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Abstract

High levels of the flame retardant 2,2′,4,4′-tetrabromodiphenyl ether (BDE 47) have been detected 

in Pacific salmon sampled near urban areas, raising concern over the safety of salmon 

consumption. However, salmon fillets also contain the antioxidants eicosapentaenoic acid (EPA) 

and docosahexaenoic acid (DHA), whose oxidation products induce cellular antioxidant 

responses. Because oxidative stress is a mechanism of BDE 47 toxicity, we hypothesized that 

oxidized EPA and DHA can ameliorate the cellular and mitochondrial toxicity of BDE 47. HepG2 

cells were treated with a mixture of oxidized EPA and DHA (oxEPA/oxDHA) at a ratio relevant 

to salmon consumption (1.5/1 oxEPA/oxDHA) followed by exposure to 100 μM BDE 47. 

Pretreatment with oxEPA/oxDHA for 12 h prior to BDE 47 exposure prevented BDE 47-mediated 

depletion of glutathione, and increased expression of antioxidant response genes. oxEPA/oxDHA 

also reduced the level of reactive oxygen species production by BDE 47. The oxEPA/oxDHA 

antioxidant responses were associated with partial protection against BDE 47-induced loss of 

viability and also mitochondrial membrane potential. Mitochondrial electron transport system 

functional analysis revealed extensive inhibition of State 3 respiration and maximum respiratory 

capacity by BDE 47 were partially reversed by oxEPA/oxDHA. Our findings indicate that the 

antioxidant effects of oxEPA/oxDHA protect against short exposures to BDE 47, including a 

protective role of these compounds on maintaining cellular and mitochondrial function.
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1.0 Introduction

Polybrominated diphenyl ether (PBDE) flame retardants are common lipophilic organic 

contaminants present in environmental media and human samples [1-3]. Despite 

governmental bans on the new manufacture of these compounds [4], most PBDE congeners 

are resistant to degradation and continue to persist in the environment [5]. The fact that 

PBDEs are often detected in human blood, adipose tissue, and breast milk underscores the 

risk of potential toxic effects [6-8]. Uptake of PBDEs from household dust appears to be the 

primary route of exposure for humans [9-11], but significant exposures can also occur 

through dietary consumption of contaminated meat, poultry, and especially seafood [12-16]. 

Elevated levels of PBDEs have been detected in the edible tissues of several food fish, 

including Pacific salmon [14, 15, 17, 18]. This may pose a particular problem for certain 

populations, including Tribal Nations, and Asian and Pacific Islander populations, whose 

dietary customs of high rates of fish consumption put them at particularly high risk of 

significant exposures to PBDEs and other persistent contaminants [19]. For this reason, a 

major focus for assessing the safety of human consumption of marine seafood species is to 

measure the toxicological effects of PBDEs found in fish.

The most prevalent and persistent PBDE congener detected in human and wildlife samples 

is 2,2′,4,4′-tetrabromodiphenyl ether (BDE 47) [6, 14], which may comprise up to 65% of 

the total PBDE body burden in salmon [18]. The dominance of BDE 47 among other 

congeners in salmon is likely a result of several factors, including its bioaccumulation 

potential, resistance to debromination, and that it can occur as a debromination product of 

other higher molecular weight PBDE congeners [20, 21]. BDE 47 is a developmental and 

neurological toxicant [8, 22, 23] and is reported to disrupt thyroid hormone status [24]. The 

mechanisms of BDE 47 toxicity are poorly understood, but substantial evidence indicates 

the induction of cellular oxidative stress, via generation of reactive oxygen species (ROS), 

may play a major role [25-29]. Importantly, BDE 47-induced oxidative stress is associated 

with a loss of cellular viability and proliferation, and a loss of mitochondrial membrane 

potential [28, 30-32].

Despite concerns about the presence of lipophilic toxicants, consumption of most marine 

fish is considered to be highly beneficial to human health. Salmon, in particular, are rich 

dietary sources of high quality protein, vitamins, and the beneficial antioxidant 

micronutrients known as omega-3 polyunsaturated fatty acids. The two major omega-3 fatty 

acids in marine fish oil are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 

Salmon fillets rank among the highest EPA+DHA/weight ratios among food species of fish 

[33], and are estimated to contain 4.75 g of omega-3s in an average 180 g meal [34, 35]. 

Omega-3s are highly labile, and auto-oxidation of these compounds occurs readily under 

ambient environmental conditions both in vitro and in vivo [36]. Peroxidation of EPA and 

DHA by free radicals and ROS generates electrophilic cyclopentenone isoprostanes [36, 37]. 

