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Abstract

To identify vascular disruptor compounds (VDCs), this study utilized an in vivo zebrafish embryo 

vascular model in conjunction with a mouse endothelial cell model to screen a subset of the U.S. 

Environmental Protection Agency (EPA) ToxCast Phase I chemical inventory. In zebrafish, 161 

compounds were screened and 34 were identified by visual inspection as VDCs, of which 28 were 

confirmed as VDCs by quantitative image analysis. Testing of the zebrafish VDCs for their 
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capacity to inhibit endothelial tube formation in the murine yolk-sac-derived endothelial cell line 

C166 identified 22 compounds that both disrupted zebrafish vascular development and murine 

endothelial in vitro tubulogenesis. Putative molecular targets for the VDCs were predicted using 

EPA’s Toxicological Prioritization Index tool and a VDC signature based on a proposed adverse 

outcome pathway for developmental vascular toxicity. In conclusion, our screening approach 

identified 22 novel VDCs, some of which were active at nanomolar concentrations

Keywords

zebrafish; mouse endothelial cells; angiogenesis; vascular development; vascular disruptor 
compounds

Introduction

There is mounting concern and evidence for adverse human health effects due to elevated 

exposure to environmental pollutants in the forms of pesticides and industrial chemicals [1–

4]. One of the toxicity endpoints relevant for human health is disruption of vascular 

development [5]. The vascular network is the first fully functional tissue system to be 

formed during embryonic development. Consequently, vascular structural and functional 

defects can be deleterious for the fetus resulting in multi-organ system anomalies [6]. For 

example, prenatal exposure to thalidomide, a drug prescribed to pregnant women in the 

1950s and 60s for nausea and morning sickness, has been shown to be teratogenic on limb 

development (phocomelia) following disruption of the immature vascular network [7]. Other 

human health effects of vascular disruption have been described in human cohort studies, 

such as demonstrating that exposure to environmental arsenic leads to perturbed placental 

angiogenesis, which is linked to reduced birth weight [8–10].

The importance of normal vascular development for reproduction has been shown in 

genetically modified mice with gene inactivation of Vegfr1 and 2, Arnt and Hif1α/Hif2α, 

among other genes [11–13]. In these mice, early embryonic vascular development and 

placental angiogenesis are perturbed, the latter leading to failed implantation of the embryos. 

In addition to genetic status, exposure to certain environmental chemicals adversely affects 

vascular development of the fetus. Compounds that have vascular disruption activity in vivo 
include BPA and permethrin in mice [14, 15] and arsenic, cartap, TCCD, and cadmium in 

zebrafish ([16, 17] and reviewed in McCollum [18]). However, the vast majority of 

environmental chemicals have not been analyzed for vascular disruption activity, partly due 

to the lack of complex, mechanistically driven or in vivo high throughput screening (HTS) 

models.

Zebrafish have been extensively used as genetic and embryonic models for vascular 

development [19, 20]. Transgenic fish expressing fluorescence in endothelial cells provide 

an approach to evaluate vascular development in an integrative whole-animal model. 

Vascular tissues develop through two processes: vasculogenesis and angiogenesis. In 

zebrafish, vasculogenesis starts with angioblasts arising in the ventrolateral mesoderm to 

form the axial vessel primordial [21, 22] . Endothelial cells (ECs), developmentally derived 

from these angioblasts, migrate and coalesce at the midline to differentiate into the dorsal 
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aorta (DA) and posterior cardinal vein (PCV). Subsequently, during angiogenesis, 

endothelial cells sprout, migrate and proliferate to assemble the final vascular network. At 

approximately 20 hours post fertilization (hpf), primary intersegmental vessels (ISVs) sprout 

bilaterally from the DA and extend dorsally towards the dorsolateral roof of the neural plate 

and form the dorsal longitudinal anastomotic vessel (DLAV) [23]. The zebrafish caudal vein 

plexus (CVP) is formed by venous-specific angiogenesis at approximately 25 hpf during 

which ECs sprout from the PCV and migrate ventrally to form a primordial plexus [24, 25]. 

By 48 hpf, the complex zebrafish CVP network is established. Although the vascular 

patterning is established by 72 hpf, the embryo with genetically or chemically perturbed 

blood vessels or circulation can survive several more days presumably due to oxygen 

diffusion through the skin [26, 27]. This trait provides a unique window of opportunity, in 

which vascular disruption can be studied prior to any potential effects on embryo viability.

