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A B S T R A C T

A challenge in cumulative risk assessment is to model hazard of mixtures. EFSA proposed to only combine
chemicals linked to a defined endpoint, in so-called cumulative assessment groups, and use the dose-addition
model as a default to predict combined effects. We investigated the effect of binary mixtures of compounds
known to cause craniofacial malformations, by assessing the effect in the head skeleton (M-PQ angle) in 120hpf
zebrafish embryos. We combined chemicals with similar mode of action (MOA), i.e. the triazoles cyproconazole,
triadimefon and flusilazole; next, reference compounds cyproconazole or triadimefon were combined with
dissimilar acting compounds, TCDD, thiram, VPA, prochloraz, fenpropimorph, PFOS, or endosulfan. These
mixtures were designed as (near) equipotent combinations of the contributing compounds, in a range of cu-
mulative concentrations. Dose-addition was assessed by evaluation of the overlap of responses of each of the 14
tested binary mixtures with those of the single compounds. All 10 test compounds induced an increase of the M-
PQ angle, with varying potency and specificity. Mixture responses as predicted by dose-addition did not deviate
from the observed responses, supporting dose-addition as a valid assumption for mixture risk assessment.
Importantly, dose-addition was found irrespective of MOA of contributing chemicals.

1. Introduction

Combined exposure of humans to multiple chemicals calls for
methods for risk assessment of chemical mixtures. This is reflected in
public concern regarding exposure to mixtures and the interest from a
regulatory point of view, which has increased over the years (Kienzler
et al., 2016). To date, while no harmonized strategy exists to predict
cumulative risk, a basis to evaluate cumulative effects has been created
through testing of multiple compounds in a mixture in experimental
models, targeting various organs and toxicological endpoints (Boobis
et al., 2008; Kienzler et al., 2016; McCarty and Borgert, 2006).

The discussion on harmonization of chemical mixture assessment
relates to scientific factors complicating the issue, particularly re-
garding methods to determine the combined effect of chemicals in a
mixture (Cassee et al., 1998; Monosson, 2005). In the case of simple
similar action, chemicals do not interact and react similarly with the
biological system, i.e. display a similar mode of action (MOA). The

toxicity of these mixtures depends on the potency and dose of each
individual compound, which has its own contribution to the toxicity.
Simple dissimilar action applies to compounds in a mixture which do
not interact but have a different MOA. Finally, complex situations,
where compounds interact and influence each other, may result in sy-
nergism or antagonism. Overall, dose addition is considered as a sui-
table approach to human cumulative risk assessment (EFSA-PPR-Panel,
2013), because it logically follows in the case of simple similar MOA, it
is most likely in simple dissimilar MOA, it is conservative in case of
antagonism, while synergism has only been reported occasionally, and
predominantly in models relevant to environmental risk assessment
(Cedergreen, 2014). Ideally, for precise prediction of mixture effects, it
is important to include information on MOAs of contributing com-
pounds, which, however, will often not be available. To further eluci-
date this issue, experimental research in this area was implemented in
the EU-H2020-project EuroMix.

The zebrafish (Danio rerio) embryo is a well described model in
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human and environmental toxicology, considered as an alternative and
efficient model for screening of chemicals (Scholz et al., 2008; Zoupa
and Machera, 2017). It combines the benefits of a whole organism and
of in vitro models, including high throughput (large numbers of off-
spring), rapid embryonic development, and transparency. In Europe, it
is exempted from registration up to 5 days post-fertilization (dpf)
(European Commission, 1986).

Previously, we developed a method to evaluate mixture effects on
the head skeleton in zebrafish embryos through the measurement of the
angle formed by the Meckel's and palatoquadrate (M-PQ) cartilages
(Staal et al., 2018). We here employ this M-PQ analysis to further ex-
pand the database of binary mixture testing, specifically aiming at in-
vestigation of dose-addition analysis for combination effects of com-
pounds of (suspected) dissimilar MOA.

