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Abstract
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental contaminants often
present in aquatic systems as complex mixtures. Embryonic fish are sensitive to the developmental
toxicity of some PAHs, but the exact mechanisms involved in this toxicity are still unknown. This
study explored the role of the aryl hydrocarbon receptor (AHR) in the oxidative stress response of
zebrafish to the embryotoxicity of select PAHs. Embryos were exposed to two PAHs,
benzo[k]fluoranthene (BkF; a strong AHR agonist) and fluoranthene (FL; a cytochrome P4501A
(CYP1A) inhibitor), alone and in combination. CYP1A, CYP1B1, CYP1C1, and redox-responsive
genes glutathione s-transferase pi 2 (GSTp2), glutathione peroxidase 1 (GPx1), the glutamate-
cysteine ligase catalytic subunit (GCLc), MnSOD and CuZnSOD mRNA expression was
examined. CYP1 activity was measured via an in vivo ethoxyresorufin-O-deethlyase (EROD)
activity assay, and the area of the pericardium was measured as an index of cardiotoxicity. BkF or
FL alone caused no deformities whereas BkF + FL resulted in extreme pericardial effusion. BkF
induced CYP activity above controls and co-exposure with FL inhibited this activity. BkF induced
expression of all three CYPs, GSTp2, and GCLc. BkF + FL caused greater than additive induction
of the three CYPs, GSTp2, GPx1, and GCLc but had no effect on MnSOD or CuZnSOD. AHR2
knockdown protected against the cardiac deformities caused by BkF + FL and significantly
inhibited the induction of the CYPs, GSTp2, GPx1 and GCLc after BkF + FL compared to non-
injected controls. These results further show the protective role of AHR2 knockdown against
cardiotoxic PAHs and the role of AHR2 as a mediator of redox-responsive gene induction.
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Introduction
Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental contaminants that
are produced predominantly by anthropogenic activities via the incomplete combustion of
petroleum products and are also components of crude oil. PAH levels have been increasing
in the environment over the last two decades in association with increased urban sprawl and
increased use of automobiles (Lima et al., 2003; Van Metre and Mahler, 2005). PAHs also
enter into the environment during oil spills such as the Cosco Busan oil spill in the San
Francisco Bay in November 2007 and the more recent Deepwater Horizon oil spill in the
Gulf of Mexico in the spring and summer of 2010, and PAHs from oil spills may persist in
aquatic ecosystems for decades (Short et al., 2004; Diercks et al., 2010; Lemkau et al.,
2010). As PAHs have increased in aquatic ecosystems, their effects on fish have begun to
receive greater attention. Some PAHs, as well as coplanar polychlorinated biphenyls (PCBs)
and dioxins, elicit a range of developmental toxicities, including cardiac deformities, in
various fish species (Incardona et al., 2004; Wassenberg and Di Giulio, 2004; Scott and
Hodson, 2008). The developmental cardiac toxicity caused by some PAHs, coplanar PCBs,
and dioxins is mediated through the aryl hydrocarbon receptor (AHR) (Schmidt and
Bradfield, 1996). Upon ligand-activated binding by an AHR agonist, the AHR dissociates
from chaperone proteins in the cytoplasm and is translocated into the nucleus. Once in the
nucleus, the AHR dimerizes with the aryl hydrocarbon receptor nuclear translocator
(ARNT) and binds to xenobiotic response elements (XREs), causing the upregulation of
numerous phase I and II metabolic enzymes, including the cytochrome P450 1 (CYP1) gene
family, glutathione s-transferases (GSTs), and NADP(H):oxidoreductase (Nebert et al.,
2000; Denison and Nagy, 2003).

Zebrafish (Danio rerio) have three characterized AHRs (Tanguay et al., 1999; Karchner et
al., 2005), and knockdown of the AHR2 protects against the developmental toxicity of
2,3,7,8-tetrachlorodibenzodioxin (TCDD) (Teraoka et al., 2003), certain low molecular
weight PAHs (Incardona et al., 2006), and the model PAHs β-naphthoflavone (BNF) and α-
naphthoflavone (ANF) (Billiard et al., 2006). AHR2 knockdown has also been shown to
protect against the cardiac toxicity of BNF, 3,3′,4,4′,5-pentachlorobiphenyl (PCB-126), and
the PAH benzo[k]fluoranthene (BkF) in killifish, Fundulus heteroclitus (Clark et al., 2010).
While exposure of fish to certain individual AHR agonists can induce cardiac deformities,
co-exposure of an AHR agonist and a CYP inhibitor results in severe, synergistic toxicity
(Wassenberg and Di Giulio, 2004; Billiard et al., 2006). However, the exact molecular
mechanisms and cell signaling pathways responsible for PAH-induced developmental
toxicity in fish remain unclear.

