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Abstract

Triclosan (TCS) is an antimicrobial agent commonly found in a variety of personal care products
and cosmetics. TCS readily enters the environment through wastewater and is detected in human
plasma, urine, and breast milk due to its widespread use. Studies have implicated TCS as a
disruptor of thyroid and estrogen signaling; therefore, research examining the developmental
effects of TCS is warranted. In this study, we used embryonic zebrafish to investigate the
developmental toxicity and potential mechanism of action of TCS. Embryos were exposed to
graded concentrations of TCS from 6-120 hours post-fertilization (hpf) and the concentration
where 80% of the animals had mortality or morbidity at 120 hpf (ECgp) was calculated.
Transcriptomic profiling was conducted on embryos exposed to the ECgq (7.37 uM). We identified
a total of 922 significant differentially expressed transcripts (FDR adjusted p-value < 0.05; fold
change = 2). Pathway and gene ontology enrichment analyses identified biological networks and
transcriptional hubs involving normal liver functioning, suggesting TCS may be hepatotoxic in
zebrafish. Tissue-specific gene enrichment analysis further supported the role of the liver as a
target organ for TCS toxicity. We also examined the /in7 vitro bioactivity profile of TCS reported by
the ToxCast screening program. TCS had a diverse bioactivity profile and was a hit in 217 of the
385 assay endpoints we identified. We observed similarities in gene expression and hepatic
steatosis assays; however, hit data for TCS were more concordant with the hypothesized
CAR/PXR activity of TCS from rodent and human /in vitro studies.
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Introduction

Triclosan (TCS) is a commonly used antimicrobial agent found in many personal care
products including hand soaps, toothpastes, various cosmetics, textiles, and some plastics.
TCS enters the environment through the general use and disposal of TCS-containing
products, and is commonly found in wastewater effluent. Incomplete removal of TCS from
wastewater treatment plants, and use of biosolids as soil amendments, results in the release
of TCS into aquatic and terrestrial environments (Andrade et al., 2015; Barber et al., 2015;
Davis et al., 2015; Dhillon et al., 2015; Kerrigan et al., 2015). Due to its prevalence in many
consumer products, a large proportion of humans are directly exposed to TCS. In urine
samples collected by the National Health and Nutrition Examination Survey in 2003-2004,
TCS was detected in 74.6% of samples from adults and children 6 years or older with a
range of 2.3-3790 pg/L, which was attributed to differing degrees of elective use of TCS-
containing products (Calafat et a/,, 2008). Additionally, TCS has been detected in both adult
and infant blood and breast milk, increasing concern for potential risk to human
development (Allmyr et al.,, 2006; Calafat et al,, 2008; Pycke et al., 2014; Arbuckle et al.,
2015; Azzouz et al., 2016; Han et al., 2016).

Efforts among regulatory agencies seek to gain a better understanding of potential hazards
from chemicals that are prevalent in the environment or that lack safety information.
Leading this effort is the US Environmental Protection Agency National Center for
Computational Toxicology’s Toxicity Forecaster screening program (ToxCast) (Dix et al.,
2007). ToxCast provides comprehensive high-throughput bioactivity data across a wide
spectrum of toxicological and biological pathways and was developed to screen and
prioritize thousands of chemicals; identifying those that pose the most hazard to human
health and the environment for more testing. As part of the ToxCast program, a population-
based /n vitro-to-in vivo extrapolation model was developed to estimate oral equivalent
doses (OED) for 35 environmental chemicals, including TCS (Rotroff et al.,, 2010). Only
TCS and one other chemical from this screen had equivalent doses (average OED of three
ToxCast assays: 0.0096 mg/kg/day) that overlapped with estimated chronic aggregate human
exposure levels (0.13 mg/kg/day). Due to the concerns about human exposure, bioactivity,
and potential unknown developmental effects, the use of TCS in consumer products has
come into question. The FDA is currently evaluating the safety and efficacy of TCS
(Bergstrom, 2014; Kuehn, 2014), the state of Minnesota recently banned the sale of TCS-
containing products beginning in 2017, and several companies (including Johnson &
Johnson, Colgate-Palmolive, and Avon) have or are in the process of removing TCS from
their products.

Concerns have been raised about the potential for TCS to perturb endocrine functioning
given the structural similarities of TCS to thyroid hormones and some estrogens. In terms of
thyroid bioactivity, studies in amphibians have shown that exposure to TCS accelerates

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haggard et al.

Page 3

thyroid hormone-dependent metamorphosis and alters expression of several amphibian
thyroid hormone-dependent biomarker genes, including increases in proliferating cell
nuclear antigen and decreases in thyroid receptor beta (\eldhoen et al., 2006; Marlatt et al.,
2013). In contrast, exposures to TCS caused a dose-dependent decrease in total serum
thyroxine (T4) levels in rats at various life stages (Crofton et al., 2007; Zorrilla et al., 2009;
Paul et al,, 2010a; Paul et al,, 2010b; Stoker ef al., 2010; Paul et al.,, 2012; Axelstad et al.,
2013). It has been hypothesized that TCS decreases serum T4 through increased hepatic
catabolism mediated by activation of the constitutive androstane receptor (CAR) and/or
pregnane X receptor (PXR) xenobiotic metabolism pathways (Crofton et al., 2007).
Activation of these receptor pathways leads to upregulation in phase I and 1l enzymes
including several cytochrome P450s, sulfotransferases, and UDP-glucuronosyltransferases
(UGTSs) which enhances the elimination of circulating T4 by the liver. Indeed, TCS activated
the human PXR and differentially affected human CAR isoforms (Jacobs et a/., 2005; Paul
et al., 2013). Furthermore, /n vivo studies in rats exploring this hypothesis have shown
transcriptional activation of Cyp2band Cyp3a, and increased PROD and UGT enzymatic
activity (Zorrilla et al,, 2009; Paul et al., 2012). Studies that have targeted TCS estrogenic
bioactivity have shown that it interacts with the ER. Although there are conflicting /in vitro
studies showing that TCS has estrogenic and anti-estrogenic activity, the majority of /n vivo
studies have demonstrated that TCS is a potential ER agonist (Ishibashi et a/., 2004; Ahn et
al., 2008; Gee et al., 2008; Stoker et al., 2010; Huang et al., 2014; Yueh et al., 2015; Yueh
and Tukey, 2016). TCS increased hepatic vitellogenin gene expression in adult male medaka
(Ishibashi et al.,, 2004), as well as led to precocious puberty in female rats and enhanced the
effects of ethinyl estradiol in a rat pubertal study and uterotrophic assay, respectively (Stoker
et al., 2010; Louis et al,, 2013). TCS also increased estrogen response element luciferase
activity in transfected rat pituitary GH3 cells (Jung et a/,, 2012). In the same study, three-day
exposures to TCS significantly increased uterine weight, C3 expression, and uterine
CaBP-9k expression in immature rats (Jung et al., 2012). Collectively, these data suggest
that TCS disrupts endocrine activity, and more research is needed to fully elucidate the
mechanisms of the observed endocrine effects.

