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In vitro or not in vitro: a short journey 
through a long history
Kristina Rehberger†  , Christian Kropf†   and Helmut Segner* 

Abstract 

The aim of ecotoxicology is to study toxic effects on constituents of ecosystems, with the protection goal being 
populations and communities rather than individual organisms. In this ecosystem perspective, the use of in vitro 
methodologies measuring cellular and subcellular endpoints at a first glance appears to be odd. Nevertheless, more 
recently in vitro approaches gained momentum in ecotoxicology. In this article, we will discuss important application 
domains of in vitro methods in ecotoxicology. One area is the use of in vitro assays to replace, reduce, and refine (3R) 
in vivo tests. Research in this field has focused mainly on the use of in vitro cytotoxicity assays with fish cells as non-
animal alternative to the in vivo lethality test with fish and on in vitro biotransformation assays as part of an alternative 
testing strategy for bioaccumulation testing with fish. Lessons learned from this research include the importance of a 
critical evaluation of the sensitivity, specificity and exposure conditions of in vitro assays, as well as the availability of 
appropriate in vitro-in vivo extrapolation models. In addition to this classical 3R application, other application domains 
of in vitro assays in ecotoxicology include the screening and prioritization of chemical hazards, the categorization of 
chemicals according to their modes of action and the provision of mechanistic information for the pathway-based 
prediction of adverse outcomes. The applications discussed in this essay may highlight the potential of in vitro tech-
nologies to enhance the environmental hazard assessment of single chemicals and complex mixtures at a reduced 
need of animal testing.
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Looking back…
The term “ecotoxicology” was coined, according to Tru-
haut [142], in June 1969 during a meeting of a commit-
tee of the International Council of Scientific Unions. The 
aim of ecotoxicology is to study the toxic effects on con-
stituents of ecosystems, with the protection goal being 
populations and communities rather than individual 
organisms, as it is the case in human toxicology. In prac-
tice, however, ecotoxicology strongly relies on a classi-
cal toxicological testing approach with the emphasis on 
organism-level endpoints like mortality [28, 128, 137]. 
The reasoning behind this is that organismic endpoints 

are considered to bear ecological relevance as they may 
drive population growth rates. In this ecosystem per-
spective, the use of in  vitro methodologies, measuring 
cellular and subcellular endpoints, appears to be odd. 
As a consequence, interest of ecotoxicologists in in vitro 
approaches was limited, and in  vitro approaches had a 
niche existence in ecotoxicology for a long time [77]. The 
senior author well remembers the rejections of in  vitro 
project proposals by environmental funding agencies 
due to “lack of ecotoxicological relevance”. Moreover, 
when attending his first conference on in vitro toxicology, 
the ESTIV (European Society of Toxicology In Vitro) in 
1992 in De Haan, Belgium, he was the only ecotoxicolo-
gist among more than 200 human toxicologists, illustrat-
ing the rather limited interest of ecotoxicologists in this 
subject.

More recently, however, in  vitro approaches gained 
momentum in ecotoxicology. This development was 
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methodologically driven by the availability of new tech-
nologies [96] and conceptually driven by mainly three 
motivations. A first motivation was the utilization of 
in  vitro techniques in basic studies to understand toxic 
mechanisms of environmental contaminants (e.g. [16, 
30, 130]). A second motivation was the need for rapid 
screening of the toxic potential of a steadily growing 
number of chemicals and environmental samples. This 
promoted already in the late 1990s the application of 
so-called microscale assays such as the bacterial micro-
tox assay, the pollen tube growth assay, cell-free prepara-
tions like the urease enzyme inhibition test or in vitro cell 
assays [20, 63, 138, 150]. The ability of the in vitro assays 
for high-throughput testing was also applied to sup-
port the establishment of Quantitative Structure–Activ-
ity Relationships (QSARs) [8, 44, 119]. Finally, in  vitro 
assays were suggested as alternatives to in vivo ecotoxic-
ity tests with vertebrates (e.g. [1, 9, 23, 31, 32, 120]). An 
important driving force behind the latter motivation was 
new chemical regulations such as REACH (Registration, 
Evaluation, Authorization and Restriction of Chemicals) 
in Europe, which brought along increased testing needs, 
implicating a boost in the use of experimental animals 
[74]. This situation further enhanced already existing 
ethical concerns on in vivo ecotoxicity tests (e.g. [1, 77]), 
and strongly encouraged the search for non-animal test-
ing methodologies. We should keep in mind, however, 
that the trigger for this new interest of ecotoxicologists 
for in vitro approaches was largely motivated from ethi-
cal considerations and the question is whether they can 
contribute relevant and valid data for ecotoxicological 
hazard assessment, which is discussed controversially.

In the following, we will discuss two important appli-
cation domains of in  vitro methods in ecotoxicology, 
the use as alternatives to in  vivo tests and the use for 
assessing hazardous potentials of chemicals (cf. Fig.  1), 
and we will critically discuss the scientific grounds for 
these applications. Like with every testing method, it is 
of key importance to clearly define for what purposes 
and what kind of questions they may be suitable, and 
what the possibilities and limitations are in extrapolating 
from in vitro data to the ecotoxicological target entities. 
In this context, we would like to emphasize that in our 
understanding, the term “in vitro” refers to cellular test 
and subcellular systems but excludes test systems like fish 
embryo tests.

In vitro application domains in ecotoxicology: what 
kind of information can they provide?
The 3R application domain of fish in vitro assays
Fish tests are the most frequently applied toxicity tests 
with vertebrates in regulatory ecotoxicology [31, 120]. 
For instance, the UK Annual National Statistics Report 

[143] provides the following numbers of non-mamma-
lian species used in regulatory testing: 122’046 birds, no 
reptiles, 9951 amphibians, and 286’666 fishes. The fish 
numbers were higher than the number of rats (238’841) 
used in regulatory testing for human toxicology. Also, in 
an attempt to estimate the prospective animal test needs 
in human toxicology and ecotoxicology under REACH, 
the in  vivo fish tests (long-term fish toxicity, fish bioac-
cumulation) were in the top ranks. Therefore, efforts to 
implement the 3R principle [117] in ecotoxicology were 
directed primarily towards in vivo fish tests.

The application of in  vitro techniques for questions 
related to fish toxicology started as early as ecotoxicology 
emerged as scientific discipline. In 1968 Rachlin and Per-
mutter [111] published a very first study using an in vitro 
assay with fish cells to assess metal toxicity to fish. From 
the middle of the 1990s, fish cell systems became a regu-
larly used tool of ecotoxicological research. Pioneering 
work was done by Ellen Borenfreund and Harvey Babich 
who performed a series of studies using diverse fish cell 
lines to evaluate the cytotoxicity of a wide range of chem-
ical classes [9]. The laboratory of Niels Bols succeeded in 
establishing diverse fish cell lines such as the RTL-W1 
from rainbow trout (Oncorhynchus mykiss) liver or the 
RTgill-W1 from rainbow trout gills which can be used to 
detect specific toxicant responses such as the induction 
of cytochrome P450IA [12, 17, 39, 87, 88]. Such cell lines 
were particularly useful to derive toxicity equivalency 
factors for dioxin-like compounds and complex envi-
ronmental samples [69, 153, 155]. In addition, fish cell 
lines were also used for purposes like the assessment of 
genotoxic (e.g. [83, 91, 100]), or immunotoxic activities 

Fig. 1  Examples for in vitro applications in ecotoxicology: In vitro 
approaches are widely used as alternative for in vivo tests in the sense 
of the 3Rs (replacement, reduction and refinement), to study toxic 
mechanisms at molecular and cellular levels and for screening of 
compounds or environmental samples for hazardous potentials
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of chemicals [16], or for the toxicity screening of com-
plex environmental samples such as water effluents or 
sediment extracts (e.g.[2, 21, 34, 47, 63, 66]). The 1980s 
also saw the establishment of techniques for the isola-
tion of primary fish cells, mainly hepatocytes [81, 95]. 
Since the liver plays a central role in toxicokinetic and 
toxicodynamic processes, isolated fish hepatocytes were 
broadly used for studies on toxic mechanisms, biomarker 
responses and xenobiotic biotransformation (for reviews, 
see [10, 24, 94, 98, 109, 124, 131]).

In the following, we will focus on two examples in 
establishing fish cell-based in vitro assays as alternatives 
to in vivo fish tests.

