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Abstract

Mitochondria, an integral component of cellular energy metabolism and other key functions, are 

extremely vulnerable to damage by environmental stressors. Although methods to measure 

mitochondrial function in vitro exist, sensitive, medium- to high-throughput assays that assess 

respiration within physiologically-relevant whole organisms are needed to identify drugs and/or 

chemicals that disrupt mitochondrial function, particularly at sensitive early developmental stages. 

Consequently, we have developed and optimized an assay to measure mitochondrial bioenergetics 

in zebrafish larvae using the XFe24 Extracellular Flux Analyzer. To prevent larval movement from 

confounding oxygen consumption measurements, we relied on MS-222-based anesthetization. We 

obtained stable measurement values in the absence of effects on average oxygen consumption rate 

and subsequently optimized the use of pharmacological agents for metabolic partitioning. To 

confirm assay reproducibility we demonstrated that triclosan, a positive control, significantly 

decreased spare respiratory capacity. We then exposed zebrafish from 5 hours post-fertilization 

(hpf) – 6 days post-fertilization (dpf) to three polycyclic aromatic hydrocarbons (PAHs) – 

benzo(a)pyrene (BaP), phenanthrene (Phe), and fluoranthene (FL) – and measured various 

fundamental parameters of mitochondrial respiratory chain function, including maximal 

respiration, spare respiratory capacity, mitochondrial and non-mitochondrial respiration. Exposure 

to all three PAHs decreased spare respiratory capacity and maximal respiration. Additionally, Phe 

exposure increased non-mitochondrial respiration and FL exposure decreased mitochondrial 

respiration and increased non-mitochondrial respiration. Overall, this whole organism-based assay 

provides a platform for examining mitochondrial dysfunction in vivo at critical developmental 

stages. It has important implications in biomedical sciences, toxicology and ecophysiology, 

particularly to examine the effects of environmental chemicals and/or drugs on mitochondrial 

bioenergetics.
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1. Introduction

Mitochondria are important organelles that regulate many critical biological processes, 

including ATP production, redox signaling, intracellular calcium signaling, and apoptosis 

(Dumollard et al., 2007; Meyer et al., 2013). Many human diseases, such as cancer, diabetes, 

and neurological, cardiovascular, and gastrointestinal disorders, have been associated with 

mitochondrial DNA (mtDNA) mutations or mitochondrial dysfunction (Ballinger, 2005; 

Chapman et al., 2014; Coskun et al., 2012; Dumollard et al., 2007; Rolo and Palmeira, 2006; 

Singh, 2006), and several drugs that cause numerous off-target mitochondrial effects have 

also been identified. Increasing evidence suggests that mitochondrial structure and function 

are highly vulnerable to damage by environmental contaminants. The high lipid content of 

mitochondria facilitates accumulation of lipophilic chemicals, and cytochrome P450 (CYP) 

enzymes found in mitochondria have the potential to activate previously nonreactive 

chemicals. Moreover, mitochondria lack some of the DNA repair mechanisms present for 

nuclear DNA (nDNA) damage repair and may accumulate mitochondrial DNA (mtDNA) 

mutations over time. Additionally, mitochondria constantly change their morphology, 

number, and composition depending on cell type, developmental stage, environmental cues, 

and metabolic demands, especially in response to environmental stressors (Meyer et al., 

2013). Thus, there is a need to examine the mitochondrial effects of environmental 

chemicals, particularly for more sensitive early life stages, as many of these compounds may 

be undiscovered mitochondrial toxicants.

Polycyclic aromatic hydrocarbons (PAHs) are widespread environmental contaminants 

formed from incomplete combustion of organic material. They originate from both natural 

and anthropogenic sources such as volcanoes, forest fires, cigarette smoke, and motorized 

vehicles (ATSDR, 1995). PAHs can enter aquatic ecosystems through soil erosion or runoff, 

atmospheric depositions, industrial effluent, or oil spills, and tend to accumulate in aquatic 

sediments over time (Cousin and Cachot, 2014). Due to urban expansion and increased use 

of automobiles, the concentration of these compounds in aquatic environments is steadily 

increasing (Lima et al., 2003). Potential adverse impacts of PAHs include carcinogenesis, 

effects on the reproductive, neurologic, and immune systems, and developmental 

abnormalities (Arkoosh and Kaattari, 1991; Brown et al., 2016; Hawkins et al., 1990; 

Incardona et al., 2011; Johnson, 1988; Van Tiem and Di Giulio, 2011; Vignet et al., 2014a; 

Vignet et al., 2014b). In fish, the most notable adverse developmental effects occur due to 

bioactivation of PAHs via the aryl hydrocarbon receptor (AHR) pathway, disrupting normal 

cardiovascular development and resulting in deformities such as elongated “stringy” hearts, 

impaired heart looping, decreased blood flow, and pericardial effusion (Billiard et al., 2006; 

Incardona et al., 2004; Van Tiem and Di Giulio, 2011; Wassenberg and Di Giulio, 2004).

