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Abstract

Polybrominated diphenyl ethers (PBDEs), extensively used in the past few decades as flame

retardants in a variety of consumer products, have become world-wide persistent environmental

pollutants. Levels in North America are usually higher than those in Europe and Asia, and body

burden is 3 to 9-fold higher in infants and toddlers than in adults. The latter has raised concern for

potential developmental toxicity and neurotoxicity of PBDEs. Experimental studies in animals and

epidemiological observations in humans suggest that PBDEs may be developmental

neurotoxicants. Pre- and/or post-natal exposure to PBDEs may cause long-lasting behavioral

abnormalities, particularly in the domains of motor activity and cognition. The mechanisms

underlying the developmental neurotoxic effects of PBDEs are not known, though several

hypotheses have been put forward. One general mode of action relates to the ability of PBDEs to

impair thyroid hormone homeostasis, thus indirectly affecting the developing brain. An alternative

or additional mode of action involves a direct effect of PBDEs on nervous system cells; PBDEs

can cause oxidative stress-related damage (DNA damage, mitochondrial dysfunction, apoptosis),

and interfere with signal transduction (particularly calcium signaling), and with neurotransmitter

systems. Important issues such as bioavailability and metabolism of PBDEs, extrapolation of

results to low level of exposures, and the potential effects of interactions among PBDE congeners

and between PBDEs and other contaminants also need to be taken into account.
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PBDEs: occurrence and body burden

Polybrominated diphenyl ethers (PBDEs) are flame retardants, widely used in recent years

in a variety of consumer products. Since PBDEs are not chemically bound to the polymer

product, they leach out into the environment and have become persistent organic pollutants.

Indeed, PBDEs have been detected in most biota, as well as in human blood, adipose tissue,

and breast milk (Sjodin et al. 2003; Law et al. 2006). Levels of PBDEs in biota and in

human tissues have significantly increased in the past three decades (Schecter et al. 2005),

and levels in North America are one to two orders of magnitude higher than those reported

in Europe and Asia (Lorber, 2008; USEPA, 2010: EFSA, 2011). PBDEs have been marketed

as one of three mixtures, though there are 209 possible types of congeners. PentaBDE and

octaBDE have been banned in the E.U. and in several states in the U.S.A., and are no longer

produced in these countries. DecaBDE remains the most widely used PBDE globally, and is

still produced in the U.S.A., though producers have agreed to cease production and

commercialization by 2013 (USEPA, 2010). Five congeners (BDE-47, -99, -100, -153, -154)

predominate in human tissues, usually accounting for 90% of the total body burden

(McDonald, 2005; Costa et al. 2008), and BDE-47 (2, 2′, 4, 4′-tetrabrominated diphenyl

ether) alone accounts for 50% (USEPA, 2010). In addition, BDE-47 is the dominant PBDE

congener in the atmosphere in two remote sites as the Tibetan plateau and the Canadian

High Arctic, making it a true global contaminant (Xiao et al. 2012). Fig. 1 shows the

structure of some PBDE congeners (the tetraBDE BDE-47, the pentaBDE BDE-99, the

hexaBDE BDE-153, and decaBDE BDE-209).

Blood levels of PBDEs in adults in the USA are in the nanomolar range (30–100 ng/g lipid;

Costa and Giordano, 2007), but body burden is much higher in infants (because of exposure

through breast milk), and in toddlers (because of exposure through house dust and the diet)

(Schecter et al. 2005; Fischer et al. 2006; Toms et al. 2009; Rose et al. 2010; USEPA, 2010).

Indeed, blood levels of PBDEs in toddlers and children have been reported to be 3 to 9-fold

higher than in adults (Fischer et al. 2006; Toms et al. 2009; Rose et al. 2010). In addition to

higher exposures, differences in toxicokinetics may also be relevant; for example, young

mice have been shown to have a reduced ability to excrete BDE-47, possibly due to a lower

elimination (Staskal et al. 2006). Furthermore, PBDEs can also cross the placenta, and

similar concentrations are found in maternal and fetal blood (Mazdai et al. 2003; Antignac et

al. 2008).

Developmental neurotoxicity of PBDEs

The high body burden of PBDEs in infants and toddlers has raised concerns for their

potential developmental toxicity and neurotoxicity (Eriksson et al. 2001; Branchi et al. 2003;

Birnbaum and Staskal, 2004; McDonald, 2005; Costa and Giordano, 2007; Talsness, 2008;

Costa et al. 2008; Williams and DeSesso, 2010; Dingemans et al. 2011; EFSA, 2011).

Animal studies suggest that exposure to different PBDEs during the prenatal and/or

postnatal periods causes long-lasting behavioral abnormalities, particularly in the domains of

motor activity and cognition, though the results are not always perfectly consistent (Branchi

et al. 2002; Dufault et al. 2005; Gee and Moser, 2008; Viberg et al. 2003; 2004; Suvorov et

al. 2009; Cheng et al. 2009; Driscoll et al. 2009; Kodavanti et al. 2010; Ta et al. 2011).
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Evidence in humans is also suggestive of developmental effects of PBDEs, though findings

are not always univocal. In Taiwan, elevated PBDE levels in breast milk were correlated

with lower birth weight and length, lower head and chest circumference, and decreased

Quetelet’s (body mass) index, and a follow-up study reported developmental delays in

cognition (Chao et al. 2007; 2011). In contrast, a study in a Hispanic population in

California found no association between prenatal exposure to PBDEs and birth length, head

circumference and duration of gestation (Harley et al. 2011). However, the same authors

reported that children of 5 and 7 years of age exposed to PBDEs prenatally and in early

childhood had poorer attention, fine motor coordination and cognition (Eskenazi et al.

2013). Prenatal PBDE exposure (mostly to BDE-153) was found to be associated with

altered cognitive skills and adaptive behavior in a population from Taiwan (Shy et al. 2011).

In a study in the Netherlands, an association was found between blood PBDE levels in the

mother at the 35th week of pregnancy and altered motor function, cognition and behavior of

the child up to age six (Roze et al. 2009). In an additional cohort in New York City, prenatal

PBDE exposure (as indicated by cord blood PBDE levels) was associated with lower scores

on tests of mental and physical development at the ages of 1–4 and 6 years (Herbstman et al.

2010). In a North Carolina cohort, lactational PBDE exposure was associated with increased

activity/impulsivity behaviors in early childhood (Hoffman et al. 2012), though a study by

Gascon et al. (2011) in Spain found no associations between body burden of PBDEs in 4-

year old children and any motor or cognitive alteration. In summary, though results in

animals and humans are not always perfectly consistent, a strong pattern is emerging which

indicates that PBDE exposure may affect neurodevelopment.

