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Oxygenated polycyclic aromatic hydrocarbons (OPAHs) are byproducts of combustion and photo-oxidation
of parent PAHs. OPAHs are widely present in the environment and pose an unknown hazard to human health.
The developing zebrafish was used to evaluate a structurally diverse set of 38 OPAHs for malformation induc-
tion, gene expression changes and mitochondrial function. Zebrafish embryos were exposed from 6 to 120 h
post fertilization (hpf) to a dilution series of 38 different OPAHs and evaluated for 22 developmental end-
points. AHR activation was determined via CYP1A immunohistochemistry. Phenanthrenequinone (9,10-PHEQ),
1,9-benz-10-anthrone (BEZO), xanthone (XAN), benz(a)anthracene-7,12-dione (7,12-B[a]AQ), and 9,10-anthra-
quinone (9,10-ANTQ) were evaluated for transcriptional responses at 48 hpf, prior to the onset of malformations.
qRT-PCR was conducted for a number of oxidative stress genes, including the glutathione transferase(gst), gluta-
thione peroxidase(gpx), and superoxide dismutase(sod) families. Bioenergetics was assayed to measure in vivo
oxidative stress and mitochondrial function in 26 hpf embryos exposed to OPAHs. Hierarchical clustering of the
structure-activity outcomes indicated that the most toxic of the OPAHs contained adjacent diones on 6-carbon
moieties or terminal, para-diones on multi-ring structures. 5-carbon moieties with adjacent diones were among
the least toxic OPAHs while the toxicity of multi-ring structures with more centralized para-diones varied consid-
erably. 9,10-PHEQ, BEZO, 7,12-B[a]AQ, and XAN exposures increased expression of several oxidative stress related
genes and decreased oxygen consumption rate (OCR), a measurement of mitochondrial respiration. Comprehen-
sive in vivo characterization of 38 structurally diverse OPAHs indicated differential AHR dependency and a prom-
inent role for oxidative stress in the toxicity mechanisms.

Published by Elsevier Inc.
1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous pollutants in
urban air, dust and in the soil of most industrial coal gassification, coal
burning, coke production and wood preservation sites (Howsam and
Jones, 1998). It iswidely recognized that PAHspose risks to humanhealth,
having been associated with increased risks of systemic inflammation
(Delfino et al., 2010), cardiopulmonary mortality (Lewtas, 2007; Lee et
al., 2011) and lung cancer mortality (Hoshuyama et al., 2006; Grant,
2009). The potential risks may be especially acute for the developing
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fetus and infant where PAH exposures have been linked to low birth
weight, intrauterine growth retardation, in-uteromortality and lower in-
telligence (Perera et al., 1998; Dejmek et al., 1999; Perera et al., 1999;
Dejmek et al., 2000; Perera et al., 2006; Perera et al., 2009; Wu et al.,
2010). Despite the more than two decades of intensive study devoted to
parent PAHs, they are only part of the hazard spectrum from PAH
contamination.

Oxygenated PAHs (OPAHs) are transformation products of PAHs,
toxic to humans and the environment and, until recently, a largely
neglected class of contaminants at PAH contaminated sites (Lundstedt
et al., 2007). OPAHs are ketone and quinone substituted PAHs deriving
from the same sources of incomplete combustion and showing relative-
ly high environmental mobility and persistence (Zielinska et al., 2004;
Lundstedt et al., 2007; Simoneit et al., 2007; Medeiros and Simoneit,
2008; Layshock et al., 2010; Shen et al., 2011a; Shen et al., 2011b). It
has been anticipated, though not yet clearly shown, that OPAH contam-
ination may actually increase at sites remediated by methods that
promote PAH degradation (Lundstedt et al., 2007) making them a po-
tentially greater health hazard than the parent contamination. OPAHs
are also secondarily produced through photo-oxidation reactions of
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PAHs with atmospheric oxidants, including ozone and nitrogen oxides
(Yu, 2002; Vione et al., 2004; Lundstedt et al., 2007; Wang et al., 2007).

OPAHs are found on diesel soot particles, wood smoke particles and
gasoline engine soot (Rogge et al., 1993; Rogge et al., 1997; Mazurek,
2002; Layshock et al., 2010; Ding et al., 2012) and show an overall
affinity for fine PM2.5 particle-association, raising their hazard potential
because of the proclivity of PM2.5 to travel deep into the lung (Shen et
al., 2011a). Diesel exhaust particles and associated PAH quinones and
other oxygenated derivatives are involved in the formation of reactive
oxygen species (ROS), which can result in inflammatory responses
and are suspected to be a major driver of pulmonary oxidative stress
and consequent cardiovascular disease in urban areas (Chung et al.,
2006; Nemmar et al., 2011; Channell et al., 2012).

Airborne OPAH concentrations have been highly correlated with
reactive oxygen species (ROS) formation, suggesting that oxidative stress
is one of the toxicity mechanisms for aerosol-induced human health
effects (Sklorz et al., 2007). PAHs and OPAHs in ambient particulate
matter samples increased oxygen free radical formation, as measured
by electron spin resonance, and some of these OPAHs were directly
involved in ROS generation (Sklorz et al., 2007). Oxidative stress was
a component of the developmental toxicity induced by the OPAHs
α- and β-naphthoflavone in zebrafish (Timme-Laragy et al., 2009).

Some PAHs have demonstrated carcinogenic potential (Okona-
Mensah et al., 2005) and contributed to the mutagenic activity of
ambient aerosols (Pedersen et al., 2004; Pedersen et al., 2005;
Avellaneda et al., 2011; Kim et al., 2011). The OPAH and nitro-PAH frac-
tions of air samples from Beijing, China were shown to be twice as mu-
tagenic as the parent PAH fraction, though no further specification of
the fractions was made (Wang et al., 2011). OPAH derivatives have
been reported as highly mutagenic compounds in vitro in a study of
human-cell mutagens in respirable airborne particles from the north-
eastern United States (Pedersen et al., 2004). Numerous in vitro and in
vivo toxic effects of PAH quinones have been described, but little is
known about the developmental effects of OPAH exposure. Inference
can be drawn from the known toxicology of napthoquinones, which
bind to biomacromolecules; and quinones whose alkylating and redox
cycling activities can create a variety of hazardous effects in vivo, in-
cluding generation of ROS, acute cytotoxicity, immunotoxicity and
carcinogenesis (Bolton et al., 2000). Characterization of these effects
and their developmental outcomes in vivo would be a critically im-
portant step toward addressing questions about OPAH hazard to
human health, especially in utero and infancy.

