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Abstract

Globally, industries and regulatory authorities are faced with an urgent need to assess the potential adverse effects of chemicals
more efficiently by embracing new approach methodologies (NAMs). NAMs include cell and tissue methods (in vitro), structure-
based/toxicokinetic models (in silico), methods that assess toxicant interactions with biological macromolecules (in chemico), and
alternative models. Increasing knowledge on chemical toxicokinetics (what the body does with chemicals) and toxicodynamics
(what the chemicals do with the body) obtained from in silico and in vitro systems continues to provide opportunities for modernizing
chemical risk assessments. However, directly leveraging in vitro and in silico data for derivation of human health-based reference
values has not received regulatory acceptance due to uncertainties in extrapolating NAM results to human populations, including
metabolism, complex biological pathways, multiple exposures, interindividual susceptibility and vulnerable populations. The
objective of this article is to provide a standardized pragmatic framework that applies integrated approaches with a focus on
quantitative in vitro to in vivo extrapolation (QIVIVE) to extrapolate in vitro cellular exposures to human equivalent doses from which
human reference values can be derived. The proposed framework intends to systematically account for the complexities in
extrapolation and data interpretation to support sound human health safety decisions in diverse industrial sectors (food systems,
cosmetics, industrial chemicals, pharmaceuticals etc.). Case studies of chemical entities, using new and existing data, are presented
to demonstrate the utility of the proposed framework while highlighting potential sources of human population bias and
uncertainty, and the importance of Good Method and Reporting Practices.
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The discovery, development and marketing of new chemistries

(eg, cosmetics, pharmaceuticals, industrial or consumer prod-

ucts, and food supplements) continue to impact growing seg-

ments of the global industrial production market (Deconinck,

2021; Pandey et al., 2022). This may raise concerns as the World

Health Organization (WHO) reported in 2021 that more than 1

million global deaths were attributable to chemical exposures

(World Health Organization (WHO), 2021). Further, recognition of

the interconnectedness of the health of people, animals, plants

and the environment within the One Health concept speaks to

the need for a multifaceted and collaborative chemical strategy

(Bronzwaer et al., 2022; Center for Disease Control (CDC), 2022;

World Health Organization (WHO), 2022). To improve public

safety and address current global One Health perceptions (de

Jongh et al., 2022), the European Commission published its chemi-

cals strategy for sustainability towards a toxic-free environment

(the “strategy”) as part of the European Green Deal (European

Commission (EC), 2019, 2020). It presents several actions to bring

about a toxic-free environment and to protect people and the

environment from hazardous chemicals. Similarly, in March of

2020, the US Environmental Protection Agency published their

Chemical Safety for Sustainability Strategic Research Action plan

for 2019–2022 in an effort “. . .to support safe selection, design and use

of chemicals and materials” (United States Environmental

Protection Agency (US EPA), 2020a). Globally, several additional

health and food production strategies across industrial sectors

aim to act in line with the toxic-free movement to identify,

replace, restrict or ban carcinogenic, mutagenic and reprotoxic

substances (CMRs), endocrine disruptors, persistent, bioaccumu-

lative and toxic (PBT) and very persistent and very bioaccumula-

tive (vPvB) substances, immunotoxicants (including respiratory

sensitizers), neurotoxicants, and substances toxic to specific

organs (DG SANTE, 2022; Joint FAO/WHO Expert Committee on

Food Additives (JECFA), 2022; Joint FAO/WHO Meeting on
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Pesticide Residues (JMPR), 2022; United States Environmental
Protection Agency (US EPA), 2022a; World Health Organization
(WHO), 2021).

To accommodate risk assessment and management needs for
a variety of industrial and consumer product sectors, conven-
tional risk assessment practices using animal studies cannot
keep pace with demands for modern risk evaluation as in vivo
rodent studies require extensive time to conduct studies and
report results. They are also expensive and have low throughput
(United States Environmental Protection Agency, Office of
Research and Development (US EPA), 2015). Although animal
studies have been effective in evaluating some aspects of chemi-
cal safety, additional limitations include the ethics associated
with testing chemicals in animals, the large number of animals
required to test each substance (>1000), the limited information
provided on mechanisms of observed effects and the inability to
capture human genetic variability in response (acknowledging
human homologous cell lines may also be limited in capturing
genetic variability at this time) (United States Environmental
Protection Agency, Office of Research and Development (US EPA),
2015; United States Food and Drug Administration (US FDA),
2021a). Furthermore, although many physiological processes are
conserved between humans and animals, animal experiments
may not translate to humans due to differences in design, execu-
tion and analysis of animal experiments or species differences
when compared to either human clinical trials or chemical real-
life exposure scenarios. These deficiencies are important because
animal research often provides the rationale for hypotheses
studied by epidemiologists and clinical researchers. Furthermore,
translational relevance to humans for a variety of adverse health
effects has been questioned, including reproductive and endo-
crine toxicity (Schenk et al., 2010; Solecki et al., 2019), develop-
mental neurotoxicity (Bal-Price, 2018), carcinogenic modes of
action (Cohen et al., 2019), and the transition of new pharmaceut-
icals to Phase III clinical trials (that have also been limited in
interhuman predictivity based on postmarket toxicity) (Parish
et al., 2020). In addition, interspecies kinetic differences (ie,
absorption, distribution, metabolism, and excretion [ADME]) also
limit animal to human extrapolation (Pelkonen, 2009; Punt,
2017). When toxicology studies in animal species do not fully cap-
ture the human in vivo mechanistic-related adverse events (eg,
receptor expression patterns or binding affinities) or the human
or individual diversity in adverse health effects, results from
in vivo animal studies may under or over predict toxicity in
humans (Elmeliegy et al., 2021). Because new chemical entities
continue to enter the market, there is some urgency for effective
management of chemical safety with applications of NAMs to fill
gaps for chemicals lacking sufficient safety data or comprehen-
sive risk evaluations.

NAMs in toxicology, that include any technology that provides
safety and risk assessment data (eg, in silico, in vitro, in chemico, or
alternative animal models) (Parish et al., 2020; Punt 2020; United
States Environmental Protection Agency, Office of Research and
Development (US EPA), 2015), provide an opportunity to advance
the science of risk assessment with human (individual) relevant,
mechanism-based, and higher throughput methods at lower
costs. Alignment of NAM development with the WHO/IPCS Mode
of Action Framework (Meek et al., 2014), the OECD Adverse
Outcome Pathway (AOP) Knowledge-Base (Organization for
Economic Co-operation and Development (OECD), 2014), and the
OECD Defined Approach NAM-based guidelines (Organization for
Economic Co-operation and Development (OECD), 2021a) facili-
tates the development of methods consistent with our

understanding of key events (KEs) in the biological pathways that
mediate known adverse human health effects (Meek and
Lipscomb, 2015; Parish et al., 2020). (See Figure 1 for an illustra-
tion of AOP and related terms.) Such approaches are critical to
support the need for shorter timelines and greater efficacy for
safe chemicals management by assisting regulatory authorities
to supplement animal study data, move away from traditional
animal testing that is not aligned with the current state of sci-
ence, or employ innovative approaches to model complex chemi-
cal interactions using systems biology (European Union (EU),
2010; Novak et al., 2022; United States Environmental Protection
Agency (US EPA), 2019; United States Food and Drug
Administration (US FDA)’s, 2021b). This approach was envisioned
in ‘One Health’, which will use NAMs, physiologically based
kinetic (PBK) modeling, and measured outcomes (if and when
they occur) to assess risk factors and predict outcomes in the
presence of complex stressors (eg, pollution, environmental deg-
radation, climate change, etc.) (Center for Disease Control (CDC),
2022; World Health Organization (WHO), 2022).

Broad adoption of NAMs has been limited partially due to
insufficient validation, standardization, and global harmoniza-
tion of in vitro, in silico, alternative animal and in chemico new
approach methods for regulatory use. In vitro new approach
methodologies can be simple cellular, subcellular or in chemico
methods or complex 3D methods in microphysiological systems
(eg, tissue-, organ-, or body-on-a-chip methods). As such, the
experimental design, experimental biokinetics, measurement
methods and interpretation require qualified personnel with spe-
cialized technical knowledge. This poses challenges in coordinat-
ing global efforts to align and accelerate method development
and acceptance (Krebs et al., 2020; Pain et al., 2020). In addition,
uncertainties and a standard process for evaluation of bias and
compliance with minimal good cell/tissue culture practices need
to be addressed, including transparent criteria and a robust proc-
ess to evaluate method readiness and the derived study data
(Organization for Economic Co-operation and Development
(OECD), 2018a; Coecke et al., 2016). Although NAMs are not fully
developed for all systemic endpoints, NAM data derived from the
published literature clearly contribute to our understanding of
human kinetics and dynamics (Bal-Price, 2018; Krebs et al., 2020;
Parish et al., 2020). Furthermore, regulatory authorities are
responding to the challenge of using NAMs to assess hazards and
risks to human and ecosystem health (Barton-Maclaren et al.,
2022). In addition, NAM data are being used more frequently for
prioritization, to add to the weight-of-evidence (WoE) for regula-
tory decision-making, or to fill data gaps from animal testing,
including estimating equivalent human administered doses
(EADs) from in vitro assay data using quantitative in vitro to in vivo
extrapolation (QIVIVE) (Bell et al., 2018; Casey et al., 2018; Wilk-
Zasadna et al., 2015).

To support further NAM utilization in risk assessment, this
publication provides a decision framework (see Figure 2) for the
risk assessment community with a standardized procedure to
apply NAMs while accounting for system complexities and areas
of uncertainty. The goal of the framework is to simplify the appli-
cation of NAMs by providing a defined process and an explana-
tion of the associated tools and resources for each decision point.
Although in vitro methods are the focus of the framework, it is
expected that in silico and in chemico techniques may be applied
within several decision points, eg, estimation of physicochemical
and metabolic parameters that would inform QIVIVE and/or pre-
diction of the mode of action (MoA) or AOP based on similar
chemistries (Pradeep et al., 2020a,b; Tennant et al., 2019; Zang
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et al., 2017). In addition, case studies are provided to demonstrate
the application of the framework. To further inform NAM usage,
additional case studies are available in the published literature
(eg, Firman et al., 2021; Gannon et al., 2019; Hartwig et al., 2020;
Ning et al., 2019; Organization for Economic Co-operation and
Development (OECD), 2020, 2022a; Ouedraogo et al., 2022; Paul
Friedman et al., 2020; Ramanarayanan et al., 2022; Rotroff et al.,
2013; Rovida, 2021). Lastly, although the framework is expected
to be broadly applicable, special cases including nanoparticles,
polymers, poorly soluble chemicals, chemical mixtures, and
medical devices require additional considerations that are not
covered as example case studies in this article, and thus, readers
are directed to specific literature for additional guidance on the
application of NAMs for these materials. (For examples of NAMs
application for special case studies, see Tirumala et al. (2021) and
Halappanavar et al. (2020) for nanomaterials, Schüttler et al.
(2021) for chemical mixtures, Ladics et al. (2021) for poorly solu-
ble, polymeric materials, and De Jong et al. (2020) for medical
devices).