Recent evidence suggests these products of oxidized EPA and oxidized DHA (oxEPA and 

oxDHA) may be critical mediators of the beneficial human health effects of fish oil 

omega-3s [38, 39], as oxEPA and oxDHA can activate nuclear factor erythroid 2-related 

factor 2 (Nrf2), leading to the upregulation of a suite of antioxidant genes that function to 

maintain cellular redox status [40] and also glutathione (GSH). In this regard, GSH has been 
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shown to modulate the toxicity of PBDEs, including BDE 47 [23, 26, 31]. Hence, it has been 

proposed that the activation of Nrf2-regulated cellular antioxidant responses via oxEPA and 

oxDHA can be a protective mechanism against the progression of diseases with a cellular 

oxidative stress etiology [34, 41].

The fact that fish omega-3s are potent cellular antioxidants, whereas a major mechanism of 

BDE 47 cell injury is oxidative damage, provides a scenario in which omega-3s may 

chemoprotect against the toxicity of co-consumed PBDEs. This hypothesis is supported by 

studies showing that induction of intracellular GSH by the antioxidant N-acetylcysteine 

(NAC), a GSH precursor, protects human fetal hematopoietic stem cells [31], human 

hepatocytes [27], and T lymphocyte cell lines [28] against BDE 47 toxicity. Others have 

demonstrated that oxidative stress-mediated inflammation resulting from in vitro exposure 

to BDE 47 [32, 42] and similar persistent organic contaminants [39] can be reduced by 

treatment with dietary antioxidant compounds, including via activation of Nrf2 by free 

radical-oxidized EPA and DHA.

In the present study we investigated the hypothesis that the activation of cellular antioxidant 

responses by a mixture of oxidized omega-3s relevant to dietary exposures (1.5/1 oxEPA/

oxDHA) can ameliorate the toxicity of BDE 47. Among other relevant target systems of 

PBDE toxicity, including cells of the developmental [43] and nervous systems [23, 44], the 

liver is a major target organ of BDE 47 toxicity and receives extensive PBDE exposures 

through dietary routes. Hence, chemoprotection against BDE 47-induced cellular toxicity 

and mitochondrial dysfunction were investigated in the human hepatocellular carcinoma cell 

line HepG2, a model in which activation of the Nrf2 antioxidant response via oxEPA and 

oxDHA has been previously characterized [37]. Our approach involved characterizing the 

modulatory effects of oxEPA/oxDHA on specific functional components of the 

mitochondrial electron transport system under conditions of BDE 47 exposure.

2.0 Methods and Materials

2.1. Chemicals and reagents

BDE 47 (2,2′,4,4′-tetrabromodiphenyl ether, >99% purity) was obtained from 

AccuStandard, Inc. (New Haven, CT, USA). 5-Sulfosalicylic acid dehydrate (SSA), 

Napthalinedicarboxyaldehyde (NDA), dimethyl sulfoxide (DMSO), eicosapentaenoic acid 

(EPA), and docosahexaenoic acid (DHA) were obtained from Sigma-Aldrich Corp (St. 

Louis, MO, USA). Sulforaphane (SFN) (R-Sulforaphane) was obtained from LKT 

Laboratories, Inc. (St. Paul, MN, USA). 2,2′-azobis-2-methyl-propanimidamide, 

dihydrochloride (AAPH) was obtained from Cayman Chemical (Ann Arbor, MI, USA). 2′,

7′-dichlorodihydrofluorescein diacetate (H2DCFDA) was obtained from Life Technologies 

(Grand Island, NY, USA). All cell culture reagents were obtained from Invitrogen, GIBCO 

(Carlsbad, CA, USA).

2.2. Preparation of oxidized omega-3s

The ratios of omega-3s reported in salmon fillets (1.5/1 EPA/DHA) are relatively consistent 

and are often reflected in the ratio of EPA/DHA in many commercially-available omega-3 

dietary supplements. A ratio of 1.5/1 EPA/DHA is often used in clinical trials investigating 
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the effects of omega-3 dietary supplementation [45-47], and this ratio was also used in our 

experiments. EPA, DHA, and SFN were dissolved in DMSO, and frozen stocks were held at 

−20 °C. Methods for preparation and dosing with oxEPA/oxDHA were conducted as 

described by Majkova et al., 2011 [39], with minor modifications. For each experiment, 

EPA and DHA were oxidized separately by diluting the fatty acid to 1 mM in PBS 

containing 2 mM of the free radical generator AAPH, and incubated at 37 °C for 16 h. After 

oxidation, oxEPA and oxDHA were combined as a 1.5/1 mixture, sterile filtered, and diluted 

in Minimum Essential Media α (MEMα) containing 5% FBS such that the final 

concentrations in the pretreatment media were 60 and 40 μM of oxEPA and oxDHA, 

respectively.