Considerations on PBDE metabolism and structure-activity relationship

Substantial differences exist among PBDE congeners in the rate of absorption; for example,

tetra- and penta-BDEs are better absorbed than decaBDE (BDE-209) (Hakk and Letcher,

2003; Costa and Giordano, 2007; 2011). In addition, lower brominated PBDEs have a much

longer half-life (20–120 days) than BDE-209 (~15 days). The number and position of

bromines on the PBDE molecule also influences their ability to enter cells; for example, in

an in vitro study, BDE-100 (a pentaBDE) was found to have the highest accumulation in

mouse cerebellar granule cells; BDE-209, with its bulky configuration, had the lowest

(Huang et al. 2010). DecaBDE is believed to be debrominated to lower brominated

congeners, though the extent of these metabolic reactions in mammals including humans is

still unclear (Stapleton et al. 2009; Costa and Giordano, 2011). In contrast, there is

substantial evidence for an oxidative metabolism of lower brominated BDEs (Hakk and

Letcher, 2003; Malmberg et al. 2005; Lupton et al. 2009), which may play significant roles

in their developmental neurotoxicity. Formation of hydroxylated metabolites of a number of

PBDEs (e.g. BDE-47, BDE-99, and BDE-153) has been reported, and CYP2B6 is emerging

as the main metabolic enzyme in this regard (Erratico et al. 2012; 2013; Feo et al. 2013). For

example, Fig. 2 shows that metabolic products of BDE-47 formed by CYP2B6 include

BDE-47 hydroxylated at the 3, 5 or 6 position, as well as different hydroxylated congeners

(e.g. 4-OH-BDE-42, 4′-OH-BDE-49) (Erratico et al. 2013; Feo et al. 2013).

Most of the hydroxylated PBDE metabolites identified in in vitro studies or in animals, have

also been found in humans (Athanasiadou et al. 2008; Qiu et al. 2009), and their levels are
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usually higher in cord serum than in maternal blood (Chen et al. 2013). Most importantly, as

discussed in the following sections, OH-BDEs have been shown to have stronger and/or

unique biological activities on a number of relevant end-points such as binding to thyroid

hormone transport proteins (Marchesini et al. 2008), interference with calcium homeostasis

(Dingemans et al. 2008; 2011; Kim et al. 2011), interaction with neurotransmitter receptors

(Hendriks et al. 2010), or inhibition of stem cell differentiation (Li et al. 2013). Two

additional aspects in this regard are that CYP2B6 is also present in human brain tissue

(Miksys and Tyndale, 2004), thus allowing in situ formation of OH-BDEs, and that there is

an almost 100-fold variability in the level of CYPB26 expression in human liver, due to

regulatory phenomena and genetic polymorphisms (Zanger et al. 2007), which may

contribute to individual differences in OH-BDE formation and susceptibility to PBDE

neurotoxicity.

Potential mechanisms of PBDE developmental neurotoxicity

The exact mechanisms of PBDEs’ developmental neurotoxicity are still elusive, though two

general, and not mutually exclusive, modes of action are emerging: one indirect, related to

effects of PBDEs on thyroid hormones, and the other involving possible direct effects of

PBDEs on the developing brain (Costa and Giordano, 2007; Alm and Scholz, 2010). Below

we review the current knowledge on mechanisms which may underlie PBDE developmental

neurotoxicity, deriving from animal, in vitro, and when possible, human studies. In addition,

attention is devoted to the potential role of PBDE metabolites in the neurotoxic effects.

Alterations of thyroid hormone homeostasis

Thyroid hormones are known to play a relevant role in brain development (Chan and Rovet,

2003; LaFranchi et al. 2005), and hypothyroidism has been associated with a large number

of neuroanatomical and behavioral effects (Haddow et al. 1999; Zoeller and Crofton, 2005).

Since the structurally similar polychlorinated biphenyls (PCBs) had been found to perturb

thyroid hormone homeostasis, the possibility that PBDEs may act through similar

mechanisms has been extensively investigated. Zhou et al. (2001) first observed that

treatment of weanling female rats with DE-71 (a tetra-pentaBDE mixture) or DE-79 (an

octaBDE mixture), caused a reduction of serum thyroxine (T4) levels, without altering those

of triiodotyronine (T3). Several subsequent studies in rats, exposed to DE-71 during

gestation, found significant decreases of serum T4 in the dam, the fetuses and the pups, with

no changes in T3 levels, and an increase of tyrotropin (TSH) level (Zhou et al. 2002; Ellis-

Hutchings et al. 2006; Szabo et al. 2009; Kodavanti et al. 2010; Miller et al. 2012). An

additional study in rats reported decreased T4 levels in pups upon postnatal exposure to

DE-71 (Driscoll et al. 2009). Postnatal exposure of rats to BDE-209 was reported to

decrease the serum levels of T4 (Rice et al. 2007), while gestational exposure to the same

congener reduced T3, but not T4 levels (Tseng et al. 2008). A single exposure of rats to

BDE-47 or BDE-99 on gestational day 6 was found to decrease T4 levels in dams and pups,

but not at all time points (Kuriyama et al. 2004; 2007; Talsness et al. 2004), and decreases of

T4 and T3 levels in lambs prenatally exposed to low doses of BDE-47 have also been

reported (Abdelouahab et al. 2009). A few studies have reported changes in thyroid hormone

homeostasis in pregnant women or their offspring, associated with PBDE exposure.
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Herbstman et al. (2008) found decreased serum T4 levels in newborns; in contrast, at

different times of pregnancy, increased T4 levels (Stapleton et al. 2011), decreased TSH

levels (Chevrier et al. 2010), or increased TSH with no changes in T4 levels (Zota et al.

2011) have been reported. In the largest study so far (n=380), Abdelouahab et al. (2013)

reported an association between maternal and cord blood PBDE levels and decreased total

T3 and T4, but increased free T3 and T4. Thus, human studies have not provided, so far,

consisted findings, possibly because of a number of methodological issues, as recently

discussed (Chevrier, 2013).

The findings of decreased thyroid hormone levels in animals following developmental

exposures to PBDEs prompted investigations on possible underlying mechanisms.

Hypotheses tested relate to an enhanced metabolism and excretion of T4 as a result of

exposure to PBDEs, and interactions of PBDEs (or their metabolites) with the thyroid

hormone transport systems or with thyroid receptors. Zhou et al. (2002) found that the

decrease in T4 was associated with induction of uridine-5-diphospho-

glucuronosyltransferase (UDPGT), a key phase II metabolizing enzyme involved in

conjugation of T4. Such increased metabolism would result in enhanced excretion and hence

in reduced circulating levels of T4 (Barter and Klaassen, 1992). However, induction of

UDPGT cannot explain the reduced T4 levels induced by PBDEs, as decreases in T4 levels

were seen at doses that did not induce UDPGT (Zhou et al. 2002; Hallgren et al. 2001;

Kuriyama et al. 2004; Tseng et al. 2008). Richardson et al. (2008) concluded that while

induction of UDPGT may be partly responsible for T4 decreases, other mechanisms should

be considered; for example, Szabo et al. (2009) indicate that other phase I and II enzymes, as

well as diodinase, may also be involved in the modulation of T4 levels by PBDEs.

