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ABSTRACT

Polybrominated diphenyl ethers (PBDE) are ubiquitous environmental pollutants. Exposure to
these chemicals has been associated with developmental neurotoxicity, endocrine dysfunctions,
reproductive disorders, and hepatotoxicity. The widespread use of PBDE as flame retardants has
culminated in daily exposure of humans and wildlife to these contaminants and resulted in their
banned use. Thus assessment of the potential effects of each PBDE congener on living organisms
has become cause for concern. The aim of this study was to (1) examine the effects of decabro-
modiphenyl ether (BDE)-209 on different functions of HepG2 cells and (2) investigate whether this
congener is involved in mitochondrial toxicity. The use of multiple methods was employed to (i)
study the influence of BDE-209 on mitochondrial permeability transition (MPT) process in mito-
chondria isolated from rat liver and (ii) determine the consequential cellular damage. Our results
showed that BDE-209 induced matrix swelling related to MPT with 10 µM and ATP depletion with
0.1 µM. In addition, 0.5 μM BDE-209 reduced HepG2 cell viability, produced collapse of membrane
potential, but increased levels of reactive oxygen species (ROS) after 48 h incubation. After 24 h
with 5 μM treatment elevated levels of ROS, DNA fragmentation and cytochrome c release,
accompanied by caspase 9 and caspase 3 activation was noted. Taken together, these results
suggest that short-duration exposure (24 or 48 h) to 0.5 μM or 5 μM BDE-209 concentrations
diminished HepG2 cell viability due to apoptosis associated with mitochondrial dysfunction.

Introduction

Polybrominated diphenyl ethers (PBDE) are chemi-

cals widely used as flame retardants in many electro-

nic goods, furniture items, plastics, automobiles, and

textiles (McDonald 2002; Stapleton et al. 2009;

Stasinska et al. 2013). PBDE are usually more effi-

cient as flame retardants and cheaper than other

flame retardants. However, increasing PBDE levels

in the environment and human tissue samples in the

order of ng/g samples (Eskenazi et al. 2013; Hites

2004; Lee et al. 2013; Meironyte et al. 1999) are a

cause for concern. Indeed, these substances pro-

duced adverse effects including neurotoxicity, hepa-

totoxicity, cancer in vivo in the order of μg/g as well

as following a high, single exposure dose of 10mg/kg

(Alves et al. 2007; Bellinger 2013; Chen et al. 2010;

Costa and Giordano 2007; Cowens et al. 2015;

Darnerud 2003; Gill et al. 2016; Nash et al. 2013;

Zhang et al. 2008b), and in vitro cytotoxicity includ-

ing the death of hepatic-derived cells in the order of

micromoles (Hu et al. 2009; Madia et al. 2004; Souza

et al. 2013; Yan et al. 2011).

The PBDE class of compounds comprises 209

different congeners that are mainly available as

three mixtures (penta-BDE, octa-BDE, and deca-

BDE). The decabromodiphenyl ether BDE-209 has

been the most marketed compound since the late

1970s (Hale et al. 2006). Some localities of the

European Union (EU) have banned production of

the deca-BDE mixture since 2008, but a number of
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EU countries (Sacks and Lohmann 2012) and USA

still use this mixture because its restriction is only

national or regional (Moon et al. 2012).

BDE-209 may impact reproductive functions

(Alves et al. 2007) and spontaneous locomotor beha-

vior (Costa and Giordano 2007) in male rats. This

congener also disrupts the endocrine system (Riu

et al. 2008) by lowering serum levels of thyroxine

(T4) in male rats following BDE-209 post-natal

exposure (Rice et al. 2007). In addition, BDE-209

interferes with components of normal brain matura-

tion in rodents (Viberg 2009). In vitro studies

demonstrated that BDE-209 induced apoptosis in

different cell lines mainly via reactive oxygen species

(ROS) accumulation (Hu et al. 2007; Jin et al. 2010;

Stapleton and Dodder 2008; Zhang et al. 2008a). In

addition, less brominated congeners, such as BDE-

99 BDE-100, and BDE-154, exert toxicity by impair-

ing mitochondrial functions (Pereira et al. 2013;

Souza et al. 2013; Yan et al. 2011).

In vitro investigations serve as supportive studies

to obtain the activity profile of certain substances or

even to identify their main targets and mechanisms

underlying toxicity, thereby aiding the design of

further in vivo experiments. In fact, to assess the

safety of compounds, human cell lines have long

been employed in conjunction with mitochondrial

function monitoring. It is well-established that sub-

stances are primarily absorbed and metabolized in

the liver (Jaeschke et al. 2002). Therefore, harmful

effects may arise in this organ. Taking this into

account, the aim of the present study was to inves-

tigate the manner in which BDE-209 affects the

function of isolated rat liver mitochondria and

examine damage this congener produces in the

human hepatoblastoma-derived cell line (HepG2).