To do this, compounds of various classes were selected based on
relevance to human exposure and on known effect(s) on the skeletal/
craniofacial development (Nielsen et al., 2012; Kyriakopoulou et al.,
2016). The latter criterium follows EFSA's strategy to group compounds
in cumulative assessment groups (CAGs), which are defined by tox-
icological phenotype (target organ, specific effect) and mode/me-
chanism of action, in order to prioritize compounds for combination
testing while limiting combinations with less relevance. Two widely
used agricultural triazole fungicides, cyproconazole and triadimefon,
were selected as reference for eight compounds with mostly dissimilar
MOA compared to those triazoles (Table 1). Exposure to triazole com-
pounds may result in craniofacial malformations, including cleft palate
in humans (Giavini and Menegola, 2010), particularly due to inhibition
of cytochrome P450 Cyp26 enzymes that are part of retinoic acid (RA)
catabolism, and a subsequent imbalance of RA (Menegola et al., 2005;
Okano et al., 2014). Flusilazole is the third included triazole, which,
with its the same MOA and effects on craniofacial development
(Menegola et al., 2005), served as a further positive control for dose
addition under the condition of similar MOA.

A first compound with dissimilar MOA is TCDD. TCDD is a teratogen
in mice, affecting palatal formation and development due to dis-
turbance of TGF-α, EGF, TGF-β1 and TGF-β2 developmental pathways
(Abbott and Birnbaum, 1990). Next, the dithiocarbamate thiram is
known to induce palatal and skeletal malformation in mice, hamsters
and rabbits (Robens, 1969). Dithiocarbamates also caused craniofacial
malformations in developing zebrafish embryos, associated with per-
turbed expression of lysyl oxidase-like 3b (van Boxtel et al., 2011) and
TGF-β1 signaling (van Boxtel et al., 2010). Dithiocarbamates are also
heavy metal chelators, and altogether, their MOA is dissimilar when
compared to triazoles. Similarly, other test compounds which were
included because of known adverse effects on craniofacial development
have other key MOAs, i.e. PPAR activation for PFOS (Das et al., 2015;
Rosen et al., 2017), histone deacetylase (HDAC) inhibition for valproic
acid (Kouraklis and Theocharis, 2002; Manivasagam et al., 2017), and
disruption of reproductive hormone signaling for endosulfan and pro-
chloraz (Altamirano et al., 2017; Hunter et al., 1999) (Andersen et al.,
2002; Vinggaard et al., 2006). Fenpropimorph, a morpholine, may
mainly be involved in sterol metabolism (Crowley et al., 1994;
Georgopapadakou and Walsh, 1996). However, many compounds have
multiple actions, including indirect off-target MOAs, which may even-
tually contribute to the effect. This may for instance be relevant for
disruption of thyroid hormone signaling, which is a shared action
among triazoles, PFOS, and thiram (Chen et al., 2019; Liu et al., 2011;
Shi et al., 2009; Zhang et al., 2019), or nuclear receptor hetero-
dimerization involving retinoic acid receptors in the case of valproic
acid (van Breda et al., 2018). Still, the potency of a compound for each
of its MOAs may differ, and the most potent action identifies thea key
MOA. In this perspective, the assumption of dissimilar MOA for the
combinations of included triazole with non-triazoles may be justified,
and this enables the study of binary mixtures representing dissimilar
MOA in the zebrafish embryo model.
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2. Materials and methods

2.1. Compounds

The compounds tested, purities, and their dose-ranges are listed in
Table 1. All tested chemicals were purchased from Sigma Aldrich,
Zwijndrecht, Netherlands, except for TCDD (Toronto Research Chemi-
cals, Toronto, Canada), fenpropimorph (Dr. Ehrenstrofer, GmbH, Ger-
many), and PFOS (AVCR, Karlsruhe, Germany). All substances were
dissolved in DMSO solvent (CAS number 67-68-5, purity: 99,9%) that
was also used as a solvent control at 0.1%.