The framework, tools, and available
resources
The framework is designed as an iterative decision tree providing
key decision points in the application of in vitro-based NAMs in
risk assessment. Ultimately, the outcome is to derive margins of
safety (MoS) for chemical exposures or reference values based on
points of departure identified from in vitro methods, using either
forward or reverse kinetic models, respectively. The framework is
not intended to imply that all NAMs are suitable for regulatory
decision-making but is intended to facilitate the use of fit-for-
purpose NAM techniques to identify comparative points of depar-
ture or reference values to inform human risk evaluations in the
context of a WoE approach. In this way, NAM data may be inter-
preted in the appropriate context considering current uncertain-
ties associated with their predictive value relative to the in vivo
condition. As NAM technology advances, the predictive quality of
these approaches will also advance, and this framework may pro-
vide the tools needed for ready application and adoption by the
general risk assessment community.

Each colored pane of the framework identifies the major tasks
of any risk assessment and includes (1) framing the assessment,
(2) evaluating chemical dynamics and bioactivity, (3) in vitro

method interpretation and, finally, (4) kinetics in the context of
identifying estimated reference doses (RfDs) or MoSs for known
chemical exposure from in vitro points of departure. The frame-
work has been intentionally designed to be generic for broad
applicability to multiple risk assessment contexts. In support of
this framework and to advance the understanding and adoption
for the use of NAMs in risk assessment, the available tools and
resources for each decision point in the process are provided.
Note, this list of resources is an attempt to collect the relevant
information that has been identified for each of these decision
points but may not represent a comprehensive list. Although the
framework intends to provide a simplified decision tree on a KEs
basis, additional endpoints, and AOPs and associated KEs may be
relevant and thus utilization of the framework may be repeated
within any one assessment. As a single KE is also unlikely to
describe the complex biology in vivo for any apical outcome, a
battery of assays representing multiple KEs may need to be con-
sidered to provide a sufficient WoE to determine risk. At present,
there is not a comprehensive battery of assays that covers all
organ systems and thus use of a solely NAMs-based approach is
not possible. However, this does not limit the value of existing
NAMs data for investigated endpoints and their incorporation
into a WoE-based risk assessment. Further, other methods in risk
assessment that promote effective utilization of resources, such
as read across of data on similar chemicals, may also be applied
in lieu of generating new NAM data as suggested in this frame-
work.

It is important to recognize that the presented framework is
not the first framework published to support the use and confi-
dence in NAMs. However, this framework is the first that
presents a holistic overview of the necessary decision points and
associated resources for the application of NAMs for the purposes
of identifying reference values or margins of safety (MoS) in the
risk assessment context. Other frameworks, for example, by
Parish et al. (2020) and van der Zalm et al. (2022), provide guidance
to determine whether a method is appropriate and scientifically
robust for the context of use, whether it be for prioritization,
screening or risk assessment and whether the method appropri-
ately informs an understanding of human biology and the mech-
anism of toxicity in the in vivo system. These frameworks would
therefore inform decision points 2.6 and 3.2 of the presented
framework and are thus incorporated as resources for the same.
In addition, both frameworks describe the importance of problem

Figure 1. Depicted here is the basic relationship of the mode of action (MoA) that describes the functional or anatomical change that leads to an
adverse apical effect or adverse outcome (AO), and the mechanism of action, or adverse outcome pathway (AOP), that describes the specific
biomolecular and/or biochemical events that occur within the MoA. The adverse apical effect, or AO, describes the observed toxicity in the exposed
organism that is the result of a chemical acting through the mode and mechanism of action. The molecular initiating event (MIE) is the initial
biomolecular interaction that leads to an AO and each key event that follow describes the subsequent steps within the pathway leading to the AO.
(Adapted from Felter et al. (2022). See also Clerbaux et al. (2022) for an illustration of the AOP.)
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formulation and thus also inform decision point 1.1 of this frame-

work. As such and as intended, the presented framework serves

as a basic structure in which further guidance for the associated

decisions points may be developed to foster and further inform

NAMs confidence and implementation into risk assessment.

Framing the assessment
Problem formulation (1.1)
Problem formulation is the most critical component of the risk

assessment and defines the purpose of the assessment, wherein

the problem is defined based on what is known and what can be

adapted from what is known and outlines a plan and conceptual

model for analyzing and characterizing hazard or risk, as

applicable. Problem formulation has been well described in the

available literature and these resources for developing the prob-

lem formulation can be found in Supplementary Table S-1. Good

examples of formal problem formulation documents include

those developed within the US EPA for chemicals undergoing risk

evaluation under the Toxic Substances Control Act (TSCA)

(United States Environmental Protection Agency (US EPA), 2020b).

Identify key components (1.2)
This step identifies key information, parameters or tools that are

needed to execute the problem formulation plan. This requires

an assessment of available data, identification of data needs and

“fit for purpose” NAMs, and consideration of variables that can

minimize uncertainty in the assessment.

Figure 2. A proposed framework for the application of in vitro new approach methodologies (NAMs) in risk assessment is provided. Four key
components for considerations in use of NAMs are described including (1) Framing the Assessment which outlines the problem formulation, key
components of the assessment and considers the toxicokinetics of the subject compound as might influence the use or interpretation of NAMs; (2)
Dynamics-Bioactivity which considers the apical effect, or adverse outcome, of the chemical and whether a targeted or nontargeted approach may be
applied. In cases where the adverse outcome and its associated pathway is understood and in vitro methods are available to measure the key event(s), a
targeted approach may be applied. In cases where the adverse outcome and its associated pathway is not understood, a nontargeted approach may be
applied that broadly investigates in vitro bioactivity (eg, using toxicogenomics). The resulting bioactivity information may be used to investigate the
adverse outcome pathway and identify a key event to measure or these data may be used directly to identify a conservative point of departure based
solely on bioactivity. (3) Method Interpretation provides steps to evaluate method results considering the availability and validity of scientific methods
and whether the available data are sufficient to characterize internal dosimetry relative to chemical bioactivation in vivo (ie, is the toxic moiety of the
chemical known and is the in vitro method metabolically competent such that the target tissue dose of the active compound is represented in the
method?); Finally, in step (4) Kinetics, where in vitro method data have been determined to be scientifically robust, relevant to target tissue
concentrations of the active toxic moiety and run in a dose-response format, the human equivalent administered dose (EAD) or internal dose may be
estimated from the in vitro data or external exposure using physiologically based kinetic (PBK) models. Human equivalent external or internal doses
estimated from PBK models may then be used to identify an estimated reference dose (RfD) to establish a level of exposure that would be without
appreciable risk to human or environmental health for the relevant endpoint or based absence of bioactivity, or to allow for calculation of a margin of
safety (MoS) for those cases where exposure is known. Both the RfD and MoS approaches should consider the uncertainty associated with population
and method variability and the estimated external and internal doses should be adjusted using associated uncertainty factors, as applicable. Further
guidance for each decision point is provided in the text of the article and in the Supplementary Table S-1.
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Consider toxicokinetics (1.3)
In vitro methods that characterize a hazardous concentration in a
target tissue for a defined adverse outcome or a specific KE in an
AOP, rarely consider the influence of the absorption, distribution,
metabolism, or elimination (ADME) of a chemical in the body on
in vivo toxicity. As such, the target tissue concentration in vivo
may not represent in vitro conditions (ie, may over or under pre-
dict toxicity) or the putative toxicant may be absent in the in vitro
system if a metabolite is active. However, to ensure that a NAM-
based approach is fit for purpose for an assessment as defined in
the problem formulation, toxicokinetics should be considered
early in the assessment process. Interpretation of NAM data for
in vivo risk requires testing with chemical concentrations similar
to those expected in plasma or target tissue and ensuring rele-
vance of the test methods to the route of exposure, endpoint of
interest, and the active chemical moiety (parent vs metabolite(s))
(Moreau et al., 2022).

Dosimetry is important for both hazard identification (ID) and
risk assessment to provide confidence that the in vitro method
has been tested under the appropriate conditions. Even in hazard
ID, which is considered a qualitative assessment, there is typi-
cally an in vivo limit dose above which it is not considered neces-
sary to continue testing. Currently, most in vitro high throughput
screening efforts set an upper limit concentration based on solu-
bility or cytotoxicity cutoff. ToxCast phase 1 used an upper limit
of 100 mM. However, depending on the chemical, this may or may
not be sufficient to observe effects. Many well-known carcino-
gens, for example, do not cause effects until they are in the mM
range (eg, methylmethane sulfonate; Doak et al., 2007). Thus, a
negative result at 100 lM would present as a false negative. To
ensure that in vitro testing conditions are suitable for the purpose
of the assessment, toxicokinetics should be used up-front to help
define the assay conditions.

Likewise, while bioactivation/inactivation is inherently
accounted for in animal studies (species differences notwith-
standing), in vitro systems do not typically account for metabo-
lism when measuring bioactivity. However, considering
toxicokinetics during study design can help ensure that the
method accounts for the contribution of metabolism to overall
toxicity, whether the goal is risk assessment or hazard ID. Where
data are not available, read across to metabolism for similar
chemicals or utilization of metabolism simulators within
Organization for Economic Co-operation and Development
(OECD) Toolbox v 4.5 (2021b) may be used to predict potential
chemical metabolites.

The availability and regulatory acceptance of NAMs to assess
the cell and tissue dynamics and kinetics (ADME/biokinetics) in
chemical risk evaluations has been a critical area of research for
over a decade (Blaauboer, 2010; Coecke et al., 2006; Rotroff et al.,
2010). A range of possibilities for the use of NAMs for biokinetics
in risk evaluations were formulated (eg, to define species differ-
ences, human variability or to perform quantitative in vitro to
in vivo extrapolations; Testai et al., 2021).To increase the regula-
tory use and acceptance of NAMs for dynamics and biokinetics,
the development of test guidelines (protocols) and of overarching
guidance documents is critical and are actively being developed
(see Supplementary Table S-2 for published examples). A key
document published by Coecke et al. (2006) as an outcome of
ECVAM’s 54th workshop is still relevant today that describes the
metabolism “bottleneck” that is present in the use of in vitro
methods. Research in recent years also has identified challenges
defining in vitro exposure levels for some test materials (ie, free

fraction) and the need to avoid crossover dosing to adjacent wells
with semivolatile compounds (eg, Birch et al., 2019).

Dynamics-bioactivity
Is the adverse outcome(s) (endpoint) known? (2.1)

Is the AOP or one or a limited number of modes of
action (MoA) known? (2.2)

Identify KE to measure (2.3)
The adverse outcome or endpoint is the biologically significant
effect that a chemical exerts on a living organism or population
that results in impairment of functional capacity (Keller et al.,
2012; Organization for Economic Co-operation and Development
(OECD), 2017a). Interpretation of NAM data characterizing
adverse effects versus adaptive responses (that do not result in
functional deficits) is critical to adequately characterize health
risk. The problem formulation determines the scope of the
adverse endpoint(s) that will be considered in the assessment
and may be focused on a targeted endpoint (eg, estrogen receptor
agonism) or a broad range of possible adverse outcomes in a non-
targeted assessment.

AOP and mechanism or MoA are interrelated terms (see
Figure 1) that describe the etiology of the observed or potential
toxicity. KEs that are known to occur prior to the observation of
the apical effect provide points of evaluation using NAMs to pre-
dict the likelihood for toxicity in the absence of animal data.
Pathways of toxicity are actively being mapped and may be
described within the OECD AOP knowledge base (https://aopkb.
oecd.org/) or may be published in the peer-reviewed literature.
Examples in the published literature include Barron et al. (2015)
for aquatic toxicity, Browne et al. (2017) for endocrine disruption,
and Cohen et al. (2019) and Hartwig et al. (2020) for carcinogenic-
ity and genotoxicity. Additional guidance documents for the
investigation of AOPs or chemical MoAs are provided in
Supplementary Table S-1.

