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a b s t r a c t

This paper details the derivation of a list of 60 reference chemicals for the development of alternatives
to animal testing in ecotoxicology with a particular focus on fish. The chemicals were selected as a pre-
requisite to gather mechanistic information on the performance of alternative testing systems, namely
vertebrate cell lines and fish embryos, in comparison to the fish acute lethality test. To avoid the need
for additional experiments with fish, the U.S. EPA fathead minnow database was consulted as reference
for whole organism responses. This database was compared to the Halle Registry of Cytotoxicity and a
collation of data by the German EPA (UBA) on acute toxicity data derived from zebrafish embryos. Chem-
icals that were present in the fathead minnow database and in at least one of the other two databases
were subject to selection. Criteria included the coverage of a wide range of toxicity and physico-chemical
parameters as well as the determination of outliers of the in vivo/in vitro correlations. While the reference
list of chemicals now guides our research for improving cell line and fish embryo assays to make them
widely applicable, the list could be of benefit to search for alternatives in ecotoxicology in general. One
example would be the use of this list to validate structure–activity prediction models, which in turn would
benefit from a continuous extension of this list with regard to physico-chemical and toxicological data.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

One of the most commonly applied animal tests in regulatory
ecotoxicology to this day is the fish acute lethality test. It is stan-
dardized under the Organization for Economic Co-operation and
Development (OECD testing protocol 203, 1992) and is used to test
chemicals as well as industrial effluents. The test involves the expo-
sure of fish to the chemical or effluent sample for up to 96 h. At least
10 fish are exposed per concentration and a minimum of 5 different
concentrations are tested in addition to a control. The informa-
tion obtained is the concentration or dilution that causes 50% of
the fish to die. Although simple, the fish acute lethality test has
limitations. The number of fish required is quite large and the end-
point, death within 96 h of exposure, reflects an integrative, acute
endpoint, which requires high concentrations of toxicants and can-
not differentiate routes of mechanisms or subtle, more long-term
effects. For these reasons, alternatives to the fish acute lethality
test have been sought for years. These potential alternatives have
been of two general types. On one hand are mathematically derived
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quantitative structure activity relationships (QSARs), which aim to
predict toxicity outcomes based on physico-chemical properties of
the test chemicals, and on the other are experimental alternatives,
which involve vertebrate cell lines and very early life-stages of fish.
The latter are considered non-protected stages based on the defi-
nition provided by EU Directive 86/609/EEC (Art. 2a). This was also
one of the arguments to revise the German wastewater regulation
to accept the zebrafish embryo as an alternative to the acute fish test
for effluent testing (Federal Law Gazette, 2005). Early life-stages of
fish are also considered for their potential to reduce or replace pro-
longed or chronic fish toxicity tests (Voelker et al., 2007; Scholz et
al., 2008). The commencement of the new EU regulation for indus-
trial chemicals, REACh (Registration, Evaluation and Authorisation
of Chemicals), has provided further impetus and spurred new ini-
tiatives to apply and further develop current knowledge to provide
alternative testing strategies.

A key issue for developing non-animal alternatives is decid-
ing on a list of chemicals for comparing alternative methods with
conventional test results. The conventional approach used to test
alternative methods against acute fish toxicity tests has been to
select test chemicals in a seemingly random manner. These test
chemicals, either of similar structure or simply differing in modes
of action, were subsequently tested under identical conditions by
the investigating lab and the data compared to available in vivo
data. A comprehensive table of studies applying this approach for
the comparison of toxicity in cell lines to that obtained in fish
is provided in Schirmer (2006). The described selection approach
has also been followed in the derivation of acute embryo toxic-
ity data for comparison to the acute fish lethality test (Braunbeck
and Lammer, 2006; Nagel, 2002). At first sight, this unsystematic
approach has led to an impressive list of chemicals being tested
both in cell lines or fish embryos. A more in-depth analysis, how-
ever, reveals several shortcomings of the study-by-study random
chemical selection approach.

Among the encountered shortcomings, four seem particularly
important. First, relatively few chemicals have been tested across
the test systems, e.g. in cell lines, embryos and fish. Second,
although an OECD guideline exists with regard to the fish acute tox-
icity test, available data vary in terms of quality control. Comparing
effect concentrations from different sources and different species
of fish may introduce considerable and impeding variability. Third,
physico-chemical characteristics are not sufficiently taken into
account. For example, although the partition coefficient between
water and octanol (log P) has previously been considered (e.g. Saito
et al., 1993), the distribution between water and air (Henry’s law
coefficient—log HLC) has not yet been included for alternatives to
fish tests. As pointed out by Riedl and Altenburger (2007) in an algal
test system, partitioning into air may impact on the bioavailability
of chemicals in open static batch systems, which include the tissue
culture plates routinely used to expose cell lines and fish embryos.
Finally, narcotic chemicals dominate the lists of compounds tested.
This reflects the notion that the majority of industrial chemicals acts
through narcosis (Russom et al., 1997). Narcosis is thought to result
from non-specific chemical–membrane interactions, which can be
reasonably well predicted using log P or, even better, biomem-
brane/water partition coefficients (Escher and Hermens, 2002;
Vaes et al., 1998). On the other hand, the over-representation of nar-
cotic chemicals means that very little is known about the ability of
cell lines or fish embryos to predict the toxicity of specifically acting
chemicals in fish. The current overemphasis on narcotic chemicals
may therefore mask potential difficulties in the application of the
alternative testing methods.

