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Highlights  

 Discernable gene expression profiles for MOAs of reference compounds 

 GE profiles of unknown compounds can be matched with reference profiles 

 MOAs were supported by ToxCast in vitro assays and by molecular docking 

 qPCR proved a valuable tool for identification of compound MOAs 

 Distinction of MOAs supports modeling of combined exposures 
 

Abstract  

Knowledge on mode-of-action (MOA) is required to understand toxicological effects of compounds, 

notably in the context of risk assessment of mixtures. Such information is generally scarce, and often 

complicated by the existence of multiple MOAs per compound. Here, MOAs related to developmental 

craniofacial malformations were derived from literature, and assembled in a MOA network. A selection 

of gene expression markers was based on these MOAs. Next, these markers were verified by qPCR in 

zebrafish embryos, after exposure to reference compounds. These were: triazoles for inhibition of 

retinoic acid (RA) metabolism, AM580 and CD3254 for selective activation of respectively RA-receptor 

(RAR) and retinoid-X-receptor (RXR), dithiocarbamates for inhibition of lysyl oxidase, TCDD for activation 

of the aryl-hydrocarbon-receptor (AhR), VPA for inhibition of histone deacetylase (HDAC), and PFOS for 

activation of peroxisome proliferator-activated receptor-alpha (PPARα). Next, marker gene profiles for 

these reference compounds were used to map the profiles of test compounds to known MOAs. In this 

way, 2,4-dinitrophenol matched with the TCDD and RAR profiles, boric acid with RAR, endosulfan with 

PFOS, fenpropimorph with dithiocarbamates, PCB126 with AhR, and RA with triazoles and RAR profiles. 

Prochloraz showed no match. Activities of these compounds in ToxCast assays, and in silico analysis of 

binding affinity to the respective targets showed limited concordance with the marker gene expression 

profiles, but still confirmed the complex MOA profiles of reference and test compounds. Ultimately, this 

approach could be used to support modeling of mixture effects based on upfront knowledge of 

(dis)similarity of MOAs.  

 

List of Abbreviations 

AhR – Aryl hydrocarbon receptor 

CAG – Cumulative assessment group (group of chemicals inducing the same effect) 

CED20 -  Critical effect dose 20% 

Cyp26 – Cytochrome P450 26 / Human retinoic acid 4-hydroxylase 

Cyp51 - 14α-Sterol demethylase 

EFSA – European Food Safety Authority 

EGF – Epidermal growth factor 
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HDAC – Histone deacetylase 

hpf – hours post fertilization 

HPT-axis – hypothalamus-pituitary-thyroid axis 

MOA – Mode of action 

MOE – Molecular Operating Environment 

PFOS - Heptadecafluoro-1-octanesulfonic acid 

PPARα – Peroxisome proliferator-activated receptor alpha 

qPCR – quantitative polymerase chain reaction 

RA – Retinoic acid 

RAR – Retinoic acid receptor 

RXR – Retinoid-X-receptor 

TCDD - 2,3,7,8-Tetrachlorodibenzo-p-dioxin 

TGFbeta – Transforming growth factor beta 

TR – thyroid hormone receptor 

VPA – Valproic acid 

 

Keywords: Mixture testing; Adverse outcome pathway; Developmental toxicity; 

 

1. Introduction  

1.1 Cumulative risk assessment 

On a daily basis, people are exposed to complex mixtures of man-made chemicals, such as pesticide 

residues which are present in the diet. Many of these chemicals may cause health effects when dosed at 

a sufficiently high level. However, based on initial risk assessment, exposure can generally be expected 

to be well below adverse health effect limits with a low associated health risk. Nevertheless, mixtures of 

chemical substances may cause a combined effect even at a presumed safe level of the individual 

compounds. This problem of cumulative risk assessment is well recognized in toxicology, and several 

initiatives have been developed worldwide to address the issue. Some regulations and directives already 

require mixture assessment, although there is no internationally accepted harmonized strategy for 

cumulative risk assessment across these initiatives and regulations [1]. In recent years, one of the 

strategies for cumulative risk assessment was adopted by the European Food and Safety Authority 

(EFSA).  
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The EFSA strategy is based on grouping chemicals according to toxicological characteristics, the so-called 

cumulative assessment groups (CAG) [2] [3] [4]. The idea is that chemicals that can induce similar 

phenotypical effects should be grouped, while chemicals that only act on different systems in the 

organism are excluded. A first tier in this grouping comprises the target organ or target biological system 

in the organism (CAG level 1). CAG level 2 then considers the specific toxicological phenotype within that 

common target organ or system. A further refinement at level 3-4 considers integration about mode 

and/or mechanism of action (MOA) information. The relevance of MOA information is that simple dose 

addition (after correction for potency differences) can be safely assumed for chemicals with a similar 

MOA, whereas chemicals with dissimilar MOA in principle could act independently, or produce positive 

or negative interaction. This may lead to non-dose additive effects such as antagonism (a lower potency 

of the mixture compared to the combined single compounds) or synergism (a higher potency of the 

mixture compared to the single compounds). The absence of information on the toxicological MOA for 

many chemicals results in grouping under level 2 based on phenomenological effects [5]. A second 

consequence of the absence of information on toxicological MOA for many chemicals is that EFSA 

proposed dose addition as a default assumption for cumulative risk assessment [4]. This is considered a 

conservative approach because dose addition or less-than-dose-addition was more commonly observed 

compared to more-than-dose-addition in case-studies with mixtures in models relevant to human risk 

assessment [6, 7].  

The EU-funded Horizon2020 project “EuroMix” (European Test and Risk Assessment Strategies for 

Mixtures; https://www.euromixproject.eu/) has elaborated on the EFSA strategy for cumulative risk 

assessment in proof-of-principle studies, by testing of binary mixtures of chemicals belonging to 

selected CAGs, and with relevance to exposure of the European population via food. One such study 

employed the zebrafish embryo as a model for CAG level 2 effects (cleft palate/craniofacial 

malformations) in CAG level 1 (developmental toxicity) and confirmed dose addition as a common 

principle [8]. This study used a set of reference compounds with known in vivo developmental effects on 

the formation of the head skeleton [5].  

The transparent appearance of the zebrafish (Danio rerio) embryo enables the microscopic study of 

skeletal formation. In addition, the zebrafish embryo is a non-licensed experimental organism under 

current legislation. This renders the zebrafish embryo an excellent model for the study of skeletal 

development and (toxicant-induced) craniofacial malformations. Despite the differences in skeletal 

developmental processes (e.g. specific ossification) and the final anatomy of the craniofacial area 

between and within taxonomic classes, molecular pathways in embryonic development, including the 

pharyngeal area, are highly conserved among vertebrates.  

In the previous study [8], well-defined MOA information was only available for a subset of the tested 

reference compounds in the present study (Table 1, Table 2), which rendered classification of mixtures 

as similar or dissimilar MOA approximate in some cases. Therefore, the aim of the present study was to 

improve this classification with the use of simple experimental models since this could help predict a 

(newly produced) compound’s contribution to effects in combined exposures. 

1.2 MOA to advance classification of chemicals in mixtures 
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Full MOA assignment requires comprehensive analysis of genome-wide differential gene expression, 

preferably of multiple groups of chemically-related substances, in a dose-dependent manner and ideally 

in a number of models (both simple and complex) relevant to the toxicological phenotype under study. 

Since this was not achievable within the limitations of the project, we applied an alternative approach, 

including identification of major MOAs involved in craniofacial malformations and known reference 

compounds for these, arrangement of these MOAs in an integrated pathway network, and identification 

of potentially informative marker genes herein. Next, expression of these marker genes was tested for 

distinctive potential in zebrafish embryos exposed to reference compounds for the identified major 

MOAs. Expression of the most informative marker genes was then analyzed in zebrafish embryos 

exposed to test compounds with unknown MOAs, to achieve mapping of these compounds to known 

MOAs. To support our findings, the results of this marker gene expression were compared to existing 

activation profiles of reference and test compounds in ToxCast in vitro assays. In addition, the gene 

expression results were substantiated with in silico analysis of binding affinities (molecular docking 

modeling) of all compounds to selected biomolecules associated with initiation of the major MOAs.    

1.3 Identification of MOAs related to craniofacial malformations and synthesis of pathways into a 

network 

A literature search to identify MOAs related to craniofacial malformations, including cleft palate, mainly 

retrieved developmental toxicity studies in classical rodent-based models (Table 1).  

