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Polybrominated diphenyl ethers (PBDEs), a group of flame

retardants comprising 209 congeners, have become widespread

environmental pollutants. High levels of PBDEs have been

detected in human tissues, particularly in North America, and

body burden is especially high in infants and toddlers because of

exposure through breast milk and house dust. Increasing evidence,

provided by animal studies, suggests that PBDEs are develop-

mental neurotoxicants, although the underlying mechanisms are

still unknown. Various PBDEs have been reported to cause

oxidative stress and to induce apoptotic cell death in several cell

types. In the present study, we investigated the comparative

neurotoxicity in mouse cerebellar granule neurons of five

brominated diphenyl ether (BDE) congeners, chosen among the

most commonly found at the highest levels in human tissues. All

BDE congener tested (BDE-47, BDE-99, BDE-100, BDE-153, and

BDE-209) decreased cell viability and induced apoptotic cell

death, which was prevented by antioxidants. They also caused

oxidative stress, as indicated by an increase in reactive oxygen

species and in lipid peroxidation. For all end points measured, the

potency ranking of the congeners was BDE-100 > BDE-47 >
BDE-99 > BDE-153 >> BDE-209. Measurement of BDE congener

levels in neurons after exposure to different concentrations showed

a significant accumulation in cells, which followed the same relative

ranking. The findings suggest that all BDE congeners tested exhibit

the same general mode of action (induction of oxidative stress–

mediated apoptosis) and that the ability of each isomer to elicit

such effects is dependent upon their accumulation in neurons,

particularly in the microsomal fraction and the mitochondria.
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accumulation.

Polybrominated diphenyl ethers (PBDEs) are an important

group of flame retardants, widely used in a variety of consumer

products. Since PBDEs are additive flame retardants and are

not chemically bonded to the polymer product, they leach out

into the environment (Alaee et al., 2003). Like other

halogenated compounds, PBDEs have become ubiquitous

persistent pollutants; they have been detected in outdoor air,

sediments, sludge, soil, water; in indoor air and house dust; in

several food commodities; and in birds, marine species, fish,

and terrestrial, including domestic animals (Darnerud et al.,
2001; de Wit, 2002; Gill et al., 2004; Hites, 2004; Law et al.,
2006; Schecter et al., 2004). PBDEs have also been detected in

human blood, adipose tissue, and breast milk (Furst, 2006;

Petreas et al., 2003; Schecter et al., 2003, 2005; Sjodin et al.,
2003). In contrast to other halogenated compounds, such as

polychlorinated biphenyls, dioxins, or furans, whose levels in

biota and in human tissues have been decreasing over the past

three decades, levels of PBDEs have significantly increased

(Schecter et al., 2005; Thomsen et al., 2002).

There are 209 possible PBDE congeners. PBDEs have been

marketed as one of three mixtures known as pentabrominated

diphenyl ether (BDE), octaBDE, and decaBDE. In recent years,

pentaBDE and octaBDE have been banned in the European

Union and in several states in the United States and are no

longer produced in these countries. DecaBDE (BDE-209)

remains the most widely used PBDE globally, and it is still

produced in Europe and the United States, although some states

(e.g., Maine, Washington) or countries (e.g., Sweden) have

banned this compound as well. The PBDE congeners found

most commonly and at the highest levels in biota and human

tissues are BDE-47, a tetraBDE; BDE-99 and BDE-100, two

pentaBDEs; BDE-153 and BDE-154, two hexaBDEs; and BDE-

209, decaBDE (Costa and Giordano, 2007; Costa et al., 2008).

Levels of PBDEs in human tissues in North America have

been consistently found to be one to two orders of magnitude

higher than in Asia or Europe (Lorber, 2008; Schecter et al.,
2005). Particularly, alarming is the fact that body burden is

highest in infants (because of exposure through breast milk)

and in toddlers (because of exposure through house dust and

the diet) (Allen et al., 2007; Schecter et al., 2003, 2005;

Wilford et al., 2005).
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The high body burden of PBDEs present in infants and

toddlers has raised concern for their potential developmental

toxicity and particularly for their developmental neurotoxicity

(Birnbaum and Staskal, 2004; Branchi et al., 2003; Costa and

Giordano, 2007; Costa et al., 2008; Eriksson et al., 2001;

McDonald, 2005). Animal studies in rodents have provided

evidence that exposure to different PBDEs (e.g., BDE-47,

BDE-99, BDE-153, BDE-209, the pentaBDE mixture DE-71)

during the prenataland/or postnatal periods causes long-term

behavioral abnormalities, particularly in the domains of motor

activity and cognition (Branchi et al., 2002; Dufault et al.,
2005; Gee and Moser, 2008; Kuriyama et al., 2004; Rice et al.,
2007; Viberg et al., 2003a,b).