To overcome these deficiencies, we developed a list of 60 organic
chemicals that we propose to test as part of the research project,
CEllSens. This project aims to systematically gather mechanistic

information on the performance of alternative testing methods.
Specifically, the ability of fish cell lines and zebrafish embryos to
detect specific modes of action, and the role of dosing and exposure
schemes in the expression of toxicity of chemicals with a wide range
of physico-chemical properties will be investigated. These investi-
gations called for a carefully selected list of reference chemicals. The
developed CEllSens chemical list has already sparked considerable
interest by several stakeholder groups. Two examples are the OECD
expert group on the fish embryo toxicity test (FET) and the Health
and Environmental Science Institute (HESI) bioaccumulation work-
ing group. Their interest inspired us to recommend this list as a
reference set of chemicals whose common use could help acceler-
ate the development of non-animal alternatives in toxicology and
ecotoxicology.

2. Materials and methods

2.1. Selection criteria for the CEllSens list of chemicals

The first decision in the development of the CEllSens chemical
list was to focus the selection procedure on organic compounds. In
contrast to inorganic chemicals, which are limited in their number
and are rather well understood in terms of their toxicity, there are
numerous old organic chemicals that will have to be tested anew
under REACh and the development of new organic compounds is
theoretically unlimited. The focus on organic compounds, however,
also meant that complexes of inorganic and organic chemicals, such
as metal-containing organic chemicals, were not considered for the
development of the CEllSens chemical list.

Based on reports from other studies concerned with the
improvement of alternative testing methods in toxicology, such
as the Multicentre Evaluation of In vitro Cytotoxicity (MEIC) study
(Clemedson et al., 1998a,b), a list of about 60 chemicals was judged
appropriate for investigating the prediction power of both QSARs
and experimental alternatives to the fish acute toxicity test. About
half of these 60 chemicals should be treated with highest priority,
especially for the experimental approaches, whereas the other half
should be available as a back-up and possible extension according
to the research question at hand.

Nine guiding principles were established to derive the list of
organic chemicals from existing databases. These principles were
as follows:

1. All chemicals should have been tested previously in the fish acute
lethality test according to the OECD203 guideline, in order to
avoid additional animal experiments.

2. Of these chemicals, the majority should also have been tested on
cell lines or fish embryos.

3. Chemicals should be characterized by a wide range of log P and
log HLC.

4. The values for log P and log HLC should be calculated based on
the same algorithm for all chemicals to ensure comparability
and transparency in the application of these physico-chemical
parameters.

5. Chemicals should be characterized by a wide range of LC50 and
IC50 values.

6. Chemicals should be included that show a large deviation (out-
liers) in effect concentrations in the fish acute toxicity test
compared to tests with cell lines or fish embryos.

7. Chemicals should belong to classes of different modes of action
according to Verhaar et al. (1992) and Russom et al. (1997).

8. In order to allow the influence of physico-chemical parameters
of chemicals to be studied without the mode of action as an influ-
ence, a sub-set of about 10 chemicals of the non-polar narcotic
mode of action type should be included.
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9. For all chemicals, a relatively simple method for quantification
by high-performance liquid chromatography or gas chromatog-
raphy should be feasible.

2.2. Databases from which the CEllSens list of chemicals was
derived

Three databases were found most comprehensive and appro-
priate with regard to the criteria laid out above. For fish acute
lethality data, we selected the U.S. EPA fathead minnow database
(http://www.epa.gov/med/Prods Pubs/fathead minnow.htm). This
is a subset of the ECOTOX database (http://cfpub.epa.gov/ecotox/).
The lethal concentrations (LC50s) given in this database are all based
on flow-through exposures for 96 h with analytically determined
water concentrations. If more than one LC50 value is available per
chemical, the database lists the geometric mean. In search for
chemicals with specific modes of action, two additional chemicals,
which were present in the ECOTOX database but not specifically
in the fathead minnow database, were included in the CEllSens
chemical list. These were lindane and parathion-ethyl. LC50 val-
ues for 96 h fathead minnow exposures in flow-through systems
with measured exposure concentrations were available for both of
these chemicals (Call et al., 1981 for lindane; Spacie et al., 1981 for
parathion-ethyl).

Data for fish embryo toxicity were taken from the German
Environmental Protection Agency (UBA) review assembled by
Braunbeck and Lammer (2006). The UBA database contains lethal
concentrations (LC50s) for the 48 h zebrafish embryo test as pro-
posed by Nagel (2002) and standardized under DIN 38415-6 (2001)
and further developed in the OECD draft guideline on the fish
embryo toxicity (FET) test (OECD, 2006). Otherwise available infor-
mation with protocols deviating from the DIN norm or the OECD
draft guideline (e.g. different exposure times, static vs. semi-static
or flow-through exposure) are included as well.

