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Abstract 

Exposure of embryos to mixtures of environmental chemicals can result in congenital malformations. 

Mixture experiments can provide an indication of the joint effects of substances, but it is practically 

infeasible to test all possible combinations. The development of mechanistic approaches and integrated 



  

models able to predict the effects of mixtures from the concentrations of their individual components, are 

crucial to assess mixtures associated risks. Azole fungicides can induce craniofacial defects, both after in 

utero and in vitro exposure. Results obtained in vitro have shown a significant enhancement of teratogenic 

effects after co-exposure to azoles in comparison to the single exposures. In this project, we evaluated the 

hypothesis that those molecules concur to imbalance the retinoic acid pathway in specific responsive 

embryonic tissues. We developed a quantitative adverse outcome pathway for craniofacial malformations, 

able to simulate the formation of the physiological retinoic acid gradient in the rat embryo hindbrain and 

its perturbation after exposure to cyproconazole, flusilazole, triadimefon and to their binary mixtures. The 

underlying system biology model was calibrated using in vitro data and is reasonably predictive of 

mixtures’ effects for those azoles, thereby confirming the plausibility of the hypothesized pathogenic 

pathway. This quantitative AOP could have mechanistic or predictive applications in pesticides risk 

assessment. 

1. Introduction 

In the last years, the effects on human health and environment resulting from the exposure to multiple 

chemicals have become an item of concern. Humans and all other organisms are typically exposed to 

mixtures of chemicals, present in water, air, soil, food or consumer products (Feron et al. 1998; Groten 

2000). Exposure of animal embryos to some pesticides can result in developmental defects including a 

range of craniofacial deformities like cleft lip or cleft palate, which are one of the most frequent in humans 

(1:700 live births) (Mossey et al. 2009). To enable predictive assessments of those health effects by 

mixtures of chemicals, it is essential to develop approaches, such as quantitative adverse outcome pathways 

(qAOPs), able to predict mixtures’ effects from concentrations of their individual components (Feron and 

Groten 2002; Cheng and Bois 2011; Bois et al. 2017). In addition, the integration of evidence from 

alternative in silico or in vitro methods in qAOPs contributes to the reduction of toxicity testing in animals 

(a potentially endless task when it comes to mixtures). The eventual complete replacement of animal 

experiments is also important for ethical, scientific and economic reasons. 
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Retinoic acid (RA), the active metabolite of vitamin A, is a well-known morphogen in invertebrates and 

vertebrate embryos and it is considered the main molecule involved in craniofacial morphogenesis (Suzuki 

et al. 1999). Both deficiency and excess of embryonic RA are related to malformations at multiple portions, 

including craniofacial defects in humans and animals (Warkany and Schraffenberger 1944; Lammer et al. 

1985; Hathcock et al. 1990; Morriss-Kay 1992; Browne et al. 2014; Piersma et al. 2017). In presence of 

excess of RA, postimplantation rodent whole embryo cultures (WEC) show specific defects, including 

branchial arch (the embryonic facial primordia) abnormalities (Klug et al. 1989; Menegola et al. 2004). The 

postimplantation rodent whole embryo culture (WEC) is an in vitro technique validated by the European 

Centre for the Validation of Alternative Methods (ECVAM) in 2001 (Anon 2002) as a screening and/or 

prioritization tool for pharmaceutical, agricultural, and industrial chemicals.  

There are several possible causes of imbalance in RA concentrations and many substances are able to alter 

craniofacial development: valproic acid, thalidomide, retinoids, ethanol and some drugs and pesticides such 

as the class of the azoles fungicides (Morriss and Steele 1974, 1977; Steele et al. 1987; Klug et al. 1989; 

Kotch et al. 1995; Hansen et al. 1999; Parman et al. 1999; Menegola et al. 2013). Azoles are synthetic 

antifungal compounds, derived from triazole or imidazole, sold annually in thousands of tons for the 

purpose of plant protection (Hof 2001). Their large use in agriculture and presence as residues in food carry 

the potential for human exposure. In addition to environmental exposure, humans can be exposed to some 

azole fungicides for the treatment of local or deep fungal infections (Zarn et al. 2002; EFSA 2009). The 

specific teratogenic effect of some azole fungicides has been investigated using postimplantation rat WEC. 

Embryos exposed to single azoles develop abnormal branchial structures, similar to those induced by excess 

of RA, related to the abnormal hindbrain segmentation and abnormal neural crest cells (NCCs) migration 

and compaction (Menegola et al. 2000, 2001, 2003, 2005a, 2005b, 2006a, 2006b; Di Renzo et al. 2007, 

2011a, 2011b). The postulated mechanism of action was the inhibition of CYP26 enzymes (involved in RA 

degradation during early embryonic development), with the consequent increase in RA local content 

(Menegola et al. 2006a, 2006b; Marotta and Tiboni 2010). The observation in rodent embryos that the co-

exposure to sub-teratogenic doses of both RA (0.025 µM)  and fluconazole (FLUCO) (62.5 µM) leads to 

the same phenotype as the teratogenic doses of RA and FLUCO alone, definitively supported the hypothesis 

of local increase of RA as key event in azole teratogenicity (Menegola et al. 2004, 2006a).  
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In addition, data previously obtained by Menegola et al. (2013) described an increase of the teratogenic 

effects (reduction  and fusion of branchial arches) in postimplantation rat WEC in presence of mixtures of 

azole fungicides, including triadimefon (FON), flusilazole (FLUSI) and cyproconazole (CYPRO), 

compared to the single exposures. Since in standard human risk assessment, chemicals thought to exhibit 

their effects through common mechanisms are assumed to show dose-additivity and are grouped together 

(cumulative risk assessment) (Moretto 2008), is it likely that mixtures of azole fungicides could show dose-

additivity too.  