Is an appropriate method available? (2.4)
The most appropriate method will depend on the problem formu-
lation and the associated endpoint of interest (ie, a targeted
adverse outcome and KEs or a nontargeted bioactivity
concentration-response assessment). Ideally, when considering
data for risk assessment, methods would be validated, having
available OECD test guidelines; however, the scope of NAMs hav-
ing OECD guidelines or defined approaches are limited and thus,
establishing fit-for-purpose may be sufficient and the appropri-
ateness of a NAM should be evaluated in the context of the
assessment. Some sources of methodological data and resources
for evaluating fit-for-purpose are listed in Supplementary
Table S-1.

Are NAM data available? (2.5)
NAM data are available for many chemicals based on the exten-
sive testing efforts conducted around the world (some global pro-
grams are listed in Supplementary Table S-2). Supplementary
Table S-1 may be used to identify data in addition to specific
chemical reports that may be found in the published literature.
In addition, NAM data for similar chemicals within a read-across
approach may be considered. In these cases, good read across
practices (GRAP) should be applied (Ball et al., 2016).
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Develop/validate method (2.6)
Best practices for in vitro methodologies are well-outlined in the
resources highlighted in Supplementary Table S-1. It is of critical
importance that the method is in line with good cell and tissue
culture practices (Pamies et al., 2021) for developing in vitro meth-
ods and approaches for scientific and regulatory use. E-learning
modules also are available that provide guidance to test method
developers (eg, see https://etplas.eu/learn/eu-60/).

For methodologies that are not fully validated, additional resour-
ces to evaluate study quality also are available in Supplementary
Tables S-1, S-3, and S-4 and are important as it is recognized that
many in vitro test methods that are not fully validated may be fit-
for-purpose for regulatory application (Bal-Price, 2018).

Generate NAM data (2.7)
Ideally, in vitro data should be generated using validated, where
possible, or robust scientific methods with the evaluation con-
ducted in a dose-response format to allow for identification of
the point of departure to establish safe human exposure levels.
However, as previously mentioned, methods that are not vali-
dated may be fit-for-purpose and should be evaluated as such
within the context of use. See Supplementary Table S-1 for deci-
sion point 2.4 for resources on how to identify an appropriate
method and 2.6 for key resources associated with method valida-
tion and guidelines for the use of nonvalidated methods.

The internationally recognized Organization for Economic Co-
operation and Development (OECD) (2018) guidance document
on Good in vitro Method Practice (GIVIMP) is intended to support
method developers and end-users working to establish new
in vitro methods in academic, industry or government laborato-
ries across all 38 OECD member countries, and beyond, to
increase the quality of the studies carried out with such methods,
and to reduce experimental bias as much as possible. In Figure 3,
a series of in vitro subcell, cell, and tissue OECD GIVIMP minimal
reporting essentials are depicted. In the area of compound safety,
GIVIMP serves as a comprehensive quality framework for the
development or execution of in vitro methods. GIVIMP and other
select approaches to ensure NAM quality and control bias are
listed in Supplementary Table S-1.

Auditing tools are also provided in the supplementary mate-
rial to assess systematically the methodological information nec-
essary to interpret more completely in vitro study data. OECD
issued a specific OHT201 template (Organization for Economic
Co-operation and Development (OECD), 2021c) that can be com-
pleted in compliance with GCCP (good cell culture practice) as
part of GIVIMP when in vitro mechanistic NAMs are reported. The
template (Supplementary Table S-3) offers the possibility to
declare that GIVIMP guidance was followed and illustrates a syn-
opsis of in vitro subcell, cell, and tissue models with minimal
reporting essentials when generating in vitro NAM data using the
variety of experimental set ups. Supplementary Table S-4 indi-
cates potential sources of bias that should be considered.

Test data derived from in vitro methods are increasingly being
used in combination with other information within Integrated
Approaches to Testing and Assessment (IATA) to support safety
decisions. It is strongly recommended to take careful considera-
tion of GIVIMP requirements during the development of in vitro
methods as this will help improve the quality of submitted meth-
ods, accelerate their acceptability for regulatory use and ulti-
mately reduce the experimental bias on the derived in vitro
method study data. In short, any in vitro study should provide
information about the cells or tissues used (test system) to arrive

at the measurements, the detection method, the method used for
dose selection, control, and reference chemicals used, specific
experimental conditions, data analysis, acceptance criteria
applied, validity of the data, reporting of results and uncertainties.

Method interpretation
Is guidance available for the method? (3.1) See
answer to 2.4 above

Is the applied method known to be scientifically
robust? (3.2) See answer to 2.6 above

Develop/validate method or generate data (3.3).
See 2.6 above

Is there a role for bioactivation? (3.4)
The vast majority of in vitro methods focus on parent chemical
effects, with little consideration of metabolism in toxicity. When
metabolism is considered, it is typically assumed to be inactivating
and is incorporated into in vitro assessments through inclusion of
parent chemical clearance in the data interpretation phase of the
study. In reality, many toxic chemicals require bioactivation to exert
toxic effects including many that cause thyroid hormone disruption
(Murk et al., 2013) and a majority of carcinogens (Miller and Miller,
1975; Pelkonen and V€ah€akangas, 1980). Rendic and Peter Guengerich
(2012) suggested that about 66% of environmental carcinogens
require cytochrome P450 enzyme-mediated bioactivation. Currently,
the most common approach to incorporating bioactivation into an
in vitro method is adding rat liver S9 fraction to the cell culture sys-
tem. This is a fairly well-established approach to genetic toxicity test-
ing and recently has been the focus of an effort by the US EPA Center
for Computational Toxicology and Exposure (CCTE) to incorporate S9
fractions into high throughput screening (Deisenroth et al., 2020).
Limitations to this approach include the use of rat liver, the use of
induced S9 which leads to high expression of a subset of enzymes,
and the potential toxicity of the S9 itself on the cells of interest. Other
approaches that are being explored include the use of QSAR models
to predict metabolism and bioactivity of metabolites (Gonzalez et al.,
2018), and flow-through systems that connect metabolically compe-
tent hepatocytes to target cell populations (Wang et al., 2019).
Bioreactors can be used to provide more realistic metabolite kinetic
profiles than static systems (Phillips et al., 2018), though the added
complexity of the system adds cost and time to the analyses. If the
bioactive metabolite is known, it may be possible to obtain metabo-
lites and directly test the metabolite in the system of interest (Clewell
et al., 2020). There is no “one size fits all” approach for incorporating
metabolism, but it is vitally important to consider whether metabo-
lism—and bioactivation in particular—is likely to be required for a
toxic response to avoid false negative results (Wilk-Zasadna et al.,
2015). Predictive models of chemical metabolism such as those
included in the OECD Toolbox v 4.5 or evaluation of metabolism and
putative toxicants for similar chemical structures may be considered
in the absence of metabolic data.

Are metabolite data available? (3.5) See answer to 2.5
above

Was the method conducted in a dose-response
format? (3.6)
A point of departure used to derive a reference value or to establish a
MoS cannot be effectively identified without the availability of dose-
response data. From the dose-response curve, a statistically based
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point of departure identified using benchmark dose modeling may be
identified. In the context of an in vitro method as described in ToxCast,
this may be an AC50 (activity concentration at 50% of the 100% maxi-
mal activity) or ACC (activity concentration at the cutoff of the
method) value. The method cut-off is method specific; derived as
baseline median absolute deviations (BMAD) from baseline (signal to
noise), or log2 fold induction as compared to the vehicle control activ-
ity or the 2 lowest test concentrations of the method. Points of depar-
ture from other NAMs would need to be identified specific to the test
system. For example, induction levels of genetic transcription would
be relevant to toxicogenomic methods.

Method may be used for a semiquantitative or
qualitative assessment or go to 2.7 (3.7)
In the absence of dose-response data, in vitro data may be used as
part of the WoE in a semiquantitative or qualitative manner.
Depending on the understanding of the AOP relative to apical
effects, these data may potentially be used to support identifica-
tion of a hazard or to characterize the likely MoA or activity for a
KE in the AOP. At the very least, they may inform the direction
for the development of dose-responsive NAM data.

Kinetics (PBK models and IVIVE)
Is (external) exposure known? (4.1)
In vivo kinetics describes the ADME of chemicals in the body and
is important in determining the availability of a chemical at
molecular target sites (Ruiz and Fowler, 2015). Sometimes expo-
sures may be well characterized (eg, exposure monitoring) or crit-
ical exposure variables may be well defined (eg, cosmetics). In

these cases, a physiologically based kinetic (PBK) model can be
used to simulate ADME and predict internal (eg, plasma or tissue)
concentration-time profiles of chemicals at the given external
exposure. This process is referred to as forward dosimetry. In
some cases, the external exposure is unknown, but measured
biomonitoring data (eg, urine and blood concentration of parent
compound or metabolites) are available. For these cases, a PBK
model can be used to determine a plausible environmental expo-
sure level corresponding to the biological monitoring data, which
is referred to as reverse dosimetry. Reverse dosimetry is more
and more commonly applied to environmental exposure evalua-
tions (Wetmore et al., 2012).

An important consideration in selection and interpretation of
a PBK model output is the dose metric that is being predicted by
the model and the relevance to the chemical exposure and
adverse effect. Dependent on the exposure scenario for the
chemical (eg, acute vs chronic or cumulative exposure) and the
adverse effect of interest, steady-state chemical concentration
(Css), the maximum chemical concentration (Cmax), or area under
the concentration curve (AUC) may be selected as the appropriate
dose metric.

QIVIVE: perform reverse dosimetry to find human
equivalent administered dose (4.2)
As a broad definition, any utilization of in vitro measured bioac-
tivity data to predict in vivo exposures can be referred to as
in vitro to in vivo extrapolation, or IVIVE. IVIVE applies reverse
dosimetry to relate an in vitro bioactivity concentration (instead
of using biomonitoring data) to an in vivo exposure level that
would lead to internal (plasma or tissue) concentration equal to

Fig 3. In vitro subcell, cell, and tissue OECD GIVIMP (2018b) minimal reporting essentials.
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the in vitro bioactivity concentration. Thus, it is important to
specify the context where IVIVE is applied. High-throughput (HT-
)IVIVE, is the simplest approach to IVIVE, using only intrinsic
clearance, glomerular filtration and fraction unbound in the
blood to estimate steady state concentrations of a chemical in
blood (Rotroff et al., 2010). Quantitative (Q)IVIVE (Yoon et al.,
2015) extends this approach to consider more complex determi-
nants of in vivo pharmacokinetics, including slow metabolism,
bioactivation, active chemical transport, etc. This estimated
external exposure level is often described as the equivalent
administered dose (EAD) (Casey et al., 2018) or administered
equivalent dose (AED), which can be compared to actual human
exposures for risk evaluation or testing prioritization. IVIVE of
dosimetry is important in putting in vitro method data into a rele-
vant in vivo context and to promote animal-free risk assessment.

