
Mechanistic Investigations Into the Developmental

Toxicity of Nitrated and Heterocyclic PAHs
Anna C. Chlebowski,* Gloria R. Garcia,* Jane K. La Du,* William H. Bisson,*
Lisa Truong,* Staci L. Massey Simonich,*,† and Robert L. Tanguay*,1

*Department of Environmental and Molecular Toxicology; and †Department of Chemistry, Oregon State
University, Corvallis, Oregon 97331
1To whom correspondence should be addressed. Fax: 541-737-6074. E-mail: robert.tanguay@oregonstate.edu.

ABSTRACT

Nitrated polycyclic aromatic hydrocarbons (NPAHs) and heterocyclic PAHs (HPAHs) are recognized environmental
pollutants. However, the health risks of NPAHs and HPAHs to humans and environmental systems are not well-studied.
The developmental zebrafish (Danio rerio) model was used to evaluate the toxicity of a structurally diverse set of 27 NPAHs
and 10 HPAHs. The individual activity of each compound towards the aryl hydrocarbon receptor (AHR), including the role of
the AHR in observed toxicity, and genetic markers of oxidative stress and cardiac toxicity were evaluated. Zebrafish
embryos were exposed from 6 to 120 hours post fertilization (hpf), to a broad concentration range of individual compounds,
and evaluated for 22 developmental endpoints. The potential role of AHR was determined using the transgenic Tg(cyp1a:nls-
egfp) reporter zebrafish line. All compounds were screened computationally through molecular docking using a previously
developed AHR models of zebrafish isoforms 1A, 1B, and 2. Some compounds did not induce observable developmental
toxic responses, whereas others produced statistically significant concentration-dependent toxicity. The tested compounds
also exhibited a range of predicted AHR binding and cyp1a/GFP induction patterns, including cyp1a expression in the liver,
vasculature, skin, and yolk, which we determined to be due to distinct isoforms of the AHR, using morpholino
oligonucleotide knockdown. Furthermore, we investigated mRNA expression of oxidative and cardiac stress genes at 48 and
120 hpf, which indicated several potential mechanisms-of-action for NPAHs. Overall, we observed a range of developmental
toxicities, cyp1a/GFP expression patterns, and gene expression profiles, suggestive of several potential mechanisms of
action.

Key words: nitrated polycyclic aromatic hydrocarbon; heterocyclic polycyclic aromatic hydrocarbon; aryl hydrocarbon
receptor; zebrafish.

Polycyclic aromatic hydrocarbons (PAHs) are well-known and
established environmental contaminants with a range of sour-
ces to the environment (Khalili et al., 1995; Yunker et al., 2002).
Exposure to PAHs has been linked with a range of health effects,
including cancer and developmental challenges (Bernstein et al.,
2004; Hardin et al., 1992; Irigaray et al., 2007; Perera et al., 1998;
Perera et al., 2005; Sydbom et al., 2001; WHO, 2015).

Despite the toxicity of PAHs, the overall toxicity or mutage-
nicity of complex environmental mixtures often cannot be ex-
plained by PAHs alone (Chibwe et al., 2015; Toftgård et al., 1985).

This has led to an increasing interest in PAH derivatives, includ-
ing oxygenated PAHs (OPAHs), nitrated PAHs (NPAHs) and het-
erocyclic PAHs (HPAHs), which contain one or more
heteroatomic substitutions within or on the aromatic ring sys-
tem. These PAH derivatives are less studied than the corre-
sponding unsubstituted, or parent, PAHs, both with regards to
toxicity and environmental occurrence.

PAH derivatives can occur in the environment from a range
of primary and secondary sources, including biotic and abiotic
transformation processes (Cochran et al., 2016; Li et al., 2015;
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Shailaja et al., 2006; Vicente et al., 2015; Wei et al., 2015). NPAHs
are known to be formed through reactions with particulate-
bound PAHs and NOx radicals during atmospheric transport
(Arey et al., 1986; Jariyasopit et al., 2014; Zimmermann et al.,
2013), as well as being common pollutants in diesel vehicle ex-
haust (Bamford et al., 2003; Schuetzle et al., 1982). Both NPAHs
and HPAHs are also known constituents of petroleum-based
products, such as sealcoat pavement sealant (Titaley et al., 2016;
Wei et al., 2015).

Limited toxicological data exists for NPAHs and HPAHs,
most of which has been focused on mutagenicity. Many NPAHs
and HPAHs are highly mutagenic in the Ames Salmonella assay
(Ball et al., 1984; Jariyasopit et al., 2013; Rosenkranz and
Mermelstein, 1983), and several NPAHs are known or suspected
human carcinogens (RI DEM, 2008; WHO, 2015).

Limited data exists for NPAHs and HPAHs with other acute
or developmental toxicity endpoints. However, these studies
have been limited in the number of compounds investigated, or
the non-mortality endpoints observed, leading to a lack of com-
parable information across a large set of compounds (Dumont
et al., 1979; Iwanari et al., 2002; Onduka et al., 2012; Peddinghaus
et al., 2012).

Aromatic compounds, such as PAHs, are well-known and es-
tablished to activate the aryl hydrocarbon receptor (AHR) path-
way and, in many cases, the observed toxicity is AHR-
dependent (Goodale et al., 2013; Knecht et al., 2013; Prasch et al.,
2003). Binding of a ligand, such as a PAH, to the AHR results in
up-regulation of numerous downstream genes, including the
cytochrome P450s (cyp genes), which metabolize certain AHR li-
gands, including PAHs (Denison and Nagy, 2003; Miranda et al.,
2006; Schmidt and Bradfield, 1996).

Other mechanisms of action for PAHs and PAH-containing
mixtures have also been commonly observed, including oxida-
tive stress and cardiac stress. Oxidative stress pathways are
known to be linked with activation of the AHR pathway (Dalton
et al., 2002), and AHR knockout mice have a reduced ability to
generate an antioxidant response following exposure to TCDD,
a known AHR agonist (Senft et al., 2002). Cardiac toxicity follow-
ing exposure to 5-ring PAHs can be mediated by the AHR path-
way, but these effects were AHR-independent for other
structurally similar compounds (Brown et al., 2014; Incardona
et al., 2011; Scott et al., 2011). Cardiac toxicity is also commonly
observed following exposure to PAH-containing mixtures
(Hicken et al., 2011; Jung et al., 2013).

