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Distribution and marketing of chemicals require appropriate labelling of health, physical and environ-
mental hazards according to the United Nations global harmonisation system (GHS). Labelling for
(human) acute toxicity categories is based on experimental findings usually obtained by oral, dermal
or inhalative exposure of rodents. There is a strong societal demand for replacing animal experiments
conducted for safety assessment of chemicals. Fish embryos are considered as alternative to animal test-
ing and are proposed as predictive model both for environmental and human health effects. Therefore, we
tested whether LC50s of the fish embryo acute toxicity test would allow effectively predicting of acute
mammalian toxicity categories. A database of published fish embryo LC50 containing 641 compounds
was established. For these compounds corresponding rat oral LD50 were identified resulting in 364 com-
pounds for which both fish embryo LC50 and rat LD50 was available. Only a weak correlation of fish
embryo LC50 and rat oral LD50 was obtained. Fish embryos were also not able to effectively predict
GHS oral acute toxicity categories. We concluded that due to fundamental exposure protocol differences
(single oral dose versus water-borne exposure) a reverse dosimetry approach is needed to explore the
predictive capacity of fish embryos.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The estimation of mammalian acute systemic toxicity is impor-
tant for the international distribution and marketing of chemicals.
Acute toxicity studies are mainly conducted to respond to the reg-
ulatory request for hazard classification and labelling by various
sector-specific regulations for industrial chemicals, agrochemicals,
biocides and pharmaceuticals (reviewed in Seidle et al., 2010). In
order to increase international regulatory consistency and effi-
ciency, the United Nations global harmonisation system (GHS)
has implemented rules for classification of (human) acute systemic
toxicity categories (UN, 2011; Seidle et al., 2011). This classification
is based on experimental findings obtained by oral, dermal or inha-
lative single dose exposures of rodents and calculation of effect
concentrations for lethality (Seidle et al., 2010). According to cer-
tain thresholds for the LD50 five acute toxicity categories are
assigned: category I–III (labelled as ‘‘danger’’), category IV (labelled
as ‘‘warning’’) and category V (no label). Category V comprises
compounds with low acute systemic toxicity. The thresholds for
the different categories are specific for the exposure route (oral,
dermal or inhalative) and label warnings normally reflect the most
severe hazard category (UN, 2011).

Acute toxicity classification has been critically discussed based
on scientific and ethical grounds (e.g., Seidle et al., 2010, 2011;
Robinson et al., 2008; Creton et al., 2010; Kinsner-Ovaskainen
et al., 2009). Therefore, various approaches have been developed
to refine, reduce or replace the use of animal experiments to derive
LD50s. For instance, the OECD has approved modifications of the ini-
tial protocols for the oral and inhalation routes (OECD 401 and
OECD 403), such as the Up and Down, Fixed Dose and Acute Toxic class
methods that reduce the number of animals to derive an LD50 or
acute toxicity category by about 70% (OECD 420, 423,425, 436;
Seidle et al., 2010). Also the need to consider exposure via multiple
routes has been questioned since the acute toxicity classification
would usually have been achieved by sole conduction of oral expo-
sure experiments (Moore et al., 2012; Seidle et al., 2011). In the
pharmaceutical sector the conduction of acute toxicity tests has
been reduced since the information obtained from acute toxicity
studies is of little or no value in the drug development process
(Robinson et al., 2008). Hence, they were no longer considered
required prior to human clinical trials for pharmaceuticals (Seidle
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et al., 2010). Given the observed correlation of in vitro cytotoxicity
with human blood plasma LC50 (Ekwall et al., 1998; Sjöström
et al., 2008) it was suggested to reduce the number of animal tests
at least by using in vitro toxicity data to derive starting concentra-
tions for acute toxicity assessment (Seidle et al., 2010).

Despite the evolutionary distance also fish embryos have been
suggested as predictive model for human or mammalian acute sys-
temic toxicity (Parng et al., 2002; Ali et al., 2011). In compliance
with international animal welfare regulations, the fish embryo
model provides an ethically acceptable small scale analysis system
with the complexity of a complete organism (Halder et al., 2010;
Embry et al., 2010; Strähle et al., 2012). Fish embryos are charac-
terised by a high versatility of applications in toxicology ranging
from prediction of acute fish toxicity (Lammer et al., 2009;
Belanger et al., 2013; Knöbel et al., 2012), fish early life stage tox-
icity (Volz et al., 2011; Villeneuve et al., 2014), to endocrine disrup-
tion (Brion et al., 2012; Thienpont et al., 2011), organ toxicity
(Scholz, 2013), teratogenicity (Brannen et al., 2010; Gustafson
et al., 2012; Selderslaghs et al., 2012) and the aforementioned
mammalian acute systemic toxicity.