There are more and more resources and tools available for
PBK modeling and conducting IVIVE (Breen et al., 2021; Chang
et al., 2022). Madden et al. (2020) summarized in silico resources
assisting construction and evaluation of PBK models, including
resources for predicting external exposure, physicochemical
properties, ADME properties, physiological parameters, models
for specific organs structures, modeling software, etc. Chang et al.
(2022) provided additional data sources and tools for PBK model-
ing as well as software and tools designed to support IVIVE of
dosimetry. These resources include the Integrated Chemical
Environment (ICE: https://ice.ntp.niehs.nih.gov/) that provides
easy and open access to high-quality curated data and interactive
PBK modeling and IVIVE tools to explore and contextualize
in vitro bioactivity. ICE tools use the PBK models provided in the
Httk R package (v 2.0.2, https://cran.r-project.org/web/packages/
httk/index.html), which can also be run directly in R. The httk R
package was developed by a group of scientists at US EPA (Pearce
et al., 2017) and provides chemical-specific in vitro data, physio-
logical information, and multiple functions for PBK modeling
under various exposure routes and species as well as IVIVE of
dosimetry. It also provides functions for evaluating uncertainty
and variability in modeling (Ring et al., 2017).

Perform forward dosimetry (PBK modeling) to find
the estimated internal dose (4.3)
PBK models simulate internal dose from a given external dose
that considers use pattern, exposure frequency/amounts, uptake,
etc. This is also referred to as forward dosimetry. In this case,
internal dose (blood or tissue concentration) can be compared
with an in vitro bioactive point of departure (PoD) to derive a MoS.
A lower estimated internal dose (than the in vitro PoD) suggests
the exposure scenario is very likely “safe” and shall not raise a
concern, while a higher estimated internal dose (than the in vitro
PoD) suggests the exposure is likely not “safe” and further testing
is needed.

Consider uncertainty with NAMs and
characterizing population variability in kinetics (4.4)
Uncertainty arises when data are lacking. Uncertainty with
NAMs can be derived from assay interference, experimental
artifacts, quantitative uncertainty in concentration-activity
curve-fitting, uncertainty in QSAR modeling, in vitro and in vivo
pharmacokinetic model parameterization (Pham et al., 2019). To
consider uncertainty as the NAMs is being developed helps better
design NAMs and builds confidence when applying NAMs in risk
assessment. Uncertainty can be reduced or eliminated with more
or better data. On the other hand, variability refers to the inher-
ent heterogeneity or diversity of data, which can be

quantitatively described as the range of a set of values (United
States Environmental Protection Agency (US EPA), 2011).
Compared to uncertainty, variability cannot be reduced, but it
can be better characterized. Population variability describes how
much a physiological or kinetic parameter varies within a given
population. It is an important aspect when characterizing
kinetics. The following provides a focused discussion on uncer-
tainty and variability specifically associated with kinetics and
IVIVE.

Use of uncertainty factors in traditional risk assessment
Uncertainty factors (UFs) have been used in traditional regulatory
risk assessment to account for uncertainties when extrapolating
toxicological responses from animal to human, average to sensi-
tive human populations, lowest-observed-adverse-effect level
(LOAEL) to no-observed-adverse-effect level (NOAEL), and from
acute to chronic exposure scenarios. Whether uncertainty factors
are needed when using human cell NAMs has been the subject of
debate (Dourson et al., 2022). It has been suggested that the inter-
species (animal to human) uncertainty factor of 10 could be elim-
inated when using data from in vitro human cells on a chip. But
to eliminate or reduce the uncertainty factor in extrapolation
from average human to sensitive human populations requires
additional toxicokinetic and/or toxicodynamic information.
Other standard uncertainty factors, such as subchronic to
chronic extrapolation, might still be needed even when using
in vitro human cells.

Sources of uncertainty in in vitro dosimetry/bioactivity
Confident application of NAMs requires the consideration of
uncertainties and variability in bioactivity data generation, inter-
pretation, and evaluation of the impact of these uncertainties on
safety assessment conclusions. When interpreting IVIVE results,
uncertainty analysis requires the identification of weaknesses in
all facets of the scientific assessment and how these limitations
could impact scientific conclusions (Organization for Economic
Co-operation and Development (OECD), 2020; European Food
Safety Authority (EFSA) et al., 2019). Bioactivity uncertainty
assessments should include several factors contributing to over-
all uncertainty for a specific NAM (Pham et al., 2019; Watt and
Judson, 2018); for example: (1) NAM limitations to represent all
important facets of critical cellular processes; (2) variability in
in vivo data used to validate NAM performance; (3) remaining
method gaps (eg, understanding assay precision/accuracy, varia-
bility, and reproducibility); (4) uncertainties in the positive and
negative control chemicals used for in vitro assay validation; and
(5) limitations common to many in vitro methods (eg, lack of met-
abolic competence, limited understanding of the domain of
applicability, unknown in vitro kinetics). For example, when col-
lecting data from in vitro systems, nominal concentrations are
often used. However, nominal concentrations do not necessarily
represent the cellular concentration or the free median concen-
tration (Armitage et al., 2021).

Sources of variability and uncertainty in human
toxicokinetic distributions and IVIVE
The sources of variability and uncertainty that need to be consid-
ered in IVIVE include: the in vitro active concentration, mechanis-
tic relevance of NAMs to in vivo outcomes, interindividual
variability in animal or human physiology, and uncertainty asso-
ciated with measurement and estimation of chemical-dependent
toxicokinetic parameters (eg, fraction unbound to protein, meta-
bolic clearance, both measured and predicted; Wetmore et al.,
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2015). Efforts have been given to address the uncertainly and var-
iability associated with toxicokinetic parameters and population
variability. Open-source tools, such as HTTK-Pop in Ring et al.
(2017) examine the impact of variability of input parameters and
population variability on estimated EAD values (Wambaugh
et al., 2019).

Estimate reference dose or calculate the MoS (4.5)
In the case of reverse dosimetry, an RfD may be calculated by
simply dividing the human equivalent administered dose gener-
ated from QIVIVE by the composite uncertainty factor, or EAD/
Total UF ¼ RfD. For forward dosimetry, a MoS is calculated by
comparing the internal dose at which a chemical known to be
bioactive or the in vitro activity concentration with the internal
dose predicted from the known exposure using PBK models,
expressed as the following equation:

MoS ¼ Known bioactive internal dose OR in vitro activity dose
Estimated internal dose from given external exposure

:

The acceptable value of the MoS may vary depending on the
uncertainty in the data and the context of the risk assessment
but is typically � 100 (eg, Paul Friedman et al., 2020).

Case studies
NAMs and ‘next generation risk assessments’ require the integra-
tion of multiple data streams with greater consideration of expo-
sure and underlying mechanisms of toxicity. The purpose of the
framework is to put these concepts into practice, where mechanis-
tic understanding is available, providing a path for data integration
and highlighting points to consider at various steps within the
process for greater consistency and transparency. The framework
is flexible and therefore, widely applicable for a variety of chemical
safety assessments. Three case studies are presented that illus-
trate the utility of the framework—benzophenone, N-methylmor-
pholine N-oxide (NMMO), and XU-18840.00. The rationale for
selecting these case studies is provided in Table 1. Each case study
focuses on integrating NAM data and QIVIVE to determine the risk
posed by each chemical while considering the potential impact of
bias and uncertainty during the evaluations.

Case study 1: Benzophenone (BP) in drinking
water
A comprehensive risk assessment for BP was developed by NSF
International and peer-reviewed by NSF International’s inde-
pendent Health Advisory Board (NSF International, 2021a). This
assessment identified an appropriate RfD for BP that was used to
derive acceptance criteria for drinking water where BP may
extract from drinking water system components. An RfD of
0.02 mg/kg-day was identified based on the most sensitive
adverse effect (ie, the critical effect) from a 2-year feeding study,
which included increased syncytial alteration and chronic active
inflammation of hepatocytes secondary to chronic enzyme
induction in male B6C3F1 mice that occurred at a human equiva-
lent LOAEL of 6.1 mg/kg-day. Splenic lymphoid follicular hyper-
plasia in male and female B6C3F1 mice and splenic cell
proliferation in female B6C3F1 mice were also observed as critical
effects at the LOAEL. Increased severity of chronic progressive
nephropathy in rats occurred at a slightly higher but comparable
point of departure.

Clear evidence of endocrine activity was not observed in a 2-
generation reproductive toxicity study for BP (Hoshino et al., 2005;
Yamasaki et al., 2005) until the high dose, where decreased testes
weight and increased ovary weight were observed in F0 male and
female animals, which equates to a human equivalent dose �4�
higher than the observed critical effects for the liver and spleen.
Notably, decreased anogenital distance (AGD) was observed in
female F1 offspring but not male offspring at the low-dose (�7%)
and mid-dose (�10%) but not the high dose. AGD is a sensitive
indicator of androgenic, anti-androgenic, and estrogenic effects,
where a shortened AGD in male animals has been associated with
genital malformations and decreased reproductive capacity into
adulthood, and androgenic effects resulting in elongation of the
AGD such as is observed in the masculinization of female offspring
(Schwartz et al., 2019). Decreased AGD in female animals (single
generation) in the absence of decreased AGD in male animals and
other observation of endocrine effects is of unknown etiology and
not currently characterized as clearly indicative of endocrine dis-
ruption, although it has been observed for other endocrine active
compounds including ketoconazole, bisphenol A, and lindane
(Schwartz et al., 2019). As such, a potential weakly estrogenic MoA
to describe the decreased AGD in female animals cannot be com-
pletely discounted based on the weight of the evidence.

Risk assessment discussions relevant to the use of NAMs data
and the framework to derive comparative RfDs for endocrine
endpoints are provided in the following case study. For additional
details on the full assessment including evaluation of all end-
points and available data, readers are directed to the NSF
International (2021a) risk assessment.

Define the problem formulation (1.1); and

Identify key components (1.2)
The risk assessment of BP was predicated upon the need to derive
acceptance criteria for exposure to residuals of BP, a UV stabilizer
in coatings, that may extract into drinking water from materials
certified for use in contact with drinking water according to NSF/
ANSI/CAN 61 (2021b). The traditional aspects of the risk assess-
ment were conducted in accordance with NSF/ANSI/CAN 600
(2021c) procedures and using traditional animal assays to iden-
tify the most sensitive point of departure. To evaluate the poten-
tial benefit of in vitro data for RfD derivation and to add to the
WoE for investigation of endocrine endpoints, BP was selected as
a case study to evaluate how the reference dose (RfD)derived
from in vitro methods for endocrine endpoints and QIVIVE com-
pared to the RfD derived from traditional animal data. The out-
come of this assessment would inform whether the RfD derived
from traditional animal assays would be protective of potential
estrogen effects based on in vitro data characterizing the known
MoA for estrogen agonism. Endocrine endpoints were identified
as relevant for QIVIVE in this manner as the in vitro ToxCast bat-
tery had been validated for replacement of screening assays in
animals for estrogen agonism and because there was an existing
AOP that described effects from the receptor to organ (or apical
effect) level (Browne et al., 2017). In addition, the criteria for
inclusion in the assessment for this comparison included the
availability of a 2-generation reproductive toxicity study and evi-
dence of endocrine activity within the suite of in vitro endocrine
methods evaluated within the US EPA ToxCast program. The
ToxCast suite of methods for endocrine endpoints are described
in detail by Judson et al. (2015) and are summarized in
Supplementary Table S-5.
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Consider toxicokinetics (1.3)
The metabolic competency of the ToxCast suite of endocrine

methods was partially described by Judson et al. (2015) and fully

described in the United States Environmental Protection Agency

(US EPA) (2022c) method documentation for non-guideline in vitro

test methods. None of the methods, except for the Attagene

methods (ATG_ERa_TRANS-UP; ATG_ERE_CIS_up), were metabol-

ically competent; therefore, the endocrine activity of BP metabo-

lites was considered to determine the feasibility of applying

NAMs data for derivation of an RfD.
Based on a study by Nakagawa and Tayama (2002), a dose-

dependent increase in the mean serum BP (�33%–45%), benzhy-

drol (BH) (51%–65%), p-hydroxybenzophenone (4-HBP) (�2%–3%)

were identified 6 hours post-dosing in female Sprague Dawley

rats with gavage doses of 100 and 400 mg/kg-day BP (>97% pure).

