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Abstract 33 

The adverse outcome pathway (AOP) framework can be used to help support the development of 34 

alternative testing strategies aimed at predicting adverse outcomes caused by triggering specific 35 

toxicity pathways. In this paper, we present a case-study demonstrating the selection of alternative in 36 

chemico assays targeting the molecular initiating events of established AOPs, and evaluate use of the 37 

resulting data to predict higher level biological endpoints. Based on two AOPs linking inhibition of the 38 

deiodinase (DIO) enzymes to impaired posterior swim bladder inflation in fish, we used in chemico 39 

enzyme inhibition assays to measure the molecular initiating events for an array of 51 chemicals. 40 

Zebrafish embryos were then exposed to 14 compounds with different measured inhibition potentials. 41 

Effects on posterior swim bladder inflation, predicted based on the information captured by the AOPs, 42 

were evaluated. By linking the two datasets and setting thresholds, we were able to demonstrate that 43 

the in chemico dataset can be used to predict biological effects on posterior chamber inflation, with 44 

only two outliers out of the 14 tested compounds. Our results show how information organized using 45 

the AOP framework can be employed to develop or select alternative assays, and successfully forecast 46 

downstream key events along the AOP. In general, such in chemico assays could serve as a first-tier 47 

high-throughput system to screen and prioritize chemicals for subsequent acute and chronic fish 48 

testing, potentially reducing the need for long-term and costly toxicity tests requiring large numbers 49 

of animals. 50 

 51 
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1. Introduction 57 

Industry and regulatory bodies have expressed the need for developing alternative testing strategies 58 

for risk assessment and hazard identification, focusing on non-animal alternatives and the use of 59 

mechanistic information (Ankley et al., 2010). Fish are ideal sentinels for evaluating aquatic toxicity to 60 

vertebrates, but testing for chronic fish toxicity is resource and animal intensive. Although a number 61 

of in vitro assays based on fish cells or cell lines have been developed (Bols et al., 2005; Segner, 2004, 62 

1998; Stadnicka-Michalak et al., 2014; Tan et al., 2008), fish embryos have also become a popular 63 

alternative model system in aquatic ecotoxicology (Braunbeck and Lammer, 2006; Scholz et al., 2008). 64 

The publication of OECD Testing Guideline (TG) 236, the “Fish Embryo Acute Toxicity (FET) Test” 65 

(OECD, 2013a), describing a 96 h fish embryo test, has greatly facilitated the use of fish embryos in 66 

toxicity studies. The testing guideline is currently limited to observations of lethal endpoints and 67 

hatching, but research has shown that more subtle toxic effects can also be reliably investigated using 68 

fish embryos (Braunbeck et al., 2014; Hagenaars et al., 2014; Hill et al., 2005; Michiels et al., 2017; 69 

Pype et al., 2015; Scholz et al., 2008; Selderslaghs et al., 2013; Stinckens et al., 2016; Verstraelen et 70 

al., 2016; Voelker et al., 2007). However, the development of alternative assays capable of capturing 71 

and representing the mechanisms underlying toxicity pathways at sub-organismal levels of biological 72 

organization requires a targeted approach. Adverse outcome pathways (AOPs) can assist in the 73 

identification of measurable processes at specific levels of biological organization, termed key events 74 

(KEs), that are essential in a given toxicity pathway (Ankley et al., 2010). In this way, the AOP 75 

framework can directly assist in assay development by guiding the selection of specific KEs which are 76 

likely to have a high predictive value for an AO of interest. 77 

The aim of the present study was to demonstrate how in chemico assays targeting specific KEs of an 78 

established AOP were selected and used to predict higher biological endpoints. The selected AOP 79 

focuses on the role of thyroid hormones in embryonic development in fish. Thyroid hormones (THs) 80 

have been shown to play an important role in a wide range of biological processes in vertebrates and 81 

disruption of the thyroid axis can lead to ecologically relevant adverse outcomes. For example, THs 82 

are involved in development, especially in amphibian metamorphosis (Callery and Elinson, 2000), 83 

embryonic-to-larval transition (Liu and Chan, 2002) and larval-to-juvenile transition (Brown, 1997) in 84 

fish. The two primary THs are the prohormone thyroxin (T4) and the biologically more active 3,5,3’-85 

triiodothyronine (T3) (Hulbert, 2000). The synthesis of these THs is a process that involves several 86 

steps, with thyroperoxidase (TPO) playing an essential role in the production of T4, and to a lesser 87 

extent of T3. The bioavailability of T3 in developing cells is regulated by several processes, including 88 

deiodination by enzymes called iodothyronine deiodinases (DIOs) (Darras and Van Herck, 2012; 89 

Gereben et al., 2008; Orozco and Valverde-R, 2005). To date, three types of iodothyronine deiodinases 90 
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(DIO1-3) have been described in vertebrates. Type 2 deiodinase (encoded by the DIO2 gene) is capable 91 

of activating T4 into T3, as well as of converting reverse T3 (rT3) into 3,3’ T2. Deiodinase 3 can convert 92 

T4 and T3 to the inactive TH forms rT3 and 3,3’ T2 respectively. Type 1 deiodinase (encoded by the 93 

DIO1 gene) is capable of both outer and inner ring deiodination, and can therefore catalyze all four TH 94 

deiodination reactions (Darras and Van Herck, 2012; Gereben et al., 2008; Orozco and Valverde-R, 95 

2005).  96 

Numerous chemicals are known to disturb thyroid-related processes, for example by inhibiting the 97 

TPO and/or DIO enzymes, by upregulating metabolization pathways, or by inhibiting sodium/iodide 98 

symporter (NIS) mediated iodide uptake (Butt et al., 2011; Hallinger et al., 2017; Hornung et al., 2010; 99 

Kim et al., 2015; Paul et al., 2014; Visser et al., 1979). Previous work suggests that chemicals interfering 100 

with the conversion of (maternal) T4 to T3 (a reaction catalyzed by either Dio1 or Dio2) could inhibit 101 

inflation of the posterior swim bladder in fish, which may result in reduced swimming capacity, an 102 

adverse outcome that can affect feeding behavior and predator avoidance, ultimately resulting in 103 

lower survival probability and population trajectory decline (Czesny et al., 2005; Woolley and Qin, 104 

2010). The swim bladder of the zebrafish is a gas-filled structure that consists of a posterior and an 105 

anterior chamber. While the posterior chamber inflates during early development (96-120 hours post 106 

fertilization, hpf), the anterior chamber only inflates around 20-21 days post fertilization (dpf). Both 107 

chambers are important for regulating buoyancy and body density, and the anterior chamber 108 

additionally has a role in hearing in fish species of the superorder Ostariophysi (which possess a 109 

Weberian apparatus) (Dumbarton et al., 2010; Lindsey et al., 2010; Roberston et al., 2007).  110 

Building on our previous work focused on AOP development related to TH disruption in fish (Cavallin 111 

et al., 2017; Nelson et al., 2016; Stinckens et al., 2016), we aligned the present study with AOPs that 112 

are publicly available in the AOP-Wiki (aopwiki.org), an online database organizing the available 113 

knowledge and published research into individual AOP descriptions using a user friendly Wiki 114 

interface. More specifically, we focused on two AOPs linking the molecular initiating events (MIEs) 115 

Dio1 and Dio2 inhibition to impaired inflation of the posterior swim bladder chamber in fish during 116 

early life-stages (Figure 1; Bagci et al., 2015; Cavallin et al., 2017; Knapen et al., 2018; Nelson et al., 117 