One possible mechanism by which PAHs elicit toxicity is through the induction of oxidative
stress. The formation of reactive oxygen species (ROS) is essential for normal cell function;
however, ROS production in excess of levels that cellular enzymes are able to neutralize can
lead to oxidative stress and cellular damage (Di Giulio and Meyer, 2008). PAHs can lead to
the overproduction of ROS in multiple ways. PAHs may be enzymatically, auto- or photo-
metabolized into reactive o-quinone metabolites that produce ROS via redox cycling
(Penning et al., 1996; Li et al., 2003). Furthermore, PAH metabolites may also act to
increase uncoupling of the mitochondrial electron transport chain and uncoupling of CYP
redox reactions (Winston and Di Giulio, 1991; Livingstone, 2001).

Various studies indicate that the toxicity caused by some PAHs, coplanar PCBs, and dioxins
may involve oxidative stress. TCDD has been shown to induce H2O2 production in mice
mitochondria, an effect that was dependent upon TCDD binding to the AHR (Senft et al.,
2002). In scup (Stenotomus chrysops), PCB-126 has been shown to induce ROS production
in liver microsomes and cause increased levels of catalase, glutathione peroxidase,
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glutathione reductase, and superoxide dismutase activities in the liver (Schlezinger and
Stegeman, 2001). In addition, killifish from a creosote-contaminated Superfund site have
been shown to have elevated hepatic total glutathione levels (Bacanskas et al., 2004), and
their F1 progeny were resistant to the acute toxicity of the model pro-oxidant tert-butyl
hydroperoxide (Meyer et al., 2003). The F1 progeny also exhibited higher manganese
superoxide dismutase (MnSOD) protein levels, glutathione concentrations, and total oxy-
radical scavenging capacity as compared to reference site F1 fish. Furthermore, BNF + ANF
co-exposure in zebrafish has been shown to cause an upregulation of various redox-
responsive genes (Timme-Laragy et al., 2009).

In this study, we examined the cardiac deformities and phase I and redox-responsive gene
expression changes caused by two environmentally relevant PAHs, BkF and fluoranthene
(FL), individually and in combination. BkF is a strong AHR agonist (Billiard et al., 2002),
and FL is a CYP1 enzyme inhibitor (Willett et al., 2001). We then examined the affect of
AHR2 knockdown on cardiac deformities and gene expression induced by PAH exposure.

Materials and Methods
Fish Care

Adult Ekkwill zebrafish (Danio rerio; Ekkwill Waterlife Resources, Ruskin, FL, USA) were
maintained at 28°C in a recirculating AHAB system (Aquatic Habitats, Apopka, FL, USA)
under a 14:10 h light:dark cycle. Adults were fed brine shrimp and a mix of Ziegler’s Adult
Zebrafish Complete Diet (Aquatic Habitats) and Cyclop-eeze (Argent Chemical
Laboratories, WA, USA). Embryos were collected after natural spawning of adult zebrafish
and were maintained in 30% Danieau (Nasevicius and Ekker, 2000) under the same
temperature and photoperiod as adults. Adult care and reproductive techniques were non-
invasive and approved by the Duke University Institutional Animal Care & Use Committee
(A279–08–10).

Chemicals and Exposure
Benzo[k]fluoranthene (BkF) and fluoranthene (FL) standards were purchased from
AccuStandard (Hamden, CT, USA). Dimethyl sulfoxide (DMSO), 7-ethoxyresorufin (7-
ER), and tricaine methanesulfonate (MS-222) were purchased from Sigma-Aldrich (St.
Louis, MO). BkF, FL, and 7-ER were dissolved in DMSO, protected from light, and kept at
−20°C until use.

At 24 hours post fertilization (hpf), embryos exhibiting normal development were dosed in
7.5 mL 30% Danieau in 20-mL glass scintillation vials, with five embryos per vial and three
vials per treatment. Embryos were dosed with DMSO, 50 μg/L BkF, μ150 g/L FL, or a co-
exposure of 50 μg/L BkF + μ150 g/L FL. Final DMSO concentration was < 0.03%. For
experiments examining CYP1 activity via the 7-ethoxyresorufin-O-deethylase (EROD)
assay, 7-ER was added at a final concentration of 21 g/L at the time of PAH dosing.
Deformity assessment and EROD assay were performed at 96 hpf. For gene expression
experiments, six vials per treatment with five embryos per vial were dosed with either
DMSO, BkF, FL, or BkF + FL at 24 hpf. At 48 hpf, embryos were dechorionated, pooled in
groups of 10 (two vials), and fixed in RNAlater® (Applied Biosystems, Foster City, CA,
USA). Samples were stored at −80°C until RNA extraction.

Morpholino Injection
A previously designed morpholino (Teraoka et al., 2003) shown to block the translation of
zebrafish aryl hydrocarbon receptor 2 (AHR2-mo) was purchased from Gene Tools, LLC
(Philomath, OR, USA). The sequence of the AHR2-mo is 5′-
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TGTACCGATACCCGCCGACATGGTT-3′. Gene Tools’ standard control morpholino (5′-
CCTCTTACCTCAGTTACAATTTATA-3′) was used as a morpholino injection control.
The morpholinos were fluorescein-tagged at the 3′ end to monitor injection success and were
diluted to 100 μM working stocks in 30% Danieau.