For toxicity of chemicals to cell lines, the Halle Registry of Cyto-
toxicity is the most comprehensive currently available database
(Halle, 2003). This database was kindly provided by Manfred Lieb-
sch from the German Federal Institute for Risk Assessment (BfR),
Centre for Alternative Methods to Animal Experiments-ZEBET. It
contains a collection of effective (inhibitory) concentrations (IC50s)
of chemicals that cause an acute, i.e. rapidly developing, death of
cells. Being based on a thorough literature search, it also contains
information about basal cytotoxicity gathered in the MEIC study,
which evaluated the relevance of in vitro toxicity tests to predict
human acute systemic toxicity for 50 chemicals (Clemedson et al.,
1998a,b). It should be noted that the compilation of cytotoxicity

results of the Halle database does, however, not build on a standard
protocol as for the fish acute lethality test and that many different
cell lines (all mammalian) and means to detect cytotoxicity (protein
content determination, Neutral Red uptake assay, lactate dehydro-
genase assay, etc.) are represented in the database. The geometric
mean of IC50 values was used if several IC50s per chemicals were
listed.

2.3. Preparing the CEllSens list of chemicals

Based on the above nine guiding principles and the three
data sets, the chemicals were selected in a two-step approach.
First, 34 chemicals for which all of the guiding principles applied
were selected. In a second step, this list was extended to 60
chemicals, being careful to match the above-mentioned crite-
ria as best as possible. Specifically, chemicals were selected to
cover an even broader range of log P, log HLC, and LC50/IC50s and
to have additional chemicals for each mode of toxic action. The
approach involved the plotting of the fathead minnow LC50 val-
ues against the IC50 Halle Registry data or the embryo LC50 values
according to their modes of action. Moreover, it comprised the
plotting of the log P and log HLC values for all chemicals of each
particular mode of action from the U.S. EPA fathead minnow
database in order to allow the selection of chemicals with an even
wider range of physico-chemical properties. The physico-chemical
parameters, log P and log HLC, were uniformly calculated using
EPI Suite (http://www.epa.gov/oppt/exposure/pubs/episuite.htm).
Values for water solubility were taken from the PhysProp database
(http://www.syrres.com/esc/physdemo.htm).

3. Results

3.1. Summary of information gathered from databases

At the time of our search, the U.S. EPA fathead minnow database
listed LC50 fathead minnow acute lethality values for 617 chemicals
(not including lindane and parathion-ethyl). The Halle Registry of
Cytotoxicity contained IC50 values for 540 chemicals. For the fish
embryo test using zebrafish, LC50 values for 198 chemicals were
available. We found an overlap of the U.S. EPA fathead minnow
database with, respectively, the Halle Registry of Cytotoxicity and
the UBA fish embryo toxicity data collection for 85 and 40 chem-
icals. The Halle Registry of Cytotoxicity and the UBA fish embryo
toxicity data collection contained 48 matching chemicals. A total of
19 chemicals were present in all three databases.

Table 1
Number of chemicals in U.S. EPA fathead minnow data base according to their different modes of action.

System used to define mode of action

Russom et al. (1997) (according to U.S. EPA) Verhaar et al. (1992)

Mode of action Number of chemicals Mode of action Number of chemicals

Narcosis I 241 Non-polar narcosis (NPN) 241

Narcosis II 38
Polar narcosis (PN) 77Narcosis I and II 13

Narcosis ester 26

Reactives 97 Reactives 97

Acetylcholin esterase (ACHE)-inhibition 17

Specifically acting 48
Respiratory blocker 4
Neurotoxicant 9
Neurodepressor 6
Uncoupler of ox. phosphorylation 12

Unsure 154 Unsure 154
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Table 2
Number of chemicals common to the three data sets for different modes of action.

Mode of action for the chemical Number of chemicals in common

U.S. EPA* vs. Halle
Registry

U.S. EPA* vs. UBA
embryo toxicity

Halle Registry vs. UBA embryo
toxicity

U.S. EPA* vs. Halle Registry vs. UBA
embryo toxicity

Narcosis (NPN, PN) 49 21 12 13
Reactive 7 1 1 1
Specifically acting 17 6 5 4
Unsure 12 12 30 1

Total 85 40 48 19

Asterisk (*) refers to U.S. EPA fathead minnow database including lindane and parathion ethyl.

The U.S. EPA fathead minnow database assigns modes of action
to each chemical according to the Russom scheme (1997). For
simplification, we adapted this classification to the scheme rec-
ommended by Verhaar et al. (1992). Table 1 summarizes the
classification of chemicals of the U.S. EPA fathead minnow database
according to modes of action. Table 2 illustrates the assignment to
the different modes of action for the chemicals present either in
two or all three of the selected databases. From this comparison it
becomes apparent that not only the number of overlapping chemi-
cals is greatest between the U.S. EPA fathead minnow database and
the Halle Registry of Cytotoxicity but also the reflection of different
modes of action is broadest.

3.2. Selection of reference chemicals

As the U.S. EPA fathead minnow database and the Halle Registry
of Cytotoxicity had the most overlap, these two databases were
used as the primary source for reference chemical selection. In a
first step, chemicals were selected from plots of fathead minnow
LC50 values against the IC50 Halle Registry data according to their
modes of action (see panel A in, respectively, Figs. 1–3) so as to
cover a wide range of LC50/IC50 values. As can be seen for specifically
acting chemicals (Fig. 2A) and even more so for reactive chemicals
(Fig. 3A), the choice of chemicals for which both in vivo and in vitro
data were available was rather restricted. In a second step, log P and
log HLC values for all chemicals of each particular mode of action
from the U.S. EPA fathead minnow database were plotted (see panel
B in, respectively, Figs. 1–3). The chemicals already selected in step

one were highlighted and additional chemicals chosen according
to the selection criteria listed above.