These metabolites were also identified in the plasma of male

Sprague Dawley rats after gavage dosing of 100 mg/kg-day BP

(purity not specified) (Jeon et al., 2008). In vivo uterotrophic stud-

ies investigating the endocrine activity of BP and its metabolites

suggest that p-hydroxybenzophenone may be a potent estrogen

agonist (Nakagawa and Tayama, 2001; Yamasaki et al., 2002) and

thus ToxCast data for both BP and its active metabolite, p-

hydroxybenzophenone, were evaluated for comparative RfDs

(see Table 2) (Benzhydrol was not considered endocrine active.)

Is the adverse outcome (endpoint) known? (2.1)
Yes. In vitro and in vivo data supporting evidence of endocrine

activity, specifically estrogen receptor agonism, were available.

As such, a targeted endpoint evaluation was conducted.

Is the AOP/MoA known? (2.2)
Yes. The AOP for estrogen receptor agonism is well described by

Browne et al. (2017). Based on the AOP, it is expected that estro-

gen receptor binding and activation will result in apical effects

that may include increased uterine and ovarian weight and

altered histopathology at the organ level in uterotrophic methods

(OECD TG 440) and in Level 5 endocrine studies (according to the

Organization for Economic Co-operation and Development

(OECD) (2012) Framework for the Testing and Assessment of

Endocrine Disrupters) that include the extended one-generation

reproductive toxicity study (OECD TG 443) and the 2-generation

reproductive toxicity study (OECD TG 416).

Identify KE to measure (2.3)
The KE that was measured in the available in vitro methods was

estrogen receptor agonism.

Is an appropriate method available? (2.4)
Yes. The ToxCast suite of in vitro estrogen-receptor assays have

been validated as a replacement to the uterotrophic screening

method (OECD TG 440) with a published AOP that associates the

KE to apical effects (Browne et al., 2015, 2017).

Are NAMs data available? (2.5)
Yes. In vitro methods for the endocrine endpoints for BP and p-

hydroxybenzophenone are available through multiple resources

(National Center for Advancing Translational Science (NCATS),

2022; United States Environmental Protection Agency (US EPA),

2017, 2022b); however, the results of these methods have been

curated by NIEHS as provided in the Integrated Chemical

Environment (ICE) and thus present the most appropriate

Table 1. Case study chemicals illustrating the utility of the NAM framework

Case Study Chemical Chemical Uses Toxicity Selection Rationale

Benzophenone in drink-
ing water

• UV stabilizer in coatings
• Residual may extract from

drinking water system compo-
nents

• Reference dose (RfD) based on
critical effects in mouse study
(hepatocyte alterations and
splenic lymphoid hyperplasia)

• Potential endocrine activity
not well characterized

• Targeted analysis with reverse dos-
imetry to determine the compara-
bility of RfD derived from NAMs
data and quantitative in vitro to
in vivo extrapolation (QIVIVE) for
endocrine endpoints versus the
RfDs derived from traditional ani-
mal data

N-methylmorpholine
N-oxide (NMMO)

• Industrial solvent used to pro-
duce lyocell fiber (dissolves
cellulose, which is reprecipi-
tated to produce a fiber)

• Rats: Decreased sperm pro-
duction and reduced fertility
at >50 mg/kg/day

• Goal:
• Evaluate human relevance

of reproductive effects seen
in rats

• If spermatotoxic, are
humans more or less sensi-
tive than rats

• Targeted analysis with reverse dos-
imetry shows framework strengths
to demonstrate species differences
in:
• Pharmacodynamics based on rat

vs monkey NAMs evaluating
sperm maturational stages

• Pharmacokinetics wherein oral
equivalent doses show spermato-
toxicity is unlikely in monkeys
and humans.

XU-18840.00 • New cosmetic ingredient for
use in face creams

• Toxicity is not known as this
is a new chemical; however,
cosmetic ingredients cannot
be tested on animals after
2013 if sold in the European
Union per the Cosmetics
Directive

• Nontargeted analysis to predict
safety across a broad biological
space. Safety determinations based
on a MoS relative to the lowest
point of departure (PoD) in the NAM
assessment.

• NAM PoD is compared via QIVIVE
using forward dosimetry based on
use patterns, concentration in face
cream and dermal penetration
through human skin.
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location to access these data (United States Environmental

Protection Agency (US EPA), 2022b). Please see Supplementary

Table S-5 for the full list of available methods and Table 3 for

assay results as extracted from the ICE v 2.0.

Is guidance available for the method(s)? (3.1)
Yes. The ToxCast suite of endocrine methods has been well

described by Judson et al. (2015) and Browne et al. (2015); how-

ever, specific details for interpretation of the method results were

limited to the method documentation as summarized by United

States Environmental Protection Agency (US EPA) (2022c).

Importantly, this battery of assays has not been validated to

replace Level V multigeneration assays for endocrine evaluation

but have been validated for replacement of the Utertrophic

(OECD TG 440) screening assay that evaluates estrogen agonism.

The basis for inclusion in this case study, was to determine

whether the RfD derived from traditional animal assays would be

protective of potential endocrine effects based on data from

in vitro assays investigating estrogen agonism.

Are metabolite data available? (3.5)
Yes. ToxCast data (Tox21 methods) for the endocrine active

metabolite, p-hydroxybenzophenone, were available. See answer

to decision point 1.3 for this case study for a discussion on BP

metabolism and relative endocrine activity.

Was the method conducted in a dose-response
format? (3.6)
Yes. The ToxCast methods were conducted in a dose-response

format.

Is external exposure known? (4.1)
No. Although monitoring data for drinking water extractives for

BP are available, human exposure in the field in the use of certi-

fied products is not specifically known. As such, an RfD approach

is applied.

Perform reverse dosimetry (IVIVE) to find human
equivalent administered dose (EAD) (4.2)
RStudio (v. 3.6.3) was used to estimate the human EAD for the 1C
and Solve 3comp physiologically based kinetic models from the
NTP/NIEHS Integrated Chemical Environment (ICE). The models
are further described in brief in the NTP ICE user guide (National
Toxicology Program (NTP), 2021). To run the models, the fraction
of chemical unbound to plasma protein (fu), the intrinsic clear-
ance from the liver (Clint), and the molecular weight are required
(see Table 4). Casey et al. (2018) demonstrated that the applica-
tion of the fu is an equally effective way to establish free available
test compound that accounts for binding of test compound to
proteins and the method plate in comparison to the application
of an enrichment factor (EF) by Armitage et al. (2014). The three-
compartment model (Solve_3comp) estimates the maximum
concentration (Cmax) after acute and subchronic exposures and is
influenced by repeated exposure; therefore, a 24-hour interval
was used in the model. The duration of exposure used to esti-
mate the Cmax was 90 days as a comparative result to the avail-
able subchronic animal data.

In this QIVIVE assessment, the activity concentration at cutoff
(ACC) was conservatively utilized as the point of departure for
derivation of an EAD as this represents method activity above the
method noise; however, in standard practice, the AC50 (activity
concentration at 50% activity) is more routinely utilized as has
been correlated to lowest effect levels (LELs) for in vivo data
(Rotroff et al., 2010). However, for identification of a point of
departure for risk assessment, it is not certain whether the ACC
is well correlated to what would be considered a NOAEL or bench-
mark dose (BMD) that is the preferred point of departure to derive
a human RfD. Further, the threshold of adversity for estrogen
receptor ligand binding observed in vitro is not well defined.

Consider uncertainty: population and method
variability (4.4)
Standard uncertainty factors according to NSF/ANSI/CAN 600
risk assessment procedures (consistent with US EPA) include
interspecies, intraspecies, LOAEL to NOAEL (as applicable), sub-
chronic to chronic, and database uncertainty. A standardized
approach for application of uncertainty factors in the use of
in vitro data to derive reference doses has not been identified. As
the cell lines for the ToxCast endocrine methods are majority
human, application of an interspecies uncertainty factor was
deemed not applicable. A 10� factor for intraspecies uncertainty
was maintained given potential variability in human response as
compared to a homologous cell line. As the ACC was applied,
which is proposed as a point of departure for any receptor activ-
ity, a LOAEL to NOAEL uncertainty factor was deemed not appro-
priate. Given the QIVIVE was run under a 90-day format, a
subchronic to chronic uncertainty factor was not deemed appli-
cable where a chronic animal study of �90 days is the acceptable
study duration. As the nature of the endpoint is specific to estro-
gen agonism and the estrogen receptor battery has been vali-
dated as a replacement to in vivo estrogen receptor screening
methods (Browne et al., 2015), a database uncertainty factor was
also deemed not applicable. However, uncertainty associated
with method variability was considered relevant to the assess-
ment. Considering data from Sipes et al. (2017), comparison of
the maximum human plasma concentration (Cmax) of predicted
in silico values using the httk package to measured human in vivo
values gathered in DrugMatrix for 491 Tox21 chemicals and 613
dosing scenarios at pharmacologically relevant doses, found that

Table 2. Uterotrophic method results for benzophenone and its
metabolites by Nakagawa and Tayama (2001) and Yamasaki
(2002)

Test Article Subcutaneous
Dose (mg/kg-day)

% Change
Uterine wt

Control 0 0
4-HBP 40 þ17a

4-HBP 100 þ43*b

4-HBP 200 þ51**a

4-HBP 200 þ62*b

4-HBP 400 þ91*b

4-HBP 800 þ163**a

BP 400 þ6b

BH 400 0b

EE 0.01 þ294a,b

4-HBP 40þEE þ3.1a

4-HBP 200þEE �21.1*a

4-HBP 800þEE �11.7a

4-HBP TMXþ EE �24.2**a

a

Relative wet weight: 4-HBP, 4-hydroxybenzophenone; BP, benzophenone;
BH, benzhydrol; EE, ethinylestradiol; TMX, tamoxifen.

b

Absolute wet weight.
* P<0.05.
** P< 0.01.
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80% of the in silico derived Cmax values were within 10� of the

observed values and 12% were overpredicted suggesting a signifi-

cant breadth are included within an order of magnitude. Provided

that measured values for physicochemical parameters were

applied for BP and p-hydroxybenzophenone, a 10� uncertainty

factor for method variability (as it relates to predicted values)

was applied.

