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In this paper, an in vitro basal cytotoxicity testing strategy is described for new chemical entities that lack any pre-
existing information on potential toxicity. Special attention is paid to the selection of the cellular system, cytotox-
icity assay and exposure conditions. This approach is based on a newly proposed generic adverse outcome path-
way from chemical insult to cell death that consists of 3 steps, including initial cell injury, mitochondrial
dysfunction and cell demise. The suggested strategy to consider in vitro basal cytotoxicity as a first step in eval-
uating the toxicity of new chemical entities can be placed in a tiered strategy that could be continued by evalu-
ating more specific types of toxicity.

© 2016 Elsevier Ltd. All rights reserved.
Keywords:
Adverse outcome pathway
Chemical
Basal cytotoxicity
In vitro experimentation
Contents
1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
2. Development of a generic AOP from chemical insult to cell death . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

2.1. Initial injury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.2. Mytochondrial dysfunction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
2.3. Cell death . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

3. Set-up of AOP-based in vitro testing of basal cytotoxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.1. Selection of the cellular system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.2. Selection of cytotoxicity assays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.3. Selection of exposure conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4. Conclusions and perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
Declaration of interest . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Transparency document . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
1. Introduction

Evaluation of safety is a prerequisite prior introduction of new chem-
ical entities onto themarket. Historically, animal testing has formed the
ATP, adenosine triphosphate;
; KE, key event; LDH, lactate
, mitochondrial permeability
phenyltetrazolium bromide];
basis for such risk assessment exercises. Driven by scientific and ethical
constraints, and initiated more than 3 decades ago, however, there is a
clear tendency worldwide to increasingly address animal-free methods
for this purpose. This has been reinforced by a number of legislative
changes over the past few years in the European Union, imposing a
ban on animal testing for particular groups of chemicals, in casu in the
cosmetics field (EU, 2003; EU, 2009). This has been followed by other
parts of the world, such as in Norway, Israel, India, New Zealand and
the state of São Paulo in Brazil (Laquieze et al., 2015). In response to
this ubiquitous matter, the scientific community has been urged to de-
velop animal-free methods for evaluating the safety of chemicals,
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including in vitro and in silico assays, being a research area that is gaining
momentum. Interestingly, this has triggered a paradigm shift from clas-
sical toxicology, focusing on apical endpoints for toxicity in animal
models, to predictive toxicology, relying on information onmechanisms
of toxic action (NRC, 2007; Vinken, 2013).

Amajor tool adopted in predictive toxicology is the adverse outcome
pathway (AOP) framework, which refers to a conceptual construct that
portrays existing knowledge concerning the linkage between a direct
molecular initiating event (MIE) and an adverse outcome (AO) via a
number of key events (KEs) at a biological level of organization relevant
to risk assessment. AOPs can serve several purposes pertinent to non-
animal chemical risk assessment, such as read-across methods, inte-
grated approaches to testing and assessment, quantitative structure-ac-
tivity relationships or the elaboration of prioritization strategies
(Vinken, 2013, 2015). In fact, AOPs embody a number of proposed
frameworks for the implementation of animal-free safety testing of
chemicals. Such frameworks typically start with exposure assessment,
physico-chemical profiling, read-across and biokinetic evaluation, all
which dictate the subsequent selection of in vitro biomarkers and corre-
sponding assays (Blaauboer et al., 2012). For many new chemical enti-
ties, however, such pre-existing information may be scarce, which
thus impedes targeted establishment of an in vitro testing battery. In
the present paper, a strategy for setting up basal in vitro cytotoxicity
testing of such data-poor chemicals is outlined. This is based on a
newly proposed generic AOP from chemical insult to cell death.
2. Development of a generic AOP from chemical insult to cell death

Basal cytotoxicity refers to the ability of a chemical substance to
damage living cells, in particular by compromising functional and struc-
tural features related to general cellular housekeeping. Being a rather
comprehensive term, it is not surprising that the pathways leading to
basal cytotoxicity are quite generic (Eisenbrand et al., 2002; Ekwall et
al., 1995; Schoonen et al., 2009). Nevertheless, a tentative AOP to basal
cytotoxicity could consist of 3 consecutive steps. The first step (i.e. the
MIE) involves initial cell injury caused by the parent chemical and/or
itsmetabolites. In the second step (i.e. the KE), amitochondrial dysfunc-
tion takes place as a consequence of the primary insult. This ultimately
leads to cell death in the third step (i.e. the AO) (Fig. 1). Each of these
steps will be discussed in the following sections.
Fig. 1. Generic adverse outcome pathway from chemical insult to cell death. The first step or th
narcosis, directly impairmitochondrial function or induce decompartmentalization. In the secon
ultimately leads to cell death by apoptosis or necrosis in the third step, being the actual AO.
2.1. Initial injury