The aim of this work was therefore to develop a quantitative AOP able to integrate in silico, in vitro, in vivo 

evidence, and to simulate the formation and perturbation of physiological RA levels in the rat embryo 

hindbrain. A successful prediction of RA perturbation in embryos after exposure to binary mixtures azole, 

based on the hypothesized mechanism, would both test and strengthen our mechanistic hypothesis. 

2. Materials and Methods 

2.1 In vitro experiments  

2.1.1 Material and selection of compound concentrations 

Experimental data on frequencies of malformations of the branchial arches following exposure to RA, 

individual azoles (CYPRO, FLUSI, FON) and binary mixtures (increasing concentrations of one azole + 

the lowest-effect concentration of another azole), obtained in our laboratory in Milano (Di Renzo et al. 

2019), were used in this study (Table 1). All the tested compounds were purchased from Sigma, Italy. The 

medium used for the extraction of embryos from the uteri was sterilised Tyrode solution (Sigma); the 

medium used for the post-implantation whole embryo culture was undiluted heat inactivated rat serum 

added with antibiotics (penicillin100IU/mL culture medium and streptomycin 100μg/mL culture medium, 

Sigma). The concentrations of test molecules were selected from previous published experiments on rat 

WEC to gradually achieve the maximum degree of severity for branchial malformations: RA 0.025–0.5μM, 

FLUSI 1.56–9.375 μM, FON 6.25–250 μM, and CYPRO 7.8–250 μM. For each dose-response experiment, 

a group was exposed to the relative solvent (dose 0).  
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2.1.2 Embryo culture 

Virgin female CD:Crl rats (Charles River, Calco, Italy), housed in a thermostatically maintained room 

(T=22± 2°C; relative humidity 55 ± 5%) with a 12-h light-dark cycle (light from 6:00 a.m. to 6:00 p.m.), 

and free access to food (Italiana Mangimi, Settimo Milanese, Italy) and tap water, were caged overnight 

with males of proven fertility. All animal use protocols were approved by the Ministry of Health, 

Department for Veterinary Public Health, Nutrition and Food Safety committee. The animals were treated 

humanely and with regard for the alleviation of suffering. Embryos were explanted from untreated pregnant 

rats at E9.5 (early neurula stage, 1–3 somites; day of positive vaginal smear = 0) and cultured according to 

the New method (1978) in 20-mL glass bottles (five embryos/bottle), containing 5mL of culture medium. 

The culture was performed at least in triplicate for each group. The bottles, inserted in a thermostatic 

(37.8°C) roller (30rpm) apparatus, were periodically gas equilibrated according to Giavini et al. (1992). 

After 48 h of culturing, the embryos were morphologically examined under a dissecting microscope to 

evaluate any branchial or morphological abnormality. A morphological score was determined according to 

Brown and Fabro (1981). Overall, no branchial arch malformations were observed in 201 control embryos. 

 

2.2 qAOP model 

AOPs describe a causal sequence of events, starting from one or more molecular initiating events, followed 

by a sequence of measurable key events, leading to an adverse outcome (Villeneuve et al. 2014). They help 

organize information from a wide range of sources (in silico, in vitro, in vivo, etc.) for use it in weight of 

evidence schemes when assessing the plausibility of a link between a chemical’s effects on individual 

events and adverse outcomes of interest (Madden et al. 2014). However, for prediction of risk from 

exposure to single chemicals or mixtures, quantitative AOPs (qAOPs) that provide dose-response and time-

course predictions (Leist et al. 2017, Zgheib et al. submitted) are likely to be more valuable than qualitative 

AOPs. We therefore developed a biologically-based quantitative model for predicting the impact of retinoic 

acid morphogenic gradient disruption by CYP26 inhibitors on craniofacial skeletal malformation that aligns 

with a corresponding AOP. It has been suggested that azole fungicides act via this pathway (Menegola et 

al. 2006a; Marotta and Tiboni 2010). 
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2.3.1 RA gradients formation, function and disruption in organogenesis 

According to the literature, the synthesis of RA is catalysed by ADH7 and it is degraded by cytochrome 

P450 isoforms CYP26A1, CYP26B1, and CYP26C1 (Morriss-Kay 1992). The generation and diffusion of 

RA has been proposed to form a gradient that patterns the hindbrain into seven rhombomeres (r1-7) from 

which the neural crest cells (NCCs) migrate and colonize the future cranio-facial structures (White et al. 

2007; Schilling et al. 2012). Because morphogens act at a distance from their source of production, eliciting 

distinct cellular responses in a concentration-dependent manner (Rogers and Schier 2011), their action 

needs to be robust and precise. RA, in fact, induces the synthesis of CYP26A1, which in turn specifically 

degrades it (White et al. 2007), inducing a negative feedback loop regulating RA levels. In addition, the 

level of CYP26a1 mRNA in the hindbrain is up-regulated by RA and fibroblast growth factor (FGF) 

(Reijntjes et al. 2005). This self-enhanced degradation of RA is a mechanism that enhances RA gradient 

robustness. Despite that control, severe malformations of the face can result either from a generalized RA 

imbalance or from an ectopic localization of RA in rhombomeres, with a subsequent ectopic expression of 

growth factors and genes in the hindbrain and rhomboencephalic NCC-derived tissues (Morriss-Kay 1992; 

Osumi-Yamashita et al. 1994; Mark et al. 1995; Whiting 1997; Schneider et al. 2001).  