The morpholinos (approximately 3 nL) were injected by hand into the yolk of zebrafish
embryos at the 1–4 cell stage using a microinjection system consisting of a Nikon
SMZ-1500 zoom stereomicroscope (Nikon Instruments Inc., Lewisville, TX, USA) and an
MDI PM 1000 Cell Microinjector (MicroData Instrument Inc., S. Plainfield, NJ, USA).
Embryos exhibiting normal development and strong, uniform incorporation of the
morpholinos were used for experiments.

Deformity Assessment
At 96 hpf, hatched zebrafish embryos were screened for cardiac deformities via
measurement of pericardial effusion (Billiard et al., 2006). Fish were rinsed with 30%
Danieau and anesthetized with MS-222. Fish were then placed in a left lateral orientation in
3% methylcellulose on depression slides and were imaged under 50x magnification (Zeiss
Axioskop, Thornwood, NY, USA). The two-dimensional image of the pericardial area was
manually traced and then quantified using IPLab software (Scanalytics Inc., Fairfax, VA,
USA). Deformity values are expressed as a percentage of the two-dimensional pericardial
area of non-injected (NI) control embryos.

In vivo EROD assay
At the same time as deformity assessment (96 hpf), CYP1 activity was measured via a
modified in vivo EROD assay (Nacci et al., 1998; Billiard et al., 2006; Matson et al., 2008b).
The CYP1 enzymes metabolize 7-ER into a fluorescent product, resorufin, which
accumulates in the gastrointestinal tract in zebrafish (Billiard et al., 2006). Fluorescence was
measured under 50× magnification using a rhodamine red filter set (Zeiss Axioskop) and
quantified by IPLab software (Scanalytics Inc.). EROD values are expressed as a percentage
of the mean fluorescence of NI control embryos.

RNA Extraction and Reverse Transcription
Samples were homogenized with a sterile hand-held homogenizer for 30 s, and RNA was
extracted according to the RNA-Bee protocol (Tel-Test Inc., Friendswood, TX, USA). RNA
quantity was analyzed spectrophotometrically using a NanoDrop ND-100 (NanoDrop
Technologies, Wilmington, DE, USA). cDNA was synthesized using the Omniscript
Reverse Transcriptase kit (Qiagen, Inc., Valencia, CA, USA) according to the
manufacturer’s instructions with 500 ng RNA, random hexamers, and RNaseOut
(Invitrogen, Carlsbad, CA, USA). The reverse transcription reaction was performed in a
thermocycler for 1 hour at 37°C, and the resulting cDNA was diluted to a concentration of 2
ng/μL.

QPCR
The expression of the following genes was examined: CYP1A, CYP1B1, CYP1C1, pi class
of glutathione s-transferase (GSTp2), the catalytic subunit of glutamate cysteine ligase
(GCLc), glutathione peroxidase 1 (GPx1), manganese superoxide dismutase (MnSOD), and
copper zinc superoxide dismutase (CuZnSOD). β-actin was used as a housekeeping gene.
CYP1A, CYP1B1, and CYP1C1 primers were published previously (Timme-Laragy et al.,
2007). GPx1, MnSOD, and CuZnSOD primers were also published previously (Malek et al.,
2004). Primers for GCLc and GSTp2 were designed using PrimerQuest software (Integrated
DNA Technologies, Inc., www.idtdna.com). β-actin primers were supplied by Kyle Erwin;
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the forward primer was published previously (Grimes et al., 2008) and the reverse was
designed using PrimerQuest software. Primer sequences are listed in Table 1.

Each 25 μL QPCR reaction consisted of 12.5 μL SYBR Green PCR Master Mix (Applied
Biosystems), 9.5 μL dH2O, 200 nM forward and reverse primer, and 2 μL cDNA template.
The reaction was carried out using an Applied Biosystems 7300 Real-Time PCR System
with the following thermal profile: 10 min at 95°C and 40 replicates of 15 s at 95°C, 1 min
at 60°C. A dissociation curve was calculated for each sample at the end of each profile. All
samples were run in duplicate and technical replicates were averaged prior to analysis.

The ABI PRISM 7300 Sequence Detection System Software, Version 1.1 (Applied
Biosystems) was used to carry out data analysis. The average mRNA fold induction of each
target gene was calculated by comparing the CT (threshold cycle) of the target gene to that
of β-actin according to Livak and Schmittgen (2001).β-actin expression remained constant
across treatments. Each experiment consisted of three biological replicates (10 pooled
embryos) per treatment and each experiment was replicated at least three times for a final n
= 9–12.

Statistical Analysis
Statistical analyses were performed using JMP 8.1.1 (SAS Institute Inc., Cary, NC, USA).
For deformity and EROD analysis of non-injected (NI) experiments, data were analyzed via
one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. For morpholino
experiments, the data were analyzed via two-way ANOVA to determine an overall effect of
the morpholino injection and dose followed by least square means (LSMeans) procedures.
Tukey’s post-hoc test was used to determine differences between groups. All experiments
were replicated at least three times with at least three samples per treatment per experiment,
and no differences between experimental replicates were observed for any test. Data are
represented as mean ± standard error of the mean (SEM). Values were considered
significantly different at p ≤0.05.