Several studies indicate that mitochondria are an important target of PAH toxicity. This is 

not unexpected, as these very hydrophobic compounds tend to be attracted to lipid-rich 

mitochondrial membranes inside the cell (Eisler, 1987). PAHs and their metabolites have 

been shown to localize in mitochondria (Li et al., 2003), and a truncated form of CYP1A, 

the enzyme that predominantly metabolizes PAHs, is found in the inner mitochondrial 

membrane in mammals, suggesting that PAHs may be directly metabolized in the 

mitochondria (Addya et al., 1997). In addition, induction of mitochondrial CYP1A enzyme 
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activity is observed in killifish following benzo(a)pyrene exposure (Jung and Di Giulio, 

2010), and it has been demonstrated that bulky DNA adducts formed by PAH metabolites 

interact with mtDNA (Jung et al., 2009). Furthermore, exposure to PAHs in mammals is 

associated with effects on nDNA and mtDNA, changes in membrane potential, induction of 

apoptosis, decreases in ATP production, mitochondrial morphological changes and structural 

damage, and oxidative stress (Backer and Weinstein, 1980; Graziewicz et al., 2004; Li et al., 

2003; Pavanello et al., 2013; Pieters et al., 2013; Xia et al., 2004; Zhu et al., 1995).

Traditionally, mitochondrial respiration has been assessed in vitro and in various animal 

models using the Clark-type oxygen electrode, which is limited to measuring one sample at 

a time and lacks sensitivity and throughput (Chance and Williams, 1955; Gruber et al., 2011; 

Stackley et al., 2011). However, recent technological advances, such as the development of 

the XFe24 Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA, USA), have 

allowed for a more streamlined method to analyze mitochondrial respiration using a 24- or 

96-well microplate format. Despite significant advancements in development and application 

of assays that evaluate mitochondrial function in vitro and ex vivo (Jayasundara et al., 

2015a; Tiernan et al., 2015; Wills et al., 2015), there is an ongoing need to develop medium- 

to high-throughput assays that rapidly assess mitochondrial function within whole organisms 

to ensure physiologically-relevant responses are measured. Therefore, the goals of this study 

were to 1) develop and optimize a reliable, robust assay using the XFe24 Extracellular Flux 

Analyzer and pharmacological agents to obtain in vivo measurements of mitochondrial 

respiratory chain parameters in zebrafish larvae, and 2) apply this assay to examine how 

developmental exposure to subteratogenic concentrations of three PAHs – benzo(a)pyrene, 

phenanthrene, and fluoranthene - affects normal mitochondrial function.

2. Materials and Methods

2.1. Animals

Laboratory-reared adult wildtype (5D) zebrafish (founder fish provided by Dr. David Volz, 

University of California, Riverside) were raised and maintained within a recirculating 

Aquatic Habitats® Z-Hab system (Pentair Aquatic Eco-systems, Inc., Apopka, FL, USA) 

containing conditioned reverse osmosis (RO) water (27–28°C) on a 14 h:10 h light:dark 

cycle. Adult females and males were bred directly on-system using in-tank breeding traps 

suspended within 3-l tanks. For all experiments described below, newly fertilized eggs were 

staged according to previously described methods (Kimmel et al., 1995). All fish were 

handled and treated in accordance with approved Institutional Animal Care and Use 

Committee (IACUC) protocols at Duke University

2.2. Chemicals

Benzo(a)pyrene (BaP), phenanthrene (Phe), fluoranthene (FL), triclosan (Catalog #: 72779), 

tricaine methanosulfonate (MS-222), carbonyl cyanide 4-(trifluoromethoxy) 

phenylhydrazone (FCCP) and sodium azide (NaN3) were obtained from Sigma-Aldrich (St. 

Louis, MO, USA). Stock solutions of BaP, Phe or FL (1000 mg/l) and triclosan (289.5 mg/l 

[1 mM]) were prepared by dissolving chemicals in dimethyl sulfoxide (DMSO), and then 

performing serial dilutions into DMSO to create stock solutions for each working solution. 
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These stock solutions were stored at room temperature within 2-ml amber glass vials 

containing polytetrafluoroethylene (PTFE)-lined caps. MS-222 (4000 mg/l) and NaN3 (62.5 

mM) stock solutions were prepared in ultrapure water, and FCCP stock solutions (2.5 mM) 

were prepared in DMSO. These stock solutions were stored at −20°C in 0.5 ml 

microcentrifuge tubes.