As a developmental model, the zebrafish is especially suited to the
rapid and relatively inexpensive screening of large numbers of
chemicals for developmental toxicity. Because zebrafish embryos de-
velop externally and remain transparent throughout much of organo-
genesis, adverse effects of chemical exposure on development of the
brain, notochord, heart, jaw, body segmentation and shape are easily
observed in the living animal under low magnification. With early
zebrafish development well-characterized and the annotated genome
sequence readily available, mechanisms of toxicity and the genes in-
volved can be elucidated.

Using the developing zebrafish platform, we undertook a system-
atic, concentration-response approach to hierarchically rank the tox-
icity of a library of commercially available OPAHs in their pure form.
Rank was based on the severity and incidence of a battery of 22 pri-
marily morphological endpoints. Some, but not all, PAHs induce tox-
icity in an AHR-dependent manner, and we sought to characterize
the activation of AHR by each OPAH with immunohistochemical anal-
ysis of the downstream target, CYP1A. Lastly, we examined the contri-
bution of oxidative stress to OPAH toxicity by quantifying the
expression of a battery of known redox affected genes, and by the di-
rect measurement of mitochondrial respiration rate in the intact ani-
mal. The body of data we present from 38 OPAH structures is the most
comprehensive in vivo characterization of the developmental toxicity
of an important class of environmental pollutants.
2. Methods

2.1. Fish care. Adult zebrafish were maintained with a water temper-
ature of 28° ± 1 °C on a recirculating system with a 14 h light:10 h
dark photoperiod at the Sinnhuber Aquatic Research Laboratory. All
experiments were conducted with wild type 5D strain (ahr2+) or
AHR2-null (ahr2hu3335) zebrafish (Goodale et al., 2012). Adult care
and reproductive techniques were conducted according to Institu-
tional Animal Care and Use Committee protocols at Oregon State Uni-
versity. All embryos used in exposures were collected following
group spawning of adult zebrafish as described previously (Reimers
et al., 2006).
2.2. Chemicals and developmental exposures. Analytical grade standards
were obtained from several vendors including: 12-hydroxybenzo(a)
pyrene, 10-hydroxybenzo(a)pyrene, and 9-hydroxybenzo(a)pyrene
from MRI Chemical Carcinogen Respository; 1,2-dihydroxyanthra-
quinone, 1-hydroxyanthraquinone, 2,6-dihydroxyanthraquinone, and
2-hydroxyanthraquinone from TCI (Tokyo Chemical Industry Co. LTD.);
4H-cyclopenta(def)phenanthrene-4-one, benzo(c)phenanthrene(1,4)
quinone, phenanthrene-1,4-quinone, and 6H-benzo(c-d)pyren-6-one
from Chiron; 9-fluorenone, 9,10-anthraquinone (9,10-ANTQ), and
1,9-benz-10-anthrone (BEZO) from Fluka (part of Sigma-Aldrich, St.
Louis, MO); 2-hydroxy-9-fluorenone and 1-hydroxy-9-fluorenone
from Acros Organics; 1,4-anthraquinone from Alfa Aesar; xanthone
(XAN), aceanthrenequinone, 1,3-dihydroxynaphthalene, chromone,
1,7-dihydroxynaphthalene, 1,6-dihydroxynaphthalene, 2,6-dihydroxy-
naphthalene, 5,12-naphthacenequinone, 2,3-dihydroxynaphthalene,
1,8-dihydroxyanthraquinone, benz(a)anthracene-7,12-dione (7,12-B
[a]AQ), perinaphthenone, 1,4-dihydroxyanthraquinone, 9,10-
phenanthrenequinone (9,10-PHEQ), 1,4-benzoquinone, 1,4-naphtho-
quinone, 1,5-dihydroxynaphthalene, benzo(a)fluorenone, 1,2-naph-
thoquinone, pyrene-4,5-dione, and acenaphthenequinone from Sigma
Aldrich. In total, thirty eight different oxygenated polycyclic aromatic
hydrocarbons (OPAHs) were obtained (Fig. S1) and dissolved in
DMSO to make 50, 10, 2, 0.4, and 0.08 mM stock solutions. For static
exposure to zebrafish, solutions were made at a 1:100 dilution in E2
embryo medium with a 1% DMSO final concentration. Embryos were
enzymatically dechorionated at 4 h post fertilization (hpf) (Mandrell
et al., 2012) and exposed to the OPAH from 6 to 120 hpf in duplicate
96 well plates. One embryo per well was placed into 100 μl of each
solution. Serial dilutions of 0.8, 4, 20, 100, and 500 μM or 1% DMSO
vehicle control were used for all 38 OPAHs. Zebrafish embryos were
evaluated for developmental progress, somite and notochord mal-
formations, and mortality at 24hpf and for total mortality and a suite
of morphological endpoints at 120 hpf. Following morphological
assessment, embryos were fixed overnight at 4 °C in 4% paraformalde-
hyde, rinsed in PBS and stored at 4 °C in PBS-NaAzide for IHC
analysis.

For RNA samples, dechorionated embryos were exposed from 6 to
48 hpf or 6–120 hpf to a single concentration of selected OPAHs: 1
or 2 μM phenanthrenequinone (9,10-PHEQ), 5 or 10 μM 1,9-benz-10-
anthrone (BEZO), 20 μM xanthone (XAN), 5 μM benz(a)anthracene-
7,12-dione (7,12-B[a]AQ) and 20 μM 9,10-anthraquinone (9,10-ANTQ).
Embryos were rinsed in fishwater and three samples of 24 embryos
each were collected on ice in snap-safe Eppendorf tubes with 0.5 mm
zirconiumoxide beads. 500 μl of RNAzolwas added and sampleswere ho-
mogenized with a Bullet Blender (Next Advance) for 3 min at speed 2,
and then placed at−80 °C until RNA isolation.

