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ABSTRACT

Brominated flame retardants (BFRs) are widely used chemicals that prevent or slow the onset and spreading of
fire. Unfortunately, many of these compounds pose serious threats for human health and the environment, indi-
cating an urgent need for safe(r) and less persistent alternative flame retardants (AFRs). As previous research
identified the nervous system as a sensitive target organ, the neurotoxicity of past and present flame retardants
is reviewed.

First, an overview of the neurotoxicity of BFRs in humans and experimental animals is provided, and some com-
mon in vitro neurotoxic mechanisms of action are discussed. The combined epidemiological and toxicological
studies clearly underline the need for replacing BFRs.

Many potentially suitable AFRs are already in use, despite the absence of a full profile of their environmental be-
havior and toxicological properties. To prioritize the suitability of some selected halogenated and non-
halogenated organophosphorous flame retardants and inorganic halogen-free flame retardants, the available

Neurotoxicity neurotoxic data of these AFRs are discussed. The suitability of the AFRs is rank-ordered and combined with
Risk assessment human exposure data (serum concentrations, breast milk concentrations and house dust concentrations) and
physicochemical properties (useful to predict e.g. bioavailability and persistence in the environment) for a first
semi-quantitative risk assessment of the AFRs.
As can be concluded from the reviewed data, several BFRs and AFRs share some neurotoxic effects and modes of
action. Moreover, the available neurotoxicity data indicate that some AFRs may be suitable substitutes for BFRs.
However, proper risk assessment is hampered by an overall scarcity of data, particularly regarding environmental
persistence, human exposure levels, and the formation of breakdown products and possible metabolites as well
as their toxicity. Until these data gaps in environmental behavioral and toxicological profiles are filled, large scale
use of these chemicals should be cautioned.
© 2015 Elsevier Inc. All rights reserved.

Abbreviations: AA, arachidonic acid; AChE, acetylcholinesterase; AFRs, alternative flame retardants; ALPI, aluminum diethylphosphinate; APP, ammonium polyphosphate; ATH,
aluminum trihydroxide; ATO, antimony trioxide; B35, rat neuroblastoma cells; BBB, blood-brain barrier; BCMP-BCEP, 2,2-bis(chloromethyl)-1,3-propanediol bis[bis(2-
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1. Lessons learned from the brominated flame retardants
1.1. Introduction

Through the centuries, fire has been a major cause of property dam-
age, injuries and death. Modern technologies and legislations of fire
safety standards resulted in the development of flame retardant (FR)
chemicals to prevent or slow the onset and spreading of fire.
Polychlorinated biphenyls (PCBs) were commercially introduced in the
1920s and used as FRs as well as dielectric and coolant fluids in trans-
formers, capacitors and electric motors. Following the discovery of the
adverse effects of PCBs, brominated flame retardants (BFRs) were intro-
duced as the main chemical FRs to make polyurethane foam, plastics
used in electric and electronic equipment, various textiles, etc. more
fire-resistant. Most BFRs are persistent organic pollutants (POPs) that
are (extremely) persistent, non-combustible, thermostable, lipophilic,
subject to long-range geographic transport, and resistant to both biotic
and abiotic degradation (de Wit et al., 2010). Consequently, BFRs like
polybrominated diphenyl ethers (PBDEs), tetrabromobisphenol-A
(TBBPA) and hexabromocyclododecane (HBCDD, also known as HBCD)
can be detected in human and environmental samples, which raises
concerns for the possible effects on wildlife and human health.
Nowadays, BFRs have spread globally via air and water and can even
be found in abiotic and biotic samples from the polar regions (de Wit
et al., 2010). Moreover, BFRs have been suggested to bioaccumulate in
aquatic and terrestrial food chains (Boon et al., 2002). The degree of bio-
accumulation of BFRs in fatty tissues depends on physicochemical prop-
erties like the molecular weight (MW) and octanol-water partition
coefficient (Log Kow) that determine the lipophilicity and persistence
of BFRs. Besides bioaccumulation, biotransformation is another impor-
tant biotic process that plays a key role in the toxicity of BFRs. Typically,
biotransformation results in inactivation of the toxicant and subsequent
elimination from the body. However, in some cases, biotransformation
results in the formation of metabolites that are more biologically active
than the parent compound (bioactivation), which is among others
observed for PBDEs in relation to several (neuro)endocrine and
neurodevelopmental effects (Dingemans et al., 2011).

Human exposure is due to the presence of BFRs in house dust (Abb
et al., 2011; de Wit et al., 2012; Johnson et al., 2010; Lorber, 2008;
Stapleton et al., 2012), fish (Costa and Giordano, 2011; Sjédin et al.,
2003) and other animal products, and vegetables (Domingo, 2004,
2012). The estimated average daily intake via dust consumption for

toddlers was calculated to be 3 ng/kg bw for BDE-209, 1.7 ng/kg bw
for HBCDD and 0.2 ng/kg bw for TBBPA (Abb et al., 2011; Fromme
et al., 2014a). Due to their lipophilicity, BFRs are also excreted via
human breast milk resulting in an estimated average daily exposure of
infants to 19.3 ng/kg bw for BDE-47, 1.7 ng/kg bw BDE-154 (Abdallah
and Harrad, 2014), 1 ng/kg bw TBBPA, and 35 ng/kg bw HBCDD
(Abdallah and Harrad, 2011). In addition, high concentrations of
PBDEs (e.g. up to 70 ng/g lipids for BDE-47; Qiu et al., 2009) and
TBBPA (104 ng/g lipids; Cariou et al., 2008) have been detected in
cord serum, clearly indicating the transfer of BFRs through the placental
barrier. Importantly, serious human adverse effects such as endocrine
disruption have been related to BFR exposure (for a recent review of
human PBDE exposure and associated health effects, see Linares et al.,
2015).

Recently it was shown that high levels of maternal exposure to
PBDEs may increase the risk for preterm birth (Peltier et al., 2015).
Other epidemiological studies revealed correlations between prenatal
exposure and impaired cognitive and motor function, increased atten-
tion problems, more anxious behavior, and increased withdrawal
(Adgent et al., 2014; Berghuis et al., 2013; Cowell et al., 2015;
Eskenazi et al., 2013; Herbstman and Mall, 2014; Lonky et al., 1996;
Sagiv et al.,, 2015; Winneke et al., 2013). Additional associations be-
tween PBDE exposure and adverse outcomes in the (developing) ner-
vous system, including reduced psychomotor development index and
full scale IQ performances, have been observed in (school)children
and adolescents (Chen et al., 2014; Herbstman et al., 2010; Kicinski
et al., 2012; Roze et al., 2009).

1.2. In vivo and in vitro neurotoxicity of brominated flame retardants

Effects on behavior and accompanying neurochemical changes
following BFR exposure have been extensively studied in rodents
(for classification criteria see Table 1; for an overview of in vivo and
ex vivo effects see Table 2). Mice exposed on postnatal day (PND) 10
(i.e. the peak of the brain growth spurt) to PBDEs or HBCDD develop
permanent aberrations in spontaneous behavior and habituation
capability, changes in the development of neuromotor systems, and im-
pairment of long-term potentiation (LTP) (Buratovic et al., 2014;
Dingemans et al., 2007; Eriksson et al., 2001, 2002, 2006; Johansson
et al., 2008; Maurice et al., 2015; Viberg et al., 2003a,b, 2004; Xing
et al.,, 2009). Additional analyses of brain protein levels of neonatally ex-
posed mice indicate disturbances in cholinergic (nicotinic acetylcholine

Table 1
Threshold values for classification based on neurotoxicity.
Endpoint Classification Toxicity
In vitro and zebrafish (developmental) neurotoxicity High potential (H) LOEC < 0.1 uM

Moderate potential (M)

Low potential (L)
Negligible potential (N)

In vivo neurotoxicity

Moderate potential (M)

Low potential (L)

Physico-chemical properties

Production volume

High potential (H)

Hydrophilic (H)
Lipophilic (L)
Low (LPV)

High (HPV)

ECs0/1C50/LCs0/LDsp < 0.1 uM

0.1 pM < LOEC < 1 pM

0.1 UM < ECs0/1Cs0/LCs0/LD5p < 1 puM
1uM <LOEC<10uM

1 M < ECs0/IC50/LCs0/LDsg < 10 M
LOEC 2 10 uM

ECs0/IC50/LCs0/LDsg = 10 uM
ECs0/LCs0/LDsp < 1 mg/I (or kg)

NOEC < 0.1 pM (or umol/kg bw)

LOEC < 0.1 uM (or pmol/kg bw)

1 mg/1 (or kg) < EC50/LCs0/LDsp < 10 mg/1 (or kg)
0.1 uM < NOEC < 1 uM (or pmol/kg bw)
0.1 uM < LOEC < 1 uM (or pmol/kg bw)
ECs0/LCs0/LDso > 10 mg/1 (or kg)

1 uM < NOEC < 10 uM (or pmol/kg bw)
1 uM < LOEC < 10 uM (or pmol/kg bw)
Log Kow <2

Log Kow > 2

10-1000 t/year

>1000 t/year

LOEC: lowest observed effect concentration; LDsy: half maximal lethal dose; ECsqo: half maximal effective concentration; LCso: half maximal lethal concentration; ICsq: half maximal inhi-
bition concentration; NOEC: no observed effect concentration; Log Kow: octanol-water partition coefficient.



250 H.S. Hendriks, R.H.S. Westerink / Neurotoxicology and Teratology 52 (2015) 248-269

Table 2
In vivo and ex vivo neurotoxic effects of some brominated flame retardants in rodents and zebrafish.
Compound Effect LOEC Exposure and species Classification” Reference
(umol/kg bw)
Behavioral effects
BDE-47 Altered spontaneous behavior after two months 14 Single oral exposure NMRI mice on PND 10 L Eriksson et al. (2001)
Altered spontaneous behavior after two months 1.77 Single oral exposure C57BL/6 mice on PND 10 L Gee and Moser (2008)
BDE-71 Decreased rearing in offspring at PND 110 53 Wistar rat dam exposure via dosing cookie L Bowers et al. (2015)
from GD 1 to PND 21
BDE-99 Altered spontaneous behavior after two months 14 Single oral exposure NMRI mice on PND 10 L Eriksson et al. (2001)
Altered spontaneous behavior after seven days 14 Single oral exposure NMRI mice on PND 3,10, L Eriksson et al. (2002)
or 19
Altered learning and memory functions after four 14 Single oral exposure NMRI mice on PND 10 L Eriksson et al. (2001)
months
BDE-153 Altered spontaneous behavior after two months 14 Single oral exposure NMRI mice on PND 10 L Viberg et al. (2003a)
Altered learning and memory functions after six 14 Single oral exposure NMRI mice on PND 10 L Viberg et al. (2003a)
months
BDE-209 Altered spontaneous behavior after two months 21 Single oral exposure NMRI mice on PND 3 L Viberg et al. (2003b)
Altered spontaneous behavior after two months 2.3 Single oral exposure NMRI mice on PND 3 L Johansson et al. (2008)
HBCDD Altered spontaneous behavior after three months 14 Single oral exposure NMRI mice on PND 10 L Eriksson et al. (2006)
Altered learning and memory functions after three 14 Neonatal exposed NMRI mice L Eriksson et al. (2006)
months
o-HBCDD Altered short-term behavioral deficits after four weeks ~ 0.03 Wistar rat dam daily oral exposure from GD 0 H Maurice et al. (2015)
to PND 21
TBBPA Altered spontaneous behavior 3 h after exposure 0.18 Acute oral exposed ddY mice M Nakajima et al. (2009)
Effects on synaptic plasticity
BDE-47 Reduced LTP on PND 17-19 14 Single oral exposure C57BI/6 mice on PND 10 L Dingemans et al. (2007)
BDE-209 Reduced LTP in offspring on PND 60 20 Dam Wistar rats from PND 1 to weaning L Xing et al. (2009)
Reduced LTP on PND 60 20 Oral exposure Wistar rats from PND 3 to L Xing et al. (2009)
weaning
Reduced LTP on PND 60 20 Daily after weaning during 20 days L Xing et al. (2009)
Reduced LTP on PND 60 20 Dam Wistar rats from PND 1 to weaning and L Xing et al. (2009)
pups subsequent daily oral after weaning
during 20 days
TBBPA Altered synaptic plasticity, not significant on PND 17-19 211 Single exposure C57BI/6 mice on PND 10 L Hendriks et al. (2014a)
Effects on neurotransmitter systems
BDE-71 Decreased GABA-R, increase GIuR after five months 53 Daily exposure of four month old C57Bl/6] L Bradner et al. (2013)
mice during 30 days
BDE-47 Decreased GluR subunits and CAMK-II on PND 17-19 14 Single oral exposure C57Bl/6 mice on PND 10 L Dingemans et al. (2007)
BDE-99 Decreased nACh-R after four months 21 Single oral exposure NMRI mice on PND 10 L Viberg et al. (2004)
Decreased nACh-R after two months 14 Single oral exposure NMRI mice on PND 10 L Viberg et al. (2002)
BDE-153 Decreased nACh-R after six months 14 Single oral exposure NMRI mice on PND 10 L Viberg et al. (2003a)
BDE-209 Decreased nACh-R after four months 14 Single oral exposure NMRI mice on PND 3 L Johansson et al. (2008)
Increase CAMK-II, increase and decrease GAP-43 on 21 Single oral exposure NMRI mice on PND 3 L Viberg et al. (2008)
PND 10
Increased synaptophysin on PND 10 21 Single oral exposure NMRI mice on PND 3 L Viberg (2009)
Effects on zebrafish LOEC (nM)
6-MeO-BDE-47 Altered spontaneous movement at 72 hpf 10 Zebrafish embryos exposure 4-120 hpf N Zheng et al. (2012)
6-OH-BDE-47  Altered spontaneous movement at 72 hpf 2 Zebrafish embryos exposure 4-120 hpf L Zheng et al. (2012)
Decreased locomotor activity at 6 dpf 0.05 Zebrafish embryos and larvae exposure 0-6 dpf H Macaulay et al. (2015)
Increased fear or anxiety at 45 dpf 0.001 Zebrafish juvenile exposure 0-6 dpf H Macaulay et al. (2015)
Increased swimming activity at 6 dpf 0.05 Zebrafish larvae exposure 0-6 dpf H Macaulay et al. (2015)
BDE-47 Altered cerebrospinal fluid movement at 96 hpf 10 Zebrafish larvae exposure 3-5 hpf N Lema et al. (2007)
Hypoactivity at 5 dpf 1 Zebrafish embryos exposure 3-5 hpf L Zhao et al. (2014)
Altered spontaneous movement at 27 hpf 1 Zebrafish embryos exposure 6-27 hpf L Chen et al. (2012)
Decreased locomotor activity at 6 dpf 4 Zebrafish larvae 0.5-2.5 h after exposure L Jarema et al. (2015)
Developmental toxicity at 6 dpf 28 Zebrafish larvae exposure 1-5 dpf N Behl et al. (2015)
Decreased locomotor activity at 6 dpf 4 Zebrafish larvae exposure 1-5 dpf L Jarema et al. (2015)
BDE-209 Altered neurologic pathways at 8 dpf Spiked Zebrafish larvae exposure 4 hpf-8 dpf Garcia-Reyero et al.
12.5 mg/kg (2014)
sediment
HBCDD Malformations at 120 hpf 0.02 Zebrafish larvae exposure 4-120 hpf H Du et al. (2012)
TBBPA Altered locomotor activity at 6 dpf 1.2 Zebrafish larvae 0.5-2.5 h after exposure L Jarema et al. (2015)
Developmental toxicity at 6 dpf 4.6 Zebrafish larvae exposure 1-5 dpf L Behl et al. (2015)
Malformations at 8 dpf 0.7 Zebrafish embryos and larvae exposure for M Wau et al. (2015)
eight days

