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Abstract

Despite the expansion of methods and technologies
available for evaluating the safety of environmental
chemicals, the uptake of new approaches and acceptance
of alternative data in regulatory contexts have been rela-
tively slow. This may be due to real limitations of alter-
native methods, as well as the perception that ‘traditional’,
animal-based toxicological methods are more protective of
human health, although recent meta-analyses of large
data sets indicate the contrary in some cases. Animal
data often are weighted more heavily in chemical hazard
identifications than results derived from alternative
methods, particularly when alternative data are negative.
We identified several science-based limitations in alter-
native methods and propose approaches to reduce the
limitations and increase confidence in (particularly nega-
tive) results. We also suggest that the limitations of animal
data should be clearly communicated to avoid holding
nonanimal alternatives to unrealistic performance stan-
dards and predictors of human health. Until the chemical
industry can be confident that both positive and negative
alternative data will be accepted and regulators can be
confident that alternative data are good predictors of the
toxicological response, animal tests will continue to be
used (where not prohibited) as methods to unequivocally
satisfy regulatory data requirements.
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Introduction
Technologies developed over the past two decades have
produced extraordinary innovations in the methods
available for toxicological testing, including a variety of
alternative approaches1 to traditional animal-based
chemical safety evaluation. Many in vivo toxicity tests
were developed in the first half of the last century and
rely on relatively insensitive measures such as organ
weight changes and general endpoints such as decreased
growth, survival, or reproduction measured in a few an-
imals exposed to widely spaced doses of a test chemical.

Methods are now available to measure cellular,
biochemical, and -omics endpoints considerably ‘up-
stream’ of these effects and at greatly increased sensi-
tivity. Alternative methods can be used to prioritize
chemicals for further testing, as preliminary screens, as
part of testing strategies, or may predict the outcome of
animal testing with sufficient accuracy to replace in vivo
tests. Furthermore, the strength of alternative test sys-
tems is that they can be deployed rapidly, applied to
large numbers of chemicals, and completed quickly and
at relatively manageable cost. Despite the potential in-

crease in chemical throughput, infiltration of alternative
methods in regulatory decision-making has failed to
keep pace with emerging science or to make substantial
progress in evaluating chemical backlog awaiting safety
decisions e.g. [1,2].

Much of the innovation in chemical safety screening has
been driven by the strategic vision detailed in the Na-
tional Academies of Science Toxicity Testing in the 21st
Century [3], which helped foster the swift expansion of
technologies that are increasingly available for evalu-
ating chemical hazards, and in turn, has led to changes in

regulatory data requirements and acceptance. For
example, the European Union (EU) imposed a ban on
animal testing of cosmetics ingredients in 2013, and a
recent European Chemicals Agency (ECHA) report
states that animal testing should be used only as a last
resort [4]. Other countries, such as India, have adopted
similar regulations. The US Environmental Protection
Agency (EPA) has committed to finding suitable alter-
natives for animal testing of pesticides [5] and industrial
chemicals [6], and the US Food and Drug Administra-
tion (FDA) recently published a strategic vision
For the purpose of this discussion “alternative approaches”, include in silico

modeling tools, in chemico and in vitro tests, and mining and analyses of existing data-

bases to satisfy testing requirements and determine additional testing needs.
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describing a roadmap for increasing reliance on alterna-
tive approaches [7]. Conversely, some regulations
require knowledge of the chemical toxicity mechanism
in association with the demonstration of adversity in an
intact organism (e.g. regulation of endocrine disrupting
chemicals in the US and EU).