The process of blood vessel development can be recapitulated in vitro using endothelial cells 

that form capillary-like structures (tubes) on a basement membrane matrix [28]. This in vitro 
system has been extensively exploited as a model to test whether chemicals have the ability 

to block or enhance angiogenesis. Human umbilical vein endothelial cells (HUVEC) are 

typically used in the tube formation assay. However, other cell lines with endothelial 

characteristics have also been utilized [29, 30], such as the endothelial cell line, C166, which 

is derived from the yolk sac of a transgenic Day 12 mouse embryo [31]. C166 cells assemble 

into capillary-like networks when placed on Matrigel, a basement membrane matrix secreted 

by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells [32]. Moreover, the cells retain a 

cobblestone-like morphology at confluence and express several markers of endothelial cells, 

such as angiotensin converting enzyme, scavenger receptors and VCAM-1. This in vitro 
system could be used to identify chemicals that disrupt vascular development.

Previously, chemicals from the ToxCast Phase I chemical library were ranked by their 

potential to be putative vascular disruptor compounds (pVDCs), based on bioactivity 

patterns across in vitro HTS assays for key molecular targets in vascular developmental 

signaling [33].

Furthermore, positive correlations were found between the highest ranking pVDCs and 

developmental defects in rats and rabbits from ToxRefDB (http://www.epa.gov/ncct/

toxrefdb/), and an Adverse Outcome Pathway (AOP) for embryonic vascular disruption 

leading to adverse prenatal outcomes was proposed [5, 34].

The work presented here compared and expanded the identification of pVDCs from in vitro 
HTS assays and computational modeling by using functional angiogenesis assays in 

zebrafish embryos and mouse embryonic endothelial cells. We screened 161 chemicals from 

the ToxCast phase I library and used advanced image analysis to quantify the biological 

effects observed and rank the compounds. We also compared our VDC screening results to 

the chemicals’ pVDC signatures determined from the ToxCast computational toxicology 

approach. Putative molecular targets were identified from pVDC signatures comprising of 

124 HTS assays, spanning a wide range of biology relevant to angiogenesis including 

VEGFR-dependent signaling, vessel remodeling, extracellular matrix and chemokine 

signaling pathways [5, 33, 34] (Tal et al. RTX submitted manuscript to this issue 2016). We 
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propose that complementary models such as those in the present study can be used to 

prioritize chemicals for testing of vascular disruption in higher order vertebrates.

Materials and Methods

Fish husbandry

Zebrafish (Danio rerio) were reared and maintained at 28.5 °C as previously described [35], 

and in accordance with protocols approved by the Institutional Animal Care and Use 

Committee at University of Houston. A stable line of Tg(kdrl:EGFP)mitfab692/b692 was 

generated by crossing Tg(kdrl:EGFP) with mitfab692/b692 (Zebrafish International Resource 

Center, Eugene, OR) to facilitate GFP visualization without obstruction from melanophores. 

Embryos were collected from natural mating and staged accordingly [36].

Chemicals

All 161 chemicals were from ToxCast phase I chemical library (http://www.epa.gov/ncct/

toxcast/chemicals.html). The chemicals were provided as stock library plates (96-well) from 

the National Center for Computational Toxicology, typically at 20mM concentration in 

dimethyl sulfoxide (DMSO). We first analyzed the top 50 chemicals (by pVDC score) listed 

in [33] followed by 111 chemicals picked in ascending order (starting with well #A1, A2, 

A3, and so on) from the stock plates of the ToxCast phase I library from EPA. 

Supplementary Table S1 lists the chemicals tested.

Zebrafish chemical treatments

Tg(kdrl:EGFP)mitfab692 fertilized eggs were harvested in a petri dish after mating. At 

approximately 3 hpf, embryos were sorted and placed in 6-well plates (n = 20/well), 

followed by a single chemical treatment without renewal at 100 nM, 250 nM, 500 nM, 1 

µM, 10 µM or 20 µM, unless otherwise noted (Supplementary Table S1). If the chemical 

exposures were lethal, lower and narrower concentrations were tested. The final 

concentration of the vehicle was 0.1% DMSO. Each well contained a final volume of 3 ml 

of embryo medium, E3 (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4). 