The CYP26 enzymes therefore play a central role in protecting the developing embryo from supra-

physiological levels of RA. In particular, the crucial role of CYP26A1 during development is underlined 

by the notion that Cyp26a1-/- mutant embryos show abnormal hindbrain specification, abnormal neural 

crest cell migration and abnormal anterior branchial arches (Sakai 2001; Abu-Abed et al. 2002; Uehara et 

al. 2007). Previous studies indicates that Cyp26a1 is initially expressed in the anterior neural plate during 

gastrulation (Kudoh et al. 2002) and that it first establishes the anterior boundary of the RA signal at r2–r3 

(Sirbu 2005). CYP26A1 is also required for exogenous RA treatments to rescue RA-deficient embryos 

(Hernandez et al. 2007). Thus, CYP26A1 seems to have a key role in the hindbrain, distinct from that of 

the other two isoforms CYP26B1 or CYP26C1 (which are not induced in the nervous system by RA) as the 

major RA-degrading enzyme (White et al. 2007). Considering the essential role of CYP26A1 during the 

initial phases of the embryonic development, only CYP26A1 was considered in the present model. 

CYP26A1 inhibition is therefore a likely molecular initiating event for RA gradient disruption. 
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Furthermore, exposure to FLUCO has been linked to an increased expression of CYP26A1 mRNA (Tiboni 

et al. 2009). 

The structure of the qAOP we propose for skeletal craniofacial defects therefore includes (Figure 1): (1) 

CYP26 inhibition, (2) imbalance of RA gradients in the hindbrain, (3) altered RA-regulated gene 

expression, (4) altered hindbrain NCC migration and compaction, (5) embryonic branchial arch defects, (6) 

craniofacial skeletal defects (the adverse outcome). 

2.3.2 qAOP development strategy 

Besides mechanistic information, the data we have are direct observations of branchial arch malformations 

after exposure of embryos to RA or azoles. We therefore first established a dose-response relationship 

between RA and the probability of occurrence of malformations. For this, we used a multistage dose-

response model. Given this relationship, to link exposures to azoles to observed malformations we 

developed a systems biology model describing RA gradient formation in the hindbrain and its potential 

disruption by the three azoles tested. The data on the effect of individual azoles allowed us to obtain 

estimates of their CYP26A1 inhibition constants, through Bayesian calibration. After that calibration step, 

the model was used purely predictively to simulate the effect of exposures to mixtures of the azoles. The 

predictions were then simply compared to the observed mixtures’ effects. 

2.3.3 RA kinetics equations 

The first part of our model describes the formation of RA gradient during the early development of a rat 

embryo hindbrain and its perturbation after exposure to CYP26A1 inhibitors (here, FLUSI, FON, and 

CYPRO). We focus on development between days 9.5 and 10 post-fertilization, which is the sensitive 

window for azole fungicides exposures (Di Renzo et al. 2011b). 

The system biology model equations are adapted from Goldbeter et al. (2007). Those authors focused on 

mesenchymal presomitic mesoderm, rather than on the hindbrain, where the control details are slightly 

different. Therefore we did not include FGF inhibition by RA, and we considered parallel linear gradients 

in the rate of synthesis of RA and in the amount of FGF (White et al. 2007; Schilling et al. 2012). The 

model state variables are the concentrations of RA (RA), cyp26a1 mRNA (mRNA), CYP26A1 protein (in 
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active form) (CYP26) and FGF protein (FGF). The time evolution of these variables at a distance x, in units 

of average cell length, from the beginning of the 7th rhombomere (up to the end of the 1st rhombomere, i.e., 

covering the hindbrain), is governed by the following set of differential equations.  

RA synthesis is catalysed along a linear gradient in distance x by aldehyde dehydrogenase (ADH), it is also 

metabolized by CYP261A and other enzymes:  

 
𝜕𝑅𝐴(𝑥,𝑡)

𝜕𝑡
 =  𝑘𝑠𝑦𝑛,𝑅𝐴 ⋅ 𝐴𝐷𝐻

𝐿−𝑥

𝐿
− 𝑘𝑚𝑒𝑡,𝑅𝐴 ⋅ 𝐶𝑌𝑃26(𝑥, 𝑡) ⋅ 𝑅𝐴(𝑥, 𝑡) − 𝑘𝑑𝑒𝑔,𝑅𝐴 ⋅ 𝑅𝐴(𝑥, 𝑡) (1) 

where parameters ksyn,RA and kmet,RA measure respectively the rate of synthesis of RA by ADH and the first 

order degradation rate of RA by CYP26A1, and kdeg,RA represents the rate of nonspecific degradation of RA. 

𝐿 is the number of the hindbrain cells (𝐿 = 50) at the considered stage. 

CYP26 mRNA synthesis is increased by RA and decreased by FGF, with a first order degradation rate: 

 
𝜕𝑚𝑅𝑁𝐴(𝑥,𝑡)

𝜕𝑡
 =  𝑘𝑡𝑟𝑠 + 𝑣𝑚𝑎𝑥 ⋅

𝑅𝐴(𝑥,𝑡)2

𝑘𝑎𝑐𝑡
2 +𝑅𝐴(𝑥,𝑡)2 ⋅

𝑘𝑖𝑛ℎ
2

𝑘𝑖𝑛ℎ
2 +𝐹𝐺𝐹(𝑥,𝑡)2 − 𝑘𝑑𝑒𝑔,𝑚𝑅𝑁𝐴 ⋅ 𝑚𝑅𝑁𝐴(𝑥, 𝑡) (2) 

where ktrs is a baseline transcription rate, vmax is the maximum increase in transcription rate by the concurrent 

actions of RA of FGF (described by Hill functions with cooperativity degree 2), kact is the activation 

constant by RA, kinh the inhibition constant by FGF, and kdeg,mRNA a first order degradation rate constant. 