Both the disturbance of the retinoic acid (RA) balance and activation of the aryl hydrocarbon receptor 

(AhR; predominantly AhR-2) are long-established causes of developmental craniofacial malformations 

[9, 10], and could therefore be included as major interactions in the pathway network (Fig. 1). In this 

line, inhibition of the RA metabolizing enzyme Cyp26 through triazoles and disruption of AhR-signalling 

through AhR ligands (dioxin-like acting compounds) can be understood as a cause of developmental 

craniofacial malformations in zebrafish [8, 11, 12] and rodents [9, 13]. Molecular pathways for both 

MOAs are well described, including the role of inhibition of Cyp26A and B in causing a disbalance of RA 

and subsequent effects on regulation of hox(n) genes [14], and effects on EGF/TGFβ3 signaling following 

AhR activation [15]. AhR also regulates sox genes, and in particular involvement of sox9a in cartilage 

morphogenesis [16] and of sox9b in AhR-related jaw malformations in zebrafish embryos [17] has been 

established. Additionally detected MOAs include inhibition of histone deacetylases (HDAC) [18] (with a 

specific role in skull morphogenesis for HDAC8 [19]), modification of folate antagonism [20], induction of 

oxidative stress [21], inhibition of lysyl oxidase [22], metal chelation [23, 24], and activation of 

peroxisome proliferation activated receptors (PPARs; an important MOA for perfluoroalkyl acids, such as 

PFOA and PFOS [25-29]).  
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Valproic acid (VPA), a known HDAC inhibitor, may also interact with coenzyme-A, forming a conjugate 

which inhibits Cpt1, and thus contributes to VPA-induced malformations [54]. Disruption of cholesterol 

synthesis may also be a contributory factor, as cholesterol plays a functional role in craniofacial 

development [55]. 14α-Sterol demethylase (Cyp51) is in vertebrates involved in cholesterol synthesis, 

and CYP51 knock-out mice also show craniofacial malformations [56]. Cyp51 is the intended 

(pharmacological) target of triazole fungicides, to inhibit ergosterol synthesis in fungi [57], and its 

isoform in zebrafish also has an affinity for triazoles [58].  

Table 1 – Reference chemicals for craniofacial malformation and related major modes of action  

Chemical Class Compounds  Modes of Action1 

triazoles (3AZ) Cyproconazole 

flusilazole 

hexaconazole 

triadimefon 

 inhibition of Cyp26 (RA catabolism, increase of endogenous 

RA) [30, 31]  

 inhibition of sterol biosynthesis via Cyp51 inhibition [30, 31], 

decreased serum cholesterol [32, 33]  

 oxidative stress [32, 34, 35] (only confirmed for flusilazole in 

[36]) 

 thyroid hormone disruption [35, 37, 38] 

synthetic retinoids, RAR agonist AM580  selective RARα activator [39] 

synthetic retinoids, RXR agonist CD3254  selective RXR activator [40] 

dioxin-like compounds TCDD   activation of AhR [10, 15, 41] 

 oxidative stress [42] 

organic acids valproic acid  histone deacetylase (HDAC) inhibition [21] 

 oxidative stress [21] 

 folate antagonism [21] 

 PPAR activation [43, 44] 

 altered RA metabolism via rbp4 downregulation [45] 

perfluorinated compounds PFOS  PPAR activation [29, 46] [29] 

 thyroid hormone disruption [47, 48]  

dithiocarbamates maneb 

metam 

thiram 

 heavy metal chelation [23, 49] 

 lysyl oxidase inhibition [50] 

 TGF-β1 signaling [51] (regulated by loxl [52]) 

 thyroid hormone disruption [53] 

1. MOA information derived from literature. MOAs in bold represent known primary MOAs. Cyp, cytochrome P450; RA, 

retinoic acid; RAR, retinoic acid receptor; RXR, retinoid-X receptor; TCDD,  2,3,7,8-Tetrachlorodibenzo-p-dioxin; AhR, 

aryl hydrocarbon receptor; PFOS,  perfluorooctanesulfonate; PPAR,  peroxisome proliferator-activated receptor; rbp, 

retinol binding protein; further gene codes are explained in Table 3. 
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Some reference compounds have a primary MOA related to developmental craniofacial malformations, 

such as potent AhR activation in the case of TCDD and other dioxin-like compounds. However, other 

compounds may have additional MOAs to the major mechanism underlying developmental craniofacial 

malformation (Table 1), such as the dithiocarbamates, which, apart from lysyl oxidase inhibition may 

affect skeleton formation through heavy metal (copper) chelation, and yet other pathways [22]. 

Similarly, other teratogens under study may also exhibit multiple MOAs including disruption of the 

hypothalamus-pituitary-thyroid (HPT) axis with triadimefon in addition to Cyp26 inhibition, or PPARα 

activation in addition to histone deacetylase inhibition with VPA. In this respect, it is not always clear 

whether effects on craniofacial formation can be attributed to a primary MOA. 

 

Fig. 1 – Test compounds and marker genes in MOA pathways involved in craniofacial malformations in zebrafish. Initial targets are in orange 
blocks, reference modulators in purple blocks. Major interactions of modulators are given with red solid connectors; minor/additional 
interactions are with dashed connectors. Downstream interactions are given with solid connectors when well-established, or with dotted 
connectors when less evident. The interaction of nuclear receptors is represented by thick orange lines. Solid arrows, 
stimulation/activation/increase; block connectors, inhibition/decrease; open arrows, alteration/modulation/disruption. Abbreviations of all 
genes and most ligands and targets are explained in Tables 2 and 3; RARa and RXRa refer to specific agonists for the RAR- and RXR-alpha 
variant. Potential marker genes are in italic, the tested subset is underlined, and the selection used for final distinction marked blue. 

 

Jo
ur

na
l P

re
-p

ro
of



8 
 

All reference compounds appear to induce further activities, such as effects on fatty acid, steroid, and 

xenobiotic metabolism pathways [59, 60] or inhibition of voltage-gated calcium channels by triazoles 

[36] or VPA [61]. Although such MOAs may indirectly contribute to craniofacial malformations, these are 

assumed to be of minor relevance compared to the above MOAs and are therefore not considered 

further. 

 

1.4 Marker genes in MOAs 

Upon identification of major MOAs, key genes from the molecular pathways underlying these MOAs 

were derived from literature. These served as potential marker genes for further qPCR analysis in the 

zebrafish embryos. Specifically, this included triazole-related regulation of the RA pathway [30, 66, 67, 

71, 86, 87], dioxin toxicity [15, 17, 88] and downstream signalling pathways [89], the lysyl oxidase 

pathway and the related dithiocarbamate-induced disturbance of body axis formation [22, 23, 51, 90], 

PFAA-induced developmental toxicity [83, 84, 91-94], thyroid hormone disruption [95], the valproic acid 

adverse outcome pathway [21, 54, 96-100], and relevant genes related to oxidative stress [20, 97]. 

Further potential marker genes were derived from literature reviewing molecular epidemiological 

studies, identifying genes associated with oral clefts in man [82]. Mouse and zebrafish homologs were 

retrieved for these genes, for comparison with other databases and application in this study. This list 

was then analyzed for overlap with modes of actions or pathways, which are involved in craniofacial 

fusion [15], RA signaling [101], and craniofacial development in zebrafish [102]. Based on the overlap 

and/or specificity among these databases, a subset of 68 genes was selected as a deliverable for the 

EuroMix project (Table S1) [62]. A final sub selection from this list for actual testing was further fed by 

re-analysis of our database of previously performed genome-wide expression analysis in zebrafish 

embryos, with a wide array of reference compounds [66, 86, 100]. The most promising marker genes 

from the optimized list, which were retained after repeated testing for actual evaluation, were aligned 

along the assembly of all considered pathways leading to craniofacial malformations in Fig. 1. This 

arrangement shows that most marker genes have a functional role in the pathway network, although 

other genes, such as tyr or myod, have no specific or a restricted function in zebrafish head skeleton 

formation, and just serve as sentinels for pathway activation.  

The resulting array of marker genes (Table 3) set the stage for testing and optimization in whole-body 

mRNA extractions in zebrafish embryos exposed for 72 hours to a set of reference compounds with well-

known major MOAs, as well as a set of test compounds with unknown MOAs, all known to induce 

craniofacial malformations. This gene expression was compared to existing ToxCast in vitro activity, and 

to in silico molecular binding analysis, to accommodate the aim of the study to distinguish similar and 

dissimilar MOAs in view to support modeling of dose-addition in combined exposure toxicity. 
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2. Materials and Methods 

2.1 Compound selection 

A set of reference compounds was compiled based on data available in the literature linking the 

compounds to the induction of craniofacial malformations (see Table 1).  

 2.2 Zebrafish 

Zebrafish (Danio rerio) were held and bred at the RIVM laboratory under permit NVWA-32600, 

according to Dutch regulations. Experiments were done with two populations of wild-type (WT) 

zebrafish. One population was obtained through commercial import from Singapore (referred to as 

RIVM-WT strain below). The second population of zebrafish was obtained from the Karlsruhe Institute of 

Technology (KIT, Karlsruhe, Germany;  AB-strain). These populations were maintained and propagated in 

our facility for more than 10 or 2 generations, respectively. Fish were kept in 7.5 L ZebTec tanks 

(Tecniplast S.p.A., Bugugiate, Italy) at a temperature of 28 ± 1 oC, a pH of 7.5 ± 0.5 and a conductivity of 

500 ± 100 µS. In the zebrafish facility, a 14/10h light/dark photoperiod is maintained, with light intensity 

being gradually dimmed/increased over a 30-min period. The fish were fed twice daily with SDS 100, 

200, or 400 (Tecnilab BMI, Someren, the Netherlands) depending on the age of the fish. Zebrafish larvae 

and young adults received supplementary live Artemia salina (artemia; in-house culture), and adult fish 

daily received defrosted artemia (Tecnilab BMI, Someren, the Netherlands). 

