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a b s t r a c t

3,30-dichlorobiphenyl (PCB-11) is an emerging PCB congener widely detected in environmental samples
and human serum, but its toxicity potential is poorly understood. We assessed the effects of three
concentrations of PCB-11 on embryotoxicity and Aryl hydrocarbon receptor (Ahr) pathway interactions in
zebrafish embryos (Danio rerio). Wildtype AB or transgenic Tg(gut:GFP) strain zebrafish embryos were
exposed to static concentrations of PCB-11 (0, 0.2, 2, or 20 mM) from 24 to 96 h post fertilization (hpf), and
gross morphology, Cytochrome P4501a (Cyp1a) activity, and liver development were assessed via mi-
croscopy. Ahr interactions were probed via co-exposures with PCB-126 or beta-naphthoflavone (BNF).
Embryos exposed to 20 mM PCB-11 were also collected for PCB-11 body burden, qRT-PCR, RNAseq, and
histology. Zebrafish exposed to 20 mM PCB-11 absorbed 0.18% PCB-11 per embryo at 28 hpf and 0.61% by
96 hpf, and their media retained 1.36% PCB-11 at 28 hpf and 0.84% at 96 hpf. This concentration did not
affect gross morphology, but altered the transcription of xenobiotic metabolism and liver development
genes, impeded liver development, and increased hepatocyte vacuole formation. In co-exposures, 20 mM
PCB-11 prevented deformities caused by PCB-126 but exacerbated deformities in co-exposures with BNF.
This study suggests that PCB-11 can affect liver development, act as a partial agonist/antagonist of the
Ahr pathway, and act as an antagonist of Cyp1a activity to modify the toxicity of compounds that interact
with the Ahr pathway.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The emerging polychlorinated biphenyl (PCB) congener 3,30-
dichlorobiphenyl (PCB-11) has been identified as a non-legacy, non-
Aroclor PCB inadvertently generated during the commercial
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production of diarylide azo-type pigments used in consumer goods
such as paper and plastic products (Rodenburg et al., 2010; Shang
et al., 2014). It is thought that PCB-11 is mobilized into water
sources via wastewater discharge during pigment manufacturing,
and when consumer goods containing these pigments are dis-
carded or recycled (Du et al., 2008; Rodenburg et al., 2011;
Rodenburg et al., 2015). PCB-11 also volatizes from paints and resins
and can enter the body through inhalation exposures (Herkert
et al., 2018; Shanahan et al., 2015). Additionally, PCB-11 has been
detected in food sources such as commercial cow'smilk (Chen et al.,
2017), and both PCB-11 and its sulfate metabolite have been
detected in human serum (Grimm et al., 2017; Koh et al., 2015),
including in pregnant women (0.005e1.717 mg/L) (Sethi et al.,
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2017), demonstrating an exposure risk in the fetal environment.
Despite growing evidence of human exposures, little is known
about PCB-11 toxicity, particularly for the highly-sensitive period of
embryonic development. To investigate this knowledge gap, we
used the zebrafish embryo model to assess developmental toxicity,
with a focus on potential interactions with the Aryl hydrocarbon
receptor (Ahr) pathway.

The Ahr is a basic-helix-loop-helix/per-Arnt-Sim (bHLH/PAS)
transcription factor family member that is activated by both natu-
rally occurring and synthetic ligands like polycyclic aromatic hy-
drocarbons (PAHs) and dioxin-like PCBs (Huang et al., 1993). The
Ahr is constitutively expressed, but upon ligand binding, trans-
locates from the cytosol to the nucleus where it forms a hetero-
dimer with the Aryl hydrocarbon receptor nuclear translocator
(Arnt) (Reisz-Porszasz et al., 1994). The Ahr/Arnt heterodimer then
binds to Xenobiotic Response Elements (XREs) in promotor regions
of Ahr-responsive genes (Coumailleau et al., 1995; Sojka et al.,
2000), increasing production of enzymes that can biotransform
the Ahr ligands in Phase I and Phase II metabolism (Kuhnert et al.,
2017; Nakayama et al., 2008). Zebrafish and human Ahr pathway
activation is similar, but it is important to note that while zebrafish
have three Ahr gene isoforms (ahr1a, ahr1b, and ahr2) (Karchner
et al., 2005), toxicity effects have been shown to be primarily
mediated by ahr2 (Billiard et al., 2006; Carney et al., 2006; Jonsson
et al., 2007a).

Upon Ahr pathway activation, many ligands are substrates for
biotransformation by the Cyp1a enzyme, and are most often con-
verted to more hydrophilic metabolites for excretion (Nebert et al.,
2004). However, not all Ahr ligands are good substrates for Cyp1a
biotransformation. For instance, the dioxin-like PCB-126 activates
the Ahr pathway and upregulates Cyp1a activity, but exerts toxicity
independent of Cyp1a (Billiard et al., 2006; Jonsson et al., 2012;
Timme-Laragy et al., 2007); in zebrafish embryos PCB-126 exposure
results in a suite of deformities including pericardial edema, cranio-
facial malformations, and impaired yolk sac utilization. This toxicity
is rescued only when ahr2 activation is blocked by either antago-
nizing the receptor or by genetic means to either knock-out or
knock-down the receptor (Billiard et al., 2006). For ligands that are
good substrates for Cyp1a metabolism, another route to toxicity
involves blocked Cyp1a biotransformation processes, where un-
metabolized ligands can continue to activate the Ahr, resulting in
enhanced toxicity (Billiard et al., 2006; Timme-Laragy et al., 2007;
Wincent et al., 2016; Zhao et al., 2013). Cyp1a induction in zebrafish
is similar as in humans (Goldstone et al., 2007; Jonsson et al.,
2007b; Nebert et al., 2004; Scornaienchi et al., 2010), and this
enzymatic activity can be measured using the well-established
in vivo ethoxyresorufin-O-deethylase (EROD) bioassay (Billiard
et al., 2006; Nacci et al., 2005) as a useful tool to investigate the
potential toxicity of emerging contaminants that might act through
the Ahr (Boehler et al., 2018; Kais et al., 2018).