For the gene expression studies, total RNA was extracted via
RNAzol/isopropanol precipitation. RNA was quantified using a
SynergyMxmicroplate reader (Biotek) with the Gen5 Take3 module
to calculate 260/280 O.D. ratios. Superscript III First-Strand Synthesis
(Invitrogen) was performed with 5 μg of RNA and oligo(dT) primers
to reverse transcribe cDNA from total RNA.



268 A.L. Knecht et al. / Toxicology and Applied Pharmacology 271 (2013) 266–275
2.3. Antisense morpholino injections. A splice-blocking morpholino
designed against AHR1A (5′ CTTTTGAAGTGACTTTTGGCCCGCA 3′)
(Incardona et al., 2006) and a standard injection control morpholino
(5′ CCTCTTACCTCAGTTACAATTTATA 3′) were purchased from Gene
Tools (Philomath, OR). Morpholinos were dissolved in ultrapure
water, and wild type 5D embryos were injected at the 1–2 cell stage
with 2 nl of 1.5 mM morpholino, with 0.5% phenol red. Normally de-
veloping embryos with morpholino incorporation were exposed from
6 to 120 hpf to 20 μM XAN and fixed overnight in 4%paraformalde-
hyde for IHC.

2.4. Immunohistochemistry. Wild-type or AHR2-null embryos were
treated with OPAHs from 6 to 48 hpf or 6–120 hpf then fixed at the
end of exposures in 4% paraformaldehyde overnight at 4 °C. The prima-
ry mouse α fish CYP1A monoclonal antibody (BiosenseLaboratories)
and the secondary antibody Alexafluor 546 rabbit α mouse IgG
(H + L) (Molecular Probes, Eugene, OR) were used to assess CYP1A
protein localization. The CYP1A immunohistochemistry method was
described previously (Mathew et al., 2006). Briefly, fixed embryos
were permeabilized with 0.005% trypsin at 4° for 10 min, rinsed with
PBS + Tween 20 (PBST) and post-fixed in 4% paraformaldehyde for
10 min. Samples were blocked for 1 h in 10% normal goat serum and
incubated with primary antibody (1:500) in 1% normal goat
serum-PBS + 0.5% Triton X-100 (PBSTx) overnight at 4 °C. Samples
were washed four times in PBST and incubated with the secondary
antibody (1:1000) overnight at 4 °C. Eight embryos per treatment
groupwere imagedbyepi-fluorescencemicroscopyusing a ZeissAxiovert
200 M microscope with 5× and 10× objectives and assessed for CYP1A
expression in the vasculature or liver.

2.5. Quantitative RT-PCR. Gene expression of a collection of
AHR-related and oxidative stress gene transcripts was assessed in
whole-embryo homogenates. Gene-specific primers (MWG Operon)
are listed in Fig. S5. All qRT-PCR experiments were performed in
20 μl reactions consisting of 10 μl Power SYBR Green PCR master
mix (Applied Biosystems), 0.4 μl of each 10 μM primer, 9.2 μl H2O
and 1 μg of cDNA.

2.6. Extracellular flux analyzer assay. Dechorionated embryos were ex-
posed from 6 to 24 hpf to 5 OPAHs, 2 μM 9,10-PHEQ, 10 μM BEZO,
20 μM XAN, 5 μM 7,12-B[a]AQ and 20 μM 9,10-ANTQ, or 0.1% DMSO
vehicle. At 24 hpf, embryos were rinsed and placed in filtered
seahorse medium (0.003% sea salt). A Seahorse XF24 analyzer
(Seahorse Biosciences) was used to measure oxygen flux at 30 °C.
Four embryos per well were placed in 450 μl Seahorse medium in a
XF24 islet capture plate, covered with a mesh ring. Oxygen consump-
tion and extracellular acidification rates were measured before and
after the addition of 50 μl of 500 μg/ml oligomycin (ATP coupler),
55.6 μl 23 μM FCCP (uncoupler), and 61.6 μl NaAzide (Mitochondrial
complex IV inhibitor). The Seahorse protocol consisted of calibration,
equilibration, 6 measurements of baseline, 4 measurements after in-
jection of oligomycin and FCCP, and 8 measurements after injection
of NaAzide.

2.7. Statistics. For low dose OPAH exposure analysis, incidence and a
95% confidence interval was calculated for mortality and each mor-
phological endpoint for each exposure concentration and OPAH. Sam-
ple incidence proportions and confidence interval calculations were
performed using Matlab 7.11.0 and confidence intervals for morpho-
logical incidence proportions at 24 and 120 hpf were calculated
(Coull and Agresti, 1999). Meta-analysis of mortality incidence was
performed using the R library meta in R2.11.1 and the Freeman–
Tukey (Freeman and Tukey, 1950; Cai et al., 2012) double arcsine
transformation of the single proportions was used when calculating
the confidence intervals.
For EC50 calculations, the dose response data was fit with a 4 pa-
rameter logistic regression using custom R scripts (Fig. S4). A toxicity
index was computed for this data set using a formula of TI = 500/EC50
for an endpoint. This allowed the heatmap to be scaled appropriately. A
bi-hierarchical clustering heatmap was created using the gplot package
in R (R Development Core Team, 2010).

qRT-PCR analysis was performed with StepOne software (Applied
Biosystems) using the ΔΔCt method with genes normalized to β-actin
(Livak and Schmittgen, 2001). Three biological replicates of 24 em-
bryos each were analyzed by comparing OPAH treated to DMSO con-
trol with a One-Way ANOVA versus control using Sigmaplot software.