One day prior to spawning, male and female zebrafish were transferred to 3.5L breeding tanks at a ratio 

of 3:3 per tank. Shortly after spawning fertilized eggs were collected in a petri dish and rinsed 

thoroughly with Dutch standard water [12]. The quality of the eggs was checked microscopically and 

batches with less than 10% coagulated eggs and limited egg deformations were pooled and used for 

experiments, after removal of coagulated eggs. Around three hours post-spawning, pools of 15 embryos 

per well were exposed in 6-wells plates in 5 mL medium consisting of solvent control or a single 

concentration of a test compound (Table 2), with 6-10 replicate wells for each control and compound. 

All compounds were dissolved in 0.1% v/v DMSO. Pilot experiments learned that testing gene regulation 

at 72 hours post-fertilization (hpf) provides sufficient resolution. Therefore, these pools of embryos 

were euthanized at that time, and snap-frozen in liquid nitrogen and stored at -80°C. 

2.3 Determining concentrations for gene expression analysis 

For comparison of differential gene expression among compounds, single, equipotent, concentrations 

were used for the gene expression experiments (Table 2). Equipotent concentrations were defined as 

the dose inducing a 20% effect size for induction of critical effects on the head skeleton (CED20) 

measured by a change in the angle formed by the Meckel’s and palatoquadrate cartilages (M-PQ angle). 

These effects were assessed using the alcian blue staining at 120hpf to visualize the cartilaginous 

skeleton [8, 12]. Previously reported dose-response data of these M-PQ measurements [8, 12] were re-

analyzed to obtain CED20s, see Fig. 2 for illustration. The CED20 was analyzed separately in RIVM-WT 

and AB fish, to account for sensitivity differences among these strains. 
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2.4 Gene expression analysis 

For RNA isolation, the RNeasy microarray tissue kit (QIAGEN, Hilden, Germany) was used according to 

the manufacturer’s protocol. Briefly, frozen embryos were homogenized and lysed in Qiazol, chloroform 

was added, mixed and centrifuged. The aqueous phase was mixed with EtOH (70%), RNA was extracted 

and DNase treatment was included. The integrity and purity of the isolated RNA was checked using the 

Bioanalyzer 2100 (Agilent, Waldbronn, Germany) and NanoDrop 1000 (Thermo Fisher Scientific, 

Waltham MA, USA) instruments. Samples with an RNA Integrity Number (RIN) between 7 and 10 were 

considered of sufficient quality for further qPCR experiments.  

2.5 Analysis of gene expression by RT-qPCR 

The High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) was used according to the 

manufacturer’s protocol to synthesize cDNA from RNA isolates. Subsequently, quantitative real-time 

PCR was performed using a 7500 FAST Real-Time PCR System with Taqman gene expression assays and 

Taqman FAST universal PCR master mix used according to the manufacturer’s protocol (all Thermo 

Fisher Scientific). The RT-PCR program used consisted of 10 minutes at 25 °C, followed by 2 hours at 37 

°C, then 5 minutes at 85 °C after which the temperature was kept at 4 °C. The product of this RT-PCR 

reaction was diluted at a ratio of 1:1 with water. For the subsequent qPCR, 5 µL PCR product was mixed 

with 15 µL TaqMan™ assay premix consisting of 4 µL nuclease-free water, 10 µL TaqMan™ fast Universal 

Primer and 1 µL target-specific TaqMan™ 20X assay mix. Glyceraldehyde 3-phosphate dehydrogenase 

(gapdh), hypoxanthine phosphoribosyltransferase 1 (hprt1) and actin beta 1 (actb1) were used as 

 
Fig. 2 – Definition of the concentration for gene expression, illustrated in the case of metam. 
Measurement of the MPQ angle (defined as the angle formed by the rostral tip of Meckel’s cartilage 
and the joint of the palatoquadrate-ceratohyal cartilages [12])  is shown in the insert (zebrafish 
embryo head, exposed with 3 µM metam, at 72hpf). Each small circle in the dose-response graph 
represents a measurement in a single embryo, large circles are group means. The horizontal dotted 
line is the 20% effect level (CES 0.2), relative to background (a = 35.8°). The intersection with the 
curve fit determines the critical effect dose (CED), in this case 1.2 µM, which is then used as the 
concentration for gene expression analysis.   
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reference genes. Relative expression levels were calculated using the 2-ΔΔCT
 method [62], which considers 

the expression of each marker genes compared to the mean expression of the three reference genes 

and the compound-induced expression compared to background expression level in blank controls. The 

resulting fold change values were expressed as log2FC, then normalized to the strongest regulated gene 

per compound. All transformations are shown in Table S3. The list of genes analyzed by RT-qPCR is given 

in Table 3. 
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Table 2 – Technical details and equipotent test concentrations of reference- and test compounds  

Compound Full names CAS# Purity Equipotent test 
concentrations (µM)4 

Reference compounds  

AM580 4 - [[(5,6,7,8 - Tetrahydro - 5,5,8,8 - tetramethyl2-naphthalenyl) carbonyl]amino]benzoic acid 102121-60-8 >98% 0.0028 

Boric acid Hydrogen borate 10043-35-3 >99.5% 6.3 

CD3254 3-[4-Hydroxy-3-(5,6,7,8-tetrahydro-3,5,5,8,8-pentamethyl-2-naphthalenyl)phenyl]-2-
propenoic acid 

196961-43-0 >97% 0.077 

Cyproconazole 2-(4-Chlorophenyl)-3-cyclopropyl-1-(1H-1,2,4-triazol-1-yl)-2-butanol 94361-06-5 97.2% 40 / 170 

Flusilazole 1-((bis(4-fluorophenyl)methylsilyl)methyl)-1H-1,2,4-triazole 85509-19-9 Analytical standard 6.5 / 17.2 

Hexaconazole 2-(2,4-Dichlorophenyl)-1-(1H-1,2,4-triazol-1-yl)hexan-2-ol 79983-71-4 >99.3% 21.1 

Maneb Mangaanethyleenbis dithiocarbamate 12427-38-2 90.8% 3 0.6 

Metam natrium-N-methyl dithiocarbamate 137-42-8 70.8% 3 1.2 

PCB126 3,3',4,4',5-Pentachlorobiphenyl 57465-28-8 Analytical standard1 0.044 

PFOS 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-Heptadecafluoro-1-octanesulfonic acid 1763-23-1 Analytical standard 10 / 92 

TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin 1746-01-6 100% 0.0013 / 0.01, 0.1 

Thiram dimethylcarbamothioylsulfanyl- N,N-dimethyl dithiocarbamaat 137-26-8 Analytical standard 0.014 / 0.1 

Triadimefon 1-(4-Chlorophenoxy)-3,3-dimethyl-1-(1H-1,2,4-triazol-1-yl)butan-2-one 43121-43-3 Analytical standard 6.6 / 62.0 

Valproic acid 2-Propylpentanoic acid 99-66-1 100% 120 / 1633 

 
Test compounds 

 

2,4-dinitrophenol 2,4-dinitrophenol 51-28-5 99.9% 19.9 

Endosulfan 1,2,3,4,7,7-hexachloor-8,9,10-trinorborn-2-een-5,6-yleendimethylsulfiet 115-29-7 Analytical standard 0.32 / 0.21 

Fenpropimorph cis-4-[(RS)-3-(p-tert-butylfenyl)-2-methylpropyl]-2,6-dimethylmorfoline 67564-91-4 Analytical standard2 15.7 / 25.9 

Prochloraz N -propyl- N -[2-(2,4,6-trichlorophenoxy)ethyl]-1 H - imidazole-1-carboxamide 67747-09-5 98.6% 10.1 / 15.5 

RA (2E,4E,6E,8E)-3,7-dimethyl-9-(2,6,6-trimethylcyclohexen-1-yl)nona-2,4,6,8-tetraenoic acid 302-79-4 >98% 0.16 

1 gift from Dr. Patrik Andersson, Umeå University, Sweden; originally purchased from Neosyn Inc. (New Milford CT, USA), and purified at Dr. Andersson’s lab. 2 purchased from LGC 
Standards. 3 The low purities of metam and maneb are due to water impurity. 4 Test concentrations for mRNA analysis were CED20s for head skeleton malformation and show 
sensitivity differences between RIVM-WT and AB fish which are separated by /. In AB fish, TCDD was tested at two concentrations to account for variation in repeated CED20 
analysis.  
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Table 3 - Tested marker genes 