Outliers were selected on the basis of the difference between
log LC50s of the U.S. EPA fathead minnow database and log IC50 of
the Halle Registry of Cytotoxicity. Data for all 85 available chemi-
cals (including unsure modes of actions, see Table 1) were included.
An outlier was arbitrarily defined as a chemical those difference in
log LC50 (fish) − log IC50 (cells) was at least two standard deviations
apart from the mean in vivo/in vitro difference of the 85 chemicals,
which was calculated to be −0.82 (Fig. 4). Five chemicals were iden-
tified in this way: 2-aminoethanol and hexamethylene tetramine
(both unsure modes of action) appeared more toxic in the cell lines
compared to fish; allyl alcohol (reactive chemical), lindane and per-
methrin (neurotoxicants) were more toxic in fish than in cell lines.
Three of these chemicals, namely lindane, permethrin and allyl
alcohol, had previously been selected (Figs. 2A and 3A).

To compare the chemicals selected above with the information
available from the UBA embryo toxicity database, log LC50s from
the UBA database were plotted against log LC50s from the U.S. EPA
fathead minnow database (Fig. 5). Selected chemicals cover about
six orders of magnitude in LC50 values in the embryo toxicity test.
Based on the 40 chemicals that overlap between the U.S. EPA fat-
head minnow database and the UBA embryo toxicity database, two
varied by more than two standard deviations from the mean of
log LC50 (fish) − log LC50 (embryo) (which amounted to 0.07) and
therefore qualify as outliers (Fig. 5, insert). The two chemicals were
methyl anilines, which appeared significantly more toxic in the
embryo compared to the acute fish test. Therefore one of them, N-

Fig. 1. Plot of chemicals acting through narcosis. All 49 narcotics for which both log LC50 (fathead minnow) and log IC50 (Halle Registry) data were available were correlated
first (A). Each dot (�) represents one narcotic chemical. The chemicals chosen for the CEllSens list are marked with (×) for non-polar narcotics and (+) for polar narcotics.
In a second step, all 318 narcotic chemicals of the U.S. EPA fathead minnow database were correlated with regard to their log P and log HLC, using values calculated by EPI
Suite (B). Each dot (�) represents one narcotic chemical. Chemicals marked with (×) or (+) are those already chosen in (A). Based on their physico-chemical properties, four
non-polar narcotics ( ) and one polar narcotic ( ) chemical were additionally chosen.
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Fig. 2. Plot of specifically acting chemicals. The procedure followed is that described in Fig. 1. All 17 specifically acting chemicals for which both log LC50 (fathead minnow
database) and log IC50 (Halle Registry) were available were correlated first (A). Each dot (�) represents one specifically acting chemical. The chemicals chosen for the CEllSens
list are marked with (×). Care was taken to select at least one chemical from each type of specific toxicity (AChE-inhibitor: 2 chosen out of 3; respiratory blocker 1 out of 2;
neurodepressor 2 out of 4; neurotoxicant 4 out of 5; and uncoupler 2 out of 2). In a second step, all 48 specifically acting chemicals of the fathead minnow database were
correlated with regard to their log P and log HLC (B). Each dot (�) represents one specifically acting chemical. Chemicals marked with (×) are those already chosen in (A).
Based on their physico-chemical properties, four chemicals ( ) were picked additionally (two AChE-inhibitors, one neurotoxicant, one blocker of the respiratory chain). Note
that Permethrin and Lindane were also identified as outliers, see Fig. 4.

methyl aniline, was added to the chemical list. Lindane, which was
identified as an outlier in the fish vs. cell line comparison (see Fig. 4),
was more than one but less than two standard deviations apart
from the mean difference. It was more toxic in the fish than in the
embryo, which was also the situation for the cell line data (Fig. 4).

Of the chemicals selected thus far, eleven were found in both
the UBA embryo toxicity database and the Halle Registry of Cyto-
toxicity (Fig. 6). The direct comparison revealed two clusters: a
cluster of narcotic chemicals and one of specifically acting and
reactive chemicals. The narcotic chemicals are located close to the
line of unity between the embryo and cell line data, whereas the
specific and reactive chemicals appear more toxic in the embryos
than in the cell lines. One chemical with an unsure mode of action
(2-aminoethanol) seemed appreciably more toxic in cell lines com-
pared to the embryos. This substance was also found to be more
toxic to cell lines compared to fish (Fig. 4).

3.3. Assignment of positive control

We selected sodium dodecyl sulphate (SDS) as a positive con-
trol for four reasons. SDS exerts a low log P and log HCL value and
is miscible in water (water solubility is 100 g/l). Because of these
characteristics, it can be handled easily and hampering sorption
to exposure vessels or evaporation can be excluded. SDS is clas-
sified as a membrane-damaging, i.e. narcotic, chemical. Therefore
its toxicity should easily be detectable in any non-specific bioas-
say. Furthermore, SDS represents the group of anionic surfactants,
which are widely used in many technological processes and are
also of environmental concern (Cserháti et al., 2002). Finally, SDS
was chosen as a reference chemical in the ACuteTox project, which
focuses on a testing strategy to replace animal testing for human
acute systemic toxicity (Clemedson et al., 2007). No embryo log LC50
or cell line log IC50s were available in the respective databases. We

