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Abstract

Polycyclic aromatic hydrocarbons (PAHs) and their oxygenated derivatives are ubiquitously 

present in diesel exhaust, atmospheric particulate matter and soils sampled in urban areas. 

Therefore, inhalation or non-dietary ingestion of both PAHs and oxy-PAHs are major routes of 

exposure for people; especially young children living in these localities. While there has been 

extensive research on the parent PAHs, limited studies exist on the biological effects of oxy-PAHs 

which have been shown to be more soluble and more mobile in the environment. Additionally, 

investigations comparing the metabolic responses resulting from parent PAHs and oxy-PAHs 

exposures have not been reported. To address these current gaps, an untargeted metabolomics 

approach was conducted to examine the in vivo metabolomic profiles of developing zebrafish 

(Danio rerio) exposed to 4 µM of benz[a]anthracene (BAA) or benz[a]anthracene-7, 12-dione 

(BAQ). By integrating multivariate, univariate and pathway analyses, a total of 62 metabolites 

were significantly altered after 5 days of exposure. The marked perturbations revealed that both 

BAA and BAQ affect protein biosynthesis, mitochondrial function, neural development, vascular 

development and cardiac function. Our previous transcriptomic and genomic data were 

incorporated in this metabolomics study to provide a more comprehensive view of the relationship 

between PAH and oxy-PAH exposures on vertebrate development.
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1. Introduction

Among organic pollutants, polycyclic aromatic hydrocarbons (PAHs) constitute a large and 

diverse class of chemicals, resulting from both natural and anthropogenic processes (Gan et 

al., 2009). This family of molecules is composed of two or more fused benzene rings and 

also includes derivatives with alkyl, nitrogen or oxygen substitutions. In recent years, 

environmental PAH concentrations have increased in many industrialized and developing 

countries, due to human activities such as fossil fuel burning and automobile exhaust (Shen 

et al., 2013). Increasing PAH emissions pose likely hazards to human health and may be 

especially acute for developing fetuses and younger children (Perera et al., 2012). 

Additionally, inhalation exposure to these compounds is associated with cardiac 

dysfunction, in-utero mortality, growth retardation and lower intelligence (Choi et al., 2006; 

Tang et al., 2008; Edwards et al., 2010; Wu et al., 2010; Jules et al., 2012). The bulk of 

environmental toxicity studies focus on parent-PAHs due to their potential mutagenic and 

carcinogenic properties; however, other studies demonstrate that oxygenated-PAH 

derivatives (oxy-PAHs) also negatively impact human health (Lundstedt et al., 2007). Oxy-

PAHs, alongside their parent compounds, are produced during the incomplete combustion of 

organic matter and subsequently released into the atmosphere (Shen et al, 2011; Ringuet et 

al. 2012). Unlike PAHs, these derivatives are not currently monitored by international 

regulatory agencies; nevertheless, their physical and toxic properties warrant attention. Oxy-

PAHs are more mobile in the environment than parent-PAHs because of their higher water 

solubility (Weigand et al., 2002). Moreover, PAHs or their oxygenated derivatives, found in 

diesel exhaust particles (Layshock et al., 2010; Burtscher and Schuepp, 2012), were recently 

suspected of being major drivers of cardiovascular, neurodegenerative and pulmonary 

diseases (Levesque et al., 2011; Nemmar et al., 2011; Channell, et al. 2012). Little is known 

about the toxicity pathways involved with these exposures during development. 

Consequently, there is a need for a more comprehensive understanding of the effects and the 

mechanisms of toxicity of PAHs and oxy-PAHs.

Environmental metabolomics is a relatively recent addition to an array of molecular 

techniques employed to assess the biological consequences of chemical exposures 

(Lankadurai et al., 2013). Changes in the metabolite patterns can be used to characterize the 

toxicological responses elicited from chemicals, such as PAHs or oxy-PAHs. Metabolomic 

analyses can be either targeted, where known metabolites are quantitated, or untargeted, 

during which a comprehensive analysis of all known and unknown metabolites is performed. 
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This latter approach allows graphical depiction of any significant differences in the patterns, 

which often provides information about toxicity mechanisms, pathways and possible 

biomarkers of exposure (Dumas et al., 2014; Prosser et al., 2014). Among the analytical 

instrumentations most commonly used for metabolomics studies, liquid chromatography-

mass spectrometry (LC-MS) provides a powerful platform for the identification of 

metabolites indicative of biological and environmental perturbations (Zhou et al., 2012; 

Chen and Kim, 2013). Moreover, the power of the LC-MS-based metabolomics can be 

amplified when coupled with genomics approaches as a means to link genetic variants to 

phenotypic traits (Suhre and Gieger, 2012; Adamski and Suhre, 2013).