Material and methods

Reagents

The BDE-209 congener was purchased from

AccuStandard (New Haven, USA). Sulforhodamine

B (SRB), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-

trazolium bromide (MTT), dimethyl sulfoxide

(DMSO), propidium iodide (PI), tert-butyl-hydroper-

oxide solution (TBHP), Triton X–100, bis-benzimide

H 33342 trihydrochloride (Hoechst 33342), rotenone,

carbonylcyanide-3-chlorophenylhydrazone (CCCP),

succinate, glutamate, malate, adenosine 5ʹ-dipho-

sphate sodium salt (ADP), safranin-O, o- phthalalde-

hyde (OPT), N-ethylmaleimide (NEM), 1-anilino-8-

naphthalene sulfonate salt (ANS), 1-[4-(trimethyla-

mino)phenyl]-6-phenylhexa-1,3,5-triene (TMA-

DPH), 1,6-diphenyl-1,3,5-hexatriene (DPH), ethyle-

neglycol bis-(β-aminoethyl ether)-N,N,N’,N’-tetraa-

cetic acid (EGTA), 5,5ʹ-dithiobis(2-nitrobenzoic

acid) (DTNB), and Ruthenium Red were acquired

from Sigma-Aldrich (USA). 2ʹ,7ʹ-

Dichlorodihydrofluorescein diacetate (H2DCFDA)

and Calcium Green 5 N were purchased from

Molecular Probes (OR, USA).

Tetramethylrhodamine methyl ester (TMRM), fetal

bovine serum (FBS, GIBCO), 5,6-chloromethyl-2ʹ,7ʹ-

dichlorodihydrofluorescein diacetate, acetyl ester

(CM-H2DCFDA), and “Minimum Essential

Medium” (MEM, GIBCO) were purchased from

Invitrogen (EUA). Annexin V-FITC was obtained

from Proteimax (Brazil). Cisplatin solution was pur-

chased from Cirúgica Mafra (Brazil). All other

reagents were of the highest commercially available

degree. The amounts of DMSO required to solubilize

BDE-209 did not markedly affect the assays (0.1%

DMSO for all experiments). All stock solutions were

prepared with glass-distilled deionized water.

Animals

Male Wistar rats weighing 180–200 g were used.

The Committee for Experimental Animal Care

and Use of the University of Sao Paulo, Brazil,

approved all the experimental procedures (number

11.1.90.53.3). Animals were kept under a 12-h

light:dark cycle, at an ambient temperature of

24 ± 2ºC, with free access to food and water.

After the sacrifice, livers (10–15 g) were immedi-

ately removed, sliced, and maintained at 4ºC.

Isolation of mitochondria

Rat liver mitochondria-enriched fractions were iso-

lated by standard differential centrifugation

(Pedersen et al. 1978). Extracted livers (10–15 g) slices

were placed into 50 ml medium containing 250 mM

sucrose, 1 mMEGTA, and 10mMHEPES–KOH, pH

7.2 and homogenized three times for 15 s at 1-min

intervals in a Potter–Elvehjem homogenizer. The

homogenates were centrifuged at 580 × g for 5 min,
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and resultant supernatant centrifuged at 10,300 × g for

10 min. The pellets were suspended in 10 ml medium

containing 250 mM sucrose, 0.3 mM EGTA, and

10 mM HEPES–KOH, pH 7.2, which was followed

by centrifugation at 3,400 × g for 15 min. The final

mitochondrial pellet was suspended in 1 ml medium

containing 250 mM sucrose and 10 mM

HEPES–KOH, pH 7.2, and used within 3 h. All pro-

cedures were conducted at 4ºC, and mitochondrial

protein contentwas determined by the biuret reaction.

Evaluation of interactions with the mitochondrial

membrane

Insertion of DPH, ANS, and TMA-DPH into

membranes elicits fluorescence (F) whose static

quenching is described by the Stern–Volmer equa-

tion: F°/F = 1 + KSV [Q], where F° and F are

fluorescence intensities in the absence and pre-

sence of the quencher, respectively, and KSV is

the Stern–Volmer constant. To evaluate the inter-

actions of BDE-209 with the mitochondrial mem-

brane, mitochondria (1 mg protein) were

incubated with 0.5 μM DPH and 75 µM ANS in

the standard incubation medium at 30°C by

30 min, which was followed by addition of

BDE-209 in a final volume of 2 ml and monitored

kinetically for 10 min. Fluorescence was measured

with F-4500 spectrofluorometer (Hitachi, Tokyo,

Japan) at excitation and emission wavelengths of

362/432 nm, 360/430 nm, and 380/485 nm for

TMA-DPH, DPH, and ANS, respectively. These

probes exhibit affinities for different portions of

the mitochondrial membrane, and when interact-

ing with the membrane emit fluorescence. In this

way, these probes are employed to monitor the

affinity of compounds with the mitochondrial

membrane, since a chemical that displays affinity

with the mitochondrial membrane displaces the

probes with a consequent decrease in emitted

fluorescence (Lee et al. 1999).