2.3 Chemical exposures

Newly fertilized eggs were collected within 1 hour after spawning and placed in groups of 

approximately 100 per petri dish within a light- and temperature-controlled incubator until 5 

hours post-fertilization (hpf). On the basis of previously published data assessing 

mitochondrial bioenergetics in 24 hpf zebrafish embryos, triclosan was selected as a positive 

control to evaluate assay reproducibility (Shim et al., 2016). For triclosan exposures, viable 

5D larvae were exposed at 6 days post-fertilization (dpf) to vehicle (0.1% DMSO) or non-

teratogenic concentrations of triclosan (144.7 µg/l [0.5 µM] or 289.5 µg/l [1 µM]) in 65 mg/l 

ASW within 24-well plates. Larvae were incubated under static conditions at 28°C for 1 

hour and remained in the exposure solution during heart rate or oxygen consumption rate 

(OCR) measurements, similar to the protocol used in Shim et al. (2016).

Using our established assay, we also assessed mitochondrial function in 6 dpf zebrafish 

larvae developmentally exposed (5 hpf-6 dpf) to three PAHs, which were chosen based on 

their known abundance in aquatic environments and demonstrated effects on heart 

development and physiology at higher concentrations (Incardona et al., 2005; Incardona et 

al., 2011; Latimer and Zheng, 2003). For developmental PAH exposures, viable 5D embryos 

were exposed in small glass petri dishes (10 per dish), each containing 10 ml Danieau (58 

mM NaCl, 0.7 mM KCl, 0.6 mM Ca(NO3)2, 0.4 mM MgSO4, 5 mM HEPES, pH 7.6), to 

vehicle (0.1% DMSO) or non-teratogenic concentrations of BaP (100–1000 µg/l), Phe (100–

1000 µg/l), or FL (500–1000 µg/l) under static conditions at 28°C from 5 hpf–6 dpf. At 6 

dpf, 5–8 randomly selected larvae were removed from exposure solutions, rinsed once in 65 

mg/l ASW, and oxygen consumption rates or heart rates were subsequently assessed. ASW 

and Danieau solution were chosen based on similar studies previously conducted in our 

laboratory (Jayasundara et al, 2015a, 2015b) to facilitate comparison of results across 

experiments. The presence of HEPES and other buffering chemicals can affect OCR 

measurements by the extracellular flux analyzer. Therefore all OCR measurements were 

conducted using 65 mg/l ASW, as there is very little buffering capacity in this solution. OCR 

experiments were replicated five independent times and heart rate experiments were 

replicated three independent times.

2.4. Bioenergetic measurements using the XFe24 Extracellular Flux Analyzer

First, one larva (6 dpf) + 450 µl of 65 mg/l ASW was added to each well of a 24-well islet 

plate, and capture screens were carefully placed on top. Each plate contained two “blank” 

wells, which received only 450 µl of 65 mg/l ASW. To measure oxygen consumption within 

each well of the islet plate, the sensor cartridge creates a temporary 7 µl microchamber with 

limited oxygen diffusion to rapidly assess significant changes in oxygen concentration, 

followed by re-equilibration of the media when the probe returns to its original position. For 

optimization of MS-222 concentration, basal OCR was initially measured for ~80 minutes 
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(20 cycles, each consisting of a 1-minute mix, 1-minute wait, and 2-minute measurement), 

following a 12-minute equilibration period. Then, MS-222 was injected into the plate to 

obtain final concentrations of 75, 125, or 175 mg/l, and OCR measurements were recorded 

for ~80 additional minutes (20 cycles, each consisting of a 1-minute mix, 1-minute wait, and 

2-minute measurement). For metabolic partitioning with pharmacological agents, we first 

optimized the concentrations of FCCP and NaN3 required to successfully stimulate maximal 

respiration or block the respiratory chain in 6 dpf zebrafish larvae, as these drugs have been 

previously used in zebrafish embryos up to 48 hpf (Stackley et al., 2011). MS-222 was 

injected immediately prior to loading each plate to obtain a final well concentration of 125 

mg/l. After a 12-minute equilibration period, basal OCR was measured for ~ 24 minutes (6 

cycles, each consisting of a 1-minute mix, 1-minute wait, and 2-minute measurement). 

Sequential injections of 2.5 µM FCCP and 6.25 mM NaN3 were subsequently performed, 

and OCR measurements were recorded for ~32 minutes (8 cycles, each consisting of a 1-

minute mix, 1-minute wait, and 2-minute measurement) and ~80 minutes (20 cycles, each 

consisting of a 1-minute mix, 1-minute wait, and 2-minute measurement), respectively. 

DMSO concentrations within each well remained less than 0.1% following injection of 

FCCP. The internal temperature of the XFe24 Extracellular Flux Analyzer remained between 

28–28.5°C for the duration of all assays.