Although a vast number of organisms have been used for metabolomics studies, the 

zebrafish (Danio rerio) model has been under-utilized. As a developmental vertebrate 

model, the zebrafish has unique advantages for in vivo metabolic analyses. Much of the 

anatomy and physiology of fish is highly homologous to those of mammals (Eimon and 

Rubinstein, 2009), and zebrafish share a considerable amount of genetic identity with 

humans, with approximately 87% similarity (Lieschke and Currie, 2007). In addition, 

zebrafish embryos develop rapidly and remain transparent throughout much of 

organogenesis, enabling researchers to perform large-scale and high-throughput screenings 

at a reduced cost. (Hung et al., 2012; Santoro, 2014). Recent studies suggest that zebrafish 

may be an ideal reference model system for performing metabolomic-related studies 

(Kirkwood et al., 2012; Seth et al., 2013; Santoro, 2014). Furthermore, the metabolic 

changes in zebrafish are conserved in human samples (Nath et al., 2013).

Numerous embryonic zebrafish transcriptional and genetic studies have been conducted to 

assess the developmental toxicity of PAH and oxy-PAHs (Timme-Laragy et al., 2009; Van 

Tiem and Di Giulio, 2011; Goodale et al., 2013; Jayasundara et al., 2014). However, 

metabolic information is currently lacking. Comparing metabolic perturbations with 

alterations in gene transcription and protein expression, produced by PAH and oxy-PAH 

exposures, would be an important step toward elucidating the mechanisms of toxicity. 

Therefore, the overall aim of this study is to define the effects of a model PAH compound 

and its oxygenated derivative in zebrafish using an untargeted metabolomics approach.

2. Materials and Methods

2.1 Reagents

Benz[a]anthracene (BAA) and benz[a]anthracene-7,12-dione (BAQ) were purchased from 

Sigma-Aldrich (St Louis, MO, USA). Their Chemical Abstracts Service (CAS) Registry 

numbers, and relevant physicochemical properties are specified in Table S1. Dimethyl 

sulfoxide (DMSO) ACS reagent grade was obtained from J.T. Baker (Phillipsburg, NJ, 

USA) and methanol (high-performance liquid chromatography [HPLC] grade) was 

purchased from EMD Millipore (Gibbstown, NJ, USA). The purity of all chemicals 

exceeded 99%. Stock solutions of BAA and BAQ were made in DMSO at a concentration of 

400 µM. However, for static exposures, solutions were made at a 1:100 dilution in E2 

embryo medium with a 1% final DMSO concentration.
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2.2 Zebrafish maintenance and embryo collection

Adult Tropical 5D strain zebrafish (Danio rerio) were housed at the Sinnhuber Aquatic 

Research Laboratory at Oregon State University. Fish care and reproductive techniques were 

conducted in accordance with approved Institutional Animal Care and Use Committee 

(IACUC) protocols. Adults fish were kept on a 14 h light/10 h dark regime in polycarbonate 

tanks with a recirculating water system maintained at 28° ± 1 °C and a pH of 7.0. Following 

adult spawns, fertilized embryos were collected in a clean glass Petri dish, rinsed with fish 

water and housed in an incubator (29 ± 1 °C) until the start of the experiment (Reimers et 

al., 2006).

2.3 Exposure setup

To maximize chemical exposure and uptake, the fertilized embryos were enzymatically 

dechorionated using a previously described method (Mandrell et al., 2012). Briefly, these 

embryos were developmentally staged according to Kimmel et al. (1996) and at 4 h post 

fertilization (hpf), they were incubated in 82 mg L−1 of pronase (Sigma-Aldrich; St Louis, 

MO, USA) at room temperature, gently agitated for 3 min and then rinsed thoroughly using 

an automated dechorionating system. Following rinsing, the embryos were placed in an 

incubator (29 ± 1 °C) for 20 min, after which greater than 95% of the chorions were 

removed by gentle agitation. From 6 to 120 hpf, the dechorionated embryos were batch-

exposed in 20-mL amber glass vials (Ace Glass Inc., Vineland, NJ, USA).

As illustrated in Figure. S2, the static exposures were divided into three groups (vehicle 

control, BAA and BAQ) which were prepared in parallel. Each group consisted of 10 

replicate vials of either 10 or 30 pooled embryos in 1 or 3 mL solutions, respectively. The 

embryos were exposed to 4 µM concentrations of BAA and BAQ or vehicle control with 1% 

final DMSO concentration in E2 embryo media.