An alternative/complementary hypothesis is that PBDEs may interfere with thyroid hormone

transport. Two proteins are important in this regard: thyroxin-binding globulin (TBG) and

transthyretin (TTR) which transport almost all T4 in human plasma. TBG is believed to

facilitate iodine supply to the fetus (Schussler, 2000), while TTR delivers thyroid hormones

to the fetus and to the brain (Schreiber, 2002). Meerts et al. (2000) first reported that several

PBDEs could interact with TTR, thereby displacing T4. However, such interaction only

occurred in the presence of phenobarbital-treated microsomes (enriched in CYP 1A, 2B and

4A3), implicating one or more PBDE metabolites. Several hydroxylated PBDEs, which have

a structural resemblance to thyroid hormones, were most potent in displacing T4 from TTR,

and to a minor extent, from TBG (Hamers et al. 2006; 2008; Marchesini et al. 2008; Cao et

al. 2010). Displacement of T4 from TTR may lead to its increased glucuronidation and a

consequent lower level of T4; in addition, because of the complicated feed-back regulation

systems of thyroid hormone production, TSH levels may increase (Kodavanti et al. 2011).

An additional mechanism of perturbation of thyroid hormone homeostasis may be related to

a direct interaction of PBDEs and/or their metabolites with thyroid hormone receptors.

Thyroid receptors (THα and THβ, the latter most widely expressed) are located in the cell

nucleus and heterodimerize with a retinoid X receptor (RXR) (Ren and Guo, 2013). Certain

PBDEs (e.g. BDE-47, BDE-99) do not appear to directly interact with TH receptors

(Suvorov et al. 2011), while others (e.g. BDE-154, BDE-209) have been reported to inhibit

the effect of T3 at THβ (Ibhazehiebo et al. 2011). In contrast, several OH-BDEs have been

shown to act as agonists or antagonists at TH receptors (Hamers et al. 2006; Kojima et al.

Costa et al. Page 5

Toxicol Lett. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2009; Li et al. 2010; Ren et al. 2013). For example, lower brominated hydroxy-BDEs (e.g.

5-OH-BDE-47 and 6-OH-BDE-47) were found to be TH receptor agonists, while higher

brominated hydroxy-BDEs (e.g. 3′-OH-BDE-154 or 4-OH-BDE-188) acted as antagonists

(Ren et al. 2013).

Independent of the specific underlying mechanisms, the effect of PBDEs on thyroid

hormone homeostasis may be relevant in the context of developmental neurotoxicity.

Behavioral studies in hypothyroidism (induced by developmental exposure to propyl

thiouracyl (PTU)) have evidenced decreases in learning and habituation in maze tests,

changes in anxiety-like behavior, and increases in locomotor activity in rats (Negishi et al.

2005). Some of these effects are seen following developmental exposure to PBDEs.

Furthermore, thyroid hormone deficiency has been found to cause structural abnormalities in

the hippocampus and the cerebellum (Zoeller and Crofton, 2005), and to increase apoptosis

in the cerebellum (Singh et al. 2003). PTU treatment causes T4 level to fall below the limit

of detection in offspring (Negishi et al. 2005), while decreases of T4 following

developmental exposure to PBDEs are less pronounced (10–60%). Nevertheless, decrements

in neurological development in children of mothers with 25% decrease in T4 have been

reported (Haddow et al. 1999), particularly when hypothyroxemia occurs in early pregnancy

(Pop et al. 2003; Chevrier et al. 2011a), suggesting that effects of PBDEs on thyroid

hormones may contribute to their developmental neurotoxicity. However, it is still unclear

whether exposure of humans to PBDEs leads to changes in thyroid hormones, and whether

adverse developmental effects are always accompanied by disruption of hormone

homeostasis. Though PBDE exposure during pregnancy has been associated with alterations

in thyroid hormone status, the findings have been somewhat contradictory (Herbstman et al.

2008; Chevrier et al. 2010; Zota et al. 2011; Stapleton et al. 2011). Mazdai et al. (2003) and

Kim et al. (2012a; 2012b) found no correlation between total PBDE and OH-BDE levels in

fetal or maternal serum, and T4 or T3 concentrations. A lack of correlation between PBDE

exposure and T4 or TSH blood levels was also reported by Chevrier et al. (2011b), Eggesbo

et al. (2011), Gascon et al. 2011), Shy et al. (2012), and Kim et al. (2012a; 2012b). In

addition, adverse developmental effects of PBDEs in animals have also been observed in the

absence of significant thyroid hormone alterations (Branchi et al. 2005; Gee et al. 2008; He

et al. 2011; Costa, Giordano, et al., unpublished; Table 1). Thus, overall, there is some

evidence that PBDEs, mostly through their hydroxylated metabolites, can alter thyroid

hormone homeostasis; however, whether this occurs in humans, and whether this is an

important contributor to their developmental neurotoxicity remains to be determined.

Alternative mechanisms relate to possible direct effects of PBDEs on brain cells, as shown

by a large number of in vitro studies, and by a few in vivo ones, which are discussed below.

Oxidative stress-induced DNA damage and apoptosis

Oxidative stress refers to the cytotoxic consequences of reactive oxygen species (ROS),

which are generated as by-products of normal and aberrant metabolic processes that use

molecular oxygen. When ROS production exceeds the antioxidant defense capacity of the

cell, oxidative stress ensues, leading to damage of DNA, proteins, and membrane lipids. The

tripeptide glutathione (GSH) is one of the most abundant cellular thiols, and a major player

in cellular defense against ROS.
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There is substantial evidence indicating that PBDEs can induce oxidative stress (Costa et al.

2010). Reistad and Mariussen (2005) first reported that DE-71 and BDE-47 increased the

production of ROS in human neutrophil granulocytes; in contrast, and surprisingly, DE-71

did not appear to increase ROS levels in rat cerebellar granule cells, though its neurotoxicity

was antagonized by an antioxidant (Reistad et al. 2006). BDE-47 and other PBDEs have

been reported to cause oxidative stress in human neuroblastoma cells (Zhang et al. 2007; He

et al. 2008a; Tagliaferri et al. 2010), hippocampal neurons (He et al. 2008b), and cerebellar

granule cells (Huang et al. 2010; Blanco et al. 2011). In contrast to previous findings

(Reistad et al. 2006), DE-71 was found to cause oxidative stress in mouse cerebellar granule

neurons, as evidenced by an increase in ROS and in lipid peroxidation (Giordano et al.

2008). Induction of oxidative stress by DE-71 was more pronounced in neurons from Gclm

(−/−) mice, which lack the modifier subunit of glutamate-cysteine ligase, the first and rate

limiting enzyme in the synthesis of GSH, and therefore, display very low GSH levels. In

addition, increasing intracellular GSH levels, or the presence of various antioxidants (e.g.

melatonin, N-acetylcysteine, N-t-phenyl-α-butylnitrone), significantly decreased DE-71

neurotoxicity (Giordano et al. 2008). PBDE-induced oxidative stress has also been observed

in non-nervous tissue cell types, such as human fetal liver hematopoietic cells (Shao et al.

2008), human hepatoma cells HepG2 (Hu et al. 2007; 2009), Jurkat T cells (Yan et al. 2011),

and human umbilical vein endothelial cells (Kawashiro et al. 2009). Certain hydroxylated

PBDEs have also been shown to induce oxidative stress in human liver L02 cells (Zhong et

al. 2011).