LOEC: lowest observed effect concentration; PND: postnatal day; GD: gestational day; hpf: hours post fertilization; dpf: days post fertilization. Note: studies showing negative effects are in

general not included in this overview.
* Classification follows the classification criteria shown in Table 1.

receptor (nACh-R) and muscarinic acetylcholine receptor (mACh-R)),
GABAergic (y-aminobutyric acid receptor; GABA-R) and glutamatergic
(glutamate receptor, GluR) neurotransmitter systems (Bradner et al.,
2013; Buratovic et al., 2014; Dingemans et al., 2007; Johansson et al.,
2008; Viberg et al., 2002, 2003a, 2008; Viberg, 2009). On the other

hand, exposure of mice to TBBPA on PND 10 does not cause significant
changes in the studied behavioral parameters (Eriksson et al., 2001)
or synaptic protein levels (Hendriks et al., 2014a), and exerts only
minor effects on LTP in mice (Hendriks et al., 2014a). A reproductive,
developmental and neurobehavioral study also did not reveal
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(neuro)developmental effects at exposure doses up to 1000 mg/kg bw/
day (Cope et al., 2015). However, TBBPA exerts numerous cellular ef-
fects (see below) as well as behavioral effects in mice following acute
TBBPA exposure (Nakajima et al., 2009), leaving the debate regarding
the (developmental) neurotoxicity of TBBPA unresolved.

In recent years, the zebrafish (Danio rerio) has become an increas-
ingly popular vertebrate animal model for investigating (developmen-
tal) neurotoxicity due to the similarities in genetic properties and
fundamental processes of neurodevelopment compared with mammals
(Bailey et al., 2013; Tropepe and Sive, 2003). Consequently, develop-
mental neurotoxicity research using zebrafish is becoming increasingly
common in behavioral neuroscience and behavioral neurotoxicology.
For example, it has been shown that BDE-209 affects expression of neu-
rological pathways and alters behavior of larvae (Garcia-Reyero et al.,
2014), whereas parental chronic low dose exposure affects growth
and reproduction, and elicits neurobehavioral alternations in offspring
(He et al., 2011). Exposure to BDE-47 and its metabolite 6-OH-BDE-47
also affects the locomotion behavior of zebrafish (both larval and
juvenile) (Chen et al., 2012; Chou et al., 2010; Jarema et al., 2015;
Lema et al., 2007; Macaulay et al., 2015; Zhao et al., 2014; Zheng et al.,
2012). An overview of neurotoxic effects of BFRs on zebrafish is
shown in Table 2.

Mechanisms underlying the developmental and behavioral effects
associated with BFR exposure have been further unraveled using
in vitro studies (for a detailed review see Costa et al., 2013). As shown
in Table 3, several studies reported BFR-induced cytotoxicity in neuro-
nal cells as a result of disruption of (mitochondrial) Ca? *-homeostasis
and increased formation of reactive oxygen species (ROS) resulting in
damage of DNA, proteins and membrane lipids, and ultimately apopto-
sis (Al-Mousa and Michelangeli, 2012; He et al., 2009; Hendriks et al.,
2014b; Huang et al., 2010; Jiang et al., 2012; Xing et al., 2010; Zhang
etal., 2010,2013). Since Ca? ™ is essential for neuronal function and sur-
vival, effects of BFRs on Ca?-homeostasis are well-studied. For exam-
ple, BFRs have been shown to inhibit voltage-gated calcium channels
(VGCCs) resulting in decreased Ca?* influx into the cell and reduced
neurotransmitter secretion (Dingemans et al., 2008, 2009, 2010;
Hendriks et al., 2012a, 2014b). Additionally, BFR-induced inhibition of
voltage-gated sodium channels (VGSCs), which play a pivotal role in de-
polarization of the membrane, may contribute to attenuation of action
potential generation in neurons (Xing et al., 2010). In line with these
studies, it was recently shown using multi-well microelectrode array
(MEA) recordings that BDE-47 reduces the mean firing rate of a rat neu-
ronal (cortical) network (Behl et al., 2015).

On the other hand, BFRs can increase the intracellular Ca> " concen-
trations ([Ca®™];) via the release of Ca®>™ from intracellular stores
(e.g. from the endoplasmic reticulum (ER) and mitochondria) (Costa
and Giordano, 2007; Dingemans et al., 2009, 2011; Fonnum and
Mariussen, 2009; Hendriks et al., 2012a), potentially resulting in the re-
lease of cytochrome c and activation of caspases ultimately resulting in
cell death (Hendriks et al., 2012a; Yu et al., 2008; Zhang et al., 2013). The
BFR-induced release of Ca>* from intracellular stores appears mediated
by direct activation of inositol-1,4,5-trisphosphate (IP;) receptors
(Gassmann et al., 2014) as well as activation of ryanodine receptors
(RyR) on the ER (Kim et al., 2011). Other studies also showed BFR-
induced translocation of the second messenger protein kinase C (PKC),
stimulation of mitogen-activated protein kinase (MAPK) pathways,
and activation of phospholipase A (PLA), which results in arachidonic
acid (AA) release (Fan et al., 2010; Kodavanti and Derr-Yellin, 2002;
Kodavanti and Ward, 2005; Madia et al., 2004). AA can subsequently
be oxidized and modified into eicosanoids (‘messenger molecules’) or
diffuse into the nucleus and interact with transcription factors to control
DNA transcription (Striggow and Ehrlich, 1997).

Though (post)synaptic neurotransmitter receptor function is also
essential for proper neurotransmission, effects of BFRs on these systems
are less studied. Few studies have shown that TBBPA acts as full and par-
tial agonist on the inhibitory GABAA-R, while it also acts as antagonist on

the excitatory o3>, nACh-R (Hendriks et al., 2012a,b). These opposite
effects on GABAA-R and 43, nACh-R may add up in vivo, resulting in
disequilibrium between excitatory and inhibitory systems. Since both
GABAA-R and a3, nACh-R play an important role in LTP and other
forms of synaptic plasticity, these mechanisms may also (partly) under-
lie the observed neurobehavioral and neurodevelopmental effects.
Moreover, during early brain development (but not at other develop-
mental stages), the GABA-R acts as an excitatory receptor (D'Hulst
et al., 2009), potentially resulting in different effects at different life
stages.

Importantly, several studies indicate that oxidative metabolism can
increase the neurotoxic potential of PBDEs. For example, several neuro-
nal cell lines exposed to the hydroxylated PBDE metabolite 6-OH-BDE-
47 show alterations in cytotoxicity, Ca?*-homeostasis, neurotransmit-
ter release, and RyR activation at much lower concentration than the
parent compound (Dingemans et al., 2008, 2010; Gassmann et al.,
2014; Kim et al,, 2011; Li et al., 2013). The increased neurotoxic poten-
tial of OH-PBDE:s is also evident for neurotransmitter receptors; 6-OH-
BDE-47 is able to act as full and partial agonist on the GABAA-R and as
antagonist on the a3, nACh receptor, whereas BDE-47 is not effective
(Hendriks et al., 2010). From these studies it is clear that bioactivation
should be included in (human) risk assessment of (alternative) flame
retardants.

1.3. Risk assessment and conclusions

For risk assessment purposes, chemicals can be classified according
to the potential harm that they may cause, for example using the Toxic
Equivalency Factor concept for PCBs, polychlorinated dibenzodioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs) (Van den Berg
et al., 1998). However, several in vitro neurotoxicity endpoints cannot
be classified using one of the existing classification schemes because
the lack of complete concentration-response curves obviates the deter-
mination of e.g. half maximal effective concentration (ECsp) values to de-
termine relative potencies for a given (in vitro) neurotoxic effect. In
order to still provide potencies for both BFRs and alternative flame retar-
dants (AFRs, see Section 2), we defined threshold values for classifica-
tion of neurotoxicity data based on the classification criteria of Hamers
et al. (2006), and the European Union REACH regulations (European
Union, 2006; European Union, 2008) (Table 1). Following our classifica-
tion criteria, the available data on the selected endpoints (in vivo neuro-
toxicity, zebrafish neurotoxicity, in vitro neurotoxicity, effects on
acetylcholinesterase (AChE), and/or effects on neuropathy target ester-
ase (NTE)) were ranked as having a high, moderate, low or negligible
neurotoxic potential (the latter applies only for in vitro and zebrafish
neurotoxicity) and combined to derive the final neurotoxic potential.
As a result, our classification is also applicable for studies presenting
lowest observed effect concentrations (LOECs), no observed effects con-
centrations (NOECs), half maximal lethal concentration (LCsg), half
maximal inhibition concentration (ICsq), and half maximal lethal dose
(LDsp) values. Recently, comparable classifications to rank the neurotox-
icity of AFRs compared to BFRs in an objective and uniform manner have
also been used in zebrafish studies (Behl et al., 2015; Jarema et al., 2015).

As can be concluded from the mentioned in vivo studies, BFRs exert
several neurotoxic effects including altered spontaneous behavior and
habituation capability, changed neuromotor system development, dis-
turbed neurotransmitter systems, and impairment of LTP. As summa-
rized in Fig. 1, mechanisms of action as observed in in vitro studies
include decreased cell viability, increased ROS formation, disturbed
Ca?"-homeostasis and differential effects on neurotransmitter receptor
function. A possible net result of the differential effects on neurotrans-
mitter receptor function is reduced neuronal activity and neurotrans-
mitter secretion (also see Behl et al., 2015). On the other hand, Ca®*
release from intracellular stores may result in a temporary increase in
neurotransmitter secretion as well as increased ROS formation and acti-
vation of apoptosis. These modes of action may (partly) underlie the
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reported ex vivo reduction in LTP and in vivo behavioral effects as well as
the observed correlations between BFRs and impaired cognitive and
motor functioning in children and adolescents. Based on the classifica-
tion as shown in Tables 2 and 3, the neurotoxicity of BFRs is frequently
classified as low or even negligible. However, it should be noted that for
a full toxicological profile these data have to be combined with other
(toxicity) studies, including for example the earlier mentioned potent
effects on the endocrine system. Additionally, for many BFRs, environ-
mental fate and/or bioaccumulation are also factors of concern that
argue for replacing BFRs with less persistent AFRs.

BFRs are widely used to reduce the likelihood of ignition of materials
and/or decrease the rate of combustion, thereby increasing consumer
safety. However, several significant disadvantages for human health
are recognized and it remains therefore debated whether the fire safety
benefits justify the environmental and human health risks (see e.g.
Jinhui et al., 2015; Shaw et al., 2010). Whether a BFR is of concern for
human health and the environment depends on several factors, includ-
ing the abundance in the environment, the physicochemical properties
of the compound, human plasma concentrations, toxicokinetics, extrap-
olation of experimental in vitro and in vivo data to the human situation,
etc. In the case of infants and toddlers, the possible risks for their devel-
oping brain is evident as a result of high exposure via dust and breast
milk, which is also confirmed by the high concentrations in cord
serum. The combined experimental and epidemiological studies clearly
underline the need for replacing (some) BFRs by less toxic and less per-
sistent AFRs. In addition, the lessons learned from the adverse effects of
BFRs and factors involved in risk assessment indicate the need for a full
(eco)toxicological risk assessment before new AFRs are commercially
introduced on the market.

2. Neurotoxicity and risk assessment of alternative flame retardants

Considering the toxicological and ecological concerns associated
with the wide application of PCBs and BFRs, there is a clear need to re-
place these compounds by safe(r) and less persistent alternatives. De-
pending on their application and molecular constituents, alternative
flame retardants (AFRs) can be divided into several categories, includ-
ing inorganic FRs and synergists (chemicals incorporated together
with e.g. an inorganic FR to obtain efficient FR systems) as well as halo-
genated and non-halogenated organophosphorous FRs (OPFRs) and
their salts (see Table 4). The selection of AFRs discussed in this review
that may be suitable as alternatives for the commonly used BFRs is
based on their application (mainly electrical appliances, furniture and
textiles) and suggestion by the industry. Mixtures like FireMaster© (a
mixture of brominated and organophosphate flame retardants, see e.g.
the recent studies by Bailey and Levin, 2015; Dishaw et al., 2014) are
not included. For uniformity with other studies, we used abbreviations
following the standards of Bergman et al. (2012).