The zebrafish is an ideal /n vivo model for studying the developmental and reproductive
toxicity of chemicals. It’s rapid, external development and transparency make it amenable to
high-throughput chemical screens examining a wide range of biological endpoints (Padilla et
al., 2012; Truong et al., 2014; Noyes et al., 2015). Zebrafish share high genetic homogeneity
to humans, with 71% of human genes having an ortholog (Howe et al., 2013), and many
developmental and biological signaling pathways conserved between zebrafish and humans.
The effects of TCS have previously been studied in both the developing and adult zebrafish
(Tatarazako et al.,, 2004; Oliveira et al,, 2009; Padilla et al,, 2012; Truong et al., 2014; Chen
et al,, 2015). Dietary exposure of adult zebrafish to TCS for 21 days resulted in hyperplasia
of thyroid tissues, with increased thyroid follicle size and number, and increased mRNA
expression of the thyroid sodium-iodide symporter (NIS) and thyroid-stimulating hormone
(TSH) (Pinto et al., 2013). Developmental exposure to TCS caused changes in lipid droplet
accumulation and decreased the expression of several transcripts involved in B-oxidation of
fatty acids in larval zebrafish (Ho et a/., 2016). However, to our knowledge, no studies have
taken a global, transcriptomic approach to examine the possible mechanism of the
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developmental toxicity of TCS in zebrafish. Whole-genome transcriptomics in embryonic
zebrafish represents an untargeted, unbiased method to investigate putative mechanisms of
action for various compounds, as the full repertoire of the genome is expressed over the
course of development. Transcriptomic studies of 48 hpf embryos have identified differential
mechanisms and upstream transcriptional regulation after exposure to phenotypically
anchored concentrations of polycyclic aromatic compounds and their oxygenated derivatives
(Goodale et al., 2013; Goodale et al., 2015). Similarly, transcriptomic analysis of select
estrogenic and anti-estrogenic compounds detected disruption of several distinct endocrine-
related biological pathways, supporting the use of 48 hpf embryos in a mechanistic context
to identify potential endocrine disrupting compounds (Schiller et al,, 2013). For these
reasons, we hypothesized that transcriptomics at 48 hpf would provide meaningful insight
into the mechanism of TCS developmental toxicity in zebrafish and provide information
regarding the endocrine disrupting potential of TCS.

Herein, we used a phenotypically anchored toxicogenomics approach to investigate the
mechanism of toxicity after developmental exposure of embryonic zebrafish to TCS.
Zebrafish were exposed from 6-120 hpf to TCS to identify the concentration at which 80%
of exposed embryos have an adverse effect (ECgg) in our model system, and whole-genome
transcriptomics was conducted using high-density microarrays to examine the effects of TCS
on the 48 hpf zebrafish transcriptome. TCS exposure induced robust transcriptional changes
with a majority of transcripts being significantly decreased. Downstream functional analysis
of the transcriptional responses indicated disruption of many processes related to normal
liver functioning, but no responses that would indicate disruption of thyroid or estrogen
signaling at the early developmental life-stage tested.

Triclosan (CAS: 3380-34-5; 99.7%) was obtained from Sigma Aldrich (catalog number
PHR1338), and stock solutions were prepared in dimethyl sulfoxide (DMSO; Avantor
Performance Materials, Center Valley, PA) at a concentration of 10 mM. For all experiments,
the maximum DMSO percentage for all exposure concentrations, including control
exposures, was 0.64%.

Zebrafish husbandry

Wild-type 5D zebrafish were used for all experiments. Zebrafish were maintained at the
Sinnhuber Aquatic Research Laboratory on a 28°C recirculating water system with a 14:10
hour light/dark photoperiod. Embryos were collected in the morning from group spawns of
adult zebrafish. In brief, large group tanks of adult zebrafish with a 1:1 male female ratio
were set up one day prior to spawning. In the morning, embryos were collected from the
tanks using an internal collection apparatus. Embryos were cleaned, age staged in spans of
no more than one hour, and kept in petri dishes under the same conditions as adults prior to
chemical exposure (Kimmel ef a/., 1995). Animal handling and use were conducted
according to Institutional Animal Care and Use Committee procedures at Oregon State
University.
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TCS exposure

At six hours post-fertilization, the chorions were removed and the embryos placed, one
embryo per well, in 96-well microplates pre-filled with 100 uL embryo medium using our
automated dechorionator and embryo placement systems (Mandrell et a/., 2012). For all
experiments, TCS stocks were dispensed to each well using the HP D300 Digital Dispenser
and subsequently normalized to 0.64% DMSO (HP Development Company, L.P.,
Vancouver, WA). For the initial developmental toxicity studies, zebrafish were exposed
under static conditions to nominal concentrations of 1, 4, 6, 8 and 10 pM TCS in 0.64%
DMSO or the 0.64% DMSO control for 6-120 hpf (n = 32 embryos per exposure
concentration). Mortality and morbidity were assessed at 24 and 120 hpf using a suite of 22
endpoints as previously described (Truong et a/., 2011). As adverse morphological effects in
zebrafish provide little direct mechanistic information regarding a chemical’s toxicity and
are often correlated with one another (Truong et al., 2014), we consolidated the mortality
and morbidity data into an “effect” or “no effect” response across all exposure groups. As a
result, each animal was assigned either a 1 or a 0 depending on whether it had any mortality/
morbidity or had no adverse effect, respectively. Logistic regression analysis was performed
(using the g/m function for the binomial family with the logit model link function in R), and
the ECgq was calculated based on the logistic curve using the dose.p function in R (R Core
Team, 2013). For the microarray experiment, embryos were exposed to 0 or 7.37 yM TCS
(the calculated ECgg) from 6-48 hpf and RNA was isolated as described below. As the
original chemical stock of TCS expired over the course of these studies after the microarray
data had been collected, we repeated the ECgg experiment with a new chemical stock of TCS
atl,2,3,4,5,6,7,8,9 and 10 uyM TCS in 0.64% DMSO or the 0.64% DMSO control
following the same exposure conditions and data analyses described above. For the ECgg
time course study, embryos were exposed to 0 uM of 6.46 UM from 6-120 hpf. There were a
total of 33 embryos in the 0 uM group and 143 embryos in the 6.46 UM group for this study.
Mortality and morbidity were assessed at 24, 48, 72, 96, and 120 hpf. Images at each life
stage were taken using the Keyence BZ-X710 fluorescent microscope (Keyence, Osaka,
Japan).

RNA isolation

RNA was isolated from groups of eight 48 hpf embryos using the Zymo Quick-RNA
MiniPrep kit (Irvine, CA) for the microarray study or the Zymo Direct-zol RNA MiniPrep
kit (Irvine, CA) for the qRT-PCR studies. Embryos were homogenized in 300 ul lysis buffer
for microarray samples or 500 pul RNAzol RT (Molecular Research Center, Cincinnati, OH)
for the gRT-PCR samples with 0.5 mm zirconium oxide beads using a bullet blender (Next
Advance, Averill Park, NY) for 3 minutes at speed 8. RNA was extracted according to the
manufacturer’s protocols. The optional in-column DNase | digestion step was performed for
the microarray samples. Total RNA concentration and quality was determined on a
SynergyMX spectrophotometer using the Gen5 Take3 system (BioTek Instruments, Inc.,
Winooski, VT).
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Microarray processing

RNA was isolated from groups of 8 pooled embryos as described above with four biological
replicates per treatment group. RNA integrity was determined using the Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA), with an allowable minimum RIN
score of 7. Aliquots of 600 ng total RNA for each sample were placed in RNAstable® tubes
(Biomatrica, San Diego, CA) and dried according to the manufacturer’s instructions for
shipment to OakLabs GmBH (Hennigsdorf, Germany) for processing on ArrayXS Zebrafish
microarrays. Each array contains oligonucleotides for 48,370 coding and 8,075 non-coding
sequences that are sourced from Ensembl ZV9 release 75. Upon arrival at the processing
facility, samples were re-hydrated and the Low Input Quick Amp WT Labeling Kit (Agilent
Technologies) was used to generate cyanine 3-CT labeled cRNA according to the
manufacturer’s protocols. Samples were hybridized to ArrayXS Zebrafish microarrays using
the Gene Expression Hybridization Kit (Agilent Technologies). Fluorescent signals on the
microarrays were detected using the SureScan Microarray Scanner (Agilent Technologies).
After scanning, the image files were read and processed using Agilent Feature Extraction
software (version 11) and raw data was provided for further in-house processing and
analysis.