Chemicals can cause direct cell injury through a variety of mecha-
nisms, whichmay involve a single specific event, such as altered activa-
tion of an ion channel (Gennari et al., 2004; Schoonen et al., 2009) or a
receptor (Gennari et al., 2004; Houck and Kavlock, 2008). However, a
generic AOP from chemical insult to cell death should preferably en-
compass more general processes that instantly disrupt cellular homeo-
stasis (Fig. 2).

Afirstmechanism in this respect is disturbance of plasmamembrane
integrity. A prerequisite for performing cellular functionality includes
appropriate physical segregation between the extracellular environ-
ment and the cytosol, which contributes to selective passage of sub-
stances between both compartments. This is accomplished to a large
extent by a solid double phospholipid layer. Damage to this plasma
membrane induced by chemicals can occur in a number ways, of
which accumulation and binding to the phospholipid bilayer, a process
called narcosis, is a prominent one (Escher et al., 2002).

A secondmechanism relates to interferingwith subcellular architec-
tural organization. In order to maintain homeostasis, cellular functions
are restricted to specific organelles within the cell, such as the nucleus,
where genetic material is stored and processed, or the rough endoplas-
mic reticulum, taking care of protein synthesis. This so-called compart-
mentalizationmay be compromised by chemicals, thereby jeopardizing
overall cellular functionality (Eisenbrand et al., 2002; Schoonen et al.,
2009).

A thirdmechanism involves directly negatively affecting cellular en-
ergy supplies, in particular by targeting mitochondria. Thus, chemicals
may uncouple the mitochondrial respiratory chain, inhibit adenosine
triphosphate (ATP) synthesis, damage mitochondrial deoxyribonucleic
acid (DNA), interfere with the replication of mitochondrial DNA or de-
crease the synthesis and stability of mitochondrial transcripts (Jones
et al., 2010; Pessayre et al., 2010).

2.2. Mytochondrial dysfunction

Mitochondria are considered as the fuel stations of the cell. In this
context, pyruvate, produced from glucose through the process of glycol-
ysis, is takenupbymitochondria and is transformed to acetylco-enzyme
A. In a parallel pathway, fatty acids bound to acetylco-enzyme A enter
the mitochondrion, where they are split by successive beta-oxidation
eMIE involves initial cell injury, whereby the parent chemical and/or its metabolites cause
d step,which is a KE, aMPT process takes place as a consequence of theprimary insult. This



Fig. 2.Mechanisms of initial injury leading to basal cytotoxicity. Chemicals can harm plasma membrane integrity through accumulation and binding to the phospholipid bilayer, called
narcosis. Chemicals can negatively affect cellular energy supplies by targeting mitochondria. Chemicals can compromise subcellular architectural organization, called
decompartmentalization.
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cycles, also yielding acetylco-enzymeA. The latter is then converted into
carbon dioxide through the tricarboxylic acid cycle. This is associated
with the production of nicotinamide adenine dinucleotide (NADH)
and flavin adenine dinucleotide. Both are oxidized, whereby electrons
are generated that are used to reduce molecular oxygen to water. This
reaction, catalyzed by respiratory chain complexes, is coupled with
the extrusion of protons from the matrix into the inner membrane
space. When energy is needed, the protons re-enter thematrix through
ATP synthetase to generate ATP from adenosine diphosphate (Jones et
al., 2010; Pessayre et al., 2010).