Target Gene name Assay ID Function of gene Targeted MoA Reference 
Retained marker genes 
cyp26a1 Cytochrome P450 26A1 Dr03086662_m1  RA binding RA metabolism [63] 
cyp26b1 Cytochrome P450 26B1 Dr03088547_m1  RA binding RA metabolism [63] 
dlx5a Distal-less homeobox 5a Dr03150313_m1 transcription factor  RAR/RXR activation [64-67] 
hoxb1a Homeobox B1a Dr03124995_m1  transcription factor RAR/RXR activation  
igfbp1b Insulin-like growth factor binding protein 1b Dr03073589_m1  Insulin-like growth factor binding RA metabolism / homeostasis [63] 
lhx8a LIM homeobox 8a Dr03076496_m1  transcription RAR/RXR activation [68] 
loxl3b Lysyl oxidase-like3b Dr03429934_m1 copper ion binding; fibronectin binding; 

protein-lysine 6-oxidase activity; 
scavenger receptor activity 

Lysyl oxidase inhibition; extracellular 
matrix formation 

[24] 

sox9a SRY (sex determining region Y)-box 9a Dr03112282_m1  transcription factor  AhR activation [66] 
sox9b SRY (sex determining region Y)-box 9b Dr03080049_m1  transcription factor  AhR activation [66] 
ntla no tail-a (T-box transcription factor T-A) Dr03086668_m1 transcription factor Lysyl oxidase inhibition [66, 69] 
tyr Tyrosinase Dr03138104_m1 hydroxylation of tyrosine  target of thyroid hormone / at RA 

signaling 
[70, 71] 

rela Nfkb3  Dr03114752_m1 transcription factor loxl, ntla regulation  
dhfr Dihydrofolate reductase Dr03131624_m1 DNA synthesis Folate metabolism [72] 
aclya ATP citrate lyase a Dr03121245_m1 fatty acid / acetyl CoA synthesis  PPARγ activation / fatty acid 

synthesis 
[73, 74] 

hmgcra 3-hydroxy-3-methylglutaryl-CoA reductase a Dr03428701_m1  cholesterol synthesis (acetyl-CoA 
consumption) 

Sterol metabolism [75, 76] 

cpt1b carnitine palmitoyltransferase 1B Dr03147243_m1  fatty acid beta-oxidation Fatty acid metabolism  
Marker genes rejected after testing 
egfra epidermal growth factor receptor a Dr03144700_m1  binding of extracellular ligands AhR activation, RA pathway [67] 
fgf8a fibroblast growth factor 8a Dr03105657_m1  signal peptide RAR/RXR activation [64, 66, 77] 
fgf8b fibroblast growth factor 8b Dr03433601_m1  signal peptide RAR/RXR activation [65, 66, 77] 
hoxa2b homeobox A2b Dr03112035_m1  transcription factor RAR/RXR activation [66, 78] 
tgfb3 transforming growth factor, beta 3 Dr03093762_m1  signal peptide RAR/RXR, AhR activation [66, 67] 
msxe muscle segment homeobox 1a Dr03986683_uH transcription factor RAR/RXR activation [64-67] 
col2a1 collagen type 2 alpha 1 Dr03099235_m1 cartilaginous collagen Lysyl oxidase inhibition [23, 79] 
myod Myogenic differentiation Dr03138242_g1 transcription factor  Lysyl oxidase inhibition [23, 79] 
bmp2k bone morphogenetic protein 2 Dr03102638_m1 signal peptide PPAR, AhR activation [15, 79, 80] 
nkx2.5 nk2 homeobox 5 Dr03074126_m1 transcription factor PPAR activation [66, 80, 81] 
gata4 GATA binding protein 4 Dr03443262_g1 transcription factor PPAR activation [80] 
 
housekeeping genes (for reference) 
actb1 actin beta 1  Dr03432610_m1     
gapdh glyceraldehyde-3-phosphate dehydrogenase Dr03436842_m1     
hprt1 hypoxanthine phosphoribosyltransferase 1 Dr03095135_m1    

For further abbreviations, see legend to Table 1. References refer to the link between a gene and skeletal malformations.  

 

Jo
ur

na
l P

re
-p

ro
of



14 
 

2.6 Analysis of qPCR data, optimization of the marker array  

The identification of an informative set of expression markers was achieved through several rounds of 

differential gene expression analysis. Each round included a selection of reference compounds tested in 

13-15 test genes. The first round was a selection of assumed key genes from the list resulting from the 

literature search [82]. Marker genes were then assessed in an iterative process of retaining the most 

informative genes, removing non-informative genes including non-responsive genes, non-discriminative 

genes (i.e. genes responding with all compounds), genes with highly variable responses within a 

compound class. Each round, new candidate marker genes were added.  

For most compounds, the analysis with the final array of marker genes was repeated at least once, and 

the number of replicates was higher when considering compound classes, mounting up to eight in the 

case of triazoles. Since the purpose of the analysis was to compare gene expression profiles among 

classes of compounds, available replicate values of differential expression were averaged per reference 

compound class. Subsequently, data were normalized to the strongest response across the tested 

marker genes, per compound class and finally expressed as percentages. All data were included in these 

transformations, including deviating experiments, irrespective of the statistical significance of the 

original per experiment differentially expressed genes, to achieve an unbiased representation of the net 

effect in the final result, serving as a template to match gene expression profiles of test compounds. 

2.7 Compound activity in ToxCast 

Further support for compound MOA was sought through activity analysis in the ToxCast database 

(https://comptox.epa.gov/dashboard/chemical_lists/toxcast Accessed Oct 15, 2019) [83]. Activity 

records for all compounds of interest, as far as available in the database, were downloaded and 

screened for testing in assays relevant to this study. Included activity parameters were RAR*, RXR*, 

PPAR*, TR*, AhR*, and HDAC.  

2.8 Molecular docking, binding energies, and affinities. 

To assess potential docking and binding of compounds to receptors and enzymes in the MOA pathways 

(Fig 1), the primary structures of the selected zebrafish receptor proteins were downloaded from the 

UniProt Protein Knowledgebase database. After a BLAST search of the Protein Data Bank database for 

homologs to the selected proteins, the crystallographic structures reported in Supplementary Table S2 

were set as templates. All the alignments produced by the Clustal Omega software were manually 

checked. All the comparative models were produced with the MOE Homology Model program of the 

Protein module with default settings, also importing the ligands co-crystallized with the template 

proteins. The quality of the final models was carefully checked with the MOE (Molecular Operating 

Environment) Protein Geometry program. The two zebrafish HDAC6 (PDB ID: 5EEI) and HDAC10 (PDB ID: 

5TD7) crystallographic data were downloaded from the Protein Data Bank and structure-prepared using 

MOE Structure Preparation program, in order to solve any crystallographic errors and to add any missing 

atoms. 
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The binding sites of the selected proteins were identified through the MOE Site Finder program, which 

uses a geometric approach to list putative binding sites in a protein, starting from its three-dimensional 

structure while checking the correspondence with the co-modeled ligand. 

Selected chemicals were downloaded from the PubChem database. Each molecule was converted into a 

three-dimensional structure, and energy minimized, with the MOE Energy Minimize program, down to 

an RMS gradient of 0.05 kcal/mol/Å2. The stereochemistry of each structure was carefully checked. 

Molecular docking was carried out through the MOE Dock program. The Triangle Matcher placement 

algorithm was selected, and the London dG empirical scoring function was used for sorting the poses. 

The 30 top-scoring poses were refined through molecular mechanics, considering each receptor as a 

rigid body, and the refined complexes were scored through the GBVI/WSA dG empirical scoring 

function, selecting the five top-scoring poses and estimating their binding free energy (ΔG) to the ligand-

binding domain of the selected proteins. A further refinement was carried out for all the receptors and 

enzymes connected with the identified MOAs craniofacial malformations, estimating the binding affinity 

of the complexes with the MOE QuickPrep program, which allows to re-score the docking poses.  

The estimated binding affinity of the top-scoring solution for all the receptors and enzymes connected 

with the identified MOAs of craniofacial malformations was not directly computed from the GBVI/WSA 

dG value, but the complexes were further refined through the use of a set of specific procedures aimed 

at the minimization of ligands in the protein binding site. Finally, the dissociation constant (Ki) was 

computed starting from empirical binding free energy values according to the following equation:  

ΔG = RT ln(Ki ) 

where R represents the gas constant and T the temperature in Kelvin, Ki was computed starting from the 

affinity values at a fixed temperature (300K) 

2.9 Statistical analysis. 

To derive equipotent 20% effect concentrations (CED20; Table 2) from the MPQ dose-response data, 

exponential models were used (PROAST package (v63.12 or higher) in R (v3.5.1)) [84]. PROAST applies a 

goodness-of-fit to test for statistical significance of the output. Statistical significance in the gene 

expression data was tested using a T-test (p<0.05) comparing the untransformed expression values per 

gene in compound-exposed and control samples. 

