TOXICOLOGICAL SCIENCES 132(1), 196-210 2013
doi:10.1093/toxsci/kfs339
Advance Access publication January 3, 2013

Toxicity of the Flame-Retardant BDE-49 on Brain Mitochondria and
Neuronal Progenitor Striatal Cells Enhanced by a
PTEN-Deficient Background

Eleonora Napoli,* Connie Hung,* Sarah Wong,* and Cecilia Giulivi* !

*Department of Molecular Biosciences, School of Veterinary Medicine and tMedical Investigations of Neurodevelopmental Disorders (M.I.N.D.) Institute,
School of Medicine, University of California, Davis, California 95616

'To whom correspondence should be addressed at Department of Molecular Biosciences, University of California, 1 Shields Ave., 1120 Haring Hall, Davis,
CA 95616. Fax: (530) 752-4608. E-mail: cgiulivi@ucdavis.edu.

Received September 27, 2012; accepted December 14, 2012

Polybrominated diphenyl ethers (PBDEs) represent an impor-
tant group of flame retardants extensively used, tonnage of which
in the environment has been steadily increasing over the past
25 years. PBDEs or metabolites can induce neurotoxicity and
mitochondrial dysfunction (MD) through a variety of mechanisms.
Recently, PBDEs with < 5 Br substitutions (i.e., 2,2",4,4"-tetrabro-
modiphenyl ether [BDE-47] and 2,2",4,5"-tetrabromodiphenyl
ether [BDE-49]) have gained interest because of their high bioac-
cumulation. In particular, congeners such as BDE-49 arise as one
of the most biologically active, with concentrations typically lower
than those observed for BDE-47 in biological tissues; however, its
potential to cause MD at biologically relevant concentrations is
unknown. To this end, the effect of BDE-49 was studied in brain
mitochondria and neuronal progenitor striatal cells (NPC). BDE-
49 uncoupled mitochondria at concentrations < 0.1 nM, whereas
at > 1 nM, it inhibited the electron transport at Complex V (mixed
type inhibition; IC,; = 6 nM) and Complex IV (noncompetitive
inhibition; IC, = 40 nM). These concentrations are easily achieved
in plasma concentrations considering that BDE-49 (this study,
400-fold) and other PBDEs accumulate 1-3 orders of magnitude
in the cells, particularly in mitochondria and microsomes. Similar
effects were observed in NPC and exacerbated with PTEN (nega-
tive modulator of the PI3K/Akt pathway) deficiency, background
associated with autism-like behavior, schizophrenia, and epilepsy.
PBDE-mediated MD per se or enhanced by a background that
confers susceptibility to this exposure may have profound implica-
tions in the energy balance of brain.
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Polybrominated diphenyl ethers (PBDEs) are a group of
high-volume chemicals extensively used in plastics, textiles,
furniture, and electronic devices (McDonald, 2002). Studies in
the U.S. populations have demonstrated the presence of PBDEs
in human breast milk, adipose tissue, and blood (Betts, 2002;

Schecter et al., 2003). In particular, PBDE levels in northern
California women are among the highest levels reported to
date (3 to 25 times higher than those in other regions of the
world; Petreas et al., 2011; She et al., 2002), as expected for the
San Francisco Bay area, one of the most contaminated regions
worldwide (Davis et al., 2007; Flegal et al., 2007; Luengen
et al., 2004; Oros et al., 2007). PBDEs share structural simi-
larity to the persistent noncoplanar polychlorinated biphenyls,
which have been shown to impact individual- (Park et al.,
2010) and population-level health outcomes (Schwarzenbach
et al., 2006). PBDEs have high heat stability, high lipid solu-
bility, and low vapor pressure, which contribute to their envi-
ronmental persistence and bioaccumulation (Darnerud, 2003).
In particular, PBDEs with less than five bromine substitu-
tions (i.e., 2,2",4,4’-tetrabromodiphenyl ether [BDE-47] and
2,2’.4,5 -tetrabromodiphenyl ether [BDE-49]) have recently
raised the greatest concern because of their extremely high bio-
accumulation (Darnerud et al., 2001) and, in the case of BDE-
49, for its endogenous generation via debromination of higher
substituted PBDEs (Stapleton et al., 2006).

Although the mechanisms responsible for PBDE-induced
toxicity are not well understood (Costa et al., 2008), recent
research has focused on the ability of PBDEs to (1) disrupt
thyroid hormone status, leading to abnormalities in fetal
growth and development in laboratory animals (Birnbaum
and Staskal, 2004; Branchi et al., 2003; Zhou et al., 2002),
(2) alter intracellular Ca®>* homeostasis especially in
excitable cells (Coburn et al., 2008; Dingemans et al., 2008;
Dingemans et al., 2010b; Kodavanti and Ward, 2005; Reistad
et al., 2006; Seo et al., 2008), and (3) modulate ryanodine
receptors type 1 (RyR1) and type 2 (RyR2) (Kim et al., 2011;
Pessah et al., 2010). Furthermore PBDEs, along with other
environmental compounds, have been very recently linked
to neurodevelopmental disorders (Herbstman et al., 2010),
including autism (Hertz-Picciotto et al., 2011). In this regard,

© The Author 2013. Published by Oxford University Press on behalf of the Society of Toxicology.

All rights reserved. For permissions, please email: journals.permissions @oup.com


mailto:cgiulivi@ucdavis.edu

MITOCHONDRIAL TOXICITY OF BDE-49

the observed seven- to eightfold increase in the incidence of
autism in California from the early 1990s through the present
and the 23% increase recorded since the last report in 2009
from Center for Disease Control and Prevention (1 in 54 boys
and 1 in 252 girls (Baio, 2012)) cannot be attributed solely to
changes in diagnostic criteria, the inclusion of milder cases,
and an earlier age at diagnosis, suggesting that yet unidentified
environmental exposures could contribute to the escalating
diagnostic risks (Hertz-Picciotto and Delwiche, 2009). PBDEs
seem to be plausible candidates to fit this putative exposure
model based on (a) their increased environmental abundance
and human exposures (Zota et al., 2008) and (b) their activity
toward biological targets that mediate important aspects of
neuronal development and synaptic plasticity (Dingemans
etal.,2011; Kim et al., 2011).

A growing body of evidence suggests that PBDEs (or their
hydroxylated metabolites) can induce mitochondrial dysfunc-
tion (MD) by a variety of mechanisms including altering cal-
cium homeostasis (Dingemans et al., 2010a; Kodavanti and
Ward, 2005), increasing mitochondria depolarization (Hu
et al., 2009; Shao et al., 2008), changing mitochondrial mor-
phology (Talsness et al., 2005), triggering apoptosis (Seo
et al., 2008; Shao et al., 2008), and increasing oxidative stress
(Huang et al., 2010; Shao et al., 2008) in a variety of biologi-
cal systems.