Results
Deformities and EROD activity

Individually, 50 μg/L BkF and 150 μg/L FL did not cause cardiac deformities in zebrafish
embryos; embryos exposed to BkF had an average pericardial area of 97±2% and those
exposed to FL had an average pericardial area of 105±2% of control pericardial area (Fig.
1). However, exposure to BkF + FL caused significant pericardial effusion (226±11%; p <
0.0001) compared to DMSO controls.

Exposure to FL decreased EROD activity to below control levels but the difference was not
significant (67±9%; p = 0.0940) (Fig. 1). BkF exposure caused a large and significant
induction of EROD response (635±15%; p < 0.0001) compared to controls. Exposure to FL
with BkF inhibited the increase in EROD activity caused by BkF alone; the EROD activity
of the co-exposure was slightly greater than controls (139±10%; p = 0.0366).

Gene expression
As expected, the three examined CYPs (CYP1A, 1B1, and 1C1) were significantly
upregulated by exposure to BkF (Fig. 2). CYP1A mRNA expression was induced
115.2±10.9-fold above control levels, CYP1B1 9.9±0.8-fold, and CYP1C1 15.1±2.6-fold (p
< 0.0001, p < 0.004, and p < 0.0001, respectively). FL exposure did not significantly alter
CYP1 expression compared to control levels (CYP1A–3.4±0.8-fold; CYP1B1 - 1.5±0.3-fold;
and CYP1C1 - 0.8±0.1-fold, all p > 0.05). Exposure to BkF + FL caused a significant (p <
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0.0001) and greater than additive induction of CYP1A, CYP1B1, and CYP1C1 of
281.7±29.0-fold, 23.1±3.1-fold, and 65.1±12.1-fold, respectively (Fig. 2).

Exposure to BkF alone also caused significant induction of certain redox-responsive genes.
The greatest induction was observed for GSTp2, which was induced 3.1±0.7-fold (p = 0.037)
(Fig. 3). BkF exposure also significantly upregulated GCLc expression (1.9±0.3-fold, p =
0.030). FL did not induce mRNA expression of GSTp2, GPx1, or GCLc. Co-exposure to
BkF + FL caused a significant and greater than additive upregulation of GSTp2 (11.0±0.9-
fold; p < 0.0001) and GPx1 (3.3±0.2-fold; p < 0.0001). The co-exposure also caused a
significant 2.0±0.1-fold induction of GCLc, but this induction was not different than that
caused by BkF alone (p < 0.005 vs. control, p = 0.9372 vs. BkF). None of the treatments
caused a significant change in MnSOD or CuZnSOD expression (data not shown).

Effect of AHR2 knockdown on deformities and EROD activity
AHR2 knockdown via morpholino injection did not alter the average pericardial area of
controls, BkF-exposed, or FL-exposed embryos compared to NI controls (Fig. 4). However,
AHR2 knockdown in fish co-exposed to BkF + FL resulted in a mean pericardial effusion of
116±5%; this effusion was significantly (p < 0.0001) less than the extreme pericardial
effusion of NI BkF + FL-exposed fish and not statistically different than NI DMSO fish.
Injection of the control morpholino did not cause any differences in deformities, EROD, or
gene expression as compared to controls (data not shown).

AHR2 knockdown caused reduced EROD activity compared to NI fish. In fish exposed to
BkF, AHR2 knockdown did not completely prevent EROD activity; the fish still had a
significant induction of EROD activity (367±19% of NI control activity; p < 0.0001), but the
induction was significantly less than the NI fish exposed to BkF (p < 0.0001 vs. NI BkF
activity) (Fig. 4). Fish injected with AHR2-mo and co-exposed to BkF + FL had an average
EROD activity of 107±4%, which was not statistically different than NI controls or NI fish
co-exposed to BkF + FL.

Effect of AHR2 knockdown on gene expression
AHR2 knockdown reduced the mRNA expression of the three examined CYPs. CYP1A
expression in AHR2-mo embryos following exposure to BkF was not different than NI
control levels (p = 0.9795) and was significantly less than the induction in NI embryos
exposed to BkF (p < 0.0001 vs. NI BkF) (Fig. 5). After exposure to BkF + FL, CYP1A
expression in AHR2-mo embryos was still significantly higher (83.7±10.4-fold) than NI
controls (p < 0.0002) but was significantly less than the expression in NI embryos exposed
to BkF + FL (p < 0.0001 vs. NI BkF + FL). AHR2 knockdown prevented the upregulation of
CYP1B1 after exposure to BkF individually (2.3±0.3-fold) and BkF + FL (4.8±0.5-fold) that
occurred in NI embryos. These small inductions were significantly reduced compared to NI
embryos of the same treatment (p = 0.0026 vs. NI BkF and p < 0.0001 vs. NI BkF + FL,
respectively) and were not significantly different than NI control levels. Expression of
CYP1C1 in AHR2-mo embryos following BkF exposure (11.4±1.1-fold ) was not induced
above NI control levels and was not different than induction in NI embryos exposed to BkF
(p = 0.9137 vs. NI control and p = 0.9996 vs. NI BkF). After exposure of AHR2-mo
embryos to BkF + FL, CYP1C1 expression (34.4±6.0-fold) was significantly less than
expression in NI embryos (p = 0.0016 vs. NI BkF + FL) but was still significantly greater
than control levels (p = 0.0006). FL exposure did not significantly alter CYP1A, 1B1, or 1C1
expression in AHR2-mo embryos.