The Organisation for Economic Cooperation and

Development (OECD) assists countries in validating
and harmonizing tools for international chemical safety
evaluation. Data generated using an OECD Test
Guideline following the principles of Good Laboratory
Practice are subject to the agreement on the Mutual
Acceptance of Data, and thus, results must be accepted
by all OECD member and partner countries that have a
regulatory requirement for that endpoint. In addition to
reducing animal use from duplicative testing, the
OECD is committed to finding alternatives to animal
testing when the reliability and relevance of the alter-

native can be adequately demonstrated. To this end, the
OECD has developed a number of alternative tools for
chemical safety evaluation, including test guidelines and
associated guidance documents to help determine
testing needs, and the OECD QSAR Toolbox for in silico
predictions of chemical activity (http://www.oecd.org/
chemicalsafety/risk-assessment/oecd-qsar-toolbox.
htm). In some cases, in vitro methods are accepted as
alternatives for in vivo guideline methods, including four
of the most frequently required regulatory endpoints
(skin irritation/corrosion, eye irritation, skin sensitiza-

tion, and mutagenicity). More recently, the OECD has
developed testing strategies, sequential or integrated
deployment of alternative methods that can reduce or
eliminate the need for animal testing.

Although alternative methods are beginning to be used
to evaluate chemical safety, there is reticence to accept
alternative data for regulatory decision-making, particu-
larly when results are negative e.g. [8]. The regulatory
purview is to protect human health and the environment
and thus must be conservative regarding the data
accepted for this purpose. When evaluating the suit-

ability of alternative data for regulatory purposes, it is
important to discriminate technical/scientifically based
limitations in alternative methods from an anachronistic
philosophy that animal data are ‘better’ and more infor-
mative of human health hazard. Herein, we discuss
limitations in in vivo animal data, discuss potential biases
in weighting in vivo and in vitro data in chemical safety
evaluations, and provide suggestions for improving con-
fidence in alternative test method data for regulatory
decisions.
Recognition of limitations of in vivo data
In addition to animal welfare, chemical throughput,
and cost considerations, several recent publications
question rodent toxicity data as 1) a ‘gold standard’
www.sciencedirect.com
measure for human health and 2) appropriate refer-
ence data for in vitro assay development for some
endpoints [9e12]. Physiological processes such as
gametogenesis, gestation, and early neonatal devel-
opment are recognized windows of susceptibility to
toxicants, although the marked differences in critical
life stages between humans and rodents challenge the
predictivity of the rodent experimental model [12].

Furthermore, chemicals tested in rodents may be
positive (or negative) by mechanisms that are not
relevant to humans [13]. Recently, Cohen [11]
concluded the two-year rodent bioassay had an un-
acceptably high false-positive rate and thus is not
useful for identifying human mutagens or genotoxins.
Several analyses of guideline animal studies indicated
that even for simple, well-understood toxicological
processes, rodents may be poor predictors of the
human response. The rodent local lymph node assay
(LLNA) had a 14e20% false-positive rate when

compared to human skin sensitization responses [14].
More deleterious, several high profile examples of
drugs that were tested extensively in animals with no
adverse response caused serious effects in humans
[15].

Analyses of guideline animal studies indicate that
results of chemicals tested more than once had
limited reproducibility [10,16,17]. An analysis of
chemicals in the REACH database that were tested
more than once following the same in vivo guideline

indicated positive/negative results were reproducible
for 72e94% of the chemicals [17]. Differences in
animal strain and husbandry are contributing factors,
although (in these analyses) the differences are
allowable in guideline methods, and therefore repre-
sent a contribution to uncertainty in regulatory de-
cisions [9]. The reproducibility of chemical safety
data is dependent on the chemical itself; highly toxic
and nontoxic chemicals give more reproducible results
than moderate and weakly potent chemicals [10,17].
Specificity (i.e. conditional probability that a chemical
was initially negative in vivo and negative upon

retesting) was higher (82e100%) because of the high
proportion of environmental chemicals that are nega-
tive for any particular toxicological effect [17].
Conversely, the sensitivity of the animal data (con-
ditional probability that a chemical is initially positive
in vivo and positive upon retesting) ranged from 50 to
87% [17].

To help dispel the idea that in vivo data are ‘superior’ and
more protective of human health than alternative
methods, uncertainty and limitation of the animal

studies should be better documented. Additional sys-
tematic metadata analyses may further indicate where
in vivo data are actually less protective of human health
than other approaches.
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Weighting of in vivo and in vitro results
In general, regulators seem to be more comfortable

considering positive alternative data than negative re-
sults in chemical safety evaluations or to satisfy an in vivo
testing requirement. A review of US EPA’s acceptance of
existing data submitted to satisfy Tier 1 endocrine
screening data requirements suggests a preferential
acceptance of positive data. Of the 67 chemicals that
were included in endocrine disruptor screening program
(EDSP) List 1, registrants for 47 chemicals requested
testing waivers based on data considered equivalent to
at least some of the 11 assays in the Tier 1 screening
battery. The US EPA granted waivers based on existing

positive study results much more often than for negative
results (64 studies versus 25 studies) [8].