The goal of this study was to evaluate the mitochondrial tox-
icity of BDE-49 at low but biologically relevant concentrations
such as those reported for BDE-47 in plasma of children liv-
ing in Mexico and California (0.07-1.8 nM; Eskenazi et al.,
2011; Hertz-Picciotto et al., 2011). BDE-49 is one of the most
biologically active PBDE congeners implicated in neurotoxic-
ity and impaired neurodevelopment (Dingemans et al., 2011;
Kim et al., 2011), but, in comparison to the more widely stud-
ied tetrabrominated congener BDE-47, limited information is
available on its toxicity. No reports had been published on brain
accumulation of BDE-49; however, BDE-47 and hydroxylated
derivatives had been found in brain in a variety of species origi-
nated from transplacental transfer and/or diet, especially dur-
ing early perinatal periods when the blood-brain barrier has not
been completely developed (Naert et al., 2007; Ta et al., 2011;
Wang et al., 2011; Zhang et al., 2008).

BDE-49 is one of the least abundant congeners in the envi-
ronment, with levels typically lower than those observed for
BDE-47 in fish, wildlife, and human tissues (Mariottini et al.,
2008; Miller et al., 2009; Roosens et al., 2008). However, its
bioaccumulation may be compounded by the hepatic debro-
mination of higher polybrominated congeners such as BDE-
99 (Browne et al., 2009; McClain et al., 2012; Roberts et al.,
2011) and the known accumulation of PBDEs in cells (which
may vary from 25- to 3400-fold), particularly, in microsomes
and mitochondria (Huang et al., 2010).

In this study, acute effects of BDE-49 on mitochondrial
functions and morphology were evaluated in (1) isolated brain
mitochondria from mice aged 21 days, developmental stage in
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the rodent that reflects the second postnatal year in the human
when still brain is developing (Dobbing and Sands, 1979), and
(2) neuronal progenitor striatal cells (NPC) from mouse stria-
tum. The relevance of studying NPC is that in the adult brain,
the hippocampus and subventricular (SVZ)/olfactory bulb
(OB) system exhibit continued plasticity, generating new neu-
rons throughout the lifetime of animals, including the human
(Eriksson et al., 1998). Newly generated neurons in hippocam-
pus are capable of integrating into neural networks as fully
functional neurons (van Praag et al., 2002), and they play an
important role in hippocampal-dependent spatial learning and
memory (Bruel-Jungerman et al., 2007; Shors et al., 2001). In
the SVZ/OB system, NPC differentiate into either granule cells
or periglomerular interneurons, where the majority of granular
neurons are postnatally produced. The continued production of
new neurons throughout life provides a possibility for compen-
sation or repair of certain injuries such as those from BDE-49
exposure. The choice of striatum was made based on recent
studies that have shown a strong association between aberrant
striatal function and the physiopathology of autism (Di Martino
et al., 2011; Langen et al., 2009; Pega et al., 2011).

In addition, we wanted to test how a genetic background
relevant to behavior may shape or modulate the toxicity of
BDE-49 exposure. This was accomplished by using NPC
in which the activity of the lipid phosphatase PTEN, a
negative modulator of phosphatidylinositol 3-kinase (PI3K)
and Akt pathways, was pharmacologically inhibited. PTEN
deficiencies had been linked to autism spectrum disorders
(Butler et al., 2005; Buxbaum et al., 2007; Fraser et al., 2008;
Goffin et al., 2001; Herman et al., 2007; Varga et al., 2009),
aberrant social and repetitive behavior (Butler er al., 2005;
Buxbaum et al., 2007; Goffin et al., 2001; Herman et al., 2007,
Kwon et al., 2006; Napoli et al., 2012; Varga et al., 2009),
and, more recently, epilepsy (Pun et al., 2012). Although
PI3K/Akt activation is required for fundamental processes,
a sustained activation of these pathways can result in MD
(Napoli et al., 2012) with accumulation of mtDNA deletions
(Napoli et al., 2012) and defective clearance of damaged
mitochondria by autophagy or mitophagy (Lee et al., 2012;
Okamoto and Kondo-Okamoto, 2012) as it has been reported
in several disorders with dysregulation of Akt (Gottlieb and
Carreira, 2010) and/or PTEN (Garcia-Cao et al., 2012; Pun
etal.,2012).

MATERIALS AND METHODS

Chemicals and biochemical. EDTA, EGTA, cytochrome ¢ from bovine
heart (no. C2037), HEPES, mannitol, sodium succinate, and sucrose were all
purchased from Sigma (St Louis, MO). Tris-HC], glycine, sodium chloride, and
potassium chloride were purchased from Fisher (Pittsburgh, PA). Bovine serum
albumin (fatty-acid free) was obtained from MP Biomedicals. BDE-49 (100%
pure; AccuStandard, New Haven, CT) was a kind gift from Dr Isaac Pessah
(Department of Molecular Biosciences; University of California, Davis). All
reagents were of analytical grade.



198

Isolation of mouse brain mitochondria and evaluation of the mitochon-
drial fraction purity. Mitochondria from mouse brain (cortex and cerebellum
from 21-day-old male mice) were isolated by differential centrifugation and
purified through Percoll gradient (Sims and Anderson, 2008) as described in
the Supplementary methods and Supplementary figure 1.

Oxygen consumption measurements in isolated, coupled mitochondria
from mouse brain. The oxygen uptake of isolated, intact mitochondria was
measured with a Clark-type O, electrode from Hansatech (King’s Lynn, UK)
at 22°C using previously described methods (Elfering et al., 2004). All meas-
urements were completed in at least duplicates in 0.22 M sucrose, 50 mM
KCl, 5 mM MgCl,, 1 mM EGTA, 10 mM KH,PO,, and 10 mM HEPES, pH
7.4 (reaction buffer). Briefly, an aliquot of mitochondria (0.6-1 mg protein/ml)
was added to the oxygen chamber that contained 0.5ml of reaction buffer.
Oxygen consumption rates were evaluated in the presence of buffered 1 mM
malate and 10 mM glutamate (State 4 oxygen uptake rate) followed by the addi-
tion of | mM ADP (State 3 oxygen uptake rate). Then, 5 pM rotenone was added,
followed by the addition of 10 mM succinate. This oxygen consumption was
inhibited by adding 3.6 pM antimycin A. Cytochrome ¢ oxidase (CCO) activity
(polarographic assay) was evaluated as the (1 mM KCN) KCN-sensitive oxygen
uptake in the presence of 10 mM ascorbate and 0.2 mM N,N,N’,N"—tetramethyl-
p-phenylenediamine. The respiratory control ratio (RCR), considered as the best
indicator of membrane integrity of the mitochondrial fraction (Estabrook, 1967),
was calculated as the ratio of rates of oxygen uptake in State 3 and State 4.