AHR2 knockdown also altered the expression of several redox-responsive genes. The
significant induction of GSTp2 that occurred in NI embryos after BkF exposure was
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prevented by AHR2 knockdown (1.0±0.2-fold) (Fig. 6). AHR2 knockdown also prevented
the upregulation of GSTp2 in embryos exposed to BkF + FL (2.7±0.3-fold). The
upregulation of GCLc that occurred after BkF exposure in NI embryos was prevented by
AHR2 knockdown (0.8±0.2-fold). In embryos exposed to BkF + FL, AHR2 knockdown also
prevented upregulation of GCLc (1.0±0.1-fold) and GPx1 (1.2±0.2-fold). As in NI embryos,
AHR2 knockdown did not alter MnSOD or CuZnSOD expression (data not shown).

Discussion
Co-exposure to the strong AHR agonist BkF and the CYP1 inhibitor FL resulted in severe
pericardial effusion in zebrafish. This pericardial effusion was accompanied by increased
expression in phase I and redox-responsive genes. Some PAHs, including benzo[a]pyrene
(BaP) and BNF, are considered bifunctional inducers. They induce phase I metabolism via
ligand binding to the AHR, which binds to and upregulates genes containing XREs, most
notably, CYPs. They can also upregulate genes following their metabolism into electrophilic
metabolites, which can induce phase II and redox-responsive genes containing antioxidant
response elements (AREs) (Prochaska et al., 1985; Rushmore et al., 1991). It has been
shown that gene signaling through AREs is regulated by the transcription factor NF-E2 p45–
related factor 2 (Nrf2) (Itoh et al., 1997). It was initially thought that these two mechanisms
of induction, AHR-XRE-mediated and Nrf2-ARE-mediated, occurred independently of one
another. However, there is evidence for crosstalk between the AHR pathway and Nrf2-
mediated oxidative stress pathways: the mouse Nrf2 contains three XREs in its promoter
region, and in mouse embryonic fibroblasts, Nrf2 has been shown to bind to a functional
ARE in the proximal promoter of the AHR (Miao et al., 2005; Shin et al., 2007). In
accordance with AHR binding and phase I metabolic induction, BkF + FL-induced cardiac
deformities were indeed preceded by large increases in CYP1A, 1B1, and 1C1 mRNA
expression in the present study. Greater than additive induction of these CYPs has also been
shown after co-exposure to BNF + ANF; however, ANF alone significantly induces CYP1
expression (Timme-Laragy et al., 2007). The greater than additive induction of the CYPs
caused by BkF + FL is unique in that FL by itself does not induce expression of CYP1A,
1B1, or 1C1.

In further support of PAHs as bifunctional inducers, the deformities caused by BkF + FL co-
exposure were also preceded by upregulation of GSTp2, GCLc, and GPx1. The greatest
induction occurred in GSTp2 expression. GSTp was also the most highly induced after BNF
+ ANF co-exposure (Timme-Laragy et al., 2009) and BaP + FL co-exposure (unpublished
data). GSTs participate in phase II metabolism, exhibit glutathione peroxidase activities via
catalyzing the reduction of organic hydroperoxides into alcohols, and are induced in
response to pro-oxidants in a variety of organisms (reviewed in Hayes and Pulford, 1995;
Hayes et al., 2005). The pi class GSTs are particularly efficient in conjugating PAH
metabolites to glutathione (Robertson et al., 1986). It is not currently known whether
zebrafish GSTp2 contains XREs or AREs in its promoter region. However, ARE-like
sequences are present in the single human and rat GSTp, both known as GSTp1, and mouse
GSTp1 (Ikeda et al., 2002; 2004). XREs have also been found in other mammalian GST
isoforms (Pimental et al., 1993). Moreover, Suzuki et al. (2005) found that zebrafish GSTp1,
which shares 90.4% identity of the coding region sequence with GSTp2, contains a proximal
ARE-like sequence 50 bp upstream of the transcription initiation and that Nrf2 activates
GSTp1 gene expression through this element in zebrafish embryos. GCLc, which catalyzes
the rate-limiting step of glutathione synthesis, and GPx1, which reduces hydrogen peroxide
into water and detoxifies lipid peroxides, were also upregulated by BkF alone and BkF + FL
co-exposure. As with GSTp2, the presence of XREs and AREs in these two genes in piscine
species is not yet known. Previous studies have shown that GCLc induction by BNF occurs
via a distal ARE sequence in human HepG2 cells (Mulcahy et al., 1997; Wild et al., 1998),
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and human intestinal GPx2 and plasma GPx3 contain an ARE in their promoter regions
(Bierl et al., 2004; Banning et al., 2005). Because antioxidant defense systems are highly
conserved across species, it is plausible that zebrafish redox-responsive genes contain ARE-
like sequences and potentially XREs.

