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A B S T R A C T   

A crucial component of a substance registration and regulation is the evaluation of human prenatal develop
mental toxicity. Current toxicological tests are based on mammalian models, but these are costly, time 
consuming and may pose ethical concerns. The zebrafish embryo has evolved as a promising alternative model to 
study developmental toxicity. However, the implementation of the zebrafish embryotoxicity test is challenged by 
lacking information on the relevance of observed morphological alterations in fish for human developmental 
toxicity. Elucidating the mechanism of toxicity could help to overcome this limitation. Through LC-MS/MS and 
GC-MS metabolomics, we investigated whether changes to the endogenous metabolites can indicate pathways 
associated with developmental toxicity. To this aim, zebrafish embryos were exposed to different concentrations 
of 6-propyl-2-thiouracil (PTU), a compound known to induce developmental toxicity. The reproducibility and the 
concentration-dependence of the metabolome response and its association with morphological alterations were 
studied. Major morphological findings were reduced eye size, and other craniofacial anomalies; major metabolic 
changes included increased tyrosine, pipecolic acid and lysophosphatidylcholine levels, decreased methionine 
levels, and disturbance of the ‘Phenylalanine, tyrosine and tryptophan biosynthesis’ pathway. This pathway, and 
the changes in tyrosine and pipecolic acid levels could be linked to the mode of action of PTU, i.e., inhibition of 
thyroid peroxidase (TPO). The other findings suggested neurodevelopmental impairments. This proof-of-concept 
study demonstrated that metabolite changes in zebrafish embryos are robust and provide mechanistic infor
mation associated with the mode of action of PTU.   

1. Introduction 

The approval of new substances is subject to strict regulations. In 
Europe, for instance, this is included in legislative frameworks such as 
REACH [1] and EudraLex [2]. Based on the foreseen use and/or the 
production quantities, these regulations require standard information on 

toxicological hazards. These data are mostly generated by animal 
testing. At least since the thalidomide tragedy in the 1960s it is widely 
known that chemicals can cross the placental barrier and irreversibly 
harm the developing organism [3]. Therefore, testing for developmental 
toxicity is an integral part of the regulatory risk assessment. Recent 
regulations recommend testing in two mammalian species, rats and 
rabbits [4,5], to provide information on developmental toxicity. 
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Ethical and economic considerations, as well as the need for a better 
understanding of toxicity mechanisms represent major drivers to move 
away from mammalian testing and develop alternative methods [6–8]. 
The throughput of current mammalian-based testing is insufficient to 
obtain information on all chemicals in commerce and to match the pace 
of development of new compounds [9]. In addition, a major limitation of 
the regulatory accepted developmental toxicity tests is that they only 
provide information about the apical outcome, but not about the mo
lecular and cellular changes that precede this outcome. Alternative 
methods could fill these information gaps and shed light on the toxicity 
mechanisms, thereby paving the way from an apical to a more mecha
nistic assessment [10]. 

The zebrafish embryo has emerged as a promising alternative model 
to study various aspects of developmental toxicity [11–13] given that it 
represents a complex vertebrate model. Several animal welfare regula
tions consider the use of embryonic life stages as unprotected 
non-sentient stages. Therefore, European regulations allow the use of 
zebrafish embryos up to 5 days post fertilization, when independent 
feeding starts, as an alternative to animal testing [14,15]. Their rapid 
embryonic development and small size make them an attractive 
medium-to high-throughput screening system. Based primarily on a 
morphological evaluation, the zebrafish has already shown a good 
concordance with mammalian data regarding the classification of sub
stances as developmentally toxic [16–18]. 

With the assessment of morphology alone, however, it is difficult to 
extract mechanistic information. By applying targeted mass 
spectrometry-based techniques, the metabolome and thus the physio
logical or pathological state of an organism can be captured [19]. Since 
metabolites play important roles in all molecular processes, e.g., as 
signal transducers, building blocks or fuel, an altered metabolome can 
indicate impaired pathways, associated with diverse toxicological end
points. Based on this, metabolic effect patterns have already been 
described for various endpoints such as maternal or liver toxicity in rat 
plasma and in in vitro systems [20–24]. It has further been demonstrated 
in zebrafish that altered endogenous metabolite levels can be indicative 
of developmental toxicity [25]. 

Using a combination of automated phenotype analysis and targeted 
mass spectrometry-based metabolomics, the morphological and mech
anistic effects of exposure to 6-propyl-2-thiouracil (PTU), a model 
compound of developmental toxicity, were investigated in zebrafish. 
PTU is a pharmaceutical, which is prescribed to treat hyperthyroidism 
[26]. It inhibits thyroid peroxidases (TPO) [27] and deiodinases [28, 
29], which results in a reduced availability of the thyroid hormones 

triiodothyronine (T3) and thyroxine (T4). The teratogenic potential of 
PTU has been demonstrated by Benavides et al. [30], who reported 
delayed neural tube closure and cardiac abnormalities in mice. In 
addition, PTU-induced developmental neurotoxicity was reported in rats 
[31], though, they were not accompanied with adverse structural 
changes. Zebrafish, on the other hand, exhibited structural changes after 
treatment with PTU in previous studies [32,33]. 

The aim of the present study was to investigate if the metabolic 
response of PTU-treated zebrafish embryos can be correlated with 
developmental toxicity. For this purpose, the suitability of the zebrafish 
matrix for metabolomics was tested in terms of obtaining reproducible 
results, and the morphological and metabolic changes were examined as 
indicators of developmental toxicity. The results provided crucial evi
dence for the link between PTU-related effects, thyroid hormone 
disruption and neurodevelopment, meanwhile demonstrating the 
applicability of the concept to identify developmental toxicity. 

2. Material and methods 

2.1. Material 

All reagents were purchased from Merck unless otherwise stated. The 
test chemical 6-propyl-2-thiouracil (PTU; CAS no. 51-52-5) had a min
imum purity of 99%. 

2.2. Test system 

Embryos from an in-house wild-type zebrafish (Danio rerio) strain 
Obi/Wik produced at the Helmholtz Centre for Environmental Research- 
UFZ (Leipzig, Germany) were used for morphology and metabolome 
analysis. The adult fish were cultured at 26 ◦C in tanks with recirculating 
water and maintained on a day/night cycle of 14/10 h. For egg pro
duction, trays with artificial plants were placed overnight in the tanks. 
After spawning, eggs were manually selected under the microscope. 
Only intact fertilized eggs in approximately 8-cell stage were used for 
subsequent exposure. Fish were cultured according to German and Eu
ropean animal protection standards approved by the government of 
Saxony (Landesdirektion Leipzig, Germany, Aktenzeichen 75–9185.64). 