2016; Stinckens et al., 2016; Villeneuve et al., 2018). These AOPs were used to optimize in chemico 118 

assays to measure the potential of compounds to inhibit DIO1 and DIO2 enzyme activity, using porcine 119 

tissue. We then selected 14 compounds with different DIO inhibitory potencies to assess potential 120 

effects on posterior chamber inflation, using the zebrafish embryo as a model system. By linking both 121 

datasets, we evaluated the use of in chemico data to explain and ultimately predict the in vivo 122 

biological effects on posterior chamber inflation. 123 
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 124 
Figure 1: AOPs 157 (Dio1) and 155 (Dio2) describing the effects of the MIEs Dio1 and Dio2 inhibition on T3 in serum, leading 125 
to impaired posterior swim bladder inflation, reduced swimming performance and ultimately reduced young of year 126 
survival. See https://aopwiki.org/aops/155 and https://aopwiki.org/aops/157 for a graphical representation of these 127 
AOPs within a larger AOP network context. In chemico assays were optimized to measure the inhibitory potential of 128 
compounds on DIO1 and DIO2 enzyme activity. Zebrafish embryo tests were performed to assess the effect of a subset of 129 
compounds on posterior swim bladder inflation. Both datasets were linked to evaluate the use of the in chemico data for 130 
predicting the in vivo effects on posterior chamber inflation. 131 

2. Materials and Methods 132 

2.1. Ethics statement 133 

The EU Directive 2010/63/EU and the Commission Implementing Decision 2012/707/EU state that fish 134 

are non-protected animals until they are free feeding, i.e. 120 hours post fertilization (hpf) for 135 

zebrafish (Strähle et al., 2012). All experiments of this study executed at the University of Antwerp 136 

(UA) exceeding 120 hpf were approved by the Ethical Committee for Animals of the University of 137 

Antwerp (project IDs 2014-29 and 2016-46). According to the Animal Research Advisory Committee 138 

Guidelines for the use of zebrafish in the National Institutes of Health Intramural Research Program 139 

06/22/2016, fish are non-protected animals until 72 hpf. Therefore, all experiments of this study 140 

executed at the University of California, Riverside (UCR) exceeding 72 hpf were approved by the 141 

Institutional Animal Care and Use Committee (IACUC; animal use protocol (AUP) #20150035). Fish 142 

husbandry and all experiments were carried out in strict accordance with the EU Directive on the 143 

protection of animals used for scientific purposes (2010/63/EU) for work carried out at the UA, and in 144 

accordance with the IACUC-approved AUP (#20150035) for work carried out at the University of 145 

California, Riverside. 146 

2.2. Test compounds 147 

DIO1 and DIO2 in chemico enzyme activity inhibition was determined in the presence of 51 chemicals 148 

(Supplementary Table S1); fifteen of these chemicals have been described as TPO inhibitors (MMI, 149 

PTU, RCS, TCS, IOP, 2-TU, MBI, CMZ, NaPER, KPER, MBT, ETU, NP, AMT, BP2) and thirteen were 150 
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reported DIO1 and/or DIO2 inhibitors (PTU, DEX, AMIO, PR, SA, NaSAL, IOP, 2-TU, PFOA, TBP, TCBPA, 151 

TBBPA, ANS). A number of the remaining compounds had been reported to have effects on other 152 

thyroid-related endpoints, such as inhibition of the iodide transport, affecting the metabolization of 153 

THs or disturbing the hormone receptor. For some of the test chemicals, no thyroid-related effects 154 

were reported in literature. They were either selected because of chemical similarity to TH active 155 

compounds, and/or because of environmental relevance. 156 

2.3. In chemico screening for DIO enzyme inhibition 157 

In chemico deiodinase assays were optimized to determine DIO1 and DIO2 enzyme activity by 158 

measuring the amount of free 125I released by conversion of 125iodine-labelled rT3 or T4 by DIO1 or 159 

DIO2, respectively (Ferreira et al., 2002; Forhead et al., 2006; Freyberger and Ahr, 2006; Pavelka, 160 

2010). Pooled liver tissue of five male and five female pigs was used (Slaughterhouse RIMA Mechelen, 161 

Slachthuislaan 1, Belgium and Slaughterhouse Noordvlees Van Gool Kalmhout, Bloemstraat 56, 162 

Belgium) as the source of DIO. Porcine liver is readily available from slaughterhouses, and its use 163 

reduces the need for using laboratory animals. The tissue was minced in homogenization buffer (1 mL 164 

per 100 mg liver tissue, 100 mM potassium dihydrogen phosphate (K2PO4), 1 mM 165 

ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), pH 7), using a Potter-Elvehjem and 166 

used in the assay at a final protein concentration of 1 mg/mL (Bradford assay; Bradford, 1976). An 167 

unlabeled rT3 mixture (final concentrations of 1 µM unlabeled rT3, 100 mM K2PO4, 1 mM EDTA, pH 7, 168 

10 mM DTT), and an unlabeled T4 solution (final concentrations 1 nM unlabeled T4 and 100 nM 169 

unlabeled T3, 100 mM K2PO4, 1 mM EDTA, pH 7, 25 mM DTT) was used for the DIO1 and DIO2 assay 170 

respectively. Labelled rT3 and T4-solutions were prepared (50000 counts per minute (cpm) per µL 125I-171 

rT3 (DIO1) or 125I-T4 (DIO2) in homogenization buffer; PerkinElmer Life Sciences, Boston, 172 

Massachusetts, United States). Per reaction, 1 µl of labelled solution was added to 99 µL unlabeled 173 

solution.  174 

The 125I-rT3 or -T4 was purified prior to use using a Sephadex LH-20 column with 2 mL of 10% LH-20 (1 175 

mL bed volume). The column was rinsed twice with 1 mL 0.1N HCl. Labelled rT3 or T4 solution (1:4 176 

rT3/T4 solution to 0.1N HCl) was added. The column was washed twice with 1 mL 0.1 N HCL (elution 177 

of 125I-), twice with 1 mL water and once with 0.7 mL 0.1 M NH4OH in ethanol. The latter is just enough to 178 

displace water in the column with ethanol, but not enough to elute the labelled rT3 or T4. Finally, the 179 

column was eluted with 1 mL 0.1M NH4OH in ethanol. 180 

Stock solutions of the test chemicals were prepared in 100% dimethyl sulfoxide (DMSO) (333.33 mM 181 

of test chemical). Working solutions, diluted to 6% DMSO in homogenization buffer, were stored at 182 

room temperature and protected from light. Preliminary tests showed that the use of a final 183 



 7 

concentration of 0.4 to 1.5% DMSO resulted in a deiodination efficiency of 95 to 100% compared to 184 

0% DMSO, while final concentrations of 2-25% DMSO affected the efficiency with 57-90% compared 185 

to 0% DMSO (data not shown). Therefore, a final concentration of 1.5% DMSO was selected. The assay 186 

was performed using three replicates, each containing 50 µL test substance (final concentrations 187 

0.001, 0.01, 0.1, 1, 10, 100, 1000 and 5000 µM in 1.5% DMSO), 50 µL homogenate and 100 µL of the 188 

substrate solution. Samples were incubated for 30 (DIO1) or 60 minutes (DIO2) at 37°C and the 189 

reaction was stopped by adding 100 µL 5% ice-cold bovine serum albumin. 500 µL 10% trichloroacetic 190 

acid was added to precipitate albumin-bound remaining 125I-T4 or 125I-rT3. After incubation on ice for 191 