The environmental presence of PCB-11 is likely to continue, and
increase, through the production of diarylide pigments and the
recycling of consumer products, but little research has been con-
ducted to understand the molecular interactions and health im-
plications for any quantity of PCB-11. Our objectives for this study
were to use the zebrafish model to test a range of concentrations to
understand the molecular actions of PCB-11, and how it influences
morphological development and xenobiotic metabolism. In addi-
tion to examining the effects of single exposures of PCB-11, we took
a mixture approach to understand whether PCB-11 can influence
the effects of well-established Ahr activators, such as PAHs, that are
likely to exist in urban locations where PCB-11 has been detected in
air and water samples (Hu et al., 2008; Rodenburg et al., 2011;
Shanahan et al., 2015). We used the EROD bioassay to monitor
Cyp1a enzyme activity, fluorescence imaging techniques to look at
liver development, and paired this with Ahr-related gene tran-
scription levels, RNAseq, and histology as tools to explore whether
this emerging contaminant is a public health concern. Our findings
indicate that PCB-11 interacts with the Ahr pathway, impedes liver
development, and perturbs pathways related to lipid metabolism,
but in co-exposures with other Ahr agonists can more significantly
either suppress or exacerbate toxicological outcomes, depending
on the co-exposure.

2. Materials and methods

2.1. Animal care

Adult wildtype AB and transgenic Tg(gut:GFP) zebrafish (Danio
rerio) were housed on a 14 h light:10 h dark cycle in a recirculating
Aquaneering system (San Diego, CA) maintained at 28.5 �C. Em-
bryos were obtained from breeding groups of 40 fish with a 2:1
female:male ratio. Embryos were collected at 1 h post fertilization
(hpf), washed, and stored at low density in 0.3x Danieau's media
[17mM NaCl, 2mM KCl, 0.12mM MgSO4, 1.8mM Ca(NO3)2, 1.5mM
HEPES, pH 7.6] in an incubator with the same temperature and light
conditions as the adult fish. At 24 hpf, embryos were staged and
screened for normal development before use in experiments. All
animal care and experiments were conducted in accordance with
protocols approved by the University of Massachusetts Amherst
Institutional Animal Care and Use Committee (IACUC; Animal
Welfare Assurance Number A3551-01). Animals were treated hu-
manely with due consideration to the alleviation of stress and
discomfort.

2.2. Chemicals

PCB-126 and PCB-11 were from Ultra Scientific (North Kings-
town, RI), beta-naphthoflavone (BNF) from Fisher Scientific (Pitts-
burg, PA), and 7-ethoxyresorufin-O-deethylase (7-ER) from MP
Biomedicals (Solon, OH). All chemicals were dissolved in 100%
dimethyl sulfoxide (DMSO) from Fisher Scientific (Fair Lawn, NJ).
Stock solutions were stored at�20 �C in glass amber vials, andwere
fully thawed and vortexed before use. For zebrafish concentration
analyses, PCB-13 was used as a surrogate standard (SS) from
AccuStandard (New Haven, CT), d5-PCB-30 was used as an internal
standard (IS) from Cambridge Isotope Laboratories (Andover, MA),
and pesticide-grade hexanewas used from Fisher Chemical (Beerse,
Belgium).

2.3. PCB-11 concentration analysis

The lowest PCB-11 concentration of 0.2 mM used in this study
was selected based on previous studies that measured aqueous
“whole water” (dissolved and particle phase) concentrations of
PCB-11 near industrial effluents (Litten et al., 2002; Rodenburg
et al., 2010; Rodenburg et al., 2015) and in marine species
(Addison et al., 1999; Pizzini et al., 2017; Zhu et al., 2015). We
included concentrations one and two orders of magnitude higher in
our experiments based on concentrations of PCB-11 used in pre-
viously in a rodent model (Sethi et al., 2017). PCB-11 adheres to
surfaces and particles, but as a lower-chlorinated congener, readily
volatilizes (Agency for Toxic Substances and Disease Registry,
2000). The solubility of PCB-11 in water is 354 mg/L (Dunnivant
et al., 1988) and its octanol-water partition coefficient is log 5.28
(International Agency for Research on Cancer, 2016). The concen-
trations of PCB-11 used in this study are of the dissolved phase only
of PCB-11 in water. In order to dissolve the middle and highest
concentrations of PCB-11 used in this study (2 mM and 20 mM) into
an aqueous medium, DMSO was used. In order to understand the
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amount of PCB-11 that was taken up into the zebrafish larval tissue,
embryos were analyzed at 28 hpf (4 h after the exposure began)
and at 96 hpf (end of exposure period) at the University of Iowa for
whole organism tissue and media analysis of the highest concen-
tration of PCB-11 (20 mM), described in Supplemental Method 1.
The PCB-11 concentration analysis temperature programs and ion
transitions for this analysis can be found in Supplemental Table 1.
2.4. Chemical exposures