Despite regulations like REACH (Registration, Evaluation, Authoriza-
tion, and Restriction of Chemical substances), several AFRs have already
been marketed without having a full profile of their environmental be-
havior and toxicological properties. The available data on the physical-
chemical properties, production volumes, persistence, bioaccumulation,
and toxicity of a subset of AFRs have recently been reviewed and illus-
trates big data gaps (Bergman et al., 2012; van der Veen and de Boer,
2012; Waaijers et al., 2013). Considering the general lack of data regard-
ing the toxicity of AFRs and that the nervous system is a sensitive target
organ for BFRs, it is essential to assess the (neuro)toxic potential of AFRs
for a number of critical, established toxicological and biological end-
points before large scale use. Available neurotoxicity data of the selected
AFRs (Table 4) are summarized and discussed below, with strong em-
phasis on studies that did show adverse effects and largely excluding
studies with negative results. For most AFRs discussed in this review,
available data on eco- and in vivo toxicity, environmental occurrence,
persistence, and bioaccumulation have been reviewed elsewhere

(Bergman et al.,, 2012; van der Veen and de Boer, 2012; Waaijers et al.,
2013; Wei et al., 2015) and is not specifically addressed in this review.

2.1. Neurotoxicity of halogen-free organophosphorous flame retardants

An overview of the (neuro)toxicity and exposure data as discussed
below is presented in Tables 5 and 6. The last column of Table 5 presents
the overall neurotoxic potential, which is derived from the highest
in vitro, zebrafish and/or in vivo neurotoxic potential and findings on
acetylcholinesterase (AChE) and neuropathy target esterase (NTE,
both major targets for organophosphates). Threshold values for classifi-
cation of the data are based on the criteria as shown in Table 1.

2.1.1. Aluminum diethylphosphinate (ALPI, CAS nr 225789-38-8)

Data on ALPI levels in dust, breast milk or human serum concentra-
tions are currently not available. The hydrophilicity of ALPI (Log Kow of
—0.4, see Table 1) hampers absorption in the gut as well as passage
across blood-brain- and placental barriers, likely resulting in a very
low bioavailability. A recent toxicokinetic study confirms that only a
small amount of the administered ALPI dose is absorbed by the gastro-
intestinal tract, and that the major part is excreted via feces (European
Chemicals Agency, 2015). Though half-lives (t;2) were not reported,
ALPI is no longer detected in feces and/or urine after 36 h. One in vivo
study reported a low toxicity based on lethal doses (LD) for oral, dermal
or inhalation exposure of rats (oral LDsy > 2000 mg/kg; U.S.
Environmental Protection Agency (EPA), 2008). In a recent ex vivo
case study, no effects on long-term potentiation (LTP) and synaptic pro-
tein levels in mouse hippocampus have been observed in mice receiving
a single ALPI exposure (211 pmol (82 mg)/kg bw) on PND 10 (Hendriks
et al,, 2014a). Also in in vitro neurotoxicity tests ALPI is classified as hav-
ing a negligible neurotoxic potential on cytotoxicity (LOEC > 279 uM),
ROS formation (LOEC 140 uM) and Ca?*-homeostasis (LOEC 279 pM)
in PC12 and B35 cells, and nACh-R modulation (LOEC 27.9 uM)
(Hendriks et al., 2012b, 2014b). It should be noted that a metal-based
phosphorous flame retardant may dissociate into its ion constituents
under some conditions, although it is unlikely that the levels of alumi-
num become high enough to cause serious health concerns. Although
additional data, in particular regarding human exposure levels, break-
down products and possible metabolites, the persistence in the environ-
ment, etc., are required to determine the human risk associated with the
use of ALPI, the (very) low observed in vitro and in vivo toxicity indicate
an overall low neurotoxic potential and suggests ALPI could be a suit-
able alternative FR.

2.1.2. Bisphenol A bis(diphenyl phosphate) (BPA-BDPP, CAS nr 5945-33-5)

BPA-BDPP is relatively ubiquitous in house dust samples as well as
dust samples from cars and electronic stores (see Table 6;
Ballesteros-Gomez et al., 2014; Brandsma et al., 2013). Though toxico-
logical data on BPA-BDPP are limited, in vivo toxicity in rats has been
classified as low (LDso > 2000 mg/kg) (reviewed in Waaijers et al.,
2013). Due to its lipophilicity (Log Kow < 6, see Table 1), BPA-BDPP is ex-
pected to bind to serum proteins, likely resulting in a low free concen-
tration and poor excretion from the human body. One of the
degradation products of BPA-BDPP appears to be bisphenol-A, which
is a low potency endocrine disruptor that affects multiple reproductive
endpoints as well as (indirectly) immune function and brain develop-
ment (Maine, 2007). It has also been suggested that tris(phenyl) phos-
phate (TPHP)-like compounds may be formed as breakdown products
and that the commercial product may contain up to 5% TPHP as impuri-
ty (Clean Production Action et al., 2007; Umwelt Bundes Amt, 2001). As
mentioned for BFRs, degradation and metabolism are important factors
to include in the risk assessment of FRs as it is well known that metab-
olites can be more toxic than the parent compound. The in vitro neuro-
toxicity of BPA-BDPP is classified as negligible as it induces only minor
cytotoxicity in PC12 and B35 cells (LOEC 100 puM), minor effects on the
depolarization-evoked increase in [Ca®™]; in PC12 cells (LOEC 10 pM)
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Table 3
In vitro neurotoxic effects of brominated flame retardants.
Compound Effect Effect Test system Classification” Reference
concentration
(uM)
Cytotoxicity
BDE-47 Decreased cell viability 5 MTT, SH-SY5Y cells L He et al. (2009)
Decreased cell viability 11 (ICs0) MTT, mouse cerebellar granule neurons N Huang et al. (2010)
Decreased cell viability 12.1 (ICsp) MTT, SK-N-MC cells N Pellacani et al. (2012)
Decreased cell viability 5.7 Counted total cell number, human L Behl et al. (2015)
neuroprogenitor cells
BDE-99 Decreased cell viability 15.7 (ICsp) MTT, mouse cerebellar granule neurons N Huang et al. (2010)
Decreased cell viability 30.8 (ICso) MTT, SK-N-MC cells N Pellacani et al. (2012)
BDE-100 Decreased cell viability 4.5 (ICsp) MTT, mouse cerebellar granule neurons L Huang et al. (2010)
BDE-153 Decreased cell viability 19.9 (ICsp) MTT, mouse cerebellar granule neurons N Huang et al. (2010)
BDE-209 Decreased cell viability 28 (LCso) MTT, SH-SY5Y cells N Al-Mousa and Michelangeli
(2012)
Decreased cell viability 10.4 MTT, neonatal rat hippocampal neurons N Chen et al. (2010)
Decreased cell viability >50 (ICs0) MTT, mouse cerebellar granule neurons N Huang et al. (2010)
Decreased cell viability 10 MTT, rat hippocampal neurons N Zhang et al. (2010)
TBBPA Decreased cell viability 15 (LCs0) MTT, SH-SY5Y cells N Al-Mousa and Michelangeli
(2012)
Decreased cell viability 100 NR, B35 cells N Hendriks et al. (2012a)
Decreased cell viability 100 AB and NR, PC12 cells N Hendriks et al. (2012a)
Decreased cell viability 47 In-cell Western analysis, mouse embryonic stem cells N Behl et al. (2015)
Decreased cell viability 15.3 Counted total cell number, human neuroprogenitor N Behl et al. (2015)
cells
HBCDD Decreased cell viability 2.7 (LCso) MTT, SH-SY5Y cells L Al-Mousa and Michelangeli
(2012)
Decreased cell viability 20 MTT, PC12 cells N Dingemans et al. (2009)
Decreased cell viability 10 WST-1, SK-N-SH cells N Genskow et al. (2015)
ROS production
BDE-47 Increase ROS 1 H,-DCFDA, mouse cerebellar granule neurons L Huang et al. (2010)
Increase ROS 5 DCFH-DA, SH-SY5Y cells L Jiang et al. (2012)
BDE-99 Increase ROS 1.5 H,-DCFDA, mouse cerebellar granule neurons L Huang et al. (2010)
BDE-100 Increase ROS 0.5 H,-DCFDA mouse cerebellar granule neurons M Huang et al. (2010)
BDE-153 Increase ROS 2.5 H,-DCFDA mouse cerebellar granule neurons L Huang et al. (2010)
BDE-209 Increase ROS 104 Immunofluorescent staining, neonatal rat N Chen et al. (2010)
hippocampal neurons
Increase ROS 1 H,-DCFDA, PC12 cells L Hendriks et al. (2014b)
Increase ROS 50 H,-DCFDA, mouse cerebellar granule neurons N Huang et al. (2010)
Increase ROS 10 H,-DCFDA, rat hippocampal neurons N Zhang et al. (2010)
TBBPA Increase ROS 5 DCFH-DA, SH-SY5Y cells L Al-Mousa and Michelangeli
(2012)
Increase ROS 10 H,-DCFDA, B35 cells N Hendriks et al. (2012a)
Increase ROS 10 H,-DCFDA, PC12 cells N Hendriks et al. (2012a)
HBCDD Increase ROS 3 DCFH-DA, SH-SY5Y cells L Al-Mousa and Michelangeli
(2012)
Ca?*-homeostasis
6-OH-BDE-47 Increase [Ca® ™|, originating from 1 Single-cell fluorescent microscopy, PC12 cells L Dingemans et al. (2008)
intracellular stores
BDE-209 Increase [Ca®*];, originating from 20 Single-cell fluorescent microscopy, SH-SY5Y cells N Al-Mousa and Michelangeli
intracellular stores (2012)
TBBPA Increase [Ca® ™ ];, originating from 20 Single-cell fluorescent microscopy, SH-SY5Y cells N Al-Mousa and Michelangeli
intracellular stores (2012)
Increase [Ca®™|;, originating from 10 Single-cell fluorescent microscopy, B35 cells N Hendriks et al. (2012a)
intracellular stores
Increase [Ca®*];, originating from 10 Single-cell fluorescent microscopy, PC12 cells N Hendriks et al. (2012a)
intracellular stores
HBCDD Increase [Ca®™|;, originating from 10 Single-cell fluorescent microscopy, SH-SY5Y cells N Al-Mousa and Michelangeli
intracellular stores (2012)
Other intracellular signaling pathways
6-OH-BDE-47 Activation IP; receptor 0.2 Primary fetal human neural progenitor cells M Gassmann et al. (2014)
BDE-47 Increase p53 mRNA levels 1 mRNA levels in SH-SY5Y cells L Zhang et al. (2013)
Increase cytochrome ¢ mRNA levels 10 mRNA levels in SH-SY5Y cells N Zhang et al. (2013)
Increase caspase-3 mRNA levels 5 mRNA levels in SH-SY5Y cells L Zhang et al. (2013)
BDE-71 Arachidonic acid release by activating 18 [2H]AA labeled rat cerebellar granule neurons N Kodavanti and Derr-Yellin
PLA; pathway (2002)
PKC translocation 5 3H-PDBu binding, rat cerebellar granule neurons L Kodavanti and Ward (2005)
Inhibited Ca®* uptake by microsomes 5 45Ca?* uptake by microsomes and mitochondria L Kodavanti and Ward (2005)
and mitochondria isolated from rat brain
Increase caspase-3, -8 and -9 activity 25.6 Caspase assay kit from Keygen, SK-N-SH cells N Yu et al. (2008)
BDE-77 MAPK activation 3 Adult male rat brain L Fan et al. (2010)
BDE-95 Activation RyR 10 [>H]ryanodine binding, HEK293 cells N Kim et al. (2011)
BDE-99 MAPK activation 10 Western blot, rat cerebellar granule neuronal cells N Fan et al. (2010)
PKC translocation 100 Western blot, 132-1N1 human astrocytoma cells N Madia et al. (2004)

(continued on next page)
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Table 3 (continued)

Compound Effect Effect Test system Classification” Reference
concentration
(uM)
Other intracellular signaling pathways
BDE-153 MAPK activation 1 Western blot, rat cerebellar granule neuronal cells L Fan et al. (2010)
TBBPA Increase caspase-3 activity 10 Casp3F kit from Sigma-Aldrich, PC12 cells N Hendriks et al. (2012a)
VGCCs and VGSCs
BDE-209 Inhibition VGSCs 0.1 Electrophysiology, rat hippocampal neurons M Xing et al. (2010)
TBBPA Inhibition VGCCs 1 Single-cell fluorescent microscopy, B35 cells L Hendriks et al. (2012a)
Inhibition VGCCs 1 Single-cell fluorescent microscopy, PC12 cells L Hendriks et al. (2012a)
HBCDD Inhibition VGCCs 2 Single-cell fluorescent microscopy, PC12 cells L Dingemans et al. (2009)
Neurotransmitter receptors
6-OH-BDE-47 Full and partial agonist GABAA-R 1 Neurotransmitter receptors expressed in Xenopus L Hendriks et al. (2010)
oocytes
Antagonist nACh-R 1 Neurotransmitter receptors expressed in Xenopus L Hendriks et al. (2010)
oocytes
BDE-209 Antagonist nACh-R 10 Neurotransmitter receptors expressed in Xenopus N Hendriks et al. (2012b)
oocytes
TBBPA Full and partial agonist GABAs-R 0.1 (partial) and 10  Neurotransmitter receptors expressed in Xenopus M/N Hendriks et al. (2012a)
(full) oocytes
Antagonist nACh-R 10 Neurotransmitter receptors expressed in Xenopus N Hendriks et al. (2012a)

oocytes

AB: Alamar Blue; B35 cells: rat neuroblastoma cells; H,-DCFDA: 2’,7'-dichlorofluorescin diacetate; HEK cells: human embryonic kidney cells; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; NR: neutral red; WST-1: cytotoxicity assay kit; p53: tumor suppressor p53; PC12 cells: pheochromocytoma cells; *H-PDBu: 4-3->H-phorbol 12,13-
dibutyrate; SH-SY5Y cells: human neuroblastoma cells; SK-N-MC cells: human neuronal epithelioma cells; SK-N-SH cells: human neuroblastoma cells. Note: studies showing negative

effects are in general not included in this overview.
* Classification follows the classification criteria shown in Table 1.

and does not affect the nACh-R (Hendriks et al., 2014b). Due to the lim-
ited available studies, there is not enough data to classify the neurotoxic
potential of BPA-BDPP. Considering the breakdown products, impurity
and presence in (house) dust, additional data including information
on bioavailability, toxicokinetics and human exposure are clearly need-
ed to obtain a full toxicological profile for proper risk assessment.

