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Figure 3| Overview of scored quantitative morphometric parameters and qualitative manual annotations. (A) Heat map visualizations
illustrating the pronephric phenotypic alterations upon compound treatment for each assayed compound. Heat maps are sorted according to the D-
level of the Anatomical Therapeutic Chemical (ATC) Classification System (for fully labeled heat maps please refer to Supplementary Figures 3 and
4). The left panel shows quantitative parameters shown as color-coded z-score. Shown are z-score changes of pronephric angle left (angleL),
pronephric angle right (angleR), glomerular height left (glomHeightL), glomerular height right (glomHeightR), glomerular separation (glomSep),
glomerular width left (glomWidthL), glomerular width right (glomWidthR), tubular diameter left (tubDiamL), tubular diameter right (tubDiamR) and
tubular distance (tubDist). See also labelling of heat map columns in panel B. The right panel shows qualitative annotations as a ratio of embryos
assigned with a certain category. Legend indicates colors assigned to values. Shown are ratios for reduced pronephron angle major (rpa_maj),
reduced pronephron angle minor (rpa_min), reduced pronephros angle moderate (rpa_mod), glomerular malformation (glom_malform), glomerular
separation major (glomsep_maj), glomerular separation minor (glomsep_min), glomerular separation moderate (glomsep_mod), impaired liver
pancreas area (liver-panc_pheno) and normal kidney (normal_kidney). See also labelling of heat map columns in panel B. (B) Magnified view on
illustrative examples of compound classes enriched with substances causing pronephric phenotypes.
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Figure 4| Distribution of phenotypic features upon compound treatment. Parallel coordinates plot visualizations showing the distribution of
phenotypic features of pronephroi upon compound treatment. Each line plot represents a single compound treatment. In total, 1237 compound
treatments are shown. The color of lines indicates the ratio of embryos within one treatment group scored as ‘normal_kidney’ using manual
annotation (from 0% (magenta, all abnormal) to 100% (green, all normal)). Y-axes show the (A) mean fold change for different quantitative
morphometric parameters, or (B) ratio of embryos assigned with a qualitative manual annotations. Abbreviations as in Fig 3.

In total, about 10% of tested compounds induced an abnormal renal
development, affecting either the glomerulus, the tubules or both
(Figures 3, 4). When D-level ATC groups with a cut-off of a minimum
of 4 compounds and > 50% drugs inducing pathological renal phenotypes
are chosen, the following compound classes altered pronephric
development in zebrafish larvae (Figure 5, Supplementary Table 1-3):
i) dihydropyridine derivatives (e.g nifedipine (Figure 5B)), ii) HMG
CoA reductase inhibitors (e.g. atorvastatine (Figure 5C)), iii) fibrates
(e.g. fenofibrate (Figure 5D)), iv) imidazole and triazole derivatives (e.g.
sertaconazole (Figure 5E)), v) corticosteroids, moderately potent (group
I1) (e.g. flumethasone (Figure 5F)), vi) corticosteroids, potent (group I11)
(e.g. fluocinolone acetonide (Figure 5G)), vii) imidazole derivatives (e.g
isoconazole (Figure 5H)), viii) glucocorticoids (e.g. methylprednisolone
(Figure 51)), ix) acetic acid derivatives and related substances (e.g.
diclofenac (Figure 5J)), x) propionic acid derivatives (e.g. ibuprofen
(Figure 5K)), xi) benzimidazole derivatives (e.g. mebendazole (Figure
5L)) (see also Supplementary Tables 1-3). In addition, several other
compounds that did not fulfill above listed ATC group criteria showed
notable effects on renal development, such as: proscillaridin A,
amiodarone  hydrochloride, suloctidil, diltiazem hydrochloride,
lidoflazine, irbesartane, ciclopirox ethanolamine, isotretinoin,
norgestimate, progesterone, danazol, fludrocortisone acetate, nalidixic
acid sodium salt, amphotericin B, miconazole, carmofur, leflunomide,
phenylbutazone, piroxicam, meloxicam, mefenamic acid, etofenamate,
felbinac, diflunisal, fluspirilen, pimozide, isocarboxazid, disulfiram,
nocodoazole, GBR 12909 dihydrochloride, mevastatin, cycloheximide,
methiazole, clonixin lysinate, ethoxzolamide, benoxiquine, halofantrine
hydrochloride, flunixin meglumine, salmeterol and several others
(Supplementary Table 4). Obviously, some of the aforementioned
compounds chemically belonged to either benzimidazole and imidazole
derivates, HMG CoA reductase inhibitors or to non-steroidal anti-
inflammatory drug (NSAID) groups and were simply not assigned to an
ATC code in the utilized database.