10 minutes, the tubes were centrifuged (10 min, 1500 g, 4°C) and 500 µL of the supernatant was used 192 

to determine the radioactivity, using a γ-counter (PerkinElmer Life Sciences, Boston, Massachusetts, 193 

United States). Furthermore, a blank (absence of test compounds and homogenate) was used to 194 

correct for non-enzymatic degradation of the tracer. Enzyme activities were expressed as picomoles 195 

(DIO1) or femtomoles (DIO2) of substrate deiodinated per minute per mg protein and if inhibition 196 

occurred, the half maximal inhibitory concentration (IC50) was calculated (see section 2.5 Data 197 

analysis). 198 

2.4. In vivo screening using acute zebrafish embryo toxicity tests  199 

Zebrafish embryos were exposed to 12 chemicals (methimazole, MMI; 6-propylthiouracil, PTU; 200 

iopanoic acid, IOP; nonafluorobutane-1-sulfonic acid, PFBS; pentadecafluorooctanoic acid, PFOA; 201 

bisphenol A, BPA; tetrachlorobisphenol A, TCBPA; benzophenone 2, BP2; sodium perchlorate, NaPER; 202 

2,4,6-tribromophenol, TBP; salicylic acid, SA; 8-anilino-1-naphthalene sulfonic acid, ANS) at the 203 

University of Antwerp (UA), where posterior chamber inflation was assessed (Supplementary Table 204 

S2). Previously published data on two additional compounds generated in the same lab were added 205 

to the dataset (heptadecafluorooctane sulfonic acid, PFOS and 2-mercaptobenzothiazole, MBT; 206 

Hagenaars et al., 2014; Stinckens et al., 2016). Additional zebrafish embryo experiments were 207 

performed at the University of California, Riverside (UCR), using 10 of the 14 compounds to study the 208 

posterior chamber surface area in more detail. 209 

2.4.1. Collection of eggs 210 

For posterior chamber inflation assessment in zebrafish larvae at UA, adult zebrafish (in house wild 211 

type zebrafish line) were used for egg production and were accommodated in a ZebTEC standalone 212 

system (Tecniplast, Buguggiate, Italy). All non-exposed zebrafish and embryos were kept in 213 

reconstituted freshwater with a conductivity of 500 ± 15 µS/cm (Instant Ocean® Sea Salt, Blacksburg, 214 

USA), pH 7.5 ± 0.3 (NaHCO3), a constant temperature of 28 ± 0.2°C and a 14/10 h light/dark cycle. 215 

Concentrations of ammonium (NH4
+), nitrite (NO2

-) and nitrate (NO3
-) were monitored twice weekly 216 
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using Tetratest kits (Tetra Werke, Melle, Germany) and always remained below 0.25, 0.3 and 12.5 217 

mg/L respectively. Adult zebrafish were fed three times per day, twice with granulated food (0.5% of 218 

their average wet weight, Biogran medium, Prodac International, Cittadella, Italy) and once with either 219 

frozen Chironomidae larvae, Artemia sp. nauplii, Chaoboridae larvae or Daphnia sp. (Aquaria Antwerp 220 

bvba, Aartselaar, Belgium). During weekends, fish were fed once daily with granulated food (1% of 221 

their average wet weight). In order to collect embryos, one female and two males were placed in 222 

breeding tanks with a perforated bottom, separated by a transparent divider. The divider was 223 

removed the next morning to allow spawning. 224 

For posterior chamber surface area assessment in zebrafish larvae at UCR, an adult wild type zebrafish 225 

line referred to as strain 5D was maintained in a recirculating system with UV sterilization and 226 

mechanical/biological filtration units (Aquaneering, San Diego, CA, USA), also under a 14/10 h 227 

light/dark cycle at a water temperature of ~27-28°C, pH of ~7.2 (NaHCO3), and conductivity of ~900-228 

950 μS (10 mM NaCl, 0.17 mM KCL, 0.66 mM CaCl2, 0.66 mM MgSO4). Water quality was constantly 229 

monitored for pH, temperature, and conductivity using a real-time water quality monitoring and 230 

control system. Ammonium, nitrate, nitrite, alkalinity, and hardness levels were manually monitored 231 

weekly by test strip (Lifeguard Aquatics, Cerritos, CA). Zebrafish were fed twice per day with dry diet 232 

(Gemma Micro 300, Skretting, Fontaine-lès-Vervins, France). Embryo production was performed as 233 

described previously (UA), however using 10 adult males and 10 females for breeding. 234 

2.4.2. Test compound concentrations 235 

To evaluate posterior chamber inflation at UA, zebrafish embryo experiments based on OECD TG 236 236 

(OECD, 2013a), directly observing possible effects on posterior swim bladder chamber inflation were 237 

performed. Zebrafish embryos were exposed until 120 and/or 168 hpf to at least six concentrations 238 

of the test compounds compared to control and solvent control conditions. Concentrations resulting 239 

in 0 to 100% mortality and 0 to 100% effect on swim bladder inflation were selected, based on 240 

available data from literature and/or preliminary range finding experiments (data not shown). 241 

Zebrafish embryos were exposed to 12 chemicals: MMI (0-2500 mg/L), PTU (0-1200 mg/L), IOP (0-8 242 

mg/L), PFBS (0-6400 mg/L), PFOA (0-1000 mg/L), BPA (0-30 mg/L), TCBPA (0-1.5 mg/L), BP2 (0-30 243 

mg/L), NaPER (0-2000 mg/L), TBP (0-10 mg/L), SA (0-200 mg/L) and ANS (0-1000 mg/L) in separate 244 

experiments (see Supplementary Table S2 for detailed information on concentrations tested). To 245 

assess posterior chamber surface area at UCR, zebrafish embryos were exposed until 120 hpf to the 246 

EC10, EC30 and EC50 concentrations (based on experiments performed at UA) of MMI, PTU, PFBS, 247 

PFOA, BPA, NaPER, TBP, SA, MBT and ANS (Supplementary Table S3). Stock and working solutions of 248 

each chemical were prepared by dissolving chemicals in reconstituted freshwater. When compounds 249 

were not sufficiently soluble in water (BPA and TBP), a stock solution was prepared in 100% DMSO 250 
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(final concentration of 0.1% DMSO). All solutions were prepared one day in advance of the experiment 251 

and stored in the dark, at room temperature until use. 252 

2.4.3. Experimental design 253 

Using a plastic pipette, 24 viable embryos were manually arrayed into polystyrene 24-well plates (one 254 

embryo/well; two mL/well). The first column of each plate consisted of internal negative control 255 

embryos (reconstituted fresh water), resulting in 20 exposed embryos per plate. For posterior inflation 256 

assessments at UA, two 24-well plates were used per condition (i.e., negative control or exposure 257 

concentration, n=40 per condition). 3,4-dichloroaniline (CAS 95-76-1, purity of 98%, Sigma-Aldrich, 258 

nominal concentrations 0.5, 1, 2 and 4 mg/L; 6 embryos/concentration; one mL/well) was used as 259 

positive control for lethality in a separate 24-well plate (OECD TG 236, OECD, 2013a). For posterior 260 

surface area assessments at UCR, two 24-well plates were used for the EC10 and EC30 conditions per 261 

compound (n=40) and four 24-well plates were used for the EC50 condition (n=80). 262 