Zebrafish (Danio rerio) are an increasingly popular model
system for high-throughput screening of compounds for de-
velopmental toxicity and mechanistic investigations (Garcia
et al., 2016). Zebrafish embryos develop rapidly and externally,
with their major organs and systems formed within 5 days
post-fertilization, and are amenable to cell culture tech-
niques, including growth in 96-well tissue culture plates
(Bugel et al., 2014; Jones et al., 2010; MacRae and Peterson,
2015; Noyes et al., 2015; Truong et al., 2014). Developing zebra-
fish embryos have a high degree of homology to humans, and
this model has previously been used for the evaluation of PAH
and OPAH toxicity (Brown et al., 2014; Huang et al., 2012;
Incardona et al., 2004; Incardona et al., 2006; Knecht et al., 2013;
Knecht et al., 2016).

The goal of this study was to determine the developmental
toxicity of a suite of NPAHs and HPAHs using the embryonic
zebrafish model. In addition to the developmental toxicity
screen, potential mechanisms of action for NPAH and HPAH
toxicity were investigated, including activation of the AHR path-
way, oxidative stress, and cardiac stress.

MATERIALS AND METHODS

Fish Care and Husbandry. Adult zebrafish were maintained with a
water temperature of 28�61 �C on a recirculating system with a
14h light: 10h dark photoperiod at the Sinnhuber Aquatic
Research Laboratory (SARL). All experiments were conducted
with the wild type Troptical 5D strain or Tg(cyp1a:nls-egfp) (back-
ground strain TL) zebrafish (Kim et al., 2013). Adult care and re-
productive techniques were conducted according to the
Institutional Animal Care and Use Committee protocols at
Oregon State University (OSU). All 5D embryos used in expo-
sures were collected following group spawning of adult zebra-
fish as described previously (Reimers et al., 2006). Embryos from
the Tg(cyp1a:nls-egfp) reporter line were collected following
incross or outcross small group spawns.

Chemicals and Developmental Exposures. Analytical-grade stan-
dards were obtained from several vendors, including Sigma (St.
Louis, MO), AccuStandard (New Haven, CT) and Chiron AS
(Trondheim, Norway). Dimethyl sulfoxide (DMSO) was obtained
from Sigma. Two compounds, 7-nitrobenzo[k]fluoranthene and
3,7-dinitrobenzo[k]fluoranthene, were custom synthesized in-
house at OSU (Jariyasopit et al., 2013). For a complete list of
chemicals tested, see Supplementary Data (SD) 1. In total, 27
NPAHs, two amino PAHs (potential metabolites of NPAHs), and
10 heterocyclic PAHs were tested. Individual compounds were
dissolved in DMSO to make stock concentrations of either 10 or
1 mM, dependent on solubility (concentrations are listed in SD
1). For the static exposures to zebrafish, compounds were dis-
pensed into polystyrene 96-well plates pre-loaded with 100 ml of
embryo media and individual zebrafish embryos, which had
been enzymatically dechorionated and loaded into the plates
using automation (Mandrell et al., 2012). Chemicals were dis-
pensed into the plates using an HP D300 Digital Dispenser and
shaken using pre-optimized protocols (Titaley et al., 2016;
Truong et al., 2016). Two plates were treated with each chemical
at a range of initial exposure concentrations (50, 35.6, 11.2, 5,
1.12 mM for chemicals with a 10 mM DMSO stock, or 5, 3.56, 1.12,
0.5, 0.1 mM for chemicals with a 1 mM DMSO stock), for a total
number of 32 animals exposed to each concentration. 1% DMSO
vehicle controls were also exposed on each plate. Following
chemical addition, plates were moved to a temperature-
controlled room (28 �C) and were placed on a custom-modified
rotating shaker table overnight (Truong et al., 2016). Embryos
were evaluated at 24 hpf for developmental progress, spontane-
ous movement, notochord malformations and mortality. At 120
hpf, embryos were screened for total mortality and a suite of
morphological endpoints, including pericardial and yolk sac
edemas, malformations of the eye, snout, jaw, pectoral and cau-
dal fins, axial malformations, and touch response (Knecht et al.,
2013; Truong et al., 2011). Compounds were bi-hierarchically
clustered based on similar malformation profiles using the
“aheatmap” function in the NMF R package, in order to better
evaluate structure-activity relationships.

Cyp1a/GFP Reporter Fish. For CYP1A evaluation using the
Tg(cyp1a:nls-egfp) transgenic reporter fish (Kim et al., 2013), 8–12
embryos per compound for all 39 compounds were exposed as
described previously in section 2.2, to a single concentration se-
lected to maximize malformations whereas minimizing mortal-
ity. Concentrations evaluated are listed in SD 1. Following
chemical addition using the HP D300 Digital Dispenser, plates
were shaken overnight as described in section 2.2. Embryos were
evaluated following continuous chemical exposure at 48
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(prior to liver development and metabolic capacity) and 120 hpf
for cyp1a/GFP expression using a Keyence BZ-X700 fluorescence
microscope (Keyence North America, Itasca, IL). The cyp1a/GFP
reporter line harbors a fosmid construct with GFP under control
of a recombineered zebrafish cyp1a promoter, and recapitulates
cyp1a induction by TCDD with high sensitivity (Kim et al., 2013).
Immunohistochemistry (IHC) was also performed for all com-
pounds following exposure in the wild type 5D zebrafish from
6–120 hpf to validate results from the reporter line. Further infor-
mation can be found in SD 2.