The studies that investigated the potential capacity of fish
embryos to predict mammalian (oral) acute systemic toxicity have
obtained only a weak or partial correlation (Parng et al., 2002; Ali
et al., 2011). These investigations were focused on the comparison
of fish embryo LC50 and mammalian LD50 obtained from oral or
intravenous application of a limited number of – mostly pharma-
ceutical – compounds (18 and 60, respectively). This weak correla-
tion is probably related to fundamental differences in exposure and
pharmacokinetics in rodents and fish embryos (single oral dose
versus water-borne exposure; plasma peak concentrations versus
partition equilibrium). However, to meet classification and label-
ling, precise LD50 prediction would not be necessary (Seidle et al.,
2010) and hence, the weak or partial correlation of fish embryo
and mammalian acute toxicity might be sufficient to predict
appropriate acute toxicity categories. At least fish embryo data
may allow to reliably identify compounds with high acute toxicity.
Therefore, in order to critically evaluate the predictive capacity of
fish embryos, LC50s were collected from the scientific literature
and compared to rat LD50 and corresponding acute toxicity catego-
ries. The analysis was limited to oral toxicities in rats since the
largest set of data was available for this exposure route and spe-
cies, and since oral toxicity is – if compared to dermal and inhala-
tion routes – for most of the compounds more sensitive than other
exposure routes and the main driver of classification.
2. Material and methods

2.1. Literature survey for fish embryo LC50

Fish embryo acute toxicity LC50 were obtained from the articles
of Lammer et al. (2009), Belanger et al. (2013) and Knöbel et al.
(2012), by a search of the open literature for studies not included
in these reviews (using a combination of the key words ‘‘fish
embryo’’ and ‘‘toxicity’’ and manual selection) and from internal
unpublished data. Publications available until April 2013 have
been included. According to the EU directive on the protection of
animals used for scientific purposes we considered only LC50 data
that were obtained with embryonic stages until the stage of inde-
pendent feeding (EU, 2010). This stage in the zebrafish embryo
refers to about 5 days post fertilisation (dpf) (Strähle et al.,
2012). However, we also considered data from a study of Padilla
et al. (2012) in which zebrafish embryos were exposed until
5 dpf but analysed at 6 dpf after a recovery rate of 24 h. The recov-
ery period in this study aimed at protecting the staff in charge of
the analysis of the embryos but may lead to higher lethality rates
if compared to 5 dpf. For other fish species (Oryzias latipes,
240 hpf; Psetta maxima, 144 hpf) longer exposure periods were
allowed if they were considered as embryonic stages.

Turbot (P. maxima) was the only marine species with fish
embryo data and most of the 10 compounds tested by turbot
exhibited an about 1000-fold lower LC50 if compared to other spe-
cies (Mhadhbi et al., 2012; Mhadhbi and Beiras, 2012; Mhadhbi
and Boumaiza, 2011). Since it is not clear whether the higher sen-
sitivity is associated with a specific higher sensitivity of turbot or
deviations in the exposure and evaluation protocols, the turbot
data have not been considered for the analysis.

For the comparative analysis with rat oral LD50 only fish embryo
studies were considered that were able to derive an LC50 within the
tested range of concentrations.

2.2. Origin of rat LD50

Rat LD50 corresponding to compounds for which fish embryo
LC50 were available were obtained from the ChemIDPlus Advanced
database of the United States National Library of Medicines (avail-
able at http://chem.sis.nlm.nih.gov/chemidplus/) or via the eCh-
emPortal of the OECD (available at http://www.echemportal.org).
The latter refers to different databases and the exact origin is avail-
able in the Supplement excel file. The data are listed in Supplement
excel Table 2.