Recent publications identified mechanistic characteris-
tics of carcinogens as a way to organize and evaluate
carcinogenic hazard [18,19]. Because mechanistic assays
are not available for all the key characteristics of car-
cinogens, conclusions cannot be determined from
mechanistic data alone [20,18]. However, positive
mechanistic data may upgrade chemicals with inade-
quate/limited information from human and animal data

to be reconsidered as having limited/sufficient data and
may alter the classification of chemicals to ‘carcinogenic
in humans’ (group 1) and ‘probably carcinogenic in
humans’ (group 2A) [21]. In general, downgrades of
chemicals from ‘possibly carcinogenic in humans’ (group
2B) to ‘not classifiable’ (group 3) based on mechanistic
data occurred only when the mechanism was deter-
mined not to be relevant in humans [20]. In a recent
meta-analysis of the International Agency for Research
on Cancer (IARC) evaluation of the potential of 34
agents to cause cancer in humans, the inclusion of

mechanistic data resulted in a change from group 2B to
group 2A for 2 of 34 (6%) agents [21]. In fact, more
mechanistic data were available for well-studied agents
with accompanying human and animal data [21], so in
these instances, mechanistic data may have contributed
less to the overall hazard identification than in circum-
stances where human data were considered ‘limited’ or
‘inadequate’. Given the recognized high false-positive
rate of the rodents carcinogenicity assay, considering
negative outcomes of in vitro assays measuring key
characteristics of carcinogens may actually improve

predictions of human carcinogens in cases where limited
human data are available.

In some circumstances, in vitro test methods may have
clearly defined criteria under which negative test results
cannot reliably indicate the absence of a potential
effect. For example, for Test Guidelines 442D/E, all
positive results are accepted; however, negative results
for chemicals with octanolewater partition coefficients
(log Kow)> 3.5 are outside of the applicability domain of
the test [22,23].
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There are a few examples where negative in vitro data
are accepted, in principle, as sufficient evidence of
absence of effects. This is the case with certain in vitro
methods for skin or eye irritation using reconstructed
three-dimensional (3D) tissues or organotypic assays,
where negative outcomes of the assay are interpreted as
absence of irritation potential of the chemical and no
further testing is needed to confirm that conclusion

[24,25]. Requirements for genotoxicity data for biocides
require three in vitro assays [26] and industrial chemicals
require four in vitro assays; in both cases, if all in vitro
data are negative, no animal data are required. Inter-
estingly, pesticide chemical registration requires three
in vitro assays for genotoxicity, and even when all in vitro
data are negative, one in vivo study is required for
confirmation (EU Regulation 283/2013). Nevertheless,
in practice, regulators having access to in vivo data will
tend to credit animal data more than in vitro data,
especially when there is conflicting information where

in vitro data are negative and animal data are positive, by
organizing data in a tiered approach where animal data
are considered superior [27]. Furthermore, if there is
substantial chemical space for which no prediction can
be made or there is a ‘grey zone’ under which uncer-
tainty is too large, industry will not incur the costs of
using alternative tests and, instead, go directly to the
animal study that will be accepted, if not specifically
prohibited by regulations. Thus, to incentivize use,
alternative approaches should be accompanied by clear
interpretation procedures and a description of limita-

tions for both users of the approaches and recipients of
the data.
Recognition of limitations of in vitro data
Negative data resulting from alternative methods are
often considered with caveats, following the rationale

that nonanimal test systems cannot account for complex
processes that occur in humans and therefore should not
be accepted in the absence of an in vivo confirmation (of
a lack of an effect). Although recent evaluations spot-
light some limitations of the rodent as a model for
human toxic responses, in vivo tests can account for all
mechanisms by which a chemical may exert an adverse
effect in the exposed animal. In absence of evidence to
the contrary, chemical effects in rodent models are
assumed to be relevant to humans. On the other hand,
in vitro systems are inherently reductive and cannot fully