2.2. Zebrafish husbandry, embryo collection and scoring

The zebrafish (Danio rerio) were maintained and bred in an auto-
matic Zebtec flow-through system (Tecniplast S.p.A, Buguggiate, Italy)
in the National Institute for Public Health and the Environment (RIVM)
facility. pH was maintained between 7.5 ± 0.5, Tm at 27.5 ± 0.5 °C
and conductivity at 500 ± 100 μS. The photoperiod was set at a day-
night cycle of 14–10 h. Zebrafish were fed 3 times a day, twice with SDS
(Special Diet Services, Tecnilab-BMI BV, the Netherlands) 100 CAT.
824856, 200 CAT 824862, 300 CAT 824867 or small granules (CAT
824876) and once with frozen artemia (Superfish). For breeding pur-
poses, ten females were isolated in a 3.5-L tank and fed frozen artemia
three times a day for a period of 4 days, to improve egg production. The
evening prior to mating, two females and two males were joined in a
3.5-L tank. Spawning was triggered when the lights turned on and eggs
were collected within 30 min. Egg collection was performed in Petri
dishes and successfully fertilized eggs of good quality, as evaluated
under a stereomicroscope (Leica M8), kept for further use. Eggs at
cleavage stage were exposed in 24-well plates containing one egg in
2 mL of test medium (Dutch Standard Water (Staal et al., 2018) with
0.1% DMSO (Merck, Darmstadt, Germany).

Zebrafish embryo development and teratological assessment were
performed on 3- and 5-dpf under the stereoscope and as previously
described (Hermsen et al., 2011). Concisely, embryo development was
scored on the following endpoints: tail detachment, somite formation,
eye development, movement of the embryo, heartbeat, blood circula-
tion, embryo pigmentation, pectoral fin, protruding mouth and
hatching. Next, teratological effects were recorded based on presence of
pericardial edema, yolk sac edema, eye edema, head malformation,
absence/malformation of sacculi/otoliths, tail malformations, heart
malformations, modified chorda structure, scoliosis, rachischisis, and
yolk deformation. These developmental and teratological scores were
used to determine concentration ranges for the exposures aiming at
analysis of head malformation, which was further investigated as the
key endpoint.

2.3. Zebrafish alcian blue staining and cartilage morphometric analysis

Alcian blue staining method was used to visualize the cartilage
skeletal structures of the zebrafish embryos at 5 dpf. Methodology was
based on previous protocols (Cohen et al., 2014; Kimmel et al., 1998)
with minor modifications. Briefly, after exposure embryos were eu-
thanized by rapid cooling and fixed in 4% PFA for 2 h at room tem-
perature (RT). Embryos were washed with phosphate buffered saline
(PBS) and bleached with 3% H2O2 (Sigma, cat no. 216763) and 0.5%
KOH (Sigma, cat no. P1767) for 35 ± 5 min. Additional PBS washes
were followed by overnight staining at 4 °C with 0.01% alcian blue
(Sigma, CAT no 05500) and 60 mM MgCl2 (Sigma, CAT no M2670) in
70% ethanol solution. After staining, embryo washes were performed in
80% ethanol/10 mM MgCl2, 50% ethanol/10 mM MgCl2 and 25%
ethanol solutions. Excess staining was reduced by additional bleaching
with 3% H2O2 and 0.5% KOH. Embryos were washed with 25% gly-
cerol/0.1% KOH and stored in 50% glycerol in 0.1% KOH until further
use. For the cartilage measurement, stained embryos were transported

in slits of a silica gel block or a 3D-printed device (Wittbrodt et al.,
2014) and the head photographed in a ventral view under the stereo-
scope (Leica microscope camera system, Olympus C5050 ZOOM digital
camera). Morphometric measurement of M-PQ angles, illustrated in
Fig. 1, was performed on alcian blue stained craniofacial cartilages
drawn and measured in Adobe Photoshop (vCC 2018). Cartilage mea-
surements of embryos exposed to the compounds of interest were
compared to 0.1% DMSO control groups.

2.4. Exposures

Zebrafish embryos were exposed to fourteen binary mixtures,
combining cyproconazole or triadimefon as reference compound with
one of the second compounds triadimefon, flusilazole, TCDD, thiram,
VPA, prochloraz, fenpropimorph, PFOS, or endosulfan, alongside to
0.1% DMSO solvent control groups. Details of the applied method for
mixture design has been described previously (Staal et al., 2018). In
short, mixtures were designed as a range of combinations of (near-)
equipotent concentrations (see below), where the concentration of the
second compound was calculated using it's relative potency factor
(RPF) to the reference compound. RPFs were modeled using a dedicated
function in the PROAST software (see below) by comparing the
benchmark concentrations (BMC) of the two compounds. PROAST finds
optimal parallel fits for the compounds, and the BMCs are then calcu-
lated at the distance between both fitted curves (on log-dose scale), or,
equivalently, by the ratio of the BMDs of both compounds (note that
this ratio does not depend on the value of the BMR, or CES).