At 24 hpf, zebrafish embryos were manually dechorionated
usingWatchmakers forceps. For all experiments, five embryos were
exposed in 5mL of 0.3x Danieau's water in 20mL glass scintillation
vials, with at least 2 technical replicates per exposure group per
experiment. Zebrafish were statically exposed from 24 to 96 hpf to
three PCB-11 concentrations (0.2, 2, or 20 mM) or DMSO, either
alone for single exposure experiments or in combination with
either PCB-126 or BNF for co-exposure experiments. This time
frame was chosen since ahr2 expression in zebrafish does not
become constant until 24 hpf, a time point when cyp1a also starts
to express (Andreasen et al., 2002). Previous developmental
toxicity experiments with exposures starting at 24 hpf have also
shown that both PCB-126 and BNF activate the Ahr pathway and
cause deviations in morphological development, either alone or in
co-exposures (Garner et al., 2013; Timme-Laragy et al., 2007). For
experiments with PCB-126, a final concentration of 5 nM was used,
shown previously to cause malformations in zebrafish (Rousseau
et al., 2015). For experiments with BNF, concentrations of either
184 nM (50 mg/L) or 367 nM (100 mg/L) were used, shown previ-
ously to induce Ahr-related gene activity in zebrafish (Timme-
Laragy et al., 2007). For EROD experiments, each vial contained
0.5 mg/L of 7-ER, which was added at 24 hpf when dosing occurred.
All vials contained a total DMSO concentration of 0.05% v/v, and all
exposures were static between 24 and 96 hpf. Liver development
experiments used Tg(gut:GFP) embryos, which express GFP in liver
tissue starting at about 22 hpf and is regulated through ef1a (Field
et al., 2003), in place of AB embryos. EROD, liver development, qRT-
PCR, and RNAseq experiments were repeated at least 3 times, and
experiments for histology endpoints were repeated twice.
2.5. Microscopy and image analysis

At 96 hpf, live larvae were sedated by a 10 s exposure to 2% v/v
MS-222 solution (prepared as 4mg/mL tricaine powder in water,
pH buffered, and stored at �20 �C until thawed for use) before
being mounted on individual 3% methylcellulose drops in a left-
lateral orientation. For EROD imaging experiments, AB larvae
were imaged on an upright Olympus compound fluorescence mi-
croscope custom modified by Kramer Scientific (Amesbury, MA)
and equipped with an Axiocam 503 camera (Carl Zeiss Inc.,
Thornwood, NY) and an 89 North® PhotoFluor® II light source (89
North®, Burlington, VT). For liver development experiments,
Tg(gut:GFP) larvae were imaged in vivo on a Zeiss Stereo Axio
Zoom.V16 (Carl Zeiss Inc.). All measurements for zebrafish length,
EROD light intensity, and liver area were measured with the Zen
Lite program (Carl Zeiss Inc.). Since pericardial edema is a charac-
teristic outcome of fish embryos exposed to halogenated aromatic
compounds (King-Heiden et al., 2012) like PCB-126, pericardial area
was measured on all fish as a quantitative measurement to repre-
sent overall deformities. For all experiments, transmitted bright-
field microscopy images of the whole fish and gut region were
taken with 2x and 10x objectives, and liver/gut area was captured
with a 10x objective on either an RFP filter for EROD experiments or
GFP filter for liver development experiments.
2.6. qRT-PCR

For all qRT-PCR experiments, at 96 hpf zebrafish larvae were
collected and pooled in groups of 10e15 larvae after exposure, and
preserved in RNAlater (Thermo Fisher Scientific, Waltham, MA)
at �80 �C. Zebrafish larvae were thawed, transferred to lysis buffer,
and sonicated by pulsing 3 times with an Emerson Industrial
Branson Sonifier® (Danbury, CT). RNA isolation was performed
using 2-Mercaptoethanol (MP Biomedicals) and a GeneJET RNA
Purification Kit (Thermo Fisher Scientific) following manufacturer
instructions. RNA quantity and quality was assessed using a Bio-
Drop mLITE spectrophotometer (Cambridge, United Kingdom).
Sample cDNA was prepared using an iScript reaction mix kit (Bio-
Rad, Hercules, CA), diluted 1:9 with nuclease-free water, and stored
at �80 �C until processing. Each qRT-PCR sample was prepared
using 10 mL of 2X iQ SYBR® Green Supermix (Bio-Rad), 5 pM each of
forward and reverse primers (1 mL total), 5 mL of nuclease-free
water, and 4 mL (1 ng) of cDNA. Samples were run on 96-well
plates in a CFX Connect Real-Time PCR Detection System (Bio-
Rad), and samples were analyzed using the CFX Manager software
(Bio-Rad). qRT-PCR was carried out in duplicate for the aryl hy-
drocarbon receptor 2 (ahr2) and cytochrome p4501A1 (cyp1a)
genes. The b-actin (actb) gene was used as a housekeeping gene,
and its transcription did not change significantly across exposure
groups. The b2-Microglobulin (b2m) gene was used to verify gene
transcription levels (data not shown). All gene primer sequences
can be found in Supplemental Table 2.
2.7. RNAseq and analysis

At 96 hpf, triplicate pools of 18e20 zebrafish larvae exposed to
either DMSO or 20 mM PCB-11 were collected for RNAseq and
transferred to the UMass Amherst Genomics Resource Laboratory.
Details on RNAseq library preparation and next-generation
sequencing are in Supplemental Method 2. RNAseq data has been
deposited into the NCBI Gene Expression Omnibus (GEO) database
with the accession number GSE118955. Gene ontology and
pathway analysis was performed on the Gene Set Enrichment
Analysis (GSEA) platform (Broad Institute, Massachusetts Institute
of Technology, and Regents of the University of California) using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets
database. Gene ontology and pathway analysis was also performed
using LRpath (http://lrpath.ncibi.org/), which used logistic regres-
sion to calculate KEGG pathways significantly up or down-
regulated by PCB-11 exposure (Kim et al., 2012).
2.8. Histology