Fig. 3. Plot of reactive chemicals. The selection procedure followed is that described in Fig. 1. All seven reactive chemicals for which both log LC50 (fathead minnow database)
and log IC50 (Halle Registry) were available were correlated first (A). Each dot represents one reactive chemical (�). The chemicals chosen for the CEllSens list are marked
with (×) (6 out of 7). In a second step, all 97 reactive chemicals of the fathead minnow database were correlated with regard to their log P and log HLC (B). Each dot (�)
represents one reactive chemical. Chemicals marked with (×) are those already chosen in (A). Additionally chosen chemicals are marked with ( ). Note that allyl alcohol was
also identified as outlier, see Fig. 4.
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Fig. 4. Graphic representation for picking outliers. The difference between the
log LC50 (fathead minnow) and the log IC50 (Halle Registry) was calculated and
plotted for each of the 85 chemicals present in both the U.S. EPA fathead min-
now database and the Halle Registry of Cytotoxicity. Each dot (�) represents one
chemical. The horizontal arrangement of the dots helps to visualize the number
of chemicals yielding similar log LC50/log IC50 differences; there is no numerical X-
axis. The solid horizontal line illustrates the mean log LC50/log IC50 difference for all
85 chemicals with a value of −0.82, indicating that the cell lines are in average
less sensitive than the fish. In case of unity between the log LC50 (fathead min-
now) and the log IC50 (Halle Registry), dots should rest on the dotted horizontal
line (difference in vivo/in vitro = 0). Dashed lines illustrate ±1 standard deviation
from the mean log LC50/log IC50 difference, whereas dashed-dotted lines represent
±2 standard deviations from the mean. Chemicals with a difference of at least two
times the standard deviation were defined as an “Outlier” and are explicitly named:
2-aminoethanol (unsure mode of action) and hexamethylenetetramine (unsure)
appeared more toxic in cell lines than in fish: allyl alcohol (reactive), lindane and
permethrin appeared less sensitive in cell lines than in fish. Note that allyl alco-
hol had already been selected in Fig. 3A; lindane and permethrin had already been
selected in Fig. 2A.

determined them for the embryo (according to DIN 38415-6) and a
cell line from rainbow trout gill (RTgill-W1, according to Schirmer
et al., 1997, 1998, using L15/ex as solvent and Neutral Red as indi-
cator of cell viability) to be −1.71 ± 0.10 (logarithm of average of
four independently obtained LC50 values [mM]) and −1.30 ± 0.09
(logarithm of average of six independently obtained IC50 values
[mM]), respectively. For fathead minnow, log LC50s were available
from Conway et al. (1983) and from the MP Biochemicals Inc. mate-
rial data safety sheet with values of respectively −1.63 (mM) and
−1.11 (mM) (see Table 3).

3.4. Assignment of negative control

We did not specifically assign a negative control. According to
the OECD 203 and the OECD draft guideline for the fish embryo
toxicity (FET) test, LC50 values above 100 mg/l are considered non-
toxic. If this rule is applied to the CEllSens chemical list, three
chemicals can be regarded as non-toxic in all three models, namely
fish, embryo, cell lines. These chemicals are ethanol, aniline and
2-hydroxy ethyl ether.

Fig. 5. Plot of U.S. EPA fathead minnow data vs. UBA zebrafish embryo toxicity data.
All 40 chemicals for which both log LC50 (fathead minnow) and log LC50 (zebrafish
embryo) were available were sorted according to their modes of action and corre-
lated. Chemicals chosen for the CEllSens chemical list are marked with (×). Outliers
were selected in the same manner as described in Fig. 4. Thus, the difference in
log LC50 (fathead minnow) and log LC50 (zebrafish embryo) was calculated and plot-
ted for each of the chemicals, with each chemical being respresented by one dot
(�) (see insert). The solid horizontal line in the insert illustrates the mean log LC50

(fish)/log LC50 (embryo) difference for all 40 chemicals with a value of 0.07, indicat-
ing that the zebrafish embryo are on average slightly more sensitive than the fish. In
case of unity between the log LC50s for fathead minnow and zebrafish embryo, dots
should rest on the dotted horizontal line (difference in vivo/in vitro = 0). Dashed lines
illustrate ±1 standard deviation from the mean log LC50 (fish)/log LC50 (embryo) dif-
ference, whereas dashed-dotted lines represent ±2 standard deviations from the
mean. Chemicals with a difference of at least two times the standard deviation
(defined as an “Outlier”) were N-methylaniline and N,N-dimethylaniline (both nar-
cotics). The N-methyl aniline was therefore additionally added to the top 34 CEllSens
reference chemical list. Lindane, which was an outlier for the cell lines, was more
than one but less than two standard deviations apart from the mean for the embryos.

3.5. CEllSens chemical list

The final selection of chemicals is shown in Table 3. This list
was designated the CEllSens chemical list and will be provided as
Excel-sheet upon request.