There is also limited evidence that PBDEs may induce oxidative stress upon in vivo

administration. Increases in lipid peroxidation and in the levels of oxidized glutathione were

found in the liver of American kestrels (Falco sparverius) treated in ovo with a mixture of

BDE-47, -99, -100, and -153 (Fernie et al. 2005). Furthermore, prenatal exposure to BDE-99

has been shown to increase levels of nitric oxide, possibly secondarily to an increase in

calmodulin, which may lead to increased nitrosylation of proteins (Llansola et al. 2007). In

vivo exposure of mice to BDE-47 (10 mg/kg, per os, on postnatal day 10) causes an increase

of oxidative stress (evidenced by changes in lipid peroxidation and isoprostane and protein

carbonyl levels) in cerebellum and hippocampus, without altering serum thyroid hormone

levels (Costa, Giordano, et al., unpublished results; Table 1). Administration of BDE-99 to

adult rats was found to induce oxidative stress in various brain regions, kidney and liver

(Belles et al. 2010; Albina et al. 2010), and the same PBDE congener caused oxidative stress

in fetal liver upon gestational exposure in rats (Blanco et al. 2012). When given to rats

during gestation and postnatally at doses leading to a body burden only slightly higher that

what present in humans, BDE-99 was found to cause neurobehavioral alteration

accompanied by increased oxidative stress in various brain regions, particularly in the

hippocampus (Cheng et al. 2009). Hydroxylated PBDEs have been shown to cause oxidative

stress in zebrafish (Usenko et al. 2012). It is also of interest that hypothyroidism may induce

oxidative stress, as evidenced by increased hydroxyl radicals, lipid peroxidation and protein

carbonyl levels in PTU-treated rats (Rahaman et al. 2001). Thus, both thyroid hormone-

mediated, and direct effects of PBDEs may occur, leading to a combined increase in

oxidative stress in brain tissue.
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Two consequences of PBDE-induced oxidative stress are DNA damage and apoptotic cell

death. Madia et al. (2004) first reported that BDE-99 caused apoptotic cell death in human

astrocytoma cells. Similar findings were later shown with DE-71 in rat cerebellar granule

cells (Reistad et al. 2006), in mouse cerebellar granule cells and cerebellar astrocytes, and in

hippocampal and cortical neurons and astrocytes (Giordano et al. 2008; 2009a). BDE-47

was shown to cause apoptotic cell death in hippocampal neurons, cerebellar granule

neurons, and human neuroblastoma cells (He et al. 2008a; 2008b; Huang et al. 2010;

Tagliaferri et al. 2010; de Laat et al., unpublished results). The cellular GSH content plays a

primary role in modulating susceptibility to PBDE-induced apoptosis. For example, mouse

hippocampal neurons were 5-fold more susceptible to DE-71-induced apoptosis than cortical

neurons, which had a 3.5-fold higher GSH content (Giordano et al. 2008). Astrocytes were

found to protect neurons from neurotoxicity of DE-71, by providing GSH (Giordano et al.

2009a). Table 2 shows similar results with regard to BDE-47: apoptosis is much more

pronounced in cerebellar granule neurons from Gclm−/− mice because of their low GSH

content, and protection by astrocytes is observed primarily in co-cultures of Gclm+/+

neurons and astrocytes. In vivo exposure to BDE-47 (10 mg/kg, per os, on postnatal day 10)

was found to increase apoptotic cell death (evidenced by TUNEL staining and increased

caspase-3 levels) in various brain regions of mice (Costa, Giordano et al., unpublished

results; Table 1).

The developing brain is particularly sensitive to oxidative stress, possibly due to its richness

in free iron and a limited antioxidant capacity (Sola et al. 2007). The relevant role of

oxidative stress in contributing to pathological apoptosis in the developing brain, and in

general to developmental brain disorders, has also been underscored (Blomgren et al. 2007;

Hayashi, 2009). DNA is a cellular target of oxidation processes, and modified DNA bases

constitute one of the major classes of oxidative DNA damage. BDE-47 was shown to cause

DNA damage, micronuclei, and nucleoplasmatic bridges increases in human neuroblastoma

cells and in rat hippocampal neurons (He et al. 2008a; 2008b; 2010). Pellacani et al. (2012)

further showed that both BDE-47 and BDE-209 caused DNA damage in human

neuroblastoma cells; they also showed that DNA damage was mostly secondary to oxidative

stress, as noted also by Gao et al. (2009). Two BDE-47 metabolites (6-OH-BDE-47 and 6-

MeO-BDE-47) were found to cause DNA damage and to increase micronuclei in HepG2

human hepatoma cells (An et al. 2011). Oxidative stress-induced DNA damage may affect

neurodevelopmental processes through several mechanisms, such as alterations in gene

transcription (Wells et al. 2009; 2010).

The exact mechanisms involved in PBDE-induced oxidative stress and ensuing apoptotic

cell death, have not been fully elucidated. However, several lines of evidence point at the

mitochondria as the main site of PBDE neurotoxicity. First, PBDEs, which greatly

accumulate into neurons (Mundy et al. 2004; Kodavanti et al. 2005; Wei et al. 2010; Huang

et al. 2010; Napoli et al. 2013), show a preferential accumulation in mitochondria (Huang et

al. 2010). In particular, for the most toxic congeners (e.g. BDE-47, BDE-100), the relative

amount of PBDE associated with mitochondria was 30–43% of the total cellular PBDE

content (Huang et al. 2010). Furthermore, the order of accumulation of PBDE congeners in

neuronal mitochondria was identical to that of their relative potency in inducing oxidative
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stress and apoptosis (Huang et al. 2010). PBDEs have been shown to uncouple and inhibit

electron transport leading to disrupted energy production and increased oxidative stress (van

Boxtel et al. 2008; Napoli et al. 2013). BDE-47 and 6-OH-BDE-47 have been shown to

inhibit mitochondrial respiration (Marcinek et al., unpublished observation). Mitochondria

are a major contributor of cellular ROS; ROS produced in the mitochondria can also target

the electron transport chain (e.g. complex I), resulting in a cycle generating more ROS,

followed by ATP depletion and ultimately cell death (Ott et al. 2007). Furthermore, a

number of studies have shown that PBDEs, and particularly OH-BDEs can alter calcium

homeostasis (see following section); this latter effect may be of particular relevance, given

the importance of calcium in triggering mitochondrial dysfunction and oxidative stress

(Orrenius et al. 2011).

Interference with calcium signaling

Again, at least initially, because of similarities with PCBs, the ability of PBDEs to interfere

with calcium homeostasis was investigated, as xenobiotic-induced increases in [Ca2+]i may

underlie many of their toxic effects (Mariussen and Fonnum, 2006). In rat astrocytes and in

PC12 cells, BDE-99 was found to increase intracellular Ca2+ levels (Smolnikar et al. 2001).

Similar results were also obtained with BDE-47 in mouse cerebellar granule neurons (Costa,

Tagliaferri, et al., unpublished). Kodavanti and Ward (2005) later showed that DE-71 (8–22

μM) inhibited Ca2+ uptake in microsomes, and particularly in mitochondria isolated from rat

brain, and Coburn et al. (2008) confirmed these findings with BDE-47 and BDE-99.