Continuous-monitoring mitochondrial assays

Mitochondrial respiration was monitored by polar-

ography on an oxygraph (Hansatech, Norfolk,

England) equipped with a Clark-type oxygen elec-

trode. The mitochondria (1 mg protein) were

incubated in 1 ml standard medium containing

125 mM sucrose, 65 mM KCl, 10 mM HEPES-

KOH, 0.5 mM EGTA, and 10 mM K2HPO4, pH

7.4, at 30 ºC. The oxidizable substrates for com-

plexes I and II were 5 mM glutamate and malate

or 5 mM potassium succinate (+ 2.5 µM rote-

none), respectively.

Mitochondrial swelling was estimated from the

decrease in apparent absorbance of 0.4 mg protein

at 540 nm. A spectrophotometer Model DU-70

(Beckman, Coulter Inc., Fullerton, CA, USA) was

employed to monitor changes in absorbance for

10 min (incubation time with BDE-209). The mod-

ulators of mitochondrial swelling (1 µM cyclospor-

ine A (CsA), 0.5 µM Ruthenium Red (RR), and

25 µM (NEM) were added prior to BDE-209, and

the effect was also monitored for 10 min.

Determination of ATP

Mitochondrial ATP was determined by means of the

firefly luciferin–luciferase assay system. The mito-

chondrial suspension (1 mg of protein in 1 ml) was

centrifuged at 9,000 × g and 4°C for 5 min, and the

pellet treated with 1 ml ice-cold 1 M HClO4. After

centrifugation at 14,000 × g and 4°C for 5 min,

aliquots (100 μl) of supernatants were neutralized

with 70 μl 2 M KOH suspended in 100 mM Tris–

HCl, pH 7.8 (1 ml final volume), and centrifuged

again. The bioluminescence was measured in the

supernatant by using a Sigma–Aldrich assay kit

(according to the manufacturer’s instructions) and

an AutoLumat LB953 Luminescence photometer

(Perkin Elmer Life Sciences, Wildbad, Germany).

Cell culture

HepG2 cells (American Type Culture Collection

number HB8065) were cultured in MEM supple-

mented with 10% FBS in atmosphere containing

5% CO2, at 37ºC. Cells were allowed to reach a

confluence (85%) that was suitable to start the

tests. After this procedure, adequate amounts of

the cells were plated for 24 h to ensure reliable

adhesion before the experiments.

Cell proliferation and viability assays

To evaluate the effect of BDE-209 on cell prolif-

eration and viability, the influence of BDE-209
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concentrations ranging from 0.1 to 25 µM was

determined using the SRB colorimetric assay

described by Skehan et al. (1990). Briefly, HepG2

cells were cultured at a density of 5 × 104 cells per

well and exposed to BDE-209 for 24 or 48 h. The

medium was discarded, and cells washed once

with phosphate buffer saline (PBS) and twice

with distilled water to remove salts, dried at

room temperature, and subsequently fixed with

1% methanol in acetic acid solution (1%) for 2 h.

Fixed cells were stained with 0.5% SRB solution in

1% acetic acid and washed with 1% acetic acid

solution to remove excess probe. The SRB that

attached to the cell membrane was extracted with

1 ml 10 mM Tris solution, pH 10.

Cell viability was assessed by the MTT assay

according to Denizot and Lang (1986). HepG2

cells were cultured at a density of 5 × 104 cells

per well as the same condition described above.

Subsequently, cells were incubated with 0.5% MTT

(5 mg/ml) solution in atmosphere containing 5%

CO2 at 37 ºC for 3 h. After this period, the med-

ium from the wells was discarded, and resulting

formazan crystals solubilized with DMSO and

0.2 M glycine buffer solution, pH 10.2. The final

absorbance was measured in a microplate reader

(Varian Cary 50 MPR, Varian, USA) at 540 and

570 nm for proliferation and viability, respectively.

Data are provided as % values in treated cells in

comparison with non-treated (control) cells taking

control as 100%

Mitochondrial membrane potential and

accumulation of reactive oxygen species

Mitochondrial depolarization was examined on

the basis of cell retention of the fluorescent dye

TMRM as described by Imberti et al. (1993).

Cells (1 x 105 cells per well) were incubated in

the absence (control) or presence of BDE-209 at

final concentrations ranging from 0.1 to 25 µM.