Control embryos were treated with vehicle (0.1% DMSO) alone. The embryos were 

incubated at 28.5 °C until 72 hpf, at which point they were evaluated for vascular 

perturbations.

Mouse C166 cell culture and tube formation assay

C166 cells were grown in Dulbecco’s modified eagle medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) and 50 U/ml of penicillin-streptomycin. For chemical testing, 

cells were detached with trypsin-EDTA (0.25%) and resuspended in EGM-2 Bulletkit 

(Lonza, Walkersville, MD). Detached cells were counted in the hemocytometer and 

resuspended at a concentration of 230 cell/µl. Leaving the outer wells empty, 130 µl of the 

cell solution were dispensed in each well of a 96-well plate pre-coated with a thick (50 µl) 

layer of Matrigel (BD Biosciences, San Jose, CA). Serial dilutions of the 34 chemicals 

identified as positive in the zebrafish assay were immediately dispensed in the wells and the 

cells were incubated at 37°C in a humidified atmosphere containing 5% CO2 and air for 150 

minutes. C166 cells were treated in triplicate at 80 nM, 310 nM, 1.25 µM, 5 µM, and 20 µM 
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of each test chemical or vehicle alone with a final concentration of 0.1% DMSO. Each well 

contained a final volume of 200 µl.

Fluorescence and Cellular Imaging

At 72 hpf, control and treated embryos were manually dechorionated, if necessary, and 

anesthetized with 0.04% MS-222 (Pentair Aquatic Eco-Systems, Apopka, FL). Embryos 

were manually oriented and imaged laterally using a 4X objective on an Olympus IX51 

fluorescence microscope equipped with an Olympus XM10 camera and cellSens Dimension 

software (Olympus, Center Valley, PA). The embryos were visually examined for vascular 

perturbations either in the GFP-expressing vasculature by fluorescence microscopy or for 

other vascular related effects by light microscopy. The vascular perturbations included 

perturbed ISVs (thin, short or non-overlapping ISVs from the left and right side), fewer 

vessels in any part of the body, abnormal DA or caudal vein (CV), uncondensed CVP, 

hemorrhages, thrombosis or pericardial edema. A chemical was classified as a VDC if 10% 

or more of the tested embryo population had a vascular perturbation, because occasionally a 

vascular perturbation was identified in untreated embryos (less than 10%).

Mouse C166 cells were imaged with an EVOS FL Base microscope system (Electron 

Microscopy Sciences, Hatfield, PA) at 4X magnification in phase contrast mode. 

Experiments were performed in triplicate and one field of view/well was captured and 

analyzed as described below.

Zebrafish ISV and CVP image analysis

Segmentation and feature extraction algorithms were developed to analyze images of 

exposed zebrafish embryos for the two most common malformations, ISV morphology (ISV 

count; average distance between ISV; total area of ISV; and average ISV length) and 

condensation of CVP (shape quantification of CVP and fenestrations) (Supplementary 

Figure 1), as have been described previously [37, 38]. Briefly, the algorithms extracts whole 

zebrafish embryos from images, while excluding other objects, such as the edges of well 

plates using triangle thresholding [39]. The position of the zebrafish embryo in the image is 

normalized by placing the longest axis of a fitted ellipse parallel to the horizontal axis. The 

zebrafish image is bisected into ISV + DLAV region and tail + head region using intermodes 

thresholding based on bimodal distribution [40]. The isolated portions of the head and yolk 

regions are masked out using the skeleton of the segmented region containing ISV + DLAV. 

A segmentation method incorporating vessel direction and the eigenvector of the Hessian 

matrix is used for vessel detection and to obtain a segmented vessel tree. ISV count; average 

distance between ISV; total area of ISV; and average ISV length are calculated from 

segmented ISV. The automatic segmentation was compared to manual segmentation by two 

different users, each provided with 30 randomly chosen ISV images. Users visually 

inspected the ISV images and marked the pixels belonging to ISV with paint using the NET 

software (http://www.getpaint.net/index.html). The output of the segmentation comparison is 

a binary vector with the same size as the image. A true positive is when output of automated 

segmentation is 1 when manual users marked it as 1; a true negative is when the output of 

the automated segmentation is 0 when the manual users labeled it as 0; a false positive is 

when the output of the automated segmentation is 1 while users labeled it as 0; and a false 
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negative is when the output of the automated segmentation is 0 while the users labeled it as 

1. Accuracy is defined as ratio of sum of true positives and true negatives over sum of true 

positives, true negatives, false positives and false negatives. The average accuracy for the 

ISVs with manual users was 0:952 and 0:951, respectively. Average f-score, which 

represents area overlap between manual and automated segmentation, for the users were 

0.830 and 0.832.