Microarray analysis

Data filtering, background correction, normalization, and statistical analyses were performed
in R using the /imma Bioconductor package (Smyth, 2004; Ritchie ef a/., 2015). Arrays were
first background corrected using the maximum likelihood estimation method and then
quantile normalized (Silver et al., 2009). Prior to linear modeling and differential expression
calculation, control probes and any probe that was less than 10% brighter than the negative
control probes on at least four of the arrays were filtered from the analysis. Raw and
normalized microarray data were uploaded to the Gene Expression Omnibus and are
publically available (GSE80955). Differential expression testing was performed in /imma by
fitting the data to a simple linear model, estimating the moderated standard errors using the
empirical Bayes method, resulting in the calculation of moderated t-statistics for each gene.
P-values were adjusted using a 5% false discovery rate (FDR) using the Benjamini-
Hochberg procedure. Transcripts with adjusted P-value < 0.05 and a log, fold-change + 2.0
were considered significantly differentially expressed. Visualization of gene expression
profiles were generated in R using heatmap.2 with bi-directional hierarchical clustering of
the significant differentially expressed transcripts. We identified enriched Gene Ontology
(GO) terms of the significantly increased and decreased transcript sets using the Database
for Annotation, Visualization and Integrated Discovery (DAVID) Bioinformatics Resources
6.7 tool (Huang da et al., 2009b; Huang da et a/., 2009a). Ensembl zebrafish transcript
identifiers were used for DAVID analysis, and included the annotated array transcriptome as
the reference background. We considered GO terms for Biological Process at levels 3, 4, or
5 and applied the high classification stringency setting for analysis. DAVID uses an adjusted
Fisher’s exact test (EASE) to determine enriched GO terms within a given significant
differentially expressed gene set compared to the reference background set. Functional
annotation clustering was performed on the enriched GO terms to reduce redundancy and
group related ontologies into more functional categories. Enriched GO terms with a P-value
< 0.05 in the functional clusters were considered significant. Since each cluster consisted of
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multiple enriched GO terms, and included significant and non-significant GO terms, the
consensus significant GO term for each cluster are reported, as we have done previously
(Tilton et al., 2015).

Pathway analysis

Since the Array XS Zebrafish platform uses Ensemble zebrafish transcript identifiers, we
identified all orthologous human Ensembl gene identifiers using Ensembl BioMart (http://
www.ensembl.org/biomart/) based on the Zv9 (release 75) transcriptome and the
Bioinformatics Resource Manager v 2.3 prior to pathway analysis (Tilton et a/.,, 2012; Flicek
et al., 2014). Of the 60,022 total unique probes, we were able to identify 41,143 orthologous
human Ensembl gene identifiers (~69% mapping efficiency), 14,929 of which were unique.
To better understand the functional consequences of TCS exposure, and to relate the
observed transcriptional changes to human health and disease outcomes, we performed
biological process network enrichment analysis and transcription factor prediction using
MetaCore GeneGo software. Enrichment statistics are based on a hypergeometric
distribution, where the P-value is the probability that transcripts in a differentially expressed
gene set that map to a curated biological process, or are under regulation by a transcription
factor, are overrepresented compared to the reference background set of genes, as we have
done previously (Nikolsky et al., 2009; Waters et al., 2012). Only enriched biological
process networks with a FDR-correct P-value < 0.05 were considered significant. For the
transcription factor analysis, predicted transcription factors with a P-value < 5e-05 were
considered significant.

Tissue-specific gene enrichment analysis

The orthologous human differentially expressed genes that were used in the MetaCore
enrichment studies were converted to their associated gene symbol using Ensembl BioMart.
After filtering for significant differential expression (adjusted P-value < 0.05; fold change =
2), the resulting 450 significant genes were used for tissue-specific gene enrichment
analysis. We utilized the Tissue Specific Expression Analysis (TSEA) tool in order to
perform tissue-specific gene enrichment analysis based on human tissue expression data
(http://genetics.wustl.edu/jdlab/tseal), which performs a Fisher’s exact test with Benjamini-
Hochberg correction of the overlap between a user-supplied gene list and a reference gene
list at different tissue specificity thresholds (Dougherty et al., 2010; Xu et al., 2014; Wells et
al., 2015). This tool was developed from data collected as part of the Genotype-Tissue
Expression project, which includes RNA-seq data from 45 different tissues collected from
189 subjects. For 25 of these tissues, every gene identified was given tissue specificity P-
values (pSl), based on a tissue-specific indexing method (Dougherty et af., 2010; Xu et al.,
2014). If a gene had a low pSI score for a specific tissue, its expression was highly enriched
in that tissue compared to all other tissues. Enrichment statistics from the TSEA tool are
visualized as sets of concentric hexagonal nodes, each representing a tissue type, and are
hierarchically ordered as a dendrogram based on the similarity of tissue-specific genes
across tissue types (described in Figure 2 of Wells, et al. (2015)). In brief, the size of the
outermost hexagon of each node is proportional to the total number of tissue-specific
transcripts enriched in that particular tissue. Smaller hexagons within each tissue node
represent a more stringent threshold of tissue-specific expression pSl values (0.05, 0.01,

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 October 01.


http://www.ensembl.org/biomart/
http://www.ensembl.org/biomart/
http://genetics.wustl.edu/jdlab/tsea/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haggard et al.

Page 8

0.001, and 0.001, respectively), and are indicative of increasing degrees of tissue-specific
gene sets. The color of each hexagon is related to the FDR-corrected P-value from the
Fisher’s exact tests of the overlap between the user-supplied differentially expressed gene
list and the reference gene lists. Striped colors represent a low degree of tissue specificity in
the reference gene set. A total of 450 TCS-induced differentially expressed genes were
analyzed.

Quantitative real-time PCR

To provide further support that the robust gene expression response observed in the
microarray study pertains to the mechanism of action of TCS, we performed quantitative RT-
PCR (gRT-PCR) on fifteen significant differentially expressed genes from the microarray
data at the ECyq, ECsgq, and ECgg of TCS based on the repeated ECgg developmental study.
Zebrafish embryos were exposed to 0, 3.62, 5.04, or 6.46 uM TCS and RNA was isolated as
described above at 48 hpf. Primers for the target genes are listed in Supplementary Table 1.
cDNA was generated from total RNA using the ABI High-capacity cDNA Reverse
Transcription kit (Thermo Fisher, Waltham, MA) following the manufacturer’s protocol.
gRT-PCR was conducted in 12.5 pl reactions consisting of 6.25 ul ABI Power SYBR Green
PCR Master Mix (Thermo Fisher), 3.25 u HI»O, 0.5 pl of each primer, and 2 pl of cDNA
(12.5 ng/ul) using the StepOnePlus Real-Time PCR system (Thermo Fisher). Cycling
conditions were used according to manufacturer’s instructions. Fold-change measurements
relative to control samples were calculated using the method described in Pfaffl (Pfaffl,
2001), using p-actin for normalization. Four biological replicates per treatment group were
used for gRT-PCR studies. Data were statistically analyzed in R using a one-way ANOVA
with Tukey post-hoc test or the Kruskal-Wallis test with Dunn’s post-hoc test for data that
passed or failed normality testing, respectively. We qualitatively compared the microarray
and the gRT-PCR data by taking the log, fold-change value for probes that mapped to the
same Ensembl zebrafish gene ID from the microarray and the average fold change value
from the gRT-PCR study. gRT-PCR data and statistics are provided in Supplementary Table
2.