The RPF values produced from the combined single compound
analyses were further used to calculate a range of combination con-
centrations expected (based on dose addition) to result in responses
covering the intermediate part of the single dose-response curve of the
reference compound. Each targeted mixture concentration was
achieved through combining half the concentration of the reference
compound with half the concentration of the second compound (after
adjustment by the RPF), i.e. 0.5*conc of R + 0.5*conc of B*RPF). Some
near-equipotency combinations, e.g. 1:3 and 3:1, were included to ac-
count for estimation errors in the RPF from the preceding experiments.

Exposure to mixtures was performed in the same way as for single
substances, i.e. under static conditions, starting within the first 2 h post
fertilization, and terminating at 5 dpf for evaluation of the head ske-
leton. Single compound exposures were always replicated along with
the mixture as a reference for the mixture dose response.

Fig. 1. M-PQ angle measurements in 5dpf zebrafish embryos in 0.1% DMSO
(solvent control, A) and a representative toxicant (1 nM TCDD, B).
Measurements were performed on alcian blue stained craniofacial cartilages.
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2.5. Statistical analysis

Statistical analysis was performed by dose-response modelling using
PROAST software package v65.5–67.0 (https://www.rivm.nl/en/
proast), available as plug-in module in the R statistical software
package, as web application (https://proastweb.rivm.nl/), and as in-
tegrated part in the EuroMix toolbox (https://mcra-test.rivm.nl/
EuroMix/WebApp/#/). For head cartilage morphology analysis, M-
PQ-angle data were fitted using the y = a{(c − (c − 1) exp (−bxd)
model, and the BMC50} calculated. BMC50 is the concentration where
the M-PQ angle of the exposed embryo increased by 50% compared to
background M-PQ angle. The parameters that are estimated in the ex-
ponential and Hill functions are: a, the background value, i.e. the ex-
pected value of the M-PQ angle at zero exposure; b, the potency of the
tested compound; c, the maximum effect, i.e. upper plateau value re-
lative to the background; and d, the steepness of the curve (Slob, 2002).
In the modelling, concentrations of the second compound in the mix-
ture are expressed as equivalents of the reference compound.

Dose addition from mixtures studies can be evaluated in two ways.
The first way is by estimating the RPF based on the single compounds
only and plot the single-compound responses (and fitted curve) against
dose in terms of the reference compound (using the estimated RPF).
Mixture responses added in this same plot should be close to the single-
compound responses, in case dose addition holds. If dose addition does
not hold, mixture responses will be (systematically) located on either
side of the single-compound responses.

This visual assessment can be complemented with a quantitative
(and more direct) evaluation, i.e. through assessment of the “ratio of
overlap”, which comprises.

Estimation of the RPF using both the single-compound and the
mixture data. When dose addition applies (i.e. mixture and single-
compound responses are close when plotted against dose in terms of the
reference), fitting the curve to all single-compound and mixture re-
sponses will result in a similar estimate of the RPF as found using the
single doses only. However, when dose addition does not apply, and
mixture and single-compound responses are not close, fitting the curve
to all responses will result in a compromise between the single-com-
pound and the mixture responses, as the latter cannot be made close to
the former for any RPF value. As a result, the RPF estimate will be
biased compared to the single-compound estimate. Hence, in case of
dose addition, the confidence interval of the second RPF estimate (all
responses) is expected to overlap with the confidence interval of the
single-compounds RPF estimate, whereas in case of deviation from dose

addition, it can be expected that the overlap between both confidence
intervals will be smaller or that there is no overlap at all. The overlap of
the confidence intervals of both RPF estimates may be quantified by the
ratio of overlap (BMDL of the higher interval divided by the BMDU of
the lower interval). A relatively large value (> 1) of the ratio of overlap
indicates a relatively large deviation from dose addition, while a ratio
smaller than one means that there is no evidence of deviation from dose
addition.