For the analysis of the perturbed CVP condensation, the segmentation extracts the CV 

region from an individual zebrafish embryo by smoothing the image with Gaussian filter. 

Similar to ISV, after bisection of zebrafish into two regions, ISV + DLAV region and tail + 

head region, the skeleton of the segmented image is used to remove head from tail + head 

region. The CVP region is isolated using curvature analysis. Shape of CVP is quantified 

using gradient weighted co-occurrence of histogram of oriented gradients (gCo-HOG). The 

measurements include numbers, average distances, average areas and total area of 

fenestrations, as well as numbers of fenestrations, total area, orientation diameter, perimeter 

and solidity of CVP.

To identify perturbed vasculature, machine learning was applied, as previously described 

[41]. Briefly, for identification of ISV perturbations, the quantified features described above 

were used to train a linear support vector machine (SVM) classifier to identify 

morphological changes in a dataset consisting of consisting of 380 images (190 with normal 

ISVs and 190 with perturbed ISVs). One-third of the data was used for parameter estimation 

for SVM and the remaining two-thirds for training and testing. Parameters were determined 

based on a grid-search that was conducted with 3-fold cross-validation, using the parameter 

values that achieved the best cross-validation accuracy. Cross-validation is an approach to 

evaluate performance of a classifier by partitioning the original sample into a training set to 

train the model, and a test set to evaluate it. In 3-fold cross-validation, the data set is 

randomly partitioned into 3 equally sized sub samples, following which a set of 3 

experiments is performed as follows: two subsamples are used for training and one is used 

for testing. Each of the 3 subsamples is used exactly once for testing. To identify perturbed 

CVP, we utilized gCo-HOG features to train a linear SVM classifier. The dataset for the 

CVP consisted of 180 images (90 with normal and 90 with abnormal CVP). Similarly to the 

ISV analysis, the data was split into parts for parameter estimation and training and testing. 

Using the parameter values that achieved the best cross-validation accuracy, 2039 zebrafish 

images were analyzed for ISV and CVP perturbations.

In up to 10% of the segmented images (with one fish/image), our algorithm failed to 

correctly identify ISV/CVP regions due to image noise or algorithm limitations. Hence, we 

applied a cut-off at 10% of the embryo population and did not consider effects below 10% to 

be a perturbation.

Mouse C166 tube formation assay image analysis

For analysis, images were converted to RGB format. Angiogenesis analyzer for Image J was 

used to determine the capability of C166 cells to assemble into capillary-like structures [42]. 

The macro is available at http://imagej.nih.gov/ij/macros/toolsets/Angiogenesis

%20Analyzer.txt and more information can be found at http://image.bio.methods.free.fr/
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ImageJ/?Angiogenesis-Analyzer-for-ImageJ. A test chemical was determined to disrupt the 

capability of C166 to form capillary-like structures on Matrigel if it affected any of the 20 

parameters quantified by angiogenesis analyzer. Based on triplicate samples, statistically 

significant (P<0.05) effects were determined by Students t-test.

Putative VDC signatures for the identified VDCs

A putative VDC (pVDC) signature for each chemical was visualized using EPA’s 

Toxicological Prioritization Index (ToxPi) tool [43] and used to rank the tested chemicals 

based on each chemical’s predicted ability to disrupt blood vessel formation. The pVDC 