Estimate reference dose (4.5)
See Table 6 for comparative reference doses that were calculated

from the human equivalent administered doses divided by an

uncertainty factor of 100� (10� for interindividual; 10� for

method variability per Sipes, 2017). The values in all cases, except

one (the Tox21_ERa_LUC_BG1_Agonist (24 h) assay for p-hydroxy-

benzophenone that identified an RfDof 0.002 mg/kg-day),

exceeded the comparative reference dose of 0.02 mg/kg-day

derived from animal studies. Remarkably, the 3-compartment

model provided reference doses of 0.032–0.083 mg/kg-day for BP

and 0.002–0.062 for p-hydroxybenzophenone providing reference

doses within an order of magnitude of the comparative animal

RfD. Although individual method sensitivity and concordance of

activity concentrations to adversity of apical endpoints in in vivo

studies has not been well characterized, quantification of the

EADs from these methods provides an indication of biological

activity after exposure and increases confidence that the derived
RfD is protective of public health.

Areas of uncertainty in the assessment
Challenges in data interpretation included understanding the com-
parative sensitivity across assays that was confounded by reported
values as normalized to the positive control (eg, Odyssey Thera, OT,
methods are normalized to 17b-estradiol and 4-hydroxytamoxifen)
or as compared to the vehicle controls (Attagene, AT, methods).
Further, the methods evaluate multiple estrogen receptor dimers (a,
b, ab) that may have varying affinities and differential expression in
the human body that is further complicated by a lack of differentia-
tion of agonist vs antagonist activity in some assays. As previously
discussed, a standardized approach for the application of uncer-
tainty factors in the context of in vitro methods has not been deter-
mined especially considering that methods are specific to limited
biological pathways and utilize a homogenous cell culture, and
thus the uncertainty factors as applied in this assessment are sub-
ject to refinement. Lastly, although the PBK models applied for the
reverse dosimetry used measured data for the unbound fraction
and metabolism of BP, the models have not been validated to
observed human toxicokinetic data for BP or p-hydroxybenzophe-
none. Therefore, it is uncertain whether the one-compartment
model or the 3-compartment model is a better representation of
plasma concentration in humans. Overall, the QIVIVE assessment
provides a conservative estimate of comparative human EAD and
RfDs based on estrogen receptor activity (whether it be antagonistic
or agonistic) that suggests a threshold of activity. Importantly, the
ToxCast suite of endocrine assays has not been validated to replace
definitive animal assays, but does add to the WoE, especially for
MoA assessment, for the risk assessment of BP.

Case study 2: N-methylmorpholine N-oxide
(NMMO)
Problem formulation (1.1)
An in vitro approach was developed to evaluate the reproductive
toxicity of an industrial solvent, N-methylmorpholine N-oxide

Table 3. In vitro endocrine method results and comparative reference doses (RfD) for benzophenone and 4-hydroxybenzophenone

Method Name (Exposure Duration) Activity (ACC, mM) Estimated Human RfD (mg/kg-day)c

Benzophenonea 4-Hydroxy-
benzophenoneb

Benzophenone 4-Hydroxybenzo-phenone

1C HT3C 1C HT3C

OT_ER_ERaERa_0480 (8 h) 53.985 Not tested 2.936 0.063 — —
OT_ER_ERaERa_1440 (24 h) Inactive Not tested — — — —
OT_ER_ERaERb_0480 (8 h) 43.252 Not tested 2.353 0.050 — —
OT_ER_ERaERb_1440 (24 h) 71.542 Not tested 3.891 0.083 — —
OT_ER_ERbERb_0480 (8 h) 39.407 Not tested 2.143 0.046 — —
OT_ER_ERbERb_1440 (24 h) Inactive Not tested — — — —
OT_ERa_EREGFP_0120 (2 h) Inactive Not tested — — — —
OT_ERa_EREGFP_0480 (8 h) Inactive Not tested — — — —
ATG_ERa_TRANS_up (24 h) 12.969 Not tested — — — —
ATG_ERE_CIS_up (24 h) 27.827 Not tested 1.514 0.032 — —
Tox21_ERa_BLA_Agonist_ratio (16 h) Inactive 30.594 — — 1.437 0.026
Tox21_ERa_BLA_Antagonist_ratio (8 h) Inactive 72.777 — — 3.418 0.062
Tox21_ERa_LUC_BG1_Agonist (24 h) Inactive 2.656 — — 0.125 0.002
Tox21_ERa_LUC_BG1_Antagonist (48 h) Inactive 70.996 — — 3.334 0.060
TOX21_AR_BLA_Antagonist_ratio Inactive 51.2927 — — 2.409 0.043
TOX21_AR_LUC_MDAKB2_Antagonist Inactive 30.0462 — — 1.411 0.025

a

Cytotoxicity limit¼ 8.04mM.
b

Cytotoxicity limit¼1000mM.
c

Derived from the Equivalent Administered Dose (EAD) estimated using the 1C and HT3C QIVIVE PBK models from ICE v 2.0 from the Activity Concentration at
Cut-off (ACC) of the in vitro methods. A 100� total uncertainty factor [10�method uncertainty (Sipes, 2017) and 10� intraindividual variability] was applied.

Table 4. Quantitative in vitro to in vivo extrapolation (QIVIVE)
inputs for benzophenone and 4-hydroxybenzophenone

Chemical CASRN LogP Clint
a fub MWc

Benzophenone 119-61-9 3.18 0.9298 0.0654 182.073
p-Hydroxybenzophenone 1137-42-4 3.07 0.796 0.033 198.068

a

Intrinsic clearance; calculated as the log of observed clearance (mL/min/
106 cells) from human in vitro metabolic methods (substrate depletion method)
for p-t-butylphenol and benzophenone (Wetmore et al., 2015); predicted by
QSAR model for 4-hydroxybenzophenone.

b

Fraction unbound measured using the rapid equilibrium dialysis method
(Wetmore et al., 2015); fu was used per Casey et al. (2018).

c

Molecular weight (g/mol).
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(NMMO) (Clewell et al., 2022). NMMO is an industrial solvent,
shown to cause decreased sperm production and reduce fertility
in rats at doses > 50 mg/kg/day. Regulatory concerns center on
whether these effects are relevant to the human, and whether
the human is likely to be more, less or similarly sensitive to
NMMD than the rat. Thus, the 2 questions are:

• Is NMMO likely to be a spermatotoxin in humans?
• If NMMO is a spermatotoxin in humans, are humans or rats

more sensitive to it?

Key components (1.2)
Key components of the assessment are comparing rat and
human 1) pharmacodynamics and 2) pharmacokinetics, as either
component could lead to differences in species sensitivity. Of
interest, but not as vital to the purpose of the assessment, is any
information on MoA.

Consider toxicokinetics (1.3)
Very little information was available on the NMMO disposition
and metabolism due to a lack of information on in vivo or in vitro
metabolism or blood profiles. For this reason, an evaluation of
parent chemical clearance in rat and human hepatocytes was
performed. In addition, there was some concern that NMMO may
degrade in the cell culture media. As a result, a stability study
was performed in which NMMO concentration in the cell culture

medium of the cell cultures was measured at various culture

days. NMMO concentration in the media was stable over the 21-

day experiment.

Is the adverse outcome known? (2.1)
Yes. The adverse outcome was reduced mature sperm number in

sexually mature male rats.

Is the AOP/MoA known? (2.2)
The MoA is not fully defined for NMMO. However, 2 mechanisms

can be proposed for the reduced sperm number: (1) spermatotox-

icity (sperm cell death) or (2) disruption of germ cell differentia-

tion. Thus, we targeted in vitro systems that could measure these

endpoints. Since spermatocyte toxicity may be achieved by direct

toxicity to the differentiating germ cell itself, or through disrup-

tion of the somatic environment, in vitro systems were sought

that could evaluate both possibilities.

Identify KEs to measure (2.3)
While a formal AOP was not developed for this work, the sperma-

togenesis cycle has been well-described across species (eg, Cheng

and Mruk, 2010) and KEs for spermatotoxicity could be identified

from the published literature, including:

• Direct spermatotoxicity: germ cell number (live/dead cells)
• Direct inhibition of spermatocyte differentiation: markers of

germ cell differentiation (RNA)
• Indirect inhibition of spermatocyte differentiation/viability:

markers of testes blood barrier, somatic cell health

Is there an appropriate method available? (2.4)
Two methods were identified. The first measures human germ

cell differentiation from committed germ cell to haploid sperma-

tid in an isolated human germ cell line (Easley et al., 2012)

(University of Georgia, Athens, Georgia). This model includes

germ cell lines generated from multiple genetic backgrounds,

allowing evaluation of interindividual susceptibility). The second

method measures germ cell differentiation in a 3-dimensional

seminiferous tubule ex vivo model in rat, monkey, and human

Table 6. In vitro assay results for XU-18840.00

Endpoint (In vitro Assay)a Negative

Skin irritation (EpiDerm Assay) �
Genotoxicity (Ames) �
Genotoxicity (Rat lymphocyte chromosomal aberration

test; RLCAT)
�

Genotoxicity (Hypoxanthine-guanine phosphoribosyl-
transferase in CHO cells HGPRT)

�

Eye irritation/Corrosion (bovine corneal opacity and per-
meability [BCOP])

�

Phototoxicity/Cytotoxicity (3T3 neutral red uptake [NRU]) �
Dermal sensitization �b

Safety47 battery �c

Cell stress panel �d

High throughput transcriptomics �
a

Tested concentrations vary by assay, but bioactive concentrations were
�60 lM, which is considerably greater than 100� estimated internal doses.

b

Negative for skin sensitization based on 2 in vivo studies conducted prior
to 2013.

c

Assay results did not indicate any bioactivity concerns, including no
interaction with acetylcholinesterase. The Safety47 battery of assays is shown
in Supplementary Table S-6.

d

Small decreases in extracellular acidification rate (ECAR; a measure of
mitochondrial stress) at the highest concentration only; all other assay
responses were negative.

Table 5. Dow cheminformatic predictions for XU-18840.00

Model Endpoint/Activity Potential
Interaction

Negative for
Interaction

Reactivity �
Chelation �
Surfactant �
Anticoagulant �
Skin Sensitization �a

Transient receptor potential cat-
ion channel V1 (TRPV1)

�

Aconitase inhibitor �
Mitochondria complex I, II, III, IV,

or V
�

Mitochondrial protonophore �b

Cyanide (CN) or hydrogen sulfide
(H2S) releaser

�

Cardiac glycoside �
Aryl hydrocarbon receptor (AhR) �
Estrogen receptor (ER) �
Androgen receptor (AR)
Aromatase �
Pyrethroid �
Acetylcholine receptor (AChR)

(muscarinic or nicotinic)
�

Acetylcholinesterase (AChE) �c

c-Aminobutyric acid receptor
(GABA)

�

Serotonin receptor �
Glycinergic receptor �

Dow cheminformatic models are developed for good balance accuracy, but
favor sensitivity over specificity to minimize potential “false negative” findings.

a

Skin sensitization identified as a possible target based on the formation of
a potentially reactive metabolite; however, this metabolite was not identified
with in in vitro metabolism studies using human skin S9 or human liver
microsomes.

b

If mitochondrial protonophore interaction occurs, this was judged to be at
high concentrations by Dow’s subject matter expert in cheminformatics. This
endpoint was assessed in vitro using the Cell Stress Panel (Cyprotex,
Watertown, Massachusetts).

c

Acetylcholinesterase interaction was deemed unlikely by Dow’s subject
matter expert in cheminformatics. This endpoint was assessed in vitro with
the Safety47 battery (Eurofins, San Diego, California).
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(BioAlterVR , Kallistem, France). This model tests markers of germ
cell, somatic cell and testes: blood barrier health over a period of
3 weeks. Because these studies were performed during the initial
stages of the Covid 19 pandemic and all voluntary surgical proce-
dures were canceled, human tissues were not available for this
study. Thus, the non-human primate model served as a surro-
gate for human response, since the monkey has been shown to
be a better model of the human spermatogenesis process, quanti-
tatively and qualitatively, than the rodent (Fayomi and Orwig,
2018). Both systems measure the differentiation process from
committed germ cell to haploid spermatid, which is the entire
cycle that occurs in the testes. Models are not available for the
spermiogenesis process that occurs in the epididymis, wherein
the round spermatids become mature, mobile sperm. However,
the delayed timing of the effects on sperm number indicated that
the spermatotoxic effects of NMMO were occurring early in the
spermatogenesis cycle, and thus, the existing models would
cover the time-period of interest for this study (Clewell et al.,
2022).