Antisense Morpholino Injections. Morpholinos designed against
zebrafish AHR1A, AHR1B, and AHR2, as well as a standard injec-
tion control morpholino were purchased from Gene Tools
(Philomath, OR), and sequences are provided in Table 1 (Gerlach
et al., 2014; Goodale et al., 2012). Morpholinos were dissolved in
ultrapure water, and heterozygous Tg(cyp1a:nls-egfp) transgenic
reporter embryos were injected at the 1–2 cell stage with 2 nL of
morpholino (concentrations give in Table 1) and 0.5% phenol
red. Embryos developing normally with morpholino incorpora-
tion were exposed to single concentrations of selected com-
pounds, representing each of the previously observed cyp1a/GFP
expression patterns: 5-nitroacenaphthalene, 1,6-dinitropyrene,
1,3-dinitropyrene, 7-nitrobenzo[k]fluoranthene, 9-nitrophenan-
threne, 7-nitrobenz[a]anthracene, 3-nitrofluoranthene, 3,7-dini-
trodibenzo[k]fluoranthene, and DMSO. Embryos were
chemically exposed from 6 to 48 or 6 to 120 hpf and imaged at
48 or 120 hpf, respectively, using a Keyence BZ-X700 fluores-
cence microscope, and evaluated for developmental toxicity
and cyp1a expression.

AHR Docking Predictions. Docking of individual compounds to in
silico models of the Per-AHR/Arnt-Sim (PAS)-B domains of each
of the zebrafish AHR isoforms, as well as human AHR, was per-
formed as previously described (Bisson et al., 2009; Goodale
et al., 2015; Perkins et al., 2014). Docking scores were assigned for
each compound and AHR isoform, overall priority for docking to
any AHR isoforms were assigned, and predictions were com-
pared to in vivo cyp1a/GFP expression.

RNA Extraction. For RNA samples, dechorionated 5D embryos
were exposed from 6 to 48 hpf or 6 to 120 hpf to a subset of
NPAHs at the same concentration used for Tg(cyp1a:nls-egfp)
transgenic reporter fish evaluations (SD 1). Compounds were se-
lected for qPCR analysis in order to sample a range of develop-
mental toxicities and AHR activation patterns:
5-nitroacenaphthalene, 1,6-dinitropyrene, 1,3-dinitropyrene, 7-
nitrobenzo[k]fluoranthene, and vehicle control. Briefly, 48 hpf
or 120 hpf embryos were rinsed in embryo media and four sam-
ples of 20 embryos each were collected on ice in snap-safe
Eppendorf tubes with 0.5 mm zirconium oxide beads. 500 ll
RNAzol was added and samples were homogenized with a
Bullet Blender (Next Advance) for 3 min at speed 8, and then
stored at –20 �C until RNA isolation.

For total RNA isolation, RNA was extracted via RNAzol/iso-
propanol precipitation as previously described (Knecht et al.,
2013). RNA was quantified using a Synergy/Mxmicroplate reader
(Biotek) with the Gen5 Take3 module to calculate 260/280 O.D.
ratios and RNA concentration. RNA was stored at –80 �C until
use.

Quantitative RT-qPCR. Gene expression of a suite of 21 AHR-
related, cardiac stress-related and oxidative stress gene tran-
scripts was assessed in whole-embryo homogenates for

6–48 hpf or 6–120 hpf exposures of single concentrations of se-
lected compounds (listed in Section 2.4). Gene-specific primers
(MWG Operon) are listed in SD 3. All qRT-PCR experiments were
performed in 10 ml reactions consisting of 5 ml Power SYBR
Green PCR one-step master mix (Applied Biosystems), 0.4 ml of
each 10 mM primer in 0.1% Triton X, 4.2 ml H2O and 2 mg of cDNA
in 0.1% Triton X, which were dispensed using the PCR program
on the HP D300 Digital Dispenser. The temperature program
consisted of 10 min at 95 �C, followed by 40 cycles of 15 s at 95 �C
and 1 min at 58 or 60 �C (dependent on primer set), with a final
melt curve consisting of a 15 s hold at 95 �C, 2 min at 70 �C, and a
0.2 �C per minute ramp, with a final hold at 95 �C for 15 s.

Statistics and Data Analysis

DATA ANALYSIS. Statistical analysis and data visualization for de-
velopmental toxicity screening was done using code developed
in R, using the custom Zebrafish Analysis and Acquisition
(ZAAP) program (Truong et al., 2014). Concentrations which in-
duced 50 percent effect (EC50) were calculated by fitting dose-
response data with a binomial logit regression using custom R
scripts and the dose.p function (Haggard et al., 2016; R Core
Team, 2013). Venn diagram representations of cyp1a/GFP ex-
pression patterns were generated using the Draw Venn
Diagrams software from the Ghent University Bioinformatics
Evolutionary Genomics group.

PCR STATISTICS. qRT-PCR analysis was performed with StepOne
software (Applied Biosystems), using the D DCT method with
genes normalized to b-actin (Pfaffl, 2001). Four biological repli-
cates of 20 embryos each were analyzed by comparing NPAH
treated to DMSO control with a one-way ANOVA following nor-
malization with b-actin, using SigmaPlot V11.0 software.

RESULTS

Developmental Toxicity Screen
Concentration-dependent morphological responses were ob-
served at 24 hpf and 120 hpf in the zebrafish embryos exposed
to a dilution series of NPAHs and HPAHs, compared to the
DMSO-exposed control, for which no significant developmental
toxicity was observed. This data is presented in Figure 1 as a
heatmap, showing the relative potency derived from the lowest
effect level (LEL) value for each endpoint evaluated, as well as
any effect including and excluding mortality, for each com-
pound tested.

Based on the clustering of compounds with similar develop-
mental toxicity endpoints, several groups of compounds, with
similar toxicity profiles and commonly observed endpoints,
emerged. The most toxic group of compounds, as indicated by
lowest effect levels at the lowest concentrations, were 3-nitro-
benzanthrone, 1,6-dinitropyrene, and 1,3-dinitropyrene

TABLE 1. Sequences of Morpholino Oligonucleotides Used, with
Appropriate Injection Concentrations

AHR Isoform Sequence Concentration

AHR1A CTTTTGAAGTGACTTTTGGCCCGCA 1.5 mM
AHR1B ACACAGTCGTCCATGATTACTTTGC 0.75 mM
AHR2 TGTACCGATACCCGCCGACATGGTT 0.75 mM
Control CCTCTTACCTCAGTTACAATTTATA 1.5 mM
AHR1B/AHR2

mixture
0.75 mM each
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(labeled as group 1 in Figure 1), which caused the common end-
points of pericardial and yolk sac edemas and craniofacial mal-
formations at 120 hpf with high potency. Similar endpoints, in
addition to mortality at 24 hpf, were observed for 1-aminopyr-
ene, acridine, and 5,6-benzoquinoline (group 2). However, for
this group of compounds, these effects were observed at higher
concentrations. The next group of compounds included 5-nitro-
acenaphthalene, 9-nitrophenanthrene, and 1,8-dinitropyrene
(group 3), displayed a higher degree of lethality and a lower inci-
dence of non-mortality endpoints, at relatively higher concen-
trations. The next group of chemicals (9-aminophenanthrene,
7-nitrobenz[a]anthracene, carbazole, and 2-nitroanthracene;
group 4) resulted in stronger effects at 24 hpf, including devel-
opmental delay and mortality, as well as pericardial edema at