The exact mechanisms of PBDEs’ developmental neurotox-

icity are still elusive, although two general, and not mutually

exclusive modes of action are emerging: one indirect related to

the effects of PBDEs on thyroid hormones and the other one

involving possible direct effects of PBDEs on the developing

brain (Costa and Giordano, 2007). In vitro studies have shown

that certain PBDEs can cause cell death by an apoptotic

mechanism. For example, BDE-99 causes apoptotic cell death

in human astrocytomas (Madia et al., 2004), DE-71 in

cerebellar granule cells (Giordano et al., 2008), and BDE-47

in hippocampal neurons and human neuroblastoma cells (He

et al., 2008a,b). There is also evidence that PBDE-induced

apoptotic cell death may be mediated by oxidative stress, as

shown e.g., for BDE-47 (He et al., 2008a,b; Shao et al., 2008)

and DE-71 (Giordano et al., 2008).

Purpose of the present study was to carry out a comparative

assessment of five PBDE congeners, chosen among those most

often found in biota and human tissues at the highest

concentrations, with regard to their ability to induce apoptotic

cell death and oxidative stress in mouse cerebellar granule

neurons (CGNs). The results indicate that all PBDE congeners

appear to share a similar mode of action and that their relative

neurotoxicity is associated with the ability to cross the cell

membrane and to accumulate in cells, particularly in

mitochondria.

MATERIALS AND METHODS

Materials. The PBDE congeners, 2,2#,4,4#-tetrabromodiphenyl ether

(BDE-47), 2,2#,4,4#,5-pentabromodiphenyl ether (BDE-99), 2,2#,4,4#,6-

pentabromodiphenyl ether (BDE-100), 2,2#,4,4#,5,5#-hexabromodiphenyl ether

(BDE-153), and 2,2#,3,3#,4,4#,5,5#,6,6#-deca-bromodiphenyl ether (BDE-209)

were obtained from AccuStandard, Inc. (New Haven, CT). Manufacturer’s

certification indicated 99.9% purity. Their structures are shown in Figure 1.

Poly-D-lysine, potassium chloride, papain, DNase, magnesium chloride, 1-beta-

d-arabinofuranosyl-cytosine cytarabine (Ara-C), glutathione ethyl ester

(GSHEE), dimethyl sulfoxide (DMSO), and 3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) were purchased from Sigma Chemical

Co. (St. Louis, MO). Neurobasal-A medium, B27 supplement, B27 supplement

minus antioxidant, glutamax, gentamicin, fungizone, Hanks’ balanced salt

solution (HBSS), (4-(2-hydroxyethyl)piperatine-1-ethanesulfonic acid) (HEPES),

Hoechst 33342 trihydrochloride, 2,7#-dichlorofluorescein diacetate, and 10% SDS

solution were from Invitrogen (Carlsbad, CA). Melatonin was from Tocris

Cookson Inc. (Ellisville, MO). Tissue culture plates and nylon mesh filters were

from BD Falcon (Franklin Lakes, NJ). The bicinchoninic acid protein assay kit

was from Thermo Fisher Scientific (Rockford, IL), while the ELISA kit to measure

PBDEs was from Abraxis (Warminster, PA). Glass coverslips were from Fisher

Scientific (Federal Way, WA) and plastic coverslips from Nunc (Rochester, NY).

CGN cultures. Primary CGN cultures were prepared from 7-day-old mice

sacrificed by decapitation, as previously described (Giordano et al., 2006).