In a subsequent series of studies, Dingemans et al. (2008; 2010a; 2010b) examined in detail

the effects of BDE-47 and its hydroxylated metabolites on calcium homeostasis in PC12

cells. An initial finding was that 6-OH-BDE-47 was more potent than BDE-47 in disturbing

calcium homeostasis. The hydroxylated metabolite caused an initial transient increase in

[Ca2+]i, deriving from the emptying of the endoplasmic reticulum, which was followed by

influx of extracellular calcium, and a late increase which originated primarily from the

mitochondria (Dingemans et al. 2008). Calcium increase was accompanied by an increase

release of catecholamines from PC12 cells. When testing various hydroxylated BDE-47

metabolites, 6-OH-BDE-47 was the most potent in releasing calcium from intracellular

stores. Other hydoxylated metabolites were also effective, while a methoxylated metabolite

(6-MeO-BDE-47) was ineffective. BDE-47 was the only PBDE, among those tested

(BDE-49, -99, -100, -153), which altered calcium homeostasis, though with much less

potency than its hydroxylated metabolites (Dingemans et al. 2010a). The hydroxlated

metabolites of BDE-47, but not various parent PBDEs, were also capable of inhibiting

depolarization-induced calcium release in PC12 cells (Dingemans et al. 2010b). Such rapid

increases in [Ca2+]i in response to depolarization mainly originate from influx of calcium

via voltage-gated Ca2+ channels in the cell membrane, which are regulated by protein

kinases, some of which are also affected by PBDEs (see following section).

As ortho-substituted PCBs (the non-dioxin-like PCBs) disrupt calcium signaling by

interfering with ryanodine receptors (Pessah et al. 2010), it was hypothesized that certain

PBDEs and/or their metabolites, may have similar effects. Ryanodine receptors are calcium

channels located in specialized regions of the sarcoplasmic/endoplasmic reticulum, where
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they contribute to, and regulate essential aspects of calcium signaling (Pessah et al. 2010).

Kim et al. (2011) found that ortho- and para-substitutions were key determinants of PBDE

interactions with ryanodine receptors in rodent neurons. Thus BDE-49, with two ortho-

bromine and only one para-bromine, was much more potent in interacting with the

ryanodine receptors than BDE-47 (which has two para-bromines). In contrast to its parent

compound, 6-OH-BDE-47 was found to interact with ryanodine receptors (Kim et al. 2011).

The identification of BDE-49 as a potent disruptor of calcium homeostasis may be

significant, as this PBDE congener, already a major one in fish (Mariottini et al. 2008), has

also been found in pregnant women at levels comparable to those of BDE-47 (Miller et al.

2009) (see also the findings with BDE-49 of Napoli et al. (2013).

Additional mechanisms

A variety of other potential mechanisms have been investigated in in vitro and in vivo

studies with different PBDEs. Some relate to signal transduction, others to receptors and

neurotransmission, others to more fundamental events in brain development (e.g.

neuritogenesis, synaptogenesis).

In human astrocytoma cells, BDE-99 activated protein kinase C (PKC) α, ε and ζ (measured

by assessing their translocation to the cell membrane), but only at high concentrations (100

μM) (Madia et al. 2004); this effect was not involved in cytotoxicity, as inhibition or down-

regulation of PKCs did not affect the toxicity of BDE-99. Inhibition of mitogen activated

protein kinase (MAPK) or tyrosine kinase also had no effect on BDE-99 toxicity, while

inhibition of phosphatidylinositol 3-kinase significantly increased BDE-99 toxicity,

suggesting that this PBDE may cause apoptosis (Madia et al. 2004). Indeed, as indicated

earlier, this was the first demonstration that BDE-99 could cause apoptotic cell death. The

lack of involvement of MAPK in PBDE neurotoxicity was confirmed by Fan et al. (2010),

who reported that DE-71 could activate MAPK at concentrations below those required to

elicit any cytotoxicity. The ability of DE-71, but not of DE-79 (an octaBDE mixture) to

activate PKCs (assessed by binding of a phorbol ester) was confirmed in rat cerebellar

granule cells (Kodavanti and Ward, 2005). In addition, Kodavanti et al. (2005) reported of

similar effects on PKC by several PBDE congeners (BDE-47, -77, -99, -100, -153). Though

not involved in cell survival (Madia et al. 2004), activation of PKC may play a role in the

regulation of calcium homeostasis, as suggested by Dingemans et al. (2010b). Kodavanti

and Derr-Yellin (2002) also reported that DE-71, but not DE-79, stimulated arachidonic acid

release in rat cerebellar granule neurons, possibly by activating phospholipase A2. The

significance of this interesting observation remains, however, unclear, as no additional

studies have investigated this intracellular pathway.

A number of in vitro and in vivo studies have examined effects of PBDEs on receptors and

neurotransmission, mostly related to the cholinergic, dopaminergic, GABAergic, and

glutamatergic systems. Mariussen and Fonnum (2003) found that DE-71 was a very weak

inhibitor of synaptosomal uptake of dopamine, glutamate of GABA (γ-aminobutyric acid),

but a more potent inhibitor (IC50 = 8 μM) of vesicular dopamine uptake. In agreement with

these in vitro findings, a study by Dreiem et al. (2010) reported that developmental exposure

to DE-71 marginally reduced synaptosomal dopamine levels in the striatum. Recently,
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Bradner et al. (2013a) confirmed the ability of DE-71 to inhibit vesicular dopamine uptake

(IC50 = 2.8 μM); these investigators also showed that repeated exposures of young mice to

DE-71 decreased striatal dopamine levels and expression of the dopamine transporter and

the vesicular monoamine transporter 2, which were accompanied by locomotor deficits. An

increase of dopamine level were in contrast found in the cerebral cortex of mice exposed to

a single 10 mg/kg does of BDE-47 on PND 10 (Gee et al. 2011). Increases and decreases in

brain dopamine in animals exposed during early development or at a later age had been

reported also with PCBs (Fonnum and Mariussen, 2009). Overall, effects on the

dopaminergic system appear of relevance, given the widespread contamination with PBDEs

and the possibility that these chemicals may contribute to the etiology of Parkinson’s

disease.

Viberg et al. (2003; 2004; 2007) reported changes in cholinergic nicotinic receptors in the

hippocampus of mice upon exposure to a single dose of BDE-99 or BDE-153 on postnatal

day 10, or a single dose of BDE-209 on postnatal day 3. In contrast, Bull et al. (2007) found

no changes in nicotinic receptors in the cerebral cortex of ranch mink (Mustela vison)

following chronic developmental exposure to DE-71. The mechanism(s) of nicotinic

receptor alterations, or their possible relevance, is unclear. More recent in vitro data,

showing that 6-OH-BDE-47, but not BDE-47 itself, could act as antagonist at human α4β2

nicotinic receptors, do not shed any further light on this issue (Hendriks et al. 2010). This

latter study also showed that 6-OH-BDE-47 could act as agonist at GABAA receptors

(Hendriks et al. 2010). This may be of interest as, different from what observed in the adult

nervous system where GABAA receptors mediate neuronal inhibition, in the developing

brain activation of GABAA receptors leads to neuronal apoptotic cell death (Ikonomidou et

al. 2001). Alterations in some components of the GABAergic system (e.g. decreases of the

GABA-A 2α receptor subunit and the GABA synthesizing enzyme GAD67) have been

reported in the cerebral cortex of young adult mice following a 30 day exposure to DE-71

(Bradner et al. 2013b).