Cell culture conditions. Conditionally immortalized NPC from mouse
striatum (STHdh?"?"), obtained from the Coriell Cell Repositories, was used
in this study (Trettel et al., 2000). Growing conditions were reported in details
under Supplementary methods.

Cell harvesting and preparation for oxygen uptake experiments. Medium
was aspirated from the T75 flask, and cells were washed once with PBS, pH
7.4. Cells were trypsinized as described above. Approximately 7ml of growth
medium was added; cells were collected and spun down at 500 x g for 5Smin.
The cell pellet was resuspended in sodium buffer saline (PBS). Membrane
integrity was determined with the trypan blue (0.2%) exclusion method and
counted with a TC 10 cell counter. Membrane integrity (%) was calculated as
the number of trypan blue negative (unstained) cells over the total number of
cells present in the field of view according to Tchir and Acker (2010).

Treatment of NPC with BDE-49 and SF1670. NPC were grown in com-
plete growth media for 24 h and then treated with either BDE-49 (0.01-40 nM)
or vehicle (0.0004% dimethyl sulfoxide [DMSO]) for 2h at 33°C. At the end
of the incubation, cells were washed with PBS and detached by trypsinization,
and membrane integrity was determined as explained above. For the inhibition
of PTEN, cells were grown for 24 h and then treated with either 3 nM SF1670
or equivalent volume of vehicle (0.00003% DMSO) for another 24h at 33°C.
At the end of the incubation, addition of BDE-49 or vehicle was performed for
2h. Cells were finally washed with PBS and detached by trypsinization, and
membrane integrity was determined as explained above. Average of cells with
intact membrane was 95%—as judged by the trypan blue exclusion method—
regardless of the treatment performed. The occurrence of condensed nuclear
chromatin (hallmark of apoptosis) was evaluated by analyzing the cells stained
with 1 pg/ml 4°,6 diamidino-2-phenylindole (DAPI) as described below (under
Evaluation of mitochondrial distribution and morphology by confocal micros-
copy). Images of stained nuclei and DAPI immunofluorescence quantification
are shown, respectively, in Supplementary figures 2A and B.

Oxygen consumption by NPC. The oxygen uptake of cells (control, BDE-
49 treated, or SF1670 treated) was measured with a Clark-type O, electrode
from Hansatech at 22°C. Cells (5 x 10°) were resuspended in 1 ml of growth
media without phenol red. Oxygen rates were recorded for 2 min, followed by
the sequential additions of 0.2 pM oligomycin and either 2 pM carbonylcya-
nide-p-trifluoromethoxyphenylhydrazone (FCCP), a potent uncoupler of oxi-
dative phosphorylation (OXPHOS), or various concentrations of BDE-49 (0.2,
2,20, 40 nM). RCRu is defined as the rate of oxygen uptake in State 3u (with
substrate and FCCP) divided by that in oligomycin-inhibited State 4.
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Activities of mitochondrial complexes. Protein extracts (for enzymatic
analyses) were obtained by resuspending cell pellets (at an equivalent concen-
tration of 5 x 10° cells/ml) or brain mitochondria (2-5 pg) in a hypotonic buffer
(20 mM HEPES, pH 7.4) supplemented with phosphatase inhibitors (Sigma
no. P0044) and proteolytic inhibitors (Sigma no. P2714), incubating on ice
for 10—15 min, and homogenizing the suspension with 30 strokes with a hand
homogenizer, followed by two cycles of freezing and thawing. Protein for the
enzymatic assays was determined using the BCA assay kit from Pierce (Catalog
no. 23227). NADH-decylubiquinone oxidoreductase, succinate cytochrome ¢
reductase, ATPase, and citrate synthase activities were evaluated as described
before (Giulivi et al., 2010; Ross-Inta et al., 2010). Details on the measure-
ments of individual Complex activities are reported in the Supplementary
methods.

Evaluation of mitochondrial distribution and morphology by confo-
cal microscopy. Cells (1 x 10°) were seeded on sterile coverslips, grown
overnight at 33°C and then incubated for 24h with 3 nM SF1670 or vehicle
(0.00003% DMSO) at 33°C. Cells were treated with 40 nM BDE-49 or vehi-
cle (0.0004% DMSO) for 2h at 33°C, followed by incubation with 0.5 ptM
MitoTracker Red CMXRos (MolecularProbes Inc., Eugene, OR) diluted in
growth media for 30 min at 33°C. After staining, cells were washed with media
and fixed in 3.7% formaldehyde for 10min. Fixed cells were washed again
in PBS, blocked/permeabilized for 30min in blocking buffer at 20°C-22°C,
counterstained with 1 pg/ml DAPI, and mounted on glass slides with antifading
mounting media (Dako). Fluorescent images were obtained using an Olympus
FV1000 laser scanning confocal microscope (excitation and emission wave-
lengths 594 and 660 nm, respectively) with either a 40x or a 60x magnification.

Western blotting. Cells were collected by trypsinization, pelleted by cen-
trifugation at 300 x g for 5Smin, extracted in RIPA buffer, and then denatured in
NuPAGE sample buffer (Invitrogen) plus 50 mM dithiothreitol (DTT) at 70°C
for 10 min. Thirty micrograms of protein were loaded onto 4-12% Bis-Tris gels
(Invitrogen) and electrophoresed at 200V for approximately 45 min. Proteins
were then transferred via iBlot system (Invitrogen) to a 0.2-pm nitrocellulose
membrane for 7min (program 3). Antinitrotyrosine antibody (clone 1A6) was
from Millipore (Billerica, MA), and the antibody anti-§ subunit of mitochon-
drial ATPase was from BD Biosciences (San Jose, CA). Other experimental
details are described in the Supplementary methods.

Quantification of mtDNA copy number per cell and mtDNA deletions by
quantitative real-time PCR. For evaluation of mtDNA copy number, quanti-
tative real-time PCR (qPCR) with dual-labeled probes was performed as previ-
ously described (Napoli et al., 2012). The targeted genes were the single-copy
nuclear PK and mitochondrial ND1, ND4, and CYTB. All other details were
included in the Supplementary methods.