ToxPi signatures for ToxCast phase I chemicals were generated previously based on data 

mining of genetic mouse models where disruption of vascular development was associated 

with adverse prenatal outcomes combined with HTS data tested on mechanistic in vitro 
assays related to these genes [5, 33]. The pVDC signature used in this study is based on the 

published AOP for embryonic vascular disruption [5], but has been modified to include 

additional assay data on critical vascular developmental targets. It consists of 124 HTS 

assays linked to 30 molecular targets assays that span a wide range of biology relevant to 

angiogenesis, including VEGFR-dependent signaling, vessel remodeling, extra cellular 

matrix interactions, chemokine signaling pathways, and estrogen receptor pathway 

activation, as well as assays that measure proliferation and viability of human primary 

vascular cells (endothelial and smooth muscle) (Tal et al., RTX submitted manuscript to this 

issue 2016). The ToxPi graphic represents component slices of a unit circle, with each slice 

containing information on a particular vascular developmental target (between 1–17 assays 

per slice). The assay target potency is represented by the slice distance from the origin, and 

all slices were set to have equal weight. The ToxPi program also sums a pVDC score for 

each chemical from the component slices of a unit circle, as described in [43]. The output 

was normalized such that pVDC scores were between 0 and 1, where a score of 1 would 

indicate a chemical with the highest possible potency against every assay/target in every 

slice (the top pVDC from ToxCast Phase I had a ToxPi score of 0.498). Average ToxPi 

scores for all chemicals tested were calculated.

Results

Identification of compounds from ToxCast Phase I chemical library that disrupt embryonic 
vascular development in zebrafish

To identify whether chemicals from ToxCast Phase I library impair blood vessel 

development in vivo, we tested 161 chemicals from this library in the zebrafish assay. We 

found that chemical exposures caused a plethora of perturbations in the formation of major 

vasculature networks, such as ISV, DA, and CVP, as well as induced other cardiotoxicity 

phenotypes, such as pericardial edema, hemorrhages and thrombosis (Figure 1). Under 

normal conditions, ISVs from either side of the embryo extend dorsally from the DA to the 

DLAV and overlap one another when imaged laterally (Figure 1A). Chemically induced 

abnormalities included the presence of non-overlapping ISVs from the left and right side of 

the embryo (Figure 1B), or thin and underdeveloped ISV (Figure 1C). DA/PCV aberration 

represented an expansion of the vessel (Figure 1D). By 72 hpf, the CVP is condensed to a 

thinner vessel network (Figure 1E). Exposure-induced CVP defects typically included an 
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expanded and less condensed CVP with several wide fenestrations (Figure 1F), or a 

misshapen CVP network (Figure 1G). Several compounds caused pericardial edema (Figure 

1H), which typically is associated with an obstructed venous or lymphatic system, increased 

vascular permeability or cardiac failure, resulting in an excessive/abnormal volume of fluid 

in the space surrounding heart chambers. Compounds also caused hemorrhages, or pools of 

blood in a tissue, which can be caused by the rupture of blood vessels, and thrombosis, 

which was represented by the formation of a blood clot [44]. Of the 161 screened 

compounds, 34 chemicals induced discernible vascular disruption, as visually determined 

(Table 1 and Supplementary Table S2).

For the 34 chemicals visually identified as VDCs, automated quantitative image analysis 

was performed on microscope images of the embryos for the two most commonly affected 

vascular disruption endpoints: perturbation of ISVs and CVP (Supplementary Figure 1) [37, 

38]. The percentage of embryos in a treatment group with perturbed vasculature for either 

ISVs or CVP was recorded. The Lowest Effect Level (LEL) for each chemical is shown in 

Table 1. The percentage of affected embryos for all chemicals across all doses tested is 

shown in Supplementary Figure S2.

The chemicals were grouped into two categories based on quantitative image analysis, as 

those which affected both ISV and CVP, and those that affected CVP only (Table 1). 

Twenty-two of the 34 VDCs perturbed both ISV and CVP formation and 6 VDCs affected 

the condensation of the CVP only. Rotenone, oryzalin, trifloxystrobin and pyraclostrobin 

had the lowest LELs for ISV perturbations according to the image analysis-based 

quantification, while endosulfan, rotenone and tribufos had the lowest LELs for CVP 

disruption. Six of the compounds did not have any quantifiable effect above 10% on either 

ISV or CVP formation, despite being visually classified as VDCs. These compounds 

included dibutyl phthalate, quinoxyfen, flumetralin and chlorpyrifos oxon, which perturbed 

CVP formation according to the visual determination, and butafenacil and lactofen, which 

both caused pericardial edema, an endpoint not covered by the image analysis. Of the four 

compounds that were visually scored to have uncondensed CVP, three showed a small CVP 

effect by image analysis, but fell below our 10% cutoff value, and therefore they were 

categorized as non-VDCs.