Regulation of gene expression was tested for statistical significance using a T-test (P<0.05; R statistical 

software) to compare untransformed expression values per gene in compound-exposed and control 

samples. Informative quality of the genes to distinguish groups of reference compounds was assessed in 

initial rounds through informed assessment of gene expression, assisted by hierarchical cluster analysis 

of statistically significantly regulated marker genes (P<0.05, T-test) using Euclidean distance and Ward.D 

linkage (R statistical software). In the final array, this informative quality was tested for statistical 

significance using a T-test (P<0.05)  to compare the expression per gene in each compound class with 

the expression across the remainder of compounds.   
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3. Results 

3.1 Gene expression profiles of reference compounds 

All reference and test compounds were analyzed for effects on the expression of the final selection of 

marker genes, as derived from the MOA network associated with craniofacial malformations (see 1.3, 

Table 3). Some genes showed a consistent pattern of regulation across replicates within a compound 

class, e.g. cyp26a1 upregulation in triazoles, or sox9b downregulation in TCDD (Table 4A; 

Supplementary Table 3). Consistent or nearly consistent responses can be considered robust and are 

marked bold in summary Table 4B. Other genes showed a more variable result, mostly observed for 

weaker connections in the MOA network, such as tyr or ntla (Fig. 1). The examples of the triazole and 

dioxin classes (Table 4A) show that some genes have notable variation (e.g. igfbp in the triazoles), or 

occasional deviation (e.g. rela in hexaconazole), or that an entire single experiment deviates (e.g. the 

first PCB 126 experiment, Table S3).  

In this way, expression of most marker genes confirmed their anticipated function in dedicated 

pathways. Deviations, however, were observed, such as the absence of a response in rela and loxl3b 

with dithiocarbamates, which can be understood from biological and technical reasons, such as 

unmatched sensitive window  (see Discussion). This may also apply for the 11 marker genes that did not 

show the predicted response, and also had no further discriminative potential. These markers were 

therefore excluded from the final marker list (Table 3). Further, igfbp1b and dlx5a were consistently 

counter-regulated (notably in the RAR, RXR, and RA profiles), and therefore the one with the weakest 

response (dlx5a) does not add to the discriminative power of the whole set. 

There were no remarkable differences observed between the two used strains of zebrafish, i.e. the AB 

strain (Table 4A; marked CS in Table S3) and the RIVM-WT strain (other experiment marks in Table S3). 

This is in line with the adjustment of used test concentrations per strain to account for sensitivity 

differences (Table 1), rendering it possible to combine the gene expression profiles from these strains. 
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Table 4A – Reproducibility of differential gene expression within the triazole and dioxin classes of reference 
compounds 
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Cyproconazole 100 78.3 -4.3 36.8 -40.4 8.3 13.3 5.8 38.1 4.6 -1.5 -12.0 3.5 -28.3 25.3 13.8 RIVM 

Cyproconazole 100 81.0 0.7 40.5 46.6 -9.1 -11.0 -4.1 -5.0 5.4 0.0 0.0 0.0 0.0 0.0 0.0 RIVM 

Cyproconazole 100 56.3 -30.9 53.5 90.3 -37.3 -48.1 -30.1 -13.1 8.3 -7.7 -47.7 -40.6 6.7 16.7 7.0 AB 

Flusilazole 89.6 100 -6.6 23.1 30.1 -12.0 -14.8 -5.8 -4.3 10.4 2.5 -1.5 6.6 4.6 -11.2 4.2 RIVM 

Flusilazole 100 67.3 -18.3 26.4 32.0 -31.7 -30.6 -30.4 -18.8 14.3 -12.4 -3.9 -16.3 -2.5 -2.6 -0.3 AB 

Hexaconazole 78.9 30.1 -17.0 -3.6 -21.5 -14.7 -20.4 -11.3 -2.6 6.0 -13.5 -29.9 18.5 8.0 -100 9.9 RIVM 

Triadimefon 68.4 100 7.0 48.5 -14.4 -7.9 -10.4 2.6 18.8 9.4 
      RIVM 

Triadimefon 100 73.1 -11.3 32.9 7.7 -17.9 -20.5 -23.8 -11.9 -2.6 3.7 8.8 9.5 34.7 1.2 -5.2 AB 

 
                  

D
io

xi
n

 TCDD -50.7 -33.0 -11.5 -63.1 44.6 65.6 38.7 -10.0 -100 -10.5 
      

RIVM 

TCDD 10nM -53.2 -13.3 8.6 10.7 -11.4 75.5 -38.5 -12.2 -100 19.4 4.6 -13.0 -29.0 -17.6 54.2 -19.2 AB 

TCDD 100nM -65.9 -7.5 6.2 25.3 51.9 72.8 -75.6 -6.3 -100 47.0 16.0 -30.5 -64.4 -40.9 93.1 -12.5 AB 

Color shading represents the intensity of regulation with blue being up and red down. Differential gene expression is expressed as log2FC, then 
normalized to the strongest regulated gene per compound. All transformations are shown in Table S3. Statistical significance was observed in 
the majority of differentially expressed genes with a log2FC exceeding ±0.1 in the original experiments (Table S3), corresponding to an 
approximate value of 15 after the final transformation. 
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Table 4B - Matching test compounds with reference profiles; see Table 4C for matching algorithm 
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triazoles (3,2,2,1) 100.0* 77.1* 37.2 -5.4 28.7 -20.2 -23.1 -1.5 7.1 -4.9 -13.0 8.9 2.6 

RAR (1) 65.5 -45.8 100.0 -1.7 -98.4 -36.0 -36.0 -0.3 -15.2 2.0 -29.8 16.6 41.2 

RXR (1) 17.2 -18.3 -94.3 -24.0 90.6 24.7 -28.9 12.9 -20.8 -64.1 -44.7 11.0 -40.6 

dithiocarbamates (3,2,2) -14.7* -6.7 38.4 51.1* 23.0 -0.8 -9.3 1.1 53.1 -23.8 -38.4 -100.0* 10.5 

AhR (3,2) -51.1 -25.9 1.3 -100.0* 15.4 74.8* -31.2 83.2* 21.6 6.6 -31.4 -58.0 -5.3 

VPA (2) 8.1 -10.8 38.9 12.9 22.7 -23.7 30.1* 40.7 25.4 24.8* -100.0* 23.1 -7.0 

PFOS (2) 8.9 -5.7 10.6 -65.2 100.0 -6.8 -10.3 -25.4 19.1 -4.5 83.9* -29.4 -5.7 

 

              

Te
st

 

2,4-dinitrophenol (1) -7.7 -36.6 -9.9 -30.4 -100.0 -5.7 7.2 38.7 17.5 -23.0 -6.7 -27.4 -4.9 

Boric acid (1) -5.5 -53.5 32.8 -22.7 -100.0 -6.3 22.9 39.3 -6.0 -14.6 -38.6 31.3 14.3 

endosulfan (2) 23.6 -2.5 18.6 -0.4 100.0 -1.6 -3.8 -30.0 31.1 2.9 45.9 8.8 -21.9 

Fenpropimorph (1) 19.2 -7.3 29.0 21.2 100.0 -4.7 -9.0 -58.0 42.4 4.0 -3.8 -46.8 13.8 

Prochloraz (2) 12.8 5.3 -6.4 5.2 41.5 -5.8 -23.0 11.1 11.3 -5.6 6.6 -73.9 16.6 

RA (1) -2.4 -35.9 10.2 -35.0 -14.9 33.1 -8.0 12.6 8.5 -15.2 -30.8 -100.0 48.6 

Triazoles represents the average of cyproconazole (n=3), flusilazole (n=2), triadimefon (n=2), hexaconazole (n=1); RAR is AM580; RXR is 
CD3254; dithiocarbamates is the average of thiram (n=3), metam (n=2), maneb (n=2); AhR is average of TCDD (n=3), PCB126 (n=2); VPA, 
PFOS, endosulfan, and prochloraz are all average of 2 replicates. Colour shading represents the intensity and direction of regulation 
with blue being up and red down. Differential gene expression is in log2FC, then normalized to the strongest regulated gene per 
compound. All transformations are shown in Table S3. Bold figures indicate consistency of change in all replicates in reference 
compounds. Statistical significance was observed in the majority of differentially expressed genes with a log2FC exceeding ±0.1 in the 
original experiments (Table S3), corresponding to an approximate value of 15 after the final transformation. The strategy to match gene 
regulation of a test compound to that of reference compounds is explained in Table 4C. Values marked with an asterisk are significantly 
regulated (p-values ≤0.05) 
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Table 4C – Matching compounds to Reference MOA marker profiles 

  

profile 

  

triazoles RAR RXR DTC AhR VPA PFOS 

R
e

fe
re

n
ce

 

Triazoles 4 1 1 0 0 0 1 

RAR 2 4 0 0 0 1 0 

RXR 0 0 4 0 1 1 1 

DTC 1 1 0 4 0 1 0 

AhR 0 0 0 1 4 1 1 

VPA 1 1 0 1 1 4 0 

PFOS 0 0 1 1 2 0 4 

 