2.3. Identification of physico-chemical characteristics

Physicochemical characteristics (logKow, Henry’s law coeffi-
cient, water solubility and pka where appropriate) were mainly
obtained from the ChemIDPlus Advanced database. If the data were
not available in the ChemIDPlus Advanced database they were pre-
dicted with the ECOSAR software (Clements and Nabholz, 1994) by
entering the chemical structure.

2.4. Modelling of fish embryo LC50

A large number of data (>300 compounds) have been analysed
in a screening study of the US EPA (Padilla et al., 2012). Since this
study was reporting cumulative AC50 values that integrated lethal
and sublethal effects (hatching, morphology), the raw data were
reanalysed in order to obtain LC50. For most of the compounds
Padilla et al. (2012) tested only 2 embryos per concentration. In
this case the LC50 was calculated as the geometric mean of the
highest concentration with no mortality and the lowest concentra-
tion with 100% mortality. For a few compounds, up to 14 embryos
per concentration were tested. For these compounds the LC50s
were calculated with the Hill slope equation using the software
JMP 10.0 (SAS, Cary, NC):

Y ¼Minþ Max�Min

1þ x
EC50

� ��p ð1Þ

Min and Max values were set to 0 and 100%. x and y represented
the nominal exposure concentration and the survival rate (percent-
age), respectively. p refers to the slope of the sigmoidal concentra-
tion–response curve.

3. Regression analysis

Regression analysis was conducted using a Deming (type II)
regression in order to consider variability for both the independent
and dependent variable. The regression analysis was performed
using the Software Sigma Plot 12.0. (Systat Software GmbH, Erk-
rath, Germany). The regression analysis of logKow versus fish
embryo LC50 was conducted in two steps. Initially all values for
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compounds with a logKow between �1 and 5 with a predicted nar-
cosis mode-of-action were considered for the regression analysis.
The narcosis mode of action was predicted based on QSAR models
of Verhaar (Verhaar et al., 1992) and Russom (Russom et al., 1997)
using the software ChemProp 5.2.7 (ChemProp, 2012). Then, the
residues for the fish embryo LC50 were calculated and outliers were
identified with a box plot analysis using the software IBM SPSS
(IBM, Ehningen, Germany). Outliers represented values more than
1.5-fold of the interquartile distance below or above the 25% or
75% percentile value and were removed since they may not repre-
sent compounds with a narcosis mode of action. Subsequently the
regression analysis was repeated excluding the outliers.

4. Results and discussion

4.1. Compilation of a data base for fish embryo LC50

A total of 71 studies – including those reviewed by Lammer
et al. (2009) and Belanger et al. (2013) – that reported fish embryo
mortality and were published until April 2013 were identified (see
Fig. 1 and Supplement excel Table 1). These studies and internal
unpublished data of the authors covered 641 compounds, of which
for 471 compounds at least one study has revealed an LC50 in either
the catfish (Clarius gariepinus, one compound) fathead minnow
(Pimephales pomelas, 5 compounds), medaka (O. latipes, 3 com-
pounds) and zebrafish (Danio rerio, all other compounds). The
entire dataset of fish embryo LC50, corresponding physico-chemical
properties and source of data is available as a Supplement excel
file.

For 70 compounds the LC50s of individual compounds were ana-
lysed for different exposure durations (24–120 h starting from
Fig. 1. Distribution of available fish embryo LC50 in relation to the logkow. The figure su
24–120 h. In case that different exposure windows and durations were analysed in one s
from different studies, the lowest LC50 was displayed. Compounds that did not provoke an
the tested range of concentrations are included in a table in the Supplement (Table S2). Th
5, predicted as narcotics and after removal of outliers. For details on effect levels, specie
fertilisation) within the same study (Supplement Table S1). The
data showed a relatively strong cumulative toxicity for 7
compounds indicated by lower LC50 (<5-fold) in exposures for
72–120 h in comparison to the LC50 obtained after 48 h of exposure
(0–48 hpf). For 8 compounds a relative LC50 of 2–3 was observed.
The 0–48 hpf LC50 was used as a reference value, since this time
window was analysed in the majority of the studies that
considered different exposure durations. For two compounds –
2,4-dichlorophenoxy acetic acid (2,4-D) and malathion – deviating
results from two different studies were observed. For 2,4-D, Ton
et al. (2006) already observed mortality in the 0–48 hpf exposure
window, while no toxicity was observed for this exposure window
in the range of solubility by an internal study (UFZ, unpublished
results). However, Ton et al. (2006) did not reported whether a
pH adjustment was conducted. Hence, the observed deviation
may result from a reduced pH in the testing solution. 2,4-D is a
weak acid and due to its pka of 2.73 dissolution results in a pH of
around 3. For our internal analysis pH was adjusted to 7 (UFZ,
unpublished results). For malathion both available studies indi-
cated a cumulative toxicity but the relative LC50s (i.e. LC50 of expo-
sure periods 648 h vs. >48 h) varied from 3 to 34.

