–7054.

Posthuma, L., Altenburger, R., Backhaus, T., Kortenkamp, A., Müller, C.,
Focks, A., de Zwart, D., & Brack, W. (2019). Improved component‐based
methods for mixture risk assessment are key to characterize complex
chemical pollution in surface waters. Environmental Sciences Europe,
31, Article 70.

Preston, G. W., Dagnino, S., Ponzi, E., Sozeri, O., van Veldhoven, K., Barratt,
B., Liu, S., Grigoryan, H., Lu, S. S., & Rappaport, S. M. (2020). Rela-
tionships between airborne pollutants, serum albumin adducts and
short‐term health outcomes in an experimental crossover study. Che-
mosphere, 239, Article 124667.

Rappaport, S. M. (2011). Implications of the exposome for exposure sci-
ence. Journal of Exposure Science & Environmental Epidemiology,
21, 5–9.

Rappaport, S. M. (2012). Biomarkers intersect with the exposome. Bio-
markers, 17, 483–489.

Rappaport, S. M., Li, H., Grigoryan, H., Funk, W. E., & Williams, E. R. (2012).
Adductomics: Characterizing exposures to reactive electrophiles. Tox-
icology Letters, 213, 83–90.

Reiter, E. B., Jahnke, A., König, M., Siebert, U., & Escher, B. I. (2020). In-
fluence of co‐dosed lipids from biota extracts on the availability of
chemicals in in vitro cell‐based bioassays. Environmental Science &
Technology, 54, 4240–4247.

Rico, A., Van den Brink, P. J., Leitner, P., Graf, W., & Focks, A. (2016).
Relative influence of chemical and non‐chemical stressors on in-
vertebrate communities: A case study in the Danube River. Science of
the Total Environment, 571, 1370–1382.

Roberts, L. D., Souza, A. L., Gerszten, R. E., & Clish, C. B. (2012). Targeted
metabolomics. Current Protocols in Molecular Biology, 98,
30.2.1–30.2.24.

Rojo‐Nieto, E., Muz, M., Koschorreck, J., Rudel, H., & Jahnke, A. (2019).
Passive equilibrium sampling of hydrophobic organic compounds in ho-
mogenised fish tissues of low lipid content. Chemosphere, 220, 501–504.

Schlittenbauer, L., Seiwert, B., & Reemtsma, T. (2015). Matrix effects in human
urine analysis using multi‐targeted liquid chromatography–tandem mass
spectrometry. Journal of Chromatography A, 1415, 91–99.

Schroeder, A. L., Ankley, G. T., Houck, K. A., & Villeneuve, D. L. (2016).
Environmental surveillance and monitoring—The next frontiers for high‐
throughput toxicology. Environmental Toxicology and Chemistry, 35,
513–525.

Schroeder, A. L., Martinovic‐Weigelt, D., Ankley, G. T., Lee, K. E., Garcia‐
Reyero, N., Perkins, E. J., Schoenfuss, H. L., & Villeneuve, D. L. (2017).
Prior knowledge‐based approach for associating contaminants with bi-
ological effects: A case study in the St. Croix River basin, MN, WI, USA.
Environmental Pollution, 221, 427–436.

Schymanski, E. L., Singer, H. P., Slobodnik, J., Ipolyi, I. M., Oswald, P.,
Krauss, M., Schulze, T., Haglund, P., Letzel, T., & Grosse, S. (2015). Non‐
target screening with high‐resolution mass spectrometry: Critical review
using a collaborative trial on water analysis. Analytical and Bioanalytical
Chemistry, 407, 6237–6255.

Shi, T., Song, E., Nie, S., Rodland, K. D., Liu, T., Qian, W. J., & Smith, R. D.
(2016). Advances in targeted proteomics and applications to biomedical
research. Proteomics, 16, 2160–2182.

Simon, E., van Velzen, M., Brandsma, S. H., Lie, E., Loken, K., de Boer, J.,
Bytingsvik, J., Jenssen, B. M., Aars, J., Hamers, T., & Lamoree, M. H.
(2013). Effect‐directed analysis to explore the polar bear exposome:
Identification of thyroid hormone disrupting compounds in plasma.
Environmental Science & Technology, 47, 8902–8912.

Su, G., Letcher, R. J., McGoldrick, D. J., & Backus, S. M. (2017). Halo-
genated flame retardants in predator and prey fish from the Laurentian
Great Lakes: Age‐dependent accumulation and trophic transfer. Envi-
ronmental Science & Technology, 51, 8432–8441.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L.,
Gillette, M. A., Paulovich, A., Pomeroy, S. L., Golub, T. R., Lander, E. S., &
Mesirov, J. P. (2005). Gene set enrichment analysis: A knowledge‐based
approach for interpreting genome‐wide expression profiles. Proceedings
of the National Academy of Sciences of the USA, 102, 15545–15550.