Te
st

 

2,4-Dinitrophenol 0 2 0 1 3 0 1 

Boric acid 1 3 0 0 1 1 0 

Endosulfan 0 0 1 1 0 0 3 

Fenpropimorph 1 1 1 2 0 0 1 

Prochloraz 0 0 1 1 0 0 1 

PCB126 0 1 0 1 3 1 1 

RA 2 2 1 0 0 1 1 

Each of the reference MOAs was identified through one major distinctive marker (score 2) and two supporting 
markers (each providing a score of 1), see Table S3 for details. The respective profiles were: triazoles, 
cyp26b1↑, cyp26a1↑, hoxb1a↑; RAR,  igfbp↓, hoxb1a↑, tyr↑; RXR, hoxb1a↓, igfbp↑, tyr↑; DTC, sox9b↑, 
ntla↑, hmgcra↓; AhR, sox9b↓, lhx8a↑, rela↑; VPA, loxl3b↑, aclya↑, cpt1b↓; PFOS, cpt1b↑, sox9b↓, 
igfbp↑ (major marker followed by two supporting markersfor each compound). The full profile algorithm was 
applied to the complete set of reference and test compounds, leading to a full match (score 4), or strong, 
modest, poor and no matches (respective decreasing scores 30).  
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3.2 Matching test compound gene expression profiles with reference profiles 

From these reference profiles, rules were derived to match profiles of test compounds, building on most 

prominent differentially expressed genes and considering supportive genes (Table 4C, Table S3). The 

most marked profiles were the triazoles, RAR-, and RXR-related genes. None of the test compounds 

showed the characteristic concomitant upregulation of both cyp26a1 and cyp26b1, thus excluding a 

match with the triazoles profile. Downregulation of igfbp and concurrent upregulation of both hoxb1a 

and tyr, identifying the RAR profile, was most closely matched by boric acid, 2,4-dinitrophenol and RA. 

The gene expression profile related to RXR, mainly determined by evident downregulation for hoxb1a, 

wasn’t matched by any of the test compounds. 

The characterizing induction of sox9b and ntla observed with dithiocarbamates, combined with a 

marked decrease of hmgcra was shared by fenpropimorph. Prochloraz also had a prominent inhibition 

of hmgcra, but there was no further support for a match with the dithiocarbamate profile. Regarding 

regulation of the key AhR-associated markers sox9b, lhx8a, and rela, there was a good overlap for 2,4-

dinitrophenol and PCB126. Finally, the PFOS profile resembled the endosulfan MOA, particularly through 

shared upregulation of cpt1b and igfbp. Thus, 2,4-dinitrophenol matched well with AhR and showed a 

modest match with RAR, boric acid matched strongly with RAR, endosulfan had a good match with 

PFOS, fenpropimorph had a modest match with the dithiocarbamate profile, prochloraz had no clear 

match with any profile, PCB126 matched with the AhR profile, and RA matched modestly with triazoles 

and RAR. 

3.3 Specific compound activities in ToxCast 

In view of the partial confirmation of anticipated markers/MOAs, and detection of unanticipated 

markers/MOAs, further support was sought in the ToxCast database, which holds the most complete 

analysis of activities of the compounds at dedicated targets in this study 

(https://comptox.epa.gov/dashboard/chemical_lists/toxcast, accessed March 7, 2020) [83]. All 

represented compounds and relevant targets are collected in Table 5A, which shows that neither of the 

compounds showed full coverage of testing in all ToxCast assays, up to no occurrence at all for metam. 

Furthermore, some targets were not included in the ToxCast database (e.g. cyp26), and the same is true 

for some compounds (CD3254, PCB 126). Nevertheless, when summarizing these data (Table 5B), a 

general conclusion can be drawn that complex interactions are suggested for most compounds or 

compound classes. This is even true for compounds with assumed selective activity, such as RXR 

activation by AM580 which is a specific RARα activator [39], or RAR activation by PFOS, a known PPARα 

activator. Further specific observations are discussed below in the context of differential gene 

expression.  

 

Table 5A – Compound activity in ToxCast assays 

target ToxCast assay name compounds 
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RAR ATG_RARa_TRANS_up 
 

8.2 
 

41.5 
           

2.51 
 

 
ATG_RARg_TRANS_up 

    
0.08 

            

 
NVS_NR_hRARa_Agonist 

                
0.13 
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28.4 
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1.5 

PPAR ATG_PPARa_TRANS_up 
         

58.9 
      

76.8 

 
ATG_PPARd_TRANS_up 

                
59.2 

 
TOX21_PPARd_BLA_agonist_ratio 

        
0.44 

    
91 

   

 
TOX21_PPARd_BLA_Antagonist_ch2 

  
72.3 

     
0.026 

        

 
TOX21_PPARd_BLA_antagonist_ratio 

 
46.5 60.7 

     
0.027 

        

 
ATG_PPARg_TRANS_up 

 
46.4 

 
31.5 60.9 

    
26.7 

 
122 

  
21 

 
25.1 

 
TOX21_PPARg_BLA_Agonist_ch2 

        
0.026 

       
0.83 

 
TOX21_PPARg_BLA_Agonist_ratio 

                
0.17 

 
TOX21_PPARg_BLA_antagonist_ratio 

        
14.5 

       
55.1 

 
NVS_NR_hPPARg 

         
5.9 

       

hdac NVS_ENZ_hHDAC3_Activator 
          

1.1 
      

 
NVS_ENZ_hHDAC3 

         
9.92 

 
0.094 

     

 
TOX21_HDAC_Inhibition 

        
11.1 

  
49.3 

     

 
cytotoxicity 8.9 9.9 11.4 6.2 14.3 0.05 1.6 1000 0.09 8.7 1000 7.9 1000 9.7 9.8 9.6 8.7 

Targets correspond to those in Fig. 1; not all key targets (e.g. cyp26) were available in the ToxCast database. The second column shows the 
available assays for each respective target; values in the Table are AC50s (µM), shaded values are below cytotoxicity. No data: not tested. 
Cytotoxicity is the median of a range of assays (µM) in ToxCast. 1Assay TOX21_TR_RXR_BLA_Agonist_Followup_ratio1 occurs under RXR and TR. 

Table 5B – Summary activities in ToxCast assays per compound class or compound 

triazoles RAR ≈ TR (not PPAR)  
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 3.4 Molecular modeling 

The in silico molecular docking analysis was started with a restrictive binding energy analysis, which 

covered a wide range of isoforms of each target (Table S4). This initial analysis was followed by a more 

comprehensive method for a sub-selection of target proteins, and although there were some specific 

deviations among the two levels of analysis, the overall picture was similar. The results from the 

molecular modeling exercise (Table 6 and S4) indicate that triazoles are not selective for Cyp26 isoforms 

and can be classified as binders since they have low micromolar Ki values. In fact, their binding affinity 

appears moderate compared to other reference and test compounds such as RA (ΔG ~ -8.6 kcal/mol; Ki 

~ 10 μM). AM580 and CD3254, selective ligands for RAR (ΔG ~ -11 kcal/mol; Ki ~ 1 nM) and RXR (ΔG ~ -

10 kcal/mol; Ki ~ 0.1 nM respectively), show a higher affinity to RAR and RXR isoforms than RA, while the 

three chemicals have the same potency for Cyp26- (ΔG ~ -9 kcal/mol; Ki ~ 0.1 μM) and PPAR- (ΔG ~ -7.5 

kcal/mol; Ki ~ 1 μM) isoforms. HDAC8 showed selective affinity for VPA and CD3254, in contrast with the 

AhR ligands TCDD and PCB 126.  Similarly, PFOS, which is a PPAR activator, did not show selective affinity 

for either of the two tested PPAR isoforms, since the PPAR binding site is larger than that of other 

nuclear receptors and therefore less selective. Endosulfan is the best RXR_BB ligand (ΔG = -12.5 

kcal/mol; Ki ~ 0.1 nM). In general, it is possible to define a chemical as a ligand if it has an affinity value 

below -6.5 kcal/mol [85], which corresponds to a  Ki of ~ 0.1 μM, increasing affinity values result in weak 

ligands and eventually in non-ligands (e.g. affinity of -4 kcal/mol corresponds to a Ki of ~ 1 mM). For 

instance, Metam is only a weak ligand for RXRs, while boric acid cannot be considered as a ligand for any 

protein. These and further specific observations are discussed below, also in the light of the differential 

gene expression data. 