In order to consider the partial higher sensitivity of fish
embryos in prolonged exposures and to avoid false negatives in
the subsequent comparison with rat LD50 the fish embryo mortal-
ity data were aggregated by using the lowest available LC50 for
each compound. The identified compounds covered a wide range
of logKows (�8 to 8) and fish embryo LC50s (10�6 to 103 mM). A
majority of compound were exhibiting a logKow of �1 to 5 and
LC50s of 10�4 to 101 mM (Fig. 1). On average organic compounds
with lower logKow showed a higher toxicity within a logKow

between �1 and 5. A slope of �0.92 (confidence interval �1.10
mmarises data obtained from about 471 compounds with exposure durations from
tudy, the most sensitive data point was displayed. Similarly, if LC50s were available
y mortality in the tested range of concentration or where the mortality was <50% in
e regression analysis was conducted for compounds with a logkow range from �1 to
s, exposure period, data origin and outlier analysis see section 2 and Supplements.
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to �0.75) and an intercept of 1.22 was observed for a regression
analysis of the logKow and compounds with a predicted narcosis
mode of action. The slope close to �1 indicates that hydrophobicity
of the compounds is a major driver of their toxicity in fish embryos.
A very similar slope (�0.94) was also observed for acute adult
acute fish toxicity data (Russom et al., 1997).

For 168 compounds (Supplement Table S2) all studies indicated
no mortality or the mortality was below 50%. It was difficult to
relate a lack of toxicity to physico-chemical properties of the com-
pounds or a weak sensitivity of the fish embryo, since in many
cases only a limited range of concentrations was tested. Further-
more, many studies analysed a maximum exposure duration of
48 h and in some cases (e.g., Luviquat and 2,4-D) longer exposure
periods were necessary to provoke toxicity. However, compounds
with no LC50 were included in the comparison with acute oral sys-
temic toxicity categories (see below).
4.2. Correlation of fish embryo LC50 and rat oral LD50

The acute systemic toxicity classification according to the GHS
system is based on determination of LD50 via oral, dermal and/or
inhalation exposure of mammalian models, mainly rat our mouse.
In order to explore the potential predictive capacity of fish embryo
LC50 for mammalian acute systemic toxicity, we limited our com-
parative analysis to rat oral LD50, since for this species and expo-
sure route the greatest number of LD50 corresponding to fish
embryo LC50 were available and since classification is usually
based on the oral route (see above). For 364 compounds with avail-
able fish embryo LC50s corresponding rat oral toxicity data were
identified. The rat LD50 ranged from 0.02 to 50100 mg/kg. For 37
compounds tested up to maximum concentrations of 2000–
10,000 mg/kg, no acute oral rat toxicity was observed. In order to
conduct a correlation analysis, compounds for which no acute tox-
icity was reported within the tested range of concentrations were
not considered. A linear regression analysis of fish embryo LC50 and
rat oral LD50 did only reveal a weak correlation between fish and
rat (Log Rat LD50 (mmol/kg) = 0.84 + 0.35 � Log fish embryo LC50

(mmol/L); Fig. 2). Partially similar and partially deviating observa-
tions were made by previous studies using zebrafish embryos.
Parng et al. (2002) compared the fish embryo LC50 and rodent
Fig. 2. Correlation of fish embryo LC50 and rat LD50. The analysis was based on 326 comp
be identified. For fish embryos the lowest LC50 was used in case that a compound was ana
was significantly different to 0 and 1 (p < 0.0001).
LD50 of 20 compounds. No clear correlation was obtained for these
compounds but fish embryo LC50 were generally close or below the
rodent LD50. Ali et al. (2011) compared 60 compounds and were
able to obtain a correlation. The obtained slope of the regression
curve of 0.84 for the dependency of rodent LD50 on fish embryo
LC50 was much higher as the slope observed in this study (0.34).
This deviation could result from the limited number of compounds
tested by Ali et al. (2011), potential similarities of pharmacokinet-
ics of the compounds in their dataset or a different exposure setup.
Ali et al. (2011) did expose fish embryos from 24 to 120 hpf while
the LC50s used in the present study (which includes data of Parng
et al., 2002 and Ali et al., 2011) were based on different exposures
scenarios mainly starting from fertilisation and conducted for 48 h.