The extracellular flux analyzer assay data was collected using
the XF Reader software (Seahorse Biosciences) and exported into
Microsoft Excel 2007 for data analysis and graphing. The baseline
oxygen consumption (OCR) and extracellular acidification rates
(ECAR) were calculated, in addition to the ATP-linked OCR, basal
OCR versus oligomycin (injection A), and the maximum OCR, FCCP
(injection B) versus NaAzide (injection C). Four wells, with 4 em-
bryos each, were analyzed by comparing OPAH treated to DMSO
control with a One-Way ANOVA versus control using Sigmaplot
software.
3. Results

3.1. OPAH developmental toxicity

Concentration-dependent morphological responses were deter-
mined following exposure of zebrafish embryos from 6 to 120 hpf
to a dilution series of 38 different OPAHs. The type and frequency of
malformations induced by each concentration of each OPAH com-
pared to 1% DMSO vehicle control were objectively evaluated and,
due to the large size of the data set, presented as a heatmap in Fig.
S2. In order to more readily extract structure–activity relationships
from the data in Fig. S2, we bi-hierarchically clustered the EC50 values
of the 38 OPAH structures according to the morphological endpoints
most affected, and presented that data in Fig. 1. The heatmap in
Fig. 1 depicts toxicity index, TI = 500/EC50 values from lightest pink
to darkest red (least to most toxic). Areas of white in the Fig. 1
heatmap indicate either that the EC50 for the endpoint was incalcula-
ble and thus not considered to significantly affect the endpoint, or, in
the case of high mortality at 24 or 120 hpf, percent incidences were
not available. The following toxicological endpoints were assessed:
24 hpf and 120 hpf total mortality (MO24, MORT), developmental
progress (DP24), somites (SM24, SOMI), notochord (NC24, NC), yolk
sac edema (YSE), pericardial edema (PE), body axis (AXIS), snout
(SNOU), jaw, eye, otic, brain (BRAI), trunk (TRUN), fin malformations
(PFIN, CFIN), circulation (CIRC), pigment (PIG), swim bladder (SWIM),
and touch response (TR).

The acutely toxic OPAHs clustered in an obvious group at the bottom
of the Fig. 1 heatmap, where 1,4-naphthoquinone was the most toxic
OPAH, causing 100% mortality at 24 hpf for all concentrations. Gray
indicates morphological endpoints that could not be assessed due to
mortality. Phenanthrene-1,4-dione, pyrene-4,5-dione, phenanthrene-
quinone, and 1,2-naphthoquinone had very low EC50 values for 24 hpf
mortality. 1,4-benzoquinone and 1,4-anthraquinone clustered with
this group, having very low EC50 values for 24 hpf developmental prog-
ress in addition to mortality at 24 hpf and 120 hpf. We note that
9-hydroxybenzo(a)pyrene also clustered strongly with this group;
though it was not especially toxic at 24 hpf, it elicited 100% mortality
by 120 hpf at concentrations of 20 μM and higher, and caused signifi-
cant incidences of 120 hpf endpoints such as body axis, trunk, yolk sac
edema, pericardial edema, touch response, otic, brain, jaw, and snout
malformations, in addition to high mortality at 4 μM. When retested
at lower concentrations, 9-hydroxybenzo(a)pyrene exposure resulted
in statistically significant incidences of eye, pericardial edema, brain,
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Fig. 1. EC50 OPAH toxicity: Heatmap shows the toxicity index, TI = 500/EC50, for each malformation endpoint for all the OPAHs. The color scale increases from light pink,
representing high EC50 values (low TI values) to dark red, indicating the lowest EC50 values (highest TI values). White indicates EC50 values that were incalculable, and gray rep-
resents morphological endpoints that could not be assessed due to mortality.
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pectoral fin, and pigment malformations at 0.8 μM, and all malforma-
tion endpoints at 1.6 μM except otic and somites (Fig. S3).

Just above the acutely toxic cluster at the bottom of Fig. 1 is an ob-
vious clustering of low EC50 values, indicating strong perturbation of
caudal and pectoral fin development, pigment, somites, body axis
(curvature), trunk, yolk sac and heart (edemas), and cranial facial de-
velopment including eye, otic, brain, jaw, and snout malformations by
1,9-benz-10-anthrone and 2-hydroxyanthraquinone. This pattern
generally held for benzo(a)fluorenone and perinaphthenone with
the exception of a few malformations. A similar profile was observed
with 6H-benzo[c,d]pyren-6-one, which had higher EC50 values for
most malformations, but induced pericardial edema at similar con-
centrations as the other OPAHs in this group. Benzo(c)phenan-
threne(1,4)quinone and benz(a)anthracene-7,12-dione were a
clustered pair associated with this group, with 100% mortality at
20 μM and above, as well as body axis and yolksac edema for
benzo(c)phenanthrene(1,4)quinone. These two OPAHs were retested
at lower concentrations which resulted in significant malformation
incidences of all endpoints, except notochord, for 8 μM benz(a)
anthracene-7,12-dione and the addition of pericardial edema, snout,
jaw, and cfin malformations for 8 μM benzo(c)phenanthrene(1,4)
quinone (Fig. S3).

We note that 1,4-dihydroxyanthraquinone, 2,6-dihydroxyanthra-
quinone, and 1,8-dihydroxyanthraquinone separately clustered
around this low EC50 malformation group, though they clearly per-
turb only a few non-lethal endpoints, suggesting a point of future re-
finement of the clustering algorithm.

At the top of the Fig. 1 heatmap is a group of three OPAHs,
12-hydroxybenzo(a)pyrene, xanthone, and aceanthrenequinone, which
induced a broader range of malformations including swim bladder, cau-
dal and pectoral fin, somite, body axis, yolksac and pericardial edema,
eye, otic, brain, jaw, snout, touch response and 120 hpf mortality, but
had higher EC50 values than the clusters at the bottom of the heatmap.
These compounds all activated the AHR (Fig. S1). In addition, 1-2-
dihydroxyanthraquinone, 4-H-cyclopenta(def)phenanthren-4-one, and
1-3-dihydroxynaphthalene cluster with similar malformation profiles,
and caused 100% mortality at the very high dose of 500 μM.