2.3. Exposure conditions 

Stock solutions of PTU were prepared in DMSO. Stocks were further 
diluted in exposure medium (2 mM CaCl2, 0.5 mM MgSO4, 0.75 mM 

Abbreviations 

AOP adverse outcome pathway 
c concentration 
CRYM μ-crystallin 
EC effective concentration 
FC fold change 
FDR false discovery rate 
FET zebrafish embryo acute toxicity test 
GC gas chromatography 
GC-MS gas chromatography-mass spectrometry 
HILIC hydrophilic interaction liquid chromatography 
hpf hours post fertilization 
KEGG ID Kyoto Encyclopedia of Genes and Genomes identifier 
LCx x % lethal concentration 
LC liquid chromatography 
LCln liquid chromatography lipid negative ionization mode 
LClp liquid chromatography lipid positive ionization mode 
LC-MS/MS liquid chromatography-tandem mass spectrometry) 

LCpn liquid chromatography polar negative ionization mode 
LCpp liquid chromatography polar positive ionization mode 
LPC lysophosphatidylcholine 
LPE lysophosphatidylethanolamine 
Mfsd2a major facilitator superfamily domain-containing protein 

2A 
PC phosphatidylcholine 
PCA principal component analysis 
PCx principal component x 
PE phosphatidylethanolamine 
PoD point of departure 
PPARγ peroxisome proliferator-activated receptor gamma 
PTU 6-propyl-2-thiouracil 
SD standard deviation 
T3 triiodothyronine 
T4 thyroxine 
TAG triacylglycerol 
TG test guideline 
TPO thyroid peroxidase  
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NaHCO3 and 0.07 mM KCl, pH 7.4-7.5) according to the OECD test 
guideline (TG) 236 [34]. The final DMSO concentration in the test me
dium was 0.01%. Zebrafish were exposed from 8-cell stage until 96 h 
post fertilization (hpf) at 28 ± 1 ◦C. For concentration range-finding and 
morphology analysis, one embryo per well was seeded in 400 μL of the 
test medium on a 96-square well plate with 16 embryos per concen
tration. For metabolome samples, embryos were exposed in glass vials, 
each containing 50 embryos in 50 mL test medium. 

2.4. Concentration-range finding 

Fifteen concentrations between 325 and 3980 μM were tested in 
three independent replicates. The concentrations were selected based on 
available information for a 48-120 hpf exposure window [35] and by 
applying a geometric scale with factors of 2.3 and 1.5 in subsequent 
replicates to obtain data points in the range of effect concentrations. 
Using a dissection microscope, mortality levels were determined as 
described in the OECD TG 236 [34]. Gross morphological changes were 
assessed by microscopical observations and scoring (presence or absence 
of phenotype). To model the concentration-dependency of lethal or 
sublethal endpoints, a curve was fit with non-linear regression and a 
confidence level of 95% using GraphPad Prism 8.0.2. 

2.5. Morphology analysis 

A total of ten concentrations of PTU ranging from 16.5 to 2309 μM 
and one solvent control (0.01% DMSO) were tested in two independent 
replicates. The concentrations were selected based on the results of the 
range finding by applying a geometric scale with a factor of 1.7 and 
including low concentrations to identify potential subtle morphological 
effects. 24 embryos were exposed per condition but due to loss of 
specimen during the automated imaging, the number of fish subjected to 
quantitative imaging ranged between 16 and 20. At 96 hpf, prior to the 
assessment of morphology, larvae were anaesthetized by adding 20 μL of 
a tricaine solution (600 mg/L MS-222 in 0.01 M TRIS, pH 7) to each 
well. Using a VAST bioimager (Union Biometrica, Aalst, Belgium) each 
fish was automatically positioned in a glass capillary and images were 
obtained of lateral and dorsoventral views with a digital camera of 10 
μm resolution. 

The images were annotated, and features were quantified using the 
FishInspector software [36,37]. The used version (1.7) represents a 
modification of the published open-source version [36] using feature 
annotations based on deep-learning models (details on the modified 
software will be published elsewhere, a free license is available on 
request). Relevant morphological changes were identified by comparing 
feature metrics between PTU exposed fish and controls. A change was 
considered relevant when it was outside the threshold of 1.5 fold of the 
standard deviation (SD) of the corresponding control feature. The per
centage of embryos deviating from controls was used to determine the 
EC50 (50% effective concentration) for each feature. The EC50 was only 
calculated for features that exhibited a concentration-response rela
tionship (indicated by comparison of the Aikaike information criterion 
to a linear model with slope 0, by application of the Tukey trend test, 
and by a minimum of 25% embryos showing the effect). 

Subsequently, features were translated into corresponding ontol
ogies using ONTOBEE [38]. Whenever possible, existing ontologies were 
used. In some cases, new ontology terms were developed based on 
existing anatomical terms and qualifiers (subject to submission to 
ONTOBEE). If several features were relating to the same ontology term, 
the most sensitive term was used for the EC50 calculation. A list of 
feature metrics and translations to zebrafish ontology terms can be 
found in the supplementary (Table S1). 

2.6. Sample generation for metabolomics 

Exposure concentrations of 325, 487, 731, 1640, and 3700 μM were 

used for metabolome analysis. These concentrations were selected based 
on lethality concentrations (LCx) from the range-finding tests: The 
highest test concentration (c5) was based on the LC25 (lethal concen
tration 25%), the second highest (c4) oriented on the LC10, further 
concentrations were selected representing a dilution factor of 1.5 and 
considering morphological effects. A solvent control containing 0.01% 
DMSO was included. Each exposure was performed in four parallel 
technical replicates with 50 pooled embryos. Embryos were visually 
checked daily, and dead embryos were removed and replaced with 
embryos from an additional technical replicate prepared as backup to 
ensure the same number of embryos per replicate. The exposure was 
terminated at 96 hpf by washing with isotonic saline. Afterwards, 
samples were freeze-dried and stored at -80 ◦C. The whole experiment 
was repeated on a different day to test for reproducibility. 

2.7. Targeted mass-spectrometry based metabolomics 

GC-MS (gas chromatography-mass spectrometry) and LC-MS/MS 
(liquid chromatography-tandem mass spectrometry) with targeted 
multiple reaction monitoring were applied for a semi-quantitative tar
geted metabolite profiling. 