The cell suspensions were washed with PBS,

trypsinized, and incubated with 6.6 µM TMRM

solution at 37°C for 30 min. Subsequently, sam-

ples were lysed with 0.1% Triton X–100 solution

(v/v), and TMRM that was captured and

retained by mitochondria was measured at 485

and 590 nm of excitation and emission,

respectively, with an F–4500 Fluorescence

Spectrophotometer (Hitachi, Tokyo, Japan).

The results are expressed as % fluorescence in

relation to control taking control as 100%.

In addition, intracellular H2DCFDA oxidation to

2,7-dichlorofluorescein (DCF) by ROS was assessed

as indicator of intracellular ROS accumulation

(Chernyak et al. 2006). Cells (1 x 105 cells per well)

were incubated under the same conditions described

above. Then cells were incubated with 2 mM

CM-H2DCF-DA solution at 37°C for 1 h.

Subsequently, CM–H2DCFDA fluorescence was

measured with an F-4500 Fluorescence

Spectrophotometer (Hitachi, Tokyo, Japan) at 503

and 528 nm of excitation and emission, respectively.

Data are presented as difference from control. TBHP

solution (100 µM) was used to induce oxidative

stress.

Phosphatidylserine exposure on the outer cell

membrane (Annexin v assay) and nuclear

fragmentation

Phosphatidylserine exposure was evaluated by using

Annexin-V combined with a fluorescent agent for

identification of an apoptotic process (Zhivotovsky

et al. 1999). HepG2 cells (1 x 105) were cultured and

treated in the absence (control) and presence of

BDE-209 (1–25 µM). Then, cells were incubated

with 0.25 µg/ml FITC-Annexin-V solution for

15 min, and 0.5 µg/ml PI solution was added imme-

diately before the analysis. Cells were analyzed with a

BD-FACSCANTOTM flow cytometer (BD Bioscience,

CA, USA) and BD-FACSDIVA software

(BD Bioscience, CA, USA).

Nuclear fragmentation was also investigated by

using the fluorescent dye Hoechst 33342. Briefly,

HepG2 cells were seeded at a density of 1 × 104 cells

on coverslips and treated with BDE-209 at final con-

centrations ranging from 0.1 to 25 µM for 24 or 48 h.

Each sample was assayed in at least three replicates.

The cells on the coverslips were fixed with methanol

at –20ºC for 2 h, which was followed by staining with

5 µg/ml Hoechst 33342 at 37ºC for 30 min. Nuclear

fragments were observed by fluorescence microscopy

using a Leica DM 5000B microscope (Germany); 300

cells were quantified in each slide.
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Mitochondrial cytochrome c release

To investigate the factors involved in the intracellu-

lar toxicity of BDE-209 to HepG2 cells, cytochrome c

(cyt c) was quantified in the mitochondrial fractions.

After exposure to BDE-209 for 24 or 48 h, cells were

incubated with digitonin solution at 50 µg/106 cells

per well for 2 min, followed by centrifugation at

1000 g for 3 min. After collection of the supernatant,

the pellet was incubated with RIPA buffer for 30 min

and centrifuged at 14,000 g for 20 min, to obtain the

mitochondrial protein fractions.

The proteins were quantified by electrophoresis

in sodium dodecyl sulfate/polyacrylamide gel

(SDS-PAGE) as described by Laemmli (1970).

Voltage of 90 and 120 mV was utilized to assess

protein passage through the stacking gel and pro-

tein migration through the resolution gel, respec-

tively. This was followed by transfer of the proteins

to nitrocellulose polyvinylidene fluoride (PVDF)

(BioRad) membrane with transfer buffer contain-

ing 25 mM Trizma, 10.2 mM glycine, and 10%

methanol for 90 min, at a constant voltage of 120

mV. The PVDF membrane was blocked with a

solution consisting of 5% milk (BioRad) in Triz/

Tween 20 (0.1%) buffer for 90 min.

The membrane was incubated overnight with

primary antibodies specific for each analysis: cyto-

chrome c (15 kDa) and anti-VDAC 1 (31 kDa). The

antibodies were prepared in washing solution con-

taining 0.5 M Trizma, 1.5 M NaCl, 0.5% Tween 20,

and 1% blocking buffer Western Dot (Invitrogen).

The membranes were washed, incubated with sec-

ondary antibody at room temperature for 60 min,

and then incubated with fluorescent solution con-

taining Qdot nanocrystals TM (Invitrogen) for

60 min. The fluorescence of the membrane protein

bands was revealed with a Gel Doc EZ-ImagerTM

and quantified by densitometry analysis of the

bands with the aid of the Image J software.