Two 24-well plates per experiment were used as solvent control if necessary (eight internal negative 263 

controls, 40 solvent controls: 0.1% DMSO in reconstituted water). A test was considered valid if ≥80% 264 

of the negative controls successfully hatched and ≥90% survived until the end of the 120/168 hpf 265 

exposure (OECD TG 236, OECD, 2013a). Furthermore, exposure to the highest tested concentration of 266 

the positive control (4 mg/L) should result in a minimum mortality of 30% at the end of the exposure 267 

(OECD TG 236, OECD, 2013a). 268 

2.4.4. Exposure and assessment 269 

Polystyrene 24-well plates (sterile tissue culture plates, Greiner Bio-One, Frickenhausen, Germany) 270 

were saturated by filling the plates with test solutions one day in advance of egg collection. The test 271 

media was subsequently renewed immediately before exposure of the eggs. Eggs were transferred to 272 

a beaker containing the test solution within 30 to 60 minutes after spawning. In order to reduce the 273 

dilution effect of transfer from reconstituted water to test solution, the eggs were transferred to a 274 

second beaker with the same test solution. Fertilized eggs were separated from non-fertilized eggs 275 

using a stereomicroscope (UA: Leica S8APO, Leica Microsystems GmbH, Germany; UCR: Leica MZ10 F 276 

stereomicroscope) and eggs with anomalies were discarded. Normally shaped fertilized eggs were 277 

then divided over the plates. Plates were sealed with parafilm (Parafilm®, Bemis Europe, Soignies, 278 

Belgium) and plastic lids and stored in an incubator (UA: MIR-254-PE, Panasonic, TCPS, Rotselaar, 279 

Belgium; UCR: Thermo Scientific Precision Plant Growth Chamber) with a day/night cycle of 14/10 h 280 

and a constant temperature of 28-28.5°C. All exposure solutions were renewed every 24 h, with the 281 

exception of NaPER which was renewed every 48 h (this compound is stable for at least 48 h, Mukhi 282 

and Patiño, 2007; Patiño et al., 2003). Every 24 h, mortality (coagulation, absence of heart beat, 283 
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absence of somite formation, no tail detachment; OECD TG 236, OECD, 2013a), was evaluated using a 284 

stereomicroscope. When delayed hatching was observed as a result of compound exposure, 285 

embryonic chorions were manually removed at 52 hpf, i.e. at the time of natural hatching of the 286 

controls. Delayed hatching could interfere with swim bladder inflation, since non-hatched larvae are 287 

unable to reach the water surface and gulp for air, a process that is required for initial swim bladder 288 

inflation. 289 

Since inflation of the posterior chamber of the swim bladder occurs around 96-120 hpf, even the 290 

slightest delay in either developmental speed in general, or in the development and inflation process 291 

of the swim bladder itself, would lead to incomplete swim bladder assessments if only a standard 120 292 

hpf zebrafish embryo test would have been used. Therefore, extended fish embryo acute toxicity tests 293 

were performed until 168 hpf. At UA, posterior chamber inflation was recorded in a binary fashion 294 

(inflated or non-inflated) every 24 hpf, starting from initial inflation around 96 hpf. At the end of the 295 

experiment (168 hpf), larvae were euthanized using an overdose of 1g/L MS-222 adjusted to pH 7.5 296 

using NaHCO3. 297 

For the posterior surface area assessment at UCR, exposures were limited to 120 hpf, as we wanted 298 

to investigate whether an effect on posterior chamber surface area at 120 hpf could be a more 299 

sensitive endpoint compared to the binary scoring of posterior chamber inflation at 168 hpf, thereby 300 

also eliminating the need for using protected life-stages to assess possible effects on posterior 301 

chamber inflation. At 120 hpf, each surviving embryo was transferred to a 96-well plate and 302 

anesthetized using 100 mg/L MS-222 (tricaine methanesulfonate, Sigma–Aldrich) adjusted to pH 7.5. 303 

All embryos were imaged directly within each well of the 96-well plate using automated image 304 

acquisition protocols. Body length and swim bladder surface were assessed using an ImageXpress 305 

Micro XLS Widefield High-Content Screening System equipped with MetaXpress 6.0.3.1658 (Molecular 306 

Devices, Sunnyvale, CA), a 2X objective and transmitted light with a camera binning of 1 to acquire 307 

one frame per entire well. Custom data extraction and analysis pipelines within MetaXpress were used 308 

to quantify body length and posterior chamber surface area of live embryos at 120 hpf. At the end of 309 

the experiment, all embryos were euthanized by placing the plate and all its content at -30°C. 310 

2.5. Data analysis 311 

All statistical analyses were performed using GraphPad Prism version 7.00 (GraphPad Software, San 312 

Diego, CA) and data were considered significantly different when p-values were <0.05. 313 

2.5.1. In chemico screening for DIO enzyme inhibition 314 

The specific enzyme activity was expressed as picomole (DIO1) or femtomole (DIO2) substrate 315 

deiodinated per minute per milligram of protein. Enzymatic deiodination was corrected for non-316 
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enzymatic 125I- production as determined in blank incubations without enzyme and multiplied by a 317 

correction factor of 2 to account for the random labelling and deiodination of either the 3’ or the 5’ 318 

position of 125I-rT3 and 125I-T4. The percentage of enzyme activity compared to control activity (in the 319 

absence of inhibitor) was expressed as a function of the logarithmically transformed compound 320 

concentrations resulting in one concentration-response curve per compound constructed out of the 321 

three technical replicates (non-linear regressions; fitting a variable slope sigmoidal concentration-322 

response model, with bottom and top constrained at 0 and 100% respectively). The IC50 323 

concentration, the concentration at which 50% DIO-inhibition was observed, was calculated per 324 

compound. The threshold for positive DIO-inhibition was set to at least 20% inhibition compared to 325 

the negative control (i.e., no test compound present in homogenization buffer containing a final 326 

concentration of 1.5% DMSO, Paul et al., 2014). It must be noted that it was not possible to determine 327 

the IC50 values of compounds with a DIO-inhibition lower than 20% compared to controls as a 328 

concentration-response curve could not be fitted, and the IC50 concentration of these compounds 329 

was estimated to be 5000 µM (highest tested concentration) or higher. 330 

2.5.2. In vivo screening using acute zebrafish embryo toxicity tests 331 

Mortality rates and effects on posterior chamber inflation were analyzed as a function of logarithmic 332 

nominal exposure concentrations using a nonlinear regression estimate (variable slope, bottom and 333 

top constrained at 0 and 100%). LC50, concentration at which 50% mortality occurs, and EC50, 334 

concentration at which 50% effect on posterior chamber inflation occurs, values were calculated and 335 

the logarithm of these values compared using a sum-of-squares F test to determine significant 336 

differences between dose-response curves for mortality and swim bladder inflation. Swim bladder 337 

surface of inflated posterior chambers was determined using the MetaXpress 6.0 imaging analysis 338 

software and analyzed using a one-way analysis of variance (ANOVA) with a Tukey’s multiple 339 

comparisons test. Data normality was confirmed using the d’Agostino-Pearson and Kolmogorov-340 

Smirnov normality test.  341 

3. Results and discussion 342 

As a case study of using the AOP framework for the development of alternative assays, we selected 343 

an AOP that describes the effects of Dio inhibition on posterior swim bladder inflation in fish. We first 344 

used in chemico assays for measuring the MIE (i.e., DIO inhibition). We then assessed the effects of 345 

exposure to a selection of DIO inhibiting compounds on posterior chamber inflation using zebrafish 346 

embryo assays. We linked both datasets to evaluate the potential for using AOP-based in chemico data 347 

as the basis for predicting biological effects at higher levels of biological organization. 348 
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3.1. In chemico screening for DIO enzyme inhibition 349 