3. Results

3.1. Skeletal analysis of M-PQ angle in exposure experiments

Skeletal analysis of the M-PQ angle at 5dpf was performed in all
embryos of the single compound and mixture exposure experiments. An
example of a single compound effect compared to the solvent control is
presented for the case of TCDD in Fig. 1. Zebrafish embryos exposed to
1 nM TCDD show an increase of M-PQ angle of 31° when compared to
the control. Effects in M-PQ angle generally occurred at a wide range of
non-lethal concentrations, with exception of some cases, notably with
PFOS, where the effective concentrations for the effect of interest were
close to lethality, limiting the specific observations. In the case of
thiram, general skeletal malformations interfered with M-PQ angle in-
creases, particularly at the higher effective concentrations. Delayed
hatching, such as observed at high concentrations of VPA, also ham-
pered correct visualization of the head skeleton, but this could be
solved by manual dechorionation. Other off-target effects, such cardiac
effects with TCDD, were also observed, however without interfering
with M-PQ analysis. More detailed descriptions of compound-induced
phenotypes were provided previously (Staal et al., 2018).

3.2. Single compound dose-response analysis

Replicate dose-response experiments were performed for each of the
10 selected compounds, with the aim to investigate the reproducibility
of the estimated potency (BMD). For each compound the dose-response
data and BMD analysis for separate and combined the replicate studies
is shown in Appendix 1. BMD CIs were derived for each replicate study,
by fitting the dose-response model on each combined data-set with
“study” as a covariate (Slob, 2002; Slob and Setzer, 2014). The study-
specific BMD CIs for cyproconazole and triadimefon are presented as
examples in Fig. 2, with 16 and 12 replicate experiments, respectively.
The results show that not all BMD CIs overlap, which implies that the

Fig. 2. Graphical representation of BMC
(=CED) confidence intervals (CI) derived
from cyproconazole (left) and triadimefon
(right) covariate analysis of 16 and 12 in-
dependent experiments, respectively (ex-
periment numbers in the right-hand le-
gend). Each pair of lines represents the
confidence interval (CI) related to the ex-
ponential (upper) and Hill (lower) model.
CIs were calculated at the 50% effect level,
and depicted along the exposure con-
centration (X-axis, log10 of concentration in
μM). See Appendix 1 for dose response
analyses of the experiments.
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studies were not always true replicates (i.e. there were differences in
unknown experimental factors with an impact on the response), even
though we aimed the studies to have similar experimental conditions.
For the other compounds between two and five replicate studies were
performed, resulting in non-overlapping BMD CIs in various cases as
well (see Appendix 1). Consequently, an estimated RPF from a previous
study cannot be used in the subsequent mixture study that aims to
evaluate dose addition: the RPF needs to be estimated in the mixture
study itself, to avoid false conclusions.

Table 2 shows the BMC CIs obtained by a dose-response analysis of
all replicate studies combined per compound. Apparently, TCDD and
VPA are the most and least potent compounds, respectively, in inducing
craniofacial developmental effects, with the reference compounds cy-
proconazole and triadimefon taking intermediate positions. In the case
of prochloraz and PFOS, the BMC CIs are extrapolated values, due to the
fact that the maximally achieved effect size was lower than the applied
CES = 50%, which may relate to the specificity of the effect of these
compounds (see Discussion).

3.3. RPF estimation based on two-compounds analyses and subsequent
mixture design

Next, we combined the data from each second compound with the
reference compounds cyproconazole or triadimefon, to obtain an esti-
mate of the RPF, with confidence interval. The resulting RPF estimates,
given in Table 3, were used to design 14 mixture experiments through
calculation of a range of combination concentrations at equipotency,

covering the intermediate part of the single dose-response curve of the
reference compound.

3.4. Mixture experiments

The results from the mixture studies were analyzed in combination
with simultaneously executed single compound data, as presented in
Figs. 3 and 4, which have cyproconazole and triadimefon as the re-
ference compound, respectively. In these plots, the second compound
and the mixture are expressed as equipotent concentrations of the re-
ference compound after application of the RPF. Since the dose-response
model is fitted to these equipotent concentrations, the responses to both
single compounds are expected to follow that same curve. When dose
addition applies, the responses to the mixtures should follow that curve
as well. Thus, dose addition is (approximately) confirmed if the mixture
responses (approximately) follow the fitted curve.