120 hpf. Defects in circulation, marked by pooling of blood in
the body of the zebrafish embryos, was the only endpoint ob-
served following exposure to 1-nitropyrene and 3-nitrofluoran-
thene (group 5). Two compounds (2-nitropyrene and
dibenzofuran; group 6) had a significant effect for the “any ef-
fect” or “any effect including mortality” endpoints, but not for
any of the individual endpoints. The remaining 22 compounds
(group 7), greater than half of those tested, did not result in sig-
nificant toxicity to the zebrafish embryos following exposure at
the tested concentrations.

The EC50 values were calculated for compounds with ob-
served toxicity and are shown in Table 2. Values ranged from
0.096 mM (1,3-dinitropyrene) to 44.8 mM (1-nitropyrene). Three
compounds (2-nitroanthracene, 7-nitrobenz[a]anthracene, and

FIG. 1. Heatmap displaying developmental toxicity of all 39 compounds investigated. Color scaling indicates relative potency, based on the lowest effect level (LEL) ob-

served for a given compound and endpoint. Darker shades of green indicate a higher relative potency, and therefore a more toxic response, whereas lighter shades in-

dicate a lower relative potency and less toxic response. White indicates that there was no significant observable LEL for that endpoint, or that values were incalculable

due to high mortality. Compounds are vertically clustered based on the observation of similar developmental endpoints. Groups of compounds with similar toxicity

profiles are indicated by boxes and group numbers.
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dibenzofuran) had EC50 values estimated to be beyond the
tested range of concentrations, and beyond the range of accu-
racy of the EC50 model.

CYP Expression as a Biomarker for AHR Pathway Activation
To investigate the potential role of AHR, we utilized the trans-
genic Tg(cyp1a:nls-egfp) zebrafish line to evaluate expression of
cyp1a/GFP, a known biomarker for AHR activation. Several dis-
tinct cyp1a/GFP expression patterns were observed following ex-
posure to each of the 39 individual compounds from samples
collected at 48 and 120 hpf (Figure 2). Compared to the DMSO-
exposed control in which no distinct cyp1a/GFP expression was
observed (Figure 2A), cyp1a/GFP expression was observed in the
liver (Figure 2B), vasculature (Figure 2C), yolk sac (Figure 2D),
skin, and neuromasts (Figure 2E) following exposure to certain
NPAHs. There were also a number of compounds for which no

cyp1a/GFP expression was observed. Tissues displaying fluores-
cence, indicating cyp1a/GFP expression and activation of the
AHR pathway, for all compounds tested are listed in Table 3.
Several compounds also showed cyp1a/GFP expression in multi-
ple tissues simultaneously. For example, expression in the neu-
romasts was always observed alongside expression in the skin.
Unique and overlapping cyp1a/GFP expression patterns are
shown in Venn diagrams, for expression at 48 hpf (Figure 2F)
and 120 hpf (Figure 2G).

Knock-Down of AHR to Elucidate its Role in Developmental Toxicity
Embryos injected with any of the morpholinos did not display
an increase in background developmental toxicity, compared to
non-injected controls (data not shown). cyp1a/GFP expression in
the livers of fish exposed to 5-nitroacenaphthalene, 9-nitrophe-
nanthrene, and 7-nitrobenzo[k]fluoranthene was eliminated in
AHR1A morphants (Figs. 3B–C), but did not result in a substan-
tial decrease in observed developmental toxicity following ex-
posure to 5-nitroacenaphthalene.

Decreased GFP expression in AHR2 morphants cyp1a/GFP re-
porter embryos exposed to 7-nitrobenzo[k]fluoranthene in the
skin and neuromasts, and 7-nitrobenz[a]anthracene in the vas-
culature, indicating AHR2 dependence for cyp1a/GFP expression
(Figs. 3D–E), at both 48 and 120 hpf. Expression in the skin and
vasculature following exposure to 1,6-dinitropyrene and 3,7-
dinitrobenzo[k]fluoranthene were also reduced in AHR2 mor-
phants (not shown). Injection of the AHR1B morpholino alone
did not visibly reduce cyp1a/GFP expression following exposure
to any of the compounds investigated. However, co-injection of
AHR2 and AHR1B morpholinos appeared to reduce GFP expres-
sion slightly more than the AHR2 morpholino alone (Figure 3F).

In Silico Docking to AHR Active Site Models
Of the set of 39 compounds investigated, 22 were predicted to
dock to one or more isoforms of the zebrafish AHR. Table 4
shows the docking scores, (given in kilocalories/mol), for all
three zebrafish AHR isoforms, as well as human AHR, along
with the overall docking priority to the zebrafish AHR isoforms.
The more negative the docking score, the higher the predicted
binding and activation. Of the 22 compounds predicted to dock
to one or more isoforms of the zebrafish AHR, 16 displayed
in vivo cyp1a/GFP expression, indicative of AHR activation, for a
success rate of 73%. Of the 23 compounds which showed in vivo
cyp1a/GFP expression, 16 were predicted to dock to the AHR, for
a success rate of 70%.