Statistical and power analyses. The number of experiments per group
required to reach statistical significance (with alpha and beta fixed at 0.05
and 0.95) was computed using G*power analysis from an a priori analysis.
Experiments were run in triplicates, and data were expressed as mean + SE.
The data were evaluated by the ANOVA followed by Bonferroni’s posttest for
multiple comparisons or by a two-tailed Student 7-test using StatSimple v2.0.5
(Nidus Technologies, Toronto, Canada) and considering p < 0.05 as statistically
significant unless indicated.

RESULTS

BDE-49 Acts as a Mitochondrial Uncoupler and Inhibitor
of Complexes 1V and V

Purified, coupled brain mitochondria consumed oxygen
in the presence of NAD-linked (malate-glutamate) or FAD-
linked (succinate) substrates with ADP (phosphorylating mito-
chondria under State 3) or without ADP (nonphosphorylating
mitochondria under State 4). The rates of oxygen uptake of
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phosphorylating mitochondria in the presence of malate-gluta-
mate and succinate were 12+2 and 13.6+0.1 nmol oxygen x
(min x mg protein)™, respectively. The rate of electron transport
was coupled to the synthesis of ATP when using both substrates
as it was indicated by the high RCR obtained with each set of
substrates (RCR = 6.3+0.2 and 7.2+0.2, respectively).

In the presence of malate-glutamate or succinate, the rates
of oxygen uptake in State 4 by brain mitochondria treated with
20 nM BDE-49 were significantly higher than that of vehicle
treated (1.4- and 1.6-fold, respectively), whereas the rates of
oxygen uptake under State 3 were not affected (Fig. 1A). With
the addition of 20 nM BDE-49, the RCR decreased to 2.9+0.1
and 4.9 £0.5 with malate-glutamate and succinate, respectively,
suggesting that the majority of mitochondria were uncoupled
(60-70%; Fig. 1A). Higher concentrations of BDE-49 (40 nM)
did not change significantly the rate of oxygen uptake in State
4 but decreased significantly that of State 3 with both substrates
(in average by 75%; Fig. 1A). Thus, the decreases in RCR
obtained with 40 nM BDE-49 were mainly attributed to the
decreases in State 3 oxygen uptake (Fig. 1A). Oxygen uptake
by brain mitochondria treated with either 20 or 40 nM BDE-
49 remained sensitive to cyanide (inhibitor of Complex IV) or
antimycin A (inhibitor of Complex III), and that treated with
NAD-linked oxidations to rotenone (not shown).

If BDE-49 were acting as an uncoupler at relatively low
concentrations (< 20 nM), it would be expected to release
the oligomycin-inhibited State 3 respiration in isolated brain
mitochondria. Oxygen uptake by isolated brain mitochondria
supported by malate-glutamate was significantly inhibited
by addition of 0.2 pM oligomycin (35% of vehicle treated;
p = 0.009). Addition of 2 pM FCCP increased the rate of oxy-
gen uptake by 8.3-fold (p = 0.0004; Fig. 1B). Similarly to
FCCEP, the rate of oxygen uptake inhibited by oligomycin was
partly abrogated by the addition of 0.2 nM BDE-49 (4.1-fold
of oligomycin treated; p = 0.01) and less evident with 2 nM
BDE-49 (twofold; p = 0.05). Higher concentrations of BDE-49
(20 and 40 nM) significantly inhibited oxygen uptake (by 45%,
p =0.002, and 66%, p = 0.003, respectively; Fig. 1B).

Given the similar oxygen uptake inhibition obtained with
NAD- and FAD-linked substrates in the presence of 40 nM
BDE-49, the effect of this compound could be ascribed to the
inhibition of any of the complexes present in the electron trans-
port segment shared by both substrates (i.e., Complexes III and
IV) and/or the inhibition of ATPase. To this end, the activi-
ties of individual complexes were tested at various concentra-
tions of BDE-49. A significant inhibition was obtained with
Complex V (Figs. 1C and D) and Complex IV (Fig. 1E, inset).
BDE-49 affected significantly Complex V or the oligomycin-
sensitive ATPase activity. Lineweaver-Burk plots of initial rates
for hydrolysis of 10 nM-3 mM ATP were biphasic, extrapolat-
ing to two apparent K _ values, one of high affinity (of about
5 pM) and the other of low affinity (70 pM). Both K were sim-
ilar to those reported by others using coupled submitochondrial
particles (2—4 pM and 120-160 nM; Matsuno-Yagi and Hatefi,
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1989) or bovine heart mitochondrial F -ATPase at high (ATP)
(120 pM; Vasilyeva et al., 1980). The inhibition of Complex V
by BDE-49 was found to be mixed type as it was indicated by
the Woolf-Augustinsson-Hofstee plot (shown with 20 nM BDE-
49; Fig. 1C) in which the apparent K_ for ATP was 0.25 mM at
20 nM BDE-49 with an apparent V. of 23+2 nmol x (min X
mg protein)! (vs. 54+2 nmol x (min X mg protein)! without
BDE-49). In the presence of various concentrations of BDE-49,
the K, was calculated as 6 nM (Fig. 1D; Table 1). In regards to
Complex IV, kinetic analyses indicated that the inhibition of
CCO by BDE-49 was noncompetitive (Fig. 1E, inset), with a K,
value of 40 nM (Table 1). No statistically significant changes in
activity were identified with Complexes I, II, and III (Fig. 1F)
or citrate synthase (not shown).

To gain more insight into the inhibition of Complex V by
BDE-49, the oxygen uptake in State 3 was evaluated with vari-
ous concentrations of BDE-49 (from 2 to 40 nM concentra-
tions) with or without oligomycin, and the data were analyzed
by means of the Yonetani-Theorell plot (Yonetani and Theorell,
1964). For each condition (i.e., with and without oligomycin),
the plots of v /v, (ratio of the velocities of reactions without
and with oligomycin) against BDE-49 concentrations—at vari-
ous concentrations of oligomycin—gave a series of intersecting
straight lines, indicating simultaneous binding (mutually non-
exclusive binding) of oligomycin and BDE-49 to ATPase (not
shown). Thus, BDE-49 seemed to bind to sites different from
catalytic and/or oligomycin-binding sites.

Effect of BDE-49 on Mitochondrial Function in NPC

To evaluate whether the observed BDE-49—mediated effects
on isolated mitochondria were similar to those using intact
cells, rates of oxygen uptake and coupling of electron trans-
port to ATP synthesis were measured in NPC treated with either
vehicle or BDE-49 for 2h.