Samples were extracted each with 1500 μL of extraction buffer 
(methanol, dichloromethane, water, and toluene (93:47:16.5:1, v/v) 
buffered with ammonium acetate and including internal standards) and 
homogenized using a ball mill (Bead Ruptor, Biolab). Homogenates were 
centrifuged (15294xg, 10 min, 12 ◦C) to precipitate proteins and debris. 
A 100 μL aliquot of the supernatant extract was subjected to LC-MS/MS. 
Each 2.5 μL of extract were injected for reversed-phase and hydrophilic 
interaction liquid chromatography (ZIC - HILIC, 2.1 × 10 mm, 3.5 μm, 
Supelco) followed by MS/MS detection (AB Sciex QTrap 6500+) using 
the positive and negative ionization mode. For reversed-phase high 
performance liquid chromatography (RP-HPLC, Ascentis Express C18, 5 
cm × 2.1 mm, 2.7 μm Supelco), gradient elution (0 min-100% A; 0.5 
min-75% A, 25% B; 5.9 min-10% A, 90% B; 600 μL/min) was applied 
using (A) water/methanol/0.1 M ammonium formate (1:1:0.02 w/w) 
and (B) methyl-tert-butylether/2-propanol/methanol/0.1 M ammonium 
formate (2:1:0.5:0.035 w/w) with 0.5% (w %) formic acid. HILIC 
gradient elution (0 min-100% C; 5 min-10% C, 90% D; 600 μl/min) was 
applied using (C) acetonitrile/water (99:1, v/v) and 0.2 (v %) acetic acid 
and (D) 0.007 M ammonium acetate with 0.2 (v %) acetic acid. 

For GC analysis, water was added (3.75:1, v/v) to another aliquot of 
the extract, which resulted in a separation of the polar (upper phase, 
400 μL) and lipid (lower phase, 90 μL) phases. Using GC-MS (GC7890- 
5975 MSD, Agilent Technologies), both phases were analyzed after 
derivatization as described in Ref. [39]. In summary, the lipid fraction 
was initially supplemented with methanol under acidic conditions to 
produce fatty acid methyl esters, derived from free fatty acids and hy
drolyzed complex lipids. 

The polar and lipid fractions were both further derivatized with O- 
methyl-hydroxylamine hydrochloride and with a silylating agent (N- 
methyl-N-(trimethylsilyl) trifluoroacetamide). Finally, 0.5 μL of each 
derivatized extract were used for analysis. Samples were measured in a 
randomized sequence design to prevent artificial results in terms of 
analytical shifts. 

2.8. Metabolomics data processing 

For GC-MS and LC-MS/MS profiling, data were normalized to the 
median of reference samples (so called pools) to account for inter- and 
intra-instrumental variation. The pools were generated from a large 
independent collection of untreated zebrafish embryos, processed and 
measured in parallel with the study samples. Quality of data was 
checked at two levels: insufficient quality resulted in exclusion of ana
lytes and/or samples. To overcome any systematic batch effects, the 
metabolite measurements for each experiment were normalized to the 
median of the respective controls. 
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In total, 264 metabolites were measured from which 249 were an
notated. As some metabolites were detected with different analytical 
methods (GC-MS and LC-MS/MS lipid/polar positive/negative mode), 
the total number of annotated metabolites without duplicates was 230. 
Duplicates were not excluded to validate reproducibility and to ensure 
better comparability with other datasets. The measured metabolites 
covered a wide range of biochemical classes including acylglycerols, 
amino acids, carbohydrates, glycerophospholipids, energy metabolism 
related, miscellaneous, nucleobases, fatty acids, lysoglycer
ophospholipids, signal substances, sphingolipids, and vitamins. For 
some analytes, listed as ‘unknown’, no clear identification was possible. 
These were still included in the analysis because analytical information 
is growing, which may allow an identification at a later date. 

2.9. Multi- and univariate analysis of metabolomics data 

Multi- and univariate statistical analyses were conducted to reveal 
metabolic effect patterns of PTU exposure. An unsupervised principal 
component analysis (PCA) was performed in R Statistical Software [40]. 
The data for each metabolite were log-transformed, then scaled by 
subtracting the mean value of the metabolite, and divided by the SD. 
Metabolites detected in less than 20% of all samples were excluded. The 
remaining missing values were imputed by a k-nearest-neighbors (knn) 
algorithm using impute.knn function from the R-package impute [41]. 
The function prcomp was used for computing the PCA and the package 
ggplot2 [42] was used for visualization. 

A concentration-dependent response was modeled based on PC1 
values obtained from the PCAs computed independently for each 
experimental run. PC1 values for each sample were plotted against the 
test concentration and a three-parameter log-logistic model was fitted 
through the data, using drc package [43]. A confidence interval of 95% 
was used for the curve and the control variability was defined by the 
2.5% and 97.5% quantiles, which corresponded to 95% spread in the 
control samples. The point of departure (PoD) marks the concentration 
at which the confidence interval of the curve and the corresponding 
quantile of the controls separate, i.e., the curve with its 95% confidence 
has crossed the 95% spread of the controls. 

For identification of potentially discriminating metabolites, a uni
variate analysis was performed by combining fold change variations 
with statistical significance using Wilcoxon signed-rank test. Fold 
changes were calculated relative to the respective control and based on 
the median of replicates in each experiment. A significance threshold of 
p ≤ 0.1 was used as this has been shown to be useful for the detection of 
changes in metabolite patterns [44]. 

2.10. Concentration-response modelling of individual metabolites 

To compare the sensitivity of individual metabolite responses with 
respect to PTU exposure, concentration-response curves were modeled 
for each metabolite based on a maximum likelihood approach imple
mented in the R [40] package drc version 3.0.1 [43]. All replicates from 
both experiments were combined to provide a robust curve fit. The data 
was normalized to the mean of the controls and subsequently log2 
transformed. Three models, namely generalized log-logistic, Weibull I, 
and Cedergreen-Ritz-Streibig were applied [43]. The best fitting model 
was determined via Aikaike information criterion (AIC). A confidence 
interval of 95% was used for the curve and the control variability was 
described by the 2.5% and 97.5% quantiles. The PoD marks the con
centration at which the confidence interval of the curve and the corre
sponding quantile of the controls separate for the first time. 

2.11. Metabolic pathway analysis 

Metabolite changes were also considered in a broader context by 
connecting them to metabolic pathways. For pathway analysis, a web- 
based tool, which is incorporated into MetaboAnalyst 5.0 platform 

was used [45,46]. First, the metabolites were translated to KEGG IDs 
(Table S3). When several metabolites were assigned to the same ID, the 
metabolite that showed the highest significance of change across all 
concentrations was selected for pathway analysis. Consequently, the 
total number of metabolites assigned to a unique KEGG ID was 109. 
Second, metabolite intensities for all conducted replicates were uploa
ded as a concentration table. Metabolites with greater than 20% of 
missing values were removed and remaining missing values were esti
mated using a knn algorithm. The enrichment method selected was 
global test, the topology analysis selected was relative-betweenness 
centrality, and for pathway library Danio rerio was chosen. The refer
ence metabolome, containing all measured metabolites was uploaded. 
Third, a false discovery rate (FDR) threshold of <0.25 was applied to 
filter out the significantly affected pathways. 