Caspase 3 and caspase 9 activation

To determine the factors involved in intracellular

toxicity of BDE-209 on HepG2 cells, caspase 3 and

caspase 9 were quantified by using total protein

fractions, after exposure to BDE-209 for 24 or

48 h. The same procedure described above for

western blot was conducted in the case of

membrane overnight incubation with primary

antibodies specific for each analysis, namely pro-

caspase 3 (32 kDa), pro-caspase 9 (45 kDa), and

actin 1 (31 kDa). The antibodies were prepared in

washing solution containing 0.5 M Trizma, 1.5 M

NaCl, 0.5% Tween 20, and 1% blocking buffer

Western Dot (Invitrogen). The membranes were

washed, exposed to AmershamTM
—ECLTM Prime

Western Blotting Detection Reagent (GE Health

Care), and quantified by densitometry analysis of

the bands with the aid of the Image J software.

Statistical analysis

Data were subjected to analysis of variance

(ANOVA) followed by Dunnett’s test to compare

the several treated groups to their control by

means of the program GraphPrism, version 5.1

for Windows. Results with p < 0.05 were consid-

ered statistically significant.

Results

Effects of BDE-209 on isolated mitochondria

After 30 min exposure of mitochondria to BDE-209,

monitoring of ANS fluorescence revealed that

BDE-209 permeated the hydrophilic portion of the

inner mitochondrial membrane (Figure 1A).

However, this insertion did notmarkedly affectmito-

chondrial oxidative phosphorylation capacity.

Figure 1B shows the state 3 respiration rate (V3) as

a function of the BDE-209 concentration after induc-

tion of state 3 respiration with 5 mM glutamate plus

malate and 5 mM succinate plus rotenone. Further,

BDE-209 did not significantly inhibit the respiratory

chain components or ATP synthase. The state 4

respiration rate (V4) was not markedly changed

(data not shown).

To examine whether BDE-209 influenced mito-

chondrial functions, induction of mitochondrial

pore permeability was determined by observing

mitochondrial swelling at 540 nm. The absorbance

of mitochondrial suspension was significantly

decreased at all tested BDE-209 concentrations,

but this fall was more pronounced at BDE-209

concentrations of 10 µM and higher (Figure 2A).

Addition of 1 µM CsA, a classic inhibitor of mito-

chondrial swelling, significantly blocked this effect
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(Figure 2B). Because different cytotoxic agents affect

ATP production and/or consumption, mitochon-

drial ATP content was measured. BDE-209 signifi-

cantly lowered mitochondrial ATP levels (Figure 3).

Based on our previous results showing that BDE-209

alteredmitochondrial function in isolatedmitochon-

dria, it was of interest to determine whether the same

effect might occur in a more complex model and

whether BDE-209-induced mitochondrial dysfunc-

tion resulted in lethality.

Effects on HEPG2 cells

Incubation of HepG2 cells with BDE-209 inter-

fered with cell growth only at 25 µM after 48 h

exposure. BDE-209 reduced cell viability as

assessed by the MTT assay at 24 and 48 h treat-

ment (Figure 4A and 4B). The mitochondrial

membrane potential was only decreased at the

highest tested BDE-209 concentration (25 µM),

after 48 h (Figure 5) as evidenced by cell growth

disruption.

Figure 1. (A) Interaction of BDE-209 (0.1–50 µM) with the mitochondrial membrane as monitored with 1,6-diphenyl-1,3,5-hexatriene
(DPH) to assess the hydrophobic portion of the membrane and with and 1-anilino-8-naphthalene sulfonate (ANS) and 1-[4-(tri-
methylamino)phenyl]-6-phenylhexa-1,3,5-triene (TMA-DPH) to assess the hydrophilic portion of the membrane. The mitochondria
were incubated in standard reaction medium containing 125 mM sucrose, 65 mM KCl, 10 mM HEPES-KOH, pH 7.2 (+ 2.5 µM
rotenone, 5 mM potassium succinate, and 1 mM CCCP). The relative fluorescence units (R.F.U.) were measured before and after
addition of BDE-209 and are presented as the F°/F ratio, where F° and F are the fluorescence intensities in the absence and presence
of BDE-209. (B) The effects of BDE-209 (0.1–50 µM) on state 3 of the isolated rat liver mitochondrial respiration energized by
glutamate plus malate (5 mM) and succinate (5 mM). The mitochondria were incubated in standard reaction medium containing
125 mM sucrose, 65 mM KCl, 10 mM HEPES-KOH, 0.5 mM EGTA, and 10 mM K2HPO4, pH 7.2. State 3 was initiated by using 400 nmol
of ADP. Data presented as the means ± SEM of a series of three experiments. * Significantly different (p < 0.05) from control (without
BDE-209).
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In contrast, ROS accumulation increased after

incubation of HepG2 cells with 5 µM BDE-209 for

24 h. This effect was even more pronounced after

48 h, and at 48 h, results were significant even for

incubation of cells with 1 µM BDE-209 (Figure 6).

Hence, BDE-209 at lower concentrations affected

homeostasis of HepG2 cells after 24 h, and higher

BDE-209 levels produced mitochondrial impair-

ment and consequent cell death.