CYP26A1 is synthesized with translation rate constant ktrd, degraded with first order rate constant kdeg, and 

inactivated by FLUSI, FON and CYPRO (which are constant parameters set at the nominal exposure value 

for each chemical) with inhibition rate constants kinh_FLUSI, kinh_FON, and kinh_CYPRO, respectively: 

 
𝜕𝐶𝑌𝑃26(𝑥,𝑡)

𝜕𝑡
=  𝑘𝑡𝑠𝑙 ⋅ 𝑚𝑅𝑁𝐴(𝑥, 𝑡) − (𝑘𝑑𝑒𝑔,𝐶𝑌𝑃 + 𝑘𝑖𝑛ℎ,𝐹𝐿𝑈𝑆𝐼 ⋅ 𝐹𝐿𝑈𝑆𝐼 +

                                               𝑘𝑖𝑛ℎ,𝐹𝑂𝑁 ⋅ 𝐹𝑂𝑁 + 𝑘𝑖𝑛ℎ,𝐶𝑌𝑃𝑅𝑂 ⋅ 𝐶𝑌𝑃𝑅𝑂) ⋅ 𝐶𝑌𝑃26(𝑥, 𝑡)  (3) 

FGF is synthesized at a rate proportional to ksyn,FGF, higher in the posterior hindbrain than in the anterior 

hindbrain, and degraded with first order rate constant kdeg. 

 
𝜕𝐹𝐺𝐹(𝑥,𝑡)

𝜕𝑡
 =  𝑘𝑠𝑦𝑛,𝐹𝐺𝐹 ⋅ (1 −

𝑥

𝐿
) − 𝑘𝑑𝑒𝑔,𝐹𝐺𝐹 ⋅ 𝐹𝐺𝐹(𝑥, 𝑡) (4) 
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To simulate the concentration of RA, CYP261A mRNA, CYP26A1 and FGF, at different times and 

different locations in the hindbrain, the equations were solved by numerical integration. We ran the 

simulations until stable gradients were established. About an hour of simulated time was needed to obtain 

stable gradients when starting from the initial concentration values (all at 0.1 nM) used in Goldbeter et al. 

(2007). 

Most model parameter values were set to those reported in Goldbeter et al. (2007), or to other published 

values when those were more relevant (see Table 2). The CYP26 mRNA transcription activation by RA 

constant (kact) and the transcription inhibition by FGF constant (kinh) were adjusted so that the RA baseline 

concentration matched the value given in Duester (2008) and the shape of the RA and CYP26 gradients 

matched the description given by Schilling et al. (2012). The CYP26 inhibition constants by azoles were 

numerically estimated via Bayesian calibration  (Bois 2009a). Parameter values are reported in Table 2. 

2.3.4 Malformation risk model 

To predict the probability of malformation as a function of (excess) RA concentrations in the hindbrain we 

used a multistage model. The effective dose was taken to be RA concentration increase over baseline 

(RAbase), at the middle of the hindbrain (distance x equal to 25) in steady-state conditions (at time tss, in our 

case at 48 hours). The RA baseline concentration was set to 26 nM (Duester 2008). 

 𝐷 = 𝑅𝐴(25, 𝑡𝑠𝑠) − 𝑅𝐴𝑏𝑎𝑠𝑒 (5) 

 𝑃 = 1 − 𝑒𝑥𝑝(−𝑄0 − 𝑄1 ∙ 𝐷) (6) 

The Q0 and Q1 parameters were estimated via Bayesian calibration (see the Statistical methods section). 

2.3.5 Statistical methods 

Five parameters of the malformation qAOP (Q0, Q1, kinh_FLUSI, kinh_FON, and kinh_CYPRO) were calibrated so that 

the prediction of probability of craniofacial malformations matched the frequency data obtained after 

exposure of embryos to single chemicals (RA, FLUSI, FON, or CYPRO). In each case, we used Bayesian 

calibration (Bois 2009a). The measured counts of branchial arch malformation following 48 h of exposures 

to RA or to the single azoles (Table 1) were assumed to be binomially distributed with a probability P given 
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by the multistage model (Eq. 6). The priors were set to uninformative uniform distributions. Given the prior 

and the data, Markov-chain Monte Carlo (MCMC) simulations were performed. In each case, two MCMC 

chains were run in parallel for 10,000 iterations. The last 5000 samples from each chain were kept for 

inference and predictive simulations. Convergence of the chains was assessed using Gelman and Rubin Rhat 

criterion. Convergence was achieved in all cases. 

2.3.6 Software 

All model simulations and MCMC calibrations were performed with GNU MCSim version 6.0.1 

(www.gnu.org/software/mcsim) (Bois and Maszle 1997; Bois 2009a). All plots and miscellaneous 

calculations were created with R, version 3.4.4 (cran.r-project.org) (R Development Core Team 2013). 

3 Results 

3.1 Effects of exposure to RA, azoles and their binary mixtures on embryo development 

As reported in Di Renzo et al. (2019), dose-related teratogenic effects were detected in embryos exposed 

to the different chemicals. The specific target for all tested azoles was the branchial apparatus, which was 

also affected by RA exposure. In the control group no abnormalities has been observed. All the tested RA 

and CYPRO concentrations resulted effective for branchial arch abnormalities, while the branchial 

apparatus was affected only after exposure to FON at concentrations of 7.8 μM or greater and FLUSI at 

concentrations of 3.125 μM or greater. The co-exposure to the increasing concentrations of one azole and 

the lowest-effect concentration of another azole enhanced the incidence of branchial arch malformations. 