Are NAMs data available? (2.5)
No.

Generate data (2.7)
Dose response and time-response data were generated for
NMMO. Methylmethacrylate (MMA), a known reproductive toxin
in rodent models, was used as a positive control to demonstrate
method utility.

Method interpretation
Is guidance available for the method? (3.1)
Yes. These methods were described in the published literature
and detailed standard operating procedures.

Is the applied method known to be scientifically
robust? (3.2)
Yes.

Is there a role for bioactivation? (3.4)
No. Parent chemical clearance studies demonstrated that NMMO
is not metabolized.

Reverse dosimetry (4.2)
Metabolism studies were performed by modeling parent chemical
clearance in human and rat hepatocytes to support IVIVE calcu-
lations (Pharmacelsus, Germany). No metabolism was observed
in either species. Read-across was used to parameterize the uri-
nary excretion and blood protein binding parameters. IVIVE was
performed (Yoon et al., 2015) for both the human and the rat.

Estimate reference dose (4.5)
Cell viability, germ cell differentiation (RNA, flow cytometry) and
somatic environment (RNA) data were collected in the rat and
nonhuman primate 3D seminiferous tubule ex vivo model
(Kallistem) and cytotoxicity, oxidative stress, cell cycle and viabil-
ity were measured in the human monoculture germ cell differen-
tiation model. Testes: blood barrier integrity (TEER) was
measured in the rat seminiferous tubule model. Both models fol-
low spermatogenesis from committed germ cell to haploid sper-
matid. In the rat 3D seminiferous tubule model, effects were seen
on later stage spermatocytes, somatic cells and gap junctions, as
well as in the measures of membrane barrier integrity. These

in vitro effects were used to define a PoD and were coupled with
IVIVE to derive an oral equivalent dose (OED) (Rotroff et al., 2010;
Yoon et al., 2015). Human OEDs were calculated from the mon-
key in vitro PoD using human body weight and metabolism,
assuming that pharmacodynamic response would be similar in
the monkey and human (Fayomi and Orwig, 2018).

Oral equivalent doses (OED) were calculated according to
Rotroff et al. (2010) and were developed for rats, humans and
monkeys in order to compare species. An RfD was not calculated
in this example; however, the OED would be considered a derived
PoD from which an RfD could be calculated after applying appro-
priate uncertainty factors. Neither species showed evidence of
direct cytotoxicity at any dose of NMMO. However, the rat model
showed dose-dependent decreases in secondary spermatocyte
populations at OEDs � 89 mg/kg/day, as well as reduced expres-
sion of mRNA markers for several stages of spermatogenesis
(spermatogonia, pachytene spermatocytes, round spermatids) at
an OED of 267 mg/kg/day NMMO. In contrast, the monkey model
did not show dose-dependent decreases in these same RNAs at
OEDs up to 1376 mg/kg/day. Indeed, the monkey consistently
demonstrated increased expression of RNAs that were decreased
in the rat. The opposite trends in the functional markers of the
spermatocyte populations indicate that NMMO is unlikely to
have similar effects on rat and monkey sperm count. Moreover,
mRNA expression for Sertoli cells and tight junctions, were
mildly increased with NMMO treatment in the monkey, but
mildly decreased in the rat. Given that there are significant spe-
cies differences between rat and human spermatogenesis, and
monkey spermatogenesis is more similar to the human (Fayomi
and Orwig, 2018), these qualitative differences in germ cell and
somatic response indicate that human response is unlikely to be
similar to the rat. Further, as treatments with OEDs higher than
the in vivo dose limit (1376 mg/kg/day) did not show reduced
sperm cell populations in the monkey, we would conclude that
NMMO is unlikely to have anti-spermatogenic effects in the
human.

Case study 3: XU-18840.00 - Development of
a new cosmetic ingredient
Problem formulation (1.1)
In the EU, it is prohibited to use animal test data generated after
2013 to support the safety assessment of cosmetic ingredients
(European Union (EU), 2009). In addition, the safety requirements
for cosmetic ingredients are not strictly defined. However, the
International Cooperation on Cosmetics Regulations (ICCR) has
developed a guidance for Next-Generation Risk Assessments
(NGRA) using NAMs for cosmetics (Berggren et al., 2017; Dent
et al., 2018; International Cooperation on Cosmetic Regulation
(ICCR), 2018, 2021). In 2020, Baltazar et al. applied the
International Cooperation on Cosmetic Regulation (ICCR) (2018)
concept by using an exposure-led, hypothesis-driven approach
for a NGRA for a cosmetic ingredient case study (coumarin) used
in face cream and body lotion. New cosmetic ingredients require
a nontargeted assessment as the toxicity has not been character-
ized, examining a broader biological space with safety determina-
tions based on a MoS relative to the lowest point of departure
(PoD) concentration showing bioactivity in NAM assessments.
Case study 3 describes a new cosmetic ingredient for face cream,
XU-18840.00, which required a non-animal safety assessment to
be sold in the EU; thus, the problem was to adapt the nontargeted
NAM-based approach described by Baltazar to evaluate the safety
of this ingredient. Ultimately, the decision was made not to
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market this product in the EU and thus, animal data can be used
as part of the safety assessment. This provides a case study in
which safety determinations based on NAMs can be anchored in
some animal data; thereby providing learning opportunities to
support future assessments with alternative models.

Identify key components (1.2)
XU-18840.00 was designed as a cosmetic ingredient for use in
face cream. Given direct consumer exposures to XU18840.00, it is
important to examine bioactivity across a broad range of poten-
tial toxicological targets, including complex hazard endpoints
like systemic toxicity. To do this, NAMs must examine a broad
range of potential biological activity (while being practical) and
results must be integrated in a WoE approach to assess XU-
18840.00 safety. First, estimated exposure levels to XU-18840.00
are determined based on use patterns for face creams (Scientific
Committee on Consumer Safety (SCCS), 2018), the concentration
of XU-18840.00 in these products (0.1%; 1.4 mg/cm2 skin), and the
dermal penetration of XU-18840.00 in the relevant carrier matrix
was determined using fresh human skin samples. Next, a suite of
in silico and in vitro NAMs are used to identify potential bioactivity,
generate multiple concentration-response curves and identify
the lowest PoD concentration (see Tables 5 and 6). Internal dose
was estimated based on face cream exposure and dermal pene-
tration of XU-18840.00 (limited metabolism alleviated the need to
consider metabolites). Forward dosimetry was used to compare
the internal dose with the in vitro PoD to determine a MoS for XU-
18840.00. This NextGen safety assessment can be supported with
some animal data, which are available for this example.

Consider toxicokinetics (1.3)
Initially, a pharmacokinetic model for XU-18840.00 was devel-
oped using GastroPlusTM software. This model predicted that XU-
18840.00 would reach steady state quickly after repeated dermal
exposures and that metabolism of XU-18840.00 was limited.
Subsequent in vitro experiments incubating XU-18840.00 with
human liver microsomes and human skin S9 confirmed that
there were no reactive metabolites formed, but rather only one
minor glucuronide metabolite. This allowed the bioactivity evalu-
ations to focus on the parent compound (XU-18840.00), thereby
minimizing the impact of poor metabolic capacity in various
in vitro methods. The lack of toxic metabolite(s) is indirectly sup-
ported by the results of an in vivo OECD TG 408-compliant 90-day
oral study in rats that were treated with approximate dose levels
of 0, 62, 186 and 624 mg/kg/day XU-18840.00. In this study, lim-
ited toxicity was observed at 624 mg/kg/day XU-18840.00 (further
details are provided in 2.7 below).

Is the adverse outcome(s) (endpoint) known? (2.1)
No. For a NAM-based NextGen assessment, the potential bioac-
tivity of XU-18840.00 was not known and thus, a nontargeted
endpoint evaluation was conducted.

Are NAM data available? (2.5)
No. NAM data were not available as this was a new cosmetic
ingredient.

Generate NAM data (2.7)
Computational (in silico) modeling was used initially to examine
the potential bioactivity of XU-18840.00. Read-across compounds
were judged to be inadequate and thus, XU-18840.00 was eval-
uated using Dow Cheminformatics profilers and models to pre-
dict toxicological hazards based on chemical structure. Dow’s

models are conservative, favoring sensitivity over specificity, to
avoid false negative outcomes. The majority of endpoints exam-
ined were negative, but there were potential flags for skin sensiti-
zation (due to a predicted reactive metabolite, which was not
formed when examined experimentally using in vitro microsomal
incubations. These in vitro results were further supported by
in vivo data, which included negative local lymph node and
Buehler assays). Cheminformatic models also predicted potential
mitochondrial interactions and acetylcholinesterase inhibition
(Table 5) (Wijeyesakere et al., 2018, 2019, 2020).

Next, XU-18840.00 was examined in a series of in vitro methods
to characterize potential bioactivity (Table 6). As outlined in
Baltazar et al. (2020), these methods included in vitro assays for
skin irritation (EpiDermTM), genotoxicity (Ames þ/- metabolic
activation; rat lymphocyte chromosomal aberration test (RLCAT);
hypoxanthine-guanine phosphoribosyltransferase (HGPRT) gene
mutation test in Chinese hamster ovary cells), eye corrosion
(Bovine corneal opacity and permeability), and photo/cytotoxicity
(3T3 neutral red uptake). These in vitro assays have associated
OECD test guidelines and are accepted in place of animal data. A
Safety47 battery (Eurofins, San Diego, California; see
Supplementary Table S-6) was included to look for interactions
with target proteins of concern (ie, often associated with adverse
drug reactions); this battery included an examination of potential
acetylcholinesterase interaction, which was negative at all con-
centrations tested (� 60 lM). The Safety47 battery did not identify
any bioactivity concerns, although it did identify the intended
bioactivity for which XU18840.00 was designed (ie, antioxidant
response). A cell stress panel (Cyprotex, Watertown,
Massachusetts; see Supplementary Table S-7) was also included,
which examined nonspecific cell stress and cytotoxicity parame-
ters including numerous endpoints to evaluate mitochondrial
function. Only one parameter was altered in the cell stress panel,
extracellular acidification rate (ECAR), which indicates a decrease
in glycolysis at the highest concentration of XU-18840.00 (60 mM).
This activity was used as the lowest PoD. The remaining in vitro
evaluation, high throughput transcriptomics, is in progress.