A pattern similar to the acute toxicity group was observed for
2,6-dihydroxynaphthalene, 2-hydroxy-9-fluorenone, and 5,12-naph-
thacequinone, where high mortality at 24 and 120 hpf was observed,
although at considerably higher EC50 values, but no other endpoints
were evident. These OPAHs caused 100% mortality at 100 μM. 1-6-
dihydroxynaphthalene, acenaphthenequinone, 2,3-dihydroxynaphtha-
lene, 1-5-dihydroxynaphthalene, and 1-hydroxy-9-fluorenone clustered
with this group, also causing 100% mortality at 100 μM in addition to
lower incidences of 24 hpf delayed developmental progress and somite
malformations, and yolksac and pericardial edemas. The majority of
these OPAHs activated the AHR (Fig. S1).
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The top middle portion of the Fig. 1 heatmap suggested that
six OPAHs, 9-fluorenone, chromone, 2,7-dihydroxynaphthalene,
1-hydroxyanthraquinone, 10-hydroxybenzo(a)pyrene, and 9,10-an-
thraquinone were essentially inactive in our developmental screen,
having EC50 values above 100 μM for all endpoints.

3.2. Low dose OPAH developmental toxicity

The most toxic OPAHs were retested at lower concentrations,
ranging from 0 to 20 μM and again caused 100% mortality at 4 μM
and above (Fig. S3). 1.6 μM phenanthrene-1,4-dione caused statisti-
cally significant incidences of delayed developmental progress and
somite formation at 24 hpf and 84% mortality, snout and pigment
malformations at 120 hpf. Phenanthrene-quinone caused 50% mor-
tality at 1.6 μM and statistically significant incidences of 24 hpf de-
layed developmental progress and all 120 hpf endpoints in addition
to mortality. 1,4-benzoquinone also caused 50% mortality at 1.6 μM
and resulted in statistically significant incidences of 24 hpf develop-
mental progress and eye, otic, brain, somite, pfin, cfin, pigment, circu-
lation, swim bladder, notochord, and touch response malformations
at 120 hpf. Pyrene-4,5-dione caused statistically significant inci-
dences of 24 hpf delayed developmental progress, and 120 hpf so-
mite, axis, eye, snout, jaw, and pfin malformations at 0.8 μM, and
30% mortality and the majority of malformations at 1.6 μM. 1,4-an-
thraquinone also caused statistically significant incidences of jaw,
pericardial edema, and pfinmalformations at 0.8 μM and the majority
of malformation endpoints at 1.6 μM. 1,2-naphthoquinone resulted in
98% mortality at 4 μM and significant incidences of eye, jaw, and peri-
cardial edema at 0.8 μM in addition to 24 hpf developmental prog-
ress, yolksac edema, axis, snout, brain, pfin, pigment, trunk, and
touch response malformations at 1.6 μM.

3.3. CYP1A expression and OPAH differential dependence on the AHR

To evaluate AHR pathway activation by each OPAH, immunohisto-
chemistry (IHC) was used to detect spatial CYP1A protein expres-
sion. IHC was performed at OPAH concentrations that induced overt
developmental toxicity by 120 hpf. The majority of OPAHs did not
induce CYP1A expression, suggesting an AHR-independent toxicity
pathway was operational. Some of the OPAHs showed differential
CYP1A protein expression patterns (Fig. S1). Xanthone (XAN, Fig. 2C),
1-hydroxyanthraquinone, 1,3-dihydroxynaphthalene and 1,8-dihy-
droxyanthraquinone exposures induced strong expression in the liver.
Exposures to 1,5-dihydroxynaphthalene, phenanathrene-1,4-dione,
benzo[a]fluorenone, aceanthraquinone, 5,12-naphthacenequinone,
benz(a)anthracene-7,12-dione (7,12-B[a]AQ, Fig. 2D), 10-hydroxybenzo
[a]pyrene, 12-hydroxybenzo[a]pyrene and 2,3-dihydroxynaphthalene
induced CYP1A protein expression in the vasculature.

Further analysis of the dependence of CYP1A induction on AHR
isoforms was conducted with two OPAHs that induced differential
CYP1A expression patterns (Fig. 2). CYP1A expression was evaluated
in XAN-exposed embryos following injection with a control or
morpholino targeting AHR1A, which was previously shown to medi-
ate CYP1A expression in the liver (Incardona et al., 2006; Goodale et
al., 2012). Because vascular CYP1A expression is primarily AHR2-
dependent, 7,12-B[a]AQ-induced CYP1A expression was compared
in AHR2-null (ahr2hu3335) and wild-type (ahr2+) embryos (Incardona
et al., 2006; Goodale et al., 2012). Knocking down AHR1A (Fig. 2 C vs.
E) or AHR2 (Fig. 2 D vs. F) severely decreased liver and vascular
CYP1A protein expression, respectively, and attenuated malformations
from these OPAH exposures.

3.4. Early gene expression changes and biomarkers of oxidative stress

Five structurally diverse OPAHs with differential CYP1A expres-
sion profiles were chosen for further analysis, 1,9-benz-10-anthrone
(BEZO), 9,10-phenanthrenequinone (9,10-PHEQ), 7,12-B[a]AQ, XAN
and 9,10-Anthraquinone (9,10-ANTQ). Quantitative RT-PCR was
used to analyze early gene expression changes after developmental
OPAH exposures at concentrations which maximized malformations
but minimized mortality at 120 hpf. cyp1a, cyp1b1, cyp1c1 and
cyp1c2 were evaluated by qRT-PCR to confirm the CYP1A IHC protein
expression. At 48 hpf, 20 μMXAN induced cyp1a1 and cyp1b1 expres-
sion, while 5 μM 7,12-B[a]AQ elicited statistically significant induc-
tion of all four of the cyp1 mRNA transcripts after a 6–48 hpf
exposure (Fig. 2G), consistent with 7,12-B[a]AQ CYP1A protein ex-
pression in the vasculature at 48 hpf (data not shown). 5 μM BEZO in-
duced small, but significant fold changes of all four cyp mRNA
transcripts and 1 μM9,10-PHEQ, 20 μM9,10-ANTQ and 20 μMXAN ex-
posures showed a very small induction of cyp1a1, though CYP1A1 pro-
tein expression was not detectable in BEZO, 9,10-PHEQ or 9,10-ANTQ
exposed animals. At 120 hpf (Fig. 2H), 7,12-B[a]AQ and XAN signifi-
cantly induced cyp1a1 and cyp1c2 mRNA transcripts, consistent with
the IHC results which showed CYP1A expression in the liver of XAN ex-
posed and in the vasculature of 7,12-B[a]AQ exposed animals.