Being critical and vital, this mitochondrial process inherently is vul-
nerable, as there are many potential sites for toxic chemicals to act
upon. An important one relates to themitochondrial permeability tran-
sition (MPT) pore. This is a complex megachannel that spans across the
inner and outer membrane of the mitochondrion and that consists of
several proteins, including the voltage-dependent anion channel, ade-
nine nucleotide translocase, cyclophilin D, creatine kinase, hexokinase,
the benzodiazepine peripheral receptor and some B-cell lymphoma 2
proteins (Juhaszova et al., 2008; Tsujimoto and Shimizu, 2007). The
MPT pore is usually closed, though it can be opened by some xenobi-
otics. This leads to the release of molecules, such as cytochrome C, into
the cytosol, or the uptake of substances, including protons and water,
in the mitochondrial matrix. If the MPT pore opens instantly in a large
number of mitochondria, severe ATP depletion occurs. This is detrimen-
tal for many cellular functions that rely on energy and results in the dis-
equilibrium of critical ion levels, eventually causing necrosis.
Alternatively, when the MPT pore only opens in a limited set of mito-
chondria, unaffected mitochondria continue to produce ATP, while
disrupted mitochondria release cytochrome C. This ultimately activates
the apoptotic signaling cascade (Jones et al., 2010; Pessayre et al., 2012;
Tsujimoto and Shimizu, 2007).

2.3. Cell death

Apoptosis is a programmed cell death mode that relies on the pro-
teolytic activity of caspases. As such, 2 major apoptotic pathways have
been described, namely the extrinsic signaling cascade and the intrinsic
pathway. The latter is initiated by stimulating the release of cytochrome
C from mitochondria, a process that is controlled by pro-apoptotic and
anti-apoptotic B-cell lymphoma 2 proteins. Liberated cytochrome C
forms a so-called apoptosome with apoptotic protease activating factor
1, deoxyadenosine triphosphate and procaspase 9. Following activation,
the apoptosome triggers caspase 3. In the extrinsic pathway, specific li-
gands, such as Fas ligand, bind to their corresponding receptors at the
cell plasmamembrane surface. This induces the recruitment and cleav-
age of procaspase 8, which in turn activates caspase 3. Fas-expressing
cells are classified as either type I or type II based upon the ability of
the intrinsic pathway to contribute to the amplification of the caspase
cascade activated through the extrinsic pathway. In type I cells, suffi-
cient amounts of caspase 8 are produced through this route and caspase
3 becomes directly activated. By contrast, in type II cells, only minimal
quantities of active caspase 8 can be generated and the execution of
the apoptotic response requiresmitochondrial amplification. In this sce-
nario, caspase 8 activates the pro-apoptotic Bid protein, which then
translocates to mitochondria, where it leads to the release of cyto-
chrome C and apoptosome formation. The overall outcome of the apo-
ptotic pathways is the activation of caspase 3, which is the main
executor of apoptosis. In fact, caspase 3 cleaves a broad spectrum of cel-
lular proteins, such as cytoskeletal proteins, which gives rise to the typ-
ical apoptotic phenotype, involving blebbing, cell shrinkage,
cytoplasmic and nuclear condensation, DNA fragmentation and the for-
mation of apoptotic bodies. These apoptotic bodies are rapidly engulfed
by neighboring phagocytes and no inflammatory response is induced
(Alkhouri et al., 2011; Au et al., 2011; Guicciardi and Gores, 2005;
Malhi et al., 2006; Schulze-Bergkamen et al., 2006; St-Pierre and
Dufour, 2012).

Necrosis, as opposed to apoptosis, is a rather passive and unorga-
nized process that is caused by a plethora of stress factors. It usually
starts with the loss of ion homeostasis, which activates proteases, endo-
nucleases and phospholipases. This generally results in cell swelling, cell
lysis and induction of inflammation (Au et al., 2011; Grattagliano et al.,
2009; Malhi et al., 2006; Schulze-Bergkamen et al., 2006).

3. Set-up of AOP-based in vitro testing of basal cytotoxicity

In case of lack of any pre-existing information on potential toxicity of
a test compound towards a specific cell typewhatsoever, a general cyto-
toxicity testing scheme could be set up supported by the proposed ge-
neric AOP from chemical insult to cell death. A number of factors
related to the selection of the cellular system, cytotoxicity assay and ex-
posure conditions must be considered prior organizing such default in
vitro cytotoxicity testing trials. These factors will be discussed in the fol-
lowing sections, with many of them being illustrated by knowledge
gained from the use of in vitro systems based on liver, which is one of
the most prominent target organs for toxicity.