It was of interest to examine whether evidence

of cytotoxicity was accompanied by exposure to

phosphatidylserine (PS) on the outer HepG2 cell

membrane. BDE-209 induced annexin-V- positive

cells after 24 or 48 h incubation. In the presence of

PS cytotoxicity was significantly elevated for

25 µM BDE-209 after 24 h (Figure 7A and 7B)

and for 10 µM BDE-209 after 48 h. Further, 10 µM

and 25 µM BDE-209 increased the amount of cells

with fragmented nuclei after 48 and 24 h incuba-

tion, respectively (Figure 8). Data were presented

in % in relation to control to facilitate comprehen-

sion. The positive control cisplatin showed on

average 45 and 70 cells with fragmented nuclei at

24 and 48 h, respectively.

At 25 µM, BDE-209 promoted cyt c release

after 24 and 48 h treatment, which may result in

apoptotic cell death at this concentration

(Figure 9). Decreased pro-caspase 3 and pro-cas-

pase 9 levels also attested to activation of the

mitochondrial pathway of apoptotic cell death.

Figure 10 illustrates that incubation of HepG2

cells with 5 µM or 1 µM BDE-209 for 24 and

Figure 2. The effects of BDE-209 (0.1–50 µM) on mitochondrial swelling (A), and the effects of the modulators Cyclosporin A (CsA),
N-ethylmaleimide (NEM), and Ruthenium Red (RR) on the effect of 50 µM BDE-209 (B). The mitochondria were incubated in standard
reaction medium (125 mM sucrose, 65 mM KCl, 10 mM HEPES- KOH, pH 7.2) plus 10 mM Ca2+.Data presented as the means ± SEM of
a series of three experiments. *Significantly different (p < 0.05) from control (without BDE-209). Pi (1 mM) was used as the positive
control.
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48 h, respectively, activated caspase 3. The levels of

pro-caspase 9 (Figure 11), a mitochondrial acti-

vated caspase, were also diminished under the

same conditions described above for caspase 3.

Discussion

Over the past years, the toxicity of several PBDE

congeners has been reported, which is worrisome

even though the use of some of these congeners

has been banned from places including Europe.

However, BDE congeners are still widely used as

flame retardant in many household materials in

countries where no apparent legislation exists

(Pereira et al. 2015). There have been a growing

number of investigations regarding the neurotoxic

potential of these congeners (Chen et al. 2010;

Costa and Giordano 2007, 2011; Goodman 2009;

Gill et al. 2016); these compounds are also known

Figure 3. The influence of BDE-209 (0.1–50 µM) on ATP
content. Mitochondria were incubated in standard reaction
medium (125 mM sucrose, 65 mM KCl, 10 mM HEPES-KOH,
pH 7.2) and assessed as described in Materials and
Methods. Data presented as the means ± SEM of a series
of three experiments with different mitochondrial prepara-
tions. *Significantly different (p < 0.05) from control (with-
out BDE-209). CCCP (1 mM) was used as the positive
control.

Figure 4. (A) BDE-209 (0.1–25 μM) effects on HepG2 cell proliferation after 24 or 48 h incubation HepG2 cells. Cell proliferation was
assessed by using sulforhodamine B (SRB), as described in Materials and Methods. (B) BDE-209 (0.1–25 μM) effects on the HepG2
MTT reduction after 24 and 48 h incubation of HepG2 cells. Cell viability was assessed by the MTT assay, as described in Materials
and Methods. Data presented as the means ± SEM of a series of three experiments. *Significantly different (p < 0.05) from negative
control (without BDE-209).
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to produce liver damage (Cowens et al. 2015; Nash

et al. 2013; Souza et al. 2013; Zhang et al. 2008a).

Recently, PBDE were found to produce mitochon-

drial damage, which interfered in cell homeostasis

(Hu et al. 2007, 2009; Pazin et al. 2015; Pereira

et al. 2013, 2014; Souza et al. 2013).

As previously observed with BDE-100 (Pereira

et al. 2013), BDE-209 interacts with the mitochon-

drial membrane at all tested concentrations and

significant effects started at 1 µM. BDE-209 pre-

dominantly interacts with the hydrophilic portion

of the membrane (as monitored by ANS and

TMA-DPH), as expected from the high octanol/

water coefficient (log Kow > 6) of BDE-209 (Dietz

et al. 2007). Unlike BDE-100 (Pereira et al. 2013),

interaction of BDE-209 with the mitochondrial

membrane did not markedly modify oxygen con-

sumption by the electron transport chain of the

organelle in of glutamate+malate and succinate-

induced O2 consumption. In addition, BDE-209

did not significantly dissipate the mitochondrial

membrane potential (MMP). Data suggest that

the mitochondrial bioenergetics parameters

remain unchanged after exposure of mitochondria

to BDE-209 in vitro.