Various studies have examined changes in GST and GPx in response to different PAHs in
aquatic organisms. However, most studies have examined protein activity and not mRNA
expression response and have focused on exposures to a single PAH. In the common goby,
Pomatoschistus microps, Vieira et al. (2008) found that GPx activity was induced in
response to low doses of BaP (4, 8, and 16 μg/L) and anthracene (4 μg/L), a three-ring PAH.
However, GST activity was induced after BaP exposure yet inhibited after anthracene
exposure. This difference could be due to the two compounds different affinities for the
AHR; BaP is a strong agonist while anthracene is a very weak agonist (Barron et al., 2004).
In the same study, exposure to a fuel-oil mixture induced GST activity almost two times
higher than the induction caused by BaP. However, because the PAH congeners in the
mixture were not examined individually, it is not clear if the PAHs exhibited an additive or
synergistic effect on GST activity. Greater than additive induction of GSTp2 was caused by
the simple BkF + FL mixture in the present study. Environmentally relevant concentrations
of the three-ring PAH phenanthrene were shown to have different effects on GPx activity in
different tissues of golden grey mullet (Liza aurata): GPx was inhibited in the gill,
unaffected in the kidney, and increased in the liver in a dose-dependent manner (Oliveira et
al., 2008), showing that antioxidant defenses within the same organism are variable. In
another study, GPx mRNA expression was induced in the liver of adult polar cod,
Boreogadus saida, two days after i.p. injection of 6.6, 85, and 378 μg/kg wwt BaP, while
GSTp expression was not induced until four days after injection and only after the low and
high dose (Nahrgang et al., 2009). The results of these two studies highlight the fine balance
in oxidative stress responses. An increase in redox-responsive genes and protein may
indicate that an organism will be able to mount a response to a toxicant and overcome its
toxicity. However, an organism’s redox-responsive enzymes may become overwhelmed and
lead to oxidative stress.

Very few studies have examined GCLc response to PAHs in aquatic species. GCLc mRNA
expression was upregulated 1.7-fold in the liver of juvenile largemouth bass (Micropterus
salmoides) 48 h after i.p. injection of 66 mg/kg BNF (Hughes and Gallagher, 2004), a
response that was concomitant with a 9-fold increase in microsomal CYP activity. In a
mammalian study, GST-mu and GPx2 were upregulated 20- and 5-fold, respectively, in rat
preneoplastic lesions following BNF exposure (Dewa et al., 2008). This same study showed
that BNF also increased microsomal ROS production and lipid peroxidation. In another
mammalian study, 1,6 BaP-quinone (BPQ) and 1,3-BPQ induced GCLc expression in
MCF-10A human mammary epithelial cells, and it was determined that the gene contained
an XRE in its promoter region (Burchiel et al., 2007).

MnSOD and CuZnSOD were not upregulated by BkF or FL individually or by BkF + FL co-
exposure in zebrafish embryos in our study. Once again, knowledge of XREs or AREs in
fish MnSOD and CuZnSOD is lacking. Human CuZnSOD contains a functional XRE in the
5′ flanking region that can bind and be induced by TCDD (Cho et al., 2001), and an ARE
sequence has been identified in the 5′ flanking region of mouse MnSOD (Jones et al., 1995).
Though MnSOD and CuZnSOD gene expression were not affected by BkF or FL, other
studies have shown that PAHs can induce SOD expression and activity. SOD activity
increased significantly after a four-day exposure of gilthead seabream (Sparus aurata) to
1.20 μM fluorene but not after exposure to lower doses (Kopecka-Pilarczyk and Correia,
2009). By comparison, the concentrations of BkF and FL used in this study, 0.20 μM and
0.74 μM, respectively, were significantly lower than the dose at which increased SOD
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activity was observed. In the liver of polar cod exposed to 85 μg/kg BaP, CuZnSOD mRNA
expression was upregulated 15-fold, while MnSOD was also induced but to a much lesser
extent, approximately 1.5-fold (Nahrgang et al., 2009). Vieira et al. (2008) found that SOD
activity was induced in the common goby after BaP and anthracene exposure. Our
laboratory also previously found that MnSOD and CuZnSOD expression were each
upregulated approximately three-fold above control levels at 24 h after exposure to BNF +
ANF, but not 72 h after exposure in zebrafish (Timme-Laragy et al., 2009), which is further
evidence that in addition to variability in response amongst different tissues, antioxidant
responses are also variable in time.