The detailed list of results is shown in Supplementary Table 1. To
facilitate the further analysis of the dataset and provide a resource for
investigation also by other researchers, we have generated an interactive

exploration tool that allows intuitively browsing and searching the entire
dataset (Figure 6 and Supplementary Software 4). The tool consists of
a scatter plot of a 3-dimensional PCA of normalized quantitative features
(Figure 6A), a parallel coordinates plot of fold changes based on
quantitative measurements (Figure 6B), sliders to limit the displayed
data based on 3D principal component analysis (PCA) results (not
shown) and the full results table (Figure 6C). All elements are interactive
and allow highlighting single compounds or compound classes by
selecting plot entries, moving of sliders or by searching the result table,
as illustrated in Figure 6 for the class of propionic acid derivatives (ATC
code D-Level MO1AE). The exploration tool can be launched by simply
executing the provided KNIME workflow with the provided data table
(Figure 6D and see Supplementary Software 4). Ultimately, the dataset
can also be visualized in the tensorflow-projector web interface
(https://projector.tensorflow.org/), which also offers interactive
browsing functionality using a 3D scatter plot derived from
dimensionality reduction of the morphological feature dataset. Additional
methods for dimensionality reduction other than PCA are available,
namely UMAP and T-SNE, which are not evaluated here. An advantage
of the tensorflow projector interface over the KNIME exploration
workflow, is the built-in nearest-neighbor search which allows to identify
compounds closest to a query compound in term of morphological
features profile. This functionality is illustrated in Supplementary
Figure 2 with S-(+)-ibuprofen as a query compound.

General phenotyping

Brightfield images of zebrafish larvae were taken following drug-
exposure to assess extrarenal morphological anomalies and phenotypic
indicators of general toxicity. These parameters included
number/percentage of dead larvae, larvae having a curved back or tail,
and larvae showing either mild or severe edema. Further non-renal
parameters included the presence of yolk sac necrosis, malformed
somites, and heartbeat alterations (faster, slower, absent). In addition,
from fluorescence images, absence of a pancreatic signal was recorded
(Supplementary Table 1).
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Figure 5| Examples of pronephric phenotypes. lllustrative examples of drug induced phenotypic changes for several compound classes. For
each compound a thumbnail image, a heat map z-score visualization (below thumbnail) and a parallel coordinates plot of fold changes of quantitative
morphological features are shown. In the parallel coordinates plots, thick lines indicate the shown compound and thin lines represent all other
compound treatments; color codes as in Figure 3 and 4. (A) Naphazoline hydrochloride (class, sympathomimetics); showing no effect, (B) nifedipine
(class, dihydropyridine derivatives), (C) atorvastatine (class, HMG CoA reductase inhibitors), (D) fenofibrate (class, fibrates), (E) sertaconazole
(class, imidazole and triazole derivatives), (F) flumethasone (class, corticosteroids, moderately potent (group 11)), (G) fluocinolone acetonide (class,
corticosteroids, potent (group Ill)), (H) isoconazole (class, imidazole derivatives), (I) Methylprednisolone (class, Glucocorticoids), (J) Diclofenac
(class, Acetic acid derivatives and related substances), (K) Ibuprofen (class, Propionic acid derivatives), and (L) Mebendazole (class, Benzimidazole
derivatives).
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For instance, imidazoles, triazole derivatives and benzimidazole
derivatives provoked high degrees of upward-curved tails in larval
zebrafish. Especially in imidazole and triazole derivatives, this was
accompanied by mild pericardial edema. Dihydropyridine derivatives
(selective calcium channel blockers) and HMG CoA reductase inhibitors
mainly provoked pericardial edema. Of note, there was no strong
correlation between the development of pericardial edema and the
presence of renal alterations (Supplementary Figure 1).