2.5. Heart rate measurements

Heart rates were assessed in 6 dpf larvae as an index of overall physiological performance 

and circulation of the organism, to confirm that the addition of MS-222 or the chemical 

compounds did not significantly affect larval health. For these experiments, larvae were 

placed in a 24-well plate (1 per well) with 450 µl of 65 mg/l ASW. MS-222 was manually 

added into each individual well to obtain final concentrations of 75, 125, or 175 mg/l. To 

assess heart rate after exposure to triclosan, BaP, Phe, or FL, larvae were first anesthetized 

with 125 mg/l MS-222. Heart rates were then assessed at 36, 68, and 148 minutes, 

corresponding to the end of the basal, FCCP, and NaN3 measurement segments on the 

XFe24 Extracellular Flux Analyzer. Heart rate measurements were completed by visual 

inspection under a Nikon SMZ-1500 zoom stereomicroscope. For each larva, heart rates 

were counted once for 15 seconds and multiplied by 4 to get the total number of beats per 

minute (bpm).

2.6. Statistical analysis

All statistical procedures were performed using GraphPad Prism version 6 (GraphPad 

Software, Inc., La Jolla, CA, USA). To compare basal respiration in larvae with and without 

MS-222, all “before” and all “after” OCR measurements were averaged to estimate basal 

respiration for each treatment concentration. The coefficient of variation [defined as 

(standard deviation/mean)*100] was also calculated for each individual larva within the 

various treatment groups before and after MS-222 addition in order to compare the inter-

individual variance associated with optimization experiments, as this measure takes into 

account the differences in mean OCR values. To obtain change in OCR due to 

pharmacological agents, the three highest OCR measurements were averaged post FCCP 

treatment, and the three lowest OCR measurements were averaged for basal or NaN3 

treatment. Maximal respiration [defined as (final FCCP OCR measurement – final NaN3 
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OCR measurement)], spare respiratory capacity [defined as (final FCCP OCR measurement 

– final basal OCR measurement)], mitochondrial respiration [defined as (final basal OCR 

measurement – final NaN3 OCR measurement)], and non-mitochondrial respiration [defined 

as (final NaN3 OCR measurement)] were calculated. The flux ratio [defined as 

(mitochondrial respiration/maximal respiration)] was also determined and these data are 

included in the supplemental section. OCR data for each cell respiratory parameter, RCR 

data, and heart rate data were analyzed for statistical significance using a two-way analysis 

of variance (ANOVA) (α = 0.05) to determine overall effects, followed by Tukey’s post-hoc 

test to correct for multiple comparisons and identify significant treatment-related effects. All 

data are presented as mean +/− SEM.

3. Results

3.1. Optimization of MS-222-based anesthesia

To determine whether MS-222 affected basal OCR in 6 dpf larvae, we analyzed six 

independent plates containing 5–6 individual larvae per treatment per plate on the XFe24 

Extracellular Flux Analyzer. Prior to addition of MS-222 at all concentrations, basal OCR 

measurements for an individual larva were extremely variable over time (Figure 1A, 125 

mg/l treatment shown). Average basal OCR before MS-222 injection was 257.4 pmol 

O2/min (75 mg/l), 250.3 pmol O2/min (125 mg/l), and 245.3 pmol O2/min (175 mg/l). The 

coefficient of variation (CV) for an individual larva prior to MS-222 addition ranged from 

4.8–17.6% at 75 mg/l, 6.7–17.2% at 125 mg/l (Figure 1B), and 5.2–21% at 175 mg/l. 

However, after injection of 125 mg/l MS-222, basal OCR measurements significantly 

stabilized (Figure 1A), producing more repeatable and reliable measurement values with less 

variation. Following anesthetization with 125 mg/l MS-222, the CV for an individual larva 

ranged from 0.58–11.3% in the absence of significant effects on average basal OCR (231.7 

pmol O2/min) (Figure 1B). Injection of MS-222 at 75 mg/l did not anesthetize the larvae 

enough to reduce OCR measurement variation (average basal OCR = 278.4 pmol O2/min; 

CV range for an individual larva = 3.1–21.3%), while injection of MS-222 at 175 mg/l 

stabilized and reduced OCR measurement variation in a similar manner as 125 mg/l (average 

basal OCR = 230.5 pmol O2/min; CV range for an individual larva = 0.74–6.3%).

To assess heart rates at 75, 125, and 175 mg/l MS-222, we analyzed four independent plates 

containing 8 individual larvae per treatment per plate. Attempts to reliably count heart rates 

in nonanesthetized larvae were unsuccessful due to the presence of an inflated swim bladder 

at 6 dpf; therefore, 75 mg/l MS-222 was treated as the control group. Across all time points 

and MS-222 concentrations, average heart rates ranged from 142–156 bpm. Compared to 75 

mg/l, mean heart rates were significantly decreased by 6.3% (p = 0.0003) and 3.9% (p = 

0.0329) after exposure to 125 mg/l MS-222 for 36 and 68 minutes, respectively (Figure 1C). 