The main conclusion from Figs. 3 and 4 is that the mixture responses
follow the fitted curve in all cases. This is true for similar and dissimilar
MOA (triazole-triazole and triazole-non-triazole combinations), which
indicates that dose-addition applies irrespective of similarity of MOA.

As a further observation, similar to single compound analyses, the
maximum response varies among cases, probably due to specificity of
the effect (see Discussion). In the case of PFOS, the maximum response
was higher in the combination with triadimefon as compared to the
combination with cyproconazole, indicating some experimental varia-
bility. Finally, similar non-specific effects as observed in the single
compound exposures also occurred in the mixture experiments, and
may be associated with more scatter in the responses.

Further analysis of the single compound RPFs without and with
mixture shows that these always overlap (ratio< 1; Table 4). This
supports the visual observation from Figs. 3 and 4 that combinations of
compounds behave as predicted by dose addition, both for combina-
tions of similar and dissimilar MOA.

4. Discussion

In this study, dose-addition was investigated in binary mixtures of
compounds known to induce head skeleton malformations, including
cleft palate, through measurement of the M-PQ angle in the head of
120hpf zebrafish embryos. Based on visual assessment of the dose-re-
sponse plots it can be concluded that the mixture responses can indeed
be predicted by dose addition for all compounds considered, irrespec-
tive of the MOA. The ratio of overlap of RPF confidence intervals was
used an approach for further quantitative assessement of dose-addition,
through comparison of the RPF confidence interval resulting from all
dose-response data (including the mixtures) with that from the single
compound data only, by taking the ratio of the upper bound of the
lower interval to the lower bound of the higher interval. In case of
deviation from dose-addition, the ratio of overlap will be relatively
large. However, we found that the ratio of overlap was smaller than one
in all 14 studied binary combinations of compounds, both with similar
and with dissimilar mode of action. This confirms the conclusion from
the visual assessment of the dose-response fits that dose addition ap-
plies irrespective of MOA for the studied category of compounds.

4.1. Evaluation of single compound effects

The compounds included in the study were pesticides, environ-
mental pollutants, and pharmaceuticals, and were selected based on
known effects on craniofacial development in rodents (Nielsen et al.,
2012; Kyriakopoulou et al., 2016). Although the formation of the head
skeleton differs between mammals and zebrafish, the underlying mo-
lecular pathways are conserved (Duncan et al., 2017), and phenotypic
expressions of head skeleton malformations in zebrafish embryos, with
the M-PQ angle as a read-out, may therefore be considered as a valid
model for craniofacial malformations in mammals. Otherwise,

Table 2
BMCs confidence intervals (CI) at CES = 50%.

Compound BMC CI (μM)

Cyproconazole 41.6–47.9
Triadimefon 16.4–20.9
Flusilazole 11.5–17.1
TCDD 0.76–1.1 nM
Thiram 33–167 nM
VPA 220–265
Prochloraz 12.6–25.2a

Fenpropimorph 27.9–36.8
PFOS 43.5–103a

Endosulfan 1.6–4.1

BMC CIs derived from combined analysis of all included
experiments (see Appendix 1), showing the lowest
BMDL-highest BMDU in the exponential and Hill
models. All values are in μM, except in nM for TCDD
and thiram.

a Extrapolated values, which occur in cases with
limited achieved effect sizes within the exposure dose
range.

Table 3
RPFs/CIs of compound combinations used in the binary mixture experiments.

Reference compound Second compound RPF RPF-CI

Cyproconazole Triadimefon 1.2 0.88–1.5
Cyproconazole Flusilazole 4.5 3.4–5.4
Cyproconazole TCDD 45053 37569–54540
Cyproconazole Thiram 529.4 392.1–767.9
Cyproconazole VPA 0.18 0.14–0.21
Cyproconazole Fenpropimorph 1.4 1.2–1.7
Cyproconazole PFOS 0.53 0.35–1.5
Triadimefon TCDD 27439 22269–35738
Triadimefon Thiram 996.8 599.8–1686.3
Triadimefon VPA 0.09 0.08–0.1
Triadimefon Prochloraz 2.4 1.6–3.4
Triadimefon Fenpropimorph 1.0 0.7–1.4
Triadimefon PFOS 2.1 1.2–3.5
Triadimefon Endosulfan 1.8 0–5.7
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irrespective of translatability of the effect among animal classes, the M-
PQ angle appears to be a practical parameter to quantify toxicological
effects on head skeleton development (Staal et al., 2018). All 10 com-
pounds considered affected the M-PQ angle, albeit with different po-
tencies, and with differences in the maximally achievable effect.