Discussion

Drug safety is of utmost importance, especially in pregnancy and in very
premature neonates with ongoing organogenesis. Toxic exposure may
potentially result in impaired development with life-long consequences.
However, knowledge on drug-induced developmental toxicology is very
limited for a multitude of approved drugs, and safety information in
human is often largely based on observational data. For new drugs,
mandatory embryo-fetal developmental and reproductive toxicity
(DART) studies for safety assessment are generally restricted to rat and
rabbits (Ishihara-Hattori and Barrow, 2016). Large numbers of animals
are required for these studies; thus, they are complex, cost-intensive, and
time-consuming. Hence, there is an unmet need for large-scale in vivo
developmental toxicity drug screening investigations in appropriate
animal models. In the context of the three R's, current legislation
promotes the use of alternative animal models including zebrafish
embryos.

In this study, we therefore expanded on our previously published
protocol for automated acquisition of bilateral symmetric organs in
zebrafish embryos and robustly scored the morphological alterations of
the pronephros in a large-scale zebrafish chemical screen (Pandey et al.,
2019, Westhoff et al., 2013). Consistent dorsal positioning of embryos
was achieved through utilization of 3D-printed orientation tools
(Wittbrodt et al., 2014), and microplates containing arrayed embryos.
Samples were captured using an automated widefield screening
microscope equipped with stationary sample holder and moving optics to
avoid any change of orientation of specimen during automated image
acquisition (Pandey et al., 2019). Using this pipeline, we were able to
efficiently capture consistent dorsal views of embryonic kidneys of more
than 15,000 embryos treated with a library of 1,280 off-patent (> 95%
approved) drugs within 8 months, with on average one imaging day per
week. Imaging itself takes only about 12 min per 96-well plate.
Limitations restricting higher throughput are labor-intensive manual
embryo generation, handling and drug treatment procedures. While
advanced automated drug screening technologies exist, full robotic
automation of compound or plate handling is often economically
unjustified in zebrafish screening routines. Manual orientation within
agarose filled microplates takes 15-20 min per 96 embryos causing a
significant workload; however, one plate can be prepared while another
plate is automatically imaged, so this has not significantly impaired
overall throughput. Nevertheless, technical solutions for fully automated
orientation and imaging of zebrafish embryos exist, but seem to lack the
throughput required to image several hundred embryos within a few
hours (Early et al., 2018).

Using automated image pre-processing and semi-automated analysis
tools, this highly standardized image datasets (Figure 1B) allowed the
qualitative categorization of renal phenotypes and the quantitative
morphological analysis based on simple geometric measurements. This
led to a numerical fingerprint (Figure 3, Figure4, and Figure 5) for each
tested substance enabling the scoring of slight and gross morphological
alterations of the developing pronephros upon drug treatment. Each
embryo data were analyzed by a single expert operator using the above
tools, causing a major analysis workload but also generating a fully
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annotated and highly gauged high-content screening dataset.
Undoubtedly, it would be highly beneficial to develop automated image
analysis solutions that allow morphological differentiation of pronephric
phenotypes. However, developing algorithms for automated and robust
scoring of complex phenotypes in biologically heterogeneous whole-
organism screening datasets is a highly challenging task. We are
currently exploring the usage of machine- and deep-learning
methodologies taking advantage of this work as a benchmark and
validation dataset.

Results from our screen revealed a set of compound classes that
provoked renal developmental toxicity. Major substance classes inducing
severe pronephric malformations included dihydropyridine derivatives
(calcium channel blockers), HMG CoA reductase inhibitors, fibrates,
imidazole and triazole derivatives (e.g. antifungals for topical use),
moderately potent and potent corticosteroids, glucocorticoids, acetic acid
derivatives and related substances, propionic acid derivatives, and
benzimidazole derivatives (i.e. antinematodal agents) (Supplementary
Table 3). Single compounds that in the utilized version of the ATC code
are not assigned to a D-level also revealed notable detrimental effects on
renal development were also identified (Supplementary Table 4). A
large fraction of the drugs identified in our screen recapitulate human
observational or experimental data including not only renal but overall
developmental  toxicity, embryotoxicity, fetotoxicity, and/or
teratogenicity.