We characterized 51 compounds using in chemico DIO1 and DIO2 inhibition assays, using porcine 350 

tissue, to assess their thyroid hormone disrupting potential (Figure 2; Supplementary Table S4 and 351 

S5). In total, 28 compounds were identified as positive DIO1-inhibitors and 28 compounds were 352 

identified as positive DIO2-inhibitors. Several compounds inhibited both enzymes. Identification as a 353 

“positive” inhibitor at this stage is solely based on inhibition of porcine DIO activity by more than 20% 354 

relative to the negative control. It is not necessarily an indication of the compounds’ potential to cause 355 

biological effects by altering TH concentrations in vivo. We therefore distinguish between “DIO 356 

inhibitors” to refer to compounds that are in chemico enzyme inhibitors, and “TH disruptors” to refer 357 

to compounds actually causing DIO inhibition related in vivo effects on posterior chamber inflation. 358 

We attempted to define biological effect thresholds and associated uncertainties using the in vivo data 359 

(see section 3.2 and Figure 4) based on 14 compounds. Those thresholds were then used to group all 360 

51 compounds that were screened using in chemico assays based on their likelihood to act as TH 361 

disruptors, bearing in mind that false positives and false negatives can occur (see section 3.3 for a 362 

detailed discussion).  363 
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 364 
Figure 2: Mean IC50 values for DIO1 (A) and DIO2 (B) inhibition of 51 compounds (n=3). An estimate of 5000 µM is given 365 
for compounds which did not exceed the 20% inhibition threshold relative to the negative control. Red bars indicate strong 366 
DIO inhibitors that are likely to act as TH disruptors (although false positives can occur), and blue bars indicate weak DIO 367 
inhibitors unlikely to act as TH disruptors (although false negatives can occur). The zone in gray indicates the current 368 
uncertainty in defining biological effect thresholds: given the existing data, it is difficult to assess the likelihood for 369 
compounds in this zone to act as thyroid disruptors. See also Figure 4. * indicates compounds tested in in vivo zebrafish 370 
acute toxicity tests. Error bars indicate standard errors. 371 
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In general, it is important to critically assess the potential and robustness of in chemico to in vivo 372 

extrapolations. In our study, making a clear distinction between in chemico enzyme inhibition, and in 373 

vivo enzyme inhibition and its subsequent in vivo effects is therefore helpful and necessary to identify 374 

potential limitations of our approach. It is clear that in chemico data can function as an important first 375 

level screening tool, but many different factors can contribute to the reality that in chemico data are 376 

often only capable of partially explaining in vivo observations. 377 

First of all, the occurrence and severity of in vivo effects are, of course, dependent on toxicokinetic 378 

and toxicodynamic processes, as well as on possible feedback and/or compensation mechanisms 379 

which are not captured by in chemico assays. 380 

Also, consideration of other mechanisms than DIO inhibition may be required to fully explain observed 381 

in vivo effects. For example, Visser et al. (1979) examined the in chemico DIO inhibitory potential of 382 

several thiouracil (TU) and methimazole (MMI) analogues using rat liver microsomes, including 2-TU, 383 

MBI, MBT and MMI. In agreement with their results, we found a high DIO enzyme inhibition potential 384 

for 2-TU and MBI, while MBT and MMI showed weaker or no DIO inhibition. Weak in chemico DIO 385 

inhibition by MMI was also found by Taurog et al. (1994). However, MMI-treated tilapia and striped 386 

parrotfish displayed decreased T3 levels, associated with increased liver Dio1 and Dio2 activity and 387 

changes in dio1 and dio2 mRNA expression (Johnson and Lema, 2011; Mol, 1999; Van der Geyten et 388 

al., 2001). Overall, it seems likely that MMI does not directly affect Dio activity in fish, but rather causes 389 

hypothyroidism due to TPO inhibition, possibly activating a compensation mechanism at the level of 390 

Dio1 and Dio2 activity to increase the conversion of T4 to T3. 391 

Importantly, chemical-induced perturbations can also vary among tissues, as well as across different 392 

species. For example, our in chemico data shows no effects of the PCB mixture Aroclor 1254 on DIO1 393 

or DIO2 enzyme activity using porcine liver tissue. Coimbra et al. (2005) exposed fish (Nile tilapia) to 394 

Aroclor 1254 and in agreement with our in chemico results, there was no effect on Dio2 activity in 395 

liver. However, they did observe decreased Dio2 activity in the brain, which suggests tissue specific 396 

effects. Furthermore, the latter study found no effect on Dio1 and/or Dio2 activity in kidney, while 397 

Hood and Klaassen (2000) reported a decrease in kidney DIO1 activity after exposing rats to Aroclor 398 

1254 (it should however be noted that the Aroclor 1254 mixture was purchased from a different 399 

supplier in these studies and may therefore slightly differ in composition). Overall, these results 400 

suggest possible taxonomic differences in addition to tissue specific effects. Taxonomic differences 401 

also become apparent when comparing our results, which show weak DIO1 and DIO2 inhibition for 402 

the brominated flame retardant TBBPA in porcine liver tissue, to the results of Butt et al. (2011), which 403 

reported a high DIO1 inhibitory capacity of TBBPA using human liver as source of DIO enzymes. As a 404 

last but noteworthy example in the context of our study, it has been shown that PTU, a drug designed 405 
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to treat hyperthyroidism, effectively inhibits DIO1 in many higher vertebrate species (mammals, birds 406 

and reptiles; Kuiper et al., 2003; Toyoda et al., 1994; Van Der Geyten et al., 1997; Visser et al., 1978; 407 

Wassen et al., 2004), in agreement with our DIO1 in chemico data. However, the effects of PTU on Dio 408 

activity in fish are less clear. Some studies suggest a partial insensitivity of Dio1 to PTU in fish and 409 

amphibians (Finnson et al., 1999; Kuiper et al., 2006; Mol et al., 1998; Orozco et al., 2003; Sanders et 410 

al., 1997). To which extent these conclusions, which are mainly based on in chemico data and on a 411 

relatively limited number of species, can be extrapolated to all teleosts remains unclear. The amino 412 

acid sequence in the active center of deiodinase 1 appears to be conserved across different species, 413 

with the exception of fish and frogs (Orozco et al., 2012). A proline residue instead of a serine residue 414 

is found at position 128 in fish and position 132 in frog (Kuiper et al., 2006; Orozco et al., 2003; Sanders 415 

et al., 1997), which could explain the difference in PTU sensitivity in these species. Indeed, 416 

recombinant Xenopus laevis Dio1, with a substitution of the proline residue with serine, showed high 417 

sensitivity to PTU (Kuiper et al., 2006). However, the potential mechanism behind a lower sensitivity 418 

of Dio1 for inhibition by PTU in teleost species remains unknown, as a substitution of Pro128 by serine 419 

in tilapia did not affect PTU sensitivity (Orozco et al., 2003; Sanders et al., 1997).  420 

Apart from toxicokinetic and toxicodynamic processes, other mechanisms than DIO inhibition, tissue 421 

and species differences, effects of compounds on in chemico and/or in vivo DIO enzyme activity can 422 

also vary depending on developmental stage, gender, reproductive state, genetic background, etc. 423 