In addition to the intensity of changes in the measured metabolites, 
their relative position in the pathway was considered and translated into 
an impact value. The impact is a measure for the importance of the 
measured metabolites with respect to all metabolites in the respective 
pathway and is calculated based on relative-betweenness centrality 
[47]. The impact of a pathway results from summing the 
relative-betweenness centrality values of all measured metabolites and 
normalizing it to that of all metabolites. An impact closer to 1 indicates 
that a large fraction of the metabolites in the pathway were measured or 
that the set of measured metabolites are more central and a change to 
them may have strong influence on the entire pathway. Whereas a low 
impact value indicates a few measured metabolites and/or that they are 
rather peripheral in the pathway. 

3. Results 

3.1. PTU induces morphological effects in the absence of lethality 

To determine the concentrations for the subsequent automated 
phenotype analysis and metabolomics, initial concentration range- 
finding tests were performed. In total, 15 concentrations were 
screened to enable a robust curve fitting. A clear separation was 
observed between cumulative sublethal effects, such as edema or low 
pigmentation (based on scoring from microscopical observations), and 
lethal effects (Fig. 1). While sublethal effects occurred from 1100 μM, 
lethality was observed only from 3300 μM. For metabolome analysis, 
concentrations were selected aiming for low general toxicity. The 

Fig. 1. Concentration-response relationship based on lethal and sublethal ef
fects for PTU exposed zebrafish embryos at 96 h post fertilization. 
The percentage of dead fish, lethal effects, depicted as circles, and the per
centage of surviving fish with one or more gross morphological changes, sub
lethal effects, depicted as triangles, were recorded and a curve was fitted. The 
figure shows that the sublethal maximum effect was reached at about 1600 μM, 
at which no lethality was observed. Based on these results, the concentration 
range for metabolomics was determined, using LC25 (lethal concentration 25%) 
as the highest test concentration. 
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highest concentration was set to correspond to the LC25 level in the 
range-finding test. 

3.2. The swim bladder and eyes are the organs most sensitive to PTU 
exposure 

An image-based quantitative assessment of phenotypes was applied 
to describe morphological alterations associated with PTU exposure. 
Using annotated features, EC50-values for morphological endpoints were 
determined. At concentrations below 1000 μM, the endpoints ‘eye 
decreased area’ (EC50 = 818 μM) and ‘swim bladder absent’ (EC50 =

124 μM) were noted to be affected in 50% of the treated zebrafish em
bryos (Fig. 2). At higher concentrations, the whole organism length 
decreased (EC50 = 1049 μM) and further features such as the yolk, 
craniofacial structures (e.g., eye decreased distance posterior otolith, 
eye decreased distance eye, mouth increased angle to posterior otolith), 
and the pectoral fins were affected. The EC50 for pigmentation, noto
chord curvature and pericardium size were not reached within the 
concentration range tested. However, a concentration-dependent 
response was recognized. Thus, the most sensitive structures of zebra
fish embryos exposed for 96 h to PTU were the swim bladder and the 
eyes. 

3.3. The metabolome reveals concentration-dependent and reproducible 
effects 

For a global evaluation of the concentration-dependent effects of the 
zebrafish metabolome and its reproducibility, a principal component 
analysis (PCA) was performed. In the PCA, the replicates of the two 
independent experiments clustered together at their respective con
centrations (Fig. 3A), showing a reproducibility of effects. The data pre- 
processing was designed to remove systematic batch effects. Absence of 
strong differences between the experimental runs in the PCA, indicate 
the absence of specific batch effects. 48% of the variability was 
explained by the first two PCs, 34% by PC1 and 14% by PC2. Test 
concentration c5 was the strongest contributor to the separation in PC1. 
The loadings plot (Fig. 3B) revealed the metabolites that made the 
greatest impact on the separation of the samples in the PCA. It identified 
metabolites from the class of amino acids and related, and lysoglycer
ophospholipids as the main discriminating factors in PC1. 

The greatest variation in the metabolome data was covered in PC1, 
which separated the concentration groups. To capture this 
concentration-response relationship, PC1 values for each replicate were 
plotted against the concentrations tested and the PoD was determined 
(Fig. 4), representing the onset of a global change in the metabolome. In 

both experiments, c3 represented the test concentration closest to the 
PoD. Since the onset of a change in the whole metabolome was antici
pated to be associated with specific effects, the test concentration c3 was 
used as reference for some of the analyses of individual metabolite 
alterations. 

3.4. Amino acid- and lysoglycerophospholipid-related changes shape the 
metabolic effect pattern 

When individual metabolite alterations were examined, metabolites 
significantly changed in c3 (Table 1) represented the onset of a global 
metabolome change based on the PCA-derived PoDs. The fold change 
(FC) table illustrates the direction and intensity of the metabolite 
changes compared to the controls and shows how this effect continues at 
further test concentrations. Predominantly amino acids and related were 
found among the most altered metabolites in c3. Highly elevated levels 
of pipecolic acid were measured in both experiments (FC of 2.06 and 
1.91), and of tyrosine in experiment 1 (FC of 1.87 and 1.79). Strongly 
reduced levels were noticed for fructose-6-phosphate in experiment 1 
(FC of 0.29). In addition, methionine was decreased by about one-third 
in experiment 2 (FC of 0.65). 

A consistent trend in concentration dependency in the direction of 
most metabolite changes was observed, though not always statistically 
significant in both experiments at one concentration. For example, a 
discernible trend towards an increase in lysoglycerophospholipids was 
observed in both experiments at c3. Tyrosine demonstrates a distinct 
concentration-response relationship with continuously increasing FCs 
up to c4 and decreasing at c5 in both experiments and for both analytes. 
Furthermore, a switch in the direction of change between c4 and c5 was 
noticed for some metabolites, such as LPC (C20:5, C20:4, C18:2), LPE 
(C22:6), histidine, 2′-deoxycytidine, and phenylalanine. The consistency 
of these changes between experiments adds evidence to the reproduc
ibility of the data. 

To ascertain quantitatively the reproducibility, the correlation of FCs 
between the two experimental runs was computed. The pairwise Pear
son correlations (r) between respective concentrations (c1 to c5) from 
the two experiments were found to be 0.52 (p < 0.01), 0.22 (p = 0.14), 
0.65 (p < 0.01), 0.99 (p < 0.01), and 1.0 (p < 0.01) calculated for the 
selection of metabolites reported in Table 1 (for correlation based on all 
metabolites see Fig. S2). The weaker correlation at the low concentra
tions is due to relatively few changes in the metabolome. 