Furthermore, exposure to 175 mg/l MS-222 significantly decreased mean heart rates by 

7.7% (p < 0.0001), 4.4% (p = 0.0150), and 7.6% (p = 0.0079) at 36, 68, and 148 minutes, 

respectively (Figure 1C). Although we detected a minor effect of MS-222 on heart rate in 

our study, mean heart rates across all MS-222 concentrations tested were similar to heart 

rates of nonanesthetized 72 hpf zebrafish larvae incubated at the same temperature (28°C) 

without MS-222 (Burns et al., 2005; Yozzo et al., 2013). Therefore, we selected 125 mg/l 
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MS-222 for all subsequent exposures since this concentration (1) represented the lowest 

concentration necessary to fully anesthetize hatched 6 dpf larvae, (2) produced consistent, 

reliable OCR measurements over time in the absence of effects on average OCR.

3.2. Assay reproducibility

Using pharmacological agents, five independent plates containing 5–7 individual larvae per 

treatment per plate were analyzed to assess triclosan (positive control) impacts on various 

cell respiratory parameters. Maximal respiration was significantly decreased after a 1-hour 

exposure to 144.7 or 289.5 µg/l (0.5 or 1 µM) triclosan (p = 0.0143 and 0.0365, respectively) 

(Figure 2A). In addition, spare respiratory capacity was also significantly decreased after a 

1-hour exposure to 144.7 or 289.5 µg/l (0.5 or 1 µM) triclosan (p = 0.0030 and 0.0034, 

respectively) (Figure 2A). Triclosan exposure did not affect mitochondrial respiration, 

though a slight significant decrease in non-mitochondrial respiration was observed at 144.7 

µg/l (Figure 2C & 2D). On the basis of results from MS-222 optimization and positive 

control experiments, we concluded that this assay is reproducible based on a sample size of 

5–7 initial larvae per treatment per plate.

3.3. Developmental PAH exposure and mitochondrial bioenergetics

Using pharmacological agents, five independent plates containing 5–7 individual larvae per 

treatment per plate were analyzed to assess impacts of developmental BaP, Phe, and FL 

exposure on mitochondrial bioenergetics parameters. While developmental exposure to BaP 

did not affect mitochondrial or non-mitochondrial respiration (Figure 3C & 3D), a slight 

decrease in maximal respiration was observed (Figure 3A). In addition, compared to vehicle 

control, spare respiratory capacity was significantly decreased by 21% at 100 µg/l BaP (p = 

0.0187) and 22% at 1000 µg/l BaP (p = 0.0252) (Figure 3B). Developmental exposure to Phe 

also resulted in significant effects on maximal respiration (~24% decrease from vehicle at 

500 and 1000 µg/l, p = 0.0004 and 0.0008, respectively, Figure 4A) and spare respiratory 

capacity (~35% decrease from vehicle at all concentrations tested, p = 0.0004, Figure 4B). 

Although no differences in mitochondrial respiration were detected (Figure 4C), a 

significant increase in non-mitochondrial respiration was also observed (20% at 500 µg/l [p 

= 0.0251] and 25% at 1000 µg/l [p = 0.0049], Figure 4D). Developmental exposure to 500 

and 1000 µg/l FL significantly reduced maximal respiration (by 25% and 28%, respectively 

[p < 0.0001]), spare respiratory capacity (by 28% and 32%, respectively [p < 0.0001]), and 

mitochondrial respiration (by 23% and 25%, respectively [p < 0.0001]), and increased non-

mitochondrial respiration (by 27% [p = 0.0002] and 47% [p < 0.0001], respectively) (Figure 

5A–D).

3.4. Heart rate measurements

To determine whether heart rate was adversely impacted by exposure to triclosan, BaP, Phe, 

or FL, we analyzed the heart rates of individual larvae after immersion in 125 mg/l MS-222 

for 36, 68, and 148 minutes, time points corresponding to the end of the basal, FCCP, and 

NaN3 segments on the XFe24 Extracellular Flux Analyzer. Exposure to triclosan, BaP, and 

Phe did not affect heart rate (Figure 6A–C). Across all time points and concentrations, heart 

rates of triclosan exposed larvae ranged from 160–164 bpm, with no more than a 2.5% 

change compared to vehicle control at any time point. For BaP, average heart rates ranged 
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from 142–153 bpm across all time points and concentrations, with no more than a 4.5% 

change compared to vehicle control at any time point. Phe exposure resulted in average heart 

rates that ranged from 136–149 bpm across all time points and concentrations, with no more 

than a 4.8% change observed compared to vehicle control at any time point. However, larvae 

exposed to 1000 µg/l, but not 500 µg/l FL, resulted in significantly decreased heart rates at 

36 and 68 minutes (p < 0.0001 and p = 0.0001, respectively) (Figure 6D). At 148 minutes, 

significantly decreased heart rates were observed at 500 and 1000 µg/l (p = 0.0268 and p < 

0.0001, respectively) (Figure 6D). Across all time points, average heart rates ranged from 

139–146 bpm for vehicle control, 132–138 bpm for 500 µg/l FL and 106–115 bpm for 1000 

µg/l FL. Compared to vehicle control, this corresponds to a 1.3–5.2% and 20.7–23.3% 

change in heart rate for 500 and 1000 µg/l, respectively.