4. Discussion

In this paper, we propose a list (CEllSens list) of 60 reference
chemicals for systematic investigations on the ability of alterna-
tive testing strategies to predict acute toxicity to fish. Focusing on a
common list of chemicals has helped to advance the development
of alternative testing methods in the past. During the validation
of the mouse fibroblast cell line 3T3-Neutral Red uptake photo-
toxicity test, which is now accepted under OECD (protocol 432,
2004a), 30 reference chemicals were tested blindly. They were
chosen based on results from standardized photopatch testing in
humans, covering all major classes of phototoxins (Spielmann et
al., 1994). A second example is the MEIC study, where 50 chem-
icals with relevance to acute systemic toxicity to humans were
studied using different mammalian cell lines and cytotoxicity tests.
The favorable outcome of the MEIC study (70% of the test chemi-
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Table 3
List of 60 CEllSens chemicals.

Reg. # Name CAS # MOA* log P** log HLC**

(atm-m3/mol)
log water solubility
(mg/l)***

log LC50 (mM)
fathead minnow

log IC50 (mM)
Halle database

log LC50 (mM)
embryo test (UBA)

TOP 34
1 Ethanol 64,175 NPN −0.14 −5.25 4.34 2.49 2.58 2.40
2 2,2,2-Trichloroethanol 115,208 NPN 1.21 −6.81 2.75 0.30
3 Diethylphthalate 84,662 NPN 2.65 −6.40 0.69 −0.84 0.74
4 Di-n-butylorthophthalate 84,742 NPN 4.61 −5.91 −1.40 −2.52 −0.12
5 4-Decylaniline 37,529,309 NPN 6.04 −4.57 −2.84 −3.58
6 Naphthalene 91,203 NPN 3.17 −3.28 −0.62 −1.32 −1.32 (a)
7 1,2-Dichlorobenzene 95,501 NPN 3.28 −2.53 0.03 −1.19
8 Dichloromethane 75,092 NPN 1.34 −2.04 2.18 0.59 1.54
9 Tetrachloroethylene 127,184 NPN 2.97 −1.78 0.10 −1.09 0.82
10 1,2,4-Trichlorobenzene 120,821 NPN 3.93 −2.66 −0.57 −1.78 −0.15
11 Aniline 62,533 PN 1.08 −5.72 2.59 0.16 0.86 0.22
12 4-Chlorophenol 106,489 PN 2.16 −6.38 2.27 −1.32 −0.17 −0.45
13 2,4,6-Trichlorophenol 88,062 PN 3.45 −6.64 0.61 −1.33 −0.58
14 3,4-Dichloroaniline 95,761 PN 2.37 −5.98 −0.25 −1,36 −1.83
15 N-Methylaniline 100,618 PN 1.62 −5.38 1.72 −0.03 −3.15
16 Allyl alcohol 107,186 Reactive 0.21 −5.25 4.24 −2.26 0.93
17 Ethanal 75,070 Reactive −0.17 −4.17 4.36 −0.16 0.39
18 Acrolein 107,028 Reactive 0.19 −4.45 3.58 −3.45 −1.33 −2.18
19 2-Methyl-1,4-naphthoquinone 58,275 Reactive 2.21 −8.51 −0.03 −3.19 −2.10
20 2,3-Dimethyl-1,3-butadiene 513,815 Reactive 3.13 −0.72 0.60 −1.08
21 2,2′-Methylenebis(4-chlorophenol) 97,234 Reactive 4.34 −11.54 −0.95 −2.94 −2.08
22 4-Fluoroaniline 371,404 Reactive 1.28 −5.65 2.00 −0.82
23 2,2′-Methylenebis(3,4,6-trichlorophenol) 70,304 Reactive 6.92 −12.07 −0.46 −4.29 −2.08
24 Malathion 121,755 Specific (ACHE) 2.29 −9.08 −0.36 −1.37 −0.7 −1.68
25 Disulfoton 298,044 Specific (ACHE) 3.86 −5.68 −1.23 −1.84 −0.98
26 Rotenone 83,794 Specific (R. blocker) 4.31 −12.95 −3.29 −4.94 −3.90
27 2,4-Dinitrophenol 51,285 Specific (uncoupler) 1.73 −7.56 1.18 −1.14 −0.67 −2.31
28 Pentachlorophenol 87,865 Specific (uncoupler) 4.74 −6.90 −1.26 −3.08 −1.44 −3.05
29 Permethrin 52,645,531 Specific (neurotox) 7.43 −6.54 −4.81 −4.39 0.51
30 Lindane 58,899 Specific (neurotox) 1.67 −3.59 −1.60 −3.42 (b) 0.39 −2.38
31 Phenobarbital 50,066 Specific (neurodep) 1.33 −13.78 0.68 0.32 0.58
32 Parathion-ethyl 56,382 Specific (neurotox) 1.67 −6.53 −1.42 −2.26 (c) −1.03
33 Hexamethylenetetramine (aliphatic) 100,970 UNSURE −4.15 (2.46) −0.79 3.51 2.55 0.74
34 2-Aminoethanol 141,435 UNSURE −1.61 −9.43 4.21 1.53 −0.25 1.78