The oxygen uptake of cells supplemented sensitive to oligo-
mycin provides a means to evaluate mitochondrial function in
general and in particular the capacity to generate ATP from the
electron transport chain (OXPHOS). Addition of 0.2 pM oligo-
mycin decreased the oxygen uptake rate by 3.1-fold (p = 4 x
107%), decrease that was overcome by the addition of 2 pM of
the uncoupler FCCP, which increased oxygen uptake by 4.9-fold
(p = 0.03) compared with oligomycin-inhibited rates (Fig. 2A).
The addition of 0.2 nM BDE-49 (instead of that of FCCP) after
oligomycin addition partly abrogated the inhibition of oxy-
gen uptake, leading to an increase in oxygen rates of 2.9-fold
(» = 0.01) relative to oligomycin (Fig. 2A). Higher concen-
trations of BDE-49 (2, 20, and 40 nM) significantly inhibited
oxygen uptake in controls (by 24%, p = 0.005; 50%, p = 0.01;
and 64%, p = 0.008, respectively; Fig. 2A). These results were
a further confirmation that BDE-49, at relatively low concen-
trations (0.2-2 nM), acts as an uncoupler, whereas at higher
(> 2 nM) concentrations, it acts as an inhibitor of the electron
transport, effects consistent with those observed with isolated
mitochondria. Consistent with the results obtained with intact
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Representative Woolf-Augustinsson-Hofstee plot of the rates of ATPase activity versus rates divided by the substrate concentration (ATP) at 0 and 20 nM BDE-49.
Calculated kinetic parameters: V= 54+5 nmol ATP hydrolyzed x (min x mg protein)"'; K for ATP = 0.07 mM; K; for BDE-49 = 6 nM. (D) Reciprocal of the rates
of ATPase in the presence of different fixed concentrations of BDE-49. (E) Dependence of CCO activity with BDE-49 concentrations; inset: reciprocal rates versus
[BDE]. (F) Complex I (open bars), Complex II and III (light grey bars), Complex II (dark gray bars), Complex III (dotted bars), and Complex IV (black bars) activities
were evaluated from mitochondria treated with vehicle, 20, or 40 nM BDE-49. Activities were originally expressed as nmol x (min x mg protein)” and reported as
(mean + SEM)% of vehicle-treated mitochondria. *p < 0.05 versus vehicle-treated controls. Oxygen rates were expressed as nmol oxygen consumed x (min x million
cells)'. RCRu was obtained by adding oligomycin to intact cells followed by the addition of FCCP and was evaluated as the ratio between FCCP and oligomycin rates.
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TABLE 1
Comparison of Inhibitory Activities of BDE-49 on Mitochondrial

Complexes

K, (nM)

Complex Brain mitochondria Neurons
1 No inhibition No inhibition
1I No inhibition No inhibition
11T No inhibition No inhibition
v 40+4 0.10+£0.02
\% 6.0+0.5 (See main text)

Notes. The K, values were calculated by unweighted, nonlinear regression
fits to the median effect equation according to Martinez-Irujo et al. (1996).
Separate measurements with MgADP ensured that BDE-49 had no effect on
the coupled assay system used to evaluate ATPase activity up to 40 nM. The
data were expressed as mean + SEM.

mitochondria, BDE-49 decreased the RCRu in NPC by inhibit-
ing State 3 oxygen uptake (Fig. 2B). Further confirmation of the
role of BDE-49 as an inhibitor of the electron transport chain
was obtained by following the decrease in FCCP-stimulated oxy-
gen uptake (uncoupled respiration) by BDE-49 (Supplementary
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fig. 3). Of note, none of these concentrations of BDE-49 caused
significant changes in cell membrane integrity or occurrence of
chromatin condensation or fragmentation (Supplementary figs.
2A and B).

The activities of mitochondrial complexes (namely III, 1V,
and V), citrate synthase, and nonmitochondrial ATPases (i.e.,
resistant to the specific inhibitor oligomycin) were evaluated
in NPC treated with either vehicle or BDE-49 for 2h. The
activities of Complexes IIl and V and citrate synthase were
not changed at concentrations of 0.1-10 nM (not shown).
The lack of Complex V inhibition could be explained by the
small fraction of total ATPase activity that was actually oli-
gomycin resistant (10 to 12%) and thus proving difficult to
evaluate accurately any type of inhibition. Nonmitochondrial
ATPase(s) activity, evaluated as oligomycin-resistant ATPase
activity (such as SERCA), was lower by 20% in the presence of
> 30 nM BDE-49. These experiments provided a complemen-
tary mechanism by which BDE-49 may affect calcium metab-
olism in addition to the one described before affecting RyR1
and ER-mitochondria calcium stores (Dingemans et al., 2008;
Kim et al., 2011; Seo et al., 2008). Complex IV activity was
the only one significantly decreased (50%) at low nanomolar
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FIG. 2. Effect of BDE-49 on mitochondrial outcomes from control and PTEN-inhibited NPC. (A) Oxygen uptake in neurons in the presence of BDE-49.
Oxygen rates of intact cells were determined by polarography in the presence of the indicated additions. The rates were expressed as nmol oxygen consumed x
(min x million cells)'; (B) RCRu in neurons treated with various concentrations of BDE-49; RCRu was obtained by adding oligomycin to intact cells followed
by the addition of FCCP and was evaluated as the ratio between FCCP and oligomycin rates. (C) Dependence of CCO activity with BDE-49 concentrations. (D)
Effect of PTEN inhibition on oxygen uptake rates in intact neurons. The results were expressed as the difference between the rates obtained with PTEN inhibited
and controls (vehicle treated). All values were significantly different from oligomycin treated (p < 0.05). (E) Effect of PTEN inhibition on mitochondrial coupling.
The results were expressed as the difference between RCRu with PTEN inhibitor minus those from vehicle treated. RCRu is defined as the rate of oxygen uptake
in State 3u (with substrate and FCCP) divided by that in oligomycin-inhibited State 4. Values obtained with BDE-49 were significantly different from vehicle

treated with p < 0.05.
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concentrations of BDE-49 (p < 0.05; Fig. 2C). Kinetic analyses
indicated that 0.1 nM BDE-49 was required to inhibit 50%
of Complex IV activity. This parameter compared with that
obtained with isolated mitochondria (Table 1) was 400-fold
higher, suggesting that BDE-49 may have accumulated in mito-
chondria within the cells to reach the inhibitory concentration.
The fold of accumulation compared favorably to that reported
for BDE-47 in mouse CGN cells (500-fold at an applied con-
centration of 0.01 pM; Huang et al., 2010).