4. Discussion

The objectives of the current study were to 1) develop and optimize a bioenergetics assay to 

assess mitochondrial health in zebrafish larvae, and 2) apply this assay to assess 

mitochondrial toxicity of PAHs. Although a few assays have evaluated mitochondrial 

function in zebrafish embryos and larvae (Gibert et al., 2013; Grone et al., 2016; Kumar et 

al., 2016; Stackley et al., 2011), our assay adds significant value to these existing assays by 

using pharmacological agents to perturb metabolism in larvae, providing additional 

information on how environmental chemical exposure impacts normal mitochondrial 

function at this critical developmental stage. This is particularly important, as the larval life 

stage may be more sensitive to chemical toxicity due to the absence of a protective chorion 

(Ansari and Ansari, 2011, 2015). After reducing assay variability and confirming 

reproducibility using triclosan, a positive control known to affect mitochondrial function, we 

exposed zebrafish to three PAHs, benzo(a)pyrene, phenanthrene, and fluoranthene – 

ubiquitous environmental chemicals – from 5 hpf-6 dpf, and found that exposure to all of 

these chemicals resulted in mitochondrial dysfunction.

Contrary to the consistent oxygen consumption measurements observed in chorionated 

zebrafish embryos over time (data not shown), significant fluctuations in measured oxygen 

consumption values were observed for a single individual larva over the 80-minute 

measurement period without anesthetization (Figure 1A). Prior to anesthetization with 125 

mg/l MS-222, the lowest or highest measurement value for an individual larva was up to 

41% from the average (range = 11–41%; median = 21%), compared to up to 30% from the 

average (range = 1–30%; median = 4%) following anesthetization. Due to the way oxygen 

consumption is measured using the sensor cartridge, the variation in oxygen consumption 

measurements observed prior to anesthetization was likely due to larval movement, resulting 

in incorrect estimation of the oxygen concentration at different time points. Furthermore, 

without anesthetization, OCR measurement values for an individual larva were expected to 

be even more variable due to increased movement in response to addition of the drug. 

Therefore, to ensure acquisition of reliable oxygen consumption rates and reduce any further 

measurement variation that might occur when adding pharmacological agents to 

nonanesthetized larvae, we relied on MS-222-based anesthetization. This enabled us to use 

FCCP and NaN3 to stimulate maximal respiration and block the respiratory chain, 

respectively, and facilitated the detection of OCR changes with altered mitochondrial 
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function upon exposure to environmental chemicals. Additionally, although inter-individual 

variation in oxygen consumption rates was expected in our assay, attempts to decrease this 

variation by normalizing data to larval body weight were unsuccessful, as body weight 

differences were too insignificant. Future studies may also benefit from calculating the flux 

ratio by normalizing mitochondrial respiration data to maximal respiration data. However, 

these calculations did not significantly alter our overall conclusions (Supplemental Figure 

1).

Following MS-222-based anesthetization to control for measurement variation, our assay 

detected significant adverse effects on mitochondrial function after exposure to triclosan, a 

positive control. Similar to previous studies in 24 hpf zebrafish embryos (Shim et al., 2016), 

we observed a significant decrease in spare respiratory capacity at 6 dpf, indicating 

mitochondrial dysfunction (Brand and Nicholls, 2011). In Shim et al. (2016), the authors 

also observed a significant increase in proton leak and decrease in ATP-linked respiration; 

however, our attempts to repeat this in larvae were unsuccessful, as we were unable to 

identify an oligomycin concentration that optimally inhibited ATP synthase at this 

developmental stage. We also observed a decrease in maximal respiration, slight decrease in 

non-mitochondrial respiration, and no effect on mitochondrial respiration in our assay, 

endpoints that were not specifically reported in Shim et al. Despite the difference in 

developmental stage used in these two assays, similar results were obtained, demonstrating 

the reproducibility of our assay as well as the usefulness of the extracellular flux analyzer 

for successful identification of environmental chemicals that target mitochondria in vivo in 

zebrafish.

All three PAHs were found to impact mitochondrial function at 6 dpf, though the effects 

were compound-specific. Exposure to Phe and FL significantly reduced both maximal 

respiration and spare respiratory capacity. However, while a significant reduction in spare 

respiratory capacity was also observed following BaP exposure, only a slight decrease in 

maximal respiration was observed. Spare respiratory capacity calculated based on maximal 

respiration rates induced by FCCP, an uncoupling agent that collapses the proton gradient, is 

an indicator of the total mitochondrial capacity when mitochondrial demand is increased. 