AM580 RAR (>) RXR  
TCDD AhR Rest not tested 
dithiocarbamates RAR  
thiram PPARδ/γ > TR >[RAR ≈ HDAC]  
VPA HDAC >> RXR  
PFOS RAR ≈ PPARγ(α) PPARδ not tested 
   
2,4-dinitrophenol HDAC>RAR>AhR  
boric acid RXR Rest not tested 
endosulfan TR > RAR/RXR  
Fenpropimorph AhR ≈ TR ≈ PPARγ ≈ RXR  
Prochloraz AhR > RAR ≈ TR  
PCB126  not tested 
RA RXR > TR > RAR > PPARγ  

Italics, AC50 above-median cytotoxicity 
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Table 6 – Modelled binding affinities of reference- and test compounds to key receptors and enzymes 

    Cyp26a1 Cyp26b1 RAR_AA RAR_AB RXR_AA RXR_BB Ahr_2 PPAR_AA PPAR_G HDAC 8 

Triazoles 

Cyproconazole  -7.7 -7.5 -7.3 -7.1 -7.3 -7.9 -8.5 -7 -7 -6.1 

Flusilazole -7.9 -7.3 -9 -8.2 -7.7 -8.9 -8.4 -7.3 -7.1 -6.1 

Hexaconazole -7.4 -8.2 -8.6 -7.5 -7.5 -7.9 -8.3 -6.8 -6.9 -6 

Triadimefon -7.4 -7.7 -8.8 -8 -8 -8 -8.2 -6.8 -6.6 -6 

RAR AM580 -9 -9.2 -12 -11.4 -9.9 -10 -9.7 -7.3 -7 -7 

RXR CD3254 -9.1 -8.5 -11 -10.4 -9.7 -10.5 -10 -7.1 -7.2 -12.6 

AhR TCDD -6.9 -6.1 -7.9 -7.5 -6.6 -6.2 -6.8 -5.8 -5.9 -6.3 

HDAC VPA -6.2 -5.8 -6.1 -5.5 -6.3 -6.9 -6.1 -5.4 -5.6 -10.9 

PPAR PFOS -6.7 -6.6 -7.8 -6.6 -7.5 -8.4 -7.7 -6 -6.1 -5.5 

Dithio-
carbamates 

Maneb -6.4 -5.2 -7.3 -6.5 -6.8 -6.5 -5.9 -5.1 -5.3 -7.3 

Metam -4.3 -3.9 -4.7 -4.6 -5.3 -5.3 -4.3 -3.8 -3.9 -3.6 

Thiram -6.5 -6.3 -7.5 -6.8 -6.7 -6.9 -6.4 -5.7 -5.9 -5.9 

 
2,4-Dinitrophenol -5.7 -5.6 -6.8 -6.2 -5.6 -5.8 -6.1 -5.2 -5.3 -5.3 

 
Boric Acid -3.3 -3.3 -3.3 -3.3 -3.3 -3.3 -3.3 -3.3 -3.3 -3.2 

 
Endosulfan -9.4 -9.1 -10.3 -9 -9.5 -12.5 -8.7 -5.3 -5.1 -4.8 

 
Fenpropimorph -8.7 -8.3 -9 -8 -9.2 -9.6 -8.6 -7.6 -7.8 -6.3 

 
Prochloraz -7.9 -7.8 -8.9 -8 -8.2 -8.2 -8.4 -7.5 -7.6 -7.3 

 
PCB126 -7 -6.3 -6.8 -6 -6.7 -6.8 -6.9 -5.7 -5.7 -5.8 

  RA -8.9 -8.6 -9.8 -10 -9.5 -10.1 -8.9 -7.5 -7.5 -6.7 

Affinities are expressed as kcal/mol. Values are formatted applying -6.5 kcal/mol as a cut-off value for relevance. 
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4. Discussion  

The basis for risk assessment of mixtures is an informed prediction of the toxicological hazard of the 

considered combination of chemical compounds. Following the EFSA CAG strategy for an achievable 

modeling of mixture effects [4], key information for each compound is its target organ or biological 

process (level 1), the specific phenotype of the effect (level 2), and knowledge about its mode and 

mechanism of action (level 3/4). The first two levels can be derived from toxicological test models, and 

are generally well available for compounds relevant for human exposure. However, information on MOA 

of compounds is generally scarce and complicated by the fact that many compounds have multiple 

MOAs (Table 3). This hampers an informed decision on (dis)similarities of MOAs in a mixture and thus 

the decision whether dose-addition could be a plausible way to model mixture effects. 

Previously, we confirmed the EFSA assumption that in cumulative risk assessment dose-addition can be 

used as a default model to predict combination effects irrespective of MOA [7], in a variety of binary 

mixtures in a zebrafish embryo model for craniofacial malformations [8]. Yet, being able to test what 

MOA or which set of MOAs is activated may be crucial for understanding the effect of a compound on 

development. Also, whether or not the model of dose-addition can be used as default for more complex 

mixtures remains to be determined. Therefore, in this study, we analyzed an array of marker genes for 

differential gene expression in zebrafish embryos and the ensuing potential to distinguish MOAs. The 

array of marker genes was optimized in several rounds of experiments, excluding non-informative 

markers and adding new candidates. The final selection of genes could distinguish reference compound 

classes, associated with known or assumed MOAs, and marker profiles of test compounds could be 

matched with the reference MOAs through various grades of overlap.  

To verify and substantiate these results, the potential of compounds to activate initial targets in the 

identified pathways was retrieved from the ToxCast database of in vitro activation assays. As a second 

approach, the same set of compounds was analyzed for modeled binding to key target molecules 

through in silico molecular docking.  

4.1 Robustness of markers 

Generally, there was a good reproducibility of particularly informative marker genes within compound 

classes. However, exceptions for single markers or even a full experiment (see first PCB 126 in Table S3), 

can be understood from unintended experimental variations such as differences in exposure 

concentration, timing of start of exposure and termination of the experiment, or varying stages of 

development among batches of embryos. In general, the relative level of gene expression may depend 

on the relative responsiveness of a given pathway (within a cell), but can also be affected by the relative 

size of the population of responding cells within the whole embryo. Another factor is the critical 

response time windows. When these are narrow, this may produce critical response variations with 

limited shifts in timing of analysis of developmental stages. Finally, the studied compounds are probably 

active in a wider range of tissues than the developing head skeleton, which was the phenotypic anchor 

for the applied test concentrations, and the detected gene expression signals may thus not always 

inform about processes in the phenotypic anchoring tissue. Altogether the detected responses may be 
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affected by spatial and temporal dynamics of gene expression. This is obviously true for disruption of RA 

signalling, which has a delicately regulated role in time and space in a wide range of developmental 

processes [86]. This holds also for the case of dithiocarbamates, where the embryos show overall 

axial/notochord malformations in addition to the effects on the jawbones [12, 22]. Dose-responses in 

differential gene expression were not established, but since there was no difference between gene 

expression responses of the two tested TCDD concentrations (10 and 100 nM), dose-responses for gene 

expression and phenotype may be different. Although genetic variation between strains could be 

another factor, but this was not apparent as a source of bias in our experiments. The variation in size of 

the response between compound classes, e.g. for hoxb1a among AM580 (selectively RAR), triazoles, and 

RA, may indicate the relative specificity of the respective compounds to regulate such a downstream 

marker in a dedicated pathway.  

4.2 Functional position of markers in pathways, specificity of responses 

When comparing observed responses in differential gene expression (Table 4B) with anticipated 

responses (Fig. 1), the effect of triazoles on cyp26 genes is strongly confirmed. This is also true for the 

downstream genes igfbp, hoxb1a, lhx8a, but not so much for dlx5a. These markers, which are all 

informative of a disbalance in RA concentrations, are thus functionally related to effects on RA regulated 

normal development of the head skeleton [30]. An additional response with triazoles was observed in 

loxl3b, this is possibly associated with sox9a downregulation. Downregulation of loxl3b related to RA 

signalling was further confirmed by a similar effect after exposure to RA and to the pure RAR and RXR 

agonists AM580 and CD3254. This is in line with the established general but pivotal role of lysyl oxidases 

in notochord development [87], and in particular with the functional role of loxl3 in craniofacial 

development in zebrafish [88] and in mice [89]. RA has been reported to regulate expression in the lysyl 

oxidase-like family, albeit in the context of other biological systems such as wound healing and 

adipocyte differentiation [90, 91]. The pure RAR and RXR agonists AM580 and CD3254 both also induced 

upregulation of cyp26a1, like triazoles, but in contrast, downregulation of cyp26b1, and these two 

compounds further showed both overlapping and contrasting responses. The ToxCast data, however, 

tone down the RAR specificity of AM580, in view of similar activity in one RXR assay (Table 5A, B). The 

differences between triazoles and either of the RAR or RXR profiles suggest that other MOAs 

contributed to the triazole profile, which can be understood from the overview in Table 3, and is also 

supported by TR activity of triazoles in ToxCast assays (Table 5 A, B). Interestingly, ToxCast data also 

confirmed the activity of RA on TR and PPARγ in addition to RAR/RXR, possibly explaining the incomplete 

match with either of the RAR or RXR profiles. 