The BMD variation within the independent experiments was gen-
erally very limited, and reflects the robustness of the study design. In

contrast, the inter-experimental variation in estimated BMDs could
mount up to more than a 10-fold difference in the cases of thiram and
fenpropimorph (Appendix 1), and thus may indicate that circumstantial
experimental factors, including actual toxicant concentrations in the
exposure medium, ambient conditions, post-exposure handling of em-
bryos and inter-observer variation, affect the final outcome. Although
such unintended experimental factors were aimed at to be well-

Fig. 3. Dose-response mixture effects on M-PQ angle in zebrafish embryos, with cyproconazole as the reference compound (black triangles/lines) combined with
either triadimefon, flusilazole, TCDD, thiram, VPA, fenpropimorph, or PFOS, as second compound (red crosses/lines). The new RPF reads for each combination are
shown in Table 4 for quantitative evaluation of dose addition. Dose addition is visually supported when there is no systematic deviation of the mixture (green
diamonds/lines) from the overall dose response fit. Axis titles in the first plot can be read throughout.
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controlled, differences apparently still occurred. The relatively high
throughput of the zebrafish embryo model allows to perceive such
variation, which may go unnoticed in experimental models with lower
throughput. A consequence is that comparing potencies of in-
dependently performed mixture and single compound exposures may
lead to false conclusions, and thus that the RPF used for predicting the
mixture responses should always be estimated in the mixture study it-
self, and not in an independent (e.g. preceding) study. When results
from zebrafish studies are directly used for risk assessment, the con-
sequence is that repeated experiments in zebrafish embryos would be
needed for a more secure derivation of the BMDL.

Although the M-PQ angle represents a practical read-out, each in-
cluded compound may not specifically target this endpoint, or have the
formation of the head skeleton as a primary target at all. This is re-
flected in the variation of maximally achieved increase of the M-PQ
angle, which was high for the triazoles, TCDD and VPA, but limited for
prochloraz, fenpropimorph, and PFOS (Appendix 1). The size of the
effect may be limited by additional toxicities masking the craniofacial
phenotype, e.g. through lethality (observed with PFOS) or severe
overall skeletal malformation as was the case with thiram. This is in line
with observations with the developmental and teratological scores,
which were used for concentration range-finding, and which revealed

Fig. 3. (continued)
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compound-specific toxicological profiles (not shown), with for instance
scoliosis as a specific and consistently observed effect after thiram ex-
posure, whereas yolk sac edema was observed with VPA but not with
thiram. Still, although development of the head skeleton may not be the
specific key target of each included compound, the observed dose-ad-
dition in all binary mixtures indicates that even such compounds do
contribute to mixture effects in the investigated domain. Another con-
sideration is that the same compound with limited effects in craniofa-
cial development may be more active in other systems in the organism,

and thus can contribute to mixture effects in different CAGs.
Potency differences can be the result of differing toxicokinetics

among compounds, determining at what concentration a compound, or
its active metabolite, will arrive at the internal target. Physicochemical
characteristics will vary among the used classes of compounds, and
affect initial passage over the chorion, absorption in the embryo proper,
or binding to proteins. However, generally, the internal concentrations
in zebrafish embryos will be quickly equilibrated against external
aquatic concentration for most compounds, irrespective of the presence

Fig. 4. Same as Fig. 3, but with triadimefon as reference compound (black triangles/lines) and TCDD, thiram, VPA, prochloraz, fenpropimorph, PFOS and endosulfan
as second compound (red crosses/lines). Mixtures in green (diamonds and lines).
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of the chorion; moreover, such an established equilibrium will often
even lead to bioconcentration of the compound (Rorije et al., in pre-
paration). Further, the kinetics of interaction with the initial biological
target will differ per class of compounds, determining its primary MOA.
The relative high potency of a compound like TCDD is thus explained
by its high affinity to the zfAHR2 (Andreasen et al., 2002). Differing
binding affinities also occur within a given class of compounds for a
common molecular target (Cotterill et al., 2019), which may explain the
potency differences of the triazole flusilazole as compared to its family
members cyproconazole and triadimefon.