2.4 Metabolite extraction

At 120 hpf, the pools of zebrafish larvae were removed from their respective exposure 

solutions, transferred into separate clean glass Petri dishes and rinsed with cold fish water. 

Subsequently, the collected larvae, from each group, were loaded in 1.5-mL safe-lock 

Eppendorf® tubes and chilled on ice to anesthetize and reduce enzymatic activity. After 10 

min, any remaining water was removed using a microliter pipette equipped with gel-loading 

tips (Eppendorf; Hauppauge, NY, USA). The samples were then flash-frozen with liquid 

nitrogen to quench any enzymatic or metabolic activity. Immediately following the flash-

freezing, 80 mg of 0.5 mm zirconium oxide beads (Next Advance, Averill Park, NY, USA) 

were added to each tube and the larvae were homogenized in 300 µL of extraction solvent 

(80:20 v/v, cold methanol/water) with a bullet blender (Next Advance, Averill Park, NY, 

USA). Samples were then vortexed and incubated on ice for 15 min before centrifuging for 

13 min at 15,000 RCF and at 4 °C. 200 µL of supernatant, from each sample, was added into 

HLPC vials and stored in a freezer (−80 °C) until LC-MS/MS analysis. Figure S3 

(Supplementary material) depicts the steps followed during the experimental procedure.
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2.5 LC-MS/MS analysis

All samples used for metabolomic profiling were analyzed as a single batch in a random 

order as a means to minimize any analytical error, subjective interference and to keep the 

column retention shift to a minimum. To ensure the stability and repeatability of the LC-MS 

system, 10 μL aliquots were taken from each BAA, BAQ and vehicle control sample (in 

HPLC vials) and mixed to generate a pooled quality control (QC) sample, which was 

analyzed alongside the exposure samples.

High-pressure liquid chromatography was performed on a Shimadzu Nexera system 

(Shimadzu; Columbia, MD, USA) coupled to a high-resolution hybrid quadrupole-time-of-

flight mass spectrometer (TripleTOF ® 5600; AB SCIEX; Framingham, MA, USA) 

equipped with an electrospray ionization source. As described in a previous protocol 

(Kirkwood et al., 2013), chromatographic separations were carried out on an Inertsil 

phenyl-3 column (GL Sciences Inc., Rolling Hills Estates, CA, USA) for positive and 

negative ion analyses. The column size was 150 × 4.6 mm with a particle size of 5 µm. The 

flow rate was 0.4 ml/min and the injection volume was 10 µl. The mobile phases consisted 

of water (A) and methanol (B), both with 0.1% formic acid. The elution gradient was as 

follows: an initial hold at 5% B for 1 min, followed by a gradient of 5–50% B in 11 min, to 

100% B at 23 min, held until 35min, then a shift to 5 % B at 37 min until 50 min. The 

column temperature was held at 50 °C to ensure a better repeatability between runs.

Time-of-flight (TOF) mass spectrometry (MS) was operated with an acquisition time of 0.25 

s and a scan range of 70-1250 Daltons (Da). MS/MS acquisition was performed with 

collision energy set at 35 V and collision energy spread of 15 V. Each MS/MS scan had an 

accumulation time of 0.17 s and a range of 40-1250 Da using information-dependent 

acquisition (IDA). The source temperature was set at 500 °C and IonSpray voltage at 4.5 

kV. MS and MS/MS were automatically calibrated every six injections with calibration 

mixtures for both ion modes.

2.6 Data processing, statistical and pathway analyses

Raw LC-MS/MS data files were first imported into MarkerView software (AB SCIEX) for 

initial data processing, including peak detection, peak alignment and peak integration. The 

following parameters were used to extract the peaks from the raw data: Retention times 

between 3.00 and 32.00 min.; Subtraction Offset of 10 scans; Subtraction Mult. Factor of 

1.3; Noise Threshold of 50; Min. Spectral Peak Width of 15 ppm; Min. RT Peak Width of 3 

scans; Retention Time Tolerance of 0.30 min.; Mass Tolerance of 10.0 ppm; 5 required 

samples; Maximum of 4000 peaks. Peaks with less than a 3-fold increase, compared to 

blank samples, were then removed from the list. Peak areas, across all samples, were 

subsequently normalized to the total area of the corresponding samples to balance their 

differences in intensities that may have arisen due to discrepancies in the sample 

homogenization (sample preparation). In a resultant table, the detected peaks were presented 

as features. A feature is defined as any identified m/z value detected at a unique retention 

time.
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The normalized data were imported into IBM SPSS Statistics software version 22 (SPSS 