account for xenobiotic metabolism and toxicokinetic
effects that influence toxicity in whole organisms, nor
can they capture the influence of other factors toxicol-
ogists are just beginning to grapple with, such as the
contribution of microbial metabolism to chemical
toxicity [28]. Furthermore, all in vitro methods have
inherent limitations defined by the physicalechemical
properties of the test chemical which affect its inter-
action with the test system (e.g. solubility, volatility,
molecular weight) or the detection system (e.g.
www.sciencedirect.com
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cytotoxicity, protein denaturing, fluorescent com-
pounds) [29,30]. While the applicability domain of
in vivo assays is assumed to be the chemical universe, the
applicability domain of the in vitro assay is defined by
reference chemicals used to validate the assay [31].
Considerations to improve regulatory
acceptance of alternative data
For users to produce and accept alternative data in lieu
of in vivo results, they must be able to trust positive and
negative outcomes. Therefore, a critical step for
improving regulatory acceptance of alternative data is
improving confidence in negative results, and to achieve

this, it is important to separate science-based limita-
tions of methods from an assumption that rodent data
are a superior indicator of human health effects. In the
following paragraphs, we suggest several areas for
improving alternative method predictions, focused
largely on improving confidence in negative resulting
data.

Reference chemical selection
Part of validating a test method is determining the
ability of the method to identify positive and negative

reference chemicals. Historically, in vivo validation ef-
forts included mostly positive reference chemicals and
only one or two negative chemicals. Even with current
high-throughput methods able to evaluate performance
against much larger numbers of chemicals, reference
chemicals are usually proportionally �60% positive
chemicals (http://www.oecd.org/chemicalsafety/testing/
series-testing-assessment-publications-number.htm).
Yet, an evaluation of the 9000 chemicals included in the
REACH database indicated fewer than 20% of chemicals
were positive for any specific type of toxicity [32].

Guideline methods used for chemical regulation are
optimized to reduce false negatives (i.e. high sensi-
tivity), but as a consequence of optimized sensitivity,
false-positive rates can become unacceptably high.
Identification of negative reference chemicals is chal-
lenging [33], but until reference sets include positive/
negative chemicals at proportions resembling the ex-
pected occurrence of the environmental toxic hazards,
toxicological methods are likely to overpredict hazards.
As mentioned previously, potently toxic chemicals and
nontoxic chemicals are correctly identified at a higher

rate than weakly potent chemicals. Selection of weakly
positive chemicals that are expected to have environ-
mentally relevant potencies will help to improve pre-
dictions of chemicals that are neither negative nor
highly toxic. In some cases, high false-positive rates may
be acceptable or preferable to regulators, but in these
cases, this limitation in the assay should be clearly
communicated.

Assay interference
Some chemicals are capable of reacting with assay re-
agents or biological molecules, resulting in nonspecific,
www.sciencedirect.com
spurious results [30,34]. This is a particular challenge in
loss-of-function assays (e.g. enzyme inhibition, nuclear
receptor antagonism), where it is necessary to
distinguish ‘true’ activity from a decrease in signal due
to cytotoxicity. However, more subtle effects such as
promiscuous or ‘pan-reactive’ compounds can be diffi-
cult to identify [34,29,30]. Suites of assays that measure
chemical interaction with a specific mechanism using

different technologies can be helpful for elucidating
compounds that interfere system readouts [35],
although redundant assays are not available for all mo-
lecular targets. As an alternative, current efforts are
underway to evaluate large chemicals libraries screened
for interactions with, in some cases, hundreds of
chemical targets to identify a set of assay interference
reference chemicals that could be used to classify limi-
tations of assays and determine chemistries that may
produce false-positive/false-negative results [36,34,29].