4.2. Evaluation of mixture experiments

The two triazole reference compounds cyproconazole and triadi-
mefon are known to have the same MOA (Robinson et al., 2012). We
found that these two compounds have similar potency, as well as a
similar target specificity, i.e. a similar observed effect-phenotype and a
maximal achieved size of the effect on the M-PQ angle. Based on this,
combinations of either reference compound with the same second
compound can be considered as mutual controls. Indeed, such pairs of
experiments generally showed high similarity, and are thus mutually
confirmative.

Fig. 4. (continued)
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There is some quality variation among the mixture experiments, in
the sense of how informative the dose-response data are. For example,
the combination experiment with cyproconazole and VPA resulted in
multiple and gradually increasing responses, both for the single com-
pounds and the mixtures, whereas the study of cyproconazole-PFOS
showed only a few responses large enough to be distinguishable from
the statistical noise. As already noted, this can be explained by off-
target effects leading to general toxicity and lethality of the embryo at
high concentrations, preventing larger effects on the M-PQ angle to
occur.

Dose-addition appears to be adequate for predicting combination
effects for craniofacial malformations in zebrafish embryos, as con-
cluded from visual observation of the dose-response analyses, and the
ratio of overlap being smaller than 1 in all cases. This was observed in a
wide range of similar and dissimilar MOA combinations. Deviating
combination effects, that might result from synergy or antagonism
(Cassee et al., 1998), were not observed. This suggests that upstream
events in the AOP network describing the processes leading to cranio-
facial malformations contribute equally to the adverse outcome and
eventually merge along the pathway. A follow-up challenge is to exactly
describe and quantify such interactions, which may help to model and
predict combination effects without experimental work, and which may
be achieved through ontology analysis of combined MOAs (Desprez
et al., 2019; Wang et al., 2019).

4.3. Evaluation of methodology for risk assessment purposes

As discussed, M-PQ measurement in zebrafish embryos is a valid
model for assessment of craniofacial malformations, including cleft
palate, in mammals. However, a caveat of this model is in tox-
icokinetics, in view of the different routes of exposure, which is via the
placenta in the mammalian embryo and directly from ambient water in
the fish embryo, with absorption via skin, gills and orally, depending on
the stage of development (Rubinstein, 2006). Also, metabolic trans-
formation with (in)activation of compounds depends on the stage of
development in fish embryos (Alderton et al., 2010; Jones et al., 2010;
Otte et al., 2017), whereas (in)activation of compounds for the mam-
malian embryo will be mainly determined by maternal metabolic ac-
tivity. When the mixture exposure results reported here, or tox-
icological results from the zebrafish embryo model per se, are to be

extended beyond a proof-of-principle conclusion and implemented in
human risk assessment, these factors require further consideration for
extrapolation of toxicological effects from the zebrafish embryos to
humans. Still, the model can be used to further study mixture exposure
issues, e.g. to evaluate if dose addition can predict responses of complex
mixtures. For that matter, throughput of the model may be improved by
replacing the elaborate procedure of staining by implementing a
transgenic fluorescent skeleton model (Hammond and Moro, 2012) and
automate imaging (Pulak, 2016).

Overall, the application of dose-response modelling appears to be a
robust method for comparative potency assessment of individual com-
pounds and for evaluation of the dose addition hypothesis. The same
method was successfully applied in other experimental models, simi-
larly concluding that dose addition applied for skin sensitizers in the
local lymph node assay (Kienhuis et al., 2015) and for AHR ligands in
HepG2 cells (Knebel et al., 2018). The extensive set of mixture studies
analyzed in this research indicates that the methodology can even be
applied to compounds that perform suboptimal in the experimental
model, such as PFOS.

The overall conclusion of this study supports the validity of EFSA's
default of dose-addition in risk assessment of mixtures.
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