Varying results for the effects of PBDE conge-

ners on isolated mitochondria are usual as these

congeners display distinct three-dimensional con-

formation (Figure 12), which may culminate in

different capacities to interfere in mitochondrial

functions. Indeed, studies on other classes of com-

pounds showed that different structures exert

varying effects on isolated mitochondria.

Examples of these other compounds are nimesu-

lide and its metabolite (Mingatto et al. 2000),

contaminants such as polychlorinated biphenyls

(PCB) (Shen et al. 2011), and three pairs of hex-

abromocyclododecane (Zhang et al. 2008a).

Interaction of compounds with the mitochon-

drial membrane opens the permeability transition

pore. Although the structure of the MPT pore, a

protein channel, is still a matter of debate, CsA

(used as modulator herein) is a well-established

MPT inhibitor. Indeed, CsA prevents MPT

Figure 5. BDE-209 (0.1–25 μM) effects on mitochondrial membrane potential (MMP) of HepG2 cells after 24 or 48 h incubation of
cells. The MMP was assessed by using TMRM (tetramethyrodamine, methyl ester) as described in Materials and Methods. Data
presented as means ± SEM of a series of three experiments. *Significantly different (p < 0.05) from negative control (without
BDE-209). CCCP (25 µM) was used as positive control.

Figure 6. BDE-209 (0.1–25 μM) effects on induction of ROS in
HepG2 cells after 24 or 48 h incubation. ROS accumulation was
assessedwith the fluorescence probe 5,6-chloromethyl-2ʹ,7ʹ-dichlor-
odihidrofluorescein diacetate, acetyl ester (CM-H2DCFDA) as
described in Materials and Methods. Data presented as the
means± SEMof a series of three experiments. *Significantly different
(p < 0.05) from negative control (without BDE-209). The positive
control was 100 µM tert-butyl hydroperoxide (TBHP).
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reaction with cyclophilin D and adenine nucleo-

tide translocator (Yarana et al. 2012). In the pre-

sent study, CsA was found to completely block

BDE-209-induced mitochondrial swelling.

However, RR, which is the non-competitive inhi-

bitor of the Ca+ uniporter in mitochondria and

which blocks several mechanisms involved in

intracellular Ca+ regulation, did not elicit this

effect (Dikalov et al. 2012). When the pore

opens, ATP depletion occurs (Halestrap 2004;

Leist et al. 1997). Hence, mitochondrial swelling

initiated by BDE-209 opens the permeability

Figure 7. (A) BDE-209 (0.1–25 μM) effects on phosphatidylserine (PS) exposure in HepG2 cells after 24 h cell incubation. PS exposure was
assessed by the Annexin-V (Anex.)/Propidium Iodide (PI) assay, as described in Materials and Methods. (B) BDE-209 (0.1–25 μM) effects on
PS exposure of HepG2 cells after 48 h incubation. PS exposure was assessed by the Anex./PI assay, as described in Materials and Methods.
Images are representative of three experiments with different cell cultures, A (PI+ and Anex −), B (PI+ and Anex+), C (PI− and Anex+), and D
(PI− and Anex−). Results are presented as means ± SEM of a series of three experiments. *Significantly different (p < 0.05) from negative
control (without BDE-209). The positive control was 1 mg/ml cisplatin solution (cDDP).

1138 L. C. PEREIRA ET AL.



transition pore and produces ATP depletion,

which culminates in cell death. Altered ATP levels

are common in both apoptotic and necrotic pro-

cesses. The only difference is that ATP depletion

during apoptosis is not as marked as ATP deple-

tion during necrosis (Leist et al. 1997; Malik and

Czajka 2012). Different chemical substances are

capable of lowering ATP content, and most of

these reactions are related to interference with

mitochondria oxidative phosphorylation pro-

cesses, acting on the electron transport chain or

on ATP synthase. It is also possible that these

agents produce degradation of ATP molecules or

even increase consumption of the ATP. Regardless

of the reason that led to this ATP fall, the affected

tissue suffers from consequences of energy ineffi-

ciency. In this study, it was found that ATP deple-

tion mediated by BDE-209 exposure was not in

concentration-dependent manner as previously

noted for BDE-100 (Pereira et al. 2013).

A number of PBDE congeners, including BDE-209,

were reported to induce mitochondrial dysfunction

and consequent apoptotic cell death in human hepa-

toblastoma (Hu et al. 2007, 2009; Souza et al. 2013).