In addition to considering the significantly altered metabolites at c3, 
which represent a general deviation of the metabolome from controls, 
we took a second approach aiming to extract the metabolites with 
mechanistic information. This approach determined the concentration 

Fig. 2. 50% effective concentration (EC50) of 
morphological alterations in zebrafish embryos after 
PTU exposure for 96 h. 
Automated imaging and feature annotation was used 
to identify morphological alterations for each embryo 
at the end of the experiment. For each morphological 
alteration, the concentration at which the 50% effect 
level would be reached was calculated. A) EC50- 
values were derived for all endpoints exhibiting a 
concentration-response relationship. For some end
points (unfilled circles) the EC50 values represent an 
extrapolation since the maximum observed effects 
were below 50%. Values can be found in supple
mentary (Table S2). B) Representative images of 
phenotypes from the two highest concentrations 
tested and a solvent control are shown in lateral and 
dorsoventral positions. Colored lines indicate Fish
Inspector feature metrics. The most sensitive 
endpoint was the absence of the swim bladder. Swim 
bladder and pectoral fin are indicated by an arrow in 
the control.   
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at which each individual metabolite first exceeded control variability 
(Fig. 5A). The most sensitive metabolites representing a PoD below test 
concentration c2 (487 μM) were LPC (C18:2) (LCln), pipecolic acid, 
isoleucine, TAG (C32:1, C16:1), and asparagine. An advantage of this 
approach is that it also reveals metabolites which were not significantly 
changed at c3 but still exhibit a concentration-dependent response. This 

was the case with e.g., TAG (C32:1,C16:1), LPC (C14:0), LPC (C20:2), 
trans-4-hydroxyproline, PE (C34:0), and uric acid. 

Although the statistical method was different, a large overlap was 
seen between the metabolites detected in the first (Table 1) and second 
approaches (Fig. 5). When comparing the top 25 metabolites with the 
lowest PoD, 19 of them were also found in the first approach. 

Fig. 3. Principal component analysis (PCA) of the metabolome response of PTU-exposed zebrafish embryos in two independent experiments. 
We used PCA to assess the global metabolome response. The first two dimensions are shown, representing about 48% of the response. A) PCA plot of metabolome 
data from the two experiments. Colors depict exposure concentrations and symbols depict experimental runs. A concentration-dependent response along PC1 
(explaining 34% variability) was observed. Only for the highest test concentration (c5) a separation between the two experiments was noticed along PC2 (explaining 
14% variability). Though for test concentrations c1-c4 no clear separation between experiments was perceived. B) PCA loadings plot showing the strongest drivers for 
the separation in PC1. Among them were many decreased amino acids and increased lysoglycerophospholipids (filled circles). 

Fig. 4. Determination of the point of departure (PoD) to identify the onset of an overall change in the metabolome. 
Global metabolite changes as estimated by principal component analysis (PCA) exhibit exposure concentration dependency. To model the concentration response, 
PC1 values were computed independently for each of the two metabolomics experiments (see Fig. S1 for corresponding PCA plots). PC1 values of each replicate were 
plotted against the respective test concentration and a curve was fitted. The spread of controls is marked by the horizontal dashed lines, which represent the 2.5% and 
97.5% quantiles; the mean is represented as horizontal solid line. The grey shaded area indicates the 95% confidence interval (CI) of the curve. The PoD marks the 
concentration at which the curve deviates with high confidence from control variability (marked by a vertical solid line). The dashed vertical line marks the test 
concentration c3, which is closest to the PoD and was therefore regarded as the onset of a global change in the metabolome. 
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Since the previous analyses showed that some metabolite classes 
were more affected, the effects were also evaluated at the class level. In 
total, almost 20% of the measured metabolites were significantly altered 
at concentration c3 (Fig. 6). The class of lysoglycerophospholipids stood 
out with 46% of significantly changed metabolites. Further classes with 
a high proportion of significantly changed metabolites were the amino 
acids and related (30%), and carbohydrates and related (25%). Of all 
other classes, less than 20% of the measured metabolites were signifi
cantly altered. 

3.5. Affected amino acid-related pathways show concentration-dependent 
response 

To obtain mechanistic information, metabolite changes were exam
ined in the context of the metabolic pathway map from KEGG. All 
significantly affected pathways at c3 were considered, and their pro
gression in further concentrations. For most pathways, a concentration- 
response relationship with respect to increasing significances was 
observed, peaking at c5 (15/21) or c4 (5/21), respectively (Fig. 7). 
Overall, the proportion of amino acid-related pathways affected was 
about 60%. 

Table 1 
Fold changes of metabolites at test concentrations c1-c5 based on the selection of significantly altered me
tabolites in c3.Zebrafish embryos were exposed to five concentrations (c1-c5) of PTU in two independent 
experiments. A total of 264 metabolites were measured. Only metabolites significantly (p ≤ 0.1) changed at 
c3 in at least one experiment are presented here (full list can be found in Table S3). Fold changes were 
computed relative to the respective control, with the color code indicating the direction and intensity of 
change (blue - decrease; red - increase) and font style indicating the significance level (see legend below). The 
table is sorted in descending order by the significant fold changes in c3. 
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The impact value provides information about the importance of the 
measured metabolites, it is a measure for their interconnectivity in the 
pathway. The highest achievable impact value of 1 was reached exclu
sively by the ‘Phenylalanine, tyrosine and tryptophan biosynthesis’. This 
pathway includes two measured metabolites, namely phenylalanine and 

tyrosine. Since these are directly linked and thus highly dependent, the 
pathway achieved the highest impact value. Beyond that, only ‘Alanine, 
aspartate and glutamate metabolism’ (impact of 0.76), ‘Arginine 
biosynthesis’ (impact of 0.60), ‘Riboflavin metabolism’ (impact of 0.5), 
and ‘Arginine and proline metabolism’ (impact of 0.55) reached an 

Fig. 5. Point of departures (PoD) for the most sensitive metabolites after exposure of zebrafish embryos to PTU. 
For each metabolite, the concentration-dependent response was modeled. The PoD is the concentration at which the effect exceeds control variability. A) The 25 most 
sensitive metabolites are shown in ascending order. A low PoD indicates a high sensitivity. B) and C) Exemplary curve fits for pipecolic acid (B) and tyrosine (C) are 
shown and highlighted in (A) for reference. The PoD is indicated with a solid vertical line. It marks the concentration at which the confidence interval of the curve 
(grey shaded area) intersects the control variability (dashed lines). FC - fold change; GC - gas chromatography; LC - liquid chromatography; LPC - lysophosphati
dylcholine; PC - phosphatidylcholine; PE - phosphatidylethanolamine; TAG - triacylglycerol. 