2.3. Cell culture, and in vitro exposures

HepG2 human hepatocellular carcinoma cells were purchased from American Type Culture 

Collection (ATCC, Rockville, MD, USA). HepG2 cells were cultured in MEMα media 

supplemented with 5% fetal bovine serum (FBS), 1% HEPES buffer, and 1% penicillin-

streptomycin. Cells were maintained in 75 cm2 flasks at 37 °C and 95% CO2 and split at 

90-100% confluency every five days. For all experiments, cells were seeded into wells at a 

density such that confluency was ≥80% at time of dosing (48 h after seeding). MEMα 

pretreatment media contained 5% FBS and the oxEPA/oxDHA mixture, SFN, or an equal 

volume of DMSO (vehicle control). For all experiments, the final volume of DMSO in 

media was <0.4%. Cells were treated with oxEPA/oxDHA for a time period to induce a 

maximal antioxidant response. Pretreatment media was then aspirated and cells were washed 

with PBS. Cells were then exposed to 50 or 100 μM BDE 47 (or DMSO) in serum-free 

MEMα media for a period of 24 h, unless specified otherwise. These toxicant concentrations 

were selected based on our previous studies in human cells [31], as well as range-finding 

experiments in HepG2 cells, to elicit a moderate 50-75% loss in cell viability. The effect of 

oxEPA/oxDHA on BDE 47 cell toxicity was determined by the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) cell viability assay [48] in three separate 

experiments, each containing three replicate treatments.

2.4. Glutathione status

Intracellular GSH was measured after experimental treatment with DMSO or antioxidants to 

determine an exposure time to elicit a robust antioxidant response in HepG2 cells. Following 

these optimization experiments, GSH was then measured in cells following pretreatment 

with DMSO or oxEPA/oxDHA for the determined exposure period, and subsequent toxicant 

challenge with BDE 47 (100 μM) for 24 h. Briefly, cells were washed with PBS, detached 

with 0.25% trypsin-EDTA (Invitrogen), and pelleted by centrifugation at 800 rpm for 5 min 

at 4 °C. Cells were resuspended in ice-cold PBS and lysed on ice by sonication. Redox 

status of reduced glutathione (GSH) was ensured by acidification of cell lysates in 5% SSA 

as described [49], and lysates were immediately stored at −80 °C. GSH concentrations in 

acidified lysates were determined by conjugation with NDA, which generates a stable 

fluorescent product detected at excitation 472 nm/emission 528 nm [49]. GSH 

concentrations were normalized to total protein by the Bio-Rad Protein Assay (Bio-Rad, 

Hercules, CA, USA).
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2.5. Quantitative PCR analysis of oxidative stress marker genes

Two inducible antioxidant genes under Nrf2 regulation were selected as markers of 

oxidative stress elicited by BDE 47: glutamate-cysteine ligase catalytic subunit (GCLC) and 

NAD(P)H-quinone oxidoreductase 1 (NQO1). After pretreatment with or without oxEPA/

oxDHA (12 h), followed by exposure to BDE 47 or DMSO (24 h), mRNA transcript levels 

of gclc and nqo1 were measured in cells. Cells were harvested in TRIzol® reagent and 

immediately stored at −80°C. Procedures for isolation of total RNA, cDNA synthesis, PCR 

primer product validation, and subsequent quantitative PCR analyses with SYBR Green 

were conducted as described [50]. Primer sequences and information are presented in Table 

1. Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) did not differ 

between treatment groups and was used for normalization purposes. Measurements were 

carried out in three separate experiments, each containing three replicate treatments.

2.6. Mitochondrial membrane potential assay

Mitochondrial membrane potential (ΔΨm) was assessed using the fluorescent probe JC-1 

(Cayman Chemical, Ann Arbor, MI, USA). Following pretreatment with or without oxEPA/

oxDHA (12 h), followed by exposure to BDE 47 or DMSO (24 h), cells were then incubated 

for 1 h with JC-1 probe (diluted 1:10 in the media of each well). Quantification of ΔΨm was 

based on the ratio of red fluorescent J-aggregates to green fluorescent J-monomers, detected 

at 560 nm/595 nm and 485 nm/535 nm excitation/emission, respectively. Measurements 

were carried out in three separate experiments each containing three replicate treatments 

using a 96-well fluorescent plate reader.

2.7. Assessment of electron transport system function

Electron transport system (ETS) functional parameters were measured in saponin-

permeabilized HepG2 cells by high-resolution respirometry using the Oxygraph-2k 

(Oroboros Instruments, Innsbruck, Austria). After BDE 47 exposure, with or without 

pretreatment with oxEPA/oxDHA, cells were harvested and resuspended in 1 mL of ice-cold 

respiration buffer: distilled H2O, 0.25 M mannitol, 10 mM MgCl2, 10 mM KHPO4 buffer, 

pH=7.2. Solubility of oxygen in respiration buffer was assumed to be 0.920 μmol/L, and the 

oxygraph chambers were set to 30 °C and calibrated by determining dissolved oxygen in 2.2 

mL respiration buffer under ambient atmospheric conditions as described by Gnaiger et al. 

[51]. Cells were permeabilized on ice with 12 μL of permeabilization buffer (50 μg/mL 

saponin in respiration buffer, 20 min, 4 °C) prepared prior to each experiment.