PTEN-Deficient Background Enhances the Deleterious
Effect of BDE-49 on Mitochondrial Function

To test how a background associated with abnormal social
and repetitive behavior, such as that observed in PTEN defi-
ciency, influences the toxicity of BDE-49, PTEN activity was
selectively inhibited in NPC by treatment with the inhibitor
SF1670 (Li et al., 2011). The inhibition of PTEN was evaluated
by the increase in pAkt as described before (Napoli ez al., 2012)
and shown in Supplementary figure 4, given that PTEN is a
negative regulator of the PI3K/Akt pathway (Li ef al., 2011).

PTEN inhibition resulted in decreases in Complex IV activity
(by 50%; p = 0.02) because PTEN deficiency, via downregula-
tion of p53 and subsequently that of the p53-downstrean target
SCO2, affects Complex IV activity as observed in the brain of
PTEN haploinsufficient mice (Napoli et al., 2012). Rates of
oxygen uptake and coupling of electron transport to ATP syn-
thesis were measured in controls and PTEN-inhibited cells in
the presence of various concentrations of BDE-49 (Figs. 2D
and E). Addition of 0.2, 2, 20, and 40 nM BDE-49 to FCCP-
stimulated cells resulted in an oxygen uptake inhibition of,
respectively, 42, 52, 65, and 72%. PTEN-inhibited cells showed
a decrease in both glucose-supported oxygen uptake and cou-
pling by 46% (p = 0.0006 and p = 0.01, respectively; Figs. 2D
and E). Addition of 2, 20, and 40 nM BDE-49 further decreased
the State 3u oxygen uptake by an extra 24% (p = 0.0001), 43%
(p =0.04), and 46% (p = 0.04), resulting in a final inhibition of
70, 89, and 92% (Fig. 2D). Parallel decreases in coupling were
observed as well (Fig. 2E). The inhibitory effect of BDE-49 on
FCCP-stimulated oxygen uptake was evaluated in control and
PTEN-inhibited NPC (Supplementary fig. 3). Addition of 0.2,
2, 20, and 40 nM BDE-49 to FCCP-stimulated cells resulted
in an oxygen uptake inhibition of, respectively, 42, 52, 65, and
72%. Pretreatment of NPC with SF1670, followed by addition
of the same BDE-49 concentrations, led to inhibitions equal
to 70% (0.2 nM), 75% (2 nM), and 80% (at 20 and 40 nM).
These results (along with the lack of changes in cell membrane
integrity and chromatin fragmentation and/or condensation;
Supplementary figs. 2A and B) were consistent with those
observed with isolated brain mitochondria (Fig. 1).

Although the activity of Complex IV in PTEN-inhibited
cells was reduced by half, addition of BDE-49 at concentra-
tions equal to its K, resulted in an additional 20% inhibition (for
a total of 70%; p = 0.05). Although an additional 20% inhibi-
tion may not seem quantitatively and/or biologically relevant,
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enzymatic activity thresholds for cells in culture are set at 20%
(for major criteria) and 30% (for minor criteria) of control
activities for diagnosing mitochondrial respiratory chain dis-
eases (Bernier et al., 2002).

Altered Mitochondrial Distribution and Morphology in NPC
Treated With BDE-49 in a PTEN-Deficient Background

Differences in the distribution and morphology of mito-
chondria in NPC exposed to BDE-49 were evaluated by using
MitoTracker Deep Red, dye that stains polarized mitochondria
(Poot et al., 1996) (Figs. 3A and B). In vehicle-treated cells,
mitochondria were distributed throughout the cell (Fig. 3A)
and organized as an extended network of tubular structures
(Fig. 3B) (Liot et al., 2009). However, this network in BDE-49—
treated cells appeared disrupted, significantly more fragmented
and with a different distribution pattern, with the majority of
mitochondria distributed around the perinuclear region of the
cell (Figs. 3A and B). Furthermore, measurement of the total
Mitotracker fluorescent signal showed a 1.5-fold increase in
BDE-49-treated mitochondria (relative to vehicle treated,
p < 0.01; Fig. 3B; Supplementary fig. 5), likely attributed to
hyperpolarization of the mitochondrial membrane caused by
the inhibitory effect of BDE-49 on ETC. In a PTEN-deficient
background, the distribution of mitochondria upon addition of
BDE-49 was still perinuclear, as observed with BDE-49 only,
with a 1.7-fold increase of Mitotracker fluorescent intensity rel-
ative to vehicle-treated cells (p < 0.001; Fig. 3B; Supplementary
fig. 5) and a 1.2-fold increase versus BDE-49 alone (p < 0.05;
Supplementary fig. 5). Thus, the effects of a PTEN-deficient
background and that of BDE-49 are synergistic, resulting in
more polarized mitochondria, increased fragmentation, and
disrupted network.

The occurrence of smaller, more fragmented mitochon-
dria in BDE-49—treated cells (regardless of a PTEN-deficient
background) suggested the activation of a selective autophagy
or mitophagy responsible for the removal of damaged mito-
chondria (Ashrafi and Schwarz, 2013). This process initiated
by oxidative stress—mediated damage leads to the activation
of dynamin-related protein 1 (Drpl), whose polymerization
promotes mitochondrial fission, segregating damaged mito-
chondria versus undamaged ones for ultimate elimination from
the cell (Elgass et al., 2013). We reasoned that as Akt overex-
pression or PTEN deficiency inhibits mitophagy (Napoli et al.,
2012; Zhou et al., 2009), putative increases in oxidative stress
originated from BDE-49 inhibition of ETC could antagon-
ize and overcome this potent signal, resulting in activation of
clearance of damaged mitochondria. To test this hypothesis, we
evaluated three markers of oxidative stress, i.e., increases in Tyr
nitration of ATPase beta subunit (Fujisawa et al., 2009; Haynes
et al., 2010), mtDNA copy number, and mtDNA deletions
(Lee and Wei, 2005). Treatment of NPC with 40 nM BDE-49
resulted in an increased Tyr nitration of ATPase beta subunit
(twofold of controls; p = 0.024; Fig. 4A), regardless of the
PTEN background (Fig. 4A). The mtDNA copy number in NPC
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FIG. 3. Mitochondrial distribution and morphology in NPC in the presence of BDE-49 and in a PTEN-deficient background. (A) Confocal images of NPC
probed with MitoTracker Deep Red FM. Cells were plated onto polylysine-coated coverslips and stained as described in the Materials and Methods section.
Images were taken with an Olympus FV1000 laser scanning confocal microscope at 60x magnification and zooms variable between 2.0 and 3.0. The images
shown were representative of at least 100 cells. (B) Three-dimensional surface plot of mitochondrial distribution in NPC treated with vehicle, 40 nM BDE-49, and
BDE-49 and 3 nM of the PTEN inhibitor SF1670. Surface plots were computed with Image J software and displayed as a three-dimensional graph of the intensities
of pixels of the confocal images shown in (A).
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FIG. 4. Evaluation of oxidative/nitrative stress in BDE-49—treated NPC. (A) Nitration levels of the beta subunit of mitochondrial ATPase in NPC treated with
vehicle, BDE-49, and BDE-49 and the PTEN inhibitor SF1670. Western blots were performed as described in the Materials and Methods section. Nitrotyrosine
fluorescent intensities were normalized by those of the beta subunit of mitochondrial ATPase. *p < 0.05 versus vehicle treated. (B) Mitochondrial DNA copy
number (mtDNA) and mtDNA deletions in vehicle-, BDE-49—, SF1670-, and BD49 plus SF1670-treated NPC. Details on the primers and PCR conditions used
are reported in the Supplementary methods. The p value at the top of the line corresponds to mtDNA copy number of all treatments versus vehicle treated, whereas
the asterisk corresponds to mtDNA deletions versus vehicle treated. mtDNA deletions were expressed as percentage of vehicle values.