At 96 hpf, zebrafish exposed to either DMSO or 20 mM PCB-11
(n¼ 4 fish for both groups), were fixed in 4% v/v para-
formaldehyde (Alfa Aesar, Tewksbury, MA) and preserved in 70%
ethanol at 4 �C until processing. Fixed samples were sent to the
UMass Medical School Morphology Core (Worcester, MA), where
they underwent tissue processing on a Shandon Citadel 2000
(Thermo Fisher) and thenwere paraffin embedded 3e4 per cassette
using a Sakura Tissue-Tek (Torrance, CA). The paraffin blocks were
sectioned along the midlines of the zebrafish in a sagittal orienta-
tion to facilitate liver examination, and ten sections were mounted
and stained with hematoxylin and eosin (H&E) according to stan-
dard protocols. At UMass Amherst, all sections were imaged at 40x
magnification on an EVOS FL Auto Microscope (Thermo Fisher
Scientific) and at 63x on a Zeiss Microscope oil objective with Zen
software (Zeiss Microscopy).

http://lrpath.ncibi.org/
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2.9. Statistical analyses

A one-way Analysis of Variance (ANOVA) with a Tukey-Kramer
post-hoc test was performed accordingly for experiments. All sta-
tistical tests were performed with JMP® Pro software version 13.1.0
(Cary, NC). Statistical significance was considered using a 95%
confidence interval (a¼ 0.05). For qRT-PCR experiments, gene
transcription fold-changes were calculated using the DDCT method
(Livak and Schmittgen, 2001).

3. Results

3.1. PCB-11 exposure concentrations and embryo and larvae body
burdens

Zebrafish embryos exposed to either DMSO or 20 mM PCB-11
and their associated aqueous media were analyzed for PCB-11
concentrations at both 28 hpf (4 h after dosing) and at 96 hpf
(end of their exposure period). Average PCB-11 concentrations
detected in zebrafish media were 61.60 ng/mL at 28 hpf and
37.85 ng/mL at 96 hpf. Average PCB-11 concentrations detected in
fish tissue exposed to this media were 400 ng/mg wet weight (ww)
at 28 hpf and 1365.4 ng/mg wwat 96 hpf (Table 1). For fish exposed
to DMSO, concentrations of PCB-11 remained relatively stable at
0.38 ng/mg ww at 28 hpf and 1.19 ng/mg ww at 96 hpf; media
concentrations for these exposures remained stable at 0.19 ng/mL
at 28 hpf and 0.20 ng/mL at 96 hpf (Table 1). In comparing the
amount of PCB-11 used in the initial dosing concentration (20 mM is
22.5 mg or 22,500 ng per 5mL in each exposure vial), at 28 hpf 0.89%
of this amount was detected in the fish (0.18% per fish), and 1.36% of
the initial amount was measured in their associated media. At 96
hpf, of the initial amount of PCB-11 used in the dosing concentra-
tion, the percentage of PCB-11 detected in the fish increased to
3.03% (0.61% per fish), and decreased in their associated media to
0.84%.

3.2. PCB-11 alone is a weak agonist of the Ahr

Zebrafish embryos exposed to 0.2 mM, 2 mM, or 20 mM PCB-11
were compared to embryos exposed to a DMSO control for
morphology assessments. A small but significant increase from
0.019mm2 to 0.029mm2 in pericardial area was observed for fish
exposed to 20 mM PCB-11, but no other deformities were observed,
and no differences in gross morphological development were
observed for zebrafish exposed to 0.2 mM or 2 mM PCB-11
(Fig. 1AeB). EROD activity was quantified for each exposure
group, and fish exposed to the lowest PCB-11 concentration of
0.2 mM exhibited a significant 45% increase in EROD activity as
compared to the DMSO control, whereas 2 mM and 20 mM PCB-11
exhibited no change and a statistically significant decrease of 25%
Table 1
PCB-11 fish and media concentrations.

Unit Replicate 1 Replicate

Fish DMSO: 28 hpf ng/mg 0.39 0.37
Fish DMSO: 96 hpf ng/mg 1.07 1.44
Fish PCB11:28 hpf ng/mg 675 254
Fish PCB11:96 hpf ng/mg 579 1,620
Water DMSO:28 hpf ng/mL 0.16 0.19
Water DMSO:96 hpf ng/mL 0.24 0.17
Water PCB11: 28 hpf ng/mL 86.1 53.3
Water PCB11: 96 hpf ng/mL 35.3 32.0

Note: Fish exposed to either DMSO or 20 mM PCB-11 and their associated media were ana
hpf (end of their exposure period); fish concentration units are per wet weight. Each
CV¼ coefficient of variation.
as compared to the DMSO control, respectively (Fig. 1C). EROD is
reflective of Ahr activation and Cyp1a enzyme activity; we
compared this EROD data to ahr2 gene transcription and no dif-
ferences were observed in any of the exposure groups as compared
to the DMSO control (Fig. 1D). For cyp1a gene transcription, 0.2 mM
and 2 mM PCB-11 did not alter cyp1a transcription, however, 20 mM
PCB-11 significantly increased cyp1a transcription by 2.6-fold
(Fig. 1E).

3.3. PCB-11 is an antagonist of the Ahr

A wide variety of chemical structures can interact with the Ahr,
and in different contexts act as partial antagonists and/or agonists.
To determine whether PCB-11 could function as an antagonist, we
designed a co-exposure experiment with awell-studied and potent
Ahr agonist, PCB-126. Exposure of zebrafish embryos to 5 nM PCB-
126 produces severe cranio-facial, heart, and cardiovascular de-
formities, which are dependent on ahr2 (Billiard et al., 2006;
Jonsson et al., 2012) and correlate with gene transcription and
enzyme activity of Cyp1a. We co-exposed embryos to 5 nM PCB-
126 and either 0.2 mM, 2 mM, or 20 mM PCB-11 beginning at 24 hpf
and compared these groups to single exposures of DMSO and PCB-
126. At 96 hpf, gross morphological deformities and EROD activity
for zebrafish co-exposed to PCB-126 and PCB-11 at the 0.2 mM and
2 mM concentrations did not differ from zebrafish exposed to PCB-
126 alone; the EROD activity for these exposure groups significantly
exceeded the DMSO control group by 470e678% (Fig. 2A). However,
20 mM PCB-11 prevented EROD activity and gross morphological
deformities normally induced by PCB-126 so that the EROD activity
and morphology for this co-exposed group resembled the DMSO
control group (Fig. 2AeC).