A possible involvement of the glutamatergic system in PBDE developmental neurotoxicity

has been suggested by various in vivo and in vitro studies. A single exposure of mice to

BDE-47 on postnatal day 10 was found to decrease post-synaptic protein involved in

glutamate receptor signaling (e.g. glutamate receptor subunits NR2B and GluR1), and to

reduce hippocampal long-term potentiation and post-tetanic potentiation (Dingemans et al.

2007). Similar findings were obtained by Yan et al. (2012) in rats exposed for 30 days to

BDE-47. They reported decreased levels of the NMDA receptor subunits NR1 and NR2B

and of their mRNAs in the hippocampus, which was accompanied by decreased

performance in the Morris water maze. In contrast, in young adult mice, a 30 day treatment

with DE-71 did not alter NR2B levels, but increased expression of vesicular glutamate

transporter (Bradner et al. 2013b). In another study in rats, prenatal exposure to BDE-99 was

shown to increase the activity of the glutamate-nitric oxide-cGMP pathway, as assessed by

microdialysis (Llansola et al. 2007), possibly as a result of an effect on calmodulin (see

below). Reistad et al. (2006) showed that in vitro cytotoxicity of DE-71 was reduced by

MK-801, an antagonist of the N-methyl-D-aspartate (NMDA) receptor. These findings were

confirmed by Yu et al. (2008) in human neuroblastoma cells, and by Costa, Tagliaferri et al.
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(in preparation) in mouse cerebellar granule neurons exposed to BDE-47 (Table 3). These

latter experiments show that BDE-47-induced increase in ROS levels and ensuing

cytotoxicity were antagonized by the NMDA antagonist MK-801. In contrast, MK-801 did

not affect the increase of extracellular glutamate induced by BDE-47, suggesting that

PBDEs may increase glutamate extrusion and the latter would then stimulate ionotropic

glutamate receptors (Table 3).

A series of studies suggest that developmental PBDE exposure may interfere with

neuritogenesis and/or synaptogenesis. Two proteomic studies reported that exposure of

neonatal mice to BDE-99, and exposure to rat cortical cells to the same PBDE, altered the

expression of GAP-43, stahmin, and neuromodulin (Alm et al. 2006; 2010). As these

proteins are involved in neuritogenesis (Skene, 1989; Grenningloh et al. 2004), their

alterations may suggest that BDE-99 interferes somehow with this developmental process.

Another in vivo study with BDE-99 also reported alteration in some proteins (e.g. GAP-53)

associated with the actin cytoskeleton, which plays a prominent role in neuronal

development and differentiation (Alm et al. 2008). Neonatal exposure of mice to BDE-209,

BDE-203 or BDE-206 altered the levels of GAP-53, and of CaMKII (calcium/calmodulin-

dependent protein kinase II, a protein involved in synaptogenesis and synaptic plasticity) in

the hippocampus (Viberg et al. 2008; Viberg, 2009). Changes in CaMKII were also reported

by Dingemans et al. (2007) upon neonatal exposure of mice to BDE-47. An in vitro study in

chicken neuronal cells showed that DE-71 altered the expression of teneurin, a protein also

reported to be involved in neurite outgrowth (Crump et al. 2008). Upon developmental

exposure to low doses of BDE-47, a microarray study revealed a down-regulation of genes

(Ppfia3, Serpin1, Plxna2, Dscaml1, Dpysl3), involved in neurite growth and guidance

(Suvorov and Takser, 2011). An in vivo study in zebrafish showed that exposure to BDE-47

disrupted axonal growth during the early developmental stages (Chen et al. 2012). These

findings provide some initial suggestion that PBDEs may affect neuronal differentiation. In

contrast, a study in PC12 cells reported that BDE-47 did not affect neurite outgrowth

(Dishaw et al. 2011), though in follow-up work by the same investigators, BDE-99 did

(Slotkin et al. 2013). A possibility that would be of interest to explore is that PBDEs may

affect neuritogenesis “indirectly”, by interfering with astrocyte-neuron communications, as

shown for example, in case of manganese (Giordano et al. 2009b). In an in vitro model of

human brain development (primary fetal human neural progenitor cells cultured as

neurospheres), Schreiber et al. (2010) found that BDE-47 and BDE-99 decreased migration

and differentiation into neurons and oligodendrocytes. Of much interest is that addition of

T3 rescued these PBDE effects on migration and differentiation, suggesting an involvement

of endocrine disruption at thyroid hormone signaling.

Recently, the possibility that PBDEs may exert epigenetic effects upon developmental

exposure has been investigated. Epigenetic changes involve a number of mechanisms

including DNA methylation, histone modification, and micro RNAs (miRNAs) (Hou et al.

2012). DNA methylation (a covalent modification of primarily, but not exclusively, CG

dinucleotide sequence) is the most studied with regard to environmental pollutants (Rusiecki

et al. 2008; Baccarelli and Bollati, 2009; Lee et al. 2009; Hou et al. 2012), and limited

evidence indicates that certain xenobiotics (e.g. metals, air pollutants) may cause global
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DNA hypomethylation (Rusiecki et al. 2008; Hou et al. 2012; Christensen and Marsit,

2011). DNA methylation plays an important role in neuronal development (van Bokhoven

and Kramer, 2010; Schroeder et al. 2011), and two recent report have provided initial

evidence that low doses of PBDEs may affect DNA methylation. In one study, perinatal

exposure of mice to low levels of BDE-47 (yielding brain levels of ~20–40 ng/g lipids) was

reported to decrease global DNA methylation in cerebral cortex (Woods et al. 2012). In

another study, a similar low level perinatal exposure to BDE-47 caused a decrease of

expression of a number of genes involved in DNA methylation and histone modification

(Suvorov and Takser, 2011). Of much interest is that oxidative stress can suppress the DNA

methylation cycle directly (Deth et al. 2008), or indirectly, by reducing intracellular GSH

thereby shunting homocysteine into the GSH synthetic pathway rather than the methylation

cycle (Lee et al. 2009).

An initial, so far in vitro study, has also started to address the novel hypothesis that PBDE

exposure may affect neurogenesis. It is now apparent, that at difference with previous

beliefs, functional neurons are generated throughout adult life. Adult neurogenesis, observed

in hippocampus and olfactory bulb in rodents, and only in the former region in humans

(Ming and Song, 2011; Bergman et al. 2012), is believed to be essential for cognitive

processes and synaptic plasticity (Deng et al., 2010; Ming and Song, 2011; Freund et al.

2013). Li et al. (2013) found that 6-OH-BDE-47, but not its parent compound BDE-47,

inhibited various aspects of adult neurogenesis in primary adult stem/progenitor cells

isolated from the subventricular zone of adult mice.