Consequently, our results indicate that exposure to PAHs decreased maximum respiration 

rates and reduced the ability of larvae to respond to stressful conditions, indicating reduced 

fitness.

To date, only a few studies, primarily focused on adult fish, have observed adverse effects of 

PAH exposure on bioenergetics. One study discovered that sublethal exposure to a complex 

PAH mixture derived from crude oil during early development in zebrafish reduced aerobic 

capacity and altered cardiac morphology in adults (Hicken et al., 2011). Decreased active 

metabolic rate, aerobic scope, and cardiac output were also observed in adult zebrafish 

exposed to β-naphthoflavone (BNF), an AHR agonist, for 48 hours (Gerger et al., 2015). In 

addition, PAH exposure during early zebrafish development was found to affect 

mitochondrial bioenergetics ex vivo in adult heart tissue (Jayasundara, unpublished results). 

Nevertheless, an inability to meet an increased metabolic demand upon exposure to 

environmental stressors at any developmental stage can affect survival, growth, 

reproduction, and/or swimming performance (Brown et al., in review; Jung et al., 2009; 
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Nisbet, 2000). However, our current data on BaP and Phe suggest that mitochondrial 

dysfunction is independent of any cardiac abnormalities, considering no significant changes 

in heart rate were detected with exposure to these PAHs. In contrast, heart rates as well as 

overall mitochondrial function decreased in larvae developmentally exposed to FL at 1000 

µg/l. However, prior to the addition of NaN3, only mitochondrial function was affected in 

larvae exposed to 500 µg/l FL, suggesting that FL may lead to mitochondrial dysfunction 

irrespective of any systemic failure or circulatory limitations due to reduced heart rates. 

Further research is required to partition PAH effects on cardiac function leading to 

organismal mitochondrial effects from direct mitochondrial effects. Alternatively, the altered 

mitochondrial function may play a role in cardiac dysfunction (reduced heart rates) and 

warrants further research.

Exposure to Phe and FL, but not BaP, also significantly altered non-mitochondrial and/or 

total mitochondrial respiration. Interestingly, 10% of cellular oxygen uptake in mammal and 

fish cells is due to non-mitochondrial, rather than mitochondrial sources (Brand and 

Nicholls, 2011; Rolfe et al., 1999). The increase in non-mitochondrial respiration observed 

after Phe and FL exposure could be due to contributions from oxidase enzymes within other 

intracellular organelles including the endoplasmic reticulum, peroxisomes, or plasma 

membrane (Affourtit and Brand, 2009; Bishop and Brand, 2000; Herst et al., 2004; van den 

Bosch, 1992). Based on in vitro data obtained from mammalian cells exposed to various 

concentrations of oxygen, Bishop & Brand (2000) have proposed that an increase in non-

mitochondrial oxygen consumption might serve as a protective mechanism to remove 

oxygen when it is present at potentially harmful concentrations. This suggestion provides a 

plausible explanation for the significant increase in non-mitochondrial oxygen consumption 

observed in our study, as it would help delay or prevent PAH-induced increases in ROS 

generation and oxidative stress (Arzuaga and Elskus, 2010; Timme-Laragy et al., 2009; Wilk 

et al., 2013). Since we are currently unable to partition total mitochondrial respiration due to 

ATP turnover and proton leak in larvae, future research will aim to determine why 

mitochondrial respiration was decreased after FL exposure.

It is well known that the toxic responses of some PAHs, particularly BaP, are mediated 

through the AHR, a ligand-activated transcription factor. Recent studies have demonstrated 

that the AHR might influence mitochondrial function through its interaction with the 

ATP5α1 subunit of the ATP synthase complex and mitochondrial ribosomal protein L40 

(Tappenden et al., 2013; Tappenden et al., 2011). In addition, previous research has 

demonstrated mitochondrial membrane potential and electron transport chain activities are 

modified by AHR ligands, impacting mitochondrial function (Senft et al., 2002; Tappenden 

et al., 2011). Furthermore, TCDD, a strong AHR agonist, has been found to alter cellular 

respiration in an AHR-dependent manner (Hwang et al., 2016). However, we also found that 

exposure to Phe and FL, two non-AHR agonists, affected mitochondrial function, suggesting 

that PAHs might cause mitochondrial toxicity via an AHR-independent mechanism. In fact, 

a recent study demonstrated that exposure to crude oil-derived PAHs disrupted excitation-

contraction coupling of cardiomyocytes isolated from juvenile tuna (Brette et al., 2014). 