Several compounds from the dihydropyridine derivatives class, one
out of three chemical groups of calcium channel blockers, revealed renal
developmental toxicity in zebrafish. For example, the most prescribed
calcium channel blocker nifedipine caused strong tubular and glomerular
malformations (Figure 1C). Although not licensed, nifedipine is
regularly used in clinical practice for the tocolytic management of
preterm labor and for pregnancy-induced hypertensive disorders. To our
knowledge, so far there is no detailed published data on renal
developmental toxicity for dihydropyridine derivatives. However, there
is mixed observational human data on in-utero exposure to calcium
channel blockers and increased perinatal mortality, increased odds of
preterm birth and perinatal mortality, and evidence of increased
malformations, including hypospadias (Fitton et al., 2017).

HMG CoA reductase inhibitors showed strong detrimental effects on
pronephros development. They are not recommended in early pregnancy.
While cholesterol is known to be essential for fetal development, a
systematic review showed no clear relationship with statin use and
congenital anomalies in pregnancy (Karalis et al., 2016); however, data
was inconclusive.

Fibrates prominently displayed morphological pronephros
alterations. In humans, they are known to cross the human blood-
placenta barrier (Tsai et al., 2004). Animal reproduction studies
demonstrated adverse effects on the fetus, however, no teratogenicity was
noted in several case reports of fibrate use after the first trimester (Wong
et al., 2015). While fibrate-associated nephrotoxicity has been described
in adults, to our knowledge there is no data on fetal developmental
nephrotoxicity (Attridge et al., 2013).

Corticoid drugs, widely prescribed e.g. to very preterm neonates,
showed very subtle but consistent phenotypes in our screen. Excessive
glucocorticoid signaling is detrimental for fetal development;
slowing fetal and placental growth and programming the individual for
disease later in adult life (Busada and Cidlowski, 2017). In addition, first-
trimester corticosteroid exposure, including dermatologic steroids,
slightly increases the risk of orofacial clefts (Xiao et al., 2017).
Interestingly, a nephron deficit following elevated maternal
glucocorticoid exposure and leading to hypertension in adult animals was
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Figure 6] Exploring and browsing the generated zebrafish embryo nephrotoxicity dataset. Shown are screenshots of an interactive exploration
tool generated using KNIME (see Supplementary Software 4). The workflow allows to visualize the full result table as well as a PCA scatter plot and
a parallel coordinates line plot of the quantitative features in a single HTML window. The tool allows highlighting single compounds, compound
groups or classes by selecting single lines in a parallel coordinates plot, sliders for limiting PCA range (not shown) or through searching in the data
result table. Selected results are shown as colored dots in the PCA scatterplot, thicker lines in the parallel coordinates plot or as filtered rows in the
results table. In this figure all panels show highlighted results for the propionic acid derivatives compound class. (A) PCA plot, (B) parallel coordinate
plot, (C) result table. Color code for highlighted dots, lines or rows in A-C as in Figures 3 and 4 with 0% (magenta, all abnormal) to 100% (green, all

normal). (D) KNIME workflow generating the interactive tool.

observed in fetal rats and sheep (Moritz et al., 2011, Ortiz et al., 2003,
Singh et al., 2007).

Azoles were especially noticeable in our screen. They are known to
produce reproductive and developmental toxicity in both human and
animals. Azole fungicides, classified into triazoles and imidazoles,
inhibit key enzymes in steroidogenesis that, among others, provoke
embryotoxicity and teratogenic malformations (Zarn et al., 2003). In rats,
antifungal azoles were teratogenic producing fetal defects such as cleft
palate and hydronephrosis/hydroureter (Pursley et al., 1996). Various
benzimidazole antihelmintics, including mebendazole, albendazole and
flubendazole have, to different degrees though, been associated with
embryofetal developmental toxicity in vivo in different animals including
zebrafish, and in vitro (Carlsson et al., 2011, Dayan, 2003, Longo et al.,
2013, Sasagawa et al., 2016). Information on renal developmental
toxicity, however, is scarce.

Most nonsteroidal anti-inflammatory drugs (NSAIDs) assayed in our
screen caused severe renal malformations in zebrafish embryo. NSAIDS
are often taken in pregnancy for acute pain or chronic conditions such as
rheumatologic disorders, but are also administered to preterm neonates
for closure of a patent ductus arteriosus. Early NSAID exposure has been
reported to increase spontaneous abortion rate and possibly cause
congenital malformations (Nielsen et al., 2001). NSAID-induced renal
effects can in rare instances be severe, particularly after 32 weeks’
gestation, with potential for neonatal renal failure (Morgan et al., 2014).
However, the magnitude of risk in various clinical scenarios remains
unclear and may vary with the dose, duration, timing of therapy, and
maternal indication for use. Of note, in zebrafish pronephroi, it has been
demonstrated that prostaglandin signaling, i.e. PGE:2 signaling, regulates

nephron formation including proximal and distal segment formation
during nephrogenesis (Chambers and Wingert, 2019).