Teeguarden, J. G., Tan, Y.‐M., Edwards, S. W., Leonard, J. A., Anderson, K.
A., Corley, R. A., Kile, M. L., Simonich, S. M., Stone, D., Tanguay, R. L.,
Waters, K. M., Harper, S. L., & Williams, D. E. (2016). Completing the link
between exposure science and toxicology for improved environmental
health decision making: The aggregate exposure pathway framework.
Environmental Science & Technology, 50, 4579–4586.

Tian, L., Verreault, J., Houde, M., & Bayen, S. (2019). Suspect screening of
plastic‐related chemicals in northern pike (Esox lucius) from the St.
Lawrence River, Canada. Environmental Pollution, 255, Article 113223.

Van den Berg, M., Birnbaum, L., Bosveld, A. T., Brunström, B., Cook, P.,
Feeley, M., Giesy, J. P., Hanberg, A., Hasegawa, R., & Kennedy, S. W.
(1998). Toxic equivalency factors (TEFs) for PCBs, PCDDs, PCDFs for
humans and wildlife. Environmental Health Perspectives, 106, 775–792.

Villeneuve, D. L., Angrish, M. M., Fortin, M. C., Katsiadaki, I., Leonard, M.,
Margiotta‐Casaluci, L., Munn, S., O'Brien, J. M., Pollesch, N. L., & Smith,
L. C. (2018). Adverse outcome pathway networks II: Network analytics.
Environmental Toxicology and Chemistry, 37, 1734–1748.

Vineis, P., Demetriou, C. A., & Probst‐Hensch, N. (2020). Long‐term effects
of air pollution: An exposome meet‐in‐the‐middle approach. Springer.

Wang, R. L., Biales, A. D., Garcia‐Reyero, N., Perkins, E. J., Villeneuve, D. L.,
Ankley, G. T., & Bencic, D. C. (2016). Fish connectivity mapping: Linking
chemical stressors by their mechanisms of action‐driven transcriptomic
profiles. BMC Genomics, 17, Article 84.

Wang, R.‐L., Edwards, S., & Ives, C. (2019). Ontology‐based semantic
mapping of chemical toxicities. Toxicology, 412, 89–100.

44 Environmental Toxicology and Chemistry, 2022;41:30–45—SCHOLZ ET AL.

© 2021 The Authors wileyonlinelibrary.com/ETC



Wild, C. P. (2005). Complementing the genome with an “exposome”: The
outstanding challenge of environmental exposure measurement in
molecular epidemiology. Cancer Epidemiology Biomarkers & Pre-
vention, 14, 1847–1850.

Wild, C. P. (2012). The exposome: From concept to utility. International
Journal of Epidemiology, 41, 24–32.

Williams, T. D., Turan, N., Diab, A. M., Wu, H., Mackenzie, C., Bartie, K. L.,
Hrydziuszko, O., Lyons, B. P., Stentiford, G. D., Herbert, J. M., Abraham, J.
K., Katsiadaki, I., Leaver, M. J., Taggart, J. B., George, S. G., Viant, M. R.,
Chipman, K. J., & Falciani, F. (2011). Towards a system level understanding
of non‐model organisms sampled from the environment: A network bi-
ology approach. PLoS Computational Biology, 7, Article e1002126.

Yamamoto, M., Kensler, T. W., & Motohashi, H. (2018). The KEAP1–NRF2
system: A thiol‐based sensor‐effector apparatus for maintaining redox
homeostasis. Physiological Reviews, 98, 1169–1203.

Yordy, J. E., Mollenhauer, M. A., Wilson, R. M., Wells, R. S., Hohn, A.,
Sweeney, J., Schwacke, L. H., Rowles, T. K., Kucklick, J. R., & Peden‐
Adams, M. M. (2010). Complex contaminant exposure in cetaceans: A
comparative E‐screen analysis of bottlenose dolphin blubber and mix-
tures of four persistent organic pollutants. Environmental Toxicology
and Chemistry, 29, 2143–2153.

Zhen, H., Ekman, D. R., Collette, T. W., Glassmeyer, S. T., Mills, M. A.,
Furlong, E. T., Kolpin, D. W., & Teng, Q. (2018). Assessing the impact of
wastewater treatment plant effluent on downstream drinking water‐
source quality using a zebrafish (Danio rerio) liver cell–based metab-
olomics approach. Water Research, 145, 198–209.

Zheng, Y., Chen, Z., Pearson, T., Zhao, J., Hu, H., & Prosperi, M. (2020).
Design and methodology challenges of environment‐wide association
studies: A systematic review. Environmental Research, 183, Article
109275.

The eco‐exposome concept—Environmental Toxicology and Chemistry, 2022;41:30–45 45

wileyonlinelibrary.com/ETC © 2021 The Authors