4.3. Potential impact of protocol variability on the fish embryo LC50 –
rat oral LD50 correlation

The correlation analysis was based on effect concentrations that
were derived from different protocols with various deviations in
assay conditions. Therefore, the impact of species sensitivity, pro-
tocol differences and the chorion as potential source of variabil-
ity/error is discussed below.

(1) Species sensitivity: The dominant species used for determina-
tion of fish embryo acute toxicity is zebrafish (>98% of all
studies). This excludes a major variability introduced by
species difference. Furthermore, a species-specific analysis
has been made in previous studies for the comparison of
acute (adult) fish versus fish embryo toxicity. These previous
correlation analyses have shown that the influence of the
species is relatively low. I.e. regardless whether the
correlation analysis was restricted to certain species or not,
or if different species were compared, the overall correlation
was quite high (Belanger et al., 2013; Lammer et al., 2009).
For mammalian toxicity overall species peculiarities
may also be excluded as a reason for the weak fish embryo
LC50 – rat LD50 correlation. A comparison of rat and mouse
LC50 for compounds included in this study indicated a high
correlation (R2 = 0.85) with a slope (0.91) not significant dif-
ferent from 1 and a small intercept (0.08) (Supplementary
Fig. S2).
ounds for which a pair of rat LD50 corresponding to available fish embryo LC50 could
lysed in different studies and/or different time windows. The slope of the regression



Fig. 3. Correlation of fish embryo LC50 and rat LD50 for selected exposure protocols. The analysis was based on four major exposure durations used in the fish embryo acute
toxicity test (A – 0–48, B – 0–120, C – 24–120 and D – 8–120 h post fertilisation (hpf) with an additional recovery period of 24 h). The data represent subsets of those used in
Fig. 2. The slope of the regression was significantly different to 0 and 1 in all analyses (p < 0.0001). An exposure start of 0 hpf indicates that exposure was initiated within at
least 2 h after fertilisation. Note that most of the LC50s in D are based on geometric means and hence, equal LC50 concentrations are obtained for many compounds since the
same series of molar concentrations were tested.
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(2) Protocol differences: A variety of different conditions is used
for conduction of the fish embryo acute toxicity test. Expo-
sure duration, exposure medium, exposure volume, the type
of exposure vessels, illumination, use of solvents, number of
embryos per replicate and whether pH and oxygen concen-
trations are measured represent the major differences
(Table 1 and Supplement excel file 1). In order to analyse
the impact of exposure protocols we compared results from
experiments with different exposure duration as a potential
major experimental conditions that could affect the LC50

(Fig. 3A–D). Restriction of the correlation to specific expo-
sure durations (Fig. 3) did not improve the correlation. How-
ever, for one exposure protocol (8–120 hpf with a recovery
period of 24 h) used in the study of Padilla et al. (2012) a sig-
nificantly weaker correlation and higher standard error of
correlation coefficients have been observed. It is likely that
this is primarily caused by the different range of LC50 con-
centrations that could be used for this correlation since the
maximum test concentration was 80 lM. Whether the
weaker correlation is also caused by the low number of
embryos used per replicate or the recovery period requires
further experimental verification.
The relatively weak effect of exposure duration on the corre-
lation is also indicated by the comparison of fish embryo
acute to adult 96 h acute fish toxicity. This comparison has
shown that the correlation is not severely altered if fish
embryo test data are restricted to e.g., studies with 96 h of
exposure (Belanger et al., 2013). Hence, whether fish embryo
tests with different exposure periods are included or not
does not significantly affect the overall correlations – albeit
it may lead to differences of a few individual compounds.