Therefore, it is important to determine the applicability domain of a given AOP, and more specifically 424 

of those KEs within that AOP that are used for predicting downstream effects. Continuing to expand 425 

the current thyroid AOP network to include additional taxa, life-stages, etc., will be helpful in more 426 

clearly defining and delineating the applicability domain of the DIO assays, especially in the context of 427 

in chemico to in vivo extrapolations (Knapen et al., 2018; Villeneuve et al., 2018). 428 

3.2.  In vivo acute zebrafish embryo toxicity tests  429 

Based on the in chemico results, we selected 14 compounds with different potencies to inhibit DIO1 430 

and/or DIO2 activity. We used these compounds to perform zebrafish embryo experiments based on 431 

OECD TG 236 (OECD, 2013a), directly observing possible effects on posterior swim bladder chamber 432 

inflation. Reduced inflation of the posterior chamber may manifest itself as either a complete failure 433 

to inflate or as a reduced chamber size. Therefore, we assessed both endpoints. It is expected that 434 

failure to properly inflate the swim bladder, especially the posterior chamber, would create increased 435 

oxygen and energy demands leading to decreased growth and ultimately young of year (young animals 436 

which have not yet reached one year of age) survival, as this chamber is thought to be involved in 437 

buoyancy control in most fish species (Lindsey et al., 2010). 438 
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Posterior chamber inflation normally occurs during a typical zebrafish embryo acute toxicity (ZFET) 439 

timeframe, around 96-120 hpf. Any delay in inflation, either caused by a direct impact on the inflation 440 

process or indirectly by affecting the overall growth rate, will result in the inflation process taking 441 

place beyond the EU limit of 5 dpf delineating the non-protected life-stage. Being able to predict this 442 

higher organismal endpoint based on in chemico assays would therefore in many realistic toxicological 443 

scenarios already be a valuable step towards replacing animal tests. In a follow-up study, we also plan 444 

to assess whether these in chemico assays can be used to predict endpoints in a 30 days fish early-life 445 

stage (FELS) chronic toxicity test, as the FELS test (OECD TG 210; OECD, 2013b) is one of the primary 446 

assays used to assess the chronic aquatic toxicity of chemicals in fish. Disruption of thyroid function 447 

has already been reported to affect anterior swim bladder chamber inflation (Cavallin et al., 2017; 448 

Godfrey et al., 2017; Nelson et al., 2016; Stinckens et al., 2016), a chronic adverse outcome which 449 

cannot be observed in acute ZFET experiments. 450 

3.2.1. Effects on posterior chamber inflation 451 

We tested seven compounds that were identified as strong DIO1 inhibitors (PTU, IOP, ANS, BP2, TBP, 452 

TCBPA and PFOA) and six compounds that were strong DIO2 inhibitors (IOP, ANS, TBP, BP2, PFOA, SA) 453 

and therefore likely to act as TH disruptors that affect posterior chamber inflation in fish (see Figure 454 

2). Note that “DIO inhibition” is used here as defined earlier, i.e., referring to compounds that are in 455 

chemico enzyme inhibitors based on porcine liver tissue. Additionally, we evaluated six compounds 456 

(BPA, MBT, PFBS, PFOS, MMI, NaPER) for which a low or no DIO1 and DIO2 inhibitory capacity was 457 

found, and which we did not expect to affect posterior chamber inflation. Two of these compounds 458 

were previously tested in the same lab (PFOS and MBT; Hagenaars et al., 2014; Stinckens et al., 2016). 459 

Published data were therefore used in our analyses for these two compounds. 460 

All compounds caused a concentration-dependent increase in mortality. After exposure to MBT, PFBS, 461 

MMI, NaPER, TCBPA and ANS, the posterior chamber inflated normally. Although MBT and MMI are 462 

known to inhibit TPO, and thus the synthesis of thyroid hormones, the absence of effects on posterior 463 

chamber inflation can likely be explained by maternal transfer of T4 into the eggs, as suggested by our 464 

previous work (Nelson et al., 2016; Stinckens et al., 2016). Exposure to PTU, IOP, BP2, TBP, PFOA, SA 465 

and BPA resulted in impaired posterior chamber inflation. Based on the resulting concentration-466 

response curves (Supplementary Figure S1), EC50 values for posterior chamber inflation and LC50 467 

values were calculated (Table 1). These values were determined at 168 hpf to eliminate possible 468 

effects of delayed inflation, with the exception of PTU, which was assessed at 120 hpf.  469 
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Table 1: EC50 and LC50 values (168 hpf, with the exception of PTU 120 hpf), as well as the p-values indicating significant 470 
differences between LC50 and EC50 values, after exposure experiments (six concentrations per compound, 40 embryos 471 
per condition) at UA (effects on posterior chamber inflation). a Observed effects on binary scoring of the absence of 472 
posterior chamber inflation (X = effect = significant difference between EC50 and LC50 values, UA) are given. Based on the 473 
exposure experiments at UA, EC10, EC30 and EC50 values were determined at 120 hpf and used to perform exposure 474 
experiments at UCR (three concentrations per compound, at least 40 embryos per condition, effects on posterior surface 475 
area). b Observed effects on posterior surface area (effect concentration, UCR, see section 3.2.2) are given. 476 

Compound EC50 (mg/L) LC50 (mg/L) p-value 
Observed impaired 
posterior chamber 

inflationa 

Concentration at which 
effect on posterior chamber 

surface area (120 hpf) 
occursb 

PTU 259 555.9 <0.0001 X EC50 
IOP 2.791 3.471 0.0448 X No data 

PFOA 108.5 362.5 0.0150 X EC10, EC30, EC50 
BPA 4.7 8 0.0427 X EC10, EC30, EC50 

BP2 10.55 15.48 <0.0001 X No data 

TBP 0..42 0.84 <0.0001 X EC10, EC30, EC50 
SA 82.6 137.3 <0.0001 X EC10, EC30, EC50 

PFOS 
(Hagenaars et al., 

2016) 
2.12 8.35 <0.0001 X No data 

ANS 112.2 124.7 0.0606 - EC10, EC30, EC50 

TCBPA 0.43 0.41 0.0687 - No data 

NaPER 3435 2952.7 <0.0001 - No effect 

MMI 772.0 894.8 0.1395 - 
EC10, EC30, EC50 

*No effect at 168 hpf 
PFBS 830.3 921.9 0.3171 - No effect 
MBT 

(Stinckens et al., 
2016) 

3.2 4.2 0.1529 - No effect 

For most compounds tested in this study, we did not observe any additional sublethal effects, with 477 

the exception of PFOA and BPA. Exposure to PFOA and BPA resulted in spinal curvature, oedema of 478 

the yolk and impaired larval growth. It is clear that certain morphological deviations such as a 479 

curvature of the spine or delay in overall larval growth could affect posterior chamber inflation, and it 480 

cannot be excluded that such effects contributed to the effect on posterior chamber inflation after 481 

PFOA and BPA exposure. These effects however were only observed at a concentration exceeding the 482 

EC50 value for posterior chamber inflation by a factor of 2 (250 mg/L for PFOA and 8 mg/L for BPA, 483 

see also Table 1) and are therefore unlikely to have had a large impact on the effect on swim bladder 484 

inflation. 485 

3.2.2. Effects on posterior chamber surface area 486 

To provide a few contrasting examples of how chemicals with different DIO inhibitory potential affect 487 

posterior chamber surface area, Figure 3 shows the results for one strong DIO1 inhibitor (PTU), one 488 

strong DIO1 and DIO2 inhibitor (ANS) and one compound with no DIO inhibition capacity (NaPER; see 489 