In mixture with FON, the no-effect tested concentration of FLUSI (1.526 µM) was teratogenic and the 

lowest effect concentration of CYPRO (7.8 µM) enhanced its teratogenic effectiveness to the 80%. Finally, 

in mixture with FLUSI, the no-effect tested concentration of FON (6.25 µM) produced a severe teratogenic 

effect with the 100% of malformed embryos (Table 1). 

http://www.gnu.org/software/mcsim
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3.2 RA gradient profiles in the rat embryo hindbrain 

We obtained the baseline gradients after adjusting the CYP26 mRNA transcription activation by RA 

constant (kact) and the transcription inhibition by FGF constant (kinh), as well as its perturbation during 

constant exposures to various levels of FLUSI (Figure 2). The inhibition constant for FLUSI was set to the 

mode value given in Table 3. The value of the baseline gradient is 26 nM in the middle of the hindbrain, as 

indicated in Duester (2008). The shape of the gradients matched the description given by Schilling et al. 

(2012), with an accumulation of CYP in the anterior region, and higher concentrations of RA and FGF in 

the posterior region. Exposures to a CYP26A1 inhibitor have a profound effect on RA concentrations. Note 

that, as observed by Tiboni et al. (2009) for FLUCO, exposure to a CYP26A1 inhibitor leads to an increased 

expression of CYP26A1 mRNA. 

3.3 qAOP calibration 

The fit of the multistage model to experimental data on the percentage of branchial arch malformations 

caused by increasing RA concentrations (Figure 3) is quite good given the uncertainty in the data (the dark 

grey area marks the 95% confidence region of the malformation probability estimates, the light grey area 

the 95% confidence regions of model predictions for groups of 12 embryos, i.e., for data predictions). The 

limited sample size of the data leads to increased uncertainty and to discrete confidence bounds (hence the 

staircase aspect of the data confidence intervals). In that case, RA exposures are exogenous and already 

represent increases over background. Therefore, for the calibration of the multistage model parameters, the 

value of RAbase was set to zero. A summary of the posterior distributions of the parameters Q0 and Q1 is 

given in Table 3. Note that the mode (best) value of Q0 is very close to zero. 

The data of the fitted relationships between FLUSI, FON, or CYPRO concentrations and branchial arch 

malformations are well reproduced (Figure 4). To obtain those fits, the parameters Q0 and Q1 of the 

multistage link between RA excess concentration in the hindbrain and malformations were set to their mode 

(see Table 3). The value of RAbase was set to 26 nM, because RA exposure is endogenous here and RA 

baseline value needs to be subtracted. The inhibition constants for the three azoles were calibrated with 

MCMC simulations to obtain a sample from their posterior distributions, which are summarized in Table 

3. The uncertainty resulting from the unavoidable measurement errors and modelling approximations is 
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reflected by the grey areas, which correspond to the 95% confidence interval for the probability prediction 

curves (dark grey) and for the data themselves (light grey).  

All parameters values being determined, the qAOP was then used for predictions. The predicted relationship 

between concentrations of the three azoles studied and the internal concentration of RA in the mid-

hindbrain showed that the increase in RA concentrations is linear with exposure in each case (Figure 5). 

This is the net effect of CYP26A1 inhibition, subsequent decrease in RA metabolism, feedback to increased 

CYP26A1 mRNA transcription and CYP26A1 synthesis increase. Note that the feedback loop has in this 

case a simple linear dampening effect. 

3.4 Prediction of azoles’ mixtures effects 

Then, pure model predictions of the percentage of branchial arch malformations for binary mixtures of 

FLUSI at different concentrations mixed with 12.5 µM FON, different concentrations of FON mixed with 

3.125 µM FLUSI, and different concentrations of CYPRO with 7.8 µM FON was obtained (Figure 6). For 

comparison with the predictions, experimental data are superimposed but they were not used in the 

calibration process and just serve as a validation of the predictions. The mixture effects are quite strong, 

and the malformation data are slightly underestimated by model predictions, but they fall within the 95% 

confidence intervals of the model predictions. Note that the “zero” dose data points in Figure 6 do not 

correspond to the absolute control of Table 1, but to the data point of the co-exposure azole at the 

concentration used (from its single exposure data). 

4 Discussion 

We developed a qAOP for the occurrence of cranio-facial malformations in rat embryos following 

inhibition of RA metabolism by CYP26A1. RA is a very important morphogen, considered to be the main 

molecule involved in cranio-facial morphogenesis (Suzuki et al. 1999). It is known from literature that just 

a little imbalance in RA concentrations could alter the cranio-facial development with also severe 

consequences (Morriss-Kay 1992; Osumi-Yamashita et al. 1994; Mark et al. 1995; Whiting 1997; 

Schneider et al. 2001). The underlying model parameters were calibrated in a Bayesian framework on the 
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basis in vitro data on the developmental effects of three azoles alone. The qAOP was then used to predict 

internal RA levels in hindbrain and mixture effects following co-exposure to those azoles. Data and model 

predictions agree well, and our results are coherent with our hypotheses about the structure of this 

pathogenic pathway. 

We benefited from a homogeneous dataset with well-designed experiments. The potential inhibition of RA 

synthesis by ethanol (17 mM), used as solvent of the azoles, was also evaluated. Since it made no difference 

in the results (data not shown), we chose to not include an effect of ethanol in the model. 

The model is not perfect though, and the predicted effects somewhat underestimated the experimental 

results. This may be due to the fact that we only considered action of the azoles on the CYP26A1 isoform 

while at least three isoforms are expressed or partially co-expressed in early embryonic tissues (including 

branchial arches) (White and Schilling 2008). CYP26A1 is initially expressed in the anterior neural plate 

during gastrulation (Kudoh et al. 2002) and forms a boundary at presumptive r2/r3 (Pennimpede et al. 