Respiratory substrates and inhibitors were added sequentially in the following order: 5 mM 

pyruvate, 2 mM malate, 10 mM glutamate, and 2.5 mM ADP (to induce State 3 respiration 

with complex I substrates only); 10 mM succinate (to induce maximum State 3 respiration 

with substrates of complexes I and II); 2.5 μM oligomycin (to induce proton leak, or State 4 

respiration); 2.5 μM CCCP (to induce maximum respiratory capacity, or uncoupled 

respiration); 0.5 μM rotenone (to measure uncoupled respiration with complex I inhibition, 

i.e., uncoupled flux through complex II); 2.5 μM antimycin A (to determine non-

mitochondrial respiration); 0.5 mM N,N,N′,N′-tetramethyl-ρ-phenylenediamine (TMPD), 2 

mM ascorbate (to determine flux through complex IV); 1 mM potassium cyanide 

(normalization by inhibition of complex IV) [52]. The non-mitochondrial rate of oxygen 
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consumption was subtracted from all measured functional parameters before reporting. 

Similarly, the rate of oxygen consumption after addition of potassium cyanide was 

subtracted from the rate of flux through complex IV for normalization purposes. Respiratory 

control ratios (RCRs) were determined for all treatment groups as the ratio of maximally-

induced State 3 respiration/State 4 respiration.

2.8. Reactive oxygen species (ROS) production

Generation of ROS was evaluated using the fluorescent probe 2′,7′-

dichlorodihydrofluorescein diacetate (H2DCF-DA) (Life Technologies, Carlsbad, CA, 

USA). Cells were plated in black 96-well plates, pretreated with or without oxEPA/oxDHA, 

and subsequently exposed to BDE 47 (or DMSO) for: 0.5 min, 1.5 min, 3, 6, 12, and 24 h. 

Cells pretreated with DMSO (12 h) and subsequently exposed to hydrogen peroxide (250 

μM) were used as a positive control for ROS production at each time point. After each 

exposure period, cells were directly incubated with 10 μM H2DCF-DA for 30 min at 37 °C. 

Intracellular ROS production is correlated to cellular oxidation of H2DCF-DA to the highly 

fluorescent 2,7-dichlorofluorescein (DCF). Oxidation of H2DCF-DA to DCF was measured 

in a fluorescence plate reader at 485 excitation/530 emission. Fluorescence was normalized 

to total protein by the Bio-Rad Protein Assay. Measurements were carried out in three 

separate experiments, each containing three replicate treatments.

2.9. Statistical analyses

All statistical analyses were conducted in GraphPad Prism Ver. 5.0 (Graph Pad Software 

Inc., San Diego, CA, USA). The effect of treatments on cellular GSH status, gene 

expression, cell viability, mitochondrial membrane potential, mitochondrial ETS functional 

parameters, and ROS production were assessed by One-way ANOVA with a Bonferonni’s 

Multiple Comparisons post-test. Differences between means of control and treatment groups 

were considered significant at p≤0.05, and homogeneity of variances was confirmed by F 

test. All data sets were examined for potential outliers using the Grubb’s test [53], and 

outlier values were excluded at significance level p<0.05.

3.0 Results

3.1. Glutathione status

Treatment of HepG2 cells with oxEPA/oxDHA for 12 h significantly increased intracellular 

GSH to two-fold control levels (Fig. 1A). The level of GSH induction at 12 h by oxEPA/

oxDHA exceeded that observed for SFN, a positive control of GSH induction, although the 

potency of GSH induction by oxEPA/oxDHA relative to SFN was not statistically different 

(p>0.05). Because the elevation in intracellular GSH by oxEPA/oxDHA was consistent over 

12-18 h of incubation, we selected a 12 h oxEPA/oxDHA pretreatment for all subsequent 

chemoprotection experiments. GSH was measured in cells after pretreatment with or without 

oxEPA/oxDHA for 12 h, and subsequent exposure to BDE 47 (or DMSO) for 24 h. After 

oxEPA/oxDHA treatment, and in the absence of toxicant, GSH levels were 1.8-fold above 

those of control cells (Fig. 1B). Exposure to BDE 47 in the absence of antioxidants elicited a 

39% increase in GSH relative to controls, although the level of induction was not 
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statistically significant. By contrast, GSH levels were 2.2-fold above control levels in cells 

pretreated with oxEPA/oxDHA before BDE 47 exposure (Fig. 1B).

3.2. Effect of treatments on antioxidant gene expression

As observed in Figure 2, exposure to BDE 47 caused a significant modulation of gclc and 

nqo1 mRNA expression. Specifically, BDE 47 increased gclc expression to 3.3-fold control 

levels (Fig. 2A), and also reduced nqo1 expression by 25% relative to controls (Fig. 2B). By 

contrast, both gclc and nqo1 were significantly induced in cells pretreated with oxEPA/

oxDHA prior to BDE 47 exposure. Specifically, a 4-fold induction of gclc relative to 

controls (Fig. 2A), and a minor 24% increase in nqo1 (Fig. 2B) was observed in cells 

pretreated with oxEPA/oxDHA and challenged with BDE 47. Expression of gclc and nqo1 

in cells treated with oxEPA/oxDHA before incubation in the absence of toxicant for 24 h did 

not differ from controls.