Briefly, the cerebella were dissected from the brain and the meninges were

removed. Tissues were collected in HBSS supplemented with 10mM HEPES;

cut into 1 mm3 pieces; and incubated in HBSS containing papain (1.5 mg/ml),

DNase (40 lg/ml), and MgCl2 (10lM), for 30 min at 37�C for enzymatic

dissociation. Tissues were centrifuged at 200 3 g for 5 min at 4�C, the papain

solution was removed, and the tissues were washed twice in HBSS with 10mM

HEPES. Tissues were further dissociated by trituration in complete Neurobasal-

A media containing B27 minus antioxidant (2%), glutamax (2mM), gentamicin

(100 lg/ml), fungizone (1 lg/ml), and KCl (25mM). Cells were passed through

a nylon mesh filter (40-lm pore size), centrifuged at 200 3 g for 10 min at 4�C,

gently resuspended in the complete media, and counted. Cells were seeded at

a density of 0.6 3 106 cells/cm2 in plates coated with poly-D-lysine (0.3 mg/ml

sterile tissue culture grade irrigation water at 37�C overnight). Neurons were

allowed to attach for 1 h at 37�C in humidified 5% CO2/95% air, after which,

they were washed with HBSS with 10mM HEPES and incubated in complete

Neurobasal-A media. After 4 days, the original medium containing

B27 supplement was removed and substituted with complete Neurobasal-A

media containing B27 minus AO to provide an antioxidant-free primary CGN

culture. Neurons were grown for a total of 10–12 days before experiments.

Cell treatments. PBDE congeners were dissolved in DMSO to obtain

a stock solution of 12.5mM and diluted to the desired concentrations in

Neurobasal-A media containing B27 supplement minus AO, glutamax,

gentamicin, fungizone, and KCl. Treatments for reactive oxygen species

(ROS) assays were made with Locke’s buffer containing HEPES (10mM), KCl

(25mM), CaCl2 (2.3mM), glucose (10mM), NaHCO3 (5mM), glutamax

(2mM), gentamicine (100 lg/ml), MgCl2 (1.2mM), and NaCl (130mM). Since

the PBDEs were dissolved in DMSO, which is cytotoxic at concentration above

0.8%, the maximum PBDE treatment concentration achievable was 50lM.

GSHEE (2.5mM) and melatonin (200lM) were added to cell cultures 1 h prior

to treatments with PBDEs.

FIG. 1. Chemical structures of BDE congeners used in the study.
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Measurement of cell viability. Cell viability was quantified colorimetri-

cally using the metabolic dye MTT, as previously described (Giordano et al.,

2006, 2008). Briefly, CGNs in 24-well plates were treated with PBDE for 24 h

at 37�C. At the end of exposure, medium was removed and incubated with

500 ll per well of Locke’s buffer solution containing 4 lg/ml MTT for 30 min.

MTT was then removed and reaction product dissolved in 0.25 ml DMSO per

well. Absorbance was read at 570 nm, and the results expressed as percentage

of viable cells relative to the DMSO-exposed controls.

Measurement of apoptosis. To visualize nuclear morphology following

24-h PBDE exposure, cells were grown on plastic coverslips in 24-well plates

and stained with Hoechst stain, as previously described (Giordano et al., 2007,

2008). After staining, the plastic coverslips were mounted on glass microscope

slides and examined with Labophot-2 microscope (Nikon, Japan). Cells

exhibiting either classical apoptotic bodies or shrunken rounded nuclei were

scored as being apoptotic. Three fields across a diameter were photographed

using a camera attached to a fluorescence microscope and counted manually

using Image J software (http://rsbweb.nih.gov/ij/).

Assay of ROS formation. ROS formation was determined by fluorescence

using 2#,7#-dichlorofluorescein diacetate (DCFH2-DA), as previously described

in detail (Giordano et al., 2006, 2007). DCFH2-DA is readily taken up by cells

and is subsequently de-esterified to DCFH2, which can be oxidized to

dichlorofluorescein (DCF) by hydrogen peroxide, peroxynitrite, and other

ROS/reactive nitrogen species. Cells were first washed with Locke’s solution

and then preincubated for 30 min at 37�C with DCFH2-DA (50 nmol/mg cell

protein) in Locke’s solution. DCFH2 was added from a stock solution prepared

in DMSO, which was also added to the blank. Cells were then washed with

Locke’s solution to remove extracellular DCFH2-DA before treatments with

PBDEs. After treatments (at 37�C), cells were then washed twice with Locke’s

buffer and lysed with 0.1M KH2PO4 and 0.5% Triton X-100, pH 7.2, for 5 min.