Inc., Chicago, IL, USA) for univariate analysis and into MetaboAnalyst version 3.0 (http://

www.metaboanalyst.ca) for multivariate analysis (Xia et al., 2009). MarkerView was also 

used for multivariate analysis, specifically for principal component analysis with 

discriminant analysis (PCA-DA). For multivariate analyses, the data were mean-centered 

and Pareto-scaled to remove the offsets and adjust the importance of low and high 

abundance features to an equal level. Supervised multivariate modeling approaches such as 

Partial least-squares discriminant analysis (PLS-DA) and PCA-DA were used to determine 

where the greatest variation lies in the data, and also reveal the similarities or differences 

among the metabolite profiles of group samples relative to the different exposure groups 

(e.g., BAA vs. control). Additionally, cluster analysis was performed on the mean-centered 

and Pareto-scaled data set of the identified metabolites and was also based on the Pearson 

correlation coefficient. One-way ANOVA was also performed on the data set and the results 

were visualized by heat maps

The METLIN web-based metabolomics database (http://www.metlin.scripps.edu) was used 

for tentative identification of significant features. Database matching was performed in two 

steps, including accurate mass and MS/MS spectral matching (Smith et al., 2005). For 

accurate mass filtering, 5 ppm mass tolerance was used for [M+H]+ or [M-H]− ions in 

positive and negative mode, respectively. Verification of the identified metabolites were 

conducted using an in-house library of standards based on the accurate mass and retention 

time of metabolite standards provided by IROA technologies (Bolton, MA, USA).

MetaboAnalyst was further used to assist in the analysis of the differentially expressed 

metabolites, identify the affected metabolic pathways and facilitate further biological 

interpretation. The pathway analysis module combined results from the enrichment analysis 

with those of the topology pathway based on database sources such as Kyoto Encyclopedia 

of Gene and Genomes (KEGG) and Human Metabolome Database (HMDB). For the 

enrichment analysis, the p values were generated from Fisher’s exact test and represent the 

enrichment of certain metabolites in a particular pathway. Generally, a p value less than 0.05 

indicates that the association between the identified metabolites and a pathway is significant 

and not likely due to random chance.

3. Results and Discussion

3.1 Rationale for study and experimental approach

The aim of this research was to define the metabolic alterations induced by the BAA 

exposure with regard to the vehicle control samples (BAA vs. control) and to directly 

compare these results with the perturbations produced by the BAQ exposure, in relation to 

the same vehicle control samples (BAQ vs. control). BAA and BAQ (Figure S1) were 

chosen as model compounds for a variety of reasons. Both compounds are structurally 

related and simultaneously detected in the atmosphere and soils of urban or polluted areas 

(Layshock et al., 2010; Musa Bandowe et al., 2011). Moreover, the developmental effects of 

BAA and BAQ were previously defined, and the results indicated that they may share the 

same mechanism of toxicity. It was found that both compounds elicited similar 

morphological responses and promoted the expression of cytochrome P4501A (CYP1A) 
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gene via activation of the zebrafish aryl hydrocarbon receptor 2 (AHR2) (Goodale et al. 

2013; Knecht et al. 2013).

Based on the previous concentration-response studies in our laboratory 4 µM was 

determined to be the optimum concentration for both compounds to elicit sub-lethal 

metabolic responses in zebrafish. Additionally, no significant teratogenic effects were 

observed at the 4 µM doses for BAA and BAQ treatments relative to the vehicle control (Fig 

S4). Two sets of experiments were preliminarily conducted with 3 replicate vials (n = 3) for 

each group (BAA, BAQ and vehicle control). The first set consisted of replicates of 10-

pooled embryos for each group, while the second set was comprised of replicates of 30-

pooled embryos. No significant mortalities were observed during the exposure period and 

the metabolite extractions were subsequently performed with 80:20 (v/v) cold methanol and 

water (Kirkwood et al. 2013). It was determined that 30-embryos samples yielded more 

metabolic features with sufficient intensities compared to the 10-embryos samples. 

Subsequently, a statistical power analysis was conducted with the preliminary 30 embryo 

pools to determine the minimum sample size or minimum number of replicates in this case. 