Perturbations of tube formation in mouse C166 endothelial cells

As expected, C166 cells formed capillary-like structures when placed on the Matrigel 

basement membrane matrix (Figure 2). This tube formation assay using C166 cells was used 

to screen the 34 VDCs initially identified in zebrafish by visual determination. The effect of 

these chemicals on the capability of C166 cells to form capillary-like structures was 

determined with angiogenesis analyzer. An example of the output generated by angiogenesis 

analyzer upon quantification of a tube formation assay experiment images of C166 cells 

exposed to rotenone is shown in Figure 2.

Each of the 34 VDCs identified in zebrafish was tested in the tube formation assay with 

C166 cells. An example of data generated from the tube formation assay for all quantified 

parameters for rotenone is provided in Supplementary Figure S3. The minimal concentration 

required to affect any parameter was recorded as the LEL. Overall, 28 compounds out of the 
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34 VDCs visually identified in the zebrafish assay were determined as VDCs in C166 cells 

(Figure 3). Of the compounds 22 compounds that were identified as VDCs based on image 

analysis, 20 compounds affected C166 angiogenesis. The VDCs with the lowest LEL 

according to this assay were cyazofamid, pyraclostrobin, tebufenpyrad and fenpyroximate. 

Six compounds were inactive in the C166 cell assay (allethrin, cymoxanil, dimethomorph, 

esfenvalerate, malaoxon, and oryzalin).

Putative Vascular Disruptor Compound signatures for the identified VDCs

We compared the HTS bioactivity profiles of the chemicals identified as VDCs in both 

zebrafish and C166 cells using the ToxPi tool [42]. We used a pVDC signature that 

incorporated 124 high throughput assays linked to 30 molecular targets (Figure 4A) to 

generate pVDC signatures for the 161 chemicals, and rank the compounds by their 

computed ToxPi scores (Figure 4B and C), which predicted how likely it is that a compound 

would have a vascular disruptive effect. The analysis visualized that the compounds that 

perturbed ISV development in zebrafish and tube formation in C166 cells also interfered 

with chemokine signaling, extracellular matrix components, and the vascular endothelial 

growth factors, particularly VEGFR2, in the ToxCast in vitro assays (Figure 4B). The 

average ToxPi score for the 22 chemicals that perturbed vascular development both in 

zebrafish (by machine learned image analysis) and tube formation in C166 cells was 0.202. 

The most potent pVDC according to the ranking was niclosamide with a ToxPi score of 

0.411. The group of chemicals that perturbed blood vessel formation in only one of the 

model systems, either in zebrafish or in C166 cells, had an average ToxPi score of 0.16. The 

average ToxPi score for chemicals classified as non-VDCs by zebrafish screening was 0.109.

Discussion

Since the discovery that anti-angiogenic compounds repress tumor vascularization and 

growth, there has been an ongoing search for anti-angiogenic compounds to use in cancer 

therapies (reviewed in [45]). Simultaneously, awareness has arisen of the potential 

teratogenic effects of certain pharmaceuticals and other vascular disruptive agents [5]. The 

EPA’s ToxCast program has provided an initial prioritization of environmental compounds 

based on their activity as potential VDCs [33]. However, a systematic experimental search 

for VDCs among environmental pollutants using functional in vivo and multicellular models 

had not been undertaken.

We here have performed the largest in vivo screen to date for VDCs among known 

environmental chemicals. While the initial visual zebrafish screen identified 34 VDCs, the 

quantitative image analysis-based zebrafish screen identified 28 VDCs. The secondary 

screen in C166 cells found that 20 of these compounds perturbed in vitro tubule formation. 