(3) The chorion as a potential uptake barrier: Fish embryo tests
include a period of development inside the chorion. In zebra-
fish embryos hatching occurs around 48–72 hpf and hence
the chorion could represent a potential barrier for com-
pound uptake until this stage. However, electron microscopy
has shown that the chorion has pores of 0.17 lm2 (Cheng
et al., 2007). This suggests that the chorion may only repre-
sent a barrier for e.g., particles or high molecular weight
compounds, as indicated by experiments with Luviquat, car-
bon nanotubes or fluorescein dextran >3000 Da (Cheng et al.,
2007; Creton, 2004; Henn and Braunbeck, 2011). Nearly all
compounds in the database established for this study have
molecular weights in the range of 100–400 Da with a few



Table 1
Major protocols used for the fish embryo tests. The publications of Lammer et al. (2009) and Belanger et al. (2013) represent reviews that refer to a greater number of primary
publications. Other included examples refer to studies which have tested at least three compounds. The experimental conditions refer to the selected example references. An
exposure start at 0 hpf (hours post fertilisation) indicates that fish embryo incubation was initiated within at least 2 h after fertilisation.

Exposure
period (hpf)

Solvents used Exposure
medium

Exposure
regime

Exposure vessels Peculiarities Example references

0–48 No solvent, 1%
DMSO

ISO15088,
ISO15088 5x
diluted

Static, sealed
plates and/or
daily renewal

24 well plates,
petri dish,
crystallisation
dish or glass vials

(Lammer et al. (2009), Belanger
et al. (2013), Knöbel et al.
(2012))

0–72 No solvent, DMSO
(0.05, 0.1 or 1%),
sea salt (1 g/L), tap
water

ISO15088,
Tris-buffer

Daily
renewal,
static/sealed

24 well plates (Foerster (2008), Baumann
(2008), Weigt et al. (2011), Ton
et al. (2006), Vaughan and van
Egmond (2010))

0–96 No solvent ISO15088 Daily
renewal,
static

24/96 well plates (Foerster (2008), Belanger et al.
(2013), Groth et al. (1993),
Strecker et al. (2011))

0–120 No solvent, 0.01%
DMSO

ISO15088,
ISO15088 5x
diluted, Sea
salt (60 mg/L)

Static, sealed
plates and/or
daily renewal

24/96 well plates,
glass vials

(Knöbel et al. (2012), Lammer
et al. (2009), Carlsson et al.
(2013))

24–120 No solvent 10% Hanks Static 96 well plates (Ali et al. (2011))
8–120 (144) 0.4% DMSO 10% Hanks Sealed plates,

daily renewal
96 well plates Many compounds tested with only 2

embryos per concentration. Exposure
cessation at 120 hpf, lethality
analysed at 144 hpf.

(Padilla et al. (2012))
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exceptions above 1000 (e.g., 1758 for enamectin and
400,000 for luviquat). Despite some conflicting reports on
uptake of low molecular weight fluorescence dyes into the
perivitelline space (Kais et al., 2013), the presence or
absence of the chorion is unlikely to represent a major lim-
iting factor. This is also supported by the high correlation of
fish embryos LC50 obtained with prehatched stages up to
48 h to adult acute fish toxicity (Lammer et al., 2009).

Hence, it is unlikely that the observed weak correlation of fish
embryo LC50 to rat LD50 is caused mainly by variability and limita-
tions of protocols. In contrast, the weak correlation might be asso-
ciated to fundamental differences in exposure and
pharmacokinetics of both test systems. In fish embryos, exposure
is water borne and a partition equilibrium between the exposure
medium and the fish embryo is established. In oral dosing of rat
a single dose is administered resulting in a compound-specific time
course of plasma concentrations. The initial uptake and distribu-
tion, metabolic conversion and renal clearance affect this time
course and the effective tissue concentrations. This is also sup-
ported by analysis of the dependency of rat LD50 used in this study
on the hydrophobicity (logKow) of the test compounds. In contrast
to fish embryos only a very weak correlation with a slope close to
zero was observed (Supplement Fig. S1).