The issues of dose/concentration and of potential interactions

As shown in the preceding sections, PBDEs and their metabolites can alter cell signaling,

induce oxidative stress (which leads to DNA damage and apoptotic cell death), and cause a

number of other adverse biological effects. Most of these in vitro mechanistic studies have,

however, utilized micromolar concentrations of PBDEs. In contrast, levels of PBDEs in

human blood or other tissues, even in the most exposed individuals, are in the nanomolar

range. A recent study reports that average BDE-47 levels in human brain were 20 ng/g lipids

(Woods et al. 2012). Various studies in animals have reported brain levels of different

PBDEs ranging from 1 to 500 nM (Cheng et al. 2009; Reistad et al. 2006; Staskal et al.

2006; Voorspoels et al. 2006; Basu et al. 2007; Crump et al. 2008; Ta et al. 2011; Koenig et

al. 2012). Furthermore, in all in vitro studies, the observed toxic effects have been directly

correlated to the concentrations of PBDEs in the culture medium, rather than to PBDE

burden in cells. PBDEs accumulate in cells over time; accumulation is concentration-

dependent, and appears to be highest in cells of nervous system origin, where intracellular

PBDE concentrations can be two to three orders of magnitude higher than the concentration

of PBDE added to the culture medium (Mundy et al. 2004; Huang et al. 2010; Schreiber et

al. 2010; Wei et al. 2010). Wei et al. (2010) concluded that in order for in vitro experiments

to mimic realistic environmentally relevant exposures, concentrations of PBDEs should be

in the low nanomolar range. Though it has been argued that findings obtained at higher

concentrations may not be used to predict low-dose results (Myers et al. 2009), some

findings (e.g. mitochondrial toxicity in neuronal progenitor striatal cells by 1 nM BDE-49;
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Napoli et al. 2013) are somewhat reassuring, as they resemble observations obtained

utilizing higher concentrations of PBDEs.

Nevertheless, hormetic-type effects should also be considered upon exposure to low doses of

PBDEs. Hormesis is generally defined as a dose-response phenomenon characterized by

low-dose stimulation and high-dose inhibition, which may be graphically represented by a J-

or U-shaped dose response (Mattson, 2008). Such biphasic dose-response has been shown to

occur broadly in the biomedical sciences, being independent of biological model, end-point

measured, and chemical class (Calabrese, 2011). Hormesis includes the phenomenon of pre-

conditioning, in which “exposure to a low dose of an agent that is toxic at high doses,

induces an adaptive, potentially beneficial effect on the cell or organism if exposed to a

subsequent a more massive dose of the same or related stressor agent” (Calabrese et al.

2007). As said, one mechanism of PBDEs’ toxicity appears to be their ability to induce

oxidative stress, and evidence is emerging to support hormetic roles for low increases in

membrane oxidative stress (Calabrese et al. 2010). In particular, while high levels of

oxidative stress are unquestionably detrimental to mitochondria, low levels of ROS may

actually have a protective, hormetic effect, hence the term “mito-hormesis” (Tapia, 2006;

Calabrese et al. 2010; Ristow and Schmeisser, 2011). Wang et al. (2012) reported that

incubation of Hep2G human hepatoma cells with BDE-47 (0.1–10 nM) stimulated cell

proliferation, while higher concentrations had an inhibitory effect. Similar effects was also

observed in MCF-7 cells (a human breast cancer cell line) upon incubation with low (0.001–

1.0 nM) or high (>1 μM) concentrations of various PBDE congeners (Barber et al. 2006;

Llabjani et al. 2011). Increased cell proliferation at low concentrations has also been

reported for BDE-209 (5–100 nM) in various human tumor cells (Li et al. 2012).

Furthermore, pre-exposure of cells to BDE-47 (0.1–10.0 nM) appeared to decreased the

effect of a higher concentration (50 uM) on DNA damage and apoptotic cell death (Wang et

al. 2012).

Another important and practical issue to consider is that exposure to a certain PBDE does

not occur in isolation; individuals are known to be exposed to dozens of PBDE congeners,

as well to other pollutants, some of which, like the PCBs, may have similar mechanisms and

end-points of toxicity. The possibility that interactions may occur is thus a realistic scenario.

Tagliaferri et al. (2010) examined the interactions of BDE-47 and BDE-99 in human

neuroblastoma cells using oxidative stress and cytotoxicity as endpoints. Results indicated

that at relatively low concentrations of each compound (e.g. 1 μM BDE-47 and 5 μM

BDE-99) the resulting effect was synergism, while at higher concentrations (15 and 50 μM,

respectively) antagonism was observed. In HepG2 cells, BDE-47 and the flame retardant

hexabromocyclododecane were found to induce additive toxicity (apoptosis) (Hu et al.

2009). Various studies have examined the interaction between PBDEs and PCBs. He and

colleagues studied the interactions between BDE-47 and PCB-153 (both at low micromolar

concentrations) in human neuroblastoma cells utilizing oxidative stress, DNA damage, and

apoptosis as end-points (He et al. 2009; 2010; Gao et al. 2009). They found that the effects

of the PCB were mostly additive to those of the PBDEs, though in some cases there was a

synergistic interaction. More recently, Pellacani et al. (2013) investigated the interaction

between two PBDEs (BDE-47 and BDE-99) and two PCBs (PCB-153 and PCB-126) in

human neuroblastoma cells, with cytotoxicity as an end-point. The results showed that the
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nature of the interactions was related to the PCB structure. Mixtures of PCB-153 and both

PBDEs had a prevalent synergistic effect; in contrast, mixtures of each PBDE congener with

PCB-126 (a dioxin-like PCB) showed additive effects at threshold concentrations, and

synergistic effects at higher concentrations. Available in vivo evidence is corroborative of

the in vitro findings. Eriksson et al. (2006) found that combinations of PCB-52 (a non-

dioxin-like PCB congener) and BDE-99, produced enhanced neurotoxicity (compared to

each compound alone) in mice exposed on post-natal day ten. In a follow-up study (Fischer

et al. 2008), exposure of mice to BDE-99 together with methylmercury enhanced the

toxicity of the former in a more than additive manner. Another in vivo study by He et al.

(2011) showed that concomitant exposures of rats to low doses of BDE-47 and PCB-153 on

postnatal day 10 had a synergistic effect on serum T4 levels and behaviour in the Morris

maze. Also in rats, exposure to DE-71 and to Fox River mix (a mixture of several Aroclor

formulations containing multiple PCB congeners) during pregnancy, caused an additive

effect on dopamine neurochemistry and on circulating T4 levels in developing pups (Dreiem

et al. 2010; Miller et al. 2012). Altogether, these studies on mostly additive or synergistic

interactions among PBDEs, or between PBDEs and other contaminants, reinforce the notion

that the effects of multiple exposures should be taken into account in the risk assessment

process.