Differential Gene Expression to Elucidate Other Potential
Mechanisms of Action
To further investigate other potential mechanisms of action for
NPAHs, qPCR analysis was performed for a suite of 21 genes se-
lected to investigate cardiac toxicity, oxidative stress, and addi-
tional potential mechanisms of action. Significantly increased
expression of cyp1a, cyp1b1, cyp1c1, and cyp1c2 was observed fol-
lowing exposure to 5 mM 1,6-dinitropyrene at 48 and 120 hpf,
and at 120 hpf following exposure to 50 mM 7-nitrobenzo[k]fluor-
anthene for cyp1a, cyp1b1, and cyp1c1 (Figure 4A–B). Expression
of cyp1a1 at 48 hpf was increased by 1,963-fold following expo-
sure to 1,6-dinitropyrene, compared to the DMSO exposed con-
trols. In the genes related to cardiac stress, expression of nppb
(natriuretic peptide b, which encodes a small peptide responsi-
ble for the regulation of homeostatic contractility and response
to cardiac stress) was increased by 12-fold in animals exposed
to 1.12 mM 1,8-dinitropyrene at 48 hpf, and 23-fold in animals
exposed to 3.56 mM 1,3-dinitropyrene at 120 hpf. Additionally,

TABLE 2. EC50 (mM) Values for All Compounds, With Standard Error

EC50 (mM) Std Error

NPAHs –– ––
1-nitronaphthalene –– ––
2-nitronaphthalene –– ––
2-nitrobiphenyl –– ––
3-nitrobiphenyl –– ––
4-nitrobiphenyl –– ––
3-nitrodibenzofuran –– ––
5-nitroacenaphthalene 13.41 0.78
2-nitrofluorene –– ––
9-nitroanthracene 222.13† 189
9-nitrophenanthrene 1.81 0.78
2-nitrodibenzothiophene –– ––
3-nitrophenanthrene –– ––
2-nitroanthracene –– ––
2-nitrofluoranthene –– ––
3-nitrofluoranthene 2.04 0.85
1-nitropyrene 44.82 8.34
2-nitropyrene –– ––
7-nitrobenz[a]anthracene 237.6† 108
2,8-dinitrodibenzothiophene –– ––
6-nitrochrysene –– ––
3-nitrobenzanthrone 0.2 0.17
1,3-dinitropyrene 0.1 0.05
1,6-dinitropyrene 0.88 0.22
1,8-dinitropyrene 3.33 1.18
6-nitrobenzo[a]pyrene –– ––
7-nitrobenzo[k]fluoranthene –– ––
3,7-dinitrobenzo[k]fluoranthene –– ––
Amino PAHs
1-aminopyrene 1.85 0.74
9-aminophenanthrene 8.68 0.87
HPAHs
Indole –– ––
Quinoline –– ––
2-Methylbenzofuran –– ––
Thianaphthene –– ––
8-Methylquinoline –– ––
Carbazole 15.15 0.96
Dibenzofuran 228.3a 227.4
5,6-Benzoquinoline 10.35 1.04
Acridine 13.49 0.96
Xanthene –– ––

Blank cells indicate insufficient data to calculate EC50.
aIndicates calculated value is beyond the range of concentrations tested, and

beyond the range of accuracy of the EC50 model.
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FIG. 2. Selected representative images of cyp1a/GPF expression in Tg(cyp1a:nls-egfp) transgenic zebrafish following chemical exposures. Examples of cyp1a/GFP expres-

sion patterns in the DMSO-exposed animals (A), liver (B), vasculature (C), yolk sac (D) and skin, neuromasts and liver (E) following exposure to indicated NPAHs.

Expression patterns observed at 48 hpf (F) and 120 hpf (G), showing unique and overlapping cyp1a/GFP expression patterns for all compounds where expression in one

or more tissues was observed. All results are summarized in Table 3.
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expression of myl6 (cardiac myosin light chain 6, which encodes
the essential cardiac myosin light chain) was significantly de-
creased by 0.9-fold in the 1,8-dinitropyrene exposed animals at
48 hpf, whereas expression of myl7 (cardiac myosin light chain
7, which encodes the regulatory cardiac myosin light chain) was
significantly increased by 2-fold in animals exposed to 1,3-dini-
tropyrene at 48 hpf (Figure 4C–D). Other genes important in de-
toxification and cellular protection from oxidative stress were
also differentially expressed following developmental exposure
to NPAHs (Figure 4E, SD 3). These included members of the su-
peroxide dismutase (sod) family (an antioxidant enzyme respon-
sible for the dismutation of superoxide radical into molecular
oxygen or hydrogen peroxide), glutathione transferases (gst,
phase II enzymes responsible for the conjugation of reduced
glutathione to xenobiotic substrates), and glutathione peroxi-
dases (gpx, which protect against oxidative stress by reducing

peroxides). 1,3-dinitropyrene at 48 hpf resulted in differential
expression of the greatest number of genes (4), whereas arg2
(arginase) was the gene most commonly mis-expressed at both
48 hpf and 120 hpf.

DISCUSSION

Whereas unsubstituted PAHs are known to elicit a range of hu-
man and environmental health effects, NPAHs and HPAHs are
not as thoroughly studied. Investigation of the developmental
toxicity of these compounds, as well as potential contributing
mechanisms of action, is important in order to more accurately
determine potential human and environmental health hazards
as a result of exposure. A range of developmental toxicity end-
points and cyp1a/GFP expression patterns were observed

TABLE 3. Summary of cyp1a/GFP expression Patterns Observed Using Tg(cyp1a:nls-egfp) Transgenic Zebrafish Following Individual Exposure to
all NPAHs and HPAHs Studied, at 48 hpf and 120 hpf