3.3. Effect of treatments on HepG2 cell viability

Treatment of cells with oxEPA/oxDHA under conditions that elevated intracellular GSH 

concentrations (i.e. 12 h pretreatment) was associated with a minor, albeit significant 13% 

increase in cell viability in the absence of toxicant (Fig. 3). As observed, pretreatment with 

oxEPA/oxDHA prior to exposure to BDE 47 provided partial protection against BDE 47-

induced loss of cell viability (Fig. 3). Specifically, the 50 μM dose of BDE 47 caused a 55% 

loss of viability in HepG2 cells, and oxEPA/oxDHA pretreatment reduced the observed loss 

in viability to 48%, which was not statistically significant (p=0.052). At the 100 μM dose, 

BDE 47 caused a 67% loss of viability, and oxEPA/oxDHA pretreatment provided a minor, 

albeit significant 6% protection of viability (Fig. 3).

3.4. Effect of treatments on mitochondrial membrane potential and electron transport 
system function

Exposure to BDE 47 (100 μM) for 24 h resulted in a significant 22% loss of mitochondrial 

membrane potential (ΔΨm) (Fig. 4). By contrast, pretreatment of HepG2 cells with oxEPA/

oxDHA fully protected against the loss of ΔΨm by the toxicant. Pretreatment of HepG2 cells 

with oxEPA/oxDHA in the absence of BDE 47 had no effect on ΔΨm. The loss of ΔΨm 

elicited by BDE 47 was accompanied by a decline in mitochondrial respiratory capacity 

(Fig. 5). As observed in the ΔΨm experiments, the decline in mitochondrial respiratory 

capacity was partially mitigated by pretreatment with oxEPA/oxDHA. Mitochondrial State 3 

respiration using complex I substrates was reduced by 54% following BDE 47 exposure, and 

oxEPA/oxDHA pretreatment reduced the magnitude of loss by 33% (Fig. 5A). Maximally-

induced State 3 respiration using complex I+II substrates was also reduced by 59% 

following BDE 47 exposure (Fig. 5B), with oxEPA/oxDHA attenuating this reduction by 

20% (Fig. 5B). Maximum respiratory capacity as measured under conditions of uncoupled 

mitochondrial respiration was decreased by 66% following BDE 47 exposure, and oxEPA/

oxDHA attenuated the BDE 47-associated decrease in maximum uncoupled respiration by 

14% (Fig. 5C). State 4 respiration was reduced by 25% following BDE 47 exposure, but this 

effect was not statistically significant (Fig. 5D). No modulation of State 4 respiration was 

observed in the group pretreated with oxEPA/oxDHA prior to BDE 47 exposure. Exposure 
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to BDE 47 reduced oxygen flux capacity through complexes II and IV by 32% (Fig. 5E), 

and 28% (Fig. 5F), respectively. Pretreatment with oxEPA/oxDHA partially prevented the 

loss of flux through complexes II and IV by 9%, and 20%, respectively. BDE 47 exposure 

reduced the respiratory control ratios (RCR) of HepG2 cells by 41%, and pretreatment with 

oxEPA/oxDHA prior to BDE 47 exposure did not prevent loss of RCR (Fig. 5G).

3.5. ROS production

Treatment with oxEPA/oxDHA in the absence of toxicant did not modulate ROS production 

relative to control cells. By contrast, exposure of cells to BDE 47 in the absence of 

antioxidants caused a significant 60% increase in ROS production relative to controls by 24 

h exposure. As observed in Figure 6, the greatest increase in BDE 47-stimulated ROS 

generation (31% increase) occurred rapidly after 1.5 h exposure to BDE 47 (Fig. 6). By 

contrast, oxEPA/oxDHA pretreatment prior to BDE 47 exposure prevented the BDE 47 

stimulated ROS production observed at 1.5 h, and significantly limited BDE 47-induced 

ROS generation for 12 h such that levels were not statistically different from controls (Fig. 

6). By 24 h, however, the protective effect of the antioxidants diminished and there were no 

differences in ROS production among antioxidant pretreated and control cells in the 

presence of BDE 47.