As shown in Figure S5, a 74% and 80% power to detect BAA- and BAQ-induced metabolic 

differences (compared to the control) were obtained with 10 replicates per group (n = 10/

group). Hereafter, a sample size of 10 replicates of 30 embryo pools was selected for the 

study.

3.2 Validity of instrumental analysis

As described in the Materials and methods section, the experimental approach of this study 

consisted of sample collection, extraction and LC-MS/MS analysis. However, prior to 

analyzing the untargeted metabolite profile of the hydrophilic extracts, a validation of the 

analytical method was completed. Analytical variance arises from the spread of measured 

values (e.g., sample preparation retention times, peak intensities) observed from multiple 

measurements of the same biological sample (Moseley, 2013), and such a variance can skew 

successive technical steps such as data processing. The reproducibility and stability of the 

LC-MS/MS method were evaluated by examining the distribution of the relative standard 

deviations (%RSD) of the peak areas (of all the detected features) from the pooled QC 

sample that was repetitively analyzed after every five injections throughout the analytical 

run. The results revealed that for all six QC injections, 82.4% and 76.0% of the differential 

features had a %RSD of less than 20% in the positive and negative ion mode, respectively 

(Figure S6). Additionally, the positive and negative ion mode PCA scores plots showed that 

all of the repeated QC samples were closely clustered demonstrating the robustness of our 

analytical method (Figure S7). Thus, the analyses under the defined conditions were stable 

and acceptable to further explore the information derived from the in vivo exposures.

3.3 Metabolic profiling using multivariate pattern recognition analysis

The features detected in at least 50% of the samples, in any of the three groups (vehicle 

control, BAA and BAQ), were selected for differential metabolite analysis. To directly 

evaluate the induced metabolic alterations and help establish whether or not differences in 

metabolic profiles exist among the groups, pattern recognition techniques such as PLS-DA 

and PCA-DA were both applied to the data set. The results are represented as scores plots, in 
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which a group of samples that displayed a particular metabolic profile (e.g., control 

samples), clustered together in a particular area of the plot.

As shown in Figures 1 and 2, the two-dimensional score plots of the PLS-DA and PCA-DA 

models both demonstrated that the BAA and BAQ groups were separated from each other 

and from the control group in the PC1 direction. The clear separation from the vehicle 

control group indicate that the metabolic perturbations were associated with BAA and BAQ 

exposures. In the positive ion mode, PC1 and PC2 components of the PLS-DA scores plot 

explained 51.3 % of the total variance; while D1 and D2 components of the PCA-DA plot 

explained 99.5% of the total variance (Fig.1). In the negative ion mode data set, PC1 and 

PC2 components of the PLS-DA scores plot explain 48 % of the total variance, and D1 and 

D2 of the PCA-DA plot explained 100% of the total variance (Fig. 2). These results indicate 

that the LC-MS based method in combination with multivariate pattern recognition, 

generated a tangible representation of the metabolic changes associated with BAA and BAQ 

developmental exposures.

3.4 Univariate statistical comparison between the treated groups and the control group

The untargeted metabolomics approach of this study was aimed at the discovery of those 

metabolites that are varied between two independent groups (e.g., BAA vs control or BAQ 

vs control). The fit of our group samples to the assumptions for parametric or non-

parametric tests was examined with the Shapiro-Wilk test for normality (Razali and Wah, 

2011) and the Levene’s test for equality of variances (Gastwirth et al., 2009). Table S2 

shows the percentage of features that met normality and homogeneity assumptions in our 

data set. On average, 70% of detected features met both normality and equality of variance 

assumptions. Based on these results, the Welch t-test was used to evaluate significance due 

to its robustness when dealing with deviations of normal distributions and moderate unequal 

variances in the data set (Skovlund and Fenstad, 2001; Fagerland and Sandvik, 2009; 

Ruxton, 2006).

Using this approach, the BAA and BAQ groups were compared to the vehicle control group 

to find the most significantly altered metabolites between them. In addition, to reduce false 

discoveries and to improve the statistical robustness in finding differential metabolites, the 

false discovery rate (FDR) correction was performed using the Benjamin and Hochberg 

method (Benjamin and Hochberg, 1995). Metabolite features were considered statistically 

significant with p values less than 0.05 and FDR results below 0.05. Out of a total of 147 

identified features, 63 metabolites were found to fulfill the statistical significance criteria for 

the BAA-control and BAQ-control comparisons in both positive and negative ion modes. 