2010). This is followed by the later expression of CYP26A1 in r2 and Cyp26C1 in r2 and r4 (Fujii 1997; 

Abu-Abed et al. 2002; Tahayato et al. 2003; Uehara et al. 2007). From studies with Cyp26a1-/- mutant 

embryos, showing abnormal hindbrain specification, abnormal neural crest cell migration and abnormal 

anterior branchial arches (Sakai 2001; Abu-Abed et al. 2002; Uehara et al. 2007), Cyp26A1 seems to have 

a key role in the developing hindbrain to precisely restrict the field of endogenous RA signalling (White 

and Schilling 2008). In contrast to Cyp26A1, Cyp26B1 expression appears later and in a more dynamic 

pattern in the hindbrain in mice initially in r3 and r5 and later in r2–6 (MacLean et al. 2001). These patterns 

suggest that Cyp26B1 creates a new sink for RA within the central hindbrain (r3–5) at the end of 

gastrulation that eventually covers all but the most posterior rhombomeres. Cyp26C1 expression initially 

appears in the head mesenchyme at E7.5 (Uehara et al. 2007), and is then expressed after gastrulation in r4 

earlier than that of Cyp26B1 in r3 and r5 (MacLean et al. 2001; Sirbu 2005). These patterns suggest that 

Cyp26C1, like Cyp26B1, forms a sink for RA within the central rhombomeres (r2– 6) of the hindbrain that 

both reduces RA within cells that express it and helps shape gradients of RA in adjacent cells. 

It is known from literature, in fact, that morphogenetic gradients during hindbrain development are more 

complex than a simple concentration gradient of endogenous RA. Sirbu (2005) demonstrated the existence 

of dynamic shifting boundaries of hindbrain RA activity. His study showed that a stable RA gradient is not 
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established across the hindbrain, but the initial gradient of RA entering the posterior hindbrain is converted 

by CYP26s isoforms into RA boundaries that shift over time such that anterior tissues receive a short pulse 

of RA and posterior tissues receives a long pulse of RA. In particular, RA generated by RALDH2 in paraxial 

mesoderm initially travels as far anteriorly as presumptive r3 forming an early RA signalling boundary at 

r2/r3 just posterior to the RA-degrading enzyme Cyp26A1 expression domain. However, this boundary 

shifts posteriorly to the r4/r5 border to the expression of Cyp26C1 in r4. Hence, the hindbrain utilizes the 

RA-degrading function of Cyp26s isoforms to establish shifting boundaries of RA activity. Sirbu (2005) 

also showed that the initial RA boundary at r2/r3 is independent of RA activity, as Cyp26A1 expression 

does not require RA, but that the shift to an r4/r5 boundary is dependent upon RA to activate Cyp26C1 

expression in r4. This pattern is essential for the specification of both rhombomeres and rhombomeric 

neural crest cells (NCC) migrating to the corresponding branchial region (Trainor and Krumlauf 2000). 

These results provide strong evidence that the combined action of all three Cyp26s, differentially expressed 

in embryonic tissues, are required to pattern the A-P axis of the hindbrain (Figure 7).  

The possibility of a different affinity of different azoles for the expressed CYP26 isoforms could explain 

the underestimation of the predicted effects when compared to experimental results and it should be taken 

in account for a future version of the model. Moreover, inhibition by azoles of other cytochromes expressed 

in embryos at early stages such as CYP51, CYP2S1, and CYP11A1, all involved during the synthesis of 

cholesterol, steroids, and other lipids (Choudhary et al. 2003) could also be considered. We included a 

general term covering RA degradation by other enzymes than CYP26A1 in the RA kinetic equation, but 

that simple term cannot account for the subtle time-evolving controls mentioned above. Note also that, in 

the absence of data on endogenous RA levels in the hindbrain, we had to make the assumption that external 

exposure to RA resulted in the same increase in malformations as internal increase in RA levels. This is 

clearly an approximation, as we have no proof that hindbrain RA levels increase proportionally to external 

exposures. To develop and validate a more sophisticated model, we would need data on RA and other 

morphogens concentration in the hindbrain as a function of time and xenobiotic exposure concentrations. 

In the simple model we developed, the various azoles act with the same mode of action, and the way in 

which they enter Eq. 3 amounts to dose additivity. In fact, the terms involving FLUSI, FON, and CYPRO 

in Eq. 3 could be grouped with their relative potencies normalised to that of FLUSI for example, as in: 
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 𝑘𝑖𝑛ℎ,𝐹𝐿𝑈𝑆𝐼 (𝐹𝐿𝑈𝑆𝐼 +
𝑘𝑖𝑛ℎ,𝐹𝑂𝑁

𝑘𝑖𝑛ℎ,𝐹𝐿𝑈𝑆𝐼
𝐹𝑂𝑁 +

𝑘𝑖𝑛ℎ,𝐶𝑌𝑃𝑅𝑂

𝑘𝑖𝑛ℎ,𝐹𝐿𝑈𝑆𝐼
𝐶𝑌𝑃𝑅𝑂) 

More chemicals acting by the same mechanism could easily be included with this approach. On the other 

hand, our results partly support the use of dose addition for malformations induced by azoles, even when 

using simpler dose-response models. 