Supplementary Figures S2 and S3 for additional compounds). If posterior chambers were inflated, the 490 

surface area was smaller when exposed to PTU (Table 1, Figure 3B), as well as after exposure to PFOA, 491 
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BPA, TBP, SA, ANS and MMI (Table 1, Supplementary Figure S3). Although ANS, a strong DIO inhibitor, 492 

did not completely prevent the posterior chamber to inflate, it clearly reduced the posterior chamber 493 

surface area. For PTU, only exposure to the EC50 resulted in a smaller surface area. For all other 494 

compounds that reduced posterior surface area, the effect was already detected after exposure to 495 

the EC10. MMI affected posterior inflation at 120 hpf, but this effect disappeared at 168 hpf (data not 496 

shown). As mentioned earlier, impaired swim bladder inflation is an ecologically relevant adverse 497 

effect relevant to risk assessment as it may affect swimming capacity, feeding behavior and predator 498 

avoidance, ultimately resulting in population trajectory decline (Czesny et al., 2005; Woolley and Qin, 499 

2010). Although for certain compounds effects on posterior chamber inflation were observed at 500 

concentrations substantially lower than those causing mortality, it is important to note that nearly all 501 

tested compounds are lethal at concentrations that are only about 2-3 fold higher than those causing 502 

effects on swim bladder inflation. From an environmental risk assessment perspective, posterior 503 

chamber surface area could therefore be a more interesting endpoint compared to the binary scoring 504 

of posterior chamber inflation (i.e., inflated or non-inflated), since effects on surface area are already 505 

observed at lower concentrations for most compounds. However, it still remains to be established 506 

whether reduced swim bladder volume alone (as estimated by the surface area) is sufficient for a fish 507 

to be realistically disadvantaged in a natural environment. 508 

 509 
Figure 3: A. Concentration-response curves for mortality and percentage impaired posterior chamber inflation at 120 hpf 510 
(three concentrations per compound, at least 40 embryos per condition). Black squares and gray diamonds, associated 511 
with black and gray concentration-response curves, represent effects on mortality and posterior chamber inflation 512 
respectively after performing experiments at UA (data at 120 hpf in order to compare results with data obtained at UCR). 513 
EC10, EC30 and EC50 concentrations (dotted lines) were calculated based on these data and used to perform exposures 514 
at UCR. Green squares and blue diamonds represent effects on mortality and posterior chamber inflation respectively 515 
after performing experiments at UCR. Although zebrafish with different genetic backgrounds were used in the two 516 
laboratories, we observed a high similarity between labs for the frequencies of impaired posterior inflation and mortality. 517 
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B. Mean posterior surface area at 120 hpf after exposure to 3 potentially thyroid disrupting compounds at UCR. Error bars 518 
indicate standard deviations. Different letters indicate a significant effect between the different groups (p<0.05). 519 

3.3. Linking in chemico data to in vivo data 520 

We used two different AOPs (AOPs 155 and 157 in the AOP-Wiki; aopwiki.org) as the underlying 521 

framework for this study. The MIEs in these AOPs are Dio1 and Dio2 inhibition, which link to impaired 522 

swim bladder inflation in fish via altered TH concentrations in serum, through a series of hypothesized 523 

mechanisms such as impaired production of surfactant, impaired production of lactic acid, impaired 524 

tissue layer formation, etc. (Villeneuve et al., 2014). It is important to realize that within this network, 525 

the relative importance of Dio1 and Dio2 is not yet fully understood; their importance may differ 526 

among species, and could possibly even be different among different life-stages or tissues in a given 527 

species. It is therefore to be expected that any predictive model based on measuring the isoform-528 

specific DIO inhibitory potentials of chemicals could be refined as knowledge on the involvement of 529 

these isoforms in specific processes grows. However, in general, we expected an impact of strong DIO 530 

inhibitors, regardless of the targeted isoform, on posterior chamber inflation and/or posterior 531 

chamber surface area, while compounds with low or no DIO inhibitory capacity were expected to have 532 

no such effect. We attempted to use our data to assess the relative importance of DIO1 and DIO2 in 533 

causing posterior chamber inflation effects, in addition to evaluating the use of our in chemico dataset 534 

for predicting in vivo effects and determining in chemico DIO inhibition threshold values (Figure 4). 535 

 536 
Figure 4: Summary of in chemico and in vivo datasets. DIO1 (A) and DIO2 (B) IC50 values as a function of the binary 537 
observation (yes or no) of effects on posterior chamber inflation and/or surface area. Compounds were grouped in 3 538 
categories: (1) strong DIO inhibitors that are likely to act as TH disruptors (red), (2) weak DIO inhibitors unlikely to affect 539 
posterior chamber inflation (blue), and (3) zone of uncertainty (gray). See also Figure 2. 540 

3.3.1. Dio2 inhibition is likely more important for causing impaired swim bladder inflation 541 

After exposure to seven strong DIO1 inhibitors (red symbols in Figure 4), six out of seven compounds 542 

impaired posterior chamber inflation. Exposure to strong DIO2 inhibitors on the other hand affected 543 

posterior chamber inflation and/or surface area in all cases. These results suggest that Dio2 enzymes 544 

may play a more important role in swim bladder inflation compared to Dio1 enzymes. This hypothesis 545 
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is supported by the fact that (1) all compounds that are both strong DIO1 and DIO2 inhibitors have an 546 

effect on posterior chamber inflation or surface area, (2) one compound that is only a strong DIO2 547 

inhibitor (SA) also had an effect on posterior chamber inflation, and (3) TCBPA, a strong DIO1 inhibitor 548 

but not a DIO2 inhibitor, did not affect posterior chamber inflation.  549 

In a previous study we showed a peak of dio1 as well as dio2 mRNA in 5 day old normally developing 550 

zebrafish (Vergauwen et al., 2018), which does not suggest dominance of either isoform at that time 551 

point. However, it has been previously suggested that Dio2 is the major contributor to TH activation 552 

in developing zebrafish embryos (Darras et al., 2015; Walpita et al., 2010). It has been shown that a 553 

morpholino knockdown targeting dio1 mRNA alone did not affect embryonic development in 554 

zebrafish, while knockdown of dio2 delayed progression of otic vesicle length, head-trunk angle and 555 

pigmentation index (Houbrechts et al., 2016; Walpita et al., 2010, 2009). Dio1 inhibition may only 556 

become essential in hypothyroidal circumstances, for example when Dio2 is inhibited or in case of 557 

iodine deficiency, in zebrafish (Walpita et al., 2010) and mice (Galton et al., 2009; Schneider et al., 558 

2006). Dio1 could therefore also be important during embryogenesis and metamorphosis of fish, 559 

when the demand for THs is high (Orozco et al., 2012). In fathead minnows exposed to IOP, a strong 560 

DIO1 and DIO2 inhibitor according to our data, during the period of anterior chamber inflation, dio2 561 

mRNA levels increased, possibly as a compensatory response, while dio1 mRNA levels did not (Cavallin 562 

et al., 2017). Therefore, it seems plausible that Dio2 inhibition is more important for causing impaired 563 

posterior and anterior chamber inflation.  564 

Overall, the in chemico DIO2 dataset seems to accurately predict in vivo effects on posterior chamber 565 

inflation (Figure 4B). All tested compounds with a low or no DIO2 inhibition capacity caused no effects, 566 

with the exception of the plasticizer and typical estrogenic xenobiotic bisphenol A (BPA) and the 567 

surfactant perfluorooctanesulfonic acid (PFOS). Although exposures to TCBPA (a flame retardant), 568 