It is known that dithiocarbamates produce severe craniofacial malformations in zebrafish embryos [8, 

12, 51]. However, the initially included marker loxl3b, which was identified by van Boxtel et al. [51] , was 

not regulated by DTCs in our qPCR analysis. This may be due to a limited overall expression level, which 

is detectable by the tissue-specific in situ hybridization applied by van Boxtel et al. [88] but remains 

undetected by qPCR in the noise of the whole embryo mRNA extract. The timing of differential gene 

expression analysis (72hpf in this study vs versus 48hpf in the van Boxtel et al. study) may be an 

additional factor.  
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Of the markers myod, ntla and col2a [23], only ntla was regulated by the applied dithiocarbamates, but 

not in a distinctive manner given the similar upregulation by VPA. Therefore, an upstream regulator of 

ntla, nf-kb (rela) [92], which is reported to be inhibited by dithiocarbamates [93], was added. However, 

similar to loxl3b, no regulation of the anticipated response in rela was observed. On the other hand, rela 

was upregulated by VPA, whereas endosulfan and fenpropimorph induced downregulation of rela (and 

upregulation of ntla), thereby better representing the anticipated dithiocarbamate profile than the 

carbamates themselves. Only two predicted responses for dithiocarbamates were confirmed, i.e. sox9b 

and ntla. Further responses with these compounds in hoxb1 and dhfr can be understood via the 

oxidative stress and sox pathways. The observed responses in igfbp, cpt1b, aclya, and hmgcra may be 

associated with activation of PPAR, thyroid receptor (TR), and, with lower certainty RAR and HDAC. In 

particular RAR and HDAC activation are also reported in the ToxCast database although only for thiram, 

with limited to no relevant data available for respectively maneb and metam.  

The key response of sox9b with TCDD via AhR was indeed anticipated (Fig. 1), as was a response in igfbp. 

Responses of TCDD downstream of RA regulation (cyp26 genes, lhx8a) have a possible link via an effect 

on RA metabolism.  

The dominating response after VPA exposure was reduced expression of cpt1b, which was anticipated 

through the interaction of VPA with coenzyme-A (CoA; Fig. 1). Also, the upregulation of hoxb1a was 

anticipated, whereas another downregulated expression was expected in lhx8a. Aclya, a target of 

PPARα, was selectively upregulated by VPA. Although VPA can also directly activate PPARs [44], this may 

not be a primary pathway in view of the absence of aclya response with PFOS. No data on PPAR assays 

tested with VPA were reported in ToxCast. Alternatively, VPA may cut an endogenous source of acetate 

for synthesis of acetyl-CoA through HDAC inhibition and acss1/2 [94], possibly followed by activation of 

the synthesis route via aclya. This process could be enhanced by a further HDAC inhibiting effect of 

excess unconjugated CoA [95].  

In contrast to VPA, PFOS induced a remarkable upregulation of cpt1b, accompanied by relatively strong 

upregulation of igfbp and downregulation of sox9b, both reminiscent to dioxin-like effects. The 

anticipated effects on expression of dhfr and hmgcra (but not aclya) were confirmed. ToxCast data 

confirmed PPAR activation with PFOS (although at a similar level as activation of RAR), whereas no data 

was available on activity of PFOS in AhR assays. 
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4.3 Complex profiles of test compounds  

Although the final set of marker genes was selected to reflect the known predominant MOA of each 

reference compound class, additional activities were also observed with these compounds. In profiles 

obtained with most test compounds, no single full and exact match was observed with one of the 

reference compounds. Instead, less MOA specificity, or more complex actions as compared to reference 

compounds, was apparent, probably relating to activation of multiple targets and downstream pathways 

by compounds. Similarly, pleiotropic activities of the test compounds were seen in the outcome of the 

ToxCast assays, as far as compounds were tested (Table 5B, bottom set). Overall, a pleiotropic activity 

will result in a complex marker gene profile, although a single MOA can still dominate the activation 

pattern. Thus, boric acid, endosulfan, fenpropimorph, PCB126, and RA all showed predominating 

matches with respectively the profiles of AM580, PFOS, dithiocarbamates, TCDD, and triazoles/AM580, 

while a clear dual match was observed for 2.4-dinitrophenol, with dioxin-like and AM580 profiles. 

Prochloraz could not be mapped to any of the profiles (Table 4C). In approximately half of the cases, 

matches with positive or negative gene expression were confirmed by either ToxCast activities or 

binding affinity analysis (Table 7). This seemingly poor concordance can be partly explained by either 

limited overlap of assays (e.g. key MOAs RAR for boric acid and AhR for PCB126 were not tested in 

ToxCast), or limitations to performance of assays. In this respect, boric acid did not show binding affinity 

for any of the analyzed targets, possibly related to an intrinsic technical issue hampering in silico 

modeling for this molecule. Since the affinity values (Table 6) provide quantitative information on the 

strength of binding, this information was used to prioritize chemicals and to discriminate preferential 

Table 7 – Comparison of test compound activities across assays 

reference 
compound / 
target 2
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 DGE TC BA DGE TC BA DGE TC BA DGE TC BA DGE TC BA DGE TC BA DGE TC BA 

3AZ / Cyp26 - 0 - ± 0 - - 0 ++ ± 0 ++ - 0 + - 0 ± - 0 + 

AM580 / RAR + ++ + ++ 0 - - [+] ++ ± 0 ++ ± + ++ ± 0 ± + + ++ 

CD3254 / RXR - 0 - - ++ - ± [+] +++ ± [+] ++ - - ++ - 0 ± - +++ ++ 

DL / AhR ++ [+] ± - 0 - - 0 ++ - [+] ++ - ++ ++ ++ 0 ± - 0 ++ 

DTC ± 0 0 ± 0 0 ± 0 0 + 0 0 ± 0 0 ± 0 0 - 0 0 

VPA / HDAC - +++ - ± 0 - - 0 - - 0 - - 0 ++ ± 0 - - 0 + 

PFOS / PPAR ± - - - 0 - ++ - - ± ++ - ± 0 ++ ± 0 - - ± ± 

TR 0 - 0 0 0 0 0 [++] 0 0 [+] 0 0 + 0 0 0 0 0 ++ 0 

DGE, differential gene expression profile; TC, activity in ToxCast assays; BA, binding affinity. Number of +s is an approximate 
indication of relative strength of activity in the respective models, with -, no activity; square brackets, activity below cytotoxicity 
limit; 0, not tested. Green and red cells indicate match (green) and no match (red) of ToxCast activity and binding affinity with 
DGE profiles.  

Jo
ur

na
l P

re
-p

ro
of



28 
 

targets for each chemical among the selected proteins. All these data are meant to support gene 

expression profile observations (Table 4 A-C). However, neither the evaluation of intrinsic activities on 

nuclear receptors nor the classification as substrate/inhibitor on enzymes can be made on the basis of 

the affinity values of a chemical and the conclusive potential per se is therefore limited. To enhance this, 

further (demanding) in silico approaches would have to be applied which are currently only possible for 

hormone nuclear receptors [85, 96]. Vice versa, ToxCast assays also detected activities, which were to 

some extent confirmed by binding affinity analysis but not reflected in the gene expression profiles. 

Some obvious examples are activity and binding of RA to RXR, interaction between AhR and prochloraz, 

and limited binding affinity for AhR of the well-known AhR activator TCDD. These examples can likely be 

explained through characteristics of the zebrafish embryo model, i.e. loss of specific signal from a small 

population of cells in the whole embryo, developmental stage-dependent expression, or alternatively, 

limited penetration of the initial activation in the downstream pathway indicating that further testing 

and validation is required for all three types of assays 

4.4 Conclusion 

In conclusion, the differential gene expression analysis presented in this paper demonstrates that the 

selected set of marker genes can provide information on the MOA of a compound, in this case relating 

to craniofacial skeletal development. Understanding the MOA or complex of MOAs of compounds is 

important to distinguish similar and dissimilar MOAs for dose-response modelling in combined 

exposures. Since marker genes may play a role in several pathways, and vice versa, compounds may be 

active in multiple pathways. Therefore, the activation/repression profile of the applied limited (but well-

chosen) qPCR array will not per se in all cases identify specific MOAs but can be applied as a practical 

tool to weigh overlap between compounds and thus evaluate (dis)similarity of MOAs of compounds in 

mixtures. The ToxCast in vitro target activity and the in silico binding affinity analysis are helpful to 

confirm and understand MOAs suggested by differential gene expression analysis in the zebrafish. Vice 

versa, these in vitro and in silico tools could be useful as an alternative screen and direct further 

hypothesis formulation and experimental analysis. In the end, a combination of such alternative tools 

can inform MOA models and in combination build evidence for particular MOAs such as craniofacial 

malformation in zebrafish embryos for which disrupted RA-signalling provides a key MOA. While 

comprising several different compounds with known as well as unknown MOAs, the data presented in 

this paper suggest that in mixture analysis, a complex MOA will generally be a valid assumption, and 

similar MOA can probably only be observed in compounds that are chemically closely related. 

Consequently,  It is likely that these conclusions also apply to CAGs or endpoints other than craniofacial 

skeletal development. 
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