From the list of not ATC D-level assigned drugs that provoked
developmental nephrotoxicity in our screen, several have been associated
with developmental and/or adult nephrotoxicity in previous
investigations, in particular amphotericin B (Hanna et al., 2016),
phenylbutazone (Brix, 2002) and piroxicam and meloxicam (Boubred et
al.,, 2006). Of note, several drugs (e.g. diltiazem hydrochloride,
lidoflazine, etofenamate, felbinac, mevastatin, methiazole, flunixin
meglumine) could also be assigned to ATC D-level groups that were
previously shown to induce renal abnormalities in our screening
investigation. Irbesartane is a member of angiotensin Il receptor type 1
(AT1-R) antagonists. For this group of drugs as well as for ACE
inhibitors, experimental data and human observations argue for
developmental nephrotoxicity (Boubred et al., 2006). In our screening
experiment, however, in contrast to other relevant groups only minor
alterations of renal development were observed. The reason for this will
be speculated on in the following paragraph.

There are several limitations to our study. First, considering the
workload of this project, we had to choose one single drug concentration
for all compounds. In fact, concentration series for drug classes with only
minor effects (such as ACE inhibitors and AT1-R antagonists) might
unravel stronger toxic effects using different concentrations. As such, we
have previously shown that captopril and losartan provoked
developmental nephrotoxicity with increasing concentration (Westhoff et
al., 2013). Hence, detailed secondary analyses of the groups identified in
our screen are currently being carried out in our laboratory. Second, the
zebrafish embryos were drug-exposed via the fish water. The transdermal
uptake of compounds into the zebrafish can vary depending on the
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chemical properties of the specific drug. This has already been shown e.g.
for gentamicin, a member of aminoglycoside antibiotics, that demands
very high concentrations when applied via fish water exposure in contrast
to microinjection (Gorgulho et al., 2018, Hentschel et al., 2005, Westhoff
et al.,, 2013). Additionally, while there are substantial structural and
physiological similarities between nephrons of the zebrafish pronephros
and the mammalian metanephros, the timing of nephron differentiation
and kidney development as well as associated spatio-temporal gene-
expression patterns differ between the zebrafish and other vertebrates
(Gerlach and Wingert, 2013). This must be taken into account when
considering the very short time period for pronephros development in
zebrafish and the proportionally long time period of drug exposure in our
study.

Conclusion

In conclusion, the results of our developmental nephrotoxicity screen
reconfirm previous data from animal experiments and human
observational data regarding a variety of drugs, but also put additional
substance classes into focus. Thus, our data contributes to the knowledge
on approved drugs with organo-toxic side-effects during vertebrate
organogenesis that was previously unavailable. In combination with the
generated data exploration tool (Figure 6), the data provides a
compelling resource with high information content to other bio-medical
researchers for further exploration or as a starting point of follow-up
studies. Moreover, it might serve as a catalog for health professional to
identify substances of potential concern when used by pregnant women
or in preterms. This, in the end, might have an impact on the prescription
of drugs during pregnancy and on the drug-exposition of very preterm
neonates. Since several renal congenital anomalies, i.e. renal hypoplasia
and dysplasia, are at least partially assigned to unfavorable fetal
environmental exposures including nephrotoxic chemical compounds,
the identified drugs of our screen require further investigation in the
future. Ultimately, the demonstrated workflow and associated tools are
not restricted to the analysis of the embryonic kidney and can be readily
adapted to conduct other organ- or tissue-specific large-scale chemical
screening experiments in the zebrafish embryo model.

Materials and Methods

Ethics statement

The work presented does not involve work with animals according to
German and European legislation. To obtain zebrafish embryos and
larvae, fish were maintained in closed stocks at the Karlsruhe Institute of
Technology (KIT). All zebrafish husbandry and experimental procedures
were performed in accordance with the German animal protection
regulations (Regierungsprésidium Karlsruhe, Germany; Tierschutzgesetz
111, Abs. 1, Nr. 1, AZ35-9185.64/BH). The facility is under the
supervision of the Regierungspréasidium Karlsruhe. The Tg(wt1b:EGFP)
transgenic line has been previously described (Perner et al., 2007).