3.1. Selection of the cellular system

A prerequisite for reliably predicting human real-life cytotoxicity is
the use of an in vitro system in which all critical biological targets, as
depicted in the generic AOP from chemical insult to cell death, are phe-
notypically expressed at an in vivo-like level for the entire testing
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regime. Human-based in vitro models are obviously strongly preferred,
although this may be limited because of ethical, financial and other rea-
sons (Fraczek et al., 2013; Vinken et al., 2012). Human-relevant infor-
mation can also be obtained to a large extent when addressing
systems based on other species, such as rodents. Nevertheless, this
may introduce interspecies differences,which should be taken into con-
sideration while interpreting testing results. Such inherent discrepan-
cies between humans and rodents not only apply to tissue-specific
(patho)physiological functions, but have been equally reported for
seemingly more generic processes, such as inflammation (Seok et al.,
2013).

Cytotoxicity sensu stricto is not a cell type-specific process, yet
some tissues may be more susceptible to this process than others.
As the human body consists of a large repertoire of cell types, the se-
lection of the cellular origin of the in vitromodel therefore is another
critical parameter. When suspecting major mitochondrial damage
induced by the chemical under investigation, one might consider a
cell type that is naturally endowed with a high number of mitochon-
dria, such as hepatocytes, myocytes or adipocytes. In most cases,
however, a more common type of cell is used, such as fibroblasts.

Because of practical reasons, cell lines are more frequently used
compared to primary cells for cytotoxicity testing purposes. Indeed,
cell lines foresee a virtually unlimited cell supply, perform better in
terms or reproducibility, are less labor-intensive and thus more users-
friendly in comparison with most primary cell systems, many of
which are prone to rapidly progressing dedifferentiation (Vinken et
al., 2012). A number of human and rodent cell lines have been shown
sensitive to chemical-induced cytotoxicity, including human embryonic
kidney HEK293cells, human T-cell leukemia Jurkat cells, human neuro-
blastoma SH-SY5Y cells,mouse neuroblastomaN2a cells,mouse embry-
onic NIH3T3 fibroblasts and rat hepatoma H-4-II-E cells (Shukla et al.,
2010). Nevertheless, it should be kept in mind that a majority of cell
lines originates from cancers, which implies that they may perform
aberrant functionality. This specifically holds true for the biotrans-
formation machinery, which may be defective or even lacking in
cell lines, but that may be indispensable for bio-activation or de-ac-
tivation of chemicals (Fraczek et al., 2013; Vinken et al., 2012). Fur-
thermore, cancer cells display altered cell death potential (Vinken
et al., 2014). Regarding the latter, the background level of cell
death in the selected in vitro model should be reduced as much as
possible, as this may interfere with the testing outcome. This has
been exemplified for conventional monolayer cultures primary of
rat hepatocytes, which cope with substantial spontaneous apoptosis
and necrosis (Vinken et al., 2011).

Whenever possible, it may be advisable to seed cells on small for-
mat culture plates (i.e. 96-well plates). This carries a number of ad-
vantages, including reduction of cellular and testing material, and
thus of overall costs, as well as high-throughput potential. A pivotal
factor in this respect is the density at which the cells are seeded, as
both too low and too high densities may induce cell death (Qiao
and Farrell, 1999). Similarly, the substrata used for cell seeding
strongly affect viability. Thus, cultivating cells on an extracellular
matrix scaffold promotes attachment and thereby cell survival
(Vanhaecke et al., 2004). In the same light, the composition of the
cell culture medium is of key importance while setting up cytotoxic-
ity tests. A variety of culture media is commercially available, includ-
ing Dulbecco's modified Eagle's medium, William's medium E and
Leibovitz's L15 medium, all which are typically supplemented with
a number of additives (Elaut et al., 2005). Among those, several
ones counteract spontaneous cell death, such as serum, typically
added to increase cell attachment, (Tuschl et al., 2009) and
glucocorticosteroids, which positively affect the differentiated cellu-
lar phenotype (Bailly-Maitre et al., 2002). As many cytotoxicity tests
are based on measuring release of components from cells into the
cell culture medium as a function of time following injury, the fre-
quency of cell culture medium renewal and, linked to this, the time
of sampling, should be carefully selected. In this regard, while some
cultivation protocols only foresee renewal of cell culture media
every 3 days, others, especially those using primary cells, require
daily refreshment of the cell culture medium.
3.2. Selection of cytotoxicity assays