We examined ahr2 and cyp1a gene transcription levels for the
20 mM PCB-11 co-exposure group, and compared these results to
single exposures of DMSO, 20 mM PCB-11, and 5 nM PCB-126. PCB-
126 significantly increased ahr2 1.7-fold, the PCB-11 þ PCB-126 co-
exposure significantly increased ahr2 1.6-fold, and PCB-11 alone
upregulated ahr2 a non-statistically significant 1.3-fold (Fig. 2D).
For cyp1a, gene transcription for fish exposed to 20 mM PCB-11
alone was upregulated 2.4-fold, though this was not statistically
significant (Fig. 2E). PCB-126 significantly upregulated cyp1a 138-
fold, and was reduced to 69-fold in fish co-exposed to 20 mM
PCB-11 and PCB-126 (Fig. 2E).

3.4. PCB-11 inhibits Cyp1a activity

In previous co-exposure studies with Ahr agonists that are
substrates for Cyp1a metabolism, inhibition of Cyp1a activity has
been shown to potentiate activation of the Ahr and enhance em-
bryo deformities (Billiard et al., 2006; Timme-Laragy et al., 2007).
To determine whether reduced EROD activity observed in the PCB-
2 Replicate 3 Mean sd CV

0.39 0.38 0.01 3.31%
1.04 1.19 0.22 18.4%
271 400 238 59.6%
1,900 1,370 695 50.9%
0.20 0.19 0.02 10.0%
0.19 0.20 0.04 18.3%
45.4 61.6 21.6 35.0%
46.3 37.9 7.46 19.7%

lyzed for PCB-11 concentrations at both 28 hpf (several hours after dosing) and at 96
replicate and the mean concentration is listed, with sd¼ standard deviation and



Fig. 1. Single exposures to PCB-11 at 96 hpf. (A) Representative images of zebrafish larvae exposed to DMSO or single concentrations of PCB-11, (B) pericardial area, and (C) EROD
activity for each exposure group (mean± S EM, n¼ 42e43 fish per exposure group across 3 experiments, ANOVA with a Tukey post-hoc test, p < 0.05). (D) Gene transcription for
DMSO or single exposures of PCB-11 for ahr2 and (E) cyp1a (mean± SEM, n¼ 3e4 pooled samples of 15 fish per pool per group, ANOVA with Tukey's post-hoc test, p< 0.05).
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126 experiment was due solely to changes in gene transcription or
whether the enzyme action was being impaired, we used a model
PAH, BNF, that has previously been shown to exhibit synergistic
embryotoxicity upon Cyp1a enzyme inhibition via potentiated
activation of the Ahr (Billiard et al., 2006; Timme-Laragy et al.,
2007). We originally used a BNF concentration of 367 nM, but
this concentration in co-exposures with 20 mM PCB-11 resulted in
80%mortality (Supplemental Fig. 1). Therefore, we lowered the BNF
concentration to 184 nM and repeated this experiment, with all
subsequent BNF co-exposures with 20 mM PCB-11 yielding full
survival.

Zebrafish were exposed to 0.2 mM, 2 mM, or 20 mM PCB-11 in
combination with 184 nM BNF between 24 and 96 hpf and
compared to zebrafish exposed to DMSO or 184 nM BNF alone. At
96 hpf, EROD activity for larvae co-exposed to BNF and either
0.2 mM or 2 mM PCB-11 resembled the EROD activity of larvae
exposed only to BNF, with all groups having significantly elevated
EROD activity of more than 200% greater than DMSO EROD activity
but with normal morphological development (Fig. 3AeC). In
contrast, 20 mM PCB-11 reduced the EROD activity of fish in co-
exposures with BNF to resemble the EROD activity of the DMSO
group, but this co-exposure group experienced significant gross
morphological deformities (Fig. 3AeC). To validate these observa-
tions, we examined ahr2 and cyp1a gene transcription at 96 hpf for
this co-exposure group and compared it to DMSO, 20 mM PCB-11,
and BNF single exposure groups. BNF significantly upregulated
ahr2 transcription 1.2-fold; this transcription in co-exposures with
PCB-11 was reduced to 0.91-fold and was not statistically different
than the DMSO exposure group (Fig. 3D). For cyp1a, gene tran-
scription for fish exposed to 20 mM PCB-11 alone was upregulated
3.3-fold in fish, but this was not significant (Fig. 3E). BNF signifi-
cantly upregulated cyp1a 19-fold, and this transcription was
reduced to 13-fold in fish co-exposed to 20 mM PCB-11 and 184 nM
BNF (Fig. 3E).
3.5. PCB-11 alters the transcription of genes involved in xenobiotic
metabolism, liver development, and endocrine hormone signaling
activity

To assess whether PCB-11 affects the transcription of genes
outside of the Ahr pathway, we performed RNAseq on the 20 mM
PCB-11 exposure group. After alignment and transcript assembly
with the Illumina Tuxedo suite on the Illumina Basespace platform,
372 genes were found to be differentially expressed, and of these
differentially expressed genes (DEGs), 19 were up-regulated and 18
were down-regulated bymore than 2-fold (Table 2). Of these genes,
cyp1awas upregulated 2.35-fold (data not shown), consistent with
cyp1a upregulation we observed in our qRT-PCR data of between
2.64 and 3.25-fold, and jund, involved in drug response, was
downregulated more than 2-fold. In addition to xenobiotic