4.0. Discussion

In the present study we have demonstrated the protective interaction among the major 

antioxidants and a major contaminant present in Pacific salmon, relevant to a scenario 

involving salmon consumption. Our results are consistent with reports that oxidized 

omega-3s play a critical role in activating beneficial cellular antioxidant responses [36, 37, 

39]. The fact that oxEPA/oxDHA induced intracellular GSH in HepG2 cells more 

effectively than treatment with sulforaphane, a model dietary isothiocyanate and a positive 

control for Nrf2 activation and GSH induction [39, 54], and that oxEPA/oxDHA increased 

overall cell viability in the absence of toxicant, are noteworthy. Treatment with oxEPA/

oxDHA stimulated a significant increase of GSH that remained stably elevated in cells for 

24 h after removal of the treatment media, whereas expression of gclc and nqo1 were similar 

to control levels 24 h after initial treatment. This finding suggests oxEPA/oxDHA stimulates 

a biphasic effect on expression of Nrf2-regulated genes, inducing an initial increase in 

expression that eventually returns to near control levels. Indeed, similar studies using 

HepG2 cells treated with dietary antioxidants are consistent with the observed effects of 

oxEPA/oxDHA, reporting a biphasic increase and subsequent decrease toward control levels 

of Nrf2-mediated antioxidant response gene expression, including gclc [55-57], by 8-12 h 

after initial treatment. Taken together, the lasting stimulatory effect on GSH status, and 

protection against BDE 47-induced depletion of GSH, indicates the activation of cellular 

antioxidant responses by oxEPA/oxDHA is associated with protective functional impacts in 

cells.

We hypothesized a more dramatic chemoprotective effect of oxidized omega-3s on cell 

viability than the partial protection observed in the current study. However, the partial 

protection of the oxidized omega-3s against cell toxicity is consistent with the extent of 

antioxidant-mediated amelioration reported in previous studies of human cells exposed to 
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BDE 47. For example, pretreatment of human fetal hematopoietic stem cells with 8 mM 

NAC induced a significant, but partial 20% protection of viability against 50 μM BDE 47 

[31]. Similarly, co-treatment of Jurkat cells with 5 mM NAC has been shown to reduce the 

rate of apoptosis induced by 50 μM BDE 47 from 14% to 3% [28]. The partial 

chemoprotective effect of oxEPA/oxDHA against 50 and 100 μM BDE 47-induced loss of 

viability observed in HepG2 cells may reflect the fact that BDE 47 cell toxicity involves 

multiple mechanisms, including those other than oxidative stress, and are thus not mitigated 

by antioxidant responses.

As discussed, a major goal of this study was to better understand the mechanisms of BDE 

47-mediated mitochondrial injury. Previous studies in our laboratory using both human and 

fish cells indicated BDE 47-induced generation of ROS is associated with a loss of ΔΨm [30, 

31]. Significant loss of ΔΨm can activate mitochondrial-regulated apoptosis pathways or 

cellular necrosis via opening of the mitochondrial permeability transition pore (MPTP) [58]. 

Interestingly, the onset of MPTP opening can be delayed by dietary supplementation with 

DHA [59, 60], supporting a role of DHA in stabilizing ΔΨm. Dietary supplementation with 

omega-3s, particularly DHA, is reported to have significant beneficial effects on 

mitochondrial membranes and function [61]. Our results suggest the oxidation products of 

omega-3s may mediate some of the beneficial effects on mitochondrial membranes by 

significantly limiting loss of ΔΨm from BDE 47 exposure.

An interesting finding from our study was that exposure of HepG2 cells to BDE 47 reduced 

all electron transport system functional parameters with the possible exception of State 4 

respiration, although we observed a similar trend toward reduction of State 4 respiration in 

the presence of 100 μM BDE 47 as well. The fact that extensive reduction of State 3 and 

maximally-induced State 3 respiration was observed following BDE 47 exposure, suggests 

inhibition of the ETS within complexes I-V, or a loss of electron transfer capacity of the 

ETS. Although we did not determine the effect of BDE 47 on complex V, we observed 

significant loss of maximum uncoupled respiration, which indicates impairment within 

complexes I-IV. In this regard, a reduction of oxygen flux capacity through complexes I, II, 

and IV by BDE 47 was verified in our experiments. Additionally, the significant reduction 

of uncoupled respiration supports the hypothesis that BDE 47 causes a loss of respiratory 

capacity of the ETS.

A previous report in isolated zebrafish mitochondria exposed to the hydroxylated BDE 47 

metabolite 6-hydroxy-BDE 47 (6-OH-BDE47) showed a significant inhibition of complex II 

function and uncoupling of mitochondrial respiration [62]. By contrast, our data did not 

support a specific antagonistic effect of BDE 47 against a particular ETS complex, as we 

observed loss of respiratory capacity occurring at several complexes. Rather, BDE 47 

caused a general inhibition of the ETS in HepG2 cells, significantly reducing State 3 

respiration and maximum uncoupled respiratory capacity. A previous report in isolated rat 

mitochondria exposed to 25 and 50 μM BDE 47 similarly demonstrated a reduction of State 

3 respiration using complex I and complex II substrates [63], consistent with our findings. 