Several genes important in cellular detoxification and protection
from oxidative stress, glutathione transferase (gst), glutathione per-
oxidase (gpx) and superoxide dismutase (sod) families were differen-
tially expressed after developmental exposures to these 5 OPAHs,
where 7,12-B[a]AQ elicited the strongest induction (14 of 16 genes)
analyzed by qRT-PCR (Fig. 3A). gst pi1 and gst pi2were the most high-
ly induced (12.67 and 10.31 fold change, p b 0.001), and glutamate–
cysteine ligase, catalytic subunit (gclc), glutamate–cysteine ligase,
modifier subunit (gclm), hmox, nqo1, and gpx 1a were increased
1.98, 2.30, 2.03, 2.16, and 2.84-fold, respectively (p b 0.05). In addi-
tion, induction of gpx 1b, gpx 8, gst α, SOD1, SOD2, SOD-like (SOD-l),
and nrf2 expression was significant (p b 0.05) compared to the 0.1%
DMSO controls. BEZO exposure induced expression of gst p1, gst p2,
gst a, gst κ, and hmox with fold changes of 3.16, 2.70, 1.52, 2.81, and
2.13, respectively (p b 0.05). 9,10-PHEQ and 9,10-ANTQ exposures
both increased nrf2, and hmox expression, and 9,10-PHEQ also re-
duced expression of gpx8, SOD2 and SOD-l. XAN induced gpx 7 and de-
creased SOD1 expression.

3.5. Mitochondrial respiration and function

To evaluate, at least in part, the mechanism of toxicity of these five
OPAH exposures, we examined their effect on mitochondrial function
in zebrafish embryos by measuring mitochondrial respiration and hy-
drogen production, an output of glycolysis. The Seahorse extracellular
analyzer (Seahorse Bioscience) was used to measure oxygen con-
sumption and extracellular acidification rates at 26 hpf before (base-
line) and after injections of two mitochondrial inhibitors, oligomycin
(complex V) and NaAzide (complex IV) and the uncoupler FCCP
(Fig. 3B). There were significant differences in baseline extracellular
acidification rates (ECAR) for 9,10-PHEQ, 7,12-B[a]AQ, 9,10-ANTQ,
and BEZO exposed animals (data not shown) and significantly de-
creased oxygen consumption rates (OCR) for 9,10-PHEQ, BEZO,
XAN, and 7,12-B[a]AQ (Fig. 3B). 9,10-PHEQ and 7,12-B[a]AQ caused
a significant decrease in ATP-linked OCR, and BEZO, XAN, and
9,10-ANTQ reduced ATP-linked OCR compared to the 0.1% DMSO con-
trols. BEZO and XAN also caused a significant decrease in maximum
oxygen capacity. 7,12-B[a]AQ exposure showed an apparent trend
toward lower mitochondrial oxygen capacity, but the difference was
not significant.

4. Discussion

A developmental zebrafish screen allowed us to rapidly and com-
prehensively evaluate a library of 38 environmentally relevant
OPAHs, assessing dose-dependent toxicity and malformation profiles
based on endpoint frequency. Twenty two morphological endpoints
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Gpx 1b 1.10 0.15 1.13 0.063 1.01 0.019 1.47* 0.16 1.18 0.021

Gpx 7 0.950 0.031 1.14 0.047 1.18* 0.035 1.10 0.048 0.994 0.096

Gpx 8 0.764* 0.060 1.02 0.11 1.05 0.035 1.37* 0.067 1.15 0.060

Gst p1 0.981 0.039 1.23 0.18 1.13 0.15 12.7* 2.2 3.16* 0.60

Gst p2 0.830 0.033 1.07 0.070 1.06 0.19 10.3* 0.82 2.70* 0.62

Gst α 0.667 0.077 1.15 0.10 0.935 0.15 1.76* 0.21 1.52* 0.18

Gst κ 1.65 0.093 0.839 0.30 1.61 0.47 1.53 0.62 2.81* 0.64
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gclc 0.978 0.079 1.22 0.10 1.23 0.099 1.97* 0.19 1.36 0.053

gclm 0.906 0.11 1.30 0.22 1.26 0.29 2.30* 0.30 1.53 0.18

Nrf2 1.37* 0.088 1.43* 0.20 1.09 0.15 1.53* 0.32 1.06 0.15

nqo1 1.55 0.33 1.52 0.24 1.10 0.22 2.16* 0.20 1.09 0.084

hmox 3.32* 0.47 3.26* 0.37 1.34 0.52 2.03* 0.65 2.13* 0.58

B

Fig. 3. Oxidative stress response in OPAH treated embryos: qRT-PCR analysis of antioxidant response genes after OPAH exposure from 6 to 48 hpf (A), mRNA expression fold change
and standard deviation, 3 biological replicates were analyzed using a one-way anova, * p b 0.05. (B) The Seahorse extracellular flux analyzer assay, showing the oxygen consump-
tion rate (OCR), before and after the addition of 50 μl of 500 μg/ml oligomycin, 55.6 μl of 23 μM FCCP, and 61.6 μl NaAzide.
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were assessed in the OPAH dose–response study and the EC50 for each
endpoint was plotted in a bi-hierarchically clustered heatmap (Fig. 1).
The heatmap clearly indicated structure-activity clustering among the
OPAHs where malformation profiles grouped together and, within these
groups, toxicity associated with AHR activation clustered together. From
these clusters we concluded that the most toxic of the OPAHs contained
adjacent diones on 6-carbon moieties or terminal, para-diones on
multi-ring structures. Five-carbon moieties with adjacent diones were
among the least toxic OPAHs while the toxicity of multi-ring structures
with more centralized para-diones varied considerably.