The significant metabolites were identified based on accurate mass, spectral matching with 

the METLIN metabolite database (Zhu et al., 2013), and were further confirmed based on 

comparisons with known standards and their retention times. Identified metabolites, the fold 

changes with p and FDR values are presented in Table S3. These significantly different 

metabolites were amino acids, amino ketones, polyamines, nucleosides, organic acids, fatty 

acids, carbohydrates and sugar phosphates. Furthermore, it should be noted that more than 

80% of the identified metabolites (Table S3) had p and FDR values less than 0.01, which is 
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considerably less than the cut-off value of 0.05 and indicating that the observed alterations 

are statistically robust.

3.5 Pathway Analysis

Following the identification of the significant differential metabolites (Table S3), a targeted 

data analysis approach was employed. Pathway enrichment analysis combined with the 

topology analysis was conducted using Metaboanalyst (Xia et al., 2012) to reveal the most 

relevant pathways influenced by the respective BAA and BAQ exposures (Figure 3). Based 

on the KEGG pathway database and previous pathway research on the zebrafish 

metabolome, it was discovered that both BAA and BAQ exposures are responsible for the 

perturbation of: 1) glutathione metabolism; 2) glycine, serine and threonine metabolism; 3) 

cysteine and methionine metabolism; 4) purne metabolism; 5) phenylalanine metabolism; 6) 

phenylalanine, tyrosine and tryptophan metabolism; 7) aminoacyl-tRNA biosynthesis.

3.5.1. Glutathione metabolism—Glutathione (GSH) biosynthesis and metabolism 

encompass other metabolic pathways such as glycine, serine, threonine metabolism and the 

cysteine and methionine metabolism (Noctor et al., 1998; Lu, 2013); which have all been 

shown to be influenced by the BAA and BAQ exposures. A significant increase in GSH (p < 

0.05) was associated with BAA and BAQ exposures relative to the vehicle control group. 

GSH is considered as an efficient antioxidant, defending against oxidative stress in cells 

through its ability to scavenge and reduce reactive oxygen species (ROS) (Haenen and Bast, 

2014). Moreover, serine, threonine, cystathione, S-adenosylmethionine and S-

adenosylhomocysteine were found at increased levels for both exposures. These amino acids 

and amino acid derivatives are all necessary for the formation of GSH (Figure S8). In 

addition, methionine levels were increased by a 2.3- and a 1.8-fold change from the BAA 

and BAQ exposures, respectively. This sulfur containing amino acid also plays a critical role 

in the biosynthesis of GSH and has been shown to be a chemopreventive agent due to its 

ability to interfere with the oxidative DNA damage induced by benzo[a]pyrene (B[a]P), a 

known carcinogenic PAH compound (Roh et al., 2012).

In our previous studies (Goodale et al., 2013; Knecht et al., 2013; Goodale et al. 2015), 

BAA and BAQ developmental toxicities were examined by investigating the global 

differences in transcription with whole genome mRNA sequencing and quantifying the 

expression of a battery of known redox-affected genes. These studies revealed that many of 

the transcripts elevated by BAA were similarly increased by BAQ, and in concordance with 

the metabolomics reported here, oxidative stress was a component of the responses of BAA- 

and BAQ-exposed embryos (Goodale et al., 2013; Goodale et al., 2015). Additionally, 

several genes important in cellular detoxification and protection from oxidative stress, such 

as glutathione S-transferase (GST), glutathione peroxidase (GPx), were significantly 

elevated (p < 0.05) in embryos exposed to BAQ for 48 hpf (Knecht et al., 2013). BAQ 

exposure also elicited the induction of the catalytic subunit of glutamate-cysteine ligase 

(GCLC), which catalyzes the rate-limiting step of GSH synthesis (Hayes and Pulford, 1995). 

This is consistent with the hypothesis that BAA and BAQ-induced the production of GSH as 

an adaptive stress response.
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3.5.2. Purine metabolism—As shown in Figure 3, purine metabolism was the most 

affected pathway (p < 0.00001) for both BAA and BAQ exposures. Purine metabolism, also 

called purine nucleotide catabolism (PNC), may be a component of the homeostatic 

response of mitochondria to oxidative stress. Studies have shown that PAHs accumulate in 

the mitochondria, due to its high lipid content, and subsequently induce mitochondrial 

oxidative damage and reduce ATP levels (Xia et al., 2004; Farris et al., 2005; Meyer et al., 

2013). It has been hypothesized that, in response to decreased energy charge or oxidative 

damage, there is a mitochondrial homeostatic response to activate and increase purine 

catabolism to produce cellular antioxidant uric acid (Kristal et al., 1999) and to salvage free 

purine bases to restore nucleotide levels, including ATP (Ong et al., 2010; Liechti and 

Goldberg, 2012). The metabolomics analyses reveal a significant increase (p < 0.05) in the 

production of uric acid and other catabolites (e.g., guanosine, hypoxanthine, inosine and 

xanthine), following BAA and BAQ exposures (Figure S9). Additionally, upregulation of 

inosine monophosphate and guanosine monophosphate nucleotides were observed, thus, 

supporting the hypothesis that purine bases are salvaged and reutilized during times of 

oxidative stress.