MBT (a rubber vulcanizing agent) and the surfactant PFBS, all showing low DIO2 inhibition capacities, 569 

did not result in effects on posterior chamber inflation as expected, we included these compounds in 570 

our current DIO2 uncertainty zone along with BPA. These compounds have similar DIO1 and DIO2 571 

inhibition capacity, but lead to a different effect on the posterior chamber compared to BPA. It has 572 

already been suggested that MBT is not a potent DIO inhibitor (Nelson et al., 2016; Stinckens et al., 573 

2016; Visser et al., 1979). Furthermore, PTU was added to this uncertainty zone, as it has been 574 

demonstrated that DIO2 is less sensitive to PTU inhibition compared to DIO1 in rat, pig and human 575 

(Croteau et al., 1996; Maia et al., 2005; Salvatore et al., 1996; Silva et al., 1982; Visser et al., 1983; 576 

Wassen et al., 2004). In several fish species, Dio2 appears to be less sensitive to PTU exposure as well 577 

(Mol et al., 1993, 1998; Orozco et al., 1997). 578 
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3.3.2. The role of other non-DIO mechanisms: explaining unexpected results 579 

BPA and PFOS did cause effects on posterior swim bladder inflation, but neither were in chemico DIO 580 

inhibitors. A prediction model based on only DIO1 and DIO2 enzyme inhibition data would therefore 581 

not be able to predict these effects (i.e., generate a false negative prediction). In addition to the fact 582 

that differences in predicted effects may be observed as a result of, for example, specific toxicokinetic 583 

and/or toxicodynamic properties, and taking into account that effects in fish can possibly be more 584 

accurately predicted using fish tissue-based assays rather than using porcine tissue, it is also highly 585 

plausible that many different toxicological mechanisms can lead to swim bladder inflation effects 586 

(Hagenaars et al., 2014; Li et al., 2011; Michiels et al., 2017; Sarnowski, 2004; Trotter et al., 2003; 587 

Villeneuve et al., 2014; Woolley and Qin, 2010; Yin et al., 2011). Some of these mechanisms may even 588 

be related to the hypothalamic-pituitary-thyroid (HPT) axis and disruption of TH balance but currently 589 

not be captured by our AOP network and in chemico assays (e.g., at the level of the sodium-iodine 590 

symporter, the production of thyroid stimulating hormone, etc.). 591 

For example, BPA has been shown to affect multiple endocrine-related processes, as well as induce 592 

obesity, diabetes and affect reproductive capacity and neurodevelopment (ToxCast data, Rubin, 593 

2011). Although Dio inhibition seems not to be the primary mechanism by which BPA impairs swim 594 

bladder inflation, this compound has been reported to be able to bind to and antagonize the T3 595 

receptor (Moriyama et al., 2002; Zoeller et al., 2005). Secondly, BPA could also affect T3 signaling 596 

because of the indirect cross talk between the T3 and estrogenic pathways (Heimeier et al., 2009; 597 

Hogan et al., 2008, 2007; Rogers et al., 2013). 598 

Many others reported on the endocrine disrupting properties of PFOS, including possible disruption 599 

of TH levels (Du et al., 2013, 2009; Hagenaars et al., 2014; Jain, 2013; Kim et al., 2011; Melzer et al., 600 

2010; Shi et al., 2009; Wang et al., 2011; Yu et al., 2009). Specific evidence for PFOS affecting other 601 

thyroid-related processes is currently lacking. More than likely, a different mechanism is involved as 602 

well. For example, the surfactant properties of PFOS (Hagenaars et al., 2011) or the fact that PFOS 603 

exposure causes spinal curvatures in zebrafish larvae (Hagenaars et al., 2014) could affect swim 604 

bladder inflation. PFOS also has the potential to affect growth and development at early life stages, 605 

possibly contributing to the effect on posterior chamber inflation. Finally, PFOS is known to affect 606 

multiple enzymes and processes involved in developmental progression, immunotoxicity and 607 

hepatotoxicity (Ankley et al., 2005; Rosen et al., 2009; Shi et al., 2008; Wei et al., 2008; Yu et al., 2011; 608 

Zheng et al., 2011).  609 

Exposure to PTU affected posterior chamber inflation and surface area in zebrafish. PTU is not a strong 610 

DIO2 inhibitor in pig according to our in chemico data, and also not in human, rat and fish according 611 
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to literature (see section 3.3.1.), and can therefore not explain the observed effect in vivo. Although 612 

according to our in chemico data, this compound is a strong DIO1 inhibitor, this is likely less so in 613 

teleosts (see section 3.1) and it also may only become important in a hypothyroidal state. PTU 614 

however inhibits TPO (Paul et al., 2014), a mechanism that on its own is unlikely to cause impaired 615 

posterior chamber inflation because of maternally transferred thyroid hormones. TPO inhibition could 616 

therefore contribute to inducing a hypothyroidal state sufficiently severe for PTU to cause the in vivo 617 

effect through combined DIO1 and DIO2 inhibition after the larval thyroid gland is activated at 72 hpf 618 

(Chang et al., 2012; Elsalini et al., 2003). On the other hand, literature shows that Dio1 is partially 619 

insensitive to this compound in several fish species (see also section 3.1), although to our knowledge, 620 

the in chemico insensitivity of Dio1 and Dio2 to PTU has not yet been demonstrated in zebrafish. These 621 

sensitivities may be different from those measured in other fish species, similarly to what was 622 

reported for seabream (Klaren et al., 2005) and hagfish (McLeese et al., 2000). More importantly, the 623 

capacity of PTU to inhibit the deiodinase enzymes in vivo has currently not yet been explored. Lastly, 624 

other mechanisms than DIO inhibition could explain the effect of PTU in vivo as well. For example, PTU 625 

has been shown to induce alterations of thyroidal tissue and thyroid-stimulating hormone cell counts 626 

in the pituitary (Schmidt and Braunbeck, 2011). 627 

4. Conclusion 628 

We have performed a set of experiments to evaluate in chemico assays for predicting acute swim 629 

bladder inflation effects based on the AOP framework. Our results suggest that Dio2 may play a more 630 

important role in swim bladder inflation compared to Dio1. By linking the in chemico and in vivo 631 

datasets and setting threshold values, we were able to demonstrate that the DIO2 in chemico dataset 632 

can be used as a predictive tool for the biological effects on posterior chamber inflation, with only few 633 

outliers. In order to decrease the number of false negative predictions, the AOP network should be 634 

extended to include not only other HPT-related MIEs, but also MIEs that are related to the AO 635 

specifically, in our case toxicological mechanisms that can lead to swim bladder inflation effects. 636 

Further growing our thyroid AOP network to include additional taxa, life stages, etc., will be helpful to 637 

more clearly define and delineate the applicability domain of the DIO assays. The assays used in our 638 

study could then be implemented in a broader tiered testing strategy, as suggested by Volz et al. 639 

(2011). In tier 1, in chemico and/or in vitro high-throughput assays, in our case the in chemico DIO2 640 

assay, can be used to screen for events at lower levels of biological organization along the selected 641 

AOPs. Tier 2 could involve modified short-term ZFET tests for whole-organism-based assessment of 642 

AOP-specific effects, in our case using posterior chamber inflation and/or surface area as adverse 643 

outcome. Finally, tier 3 could comprise chronic FELS tests. Tier 3 would only be implemented if 644 



 23 

required, for example if the effect of DIO and/or TPO inhibition on anterior chamber inflation would 645 

need to be investigated. 646 
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