Extended list
35 Salicylanilide 87,172 NPN 3.30 −9.80 −0.59 −1.73 −1.34
36 2-Hydroxyethylether 111,466 NPN −1.47 −8.69 3.97 2.85 1.79 2.68
37 2,3,4,5-Tetrachlorophenol 4,901,513 NPN 4.09 −6.77 −0.91 −2.75 −2.01
38 Triethylene glycol 112,276 NPN −1.75 −10.50 3.82 2.60 2.55
39 4-Nitrophenol 100,027 PN 1.91 −8.66 1.92 −0.38 −0.69 −0.60
40 Pyridine 110,861 PN 0.80 −5.15 4.10 0.13 1.67
41 o-Cresol 95,487 PN 2.06 −6.12 2.38 −0.89 −0.28
42 2-Chlorophenol 95,578 PN 2.16 −6.38 2.78 −0.97 0.43
43 2,4-Dimethylphenol 105,679 PN 2.61 −6.17 1.81 −0.87 −0.33
44 1,1-Dimethylhydrazine 57,147 Reactive −1.19 −7.16 4.22 −0.88
45 1-Benzoylacetone 93,914 Reactive 0.61 −8.18 0.37 −2.17
46 Phenyl disulfide 882,337 Reactive 4.31 −4.31 −1.56 −3.30
47 1,3-Dibromopropane 109,648 Reactive 2.50 −2.76 0.93 −1.92
48 A,A′-Dichloro-p-xylene 623,256 Reactive 3.60 −3.09 −1.00 −3.65
49 2,2,2-Trifluoroethanol 75,896 Reactive 0.27 −4.55 4.00 0.08
50 Xanthone 90,471 Reactive 3.84 −6.71 −1.64 1.73 (LC10)
51 4-Nitrobenzaldehyde 555,168 Reactive 1.53 −7.28 1.19 −1.18
52 o-Fluorobenzaldehyde 446,526 Reactive 1.91 −4.80 1.43 −1.96
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Fig. 6. Plot of Halle Registry of Cytotoxicity data vs. UBA zebrafish embryo toxicity
data. All 48 chemicals for which both log IC50 (Halle Registry) and log LC50 (zebrafish
embryo) were available were correlated. Each chemical is represented by one dot
(�). Chemicals selected for the CEllSens chemical reference list are marked with (×).
In correlation to the line of unity between the log IC50 values from Halle Registry
and the log LC50 embryo values (dashed diagonal line), two clusters of chemicals
were identified (circled). One cluster was formed by narcotic chemicals, which were
located close to the line of unity. The other cluster comprised specifically acting and
reactive compounds, which were located above the line of unity (indicating greater
sensitivity of the embryo compared to the cell lines). One chemical with an unsure
mode of action (2-aminoethanol) was located well below the line of unity (indicating
greater sensitivity of the cell lines).

cals could be correctly identified in vitro if correlated with lethal
blood concentrations) has led to the ACuteTox project (Clemedson
et al., 2007) whose aim is to replace animal testing for human
acute systemic toxicity. The CEllSens approach differs from previ-
ous studies in three ways. We were able to base our selection on
toxicity data already available for alternative methods in addition
to the commonly required acute lethality data for fish. We, more-
over, systematically accounted for physico-chemical properties and
incorporated an about equal number of chemicals for each mode of
toxic action. Finally, we considered ease of analytical detection in
order to support the widespread use of the reference chemical list
without analytics being a major hurdle.

The final list of chemicals contains many compounds that
are included in the OECD list of high-production volume chem-
icals (OECD, 2004b). These are chemicals that are produced
at levels greater than 1000 tons per year in at least one
member country. Examples include ethanol, 3,4-dichloroaniline,
acrolein, malathione. Lindane, 2-aminoethanol and hexamethylene
tetramine, which were identified as outliers in the in vivo vs. embryo
or cell line comparison, are also CEllSens chemicals identified as
high-production volume chemicals. According to REACh, a produc-
tion volume of more than 10 tons per year requires toxicity data for
the acute fish lethality test. Therefore, the CEllSens list represents
the type of organic industrial chemicals that are typically of envi-
ronmental concern and required to be tested for their toxicity to
fish very well. One should keep in mind, however, that the starting
point for the CEllSens chemical list is acute toxicity to fish. Chemi-
cals with prolonged or chronic modes of action, such as endocrine
disrupting or carcinogenic potency, were not explicitly selected.



Author's personal copy

136 K. Schirmer et al. / Aquatic Toxicology 90 (2008) 128–137

Preparing the CEllSens list of reference chemicals suggested sev-
eral important directions of study in order to improve alternative
testing methods. For fish acute toxicity data vs. cell lines, the latter
appeared generally less sensitive than fish. This phenomenon has
been noted repeatedly in the past (reviewed in Schirmer, 2006).
This sensitivity issue and the role the mode of action and physico-
chemical properties of the test chemicals play in explaining this
phenomenon are currently being investigated and will be pre-
sented elsewhere (Kramer et al., in preparation). In the future, the
CEllSens chemical list could be used to identify and possibly quan-
tify the role of different processes leading to the in vivo/in vitro
differences. Studies using continuous cell lines, for example, have
generally focused on basal cytotoxicity as an endpoint and thus
were not designed to monitor specific or reactive modes of action.
The zebrafish embryo represents a full organism. Being organized
in different, albeit developing, tissues and organs it allows differ-
ent modes of action to proceed. However, lindane is an example of
a chemical that appeared more toxic in fish than either in the cell
lines or in the embryo. Geyer et al. (1994) showed that differences
in lindane toxicity to different species of fish were abolished if LC50
values were normalized to the lipid content of each type of fish,
indicating a lipid storage of lindane as a means of protection from
lindane acute toxicity. A similar protective mechanism is unlikely
to explain the difference between the fish, fish embryo and cell
line data because a significantly higher lipid content, able to pro-
tect from lindane toxicity, cannot be expected in the embryos and
cell lines. In embryos, the yolk may possibly serve as a reservoir.
However, it mainly consists of proteins. To fully comprehend the
differences in toxicity as seen for the three models under investi-
gation, testing chemicals like lindane should be a priority because
it would allow for the identification of parameters leading to the
creation of an outlier.