Cell lysates were then scraped from the dishes, and the supernatant was

collected. The fluorescence was immediately read at 488 nm excitation and 525

nm emission, using SpectraMax 190 (Molecular Devices, Sunnyvale, CA).

ROS formation was expressed as the amount of fluorescence per milligram of

protein measured using the bicinchoninic acid protein assay kit.

Measurement of lipid peroxidation. Lipid peroxidation, a major indicator

of oxidative stress, was measured by the Thiobarbituric Acid Reactive

Substances (TBARS) assay, with a kit from Cayman Chemical Company (Ann

Arbor, MI) used according to manufacturer’s instructions, as described by

Giordano et al. (2006). TBARS measure the changes in levels of

malondialdehyde, a natural byproduct of lipid peroxidation, which upon

binding to thiobarbituric acid forms a fluorescent red adduct. After exposure to

PBDEs and wash out, cells were scraped with 1% SDS lysis buffer (pH 7.4)

and aliquots were removed to determine protein content; 200 lg samples were

used for determination of TBARS. butylhydroxytoluene (1lM), an antioxidant,

was added to the lysis buffer to prevent sample oxidation, and cells were

centrifuged at 3000 3 g for 10 min to remove large particles.

Measurement of intracellular PBDE accumulation. Intracellular levels

of PBDE were measured using a magnetic particle immunoassay for PBDEs,

which has been shown to exhibit high sensitivity and precision for detection of

PBDEs in animal samples (Shelver et al., 2008). Cell cultures were grown in

50-mm glass bottom plates and exposed to 10nM, 100nM, 1lM, or 10lM of

each BDE congener for 24 h. At the end of treatment, cells were washed twice

with Locke’s buffer and lipids were extracted from cells by incubation with

hexane-isopropanol (3:2) at 4�C to prevent evaporation. After 20 min, samples

were transferred to glass tubes and dried using an argon stream and by allowing

the solvent to evaporate overnight under the fume hood. NaOH was added to

the plates and left on a shaker for 2 h to recover cell contents and measure

protein concentrations using the bicinchoninic acid protein assay kit. For

ELISA analysis, samples were resuspended in 500 ll of 50% methanol and

500 ll of the anti-PBDE–coupled magnetic particles were added to 250 ll of

samples. After 20-min incubation at room temperature, 250 ll of antibody

conjugate was added, vortexed, and incubated for another 20 min. The

magnetic separator was used to separate and remove unbound anti-PBDE

particles and conjugates. A color reagent was used to measure relative

concentrations of lipid-bound PBDE by absorbance at 450 nm. Absorbance was

converted to mass of lipid-bound PBDE from a calibration curve using

standards provided by the kit, including solution containing 0, 0.012, 0.025,

0.05, 0.1, and 0.5 ppb of BDE-47. Data are expressed as concentration of

PBDE (micromolar) in cells. The wet weight of cells was calculated by

harvesting cells from a sister plate, followed by centrifugation to obtain a pellet,

and weighing of the pellet, as described by Mundy et al. (2004).

Subcellular fractionation. Subcellular fractionation of CGNs was per-

formed as described by Cox and Emili (2006), with some modifications, to isolate

the following fractions: cytosol, nuclei, mitochondria, and microsomes

(a collection of endoplasmic recticulum, Golgi, intracellular vesicles, and plasma

membranes). Briefly, CGNs were collected and homogenized in ice-cold lysis

buffer containing 250mM sucrose, 50mM Tris-HCl (pH 7.4), 5mM MgCl2, 1mM

dithiothreitol, and 1mM PMSF using a tight fitting Teflon pestle. The lysate was

centrifuged in a bench-top centrifuge at 800 3 g for 15 min; the supernatant

served as source for cytosol, mitochondria, and microsomes. The pellet, which

contains the nuclei, was rehomogenized in lysis buffer and centrifuged as above.

Mitochondria were isolated from the crude cytoplasmic fraction by bench-top

centrifugation at 6000 3 g for 15 min. The mitochondrial pellet was washed and

pelleted twice in lysis buffer. The cytosolic fraction was obtained after removal of

the microsomal fraction by ultracentrifugation at 100,000 3 g for 1 h.