While the results presented show that our qAOP can simulate and predict malformation risk due to single 

azoles or their mixtures, we stayed within the framework of the WEC assay and did not attempt to 

extrapolate them to humans. This would require at least some pharmacokinetic modelling and the 

verification that hindbrain development mechanisms are sufficiently similar in humans and rats to warrant 

the extrapolation. That relates more to the assumed ability of the WEC to assess hazard and risks to human 

than to the accuracy of our AOP model. Anyway, CYP26 is one of the cytochrome P450 specifically 

expressed in vertebrate embryos during development, with more than 61% identity identified in 

aminoacidic sequence in fish, chicken and mammals. Such conservation in the sequence supports a high 

conservation of functions (Stoilov et al. 2001; Abu-Abed et al. 2002). Similar to mammalian embryos, other 

vertebrate (the frog Xenopus laevis), and invertebrate (the ascidian Phallusia mammillata and Ciona 

intestinalis) embryos showed congenital malformations similar to those obtained in mammals after azole 

embryo exposure. (Groppelli et al., 2005; Pennati et al., 2006; Zega et al., 2009). 

5 Conclusion 

The large use of many substances able to alter craniofacial development in agriculture (Gordon and Shy 

1981) and their presence as residues in food, carry the potential for human exposure to their mixtures. 

Despite the limitations discussed above, our model has potential mechanistic and predictive applications 

for risk assessment of exposures to mixtures of azoles, or substances acting with the same mode of action 

on the RA pathway. Ideally, the underlying AOP and its quantitative counterpart should be further 

developed with data on missing key-events (internal RA and other morphogens’ concentrations, omic 

markers of NCC migration initiation and control, etc.) and an AOP description will be add to the AOP-

Wiki (http://aopwiki.org). The AOP-Wiki was developed as a user-friendly, open-source interface that 

http://aopwiki.org/
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facilitates both sharing of AOP knowledge and collaborative AOP development (Villeneuve et al. 2014). 

Indeed, AOPs will provide a relevant construct to organize and share data and information, to promote 

collaboration between experts in various areas and research and the regulatory risk assessment community 

and to support more predictive approaches to regulatory toxicology (OECD 2018). The collection and the 

assembly of the supporting evidence for each key-event description will contribute to the completion of our 

AOP proposal, which has been submitted to the OECD AOP development Programme. 

To arrive at realistic assessments of human health effects from exposure to mixtures, the development of 

approaches able to predict mixtures’ effects from concentrations of their individual components is essential 

(Bois et al. 2017; Bois 2009b; Cheng and Bois 2011). In this context, the AOP/qAOP framework is useful 

for integrating in vitro test results, in silico estimates, in vivo data, and computational systems biology. We 

hope that our research will provide a better understanding of the toxicity mechanisms of single and 

combined chemicals affecting the skeletal craniofacial pathway, and better ab initio predictions of 

developmental toxicity. 
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9 Tables 

Table 1: Counts of branchial arch malformations observed in embryos exposed to retinoic acid, flusilazole, 

triadimefon, cyproconazole and binary mixtures of the last three molecules. 

Treatment Dose (µM) Malformed embryos Observed embryos 

Retinoic Acid (RA) 0 0 22 

 0.025 2 23 

 0.05 11 16 

 0.125 19 19 

 0.25 15 17 

 0.5 28 28 

Flusilazole (FLUSI) 0 0 18 

 1.5625 0 10 

 3.125 5 11 

 6.25 9 9 

 9.375 5 5 

Triadimefon (FON) 0 0 9 

 6.25 0 8 

 7.8 5 12 

 12.5 3 11 

 15 6 10 

 25 8 8 

 31.5 6 7 

 50 7 7 

 250 4 4 

Cyproconazole (CYPRO) 0 0 9 

 7.8 4 14 

 15 8 9 

 31.5 7 7 

 250 3 3 

FLUSI (+ FON 12.5 µM) 0 0 22 

 1.5625 4 7 

 3.125 11 12 

 6.25 6 6 

 9.375 6 6 

FON (+ FLUSI 3.125 µM) 0 0 22 

 6.25 10 10 

 12.5 11 12 

 25 8 8 

 50 7 7 

CYPRO (+ FON 7.8 µM) 0 0 9 

 7.8 9 11 

 15 3 3 
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Table 2: Model parameter values for retinoic acid gradient perturbation model. 

Parameter Symbol Value (units) Reference 

RA synthesis rate constant  ksyn,RA 0.59 (nM/s) (Horton and Maden 1995) 

RA metabolic rate constant kmet,RA 0.0167 (1/nM/s) (Goldbeter et al. 2007) 

RA degradation rate constant kdeg,RA 0 (1/s) (Goldbeter et al. 2007) 

Amount of ADH  ADH 7.1 (nM) (Goldbeter et al. 2007) 

cyp26a1 base transcription rate ktrs 0.0061 (nM/s) (Goldbeter et al. 2007) 

Maximum increase in transcription   vmax 0.118 (nM/s) (Goldbeter et al. 2007) 

Transcription activation by RA constant  kact 7.08 (nM) - a 

Transcription inhibition by FGF constant kinh 1 (nM) - a 

CYP26 mRNA degradation rate constant  kdeg,mRNA 0.0167 (1/s) (Goldbeter et al. 2007) 

CYP26 translation rate constant  ktsl 0.0167 (1/s) (Goldbeter et al. 2007) 

CYP26 degradation rate constant  kdeg,CYP26 0.00467 (1/s) (Goldbeter et al. 2007) 

FGF synthesis rate  ksyn,FGF 0.083 (mM/s) (Goldbeter et al. 2007) 

FGF degradation rate constant  kdeg,FGF 0.0167 (1/s) (Goldbeter et al. 2007) 

CYP26 inhibition by CYP26 constant kinh,FLUSI -  (1/µM/s)  -  b 

CYP26 inhibition by FON constant kinh,FON -  (1/µM/s) -  b 

CYP26 inhibition by CYPRO constant kinh,CYPRO -  (1/µM/s) -  b 

a These parameters were adjusted to give match information about RA, and CYP gradients. 

b These parameters were statistically calibrated with data. 
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Table 3: Model parameter values for retinoic acid gradient perturbation model. 