2.1.3. Resorcinol bis(diphenyl phosphate) (BPDPP, CAS nr 57583-54-7)

BPDPP is widely present in dust samples from houses, cars and elec-
tronic stores (Brandsma et al., 2013; Fan et al,, 2014; Yang et al., 2014).
In vivo studies report that BPDPP induces no adverse teratogenic and de-
velopmental effects (at concentrations up to 20,000 mg/kg diet)
(Henrich et al., 2000; Ryan et al., 2000) and does not exert effects on
the activity of NTE (chronic exposed hens, 2000 mg/kg bw) (European
Chemicals Agency, 2015). There are however some contradictory effects
reported on inhibition of monocyte non-specific esterase activity
(European Chemicals Agency, 2015). Only one study reports the metab-
olism and toxicokinetics of BPDPP in rats and monkeys, which corre-
spondents with a t;; of 2.4 days in rats and 5.2 days in monkeys
following intravenous administration (Freudenthal et al., 2000).
Comparable to BPA-BDPP, BPDPP is lipophilic (Log Kow 4.9) and is con-
sequently expected to bind to serum proteins. In vitro, BPDPP inhibits
043> nACh receptors (LOEC 100 uM) (Hendriks et al., 2012b) and
depolarization-evoked Ca?* in PC12 cells (LOEC 1 uM), though it is clas-
sified as having a low neurotoxic potential (Hendriks et al., 2014b).
BPDPP may also contain up to 5% TPHP as impurity (Clean Production
Action et al., 2007; Umwelt Bundes Amt, 2001) and TPHP-like products
may be formed as a breakdown product, which may explain the ob-
served small antagonistic effects on as3> nACh receptors (Hendriks
et al,, 2012b). Based on the available data, BPDPP is classified as having
a low neurotoxic potential and could be a suitable alternative.

2.1.4. Diphenylcresylphosphate (DCP, CAS nr 26444-49-5)

Data on DCP levels in dust, breast milk or human serum concen-
trations are currently not available. Repeated oral dosing of hens
(2.5 mg/kg/day during three to ten weeks) does not result in clinical
or clear histological signs of neuropathy (Bayer Material Science,
2010; Johnson and Lotti, 1980; Lotti and Johnson, 1980). In rats intra-
peritoneal exposed to a commercial DCP preparation (300 mg/kg), no

effects on the activities of cerebral and muscle acetylcholine esterase
are observed after 24 h (Vainiotalo et al., 1987). However, following
a two-week observation period, brain 2’,3’-cyclic nucleotide 3’-
phosphohydrolase (CNPase, a myelin-associated enzyme) is inhibited
and associated with peripheral nerve demyelination (Vainiotalo et al.,
1987). In the study by Sprague and Castles (1985), DCP does not inhibit
hen brain NTE activity in vitro in the absence of metabolic activation up
to 100 uM. However, NTE activity is markedly inhibited after metabo-
lism with rat liver microsomes (ICsqg 6.2 uM). This adverse effect has
been confirmed in adult hens exposed to 10 mg/kg DCP, which show
inhibited brain NTE 24 h after exposure. Overall, DCP has a low neuro-
toxic potential and could be a suitable alternative. However, inhalation
toxicity in sheep is relatively high (LCso > 0.37 mg/m>/h), DCP exerts re-
productive and developmental toxicity (for review see van der Veen
and de Boer, 2012) and human exposure data or data on environmental
levels are unknown, warranting additional research.

2.1.5. Dimethyl methylphosphonate (DMMP, CAS nr 756-79-6)

Although DMMP is used as a FR and also as a nerve gas simulant to
mimic the physical and spectroscopic properties of anticholinesterase
agents (National Toxicology Program, 1987), data on human internal
concentrations are lacking. The in vivo neurotoxicity of DMMP is low;
no delayed neurotoxicity is observed in adult hens after 45 daily intra-
peritoneal injections (Hollingshaus et al., 1981), though delayed toxicity
(including loss of weight) is observed in rats after chronic exposure
(LDsp 3 mg/kg) (Hollingshaus et al.,, 1981; National Toxicology
Program, 1987). Based on the Log Koy value (—0.61), a low bioavail-
ability is expected. In addition, rapid absorption and excretion of
DMMP has been measured in rats and mice (Blumbach et al., 2000).
DMMP is classified as “not enough data to classify” due to the lack
of neurotoxicity studies. The observed adverse effects following long-
term exposure in rats also indicate that more studies on human expo-
sure and effects on the environment are necessary to evaluate the
suitability of DMMP as an alternative FR.

2.1.6. 9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO,
CAS nr 35948-25-5)

Limited information is available for DOPO (for an overview
see Waaijers et al., 2013). DOPO showed only minor effects on
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Fig. 1. Summarizing figure of some in vitro neuronal targets of BFRs as described in this re-
view. Voltage-gated calcium channels (VGCCs) and of3, nicotinic acetylcholine (nACh)
receptors are inhibited, while GABA4 receptors are activated or potentiated. Several intra-
cellular pathways are involved in disturbance of Ca? " -homeostasis, including activation of
IP; and RyR receptors, resulting in Ca?* release from intracellular stores and increased
ROS formation.

depolarization-evoked increase in [Ca?*]; (LOEC 1 uM) in recent
in vitro neurotoxicity studies (Hendriks et al., 2014b). Clearly, additional
data on environmental levels, human exposure, and in vivo and in vitro
toxicity are required to evaluate the suitability of DOPO as an alternative
FR which is now classified as “not enough data to classify”.

2.1.7. Ethylhexyl diphenyl phosphate (EHDPP, CAS nr 1241-94-7)

No information on human toxicity or internal concentrations for
EHDPP is available. The in vivo toxicity is low (European Chemicals
Agency, 2015). Absorption and excretion of EHDPP in rats are fast
(Nishimaki-Mogami et al., 1988), although binding to serum proteins
and poor excretion is to be expected based on its lipophilicity. No indi-
cations of neuropathy or other neurotoxic symptoms have been report-
ed in repeated-dose studies in adult hens, suggesting a low neurotoxic
potential (Johannsen et al., 1977). Recently, extensive behavioral chang-
es have been observed in zebrafish larvae on 6 days post fertilization
(dpf) after acute (LOEC 1.2 pM, measured 0.5-2.5 h after exposure)
and developmental exposure (LOEC 2.1 pM, exposure 1-5 dpf)
(Jarema et al,, 2015). In addition, Behl et al. (2015) recently investigated
the neurotoxicity of EHDPP using several endpoints: mouse (LOEC
20.9 uM) and human (LOEC 13.4 pM) (neuronal) stem cell viability is
decreased, the mean firing rate (LOEC 5.3 uM) in rat cortical neuronal
networks is decreased, and larval development of Caenorhabditis elegans
(LOEC 2.3 uM) is decreased. Based on these studies, the neurotoxic po-
tential of EHDPP is classified as low. Although additional research is re-
quired to determine the human risk associated with the use of EHDPP,
the low neurotoxic potential suggests EHDPP could be a suitable alter-
native FR.

2.1.8. Isodecyl diphenyl phosphate (IDDP, CAS nr 29761-21-5)

Data on IDDP are generally lacking, though some studies using hens
indicate low in vivo (neuro)toxicity, and recent zebrafish studies indi-
cate decreased activity of larvae following acute exposure (LOEC
12 uM measured on 6 dpf, 0.5-2.5 h after exposure) (Jarema et al.,
2015). In another recent study, the neurotoxicity of IDDP was confirmed
with several endpoints (Behl et al., 2015), including decrease in mouse
(LOEC 87.2 uM) and human (LOEC 13.8 uM) (neuronal) stem cell viabil-
ity, areduced mean firing rate (LOEC 15 uM) in rat cortical neuronal net-
work, and a decrease of larval development of C. elegans (LOEC 3.9 uM).
Overall, IDDP has a low neurotoxic potential. Although additional data
on eco-, in vivo-, and in vitro toxicity, and human exposure are required,
IDDP could be a suitable alternative FR.

2.1.9. Isopropyl phenyl phosphate (IPPP, CAS nr 46355-07-1)

No information on production volumes, persistence, bioaccumulation
and (neuro)toxicity is available for IPPP. Only one study reported acute
toxicity in rats indicating a low toxicity (oral LDs > 20,000 mg/kg, inha-
lation LCs > 200 g/m> and skin > 10,000 mg/kg; Cascieri and MacKellar,
1978). Clearly, the lack of (neurotoxic) information is hampering a
proper evaluation of the suitability of IPPP as an alternative FR.

2.1.10. Melamine polyphosphate (MPP, CAS nr 218768-84-4)

Information on MPP is scarce and data on human exposure are lack-
ing. Recent in vitro studies demonstrated that MPP inhibits nACh recep-
tors (LOEC 70 uM), affects the depolarization-evoked increase in [Ca® " ];
(LOEC 70 uM) and increases ROS production (LOEC 0.35 uM). It is
therefore classified as having a moderate in vitro neurotoxic potency
(Hendriks et al., 2014b). However, in water MPP will dissociate into the
monomers melamine and phosphoric acid. It is therefore a subject of dis-
cussion whether the observed effects are realistic and useful for human
exposure, and whether they are induced by the polymer or by melamine
and/or phosphoric acid, since it is known that at least melamine affects
voltage-gated sodium channels (Yang et al., 2010). The scarce data indi-
cate a low bioaccumulation potential in in vivo (eco)toxicity studies
(Waaijers et al., 2013). As there is not enough data to classify MPP, addi-
tional in vivo toxicity and human exposure data are required before MPP
can be considered as a suitable alternative FR.

2.1.11. Tris(methylphenyl) phosphate (TMPP, CAS nr 1330-78-5)

TMPP (also known as tricresyl phosphate, TCP) is a mixture of differ-
ent ortho- and non-ortho tricresyl phosphates, including tri-ortho-cresyl
phosphate (o-TCP, CAS nr 78-30-8), tri-meta-cresyl phosphate (m-TCP,
CAS nr 563-04-2) and tri-para-cresyl phosphate (p-TCP, CAS nr 78-32-
0). Besides its use as a flame retardant, TMPP is also a frequently used
engine oil additive, potentially resulting in occupational exposure.
The toxicity of TMPP differs per isomer, in particular exposure to
0-TCP is associated with (in vivo) neurotoxicity, including the so-
called organophosphate-induced delayed neuropathy (OPIDN, LOEC
2.7 uM; Abou-Donia, 1981; Craig, 1999; Henschler, 1958), and dose-
dependent reduction of AChE and NTE activities in the hippocampus
of chronic (63 days, 150 mg/kg in 14 gavages) exposed rats (Jortner
et al., 2005). Since the neurotoxicity of o-TCP appears largely due
to its reactive metabolite (Eto et al, 1962), the involvement of
bioactivation in human exposure settings should be taken into account
for risk assessment. Because of rapid metabolism, human serum or
blood concentrations of o-TCP half-lives are difficult to establish and
are variable. In zebrafish larvae, extensive behavioral changes were ob-
served 6 dpf after acute (LOEC 4 pM, measured 0.5-2.5 h after exposure
(Jarema et al., 2015), and developmental TMPP exposure (LOEC 4 pM,
exposure 1-5 dpf) (Jarema et al., 2015). These authors also indicate
that developmental and acute behavioral effects of TMPP are distinct
from those of 0-TCP (LOEC acute effects 1.2 uM, developmental effects
4 uM). In a recent in ovo study, no definitive behavioral or neurochem-
ical changes in TMPP-treated chicks (air cell egg injections up to
1000 ng/g per egg) were observed (Bradley et al., 2015). In vitro, it
has been shown that o-TCP can inhibit neurite outgrowth in neuroblas-
toma cells (LOECs > 2 uM) (Flaskos et al., 1998; Henschler et al., 1992; Li
and Casida, 1998) and primary cultured mouse embryonic cortical neu-
rons (LOEC 10 pM) (Hausherr et al., 2014). In both mouse and human
neuroblastoma cells, it has been demonstrated that the loss of cytoskel-
etal components is one of the early events in the neurotoxic effects of o-
TCP (LOEC > 100 uM) (Carlson and Ehrich, 2001; Chang and Wu, 2006;
Chenetal, 2013; Fowler etal., 2001). Recently, o-TCP was also shown to
reduce the response to glutamatergic signaling in cortical neurons fol-
lowing subchronic exposure at submicromolar concentrations (LOEC
0.1 uM) (Hausherr et al,, 2014). In human embryonic stem cell-
derived neurons, neurite outgrowth is decreased in both TMPP (LOEC
9.2 uM) and o-TCP (LOEC 6.1 uM) cells (Behl et al., 2015). The mean fir-
ing rate in rat cortical neuronal networks is reduced following 1 h
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Table 4
Flame retardants discussed in this review and some of their physicochemical properties.