In vitro cytotoxicity testing of chemicals for which no pre-existing
toxicologically relevant information is available could rely on the pro-
posed generic AOP from chemical insult to cell death and should include
at least 2 assays to test 2 KEs. Given their indispensable role in the initi-
ation and perpetuation of cytotoxicity, mitochondria seem ideal bio-
markers of chemical-induced cellular damage. Their activity can be
monitored by a number of tests, of which the [3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay undoubtedly is
the most commonly used one (Mosmann, 1983). The MTT cytotoxicity
assay is a colorimetric method based on the ability of viable cells to re-
duce a yellow tetrazolium salt into a blue insoluble formazan that is
retained inside cells. The addition of organic solvents, such as
dimethylsulfoxide (DMSO), leads to solubilization of the formed
formazan and its release into the culture medium, allowing its colori-
metric measurement. The mitochondrial enzyme succinate dehydroge-
nase is responsible for the reduction of the tetrazolium salt to formazan.
The ability of cells to reduceMTT provides an indication ofmitochondri-
al integrity and activity, which in turn may be interpreted as a measure
of viability and/or cell number. The number of surviving cells is directly
proportional to the level of the formazan product created. Typically, IC50
and IC10 values are established in MTT testing, thus concentrations of
the test compound that trigger cell death in 50% and 10% of the cultured
cells, respectively (Tolosa et al., 2015). A number of other tetrazolium
salts, such as 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazoli-
um-5-carboxanilide, and water-soluble tetrazolium salts can be used
for the same purpose (Gomez-Lechon et al., 2010). While setting up
cell cultures for MTT testing, colored culture medium additives, such
as phenol red, must be avoided, as they can interfere with formazan
color development. Furthermore, for some test compounds, includ-
ing chemicals that may directly reduce tetrazolium salts, the MTT
assay is not applicable (Tolosa et al., 2015). A variety of alternative
assays can be addressed instead, such as bioluminescent measure-
ment of ATP content and accumulation of the supravital dye neutral
red in lysosomes (Babich and Borenfreund, 1987; https://ecvam-
dbalm.jrc.ec.europa.eu/methods-and-protocols/protocol/balb-c-
3t3-neutral-red-uptake-cytotoxicity-assay-(3t3-nru)-protocol-no.-
139/key/p_1527). In fact, the latter, like the MTT test, has been re-
ported to be most sensitive in detecting cytotoxic events (Fotakis
and Timbrell, 2006).

A second KE to be tested could be plasmamembrane damage. As a
consequence of the compromised cell plasma integrity, cytosolic
compounds can freely move outside the cell into the cell culture me-
dium. Among those is lactate dehydrogenase (LDH), a stable enzyme
that leaks from the cell in relatively high amounts upon cell plasma
membrane damage. LDH catalyzes the interconversion of pyruvate
and lactate with concomitant interconversion of reduced and oxi-
dized NADH. The consumption of NADH can be spectrophotometri-
cally assessed and serves as a measure that is proportional to LDH
activity (Bergmeyer and Bergmeyer, 1974). A parameter that is rou-
tinely used in this context is the LDH index, which is the ratio of LDH
activity in the cell culture medium over the total LDH activity (i.e. in
cells and in the cell culture medium). Typically, the cut-off is set at
20%, with an LDH index above this value indicating cytotoxicity
(Maes et al., 2015). Other cytotoxicity techniques that are based on
chemical insults to the plasma membrane surface use reporter dyes
that, upon addition to the cell culture medium, move inside of dam-
aged cells, such as propidium iodide and Trypan blue (Gomez-
Lechon et al., 2010).
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3.3. Selection of exposure conditions

In quantifying the cytotoxic potential of a chemical, it is important to
take into account the relevance of the tested concentrations. Two issues
must be considered in this respect, namely the relevant concentration in
the in vitro system and its relationship to the in vivo situation. The first
issue relates to the biokinetic behaviour of the compound in the in
vitro system. The actual concentration causing the toxic effect is not
only determined by the amount of the compound added to the cell cul-
turemediumdivided by the volume thereof (i.e. the nominal concentra-
tion). Processes like evaporation, binding to culture devices or cell
culturemedium constituents, such as proteins, might lead to deviations
in the actual cellular exposure concentrations, sometimes even higher
than 2 orders of magnitude. This may result in a much lower free con-
centration in the cell culture medium and consequently a considerable
underestimation of the compound's cytotoxic potential (Kramer et al.,
2007). On the other hand, compounds might specifically accumulate
in cells or in cellular compartments, including at the outer membrane,
thereby leading to a higher narcotic potential. Therefore, these in vitro
biokinetic processes are essential in determining the relevance of the
in vitro testing conditions (Groothuis et al., 2015; Kramer et al., 2015).