ToxCast in vitro bioactivity data analysis

TCS was part of the ToxCast phase | chemical library, and /in vitro bioactivity data are
publicly available for this chemical across a large number of screening assays. To our
knowledge, data from this program represent the most comprehensive /n vitro bioactivity
assessment of TCS. As such, we were interested in examining the bioactivity profile of TCS
across ToxCast to determine whether there were similarities in responses with our
transcriptomic analysis in terms of gene expression signatures and predicted transcription
factor activities. All of the ToxCast bioactivity data for TCS was downloaded from the
interactive Chemical Safety for Sustainability dashboard (iCSS; http://actor.epa.gov/
dashboard/#chemical/3380-34-5; prod_dashboard_v2) (USEPA, 2015). Only bioactivity data
from assays that were tested at three or more concentrations were used. Data were filtered
based on background control assays, assay endpoints in which the detected signal direction
(gain/loss) was not developed or validated for that specific assay. Since we are interested in
hit percentages rather than calculated ACsg values, for assays in which there was a positive
hit-call in only one statistical model, we retained the data for the positive hit-call only. In the
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case where data for an assay had no hit-call or was a hit for both models, we retained only
the first instance of that assay. The ToxCast assays are organized by different annotation
terms which contain specific information about each assay including manufacturer, cell type
used, assay detection technology, biological process, and intended target family (e.g.
cytokine, nuclear receptor, etc.). The positive hit-call data for TCS were visualized based on
three annotation levels defined by the ToxCast program: biological process target, intended
target family, and nuclear receptors from the intended target family annotation level. Data
were visualized using a radial pie chart using custom R code and the plotrix package
(Lemon, 2006). We only report assay data that had a positive hit for each annotation level.
However, all data are available in the supplement (Supplementary Table 3, 4, and 5).

Evaluating the developmental toxicity of TCS and computing an ECgg

Developmental exposure to 8 and 10 uM TCS resulted in a high prevalence of 24 hpf
developmental delay (DP24) followed by 120 hpf mortality (MORT; Figure 1A). Exposure
to 1, 4, and 6 UM TCS was not associated with mortality but resulted in a variety of
malformations including jaw, axial, caudal fin, pectoral fin, eye, jaw, snout, yolk sac edema,
and pericardial edema defects with a total percent prevalence of 12.5%, 28.1%, and 40.6%,
respectively, for any adverse effect (Figure 1A). We identified the concentration of TCS
associated with an 80% incidence of morphological and mortality effects to be 7.37 uM,
which was used in the gene expression studies described below (Figure 1B; ECgq indicated
by dashed lines). Since we are pooling larvae for RNA collection before they display the full
range of endpoints, it is critical to ensure that the selected TCS concentration used for
transcriptome analysis results in a large majority of the larvae being affected three days later.
This increases the probability that the gene expression changes measured will be causally
related to later adverse responses. It was also important to use a high effect concentration in
an attempt to maximize the transcriptional signal-to-noise ratio, which can be problematic
when using fluorescence intensity-based microarray technologies. Selecting too low a
concentration for the array study (e.g. an EC1g or ECyg) would mean that we would be
measuring the expression levels from mostly normal, unaffected fish. As a result, it would be
more difficult to observe strong transcriptional signatures indicative of an effect as it would
be masked by the expression profiles of embryos within that concentration group that are
unaffected by the exposure.

Transcriptome profiling of TCS exposure

A total of 2646 transcripts were significantly differentially expressed after exposure to TCS
compared to control (FDR-adjusted P-value < 0.05). For downstream functional analysis, we
focused only on transcripts with a fold change > 2.0. This filtering resulted in 165 and 757
elevated or repressed transcripts, respectively. To visualize the expression profile, we
generated a heatmap with bi-directional hierarchical clustering to see the treatment
differences as well as clustering of similarly differentially expressed transcripts (Figure 2).
TCS exposure produced a strong transcriptional profile, highlighted by the separation of the
TCS-treated and control replicates, with two primary transcript clusters that reflected either
increased or decreased differential expression. Transcripts within the significantly increased
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cluster were associated with nucleosome assembly processes, whereas the cluster of
decreased transcripts consisted of transcripts involved in oxygen transport, hypoxia, blood
coagulation, platelet activation, hexose metabolism, glycolysis, nucleic acid biosynthesis or
metabolism, and eye morphogenesis (Figure 2).

Pathways analysis of TCS

Of the 922 significantly differentially expressed transcripts with a fold change = 2.0 from the
microarrays, we were able to identify 476 unique human orthologous genes using a
combination of Ensembl BioMart and the Bioinformatics Resource Manager software. As
shown in Table 1, we observed several significantly enriched processes involved in immune
system development such as the Kallikrein-kinin and complement systems, and 1L-6
signaling pathways. TCS exposure also affected processes involved in insulin signaling,
blood coagulation, bile acid regulation of lipid metabolism and negative FXR-dependent
regulation of bile acids concentration, visual perception, and synaptic vesicle exocytosis
processes. To identify any potential regulators of the observed transcriptional changes
induced by exposure to TCS, we also performed transcription factor prediction analysis. A
total of 16 transcription factors were predicted to regulate many of the significant
differentially expressed transcripts affected by developmental exposure to TCS (p < 5e-05;
Table 2). Four hepatocyte nuclear factor (HNF) transcription factors were predicted to be
involved in the transcriptional profile of TCS, all of which have been demonstrated to
regulate a large number of liver-enriched transcripts in zebrafish (Cheng et al., 2006).

TCS transcripts are predicted to be enriched in the liver and brain

We performed tissue-specific gene set enrichment analysis to identify potential tissue-
specific transcriptional responses, which may be indicative of TCS target organ/tissue
toxicity, using the publicly available TSEA tool. As shown in Figure 3, transcripts
significantly differentially expressed by TCS exposure were shown to be highly enriched in
the liver and brain. We also observed moderate transcriptional enrichment in muscle, heart,
kidney, pituitary, and pancreas. However, there was no significant enrichment at more
stringent specificity thresholds for these tissues. No significant enrichment in thyroid or
reproductive tissues, such as the ovary or testis, was observed.