Fig. 6. Proportion of significantly changed versus 
unchanged metabolites at concentration c3 among 
different metabolite classes. 
To determine the distribution of changes among 
various metabolite classes, 230 annotated unique 
metabolites (out of 249) were considered. For each 
class, the length of the bar indicates the total number 
of metabolites and the shaded region the percentage 
of significantly (p ≤ 0.1) changed ones. Overall, 41 
metabolites accounting for 18% were significantly 
changed in at least one experiment at c3. From the 
class of signal substances and related, no metabolite 
was significantly changed at c3.   
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impact value greater than 0.5. 

4. Discussion 

The objective of the study was to investigate the ability of the 
zebrafish embryo metabolome to indicate developmental toxicity. For 
this, the robustness of metabolic effects in different batches of zebrafish 
was tested in terms of their reproducibility. The metabolic effect pattern 
was compared for plausibility with relevant literature and related to the 
morphological changes. In elaborating the effects associated with the 
mode of action of PTU, special emphasis was paid to the distinction 
between the presumably specific and more general toxic effects by 
regarding concentration-dependent responses. 

4.1. Effects of PTU exposure on swim bladder and eye development 

The most sensitive morphological endpoint was swim bladder 
inflation with an EC50 of 124 μM. Thus, this endpoint was even more 
sensitive than any measured metabolite, as the lowest PoD was deter
mined at 396 μM for LPC (C18:2) (LCln). The zebrafish swim bladder 
consists of two chambers. While the posterior chamber inflates between 
96 and 144 hpf, inflation of the anterior chamber occurs earliest around 
21 days post fertilization [48,49]. A previously described adverse 
outcome pathway (AOP) network linked impaired anterior swim 
bladder inflation to thyroid disruption and developmental toxicity 
[50–52], but due to the duration of treatment in this study, only the 
development of the posterior swim bladder was considered. Earlier 
studies have shown that this endpoint is in general sensitive to a variety 
of chemicals [37], indicating that the responses observed here might not 

be specific to PTU, but more related to a general developmental delay. In 
addition, controversial results on swim bladder inflation with other TPO 
inhibitors are existing: For methimazole, two studies showed reduced 
inflation [33,53] while other studies did not observe an effect [54,55]. 
For 2-mercaptobenzothiazole, no effects on the swim bladder were 
observed [54,56,57]. Since the mechanism of posterior swim bladder 
development is unclear, there is weak evidence that this phenotype is 
specifically linked to reduced thyroid hormone levels. 

Besides the impairment of the swim bladder, our data indicated 
morphological alterations for the size of the eyes, body, and head. Our 
results are consistent with previous studies in which thyroid disruption 
was frequently linked to ocular morphological alterations and retarda
tion [32,33,58,59]. In particular, effects on eye development were 
considered as highly associated with TPO inhibition in fish and have 
been included as an endpoint of an AOP lately [60]. Decreased eye size 
was a more sensitive endpoint than decreased whole organism length in 
this study, but its expression must also be considered in the context of 
general retardation. 

4.2. Effects of PTU on the metabolome and their relation to 
developmental toxicity 

Addressing the utility of the zebrafish embryo metabolome to reveal 
molecular changes related to developmental toxicity, two main aspects 
were considered: reproducibility of the method and relationship of the 
findings with the mode of action of PTU. 

The metabolome data from two experiments, each including five 
concentrations demonstrated reproducibility based on the overall 
response as shown in the PCA, the PCA-derived PoDs, and for individual 

Fig. 7. Significantly affected pathways based on 
metabolic response to PTU treatment. 
Using the web-based tool MetaboAnalyst 5.0 [46] the 
concentration-dependent influence of PTU treatment 
on endogenous metabolic pathways of zebrafish em
bryos was investigated. A threshold of FDR <0.25 was 
applied to filter out the significantly affected path
ways. Only pathways significantly affected at con
centration c3 were considered. The figure is ordered 
by -log10(p)-values of c3. The circle size signifies the 
confidence on the pathway being affected by the 
treatment. The impact value is indicated by the color 
scheme and is a measure for the importance of the 
measured metabolites for the pathway (details in 
section 2.11). Numbers in parentheses indicate how 
many metabolites were measured out of the total 
number of the metabolites in the pathway. Values and 
exemplary pathways can be found in the supple
mentary (Table S4 and Fig. S3).   
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metabolite changes. Additionally, the concentration-dependent effects 
illustrated the reliability of the experimental setup. 

To elicit the metabolic effects that reflect the mode of action of PTU 
and developmental toxicity, we applied two approaches based on 
different statistical methods. Both aimed at filtering out the specific 
effects and excluding secondary effects. Secondary effects are supposed 
to occur both at high concentrations in the sense of general cytotoxicity 
and at lower concentrations in terms of nonspecific adaptive changes. To 
achieve the separation of specific and nonspecific effects, one approach 
focused particularly on c3, the concentration group, which depicts the 
beginning of an overall deviation in the metabolome from the controls. 
The second approach inspected the concentration-dependent response 
of each metabolite. In this study, both approaches have shown high 
overlap when comparing the metabolites returned. This can potentially 
be attributed to the selection of test concentrations, which were chosen 
to span the entire range from adaptive to specific to cytotoxic effects. 
Although concentrations greater than 1000 μM are often not considered 
relevant in risk assessment, it may be beneficial to include higher con
centrations that allow modeling of a concentration-response curve and 
determination of the PoD. In the study presented, we have not yet 
exploited the full potential of the PoD. It was mainly used qualitatively, 
e.g., to obtain a sensitivity ranking of the metabolites. Also, a quanti
tative use is conceivable to derive a no-effect level that could feed into 
human or ecological risk assessment. 

Focusing on the specific metabolite changes, strongly increased 
levels and a low PoD were observed for pipecolic acid and tyrosine. 
Pipecolic acid is an intermediate in the lysine degradation pathway [61]. 
The formation of pipecolic acid from Δ1-piperideine-2-carboxylate is 
catalyzed by CRYM (μ-crystallin), which is regulated by binding of 
thyroid hormones [62–64]. It was shown that the binding of T3 leads to 
an inhibition of the enzyme. This demonstrates the vulnerability of the 
pipecolic acid pathway to thyroid disrupting compounds. Rehberger 
et al. [65] have found a significant decrease in follicular T3 after treating 
zebrafish embryos with PTU. We hypothesize that a decrease in T3 af
fects the regulation of CRYM which results in an increase of pipecolic 
acid. 