Fig. 2. PCB-11 and PCB-126 co-exposures at 96 hpf. (A) EROD activity for single exposures of PCB-11 (white bars) and co-exposures with PCB-126 (black bars), (B) representative
images of EROD activity (red), and (C) pericardial area for single exposures of PCB-11 (white bars) and co-exposures with PCB-126 (black bars). For (A) and (C), single and co-
exposure experiments were performed separately, standardized to their respective DMSO groups, and analyzed together (mean ± SEM, n ¼ 42e43 fish per group for single
exposure experiments across 3 experiments, n ¼ 24e28 fish per group for co-exposure experiments across 3 experiments, ANOVA with Tukey's post-hoc test, p < 0.05). (D) Gene
transcription for DMSO, 20 mM PCB-11, a 20 mM PCB-11 þ 5 nM PCB-126 co-exposure, and 5 nM PCB-126 quantified for ahr2 and (E) cyp1a (mean± SEM, n¼ 3e4 pooled samples of
10 fish per pool per group, ANOVAwith Tukey's post-hoc test, p< 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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metabolism DEGs, the genes lrp5 and lipca, involved in liver
development and lipid metabolism, were significantly down- and
up-regulated, respectively, more than 2-fold. The parathyroid hor-
mone 1a gene, pth1a, was upregulated 6.19-fold (data not shown),
and the related genes involved in calcium ion binding oc90 and
s100bwere upregulated and celsr2 downregulated, all more than 2-
fold. Additional information on unannotated DEGs can be found in
Supplemental Table 3.

The GSEA platform was used for pathway analysis, using the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database. Upon
initial analysis, 22 of 135 gene sets were upregulated and 113 of 135
gene sets were downregulated. Under conditions of a nominal p-
value of 0.05 and an FDR q-value of 0.20, no gene sets were
significantly upregulated, but 14 gene sets were significantly
downregulated (Table 2). While some of these gene sets are
involved in xenobiotic metabolism and hormone signaling, several
of these gene sets such as Sphingolipid Metabolism,
Phosphatidylinositol Signaling System, Fatty Acid Metabolism, and
the Adipocytokine Signaling Pathway, are related to lipid signaling
and lipid metabolism (Table 2). Gene ontology and pathway anal-
ysis was run in parallel on the LRpath platform for comparison, and
35 pathways were significantly up and down-regulated under the
same p-value and FDR q-value conditions (Supplemental Table 4).
Several of the down-regulated pathways overlap between the two
analyses, specifically pathways involved in lipid metabolism. It is
known that higher-chlorinated PCBs can disrupt lipid homeostasis
(Crawford et al., 2019) but little research has investigated the role of
lower-chlorinated PCBs on hepatic function (Umannova et al.,
2008).
3.6. PCB-11 impedes liver development and increases vacuole
formation in hepatocytes

Based on our previous findings that 20 mM PCB-11 affects the



Fig. 3. PCB-11 and BNF co-exposures at 96 hpf. (A) EROD activity for single exposures of PCB-11 (white bars) and co-exposures with BNF (black bars), (B) representative images of
EROD activity (red) in gut regions, and (C) pericardial area for single exposures of PCB-11 (white bars) and co-exposures with BNF (black bars). For (A) and (C), single and co-
exposure experiments were performed separately, standardized to their respective DMSO groups, and analyzed together (mean ± SEM, n ¼ 42e48 fish per group for single
exposure experiments across 3 experiments, n ¼ 12e16 fish per group for co-exposure experiments across 3 experiments, ANOVA with Tukey's post-hoc test, p < 0.05). (D) Gene
transcription for DMSO, 20 mM PCB-11, a 20 mM PCB-11 þ 50 mg/L BNF co-exposure, and 184 nM BNF quantified for ahr2 and (E) cyp1a (mean ± SEM, n¼ 4e7 pooled samples of 10
fish per pool per group, ANOVAwith Tukey's post-hoc test, p< 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Ahr pathway and in the RNAseq results also affects several path-
ways related to hepatic functioning, we used the transgenic
Tg(gut:GFP) zebrafish to examine how PCB-11 affects liver devel-
opment at 96 hpf. This is a time point consistent with our previous
experiments, and a stage during which zebrafish livers are elon-
gating ventrally during development into a functioning hepatic
system. At 96 hpf, zebrafish livers in the DMSO, 0.2 mM, and 2 mM
PCB-11 exposure groups reached full extension ventrally, but
zebrafish livers in the 20 mM PCB-11 exposure group were impeded
in their growth and significantly smaller at an average of
0.027mm2 compared to an average of 0.033mm2 for zebrafish
livers in the DMSO exposure group (Fig. 4AeB). No differences in
overall growth were observed between exposure groups (data not
shown). The livers of fish exposed to either DMSO or 20 mM PCB-11
dose were also examined using histology. Sagittal sections from the
midlines of each fish were compared, and sections from the 20 mM
PCB-11 exposure group were observed to have greater
vacuolization and fewer numbers of hepatocytes per area of liver
tissue as compared to sections from the DMSO exposure group
(Fig. 4C).

4. Discussion

This study is, to our knowledge, the first assessment of embry-
otoxicity of PCB-11 in the zebrafish model. We show here that
exposure to PCB-11 can affect liver development, act as a partial
agonist/antagonist of the Ahr pathway, and act as an antagonist of
Cyp1a activity to modify the toxicity of compounds that interact
with the Ahr pathway. Overall, these data provide insight into
predicting embryotoxicity of acute exposures to PCB-11.

The concentrations used in the present study ranged from those
that were similar to rodent toxicity studies (high concentration,
20 mM, or 4,500 mg/L) (Grimm et al., 2015; Sethi et al., 2017) and an
environmentally relevant concentration (low concentration,



Table 2
RNAseq Data. 372 differentially expressed genes were identified, with nineteen upregulated and eighteen downregulated more than 2-fold. Genes with an * are annotated
with the ENSEMBL gene name from the most recent zebrafish genome build. All 12,935 genes and their log(2) FPKM values were submitted for evaluation using GSEA software
programmed for the KEGG Pathway gene set, and the pathways downregulated with a nominal p-value <0.05 and an FDR q-value <0.20 are listed.