In vitro cytotoxicity assays with fish cells as alternative 
to the in vivo acute fish lethality test
Acute lethality tests with fish are frequently performed 
in regulatory hazard assessment as well as for waste-
water effluent testing [106]. A standard procedure for 
the fish lethality test is described in the OECD Test 

Guideline 203 [107]. In  vitro cytotoxicity assays with 
fish cells have been suggested as non-animal alterna-
tive to the in vivo lethality test with fish [2, 9, 15, 23, 31, 
116, 120, 121]. The principal idea behind this sugges-
tion is that the chemical concentration that causes cell 
death in vitro will also cause cell death in vivo, thereby 
leading to a lethal systemic failure of the organism. 
When aiming to establish an in vitro cytotoxicity assay 
to replace or reduce the in  vivo lethality test, several 
key questions have to be answered (cf. Fig.  2): A first 
one relates to technical issues such as the selection of 
an appropriate infinite cell line or primary cell system, 
selection of suitable cell densities, the choice of the 
methods for measuring cell death/viability or the tech-
nical setup [17, 129, 147]. Next, it needs to be defined 
what type of information should be generated by the 
in  vitro assay [80]—is it relative toxicity ranking or is 
it prediction of the in  vivo LC50 (half maximal lethal 
concentration) values? If the latter applies, it will need 
a (quantitative) in  vitro–in vivo extrapolation (IVIVE) 

Fig. 2  Crucial steps for developing and implementation of in vitro assays as an alternative for in vivo tests: First, steps and processes need to be 
defined in order to find out which target process could be replaced by in vitro assays. Next, assay performances including aspects such as test 
standardization have to be optimized, and it needs the development of appropriate in vitro–in vivo extrapolation models. Finally, the chemical 
application domain of the in vitro assays has to be identified. The last step, which is important for regulatory acceptance, is the implementation of 
an official Test Guideline, like the OECD Test Guidelines



Page 4 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

model which takes into account the toxicokinetic dif-
ferences between the in vitro and in vivo situation [14, 
154].

The majority of in  vitro cytotoxicity studies with fish 
cells relied—for practical reasons—on established  cell 
lines rather than primary cells. Among the meanwhile 
up to 500 described fish cell lines [85], Cellosaurus https​
://web.expas​y.org/cello​sauru​s, only a small percentage 
is publicly available, e.g. via cell banks like the ATCC 
(American Tissue Culture Collection) or the ECACC 
(European Collection of Authenticated Cell Cultures) 
and even a smaller number of cell lines has been used 
for cytotoxicity studies, including RTG-2, RTL-W1 and 
RTgill-W1 from rainbow trout (Oncorhynchus mykiss), 
PLHC-1 from the clearfin livebearer (Poeciliopsis lucida) 
or CHSE-14 from chinook salmon (Oncorhynchus tshaw-
ytscha; cf. [17, 31, 125]). The typical exposure period 
of the fish cells is 24  h and chemical toxicity is evalu-
ated mainly as basal cytotoxicity. This term refers to 
cell death caused by toxicant-induced disruption of fun-
damental cellular features such as membrane integrity 
and mitochondrial energy generation [17, 54, 89, 147]. 
Other endpoints such as cell growth are rarely applied in 
cytotoxicity studies with fish cells, probably because the 
growth of fish cell lines is slow. Changes of membrane 
permeability can be assessed, for instance, by measur-
ing the release of intracellular enzymes such as lactate 
dehydrogenase into the culture medium. One of the most 
frequently used methods in cytotoxicity studies with fish 
cells is the neutral red assay, introduced by Borenfreund 
and Puerner [18]. Neutral red is a weakly cationic dye 
that is retained only by viable cells. Altered metabolic 
activity of cells can be assessed by monitoring their ATP 
contents or their ability to reduce dyes such as MTT 
(3-(4,5,-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) via enzymes of the mitochondrial respiratory 
chain to a spectrophotometrically measurable colored 
product [129].

The use of different cell lines and different methods for 
measuring cytotoxicity raises the question how much 
technical variations influence the outcome of in  vitro 
cytotoxicity assays. Generally, there appears to be a good 
correlation between the different methods and cell lines. 
For instance, Saito et al. [118] found for the goldfish GFS 
cell line a high correlation of cytotoxicity results obtained 
with the lactate dehydrogenase cytotoxicity method and 
the MTT staining. Tan et al. [140] compared two meth-
ods for measuring cytotoxicity—MTT and the protein 
dye Coomassie Blue—and found high similarity between 
the two methods as well. Caminada et al. [29] compared 
the cytotoxicity of pharmaceuticals in the fish cell lines 
PLHC-1 and RTG-2, and found that for most compounds 
PLHC-1 was slightly more sensitive than RTG-2, but the 

differences were within an order of magnitude. In a study 
on nanoparticle cytotoxicity, Connolly et  al. [40] found 
no significant differences between the results from fish 
cell lines and fish primary hepatocytes. The agreement of 
in vitro cytotoxicity data extends even from fish to mam-
malian cells, as reported by Castano and Gómez-Lechón 
[33] who observed a good correlation of IC50 values 
(half maximal inhibitory concentration of the chemical; 
r = 0.915) between fish and mammalian cell lines. These 
results are corroborated by the results of the MEIC study 
[36, 37], which compared growth and viability endpoints 
for 50 chemicals in more than 60 in vitro systems from 
animals and humans. They found a “remarkable simi-
larity of all toxicity data” [36–38], irrespective of the 
choice of the endpoint or cell system. This similarity is 
because basal cytotoxicity, as it was measured in the 
assays of the MEIC study, arises from chemical interfer-
ence with fundamental cellular features that are com-
mon to all cells and, therefore, should not show cell type 
specificity. However, exceptions from the generality of 
the basal cytotoxicity concept must not be overlooked. 
For instance, Segner [125], when performing a principal 
component analysis of the cytotoxicity of six chlorophe-
nols to six fish cell lines, found that five cell lines grouped 
closely together whereas the PLHC-1 cell line displayed 
a dissimilar behaviour. Differences in toxicokinetic prop-
erties, i.e. cell-specific biotransformation, can contribute 
to different cytotoxicity outcomes between cell systems 
[36]. Also cell type-specific vulnerabilities of the mem-
brane integrity or energy metabolism may lead to devia-
tions from the expectations of the cytotoxicity concept 
[80, 133]. Last but not least, the choice of the cell system 
makes a difference if it comes to the study of specific 
modes of action [110].

The relative ranking of the toxicity of chemicals in vitro 
and in  vivo generally correlates very well [31]. This was 
demonstrated in a number of studies: For instance, Bols 
et  al. [15] found a significant correlation between the 
in vitro cytotoxicity of 12 aromatic hydrocarbons in a fish 
cell line, and their in vivo LC50 toxicity values. Likewise, 
several other studies reported high in  vitro-in vivo cor-
relations of relative toxicity ranking, too [7, 23, 32, 64, 
116, 132]. Overall, the published data clearly indicate that 
cytotoxicity assays with fish cell lines are a valuable tool 
for the relative ranking of the in vivo fish toxicity of indi-
vidual chemicals and effluents.

In contrast, the absolute sensitivity of in vitro cytotox-
icity assays with fish cell lines appears to be clearly lower 
than the in vivo fish lethality test. Bols et al. [15] observed 
two to three orders of magnitude difference between the 
in vitro EC50 (half maximal effect concentration) and the 
in vivo LC50 values. Similarly, Kilemade and Quinn [80] 
as well as Segner [126] reported differences of two orders 

https://web.expasy.org/cellosaurus
https://web.expasy.org/cellosaurus
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of magnitude between in vitro and in vivo. The sensitiv-
ity difference does not only apply for chemicals but also 
for complex environmental samples such as wastewater 
effluents. This was shown by a large-scale German study 
which compared the toxicity of more than 100 waste-
water effluents in the acute lethality test with golden 
ide  (Leuciscus idus melanotus) and in the in  vitro cyto-
toxicity assay with the fibroblast-like R1 cell line from 
rainbow trout: Whereas the cytotoxicity assay classified 
75% of the wastewater effluents to be of low fish toxicity 
(no more toxicity detectable at a wastewater dilution of 
1:2), the fish lethality test classified only 41% of the sam-
ples into this category (unpublished data).

Absolute sensitivity, however, is of crucial importance 
in risk assessment since parameters like the Predicted 
No Effect Concentrations (PNEC) are derived from the 
toxic effect concentrations. If the in vitro effect concen-
trations are higher than the corresponding in vivo values, 
this will lead to non-protective PNEC values, and the 
use of in vitro cytotoxicity data instead of in vivo toxic-
ity data would substantially underestimate the hazard of 
chemicals and effluents for the environment. The appar-
ently low sensitivity of the in vitro assays is, therefore, a 
major stumbling block in their application for regulatory 
hazard assessment [31, 126]. The crucial point here is 
that the simple linear comparison of in vitro and in vivo 
effect concentrations does not take into account possible 
differences of chemical bioavailability in vitro and in vivo 
[14, 120]. The serum in the cell culture media as well 
as the plastic material of the culture plates for the cells 
can reduce chemical bioavailability to the cells by bind-
ing substantial fractions of the test chemicals [84]. As 
shown by Gülden et al. [67], converting the in vitro EC50 
values into the free fraction EC50, i.e. the concentration 
that is not bound to serum, leads to a much better cor-
respondence of in vitro and in vivo effect concentrations. 
This line of thinking was consequently further developed 
in the study of Tanneberger et al. [141]: Instead of nomi-
nal EC50 concentrations, these authors used the effective 
EC50 concentrations, i.e. the chemical fraction that is 
freely available to the cells and found a very good agree-
ment between the effective EC50 values of 35 organic 
chemicals in the RTgill-W1 cytotoxicity assay and the 
in  vivo LC50 values of the test compounds. For up to 
73% of the test chemicals, the difference between the 
in vitro and the in vivo data was less than fivefold, thus, 
much lower than what is observed in comparisons on the 
basis of nominal concentrations (see above). Appropriate 
toxicokinetic prediction models can further improve the 
estimation of in  vivo toxic concentrations from in  vitro 
cytotoxicity data. A number of such models have been 
developed over the last decade in human toxicology (e.g. 