Halogen-free organophosphorousflameretardants

Aluminiumdiethylphosphinate
ALPI

(0]
[C4H;P0,]5Al I
225789-38-8 TNp o | W
390 g/mol <
Log Kow -0.4" (H)

Resorcinol bis(diphenyl phosphate)

BPDPP -
73

C30HZ408PZ o H)/

57583-54-7 e

574 g/mol Y oo~

Log Kow 4.9' (L) Y OTO

Dimethyl methylphosphonate

DMMP
C3H,0,P 0 o.
756-79-6 H3C™~-p~"CHs
124 g/mol O CHs

Log Kow -0.61° (H)

Ethylhexyldiphenylphosphate

EHDPP
CyoHp704P HsC
1241-94-7 0,0

P
362 g/mol o 0@
Log Kow 5.73* (L) CHs

Isopropyl phenyl phosphate

IPPP
CoH;,04P H3C

OH
46355-07-1 | >*CH3
216 g/mol O—ﬁ—O
Log Kow 1.76 (H) o]

Tris(methylphenyl) phosphate, mixture of ortho-, meta- and
para-tricresylphosphate

TMPP (or TCP) H,C

CyH,,04P

1330-78-5

368 g/mol

(6]
O‘P/’O
Log Kow 5.0% (L) H30© 6 @
CH3

Tris(2-butoxyethyl) phosphate

TBOEP

CigH3907P HiC™N

78-51-3 o™-0 PO 0"~"CH,
398 g/mol Hyc~ O~ 00

Log Kow 3.7*° (L)

Tris(ethyl) phosphate
TEP
CeH,504P H3C
78-40-0 /\:QP;OVCHS
182 g/mol H,c” O 0

Log Kow 0.8%¢ (H)

Bisphenol A bis(diphenyl phosphate)
BPA-BDPP =

P ,
C39H3405P; 4 ;//\ o (3
5945-33-5 -

693 g/mol O “)
Log Kow< 6' (L) )

Diphenylcresylphosphate

DCP CHj
C1oH170,P @
26444-49-5 @ 0.5

340 g/mol P

Log Kow 4.5% (L) @

9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide

DOPO
Ol
35948-25-5

216 g/mol O—P\\
Log Kow ~2* (H)

Isodecyl diphenyl phosphate

IDPP Q0,0
Q

Cy,H3,04P o5°

29761-21-5 rf

391 g/mol

Log Koy 5.44° (L)

Melamine polyphosphate
MPP
C3HeNg (H3POy),
218768-84-4
>10,000 g/mol

Log Kow -2.3" (H)

Resorcinol bis[di(2,6-dimethylphenyl) phosphate]

PBDMPP
139189-30-3 O CHzHC O
\
687 g/mol HeC  0-P-O O-p-0  CH,
(6]
Log Kow 10.3° (L) CH, H,C
Tris(2-ethylhexyl) phosphate
TEHP HaC HaC
C,4Hs,0,P HBC\/\)\/O 0
78-42-2 OF"O
435 g/mol H3C’\:Z{\ "
Log Kow 4.2% (L) 3
Tris(isobutyl) phosphate
TIBP CHy
C12H2704P H3C’K’O CH3
126-71-6 HAC p- CH
266 g/mol 307y 3
Log Kow 3.6*° (L) CH,




Table 4 (continued)

H.S. Hendriks, RH.S. Westerink / Neurotoxicology and Teratology 52 (2015) 248-269

257

Tris(methyl) phosphate
TMP
C;Hy04P
512-56-1
140 g/mol

Log Kow -0.65%¢ (H)

Tris(phenyl) phosphate
TPHP
CisH;504P
115-86-6
326 g/mol
Log Kow 4.6' (L)

2,2-Bis(chloromethyl)-1,3-propanediol bis[bis(2-chloroethyl)-

phosphate]

BCMP-BCEP (or V6)
C3H4ClsOgP,
38051-10-4

583 g/mol

Log Kow!.9? (H)

30/«/0 \)C\H3
SC\(\O P CHz
CHs,

o, .0
P
0" o

Tris(butyl) phosphate

TNBP
CiHp;,04P
126-73-8
266 g/mol

Log Kow 4.0% (L)

HsC
/\\/>: PO CHy
HaC ©o

Halogenated organophosphorous flame retardants

Tris(2-chloroisopropyl) phosphate
cl

TCIPP
CoH sCLO,P
13674-84-5

328 g/mol

Log Kow2.6> (L)

H,C CHj

)\/CI

0
Opo
o)
Z,
cl

Tris-(2,3- dlchloropropyl)phosphate

TDCIPP
CoH,5C1s0,4P
13674-87-8

431 g/mol

Log Kow3.3% (L)

Ammonium polyphosphate

Cl
Cl
/19\4
Cl o0=p-0 cI
o

Cl

Tris(chloroethyl) phosphate

TCEP
CeH,CLO,P
115-96-8

285 g/mol

Log Kowl.4% (H)

Tris-(2,3-dibromopropyl)phosphate

TDBPP Br
C9H15Br604P

126-72-7 VK’OP,O\)\/Br
698 g/mol ﬁ/\o o)

Log Kow3.7° (L)

Inorganic halogen-free flame retardants
Aluminiumtrihydroxide

APP of o 9 ATH
(NH,PO;), —{}— Al(OH); oH
& .
68333-79-9 of o T3 21645-51-2 HO"A|\
~100,000 g/mol O_p%o PO}PO N, 78 g/mol OH
Log Kow-2.2" (H) sl o6 .4 Log Kown/a
Antimony trioxide Magnesium hydroxide
ATO MHO
Sb203 HzMg02 M
1309-64-4 SN 1309-42-8 ~ g ~
Sb'Sb HO OH
292 g/mol 58 g/mol
Log Kown/a Log Kown/a
Zinc hydroxystannate Zinc stannate
ZHS OH 2z 7S /O
ZnSn(OH), HO_ T ow 0;SnZn 0—sn
12027-96-2 7n2 sn 12036-37-2 A
286 g/mol HO™ | “on 232 g/mol Q.
Log Kow<0.1' (H) OH Log Kow<-1' (H) Zn
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exposure to TMPP (LOEC 6.3 uM) or o-TCP (LOEC 16.1 uM) (Behl et al.,
2015). Considering the observed in vivo and in vitro effects of o-TCP,
TMPP is classified as having a moderate neurotoxic potential and ap-
pears not suitable as AFR. However, it should be noted that commercial
TMPP nowadays contains no or only very little o-TCP. On the other
hand, toxicity data on the non-ortho TCPs that currently dominate
TMPP are at present too limited to consider TMPP as a suitable alterna-
tive FR.

2.1.12. Resorcinol bis[di(2,6-dimethylphenyl) phosphate] (PBDMPP, CAS nr
139189-30-3)

Information on PBDMPP is general lacking. A few fish and algae stud-
ies indicate a low toxicity (European Chemicals Agency, 2015), though
studies on neurotoxicity are absent. The lack of information hampers
proper evaluation of the suitability of PBDMPP as alternative FR.

2.1.13. Tris(2-butoxyethyl) phosphate (TBOEP, CAS nr 78-51-3)

TBOEP is frequently found in indoor air and dust with up to 4711 pg/g
in a daycare center (Fromme et al., 2014b), up to 22 pg/g in car dust
(Brandsma et al., 2014), 1000 ng/g lw in perch (measured in fish close
to known sources; Sundkvist et al., 2010), 63 ng/g Iw in human milk
(Sundkvist et al., 2010), and 425 ng/g in human adipose tissue (LeBel
et al., 1989). There is a significant correlation between the level of
TBOEP in indoor air and the level of the metabolite di-(2-butoxyethyl)
phosphate (DBOEP) in urine (Fromme et al., 2014b; Van den Eede
etal.,, 2013). Also, it has recently been shown that TBOEP undergoes tro-
phic magnification (Brandsma et al., 2015). However, only limited infor-
mation on toxicity and underlying mechanisms is available for TBOEP.
Repeated oral dosing of rats (up to 2.24 ml/kg) results in a significant re-
duction in nerve conduction velocity accompanied by degenerating my-
elin sheets and axonal swelling (Laham et al., 1984a,b). Single oral doses
(up to 3200 mg/kg for females and 9000 mg/kg for males) result in the
same electrophysiological and morphological effects, though females
are more susceptible than males (Laham et al., 1985). The acute oral
LDsg in hens exceeds 5000 mg/kg and this results in ~45% inhibition of
AChE in the brain (Carrington et al., 1990). TBOEP causes general toxicity
in the developing zebrafish, though the effect concentrations (LOEC
50 uM) are higher than values reported in the environment (Han et al.,
2014). In vitro, TBOEP may have endocrine disrupting effects (Kojima
et al., 2013). TBOEP is classified as having a low neurotoxic potential,
however, considering the abundant presence of TBOEP and its metabo-
lites in human and environmental samples, there is a clear need for ad-
ditional research.

2.1.14. Tris(2-ethylhexyl) phosphate (TEHP, CAS nr 78-42-2)

Trace levels of TEHP are found in indoor air (Hartmann et al., 2004;
Makinen et al., 2009) and it is measured in house dust at up to 3.7 pg/g
(Dodson et al., 2012). Little is known about the toxicity of TEHP, al-
though no (neuropathological) abnormalities are observed in an acute
oral neurotoxicity study in hens (up to 2500 mg/kg bw; MacFarland
and Punte, 1966). One in vitro study reported that TEHP may have po-
tential endocrine disrupting effects (Kojima et al., 2013). There is clearly
not enough data to classify TEHP, which argues for additional research
on environmental levels and human exposure to obtain a full toxicology
profile for risk assessment.

2.1.15. Tris(ethyl) phosphate (TEP, CAS nr 78-40-0)

So far, only one study reported the presence of TEP in house dust, at
levels <0.05 pg/g (Van den Eede et al., 2011). An in vivo study described
cholinergic-mediated induction of narcosis in rats following TEP expo-
sure, with a tq, of TEP in the brain of 8 h for weanlings and 30 h for
adults (Brown and Murphy, 1971). Adult hens exposed to a single oral
dose of 2000 mg/kg bw displayed several (neurological) acute symp-
toms, including apathy, decreased motility, and poor reflexes. However,
no relevant decrease of cholinesterase activity in brain and blood plas-
ma is observed and there is no evidence for delayed neurotoxicity
(European Chemicals Agency, 2015). In addition, no neurotoxicity is ob-
served in hens receiving 10 mg/kg bw TEP intramuscularly (Davies
et al,, 1960). Another study using rats indicated some small reductions
in brain and plasma cholinesterase activity following exposures up to
6700 mg/kg bw (Gumbmann et al., 1968). As the neurotoxic potential
appears low, TEP may be a suitable alternative, though additional re-
search including information on bioavailability, toxicokinetics and
human exposure is required for a full risk assessment.

2.1.16. Tris(isobutyl) phosphate (TIBP, CAS nr 126-71-6)

TIBP is observed in oceans (Moller et al., 2012) and recently also in
food webs (Brandsma et al., 2015) and house dust (up to 0.18 ug/g;
Brandsma et al., 2014). In rats, no embryotoxicity has been observed
(Ruckman et al., 1999). Only two neurotoxicity-related studies are
available. One indicates that even after administrating hens two doses
of 5000 mg/kg bw no effects are observed that could be attributed to ex-
posure (European Chemicals Agency, 2015). The other study, also using
hens, shows that 5000 mg/kg bw TIBP does not inhibit brain AChE or
NTE and does not produce delayed neurotoxicity (European Chemicals
Agency, 2015). TIBP is classified as having a low neurotoxic potential,
however, additional research including information on in vivo effects
and human exposure is desirable before TIBP can be considered as a
safe alternative FR.

2.1.17. Tris(methyl) phosphate (TMP, CAS nr 512-56-1)

TMP is not available in the ECHA database yet, but studies indicate its
presence in the environment although discrepancies exist regarding its
genotoxic effects (UNEP, 1994). No data on serum, breast milk and dust
concentrations are available. Recent studies are lacking, but degenera-
tion of nerve fibers in the spinal cord or peripheral nerves has been ob-
served in a chronic (daily during two years) repeated dose study in rats
exposed to 100 mg/kg bw in the first and 50 mg/kg bw in the second
year (Bomhard et al.,, 1997). Another study also indicated neurotoxic ef-
fects in dogs exposed daily to 1 or 2 ml TMP (probably the pure liquid;
dose or purity not mentioned), that develop neuropathy as a distally ac-
centuated, primary axonal lesion (Schaeppi et al., 1984). Additionally,
repeated exposure in rabbits (cutaneous 2 ml/kg bw or oral 0.3 ml/kg
bw) resulted in several neurotoxic effects, including spasticity, unstead-
iness, weakness of extremities, and fine tremors (Deichmann and
Witherup, 1946). On the other hand, no evidence of neurotoxic effects
was found in adult hens after subcutaneous treatment (Hollingshaus
et al.,, 1981). Due to the scarcity of recent (in vitro and in vivo) toxicity
studies and human exposure data, TMP cannot be classified.

2.1.18. Tris(butyl) phosphate (TNBP, CAS nr 126-73-8)
TNBP is described as ‘severely irritating to man’ and is one of the most
abundant OPFRs in indoor air (Marklund et al., 2005). Considerable

Notes to Table 4:

Table presents full name, abbreviation, molecular formula, CAS-number, molecular weight, Log Kow, and chemical structure of the selected flame retardants.

'Waaijers et al. (2013).

2van der Veen and de Boer (2012).

3Krikorian et al. (1987).

“4US EPA (2006).

SUS EPA (2004).

SBergman et al. (2012).

n/a: not applicable; H: hydrophilic (see Table 1); L: lipophilic (see Table 1).
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concentrations are measured in human breast milk (Sundkvist et al.,
2010), and dust concentrations are associated with asthma and allergic
rhinitis (Araki et al., 2014). A recent exposure study demonstrated the
presence of TNBP metabolites like dibutyl phosphate in urine of occupa-
tionally exposed humans (Schindler et al., 2014). Neurotoxicity studies
are contradictory as TNBP is reportedly not neurotoxic to rats following
either acute (15.8 mg/kg bw, single dose; Johannsen et al., 1977) or sub-
chronic exposures (diet containing up to 1% TNBP; Hisae et al., 1980),
while in the study of Laham et al. (1983) rats exposed to 0.42 ml/kg for
14 days show a reduction in the conduction velocity of the caudal nerve
and morphological changes, such as retraction of Schwann cell processes
surrounding unmyelinated fibers. Another study reported clinical signs of
toxicity and reduced motor activity levels in an acute exposure study in
rats (1000 mg/kg) (European Chemicals Agency, 2015). In addition,
TNBP decreases cholinesterase activity to some extent when applied to
rats and rabbits in acute oral or intraperitoneal applications (no dose
mentioned) or during subchronic inhalation (13.6 mg/m?) (European
Chemicals Agency, 2015). Single sublethal exposure of hens
(1500 mg/kg) does not result in nerve damage, clinical signs of toxicity
or significant inhibition of brain NTE or AChE (Carrington, 1989). Based
on the available data, TNBP is classified as having a low neurotoxic poten-
tial, but considering its abundance additional exposure data are required.