Statistical analysis. Data are expressed as the mean ± SE of the indicated

number of independent experiments. Statistical analysis was performed using

one-way or two-way ANOVA followed by Bonferroni test for multiple

comparisons.

RESULTS

Effects of BDE Congeners on Cell Viability

The effects of BDE congeners on cell viability (measured by

the MTT assay) and their ability to induce apoptotic cell death

in mouse CGNs were first investigated. Figure 2 shows the

concentration-dependent effects of the five BDE congeners on

cell viability, while Figure 3 shows their ability to cause

apoptotic cell death. Values of IC50 and EC50 for each end

points are indicated in Table 1. BDE-100 was the most potent

FIG. 2. Effect of PBDEs on cell viability in mouse CGNs, as determined

by the MTT assay. Cell death in control cells was 5.4 ± 1.9%. Results are the

mean (± SE) of three separate experiments for each congener, and the results

are expressed as percent of control values. SEs are omitted for better clarity.

Significantly different from control, *p < 0.05.
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congener causing an increase in the number of apoptotic cells

at 100–500nM. BDE-47 was slightly less potent, followed by

BDE-99 and BDE-153, while BDE-209 was the least toxic and

did not cause any statistically significant apoptotic cell death at

any of the concentration tested. We had previously confirmed

the ability of PBDEs to induce apoptosis in mouse CGNs, by

measuring DNA laddering following exposure to DE-71

(Giordano et al., 2008) and BDE-47 (Giordano and Costa,

unpublished data). As previously reported for DE-71

(Giordano et al., 2008), cell death induced by PBDEs appears

to be primarily of the apoptotic nature. Indeed, correlations

between IC50 values in the MTT assay and EC50 values in the

Hoechst assay provided a Pearson’s coefficient, r2, of 0.99 and

a p value of 0.001.

BDE Congeners Cause Oxidative Stress

Since PBDEs have been reported to cause cytotoxicity by

inducing oxidative stress, the relative levels of oxidative stress

induced by each congener should correspond to their ranking in

inducing cytotoxicity. Oxidative stress was assessed by

measuring ROS formation and lipid peroxidation, as described

in the ‘‘Materials and Methods’’ section. Time-course experi-

ments were carried out with BDE-47 and BDE-100 (Fig. 4).

These experiments indicated that the times of maximum

response for ROS formation and lipid peroxidation were

60 min and 12 h, respectively (Fig. 4), and these time points

were used for concentration-response experiments with all

congeners. All congeners increased ROS formation (Fig. 5A),

with the following relative order of potency: BDE-100 > BDE-

47 > BDE-99 > BDE-153 > BDE-209. Similar effects and the

same potency ranking were also observed with regard to lipid

peroxidation (Fig. 5B). BDE-209 was consistently the least

active congener causing only a limited degree of oxidative

stress at the highest concentration tested (50lM).

These results support the hypothesis that PBDE-induced

neuronal cell death is due to the ability of these compounds to

elicit oxidative stress. Further evidence is provided by the

finding that two antioxidants, GSHEE and melatonin,

completely antagonized apoptosis induced by BDE-100 and

BDE-47 (Fig. 6).

Accumulation of BDE Congeners in Cells

To determine whether the cytotoxicity of PBDEs was related

to their ability to enter and concentrate in cells, levels of each

FIG. 3. Concentration-dependent apoptosis induced by BDE congeners in mouse CGNs. Apoptosis was assessed by Hoechst staining. Concentrations are

expressed as micromolar. Apoptotic cell death in control cells ranged from 7.3 to 17.3% as shown. Results are the mean (± SE) of three to five independent

experiments. Significantly different from control, *p < 0.05, **p < 0.01, and ***p < 0.001.