Parameter Unit Mode Mean SD 95% CI 

kinh,FLUSI 1/µM/s 0.0033 0.0035 0.00088 0.0020 – 0.0055 

kinh,FON 1/µM/s 0.00077 0.00080 0.00015 0.00054 – 0.0011 

kinh,CYPRO 1/µM/s 0.0012 0.0013 0.00033 0.00073 – 0.0020 

Q0 - 2×10-7 0.0050 0.0051 0.00015 – 0.019 

Q1 1/nM 0.014 0.015 0.0025 0.010 – 0.020 

a These parameters were adjusted to give match information about RA, and CYP gradients. 

b These parameters were statistically calibrated with data. 
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10 Figure legends 

Figure 1: AOP structure for branchial arch malformations during embryogenesis (between days 9.5 and 10 

post-fertilization, in the rat). There is a feedback between the molecular initiating event (MIE) and the first 

key event (KE). 

Figure 2: Simulated gradient profiles for RA, CYP26A1 mRNA, CYP26A1 and FGF in the rat embryo at 

day 10 post-fertilization, for various levels of exposure to FLUSI. 

Figure 3: Fitted relationship between branchial arch malformations and retinoic acid concentration increase 

above background. The black line corresponds to the best fit of the multistage model, the dark grey area 

marks the 95% confidence region of the malformation probability estimates, the light grey area the 95% 

confidence regions of model predictions for groups of 12 embryos, the red dots are the data values (with 

95% binomial confidence limits). 

Figure 4: Estimated relationship between branchial arch malformations and concentrations of three 

CYP26A1 inhibitors. The black lines correspond to the best fit of the multistage model, the dark grey areas 

mark the 95% confidence region of the malformation probability estimates, the light grey areas the 95% 

confidence regions of model predictions for groups of 12 embryos, the red dots are the data values (with 

95% binomial confidence limits). 

Figure 5: Fitted relationship between mid-hindbrain retinoic acid concentrations and constant exposure 

levels to three CYP26A1 inhibitors. The red lines correspond to the best prediction by the RA gradient 

formation model, the grey areas mark the 95% confidence region of the model predictions. 

Figure 6: Predicted relationship between branchial arch malformations and concentrations of mixtures of 

three CYP26A1 inhibitors. No data fitting was made. The black lines correspond to the best fit of the 

multistage model, the dark grey areas mark the 95% confidence region of the malformation probability 

estimates, the light grey areas the 95% confidence regions of model predictions for groups of 12 embryos, 

the red dots are the data values (with 95% binomial confidence limits). 

Figure 7: Model of shifting RA boundaries during mouse hindbrain segmentation adapted from Sirbu et 

al., 2005. Initially, RA forms an early anterior boundary at r2/r3 (next to the r2 border of Cyp26a1 
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expression), followed soon after by a late anterior boundary at r4/r5 (next to the r4 border of Cyp26c1 

expression). At E8.5,  Cyp26b1 is expressed in r3 and r5 while Cyp26c1 is expressed in r2 and r4. 
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Figure 1: AOP structure for branchial arch malformations during embryogenesis (between days 9.5 and 10 

post-fertilization, in the rat). There is a feedback between the molecular initiating event (MIE) and the first 

key event (KE). 
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Figure 2: Simulated gradient profiles for RA, CYP26A1 mRNA, CYP26A1 and FGF in the 

rat embryo at day 10 post-fertilization, for various levels of exposure to FLUSI. 
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Figure 3: Fitted relationship between branchial arch malformations and retinoic acid concentration increase 

above background. The black line corresponds to the best fit of the multistage model, the dark grey area 

marks the 95% confidence region of the malformation probability estimates, the light grey area the 95% 

confidence regions of model predictions for groups of 12 embryos, the red dots are the data values (with 

95% binomial confidence limits). 
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Figure 4: Fitted relationship between branchial arch malformations and concentrations of three CYP26A1 

inhibitors. The black lines correspond to the best fit of the multistage model, the dark grey areas mark the 

95% confidence region of the malformation probability estimates, the light grey areas the 95% confidence 

regions of model predictions for groups of 12 embryos, the red dots are the data values (with 95% binomial 

confidence limits). 
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Figure 5: Estimated relationship between mid-hindbrain retinoic acid concentrations and constant exposure 

levels to three CYP26A1 inhibitors. The red lines correspond to the best prediction by the RA gradient 

formation model, the grey areas mark the 95% confidence region of the model predictions. 
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Figure 6: Predicted relationship between branchial arch malformations and concentrations of mixtures of 

three CYP26A1 inhibitors. No data fitting was made. The black lines correspond to the best fit of the 

multistage model, the dark grey areas mark the 95% confidence region of the malformation probability 

estimates, the light grey areas the 95% confidence regions of model predictions for groups of 12 embryos, 

the red dots are the data values (with 95% binomial confidence limits). 
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Figure 7: Model of shifting RA boundaries during mouse hindbrain segmentation adapted from Sirbu et 

al., 2005. Initially, RA forms an early anterior boundary at r2/r3 (next to the r2 border of Cyp26a1 

expression), followed soon after by a late anterior boundary at r4/r5 (next to the r4 border of Cyp26c1 

expression). At E8.5, Cyp26b1 is expressed in r3 and r5 while Cyp26c1 is expressed in r2 and r4. 
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Highlights 

- Development of a quantitative AOP for craniofacial malformations in rat embryos 

- Perturbation of retinoic acid pathway after exposure to azole fungicide mixtures 

- Possible mechanistic and predictive applications in pesticides risk assessment 

 

 