48 hpf 120 hpf

NPAHs Liver Vasculature Yolk Skin Neuromast None Liver Vasculature Yolk Skin Neuromast None
1-nitronaphthalene –– –– –– –– –– x –– –– –– –– –– x
2-nitronaphthalene –– –– –– –– –– x –– –– –– –– –– x
2-nitrobiphenyl –– –– –– –– –– x –– –– –– –– –– x
3-nitrobiphenyl –– –– –– –– –– x x –– –– –– –– ––
4-nitrobiphenyl –– –– –– –– –– x –– –– –– –– –– x
3-nitrodibenzofuran –– –– –– –– –– x –– –– –– –– –– x
5-nitroacenaphthalene –– –– –– –– –– x x –– –– –– –– ––
2-nitrofluorene –– –– –– –– –– x –– –– –– –– –– x
9-nitroanthracene –– –– –– –– –– x –– –– –– –– –– x
9-nitrophenanthrene –– –– –– –– –– x x –– –– –– –– ––
2-nitrodibenzothiophene –– –– –– –– –– x x –– –– –– –– ––
3-nitrophenanthrene –– –– –– –– –– x x –– –– –– –– ––
2-nitroanthracene –– –– x –– –– –– –– –– x –– –– ––
2-nitrofluoranthene –– x –– x –– –– x x x –– –– ––
3-nitrofluoranthene –– –– –– –– –– x –– x x –– –– ––
1-nitropyrene –– –– –– –– –– x –– –– x –– –– ––
2-nitropyrene –– –– –– –– –– x –– –– –– –– –– x
7-nitrobenz[a]anthracene –– –– –– x –– –– –– x –– x –– ––
2,8-dinitrodibenzothiophene –– –– –– –– –– x –– –– –– –– –– x
6-nitrochrysene –– –– –– x –– –– –– x –– x –– ––
3-nitrobenzanthrone –– –– x x –– –– –– –– x –– –– ––
1,3-dinitropyrene –– –– –– –– –– x –– –– x –– –– ––
1,6-dinitropyrene –– –– –– x –– –– –– x –– x –– ––
1,8-dinitropyrene –– –– –– –– –– x –– –– –– –– –– x
6-nitrobenzo[a]pyrene –– –– –– –– –– x x x –– x –– ––
7-nitrobenzo[k]fluoranthene –– –– –– x –– –– x x –– x x ––
3,7-dinitrobenzo[k]fluoranthene –– –– –– –– –– x –– x –– x x ––
Amino PAHs –– –– –– –– –– –– ––
1-aminopyrene –– –– –– –– –– x –– x x –– –– ––
9-aminophenanthrene –– –– –– –– –– x x –– –– –– –– ––
HPAHs –– –– –– –– –– –– –– –– –– –– –– ––
Indole –– –– –– x –– –– –– x –– x x ––
Quinoline –– –– –– –– –– x –– –– –– –– –– x
2-Methylbenzofuran –– –– –– –– –– x –– –– –– –– –– x
Thianaphthene –– –– –– –– –– x –– –– –– –– –– x
8-Methylquinoline –– –– –– –– –– x –– –– –– –– –– x
Carbazole –– –– –– –– –– x x x –– –– –– ––
Dibenzofuran –– –– –– –– –– x –– –– –– –– –– x
5,6-Benzoquinoline –– –– –– x –– –– x –– –– x –– ––
Acridine –– x –– x –– –– x –– –– –– –– x
Xanthene –– –– –– –– –– x x

Tissues where cyp1a/GFP expression are observed are designated with an “x”.
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following NPAH or HPAH exposure. Selected compounds also re-
sulted in a variety of differentially expressed genes, indicating
multiple potential contributing mechanisms of action.

Differential Developmental Toxicity

Of the 39 compounds screened, 17 (44%) resulted in significant
developmental toxicity of at least one observed endpoint. The
profile of developmental toxicity malformations observed is
similar to what has been previously observed with PAHs and ox-
ygenated PAHs, as well as PAH-containing oil preparations
(Goodale et al., 2013; Incardona et al., 2013; Jung et al., 2013;
Knecht et al., 2013).

Comparing the calculated EC50 values with the log Kow, mo-
lecular weight, and water solubility of compounds tested did
not result in any significant correlation (SD 1). However, experi-
mentally derived values for the log Kow and water solubility do
not exist for many of the compounds in this data set, resulting
in a reliance on estimated values from the EPI Suite program
(US EPA). Previous studies had shown relationships between the
observed toxicity of N-heterocyclic (Schultz et al., 1980) and sub-
stituted anilines (Zok et al., 1991) with molecular weight, parti-
tion coefficients, and/or bioconcentration factors; however,
experimentally determined values were available for the com-
pounds under investigation in those studies. The reliability of
our modeling would likely be improved if experimentally deter-
mined values had been available.

There is also significant uncertainly in the aqueous concen-
trations and uptake of these compounds during the assay.
Sorption of hydrophobic analytes to the polystyrene plates com-
monly used for zebrafish testing is known to occur, and can re-
sult in significant analyte loss, with upwards of 50 percent of
the analyte sorbing to the plastic rather than remaining in the
aqueous exposure media (Chlebowski et al., 2016; Peddinghaus
et al., 2012). Whereas the protocols have been optimized to mini-
mize the sorptive losses which occur (Truong et al., 2016), and
maximize the analyte concentration in the exposure solution,
the actual analyte concentration remaining in the exposure me-
dia is uncertain. Furthermore, the availability and uptake of

PAHs and PAH derivatives can be variable (Goodale et al., 2013),
and is unknown for the NPAHs and HPAHs studied here.

Activation of the AHR Pathway and cyp1a Expression

Fluorescence indicating cyp1a expression and activation of one or
more AHR isoforms was observed at 48 and/or 120 hpf for 23 of
the 39 compounds tested, suggesting the involvement of AHR in
the toxicity of at least some NPAHs and HPAHs. Other mecha-
nisms for the induction of cyp1a, such as cellular stress, could po-
tentially be contributing as well (Behrendt et al., 2010), but the
selective elimination of cyp1a/GFP expression in AHR2 morphants
suggests the AHR isoform dependence of cyp1a expression.

The near-complete inhibition of cyp1a/GFP expression in the
vasculature and/or skin (and neuromasts, for 7-nitrobenzo[k]-
fluoranthene) of embryos exposed to 7-nitrobenzo[k]fluoran-
thene, 1,6-dinitropyrene, 7-nitrobenz[a]anthracene and
3,7-dinitrobenzo[k]fluoranthene, following knockdown of AHR2,
indicates that AHR2 is the primary isoform responsible for ex-
pression in these tissues. Decreased toxicity was observed in
1,6-dinitropyrene exposed AHR2 morphants, indicating a role
for AHR in the toxicity of this compound. No substantial change
in toxicity was observed for the other three compounds investi-
gated, which were all relatively non-toxic in the developmental
toxicity screen. This is consistent with previous research on
PAHs and oxygenated PAHs, where knockdown of AHR2 results
in the inhibition of the skin or vasculature cyp1a/GFP expression
patterns (Goodale et al., 2013; Incardona et al., 2011; Knecht et al.,
2013). Expression of cyp1a has been observed previously in the
neuromasts of transgenic Japanese Medaka (Oryzias latipes) fol-
lowing exposure to TCDD (Ng and Gong, 2013), although no fur-
ther mechanistic information has been elucidated. Based on our
results, the inhibition of cyp1a/GFP expression in the neuro-
masts, in AHR2 morphants, indicates AHR2 dependence of this
expression pattern as well.