Previously Hu and coworkers (2007, 2009) noted that

higher BDE-209 concentration initiated mitochon-

drial dysfunction, but our findings showed that

BDE-209 interacted with mitochondria at concentra-

tions as low as 0.1 µM, and that the damage observed

in isolated mitochondria consequently triggered cell

death. This observation as well as ROS accumulation

was previously reported due to PBDE-mediated toxi-

city in numerous cell lines (Costa and Giordano 2007;

Frouin et al. 2010; Madia et al. 2004; Shao et al. 2008;

Yan et al. 2010). In agreement with these findings, our

data demonstrated that at even lower concentrations

BDE-209 enhanced ROS generation, which subse-

quently led to oxidative stress. ROS generation is

currently considered to underlie various diseases as

well as the mechanism underlyin toxicity of many

xenobiotics (Bernardi et al. 1999; Ghio et al. 2012;

Kowaltowski and Vercesi 1999; Wallace 2000).

Figure 8. BDE-209 (0.1–25 μM) effects after 24 or 48 h incuba-
tion of HepG2 cells. Nuclear fragmentation was assessed by
fluorescence microscopy by using the fluorescent dye Hoechst
33342 as described in Materials and Methods. Data presented
as means ± SEM of a series of three experiments. *Significantly
different (p < 0.05) from negative control (without BDE-209).
The positive control was 1 mg/ml cisplatin solution (cDDP).

Figure 9. BDE-209 (0.5–25 μM) effects after 24 or 48 h incubation of HepG2 cells. The cytochrome c content was assessed by western
blotting as described in Materials and Methods. Data presented as means ± SEM of a series of three experiments. *Significantly
different (p < 0.05) from negative control (without BDE-209).
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Since BDE-209 is known to induce oxidative

stress, influence MPT, and reduce ATP levels in

isolated rat mitochondria, it was postulated that

BDE-209 affected mitochondrial functions in

HepG2 cells. In fact, in the present investigation,

mitochondrial transmembrane potential dissipation,

nuclear fragmentation, and modified outer cell

membrane PS exposure after incubation of HepG2

cells with BDE-209 was found. These findings are in

agreement with those of Souza et al. (2013).

Activation of caspase-3, a final protease in the

apoptotic cascade also confirms that BDE-209

exposure leads to apoptotic cell death (Brentnall

et al. 2013; Green and Reed 1998; Nagata 1997;

Ouyang et al. 2012; Porter and Jänicke 1999).

However, different mechanisms might trigger

apoptotic cell death (Ouyang et al. 2012), and

MPT-mediated by BDE-209 in isolated rat liver

mitochondria may also have occurred in HepG2

cells as evident from decreased MMP, cyt c

release, and caspase 9 activation, all of which

also occurred in the case of HepG2 incubation

with this compound (Souza et al. 2013). Cyt c

release is also correlated with apoptotic cell death

of other persistent organic pollutants, such as

PCB (Abella et al. 2015; Selvakumar et al. 2011;

Zhong et al. 2015). Although lower BDE-209

concentrations did not significantly alter cyt c

levels, activation of caspase 9 was noted.

Similarly other investigators reported that ROS

Figure 10. Influence of BDE 209 (0.5–25 μM) after 24 or 48 h incubation of HepG2 cells. The pro-caspase 3 contents were assessed
by western blotting as described in Materials and Methods. Data presented as means ± SEM of a series of three experiments.
*Significantly different (p < 0.05) from negative control (without BDE-209).

Figure 11. Influence of BDE 209 (0.5–25 μM) after 24 or 48 h incubation of HepG2 cells. The pro-caspase 9 contents were assessed
by western blotting as described in Materials and Methods. Data presented as means ± SEM of a series of three experiments.
*Significantly different (p < 0.05) from negative control (without BDE-209).
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might mediate interaction with Apaf-1 and pro-

mote its auto-cleavage, consequently activating

caspase 9 and caspase 3 (Kim and Park 2003;

Zuo et al. 2009) as noted in our study.

Therefore, oxidative stress initiated by BDE-209

in HepG2 cells might result in apoptosis at low

BDE-209 concentrations.

Our results corroborate with data published for

the BDE-209 congener but differ from results

reported for penta- and tetra-BDE at other concen-

trations (Hu et al. 2009; Souza et al. 2013). Taken

together, our findings suggest that BDE-209 struc-

ture determines its action, indicating the basis for

less toxicity to HepG2 cells compared to other PBDE

congeners is chemical-structure related.

It is important to note that the concentrations

that produced significant cytotoxic effects exceed

the doses relevant for humans exposure and may

not be environmentally relevant. However, data

regarding the effects of PBDE on human cells

presented herein are important to understand the

toxicodynamics of this chemical.

In conclusion, BDE-209 triggers apoptotic cell

death in HepG2 cells at high concentrations. Since

BDE-209 interacts with mitochondria, this apop-

totic process involves the mitochondrial pathway.

Considering that BDE-209 accumulates in the

environment and organisms, and that large quan-

tities of BDE-209 are released daily into the envir-

onment, this congener remains a potential cause

concern for the general public.
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