This process is highly controlled by Ca2+ and K+ ions, both of which play central roles in 

the regulation of mitochondrial metabolism (Santo-Domingo and Demaurex, 2010). Overall, 

we speculate that the reduced FCCP response is potentially due to a compensatory increase 
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in basal mitochondrial function or ATP synthesis that may be decreased by PAH exposure 

via above described processes. This would lead to reduced maximal respiratory rates, thus 

reduced spare capacity. Further research will help determine the specific mechanism of 

PAH-induced mitochondrial dysfunction and elucidate whether the observed effects are due 

to a direct molecular interaction (e.g. with the AHR) or indirect systemic toxicity.

In summary, we have successfully developed a reliable, robust assay to assess mitochondrial 

function in vivo in zebrafish larvae, and subsequently identified three PAHs as mitochondrial 

toxicants. This assay has important implications across multiple fields of biology, 

considering the wide use of zebrafish from toxicology to biomedical sciences and extending 

to ecological studies (Engeszer et al., 2007; Lieschke and Currie, 2007; Parichy, 2015; 

Spence et al., 2008). It can be used to screen environmental chemicals and identify potential 

mitochondrial toxicants, explore the effects of environmental stressors on organismal fitness, 

and help understand the pathogenesis of mitochondrial diseases. In the future, we envision 

that this assay can be used to develop hypothesis-driven studies to uncover mechanisms of 

mitochondrial toxicity using a variety of different molecular approaches. This will provide a 

better understanding of how early life stage sublethal exposure to environmental stressors 

affects later life stages, allowing for better evaluation of the impacts and potential risks 

associated with chemical exposure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
MS-222 injection results in stable baseline basal oxygen consumption rate (OCR) in 6 dpf 

zebrafish larvae. (A) Basal OCR before and after 125 mg/l MS-222 injection. The dotted 

line indicates injection of MS-222. N = six independent plates with 6 larvae per treatment 

per plate. (B) Larva number and % coefficient of variation (% CV) for each individual larva 

before and after 125 mg/l MS-222 injection. N = six independent plates with 6 larvae per 

treatment per plate. (C) Average heart rate of 6 dpf larvae after exposure to MS-222 (75, 

125, or 175 mg/l) for 36, 68, and 148 minutes. N = three independent plates with 8 larvae 
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per treatment per plate. Asterisk (*) denotes significant difference from 75 mg/l MS-222 

treatment at each individual time point. Error bars are mean +/− SEM.
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Figure 2. 
Acute triclosan exposure significantly decreases maximal respiration and spare respiratory 

capacity in 6 dpf zebrafish larvae. (A) Maximal respiration, (B) spare respiratory capacity, 

(C) mitochondrial respiration, and (D) non-mitochondrial respiration following exposure to 

144.7 or 289.5 µg/l (0.5 or 1 µM) triclosan. Asterisk (*) denotes significant difference from 

vehicle control (p<0.05). N = five independent plates with 5–6 larvae per treatment per plate. 

Error bars are mean +/− SEM.
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Figure 3. 
Developmental benzo(a)pyrene (BaP) exposure causes mitochondrial toxicity in 6 dpf 

zebrafish larvae. (A) Maximal respiration, (B) spare respiratory capacity, (C) mitochondrial 

respiration, and (D) non-mitochondrial respiration following exposure to 100, 500, or 1000 

µg/l BaP. Asterisk (*) denotes significant difference from vehicle control (p<0.05). N = five 

independent plates with 5–6 larvae per treatment per plate. Error bars are mean +/− SEM.
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Figure 4. 
Developmental phenanthrene (Phe) exposure causes mitochondrial toxicity in 6 dpf 

zebrafish larvae. (A) Maximal respiration, (B) spare respiratory capacity, (C) mitochondrial 

respiration, and (D) non-mitochondrial respiration following exposure to 100, 500, or 1000 

µg/l Phe. Asterisk (*) denotes significant difference from vehicle control (p<0.05). N = five 

independent plates with 5–6 larvae per treatment per plate. Error bars are mean +/− SEM.
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Figure 5. 
Developmental fluoranthene (FL) exposure causes mitochondrial toxicity in 6 dpf zebrafish 

larvae. (A) Maximal respiration, (B) spare respiratory capacity, (C) mitochondrial 

respiration, and (D) non-mitochondrial respiration following exposure to 500 or 1000 µg/l 

FL. Asterisk (*) denotes significant difference from vehicle control (p<0.05). N = five 

independent plates with 5–6 larvae per treatment per plate. Error bars are mean +/− SEM.
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Figure 6. 
Average heart rates in 6 dpf zebrafish larvae following exposure to (A) triclosan, (B) 

benzo(a)pyrene, (C) phenanthrene, or (D) fluoranthene. Asterisk (*) denotes significant 

difference from vehicle control (p<0.05) within each time point. N = three independent 

plates with 6 larvae per treatment per plate. Error bars are mean +/− SEM.
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