Further experiments are needed to elucidate the mechanisms underlying the observed effects 

on complexes III and V in BDE 47-induced loss of ETS function. The observed protection 

of State 3 and maximally-induced State 3 respiration suggests the antioxidant effects of 
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oxEPA/oxDHA play a beneficial role of preserving coupling of oxidative phosphorylation in 

mitochondria. Also, the protection of maximum uncoupled respiration indicates oxEPA/

oxDHA can prevent against loss of function within complexes I-IV. Indeed, partial 

protection of flux capacity through complexes II and IV was observed, and the most 

extensive protective effect of oxEPA/oxDHA was observed for complex I (i.e. rescue of 

State 3 respiration using complex I substrates). Rescue of respiratory coupling by oxEPA/

oxDHA may also involve beneficial protective effects on complexes III and V, but this was 

not determined in the current study.

The significant reduction of maximally-induced State 3 respiration in BDE 47-exposed 

HepG2 cells resulted in significant reduction of the RCR, a measure of coupling of oxidative 

phosphorylation [64]. Compared to this treatment group, nearly identical RCRs were 

calculated in our study in cells pretreated with oxEPA/oxDHA before BDE 47 treatment. 

This suggests that oxEPA/oxDHA did not prevent loss of overall mitochondrial respiratory 

function caused by BDE 47, despite significant protection of critical respiratory parameters 

in mitochondria. The lack of a more marked protective effect on mitochondrial function by 

oxEPA/oxDHA supports the hypothesis that other mechanisms unrelated to oxidative stress 

may contribute to BDE 47 mitochondrial toxicity in HepG2 cells. However, the fact that 

oxEPA/oxDHA antioxidant induction was associated with some preservation of respiratory 

function in HepG2 cells strongly suggests a role of oxidative stress in the toxicity of BDE 47 

to the mitochondrial ETS.

A limitation of our study is that we did not conduct the relevant co-treatment of cells with 

oxEPA/oxDHA and BDE 47, as this exposure scenario can be similarly representative of 

dietary intake of contaminated seafood. However, our approach was to better understand if 

an antioxidant response elicited by the dietary antioxidants would be sufficient to ameliorate 

BDE 47 toxicity. Thus, we preferred to pretreat cells with oxEPA/oxDHA to elicit the 

antioxidant response and subsequently challenge with BDE 47 as in the context of a 

chemoprevention study. We also wanted to minimize the potential for artifacts from co-

administration, specifically with regards to the presence of serum in the treatment media, 

which can decrease the bioavailability of lipophilic toxicants including BDE 47 in vitro [65, 

66]. Supplementation of the pretreatment exposure media with 5-10% FBS was required for 

administration of oxEPA/oxDHA to HepG2 cells [37], whereas BDE 47 exposure media 

utilized in similar in vitro studies are supplemented with very low concentrations of serum 

(1%) [32, 42], or is serum-free [25, 67]. Thus, co-treatment of cells with oxEPA/oxDHA and 

BDE 47 should be addressed in future experiments, but was somewhat out of the scope of 

the current manuscript due to reasons including the aforementioned differences in 

experimental exposure methods that are required for administering these compounds to 

cells.

It is important to note that the doses of BDE 47 utilized in the current study were selected to 

induce significant cellular and mitochondrial toxicity in HepG2 cells based on previous 

studies in human cells [27, 28, 31]. In human [32, 42], fish [29, 30], and rodent cells [26] 

exposed to BDE 47, oxidative injury is not typically observed below concentrations in the 

20-50 μM range. Hence, it is plausible that the antioxidant effects of oxEPA/oxDHA may 

provide greater protection against, or ameliorate, the toxicity of lower doses of BDE 47 
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representative of environmental exposures. Additionally, the fact that oxEPA/oxDHA 

significantly attenuated BDE 47-induced ROS production for 12 h suggests that cellular 

toxicity resulting from a dose of 100 μM BDE 47 for an exposure period of 24 h selected in 

our experiments may have overwhelmed the protective antioxidant effects of oxEPA/

oxDHA. Therefore, we hypothesize that oxEPA/oxDHA pretreatment can ameliorate or 

have a greater protective effect against shorter subsequent exposure periods to BDE 47 (i.e. 

0.5-12 h) than assessed in the current study. While experimental PBDE doses in the 

micromolar range are relevant to toxicological studies, these doses likely far exceed PBDE 

levels reaching target human tissues from fish consumption [14, 68-71]. The fact that an 

average meal size of 227 grams of salmon contains approximately 1x106-fold more 

omega-3s on a wet weight basis than persistent organic such as PBDEs [35] suggests that in 

vitro results from studies such as ours likely underestimate the chemoprotection elicited by 

omega-3s in vivo. In this regard, it is of importance that risk assessment paradigms 

addressing the adverse effects of persistent compounds in seafood that elicit oxidative stress 

as a mechanism of toxicity account for the protective antioxidant effects from omega-3s and 

other micronutrients.
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Highlights

• BDE 47 is a toxic PBDE flame retardant and major contaminant in Pacific 

salmon.

• Oxidized omega-3 fatty acids (oxEPA/oxDHA) partially prevented BDE 47 

toxicity.