TABLE 1

Cytotoxicity of BDE Congeners in Mouse CGNs

BDE congener

Cell viability Apoptosis

IC50 (lM) EC50 (lM)

BDE-47 11.0 ± 2.0 9.6 ± 1.7

BDE-99 15.7 ± 3.3 10.6 ± 2.0

BDE-100 4.5 ± 0.3 4.3 ± 0.4

BDE-153 19.9 ± 1.6 18.9 ± 3.5

BDE-209 > 50.0 > 50.0

Note. Cell viability was measured by the MTT assay and apoptosis was

assessed by Hoechst staining, as described in the ‘‘Materials and Methods’’

section. Values of IC50 and of EC50 were determined from concentration-

response curves using three to seven concentrations of each BDE. Values are

expressed as mean (± SE) of three to five independent experiments.
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congener were measured in mouse CGNs upon 24-h incubation

with different concentrations of each BDE. As shown in Figure 7,

incubation with 0.01, 0.1, 1.0, or 10lM of each congener led to

a significant accumulation of BDEs in cells. There was a 25- to

3400-fold increase in the cellular concentration relative to

applied concentration, and cellular accumulation, as percentage

of the applied concentration, was higher at lower BDE

concentration. Changes in treatment volume did not signifi-

cantly affect BDE accumulation (not shown). BDE-100

showed the greatest accumulation, followed by BDE-47,

BDE-99, and BDE-153. Accumulation of BDE-209 was the

lowest. These findings suggest that accumulation of BDE

congeners in cells is a major determinant of their relative

cytotoxicity.

To ascertain the intracellular distribution of PBDEs, mouse

CGNs were exposed for 24 h to each congener (1 or 10lM),

and cellular fractions (cytosol, microsomes, nucleus, and

mitochondria) were isolated according to Cox and Emili

(2006). Figure 8 shows the results of these experiments in

which data are expressed as percentage of BDE congener in

each fraction (Figs. 8A and 8C) or as nanogram of BDE

congener in each fraction (Figs. 8B and 8D). At both

FIG. 4. Time course of ROS formation and of lipid peroxidation induced by BDE-100 and BDE-47 in mouse CGNs. Concentration of each BDE was 5lM. Results

are the mean (± SE) of three independent experiments. Control are untreated cells. Significantly different from control, *p < 0.05 and **p < 0.01.

FIG. 5. Concentration-dependent effects of BDE congeners on ROS formation (A) and on lipid peroxidation (B) in mouse CGNs. Incubation times were

60 min for ROS measurements and 12 h for lipid peroxidation (malondialdehyde measurements). Values are the mean (± SE) of five to eight independent

experiments. Significantly different from control, *p < 0.05, **p < 0.01, and ***p < 0.001.
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concentrations, for all congeners, the highest percentage of

BDE was associated with the microsomal fraction, which is

a collection of endoplasmic reticulum, Golgi apparatus,

intracellular vesicles, and plasma membrane. The second

highest fraction containing PBDEs was the mitochondria,

while lower amounts were found in the cytosol and the

nucleus (Fig. 8). Association of BDE congeners with the

mitochondrial fraction is of particular interest, as it followed

their relative ranking in inducing apoptotic cell death: BDE-

100 > BDE-47 > BDE-99 > BDE-153 >> BDE-209. Thus,

e.g., after incubation with 10lM PBDE, 43% of BDE-100

was in the mitochondrial fraction compared to 11% for BDE-

209 (Fig. 8C).

DISCUSSION

This study directly compared the neurotoxicity in mouse

CGNs of the five most environmentally and biologically

relevant BDE congeners. The results confirmed previous

observations with BDE-47, BDE-99, and the pentaBDE

mixtures DE-71 that PBDEs decrease cell viability by causing

apoptotic cell death (Giordano et al., 2008; He et al., 2008a,b;

Madia et al., 2004; Shao et al., 2008). The present study also

extends these observation to BDE-100 and BDE-153, suggest-

ing that the ability of inducing apoptosis is common to most

PBDEs, and shows that BDE-100 is the most potent of all

tested congeners, with an IC50 of ~4lM.

Previous studies had suggested that PBDE-induced cytotox-

icity and apoptosis were mediated by oxidative stress

(Giordano et al., 2008; He et al., 2008a,b; Reistad et al.,
2006). The present study confirms and extends these findings,

showing that all BDE congeners tested are capable of inducing

oxidative stress, as evidenced by an increase in ROS and in

lipid peroxidation. As antioxidants were able to completely

antagonize apoptosis induced by PBDEs (Fig. 6), this study

also substantiates the hypothesis that PBDE-induced oxidative

stress is causally related to the induction of apoptotic cell death.