Alternative methods to better recapitulate
in vivo biology
A frequent criticism of in vitro test systems is their
limited xenobiotic metabolic capabilities that may not
adequately capture biological modification of parent
compounds to potentially more or less potent metabo-

lites [37,38]. Some cell-based test systems have native
[39] or specifically engineered [40,41] xenobiotic
metabolic capabilities. And, while there have been very
few in vitro experiments that evaluate the bioactivity in
parent chemical and their metabolites, the few data
available indicate that some chemicals were bio-
transformed to more potent metabolites, but there were
no examples identified of completely negative parent
chemicals that were biotransformed to potent metabo-
lites [42,43]. Ongoing efforts to mimic chemical
biotransformation in vitro (and in silico) will likely

improve both in vitro potency estimates and confidence
in resulting data. New 3D culture systems more closely
resemble human physiology than two-dimensional
monolayer cultures, although recent publications report
differences in the xenobiotic metabolism of HepaRG
cells in different 3D models [44] and highlight the
importance of characterizing xenobiotic metabolic ca-
pabilities of the in vitro system [45]. Coincubation of the
parent compound with S9 fractions or other introduced
simulators of hepatic xenobiotic metabolism are near-
term approaches [37] until more sophisticated in vitro
test systems become standardized and validated for

regulatory use. Using a set of relevant compounds to
characterize xenobiotic enzyme activity [46] can help
address the caveat that in vitro systems are missing
potent metabolites of parent chemicals.

In addition to xenobiotic metabolism, an understanding
of toxicokinetic processes that occur in organisms is
needed to extrapolate active concentrations of test
chemical in in vitro systems to an in vivo dose. A variety of
in silico and in vitro toxicokinetic methods exist for
Current Opinion in Toxicology 2019, 15:18–25
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translating active concentration to human tissues doses,
and efforts are underway to systemically characterize
and compare these approaches [46] and create data-
bases to house in vitro/in vivo data to improve models
[47,48]. Currently, in vitro data are often interpreted as
positive/negative or binned into potency categories,
rather than using the full range of quantitative resulting
information available. With physiologically based kinetic

models, in vitro data can be correlated to in vivo re-
sponses (e.g. doseeresponse, point of departure,
threshold limits) [49,50].

Alternative methods are being continually improved to
better mimic processes that occur in organisms, but the
relevance of in vitro effects to humans is often ques-
tioned. Where available, human cell-based alternative
methods are inherently relevant for human safety eval-
uation, and for some endpoints, these alternative
methods may better predict human effects that rodents

e.g. [51].

Transparency regarding limitations in animal
data
When it was adopted as a toxicological model, the rodent
was assumed to be relevant to human health. If vali-

dated at all, the reliability and relevance of rodent assays
were determined from a handful of chemicals, generally
without absorption/distribution/metabolism/excretion
(ADME) information or internal exposure. Reference
chemicals were often potent pharmaceuticals and toxi-
cants known to produce the frank toxicological effect,
and validation of the animal model did not typically
include the dynamic range of in vivo responses to weaker
positive chemicals more relevant for human environ-
mental exposure. While long-term in vivo studies mea-
sure unequivocal effects (e.g. carcinogenicity,

development, survival, longevity, reproduction), it can
be difficult to distinguish adaptive responses from
persistent, consequential effects in short-term studies
that examine organ-level endpoints.

Except in the few cases where high-quality human data
are available, results of animal tests are used to interro-
gate the performance of alternative methods. There are
now a variety of examples illustrating endpoints for
which rodent responses are not relevant to humans [52e
54], and the limitations of animal tests as a reliable and
relevant model for humans must be acknowledged and

considered in the evaluation of any alternative for an
existing in vivo test. To validate an in vitro alternative for a
rodent method, a much larger number of chemicals
tested at concentrations ranging over several orders of
magnitude are now required to characterize the chemical
domain for which the assay can be used, and the per-
formance is expected to be equal to or exceed the per-
formance of the existing test methods [55]. Metadata
analyses of animal toxicology data accumulated over the
past five decades indicate the overall reproducibility of
Current Opinion in Toxicology 2019, 15:18–25
in vivo guideline results is about 75%, and therefore, the
predictivity of any alternative method for the animal test
cannot be expected to exceed that level. In an example
of a toxicological endpoint with substantial in vitro,
in vivo, and human reference data, the in vitro methods
outperform in vivo data for predicting human responses
[56]. But, rather than contributing to a sense of higher
standards of ‘validation’, this more rigorous validation

process seems to have fostered a sense that resulting data
should be considered with greater misgivings.