The in vivo results support the general absence of effects in
the NAM-based assessments. In addition, data are available from
a 90-day oral toxicity study in which there were treatment-
related decreases in body weight (�7%) and feed consumption in
female rats at the high-dose (�624 mg/kg/day). Increased liver
weights were reported in high-dose males and females, and
males also had very slight hepatocellular hypertrophy; these liver
effects were considered adaptive as there were no additional his-
topathology findings. Thus, the high-dose was considered a no
observed adverse effect level (NOAEL) for males and the mid-
dose was the NOAEL for females. In addition, XU-18840.00 was
non-sensitizing in both the local lymph node (LLNA) and Buehler
assays. Both acute oral and dermal in vivo toxicity values
exceeded the limit doses (5000 and 2000 mg/kg, respectively).

Is external exposure known? (4.1)
Yes. External exposure for face creams is well described by
Scientific Committee on Consumer Safety (SCCS) (2018) and
requires a determination of the amount of ingredient (mg) in con-
tact with the skin per each occasion using variables such as fre-
quency of use, ingredient use level, “leave on” versus “rinse off”,
and exposure duration per occasion. For XU-18840.00, the use
level in face cream was set at 0.1%; thus, external exposure was
calculated using the formulas in Scientific Committee on
Consumer Safety (SCCS) (2018) with an estimate of 0.77 mg XU-

Magurany et al. | 169

https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad012#supplementary-data
https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfad012#supplementary-data


18840.00 in contact with the skin per use. Common use levels for
an analogue antioxidant in skin cream is 0.5-1%.

Perform forward dosimetry (PBK) to find
estimated internal dose (4.3)
Exposure data in mg was determined in step 4.1. For internal
dose estimates, in vitro dermal penetration was determined to be
� 3.5% using radiolabeled XU-18840.00 as formulated in the com-
mercial product and fresh split thickness skin from 2 human
donors (Pharmaron UK Limited, Rushdon, Great Britain). Partial
thickness skin samples were used to provide high-end estimates
of dermal penetration. In vitro human metabolism studies with
liver and skin S-9 identified XU-18840.00-glucuronide as the only
measurable metabolite; no reactive metabolites were detected.
These data were used to refine the pharmacokinetic model devel-
oped in GastroPlusTM (step 1.3) to estimate an internal dose of
9.4 nM. Comparatively, the same method was used to estimate
the internal Cmax in humans using the in vitro internal clearance
rate data and after an oral animal exposure of 600 mg/kg-day.
The internal dose from this oral exposure was estimated as 11.4–
11.8 mM, which is 1255� higher than the estimated internal dose
following dermal exposure, suggesting that the NAMs-based
approach is conservative and protective.

Consider uncertainty: population and method
variability (4.4)
Interspecies extrapolation is of lower concern for the NAM-based
assessments as human-based assays/models were used to screen
for most bioactivities, including those driving the PoD. The poten-
tial for active metabolites is not supported by available data.
However, limitations on the biological endpoints evaluated for
potential activity contributes to uncertainty. In addition, popula-
tion distributions for the pharmacokinetic model represent one
source of uncertainty. Monte Carlo analysis can be used to gener-
ate multiple MoS values using steady state blood distributions
based on variable input parameters and PoD distributions from
in vitro methods that used multiple sampling time points (see
Baltazar et al., 2020).

Available in vivo data support the results of the NextGen safety
assessment. For example, the 90-day study was conducted orally
as a ‘worst case’ scenario and to examine metabolites. In vitro
dermal studies using fresh human skin estimate XU-18840.00
penetration at � 3.5% of the administered dose; thus, the 90-day
oral study is likely protective of internal doses achieved in
humans with dermal applications.

Estimate RfD or calculate MoS (4.5)
The MoS is determined based on the ratio between the lowest
PoD (step 2.7) and the internal dose (step 4.3). A large MoS indi-
cates that the internal dose is markedly less than the bioactive
PoD. An adequate MoS has not been defined; however, Paul
Friedman et al. (2020) has reported that in vitro PoDs from 24 h
exposures across a diverse battery of assays are generally as con-
servative as in vivo studies and can be used to determine a quan-
titative PoD similar to traditional animal repeat-dose and
developmental/reproductive toxicity studies. Thus, an MoS equal
to or greater than 100 has been proposed. At this time, the cur-
rent PoD supports the use of XU-18840.00 at the proposed con-
centration of 0.1% in face cream. According to the NextGen
Safety Assessment, if the transcriptomic PoD is lower (ie, XU-
18840.00 has bioactivity at a lower concentration than currently
identified), there are 3 potential outcomes: (1) the MoS remains
sufficient (ie, � 100�), supporting the use of XU-18840.00 at the

current proposed level (0.1%); (2) the MoS is insufficient, such
that the concentration of XU-18840.00 that can be used in face
cream must be decreased; or (3) the MoS is insufficient such that
XU-18840.00 cannot be used in this cosmetic application.
Further, as the internal dose at the LOAEL from the 90-day study
(ie, 11.4 mM) is > 1000� the internal dose for the estimated dermal
exposure and is comparable to the NAMs PoD for bioactivity (ie,
60 mM), the oral data support the safety in use of XU-18840.00 at
the proposed 0.1% level and the feasibility for use of NAMs data
for this case study.

Conclusions
The framework that has been proposed within this document and
the associated resources that have been identified are intended to
foster the use of NAMs data in risk assessment in a standardized
way for both novice and experienced risk assessment practi-
tioners. The case reports that have been provided illustrate the
usability and versatility of the framework. The specific in vitro sys-
tems that are used address questions of chemical mode-of-action,
metabolism, and/or toxicokinetics aligned with the respective
AOPs relevant to the endpoints of interest. Applying QIVIVE to
extrapolate in vitro tissue exposures to human equivalent doses
establishes that the complexities in extrapolation and data inter-
pretation can be managed, demonstrating the utility of the pro-
posed framework while also highlighting potential sources of
human population bias and uncertainty. Further, these case
reports demonstrate that incorporating in vitro assays, toxicoge-
nomics, bioactivity, toxicokinetic data, exposure, and other biolog-
ical method data within non-animal approaches is a viable and
practical option to highlight human relevance and add significant
value to a WoE evaluation in risk assessment. However, gaining
confidence in NAMs is critical to their implementation and wide-
spread regulatory acceptance. This article facilitates that process
by sharing NAM case studies that demonstrate their utility based
on an understanding of human biology.

For many toxicological endpoints, specific NAMs test guidelines,
protocols, best practices, or overarching defined approaches are
lacking for the use of non-animal methods in regulatory applica-
tions; however, general quality and methodological guidelines are
available for development and to support interpretation of NAMs
(eg, Organization for Economic Co-operation and Development
(OECD) (2018b)). In addition, workshops that lay the foundation for
future guidance documents (eg, the use of in vitro metabolic studies
in pesticide risk assessment by European Food Safety Authority
(EFSA) et al. (2019)) and some guidance documents including
Organization for Economic Co-operation and Development (OECD)
(2010) Test No. 417- “Toxicokinetics” identify “supplemental
approaches”, that highlight the use of in vitro methods to evaluate
substance metabolism. Web-based tools for modeling toxicokinetic
parameters are also now available (Bossier et al., 2020). More
recently, the Organization for Economic Co-operation and
Development (OECD) (2021d) has released guidance geared towards
the regulatory community to increase confidence in the use of data
derived from non-animal methods that can be incorporated into
PBK models. These models, although not known to be explicit
requirements in any regulatory jurisdiction, are routinely used to
incorporate physiological or biochemical mechanistic parameters
to predict internal exposure. Toxicokinetic data, from in vitro and in
silico approaches, are now routinely submitted to regulatory agen-
cies. Specifically, the US FDA has several guidance documents that
include the use of in vitro or in silico approaches (United States Food
and Drug Administration (US FDA), 2018, 2021a, 2020a,b). In

170 | A Pragmatic Framework for Toxicological New Approach Methodologies



addition, a recent review by Stucki et al. (2022) provides further
insight on the ability to use NAMs within US, EU and Canadian reg-
ulatory frameworks and a report of a recent workshop convened by
the European Partnership for Alternative Approaches to Animal
Testing (EPAA) identifies the key changes needed in regulatory
frameworks, education, training, stakeholder engagement, and sci-
ence to advance the use of NAMs in regulatory decision-making.

Over 350 000 chemicals and mixtures of chemicals are globally
registered for production and use worldwide (Wang et al., 2020)
that during their life cycle can be released into the environment,
enter the food chain or otherwise contribute to human exposure.
Food, in particular, has been shown to be a dominant source of
exposure. Real-life exposure comprises the simultaneous or con-
secutive (co)-exposure to chemical substances originating from
various sources, including pesticides, pharmaceuticals, personal
care products and, most importantly, diet. This includes food-
stuffs as well as environmental and food process contaminants,
residues of pesticides, veterinary medicines and chemicals from
food contact materials, food additives and others.

Existing legislation provides extensive information on the
respective substances within their remit. However, it generally
addresses the effects of single substances only, and this inher-
ently carries the risk of missing potential mixture-induced effects
or shifts in the dose-response curve associated with mixture
exposures. Consequently, there is an appeal for the introduction
of combined exposure in risk assessment and high throughput
safety evaluations. The proposed NAM framework offers poten-
tial to use advances in science and technology for implementing
but especially revolutionizing modern chemical risk assessment.
For a given mixture, the question is whether combinatorial
effects exist, if current regulatory measures are sufficiently pro-
tective, and whether new tools/approaches may be used to fill
data gaps, enhance our understanding of potential mixture
effects and improve public health protection (Tralau et al., 2021).

With advancing science and regulatory initiatives to move
away from animal testing (United States Environmental
Protection Agency (US EPA), 2021), increasing efforts are being
made to develop non-animal based NAMs which mimic or resem-
ble toxicity and disease pathways relevant to the humans. In the
last decade, governments as well as different industries around
the world have been investing significant amounts of resources
in NAMs, which has led to significant progress in development
and validation efforts (see Supplementary Table S-2). Despite the
significant work, there remains in some cases, limited confidence
in non-animal methods for PBK modeling and (Q)IVIVE, possibly
due to low confidence in exposure data, internal dosimetry esti-
mates and/or a desire to focus on hazard identification without
consideration of exposure and toxicokinetics. As additional guid-
ance and specific protocols with international acceptance
become available, regulatory submissions utilizing NAMs
approaches should continue to increase. Available resources, like
this framework, that address how these tools can be used to sup-
port WoE evaluation and risk assessment are expanding. Coupled
with understanding how to quantify and qualify uncertainty, we
expect to see a growing reliance on nonanimal toxicokinetic
assessments for regulatory application.

Future directions
Targeted safety evaluations applying NAMs within known or pro-
posed AOPs and nontargeted safety assessments considering
chemical bioactivity is demonstrated in this paper as a viable
approach that significantly increases confidence in the WoE

evaluation in risk assessment. However, full validation in use of
NAMs in lieu of traditional animal testing and characterization of
uncertainty (including predictivity in human populations vs indi-
viduals based on homogenous cell populations) remain ongoing
areas of research. Although, proposals are made within the case
studies presented in this document for how to manage uncertain-
ties in the use of NAMs and QIVIVE, formal and comprehensive
evaluation of the most appropriate uncertainty factors for in vitro
assays and quantitative extrapolation to human equivalent doses
have yet to be defined adequately. Despite the need to increase
confidence in use of NAMs, NAMs approaches can actively con-
tribute to the understanding of chemical exposures that can
affect improvements in human health in the near term.

Supplementary data
Supplementary data are available at Toxicological Sciences online.
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