In addition, two of the compounds that caused pericardial edema in zebrafish, an endpoint 

not quantified by the zebrafish image analysis program, were VDCs in C166 cells. Thus in 

total, 22 compounds were identified to have vascular disrupting activity both in zebrafish 

and C166 cells. The discrepancy between the results in zebrafish and in mouse cells may be 

caused by alternative molecular mechanisms by which certain compounds affect 

angiogenesis between the two systems. It is also possible that species-specific effects of the 
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compounds contribute to the differences. Another plausible explanation for the differences in 

effects is that we compared an in vivo model to an in vitro model; considering that in vitro 

assays may have limited metabolic capacity, compounds requiring biotransformation may be 

active only in the zebrafish model. In addition, the uptake of certain compounds in fish could 

be different than in the immortalized C166 cells. Furthermore, other developmental 

perturbations in fish besides vascular disruption, such as a stunted tail growth, may produce 

the CVP phenotype. Extended time-lapse microscopy of vascular development in zebrafish 

demonstrates that the CVP condenses as the fish tail extends [46]. Thus, the CVP phenotype 

may not only be a direct causality from vascular disruption, but it may also represent false 

positives in the zebrafish VDC screen.

Zebrafish angiogenesis is regulated by an array of molecular signals, such as vascular 

endothelial growth factor (VEGF-A) and its receptors, VEGFR2 and neuropilin-1 (Nrp1) 

[47, 48]. Stimulation of VEGF-A signaling has been shown to promote the growth and 

migration of endothelial cells in ISV development [49]. Further interaction with notch 

signaling is also required for perfecting proper ISV patterning [50]. On the other hand, 

angiogenesis in the zebrafish CVP takes on a slightly different set of molecular signals that 

includes phosphoinositide 3-kinase (Pi3k), VEGF-C/Flt4 and ephrin receptor B4 (Ephb4) 

[51]. To obtain initial information on which molecular initiating events were affected by the 

identified VDCs, we compared the pVDC ToxPi signatures of the compounds with vascular 

disruption activity to those without. The comparison showed that HTS assays that test for 

chemical disruptors of cytokines, especially chemokine (C-C motif) ligand 2 (CCL2), 

extracellular matrix composition, and VEGF signaling, in particular via VEGFR2, were 

often altered by the compounds that produced vascular toxicity. For VEGFR2, 50% of the 

chemicals that were VDCs in zebrafish and C166 cells disrupted VEGFR2 signaling in the 

ToxCast assays. This can be compared to a hit rate of 15.7% against the VEGFR2 target for 

the entire ToxCast library overall [52]. Our previous targeted study with PTK787, a 

VEGFR2 kinase inhibitor, elucidated an AOP for vascular disruption and developmental 

toxicity in the zebrafish platform [27]. On the other hand, other HTS assays present in the 

VDC ToxPi signature were seldom hit. One such example is the assay for the angiopoietin 

receptor Tie2. While Tie2 is crucial for angiogenesis in the mouse fetus (reviewed in [53]), 

in zebrafish its main role is rather in maintaining vessel integrity after its formation [54], 

which may explain why it did not emerge as a target in our analysis. The average ToxPi 

score for the zebrafish and C166 VDCs (0.202) was higher than for the compounds not 

identified as VDCs in zebrafish (0.109), confirming that the predictive pVDC signature can 

be used to rank VDCs. However, this pVDC signature is inherently limited by molecular 

targets that have corresponding in vitro assays in the ToxCast program, and thus do not 

reflect all possible pathways involved in vascular development.

One such example of relevant biology potentially missing from the pVDC signature is 

mitochondrial function. The most highly ranked compound by ToxPi was niclosamide; 

exposure to niclosamide, a salicyanilide compound, disrupts the mitochondrial membrane 

potential and reduces ATP levels in cells [55]. Additional VDCs identified here in vivo and 

in vitro, including abamectin, pyridaben, fenpyroxymate, endosulfane, pyraclostrobin, 

tebufenpyrad, rotenone, trifloxystrobin , tribufos, and 2,4-dichlorophenoxyacetic acid, are all 

known to disrupt mitochondrial function in various cells and species [56–63]. Of these, 
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pyridaben, fenpyroxymate, tebufenpyrad, and rotenone inhibit Complex I of the electron 

transport chain, while pyraclostrobin and trifloxystrobin inhibit respiratory Complex III. 

Corroborating the importance of Complex III for angiogenesis, knock down or chemical 

inhibition of ubiquinol-cytochrome c reductase binding protein (Uqcrb), a Complex III 

subunit, in zebrafish inhibits ISV angiogenesis and suppresses VEGF levels [64]. It should 

be noted that inhibition of mitochondrial function is a relatively common mechanism of 

action for pesticides, and the correlation between mitochondrial disruptive activity and high 

VDC ranking might be ancillary. Future studies are needed to investigate the interplay 

between vascular and mitochondrial disruption.