Developmental toxicity time course at the TCS ECgy

As a result of the TCS stock used for the original developmental toxicity assessments and
microarray study expiring, we repeated the initial ECgg developmental toxicity study using a
new TCS chemical stock (Figure 4A). The EC,q, ECsgp, and ECgg for the new TCS stock was
3.62, 5.04, and 6.46 puM, respectively. Exposure to TCS resulted in a similar mortality and
morbidity response compared to the initial study (Supplementary Figure 1). Exposure to the
new ECgq resulted in a prevalence of any effect at 45%, 87%, 88%, 89%, and 90% at 24, 48,
72, 96, and 120 hpf, respectively. We observed a maximum mortality in 38% of the exposed
embryos by 120 hpf, and morbidity in 52% by 120 hpf which was predominated by axial
defects, pericardial edema, yolk-sac edema, and caudal fin malformations (Figure 4B and C;
Supplementary Figure 2).
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gRT-PCR validation and gene expression concentration response of TCS

We selected fifteen genes that were significantly affected by TCS from the microarray study
using qRT-PCR for validation and to determine whether the observed gene signatures are
present at lower exposure concentrations. As shown in Figure 5, exposure to the ECgg and
ECs of TCS resulted in significant expression changes similar to what was observed in the
microarray study for five genes and included #/a, matni, apoba, hp, and rorab. We also
observed similar expression responses for rop2b, fabp10a, mknk2b, atf5b, notchla, and
igfbpla, however, these effects were only observed in the ECgg exposure group. We did not
observe any significant gene expression changes at the EC,q for TCS.

ToxCast in vitro bioactivity profile of TCS

TCS was part of ToxCast phase | chemical library, and /n vitro bioactivity data are publicly
available for this chemical across a large number of screening assays. TCS had a positive
hit-call in 217 out of 385 unique assay endpoints. The bioactivity profile of TCS across the
annotation terms “biological_process_target”, “intended_target_family”, and nuclear
receptor assays from the “intended_target family” are shown in Figure 6 as radial pie
diagrams where the length of the slice indicates the hit-call percentage and the angle of the
slice indicates the total number of assays for a specific category term in the annotation level
(e.g. cell cycle, receptor binding, protein stabilization). The “biological_process_target”
annotation of ToxCast assays can be considered analogous to GO process annotations and
gives a good representation of overall bioactivity patterns of a chemical. At this annotation
level, TCS was highly active in assays involved in the regulation of gene expression, cell-
specific assays (e.g. cell death, cell cycle, cell proliferation), and was moderately active in
the receptor binding and regulation of transcription factor activity assays (Figure 6A). It is
important to note that the assays measuring the regulation of gene expression, receptor
binding, and regulation of transcription factor activity have the greatest coverage across the
ToxCast assay space as indicated by the size and angle of their corresponding slices in the
figure (Supplementary Table 3). Many assays within these three categories target specific
proteins, receptors, or enzymatic activities, and offer more mechanistic information
regarding a chemical’s activity compared to others such as cell proliferation or cytotoxicity.
Examination of the TCS activity profile across the intended target families shows that TCS
was active in all protease inhibitor, cytokine, and cell adhesion molecule assays (Figure 6B;
Supplementary Table 4). TCS had a 70% hit-call rate in the cytochrome P450 assays
including CYP19A1 inhibition, CYP2C9, CYP1A2, and CYP2D2. To leverage the most
pertinent information about possible target pathways of TCS, we focused on assays that
directly measure a chemical’s ability to act on nuclear receptors (Figure 6C). TCS had a hit-
call for 24 of the 80 nuclear receptor assays, which correspond to 13 of the 36 unique
nuclear receptors covered in ToxCast (Supplementary Table 5). Note that the assay coverage
across the nuclear receptors is dominated by estrogen receptor 1 and androgen receptor
assays. TCS was a hit in all assays for retinoic X receptor B, the peroxisome proliferator-
activated receptor group, progesterone receptor, and PXR. TCS was a positive hit in 70% of
the androgen receptor assays. Interestingly, TCS showed a low activity for the 13 assays
targeting estrogen receptor 1. Together, these results show that TCS had a diverse bioactivity
response for the overall ToxCast battery of assays and had specific interaction with several
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nuclear receptors and CYP enzymes that have been hypothesized to be involved in the
hypothyroxinemic effects of TCS.

Discussion

The present study used phenotypically anchored whole-genome transcriptomics to
investigate the potential mechanism of action of the common antimicrobial agent, TCS.
Developmental toxicity studies during the exposure window of 6-120 hpf exposure to TCS
identified an ECgg of 7.37 UM in our model system. Exposure to the TCS ECgq resulted in a
robust transcriptional response in 48 hpf zebrafish, predominated by significantly decreased
transcripts. Functional enrichment analysis using MetaCore identified several biological
processes and transcription factors with roles in liver function and neural pathways.
Furthermore, tissue-specific enrichment analysis showed that the liver and brain were
potential target tissues for TCS-induced transcriptional changes. We also examined the
ToxCast /n vitro bioactivity profile of TCS and found a diverse activity profile across the
suite of assays, including liver related endpoints, and effects in select nuclear receptor assays
which corroborate the hypothesized role of PXR in TCS-induced hypothyroxinemia in rat
and human /n vitro studies. Overall, these results highlight the potential role of TCS as a
hepatotoxicant in embryonic zebrafish.

In our initial developmental toxicity assessment, we observed a relatively steep
concentration-response curve from TCS exposure, where 8 UM and above caused a high
prevalence of developmental delay at 24 hours followed by mortality by 5 days with
minimal effects at lower concentrations (Figure 1A). However, after a reevaluation of the
developmental effects of TCS, using the new chemical stock with a higher resolution
concentration curve, we observed an increase in morbidity at the mid-exposure
concentrations at 120 hpf (Figure 4A; Supplementary Figure 2). Other developmental
toxicity studies using zebrafish have observed similar morphological effects (Oliveira et al.,
2009; Chen et al., 2015). A zebrafish early-life stage assessment of TCS reported delayed
hatching, pericardial edema, and axial defects which resulted in near-complete lethality by
120 hpf in embryos exposed to 1.73 uM TCS; however, exposure to 1.04 pM TCS resulted
in no difference in morphology or mortality compared to vehicle control embryos (Oliveira
et al., 2009).

Phenotypic anchoring is integral to toxicogenomic studies. A common practice is to use a
concentration that has been anchored to a phenotypic outcome in a known percentage of
exposed animals and selecting a time point that precedes the outcome with the aim of
detecting chemical-induced transcriptional changes as far upstream as possible. We selected
a concentration that elicited eventual morbidity or mortality by 120 hpf, and a time point, 48
hpf, that has previously been demonstrated to provide useful mechanistic information from
diverse chemical exposures (Goodale et al., 2013; Schiller et al., 2013; Goodale et al., 2015).
In this case, the use of an ECgg was intentionally selected because it guaranteed that a large
proportion of exposed animals would have a phenotype at 120 hpf. As demonstrated in the
time course study (Figure 4), the assumption that the time point used in our analysis
preceded all phenotypic changes did not hold. As a result, the transcriptional changes we
observed may reflect responses that are concurrent and possibly downstream of the early
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initiating events for TCS but nonetheless appear involved in the TCS mode of action.
Furthermore, expression data representative of more downstream responses may provide
additional insight regarding organ/tissue-specific toxic responses, which might not be
detected at lower concentrations.

Based on our two developmental toxicity assessments, the ECgg of TCS was calculated to be
in the range of 6.46 and 7.37 uM, and the ECs to be ~5 uM. The ECgq value was similar to
another study in which an ACsq value of 2.66 uM for TCS was calculated based on a six-day
zebrafish high-throughput screen of the ToxCast phase | chemicals (Padilla et a/., 2012).
These differences between studies can likely be attributed to zebrafish strain differences,
chorionation status, chemical purity and delivery methods, and static non-renewal exposures
in our study versus daily renewal exposures. And although a caveat of the study presented
here is that we did observe morbidity at 48 hpf with the TCS ECgq, it is unknown the extent
to which these effects contributed to the transcriptional changes we observed. It is also
important to note that these EC values represent nominal agueous concentrations and not
body burden levels, as we did not directly measure TCS levels in our exposed animals. As
such, the TCS exposure concentrations used at 48 hpf and throughout these studies do not
equate to human doses and, therefore, provide no direct dose-response information between
zebrafish and human exposures.