The second issue is the proper translation of the in vitro cytotoxicity
results in a risk assessment context (Blaauboer et al., 2012). This is the
process of so-called quantitative in vitro-in vivo extrapolation and
needs to take into account any differences in the exposure of cells in
the in vitro setting as compared to the in vivo situation as well as the
in vivo biokinetics (Yoon et al., 2015). For the latter issue, the use
of physiologically-based biokinetic modelling is an important tool
(Blaauboer, 2010).

In case no information at all is available about the anticipated cyto-
toxic concentrations, such as to be derived from structural or physico-
chemical properties, it is recommend to perform at least 2 testing
rounds, each including 3 biological (i.e. different cell batches) and 3
technical (i.e. different wells on a multiwell plate) repeats. In the first
run, aminimumof 10 concentrations spread over a broad concentration
range (i.e. 1 nM to 10mM) should be tested. In the second run, the con-
centration frame should be narrowed down, usually in the μM range,
and, if necessary, further fine-tuned in additional testing rounds. Per-
haps an even more important aspect of the testing regime includes
the time of exposure. For some toxicological responses, critical changes
in gene expression patterns are already induced and detectable within
1 h of exposure of cultured cells to test chemicals and only varymargin-
ally with increasing concentration (Shinde et al., 2015). Inmost general
cytotoxicity testing procedures, however, exposure times between 1 h
and 72 h are applied, but as holds for concentration, this parameter
may alsowarrant optimization. Furthermore, it is strongly recommend-
ed to determine the biokinetics in vitro, such as by measuring the free
concentration, for which tools like solid-phase micro-extraction are
available (Kramer et al., 2007; Vaes et al., 1997).

Implementation of an appropriate set of controls is of utmost impor-
tance for sound interpretation of in vitro cytotoxicity testing results. In a
majority of cases, test compounds are not fully soluble in cell culture
media and thus require a co-solvent, such as DMSO, ethanol or metha-
nol. While the latter 2 are well known to act as cytotoxicants, DMSO is
sometimes added to cell culture media, such as of cultured hepatocytes,
because of its beneficial effects on cell functionality. However, DMSO
may also cause cell damage. In a recent study, it was found that concen-
trations of bothDMSO and ethanol exceeding 0.5% v/v induce cytotoxic-
ity in cultures of human breast cancer MCF-7 cells, human umbilical
vein endothelial cells and mouse RAW264.7 macrophages after 24 h of
exposure as judged onMTT testing (Jamalzadeh et al., 2016). Therefore,
it is strictly necessary to include a solvent control in cytotoxicity testing
when using such organic liquids to improve the solubility of test com-
pounds. Simultaneously, a positive control must be tested, being a com-
pound known to strongly trigger the biomarker of interest. Tamoxifen
has been proven an appropriate positive control in MTT testing
(Tolosa et al., 2015) and ATP-based cytotoxicity assays (Shukla et al.,
2010), while compounds that harm the cell plasma membrane surface,
such as sodium lauryl sulphate, may be applied as positive controls for
the LDH leakage assay and reporter dye uptake tests (https://ecvam-
dbalm.jrc.ec.europa.eu/methods-and-protocols/protocol/balb-c-3t3-
neutral-red-uptake-cytotoxicity-assay-(3t3-nru)-protocol-no.-139/
key/p_1527; Maes et al., 2015). Negative controls, although sometimes
ignored, are equally important as their positive counterparts. The most
obvious negative control is cell culturemedium, yet for a number of rea-
sons, it may be advisable to address specific chemicals as true negative
controls. Typical negative controls in in vitro cytotoxicity tests are seem-
ingly innocuous molecules, such as mannitol. Complying with Paracel-
sus' basic principle stating that the dose makes the poison, however, it
should be kept in mind that such apparent harmless chemicals may be-
come toxic in sufficiently high concentrations, being osmotic stress in
case of mannitol. Furthermore, care must be taken while adding con-
trols and test compounds to the cell culture medium as well as while
handling cell culture plates, sincemechanical stress can also cause cyto-
toxicity. In case of suspected phototoxicity or temperature instability of
the test compound, specific incubation measures could be necessary
(Coecke et al., 2005; Cooper-Hannan et al., 1999).