Many of the ToxCast Phase I chemicals have previously been analyzed for developmental 

toxicity in rodents (animal toxicity data downloadable from https://www.epa.gov/chemical-

research/toxicity-forecaster-toxcasttm-data). Fifty-five percent of the VDCs that perturbed 

both zebrafish and C166 vascular development also caused fetal malformations in rat. 

Whether any of these malformations can be linked to vascular disruption is currently not 

known, because vascular disruption per se was not assessed in the rat studies. Thus, research 

will be needed to find out whether the VDCs identified here also affect vascular 

development in mammals. More research is also required to be able to compare effect doses 

between rodents and zebrafish. Difficulties for comparing doses between species include 

differences in exposure routes and compound uptake, as well as potential species-specific 

biotransformation.

Our screening of a subset of the ToxCast Phase I chemicals identified 22 novel vascular 

disruptors, some of which were active at nanomolar concentrations. It also showed that 

among 161 environmental compounds, we found a high proportion (14%) of compounds 

with vascular disruption capacity compared to other screens performed on drug and small 

chemical libraries [65, 66]. Out of the top ranked compounds for pVDC capacity in 

Kleinstreuer et al. [33] we identified 30% as VDCs in zebrafish and C166 cells. We 

conclude that complementary HTS models, such as those of the present study, can be used to 

further prioritize chemicals for testing in mammals from the chemicals ranked by pVDC 

scores from the ToxCast screening program.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ECs Endothelial cells

DA Dorsal aorta

PCV Posterior cardinal vein

hpf Hours post fertilization

ISVs Intersegmental vessels

DLAV Dorsal longitudinal anastomotic vessel

CV Caudal vein

CVP Caudal vein plexus

pVDCs Putative vascular disruptor compounds

AOP Adverse outcome pathway

SVM Support vector machine

ToxPi Toxicological Prioritization Index

LEL Lowest Effect Level

VEGF Vascular endothelial growth factor
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Highlights

• Vascular disruptors were identified through screening in zebrafish embryos 

and mouse C166 cells

• In zebrafish, exposure to the compounds caused a plethora of malformations 

of the vasculature

• In C166 mouse embryonic endothelial cells, exposure to the compounds 

inhibited tube formation

• By computational toxicity, putative molecular targets for the compounds were 

predicted
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Figure 1. 
VDCs cause malformed vascular development in the ISV, DA and CVP. 

Tg(kdrl:EGFP)mitfab692 embryos were treated with vehicle (control; A, E) or chemicals 

from the ToxCast Phase 1 chemical library (B-D, F, G) from 3 hpf to 72 hpf. Lateral view 

with anterior to the left and dorsal to the top. Vascular defects include non-overlapping ISVs 

(B), or thin and underdeveloped ISVs (C), expanded DA (D), and less condensed CVP (F), 

or misshapen CVP (G) and are marked with yellow lines or arrows. A common vascular-
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related phenotype, which is characteristic of cardiotoxicity, is pericardial edema (H; black 

arrowhead). Scale bar = 100 µm.
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Figure 2. 
C166 cells tube formation is affected by VDCs. C166 cells assemble into capillary-like 

structures when grown on Matrigel for 150 minutes. Angiogenesis analyzer mapping of the 

mesh network formed by C166 cells growing on Matrigel upon treatment with vehicle (0.1% 

DMSO) and increasing doses of rotenone for 150 minutes.
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Figure 3. 
The color map shows the minimal concentration of each chemical required to affect in a 

dose-dependent manner the parameters measured by angiogenesis analyzer in C166 cells.
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Figure 4. 
pVDC signatures for zebrafish and C166 cell VDCs. Molecular pathways with 

corresponding in vitro assays used in the ToxCast screening program that were selected to 

build the putative VDC signature (A). Ranking and pVDC signatures of VDCs active both in 

zebrafish and in C166 cells (B). Ranking and pVDC signatures of chemicals acting as VDCs 

in either zebrafish or C166 cells (C). Cytokine signaling (red); vessel stabilization (purple), 
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angiogenic signaling (blue); and extracellular matrix (ECM) remodeling (green) quadrants 

are shown.
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