2.1.19. Tris(phenyl) phosphate (TPHP, CAS nr 115-86-6)

TPHP is better studied than most other OPFRs. It has been measured
in (dust in) houses, offices and cars at levels similar to or greater than
those measured for PBDEs in the same samples (Brommer et al., 2012;
Mizouchi et al., 2015; Stapleton et al,, 2009). Due to the high vapor pres-
sure, inhalation of TPHP in indoor air may play a significant role for
human exposure (Meeker et al., 2013). For example, aircraft cabin air
is contaminated with traces of TPHP-containing hydraulic fluid, which
may explain elevated levels of TPHP metabolites in air crew (Schindler
et al., 2014). TPHP was also reported to be present in human milk at
up to 19 ng/g lw (Kim and Oh, 2014; Sundkvist et al., 2010). In addition,
it has been shown that TPHP levels are up to 10,000 times higher than
those of the PBDEs measured in toys, which may pose a potential health
hazard for children (Ionas et al., 2014). Since no correlation between
TPHP in house dust and its metabolite diphenyl phosphate (DPP) in
urine is observed in adult men, TPHP in house dust may not be a primary
source of exposure (Meeker et al., 2013). On the other hand, TPHP con-
centrations in house dust are reportedly associated with altered hor-
mone levels and decreased semen quality (Meeker and Stapleton,
2010). In human exposure studies no evidence of neurological disease
or other abnormalities in workers exposed to TPHP vapor or dust has
been observed (Sutton et al., 1960). DPP has been identified as the
major metabolite of TPHP in rats (Sasaki et al., 1981) and humans
(Hoffman et al., 2014; Van den Eede et al., 2013), which is rapidly elim-
inated from the body. Due to this rapid biotransformation, the half-lives
of TPHP in blood and its metabolites in urine are thought to be very
short, most likely in the order of several hours. The in vivo neurotoxicity
of TPHP has been debated since the early studies of Smith et al. (1930,
1932), who reported delayed neuropathy in cats and monkeys exposed
to TPHP in acute and short-term studies, while Wills et al. (1979) could
not demonstrate ataxia or neuropathic damage in cats. On the other
hand, the commercial cresyl diphenyl phosphate product (which con-
tains about 35% TPHP) has been shown to induce several effects in
rats, including acute neurotoxicity at 300 mg/kg (Vainiotalo et al,,
1987). In another study, a no observed adverse effect level (NOAEL) of
161 mg/kg/d in rats has been determined for decreased weight gain
and neurological effects (Illinois Environmental Protection Agency,
2007). TPHP is not considered to be a potent anti-cholinesterase
agent, however, exposure to 150 to 300 mg/kg bw TPHP does inhibit
cholinesterase in rats, in vitro as well as in vivo (Bingham et al., 2001).
In recent studies, exposure of zebrafish to 0.3 puM on 0-5 dpf had an im-
pact on cognitive endpoints in adulthood (Oliveri et al., 2015). Changes
in behavior and development were observed in larvae on 6 dpf (LOEC

0.7 uM, measured 0.5-2.5 h after exposure) and 1-5 dpf exposure
(LOEC 0.4 pM (behavior), LOEC 2 uM (development)) (Behl et al.,
2015; Jarema et al., 2015). In addition, a decrease in larval development
of C. elegans following 48 h of incubation is observed (0.9 uM) (Behl
et al., 2015). In vitro studies report cytotoxicity in PC12 cells, and inhibi-
tion of GABA- and a3, nACh receptors at (tens of) micromolar levels of
TPHP (Flaskos et al., 1998; Gant et al., 1987; Hendriks et al., 2012b;
Padilla et al., 1987; Vainiotalo et al., 1987). In addition, clear effects on
ROS production as well as on basal and depolarization-evoked changes
in [Ca?"]; are observed in PC12 cells (LOEC 1 uM) (Hendriks et al.,
2014b). Additionally, the mean firing rate in rat cortical neuronal net-
works is reduced following 1 h exposure (16.3 uM) (Behl et al., 2015).
In human embryonic stem cell-derived neurons, both cell viability and
neurite outgrowth were decreased (Behl et al,, 2015). TPHP has a mod-
erate neurotoxic potential and is labeled by the ECHA as a compound
with dangerous effects for the environment (European Chemicals Agen-
cy, 2015) and is consequently not considered a suitable replacement for
BFRs.

2.1.20. Summary neurotoxicity of halogen-free organophosphorous flame
retardants

In general, a lack of exposure and toxicological data hampers proper
risk assessment. Clearly, more research is needed to obtain full toxico-
logical profiles since eight of the selected non-halogenated OPFRs
could not be classified. Based on the reviewed studies, ALPI, BPDPP,
DCP, EHDPP, IDDP, TBOEP, TEP, TIBP, and TNBP may be suitable alterna-
tives to replace BFRs (also see Table 5). However, it should be men-
tioned that it is essential to have a complete toxicological profile for
risk assessment before large scale use of a substitute. TMPP and TPHP
have a medium-high neurotoxic potential and are therefore probably
not suitable substitutes.

2.2. Neurotoxicity of halogenated organophosphorous flame retardants

2.2.1. 2,2-Bis(chloromethyl)-1,3-propanediol bis[bis(2-chloroethyl)
phosphate] (BCMP-BCEP, CAS nr 38051-10-4)

No data on serum and breast milk concentrations are available for
BCMP-BCEP (also known as V6) while significant dust concentrations
are found in car and house dust (Fang et al., 2012). In rats, decreased
AChE levels are observed following exposure to 500 mg/kg BCMP-
BCEP (European Chemicals Agency, 2015). Although no other specific
neurotoxicity data are available, no significant effects on mortality,
gross developmental malformations, delayed hatching, or obvious
signs of impaired locomotion were observed in a zebrafish developmen-
tal toxicity assay exposed up to 50 pM (McGee et al., 2012). As the over-
all neurotoxic potential appears low, BCMP-BCEP may be a suitable
alternative FR, though additional data on eco-, in vivo-, and in vitro tox-
icity and human exposure are required for a full risk assessment.

2.2.2. Tris(chloroethyl) phosphate (TCEP, CAS nr 115-96-8)

TCEP is a quite well studied OPFR and has been measured in breast
milk as well as in dust (Kim and Oh, 2014; Mizouchi et al., 2015).
Measurements of TCEP in rat brains (up to 700 mg/kg bw) indicate
that TCEP is readily absorbed from the gastro-intestinal tract and dis-
tributed to all brain regions (Herr et al., 1991). In addition, metabolism
and excretion is nearly complete in 72 h. Other in vivo studies report
toxic effects on pyramidal neurons in the hippocampus in both acute ex-
posed rats (275 mg/kg bw: Tilson et al., 1990; 300 mg/kg bw: Herr et al.,
1991) and subchronic exposed rats (16 weeks, up to 700 mg/kg bw)
(Matthews et al., 1990). Exposed mice (200 mg/kg bw ip) show an in-
crease in spontaneous ambulatory activity, which is suggested to be
caused by antagonistic effects of TCEP on the GABA-R (Umezu et al.,
1998). However, in a recent study using rat pups of exposed dams (up
to 90 mg/kg bw from GD 10 to weaning) the authors could not confirm
the developmental neurotoxicity produced by TCEP (Moser et al., 2015).
In a zebrafish developmental toxicity assay also no significant effects
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(up to 50 uM) are observed (McGee et al., 2012). In another zebrafish
study, neurobehavioral effects were evaluated by determining the
threshold for larval swimming activity and indicated that the neurobe-
havioral effect threshold (31.4 M) was below the acute toxicity thresh-
old (Dishaw et al.,, 2014). Recently, behavioral changes were observed in
zebrafish larvae on 6 dpf after acute (LOEC 12 uM) and developmental
exposure (LOEC 12 uM) (Jarema et al., 2015). In vitro TCEP (at 50 pM)
promotes differentiation into the cholinergic phenotype of PC12 cells
(Dishaw et al., 2011) and decreases cell viability (at 40 uM) (Ta et al.,
2014). In addition, protein levels of GAP-43 and tubulins are decreased,
while CAMK-II and neurofilament-H are increased (Ta et al., 2014). As
the overall neurotoxic potential is classified as low, TCEP appears to be
a suitable alternative FR, although additional research including
human exposure studies, bioavailability and toxicokinetics is required
for a full risk assessment.

2.2.3. Tris(2-chloroisopropyl) phosphate (TCIPP, CAS nr 13674-84-5)
TCIPP is found in dust (Mizouchi et al., 2015) and its metabolite
bis(1-chloro-2-propyl) phosphate can be measured in human urine
(Dodson et al., 2014). In a zebrafish developmental assay, no effects
up to 50 uM were observed (McGee et al., 2012), and the threshold for
effects on larval swimming activity is 100 pM (Dishaw et al., 2014).
In vitro, TCIPP (at 50 uM) promoted differentiation into the cholinergic
phenotype of PC12 cells (Dishaw et al., 2011). In chicken embryonic
neuronal cells, exposure up to 300 uM did not induce significant effects
on the cell viability (Crump et al., 2012). Despite the low neurotoxicity,
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research, including human exposure studies, to obtain a full toxicologi-
cal profile.

2.2 4. Tris-(2,3-dibromopropyl) phosphate (TDBPP, CAS nr 126-72-7)

Data on TDBPP are scarce though it is stated that it is mutagenic
(St John et al., 1976), and it is found (together with its metabolite) in
urine of children wearing TDBPP-treated sleepwear (Blum et al.,
1978). In zebrafish, overt toxicity occurs at 3.3 pM while the neurobe-
havioral effect threshold for larval swimming activity is as low as
0.56 uM (Dishaw et al., 2014). In vitro, 50 uM TDBPP promotes differen-
tiation of PC12 cells into dopaminergic and cholinergic phenotypes
(Dishaw et al., 2011). Considering the mutagenic effects and moderate
neurotoxic potential, TDBPP is not a suitable alternative FR.

2.2.5. Tris-(1,3-dichloropropyl) phosphate (TDCIPP, CAS nr 13674-87-8)
TDCIPP in house dust is associated with altered hormone levels and
decreased sperm quality in men (Meeker and Stapleton, 2010; Meeker
et al.,, 2013), and the metabolite bis(1,3-dichloro-2-propyl) phosphate
(BDCIPP) is measured in human urine (Butt et al., 2014). While no de-
velopmental neurotoxicity (based on neurobehavioral tests) is observed
in rats exposed up to 150 mg/kg/d (GD 10 to weaning) (Moser et al.,
2015), overt neurotoxic effects like leg and wing weakness are observed
in chickens orally exposed for five days to >1200 mg/kg (Ulsamer et al.,
1980). In a recent in ovo study, chickens derived from eggs exposed to
TDCIPP at 100 ng/g (egg injections at incubation day 0) achieved
lower maximum velocity in the open field test than controls (Bradley