Genes upregulated >2-fold Genes downregulated >2-fold

zp3a.2 paplnb zgc:92590 jund
pth1a nppc baz2a klf4
*arf4 oc90 celsr2 lama2
he1b cyp1a fosab nrap
rn7sk ndrg1b acss2l lrp5
pimr110 tfcp2l1 npas4a opn1lw1
g0s2 npvf jph1a fscn2a
urp2 s100b csf1ra wwtr1
*crygm1b lipca zgc:109982 plac8.1
*rbp1

GSEA Downregulated KEGG Pathway Nominal p-value FDR q-value

Sphingolipid Metabolism 0.042 0.172
Calcium Signaling Pathway 0.034 0.172
Phosphatidylinositol Signaling System 0.029 0.176
Acute Myeloid Leukemia 0.043 0.177
Tight Junction 0.044 0.180
Basal Cell Carcinoma 0.028 0.181
Alanine Aspartate and Glutamate Metabolism 0.043 0.182
Fatty Acid Metabolism 0.038 0.182
Melanogenesis 0.035 0.186
Vascular Smooth Muscle Contraction 0.033 0.186
ERBB Signaling Pathway 0.025 0.188
Adipocytokine Signaling Pathway 0.031 0.192
Adherens Junction 0.046 0.193
Inositol Phosphate Metabolism 0.037 0.194

Fig. 4. Liver Development at 96 hpf. (A) Representative images of liver area fluorescing GFP, and (B) quantified for each exposure group (mean± SEM, n¼ 32e43 fish per exposure
group across 4 experiments, ANOVAwith Tukey's post-hoc test, p< 0.05). (C) Representative images of liver histology sections for zebrafish exposed to DMSO or 20 mM PCB-11 show
more vacuoles in livers of PCB-11 exposed fish (H&E stained, n¼ 4 fish per exposure group).
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0.2 mM, or 45 mg/L). This low concentration is still several orders of
magnitude higher than environmental concentrations we have
observed in water downstream of a paper recycling facility (Sup-
plemental Method 3, Supplemental Fig. 2, and Supplemental
Table 5), though it is closer to concentrations that other studies
have recorded (Supplemental Table 6). Although our high exposure
concentration of 20 mM (and 61.60 ng/mL detected in the media at
28 hpf) is greater than aquatic concentrations reported to date, it is
important to note that much of the compound was not retained in
the water or absorbed by the embryo. Four hours after the start of
the exposure, only 0.89% of the initial PCB-11 administered to
zebrafishwater was detected in the embryos (0.18% per embryo and
1.36% in the associated media at 28 hpf); 72 h after the exposure
began these percentages increased to 3.03% in developing larvae
(0.61% per larvae) and decreased to 0.84% in the associatedmedia at
96 hpf. Thus, most of the compound likely sorbed to the glass vessel
or volatilized before our first sample collection time point at 4 h
after exposure. At the stages examined in this study, zebrafish do
not yet have a functioning open gut excretion mechanism (Strahle
et al., 2012), so while developing larvae may partially metabolize
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PCB-11 they absorb, those metabolites would accumulate in their
body. Additional research is needed to examine the toxicokinetics
of PCB-11. Despite the large reduction from the initial 20 mMPCB-11
dosing concentration, these data indicate both the volatile nature of
lower chlorinated PCBs as well as their ability to accumulate in
tissue.

The small PCB-11 percentage that entered zebrafish tissue
impacted developing zebrafish in exposures to PCB-11 alone (Fig. 1)
and in co-exposures with other Ahr agonists. Our results showing
20 mMPCB-11 inhibits Ahr pathway activation in co-exposures with
PCB-126 (Fig. 2) is consistent with findings reported for lower-
chlorinated PCB co-exposure studies in cell culture (Brenerova
et al., 2016; Suh et al., 2003; Takeuchi et al., 2017). Interestingly,
we also observed that 20 mM PCB-11 significantly reduces Cyp1a
metabolizing activity in co-exposures with BNF and results in se-
vere toxicological outcomes (Fig. 3). We would expect that any
substrate not metabolized would continue to activate the Ahr
synergistically, consistent with previous studies testing Ahr
pathway induction in combination with Cyp1a enzyme inhibition
(Billiard et al., 2006; Timme-Laragy et al., 2007); however, we did
not observe a synergistic cyp1a response. If the morphological
deformities observed are indeed mediated through ahr2, we would
expect that ahr2 knock-down would rescue these deformities
(Jonsson et al., 2007a). Another research group tested this hy-
pothesis with weak Ahr agonists in combination with the PAH
fluoranthene, however, knocking down ahr2 failed to rescue
toxicity (Brown et al., 2016). If this is the case for PCB-11, then it is
possible that the observed toxicity from PCB-11's antagonistic ac-
tivity on Cyp1a is mediated through another mechanism. For
example, ahr1a has been implicated in toxicity response (Garner
et al., 2013), though its complete function requires further
characterization.