treated with BDE-49 only, SF1670 only, and both treatments in OXPHOS (Giulivi et al., 2010; Lee and Wei, 2005; Lee et al.,
was higher than vehicle treated (by 11, 30, and 7%; p < 0.05; 2002; Liu et al., 2003). The accumulation of mtDNA deletions
Fig. 4B). These data were consistent with previous reports in ~ was higher in BDE-49—treated cells and PTEN-inhibited cells
which increases in mtDNA copy number and reactive oxygen (8 and 9%, respectively) than controls, whereas the addition
species (ROS) production were not accompanied by increases of BDE-49 to PTEN-inhibited cells resulted in lower mtDNA
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deletions (0.1%; Fig. 4B). These results were suggestive that
BDE-49 exposure, via increased oxidative stress, may enhance
mitophagy and overcome the antagonistic effect of PTEN defi-
ciency in this process, resulting in no significant changes in
nitration of ATPase beta subunit, lower mtDNA copy number,
and decreased accumulation of mtDNA deletions compared
with BDE-49-only treatment.

DISCUSSION

In this study, BDE-49 acted as an uncoupler of electron
transport and ATP synthesis when added to isolated, coupled
brain mitochondria and NPC at low concentrations (< 0.1 nM),
whereas at higher concentrations (> 20 nM), it acted as an
inhibitor of Complexes IV and V, disrupted mitochondrial mor-
phology and polarization, and increased oxidative/nitrative
stress (as judged by increased Tyr nitration in ATPase, mtDNA
copy number and mtDNA deletions). Based on the K, for CCO
in mitochondria and cells, the accumulation of BDE-49 in neu-
rons was estimated as 400-fold, similar to those reported for
other PBDEs (two or more orders of magnitude; Huang et al.,
2010; Mundy et al., 2004). These concentrations of BDE-49
that altered mitochondrial outcomes could be regarded as bio-
logically relevant for they could be easily reached with the
reported plasma concentrations of BDE-47 of children living
in Mexico and California (0.07-1.8 nM; Eskenazi et al., 2011;
Hertz-Picciotto et al., 2011) and considering that a signifi-
cant percentage of PBDE accumulates in mitochondria (30%
of total BDE-47 added to CGN neurons; Huang et al., 2010).
Uncoupling has been also reported for a similar congener,
BDE-47, using zebrafish mitochondria along with an inhibitory
effect on succinate dehydrogenase activity (van Boxtel et al.,
2008). Although uncoupling and inhibition of electron trans-
port are distinct processes, both converge on the same outcome,
i.e., a disrupted energy production that could be enhanced or
potentiated by an increased production of ROS.

Typical uncoupling is usually observed in situations in
which the rate of oxygen uptake in State 4 is increased to lev-
els comparable to those of State 3. The significant decrease in
RCR resulting from higher State 4 oxygen uptake rate and the
release of oligomycin-inhibited oxygen uptake confirm the role
of BDE-49 as an uncoupler of OXPHOS at relatively low con-
centrations. Many hypotheses have been advanced to explain
the mechanism by which compounds can uncouple OXPHOS
in mitochondria. All those compounds are characterized by
being lipid soluble, having a dissociable proton, and a structure
permitting a large charge delocalization (Cunarro and Weiner,
1975; van Dam and Slater, 1967; Weinbach and Garbus, 1969).
Thus, given that BDE-49 is highly lipophilic (log P 6.89 and
Clog P 7.23) but does not have an ionizable hydroxyl group, it
is possible that the uncoupling effect is caused by incorporation
of BDE-49 to the membrane disrupting its assembly (especially
considering the lack of planarity; Fig. 5) or a direct effect on
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ATPase favoring dissipation of the proton gradient (Terada,
1981). This dual effect of BDE-49, i.e., acting as an uncoupler
at relatively low concentrations while becoming an inhibitor of
electron transport at higher ones, has also been observed with
other uncouplers of OXPHOS (Chappell, 1964; Goldsby and
Heytler, 1963; Heytler, 1963).

Alternatively, BDE-49 may have an effect on the activity of
uncoupling proteins (UCP). Three of the five human UCP homo-
logues, namely, UCP2, UCP4, and UCPS, are located in the central
nervous system (Naert et al., 2007), and in our murine cell model,
we observed a significant gene expression of UCP2. It could be
hypothesized that (1) BDE-49 at low concentrations may have
an effect on cardiolipin packing, increasing indirectly the activ-
ity of UCP2 (Hoang et al., 2012) favoring uncoupling of electron
transport and ATP synthesis, and (2) this uncoupling may serve
as an attempt to decrease/suppress ROS production by mitochon-
dria, suggesting a protective mechanism against oxidative stress as
suggested by others (Andrews et al., 2005; Echtay, 2007; Krauss
et al., 2005). A direct effect of BDE-49 on UCP2 activity seems
unlikely given the differences in chemical structure between this
compound and fatty acids. However, increased mitochondrial oxi-
dative/nitrative stress in NPC at (BDE-49) > 20 nM suggests that
the putative effect of BDE-49 on UCP is not observed at these
higher concentrations as supported by the higher polarization of
mitochondria (as observed by MitoTracker staining).