4. Conclusions and perspectives

Safety evaluation of chemicals has drastically changed in the last de-
cades, thereby moving to testing schemes fully devoid of animal exper-
imentation. AOPs have emerged as important drivers of such animal-
free testing approaches. A wide repertoire of AOPs has been introduced
in recent years for a broad variety of specific toxicological endpoints,
most of which are harbored in the AOP wiki. The latter is part of the
AOP Knowledge Base, which has been initiated by the Organization for
Economic Cooperation and Development together with the US Environ-
mental Protection Agency, the US Army Engineer Research and Devel-
opment Center and the European Joint Research Center. It provides an
open-source interface for rapid, widely accessible and collaborative
sharing of established AOPs and building new AOPs (https://
aopwiki.org/). However, for a number of common and highly prevalent
toxicological events, such as basal cytotoxicity, AOPs are currently still
lacking. For this reason, an attemptwasmade in the present paper to es-
tablish a generic AOP from chemical insult to cell death, consisting of 3
steps, including initial cell injury,mitochondrial dysfunction and cell de-
mise. As holds for AOPs in general, the proposed construct should be
considered as an open and flexible structure that should be continuous-
ly refined. During such iterative refinement exercises, particular atten-
tion should be paid to quantification, which is an absolute conditio sine
qua non for implementation of AOPs into regulatory risk assessment.
This can be achieved in several ways, such as by establishing dose/con-
centration-effect relationships for the MIE and/or KEs. Simultaneously,
kinetic features should be included in AOPs, which may be critical for
determining overall exposure and KE relationships (Vinken, 2013,
2015).

Being pragmatic tools, the extent of AOP optimization typically de-
pends on the intended use. In this respect, the postulated AOP from
chemical insult to cell deathmay already be considered fit-for-purpose,
namely in vitro basal cytotoxicity testing of new chemical entities with
non-substantiated toxicological profiles. Such default in vitro toxicity
strategy could consist of at least 2 major testing rounds. In a first run,
outlined in the present paper, basal cytotoxicity can be tested using a
minimumof 2 assays to assess 2 KEs. Thismay imply a number of repet-
itive runs in itself in order to optimize exposure conditions, in particular
the concentration range of the test compound. This could be followed by
global toxicogenomics screening, which will provide more insight into
the tentative mechanism of action of the test compound. This outcome,
togetherwith the result of thefirst testing run, largely dictates the selec-
tion of methods in the second testing run (Blaauboer et al., 2012). In
fact, the latter rather addresses suspected tissue-specific toxicity,

https://ecvam-dbalm.jrc.ec.europa.eu/methods-and-protocols/protocol/balb-c-3t3-neutral-red-uptake-cytotoxicity-assay-(3t3-nru)-protocol-no.-139/key/p_1527
https://ecvam-dbalm.jrc.ec.europa.eu/methods-and-protocols/protocol/balb-c-3t3-neutral-red-uptake-cytotoxicity-assay-(3t3-nru)-protocol-no.-139/key/p_1527
https://ecvam-dbalm.jrc.ec.europa.eu/methods-and-protocols/protocol/balb-c-3t3-neutral-red-uptake-cytotoxicity-assay-(3t3-nru)-protocol-no.-139/key/p_1527
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thereby selecting biomarkers and assays that rely on the respective
AOPs, such as available for specific types of hepatotoxicity, renal toxicity
and neurotoxicity (https://aopwiki.org/). It should be stressed in this re-
spect that AOPs, although presented as such, are not stand-alone linear
events, but are typically part of intertwined processes of parallel cas-
cades and crossing pathways. Consequently, AOPs can share KEs and
hence a single biomarker and corresponding assay may be used for
the detection of more than one AOP. This particularly holds true for mi-
tochondrial impairment. In this regard, great promise for future in vitro
toxicology lies with so-called cytomics approaches that allow simulta-
neous monitoring of a multitude of read-outs in real-time modus, in-
cluding those related to mitochondrial dysfunction. When applied to
miniaturized cell culture formats, such as 384-well or 1536-well plates,
such strategies can be run in high-throughput, as already successfully
initiated in the US ToxCast program (https://www.epa.gov/chemical-
research/toxicity-forecasting). Further exploration of such approaches,
and thus the concomitant implementation and optimization of the
newly postulated AOP from chemical insult to cell death, should be
strongly encouraged, as they will enable to meet the ever increasing
safety measures for new chemical entities while reducing or even fully
replacing animal experimentation.
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