In addition, the five congeners tested in this study induced

cytotoxicity and apoptosis in the order BDE-100 > BDE-47 >
BDE-99 > BDE-153 >> BDE-209, and the same order was

preserved for their ability to induce ROS formation and lipid

peroxidation.

BDE-209, the decaBDE congener, appeared to be the least

potent of all compounds as it caused minimal cytotoxicity and

only slight increases in oxidative stress at the highest

concentration tested (50lM). BDE-209 had been reported to

cause apoptotic cell death in human hepatoma Hep G2 cells

(Hu et al., 2007). However, this effect was seen only at

relatively high concentrations (50–100lM) and with long

incubation times (48 h). Similarly, the same authors reported

that 25–100lM BDE-209 increased ROS formation in the

same cells but only after long incubation times (5–15 h) (Hu

et al., 2007). The minor differences between hepatoma cells

and CGNs may be explained by the potential ability of liver

cells to metabolize BDE-209 to lower, more biologically active

congeners, or alternatively, by a differential accumulation of

BDE-209 in the two cell types.

Indeed, an important aspect of the present study is the

measurement of the accumulation of each BDE congener in

CGNs, upon exposure of cells to different concentrations

(0.01–10lM) of PBDEs. All BDE congeners appeared to

FIG. 6. Effect of antioxidants on apoptosis induced by BDE-47 and BDE-

100 in mouse CGNs. Cells were pre-treated with GSHEE (2.5mM) or

melatonin (200lM) for 1 h before addition of BDEs (each at 5lM). Results are

the mean (± SE) of three independent experiments. Significantly different from

control, *p < 0.01.

FIG. 7. Accumulation of BDE congeners in mouse CGNs. Cells were

exposed to BDEs (0.01, 0.1, 1.0, or 10lM) for 24 h, and BDE concentration

was measured as described in the ‘‘Materials and Methods’’ section. Results

are the mean (± SE) of three independent experiments. Two-way ANOVA

indicated significant difference among concentrations, F(3,40) ¼ 84.1; p <

0.001, and congeners, F(4,40) ¼ 204.8; p < 0.0001.

COMPARATIVE CYTOTOXICITY AND INTRACELLULAR ACCUMULATION OF PBDE 129



accumulate in CGNs, and the concentrations associated with

cells were 25- to 3400-fold higher than the applied concen-

trations (Fig. 7). BDE-100 showed the highest accumulation in

CGNs, followed by BDE-47, BDE-99, BDE-153, and BDE-

209. This order is the same identified for induction of oxidative

stress and apoptosis, suggesting that cellular accumulation of

PBDEs is a major determinant of their toxicity.

Mundy et al. (2004) examined accumulation of 14C-BDE-47

in rat neocortical neurons. They found that exposure to 0.01–

3.0lM BDE-47 for 60 min resulted in a 100-fold magnification

of the applied concentration. We utilized a similar range of

concentrations and found a higher accumulation of BDE-47 in

CGNs, most likely because of the longer incubation time

(24 vs. 1 h). Differently from Mundy et al. (2004), however,

we did not observe any significant difference in the 24-h

accumulation of BDE congeners when exposure volumes were

modified (not shown). Kodavanti et al. (2005) measured

accumulation of 14C-labeled BDE-47, BDE-99, and BDE-153

in rat CGNs over a 60-min period. They found that the percent

accumulation of these BDE congeners increased with time at

all concentration tested (0.67–30.67lM) and that the accumu-

lation was linear. Similarly to what we found (Fig. 7), they

reported that cellular accumulation was higher at lower BDE

concentrations. Kodavanti et al. (2005) also found that the

accumulation of BDE-47 was higher than that of BDE-99 and

of BDE-153, consistent with our findings, and that the

biological effect investigated (translocation of protein kinase

C) was highly correlated with accumulation of PBDEs in cells.