Conclusions and perspectives

In a previous publication (Costa and Giordano, 2007), we had indicated that many issues

needed to be investigated before a clearer picture on PBDE developmental neurotoxicity

could emerge. The past six years have seen substantial progress in many areas; however, as

it is often the case, more questions have been raised than answered. The fact that perinatal

exposure to PBDEs may adversely affect central nervous system development has been

confirmed by a number of animal studies, and in particular by the finding of associations

between PBDE body burden and behavioral effects in infants and children. The mechanisms

underlying such developmental effects remain, however, elusive. One aspect that is

emerging is that some of the metabolites of PBDEs, particularly the hydroxylated ones, may

play a significant role in developmental neurotoxicity. In some instances, hydroxylated

metabolites are more potent than the parent compounds in affecting certain end-points (e.g.

calcium homeostasis; Dingemans et al. 2010a; Kim et al. 2011), while in other situations

they exert biological effects when the parent PBDE do not (e.g. inhibition of adult

neurogenesis; Li et al. 2013).

As indicated previously (Costa and Giordano, 2007), two non-mutually exclusive modes of

action are still being investigated. The first relates to an indirect effect of PBDEs which may

be mediated by their interactions, at multiple levels, with thyroid hormone homeostasis. This

mode of action remains reasonable and plausible, though the animal and human evidence is

still contradictory, in that behavioral or biochemical changes have been reported in the

absence of any thyroid hormone effect. More attention has been recently given to potential

direct interactions of PBDEs with nerve cells. The fact that PBDEs may cause oxidative

stress has been confirmed by multiple investigators in different cell systems in vitro, as well

as in vivo. Responsible for such oxidative stress may be the ability of PBDEs to disrupt

mitochondria, though the exact molecular mechanisms need further scrutiny. PBDE-induced
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oxidative stress may lead to important adverse effects such as DNA damage and apoptotic

cell death, which have been observed in vitro, but whose in vivo significance remains to be

established. Similarly, for some of the other interesting biological effects of PBDEs

(interference with calcium homeostasis and with other signal transduction pathways, effects

of neurotransmission), most reported findings have been obtained in vitro, and there is the

need of in vivo confirmation.

One aspect that deserves much attention is that of the dose/concentration of PBDEs used in

the studies. Most often, micromolar concentrations of PBDEs are utilized in vitro; these

exceed those found in human biota, which are usual in the low to mid nanomolar range.

Though PBDEs, particularly certain congeners, have been shown to significantly accumulate

in brain cells (Mundy et al. 2004; Huang et al. 2010), there is the need to verify some of the

findings utilizing lower, environmentally relevant concentrations. In addition, the issue of

potential interactions needs to be taken into account. There are 209 PBDE congeners, and

the same number of similar PCBs; in addition, there are several other contaminants known

to be developmental neurotoxicants (Grandjean and Landrigan, 2006). The limited evidence

available so far, deriving from both in vitro and in vivo studies, indicates that interactions

between PBDEs or between PBDEs and other chemicals may result in additive if not

synergistic effects.
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Highlights

• The flame retardants PBDEs have become worldwide persistent environmental

pollutants

• Animal and human studies suggest that PBDEs may be developmental

neurotoxicants

• Underlying mechanisms may be indirect, e.g. disruption of thyroid hormones

• Direct mechanism include oxidative stress leading to DNA damage and

apoptotic cell death

• PBDE also interfere with neurotransmission and signal transduction
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Fig. 1.
Structures of some major PBDE congeners.
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Fig. 2.
Oxidative metabolism of BDE-47 by human CYP2B6. From Erratico et al. (2013) with

permission.

Costa et al. Page 31

Toxicol Lett. Author manuscript; available in PMC 2015 October 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Costa et al. Page 32

Table 1

Effects of in vivo administration of BDE-47 in mice

End-point Control BDE-47

Oxidative stress in cerebellum

Lipid peroxidation (MDA, nmol/mg protein) 3.5 ± 0.2 6.1 ± 0.3*

Reactive carbonyls (nmol/mg protein) 0.7 ± 0.1 1.3 ± 0.2*

Apoptosis in cerebellum

Cleaved caspase-3 (OD, % of control) 100 ± 5 195 ± 20*

Thyroid hormones in plasma

tT3 (ng/ml) 4.3 ± 0.7 4.6 ± 0.6

tT4 (ng/ml) 84.9 ± 3.5 80.5 ± 2.6

Male mice were treated with BDE-47 (10 mg/kg in corn-oil) by gavage on post-natal day 10, as described elsewhere (Viberg et al. 2003; Gee and
Moser, 2008). After 24 h, one mouse per litter (n =3) was chosen for measurements of lipid peroxidation, protein carbonyl levels and caspase-3
activation in cerebellum, and of total T3 and T4 in plasma. Administration of BDE-47 caused an increase in oxidative stress and apoptotic cell

death, without any changes in thyroid hormone levels. Results represent the mean (±SD) of three separate determinations;

*
Significantly different from control, p<0.05. (Costa, Giordano et al., unpublished results).
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Table 2

BDE-47-induced apoptotic cell death is modulated by intracellular glutathione

Mice Culture conditions IC50 GSH in neurons

Gclm+/+ CGNs alone 12.3 ± 3.1 7.7 ± 1.3

CGNs + Astrocytes 50.8 ± 5.1** 13.2 ± 1.5*

Gclm−/− CGNs alone 2.5 ± 0.8 0.9 ± 0.2

CGNs + Astrocytes 5.7 ± 1.3* 1.3 ± 0.3

Cerebellar granule neurons (CGNs) from either Gclm+/+ or Gclm−/− mice were incubated for 24 hours with BDE-47 alone or in the presence of
cerebellar astrocytes, in a “sandwich” co-culture system (Giordano et al. 2009a). Apoptosis was assessed by the Hoechst method, and IC50 values

(μM) were calculated from concentration-response curves utilizing 4–5 concentrations of BDE-47. Neuronal glutathione (GSH) levels are

expressed as nmol/mg proteins. Results represent the mean (± SD) of three separate determinations. CGNs from Gclm−/− mice are more

susceptible to BDE-47 toxicity because of their low GSH content. Astrocytes provide a significant degree of protection in Gclm+/+ mice as they

are capable on increasing GSH levels in neurons, while protection is much lower in Gclm−/− mice. Significantly different from CGNs alone,

*
p<0.05;

**
p<0.01. (Costa and Giordano, unpublished results).
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Table 3

Effect of the NMDA-receptor antagonist on BDE-47 neurotoxicity in vitro

End-point BDE-47 (5 μM) BDE-47 (5 μM) + MK-801 (10 μM)

Cell viability (% of control) 55 ± 6* 98 ± 8

ROS (% of control) 320 ± 65* 135 ± 20

Extracellular glutamate (% of control) 210 ± 30* 220 ±18*

Mouse cerebellar granule neurons were treated with BDE-47 in the absence or presence of the NMDA receptor antagonist MK-801. MK-801
antagonized BDE-47-induced increase in reactive oxygen species and cytotoxicity. BDE-47-induced increase in extracellular glutamate was not
antagonized by MK-801. See text for additional details. Results represent the mean (± SD) of at least three separate experiments.

*
Significantly different from control, p<0.05. (Costa, Tagliaferri et al., unpublished results).
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