Testing strategies
Until recently, single alternative methods were evalu-
ated as a potential replacement for an exiting in vivo test.
In many cases, animal tests include a variety of end-
points and biological complexity that cannot be
adequately simulated in a single in vitro test. Further-

more, this one-for-one consideration of in vivo test
replacement fails to leverage the strength of alternative
methods that are capable of rapidly screening a library of
chemicals for a variety of endpoints and may use a bat-
tery of methods that overcome the limitations of any
single in vitro assay. For example, the reported limita-
tions of sensitivity in in vivo developmental neurotox-
icity endpoints can be improved by using a battery of
in vitro assays and may provide a better mechanistic
understanding of the disease process [57], even for
complex endpoints such as cancer [11,58].

In vitro test methods may provide a mechanistic un-
derstanding of the induced toxicity, but it can be diffi-
cult to link a mechanism to an in vivo effect. These gaps
in the understanding of biological relationships between
in vitro mechanism and in vivo adverse effects have been
a constraint to using alternative approaches for regula-
tory decision-making. To overcome this challenge, the
concepts of adverse outcome pathways (AOPs) were
introduced to relate molecular events to downstream
effects on cells, organs, tissues, and individuals. AOPs
were introduced as a framework for integrating diverse

data measured at different levels of biological organiza-
tion and linking mechanistic information to endpoints
used for regulatory purposes [59,60]. Testing strategies
that use multiple sequential or integrated alternative
methods can be developed around AOP frameworks
[61] and can be applied to a regulatory context [62,63].
Conclusions
The current examples of endpoints with robust alter-
natives accepted for regulatory decisions in lieu of in vivo
data tend to be for endpoints where toxicity is triggered
by a finite number of well-understood mechanisms (e.g.
skin sensitization [63,64]) or where xenobiotic meta-
bolism does not have a substantial influence on the

effect (e.g. phototoxicity [65]). While these examples
may be the exception to the rule, identifying the sci-
entific and nonscientific challenges to regulatory
www.sciencedirect.com
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acceptance of alternative data for these ‘simple cases’
can help reduce limitations of alternative methods,
address obstacles relevant to more complex endpoints,
and foster overall confidence for use of alternative data
in regulatory contexts.

Herein, we highlight several science-based consider-
ations to more thoroughly and transparently characterize

alternative methods, which should help improve the
confidence in resulting data, and particularly, negative
results. Reference chemicals that include a balance of
positive/negative chemicals with an emphasis on weakly
positive environmentally relevant chemicals will likely
improve the specificity of assays. Identifying reference
chemicals that interact with assay through nonspecific
mechanisms and characterizing their effect on the test
system, along with positive and negative reference
chemicals, define the domain of applicability of the
alternative method. A variety of in vitro and in silico ap-
proaches are being developed to better account for
ADME influences on the chemical hazard. These range
from coincubating test chemical with S9 fractions and
computational approaches to testing strategies and 3D
cell and organoid models. These innovative approaches
take advantage of the strengths of alternative ap-
proaches and use multiple methods in combination to
overcome limitations of a single method. Finally, the
limitations of animal data can be more transparently
captured and communicated to help dispel the (mis)
conception that in every case, animal data provide a

better prediction for the human response.

As global animal welfare and testing needs for chemical
regulations become increasingly disparate, the re-
strictions on animal testing in some areas, contrasted
with the obstacles for accepting alternative data for
regulatory decisions in others, run the risk of interfering
with the mutual acceptance of data and thus increasing
animal testing, globally. While broader regulatory
acceptance of alternative approaches is beginning, there
is currently more willingness to accept positive results
(indicating the test chemical represents a potential

hazard) than negative results. Until the uncertainties
and limitations of in vivo standards and alternative data
are clearly communicated and regulators can be confi-
dent in both positive and negative outcomes of alter-
native methods, alternatives for animal testing will not
be ‘true’ replacements for in vivo data.
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