The inhibition of electron transport by BDE-49 was exerted at
the level of Complexes V and IV. In regards to the inhibition of
Complex V activity, the K, of BDE-49 (0.33 nmol/mg protein)
was in the range of those reported for other inhibitors of ATPase
(for > 90% inhibition, aurovertin B 0.4 nmol/mg protein, oligo-
mycin 0.6 nmol/mg protein). This finding, together with the K
values reported in Table 1, suggested that BDE-49 was a more
potent inhibitor of Complex V than IV; however, the similar
pattern of inhibition of both State 3 oxygen uptake by intact
mitochondria and Complex IV activity by BDE-49, and the lack
of correspondence with Complex V suggest that phosphorylat-
ing mitochondria were more sensitive to the BDE-49—mediated
inhibition of the terminal oxidase over that of Complex V. One
possible explanation is to consider that BDE-49 altered the
higher K_ for ATP in Complex V. This K represents the bind-
ing of ATP to noncatalytic sites, which accelerates catalysis,
presumably by promoting release of inhibitory MgADP from
a catalytic site (Jault and Allison, 1993). The amount and com-
position of the noncatalytic-site nucleotides affect both the for-
mation and the ATP-dependent discharge of the Mg?* and ADP
inhibition (Milgrom et al., 1991). Although F, can hydrolyze
ATP without ATP binding at noncatalytic sites, the steady-state
rate is increased by such binding (Murataliev and Boyer, 1992).
In our case, BDE-49 seems to affect the binding of ATP at the
noncatalytic sites, decreasing the affinity for ATP; thus, when
loading of noncatalytic sites is accomplished with free ATP, the
lower affinity of noncatalytic sites in BDE-49—treated Complex
V might fill less with ATP on introducing the enzyme to the
assay medium, resulting in lower initial rate of hydrolysis.
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FIG. 5. BDE-49, iodothyronines, and dicoumarol chemical structures. (A) Chemical structures of tri- and tetraiodothyronines and BDE-49. (B) Three-
dimensional structures of BDE-49 and dicoumarol (structures obtained with CS ChemOffice and visualized using PC3DView).

The fact that oligomycin and BDE-49 bind simultaneously
to ATPase suggests either independent binding to two different
sites or binding to two sites in close proximity modifying BDE-
49 binding site. Although independent inhibitor binding would
suggest that the sites do not interact at all, calculations for the
mutual influence factor gamma from the Yonetani-Theorell
plots indicated that oligomycin might lock the F -ATPase con-
formation disfavoring the binding of the subsequent inhibitor
(BDE-49), even if they bind to unique sites. Furthermore, the
fact that BDE-49 acted as a mixed-type inhibitor confirms the
binding of this PBDE congener to a site different from the cata-
lytic site of ATP on the beta subunit.

Although the inhibition of Complex IV by BDE-49 would
require further investigation, we could propose that direct bind-
ing of BDE-49 to Complex IV subunits may elicit critical con-
formational changes considering that the chemical structure of

this compound is similar to that of di- and tri-iodothyronines,
compounds that bind and modify CCO activity (Goglia et al.,
1994). Alternatively, BDE-49 may affect either the binding of
cytochrome c to the docking site on Complex IV or the mem-
brane structure/packing by intercalating in the lipid bilayer as
it has been proposed for another uncoupler, dicoumarol (Fig. 3;
Wilson and Merz, 1969).

The importance at considering genetic backgrounds that
may confer heightened susceptibility to the exposure of an
environmental factor is evidenced in our study in which
PTEN deficiency enhanced the already present BDE-49—
mediated MD. If perinatal PBDE exposure were one of the
precipitating factors in the concept of “second-hit stress”
(i.e., BDE-49 after PTEN inhibition), then the severity of
the inherited background (e.g., PTEN haploinsufficiency vs.
null or KO) in a particular tissue (e.g., neurons) would set the



MITOCHONDRIAL TOXICITY OF BDE-49

initial bioenergetic capacity during perinatal period and thus
the relative severity of the disease at birth. Individuals with
initially high mitochondrial bioenergetic capacities would
require multiple exposures or a combination of triggers to
cross-expression thresholds and thus remain functional until
late in life, whereas individuals who inherit significantly del-
eterious backgrounds would start at a lower initial capacity
and require fewer exposures or combination of them to have
the same effect and would develop symptoms at birth or dur-
ing childhood. In this last setting, the relatively mild 20-30%
PBDE-induced bioenergetic decline on top of the original one
(caused by PTEN deficiency or by partial OXPHOS defects
(Offit, 2008)), which could be seen as being not physiologi-
cally relevant, reached the energy threshold for synaptic mito-
chondria (major changes in OXPHOS occur with decreases
in CCO activity of 70% (Davey et al., 1998)), suggesting that
this “second-hit stress” might induce the expression of a phe-
notype considering that brain is a highly aerobic organ and
heavily dependent on OXPHOS for ATP supply.

More importantly, BDE-49—mediated decreases in Com-
plex IV activity become relevant in clinical cases with pre-
existing Complex IV deficiencies and/or mutations in CCO
assembly genes (deficiencies implicated in several psychi-
atric and neurological disorders, including autism; Giulivi
et al., 2010; Joost et al., 2010; Ohta and Ohsawa, 2006;
Oliveira et al., 2005; Papadopoulou et al., 1999; Tulinius
et al., 2003), whereas decreases in F F -ATPase seem to play
a crucial role in the pathophysiology of several human dis-
orders, including ischemia-reperfusion injury, cancer, cho-
lesterol homoeostasis, and neurological disorders (Finsterer,
2008; Giulivi et al., 2010; Thyagarajan et al., 1995; Verny
etal., 2011).

Although our study was performed with a biologically rel-
evant but acute doses of BDE-49, it could be envisioned as
a model of gene-environment interaction over chronic expo-
sures to BDE-49 with the potential to affect neurodevelopment
considering that perinatal periods are the most vulnerable
for PBDE exposure (Lunder et al., 2010) and that children
accumulate more PBDEs than adults when sharing the same
environment (XPBDEs in children aged 1.4—4 years were 2.8-
times that of mothers; Lunder er al., 2010). Furthermore, it
has been shown that children with higher concentrations of
BDEs 47, 99, or 100 in cord blood scored lower on tests of
mental and physical development at 12—48 and 72 months
(Herbstman et al., 2010).

Considering the dependency of brain for mitochondrial ATP
required to maintain neuronal growth and development, expo-
sure to one of the PBDE congeners, i.e., BDE-49, without nec-
essarily being one of the most abundant, may result in energy
deficits that may contribute to learning and cognitive deficien-
cies. The impact of this exposure may become more relevant in
vulnerable populations, such as young children in general, and
especially among those with a genetic background that confers
increased susceptibility to this exposure.
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