Moreover, the effect of BAQ on mitochondrial function was evaluated by measuring 

mitochondrial respiration and hydrogen production (Knecht et al., 2013). Correlating with 

our present metabolomics findings, the previous results showed that BAQ-exposed embryos 

had significantly decreased ATP-linked oxygen consumption rates and an apparent trend 

toward lower mitochondrial oxygen capacity compared to the vehicle controls, all of which 

implies a mitochondrial response to oxidative stress (Dranka et al., 2011). Furthermore, 

PAH exposures and induced mitochondrial oxidative damage are associated with cardiac 

ischemia and hypoxia (Burstyn et al., 2005; Li et al., 2015). In our previous gene-expression 

study, BAQ exposure was associated with altered transcription of several hypoxia-related 

signaling genes (Goodale et al., 2015). Additionally, genes involved in vasculature 

development and low-blood flow signaling were misexpressed in BAA-exposed embryos 

(Goodale et al., 2013). It is also noteworthy that inosine, a candidate biomarker for cardiac 

ischemia (Farthing et al., 2006; Becker et al., 2011), had the highest fold change out of all of 

the identified metabolites following BAA exposure (Table S3). Collectively, the present 

metabolome and previous results suggest that vascular development and possibly cardiac 

dysfunction are associated with BAA and BAQ exposures.

3.5.3. Phenylalanine, tyrosine and tryptophan biosynthesis—Phenylalanine 

(Phe), tyrosine (Tyr) and tryptophan (Tryp) metabolites were significantly increased (p < 

0.05) when comparing each exposure group (BAA and BAQ) to the vehicle control group 

(Fig. S10). Both Phe and Tyr are precursors of the catecholamine neurotransmitters, 

dopamine, norepinephrine, and epinephrine, while Tryp is the precursor of serotonin, which 

is a brain neurotransmitter. Dopamine (DA) synthesis was significantly (p < 0.05) induced 

after both BAA and BAQ exposures (Table S3). Increases in serotonin (5HT) levels were 

also observed following BAA (2.0-fold) and BAQ (1.7-fold) exposure, relative to vehicle 

control group. As a brain neurotransmitter, 5HT modulates several behavioral and 

neuropsychological processes such as sleep, aggression, appetite, memory and rhythmic 

motor patterns (Berger et al., 2009).
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The significant alterations in DA and 5HT and the neurotransmitter-precursor metabolites 

(Tyr, Phe, Tryp) may be predictive of developmental neurobehavioral effects associated 

with BAA and BAQ. PAH exposures in rats and in humans have been associated with 

neurobehavioral effects (Edwards et al., 2010; Xia et al., 2011; Perera et al., 2012); however 

limited data exist on the behavioral effects of oxy-PAHs. The present findings show that 

both BAA and BAQ exposures perturb levels of DA and 5HT neurotransmitters and their 

respective precursors, implying that both of these compounds may have a similar 

mechanism and involvement in the dysfunction of a number neurological and behavioral 

processes. Gesto et al. (2006; 2008; 2009) demonstrated that PAH and oxy-PAH exposures 

altered the levels of DA and 5HT metabolites in the brain of rainbow trout. Moreover, other 

reports have associated zebrafish central nervous system (CNS) effects with exposure to 

various PAHs (Vignet et al. 2014a; 2014b). In their studies, adult zebrafish which were 

developmentally exposed to individual PAHs or PAH mixtures, exhibited impaired 

locomotor activity, and increased anxiety compared to non-exposed fish. Additionally, 

similar results were reported using Japanese medaka embryos exposed to BAA (Le Bihanic 

et al., 2015), suggesting that PAHs are developmental neurotoxicants. The probability that 

some oxy-PAHs are also developmental neurotoxicants is high, however, a more 

comprehensive analysis is still needed.