In addition to PCB-11's effects on the Ahr pathway, the RNAseq
data for this study highlights its effects on genes and pathways
involved in hormone signaling, xenobiotic metabolism, and lipid
metabolism. Similar to the PCB-11 single exposure experiments we
conducted to observe gross morphology and EROD activity, the
effects observed from the RNAseq experiment were modest.
Additionally, while 19 genes were significantly up-regulated more
than 2-fold, none of these genes besides cyp1a have been identified
as downstream targets of ahr2 transcriptional activity, supporting
the idea that PCB-11 is only a partial Ahr agonist/antagonist, and
influences other gene targets and outcomes. Of these 19 up-
regulated genes and the 18 significantly down-regulated genes,
pathway analysis using GSEA with an FDR q-value cut-off of 0.20
resulted in no pathways being significantly up-regulated and only
14 KEGG pathways as significantly down-regulated (Table 2).
Despite these results, down-regulation of Tight Junction-related
genes could result in a degradation of protective barriers in the
presence of xenobiotics (Basler et al., 2016), and down-regulation of
the ERBB Signaling Pathway, which regulates a family of receptor
tyrosine kinases governing diverse biological functions, has been
implicated in adverse cardiac development (Chan et al., 2002); we
observed in our single exposure experiment mild pericardial
edema in response to 20 mM PCB-11. Additionally, the Calcium
Signaling Pathway was significantly down-regulated and is
important in hormone regulation, cell fate decisions, and more
recently has been implicated in liver injury and regeneration
(Oliva-Vilarnau et al., 2018). Pathway analysis using LRpath was
performed for comparative purposes (Supplemental Table 4). This
analysis yielded many more significant results using the same pa-
rameters as the GSEA analysis, with several overlapping down-
regulated pathways related to lipid metabolism. Overall, given
that the parameters used for the pathway analyses were not con-
servative, the results provide modest evidence as to how single
exposures of PCB-11 can affect the pathways discussed previously.
Since both of these analyses yielded overlapping pathway results
related to lipid metabolism, and since our EROD experiments
largely reflect activity in the liver, our subsequent experiments
explored PCB-11's effects on liver development.

Using the transgenic Tg(gut:GFP) zebrafish line, we observed
that 20 mM PCB-11 significantly impedes liver development (Fig. 4).
In our histology experiment; H&E staining of liver tissue also sug-
gests differences in hepatocyte density and vacuolization between
DMSO and 20 mMPCB-11 exposure groups, however, due to a lack of
histological samples, we were unable to quantify these results.
Zebrafish are increasingly useful for studying liver pathogenesis
(Goessling and Stainier, 2016), including the effects of non-dioxin-
like PCBs and their metabolites, which we did not measure in this
study. For instance, the half-life of PCB-11 is as little as a few mi-
nutes compared to up to 9.5 h for its metabolites in the rodent
model (Hu et al., 2014); half-lives for PCB-11 and its metabolites in
humans is unknown, but both hydroxylated and sulfated metabo-
lites have been detected in human samples (Flor et al., 2016; Grimm
et al., 2015; Grimm et al., 2017). It has been shown that lower-
chlorinated PCBs can be hydroxylated in vivo by Cyp enzymes to
initiate hepatocarcinogenesis through direct DNA adduction
(Ludewig et al., 2008; Roos et al., 2011; Umannova et al., 2008), but
further histological investigation might help elucidate PCB-11's
potential role in xenobiotic metabolism disruption and liver
pathology.

In our present study of the Ahr in response to PCB-11, we probed
Cyp1a enzyme activity, which is classically involved with Phase I
xenobiotic metabolism of both endogenous and exogenous sub-
strates such as certain pharmaceutical drugs and aromatic hydro-
carbon compounds. However, our investigation does not identify
other potentially important Cyp enzymes in xenobiotic metabolism
that could be inhibited by PCB-11. Furthermore, our investigation
does not include how PCB-11 might affect crosstalk between the
Ahr pathway and other mechanisms; for instance, we have previ-
ously shown a relationship between the Ahr and the Nrf2 antioxi-
dant signaling pathway (Rousseau et al., 2015), and other studies
have identified PCB-11's agonist/antagonist effects on the Ahr as
well as on other hormone receptors in rodent cell culture models
(Sethi et al., 2018; Takeuchi et al., 2017). The Ahr pathway also has
other diverse functions throughout the human body, including
roles in immune response and embryogenesis, where antagonism
of Ahr function has been demonstrated to enhance maintenance of
hematopoietic stem cell populations (Boitano et al., 2010). This
suggests that PCB-11's antagonism of Ahr may potentially impact
cell fate decisions in diverse target organs. The antagonistic effect of
PCB-11 on the Ahr observed in this study therefore emphasizes an
important gap in our understanding of the systemic impacts of
toxicological and pharmacological mixtures, and highlights
important areas of investigation for future studies.

In summary, while higher concentrations of single exposures of
PCB-11 has mild effects on development and Ahr function, this
work introduces other mechanisms by which PCB-11 may have
adverse health consequences. The antagonistic or competitive ef-
fect of PCB-11 on Ahr and Cyp1a in the presence of classical agonists
suggests that ubiquitous PCB-11 exposures may interact with other
toxicants and pharmacological agents acting through these path-
ways. While this study focused on the effects of acute exposures at
higher concentrations, further studies could examine the effects of
more environmentally-relevant concentrations under a chronic
exposure paradigm. This work also underscores the importance of
characterizing the species composition of mixtures in environ-
mental risk assessments, as no organismwould be exposed to PCB-
11 in the absence of other chemicals, including other PCBs.
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5. Conclusions

The environmentally relevant concentration of PCB-11 used for
laboratory experiments in this study (0.2 mM) does not appear to
cause deviations in embryonic development in the zebrafish model
in either single or co-exposures with other Ahr agonists. Of the
higher 20 mM PCB-11 concentration tested, 0.61% was absorbed per
fish by 96 hpf. In single exposures, this concentration mildly acti-
vates the Ahr and results in subtle changes in liver histology and
significant decreases in liver size. In addition, this PCB-11 concen-
tration in co-exposures with other Ahr agonists both exacerbates
and inhibits embryonic deformities in zebrafish, depending on the
agonist, and inhibits Cyp1a activity. As many pharmaceuticals and
xenobiotic compounds are metabolized via the Ahr pathway and
Cyp family of enzymes, these results suggest that if exposures at
this concentration occur, PCB-11 may potentially cause drug in-
teractions or other interferences with xenobiotic metabolism for
both aquatic life and humans. Additional studies would help eval-
uate the effects of co-exposures, outcomes at other life stages, and
verify the molecular actions of this emerging contaminant.
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