Beyond structure-toxicity ranking we noted that, excluding mor-
tality, yolksac edema and body axis curvature were the most common
morphological responses, resulting from half of the OPAH exposures.
Pericardial edema, swim bladder, caudal and pectoral fin, otic, brain,
eye, jaw, and snout malformations were elicited by one third of
the OPAHs, and generally by the same one third of the compounds.
More specifically, we noted that 1,4-dihydroxyanthraquinone,
1,8-dihydroxyanthraquinone and 2,6-dihydroxyanthraquinone were
each extremely effective at perturbing a single or pair of different
morphological endpoints in the developing zebrafish. However, at
the level of individual endpoint, obvious structural relationships to
morphological endpoints were most often not so obvious. A factor
that likely influenced our not seeing structural relationships to indi-
vidual endpoints, other than lethality, is that our study was a single
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pass screen of the 38 OPAHs ranging from 0.8 μM to 500 μM in 5 fold
increments. Large steps over a very large concentration range, while
maximizing the probability of activity detection, bear the caveat
that a single increment can skip over the dose range at which
non-lethal malformations would be elicited. Thus, the coarser nature of
a screen can fail to identify non-lethal malformations from some of its
compounds. OPAHs that caused100%mortality at 4 or 20 μMwerepartic-
ularly sensitive to this. Specifically, benzo(c)phenanthrene-1,4-quinone
and benz(a)anthracene-7,12-dione exposures caused 100% mortality at
20 μM and above, but low incidence of malformations at 0.8 and 4 μM.
Repeating dose responses at lower concentrations for these more toxic
OPAHs led to significant malformation incidences that were not reflected
in the EC50 heatmap (Fig. S3).

We also note that EC50, while a convenient metric for condensing
the raw data set from Fig. S2 down to the more interpretable Fig. 1, is
only one approach. Other approaches might enhance the detection of
structure-endpoint relationships. On a larger scale, the overall
structure-toxicity picture from this study is an important step toward
ultimately determining the hazard potential of environmental OPAH
contamination.

To further evaluate mechanisms of toxicity, we investigated AHR
pathway activation by evaluating induction of the downstream target
CYP1A for all 38 OPAHs. The majority of OPAHs tested did not induce
CYP1A1 expression. It has been shown previously that developmental
effects of PAH exposure are differentially dependent on tissue-specific
activation of AHR isoforms or metabolism by CYP1A (Incardona et al.,
2006). In adult zebrafish exposed to TCDD, AHR1AmRNAwas expressed
primarily in the liver and marginally in the heart and kidney, while
AHR2 was expressed strongly in the skeletal muscle, liver, and gills
and more weakly in the brain, heart, swimbladder, skin, eye, kidney
and fins (Andreasen et al., 2002). Pyrene exposure of embryonic
zebrafish induced CYP1A expression in the vascular endothelium and
the liver, and AHR2 knockdown lessened pyrene toxicity and CYP1A ex-
pression. The absence of AHR1A in pyrene-exposed embryos resulted in
normal liver morphology and no CYP1A liver expression (Incardona et
al., 2006). In our study, XAN exposure induced liver CYP1A protein ex-
pression, and AHR1A isoform activation by XAN was confirmed by
morpholino knockdown of AHR1A and the concomitant loss of CYP1A
protein expression when assayed by immunohistochemistry. AHR2
knockdown can decrease PAH toxicity. For instance, AHR2 knockdown
in zebrafish coexposed to benzo(k)fluoranthene (BkF) andfluoranthene
(Fl) reduced toxicity and decreased pericardial effusion (Van Tiem and
Di Giulio, 2011). Loss of AHR2 has also been shown to reduce CYP1A
protein expression in the vascular endothelium and protect against
dioxin induced pericardial edemas and craniofacial malformations, as
well as decreased cardiovascular toxicity in zebrafish coexposed to
benz[a]anthracene, β-naphthoflavone (BNF) and α-naphthoflavone
(ANF) (Billiard et al., 2006; Incardona et al., 2006; Goodale et al.,
2012). We found that 7,12-B[a]AQ exposed embryos expressed CYP1A
protein in the vasculature. In AHR2-null embryos, however, no CYP1A
protein expression was observed and the developmental toxicity of
7,12-B[a]AQ was reduced.