The CEllSens reference chemical list was derived from the three
most comprehensive databases available to date for in vivo fish
acute lethality data, lethality of fish embryos and in vitro cytotoxi-
city. Despite this fact, one should keep the shortcomings of each of
these databases in mind. For the U.S. EPA fathead minnow database,
values are specific to one species of fish, the fathead minnow. Yet,
differences in species sensitivity are to be expected (Geyer et al.,
1994) and could, in addition to lipid content, be related to a species’
tolerance with regard to salinity, oxygen and temperature. Differ-
ences in sensitivity for species are tolerated for the determination
of acute fish lethality according to OECD 203, where seven differ-
ent fish species are recommended for the acute fish lethality test.
It would be of interest to deduce a level of tolerance for alternative
testing strategies as well. However, comparison not only between
conventional and alternative testing methods but also different
species underlying these methods may complicate the derivation
of acceptable levels of tolerance.

For the UBA database on zebrafish embryo toxicity, the range
of chemicals studied thus far is still relatively limited. For the
chemicals presented in Fig. 5, for example, only 2 out of 40 have
a log P greater than four and 1 out of 40 has a water solubility
below 10 mg/l. There is also uncertainty as to the barrier function
of the chorion. Although only weak barrier effects of the chorion
have so far been reported (Braunbeck et al., 2005), a role of the
chorion in preventing uptake particularly of bulky compounds can-
not entirely be excluded. The description of the test procedure
is still evolving and owing to this, details of the performance of
tests that led to published LC50 values are sometimes difficult to
obtain. For example, a test volume is given in the DIN norm but the
type of material (glass or plastics) is not specified. This however,
may have a profound impact on the bioavailability of hydropho-
bic compounds. As well, the number of embryos per test and the
number of independent biological replicates is often difficult to

ascertain from the literature. Likewise, reported LC50 values are a
mix from static (82%), static renewal (17%) and flow-through (1%)
set-ups.

For the Halle Registry of Cytotoxicity, data from a wide variety of
studies with different goals have been collected. Therefore, among
the three databases, the Halle Registry contains data whose deriva-
tion was most diverse and least standardized. Moreover, focus of
this database is on cell lines from mammals, not from fish. Although
excellent correlations between mammalian and fish cell lines have
been described for basal cytotoxicity (Castaño and Gómez-Lechnón,
2005; Clemedson et al., 1998a,b; Segner, 2004), the use of fish cell
lines can offer significant advantages for correlating a wide vari-
ety of chemicals to the acute toxicity in fish (Bols et al., 2005;
Schirmer, 2006). Fish cell lines are cultured at temperatures that
closely reflect those found in the natural habitat of the fish. Temper-
ature may not only be of physiological relevance but also impact on
the behavior of chemicals, like their bioavailability. Moreover, fish
cells can be cultured in the absence of serum. Serum impacts on
bioavailability but also provides protective molecules that can mask
a cytotoxic effect (Dayeh et al., 2005). Serum-free culture medium
was successfully used to determine a rainbow trout gill cell line,
RTgill-W1, IC50 value for naphthalene that closely resembled the
LC50 for fish acute lethality (Table 3; Schirmer et al., 1998). This
assay also detected 1 out of 16 paper mill samples that was toxic to
rainbow trout (Dayeh et al., 2002). Therefore, the CEllSens project
will systematically test the list of chemicals on well-characterized
fish cell lines.

Taken together, the CEllSens list of 60 reference chemicals can
serve as a basis for many different applications. Understanding in
vivo/in vitro differences and similarities on a mechanistic level for
chemicals with different properties and modes of toxic action is
one that we currently tackle. A better mechanistic understanding
of the differences should lead to improved testing protocols whose
validity can likewise be tested using all or a sub-set of the reference
chemical list. The reference list of chemicals can, moreover, be used
to deduce effect parameters that are linked to the structure and
physico-chemical properties of the chemicals, leading to quantita-
tive structure–activity relationships (QSARs). Such analyses should
go hand in hand with improved methodologies for measuring
or modeling physico-chemical parameters. Goss et al. (2008), for
example, recently described that EPI Suite, which was used herein
to uniformly calculate log P and log HLC, cannot exactly model the
three-dimensional structure of lindane (�-hexachlorocyclohexane,
HCH) and thus cannot distinguish log P and log HLC for isomeric
structures. Established QSAR models could be blindly applied to the
list of reference chemicals to validate the models. Finally, the infor-
mation for each chemical on the list could be expanded in several
different ways. One way would be to add further physico-chemical
parameters, such as membrane–water partitioning coefficients.
Another means of extending the list would be to include test
results from other organisms or biochemical endpoints. Genome
or proteome-wide expression analyses upon exposure of cells or
organisms to selected chemicals could help identify mode-of-
action specific biological response patterns (Voelker et al., 2007;
Yang et al., 2007). In this way, the CEllSens chemical list aims to
function as a catalyst that helps to direct research to and accel-
erate research on alternative methods for hazard identification in
toxicology and ecotoxicology.
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