carcinogenicity is reported (WHO, 1998), clearly arguing for more et al., 2015). Moreover, chickens derived from eggs exposed to
Table 5
Overview of the (neuro)toxicity of alternative flame retardants.
Flame retardant Abbreviation Production Ecotoxicity Invivo Invitro Invivo Zebrafish In vitro Effects  Effects Neurotoxic
volume toxicity toxicity neurotoxicity neurotoxicity neurotoxicity on AChE on NTE potential®
Organophosphorous flame retardants
Aluminium diethylphosphinate ALPI nd L-M' L' L' L2 nd N34 nd nd L
Bisphenol A bis(diphenyl phosphate) ~ BPA-BDPP  HPV' H' L! L! nd nd N34 nd nd nc
Resorcinol bis(diphenyl phosphate) BPDPP LPV! L-H! L-M' L nc nd 34 nd L L
Diphenylcresylphosphate DCP LPVS M° LS LS L’ nd L’ L8 L’ L
Dimethyl methylphosphonate DMMP nd Ls L° L3 L° nd nd nd nd nc
9,10-Dihydro-9-oxa-10- DOPO nd M6 nd LS nd nd L34 nd nd nc
phosphaphenanthrene-10-oxide
Ethylhexyl diphenylphosphate EHDPP HPV® L° L° L° L° L2910 Lo nd nd L
Isodecyl diphenyl phosphate IDDP HPV® L-M° L° L3 L° L2910 N'© nd nd L
Isopropyl phenyl phosphate IPPP nd nd L' nd nd nd nd nd nd nc
Melamine polyphosphate MPP nd L' L! nd nd nd M3 nd nd nc
Tris(methylphenyl) phosphate, mixture ~ TMPP HPV® HE M-H® L°® L2 Lo M!314 L® L'® M
of ortho-, meta- and
para-tricresylphosphate™
Resorcinol bis[di(2,6-dimethylphenyl) PBDMPP LPV° L° L> L° nd nd nd nd nd nc
phosphate]
Tris(2-butoxyethyl) phosphate TBOEP LPV® L° L° L° L'® nd nd L'® nd L
Tris(2-ethylhexyl) phosphate TEHP HPV° L° L° LY L'® nd nd nd nd nc
Tris(ethyl) phosphate TEP HPV® L3 L° nd L° nd nd L° nd L
Tris(isobutyl) phosphate TIBP HPV® L° L> nd L° nd nd L° L° L
Tris(methyl) phosphate TMP Lpv1o L L-M" L' L-H?° nd nd nd nd nc
Tris(butyl) phosphate TNBP HPV® L-M° M2 M® 122 nd nd L3 123 L
Tris(phenyl) phosphate TPHP HPV! M-H' L! L! L' M0:10.24 L34 L* nd M
Halogenated organophosphorous flame retardants
2,2-Bis(chloromethyl)-1,3-propanediol BCMP-BCEP  LPV°® L-M° L° L L N%6 nd L° nd L
bis[bis(2-chloroethyl)phosphate]
Tris(chloroethyl) phosphate TCEP LPV® L° L° L6 L27:28.29 NO-30 N1 nd nd L
Tris(2-chloroisopropyl) phosphate TCIPP HPV® L° L° L-H>  I° NZ6 N32 nd nd L
Tris-(2,3-dibromopropyl)phosphate TDBPP nd nd nd nd nd M0 N3! nd nd M
Tris-(2,3-dichloropropyl)phosphate TDCIPP HPV33 L34 M3 M3 L3 H29243035 31 nd nd H
Inorganic flame retardants nd nd
Ammonium polyphosphate APP HPV' L-M' L' L' nd nd L34 nd nd nc
Aluminium trihydroxide ATH HPV' L-H! L' L' L3¢ nd H34 nd nd H
Antimony trioxide ATO HPV° L-M° L> L° nd nd L4 nd nd nc
Magnesium hydroxide MHO HPV' L' L' L° nd nd L34 nd nd nc
Zinc hydroxystannate ZHS LPV! L' L-Mm' L nd nd H34 nd nd nc
Zinc stannate zS Lpv! L' L' L° L2 nd H34 nd nd H
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1000 ng/g showed reduced density and lower number of degenerate
Purkinje cells, possibly indicating disruption of neurodevelopment
(Bradley et al., 2015). In zebrafish, overt neurotoxicity is observed fol-
lowing five days of exposure to 10 pV, and the threshold for effects on
larval swimming activity is 3.14 uM (Dishaw et al., 2014). Another
zebrafish-study demonstrates that parental exposure to TDCIPP during
three months can result in adverse neurodevelopment in offspring at
concentrations as low as 0.2 pM (Wang et al., 2015). Recently, increased
activity was observed in zebrafish larvae exposed to 0.03 uM TDCIPP on
0-5 dpf, and increased locomotion was observed in adult fish exposed
to 0.3 uM (Oliveri et al.,, 2015). Behavioral changes were also observed
in larvae on 6 dpf after acute (LOEC 3.8 iM, measured 0.5-2.5 h after ex-
posure) and developmental exposure (LOEC 1.2 M, exposure 1-5 dpf)
(Jarema et al,, 2015). Additionally, a decrease in larval development of
C. elegans was observed following 48 h incubation (LOEC 9.8 uM)
(Behl et al., 2015). In vitro, TDCIPP displays concentration-dependent
neurotoxicity in PC12 cells, including inhibition of DNA synthesis
(LOEC 10 uM) and differentiation into dopaminergic and cholinergic
phenotypes (LOEC 10 pM) (Dishaw et al., 2011). Another study using
PC12 cells demonstrated a reduction in the levels of GAP-43, tubulin
and neurofilament-H, but increased CAMK-II levels following exposure
to 15 uM (no lower concentrations were tested), whereas at 5 pM, a de-
crease in cell viability was observed (Ta et al., 2014). The mean firing
rate in rat cortical neuronal networks is reduced following 1 h exposure
(LOEC 15.8 uM) (Behl et al., 2015). In chicken embryonic neuronal cells
cytotoxic effects are observed at concentrations >10 pM (Crump et al.,
2012). As TDCIPP has a high neurotoxic potential, it is not considered
a suitable alternative FR.

2.2.6. Summary neurotoxicity of halogenated organophosphorous flame
retardants

BCMP-BCEP, TCEP and TCIPP are classified as having a low neurotox-
ic potential. Despite the incomplete toxicological profile and need for
additional research, these FRs may be suitable alternatives to replace
BFRs. However, it should be mentioned that many halogenated
chemicals, including some BFRs and PCBs, have proven to be persistent,
bioaccumulative, and/or toxic in the environment, and to animals and
humans. TDBPP and TDCIPP have a medium and high neurotoxic poten-
tial, respectively, and are probably not suitable as an alternative.

2.3. Neurotoxicity of inorganic halogen-free flame retardants

2.3.1. Ammonium polyphosphate (APP, CAS nr 68333-79-9)

Studying the (neuro)toxicity of APP is hampered by the hydrolysis of
APP into monomeric ammonium phosphate in contact with water
(Clariant, 2010). APP is also reported to break down into ammonia
and phosphate in soil and sewage (German Federal Environmental
Agency et al., 2001). In vivo toxicity data on APP are lacking, although
some in vitro data are available. In PC12 and B35 cells, APP induces cyto-
toxicity, increased ROS levels, and disturbance of depolarization-evoked
Ca®*-homeostasis at submicromolar concentrations (Hendriks et al.,
2014b). In addition, APP inhibits o4, nACh receptors (LOEC 1.3 mM)
(Hendriks et al., 2012b). Considering the expected low bioavailability
of the polymer and assuming that considerable hydrolysis occurs, the
test solutions used in these in vitro studies likely contain primarily
monomers, which changes the classification of APP from a high
in vitro neurotoxic potential (assuming an average chain length of

Notes to Table 5:

AChE: acetylcholinesterase; nc: not enough data to classify; nd; no data available; NTE: neuropathy target esterase.
1

Waaijers et al. (2013).
Hendriks et al. (2014a).
Hendriks et al. (2012a).
Hendriks et al. (2014b).
European Chemicals Agency (2015).
van der Veen and de Boer (2012).
Sprague and Castles (1985).
Vainiotalo et al. (1987).

9 Jarema et al. (2015).

10 Behl et al. (2015).

Cascieri and MacKellar (1978).
Craig (1999).

Hausherr et al. (2014).

Li and Casida (1998).

Jortner et al. (2005).
Carrington et al. (1990).
Kojima et al. (2013).

18 MacFarland and Punte (1966).
19 NEP (1994).

20 Bomhard et al. (1997).

2! Johannsen et al. (1977).

22 1aham et al. (1983).

23 Carrington (1989).

24 Qliveri et al. (2015).

25 Bingham et al. (2001).

26 Esllmann and Wober (2006).
27 Matthews et al. (1990).

28 Tilson et al. (1990).

29 Umezu et al. (1998).

39 Dishaw et al. (2014).

31 Dishaw et al. (2011).

32 Crump et al. (2012).

33 WHO (1998).

34 Ulsamer et al. (1980).

35 Wang et al. (2015).

36 Bilkei-Gorzo (1993).
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* The neurotoxic potential is only assessed when data was available for at least two neurotoxic endpoints (in vivo neurotoxicity, zebrafish, in vitro neurotoxicity, effects on AChE, and/or
effects on NTE) and is based on the most potent sub-classification. H; high potential, M: moderate potential, L; low potential, see also Table 1.

*k

(Neuro)toxicity data mainly based on the ortho-isomer.
@ Based on zebrafish and C. elegans data.
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Table 6
Human exposure data of alternative flame retardants.
Abbreviation t;, days Human serum Human breast milk Human urinary Dust
(d) or hours (h) concentration ~ concentration metabolites (ng/ml) concentration
(1g/g) (ng/g Iw) (ug/g)
Organophosphorous flame retardants
Aluminium diethylphosphinate ALPI nd nd nd nd nd
Bisphenol A bis(diphenyl phosphate) BPA-BDPP  nd nd nd nd 1300'
Resorcinol bis(diphenyl phosphate) BPDPP 2.7 d (rat)? nd nd nd 520!
Diphenylcresylphosphate DCP nd nd nd nd nd
Dimethyl methylphosphonate DMMP 3-6h (rat)? nd nd nd nd
9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide DOPO nd nd nd nd nd
Ethylhexyl diphenylphosphate EHDPP nd nd nd nd nd
Isodecyl diphenyl phosphate IDDP nd nd nd nd nd
Isopropyl phenyl phosphate IPPP nd nd nd nd nd
Melamine polyphosphate MPP nd nd nd nd nd
Tris(methylphenyl) phosphate, mixture of ortho-, TMPP 46 h (rat)* 1-4d (hen)® nd nd nd 12.5°
meta- and para-tricresylphosphate”
Resorcinol bis[di(2,6-dimethylphenyl) phosphate] PBDMPP nd nd nd nd nd
Tris(2-butoxyethyl) phosphate TBOEP nd nd 637 Bis(2-butoxyethyl) 4711°
phosphate, 0.35°
Tris(2-ethylhexyl) phosphate TEHP nd nd nd nd 5110
Tris(ethyl) phosphate TEP nd nd nd nd 0.72'"
Tris(isobutyl) phosphate TIBP nd nd nd nd 0.18"2
Tris(methyl) phosphate TMP nd nd nd nd <LOD
Tris(butyl) phosphate TNBP 25 h (rat)'? nd 577 Dibutyl phosphate, 0.16'*  60.6"
Tris(phenyl) phosphate TPHP Several hours 0.15"7 19" Diphenyl phosphate, 0.51'®  62'°
(human)'>16
Halogenated organophosphorous flame retardants
2,2-Bis(chloromethyl)-1,3-propanediol BCMP-BCEP <113 h (human)"® nd nd nd 12,500%°
bis[bis(2-chloroethyl)phosphate]
Tris(chloroethyl) phosphate TCEP nd nd 4221 nd 411
Tris(2-chloroisopropyl) phosphate TCIPP nd nd nd Bis(1-chloro-2-propyl) 2510
phosphate, 0.17'*

Tris-(2,3-dibromopropyl)phosphate TDBPP nd nd nd nd nd
Tris-(2,3-dichloropropyl)phosphate TDCIPP nd nd nd bis(1,3-dichloro-2-propyl) 15802

Inorganic flame retardants

Ammonium polyphosphate APP nd
Aluminium trihydroxide ATH nd
Antimony trioxide ATO 9.3d (rat)"?
Magnesium hydroxide MHO nd
Zinc hydroxystannate ZHS nd
Zinc stannate ZS nd

phosphate (BDCIPP), 2.4%2

nd nd nd nd
nd nd nd nd
nd nd nd nd
nd nd nd nd
nd nd nd nd
nd nd nd nd

LOD: limit of detection; lw: lipid weight; nd: no data available; t»: half-life.
Brandsma et al. (2013).
Freudenthal et al. (2000).
Blumbach et al. (2000).
Abou-Donia et al. (1990).
Suwita and Abou-Donia (1990).
van der Veen and de Boer (2012).
Sundkvist et al. (2010).
Van den Eede et al. (2015).
Fromme et al. (2014b).
Mizouchi et al. (2015).
Tajima et al. (2014).
Brandsma et al. (2014).
European Chemicals Agency (2015).
Dodson et al. (2014).
Hoffman et al. (2014).
Van den Eede et al. (2013).
Johnson et al. (2010).
Cequier et al. (2015).
Kanazawa et al. (2010).
Fang et al. (2012).
Kim and Oh (2014).
Butt et al. (2014).
Meeker et al. (2013).
* Data are mainly based on the ortho-isomer.
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1000) to a low in vitro neurotoxic potential (assuming the monomer).
Since there are not enough data available to classify APP, additional tox-
icological and exposure studies are required to determine for example if
effects are due to the polymer or monomer before APP can be consid-
ered as a suitable alternative FR.

2.3.2. Aluminum trihydroxide (ATH, CAS nr 21645-51-2)

Data on toxicity and environmental presence of ATH are generally
lacking. The acute toxicity for ATH in rats is very low, though adverse ef-
fects on the learning ability and diminished cholinergic activity have
been observed in rats (Bilkei-Gorzo, 1993). Noteworthy, inhalation of
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ATH by rabbits and rats results in transfer of AI>* to the brain (Rollin
et al., 1991; Schlesinger et al., 2000). Additional studies reported
in vitro neurotoxicity of ATH at submicromolar levels, including induc-
tion of neurites in neuroblastoma cells (Zatta et al., 1992), increase in
ROS levels and disturbance of the Ca?*-homeostasis in neuronal cell
lines (Hendriks et al., 2014b), N-methyl-p-aspartate (NMDA) receptor
binding in human cerebral cortex (Hubbard et al., 1989), and inhibition
of oy nACh receptors (Hendriks et al., 2012b). Given the high neuro-
toxic potential, the suitability of ATH as an alternative FR appears
limited.

2.3.3. Antimony trioxide (ATO, CAS nr 1309-64-4)

Despite its use in e.g. fire fighter uniforms, the degree of exposure to
ATO appears limited (de Perio et al., 2010; Sundar and Chakravarty,
2010). One study indicated the absence of a correlation between per-
sonal ATO exposure and textile industry workers following measure-
ment in urine (lavicoli et al., 2002). ATO is not metabolized, but
excreted via the feces and (to a lesser extent) urine. Half-lives in rats ex-
posed orally for 14 days are estimated to be 9.3 days and rats display in-
creasing brain concentrations of ATO following 24 weeks of exposure
(European Chemicals Agency, 2015). Another study reported the trans-
fer of ATO over the placental barrier after injection and oral administra-
tion in mice, and transfer into milk following oral and intravenous
application in cattle (European Chemicals Agency, 2015). At low micro-
molar concentrations (9.4 uM), ATO shows clear antagonistic effects on
the a3, nACh receptor. The lack of toxicity data for ATO hampers clas-
sification, but since ATO is considered by the ECHA (European
Chemicals Agency, 2015) as ‘suspected of causing cancer but not suffi-
cient for classification’, it does not appear to be a suitable alternative FR.