Exposure to TCS at the determined ECgg concentration elicited a robust transcriptomic
response in 48 hpf zebrafish embryos, with a majority of the differentially expressed
transcripts significantly decreased. Functional analysis of the two primary clusters shown in
the heatmap using DAVID highlighted several biological processes that appear to be
involved in liver function, namely blood coagulation, platelet activation, glycolysis, and
oxygen transport (Figure 2). Functional enrichment analysis of the human orthologous genes
of the significant differentially expressed transcripts using MetaCore further supported the
hepatotoxic action of TCS through prediction of several biological processes that are
involved in normal liver processes and potential toxicity (Table 1). The MetaCore biological
pathway “regulation of metabolism—ubile acid regulation of glucose and lipid metabolism
via FXR”, which is directly related to the biological process network “bile acid regulation of
lipid metabolism and negative FXR-dependent regulation of bile acids concentration”, was
identified as the one concordant pathway in a species comparative toxicogenomics study of
three hepatotoxins using embryonic zebrafish, /n vivo and in vitro rodent models, and human
primary hepatocytes (Driessen et al.,, 2015). Since a large proportion of detected transcripts
that were significantly differentially expressed were decreased, it is likely that these
biological processes are being negatively impacted by TCS, suggesting either disruption of
normal liver development or a decrease in hepatic cells responsible for these processes due
to toxicity. From our transcription factor analysis, we identified several transcription factors
which are known to play essential roles in liver development and may be involved in the
hepatotoxic mechanism of TCS in zebrafish (Table 2). Four HNF transcription factors were
predicted to play a regulatory role in the TCS transcriptional profile. HNF transcription
factors are liver-enriched transcription factors that regulate, and often co-regulate, the
constitutive expression of many genes crucial for liver function (Cheng et a/., 2006). For
example, fabp10a, which was significantly decreased in the microarray and gRT-PCR
studies at the TCS ECgg, has Anfla and Anf3p consensus binding sites in a regulatory region
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435-bp upstream of the promoter in zebrafish (Her et a/, 2003). HNF4a, the most
significantly predicted transcription factor in this study, has also been shown to regulate
HNF1la expression, and therefore, indirectly affects the downstream activation of HNFla
gene targets (Jung and Kullak-Ublick, 2003). Importantly, prospero homeobox protein 1,
PROX1, was also predicted to have a functional role in TCS-mediated transcriptional
changes. PROX1 plays an important role in early liver development and has been
demonstrated to negatively regulate both HNF4a and RORa (Song et a/., 2006; Takeda and
Jetten, 2013). This suggests that TCS exposure may be impacting the developing liver either
through a potential interaction between TCS and PROX1 resulting in decreased
transcriptional activation of many important target genes in the liver, mediated by repression
of liver-enriched transcription factors, or by decreasing the number of hepatoblasts through
an undefined toxic mechanism. Additionally, using a freely available tissue-specific gene
enrichment analysis tool, we found that the TCS-induced transcriptional changes in 48 hpf
zebrafish embryos are specifically enriched in the liver and brain, providing further evidence
of target organ toxicity (Figure 3).

As highlighted above, functional and tissue-specific analysis of the TCS-induced gene
changes involve some integral process or regulatory mechanism involved in the normal
function and development of the liver. The strong repressive transcriptional signal observed
in the array study would suggest that TCS exposure is causing liver developmental arrest or
is directly toxic to developing hepatocytes. Indeed, many of the transcripts that were
significantly decreased by TCS have been demonstrated to be reliable biomarkers of
hepatotoxicity in zebrafish, including #fa, fabp10a, cp, rop2b, rbp2a, and gpoba (Zhang et al.,
2014; Verstraelen et al., 2016). Similarly, the genes that were significantly increased due to
TCS exposure have also been implicated in hepatotoxicity and liver disease/damage,
including figfbpla, notchla, and atf5b. Induction of jgfbplais a potential biomarker of
hepatotoxicity and alcohol-induced liver disease, and may reflect alterations in the growth
hormone-insulin-like growth factors axis or general metabolic abnormalities as a result of
impaired liver function (Donaghy et al, 1995; Li et al.,, 2013; Buness et al., 2014). Notch
signaling is involved in the development of several organ systems, including intrahepatic
biliary duct formation in the liver of mammals, performing a similar function in zebrafish
(Lorent et al,, 2010). Notch genes play a role in the regenerative capacity of the liver and are
increased in response to liver injury to induce proliferation or differentiation of the various
cell types in the liver such as hepatocytes and biliary cells (Geisler and Strazzabosco, 2015).
atfsbis a liver-enriched transcription factor, which was shown to induce CYP2B6 expression
via cooperation with CAR after induction of endoplasmic reticulum stress in human
hepatoma cells (Pascual et al., 2008). Importantly, the gRT-PCR studies revealed that even at
the ECgq level of exposure for five of these genes including #fa, hp, apoba, matni, and rorab
were similarly repressed, further supporting the hypothesis that TCS is negatively impacting
liver function or development (Figure 5). #fais an iron-binding serum protein synthesized in
the liver and yolk-sac of zebrafish and is responsible for the transport of ferric iron to
developing erythrocytes. Transgenic zebrafish bearing a mutation in #/a develop severe
anemic and have decreased iron levels in somites and the gut leading to eventual embryonic
mortality, suggesting its requirement for hemoglobin production (Fraenkel et al., 2009).
Similarly, Apis a globin binding protein synthesized in the liver involved in the recycling of
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free serum hemoglobin. Although increases in /p levels are commonly associated with liver
inflammation, decreases in its expression are indicative of hemolysis or potential liver
damage, such as cirrhosis (Kormoczi et al., 2006). Apolipoproteins, including gpoba, are
lipid transporting proteins synthesized in the liver. Decreased levels of apoliproproteins are
commonly associated with primary liver cancers, cirrhosis, and chronic liver disease (Shah
and Desai, 2001; Irshad and Dubey, 2005). Matrilin 1, matn1, is a component of basement
membranes and has been shown to aid in collagen secretion. The role of matnl expression
and liver function is unknown; however, transient knockdown of matn1 resulted in axial,
eye, and craniofacial defects which may explain, in part, the malformations observed in our
developmental studies (Figure 4C; (Neacsu et al., 2014). The retinoic acid-related orphan
receptor, rorab, plays a role in the circadian regulation of lipid metabolism and is expressed
in a variety of tissues including the liver, kidney, thymus, brain, and skeletal muscle (Solt et
al., 2011). Taken together, the observed decreases in these genes, and others, at the ECgq or
ECsq of TCS demonstrate impaired liver functioning in developing zebrafish, in which
prolonged disruption may result in deficiencies in iron homeostasis, anemia due to decreased
hemoglobin production or hemolysis, lipid transport defects, metabolic abnormalities, and
decreases in the production of critical serum proteins that are produced by the liver.
Furthermore, the increased expression of several target genes, including those highlighted in
the gRT-PCR study, may represent a homeostatic response of the developing liver to TCS-
induced toxicity in order to maintain proper liver development and repair mechanisms (e.g.
notchlasignaling), metabolism, and excretion of TCS by activation of xenobiotic
metabolizing enzymes. These data also provided evidence that the liver bud in 48 hpf
zebrafish is beginning to express a variety of genes involved in mature liver function prior to
the outgrowth phase of liver development, suggesting that many of these genes are required
for development. We must acknowledge the possibility that the strong transcriptomic
response elicited by TCS may be a result of systemic toxicity at the ECgg and not indicative
of target organ toxicity involving the liver and, to a lesser extent, the brain. However, the 48
hpf transcriptomic analysis presented here cannot directly differentiate between these toxic
mechanisms. We reason that the functional specificity of the transcriptional changes, along
with the enriched tissue expression pattern elicited by TCS, indicate systemic toxicity is not
occurring. Overall, the results of our phenotypically anchored toxicogenomics analysis show
that the developmental toxicity of TCS in embryonic zebrafish appears to target the
developing liver and may be acting as a hepatotoxicant; however, further studies are needed
to fully elucidate the mechanism by which this occurs.