[13, 154]), but corresponding approaches are now emerg-
ing in fish toxicology as well [25, 136].

In conclusion, many lessons were learned by ecotoxi-
cologists from the long journey in developing in  vitro 
cytotoxicity assays with fish cells, including the critical 
evaluation of which in  vivo effect parameters should be 
replaced by which in vitro assay, the setting up of techni-
cal standards for in vitro assays, and the learnings on the 
factors influencing sensitivity. The knowledge obtained 
from this research was beneficial to the development 
of other in  vitro alternatives in ecotoxicology like the 
in vitro biotransformation assays.

In vitro biotransformation assays as part of an alternative 
strategy to in vivo bioaccumulation testing with fish
Information on the bioaccumulation potential of chemi-
cals is a key parameter required in regulatory risk assess-
ment. For the aquatic environment, the standard method 
to assess chemical bioaccumulation is the OECD Test 
Guideline 305 [108] which measures the bioconcentra-
tion factor (BCF) in fish. The BCF expresses the steady-
state concentration of a chemical in the fish versus the 
concentration in the surrounding water. The drawback of 
the in  vivo BCF determination with fish is that the test 
is lengthy, costly, and requires a high number of animals 
(> 100 fishes per test). With the implementation of new 
chemical regulations such as REACH, there is a growing 
need for bioaccumulation data, what would implicate a 
major increase in test animal usage [48]. This situation 
stimulated the search for alternatives to the in vivo BCF 
test with fish.

As a first step in developing alternatives to the in vivo 
bioaccumulation assessment with fish, the Health and 
Environmental Sciences Institute (HESI) organized a 
series of workshops which started in the 2000s, and dis-
cussed options of generating BCF data for fish with less 
use of animals [102, 149]. In silico hydrophobicity mod-
els can well predict the lipophilicity-based accumulation 
of xenobiotics in fish as a result of a passive partitioning 
process between water and fish [5, 48]. A disadvantage of 
the in silico models is that currently they cannot account 
for the influence of biotransformation on xenobiotic bio-
accumulation and, therefore, they overestimate the BCF 
values for compounds which are metabolized. The HESI 
workshops identified the influence of xenobiotic bio-
transformation on the BCF to represent a major sources 
of uncertainty in the bioaccumulation assessment in 
fish. In  vitro biotransformation assays may provide the 
required information to correct lipophilicity predicted 
BCF values for the influence of biotransformation [102, 
149].

The use of in  vitro assays to study xenobiotic bio-
transformation in fish dates back to the 1980s. Mainly 
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preparations from the liver such as the S9 fraction, 
the microsomal fraction or isolated hepatocytes were 
employed (e.g. [10, 43, 65, 131]) but also established fish 
cell lines (e.g. [135]). The majority of these studies were 
interested in identifying the xenobiotic metabolites 
rather than predicting in  vivo bioaccumulation. Never-
theless, these assays are principally suitable to generate 
data on xenobiotic biotransformation rates in the liver of 
fish. These data may then be used to correct the predic-
tions of the in silico models and/or may be used for the 
direct prediction of the in vivo biotransformation rates of 
the chemicals.

Once biotransformation assays using in  vitro liver 
preparations from fish had been identified as candidates 
for an alternative BCF assessment strategy, the next step 
was to adapt and standardize the available in vitro assay 
protocols (cf. Fig.  2). The assay systems included fresh 
suspensions of isolated liver cells [51, 62, 73] and liver S9 
fractions [78]. The model species used in this research 
was rainbow trout. The technical optimization of the 
in  vitro assays included also the development of cryo-
preservation techniques for the reliable provision of the 
biological material [93]. In the next step, the intra- and 
inter-laboratory reproducibility of the in  vitro biotrans-
formation assays had to be evaluated. The findings show 
an overall good intra- and inter-laboratory repeatabil-
ity of the data [61]. The final step in the methodologi-
cal development was to draft an OECD Test Guideline 
for the in vitro assays and to test the repeatability of the 
guideline in an international ring test [103]. With April 
2018, the test guidelines for the in  vitro biotransforma-
tion assays with rainbow trout hepatocytes and S9 frac-
tions have been accepted by the OECD.

A lesson learned from the development of the cytotox-
icity assays with fish cells was the importance of appro-
priate IVIVE models. Thus, this aspect was considered 
right from the beginning in the development of in vitro 
biotransformation assays. The prediction models enable 
the extrapolation of in vitro biotransformation rate values 
into in vivo biotransformation rates of the fish, allowing 
the calculation of a predicted BCF value [42, 102, 104]. 
In addition to physiological data with relevance for the 
toxicokinetics, the extrapolation models also consider the 
in vitro/in vivo bioavailability of the xenobiotics which is 
a critical factor influencing the outcome of the prediction 
[6, 25, 59, 82, 105]—another important lesson learned 
from the studies on the cytotoxicity assays (see above). 
For the chemicals tested to date for in vitro biotransfor-
mation, a good agreement between in  vitro  predicted 
and empirically measured BCF values was observed [61, 
73, 86]. What is still lacking is that the in vitro assays are 
tested with a broader array of chemicals in order to eluci-
date their chemical application domains.

Taken together, the biotransformation assays provide a 
good example of the targeted development of an in vitro 
alternative to an in  vivo test (cf. Fig.  2), starting from a 
critical literature review through pioneering laboratory 
scale studies over assay standardization and repeatabil-
ity evaluation, to a technology that is mature for regu-
latory acceptance. It is important to highlight that the 
in  vitro biotransformation assays are not intended as a 
full replacement of the in vivo OECD 305 test [108], but 
as part of a tiered weight-of evidence approach to bioac-
cumulation assessment [90]. In a first tier, in silico meth-
ods would identify those compounds which are unlikely 
to show significant bioaccumulation based on their 
physicochemical properties; this step sorts out already 
a substantial amount of chemicals resulting in a reduc-
tion of testing needs [101]. In a next step, the in vitro bio-
transformation assays can deliver information whether 
the compound is likely to be metabolized by fish and at 
which rates. The in vitro values are then extrapolated by 
appropriate models to predict in vivo BCF values. In this 
scenario, the utilization of the in vivo fish bioconcentra-
tion test would only be applied in doubtful cases when 
the bioaccumulative potential of the test chemical cannot 
be unequivocally classified by the in silico and in  vitro 
methods.

The “hazard profiling” application domain of in vitro assays
The previous chapters discussed the use of in vitro assays 
with fish cells or subcellular fractions to replace, reduce 
and refine in  vivo fish tests that measure apical toxic 
effects of chemical exposure, for instance, lethality. His-
torically, apical endpoints have been and will continue to 
be key endpoints in the regulatory ecotoxicological risk 
assessment. In our opinion, in  vitro assays at the cur-
rent state of scientific knowledge are ready to reduce 
animal usage for the assessment of apical endpoints, 
without compromising reliability and soundness of risk 
assessment.

In addition to the 3R use of in vitro tests, new applica-
tion fields for in vitro assays in ecotoxicology have been 
emerging more recently. This is related to a paradigm 
change in ecotoxicology that is driven by mainly two 
issues: One issue is that ecotoxicology is confronted with 
a steadily growing number of chemicals and environmen-
tal samples to be tested. This can no longer be mastered 
by conventional in  vivo testing approaches but necessi-
tates the use of rapid and cost-effective technologies to 
screen, rank and prioritize the huge number of test agents 
and to alert for potential hazards [4, 49, 50, 52, 72]. Here, 
in  vitro systems are the method of choice for the rapid 
profiling of the hazardous properties of chemicals and 
environmental samples. The second issue is the grow-
ing awareness that ecotoxicology has to move beyond an 
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empirical, descriptive compound-by-compound testing 
of chemicals but has to give increasing emphasis on the 
understanding of the modes of action and toxicity path-
ways in order to be able to categorize chemicals and to 
predict adverse outcomes [22, 53, 68, 92, 113, 128]. A 
key trigger to this new pathway-oriented perspective was 
probably the endocrine disruption case that attracted 
attention to the pathway linkages between subtle molecu-
lar and physiological changes and the ecological effects 
[3, 127, 139]. In vitro assays can provide information on 
the initial steps of the toxicity pathways and this informa-
tion may then be used for the predictive assessment of 
adverse outcomes [3, 35, 146].