Another important finding of this study is provided by the

subcellular fractionation experiments in which levels of BDE

congeners associated with different cellular fractions were

quantified. Of particular interest was the relative distribution of

FIG. 8. Accumulation of BDE congeners in different cellular fractions of CGNs. Cells were exposed to 1 or 10lM BDEs for 24 h. At the end of exposure,

subcellular fractionation was carried out as described in the ‘‘Materials and Methods’’ section. BDE levels in each fraction were measured as described in the

‘‘Materials and Methods’’ section. In (A) and (C), results are expressed as percent of the total amount recovered, while in (B) and (D), results are expressed as

nanogram of BDE. Note the different scales in (B) and (D). Results represent the mean (± SE) of three separate experiments. Mito ¼ mitochodria; micro ¼
microsomal fraction.
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BDEs in the two fractions containing the highest amounts

of BDEs, i.e., the microsomal and the mitochondrial fractions.

Almost 43% of BDE-100 was associated with mitochondria,

followed by BDE-47 (30%), BDE-99 (27%), BDE-153 (22%),

and BDE-209 (11%). This order follows that previously seen

for PBDE-induced apoptotic cell death, suggesting that

accumulation of PBDEs in mitochondria, which would elicit

oxidative stress and activate the apoptotic pathway cascade, is

an important step in this process. Levels of PBDEs associated

with the microsomal fraction were the highest for all congeners

and were actually highest for the least toxic congener, BDE-

209. Low and comparable levels of BDE congeners (7–12%)

were found in the cytosol, while the lowest levels were found

in the nucleus, where they ranged from 3.8% (BDE-100) to

0.01% (BDE-209) of the total BDE recovered.

The mechanisms by which BDEs gain access to CGNs and

by which they elicit oxidative stress are still elusive. As said,

we observed relative potency in the order of BDE-100 > BDE-

47 > BDE-99 > BDE-153 > BDE-209 for reduction in cell

viability, induction of apoptosis, ROS formation, lipid

peroxidation, cellular accumulation, and accumulation in

mitochondria. A number of quantitative structure-activity

relationship (QSAR) models for PBDE congeners have been

established. For example, the QSAR model established by

Harju et al. (2007) concluded that PBDE congeners with lower

bromination, with bromines in ortho-position, without bro-

mines in the meta and para positions, and with an uneven

distribution of bromines on the different phenyl rings have the

highest activity as androgen antagonists. Congeners that were

tested in the present study appear to follow this general rule

observed for PBDE congeners in relationship to their androgen

receptor antagonist and estrogen receptor agonist activities

(Hamers et al., 2006; Harju et al., 2007).

BDE-209 displayed the least biological activity in vitro and

the least cellular accumulation; despite having four bromine at

ortho-positions, the BDE-209 molecule is bulky (having

10 bromines) and has a symmetrical configuration. Moderate

cellular accumulation and toxicity observed for BDE-153 may

be accounted for by the presence of two ortho substitutions and

two meta substitutions, by structural symmetry, and by

medium size (six bromines). Comparison between BDE-100,

BDE-47, and BDE-99 is less straightforward. BDE-47 had

been suggested as the most biologically active, given its small

size (four bromines) and low degree of bromination (U.S.

Environmental Protection Agency, 2008). Our findings clearly

indicate that BDE-100 was the most toxic, because of its higher

cellular accumulation, despite having five bromines. BDE-100

has three ortho substitutions and an asymmetrical conforma-

tion, while BDE-47 is symmetrical. It may be concluded that

ortho substitution is a stronger contributor of PBDE cellular

accumulation and toxicity than the degree of bromination.

Furthermore, while BDE-99 and BDE-100 are both asymmet-

rical and have five bromines, BDE-99 displayed lower cellular

accumulation and toxicity, perhaps for the presence of a meta

substitution. Overall, the relative cytotoxicity among the five

congeners tested in this study suggests that cell accumulation

and hence, toxicity, is first related first to the number of ortho
substitution, second to the number of bromines, third to the

number of meta bromines, and finally to conformational

symmetry.

In conclusion, results of this study indicate that several BDE

congeners are capable of causing apoptotic cell death of CGNs

and that this effect is most likely mediated by their ability to

induce oxidative stress. All BDE congeners accumulated in

CGNs, and their toxicity appeared to be strongly associated

with their ability to accumulate in cells, particularly in

mitochondria. Thus, the pentabrominated BDE-100, which

showed the highest cellular accumulation, was the most toxic

of all congener tested, while the decabrominated BDE-209

displayed the least toxicity. Of relevance is also that cellular

accumulation was relatively more pronounced at low

nanomolar concentrations, which have environmental signifi-

cance (Lorber, 2008).
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