Relatively few studies have focused on understanding the toxicity and endocrine effects of
TCS in developing organisms, with a majority of those focusing on thyroid signaling in rats.
As previously described, TCS influences thyroid-dependent metamorphosis in frogs
(\Veldhoen et al., 2006; Marlatt et al., 2013). Studies in fish have primarily focused on
characterizing the acute developmental toxicity of TCS (Ishibashi et a/., 2004; Oliveira et al.,
2009; Ho et al., 2016). The only mechanistic study in fish, to our knowledge, showed that
five-day exposure to a no-effect concentration of TCS resulted in changes in lipid
accumulation and decreased the expression of several genes involved in p-oxidation of fatty
acids in zebrafish (Ho et a/., 2016). Interestingly, prolonged disruption of p-oxidation
processes can result in microvesicular hepatocyte steatosis and eventual hepatic failure
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(Cullen, 2005). In maternally exposed fetal or neonatal rats, TCS decreased serum T4 levels
that then recovered to normal levels over time suggesting toxicokinetic and toxicodynamic
differences between fetuses and maturing offspring (Paul et al., 2010a; Paul et al., 2012).
However, maternally exposed offspring were still susceptible to decreases in serum T4 if
directly exposed to TCS (Axelstad et al., 2013). Mechanistic studies in rats investigating the
role of CAR/PXR activation after maternal exposure showed that, alongside decreased
serum T4 levels, TCS increased PROD activity in PND 4 animals, and although slight
increases in the expression of CAR/PXR-regulated cytochrome P450 or UGT genes were
detected in the dams but not the offspring, upregulated hepatic catabolism may still be a
contributing factor for TCS-induced hypothyroxinemia (Paul ef a/., 2012). In contrast to the
possible role of CAR/PXR signaling in TCS-induced hypothyroxinemia as described above,
our analysis of TCS-induced transcriptional changes in 48 hpf zebrafish did not identify
transcriptional or downstream functional processes associated with either the thyroid or
estrogen pathways as targets for TCS-induced developmental toxicity. Moreover, tissue-
specific enrichment analysis showed no significant enrichment of transcripts in thyroid or
reproductive tissues. We also did not observe any significant transcriptional changes in
xenobiotic metabolizing enzymes that would implicate activation of the CAR/PXR signaling
cascades. These included zebrafish orthologs for SULT1E1, SULT1B1, CYP2B6, CYP3A4,
UGT1AL, or UGT1AG (sultlst3, sultists, cyp2y3, cyp3abs, and ugtliab respectively) nor did
we observe any changes in the zebrafish PXR gene nr1/2. We should note that we did
observe significant decreases in several cypZaa family members including cypZaaZ, which
was recently shown to be transcriptionally induced by the PXR agonists 1,4-bis [2-(3,5-
dichloropyridyloxy)] benzene and phenobarbital in adult zebrafish livers (Kubota et af.,
2013). However, we would expect cyplaa?to increase as a result of PXR activation in
zebrafish, and it is likely that the observed decrease in expression was due to a decrease in
the numbers of differentiating hepatoblasts/hepatocytes as a result of TCS toxicity and was
not mediated through PXR. Studies of TCS in human and rodent cell-based reporter have
demonstrated differential activation of CAR and PXR, where TCS activated human but not
rodent PXR, and elicited various agonistic and reverse agonistic activities for CAR (Paul et
al., 2013). This suggests that species-specific effects may play a role in the affinity of TCS
towards CAR/PXR and subsequent transcriptional activation of downstream xenobiotic
metabolizing enzymes. Although, zebrafish lack a CAR gene, more research is needed to
describe the effects of TCS on the zebrafish PXR (Kubota et a/,, 2013). The lack of
endocrine responses we observed in this study does not necessarily mean that TCS is
incapable of endocrine disruption in zebrafish. On the contrary, studies in adult zebrafish
have demonstrated TCS-induced thyroid activity (Pinto ef a/., 2013). However, the
hepatotoxic transcriptome signature of TCS we show may be specific to the window of
exposure used in our studies; a potential result of immature xenobiotic sensing mechanisms
in the 48 hpf liver, as it is not metabolically competent until 72 hpf (Field et al., 2003).
Therefore, the PXR-mediated activity of TCS would not be detected until later
developmental stages, although /n situ hybridization studies have shown that PXR mRNA is
present throughout early development (Bertrand et a/,, 2007). As such, further studies
examining the transcriptomic profile of TCS across different susceptibility windows are
warranted.

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Haggard et al.

Page 17

The activity profile of TCS across the diverse battery of ToxCast screening assays can
inform and potentially corroborate the findings we present here in our zebrafish
transcriptomics analysis or those posed by other laboratories. After filtering the assay data
(see Methods), we found that TCS had a relatively diverse bioactivity profile and was a hit in
217 of the 385 (56.4%) assays. Assays under the biological process “Regulation of gene
expression” were largely affected by TCS, and interestingly, all of these assays reported
decreased transcriptional responses similar to what was observed in our array data. TCS was
also a hit in two of the three “Regulation of steatosis” assays which can indicate disruption
of liver metabolism. TCS bioactivity at the “intended_target_family” level highlighted
unique protein classes that were affected by TCS. TCS decreased the expression of all of the
cytokines within the ToxCast battery, including IL-6 which was a significantly enriched
biological process network in our transcriptomic analysis. TCS was active in two of the
seven FXR assays, and is likely not a direct receptor target for TCS. We also found that TCS
was not a hit in the HNF4a, LXRa, LXRp, or RORa which were predicted in our
transcriptomic analysis. TCS also affected assays targeting several CYP genes regulated by
CAR/PXR including human CYP2C9, CYP2C8, CYP2C19, and rat CyplaZ (Tolson and
Wang, 2010). Analysis of the assays targeting nuclear receptors showed that TCS was a hit
in all three PXR assays and was a hit in 50% of the CAR assays, similar to that observed in
previous studies (Jacobs et al., 2005; Paul et al.,, 2013). With respect to direct endocrine
nuclear receptor activity, TCS had the largest activity for assays targeting the androgen
receptor compared to all other endocrine receptors. Interestingly, of all the nuclear receptor
assays with at least one hit-call, ESR1 was the least effected and was a hit in only 15% of
ESR1-specific assays. These results show that the hit-call data for TCS across the ToxCast
assays appeared to better support the hypothesized role of CAR/PXR signaling as
demonstrated in human /7 vitro and rat /n vivo studies compared to our observations and
predicted functional responses of our /7 vivo transcriptomic analysis in zebrafish. This may
reflect the species-dependent effects of CAR/PXR activation as previously demonstrated, or
that TCS has differential mechanisms of action depending on the developmental stage
resulting in presence/absence of putative molecular targets.