AHR2 knockdown protected embryos from the cardiac deformities induced by BkF + FL.
AHR2 knockdown also decreased expression of CYP1A, 1B1, and 1C1 compared to NI
embryos after BkF + FL exposure. CYP1B1 expression was reduced to control levels in
AHR2-mo embryos exposed to BkF and BkF + FL, while CYP1A and 1C1 were reduced
compared to NI BkF + FL levels but were still significantly greater than control levels. The
inability of the AHR2 morpholino to completely prevent CYP1A and 1C1 expression may be
due to the fact that the morpholino only provides a knockdown, not knockout, of AHR2, and
thus, AHR2 ligand binding and signaling events may still occur (Eisen and Smith, 2008;
Matson et al., 2008a). Furthermore, the CYPs may be partly controlled via AHR-
independent pathways. For example, CYP1A1 and CYP1B1 have been shown to be
inducible by PAHs in various tissues of AHR null knockout mice (Kerzee and Ramos, 2001;
Nakatsuru et al., 2004). Another explanation may be that zebrafish have two other identified
AHR isoforms, AHR1A and AHR1B, and CYP1A and 1C1 may be at least partially
controlled by one or both of these isoforms. AHR1A is present predominantly in the liver of
adult zebrafish and was initially thought to be nonfunctional, as it does not bind TCDD in
tissue culture (Andreasen et al., 2002). However, Incardona et al. (2006) showed that
embryos injected with AHR1A-mo were protected from the abnormal liver development and
pericardial effusion caused by high doses of the four-ringed PAH pyrene. AHR1B was
shown to be expressed as early as 24 hpf in zebrafish development and at higher levels than
AHR1A. It was shown in vitro to have high affinity binding of TCDD but was not inducible
by TCDD (Karchner et al., 2005). The role of zebrafish AHR1A and AHR1B in the toxicity
of high molecular weight PAHs, including BkF and mixtures, has not yet been examined.

AHR2 knockdown, which protected against BkF + FL-induced deformities and caused a
reduction of CYP1 mRNA expression compared to NI embryos, also prevented the
upregulation of GSTp2, GPx1, and GCLc that occurred in NI embryos in response to the
BkF + FL co-exposure. The absence of redox-responsive gene expression after BkF + FL
co-exposure in AHR2-mo embryos may be due to the lack of metabolism of PAHs in these
embryos. When AHR2 is knocked down, there is less receptor present to which the PAHs
can bind. This reduction of ligand binding prevents CYP activity, thereby preventing phase I
metabolism and the potential formation of redox-cycling quinone metabolites and
uncoupling of the electron transport chain and CYP reactions. Furthermore, oxidative stress
responses may be a secondary result of the AHR2-mediated developmental toxicity caused
by PAHs. Thus, preventing overall PAH toxicity via AHR2 knockdown may prevent
oxidative stress. The lack of redox-responsive gene induction in PAH-exposed fish after
AHR knockdown provides further evidence of that AHR-XRE-mediated pathways and
Nrf2-ARE-mediated pathways are not completely independent of one another.

Various experiments have shown that knockdown or knockout of Nrf2 exacerbates the
toxicity of PAHs and ROS (e.g., Zhu et al., 2005; Timme-Laragy et al., 2009). However,
few studies have looked at the effects of AHR knockdown or knockout on oxidative stress
parameters and none that we know of have done so in fish. siRNA experiments that
eliminated the AHR in human esophageal epithelial cells showed that elimination of the
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AHR prevented the upregulation of various UDP-glucuronosyltransferases (UGTs), another
class of detoxifying enzymes that contain both XREs and AREs, by TCDD (Kalthoff et al.,
2010). Furthermore, in wild-type Hepa 1c1c7 cells, BNF and BaP increased H2O2
production and lipid peroxidation, but this increase did not occur in cells lacking the AHR,
indicating that the AHR is necessary for production of oxidative stress in these cells
(Elbekai et al., 2004). In mouse aortic endothelial cells overexpressing CuZnSOD and/or
catalase, knockdown of the AHR via siRNA prevented the BaP-induced increase in GSTp1
mRNA expression and GST activity that occurred in cells treated with control siRNA (Wang
et al., 2009). These studies provide evidence that the absence of the AHR in cell culture
prevents an oxidative stress response consistent with our results with zebrafish.

In summary, co-exposure of zebrafish embryos to two environmentally relevant PAHs, BkF
and FL, resulted in pericardial effusion and upregulation of CYP1A, 1B1, 1C1, and the
redox-responsive genes GSTp2, GPx1, and GCLc. The co-exposure did not affect the
expression of two other redox-responsive genes, MnSOD and CuZnSOD. AHR2 knockdown
prevented the cardiac toxicity and upregulation of the various CYPs and redox-responsive
genes caused by BkF + FL co-exposure. AHR2 mediates the cardiac toxicity of some PAHs
in zebrafish and appears to be involved in the oxidative stress response of zebrafish to
PAHs. Additional studies are required to clarify the role of the AHR in the oxidative stress
response of zebrafish to the embryotoxicity of select PAHs.
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Research Highlights

• Co-exposure of the PAHs BkF and FL causes cardiotoxicity in zebrafish.

• BkF and FL co-exposure upregulates certain XRE- and ARE-associated genes.

• AHR2 knockdown prevents the deformities caused by BkF and FL co-exposure.