Batteries of in vitro assays can screen for a wide range 
of specific hazardous potentials and reactivity of test 
agents such as endocrine activity or dioxin-like activ-
ity, both on single chemicals as well as on complex envi-
ronmental mixtures [52, 56, 152]. Furthermore, in  vitro 
assays offer a number of technical advantages: They are 
rapid to perform, of small scale, rather simple to conduct, 
cost-effective, and at least partly suitable for (automated) 
high-throughput testing. The results lead to the prioriti-
zation of chemicals for further testing and they provide 
guidance how to structure the subsequent testing. From 
early attempts of using in vitro assay batteries (e.g. [114, 
134, 151]), this field has experienced a rapid growth, also 
because of the availability of new technologies such as 
reporter assays or genomic methodologies (e.g. [58, 70, 
112, 144]). A recent example is provided by the US Tox-
Cast programme, which profiles concentration-depend-
ent responses of chemical inventories across a battery of 
in vitro assays including cell-free systems, cell lines and 
primary cells to detect chemical interference with spe-
cific molecular pathways and functions as well as with 
cellular stress responses and cytotoxicity (e.g. [50, 79]).

The hazard profiling information provided by in  vitro 
assays is of value for the mode of action (MOA) classifi-
cation of chemicals. The MOA refers to the set of molec-
ular, cellular, physiological or organismic responses upon 
exposure to a toxicant (cf. [27, 60, 148]). In ecotoxicol-
ogy, MOA assignment of chemicals is often done based 
on structural rules and physicochemical descriptors [55, 
122]. The structure-based approaches for MOA classifi-
cation, although being highly useful, also have inherent 
limitations. Therefore, it has been suggested to enhance 
the structure-based approaches by biological response 
profiles, with in vitro assays being the appropriate tech-
nological tool to provide the response data [46, 75, 115, 
123].

Importantly, the in  vitro-based approaches for haz-
ard profiling are suitable not only for individual chemi-
cals but also for the bioanalytical assessment of complex 

environmental samples [19, 41, 56, 71]. Panels of in vitro 
assays are increasingly used as effect-based tools to mon-
itor the chemical quality status of the environment. The 
results of in vitro profiling can prioritize sampling loca-
tions, identify hot spots of contamination or diagnose 
the joint toxicity potential arising from the mixture of 
all active chemicals and metabolites being present in 
the environmental sample [19, 27, 45, 99]. In combina-
tion with effect-directed analysis, in vitro tools can also 
help to establish cause-effect relationships [26]. Overall, 
the in  vitro tools provide a valuable complement to the 
targeted chemical analysis, which is still the most com-
monly used tool for environmental monitoring. In con-
trast to targeted chemical analyses, the effect-based 
tools respond also to the activity of the unknown, non-
analysed compounds and their mixture effects [17, 153]. 
A possible drawback in the use of effect-based tools is, 
however, the difficulty to define what level of bioassay 
response is acceptable with respect to the quality status 
of the environment. Nevertheless, there are numerous 
discussions ongoing addressing this question (e.g. [57]), 
and solutions are underway.

The information provided by in  vitro assay on the 
molecular and cellular actions of toxic chemicals is of 
value not only for hazard profiling and MOA categoriza-
tion of chemicals but may also be integrated into toxicity 
pathway concepts for the prediction of adverse outcomes 
of chemical exposure. This perspective was largely stimu-
lated by the report of the National Research Council [97] 
on “Toxicity Testing in the 21st century”. Contrary to 
classical (eco-)toxicology which starts hazard assessment 
at the level of adverse whole animal effects as measured 
in conventional toxicity tests, the concept of “Toxicology 
Testing in the 21st century” understands toxicity as the 
outcome of chemical-induced alterations in molecular 
pathways and cellular networks of the organism. Based 
on this, the report suggested a new testing paradigm 
which relies strongly on “toxicity pathways”, i.e. the paths 
leading from molecular and cellular responses to adverse 
health outcomes. In such a concept, in  vitro assays can 
provide valuable information on the early events in the 
toxicity pathways. The “adverse outcome pathways” 
(AOPs, [3]) provide a conceptual framework for the link-
ages between molecular initiating events, as they may 
be measured in  vitro, and toxic effects at the organism 
or population levels. A critical aspect in this concept is 
the transition between the various biological levels. To 
link between different biological responses within an 
AOP, certain conditions have to be fulfilled such as con-
centration–response relationships, essentiality, and bio-
logical plausibility, as formalized in the Bradford–Hill 
criteria for AOP [11]. To integrate in  vitro data into an 



Page 8 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

AOP framework, it needs—again—toxicokinetic infor-
mation and models to translate the in vitro effect concen-
trations into in  vivo threshold values. It will be a major 
challenge for future research to establish tools and con-
cepts to quantitatively translate the data generated by 
in vitro assays into toxicity pathways and AOPs.

Looking forward
The title of this short essay asks “in vitro or not in vitro?”. 
Hopefully, we could provide convincing arguments that 
the answer is clearly positive for the use of in vitro assays 
in ecotoxicology and that this is supported not only from 
ethical but also from scientific grounds. In fact, in vitro 
assays can enhance the currently used approaches in eco-
toxicological hazard assessment. While in vivo tests such 
as the fish acute lethality test bear little ecological rele-
vance [28], a battery of in vitro assays generating a tox-
icity profile of a chemical or environmental sample and 
informing on the initial steps of adverse outcomes can 
provide in-depth information on ecological functions at 
risk. In combination with genomic technologies, in vitro 
assays offer ample opportunities for a more informed 
hazard assessment, both in chemical testing and in the 
monitoring of  the environment. As such, they are an 
important tool in moving descriptive approaches to 
a more systematic and predictive assessment of the envi-
ronmental risk of chemicals and complex mixtures.

Challenges for the use of in  vitro assays in ecotoxi-
cology, however, remain. One major shortcoming is to 
translate effect concentrations determined in  vitro into 
effect concentrations of the intact organism. Here, it 
probably needs different approaches for environmen-
tal samples and for the regulatory testing of chemicals. 
In the first case, concepts like the effect-based trigger 
values appear very promising to overcome the “water-
shed” between in vitro and in vivo. For chemical testing, 
physiologically based toxicokinetic models are urgently 
needed. In human toxicology, much emphasis has been 
placed on this essential link from in vitro to in vivo, but 
ecotoxicology still lags behind—what is at least partly due 
to the fact that the available physiological information, 
which is needed to parameterize the models, is very lim-
ited for most ecotoxicologically relevant species. Another 
bottleneck is the development of in vitro alternatives to 
complex in vivo endpoints such as chronic toxicity. While 
classical 3R methods may be sufficient to tackle end-
points like acute lethality or bioaccumulation, the com-
plex endpoints will need new technologies and concepts. 
Here, the integration of in  vitro data in toxicity path-
ways might be particularly valuable. Finally, the regula-
tory acceptance of in  vitro methods in ecotoxicological 
risk assessment remains a bottleneck, too. In vitro assays 

might be applied to replace an existing animal test, or as 
a weight-of-evidence element in an “Intelligent Testing 
Strategy” (ITS; e.g. [90]). For the regulatory use of in vitro 
assay, it usually needs a validated OECD Test Guideline. 
An obstacle in validation of in  vitro assays for hazard 
assessment in ecotoxicology can be the high variability of 
the in vivo test data, which exists despite the use of Good 
Laboratory Practice and standardized Test Guidelines 
[76]. Until very recently there was no OECD  validated 
fish in vitro assay available, which had changed with the 
recent acceptance of the OECD Test Guidelines for bio-
transformation assays with fish hepatocytes and S9 frac-
tions. The question is now how widely these assays will 
actually be used and come to regulatory acceptance.

Overall, starting from rather shaky grounds some 
20–30 years ago, in vitro assays have made their way in 
ecotoxicology and there are good reasons to believe that 
the full potential of in vitro approaches in ecotoxicology 
has been not exploited yet.

Abbreviations
AOPs: adverse outcome pathways; BCF: bioconcentration factor; EC50: half 
maximal effect concentration; ESTIV: European Society of Toxicology In Vitro; 
HESI: Health and Environmental Sciences Institute; IC50: half maximal inhibi-
tory concentration; IVIVE: in vitro–in vivo extrapolation; LC50: half maximal 
lethal concentration; MOA: mode of action; OECD: Organization for Economic 
Co-operation and Development; PNEC: Predicted No Effect Concentrations; 
QSARs: Quantitative Structure–Activity-Relationships; REACH: Registration, 
Evaluation, Authorization and Restriction of Chemicals.

Authors’ contributions
HS supervised the project. He furthermore wrote and finalized, together 
with KR and CK, the manuscript. All authors read and approved the final 
manuscript.