2.3.4. Magnesium hydroxide (MHO, CAS nr 1309-42-8)

Exposure and in vivo toxicity data of MHO are largely lacking. It is ex-
pected that Mg?™ will dissociate (for instance in the stomach) from
MHO and about 40% of the Mg?* will bind to proteins to the same de-
gree as endogenous Mg? ™. However, neurotoxic effects of Mg? ™ are un-
likely given its key role in a wide range of physiological cellular
processes and expected exposure levels. While MHO was recently
shown to increase ROS levels in B35 cells (LOEC 4.1 uM), a number of
other in vitro neurotoxic endpoints is not significantly affected
(Hendriks et al., 2014b). Due to the lack of additional toxicity studies,
there are not enough data to classify MHO.

2.3.5. Zinc hydroxystannate (ZHS, CAS nr 12027-96-2)

Toxicity data on ZHS are scarce, although it is known that metallic tin
and its inorganic salts have a low toxicity (Cima, 2011). ZHS inhibits o3,
nACh receptors already at submicromolar concentrations (Hendriks
et al., 2012b). Additionally, ZHS reduces cell viability, increases ROS pro-
duction, and strongly reduces depolarization-evoked Ca?* increases in
neuronal cell lines (LOEC 0.005 uM) (Hendriks et al., 2014b). Based on
their stability and low solubility (Waaijers et al., 2013), the observed
in vitro neurotoxic effects appear to be intrinsic to ZHS as the metals
are not expected to ionize in test solutions to levels sufficiently high to
induce toxicity. Given the scarce toxicity data, ZHS cannot be classified
yet and additional research on in vivo toxicity and human exposure are
required.

2.3.6. Zinc stannate (ZS, CAS nr 12036-37-2)

Although no data on (human) exposure or toxicity are available, ZS
was shown to induce only insignificant changes in LTP and synaptic pro-
tein levels in neonatally exposed mice (single exposure on PND 10 to 211
pmol/kg bw) (Hendriks et al., 2014a). Nevertheless, ZS reduces cell viabil-
ity, increases ROS production, and strongly reduces depolarization-
evoked Ca® " increases in neuronal cell lines (LOEC 0.006 uM) (Hendriks
et al., 2014b), indicating a high in vitro neurotoxic potential. The observed
differences between these in vivo and in vitro studies may be due to low
bioavailability and/or rapid excretion in vivo, although this needs to be

confirmed. Based on the existing data, ZS is classified as having a high
neurotoxic potential.

2.3.7. Summary neurotoxicity of inorganic halogen-free flame retardants

ATH and ZHS are classified as having a high neurotoxic potential,
while the lack on data precludes the classification of APP, ATO, MHO,
and ZHS. However, it should be mentioned that inorganic substances
will behave differently than organic substances concerning e.g. bioavail-
ability, metabolism and biodegradation.

3. Risk assessment of AFRs

As can be concluded from the reviewed data, BFRs and AFRs share
some modes of action on functional neurotransmission endpoints. Fol-
lowing the neurotoxic potential of the AFRs as shown in Table 5, the in-
organic AFRs seem to have a higher neurotoxic potential compared to
the OPFRs, at least in vitro. However, whether the AFRs are of concern
for human health and the environment also depends on additional
factors, including biotransformation, abundance in the environment,
physicochemical properties of the compound, human plasma concen-
trations, toxic effects in vivo, toxicokinetics, etc. (see also Table 6).
Evaluation of potential (neuro)toxic effects of combined exposure of
compounds (with or without metabolites) is also of importance, since
additive, antagonistic and synergistic interactions between environ-
mental compounds have already been shown in several in vitro studies
(Gao et al., 2009; Hendriks et al., 2010; Mariani et al., 2015; Pellacani
et al,, 2012; Tagliaferri et al., 2010; Westerink, 2013).

3.1. Bioavailability

Physicochemical properties like the molecular weight and Log Kow
determine the ability of a toxicant to enter the animal or human blood
circulation following ingestion (deBruyn and Gobas, 2007; Gulden
et al., 2002; Hestermann et al., 2000). Most FRs are (highly) lipophilic
(see Table 4) and are therefore expected to bind significantly to serum
proteins (e.g. albumin), resulting in (very) low free available concentra-
tions. Large molecules (i.e. the polymers MPP and APP) also have a low
bioavailability due to their high molecular weight. Because of the high
molecular weight of plasma proteins, they cannot cross capillary walls.
Consequently, the fraction of FRs bound to plasma proteins is not imme-
diately available for distribution into the extracellular space or filtration
and excretion by the kidneys. As a result, it can be expected that these
chemicals will not readily cause toxic effects. However, it should be
mentioned that although the majority of the lipophilic chemicals is
bound to plasma proteins, they will dissociate from the protein until
equilibrium between the vascular space and extravascular space is
reached. Also, active transport processes are not limited by the binding
of chemicals to plasma proteins, and since the kidneys are not able to fil-
trate these large molecules the toxicants may remain in the body for a
long period.

Hydrophilic compounds are less likely to bind plasma proteins. As a
consequence, these chemicals are theoretically freely available in gut,
blood and/or extracellular space. However, for inorganic substances or
substances that ionize in e.g. the stomach, the Log Koy is less relevant.
Inorganic substances have in general a lower bioavailability as they
will dissociate into their ion constituents. Following partitioning, the
free metal ions will have a complex chemistry with their surrounding
physiological environment, depending on their ionic state and an addi-
tional long list of physic—chemical parameters (acidity, hardness, redox
status, etc.). Although data on the bioavailability of AFRs are scarce, it
was recently observed that at least in zebrafish OPFRs increase in tissue
concentrations with increasing hydrophobicity of the parent compound
(Dishaw et al., 2014).
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3.2. Toxicokinetics

Since BFRs and possibly also AFRs are potentially more toxic during
(brain) development, it is essential to understand maternal kinetic pa-
rameters (i.e. absorption, distribution, metabolism and excretion) in
order to describe the dose available to target tissues (e.g. placenta)
after exposure. Mobilization of body-fat containing toxicants during
e.g. lactation results in high concentrations in milk, and exposure of off-
spring with their vulnerable developing brain may occur. Due to the li-
pophilicity of most OPFRs, transfer from the aqueous environment of
the intestine across cell membranes is generally a passive process, al-
though this process depends also on the size and molecular weight.
The compounds have a low affinity for blood, which frequently results
in accumulation in lipid-rich tissues like adipose tissue but also brain
and liver. Nevertheless, differences in absorption rate and ability to
enter cells are expected for AFRs as also observed among congeners of
e.g. PBDEs, mainly as a consequence of the number and position of the
halogen molecules. PBDEs are primarily hydroxylated and
dehalogenated to increase the water solubility, which facilitates excre-
tion from the body, but also increases their neurotoxic potential.
Whether the same applies to AFRs remains to be determined.

Halogen-free organophosphorous flame retardants are known to be
readily metabolized and excreted in the urine as dialkyl and diaryl com-
pounds (Butt et al., 2014), which can function as a biomarker for
(human) exposure (also see Table 6). However, major metabolites
have not been conclusively identified yet, and information to relate phar-
macokinetic parameters to metabolite levels is limited (Cequier et al.,
2015; Dodson et al., 2014; Van den Eede et al., 2015). Consequently,
measuring metabolites in urine is - so far - not a valid method to identify
internal dose and brain concentrations. Additional research is needed to
investigate how urinary metabolites might be related to internal dose
and brain concentrations.

3.3. Routes of exposure and internal concentrations

Human exposure to BFRs occurs predominantly via house dust and
food. As a result, BFRs are frequently measured in various human tis-
sues, including serum and breast milk. Large differences in PBDE levels
in house dust have been found between countries, reflecting the large
variance in worldwide market demand of different BFR classes by region
(e.g. USvs. Europe vs. Asia) (de Wit et al,, 2010), legislations prohibiting
the use of particular compounds, and voluntary production stop (Jinhui
et al, 2015). Consequently, average levels in the US population are sig-
nificantly higher than those e.g. in Europe, and these levels are clearly
associated with exposure to house dust (Johnson et al., 2010). Itis there-
fore worrisome that also AFRs are (increasingly) observed in dust. As a
result of the presence of (A)FRs in (house) dust, the frequent hand to
mouth exposure is the most significant route of exposure in toddlers
and crawling infants. However, due to accumulation of toxicants in
fatty tissues and excretion via milk, breast-fed children with a develop-
ing nervous system are also (highly) exposed via human milk. Addition-
al developmental neurotoxicity testing for the AFRs is therefore of
utmost importance prior to large-scale use.

3.4. Blood-brain- and placental barrier

To protect the brain from injury by toxicants, the blood-brain barrier
(BBB) separates the circulating blood from the extracellular fluid in the
brain. The blood vessels in the brain tightly regulate the movement of
molecules, ions, and cells between blood and brain tissue, as the brain
needs highly specific ionic concentrations for proper neuronal function.
Most of the properties of the BBB are manifested within the endothelial
cells that form the walls of the blood vessels (Daneman, 2012). These
cells are highly polarized and held together by tight junctions that
greatly limit the movement of molecules and ions between blood and
brain cells. Consequently, large and hydrophilic molecules are hardly

able to enter the brain, whereas small and lipophilic molecules are
much more likely to pass this barrier. Additionally, many molecules
will be excluded from passing the BBB by efflux transporters (Loscher
and Potschka, 2005). Also, the endothelial cells are covered by a glyco-
calyx, a complex mixture of carbohydrates, which acts as a primary bar-
rier providing a charge/size-selective sieve that limits the interactions of
molecules and cells with the endothelium (Van Teeffelen et al., 2007).
No data are available on the presence of BFRs or AFRs in human brain
tissue. However, some in vivo animal data exist and one recent study de-
scribes how PCBs may alter the BBB integrity in rats, which is suggested
to be caused by cytoskeletal rearrangements and disappearance of tight
junction proteins (Selvakumar et al., 2013). Additionally, a recent study
indicates that BDE-47 and HBCDD both breach the BBB and accumulate
in the juvenile mouse brain (Rasinger et al., 2014). In conclusion, toxi-
cants may thus directly or indirectly affect the BBB, resulting in entering
of toxicants into the brain were they may exert their adverse effects.
The placental barrier acts as a membrane between the maternal and
fetal blood circulation. The transfer of any compound from the maternal
to the fetal circulation involves transport across a brush border mem-
brane, followed by transport across a basal membrane. As mentioned
before, binding to plasma proteins decreases the placental transport of
toxicants since generally only unbounded toxicants can pass the placen-
tal barrier. The transport of toxicants may either be passive or active via
one of the transporters in the placenta. Clearly, toxicants with low mo-
lecular weight and high lipophilicity are more likely to pass the placen-
tal barrier by passive diffusion. Notably, the human placenta is able to
metabolize toxicants e.g. via cytochrome P-450 enzymes, potentially in-
creasing the neurotoxic potential. During the postnatal period, (A)FRs
are transferred from the nursing mother to the child via human milk.
Exposure to (A)FRs during (early) brain development may thus be sig-
nificant, which argues for additional research and risk assessments.

4. Summary and recommendations

The toxicological and ecological concerns associated with BFRs
argue for replacement by safer alternatives. Besides effects on the
(developing) nervous system, the reviewed experimental animal and
human epidemiological studies indicate several other adverse effects
on (human) health and - at least for PBDEs -toxicologically relevant
concentrations have been observed in the environment. The lessons
learned from the significant adverse health effects of BFRs clearly
show the need for a full (eco)toxicological risk assessment before new
FRs are commercially introduced on the market and used on a large
scale. To protect human health and the environment, it is of the highest
importance to first thoroughly investigate the persistence, bioaccumu-
lation and toxicity of such new FRs. From a human health point of
view it is important to emphasize that a wide variety of environmental
and toxicological properties should be assessed. These factors should at
least include acute versus chronic low-dose exposure, bioactivation,
bioconcentration factors, biodistribution, differences in susceptibility
between adults and developing children, interaction with other pollut-
ants (mixtures) and quantitative exposure pathways via multiple
sources like dust and food. Besides conventional neurotoxicity tests
like determining in vivo (neuro)behavioral effects, and in vitro cytotox-
icity and Ca® "-homeostasis, an increasing number of studies rely on al-
ternative species, such as zebrafish. These studies have proven to be
easy, fast and useful for investigating (developmental) neurotoxicity.
Some zebrafish studies on BFRs and halogenated OPFRs already exist
and the number of studies steadily increases.

With respect to neurotoxicity, this review is intended as a first step
in the search for safer alternatives. Based on the reviewed in vitro and
in vivo neurotoxic endpoints, the AFRs are classified as shown in
Table 5 and demonstrate that some AFRs could be suitable for further
testing and ultimately substitute BFRs. However, the potential suitabili-
ty of the AFRs described in this review is based almost exclusively on
neurotoxicity data, while for a complete risk assessment a broader set
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of data (e.g. including data on other vulnerable targets like the (neuro)-
endocrine system) is essential. In addition, effects on the environment
(distribution, effects on ecosystems, etc.) should be taken into account.
From a consumer safety perspective, the application (e.g. plastic hous-
ings of electronic equipment, textile coatings and polymers), flame re-
tardant capacity, and financial benefits of the different AFRs should
not be ignored either. Notably, the in vivo relevance of this classification
ultimately depends on actual human systemic levels of these AFRs,
which are - so far - unknown for most reviewed compounds. In addi-
tion, it is important to note that classification of the neurotoxic potential
of both BFRs and AFRs was done without weighing the different end-
points. Moreover, this rank order is derived from studies that did
show neurotoxic effects of FRs and by doing so largely excluded those
studies that did not find an effect, whereas there likely already is a
(strong) publication-bias towards studies that do show effects of FRs.
Yet, those studies that did not show an effect of FRs, must not be ignored
in any quantitative risk assessment. In fact, future quantitative risk as-
sessments must take them into account and judge their credibility by
the same criteria that are applied to ‘effect-studies’ in any regulatory de-
cisions to be made.

In general, an overall scarcity of exposure and toxicological data is
currently hampering proper risk assessment and clearly more research
is needed to obtain a full toxicological profile of the AFRs. The scarcity of
data also emphasizes the need for caution with respect to the large scale
use of these not yet fully characterized flame retardants.

Transparency document

The Transparency document associated with this article can be
found, in the online version.
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