3.5.4. Aminoacyl-tRNA biosynthesis—The aminoacyl-tRNA (aa-tRNA) biosynthesis 

was also significantly affected by both BAA and BAQ exposures (Figure 3). The aa-tRNA 

pathway and aminoacyl tRNA synthetase (aaRS) enzymes are key factors required for 

protein biosynthesis (Ibba and Söll, 2000). Exposure to BAA and BAQ caused a significant 

increase (p < 0.05) in levels of all identified cellular amino acids (Table S2). This is 

indicative of decreased protein syntheses. Hradec (1967) reported that carcinogenic PAHs, 

such as B[a]P, alter the activity of various aaRS enzymes, in addition to the inhibition of the 

sequential steps involved protein synthesis. However, the exact mechanism by which PAHs 

alter the aa-tRNA pathway was not identified. Shen and Yu (2008) and Kalkhof et al. (2014) 

found that a similar decreased in protein synthesis was associated with exposure to with 

B[a]P and a B[a]P metabolite. Their results showed that most subunits of eukaryotic 

translation initiation factors (EIFs) and involved proteins were down-regulated after 24 h of 

exposures. Hence, the decreased metabolic activity associated with PAHs and the enhanced 

levels of amino acids observed suggest that translation was suppressed following 

developmental exposure to BAA and BAQ.

3.6. Comparing the metabolic profiles of the exposure groups

As described above, exposure to BAA and BAQ resulted in similar metabolite profiles. 

However, it is noted that developmental BAQ exposure led to an overall lower magnitude 

fold changes compared to BAA exposure (Table S3). The significantly altered and identified 

metabolites were subjected to hierarchical clustering to determine variations between 

exposures relative to the control group. For both positive and negative ion modes, the 

generated heat maps (Figs. 4 and S11) revealed variations between replicate samples within 

each group, which could be due to biological variation. Although there were overlaps in the 

metabolic profiles between the two exposures, the fold-change of metabolite levels were 

different. As shown in Figure 4, there is a slight increase in metabolites when comparing 

Elie et al. Page 11

Environ Res. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



changes between the control and BAQ group (from right to left in Figure 4); however, a 

more substantial increase in metabolic alterations can be observed when comparing the 

vehicle control to the BAA group. Inherent biological variations could partially explain the 

response pattern, the different physical properties of these compounds likely plays an 

important role; specifically bioavailability may underlie the difference observed in 

metabolic perturbations. Future body-burden studies are needed to define BAA- and BAQ-

bioavailability under these experimental conditions.

4. Conclusions

To address current knowledge gaps, a study was conducted to define and compare the 

effects of a model PAH compound and its oxygenated derivative on the developing 

zebrafish metabolome. By incorporating in vivo metabolic profiling with multivariate pattern 

recognition and pathway analysis, the metabolomics data revealed that BAA and BAQ 

exposures were strongly associated with changes known to affect protein biosynthesis, 

mitochondrial dysfunction (oxidative stress), neural development, disturbance in vascular 

development and cardiac development function (cardiac toxicity). These findings generally 

concur with previous transcriptomics studies associated with the toxicological responses and 

effects of other PAHs and oxygenated PAHs (Goodale et al., 2013; Gurbani et al., 2013; 

Jayasundara et al., 2014). Our results demonstrated the utility of LC-MS-based 

metabolomics combined with the developmental zebrafish model to provide deeper 

mechanistic insights into the connections between chemical exposure and profound effects 

on organisms. Application of this approach to more structurally diverse PAHs and oxy-

PAHs could greatly expand the utility of metabolomics for predicting the structure-activity 

relationships and hazard potential of a very diverse and ubiquitous class of contaminants.
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Highlights

We used the zebrafish model to investigate differential polycyclic aromatic hydrocarbon 

(PAH) toxicity.

We investigate the metabolomic profiles produced by developmental PAH exposures.

We compared the metabolomic profiles produced by two environmentally abundant 

oxygenated PAHs.

Pathway analysis identified several perturbed molecular networks.
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Figure 1. 
PLS-DA score plot (A) and PCA-DA score plot (B) in the positive ion mode based on the 

normalized data.
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Figure 2. 
PLS-DA score plot (A) and PCA-DA score plot (B) in negative ion mode based on the 

normalized data.
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Figure 3. 
Global metabolic disorders of the most relevant pathways influenced by (A) BAA and (B) 

BAQ treatment
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Figure 4. 
Heat map produced by hierarchical clustering of the most significantly different metabolites 

obtained from the positive ion mode. The log2 fold change in metabolite levels is color-

coded: red pixels denote up regulation; blue pixels denote down regulation. Fold changes 

were based on peak intensities and relative to a pooled average sample from the control 

group.
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