Acknowledgements
The work was financially supported by the EU project SOLUTIONS.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
Not applicable.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
The work was financially supported by the EU project SOLUTIONS #603437.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 14 March 2018   Accepted: 6 June 2018



Page 9 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

References
	 1.	 Ahne W (1985) Use of fish cell cultures for toxicity determination in 

order to reduce and replace the fish tests. Zentralblatt fuer Bakteriolo-
gie, Mikrobiologie und Hygiene 180:480–504

	 2.	 Ahne W, Halder M (1990) The use of the R1-fish cell culture for detec-
tion of toxicity of waste water according to the German Waste Water 
Act. Altex 7:17–26

	 3.	 Ankley G et al (2009) Endocrine disrupting chemicals in fish: developing 
exposure indicators and predictive models of effects based on mecha-
nism of action. Aquat Toxicol 92:168–178

	 4.	 Ankley G, Escher B, Hartung T, Shah I (2016) Pathway-based approaches 
for environmental monitoring and risk assessment. Chem Res Toxicol 
29:1789–1790

	 5.	 Arnot JA, Gobas FA (2006) A review of bioconcentration factor (BCF) 
and bioaccumulation factor (BAF) assessments for organic chemicals in 
aquatic organisms. Environ Rev 14:257–297

	 6.	 Arnot JA, Mackay D, Bonnell M (2008) Estimating metabolic biotrans-
formation rates in fish from laboratory data. Environ Toxicol Chem 
27:341–351

	 7.	 Babich H, Borenfreund E (1987) Cultured fish cells for the ecotoxicity 
testing of aquatic pollutants. Environ Toxicol 2:119–133

	 8.	 Babich H, Borenfreund E (1988) Structure-activity relationships for dior-
ganotins, chlorinated benzenes, and chlorinated anilines established 
with bluegill sunfish BF-2 cells. Fundam Appl Toxicol 10:295–301

	 9.	 Babich H, Borenfreund E (1991) Cytotoxicity and genotoxicity assays 
with cultured fish cells: a review. Toxicol Vitro 5:91–100

	 10.	 Baksi SM, Frazier JM (1990) Isolated fish hepatocytes-model systems for 
toxicology research. Aquat Toxicol 16:229–256

	 11.	 Becker RA et al (2015) Increasing scientific confidence in adverse 
outcome pathways: application of tailored Bradford-Hill considerations 
for evaluating weight of evidence. Regul Toxicol Pharmacol 72:514–537

	 12.	 Behrens A, Schirmer K, Bols NC, Segner H (2001) Polycyclic aromatic 
hydrocarbons as inducers of cytochrome P4501A enzyme activity in 
the rainbow trout liver cell line, RTL-W1, and in primary cultures of 
rainbow trout hepatocytes. Environ Toxicol Chem 20:632–643

	 13.	 Bell SM et al (2018) In vitro to in vivo extrapolation for high throughput 
prioritization and decision making. Toxicol Vitro 47:213–227

	 14.	 Bessems JG et al (2014) PBTK modelling platforms and parameter 
estimation tools to enable animal-free risk assessment: recommenda-
tions from a joint EPAA–EURL ECVAM ADME workshop. Regul Toxicol 
Pharmacol 68:119–139

	 15.	 Bols N, Boliska S, Dixon D, Hodson P, Kaiser K (1985) The use of fish cell 
cultures as an indication of contaminant toxicity to fish. Aquat Toxicol 
6:147–155

	 16.	 Bols NC, Brubacher JL, Ganassin RC, Lee LE (2001) Ecotoxicology and 
innate immunity in fish. Dev Comp Immunol 25:853–873

	 17.	 Bols NC, Dayeh VR, Lee LEJ, Schirmer K (2005) Chapter 2 Use of fish cell 
lines in the toxicology and ecotoxicology of fish. Piscine cell lines in 
environmental toxicology. In: Mommsen TP, Moon TW (eds) Biochemis-
try and molecular biology of fishes, vol 6. Elsevier, New York, pp 43–84

	 18.	 Borenfreund E, Puerner JA (1985) Toxicity determined in vitro by 
morphological alterations and neutral red absorption. Toxicol Lett 
24:119–124

	 19.	 Brack W et al (2016) Effect-directed analysis supporting monitoring 
of aquatic environments-An in-depth overview. Sci Total Environ 
544:1073–1118

	 20.	 Brack W, Paschke A, Segner H, Wennrich R, Schüürmann G (2000) 
Urease inhibition: a tool for toxicity identification in sediment elutriates. 
Chemosphere 40:829–834

	 21.	 Brack W, Segner H, Möder M, Schüürmann G (2000) Fixed-effect-level 
toxicity equivalents-A suitable parameter for assessing ethoxyresorufin-
O-deethylase induction potency in complex environmental samples. 
Environ Toxicol Chem 19:2493–2501

	 22.	 Brain RA, Brooks BW (2012) Considerations and criteria for the incor-
poration of mechanistic sublethal endpoints into environmental risk 
assessment for biologically active compounds. In: Brooks B, Huggett 
D (eds) Human pharmaceuticals in the environment. Emerging topics 
in ecotoxicology (Principles, Approaches and Perspectives), vol 4. 
Springer, New York, pp 139–165

	 23.	 Brandão JC, Bohets HH, Van De Vyver IE, Dierickx PJ (1992) Correlation 
between the in vitro cytotoxicity to cultured fathead minnow fish cells 
and fish lethality data for 50 chemicals. Chemosphere 25:553–562

	 24.	 Braunbeck T, Segner H (2000) Isolation and cultivation of teleost 
hepatocytes. In: Berry MN, Edwards AM (eds) The hepatocyte review. 
Springer, Netherlands, pp 49–71

	 25.	 Brinkmann M et al (2016) Cross-species extrapolation of uptake and 
disposition of neutral organic chemicals in fish using a multispecies 
physiologically-based toxicokinetic model framework. Environ Sci 
Technol 50:1914–1923

	 26.	 Burgess RM, Ho KT, Brack W, Lamoree M (2013) Effects-directed analy-
sis (EDA) and toxicity identification evaluation (TIE): complementary 
but different approaches for diagnosing causes of environmental 
toxicity. Environ Toxicol Chem 32:1935–1945

	 27.	 Busch W, Schmidt S, Kühne R, Schulze T, Krauss M, Altenburger R 
(2016) Micropollutants in European rivers: a mode of action survey to 
support the development of effect-based tools for water monitoring. 
Environ Toxicol Chem 35:1887–1899

	 28.	 Calow P, Forbes VE (2003) Does ecotoxicology inform ecological risk 
assessment? Environ Sci Technol 37:146A–151A

	 29.	 Caminada D, Zaja R, Smital T, Fent K (2008) Human pharmaceuticals 
modulate P-gp1 (ABCB1) transport activity in the fish cell line PLHC-
1. Aquat Toxicol 90:214–222

	 30.	 Carlsson C, Pärt P (2001) 7-Ethoxyresorufin O-deethylase induction in 
rainbow trout gill epithelium cultured on permeable supports: asym-
metrical distribution of substrate metabolites. Aquat Toxicol 54:29–38

	 31.	 Castano A et al (2003) The use of fish cells in ecotoxicology. The 
report and recommendations of ECVAM Workshop 47. ATLA 31, p 317

	 32.	 Castano A, Cantarino M, Castillo P, Tarazona J (1996) Correlations 
between the RTG-2 cytotoxicity test EC50 and in vivo LC50 rainbow 
trout bioassay. Chemosphere 32:2141–2157

	 33.	 Castano A, Gómez-Lechón MJ (2005) Comparison of basal cytotoxic-
ity data between mammalian and fish cell lines: a literature survey. 
Toxicol Vitro 19:695–705

	 34.	 Castano A, Vega M, Blazquez T, Tarazona JV (1994) Biological alterna-
tives to chemical identification for the ecotoxicological assessment 
of industrial effluents: the RTG-2 in vitro cytotoxicity test. Environ 
Toxicol Chem 13:1607–1611

	 35.	 Celander MC et al (2011) Species extrapolation for the 21st century. 
Environ Toxicol Chem 30:52–63

	 36.	 Clemedson C (1998) MEIC evaluation of acute systemic toxicity, Part 
III. In vitro results from 16 additional methods used to test the first 
30 reference chemicals and a comparative cytotoxicity analsis. ATLA 
26:93–129

	 37.	 Clemedson C et al (1998) MEIC evaluation of acute systemic toxicity-
Part IV. In vitro results from 67 toxicity assays used to test reference 
chemicals 31–50 and a comparative cytotoxicity analysis. ATLA 
131–183 Suppl. 1

	 38.	 Clemedson C et al. (1996) MEIC evaluation of acute systemic toxic-
ity. 2. In vitro results from 68 toxicity assays used to test the first 30 
reference chemicals and a comparative cytotoxicity analysis. ATLA 
273–311 Suppl. 1

	 39.	 Clemons J, Lee LE, Myers C, Dixon D, Bols N (1996) Cytochrome 
P4501A1 induction by polychlorinated biphenyls (PCBs) in liver cell 
lines from rat and trout and the derivation of toxic equivalency fac-
tors. Can J Fish Aquat Sci 53:1177–1185

	 40.	 Connolly M, Fernandez-Cruz M-L, Quesada-Garcia A, Alte L, Segner H, 
Navas JM (2015) Comparative cytotoxicity study of silver nanoparti-
cles (AgNPs) in a variety of rainbow trout cell lines (RTL-W1, RTH-149, 
RTG-2) and primary hepatocytes. Int J Environ Res Public Health 
12:5386–5405