4.4. Prediction of acute toxicity categories with fish embryos

Despite the weak correlation between rat LD50 and fish
embryo LC50 we hypothesised that fish embryo data might be
Table 2
Associations of fish embryo toxicities with acute systemic (oral) toxicity categories. Gro
harmonisation systems. For each category the corresponding fish embryo toxicities were ide
embryo LC50 were available. Compounds that did not provoke fish embryo toxicity in the

Toxicity category (GHS) No. of compounds Range o

Category 1 (label: danger): 65 mg/kg 9 0.0084–
Category 2 (label: danger): >5 6 50 mg/kg 24 0.00070
Category 3 (label: danger): >50 6 300 mg/kg 75 0.0071–
Category 4 (label: warning): >300 6 2000 mg/kg 133 0.00085
Category 5 (no label): >2000 125 0.0024–
useful to predict acute toxicity classes – at least to identify
highly toxic compounds with an acceptable low false positive
or negative rate. This would allow identifying substances for
which further mammalian animal studies could be waived. In
order to determine whether fish embryo data could be used in
a categorisation approach for acute toxicity classes we grouped
the 364 compounds for which corresponding oral rat LD50s were
available according to the thresholds for oral acute toxicity of
the GHS. Compounds for which no LD50 was reported but that
were tested up to at least 2000 mg/kg were included and consid-
ered as compounds with low toxicity that would not be labelled
(category V). For each GHS acute toxicity category the corre-
sponding fish embryo toxicity range was identified (Table 2,
Fig. 4A) and analysed. The comparison of the geometric means
of fish embryos for each acute toxicity categories indicated a
trend for categories II to V, i.e. higher fish embryo toxicities were
observed for compounds with higher oral rat toxicity (Table 2).
However, if the range of fish embryo LC50s and the distribution
of individual effect concentration was compared, only a very
weak association with the rat acute toxicity was observed. Even
identification of highly toxic compounds would be difficult using
fish embryo data. For compounds for which no LC50 could be
obtained in fish embryos, we compared the corresponding acute
oral systemic toxicity categories. This comparison may be par-
tially confounded given that some compounds have only been
tested in a limited range of concentrations. However, a partial
association with the low acute systemic toxicity categories IV
and V was observed (79% of 150 compounds for which corre-
sponding LD50 were available) indicating that many of the
uping was conducted according to rat LD50 data and the thresholds of the global
ntified. The analysis was restricted to 364 compounds for which both rat LD50 and fish
tested range for concentrations were not considered.

f fish embryo toxicity (mg/L) Geometric mean fish embryo toxicities (mg/L)

241 2.7
–115 1.1
3152 9.6
–39796 14
77,768 26



Fig. 4. Association of fish embryo toxicities with acute systemic (oral) toxicity categories. Grouping was conducted according to rat LD50 data and the thresholds of the global
harmonisation systems (see Table 1). (A) – For each category the corresponding fish embryo toxicities were identified. The analysis was restricted to 387 compounds for
which both rat LD50 and fish embryo LC50 were available. Compounds that have not shown any acute systemic oral toxicity in rats up to a test concentration of 2000 mg/L
were assigned to category 5. (B) – For compounds that did not provoke any mortality in the fish embryo test the percentage of compounds that would be grouped into one of
the five acute oral systemic toxicity categories was calculated. The analysis is based on 150 compounds for which corresponding rat oral systemic LD50 could be identified.

578 S. Scholz et al. / Regulatory Toxicology and Pharmacology 69 (2014) 572–579
compounds with no toxicity in fish embryos also exhibit a low
toxicity in mammals (See Fig. 4).

The fundamental differences in exposure and pharmacokinetics
have been also identified as limiting factor to predict acute sys-
temic toxicity for alternative approaches based on in vitro cellular
models (Ekwall et al., 1998; Sjöström et al., 2008; Noorlander et al.,
2008). Therefore, comparison of in vitro effect concentrations to
effective plasma concentrations of humans or rodents was consid-
ered as a key to improve the correlation. Approaches to provide
pharmacokinetic data that allow to identify plasma concentrations
corresponding to LD50 have been initiated (Noorlander et al., 2008).
However, the number of compounds for which such data are avail-
able is currently very limited and no systematic survey or approach
to generate these data has been initiated. In order to investigate
the principal predictive capacity of fish embryos it would be neces-
sary to identify plasma concentrations corresponding to LD50 con-
centrations. If a correlation with fish embryo data could be
established subsequent approaches would be needed to predict
oral, dermal or inhalative effect concentrations using e.g., physio-
logically based kinetic modelling (Louisse et al., 2010).
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