Collectively, these results suggest that TCS is hepatotoxic to embryonic zebrafish, and helps
explain reports of acute toxicity of TCS in zebrafish and other aquatic species (Orvos et al.,
2002; Ishibashi et al, 2004; Tatarazako et al., 2004; Oliveira et al., 2009; Padilla et af,
2012). We demonstrated that the endocrine-related role of TCS hypothesized in rodent and
human /n vitro studies appears to not be involved in TCS-induced toxicity in zebrafish at this
specific developmental stage, or was masked by the robust effects of TCS on the developing
liver. Compared to the bioactivity profile of TCS across the ToxCast program, several
similarities with possible liver endpoints were identified; however, the assay responses better
supported the role of CAR/PXR activation by TCS in human /n vitro systems. This may
reflect biases in the assay coverage, as was demonstrated by the overrepresentation of
estrogen and androgen receptor assays compared to other nuclear receptor signaling
pathways. By leveraging the full repertoire of transcriptomic responses across embryonic
development in the whole animal, we demonstrated that using a phenotypically anchored
early developmental transcriptomics approach can inform and provide insight into putative
mechanisms of chemical action. Zebrafish can not only be used to rapidly identify
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phenotypic changes due to chemical exposure in a high-throughput manner (Truong et al.,
2014; Noyes et al., 2015), it can also provide unbiased, global expression data to drive
hypothesis generation about the molecular events that underlie chemical toxicity. Future
studies will examine the transcriptomic response of TCS at lower concentrations and at
different time points and windows of exposure to fully elucidate the role of the developing
liver in TCS toxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Triclosan is a common antimicrobial agent with widespread human
exposure.

. Exposure to the triclosan ECgq causes robust gene expression changes
in zebrafish.

. The liver may be a target organ of triclosan toxicity in embryonic
zebrafish.

. Triclosan disrupts normal liver functioning and development in
embryonic zebrafish.

. A summary of triclosan’s bioactivity profile in the ToxCast program is

discussed.
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Figure 1.

Concentration (uM)

Developmental toxicity (mortality and morbidity) profile and logistic regression analysis of
TCS exposure. (A) Concentration response profile for 0, 1, 4, 6, 8, and 10 uM TCS exposure
across 11 phenotypic endpoints. MO24 and DP24 correspond to 24 hpf endpoints, and the
remaining correspond to 120 hpf endpoints. (B) Logistic regression analysis of TCS
developmental effects for any adverse phenotype, with logistic curve shown in red. Dashed

lines indicate the ECgy.
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Nucleosome Assembly
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Eye Morphogenesis

TCS exposure induces robust transcriptional changes in embryonic zebrafish. Heatmap
visualization with bi-hierarchical clustering of significant differentially expressed transcripts
due to developmental exposure to the ECgg of TCS (FDR corrected p-value < 0.05, fold
change = 2.0). The two clusters are annotated by significant functional clusters of enriched

GO terms as determined by DAVID.
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Figure 3.
TCS-induced transcriptional changes are significantly enriched in the liver and brain. Tissue-

specific gene enrichment analysis of the significantly differentially expressed orthologous
human genes was performed and visualized using the TSEA tool (http://genetics.wustl.edu/
jdlab/tsea/). Tissue enrichment are visualized as hexagonal nodes aligned along a
dendrogram indicating the similarity of tissue-enriched transcript lists across the 25 tissues.
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Figure 4.
Developmental time course study of the TCS ECg. (A) Repeated logistic regression

analysis for any adverse effect from 0-10 uM of the new TCS stock. Dashed lines indicate
the ECgg. (B) Percent prevalence for mortality or morbidity at 0 or 6.46 UM TCS at 24, 48,
72, 96, and 120 hpf. (C) Images of zebrafish exposed to 0 (top panel) or 6.46 pM (lower
panel) TCS across early development.
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Figure 5.

Quantitative RT-PCR validation of fifteen significantly differentially expressed genes
identified in the microarray analysis at the EC,(, ECsg, and ECgq of TCS. log, values are
shown for comparison between the microarray and qRT-PCR data. A one-way ANOVA with
Tukey’s post-hoc test or a Kruskal-Wallis with Dunn’s post-hoc test were used to test the
significance of expression values between gRT-PCR treatment and controls (n=4; * p<0.05;
**p<0.01; *** p <0.001).
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TCS bioactivity profile across three ToxCast assay annotation levels. Hit-call data across the
“biological_process_target” (A), “intended_target_family” (B), and the nuclear receptor
subset of “intended_target_family” (C) assay annotation levels were visualized using radial
pie diagrams. For reference, the height of a slice indicates the hit percent and the size/angle
of the slice indicates the total number of assays within that slice.
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Table 1

Significantly enriched MetaCore process networks

Associated Human Gene Symbol

Network Name FDR-adjusted P-value
Kallikrein-kinin system 9.04E-09
Insulin signaling 1.87E-08
Blood coagulation 2.79E-08
Complement system 3.16E-08
IL-6 signaling 1.7E-04
Bile acid regulation of lipid 2.3E-04

metabolism and negative FXR-
dependent regulation of bile acids
concentration

Visual perception 1.05E-03

Synaptic vesicle exocytosis 4.9E-02

A2M, SERPINC1, KNG1, C3, CPN2, F5, F7,
F10, FGA, FGB, FGG, HABP2, SERPIND1,
PLAU, SERPINF2, F2

CPE, INS, FBP1, GYS2, PKLR, PFKM, PKM,
PYGL, PYGM, SREBF1

A2M, CD9, F10, F2, F5, F7, FGA, FGB,
FGG, KNG1, MST1, PLAU, SERPINC1,
SERPIND1, SERPINF2, TFPI

C3, C8A, C8B, C8G, C9, CRP, CFHR3,
CFHR4, CFH, CFI

A2M, HBAL, HBA2, BAX, C3, CRP, CP,
FGA, FGB, FGG, HABP2, INS, PIK3R3,
PIK3R2, SERPINF2

ANGPTL3, APOB, APOE, FBP1, FABP6,
INS, PCK1, SREBF1

ABLIM1, ARR3, CYP1B1, CRYGD,
OPN1LW, PDE6H, RAX, RDH11, RGR,
RLBP1, RPE6G5, RCVRN, SIX3

AMPH, APBAL, DNM1, SEPTS5, SLC1A3,
SLC6AL, SNAP25, SNCB, STX1B, STXBP1,
SV2B, SYT5, VAMP1
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Statistically enriched transcription factors

Transcription Factor ~ P-value  Z-score
HNF4a 6.81E-14 9.452
USF1 9.01E-10 8.166
HNF3B 3.39E-09 7.514
HNFla 9.27E-09 7.382
LHX2 2E-08 6.954
C/EBPa 2.53E-08 6.885
RORa 1.35E-07 7.64
PROX1 3.14E-07 7.929
SP1 3.71E-06 4.944
HNF3a 6.58E-06 5.557
SP3 6.91E-06 5.161
PPARYy 2.04E-05 5.036
LXRa 2.73E-05 5.614
COUP-TFI 3.76E-05 5.6

PPARa 4.89E-05 4.963
USF2 5E-05 5.149
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