	 41.	 Connon RE, Geist J, Werner I (2012) Effect-based tools for monitor-
ing and predicting the ecotoxicological effects of chemicals in the 
aquatic environment. Sensors 12:12741–12771

	 42.	 Cowan-Ellsberry CE, Dyer SD, Erhardt S, Bernhard MJ, Roe AL, Dowty 
ME, Weisbrod AV (2008) Approach for extrapolating in vitro metabo-
lism data to refine bioconcentration factor estimates. Chemosphere 
70:1804–1817

	 43.	 Cravedi J, Boudry G, Baradat M, Rao D, Debrauwer L (2001) Metabolic 
fate of 2, 4-dichloroaniline, prochloraz and nonylphenol diethoxylate 



Page 10 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

in rainbow trout: a comparative in vivo/in vitro approach. Aquat 
Toxicol 53:159–172

	 44.	 Cronin MT, Schultz TW (1996) Structure-toxicity relationships for 
phenols to Tetrahymena pyriformis. Chemosphere 32:1453–1468

	 45.	 Dardenne F, Smolders R, De Coen W, Blust R (2007) Prokaryotic 
gene profiling assays to detect sediment toxicity: evaluating the 
ecotoxicological relevance of a cell-based assay. Environ Sci Technol 
41:1790–1796

	 46.	 Dardenne F, Van Dongen S, Nobels I, Smolders R, De Coen W, Blust 
R (2007) Mode of action clustering of chemicals and environmental 
samples on the bases of bacterial stress gene inductions. Toxicol Sci 
101:206–214

	 47.	 Dayeh VR, Schirmer K, Bols NC (2002) Applying whole-water samples 
directly to fish cell cultures in order to evaluate the toxicity of industrial 
effluent. Water Res 36:3727–3738

	 48.	 De Wolf W et al (2007) Animal use replacement, reduction, and refine-
ment: development of an integrated testing strategy for bioconcentra-
tion of chemicals in fish. Integr Environ Assess Manag 3:3–17

	 49.	 Diamond JM, Latimer HA, Munkittrick KR, Thornton KW, Bartell SM, Kidd 
KA (2011) Prioritizing contaminants of emerging concern for ecological 
screening assessments. Environ Toxicol Chem 30:2385–2394

	 50.	 Dix D, Houck K, Martin M, Richard A, Setzer R, Kavlock R (2007) The 
ToxCast program for prioritizing toxicity testing of environmental 
chemicals. Toxicol Sci 95:5–12

	 51.	 Dyer SD, Bernhard MJ, Cowan-Ellsberry C, Perdu-Durand E, Demmerle 
S, Cravedi J-P (2008) In vitro biotransformation of surfactants in fish. 
Part I: linear alkylbenzene sulfonate (C12-LAS) and alcohol ethoxylate 
(C13EO8). Chemosphere 72:850–862

	 52.	 Eggen RI, Segner H (2003) The potential of mechanism-based bioana-
lytical tools in ecotoxicological exposure and effect assessment. Anal 
Bioanal Chem 377:386–396

	 53.	 Eggen RIL, Behra R, Burkhardt-Holm P, Escher BI, Schweigert N (2004) 
Peer reviewed: challenges in ecotoxicology. Environ Sci Technol 
38:58A–64A

	 54.	 Ekwall B (1995) The basal cytotoxicity concept. Altern Methods Toxicol 
11:721–726

	 55.	 Enoch S, Hewitt M, Cronin M, Azam S, Madden J (2008) Classification of 
chemicals according to mechanism of aquatic toxicity: an evaluation of 
the implementation of the Verhaar scheme in Toxtree. Chemosphere 
73:243–248

	 56.	 Escher BI et al (2013) Benchmarking organic micropollutants in 
wastewater, recycled water and drinking water with in vitro bioassays. 
Environ Sci Technol 48:1940–1956

	 57.	 Escher BI et al (2018) Effect-based trigger values for in vitro and in vivo 
bioassays performed on surface water extracts supporting the envi-
ronmental quality standards (EQS) of the European Water Framework 
Directive. Sci Total Environ 628:748–765

	 58.	 Escher BI, Bramaz N, Eggen RI, Richter M (2005) In vitro assessment of 
modes of toxic action of pharmaceuticals in aquatic life. Environ Sci 
Technol 39:3090–3100

	 59.	 Escher BI et al (2011) Protein and lipid binding parameters in rainbow 
trout (Oncorhynchus mykiss) blood and liver fractions to extrapolate 
from an in vitro metabolic degradation assay to in vivo bioaccumula-
tion potential of hydrophobic organic chemicals. Chem Res Toxicol 
24:1134–1143

	 60.	 Escher BI, Hermens JL (2002) Modes of action in ecotoxicology: their 
role in body burdens, species sensitivity, QSARs, and mixture effects. 
Environ Sci Technol 36:4201–4217

	 61.	 Fay KA et al (2014) Intra-and interlaboratory reliability of a cryopre-
served trout hepatocyte assay for the prediction of chemical bioac-
cumulation potential. Environ Sci Technol 48:8170–8178

	 62.	 Fay KA et al (2015) Determination of metabolic stability using cryopre-
served hepatocytes from rainbow trout (Oncorhynchus mykiss). Current 
Protocols in Toxicology, p 4.42. 41–44.42. 29

	 63.	 Fent K (2001) Fish cell lines as versatile tools in ecotoxicology: assess-
ment of cytotoxicity, cytochrome P4501A induction potential and 
estrogenic activity of chemicals and environmental samples. Toxicol 
Vitro 15:477–488

	 64.	 Fent K, Hunn J (1996) Cytotoxicity of organic environmental chemicals 
to fish liver cells (PLHC-1). Mar Environ Res 42:377–382

	 65.	 Fitzsimmons PN, Lien GJ, Nichols JW (2007) A compilation of in vitro 
rate and affinity values for xenobiotic biotransformation in fish, meas-
ured under physiological conditions. Comp Biochem Physiol C Toxicol 
Pharmacol 145:485–506

	 66.	 Gagné F, Pardos M, Blaise C, Turcotte P, Quemerais B, Fouquet A (1999) 
Toxicity evaluation of organic sediment extracts resolved by size exclu-
sion chromatography using rainbow trout hepatocytes. Chemosphere 
39:1545–1570

	 67.	 Gülden M, Mörchel S, Seibert H (2005) Comparison of mammalian and 
fish cell line cytotoxicity: impact of endpoint and exposure duration. 
Aquat Toxicol 71:229–236

	 68.	 Hahn ME (2011) Mechanistic research in aquatic toxicology: perspec-
tives and future directions. Aquat Toxicol 105:67–71

	 69.	 Hahn ME, Lamb TM, Schultz ME, Smolowitz RM, Stegeman JJ (1993) 
Cytochrome P4501A induction and inhibition by 3, 3′, 4, 4′-tetrachloro-
biphenyl in an Ah receptor-containing fish hepatoma cell line (PLHC-1). 
Aquat Toxicol 26:185–208

	 70.	 Hamers T et al (2006) In vitro profiling of the endocrine-disrupting 
potency of brominated flame retardants. Toxicol Sci 92:157–173

	 71.	 Hamers T et al (2013) Expert opinion on toxicity profiling—report 
from a NORMAN expert group meeting. Integr Environ Assess Manag 
9:185–191

	 72.	 Hampel M, Blasco J, Segner H (2015) Molecular and cellular effects 
of contamination in aquatic ecosystems. Environ Sci Pollut Res 
22:17261–17266

	 73.	 Han X, Nabb DL, Mingoia RT, Yang C-H (2007) Determination of xeno-
biotic intrinsic clearance in freshly isolated hepatocytes from rainbow 
trout (Oncorhynchus mykiss) and rat and its application in bioaccumula-
tion assessment. Environ Sci Technol 41:3269–3276

	 74.	 Hartung T, Rovida C (2009) Chemical regulators have overreached. 
Nature 460:1080

	 75.	 Hawliczek-Ignarski A, Cenijn P, Legler J, Segner H, Legradi J (2017) Mode 
of action assignment of chemicals using toxicogenomics: a case study 
with oxidative uncouplers. Front Environ Sci 5:80

	 76.	 Hrovat M, Segner H, Jeram S (2009) Variability of in vivo fish acute toxic-
ity data. Regul Toxicol Pharmacol 54:294–300

	 77.	 Isomaa B, Lilius H (1995) The urgent need for in vitro tests in ecotoxicol-
ogy. Toxicol Vitro 9:821–825

	 78.	 Johanning K et al (2012) Assessment of metabolic stability using the 
rainbow trout (Oncorhynchus mykiss) liver S9 fraction. Current Protocols 
in Toxicology, p 14.10. 11–14.10. 28

	 79.	 Judson R et al (2016) Editor’s Highlight: analysis of the effects of cell 
stress and cytotoxicity on in vitro assay activity across a diverse chemi-
cal and assay space. Toxicol Sci 152:323–339