Fish keeping, embryo handling and drug exposure

Adult zebrafish of the Tg(wtlb:EGFP) transgenic line (Perner et al.,
2007) were kept and maintained according to standard protocols
(Westerfield, 2000a). Eggs were collected from pairwise and batch
crossings in cages equipped with dividers that were removed before eggs
were required (Westerfield, 2000b). The developmental stage of embryos
was determined as previously described (Kimmel et al., 1995). Embryos
were raised in fish water at 28.5°C in E3 medium. At 24 hours post
fertilization (hpf), green fluorescent protein (GFP) positive embryos were
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collected and enzymatically dechorionated using 10 mg/mL Pronase
(Sigma Aldrich, Taufkirchen, Germany) (Gehrig et al., 2009). Embryos
were transferred to a beaker, washed 3 times with 400 mL of fish water
and transferred to 12-well plates containing 2 mL of a 25 uM compound
solution of the Prestwick Chemical Library® (Prestwick Chemical,
D’lllkirch, France) in 0.5% DMSO in 5 mM HEPES-buffered E3
medium supplemented with 0.003% 1-pheny-2-thiourea (PTU, Alfa
Aesar, Karlsruhe, Germany). This library contains 1,280 off-patent small
molecules, 95% approved drugs (FDA, EMA and other agencies),
dissolved in DMSO. Following a 24h drug exposure at 28.5°C, the
solutions were removed at 48 hpf, embryos were washed and kept in
E3/PTU containing 250 pg/mL tricaine. To score overall morphological
phenotypes, brightfield overview images were taken using a stereo
microscope after ending of compound exposure. Subsequently, larvae
were transferred to agarose-filled 96-well plates for kidney imaging.
Embryos treated with 0.5% DMSO served as negative controls.

Preparation of agarose molds in microtiter plates

48 hpf embryos were oriented in agarose-filled 96-well plates generated
with 3D-printed orientation tools as previously described (Pandey et al.,
2019, Wittbrodt et al., 2014). In brief, each well of a 96-well microtiter
plate (Cat. No. 655101, Greiner, Frickenhausen, Germany) was filled
with 60 pL of 1% agarose in E3 medium supplemented with 250 pg/mL
tricaine (Sigma Aldrich, Taufkirchen, Germany) using a multi-channel
pipette. Cavities for dorsal orientation were generated by inserting a 3D-
printed orientation tool (Wittbrodt et al., 2014). The embryos were
oriented dorsally under a stereomicroscope.

Image acquisition

96-well microtiter plates containing zebrafish embryos were
automatically imaged on an ACQUIFER Imaging Machine (ACQUIFER
Imaging GmbH, Heidelberg, Germany) widefield high-content screening
microscope equipped with a white LED (light-emitting diode) array for
brightfield imaging, a LED fluorescence excitation light source, a
SCMOS (2048 x 2048 pixel) camera, a stationary plate holder in
combination with moving optics and a temperature-controlled incubation
lid. Pronephric areas were imaged in the brightfield and 470 nm channels
using 10 z-slices (dZ = 15 pm) and a 4x NA 0.13 objective (Nikon,
Dusseldorf, Germany). The focal plane to center the z-stack was detected
in the 470 nm channel using a built-in software autofocus algorithm.
Integration times were fixed at 30% relative LED intensity and 20 ms
exposure time for the brightfield channel and 100% relative LED
intensity and 100 ms exposure time for the 470 nm channel. Imaging
times were approximately 12 min for a full 96-well plate.

Data handling and visualization

Image data was stored and processed on an ACQUIFER HIVE
(ACQUIFER Imaging GmbH, Heidelberg, Germany). Raw images of
fluorescence channel were processed using a custom written Perl script
in combination with a Fiji macro (Supplementary Software 1 and 2).
This script and Fiji macro generated multi-layer z-stacks, XY-cropped
maximum projections for each experimental embryo and thumbnail
montage images for each experimental microplate readily allowing visual
assessment and comparison of pronephric phenotypes as described in
(Pandey et al., 2019, Westhoff et al., 2013). In total, 4.2 TB of data
corresponding to >15,000 embryos treated with 1,280 compounds were
acquired and processed.
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Scoring of pronephric phenotypes