In contrast to pipecolic acid, tyrosine is directly related to the thyroid 
hormone synthesis. Tyrosine is the biochemical precursor of the thyroid 
hormones, formed from the coupling of iodinated tyrosine residues of 
thyroglobulin. By inhibiting the enzyme TPO, which catalyzes this step, 
a decrease in T3 and T4 was reported [59,65,66] while the expression of 
thyroglobulin was induced [35] potentially as a feedback loop response 
to compensate for reduced hormone levels. Under physiological condi
tions, the feedback loop detects low hormone levels and responds by 
stimulating hormone production [67]. Possibly, elevated tyrosine levels 
may also be the result of accumulation due to the block of thyroid 
hormone synthesis. However, tyrosine is not only a precursor of thyroid 
hormones but also of other bioactive molecules, such as dopamine or 
melanin. Hence it is conceivable that the increase in tyrosine may not 
solely be due to the impairment of the thyroid hormone signaling 
pathway. 

Although the lysoglycerophospholipids were only slightly increased, 
the observation that half of them were significantly altered at c3 and 
some lysophosphatidylcholines (LPCs) were even among the top 25 
PoDs, suggests a relevant effect of PTU treatment on this class of me
tabolites. During embryogenesis, the yolk sac serves as a reservoir for 
nutrient lipids, and for a long time it was mainly considered as such 
[68]. In 2016, Fraher et al. [69] published a study which analyzed lipid 
species composition of the yolk sac at different time points during 
zebrafish embryonic and early larval development. Contrary to initial 
assumptions, they found that the yolk is metabolically active. Further
more, they characterized the physiological state of the yolk sac, which 
provides a good basis for comparison. From 0 to 120 hpf all lysogly
cerophospholipids like e.g., the LPCs showed a distinct decrease except 
for the lysophosphatidylethanolamines. In contrast, we found that all 
significantly changed LPCs at c3 were increased. Similarly, Fraher et al. 

[69] described an increase of LPCs after treating zebrafish with a PPARγ 
receptor inhibitor. There is growing evidence that lysoglycer
ophospholipids have important physiological functions [70]. LPCs were 
recognized as a source of neuronal membrane components [71]. 
Furthermore, it was shown that LPCs can overcome the blood brain 
barrier using Mfsd2a transporters. In turn, a lack of the Mfsd2a trans
porter was associated with increased LPCs and brain defects like e.g., 
microcephaly [72,73]. Since this mechanism is conserved from fish to 
humans, it is possible that elevated LPCs could be related to impaired 
brain development, which in turn could be associated with the known 
impact of thyroid hormones on the development of the nervous system. 
The presence of potential developmental neurotoxicity is further sup
ported by the observed reduced eye size and craniofacial anomalies. 

Our data contain further evidence suggestive of impaired neuro
development. Methionine was strongly decreased at c3 and showed a 
concentration-dependent response with a low PoD. In studies using rat 
embryos cultured in vitro, defects in neural tube closure were associated 
with methionine deficiency in the culture medium [74,75]. Likewise, 
the lysine degradation pathway, whose intermediate pipecolic acid was 
measured to be highly elevated, was described in the context of impaired 
neuronal development [76,77]. 

Beyond individual metabolite or class changes, the orchestration of 
multiple metabolites in a pathway may be disrupted by a substance 
exposure. To reveal disrupted pathways, a metabolic pathway analysis 
was conducted, which contextualizes individual metabolite changes. 
With 12 metabolite classes and 50 subclasses, the measured metabolome 
covered a large part of the endogenous metabolic pathway map. How
ever, the diversity of measured lipid species was underrepresented in the 
database, therefore only 109 metabolites could be assigned a unique 
metabolite ID. Similar to the directional switch observed in Table 1, 
several pathways with a peaking significance at c4 also hinted at a 
comprehensive change in the whole metabolome between c4 and c5. 
The biological system seems to reach a tipping point between c4 and c5, 
after which primarily general cytotoxic effects may be present. This is 
supported by the mortality concentrations. While c5 correlates with an 
LC25, which is associated with overt toxicity, c4 corresponds to an LC10, 
and equivalent mortality would be tolerated even in controls according 
to TG 236 [34]. 

Among the pathways that peaked at c4, the phenylalanine, tyrosine 
and tryptophan biosynthesis achieved the highest impact value. The two 
changed metabolites in this pathway were phenylalanine and tyrosine. 
While tyrosine was strongly increased, phenylalanine was slightly 
decreased. Taking into consideration the whole metabolic map, this 
effect marks a molecular target of PTU, which is the inhibition of TPO. 
When viewing the entire KEGG metabolic pathway map, only tyrosine 
was measured as a direct neighbor of this event; phenylalanine, in turn, 
is the precursor of tyrosine. The decrease in phenylalanine could be 
explained by compensatory mechanisms for high tyrosine concentra
tions. The identification of a molecular target of PTU as a result of the 
pathway analysis highlights the value of integrating a contextual anal
ysis. This could become especially important for analyzing compounds 
whose mode of action is unclear. 

4.3. Conclusions 

This study has shown that the combination of metabolome and 
morphology assessment in zebrafish embryo is a robust system that re
veals specific effects related to the mode of action of PTU or develop
mental toxicity in general. Effects on tyrosine, pipecolic acid, and the 
phenylalanine, tyrosine and tryptophan biosynthesis could be tied to 
PTU treatment and seem to be indicative of changes in the thyroid 
hormone system. This and other changes in metabolites such as 
increased LPCs and decreased methionine also suggested neuro
developmental toxicity. The presence of neurodevelopmental toxicity 
was further supported by the decreased eye size, which was the most 
eminent morphological effect observed. The demonstration of 
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reproducible, concentration-dependent, and plausible effects un
derscores the utility of metabolomics for identifying developmental 
toxicity in zebrafish embryo. Revealing the mechanism of toxicity rep
resents a critical step in overcoming limitations in the transferability of 
morphological endpoints to humans. The major signaling pathways of 
embryogenesis are conserved in vertebrates, which was supported by 
the present study. Subsequent studies need to examine different com
pound classes to provide further evidence for the relevance and speci
ficity of metabolome response. A prospective challenge may also be an 
increase in the coverage of metabolic pathways, which is limited in a 
targeted approach. 
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[68] M. Hölttä-Vuori, et al., Zebrafish: gaining popularity in lipid research, Biochem. J. 
Rev. 429 (2) (2010) 235–242, https://doi.org/10.1042/BJ20100293. 

[69] D. Fraher, et al., Zebrafish embryonic lipidomic analysis reveals that the yolk cell is 
metabolically active in processing lipid, Cell Rep. 14 (6) (2016) 1317–1329, 
https://doi.org/10.1016/j.celrep.2016.01.016. 

[70] S.T. Tan, et al., Emerging roles of lysophospholipids in health and disease, Prog. 
Lipid Res., Rev. 80 (2020), https://doi.org/10.1016/j.plipres.2020.101068. Art no. 
101068. 