• AHR2 knockdown prevents upregulation of certain XRE- and ARE-associated
genes.
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Figure 1.
Effect of PAHs on deformities and EROD induction. Embryos were dosed at 24 hpf and
scored at 96 hpf. Deformities are represented by bars, and scale is along the left y-axis;
values are expressed as percent control (DMSO) pericardial effusion ± SEM (n = 12 per
treatment; each n represents the average of five embryos). EROD values are represented by
lines, and scale is along the right y-axis; values are expressed as percent DMSO EROD ±
SEM (n = 9 per treatment). For EROD comparisons, groups not sharing a common letter are
significantly different (p ≤0.05; ANOVA, Tukey adjusted LSMeans). For deformity
comparisons, an asterisk (*) represents a significant difference from control (p ≤0.05;
ANOVA, Tukey adjusted LSMeans).
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Figure 2.
Effect of PAHs on CYP1 mRNA expression. Embryos were dosed at 24 hpf, and expression
was measured at 48 hpf. (a) CYP1A; (b) CYP1B1; (c) CYP1C1. Expression is shown as fold
induction compared to DMSO controls. n = 9–12 per treatment; each n represents 10 pooled
embryos. Groups not sharing a common letter are significantly different (p ≤0.05; ANOVA,
Tukey adjusted LSMeans).
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Figure 3.
Effect of PAHs on redox-responsive gene expression. Embryos were dosed at 24 hpf, and
expression was measured at 48 hpf. (a) GSTp2; (b) GPx1; (c) GCLc. Expression is shown as
fold induction compared to DMSO controls. n = 9–12 per treatment; each n represents 10
pooled embryos. Groups not sharing a common letter are significantly different (p ≤0.05;
ANOVA, Tukey adjusted LSMeans).
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Figure 4.
Effect of PAHs on deformities and EROD induction in non-injected (NI) and AHR2-
morpholino-injected (AHR2-mo) embryos. Embryos were dosed at 24 hpf and scored at 96
hpf. Deformities are represented by bars, and scale is along the left y-axis; values are
expressed as percent NI control (DMSO) pericardial effusion ± SEM (n = 12 per treatment;
each n represents average of five embryos). EROD values are represented by lines and scale
is along the right y-axis; values are expressed as percent NI control EROD ± SEM (n = 9 per
treatment). For EROD comparisons, groups not sharing a common letter are significantly
different (p ≤0.05; ANOVA, Tukey adjusted LSMeans). For deformity comparisons, an
asterisk (*) represents a significant difference from control (p ≤0.05; ANOVA, Tukey
adjusted LSMeans).
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Figure 5.
Effect of PAHs on CYP1 mRNA expression in non-injected (NI) and AHR2-morpholino-
injected (AHR2-mo) embryos. Embryos were dosed at 24 hpf, and expression was measured
at 48 hpf. (a) CYP1A; (b) CYP1B1; (c) CYP1C1. Expression is shown as fold induction
compared to NI DMSO controls. n = 9–12 per treatment; each n represents 10 pooled
embryos. Groups not sharing a common letter are significantly different (p ≤0.05; ANOVA,
Tukey adjusted LSMeans).
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Figure 6.
Effect of PAHs on redox-responsive gene expression in non-injected (NI) and AHR2-
morpholino-injected (AHR2-mo) embryos. Embryos were dosed at 24 hpf, and expression
was measured at 48 hpf. (a) GSTp2; (b) GPx1; (c) GCLc. Expression is shown as fold
induction compared to NI DMSO controls. n = 9–12 per treatment; each n represents 10
pooled embryos. Groups not sharing a common letter are significantly different (p ≤0.05;
ANOVA, Tukey adjusted LSMeans).
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Table 1

Primers and GenBank Accession Numbers for QRT-PCR
Real-time QPCR primers.

Gene GenBank ID Forward primer (5′-3′) Reverse primer (5′-3′)

β–actin AF057040 AAGATCAAGATCATTGCTCC CCAGACTCATCGTACTCCT

CYP1A NM_131879 AGGACAACATCAGACACATCACCG GATAGACAACCGCCCAGGACAGAG

CYP1B1 NM_001013267 CCACCCGAACTCTGAAACTC AAACACACCATCAGCGACAG

CYP1C1 NM_001020610 TGGAGGCTGAGTTTGGACTGAAGA GAGGAAGAAGAGGATGACGAAGGATG

GSTp2 AB194128 TCTGGACTCTTTCCCGTCTCTCAA ATTCACTGTTTGCCGTTGCCGT

GCLc NM_199277 AAGTGGATGAGGGAGTTTGTTGCC CTTGTGGAGCAGGTCGTAGTTGAT

GPx1 AW232474 AGATGTCATTCCTGCACACG AAGGAGAAGCTTCCTCAGCC

MnSOD AW07696 CTAGCCCGCTGACATTACATC TTGCCCACATAGAAATGCAC

CuZnSOD Y12236 CGCATGTTCCCAGACATCTA GAGCGGAAGATTGAGGATTG
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