	 80.	 Kilemade M, Quinn B (2003) In vitro/in vivo bridging approaches—
validating the relevance of in vitro techniques with references to the 
whole organism in the natural environment. In: Mothersill C, Austin 
B (eds) In vitro methods in aquatic toxicology. Springer, New York, pp  
377–393

	 81.	 Klaunig JE, Ruch RJ, Goldblatt PJ (1985) Trout hepatocyte culture: isola-
tion and primary culture. Vitro Cell Dev Biol 21:221–228

	 82.	 Kleinow KM, Nichols JW, Hayton WL, McKim JM, Barron MG (2008) 
Toxicokinetics in fishes. In: Di Gulio RT, Hinton DE (eds) The toxicology 
of fishes. CRC Press, Boca Raton

	 83.	 Kocan RM, Powell DB (1985) Anaphase aberrations: an in vitro test for 
assessing the genotoxicity of individual chemicals and complex mix-
tures. In: Waters MD, Sandhu SS, Lewtas J, Claxton L, Strauss G, Nesnow 
S (eds) Short-term bioassays in the analysis of complex environmental 
mixtures IV. Springer, Boston, pp 75–86

	 84.	 Kramer NI, Hermens JL, Schirmer K (2009) The influence of modes of 
action and physicochemical properties of chemicals on the correlation 
between in vitro and acute fish toxicity data. Toxicol Vitro 23:1372–1379

	 85.	 Lakra W, Swaminathan TR, Joy K (2011) Development, characteriza-
tion, conservation and storage of fish cell lines: a review. Fish Physiol 
Biochem 37:1–20

	 86.	 Laue H, Gfeller H, Jenner KJ, Nichols JW, Kern S, Natsch A (2014) Predict-
ing the bioconcentration of fragrance ingredients by rainbow trout 
using measured rates of in vitro intrinsic clearance. Environ Sci Technol 
48:9486–9495



Page 11 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

	 87.	 Lee L, Dayeh V, Schirmer K, Bols N (2009) Applications and potential 
uses of fish gill cell lines: examples with RTgill-W1. Vitro Cell Dev Biol 
Anim 45:127–134

	 88.	 Lee LE et al (1993) Development and characterization of a rainbow 
trout liver cell line expressing cytochrome P450-dependent monooxy-
genase activity. Cell Biol Toxicol 9:279–294

	 89.	 Lilius H, Haestbacka T, Isomaa B (1996) A combination of fluorescent 
probes for evaluation of cytotoxicity and toxic mechanisms in isolated 
rainbow trout hepatocytes. Toxicol Vitro 10:341–348

	 90.	 Lombardo A et al (2014) Integrated testing strategy (ITS) for bioaccu-
mulation assessment under REACH. Environ Int 69:40–50

	 91.	 Masfaraud J-F, Devaux A, Pfohl-Leszkowicz A, Malaveille C, Monod G 
(1992) DNA adduct formation and 7-ethoxyresorufin O-deethylase 
induction in primary culture of rainbow trout hepatocytes exposed to 
benzo [a] pyrene. Toxicol Vitro 6:523–531

	 92.	 Miller DH, Jensen KM, Villeneuve DL, Kahl MD, Makynen EA, Durhan EJ, 
Ankley GT (2007) Linkage of biochemical responses to population-level 
effects: a case study with vitellogenin in the fathead minnow (Pime-
phales promelas). Environ Toxicol Chem 26:521–527

	 93.	 Mingoia RT, Glover KP, Nabb DL, Yang C-H, Snajdr SI, Han X (2010) 
Cryopreserved hepatocytes from rainbow trout (Oncorhynchus mykiss): 
a validation study to support their application in bioaccumulation 
assessment. Environ Sci Technol 44:3052–3058

	 94.	 Mommsen TP, Moon TW, Walsh PJ (1994) Hepatocytes: isolation, 
maintenance and utilization. In: Hochachka PW, Mommsen TP (eds) 
Biochemistry and Molecular Biology of Fishes, vol 3. Elsevier, New York, 
pp 355–373

	 95.	 Moon T, Walsh P, Mommsen T (1985) Fish hepatocytes: a model meta-
bolic system. Can J Fish Aquat Sci 42:1772–1782

	 96.	 Mothersill C, Austin B (2003) In vitro methods in aquatic ecotoxicology. 
Springer Science and Business Media, Berlin

	 97.	 National Research Council, Committee on Toxicity Testing and Assess-
ment of Environmental Agents (2007) Toxicity testing in the 21st cen-
tury: a vision and a strategy. The National Academies Press, Washington, 
DC. ISBN: 0-309-10993-0

	 98.	 Navas JM, Segner H (2006) Vitellogenin synthesis in primary cultures of 
fish liver cells as endpoint for in vitro screening of the (anti) estrogenic 
activity of chemical substances. Aquat Toxicol 80:1–22

	 99.	 Neale PA et al (2015) Linking in vitro effects and detected organic 
micropollutants in surface water using mixture-toxicity modeling. 
Environ Sci Technol 49:14614–14624

	100.	 Nehls S, Segner H (2005) Comet assay with the fish cell line rainbow 
trout gonad-2 for in vitro genotoxicity testing of xenobiotics and 
surface waters. Environ Toxicol Chem 24:2078–2087

	101.	 Nendza M, Kuhne R, Lombardo A, Strempel S, Schuurmann G (2018) 
PBT assessment under REACH: screening for low aquatic bioaccumula-
tion with QSAR classifications based on physicochemical properties to 
replace BCF in vivo testing on fish. Sci Total Environ 616:97–106

	102.	 Nichols J et al (2007) Use of in vitro absorption, distribution, metabo-
lism, and excretion (ADME) data in bioaccumulation assessments for 
fish. Human Ecol Risk Assess 13:1164–1191

	103.	 Nichols J et al (2018) Reliability of in vitro methods used to measure 
intrinsic clearance of hydrophobic organic chemicals by rainbow trout: 
results of an international ring trial toxicological sciences (accepted)

	104.	 Nichols JW, Huggett DB, Arnot JA, Fitzsimmons PN, Cowan-Ellsberry 
CE (2013) Toward improved models for predicting bioconcentration of 
well-metabolized compounds by rainbow trout using measured rates 
of in vitro intrinsic clearance. Environ Toxicol Chem 32:1611–1622

	105.	 Nichols JW, Schultz IR, Fitzsimmons PN (2006) In vitro–in vivo extrapola-
tion of quantitative hepatic biotransformation data for fish: I. A review 
of methods, and strategies for incorporating intrinsic clearance esti-
mates into chemical kinetic models. Aquat Toxicol 78:74–90

	106.	 Norberg-King T et al (submitted) An international perspective on the 
tools and concepts for effluent toxicity assessments in the context of 
animal alternatives. Environ Toxicol Chem

	107.	 OECD (1992) Test No. 203: fish, acute toxicity test. OECD Publishing, 
Paris

	108.	 OECD (2012) Test No. 305: bioaccumulation in fish: aqueous and dietary 
exposure. OECD Publishing, Paris

	109.	 Pesonen M, Andersson TB (1997) Fish primary hepatocyte culture; an 
important model for xenobiotic metabolism and toxicity studies. Aquat 
Toxicol 37:253–267

	110.	 Pfaller W, Prieto P, Dekant W, Jennings P, Blaauboer BJ (2015) The Pre-
dict-IV project: towards predictive toxicology using in vitro techniques. 
Toxicol Vitro 30:1–3

	111.	 Rachlin JW, Perlmutter A (1968) Fish cells in culture for study of aquatic 
toxicants. Water Res 2:409–414

	112.	 Reifferscheid G, Buchinger S (2017) In vitro environmental toxicology-
concepts, application and assessment, vol 157. International Publishing, 
Springer

	113.	 Relyea R, Hoverman J (2006) Assessing the ecology in ecotoxicology: a 
review and synthesis in freshwater systems. Ecol Lett 9:1157–1171

	114.	 Repetto G et al (2001) A test battery for the ecotoxicological evaluation 
of pentachlorophenol. Toxicol Vitro 15:503–509

	115.	 Richard AM (2006) Future of toxicology predictive toxicology: an 
expanded view of “chemical toxicity”. Chem Res Toxicol 19:1257–1262

	116.	 Rusche B, Kohlpoth M (1993) The cytotoxicity test as a replacement for 
the fish test stipulated in the German waste water act. In: Braunbeck T, 
Hanke W, Segner H (eds) Fish ecotoxicology and ecophysiology. Wiley 
VCH, Weinheim, pp 81–92

	117.	 Russell W, Burch R, Hume C (1959) The principles of humane experi-
mental technique, Methuen & Co. Ltd London [Reissued: 1992, Universi-
ties Federation for Animal Welfare, Herts, England]

	118.	 Saito H, Koyasu J, Shigeoka T, Tomita I (1994) Cytotoxicity of chlorophe-
nols to goldfish GFS cells with the MTT and LDH assays. Toxicol Vitro 
8:1107–1112

	119.	 Saito H, Sudo M, Shigeoka T, Yamauchi F (1991) In vitro cytotoxicity 
of chlorophenols to goldfish GF-scale (GFS) cells and quantitative 
structure-activity relationships. Environ Toxicol Chem 10:235–241