[71] L.N. Nguyen, et al., Mfsd2a is a transporter for the essential omega-3 fatty acid 
docosahexaenoic acid, Nature 509 (7501) (2014) 503–506, https://doi.org/ 
10.1038/nature13241. 

[72] A. Guemez-Gamboa, et al., Inactivating mutations in MFSD2A, required for omega- 
3 fatty acid transport in brain, cause a lethal microcephaly syndrome, Nat. Genet. 
47 (7) (2015) 809–813, https://doi.org/10.1038/ng.3311. 

[73] V. Alakbarzade, et al., A partially inactivating mutation in the sodium-dependent 
lysophosphatidylcholine transporter MFSD2A causes a non-lethal microcephaly 
syndrome, Nat. Genet. 47 (7) (2015) 814–817, https://doi.org/10.1038/ng.3313. 

[74] L.A.G.J.M. Vanaerts, Investigation, using rat embryo culture, of the role of 
methionine supply in folic acid-mediated prevention of neural tube defects, 
Toxicol. Vitro 9 (5) (1995) 677–684, https://doi.org/10.1016/0887-2333(95) 
00070-O. 

[75] C.N. Coelho, N.W. Klein, Methionine and neural tube closure in cultured rat 
embryos: morphological and biochemical analyses, Teratology 42 (4) (1990) 
437–451, https://doi.org/10.1002/tera.1420420412. 

[76] A. Hallen, et al., Mammalian forebrain ketimine reductase identified as 
μ-crystallin; Potential regulation by thyroid hormones, J. Neurochem. 118 (3) 
(2011) 379–387, https://doi.org/10.1111/j.1471-4159.2011.07220.x. 

[77] V.V. Rao, X. Pan, Y.F. Chang, Developmental changes of L-lysine-ketoglutarate 
reductase in rat brain and liver, Comp. Biochem. Physiol. B 103 (1) (1992) 
221–224, https://doi.org/10.1016/0305-0491(92)90435-t. 

P. Wilhelmi et al.                                                                                                                                                                                                                               

https://doi.org/10.1210/endo-118-4-1598
https://doi.org/10.1371/journal.pone.0035213
https://doi.org/10.1016/j.taap.2008.05.020
https://doi.org/10.1016/j.aquatox.2015.12.015
https://doi.org/10.1016/j.aquatox.2015.12.015
https://doi.org/10.14573/altex.1402011
https://doi.org/10.14573/altex.1402011
https://www.oecd-ilibrary.org/
https://www.oecd-ilibrary.org/
https://doi.org/10.1371/journal.pone.0203087
https://doi.org/10.1093/toxsci/kfy250
https://doi.org/10.1007/s00204-022-03253-x
https://ceur-ws.org/Vol-833/paper48.pdf
https://ceur-ws.org/Vol-833/paper48.pdf
https://doi.org/10.1046/j.1365-313x.2000.00774.x
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.18129/B9.bioc.impute
http://refhub.elsevier.com/S0009-2797(23)00232-6/sref42
http://refhub.elsevier.com/S0009-2797(23)00232-6/sref42
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1016/j.toxlet.2021.09.011
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://www.metaboanalyst.ca
https://doi.org/10.1093/bioinformatics/btq418
https://doi.org/10.1093/bioinformatics/btq418
https://doi.org/10.1016/j.ydbio.2009.04.035
https://doi.org/10.1002/jmor.10558
https://doi.org/10.1002/jmor.10558
https://doi.org/10.1289/EHP5297
https://doi.org/10.1289/EHP5297
https://doi.org/10.1021/acs.est.9b07205
https://doi.org/10.1210/en.2013-1660
https://doi.org/10.1007/s00427-002-0279-3
https://doi.org/10.1007/s00427-002-0279-3
https://doi.org/10.1021/acs.est.9b07204
https://doi.org/10.1046/j.1432-0436.2002.700104.x
https://doi.org/10.1046/j.1432-0436.2002.700104.x
https://doi.org/10.1016/j.aquatox.2015.12.023
https://doi.org/10.1016/j.aquatox.2015.12.024
https://doi.org/10.1016/j.aquatox.2015.12.024
https://doi.org/10.1371/journal.pone.0040132
https://doi.org/10.1021/es9012454
https://doi.org/10.1021/es9012454
https://doi.org/10.1002/etc.5452
https://doi.org/10.1016/j.ymgme.2020.07.010
https://doi.org/10.1007/s00726-013-1590-1
https://doi.org/10.1210/endo.143.4.8736
https://doi.org/10.1042/bj3050729
https://doi.org/10.1007/s10695-018-0488-y
https://doi.org/10.1007/s10695-018-0488-y
https://doi.org/10.1021/es202248h
https://doi.org/10.1155/2012/351864
https://doi.org/10.1155/2012/351864
https://doi.org/10.1042/BJ20100293
https://doi.org/10.1016/j.celrep.2016.01.016
https://doi.org/10.1016/j.plipres.2020.101068
https://doi.org/10.1038/nature13241
https://doi.org/10.1038/nature13241
https://doi.org/10.1038/ng.3311
https://doi.org/10.1038/ng.3313
https://doi.org/10.1016/0887-2333(95)00070-O
https://doi.org/10.1016/0887-2333(95)00070-O
https://doi.org/10.1002/tera.1420420412
https://doi.org/10.1111/j.1471-4159.2011.07220.x
https://doi.org/10.1016/0305-0491(92)90435-t

	A metabolomics approach to reveal the mechanism of developmental toxicity in zebrafish embryos exposed to 6-propyl-2-thiouracil
	1 Introduction
	2 Material and methods
	2.1 Material
	2.2 Test system
	2.3 Exposure conditions
	2.4 Concentration-range finding
	2.5 Morphology analysis
	2.6 Sample generation for metabolomics
	2.7 Targeted mass-spectrometry based metabolomics
	2.8 Metabolomics data processing
	2.9 Multi- and univariate analysis of metabolomics data
	2.10 Concentration-response modelling of individual metabolites
	2.11 Metabolic pathway analysis

	3 Results
	3.1 PTU induces morphological effects in the absence of lethality
	3.2 The swim bladder and eyes are the organs most sensitive to PTU exposure
	3.3 The metabolome reveals concentration-dependent and reproducible effects
	3.4 Amino acid- and lysoglycerophospholipid-related changes shape the metabolic effect pattern
	3.5 Affected amino acid-related pathways show concentration-dependent response

	4 Discussion
	4.1 Effects of PTU exposure on swim bladder and eye development
	4.2 Effects of PTU on the metabolome and their relation to developmental toxicity
	4.3 Conclusions

	Author statement
	Funding information
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