To score phenotypic alterations upon compound treatment, 26 parameters
were scored for each compound treatment. Extrarenal parameters
included mortality, curved back/tail, mild and severe edema, heartbeat
alterations, somite malformations, and yolk sac necrosis and were
assigned based on manual evaluation of treated embryos on a stereo
microscope prior to mounting in agarose-filled microplates. Screening
datasets were evaluated using qualitative manual scoring of kidney
phenotypes by assignment of up to 10 different phenotypic categories:
reduced pronephros angle major (rpa_maj), reduced pronephros angle
moderate (rpa_mod), reduced pronephros angle minor (rpa_min), no
fluorescence (empty), glomerular malformation (glom_malform),
glomerular separation major (glomsep_maj), glomerular separation
moderate (glomsep_mod), glomerular separation minor (glomsep_min),
impaired liver pancreas area (liver-panc_pheno) and normal Kidney
(normal_kidney). This assignment was carried out using a manual
annotation tool (MAT) developed at ACQUIFER
(10.5281/zen0do.3367365). The MAT tool allows the rapid manual
assignment (blind or non-blind) of user defined categories to screening
datasets after user-defined image data dimensionality reduction (z-
projections, auto-cropping) and visualization improvements (look-up
tables, intensity scaling). In summary, each well coordinate was assigned
one or multiple categories corresponding to qualitative descriptions of
phenotypic alterations of the kidney. Quantitative measurements of
kidney alterations were carried out for 10 morphological pronephric
parameters: pronephric angle left (angleL), pronephric angle right
(angleR), glomerular height left (glomHeightL), glomerular height right
(glomHeightR), glomerular separation (glomSep), glomerular width left
(glomWidthL), glomerular width right (glomWidthR), tubular diameter
left (tubDiamL), tubular diameter right (tubDiamR) and tubular distance
(tubDist). To measure these features, cropped maximum projection data
of fluorescently labeled kidneys were loaded in Fiji and 16 reference
points were manually set and the geometrical parameters (distances and
angles) were automatically calculated using a Fiji macro (Figure 2 and
Supplementary Software 1).

Data analysis

For all data analysis steps KNIME (Mazanetz et al., 2012) was used and
workflows are available in (Supplementary Software 3). Result files
from gross morphological scoring, qualitative manual annotation and
quantitative phenotypic measurements were processed and combined
with information about the Prestwick library and Anatomical Therapeutic
Chemical (ATC) Classification System information. Data for the
Prestwick library was received from Prestwick Chemical, d’Illkirch,
France, and ATC classification data was downloaded from KEGG: Kyoto
Encyclopedia of Genes and Genomes database (Kanehisa and Goto,
2000). In brief, the workflow loads the csv files containing measurement
data from each of the 199 experimental folders. To remove extreme
outliers caused by damaged, misaligned or severely malformed embryos,
data points more than 2 standard deviations (SD) away from the mean of
a specific measurement were excluded from further analysis. To
minimize experimental variations, each quantitative measurement value
was divided by the mean of negative controls from the same experimental
day, leading to feature specific fold change values. To further facilitate
cross-compound comparison, fold changes were z-score normalized. For
qualitative phenotypic categories and gross morphological phenotypes,
the sum of embryos per experimental treatment assigned with a certain
category was calculated. The full dataset was saved as XLS-file
(Supplementary Tables 1,2). Heat map visualizations were generated
using matrix2png (Pavlidis and Noble, 2003). Principal component
analysis (PCA) was used for dimensionality reduction from the 10
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normalized morphological features down to 3 dimensions for
visualization as a 3D scatter plot. Using the first 3 PCA components
results in an approximation of the initial datasets representing 76% of the
initial data variance. A PCA scatter plot, a parallel coordinates plot and
original data table were rendered as a single interactive dashboard to
enable convenient data browsing and visualization: selecting rows in the
data table triggers highlighting in the parallel coordinates and scatter plot,
and vice versa. The interactive dashboard is generated in KNIME
(Supplementary Software 4). The dataset was also visualized as a 3D
PCA scatter plot on the online tensorflow-projector platform
(https://projector.tensorflow.org/) (Supplementary Figure 2 and
Supplementary Information), which offers additional projection
methods (UMAP, T-SNE) and functions to identify the closest
compounds from a selected compound.
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