Oxidative stress was an important feature of OPAH toxicity. In-
creased expression of numerous redox-responsive genes downstream
of Nrf2 preceded the appearance of malformations, and mitochondri-
al dysfunction was observed in vivo. Glutathione transferases, glu-
tathione peroxidases, superoxide dismutases, and DNA repair
enzymes are known to protect against ROS and harmful breakdown
products, such as lipid peroxides and oxidized DNA, through conjuga-
tion or reduction reactions (Hayes and Pulford, 1995). Several PAHs
and OPAHs have been shown to induce the expression of antioxidant
genes in zebrafish; coexposure to BNF + ANF and BNF + Fl increased
gclc, gst p, gpx1, sod1 and sod2 mRNA expression at 48 hpf
(Timme-Laragy et al., 2009; Van Tiem and Di Giulio, 2011). Higher
concentrations of BNF upregulates several redox-responsive genes
and BkF, BaP, PCB-126 and coexposure of BkF + Fl and BaP + Fl
significantly induced gst p2 expression (Timme-Laragy et al., 2009;
Van Tiem and Di Giulio, 2011; Garner and Di Giulio, 2012). We
found that the expression of 14 different redox-responsive genes, in-
cluding members from all the families investigated (gst, gpx, gclc, and
sod), were elevated at 48 hpf in embryos exposed to 7,12-B[a]AQ, and
that BEZO exposures induced the expression of a subset of these
genes. The pi class of GSTs is particularly efficient in conjugating
PAH metabolites to glutathione, and gclc catalyzes the rate-limiting
step of glutathione synthesis (Hayes and Pulford, 1995). Gst pi has
also been shown to protect against cardiac deformities in zebrafish
exposed to PAHs. For example, knockdown of gst p2 increased the se-
verity of pericardial edemas in zebrafish coexposed to BaP + Fl and
BkF + Fl (Garner and Di Giulio, 2012). Gpx is a family of enzymes
that are able to reduce hydrogen peroxide and detoxify lipid perox-
ides. The sod family destroys free radicals by catalyzing the
dismutation of two superoxide radicals into hydrogen peroxide and
diatomic oxygen (Van Tiem and Di Giulio, 2011). Knockdown of
Nrf2 attenuated gpx and sod induction in zebrafish exposed to BNF
and ANF. This was accompanied by increased pericardial effusion
suggesting a protective role for these enzymes from PAH and OPAH
toxicity (Van Tiem and Di Giulio, 2011). In 9,10-PHEQ, BEZO, XAN,
and 7,12-B[a]AQ exposed embryos we observed decreased baseline,
ATP-linked, andmaximum oxygen consumption rates, a mitochondri-
al response to oxidative stress. This decrease implies mitochondria
damage and a loss of bioenergetic control (Dranka et al., 2011).
The upregulation of redox-responsive genes and the mitochondrial
dysfunction correlated to OPAH toxicity together strongly indicate
that oxidative stress was an important mechanism of the OPAH
toxicities.

Evaluation of some possible mechanisms of OPAH developmental
toxicity allowed us to begin predicting toxicity mechanisms based
on structure and the affected endpoints. The EC50 values of each end-
point clustered OPAHs into distinct groups based on malformation
profiles. Representative OPAHs from each of these main clusters
were evaluated for further insight into the mechanisms of OPAH de-
velopmental toxicity. There are known pathways for PAH and OPAH
toxicities via the AHR and downstream targets affecting cell differen-
tiation, organ morphology, and embryo development; or through me-
tabolism by phase I enzymes, such as Cyp1a, into more reactive
species leading to oxidative stress and cell damage (Nebert et al.,
2004; Incardona et al., 2006; Nebert and Karp, 2008; Tian, 2009;
Yeager et al., 2009). Some PAHs cause toxicity in an AHR-independent
manner such as inflammation or disruption of redox signaling, leading
to oxidative damage. PAHs can also cause mitochondrial damage or af-
fectmitochondrial function (Senft et al., 2002; Shertzer et al., 2006). Po-
tential mechanisms of OPAH developmental toxicity and hypothesized
toxicity pathways are presented in Fig. 4 for the five OPAHs which we
focused our in-depth analysis. 9,10-PHEQ was one of the most toxic
OPAHs, resulting in 100% mortality at 24 hpf above a concentration of
2 μM, and clustered with the highly toxic group of OPAHs in the EC50
heatmap. This cluster of OPAHs resulted in mortality or developmental
delay at 24 hpf and high toxicity at 120 hpf, but did not induce CYP1A,
which implies an AHR-independent mechanism of toxicity. Because
9,10-PHEQ caused high mortality and severe developmental delay at
24 hpf, extreme malformations or mortality at 120 hpf, and a signifi-
cant decrease in mitochondrial respiration at 26 hpf, we hypothesize
that 9,10-PHEQmay have targeted themitochondria, resulting in mito-
chondrial damage and dysfunction. BEZOwas groupedwith OPAHs that
caused highmalformation incidences for the majority of endpoints, but
did not induce CYP1A1 expression detectable by IHC. However, oxida-
tive stress was found to be a substantial component of BEZO toxicity
and decreased mitochondrial respiration and oxygen capacity was ob-
served at 26 hpf. Induced expression of DNA repair enzymes suggests
BEZO exposure results in oxidative DNA damage (data not shown).
Based on the detoxification and phase II metabolism enzymes down-
stream of Nrf2 that were induced in response to BEZO exposure, this
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toxicity was likely a result of oxidative damage. 7,12-B[a]AQ caused
100% mortality at 20 μM and above, and yolk sac and pericardial
edemas, eye, snout, jaw, and pectoral fin malformations at lower con-
centrations. 7,12-B[a]AQ exposure induced several antioxidant genes
as well as activated the AHR. This developmental toxicity was shown
to be AHR2-dependent, determined by the disappearance of CYP1A1
expression and lack of malformations in the AHR2-null fish. Taken to-
gether, 7,12-B[a]AQ developmental toxicity is mediated through AHR2
downstream genes playing a role in development, and possibly due in
part to cyp1ametabolism. XAN is anOPAHwithmoderate developmen-
tal toxicity, which induced AHR1A-mediated CYP1A1 expression in the
liver at 120 hpf. Because increased cyp1 mRNA expression did not ap-
pear until 120 hpf, XAN may not have directly activated AHR1A but
rather induced CYP1A1 expression via a metabolite. 9,10-ANTQ did
not cause developmental toxicity and did not upregulate most antioxi-
dant genes or impair basal mitochondrial respiration.

In conclusion, we presented a toxicity characterization of 38 envi-
ronmentally relevant OPAHs indicating differential AHR isoform de-
pendencies and a prominent role for oxidative stress in the toxicity
mechanisms. This study offers strong incentive for both regulatory
and research efforts to pay closer attention to the oxygenated PAHs
relative to PAH contamination and hazard. Indeed, the relative hazard
from PAH transformation products in general requires further atten-
tion. Our approach of conducting an in vivo toxicity screen of structur-
ally related libraries of compounds, having little or no previous
biological characterization, is both highly informative and efficient
within the embryonic zebrafish model. Future challenges to address
in this model will include characterizing the developmental toxicolo-
gy of environmentally represented oxy- and nitro-PAH mixtures.
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