• oxEPA/oxDHA partially protected viability and mitochondrial membrane 

potential.

• oxEPA/oxDHA partially protected mitochondrial electron transport system 

function.

• Our results indicate oxEPA/oxDHA protects against shorter exposures to BDE 

47.
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Figure 1. Effect of oxEPA/oxDHA and BDE 47 on GSH status
(A) Induction of GSH was measured in HepG2 cells exposed to a 1.5/1 mixture of oxEPA/

oxDHA (60 μM oxEPA/40 μM oxDHA), sulforaphane (SFN, 40 μM), or equal volume of 

DMSO (vehicle control). Alphabetical letters are used to indicate statistically significant 

differences between means at p≤0.05. Letters shared in common between or among the 

groups indicate no significant difference at p>0.05. (B) GSH status in cells pretreated with 

oxEPA/oxDHA (or DMSO, denoted as “-oxEPA/oxDHA in figure legend) for 12 h, prior to 

exposure to 100 μM BDE 47 (or DMSO, denoted as “-BDE 47” in figure legend) for 24 h. 

***p≤0.001 relative to corresponding controls. Data are expressed as fold over control 

values and are means ± SEM of n=3 experiments.
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Figure 2. Effect of oxEPA/oxDHA and BDE 47 on oxidative stress marker genes
Fold induction relative to controls of (A) gclc, or (B) nqo1 mRNA transcripts was measured 

in cells pretreated with or without oxEPA/oxDHA for 12 h, followed by exposure to 100 μM 

BDE 47 for 24 h. *p≤0.05, **p≤0.01, ***p≤0.001 relative to corresponding controls. Data 

are expressed as fold over control values and are means ± SEM of n=3 experiments.
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Figure 3. Effect of oxEPA/oxDHA on loss of cellular viability from BDE 47 exposure
HepG2 cells were treated with oxEPA/oxDHA for 12 h to induce intracellular GSH prior to 

24 h exposure to BDE 47 (50 or 100 μM). Cellular viability was determined by MTT assay. 

*p≤0.05, **p≤0.01 relative to corresponding controls. Data are expressed as percent of 

control values and are means ± SEM of n=3 experiments.
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Figure 4. Effect of oxEPA/oxDHA on loss of mitochondrial membrane potential from BDE 47 
exposure
Mitochondrial membrane potential (ΔΨm) was quantified in cells by measuring JC-

fluorescence in cells pretreated with, or in the absence of oxEPA/oxDHA for 12 h, followed 

by 24 h exposure to 100 μM BDE 47 (or DMSO). *p≤0.05, ***p≤0.001 relative to the 

corresponding control group. Data are expressed as percent of control values and are means 

± SEM of n=3 experiments.
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Figure 5. Effect of oxEPA/oxDHA on loss of mitochondrial electron transport system function 
from BDE 47 exposure
Oxygen consumption (flux) was determined in permeabilized HepG2 cells exposed to: 1) 

vehicle control (DMSO, 36 h), 2) DMSO for 12 h followed by BDE 47 (100 μM) for 24 h, 

or 3) pretreated with oxEPA/oxDHA for 12 h before BDE 47 exposure for 24 h. 

Experimental conditions included: (A) State 3 respiration with complex I substrates only; 

(B) maximally-induced State 3 respiration with substrates of complex I and II; (C) 

maximum uncoupled respiration using the uncoupling agent CCCP; (D) State 4 respiration 

induced by oligomycin. Oxygen flux capacity through (E) complex II, and (F) complex IV 

were also determined. (G) The respiratory control ratios (RCRs) were calculated as the ratio 

of maximally-induced State 3 respiration/State 4 respiration. *p≤0.05, ***p≤0.001 relative 

to control group. All data are means ± SEM of n=4 experiments.

Yeh et al. Page 21

Toxicol In Vitro. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Effect of oxEPA/oxDHA on BDE 47-induced ROS production
Production of ROS was measured in HepG2 cells pretreated with (or without) oxEPA/

oxDHA prior to exposure to 100 μM BDE 47 (or DMSO). Alphabetical letters are used to 

indicate statistically significant differences between means at p≤0.05. Letters shared in 

common between or among the groups indicate no significant difference at p>0.05. Data are 

means ± SEM of n=3 experiments.
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Table 1

Sequences of gene-specific primers used in quantitative PCR experiments

Gene Primers (5′—3′) Accession #/reference

GCLC Forward: AGGCATTGATCATCTCCTGG
Reverse: AGGAGGGGGCTTAAATCTCA

NM_001498.3

NQO1 Forward: ACTGCCCTCTTGTGGTGCAT
Reverse: GCTCGGTCCAATCCCTTCAT

NM_001025434

GAPDH Forward: TCCTGCACCACCAACTGCTT
Reverse: GAGGGGCCATCCACAGTCTT

BC08351/Shao et al., (2007)
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