	120.	 Schirmer K (2006) Proposal to improve vertebrate cell cultures to 
establish them as substitutes for the regulatory testing of chemicals 
and effluents using fish. Toxicology 224:163–183

	121.	 Schirmer K et al (2008) Developing a list of reference chemicals for test-
ing alternatives to whole fish toxicity tests. Aquat Toxicol 90:128–137

	122.	 Schüürmann (1998) Ecotoxicology. Ecological Fundamentals, Chemical 
Exposure, and Biological Effects ED. Schüürmann G, Markert B, New 
York, USA: John Wiley & Sons, and Heidelberg, Germany: Spektrum 
Akademischer Verlag. Environmental Conservation 25, pp 369–371

	123.	 Schüürmann G, Segner H, Jung K (1997) Multivariate mode-of-action 
analysis of acute toxicity of phenols1. Aquat Toxicol 38:277–296

	124.	 Segner H (1998) Isolation and primary culture of teleost hepatocytes. 
Comp Biochem Physiol 120A:71–81

	125.	 Segner H (1998) Fish cell lines as a tool in aquatic toxicology. In: Braun-
beck T, Hinton DE, Streit B (eds) Fish ecotoxicology. Springer, Basel, pp 
1–38

	126.	 Segner H (2004) Cytotoxicity assays with fish cells as an alternative to 
the acute lethality test with fish. ATLA 32:375–382

	127.	 Segner H (2006) Comment on “Lessons from endocrine disruption 
and their application to other issues concerning trace organics in the 
aquatic environment”. Environ Sci Technol 40:1084–1085

	128.	 Segner H (2011) Moving beyond a descriptive aquatic toxicology: 
the value of biological process and trait information. Aquat Toxicol 
105:50–55

	129.	 Segner H, Braunbeck T (2003) End points for in vitro toxicity testing 
with fish cells. In: Mothersill C, Austin B (eds) In-vitro methods in aquatic 
toxicology. Springer Praxis, Chichester, pp 77–141

	130.	 Segner H et al (2001) Cellular approaches for diagnostic effects assess-
ment in ecotoxicology: introductory remarks to an EU-funded project. 
Aquat Toxicol 53:153–158

	131.	 Segner H, Cravedi J-P (2001) Metabolic activity in primary cultures of 
fish hepatocytes. ATLA 29:251–258

	132.	 Segner H, Lenz D (1993) Cytotoxicity assays with the rainbow trout R1 
cell line. Toxicol Vitro 7:537–540

	133.	 Segner H, Schuurmann G (1997) Cytotoxicity of MEIC chemicals to 
rainbow trout R1 cell line and multivariate comparison with ecotoxicity 
tests. ATLA 25:331–338

	134.	 Sherry J (1997) Environmental immunoassays and other bioanalytical 
methods: overview and update. Chemosphere 34:1011–1025



Page 12 of 12Rehberger et al. Environ Sci Eur  (2018) 30:23 

	135.	 Smolarek TA, Morgan S, Baird WM (1988) Temperature-induced altera-
tions in the metabolic activation of benzo [a] pyrene to DNA-binding 
metabolites in the Bluegill fry cell line BF-2. Aquat Toxicol 13:89–97

	136.	 Stadnicka J, Schirmer K, Ashauer R (2012) Predicting concentrations 
of organic chemicals in fish by using toxicokinetic models. Environ Sci 
Technol 46:3273–3280

	137.	 Straalen NMV (2003) Peer reviewed: ecotoxicology becomes stress ecol-
ogy. Environ Sci Technol 37:324A–330A

	138.	 Strube K, Janke D, Kappler R, Kristen U (1991) Toxicity of some herbi-
cides to in vitro growing tobacco pollen tubes (the pollen test). Environ 
Exp Bot 31:217–222

	139.	 Sumpter JP, Johnson AC (2005) Lessons from endocrine disruption 
and their application to other issues concerning trace organics in the 
aquatic environment. Environ Sci Technol 39:4321–4332

	140.	 Tan F, Wang M, Wang W, Lu Y (2008) Comparative evaluation of the 
cytotoxicity sensitivity of six fish cell lines to four heavy metals in vitro. 
Toxicol Vitro 22:164–170

	141.	 Tanneberger K, Knöbel M, Busser FJ, Sinnige TL, Hermens JL, Schirmer K 
(2012) Predicting fish acute toxicity using a fish gill cell line-based toxic-
ity assay. Environ Sci Technol 47:1110–1119

	142.	 Truhaut R (1977) Ecotoxicology: objectives, principles and perspectives. 
Ecotoxicol Environ Saf 1:151–173

	143.	 UK Annual National Statistics Report (2017) Annual statistics of scientific 
procedures on living animals Great Britain 2016Presented to Parliament 
pursuant to section 21(7) and 21A(1) of the Animals (Scientific Pro-
cedures) Act 1986; Ordered by the House of Commons to be printed 
13 July 2017.http://www.under​stand​ingan​imalr​esear​ch.org.uk/files​
/9514/9993/4810/annua​l-stati​stics​-scien​tific​-proce​dures​-livin​g-anima​
ls-2016.pdf

	144.	 van der Burg B, van der Linden S, Hy Man, Winter R, Jonker L, van 
Vugt-Lussenburg B, Brouwer A (2013) A panel of Quantitative Calux® 
REPORTER gene assays for reliable high-throughput toxicity screening 
of chemicals and complex mixtures. In: Steinberg P (ed) High-through-
put screening methods in toxicity testing. John Wiley & Sons, Hoboken, 
pp 519–532

	145.	 van der Jagt K, Munn S, Torslov J, de Bruijn J (2004) Alternative 
approaches can reduce the use of test animals under REACH. Report 
Eur 21405:1–25

	146.	 Villeneuve DL, Garcia-Reyero N (2011) Vision and strategy: predictive 
ecotoxicology in the 21st century. Environ Toxicol Chem 30:1–8

	147.	 Vinken M, Blaauboer BJ (2017) In vitro testing of basal cytotoxicity: 
establishment of an adverse outcome pathway from chemical insult to 
cell death. Toxicol Vitro 39:104–110

	148.	 Vonk JA, Benigni R, Hewitt M, Nendza M, Segner H, van de Meent D, 
Cronin MT (2009) The use of mechanisms and modes of toxic action 
in integrated testing strategies: the report and recommendations of a 
workshop held as part of the European Union OSIRIS Integrated Project. 
ATLA 37:557–571

	149.	 Weisbrod AV et al (2009) The state of in vitro science for use in bioac-
cumulation assessments for fish. Environ Toxicol Chem 28:86–96

	150.	 Wells P, Lee K, Blaise C (1997) Microscale testing in aquatic toxicology: 
advances, techniques, and practice. CRC Press, Boca Raton

	151.	 Wenzel A, Nendza M, Hartmann P, Kanne R (1997) Testbattery for the 
assessment of aquatic toxicity. Chemosphere 35:307–322

	152.	 Wernersson A-S et al (2015) The European technical report on aquatic 
effect-based monitoring tools under the water framework directive. 
Environ Sci Europe 27:7

	153.	 Whyte JJ, van den Heuvel MR, Clemons JH, Huestis SY, Servos MR, 
Dixon DG, Bols NC (1998) Mammalian and teleost cell line bioassay and 
chemically derived 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin equivalent 
concentrations in lake trout (Salvelinus namaycush) from Lake Superior 
and Lake Ontario, North America. Environ Toxicol Chem 17:2214–2226

	154.	 Yoon M, Efremenko A, Blaauboer BJ, Clewell HJ (2014) Evaluation of 
simple in vitro to in vivo extrapolation approaches for environmental 
compounds. Toxicol Vitro 28:164–170

	155.	 Zabel EW, Pollenz R, Peterson RE (1996) Relative potencies of individual 
polychlorinated dibenzo-p-dioxin, dibenzofuran, and biphenyl 
congeners and congener mixtures based on induction of cytochrome 
P4501A mRNA in a rainbow trout gonadal cell line (RTG-2). Environ 
Toxicol Chem 15:2310–2318

http://www.understandinganimalresearch.org.uk/files/9514/9993/4810/annual-statistics-scientific-procedures-living-animals-2016.pdf
http://www.understandinganimalresearch.org.uk/files/9514/9993/4810/annual-statistics-scientific-procedures-living-animals-2016.pdf
http://www.understandinganimalresearch.org.uk/files/9514/9993/4810/annual-statistics-scientific-procedures-living-animals-2016.pdf

	In vitro or not in vitro: a short journey through a long history
	Abstract 
	Looking back…
	In vitro application domains in ecotoxicology: what kind of information can they provide?
	The 3R application domain of fish in vitro assays
	In vitro cytotoxicity assays with fish cells as alternative to the in vivo acute fish lethality test
	In vitro biotransformation assays as part of an alternative strategy to in vivo bioaccumulation testing with fish

	The “hazard profiling” application domain of in vitro assays

	Looking forward
	Authors’ contributions
	References