The decrease in cyp1a/GFP expression in AHR1A morphants
is also consistent with previous research (Knecht et al., 2013),
which implicated AHR1A as the dominant isoform present in
the liver. Fluorescence in the liver was not observed in 48 hpf

FIG. 3. Selected representative images of cyp1a/GPF expression in Tg(cyp1a:nls-egfp) transgenic zebrafish following chemical exposures and morpholino oligonucleotide

injections. Examples of cyp1a/GFP expression patterns in the DMSO-exposed animals (A), liver (B), absence liver expression in AHR1A morphants (C), skin, neuromasts

and liver (D), near-complete elimination of skin, neuromast, and vascular expression in AHR2 morphants (E), and complete skin, neuromast, and vasculature expres-

sion elimination (F) following co-injection of the AHR2 and AHR1B morpholinos, following exposure to indicated NPAHs.
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embryos, due to the majority of liver development occurring af-
ter 48 hpf (Ober et al., 2003). We did not observe a substantial de-
crease in toxicity in AHR1A morphants, indicating that the
toxicity observed is not completely AHR-dependent.

cyp1a/GFP expression in the yolk of embryos exposed to 1,3-
dinitropyrene or 3-nitrofluoranthene did not appear to decrease
as a result of injection with any of the morpholinos. cyp1a/GFP
expression in the syncytial layer of the yolk had been previously
observed following exposure to 1,9-benz-10-anthrone (Goodale
et al., 2015), although this was not determined to be due to a
specific isoform of the AHR. Another isoform of cyp, cyp11a1, is
expressed in the yolk syncytial layer (Goldstone et al., 2010; Hsu
et al., 2002), although this isoform has not been linked with xe-
nobiotic metabolism.

Overall, the in silico model for the AHR1A isoform had the
highest predictive success rate, where eight of the 12 com-
pounds with in vivo cyp1a/GFP expression were predicted to
dock to the AHR, in most cases to the AHR1A with the highest
affinity. In contrast, the predicted docking scores to the AHR2
isoform did not align well with the observed cyp1a/GFP expres-
sion patterns in the skin and vasculature. The AHR docking
models were developed and refined using TCDD as the guide li-
gand for AHR2 and AHR1B, and leflunomide for AHR1A (Gerlach
et al., 2014). Both TCDD and leflunomide are structurally distinct
from PAHs. Whereas the AHR docking models performed ade-
quately for the NPAHs and HPAHs studied here, there is room
for further optimization of these models for PAHs and PAH de-
rivatives, in particular the larger and more potent compounds.

TABLE 4. Predicted AHR Docking Scores (kilocalories/mol) for All Three Zebrafish AHR Isoforms, as Well as Human AHR

Docking Scores

NPAHs Human Zebrafish AHR2 Zebrafish AHR 1B Zebrafiah AHR1A High Priority
1-nitronaphthalene –14.32 –16.08 –13.01 –19.36
2-nitronaphthalene –13.43 –14.78 –18.03 –17.97
2-nitrobiphenyl –11.83 –15.5 –19.13 –15.43
3-nitrobiphenyl –14.94 –17.73 –18.01 –15.42
4-nitrobiphenyl –18.12 –12.71 –14.19 –17.2
3-nitrodibenzofuran –19.52 –19.09 –14.9 –18.07 †
5-nitroacenaphthalene –5.91 –11.29 –15.46 –17.04 †
2-nitrofluorene –12.97 –9.1 –9.72 –17.07 †
9-nitroanthracene –9.89 –10.15 –12.06 –14.84 †
9-nitrophenanthrene –3.08 –12.25 –15.91* –15.72 †
2-nitrodibenzothiophene –15.85 –17.06 –10.85 –17.92 †
3-nitrophenanthrene –12.91 –15.17 –16.31* –16.34 †
2-nitroanthracene –16.55 –14.81 –8.2 –19.02 †
2-nitrofluoranthene –8.33 –12.79 –15.25* –12.43
3-nitrofluoranthene –9.12 –7.91 –16.55* –17.14 †
1-nitropyrene ND –6.91 –15.67* –12.07 †
2-nitropyrene –3.54 –4.4 –14.36* –17.92
7-nitrobenz[a]anthracene –9.97 –5.53 –18.08* ND †
2,8-dinitrodibenzothiophene –15.14 –18.19 –10.85 –17.31 †
6-nitrochrysene –11.37 –5.47 –16.91* –11.6 †
3-nitrobenzanthrone –5.64 –3.86 –17.15* –6.66 †
1,3-dinitropyrene ND ND –15.13* ND
1,6-dinitropyrene ND –5.71 –15.85* ND
1,8-dinitropyrene –3.69 –5.66 –16.23* –11.64
6-nitrobenzo[a]pyrene ND –1.64 –18.13* ND
7-nitrobenzo[k]fluoranthene –5.27 ND –16.05* ND
3,7-dinitrobenzo[k]fluoranthene –5.27 ND –16.05* ND
Amino PAHs
1-aminopyrene ND –5.3 –15.06* –11.09 †
9-aminophenanthrene –7.77 –10.99 –11.89 –21.81 †
HPAHs
Indole –11.14 –15.57 –13.94 –19.94 †
Quinoline –12.29 –15.18 –17.52 –15.83
2-Methylbenzofuran –15.38 –17.2 –16.96 –14.17
Thianaphthene –13.89 –12.07 –14.46 –17.7
8-Methylquinoline –7.85 –13.23 –12.8 –17.29
Carbazole –11.86 –14.85 –15.81 –19.78 †
Dibenzofuran –15.02 –15.82 –14.07 –16.12 †
5,6-Benzoquinoline –14.18 –11.97 –14.57 –20.46 †
Acridine –15.68 –15.48 –11.31 –15.09 †
Xanthene –16.26 –14.69 –11.64 –14.18 †

ND indicates the compound was not predicted to dock, or docked with non-favorable score/energy to the AHR active site model. Asterisk indicates that docking was

predicted, but with an unfavorable pose in the active site, despite the promising binding energy. Compounds were classified as “high priority” for AHR activation (indi-

cated by †) based on overall AHR binding favorability to the three zebrafish isoforms.

ND, not docked or docked with non favorable score/energy.

*despite the promising number, docked with a non favorable pose (binding pattern).

254 | TOXICOLOGICAL SCIENCES, 2017, Vol. 157, No. 1

Deleted Text: <xref ref-type=
Deleted Text: twelve 
Deleted Text: While


FIG. 4. Changes in gene expression induced by exposure to selected NPAHs. Graphs indicate changes in expression to selected cyp genes at 48 hpf (A) and 120 hpf (B),

and in selected cardiac stress genes at 48 hpf (C) and 120 hpf (D). Asterisks indicate statistical significant at a P< 0.05 level, based on one-way ANOVA. All genes investi-

gated are shown in the heatmap (E) for 48 and 120 hpf, where color scaling indicates increased or decreased expression.
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Binding to the different isoforms of the AHR appears to be the
major factor contributing to the differential cyp1a/GFP expres-
sion patterns. Bioavailability and uptake for hydrophobic com-
pounds can vary greatly and is not known for NPAHs and
HPAHs, the larger and more hydrophobic compounds, such as
7-nitrobenzo[k]fluoranthene and the dinitropyrenes were
among the most potent both with regards to cyp1a/GFP expres-
sion and developmental toxicity, suggesting that bioavailability
and uptake is not necessarily a limiting factor for bioactivity of
these compounds.

NPAHs Differentially Alter Gene Expression

PAH and oxygenated PAH exposures have been previously
linked with alterations in the expression of genes related to
phase I metabolism (cyp genes), Phase II metabolism and oxida-
tive stress, and cardiac toxicity (Goodale et al., 2015; Huang et al.,
2012; Incardona et al., 2004; Incardona et al., 2006; Knecht et al.,
2013). Compared to oxygenated PAHs, fewer of the NPAHs stud-
ied resulted in significantly altered expression of the four cyp
genes investigated. However, the induction was a similar order
of magnitude. This could indicate that phase I metabolism by
the cyp genes as a result of AHR activation is not a major detoxi-
fication pathway for many NPAHs. Whereas our data do suggest
that the cyp metabolism pathways and phase II metabolism and
oxidative stress could contribute to the toxicity of NPAHs, other
mechanisms of action are likely also contributing. Metabolism
and oxidative stress may be regulated, at least in part, by the
AHR pathway, but further studies would be required to confirm
this.

Cardiac toxicity has been previously observed following ex-
posure to PAHs and PAH-containing products (Incardona et al.,
2004; Incardona et al., 2014; Jung et al., 2013; McIntyre et al.,
2016). We observed altered expression of each of the three genes
investigated (nppb, myl6, and myl7) following exposure to 1,8-
dinitropyrene and 1,3-dinitropyrene at 48 and 120 hpf, indicat-
ing that cardiac toxicity may play a role in the developmental
toxicity of at least some NPAHs. Zebrafish exposed to these
compounds also displayed pericardial edema and circulatory
malfunction (indicated by pooling of blood in the body).
However, these malformations were also observed following ex-
posure to other compounds which did not alter expression of
these cardiac genes. Of these two compounds, only 1,3-dinitro-
pyrene also resulted in altered cyp1a expression, indicated by vi-
sual expression in the yolk sac, which indicates that the
observed cardiac toxicity is, at least in part, not AHR-dependent.
Previous work has shown a diversity in cardiac toxicity mecha-
nisms among PAHs acting as AHR agonists (Brown et al., 2014).
Therefore, investigation of a wider number of genes and toxicity
phenotypes is necessary to more fully elucidate the role of car-
diac toxicity in the observed developmental toxicity of NPAHs
and HPAHs, as well as the role of the AHR pathway.

The gene most commonly differentially expressed following
NPAH exposure was arg2, the gene encoding the protein argi-
nase 2. Arginases catalyze the hydrolysis of the amino acid argi-
nine to urea and ornithine, and has a role in nitric oxide and
polyamine metabolism (Durante et al., 2007). Arginase expres-
sion is positively correlated to expression of nitric oxide syn-
thase (NOS), and, therefore, increased production of nitric
oxide. Nitric oxide plays regulatory roles on various physiologi-
cal and pathophysiological properties, including vascular and
neurological functions (Sousa et al., 2010). We observed signifi-
cantly decreased expression of arg2 at 48 hpf following exposure
to all seven NPAHs tested, and significantly increased

expression at 120 hpf following exposure to 1,6-dinitropyrene,
5-nitroacenaphthalene, and 7-nitrobenzo[k]fluoranthene.
Previous work (Goodale et al., 2015) showed that arg2 expression
was significantly elevated by 1,9-benz-10-anthrone, but not by
benz[a]anthracene-7,12-dione, in 48 hpf embryos, and was de-
pendent on AHR2. Whereas we did not investigate AHR depen-
dency of gene expression, two of the three compounds which
had elevated arg2 expression at 120 hpf (1,6-dinitropyrene and
7-nitrobenzo[k]fluoranthene) also displayed AHR2-dependent
cyp1a expression. However, since many of the compounds un-
der investigation were not observed to be AHR2-agonists, the
altered expression of arg2 at 48 hpf appears to be via an AHR2-
independent mechanism.

CONCLUSION

NPAHs and HPAHs, like the more thoroughly-studied PAHs and
oxygenated PAHs, are toxicologically a non-homogenous group
of compounds in the developing zebrafish model, as summa-
rized in SD 4. NPAHs and HPAHs can elicit a variety of develop-
mental toxicity endpoints, at a range of concentrations,
demonstrating potential for ecological and human health im-
pacts. NPAH and HPAH exposure also resulted in a range of
cyp1a/GFP expression patterns, indicative of differential activa-
tion of AHR isoforms. Select NPAHs caused altered gene expres-
sion of a diverse set of genes, suggesting contributions of
several potential mechanisms of action, including cardiac
stress, cyp metabolism pathways, and oxidative stress. When
considering health risks from PAH-containing complex environ-
mental mixtures, PAH derivatives, including NPAHs and HPAHs,
should be included. Further research into the toxicity and
mechanisms of action of these compounds is warranted.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences online.
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